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IntroductionIntroduction

Hexavalent chromium,Hexavalent chromium, Cr(VICr(VI):):
Highly toxic but valuableHighly toxic but valuable
Priority pollutants defined by USEPAPriority pollutants defined by USEPA
Electroplating, acid mining, refining,Electroplating, acid mining, refining,

petroleum plantspetroleum plants



• High equipment costs
• Large consumption of reagents
• Large volume of sludge
• Ineffective recovery of treated metals
• Potential hazard to environment

Chemical precipitation

 Ion exchange

Technologies for heavy metal treatment

 Activated carbon adsorption

• High capital and operating cost
• Fouling
• Pretreatment

• Large intraparticle diffusion
• High regeneration cost
• Low regeneration efficiency



Magnetic nanoparticle adsorptionMagnetic nanoparticle adsorption

No potential environmentalNo potential environmental
concernconcern

No secondary pollutionNo secondary pollution

Easy technical adaptation andEasy technical adaptation and
maintenancemaintenance

Simple to desorbSimple to desorb

Lower capital and operating costsLower capital and operating costsEasy to separate from treatedEasy to separate from treated
waterwater

Saved space, especially suitableSaved space, especially suitable
for crowded citiesfor crowded cities

Very short adsorption timeVery short adsorption time

Superior removalSuperior removalComparatively large adsorptionComparatively large adsorption
capacitycapacity

Implications for industrialImplications for industrial
applicationsapplications

AdvantagesAdvantages



Maghemite nanoparticles forMaghemite nanoparticles for Cr(VICr(VI))
removalremoval

Cr(VI) adsorption equilibrium time = 10 min; 50 mg/L of Cr(VI) was
reduced to be 0.05 mg/L, below discharge limit
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How to enhance adsorption?How to enhance adsorption?

•• IncreaseIncrease inin surface area or active sitessurface area or active sites

•• SSimpleimple mmodification methododification method

•• Other parameters not impairedOther parameters not impaired significantlysignificantly,,
e.g., adsorption rate, magnetic propertiese.g., adsorption rate, magnetic properties

•• Stable nStable nanoparticleanoparticless

1. Metal-doping technique

2. Inorganic coating technique



ObjectivesObjectives

 Promotion of adsorption by metalPromotion of adsorption by metal--dopingdoping

 Inhibition of dissolution by metalInhibition of dissolution by metal--dopingdoping

 Mechanism studies by Raman spectroscopyMechanism studies by Raman spectroscopy



Materials and MethodsMaterials and Methods

 AdsorbentAdsorbent
MetalMetal--dopeddoped γγ--FeFe22OO33 nanoparticle (Me= Al, Mg, Cu, Zn, Ni)nanoparticle (Me= Al, Mg, Cu, Zn, Ni)

 AdsorbateAdsorbate
100 mg/L K100 mg/L K22CrOCrO44 + 0.1 M NaNO+ 0.1 M NaNO33

 Batch testBatch test
Experimental conditions: contact time: 60 min; pH: 2.5;Experimental conditions: contact time: 60 min; pH: 2.5;

shaking rate: 200 rpm; room tempshaking rate: 200 rpm; room temperature: 25erature: 25ooCC

 Mechanism studyMechanism study
Sample for Raman: 5, 50, 100 mg/LSample for Raman: 5, 50, 100 mg/L Cr(VICr(VI) at pH 2.5, 6.5, 8.5) at pH 2.5, 6.5, 8.5



XRFElemental analysis

Raman spectroscopyComplexation

BET AnalyzerSurface area

VSMMagnetism

XRDParticle structure

TEMParticle dimension

ZETA PLUSZeta potential

pH MeterpH

ICPCr

Analytical methodsParameters

Analytical MethodsAnalytical Methods



Raman spectroscopic studiesRaman spectroscopic studies

Establish symmetry of surface speciesEstablish symmetry of surface species

Distinguish innerDistinguish inner--sphere from outersphere from outer--spheresphere
(David et al., 1978;(David et al., 1978; TejedorTejedor and Anderson, 1990)and Anderson, 1990)

Raman spectroscopic data about PORaman spectroscopic data about PO44
33--, CO, CO33

22--, SeO, SeO44
22--,,

SOSO44
22--, and AsO, and AsO44

22-- adsorption onto Fe/Al oxides availableadsorption onto Fe/Al oxides available
((SchulthessSchulthess and McCarthy, 1990; Su and Suarez, 1998;and McCarthy, 1990; Su and Suarez, 1998; WijnjaWijnja and Cristian, 2000; Goldberg and Johnston, 2001)and Cristian, 2000; Goldberg and Johnston, 2001)

Little detailed information on Raman spectroscopicLittle detailed information on Raman spectroscopic
study of CrOstudy of CrO44

22-- adsorption onto (modified) iron oxideadsorption onto (modified) iron oxide



Modification of synthesizing methodsModification of synthesizing methods

Surfactant

Fe2+, Fe3+, NH4OH ( or +Me)

Magnetite particle

pH 8.0 (or 10)

Maghemite nanogel

Oil bath

Maghemite nanoparticles
(< 20 nm, ~ 250 m2/g)

Ethanol washing

Octyl ether

 Sol-gel method

Fe2+, Fe3+, NH4OH

Magnetite particle

pH 8.0

Maghemite aggregate

250oC oven

Maghemite nanoparticles
(> 30 nm, < 80 m2/g)

Grinding

 Precipitation method

Calcination



Nanoparticle Synthesis Method (solNanoparticle Synthesis Method (sol--gel)gel)

N2 gas1.5 M
NH4OH

Al-doped magnetite (Fe3O4)

condenser

250oC oil
bath

air
Thermocouple

Al-doped maghemite (γ-Fe2O3)



TEM images of AlTEM images of Al--dopeddoped γ-Fe2O3

Undoped γ-Fe2O3
Al-doped γ-Fe2O3 with

7.5% of Al
Al-doped γ-Fe2O3 with

13.1% of Al

Doping of Al results in preferential crystal growth along [100] direction producing
irregular shaped, platy particles, at expense of crystal thickness (Schulze, 1984)



XRD patterns of undoped & AlXRD patterns of undoped & Al--dopeddoped γ-Fe2O3
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Hysteresis loops of AlHysteresis loops of Al--dopeddoped γ-Fe2O3

Magnetic properties decreased with increasing Al dosage
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Effect of doped metal onEffect of doped metal on Cr(VICr(VI) adsorption) adsorption
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Adsorption and separationAdsorption and separation
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Adsorption mechanism (Raman)Adsorption mechanism (Raman)
—— Cr(VICr(VI) adsorption onto Al) adsorption onto Al--dopeddoped γ-Fe2O3
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at pH 2.5, 6.5, 8.5



Raman spectraRaman spectra
—— Effect of surface loadingEffect of surface loading
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Vibrations between CrOVibrations between CrO4
22-- and Aland Al--dopeddoped γγ--FeFe22OO33

354354//3393398488488.58.5100100AlAl--dopeddoped
γγ--FeFe22OO33

3653659329328638633413418408406.56.5100100AlAl--dopeddoped
γγ--FeFe22OO33

3693693593599269268768768588583383388318312.52.5100100AlAl--dopeddoped
γγ--FeFe22OO33

3663668948948688683313318358352.52.55050AlAl--dopeddoped
γγ--FeFe22OO33

3603609129128678673313318378372.52.555AlAl--dopeddoped
γγ--FeFe22OO33

365365882882342342848848KK22CrOCrO44 ((aqaq))

νν44νν33νν22νν11

Frequency (cmFrequency (cm--11))
pHpHCr(VICr(VI))

(mg/L)(mg/L)SpeciesSpecies



InnerInner--sphere complex betweensphere complex between Cr(VICr(VI) and) and
AlAl--dopeddoped γ-Fe2O3
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Adsorption isothermsAdsorption isotherms

0.9970.9970.3190.31919.4219.42PurePure γγ--FeFe22OO33

0.9930.9930.1380.13822.6822.68AlAl--dopeddoped γγ--FeFe22OO33

b (L/mg)b (L/mg)qqmm (mg/g)(mg/g)
RR22

Langmuir constantsLangmuir constants
AdsorbentAdsorbent
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Comparison of adsorbentsComparison of adsorbents

(Aoyama and(Aoyama and TsudaTsuda, 2001), 2001)3.03.0484831.2531.25Larch barkLarch bark

Present studyPresent study2.52.50.50.522.6822.68AlAl--dopeddoped γγ--FeFe22OO33

(Low et al., 2001)(Low et al., 2001)2.02.08818.9418.94Spent grainSpent grain

((CiminoCimino et al.,2000)et al.,2000)2.02.05517.717.7Hazelnut shellHazelnut shell

((AcarAcar andand MalkocMalkoc, 2004), 2004)1.01.01.331.3316.1316.13Beech sawdustBeech sawdust

((SandhyaSandhya andand TonniTonni, 2004), 2004)4.04.03315.4715.47ActiActivatedvated carboncarbon

((WengWeng et al, 1997)et al, 1997)2.52.5242414.5614.56AnataseAnatase

((GuptaGupta et al., 1999)et al., 1999)4.04.08811.711.7AluminumAluminum oxideoxide

(Dantas et al., 2001)(Dantas et al., 2001)3.03.02211.5511.55DiatomiteDiatomite

((SrivastavaSrivastava et al., 1997)et al., 1997)1.01.0667.57.5BlastBlast--furnace slagfurnace slag

(Selvaraj et al., 2003)(Selvaraj et al., 2003)3.03.01.751.755.75.7Distillery sludgeDistillery sludge

((LalvaniLalvani et al, 2000)et al, 2000)2.52.524245.645.64LigninLignin

((SelviSelvi et al., 2001)et al., 2001)3.03.0333.463.46Coconut tree sawdustCoconut tree sawdust

ReferencesReferencesOptimum pHOptimum pHEquilibrium time (h)Equilibrium time (h)qqmm (mg/g)(mg/g)Type of adsorbentsType of adsorbents

Note: Cr(VI) Adsorption capacity and equilibrium time at room temperature of 22.5 2.5oC



Prevention of nanoparticle dissolutionPrevention of nanoparticle dissolution

1) Al1) Al--O bond energy (513 kJ molO bond energy (513 kJ mol--11) > Fe) > Fe--O bond energy (390 kJ molO bond energy (390 kJ mol--11),),

2) More energy to remove simultaneously two center atoms due to2) More energy to remove simultaneously two center atoms due to
effect of binuclear complexeseffect of binuclear complexes (Cornell et al., 2003)(Cornell et al., 2003)
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ConclusionsConclusions

Optimal Al dosage isOptimal Al dosage is 9.39.3 mol%mol%

Enhanced adsorption capacity fromEnhanced adsorption capacity from 19.419.4 mg/gmg/g
toto 22.722.7 mg/g by Almg/g by Al--dopingdoping

 InsignificantInsignificant nanoparticle dissolution undernanoparticle dissolution under
experimental condition; Alexperimental condition; Al--doping inhibiteddoping inhibited
dissolution bydissolution by 30%30%

Complexation changed from outerComplexation changed from outer--sphere intosphere into
innerinner--sphere complexationsphere complexation by Alby Al--dopingdoping




