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요요요 약약약

최근 산업성장에 따른 수질오염이 심각한 문제가 되고 있으며 그 처리를 위한 환

경친화적인 방법이 요구되고 있다.본 연구에서는 강력한 산화제/소독제 및 응집제로

작용하고 부산물로 무독성의 Fe(Ⅲ)를 생성하는 potassium ferrate(K2FeO4)를 합성하

여 자연유기물질(humicacid,fulvicacid)과 중금속(Cu,Mn,Zn)으로 오염된 강물을

처리하는 실험을 수행하였다.

Ferrate 주입량(2～46mg/las Fe)에 따른 humic acid(10mg/l)의 제거효율을

UV254로 알아본 결과,낙동강과 온천천시료에서 각각 21～74%,26～73%의 제거효율

을 얻었다.하지만 humicacid제거를 TOC로 분석한 결과는 0～20%로 낮은 효율을

보였다.pH와 반웅온도에 따른 영향을 보면 염기성조건보다 산성조건에서 ferrate에

의한 humicacid 제거효율이 높게 나타났고(pH 3:90%,pH 7.8:70%,pH 11:

74%),온도가 높을수록 humicacid제거효율이 높아졌다 (10℃:62%,20℃:70%,

30℃: 79%). 응집제로서 ferrate 효과를 기존 응집제들과 비교해 본 실험에서

ferrate(22～76%)는 FeSO4․7H2O(13～55%)와 FeO(OH)(13～16%)보다 더 높은 효

율을 보였다.한편,alum의 경우 2～6mg/l(asAl)의 주입량에서는 ferrate에 비해 더

높은 효과를 보였지만 그 주입량을 초과(10～40mg/lasAl)하면 오히려 효율이 감소

하는 결과를 보여 최적 주입량을 선정하는 것이 중요함을 알 수 있었다.그리고 소량

의 ferrate(2,4mg/lasFe)를 주입하여 humicacid를 전처리한 후 alum,Fe(II)와

같은 기존 응집제로 처리하였을 때가 ferrate로 전처리를 하지 않았을 때보다 효율이

향상되었다.Ferrate와 humicacid의 반응은 60초 이내에 완결되어 정상상태에 이르

렀고 반응시간에 대해 1차 반응을 보였다.
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Ferrate주입량(2～46mg/lasFe),pH(3,7.8,11)와 온도(10,20,30℃)의 영향

에 따른 fulvicacid(10mg/l)제거실험 결과는 humicacid의 결과와 모두 같은 경향

을 보였고 그때의 제거효율(%)들은 humicacid와 비교해서 더 높았다.

0.1mM Cu,Mn,Zn의 세 가지 시료에 ferrate를 주입한 결과,ferrate의 농도가

0.3mM일 때,Cu는 99%,Mn은 73%,그리고 Zn은 99%의 제거효율을 보였다.이는

ferrate가 중금속을 효과적으로 응집･침전시킴을 의미한다.또한,pH가 증가할수록 대

상 중금속 모두 제거효율이 향상되는 경향을 보였고 온도는 ferrate와 중금속의 반응

에 특별한 영향을 미치지 않았다.

그리고 낙동강원수에 humicacid(HA)농도가 10mg/l,각 중금속(Cu,Mn,Zn)

농도가 0.1mM이 되도록 제조하여 ferrate를 주입하는 실험에서,ferrate주입 전에

HA의 음이온 작용기와 양이온 중금속은 착화합물을 형성하여 일부 침전․제거되었고,

이어서 제거되지 않고 남은 HA와 중금속을 ferrate로 처리한 결과 높은 제거효율을

얻을 수 있었다.HA(10mg/l)와 Cu(0.1mM)가 혼합된 시료에 ferrate(0.03～0.7mM)

를 주입하면 HA는 70～82%,Cu는 93～100%의 제거효율을 보였다.이는 HA만 따로

처리하였을 때의 21～72%와 Cu만 따로 처리하였을 때의 28～99% 보다 높은 효율이

었다.HA와 대상 중금속(Cu,Mn,Zn)이 모두 혼합된 경우에도 HA와 중금속 제거에

ferrate는 효과적이었다 (HA:33～83%,Cu:68～100%,Mn:16～96%,Zn:9～

90%).또한,fulvicacid(FA)와 각 중금속이 혼합된 시료를 ferrate로 처리한 결과도

위에서 언급한 HA와 중금속 혼합시료를 ferrate로 처리한 결과와 비슷했다.

본 연구를 통해서 수중의 자연유기물질(humicacid,fulvicacid)과 중금속(Cu,

Mn,Zn)제거에 ferrate가 효과적임을 확인하였다.이로써 실제 정수처리에서 분리되

어 있는 산화․응집공정을 ferrate로 단일화할 수 있으며,기존 응집제에 비해 아주 소

량이 주입되는 ferrate를 사용함으로써 슬러지 발생량 또한 감소할 수 있을 것으로 보

인다.
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CCCHHHAAAPPPTTTEEERRRⅠⅠⅠ...IIINNNTTTRRROOODDDUUUCCCTTTIIIOOONNN

Theindustralization and population growth havebeen accompanied with

serious environmentalpollution,and in particular,water pollution is most

closelyassociatedwithpublichealthissues.Itisthusnecessarytodealwith

contaminatedwaterthroughwatertreatmentprocesses.

Oxidationandcoagulationaretwoimportantunitprocessesforremoving

organicandinorganicmattersfrom waters.However,traditionaloxidantsand

coagulantsusedforwatertreatmenthaveseveraldrawbacks.Ozone,astrong

oxidant,cannotthoroughly decomposeorganicmattersinto carbonicdioxide

and water by itself,and also forms carcinogenic disinfection by-products

(DBPs)suchasaldehydes,ketones,andbromate(Tomiyasuetal.,1985;Choi

etal.,1998;Jiangetal.,2006a).Chlorine,acost-effectiveandwidelyused

oxidant,producesharmfulgasandDBPssuchastrihalomethane(THM)and

haloacetic acids (HAAs) (Rook,1974;Alsheyab et al.,2006).Traditional

coagulants such as alum, ferric sulfate, and ferric chloride also have

drawbackssuch asrequiring high treatmentcostduetoabundantdoseand

sludgeproduction(JiangandLloyd,2002).

The increasing interests in the current drinking-water treatment

processes are to minimize the formation of DBPs, suspected to be

carcinogenic, mutagenic and teratogenic, and to improve the removal
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efficienciesofnaturalorganicmatter(NOM),awellknownprecursorofDBPs

(Singer,1999;Chiangetal.,2002;Wangetal.,2002;Villanuevaaetal.,2003;

Rizzoetal.,2005;Boseetal.,2007).Meanwhile,itisnecessary toremove

heavy metals from drinking-water since heavy metals may cause fatal

diseasesbyaccumulatinginhumanbody(Malik,2004;Ahluwaliaetal.,2007).

In recent years,ferrate has emerged as an oxidant/disinfectant and

coagulantforwatertreatment.Ferrateisanironwith6+oxidationstateand

actsasapowerfuloxidantandcoagulantthroughoutawholerangeofpH.

Also,ithasahigherredox potential(2.2V)than ozone(2.07V)in acidic

solutions.Furthermore,ferrateisanenvironmentallyfriendlychemicalwhich

producesnon-toxicFe(Ⅲ),a coagulant,asa by-product(Jiang and Lloyd,

2002;Sharma,2002;Choetal.,2006;Jiangetal.,2006b).Usingferratefor

watertreatmenthasvariousfavorableeffectssuchasdisinfectingvirusesand

bacteria,removing organicpollutants,oxidizing odorcompoundsand metals,

reducingTHM,aswellasitscoagulatingeffect(Choetal.,2006;Yuanetal.,

2002;Graham etal.,2004;Engetal.,2006;Leeetal.,2003;Jiangetal.,2006

a;MaandLui,2002).Moreover,ithasbeenrecentlydiscoveredthatferrateis

alsoeffectiveforNOM removal(Jiangetal.,2001;Quetal.,2003;Jiangand

Wang,2003;Jiangetal.,2006a).

In thisstudy,variousexperimentson theremovalofheavy metalsas

wellas NOM using ferrate have been conducted.Specifically,humic and

fulvicacids,majorprecursorsofDBPsamong NOM,weretargeted.In this

study,highly pure potassium ferrate was synthesized forwatertreatment

first.Andthen,removalefficienciesofNOM dependingonferratedose,pH,
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temperature,and reaction time were investigated.The effectofferrate in

removing humicacid wascompared with thatofthetraditionalcoagulants,

andtheeffectofferratepreoxidationwasalsoinvestigated.Inaddition,the

removalofheavymetals(Cu,Mn,Zn)andthesimultaneousremovalofNOM

(humicacid,fulvicacid)andheavymetalswereperformed.
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CCCHHHAAAPPPTTTEEERRRⅡⅡⅡ...LLLIIITTTEEERRRAAATTTUUURRREEERRREEEVVVIIIEEEWWW

Inordertocarryoutvariousexperimentsontreatingcontaminatedwaters

with ferrate,the characteristics of NaturalOrganic Matter (NOM),heavy

metalsandferratewerereviewed,andmanyrecentstudiesontheremoveof

NOM andheavymetalsusingferratewerealsoreviewed.

222...111CCChhhaaarrraaacccttteeerrriiissstttiiicccsssooofffNNNaaatttuuurrraaalllOOOrrrgggaaannniiicccMMMaaatttttteeerrr(((NNNOOOMMM)))

222...111...111SSStttrrruuuccctttuuurrraaalllCCCooommmpppooonnneeennntttsssooofffHHHuuummmiiicccSSSuuubbbssstttaaannnccceeesss

Humicsubstancesareimportantbecausetheyserveasamajorreservoir

oforganiccarboninsoilsandoceansfortheglobalcarboncycle.Theglobal

cyclingoforganiccarbonispresentedschematicallyinFigure2.1(Georgeet

al.,1985).Thecompositionofplantandanimalremainsinsoilconstitutesa

basicbiologicalprocessin thatcarbon isrecirculated totheatmosphereas

carbon dioxide and associated elements (nitrogen,phosphorus,sulfur,and

micronutrient).Intheprocess,someofthecarbonisassimilatedintomicrobial

tissues(i.e.,thesoilbiomass);partisconvertedintostablehumicsubstances.

Some of the native humic substances is mineralized concurrently;

consequently,totalorganicmattercontentismaintainedatsomesteady-state

levelcharacteristicofthesoilandmanagementsystem (Stevenson,1994).
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Figure2.1.Diagram oftheglobalcarboncycle,indicatingtheimportanceof
humicsubstances(Georgeetal.,1985)

Humicsubstancesareclassified into thethreemajorfractions such as

humin,humic acid,and fulvic acid depending on molecular weight and

solubility(Figure2.2).

Humin-Thefractionofhumicsubstancesthatisnotsolubleinwaterat

any pH value.Its molecularweightis over100,000 and its molecular

structureisenormous.

Humic acid - The fraction precipitated by acid among fractions

extractedwithalkali.Thefractionofhumicsubstancesthatisnotsoluble

in waterunderacid conditions (below pH 2),butbecomes soluble at

greaterpH.

Fulvic acid - The fraction not precipitated by acid among fractions

extracted with alkali.The fraction ofhumic substances thatis soluble

underallpH conditions.
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Figure2.2.Schemeforthefractionationofsoilorganicmatter(humus)
(Stevenson,1994)

Themolecularweightandelementalcompositionofhumicacidandfulvic

acidareshowninTable2.1.Humicacidhasthemolecularweightsranging

from approximately10,000to100,000andthehugeandcomplicatedstructure,

andalsothecarboncontentishigherthanthatoffulvicacid.Thefunctional

groupsconsistingofhumicsubstancesareshowninTable2.2.Thestructure

of humic acid contains free and bound phenolic OH groups, quinone

structures,N andoxygenasbridgeunits,andCOOH groupsvariouslyplaced

on aromaticrings,asshown in Figure2.3.WhereasFigure2.4showsthat

fulvicacid hasthelowercarbon buthigheroxygen contentand somewhat

highercontentofCOOH groupsthanhumicacid.
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Table2.1.Rangefortheelementalcompositionofhumicsubstances

Table2.2.Functionalgroupsofhumicsubstances

Carboxyl(COOH) Hydroxyl(OH)
a.Onaromaticrings
b.Onsidechains

a.Aliphatic
b.Phenolic

Amine Carbonyl(C═O)
a.Primary(─NH2)
b.Secondary(─NH─)
c.Tertiary(─N═)

a.Ketonic
b.Quinone

Units Humicacid Fulvicacid
Molecularweight g/mol 10,000-100,000 1,000-10,000

Carbon % 53.8-58.7 40.7-50.6
Oxygen % 32.8-38.3 39.7-49.8
Hydrogen % 3.2-6.2 3.8-7.0
Nitrogen % 0.8-4.3 0.9-3.3
Sulfur % 0.1-1.5 0.1-3.6

Acidcontent mol/kg 5 14
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Figure2.3.Hypotheticalstructureofhumicacid(Stevenson,1994)

Figure2.4.StructureoffulvicacidproposedbySchnitzer
(Stevenson,1994)
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222...111...222AAAccciiidddiiicccCCChhhaaarrraaacccttteeerrriiissstttiiicccooofffHHHuuummmiiicccSSSuuubbbssstttaaannnccceeesss

The degree of acidity or acid strength of colloids depends on the

characteristicofthereactivegroupsinvolvedandoftheassociatedstructures

on themolecule.In general,the OH group ofcarboxylicacids(R-COOH)

dissociates more readily than aromatic or aliphatic alcohols. Phenolic

compoundsarestrongeracidsthan wateroralcoholsbutweakerthan most

carboxylic acids.The acidic characteristic of humic substances is usually

attributedtotheionizationofCOOH andphenolicOH groups.

The acidic functionalgroups of humic substances show the different

ionization reactions depending on pH (Figure 2.5). The carboxyl group

(COOH)with pKa valuesof4.51-4.91by Henderson-Hasselbach equation is

ionizedintoCOO-ataweakacidicpH range,andthephenolicOH groupwith

pKa valuesof8.0-8.7isionized intophenolateion (─O-)ataalkalinepH

range.

pK =pKa+log 
  (Henderson-Hasselbachequation)

Figure2.5.Ionizationreactionofacidicfunctionalgroupsinhumicsubstances
dependingonpH (Stevenson,1994)
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Typicaltitration curves ofhumic acid are shown in Figure 2.6.The

gradualriseinpH withaddedbaseatteststothehighbufferingcapacityof

humic substances and is consistentwith the conceptthatthey behave as

weak-acidpolyelectrolytes.Thetitrationcurvescanbebrokendownintothe

threezones(Ⅰ,Ⅱ andⅢ).ThezonemarkedⅠ istheloweracidregionwhere

COOH groupsdissociateandthezonemarkedⅢ presentsthedissociationof

phenolic OH. The zone marked Ⅱ is the intermediate area where the

ionizationofweak(COOH)andveryweakacidgroupsoverlap.

Figure2.6.Titrationcurvesofsoilandpeathumicacid(Stevenson,1994)
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222...111...333CCCooommmpppllleeexxxaaatttiiiooonnnooofffHHHuuummmiiicccSSSuuubbbssstttaaannnccceeesss

Humicsubstancescanform stablecomplexeswithclayinsoilanditcan

beaccountedforinthetwowaysasshowninFigure2.7;(a)theformation

ofthestablecomplex between metals(M)(polyvalentcation)adsorbing on

clay and the functionalgroups of humic substances (clay-metal-organic

complexes)and(b)theformationofthestablecomplexbetweenclayandthe

functionalgroups(H-bonding)ofhumicsubstances(clay-organiccomplexes)

Figure2.7.(a)clay-metal-organiccomplex (b)clay-organiccomplex
(Stevenson,1994)

Figure 2.8 presents the ability of humic substances to form stable

complexeswith traceelementsandheavy metals.Chelation can occurwhen

the oxygen-containing functionalgroups are in adjacentpositions on the

aromaticring.



- 12 -

Figure2.8.Formationofstablecomplexeswithtraceelementsand
heavymetals(M)(Stevenson,1994)

Humicsubstancescanalsoform stablecomplexesbybondingbetweensoil

organicmatterandpesticides.A representativestructureisshowninFigure

2.9.

Figure2.9.Representativestructurebetweenpesticidesandfunctionalgroups
ofhumicsubstance(Stevenson,1994)
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Figure2.10presentstheway in which an individualmonomerscan be

linked togetherto form chain-like matrixes thatare relatively resistantto

microbialdegradation.

Figure2.10.Formationofchain-likematrixestoresistdecomposition
(Stevenson,1994)

222...222CCChhhaaarrraaacccttteeerrriiissstttiiicccsssooofffHHHeeeaaavvvyyyMMMeeetttaaalllsss

222...222...111OOOrrrgggaaannniiicccMMMaaatttttteeerrrRRReeeaaaccctttiiiooonnnsssIIInnnvvvooolllvvviiinnngggMMMeeetttaaalllIIIooonnnsss

Practically every aspect of trace element chemistry and reactions is

relatedtotheformationofstablecomplexeswithorganicsubstances.Whereas

monovalent cations (Na+,K+,etc.) are held primarily by simple cation

exchange through formulation ofsalts with carboxylgroups (R-COO-Na+,

R-COO-K+),multivalentcations(Cu2+,Zn2+,Mn2+,Fe3+,andothers)havethe

potentialforformingcoordinatelinkageswithorganicmolecules.

Thetraceelementsassolubleorganiccomplexes(MChe)and ascharge

inorganic species serve as sources of water soluble ligands for complex

formation.Somemetalsareheldininsolubleorganicandinorganiccomplexes.
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Withregardtocomplexformationandplantnutrition,themetalscanbe

placedinthefollowinggroups:

1. Those which are essential to plants but that are not bound in

coordinatecompounds.Includedareallofthemonovalentcations,such

asK+,andthedivalentcationsCa2+andMg2+.

2.Thosemetalswhichareessentialtoplantsandthatform thecoordinate

linkagewithorganicligands.Theyincludenearlyallofthemetalsinthe

firsttransitionsseries,includingCu2+,Zn2+ andMn2+,aswellasMoof

thesecondtransitonseries.

3.Those withouta known function in plants butthatare essentialfor

animals,themostnotableexamplebeingCo2+.

4.Thosewithouta known biochemicalfunction in plantsoranimalsbut

whichaccumulateintheenvironment.IncludedwiththisgroupareCd2+,

Pb2+andHg2+,whichareintroducedintosoilascontaminations.Renewed

interest in organic matter-metal complexes in soils,sediments,and

naturalwatershasbeengeneratedbythenocuousintroductionoftoxic

heavymetalsintotheenvironment.

A metalioninaqueoussolutioncontainsattachedwatermoleculesoriented

insuchawaythatthenegative(oxygen)endofthewaterdipoleisdirected

towards the positively charged metalion.A complex arises when water

moleculessurroundingthemetalionarereplacedbyothermoleculesorions,

with theformation ofa coordination compound.Theorganicmoleculethat



- 15 -

combineswiththemetalioniscommonlyreferredastheligand.Theorderof

decreasingaffinityoforganicgroupingsformetalionsisasfollows:

─O─ > ─NH2─ > ─N=N─ > N > ─COO- > ─O─ > C═O
enolate amine azo ringN carboxylate ether carbonyl

Most metalions can acceptmore than one pair of electrons and a

correspondingnumberofdonoratomscanbecoordinatedsimultaneously.The

numberofdonoratomsheldiscalledthecoordinatednumberofthemetalion.

A chelatecomplexisformedwhentwoormorecoordinatepositionsabout

themetalion areoccupied by donorgroupsofasingleligand toform an

internalring structure.Theformation ofmorethan onebond between the

metalandtheorganicmoleculeusuallyimpartshighstabilitytothecomplex.

ThereactionbetweenanaminoacidandCu2+ tofirstform a1:1chelate

complexandthena2:1chelatecomplexisillustratedinFigure2.11.

Figure2.11.Formationof1:1and2:1Cu2+complexeswithanaminoacid
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Thestabilityofametal-chelatecomplexisdeterminedbysuchfactorsas

thenumberofatomsthatform abond with themetalion,thenumberof

ringsthatareformed,thenatureand concentration ofmetalions,and pH.

Thestabilitysequenceforsomeselectdivalentcationsisasfollows:

Cu2+>Ni2+>Co2+>Zn2+>Fe2+>Mn2+

Metalionscanbeclassifiedintotwomainclassesbasedontheirability

toform acoordinatelinkagewithspecificatomsoftheligand.ClassA metal

ionsarethosethatform complexeswith ligandsthatcontain oxygen asa

donoratom,classB metalionsarethosethatcoordinatepreferentiallywith

ligandscontainingN,P,andSdonoratoms.TheCu2+ionfitsbothcategories

and willthus coordinate with allactive groups expected to be presentin

humicandfulvicacids.TheZn2+ ionisanexampleofaclassB metalion

andthereforeshouldfrom high-energybondswithanyN orS donorgroups

thatmightbepresent(Stevenson,1994).
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222...333CCChhhaaarrraaacccttteeerrriiissstttiiicccsssooofffFFFeeerrrrrraaattteee(((ⅥⅥⅥ)))

222...333...111CCChhheeemmmiiicccaaalllCCChhhaaarrraaacccttteeerrriiissstttiiiccc

222...333...111...111SSStttrrruuuccctttuuurrraaalllccchhhaaarrraaacccttteeerrriiissstttiiiccc

Potassium ferrate(K2FeO4)isthebestknownmemberamongthefamily

of iron(Ⅵ) derivatives such as Na2FeO4(s), K2FeO4(s), Ba2FeO4(s), and

Ag2FeO4(s),etc.Itismadeandpurifiedmoreeasily,anditcanalsokeepits

stability undera dry circumstance fora long term (Delaude etal.,1996).

Ferratehasthemolecularformula,FeO42-,andthetetrahedronstructurewhich

hasacovalentbondbetweenanironinthecenterandfouroxygenssuchas

Figure2.12(Yi,2002).

Figure2.12.StructureofFeO42-
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222...333...111...222SSSpppeeeccciiiaaatttiiiooonnnoooffffffeeerrrrrraaattteee(((ⅥⅥⅥ)))iiinnnsssooollluuutttiiiooonnn

Ferratepresentsthefollowingfourspecies:H3FeO4+,H2FeO4,HFeO4-,and

FeO42-,dependingonpH valueinsolutionasshowninFigure2.13.Andthe

fourspecieshavethepKavaluesasfollows:

H3FeO4+⇄ H++H2FeO4 pK1=1.6±0.2
H2FeO4 ⇄ H++HFeO4- pK2=3.5
HFeO4- ⇄ H++FeO42- pK3=7.3±0.1

HFeO4- and FeO42- are the main species under neutral or alkaline

conditions and the species can remain more steady under thatconditions

(Sharma,2002).

Figure2.13.SpeciationofFe(Ⅵ)(Sharma,2002)
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222...333...111...333CCCooommmpppaaarrriiisssooonnnooofffrrreeedddoooxxxpppooottteeennntttiiiaaalll

Ferrateisaverystrongoxidantandcoagulantthroughoutawholerange

ofpH.In particulartheredox potentialofferratedependson pH:a high

redoxpotentialunderacidiccondition(2.20V)andlow redoxpotentialunder

alkalinecondition(0.7V).

Inacidicmedia:FeO42-+8H++3e-→ Fe3++4H2O E0=2.2V

IIInnnbbbaaasssiiicccmmmeeedddiiiaaa:FeO42-+4H2O+3e-→ Fe(OH)3+5OH- E0=0.7V

(Wood,1958)

Itmeansthatferrateactsasavery strong oxidantin acidicsolutionsand

ferrateionissimultaneouslyreducedtoFe(Ⅲ)ionorferrichydroxidewhich

canactasacoagulant(Sharma,2002;Jiangetal.,2002;Engetal.,2006).

Table 2.3.Redox potentialfor the oxidants/disinfectants used in aqueous
solutions(Sharma,2002)

OOOxxxiiidddaaannnttt AAAccciiidddiiicccmmmeeedddiiiuuummm (((EEE°°°,,,VVV))) BBBaaasssiiicccmmmeeedddiiiuuummm (((EEE°°°,,,VVV)))
Fluorine 3.03 2.23

HydroxylRadical 2.80 2.06
AtomicOxygen 2.42 1.78
FFFeeerrrrrraaattteee 222...222000 000...777000
Ozone 2.07 1.52

Hydrogenperoxide 1.77 1.30
PerhydroxylRadical 1.70 1.25
Permanganate 1.68 1.24
ChlorineDioxide 1.57 1.15

Chlorine 1.36 1.0
Oxygen 1.20 0.88
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222...333...222KKKiiinnneeetttiiicccsssaaannndddMMMeeeccchhhaaannniiisssmmmsssooofffFFFeeerrrrrraaattteee

Ferrateisdecomposedbythereactionbetweenitself(Self-decomposition

reaction)asbelow Eq.(1)aswellasthereactionswithvariouscompoundsin

solutions.Thereactionsshow firstorsecond-orderkinetics(Carretal.,1985)



 Ⅵ =K1[Fe(Ⅵ)]+K2[Fe(Ⅵ)][P] (1)

⇓ ⇓

Self-Reaction ReactionwithCompounds

222...333...222...111SSSeeelllfff---dddeeecccooommmpppooosssiiitttiiiooonnnrrreeeaaaccctttiiiooonnn

Self-decompositionreactionconsistsofthetwostepssuchasbelow Eq.

(2)-(3).Diferrate is firstly formed by the reaction between two ferrate

moleculesasEq.(2).Andthen,theformeddiferrateisreducedtoFe3+ and

produces oxygen through the reaction between the molecules as Eq.(3)

(Sharma,2002).

2H3FeO4+⇄ [H4Fe2O7]2++H2O (2)

[H4Fe2O7]2++2H++6H2O→ Fe2(OH)2(H2O)84++1.5O2 (3)

It has been reported that ferrate shows a second-order decomposition

dependingonitsconcentrationandreactiontimeinphosphatebuffersolution.

AndFigure2.14showsthattheself-decompositionrateofferratedecreases
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byincreasingalkalinity.Itisconsistentwiththefactthattheoxidationpower

offerratedecreasesunderalkalineconditionandferrateremainsmoresteady

inalkalinecondition(Jiangetal.,2002).

Figure2.14.Effectofalkalinity on thestability of0.01M K2FeO4 solution
(Jiangetal.,2002)

222...333...222...222RRReeeaaaccctttiiiooonnnssswwwiiittthhhcccooonnntttaaammmiiinnnaaannntttsssiiinnnwwwaaattteeerrr

Ferratereactsveryactivelywithorganic/inorganiccontaminantscontainingS

orN.Astypicalexamples,thereactionexpressionssuchasEq.(4),(5),and

(6) present the reactions between ferrate and cyanide,hydrogen sulfide,

thiourea(Sharmaetal.,1997;1998a;1998b;1999).

2HFeO4-+2HCN +5/2O2+H2O+2OH-→ 2Fe(OH)3+2HCO3-+2NO2- (4)

8HFeO4-+3H2S+6H2O→ 8Fe(OH)3+3SO42-+2OH- (5)

8HFeO4-+3NH2CSNH2+9H2O→ 8Fe(OH)3+3NH2CONH2+3SO42-+2OH- (6)
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The mechanisms of the reactions between ferrate and organic/inorganic

matterscanbebrokendownintothethreecategories.Ingeneral,ferrateis

knowntoallow organic/inorganicmatterstobeoxidizedeitherbyproviding

oxygenorbytakingawayelectronorhydrogenatom from organic/inorganic

matters.The reaction expressions such as Eq.(7),(8),and (9)show the

examplesofeach mechanism.However,additionalstudiesarenecessary to

provethosemechanisms(Sharma,2002;Jiangetal.,2002;Carretal.,1985).

Hydrogenabstraction:HFeO42-+H2S→ H2FeO4-+HS (7)

Directelectiontransfer:HFeO4-+SCN-→ HFeO42-+SCN (8)

Oxygentransfer:HFeO4-+SO32-→ [HO3FeO-SO3]3-→ Fe+SO32- (9)

222...444RRReeevvviiieeewww ooofffPPPrrreeevvviiiooouuusssWWWaaattteeerrrTTTrrreeeaaatttmmmeeennntttsssuuusssiiinnngggFFFeeerrrrrraaattteee

In recentyears,ithas been actively carried outto apply ferrate for

disinfecting microbes, decomposing organic matters, oxidizing inorganic

matters,removinghumicsubstances,treatingwastewaterandsewagesludge.

In this section,previous studies on the removalofhumic substances and

heavymetalsamongthosefieldswerereviewed.
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222...444...111RRReeemmmooovvvaaalllooofffHHHuuummmiiicccSSSuuubbbssstttaaannnccceeesss

Many researchershavereported thatferrateisgreatly effectivein the

removalofhumicacid(HA)andfulvicacid(FA).Jiangandhisco-workers

have reported thatferrate eliminates UV254-abs and DOC more effectively

comparedtoferricsulphate(FS)atthesamedoses.Figure2.15.ashowsthat

theremovalefficiencyofUV254-absbyferrateis10～15% higherthanthatby

FS atthedosesof8～14mg/l(asFe)andpH 6,andFigure2.15.dshows

thattheremovalefficiencyofDOC byferrateis20% higherthanthatbyFS

atthe doses of4～18 mg/l(as Fe)and pH 8.Besides,ferrate is more

effectivethan ferricsulphateon theremovalofSpecificUV254-abs(SUVA)

(Figure2.16).TheseresultsindicatethatferrateoxidizesordecomposesFA

first, and then the decomposed organic matters can be eliminated by

coagulation(Jiangetal.,2006a).

Figure2.15.Comparativetreatmentperformancefortreatingfulvicacidmodelwater;
(a)UV254-absremovalatpH 6,(b)DOC removalatpH 6,(c)UV254-absremovalat
pH 8,and(d)DOCremovalatpH 8.
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Figure2.16.Comparativeperformanceofferrate(Ⅵ)andFSforthetreatment
offulvicacidmodelwaterwithpH 8(SUVA)

And they also have studied aboutusing ferrate for the treatmentof

organicmattersinreallakewater.TheremovalefficiencyofUV254-abswas

approximately60% byaferratedoseof4mg/latpH 3.5,buttheremoval

efficiencydecreasedbyincreasingferratedoses(morethan4mg/l).Onthe

otherhand,theremovalefficiencyofUV254-absshowedapproximately40% by

the doses from 2 to 8 mg/latpH 7.5.This resultwas 10～15% lower

efficiency than thatatpH 3.5.The maximum turbidity removal(approx.

100%)showedbyalldosesstudiedatpH 7.5,whileonly40～45% ofturbidity

removalwasachieved atpH 3.5.Theseresultsmean thatpH hasagreat

effectonturbidityremovalbyferrate.

In addition, they reported that the removal efficiency of UV254-abs

depended on physicochemicalcharacteristicsofwatersamples.Forinstance,

theremovalefficiencyofUV254-abswas83% fortreatingtheuplandcolored
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waterwithaferratedoseof1.5mg/l(asFe)atpH 5and60% fortreating

theuniversity lakewaterwithaferratedoseof4mg/l(asFe)atpH 3.5,

respectively.This result is consistent with that of the previous studies

(Sinsabaughetal.,1986;Jiangetal.,1994),wherethecharacteristicsofthe

organicmatters(size,charge,andsolubility)maydirectlyhaveanaffecton

theremovalefficiency.Theseresearchesindicatedthatthesmallermolecular

sizefraction which thenaturalorganicmatter(NOM)consistsof,themore

difficultitistoremovetheNOM bycoagulation(Jiangetal.,2001).

222...444...222RRReeemmmooovvvaaalllooofffHHHeeeaaavvvyyyMMMeeetttaaalllsss

Theresultson theremovalofcyanide(Sharmaetal.,1997),ammonia

(Sharmaetal.,1998),hydroxylamines(Johnson etal.,2003),and hydrogen

sulphide(Sharmaetal.,1997)usingferratehavebeenreported.Ithasbeen

revealedthatpotassium ferratecanalsoremoveheavymetalssuchasMn2+,

Cu2+,Pb2+,Cd2+,Cr3+,and Hg2+ with low doses from 10 to 100 mg/l(as

K2FeO4)by oxidation and coagulation atthe same time (Bartzatt,1992).

Arsenic(Ⅲ)oxidationefficiencywithferratewasstudiedrecently(Fanetal.,

2002).Undergiventestconditions,themolarratioofFe(Ⅵ)toAs(Ⅲ)andthe

reactiontimewerefoundtobeimportanttoachievethehighAs(Ⅲ)removal

efficiency.As(Ⅲ)wasoxidizedtoAs(Ⅴ)byferratewiththemolarratioof

3:2[As(Ⅲ):Fe(Ⅵ)](Leeetal.,2003).Arsenicremovaltestswithriverwater

showedthatthearsenicconcentrationcanbeloweredfrom theinitial517to

below 50㎍/lwithaferratedoseofminimum 2.0mg/l.
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CCCHHHAAAPPPTTTEEERRRⅢⅢⅢ...MMMAAATTTEEERRRIIIAAALLLSSSAAANNNDDD MMMEEETTTHHHOOODDDSSS

333...111EEExxxpppeeerrriiimmmeeennntttaaalllMMMaaattteeerrriiiaaalllsss

333...111...111BBBaaaccckkkgggrrrooouuunnnddd

Nakdong riveris the longestriverin South Korea,which rises from
TaebakinGangwonprovinceandthenjoinsKumhoriveraroundDaeguand
runsdowntotheseaaroundthewestofBusan.However,thebigindustrial
complex built around Nakdong river area in Daegu and Busan was
accompanied with water pollution.The mostserious water pollution was
occurredbyphenoldrainedfrom thefactoryin1999,whichhadaverysevere
effecton itsfunction asdrinking-water.Sincethen,thewaterquality has
improvedforthethirdgradebystrictpoliciesofthegovernment,andseveral
policiesarestillbeing carriedouttoimprovethewaterqualitymorehighly
thannow.Nakdongrivershowedanotherproblem thatsaltywaterfrom the
seaenteredintotheriverwaterduetoitsshortwaterquantity during dry
season nearBusan.An artificialestuary dam hasbeen builtto solvethis
problem,whereas itproduced new problem thatthe dam made the water
qualitybadbyblockingthewaterflow (Figure3.1)(www.Nakdong.bsbukgu.
go.kr;www.nakdong.go.kr).

In the meantime,the ecosystem of Oncheon stream was considerably
destroyedbythedevelopmentthoughtlessfortheenvironment.Althoughthe
specialpolicyhasbeencarriedouttorecoveritsenvironmentincludingwater
quality since1995,mostareas stillneed to be controlled exceptforsome
areas where the original natural condition were recovered (Figure 3.2)
(www.oncheoncheon.or.kr).
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Figure3.1.Samplingsite① Figure3.2.Samplingsite②
NakdongriverinBusan Oncheonstream inBusan

Figure3.3.Samplingsitesonamap
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333...111...222SSSaaammmpppllleeecccooolllllleeeccctttiiiooonnn,,,ppprrreeessseeerrrvvvaaatttiiiooonnnaaannndddaaannnaaalllyyysssiiisss

Riverwatersample was collected from Nakdong river,Busan forthe

periodofOctoberandDecember2006forthestudy.Additionallywatersample

from Oncheonstream,arepresentativestream ofBusanwasalsocollectedto

investigatetheeffectofferrateforNOM removal.Observationally,thesample

collectedforthemonthofDecemberwasadry season andwastersamples

had much less water quantity and higher turbidity compared to sample

collected forthe period ofOctober2006.Samples were collected a plastic

containerforthecapacity of20Litterandsealedthecontainerimmediately

andtransferredtothelaboratory forpreservation.And then,thesuspended

mattersin thewaterswereeliminated by filtering (0.45 ㎛)and thewater

samples were being keptin a refrigerator(4 ℃)during carrying outthe

experiments.Thephysicochemicalcharacteristicsofthewatersampleswere

analyzed by UV-Vis spectrophotometer (Shimadzu,UV-1201),Turbidimeter

(HACH 2100AN),pH meter(Orion,model420),IC (Quatum Design,MPMS

XL7), TOC Analyzer (Shimadzu, TOC-Vcph), and AAS (Perkin Elmer,

AAnalyst200),asshowninTable3.1.
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Table3.1.Characteristicsofthewatersamplestakenfrom Nakdongriverand
Oncheonstream inBusan(ND:NotDetected)

Parameters Units Values
Nakdongriver Oncheonstream

UV254 mg/l 3.34 2.86
Turbidity NTU 7.08 4.38
pH 7.65 7.35
TOC mg/l 5.01 4.76

Anion
NO3-

NO2-

Cl-

SO42-

Br-

PO43-

F-

mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l

23.07
ND
4473
4845
ND
ND
ND

27.47
ND
3026
813.9
2.58
ND
ND

Metal
As
Cu
Mn
Zn
Pb

mg/l
mg/l
mg/l
mg/l
mg/l

ND
ND
0.051
0.040
ND

ND
ND
0.076
0.038
ND



- 30 -

333...111...333SSSyyynnnttthhheeesssiiisssaaannndddCCChhhaaarrraaacccttteeerrriiizzzaaatttiiiooonnnooofffPPPoootttaaassssssiiiuuummm FFFeeerrrrrraaattteee

Potassium ferrate(K2FeO4)wassynthesized by themethodsofDelaude

andLaszlo(1996)andLichtetal.(2001).Thesolidpowderwaskeptin a

desiccatorafterthesynthesis.Thecharacteristicofpotassium ferrate(K2FeO4)

was analyzed by UV-Vis spectrophotometer (Shimadzu,UV-1201),FT-IR

(Perkin Elmer,Spectrum GX),XRD (Philips,X'Pert-MPD system),SEM

(Hitachi,S-2400)(Lichtetal.,2001),andthepuritywasalsodeterminedby

thechromitetitration(Schreyeretal.,1950;Lichtetal.,2001).

Thedetailedmethodsofthepotassium ferrate(K2FeO4)synthesisandthe

chromitetitrationwereexplainedbelow.Allexperimentalinstrumentsmadeof

glasswerewashedwith5% HNO3 solutionandrinsedwithultra-purewater

(Milli-Q)andthen,driedinaUV disinfectorfortheexperiments.

333...111...333...111SSSyyynnnttthhheeesssiiisssooofffpppoootttaaassssssiiiuuummm fffeeerrrrrraaattteee(((KKK222FFFeeeOOO444)))

120 g ofKOH (≥ 90%,Aldrich)was dissolved into ultra-pure water

(Milli-Q),chilledtobelow 10℃.TheCl2wasslowlybubbledinanicebath

formorethan90minat0℃ (TheKOH solutionwasvigorouslystirredto

saturatethegas).TheCl2wasgeneratedfrom thereactionbetween53.4gof

KMnO4 (99+%,Aldrich)in aWoulffflask(madeby SchottofDuran glass,

Germany)with2necksand330mlofHCl(35%,Merck)inadroppingflask.

Thefiveflaskswereconnected with aneck oftheWoulffflask in alow

(Figure 3.4).Droplets,HCland waterwereremoved from theevolved Cl2
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throughtheflasksconnectedinseries.Thefirstandthirdflaskswereempty

to preventback flow and the second flask contained 200 mlofwaterto

removeHClinthegeneratedCl2.Thefourthflaskcontained200mlofH2SO4

(95%,Merck)to removewaterand thefifth flask contained glasswoolto

removedroplets.ThecleanedCl2reactedwiththechilledKOH solutioninthe

sixth flask surrounded by an externalice bath (Figure 3.4).The reaction

expressionsareasfollows:

KMnO4+8HCl→ MnCl2․4H2O+KCl+ Cl2 (1)

2KOH +Cl2→ KClO+KCl+H2O (2)

Figure3.4.ExperimentalequipmentforgeneratingCl2andKClO
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Further,180gofKOH wasaddedintotheyellow KClO solutionunderless

than15℃,andtheresultingsuspensionwascooledto0℃.Theprecipitated

KClwasremovedbyfiltrationwithCF/C(Glassfilterpaper,Whatman).75g

ofFe(NO3)3․9H2O (Ironnitratenonahydrate,98+%,Aldrich)wasaddedinto

the filtrated KClO solution foran hourand stirred vigorously during the

time.Then,theaddedFe(Ⅲ)wasoxidizedintoFe(Ⅵ)inthestrongalkaline

solutionandthecolorofthesolutionchangedfordarkpurple.Thesolution

wassurroundedbyanicebathforlessthan10℃ duringtheadditionof

Fe(Ⅲ).Andthesolutionwasstirredforonemorehouradditionallyat0℃

afterallof75gofFe(Ⅲ)hadbeenadded.Theresultingdarkpurpleslurry

was cooled to 0 ℃ again after120 g ofKOH had been added as small

portions into the solution,and the precipitate was quickly leached by a

course-porosity fritted glass filter (G-1,pore size 100～150 ㎛,made in

Germany) connected with a decompression pump. The related reaction

expressionsareasfollows:

Fe(NO3)3․ 9H2O+3OH-→ Fe(NO3)+9H2O+3NO3- (3)

Fe(NO3)+ ClO-+2OH-→ FeO42-+ Cl-+5/2H2O (4)

⇓

Fe(NO3)3․9H2O+ KClO+5KOH → K2FeO4+ KCl+3KNO3+ H2O (5)

Thisprecipitatewaswashedconsecutivesixtimeswith50mlofthecold

1M KOH.Theprecipitateshouldbewashedasmuchaspossibletoimprove

the ferrate yield.The washed filtrate was quickly drawn for each time
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through the filterinto a filtering flask containing 600 mlofthe chilled,

saturatedKOH solution.Thesolutionintheflaskwasstirredfor20minat

0℃.Theprecipitatewasfilteredthroughacourse-porosityfrittedglassfilter

(G-4,poresize10～16㎛,madeinGermany)withasuction,andK2FeO4 of

whichtheimpuritieshadbeenremovedwasobtained.

K2FeO4 was washed with 50 mlof n-pentane (99+%,Aldrich) for

consecutivefourtimestoremovewaterinK2FeO4.Thisstepisverycritical

becauseK2FeO4 mightbedecomposed from thereaction between waterand

methanoladdedinthenextstepifitisnotdriedthoroughly.Next,K2FeO4.

waswashed with 50 mlofmethanol(99.8%,Aldrich)forconsecutivefour

timestoremovetheremainingn-pentane,andwashedwith50mlofdiethyl

ether(99.9%,Aldrich)fortwotimestoremovemethanol.Itwasdriedunder

vacuum.K2FeO4driedthoroughlywasobtainedasablackpowderstate.

K2FeO4 wasfurtherpurifiedasfollows:ThesolidK2FeO4 wasdissolved

in60mlofthecold3M KOH andstirredfor10minatlessthan10℃.The

precipitate was leached through a course-porosity fritted glass filter(G-4,

poresize10～16㎛,madeinGermany),andtheleachedsolutionwasdropped

quickly into 125 mlofthe chilled,saturated KOH solution.The resulting

solution wasstirredfor20min at0℃ andleachedwith GF/A (Whatman,

Glassfilterpaper).TheleachedpurematerialwasK2FeO4.

Asmentionedabove,K2FeO4.wasrinsedagainwith50mlofn-pentane

forfourtimes,50mlofmethanolforfourtimes,50mlofdiethyletherfor

twotimesin sequence.Theproductwasthestableandhomogeneousblack

powder,whichshouldbestoredinadesiccatorwithP2O5.
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333...111...333...222CCChhhaaarrraaacccttteeerrriiizzzaaatttiiiooonnnooofffpppoootttaaassssssiiiuuummm fffeeerrrrrraaattteee(((KKK222FFFeeeOOO444)))

K2FeO4wasanalyzedbyUV-Visspectrophotometer(Shimadzu,UV-1201),

FT-IR (PerkinElmer,Spectrum GX),XRD (Philips,X'Pert-MPD system)and

SEM (Hitachi,S-2400),andtheresultswerecomparedwiththereferences.

For UV/Vis analysis,K2FeO4 was dissolved into the strong alkaline

solutionofoverpH 9(10M KOH)becauseitisdecomposedintoFe(Ⅲ)ina

neutralor acidic solution ofless than pH 9.The dissolved K2FeO4 was

analyzedbyUV-Visspectrophotometeratthewavelengthsfrom 200to

1000nm (Lietal.,2005;Lichtetal.,2001).

333...111...333...333CCChhhrrrooommmiiittteeetttiiitttrrraaatttiiiooonnn

K2FeO4puritycanbeanalyzedbythechromitetitrationmethodology.

Fe(Ⅵ)instrongalkalinesolutionisreducedintoFe(Ⅲ)bythereactionthat

Cr(Ⅲ)isoxidizedtoCr(Ⅵ).Next,Cr(Ⅵ)isreducedintoCr(Ⅲ)bythetitration

using Fe(Ⅱ),and the Fe(Ⅵ)contentis measured by the volume of the

decreasedFe(Ⅱ)

Cr(OH)4-+FeO42-+3H2O→ Fe(OH)3(H2O)3+CrO42-+OH- (6)

Thesolutionsforthechromitetitrationwerepreparedasfollows:

First,8.34gofFe(NH4)2(SO4)2․6H2O (Ammonium iron(Ⅱ)sulfatehexahydrate,

99.9%,Aldrich)was dissolved in 250 mlof ultra-pure water for Fe(Ⅱ)
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solution.Thissolutionshouldbepreparedjustbeforethetitrationbecause

Fe(Ⅱ)isoxidizedintoFe(Ⅲ)astimegoeson.Fe(Ⅱ)wastitratedwith

0.085 N Cr(Ⅵ)solution forits precise concentration.1.042 g ofK2Cr2O7

(Potassium dichromate,99+%,Aldrich)wasdissolvedin250mlofultra-pure

waterfor0.085N Cr(Ⅵ)solution.Anacidicsolutionwaspreparedbymixing

25mlof0.085N K2Cr2O7solutionwith150mlofultra-purewater,65mlof

1/5H2SO4,and15mlofH2SO4/H3PO4 solution(80mlofwater+ 50mlof

H3PO4+20mlofH2SO4)alltogether.Around7～8dropsofanindicatorwere

dropped into the acidic K2Cr2O7 solution.The indicator was prepared by

dissolving0.5gofsodium diphenylamine4-sulfonate(Aldrich)in100mlof

ultra-purewater,whichshowsdarkpurpleinCr(Ⅵ)solutionandgreenin

Cr(Ⅲ)solution.ThepreciseconcentrationofFe(Ⅱ)solutioniscalculatedby

thevolumeofFe(Ⅱ)neededfrom thetitration between Cr(Ⅵ)solution and

Fe(Ⅱ)solutionasEq.(7)

N =0.085×25/V (7)

(V =ThevolumeofFe(Ⅱ)neededforthetitrationwithCr(Ⅵ),ml)

ThesynthesizedK2FeO4wastitratedasfollows:

20mlofconcentratedNaOH solutionwasmixedwith5mlofCr(Ⅲ)solution

and5mlofultra-purewater,andthenthemixedsolutionwascooledtoroom

temperatureinanicebath(Thissolutionshouldbepreparedjustbeforethe

titration).TheCr(Ⅲ)solution waspreparedby dissolving 8.33g ofCrCl3․

6H2O (Chromium(Ⅲ)chloridehexahydrate,Aldrich)in 100 mlofultra-pure
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water. 150 mg of K2FeO4 was added in the solution mixed with the

concentratedNaOH solutionandtheCr(Ⅲ)solution,andthenthesolutionwas

stirreduntilK2FeO4 can bedissolvedthoroughly (K2FeO4 shouldnotremain

on thewalloftheflask).Next,100mlofultra-purewater,65mlof1/5

H2SO4 solution,15 mlof H2SO4/H3PO4 solution,and 7～8 drops of the

indicatorwereaddedintheK2FeO4solution.Thissolutionwastitratedbythe

preparedstandardFe(Ⅱ)solution (Fe(NH4)2(SO4)2․6H2O),andK2FeO4 purity

wascalculatedbyEq.(8).

% K2FeO4 ═××
× ×× (8)

FW =198.04g/mol, 3=Fe(Ⅱ)equivalent(eq/mol),
M =K2FeO4weight(g), N =Fe(Ⅱ)normality(eq/l),
V =Fe(Ⅱ)volumeneededinthetitration(ml)
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333...222EEExxxpppeeerrriiimmmeeennntttaaalllMMMeeettthhhooodddsss

RemovalofNOM (Humic acid (HA)and fulvic acid (FA))and heavy

metals(Cu,Mn,andZn)from thewatersamples(NakdongriverandOncheon

stream)usingferratehavebeeninvestigated.

Water treatment experiments can be greatly classified into the three

sectionsasfollows:

1)RemovalofNOM usingferrate

2)Removalofheavymetalsusingferrate

3)SimultaneousremovalofNOM andheavymetals

Everyexperimentwasconductedwithvariousphysicochemicalfactorsin

detailand alsorepeated twotimesforitsreproducibility.Potassium ferrate

wasaddedinthewatersamplesasasolidpowderstateforallexperiments.

Thedetailedmethodsofeachexperimentareexplainedbelow.

333...222...111RRReeemmmooovvvaaalllooofffNNNOOOMMM uuusssiiinnngggFFFeeerrrrrraaattteee

TheexperimentsontheremovalofNOM intherealwaterstakenfrom

Nakdong riverandOncheon stream wereperformed.NOM isclassifiedinto

humin,humicacid(HA),andfulvicacid(FA)dependingonmolecularweight.

Inthisstudy,HA,amajorprecursorofTHM formation,wasamaintarget

and the five experiments were performed depending on various factors

betweenferrateandHA asfollows:
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1)RemovalefficiencyofHA dependingonferratedose

2)EffectofpH andtemperatureonthereactionbetweenferrateandHA

3)RemovalefficiencyofHA dependingonreactiontime

4)ComparativeremovalefficiencyofHA byferratewithtraditionalcoagulants

5)EffectofferratepreoxidationonHA removalbytraditionalcoagulants

Meanwhile,thefollowing experimentson theremovalofFA by ferrate

wereperformed.ThisresultswerecomparedtothoseofHA removal.

1)RemovalefficiencyofFA dependingonferratedose

2)EffectofpH andtemperatureonthereactionbetweenferrateandFA

333...222...111...111HHHuuummmiiicccaaaccciiiddd(((HHHAAA)))rrreeemmmooovvvaaalll

TwoHA sampleswerepreparedby adding acommercialHA (Fluka)in

bothNakdongriverwaterandOncheonstream waterforapproximately

10 mg/lof naturalorganic matter.This concentration of naturalorganic

mattergenerallyshowsinmostdrinking-watertreatmentplants.

0.5goftheHA wasaddedinevery1ℓ ofeachwatersampleandthe

solutionsweremixedforapproximately24hrat250rpm and20℃ because

HA dosenotsaturatereadilyinnaturalwater.Next,thesolutionswerediluted

with each watersampleforaconcentration ofapproximately 10mg/l.The

mixedsolutionswereequallydividedintoeach100mlin250mlflasks.

HA concentrations in the solutions were measured by UV254. Stock

solutionswerepreparedasfollows:ThesolidHA wasdissolvedin1M NaOH

solution foraprecise500 mg/lbecauseHA hashigh solubility in alkaline



- 39 -

solution.Next,thesolutionwasdilutedwithultra-purewaterforthestandard

solutionsof5,10,and15mg/l,andanabsorbanceofeachstandardsolution

wasmeasuredwithUV254(Nam etal.,2003).

111)))RRReeemmmooovvvaaallleeeffffffiiiccciiieeennncccyyyooofffHHHAAAdddeeepppeeennndddiiinnngggooonnnfffeeerrrrrraaattteeedddooossseee

Ferratewasaddedineach100mlofthewatersamplesmixedwithHA,and

thesolutionswererapidlymixedfor1minat300rpm and20℃,andthen

allowedtoflocculatefor20minat35rpm.Theferratedosesrangedfrom 2

to46mg/l(asFe).Next,Na2SO3․7H2O (sodium sulfite)wasaddedwith a

rapidmixingfor2minat300rpm toreducetheresidualferrateandstopthe

reaction.Then,Na2SO3․7H2O (Sodium sulfite)dosewasdetermined by the

molarratiobetweenNa2SO3andK2FeO4asshowninEq.(9).

3SO32-+2FeO42-+5H+ → 3SO42-+2Fe3++5OH- (9)

Theresultingsolutionswerefiltratedwith0.45㎛ poresizenylonmembrane

filterandthefiltratesweretestedwithUV254andTOCanalyzer.

222)))EEEffffffeeeccctttooofffpppHHH aaannndddttteeemmmpppeeerrraaatttuuurrreeeooonnnttthhheeerrreeeaaaccctttiiiooonnnbbbeeetttwwweeeeeennnfffeeerrrrrraaattteeeaaannndddHHHAAA

Only Nakdong river sample mixed with HA was used for allfollowing

experimentsincluding thisexperiment.FortheexperimentonpH effect,the

waterpHswereadjustedtoboth3usingHCland11usingNaOH,andthe
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otherwas the same as naturalwater(7.8±0.2).The temperature ofevery

reaction was20℃ then.On theotherhand,thetemperaturesstudiedin the

experimentontemperatureeffectwere10,20,and30℃,andthewaterpH

wasthesameasthenaturalconditionwithoutspecialadjustment(7.8±0.2).

Ferrate30mg/l(asFe)wasaddedineachwatersamplewhosepH and

temperaturewereadjusted,includingbotharapidmixingfor1minat

300rpm and20℃,andaslow mixingfor20minat35rpm and20℃ (Then,

theferratedosewasdeterminedbythepreviousexperimentontheremoval

efficiency ofHA depending on ferrate dose).Next,Na2SO3․7H2O (sodium

sulfite)wasaddedwitharapidmixing for2minat300rpm and20℃ to

stopthereaction.Theresultingsolutionswerefiltratedwith0.45㎛ poresize

nylonmembranefilterandthefiltrateswereanalyzedwithUV254.

333)))RRReeemmmooovvvaaallleeeffffffiiiccciiieeennncccyyyooofffHHHAAAdddeeepppeeennndddiiinnngggooonnnrrreeeaaaccctttiiiooonnntttiiimmmeee

FerratewasaddedinNakdongriverwatermixedwithHA,includingmixing

fortheperiodsvariedfrom 10to180secatthethreedosesofferratesuch

as10,20,and30mg/l(asFe).Afterreactingduringeachperiod,Na2SO3․

7H2O (sodium sulfite)wasaddedwithmixingfor2minat300rpm tostop

the reaction.The resulting solutions were filtrated with 0.45 ㎛ pore size

nylonmembranefilterandthefiltrateswereanalyzedwithUV254.
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444)))CCCooommmpppaaarrraaatttiiivvveeerrreeemmmooovvvaaallleeeffffffiiiccciiieeennncccyyyooofffHHHAAA bbbyyyfffeeerrrrrraaattteeewwwiiittthhhtttrrraaadddiiitttiiiooonnnaaalll
cccoooaaaggguuulllaaannntttsss

The removal efficiency of HA by ferrate was compared with that by

traditional coagulants. Al2(SO4)3･18H2O (aluminum sulfate), FeSO4･7H2O

(Ferrous sulfate) and FeO(OH) (Iron(Ⅲ) hydroxide) generally used in

drinking-water and sewage treatments, were selected among traditional

coagulants.Especially,FeO(OH)was selected to investigate a coagulating

effectofFe(Ⅲ),aby-productofferrate.Eachcoagulantwasaddedin100ml

ofthewatersamplewithbotharapidmixingfor1minat300rpm and

20℃,andaslow mixingfor20minat35rpm.Then,thecoagulantdoses

rangedfrom 2to40mg/l(asFe(VI),Al,Fe(II),andFe(III)).Theresulting

solutionswerefiltratedwith0.45㎛ poresizenylonmembranefilterandthe

filtrateswereanalyzedwithUV254.

555)))EEEffffffeeeccctttoooffffffeeerrrrrraaattteeeppprrreeeoooxxxiiidddaaatttiiiooonnnooonnnHHHAAA rrreeemmmooovvvaaalllbbbyyytttrrraaadddiiitttiiiooonnnaaalllcccoooaaaggguuulllaaannntttsss

First,thewatersamplewaspretreatedby0,2,and4mg/l(asFe)offerrate,

respectively.Next,thesolutionsweretreatedbyAl2(SO4)3･18H2O (alum)from

1to6mg/l(asAl)andFeSO4･7H2O from 2to18mg/l(asFe(Ⅱ)),including

botharapidmixingfor1minat300rpm and20℃,andaslow mixingfor

20minat35rpm and20℃.Theresultingsolutionswerefiltratedwith

0.45㎛ poresizenylonmembranefilterandthefiltrateswereanalyzedwith

UV254.Thedoserangesweredeterminedbythepreviousexperiment.
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333...222...111...222FFFuuulllvvviiicccaaaccciiiddd(((FFFAAA)))rrreeemmmooovvvaaalll

TwoFA sampleswereprepared by adding acommercialFA (IHSS)in

bothNakdongriverwaterandOncheonstream waterforapproximately

10 mg/lof naturalorganic matter.This concentration of naturalorganic

mattergenerallyshowsinmostdrinking-watertreatmentplants.10mgofthe

solidFA wasaddedinevery1ℓ ofeachwatersampleandthenthesolutions

wereusedimmediatelybecauseFA wasdissolvedreadilyinnaturalwater.

FA concentrationsin thesolutionsweremeasured by UV254.Thestock

solutionswerepreparedasfollows:ThesolidFA wasdissolvedinultra-pure

waterforaconcentration of500mg/l.Next,thesolution wasdiluted with

ultra-purewaterforthestandard solutionsof5,10,and 15 mg/l,and an

absorbanceofeachstandardsolutionwasmeasuredwithUV254.

The two detailed experiments on FA removalwere carried out.The

experimentalmethodsaresameasthoseonHA removalexplainedabove.

1)RemovalefficiencyofFA dependingonferratedose

2)EffectofpH andtemperatureonthereactionbetweenferrateandFA
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333...222...222RRReeemmmooovvvaaalllooofffHHHeeeaaavvvyyyMMMeeetttaaalllsssuuusssiiinnngggFFFeeerrrrrraaattteee

333...222...222...111RRReeemmmooovvvaaallleeeffffffiiiccciiieeennncccyyyooofffhhheeeaaavvvyyymmmeeetttaaalllsssdddeeepppeeennndddiiinnngggooonnnfffeeerrrrrraaattteeedddooossseee

Each 0.1mM solution ofCu,Mn,and Zn wasprepared by adding the

heavy metalcompounds such as Cu(NO3)2 (Copper(Ⅱ) nitrate),Mn(NO3)2

(Manganese nitrate),and Zn(NO3)2 (Zinc nitrate)separately into ultra-pure

water.Ferratewasaddedinevery100mlofeachwatersamplewithbotha

rapidmixingfor1minat300rpm and20℃,andaslow mixingfor20min

at35rpm and20℃.Then,theferratedosesrangedfrom 0.03to0.7mM.

Theresultingsolutionswerefiltratedwith0.45㎛ poresizenylonmembrane

filterandthefiltrateswereanalyzedwithAAS(PerkinElmer,AAnalyst200).

Ontheotherhand,removalefficienciesofheavymetalsinawatersample

mixedwithvariousheavymetalswereevaluatedbyferrate.Thethreeheavy

metalcompoundsweremixedin 1ℓ ofultra-purewateralltogether.Then,

theheavymetalshadaconcentrationof0.1mM for1ℓ solution.Thereaction

conditionsincluding arangeofferratedosesaresameasmentionedin the

experimentonHA removal.

333...222...222...222EEEffffffeeeccctttooofffpppHHH aaannndddttteeemmmpppeeerrraaatttuuurrreeeooonnnttthhheeerrreeeaaaccctttiiiooonnnbbbeeetttwwweeeeeennnfffeeerrrrrraaattteee
aaannndddHHHeeeaaavvvyyymmmeeetttaaalll

Each 0.1 mM solution ofCu,Mn,and Zn was prepared.pH ofeach

samplewasadjustedtoboth3usingHCland11usingNaOH,andtheother

waspH oftheultra-purewaterwithoutspecialadjustment(approx.6).Then,
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the temperature of the reactions was 20 ℃. On the other hand, the

temperaturesstudiedintheexperimentontemperatureeffectwere10,20,and

30℃,andthesamplepH wasnotadjusted.

Ferrate 0.1 mM (as Fe) was added in each sample whose pH and

temperaturewereadjusted, including both a rapid mixing for 1min at

300rpm and20℃,andaslow mixingfor20minat35rpm and20℃ (Then,

theferratedosewasdeterminedfrom thepreviousexperimentontheremoval

efficiencyofheavymetalsdependingonferratedose).

333...222...333SSSiiimmmuuullltttaaannneeeooouuusssRRReeemmmooovvvaaalllooofffNNNOOOMMM aaannndddHHHeeeaaavvvyyyMMMeeetttaaalllsss

Thisexperimentsareclassifiedintothetwosectionssuchassimultaneous

removalHA andheavy metals,simultaneousremovalFA andheavy metals.

Cu,Mn,and Zn were selected among heavy metals sameas the previous

experiment.Thedetailedexperimentsinthissectionareexplainedbelow.

333...222...444...111SSSiiimmmuuullltttaaannneeeooouuusssrrreeemmmooovvvaaalllooofffHHHAAA aaannndddhhheeeaaavvvyyymmmeeetttaaalllsss

Preparedwatersamplesaregreatlyclassifiedintothetwotypes.Inthe

fristone,Nakdong riversample is mixed with both HA (Fluka)and one

among Cu,Mn,andZn.In thesecondone,Nakdong riversampleismixed

with both HA and allofthethreeheavy metals.Then,each heavy metal

compoundofasolidstatewasaddedin 1ℓ ofNakdong riverwatermixed
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withHA 10mg/lforaconcentrationof0.1mM.Thepreparedmixturesare

namely:1)HA+Cu,2)HA+Mn,3)HA+Zn,and4)HA+Cu+Mn+Zn

Ferratewasadded in every 100 mlofeach mixtureatdifferentdoses

from 0.03to0.7mM withbotharapidmixingfor1minat300rpm and

20℃,and aslow mixing for20min at35rpm and 20℃.Theresulting

solutionswerefiltratedwith0.45㎛ poresizenylonmembranefilterandthe

filtrateswereanalyzedwithUV254.andAAS.

333...222...444...222SSSiiimmmuuullltttaaannneeeooouuusssrrreeemmmooovvvaaalllooofffFFFAAA aaannndddhhheeeaaavvvyyymmmeeetttaaalllsss

Theexperimentswereconductedbyaddingvariousdosesofferrateina

mixtureofFA (IHSS)andoneamongCu,Mn,andZn,andalsoinamixture

ofFA andalloftheheavymetals.Thedetailedmethodsaresameasthose

mentionedin3.2.4.1.Thepreparedmixturesarenamely:

1)FA+Cu,2)FA+Mn,3)FA+Zn,and4)FA+Cu+Mn+Zn
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CCCHHHAAAPPPTTTEEERRRⅣⅣⅣ...RRREEESSSUUULLLTTTSSSAAANNNDDD DDDIIISSSCCCUUUSSSSSSIIIOOONNNSSS

444...111SSSyyynnnttthhheeesssiiisssaaannndddCCChhhaaarrraaacccttteeerrriiizzzaaatttiiiooonnnooofffPPPoootttaaassssssiiiuuummm FFFeeerrrrrraaattteee(((ⅥⅥⅥ)))

Potassium ferrate,ablack-purplepowder,wassynthesizedbythemethods

ofDelaudeandLaszlo(1996)andLichtetal.(2001)asshowninFigure4.1.

Itwasveryessentialtomaintaintheappointedtemperatureandtimeinevery

reaction,andtheyhadgreateffectsontheyieldofferrate.Theblack-purple

ferratereadilychangedintosomebrownmaterialifitswetstatewasexposed

toairforalongtimeduringitssynthesis.Itisthusimportanttominimize

theperiodofeveryfiltration.Theyieldandpurityofpotassium ferratewere

determinedimmediatelyafteritssynthesis,andtheparticularpeaksofferrate

wereverifiedbyseveralexperimentalinstruments.

Theyield,rangingfrom 48to53%,wascalculatedbythemolarratioof

the synthesized K2FeO4 to the added Fe(NO3)3․9H2O.The purity,ranging

from 93to96%,wasalsoobtainedbythechromitemethodinwhichthecolor

changefrom purpletogreenindicatedanendpoint.

Potassium ferratewasanalyzed by UV/Vis,FT-IR,and XRD,and the

resultswerecomparedwiththoseshowninthereferences(Lichtetal.,2001;

Lietal.,2005).Figure4.2showsaparticularpeakofferrateat505nm by

UV/Vis spectrum and Figure 4.3 shows a peak at800 cm-1 by FT-IR

spectrum,and also Figure 4.4 shows XRD spectrum ofpotassium ferrate.
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Theseresultsareconsistentwiththosereportedinthereferences.Theresults

demonstratethatthesynthesized black-purplematerialispotassium ferrate.

Figure4.5showsaresultanalyzedbySEM.

Figure4.1.Thesynthesizedpotassium ferrate;black-purplepowder

Figure4.2.UV/Visspectrum ofpotassium ferratein10M KOH solution
(200～800nm ;apeakat505nm)
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Figure4.3.FT-IRspectrum ofpotassium ferrate
(300～4000cm-1;apeakat800cm-1)

Figure4.4.XRD spectrum ofpotassium ferrate
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Figure4.5.SEM imageofpotassium ferrate
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444...222RRReeemmmooovvvaaalllooofffNNNOOOMMM uuusssiiinnngggFFFeeerrrrrraaattteee

444...222...111HHHAAA RRReeemmmooovvvaaalll

444...222...111...111RRReeemmmooovvvaaallleeeffffffiiiccciiieeennncccyyyooofffHHHAAA dddeeepppeeennndddiiinnngggooonnnfffeeerrrrrraaattteeedddooossseee

ThepurpleferratewaschangedintobrownmaterialsbyreactingwithHA

in thewatersamples.Thisphenomenon indicatesthatferrate(Ⅵ)isreduced

into Fe(Ⅲ). The water samples containing HA became colorless and

transparentfrom yellow colorasmostHA hadbeenremovedbyferrate.pHs

ofthewatersamplestreatedbyferrateincreasedinproportiontoferratedose

(2～46 mg/las Fe)as shown in Table 4.1.pH ofthe watersample was

increasedbecauseofOH-ion,whichwasproducedbythereductionofferrate

inwaterasshowninEq.(1).

2FeO42-+5H2O→ 2Fe3++ 
O2+10OH- (1)

(Engetal.,2006)

TheremovalefficienciesofHA analyzedby UV254 rangedfrom 20.7to

73.6% fortheNakdongriversampleandfrom 25.6to72.7% fortheOncheon

stream sample.Thisresultshowsthatferrateiseffectiveon HA removal

(Figure4.6).

It has been reported that ferrate(Ⅵ) reduces to Fe(Ⅲ) and produces

oxygen with thereaction between oneferratemoleculeand anotherferrate

moleculeinwater(Self-decompositionreaction)asshowninbelow Eq.(2),(3)
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and(4).Thisalsoallowscontaminantstobeoxidizedinthereactionsbetween

ferrateandcontaminants(Carretal.,1985;Sharma,2000).

FeO42-+H2O→ HFeO4-+OH- (2)
HFeO4-+FeO42-→ Fe2O72-+OH- (3)
Fe2O72-+2H2O→ O2+H2FeO4-+H2FeO3- (4)

(Sharma,2000)

While the mechanism between ferrate and HA is not completely

understood,thecharacteristicofferratedescribedabovesuggeststhatHA can

be oxidized ordecomposed by oxygen produced by the self-decomposition

reactionbetweenferratemoleculesorbythedirectreactionbetweenHA and

ferrate.

HA consistsofcarboxylgroupswith a pKa valueof4.5 and phenolic

hydroxylgroups with a pKa value of 8.0 on aromatic rings.Only some

phenolic hydroxylgroups are ionized at the pH value of naturalwater

(approx.7.8),whereasmostcarboxylgroupsareionizedatthatpH valueand

exist as anions (George,1985; Stevenson,1994).Therefore,the ionized

functionalgroupsofHA can combinewith Fe(Ⅲ)cationsproduced by the

reductionofferrateoradsorbonthesurfaceofFe(OH)3.

Ontheotherhand,anyremovalefficiencyofHA byTOC analyzerwas

notobservedatarangeofferratedosesbetween2and18mg/l(asFe)in

both the Nakdong river and the Oncheon stream samples.However,the

removalefficiencieswerefrom 14.3to17.5% fortheNakdong riversample

andfrom 0.9to14.2% fortheOncheonstream sampleatgreaterferratedoses
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rangingfrom 18to40mg/l(asFe)(Figure4.6).Thissuggeststhatferrate

canbreakcarbonbondswhichabsorbUV at254nm butcannotthoroughly

decomposeorganiccarbonsintoinorganiccarbonsandwaters.

Table4.1.pH changeofthesolutionsbytheadditionofvariousferratedoses

Ferratedose
(mg/lasFe) 0 2 6 10 18 26 34 40 46

Nakdongriversample pH 7.87 7.91 8.36 8.63 9.27 9.44 9.66 9.83 9.98

Oncheonstream sample pH 7.61 7.83 8.15 8.53 8.95 9.29 9.52 9.76 9.87
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TheremovalefficiencyofHA atpH 3washigherthanthatbothatpH

7.8 (naturalwater)and pH 11 (Figure 4.7).This is consistentwith the

observationthatferrate(Ⅵ)isreducedintoFe(Ⅲ)andproducesoxygenwitha

strongeroxidationpowerinacidicconditions,andthishasalsobeenreported

inotherstudies(SharmaandBielski,1991;Sharmaetal.,2000;Sharma,2002;

Choetal.,2006).

On the other hand,the removalefficiency ofHA increased with the

greater reaction temperature (Figure 4.7).This result indicates that the

reaction between HA andferrateisendothermicandacceleratedbyexternal

heat,whichisconsistentwiththeresultsofSharmaetal.(1997,1999,2000)

in which they reported that temperature has an effect on the reactions

betweenferrateandhydrogensulfide,thiourea,thioacetamide.
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WhenHA solutionsof10mg/lweremixedforvariousperiodsfrom 10to

180secwith threesuch ferratedosesof10,20,and30mg/l(asFe),HA

concentrationinthesolutiondecreasedgraduallyfrom aninitialtimeto60sec

andthenreachedasteadystateafter60sec,indicatingahighreactionrate

(Figure 4.8.a).This high reaction rate can be an important factor for

decreasingwatertreatmentperiodinpracticalprocess.

ThereactionrateofHA removalwithferratecanbeexpressedasEq.(5):

-
  =-

  =k[ferrate]m[HA]n (5)

where[ferrate]=concentrationofferrate(mg/lasFe)
[HA]=concentrationofHA (mg/l)

t=reactiontime(s) m,n=ordersofthereaction
k=reactionrateconstant(s-1)

Equation(5)abovecanbere-writtenasEq.(6)and(7)withrespecttothe
concentrationchangesofHA andreactiontime.

-
  =k1[HA]n (6)

ln 
  =-k1･t (7)

where[HA]0=initialconcentrationofhumicacid(mg/l)
[HA]t=concentrationofhumicacidonatime,t(s)
k1=k[ferrate]m =reactionrateconstant(s-1)
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ThedecreaserateofHA byferratewaslinearonasemi-loggraphwith

the high correlation coefficients (r2 = 0.9976,0.9950,0.9837,respectively),

which was studied atthe three ferrate doses depending on reaction time

(Figure4.8.b).Thisindicatesthatthereactionisfirst-orderwithrespectto

reaction time.The removalefficiency of HA also increased with greater

ferratedosesincethehighermolecularconcentration acceleratesthemotion

between their molecules.The directproportionality of k1 to ferrate dose

suggeststhatthereaction isfirst-orderwith respectto ferratedose(r2 =

0.9993)(Figure4.8.c)
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Figure4.9showstheremovalefficiencyofHA byferratewithrespectto

using traditionalcoagulants.The removalefficiencies ranged from 21.7 to

76.0% byusingferrate,from 13.4to55.3% byusingFeSO4･7H2O,andfrom

13.2to15.9% byusingFeO(OH),respectively.

It is remarkable that ferrate shows a much greater efficiency than

FeO(OH),a coagulantof trivalentiron.This suggests thateither ferrate

improvesthecoagulatingeffectofHA byoxidizingHA andreducingitself,or

the coagulating effectofFe(Ⅲ)produced by the reduction offerrate (as

discussedinSection4.2.1.1)maybesuperiortothatofFeO(OH).

AndtheresultwithFeSO4･7H2O wasconsistentwiththepreviousstudy

ofJiangetal.(2006).Intheirstudy,ferrateshowedahigherefficiencythan

FeSO4･7H2O in the removalof fulvic acid because of its dualfunction

(oxidation/coagulation).

Ontheotherhand,alum showedaparticularefficientphasedependingon

its dose.Itshowed a higherefficiency (55.7～70.4%)than ferrate (21.7～

46.5%)atarangeoflow dosesfrom 2to6mg/l(asAl),butitsefficiency

graduallydecreasedwithdosesmorethan6mg/l(asAl).Alum isconsidered

asaneconomicalcoagulantsinceithashigherremovalefficiencieswiththe

lowerdosecomparedtoferrate.It,however,showsdemeritsasitsefficiency

decreasesathigherdosesandasitproducesmoresludgethanferrate.Also,

alum acts only as a coagulant,while ferrate acts as an oxidant and
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disinfectantaswellasacoagulant.Itisthereforesuggestedthatferratecan

beanalternativechemicaltotraditionalcoagulants.

0000

20202020

40404040

60606060

80808080

0000 10101010 20202020 30303030 40404040 50505050

Coagu lant dos e (mg/ l as  Fe , Al)Coagu lant dos e (mg/ l as  Fe , Al)Coagu lant dos e (mg/ l as  Fe , Al)Coagu lant dos e (mg/ l as  Fe , Al)

%
re

m
o

v
a
l

%
re

m
o

v
a
l

%
re

m
o

v
a
l

%
re

m
o

v
a
l

fe r ra tefe r ra tefe r ra tefe r ra te

A lA lA lA l

Fe (l l )Fe (l l )Fe (l l )Fe (l l )

Fe (I II )Fe (I II )Fe (I II )Fe (I II )

Figure4.9.RemovalefficienciesofHA byvariouscoagulantsatUV254
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In this study,the HA water sample was treated by the traditional

coagulantssuch asalum and Fe(Ⅱ)afterpreoxidizing HA with two small

dosesofferrate.

TheremovalefficiencyofHA rangedfrom 49.6to72.1% atalum doses

from 1 to 6 mg/l(as Al)withoutpreoxidizing HA with ferrate,while it

rangedfrom 58.6to78.7% afterpreoxidizingHA with2mg/l(asFe)ferrate

andfrom 66.2to80.0% afterpreoxidizingHA with4mg/l(asFe)ferrate.
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TheremovalefficiencyofHA wasalsoimprovedbyaddingFe(Ⅱ)after

preoxidizing HA with ferrate.Without preoxidizing HA with ferrate,the

removalefficiencyofHA rangedfrom 13.8to59.3% atFe(Ⅱ)dosesfrom 2

to18mg/l(asFe),andfrom 33.3to65.1% incaseofpreoxidizingHA with

2mg/l(asFe)ferrate,andfrom 45.1to76.0% incaseofpreoxidizing HA

with4mg/l(asFe)ferrateatthesameFe(Ⅱ)doses(Figure4.10).

PreoxidizingHA withsmallferratedosesallowsthecoagulatingeffectof

HA to improve and reduces the necessary doses oftraditionalcoagulants.

Also,using lower doses of chemicals would reduce accompanying sludge

productionandtreatmentcosts.
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Figure 4.11 shows the results oftreating the Nakdong riverand the

OncheonriversamplesmixedwithFA usingferratedosesfrom 2to46mg/l

(asFe),whichareanalyzedbyUV254andTOC,andcomparedwiththeresults

ofHA shownabove.

ThewatersamplescontainingFA becamecolorlessandtransparentfrom

yellow colorasmostFA hadbeenremovedbyferrate,sameasthatshownin

theexperimentofHA removal.pHsofthewatersamplestreatedbyferrate

increased in proportion to ferrate doses (2～46 mg/las Fe).The removal

efficienciesofFA weremeasuredtoberangingfrom 52.6to77.5% forthe

Nakdongriversampleandfrom 48.2to76.8% fortheOncheonstream sample

byUV254analysis.ThisresultishigherthanthatofHA (20.7～73.6% forthe

Nakdong riversample,25.6～72.7% fortheOncheon stream sample).On the

otherhand,theremovalefficienciesofFA were0～26.6% fortheNakdong

riversampleand0～23.0% fortheOncheonstream samplebyTOC analysis.

ThisresultisalsohigherthanthatofHA.

As mentioned in the section of literature review,FA has a smaller

molecularweight(FA:1000～5000,HA:10,000～100,000)andcarbon content

thanHA (FA:40.7～50.6%,HA:53.8～58.7%),butthelargeroxygencontent

than HA (FA: 39.7～49.8%, HA: 32.8～38.3%) (Stevenson, 1994). These

structuralcharacteristicsofFA moleculesuggestthefollowing tworeasons
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explaining the higherremovalefficiency ofFA than thatofHA atUV254

analysis.Thefristreason is thecarbon bonds in FA can bemore easily

broken than thosein HA.Asforthesecond reason,FA hasmoreCOOH

groupsandOH groupscomparedtoHA,andtheionizedCOO-andO-canbe

removedbycombiningthem withFe3+producedfrom ferrate.

Ontheotherhand,thereasonwhytheremovalefficiencyofFA byTOC

analysisisrelativelylowerthanthatbyUV254 isthesameasthatexplained

in4.2.1.1.
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Figure4.11.RemovalefficienciesofNOM dependingonferratedoseatUV254
andTOCanalysis
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Figure4.12presentstheremovalefficienciesofFA dependingonpH and

temperatureascomparedwiththoseofHA.Theremovalefficienciesofboth

HA and FA in acidic conditions were much higherthan those in alkaline

conditions,and thereason ofthisresultisthesameasthatmentioned in

4.2.1.2.However,theremovalefficienciesofHA andFA didnotshow any

remarkabledifferencebetween pH 7.8andpH 11.Table4.3showsthepH

changes of the solutions in which ferrate reacted with HA or FA.pH

increased in allof the solutions after adding ferrate,and especially,the

solution with an initialpH value of 3 showed the greatest pH change

comparedtoothers.Thereasonofthisisferrate,whichhasahigherredox

potentialinacidicconditionsasshowninEq.(8)-(9),canproduceFe(Ⅲ)and

H2O morerapidlyatpH 3thanatotherpH values(Sharmaetal.,2006).

IIInnnaaaccciiidddiiicccmmmeeedddiiiaaa: FeO42-+8H++3e-→ Fe3+4H2O E0=2.2V (8)

IIInnnbbbaaasssiiicccmmmeeedddiiiaaa::: FeO42-+4H2O+3e-→ Fe(OH)3+5OH- E0=0.7V (9)

(Wood,1958)

Meanwhile,theremovalefficienciesofboth HA and FA increased with

greaterreactiontemperature.ThereactionsbetweenFA andferrateaswellas

between HA andferratewereendothermic,andexternalheatcan makethe

reactionbetweenferrateandNOM moleculemoreactive.
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Figure4.12.EffectofpH andtemperatureonNOM removalby30mg/l
(asFe)ferrateatUV254

Table4.3.pH changeofthesolutionsbytheadditionofferrate

HA
InitialpH values 3.05 7.78 11.32
IncreasedpH valuesby30mg/lferrate 6.08 8.76 11.79

FA
InitialpH values 3.11 7.72 10.96
IncreasedpH valuesby30mg/lferrate 6.73 8.38 11.62
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Ferrate shows a great efficiency on the removalof heavy metals.

Specifically,the removalefficiencies ofheavy metals ranged from 28.3 to

99.3% for0.1mM Cu,from 21.8to73.2% for0.1mM Mn,andfrom 18.3to

99.8% for0.1mM Znatarangeofferratedosesbetween0.03and0.7mM

(Figure4.13.a).Theremovalefficienciesofeach heavy metalwerelow in

treatingamixtureofallofthethreeheavymetalswithsmallferratedoses

from 0.03 to 0.1 mM,compared with thetreatmentofsingleheavy metal.

However,theremovalefficienciesimprovedwithferratedosesmorethan

0.3mM (Fig.4.13.b; Cu:19.4～99.6%,Mn:15.4～98.3%,Zn:6.0～74.1%).

The removalof heavy metals by ferrate can be described with the

following two mechanisms. Ferrate presents the following four species;

H3FeO4+,H2FeO4(pKa=1.6),HFeO4- (pKa=3.5),andFeO42- (pKa=7.3)depending

on thepH valueofthesolutions.In particular,ferrateexistsasHFeO4- in

waterwith a neutralpH value(approx.6),which isthecondition ofthis

experiment(Leeetal.,2003;Graham etal.,2004).Therefore,heavy metal

cationscanbeprecipitatedbycombiningthem withHFeO4-.Also,ferrateis

rapidlyreducedbecauseitisveryunstableatotherpH valuesexceptatpH

9-10,andFe(OH)3 producedfrom thereductionofferratecanremoveheavy

metalionsbyadsorbingthem onitssurface.
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Figure4.13.RemovalefficienciesofCu,Mn and Zn in singleheavy metal
solutionandamixtureofheavymetalsdependingonferratedose
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FFFeeerrrrrraaattteeeaaannndddHHHeeeaaavvvyyyMMMeeetttaaalllsss

The reaction between ferrate and heavy metals depended on pH.

Specifically,theremovalefficienciesofheavy metalsincreasedwith greater

pH valuesasshowninFigure4.14.a.

Asmentionedin4.3.1,thisresultcanbeexplainedwiththespeciationof

ferrate depending on pH.In alkaline solutions,the most stably existing

species offerrate is FeO42- (Lee etal.,2003;Graham etal.,2004).This

suggeststhatdivalentheavymetalcationssuchasCu2+,Mn2+,andZn2+ can

beprecipitatedasM(FeO4)bycombiningthem withthedivalentnegativeion,
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FeO42-.Also,thedivalentheavymetalcationscanform aninsolublecomplex,

M(OH)2 by combining with OH-,which exists relatively more in alkaline

solutions.

Ontheotherhand,theremovalefficienciesofheavymetalsat20℃ were

slightlyhigherthanattheothertemperaturesstudiedintheexperiment(10,

30℃),butingenerallyspeaking,temperaturedidnotshow anyspecialeffect

onthereactionbetweenferrateandheavymetals(Figure4.14.b).
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444...444SSSiiimmmuuullltttaaannneeeooouuusssRRReeemmmooovvvaaalllooofffNNNOOOMMM aaannndddHHHeeeaaavvvyyyMMMeeetttaaalllsss

444...444...111SSSiiimmmuuullltttaaannneeeooouuusssRRReeemmmooovvvaaalllooofffHHHAAA aaannndddHHHeeeaaavvvyyyMMMeeetttaaalllsss

Ferrate was greatly effective on the simultaneous removalofHA and

heavy metals as shown in Figure 4.15.The lightyellow complexes were

formedin every mixtureofHA andeachheavy metal.Then,theformation

ratesofcomplexeswerefoundtobeas;1)59.6% forHA and46.1% forCu

inamixtureofHA andCu, 2)7.3% forHA and1.6% forMninamixture

ofHA andMn,3)26.0% forHA and11.8% forZninamixtureofHA and

Zn

Theremovalefficienciesrangedfrom 70.3to81.5% forHA andfrom 93.2

to100% forCuinamixtureofHA andCuinwhichcomplexeswereremoved

atarangeofferratedosesfrom 0.03to0.7mM,whicharehigherthan20.7

to71.6% forHA and28.3to99.3% forCuinsingleHA andCusolutionat

the same ferrate doses (Figure 4.15.a).And the removalefficiencies in a

mixtureofHA andMnormixtureofHA andZnshowedthesametrendas

those ofHA and Cu in a mixture mentioned above (Figure 4.15.b-c).In

addition,ferratewasgreatlyeffectiveinamixtureofHA andallofthethree

heavymetals,asshowninFigure4.15.d.TheremovalefficienciesofHA and

everyheavymetalinthemixturewerehigherthanthoseinsingleHA,Cu,

Mn,and Zn solution (Figure4.15.e).SomeofHA and heavy metals were

removedby complexation between them beforeadding ferrate,andthen the

remainingHA andheavymetalsinthemixtureswereremovedbyferrate.
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The mechanism ofthe reaction between HA and heavy metalcan be

describedascomplexation,thatis,bindingheavymetalcationswithfunctional

groupsofHA (e.g.COO-,O-)(Stevenson,1994;SekiandSuzuki,1995).The

stabilityofametal-chelatecomplexisdeterminedbyvariousfactorssuchas

thenumberofatomsthatform abond with themetalion,thenumberof

ringsthatareformed,thenatureandconcentrationofthemetalion,andpH.

Thestabilitysequencefordivalentcationsisasfollows:

Cu2+>Ni2+>Co2+>Zn2+>Fe2+>Mn2+

Heavy metalionscan beclassifiedintothetwomain classesbasedon

theirability toform acoordinatelinkagewithspecificatomsoftheligand.

ClassA metalionsarethosethatform complexeswithligandsthatcontain

oxygen as a donor atom.Class B metalions are those thatcoordinate

preferentiallywithligandscontainingN,P,andSdonoratoms.TheCu2+ ion

fitsbothcategoriesandwillthuscoordinatewithallactivegroupsexpectedto

bepresentinhumicandfulvicacids.TheZn2+ionisanexampleofaclassB

metalion and therefore should form high-energy bonds with any N orS

donorgroups(Stevenson,1994).Thesecharacteristicsofheavymetalcations

wereconsistentwiththeformationratesofcomplexesinthemixturesofHA

andheavy metals,andwasrelatedtotheremovalefficienciesasshown in

4.3.1.
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Figure 4.15.Removalefficiencies of HA and heavy metals depending on
ferratedoseinmixtures
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Figure4.15.(continued)
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444...444...222SSSiiimmmuuullltttaaannneeeooouuusssRRReeemmmooovvvaaalllooofffFFFAAA aaannndddHHHeeeaaavvvyyymmmeeetttaaalllsss

Figure 4.16 shows the resulton the simultaneous removalofFA and

heavymetals.Thelightyellow complexesbetweenFA andheavymetalswere

formed,sameasbetweenHA andheavymetals.Then,theformationratesof

complexeswerefoundtobeas:1)40.15% forFA and44.86% forCuina

mixtureofFA andCu,2)5.47% forFA and6.51% forMninamixtureof

FA andMn,3)28.76% forFA and12.69% forZninamixtureofFA andZn

Theremovalefficienciesranged from 65.0to87.39% forFA and from

97.6to100% forCuinamixtureofHA andCuinwhichcomplexeswere

removedatarangeofferratedosesfrom 0.03to0.7mM,whicharehigher

than 52.6to77.5% forFA and28.3to99.3% forCuinsingleFA andCu

solution at the same ferrate doses (Figure 4.16.a). And the removal

efficienciesinamixtureofFA andMnormixtureofFA andZnshowedthe

sametrend asthoseofFA and Cu in amixturementioned above(Figure

4.16.b-c).Inaddition,ferratewasgreatlyeffectiveinamixtureofFA andall

ofthe three heavy metals,as shown in Figure 4.16.d.Then,the removal

efficienciesofFA and every heavy metalin themixturewerehigherthan

thoseinsingleFA,Cu,Mn,andZnsolution(Figure4.16.e).

SomeofFA and heavy metalswereremoved by complexation between

them beforeaddingferrate,andthentheremainingFA andheavymetalsin

themixtureswereremovedbyferrate.Thisresultdemonstratesthatferrateis

alsoeffectiveforthesimultaneousremovalofFA andheavymetals.
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Figure 4.16.Removalefficiencies of FA and heavy metals depending on
ferratedoseinmixtures
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Figure4.16.(continued)
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Figure4.17showsthreedifferentresultsofthesimultaneousremovalof

HA andaheavymetal,comparedwiththesimultaneousremovalofFA anda

heavymetal.Specifically,Figure4.17.ashowstheremovalefficienciesofHA

andCuinamixtureofHA andCubyvariousferratedoses,comparedwith

thoseofFA andCuinamixtureofFA andCu.Theremovalefficiencyof

Cu in both mixtures was 100% with a ferrate dose of0.1 mM,and the

removalefficienciesofHA andFA wererespectively81% and87% withthe

sameferratedose.Figure4.17.b showstheremovalefficienciesofHA and

Mn in a mixtureofHA and Mn by variousferratedoses,compared with

thoseofFA andMninamixtureofFA andMn.Theremovalefficiencyof

Mninbothmixtureswas85% ataferratedoseof0.3mM,andtheremoval

efficienciesofHA and FA wererespectively 75% and 80% with thesame

ferratedose.Finally,Figure4.17.cshowstheremovalefficienciesofHA and

ZninamixtureofHA andZnbyvariousferratedoses,comparedwiththose

ofFA andZninamixtureofFA andZn.TheremovalefficiencyofZnin

both mixtures was 100% ata ferrate dose of0.3 mM,and the removal

efficienciesofHA andFA wererespectively75% and88.5% withthesame

ferratedose.

In allthecases,theremovalefficiency ofFA washigherthan thatof

HA.Thisresultagreeswiththepreviousresultof4.2.2.1,whichsuggested

theremovalefficiencyofFA insingleFA solutionishigherthanthatofHA

insingleHA solution.Asmentionedin4.2.2.1,thisresultisassociatedwith

themolecularstructuresofHA andFA.
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Figure4.17.RemovalefficienciesofHA,FA andheavymetalsdependingon
ferratedoseinmixtures
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CCCHHHAAAPPPTTTEEERRRⅤⅤⅤ...CCCOOONNNCCCLLLUUUSSSIIIOOONNNSSS

Theresultsofremoving naturalorganicmatterand heavy metalsfrom

riverwaterusing highly purepotassium ferratearesummarizedbelow.And

conclusionandfurtherstudytobecarriedoutarealsosuggested.

111...RRReeemmmooovvvaaalllooofffNNNOOOMMM uuusssiiinnngggFFFeeerrrrrraaattteee

1)FerratewasgreatlyeffectivefortheremovalofbothHA andFA,showing

its dualfunction such as oxidation and coagulation.Then,the removal

efficienciesofHA (10mg/l)rangedfrom 20.7to73.6% fortheNakdongriver

sampleandfrom 25.6to72.7% fortheOncheonstream sampleusingferrate

dosesfrom 2to46mg/l(asFe).TheremovalefficiencyofFA wasalsohigh

inboththewatersamples,andparticularlyhigherthanthatofHA becauseof

itsmolecularstructure.

2)Ferrate showed higher removalefficiencies for HA and FA in acidic

solutionsthaninalkalinesolutionsbecauseithasastrongerredoxpotential

in acidicsolutions.Also,theremovalefficienciesofHA and FA increased

withgreaterreactiontemperature.Thisresultmeansthatthereactionbetween

NOM andferrateisendothermicandacceleratedbyexternalheat.
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3)ThereactionbetweenferrateandHA wascompletedwithin60secondsand

then reached asteady state,indicating a high reaction rate.HA showed a

first-order reaction with ferrate depending on reaction time. This high

reaction rate between ferrate and HA can be an important factor for

decreasingwatertreatmentperiodinpracticalprocess.

4)TheremovalefficiencyofHA byferratewashigherthanthatbyFeSO4･

7H2O andFeO(OH).Thissuggeststhateitherferrateimprovesthecoagulating

effectofHA byoxidizingHA andreducingitself,orthecoagulatingeffectof

Fe(Ⅲ)produced by the reduction of ferrate may be superior to thatof

FeO(OH).Meanwhile,theremovalefficiencyofHA byalum washigherthan

thatby ferrateatarangeoflow dosesfrom 2 to6 mg/l(asAl),butit

graduallydecreasedwithdosesfrom 10to40mg/l(asAl),whichindicatesan

importanceofitsoptimum dose.Also,alum producedalotofsludgecompared

toferrate.

5)Theeffectivenessoftraditionalcoagulantswasimprovedby preoxidizing

HA withverysmalldosesofferrate.Thisistheusefulway toreducethe

doseoftraditionalcoagulantsin HA removalandreducetheby-productof

sludgefurther,thiswayiseconomicallyfeasible.
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222...RRReeemmmooovvvaaalllooofffHHHeeeaaavvvyyyMMMeeetttaaalllsssuuusssiiinnngggFFFeeerrrrrraaattteee

1)Ferratewasgreatly efficientin removing heavy metalssuchasCu,Mn,

andZn.Theremovalefficienciesrangedfrom 28.3to99.3% forCu,from 21.8

to73.2% forMn,andfrom 18.3to99.8% forZnatferratedosesfrom 0.03to

0.7mM andevery0.1mM ofeachheavymetal.Heavymetalcationscanbe

precipitatedbycombiningthem withHFeO4-,oneofferratespecies,inneutral

pH water.Also,ferrateisrapidlyreducedbecauseitisveryunstableatthe

otherpHsexceptatpH 9-10,and Fe(OH)3 produced from thereduction of

ferratecanremoveheavymetalionsbyadsorbingthem onitssurface.

2)TheremovalefficienciesofheavymetalsincreasedwithgreaterpH.This

suggests that divalent heavy metal cations can form; ⅰ) M(FeO4) by

combiningwiththemoststablespecies,FeO42- inanalkalinesolutionorⅱ)

aninsolublecomplex,M(OH)2 bycombining withOH- whichexistsmorein

analkalinesolution.Meanwhile,theremovalefficienciesofheavymetalsat

20 ℃ wereslightly higherthan thoseatothertemperaturesstudied in the

experiment(10,30 ℃),whereas theoveralltemperaturedid notshow any

specialeffectonthereactionbetweenferrateandheavymetals.

3)ComplexeswereformedbythereactionbetweenfunctionalgroupsofNOM

and heavy metal cations in the mixtures, before adding ferrate. After

removingcomplexesfrom themixtures,highremovalefficienciesofNOM and

heavymetalswereachievedbyferrate(HA:49～81%,FA:62～89%,

Cu:93～100%,Mn:23～87%,Zn:20～100%).
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333...FFFuuurrrttthhheeerrrssstttuuudddyyy

Theauthorsuggestsfollowingconclusionandfurtherworktobecarried

out.The optimum ferrate dose was determined as 30 mg/l(as Fe)for

removing 10 mg/lofNOM and 20 mg/l(asFe)forremoving 20 mg/lof

heavymetal.Theresultsofthisresearchindicatethattheseparatedoxidation

andcoagulationunitsin currentwatertreatmentprocessmay beunifiedby

using ferrate.In addition,sludge production can be reduced and lower

treatmentcostscanbeachievedbyusingsmalldosesofferrate.

Inafurtherstudy,itisnecessarytoinvestigatethetoxicityofpotential

by-products and mechanisms of the reactions between ferrate and other

contaminants.Also,itisessentialtoimproveaskillofferratesynthesisand

tocarryoutafullscaletrial.
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