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A B S T R A C T

According to World Health Organization, urban populations spend 90 % of their time in indoor environments. 
Accentuated by the recent COVID-19 pandemic, this raises important concerns about the quality of the indoor 
air, which often contains various types of contaminants within three main categories: biological, volatile organic 
compounds, and particulate matter. Several technologies already exist for removing contaminants from indoor 
air, such as electrostatic based methods or filtration. Although these technologies are well established, they often 
target only one or two groups of contaminants. This review focuses on a promising technology: nonthermal 
plasma combined with catalysts. After an overview of indoor air contaminants, their sources, and the typical 
methods used for their removal, a highlight is put on the available commercial indoor air purification devices. 
The latter are rarely described in literature, and the comparison with lab-scale experiments are difficult due to 
the lack of information and available data from the manufacturers. The limitations of those systems are also 
discussed. As most of these commercial devices use combinations of various conventional technologies, the last 
part focuses on the ongoing research on plasma-catalytic systems. The main mechanisms are presented along 
with recent literature. Finally, some perspectives for its future development are proposed.

List of abbreviations

IAQ Indoor air quality
IAP Indoor air purification
VOCs Volatile organic compounds
PM Particulate matter
ESP Electrostatic precipitator
HEPA High-efficiency particulate air
PCO Photocatalytic oxidation
NTP Nonthermal plasma
RH Relative humidity
CADR Clean air delivery rate
IPC In-plasma catalyst
PPC Post-plasma catalyst
DBD Dielectric barrier discharge
UV Ultraviolet

1. Introduction

1.1. Indoor air quality (IAQ)

Research on the urban population has shown that people spend more 
than 90 % of their daily lifespan in indoor environments [1]. In addition 
to indoor home environments, people spend a significant percentage of 
their time within office spaces, educational institutions, vehicles, and 
various industrial and commercial environments. According to a study 
conducted in North America, adults spend approximately 87 % of their 
time within indoor environments, while the remaining portion of their 
time is spent inside vehicles (6 %), but only about 7 % in outdoor ac
tivities [2].

Indoor air often contains pollutants concentrations that are 2–5 times 
higher than those typically found in outdoor air. A pollutant released 
indoors is approximately 1000 times more likely to be inhaled than the 
same amount released outdoors [3]. In this modern era, high perfor
mance homes are typically constructed to be more airtight, resulting in 
significantly reduced fresh air exchange compared to older, less efficient 
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homes.
Due to these facts, exposure to indoor air pollution substantially 

influences human health and well-being, as well as their productivity in 
the workplace [4]. Nevertheless, most of the research on air quality 
control is concentrated on outdoor environments, while indoor air 
quality and its effects have not been largely studied. Recently, there has 
been a growing emphasis among scientists and the public on the hazards 
linked to IAQ due to the research findings that confirmed a higher level 
of contamination in indoor air compared to outdoor air [5,6]. Indoor air 
contains a wide range of dangerous components that can lead to respi
ratory, cardiovascular, and oncological diseases [7,8]. The nature and 
complex compositions of indoor air pollutants substantially vary due to 
persistent changes in living styles and the materials used in indoor en
vironments. Recent COVID-19 caused by airborne SARS-CoV-2 corona 
virus with all its global socio-economic consequences underlined the 
severity of the IAQ and urgency for a comprehensive investigation into 
this issue, as well as development of indoor air purification (IAP) 
technologies.

Over the past 50 years, people’s lifestyles have significantly changed, 
especially in industrialized countries. Since sick building syndrome, 
multiple chemical sensitivity, and building-related illness have all been 
linked to poor IAQ, this topic has gained significant attention [9,10]. 
Additionally, according to World Health Organization (WHO) research, 
indoor air pollution was a factor in 4.3 million of the seven million 
premature deaths that occurred in 2012 because of air pollution [11]. 
Contaminated indoor air plays a significant role in the transmission of 
nosocomial infections in hospital settings [12,13]. It has been demon
strated that any improvement in IAQ will positively impact productivity, 
health, and the economy. The U.S. Environmental Protection Agency 
(EPA) has identified poor IAQ as a significant issue that has a direct 
impact on the health of children. WHO identified IAQ as one of its public 
health concerns in 1979 and issued precise IAQ standards in 2010.

1.2. Indoor air pollutants and their sources

In general, indoor air pollutants refer to several chemical, biological, 
and physical agents that could impact human health or cause discomfort 
[14]. They can generally be divided into the following categories:

Biological Pollution: The indoor air environment comprises a wide 
variety of biological pollutants, including bacteria, fungi, viruses, molds, 
and their spores, endotoxins, mycotoxins, and other byproducts. Ani
mals, plants, construction materials, concealed food spills, and stagnant 
water are typical sources of biological pollutants [15]. Chirca reported 
that bio-contaminants are widespread in indoor air, including in highly 
regulated environments such as modern hospital operating rooms [16]. 
Pathogenic bacteria and their spores can last in a hospital environment 
for variable durations, ranging from hours to months. The duration 
depends on various aspects such as the specific location, quantity, hu
midity, formation of biofilms, inherent resistance of the organisms to 
different cleaning agents, and the prevailing local conditions [17].

Bio-aerosols refer to airborne suspended particles in air that are 
either produced by living organisms or discharged by them. Bio-aerosols 
typically have a diameter ranging from 0.1 to 100 μm [18]. However, 
smaller bio-aerosols exhibit a prolonged presence in the atmosphere, 
while bigger ones tend to accumulate on various surfaces. Transmission 
of pathogens through air bio-aerosols is a critical pathway for the spread 
of airborne diseases, as airborne pathogenic microorganisms cause 
multiple harmful infections [19].

Chemical Pollution: Indoor air is contaminated with a broad range 
of chemical substances. Hospital indoor environments mostly contain 
disinfectants, including ethylene oxide, primarily employed for sterili
zation purposes [20]. Office environments equipped with photocopiers, 
computers, and other electronic devices emit several pollutants, 
including ozone (O3), acetone, ethylbenzene, toluene, and benzo-pyrene 
[21]. Tobacco smoke, improperly vented gas or oil-burning appliances, 
and smoke from wood-burning and fireplaces generate formaldehyde, 

which is considered one of the major chemical pollutants in enclosed 
environments. Formaldehyde in low concentration is also often released 
from paints, flooring, and furniture. Gallego et al. [22] identified 130 
distinct volatile organic compounds (VOCs) in private residences, with 
alkanes being the most prevalent type (32 %), followed by aromatic 
hydrocarbons (17 %).

Particulate Matter Pollution: A wide variety of solid or even liquid 
particles that are small enough to be airborne and inhaled by humans are 
called particulate matter (PM). The size of the particles varies greatly, 
but the smaller ones are the most dangerous to our health because they 
can get into our lung alveoli and can be then transported into the blood 
stream [23]. Indoor air frequently contains ultrafine particles with di
ameters up to 100 nm. However, indoor detection rates for PM10 par
ticles (particulate matter with aerodynamic diameter <10 μm) and 
PM2.5 (<2.5 μm) are higher. Ultrafine particles PM0.1 (<0.1 μm) are 
typically not measured, although the recent WHO global air quality 
guidelines require to expand the existing air quality monitoring by 
integrating ultrafine particles [24].

Physical factors influencing indoor air pollution: The assessment 
of indoor pollutants is significantly influenced by air temperature and 
relative humidity (RH), which also impacts the sensation of comfort. 
High temperatures and humidity promote biological pollution by sup
porting the growth and spread of bacteria and molds. These environ
mental conditions influence chemical interactions among the substances 
present in indoor air. Lowering temperature at high RH conditions leads 
to condensation which promotes formation of aerosols that may contain 
microbiological pollutants.

Most human exposure to air pollutants occurs indoors, from various 
sources, including outgassing from furnishings, floors, wall coverings, 
paints, glues, waxes, polishes, cleaning supplies, personal care items, 
tobacco smoke, heating devices, cooking activities, etc. In addition to 
other variables like door and window openings, air exchange rates, 
housing age and size, and building upgrades, external pollutant levels 
can also have an impact on the concentration of air pollutants inside a 
building [25]. Stoves, boilers, smokers, and cookers that use gas are 
significant emitters of indoor nitrogen oxides (i.e. NO, NO2), and PM2.5. 
Mites, bacteria, mold, fungi, spores, endotoxins, mycotoxins, and other 
types of living organisms with extremely variable and complicated 
features make up most biological pollutants [26]. Table 1 provides in
formation about indoor air contaminants and their various associated 
health impacts.

2. Conventional indoor air purification (IAP) methods

Conventional methods for IAP from chemical (gaseous pollutants, 
particulate matter) and biological contaminants are based on various 
physical and chemical techniques. The use of a given method for the 
removal of any contaminant depends on several factors such as: 

• The nature of the contaminant and its concentration
• The gas flow rate and the requirements for the purity of clean air
• The relative humidity and temperature
• In the case of PM removal, it depends mostly on its size and 

resistivity.

The methods can be divided into those that capture pollutants 
without their actual removal (non-destructive methods) and those 
that remove pollutants and convert them into harmless substances 
(destructive methods). Fig. 1 shows the main methods used for IAP and 
pollutants they can effectively remove. A brief overview of each of these 
methods is given below.

2.1. Non-destructive methods

2.1.1. Electrostatic precipitation
Electrostatic precipitation (ESP) is a physical process in which PM in 
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the gas stream are electrically charged and then separated from the gas 
stream by the effect of the electric field [36]. Efficiency of these devices 
reaches up to 99 %. When compared to other methods, ESP is also 
suitable for ultrafine particles PM0.1 (particles smaller than 0.1 μm). The 
pressure drop is usually small (less than 1 kPa), allowing ESP to be used 
at high flow rates. The charging of PM is usually achieved by corona 
discharge. A high voltage is applied to a pin or a wire, generating a 
strong electric field which ionizes the gas around. PM charging is ach
ieved either by electric field due to ion capture (effective for bigger PM), 
or by thermal diffusion due to random collisions of ions (effective for 
PM0.1). The charging of particles is very fast and depends on the ion 
density, the effective cross-section of PM, and electric field intensity. For 
PM0.1, it is however very slow, and the thermal diffusion charging 
prevails.

Resistivity of PM is an important parameter for effective PM capture. 
It is a measure of the PM’s ability to carry an electric charge. It depends 
on the chemical composition of the gas, the nature of PM and the gas 
temperature [37–39]. PMs with low resistivity have better ability to 
carry an electric charge. Those can be easily charged but also lost after 
their capture on the electrode, due to their neutralization or opposite 
polarity charging, and finally repelled back into gas. Repeated entry of 
already captured PM back into the gas stream decreases the efficiency of 
the ESP device. The effect is pronounced for small PM but can be 
eliminated by dosing liquid adhesives, such as oil or water. On the other 

hand, if the resistivity of PM is too big, the particle is difficult to charge 
and to remove. The deposited layer of collected PMs on the collection 
plates holds a charge, which creates a strong local electric field, weak
ening the electric field given by the electrode geometry [40]. In an 
extreme case it can lead to a change of the gap polarity and induce a 
so-called back corona discharge, or to the sparking of the system. ESP 
devices are categorized with respect to the shape of electrodes (cylin
drical or planar), arrangement of charging and collection sections 
(one-stage and two-stage), presence of water (dry, wet, semi-wet) and 
polarity (positive and negative). The negative one is most often used for 
large industrial applications (e.g. coal boilers) for a large range of sta
bility and higher working voltages, while positive ones are mainly used 
for small indoor devices, since they produce less O3. In general, ESPs are 
very effectively capturing PM in a wide range of sizes, have low energy 
consumption, low pressure drop, and easy maintenance (few moving 
parts) [41]. However, they are not useable in the presence of explosive 
or flammable substances, as well as sticky PM often present in industrial 
exhausts. Their costs are usually high due to high voltage equipment. 
But generally, these issues, costs apart, are not relevant for smaller scale 
IAP, and hence makes them a very efficient and widespread method for 
IAP.

2.1.2. Mechanical filtration
Mechanical filters (also bag or textile filter) are mechanical devices 

using precipitation, capture, and diffusion to collect PM up to a specific 
size on the surface of filter bags.

High-efficiency particulate air (HEPA) filters: One of the most com
mon and effective methods for air purification is the so-called HEPA 
filtration. HEPA filters are made of fine mesh of fibers that can capture 
particles as small as 0.3 μm with a 99.97 % efficiency [42]. This includes 
both PM and biological contaminants. Filters can be made of various 
materials including cotton, wool, nylon, polymer fibers, Teflon, etc., and 
are usually stretched on frames. The key properties of the used HEPA 
media are temperature, chemical and mechanical resistance, binding, 
weight and strength. The main advantage of fabric filters is their very 
high efficiency due to the dense arrangement of the fibers. However, 
HEPA filters have their own set of challenges, such as the need of their 
regular replacement to maintain their effectiveness. Also, their dense 
nature can restrict the airflow, which becomes the reason for a consid
erable pressure drop in indoor environments. Lastly, HEPA filters are 
designed to capture particles but do not remove odors, gases, or VOCs. 
The performance of a mechanical filter depends on various factors, such 
as the type of filter, air flow rate and velocity across the filter, the ma
terial used for the filter media, and other associated processes [43].

Electret filters (and electrostatic filters): electrets are a type of 
dielectric material holding sufficient charges within their volume to 
spontaneously generate an electric field. They can be made of dielectric 
fibers, usually quartz or other forms of SiO2, or from polymers (espe
cially fluoropolymers). These, in addition to their mechanical efficiency, 
can attract uncharged PM by the dielectrophoretic force, as well as 
charged PM by the Coulomb force. Electret filters display a wide range of 
efficiency against PM, going from PM0.1 to PM10 [44], but are also used 
for aerosols or bacteria removal [45]. Of note, electrostatic filters differ 
from electret only by the fact that they need an external source to 
generate the electric field, but the principle and efficiency for removal of 
the pollutants is the same.

2.1.3. Adsorption
Air purification based on adsorption utilizes adsorbent materials to 

remove various airborne pollutants, gases and odors from the indoor 
environment. Unlike filtration methods that physically trap particles, 
the adsorption air purification method uses specialized adsorption ma
terials, such as activated carbon, silica gel, zeolites, and some polymers, 
to trap and remove gases, odors and VOCs from the air. The process is 
based on the principle that the adsorbent materials have a large surface 
area and high adsorption capacity (especially activated carbon) with 

Table 1 
Indoor air contaminants and their associated health impacts.

Contaminants Sources Health Impact Ref.

Biological Contaminants
Allergens Furry pets, dust mites Asthma [27]
Bacteria, mold, 

fungi, and spores
Sneezing, hidden food 
spills, standing water 
and outdoor 
environments

Chronic disease, 
respiratory and allergic 
symptoms

[28]

Endotoxins and 
Mycotoxins

Presence of cats and 
dogs, lower ventilation 
rate, increased amount 
of settled dust

Asthma, reduced lung 
function

[29]

Chemical Contaminants
Smoke Tobacco smoke Lung cancer, respiratory 

illness, premature 
mortality, and coronary 
artery disease

[30]

Coal and biomass 
fuels combustion 
product

Cooking and heating Combustion of fuels 
releases CO, 
particulates, N2O which 
increases the risk of lung 
cancer and asthma

[31]

Carbon monoxide 
(CO)

Gas stoves, furnaces, 
fireplaces and 
cigarettes, wood stoves, 
vehicle exhaust from 
attached garages

Headache, nausea, 
fatigue

[32]

Formaldehyde 
(HCHO)

Tobacco smoke, 
improperly vented gas 
or oil burning 
appliances, smoke from 
fireplaces and wood- 
burning, paints

Eye, nose, throat 
irritation, asthma, and 
possible carcinogen

[1]

Volatile organic 
compounds 
(VOCs)

Room deodorizers, 
carpets, paints, cigarette 
smoke, and recently dry- 
cleaned clothes

Headaches and loss of 
coordination, eye, nose, 
and throat irritation, 
damage to the liver, 
kidneys, or central 
nervous system

[33]

Ozone (O3) Air ionic purifiers, 
printers and copiers, 
electrostatic filters

Eye irritation, 
headaches, dizziness, 
chest tightness, and 
visual disturbances

[34]

Particulate Matter
Ultra-fine particles 

(PM0.1)
Cooking, outdoor air, 
combustion activities

Serious impact on heart 
and lungs

[35]
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numerous pores and channels that can capture a large volume of gases 
and VOCs [46]. However, high RH and pollutant load variations 
compromise the adsorbent efficiency. Additionally, adsorbents should 
be regularly replaced to avoid the re-emission of the already adsorbed 
compounds. Another negative feature is that airborne bacteria can 
accumulate on the surface of the adsorbent and thrive due to the strong 
biocompatibility of carbon materials [47].

2.1.4. Ionization
Ionizers are devices employing high voltage to ionize the surround

ing air and produce ions. They are especially efficient for airborne 
particles removal [48,49] (PM, tobacco smoke, bacteria), but also 
against VOCs [50]. The main mechanism of such devices is the gener
ation of N2

+ and O2
− ions. Those ions immediately form clusters with 

molecules present in air such as H2O, in turn “sticking” to the airborne 
particles and allowing their removal, either with subsequent filtration or 
due to natural deposition on the surfaces. Those systems must be regu
larly cleaned up, similarly to the collection plates in ESPs. Although 
ionizers can make the air feel fresh, they do not completely remove the 
particles. Besides, ionizers also produce small amounts of O3, usually 
from ten to hundreds of parts per billion (ppb) [48,49]. This is an un
wanted byproduct as it is toxic, and it was found to have little potential 
for pollutants removal when produced at concentrations lower than 
public health standards. This technology is one of the most used for 
indoor air cleaning, along with HEPA filters, in available commercial 
devices for IAP, as it will be described in section 3.

Other non-destructive methods exist, both for IAP, as well as more 
general air treatment that could be adapted to indoor air. But the 
common limitation is the fact that they only shift the pollutants some
where else or create secondary pollution, rather than destroying them. 
The section below presents the available destructive methods used for 
IAP.

2.2. Destructive methods

2.2.1. Biofiltration
Biofiltration of gases is done by passing pollutants through a porous 

bed (soil, sand, pellets) in which micro-organisms are fixed. Microor
ganisms reduce various contaminants including odors and VOCs, but 
also bacteria [51], as they consume them and use them as an energy 

source [52,53]. Usual types of microorganisms are fungi, bacteria and 
actinobacteria. The biofiltration requires strongly aerobic environ
ments, optimum moisture and temperature for activity and reproduc
tion, gas cooling, eventually a gas pre-treatment in form of 
humidification, PM removal, or eventual heating/cooling. Several 
drawbacks of such a technique should be mentioned, especially the low 
treatment capacity (i.e., flow rate), the concentrations of pollutants that 
can effectively be removed, and the necessity to replace microorgan
isms. However, even if this method is not the first choice for typical 
indoor environments (school, houses, etc.), it becomes highly relevant 
for space applications such as space stations and future space missions.

2.2.2. Botanical purification
It is a method employing phytoremediation to purify air. It uses the 

plants, depending on their metabolic activities, to remove the pollutants 
from the air. Such pollutants, especially VOCs but also PM, can be 
absorbed, catabolized and degraded by the plants [54]. Additionally, to 
these purification properties, utilizing plants as an IAP also brings 
several other benefits, such as its low cost, it is environmentally friendly, 
low maintenance, and have positive effects on health and task perfor
mance, reduce the level of stress and improve comfort [55]. However, in 
the same way as biofiltration, it is mostly effective for low concentra
tions and flow rates. The types of plant to be chosen might depend on the 
pollutants to be removed, and it can also depend on the day and night 
cycles [56].

2.2.3. Ozonation
Ozonizers are devices generating ozone (O3). Several technologies 

can be employed for this purpose, such as corona discharges, dielectric 
barrier discharges, or vacuum UV radiation (185 nm). The aim is to 
dissociate the O2 molecules present in air to O atoms, which can 
recombine with other O2 molecules to form O3. Due to its high oxidation 
potential, O3 can be used for oxidation of pollutants, especially VOCs 
[57], and for bio-decontamination [58]. Commercial ozonizers are cy
lindrical dielectric tubes equipped with inner and outer cooled elec
trodes, with small discharge gaps (0.5–1 mm) driven by AC high voltage 
(HV) of 0.5–5 kHz in air or oxygen. For small lab-scale devices, ozonizers 
usually consume power up to 5 W, have typical O3 production capacity 
around 0.5 kg/h and specific energy consumption of 10–20 kWh/g O3. 
Ozonation is used for gas and odor purification, but mainly for water 

Fig. 1. Main purification technologies for indoor air and the target pollutants against which they are efficient.
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treatment including sterilization of drinking water, in breweries and 
winemaking industries, industrial wastewaters treatment and food 
processing. Since the O3 generated is generally in excess compared to its 
quantity necessary for decontamination, the residual O3 must be 
destroyed before the cleaned air stream exits from the device. This is 
usually achieved by thermal or catalytic destruction using various 
metals or metal oxides catalysts (Ni, Pd, Mn). Another possibility is 
adsorption and reaction with activated carbon that leads to CO2 for
mation, while carbon is gradually degraded and must be eventually 
replaced. Generally, as O3 is also one pollutant targeted to be removed 
from indoor air, and since the technology is also quite old, this method is 
not dominant anymore for IAP.

2.2.4. Ultraviolet (UV) photolysis
UV radiation can significantly reduce indoor air pollutants by 

neutralizing harmful microorganisms such as bacteria and viruses. The 
UV lamps are commonly installed in heating, ventilation, and air con
ditioning (HVAC) systems to treat air as it circulates, preventing con
taminants from reaching indoor living spaces. The elimination of bio- 
aerosols has been found to be influenced by UV radiation. UV photol
ysis air purification methods primarily rely on the germicidal properties 
of UV radiation, typically within the wavelength range of 200–280 nm, 
to disinfect various bacteria and viruses and purify the air [59]. UV 
photolysis can effectively destroy the DNA and RNA of bacteria, viruses, 
and mold species, rendering them inactive and unable to reproduce [60,
61]. The efficiency of this process relies on several factors, including the 
molar absorptivity of the targeted gas-phase pollutant at the specific 
wavelength, the intensity of the UV source, and the initial concentration 
of the contaminants.

However, the application of UV photolysis is limited due to several 
associated challenges. UV-C radiation has limited penetration and can 
be blocked by objects and surfaces, creating “shadow regions” where 
microorganisms may not be effectively disinfected. In addition, UV-C 
radiation is harmful to the eyes and skin and can cause damage upon 
direct exposure [62]. UV-C lamps degrade and reduce their radiance 
over time. Furthermore, some UV photolysis air purifiers may produce 
O3 as a byproduct during operation, which must be then decomposed by 
other methods.

2.2.5. Photocatalytic oxidation (PCO)
UV photocatalytic air treatment is an advanced air purification 

technique that integrates UV radiation and photocatalysis to oxidize and 
degrade airborne contaminants, VOCs, bacteria, viruses, and mold spe

cies [63]. In this process, a semiconductor material serves as a catalyst 
and becomes activated upon exposure to UV radiation. When the 
wavelength of UV radiation exceeds the band gap energy of the photo
catalyst, it initiates oxidation and reduction reactions. Positively 
charged holes and negatively charged electrons interact with water and 
oxygen molecules, generating reactive oxygen species (ROS) such as 
hydroxyl radicals (•OH) and superoxide ions (O⋅−

2 ). These ROS then 
degrade and neutralize both biological and chemical contaminants. 
Fig. 2 illustrates the photocatalytic mechanism involved in the treatment 
of biological and chemical pollutants under UV irradiation.

Various research groups have demonstrated the advantages of PCO 
for the decomposition of chemical contaminants such as nitrogen oxides 
(NOx) and VOCs [64]. Photocatalysis has also shown antibacterial ef
fects in addition to its ability to mineralize various organic compound 
[65]. Currently, TiO2 is the predominant photocatalyst in use. It is 
cost-effective, non-toxic, compatible with living organisms, and exhibits 
excellent photo-efficiency and activity [66]. A study conducted by Vil
dozo et al. [67] investigated the application of TiO2 in PCO to treat 
mixtures containing 2-propanol and toluene. The concentrations used in 
the study, ranging from 80 to 400 ppb, were representative of indoor air 
pollution. Under low humidity conditions, the conversion efficiency of 
both pollutants approached 100 %, however, the conversion efficiency 
of toluene dropped to 50 % when tested under a RH of 60 %. Daikoku 
et al. [68] examined the effectiveness of photocatalysis in inactivating 
influenza aerosols. They reported that, within 5 min of treatment using a 
photocatalytic air cleaner, more than 10,000 plaques forming units of 
the influenza virus were eliminated.

Despite extensive research, several challenges remain to be 
addressed, including the effects of RH, the selection of catalyst/catalyst 
characteristics (e.g., shape, size etc.), and the generation of gaseous 
byproducts [69,70].

2.2.6. Nonthermal (cold) plasma (NTP)
Plasma is a gaseous state of matter characterized by a high degree of 

ionization, resulting from the application of high-voltage electrical 
discharges. It typically consists of electrons, positively charged ions, and 
neutral particles, including atoms and molecules. The high energy 
electrons and charged ions further react with surrounding molecules, 
leading to the formation of free radicals and oxidizing species. This 
process facilitates the inactivation of bacteria and viruses, the disruption 
of chemical bonds, and the conversion of chemical pollutants like VOCs 
into CO2 and H2O [71–76]. Compared to thermal plasma and catalytic 
thermal oxidation, cold plasma or NTPs offers significantly lower energy 

Fig. 2. Photocatalytic mechanism action in biological/chemical pollutants treatment under UV irradiation.
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consumption while maintaining high efficiency in the removal of a wide 
range of chemical and biological contaminants.

The transmission of bacteria and viruses over long distances through 
indoor air might lead to adverse health effects. Currently, there is 
limited knowledge regarding the transmission of airborne diseases, the 
underlying mechanisms that regulate them, and the development of 
preventive strategies to mitigate their impact. Airborne transmission 
poses significant challenges, and while a few relief methods are avail
able, they are insufficient. The transmission of disease from airborne 
microorganisms can be attributed to two key factors: aerosol transport 
and aerosol infectivity. UV radiation (photolysis) alone will only be able 
to address aerosol infectivity, and particle filtration only addresses the 
transport of aerosol. Unlike filtration and UV radiation, NTPs can 
address both aerosol transport and aerosol infectivity by charge-driven 
filtration and by reaction with different reactive plasma species, 
respectively. As a result, NTP reactors are increasingly being explored 
for their potential to inactivate and eliminate aerosolized microorgan
isms from enclosed environments [77]. The most used configuration for 
IAPs include, surface DBD reactors [71], packed bed reactors [72], 
corona discharge reactors [78], and excimer UV reactors [79].

NTPs have emerged as an advanced and effective technique for 
disinfection and sterilization across several industries and public health 
sector, owing to their unique characteristics and operational mecha
nisms. NTP processes operate at or near room temperature, making them 
particularly suitable for preserving the structural integrity of heat- 
sensitive materials such as plastics, electronics, and medical equip
ment [80]. The sterilization process using NTP involves the generation 
of a wide range of reactive species, including reactive oxygen and ni
trogen species (RONS), in addition to UV radiation and electric fields 
[81]. This reactive species plays a crucial role in destroying microor
ganisms’ DNA, proteins, and cell membranes, leading to their inactiva
tion and ensuring high sterilization efficiency [82]. A key advantage of 
NTP technology lies in its ability to effectively eliminate a wide range of 
microorganisms, encompassing bacteria, viruses, and fungi. This 
versatility makes NTP a valuable tool in diverse sterilization contexts, 
such as healthcare settings for indoor air sterilization and the treatment 
of low concentration chemical and biological pollutants of indoor air.

Furthermore, the NTP approach is a dry sterilization method, obvi
ating the need for chemical agents or water. This feature is particularly 
advantageous in scenarios where moisture control is critical to prevent 
material degradation or contaminants. The cost-effectiveness of NTP is 
further enhanced by its dry nature, which reduces resource consumption 
and minimizes waste generated by traditional wet sterilization methods 
[83]. Additionally, NTP supports environmental sustainability by 
reducing reliance on chemical disinfectants and limiting potential 
adverse environmental impacts. Industries can potentially mitigate their 
environmental footprint and advance sustainable and environmentally 
friendly operations through the utilization of NTP for sterilization 
purposes.

Unlike controlled environments such as laboratories, IAP is signifi
cantly influenced by environmental factors, especially RH [84,85]. RH 
plays a vital role in characterizing plasma, as it is an environmental 
parameter that fluctuates continuously. RH influences multiple param
eters like electrical parameters, i.e. discharge current and power, the 
generation of different reactive species (N, N2*, OH, O3, etc.), and the 
disinfection/decomposition efficiency of NTPs [86]. In this context, Ki 
et al. [84] investigated the impact of RH on the discharge plasma in a 
chamber measuring 0.175 m3. Their findings revealed that under high 
RH conditions, the concentration of •OH and H2O2 increased twofold 
compared to low RH conditions. In contrast, the concentration of O3 was 
reduced to half.

However, even if NTP proved to be an efficient method, it can still 
produce high amounts of byproducts that are sometimes more toxic than 
the initial pollutants. Therefore, researchers are exploring combinations 
of plasma with other technologies to minimize toxic byproducts for
mation and increase overall efficiency. In this context, Islamov and 

Krishtafovich [87] employed a silver-based wire electrode to suppress 
O3 generation. They observed that the rate of O3 production decreased 
with increasing wire temperature. Specifically, at a temperature of 
~46 ◦C, O3 generation was reduced by 53 % using an Ag:Mn = 0.85:0.15 
wire electrode. Similar findings have been reported by other research 
groups, indicating that both the material of the corona wire and the 
application of heat can effectively suppress O3 formation [88,89]. For 
instance, Kim et al. [90] used a carbon fiber ionizer and reported that the 
maximum O3 concentration in a 30.4 m3 test chamber over 12 h of 
continuous operation was only 5.4 ppb, which is significantly lower than 
the current indoor air quality regulation limit of 50 ppb.

2.2.7. Plasma-catalysis
To overcome the limitations of individual air purification methods, 

several combined approaches are currently under investigation for IAP, 
as illustrated in Fig. 2. Among these, the integration of NTPs with het
erogeneous catalysts, referred to as plasma-catalysis, is a key focus of 
this review. In the plasma-catalysis, a potential synergistic interaction 
between plasma and the catalyst may enhance both the removal effi
ciency and the total oxidation of the pollutants.

The presence of a catalyst increases the likelihood of surface re
actions between the reactants and reactive species, resulting in more 
selective pathways and improved pollutant degradation efficiency. 
Consequently, the textural properties of the catalyst, such as specific 
surface area, pore volume and size, particle size, and crystal phase, play 
a critical role in determining plasma-catalyst performance. The detailed 
mechanisms and applications of this combined strategy are discussed in 
section 4.

2.2.8. Ozone-catalysis
In DBD-NTP reactors, O3 often emerges as a dominant primary spe

cies. In these reactors, a considerable amount of O3 remains even after 
pollutant degradation, functioning as a byproduct. This residual O3 can 
play a significant role in a post-plasma catalytic reactor. First, it serves as 
a powerful oxidant, enhancing the breakdown of pollutants beyond the 
plasma zone. In this context, researchers have developed plas
ma–catalyst hybrid systems, incorporating catalysts like TiO2, MnO2, 
CuO, or Ag-based zeolites after the DBD reactor to utilize the remaining 
O3 for enhanced oxidation of pollutants [91,92]. For instance, Wang 
et al. [93] showed that MnOx–CeO2 catalysts placed downstream of the 
plasma reactor improved toluene removal efficiency, primarily due to 
the O3-driven secondary oxidation. On the other hand, if left untreated, 
O3 can pose health and environmental risks. Ye et al. [91] found that 
MnOx/γ-Al2O3 catalysts placed after the plasma reactor could effectively 
convert residual O3 into reactive oxygen species, simultaneously 
boosting toluene degradation. Hence, catalysts can also serve to 
decompose excess O3, converting it to oxygen before exhaust. This dual 
role of catalysts – pollutant oxidation and O3 suppression – makes 
post-plasma catalysis an essential design strategy in NTP systems.

2.2.9. Other combination technologies
Apart from plasma-catalysis, researchers are also developing various 

indoor air treatment technologies by combining two or more methods 
into a single or multi-stage system. It is well understood that specific 
technologies are effective against certain types of pollutants. For 
example, ionizers are primarily effective against biological pollutants, 
while HEPA filters are mainly used for trapping particulate contami
nants. Therefore, there is a need to develop comprehensive technology 
capable of addressing all types of pollutants, regardless of their initial 
concentration or nature.

In this context, there are a few studies that have experimented with 
different combinations, such as HEPA filters + ionizers, PCO + particle 
precipitators, and NTP + HEPA + ESP. For instance, Krugly et al. [94] 
developed a gas-to-particle conversion process to eliminate VOCs from 
ventilation air. This technology integrates plasmolysis, photolysis, par
ticle precipitation, particle growth, and catalysis. They tested the system 
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in a laboratory setting using simulated polluted air containing various 
VOCs. The overall VOC removal efficiency ranged from 75.7 % to 99.8 
%. Residual particles and O3 were removed or decomposed by up to 
99.99 % using a needle-to-plate type ESP and an ozone-absorbing 
catalyst. Li et al. [95] developed a prototype system that incorporated 
conventional UV-C radiation into a PM filtration system to mitigate 
airborne bacteria and PM in indoor environments. This prototype ach
ieved complete (100 %) inactivation of viable airborne bacteria and 
removed up to 91 % of PM10 and 87 % of PM2.5. Similarly, Srivastava 
et al. [96] used a UV-C and filtration system in an indoor environment to 
clean the air carrying COVID-19 virus. They observed that using 100 % 
outdoor air significantly reduces the infection risk, but it also increases 
energy costs. They showed that the infection risk decreased from 27 % to 
3.1 % as the proportion of outdoor air increased from 10 % to 100 %, 
respectively.

Lu et al. [97] combined a 222 nm KrCl* excimer lamp with air ion
izers to inactivate aerosolized bacteria and viruses. They observed a 
significant improvement in inactivation efficiency when using the 
combined system compared to individual tests. The combined system 
enhanced the inactivation efficiency by 116 % for aerosolized patho
gens, demonstrating a clear synergistic effect. Ratliff et al. [98] designed 
a system using bipolar ionization and photocatalytic devices to check its 
effectiveness on large scale microorganisms in the air and the surfaces in 
an operational scale test chamber with a recirculating HVAC system. The 
bipolar ionization and photocatalytic devices inactivate 0.88 log and 1.8 
log reduction, respectively, in 60 min of treatment time. Note that an 
n-log reduction corresponds to a concentration of remaining contami
nant of 10− n times the original concentration. But none of the technol
ogies are effective on MS2 bacteriophage on surfaces in the test 
chamber.

There is extensive research on combining various methods for indoor 
air treatment, primarily involving ESP, ionizers, HEPA filters and UV-C. 
Although plasma-catalysis has been widely studied for the treatment of 
VOCs in flow reactors, there is a lack of research on integrating NTP 
processes with catalysis for the purification of indoor environments.

3. Existing commercial IAP technologies

This section intends to give an overview of some of the existing 
commercial systems that have been developed. With the growing 
awareness of the potential problems and health issues related to indoor 
air contamination, air cleaners (air purifiers) have been developed by 
different companies. Often portable, such devices can easily be installed 
in hospitals, schools, offices or even in homes and aim at providing a 
clean and pollution-free environment to individuals. Reports evaluated 
the air purifiers market size to be worth 16 billion USD in 2023 and is 
estimated to double by 2030 [99]. While mechanical filters still hold the 
strongest parts of the market (~50 %), electrostatic based systems have 
been expanding and captured the interest of several big companies, as 
well as startups. In most cases, those IAP systems are not relying on only 
one of the technologies mentioned in the previous section but rather 
combine them to reach higher removal efficiency and target more 
pollutants.

While most of the research papers and reviews of IAP focus on the 
ongoing research, the development of new solutions, and the underlying 
mechanisms governing the pollutants removal, not much focus is put on 
the commercial technologies already available. As the scope of the 
journal is electrostatics, the commercial systems discussed here have 
been limited to those containing at least one electrostatic element (e.g., 
ionizer, electrostatic precipitator, electrical discharge of any type). 
Additionally, only companies and products where sufficient information 
and data are available have been selected. We also selected mainly 
companies that have a long history in the market of air cleaning/con
ditioning devices and employ mostly proven technologies in their de
vices. Such information includes the technology used for IAP, the type of 
pollutants targeted, the removal efficiency, and reports concerning the 

measurements for the latter.

3.1. Details of technologies used in IAP devices

Table 2 presents a list of companies selling IAP systems. Note that the 
list is not exhaustive, and that the information discussed herein are “as 
provided by the manufacturer”. The first five are well-known interna
tional groups (Sharp, LG, Mitsubishi, Toshiba, Daikin), while the last five 
are smaller specialized companies (PlasmaAir, PlasmaCleanAir, BlueAir, 
AirOasis, Oxytec). Generally, the products from the bigger companies are 
the ones where the most information is available concerning the tech
nology and the test measurements for the efficiency. Focusing first on 
the technology used, the largest part of them use a combination of 
different decontamination methods. Almost all of them use pre-filters 
(mechanical filters) to trap particles with sizes or 10 μm or bigger, an 
electrostatic element, and other mechanical filters. A UV radiation unit 
is also added for almost half of the products found.

For the electrostatic element, ionizers are the most widespread. 
Depending on the company, even if the name is the same, the technology 
employed can be different, and hence the role of this element on the 
decontamination of the pollutant might differ. The main mechanisms 
claimed by the companies concerning the electrostatic elements are the 
following: 

- Generation of H+ and O2
− ions that agglomerate into clusters with 

water molecules that further react to form •OH and these can alter 
the proteins in microorganisms and inactivate them.

- Charging of pollutants by negative ions, which are then collected via 
electrostatic precipitation.

- Generation of H+ and O2
− ions that will attract airborne particles 

when reforming stable molecules. The agglomerates are then big 
enough to be trapped by mechanical filters or even “fall to the 
ground”.

- Generation of high-energy electrons that collide with the surround
ing air to form different species (excited O2* and N2*, •OH, O atoms). 
The formed byproducts can decompose hazardous pollutants.

For the filters, the HEPA filter is widely used, even after an ionizer. 
As shown in Table 2, some of the devices even employ electrostatic 
HEPA filters (Sharp, Daikin). This stage of the device is generally filtering 
all types of biological contaminants and PM above 300 nm. Since the 
filters accumulate pollutants, they later need to be replaced or cleaned, 
which can entail extra cost. An alternative solution can be wet scrubbers, 
as proposed by Toshiba, which drains the pollutants with a water flow 
from the filtering system. But in this case, some of the pollutants are 
shifted to the water, which in turn would need to be decontaminated. 
Finally, UV-C lamps, operating between 230 nm and 280 nm, can be 
added to further increase the efficiency of the system. UV-C lamps are 
well known to have a strong germicidal effect. They are usually placed 
close to the output of the device, to kill the remaining biological pol
lutants, but also to clean the filters, as mentioned by LG and Daikin.

3.2. Efficiency assessment of commercial systems

In this section, the efficiency of the different systems claimed by the 
companies is discussed, along with the available data and reports con
cerning the measurements performed. The pollutants have been divided 
into three categories: 

- VOCs, which cover all the chemical compounds in the gas phase;
- Biological pollutants including bacteria, fungi, viruses and molds;
- Solid or liquid PM, that are small enough to be airborne and inhaled 

by humans. These are usually allergens, dust or smoke particles, and 
pollen.

Focusing first on the VOCs, Table 2 shows that six of the companies 
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present their product as being able to decompose these contaminants. 
However, the efficiency is given for only half of them. In the case of 
Toshiba and BlueAir, it can be found that the product is efficient at 
removing VOCs from the indoor air but without any quantification or 
compound specified. In the case of Daikin, the VOC removal concerns 
formaldehyde and NOx. According to the webpage of the Daikin Streamer 
Technology [100], one study has been performed on the VOC removal, 
but the report is not available and no additional information is provided.

Oxytec and AirOasis, both claim efficiencies against VOCs of at least 
99 %. Unfortunately, Oxytec does not provide any report or data con
cerning the quantitative measurements for their device. AirOasis pro
vides slightly more details. No methodology is given, but the time 
evolution of formaldehyde, benzene and trichloroethylene, with an 
initial concentration of 24 ppm for all of them is shown. The pollutant is 
found to be reduced by more than 95 % in 22 min, and it takes 403 min 
to reach 99 % removal for all three pollutants.

Sharp tested the efficiency of their device against polycyclic aromatic 
hydrocarbons. Measurements were performed in a closed box, in which 
petri dishes with the different molecules were put as a very thin layer. 
Their ionizer, called Plasmacluster ion generator, generated around 106 

ions.cm− 3, and reactions with the pollutants led to efficiencies of 91.1 % 
on fluoranthene, 62.1 % on chrysene and 94.6 % on dibenzo(a,h) 
anthracene. But in this case, it seems that the studied molecules were 
evaluated as a thin layer rather than as gas phase compounds. Addi
tionally, they were exposed to the ions for 10 days.

The most detailed report about the efficiency against VOCs is from 
PlasmaAir [101]. One of their models (PA604) was tested in a real 
conditions environment, for the IAQ improvement in the trams or Zar
agosa (Spain). Measurements were performed after normal operation of 
the trams, so the indoor air is typical of everyday life in public transport, 
but in a closed case where no extra air from outside was brought inside. 
They measured the concentrations of 54 different VOCs over 6 h. A 
reduction of 80 % was measured, and no new byproducts were detected.

According to Table 2, biological and PM are the main pollutants 
targeted by the companies for their IAP devices. All of them are efficient 
against both types of contaminants, except PlasmaCleanAir, which pro
vides specialized systems targeting oils, grease and odors for kitchens. 
For all the devices, high efficiencies are reached. Note that the efficiency 
given in the table is the minimum value for any pathogens measured. 
This means that in cases where several contaminants were tested, the 

efficiency indicated in the table is the lowest one, which does not mean 
the device is not efficient. For example, the decontamination system 
from PlasmaAir is the one with the lowest efficiency in table (86.6 %). 
However, they measured the efficiency of two of their systems against 4 
bacteria, 4 molds, and 4 viruses. They obtained efficiencies ranging from 
86.6 % for Influenza A (H1N1) after 60 min of exposure, up to 99.995 % 
for SARS-CoV-2 Omicron in 90 min for the viruses. For the bacteria, over 
60 min of operation, the most resistant to their device was the Bacillus 
subtilis var. nigers, with a reduction of 89.30 %, while they reached 
99.99 % of removal for P. aeruginosa. For the molds, the minimum ef
ficiency was found to be 90 % for D. abundans, and the highest efficiency 
was found to be against C. albicans with 97.69 %. A result is also pro
vided concerning fungi removal (C. cladosporioides), but the efficiency is 
much lower with only 36.27 %. Measurements of PM0.3, PM0.5, PM1.0 
and PM5.0 were also performed. Reduction of the number of PMs for 
each of those ranges were 73 %, 88 %, 86 % and 75 %, respectively. 
Experimental details are not described here, but most of the measure
ments have specific reports with complete methodology and are avail
able online. It is also worth mentioning that the efficiency evaluations 
have been conducted by third party independent entities and following 
some standards.

Other companies presented in Table 2 have available reports con
cerning their efficiency measurements for biological and PM pollutants. 
Mitsubishi had their Plasma Quad technology (electrostatic element in 
their devices) tested by several external entities. Biological contami
nants, Influenza A and P. citrinum were inhibited by 99 % in 2.5 h, while 
it took more than 5.5 h to reach this level of inhibition for SARS-CoV-2 
virus and S. aureus bacteria. For the PM, cigarette smoke removal 
(PM2.5) was tested according to standards (JEM1467), while dust (dust 
and mites) and allergens (cat fur and pollen) were tested using original 
methodologies. The cigarette smoke was reduced by 99 % in 300 min, 
and efficiencies higher than 98 % were found for dust and allergens after 
a single pass in the device. Note that the efficiencies of the device could 
be higher, since those tests do not include the other elements (me
chanical filters).

Sharp has a dedicated webpage with all the reports performed by 
external institutes on their Plasmacluster technology, along with the 
entities that were performing the tests [102]. On the biological con
taminants side, measurements of the efficiency against 7 viruses, 11 
different bacteria, and 6 fungi are reported. On their device 

Table 2 
Non-exhaustive list of companies with IAP system commercially available. For the efficiency, NA stands for non-applicable and ND for not defined. Values in the table 
correspond to the values given in the company’s product advertisement. CADR stands for clean air delivery rate and SIE for specific input energy.

Company Technology Pollutant targeted Efficiency (minimum value) Power 
consumption 
(W)

CADR 
(m3/h)

SIE 
(kWh/ 
m3)VOCs Biological PM VOCs Biological PM

Sharp 
(Plasmacluster)

Pre-filter, ionizer, deodorizing filter, 
electrostatic HEPA filter

× ✓ ✓ NA 99 % 99 % 40 240 170

LG (Plasmaster 
Ionizer)

Pre-filter, ionizer, filters (ND), UV-C × ✓ ✓ NA 99.99 % 99.95 % NA NA NA

Mitsubishi 
(Plasma Quad)

Pre-filter, plasma ionizer, 
electrostatic filter, deodorizing filter

× ✓ ✓ NA 99 % 98 % NA NA NA

Toshiba Pre-filter, plasma ionizer, 
electrostatic filter

✓ ✓ ✓ ND 99.9 % ND NA NA NA

Daikin (Daikin 
Streamer)

Pre-filter, streamer discharge, 
electrostatic HEPA filter, anti- 
bacterial filter, deodorizing filter, UV- 
C

✓ ✓ ✓ ND 99.3 % 99.6 % 15 192 78

PlasmaAir Bipolar ionizer ✓ ✓ ✓ 80 % 86.6 % 73 % 4.8 10195 0.47
PlasmaCleanAir Pre-filter, ionizer, electrostatic 

precipitator, 
UV-C

× × ✓ NA NA >95 % 800 7560 106

BlueAir Electrostatic filter, mechanical filter ✓ ✓ ✓ ND 99 % >99.97 % 39 335 116
AirOasis Bipolar ionizer, HEPA filter, activated 

carbon, silver antimicrobial filter, 
UV-C

✓ ✓ ✓ 99 % 99.9999 
%

99.9999 % 140 1200 117

Oxytec Pre-filter, volume plasma, activated 
carbon

✓ ✓ ✓ 99.98 
%

97 % ND 175 460 380
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characteristics website, usually one general value of efficiency is given 
for one type of pollutant. As an example, the measurements on Influenza 
A showed a 3-log reduction in the infectivity in 2 h, when exposed to 
ions density 3x105 cm− 3. But the commercial device only produces 
2.5x104 ions.cm− 3, and in this case the efficiency is lower (95 %). Some 
information is also provided concerning the cigarette odor removal, 
which is reduced to “unnoticeable” level in 55 min in a 41 m3 space, but 
no data or report is available supporting this statement. Several other 
reports about different types of pollutants are available but will not be 
described all in detail here. The important point that should be noted is 
that the values provided as a general indicator for the efficiency should 
be taken carefully, as they are not given for a specific target. Indeed, 
experiments performed with the Plasmacluster technology usually 
depend on several parameters, such as the pollutant tested, the exposure 
time, and the ion density. Hence, the efficiency against a specific target 
should be checked individually.

The last company with lots of information and data published 
regarding their efficiency measurements is Daikin. Alike Sharp, they 
have a dedicated website regrouping the reports [100]. Again, it is worth 
noting here that those reports refer to the Daikin Streamer Technology, i. 
e., only the electrostatic element, and not the whole purifying device. 
The technology has reported tests against 13 viruses, 11 bacteria, 1 
mold, and 21 types of allergens. As the results will not be detailed 
individually, for the viruses, any pathogen tested shows at least a 2-log 
reduction after times ranging from 1 h to 8 h. Similarly, most of the 
bacteria targeted were inactivated up to 99.9 %, but depending on the 
bacteria, the treatment time was extended up to 24 h of exposure to the 
device. Only one mold was tested, C. cladosporioides, but it also reached a 
3-log reduction after 24 h. For the allergens, the values found for the 
efficiencies are broader. For mites, a reduction of 96.9 % was observed 
after 4 h of irradiation. The effects against 16 types of pollen were 
evaluated, and the values range from 80.6 % for Orchard grass up to 
99.9 % for Timothy grass. In this case, exposure times were much longer, 
varying from 2 to 4 weeks. Finally, one measurement for PM was also 
performed, combining allergens, exhaust gas (diesel exhaust particles) 
and PM 2.5 particles (not defined). Here, the allergenic strength is given 
rather than the efficiency. After exposure for 48 h to the streamer irra
diation, the allergenic strength was reduced by 92.4 %. Note that all the 
measurements were also performed by external entities.

All the other devices listed in Table 2 do not have reports dedicated 
to the evaluation of the performance of the system, or they mention 
reports which cannot be found online. Toshiba states an efficiency of 
99.9 % against bacteria of their device, as well as the decomposition of 
smoke, ammonia, volatile organics, food smells and bad odors, the in
hibition of molds and fungi formation, and the elimination of airborne 
viruses such as avian flu (H5N1). Antibacterial and antiviral properties 
are mentioned to have been tested by two different agencies, but no data 
is available to support the provided assertions.

PlasmaCleanAir, provides a commercial system for kitchens for oil, 
grease and smoke removal. They estimated the efficiency of the system 
to be 95 %, for measurement performed according to the ANSI norm 
ASHRAE 52.2 (title of the norm: Method of Testing General Ventilation 
Air-Cleaning Devices for Removal Efficiency by Particle Size). They also 
provide a calculated estimation of 99 % efficiency for double pass 
configuration.

LG also provides some values for the efficiency measurements per
formed by an external company along with the reports number, but the 
latter cannot be found online. Still, they measured a reduction of E. coli 
by 99.9 % in 30 min and 99.6 % for S. aureus in 60 min. The decrease of 
smoke odor intensity is also evaluated and reduced from 3.6 to 1.5 in 60 
min. Finally, they assert air purification of 99.99 % in 30 min, without 
any specific target, but this result is contradictory with the previous 
efficiencies where lower values can be found for specific pollutants in 
longer times.

BlueAir presents their system as being able to kill 99 % of germs, and 
remove dust, pollen, dander, mold, VOCs and odors. Their results are 

based on removal testing of PM 2.5 (0.1–2.5 μm) and germs (H1N1, 
E. coli) up to 90 min in a 30 m3 room. But again, no data is published 
concerning those measurements.

AirOasis provides more information about the results obtained for 
their device. No methodology is given about how the measurements 
were performed, but several graphs present the efficiency as a function 
of time for 1 virus, 5 molds and 3 bacteria. A 4-log reduction was 
measured for H5N1 in only 20 min. For the 5 molds tested, a 5-log 
reduction was observed for all of them in 30 min, and a further 6-log 
reduction was achieved in 180 min. For the same time, i.e., 30 min 
and 180 min, the tested bacteria were reduced by 99.99 % and 99.9999 
%, respectively.

The last company of the list is Oxytec. This startup proposes air 
cleaners that are claimed to be the only ones employing a volume plasma 
as a decontamination medium. Their system allows to reach efficiencies 
of 99.98 % against VOCs and 98 % against biological contaminants. The 
reports are only available on demand, and only the one concerning the 
biological pollutants removal was provided. Their test was performed 
according to DIN-ISO-16000-36 on airborne viruses (Phi6 bacterio
phage). The performance evaluation was also done without a fine par
ticle filter, which could increase the efficiency of the complete system. 
O3 measurements were also performed and 10 μg m− 3 were produced 
during operation, which remained lower than the legal limit (120 μg 
m− 3).

Finally, the last relevant information retrieved from those companies 
is the power consumption of their device, along with the clean air de
livery rate (CADR), i.e. air flow rate. From these two parameters, it is 
possible to calculate the specific input energy (SIE), which is the ratio of 
power consumption to the CADR, and represents the energy brought to a 
given volume of gas passing in the device. As shown in Table 2, both the 
power consumption and CADR cover a broad range of values. In most 
cases, higher power consumption allows to operate at higher CADR, 
which is reflected on the SIE where most values are around 100 kWh/ 
m3, whatever the power and CADR. The efficiencies of devices reaching 
such SIE values are all similar, but since they are combined with filters, it 
is complicated to infer the impact of the SIE on the efficiency. Still, two 
cases are noteworthy in the list. The first one is the company PlasmaAir, 
for which the device is the one with the lowest power (4.8 W) and 
highest CADR (10195 m3/h), leading to a SIE of only 0.47 kWh/m3. 
Since the device is, up to the available information, only composed of a 
bipolar ionizer, the power is quite low. This can also be the reason why 
for some pollutants, the efficiency reached is lower than by other de
vices, along with the high CADR. The second one is Oxytec, which is the 
company that was mentioned to be using a volume plasma discharge, 
and not just an ionizer. In their case, the device achieved a SIE of 380 
kWh/m3. This is more likely due to the type of discharge used, which 
might have higher current than ionizers and hence higher power con
sumption, but in this case, even without any HEPA filter, they still 
managed to achieve high efficiencies for VOCs and biological 
contaminants.

This section intended to review the existing commercial devices, 
along with the technology they used and their overall chemical and 
biological efficiency. Only devices with at least one electrostatic element 
were selected. It is reminded here that the list is not complete and other 
commercial products are available on the market. But as already stated, 
we mainly focused on bigger companies with a long history on the 
market employing proven technologies. It was seen that in most cases, 
the devices employed several decontamination technologies, the most 
frequent being mechanical filters along with an electrostatic element 
which is dominated by ionizing systems. 40 % of the devices also 
incorporated UV radiation for further decontamination or cleaning. In 
terms of mechanisms that are claimed by the companies to be the ones 
governing the destruction of the pollutants, the charging followed by 
electrostatic collection, and the creation of oxidative species, mostly 
•OH and O−

2 , breaking chemicals into smaller byproducts and inacti
vating pathogens, were the most cited.
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The next part discusses the limitations of those systems as well and 
the information available from the manufacturers concerning the com
mercial devices.

3.3. Limitations and perspectives

As presented in the previous section, very efficient commercial de
vices already exist on the market for IAP. Some limitations and un
knowns of the devices are discussed in this section.

Concerning the technology itself, especially the electrostatic 
element, it is sometimes unclear what type of source is used for decon
tamination. For example, not many details are provided concerning the 
geometry or the electrical circuits used for generation of the ionized 
medium. More details can usually be found in the patents related to the 
products, but those are usually not easily retrieved. Several patents were 
still found (PlasmaCleanAir patent #US9908082; Sharp ionizer patent 
#US9005529; LG ionizer patent #US9263858; PlasmaAir bipolar ionizer 
patent #US10111978; Daikin streamer patent #US11318478). Most of 
them present the technical details of the device, but they contain min
imum data on their properties. For example, more consistent sets of data 
about the amount of positive and negative ions generated by the source 
could be of interest to compare the systems and the effect of ion densities 
on the decontamination efficiency.

It has been mentioned several times already that these IAP systems 
usually employ a combination of different technologies. However, tests 
were performed either on the electrostatic element (as for example for 
Mitsubishi and Daikin), or on the whole device (others). This makes 
comparison complicated, not only when one wants to compare two 
different devices, but also if one wants to compare them with results 
obtained for lab-scale experiments reported in scientific papers. A way 
to homogenize data for all these systems could be the use of standards 
and norms for the assessment of the performance of the devices. A recent 
review published by Saffell et al. [103] presents the requirements for the 
improvement of IAQ through standardization [102]. Such guidance and 
normalization, especially with the international standards ISO 16000 
series, can help in this sense and allow a systematic characterization of 
the commercial systems.

Another point that should be mentioned is the identification of the 
compounds that are targeted by the devices. As shown, more than half of 
the devices presented in Table 2 are efficient at removing VOCs. Looking 
into more details, very little information is given about which VOCs are 
targeted and what are the methods of their measurements. More 
generally, it can be complicated to make proper comparisons of the ef
ficiency of two devices if the pollutants, their type, number and con
centration are different. Transparency concerning the measurements is 
important to have a better understanding of the capacity of the devices 
and can help the customers to make the right decisions depending on 
their needs.

Electrostatic elements and especially ionizers are present in many 
devices. Indeed, their capacity to generate ions and radicals allows them 
to remove the VOCs and inactivate or destroy biological contaminants. 
However, almost all the devices still use mechanical filters. The com
bination of the two technologies more likely allows the mechanical fil
ters to have a prolonged lifetime. Yet, those filters still need to be 
changed at some point, which can create secondary pollution if the 
accumulated pollutants are not inactivated, for example with UV lamps, 
but also additional costs for maintenance, both for changing the filters 
and the UV lamps. Ideally, future technologies need to get rid of both 
those secondary pollution sources and additional costs. Limiting the 
number of elements in the system can also lead to more robust devices, 
with a lower risk of having one of the several components that fail. 
Additionally, both HEPA filters and ionizers, although they have 
demonstrated their efficiency, are already quite old technologies. Over 
the last decade, plasma combined with catalysts have demonstrated to 
be a promising technology. Their efficiency against many different types 
of pollutants has been proven, even at high concentrations. Their use 

and scaling up to commercial systems have huge potential for future 
applications in indoor air cleaning, and some small companies have 
already started to develop such systems. The next section presents a 
review of the recent work and progress achieved in the laboratory 
environment for those systems.

4. Recent advancement in plasma and catalyst for IAP

4.1. Introduction of plasma-catalyst technology and overview of lab scale 
tests

4.1.1. Plasma-catalytic mechanisms
The potential of NTP technology as a viable solution for the treat

ment of various gaseous pollutants has already been proven. The NTP 
process is widely recognized for its ability to generate reactive species, 
including O3, H2O2, •OH, and •O. These species play an important role 
in the oxidative breakdown of biological and chemical contaminants, 
especially VOCs. Nevertheless, the utilization of NTP in the degradation 
of these contaminants is associated with certain drawbacks, primarily 
attributed to the generation of undesirable by-products that may restrict 
its potential indoor air applications [80].

Plasma can be utilized more efficiently by exploiting its synergistic 
effects when integrated with heterogeneous catalysts using various 
metal (such Pt, Pd, Ag, Ni) or metal oxide catalysts (such as TiO2, MgO, 
BaTiO3 etc.), often with photocatalytic properties. A photocatalyst be
comes active when it absorbs photon energy (hv) equal to or greater than 
the bandgap energy between the valence band (VB) and the conductive 
band (CB). This activation leads to the formation of negatively charged 
electrons (e–) and positively charged holes (h+) pairs [104]. While it is 
true that NTP itself can produce UV radiation, the photon flux it emits is 
insufficient to have a meaningful impact on the activation of catalysts, as 
extensively documented and proven in multiple studies [105–108]. Sano 
et al. [109], showed that the contribution of photocatalysis induced by 
UV light from the surface discharge plasma on the acetaldehyde 
decomposition is estimated to be less than 0.2 %. But it is well known 
that electrons in NTP can reach temperatures of 1–10 eV, therefore, in a 
plasma-catalysis system, electrons with an energy greater than band gap 
energy can generate (e– – h+) pairs on the surface of the catalyst. For 
example, when a photocatalyst is introduced into an NTP reactor, the 
generation highly energetic electrons by the plasma can induce photo
catalytic reactions through the following path producing e– – h+ pairs: 

photocatalyst + plasma (high energy electrons) → e− + h+ (1.1) 

h+ +H2O (ads)→ H+(ads)+ ⋅OH (surf) (1.2) 

e− +H2O (gas)→ ⋅ OH (gas)+ ⋅ H (gas) + e− (1.3) 

Adsorbed water vapor reacts with surface-localized VB hole to 
generate surface bound •OH (eq. (1.2)) [110]. This process is similar to 
the action of UV excitation. Direct gas-phase reaction also occurs be
tween electrons and H2O molecules, but this reaction is generally 
ignored in conventional photocatalysis due to the low cross-section 
[111]. However, in the plasma-assisted systems, the generations of 
high-energy electrons enable the dissociation of water molecules in the 
gas phase and the generations of gas-phase •OH takes place (eq. (3)). 
The generation of e– – h+ pairs, which enables the subsequent redox 
reaction, is regarded as the primary and crucial stage of photocatalytic 
processes. The electrons and holes generated by photocatalytic process 
react with the adsorbed O2 and H2O molecules in their vicinity, forming 
adsorbed •O2

− and •OH. After a series of reactions, the •O2
− will after

wards generate surface bound •OH (eq. (1.5)–(1.7)).
In a heterogeneous photocatalysis mechanism, two reaction steps 

happen successfully:
- The reduction of O2 by the electrons (from CB) and •OH are 

generated via a series of reactions, as follows: 
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e−CB +O2(ads) → O⋅−
2 (ads) (1.4) 

O⋅−
2 (ads)+H+ (ads)→ HO⋅

2 (ads) (1.5) 

HO⋅
2 (ads)+HO⋅

2 (ads) → H2O2 (ads) + O2 (gas) (1.6) 

H2O2 (ads)+ e−CB → ⋅ OH (surf) + OH− (ads) (1.7) 

- The holes (from VB) transform the H2O molecules into •OH. 

h+
VB +H2O (ads)→ ⋅ OH (surf) + H+ (1.8) 

These gas-phase and surface-bound •OH act as an oxidizing agent 
and change toxic biological/chemical compounds (gas-phase/adsorbed) 
into CO2, H2O and other unharmful by-products. Plasma-driven cata
lytic technology has shown great promise in air purification, demon
strated by its ability to achieve higher mineralization efficiencies while 
concurrently minimizing the generation of undesirable by-products 
[112,113]. The combination of NTP with catalysts has been found to 
enhance the production of many active species, including •OH, and 
improve the activity (by enhancing adsorption and activation, restoring 
active sites, etc.) and stability (by preventing thermal degradation, 
removing carbon deposits, etc.) of photocatalytic materials [114].

Now, a crucial question arises: how can catalyst and NTP be com
bined? Two arrangements exist [112]: 

• Two stage-stage system, where the catalyst is introduced upstream/ 
downstream of the plasma discharge region. More usual is the system 

with catalyst following the plasma, also known as post-plasma 
catalysis (PPC) system.

• The single-stage system, where the catalyst is introduced directly in a 
plasma discharge zone, also known as in-plasma catalysis (IPC) 
system. This introduction leads to heterogeneous reactions within 
the system due to the interaction between the catalyst and the 
plasma.

The use of the IPC arrangement allows the catalyst to interact and be 
directly activated by plasma, short-lived species and UV radiation, 
thereby influencing the chemical process. In contrast, in the PPC 
arrangement the catalyst interacts only with long-lived species and 
pollutants pre-treated by the plasma [112].

The PPC arrangement is easier to set-up and control, as the plasma 
and the catalyst systems can be tuned individually. The IPC is more 
complicated as the plasma and the catalyst mutually affect each other, 
and their common tuning is elaborate and often limited. However, a 
precisely tuned IPC arrangement may lead to synergistic effects of 
plasma and catalyst with substantially higher efficiencies compared to 
PPC. Fig. 3 provides an overview of key plasma-catalytic processes 
explored in this review. The integration of catalysts within the plasma 
discharge can modify discharge characteristics and alter the energy 
distribution of accelerated electrons [115]. These changes further 
impact the formation of transient reactive species, such as O, •O2

− , and 
OH radicals. While many of these species are short-lived, some recom
bine into more stable compounds like O3, which can migrate to 
contamination sites and enhance degradation. Additionally, the highly 
reactive plasma environment induces structural and chemical 

Fig. 3. Overall insights of plasma-catalytic mechanisms.
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modifications in the catalyst, influencing its pollutant removal efficiency 
[116]. Notably, plasma-catalytic systems often follow zeroth-order ki
netics, underscoring the dominance of surface-mediated reactions in the 
decomposition process.

The catalysts integrated in plasma discharges can manifest in various 
forms, including coating on reactor walls or electrodes, fibers, porous 
foams, honeycomb monoliths, granules or pellet beds [71,117–119]. 
Incorporating catalysts in the plasma reactor plays a vital role in the IPC 
arrangement overall efficacy. Nevertheless, it is essential to understand 
the precise method of introducing the catalyst into the NTP reactor to 
enhance its performance. It is crucial to determine the appropriate 
catalyst based on both its chemical composition and its structural 
properties. The catalyst can exist in a powdered state and macroscopic 
forms, including pellets, spheres, honeycombs, foam and sheets 
[120–122]. The selection of catalyst housing in the NTP reactor is 
contingent upon the specific reactor type, whether it belongs to the 
surface DBD, packed bed discharge, or microwave discharge category. 
From now on, our discussions will be limited to the IPC system to gain a 
clearer understanding of discharge behavior in NTP reactors.

4.1.2. Catalyst integration and discharge behavior in plasma reactors
Catalysts, typically employed as pellets, granules, or fibers, are 

placed within the plasma reactor, either partially or fully occupying the 
discharge zone. A fully packed reactor drastically alters the discharge 
mode by reducing the available discharge volume, shifting the behavior 
from filamentary discharges to localized micro-discharges and surface 
discharges along the catalyst. In contrast, a partially packed reactor 
retains strong filamentary discharges while still promoting enhanced 
plasma-catalyst interactions [112]. The choice of the catalyst material 
significantly influences the plasma generation. For instance, dielectric 
materials like TiO2 and BaTiO3 intensify the plasma formation due to 
their polarizability, increasing the local electric field strength near 
contact points [123]. This effect arises from the shortened discharge gap 
and the non-uniform electric field distribution created by 
high-dielectric-constant pellets (e.g., BaTiO3 or NaNO2). Kim et al. [124,
125] investigated Ag catalysts supported on TiO2 and γ-Al2O3 and found 
that partial discharges occurring at the contact points between neigh
boring catalyst particles significantly influenced the development of 
primary streamers. These partial discharges, when initiated ahead of the 
primary streamer, effectively directed the streamer’s path through the 
discharge region. Additionally, it was observed that the dielectric con
stant of the catalyst beads played a role in the timing of partial discharge 
initiation, higher dielectric constants led to earlier discharge formation. 
Some studies also reported that packing materials with high dielectric 
constant are not good for the surface streamer [126]. The shape and 
surface area of the catalyst also plays a vital role in plasma discharge and 
overall reaction performance in plasma-catalytic processes. For 
example, a higher surface area provides more active sites for 
plasma-catalytic interactions, leading to enhanced reaction, adsorption 
and conversion rates [127].

Additionally, the structure (microstructure and nanostructure) of the 
catalyst also plays a critical role. Nanostructured catalysts (materials 
with nanoporosity or nanoparticles size) accelerate micro-discharges at 
the nanoscale, while catalysts with larger pore sizes (e.g., ceramic 
foams) produce strong electric fields within the pores, further changing 
the discharge characteristics [113]. Research findings show that the 
integration of a catalyst not only enhances the synergy between plasma 
and catalyst, but also fundamentally transforms the discharge behavior 
and consequently improves reactor performance.

The integration of plasma and catalyst often yields enhanced results, 
a phenomenon widely described as a synergistic effect [128–130]. This 
effect implies that the combination of plasma and catalyst leads to 
performance improvements (in terms of degradation) greater than their 
independent effects, thereby generating considerable interest in prac
tical applications. Assadi et al. [131] made key contributions to this 
field, showing synergistic behavior in different conditions of 

trimethylamine degradation using a DBD plasma-photocatalysis system. 
They attributed it to factors such as the activation of TiO2 by 
plasma-generated UV radiation and improved by-product desorption 
due to reactive species.

Further evidence of this synergy comes from Zhu et al. [132], who 
investigated toluene removal using an Au/CeO2/Al2O3 nanocatalyst and 
plasma. While standalone plasma treatment achieved only 5 % toluene 
removal and the catalyst alone reached 67 %, their combined led to 
nearly total elimination, with mineralization efficiency approaching 90 
% (see Table 3). Pan and Chang examined a La2CoMnO6 perovskite 
catalyst in a packed-bed DBD reactor and found that while the catalyst 
alone was inactive below 150 ◦C, its integration with plasma enabled 
complete toluene removal and 96.8 % mineralization efficiency [133]. 
Studies compiled in Table 3 demonstrate the effect of introducing cat
alysts into the plasma region, as well as the individual and synergistic 
impacts of plasma alone, catalyst alone, and their synergistic effect on 
the decomposition of various VOCs. It was also observed that intro
ducing a catalyst into the plasma discharge zone often reduces the 
byproduct O3 formation [134,135]. For instance, Zadi et al. [135] 
investigated the impact of NTP and TiO2 photocatalyst on the indoor air 
treatment of a refrigerated food chamber, using benzene and propionic 
acid as a target pollutant. They observed that the combination of NTP 
and TiO2 significantly reduced the O3 formation, from 21 ppm in plasma 
alone to 6 ppm in plasma-catalytic systems.

The synergistic interactions between plasma and catalysts in NTP- 
DBD reactors present considerable complexity, as illustrated in Fig. 4
[136]. Researchers employed many advanced diagnostic techniques to 
understand these complex processes, such as optical emission spectros
copy, X-ray photoelectron spectroscopy, Fourier transform infrared 
spectroscopy, etc. for probing gas-phase reactive species, and perform 
surface chemical analysis and surface-adsorbed intermediates. Further
more, to validate the experimental findings and predict the behavior of 
complex plasma-catalytic systems, computational modelling serves as a 
powerful tool.

4.2. Introduction of plasma-catalyst technology in pilot scale and 
industrial solutions focused on IAP

As the integration of NTP and catalysts is getting more attention for 
exhaust gas cleaning, many researchers also explored this approach for 
IAP. As discussed in the previous section, there are many types of indoor 
air pollutants (chemical, biological, particulate matter etc.) that need to 
be addressed, as they pose potential hazards to humans in indoors en
vironments. Various methods (such as DBD, ESP, PCO, corona discharge 
etc.) have been employed for the removal or inactivation of these pol
lutants, but there is still significant scope for further research in the field 
of plasma-catalyst systems for IAP.

These methods rely on direct and indirect plasma treatment. In direct 
treatment, pollutants are directly exposed to the plasma and plasma- 
generated reactive species in a flow system, where oxidative reactions 
take place, leading to the decomposition/inactivation of the pollutants. 
However, in the case of indirect treatment, the pollutants react with the 
reactive species after the plasma discharge region in a flow system, or 
they are treated in a reaction chamber where the plasma source is 
housed. In this approach, the contaminants do not come into direct 
contact with plasma discharges.

As an example of direct treatment, Lai et al. [137] investigated the 
effect of cold plasma in a ductwork system with a flow velocity of 7.0 m 
s− 1 and analyzed the impact of negative air ions on five different types of 
bacteria, namely E. coli, P. alcaligenes, S. epidermidis, M. luteus and 
S. marcescens. For the first three types of bacteria the inactivation varied 
from 20 % to 70 %, while no detectable inactivation was found for the 
other two. Pemen et al. [138], proposed a novel plasma-catalytic tech
nology that uses a SDBD source and plates coated with Al2O3, placed 
parallel to the SDBD plates. They used Al2O3 plates with TiO2 and tested 
different combinations of Al2O3 and SDBD plates to study the conversion 
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of NOx and ethylene. They found that with increasing initial concen
tration of NOx, the conversion efficiency decreased, and a longer resi
dence time (i.e., low flow rate) was required to achieve higher 
conversion efficiency.

In an indirect treatment method, Diaz et al. [139] treated PM2.5 using 
multi pin corona discharge (MPCD) and DBD in a refrigeration chamber. 
In comparison to DBD, the MPCD generator was found to have higher 
removal efficiency of PM2.5, with less ozone concentration and energy 
consumption. As another example of indirect approach, Jangra et al. 
[71,85,140,141], employed a DBD plasma reactor in conjunction with 
TiO2 nanoparticles catalyst for the treatment of biological and chemical 
pollutants. They observed that the synergistic effect led to almost 
complete inactivation/decomposition of both biological (e.g., E. coli, 
MS2 bacteriophage, and ESCAPE bacteria) and chemical pollutants (e.g., 
toluene and benzene).

Various studies were performed for the decomposition/inactivation 
of various biological and chemical indoor air pollutants by using direct 
and indirect approaches (with DBD, ESP, PCO, corona discharge etc.). 

For example, Tanski et al. [142] used a SDBD-driven two-stage elec
trostatic precipitator (electro hydrodynamic as an alternative discharge 
source and SDBD as a bipolar ion generator). They proposed that in the 
two-phase ESP the SDBD would be capable of generating bipolar 
(negative and positive) ions in the air, which can charge the suspended 
particles positively or negatively. Simultaneously, the electro
hydrodynamically (EHD) induced airflow either boosts or replaces the 
need for mechanical fans to move air through the system. As a result, the 
bipolarly charged particles agglomerate and turn into larger charged 
particles, which can be easily collected when subjected to the electro
static force in the collecting plate. This dual function of charging and 
air-moving capability makes SDBD-based EHD actuation a promising 
replacement discharge source in small-scale or portable ESPs.

Van Durme et al. [143] investigated IPC and PPC systems for IAP by 
introducing TiO2 into the plasma reactor and positioning CuOMnO2/
TiO2 in a post-plasma configuration. They observed that this combina
tion reduced the O3 outlet concentration by a factor of seven. In dry air, 
introducing CuOMnO2/TiO2 in the post-plasma position resulted in up 

Table 3 
Literature highlighting the synergistic effect of plasma and catalyst for the VOCs decomposition.

Discharge/Reactor type Catalyst VOCs Initial concentr. 
(ppm)

Ozone 
(ppm)

Flow rate (L/ 
min)

Conversion (%) Reference

Plasma 
alone

Catalysis 
alone

Combined

DBD/Cylindrical quartz 
tube

SrTiO3/rGO 
UV

Toluene 100 – 3 90.9 3 100 [147]

DBD/Co-axial cylindrical TiO2/GFT 
UVA

Trimethylamine 57 215a

150b
33–166 39 34 91 [131]

DBD/Cylindrical quartz 
tube

SiO2–TiO2 

UVA
Propanoic acid 3.24 21a

6b
33 35 50 96 [135]

DBD/Co-axial cylindrical TiO2/GFT 
UVA

Ammonia 50 30a

23b
33 20 51 80 [134]

DBD/Co-axial cylindrical TiO2/GFT 
UVA

Butylaldehyde 50 30a

23b
33 7 28 40

DBD/co-axial cylindrical Au/Ce2O3/ 
Al2O3

Toluene 100 – 0.2 67 5 100 [132]

Corona discharge/Wire 
cylinder packed

Pt/Al2O3 Butylacetate 120 – 20 10 18 42 [148]

DBD/fixed-bed quartz La2CoMnO6 Toluene 150 – 1.2 82 0 100 [133]

a Ozone concentration in plasma alone.
b Ozone concentration in the presence of catalyst.

Fig. 4. A brief overview of the species and key mechanisms in the plasma-catalytic surface interactions. Reprinted with permissions from Ref. [136].
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to 40 times higher toluene removal efficiency compared to non-catalytic 
plasma oxidation. Ge et al. [144] utilized NTP and NTP-MnO2 air 
cleaners for the removal of low concentration of benzene from indoor 
air. At a fixed discharge power of 9W and a RH of 20 % the benzene 
conversion efficiency increased from 82.9 % to 89.6 %, CO2 selectivity 
increased from 38 % to 80 %, while the concentration of O3 and NO2 
decreased from 25.3 ppm to 1.3 ppm and from 234 ppm to 25.7 ppm, 
respectively.

Zeng et al. [145] investigated the effectiveness of ESP combined with 
catalytic decomposition for the removal of indoor-air pollutants (such as 
PMs and total volatile organic compounds (TVOCs), and formaldehyde) 
in an enclosed chamber of 3 m3. They showed that the ESP removed 
94–100 % of PMs, while UV-catalysis achieved 100 % removal of TVOC, 
including formaldehyde within 20 min of treatment (see Table 4). In 
another study, Asilevi et al. [73] demonstrated the complete decom
position of low concentrations of formaldehyde (as an indoor air 
pollutant) using strong ionization NTP reactor operating at a very low 
power of just 0.8 W.

The transmission of bacteria and viruses over long distances through 
indoor air can lead to adverse health effects. NTP reactors are increas
ingly being explored for their potential in the inactivation and elimi
nation of aerosolized microorganisms in enclosed environments. In this 
context, Xia et al. [72] utilized a DBD-based packed-bed plasma reactor 

for the inactivation of aerosolized MS2 phage. They found that at an air 
flow rate of 170 L min− 1, approximately 2.3-log reduction of MS2 phage 
was achieved (2.0-log inactivation + 0.3-log physical removal due to 
packed bed). Increasing the flow rate from 170 L min− 1 to 330 L min− 1 

did not significantly enhance virus inactivation. A study by Prehn et al. 
[77] showed an 89 % reduction of airborne E. coli K12 when subjected to 
DBD combined with ionic wind at a flow velocity of 4.5 m/s (treatment 
time: 15 s). They used a duct flow system and concluded that the inac
tivation of microorganisms was influenced by the size of the plasma 
treatment area and plasma intensity.

Vazquez et al. [146] tested the reduction of formaldehyde as a VOC 
representative and bio-aerosol with E. coli bacteria in a two stage DBD 
plasma – TiO2 photocatalyst, both as direct and indirect systems. They 
tested a single pass of the contaminated air at large air flow rate (250 L 
min− 1). The direct plasma treatment yielded to higher efficiencies. 
While formaldehyde removal at these conditions reached maximum 40 
%, the bio-aerosol inactivation resulted in a reduction higher than 3-log, 
up to complete inactivation. Their proof-of-concept demonstrates a 
promising approach of the combined NTP-PCO for scalable commercial 
IAP.

Table 4 summarizes the different approaches used for the decom
position/inactivation of various biological and chemical indoor air 
pollutants.

Table 4 
Different reactors for the decomposition/inactivation of different indoor air pollutants.

Reactor type Pollutant Power 
consumption 
(W)

Power Source Treatment 
time (min)

Removal efficiency 
(%)

Flow 
rate

Catalyst Reference

Corona discharge Toluene – DC – 82 ± 2 10 L/ 
min

TiO2 (IPC) and 
CuOMnO2 

/TiO2 (PPC)

[143]

SDBD NOx and ethylene 48 pulse transformer 
with μs duration

– 99.99 (at different 
energy densities)

5 L/ 
min

Al2O3-TiO2 [138]

DBD Formaldehyde 0.8 pulse power 
zero-voltage 
switching flyback 
transformer

30 100 0.2 
m3/h

– [73]

Corona discharge Benzene 9 DC 90 89.6 – MnO2 [144]
ESP and 

Photocatalytic 
Oxidation (PCO)

PMs, 
TVOC 
(formaldehyde)

9 – 30 
20

94-100, 
100,

120 
m3/h

MnOx/TiO2 [145]

PCO methyl ethyl ketone 
(MEK)

– – – 62.2 
36.3

20 L/ 
min 
12 L/ 
min

TiO2/ACF 
TiO2/NFF

[149]

SDBD/ESP PM2.5 – AC 90 ~99.5 5.0 m/ 
s

– [142]

DBD & 
Multiple corona 
discharge

PM2.5 – AC 420 and 144 100 – – [139]

DBD/cold plasma E. coli, 
P. alcaligenes 
S. epidermidis 
M. luteus 
S. marcescen

4 AC – ~70 
~65 
~55 
~5 
~3

7.0 m/ 
s

– [137]

NTP (plasma shield) E. coli 
S. epidermidis, 
Bacteriophage MS2 
Cladosporium sp

– AC – 99.99 % 
99.97 % 
99.99998 
99.999

28.3 L/ 
min

– [150]

NTP-DBD MS2 phage 2.08 AC + 30 kV Neon 
transformer

– 2.3 log (2.0 
inactivated + 0.3 
physically)

170 L/ 
min

Borosilicate [72]

DBD + ionic wind E. coli K12 1.9 AC + DC 15 s 89 4.5 m/ 
s

– [77]

Cylindrical DBD E. coli 
MS2 phage

3.3 Pulsed DC 60 
30

99.99 (both) – TiO2 [71]

Toluene 
Benzene

60 99.7 
74.8

[141]

ESCAPE bacteria 60 99.9 [140]
DBD + TiO2 PCO Formaldehyde 

E. coli
22–102 W AC 2.28 s 40 

>3 log
250 L/ 
min

TiO2 [146]
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5. Conclusion and perspectives

Indoor air quality (IAQ) has become an emerging issue, since most 
humans spend almost 90 % of their time in indoor environments. Indoor 
air often contains various types of contaminants within three main 
categories: biological, volatile organic compounds (VOCs), and partic
ulate matter (PM) of various sizes (ultrafine to fine particles). The long- 
term exposure of humans to these contaminants, even at low concen
trations, bring discomfort, results in various health issues, eventually 
diseases, and low work efficiency.

The first part of this review provides an overview of existing tech
nologies, both destructive and non-destructive, for removing these 
contaminants from indoor air. Non-destructive ones that trap or shift the 
pollutants into solid or liquid media, include HEPA filters, adsorption, 
electrostatic precipitation (ESP), and air ionizers. Destructive methods 
that partly decompose or fully mineralize pollutants, include bio
filtration or botanical air purification, ozonation, UV photolysis, 
nonthermal plasma (NTP), photocatalytic oxidation (PCO), and the 
combined plasma-catalyst systems. Although these technologies are well 
established, they typically target only one or two groups of contami
nants and are not able to remove all of them simultaneously. In the 
literature, combinations of these technologies have been studied, espe
cially involving the well-established technologies, i.e., HEPA filters, 
ionizers, ESP, and UV radiation. The combination of those technologies 
usually allows to remove contaminants that are not targeted by a single 
technology while reaching higher efficiencies for those already targeted. 
Extending this research towards combining plasma-(photo)catalyst 
systems with other technologies would be of interest for their potential 
future integration into commercial devices.

A novel and very important part of this review is a detailed critical 
comparison of commercially available indoor air purification (IAP) de
vices. Despite the limited available data from their manufacturers, a 
comprehensive table provides a list of key manufacturers and their de
vices, the targeted contaminants, their decontamination efficiencies, 
and the typical power requirements and air flow rates. Generally, 
commercial systems utilize a combination of mechanical filters (like 
HEPA), electrostatic elements (such as ionizers), and additional com
ponents like UV-C lamps to enhance pollutant removal efficiency. Some 
combine pre-filters, electrostatic precipitators, HEPA filters, and UV-C 
sterilization to target a broad spectrum of contaminants, including 
biological ones, PM, and VOCs. While many systems claim high effi
ciencies against biological pollutants and PM exceeding 99 %, data for 
VOC removal is less comprehensive and often lacks detailed measure
ment reports. The limitations of these systems are also discussed, along 
with their calculated specific input energies (SIE) which are typically 
around 100 kWh.m− 3 but may range from 0.47 to 380 kWh.m− 3.

These conclusions underscore the current state of commercial IAP 
technologies, emphasizing their multi-faceted design, varying levels of 
demonstrated efficacy, and the importance of comprehensive testing 
data. Additionally, several drawbacks such as the frequent replacement 
of filters or UV-C lamps, the secondary pollution due to the accumulated 
contaminants, or the additional costs for maintenance require new 
solutions.

The last part of the review is hence focused on the ongoing research 
of nonthermal plasma-(photo)catalysis systems, which is a promising 
solution to replace or complement the current IAP technologies in 
commercial devices. The main mechanisms of plasma-catalyst interac
tion are presented along with the recent literature review. The inte
gration of plasma and catalyst often yields to enhanced synergistic 
results. The synergistic interactions between plasma and catalysts in 
NTP reactors present considerable complexity, which is still not 
completely understood.

The final part of the review discusses the new perspective on the 
introduction of plasma-catalyst technology in pilot scale and industrial 
solutions focused on IAP. Various pioneering studies reported that NTP 
combined with (photo)catalysts is a promising destructive technology 

that could efficiently target all types of contaminants, especially hard-to 
destroy VOCs, in addition to the very high efficiency of the removal of 
bio-aerosols. Various plasma-catalytic devices have proved scalable for 
large air flow rates and efficient even for a single pass of the contami
nated air through the device. By identifying key factors that influence 
their efficiency and safety, this review outlines a promising foundation 
for further research and technological development in the field of IAP.
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