
Analysis of nitrate removal rate in a continuous
column denitrification reactor using hydrogen
generated by electrolysis

言語: eng

出版者: 

公開日: 2017-10-05

キーワード (Ja): 

キーワード (En): 

作成者: 

メールアドレス: 

所属: 

メタデータ

http://hdl.handle.net/2297/16427URL



氏名

生年月日

本籍

学位の種類

学位記番号

学位授与の日付

学位授与の要件

学位授与の題目

DＡＤＡＮＧＳＵＨＥＮＤＡＲ

インドネシア

博士(工学）

博甲第４４８号

平成１３年９月２８曰

課程博士(学位規則第４条第１項）

ＡｎａｌｙｓｉｓｏｆＮｉｔｒａｔｅＲｅｍｏｖａｌＲａｔｅｉｎａＣｏｎｔｉｎｕｏｕｓＣｏｌｕｍｎ

ＤｅｎｉｔｒｉｆｉｃａｔｉonReactorUsingHydrogenGeneratedbyElectolysis
(電気分解による水素を利用した脱窒反応装置の速度解析）

林良茂(工学部・教授）

清水宣明(工学部・教授）大谷吉生(工学部・教授）

川西琢也(自然科学研究科・助教授）池本良子(工学部・助教授）

０

論文審査委員(主査）

論文審査委員(副査）

学位論文要 旨

ABSTRAC

Anautotrophiccontinuousdenitrificationprocess，usinghydrogengeneratedbyelectrolysiswith
activatedcarbonanodes,wereexperimentallydemonstratedtobeaneffectivenitrateremovalprocess,Several
fixedbedcolumnswithpolypropylenepackingandhoney-combshapedactivatedcarbonanodesandstainless

rodcathodesweresetinthermostatchamｂｅｒｏｆ３０ｏＣ,andthenpotassiumnitrateemichedtapwater,、itrogen
concentrationof30mg-N･'1,wassuppliedatvariousflowratesandelectriccurrents(1.5~6ｍＡ)．Although
theanodeisinthesamecolumnwheremicrobesgrow,sufficientnitrateremovalwaSobservedForexample，
９４％ｏｆｎｉｔｒａｔｅｗａｓｒｅｍｏｖｅｄａｔｔｈｅＨＲｒｏｆａｓｓｈｏｒｔａｓ1.8ｈｆＯｒａｎｅｌｅｃｔｒｉｃａｌｃｕｒｒｅｎｔｏｆ６ｍＡ・Amodel

assumingsuccessivcnitrateandnitritercductionsandplug-flowprocess，nitratereductionrate＝Ａｉ

[NO3][H2],andnitritereductionrate＝ﾉﾋ2[NO2][H2]L5wasconstmcted・CalculatedresultswitM,=1.3ノ・
mmor1.ｈｱ'ａｎＭ２=3.3ﾉL5.,mol~15.ｈ~lagreedwellwiththealltheexperimentalresults・

Theeffectofincreasingelectriccurrentonthedenitrificationratewasinvestigatedinthesame
columnsrunatO､55hrandllhrhydraulicretentiontime(HRr).Attheelectriccurrentof20mA,７６％ofthe

nitrｏｇｅｎｗａｓｒｅｍｏｖｅｄｆｏｒＨＲｒｏｆＯ５５ｈｒａｎｄ９１％ｆｏｒ1.1ｈｒ・Byfittingtheresultswithmodelpreviously
constmcted,ｗｅｇｏｔｖａｌｕｅｓｏｆｋ,=3.95,k2=4.OOfOrO､Ｓ５ｈｒＩＲｒ,ａｎＭ１=０．９５ａｎＭ２=0.60for１．１hrHRT､Also，

byusingthemodel,weestimatedthenecessaryelectriｃｃulTentsfOr95％removalofnitrogenis25mAfOrO55
hｒＨＲＴ,ａｎｄｌ６ｍＡｆＯｒ1.1ｈｒＨＲＴ・Althoughtheparametersdescribingthesystem,AEnk2aredifferentfrom

thoseobtainedfOrelectriccurrentsrangin９１．５～6ｍＡ，theestimatednecessaryHRTfOr９５％removalof

nitrogenwasingoodagreementwiththetrendestimatedbythe1.5～6mAexperiments．

ｌＮＴＲＯＤＵＣＴＩＯＮ

Ｄｕｒｉｎｇｔｈｅｌａｓｔdecade,thepresenceofnitrateingroundandsurfacewatershasbecomeofincreasing
conceminmanypartoftheworlｄＮｉｔｒａｔｅｉｎｉｔｓｅｌｆｉｓｎｏｔａｈｅａｌｔｈｐｒoblem，butwheningesteditcanbe
convertedintonitrite・Inturn,nitritecanleadtombluebabysyndromeⅡ(methemoglobinemia),ablooddisorder
primarilyaffectinginfantsundersixmonthsofage・ThedrinkingwaterstandardofJapanandTheWorld

HealthOrganization(WHO)havesetthemaximumcontaminantlevclatlOmgr1fOrnitrate-nitroge､(NO3-N)．
Autotrophicbiologicaltreatmentthatutilizeshydrogengasasanelectrondonorisoneofthe

treatmentmethodsfOrremovalofnitratesfromwaterresources､Thismethodhasseveraladvantages:noneed
fOranextemalorganiccarbonsource,thesubstrateusedishydrogen,whichiscompletelyharmlesstopotable
water,andlesssludgeproductionSakakibaraandKurodaproposedamethodfOrremovingnitrateusinga
denitrifyingbiofilm-electrodereactor（BER)，whichutilizesimmobilizationofautotrophicdenitrifying
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microorganismsonthesurfaceofthecarbonelectrode・Hydrogengasproducedbyelectrolysisofwaterinthe

cathodeisusedasanelectrondonorlthasbeenexperimentaUydemonstratedthatsimultaneousdenitrification

byhydrogengasproducedinthecathodeandneutralizationbyCO2producedintheanodeoccurredwhenan

electriccurrentwasapplied

lnthisstudy，themechanismofreactioninautotrophicbiologicaltreatmentfOrremovalofnitrate

usinghydrogengasproducedbyelectrolysisofwaterasanelectrondonorwasexaminedAfixbedreactor

withpolypropylenespongesascarnermaterialfOrmicrobialbiomasswasusedHoneycombcarbonand

stainlesswirewereusedasanodeandcathoderespectively,andplacedatthebottomofthereactorToexpress

therelationshipbetweendenitrificationreactionrate，nitrateandnitriteconcentrationandelectriccurrent，a

kineticmodelwasａｌｓｏdeveloped

ＭＡＴｍｍＡＬＡＮＤＭＥＴＨＯＤ

ＳｃｈｅｍａｔｉｃｄｉａｇramoftheexperimentalapparatususedinthisstudyisshowninFig・LThesystem

consistsofcylindricalreactorwithaheightofl20mmandanintemaldiameterof27Smm,DCpowersupply，

electrodesandperistalticpumpThe50-mmheightofthereactorwasfilledwithpolyurethanesponges,which

allowaccumulationofthemicrobialbiomass・SincethesizeofthereactorissmaU,polyurethanesponge,which
haslightweighandwidesurfacearea,isappropriatefOrthisstudy・Theeffectiveliquidvolumewas25m/and

surfaceareaofthepacking-bedｗａｓ10.5cm2．cm8-reactor､Ahoneycombactivatedcarbonanode(l2mmx
lZmmx30mm)andthreestainlesscathodeswereusedfOrtheelectrodesandplacedatthebottomofthe

reactor・Ｔｈｅｓｕｒｆａｃｅａｒｅａｏｆｔｈｅａｎｏｄｅａｎｄｃａｔｈｏｄｅｗｅｒｅｌ４４０ｍｍ２ａｎｄｌＯ８ｍｍ２，respectively・Thefeed
solution(influent)waspreparedbydissolving30mg-Nr1potassiumnitrateintapwater・Otherinorganic
substancesorgrowthnutrientssuchasphosphatewerenotaddedtothesolution、

BefOrestartingtheexperiment,fOrestablishmentofthemicrobialbiomassinthecamermaterial,the

feedsolutionmentionedabovewasfedintothereactorcontinuousｌｙｗｉｔｈｆｌｏｗｒａｔｅｏｆ２５０ｍ/･d1andaconstant
electriccurrent(3ｍＡ)wasappliedfOraperiodofabouttwomonths・Samplesweretakenfromtheeffluentof

thereactorfOrtwiceaweekThenitrateandnitriteconcentrationsweremeasuredwithIonChromatography・
Theexperimentswerestartedafterconstantnitrateremovalratewasobtainedlntheexperiments，

hydraulicretentiontime(HRrDwasshortenedinstepwisemanners・Thedetailsoftheexperimentalconditions
areshowninTablel､Atfirst,３mAofelectriccurrentwasappliedtｏＣｏＬ１~4.Afterthat'１．５mAand6mAof

electriccurrentwereappliedｔｏＣｏ1.2,4ａｎｄＣｏ1.1,3,respectively,andHRTwereshortenedinstepwise､The
changesofconcentrationofcomponentsintheeffluentwereinvestigated・Here，hydraulicretentiontimeis

definedasdividingflowratewiththceffectiveliquidvolumeofcolumn(２５，０Theeffluentnitrateandnitrite
concentrationandpHweremeasuredwithIonandpHMeter,respectively．

TablelExperimentalcondition
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Ｆｉｇｕｒｅ２ｓｈｏwstheexperimentresultswithstepdecreasesinHRTatelectriccurrenｔｏｆ３ｍＡ・Inthe
figure,HRTisshowedbysolidline・Atlow
IlRr，almostcompletereductionofnitratｅ－１１

wasachicvcdHowcver,slightproductionof言９
nitlitewasoccurred、Withthedecreaseof‐

３３
IZRTcausedarapidriseinnitrateandnitrite、
Thesamcresultswereobtainedinｅａｃｈ－３０

～

coluInnanddifferentelectriccurrent・Inthe±２５

samefigUre,thechangesofpHintheeffluent堂Zo
areshown、InfluentpHisalmoststableg

around7aAsshowninequation(1)，言１５
becauseofdenitrificationactivity，thc51O
effluentpHishigherthaMheinfluentpHg5
TheeffluentpHisaround8~9．
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ｓａｍｅcolumn，denitrificationactivityhas
occurredltisconsideredthatanodealmostFig・ＺＣｈａｎｇｃｉｎｐＨ，nitratcandnitriteconcentrationｗｉｔｈＣｈａｎｇｃｉｎｐＨ，nitratcandnitrite

stepwisedecreaseinHRT(3ｍＡ)．doesnotproducetheoxygen，whichwas
experimentallyconfirmedThesameresult
wasreportedbyKinoshita（1988）thatinthecarbon
anode,carbondioxideisproducedinsteadofoxygen・The
samereactionsasKinoshitareportedmightbeoccurred

inthisstudy．
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EffectofelectIiccurrentandHRTonnitrateand

nitriteconcentration

lnordertogettheplotofconcentrationsagainst
I丑Utheaverageofeffluentnitrateandnitrite
concentrationineverystｅｐｏｆＩ丑rrwascalculatedand
showninFi9.3．

ThestoiChiometricreactionofthe

hydrogen-basedautotrophicdenitrificationisasfO11ows：
ＺＮＯｉ＋5Ｈ２－－Ｎ２＋4H２０＋Z0H- （１）

BascdonFaradayIslawandthestoichiometryinEq.(1)，
theminimumIZUwascalculatedanｄｓｈｏｗｎｂｙｂｒｏｋｅｎ

ｌｉｎｅｉｎｔｈｅＦｉｇ３・Fromthefigure，bothofnitrateand
nitriteconcentrationsremainintheeffluentwhenｔｈｅ

ｌｚＲＴｉｓｓｍａｌｌｅｒｔｈａｎｔｈｅｍｉｎｉｍｕｍｍｎ．TherefOre，in

ordertoreducenitrateandnitritecompletely,thevalueof

IZ（ｒｍｕｓｔｂｅｈｉｇｈｅｒｔｈａｎｔｈｅｍｉｎｉｍｕｍＨＲｒ・These

resultssuggestthatdenitrificationoccurredinthereactor
iscontrolledbytheamountofhydrogengas・

Inseveraltypedenitrificationprocesses，the
nitriteaccumulationsareusuallydetectedThereasonfOr
theaccumulationofnitriteintheefnuentinthisstudyis

notclear・nlerelationshipbetweenaccumulationof
nitriteandI丑RTorelectriccurrentcouldbeseenｉｎｔｈｅ

Ｆｉｇ３，however，correlationtootherdata，ｉ､e・ＤＯ，
temperatureandpH,arenotunknown､Itisassumedthat
thestepsofreductionfromnitratetonitriteandfrom
nitritetonitrogenaredonebydifferentenzymesormic
takenpriority．
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Ｉｎｔｈｉｓｓｍｄｙthedenitrificationprocessisassumedasconsecutivereaction,andthereactorisassumed
asplugflowreactor(PFR)withconstantdensityDenitrificationmodelwasderivedasfO11ows：

Ｎａ＋Ｈ２－－ＮＯ五＋Ｈ２０ （３）

ＮＯ豆＋1.5Ｈ２－－→0.5Ｎ2＋Ｈ２０＋ＯＨ－ （４）

Here，thereactionratesareapproximatedbyassumingthatrateequationscorrespondtoastoichiometric
equation・Thenitratereductionrate＝ん,[NO3][H2],andnitritereductionrate＝剛NO2~][H2]L5arewrittenas：
rNo3＝Ａ１[NO3~][H2]andrNo2＝A2[NO2~][H2]'５，respectively,whereAIandAMrereactionrateconstantsfOr
nitrateionreductionandnitriteio、reduction,respectivclyFromthecalculationbynumericalmethodfOund

thatAE,＝1.3ルｍｍｏｌ~'｡h~'andAE2=3.3ノL５．，mol~15.ｈ~lconfOrmedverywelltotheexperimentdatainithisstudy，
results・ThecalculationresultsareshowninFig3bysolidlines・

StudiesｏｆthenitrateremovalrateusinghydrogenasanelectrondonorhavebeenverylimitedKurt

etal.（1987）andSakakibaraetaL（1994）reportedthatmodelcalculatedbyMichaelis-mentenequation
adequatelyconfOrmedtotheexperimentalresultsNitratereductionrate(rNo3)andnitritereductionrate(rNo2）
obtainedbyKurtetaLarel､21~1.64[mmol-Nr1lI1]ａｎｄ0.86~1.29respectively・Ginocchio(1980)studied
denitrificationinthereactorwithindirectHzinputandrecirculationofwater・Withaninfluentconcentratiollｏｆ

ｌ６ｍｇ－ＮＪ１ａｎｄａｒｅｓｉｄｅｎｃｅｔｉｍｅｏf20minutes,adenitrificationrateof238mmol-ＮＺ１ｌｒ１ｗａｓｒｅａｃｈｅｄＴｈｅ
ｍａｘｉｍｕｍｎitrateandnitritereductionrateobtained

fromthepresentstudyattheelectrｉｃｃｕｒｒｅｎｔｏｆ６ｍＡ
●Valueobservedatl＝1.5～6ｍＡ

are２．０２ｍｍｏｌ－ＮＪｌｌＴ１ａｎｄ1.66mmol-Nrlli1，
△Valueestimatedatl=4.5～20ｍＡ

respectively・Theresultsfromthepresentsmdyare lOO

almostequalcomparingwiththeresultsmentioned
above

F-10
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国
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因

１
InordertoincreaseperfOnnanceoftreatment

inremovingnitrateandminiaturizingthereactor,itis
desirabletoreduceHRr・However，thevalueelectric

O1
currentshouldbeincreasedwhentheIⅢrrislow・Since

hydrogensolubiUtyinwateriｓｌｏｗ,increasingelectric
currentdoesnotalwaysincreasetherateofnitrate
removal、 Fig.４

0.1 １１０

Current[mA］

100

lこIIluvnl．Fig.４DependenceofHRTontheelectriccurrcnt

Theeffectofincreasingelectliccurrentonthe undcrconditionｏｆ９５％nitrogenrcmovalrate
denitrificationratewasinvestigatedinthesame

columnsrunatO55hrand1.1hrhydraulicretentiontime(HRr).Attheelectriccurrentof20mA,76％ofthe

nitrogenwasremovedfOrHRTof０．５５ｈｒａｎｄ９１％fOrllhrByfittingthciresultswithmodelpreviously
constructed,wegotvaluesofAF,=3.95,ｋ2=4.OOfOrO・Ｓ５ｈｒＨＲｒ,ａｎＭ１=0.95ａｎｄｋ２=0.60for1.1ｈｒＩⅢr,Also，

byusingthemodel,weestimatedthenecessaryelectriccurrentsfor95％removalofnitrogenis25mAforO55
hｒＨＲＴ,ａｎｄｌ６ｍＡｆＯｒＬ１ｈｒＨＲＴ・

TherelationbetweenappliedelectriccurrentandHRrneededfOrobtaining95％ｏｆnitratereduction
rateisshownin団9.5.FromthefigUre,itisfOundthatalthoughtheparametersdescribingthesystem,Ａ１,A2are
differentfiPomthoseobtainedfOrelectriccurrentsranging1.5～6ｍＡ,theestimatednecessaryIZRTfOｒ９５％
removalofnitrogenwasingoodagreementwiththetrendestimatedbythｅ1.5~6mAexperiments､Ｆｒｏｍthis,it
isknownthatbymcreasingthevalueoftheelectriccurrent,thecolumncanbeoperatedinloｗＨＲＴ・

Adenitrifyingbiofilm-electrodereactor(BER),whichinvolveddirectimmobilizationofautotrophic
denitrifyingmicroorganismsonthesurfaceofthecathodewasproposedbySakakibaraandKurodaltthis

system,sincethetransferofnitrateiontothesurfaceoftheelectrodeisdrivenbythepotentialgradient,thenet
denitrificationratereachthelimitvaluewithincreasetheelectriccurrentdensity・ＴＴｍｓ,thesystemhastobe
operatedinthelinearzonewherethedenitrificationrateincreaseslinearlywithelectriccurrent､Inthepresent
study，itisconsidered，sincedissolvedhydrogenisusedanddenitrificationisdonebythemicroorganism
immobilizedonthesurfaceofthepacked-bed,theeffectofthepotcntialgradientisnegligible．
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Nitrateremovalbycontinuouscolumnreactorsusinghydrogengeneratedbyelectrolysisisprovedto
beaneffectivemethodResultsshowthatthenecessaryHRTandthehydrogenefficiencyisatrade-off・For
commercialuse,wehavetoConsiderthetrade-offbetweentheIZRTandhydrogenefficiency,ａn．also,alow

cost,easilyexchangeablecarbonanodearerequiredtobedeveloped．

ＣＯＮＣＬＵＳＳＩＯＮ

Ａｃｏｎｔｉｎｕｏｕｓｃｏｌｕｍｎｄｅnitrificationreactorusinghydrogengeneratedbyelectrolysiswasdeveloped

andsatisfhctorydenitrificationwasachievedEffectofhydraulicretentiontimeandelectriccurrenttonitrate
removalratewasexamined,ａｎｄthefOUowingresultswereobtained：

1）Thetypeofcarbonanodeusedcouldaffecttheexperimentalresults
2）Althoughanode,cathodeandpackingmaterialwereplacedinthesamecolumn,satisfactorydenitrification

wasachieved・Thatis,productionofoxygeninanodeisinhibited

3）ThekineticmodelfOrdenitrificationreactionwasdevelopedandthereactionrateconstantswerecalculated
CalculationresultsusingRunge-KuttafOurthordermethodshowthatthevalueofkＩａｎｄＡ２ａｒｅ
1.3,mol~１．ｈ~'ａｎｄ３３ｍｍｏｒ１．５．ｈ~1,respectively､Theresultspredictedbythemodelagreefairlywellwith
theexperimentalresults、

4）Ｉｎｏｒｄｅｒｔｏｐreventnitriteintheeffluent,thissystemmustbeoperatedintheconditionwherenitrate

concentrationsapproachtozerowithsufficientelectriccurrentorHRT

5）Inthecolumnsmnatthehighelectriccurrent,althoughtheparameterdescribingthesystemk1anM,are

differentfromthoseobtainedfOrelectriccurTentrangingL5～６ｍＡ,theestimatednecessaryHRTfOr９５％

、itrogenremovalwasingoodagreementwiththetrendestimatedbytheL5~６mAexperiments．
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学位論文審査結果の要旨

平成１３年８月７日に第１回学位論文審査会を開催して本論文の内容を検討し，８月９日の口頭発表，同日

開催の第２回審査会における最終審査により，下記の通り判定した。

本研究は，電気分解を用いて水素を発生させ，それを電子供与体として，水中の硝酸態イオンを脱窒除去

する手法に関する研究である。近年，飲料水源の硝酸態窒素の汚染が進行し，その対策が必要となっている

が，本研究で提案されている方法は，電気分解により水素を供給するため，処理水量，濃度に応じた水素供

給量の制御が容易であるという特徴がある。本論文の成果はつぎの点に要約される。(1)アノードに炭素電極

を用いることにより，アノードとカソードが同一槽内にあっても，槽内の酸素濃度が上昇せず，脱窒が生ず

ることを明らかにした。(2)カラムを用いた実験的検討により，滞留時間および供給電流量が硝酸態窒素除去

率，亜硝酸態窒素残存率に及ぼす影響について定量的に明らかにした。(3)装置内の反応をモデル化し，実験

結果との比較から，反応が逐次反応プラグフローモデルで説明できることを明らかにした。(4)実験とモデル

から，十分な窒素除去を達成するに必要な滞留時間および供給電流量を明らかにし，電流供給量を増やせば

滞留時間を短くできるものの水素利用効率が低下することを明らかにした。

以上のように，本論文は飲料水源からの新たな窒素除去法について，開発，設計の基礎となる反応速度

について明らかにしており，工学的な価値は十分に高く，博士（工学）の学位を授与するに値する。
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