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Duri nrge atcbepbmas ma, el exntatoends iam et rae cledc al
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1.2 Cold pl sma technol og

No-h her mals pdlassamak no wrs aamseo ceoll dti gdaarsionlao g
arapplied iampplise atiusal udi n§? diyeo dt rlidmad metntt y
degradati on o f pharfiacesuir¢alce téonmplodnd:
functionaliz&@indn met hpo¥Pme ns'Ereasp ariit.ee d
process for decontamination of $fbodinocgnthe
advantages of | ow temper admud eabsne md-enadf ntud>
produwScatrsa.ngpap’dnepoetthedleffect tiesicphéetmiocna l
agrochemi cal susamgb lauenboesrprhieersitcai ma lndy mlua g ma
qual ity Yavwméddgraslhpee dc sug f@fc e nooddda dliicrat i on
using cowidt lplcalsemean reacti on, short processi
and a srmada’d@fgiebde pl asma enabl es many gener
processes, i ncluding sur f accree ad et irveaatcitoinv eb
grafting of functional vogtaup&dndatt chiemg cal
mat edii slso,cfasiuofmace contaminants &hd depos
During the psl agamaesraméeé mappli edoi geoetrthéem
chemical f,8nuethioEmBaojiCtoiodfsbi ndi ng ot her mol ec
polymers to the surface tdédWemhifkweposgedi fi
the process of chitosan triemactrnmeaisti nugs i tnhge gnt

ofChHani€CHgr oupesnhhaamdci ng the ability for dye

13Di scharge plasma generated in a gas
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1.3.1 Gas/liquid pulsed discharge pl asma

For a gas/ | i glasmalis gemesated irotime mas phase and the major
reaction proceeds in the liquid phaPe. s char ge pl asma i simsually
a gas medium tha’MHemtewern qaner gneodsitudm o er a
required to produce plasma in a gas/liquid
|l i fBFRwWr t her mbleiecguaisd i nterface surface area

ef fectievoeu sf osrpegcaises t o i fWhweseen ldiendstg cdter ot nhse |

are introduced into a gas/liquid environme
to form initial radical s. Then, t he gener
mol ecul es mendituhne vliiagutihde gas/ |l iquid interf:z:
of wvarious radical species, wi nih yaddrgdhggerre a c t

radi cathydr(dXyl, r aokiyogelnh y(dQOslg ¢ n g r, o xaindde ( H
ozonps PedPRong &tepaolrt ed that OHL radicals
degradation of phar maceutical *fompdundcdsatby
pl asmrodacesoOher oxidants, which are very
organi c pollutant sl n naddadidtuisan,i atlo xwiacs treenaad eer
not reaquitmed pl,Bemagsgaatemvironmenfatdl y fri
was feasible to opeedtng odgpth erad Bma gtealromeanr. a thuer
above advantages, gas/ Il iquid discharge pl
including Y3fe dtergeraatdnaetniton of phelr maceé ut i c:
synthesis 0% nanomaterial s

Common met hods to produce plasma in gas/
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electrode above the liquid surfi®de,Ther to
met al / met al ions vaporized from phaselectr
| eading to the contnaniomavteincdn oonfalt hgea ss/yl sitgeum.
reactions, g feos thé IBottom roft ar tankl reactawdd floated due to

buoyancy, and plasma is generated inside the buBtteFhis method significantly

increases the interface between the gas and liquid mdiathe bubbles deform,

coalesce to become larger, break up to become smaller, or move erratically providing a

very nonuniform plasma reaction field. In addition, ttreatment capacity is also

limited by the tank reactor.

13.20ug fl awuveipnwgss edh di scharge pl as ma

In order to solve the above problem, we developed a slug flow plasma system that
provides a very uniform plasmareactionfialéd t he bubbl es are not de
regulParmlhye slug flow plasma reaction method
flow of gas and feed |saslsuttiudbre twhrtdu gl pgp eaa
the outside. Stabl e phlasbhlal ensasf Iporweddu celdr o
el ectr odes aThe shapésiandisizes of thé laulgbkes were uniform. The
circulating flow in the liquid induced by the friction agtholid surface also accelerated
the uniform reactiotf, as shown in Figuré.3. It was possible to maintain a uniform
interface with a high specific surface area in the system. Thereftree s Isw g tfelno w
provides an easy, continuous, and environ

applied successfully tlbl % é s ydnetchoenspiossiafi osi
10
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14Previ ous wor k
1.4.1 Experimental methods

Il n our previous study, a PpPregsbrewpsyse
di scharge plphasm@Shdsappanatus scheme is sh
1.4 Gas awedi édtirgaadudced i nto the system by a g
generating the bubhbulgeds ianntdeArcfdanctehsel ufoluew graat
and Iweqgsweitd at 0. 15 mL/ min acopbebwsbemt s, r
pl aoetdside the capililnaregrfval@ sesmt ubenmwed¢thi re
alternating curseppl yAGnhdpubbeagewselr &cghod

ground el ectrode, respecwawssdd .asTha fACe puer
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10 Kthze vol tage and currentl wSovdeifuomm ntsh laorrei ds
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1. An2l ysiischhdr glenptaemal ug fl ow system

Fi glbrsghows the images of pulsed discharge
of bubnbltehse s | udgu rfilnaw 7€ yngst @ me ds puese dn gc aamehri ag.h
Figar€£hows the emission i nt ewhseint yt haet ptuhl es e
di scharge pl,axsmgtiuscha pgoydsui mlde dg Cecvai nceer a .

oshi*fetunadrtolpaatgat i on of discharge plasma
evice due to its diffemesuropiHiecdiegr & thgac
Nt ercafcd i 9 ead di s ©hgaalsg glup ldalsenamot i on can be
i sulatl leyan al sotlhe chsdrncedotshatybewbdunbbles, i
riginating from té&emei ladmermgt arhye dinsncehrar gu

ub®l & i ntdie adleesctrical fi el @ aldi gbburbibbl uet i on

afaepl yipud stelde di s@Afharege hplghhsmal t age 1 s int

d

i scharge plasma may generate i mmegdiiately
ur fAaccee.rt ain current is also found during

he movi ng cBhuar getd wssepeéntstr ensoftor t he el ectri ceé

n tHe quasd surface, i ndi catliingu itdnh astu refl aeccet r
he capillary gl ass wd?PTlacihs brifaghssat ftaillamd t &h
i mil ar resul t, attributing totéhfeacardfacte
ubbl e and Maypwelflortcensor
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i i
4 msec 5 msec 6 msec 7 msec

Fi guelenages of pulsed discha%’ge pl as ma

Fi guaTeg pi cal pul sed discharge pl asma i mac

the sl ug wWiltohw asrygsotné®ms gas phase

1.3%ffect of expermilmsmtaalgefna@ctadn N

1. 4. 3l ilgwGiad ratio

The rel ati ognadsh igu i loeentrdmdienont | at i omwadi schar

i nvestTihpatfdd.w r at evatsepteednsolanti an 1.5 ml
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di stances of wadpdc dryt aldylulslitesng the fl ow r a
15 mm, respedtiigueldy . .r afthe @asd t he rcgoerr espol
voltage are dhBwania Vv boewaapedIleifed 3i rktVvo t he
di scharge plasma cannot \Vbeaes egte netrAs® e¢direwh e n
number of bubbles betdvedret led eeltedctcrad deasesi
phase dnocresadeing i n an increase on diffict

pl as ma. He nictei, atrieqmui diesilc hardge voltage al so

Tablll#dhe rel ati andshiepg eredd viaaeggrii tod at i on

di scharge voltage

Di stance of € Liggad r Initiation di
mm k V
11 6. 6 9.5
13 7.8 8. 7
15 9.0 7.5

1.4C8nductivity of feed solution

The rel ati omnosrhd yc thievtivteyeaaofd fi@edi adl oni dm
vol twagevesti Gahddasdpyusyed by adding sodiu
the feeangdolretsiudn, i $8 Isth oiwn dinf fFiigwlirte t o pr
pl asma when W hies cbodutowyitven i f applied
incrd@ased.arge plasma cannot be peS/decunced wi

even i f a voltaWetbfthd &¥ndescappitegdof f ec
15



it almeasi er to break down the gas, resul ti

vol tage.

onset voltage [kV]
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Fi gu8Tehe rel ati cmosiuxc thevtivtieyamd i ffieetdi s | u

di scharge voltage

1. 4Gadas3Burces

The relationsbopramest wieneint i @das onwadsi scharg
i nves tAirgatne d.Ar ) , hel 3 um a(mHke )n)iwteormmsgeedr n a NO
f egdsespeclthievecloyr.responding initiation di sc
Figbr@esRel ts shwamortehati fft cult to cause di el
usi ngnNas feed gas, resul Whemonian Amhenlkli gher

Hewvemwesed as feed gaseddi behgeger pt asgmaatehd
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15Moti vation and purpose of this worKk

This work is mainly based on the slug flc
Compar ed wiatlh mertahdbidtsi d o produce plasma in
slug fl ow system provides aHemicfeor mhandyso
is to be applied into various reaction pr
examiadvansages.hilsnn d$hstsemtiudytotbe applie
met al oxi deRemaontoipamtmetcani sm and effect o
to be Andudtiheids system is first to be i mplen
Chemni cpar operties of the syatemtonbdendpsessa

theffect of pressorkeoinntédetisgat edn.
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Chapte®f8ynz hesmest alof manapparundedres
at mosppreesigcut @déeds chargenpthemal ug f

system

2.1 I ntroduction
2.1.1 Met al oxide nanoparticles
Met al oxi de n agnaoi praandt i o lc € € a ddiainege tionteh eist

significant change on propertiesrwhga part.
Due to the high density and | imited size o
oxide nanoparticles have uniguei @ahsmical
obsesvedpelAWehh thmetsalzepawibpgarti cles decre
increasing number of surface and interfac
adj oining str Bcthwer gplr opnesarngtnierdts actoif oonpstainc a | el
be dependent on the sg.&€sipficdcidadsoluzned otth atth ev enr
smal | namwaomauaturscu aels structur al di sorder, m
properties

Becausehiodhtdhwerfrace aredepaddphapeomi ds
nanopavradedppsli nedari ous applications i n wioc
sensors, optics, meditciAnd ahard B@Veewedni c
t hato@nAgO0 nanopartitl entsmowr yhpaeiahstacdn wg t
resistant bacteri &e@mdfaallisesa vsi ensaendi pap Ipiaa aatsii a res

magnetic iron orni tdbenénepdstbtl eatal ysi s ar
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2.11..1 Ccorxiiudme nanoparticles

Cerium is one ofrare earth metals showing potential for a wide range of
application&’. It has two stable oxidation states,*Cand Cé&*, in which the electron
orbitals are empty or partially occuptédue totheability to release anptake oxygen
depending orthe switch between GH#Ce* redox cycles, cerium oxide nanopartgle
have an importar property of high oxygen storage capatitydence they ae widely
applied in the medicaind biologicalfields as antioxidantd possessingemarked
catalytic activity*'®. The band gp energyof ceriais 3.2 eV, which makes it a
photocatalyst sensitive to ultraviolet radiafibiCerium dioxide CeQ®) nanomateria
also exhibit a photovoltaic response, which is directly derived from the nanometric
particles sizeThe material possessegcellentthermal stability, large pore volumes,
and high surface aréd$° makingit easily doped after synthesis whihaintairing
textwal and mechanical integrity Many researches have reported ti@2eQ
nanoparticle andoped Ce@nanomaterials show potentialphotocatalysisindsolar

Ce”22—27

2. 1MagResium oxide nanoparticles

Magnesikxuwche ( MgO) i's an i mportant- i norgan
ga@&p beifnrgi ercdbl y, economicaPfPidly bhemess i il ediaend
fori nhesr ent Ipir@lpeirdanies olfarac,ceystail mphteusct

anslurface st rFrUvgtuamd p agelifdecltesscel | ent physic
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behawisotrasbi | i tiyesicHir @abeed othédvéiser mal conduct i
di el ect r iacn dr epshiysstidchacl@ thsetrrebfgogntalm o p alrte cl e s

been applied in various®'apmildiecmaduotnisng i matl
el ectrochemicalfr ddtosreynsmas?er il s, f abmser bod
magnesium oxide ar é oal sidd e mp’dtotheht?’s pb e ausea
38 n addi’tiiommsy baMgeui t ous and esseantdhaedly for |
al so shgwcal baotbvity ¥ oHawydmaen or peagretniecrlaetsi oz
al eseed medioai nelfe orfelhieart bur n, sore sSstomac
tumor traadmenbact@ri*flanegtg’®méported that M
nanoparticl esx cseHamwvdaidb atcher i al activity ag

pl antarum

2. 1. 1. 3 nZainnocp aorxtiidcel e s

Zinc oxiidke k(hom) as nargpabmcsiahg with a wi
gap of 3.3 eV, a high excitonic *Bimadidng ene
nat utgpbenel ectr f%ZanlO csoanrdauschtkibvaitoinmptsi c al |,
chemi calsesd coindg,t eot i aati>PPuentdoct hei syrong
boding iOn Zm® Hhms |l ong durability?® high s
Hence it is wused isnucvha raigo/u sa saafrips| i scustife sonrss
and piezoel eBWhreéinc ptarratniscdluecessi ze is reduced
because of i ncfraecaes eadrhesap eaenddf pear siucl e sur f ace

nanopaegxhichhigis catalytic, haitgthr apch a tvaec haenmii chae
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propelDuiee hdi nsafe andpbo peitnipgatlbsboe eu sed as
antibacterial agents i nlPfadoéviafthweptery adn d
that ZnO nanoparticles have great antibact

increased with decreasing particle size.

2.20radi tebhad8ymohenseitzailngoxi de nanoparticl es

Current met hodme ttad maxmddiesemaiza@lngcsl ude
hydr ot®R2r maule mi cal*%gaeil pittdd®hisna qwetther mal
microwavé®, and #&herhm §5melt hsridsvever, t huswmly met hod
require long reaction timend complicated steps. Gnanam et®alepored the
successful synthesis of Ce@anoparticles by hydrothermal method, with ahb@ir
reaction at SWepdted.the sefelmgthoal with thé processes of stirring
for 1h, heating in watr bath, preferring for 4 h, and firing for 4lhn  a d d iotrigeam i c
sol vent s andl waygsandegiairgee d ehge ipmrorcdeassi ng
environmenttahe sopers.adhemdgdr eatsmsemtl seapaci ty

' i mited byon.he tank react

2.1.3 Synthesis of met al oxide nanoparticl

Col d pleacshhmaosénogaydvanced oxidation process
species with i gNatremparttiiviltdasessynt hesi s u
i nherdeoretsl ynosolrveemti rranedn albilganngd t he synt hesi ¢
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with hi®®Dupungtythe process of cold plast

nanomaterial s I mmer sed i n theamd @aamtai cr eegs:
aggregation, whi ch enabl es t he synt hesi s
di str P8 Edteicamon collisions with molecules ¢
growth precursors, |l eading to the ,l argely

enabt hegnanoparticles be grown far from t

efficient in€% usions of dopants

2.4Motivation and purpose of this work

Il n this work, tulse ngl pal sledw dspgsthamge pl

synt hesi zea ametpalr tadxil ckes puredsesrureaet npoph adiomg

an easy, continuous, andCemivimomimemdtaé | ymd g
chloride, and zi nc achel oursiedtleo aasqgyufehiess i szoel uct @
doxi de, ma g nzeisn cu mo xoixd ed,enma @ ® p @ clTthiec épergo duct s

characterized by different methods

2.2 Experi ment al procedur e
2.2.1 Materials

Cerium (1L 11)33ni(tPrractdeu-©OTeB®H@ONEFZ5 um chl or i
( Mg2Ld Pr oduc t0 3Ng@z5 )@ 6 ¢ lle ) ( Zmdcd uZ 6-6 ONy7.5

starch (Pr&8Wad8t) Nandldlistil |l eldé 7wBart)e rwe(rPer o
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purchased from Wako Pure Chemical Il ndustri
99. 99 %) was purchased from Sogo Kariya S
chemicals wused in this study werelused as
mmol / L ok, QOWg(NOnadw&ne€l used as the feed sol:
Star®6hlovWwasw added as the stabilizer in the

cerium oxide nanoparticles.

2.2.2 Experimental met hods

Fi gallsehows t he schemameftcalbfoxheeusypangheasi i

at mosphersisaure pul sed discharge plasma i n &
system has been reported in ®%tehred sgmltchesi
nanopdftBttasght(l2mmpli2.l0arnym tiubde. , Fujirika

300, Os gwaas, s alda ptamme s | uagn df Iroews irdeeanccteadra { ene o f
bubbl es was 3alCorppxirma(tCu)y sheets with a wi
attached to the outer surAfhaeydo |l dfagtehel glcadgg
andground el ectrode wer etarereaand e, aalnpcdcteme

was approximately 25 mm. The feed solution

higperformance | iquid c¢chOADnat Slgirmapdzu pQaop, |
Japan) and argon gas was i ntlr205d0g, € ek c f r om
l nstruments Il nc., Kyot o, Japan) -iywpe the

junct 12d®, ( S¥Yagel ok). A high voltage was pr

(TBEVP1510NKRB00Tamaoki El ectroni cs Thoe. , Lt d.
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voltagea eand odurt he system were observed usi
Tektronix Inc., OR, USA).
/.'ﬂ' "'j"‘. AC pulse supply
~T
L@" ooooo
Feed solution | 6000C Products
Oscilloscope
Fiug2dApparatus scheme of synthesizing me
at mosphersisaure pul sed di scharge pl a

Bubbles were géneaipgtiddariyn gt s adjtwdbteed b
varying the flow rates of the gas and ffeed
solution and argon gas were approximately
system was powered by B&Bt@egk) voAbhahN€E pdal 46
supply was introduced into the system thro
gl ass tube t oT hgdd msecriveaiveg dépolranssmaof v ol tage an
shown i n2t.l2e Figure
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2.2.3 Analysis methods

Ul travisible spectwophot ometer (UV

UW i s i s a method of gualitative and q
absorption spectrahsdmph @& dc &hhleli wir &avwii alte tn g
visible rAddiean albisvgihsth.ibng UV ght , atoms and
el ectroni c execnietragtyi ot attoe shi glhheer c hemi c al S
mol ecul ar species can bé tthenti ghedbbsomberk
The results are expressed as absorbance or

calculated by the fRdUg@uambReeqtatawon based

0 I I;g

whegaend | i ace dteme | i ght intensity and trans
Il n this study, the product solution cont
is placed in a quarnuwl tcreabvMisoalbedte mepeot edphs

(Mb50, Claspooa at iTchre, sdaarqpdme)s. are qualitativel
29



the characteri-wits cspeatrsa.in the UV

Transmi ssion electron microscope (TEM)

TEM is wusually observed the miaradadhtmuctu
speci menn ewietct raon beam of wuniform current d
electron gunhem d¢dealmemdatsed by el ectrostat
voltage and enters Tthiee edimmdesnmssietry | deinsst rsiybsu te
t heecimpen iontiomagdd uavi @ hiceémte ‘'$ emesersystem

Il n this study, the product -mebbtgondi dPdr
Cl16O0Ohken Shoji Co.tolLpdepamMelkhyer es admapgripehse sar
characteri zedarbgymiusssiinogn al ecZTr®OOPImisc,r osamay
El ectooni)da@. an accel eraftflTihen svalet algestof bA
nanoparticlesusisngleNamommi Meds biyer software
Chi,nawhiobh aii #ed by measuring more than 300
i magiles. mogpkesl, ogrowth patterns andarcer yst al

observed in .the TEM i mages

Hi gh resolution transmission electron micr.

HRTEMas been effectively and widely wused
l attice i mpeaetrdreicalisonen i@amemal emtedsaalka el
di ffractpenf 6BAMED) inside the HRTEM shows t
crystal structure of "™Mamnethithde sciruydsytsap e csitfriuc
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of the namxmanmtthieabtuagghh r HRTEM i mages and SA
obt ai naldi gelsomuti on transmissi@iO0®&IFectUmapmanm

El ectronilcatCtoi.ce Lsmaqgi ng and atomic i mage ¢

Energy di-spgerspeet Xoscopy (EDS)

ED S I S a t metahnoadh § z ee | emenptosds bt i ccrle mi c a
characteri zatBvemeyl @me stahngthlassa.ct er i st i c peak
el ectromagneti c emi susniiognu es paetcotnftiacmp ddtareu cst ai r
irradiated by a beam of electromay® fitomul :
aspeci mem,ubwhimemsawr eddibypeamsienergyectr omet e
t measwhad acteristiagagesehgi esemént &ale Hompos
speci men camMinbdi meassuwudgd el ement al composi
nanoparticles esengwnl g rsapge spiemg yArf J EOL, JE
2300T & Gatan, iGndgt Dulachd E2MNOEDRB,M Japan EI ecH

Co.,.Ltd.)

2.3 Results and discussion
2.3.1 Char ace¢ ®eidemiandaenoonp aorft i cl es

As shown 2i,8 aFiygeurleow s @leu toid emdaercomd rati ind Ingys
was obatfatienredp!| asmandr elaé ooyud dda kbeer e ede svhen t

prodwacst i rradiated with a | aser be-am, whi
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di spersed cd% 1l oidal particles

(a)

Fi ga3Phot ographs of feed solution (Il eft)

room |l ighting; (b)Tyndall effect i

Figdr’hows the EDS el emen tuah aoma pla&@r toif c |tehse
synthesized in the slug fl oav <Lestaemmd WOs iwey
detected in the el emental maps, which i ndi
gener at ed tihmdwaoged prleasantai ons Fi g2 tsBeo wssl ug f |
the TEM i mages of the cerium oxide nanopar:t
the stabilizer. The nanoparticles were ur

approximately 3.4 nm.

of I 255 Cel

Figure2.4 EDS majping image®f cerium oxidenanoparticlesor cerium and
oxygen
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Fi gas(e) , (b) TEM images (c) particle si
nanoparticles

The crystalcet i umtaonxoipdaer ft itchees was examin
their HRTEM iZmay)eandFiISQAEDe pato) er M e ( Fiadg un e
spacing of the nanoparticles was O0.31 nm,
According t'¢ Vvedemapatialg. of 0.31 nm corres
cubi @ CR®O Zfail st aalt ri buted the fringe spac
pl ane :xnoan€p®rticles. As <canb6bet hoeb sSeAE/De dp aftrt
of the nanopardi ti eaicnylsonweod rtetsrpeoendi ng t o t

andl}f3fpl angs]ChlPIDSCec@@r3®4na. 34

Figaag(ea) HRTEM i mage andef(biymSAEDdeat t

nanoparticles synthesized with star
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