
第59卷第6期

2019年11月

大 连 理 工 大 学 学 报

JournalofDalianUniversityofTechnology
Vol.59, No.6

Nov.2019

文章编号:1000-8608(2019)06-0587-10

Catalyticwetperoxideoxidationfororganicwastewatertreatment
byFe2O3/Al2O3catalystcoupledwithmembrane

LIU Yiwei, QUAN Xie*, CHEN Shuo, YU Hongtao, DU Lei

(KeyLaboratoryofIndustrialEcologyandEnvironmentalEngineering,MinistryofEducation,

DalianUniversityofTechnology,Dalian116024,China)

Abstract:Areactorcouplingcatalyticwetperoxideoxidation(CWPO)with
ceramictubularmembraneseparationwasdesignedforefficiencyimprovement
ofdegradationoforganicwastewater.Themembranewasfabricatedbycoating
Fe2O3/Al2O3onthemembranesupportbythesol-gelmethod.Theporesizeof
preparedmembranewasoptimizedtotherangeofultrafiltrationbycontrolling
PVAconcentrationandcoatingtimes.TheCWPOexperimentwasconducted
invariousoperatingconditionstoselecttheoptimalpH,workingtemperature,

pressureand H2O2 concentration.Thephenoldegradationresultsshow
completephenoldegradationand70% TOCremovalwithin150minunderpH
6,90℃,0.4MPawhentheH2O2concentrationis20mmol/L.Theresultsof
fiveconsecutiveanddissolutionexperimentsillustrategoodstabilityand
repeatabilityoftheFe2O3/Al2O3ceramicmembrane.Thereactorcoupling
CWPO with membraneseparationpresentsnewinsightsintothefieldof
organicwastewatertreatment.
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0 Introduction

Advancedoxidationtechnologies(AOTs),

such as catalytic ozonation, Fenton-like
reaction, photo-catalysis and catalytic wet
peroxideoxidation(CWPO),whicharebasedon
thegenerationofreactiveoxygenspecies(ROS)

forrefractoryorganicpollutantsdegradation,

areefficientprocessesforwatertreatment[1-2].
AmongsttheseAOTs,catalyticwetperoxide
oxidation,inwhichH2O2iscatalyzedbyvarious
catalyststogeneratehydroxylradicals(•OH),

hasattractedincreasingattentionforthedegradation

ofrefractoryorganicpollutantsinwater[3-4].
ThecatalystsappliedintheCWPOprocess

aremostlyheterogeneouscatalystsratherthan
homogeneous catalysts because homogeneous
catalystsusuallysufferfromsecondarypollution
andthe difficultiesin recycle and reuse[5].
However, the catalytic performance of
heterogeneouscatalystsisgenerallyfaraway
fromthatofhomogeneouscatalystsduetothe

poor masstransferprocess.Toenhancethe
catalyticperformanceofheterogeneouscatalysts
towardsCWPO,aquestisinitiatedtoconstruct



asystemthatcouldimprovethemasstransfer

process.
Membranereactorisaflow-throughsystem

in which chemical reaction and membrane
separation are coupled in one unit. The
membranewithporousstructurecouldactasthe
catalyst carrier[6]. The porous structure of
membranecoulddecreasethediffusionresistance
formasstransfer,whichfavorstheefficient
transferofreactantstotheactivecomponents.
Moreover,conducting CWPO in micro or
nanostructures could further optimize the
availability of active sites because of the
nanoscale effect[7]. Therefore,it could be
speculatedthatcouplingCWPOwithmembrane
separationprocessescouldenhancethecatalytic
performancefororganicpollutantdegradation.

Inthiswork,toimprovethemasstransfer
processandenhancethecatalyticperformanceof
CWPO process,acoupled CWPO/membrane
system wasconstructed by using atubular
ceramicmembraneasthemembraneandAl2O3/

Fe2O3asaheterogeneouscatalyst.Theceramic
membranesupportedFe2O3 waspreparedbya
dip-coatingandcalcinationmethod.Theporesize
ofthemembranewascontrolledbychangingthe
coatingtimes and PVA concentration.The
membranewascharacterizedbyscanningelectronic
microscopy(SEM),X-rayphotoelectronspectra
(XPS), X-ray diffraction (XRD), thermo
gravimetric analysis (TG) and pore size
distribution.Phenolwasselectedasa model
organicpollutant.Andthecatalyticperformance
wasevaluatedinaflowmembranereactoratlow
temperature (60-100℃) and low pressure
(0.2-0.5MPa).Moreover,apossiblecatalytic
mechanismwasalsoproposed.

1 Experimental

1.1 Materials
The pristine tubular ceramic membrane

(80mminlength,12mmouterdiameter,8mm
innerdiameter,400nmporesize)waspurchased
fromJiexiLishunTechnologyCo.,Ltd.

Polyvinylalcohol (PVA,≥99.0%)was
acquired from Sinopharm Chemical Reagent
Co.,Ltd.(China).FeCl3·6H2O (≥99.0%),

phenol,ammoniumhydroxide(25%-28%)and
AlCl3·6H2O(≥97.0%)werepurchasedfrom
theDamaoChemicalReagentFactoryCo.,Ltd.
(China).H2O2(30%)waspurchasedfromthe
BoDiChemicalCo.,Ltd.(Tianjin,China).All
ofthe materials which be used asreceived
without further purification were analytical
grade.Ultrapurewater(18.2 MΩ·cm)was
usedinallexperimentalprocess.
1.2 PreparationofFe2O3/Al2O3catalyticmembrane

TheFe2O3/Al2O3catalyticmembranewas
preparedbyusingadip-coatingandcalcination
method[8].

Firstly,thesolsofFe(OH)3andAl(OH)3-
PVA wereprepared.ForpreparingFe(OH)3
sol,25mLFeCl3solution(1g/L)wasadded
into 75 mL boiling water with continuous
stirringfor2h.ForpreparingAl(OH)3-PVA
sol,35 mLammoniahydroxide (5.0 mol/L)

wasdrop-wiseaddedintoa65 mL solution
containing14.9gAlCl3·6H2Oundercontinuous
stirringuntilformingaclearsolution,then3g
PVAparticles (soakedinultrapurewaterfor
12hbeforeusing)wereaddedintothesolution.
Thesuspensionwaskeptstirringat90℃until
PVA particles dissolved completely. The
Fe(OH)3-Al(OH)3-PVA sol-gelwasprepared
bymixingtheFe(OH)3solandtheAl(OH)3-
PVAsol (1∶1,V/V).Toinvestigatethe
influenceofPVAconcentration,Al(OH)3-PVA
solwith5gPVA wasalsopreparedwiththe
sameprocedure and usedfor preparing the
Fe(OH)3-Al(OH)3-PVAsol-gel.

Forthedip-coatingprocess,thepristine
tubular ceramic membranes were immersed
verticallyintothesolfor2min.Thedip-coating
descentandascentratewas1000μm/sand100

μm/s,respectively.Thenthe membrane was
driedinovenfor6hat80 ℃.Finally,to
removethePVA,thecoated membrane was
calcinedat550 ℃inamufflefurnacefor1h
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with1℃·min-1heatingrate.
1.3 Characterization

Thesurface morphologyoftheprepared
catalyst wasexamined by a HitachiS-4800
scanningelectron microscope (SEM,Japan).
TherelevantparametersoftheSEM wereset
to:5μAcurrent,5kVaccelerationvoltage,

8.0mm working distance. TG-DTG 6300
thermogravimetricanalyzer(Japan)wasusedto
studythecalcinationsprocessofFe(OH)3-
Al(OH)3-PVAsol-gelwith5℃·min-1heating
ratefromroomtemperatureto700℃atairflow
of60mL·min-1.Fe2O3-Al2O3powderprepared
inthesamemethodwithoutcoatingonceramic
membrane was used for crystallographic
structurecharacterization,andthesamplewas
tested by X-ray diffraction (XRD)on an
EmypreandiffractometerbyCuKαradiation(λ=
0.154056nm)whenthe2θrangeisfrom5°to
90°.X-rayphotoelectronspectra (XPS)was
measuredbyEscalab250Xispectrometer(AlKα
X-raysource,ThermoFisherScientific,USA)

toinvestigatethe elementscomposition and
valencestate.

Theporesizedistributionofthecatalytic
membrane was measured by Porolux 1000
membraneporesizedistributiontester(IB-FT
GmbH,Germany)withthepressurerangefrom
0to1.5MPa.Purewaterflux(J)wasdetermined
bymembranefiltration(deadend)experiments
andtheresultswerecalculatedasfollows:

J=V/Stp (1)

WhereV(L)isthefilteredwater'svolume,

t(h)istheactualpermeatingtime,S (m2)is
theeffectivemembranearea,p(0.1MPa)isthe
pressuredifferenceofthemembrane.

Phenoldegradationperformancewasdetected
by high performance liquid chromatography
(Waters,1200)at271nmusingaUVdetector
(Waters,2695)withaC18column.Amixture
ofwaterandmethanol(30∶70,V/V)wasused
to be the mobile phase,and the column
temperaturewassetat30℃.Thetotalorganic
carbon(TOC)concentrationwasdeterminedby

multiN/C2100Stester(Germany,Analytikjena).
The concentration of dissolved Fe ions in
effluent wasanalyzed byinductivelycoupled
plasma opticalemission spectrometry (ICP,

USA).The reactive oxidative species were
investigatedbyelectronparamagneticresonance
(EPR)attheconditionof9.5GHzmicrowave
frequencyand0.336Tcentralmagneticfield.
20μL0.05 mmol/L DMPO was mixed with
0.5mLsampleforeachtest.
1.4 Catalyticactivitytestsandanalysis

ThecatalyticperformanceofFe2O3/Al2O3
catalyticmembranewasoperatedinadead-end
stainlesssteelreactorwithactualvolumeabout
2LasshowninFig.1.100×10-6phenoland
differentamountofH2O2 wereaddedintothe
reactorinsequence.TheinitialpH wastuned
withH2SO4(0.1mol/L)andNaOH(0.1mol/L).
Reactorwaskeptatconstanttemperatureby
usingaheatingjacket.Andtheworkingpressure
wassuppliedbyanitrogengascylinder.0.05mL
Na2S2O3(0.1mol/L)wasimmediatelyaddedto
the1 mLeffluentforquenchingtheresidual
•OHbeforetest.Thecontrolexperimentswere
measuredatthesamereactionconditionsampling
fromthecross-flow modelwithoutpermeating
through the membrane.In the reusability
experiment,the Fe2O3/Al2O3 membrane was
washedwithwateranddriedat100℃,andthen
reusedinanewreaction.

Fig.1 DiagramoftheCWPOreactionsystem

2 Resultsanddiscussion

2.1 CharacterizationsofFe2O3/Al2O3 membrane
ThemorphologiesofFe2O3/Al2O3catalytic
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membrane and pristine membrane were
characterizedbySEM onsurfaceandsection
presentedinFig.2atthesameamplification
factors.Compared withpristine membranein
Fig.2(a),thesurfaceofFe2O3/Al2O3catalytic
membrane(Fig.2(d))isquiteflatwithoutany
crack,whichmeansthatthefunctionallayeris
smoothandcatalystparticlesaredistributed
evenly.AsseeninFig.2(b),(e),thediameter
ofparticlesinFe2O3/Al2O3catalyticmembrane
issmallerthanthatofparticlesin pristine

membrane.AndFe2O3/Al2O3catalystparticles
are20-50nmfortheagglomerationphenomenon
anddistributedequallyinthefunctionallayer.

Fromthecross-sectionviewinFig.2(f),

thecoatedcatalystwasimpregnatedintothe
ceramicmembranesubstratewithathicknessof
4-5μm which wasthickerthan1μm ofthe
pristinefunctionallayer.Therefore,thesol-gel
method withfacile membrane-formingPVA[9]

immobilized the catalyst and a uniform
membranesurfacewasprepared.

(a)pristineceramicmembrane
  (b)enlargedimageof(a) (c)cross-sectionofpristineceramicmembrane

(d)Fe2O3/Al2O3membrane
  (e)enlargedimageof(d) (f)cross-sectionofFe2O3/Al2O3membrane

Fig.2 SEMimages

During the preparation process, the
concentrationofPVAaffectsthethicknessof
thefunctionallayerandtheporesizeofthe
membrane.Thus,therelationshipbetweenpore
sizeofthe membraneand coatingtimes of
Fe(OH)3-Al(OH)3-PVA(PVA 3%,5%)sol
wasinvestigatedandthedatawerepresentedin
Tab.1.Fig.3(a)showstheporesizeofthe
3%-PVAmembranemarkeddecreaseswiththe
coatingtimesincreasing.Forexample,thepore
sizeis300.0nmafter5timesofcoatingwhile
theporesizereducesto47.6nmafter15times
ofcoating.AndFig.3(b)presentstheporesize
ofthe5%-PVA membranewith251.8,137.8
and115.9nmafter5,7,10coatingtimes(more
coatingtimesbroughtcrackonsurface).Thus,

       Tab.1 Poresizeandfluxof3%/5%-PVAFe2O3/Al2O3
membranewithdifferentcoatingtimes

w(PVA)/% times
MFP/

nm
flux/

(10L·m-2·h-1·MPa-1)

3

pristine

5

10

15

400.8

300.0

54.6

47.6

637.12

58.94

34.30

≈0

5

pristine

5

7

10

400.8

251.8

137.8

115.9

637.12

34.30

18.65

11.77

theporesizeof3%-PVA membranedecreases
muchfasterwithstableandsmoothsurface.The
reasonisthathighPVAconcentration would
increasetheviscosityofsol-gelandleadathicker
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functionallayer after dipped. And thicker
functionallayeriseasiertocrackthanthinone
duringthecalcinationprocesswhichmaybedue
totheinfluence ofthermalconductivity[10].
Therefore,theoptimumPVAconcentrationof
Fe(OH)3-Al(OH)3-PVAsol-gelis3%.

  (a)3%PVA

  (b)5%PVA

  (c)fluxofFe2O3/Al2O3membranecoatedby
3%PVAwithdifferenttimes

Fig.3 PoresizedistributionofFe2O3/Al2O3membrane

Tab.1alsoshowsthepurewaterfluxof
these3%-PVA membraneswith5,10and15
coatingtimes.Theporesizeandthefluxgradually
decreaseasthecoatingtimesincreases.Theflux
significantlydropsto343L·m-2·h-1·MPa-1

after10coatingtimes.Andthefluxislittleat15
coating times at 0.1 MPa test pressure.
Therefore,the3%-PVA membranes with10
coatingtimesareusedtobethecatalyticwet
oxidation catalysts ultrafiltration membranes

withaneyeofporesizeandflux.
Thermogravimetricanalysisisaneffective

measuretoanalyzethecalcinationprocess.As
illustratedinFig.4,thecurvesofPVA and
Fe(OH)3-Al(OH)3-PVAexistasimilartendency
andkeepconstantaftercompletedecomposition
ofPVAat550 ℃.ComparedwiththePVA
decomposition,thefirstrapid weightlossof
Fe(OH)3-Al(OH)3-PVAfrom110℃to180℃
isduetotheevaporationofabsorbedwaterin
sol-gel.Thesecondfastdeclined processof
preparedsol-gelfrom235 ℃to275 ℃ mostly
belongstothedecompositionofPVA.Weight
lossfrom275℃to500℃isduetotheoxidation
ofFe(OH)3-Al(OH)3 sol-gelandfurther
decomposition of PVA, while the thermal
stability of PVA may be affected by the
existenceofaluminumandironoxides[8].Little
weightlossisobservedforthesol-gelafter
500℃ whichindicatesthesol-gelhas been
transformedtotargetcatalystcompletely.To
avoidresidual PVA,550 ℃ is chosen for
catalystpreparationinthefollowingexperiment.

Fig.4 ThermogravimetricanalysisofFe(OH)3-
Al(OH)3-PVAsol-gel

TheXPSspectraofthepreparedsampleare
showninFig.5.Fig.5(a)isafullspectrumof
thecatalystwhichmeanstheexistenceofAl,Fe
andOelements.Thediffractionpeaksbetween
710eVand725eVareattributedtotheFe2p
diffractionpeakanditshigh-resolutionmapis
presentedinFig.5(b).Itcanbeseenthat710.9
eVand724.6eVcorrespondtoFe2+2p3/2peakand
Fe2+2p1/2peak,712.3eVand726.4eVcorrespond
toFe3+2p3/2 peakand Fe

3+
2p1/2 peakrespectively.

Furthermore,thepeakat719.2eV isthe
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satellitepeakofFe3+2p3/2,and714.7eVand733.5
eV correspond to Fe2+sat2p3/2 and Fe3+sat2p1/2
separately.In all,thecompositionsofiron
whichloadon membranearemainlyFeOand
Fe2O3.

(a)fullspectrum

(b)Fe2pspectraofFe2O3/Al2O3catalyst

Fig.5 XPSspectra

The crystal structure of the prepared
catalystwascharacterizedby XRD,andthe
resultsareshownin Fig.6.Throughphase
analysis,combinedwithastandardXRDcard
(JCPDS card No.50-0741),the calcined
aluminaexhibitscharacteristicpeaks (311),
(400)and(440)ofγ-Al2O3at37.54°,45.67°
and66.60°whichdemonstratethepresenceofγ-
Al2O3.Comparingtothestandardcard(JCPDS
cardNo.33-0664),characteristicpeaks(104),

       

Fig.6 XRDanalysisofcatalyst

(110),(024)and(116)indicatethepresenceof
ironoxide.However,thesepeaksofironoxide
arenotobviousforthereasonthataluminais
relativelylargeandcoversironoxide.
2.2 CatalyticperformanceofFe2O3/Al2O3membrane

Control experiments were conducted to
comparethephenolremovalefficiencyofcross-
flowmodelwithflow-throughmodel.Thecross-
flowmodelcontrolexperimentssimulateafixed
bedthatthemasstransferonlyoccursonthe
surfaceofcatalyst.AsseeninFig.7,abetter
degradation efficiency is obtained in flow-
throughmodelthanthatincross-flow model.
Thismightberelatedtobettermasstransferin
flow-through model.Therefore,itcould be
concludedthattheflow-throughFe2O3/Al2O3
membrane coupling CWPO is beneficial to
improvedegradationefficiency.

Fig.7 Controlexperimentsonphenoldegradationrate
(10mmol/LH2O2,0.3MPa,pH6)

The home-made catalytic wet peroxide
oxidationmembranereactorwasadoptedinthis
study,andphenolwasselectedasthetarget
contaminant.Theinitialmassfractionofphenol
was100×10-6.Experimentswereconductedat
differentpH,temperatures,pressuresandthe
concentrationsofH2O2toseekforanoptimal
reactioncondition.

TheeffectofpHwasinvestigatedprimarily
with10mmol/LH2O2under0.3MPa,90℃.
AsillustratedinFig.8,theconcentrationof
phenoldecreaseswithtimeinallcases.Andthe
highestreactionefficiencyisobtainedininitial
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phenolsolution (pH= 6)with95% phenol
removalratewithin60min.Moreover,phenol
removalratedecreaseswiththedroppingpH
from 6 to 3, which is different to the
performanceofFe2O3/Al2O3 particlescatalyst
reportedpreviously[11].Thisunusualresultmay
beduetotheflow-throughmodelwhichcauses
ironionstopassthroughthemembranewithout
beinginvolvedinthereaction,ascanbeknown
thatincreasingacidityofthesolutionleadsto
moredissolutionofthemetalion.Whenthose
activeironionsleachanddrainwithflow,the
phenolremovalratedecreases.Takingtheremoval
efficiencyandstabilityintoconsideration,pH6
isoperatedinthefollowingexperiment.

Fig.8 EffectofinitialpHonphenoldegradationrate
(10mmol/LH2O2,0.3MPa,90℃)

Theoxidationofphenolonthecatalyticwet
peroxide oxidation membrane at different
temperatureswasinvestigated,andtheresults
arepresentedinFig.9.Itcanbeseenthatthe
temperature has a significant effect on the
degradationefficiencyofphenol.Forexample,

95%degradationefficiencyisgotat100 ℃in
50min,whichis muchlargerthanthe8%
       

Fig.9 Effectofworkingtemperatureonphenol

degradationrate (10 mmol/L H2O2,0.3

MPa,pH6)

degradationefficiencyat70℃.Moreover,nearly
100%degradationefficiencyisattainedat90℃
after60 min,whichiscomparablewithitat
100℃.Itisenergy-savingthatthereaction
temperatureisselectedat90℃.

Theworkingpressureisacrucialparameter
inthissystem,asithasasignificantimpacton
theflowratethatliquidpermeatesthroughthe
catalytic membrane and reaction rate. The
resultsofphenoldegradationperformedunder
differentpressuresat90℃areshowninFig.10.
Itcouldbeseenthatthedegradationefficiency
under0.5MPapressureisthelowest.Thisis
attributedto thattheflow-through rateis
quickerthanthereactionrate,sotheoxidation
can'treactcompletely.Thedegradationefficiency
ofphenolat0.2MPaislessthantheonesat0.3
and0.4MPaduetolowreactionrateunder0.2
MPa.However,highpressurebringshighflow
rate (Tab.2)andreactionrate,andlow
pressureleadstolowflowrateandreactionrate.
Theresultsunder0.3and0.4MPabothshowa
betterphenoldegradationperformancethan0.2
MPa,sinceatrade-offissetupbetweenflow
rateandreactionrate.Theflowrateat0.4MPa
is2.4timesofthatat0.3 MPa whenthe
degradationefficiencyissimilar.Inconsideration
       

Fig.10 Effectofworkingpressureonphenol

degradationrate (10 mmol/L H2O2,

90℃,pH6)

Tab.2 Flowrateatdifferentworkingpressures

workingpressure/MPa flowrate/(mL·min-1)

0.2 0.45

0.3 1.09

0.4 2.61

0.5 3.45
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ofwatertreatmentperformanceandeconomical
efficiency,0.4MPaischosenastheoptimized
workingpressure.
InitialconcentrationoftheH2O2isalsoan

importantfactor for the removal efficiency
duringCWPOprocess.Theresultsshownearly
nophenoldegradationisobservedontheFe2O3/

Al2O3catalyticmembranewiththeabsenceof
H2O2(Fig.11(a)).Thedegradationefficiency
increasesfrom5mmol/L H2O2to20mmol/L
H2O2forthereasonthathigherconcentration
H2O2generatesmoreoxidizing•OHtoenhance
thephenolremoval.However,comparedwith
thatof20mmol/LH2O2,theremovalefficiency
at30mmol/LH2O2reduces.Thereasonisthat
excessH2O2suppressesthegenerationof•OH
and forms less reactive species such as
hydroperoxylradicals,whichcouldbehardto
participateinthereaction[12].

(a)EffectofH2O2concentrationonphenoldegradation

rate(0.4MPa,90℃,pH6)

(b)PhenoldegradationandTOCremovalrate(20mmol/L
H2O2,0.4MPa,90℃,pH6)

Fig.11 PhenoldegradationandTOCremovalrate
underdifferentconditions

Atthe optimized conditions,the TOC
conversionis70%,theconcentrationofTOC
decreasesfrom 70.23 mg/Lto21.52 mg/L

(Fig.11(b)),which means a fast rate of
mineralizationbutstillhassomeresidualby-
products,such as acetic acid,oxalic acid,

hydroquinoneandcatechol[13].
2.3 Stabilityand reusability of Fe2O3/Al2O3

membrane
Theironleachingconcentrationisanindicator

to evaluate the stability and environmental
securityofcatalyst.AsshowninFig.12,about
0.4mg/Lironleachesintoeffluentin150min
(pH6,90℃,0.4MPa,20mmol/LH2O2),

whichisfarlessthan2mg/L(theenvironmental
standardimposedbytheEuropeanUnion).In
the mass,the negligible leaching of iron
suggeststhatthe Fe2O3/Al2O3 membraneis
stable enough to work as a heterogeneous
catalyticmembraneinCWPOprocess.

Fig.12 Ironleachingconcentrationwithreactiontime
(20mmol/LH2O2,0.4MPa,90℃,pH6)

Thestabilityandreusabilityofthecatalyst
arealsoimportantindicatorsfortheperformance
ofthecatalyst,exceptforthecatalyticactivity.
Asshownin Fig.13,in five consecutive
experiments,theremovalratesofphenolare
98%,99%,97%,95%,94% respectively
whichindicatethegoodstabilityofFe2O3/Al2O3
membraneinthe CWPO process.The good
recyclabilityensurestheservicelifeofthemembrane
whichmeansabetterapplicationprospect.
2.4 Reactiveoxidativespeciesandmechanism

discussion
Thereactiveoxidativespeciesgeneratedin

Fe2O3/Al2O3membranecatalyzedCWPOprocess
weredetectedbyusingelectronparamagnetic
resonance(EPR)measurementwithDMPOasa
trappingagent.Asshownin Fig.14,no
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Fig.13 ReusabilityofFe2O3/Al2O3 membraneon

phenoldegradation (20 mmol/L H2O2,

0.4MPa,90℃,pH6)

characteristicpeaksareobserved with H2O2
alone. However, once the Fe2O3/Al2O3
membraneisadded,fourcharacteristicpeaks
withanintensityratioof1∶2∶2∶1which
correspond to DMPO-•OH adduct are
observed[14].Thisresultindicatesthat•OHis
themainreactiveoxidativespeciesgeneratedin
Fe2O3/Al2O3 membranecatalyticreaction.For
theFe2O3/Al2O3 membranecatalyticsystem,

thecatalyticmechanismissimilarwithFenton-
likereaction.Inlightoftheexperimentalresults
inthispaperandpreviousliteratures[15-16],the
followingcatalyticmechanismisproposed.

Fig.14 EPRspectraofDMPO-radicaladductsin
differentreactionsystems

≡Fe(Ⅲ)+H2O2→≡Fe(Ⅱ)+HO2•+H+ (2)

≡Fe(Ⅱ)+H2O2→≡Fe(Ⅲ)+•OH+OH- (3)

C6H5OH+•OH→C6H5O•+H2O (4)

≡Fe(Ⅲ)+HO2•→≡Fe(Ⅱ)+O2+H+ (5)

HO2•+H2O2→•OH+H2O+O2 (6)

•OH+H2O2→HO2•+H2O (7)

3 Conclusions

Insummary,akindofFe2O3/Al2O3catalytic
membraneforCWPO waspreparedbysol-gel
method and calcination process on tubular
ceramicmembranes.Theporesizeofcatalytic
membraneisabout50nmafteroptimizedby3%
PVAand10coatingtimes.InthefurtherCWPO
experiments, the Fe2O3/Al2O3 catalytic
membraneexhibitshighactivityforcomplete
phenoldegradationand70% TOCremovalrate
within150minunder90℃,0.4MPapressure,

pH6and20mmol/LH2O2reactionconditions.
Moreover,ironleachingconcentrationisonly
0.41 mg/Landthestabilityofmembraneis
goodafterfiveconsecutiveexperiments.The
mainreactiveoxidationspeciesinthisreactionis
•OH.This work hasa prospectusingin
practicalapplicationandprovidessomethoughts
about the treatment of high concentration
organicwastewaterwithtubularmembranes.
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催化湿式过氧化氢氧化耦合Fe2O3/Al2O3膜分离处理有机废水
刘 祎 玮, 全  燮*, 陈  硕, 于 洪 涛, 杜  磊

(大连理工大学 工业生态与环境工程教育部重点实验室,辽宁 大连 116024)

摘要:为提高有机废水的降解效率,设计了一种耦合陶瓷管式膜分离和催化湿式过氧化氢

氧化(CWPO)技术的反应器.通过溶胶凝胶法将Fe2O3/Al2O3 催化剂涂覆到陶瓷管式膜基

底上.并通过控制PVA的浓度和涂覆次数,将制备的膜孔径优化到超滤范围.在进行的

CWPO实验中,优化了pH、温度、压力和 H2O2 浓度操作条件.实验表明,在20mmol/L
H2O2,pH=6,90℃和0.4MPa的反应条件下,苯酚在150min内能完全降解,TOC去除率

为70%.5次连续重复实验和溶出测试表明Fe2O3/Al2O3 陶瓷膜具有良好的稳定性和可重

复性.该反应器耦合CWPO与膜分离技术为有机废水处理领域提供了新的思路.

关键词:催化湿式过氧化氢氧化;Fe2O3/Al2O3 膜催化剂;苯酚;高级氧化技术
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