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Abstract

AnewtechmqueforseparaUngtracevaporousandgaseouscomponents（ＡＭＣs）fromcarner

gaseswasproposed,whichuUlizespreferentialionizationandelectricalmigraUonofions

NitmgenandoxygenflowcontaimngtoluenevaporwasdividedinotwoHCWS,whiletheHow

wasilradialedwithalpha-rayorsofIX-rayundertheelectrical化ldTheionizedtoluene

moleculesiｎｏneflowelectricallymigIatedintotheothernowcausingtoluenerichaｎｄｆｉ･ee

carriergasnows・ThemaximumseparaUonefficiencyoftheimprovedseparatorwas6WMmm

themtIogengascontaimngtoluenevaporof0.15ppmThedependencyoftolueneseparation

efficiencyontheappliedvoltagewasthesameasthatofcaUonseparationeificiency、

TheinmuenceofAMCconcemrationandtheintensityofX-rayirradiationontheseparation

efficiencywasinvestigatedinoldertoelucidatetheseparationmechanismsofAMs

ExperimentalresultsshowedthatahigherseparationefficiencyisaItainedwithahigher

intensityofthesoftX-raysou正eandthattheseparatjonefficiencyincreaseswithdecreasingthe

AMCConcentrationThedependencyoftheAMCseparationefIiciencyonthesefactorswas

wellexplainedbytheploposedseparationmodeLwhichaccountsfbrthereactionsofAMC

inerInediatesandreactivepnmarycationsofcarriergasmolecules，

ProposediomzationseparationtechmquewasappliedtotheseparationofcarbondioxidcAsa

result，itwasibundthatcarbondioxidecanｂｅｓｅｐａｒａｔｅｄｍｏｓｔｌｙｉｎｔｈｅｆｏｎｎｏｆａｍonwhereas

toluenevaporwasseparaｔｅｄｉｎｔｈｅｆｏｒｍｏｆｃａｔｉｏｎ、Themaximumefficiencyofelectrostatic

separationofcarbondioxidewasl49bwhenheliumstreamcontains24ppmofcarbondioxide

attheappliedvoltageof600Ｖ

Introduction

Removalofairbornemolecularcontaminants（ＡＭＣs)，ｉ､ｃ，vaporousorgaseous

contaminantsiｍｍａｉｒａｎｄｏｔｈｅｒｇａｓｅｓｈａｓｂｅｅｎｏｆｇＩｅatconcemibrindoorairqualityand

semiconduclormanufacmringpmcesｓｅｓＡｌｔｈｏｕｇｈＡＭＣｓｃａｎｂｅｒｅｍｏｖｅｄｂｙａdsorptionwith

acUvatedcarbonsandothersorbents，adsorptionmethodhasseveraldrawbacks，ｅｇ，necessity

ofadsorbentreplacementordesorptionofadsorbatesaftcradsorptionequilibriumandhigh

plessuredlcpthroughtheadsorptionbed・AneifcctiveremovaltechmqueofAMCshomindoor

airandothergasesｗｉｔｈlowenergyconsumptionisreqUired
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GaseousmoleculesintheatmosphereareionizedbyirradiationwithradioactivesoulCe，

electricaldischarge，andcombustion，etc、IrradiaUonofradioactiveraysorcoronadischarge
imtianygeneratesprimarypositiveionsandfireeelectrons・Theireeelectronsreadilyattachto
electronegativespeciesinairtolbnnnegativeionsSincetheprimarypositiveandnegativeions
aleunstable,secondaryionizationduetoion-moleculereactionoccursbythecoUisionsbetween
ionsandneutralspeciesTheion-moleculereactionisinnuencedbytheextemalelectricfields・

ＴｍｓｓｔｕｄｙｐｒｏｐｏｓｅｓａｎewelectrostaticseparatorofAMCmoleculesemployinga
bililrcatingHowandlowelectricalfield,whichuUlizesion-moleculereactioniniongeneration
fieldsTheseparaUonperibnnanceofAMCmoleculessuchastolueneandcarbondioxideby
theirradiationofalpha-rayandsofiX-raywasmeasuredTheeilCctofthevolumetlicnowrate

onAMCseparationefliciencyweresmdiedTheionconcemrationHowingoutliPomseparator
wasalsomeasｕｒｅｄｉｎｏｒｄｅｒｔｏｃｏｍｐａｒｅｔｈｅｉｏｎｓｅｐａrationefficiencywiththatofAMC、

Furthermore,TheinHuenceofAMCconceⅢrationandtheinensityofX-rayirradiationonthe
separatione筋ciencywasinvestigatedtoseektheseparationmechamsmsofAMCs、Ｔｈｅ

dependencyoftheAMCseparationefTiciencyontheseiactorswasdiscussedbyaproposed
separationmodel，wmchaccouⅢsfbrthereactionsofAMCintennediatesandreacUvepnmary
cationsofcarriergasmolecmes．

IonizationSeparator
Figlshowsthestructureofionization-separatｏＩＦｌｏｗｃｏｎｔａｉｍｎｇＡＭＣｓｉｓｓｐｌｉｔｉnto

twoflows,whilethcflowisbeingirradiatedwithalpha-rayhPom24IA1n(2.6ＭＢq)andsoftX-ray
fiPomPhotoionizacr(ModclL6941,HamamatsuPhotonics,Japan;encrgy:３０~９５ｋｅＶ)undcr
anelectricfield・

TheintensityofsoftX-raycanbeadjustcdbypassingthesoftX-raythrougllvarious

numbersofalummumshcets(alummumfbil,thickness:１２１人､),andtlleintcnsityofX-raywas

measuredwithadosemeter（ICS-311,Aloka）ThesoftX-raygeneraIorhasadoseraｔｅｏｆ

４７×10~６Ｇｙ/Ｓａｔａｄｉｓｔａｎｃｅｌｍａｗａｙｆｉｏｍｔｈｅｓｏｕ１℃ｅＴｈｅｄｏｓｅｒａｔｅｃｏ】ﾖ｢cspondstothe
productionratcofcationsof24×1016ｍ－３ｓ－ｌａｔ４ｃｍａｗａｙｆｒｏｍｔｈｅｓｏｕｒｃｅｗhenthegencraUon
ofapairofionsreqUirestheenergyof34cVInoldcrtofindtllerclationshipbetweentheX-ray

intcnsityandtheiongencratlonratcintllescparatoLwcmeasuredtheionconcentratlonatthc

outlctofseparatorwitllanioncounterbychangingthcrelativeintcnsityofX-rayusmg

aluminumshects、TherelationshipisshowninFig・ＺＡｓｓｅｃｎｉｎＦｉｇ､２，theioncunPentisnot

proportionaltotheintensityofX-ray，ａｎｄ７０％rcductionintheX-rayintensitylcadstoa

dccrcaseinionizationcapabilitybyabout４６％．
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ExperimentalMethod
TbluenevaporｗａｓｕｓｅｄａｓａＡＭＣＳｉｎｃｃｔｏｌｕｅｎｅ（protonaffinity：７９４ｋJﾉinol，

ionizationpotential882eV）hasahigherprotonaHinityandsmallerionizationpotential

compaledtothenitrogen(protonaHinity:494.5ｋJ/mCl,ionizationpotentiall558eV),toluene

tendstobcinthefbnnofcationinanionizationregionCalTieｒｇａｓｏｆｎｉｔｒｏｇｃｎ（Purity：

99.99995％，０２<０１ｐｐｍ，Ｈ２<0.3ｐｐｍ，ＣＯ<0.1ｐｐｍ，ＣＯ２<０１ｐｐｍ，ＴＨＣ<0.1ｐｐｍ，Ｈ２０＜１

ppm)isfhrtherpurificdbypassingitthloughaliquid-mtrogencold-trapThepurifiednitrogcn
ismixedwithnitrogencontaimngtoluencvapor（１３ppm)toobtainagivenconcentratlon,and

thenintroducedintotheionization-separatorlnletflowiseqUallydividcdintotwooutlctf1ows，

andtheinletandoutletconccntrationsoftoluencvaporaremcasurcdbysamplingthegaswitha

gasbagfbllOwcdbythedetenninationwithagaschromatogFaｐｈ(Shimadzu,GC-17A）

ResuItsandDiscussion

卿αγαがo"q/7o/"e"ｅ

Fig.３showsthcratiosoftolueneoutlctconccntrationtotlleinletconccntratlonasa

fimctionofappliedvoltage、ForbotlltheirradiationofsoftX-raysandthatofalpha-ray,ｔｈｅ

concentratlonratioofthcflowftomthecathodeislargcrthanumty,whiletheratioofthcflow

ftomtheanodeislessthanunity,indicatingthattheseparationoftolueneoccursinthcscparatorB

TheratiooftoluencconcentrationwiththesoftX-rayishigherthanthatwiththealpha-raylhe

concentratlonratlocurvesfbrcathodeoutlｅｔａｎｄａｎｏｄｃａｒｅｉｎａｍｉｌｒｏｒｉｍａｇｅｅａｃｈｏｔherwith

respecttothcinletconcentrationlinc（OuUcfconc／Inlctconc＝１),suggestingthatmass
balanceoftolucneholdsandthcrefbrenodecompositionoftoluenetakesplaceintheseparatoI

Fi9.3showsthatthctolueneconccntrahonattheoutletofionization-separatorhasapcakand

themaxlmumdmensionlessconcentrationwithsofiX-rayisl3atthevoltageof600V
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Ｆｉｇ．３Changeintolueneconcentrationatthe

outletofionization-separatorwithappliedvoltage・

Inlettolueneconc.＝500ｐｐｂ(1.OL/ｍｉｎ)．
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lnfluenceofvolumetricnowrateontolueneseparationeEficiencyisshowninFi9.4

meseparationcHicicncycurveshaveapeakatagivcnappliedvoltagcinallcasesAsthcgas

flowrateincreases，tllcseparatlonef五ciencypeakshiftstoahighervoltageMaximum
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separationeDHciencyincreaseswiｔｈｄｅｃｒｃａｓｅｉｎｔｌｌｅｆｌｏｗｒａｔｅｌｔｉｓｃｏnsidercdthatefIbctive

separationoftolucnercquiresagivenresidencetmefbrtoluenemoleculestoacqUireclectrical
chalgebyion-molcculcreactlon

ＣＤ'"〃ｊso"q/、ｍｅ"es印”αがo"α"αc〃o"s叩α7α"o〃

Thecationconcentrationcff1ucntfiFomcatllodeoutletwasmeasurcdbyion-couterFig・
SshowsthecompansonofscparaUoneBHciencyoftoluenevaporandthatofcation、The
separationeHIciencyoftolueneincreaseswiththeappliedvoltage，ａｎｄａｔｔａｍｓＯ６７atapplied
voltageoflOOOVThecationseparationeBHciencyalsoincrcaseswithtlleappliedvoltage，and
reachesthemaxlmumvalueatabove600VThedependencyoftolucnevaporseparation
cHiciencyontheappｌｉｅｄｖｏｌｔａｇｅｉｓｓｉｍｉｌａｒｔｏｔｈａｔｏｆｃａtion，indicatingthattheseparatlon
eHicicncyoftolueneinsoftX-raytypeseparatorisdetennmcdbythecatlonscparatlon
efIiciency．
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Fig.６showsthechangeinseparationeHicicncywitlltlleinlettolueneconcentratlon

TheseparationeHicicncyoftoluencincreaseswithdecreasmgtheinlettolueneconcentratlon，
implyingthatthepresentseparatorismoIeeHectivefbrremovmgalowconcentrationofAMC

AnincrcaseinsoftX-rayintensitybringstheincreasedseparationeHiciency，andthcrateof
separationeHicicncyrcduction(３７％at0.5ppm)iSsimilartothatofioncurrent(46％)shoWn
inFig、２，becausctheincrcascinthesoftX-rayintcnsityleadstOahighcrgenerationrateof
pnmarybipolarionswhichmtumchargetolucncmolecules

S2pc7M7o"加ech“柳

Althoughmanyionspeciesaremvolvedcveninabinarygasmixturc,hcreweconsider
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寓歳工噂等Ⅲ
whereCistheconccntration〃isthcflowvelocitv､DisthediffiJsioncoefficient､αａｎｄ

βarethenetdcpletionra槌constantandthenetgcnerationrateconstantofAMCionS

respectivcly、ZistheelcctricalmobiliIyofAMCions,andEistheclectricalMdstrcngthZE

isequaltotheiondrifivelocity・

Ｉ、ｔｈｉｓｓｍｄｙ，wehypothesizethatAMCionsarcgeneratcdviathercachon

intermcdiatcsofAMCwhichisfbnnedbythccollisionsofneutralAMCmolcculeswiththe

reactlvepnmarycat1onsofcaniergasmoleculesThegenerationofAMCcationsviathc

intcnnediates,Vtisgivenby

Ｖ＋Ｘ+蟻ｊ－－Ｖ寧十Ｘ+－座→Ｖ+＋Ｘ（３）Ｘ+寧些－Ｘ、(4)

ｗｈｅｒｅﾉｾﾊﾙｺａｎｄﾉt3arethcrcactionratcconstants・

T11egcnerationratcofAMCions,Ｇ(＝βCv,inEqs(1)and(2))isgivenby：

ｓ・ｃｖ
Ｇ－(Mﾙﾙ藝肌F＝+ｑ ５）

ｗｉｔｈトム
ｋ３ ６）

wheleSisthepmductionratcofreactiveprimalycationSKisthcsclectivitvofAMC

ionizationoversclfLionizationofcarriergasbythercactlvcpnmarYcations、ＡＭＣｉｏｎ
ｇｃｎｅｒａｔｉｏｎｉｓｇｉｖｃｎｂｙａｆｉｍｃtionoftheproductionrateofrcactlvcpnmalycationandinlet
AMCconcentration

Unfbrtunately§、ocomplctesctofreactionratesandkmeticconstantsfbrthissvstemis

availableatplCsent・TY1evaluesofelectricalmobilityanddiffilsioncoefficientofAMCionsand

moleculcsareassumcdtobcintherangeofthosefiortheatmosphericionsandmoleculesl).the
rateconstantofaisalsoassi印edtobeintheorderoflO3refbrringtothcpreviouswork2)Thc
unknownvaluesofSandKarevariedparametricallvfbrfittingtheexpenmentaldata、

Ｆｉｇ．６alsocomparesthedimensionlessoutletconcentraUoncalculatedfbrvarious

valuesofSandKwiththeexpenmentaldataAsshowninthefigure,SdctemlinestheAMC

concentratlonatwhichthescparationofAMCtakesplace,whercasKaffbctstheincreasingrate

ofOutletconcentrationwiththedecrcascinAMCconccntrationThevaluesofSwhichgivethc

bestfitfbrthecxperimcntaldataare20×ｌ０２２ａｎｄ７５×l02lm~3s~lrespcctivelyfbrlOOand70％
ofX-ravintensityThereductionｉｎＳｄｕｅｔｏｔｈｅｄｅｃｒｅａｓｃｉｎＸ－ｒａｙｉｎｔｅnsitvnearlycorresponds
totheionconcentrationreductionduetotheX-ravintensitvreductionshowninＦｉｇ．２．The

valuesofSWhichgivethebestfitfbrtheexpcnmentaldataareintheｏｒｄｅｒｏｆｌＯ２ｌ～１０ｺ２ｍ~3s~'、

ｗｈｉｃｈｉｓｆｉｖｅｔｏｓｉｘｏｌｄｅｒｓｏｆｍａｇｎｉｔudehigherthanthatpredictcdbytheX-rayintensitv
(Ｚ４ｘ１０ｌ６ｍ~3s~]at4cmawayfiPomthesource)Thebigdiscrepancymightbcattributcdtothc
involvcmentofreactivespeciesotherthanrcactivecationsofcaniergasmoleculesinthe
ionizationofAMCmolecules．
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Proposcdionizationseparationtcchmqucwasapplicdtotheseparationofcarbon
dioxideJnoldertoevaluatetheseparationpeIfbrmanccofionization-separatorfbrCO2takmg
intoaccomtthcdecompositionbythcinPadiationofsoftX-rayduringtheseparatlon，wc
dcfincdtheCO2relativeconccntrationfiomtheseparatorasC*＝dCV=0,whcrcCistheoutlct
conccntrationwithsoftX-rayilradiationandtlleappliedvoltage，ａｎｄＣＶ=Oistlleoutlet
conccntrationwithsofiX-rayirradiationwithoutthcappliedvoltage・Fig.７showstheinflucnce
ofappliedVoltageontllerelativeconcentrationofCO2attheinletCO2conccntrationsof24

and44ppminheliumflow・CO2concentrationissligllUyhighertllantheinletconcentratlon

whenthcgroundelcctrodcisanodeanditisconsiderablylowerwhenitiscaUlodc,indicating
thatthescparationofCO2docsoccul：ＷｂｃａｎｓｅｅｆｉＰomFig､７thatthemi印ａｔｉｏｎｏｆＣＯ２ｉｎａ
ｆｂｎｎｏｆａｎｉｏｎｉｓｄｏｍｉnantintheseparatorwhcrcastoluenevaporwasseparatedinthefbnnof
cationThcCO2relativeconcentratｉｏｎｈａｓａｍｉｍｍｍｎａｎｄｍａｘｌｍｕｍａｔｔｈｃｖｏltagcof600V
and‐600Vfbrbotllin]ctconcentratlons,whichisinageementwitllthevoltagｅａｔｗｈｉｃｈｔhe
maxlmumseparationoftoluenewasattained
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Fig.７ChangeintherclativeconcentrationofCO7asafimctionofappliedvoltage．￣

ConcIusiion

Thisstudyproposcdancwelectrostaticseparatorfbrairbomemolccularcontaminants

(AMC）moleculesfiPomvanouscamcrgasesThcseparatlonmcchanismissuchthatAMC

moleculesareionizedviaion-moleculercactioniniongenerationfieldsandareatthesametime

concentratcdintooneflowofbifUrcatingflowbyappliedelectricalficldTheseparatlon

efficicnciesofAMCshavebeenstudicdexperimcntallyandtheoreticallyThefbllowingresults
wercobtained：

(1)Tblucnemoleculeswercclectrostaticallyseparatedbyalpha-rayionizationandsoftX-ray

photo-ionizationTblueneseparatlone価cicncyhasapeekatagivenappliedvoltageThe

maximumscparationeBHciencyoftheimprovedSeparatorwas６７％fromthenitlogengas

containingtoluenevaporof0.15ppm．

(2)TY1cseparationefficiencyoftoluencwasdetcnnmedbytheseparationeHicicncyofcations，

althoughtllemeasurcdionconcentratlonwaslargeorderofmagnimdeslowerthanthcnumber

ofseparatcdtoluencmolecUles

(3)TT1eexperimentalseparatloneHicicncyofAMCssincreasedwitlldecreasmgthcinlct

concentrationThcdependenciesoftheseparationefficiencyontheapplicdvoltageandinlｅｔ

ＡＭＣｃoncentrationaresuccessfilllyexplainedbythcpresentseparatlonmodel,whichaccounts

fbrthercactlonsofAMCintcnnediatesandreactivepnmarycationsofcaniergasmolecules．
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(4)TheproposedionizationseparationtechniqucwasappliedtothescparａｔｉｏｎｏｆＣＯ、CO
molcculcsinahcliumwasseparatｃｄｍｏｓｔｌｙｉｎｔｈｃｆｂｎｎｏｆａｍｏｎｂｙｔｈｃｉｏnizationscparator・
ＴｈｅＣＯっconcentratlonrclativetotheoutlctconcentratlonwithoutappliedvoltagcincrcascd

withdecrcasmgtheinletconcentratlon,asfbundinthcscparationoftolueneMaximumrclative
concentratlonoｆＣＯぅwasll4inhcliumcanPiergascontai､ing２．４ｐｐｍＣＯ，atanapplied

voltagcof600V
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学位論文審査結果の要旨

平成１６年７月５曰に在学期間短縮の可否を判定するため、予備審査会を開催して、口頭発表と質疑応答、

ならびに提出予定学位論文､参考論文､副論文を審査した。本学自然科学研究科博士後期課程在籍期間中に、

掲載決定の論文を含め審査付き論文が４編あること、また、参考論文、副論文合わせて８編の研究業績が

ありその研究内容も極めて優れていることから、在学期間を短縮して博士の学位を申請可能と判断した。

その後、平成１６年７月２７曰に口頭発表と質疑応答を行い、引き続き開催した論文審査会において以下

のように決定した。

本論文は、気中の分子状汚染物質（AMC）の分離に関して、放射'性同位元素ならびに軟Ｘ線を用いた両

極イオン生成場で揮発性有機化合物（VOC）を選択的にイオン化すると同時に電界を印加することにより、

キャリアガスからＶＯＣを直接分離できることを見出した。この研究成果は、米国化学会が発行する二つの

雑誌（EnvironmentalScienceandTechnology，Industrial&EngineeringChemistlyResearch）に掲載され、

国内外から高い評価を得ている。さらに、本分離法がＶＯＣだけでなく、ガス状物質CO2の分離にも適用で

きることを示し、蒸気状・ガス状極低濃度汚染物質の汎用かつ有効な分離法としてイオン化静電分離法を確

立した。

以上のように，本論文は，新しい気中からの分子状汚染物質の直接分離法を提案し、分離の機構を解明し

たものであり、工学的な価値は極めて高く，博士（工学）の学位を授与するに値すると判断する。
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