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CapilIaryzoneelectrophoreticseparationsofcarboIuparticIesinmicrometerandsubmicrometersizeswere

achievedinanaqueouslOmMsodiumtetraboratesolutioncontainingl0％(ｗ/v)polyethyleneglycol400atpH９．２as

backgroundeIectrolytesolutio、（BCE).Sincemigrationtimeofthecarbonparticleincreasedwithincreasingitssize，

ｉｔｗａｓｓｈｏｗｎｔｈａｔｔｈｅｌａｒｇｅｒｓｉｚｅｏｆｔhecarbonparticlehadamorenegativelyelectriccharge・EIectropherograms

correspondedtohistogramsofsizedistributionsfromimagesobservedbyscanningelectronmicroscope(SEM)ora

digitaImicroscope・Thesizedistributioncouldbemeasuredwithin20minbycapillaryeIectrophoresis(ＣＥ).This

meansthatthegeneraIlywelI-ｕｓｅｄＳＥＭｃｏｕｌｄｂｅｒｅｐｌａｃｅｄｂｙＣＥｆｂｒｍeasurementsofsizedistributionsfDrthe

carbonparticIesinmicrometerandsubmicrometer，becausetheCEmeasurementcouldbeeasierthanSEMata

shortertime・Ａｌｓｏ,asurfncedensityofeIectricchargefOragraphiticcarbonmicroparticIeofa3､611mdiameterwas

obtainedfromeIectrophoreticmobilitymeasuredbyCE・Ｉｔｗａｓ－Ｌ１ｘ１０~ｓＣｍ２ａｔ３０ｏＣ・SincethisvaIuewouId

dependonnumbersofproton-dissociatingcarboｘｙｌａｎｄｐｈｅｎｏｌｇｒｏｕｐｓｏｎｔｈｅｃａｒｂｏｎｍicroparticIeinBGE，ｉｔｃｏｕｌｄ

ｂｅｕｓｅｄａｓａｎｉｎｄｅｘｔｏｅｓｔｉｍａteoxidizedcarbonsonthesurfnceofcarbonmicroparticIes．

Keywords：capiIIaryelectrophoresis；carbonmicroparticIe；electrophoreticmobility；sizedistribution；ｓｕｒｆiucedensity

ofelectriccharge．

satisfactorypeakresoIutionCEhasalsobeenapplied

totheseparationofnanoparticles,ｓｕｃｈａｓｇｏｌｄ,silver，

metaIoxides，quantumdots，colloids，polymers，

liposomes,andvirusesDl5)Theseseparationsofthe

nanoparticIeshavebeenachievedOntheotherhand，

applicationsofCEtoseparationsofafewkindsof

mlcroparticles，whicharemicroorganisms，suchas

mitochondria，bacteria，andbiologicalcells，and

aerosolparticles，havebeenreported,3),'0),'6)-22）

althoughgenerallyusefUlcapillarytubesofinner

diametersiTom50tolOOumareconsideredtobetoo

narrowfbrtheseparationofthemicroparticlesltis

LIntroduction

Anumberofinvestigationsfbrseparationof

nano-andmicroparticleshaverecentlybeenreviewed

I)~'5）Sizeexclusionchromatographyぅfieldflow

付actionation（FFF)，andcapiI1aryelectrophoresis

(CE)havemainlybeenappliedtotheseinvestigations・

Sincetheseretentionormigrationtimesandpeak

widtbsdependonthesediametersandsize

distributionrespectively,thosevaluesareusefUlfbr

characterizationofsizesandconcentrationsofthe

nano‐ｏｒｍｉｃropamcles・A1thoughtheseseparations

havebeenachieved，thesehavenotbeenobtaineda
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suggestedthatthemicroorganismsｗｏｕｌｄｍｉｇｒａｔｅｏｎｅ

ｂｙｏｎｅｉｎｔｂｅｃａｐｉllarytube、However，their

separationmechanismhasnotbeenobvious

Therefbre，theelectrophoreticbehaviorofthe

microparticlesinthecapillarytubeisofinterest、

CeneraIIy，sizesof2-lOumofmicroparticles，

suchassilicagel，octadecylsi1icagel，synthetic

polymer，andgraphiticcarbon，havegenerallybeen

appliedaspackingmaterialsofcolumninliquid

chromatography（LC).Itisalsoveryimportantfbr

thosemanufacturerstocontroIaqualityfbrthese

sizesandshapesofthemicroparticles，becausea

packingcolumnusingdiffbrentsizesandshapesof

themicroparticlesofiengivesapoorseparationfbr

analytes・Thesizeandshapeofpackingmaterials

couldbegenerallycharacterizedlmmimagesof

scanningelectronmicroscope（SEM）anda

transmissionelectronmicroscope(TEM).Itisneeded

toacquiregreatskillfｂｒｔｈｅＳＥＭａｎｄＴＥＭ

ｍｅａｓｕｒｅｍｅｎｔｓＦｕｒｔhermore，thosesample

preparationsaretroublesomeandspendalongtime、

Therefbre，itisrequiredtoobserveasizedistribution

ofmicroparticlesviaaneasysamplepreparationand

afastmeasurement・SinceCEcouIdrelativeIy

conducttheftlstermeasurementandtheeasiersample

preparation，itisinterestingtoinvestigatetheCE

measurementfbrthesizedistributionof

microparticles・

CarbonshavebeenusedasindustriaIsourcesof

variouscarbonproducts,suchasanactivatedcarbon，

anelectrodeandacapacitor・ＡＩＳＯ，ｍａｎｙ

carbon-basednanomaterials，suchasfilllerene，

carbonnanotube，graphene，andcarbondots，have

recentlybeenappliedtoafleldinanalytical

chemistry23)-32)Carbonmicroparticleshavebeenused

aspackingmaterialsofLCknownasagraphitic

carboncolumn・ThesecarbonparticlesaregeneraIIy

preparedfTomcombustionoforganicmaterials・The

combustionproducesmanyalcohols,phenols,ethers，

ketones，aIdebydes，andcarboxylgroupsoxidized

manyCarbonsonsurfaceofthecarbonparticles・

Especially,thesephenolsandcarboxylgroupscausea

negativelyelectricchargeofthecarbonparticlesin

anaqueoussolutionTherefbre，thecarbonsinhibit

differentchemicalpropertiesdependentonsize，

shape，surfiaceconditionandimpurity､Ｆｏｒexample，

altboughcarbonsdonotgenerallyinhibit

fluorescenceandareinsolubleinwater，Carbon

nanoparticlesofdiameterofcq1nminhibit

Huorescenceandaresolubleinwater､25)'3')'33)Thisis

suggestedbyareasonwhymanyhydrophilic

hydroxylandcarboxylgroupsexistonsurfaceof

thesecarbonparticles・Accordingly，itisvery
importantfbrthemanufacturestocontrolthose

qualitiesandtoexplorethesurfaceconditions・

Aseparationofcarbonsisonemethodtocontrol

thequalityofcarbonparticles・Incaseofcarbonsin

nanometersize，theirseparationshavebeen

investigatedbyCE,ＦＦＥＬＣ,andsedimentationCE

generallyproducesahighresolutionofanalytes，

comparingtoFFEＬＣ,andsedimentationTheCE

separationsofgrapheneoxideandchemically

convertedgraphene,34)'35）chemicallymodilYed
fUllerenes,36）single-walledcarbonnanotubes,37）and

carbonnanoparticles38)havebeenreportedThepeak

resolutionandelectrophoreticmobiIitieｓしep)ofthe
variouscarbonnanomaterialsofdifferentsurface

conditions,sizes,shapesandimpuritiesareusefmfbr

anevaluationtocharacterizetheseproperties・

However，thecarbonnanomateriaIshavesbowna

broadpeakandtheirCEseparationshavenotbeen

obtainedasatisfactorypeakresolutionTherefbre，ａ

ｆilrtherCEinvestigationwouldbeneededtoestimate

thesurfaceconditions，sizes，andshapesofthe
individualcarbonnanomaterials．

Ｉncaseofcarbonsinmicrometersize，separation

ofgrapheneoxidesheetshasbeenreportedby

sedimentatio、39)Aseparationofcarbonparticlesin
themicrometeｒｓｉｚｅｈａｓｎｏｔｂｅｅｎａｐｐｌｉｅｄｔｏＣＥ

Ｈｏｗｅvenitisexpectedthatthecarbon

micromaterialsmightmigrateonebyo､elike

microorganismsorthatthesepopulationsinthe

capillarytubemightdependonthesizedistributionin

asample・Therefbre，theCEseparationmightbe
usefillfbrmeasurementofsizedistributionofcarbon

microparticles・Furthermore，anelectrophoretic

behaviorofrelativelylalgecarbonmicroparticlｅｓｉｎ

ｃａ１００ｌＩｍｉ.｡､capillaryoflimitedspaceisinterested

AccordingIy，theCEseparationofthecarbon

microparticIeswasinvestigated

2．Experimental

2-1Apparatus

CEmeasurements

CAPI-3200instrument

Japan)，equippedｗｉｔｈ

ｗｅｒｅｃａｒｒｉｅｄｏｕｔｏｎａ

(OtsukaElectron.，Osaka，

aUVWisibleabsorbance
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system（Millipore，Bedfbrd，ＭＡ)，afterdistillation

tbroughamixedion-exchangeresincolumn．

detector,andanautosamplerinathermostateｄｒｏｏｍ

Ａ５００ｍｍｌｏｎｇ(378mmtodetectorcell),７５脚i､｡、

filsedsilicacapillary(GLScience,Tokyo)wasused

A11measurementswereperfbrmedat30oCSample

iniectionwascarriedoutinthehydrodynamicmode，

whiIekeepingthecapillaryenｄａｔ２５ｍｍｈｅｉｇｈｔｆｂｒ

ｌ８０ｓ，unlessotherwisestated・TheappliedvoItage

usedwas20WunlessotherwisestatedCarbons

weremonitoredat600nmonsideofcathode，

becauseanywater-solubleimpuritieslikearomatic

compoundsinthecarbonswerenotdetectedatthis

wavelength

CarbonswerecharacterizeｄｂｙａＳＥＭＪＳＭ－６４９０

(jEOL，Tbkyo)，adigitalmicroscopeVHX-lOOO

(Keyence,Osaka,Japan),ｏｒａＴＥＭＨ８１００(Hitachi，

Tokyo)．

Theviscosityanddensityofbackground

electrolytesolution（BGE）ａｔ30.0±Ｏ」oCwere

measuredusinganOstwaldviscometeranda

Density/SpecificGravityMeterDA-llO（Kyoto

Electron.,Kyoto,Japan),respectively．

Z-3Procedure

ThecapilIarywasfirstconditionedwithlM

NaＯＨｆｂｒ３ｍｉｎｌｔｗａｓａｕｔｏｍａｔｉｃａｌｌｙｗａｓｈｅｄｗｉｔｈ

ｗａｔｅｒｆｂｒ３ｍｉｎａｎｄｒｉｎｓｅｄｗｉｔｈＢＧＥｆｂｒ３ｍｉｎ

ｂｅｔｗｅｅｎｒｕｎｓ・ＴｈｅＢＧＥ，ｗｈｉｃｈｗａｓｐｒｅｐａｒｅｄｆｒｏｍ

ＰＥＧ４００ａｎｄａqueoussodiumtetraboratesolutio､，

wasfiltratedthroughaO45umhydrophilic

po1ytetraHuoroethylenefilter（Advantec，Tbkyo)，

befbreusingAsmaⅡｄｉｐｐｅａｋｄｕｅｔｏａｓｍａｌｌ

ｄｉｆｆｅｒｅｎｃｅｏｆrefiactiveindecesbetweensampleａｎｄ

ＢＧＥｏｒａｃｅｔｏｐｈｅｎｏｎｅｗａｓｕｓｅｄａｓａnelectroosmotic

flow（EOF）markenThetimeofthedippeak

correspondedtomigrationtimeofacetophenone

well-usedastheEOFmarker､Thesamplesolutions

werepreparedａｓｔｈｅ５００ｕｇｍＬ~lsolutiondistributed
thecarbonsｉｎｔｏＢＧＥ，unlessotherwisestatedThe

瓜epValUeSWereCalCUlatedfOmaneqUatiOn(1)

似ep＝/d/i('一l-jO-IW-l (1)，

2-2Reagentsandmaterials

Thereagentgradesodiumtetraboratewas

purchasedlTomNacalaiTesque（Kyoto，Japan)．

Polyethyleneglycol(PEG)200,400,1000,2000,and

6000werepurchasedfromWako（Osaka，Japan)．

Porousgraphiticcarbonparticles3(A),５(B),ａｎｄ７

Ｕｍ（C）werepulledoutfi･omHypercarbcolumn

(ThermoScientiflc，Waltham，ＭＡ)，andgrassy，

sphericalcarbonpowder2-l2um（D）and

graphitizedcarbonblacknanopowder＜５００，ｍ（E）

werepurchasedfTomSigma-AIdrich(St・Louis,ＭＯ)，

ｗｈｅｒｅｔｈｅｓｙｍｂｏＩｓＡ－Ｅｆｂｒｔｈｅｓｅｃａｒbonparticles

areused・variousnon-sphericallybrokencarbonsof３，

４，６，７，ｌｌａｎｄｌ５ｕｍｗｅｒｅｇｉｆｔｅｄｆｉ･omKuraray

(Kurashiki，Japan)．ThesymbolFfbrthe

non-sphericalbrokencarbonof7umisused

Carbonsubmicroparticleswerepreparedby

heating4gofglucose(Wako)dissolvedinZOmlof

waterinaTeflｏｎｃｒｕｃｉｂｌｅｐｕｔｏｎａｌｉｄａｔｌ８０ｏＣｆｉｏｒ５

(Ｃ),１０(H),１５(1),ａｎｄ２０ｈ(J),wherethesymbolsC

-Jfbrthesepreparedcarbonsubmicroparticlesare

used，isolatingcarbonparticlesbycentrifUgationat

5000rpmfbr20min,washingbywaterandethanoL

anddI･ｙｉｎｇａｔ８０ｏＣｆｂｒ８ｈ，accordingapublished

preparationmethod4oM'）

A11waterwaspurifiedusingaMiⅡi-Qwater

where/t1,ノt,１，ｈａｎｄしarethecapillaryIengthto

detector,thetotalcapillaryIength,themigrationtime

ofcarbon，ｔｈｅＥＯＦｔｉｍａａｎｄｔｈｅａｐｐｌｉｅｄｖｏｌｔａｇｅ，

reSpeCtiVely42）

3．Resultsanddiscussions

3-1Characterizationofcarbons

FigurelshowstypicalSEMdigitalmicroscope
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FigurclSEMdigitalmicroscope,orTEMimagcsof

carbons・Carbonparticlcs:Ａ(a),Ｂ(b),Ｄ(c),ａｎｄＥ(｡)；

non-sphericallybrokencarbons:Ｆ(e).Thecarbonsofthe

symbols（a)，（c）ａｎｄ（e),（b),ａｎｄ（｡）weremcasuredby

SEM,digitalmicroscope,andTEMrespectively.
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orTEMimagesofcarbonparticlesA,B,D,Band

non-sphericallybrokencarbonsF・Digitalmicroscope

imageofcarboｎｐａｒｔｉｃｌｅｓＣｗａｓｎｅａｒｌｙｔｈｅｓａｍｅａｓＢ

A1mostallthesecarbonparticlesofA-Ewere

sphericaLThenon-sphericallybrokencarbonsFof7

llmwerevariousshapesandsizes､ＴｈｅＳＥＭｉｍａｇｅｓ

ｆｂｒｔheothernon-sphericalbrokencarbｏｎｓｏｆ３,４，６，

］１，ａｎｄl511mwhichweremeasuredasprobably

mediansbythemanufacturer,werealmostthesimilar

tothosefbrFTheseaveragediametersofthe

non-sphericalbrokencarbonsmeasurｅｄｆｉ･omthe

SEMimagesbyascaleinthisworkwere6」±２．８(〃

＝579),5.0±２．６(490),４．２±２．５（1095),４．４±２．５

(1065),６．３±４３（1190),ａｎｄ７．８±５．６Ⅱ、（1492)，

respectiveIy，where〃isnumberofthecarbons

measuredfrｏｍｔｈｅＳＥＭｉｍａｇｅｓｂｙａｓｃａｌｅ，erroris

standarddeviation，andthelongestdiametersof

non-sphericallybrokencarbonsweremeasuredas

eachofthediameters、Sincethedeviationsofthese

averagediameterswerelarge，Ｆｏｆ４．４±２５トLmwas

mainlyusedinCEmeasurementsasthe

representativenon-sphericaIIybrokencarbons・Figure

Zshowstypica］SEMimagesofpreparedcarbon

submicroparticles・Althoughtheseshapeswere

sphericaLmanycarbonsubmicroparticleswerestuck

together．

relativelysmall,comparedtothoseofD-EIandJ・

Theaveragediametersofthepreparedcarbon

submicroparticlesincreasedwithincreasingthe

heatingtimetopreparethem

TablelAvcragediametersofcarbons

measuredfrommicroscopeimages

Carbon Avcragediameter／Ｕｍｌ） 〃2）

Ａ
Ｂ
Ｃ
Ｄ
Ｅ
Ｆ
Ｇ
Ｈ

３．２±０．８

５．６±0.7

５．７±０．７

３．９±1.2

0.044±0.017

４４±２．５

０．１７±0.03

０．４１士０．０６

０．５３±0.18

０．７５±０．２７

２３２

１３３

１００

２９２

１６５

１０６５

IＯＯ

ｌＯＯ

ｌＯＯ

ｌＯＯ｣

I）Errorisstandarddeviation2)〃isnumberof

carbonsmeasuredfiPommicroscopeimagesbya

scale．

Figure3showstypicalhistogramsonsize

distributionsofthesecarbonparticlesA,Ｂ,DandE

Anobviouslysharpmode(thelargestpopulation)ｏｆ

3.6ｕｍｗａｓｆｂｕｎｄｉｎｔｈｅｈｉｓｔｏｇｒａｍｏｆｔｈｅｃarbon

microparticlesA・Ontheotherhands，theobviousIy

sharpmodewasnotfbu､dinthehistogramsof

carbonmicroparticIesB,ＣａｎｄＤＴｈｅｗｉｄｅｒａｎｇｅｏｆ

ｓｉｚｅｓｗａｓｆｂｕndinthehistogramofcarbon

nanoparticlesE

3-2Dispersionmediumofcarbons

SomesurfactantshavegeneraIIybeenusedasthe

dispersionmediumofnanoparticles，suchasgold

nanoparticles43）Halogenizedsolventsandheavy
metalsaltshaveoftenbeenusedasadditivesto

prepareadensityofsolutionTherefbre，aqueous

soIutionsofsomecationic，anionic，andneutral

surfactants，suchascetyltrimethyIammonium

bromide（CTAB)，sodiumdodecylsulfate（SDS)，

sodiumかdodecylbenzenesufbnate（DBS)，andBrij

58，ｏｆＰＥＧ４００，andofzincsulfate，ａｎｄ

l-methyl-2-pyrolidonesolutionscontaining

halogenizedsolvent，asthedispersionmediumof

sampletopreventcoagulationsandprecipitationof

thecarbons，wereinvestigated，ThecarbonsofFin

micrometerdispersedinthedispersionmedia

(b）(a）

iliklli1lli1li:曇
（c） （｡）

Figurc2．SEMimagesofpreparedcarbon

submicroparticles、Preparedcarbonsubmicroparticles：Ｇ

(a),Ｈ(b),Ｉ(c),andＪ(｡)．

TheaveragediametersofthecarbonsA-J

measuredfromthemicroscopeimagesare

summarizedinhbIeLThedeviationsoftheaverage

diametersfbrthecarbonsA-CGandHwere
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2７Capillaryzoneelectrophoreticseparationofcarbonmicroparticles

micrometer、Thehighconcentrationofcationic

surfactantCTABsoIutionproducedprecipitantsof

thecarbons，becausethecarbonshavenegatively

electricchargesintheaqueoussolutionSinceitis

consideredthatCTABwouldfbrmionicassociates

withthecarbonseveninthelowconcentrationof

CTABsolution,itcouldnotbeusedasthedispersio、

mediumＴｈｅ３５％(w/v)zincsulfatesolutionwhich

hasahighionicstrengthwouldcausetooccuralarge

jouleheatduringameasurementofCEAlso,the

bighconcentrationofl,3-.ibromopropanein

l-methyl-2-pyrolidonesoIutioncouIdnotproduce

EOFtorequirefbrthemeasurementofCBbecauseit

hastheverylowrelativepermittivityTherefbre，

thesewerenotalsousedasthedispersionmedium

FinallyぅthevariousPEGsolutionswereinvestigated

indetaiLThelargermoIecuIarweightandthehigher

concentrａｔｉｏｎｏｆＰＥＧｗｅｒｅ,thelongerdispersionlife

timeofthecarbonsinmicrometerwasobserved・

Althoughtheaqueoussolutionsof＞20％(w/v)ＰＥＧ

２０００ａｎｄ６０００ａｎｄｏｆ>60％(w/v)ＰＥＧ２００ａｎｄ４００

ｃｏｕｌｄｄｉｓｐｅｒｓｅｔｈｅｃａrbonsinmicrometerfbr＞２４

hours,itwasdifflculttointroducethesesolutionsinto

a7511mLdcapillaryfOrtoohighviscosityofthese

solutions・Whentheaqueoussodiumtetraborate

solutionswith40-５０％(w/v)ＰＥＧ２００ａｎｄ４００ｗｅｒｅ

ｕｓｅｄａｓＢＧＥｆｂｒＣＥ，EOFbecameveryslow

Therefbre，ｉｔｗｏｕｌｄｓｐｅｎｄａｌｏｎｇｔｉｍｅｆｂｒｔｈｅＣＥ

ｍeasurementofthecarbons・Resultantly,theaqueous

sodiumtetraboratesolutioncontaining10％(w/v）

PEG400obserｖｅｄｔｈｅｄｉｓｐｅｒｓｉｏｎｌｉｆｅｔｉｍｅｏｆｔｈｅ

ｃarbonsfbrseveralhourswasusedasthedispersion

mediumfbrbothofsaｍｐＩｅａｎｄＢＧＥ，becausethe

carbonsinmicrometercouldbedispersedduringthe

CEmeasurementsandtheproperEOFwasavailable．
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FigureaHistogramsonsizedistributionsofcarbon

particlesmeasuredfrommicroscopeimages・Carbon

particles:Ａ(a),Ｂ(b),Ｄ(c),andＥ(｡)．

ｗｅｒｅｓｔｏｏｄｉｎｔｅｓｔｔｕｂｅｓａｔｒｏｏｍｔｅｍｐeratureThe

mediadispersingthecarbonsFfbraboveseveral

hourswereasfbllows：aqueoussolutionofnear

saturated３５％(w/v）zincsulfate，０．０１－０.O7M

CTABaqueoussolution，５０－８０％(w/v）PEG400

aqueoussolution，andI-methyl-2-pyroIidone

solutionsof＞90％(v/v）L3-dibromopropane､Onthe

otherhands,themediaoccurredprecipitationsofthe

carbonsFwereasfbllows：０．０１－０．１MSDS

aqueoussolution，Ｌ２ｘｌＯ~３－９．６ｘｌＯ~３ＭDBS

aqueoussolution,７．８×105-0.01MBrii58aqueous
soIution，ａｎｄmixedsoIutionsof

1-methyl-2-pyrolidonewithchlorofbrmorcarbon

tetrachlorideTheanionicandneutralsurfactants

couldnotsucceedinthedispersionofthecarbonsin

3-3CEseparationofcarbons

Someconditionsofkindsofelectrolyte(sodium

dihydrogenphosphate,disodiumhydrogenphosphate，

trisodiumphosphate,andsodiumtetraborate)ｉｎＢＧＥ，

ConcentrationｓｏｆｔｈｅｅｌｅｃｔｒｏＩｙｔｅＣｉ－２０ｍＭ）ａｎｄ

ＰＥＧ４００(0-30％(w/v)),ｐＨ(ｐＨ４．５－１１．８),applied

voltage（１０－２５ｋＶ),andsampleiniectiontime(３０－

１８０ｓ）fbrCEseparationofcarbonmicroparticles

wereinvestigated・ＷｈｅｎａｎａｑｕｅｏｕｓｌＯｍＭｓｏｄｉｕm

teraboratesolutioncontainingl0％(w/v)ＰＥＧ４００ａｔ

ｐＨ９２ａｓＢＧＥ,ZOkVastheappliedvoltage，１８０s

asthesampleilljectiontimewereused，ｇｏｏｄ

This document is provided by JAXA.



２８TakashiYoKoYAMA,YutaSHIRAIsHI,KeijiTADA,WakakoMAsuDA,MasaakiSuGIYAMA,AkiraMAEKAwAandMichioZENKI

reproducibilitiesofelectropherogramsfbrthecarbon

microparticlesA-CwereavailableHowever，the

goodreproducibilityofelectropherogramfbrthe

non-sphericallybrokencarbonFwasnotavailable」n

manycasesoftheCEmeasurements，thecapillary

tubewascIoggedbyF､Thesewouldbereasonswhy

tbesehadthevariousshapesandawidemicrometer

rangeofsizedistributions,ａｓｔｈｅＳＥＭｉｍａｇｅｓｈｏｗｎ

ｉｎＦｉｇｌ（e).Ａ１so,thesewouldbebrokenduringthe

CEmeasurements，becausethesephysicalstrengths

wereveryweaklncasesoftheothernon-sphericalIy

brokencarbons,theresultswerethesameasthoseof

F

Figure4showstypicalelectropherogramsofthe

carbonmicropalticlesA，Ｂ，ａｎｄ、，wherethe

electropherogramofthecarbonmicroparticleｓＣｗａｓ

ａｌｍｏｓｔｔｈｅｓｉｍｉｌａｒｔｏｔｈａｔｏｆＢ，becausetheaverage
diameterofCwaｓａｌｍｏｓｔｔｈｅｓａｍｅｔｏｔｈａｔｏｆＢｉｎ

ＴａｂｌｅｌＡｎｕｍｂｅｒｏｆｓｈａｒｐｐｅａｋｓｏｆｔｈｅｃａｒｂｏn

microparticleswereobservedonthe

electropherogramsofA-DinmicrometersizeThe

reproducibilityoftheelectropherogramofEin

nanometersizewaspoor，becausethecarbonE

includedvariousshapeswiththesphericalcarbon

nanoparticlesandhadtherelativelylargenanometer

sizedistribution,ａｓｔｈｅｉｍａｇｅｓｈｏｗｎｉｎＦｉｇｌ（｡)．

SharpandnarrowpeakswereobservedfOrthecarbon

microparticles，althoughbroadpeakshavegenerally

beenobservedfbrnanoparticles，suchasgoldand

silver・lncaseoftheparticIesinnanometersize，

ｗｈｅｎmanynanoparticlesofalmostthesimilarsizes

couldpassthroughaceⅡｐａｓｓｏｆ７５ｕｍｉ.｡､Ｃａpillary，

thesepeakswouldbebroadaccordingtoanormaI

distributionofthesizes・Thenanoparticlesoflargely

difflerentsizescouldbeseparatednomeachotheMn

caseoftheparticlesinmicrometersize，ｏｎｌｙsmaIl

populationofmicroparticlescouldpassitthrough

Forexample,onlythel5microparticlesasthelargest

populatiｏｎｃａｎｓｔａｎｄｉｎｌｉｎｅｏｎｔｈｅｃｅｌｌｐａｓｓｏｆ７５ｕｍ

ｉ・ｄｆｂｒａ５トLmparticleTherefbre，thepeaksofthe

particlesinthemicrometersizewerelaIgelydifferent

fiomthoseinthenanometersizeaccordingtothe

normaldistributiｏｎｏｆｔｈｅｓｉｚｅｓＥａｃｈｏｆｔｈｅｓｈａｒｐ

ｐｅａｋｓｗｏｕｌｄｂｅｄｕｅｔｏｔheindMdualcarbon

micropalTiclesinthediH1erentmicrometersizes・

Cenerally,amigrationtimeofananionicsolute

towardacathodedecreaseswithincreasingitssize

(hydrodynamicradius)，becauseｉｔｓβeｐｖａｌｕｅｉｓｉｎ

(a）
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Ｆｉｇｕｒｅ４EIectropherogramsofcarbonmicroparticles

Carbonmicroparticles：Ａ（a)，Ｂ（b）ａｎｄ、（c)．Applied

voltage:２０ｋＶ;sampleinjection:Ｚ５ｍｍａｎｄＩ８０ｓ;BGE：

aqueouslOmMsodiumtetraboratcsolutioncontaining

l0％(w/v）ＰＥＧ４００ａｔｐＨ９２；samplc：Ｓ００ｕｇｍＬｌｉｎ
ＢＧＥ

inverseproportiontoitssize（hydrodynamic

radiuS).42)Howeverぅthemigrationtimeofthelarger
carbonparticlewaslongerthanthatofthesmaller

carbonparticleinthemicrometersize・Sincethe

hydrationofthehydrophobiccarbonmicroparticle

wouldbeweak，itisconsideredthatthe

hydrodynaｍｉｃｒａｄｉｕｓｗｏｕｌｄｂｅａｌｍｏｓｔｔｈｅｓｉｍｉｌaｒｔｏ

ｔｈｅｓｉｚｅｏｆｃａrbonmicroparticleswithoutthe

hydrationlnotherwords,thicknessofthehydration

wouldbenegligible,comparedtotheveryIargesize

ofthecarbonmicroparticleTherefbre,thenegatively

electricchargeofthecarbonmicroparticlemight

increasewithincreasingitssize・

EachoftheelectropｈｅｒｏｇｒａｍｓｉｎＦｉｇ４ｗａｓ

ａｌｍｏｓｔｔｈｅｓｉｍilartoeachofthecorresponding

histogramsonsizedistributionofcarbonparticlesin

micrometersizeobservedfrommicroscopesinFig3・

Thismeansthattheelectropherogramcouldobtain

thesizedistributionofmicroparticlesobservedfi･om

themicroscopeslnotherwords,thesizedistribution

ofmicroparticlescouldbeobservedbyCEwithout

themicroscopes・Figure5showsanelectropherogram

andahistogramofmixtureofcarbonmicroparticles

A－CTheelectropherogramcompIetely

correspondedtothehistogramonsizedistribution

Thehighestpeakwouldcorrespondtothatofa
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where９，〃,ａｎｄraretheelectricchargeofsolute(the

apparentelectricchargeofcarbonparticle),theBOE

viscosity，ａｎｄｔｈｅｓｏｌｕｔｅ（carbonparticle）radius，

respectiveIy42)Ithasbeenreportedthattheequatiｏｎ

(2)couldnotapplytonanoparticIes､44)Incaseofthe

carbonmicroparticles，sinceitisconsideredthat

thicknessofhydrationwouldbenegligible,duetothe

verylargesizeofmicroparticleandaweakhydration

ofhydrophobiccarbonmicroparticles，itcanbe

assumedthattheequation(2)canapplytothecarbon

microparticles・Furthermore，sincetheradiusof

carbonmicroparticleisverylargerthanwaterand

PＥＧｍｏｌｅｃｕｌｅｓａｎｄｉｏｎｓｉｎＢＧＥ，anincreaseofthe

radiusduetoanionassociationthehydration,ａｎｄａｎ

ａdsorptionbetweencarbonmicropamcleandions，

ｗａｔｅｒｏｒＰＥＧｍｏｌｅｃｕｌｅｓｉｎＢＧＥｗｏｕｌｄｂenegligible・

Therefbre，thehalfdiameterofsphericalcarbon

microparticleobserved付ommicroscopeimagecould

beusedasｔｈｅｒｖａＩｕｅＴｈｅｒｖａｌｕｅｏｆｔｈｅｌａｒｇｅｓｔ

populationofcarbonmicroparticleonhistogramof

sizedistributionwouldcorrespondtothehighest

peakonthecoITespondingelectropherogram

Therefbre,thehalfdiameterofthelargestpopulation

ofthecarbonmicroparticlｅＡｏｎｈｉｓｔｏｇｒａｍｉｎＦｉｇ３

(a)ｗａｓｕｓｅｄＴｈｅｒｖａｌｕｅｗａｓ１．８ＵｍＡｌｓｏ,theβep

valuewascalculatedfmmamigrationtimeofthe

highestpeａｋｉｎＦｉｇ４(a)fbrthecarbonmicroparticle

Abyeq、（１）．ＴｈＭｅｐｖａｌｕｅｗａｓ‐１.Ｏ７ｘｌＯ４ｃｍ２
ＶＩｓ~１．Thedensityandviscosityofwateraｔ３０ｏＣ

ｕｓｅｄａｒｅＯ９９５６５ｇｃｍ~３ａｎｄ0.7977ｍＰａｓ，

respectively45）ＴｈｅＢＧＥｄｅｎsityandviscosity
measuredat30.0±０.ｌｏＣｗｅｒｅＬＯｌ５０ｇｃｍ~３ａｎｄ

Ｌ２０２ｍＰａｓ，respectivelyTherefbre，anapparent

electricchargeofthecarbonmicroparticleＡ，which

wassphericalinFigl（a),wascalculatedfTomeqn

(2).Theapparent9valuewas-44xlO~l6CAsthe

carbonmicroparticleAwassphericaLthesurface

densityofelectricchargeofAwas‐1.ｌｘ１０~５ｃｍ2．
Sinceitisconsideredthatthenegativesurface

densityofelectricchargewouldberelatedto

numbersofproton-dissociatingphenolsandcarboxyl

groupsexistingonthesurfaceofthecarbon

microparticleinBGE，thesurfacedensityofelectric

chargewoulddependonmethodsandsource

materialstopreparethecarbonmicroparticles，ｐＨ

ａｎｄｉｎｔｅｒａｃｔｉｏｎｓｏｆＢＣＥｗｉｔｂｔｈｅｃarbon

microparticIes，However,ｔｈｅｖａｌｕｅｃｏｕｌｄｂｅｕｓｅｄａｓ

ａｎｉｎｄｅｘｏｆsurfaceconditionｓｆｂｒｔｈｅｃａｒｂｏｎ

microparticlc

The似epvaluesofcarbonmicroparticleBprepared

bythesamemanufacturerwereobservedinrangeof

-2.20×１０~4ｔｏ-2.32ｘｌＯ~4ｃｍ２ＶＩｓ~ｌｉｎＦｉｇ３(b)．

TheaveragediameterofthecarbonmicroparticleB

was５．６uminTableLTherefbre，theapparent9

valueswereapproximatelyinrangeof‐Ｌ４ｘｌＯ'５ｔｏ

－Ｌ５ｘｌＯ~I5Cfi･omeqn(2).Theapparent9valuesof

thelargersizeofthecarbonmicroparticleBwere

obviouslysmallerthanthecarbonmicroparticleA・

Therefbre,BwasmorenegativethanATheapparenｔ

９valuebecamemorenegativewithincreasingthe

sizeofcarbonmicroparticleThenumbersof

dissociatingphenolsandcarboxylgroupswould

increasewithincreasingwiththesizｅｏｆｃａｒｂｏｎ

ｍｉｃｒｏｐａｒｔｉｃｌｅｉｎＢＧＥＩｎｏtherwords，ｔｈｅoxidized

surfaceareaofcarbonsoncarbonmicroparticle

wouldincreasewithincreasingthesizeofthecarbon

microparticle､Consequently,thelargersizeofcarbon

microparticlemigratedfastertowardananode(longer

migrationtime)．

ThesurfacedensityofelectricchargeofBwas

approximately‐ｌ５ｘｌＯ~sCmlfiomtheapparent9

values・ThesurfacedensityofelectricchaｒｇｅｏｆＢ

ｗａｓｎｅａｒｔｏＡＳｉｎｃｅｂｏｔｈｏｆＡａｎdBwereprepared

asagraphiticcarbonmicroparticlebythesame

manufacturer，thesurfaceconditionsofthecarbon

microparticleswouldbelikeeacbotherTherefbre,it

isconsideredthatthesurfacedensityofelectric

chargecouIdbeusedasaspecificvaluefbra

characterizationoftbecarbonmicroparticles,suchas

preparationmethodandoxidizedconditionsof

surface．

4．Conclusions

ltwasfbundthatPEG400couldbeusedasa

dispersivereagentofcarbonmicroparticlesinaCE

measurement・Carbonmicroparticlesmigratedfaster

towardananode（Iongermigrationtime）with

increasingitssizeManysharppeaksofthecarbon

microparticlesonelectropherogramwereobserved

Theelectropherogramofthesharppeaks

coITespondedtoashapeofhistogramonsize

distributionofthecarbonmicroparticles・Ｔｈｉｓshows

thatCEcoulddeterminethesizedistributionofthe

carbonmicroparticlesatashorttimewithouta

measurementofSEMFurthermore，bothofthe

apparenteIectricchargｅ９ａｎｄｔｈｅｓｕｒｆａｃｅｄｅｎｓｉｔｙｏｆ
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electricchargeofcarbonmicroparticlewereavailable

Theapparent9valueandthesurHacedensityof

electricchargeat30oCfbra３．６１mgraphiticcarbon

microparticleｗｅｒｅ‐4.4ｘｌＯ~ｌ６Ｃａｎｄ‐1.1×10~ｓＣ

ｍ２，respectively・ThesevaIuescouldbeusedas
indicestoevaluateoxidizedconditionsofcarbonson

asurfaceofthecarbonmicroparticIe．
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