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ABSTRACTABSTRACT 

VariationVariation ofof thethe hfetimehfetime ofof aa mercurymercury dropdrop withwith potentialpotential waswas usedused toto determinedetermine thethe pzcpzc 
ofof mercurymercury inin thethe presencepresence ofof soilsoil humichumic acidsacids andand theirtheir aluminIUm complexescomplexes [n allall casescasesalummrum In 
therethere waswas anan overalloverall netnet shiftshift inin thethe pzcpzc inin thethe cathodiC direction. VariationVariation In thethe extentextent ofof
 
thethe shiftshift withwith pHpH andand concentrationconcentration indicatedindicated greatergreater adsorptionadsorption ofof negativelynegatively chargedcharged
 

cathodic direction_ m 

speciesspecies TheThe shiftshift waswas smallersmaller inin thethe presencepresence ofof alummiumalummium humates, probablyprobably duedue toto aa 
decreasedecrease inin thethe negativenegative chargecharge ofof thethe humichumic acidacid moleculesmolecules afterafter complexingcomplexing TheThe useuse ofof 

humates. 

electroanalyticalelectroanalytical techniquestechniques forfor metalmetal speciationspeciation studiesstudies 10 sodssods andand naturalnatural water,water, If humichumicm if 
materialsmaterials areare knownknown toto bebe present,present, mightmight thereforetherefore bebe hmltedhmrted 

INTRODUCTIONINTRODUCTION 

TheThe applicationapplication ofof polarographicpolarographic andand voltammetricvoltammetric techniquestechniques toto thethe studystudy 
ofof metalmetal speciationspeciation inin naturalnatural andand wastewaste waterswaters hashas receivedreceived muchmuch attentionattention 
[1-5]. WithWith thesethese methods,methods, oneone cancan inin principleprinciple distinguishdistinguish betweenbetween thethe dif­
ferentferent physico-chemicalphysico-chemical formsforms ofof metalsmetals thatthat mightmight bebe presentpresent inin aqueousaqueous 
media.media. ThisThis approachapproach couldcould alsoalso bebe usefuluseful inin studyingstudying metalmetal humatehumate reactionsreactions 
inin soilsoil solutions.solutions. However,However, systemssystems involvinginvolving naturalnatural organicorganic substancessubstances areare 
likelylikely toto bebe complex.complex. 

[l-5]. dif-

TheThe possibilitypossibility thatthat somesome metalsmetals maymay formform partiallypartially electroreducibleelectroreducible com­com-

plexesplexes withwith thesethese organicorganic substancessubstances hashas beenbeen consideredconsidered onlyonly recentlyrecently [6-8]. 
AnotherAnother problemproblem whichwhich arisesarises isis thethe possiblepossible adsorptionadsorption ofof organicorganic materialsmaterials onon 

[6-S]. 

toto thethe electrodeelectrode surfacesurface [9].[9]. ThisThis couldcould leadlead toto erroneouslyerroneously smaIl valuesvalues forforsmall 
"free" metalmetal concentrationsconcentrations byby decreasingdecreasing thethe surfacesurface areaarea availableavailable forfor elec­
trodetrode reactionsreactions andand possiblypossibly restrictingrestricting diffusiondiffusion toto thethe electrode.electrode. Conversely,Conversely, 
electroreductionelectroreduction ofof metal-humatemetal-humate complexes,complexes, inin solutionsolution and/orand/or adsorbedadsorbed onon 

“free” elec-

thethe electrodeelectrode surface,surface, atat potentialspotentials similarsimilar toto thatthat ofof thethe "free" metalmetal reductionreduction“free” 



cancan leadlead toto overestimatesoverestimates ofof thethe uncomplexeduncomplexed metalmetal concentration.concentration. AsAs aa result,result, 
beforebefore electroanalytical techniquestechniques maymay bebe usedused confidentlyconfidently inin metalmetal speciationspeciationelectroanalytical 
studiesstudies involvinginvolving humichumic acids,acids, thethe possibilitypossibility ofof adsorptionadsorption mustmust bebe invEsti­
gated.gated. 

TheThe potentialpotential ofof zerozero chargecharge (pzc)(pzc) isis aa fundamentalfundamental characteristiccharacteristic ofof thethe 
interfaceinterface betweenbetween anan electrodeelectrode andand itsits surroundingsurrounding medium.medium. TheThe shiftshift ofof thethe 
pzcpzc withwith electrolyteelectrolyte concentrationconcentration oror thethe additionaddition ofof anan organicorganic speciesspecies toto thethe 

investi-

solutionsolution (the(the Esin-MarkovEsin-Markov effect)effect) isis oneone measuremeasure ofof specificspecific adsorptionadsorption [10].[lo]. 
TheThe extentextent andand directiondirection ofof thethe shiftshift inin thethe pzcpzc proVIdes usefuluseful informationinformation 
aboutabout thethe naturenature ofof thethe adsorbedadsorbed substances.substances. 

ResearchResearch intointo thethe effecteffect ofof adsorbedadsorbed organicorganic speciesspecies onon thethe pzcpzc ofof electrodeselectrodes 

provides 

hashas beenbeen reviewedreviewed byby severalseveral workersworkers [11-13]. InIn general,general, specificspecific adsorptionadsorption[ll-131. 
ofof anionsanions causescauses aa shiftshift ofof thethe pzcpzc towardstowards negativenegative potentIal, andand thethe oppositeoppositepotent& 
effecteffect inin thethe casecase ofof cationscations [11]. WhenWhen bothboth anionsanions andand cationscations areare adsorbed,adsorbed, 
thethe netnet shiftshift maymay bebe ratherrather smallsmall becausebecause ofof mutualmutual compensation,compensation, butbut maymay bebe 

[ll]. 

detecteddetected byby aa flatteningflattening ofof thethe electrocapillary curvecurve inin thethe regionregion ofof thethe maxi­electrocaplllary maxi-
mum.mum. UnchargedUncharged organicorganic speciesspecies tendtend toto bebe adsorbedadsorbed overover aa limitedlimited potential' 
rangerange inin thethe vicinityvicinity ofof thethe pzc.pzc. TheThe presencepresence ofof polarpolar groupsgroups inin thethe adsorbedadsorbed 

potential’ 

moleculemolecule cancan influenceinfluence thethe extentextent ofof thethe shiftshift [12]. StrongStrong 7T-bond mteractions 
oror thethe existenceexistence ofof permanentpermanent dipolesdipoles inin thethe innerinner partpart ofof thethe doubledouble layerlayer cancan 
causecause muchmuch greatergreater shiftsshifts inin thethe pzcpzc [12]. 

[ 121. n-bond Interactions 

[ 121. 
SeveralSeveral theoriestheories havehave beenbeen developeddeveloped toto describedescribe thethe adsorptionadsorption ofof flexibleflexible 

macromoleculesmacromolecules [14,15]. HumicHumic acidsacids andand theirtheir aluminiumaluminium complexescomplexes areare farfar[ 14,151. 
moremore complicatedcomplicated thenthen mostmost ofof thethe polymerspolymers treatedtreated inin thesethese theories.theories. AtAt aa sur­sur-
face-solution interface,interface, humichumic acidsacids cannotcannot necessarilynecessarily bebe expectedexpected toto behavebehave 
inin aa similarsimilar mannermanner toto well-characterisedwell-characterised syntheticsynthetic polymerspolymers andand colloids.colloids. TheThe 
facesolution 

adsorptionadsorption ofof thethe latterlatter hashas beenbeen foundfound toto bebe complicatedcomplicated byby multilayermultilayer forma­
tiontion [16],[16], andand bothboth flocculationflocculation oror changeschanges mm configurationconfiguration (e.g.(e.g. uncoiling)uncoiling) 
uponupon enteringentering thethe doubledouble layer.layer. Consequently,Consequently, carefulcareful considerationconsideration mustmust bebe 
mademade ofof thethe physicochemicalphysicochemical propertiesproperties ofof thethe humichumic acidacid speciesspecies presentpresent mm 
solutionsolution beforebefore anyany resultsresults maymay bebe interpreted.interpreted. 

TheThe colloidalcolloidal andand polyelectrolyticpolyelectrolytic behaviourbehaviour ofof humichumic acidsacids hashas beenbeen 

forma-

reviewedreviewed byby HayesHayes andand SwiftSwift [17]. FromFrom thethe experimentalexperimental evidenceevidence available,available,[ 171. 
itit wouldwould appearappear thatthat thethe humichumic acidacid moleculesmolecules maymay bebe consideredconsidered toto bebe aa flex­flex-
Ible randomrandom coil. TheThe moleculesmolecules areare essentiallyessentially sphericalspherical mm shape,shape, andand withmible cod. within 
thesethese spheres,spheres, thethe radIal distributiondistribution ofof massmass andand chargecharge maymay bebe describeddescribed byby aa 
GaussianGaussian function.function. ThisThis picturepicture ofof thethe shapeshape ofof thethe moleculesmolecules isis alsoalso supportedsupported 

radial 

byby theirtheir swellmg propertiesproperties andand ion-exchangeion-exchange behaviourbehaviour [17]. TheThe latterlatter indi­
catecate thatthat thethe moleculesmolecules areare readilyreadily penetratedpenetrated byby solventsolvent andand thatthat mostmost chargescharges 

swelhng [ 171. indi-

sitessites areare assOCIated andand availableavailable forfor Ion exchange.exchange. ItIt hashas beenbeen shownshown [18][18] thatthatassociated ion 
neitherneither variationvariation inin pHpH nornor complexingcomplexing withwith alumimum ionsions changeschanges thethe shapeshape 
ofof thethe moleculesmolecules significantly,significantly, butbut itit doesdoes alteralter thethe radialradial distributiondistribution ofof thethe 

aluminmm 

mass,mass, i.e.i.e. asas thethe pHpH isis decreased,decreased, oror complexingcomplexing withwith polyvalentpolyvalent catIonscations 
mcreases, thethe GaussianGaussian functionfunction describmgdescribmg thethe massmass distributiondistribution narrows.narrows.increases, 
ThereThere IS nono evidenceevidence thatthat humichumic acidsacids cancan behavebehave asas zwitterionszwitterions [17]. TheThe pos­1s [ 171. pos-
SIbility cannotcannot bebe ruledruled outout thatthat whenwhen It isis complexedcomplexed withwith polyvalentpolyvalent metalmetal 
ions,ions, thethe moleculemolecule cancan attainattain aa slightslight positivepositive charge.charge. ThisThis chargecharge wouldwould resultresult 
sibility it 

fromfrom completecomplete saturationsaturation ofof thethe negativenegative SItes onon thethe humichumic acidacid moleculemoleculesites 



leavingleaving anan excessexcess ofof positivepositive chargecharge onon somesome ofof thethe attachedattached polyvalentpolyvalent cations.cations. 
EvenEven so,so, thethe amountamount ofof positivelypositively chargedcharged speciesspecies willwill bebe veryvery small,small, becausebecause 
suchsuch moleculesmolecules havehave beenbeen foundfound toto bebe veryvery unstableunstable inin solutionsolution andand precipitateprecipitate 
beforebefore anyany appreciableappreciable amountamount ofof positivepositive chargecharge cancan buildbuild upup [17]. 

InIn thisthis paper,paper, thethe pzcpzc ofof mercurymercury inin thethe presencepresence ofof soilsoil humichumic acidsacids andand 
theirtheir aluminiumaluminium complexescomplexes isis measuredmeasured usingusing thethe drop-timedrop-time method.method. ThisThis 

[1’7]. 

techniquetechnique hashas beenbeen usedused byby manymany workersworkers [19-22]. ExperimentalExperimental errorserrors cancan 
arisearise fromfrom variationsvariations inin thethe flowflow raterate ofof thethe mercurymercury duedue toto backback pressurepressure andand 

[19-221. 

fromfrom thethe shapeshape ofof thethe capillarycapillary [23,24].[23,24]. However,However, itit hashas beenbeen calculatedcalculated [25]1251 
thatthat thethe errorserrors arismg fromfrom thethe formerformer sourcesource areare <2%<2% andand providmgprovidmg aa longlongarising 
columncolumn ofof mercurymercury andand thethe samesame capIllary areare usedused forfor allall measurements,measurements, thethecapillary 
effecteffect isis insignificant [19]. TheThe latterlatter effecteffect isis minimisedminimised byby usingusing taperedtaperedinsigmficant [ 191. 
capillariescapillaries toto ensureensure thatthat asas manymany partsparts ofof thethe surfacesurface ofof thethe dropdrop asas pOSSiblepossible 
areare atat thethe samesame equilibriumequilibrium withwith thethe surroundingsurrounding solution.solutron. 

EXPERIMENTALEXPERIMENTAL 

ReagentsReagents andand glasswareglassware 

AnalyticalAnalytical gradegrade chemicalschemicals werewere usedused exceptexcept wherewhere noted,noted, andand thethe waterwater waswas 
distilleddistilled andand deionised.deionised. AllAll glasswareglassware waswas cleanedcleaned byby ultrasonificationultrasonification inin 11 :: 11 
mtnc acidacid forfor aa fewfew minutes.minutes. TheThe mercurymercury waswas washedwashed inin nitricnitric acidacid andand thenthenmtrlc 
twicetwice distilleddistilled asas describeddescribed byby VogelVogel [26].[ 261. 

AlumlnlUm stockstock solutionssolutionsAlummrum 

AluminiumAluminium (99.999%(99.999% Koch-Light)Koch-Light) waswas dissolveddissolved inin aa slightslight excessexcess ofof purest­purest-
gradegrade 20%20% hydrochlorichydrochloric acidacid (Hayashi PurePure ChemicalChemical Industries)Industries) andand thethe solu­

lo-* molmol dme3dm-3 withwith 1.51.5 XX 10-2 
(Hayashl solu-

tiontion waswas diluteddiluted toto aa concentrationconcentration ofof 3.713.71 XX 10-2 lo-* 
dmW3 dilutingmolmol dm-3 nitricnitric acid.acid. AA dilutedilute stockstock solutionsolution waswas thenthen preparedprepared byby dilutmg 

3.373.37 cm3 ofof thethe aboveabove toto 100100 cm3 withwith 1.51.5 XX 10-2 molmol dm- 3 mtncmtnc acid.acid.cm3 cm3 lo-* dmS3 

PreparationPreparation ofof humichumic aCid stockstock solutlOns andand samplessamplesacid solutions 

HumiC acidsacids werewere extractedextracted With 55 XX 10- 1 molmol dm- 3 sodIUm hydrOXide fromfrom 
aa highlyhighly humified,humified, organicorganic muckmuck soilsoil asas describeddescribed previouslypreviously [27,28];[27,28]; thisthis 

Humrc with IO-’ dmm3sodmm hydroxrde 

methodmethod producedproduced samplessamples lowlow inin organicorganic andand inorganicinorganic impurities.The humichumicimpurities-The 
aCids hadhad anan averageaverage molecularmolecular weightweight ofof approximatelyapproximately 60,00060,000 andand anan averageaverage 
diffusiondiffusion coefficientcoefficient inin 55 XX lo-*10-2 drnm3 
acids 

molmol dm-3 potassiumpotassium nitratenitrate solutionsolution ofof 66 XX 
10-7 cm2 S-I [18].[18].10S7 cm* s-’ 

AA 0.015%0.015% solutionsolution waswas preparedprepared byby dissolvmgdissolvmg thethe freeze-dned humichumic acidacid inin 
lo-* dmm3potassiumpotassium carbonate,carbonate, andand passmgpassmg thethe solutionsolution throughthrough aa 

freeze&red 
55 XX 10-2 molmol dm-3 

hydrogen-saturatedhydrogen-saturated resinresin untiluntil therethere waswas nono furtherfurther changechange mm pH.pH. TheThe broad­broad-
eningening ofof aa narrownarrow beambeam ofof lightlight passedpassed throughthrough thiS solutionsolution (whidl hadhad aathis (whi& 
finalfinal pHpH ofof ca.ca. 3.0)3.0) indicatedindicated thatthat thethe humichumic aCids werewere collOidal inin nature.nature.acrds collordal 
AliquotsAliquots ofof thisthis suspensionsuspension werewere thenthen passedpassed throughthrough aa sodium-saturatedsodium-saturated reSIn 
toto prepareprepare fivefive stockstock solutionssolutions ofof humichumic acidsacids atat pHpH valuesvalues ofof 3.5,3.5, 4.0,4.0, 5.0,5.0, 7.07.0 

resm 

andand 9.0.9.0. TheThe humichumic acidsacids werewere totallytotally disperseddispersed inin solutionsolution atat pHpH ~7.0 asas therethere27.0 



waswas nono TyndallTyndall beambeam effecteffect inin thesethese preparations.preparations. AllAll solutionssolutions werewere deaerateddeaerated 
withwith high-purityhigh-purity nitrogennitrogen (Commonwealth(Commonwealth IndustrialIndustrial Gases)Gases) toto removeremove carboncarbon 
dioxidedioxide beforebefore pHpH measurementsmeasurements werewere made.made. 

HumicHumic acidacid samplessamples werewere preparedprepared byby addingadding 1.331.33 cm3cm drnm33 ofof aa 1.1251.125 molmol dm-3 

potassiumpotassium nitratenitrate solutionsolution toto 0-28 cm3 ofof eacheach humichumic acidacid stockstock solutionsolution andand 
dilutingdiluting toto 3030 cm3 dmS3. 

O-28 cm3 
cm3.• ThisThis gavegave anan ionicionic strengthstrength ofof 55 XX 10m210-2 molmol dm-3

• TheThe pHpH 
ofof eacheach samplesample waswas thenthen adjustedadjusted backback toto thatthat ofof thethe originaloriginal stockstock solutionsolution 
usingusing anan automaticautomatic titrationtitration assemblyassembly (Radiometer)(Radiometer) inin thethe pHpH statstat mode.mode. TheThe 
additionaddition ofof acidacid oror alkalialkali diddid notnot alteralter thethe ionicionic strengthstrength byby moremore thanthan 1%.1%. 

PreparationPreparation ofaluminmm humateshumatesof aluminrum 

InIn orderorder toto bebe ableable toto prepareprepare aluminiumaluminium humatehumate complexescomplexes withwith variousvarious 
humichumic acid: aluminiumaluminium ratios,ratios, thethe cationcation exchangeexchange capacitycapacity (cec) ofof humichumic 
acidsacids waswas usedused asas anan estimateestimate ofof thethe numbernumber ofof sitessites thatthat couldcould bebe involvedinvolved inin 

acid : (ccc) 

bindingbinding cations.cations. ThisThis quantityquantity waswas determineddetermined forfor eacheach pHpH usingusing thethe cec valuevalue 
ofof 297297 milliequivalentsmilliequivalents perper 100100 gg atat pHpH 7.0,7.0, calculatedcalculated fromfrom titrationtitration curves,curves, 
andand thethe variationvariation ofof thethe degreedegree ofof dissociationdissociation withwith pHpH estimatedestimated byby PosnerPosner 

ccc 

[29]. TheThe amountamount ofof aluminiumaluminium requiredrequired toto givegive thethe variousvarious humichumic acid: alu­
miniumminium ratiosratios couldcould thenthen bebe estimatedestimated andand aa seriesseries ofof samplessamples werewere preparedprepared inin 
aa similarsimilar fashionfashion toto thatthat describeddescribed above.above. 

[291. acid : alu-

ApparatusApparatus 

AA silver-silver chloridechloride electrodeelectrode (dipping(dipping inin saturatedsaturated potassiumpotassium chloridechloride 
solution)solution) andand aa platinumplatinum auxiliaryauxiliary electrodeelectrode werewere usedused inin conjunctionconjunction withwith aa 

silversilver 

potentiostatpotentiostat (P.A.R.(P.A.R. modelmodel 173)173) toto controlcontrol thethe potentialpotential ofof aa droppingdropping mer­
curycury electrodeelectrode (DME)(DME) andand toto measuremeasure thethe currentcurrent flowingflowing throughthrough thethe drop.drop. 

mer-

TheThe DMEDME hadhad aa taperedtapered capillarycapillary whichwhich hadhad beenbeen siliconized.sihconized. 

ProcedureProcedure 

EachEach samplesample waswas deaerateddeaerated withwith high-purityhigh-purity nitrogennitrogen forfor atat leastleast 1010 minmin ifif 
thethe pHpH waswas <7.0<7.0 andand forfor 22 hh ifif thethe pHpH ~as ~'7 .0. TheThe DMEDME waswas thenthen introducedintroducedwas 27.0. 
intointo thethe samplesample vesselvessel andand thethe nitrogennitrogen redirectedredirected overover thethe surfacesurface ofof thethe solu­
tion.tion. TheThe heightheight ofof thethe mercurymercury reservoirreservoir aboveabove thethe samplesample waswas keptkept constantconstant 
atat aa levellevel suchsuch thatthat freelyfreely fallingfalling dropsdrops hadhad aa lifetimelifetime ofof aboutabout 5-65-6 s.s. TheThe timetime 
forfor caca 60-7060-70 dropsdrops toto fallfall atat aa preselectedpreselected potentialpotential waswas measuredmeasured usingusing aa 
stop-watchstop-watch accurateaccurate toto 0.010.01 s.s. Concurrently,Concurrently, thethe changechange inin currentcurrent duringduring dropdrop 
lifelife waswas plottedplotted onon anan x-tx-t recorder;recorder; eacheach deflectiondeflection representedrepresented oneone dropdrop andand 
thesethese werewere countedcounted toto givegive thethe actualactual numbernumber ofof dropsdrops thatthat hadhad fallenfallen duringduring 
thethe measuredmeasured tune.tune. TheThe procedureprocedure waswas repeated,repeated, overover aa rangerange ofof potentialspotentials inin thethe 

solu-

vicinityvicinity ofof thethe pzc,pzc, atat 5050 m V intervalsintervals inin orderorder toto constructconstruct aa graphgraph ofof timetime ofof 
dropdrop lifelife vs.vs. potential.potential. AA curvecurve waswas fittedfitted throughthrough thethe pointspoints byby polynomialpolynomial 

mV 

regressionregression analysisanalysis andand thethe potentialpotential atat thethe maximummaximum (Le. thethe pzc)pzc) waswas esti­(i.e. esti-
matedmated fromfrom thethe polynomial.polynomial. TheThe errorerror inin thisthis typetype ofof calculationcalculation isis ±5 m V. 
ResultsResults areare reportedreported relativerelative toto thethe silver/silversilver/silver chloridechloride electrode.electrode. 

+5 mV. 



RESULTS ANDAND DISCUSSIONDISCUSSIONRESULTS 

EqUIlibration timetimeEqurlibra tion 

TheThe mostmost commonlycommonly usedused experimentalexperimental methodsmethods forfor determiningdetermining thethe pzcpzc ofof 
mercurymercury areare basedbased onon measurementsmeasurements mademade atat eithereither aa stationarystationary (hanging(hanging mer­mer-
curycury drop)drop) oror aa movingmoving (dropping(dropping mercury)mercury) electrodeelectrode [12].[12]. ItIt hashas beenbeen ob­ob-
servedserved [30] thatthat whenwhen aa stationarystationary electrodeelectrode isis used,used, equilibrationequilibration timestimes ofof thethe 
orderorder ofof 1515 minmin maymay bebe requiredrequired beforebefore accurateaccurate measurementsmeasurements cancan bebe made.made. 
ThisThis phenomenonphenomenon isis probablyprobably duedue toto slowslow adsorptionadsorption processesprocesses and/orand/or slowslow 

1301 

movementmovement ofof thethe speciesspecies toto thethe electrodeelectrode surface.surface. ParsonsParsons [31] hashas shownshown thatthat 
whenwhen usingusing aa movingmoving electrode,electrode, equilibrationequilibration timetime isis significantlysignificantly shortenedshortened byby 
naturalnatural convectionconvection whichwhich speedsspeeds upup diffusiondiffusion toto thethe drop.drop. 

1311 

InIn orderorder toto detf2rmine whetherwhether adsorptionadsorption equilibriumequilibrium isis likelylikely toto bebe attainedattained 
byby thethe dropdrop lifetimelifetime inin ourour measurements,measurements, estimatesestimates ofof thethe pzcpzc ofof aa humichumic acidacid 

determine 

solutionsolution werewere mademade usingusing mercurymercury dropdrop withwith approximateapproximate lifetimeslifetimes ofof 5, 7, 105,7,10 
andand 1111 s.s. TheThe resultsresults inin TableTable 11 indicateindicate thatthat thethe timetime requiredrequired forfor thethe adsorp­
tiontion ofof humichumic acidsacids toto achieveachieve equilibriumequilibrium isis <5<5 s.s. SeveralSeveral workersworkers [30,32,33][30,32,33] 

adsorp-

havehave foundfound thatthat extensiveextensive rearrangementsrearrangements occurringoccurring duringduring thethe adsorptionadsorption pro­pro-
cesscess resultresult inin timestimes >30>30 ss beingbeing requiredrequired beforebefore equilIbrium isis achieved.achieved. InIn com­equihbrium com-
parison,parison, thethe relativelyrelatively shortshort timetime requiredrequired forfor equilibriumequilibrium ofof humichumic acidacid adsorp­adsorp-
tiontion suggestssuggests aa minimumminimum ofof distortiondistortion fromfrom thethe meanmean confIguration inin thethe 
bulkbulk solution.solution. ThisThis wouldwould bebe thethe mostmost favouredfavoured rearrangement,rearrangement, IfIf any,any, sincesince 

configuration 

suchsuch aa processprocess wouldwould bebe accompaniedaccompanied byby thethe leastleast changechange inin freefree energy.energy. How­
ever,ever, thethe energyenergy changeschanges involvedinvolved inin rearrangementrearrangement wouldwould havehave toto bebe balancedbalanced 

How-

againstagainst thethe freefree energyenergy changeschanges derivedderived fromfrom concentrationconcentration changeschanges andand solvent­
surfacesurface interactions.interactions. 

solvent-

DropDrop timetime us. potentialpotential curuesvs. curves 

AsAs expected,expected, thethe curvecurve ofof dropdrop timetime vs.vs. potentialpotential waswas approximatelyapproximately para­
bolicbolic inin shape,shape, somesome typicaltypical resultsresults beingbeing givengiven inin Fig.Fig. l.1. 

para-

ThereThere waswas nono significantsignificant differencedifference betweenbetween thethe measurementsmeasurements ofof thethe pzcpzc ofof 
mercurymercury inin 55 XX 10-2 molmol dm-3 potassiumpotassium nitrate,nitrate, thethe backgroundbackground electrolyte,electrolyte, atatlo-* dme3 
differentdifferent pHpH values.values. TheThe meanmean valuevalue waswas foundfound toto bebe -470-470 m V withwith aa coeffi­
cientcient ofof variationvariation ofof 2.5%.2.5%. ThisThis waswas inin agreementagreement withwith valuesvalues foundfound byby PaynePayne 
[34]. 

mV coeffi-

1341. 

TABLE 11TABLE 

The pzcpzc of mercurymercury in the presencepresence of 833 X 10-6 mol dm-3 humic aCid at pHpH 40, mea­The of in the of 8 33 X 10m6 mol dmm3 humic acid at 4 0, mea-
suredsured as aa functionfunction of dropdrop timetimeas of 

DropDrop time/stime/s pzcpzc Ea=o/mVE,=olmV 

55 546546 
77 546546 

1010 549549 
1111 544544 



- - - - 

I 
530 

526 

dropdrop tlme/stime/r 

522 

518 

400400 600600 800800 

-- potentlal/mVpotentlal/mV 

VariationVariation inin thethe dropdrop hfetimehfetime withwith potentialpotential forfor 8.338.33 xX 10-low66 molmol dm-3 humichumic aCIdsacids atatFig.Fig. 11 dmW3 
differentdifferent pHpH valuesvalues (0) 5. (A) (I)(e) pHpH 33 5, (&) pHpH 4.0,4.0, (.) pHpH 5.05.0 

TABLETABLE 22 

TheThe pzcpzc ofof mercurymercury inin thethe presencepresence ofof humichumic acidsacids andand theirtheir complexescomplexes withwith aluminiumaluminium 
(-mV)Q(-mV) u 

pH HumicHumic acidacid concentrationconcentration l06/mol dm-3 

AlAl ratioratio 
1 36 4.174.17 5.585.58 8338 33 

PH 	 HumicHumic acid.acid . 106/mol dmw3 

136 2.752.75 

3535 	 11 00 480480 485485 490 505505490 515515 
11 11 470470 475475 485485 - 490490 

4.04.0	 1 00 475475 485485 510510 540540 545545 
: 475475 485485 495495 - 5355354 11 
22 11 475475 485485 490490 - 530530 
33 22 455455 480480 490490 - 520520 
11 11 470470 500500 480480 - 515515 

50 -0 475475	 535535 58058050	 11 . 0 490490 560560 
15 ·115-1 465465 465465 485485 - 530530 

70 11 00 490490 525525 540540 58058070 565565 
1 818 11 490490 505505 525525 - 555555 

. 090 -0 480480 520520 535535	 59059090 11 555555 
1212 11 520520 

a m 	 lo-’ molmol dm-dme33 potassIUm mtrate,mtrate,Q TheThe pzcpzc ofof mercurymercury In thethe supportmgsupportmg electrolyte,electrolyte, 55 XX 10-2 potassmm 
was -470was-470 mVmV 



AsAs cancan bebe seenseen fromfrom Fig.Fig. 1,1, inin thethe presencepresence ofofhumichumic acidacid (or(or itsits complexescomplexes 
withwith aluminium),aluminium), therethere waswas aa netnet overalloverall shiftshift inin thethe pzcpzc ofof thethe mercurymercury 
towardstowards negativenegative potentials,potentials, aa completecomplete setset ofof resultsresults beingbeing givengiven inin TableTable 2.2. 
TheThe negativenegative directiondirection ofof thethe shiftshift suggestssuggests thatthat thethe molecularmolecular dipolesdipoles areare 
orientedoriented withwith thethe negativenegative endend towardstowards thethe surfacesurface [35]. TheThe greatestgreatest shiftshift waswas 
observedobserved whenwhen mercurymercury waswas inin thethe presencepresence ofof thethe highesthighest concentrationconcentration ofof 

1353. 

humichumic acidacid atat thethe highesthighest pH.pH. ThisThis shiftshift toto moremore negativenegative potentialspotentials isis indica­
tivetive ofof thethe presencepresence ofof aromaticaromatic neutralneutral and/orand/or negativelynegatively chargedcharged moleculesmolecules 
[12],[12], bothboth ofof whichwhich areare almostalmost certainlycertainly presentpresent inin aa solutionsolution ofof humichumic acid.acid. 
OverOver thethe rangerange ofof experimentalexperimental conditionsconditions studied,studied, thethe shiftshift waswas notnot veryvery greatgreat 

indica-

(Le. <150<150 mV).mV). IfIf uncoilinguncoiling ofof thethe moleculemolecule waswas occurringoccurring duringduring adsorption,adsorption, 
oneone mightmight expectexpect aa veryvery largelarge shiftshift inin thethe pzcpzc asas moremore chargedcharged sitessites camecame intointo 
contactcontact withwith thethe surface.surface. TheThe sizesize ofof thethe shiftshift wouldwould thenthen bebe moremore comparablecomparable 
withwith thatthat observedobserved forfor thethe adsorptionadsorption ofof linearlinear polymerspolymers [36]. 

(i.e. 

[ 361. 
EvenEven thoughthough thethe dropdrop timestimes decreaseddecreased withwith specificspecific adsorption,adsorption, therethere waswas nono 

significantsignificant changechange inin thethe shapeshape ofof thethe curves.curves. ThisThis isis furtherfurther evidenceevidence thatthat un­un-
coilingcoiling waswas notnot occurringoccurring sincesince itit hashas beenbeen shownshown thatthat thisthis sortsort ofof rearrange­rearrange-
mentment resultsresults inin aa flatteningflattening ofof thethe electrocapillary curvecurve [32].electrocapillary [ 321. 

VariationVariation inin thethe pzcpzc withwith pHpH andand humichumic acidacid concentrationconcentmtion 

InIn thethe presencepresence ofof aa constantconstant concentrationconcentration ofof humic acid,acid, thethe shiftshift inin pzcpzc ofof 
thethe mercurymercury increasedincreased sigmoidallysigmoidally withwith increasingincreasing pHpH (Fig.(Fig. 2).2). 

InIn discussingdiscussing thethe behaviourbehaviour ofof humichumic acidacid asas aa weakweak polyacid,polyacid, oneone mustmust taketake 

hunk 

intointo accountaccount thatthat thethe ionisableionisable groupsgroups whichwhich areare presentpresent areare probablyprobably inter­inter-
dependent,dependent, andand thisthis interdependenceinterdependence maymay varyvary withwith changeschanges inin thethe environ­
mentment (e.g.(e.g. pH).pH). Consequently,Consequently, whenwhen consideringconsidering thethe dissociationdissociation ofof humichumic acidacid 

environ-

(and(and itsits possiblepossible metal-bindingmetal-binding reactions),reactions), itit mustmust bebe notednoted thatthat itit isis aa poly­
meric,meric, weakweak polyelectrolytepolyelectrolyte andand itsits behaviourbehaviour tendstends toto reflectreflect aa netnet responseresponse ofof 

poly-
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Fig.Fig. 2. Variation inin thethe pzcpzc ofof mercurymercury with pHpH inin thethe presencepresence of different humic acid con­2. Variation with of different bumic acid con-
centrations.centrations. The numbers representrepresent 106 X humic acidacid concentration inin mol dm-J 

The numbers lo6 x humic concentration mol dmW3.• 



eacheach moleculemolecule separatelyseparately and/orand/or inin combination.combination. TheThe pKpK valuesvalues are,are, therefore,therefore, 
meanmean estimatesestimates ofof aa GaussianGaussian distributiondistribution ofof acidacid pKpK valuesvalues whichwhich willwill varyvary 
withinwithin asas wellwell asas betweenbetween molecules.molecules. AsAs thethe pHpH isis increased,increased, moremore humichumic acidacid 
willwill dissociatedissociate toto replacereplace thosethose H+ ionsions neutralisedneutralised byby thethe increasedincreased OH-OH- con­H’ con-

There-centration,centration, andand consequentlyconsequently thethe polaritypolarity ofof thethe moleculemolecule willwill increase.increase. There­
asso-fore,fore, atat constantconstant concentrationconcentration andand varyingvarying pHpH thethe shiftshift inin pzcpzc couldcould bebe asso­
solu-ciatedciated withwith thethe adsorptionadsorption ofof thethe ionisedionised speciesspecies whosewhose concentrationconcentration inin solu­

tiontion increasesincreases asas thethe pHpH rises.rises. TheThe increaseincrease inin thethe shiftshift withwith increasingincreasing pHpH indi­
catescates anan increaseincrease inin thethe componentcomponent ofof thethe molecularmolecular dipoledipole perpendicularperpendicular toto 
thethe surfacesurface [35].[35]. ThisThis couldcould bebe attributedattributed toto thethe chargedcharged speciesspecies presentpresent whichwhich 

indi-

propor-maymay notnot necessarilynecessarily bebe preferentiallypreferentially adsorbed,adsorbed, butbut representrepresent aa greatergreater propor­
tiontion ofof thethe humichumic acidacid concentrationconcentration atat thethe higherhigher pHpH values.values. 

AnAn estimateestimate ofof thethe averageaverage pKpK ofof thethe humichumic acidacid cancan bebe mademade byby notingnoting thethe 
pHpH atat whichwhich thethe raterate ofof changechange ofof thethe pzcpzc isis greatestgreatest [30]. ThisThis valuevalue ofof thethe pKpK 
describesdescribes thethe acid-baseacid-base equilibriumequilibrium atat thethe surfacesurface whichwhich needneed notnot bebe thethe samesame 

1301. 

asas thatthat ofof thethe bulkbulk solution.solution. DoljidoDoljido etet al.al. [30][30] derivedderived anan approximateapproximate rela­
(pK,)) andand thatthat inin thethe bulkbulk solutionsolution 

rela-
tionshiptionship betweenbetween thethe pKpK atat thethe surfacesurface (pKs 
(pKb ):(P&I: 


pKs = pKb + log({3/JI) 

p pwherewhere {3 andand lJ areare thethe adsorptionadsorption constantsconstants forfor chargecharge andand unchargeduncharged speciesspecies 
p,respectively.respectively. TheThe relationshiprelationship assumesassumes lowlow valuesvalues ofof {3, smallsmall concentrationsconcentrations ofof 

thethe adsorbedadsorbed speciesspecies andand thatthat theirtheir surfacesurface concentrationsconcentrations wouldwould bebe equalequal whenwhen 
eithereither fullyfully coveredcovered thatthat surface.surface. TheseThese assumptionsassumptions areare reasonablereasonable inin thisthis 

con-particularparticular casecase becausebecause thethe adsorptionadsorption ofof largelarge moleculesmolecules atat relativelyrelatively lowlow con­
centrationscentrations isis beingbeing studied.studied. 

1291TheThe pKpK valuevalue calculatedcalculated forfor similarsimilar humichumic acidsacids byby PosnerPosner [29] isis 4.5,4.5, 
whereaswhereas thatthat determineddetermined fromfrom pzcpzc datadata isis approximatelyapproximately 4.25,4.25, exceptexcept atat thethe 

-dpzc/mV-Aprc/mV 

120120 -

80 

40 

-0 34 -0 32 -0 30 

RT/F 1ncRT/F Inc 

In (A (RT/F)FigFig 3.3. VariationVariation 10 thethe shiftshift ofof pzcpzc (..0. pzc)pzc) ofof mercurymercury withwith (RTIF) inin cc forfor humichumic acidsacids atat 
differentdifferent pHpH valuesvalues (c(c == concentration).concentration). 



� 

lowestlowest concentrationconcentration studied.studied. InIn thethe latterlatter case,case, thethe pKpK valuevalue isis approximatelyapproximately 
6.0,6.0, indicatingindicating thatthat adsorptionadsorption ofof unchargeduncharged speciesspecies isis greatergreater thanthan thatthat ofof 
chargescharges species.species. WhenWhen thethe pHpH ofof thethe solutionsolution waswas keptkept constantconstant andand thethe humichumic 
acidacid concentrationconcentration waswas increased,increased, thethe pzcpzc alsoalso shiftedshifted cathodically.cathodically. TheThe curvescurves 
inin Fig.Fig. 33 areare similarsimilar toto Esin-MarkovEsin-Markov plotsplots [10], TheyThey werewere foundfound toto bebe approx­
imatelyimately linearlinear overover thethe concentrationconcentration rangerange studied.studied. TheThe slopeslope increasedincreased withwith 
increasingincreasing pH,pH, butbut reachedreached aa limitinglimiting valuevalue atat pHpH 5.5. 

InIn thisthis system,system, asas thethe concentrationconcentration increases,increases, thethe amountsamounts ofof chargedcharged andand 

[lo], approx-

unchargeduncharged speciesspecies willwill increaseincrease approximatelyapproximately inin thethe samesame proportion.proportion. Adsorp­Adsorp-
tiontion ofof unchargeduncharged moleculesmolecules andand somesome 1T-bond interactioninteraction areare evidencedevidenced byby thethem-bond 
shiftshift inin pzcpzc ofof mercurymercury inin humichumic acidacid atat pHpH 3.5,3.5, wherewhere therethere isis nearlynearly com­
pleteplete association.association. TheseThese moleculesmolecules maymay bebe inin thethe colloidalcolloidal statestate and/orand/or maymay 
havehave disaggregateddisaggregated uponupon adsorption.adsorption. 

com-

VariationVariation inin thethe pzcpzc withwith pHpH andand aluminiumaluminium humatehumate concentrationconcentration 

AnAn approximatelyapproximately linearlinear relationshiprelationship waswas foundfound betweenbetween thethe pzcpzc andand thethe 
concentrationconcentration ofof metalmetal humatehumate complex,complex, withwith thethe slopeslope ofof thethe lineline increasingincreasing 
withwith increasingincreasing pHpH (Fig.(Fig. 4).4). ThisThis suggestssuggests aa variationvariation inin thethe proportionproportion ofof 
adsorptionadsorption attributableattributable toto thethe moremore negativenegative species.species. 

AtAt pHpH 3.5,3.5, andand aa humichumic acidacid :: aluminium ratio ofof almost unity which waswas 
veryvery closeclose toto thethe pointpoint ofof precipitation,precipitation, thethe solutionsolution couldcould bebe consideredconsidered toto 

duminium r&o host ur~ity wh?ich 

consistconsist primarilyprimarily ofof neutralneutral oror positivelypositively chargedcharged species.species. However,However, asas men-­
tionedtioned above,above, positivelypositively chargedcharged moleculesmolecules willwill formform aa veryvery minorminor proportionproportion 
ofof thethe speciesspecies inin solution.solution. TheThe lowlow angleangle ofof slopeslope ofof thethe variationvariation ofof pzcpzc withwith 
concentrationconcentration isis consistentconsistent withwith thisthis hypothesis.hypothesis. AtAt pHpH 7.0,7.0, wherewhere thethe humichumic 
acidacid :: aluminiumaluminium ratioratio waswas lessless thanthan unity,unity, notnot allall thethe ionisedionised speciesspecies hadhad beenbeen 
reactedreacted withwith aluminiumaluminium andand consequently,consequently, thethe slopeslope ofof thethe lineline isis muchmuch greater.greater. 
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VariationVariation inin pzcpzc withwith differentdifferent aluminium: humichumic acidacid ratiosratiosaluminium : 

WhenWhen aluminium waswas complexedcomplexed withwith humichumic acidacid inin varyingvarying ratios,ratios, itit waswas 
foundfound thatthat thethe shiftshift inin pzcpzc toto moremore negativenegative valuesvalues increasedincreased withwith decreasingdecreasing 

alumini um 

proportionproportion ofof aluminium complexed.complexed. ThisThis maymay bebe explainedexplained byby complexingcomplexing ofof 
previouslypreviously ionisedionised functionalfunctional groupsgroups toto givegive chelateschelates whosewhose adsorptionadsorption hashas aa 

alumin-mm 

lesserlesser effecteffect on the pzcpzc ofof mercurymercury byby virtuevirtue ofof theirtheir decreasedecrease inin netnet chargechargeon 	 the 

uponupon complexing. TheThe possibilitypossibility of thethe presencepresence of positivelypositively chargedcharged alumi­compkxing. of of 	 alumi-
nium humatehumate moleculesmolecules mustmust bebe consideredconsidered forfor complexescomplexes wherewhere thethe humichumic 
acidacid isis saturatedsaturated withwith aluminiumaluminium andand veryvery nearnear itsits pointpoint ofof precipitation.precipitation. 
nimn 

AdsorptionAdsorption of neutralneutral oror slightlyslightly positivelypositively chargedcharged moleculesmolecules couldcould leadlead toto aof 	 a 
flatteningflattening ofof thethe electrocapillary curvecurve oror toto aa smallsmall positivepositive shiftshift inin thethe pzcpzc 
whichwhich waswas notnot observed.observed. TheThe observedobserved changeschanges inin pzcpzc areare probablyprobably aa netnet resultresult 

electrocapillary 

ofof thethe adsorptionadsorption ofof severalseveral different,different, lessless negativelynegatively chargedcharged species,species, inin equili ­
briumbrium withwith eacheach other.other. 

equili-

CONCLUSIONCONCLUSION 

TheThe resultsresults indicatedindicated thatthat humichumic acidsacids andand theirtheir complexescomplexes withwith aluminiumaluminium 
areare specificallyspecifically adsorbedadsorbed onon toto mercury.mercury. Consequently. thethe applicationapplication ofof elec­
troanalyticaltroanalytical techniquestechniques toto thethe studystudy ofof metal-humicmetal-humic acidacid reactionsreactions inin thethe soilsoil 
oror naturalnatural waterswaters isis somewhatsomewhat limitedlimited untiluntil moremore quantitativequantitative informationinformation isis 
availableavailable concerningconcerning thethe extentextent andand effectseffects ofof suchsuch adsorption.adsorption. 

Consequently, 	 elec-
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