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Abstract
An indoor air decontamination system combining a dielectric barrier discharge (DBD), 
UV-C lamps, and a TiO₂ photocatalyst, is investigated for the simultaneous removal of 
two volatile organic compounds (VOCs) — formaldehyde and methanol — at a high flow 
rate of 300 L·min⁻¹. The contributions of each component are evaluated independently and 
in combination, showing a strong synergistic effect between DBD and UV-C, particularly 
for formaldehyde removal, reaching up to 50% efficiency in a single pass at 60% relative 
humidity — even in the absence of TiO₂. The photocatalyst is found to significantly im-
prove the removal efficiency of methanol, which is detrimental to formaldehyde removal 
efficiency. The effect of specific input energy (SIE) is examined, showing that combining 
DBD with UV-C at equivalent SIE outperforms the discharge alone by a factor of two or 
more. The underlying degradation mechanisms are discussed in detail, identifying oxygen 
atoms, OH radicals, and several indirect OH reservoirs as key contributors. A notable 
observation is the release of NO₂ upon UV-C ignition following the discharge operation, 
attributed to the photodesorption of surface nitrates accumulated on TiO₂ during plasma 
exposure, which temporarily scavenges OH radicals and reduces removal efficiency.

Keywords  Indoor air decontamination · Dielectric barrier discharge · Photocatalysis · 
TiO2, VOC removal

Introduction

Indoor air pollution (IAP) has become a major public health risk, as people spend more than 
80% of their time in indoor environments. The World Health Organization estimated the 
number of deaths caused by household air pollution to be around 2.9 million deaths in 2021 
[1]. The three main types of indoor air pollutants are volatile organic compounds (VOCs), 
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biological contaminants, and particulate matter. VOCs, the most common type of pollutants, 
originate from numerous sources including building materials, furniture, cleaning products, 
paints, solvents, and human activities. Exposure to VOCs such as formaldehyde (CH2O), 
acetone, benzene or toluene can lead to eyes, nose and throat irritation, headaches, nausea, 
can cause damage to liver, kidney and central nervous system, and even cause cancers [2]. 
The development of efficient technologies for IAP control hence remains a major challenge.

Various technologies already exist for indoor air purification. The best-known one is the 
so-called high-efficiency particulate air (HEPA) filter. While HEPA filters achieve efficien-
cies higher than 99.97% [3] against particulate matter, they are usually inefficient against 
VOCs pollution. Other methods can be used, such as ionizers, electronic precipitation, 
adsorption by active carbon, or catalytic oxidation. However, while each of these techniques 
presents its advantages, several drawbacks can also limit their use. Especially, the frequent 
replacement of some parts (filters), the costs associated with maintenance, or the fact that 
they are nondestructive and hence generate secondary undesirable pollution, can be cited. 
For these reasons, developing technologies which could completely mineralize the VOCs to 
H2O and CO2 have intensively been studied over the past few years.

Among these advanced oxidation processes, the two main ones that can be distinguished 
are non-thermal plasma (NTP) and photocatalytic oxidation (PCO). The latter employs 
semiconductor materials, which under specific light illumination, generate electron-hole 
pairs. In turn, those can further react with ambient moist air to produce reactive oxygen spe-
cies (ROS) such as hydroxyl radicals (OH) and superoxide radicals (O₂⁻). These ROS can 
oxidize the VOCs adsorbed on the photocatalyst surface, converting them to H2O, CO2, or 
intermediate byproducts. The most typically used photocatalyst is titanium dioxide (TiO2), 
due to its low cost, non-toxicity and good stability. Several recent reviews have summa-
rized the advances on TiO2 research, highlighting that TiO2 can effectively fully mineralize 
VOCs. Several ways to improve the typical limiting factors in terms of VOCs conversion 
are also presented, such as doping or surface engineering approaches [4, 5]. Experimental 
studies have also shown high efficiencies of VOCs removal with TiO2. For instance, Hanif 
et al. [6] achieved formaldehyde degradation around 70% within one hour of UV irradiation 
using TiO2 incorporated in polypropylene membranes. In another study on CH2O removal 
from Wang et al. [7], Ag/ZSM-5/g-C3N4/TiO2 composite photocatalysts reached 93% effi-
ciency, mostly attributed to increased adsorption capacity and improved charge separation 
within the heterojunction structure. High performance of modified TiO2/sepiolite compos-
ites have also been reported by Song et al. [8]. Within 90 min of UV irradiation, CH2O 
was degraded with about 87.6% efficiency. Such material can be interesting for ecofriendly 
substitutions as it is a natural material.

Concerning the second advanced oxidation technique, NTP has been extensively studied 
for this purpose. Contrarily to thermal plasmas, NTP allows the generation of high energy 
electrons while maintaining the gas around ambient temperature. Those high energy elec-
trons can then generate oxidative species, such as ROS, oxygen atoms (O) or ozone (O3), 
which can oxidize VOCs. Early studies showed that NTP alone could efficiently decompose 
VOCs from air steams [9]. Kim et al. [10]. provided a comprehensive review of pollution 
control with NTP, describing the chemistry of the VOCs degradation, the importance of 
ROS, as well as the different discharge configurations that could be used. Concerning more 
recent experimental works, several papers focused on the VOC abatement using dielectric 
barrier discharges (DBD). Asilevi et al. [11]. reached a degradation of CH2O of 99% using 
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an atmospheric pressure DBD operating in dry air. Such results were obtained with low ini-
tial concentrations of CH2O (< 1 ppm). Similarly, Mustafa et al. [12]. achieved a complete 
removal of several VOCs (benzene, toluene, trichloroethylene, and tetrachloroethylene) 
using NTP alone in a double DBD configuration. Those results were obtained with 100 
ppm as initial concentration, low gas flow rates of 1 L.min− 1 and around 50 W of discharge 
power. Other studies have shown the efficiency of NTP at removing aromatic VOCs. Saleem 
et al. [13]. employed a coaxial DBD reactor to remove toluene from CH4 (application to bio-
gas). While they obtained efficiencies up to 86%, their paper also emphasizes the influence 
of the power and flow rate on the performance of the system. Other types of VOCs, such 
as oxygenated ones (methanol for example), can be removed with very high efficiencies up 
to 97% [14]. While both NTP and photocatalysis have shown very good potential for the 
VOCs abatement, they still present some limits. For the photocatalyst, most of the examples 
mentioned advanced modified TiO2 or composite materials, which may not be as easy to 
obtain as pristine TiO2. For NTP, one of the big challenges is power consumption which is 
typically high. Additionally, incomplete mineralization is often observed, and low air flow 
rates are used for lab-scale studies, which is far from real environmental applications.

For these reasons, researchers have developed hybrid systems combining NTP + PCO. 
This combination employs the two advantages of both technologies to decompose VOCs 
even more efficiently. Especially, new reactions pathways can appear when the NTP gen-
erated byproducts interact with the catalyst’s surface. Recent reviews highlighted the 
synergetic effect between these two technologies, especially the plasma induced catalyst 
activation, enhanced ROS generation, as well as the decomposition of the plasma-generated 
byproducts by the photocatalyst [15, 16]. The potential of these combined technologies has 
been proven experimentally. Li et al. [17]. used a coaxial DBD reactor filled with different 
photocatalysts (all TiO2 based) to remove toluene from air. The best results obtained were 
with Ag-TiO₂/γ-Al₂O₃ catalyst, reaching complete toluene removal with around 80% CO2 
selectivity. Jangra et al. [18]. developed a surface DBD with a TiO2 modified sheet as a 
ground electrode. In this case, no UV light is required and the photocatalyst is activated by 
the discharge. They removed toluene and benzene with 99.7% and 74.8% efficiency, respec-
tively. More recently, Vazquez et al. [19] attempted to scale up a DBD + PCO reactor. They 
employed a DBD and 4 UV lamps, enclosed in a TiO2 textile cylinder to treat high flow rates 
of polluted air (250 L.min− 1). The best efficiency reached there was 40% for CH2O removal.

While the performances of those combined systems are very promising, Vazquez et al. 
[19] shows one of the main limits to real applications, which is the scaling up of NTP + PCO 
technologies to reach high removal efficiencies at high flow rates. The current study follows 
this paper. As they assessed preliminary results for VOCs removal and bio-decontamina-
tion, this paper focuses deeper on formaldehyde and methanol removal from ambient air, in 
a single-pass configuration at a high flow rate of 300 L.min− 1. The emphasis is put on both 
the performance of the system, as well as the reaction mechanisms involved in the degrada-
tion. The first part is dedicated to the evaluation of the effect of the different components 
of the system. The removal efficiency, the concentration of pollutants and byproducts are 
discussed. The effect of the specific input energy (SIE) is also investigated. The second part 
intends to discuss the possible reaction pathways, and focuses on CO and NO2 byproducts.
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Materials and Methods

Indoor Air Decontamination System

The indoor air cleaning system, shown in Fig. 1 has already been presented in our previous 
study [19]. The different components are enclosed in an airtight chamber separated into 
two compartments. The first one contains a bubbling system to inject the vapors of the test 
pollutants and a fan sucking the latter, mixed with the ambient air, to the decontamination 
chamber. To produce the VOCs in the gas phase, 2 L.min− 1 of air flow was bubbled through 
a 36% solution of formaldehyde (CentralChem), stabilized with methanol (11%). Two pol-
lutants are hence inserted simultaneously during the experiments. The total air flow was 
fixed for all experiments at 300 L.min− 1. Due to the high flow rates, the system is using 
the ambient air, which is subject to relative humidity (RH) variations, usually ranging from 
20% to 60%.

The second compartment is the decontamination chamber. It is the main core of the 
system and consists of the DBD and the 4 UV-C lamps (Philips TUV PL-L 35 W/4P HO 
1CT/25, electrical power input 35 W, UV radiated power 9.1 W, 254 nm), both enclosed in 
the cylindrical cage wrapped with a textile with TiO2 layer (20 cm diameter, 30 cm length, 
surface 1884 cm2). The anatase TiO2 photocatalyst (Ahlstrom, Finland) is deposited on a 
non-woven cellulose/polyester matrix, with a density around 20 g/m2. The TiO2 nanopar-
ticles have a diameter of ~ 10  nm. The thickness of the layer (TiO2 + textile support) is 
around 125 μm. The original commercial product contains an active carbon layer, which 
is completely removed prior to the experiments to ensure that no adsorption/desorption 
occurs. This was tested by running VOCs with and without the TiO2 layer, and no difference 
in concentration was observed. Similarly, when the VOC flow is turned off, CH3OH and 
CH2O are not detected in the FTIR spectra, indicating that they are neither accumulated on 
nor desorbed from the TiO2 layer.

The 4 UV-C lamps are positioned in a “cross” way (see Fig. 1, right) to ensure a homoge-
neous illumination of the TiO2. Note that the ignition of the UV-C lamps in the system lead 
to a slight temperature increase of the TiO2. The latter was measured on the outer surface of 
the TiO2 layer using an infrared thermometer. For 2 UV-C lamps, the temperature raised by 
6 °C, and for 4 UV-C lamps by 11 °C.

Fig. 1  Schematic of the indoor air cleaning system. The left compartment contains the bubbling system 
with the liquid pollutant. The right compartment contains the decontamination part, with the DBD, the 
UV-C lamps and the cage wrapped with the textile containing TiO2. The disposition of the 4 UV-C lamps 
inside the cage is shown on the right side
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The DBD module is made of 17 alumina ceramic tubes (3 mm diameter, wall thickness 
0.75 mm), each tube being alternately connected to the ground and high voltage of the 
power supply. The gap between each two adjacent ceramic tubes is 1.25 mm. The power 
supply used is PVM500 (Information Unlimited, USA). As it is based on resonance, the 
DBD is always powered by a 36 kHz sine waveform. As the power supply regulates the cur-
rent, the power can be tuned up to 150 W, with a typical applied voltage lying between 13.5 
kVpp to 15 kVpp. All electrical measurements are retrieved during the experiments using 
a North Star PVM12 high voltage probe, a Pearson 2877 current probe, and the charge is 
determined by measuring the voltage across a 40.37 nF capacitor with a Tektronix TPP0201 
passive probe. The power is determined using the classical Lissajous method [20]. The DBD 
generated operates in the typical filamentary mode at atmospheric pressure.

The geometry has been designed to have all the treated air passing through the discharge 
and the UV activated TiO2 layer. Once treated, a peristatic pump sucks 2 L.min− 1 of air to 
be analyzed by Fourier-transform infrared spectroscopy (FTIR), and the remaining air is 
evacuated from the chamber. It should be noted that all experimental results obtained cor-
respond to a single-pass of the polluted air through the system, with no air recycling.

FTIR Analysis

FTIR (Shimadzu IRSpirit-T) is the main analytical tool used to evaluate the efficiency of the 
indoor air decontamination chamber. As the concentrations of input VOCs and consequent 
byproducts are low, around 10 ppm, a 5-m long path cell is used (Cyclone C5 from Specac, 
2 L cell). FTIR spectra were acquired with a 0.9 cm− 1 resolution, and 40 scans were accu-
mulated, which took 210 s per spectrum. The background for all experiments was taken with 
the 300 L.min− 1 of air flowing through the reactor, without pollutant. A typical spectrum 
obtained after passing the VOCs containing air through the decontamination chamber is 
shown in Fig. 2.To extract the concentrations of different species, experimental data were 
manually fitted using the data from Hitran database. The signatures of the unfragmented 
formaldehyde and methanol appear between 2750 cm− 1 and 3050 cm− 1 (C-H stretch, indi-
vidual signatures in the red box zoom). The region between 2750 cm− 1 and 2830 cm− 1 was 
used for CH2O concentration determination, as higher wavenumbers overlap with CH3OH. 
The region from 2020 cm− 1 to 2260 cm− 1 displays three compounds generated by the DBD, 
i.e., nitrous oxide (N2O), carbon monoxide (CO) and ozone (O3). Another plasma generated 
species, e.g. N2O5, was also monitored during experiments (1240 cm− 1 and 1275 cm− 1). 
The main signal from formaldehyde (C = O band) can also be observed between 1670 cm− 1 
and 1825 cm− 1. However, due to the overlap with water vapor and N2O5, this band was not 
used for the concentration estimation. Finally, concentration of methanol was retrieved from 
the 2750 cm− 1 − 3050 cm− 1 region. Knowing the ozone concentration from the 2050 cm− 1 
− 2150 cm− 1 band, it was possible to use it to obtain a good fit of the methanol by summing 
the two spectra. For the VOC removal, the removal efficiency is calculated as [21]:

	
η =

[V OCin] − [V OCout]
[V OCin] � (1)

With V OCin and V OCout the input and output VOCs concentrations, respectively.
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Results and Discussion

Effect of the Different Components of the System

To better evaluate the global operation of the system for VOCs removal, the starting point is 
to understand the effect of each component, i.e., the DBD, the UV-C lamps, their combina-
tion, as well as the effect of TiO2. For each condition, the VOCs and the total air flow are 
set (300 L.min− 1) and run for ten minutes to reach a steady state condition, and 3 spectra are 
taken to get the input VOC concentration. The relative humidity (RH) was 50%. Then each 
component tested is ignited, and the spectrum acquisition started at least one minute later, 
the time for the gas to fill the long-pass cell. Five spectra are taken for each condition. For 
the conditions where the DBD is operating, its power was set to 120 W.

The results obtained for the removal efficiency of both formaldehyde and methanol are 
shown in Fig. 3. Note that no standard deviations are plot on the figure. The experiments 
were repeated several times and showed the same trends, However, due to variations of the 
relative humidity (not controlled in ambient air condition) as well as the input concentration 
of VOC, it is difficult to plot proper standard deviations that would be representative of all 
the experiments. Going to the results, first, the UV-C lamps alone have no effect on remov-
ing VOCs when no TiO2 layer is present. When the TiO2 layer is added to the system with 
UV-C on, the VOCs start to be removed, reaching 14% degradation for CH2O and 10% for 
CH3OH. The removal efficiency seems low, but it should be noted that this is a single-pass 

Fig. 2  Typical FTIR spectra obtained after passing the polluted air through both the DBD and the UV-
activated TiO2 layer, with a 0.9 cm-1 resolution and 40 scans
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system operating at high air flow rate. Then, when testing the efficiency of DBD alone, the 
results show that the TiO2 layer does not play any role. The efficiency slightly varied, with 
lower values on the first points, which could be due to the delay in the gas renewal in the 
long path cell. Still, the maximum removal efficiency obtained is 14% for methanol and only 
11% for formaldehyde. When combining the DBD and 4 UV-C lamps, better efficiency is 
achieved. In the case of methanol, it fluctuates between 22% and 26%, both with and with-
out TiO2, which corresponds approximately to the sum of the two components separated.

On the other hand, an interesting behavior can be observed for formaldehyde. When the 
TiO2 layer is present, the same trend as methanol is observed, i.e., the achieved efficiency 
when combining DBD and UV is around 23% − 24%, close to the sum of the two compo-
nents alone. However, when the TiO2 layer is removed, the measured efficiency is signifi-
cantly higher, reaching 40%. This is especially noteworthy since the UV-C lamps alone have 
no effect when the TiO2 layer is not present in the system. While the mechanisms behind 
this behavior are not yet clear, the experiments presented here show the synergetic effect 
between plasma and photocatalyst.

Species Concentrations and Main Byproducts

It was shown in the previous section that, even with a high air flow rate of 300 L.min− 1 and 
single-pass, relatively good VOC removal efficiency could be achieved, especially against 
formaldehyde (40%). This section intends to evaluate the concentrations of the different 
species again depending on which component of the system is operating, especially focus-
ing on different byproducts.

To do so, the different components of the system were switched on successively. The 
DBD was ignited first, the power being set to 120 W. Then 2 and 4 UV-C lamps were added 
in combination with the discharge. Finally, the DBD was switched off to compare with the 
photocatalytic effect alone. This sequence was performed both with and without the TiO2 
layer. VOCs concentrations have been measured prior and after the operation of the different 
components. For each condition, three FTIR spectra were taken. Results are shown in Fig. 4 
for two different relative humidities, 30% and 60%. The full lines represent the experiment 

Fig. 3  Effect of the components of the system (DBD, UV-C lamps, both combined) on the removal ef-
ficiency of (a) formaldehyde and (b) methanol. Full lines represent the experiments without TiO2 layer, 
and dotted lines with TiO2 layer
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without the TiO2 layer, and dotted lines with the TiO2 added. Note that the methanol concen-
tration is the same for both experiments, and initial and final concentrations are almost the 
same. However, a deviation is observed for formaldehyde, which initial value was slightly 
lower for the experiment without TiO2, but increased and the final concentration matched 
the condition with TiO2. This effect was accounted for by interpolating the formaldehyde 
concentration, considering a linear increase between the initial and final values, when cal-
culating the efficiency (see Sect.  3.3).

When the discharge is first ignited, for both relative humidities, a slight drop of both 
CH3OH and CH2O concentrations is observed, either with or without TiO2. Similarly, when 
2 or 4 UV-C lamps are ignited, both concentrations decrease even more, this effect is accen-
tuated by the number of lamps. Then, the discharge is switched off, and only the UV-C 
lamps remain operating. As it was seen before, without TiO2 no destruction of the pollut-
ants is observed so their concentration increases. But with TiO2, both CH3OH and CH2O 
concentrations first rise after the discharge extinction and then start dropping again. This 
could indicate a change in the chemistry degradation of the pollutants. Note that, for the two 
relative humidities tested, the trends are the same. The main difference lies in the removal 
efficiency. At 30% RH, in the best case, the CH2O concentration drops from 8.4 ppm to 5.6 
ppm, giving an efficiency of 33%. Similarly, at 60% RH, the strongest decrease for CH2O is 
from 8.5 ppm to 4.7 ppm, leading to an efficiency of 45%. Generally, for both pollutants, the 
amplitude of the decrease is the highest at higher relative humidity. Such an effect is already 
well known, as increased relative humidity favors the generation of OH radicals, oxidizing 
the VOCs [11].

Concerning the byproducts, the main ones detected are O3, NO2, N2O, N2O5 and CO. All 
of them, except CO, are typical species generated by atmospheric pressure DBD in nitrogen/
oxygen mixtures [22]. As can be seen on Fig. 4, O3 and N2O were constant over the dis-
charge operating time and seem to be independent of the UV-C lamps. It is also interesting 
to notice the lower concentration of ozone with higher humidity. This is expected due to the 
increased generation of OH radicals, which partially reduce ozone [23]. N2O5 is also present 
all along with the discharge operation but shows a slight decay with the UV-C lamps igni-

Fig. 4  Evolution of the concentration of the different species when the different components of the system 
are operating. Experimental conditions: air flow rate 300 L.min-1, PDBD = 120 W. The relative humidity 
was (a) RH = 30% and (b) RH = 60%
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tion. This must be taken carefully as the concentrations measured here are very low (0.2–0.5 
ppm), so this slight drop could also be due to the measurement error or the presence of water 
vapor, making the quantification complicated. The last byproduct which is very likely pro-
duced is CO2. Since the VOC concentrations were only 9–12 ppm, the possible generated 
CO2 concentrations were also likely be only a few ppm, but it is impossible to measure such 
low CO2 concentration as it is negligible compared to the CO2 present in the ambient room 
air used during the experiments (typical indoor values vary within 500–1000 ppm).

Another interesting behavior here is the NO2 formation. The latter is not observed dur-
ing the discharge operation but rather appears when the DBD is switched off and the UV-C 
lamps remain active, only in the case where TiO2 is present. This case will be discussed 
later in Sect.  4.

Finally, the last byproduct is carbon monoxide. Its concentration follows the opposite 
trend than that of CH2O and CH3OH, indicating it is a byproduct of the pollutant fragmenta-
tion. It reaches a maximum of 5.3 ppm in the case with DBD and UV-C lamps without TiO2, 
simultaneously corresponding to the minimum pollutant concentration.

Removal Efficiency and Partial Carbon Balance

Using the evolution of the concentrations obtained in Fig. 4b, it is possible to calculate the 
removal efficiency of the system for the two contaminants. Results are shown in Fig. 5a. 
The removal efficiency obtained for each condition is also reported in Table 1. The values 
provided there are the mean values of the three points of each experimental condition. As 
expected, the removal efficiency is again low for the DBD alone, with less than 10% for 

Table 1  Summary of the removal efficiency obtained in Fig. 5a. Each value in the table is the mean value of 
the three experimental points for each condition

CONDITION
DBD DBD + 2 UV DBD + 4 UV 4 UV
TiO2 No TiO2 TiO2 No TiO2 TiO2 No TiO2 TiO2 No TiO2

η CH2O (%)6.8 4.0 30.3 30.3 38.4 48.4 25.2 4.1
η CH3OH (%)9.7 5.7 26.4 14.6 37.4 27.7 21.9 3.7

Fig. 5  (a) Removal efficiency of CH2O and CH3OH with and without TiO2 layer obtained from experi-
mental concentrations shown in Fig. 4. (b) Partial carbon balance (sum of CO, CH2O and CH3OH con-
centrations) depending on which component of the system is operating
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all the cases. With 2 UV-C lamps added, the efficiency rises to around 30%, except for the 
CH3OH without TiO2, which remains around 15%. With then 4 UV-C lamps, efficiency 
reaches its maximum for all the conditions. The highest efficiency is 48.4% for CH2O with-
out TiO2. However, this also corresponds to the lowest CH3OH removal efficiency with 
27.7% for the DBD + 4 UV-C lamps condition, while with the TiO2 layer, both pollutants are 
removed with around 38% efficiency.

Finally, the DBD is switched off, and 4 UV-C lamps remain ignited. Again, without TiO2, 
efficiency drops close to 0% for the two pollutants. With TiO2, the efficiency first drops for 
CH3OH and CH2O to around 20%, before rising again to close to 30% (mean efficiency of 
21.9% and 25.2%, respectively). Two main points should be noted regarding those results. 
The first one is the efficiency achieved in a single pass at high flow rates which is quite high 
for the DBD + 4 UV-C lamps condition. But here, the absence of TiO2 seems to enhance the 
conversion of formaldehyde over the one of methanol, while when TiO2 is present, both 
conversion levels are similar. The second point concerns the photocatalytic effect. From the 
single components presented in Sect.  3.1, the best efficiency reached was around 10% for 
both pollutants simultaneously. However, in Fig. 5a, after dropping, the efficiency increases 
to 30% for CH3OH and CH2O. The main difference is that here, the discharge was operating 
beforehand. Efficiency could be enhanced by some mechanisms or species generated by the 
discharge and accumulated on the TiO2. This possibility will be discussed in more detail in 
the section dedicated to the reaction mechanisms (Sect.  4).

As carbon monoxide is the only carbon containing byproduct, it is possible to sum it with 
the pollutants’ concentration to obtain a partial carbon balance. The latter is only partial, as 
the precise CO2 concentration could not be measured in this configuration due to its much 
higher background concentration in air. The results are presented in Fig. 5b. The two plots 
here are normalized: with TiO2 the initial and final concentrations being almost the same, 
the initial value was taken as a reference. However, without TiO2, as mentioned previously, 
initial value was lower than the final value. The latter was chosen for normalization. With 
the DBD alone ignited, the normalized concentration remains around one or even slightly 
higher, with and without TiO2. This more likely means that CO is the main byproduct from 
the pollutants’ decomposition. With 2 UV-C lamps added to the DBD, the normalized con-
centration starts to reduce. Without TiO2 it drops 0.94, and around 0.86 with TiO2. As the 
value departs from the nominal value of 1, it indicates that byproducts other than CO are 
formed but not detected. As can be expected, going with then 4 UV-C lamps along with the 
DBD, the normalized concentration drops even more, reaching 0.89 without photocatalyst, 
and 0.84 with it. Concerning the pure photocatalytic effect, i.e., without DBD, without TiO2 
the normalized concentration goes back to its nominal value, as no pollutant conversion was 
observed. But with TiO2, the value drastically diminishes, reaching a minimum of 0.7. As no 
CO was detected in this case, the main byproduct is different, most likely CO2.

This section showed that good efficiencies could be obtained, even in a single pass con-
figuration with high air flow rates. While without TiO2 the efficiency was better for CH2O 
than CH3OH, adding then the TiO2 layer enhanced the CH3OH degradation but slightly 
reduced that of CH2O. The partial carbon balance suggested an incomplete mineralization 
of the pollutant, as CO is the main byproduct. However, especially in the case of purely 
photocatalytic effect, no CO is detected, which could hence promote the formation of CO2. 
The next section focuses on the effect of the specific input energy on the degradation of the 
pollutants.



1 3

Page 11 of 26     95 Plasma Chemistry and Plasma Processing (2026) 46:95

Effect of the Specific Input Energy

The specific input energy (SIE) is an important parameter for pollutant removal. Higher 
SIE, especially due to the power increase of the discharge, tends to generate higher electron 
densities and energy, as well as increased concentrations of reactive species. The SIE is 
defined as:

	
SIE (J.L−1) = P (W )

Q(L.s−1) � (2)

With P  the power injected (in this case P = PDBD + PUV ) and Q the flow rate 
( 300 L.min−1). Experiments were carried out again with and without the TiO2 layer, for 
three discharge power: 50 W, 130 W and 165 W. For each power, the removal efficiency was 
measured with and without the UV lamps (4 lamps, PUV = 36.4 W ) as well. The relative 
humidity was 20%. For each condition, three measurements were performed, and the results 
in Fig. 6a and b show the mean values and the corresponding standard deviations (SD).

Focusing first on the removal efficiency when the discharge was operating alone, the 
results are similar whether TiO2 is present or not. In both cases, taking the SD into account, 
the removal efficiency for CH2O was the same. For CH3OH, the removal efficiency values 
were slightly higher with the TiO2 layer. This could be due to enhanced interactions with 
the radicals at the photocatalyst surface even if the latter is not activated. But generally, it is 
expected that without activation of the TiO2 and the DBD operating alone, the same trends 
are observed.

With the UV-C lamps added, interesting results can be observed. In both cases, with 
and without TiO2 layer, the removal efficiency increased with the higher SIE, whatever the 
pollutant. Without TiO2 (Fig. 6a), the system is more efficient at removing CH2O rather 
than CH3OH (39.6% and 26.8% at 40 J.L− 1, respectively). As can also be seen in this case, 
increasing the SIE from 34 J.L− 1 to 40 J.L− 1 almost doesn’t change the efficiency of the pro-
cess. With TiO2 (Fig. 6b), CH3OH is preferentially removed with 41.3% efficiency, against 
23.5% for CH2O at the highest SIE. There, compared to the condition without TiO2, the rise 
in SIE from 34 J.L− 1 to 40 J.L− 1 still leads to an improved efficiency, going from 32.6% to 
41.3%, respectively. In contrast, the removal efficiency of CH2O is barely affected, espe-

Fig. 6  Removal efficiency as a function of the specific input energy for the DBD and DBD + UV measured 
(a) without TiO2 and (b) with TiO2
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cially considering the SD. Another very interesting behavior concerns the comparison of 
the conditions with almost the same SIE, i.e., the one with the DBD alone (35 J.L− 1) and 
the one with DBD + UV (34 J.L− 1). In that case, the discharge power is 165 W for the dis-
charge alone, and 130 W for the discharge with the UV-C lamps (here PDBD = 130 W  and 
PUV = 36.4 W ). Without TiO2, when adding the UV-C lamps (and hence decreasing PDBD 
to keep the SIE constant), the removal efficiency for CH2O rises from 11.1% to 38.0%, and 
from 16.5% to 28% for CH3OH. With TiO2 the effect is less pronounced but still visible, 
with an increase of 9% to 22.1% for CH2O and 22.8% to 32.6% for CH3OH. Such behavior 
shows again the improved efficiency brought by the synergy between the discharge and the 
UV radiation, even when TiO2 is not present.

Using the efficiencies values from Fig. 6, it is possible to estimate the energy yield in g/
kWh for the VOC removal process. The energy yield is defined as:

	
Energy yield (g/kWh) = Mass removed per hour (g/h)

Power (kW ) � (3)

More details about the calculations can be found elsewhere [19]. The energy yield is calcu-
lated for the best efficiencies with and without the TiO2 photocatalyst, and for the discharge 
alone or in combination with the 4 UV-C lamps. The values are calculated for two different 
powers: the total electrical input power, which considers the electrical input power of the 
UV-C lamps and the power measured at the socket of the power supply, or the gas input 
power, which considers only the radiated UV power and the discharge power. The values 
are presented in Table 2.

Note that the energy yield given is summing up the amount of both CH2O and CH3OH 
removed simultaneously during the process. As one can expect, the energy yield is lower 
when the total electrical input power is taken for the calculation. Even in this case, the val-
ues are slightly underestimated as the power of the fans is not considered. The best energy 
yield taking the total power is 0.44 g/kWh. Taking the power delivered to the gas, the best 
energy yield only increases to 0.77 g/kWh for the DBD + 4 UV-C lamps, both with and 
without TiO2. Even with the good removal efficiencies at low SIE due to the high flow rates, 
the energy yield is still limited. To compare with the literature, Asilevi et al. [24]. used a 
double gap DBD to remove CH2O from a polluted air stream. They estimated an energy 
yield for their system of 1.25 g/kWh. However, in their case, the SIE was 2500 J.L− 1, which 
is two orders of magnitude higher than in the current work. Similarly, Dhakal et al. [25]. 
employed a multi-electrode cylindrical DBD system for formaldehyde removal. Their sys-
tem reached an energy yield of 2.53 g/kWh for a SIE of 450 J.L− 1.

Condition Efficiency (%) Energy yield (g/kWh)
CH2O CH3OH Total power Gas 

power
Without TiO2 DBD 11.1 16.5 0.19 0.30

DBD + 4 
UV-C

39.6 26.8 0.44 0.72

With TiO2 DBD 9.1 22.8 0.21 0.34
DBD + 4 
UV-C

23.5 41.3 0.44 0.71

Table 2  Energy yield of the 
process values calculated from 
the best efficiencies obtained 
in Fig. 6 for formaldehyde and 
methanol. The initial concentra-
tions are in the range 9–12 ppm
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This section showed interesting results on the effect of SIE on the pollutant removal 
efficiency. While the results were similar when discharge operates alone, with and without 
TiO2, different trends were observed when the UV-C lamps were added. In that case, CH2O 
seems to be preferentially removed without TiO2, while CH3OH is more efficiently removed 
with TiO2. It was also seen that, for the same SIE, combining DBD and UV-C lamps led to 
a drastically improved efficiency by a factor 2 or more. Finally, the energy yield was calcu-
lated. While the values are below 1 g/kWh and are lower than the values that can be found 
in the literature, the results are still promising, as the SIE is one to two orders of magni-
tude lower compared to other studies. Note that, compared to many works in the literature, 
achieving comparably high energy yields is impossible, since the initial concentrations of 
pollutants are very low (~ 10 ppm) in this study. The next section intends to discuss different 
mechanisms involved in the degradation of the pollutants.

Reaction Mechanisms

In the previous sections, several trends have been observed. Especially, depending on the 
operating system components, different efficiencies or byproducts concentrations were 
highlighted. This section intends to unravel the different mechanisms involved in the degra-
dation of formaldehyde and methanol, while assessing how the discharge, the UV-C lamps, 
and the TiO2 can modify or add new degradation pathways.

Plasma Degradation Mechanisms

The main reactive species generated by the discharge are electrons, as well as atomic oxy-
gen (O) and hydroxyl radicals (OH). These two are generated via:

	 e− + O2 → 2O + e− � (R1)

  

	 e− + H2O → OH + H + e− � (R2)

Electrons, O and OH can then initiate the first reactions with CH3OH [26–28] and CH2O 
[25, 29]:

	● Electron impact dissociation.

  

	 CH2O + e− → HCO + H + e− � (R3)

  

	 CH3OH + e− → CH2OH + H + e− � (R4)
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	 CH3OH + e− → CH3O + H + e− � (R5)

	● Oxidation by Atomic Oxygen.

  

	 CH2O + O → HCO + OH  � (R6)

  

	 CH3OH + O → CH2OH + OH  � (R7)

	● Hydroxyl radical oxidation.

  

	 CH2O + OH → HCO + H2O � (R8)

  

	 CH3OH + OH → CH2OH + H2O � (R9)

Reactions R3 – R9 are the main mechanisms involved in the first step degradation of the 
pollutants. The direct electron impact dissociation of VOCs might not be the main degrada-
tion pathway. Most of the electron energy is dissipated by much more probably collisions 
with the main components of the gas, i.e., O2 (R1), N2 (dissociation or vibrational excita-
tion) and to some extent H2O vapor (R2). One interesting point to notice here is the presence 
of CH2O as a byproduct of CH3OH degradation (R8). This is important, since it can limit 
the efficiency of the system, as CH2O is partially reformed during the conversion. Another 
important point is the formation of OH through reactions R6 and R7. While the pollutants 
react with oxygen atoms, the OH radicals formed can again react through reactions R8 and 
R9 to further improve the removal efficiency of both pollutants.

From the above reactions, three new byproducts are formed, which can further react:
  

	 CH2OH + O2 → CH2O + HO2 � (R10)

  

	 HCO + O2 → CO + HO2 � (R11)

  

	 CH3O + O2 → CH2O + HO2 � (R12)
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At this stage, it appears that different byproducts originating from methanol all form form-
aldehyde. In terms of efficiency this explains why, with the discharge alone, the metha-
nol removal efficiency was higher than the formaldehyde one (see Fig. 6). Concerning the 
byproducts’ degradation, two other points can be highlighted. First, the main degradation 
pathway of formaldehyde is through HCO radicals, which leads to the formation of CO. 
This is in good agreement with the experimentally observed CO formation, especially in the 
DBD operating alone, where CO2 does not seem to be formed (see the partial carbon balance 
in Fig. 5b). The partial mineralization of CH2O in low temperature plasma has already been 
studied, especially by Storch et al. [30]. Note that HCO radicals can also recombine together 
to reform CH2O or react with OH to form formic acid. However, even if the rate constant 
of these two reactions has similar order of magnitude than reaction with O2, the densities of 
HCO and OH radicals are low in comparison to O2 molecules, thus the production rate of 
these two reactions is negligible. Second, in reactions R10 – R12, the second byproduct is 
always HO2 radical. The latter can also induce beneficial reactions in the system [30–32]:

  

	 HO2 + NO → OH + NO2 � (R13)

  

	 HO2 + O → OH + O2 � (R14)

  

	 CH3OH + HO2 → CH2OH + H2O2 � (R15)

  

	 HO2 + HO2 → H2O2 + O2 � (R16)

  

	 HO2 + OH → O2 + H2O � (R17)

As can be seen, HO2 can also be directly involved in the oxidation of methanol, forming 
hydroxymethyl radical and hydrogen peroxide (H2O2). The latter can react with O atoms to 
form OH radicals as well [33]:

  

	 H2O2 + O → OH + HO2 � (R18)

R18 is interesting, since it produces both OH radicals that can contribute to the pollutant 
degradation but also regenerates HO2, which can again produce OH radicals through reac-
tions R13 and R14. However, the rate constant of R18 is low, so it should not be a major 
contribution to the OH and HO2 production. HO2 can also recombine with itself (R16), 
producing H2O2, and undergo the pathway through reaction R18. Finally, HO2 can also react 



1 3

   95   Page 16 of 26 Plasma Chemistry and Plasma Processing (2026) 46:95

with OH radicals, terminating the reaction chain. Globally, while HO2 is not the major direct 
pollutant oxidizing species in the system, it can still significantly contribute to the sustaining 
of the OH reservoir, improving the removal efficiency.

Effect of UV Radiation

The previously discussed mechanisms concerned the case when the discharge is operating 
alone. When adding UV-C lamps, even without photocatalyst, the removal was seen to 
improve (Fig. 3), especially for formaldehyde. One of the important species that has not 
been focused on is ozone. As it was measured during experiments (Fig. 4a and b), ozone 
concentration can reach several dozens of ppm. When oxygen atoms are generated in the 
discharge (R1), they can react with O2 and a third body to form ozone [34]:

  

	 O2 + O + M → O3 + M  � (R19)

In the case of the discharge operating alone, reactions between ozone and CH2O or CH3OH 
exist, but their rate constants are very low. When adding the UV-C lamps with maximum 
radiation at 254 nm, in combination with the discharge, a new mechanism occurs, which is 
the photolysis of ozone [35]:

  

	 O3 + hv → O(1
D) + O2 � (R20)

The generated O(1D) can react with water molecules to form OH radicals [36]:
  

	 O(1
D) + H2O → 2OH  � (R21)

This is again a new source of production of OH radicals that can further enhance the degra-
dation of methanol and formaldehyde. In the experiments performed, the decrease of ozone 
concentration is not so clear when the UV-C lamps are ignited. However, even a small frac-
tion of the ozone converted to generated O(1D) and OH could already affect the removal 
efficiency. Especially, Vazquez et al. [19]. using the same experimental setup observed an 
ozone decrease when UV-C lamps were added, but at much lower concentrations (2 ppm of 
ozone). Additionally, the absorption cross section of ozone reaches its maximum at 254 nm, 
which is the exact emitting wavelength of the UV-C lamps. Such an effect can also contrib-
ute to the higher efficiency of the system at higher humidity (30% vs. 60%, Fig. 4), since 
more H2O in the system can lead to more OH generation through reaction R21.

Another species mentioned previously can be photolyzed, which is hydrogen peroxide 
[37]:

  

	 H2O2 + hv → 2OH  � (R22)



1 3

Page 17 of 26     95 Plasma Chemistry and Plasma Processing (2026) 46:95

In the same way that ozone in reaction R20, H2O2 is efficiently decomposed at 254 nm. Such 
reaction again enhances the generation of OH radicals. Experimentally, it was observed that 
combining the discharge with UV-C lamps, the removal efficiency improved for CH3OH (up 
to 25%), and even more importantly for CH2O (up to 40%). We saw that both VOCs react 
with OH radicals and O atoms (R6-R9). Concerning the rate constants, reaction of CH2O 
(R6) with O atoms is approximately 2.5 times faster than CH3OH (R7) with O, and CH2O 
with OH radicals (R8) 10 times higher than CH3OH with OH (R9). This means that, in the 
case of discharge alone, even if CH2O reacts faster, the efficiency is balanced and limited by 
the reformation of CH2O via CH3OH degradation. But when the UV-C lamps are added, the 
extra OH generation might be much more beneficial to the destruction of CH2O rather than 
that of CH3OH, explaining the important increase for CH2O observed in Fig. 3.

Photocatalytic Effect

As seen in Fig. 6, when the discharge operates alone, the presence or absence of TiO2 did not 
change the removal efficiencies for formaldehyde and methanol. However, combined with 
UV-C lamps, clear differences were observed in removal efficiencies. This section is hence 
discussing the mechanisms concerning photoactivated TiO2. The generation of electron-
hole pairs on the TiO2 surface occurs via [38]:

These electron-hole pairs generated on the photocatalyst can react with water or oxygen 
adsorbed on the surface to form reactive species:

	 TiO2 + hv → e− + h+ � (R23)

	 H2Oads + h+ → OHads + H+ � (R24)

Through reactions R24 and R25, hydroxyl and superoxide radicals are formed, which are 
the main surface oxidative species. The first step is then the adsorption of VOCs on the TiO2 
surface [39, 40]:

	 O2,ads + e− → O−
2,ads � (R25)

  

	 CH3OH + TiO∗
2 → CH3Oads + Hads � (R26)

TiO∗
2  here denotes an active site on the photocatalyst’s surface. An important behavior 

needs to be pointed out here. As can be seen from R26, the adsorption of methanol on the 
TiO2 surface is dissociative, making it strongly bonded to the surface [41]. However, for 
formaldehyde (R27), it is usually adsorbed via H-interaction, making its stability on the 
surface weaker. Once adsorbed, VOCs can undergo several degradation mechanisms:

	 CH2O + TiO∗
2 → CH2Oads � (R27)
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	●   For methanol [42].  

 
  

	 CH3Oads + h+ → CH2Oads + H+ � (R28)

  

	 CH3Oads + OHads → CH2Oads + H2O � (R29)

  

	 CH3OHads + OHads → CH2OHads + H2O � (R30)

  

	 CH2OHads → CH2Oads + Habs � (R31)

 

	●   For formaldehyde [43].  

 
  

	 CH2Oads + OHads → HCOads + H2Oads � (R32)

  

	 CH2Oads + h+ → HCOads + H+ � (R33)

  

	 HCOads + O−
2 → HCOO−

ads + Oads � (R34)

  

	 HCOO−
ads + h+ → CO2 + H+

 � (R35)

Several pathways for the degradation of CH3OH and CH2O exist. But similarly to the dis-
charge operating alone, one main outcome is observed for each species:

	● For methanol, all the pathways lead to the formation of formaldehyde.
	● For formaldehyde, all the pathways lead to the formation of HCOO- on the surface, 

which can be completely mineralized to CO2 (R35).



1 3

Page 19 of 26     95 Plasma Chemistry and Plasma Processing (2026) 46:95

The photocatalyst can also induce other reactions which can benefit the removal efficiency 
of the system [44]:

  

	 O3 + e−
surf → O− + O2 � (R36)

  

	 O− + H2O → OH + OH− � (R37)

  

	 O2, ads + e−
surf → O−

2,ads � (R38)

  

	 O−
2,ads + H+ → HO2, ads � (R39)

R36 and R37 concern the photocatalytic degradation of ozone. The process again generates 
OH radicals which can be reused in the VOC degradation. Reaction R37 allows the creation 
of superoxide radicals on the TiO2 surface, which can produce HO2 (R39). This HO2 is then 
desorbed and can feed the loop of reactions R13 – R17, oxidizing methanol, or generating 
OH radicals and hydrogen peroxide.

To sum up this part, the addition of the photoactivated TiO2 brings new pathways for 
VOC degradation and generation of indirect oxidative species. Linking those mechanisms 
with the experimental section, especially Fig. 6b, brings some light on the higher removal 
efficiency obtained for methanol (40%) compared to formaldehyde (25%). Methanol is a 
well-known scavenger of holes in TiO2 photocatalysis [45]. After being adsorbed on the 
surface of the TiO2 (R26), methanol rapidly reacts with the holes on the surface, generating 
methoxy (CH3O) and hydroxymethyl (CH2OH) radicals. Those can further again react with 
holes on the surface (R28). This hole’s consumption reduces the electron-hole recombina-
tion, prolonging the lifetime of surface electrons, which can promote the formation of other 
oxygen species on the surface (R25, R36, R38), and hence further oxidation pathways. 
Additionally, methanol has better adsorption on TiO2 with direct dissociation, compared to 
formaldehyde which is weakly bonded to the surface (see R26 and R27). Finally, similarly 
to the gas phase reactions, all the degradation pathways of methanol lead to the formation of 
formaldehyde (R28 - R31). These three aspects together can explain the better removal of 
methanol compared to formaldehyde when the TiO2 photocatalyst is added.

UV-induced NO2 Formation

The last point of the reaction mechanism to address is the rise of NO2 concentration occur-
ring when the discharge is switched off and the UV-C lamps remain ignited, in the presence 
of TiO2 (observed in Fig.  3b). At the same time, the removal efficiency of CH3OH and 
CH2O, before recovering after few minutes, coinciding with the NO2 decay. To better under-
stand this phenomenon, another experiment was performed to follow the NO2 concentration 
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during the transition (DBD switched off). To separate the effects of DBD and UV-C lamps, 
the discharge was operating alone for 10 min (150 W), with 300 L.min− 1 of air with the 
pollutants present. After 10 min, two conditions were tested. In the first case, the DBD was 
turned off, and 4 UV-C lamps ignited at the same time. In the second case, the DBD was 
turned off, and a delay of 10 min was introduced before igniting the 4 UV-C lamps. Note 
that, in the second case, the flow of air and pollutants was still running during the 10 min 
delay. Results for the first and second case are respectively shown in Fig. 7a and b.

The behavior of the NO2 concentration is very similar in both cases. In Fig. 7a, when the 
DBD is turned off and the 4 UV-C lamps ignited simultaneously, the NO2 rises directly. The 
concentration was measured just before the transition and no NO2 was detected. The first 
point at 0 min corresponds to the first measurement and NO2 starts to appear (it corresponds 
to a scanning time of 20 s, between t = 0 s and t = 20 s). The concentration is maximum at 
1 min, with around 2 ppm of NO2 detected. Then it decays and reaches around 0.5 ppm after 
18 min. Due to the overlap with the growing water vapor bands in the infrared spectra, the 
estimation of the concentration at lower concentrations becomes unprecise. At this stage, it 
is not clear if the mechanisms involved are occurring in the gas phase or on the TiO2 surface.

By inserting the 10 min delay between turning off the discharge and the 4 UV-C lamps 
ignition, the short-lived species from the gas phase are evacuated from the chamber, and 
hence only potentially surface-stored stable species remain. As can be observed on Fig. 7b, 
during the 10 min delay, no NO2 is detected, as could be expected. At t = 10 min, the 4 UV-C 
are ignited, and the NO2 concentration rises. In that case, the maximum concentration takes 
longer to reach than when the 4 UV-C lamps are ignited directly after DBD, around 3 min. 
This could be explained by the fact that some gas/surface mechanisms are occurring at the 
transition in the first case, while such mechanisms would be suppressed in the second case. 
But from the observation in Fig. 7b, the mechanisms are most likely related to species stored 
on the TiO2 surface.

During the discharge phase, operating for 10 min before the 4 UV-C are ignited, NOx are 
formed in the gas phase [46]:

  

	 O2 + N → NO + O � (R40)

Fig. 7  Evolution of the NO2 concentration after turning off the DBD, in presence of TiO2, and igniting 4 
UV-C lamps (a) immediately and (b) with 10 min delay
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	 N2 + O → NO + N  � (R41)

  

	 NO + O → NO2 � (R42)

  

	 NO2 + O3 → NO3 + O2 � (R43)

  

	 NO2 + O + M → NO3 + M  � (R44)

  

	 NO2 + NO3 → N2O5 � (R45)

NOx species can interact and be adsorbed on the TiO2 surface, even without UV-C activa-
tion [47–49]:

  

	 NO2,g → NO−
3,ads � (R46)

  

	 NO3,g → NO−
3,ads � (R47)

  

	 N2O5,g → NO−
3,ads � (R48)

The subscript “g” here denotes gas phase species. The exact adsorption reactions (R46 – 
R48) will not be described here, but they involve reactions such as adsorbed hydroxyl or 
water molecules, collisions with the surface and charge compensation, or hydrolysis. The 
main outcome is that all the NOx generated species from the discharge can lead to the forma-
tion of surface nitrates, even in the absence of UV activation of the TiO2. When illuminating 
the TiO2 with UV-C, the electron hole pairs are generated (R23), and the holes can neutral-
ize the charge from the nitrates, producing a radical, which can then desorb to NO2 [50]:

  

	 NO−
3,ads + h+ → NO3,ads � (R49)
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	 NO3,ads + hv → NO2,g + Oads � (R50)

Once the electron from the nitrate is removed by the hole (R49), a nitrate radical is formed, 
which is decomposed under UV illumination, desorbing nitrogen dioxide in the gas phase 
(R50). This explains the NO2 increase after switching on the 4 UV-C lamps in Fig. 7a and 
b. The influence of the number of UV-C lamps ignited, i.e., 2 or 4 UV-C lamps, on the NO2 
release was also tested (results not shown). While the behavior was the same and the NO2 
peak appeared after the lamp ignition, the concentration rise was steeper and reached higher 
values when 4 UV-C lamps were activated. Such an effect is more likely due to the higher 
UV radiation, which is expected from R50. The rise of the catalyst temperature could also 
play a role here; however, it might still be negligible compared to the effect of the doubled 
UV radiation (2 vs. 4 lamps).

The NO2 peak observed was also seen to coincide with a decrease of CH3OH and CH2O 
in Fig. 4a and b. This phenomenon can be explained by the scavenging of OH radicals by 
NO2 [51]:

  

	 NO2 + OH → HNO3 � (R51)

As NO2 reacts with OH radicals just after their production by the 4 UV-C lamps ignition fol-
lowing reaction R51, the removal efficiency of both VOCs is partially lowered, and it finally 
recovers slowly as the nitrates on the surface of the TiO2 are consumed.

The main reactive species, generated by the different components of the system, as well 
as the interactions between them, have been summarized and are shown in Fig. 8.

Fig. 8  Schematic of the main reactive species and interactions between the different components of the 
system
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Conclusion

This work presents the recent experimental advances carried out on an indoor air decon-
tamination system combining a dielectric barrier discharge with UV-C activated titanium 
dioxide, used for treating large air flows up to 300 L.min− 1. In the first part, the performance 
of the system during the simultaneous removal of methanol and formaldehyde was assessed. 
It was shown that, while testing the different components separately, the synergy between 
the discharge and the UV-C lamps was beneficial to the removal, especially for CH2O, even 
when no TiO2 was present.

The FTIR analysis of the gas effluent revealed several species generated by the discharge 
(N2O, NO2, O3, N2O5), as well as CO originating from the mineralization of the pollutants. 
As the system used the ambient air with its much higher background concentration, CO2 
could not be measured but is also a likely byproduct of VOC degradation. Two relative 
humidities (30% vs. 60%) were tested. While the trends were similar in both cases, the 
higher relative humidity led to an improved removal efficiency due to the higher generation 
of hydroxyl radicals. The role of TiO2 was also investigated in this configuration. When 
the discharge was combined with 4 UV-C lamps, without TiO2, CH2O was preferentially 
removed (50% efficiency against 30% for CH3OH). Inversely, when TiO2 was present, it 
benefited more towards methanol removal, although both pollutants reached similar effi-
ciency (40%). The partial carbon balance indicated that the main byproduct was CO, but 
the activated photocatalyst seemed to slightly enhance the complete mineralization towards 
CO2.

Finally, the effect of the specific input energy was tested. For the discharge operating 
alone, both with and without TiO2, the removal efficiency was similar and increased with the 
rising SIE. However, when combining with the UV-C, results showed different selectivity 
on both VOCs depending on the presence or absence of TiO2. Especially with photocatalyst, 
methanol removal improved significantly when increasing SIE, while this increase was less 
remarkable for both pollutants when the TiO2 was not present.

The second part of the work detailed the reaction mechanisms occurring in the system, 
linked with the various components operation. Globally, it was shown that the methanol 
conversion pathways all lead to the formation of formaldehyde. This hence limits the actual 
conversion of the formaldehyde that was initially injected into the air steam. Additionally 
to the direct oxidation of the pollutants by oxygen atoms and hydroxyl radicals, several 
sources and potential reservoirs of hydroxyl radicals were identified that can be involved 
in the removal efficiency boosting, when UV and TiO2 were present. The most important 
ones seem to be reactions involving HO2, as well as H2O2 and O3 photolysis. Finally, an 
interesting phenomenon was observed when the discharge operated for some time and was 
then turned off, and the UV-C lamps were subsequently ignited. At this transition, the NO2 
concentration rapidly increased, and then slowly decayed. This effect was explained by the 
conversion of NOx (NO2, NO3, N2O5) formed in the gas phase to surface nitrates (NO3

−) 
on the TiO2, even without UV activation. These nitrates were then reconverted to NO2 and 
desorbed when the UV-C lamps were ignited, partially scavenging OH radicals and reduc-
ing the removal efficiency of pollutants.

This work showed promising results in terms of removal efficiency against low concen-
trations of indoor air pollutants, especially considering the large flow rates and operation in 
ambient air. By identifying the main reactions involved depending on the operating com-
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ponents of the system, further development can help tune the performance of the indoor air 
plasma-photocatalytic cleaning system to target specific pollutants. Improvement needs to 
be made to reduce undesirable byproducts such as CO, O3 or NO2, and to further improve 
the removal efficiency and energy yield of the system.
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