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Abstract

Activated carbon fibers (ACF) were activated with-$n catalytic nuclei in a single-step
process. The catalytically activated ACF were thesed as supporters in the specific,
electroless deposition (ELD) of fine copper or ailyparticles. The amount of metal particles
was easily controlled by regulating the depositiome. For NO removal, pitch-based ACF
were used as supporters for copper nanoparticlesitegn. For antibacterial action and
volatile organic compounds (VOC) adsorption-desorptrayon-based ACF were used as
supporters for copper or silver nanoparticle depmsi Furthermore, a progress of
metallization on multiwall carbon nanotubes (MWNT&)ring electroless deposition was
investigated when the deposition time increasethfBoto 10 minutes. Results show that the
metallization of face-centered cubic silver (or pep on MWNTs progressed from interior

surfaces to exterior surfaces of the MWNTSs.

Spark generation (SG) was used to synthesize \sdetosol nanoparticles. First, generation
and characterization of monometallic (palladium,atipum, gold, and silver from
homogeneous spark sets) and bimetallic (palladilatimom, palladium-gold, and palladium-
silver from heterogeneous spark sets) nanopartidispersed in nitrogen gas by spark
generation method were reported. Next, an ideaasftg-particle removing benzene, toluene
and xylene (BTX) gas in a controllable way throwgttbon aerosol particles produced by a
spark generator was introducd€inally, an aerosol synthesis method of carborapsglated
metal nanoparticles (CEMNS) via metal-graphite kpan a continuous manner without the
use of vacuum with special operating conditions meesented. The method was both simple
and continuous, and constituted a more practicéthogeto prepare CEMNs than conventional

ones, and therefore, can be applied in order tdym® nanocrystal encapsulates.



A method of catalytic activation with palladium asol nanoparticles produced by spark
generation was introduced. These catalytic pagticlere deposited onto the surfaces of ACF.
After thermal curing, the catalytically activatedCR were placed into a solution for ELD of
silver. Homogeneous silver coatings on ACF wereieagll under various activation
intensities and ELD times, and the results were payed to those obtained with a
conventional “two-step” activation. Furthermoresimple and environmentaly benign method
of site-selective catalytic activation by producingalladium (or platinum) aerosol
nanoparticles via spark generation and then thelnorapically depositing the particles onto a
flexible polyimide (FPI) substrate through the pattholes of a mask was introduced. After
annealing, the activated substrate was placedargolution for electroless copper (or silver)

deposition.

Key Words: Nanoparticle synthesis; Electroless depositigpgrk generation



1. Nanoparticle synthesis by electroless deposition
(ELD)

1.1 Introduction

1.1.1 ELD of copper (Cu) onto pitch-based activatecarbon fibers

(ACF)

Porous carbon materials, due to their extensiveifspeurface area, high adsorption
capacity, microstructure, and special surface naGthave been widely used in separation,
purification, and catalytic processfRark & Kim, 2005a] Activated carbon fibers (ACF),
highly microporous carbon materid{Shen & Zeng, 2003; Moon et al., 2000; Yang & Kaogek
2002} are commercially available in the form of fibews, cloths (fabrics), papers, mats and
felts [Matatov-Meytal & Sheintuch, 2002 ACF have a larger micropore volume and a more
uniform micropore size distribution than granulatieated carbons (GAC) and; thus, are
considered to have a larger adsorption capacitygasater adsorption and desorption rfes
et al.,, 2004; Li et al., 1998; Mochida et al., 20®ark et al., 2004; Shen et al., 2006;
Vilaplana-Ortego et al., 2002]

The ACF may be packed or constructed to fit almarst geometry for almost any
catalytic application and satisfies the requirermentt high catalyst effectiveness and a low
pressure drop for finely divided catalysts, butidsahe technical problems associated with
powders. For example, the ACF may be employedherréemoval of NQ[Guo et al., 2001;
Lee et al., 2002; Mochida et al., 2001; Shirahamal.e 2002 & 2004] but only physically
adsorbs a limited amount of NO because of the vimtgkactions between the twWédapa et

al., 2006; Zawadzki & Wniewski, 2002] In order to effectively remove NO, enhancing the



NO reduction activity of ACF is an important factdihe reduction of NO by ACF is closely
related to its surface chemical properties. Thalgit reduction of NO to Nand Q using
ACF employing a transition metal (Ni, Fe, Cu, or) Ritepared by the impregnation and
precipitation of an aqueous solution of the metals previously been investigatffélark &
Kim, 2005a] copper has been shown to possess the most effa@talytic activity toward the
reduction of NO to Band Q, both with and without @[lllan-Gémez et al., 1996; Marquez-
Alvarez et al., 1996]

Recently, electrolytic metal deposition, of an amugesolution of metal ions, has been
proposed as a useful method for the introductiom afietal onto carbon surfaces and into
carbon micropore$Park & Kim, 2005a & 2005b]Electroless metal deposition, a form of
electrolytic metal deposition, can be effective doating the ACHLIn et al., 1997; Norkus et
al., 2006; Park & Kim, 2005bElectroless metal deposition refers to the dejposof a metal
onto a substrate, without an external electricanirrvia oxidation-reduction reactiofhao et
al., 2006] This procedure can yield mechanically durablelgat layers with high specific
surface areas, which may be catalytically activat€de electroless deposition technique
enables catalytic components to be easily and umifo deposited in some channels of
supporter with a complex configuration, providedttthe deposition solution is in contact with
the channel wallf~ukuhara et al., 2005]

For the stable deposition of fine metal particlesocthe ACF, the catalytic activation
method proposed bying et al. (1999)and Xu et al. (2004)was employed. These two
investigations studied the coating of carbon nameduwith nickel and copper, and copper,
respectively. The nanotubes were activated in atigadion bath (single-step process). The
conventional activation process consisted of a dtep process, Sn-sensitization and Pd-

activation, and uses two separate colloidal sahstidn this section, a single-step process was



used to catalytically activate the ACF and; thasntroduce active sites onto the ACF surfaces
for the electroless copper depositi@yeon et al., 2007a]After the ACF surfaces had been
sensitized with SHi ions (SA" sensitization), these were oxidized to*'Snwith the
simultaneous reduction of Pdons to metallic Pd (Pd activation), which adheredhe ACF
surface in the form of fine Pd particles. After e activation step, Gliions were introduced,
and then reduced into metallic Cu on the Pd padithhat had been predeposited onto the ACF.
The metallic Pd sites worked effectively in thectleless deposition of copper due to the

galvanic displacement of the metallic Pd by[Zlao et al., 2006; Charbonnier et al., 2006]

In this section, pitch-based ACF were first coateth fine particles using electroless
copper deposition and then characterized by figldsgion scanning electron microscopy
(FESEM), energy dispersive X-ray spectroscopy (ED¥jay diffractometry (XRD), nitrogen

adsorption and inductively coupled plasma atomicssion spectroscopy (ICP-AES) analysis.

1.1.2 ELDs of Cu and silver (Ag) onto rayon-based ACF

Microorganisms collected on filter surfaces couti¢a the integrity of the filters and
the release of microorganisrfigerdenelli et al., 2003]so antibacterial treatment has to be
applied to the air filter media in order to imprabe air qualityPark and Jang (2003)amai
et al. (2001)andLi et al. (1998)have reported that bacteria preferably adherdn¢osblid
carbon material. Moreove€ecchini et al. (2004and Verdenelli et al. (2003Jeported that
bacteria can adhere to glass acrylic fiber. PrevvgiudiegStoimenov et al., 2002; Zhang et al.,
2004] have shown that antibacterial formulations onlythe form of fine particles could be
used as effective antibacterial materials. In théstion, ACF made of a type of highly
microporous carbon materillorkus et al., 2006jvere chosen, as the air filter medium. Fine

copper particles were selected as the anitibattegterial[Park & Kim, 2005a] The particles



were forced to deposit on the ACF to prevent b&feom breeding on the surface of the ACF.
Previous studiefAng et al., 1999]have focused on the preparation and charactenzat
antibacterial materials rather than the method egdodition of antibacterial materials on the
ACF.

Bioaerosols are airborne particles of biologicagios, including viruses, bacteria, fungi
and all varieties of living materials. In suitalbflests, bioaerosols are capable of causing acute
or chronic diseases, which may be infectious, gdleic or toxigenigMain, 2003} Numerous
engineering solutions are commercially availabletlie removal of bioaerosols, and others are
under development such as air filtration, ultra@igermicidal irradiation (UVGI), negative air
ionization, electrostatic precipitation, photocwtial oxidation and air ozonation, €i@riffiths
et al., 2005; Walker & Ko, 2007]

Indoor air bioaerosols accumulate in large quadtitn filters of heating, ventilating
and air-conditioning (HVAC) systems where they aloée to multiply under certain conditions;
especially if high amounts of moisture are presenthe filter[Maus et al., 2001]Moreover,
the organic or inorganic materials deposited onfitter medium after air filtration contribute
to microbial growth. This inevitably leads to demsed filter efficacy and, probably, to
deterioration of the filters, with the eventualeate of microorganisms. Volatile organic
compounds (VOC) produced by microbial metabolismVC) can be emitted from the
contaminated filterfvVerdenelli et al., 2003]

As an effective antimicrobial agent, silver is bgkd to interact with elements of the
bacterial membrane, causing a structural changsjpdition of the proton motive force and
finally to cell death[Sondi & Salopek-Sondi, 2004; Lok et al., 200@ecause of the
antimicrobial activity of silver, many silver-coiméng materials have been developed for

antimicrobial applicationfJeon et al., 2003; Zhang et al., 2004; Morrisoalgt2006; Wang



et al.,, 2006] In this section, rayon-based ACF containing coppe silver particles were
prepared using an ELD and their efficacy for antimbial action was tested. Finally, the
adsorption and desorption characteristics for rengpVOC via the prepared copper deposited

ACF were studied.

1.1.3 ELDs of Cu and Ag onto multiwall carbon nanotbes

(MWNT)

Since MWNTs are an ideal raw material for varioypleations owing to their
outstanding propertiefVang et al., 2004]the functionalization of MWNTs with metal
nanoparticles has attracted ever-increasing irttgges & Li, 2005; Ma et al., 2006; Terrones,
2004; Wildgoose et al., 2006{ietal particle-supported MWNTSs are expected tgpbtential
future material§Qu and Dai, 2005; Ye et al., 200f8fr hydrogenation catalysis or as materials
in fuel cells, Li-ion batteries, supercapacitorsagmetic recording, reinforcements or for
microwave absorptiofGuo & Li, 2005; Planeix et al., 1994; Wildgooseatt 2006; Xu et al.,
2004] Various metal nanoparticles have been reporteenity, such as ClAng et al., 1999
& 2000; Xu et al., 2004]Ni [Ang et al., 2000] Pt[Matsumoto et al., 2004; Porter et al., 2002]
and Au[Jiang & Gao, 2003; Ma et al., 2006; Porter et 2002] Previous approaches to
functionalizing MWNTs with metal nanoparticlgShoi et al., 2002; Day et al., 2002; Fullam
et al., 2000; Pradhan et al., 1998; Xu et al., 2008lude physical evaporation, attachment
after the oxidation of nanotubes, a solid statetiea with metal salts at elevated temperatures,
and ELD from salt solutions using reducing agemtsatalyst{Choi et al., 2002; Hasegawa et

al., 2007; Kim & Sigmund, 2004]



ELD is of particular interest because its simpjictan facilitate the large-scale
production of nanotube-nanoparticle hybrifisbbessen et al., 1996; Qu and Dai, 2005;
Wildgoose et al., 2006]The ELD technique is particularly appealing bessaaf its low cost,
inherent selectivity and ability to deposit highatjty films on very thin seed layefXu et al.,
2002] Thus far experimental studies have focused mainlyinal or fully- metal deposited
MWNT and their specialized applications. Howevdrere are few reports showing the
progress of metallization of MWNTs. The detailedusture and location of metal
nanoparticles along a nanotube plays an importalet in determining the final assembled
structure and its performanf@u et al., 2006]Studies on the progress of metallization during
the ELD process are needed in order to gain bettelerstanding of the metallization of
MWNTSs.

In this section, silver deposited MWNTSs were preplausing a nitric acid-treatment,
Sn-Pd activation, hydrochloric acid-acceleratiomd aELD of silver. Details of the
aforementioned processes are reportefupplemntary Data.High resolution transmission
electron microscopy (HRTEM), EDX and X-ray difframt XRD were used to characterize the
morphology and structure of the silver coated MWNItse textural properties of the MWNTs

during the ELD process were examined using the &rxan Emmett, and Teller (BET) method.



1.2 Materials and methods

1.2.1 Preparations and characterizations of Cu depded ACF

and a test for NO removal

Pitch-based ACF were synthesized using a convaitimelt-blown spinning method.
The fibers, Imm in diameter, were produced, usixiguding melt (IPP; SK Chemical Co.,
Korea) through a round-shaped mono-hole spinnefBt£ 2, D = 70 mm), under pressurized
nitrogen at 6 kg/cf 673 K, with subsequent drawing at a take-up sp#eg50 m/min. The
melt-blown spinning pitch fibers were then oxidativstabilized in air by heating to 673 K at
1 K/min for 2 hours. The stabilized pitch fibersrevehen carbonized by heating in an N
atmosphere to 1,273 K at 10 K/min for 30 minutefieAholding the carbonized fibers at
1,223 K for 30 minutes, they were finally activaiedsteam (50 vol.%) carried by,NThese
ACF were washed with deionized water and dried migét at ambient temperature.

Since the bond strength of the copper particleshen ACF was very sensitive to
surface contamination, the ACF were thoroughly daged by immersing in a diluted
degreasing agent bath (50 mL of CC829, Yooil Matefiechnology, Korea, mixed with 950
mL of DI water) at 327 K for 10 minutes. After wasip the degreased ACF three times with
DI water, the palladium and tin species were inticit! onto by immersing in a mixed Pd-Sn
colloidal solution at 318 K for 6 minutes. A soluti (30 mL of CATA1064, Yooil Material
Technology, Korea) diluted with 1 M of nitric ac{®70 mL) was used as a mixed Pd-Sn
colloidal solution. The catalytically activated AQ@¥re immersed in an acceleration solution
bath (50 mL ACCEL95, Yooil Material Technology, Kar, diluted to 1,000 mL with DI
water) for 7 minutes at 298 K and then washed ithvater a further three times. The acidic

accelerator was used to preferentially dissolveptimective layer (mainly Sn layer), exposing



a greater surface area of the catalytic Pd nudibien the catalytically activated, accelerated
ACF were immersed in an electroless deposition,badpper was deposited at the catalytic
sites, with copper particles-deposited ACF finatiptained. The deposition bath (1 L)
consisted of copper sulfate dominant solution (AfOEC1051A, Yooil Material Technology,
Korea, diluted to 500 mL with DI water) and formeliyde dominant solution (110 mL
EC1051B, Yooil Material Technology, Korea, diluted500 mL with DI water) at 298 K for
various treatment times ranging from 0 to 20 misute

To study the surface structures of the ACF, widgl@XRD patterns of the ACF were
obtained with a Rigaku Model D/MAX-Rint 2000 (Japadiffraction meter using Ga
radiation {. = 0.15418 nm) at 30 kV and 20 mA. A thin powdenpée of the ACF was placed
onto an oriented monocrystalline quartz plate asahsed from 10to 80 (20) at 4/min. A
FESEM (JSM-6500F, JEOL, Japan) was used to obskeveurface morphology of the ACF
as well as the distribution of copper particleschemical analysis was performed using EDX
(JED-2300, JEOL, Japan). The amount of coppergbastion the ACF sample was determined
using an ICP-AES (Elan 6000, Perkin-Elmer, US). 4t®.1 g of the sample was dissolved in
50 mL nitric acid, and the diluted to 100 mL with Water. After three hours, the sample was
filtered, with the remaining mixture delivered fi@P-AES analysis. The nitrogen adsorption
isotherms of an ACF sample were measured using@simeeter (ASAP 2010, Micromeritics
Ins. Corp., US) at 77.4 K with relative pressuremging from 10 to 1. High purity
(99.9999%) nitrogen was used for a material todsoebed. All samples were degassed at 573
K for two hours before each measurement. The spextifface area was determined using the
BET equation. The total pore volume, which wasnested on the basis of the, Nolume
adsorbed at a relative saturation pressure (~0.2@8)ally corresponded to the total amount

adsorbed. The pore size distribution was determursdg the Barrett, Joyner, and Halenda
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(BJH) method, which uses the area of the pore veaits the Kelvin equation to correlate the
relative N, pressure at equilibrium with the amount of poreakd, with the size of the pores

of capillary condensation takes place.

NO (N, Balanced)

NOx
4F-‘2::r:)rlﬁl Absolute Analyzer
. Filter HH
Sample Pack I:l REEE o

— Exhaust

Electric
Furnace

N, (99.9999%)

Figure 1. Diagram of the experimental setup forNi@ removal test.

Figure 1 shows the experimental setup used for Nk removal test. For each
experiment, 3 g of the prepared ACF (140 mm in flehgvas initially inserted into a quartz
tube reactor (10mm in diameter and 500 mm in lengtid heated under & Now at 423 K
for one hour inside an electric furnace (1 kW). Wadl temperature of the reactor was varied
from 423 to 673 K using a proportional integral idative (PID) temperature controller.
Stainless steel (SS) mesh was used to support tbE &nd minimize the channeling
phenomenon. Model NO gas in Bt room temperature was delivered to the reactdmaixed
with N, (99.9999%) gas, resulting in a NO concentrationl®® ppm at the reactor inlet.
Absolute filters were used to filter out contaminparticulate matters existing in the test gases.

The total gas flow rate through the reactor wasnta@ied at 3 L/min by adjusting two mass
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flow controllers (MKS Instrument, US). An orificeas used to promote mixing of NO and N
fluid dynamically.

The concentration of NO was continuously measugdgua chemiluminescence NO
analyzer (Thermo Electron Instruments Inc., Mod2at,4US), which monitors NO, NQand
NO, at a sampling rate of 0.7 L/min. The NO removétiefncy was determined by measuring
the concentration of NO at the outlet of the reackxperiments were repeated four times,

with the average values reported.

1.2.2 Preparations and characterizations of Cu and Agleposited
ACF and tests for antibacterial action and VOC adsorpton-

desorption
The rayon-based ACF studied in this work were mactufed by Toyobo (KF-1500,
Japan). ELDs of metals onto the ACF were perforimed laboratory by using commercial

electroless coppdByeon et al., 2007band silver[Byeon et al., 2007c$olutions. Details of

the copper deposition procedure are present8dipplementary Data 1

- Copper deposited ACF

The antibacterial activity trend of these prepafgt samples was determined by
using the modified Kirby-Bauer agar diffusion medh@verdenelli et al.,, 2003] Four
experimental bacterial strains were used, i.e.,mm-negative straing&(coli, ATCC 11775
and P.fluorescens, ATCC 13525) and two Gram-positive straifss(btilis, ATCC 6633 and
M.luteus, ATCC 10240). Samples of the pristine and coppapodited ACF were cut into

discs (diameter: 10 mm) and sterilized with UV tigh constant volume (1QOL) of culturing
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solution containing the bacteria concentration@t#lls/mL was injected on a 50mm diameter
nutrient agar plate (composition in gLbeef extract 3, peptone 5 and agar 15 at pH 6-8
(DIFCO Laboratories, US)). Each copper-deposited-Afisc was placed on the lawn of
bacteria of the agar plate and incubated for 72shati303 K. The antibacterial activity was
first examined by observing the growth of bactecalonization near the prepared ACF
sample. The diameter of the inhibition zone of baeterial colonization was then measured.
The experiments were repeated four times and the sgocedure was applied to the other
bacterial strains. The concentrations of VOC gdBggon et al., 2006jwvere continuously
measured (see thHeupplementary Data) by a photoionization detection (PID) gas analyzer

(Kinsco Inc., Sniffer II, Korea), which monitored the TVOC at a samplirgnMIrate of 0.5

L/min. The TVOC gas analyzer has a performanceearid-10 ppmv and a lower detection
limit (LDL) of 0.01 ppmv. The PID output was measdrand recorded at 1 Hz by using a data

logger.

- Silver deposited ACF

Silver was coated on the ACF discs (KF-1500, Toyakapan) using an electroless
deposition method. The samples denoted as Ag-120Agnd Ag-30 were prepared without
the use of electric current at deposition timesL@f 20 and 30 minutes, respectively, with
silver metal solution. Before the electroless sildeposition, the ACF discs were catalytically
activated by immersion for 5 minutes at 25°C inagueous solution containing palladium to

maximize the autocatalydiBark et al., 1999]

Escherichia coli (ATCC 11775) andBacillus subtilis (ATCC 6633) were selected as
model Gram-negative and Gram-positive bacteriggeetsvely. For each bacterium, a bacterial

suspension was prepared by culturing 0.1 mL of\arroght culture, inoculated in 15 mL of
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nutrient broth, for 18 hours. The nutrient brothsvimepared by dissolving 5 g of peptone and
3 g of meat extract in 1000 mL of sterilized deimud water and then by sterilizing the solution
with an autoclave.

Figure 2 shows a schematic diagram of experimesetalp for the pressure drop and
filtration tests. For bioaerosol generation, thepared bacterial suspensions were washed
three times with sterilized deionized water usingeatrifuge (VS-1500N, Vision Scientific,
Korea) at 6,000 rpm for 15 minutes, to remove tsdual particles including the components
of the nutrient broth. The washed suspensions there diluted with sterilized deionized water,
to give suspensions with an optical density of 0&1600 nm as measured using a
spectrophotometer (SP-300, Optima, Japan). A battaixture ofE. coli andB. subtilis (1:1
ratio) was nebulized using a Collison-type nebulidejet, BGI Inc., US) at a flow rate of 2
L/min and introduced into a dilutor. Dispersed l@azsols were diluted and introduced into
the test duct where a prepared ACF disc was iestallhe face velocity was controlled from
0.1 to 0.5 m/s using a mass flow controller. Threuaed in this study was dried and cleaned

using a clean air supply system that consistingibfrap, diffusion dryer and HEPA (High

O

ACF Disc

Efficiency Particulate Air) filter.

Dilutor 2y
Compressed | Mass Flow ‘I -I >_’—’Exhaust
Air Controller y——1 i
' Oil Diffusion HEPA! NeHZer
\Trap _Dryer _ Filter |
Clean Air |:| .
Supply System APS

Figure 2. Experimental set-up for tests of pressuop and filtration.
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The pressure drop across the filter was measuried asdifferential pressure gauge.
The number concentrations of the bioaerosols werasored at upstream and downstream of
the filter using an aerodynamic particle sizer (AR®del 3321, TSI Inc., US). The overall

particle filtration efficiency) is defined as follows;

T]:-’L'Cdowrlcup (1)

where Gown and G, are the number concentrations of the bioaeroselssared at downstream
and upstream of the filter, respectively.

Antimicrobial tests on the silver-deposited ACFcdisvere performed using the disc-
diffusion methodMelaiye et al., 2005]Nutrient agar, made by dissolving 5 g of peptdhg,
of meat extract, and 15 g of bacto agar in 1000ofndleionized water, was used to culture the
bacteria after autoclave. 0.1 mL of the preparextdsel suspension fdE. coli or B. subtilis
was spread on the nutrient agar plate. The tdst filas placed on the lawn of bacteria and
incubated overnight. The antimicrobial activity wabserved by visually inspecting the
diameter of the inhibition zone around the filter.

The time-dependent antimicrobial characteristicsewievestigated using the colony
counting method. TOcells were inoculated onto the test filter andulrated for the contact
times of 0, 2, 5, 10, 60, 120, and 240 minutespan temperature and 70% relative humidity.
After the contact time had elapsed, the test filtexs immersed in 50 mL of sterilized
deionized water in a sterilized plastic bag (Bagjtidnterscience, France), with the bag then
stroked by a BagMixer (400VW, Interscience, Franém) 3 minutes, at a speed of 9
strokes/sec. The bacteria separated from theiltestviere then spread on a nutrient agar plate,

incubated for 24 hours and a colony analysis peréar.
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1.2.3 Preparations and characterizations of Cu and Agleposited

MWNT

The MWNTSs were synthesized by a Korean company ¢Karbon Co., Ltd.) using a
catalyst assisted chemical vapor deposition (CVidcedure followed by heat-treatment at
2800°C under an argon flow for 30 minutes to form thapdpite layer structure. The mean
diameter and length of the MWNTs was ~75 nm ang®0respectively. Due to the strongly
hydrophobic nature of MWNTSs, an appropriate treatingd the MWNTSs for activating their
surfaces prior to the ELD process is essentialbimmding metal particles to them. Figure
3(a) shows the experimental procedure for silveDBlnto the MWNTSs.

The cleaning and surface modification of the aspased MWNTSs were carried out
using diluted nitric acid (16 M) to produce adeguiterface strength between the nanotubes
and metals. The acid treatment was reported toused-COOH, -OH,—C=0 and other
oxygen-containing functional groupShen et al., 2006pn the surfaces of the MWNTEhen
et al., 2006; Feng & Yuan, 2004; Guo & Li, 2005aéman et al., 1998; Xing, 2004; Xu et al.,
2006; Yu et al., 1998]Sn-Pd activation (so-called “one-step” procedsjhe acid-treated
MWNTs was carried out as proposedAryg et al. (1999 & 2000)o catalyze the surfaces of
the MWNTs and promote the subsequent ELD of silMdre MWNTs were stirred in a
solution containing a mixture of 60 mL Sn-Pd call¢28 mL of 0.5 M SnG| 28 mL of 0.025
M PdCh, and 4 mL of 1 M HCI). During Sn-Pd activation, 3nwas deposited onto the
surfaces of the MWNTs while PdCivas reduced by Snglaccording to the following
reaction: P& + Srf* — Sri* + Pd. The resulting Pd particles serve as seeds faiytiat
nucleation. After the MWNTs had been acceleratddgua dilute HCI (1 M) solution, and

washed using 100 mL deionized (DI) water, they wien immersed into a solution for the
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ELD of silver. The Pd particles on the surfaceshaef MWNTs would reduce silver ions to
silver atoms, where silver is further formed homuagmusly (autocatalytic process). All
processes including the HN@eatment, Sn-Pd activation, and HCI accelerateamj ELD
were performed in a 200 mL microfiltration unit, stsown in Figure 3(b). Each process time
was determined by controlling the suction ratehef vacuum pump. The process times for the
HNOs-treatment, Sn-Pd activation, and HCl-accelerasteps were 5, 6, and 3 minutes,
respectively. The ELD time was varied from 3 torhihutes. Microfiltration was performed
through a polytetrafluoroethylene (PTFE) membramdiligore, 0.22 um pore size).
Mechanical agitation during each process enharedispersion of MWNTSs in each solution.
All the above processes were operated &C2Finally, the silver coated MWNTs were
washed three times in DI water and dried &C7or 24 hours.

A drop of a solvent containing the MWNTs was pla@edo carbon-coated copper
transmission electron microscopy (TEM) grids. Tharpmology of the MWNTs was analyzed
by TEM (JEM-2010) operated at 200 kV and a higlolggon TEM (HRTEM, JEM-3010)
with an energy dispersive X-ray spectroscope (E@Xford) operated at 300 kV. X-ray
diffraction (XRD) of the silver (or copper) coatdMWNTs were carried out using a Rigaku
RINT-2100 diffractometer equipped with a thin filmtachment using Clde: radiation (40 kV,
40 mA). The 2 angles ranged from 10 to ©@ith a speed of 4min by step scanning at an
interval of 0.08. The crystallite size of the silver (or copperjtjzdes was calculated from the
XRD spectra using the Scherrer formula (t20(Bco9)). The nitrogen adsorption isotherms
of the MWNTs were measured using a porosimeter R2810, Micromeritics Ins. Corp.,
US) at 77.4K at a relative pressure ranging fromi G 1. High purity (99.9999%) nitrogen
was used. All the samples were out-gassed at 5#%8 Kvo hours before each measurement.

The specific surface area was determined usingBtB€ equation. The total pore volume,
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which was estimated based on the Wlume adsorbed at a relative saturation pressure
(~0.996), corresponded to the total amount gfalsorbed. The pore size distribution was
determined using the BJH method, which uses the af¢he pore walls, and it employs the
Kelvin equation to determine the correlation betvé®e relative N pressure in equilibrium

and a porous solid with a pore size suitable fpillzay condensation to occur.

a —
Aiddreated CHTs PoiiSn catalytic nuclel sn protective
i I
ACID-TREATMENT coon'o o o o ACTIVATION e
I L L 1.2
0 COOH OH 0O CO0H
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29,2%0%%0 20 7 Y w WYY
ELECTROLESS ssTm e
P DEPOSITION
. ) e Preferential dissolution of Sn
_ protective layer, exposing the
Sllver deposition catalyzed by the catalytic nuclei to a greater
Pel/Sn nuclei extent
b Solution for HNO3-treatment
or Sn-Pd activation
Mechanical or HCl-acceleration
agitator T

or Electroless Ag deposition

MW NTs/Solution i i
Microfiltered MWNTs

NN e e NN Filter holder

| | |
Solution V-alve 'f_ Yacuum pump
S
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Figure 3. (a) Processes for silver metallizatidy). $chematic diagram of the microfiltration

unit.

18



1.3 Results and discussion

1.3.1 ELD of Cu onto pitch-based ACF and an applation for NO

removal

Figure 4 show FESEM micrographs of the prepared A&ples where Cu-05, Cu-10,
Cu-15 and Cu-20 represent copper coated ACF foogigpn times of 5, 10, 15 and 20
minutes, respectively, while Cu-00 represents ipgsACF. With increasing deposition time,
more particles were deposited onto the surfacefifes, which grew larger, with snowflake-
shaped particles or aggregates of 50nmaiobserved, as shown in Figures 4(c) and 4(e). The
SEM micrographs revealed copper particles, as exainby EDX analyses, as shown in
Figure 5. The EDX results showed that an ACF saroptgained carbon, copper and a small
amount of oxygen. The observed oxygen may haveinatigd from melt-blown fibers
becoming ACF prior to the electroless depositiagufe 5 shows that with Cu-00 no copper
peak was observed, but the copper-deposited ACkplearhad some CuKa and Cula, etc.
peaks, indicating the presence of copper in the A@Rples. The Cu-05 and Cu-10 samples
also contained a small amount of tin, which mayehariginated from the Pd-Sn activation.
However, it was interesting that no tin was detdcher deposition times longer than 10
minutes implying the Cu-15 and Cu-20 ACF samplesdufor the analysis were entirely

covered with copper.
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Figure 5. EDX profiles of the pristine and coppepdsited ACF.
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The surface structures of the copper particles silgibACF samples were also studied

using the wide-angle XRD method. Figure 6 showsspaaks at around®2= 43, 5¢°, and

74°, which corresponded to the [111], [200], and [2@RIhes of the copper (JCPDS 4-836) on

the ACF surfaces, respectively. The average ciistaizes estimated from the XRD line

broadening of the [111] peak, according to Schésrequation, were 3.97, 6.85, 12.44, and

20



14.95 nm for copper deposition times of 5, 10,dtd 20 minutes, respectively. The sharpness
of the copper peaks proved that the copper pastledel a nearly perfect crystal structure. The
intensities of the copper peaks increased with siipa time, which was caused by the growth
of the copper particles. The intensity of the coppeaks and the crystallinity of the copper
deposited ACF were strengthened with increasingsiépn time. From the ICP-AES analyses,
the mass of copper per unit mass of ACF was ollaiR@gure 7 shows that the amount of

copper increased with increasing deposition time.
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Figure 6. X-ray diffraction patterns of the copgeposited ACF.
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Figure 7. Amount of copper as a function of thea#jon time (by ICP-AES analysis).

Once the copper deposited ACF had been charaaetizey were applied as catalyst
fibers to enhance the NO removal efficiency. Fig@reshows the results under various
temperature conditions. The test NO gas was irgeicte the reactor at a concentration of 160
ppm (N, balance). When no copper particles existed orABE, NO was adsorbed onto the
surface of the carbon fibers, and this adsorptiightty increased with increasing temperature.
However, after about 4 minutes, the adsorptiontibaly decreased at all temperatures. When
copper particles existed on the ACF, in additiorth® adsorption by the carbon fibers, NO,

which was adsorbed onto the carbon fibers, woaldsfier to the neighboring copper particles
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by surface diffusion, resulting in the catalytiduetion of NO around the copper particles. For
temperatures below 473 K, the amount of coppethenACF had little effect on the removal
of NO. However, when the temperature was equalrtbigher than 573 K, more NO was
removed with the copper-deposited samples. At etimatemperature of 673 K, the removal
efficiencies at the steady state were 80-90%. @é:rfor temperatures between 573 and 673
K; however, the highest removal efficiency was aebd with the Cu-05 sample, even though
the amount of copper, acting as a catalyst, wasdow he removal efficiency decreased as the

amount of copper was further increased.
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Figure 8. NO removal characteristics of the prestamd copper deposited ACF.

To understand the adverse effect of an excessiveiatmof copper on the removal of

NO, the porosity and specific surface area progertf the copper deposited ACF were
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measured. Figure 9 shows that the greatest uptakerred at a relatively low pressure
(P/R<0.1) and reached a plateau atP# 0.3, implying that all the ACF samples, according
to the IUPAC classification, had microporous chegestics (type | isothern{Brunauer et al.,

1938] The specific surface area was largest for theO@uand decreased with increasing
amount of copper as the deposited copper partodekl block or take up some pores of the

corresponding ACF support.
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Figure 9. Pore size distributions of the pristine aopper deposited ACF.

The pore size distributions of the samples were @leasured. Figure 10 shows that the
pore size distributions of all the samples wereceotrated at pore diameters smaller than 30

A. Pores within porous materials are typically dfeess as micropores (<2@\), mesopores

(20-500A) and macropores (>508), in accordance with the classification adoptedittsy
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IUPAC [Brunauer et al., 1938]Figure 10 shows fairly homogeneous microporou® si
distributions. The pore volumes decreased witheiasing amount of copper, as the copper
particles blocked or were located on the pore wéalktailed results on the textural properties
of the samples are summarized in Table 1. The sperias, average pore diameters, total
and micropore volumes decreased with increasinggigépn time. As summarized in Figure
11, the steady-state NO removal efficiency at ehperature was nearly zero (adsorptien
desorption) when pristine ACF were used. The NO omah efficiency increased with
increasing amount of copper to Cu/AGF110 mg/g due to the increased catalytic reaction.
However, the NO removal efficiency decreased fofAQk beyond 110 mg/g, as a result of
the decreased adsorption due to the increased ambdwopper, even though the catalytic
reaction was enhanced.
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Figure 10. Pore size distributions of the pristimel copper-deposited ACF.
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Table 1 Textural properties of the pristine andpmrpdeposited ACF

400

450

Sample TSSA TPV MPV APD
Cu-00 1,590 0.87 0.77 11.6
Cu-05 1,321 0.72 0.68 10.9
Cu-10 1,201 0.66 0.61 10.6
Cu-15 1,134 0.62 0.57 10.7
Cu-20 1,029 0.56 0.53 10.5

* TSSA: Total specific surface aream)

* TPV: Total pore volume (crfg)
* MPV: Micropore volume (criig)

* APD: Average pore diameteAj

1.3.2 ELDs of Cu and Ag onto rayon-based ACF and apightions

for antibacterial action and VOC adsorption-desorption
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Figure 12 shows the FESEM micrographs of the pesp&CF samples. The particles
were found to be copper particles as determinedED¥X analyses (see th8upplementary
Data ). Copper particles having ‘ssnowflaké’ shape or aggregates of 50 nmuh are
displayed in the copper deposited ACF sample. Eigir also shows the results of ICP-AES
analyses. Cu-10, Cu-20, and Cu-30 represent thplsarobtained at deposition times of 10,
20, and 30 minutes, respectively. As the depostiime increased, there were more particles
on the surface of the fiber and the particles glanger (see th&upplementary Data)lIn
Figure 13, the surface structures of the coppetighes obtained by the wide-angle XRD
method show that the sharp peaks found at approsiy20 = 43, 5¢°, and 74 correspond to
the [111], [200], and [220] planes of the coppe€RDS 4-836) on the ACF surfaces,
respectively. The average crystallite sizes, estéchdrom the XRD line broadening of the
[111] peak according to the Schefseequation, were 1.99, 10.37, and 12.98 nm for the
copper deposition times of 10, 20, and 30 minutespectively. The sharpness of the copper
peaks proves that the copper particles are of nearfect crystal structure. The intensity of
the copper peaks and the crystallinity in the coppeposited ACF were strengthened with

increased deposition time.

Pristine ACFs

per deposited

SEl 150KV X3000 1um  WD98mm

YONSEI

Sample Cu-00 Cu-10 Cu-20 Cu-30
Copper amount (mg-
Culg-ACF) 0 89.09 182.94 250.40
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Figure 12. SEM and ICP-AES results of the pristind copper deposited ACF.
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Figure 13. X-ray diffraction patterns of the coppeposited ACF.

- Copper deposited ACF

Antibacterial tests were conducted once the copp#icles were characterized. Figure
14 shows the images of the inhibition zones Baubtilis, which were formed in the areas
surrounding the prepared ACF samples. The inhibidone is defined as the area where the
bacteria can no longer diffuse towards the saniie. size of bacterial colonies grown on a
plate with copper deposited ACF was significantguced. The diameters of the inhibition
zones of four bacterial strains are also summairizdegure 14. For any bacterial strain, this
diameter is proportional to the copper depositioret While E.coli andP.fluorescens (Gram
negative) were less susceptible to the action efsthmples, Gram-positive bacteria such as
B.subtilis andM.luteus were highly responsive to the amount of coppet Was deposited on

the ACF sample. One possible explanation for tinetcsensitivities of the two Gram-negative
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bacterial strains is that the outer membrane ofn@magative bacteria consists mainly of
tightly packed lipopolysaccharide (LPS) moleculgkich effectively resist against fine copper

particles|Sondi & Salopek-Sondi, 2004; Yoon et al., 2007]

PristinogdBReT Copper deposited®
. /e ' ACFs
7

[

Inhibition Zone Diameter (D, mm)
Samples Gram-positive Gram-negative
B.subtilis M.luteus E.coli P.fluorescens
Cu-00 (Control) 10.0 10.0 10.0 10.0
Cu-10 16.5 17.5 10.0 10.0
Cu-20 23.0 27.5 11.5 12.5
Cu-30 30.0 325 15.0 16.0

Figure 14. Results for antibacterial tests.

After the stability of copper particles depositadthe ACF samples was checked (see
the Supplementary Data),l experiments on the adsorption and desorptioVOfC were
conducted. For adsorption tests, the inlet conasatr of VOC was kept constant at 1ppmv.
After obtaining a complete breakthrough for adsomtdesorption tests were then performed
in the absence of VOC gas injection. In all thd tass, the weight and face velocity of each
ACF sample was 75& 50 mg (pristine ACF) and 0.5 m/sec, respectivalile VOC

concentration profiles of each test were recordadduration of 400 minutes. Figure 15
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describes the breakthrough curves during adsorgtiwh desorption for four different ACF
samples. For the adsorption of Cu-00, the brealtiiravas almost zero (complete adsorption)
until 70 minutes. After it rose sharply at aboutr®d, then it became unity (zero adsorption) at
250 minutes. The tailing effect was more significas the copper deposition time increased,
due to the blockage of micropores by copper pagiah the ACF. The results for desorption
tests can be explained similarly. The amounts dfetteve diffusivities of VOC adsorption

and desorption and textural properties of the A@Res are expressed in thepplementary
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Figure 15. VOC adsorption and desorption chareatiesi of the pristine and the copper

deposited ACF.

- Silver deposited ACF

SEM images of the pristine and silver-deposited AIRIS are shown in Figure 16. The
results showed that the pristine ACF disc (Ag-0&Jl la smooth surface; whereas, the silver-
deposited ACF discs had rough surfaces due todhgng of silver particles. In the case of

Ag-10, silver particles of about dm were formed, but those on the surface of Ag-2@ewe
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denser and silver completely covered the surfackgeB0. The total amounts of silver on the
ACF filters were measured using ICP-AES analysid ar@an crystal sizes were determined
according to Scherrer equation using the resulte®XRD analysis. The ICP-AES and XRD
results are summarized in Table 2. The amountsnagan crystal sizes of silver particles
increased from 8 to 3hg/g and from 12.13 to 15.52 nm, respectively, vifth increasing

deposition time from 10 to 30 minutes.

Figure 16. SEM images of (a) Ag-00, (b) Ag-10,4c)-20 and (d) Ag-30.

Table 2 Amounts and crystal sizes of the silvetigias deposited onto thee ACF discs

Ag-10 Ag-20 Ag-30
Amount of silver 1g/g)? 8 28 35
Mean crystal size of silver (nrfi) 12.13 13.17 15.52
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#Results of the ICP-AES analysis
PResults of the XRD analysis and Scherrer equation
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Figure 17. Pressure drop of the ACF filters (Mea8D).

Table 3 shows a summary of the properties relaietid adsorptive characteristics of
ACF discs which were determined from the raw ddtahe nitrogen adsorption isotherms
according to the BET and BJH methods. The TSSArapare specific surface areas (MSSA),
TPV, MPV and APD of the silver deposited ACF dislexreased with increasing deposition
time. This phenomenon was caused by blockage ofnitoeopores of the ACF by the
deposited silver particles. Since decreases irethegperties implies a possible loss of active
sites for adsorption by the ACF discs, the silventents supplied for antimicrobial purposes

needs to be optimized.
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Table 3 Adsorptive properties of the silver depbiCF discs

TSSA MSSA TPV MPV APD
(m*/g) (m*/g) (cn’lg) (cn’/g) (A)
Ag-00 1598 1583 0.91 0.86 17.7
Ag-10 1441 1362 0.60 0.55 16.6
Ag-20 1383 1347 0.58 0.55 17.0
Ag-30 1341 1280 0.55 0.51 16.5

The pressure drops across the filters were measmédas shown in Figure 17, the
deposition time did not affect the pressure draguie 17 also shows that the increases in the
face velocity, from 0.1 to 0.5 m/s, caused an iaseel pressure drop from 2 to 9 ny@HThe
filtration efficiencies of the ACF discs were cdkltied using the number concentrations
measured at upstream and downstream of the filtsisg an APS, with the results shown in
Figure 18. The size distribution of test bioaeregg@nerated by the nebulizer is also shown in
Figure 18. The aerodynamic mode diameter of the bemerosols was 0.78m. The size
range from 0.67 to 0.8am, where the bioaerosols of more than 50 % of totahber
concentration were found, was used to calculatefittiation efficiency. Regardless of the
deposition time, the filtration efficiency was abdu8 at a face velocity of 0.1 m/s, which

decreased to about 0.6 at 0.5 m/s.
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Figure 18. Filtration efficiency of the ACF disddéan + SD).

The results shown in Figures 17 and 18 indicateatheunts of silver particles were
insufficient to cause the variations in the pressinop or filtration efficiency. The masses of
silver particles deposited on the ACF discs wereasueed using a microbalance (Ohaus,
USA): 2.2, 7.6, and 9.5 mgfrfor Ag-10, Ag-20, and Ag-30, respectively. Accarglito
Thomas et al(2001) significant changes in the pressure drop of fisrblters due to particle
deposition occur in the order of ¢fiof particle deposition.

The antimicrobial effects of the silver deposite@FAdiscs were characterized using
the disc-diffusion method and the results are pried by inhibition zone diameters in Table

4. For both bacteria, the diameters of inhibitimmes increased with increasing deposition
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time. For the silver-deposited ACF discs, the hé@et@id not grow within or around the filters,
while the bacteria did grow on the pristine ACFcdishe test filters with silver particles were
considered to release the active forms of silver, ihstance, silver ions, which impart
antimicrobial activity under humid environmdMelaiye et al., 2005]The greater numbers of
silver particles on the ACF disc, the greater thant of silver ions would be expected to

diffuse further from the filter, due to the larggiver concentration gradient.

Table 4 Diameters of the inhibition zones of theesideposited ACF discs (Mean + SD)

Diameters of inhibition zones (mm)

Materials
E. coli B. subtilis
Ag-00 0 0
Ag-10 10.85+ 0.20 1195 0.21
Ag-20 11.25+ 0.21 13.7+ 0.85
Ag-30 11.8+0.28 14.55: 0.64

The diameters of the inhibition zones Bf subtilis were larger than those & coli.
Therefore, silver had better antimicrobial effeatminstB. subtilis, Gram-positive bacteria
than againsE. coli, Gram-negative, as discussed in previous stldies et al., 2005; Yoon et
al.,, 2007] The lower sensitivities of Gram-negative bactestrains could probably be
explained by the biochemical and physiological abtaristics of those bacteria. It is well
known that the outer membrane of Gram-negativeebiacts predominantly constructed from
tightly packed LPS molecules, which provide an @ffe resistibility barriefBrayner et al.,

2006; Fan et al., 2002; Papo & Shai, 2005; Son8iadopek-Sondi, 2004]
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Figure 19. Antimicrobial effects of the test disesE. coli (Mean £ SD).
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Figure 20. Antimicrobial effects of the test disgsB. subtilis (Mean £ SD).
Figures 19 and 20 show the temporal variationkéncblony ratio (C/g) of E. coli and
B. subtilis on the tested ACF discs over a 240 minutes pereshectively. On the pristine
ACF, the colony ratio of both bacteria increasethwime implying breeding of bacteria on the
pristine ACF discs. As the contact time or amouhtsitver increased, the colony ratio
decreased, as shown in both Figures. Wtitlecoli was completely inhibited for all silver
containing ACF discs after 60 minutes, the coloatyor of B. subtilis decreased more rapidly
due to lower resistivity ofB. subtilis against silver, as discussed in the disc-diffusion

experiments.

1.3.3 Progresses of Cu and Ag ELDs onto MWNT

Figure 21(a) shows a HRTEM image of the acid-te&&VNTs. Cracks in the image
were generated on the MWNTSs due to acid attackgs®esvs). Figure 21(b) shows a HRTEM
image of the MWNTSs after they had been activatadl aotelerated. Palladium particles (seen
as tiny black spots in Figure 21(b)) were not distied densely over the tube-surfaces but
were localized at various points along the tubegiasussed byAng et al. (1999) These
catalytic Pd particles were mainly 0.8 nm in diaenethile particles larger than 0.8 nm were
detected occasionally. Figure 21(c) shows a HRTEMge of the MWNTSs after silver ELD
for 3 minutes. At this stage, silver nanoparticlebich appear as regions of darker contrast in
the image, were deposited selectively on the iotesurfaces of the MWNTs due to the
presence of concentrated chemical species, suimesonal groups, Sn-Pd catalysts, silver
ions and reductants on the interior surfaces. @apisuction[Ajayan & lijima, 1993; Ugarte
et al., 1996]might help concentrate the chemical species dmointerior surfaces of the

MWNTSs. At the acid-treatment step, the interiorfaces of the MWNTs might be effectively
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attacked by the acid allowing the formation of flimeal groups on the interior surfaces. In the
subsequent Sn-Pd activation step, colloidal Sn&ties were also induced on the interior
surfaces by capillary suction and then attachedh® functional groups by adsorption
[Satishkumar et al., 1996WWhen the ELD time was 5 minutes, silver particiese deposited

in both the interior and exterior surfaces of th&/MTs, as shown in Figure 21(d). When the
ELD time was extended to 10 minutes (Figure 21¢e®,silver deposition layer grew laterally
and vertically, completely covering the MWNTs. HBLD of 5 and 10 minutes, the mean
diameter of the MWNTs was ~85 nm and ~105 nm, r@spmdy. A closer examination of
morphology of silver nanoparticles on the exteorface of the MWNT (inset of Figure
21(f)) revealed them to be agglomerates. Accortbrnighage analyses, Figure 21(f) shows that
the average diameter of the silver particles &tdb for 3, 5, and 10 minutes was 1.3, 1.9, and
2.6 nm, respectively. Figure 21(g) shows the EDXfifg for the silver deposited MWNTSs
corresponding to Figure 21(d). The profile showaksefor silver along with peaks for C and
Fe. The Fe originated from commercial MWNTSs becdtsédiad been used as the catalyst to
synthesize the MWNTSs. The observed oxygen peak ttiglve originated from the pre-
treatment of the MWNTSs before silver ELD. Tin peakexe also detected in the profile, which
might have been due to the Sn-Pd activation proddgmough palladium was not detected by
EDX, inductively coupled plasma atomic emissioncspescopy (ICP-AES) analyses indicated
a palladium concentration of approximately 640 ppnich is below the EDX detection limit.
The silver-to-carbon fraction increased from 7.028.20% in mass (1.37 to 5.98% in atom)

when the ELD time was increased from 3 to 10 miwute
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Figure 21. Morphological and chemical analyseefMMWNTs. (a) HRTEM image (scale bar,
20 nm) of the nitric acid-treated MWNTSs. (b) HRTEMage (scale bar, 20 nm) of the Sn-Pd
activated and accelerated MWNTSs. (¢c) HRTEM imagalésbar, 20 nm) of the silver coated
MWNTSs (for 3 minutes). (d) HRTEM image (scale b2®, nm) of the silver coated MWNTSs
(for 5 minutes). (e) HRTEM image (scale bar, 20 mh}he silver coated MWNTSs (for 10
minutes). (f) Particle size distribution of silvparticles on the MWNTs from the HRTEM

image (scale bar, 5 nm). (g) EDX profile of thevsildeposited MWNTSs (for 5 minutes).

Figure 22 shows the XRD patterns highlighting thejor diffraction peaks of the
silver particles. All XRD peaks were indexed to titver face-centered-cubic (fcc) phase
based on the JCPDS data. The peaks at 38.2, 443, #hd 77.%4(20) were assigned to the
[111], [200], [220], and [311] planes of the fccasle of silver. The peak intensities increased

with increasing ELD time, which suggests that thetatic silver area increased with
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increasing ELD time. The average crystal sizeshef silver particles calculated using the
Scherrer formula were 0.9, 1.1, and 1.8 nm for &b Eime of 3, 5, and 10 minutes,
respectively. The calculated sizes were smallen ttieose obtained form the HRTEM
observations (1.3, 1.9, and 2.6 nm for 3, 5, andmifutes of ELD, respectively). These

differences might be due interference from the MVENiTiring XRD analyses.
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Figure 22. XRD patterns of the silver coated MWNTSs.

Figure 23 shows the nitrogen adsorption isotherm®M@/NTs at 77K. The sharp
increase in each curve from B/B 0 to 0.05 was attributed to rapid adsorptionthe
micropores of the MWNTSs. The curve increased slofmyn P/R = 0.05 to 0.85 due to

capillary suction at the site of the mesopdf&sen et al., 2007]Figure 23 also shows a sharp

40



increase in P/Pranging from 0.9 to 0.99 due to strong capillaondensation. All samples

exhibited a type Il adsorption isotherm accordinghte IUPAC classification, as reported by

RodrigueZRodriguez, 1993]
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Figure 23. Adsorption isotherms of the silver cdat®VNTs.

The amount of nitrogen adsorbed was inversely ptap@l to the ELD time. This
might be due to the blockage of pores in the MWIN¥ silver particles. Accordingly, the total
BET surface areas for the acid-treated MWNTs aedMiWNT reacted with ELD for 3, 5,
and 10 minutes were 261.07, 193.65, 162.73, and584f/g, respectively. The total pore
volume for the acid-treated MWNTs and the MWNT tedcwith ELD for 3, 5, and 10

minutes was 1.022, 0.676, 0.479, and 0.378g;mespectively. Table 5 also shows the surface
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areas and volumes of the micro and mesopores, l@dnean pore diameter. The results
suggest that an ELD of 3 minutes causes a largeedse in porosity with most of the

adsorptive sites being occupied within 3 minutes.

ltems Total Microporous Mesoporous

. " APD°
SA PV SA PV SA PV A

Samples\. (m7g)  (cnt/g)  (mg) (emg)  (mfg)  (cng)

Acid-
treated 261.07 1.022 61.38 0.164 199.69 0.858 194.46

3 minutes 193.65 0.676 43.52 0.117 150.13 0.559 172.68
5 minutes 162.73  0.479 36.57 0.083 126.16 0.396 155.21

10 minutes 143.58  0.376 31.43 0.027 112.15 0.349 110.55
Table 5 Textural properties of the silver coated MVg

3 “SA” js the surface ared, “PV” is the pore volume, anfl “APD” is the average pore

diameter.

Experiments were also carried out using copgempplementary Data)2For copper
ELD, the progress of metallization of the MWNTSs veamilar to that of silver ELD. However,
when thin-MWNTSs (< 5 nm in inner diameter) were disthere was no metallization at the
interior surfaces of the thin-MWNTs observed beeauke capillarity decreases with
decreasing tube diameter, as reportetlggrte et al. (1996)ho suggested that the capillarity
depends on the inner diameter of the MWNTs and tti@atanotube-liquid interface energy

decreases with decreasing inner diameter.
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1.4 Summaries and conclusions

With the metal particles-deposited on the ACF, riimoval of NO and antibacterial
action including adsorption-desorption of VOC faffetent deposition times ranging from 5
to 30 minutes were tested. For NO removal, exparisnen the removal of NO in the absence
of oxygen were carried out in a packed bed tubrdactor with various reaction temperatures
ranging between 423 and 673 K. For all depositiomes, the efficiency increased with
increasing reaction temperature up to 673 K. THeiehcy increased as the amount of copper
increased to Cu/ACR 110 mg/g due to the increased catalytic reactldowever, the
efficiency decreased above Cu/A€H.10 mg/g because of the decreased adsorption cdNO

a result of the increased amount of copper, evémtive increased catalytic reaction.

For antibacterial action, the diameters of the bittin zone of the bacterial
colonization were measured and found to be propmatito the copper deposition time. For
VOC adsorption and desorption, the results shovireed the complete breakthrough time
increased with the increasing copper nanopartidieggosition time, but the amounts and
diffusivities of VOC adsorption and desorption dexged. This was due to the blockage of
micropores by the copper particles, as was seeBHl analyses. An optimum amount of

copper needs to be deposited on the ACF for efffic®©C adsorption and desorption.

Silver particles were coated onto an ACF filteingsan electroless deposition method
and their efficacy for bioaerosols removal wasegstThe results showed that the silver-
deposited ACF filters were effective for the remlovhbioaerosols by inhibiting survival of
microorganisms; whereas pristine ACF filters weot. Two bacteriaB. subtilis andE. coli,
were completely inhibited within 10 and 60 minutesspectively. ELD of silver did not
influence the physical characteristics of ACF fitesuch as pressure drop and filtration

efficiency.
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The progress of silver metallization on MWNTSs dagrielectroless deposition was
examined for a deposition time ranging from 3 to rhihutes. The results show that the
metallization of face-centered cubic silver on th&VNTs progressed from the interior
surfaces of the MWNTSs to the exterior surfaces. pércentage silver in the coated MWNTs
increased from 7.0 to 28.2% by weight. The crystallize increased from 1.3 to 2.6 nm.
However, the surface area and pore volume decrdemmad261 to 144 filg and from 1.02 to

0.38 cni/g, respectively.
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