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Abstract

:

The current pandemic of the SARS-CoV-2 virus requires measures to reduce the risk of infection. In addition to the usual hygiene measures, air cleaners are a recommended solution to decrease the viral load in rooms. Suitable technologies range from pure filters to inactivating units, such as cold plasma or UVC irradiation. Such inactivating air cleaners, partly combined with filter technology, are available on the market in various designs, dimensions and technical specifications. Since it is not always clear whether they may produce undesirable by-products, and the suitability for particular applications cannot be assessed on the basis of the principle of operation, the effectivity of six inactivating devices was investigated in a near-real environment. The investigations were based on a standard method published by the VDI. The procedure was extended in such a way that a permanent virus source was simulated, which corresponds to the presence of a person suffering from COVID-19 in a room. The study addresses the difference of the mere presence of viruses to the determination of the virulence. As a result, a deep understanding is provided between the behavior of a virus as a pure aerosolized particle and its real infectivity in order to enable the assessment of suitable air cleaners.
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1. Introduction


During the COVID-19-pandemic caused by the novel virus SARS-CoV-2, new technologies have appeared on the market to reduce the viral load in indoor environments. Because their function is so new and not yet fully understood, the study focused on the microbial and chemical effectiveness of virus inactivating (disinfecting) technologies and the possible undesired by-products formed during operation. Acoustic properties and energy consumption were not considered since these parameters have already been collected by the manufacturers and not relevant for the study’s aim. Pure filter technologies were also not investigated, as their mode of operation and side effects are established. Nevertheless, their differences to the inactivating technologies were described for deeper understanding since some air cleaning devices contain both technologies—inactivating units and filters.



The different mode of action of both technologies can be explained by the structure and biology of the virus. The SARS-CoV-2 virus has a single-stranded RNA genome of approximately 30,000 bases in length and forms bodies with a diameter of approximately 80–140 nm. In addition to the nucleoprotein structure, it has an envelope formed by a phospholipid bilayer with spike proteins, which enable docking to a host cell. An active virus (virulent) initiates the virus replication. The optimal environmental conditions for reproduction are ambient temperature and humidity [1,2,3,4,5,6].



Filter technologies have no influence on the infectivity of a virus; rather, the effectiveness of a filtering air cleaner in a room depends, on the one hand, on the properties of the filter medium used and, on the other hand, on the design details of the device. Impaction, interception, diffusion and electrostatic attraction are the relevant physical processes describing the deposition of aerosol particles on filter media, but no disinfecting processes take part. Usually, the ultra-fine particle filter classes ISO ePM1 and HEPA/ULPA H13, H14, U15 to U17 are capable of efficiently filtering out virus particles in the order of 0.1 to 0.3 µm. [7,8,9,10]. Its capability is quantified by determining the clean air delivery rate (CADR) under particular boundary conditions.



The effectiveness of an inactivating process on airborne viruses is essentially determined by the level of virulence, which means the remaining probability to infect a host. Studies with surrogate viruses comparable to corona viruses have shown good predictive power for successful decontamination and disinfection procedures to reduce the virulence of SARS-CoV-2-contaminated air [11,12,13].



Apart from some special technologies (e.g., photocatalysis and ionization radiation), two commercially available methods are able to reduce virulence: plasma technology and UVC radiation [14,15,16,17].



The first involves irradiation by cold ionizing plasma (also called non-thermal plasma, air ionization or dielectric-barrier discharge) formed by electrostatic discharge in the kilovolt range between different electrodes, which demonstrates a high virucidal effect [14,18,19,20,21].



In the further text, the term “plasma” is used as a synonym for cold plasma technologies. This technology has already been established for VOC reduction in indoor air, for surface and water sterilization and is also used for disinfection in food processing and the medical field [22,23,24,25,26]. Recent studies have also indicated an effective reduction in the virulence of airborne viruses. The effect of plasma treatment on microorganisms lies in the immediate oxidative attack on the cell membrane of bacteria and the protein capsid of viruses and the destruction of DNA or RNA by the reactive components [21,27,28,29]. Because of the short exposure times and relatively low plasma temperatures, few reaction products of concern and residual ozone have been identified so far. The risk of ozone release can also be minimized by capturing potential ozone with activated charcoal filters [30,31,32,33,34]. The use of activated carbon filters can reduce one advantage of inactivating technologies compared to filtering devices, namely, the much lower pressure drop and the resulting energy savings.



The second irradiation method uses UV radiation (ultraviolet radiation; wavelength range 100–380 nm). UV radiation is short-wave electromagnetic radiation that cannot be perceived by the human eye. It is divided into the following: UVA, 315–380 nm; UVB, 280–315 nm; and UVC, 100–280 nm. All UV ranges have a disinfecting effect. The UVC range from 200 to 280 nm exhibits by far the highest antimicrobial and antiviral efficacy, as these wavelengths are in the range where nucleic acids are particularly absorptive. UVC light inactivates RNA and DNA through the dimerization of two adjacent uracil bases. By destroying their nucleic acids, microorganisms are effectively inactivated; this works particularly well with viruses, as they have no means of repairing damage to their nucleic acids. Consequently, the optimal RNA absorption is between 240 and 280 nm, with maximum absorption at 260 nm [35,36,37,38,39]. For an effective reduction in aerosolized coronavirus activity, D90 radiation doses (UVC dose which inactivates 90% of active viruses) at a minimum of 3.7 J/m2 and a maximum of 10.6 J/m2 are necessary. In aqueous media, significantly higher radiation doses (37 J/m2) are required [16,40].



Since SARS-CoV-2 is a highly pathogenic virus in humans classified as a safety risk level 3 pathogen, realistic scientific investigations and tests directly using this virus as a target component are not possible outside strictly monitored laboratories requiring biosafety protection level 3. Therefore, replacing SARS-CoV-2 with a nonpathogenic surrogate virus represents the most reliable model according to the current technologies. Bacteriophage MS2 (Emesvirus zinderi) is often cited as an alternative; however, its smaller structure, a capsid without an additional lipid envelope, is less analogous to SARS-CoV-2 than human pathogenic noroviruses (these also without an envelope). Phi6 (Pseudomonas phage phi6) and coronaviruses have similar characteristics in terms of shape (spherical) size (diameter approximately 85 nm), structure (enveloped virus), spike proteins, viral RNA genome (ssRNA–SARS-CoV-2; dsRNA–phi6), and environmental preferences [41,42,43,44,45].



Comparing the sensitivity of Phi6 and coronaviruses in an aerosol, the log1 (D90, which is the dose necessary for 90% inactivation) was determined to be 5–7 and 3.7–10.6 J/m2, respectively. Phi6-phages are a very applicable surrogate for coronaviruses in aerosol experiments [38,40,46,47,48,49,50,51,52].



The focus of the study was to demonstrate the efficacy of inactivating technologies against a very high viral load, partially combined with filter technologies. The different reduction pathways between filtering of virus particles and reduction of the virulence was investigated. Potential undesired side effects as the formation of the by-products volatile organic compounds (VOC) and ozone were elucidated.




2. Materials and Methods


The investigations were based on the VDI expert recommendation VDI EE 4300-14 issued in September 2021 [17], which was introduced to standardize the testing of the effectiveness of air purification devices in room environments. Particular emphasis was placed on the comparability of the devices and the technologies in terms of effectiveness in a realistic environment for reducing the virus load and the comparability of different technologies. Deviating therefrom, the investigations were carried out among a permanent virus injection into the room throughout the tests, in contrary to spot dosing in the standard, to elucidate the realistic efficiency by a constant virus-emitting person.



Two fans ran only during the injection phase before switching on the air cleaners to ensure a homogenous virus concentration in the entire room. They were switched off during the air cleaners’ operation. Then, the air mixing was only performed by the devices. An additional support by fans does not correspond with reality.



Therefore, the setup differed from the normative requirements for the calculation of the CADR for filtering air cleaners or HADR (hygienic air delivery rate) for inactivating devices [17,53]. Instead of that, the determination of the air cleaner loss coefficient kAC and the natural loss coefficient knat was implemented by an evaluation model that is based on Equation (1) and consists of various calculation segments [54,55,56]. Each segment represents a characteristic part of the concentration curve and corresponds to a phase of the analyzed experiment. The concentration cn(t) at a certain time t was calculated by Equation (1) with the concentration cn−1(tn−1) at the end of the previous phase n-1, the source sn of the phase n and the total loss coefficient kn of the phase n:


   c n   t  =    s n     k n    +    c  n − 1      t  n − 1     −    s n     k n      ·  e  −  k n  ·   t −  t  n − 1        



(1)







In this model, the total loss coefficient kn is the sum of the natural loss coefficient knat and, if applicable, the air cleaner loss coefficient kAC. Dependent on whether the particle or Phi6 plaque forming unit concentration is the target quantity, either the parameter kAC,particle or kAC,Phi6 is determined, respectively.



Six air cleaning devices with different inactivating units on basis of plasma or UVC technology were examined. Some of them were assembled with coarse and/or ultra-fine particle filters. One pure plasma device (1_P) and one with coarse and ultra-fine particle filters and an activated charcoal filter (2_P) were used. The UVC units were operated with UVC sources emitting wavelengths greater than 220 nm. UVC device 4_UV used an UVC source that emitted a discrete wavelength of 254 nm. Only in devices 2_P and 6_UV were ultra-fine particle filters installed. Table 1 rovides an overview of the diversity of the investigated technologies.



The test setup followed a realistic scenario to a continuous emitter in the room which simulated a continuous exhalation of viruses by an infectious patient. Non-pathogenic Phi6-bacteriophages with similar structure and environmental behavior as SARS-CoV-2 were injected into a controlled test environment. The investigations were conducted in the Fraunhofer Indoor Air Test Center (IATC) which is a unique climate-controlled test facility of about 129 m3 room volume (8.24 × 5.06 × 3.09 m3), where the indoor climate was specifically set and kept constant over the measurement period. Relative humidity was set to 40% RH, the room temperature to 19 °C. The test room was equipped with chairs, tables and dummies to simulate the situation within an occupied class room or an office. The air cleaners were positioned in the room in accordance with the specifications given by the manufacturers.



A nebulizer (AGK 2000, Co., Palas, Karlsruhe, Germany) was used to aerosolize the Phi6-bacteriophage suspension into room air at 1.5 bar inlet pressure. Dosing was initially performed for 1 h without turning on the device to generate a high viral load in the room. Then, the dosing and air cleaner were operated simultaneously to determine the virus phage reduction.



This experimental setup ran for a total of approximately 2 h. Particle concentrations in the sub-micron range (2.5 nm to 3 µm, adjustable to different particle sizes) were measured using a water-based condensation particle counter (WCPC 3788, Co., TSI, Buckinghamshire, UK) and an alcohol-based ultrafine particle counter (20 nm to 1 000 nm, adjustable to different particle sizes, P-Trak; Co., TSI, Buckinghamshire, UK). Particle number concentration, temperature (OM-24, Co., Omega, Deckenpfronn, Germany), humidity (OM-24, Co., Omega, Deckenpfronn, Germany), and ozone concentration (O341M, Co. ansyco, Karlsruhe, Germany) were continuously recorded throughout the run.



The aerosolized phages were collected on gelatin filter (Co., Sartorius Stedim) with an air sampler (MBASS30V3, Co., Umweltanalytik Holbach with 50 L/min, Wadern, Germany) for 30 min each at 30, 65, and 95 min after the start of dosing, with a total volume of 1.5 m3. Subsequently, microbial analysis of the virulent phages was performed in the laboratory. During each test, reference measurements of the virus titer within the liquid before and after the test (about 3 × 109 to 4 × 1010 PFU/mL, “plaque forming units, pfu”) were carried out to record the natural decrease in the test viruses and to account for this in the results. Additionally, the Phi6 background concentration in the air before switching on the Phi6 aerosol injection was determined.



A plaque assay method (according to [17,57,58,59]) was used to determine the concentration of collected active (virulent) phages. The uncertainty of the plaque assay is approximately 10–30%. The study results represent approximate values. An exact mathematical analysis of the results is available in [60]. The resulting plaques were counted and extrapolated to the sampled air volume concentrations. For statistical reasons, only the plates of the dilution steps with approximately 30–100 visible plaques were counted, according to the most probable number method (MPN) or dilution assay [61].



In parallel, air samples for VOC analysis were taken at 0–60 and 65–125 min on Tenax–TA/Carboxen 1003 adsorbers (Co., Supelco, Taufkirchen, Germany) with 0.1 L/min and dinitrophenyl hydrazine (DNPH, Co., Waters, Eschborn, Germany) silica cartridges for the analysis of aldehydes and ketones with 1 L/min. Sampling was performed in duplicate with a total volume of 2 and 5 L for VOCs and 60 L for selected aldehydes and ketones. Subsequently, the loaded adsorbents were subjected to instrumental analysis. The sampling strategy for airborne pathogen collection and VOC sampling was carried out, taking the recommendations given in ISO 16000-1 [62] into account.



The air samples on the Tenax adsorbers were analyzed by thermal desorption/gas chromatography-mass spectrometry (TD/GC-MS, TD100 (Co., Markes, Offenbach am Main, Germany), GC2010, and 2010 Ultra (Co., Shimadzu_Duisburg, Germany). DNPH cartridges were extracted with acetonitrile. The extracts were analyzed for the hydrazones of aldehydes and ketones by high-performance liquid chromatography equipped with a diode array detector (HPLC-DAD). Identification of VOCs by TD/GC-MS was based on in-house reference measurements or the NIST database (Mass spectrum database of the National Institute of Standards and Technology, NIST14 and 14s). Quantification was performed using an in-house standard and toluene equivalent. Aldehydes and ketones were identified and quantified by HPLC-DAD analysis using in-house reference measurements [63].



The principal time schedule for all dosing and samplings was as follows:




	-

	
−30–0 min: Background germ sampling P0 without injection.




	-

	
0–60 min: Dosing for 1 h without switching on the device to generate a high viral load in the room.




	-

	
0–60 min: First VOC sampling (background without air cleaner operation).




	-

	
30–60 min: First germ sampling P1 (reference without air cleaner operation).




	-

	
>60 min: Dosing and air cleaner were operated simultaneously to determine phage reduction.




	-

	
65–125 min: Second VOC sampling (during operation).




	-

	
65–95 min: Second germ sampling P2 (first half hour during operation).




	-

	
95–125 min: Third germ sampling P3 (about 1 h during operation).










3. Results


The particle concentration in the room, the virulence and the investigation of the by-products (e.g., ozone and VOCs) were considered separately. The final virulence efficiency depended on the particle concentration (filtration and/or sedimentation after switching on the devices), Phi6-bacteriophage half-life in air, and microbial-measured virulence. Device 1_P consisted of a plasma unit without any assembled filters or activated charcoal. This device released high amounts of ozone during the measurements, so the ozone concentration for the safe operation was exceeded. Therefore, the test had to be terminated earlier. Due to these circumstances, the results for that ozone-producing device have to be considered as orientating.



3.1. Particle Concentration


The inactivating air cleaning devices were exposed to a continuous dosing of the virus aerosol. After 1 h dosing time, the air cleaners were switched on. The particle curve progressions depended on additional assembly with fine particle filters. Figure 1a–f illustrates the particle concentration curves for all measured air cleaning devices.



During the entire phage dosing time, the particle concentration in the room was recorded with two particle counters for different particle size ranges. The first particle counter measured the ultra-fine particle range from 20 to 1000 nm (nano-scale), within which the freely moving, non-agglomerated 120 nm spherical Phi6-bacteriophages were covered. The second particle counter measured the ultra-fine and fine particle range from 2.5 nm to 3 µm (micro-scale), covering the agglomerated or hydrated Phi6-bacteriophages. The concentration curves were recorded, and kAC,particle was determined by an evaluation model based on Equation (1). In the initial phase, which means aerosol injection without an air cleaner, the particle concentration increased continuously. When the air cleaner was switched on, only for the air cleaner 6_UV a decrease in the particle concentration was observed. The natural loss coefficient during this measurement was 1.31 h−1 (determined for the initial phase) and the total loss coefficient during the phase with the active air cleaner was 5.88 h−1. Therefore, the determined kAC,particle for 6_UV was 4.57 h−1, which corresponds to a reduction of 89.8% in 30 min (compared to the VDI requirements [17] for an analogous setup without continuous aerosol injection). The devices 1_P and 4_UV did not reduce the particle concentration increase, thus kAC,particle was zero or almost zero (<0.02 h−1). For the devices 2_P, 3_UV and 5_UV, a slight reduction in the particle concentration increase was detectable, corresponding to a kAC,particle between 0.1 and 0.7 h−1. Thus, only air cleaner 6_UV had a high cleaning efficacy concerning particles.




3.2. Efficiency in Reducing Virulence


The viral activity was determined using a plaque assay. The results of the plaque assay reflected the ability of the sampled particles to infect a host organism. The microbiological or hygienic loss coefficient kAC,Phi6 of the air cleaner for bacteriophage Phi6 was determined by an evaluation model based on Equation (1) [54].



While dosing Phi6-bacteriophage into the room, three sampling events were performed. The first sample (P1) at the end of the initial phase (only aerosol injection, no air cleaner) was utilized for normalization, thus P1 equaled 100%. After switching on the air cleaner, two subsequent air samples (P2 and P3) were collected. Table 2 shows the normalized virus activity for all devices.



Figure 2 illustrates the measured plaque forming unit concentrations at the sampling points P1, P2 and P3 and three calculated curves for each air cleaner. The curves were calculated analogous to the evaluation model for virus-inactivating air cleaners by surrogate virus plaque assay [54]. Sample P1 was used for normalization, thus the mean concentration of air sample P1 equals 100%.



The kAC,Phi6 and kAC,particle values for all six devices are displayed in Figure 3. Due to the normalization by the plaque assay result of air sample P1, the normalized steady-state concentration that will be reached in operating phase usually is higher if the natural loss coefficient knat is higher. Therefore, for higher knat (grey column in Figure 3), the determined kAC,Phi6 is also higher. Furthermore, due to the continuous injection of Phi6 aerosol in combination with the utilized normalization by sample P1, the parameter knat has only a minor effect on the parameter kAC,Phi6 (see purple, orange and blue columns in Figure 3). Additionally, the parameter knat in the test room was determined by reference measurements (not shown). Usually, the parameter knat was in the range between 0.5 and 1.6 h−1 (purple or blue columns in Figure 3, respectively). The minimum value for kAC,Phi6 (= kAC,Phi6,min) that can be derived from the plaque assay data was determined by variation of knat until the lowest value for kAC,Phi6 was reached.




3.3. By-Products


According to the expert recommendation of the VDI [17] which is based on the requirements of the German environmental protection agency [64] and the European Centre for Disease Prevention and Control [65] one of the criteria for the use of air purification devices for the reduction of viruses is the proof that no harmful by-products, such as ozone and VOCs, are generated as reaction products when using plasma and UVC technology.



3.3.1. VOCs


Device operation raises the theoretical possibility that harmful reaction products may be formed from indoor emissions, degraded virus particles, or device components. Therefore, the room air was analyzed for VOCs (including selected aldehydes and ketones) before and during device operation. In some cases, the initial VOC concentrations in the test room were higher than the measured values during device operation (values not published).



Concentration values given in the LCI list [66] were used as decision criteria. These values were derived for emission test chamber experiments. Since the tests described are a special form of test chamber experiment, it seemed appropriate to use the LCI values (lowest concentration of interest) as a decision criterion. Table 3 shows the measured VOC concentrations of the six air cleaning devices compared with the LCI value. Initial values were already taken into account or mathematically deduced. None of the tested devices released any harmful reaction products, while concentrations of VOCs, aldehydes, and ketones were well below these limits.




3.3.2. Ozone


The ozone concentration in the room was monitored over the entire period of the study. Potential ozone formation during operation of the air cleaners could thus be recorded directly and with time resolution. Table 4 shows the maximum ozone concentrations in the test room during operation of the air cleaning devices and, if applicable, the steady-state concentration for infinite run-time calculated by the model based on Equation (1).



The maximum ozone concentrations in the test room for the examined air cleaning devices with inactivating technologies ranged from 0 to almost 600 µg/m3. In accordance with the VDI expert recommendation [17] most of the technologies examined fell significantly below the tolerable residual ozone concentration of 10 µg/m3. Device 5_UV released with up to 24 µg/m3 slightly higher concentrations than the tolerated increase.



The plasma-based air cleaner 1_P released an extremely high amount of ozone. The measurements for this device were aborted at 586 µg/m3 for workplace safety reasons. Figure 4 illustrates the ozone concentration for all air cleaners. The concentration rise of air cleaner 1_P is conspicuous. The release rates of the air cleaners 2_P and 5_UV are similar, but due to the activated charcoal filter of 2_P the loss coefficient k is higher and therefore the steady-state concentration csteady state is lower than for device 5_UV.






4. Discussion


The devices were selected randomly from those available on the market and represented a wide range of models. Mature devices, regardless of the technology used, should be able to efficiently reduce indoor air contamination with virulent pathogens and, as far as possible, not emit any undesirable substances into the room. It shall be clear to the customer whether the technology offered is based on the separation of virus-containing particles or on the reduction of virulence through disinfection. The absence of a particle separating effect does not allow any conclusions to be drawn regarding the remaining potential virus infectivity. The results show that the effects of disinfection and filter technologies require separate consideration.



While continuously dosing a functioning air cleaner reduces the concentration rise of either particles or infectious viruses. However, a reduction of 100% cannot occur due to the continuous dosing. In our study, a virulent emitter continuously releases infectious particles. Therefore, the ratio of the steady-state concentration cAC with an active air cleaner to the steady state concentration cnat without an air cleaner can be calculated by Equation (2):


     c  AC      c  nat     =    k  nat        k  nat   +  k  AC        



(2)







For instance, with knat = 0.5 h−1 and kAC = 9.5 h−1, a ratio of 1:20 can be reached. For higher natural loss coefficients knat, the relative effect of the air cleaner decreases and thus the ratio increases (up to 1:1), but nevertheless the absolute steady-state concentration is decreased always when a functioning air cleaner (kAC > 0) is used.



4.1. Particle Concentration


The CADR is typically applied to estimate the efficacy of a filtering device in a room. It indicates how many cubic meters of cleaned air the room air cleaner provides per hour and thus corresponds to the filter efficiency and volume flow circulated by the unit. High CADR is a product of high separation efficiency and high air circulation. In the standard, three particle size ranges are mentioned: 0.09–1.0 µm for smoke, 0.5–3 µm for dust, and 5–11 µm for pollen [9,10,53]. The target parameter measured in this study was Phi6 bacteriophage, which falls into the particle range 0.09–1.0 µm. The dosing of the bacteriophage suspension was permanent, in contrast to the punctual dosing according to the standard. Nevertheless, particle concentration curves were calculated based on the air cleaner loss coefficient kAC (near the CADR concept) to illustrate the removal efficiency of the air purification devices.



For the non-separating devices and the devices with coarse filter (devices 1_P, 3_UV, 4_UV and 5_UV), the particle concentration in the room increased continuously. The natural loss coefficient knat,particles for the particles was in the range between 0.6 and 1.5 h−1. In accordance with Equation (1), the concentration curves converge exponentially toward a steady-state plateau, which could occur after many hours. In the units assembled with an ultra-fine particle filter (2_P and 6_UV), separating effects appeared when the units were in operation.




4.2. Virulence


The final particle concentrations of all inactivating technologies without an efficient filter did not allow any conclusion to be made about the actual infectivity of the virus particles. For this purpose, the air samples were examined for their virulence by a plaque assay. The reduction in virulence showed different results depending on the technology used.



Except for the air cleaner 3_UV, the steady-state concentration was reached already during sampling of the first sample after switching on the air cleaner (P2), indicating a high total loss coefficient.



For filtration devices equipped with an ultra-fine particle filter (2_P and 6_UV), the first sampling, half an hour after the start of operation (P2), was still in the decaying range of the exponential decline curve, whereas the second sampling after about 1 h (P3) occurred when a steady-state was established. For air cleaner 6_UV, utilizing an ultra-fine particle filter, the reduction in virulence represents a combined contribution of filtering and virus-inactivating effects.



Concerning infectious Phi6 phages, the filtering effect of the coarse filter of device 5_UV and the ultra-fine particle filter of device 2_P was negligible. Nevertheless, both devices showed a high Phi6 inactivation efficiency.



For the pure inactivating technologies 1_P and 3_UV, the filtering efficiency was zero or almost zero, but both technologies were effective in reducing the virulence of the Phi6 phages.




4.3. Potential Release of By-Products


With the exception of the pure plasma device 1_P, whose testing was aborted due to safety risks, all investigated air cleaning devices did not form VOCs of concern. The measured concentrations were well below the threshold values. Some of them even reduced the ozone concentration. The technologies investigated are, in principle, able to produce reaction products that pose a health risk. Therefore, it could be assumed that the manufacturers invested increased efforts in the development of the inactivating technologies, such as optimizing electronic control of the plasma units (e.g., pulsed plasma), shaded the ozone producing wavelength below 200 nm of the UVC units, or installing activated carbon filters as absorbents for ozone and VOCs [16,23,67]



Both technologies are also marketed alternatively for indoor air purification from gaseous emissions [34,68]. Therefore, the VOC concentrations in the room were also reduced (except for 1_P). This was confirmed by measuring the initial VOC concentrations in the test room, which were, in some cases, significantly higher than during device operation (data not published). Nevertheless, it was just a coincidence to analyze a huge number of inconspicuous technologies because of receiving higher-priced devices from market.



In order to avoid adverse effects, the high release of ozone by plasma-based air cleaner 1_P and UVC-based device 5_UV demonstrated that a focus on measuring undesired by-products is still necessary for each new released air cleaner. Further insights into the capability of plasma technology of releasing substances of concerns were presented at the Indoor Air Conference 2022 in Kuopio, Finland [69]





5. Conclusions


“Virulence” does not necessarily correlate with the “presence of viruses”. The microbiological detection of viral genetic material confirms the presence of a detectable viral genome but does not indicate the extent of actual infectivity or virulence. The main finding of the investigation was that air cleaning devices on the basis of inactivating technologies need a deeper insight into their efficacy. A sole focus on the particle removement efficiency as required for filtering systems did not lead to satisfactory results because several inactivating devices did not reduce the particle concentration. In contrast, the effect is based on inactivating the capability to infect a host cell. Therefore, a high number of viruses may be present in the room, but they may be harmless because they were inactivated by plasma or UVC technology.



We demonstrated that even in the presence of a strong continuous emitter (“superspreader event”), efficient inactivating air cleaners could prevent the accumulation of infectious viral aerosol particles and reduce it to a low level (e.g., see Figure 3 for 4_UV with kAC Phi6 min 8 h−1 about 10% compared to a situation without an air cleaner can be reached), thus substantially reducing the risk of infection.



In contrary to exponential decay curves (spot dosing), the continuous Phi6-bacteriophague release is advantageous because the natural loss coefficient knat has only a little influence on the determined air cleaner loss coefficient. The disadvantage of the utilization of continuous Phi6 release is the uncertainty of the plaque assay results usually between 10 and 30%. Nevertheless, the presented results demonstrated the applicability of the test procedure with continuous Phi6 release.



The major shortcoming of the study is the aspect of the air intermixture in the test room. The determined loss coefficients are valid for the location where the measurement or the samplings took place. The distribution of active Phi6 in the room was not considered due to the high effort of the microbiological examinations. Therefore, it could not be assessed if the cleaning efficiency is only a local effect at the point of germ sampling or if the whole room air is cleaned. Nevertheless, we wanted to conduct investigations under realistic conditions rather than determine clean air delivery rates according to the existing standards. In general, the experimental results show that there is currently no measurement that correctly describes the effect to the entire room. Investigations to obtain higher spatial resolutions are necessary.
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Figure 1. (a–f) Particle curves for all measured air cleaners and calculated loss coefficients knat and kAC for particles (calculation see [54]). 
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Figure 2. (a–f) Plaque assay fitting curves for the six measured air cleaners. Phi6 aerosol was released during the whole test procedure. An evaluation model based on Equation (1) was used for the calculation of the fitting curve. 
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Figure 3. Air cleaner loss coefficients kAC,Phi6 and kAC,particles for all six air cleaners determined by the evaluation model according to [54] based on Equation (1) for four different values of parameter knat. The loss coefficients kAC,Phi6,min of the air cleaners are the lowest kAC,Phi6 values that could be received by variation of the parameter knat. 
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Figure 4. Ozone releases of all air cleaners. In this figure the air cleaners started at t = 0 h (green triangle). A concentration decline occurred for the air cleaners 3_UV, 4_UV, and 6_UV. For the air cleaners 1_P, 2_P, and 5_UV, the concentration rise was fitted by the model based on Equation (1), and a steady state concentration for infinite run-time was calculated. 
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Table 1. Investigated air cleaner.






Table 1. Investigated air cleaner.





	Device No.
	Inactivating Unit
	Additional Assembly





	1_P
	Plasma
	-



	2_P
	Plasma
	Coarse filter, ultra-fine particle filter, activated charcoal filter for ozone reduction



	3_UV
	UVC (wavelength > 220 nm)
	-



	4_UV
	UVC (discrete wavelength 254 nm)
	-



	5_UV
	UVC (wavelength > 220 nm)
	Coarse filter



	6_UV
	UVC (discrete wavelength 254 nm)
	Ultra-fine particle filter
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Table 2. Measured virulence at the different sampling times (P1 to P3). The phage concentration at the sampling time P1 is set as 100%.
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Virulence [%] *




	
Sample

	
1_P

	
2_P

	
3_UV

	
4_UV

	
5_UV

	
6_UV






	
P1

	
100

	
100

	
100

	
100

	
100

	
100




	
P2

	
17.8

	
18.6

	
100

	
22.9

	
20.1

	
39.5




	
P3

	
- **

	
48.6

	
51.2

	
28.7

	
25.9

	
0.6








* Virulence is the quotient of P2 or P3 to P1. ** Sampling at time point P3 could not be performed because the test had to be aborted due to unacceptably high ozone concentrations.













[image: Table] 





Table 3. VOC release during operation.
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Identified VOC

	
Device No.—Concentrations [µg/m3] 1

	
LCI [µg/m3] 2




	
1_P

	
2_P

	
3_UV

	
4_UV

	
5_UV

	
6_UV






	
Acetaldehyde

	
- 3

	
- 3

	
- 3

	
- 3

	
- 3

	
- 3

	
300




	
Acetic acid

	
- 3

	
- 3

	
- 3

	
4

	
-3

	
-3

	
1200




	
Acetone

	
17

	
- 3

	
- 3

	
51

	
- 3

	
- 3

	
120,000




	
Acetophenone

	
4

	
- 3

	
- 3

	
- 3

	
- 3

	
- 3

	
490




	
Benzaldehyde 4

	
6

	
- 3

	
- 3

	
- 3

	
- 3

	
- 3

	
90




	
Benzoic acid 4

	
19

	
- 3

	
- 3

	
- 3

	
- 3

	
- 3

	
n.s. 5




	
Butanal

	
- 3

	
- 3

	
- 3

	
- 3

	
- 3

	
- 3

	
650




	
Decanal

	
2

	
- 3

	
- 3

	
- 3

	
- 3

	
- 3

	
900




	
Ethanol

	
54

	
- 3

	
- 3

	
2

	
- 3

	
- 3

	
n.s. 5




	
Heptanal

	
- 3

	
- 3

	
- 3

	
1

	
- 3

	
- 3

	
900




	
Nonanal

	
- 3

	
- 3

	
- 3

	
- 3

	
- 3

	
- 3

	
900




	
Octanal

	
1

	
- 3

	
1

	
- 3

	
- 3

	
- 3

	
900




	
1,2-Propanediol

	
- 3

	
- 3

	
1

	
- 3

	
- 3

	
- 3

	
3400




	
Toluene

	
- 3

	
- 3

	
1

	
- 3

	
- 3

	
- 3

	
2900








1 formed VOCs during air cleaning in operation (difference between device switched on and switched off). 2 Lowest concentration of interest. 3 “-” not detected. 4 Presumably source VOC-sampling onto TenaxTA®—degradation of adsorber material due to ozone reactions during operation. 5 “n.s.” not specified.
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Table 4. Ozone releases during operation. The ozone concentration when the air cleaner was switched on was subtracted from the maximum concentration.
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	Device No.
	1_P
	2_P
	3_UV
	4_UV
	5_UV
	6_UV





	Measured maximum ozone concentration rise [µg/m3]
	583
	4.0
	2.8
	0.2
	8.5
	1.0



	Calculated maximum ozone concentration rise [µg/m3]
	1940
	4.1
	- 1
	- 1
	20.7 2
	- 1







1 A concentration decline occurred at the end of the measurement instead of a concentration rise. 2 Ozone concentration rise started already before switching on the air cleaner; therefore, at least a part of the concentration rise might be due to ozone from outside.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
normalized concentration (P1 = 100 %)

normalized concentration (P1 = 100 %)

normalized concentration (P1 = 100 %)

140

1P E m plaque assay; k,,, = 0.0 h”
120 4 g m plaque assay; k= 1.6 h
/“/a m plaque assay; k,,,=5.0h"
100 - "5; —e— model; k,,, = 0.0 h”
' & [:ﬁ“ ~* model; k,=16h"
E: e model; k,,=50h"
5 > ACon
\‘\
D,
D‘H“\
D‘\‘\
>R\
>\
<N
D ‘?{:ZI: ‘:
> e
>
1 2 3
time [h]
(a)
140 s
3 UV .S m plaque assay; k,,, = 0.0 h™
120 4 /D\. ® plague assay; K, = 1.6 h’
l>\\ ® plaque assay; k,,, =5.0 h"
100 &‘\\-
\
D. L@
80 - > \\-x‘
> Y —e ®
> .
60 2 e °
- 5 s _
II; -
407 E e model; k., =00h"
o E ~* model; k,,=16h"
] > —e—model; k., =5.0h"
0 E > ACon
0 1 2 3
time [h]
(c)
140 5
5 UV )3 m plaque assay; k., =0.0h"
120 /& ® plaque assay; k., = 1.6 h™
il m plaque assay; k., =5.0h"
100 A 'ﬁ —e—model; k., =0.0h"
[
//f Eillll ~ e model; k,_,=16h"
el /e Dy.\'g —e— model; k,, =5.0h"
/ |
/;’ . E\l'\ > ACon
60 4 [/ / 1\
// d H'\
/ r/ D \
.-f'i’ '/ > | \\. ‘\‘\.
/}’;‘/; > \\\\‘7 .
204 // > i =23"% :
// > e e @
1/ >
0+ > .
0 1 2 3
time [h]

(e)

normalized concentration (P1 = 100 %)

normalized concentration (P1 = 100 %)

140
2 P % ® plaque assay; k., =0.0h"
3 120- / | m plaque assay; k,,, = 1.6 h™
§ V /l}' m plaque assay; k,,, = 5.0 h
100 - ,& —e—model; k,,, =0.0 h™
— o '/ ';
< ' [ // D ~» model; k., =16h"
< b o ,,v’f |
-% S8 Iry a»,' —e—model; k,,,=5.0h"
= //d Di"'.‘\" > ACon
S 60+ |\
[/ >
g a0y // >\
T 1)/ > T e—e ®
S /)] > N e @
2 % E L o )
>
0+ P .
0 1 2 3
time [h]
(b)
140 3
4 UV o ® plaque assay; k.., =0.0h"
120 - > ® plaque assay; k., = 1.6 h™
2|
E m plaque assay; k., =5.0h"
100 @l". e model; k,,, = 0.0 h"
B e model; ky,=16h
e f// E?l*lll'\, —e—model; k,,=50h"
[/ P > ACon
60 // b4 DEIO\
. ?f y l[;
/
40 S f/r. j/ x'/ > )
/) E
/ >
0+ —2 .
0 1 2 3
time [h]
(d)
140 S
6_UV -2 m plaque assay; k., =0.0 h
120 4 / E; m plaque assay; k= 1.6 h™
o 05 m plaque assay; k., =5.0 h"
100 A o W% o modelk, =00h"
' wl nat
/ / \ | K
f,f-" ’/f Dhlﬁll ¢ model; k,,=16h"
80 f,/f /.f"'./'f E‘T"l"«., e model; k,,, = 5.0 h"
i B\ > ACon
60 - 1t f Dle |
,,’fff 3 D||| \""\, \
/) //'/ Dl| \
40 ;'?’f/"f g || —
1/ , o
1/ >N e
204 // > e——<e-0e— 0
// > o
o ;’V D
0 / —2 . -
0 1 2 3
time [h]

(f)






nav.xhtml


  atmosphere-13-01575


  
    		
      atmosphere-13-01575
    


  




  





media/file2.png
particle number concentration [10° particles/cm3] particle number concentration [10 particles/cm3]

particle number concentration [103 particles/cm3]

60

>
1P <
50 - experimental data >
fitted model curve ';
> AC switched on >
40 - >
D>
>
DS .
30 1 >
20 - e
>
> .
10 - o Kotz =Knats =0.64 h i
D> ki =0.02h"
,=064h" P
0 - l > . |
0 1 2
time [h]
(a)
60 =
3 UV < O |
50 experimental data > o o . f e
1 fitted model curve g o & B 08, €
> AC switched on - o ©
40 - g v
last 4 min of phase 1: "
304 Knat 15 = 0.01 h' P
20 - ’ Knat2 = Knat,1a = 1.00 b
kAC = 019 h“]
or
10 ] nat,2 . knat,1b - 001 h_1
— -1
rat1a=1.00 b 5 kac =1.18h
0 4 , . | |
0 1 2
time [h]
(c)
60 =
5 UV <
50 experimental data >
i fitted model curve E
> AC switched on >
40 A [;
last 10 min of phase 1: Do
30 - knat,1b =060h" N g
G >
D oo,
20 4 > I(nat,z =~ knat,1a =1.17h"
g kac =0.10 b
> or
107 E nat,2 — knat,1b =060 |"I_1
: — -1
A Kna1a=1.17 ki g Kac =0.67 h
0- ¢ , . |
0 1 2
time [h]

(e)

60 =
% 2_P >  after 80 min:
Py cgd © experimental data P ka2 = Knat.1a = 0.99 b1
= fitted model curve g K. = 0.23h"
S > AC switched on AcT
- D>
S 40- [f; .
- last 13 min of phase 1: o o
5 30 Knat1p= 14007~ l;@ o
c A o
Q b &
= 2
S 0
E 20 = D
= >
= > first 19 min of phase 2:
1 O = = D -
§ K ~0.99 h' > I<nat,2 = I<nat,1a =0.99h"
% net.fa > k,=039h"
0 1 2
time [h]
(b)
60 S
":E) 4 UV >
p 50 . experimental data >
= — fitted model curve ';
3 > AC switched on >
S 40 i >
= 8 >
g 5 @) - G
g 304 g
9 >
S >
S >
o 20 -
3 5 ll;
e O
2 > ;
v 10+ 4 P |<tc«tal,Z =1.30h
+ ’ > total,2 < Kiotal,1
S ktotal,1 = knat,1 >
0- . , ,
0 1 2
time [h]
(d)
60 — 55
6_UV ’ i;) 4 o experimental data

particle number concentration [10? particles/cm?]

50 - W;% i U\G,Cg
40 - o
30 1

20 4

oF s,
a, O - &
VAvE=-
s i
i

VVVVVVVVVY

fitted model curve
> AC switched on

knat,Z = |<nat,1 =1.31 h_1
Koe =4.57 0

time [h]

(f)






media/file5.jpg
25

20

ke (7]

T K e = 00 1) T K i (i = 05 1)
T ke (koo = 1.6 07 [ knc i (Kna = 5:007)
T kacamimin I K porice

2P 3.uv 4_Uv 5_Uv
air cleaner






media/file3.jpg





media/file1.jpg





media/file7.jpg
©ozone concentration [pg/m?]

600

400

200

60

40
20

- == 1P;Fit: R=125mg/h; k = 0.5 "} Cyepeysrte = 1.9 mg/m3

---2PFitR=15mgh;k=28h";c

=42 pgm?

steady state

- = = 5_UV_Fit: R=2.1 mg/h; k= 0.5 ™} gy sre = 32 /M3

> air cleaner switched on

—p
—2p

—3.uv
——4
—5.uv
—6v

9999 v9TTvITTTYTTY|

———

time [h]






media/file0.png





media/file8.png
ozone concentration [ug/m3]

- - -1 P FittR=125mg/h: k=05h" ¢
- —-=-2 P FittR=15mgh; k=28h":c
- - -5_UV_Fitt R=2.1mg/h; k=05h";

steady state — 1.9 mg/m?
steady state — 4.2 yg/m?3
steady state — 32 pg/m?3

> air cleaner switched on

600 =
— 1P g
4004 ——2_P S
——3 UV >
e >
| ——5_uv >
~ _6_UV >
60 - 4
i >
>
40 - e
20 - 3 Vv L
Nt —
O e I e :—-I-=_'-
- 0 1





media/file6.png
Kac [N7']

25
20 -
15

10 -

1

P

:I Kac,phi6 (Knat = 0.0 h™)

:I |<AC,Phi6 (knat =1.6 h
|<AC,Phi6,min

2_P 3_UV

- kAC phig (Knat = 0.5 h'')
:IkACPh|6 nat_50h )
- kAC partlcle

4 UV 5_UV 6_UV

air cleaner






