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KineticinvestigatiomswerecarriedouttoevaluatetheapplicabiIityofusedblackteaIeaves(ＵＢＴＬｓ） 
asalow-costadsorbenttOtheremovalofchromium(Ⅵ）fromaqueOussoIutions・Theeffectsofvarious

kineticparameterswereinvestigatedusingabatchprocess､TheadsorptionofCr(ＶI)ｍＵＢＴＬｓｏｃｃｕｒｓ 
ｒａｐｉｄｌｙｉｎｔｈｅｆｉｒｓｔｄａｙ,ｆｏＩｌｏｗｅｄｂｙａｓｌｏｗｐｒｏｃｅｓｓｔｈａｔｒｅｑｕｉｒｅｓｍｏｒｅｔｈａｎｌＯｄａｙｓｔｏｒｅａｃｈｉｔｓｅｑuilib-
rium・TheinitialadsorptionrateincreaSeswithincreasinginitialconcentrationofCr(ＶI)inthesolution
andprocessingtemperature･ＴｈｅａｄｓｏｒｐｔｉｏｎｋｉｎｅｔｉｃｓｆＯｌｌｏｗｓＲｉchie，ｓｐｓｅｕｄｏ－ｓｅcondorderrateequation 
betterthantheLagergren，spseudo-firstorderone･Ｔｈｅｒａｔｅｃｏｎｓｔａｎｔｏｆｔｈｅｐｓｅｕｄｏ－ｓｅｃＯｎｄｏｒｄｅｒａｄ‐ 
sorptionisaffectedbytheprocessingcondMionssuchastheinitialCr(ＶI）Concentration,solutionpH， 
tempemtureandfOreignions・TheresultsofthekineticexperimentsshOwedthattheadsorptionofCr(ＶI）
ｏｎＵＢＴＬｓｉｓａｎｅｎｄｏｔｈｅｒｍｉｃｐｒｏｃｅｓｓａndtheactivationenergyofadsOrptionis16.3kJmol-1． 

sourcewater,otherconstituentsinthewater,existing 

treatmentprocess，treatmentcostandhandlingof 
residuals（Ｅｌｉｇｗｅｅｍﾉ.，1999)． 

Thepresenttreatmenttechnologiessuchasare-
verseosmosis，adsorptionwithactivatedcarbonsand 
ionexchangemaynotbeapplicabｌｅｔｏｓｍａｌＩｉｎｄｕｓ‐ 
tries，especialIymdevelopingcountries，becauseof 
theirhighcapitalinvestmentandrunningcosts・Thus，
thereisaneedtodeveloplow-cosｔａｎｄeasilyavajj-
ablematerialsthatcaneffectivelyremoveandrecover 
hexavalentchromium 

Adsorptionplaysanimportantroleintheremｏｖａｌ 
ｏｆｍｅｔａｌｉｏｎｓｗｉｔｈＩｏｗｃｏｎｃｅｎｔｒationfromtbe 

wastewaterlnrecentyears，wehavebeeninterested 
intheuseofusedblacktealeaves(UBTLs)ａｓａｌｏｗ‐ 

costadsorbentbecauseoftheirhighremovaIcapacity 

fOrCr(Ⅵ)(Hossain,2003)EarIierinvestigationswere 

mainlyfOcusedontheconfOrmationalaspectsoftheir 
removalorsorptioncapacitiesThekineticsisanim‐ 
portantphysicochemicalfactortoevaluatethebasic 
qualitiesofanadsorbentaswelIastheapplicationof 
theadsorptionprocess,whereasthereisnoreportabout 
thekineticstudyontheremovaIofCr(ＶI)ｂｙＵＢＴＬｓ 

Ｔｈｅｐｒｅｄｉｃｔｉｏｎｏｆｔｈｅａｄｓｏｒｐｔｉｏｎｒａｔｅｆｏｒａｇｉｖｅｎｓｙｓ－ 
ｔｅｍｉｓｔｈemostimportantparameterforadsorberde-
signwithadsorbateresidencetime,ultimatelycontroI-
1edbythekineticsoftheadsorptionsystem(Ｅｌｉｇｗｅｅｊ 
ａＬ，1999)． 

Variousresearchershavedescribedtheorderof 

adsorptivereactionoｆｍｅｔａｌｉｏｎｓｉｎａｑｕｅｏｕｓｓｙｓｔｅｍ 

ｕｓｉｎｇdifferentkineticmodels、Theadsorptionsof

Introduction 

Chromiumisoneofthecontaminants，ｗｈｉｃｈｅｘ‐ 

istsintrivalent,Ｃｒ(Ⅲ),andhexavalent,Ｃｒ(ＶI),oxi‐ 

dationstatesinnaturalaquaticSystems・Thehexavalent
formismucbmoretoxicandcarcinogenicthanthetri-

valentoneandrequiredmoreconcern（International 
AgencyforReseaTchonCancer，1990）However， 
chromium(ＶI）rarelyappearsnaturally,butitispro-
ducedfromanthropogenicsources・Highconcentration
ofCr(Ⅵ）isusuaIIyfoundinvariousindustrialsew‐ 

ageincludingmetaIlurgy,refractory,andchemicalin-
dustries（EnvironmentalProtectionAgency，1998)． 

Chromium(ＶI)isnotbiodegradablelikeorganiccom-

poundsandtendstoaccumulateinIivingorganisms 
causingvariousdiseasesanddisorders（BaileyemL， 
1999)TheincreaseinCr(ＶI)concentrationabovethe 

consentorstandardlimits(5.0×lO-5kgm-3fordrink‐ 

ingwater)isbecominganimportantsubjectofpubIic 
heaIth(EnvironmentalProtectionAgency,1998)Itis 

neededthereforetodevelopsuitabletreatmentproc-

essestoreｍｏｖｅＣｒ(ＶI)fi･omwastewaterbeforebeing 

dischargedintoaquaticsystems・Thebesttreatmentof
Cr(Ⅵ)dependsontheCr(ＶI)Concentration,existing 

speciesofchromium：ＨＣｒＯ４~，Ｃｒ２０７２－ａｎｄＣｒＯ４２－ｉｎ 
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Ｈｇ(Ⅱ),Ｃd(11)ａｎｄＰｂ(11)onlignite,ａｎｄＦｅ(11)onlow-

rankbrowncoalwereexplainedbysimplefirstorder 

kineticswithrespecttothesolutionConcentration 

(EligweandOkolue,1994;ＥｌｉｇｗｅｅＭｌ.，1999).Tra-

ditionally，adsorptivereactionsaredescribedby 
Lagergren，spseudo-firstorderrateequation,basedon 

theconcentrationofadsorbateintheadsorbentphase 
(Lagergren，１８９８)．Numerousstudiesreported 

Lagergrenkineticsformetalsorption;fOrexample,the 

sorptionofNi(11）ontoWOllastoniteandChinaclay 
(ＳｈａｒｍａｅＭﾉ.，1990,1991）ａｎｄＣｒ(ＶI)ontobismuth 

trioxideinaqueoussolutions（BhutaniandKumari， 

1994).Ontheotherhand,apseudo-secondorderrate 

equationknownasRitchie，smodelwasalsousedto 

describetheadsorptionofmetalionsfromaqueous 
solutionontopeat(ＨｏｅｍＪ.,1995）andsludgesolids 
(TienandHuang,1991)． 

Inthepresentstudy,thekineticsofCr(Ⅵ)adsorp-
tiononUBTLsisdiscussedthroughbatchexperiments 
underthevariousconditions：initialconcentrationof 

Cr(ＶI),solutionpH,processingtemperatureandthe 

presenceofforeignionsThefactorsaffectingtberate 

constantandtbeadsorptioncapacityofthisadsorp-
tionprocesswereinvestigatedwithdifferentkinetic 
models． 

ｉｎ５０×10-6m3oftheCr(Ⅵ)solutionThesolutionpH 
wasadLjustedintherangeof1.00-2.OOwherethemaxi‐ 

mumchangeofpHduringtheexperimentsislessthan 
O10・Thesuspensionsweremixedonashakerwitha

constantspeedofl25rpmTheHaskswerewithdrawn 

atregulartimeintervals，ａｎｄｔｈｅｓｏｌｕｔｉｏｎｓｗｅre 

analyzedwithareversed-phaseHPLC-UVsystemfOr 
simultaneousdeterminationofCr(ＶI）ａｎｄＣｒ(IⅡ） 

(AndrleandBroekaert,1993;HossaineM/､,2005).A 

mixtureofacetonitrileandwater(67:33)wasusedas 

amobilephase，andasilica-basedanalyticalｃｏｌｕｍｎ 
(１５×４６ｃｍ；５匹、,ＴＳＫＧＥＬＯＤＳ－１２０Ａ,Tosoh

Corp.）wasusedfOrseparationAbsorbancewasmea‐ 

suredat254nmusingUVLVISrecordingspectropho-
tometer（UV-l60A，ShimadzuCorp.).Theamounts 
adsorbedandreducedwerecalculated，basedonthe 

analysisoftheremainingsolutionsSimilarly，batch 

sorptionexperimentswereperfOrmedwithvariousini-

tialconcentrationsofCr(ＶI),initialsolutionpHval-
uesandprocessingtemperatures・Experimentswere

alsocarriedoutseparatelyundercoexistenceofAs(Ⅲ） 

andCd(11)withaconstantconcentrationofCr(Ⅵ),pH 
andtemperature． 

2．ResultsandDiscussion 

２．１Adsorptionrate 

Batchexperimentswerecarriedoutwithrespect 
tothereactionkineticsofCr(ＶI)MththeUBTLsOur 

experimentaIresultsshowedthatbothadsorptionand 

reductionwereinvolvedintheremovalofCr(ＶI)ｂｙ 

ｔｈｅＵＢＴＬｓＴｈｅａｄｓｏｒｐｔｉｏｎｉｓｍｏｒｅｉmportantthanthe 

reductionfOrthetreatmentprocess,becauseremoval 

ofCr(Ⅲ)fTomthesolutionisrequiredinthelattertreat‐ 

mentsOurpreviousstudiesshowedthattheadsorp-
tionofCr(Ⅵ)ｏｎtheUBTLsispredominantoverthe 

reductionintherangeofsolutionpH＜２(Hossainer 

aﾉ.,2000;Hossain,2003)Inthepresentstudy,there‐ 

fOre,theadsorptionkineticswasperfOrmedintherange 
ofsolutionpH1､00-2.00,ａｎｄｔｈｅａｍｏｕｎｔｏｆＣｒ(ＶI） 

adsorbed,9,,wascalculatedfromEq.(1)： 

ＬＥｘｐｅｒｉｍｅｎｔａｌ 

ｌ･lMaterials 

Usedblacktealeaveswereobtainedafterextract-

ingtealiquorfiごomfreshones（CTCManufacturing
Process,BangladeshTmResearchlnstitute)ｂｙｂｏｉｌ‐ 
ingwithdistiUedwaterfOr8hours・Ｔｈｅｔｅａｌｅａｖｅｓｗｅｒｅ
ｄｒｉｅｄａｔ３７８Ｋｆｏｒ２４ｈｏｕｒｓａｎｄｔｈｅｎｗｅｒｅｓｉｅｖｅｄｏｕｔ 

ｉｎａｄｉａｍｅｔｅｒｏｆＯ２５×ｌＯ－３ｔｏＯ５０×１０－３ｍ・Thepre-
paredUBTLswerecharacterizedbydeterminingthe 
apparentbulkdensity(0.３１ｋｇ、-3)andtheBETsur-

facearea（l340m2kg-l）byaKryptonadsorption 
methodAnelementalanalysisusinganenergy-disper-
siveX-raymicroanalyzer（ＥＤＸ，ＥＭＡＸ－５７７０Ｗ， 
ＨＯＲＩＢＡ,Ｌｔｄ)sbowedthattheUBTLscontain65､3％ 

ｏｆＣ,３４．２％ｏｆ０，０１％ｏｆＣａａｎｄｌｅｓｓｔｈａｎＯ１％ｏｆＳ 

ａｎｄＰＬＴｈｅｍａｉｎｉｎｇｒｅｄｉｅｎｔｏｆＵＢＴLsiscelIulose・

Analyticalgradereagentswereusedinallexperi-
ments・Astocksolutionofsyntheticwastewatercon-

tainingl・Ｏｋｇｍ－３ｏｆＣｒ(ＶI)waspreparedbydissolv‐

ingpotassiumdichromate（K2Cr207）（WakoPure 
Chemicallndustries,Ｌｔｄ）intopurewaterAllwork-
ingsolutionsofvariousconcentrationsofCr(Ⅵ)were 

obtainedbydilutingthestocksolutionwithdistilled 

water､Nitricacidwasusedtoadjusttheinitialsolu‐ 
tionpHtominimizereductionofCr(ＶI)ｔｏＣｒ(Ⅲ)． 
L2Methods 

Kineticstudieswerecarｒｉｅｄｏｕｔｗｉｔｈａｓｉｍｐｌｅ 
ｂａｔｃｈｔｅｃｈｎｉｑｕｅ・Ｅｘｐｅｒｉｍｅｎｔｓｗｅｒｅｃｏｎｄｕｃｔｅｄｉｎ

ｃａｐｐednlplonconicalflasksoflOOmLataspecified 
temperature,bysuspending50×10-6ｋｇｏｆｔｈｅＵＢＴＬｓ 

9,＝ｃｂ－ｑ－ｑＩＩｌ 
ｗ６ 

(1) 

ｗｈｅｒｅＣｏａｎｄＣ,aretheconcentrationsofCr(ＶＤｉｎ 
ｔｈｅｓｏｌｕｔｉｏｎａｔｔｉｍｅｌ＝Ｏａｎｄｒ＝Lrespectively・The
concentrationofCr(Ⅲ),givenbyreductionofCr(ＶI)， 

inthesolutionattime'isrepresentedbyC,,,,､Ｔｈｅｓｙｍ－ 
ｂｏｌ,W6isthedoseofthcUBTLs・

TheconcentrationofCr(Ⅵ）fOrdifferentinitial 

concentrationsrapidlydecreasesduringthefirstone 

dayandthengraduallyapproachestoequilibriumin 

lO-15daysaｓｓｈｏｗｎｉｎＦｉｇｕｒｅｌＴｈｅｆｉｇｕｒｅａｌｓｏ 

ｓｈoｗｓｔｈａｔtheequilibriumamountadsorbeddepends 
ontheinitialconcentrationofCr(Ⅵ)．Theinitial 

４０３ 



2.1.1Firstorderkinetics lnourexperimental 

conditions,bichromate(HCrO4-)ionsarethemainspe-
ciesinthetestsolution(ＣｉｍｉｎｏｅＭ/､,2000).There-

fOre，ｗｅｄｅｓｃｒｉｂｅｄｔｈｅｃｈａｎｇｅｉｎｔｈｅｂｕｌｋｃoncentra-

tionofthesystemusingtbefOllowingsimplefirstor-

derrateEq.(3)： 

TnblelTheeffectofinitialconcentrationofCr(Ⅵ）on 

theinitialrateofadsorptiononＵＢＬＴｓ 

Initialadsorptionrate×104 

［kgkg-1dI］ 

InitialconcentrationofCr(Ⅵ)×103 

［kgm-3］ 

23.0 

32.0 

38.0 

42.0 

４９．３ 

９８．６ 

１５１．０ 

２５０．５ 

ｑ＝cbe-kT (3) 

whereＡ’isthefirstorderrateconstant・Theexperi-

mcntalresultsshowedthattheCb/C,vMplots(Fig 
urel)fordifferentinitialconcentrationsofCr(ＶＤｄｉｄ 

ｎｏｔｆＯＵｏｗｅａｃｈｏｆｔｈｅｓｔｒａｉｇｈｔline，whichindicates 

thefailureinexpressingthisadsorptionprocessbythe 

simpIefirstorderkineticsOntheotherhand,theIit-

eraturereviewhasshownthatmostCr(Ⅵ)adsorption 
fOllowsfirstorderkinetics(BhutaniandKumari,1994； 

GuptaeMﾉ.,2001).However,Sparks（1989)haspro-

posedthatthesimplekineticmodelssuchasfirst-or 

second-orderrateequationsarenotapplicabletothe 

adsorptionsystemwithsolidsurfaces,whicharerarely 

homogeneouslikeoｕｒＵＢＴＬｓ，becausetheeffectof 

transportphenomenaandchemicalreactionsareoften 

experimentaIlyinseparable 
2・Ｌ２Ｌａ２ｅｒ２ｒｅｎＤｓｅｕｄｏ－ｆｉｒｓｔｏｒｄｅｒｋiｎｅｔｉｃｓ
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Fig.１ConcentrationchangeofCr(VDinthesolutionwith 

timefOrdifferentinitialconcentrations(ｐＨ＝1.54, 

Ｗ＝Ｏ１ｋｇｍ－３ａｎｄＴ＝２９８Ｋ） Ｓ 

ALagergrenpseudo-firstorderrateequationhas 

beenappliedtotheadsorptionoftheliquid/solidsys‐ 

tembasedonadsorptioncapacity・Accordingtothis

model，oneadsorbatespeciesreactswithoneactive 

siteonsurfaceLagergren，spseudo-firstorderrate， 

Eq.(4),ｃｉｔｅｄｂｙＨｏａｎｄＭｃＫａｙ（1999)wasappliedto 

thekineticbehaviorｏｆＣｒ(ＶＤａｄｓｏｒｐｔｉｏｎｏｎｔｈｅ 
ＵＢＴＬｓ． 

adsorptionrateswerecaIculatedfｍｍ９,vsrplotsac-
cordingtoEq.(2).Thevaluesincreasewithanincrease 
ininitialconcentrationofCr(ＶI)asshowninnublel． 

一鍔L，等L, (2) 
9,=９４ｃｍw） (4) 

Itisapparentthattwodifferentdiffusionmechanisms 

playedrespectiveroIesduringthisadsorptionprocess 

Thefirstisasimplefilmdiffusiondrivenbyalarge 
concentrationdifferencebetweenthebulksoIutionand 

thesurfaceoftheUBTLs，andthesecondisthesur-

facediffusionofCr(ＶI)totheactivesites・ThuMhis

behaviorwastriedtodescribefromthekineticaspects 
basedontheconcentrationofthebulksolutionand 

alsoontheconcentrationintheadsorbentphase・Vari-

ouskineticevaluationshavebeendevelopedfOrad-
sorptionstudy・Ｈｅｒｅｗｅａｔｔｅｍｐｔｅｄｔｏａｐｐｌｙａｓｉｍｐｌｅ

ｆirstorderkineticmodel（EligweeraJ.，1999）for 

changingthebulkconcentratio、，andLagergren，s

pseudo-firstorderrateequatio、(Lagergren,1898)and

Ritchie,spseudo-secondorderrateequatio、（Ｈｏａｎｄ

ＭｃＫａｙ,2000)fOrtheadsorbentphaseconcentration 

todescribethekineticbehavioｒｏｆｔｈｅｓｙｓｔｅｍａｓｆＯｌ－ 
ｌｏｗｓ． 

ｗｈｅｒｅ９ｅｉｓｔｈｅａｍｏｕｎｔａｄｓｏｒｂｅｄａｔｅｑuilibrium,９，is 
theamountadsorbedattimeLandAcadistberatecon-
stantofpseudo-firstorderadsorptionlnourexperi‐ 

mentaldata,fOrthefirstfOurdays,９e－９，haveanal-
mostlinearrelationshipwithtime,butthereafterdevi-

atefmmthestraightlinesfOrtｈｅlowinitialconcen-

trationofCr(Ⅵ)asshowninFigure2Forthehigh 

initialconcentrationofCr(Ⅵ),thedeviationisalso 

observedfOrtheIongercontacttimemorethanlOdays・

ThisdeviationindicatesthattheadsorptionofCr(ＶI） 
ｏｎｔｈｅＵＢＴＬｓｄｉｄｎｏｔｃｏｍｐＩｅｔｅｌｙｆＯＵｏwthepseudo-

firstorderkinetics・Theequilibriumamountadsorbed，

9゜,calculatedfromtheinterceptsofthestraightlines
aredifferentfromtheexperimentalvalues・

ＨｏａｎｄＭｃＫａｙ（1999,2000）reportedthatthe 

Lagergren，spseudo-firstorderequationdoesnotfit 

wellfOrthewholerangeofcontacttimelnordertofit 

thisequationtotheexperimentaldata,theequilibrium 

adsorptioncapacity,９e,mustbeknownActually,ｔｈｅ 

ＪＯＵＲＮＡＬＯＦＣＨＥＭＩＣＡＬＥＮＧｌＮＥＥＲＩＮＧＯＦＪＡＰＡＮ 4０４ 
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Applicabilityofthepseudo-firstorderkineticsfOr 
theadsorptionofCr(VDontheUBTLsatdifferent 

initialconcentrationsofCr(Ⅵ)(ｐＨ＝1.54,Ｗ§＝ 
Ｏ１ｋｇｍ－３ａｎｄＴ＝２９８Ｋ） 

０２４６８１０１２１４１６ 

t[｡］ 

Applicabilityofthepseudo-secondorderkinetics 
fOrtheadsorptioｎｏｆＣｒ(Ⅵ)ontheUBTLsatdif-

ferentinitialconcentrationsofCr(Ⅵ)(ｐＨ＝1.54, 
Wk＝O1kgm-3andT＝298Ｋ） 

Fig.２ Fig.３ 

Lagergrenrateequation，applicabletoexperimental 
results,generallydiffersfromasimplefirstorderequa-
tionintwoways:(a)theparameterAad(9e－９，)doesnot 
representthenumberofavailableactivesites,（b)the 

parameterlog9eisadjustableandisnotequaltothe 
interceptoftheplotoflog(9e－９，)ｖｓＪ,whereasina 
simplefirstorderprocesslog9eshouldbeequaltothe 
interceptofthepIotoflog(9e－９，)against/(Aharoni 
andSparks,1991)Ｔｈｅvalueof9ecanbedetermined 
bytriaｌａｎｄｅｒｒｏｒｗｈｅｒｅｔｉｍｅｉｓｃｏｎｓｔａｎｔ；rOisan 
adjustabIeparameter,i､e・theplotoflog(9e－９，)ｖｓ．
(t-td)thatmakestheequilibriumadsorptioncapacity， 
９e，ｓｕｉｔａｂｌｅｆｏｒｕｓｅｉｎｔｈｅｋｉｎｅｔｉｃｅｘｐｒession 
Lagergren,sequationissuitablefOrhomogeneoussur-
face,ｂｕｔｔｈｅｓｕｒｆａｃｅｓｏｆＵＢＴＬｓａｒｅｎｏｔｓｏｈomogene‐ 
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Fig.４ TheeffectofinitialconcentratioｎｏｆＣｒ(ＶI)onthe 

pseudo-secondorderrateconstant（ｐＨ＝154, 
W§＝O1kgm-3andT＝298Ｋ） 

２．１．３ Ｒｉｔｃｈｉｅ， ｓＤｓｅｕｄｏ－ｓｅｃｏｎｄｏｒｄｅｒｋｉｎｅｔｉｃｓ 

Ritchie,spseudo-secondorderrateequationwas 
alsoappliedtotheadsorptionkineticsofthepresent 
system・Themodelalsoderivedonthebasisofthecon-

centrationoftheadsorbateintheadsorbentphase(Ｈｏ 
ａｎｄＭｃＫａｙ,2000;CheungeraL,2001).Thelinearized 
fOrmofRitchie,sequationisgivenas： 

ingtoourexperimentalconditions(ｐＨ＝1.54)HCrO4-
isthemainspeciesinthesolution(CiminoeMﾉ.,2000)． 

TheresultsuggestedthatoneadsorｂｅｄＨＣｒＯ４－ｏｃｃｕ－ 
ｐｉｅｄｔｈｅｔｗｏａｃｔｉｖｅｓｉｔｅｓｏｎｔｈｅＵＢＴＬｓｓｕｒｆａｃｅ・The

sorptionofCu(11),Ｎｉ(Ⅱ）ａｎｄＰｂ(11）ｏｎtosphagnum 
mosspeatfOllowedthepseudo-secondordermecha-
nism(ＨｏａｎｄＭｃＫａｙ,2000).Asimilartrendwasob-

servedfOrthesorptionofarsenicionsontoiron-con-

ditionedzeolite(Ｏｎｙａｎｇｏｅｍｊ.,2003)． 
Thepseudo-secondorderrateconstants，ＡＣ,ｗｅｒｅ 

calculatedfromthelinearplotsof〃9rvs，rlikeFigure
3,andtheeffectsoftheinitialconcentrationofCr(Ⅵ)， 
solutionpH,processingtemperatureandthepresence 
offOreignions,ontherateconstantwereinvestigated 
22Effectofconcentration 

TheinfluenceoftheinitialconcentrationofCr(VD 
onthepseudo-secondorderrateconstantsarepresented 
inFigure4Ｔｈｉｓfigureshowsthattherateconstant 

１１１ 

可7-扇十重『 (5) 

Thelinearplotsof〃9lagainstLasshowninFigure3，
representagoodfitoverthewholerangeoftheinitial 
concentrationoｆＣｒ(ＶI）andcontacttime、Ritchie，s

pseudo-secondorderrateequationwasderivedbyas-
sumingthattwosurfacesitescouldbeoccupiedbyone 
divalentadsorbateionThusEq.(5)wouldbeexpected 
tobeapplicablefortheadsorptionofdichromate 
(Cr2072-)ionsonlyHowever,thepresentexperimeL 
talresultsareagainstthisexpectationbecauseaccord-

ＶＯＬ､３８Ｎ０．６２００５ 4０５ 

kｅ ｙ q,×103[kg･m-3l 
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Fig.５EquilibriumofchromiumsPeciesintheaqueous 
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decreases(rapidtoslow)withanincreaseintheinitial 
concentrationofCr(Ⅵ).Thisbehaviorcanbeinter-

pretedbytheexistenceofCr(ＶI)speciesinthesolu‐ 
tionTherearefOurionicspeciesofＣｒ(Ⅵ）thatcan 

existinaqueoussolution，ａｎｄtheirfractiondepends 
onthesolutionpHandtheconcentrationofCr(Ⅵ） 
accordingtotheequilibriumrelationshipasshownin 
Figure5（ＣｉｍｉｎｏｅＭＬ，2000).Accordingtothese 
equilibriumre1ationsbipsandRamanspectroscopic 
evidencegivenbyRamseyandMcCreery（1999),at 
theinitialCr(ＶI)Concentrationｏｆ４９．３×lO-3kgm-3， 

ＨＣｒＯ４￣isthepredominantspecieswhichcaneasily 
moveｓｔｏｗａｒｄｔｈｅＵＢＴＬｓｓｕｒｆａｃｃＡｓｔｈｅｉｎｉtialcon-

centrationincreaseto9８．６×１０－３ｋｇ、-3,theconcen-

trationofHCrO4-isincreasesbutalessamountof 
Cr2072￣ionsaIsocoexistwithHCrO4-・Ｌargesize
Cr2072-ions（７３×10-3ｍ3.mol－１）ｍｏｖｅｓｌｏｗｌｙｃｏｍ‐ 
paredwithsmallsizeHCrO4-ions(４４×10-3ｍ３．mol~'； 
Britoαα/､,1997).Again,theinter-ionicrepulsivefOrce 

increaseswithanincreaseinCr2072￣ionconcentra-
tion,whichretardthetransportrateoftheHCrO4-ion 
Asaresult，theoveralltransportratedecreaseswith 
anincreaseintheinitialconcentrationofCr(Ⅵ)Again， 

theexistenceofCr2072￣ionsbecomepredominantat 
CO＞0.152ｋｇ･ｍ－３（RamseyandMcCreery，1999； 
ＣｉｍｉｎｏｅｔａＬ,2000).TherefOre,thevalueofpseudo-
secondorderrateconstantdecreasesrapidlywithan 
increaseintheinitialconcentrationofCr(Ⅵ)lessthan 

O・ｌ５２ｋｇｍ－３,andthenbecomesslow・

ＤｅｓｐｉｔｅｔｈｉｓｆａｃｔｏｆＨＣｒＯ４－ｉｏｎａｄｓｏrptionon 
UBTLs,ourexperimentalresultsfOllowEq.(5)better 
thanthepseudo-firstorderone,Ｅｑ(4)．Davisand 
Leckie（1980）foundthateachdivalentchromate 

(CrO42-)ioncovers3to4protonatedhydroxylsurface 
sites(ＣｘＯＨ)intheadsorptionprocess・Similarly,our
experimentalresultsandtheelectro-affinityofthesur-
facefUnctional-groupconcept，whichisweakerthan 
thatofthenormalgroupsinthesolution，suggesting 

thatoneHCrO本ionadsorbswithtwosurfacefUnc‐
tional-groups(ＨＳ=,whereＳ＝representsthesurface） 
ｏｆＵＢＴＬｓａｓｓｈｏｗｎｉｎＦｉｇｕｒｅ６． 

280 １ 

０．５1.0１．５２．０２．５ 

ｐＨＨ 

Ｆｉｇ､７ＴｈｅｅｆｆｅｃｔｏｆｔｈｅｉｎｉｔｉａｌｐＨｏｆａｓｏｌｕtiononthe 

pseudo-secondorderrateconstantandtheequilib-

riumamountadsorbed（Ｃ･＝９８．９×10-3ｋ9.ｍ-3, 
Ｗ＝0.1ｋｇｍ－３ａｎｄＴ＝２９８Ｋ） Ｓ 

2.3EffectofsolutionpH 

ThesolutionpHaffectsthesurfacechargeofthe 
UBTLsandthespeciationoftheCr(Ⅵ)species・Itis
important,therefOre,ｔｏdiscusstheeffectofthesolu-
tionpHontheadsorptionrateconstant､Experiments 
fordifferentinitialsolutionpHswereconductedinthe 

raｎｇｅｏｆＬＯＯｔｏ２・ＯＯｗｉｔｈＯ､１ｋｇ･m-3ofCr(ＶI)ａｎｄ
Ｏ１ｋｇｍ－３ｏｆｔｈｅＵＢＴＬｓａｔ２９８Ｋ・Thepseudo-second
orderrateconstantdependsontheinitiaIsolutioｎｐＨ 

ａｎｄｒｅａｃｈｅｓａｐｅａｋｏｆ６０×１０－６ｍ3.kg-1.ｄ－ｌａｔｐＨ＝ 
Ｌ３０ａｓｓｈｏｗｎｉｎＦｉｇｕｒｅ７Ｔｈｅｃｈａｎｇｅｉｎtheequilib-
riumamountadsorbedwiththeinitialpHvalue，cal-

culatedfromtheslopeofthefittedstraightlinewith 

thepseudo-secondorderrateequation，ｉｓａｌｓｏｓｈｏｗｎ 
ｉｎｔｈｅｓａｍｅｆｉｇｕｒｅ､Thesebehaviorscanbeinterpreted 
asfollows:thedependenceofsolutionpHuponmetal 
ionadsorptionmightbesignificantlyrelatedtoboth 
ofthetypeandtheionicstateofthesurfacefUnctional 
groupsandalsotothesolutionchemistryofmetaL 

SincethezeropointchargepHoftheUBTLs(pHzpc)ｉｓ 
3.6±０．２(Hossainandmjmeri,1998),ｔｈｅｓｕｒｆａｃｅｏｆ 

ｔｈｅＵＢＴＬｓｂｅｃｏｍｅｓｐｏｓitivelychargedatasolution 

pHbelowthepHzpc,ａｎｄadsorbedthenegativespecies 
ofCr(Ⅵ).TherefOre,bothoftheequilibriumamount 
adsorbedandtherateconstantincreasewithdecreas-

inginitialsolutioｎｐＨｆｒｏｍ２・ＯＯｔｏＬ５４Ｂｕｔｉｆｔｈｅ
ｉｎｉｔｉａｌｐＨｏｆｔｈｅｓolutionwaslessthanL54,theUBTLs 
becomeunstableandpartlydecomposedafteracer-
tainamountofCr(ＶI)havebeenadsorbedltwasalso 

ＪＯＵＲＮＡＬＯＦＣＨＥＭＩＣＡＬＥＮＧＩＮＥＥＲＩＮＧＯＦＪＡＰＡＮ 406 
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FigBTheeffectoftemperatureonthepseudo-secondor-

derrateconｓｔａｎｔａｎｄｔｈｅｅｑｕｉｌｉｂｒｉｕｍａｍｏｕｎｔ 

ａｄsorbed(Cb＝98.9×10-3kg､-3,Ｗ§＝Ｏ１ｋｇｍ－３ 
ａｎｄｐＨ＝２．００） 

ｏｆthem,separatelyTheeffectoffOreignionsonthe 

rateconstantwasinvestigatedbyperformingbatch 

experimentsatZ98K，ｉｎｔｈｅｐｒｅｓｅｎｃｅｏｆｌＯ×ｌ０－３ 

ｋｇｍ－３ｏｆＡｓ(111）ａｓＨ２ＡｓＯ４－ｗｉｔｈ２５×10-3ｋｇｍ－３ｏｆ 
Ｃｒ(ＶI）ａｎｄ0.1ｋｇｍ－３ｏｆＵＢＴＬｓａｔｐＨ＝2.00.A 

similarexperimentwascarriedouｔｉｎｔｈｅｐｒｅｓｅｎｃｅｏｆ 

ｌＯ×１０-3kgm-3Cd(11)insteadofAs(Ⅲ).Thevalues 

ofthepseudo-secondorderrateconstantandtheequi-
libriumamountadsorbedofCr(ＶI)arelistedinTnble 

2・Theadsorptionrateconstantsforthepresenceof

fOreignionsaresmallerthanthatfOrtheirabsenceThe 

rateconstantissignificantlyaffeｃｔｅｄｂｙＣｄ(11)com-

paredwithAs(Ⅲ),becauseoftheinteractionofCd2＋ 

withthenegativespeciesofCr(ＶI),HCrO4-0nthe 
otherhand，theequilibriumamountadsorbedinｔｈｅ 
ａｂｓｅｎｔｃａｓｅｉｓａｌｍｏｓｔｔｈｅｓａｍｅｖａlueasthatfOrthe 

presenceofCd(Ⅱ)andislargerthanthatfOrthepres-

enceofAs(Ⅲ).ForthecoexistenceofAs(111),H2AsO4-
mightbeeasilyadsorbedontheprotonatedUBTLs， 

andresultantlytheactivesitesforCr(Ⅵ)decreased 

Thusthepresenceofanionscausestheadsorptionca‐ 

pacityoftheUBTLsfOrCr(Ⅵ）ａｔｔｈｅｌｏｗｐＨｔｏｄｅ‐ 
ｃｒｅａｓｅ． 

observedthatatpH≦1.30,thereductionofCr(ＶI)ｔｏ 

Ｃｒ(111)becomespredominantTherefOre,ｔｈｅｖａｌｕｅｏｆ 

Ａａｎｄ９ｅａｔｐＨ＝LOandL3areapparentvaluesbased 
oｎｔｈｅｄｏｓｅｏｆｔｈｅＵＢＴＬｓＪｔｉｓｍｅａｎｉｎｇｌesstodiscuss 

thechangingtendencyofthesevaluesinthesameway 

tothａｔｏｆｔｈｅｖａｌｕｅｓｉｎｔｈｅｐＨｒａｎｇｅｏｆｌ､５４ｔｏ２､００． 

Thus，ｔｈｅＵＢＴＬｓｉｓａｐｐｌｉｃａｂｌｅｆｏｒｔｈｅｔｒｅａｔｍｅｎｔｏｆ 

Ｃｒ(ＶI)attheinitialpH＞1.54. 

2.4Effectoftemperature 

Theeffectoftheprocessingtemperatureonthe 

rateconstantisimportanttodeterminethethermody-

namicparameterstopredicttheadsorptionbehavior・

Batchexperimentswerecarriedoutatdifferenttem-

peraturesspｅｃｉｆｉｅｄｉｎｔｈｅｒａｎｇｅｏｆ２８３ｔｏ３３８Ｋｗｉtha 

constantconcentrationofCr(ＶI)，0.1ｋｇ･m-3，ｔｈｅ 

ａｍｏｕｎｔｏｆｔｈｅＵＢＴＬｓ,０．１ｋｇ･m-3,ａｎｄｐＨ＝200.Fig‐ 
ure8shownthattheobtainedrateconstantincreases 

almostlinearlywithanincreaseintemperature，and 

theequilibriumamountadsorbedalsoincreaseswith 

theincreaseintemperatureTheseexperimentalfacts 

suggestthattheadsorptionprocessiscontrolledby 

chemicalreaction，ｗｈｉｃｈｉｓｇｅｎｅｒａｌｆＯｒｍｏｓｔｏｆｔｈｅ 

ｃｈｅｍicallycontrolledadsorptionprocessesTheacti-

vationenergyofaｄｓｏｒｐｔｉｏｎｃａｌｃｕｌａｔｅｄｆｒｏｍｔｈｅ 

Ａｒｒｈenius，ｐｌｏｔｏｆｔｈｅｄａｔａｉｓｌ６３ｋＪ･mol-1suggesting 
theendothermicnatureofthisadsorption､Thissmall 

valueofactivationenergysuggeststhattheadsorption 

easilyoccurs、

2.5EfTEctofthepresenceoffDreignanionsandcati･ 
ｏｎs 

Eitherpositiveornegativeions，ｏｒｂｏｔｈｏｆｔｈｅｍ 
ｃｏｍｍｏｎｌｙｅｘｉｓｔｉｎｔｈｅrealwastewater、Generally，

Cd(IDisfOundinsomeindustrialwastewatersandre‐ 

centlyAs(Ⅲ）ｉｓｆＯｕｎｄｉｎｔhegroundwaterofsome 

developingcountriesTherefOre，weseIectthesetwo 

ionstoevaluatetheeffectofpositiveandnegativeions 

onthepotentialofUBTLstoadsorbCr(Ⅵ),andthe 

sorptionexperimentswerecarriedoutinthepresence 

Conclusions 

TheadsorptionofCr(VDontheusedblacktea 

leavesfollowingthepseudo-secondorderkineticsis 

betterthanthepseudo-firstorderone・Theratecon-

stantoftheadsorptionincreaseswithdecreasingthe 

initialconcentrationofCr(Ⅵ).ThesolutionpHalso 

hasasignificanteffectontheadsorptionrate,andthe 

maximumrateconstantisobservedatthesolutionpH 

ofL30Therateconstantincreaseslinearlywitｈａｎ 

ｉｎｃｒｅａｓｅｉｎｔｅｍｐｅｒａｔｕｒｅ，ｓｕｇｇｅｓｔｉｎｇｔｈａｔｔｈｅ 

ｅｎｄｏｔｈｅｒｍｉｃｐｒocess､ForthepresenceofAs(IDani-
onsandCd(11)cations,therateconstantdecreasescom-

paredwiththecasewherethey，reabsent,andthepres-

enceofanionsbringsaboutadecreaseintheequilib-

riumamountofadsorbedCr(ＶI)．Theequilibrium 
amountadsorbedincreaseswithanincreaseinprocess-

ingtemperature、TheArrhenius，plotoftheratecon-

stantsgivesasmallvalueofactivationenergy,indi‐ 

catingthatCr(Ⅵ）iseasilyadsorbedontheUBTLs 

４０７ ＶＯＬ､３８Ｎ０．６２００５ 



Thepresentstudyshowsthefeasibilityofthepracti-
caluseofwasteblacktealeavesasalowcostadsorb-

entfortheremovalofCr(ＶI)fromaqueoussystems． 
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Nomenclature 

C。 ＝ 

ｃ，＝ 
Ｃ,、 ＝ 

Ｋ 

ｋ＝ 

Ahd ＝ 

initialconcentrationofCr(Ⅵ）［kgm-3］ 

concentrationofCr(ＶＤａｔｔｉｍｅｊ ［kgm-3］ 

concentrationofCr(Ⅲ)ａｔｔｉｍｅｌ ［kgm-3］ 

equiIibriumconstant ［－］ 

pseudo-secondorderrateconstant［m3kg-l･d-l］ 

pseudo-firstorderrateconstantofadsorption 
［d-1 

firstorderrateconstant ［d-1 

zeropointchargepH ［－］ 

amountofCr(VDadsorbedatequilibriumtimeper 
unitmassofUBTLs ［kgkg-I］ 

amountofCr(Ⅵ)adsorbedattime/ｐｅｒｕｎｉｔｍａｓｓ 
ｏｆＵＢＴＬｓ ［kgkg-l］ 

temperature ［Ｋ］ 

ｔｉｍｅ ［｡］ 

doseofadsorbent ［kgm-3］ 

k’ 

pHzpc 
9e 
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