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Results based on laborato ry testing *Scientific testing has demonstrated the use of Beyond by Aerus’ ActivePure technology to substantially reduce airborne pathogens
Field results may vary based on environmental conditions. These results have not been evaluated by the FDA.
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Control of Aerosol Contaminants in
Indoor Air: Combining the Particle
Concentration Reduction with
Microhial Inactivation
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An indoor air purification technique, which combines
unipolar ion emission and phatocatalytic cxidation (promated
by a specially designed RCI cell), was investigated in

twio test chambers, 275 m? and 24.3 m?, using nonbiological
and biclogical challenge serosols. The reducton 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, bioaerosal samples were collected
and analyzed, and the microorganism survival rate

was detarmined 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 wnipelar ion emission, while the inactivation of
viable airborne microorganisms was associated with
photocatalytic oxidation. Approximately 30% of initially
viable M52 viruses were inactivated resulting from 10 to
B0 min exposure to the photocatabytic cxidation. Approximatahy
75% of viable B. subtilis spores ware inactivated in 10
min, and about 90% or greater after 320 min. The biological
and chemical mechanisms that led to the inactvation of
stress-resistant airborne viruses and bacterial spores were
ravigwed.

Intraduction

Exposure to respimble alrbome particles and microbial agents
may cause various health probdems. Numerous technbgques
have been developed 1o reduce the exposure 1o indoar
particles, Avrosol control in conflined, poarly ventilated
spaces, when the air exchange with filiration cannot be
succesafully applied. represents a particular challenge.
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Another challenge Is w0 decrease the indoor concentration
of specific airbome contaminants, eg., viable biological
particles. While some indoor air purification techniques aim
solely al the aersol concentration reduction, others e
designed o inactivate viable bioeerosols (e.g. viruses,
bacteria, and fungil.

Some commercial air cleaners genermite excessive ozone
[either as a primary biocidal agent or as a bi- product); these
devices have mised public health concems (11, Among various
guidelines for ozone exposures, the fllowing thresholds have
been specified for eccupational environments: 0.2 ppm for
2 h i), 0.05=0.10 for 8 h (2), 0.1 ppm for & h (7, and 0.05
ppm for instantaneous (no time limil specified) exposumn:
[4). For comparison, the owtdoor air standard is 0.08 ppm for
& (5). Creome generatorns can inactivate vialile microongan-
isms; however, the inactivation occurs al concentrations
significanily exceeding health standards (6, 7).

Photooxidation involving LIV racliation and TiD; as a
phatocatalyst has been applicd for gas-phase detoxification
of organlc contaminants (8, 5 and for inactivating micro-
arganisms in water [ 10= 12, Some effort has been made 0
explore is 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 asrosolized bacteria circulated in a
chosed-loop duct equipped with a TiOy; filter for a relatively
long period of time, Pal et al, (15) found similar effect for
Escherichia coll, Microbacterium sp.. and Boctilts sebrilis;
Keller eral. (16) reported considerable inactivation of aifbome
E. coli passing through a photoreactor costed with Tic, fm.
T biocidal effect of the photocatalytie exidation can be
attributed 10 photogenerated valence-band holes, hydroxyl
radicals, hydrogen peroxide, and other reactive oxygen
speches, Linand Li (17 tested the viability change in airborne
bacteria and fungl exposed w photooxidation inside a small
photoreactor for a very short time, on the order of a second.
No significant decrease in the colony forming undt (CFL)
count was observed during such a shor tme.

Toour knowdedge, no data ane available on the effective-
ness of portable UVITIO:-based alr purifiers to inactivaie
viable alfbome microorganisms in indoor air environmenis.
These data are needed 1o assess the feasibility of photo-
catalytic oxidation for air purification in reslidential and
occupational setings. Furthermone, for hybrid adr purifiers,
which invalve several air cleaning mechanisms, no suffichent
information is availabde to differentiste their particle removal
effickency and the blocidal capabilities, which both aim s
reducing the bicaerosol exposure in indoor air.

In this study, we Investigated a novel air purification
techinbgue that comblnes different serosal / boaerosol control
mechanizms: unipolar on emission and photocatalytic
oiddation promoted by the " mdiant catalytic ionkzation (RCT)™
technique, Unipolar lon emission has been shown earlber o
reduce the paricle concentration in indoor air (18=20, bt
nevscientific data are available on the efficiency of the hybrid-
typer techndeuee,

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 vialle
bisaerosnls, the microorganism survival rale was also
determined. The experimental protocels validated in our
previous studies (18, 19, 21) were adopied. The experimenits
wire conducted when a freestanding hybrid air purifier was
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AGURE 1. Exparimental setup,

operating inslde the chamber and when it was turmed off,
The challengeaerosol was generated froma liquid suspension
using a Collison nebulizer (BGI Inc., Waltham, MA) and
charge-equilibrated by passing through & 10-mCi Kr™ charge
equilibrator (3M Company. St Paul, MN). After being mixed
with clean, HEPA-Altered air at a specilic temperture (T'=
2426 °C) and relative humidity (RH = 21-30%)., the acrosol
entered the chamber. Following a 10~ 15-minute adjusiment
period establishwed toachieve a uniform aerosol concentration
pattern, the experiment began (f = 0),

In maost of the tests, the aerosol concentration, C, and
particle size distribution, ACAlogd, were measured with
an ebectrical low-pressure impactor (ELPL TS1 Inc./ Dekati
Lud, St. Faul, MN), which wiilizes the cascade impaction
principle amd also hasa direct-reading capabliny to determine
the concentration of particles of different asrodynamic sizes
in 12 channels (each channel = impaction stage), frorm 0,041
o B4 e (mbdpodnn. When the experiments wene conducted
with viral aerosol that included particles smaller than the
lower limit of the ELPl, we used a wide-range paniche
spectrometer (WIPS; MSF Inc., Shoreview, MN). The WPS is
aligh-resoluthon real-time Instrument combining differemial
mability analysis, condensation particle counting, and laser
light scattering to measure the dinmeter and number
concentration of acrosol particles ranging from 10 nm to 10
'er.

For every measuned particle size, o, the aemsol concen-
tration at ¢ = 0 was set o exceed the background level
[obiained before the challenge aerosol was generated) by
about 100-Fold, First, the natuml concentration decay was
chamcterized by recording Cuea (d. i) every 10 s with the
ELP1 and every 2.5 min with the WIS, Subsequently, the test
aerosol was generated and mixed in the chamber again 1o
reach the same initial concentration kevel, At 1= 0, the air
purifier was tumed on and the concentration Cyp (d, () was
mnitored during and up to 120 min (or untl the panicle
count decreased below the limit of detection). To quantify
the efficiency of the particke removal exclusively due 1o the
air purifier operation, the Air Cleaning Factor (ACF) was
determined size-selectively as a function of time:

ACFid, 1) = Gomnd, 9 (m

TCyld.n

In additlon, the overall particle removal rate was caleulated

A%
ud n=1 m[q"' £ “]'] @

and the particle removal rate (exclusively doe 1o air purifier)
was defined following the first-order kinetics as

c”w.:-m]_l 1 [ Cusmael ¢ = 01)
Cold 0 ] 1| Conealdhd) |
@

FRH.{d.ﬂ-%In[

In case Cip (d, I = 0) = Cungw [d. 1= 0,
PRR{d, 1) = % In[ACFId, Al )

This was needed to determine the Clean Alr Delivery Rate
[CADH), which, according to the ANSI/AHAM [American
National Standands Instinute/ Association of Home Appliance
Manufacrurers) standard, Is defined ns

CADRIA, ) = V x PRR(A, 1) (m*/h] (5

The CADR concept allows for comparison of air cleaning
efficiencies of a freestanding air purifier and a dosed- loop
ventilation air-flltration system in an airvolume Vinote that
PRE is a function of W,

Two nonbiolegical challenge asrosals, NoaCl and smoke,
ware used to shudy the particle removal by the air purifier,
The generated particles were primarily in the size range of
0,02 =2.0m, which includes ultrafine and fine fractions and
represents most of the known vineses and bacterin, M52 vines
anvd Bl hes snbiilis bacterial spones were the maln biological
challenge aerosols. Selected experiments were performed
with Perudinonas fluorescens bacteria,

M52 bacteriophage, a 27 nm f(ailless non-enveloped
lcosahedml RNA-coliphage, relatively stable against envi-
ronmental stress, has been used in the past as a simulant of
st mammaldian vinses, and it is known as an indicator for
enteric vinses (22—26), Stock suspension of M52 vins was
prepared by adding 8 mL of Luria=Bertani broth to freeze-
dried phage vial (ATCC 15597-B1). This suspension was

WOL 81, N 2, 3007 { ENVIRONMENTAL SCIEMCE & TECHMNOLDGY = 60T
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fihered using a membrane flerol02 pm porosity and serially
diluted so that the nebulizer suspension had 10°— 107 FFUY
ml (PFUJ = plague forming unith. M52 phage titer was
determined by following a modified plague assay protocol
of Adams (27); Escherichin coli (ATCC 15587, strain C3000)
was used as the host onganism.

B. suibrilis is a gram-positive spore-forming bacterium
with rod-shaped spares of apgroximasely 0,7 =08 em inwidth
and 1.5-18 am in length (28). B swbtilis spones have
previously been used in laboratory studles as a surrogate of
environmentally resistant, pathogenic bacteria [20=31).
Freeze-dried bacterial spores of B, subiilis [obtained from
the U5, Army Edgewood Laboratories. Aberdeen Proving
Ground, Marydand) were activated at 55-60 “C for 25 min
and then washed two times with sterile deionized water by
vartexing followed by centrifugation at 7000 rpm for 7 min
at room temperature. The total bacterial concentration in
suspenshon was adjusted to 10°=10° per mL using a hema-
cytometer. The viable bacteria were enumerated by cultival-
ing on tryplcase soy agar (TSA) media at 30 *C for 18 h; the
viabde (culmrable) concentration in the nebulizer suspension
wasol the smeorder ol magnitede as the total concentration,
L, 10F—10" CFU/mL (CFU = colony-forming unit), P
Jworescens bacterla (used In selected tests) are relatively
sensitive 10 environmental stresses. Prior to serosolization,
vegetative cells of P Tuoresoens (NTOC 13525) were cultured
In trypricase soy broth at 26 °C for 18 h and washed similady
as B gnbirilis spores,

When testing with biological particles, air samples werne
collected using Button Samplers (SKC Inc.. Eighty Four, PA}
exquipped with gelatin filters (SKC Inc.) and operated at a
fow rate of 4 Limin for 5 min Eight Buon Samplers were
utilized in esch test generating one blank, one background
sample, three samples aken at [ = 0, and the other three
taken at a specific time interval; four tme intervals were
tested: = 10, 15, 30, and 60 min. Additional selected
experiments were performed by using a BioSampler (SKC
Inc, Eighty Four, PA) to collect P, fTroresorns and B, sicbrilis,
The BioSampler efficiently collects viable bacteria (29) while
the liguid medium minimizes the desiceation stress. As its
cutoffsize is too high to efficienty sample small M52 vifons,
the BioSampler was not used as an alternative to gelatin
filters for collecting M52 virus.

The samples were analyzed for viable airbome virions
(PFU) and bacterin (CFU) toquantify the percentages of those
survived over time 1. 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 lon emission.
Therefore, the lon emitter was temporarily disabled in the
hybrid unit when testing virus and bacteria inactivation 1o
ensure sullficient number of microorganisms lordetermining
the viable count at the end of the test.

An aliquot of 200yl of dissolved gelatin Olter exiract was
used for plagque assay 1o determine the number of airborme
active (viable) virons (PFUfen?). Similardy, extract wis
cultivided on TSA plates to obtain the airbome concentration
of viable bacteria (CFU/em”).

Additlonal vesting was initkated 1o examine whether the
biocidal effect of the air purifier 1ok place indeed in the
aerosol phase (and not after microorganisms were collected
on filters). For this purpose, aerosolized microorganisms wene
collected on ekght gelatin filers 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 alr purifier in the chamber for 10,
15, 30, and 50 min and then analyeed. The comparison of
twn seis allowed examining if the micreorganism inactivation
occurred on filters during the collection process,

SO0 » DNVIRONMINTAL SCHNCE & TICHNOLOGY [ WOR, &1, NO, 7. 3007

The ozome level and the air jon concentration were
mondtored in real-time in the chamber using an ozone
maonitar (PC] Ozane & Control Systems, Ine., West Caldwell,
NJ) and an air jon counter (Alphalab Inc., Salt Lake City,
UT]. respectively. The air temperanure in the wst chambser
was 24 £ 2C and the relative humidity ranged from 22 + 2%
to 28 & 2% as monitored with a thermo/hygrometer pen
[Fischer Schentific Co., Pittsburgh, PAJL

The purifier prototype (Ecoquest International Inc.,
Greeneville, TH) used in the study wiilized an jon emitter
amd a specially designed RCI cell, The former produces
negative lons into indoor alr, 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
an metal elecirodes by eectrostatic precipitation. The RO
cell features a Aow opimized target strsctune comprising
matrices of elongated tubular elements made of polyeir-
bomate and arranged in a parallel orfientation on opposie
sicles or alternatively on four sides af a broad-spectrm UV
light source, The UV lamp wiilizes argon gas with mercury
and carblde Alaments with a spectral sutput between 100
amnd 367 nm. Beskdes, a coating was applied to the tanget
structune 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, supercide ions, and hydrogen
peroxides,

The tests were conducted in two indoor test chambers,
inchuding a large walk-in chamber (24.3 m*) that simulated
a residential room and a smaller chamber (2.75 m®) that
simudated a confined space (e.g., athroom, small office ansa,
ar sutomobile cabin), The particle removal was investigated
Im baovih chambers, whereas the bioserosol viability vests were
performed in the smaller chamber that was made of stainless
steed and allowed bio-decortamination. The air purifier was
tested in non-ventilated chambers (no air exchange) as it ks
known that ponable air cleaners ane primarily beneficial in
poordy ventilated spaces (20 .21). Air exchange was introduced
only when testing the closed-loop ventilation/air-filiration
system equipped with an HVAC filter to compare s
performance to that of ihe portable air purifier in terms of
CADH. The ventllation fair-Mlimtion system was also deployed
to clean the test chamber between experiments. In most of
the tests, e air purifier operated in the corner of the
chamber, Eicing the center. A separte experiment was carmicd
oul to examine whether its location and orientation affected
the ACF.

Results and Discussion

Particle Removal from Alr. Figure 2 shows the evolution of
the concentration and panicle size distribution of Nacl
aemosol when the air purifier operated in the lage test
chamber, As soen from this example, the acrosol concentra-
o of 0.1 gem particles decreased by a fsctor of 28 in 1 hand
by a factar of abowt 250 in 2 b the corresponding decreases
for 1 yrm particles were approximately 10- and 50-fold. When
testing with smoke particles, the aerosol concentration
decreased even more rapidly. The above levels ol the acrosol
concentmtion rechection are considemably greater than those
predicied by efther ranguil or stirred namiral decay models
[32]. This result was obtained when both the air lon emitter
and the RO cell operated in the unit., Interestingly, sttistically
the same particle reduction effect (p = 0.05) was observed
when the RCI cell was turmed off and only the jon eminer
operated. The laner Anding provides the evidence that the
particle removal was achieved as a result of unipolar jon
emission but not due to photocatalytic reactions,
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FIGURE 2. Pasticle concentration and size distribution of MaCl
aerosol as measured with the ELP| in the 243 m” chamber with the
air purifier operating facing the chamber's center a1 1.7 m from the
maasurement paint, No ventilation in the chamber. The initial weal
aerosol concentration = 150 = 10° for?,

This finding agrees with previously published data on the
effect of unipolarair ionization on theairborme concentration
(18—21). Theair purification is partioulady efficient at higher
Initial acroso concentrations (= 10 panticles/ cm®) that ensure
adequate interaction between the air jons and aerosol
particles, As mentioned above, the effect is expected o be
much mone pronounced in non-ventilated envimnments
than in ventilated ones.

The serosol reduction was especially high for the panicles
of d = 0.3 um. B.g,, when the air purifier with an ion cutpat
of ~10" efsee continuously operated in a corner of the 24.3-
m* chamber facing the center for 2 h, ACF reached ~30=70
for d = 0,08—0.3 gm and ~13— 16 for f = 0LB—2 yrm (in the
tests conducted with NaCl and smoke as challenge aerosals).
Thesame ACF levels may be achieved more rapidly in indoor
environments of smaller volumes and slower inlarger spaces.
The experimental trends agres with the bon-induced asrosol
rermoval model (200,

The ACF wis found 1o depend not only on the operation
timer andl the particle size bat also on the location/orieniation
of the purifier in the chamber. For example, a cormer location
facing the center of the roomwas found preferable as opposite
o the orentation facing the wall. The difference in ACF
obiained for the center and corner locations was significant
and increased with the operation time. The shaded anea in
Figure 3 presents the ion-induced Air Cleaning Factor when
the particle size-selective data were integrted over the
measuned sizes of NaCl particle up to 2.5 gm and averaged
aver the three selected locations/arientations in the 24.3-m*
chamber: in the comer facing the center, in the center, and
at 80 cm from the wall facing it

Figure 4 presents the CADR valses achbeved by operating
the tested air purifier for ive selected sizes of NaCl and smoke
particles acting as perosol contaminants in the non-ventilated
2. 3m” chamber. The CADR ranges approximately from 42.1
+ 0.1 1o G2.]1 £ 1.8 m*7h for NaCl particles of o = 0.04-1.99
pm, amd from 72.4 + 0.9 to 1155 + 10.8 m*'h for smoke
particles of the same size mnge. The difference may be
attributed to different ability of MaCl and smoke particles o
acquire electric charges from air ions, which results in their
different mobilities and subsequently different migration
velochiies. The above explanation seems valid given that
unipedar bon emission was shown to be the major mechanizm
causing the acrosel paricle concentration reduction,

lon-nduced Alr Cheaning Facior (AGF]
-2 t2 e BEEEEE

L' n A L] 1] 100 10
Tirme jmin}
FIGURE 2. The iom-induced Air Cleaning Factor (ACF) for PMys
NaCl &5 measured with the ELP1 and integrated for different locations
and orientations of the air parifier in the 243 m® chamber. No
vantilation in the chambar, The initial PMy; serosol concentration
= (0.356—1.50) = W¥cm’,

| Challeoge Ap-sach
WD - L vk
i Ll bl W DADH) | W [PASH)

g 0130 o A9 19

I particie {um}
FIGURE 4. Clean Air Delivery Rate (CADR] determined for the NaCl
and smoke asrosols as measured with the ELP]in the mon-ventilated
243 m? chamber. The porformance of the air purifier is companed
1o that of & standard HVAC filter [ASHRAE rating = 8) installed in
the closed-loop air exchangs 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 mting 8 HVAC filler 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 conventlonal central HVAC system with the rating
& flter. Obviously, more efficient partkeulate flers provide
more rapid reduction of acrosol contaminants and may
perform better than the tested air purifier, For example,
compared 1o the pomable unit, HEPA filter installed in the
clused-loop alr exchange syvstem of the 24.3 m* chamber
provided approximately 4- and 3-fold greater CADRs a0 2.5
and 7.7 ACH, respectively, when challenged with NaCl
particles, and 2.2- amd 1.4-fold greater when challenged with
smoke partickes. However, HEPA filters are mnely vsed 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 wtilized primarily
for assessing the visble microorganism inactivathon. The
CADR values obtained with MS2 vibons from the WPS
measurements were 73 + 5 m'fh. which is in the CADR-
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subtilis Endespare
mnuqe + 50} ol airbeene microorganisms sur-
in tha :ﬁm.ummm-r
O
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15 92£43(n=17 157 £ 1.7 n=3)
30 83£11(n=8 79411 in=3)
] 103£17(n=5§ 101+ 13(n=3

=Bl I g W ducted with the Bufion Sampler
equipped with gelatin fters. m = numbss of replicates.

range obiained for Nall and smoke partiches in the lange
chamber for the viml sizes. This suggests the feasibility of
using nonbbslogical particles w determine the jon-induced
nerosel reduction of bio-panticles of the same sice mnge.
Furthermore, this inding implies thar, atleast for the particle
slze range representing M52 vidons, PRR duwe to lon emission
in indboor air environment i inversely propontional o the air
volume [see eq 5]

Orone. In both test chambers (non-ventilated), the ozone
concentration gradually increased as the purifier was con-
tinuously aperating. In the 24.3-m" chamber, it increased
From 0LO06G to 0,05 ppm in about 35 min, while in @ smaller
(275 m") chamber il same increase occurred in ap-
proximately 5 min, However, once an air exchange was
introcluced (as low as | ACH), the oxone concentration in
the 24.3-m* chamber did not significantly increase as
compared to the inial level (p > 0U05). Our monitoring data
obtained with the tested unit operating in a non-ventilated
roam of ~ 100 m* (not presented here) suggest that the ozone
leveel cam be kept below 0,05 ppm while the unitcontinuously
operates for many hours.

Some akr purifiers wtilizing lon emission and, to o greater
extent, the photocaalytic oxidation may cause greater
increase of indoor azone concentration than the tested one.
The use of such devices in confined occupied air spaces may
not be appropriate as their continuous operation may
eventually bead o excessive ozone levelsand, in the presence
ol certain chemical compounds, produce nanoparticles (3.
Although the unipolar fon emission has o potential 1o
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 alr purifier
aperating until te ozone reaches a certain bevel, after which
the ozone-generating element is automatically tumed off 1o
allow the ozone concentration to drop: then the cycle can
be repeated.

Microbial Inactivation. Table 1 summarizes the microbial
inactivation resulis. Only approximately 1096 of initially viabde
M52 virions survived 10-60 min exposure 1o the purifier in
the chamber and about 90% were inactivated. When the
natural concentration decay of acrosolized M52 was moni-
tored in the chamber (with no purifler operating), we found
that the concentration of active viruses was relatively stable:
the decrease did notexceed 20.3 £ 0.9% during 1 h. The data
suggest that the viral inactivation occurs ther quickly since
the percent of survived virions did not show dependence on
the exposure tme for F= 10-60 min. Thus, a relatively short
timve meay be sufficient o reduce the percent of vinble vineses
Iin an air volume by & factor of 10 while those that survived
showed remarkable resistance o the continuing stress. When
aerosclized virions are exposed to photocual ytic oxidation,
the hydrooyl mdicals can affect the protein copsid and binding
sltes, thus disabling the vims's subsequent intersction with

S10 8 DINVIRONMINTAL SCHNCE & TICHNOLOGY [ WOR, &1, NO, 7. 3007

the hast and formation of PFUs (34). Additionally, the TiC:
phaotocatalytic cell may produce oxidative damage to the
vires capaid (35) and the radicals may couse aleration in the
vins's genetic material (35, 37, Our findings suggest that
the hybrid air purifier may be wsed continuously for shor
time intervals or in interminent regime 1o achieve consider-
alble virus inactivation rate. On the other hand, a prolonged
aperation of the air purifier is believed to be advantageous
Im erwironments with a continuous supply of “fresh” active
virions.

Approximately 75% of airbome B, sulwilis spores exposed
to the air purifier were inactivated during the first 10 min,
B5% during the first 15 min, and about 90% or greater alter
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 wrend found for vidons), which suggests
anonlinearity of the effect. Thenatural decay in the culurable
count was nod significant (p = 0.05) during 1 h, 8 measured
using the Button Samplers equipped with gelatin filiers.
However, the overall standard deviation of the data obtained
im these control tests was os high s 58% and the CFU counts
from filters were close to the detection limit. To address this
issue, we measured the natural decay of vialle B subnilis
spores with the BioSampler at ¢ = 0 and at £ = 2 h. It was
confirmed that the visbility was constant within abowt £200%
in the absence of the air purifier.

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

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

shestruction of the outer membrmne of bacterial cells (12);

socickation of unsaturated phospholipid in bacterial cell
membrane (39;

sleakage of intracellular K* ons (11); and

sietrimental effects on DNA and RNA (36, 37.

Omne reason that the inactivation of B suliilis endospores
was time-dependent is their thick membrane layer containing
peptidoglycans, This is consistent with tse study of Matsu-
naga et al, (400, who found that photooxidation of coenzyme
A by the TiO, photocatalyst was not entirely effective against
the algae Clilorella iulgaris in water because of its thicker
cell wall. Some otwer sell-defense mechanisms of bacteria
against the oxidotion stress, including synthesks of superoxide
dismutase enzymes, can also slow down the Inactivatbon
process (411

Although the time was a factor in the bacterial spore
inactivation, the viability loss occumed relatively quickly for
both the M52 vinus and B, subtilis. This can be attributed wo
raphd interaction of valence-band holes (h*) (T + he —
h* + e~.] with the organic substances, which ane present in
the viral and bacterial suter walls or membranes, The above-
mentioned interaction likely occurs before considerabde
number of hydroeyd radicals (OH) s generated in the air
volume. Although previous studies (11, 12) emphasized the
robe of hydroxy] mdicads (Hz0+ b =00 + H*), these mdicals
may nod be the primary factor in microbial inactivatkon,
particularly in the air. Funhermore, since our experiments
were canducted in relatively dry air [(RH < 30%), water
molecules wene ot predominant species incontsct with the
catalyst, and thas the contribution of liydrooyd radicals was
likely much bower 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 s not as
prominent, Alberici and Jardim (8 have reported that the
valence-band holes genemted from TiO: photeoxddation are
capable of oxidizing any organic compound. The process
also produces hydrogen peroxide iy + e~ — Oy Oy + H*
—= Hy% ZHOy — 0 + HeOy). which can freely penetrate into
cell membranes and walls and cause microbial inactivation
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(42). Further biochemical studies on the mle of gas-phase
Tit: oxidation on the airbome microorganisms as well as
studies an e reaction kinetics at the aerosol phase seem
worthwhile 1o funther examine the above interpretations,

Experiments with P, fTuorescens revealed CFU counts
below the detection limit both in de testand control samples,
In comtrast o B subrilis endospores, even a very short
exposune o ambient air (AH = 30%) considerably decreased
the viability of acrosolized 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 s performed at higher melative
humddiny bevels.

Additional control experiments were performed © in-
vestigate il the viahility decrease found for M52 vines and B.
snbiilis spores occurred in the aerosol phase or on the
sampling filver. For M52, we found that 1835 £ 270 PFU/mL
amd 1855 & 325 PFU mL developed when flter extrcts wene
cultivated from unexposed and 10-min exposed gelatin Miers,
respectively. For B subiills, we observed 1770 £ 275 CFU/
mLand 1125 £ 410 CFLYmLinextracts aken fram unexposed
and G0-min exposed flers, mespectively, No significant
changes in elther viml or bacterial viability occurred as o
result of a non-serosol exposure (p > 00G). Thus, these
findings confirm that the viml and bacterial inactivation
observed In our tests indeed occurred in the asrosol phase
and was not associated with the inactivation on filters.

Combined Effect (Sample Calculation). [t was concluded
that the particke removal ook place ssdely due to unipolar
bon emission. while the inactivation of viable airborne M52
virions and B subrilis spores occurred due 1o the photo-
catalytic reaction promoted by the RCIoell. Both mechanisms
waorking simultanesusly in a hybrid type air purifier may
result in considerable decrease of the exposune o pre-existing
viable asrosol biscontaminants in indoor environment.
Ozong produced by the RC cell is not belleved 1o cause
significant microblal inactivation because its level was not
sufficient. Tseng and Li (43 referred 10 343 ppm as an
approprinte level for airbome M52 virus, and Li and Wiang
(44) did not observe any inactivation of alrbome B. suiwnilis
spores at Oy as high as 20 ppm.

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

Theoshserved rpid inactivation of microorganisms makes
unnecessary to mn the RCl 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 on emission can take place continuowsly 1o keep the
aerosol concentration decreasing.
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