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Adsorptionofsulfateionsonzirconium-loadedgranular
activatedcarboninaqueoussolution

HONGYixia,CAOWei,AOHanting,XINGXiaolei,LIXin
(CollegeofCivilEngineering,HuaqiaoUniversity,Xiamen361021,Fujian,P.R.China)

Abstract:Zirconiumoxide-loadedgranularactivatedcarbon(Zr-GAC)waspreparedfortheadsorptionof
sulfateionsinaqueoussolution.TheZr-GACwascharacterizedbyscanningelectronmicroscopy(SEM),
X-raydiffraction(XRD),X-rayphotoelectonspectroscopy(XPS),andspecificsurfaceareameasurement.
TheresultsshowedthattheZr-GAChadaporoussurfacewithmanyaggregates,composedofzirconium
oxides.XPSanalysisconfirmedthemassivepresenceofzirconiumandhydroxylgroupsintheadsorbent
surface.Thespecificsurfaceareaoftheactivatedcarbondecreasedaftermodificationwithzirconium
oxides.BatchadsorptionexperimentswereconductedtodeterminetheeffectofpHonsulfateadsorption,
anditwasfoundthatbetteradsorptioncouldbeachievedatpHlowerthan10.Modelinganalysisofthe
adsorptionisothermsshowedthattheDubinin-Radushkevich(D-R)equationhadbetterfittingsthanthe
Langmuirmodel,andthemaximumadsorptioncapacityoftheZr-GACdeterminedbytheD-Requationwas
70.14mg/ginneutralwatersolution,muchhigherthanthatofrawGAC(8.9mg/g).TheD-Requation
mayhaveaproblemindeterminingtheadsorptionenergyforasolutionadsorption,whichdeservesmore
research.KineticstudiesshowthattheadsorptionofsulfateontheZr-GACisrelativelyfast,anditfollows
thepseudosecond-orderkineticequation.Inaddition,anincreaseoftemperaturemayfacilitatethesulfate
adsorption,tosomeextent.TheZr-GACshowedgoodpotentialfortheadsorptionofsulfateionsin
aqueoussolution.Itexhibitedapproximatelytwicetheadsorptioncapacityandamuchwiderapplicable
rangeofpHcomparedwiththezirconium-loadedbiocharadsorbent.
Keywords:sulfate ion; adsorption; granular activated carbon; zirconium oxides; Dubinin-
Radushkevichequation

载锆颗粒活性炭吸附去除水溶液中的硫酸根离子
洪怡霞,曹威,敖涵婷,邢小蕾,李欣
(华侨大学 土木工程学院,福建 厦门361021)

摘 要:制备负载氧化锆的颗粒活性炭(Zr-GAC),以吸附水溶液中的硫酸根离子。采用扫描电镜

(SEM)、X射线衍射(XRD)、X射线光电子能谱(XPS)和比表面积测定等方法对Zr-GAC进行表



征。结果表明,Zr-GAC具有多孔的表面积,其上具有许多由氧化锆组成的团聚体。XPS分析证

实,吸附剂表面存在大量的锆和羟基,氧化锆改性后的活性炭比表面积减小。采用间歇吸附实验研

究了pH值对硫酸盐吸附的影响,在pH值小于10时,吸附效果较好。吸附等温线的模拟分析表

明,Dubinin-Radushkevich(D-R)方程比Langmuir模型具有更好的拟合性,由D-R方程确定的在中

性水溶液最大吸附量为70.14mg/g,远高于原GAC(8.9mg/g)。需要注意的是,D-R方程在测定

溶液吸附的吸附能时可能存在问题,值得进一步研究。动力学研究表明,硫酸根在Zr-GAC上的吸

附速度较快,并遵循准二级动力学方程。此外,温度的升高在一定程度上可能利于硫酸盐的吸附。
Zr-GAC具有很好的吸附水溶液中硫酸根离子的潜力,特别是其吸附容量约为载锆生物炭吸附剂

的两倍,pH值的适用范围更广。
关键词:硫酸根;吸附;颗粒活性炭;氧化锆;Dubinin-Radushkevich方程
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1 Introduction
Sulfateionsexistwidelyinsurfacewater,

groundwater,andindustrialwastewater.Themain
sourcesofsulfateionsinnaturalwaterarechemical
weathering and oxidation processes ofsulfur-
containing minerals.Althoughsulfateionsare
oftenthoughttobenon-toxic,theirharmtothe
human body and the environment cannot be
ignored.Excessingestion of watercontaining
sulfateionsforseveralmonthscancauseobvious
physiological damage to mammals[1]. High
concentrationofsulfateionscouldthreatenthe
safety of drinking water. According to the
StandardsforDrinking WaterQualityofChina,

andalsorecommendedbytheWHO,theUSA,

andJapan,theconcentrationlimitindrinking
waterofsulfateionsis250 mg/L.Therefore,

sulfateionsneedtoberemovedfrom polluted
water,whichcanbeaccomplishedbyfreezing,

purging,chemicalprecipitation(bariumorcalcium
ionaddition),membranefiltration,adsorption,ion
exchangeandbiologicaltreatment(sulfate-reducing
bacteria)[2-5].Adsorptionseparationiswidelyused
becauseofitsrapidandeffectiveremovalofsulfate
ions.Theadsorbentplaysanimportantrolein
determiningtheeffectivenessoftheadsorption
technology.Thechosenadsorbentneedstohave
low cost,high adsorption capacity,and be
renewable.Inrecentyears,manyadsorbentsfor

removingsulfateions,bothinorganicandorganic,

havebeenreported.High-phosphorusironore
wasteisusedasanewgreenadsorbenttopurify
andremovesulfateingroundwater[6],Thesulfate
absorptioncharacteristicsofthegranularchitosan
adsorbentinaqueoussolutionwerestudiedina
fixed-bed column system[7]. Among many
adsorbents,activatedcarbonistheone most
intensivelyusedinthetreatmentofdrinkingwater.
However,both granularand particleactivated
carbon exhibita pooradsorption capacityfor
negativelychargedsulfateions.

Tetravalentzirconium wasfoundto havea
chemicalaffinity withsulfateions,andzirconium
hydroxidehasbeenappliedtocontrolthesulfateion
contentinbrinefeedofthechlor-alkaliplant[8-9].
Recentstudieshavereportedthatcoatingzirconium
oxidesonsolidsubstrateimprovestheadsorptionof
sulfateionsfromwater.MulinariandSilva[10]prepared
asugarcanebagasse/zirconiumoxidehybridmaterial
forremovingsulfateionsfromwastewater.Inarecent
study,azirconium-loaded biocharadsorbent was
preparedtoremovesulfateionsfrom water[11].
However,itscapacitytoadsorbsulfateionswas
approximately40mg/g,whichisnotsatisfactory.
Activatedcarbonperhapsismoresuitableasa
supportmaterialbecauseofitsporousstructure,

highspecificsurfacearea,chemicalstability,and
hygienicconditions.Zirconium-loaded activated
carbonhasbeen proposedfortheremovalof
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arsenic[12],fluoride[13] and phosphate[14] from
wastewater. However,literature investigation
showsthattherearefewreportsontheapplication
ofzirconium-modifiedactivatedcarbonforthe
adsorptionofsulfateions.Theenhancementeffect
ofzirconium-modification ontheadsorption of
sulfatebyactivatedcarbonandzirconium-loaded
activatedcarbonisnotclear.Moreresearchonthis
isneeded.

Inthiswork,zirconiumoxidesareloadedonto
thesurfaceofgranularactivatedcarbon(GAC)ina
simplewaythatischemicalprecipitation with
zirconium oxychlorideinammonia water.The
preparedzirconiumoxide-loadedgranularactivated
carbon(Zr-GAC)ischaracterizedwithscanning
electronmicroscopy(SEM),X-rayphotoelectron
spectrum(XPS),andX-raydiffraction(XRD)and
specificsurfaceareameasurement.Theadsorption
equilibriumandkineticsofthesulfateionsonZr-
GAC are studied with batch adsorption
experiments,andtheresultsarediscussedwith
adsorption isotherm models, including the
Langmuirmodel,theDubinin-Radushkevich(D-R)

equation,andadsorptionkineticequations.

2 Materialsandmethods
2.1 Materialsandchemicals

TheGACwithaparticlesizerangingfrom0.1to
1.5mm waspurchasedfrom Sinopharm Chemical
Reagent Co.,Ltd.,China.Chemicals such as
zirconiumoxychloride(ZrOCl2·8H2O),ammonium
solution(NH3·H2O),sodiumsulfate(Na2SO4),

sodium hydroxide (NaOH)andhydrochloricacid
(HCl)werealsoboughtfromSinopharmChemical
ReagentCo.,Ltd.,China.Thestocksolutionof
sulfateionswaspreparedbydissolvingdriedsodium
sulfateindeionizedwater.Solutionswithrequired
concentrationsofsulfateionsweredilutedfromthe
stocksolutionintheadsorptionexperiments.Solution
pH was adjusted with 0.1mol/L NaOH and
0.1mol/LHClsolutionwhentherewasaneed.All
chemicalswereofanalyticalgrade.

2.2 Preparationofzirconiumoxide-loadedgranular
activatedcarbon
Zirconiumwasloadedonactivatedcarbonbya

simplemethod.First,fourgramsofzirconium
oxychloridewasdissolvedin100mL0.05mol/L
HClsolution,and five grams of GAC was
immersedintothissolutionwhilestirringfor3h.
Second,theammoniumsolution(1∶1)wasadded
dropwisetothesolutionuntilsolutionpHreach
5.0.The mixedsolution wasstirredfor4h.
Third,solid material wasseparatedfrom the
solutionbyfiltration,andwashedwithdeionized
waterseveraltimesuntilthefiltrateshoweda
neutralpH.Finally,thesolidproductwasdried
for24hoursinanoventoobtaintheZr-GAC
adsorbent.
2.3 Characterizationofadsorbents

ThesurfacemorphologyofGACandZr-GAC
wasprobed by using SEM (S4800,Hitachi,

Japan).TheSEMimageswereobtainedatan
acceleratingvoltagevaryingfrom 5to20kV.
SurfacegroupsofZr-GACwerecharacterizedby
XPS (Escalab250Xi,ThermoFisherScientific,

USA).ThemonochromatizedX-raysourcewasan
AlK-alpharadiation (anodetarget).TheXPS
spectra were analyzed with XPS Peak 4.0
software.XRDpatternsoftheadsorbentswere
acquired with a Rigaku Ultima IV X-ray
diffractometer(Rigaku,Japan)operatedat40kV
and30mAwithCuK-alpharadiation.TheXRD
patternswererecordedatascanningspeedof5°per
minuteoverthe2θrangefrom10°to90°.Thedata
wereanalyzedwithMDIJade5.0software.The
BETspecificsurfaceareaofthe materialswas
measuredbyN2adsorption/desorptionisothermsat
77KusingaNOVA2000esurfaceareaanalyzer
(Quantachrome,USA).
2.4 Batchadsorptionexperiments

Batchadsorptionexperimentswerecarriedout
tomeasurethesulfateadsorptionperformanceof
Zr-GAC.0.1gofadsorbentwasaddedtoa100mL
conicalflaskcontaining50mLsulfateionsolution.
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Theflaskwasplacedinashakerat150rpmand
298K.Afterremainingincontactfor24h,the
solidadsorbentandthesolutionwereseparatedby
filtration,andthefiltratewascollectedtodetect
the sulfate concentration. The sulfate
concentrations in the aqueous solution were
measuredusingionchromatography (Metrohm,

Switzerland).Thesulfateadsorptionamountwas
calculatedfromEq.(1).

qe=C0-Ce·V
m

(1)

where,C0 andCe (mg/L)aretheinitialand
equilibriumsulfateconcentration,respectively;V
(L)isthevolumeofthesulfateionsolution;andm
(g)isthemassoftheadsorbent.
TheeffectofpHonthesulfateadsorptionwas

investigatedby varyingthepH oftheinitial
solutionfrom2.0to11.0.Thevariationsofthe
sulfateadsorptionamountwithsolutionpH were
measured at high and low initial sulfate
concentration.Sulfate adsorptionisotherms of
GACandZr-GACweredeterminedbychangingthe
sulfateconcentrationfrom50to500mg/Lata
fixed adsorbent dose. Adsorption kinetic
experimentswerecarriedoutwithcontacttime
intervalsof1,2,5,10,20,30,40,50,and60
min.Alladsorptionexperimentalsampleswere
designedinduplicate.

3 Resultsanddiscussion
3.1 SEMimages

SEM images of GAC and Zr-GAC are
presentedinFig.1.AsshowninFig.1(a),smooth
ridgesandroughporoussurfacesareobservedover
differentsidesofaGACparticle.Therearelong
parecanals,cracksandattachedfineparticleon
GACsurface,formingacomplicatedporestructure
system.From the1000× magnification SEM
imageofGAC (Fig.1(b)),itcanbeseenthat
manyporeshaveasizerangingfrom several
micronstoapproximately30um,whichcanbe
categorized as macropore according to earlier

studies[15-16].Fig.1(c)showsthatZr-GACsurface
iscoatedbyathinlayerofunknownmatter,which
is believed to result from the zirconium-
modificationprocess.Inthelargemagnification
image(Fig.1(d)),thethinlayerisfoundtobe
smallaggregates distributed unevenly on the
surfaceoftheactivatedcarbon.Thediametersof
theaggregatesvaryfrom0.5toseveralmicrons.
Thequalitativeanalysisofthelayerofaggregates
ontheactivatedcarbonsurfacewasperformedby
analyzingXRDpatterns.

Fig.1 ScanningelectronicmicrographsofGACandZr-GAC
 

3.2 XRDpatterns

XRDpatternsofGACandZr-GACareshown
inFig.2.ForGAC,thediffractionprofileexhibits
broadpeaksatthe2θdegreeangleof25°and42°,

whichisattributedtothereflectionfromthe(002)

and (10)lattice planes ofthe graphite-like
structure.Thisisingoodagreementwithprevious
studiesonactivatedcarbon[17-18].Theabsenceofa
sharpdiffractionpeaksuggestsmostGACarein
theformofamorphouscarbon.Thecrystallinityof
GACisapproximately3%,determinedby MDI
Jade5.0software.TheXRDpatternofZr-GAC
alsothepatternofZr-GACat2θdegreeanglesof
26°,31°,50°,and58°,whichareassignedtothe
(011),(111),(022)and (202)planesofthe
zirconia, respectively[19-21]. Therefore, XRD
analysiscanconfirmthepresenceofzirconium
oxidesonthesurfaceofZr-GAC.
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Fig.2 X-raydiffractionpatternsofGACandZr-GAC
 

3.3 XPSanalysis
XPScharacterizationsofGACandZr-GAC

wereconductedtoanalyzethesurfaceelement
composition and the functional groups. The
elementcomposition (atom %)of GAC and
Zr-GACfromXPSfull-spectrasurveyarepresented
inTable1.ThecarbonatomcontentinGACis
morethan80%,andtheOelementaccountsfor
approximately11%,whichshouldbefromthe
O-containinggroupsonthesurfaceoftheactivated
carbon.AsmallquantityofNelementinGACmay
berelatedtotheoriginalmaterialforactivated
carbonproduction.ThecarboncontentinZr-GAC
decreasessignificantlyin comparison withthe
loadingofzirconium oxides.In addition,the
appearanceofchlorineinZr-GACresultsfromthe
applicationofzirconium oxychlorideduringthe
preparationprocess.

Table1 Elementcomposition(atom%)onadsorbent

surfacefromXPSfull-spectrasurvey*

Adsorbents C1s O1s N1s Cl2p Zr3d

GAC 83.67 11.61 1.52

Zr-GAC 51.50 31.95 1.14 6.46 8.62

* Theelementwithcontentlessthan0.5%isnotpresented.

XPSanalysisofC1s,O1s,andZr3d3/2orbital
forGACandZr-GACisshowninFig.3.TheC1s
spectraarefittedtothreecomponentsincludingthe
mostintensepeakatthebindingenergyof284.8
eV,thepeakaround286eV,andtherelatively
weakbandfrom288.5to288.9eV[22-23],asshown
inFig.3(a).Thepeakat284.8eVisrelatedto
C—C/C—Hbonds.Thebandfrom288.5to288.9
eVisassignedtoC=OandO—C—Olinkages.

Thebandaround286eVisusuallyattributedto
C—Obondsinthehydroxyl(C—OH)andether
(C—O—C)groups.ThecomparisonoftheC1s
spectrabetweenGACandZr-GACshowsthatthe
relativecontentoftheC—Cgroupdecreasesafter
theloadingofzirconium andthe O-containing
groupsincreaseonthesurfaceoftheactivated
carbon.XPSO1sorbitalanalysisisshowninFig.3
(b).TheO1sspectrumofGACisdeconvoluted
intotwopeaks,532.1eVfortheC—Obondand
534.8eVforadsorbedoxygen[24-25].ForZr-GAC,

itisalsofittedtotwopeaks,532.1eVand530.5
eV,whichisassignedtotheZr—OHgroup[24].An
increaseintherelativecontentofC—Oisobserved
fromthecomparisonbetweenGACandZr-GAC,

whichisinagreementwiththeresultoftheC1s
analysis.The appearance of Z—OH indicates
zirconiumoxyhydroxidewasformedonthesurface

Fig.3 XPScharacterizationofGACandZr-GAC
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ofZr-GAC.XPSZr3dorbitalanalysisforZr-GAC
isshowninFig.3(c).TheZr3dorbitalincludes
twosub-orbital,Zr3d3/2at185.3eVandZr3d5/2at
182.9eV,whichprovesthepresenceofpositive
tetravalentzirconiumions[26-27].
3.4 BETsurfaceareaandporestructure

Table2showstheBET-N2specificsurface
area (SSA),totalporevolume (TPV),and
average pore diameter (APD)of GAC and
Zr-GAC.TheSSAofZr-GACismuchlowerthan
thatofGAC,whichmayresultfromthefactthat
theloadingofzirconiumoxidesblockedthepore
structureinGACanddecreasedtheadsorptionof
N2inthemeasurementprocess.BoththeTPVand
APD of GACincreaseafter modification with
zirconiumoxides,suggestingthatporeswithlarge
diameterareintroducedinZr-GACandmesopores
withdiameterlargerthan2nmarethemainsource
contributingtothespecificsurfacearea.

Table2 BET-N2specificsurfacearea(SSA),

totalporevolume(TPV),andaverageporediameter
(APD)ofGACandZr-GAC

Adsorbent SSA/(m2·g-1) TPV/(cm3·g-1) APD/nm

GAC 759.0 04.6 0.24

Zr-GAC 289.4 17.1 2.60

3.5 EffectofpHonadsorptionofsulfateions

pHplaysanimportantroleintheadsorption
ofionicspeciesinaqueoussolution.Thechangesof
sulfateadsorptiononZr-GACalongwithchanges
insolutionpH areshowninFig.4.Thetwo
experimentalcurvesobtainedatlowandhighinitial
sulfateconcentrationexhibitsimilartrends.The
adsorptionofsulfateslightlydecreaseswithpH
changing from acidic to weak base,and it
drasticallyfalls down when the solution pH
exceedsapproximately10.Thisresultindicates
thattheacidicconditionfavorstheadsorptionof
sulfateonZr-GACmaterial.Tounderstandthis
pH-dependentprocess,thepropertyofhydrous
zirconiumoxidesshouldbetakenintoaccount.In

theacidicsolution,hydrouszirconium oxideis
easily protonated and positively charged[19],

resultinginahighchemicalaffinitywithnegatively
chargedsulfateions.Previousstudiesshowedthat
anionicspeciesaremainlyadsorbedonzirconium
oxidesviaionexchangeinaqueoussolution.Inthe
presentstudy,anincreaseofpHinsolutionafter
adsorptionisalsoobserved.However,theincrease
ofthehydroxylion (OH-)isnotinafixed
proportion to the sulfate adsorption amount.
Perhapsotheranionswhichcouldformacomplex
compoundwithZr4+ areinvolvedinthesulfate
adsorptionprocess,suchaschlorideions.Inother
words,sulfateadsorptiononZr-GACisprobably
through complicatedligand exchange processes
ratherthanasimpleionexchangeprocess[28].
Therefore,alargenumberofOH- insolution
competewithsulfateionsforactiveadsorptionsites
athighpHconditions,resultinginadecreasein
theadsorptioncapacityofsulfate.

Fig.4 AdsorptionofsulfateonZr-GACunder

differentsolutionpH
 

3.6 Adsorptionisothermsofsulfateions
Sulfateadsorptionisothermsof GAC and

Zr-GACarepresentedinFig.5.Theadsorption
isothermofZr-GACascendsveryfastatlower
sulfateconcentrations.Withtheincreaseofthe
initialsulfateconcentration,equilibriumadsorption
amount,qe,finally reaches alimiting value,

implyingthereisastrongaffinitybetweensulfate
ionsandZr-GAC.ForGAC,theadsorptionof
sulfateismuchlowerthanthatofZr-GACunder
thesameexperimentalconditions,suggestingthat
sulfateadsorptionissignificantlyimproved by
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loadingzirconiumoxidesonactivatedcarbon.The
experimentaladsorptionisotherms needto be
analyzedwiththeoreticalmodelsinordertoobtain
some important parameters as well as to
understandtheadsorptionequilibrium.

Fig.5 SulfateadsorptionisothermsofGACand

Zr-GACandmodelinganalysis
 

TheLangmuirequationisthemostwidely
usedtwo-parametermodelfortheinterpretationof
adsorptionequilibrium.Thebasicassumptionof
this modelisasingle-layeradsorption ofthe
adsorbateonthehomogeneoussurfaceofthe
adsorbent[29-30]. The Langmuir equation is
representedas

qe=qmax· KL·Ce
1+KL·Ce

(2)

whereqeandqmaxarerespectivelytheequilibrium
adsorptionamountandthemaximumadsorption
amount (known as adsorption capacity
correspondingtocompletemonolayercoverage),

KListheLangmuirconstantthatrepresentsthe
equilibriumconstant,andCeistheequilibrium
concentrationoftheadsorbateinsolution.Inthe

presentwork,tomakeKLhavethemeaningof
standardequilibriumconstants,Ceissubstituted
with Ce/Cθ to eliminate the effect of the
concentrationunit.Thischangegives

qe=qmax· KL·Ce/Cθ

1+KL·Ce/Cθ (3)

whereCθtoisequaltomol/L.Fromtheadsorption
equilibrium constant (KL),thefree energy of

adsorptioncanbeevaluatedviatheGibbsequation[31],

whichisshowninEq.(4).
ΔGθ =-RTln(Kθ) (4)

whereKθissubstitutedwithKLinthepresent
work.AnalysisofsulfateadsorptiononGACand
Zr-GACbytheLangmuirmodelisshowninFig.5
(a),andtherelatedparametersaresummarizedin
Table3.TheLangmuirmodelgivesordinaryfitto
theGACandZr-GACisothermswithR2nearto
0.9.Themonolayeradsorptioncapacity(qm)of
Zr-GAC(73.09mg/g)forsulfateismuchhigher
thanthatofGAC(11.24mg/g).Theenhancement
insulfateadsorptionshouldbeattributedtothe
loadingofzirconiumoxidesonactivatedcarbon.
ThefreeenergyforsulfateadsorptiononZr-GAC
iscalculatedas-24.48kJ/mol,whichislower
thanthatofGAC,suggestingamuchstronger
affinity betweenthesulfateionsand Zr-GAC
surface.In addition,the accessibility ofthe
adsorbentsurfacetosulfatecanbeestimatedby
calculatingthemaximumproportionoftheBET
surfaceareaoccupiedbysulfateions.Assuming
thatsulfateissphericalwitharadiusof149pm(S-
Obondlength)andinaclose-packedhexagonal
arrangementontheadsorbentsurface[32],thearea
occupiedpersulfateionwascalculatedtobe5.77×
10-20m2.Then,themaximumfraction(Xm)of
theBETsurfaceareacoveredbysulfateionswas
estimatedaccordingtoqm thatrepresentsthe
limiting number of adsorption sites on the
adsorbentsurface.TheXmvaluesforGACandZr-
GACarealsoshowninTable3.Zr-GAChasa
muchlargerXmthanthatofGAC,indicatingthat
modification withzirconium oxidessignificantly
enhancestheaccessibilityoftheactivatedcarbon
surfacetosulfateions.
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Table3 ParametersofLangmuirandD-Requationforadsorptionofsulfate

Adsorbent
Langmuirmodel

Qmax/(mg·g-1) KL R2 ΔG/(kJ·mol-1)Xm/%

D-Requation

qDR/(mg·g-1) B R2 E/(kJ·mol-1)

GAC 11.24 03485 0.896 -20.22 0.54 08.90 3.59×10-5 0.962 0.118

Zr-GAC 73.09 19430 0.883 -24.48 9.14 70.14 1.74×10-6 0.921 0.536

  Theseadsorptionisothermsalsowereanalyzed
bythe Dubinin-Radushkevich (D-R)equation.In
derivingtheD-Requationforliquid-phaseadsorption,

theadsorptionamountcorrespondingtoanyadsorbate
concentrationisassumedtobeaGaussiandistribution
ofthePolanyipotential(ε)[32-34].Thus,theD-R
equationisshownasfollows.

qe=qDRexp(-Bε2) (5)

with
ε=RTIn(1+1/Ce) (6)

whereqDRisthemaximumadsorptionamountof
sulfate,and B is a constantrelated to the
characteristicadsorption energy (E0).Ifthe
adsorbenthasaheterogeneoussurfaceandan
approximationtoaLangmuirisothermisselected
asthe localisotherm on each homogeneous
subregion,thenthemostprobablecharacteristic
adsorptionenergyis[32]

E0=(2B)-1/2 (7)

Therefore,theD-Radsorptionequationcanbeapplied
toestimatenotonlythemaximumadsorptionamount,

butalsothecharacteristicadsorptionenergy.The
analysisresultforsulfateadsorptiononGACand
Zr-GACareshowninFig.5(b),andtherelated
parametersarepresentedinTable3.Thecorrelation
coefficients(R2)suggestthatthefittingswiththeD-R
equationarefairlygoodfortheadsorptionofbothGAC
andZr-GAC.Zr-GAChasamuchlargeradsorption
capacity(qDR)thanthatofGAC,determinedbythe
D-Requation.Thisresultissimilartotheresultofthe
Langmuirmodel.Theadsorptioncapacitydetermined
bytheD-Requationisalittlelowerthanthatofthe
Langmuir model. The characteristic adsorption
energiesdeterminedbytheD-Requationarealso
showninTable3.TheadsorptiononZr-GAChasa

highercharacteristic energy than that of GAC,

indicatingamuchstrongerinteractionforcewasformed
betweenthesulfateionsandtheactivesitesonthe
surfaceofZr-GAC.Thisresultisinagreementwith
theresultfromtheLangmuirmodelthatZr-GAChasa
higher adsorption equilibrium constant and a
correspondinglyhigheradsorptionenergy.However,

thecharacteristicadsorptionenergyfromtheD-R
equationisnotonthesameorderofmagnitudeasthe
freeenergy(ΔG)determinedbytheLangmuirmodel.
Inouropinion,theestimationoftheadsorptionenergy
bytheLangmuirmodelismorecrediblebecausethe
methodbasedontheGibbsequationiswidelyaccepted
andtheresultsinthisworkarecomparablewiththe
valuesinreportedstudies[30,32].Therefore,thereal
meaningoftheparameter(E0)intheD-Requation
needsfurtherdiscussionwhenitisappliedtoa
solution adsorption. Perhaps an unknown
conversiononE0shouldbedevelopedtomakeit
haveasimilarmeaning withfreeenergyfora
specificadsorptionprocess.

ComparisonoftheZr-GACwithothersulfate
adsorbentsisshowninTable4.TheZr-GAChasa
relativelyhighadsorptioncapacityforsulfateions
andagoodpHadaptabilityincontrastwithmost
otheradsorbents.TheadsorptioncapacityofZr-
GACisapproximatelytwotimesthatofzirconium
oxides-loadedbiochar,which waspreparedfor
sulfateadsorptionin arecentstudy[11].This
enhancement in adsorption capacity can be
attributedtothefactthatGAChasamuchlarger
specificareaasasupportthanbiocharmaterial,

which resultsin a higherloading-amount of
zirconiumoxides.Therefore,theZr-GACexhibits
goodpotentialforsulfateadsorptioninaqueous
solution.
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Table4 ComparisonofadsorptioncapacityofZr-GACwithothersulfateadsorbents

Adsorbents Adsorptioncapacity/(mg·g-1) SolutionpH References

r-Al2O3 007.7 5.7 [35]

Activatedcarbonfromcoconutcoirpith 004.9 4.0 [36]

ZrO2-modifiedsugarcanebagassecellulose 038.4 - [10]

Poly(m-phenylenediamine) 108.5 1.75 [37]

Mg-Allayereddoublehydroxide 012.5 7 [31]

CarbonresiduemodifiedwithFeCl3 019.5 4 [4]

Zirconium-basedMOF 56 - [8]

Metallayereddoublehydroxidesfuncionalizedhighphoshprusionorewaste 29~34 - [2]

Zirconiumoxides-loadedbiochar 035.21 2 [11]

Zr-GAC 070.14 6.8 Presentstudy

Thesymbol“-”meansdataarenotreported.

3.7 Adsorptionkineticsofsulfateions

ThechangesofsulfateadsorptiononZr-GAC
withcontacttime areshownin Fig.6.The
adsorptionamountqtincreasesfast withinthe
initial20minutes,andthenittendstobestable,

meaningadsorptionequilibriumornearequilibrium
isachieved.Therapidadsorptionprobablyresults
fromthechemicalaffinitybetweensulfateionsand
zirconiumoxidesonthesurfaceoftheGAC,which
canbeconsideredasactiveadsorptionsites.In
addition,thesulfateadsorptionisalittlebetterat
298Kthanat283K,suggestinghightemperature
mayfavortheadsorption.

Fig.6 AdsorptionkineticsofsulfateiononZr-GAC 

Inordertodescribetheoveralladsorptionrate,

kineticdataareanalyzedwithpseudofirst-andsecond-
orderkineticequations,whicharepresentedinEq.(8)

andEq.(9)[38-39],respectively.
dqt

dt =kp1(qe-qt) (8)

dqt

dt =kp2(qe-qt)2 (9)

Theparameters,qeandqt(mg/g),denotethe
sulfateadsorptionamountatequilibriumandtime
t,respectively.Thekp1(1/min)andkp2(g/(mg·

min))arethepseudofirst-andsecond-orderrate
constants,respectively.Thefittingresultsare
showninFig.6(a)and6(b),andtherelated
parameters are summarizedin Table 5.The
correlationcoefficient(R2)ofthepseudosecond-
orderequationisgreaterthanthatofthepseudo
first-orderequation,bothfor298Kandfor283K.
Inaddition,theequilibrium adsorptionamount
calculatedfromthepseudosecond-orderequation
agreesperfectly with the experimentalvalue,

which deviates considerably from the value
determinedbythepseudofirst-orderequation.
Thissuggeststhattheadsorptionofsulfateionson
Zr-GACfollowsthepseudosecond-orderkinetic
equation,which meanstheadsorptionrateis
proportionaltothesquareofsorptiondrivingforce
(qe-qt)2.Table5alsoshowsthatboththe
equilibriumadsorptionamount(qe)andtherate

112No.1 HONGYixia,etal.:Adsorptionofsulfateionsonzirconium-loadedgranularactivatedcarboninaqueoussolution



constantkp2improve withtheincreaseofthe
adsorptiontemperaturefrom 283 Kto298 K,

whichconfirmsthattheincreaseoftemperature
facilitatestheadsorptionofsulfateontheZr-GAC.

Table5 Parametersofpseudofirst-andsecond-orderkineticmodelsforsulfateadsorptiononZr-GAC

T/K qe,Exp/(mg·g-1)
Pseudofirst-orderequation

qe,Cal/(mg·g-1)kp1/(1·min-1) R2
Pseudosecond-orderequation

qe,Cal/(mg·g-1) kp2/(g·(mg·min)-1) R2

283 52.5 50.4 0.469 0.825 53.6 0.015 0.985

298 55.3 53.4 0.809 0.880 56.3 0.025 0.968

4 Conclusion
In this work, zirconium oxides were

successfullyloadedonthesurfaceofgranular
activatedcarbontoprepareanadsorbent,Zr-GAC
forsulfateadsorptioninaqueoussolution.The
SEMimagesshowthattheZr-GAChasaporous
surfacewithmanyaggregates,whicharecomposed
ofzirconiumoxidesprobedbytheXRDanalysis.
TheXPScharacterizationconfirmsthepresenceof
zirconiumandhydroxylgroupsontheadsorbent
surface.TheBETspecificsurfaceareaofactivated
carbondecreasesaftertheloadingofzirconium
oxides,whereasthetotalporevolumeandaverage
porediameterincrease.Adsorptionofsulfateions
onZr-GACisapH-dependentprocess,andbetter
adsorptionscanbeachievedatpHlowerthan10.
Theadsorptionisothermswereanalyzedbythe
LangmuirandtheD-Requation,andbetterfitting
wasachievedwiththelattermodel.Accordingto
theD-Requation,theZr-GAChasamuchhigher
adsorptioncapacity(70.14mg/g)thanGAC(8.90
mg/g)intheneutralwatersolution.Itisnoticed
thattheD-Requation mayhaveaproblemin
determiningtheadsorptionenergyforasolution
adsorption, which deserves more discussion.
AdsorptionofsulfateontheZr-GACisrelatively
fast,andkineticstudiesshowthattheadsorption
followsthepseudosecond-orderkineticequation.
In addition,anincrease oftemperature may
facilitatesulfateadsorption,tosomeextent.
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