Published scientific studies conducted on behalf of activIek by Dr. James Marsden at Kansas State University demonstrated that activTek’s
ActivePure® technology substantially reduces microbial populations on surfaces. The study’s results are being provided solely for
informational purposes. The study’s results have not been reviewed by the FDA, EPA or any other governmental agency. Our products are not
medical devices and are not intended to diagnose, treat, or cure any disease.
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Summary and Implications

This study was conducted to determine the potential use of EcoQuest Radiant Catalytic Ionization Cell for
the inactivation of Escherichia coli, Listeria monocytogenes, Streptococcus spp., Pseudomonas
aeruginosa, Bacillus spp., Staphylococcus aureus, Candida albicans, and S. chartarum, on stainless-steel
surfaces at diverse contact times in a controlled airflow cabinet. In addition, the EcoQuest Breeze AT
Ozone generator was evaluated under the same conditions for the inactivation of Candida albicans and S.
chartarum. Better disinfection technologies for food contact surfaces are needed to control food borne
pathogens in processing environments. Ozone technologies have only recently been approved for use on
food contact surfaces. This study evaluated the application of gaseous ozone and other oxidative gases on
stainless-steel surfaces against the microorganisms listed above. Both technologies reduced populations of
all microorganisms tested on stainless-steel surfaces by at least 90% after 24 h exposure. The Radiant
Catalytic lonization Cell was more effective at reducing microbial counts for shorter exposure times than

was the Breeze AT Ozone Generator.
INTRODUCTION

The food and beverage industries face a number
of issues when it comes to producing a safe,
wholesome product. Foodborne pathogens such
as E. coli 0157:H7, Listeria moncytogenes, and
Salmonella spp. have been a growing concern
throughout the years. Processors are also
concerned about spoilage microorganisms that
shorten shelf life and cost companies millions
every year in spoiled product. Industries
impacted include the meat, seafood, poultry,
produce, baking, canned foods, dairy, and
almost all other segments of the market.

The U.S. Department of Agriculture estimates
the costs associated with food borne illness to be
about $5.5 to $22 billion a year. This doesn’t
include the billions lost every year due to
spoiled product, which must be disposed of or
sold as a lesser valued product. Better
disinfection and microbiological control
measures are needed in almost every area of the
food industry.

As a disinfectant, ozone has a tremendous ability
to oxidize substances. It’s thousands of times
faster than chlorine and disinfects water three to
four times more effectively. As it oxidizes a

substance ozone will literally destroy the
substance’s molecule. It can oxidize organic
substances such as bacteria and mildew, sterilize
the air, and destroy odors and toxic fumes.
Ozone has been used by industry for many years
in numerous applications such as odor control,
water purification, and as a disinfectant (Mork,
1993). Recent government approval of ozone
for use with foods and food contact surfaces has
opened the door to many more exciting
possibilities for this technology.

In June 2001, the U.S. Food and Drug
Administration approved the use of ozone as a
sanitizer for food contact surfaces, as well as for
direct application on food products. Prior to that
time, chlorine was the most widely used
sanitizer in the food industry. Ozone may be a
better choice for disinfection of surfaces than
chlorine. Chlorine is a halogen-based chemical
that is corrosive to stainless steel and other
metals used to make food-processing equipment.
Chlorine can also be a significant health hazard
to workers; when mixed with ammonia or acid
cleaners, even in small amounts, a toxic gas can
form.

Chlorine is a common disinfect used in meat
processing and is effective and safe when used



at proper concentrations. However, chlorine is
far less effective than ozone and can result in the
production of chloroform, carbon tetrachloride,
chloromethane, and tri-halomethanes. In
contrast, ozone leaves no residual product upon
its oxidative reaction.

An important advantage of using ozone in food
processing is that the product can be called
organic. An organic sanitizer must be registered
as a food contact surface sanitizer with the U.S.
Environmental Protection Agency (EPA).
Ozone has such an EPA registration, and is
approved by FDA as a sanitizer for food contact
surfaces and for direct application on food
products.

Ozone has become more accepted for use in
food processing in recent years and is being used
in more than just surface applications. A recent
U.S. FDA recommendation (2004) stated that
“ozone is a substance that can reduce levels of
harmful microorganisms, including pathogenic
E. coli strains and Cryptosporidium, in juice.
Ozone is approved as a food additive that may
be safely used as an antimicrobial agent in the
treatment, storage, and processing of certain
foods under the conditions of use prescribed in
21 CFR 173.368.”

MATERIALS AND METHODS
Preparation of Cultures:

The following bacteria and fungi cultures were
used for the study: Bacillus globigii (ATCC #
31028, 49822, 49760), Staphylococcus aureus
(ATCC # 10832D, 25178, 11987), Candida
albicans (ATCC # 96108, 96114, 96351),
Stachybotrys chartarum (ATCC # 18843,
26303, 9182), Pseudomonas  aeruginosa
(ATCC# 12121, 23315, 260), Escherichia coli
(ATCC# 27214, 19110, 67053), Streptococcus
pneumoniae (ATCC# 27945, 29514, 10782),
and Staphylococcus aureus - methicillin resistant
(ATCC# 33591). Cultures were revived using
ATCC recommended instructions.

Bacteria, yeast, and mold strains were
individually grown in tripticase soy broth (TSB;
Difco Laboratories, Sparks, MD) and YM broth

(Difco Laboratories), respectively, to mid-
exponential phase followed by a wash and re-
suspension in 0.1% peptone water. The cultures
were combined by specie type to ca. 10°
CFU/ml.

Preparation of Samples and Ozone Treatment:

The microbial species used to validate the ozone
generators were tested as microbial cocktails
inoculated onto 6.3 x 1.8 cm on #8 finish
stainless-steel coupons (17.64 cm” double sided
area). Four stainless steel coupons were dipped
per microbial inoculum and vortexed 15 sec to
optimize microbial dispersion. Using sterile
binder clips, stainless steel coupons were
suspended on a cooling rack contained inside a
laminar flow cabinet for 1 h to dry. The initial
microbial populations attached to the stainless
steel coupons ranged from 5 to 6 log CFU/cm®
The inoculated stainless steel coupons were
transferred to a controlled airflow test cabinet
(Mini-  Environmental  Enclosure, Terra
Universal, Anaheim, CA) at 26'C and 46%
relative humidity (ambient conditions), and
treated using the EcoQuest Radiant Catalytic
Ionization Cell for 0, 2, 6, and 24 h. The
EcoQuest Breeze AT Ozone generator was
evaluated separately for treatment periods of 0,
2, 6 and 24 h. Ozone levels were monitored
throughout the study (Model 500, Aeroqual,
New Zealand).

Sampling:

At the end of the ozone contact time the coupons
were vortexed for 30 sec in 30 ml of 0.1%
peptone water. Samples inoculated with
bacterial cultures were serially diluted, plated on
tripticase soy agar (TSA; Difco Laboratories),
and incubated for 24 h at 35°C. After preparing
serial dilutions, samples inoculated with yeast
were plated on potato dextrose agar (PDA; Difco
Laboratories) and those inoculated with mold
cultures were plated on cornmeal plates. Both
PDA and cornmeal plates were incubated 30°C
for 5 days. Following incubation, data for each
microorganism were reported as colony-forming
units per square centimeter (CFU/cm?).



RESULTS AND DISCUSSION

Reductions in microbial populations on #8 finish
stainless steel coupons following 0, 2, 6, and 24
h exposure to the EcoQuest Radiant Catalytic
Ionization Cell are presented in Figure 1.
Exposure to ozone levels of 0.02 ppm for 2 h
reduced all microbial populations tested by at
least 0.7 log CFU/cm®. Longer exposure times
resulted in greater reductions, with the greatest
reductions found after 24 h exposure. After 24 h
exposure, mean microbial reductions for each
organism were as follows: S. aureus (1.85 log
CFU/cm?), E. coli (1.81 log CFU/cm?), Bacillus
spp. (2.38 log CFU/cm?), S. aureus met" (2.98
log CFU/cm?), Streptococcus spp. (1.64 log
CFU/cm?), P. aeruginosa (2.0 log CFU/cm?), L.
monocytogenes (2.75 log CFU/ecm?), C. albicans
(3.22 log CFU/cm?), and S. chartarum (3.32 log
CFU/cm?).

Reductions in microbial populations following
treatment of stainless steel coupons with the
EcoQuest Breeze AT Ozone generator are
shown in Figure 2. Reductions of at least 0.2
and 0.4 log CFU/cm” were observed after 2 and 6
h of ozone exposure, respectively. After 24 h
exposure, mean reductions for C. albicans and S.
chartarum were 1.48 and 1.32 log CFU/cm’,
respectively.

The EcoQuest Radiant Catalytic lonization Cell
and EcoQuest Breeze AT Ozone generators
reduced microbial populations on stainless steel
surfaces within 2 h under ambient conditions,
with greater reductions associated with longer
exposure times. The Radiant Catalytic
Ionization Cell was more effective than the
Breeze AT Ozone Generator at reducing
microbiological populations at shorter exposure
times of 2 and 6 hours. This study demonstrated
that ozone gas has the potential to be an
effective surface disinfectant for use in food
processing applications. Testing is currently
ongoing to evaluate non-treated controls. Phase
IT of the project, scheduled to be completed by
the end of this year, will evaluate the
effectiveness of the system for eliminating
airborne  contamination using the same
microorganisms and oxidative technologies.
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Fig. 1 Decontamination of highly polished stainless steel surfaces using
the EcoQuest Radiant Catalytic lonization (ActivePure) Cell
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Fig 2. Ozone decontamination on highly polished stainless steel surfaces using the
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Control of Aerosol Contaminants in
Indoor Air: Combining the Particle
Concentration Reduction with
Microhial Inactivation

SERGEY A. GRINSHPUN,*

ATIN ADHIKARI, TAKESHI HONDA,*
KI YOUN KIM,¥ MIKA TOIVOLA,S

K. S. RAMCHANDER RAO,* AND
TIINA REPONEN

Center for Health-Related Aerosol Studies, Department of
Environmental Health, University of Cincinnati, 3223 Eden
Avenue, PO Box 670056, Cincinnati, Ohio 45267-0056

An indoor air purification technique, which combines
unipolarion emission and photocatalytic oxidation (promoted
by a specially designed RCI cell), was investigated in

two test chambers, 2.75 m3 and 24.3 m3, using nonbiological
and biological challenge aerosols. The reduction in
particle concentration was measured size selectively in real-
time, and the Air Cleaning Factor and the Clean Air
Delivery Rate (CADR) were determined. While testing with
virions and bacteria, bioaerosol samples were collected
and analyzed, and the microorganism survival rate

was determined as a function of exposure time. We
observed that the aerosol concentration decreased ~10
to ~100 times more rapidly when the purifier operated as
compared to the natural decay. The data suggest that
the tested portable unit operating in ~25 m® non-ventilated
room is capable to provide CADR-values more than

twice as great than the conventional closed-loop HVAC
system with a rating 8 filter. The particle removal occurred
due to unipolar ion emission, while the inactivation of
viable airborne microorganisms was associated with
photocatalytic oxidation. Approximately 90% of initially
viable MS2 viruses were inactivated resulting from 10 to
60 min exposure to the photocatalytic oxidation. Approximately
75% of viable B. subtilis spores were inactivated in 10
min, and about 90% or greater after 30 min. The biological
and chemical mechanisms that led to the inactivation of
stress-resistant airborne viruses and bacterial spores were
reviewed.

Introduction

Exposure to respirable airborne particles and microbial agents
may cause various health problems. Numerous techniques
have been developed to reduce the exposure to indoor
particles. Aerosol control in confined, poorly ventilated
spaces, when the air exchange with filtration cannot be
successfully applied, represents a particular challenge.
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Another challenge is to decrease the indoor concentration
of specific airborne contaminants, e.g., viable biological
particles. While some indoor air purification techniques aim
solely at the aerosol concentration reduction, others are
designed to inactivate viable bioaerosols (e.g., viruses,
bacteria, and fungi).

Some commercial air cleaners generate excessive ozone
(either as a primary biocidal agent or as a bi-product); these
devices have raised public health concerns (1). Among various
guidelines for ozone exposures, the following thresholds have
been specified for occupational environments: 0.2 ppm for
2h (2), 0.05—0.10 for 8 h (2), 0.1 ppm for 8 h (3), and 0.05
ppm for instantaneous (no time limit specified) exposure
(4). For comparison, the outdoor air standard is 0.08 ppm for
8 h (5). Ozone generators can inactivate viable microorgan-
isms; however, the inactivation occurs at concentrations
significantly exceeding health standards (6, 7).

Photooxidation involving UV radiation and TiO, as a
photocatalyst has been applied for gas-phase detoxification
of organic contaminants (8, 9) and for inactivating micro-
organisms in water (10—12). Some effort has been made to
explore its application for air cleaning inside a closed-loop
system (13, 14). The investigators reported significant pho-
tocatalytic inactivation of stress-resistant Serratia marcesens
that occurred when aerosolized bacteria circulated in a
closed-loop duct equipped with a TiO; filter for a relatively
long period of time. Pal et al. (15) found similar effect for
Escherichia coli, Microbacterium sp., and Bacillus subtilis;
Keller et al. (16) reported considerable inactivation of airborne
E. colipassing through a photoreactor coated with TiO, film.
The biocidal effect of the photocatalytic oxidation can be
attributed to photogenerated valence-band holes, hydroxyl
radicals, hydrogen peroxide, and other reactive oxygen
species. Lin and Li (17) tested the viability change in airborne
bacteria and fungi exposed to photooxidation inside a small
photoreactor for a very short time, on the order of a second.
No significant decrease in the colony forming unit (CFU)
count was observed during such a short time.

To our knowledge, no data are available on the effective-
ness of portable UV/TiO,-based air purifiers to inactivate
viable airborne microorganisms in indoor air environments.
These data are needed to assess the feasibility of photo-
catalytic oxidation for air purification in residential and
occupational settings. Furthermore, for hybrid air purifiers,
which involve several air cleaning mechanisms, no sufficient
information is available to differentiate their particle removal
efficiency and the biocidal capabilities, which both aim at
reducing the bioaerosol exposure in indoor air.

In this study, we investigated a novel air purification
technique that combines different aerosol/bioaerosol control
mechanisms: unipolar ion emission and photocatalytic
oxidation promoted by the “radiant catalytic ionization (RCI)”
technique. Unipolar ion emission has been shown earlier to
reduce the particle concentration in indoor air (18—20), but
no scientific data are available on the efficiency of the hybrid-
type technique.

Experimental Section

The indoor air purification process was investigated in the
experimental facility shown in Figure 1. The particle removal
was determined by measuring the concentration of challenge
aerosols size-selectively in real-time. When testing with viable
bioaerosols, the microorganism survival rate was also
determined. The experimental protocols validated in our
previous studies (18, 19, 21) were adopted. The experiments
were conducted when a freestanding hybrid air purifier was
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FIGURE 1. Experimental setup.

operating inside the chamber and when it was turned off.
The challenge aerosol was generated from aliquid suspension
using a Collison nebulizer (BGI Inc., Waltham, MA) and
charge-equilibrated by passing through a 10-mCi Kr®® charge
equilibrator (3M Company, St. Paul, MN). After being mixed
with clean, HEPA-filtered air at a specific temperature (T =
24—26°C) and relative humidity (RH = 21—-30%), the aerosol
entered the chamber. Following a 10—15-minute adjustment
period established to achieve a uniform aerosol concentration
pattern, the experiment began (¢t = 0).

In most of the tests, the aerosol concentration, C, and
particle size distribution, AC/Alog(d), were measured with
an electrical low-pressure impactor (ELPI, TSI Inc./Dekati
Ltd, St. Paul, MN), which utilizes the cascade impaction
principle and also has a direct-reading capability to determine
the concentration of particles of different aerodynamic sizes
in 12 channels (each channel = impaction stage), from 0.041
to 8.4 yum (midpoint). When the experiments were conducted
with viral aerosol that included particles smaller than the
lower limit of the ELPI, we used a wide-range particle
spectrometer (WPS; MSP Inc., Shoreview, MN). The WPS is
ahigh-resolution real-time instrument combining differential
mobility analysis, condensation particle counting, and laser
light scattering to measure the diameter and number
concentration of aerosol particles ranging from 10 nm to 10
um.

For every measured particle size, d, the aerosol concen-
tration at + = 0 was set to exceed the background level
(obtained before the challenge aerosol was generated) by
about 100-fold. First, the natural concentration decay was
characterized by recording Chatura (d, 1) every 10 s with the
ELPI and every 2.5 min with the WPS. Subsequently, the test
aerosol was generated and mixed in the chamber again to
reach the same initial concentration level. At £ = 0, the air
purifier was turned on and the concentration Cap (d, £) was
monitored during and up to 120 min (or until the particle
count decreased below the limit of detection). To quantify
the efficiency of the particle removal exclusively due to the
air purifier operation, the Air Cleaning Factor (ACF) was
determined size-selectively as a function of time:

ACE(, 1) = Crawra@ D .
’ CAP d, 1

In addition, the overall particle removal rate was calculated
as

Cld, 1= 0
“iﬁ:?%iazaq' @)

and the particle removal rate (exclusively due to air purifier)
was defined following the first-order kinetics as

1, [Ce@d =01 1, [Cawa(d t=0)
PRR(, 1) = tln[ Cup(d, 1) ] t [ Coarural(@
@)

In case Cap (d, t = 0) = Chawra (d, t = 0),
PRR(d, ) = L In[ACF(d, ] @

This was needed to determine the Clean Air Delivery Rate
(CADR), which, according to the ANSI/AHAM (American
National Standards Institute/Association of Home Appliance
Manufacturers) standard, is defined as

CADR(d, #) = V x PRR(d, ) [m*/h] (5)

The CADR concept allows for comparison of air cleaning
efficiencies of a freestanding air purifier and a closed- loop
ventilation/air-filtration system in an air volume V (note that
PRR is a function of V).

Two nonbiological challenge aerosols, NaCl and smoke,
were used to study the particle removal by the air purifier.
The generated particles were primarily in the size range of
0.02—2.0 um, which includes ultrafine and fine fractions and
represents most of the known viruses and bacteria. MS2 virus
and Bacillus subtilis bacterial spores were the main biological
challenge aerosols. Selected experiments were performed
with Pseudomonas fluorescens bacteria.

MS2 bacteriophage, a 27 nm tailless non-enveloped
icosahedral RNA-coliphage, relatively stable against envi-
ronmental stress, has been used in the past as a simulant of
most mammalian viruses, and it is known as an indicator for
enteric viruses (22—26). Stock suspension of MS2 virus was
prepared by adding 9 mL of Luria—Bertani broth to freeze-
dried phage vial (ATCC 15597-B1). This suspension was
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filtered using a membrane filter of 0.2 um porosity and serially
diluted so that the nebulizer suspension had 108—10° PFU/
mL (PFU = plaque forming unit). MS2 phage titer was
determined by following a modified plaque assay protocol
of Adams (27); Escherichia coli (ATCC 15597, strain C3000)
was used as the host organism.

B. subtilis is a gram-positive spore-forming bacterium
with rod-shaped spores of approximately 0.7—0.8 um in width
and 1.5-1.8 um in length (28). B. subtilis spores have
previously been used in laboratory studies as a surrogate of
environmentally resistant, pathogenic bacteria (29—31).
Freeze-dried bacterial spores of B. subtilis (obtained from
the U.S. Army Edgewood Laboratories, Aberdeen Proving
Ground, Maryland) were activated at 55—60 °C for 25 min
and then washed two times with sterile deionized water by
vortexing followed by centrifugation at 7000 rpm for 7 min
at room temperature. The total bacterial concentration in
suspension was adjusted to 108—10° per mL using a hema-
cytometer. The viable bacteria were enumerated by cultivat-
ing on trypicase soy agar (TSA) media at 30 °C for 18 h; the
viable (culturable) concentration in the nebulizer suspension
was of the same order of magnitude as the total concentration,
i.e., 108-10° CFU/mL (CFU = colony-forming unit). P.
fluorescens bacteria (used in selected tests) are relatively
sensitive to environmental stresses. Prior to aerosolization,
vegetative cells of P. fluorescens (ATCC 13525) were cultured
in trypticase soy broth at 28 °C for 18 h and washed similarly
as B. subitilis spores.

When testing with biological particles, air samples were
collected using Button Samplers (SKC Inc., Eighty Four, PA)
equipped with gelatin filters (SKC Inc.) and operated at a
flow rate of 4 L/min for 5 min. Eight Button Samplers were
utilized in each test generating one blank, one background
sample, three samples taken at ¢ = 0, and the other three
taken at a specific time interval; four time intervals were
tested: t = 10, 15, 30, and 60 min. Additional selected
experiments were performed by using a BioSampler (SKC
Inc. Eighty Four, PA) to collect P. fluorescens and B. subtilis.
The BioSampler efficiently collects viable bacteria (29) while
the liquid medium minimizes the desiccation stress. As its
cutoff size is too high to efficiently sample small MS2 virions,
the BioSampler was not used as an alternative to gelatin
filters for collecting MS2 virus.

The samples were analyzed for viable airborne virions
(PFU) and bacteria (CFU) to quantify the percentages of those
survived over time ¢. These were obtained with and without
operating the air purifier. Our preliminary tests showed that
the air purifier’s operation considerably reduces the total
bioaerosol concentration in the chamber due to ion emission.
Therefore, the ion emitter was temporarily disabled in the
hybrid unit when testing virus and bacteria inactivation to
ensure sufficient number of microorganisms for determining
the viable count at the end of the test.

An aliquot of 200 «L of dissolved gelatin filter extract was
used for plaque assay to determine the number of airborne
active (viable) virions (PFU/cm?®). Similarly, extract was
cultivated on TSA plates to obtain the airborne concentration
of viable bacteria (CFU/cm?).

Additional testing was initiated to examine whether the
biocidal effect of the air purifier took place indeed in the
aerosol phase (and not after microorganisms were collected
on filters). For this purpose, aerosolized microorganisms were
collected on eight gelatin filters during 5 min in the chamber
without air purifier. Four filters were analyzed for viable
microorganisms immediately after this test, while the other
four were exposed to the air purifier in the chamber for 10,
15, 30, and 60 min and then analyzed. The comparison of
two sets allowed examining if the microorganism inactivation
occurred on filters during the collection process.
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The ozone level and the air ion concentration were
monitored in real-time in the chamber using an ozone
monitor (PCI Ozone & Control Systems, Inc., West Caldwell,
NJ) and an air ion counter (AlphaLab Inc., Salt Lake City,
UT), respectively. The air temperature in the test chamber
was 24 + 2°C and the relative humidity ranged from 22 + 2%
to 28 + 2% as monitored with a thermo/hygrometer pen
(Fischer Scientific Co., Pittsburgh, PA).

The purifier prototype (Ecoquest International Inc.,
Greeneville, TN) used in the study utilized an ion emitter
and a specially designed RCI cell. The former produces
negative ions into indoor air, where they are acquired by
aerosol particles. It is important to note that this method is
different from air cleaning by charging particles at the
entrance of the purifier and subsequently collecting them
on metal electrodes by electrostatic precipitation. The RCI
cell features a flow optimized target structure comprising
matrices of elongated tubular elements made of polycar-
bonate and arranged in a parallel orientation on opposite
sides or alternatively on four sides of a broad-spectrum UV
light source. The UV lamp utilizes argon gas with mercury
and carbide filaments with a spectral output between 100
and 367 nm. Besides, a coating was applied to the target
structure of the cell comprising hydrophilic properties and
containing the following grouping of materials: titanium
dioxide, rhodium, silver, and copper. As a result, a photo-
catalytic oxidation forms reactive species, such as hydroxyl
radicals, valence-band holes, superoxide ions, and hydrogen
peroxides.

The tests were conducted in two indoor test chambers,
including a large walk-in chamber (24.3 m?) that simulated
a residential room and a smaller chamber (2.75 m?®) that
simulated a confined space (e.g., bathroom, small office area,
or automobile cabin). The particle removal was investigated
in both chambers, whereas the bioaerosol viability tests were
performed in the smaller chamber that was made of stainless
steel and allowed bio-decontamination. The air purifier was
tested in non-ventilated chambers (no air exchange) as it is
known that portable air cleaners are primarily beneficial in
poorly ventilated spaces (20, 21). Air exchange was introduced
only when testing the closed-loop ventilation/air-filtration
system equipped with an HVAC filter to compare its
performance to that of the portable air purifier in terms of
CADR. The ventilation/air-filtration system was also deployed
to clean the test chamber between experiments. In most of
the tests, the air purifier operated in the corner of the
chamber, facing the center. A separate experiment was carried
out to examine whether its location and orientation affected
the ACF.

Results and Discussion

Particle Removal from Air. Figure 2 shows the evolution of
the concentration and particle size distribution of NaCl
aerosol when the air purifier operated in the large test
chamber. As seen from this example, the aerosol concentra-
tion of 0.1 um particles decreased by a factor of 28 in 1 h and
by a factor of about 250 in 2 h; the corresponding decreases
for 1 um particles were approximately 10- and 50-fold. When
testing with smoke particles, the aerosol concentration
decreased even more rapidly. The above levels of the aerosol
concentration reduction are considerably greater than those
predicted by either tranquil or stirred natural decay models
(32). This result was obtained when both the air ion emitter
and the RCI cell operated in the unit. Interestingly, statistically
the same particle reduction effect (p > 0.05) was observed
when the RCI cell was turned off and only the ion emitter
operated. The latter finding provides the evidence that the
particle removal was achieved as a result of unipolar ion
emission but not due to photocatalytic reactions.
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FIGURE 2. Particle concentration and size distribution of NaCl
aerosol as measured with the ELPI in the 24.3 m® chamber with the
air purifier operating facing the chamber’s center at 1.7 m from the
measurement point. No ventilation in the chamber. The initial total
aerosol concentration = 1.50 x 10° /cm?.

This finding agrees with previously published data on the
effect of unipolar air ionization on the airborne concentration
(18—21). The air purification is particularly efficient at higher
initial aerosol concentrations (> 10* particles/cm?) that ensure
adequate interaction between the air ions and aerosol
particles. As mentioned above, the effect is expected to be
much more pronounced in non-ventilated environments
than in ventilated ones.

The aerosol reduction was especially high for the particles
of d < 0.3 um. E.g., when the air purifier with an ion output
of ~10'2 e/sec continuously operated in a corner of the 24.3-
m?3 chamber facing the center for 2 h, ACF reached ~30—70
for d = 0.08—0.3 yum and ~13—16 for d = 0.8—2 um (in the
tests conducted with NaCl and smoke as challenge aerosols).
The same ACF levels may be achieved more rapidly in indoor
environments of smaller volumes and slower in larger spaces.
The experimental trends agree with the ion-induced aerosol
removal model (20).

The ACF was found to depend not only on the operation
time and the particle size but also on the location/orientation
of the purifier in the chamber. For example, a corner location
facing the center of the room was found preferable as opposite
to the orientation facing the wall. The difference in ACF
obtained for the center and corner locations was significant
and increased with the operation time. The shaded area in
Figure 3 presents the ion-induced Air Cleaning Factor when
the particle size-selective data were integrated over the
measured sizes of NaCl particle up to 2.5 um and averaged
over the three selected locations/orientations in the 24.3-m3
chamber: in the corner facing the center, in the center, and
at 80 cm from the wall facing it.

Figure 4 presents the CADR values achieved by operating
the tested air purifier for five selected sizes of NaCl and smoke
particles acting as aerosol contaminants in the non-ventilated
24.3 m® chamber. The CADR ranges approximately from 42.1
=+ 0.1 to 62.1 £ 1.8 m3/h for NaCl particles of d = 0.04—1.99
um, and from 72.4 + 0.9 to 115.5 £+ 10.8 m3/h for smoke
particles of the same size range. The difference may be
attributed to different ability of NaCl and smoke particles to
acquire electric charges from air ions, which results in their
different mobilities and subsequently different migration
velocities. The above explanation seems valid given that
unipolar ion emission was shown to be the major mechanism
causing the aerosol particle concentration reduction.
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FIGURE 3. The ion-induced Air Cleaning Factor (ACF) for PMys
NaCl as measured with the ELPI and integrated for different locations
and orientations of the air purifier in the 24.3 m* chamber. No
ventilation in the chamber. The initial PM5 aerosol concentration
= (0.356—1.50) x 105/cm?®.
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FIGURE 4. Clean Air Delivery Rate (CADR) determined for the NaCl

and smoke aerosols as measured with the ELPI in the non-ventilated

24.3 m® chamber. The performance of the air purifier is compared

to that of a standard HVAC filter (ASHRAE rating = 8) installed in

the closed-loop air exchange system of the chamber.

In addition, Figure 4 presents the CADR values achieved
by the closed-loop air exchange system equipped with a
standard ASHRAE rating 8 HVAC filter at two air exchange
rates, 2.5 and 7.7 ACH. The data suggest that the tested
portable air purifier operating in about 25 m?® non-ventilated
room is capable to provide a CADR more than twice greater
than the conventional central HVAC system with the rating
8 filter. Obviously, more efficient particulate filters provide
more rapid reduction of aerosol contaminants and may
perform better than the tested air purifier. For example,
compared to the portable unit, HEPA filter installed in the
closed-loop air exchange system of the 24.3 m® chamber
provided approximately 4- and 3-fold greater CADRs at 2.5
and 7.7 ACH, respectively, when challenged with NaCl
particles, and 2.2- and 1.4-fold greater when challenged with
smoke particles. However, HEPA filters are rarely used in
residential central HVAC systems because of the high-
pressure drop and the loading effect on their performance.

The particle removal from indoor air by the hybrid air
purification technique was also investigated in the smaller
(2.75 m?® chamber, which otherwise was utilized primarily
for assessing the viable microorganism inactivation. The
CADR values obtained with MS2 virions from the WPS
measurements were 73 + 5 m3/h, which is in the CADR-
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TABLE 1. Percentage of Airhorne Microorganisms Survived
over Time t in the 2.75 m® Chamber with the RCl-cell
OFeratmg in it, as Measured via PFU Count (for MS2 Virus) or
CFU Count (for Bacillus subtilis Endospores)?

percentage (mean + SD) of airborne microorganisms sur-
vived in the chamber with air purifier operating during time t

exposure
time, MS2 virus, Bacillus subtilis endospores,
t (min) [PFU/cm3];/[PFU/cm3] o [CFU/cmi‘]/[CFU/cm:‘Lu
10 9.3+2.0(n=25) 241+37(n=2)
15 9.2+ 4.3(n=12) 15.7 £ 1.7 (n=3)
30 83+ 1.1(n=28) 79+ 1.1(n=23)
60 10.3+ 1.7 (n=5) 10.1 £ 1.3(n=3)

2 Bioaerosol sampling was conducted with the Button Sampler
equipped with gelatin filters. n = number of replicates.

range obtained for NaCl and smoke particles in the large
chamber for the viral sizes. This suggests the feasibility of
using nonbiological particles to determine the ion-induced
aerosol reduction of bio-particles of the same size range.
Furthermore, this finding implies that, at least for the particle
size range representing MS2 virions, PRR due to ion emission
in indoor air environment is inversely proportional to the air
volume [see eq 5].

Ozone. In both test chambers (non-ventilated), the ozone
concentration gradually increased as the purifier was con-
tinuously operating. In the 24.3-m3 chamber, it increased
from 0.006 to 0.05 ppm in about 35 min, while in a smaller
(2.75-m3% chamber the same increase occurred in ap-
proximately 5 min. However, once an air exchange was
introduced (as low as 1 ACH), the ozone concentration in
the 24.3-m® chamber did not significantly increase as
compared to the initial level (p > 0.05). Our monitoring data
obtained with the tested unit operating in a non-ventilated
room of ~100 m? (not presented here) suggest that the ozone
level can be kept below 0.05 ppm while the unit continuously
operates for many hours.

Some air purifiers utilizing ion emission and, to a greater
extent, the photocatalytic oxidation may cause greater
increase of indoor ozone concentration than the tested one.
The use of such devices in confined occupied air spaces may
not be appropriate as their continuous operation may
eventuallylead to excessive ozone levels and, in the presence
of certain chemical compounds, produce nanoparticles (33).
Although the unipolar ion emission has a potential to
suppress this effect, it seems important to keep the ozone
level below existing thresholds. We believe that the solution
can be found by implementing an intermittent regime (as an
alternative to continuous one), which allows the air purifier
operating until the ozone reaches a certain level, after which
the ozone-generating element is automatically turned off to
allow the ozone concentration to drop; then the cycle can
be repeated.

Microbial Inactivation. Table 1 summarizes the microbial
inactivation results. Only approximately 10% of initially viable
MS?2 virions survived 10—60 min exposure to the purifier in
the chamber and about 90% were inactivated. When the
natural concentration decay of aerosolized MS2 was moni-
tored in the chamber (with no purifier operating), we found
that the concentration of active viruses was relatively stable:
the decrease did not exceed 20.3 & 0.9% during 1 h. The data
suggest that the viral inactivation occurs rather quickly since
the percent of survived virions did not show dependence on
the exposure time for £ = 10—60 min. Thus, a relatively short
time may be sufficient to reduce the percent of viable viruses
in an air volume by a factor of 10 while those that survived
showed remarkable resistance to the continuing stress. When
aerosolized virions are exposed to photocatalytic oxidation,
the hydroxyl radicals can affect the protein capsid and binding
sites, thus disabling the virus’s subsequent interaction with

610 = ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 41, NO. 2, 2007

the host and formation of PFUs (34). Additionally, the TiO,
photocatalytic cell may produce oxidative damage to the
virus capsid (35) and the radicals may cause alteration in the
virus’s genetic material (36, 37). Our findings suggest that
the hybrid air purifier may be used continuously for short
time intervals or in intermittent regime to achieve consider-
able virus inactivation rate. On the other hand, a prolonged
operation of the air purifier is believed to be advantageous
in environments with a continuous supply of “fresh” active
virions.

Approximately 75% of airborne B. subtilis spores exposed
to the air purifier were inactivated during the first 10 min,
85% during the first 15 min, and about 90% or greater after
30 min (Table 1). Between 30 and 60 min of exposure, we did
not observe significant decrease in the number of survived
spores (similar to the trend found for virions), which suggests
anonlinearity of the effect. The natural decay in the culturable
count was not significant (p > 0.05) during 1 h, as measured
using the Button Samplers equipped with gelatin filters.
However, the overall standard deviation of the data obtained
in these control tests was as high as 58% and the CFU counts
from filters were close to the detection limit. To address this
issue, we measured the natural decay of viable B. subtilis
spores with the BioSampler at £ = 0 and at t = 2 h. It was
confirmed that the viability was constant within about £20%
in the absence of the air purifier.

In bacteria, the inactivation process by reactive hydroxyl
radicals can proceed in five reaction pathways:

eoxidation of coenzyme A causing inhibition of cell
respiration and cell death (38);

edestruction of the outer membrane of bacterial cells (12);

eoxidation of unsaturated phospholipid in bacterial cell
membrane (39);

eleakage of intracellular K* ions (11); and

edetrimental effects on DNA and RNA (36, 37).

One reason that the inactivation of B. subtilis endospores
was time-dependent is their thick membrane layer containing
peptidoglycans. This is consistent with the study of Matsu-
naga et al. (40), who found that photooxidation of coenzyme
A by the TiO, photocatalyst was not entirely effective against
the algae Chlorella vulgaris in water because of its thicker
cell wall. Some other self-defense mechanisms of bacteria
against the oxidation stress, including synthesis of superoxide
dismutase enzymes, can also slow down the inactivation
process (41).

Although the time was a factor in the bacterial spore
inactivation, the viability loss occurred relatively quickly for
both the MS2 virus and B. subtilis. This can be attributed to
rapid interaction of valence-band holes (h*) (TiO, + hv —
h* + e~.) with the organic substances, which are present in
the viral and bacterial outer walls or membranes. The above-
mentioned interaction likely occurs before considerable
number of hydroxyl radicals (OH) is generated in the air
volume. Although previous studies (11, 12) emphasized the
role of hydroxyl radicals (H,O +h*™—'OH + H™"), these radicals
may not be the primary factor in microbial inactivation,
particularly in the air. Furthermore, since our experiments
were conducted in relatively dry air (RH < 30%), water
molecules were not predominant species in contact with the
catalyst, and thus the contribution of hydroxyl radicals was
likely much lower than in liquids. Shang et al. (9) have
concluded that in the gas phase, organic compounds, such
as heptane, can readily interact with photogenerated holes
while the interaction with water vapor molecules is not as
prominent. Alberici and Jardim (8) have reported that the
valence-band holes generated from TiO, photooxidation are
capable of oxidizing any organic compound. The process
also produces hydrogen peroxide (O, + e~ —0,"; O~ + H*
— HO,*; 2HO»" — O, + H,0,), which can freely penetrate into
cell membranes and walls and cause microbial inactivation



(42). Further biochemical studies on the role of gas-phase
TiO, oxidation on the airborne microorganisms as well as
studies on the reaction kinetics at the aerosol phase seem
worthwhile to further examine the above interpretations.

Experiments with P. fluorescens revealed CFU counts
below the detection limit both in the test and control samples.
In contrast to B. subtilis endospores, even a very short
exposure to ambient air (RH < 30%) considerably decreased
the viability of aerosolized P. fluorescens vegetative cells,
which are known to be stress-sensitive. Perhaps, microor-
ganisms sensitive to desiccation stress are more usable for
this kind of test if the test is performed at higher relative
humidity levels.

Additional control experiments were performed to in-
vestigate if the viability decrease found for MS2 virus and B.
subtilis spores occurred in the aerosol phase or on the
sampling filter. For MS2, we found that 1835 + 270 PFU/mL
and 1855 + 325 PFU/mL developed when filter extracts were
cultivated from unexposed and 10-min exposed gelatin filters,
respectively. For B. subtilis, we observed 1770 £+ 275 CFU/
mLand 1125 4410 CFU/mLin extracts taken from unexposed
and 60-min exposed filters, respectively. No significant
changes in either viral or bacterial viability occurred as a
result of a non-aerosol exposure (p > 0.05). Thus, these
findings confirm that the viral and bacterial inactivation
observed in our tests indeed occurred in the aerosol phase
and was not associated with the inactivation on filters.

Combined Effect (Sample Calculation). It was concluded
that the particle removal took place solely due to unipolar
ion emission, while the inactivation of viable airborne MS2
virions and B. subtilis spores occurred due to the photo-
catalytic reaction promoted by the RCI cell. Both mechanisms
working simultaneously in a hybrid type air purifier may
resultin considerable decrease of the exposure to pre-existing
viable aerosol biocontaminants in indoor environment.
Ozone produced by the RCI cell is not believed to cause
significant microbial inactivation because its level was not
sufficient. Tseng and Li (43) referred to 3.43 ppm as an
appropriate level for airborne MS2 virus, and Li and Wang
(44) did not observe any inactivation of airborne B. subtilis
spores at Os as high as 20 ppm.

The following estimate was made based on the experi-
mental data obtained in this study. Assuming that the ion-
induced air cleaning removes about 80% of viable airborne
pathogens from a room air in 30 min and the RCI-induced
photoxidation leaves only 10% of the remaining airborne
microorganisms viable, the overall aerosol exposure to the
viable pathogen in this room after 30 min is reduced by a
factor of about 50.

The observed rapid inactivation of microorganisms makes
unnecessary to run the RCI cell continuously. The data
suggest that it can be used “part-time” for 10—30 min and
“rest” for about 1—2 h until the background ozone level is
reached (proposed above as an intermittent regime), while
the ion emission can take place continuously to keep the
aerosol concentration decreasing.
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Air contamination by biological agents is often observed in medical or veterinary facilities and industrial plants.
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1. Introduction

One of the major problems of air quality is the presence of microor-
ganisms in it, which include bacteria, molds, and viruses.
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Microorganisms present in the air compose bioaerosol. In this form mi-
croorganism may spread over considerable distances, sediment on dif-
ferent surfaces and causing their contamination. Ventilation ducts can
be the source of airborne microbial communities (Hayleeyesus and
Manaye, 2014; Hospodsky et al., 2012). Air contamination by biological
agents is often observed in medical or veterinary facilities, industrial
plants (e.g. food processing plants, waste segregation and recycling
plants, steel and ironworks) and in agriculture (Brewczyfska et al.,
2015; Douwes et al., 2003). Workers dealing with industrial waste
recycling or production of highly purified biological substances are ex-
posed to high concentrations of bioaerosols (Rim and Lim, 2014).
Most particles of biological aerosols range from nanometric (e.g. bacte-
rial endotoxins), to submicrone (e.g. fragments of bacterial or fungal
cells), to particles whose diameter may exceed 100 um (e.g. plant pol-
lens) (Douwes et al., 2003; Dutkiewicz et al., 2011; Gérny, 2010).
Bioaerosols with a diameter of 1.0-5.0 um usually remain in the air,
whereas the fraction of large molecules descend on surfaces (Gaska-
Jedruch and Dudzifiska, 2009). It was proven that in houses the level
of bacterial aerosol amounts on average to 10> CFU x m~> (Colony
Forming Units), and in workplaces 10?> CFU x m~> (Pastuszka et al.,
2000).

Many surfaces, such as stainless steel, plastic, rubber org glass, are
used in hospitals or food industry. Microorganisms present on them
may become a source of infections in people and food contamination
(Bagge-Ravn et al., 2003). The degree of surface contamination depends
on their properties, such as the material of which they are made, poros-
ity, hydrophobicity/hydrophilicity, etc. (Ismail et al., 2013). Schlegelova
et al. (2010) indicated that surfaces that come into contact with food
may be contaminated with such bacteria as Listeria monocytogenes, Sal-
monella spp., Escherichia coli, Bacillus spp., Staphylococcus spp., Entero-
coccus spp.

Ozone or UV-C radiation are commonly used for disinfection of
rooms and air. (Kim et al.,, 1999; Kujundzic et al., 2006). It is necessary
to search for and develop new methods for sterilization of air and sur-
faces which come into contact with patients or food. The technology
of radiant catalytic ionization (RCI) is still not well known, but its popu-
larity is gradually increasing. This technology uses the appropriate
wavelength and the phenomenon of photooxidation in the presence
of UV radiation and appropriate photo-catalysts, such as TiO,, which
compose the hydrophilic coating of surface of matrixes in the RCI mod-
ule (Grinshpun et al., 2007). This leads to production of superoxide ions
and hydroxides, and to generating plasma based on hydrogen peroxide
(Cho et al., 2005). In contrast to passive methods of air purification
which filter mechanically the air that flows through them, the RCI tech-
nology purifies the air outside. The advantage of this solution is the abil-
ity to perform constant disinfection of ventilated air, e.g. in food
processing plants. In comparison with the effect of UV-C lamps, this
technique reduces microbiological contamination and removes odors,
and the resulting chemical compounds may sediment on the surface
and have microbiocidal effect. It is advantage of these method, but bi-
products, which are likely generated when using RCI, are of health con-
cern. United States Environmental Protection Agency (EPA) indicate
that ozone generators are not always safe and effective in removing pol-
lutants. Harmful effects can occur following short-term exposure to low
levels of ozone. Ozone generators should never be used around the ill,
infirm, young or elderly people (US EPA, 19964, 1996b). However, man-
ufacturers of this type of air purification decelerate their safety for con-
sumers. RCI generates very low level ozone and in the catalytic process
breaks ozone down forming other oxidation products. Some authors
suggest that low concentration of ozone have no effect on biological
contamination (Dyas et al., 1983; Foarde et al., 1997). In this technology
ozone is reduced odor, smoke and a wide spectrum of impurities in the
air. Biological contamination is reduced by photocatalytic reaction with
several other oxidizers. Photo catalytic oxidation must not produce any
bi-products of the oxidation reaction. The EPA report confirmed the ab-
sence of bi-products using several methods, including gas

chromatography, compound-specific detector tubes, and individual
gas sensors (US EPA, 2000).

There are few studies in the literature assessing the efficacy of new
methods for air and surface purification, such as RCI, therefore it is rea-
sonable to conduct research on their efficacy. The study aimed to assess
the efficacy of RCI towards selected microbial species present in the air
and on selected solid surfaces.

2. Material and methods

The study involved the assessment of efficacy of microbial inactiva-
tion in the air and on selected types of solid surfaces as affected by radi-
ant catalytic ionization. lonization process was conducted using the
device Induct 750 made by ActivTek Sp. z 0.0, ensuring an air flow rate
of 6 m x s~ !. The experiment was carried out in three replications for
each studied strain.

2.1. Efficacy of air purification using radiant catalytic ionization

Material used for the study consisted of reference strains of bacteria
(Staphylococcus aureus ATCC 25213, Staphylococcus epidermidis ATCC
35984, Enterococcus faecalis ATCC 29212, Escherichia coli ATCC 25922,
Bacillus subtilis ATCC 8159, vegetative forms and spores of Clostridium
sporogenes ATCC 19404) and fungi (Candida albicans ATCC 90028, Asper-
gillus niger ATCC 9142 and Penicillium chrysogenum ATCC 10106).

For the study, standardized microbial suspensions in saline with an
optical density of 0.5 in McFarland standard were prepared. Next, 4 ml
of each suspension was placed in a sterile nebulization chamber of the
Medbryt MONSUN MP1 pneumatic inhaler. Nebulization was conduct-
ed until the complete removal the suspension from the nebulization
chamber of the inhaler (about 15 min).

Nebulization chamber was placed in the testing room which was a
hermetically sealed chamber with a capacity of 1.4 m® made of steel
plates. Prior to each nebulization, the chamber walls were chemically
disinfected with a preparation used for disinfection of solid surfaces,
and the air contained in it was subjected to the action of the UV-C
Philips TUV 36 W/G36 T8 lamp for 20 min. After that time the chamber
was opened for about 20 min in order to remove the accumulated
ozone. Prior to nebulization, the follow-up assessment of air microbio-
logical purity was performed, to check the initial level of microbiological
contamination. The detailed arrangement of the experiment is present-
ed in Fig. 1, and the appearance of the research set in Fig. 2.

Air samples were collected with the compaction method using the
device MAS-100 Eco (EMD Chemicals). To assess air microbiological pu-
rity after the use of UV-C Philips TUV 36 W/G36 T8 lamp and radiant cat-
alytic ionization, 0.2 and 0.5 m® were collected. To assess the air
microbiological contamination level in the chamber after nebulization
of the microbial suspension, 0.014 and 0.052 m> were collected. The
list of media used in the study for individual microorganisms and incu-
bation conditions were presented in Table 1.

Colonies grown on media were counted and expressed in CFU
x m~ > of air. Next the median was calculated for all the media studied
for the given microorganism and collected air volumes. The effective-
ness was expressed by giving the number of CFU of bacteria and fungi
before and after the use of radiant catalytic ionization, as well as calcu-
lation of the percentage reduction rate (R[%]) according to the formula:

A—B

RI%) == x 100

where: A - the output number of microorganisms after nebulization or
drying of suspension on the solid surface [CFU x m~>|B - the number of
microorganisms after the use of device [CFU x m™—>]

Positive control in the experiment was a measurement of the num-
ber of microorganisms in the air made at 20 min after nebulization
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Fig. 1. Detailed arrangement of the experiment concerning the air disinfection effectiveness.

without the operation of the Induct 750. The negative control was air
samples taken after preparation of the chamber prior to nebulization.

Statistical analysis of the obtained results was carried out with
STATISTICA 12 PL. The calculated values of the percentage reduction
rate were analyzed. Shapiro-Wilk test was carried out for the nor-
mality of distribution evaluation. The variance analysis was carried
out using the one-way ANOVA and the statistical significance of the
difference between the percentage reduction coefficients, based on
the Tukey post-hoc parametric test at significance level o = 0.05,
were checked. As an independent variable, the microbial species
was considered.

2.2. Assessment of surface disinfection effectiveness with the use of radiant
catalytic ionization

Material for the study included reference strains of bacteria
(Acinetobacter baumannii ATCC 19606, Escherichia coli ATCC 25922,
Pseudomonas aeruginosa ATCC 27853, Salmonella Enteritidis ATCC

13076, Listeria monocytogenes ATCC 19111, Staphylococcus aureus
ATCC 25213, spores of Clostridium sporogenes ATCC 19404) and fungi
(Candida albicans ATCC 90028, Aspergillus niger ATCC 9142 and Penicilli-
um chrysogenum ATCC 10106) with different biological properties.
Moreover, also one clinical strain and one environmental strain were
used.

In order to conduct the study, standardized microbial suspensions in
0.5% sterile solution of bovine albumin with an optical density of 0.5 in
McFarland standard were prepared. Then 50 pl of each suspension were
placed individually on the each studied surface and leave in the lamina-
tion chamber until complete drying.

The following solid surfaces were used in the study: steel AISI 304,
polypropylene, glazed milled rock tiles, lacquered veneer, rubber and
polyamide fitted carpet. Each surface had a size 1 cm x 2 cm. All surfaces
before the use in the experiment were sterile.

After drying of the microbial suspension, the surfaces were inducted
into the test room (photo 1) and placed at a distance of 1 m from the In-
duct 750 device, which was turned on for 20 min. After this time,

+—————————— Hermetically

sealed chamber

Inspection hole

Pneumatic inhaler

Fig. 2. The set for assessment of air disinfection effectiveness.
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Table 1
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Microbiological media used in the study and culture incubation conditions.

Microorganism Culture media Incubation
conditions
Acinetobacter baumannii ~ Columbia Agar with addition of 5% Aerobic
sheep blood (Becton Dickinson) 37°C/24h
MacConkey Agar (Becton Dickinson)
Escherichia coli Columbia Agar with addition of 5%
sheep blood (Becton Dickinson)
MacConkey Agar (Becton Dickinson)
Enterococcus faecalis Columbia Agar with addition of 5%
sheep blood (Becton Dickinson)
Enterococcosel Agar (Becton Dickinson)
Pseudomonas aeruginosa  Columbia Agar with addition of 5%
sheep blood (Becton Dickinson)
PYA Agar with cetrymide (Becton
Dickinson)
Salmonella Enteritidis Columbia Agar with addition of 5%
sheep blood (Becton Dickinson)
XLD Agar (Becton Dickinson)
Listeria monocytogenes Columbia Agar with addition of 5%
sheep blood (Becton Dickinson)
ALOA Agar (Merck)
Staphylococcus aureus Columbia Agar with addition of 5%
Streptococcus epidermidis sheep blood (Becton Dickinson)
Chapman Agar (Becton Dickinson)
Bacillus subtilis Columbia Agar with addition of 5%
sheep blood (Becton Dickinson)
Clostridium sporogenes Columbia Agar with addition of 5% Anaerobic
(vegetative forms) sheep blood (Becton Dickinson) 37°C/48 h
Clostridium sporogenes
(spores)
Candida albicans Columbia Agar with addition of 5% Aerobic
sheep blood (Becton Dickinson) 25°C/72h
Sabouraud Agar (Becton Dickinson)
Aspergillus niger Columbia Agar with addition of 5% Aerobic
Penicillium chrysogenum  sheep blood (Becton Dickinson) 25°C/72h

Sabouraud Agar (Becton Dickinson)

fragments of the surfaces were placed in a sterile solution of PBS (20 ml)
and subjected to sonication in the Ultrasonic DU-4 (Nickel-Electro)
sonicator, and then they were shaken for 5 min with a speed of
400 rpm (rotations per minute). The resulting suspension were 10-

Table 2
Number of microorganisms recovered from the air and percentage reduction rate R[%].

fold diluted using a dilution series to 10™*. From each dilution, 100 pl
was superficially inoculated on appropriate solid media and incubated
in proper conditions (Table. 1).

Grown colonies were counted and their number was determined
based on the formula:

C
L= 701N, "4 a

where: C - the total number of colonies on all plates chosen for
counting,N; - the number of plates from the first counted dilution,N,
- the number of plates from the second counted dilution,d - the dilution
factor corresponding to the first (lowest) calculated dilution,a - the
ratio of the inoculated material volume,and then was expressed in
CFU per 1 cm? of the studied surface.

Efficacy was expressed by giving the number of CFU of bacteria and
fungi before (positive control) and after the use of radiant catalytic ion-
ization, as well as calculating the percentage reduction rate (R[%]) ac-
cording to the formula given in Section 2.1.

For the obtained values of the percentage reduction rate the signifi-
cance of differences were checked in the STATISTICA 12 PL software
based on the post-hoc Tukey's test at the significance level o = 0,05.

The negative control was the studied surfaces with applied sterile
solution of bovine albumin.

Positive control in the experiment was the studied surfaces contam-
inated with tested microorganisms strains and stored without the oper-
ation of the Induct 750. The negative control was the studied surfaces
with applied sterile solution of bovine albumin.

Statistical analysis of the obtained results was carried out with
STATISTICA 12 PL. The calculated values of the percentage reduction
rate were analyzed. Shapiro-Wilk test was carried out for the normality
of distribution evaluation. The variance analysis was carried out using
the multi-way ANOVA and the statistical significance of the difference
between the percentage reduction coefficients, based on the Tukey
post-hoc parametric test at significance level a = 0.05, were checked.
As an independent variables, the microbial strain and type of surface
were considered.

Microorganisms Mean number of microorganisms after
nebulization

[CFU x m~3](SE)*

Mean number of microorganisms after use of radiant
catalytic ionization
[CFU x m~3](SE)*

Percentage reduction rate of number of
microorganisms
[%]

S. aureus ATCC 25213 3,09 x 10° 2,70 x 10!
(£4.11 x 10%) (+£1.40 x 10")
S. epidermidis ATCC 35984 2,83 x 10° 1,50 x 10!
(+£1.02 x 10°) (+£2.25x 10")
E. faecalis ATCC 29212 411 x 10° 3,50 x 10°
(£2.17 x 10%) (£5.18 x 10°)
E. coli ATCC 25922 2,86 x 10? n.d.
(£3.09 x 10%)
B. subtilis ATCC 8159 2,71 x 10° 2,93 x 10°
(+£2.86 x 10) (£1.30 x 10%)
C. sporogenes ATCC 19404 5,35 x 10* 1,80 x 10%
(£3.65 x 10%) (+1.50 x 10%)
C. sporogenes ATCC 19404 4,57 x 10* 1,29 x 10*
(spores) (+8.00 x 10%) (£6.60 x 10°)
C. albicans ATCC 90028 4,60 x 10° nd.
(£1.81 x 103)
P. chrysogenum ATCC 9,61 x 10* 3,12 x 10°
10106 (4£5.37 x 10%) (£4.72 x 10%)
A. niger ATCC 9142 1,50 x 10° 8,39 x 10?

(43.90 x 10°) (+6.45 x 10?)

99,99
99,99%
99,99
100,00
98,92*
96,64
71,73°
100,00
96,75%

99,44*

* - SE, standard error.
n.d. - not detected.
a,b - values marked with different letters are statistically significantly different (p < 0.05).
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Fig. 3. Number of microorganisms recovered from steel AISI 304 before and after RCI (ABA - Acinetobacter baumanii, ECO - Escherichia coli, LMO - Listeria monocytogenes, PAE -
Pseudomonas aeruginosa, SAU - Staphylococcus aureus, SEN - Salmonella Enteritidis, CSP(S) - Clostridium sporogenes spores, CAL - Candida albicans, ANI - Aspergillus niger, PCH -
Penicillium chrysogenum, ATCC - refrence strain, CLIN - clinical isolate, ENV - environmental isolate).

3. Results
3.1. Assessment of air disinfection efficacy using radiant catalytic ionization

The obtained results made it possible to determine certain fluctua-
tion in the number of CFU of bacteria and fungi present in the air after
nebulization of suspensions (Table. 2). For this reason, it was decided
to introduce the absolute reduction measure in the form of R[%].

Percentage reduction rates observed for positive control ranged be-
tween 1 and 5% and therefore were not showed in the table. In samples
that were negative control, the presence of microorganisms was not
detected.
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The using of radiant catalytic ionization caused a noticeable decrease
in the number of all the studied microorganisms (Table 2).

The full elimination of studied microorganisms from the air was ob-
tained for E. coli and C. albicans. For S. aureus, S. epidermidis and E. faecalis
a decrease in number amounted to 4-5 logarithmic units, and the per-
centage reduction rate was 99.9%. Slightly lower sanitizing effectiveness
of radiant catalytic ionization was noted for vegetative forms of spore-
forming bacteria (R[%] - from 96.6% to 98.9%) and molds (R[%] - from
96.8% to 99.4%). The lowest effectiveness of radiant catalytic ionization
was shown in relations to spores of C. sporogenes present in the air.
The percentage reduction rate in this case amounted to 71.7%
(Table 2). The demonstrated difference in the percentage reduction
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Fig. 4. Number of microorganisms recovered from polypropylene before and after RCI (ABA - Acinetobacter baumanii, ECO - Escherichia coli, LMO - Listeria monocytogenes, PAE -
Pseudomonas aeruginosa, SAU - Staphylococcus aureus, SEN - Salmonella Enteritidis, CSP(S) - Clostridium sporogenes spores, CAL - Candida albicans, ANI - Aspergillus niger, PCH -
Penicillium chrysogenum, ATCC - refrence strain, CLIN - clinical isolate, ENV - environmental isolate).
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Fig. 5. Number of microorganisms recovered from glazed milled rock tiles before and after RCI (ABA - Acinetobacter baumanii, ECO - Escherichia coli, LMO - Listeria monocytogenes, PAE -
Pseudomonas aeruginosa, SAU - Staphylococcus aureus, SEN — Salmonella Enteritidis, CSP(S) - Clostridium sporogenes spores, CAL — Candida albicans, ANI - Aspergillus niger, PCH - Penicillium

chrysogenum, ATCC - refrence strain, CLIN - clinical isolate, ENV - environmental isolate).

rate of the number of spores able to germinate and the number of veg-
etative forms of the studied microorganisms was statistically significant
(Table 2).

3.2. Assessment of effectiveness of surface disinfection using radiant catalyt-
ic ionization

In positive control, any reduction of microorganisms number was
not observed. In samples that were negative control, the presence of mi-
croorganisms was not detected.

The study allowed to prove a reduction in the number of bacteria as
affected by radiant catalytic ionization (Figs. 3-8). Irrespective of the
type of studied surface, the most resistant to the action of the used dis-
infection technique appeared to be C. sporogenes spores, for which the

9000000

percentage reduction rate ranged from -2.6% on glazed milled rock
tiles to 71.2% on lacquered veneer (Figs. 3-8).

The application of radiant catalytic ionization appeared to be most
effective towards microorganisms present on lacquered veneer (R[%] -
71.2-99.4%) and on steel AISI 304 (R[%] - 6.6-98.9%). The lowest sani-
tizing effect was obtained on the polyamide fitted carpet (R[%] - 4.3-
97.4%) and glazed milled rock tiles (R[%] — -2.6-90.9%) (Table 3).

Differences in the number of re-isolated bacteria resulting from dif-
ferent origin of the strain were observed in the case of L. monocytogenes
applied on the surface of glazed milled rock tiles and fitted carpet. The
reference strain of this species showed a statistically significantly higher
reduction rate as compared with the clinical and environmental strains
(R[%]: 66.93% vs. 32.86% and 31.17%, respectively), when it was applied
on the surface of fitted carpet and as compared with the environmental

8000000

7000000 —

5000000

4000000

3000000

Numberof microorgansms [CFUxcm?]

2000000

1000000 -

ATCC | CLIN | ENV | ATCC | CLIN | ENV | ATCC | CLIN

ABA | ECO LMO

M Before RCI

ENV | ATCC | CLIN

ENV | ATCC | CLIN | ENV | ATCC [ CLIN | ENV [ ATCC | ATCC | ATCC | ATCC

PAE SAU SEN CSP(s)| CAL | ANI | PCH

u After RCI

Fig. 6. Number of microorganisms recovered from lacquered veneer before and after RCI (ABA - Acinetobacter baumanii, ECO - Escherichia coli, LMO - Listeria monocytogenes, PAE -
Pseudomonas aeruginosa, SAU - Staphylococcus aureus, SEN - Salmonella Enteritidis, CSP(S) - Clostridium sporogenes spores, CAL - Candida albicans, ANI - Aspergillus niger, PCH -
Penicillium chrysogenum, ATCC - refrence strain, CLIN - clinical isolate, ENV - environmental isolate).
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Fig. 7. Number of microorganisms recovered from rubber before and after RCI (ABA - Acinetobacter baumanii, ECO - Escherichia coli, LMO - Listeria monocytogenes, PAE - Pseudomonas
aeruginosa, SAU - Staphylococcus aureus, SEN - Salmonella Enteritidis, CSP(S) - Clostridium sporogenes spores, CAL — Candida albicans, ANI - Aspergillus niger, PCH - Penicillium

chrysogenum, ATCC - refrence strain, CLIN - clinical isolate, ENV - environmental isolate).

strain (R[%] - 83.05% vs. 61.90%), when it was applied on glazed milled
rock tiles. The opposite relationship was found in the case of the refer-
ence strain of S. aureus, which showed a statistically significantly
lower reduction rate on rubber, as compared with the clinical and envi-
ronmental strains (R[%] - 64.00% vs. 84.79% and 88.46%) and on steel, as
compared with the environmental strain (R[%] - 37.59% vs. 62.69%)
(Table 3).

Of vegetative forms of bacteria, the highest reduction rates, in the
case of most studied surfaces, were obtained for A. baumannii. The per-
centage reduction rate determined for these strains stayed within the
range 89.22%-99.44% (Table 3). Of the vegetative forms of bacteria,
strains of P. aeruginosa applied on the surface of fitted carpet appeared
to be the most resistant to the action of radiant catalytic ionization
(R[%] - 28.00%-66.35%) (Table 3).
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The studied yeast-like fungi and molds applied to surfaces of steel
AISI 304 and lacquered veneer were characterized by the highest reduc-
tion rates under the influence of radiant catalytic ionization from among
all the studied surfaces (R[%] 86.91%-97.3%). In most cases, the demon-
strated differences were statistically significant (Table 3). Fungi
C. albicans and A. niger showed the highest resistance to the action of ra-
diant catalytic ionization on the rubber surface (R[%] = 19.00% and R[%]
= 36.67%), whereas P. chrysogenum on the fitted carpet surface (R[%] =
42.19%) (Table 3).

4. Discussion

Disinfection of air and surfaces is necessary to reduce the risk of in-
fections with pathogenic microorganisms in hospitals, food processing
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Fig. 8. Number of microorganisms recovered from fitted carpet before and after RCI (ABA - Acinetobacter baumanii, ECO - Escherichia coli, LMO - Listeria monocytogenes, PAE - Pseudomonas
aeruginosa, SAU - Staphylococcus aureus, SEN - Salmonella Enteritidis, CSP(S) - Clostridium sporogenes spores, CAL - Candida albicans, ANI - Aspergillus niger, PCH - Penicillium chrysogenum,

ATCC - refrence strain, CLIN - clinical isolate, ENV - environmental isolate).



118 K. Skowron et al. / Science of the Total Environment 610-611 (2018) 111-120

plants, public places (schools, offices, etc.) and in houses. Ultraviolet ra-
diation (UV) is a physical process conducted without chemicals. The
source of UV-C radiation are low-pressure lamps emitting radiation
with a wavelength of 253.7 nm, which inactivate bacteria, viruses,
molds and spores causing DNA damage (Bintsis et al., 2000). Released
atoms bind to other oxygen molecules producing ozone. It shows excel-
lent oxidizing properties (Li et al., 2003). Artificially produced ozone is
as effective as that naturally occurring, provided that its concentration
is controlled. In the RCI technology ozone is not a bactericidal agent,
since during the operation of the device its level does not exceed
0.05 ppm (Grinshpun et al., 2007; Ortega et al., 2007). Producer of
used in this study Induct 750 declare, that this device produce ambient
levels of ozone - below 0.04 ppm (ActivTek, n.d.-b, instruction of use In-
duct 750). This is an important advantage of the RCI technology, due to
the toxicity of ozone and undesirable side effects of exposure to high
ozone levels (Giizel-Seydima et al., 2004). However, EPA note that in
close, non-ventilated room, level of ozone may be decrease above health
concern (US EPA, 19964, 1996b). Grinshpun et al. (2007) indicated that
the generated ions (unipolar ion emission), and not photocatalytic reac-
tions make it possible to remove contaminations such as cigarette

Table 3
Percentage reduction rate of the number of microorganisms R[%].

smoke from the air. Inanimate particles are removed from the air by
electrostatic precipitation, which is excited by the ionization process.
Generated ions combine on the basis of electrostatic interactions with
airborne contaminants, creating large and fast sediment conglomerates
(Matecka and Borowski, 2011). In turn, reactive oxygen forms eliminate
microbial contamination, such as bacteria, viruses or molds. Emitted
chemical particles generate oxidative damage of the viral genetic mate-
rial, and also impairs the functionality of the capsid protein. In bacterial
cells, the coenzyme A molecules are oxidized, which results in the inhi-
bition of cellular respiration, the oxidation of unsaturated phospholipids
and the destruction of the outer membrane, and the accumulation of
harmful DNA or RNA mutations (Grinshpun et al., 2007).

Sanitizing surfaces with UV-C light requires a higher dose of radia-
tion emitting for a longer time as compared with methods utilizing
the phenomenon of photo-oxidation (Ha et al.,, 2009; Saini et al., 2014).

The present study assessed the effectiveness of RCI towards microor-
ganisms in the air and on different surfaces. It was proved to be the ef-
fective elimination system for many microbial species. The full
elimination of microorganisms from the air was obtained for E. coli
and C. albicans. The percentage reduction rate for S. aureus,

Strain Percentage reduction rate [%]
Steel AISI 304 Polypropylene Glazed milled rock tiles Lacquered veneer Rubber Fitted carpet
ABA ATCC 98,79° 90,63 89,222 99,442 90,39% 89,36%
(15,12)* (9,37) (14.03) (15,06) (7,79) (12,26)
ABA CLIN 98,827 90,75% 89,357 99,30% 90,53* 89,407
(15,86) (12,27) (10,17) (13,17) (10,18) (11,48)
ABA ENV 98,867 90,34* 90,86° 99,39% 89,91 89,44
(13,12) (7,39) (11,71) (15,22) (12,29) (4,16)
ECO ATCC 90,677 91,28* 76,29*¢ 95,18% 91,16% 77,56%¢
(10,09) (9,38) (2,15) (10,34) (5,61) (5,00)
ECO CLIN 90,33 89,23 53,00° 95,38* 91,222 82,33%¢
(12,21) (6,45) (1,06) (11,61) (8,20) (8,03)
ECO ENV 90,522 89,65 77,16%¢ 92,212 90,75% 83,60*¢
(11.03) (7,18) (5,19) (13,07) (11,00) (9,14)
LMO ATCC 90,167 89,72° 83,05%¢ 94,567 90,62° 66,93%¢
(9,57) (9,09) (6,52) (8,46) (9,31) (0,72)
LMO CLIN 90,207 89,76% 72,41%¢ 94,75% 90,80* 32,86°
(12,03) (11,56) (2,31) (8,26) (7,17) (3,11)
LMO ENV 90,37¢ 89,84 61,90¢ 94,94 87,67% 31,17°
(9,22) (11,63) (1,62) (9,28) (13,30) (9,67)
PAE ATCC 91,307 89,717 72,26° 96,95% 88,89% 66,35°¢
(10,31) (8,29) (337) (13,30) (1,01) (11,19)
PAE CLIN 90,75° 84,00° 87,01° 93,08* 87,64% 28,00°
(10,14) (3,15) (3,38) (10,14) (7,38) (8,07)
PAE ENV 90,237 94,44% 86,027 95,00* 87,07% 52,02>¢
(11.19) (9,30) (6,21) (10,44) (4,17) (7,77)
SAU ATCC 37,59° 89,69° 82,75%¢ 94,65* 64,00¢ 97,44°
(10,29) (12,13) (10,11) (11,19) (12,52) (12,38)
SAU CLIN 56,88>< 91,70* 80,94*¢ 94,76% 84,79% 96,08°
(11,07) (10,55) (8,18) (12,33) (822) (8,15)
SAU ENV 62,69%¢ 92,677 81,61*¢ 93,75% 88,46% 94,40°
(9.47) (8,12) (3.46) (10,37) (10,52) (6,06)
SEN ATCC 90,38 89,522 86,84% 97,16% 88,95% 75,97%¢
(10,17) (14,03) (8,26) (10,52) (8,13) (2,62)
SEN CLIN 90,287 89,907 90,75% 95,83 87,74% 47,74°¢
(10,36) (9,21) (6,63) (15,02) (13,08) (4,84)
SEN ENV 90,23 89,597 88,307 95,952 88,00* 58,83¢
(10,01) (8,28) (8,07) (13,20) (10,75) (3,06)
CSP (s) 6,614 3,234 -2,564 71,23¢ 1,144 4,304
(1,02) (0,51) (0,40) (11,30) (0,30) (0,53)
CAL ATCC 92,93* 97,02 88,00 96,84° 19,00°4 37,50°
(13,25) (8,03) (7,12) (11,59) (13,21) (3,17)
ANI ATCC 86,91° 60,00° 68,85%¢ 95,912 36,67° 56,52>¢
(14,12) (2,16) (8,50) (12,13) (2,15) (0,97)
PCH ATCC 90,13% 53,85¢ 75,06%¢ 97,307 66,71¢ 42,190¢
(15,52) (1,09) (5,88) (11,08) (1111) (1,27)

ABA - Acinetobacter baumanii, ECO - Escherichia coli, LMO - Listeria monocytogenes, PAE — Pseudomonas aeruginosa, SAU - Staphylococcus aureus, SEN - Salmonella Enteritidis, CSP(S) -
Clostridium sporogenes spores, CAL - Candida albicans, ANI - Aspergillus niger, PCH - Penicillium chrysogenum, ATCC - refrence strain, CLIN - clinical isolate, ENV - environmental isolate.

ab,c, ... - values marked with different letters are significantly different (p < 0.05).
* - standard deviation.
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S. epidermidis and E. faecalis was 99.9%. Lower effectiveness of RCI was
recorded in the case of vegetative forms of spore-forming bacteria
(R[%] - from 96.6% to 98.9%) and molds (R[%] - from 96.8% to 99.4%).
The lowest effectiveness of RCI was proved in relations to
C. sporogenes spores present in the air (R[%] - 71.7%). Also Grinshpun
etal. (2007) indicated a reduction of effectiveness of the RCI technology
towards spores of B. subtilis in the 2.75 m® chamber. Approximately 75%
of airborne B. subtilis spores exposed to the air purifier were inactivated
during the first 10 min, 85% during the first 15 min, and about 90% or
greater after 30 min. In present study a hermetically sealed chamber
had a capacity of 1.4 m>. The observed high rates of reduction in the
number of germination able spores may be due to the fact that both ex-
periments were carried out in relatively small cubic chambers. These re-
sults are promising for real indoor environments, where air pollution is
much lower. Coverage study air purification amounts to 70 m>
(ActivTek, n.d.-b, instruction of use Induct 750). Experiments carried
in University of Agriculture in Krakow indicated that RCI was effective
in rooms of cubature 20 and 45 m>. The percentage reduction rate for
total number of bacteria, Staphylococcus spp. and fungi ranged from
73,1% to 82,0% The results of the research carried out in University of Ag-
riculture in Krakow about efficacy of RCI technology (Barabasz et al.,
2014). This study indicated that RCI technology can be used in real
rooms with different cubature. This technology was tested in museums,
hospitals and hotels (ActivTek, n.d.-a, documents about use of product,
http://activtek.pl/dokumenty/, accessed 10.06.2017).

In the present study it was found that the effectiveness of RCI on the
surfaces was the lowest in the case of C. sporogenes spores, for which the
percentage reduction rate ranged from -2.6% (glazed milled rock tiles)
to 71.2% (lacquered veneer). One reason that spores were more resis-
tant to RCI may be their thick membrane layer containing peptidogly-
cans (Berberidou et al., 2012). To the best of our knowledge the
mechanism of act the RCI on spores is not fully understood. It must
also be stressed that time of exposure is very important for effective in-
activation of spores. In present study action time of RCI was only 20 min,
which may be insufficient to kill bacteria spores. Scanning electron mi-
croscopy of B. stearothermophilus endospores indicated that photocata-
lytic oxidation affected negatively on the shape and structure of the
spore. The sporicidal effect of oxidation is increasing over time
(Berberidou et al., 2012).

The use of radiant catalytic ionization appeared the most effective in
the case of microorganisms present on lacquered veneer (R[%] - 71.2—
99.4%) and on steel AISI 304 (R[%] - 6.6-98.9%). The lowest effectiveness
of RCI was shown on the polyamide fitted carpet (R[%] - 4.3-97.4%) and
glazed milled rock tiles (R[%] - —2.6-90.9%).

On the surface of steel AISI 304, the most resistant to RCI were strains
of S. aureus (R[%] - 37.6%-62.7%. The most susceptible were strains of
A. baumannii, for which R[%] was almost 99%. Ortega et al., 2007 indicat-
ed >90% efficacy of RCI towards S. aureus, Bacillus spp., E. coli,
L. monocytogenes, C. albicans on the surface of steel. In the present
study, on different surfaces, such as rubber and fitted carpet, a consider-
ably lower effectiveness of RCI towards C. albicans was shown (R[%] -
19%-37.5%). This may be related to the structure of the studied surfaces
and their different properties. Moreover, contaminated surfaces were
exposed to RCI products for only 20 min. In further experiments, the ef-
fect of exposure time on change in the number of microorganisms on
the studied surfaces should be determined. Other authors indicated a
decrease in the number of microorganisms along with growing time
of exposure (Ortega et al., 2007). The efficacy of photooxidation towards
L. monocytogenes on the surface of steel was also proved by Saini et al.
(2014) (4.37 log CFU/coupon on stainless steel after 15-min treatment).

The application of UV-Clight to reduce superficial microbial contam-
ination of food is commonly known. The effectiveness of this method
has been demonstrated to reduce contamination of fruits and vegeta-
bles and meat (Adhikari et al, 2015; Chun et al, 2010;
Martinez-Hernandez et al., 2015). Saini et al. (2014), also proved the ef-
fectiveness of photo-oxidation in food disinfection (ready-to-eat cheese

and turkey). Microorganism reduction amounted to >2 log CFU/sample
after 5 min of exposure. This is an important advantage of devices utiliz-
ing the phenomenon of photooxidation, UV light and ozone.

In the available literature there is no information concerning the dis-
infection of different surfaces with the RCI technique. In the present
study such a comparison was made, since the RCI technology may be
used in various environments, both in industry, where elements of
steel and rubber predominate, and in everyday life, in houses, offices,
etc., where there are more fitted carpets or surfaces made of lacquered
veneer.

The present study proves that the RCI technology is an effective
method for air and surface disinfection, although its effectiveness is var-
ied depending on the microbial species. The possibility of widespread
use of devices utilizing RCI, even when there are some people in the
room, is their undoubted advantage, which may contribute to improv-
ing working conditions both in places where the air is contaminated
and also where there is a risk of surface contamination.
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