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1-(2-hydroxyl-5-nonyphenyl)ethanone oxime (LIX84-Ⅰ) was impregnated into

polym ericparticleswithintercomectedspheriCalporesbythesolventevaporation

method.DivinylberLZeneWasusedasawallm如erialandpolymerizedintheorgamic

phaseofa(W/0/W)emlsionbyBeeradicalpolym erization.Thediameterofthe

polymericparticleswasalmostconstantataround208±26lJn Theimpregnatedyield

ofLIX84-Iinthepolymericparticleswashigherthan80%inallpreparationconditions.

TheextractionofNi(II)withthepolym ericparticlesimpregnatedwithLIX84-Isharply

increasedatpHvalueshigherthan 6.ItisconfirmedthatthreemoleculesofLIX84-I

reactedwithoneNi(H)ionbyquantitativeanalysisoftherelationshipbetweenthe

rnaximum amountsofNi(II)extractedandtheamountofLⅨ841Iimpregnatedinthe

polymericparticles.TheextractionrateofNi(II)waseffectivelyacceleratedbythe

presenceoftheinterconnected-sphericalporesintheinsideofthepolymericparticles.

1.Idroduction

Solventextractionhasbeenusedforseparationandrecoveryofvarioussubstancessuchasmetal

ions,organicacids,antibiotics,aminoacidsandproteins,duetoitsrelativelyhigh selectivityfortarget

substances,simplicityofequipmentandoperation,andfacilityofscale-upandapplicationl1]･However,it

tweslargeamOuntsoforgamicsolventswhichmyadverselyaffecttheenvironmentandthehurrnnbody･
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Solventextractionalsohassomeproblemsinthatthephasesq)arationoforgamiCandaqueousphasesis

difRcultandextractantsand/ororgamicsolventsarelostbybeingdissolvedintheaqueousphase.Tosolve

theseproblems,theimm血ili2:ationoftheextractantl2-8]andmicroencapsulationl9-22]oftheextractant

havebeeninvestigated.TheimmobilizationoftheextractantisachieveduslngPOrOuSPOlym erparticles

l2-6]andinsomecasesusingfibersl7,8].Porouspolym erparticlesimpregnatedwiththeextractantare

calledsolventilnpregnatedresirLS(SRs).Solventimpregnatedresinsaresimplypreparedbyim obilization

oftheextractan tswithin thema血 structtFeOfthepolym erparticlesbyphysicalcontact.Hence,SIRs

containingvariotwextractantshavebeenprqparedandinvestigatedforavarietyofapplicationsl23].
Inot∬previouswork,WerqportedthattheextractionratesigmifiCantlyincreasedwhenthe

diameterofthemicrocapsulescontaimingbi-n-octylaminedecreasedtolessClan20pml16].However,small

microcapsulesaredifRculttouseintheindustrial丘eldduetohandlingdifRculties.Iflargesize

microcapsulesareusedforextraction,itisImportanttOShortenthediffusiondistanceandtoincreasethe

surfacearea.WealsohavepreparedmicrocapsuleswithlargeintercorLneCtedsphericalporesprq)ared丘om

a(W/0∧り emulsionbyan insiLupolym erizationmethod.Theseare(Wの/W)type micr∝apsules【24].

Theinterconnectedsphericalporesareopentotheoutsideofthemicrocapsulesandcanbefreelyaccessed

bywaterfrom outsidethemicrocapsules.The(W/0/W)type microcapsulesareconsideredtobean

effectivematerialforthemicroencapsulationofextractantsthusprovidingalargesurfaceareathrough the

rmnylnterCOmeCtedpores.Actually,theextractionratewasacceleratedbythefomntionofthe

hterconnectedsphericalporesintheinsideofthemicruapsulesl25,26]･

Hydroxyoximesarechelatingtype extractantsandcanextractmanyusefulmetalsfromaqueous

solution.Wh en1-(2-hydroxyl-5-nonylphenyl)edLanOneOXiI斑(LIX84-I),whichisaneffectiveextractantfor

Ni(II),wasusedformicroencapsulationbyinsitupolym eriZation,nOmicrocapsulescouldbeprepareddue

totheinhibitionofthepolym erizadonbyLⅨ84-Iwhichhasachemicalstructuresimi1artopolym erization

inhibitors.hthisstudy,polym ericparticleswithintcrconncctedsphericalporeswerefirstlyprq)aredfroma

(W/0/W)emulsionbyinsitupolym eri2:ationl25],andthentheobtainedpolym ericparticleswere

impregnatedwithLⅨ84-Ibythesolventevaporationmethod･Theeffectsofthepreparationconditionson

theimpregnationofLIX84-Iwithinthepolym ericparticlesandtheextractionpropertiesofNi(II)withthe

LIX84-Iimpregntedpolym ericparticleshasbeeninVestigatedundervariotwconditionsI

2.E甲erinentA1

2.1Re喝ent$

1-(2-hydroxy-5-nonylphenyl)ethanoneoxime(LIX84-I,CogmisCo･,

Ltd.)wasusedastheextractant.ThechemiCalstructtueofLIX841Iisshown in

Figure1.Monomericdivinylbenzene(DVB)werepurchasedfromWakoPwe

ChemicalsCo.andwashedwith10wt% NaOHaqueoussolutiontoremovethe

polym erizationinhibitor･Themonomerswerestoredinarefrigeratoruntiluse･

Tri∝tylamine(ToÅ),toluene,2,21-Azobis(4-methoxy-2,4-dimethylvaleromitrile)
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(ADVN),polyvinylalcohol(PVA,Polym erizationDegreeabout500),sodium dodecylsulfate(SDS),

ammonium sulfate,nickelsulfatehexahydratewaspurchasedfrom WakoPureChemicalCo.The

hexaglycerinricinoleicacid(818SX)waspurchasedfromTaiyoKagakuCo.

2･2PreparationofpolymericprticlesimpregJ)atedwithLIX84-I

nepreparationschemeofpolymeriCpardclesl∫叩regnatedwithLIX84-IisshowninFigure2･

An aqueoussolutioncontainingNaClat4･5mol/dm3wasusedastheLineraqueOus Phase(8mL).The

orga山cphase(72mL)waspreparedbydissolvingthe

extractant,TOA(20wt%),thesurfactant,818SX(10

wt%),theinitiator,ADVN (1v̂%),andthewall

materialDVB(80wt%)intoluene(10wt%).The(W/0)

emulsionwaspreparedbyaddingtheinneraqueous

phasetotheorganicphaseandagltatugat3,000rprnfor

10min.The(W/0)emulsionwasaddedtotheouter

aqueousphase(720mL),whichwasamixtureofPVA

(2wt%)andtheSDSaqueoussolutions(0.25wt%),to

rmkethe(W/0凡りemulsionat343Kwithsdrringat

250rpm.Thesolutionwasagitatedat250rpmand343

K for5hr.Thepolym ericparticlesobtainedwere

washedwith waterandweredriedundervacuum

ovemight.The polym eric particles obtained were

immersedinethanoltoremoveToÅ.Thepolymeric

pardcleswerecollectedafterfiltrationanddryingunder

vacuum.Thepolym ericparticleswereimmersedina

hexanesolutionofLIX84-Iovemight.Thehexanewas

removed&omtheparticleswitharotaryevaporatorand

thepolym ericparticleslmPregnatedwithLⅨ84-Iwere

SllCliom触ration.washing,dryingundervacutJm

(W/Oノ甘)typemlcmc叩島uLeiCon(Blni噸TOA

RotaryevaporalOr.dryingundervacuum

Pdyhdcpt触 dthlbterCO■NCtd
qdNd prefl叩dJtdtLLIX●tl

Figure 21The preparation scheme for
polym eric particles lnVregnated with
LⅨ84-Iwi也血terconnectedsphericalporesi

obtainedafterdryingundervacuum .

2.3ObservationofpolymericparticlesimpregnatedwithLIX84-Iwithinterconnectedsphericalpores

ThemorphologiesofthepolymericparticlesimpregnatedwithLIX84-Iand(W/0/W)type

polymericparticleswereobservedbyscanmi gelectronmicroscopy(Hitachi,TM-1000,SEM)andadigital

microscope (KEYENCE,VHX-600system).Thediameterofthepolym ericparticleswasmeasured舟om
thedigitalmicroscopeirrLageS.

2.4MeasuremeJItthedegreeofimpregnationofthepoLymericparticlesimpregnatedwithLIX84-I

lnordertodetemi netheamountofLIX84-Iimpregnatedinthepolymericparticles,the

polymericparticleswereaddedtoethanoltoeluteLIX84-Ifrom thepolym ericparticles,andthe

concentrationofLIX84-IintheethanolsolutionwasmeasuredbygaschromatographywithFII)(Shimadztl

GC-17A).ThepercentagecontentofLIX84-Iinthepolymericparticles,E,theimpregnatedyieldof
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LIX84-I,E+andthemolarcontentofLIX84-I,E'werecalculatedusingthefollowingEqs.(1),(2)and(3),

respectively;

g=CLIX84-I'MLlX84_I'Vethanol･100 【%]

E･-E(W.p̂pIT.?,'WLIX8.二二Add)･100 【%]
100･Wux糾-I.add

100.Mux84-J
[mo〟kg]

(1)

(2)

(3)

whereCLⅨ84-I,MLⅨ841Ⅰ,Vcdw .1,Wpp,Wpp,拙 ,andWuxS4-I,d arethemolarconcentrationofLIX84-Iinthe

ethanolsolution,themolecularweightofLIX84-I,thevolum eoftheethanolsolution,theweightofthe

polym ericparticlesusedfortheelution,andtheweigh tsofthepolym ericparticlesandLIX84lIusedforthe

prq)aradon,respectively.

2.5Edr&ctionofNi(II)Bomaqueodssolutions

TheextractionofNi(II)intothepolym ericparticleswascarriedoutbatchwise.Theprepared

polym ericparticlesimpregntedwith LIX84-I(0.1g)Wereaddedt010Ⅹ10-3dm3ofthe0.5moudm3

(NH4)2SO4aqueousSOlutioncontainingNi(II)andwereshakenfor12hr.at303K.A洗erextraction,the

polym ericparticleswereremovedfromthera氏mtebyfiltration.TheconcentrationsofNi(II)inthe

ra氏nateandthefeedsolutionsweremeastFedbyICPIAES(Shirmdzu,ICPS-8100).TheaII氾untOfNi(II)

extractedintothepolym ericparticles,qeq,andtheforwardextractionratio,E.,werecalculatedfromEqs･(4)

and(5);

qeq-(C"iAq荒i:.C:i:iq)'Vaq l- ukd

Ee-C"ib::iinbiq:nTi'aq ･100 【%]
whereCNi,q,imi,CNi,aq,Vq,MNiandWpparetheinitialconcentrationofNi(II)intheaqueousphase,the

equilibrium concentrationofNi(II)intheaqueoussolutiona洗erextraction,thevolum eoftheaqueousphase,

theatomicweightofNi(II)andtheweightofthepolym ericparticlesusedfortheextraction,respectively･

2.6ExtractionrateofNi(II)intothepolymericprticles

An aqueoussolutioncontaimingatlOO吋 dn3Ni(II)waspreparedbyusingthe0.5mol/dm3

(NH4)2SO4SOludonandadjustedtopH7.5.Thepolym ericparticlesclassifiedat200-450pmbysieving

(0.50g)wereaddedtotheNi(II)solutionadjustedto303K･TheNi(II)solutionwascollectedatthe

prescribedtime.Wh enthesamplewastaken,theNi(II)solutionwasfilteredusingamemi)rane丘lter(0･45

pq)anddilutedusingdistilledwater.TheNi(II)concentrationsinthecollectedsolutionandthefeed

solutionweremeasuredbyICPIAES(Shirrndzu,ICPS18100).TheamountofNi(II)extractedintothe

polym ericparticleswascalCulatedfromEq･(4)I

2.7B&ck,edractionofNJ'(II)ex什蹴tedinthepolym ericparticles

Theback-extractionofNi(II)extractedinthepolym ericparticlestoanewaqueousphasewas
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cadedoutbatchwise.ThepolymericparticlesinpregnatedwithLIX84-I(0.10g)wereaddedtolOxlO~3

dm3.fthe0.5mol/dm3(m 4)2SO｡aqueoussolutioncontahhgexcessNi(II)andwereshakenfor12hr.at

303K･ARerextraction,thepolym ericparticleswererecoveredfromtherafnnatebyfiltrationandwere

dried.Thentheimpregnatedpolym ericparticlesloadedwithNi(H)Wereplacedin 10xlO~3dm30fan

aqueousH2SO4SOlutionadjustedtopH 1I9for24hr･at303K.ARerback-extraction,thepolym c

padcleswererecovered丘omtherafrlnatebymtration.TheNi(H)concentrationintheratYinatesolution

wasmeasuredbyICp-AES(Shirrmdzu,ICPSl8100)･Theback-extractionratioofNl叩)totheaqueous

phase,Eb,WasCalculatedusingEq.(6);

Eb- C"･aqJeqleuqt71,V,aq'100 [%] (6,

whereCNl.aq,elutedistheconcentrationofNi(II)intheaqueoussolutiona氏erback-extraction･

3.ResultsandDiscussion

3.1PreparathnofpolymericparticlesimpregnatedwithLIX84-Ⅰwithinterconnectedsphericalpores

TheSEMimagesofthesurfaceandthecrosssectioningoftheprepared(W/0/W)typepolym eric

particlesareshowninFigure3.Thepolym eriC

particleshadaporousandrough Surfaceandn旭ny

largeinterconnectlngSphericalpores intheirinner

side.Theseporesareform:dbytheinneraqueous

phase.The average diarrcterofthe polymeric

particleswas208±26pm

TheSEM ilmgeSOfthesurfaceandthe

crosssectionofthepolymericparticlesimpregnated

withLIX84-Iareshown inFigure4.Nochangeofthe

morphologleSOfthepolym ericparticlesby the

impregnationoftheuX841Iwasobserved･Itis

consideredthatLIX84-Iexistsasaconcentrated

liquidinsnnllporesandsurfaceofthepolymerwall

ofthepolym ericparticlesI

TheSEM irrngesofthesurfaceandthe

crosssectionofthe(0/W)type polym ericparticles

preparedwitbout血eimeraqueousphaseareshown

inFigure5.The(0/W)typepolym ericparticleswere

usedfortheextractionrateexperim:ntsofNi(lI).

TherearesnullspheriCalpores in thesurfaceand

insideofthepolymericparticles,buttheyaredensely

packedinside･Theaveragediameterofthepolym eriC
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particleswas207±47pn

TheeffectoftheaddedamountofLⅨ84-I0mthepercentagecontent,Eandtheimpregnatedyield,

E*ofLIX84-IinthepreparationofthepolymericparticlesiI叩regrLatedwithLIX84-Iisshown inFigtue6.

Thepqcentageconterltgraduallyincreasedwiththe

amountofLIX84-Iadded,andreachedabout60%.

Meanwhile,the impregnated yield was almost

constantatabout80%regardlessoftheaddedamount

ofLⅨ841Ⅰ.ThecuⅣeinFigure6isthetheoretical

qtnntityoftheimpregnatedyieldat100%･Thusthis

methodcanachieveahigh contentofLⅨ84-I

compared with the general result for the

microcapsulationmethodfortheextractantwhich

ustnllyachievedan extractantcontentofupto30

wt%.However,atLIX84-Icontentshigherthan50%,

theparticlesbecamesticky 血ough leakageof

uX84-Ⅰ.

100

80

冨 60i■
LAJ40

20

0

[%
).I

0

0

6

4

0 50 100 150 200

AddedamountofLIX8411lwt%]

Figure 6.Effectoftheconcentration of
LⅨ84110mthepercentagecontentandthe
lmpregnatedyieldofLIX84lI.

3.2ExtractionpropertiesofNi(IDtISingthepolymericprticlesimpregnatedwithLIX84lI

TheeffectofthepHintheaqueousphaseontheextractionofNi(II)withthepolym ericparticles

impregnatedwithLIX84-Iisshown inFigtFe7.E'in五gure7isthemolarcontentofLIX84IIper1.0gof

thepolym ericparticles.Intheacidicrange,noNi(II)wasextracted.TheextractionofNi(II)

increasedwithinCreaslngpH.Withan increasein thecontentofLIX84-Iimpregnatedinthe

polymericparticles,theextractionpHrangeisshi触dtolowerpHvalues･Thelinesin丘gtFe7arethe

calculatedresults心Ingtheequilibrium constantfortheextractionreactiondetemi edasdescribedlater･

0 2 4 6 8 1O

pH

Figure7･EffectofaqtwouspHontheexqactionofNi(II)bypolymeric
particlesimpregnatedwithLIX84-Iatvanousconterlts(E'-E,10,70,
100wt%).
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TheeffectoftheimitialconcentrationofNi(II)ontheextractionusingthepolymericparticles

preparedwith variousLIX84-Icontentsisshown inFigtqe8.TheamountofNi(II)extractedintothe

polymericparticles,q.q,increasedwith anincreaseintheconcentrationofNi(II)intheaqueousphaseand

reachedaconstantvalue athigh Ni(I)concentration･Wh enthecontentofLIX84-Ⅰinthepolym eric
particleswaschangedasshown inFigtue8,themolarquazltityofNi(II)extractedinthepolymericparticles

increasedwithanincreaseinthecontentofLIX84-Iinthepolymericparticles.

C.qlmmoVdm3]

FigtFe8･Effectoftheimitialcon.centrationofNi(II)ontheextraction
ofNi(II) with the polymenc particles prepared atvarious
conce血ationsorLⅨ84-Ⅰ.

TheextractionbehaviorofNi(II)intothepolym ericparticlesconformedwelltoab gmuirtype

adsorptionasshown inEq･(7)whereqeq,qtE.AX,K,andCeqarethemolarequilibrium anx)untofNi(II)

extractedinthepolym ericparticles,thernxirnum molaramotlntOfNi(II)inthepolymericparticles,andthe

equilibrium concentrationofNi(II)intheaqueousphase.ThevaluesofqmaKandKwerecalculatedfromthe

resultsinFigure8usingEq.(8).

qe.- a

孟-忘･(志)(孟)
(7)

(8)

TherelationshipbetweenthemolarcontentofLⅨ84-Ipergofthepolymericparticles,E',and

themaximum molaramountofNi(II)extractedinthepolym ericparticles,qm ,isshown inFigure9.The

plottedvaluesofqmz.xgavestmightlinehavingaslope of1/3･Thisresultmeansthatthreemoleculesof

LⅨ84-Ireactwitheachnickelionandtheextractionequilibrium isasshown inEq.(9).hthesolvent

extractionsystem,ithasbeenrqpodedthattwomoleculesofLIX84lIreactwithonemickeliononextraction

intotheorganicphasel27].HowevermoleculesofLIX84-Iimpregnatedinthepolym ericparticleswould

existunderconditionsofnofreemovementandnosolventII氾1cculesarOundthem.Therefore,theextraction

conditionswouldbequitedifferentfromthesolventextractionsystem.Hence,onemoleculeofLIX84-I

wouldactasasolventtostabili2:etheextractioncomplexbetweentwoLIX84lIandonemickelion･The
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detailoftheextractionmechanismisnotstillclear.Moreinvestigationwillbeneededtounderstandthe

propertiesoftheimpregnatedLIX84lIinthepolymericparticles.

Ni2++3HR≠NiR2(HR)+2H+ HR;LⅨ84-Ⅰ (9)

TheextracdonofNi(II)with thepolym ericparticlesiq)regnatedwithLIX841Iwasanalyzed

usingtheextractionequilibrium results.Fromtheextractionreactionshown inEq.(9),theequilibrium

constant,Keq,oftheextractioncanberepresentedasinEq･(10)･ThedisbibutioncoefRcient,D,ofNi(II)is

w血enasinEq.(11).ThelogarithmofEq.(10)whereinDissubstitutedisshown inEq.(12).

Keq=

β=

【NiR2(HR)】【H+]2

[Ni2+]【HR13

【NiR2(HR)】
【N i2+】

log(品 )-3log (荒 )･･ogK e｡

lkg2/(mol･dm3)] (10)

ldrh3此g] (ll)

(12)

Thevalueoflog(D4H+]) wasplottedagainstlog(PR]/lH+])inFigure10.Allresultslayona

straightlinewhoseslopewasabout3.Hence,theextractionequilibrium reactionofNi(II)proposedinEq.

(9)isalsovalidated･FromtheinterceptoftheplotinFigtFe10,theequilibrium constant,Keqwas

detemi edas2.13xl0-7kg2/(mol･dn3).

TheextractionofNi(II)wascalCulatedusingtheK.qvalueobtainedasshown inFigtqes7and11,

respectively.TheextractionbehaviorcalculatedalmostconforTkdtothemeasuredvaluesinFigures7and

8,respectively.Fromthoseresults,theextractionequilibritm reactionofNi(II)proposedinEq･(9)isalso

validated.

4

3

2

0

0

0

【6
J
IO

∈
u
)Xe
uJb

0 0.5 1 1.5 2

Etlmmo晦】

Figure9･Thereladonshipbetweenthemolar
contentofLⅨ841Iinthepolym ericparticlesand
therrnximum quantityofextractionofNi(m.

-144-

AV

4

2

(し
き

)B
O
l

0 2 4 6 8

ぬg((HR阿H◆】)

F.igTDe/lhoI]r:drelLagtZ;HmR%pl笛 een



Cqlmmol/dm3】

FigtFe11･Effectoftheequilibrium conc.entrationofNi(II)
ontheextractionofNi(II)Bomtheexpenmentalresultsand
bycalculation.

TheratesofNi(q ex廿actionwiththepolym ericparticlespreparedwiththeimeraqueousphase

at4･5ⅠmUdm3NaClandwithouttheirLneraqtWOuSPhaseareshown inFigure12･Wh enthepolym eric

particlesprq)aredwiththe4･5rEX}Udm3NaClaqueoussolutionintheimeraqueousphasewasused,the

extractionofNi(II)increasedsharplywith timeandreachedaconstantvaluewithin4hr.denoting

extractionequilibrium .Ontheotherhand,theextractionwiththepolym ericparticlespreparedwithoutthe
imeraqueousPhasewasslowerthan thatofthepolym ericparticlespreparedwiththe4･5moUdm3NaCl

aqueoussolutionintheimeraqueousphase.Fromtheseresults,itisfoundthattheinterconnectedspherical

poresareveryfavorablyfortheextractionofNi(I).Thisaccelerationwouldbecausedbytheincreasein

theinterfacialareaofthepolymericparticlesandinthedifhsionofNi(II)totheirLnerspaceOfthe

polym ericparticles血roughtheporesfromtheparticlessurfaces.

0 240 480 720 960

Tjmelmjn]

Figure12.EffectofextractiontimeontheextractionofNi(II)
uslngthepolym ericparticleslI叩regnatedwithLIX84-Iprepared
withandwithouttheirLneraqueousPhase(E'=0･44rrmol/g)･
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3･3Thebck-extractionofNi(II)er(r&ctedinthep0秒mericp訂ticleswithvariousconcentrationsof

&AAqueousH2SO4SOlution

TheeffectofthepHintheaqueousphaseontheback-extractionofNi(II)isshown inFigure13.

Ni(II)extractedintothepolym ericparticlescouldbeback-extractedbyusingsul血ricacidsolutionsatpH

valueslowerthan 5.Fromthisresult,itwasfoundthatthereactionbetweenLIX841Iandmickelion

proceedsreversibly.

02 4 6 8 10
pH

Figum13.EffectoftheaqueouspHontheextractionand
back-extractionofNi(II)extractedinthepolymeric
particlesiI叩regrLatedwithLIX84-I(E'-0.28mmol/g).

4.ConcltlSioJI

PolymericparticleslnPregmtedwith LIX84-Iweresuccess血llyprepared.Thepolymeric

particleshadaporous androughstdaceandintercorLneCting-sphericalporesinsidetheparticles.The

impregnationefGciencyofLIX84-Iwasover80%forallpolymericparticles.TheextractionofNi(II)with

thepolymericparticleswassuccessfulyachievedandconform:dwelltotheLangmuirtype adsorption

isothermMoreover,theback-extractionofNi(II)fromthepolymericparticleswassuccessfullyachieved

tlSingH2SO4aqueousSOlutions･ItisconfirmedthatthreemoleculesofLI不84-IreactedwithoneNi(II)ion

fromthequantitativeanalysisoftherelationshipbetweentheamountofNi(II)extractedandtheamountof

LIX84-Iimpregnatedinthepolym ericparticles･TheextractionrateofNi(II)wasacceleratedbythe

fortrLationoftheintercomectedspheriCalporesintheinsideofthepolym ericparticles･
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