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ABSTRACT

The antibacterial reaction rate k; (CFU/g-hr) and total antibacterial capacity qr (CFU/g) were calculated to evaluate the
performance of antibacterial Ag-zeolite (AgZ) with a series of experiments. The continuous antibacterial reactions at 10 and
80 hr were respectively repeated nine times to evaluate the AgZ antibacterial ability. An antibacterial system was conducted
in a fixed bed reactor packed with AgZ to reduce bacterium and fungus counts in the indoor environment. The AgZ used in
this study was prepared in two steps including Y-type zeolites synthesis and Ag ion-exchange. X-ray diffraction (XRD) and
field emission scanning electron microscopy (FE-SEM) were carried out to identify the characteristic of AgZ. The results
demonstrated that the antibacterial efficiencies of 1, 2 and 3 wt% AgZ against bacterium and the fungus were all higher than
95% after 120 min of operation, and 1 wt% AgZ was considered to be more cost-effective since its antibacterial efficiency
could approach 90% in less than 60 min. The 1 wt% AgZ had excellent performance repeated usage up to nine times.

Keywords: Bacterium; Fungus; Antibacterial reaction rate; Antibacterial capacity; Regeneration.

INTRODUCTION

Indoor air quality (IAQ) is an increasingly important issue
for human health due to people spending 90% of their life
indoors (Reynolds et al., 2001; Tringe et al., 2008). Most
indoor environments use air conditioners to control the
temperature and humidity. A reduction in the ventilation rate
could achieve potential energy savings. On the other hand,
continuing running the system for a long time decreases the
efficiency of air ventilation and causes bioaerosols, airborne
particles of biological origins, to accumulate indoors (Lee,
2011). Bioaerosols contribute to about 5-34% of indoor air
pollution (Srikanth et al., 2008), including viruses, bacteria,
fungi and all varieties of living materials with highly variable
and complex characteristics. Unfortunately, high bioaerosol
concentration exposure is often associated with sick building
syndrome (SBS) and hypersensitivity diseases (Main, 2003;
Lee et al., 2011).

UV irradiation, electric ion emissions and heating
ventilation air conditioning (HVAC) systems are the most
common control methods for removing acrosol pollutants

" Corresponding author. Tel.: +886 5 5342601;
Fax: +886 5 5312069
E-mail address: hsiechcc@yuntech.edu.tw

in residential and commercial buildings. UV irradiation is
known to have a removal effect on the bioaerosols and it
can be applied by a simple installation (Nicas and Miller,
1999; Lin and Li, 2002; Grinshpun ef al., 2007), but the UV
irradiation may produce ozone and radicals cause harmful
effects to humans (Duthie ef al., 1999). Although air electric
ions can remove indoor aerosol particles (Huang et al., 2008),
the shortcomings of producing ozone and the resulting electric
charges accumulating on surrounding surfaces need to
overcome (Phillips et al., 1999). HVAC systems can remove
or dilute more than 80% of aerosols or moisture from the
outdoors, but they can also provide a favorable environment
for bioaerosols to grow as ventilation or air conditioning
systems are usually equipped with low efficiency filters
(Jung et al., 2006; Ji et al., 2007; Huang et al., 2008; Kim
etal.,2011; Kwon et al., 2011).

Currently, nano-materials have become the most widely
used agent to reduce indoor bioaerosols (Paschoalino and
Jardim, 2008). The typical nano-materials used include heavy
metals or ions such as silver, zinc and copper. Compared
with other antibacterial heavy metals, silver particles and
silver ions are relatively less toxic to human cells (Russell
and Hugo 1994) and have strong activity to control bacterial
growth at low concentrations (Feng et al., 2000; Kawahara
et al., 2000; Inoue et al., 2002). Because of the antibacterial
activity of silver, many silver-containing materials have been
developed for antibacterial applications (Jeon et al., 2003;
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Zhang et al., 2004; Morrison et al., 2006; Wang et al., 2006).
Zeolite is one of the nano-materials with several advantages
such as selective adsorption, hydrophobic characteristic,
multiporous structure, plasticity, and regeneration. Coating
or impregnating zeolite with metallic silver (Ag) particles
to prepare zeolite composites can enhance the antibacterial
ability of materials, and these materials can inhibit bacterial
growth effectively.

Most of current antibacterial studies have focused on
microorganisms in liquid phases such as using the methods
of growth inhibition, minimum inhibitory concentrations
and zone of inhibition assays to determine the antibacterial
properties of materials (Cinar et al., 2009; Park et al., 2009;
Mohan et al., 2011; Wu et al., 2011). There is lack of
information about investigating air phase bioaerosol removal
systems in a continuous-flow environment. In this study, a
better reservoir of Y-type zeolite was used because of its
relatively high ion exchange capacity and lattice stability
(Inoue et al., 2008; Zhang et al., 2008; Dastanian and
Seyedeyn-Azad, 2010; Talebi er al, 2010). Ag-zeolite
(AgZ) composites were prepared and applied in an
antibacterial system to reduce indoor bacterial and fungus
counts. Furthermore, it is necessary to find adequate and
practical parameters for controlling bioaerosols in indoor
environments. The objectives of this work are to prepare
AgZ and apply it in a series of antibacterial and regenerated
experiments under the continuous-flow conditions. The
bioaerosol antibacterial efficiencies, antibacterial reaction
rate k; (CFU/g-hr) and total antibacterial capacity qr
(CFU/g) of AgZ are investigated.

MATERIALS AND METHODS

Materials

Sodium silico-aluminate, silics and sodium hydroxide
powder were used to synthesize zeolite. Sodium silico-
aluminate (Grade Z-14, Grace Davison Division) purchased
from WR Grace & Co. Company was used as the aluminate
source of zeolite. Silics (Hi-SilTM 238, SiO, molecular
weight 60.1 g/mole, CAS Number 7631-86-9) purchased
from PPG Industries Taiwan Ltd. was used as the silica
source of zeolite. Sodium hydroxide powder (> 97 wt %)
was purchased from Katayama Chemical Co., Ltd. Silver
nitrate AgNO; purchased from Katayama Chemical Co.,
Ltd. was used in preparation of AgZ. Nutrient agar and
malt extract agar (Difco™ & BBL™ Manual) were used
for the cultivation of the bacterium.

Preparation of the AgZ

The antibacterial materials AgZ were prepared in two
steps including Y-type zeolites synthesis and Ag ion-
exchange. The detailed preparation is described in the
following sections.

Synthesis Zeolites

A hydrothermally synthesized method was used for Y-
type zeolite synthesis. The sodium aluminate and silica
precursors for Y-type zeolite were prepared by the dissolution
of NaOH and deionized water. The colloidal mixer was

obtained by stirring these precursors thoroughly. The colloidal
mixer was prepared and proceeded to produce hollow
columns (5 mm ¢ x 1 mm id. x 3 mm L) by extrusion.
After centrifuging for 3 hr, washing with deionized water,
air drying at 105°C for 8 hr, and calcinating under 450°C
for 8 hr, the reservoir zeolite was obtained.

lon-exchange and Calcination

The silver-coated zeolite was prepared by the ion-exchange
method. The ion-exchange was carried out by the addition
of 10 g zeolite into adequate concentrations of silver nitrate
solutions to prepare 1, 2 and 3 wt% AgZ. The suspension
was stirred at room temperature in the dark for 24 hr. Then
centrifuged (3 hr) and washed with deionized water to
remove excess AgNQO;, sequentially. AgZ was obtained
after air drying under 105°C for 8 hr and calcinating under
450°C for 8 hr.

Material Characterization

X-ray diffraction (XRD) was carried out to identify the
phase structure of antibacterial materials. The XRD patterns
were obtained with 20 angle scanning from 20 to 50°.
Field emission scanning electron microscopy (FE-SEM,
Joel 5410LV) was carried out to examine the morphological
properties of the AgZ. The nitrogen absorbance method using
a multipoint BET technique (ASAP 2010, Micrometritics,
USA) was carried out to analyze the Brunauer-Emmett-
Teller specific surface area (Sggr) and pore size distributions
of antibacterial materials.

Antibacterial Experiments
Antibacterial System

The antibacterial experiment conditions and background
information is shown in Table 1. The laboratory-scale
experiments were carried out in-situ with room volume of 100
m’ (5mL x5mW x4 m H) with plaster walls. Evaluation
of the AgZ performance was conducted by measuring the
single-pass efficiency in reducing concentrations of bacterium
and fungus. An antibacterial system was used to reduce
bacterium and fungus counts in the indoor environment,
and the flow chart of the antibacterial process is shown in
Fig. 1. The main body of the antibacterial system is a fixed
bed reactor (2 cm id. x 30 cm L) packed with 10 g
antibacterial material and the system is integrated with a
pre-heated device which could offer 2 hr at 150 + 5°C heat
for material regeneration. The fixed bed was filled with 5
mm glass beads in order to provide a uniform flow of air
flow through the fixed bed. The AgZ material was reused
nine times (regenerated eight times), and the materials were
assigned to Fresh, Run 2, Run 3, Run 4, Run 5, Run 6, Run
7, Run 8 and Run 9 (Run 2 indicated that the AgZ was used
a second time). The air flow rate was controlled by using an
air pump (Lamotte Chemical Products Co., Chestertom, MD).
The continuous experiments performed under system air
flow rates were controlled at 100 L/min for antibacterial
processes and 1 L/min for material regeneration. The air
was flowed in the reverse direction during the regeneration
process. Temperature and humidity during each antibacterial
experiment were 25 + 2°C and 55 + 5%, respectively. The
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Table 1. Conditions of antibacterial experiments.

Conditions of antibacterial experiments

Values

Environmental conditions:
Room volume (m®)
Bacterium concentration in the influent (CFU/m’)
Fungus concentration in the influent (CFU/m’)
Temperature (°C)
Relative humidity (%)

100 5mLx5mW x4mH)
1,311 £ 368 (N = 45)
1,049 =299 (N = 45)

25+2
55+5

Equipment conditions:
Packed column size (cm)
AgZ packed in fixed bed (g)
Pre-heated temperature (°C)
AgZ regeneration time (hr)
Air pump and sampling flow rates (L/min)
Bioaerosol sampling volume (L)
Sampling period for a cycle (hr)

30cmL,id. 2 cm
10
150+ 5
2
100
15
10 or 80

CFU/m’: colony forming units per cubic meter.

Air vented to outdoor

Indoor environment

Fixed bed system
o

Pre-heated device

Outlet sampling

Indoor air

l

Inlet sampling

—— Antibacterial process

*----- Regeneration
Alr — Air return to indoor
pump
Air < - - -Indoor air
pump

o Pre-heated | |
device

Fig. 1. Schematic of the fixed bed system.

repeatedly used materials were applied in the antibacterial
experiment, and the antibacterial efficiency and total
antibacterial capacity of each cycle was calculated by
analyzing the bacterial and fungal counts.

Sampling
The inlet and outlet sampling port of the antibacterial
system were analyzed and the field blanks were also

analyzed exactly using the same method. The bioaerosol
concentration was expressed in colony forming units per
cubic meter (CFU/m”). Bacterium and fungus were collected
using an Andersen biological cascade impactor (Andersen
Sampler, Inc., Atlanta, Ga.) at an air flow rate of 100 L/min
(sampling volume 15 L), and it conformed to isokinetic
sampling conditions. The experiments sampling period for
an antibacterial cycle was 10 and 80 hr. Before sampling,
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the tubes and pipes of Andersen Sampler were washed with
ethanol and deionized water.

Microbial Analysis Methods

The cultivation and determination of bacterium and fungus
were determined by the standard methods of the Taiwan
EPA NIEA E301.11C and NIEA E401.11C, respectively, to
assess biological contaminants in the indoor environment.
Both methods referred to the US EPA standard method of
“Guidelines for the assessment of bioaerosols in the indoor
environment”. The reported data was the average value of
two parallel samples. Petri dishes were incubated 48 £ 2 hr
at 30 + 1°C and 5 £ 2 days at 25 + 1°C for bacterial counts
and for fungal counts, respectively.

Calculation

The antibacterial reaction rate (ki) at time t of AgZ was
defined by Eq. (1) as the amount of microbial counts
removed per g of AgZ and per unit time:

K, :(COM;C)Q (1)

The total antibacterial capacity (qr) of AgZ was calculated
from Eq. (2):

D (¢, -Cat

M, 2

qr =
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where k; is the antibacterial reaction rate of AgZ (CFU/g-
hr) at time t; qr is the total antibacterial capacity of AgZ
(CFU/g) during the operation time; Cy and C are inlet and
outlet bioaerosol concentrations of the fixed bed system
(CFU/m%); Q is the inlet air flow rate (m*/min); At is the
time difference between two influent sampling times (min);
M, is the AgZ mass used in the antibacterial experiment (g).

RESULTS AND DISCUSSION

Structural Characterization

AgZ was prepared as hollow columns (5 mm ¢ x 1 mm
id. X 3 mm L) by extrusion. AgZ applied in air conditioners
could reduce high pressure drops, and it could achieve
energy savings and reduce electricity usage. Fig. 2 shows
the XRD patterns of the zeolite and AgZ composites. The
typical diffraction peaks of zeolite ranged from 26 of 10 to
35°, and their intensity decreased when the increasing Ag
content slightly. The prominent peaks of Ag at 20 values
of about 38, 44, 65, and 77° represented the (111), (200),
(220), and (311) Bragg’s reflections of face-centered cubic
crystalline silver, and this result further confirmed a
previous study (Khanna et al., 2005). Moreover, increasing
the amount of Ag in the zeolite led to the enhancement of
the characteristic peaks of Ag, implying the development
of crystalline Ag nano-particles. SEM was used to evaluate
the surface morphology of the AgZ. As shown in Fig. 3(a),
the surface of pure zeolite looked very satiny in appearance.
The surfaces of the 1 wt% AgZ (Fig. 3(b)) exhibited a rough
homogeneous morphology, which means that the zeolite

1200
1000 -
= 3 wt% AgZ
=
800 |- <
E
&
2 o
Z 600 | 2 wt% AgZ
Q
g
400 -
1 wt% AgZ
200
zeolite
0 L
0 10 20 30 40 50 60 70 80 90
2 Theta (degree)

Fig. 2. XRD patterns of the zeolite composites.
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Fig. 3. FE-SEM images of (a) zeolite (x 50,000) and (b) 1wt% AgZ (x 40,000).

surfaces were covered with grafted Ag particles. It was
observed that the AgZ composites consisted of nano-
agglomerated (typically in the range of less than 100 nm) and
uniformly distributed Ag particles in the zeolite. Moreover,
zeolites are aluminosilicate solids with structures based upon
a three dimensional framework and they have micropores
constructed by connecting many small cages. Silver ions
are located at specific positions within the interior of the cage
because of the surrounding electron density (Kawahara et
al., 2000; Inoue et al., 2002; Thom et al., 2003). Because
the native cations in the zeolite structure can be exchanged
with metal ions, zeolite is one of the superior reservoirs for
coating metal catalysts, (Ruihong et al., 2006).

AgZ was recycled nine times in the study, and the Sggr
values and pore diameter distributions were analyzed for
Fresh, Run 6 and Run 9 AgZ. As shown in Table 2, Zeolite

413

100nm 007gphl3
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X 50,000 3.0kV SEM

had a Sgrr value of 257 mz/g, and 1 wt% AgZ had lower
Sger of 216 mz/g due to the blocking of Ag particles
deposited into zeolite channels and the channel structures
had not significantly changed. The Sggr values of Fresh,
Run 6 and Run 9 AgZ were 216, 115 and 106 m%/g,
respectively. Sger decreased with regeneration times probably
due to the partial collapse of the channels by the 150°C
heating process. However, Run 6 and Run 9 AgZ had the
approximate Sggr, and it might be that the channel structure
of AgZ had not significantly changed after six usages. The
pore diameter distribution of 1 wt% AgZ (74% particle size
was 20—80 nm) was similar to zeolite (78% particle size was
20-80 nm). AgZ used the sixth time had higher pore diameter
size, and the primary particle size of it was 20—80 nm (30%)
and over 80 nm (61%). AgZ used the ninth time almost had
the same pore diameter distribution with that used the sixth



414

Cheng et al., Aerosol and Air Quality Research, 12: 409—419, 2012

Table 2. Physical properties of zeolite composites.

- —
Antibacterial materials (31%];;) <20 nr: = dlamggtfg(gséﬁlbutlon (A))> 80 nm
Zeolite Fresh 257 16.1 73.7 10.2
Fresh 216 14.5 78.1 7.4
1 wt% AgZ Run 6 (6th recycle) 115 8.9 30.3 60.8
Run 9 (9th recycle) 106 8.3 30.3 61.4

Sger: Brunauer-Emmett-Teller specific surface area.

time. It could be found that the pore diameter size of AgZ
was increased after antibacterial reaction which might be
due to bioaerosols blocking the smaller pores.

Effect of Zeolite and AgZ on Antibacterial Efficiency
Under the experimental conditions of bacterium and
fungus initial concentrations were 1,215 + 348 and 983 +
352 CFU/m® (N = 20) in the 100 m® room. To evaluate the
influence of Ag coated into zeolite composites on
antibacterial efficacies, the experiments of AgZ against
bacterium and fungus were investigated. Fig. 4 and Fig. 5
detailed the antibacterial efficiencies of the 10 g AgZ
composites against bacterium and fungus, and the results
demonstrated that low and unstable antibacterial efficiency
was exhibited of zeolite alone. As shown in Fig. 4, the
antibacterial efficiencies of zeolite against bacterium had
an unstable variation with time due to zeolite only having
an adsorption removal mechanism but not having any
significant antibacterial reaction. Zeolite has high capture
capacity due to the properties of porosity resulting in high
surface area. Zeolite could remove bioaerosols by the capture
process, but they could also provide a favorable environment
for bioaerosols to grow. We consider that zeolite only is
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Fig. 4. The antibacterial efficiencies of zeolite composites
against bacterium at different times. Condition: bacterium
initial concentration was 1,215 + 348 CFU/m’ (N = 20).
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Fig. 5. The antibacterial efficiencies of zeolite composites
against fungus at different times. Condition: fungus initial
concentration was 983 £ 352 CFU/m* (N = 20).

not an effective antibacterial material without impregnating
with Ag, but zeolite offers a better reservoir for Ag supported
on it due to its channel structure. Although the antibacterial
efficiencies of zeolite against fungus increased with operation
time, the lower antibacterial efficiencies were 46, 58 and 63%
for 30, 60 and 120 min. The results exhibit that antibacterial
efficiencies of AgZ against bacterium and fungus were
significantly raised to the 90% level, and all the antibacterial
efficiencies were higher than that of zeolite alone. It was
observed that the antibacterial efficiencies of 1 wt% AgZ
against bacterium were 83%, 95% and 99% for 30, 60 and
120 min. As shown in Fig. 5, the antibacterial efficiencies
of 1 wt% AgZ against fungus were 86%, 96% and 99% for
30, 60 and 120 min. The antibacterial efficiencies of AgZ
against bacterium and fungus rapidly increased as the time
increased from O to 15 min. The results demonstrate that
AgZ had higher antibacterial efficiency (exceeding 30 and
40% for bacterium and fungus) than zeolite alone after 120
min operation. Comparing the antibacterial efficiencies of
1, 2 and 3 wt% AgZ, it could be found that there was less
than 10% difference in antibacterial efficiency after 15 min
operation. As shown in Fig. 4 and Fig. 5, the antibacterial
efficiencies of 1, 2 and 3 wt% AgZ against bacterium and
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fungus ranged from 78 to 82% and 82 to 90% after 15 min
operation. Significant antibacterial efficiency took place in
about 120 min, and the antibacterial efficiencies of 1, 2
and 3 wt% AgZ against bacterium and the fungus were all
higher than 95%. According to this result, 1 wt% AgZ was
considered to be more cost-effective. The results could show
that zeolite coated with silver ions show better antibacterial
efficiency against bacterium and fungus. Zeolite micropores
offer unique reaction fields for catalytic reactions based on
narrow pore, a variety of channel structure, a silver ion
exchangeability and strong solid structure. The particle
size of bioaerosols is usually bigger than zeolite micropores
and bioaerosol cannot enter the zeolite micropore. Thus, the
antibacterial reaction may only occur at the surface of zeolite.
This phenomenon could reduce the antibacterial effectiveness
factor for Ag. Therefore, it can be concluded that excessive
silver impregnated on zeolite does not significantly increase
the antibacterial efficiency. Furthermore, a relatively low
bioaerosol concentration occurred in the indoor may also
lead to excessive silver does not significantly increase the
antibacterial efficiency. We consider that 1 wt% AgZ is
the optimum material used in indoor environment. The
high antibacterial efficiencies were due to bacterium being
destroyed by the silver ions, and they include the following
points: (1) the silver ions aid in the generation of reactive
oxygen species, which are produced through the inhibition of
respiratory enzymes by silver ions (Matsumura ef al., 2003);
(2) the antibacterial activity of silver ions may also result
from their ability for binding to essential enzyme sulthydrals,
thereby breaking these protein bonds (Oppermann et al.,
1980; Russell and Hugo, 1994).

Antibacterial Efficiency and Antibacterial Reaction Rate
(k) of AgZ Regeneration

The antibacterial efficiencies of 1 wt% AgZ recycled and
used during 10 and 80 hr were investigated by analyzing

microbial counts. Antibacterial materials 1 wt% AgZ
regenerated by a heating process (150°C, 2 h) before each
recycled usage. The results are reported in Table 3, and the
total bacterium and fungus counts in the influent of the
fixed bed system were 3.7 x 10* to 8.6 x 10* CFU and 3.1 x
10* to 9.6 x 10* CFU during 10 hr, respectively. The 1 wt%
AgZ had high and stable antibacterial efficiencies for nine
recycle usages. As shown in Fig. 6 and Fig. 7, the average
bacterium and fungus antibacterial efficiencies of each cycle
were respectively higher than 93% (ranged from 93 to 98%)
and 94% (ranged from 94 to 98%) after equilibrium. The
total bacterium and fungus counts in the influent of the
fixed bed system were 5.5 x 10° to 6.9 x 10° CFU and 4.4
x 10° to 5.8 x 10° CFU during 80 hr, respectively. We could
find that bacterium and fungus antibacterial efficiencies
were stable after 10 hr. The antibacterial efficiencies after
80 hr equilibrium operation of Fresh, Run 6 and Run 9 AgZ
were respectively 94 + 3, 94 + 3 and 95 + 3% for bacterium;
and 94 +£ 4, 92 £ 5 and 95 + 2% for fungus. Each value of
the mean and standard deviation were calculated from 24
data which were obtained after 80 hr operation.

The antibacterial reaction rate k, was investigated to
understand the AgZ antibacterial reaction rate in the indoor
environment, and k; also could be used as an indicator to
evaluate the AgZ antibacterial ability with operation or
regeneration times. The antibacterial reaction rates of 1
wt% AgZ during different 80 hr recycle operations were
calculated and are presented in Fig. 8. The results show
that the average bacterium antibacterial reaction rates of
Fresh, Run 6 and Run 9 AgZ were respectively 856 = 171,
706 £ 173 and 667 + 165 CFU/g-hr; and the average fungus
antibacterial reaction rates were 817 + 136, 573 + 160 and
547 £ 89 CFU/g-hr, respectively. Although the values of
antibacterial reaction rates decreased with the times recycled,
the value might also be affected by total microbial counts in
the influent. In order to evaluate the AgZ antibacterial ability

Table 3. The antibacterial efficiency and maximum antibacterial capacity of AgZ.

Microbial information Fresh Run 2 Run 3

Run 4

Run 5 Run 6 Run 7 Run 8 Run 9

Bacterium removal for running 10 h

N, (CFU) 8.6 x 10* 82x10* 3.7x10* 52x10* 7.4x10* 84 x 10" 7.0 x10* 6.6 x10* 7.0 x 10*
qr (CFU/g) 82x10° 7.7x10° 3.5x10° 49x10° 72x10° 8.0x10° 6.6x10° 62x10° 6.8 x 10’
Ne (%) 98 +2 95+5 93 +38 96 + 4 97+3 94+ 1 97+2 94+3 96 +2
Fungus removal for running 10 h
N, (CFU) 9.6 x 10* 5.8x10* 3.1x10* 4.3x10* 49x10* 6.1 x10* 7.0x10* 6.0 x 10* 5.8 x 10*
qr (CFU/g) 92x10° 55x10° 3.0x10° 4.1x10° 47x10° 59x10° 6.6x10° 58x10° 5.6x 10’
e (%) 98+2 95+2 96+4 95+5 96+3 95+4 94+3  96+2  95+2
Bacterium removal for running 80 h
N, (CFU) 6.5x10° - - - 7.2 % 10° - - 5.5x10°
qr (CFU/g) 6.1 x10* - - - 6.9 x 10* - - 5.3 x 10*
e (%) 94 +3 - - - 94 +3 - - 95+ 3
Fungus removal for running 80 h
N, (CFU) 5.8 x10° - - - 4.5x10° - - 44 x10°
qr (CFU/g) 5.4x10* - - - 42 % 10* - - 42x10*
e (%) 93 +4 - - - 92+5 - - 95+2

No: total microbial counts in influent.
qr: total antibacterial capacity during the operation time.
1. antibacterial efficiency after equilibrium.
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Fig. 6. The antibacterial efficiencies of fresh and reused
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Fig. 7. The antibacterial efficiencies of fresh and reused
AgZ against fungus at different times.

with operation or regeneration times, the coefficient of
variation (CV) of AgZ k; values was calculated. However,
the CV value of the antibacterial reaction rate with the times
recycled was relatively small (both bacterium and fungus
were lower than 30%) in the antibacterial experiment. We
could conclude that both bacterium and fungus were
almost removed by 1 wt% AgZ. Combined with material
regeneration technology, 1 wt% AgZ could continually be
used nine times for 80 hr. To calculate the total use life-
time, we could find that the efficient used time was more
than 720 hr, and it could be seen that the process maintains
high efficiency toward antibacterial reactions. The value of
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Fig. 8. Variations of (a) bacterium and (b) fungus antibacterial
reaction rates of fresh and reused AgZ at different times.

k¢ (CFU/g-hr) represents the kinetic parameter, and it can
be defined as reaction rate constant.

The Total Antibacterial Capacity qr of AgZ

To estimate qr of AgZ (including fresh and regenerated
AgZ) was one of the most important objects in this research.
Establishing the value of qr, the antibacterial ability of 1
wt% AgZ was understood. We used Eq. (2) to calculate the
total antibacterial capacities over time, and the values are
presented in Fig. 9 and Table 3. Because the microbial counts
in the influent might affect the value of total antibacterial
capacity, the relationship between them was investigated by
linear regression (N = 24). The qr values of bacterium and
fungus ranged from 3.5 x 10’ to 8.2 x 10° CFU/g and 3.0 x
10° to 9.2 x 10’ CFU/g after 10 hr antibacterial reactions.
The values of qr after 10 hr antibacterial reactions were all
lower than 80 hr, because AgZ did not approach saturation
after 10 hr operation. As shown in Fig. 10, qr had a positive
relationship with the microbial counts in the influent when
bacterium and fungus concentrations were 1,311 + 368 and
1,049 + 299 CFU/m’, respectively. The bacterium and fungus
qr of 10 g AgZ used in a 100 m® room were at the least 6.9
x 10* CFU/g and 5.4 x 10* CFU/g, respectively. The values
of both bacterium and fungus gr could be considered as a
limited value (maximum value) of the antibacterial capacity
and be further used to estimate the life-time of AgZ.

The antibacterial reactions were conducted in a small-



Cheng et al., Aerosol and Air Quality Research, 12: 409—419, 2012 417

70000
o Fresh
60000 |- o,
R 6 (o) A
A Run | |
50000 |- o atm
o A A =
I~ = Run 9 0 44 4 L]
= 40000 R
5 o A_m "
= 30000 o 4a
O Apg
20000 °,.a"
(o) : n
A
am
10000 |- H
]
& (@)
0o ah
0 20 40 60 80 100
Time (hr)
70000
60000 - o Fresh
(o)
s0000 | A Rw6 o
(o)
° | |
40000 | " Rw? ° .
=) o 'Y
S o
= 30000 ° ot
< o [ ]
.
(e}
20000 - ° "
o ¥ ]
(o)
10000 F o _ m® .
g*" b
- (b)
0
0 20 40 60 80 100
Time (hr)

Fig. 9. The total adsorption capacity of (a) bacterium and (b)
fungus onto fresh and reused AgZ at different times.

scale device with continuous air flow and thereby we can
focus on the antibacterial characteristics of AgZ. The data
obtained from this study could be applied in a larger
device with relatively high flow rate as the amount of AgZ
increases. The scale-up parameters for AgZ column include
antibacterial reaction rate kt (CFU/g-hr) and total antibacterial
capacity qr (CFU/g). However, the operational parameters
and the design of air ventilation system need to be considered.
Moreover, further studies such as bioaerosol distribution in
impactor stages of PM;o/Pm, s/PM;/PM s (Furuuchi et al.,
2010) and user influence on indoor aerosol model (Hussein
et al., 2011) will be required to assure the value and
improvement of this study.

CONCLUSIONS

AgZ nano-composite was successfully synthesized by a
two-step method that included Y-type zeolites synthesis
and Ag ion-exchange. Following this synthesis technology,
106-216 m?/g surface area of AgZ was produced which
could directly be applied in air conditioners. Antibacterial
investigations demonstrated that AgZ could efficiently
remove bioaerosols in indoor environments, and 1, 2 and 3
wt% AgZ significantly had higher antibacterial efficiencies
(exceeded 30 and 40% for bacterium and fungus) than
zeolite alone after 120 min operation. Bacterium and the
fungus antibacterial efficiencies of 1, 2 and 3 wt% AgZ
were all higher than 95%, and it could be considered that 1
wt% AgZ was more cost-effective. 1 wt% AgZ had relatively
rapid antibacterial reaction (approached 90% antibacterial
efficiency in 60 min) due to the Ag coated into zeolite, and
it had excellent reused characteristics since when combining
it with material regeneration technology, it could continually
be used 80 hr for nine times (total life-time was more than
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Fig. 10. Dependence of total microbial counts in influent on antibacterial capacity of AgZ.
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720 hr). The values of k; and qr could be used as the
operational parameters to calculate and design the amount
of AgZ in future IAQ improvement.
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