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SiO2 particles  surface  coated  with  Ag
particles were  fabricated  to coat  an
air filter.
An  anti-viral  ability  of the  filter  was
evaluated against  aerosolized  virus
particles.
A  mathematical  approach  of  an  anti-
viral ability  of  the air  filter  was
developed.
A  quality  factor  based  on an  anti-viral
ability of  the air  filter  was  proposed.
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In this  study,  SiO2 nanoparticles  surface  coated  with  Ag nanoparticles  (SA  particles)  were  fabricated
to  coat a medium  air filter.  The  pressure  drop,  filtration  efficiency,  and  anti-viral  ability  of  the  filter
were  evaluated  against  aerosolized  bacteriophage  MS2  in  a continuous  air  flow  condition.  A  math-
ematical  approach  was  developed  to  measure  the anti-viral  ability  of  the  filter  with  various  virus
deposition  times.  Moreover,  two  quality  factors  based  on the anti-viral  ability  of the filter,  and  a
traditional  quality  factor based  on  filtration  efficiency,  were  calculated.  The  filtration  efficiency  and
irborne virus
nti-viral air filter
ilter  quality
iO2–Ag nanoparticle

pressure  drop  increased  with  decreasing  media  velocity  and  with  increasing  SA  particle  coating  level.
The  anti-viral  efficiency  also increased  with  increasing  SA  particle  coating  level,  and  decreased  by  with
increasing  virus  deposition  time.  Consequently,  SA  particle  coating  on  a  filter  does  not  have  signifi-
cant  effects  on  filtration  quality,  and  there  is  an optimal  coating  level  to produce  the  highest  anti-viral
quality.
. Introduction
In recent years, airborne microorganisms such as viruses, bacte-
ia, and fungi have become factors of interest for indoor air quality
ecause they can cause acute or chronic disease, which may
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be infectious, allergenic, or toxigenic [1–5]. Viral infection out-
break events caused by fatal viruses, such as highly pathogenic
avian influenza virus (HPAIV), severe acute respiratory syndrome
(SARS) coronavirus, and novel swine-origin influenza A (H1N1)
have increased concerns over viral infection.

The viruses, which are nanometers in size, can persist in small
droplets, and remain suspended in the air long enough to be dis-
persed [6]. Previous studies reported that viruses can exist in the air

of hospital rooms [7,8] and also in human breath [9,10]. Moreover,
large scale outbreaks of SARS were caused via airborne exposure
routes [11,12]. An airborne infection which occurs by transporta-
tion of virus-laden aerosols plays an important role in disease
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ispersion, thus, development of efficient air control technology is
mportant in combating inhalation-related diseases. Antimicrobial
gent treatment is a possible solution to prevent airborne infection.
herefore, the synthesis of various antimicrobial agents and their
pplications for air purification have been studied.

Ag nanoparticles have been widely used as an antimicrobial
gent, and synthesized by various methods. Ion reduction is one
f the methods for synthesis of Ag nanoparticles in aqueous media.
he ion reduction method is used in the presence of stabilizer [13],
specially, reducing Ag+ ions on the surface of support materials
s recommended to provide stability against aggregation [14–16].
umerous researchers have used several different support mate-

ials such as polymers [17–19], inorganic layers [20–22], and
he materials at which the surface is functionalized [14,23–27].
n addition to the ion reduction method, a spark discharge sys-
em is suitable for synthesizing in both gas and liquid media
28,29].

It is known that anti-viral agents act directly by lysing viral
embranes on contact or by binding to virus coat proteins. The
echanism of action of Ag nanoparticles as an antiviral agent has

een studied against several enveloped viruses. It is suggested that
anoparticles bind with a viral envelope glycoprotein and inhibit
he virus by binding to the disulfide bond regions of the cluster of
ifferentiation 4 (CD4) binding domain within the human immu-
odeficiency virus 1 (HIV-1) viral envelope glycoprotein gp120
30,31]. Moreover, it is reported that silver nanoparticles have high
inding affinity for the hepatitis B virus (HBV) DNA and extracellu-

ar virions with different sized Ag nanoparticles, and can inhibit the
roduction of HBV RNA and extracellular virions [32]. It is generally
nderstood that Ag ions and Ag nanoparticles inactivate viruses by
enaturing enzymes by reactions with sulfhydra, amino, carboxyl,
hosphate, and imidazole groups [33–37].

Several research groups studied the inactivation of airborne
iruses via various technologies. Kettleson et al. [38] used an
lectrostatic precipitator (ESP) for capturing and inactivating
erosolized bacteriophages T3 and MS2. Grinshpun et al. [39]
nvestigated inactivation of aerosolized bacteriophage MS2  in a
ontinuous air flow chamber with axial heating for periods of
.1–1 s. Pyankov et al. [40] used sprayed tea tree and eucalyptus oils
or inactivating influenza virus A stain NWS/G70C (H11N9). How-
ver, to our knowledge, no research on the inactivation of airborne
iruses by Ag nanoparticles has been released to the public.

In  a previous study, magnetic silica hybrid particles (0.5–0.7 �m
n diameter) decorated with Ag nanoparticles were synthesized,
nd their antimicrobial ability against Escherichia coli and bacterio-
hage MS2  virus was evaluated in liquid media [26]. A following
tudy presented a large scale fabrication of monodisperse sil-
ca hybrid particles (without magnetic core) decorated with Ag
anoparticles and their prompt antibacterial activity against both
ram-negative and Gram-positive bacteria on air filtration [27]. In

hose studies, the silica hybrid particles, whether they contained
 magnetic Fe3O4 core or not, were functionalized with amino-
ropyl (AP) groups and the AP groups were used as a dispersive
upporter for aggregation control in an aqueous solution and also,
s a post to decorate Ag nanoparticles. Oxidation of the decorated
g nanoparticles was negligibly minimal and their integral hybrid
tructure was conserved even after 8 months, as far as their concen-
ration had been kept higher than 1.3% in aqueous media. Moreover,
urface-oxidized Ag nanoparticles on silica still exhibited a promis-
ng antibacterial activity both in water and air [27].

In  this study, the SiO2–Ag nanoparticles (hereafter called SA
articles) were synthesized by the procedure reported in Ref. [27]

xcept with a magnetic Fe3O4 cluster. Then, we applied particles for
abricating an anti-viral air filter. The pressure drop, filtration effi-
iency, and anti-viral ability of the fabricated filter were evaluated
gainst aerosolized bacteriophage MS2.
aterials 280 (2014) 356–363 357

2.  Materials and methods

2.1.  Synthesis of nanoparticles

SA  particles were prepared by four steps. (1) Synthesis of sil-
ver seeds. (2) Synthesis of silica spheres. (3) Functionalization of
silica surface with AP group. (4) Attachment of silver seeds on the
functionalized silica sphere and size growth of the seeds. In order
to synthesize silver seeds, NaOH (Showa, 93.0%) solution, Tetrakis
(hydroxymethyl phosphonium chloride) (THPC, Sigma–Aldrich,
80% solution in water), and AgNO3 (Sigma–Aldrich, 99.8–100.5%)
solution were used. THPC is known as a formaldehyde-substituted
phosphine  of formula P(CH2OH)4Cl and a safe and convenient
reducing agent for Au3+ in water as it generates active reducing
agent, formaldehyde, and hydrolyzes to O2P(CH2OH)3 as shown in
reactions (1) and (2) [41]. The generated O2P(CH2OH)3 is consid-
ered to protect Au seeds from aggregation. Similarly, the reduction
of Ag+ by formaldehyde is well-known as in reactions (3) and (4)
[42]. Therefore, the same chemistry for the synthesis and protection
of Ag seeds was  applied in this paper.

P(CH2OH)4
+ + OH− → P(CH2OH)3 + CH2O + H2O (1)

P(CH2OH)3 + 2H2O → O2P(CH2OH)3 + 2H2 (2)

2Ag+ + CH2O + 3OH− → 2Ag + HCOO− + 2H2O (3)

2Ag+ + 2CH2O + 2OH− → 2Ag + 2HCOOH + H2 (4)

For  the synthesis of silica spheres (∼400 nm), OH−-catalyzed
hydrolysis and condensation reaction of tetraethylorthosilicate
(TEOS, Sigma–Aldrich) precursors were applied as follows [43].

Si(OCH2CH3)4 + 4H2O → Si(OH)4 + 4CH3CH2OH (5)

nSi(OH)4 → nSiO2 + 2nH2O (6)

After  synthesis of silica spheres, OH−-catalyzed hydrolysis and
condensation reaction of 3-aminopropyltri(methoxy)silane pre-
cursors were applied for AP functionalization of silica spheres, as
in reactions (7) and (8).

Si(OCH3)3(CH2CH2CH2NH2) + 3H2O

→  Si(OH)3(CH2CH2CH2NH2) + 3CH3OH (7)

nSi(OH)3(CH2CH2CH2NH2) + nOH−

→ nSiO2(CH2CH2CH2NH2) + 2nH2O (8)

The functionalized silica spheres and Ag seeds solutions were
mixed, and gently swirled every 30 min. For the growth of Ag seeds
into ∼30 nm-sized Ag nanoparticles on a silica sphere, reactions (3)
and (4) are too fast to control due to high standard redox potential
(+0.80 V). Reduction of [Ag(NH3)2]+ complexes prepared in NH4OH
solution was  controllable due to the decreased reduction potential
(+0.38 V) [44], which means decreased reduction rate, and gener-
ated nicely grown Ag nanoparticles on a silica particle. Then, 50 mL
of the solution was used for coating after being centrifuged 3 times
(4000 rpm, 10 min). The detail procedure of synthesis method was
introduced in Ref. [27].

2.2.  Fabrication of an anti-viral air filter
In this study, glass fiber medium filters which have
0.04 ± 0.005 cm of thickness, 0.0095 ± 0.0003 of solidity, and
1.08 ± 0.36 �m of fiber diameter were chosen to fabricate anti-
viral air filters. The method of fabricating an anti-viral air filter
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ig. 1. Experimental setup for (a) Fabrication. (b) Pressure drop test, and (c) filtration
est.

s shown in Fig. 1a. After 2 lpm of compressed air which was
ontrolled by a mass flow meter (MFM,  4140, TSI Inc., USA) passed
hrough a clean air supply system consisting of an oil-trap, diffu-
ion dryer, and high efficiency particulate air (HEPA) filter, the air
ntered a Collison-type atomizer (9302, TSI Inc., USA) which was
lled with 50 mL  of SA particle solution. The aerosolized nanoparti-
les were carried in a flow and coated on the glass fiber medium air
lter. The particle concentrations upstream (Cin) and downstream
Cout) from the filter sample were measured by a scanning mobility
article sizer (SMPS, TSI Inc., USA) which consisted of a classifier
ontroller (3080, TSI Inc., USA), a differential mobility analyzer
DMA, 3081, TSI Inc., USA), a condensation particle counter (CPC,
022A, TSI Inc., USA), and an aerosol charge neutralizer (Soft X-ray
harger 4530, HCT Co., Ltd., Korea). The sampling air flow rate of
he SMPS was 0.3 lpm. The coating areal density (�areal) of the air
lter was calculated by the following equation,

areal = Qt(Cin − Cout)
A

(9)

here  Q is the flow rate, t is the coating time, and A is the area
f the filter sample (4 cm × 4 cm). The evolution of the SA particle
endrites on the filter fibers was observed using an environmental
canning electron microscope (ESEM; XL30-ESEM, FEI, USA).

.3.  Preparation of microorganism solutions

The bacteriophage MS2  virus (ATCC 15597-B1), and Escherichia
oli strain C3000 (ATTCC 15597) were used as test virus and
ost bacteria, respectively. In order to restore the bacterial cells

rom their freeze-dried state, 10 mL  of tryptic soy broth (TSB) was
njected into the freeze-dried cells and the mixture was  shaken and
ncubated for 24 h at 37 ◦C. Then, 0.1 mL  of incubated bacterial solu-
ion was injected into the 10 mL  of TSB, and the mixture was  used
s a host bacterial solution after additional shaking incubation for

 h at 37 ◦C.
1  mL  of TSB was injected into the freeze-dried MS2  virus. Then,

.1 mL  of the solution was mixed with 0.3 mL  of host bacterial solu-
ion and 29 mL  of soft tryptic soy agar (TSA) containing 8 g/L of agar.
he melted TSA was maintained at 48 ◦C till ready to pour. The mix-
ure was poured onto a petri dish and allowed to dry. The hardened
gar plate was incubated at 37 ◦C overnight, and then the surface
f the agar was scraped off with 10 mL  of phosphate buffer solution
PBS) whose pH was maintained at 7.0. The solution was mixed

ith 10 mL  of chloroform (CHCl3), and centrifuged for 20 min  at

000 × g, and the supernatant was conserved. 0.1 mL  of the super-
atant was diluted with 50 mL  DI water, and the solution was used
s a virus solution.
aterials 280 (2014) 356–363

2.4. Pressure drop and filtration test

The pressure drop across the fabricated air filter was measured
using a digital pressure measuring device (Model 435-1, Testo,
Germany) with various coating areal densities and with various
media velocities of clean air in the range from 0.025 to 0.1 m/s
(Fig. 1b). The measured pressure drop data were verified with the-
oretical predictions carried out using equation [45].

�P = 4�˛Lu(1 + 1.996 Kn)

0.25d2
f

{
−0.5ln  ̨ − 0.75 +  ̨ − (˛2/4) + 1.996 Kn(−0.5ln  ̨ − 0.25 + (˛2/4))

}
(10)

where  ̨ is the filter solidity (dimensionless), L is the depth of the
filter (m), � is the dynamic viscosity of air (Pa s), df is the diameter of
the glass fiber (m), and Kn is the Knudsen number (dimensionless).
The media velocity (u, m/s) is defined as Q/A(1−˛). The solidity of
the fabricated filter was calculated with the following equation,

 ̨ = ˛′ + ˛particle (11)

where ˛′ is the filter solidity of the pristine filter, which can be
calculated by using ˛′ = Mf/(�fAL), where Mf is the filter mass,
and �f is the glass fiber density. ˛particle is the solidity added by
the coated SA particles and is calculated by using the equation,
˛particle = Vp�areal/AL, where Vp is the volume of a SA particle.

The experimental setup to evaluate filtration efficiency of
the fabricated filter is shown in Fig. 1c. The virus solution was
aerosolized by an atomizer, and the aerosols entered a test duct in
which a fabricated filter was installed. Two sampling probes were
placed before and after the filter media for aerosol sampling. The
aerosolized virus concentrations upstream (Cin) and downstream
(Cdown) from the filter were measured by a scanning mobility par-
ticle sizer (SMPS). The filtration efficiency (�filt) of the filter was
calculated as follows,

�filt = 1 − Cin

Cout
(12)

2.5.  Anti-viral test

Virus  particles were aerosolized by an atomizer, and deposited
onto each filter sample for 30 min. Each filter was put into 10 mL
of DI water, and was under sonication for 10 min  with a batch-
type sonicator (KMC1300 V, Vision scientific, Korea) to detach the
deposited virus particles from the filter. Then, the number of virus
particles, which were infectious to E. coli, in the DI water was eval-
uated with the single agar layer method [46]: 0.1 mL  of the solution
was mixed with 0.3 mL  of host bacterial solution and 29 mL  of soft
TSA which was maintained at 48 ◦C. Then the mixture was  poured
into the petri-dish. After overnight incubation at 37 ◦C, the number
of plaques was  counted. Finally, the overall anti-viral efficiency was
calculated using the following equation,

�̄antiviral = 1 − PFUi

PFU0
(13)

where PFU is the concentration of virus particles (PFU/m3, plaque
forming unit), and subscripts i and 0 represent the SA particle
coated filter with various coating areal densities and a pristine filter,
respectively.

In order to evaluate detachment efficiency of the sonication,
�detach, an additional experiment was performed. A drop of virus

solution was dropped onto the pristine filter, and allowed to dry.
The filter was  put into 10 mL of DI water and sonicated for 10 min.
Then, the number of virus particles in the drop of virus solution
and also that in the used DI water were evaluated with the single
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to investigate whether coated SA particles could be detached from
the filter. The concentration downstream from the fabricated filter
Y.H. Joe et al. / Journal of Hazar

gar layer method. The detachment efficiency was  calculated by
he following equation,

detach = 1 − PFUDW × VDW

PFUdrop × Vdrop
(14)

here V is the volume of the liquid, and subscripts DW and drop
epresent the used DI water and a drop of virus solution, respec-
ively.

During the sonication process, SA particles which are detached
rom the filter can cause anti-viral action in the water media. In
ddition, Ag+ ions which are diffused from the SA particles to
he water media can result in additional antiviral action. Thus,
he following additional experiments were carried out to evaluate
ffects of Ag+ ions and detached SA particles on anti-viral action.

 virus-free SA particle-coated filter which had 1.2 × 109 number
f particles (#) per unit filter surface area (cm2) of coating areal
ensity (maximum coating areal density in this study) was  put

nto 10 mL  of DI water, and was under sonication for 10 min. After
onication, the filter was separated from the DI water, where Ag+

ons and SA particles might be dissolved. Then, aerosolized virus
articles were deposited on the pristine filter for 30 min. The virus-
ontaminated filter was put into the DI water used in the previous
tep, and was under sonication for 10 min, so that virus particles
ould be contained in the DI water. The number of infectious virus
articles in the solution was evaluated with the single agar layer
ethod, and the anti-viral efficiency due to both the Ag+ ions and

etached SA particles was calculated using Eq. (13).

.  Results and discussion

.1.  Fabrication of anti-viral air filter

The size distribution of aerosolized SA particles measured
pstream of the filter with the SMPS is shown in Fig. 2. The mode
iameter of the SA particles was about 430 nm.  The geometric
tandard derivation and total number concentration were 2.30 and
.8 × 105 number of particles (#) per unit air volume (cm3), respec-
ively. It is observed that residue particles smaller than 100 nm still
emained in the solution even after three rounds of centrifuging,
ut their amount was negligible. Fig. 2 also shows the size dis-

ribution of the SA particles measured downstream of the filter
fter the coating process. The difference between the upstream
oncentration and the downstream concentration was continu-
usly monitored during the process. Fig. 3 shows an ESEM image of

Fig. 2. SA particles concentrations upstream and downstream of the filter.
Fig. 3. ESEM image of SA particle coated air filter.

the fabricated filter. It is seen that SA particles were well distributed
and coated on the glass fiber. The size of the SA particles was about
400–450 nm,  which matched the SMPS data. The SA particle coated
filters were fabricated with various coating areal densities from
2.0 × 107 to 1.2 × 109 #/cm2.

A  pressure drop test was carried out with the fabricated filters.
For each filter, pressure drops were measured with various coat-
ing areal densities and media velocities. Fig. 4 shows that for any
media velocity, the pressure drop increased as the coating areal
density increased. Similarly, the pressure drop increased as the
media velocity increased, for a given coating areal density. The filter
with an areal density of 1.2 × 109 #/cm2 had solidity of about 0.01,
while the solidity of the pristine filter (˛′) was 0.009. The increment
of solidity (˛particle = 0.001) was enough to disturb the flow inside
the filter and change the pressure drop. Theoretical values pre-
dicted by Eq. (10) were consistent with the experimental tendency.
Moreover, an experiment was  carried out using 0.5 m/s of clean air
Fig. 4. Pressure drop of fabricated filter; symbol: experimental data, line: calculated
by  Eq. (10).
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Fig. 5. Size distribution of aerosolized MS2  particles.

as measured by the CPC, and the results show that no SA particles
ere detached from any fabricated filter samples.

.2. Filtration of aerosolized MS2

The size distribution of aerosolized MS2  is shown in Fig. 5. The
ode diameter of the aerosolized virus particles was  37 nm.  The

eometric standard derivation and number concentration were
.7 and 8.45 × 106 #/cc, respectively. Filtration efficiencies of fab-
icated air filters for various coating areal densities and media
elocities are shown in Fig. 6. The filtration efficiency increased
ith decreasing media velocity for a given coating areal density.

t is well known that the filtration mechanism for nanoparticles at
he tens-of-nanometer scale is dominated by diffusional motion of
he particles. It is well known that the filtration efficiency due to
rownian diffusion increases with decreasing media velocity for a
iven particle size [47]. The experimental results shown in Fig. 6
ollow this tendency. Moreover, Fig. 6 shows that the filtration effi-
iency increased with increasing coating areal density for a given

edia velocity. In previous research, the filtration efficiency of a

article-loaded filter was suggested as follows [48],

filt = 1 − P0exp[−ˇ�areal] (15)

ig. 6. Filtration efficiency of the fabricated filter with various coating areal densities
nd media velocities; symbol: experimental data, line: calculated by Eq. (15).
Fig. 7. Overall anti-viral efficiency of the fabricated filter with various coating areal
density.

where P0 is the penetration of the particle unloaded filter, depend-
ing on the media velocity.  ̌ is a constant representing filter
performance, which depends on the filter material. The experi-
mental results were well predicted by Eq. (15) when  ̌ was set as
7.0 × 10−10 cm2.

3.3.  Anti-viral effect

The  effect of sonication on the number of detached virus parti-
cles was tested (detachment test). From repeated measurements
of the detachment test, the detachment efficiency, �detach, was
obtained as 0.3 ± 0.03, which means that 30% of captured virus par-
ticles were detached and re-suspended in the DI water. Fig. 7 shows
the overall anti-viral efficiency of the fabricated filter with various
coating areal densities. The efficiency exponentially increased as
the coating areal density increased, and most virus particles (99.9%)
lost their infectiousness when the coating areal density was higher
than 2.0 × 108 #/cm2.

It  was  found that the anti-viral action with Ag ions and SA parti-
cles diffused and detached from the filter (�areal = 1.2 × 109 #/cm2),
respectively, was 1.6 ± 3.8%. Therefore, it can be concluded that the
anti-viral action of SA particles against MS2  was mostly performed
when MS2  particles contacted the SA particles on the filter in an air
media.

Even though the overall anti-viral efficiency can be used to
compare anti-viral abilities between various SA particle-coated air
filters, there are two  issues which should be addressed. The first
issue is about the ratio of the number of virus particles deposited
on the filter to the SA particles in the filter. As shown in Fig. 7, the
overall anti-viral efficiency was strongly influenced by the amount
of SA particles coated in a filter. Note that each data point was
determined with Eq. (13) and plaque counting was performed for a
filter after the filter was continuously deposited by the aerosolized
virus particles for 30 min. However, for virus deposition times other
than 30 min, different antiviral efficiencies would be obtained. If
the deposition time increases, the ratio of the number of virus par-
ticles to SA particles will increase, implying that the amount of SA
particles would not be enough for antiviral action against the virus
particles. The second issue is about the fact that the filtration effi-
ciency increased with the coating areal density. As shown in Fig. 6,
the filtration efficiency was  a function of coating areal density, thus,

the amount of deposited virus particles increased with coating areal
density for a given virus deposition time.

In order to consider these two issues as well as the results of
Fig. 7, the time dependent anti-viral efficiency, �antiviral(t), can be
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xpressed with a modified exponential rise to max  equation, as
ollows,

antiviral(t) = 1 − exp

[
−˛

�areal

Ṅdepot

]
(16)

here  ̨ is a dimensionless value and t is the virus deposition time.
˙ depo is the flux of deposited virus particles (PFU/cm2/min) which
s determined by the filtration efficiency as follows,

˙ depo = �filtṄin (17)

here Ṅin is the flux of entering virus particles (PFU/cm2/min). The
nknown value  ̨ can be a function of the characteristics of the filter
nd coated anti-viral agent, species of virus particles, and deposi-
ion of dust particles which can interrupt the contact between virus
articles and the anti-viral agent. In this study, all of the experi-
ents were performed in clean air (no dust effect) and only one

irus species was considered. Thus,  ̨ was assumed to be constant
or simplification.

Using Eq. (16), the number of surviving virus particles per unit
rea (Nsurv, PFU/cm2) can be calculated as follows,

Nsurv =
∫ �

0

(1 − �antiviral(t))Ṅdepodt

= Ṅdepo� exp

[
−˛

�areal

Ṅdepo�

]
+ ˛�arealEi

[
−˛

�areal

Ṅdepo�

] (18)

here � is the operating time (i.e., virus deposition time), and a
unction Ei(z) is the exponential integral function defined as

i(z) = −
∫ ∞

−z

e−t

t
dt  (19)

Using the experimental results of PFUi and PFU0, the values of
˙ in, and Nsurv were calculated as follows,

˙ in = �filt

�detach�filt,0

l × PFU0

A�
(20)

surv = 1
�detach

l × PFUi

A
(21)

here �filt,0 is the filtration efficiency of the pristine air filter, and l is
he volume of the DI water containing virus particles detached from
he filter (10 mL  in this study). The values of Nsurv theoretically cal-
ulated by Eq. (18) rapidly decreased with increasing coating areal
ensity and were well matched with Nsurv values determined by
q. (21) with experimental data, when the dimensionless constant,
, was 3.15 × 10−5 and the virus deposition time, �, was  30 min

Fig. 8a). Consequently, the time-dependent anti-viral efficiencies
ere calculated by substituting the value of  ̨ into Eq. (16) for vari-

us coating areal densities. The values of �filt determined by Eq. (15)
ere also used. Fig. 8b shows that �antiviral(t) increased with coating

real density but decreased with virus deposition time. When the
oating areal density was higher than 6.0 × 108 #/cm2, no remark-
ble changes were induced and the anti-viral efficiency would be
ustained for a long time.

.4.  Quality factors

Generally,  two parameters are used to determine the perfor-
ance of a filter; (1) particle collection efficiency of a filter and

2) pressure drop across the filter. The best filter is the one that
ives the highest collection efficiency with the least pressure drop.
owever, increasing collection efficiency necessarily accompanies
ncreasing of pressure drop. Since pressure drop is related to energy
xpenditure in filtration, the quotient of the logarithm of the pen-
tration and the pressure drop is a measure of the performance
chieved against the energy expended. This quotient is called the
Fig. 8. Calculation results of (a) Nsurv with various coating areal density and (b)
anti-viral  efficiency with various virus deposition time.

quality factor. Therefore, the quality factor is used as a useful cri-
terion for comparing different filters of different thickness. In this
study, in order to compare the performances of various anti-viral
air filters, three different filter quality factors were evaluated: filtra-
tion quality factor (qfilt), overall anti-viral quality factor (q̄antiviral),
and time-dependent anti-viral quality factor (qantiviral), which were
defined as follows,

qfilt = ln(1/1 − �filt)
�P

(22)

q̄antiviral = ln(1/(1 − �̄antiviral))
�P

(23)

qantiviral(t) = ln(1/1 − �antiviral(t))
�P

(24)

The filtration quality factor (qfilt) decreased with increasing
media velocity (Fig. 9a). However, coating areal density did not
lead to significant changes in the filtration quality factor, since
both filtration efficiency (�filt) and pressure drop increased with
increasing coating areal density. The overall anti-viral quality factor
(q̄antiviral) also decreased with increasing media velocity (Fig. 9b).
With increasing of coating areal density, q̄antiviral increased for a

given media velocity until the efficiency reached its maximum
value (99.9%), but gradually decreased, since the pressure drop con-
tinuously increased while the anti-viral efficiency ( �̄antiviral) was
maintained at a maximum. For a given coating areal density, the
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ig. 9. Quality factors of the filter; (a) as a function of filtration efficiency, (b) as a 

fficiency @ u = 0.05 m/s.

ime-dependent anti-viral quality factor (qantiviral(t)) approached
n infinite value due to �antiviral(0) ≈ 1 when the virus deposition
ime was close to zero and exponentally decreased with increas-
ng virus deposition time (Fig. 9c). Moreover, with a higher coating
real density, qantiviral(t) gradually decreased. By comparing these
uality factors, it can be concluded that coating SA particles on a
lter does not lead to a significant effect on the filtration quality,
nd there is an optimal coating areal density to obtain the high-
st anti-viral quality. These factors can be used as a criterion for
etermining the effective coating level for an anti-viral agent.
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