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Abstract:Nutrientremovalfromdigestedpiggerywastewater(DPW)usingmicroalgaeisofincreasing
interestasasecondarytreatmentpriortodischargetoavoidenvironmentalcontamination.Inthisstudy,
weinvestigatedthemainmechanismsinvolvedinammoniumremovalfromDPWbyOedogoniumsp.using
the15N massbalanceapproachwithafocusontherelationshipbetweenalgalgrowthandammonium
removalandthedominantammoniumremovalpathway.Wenoted96.2%ammoniumremovaland0.04~
0.15specificgrowthrateofOedogoniumsp.inthedilutedautoclavedDPWduringtheincubationperiod
and94.1%ammoniumremovaland-0.14~0.13specificgrowthrateinthedilutedrawDPW.Aeration
providedasignificantbenefittoammoniumremovalviathestrippingeffect,whichwasfavoredbythehigh
pHintheexperimentalconditions.Isotopemassbalanceanalysisindicatedthatbacteriapresentinthe
initialDPWhadlittleeffectonammoniumremovalintheexperiment.Algaluptakeandgaseouslosswere
thedominantpathwaysforNH4—NremovalfromthedilutedDPWusingOedogoniumsp.culturesand
accountedfor40.97%and32.59%ofthetotal15Namount,respectively.Regressionandpathanalyses
betweenNH4—NremovalanditsmaininfluencingfactorsindicatedthattoimproveNH4—Nremoval
efficiency,thelevelsofOedogoniumsp.anddissolvedoxygen(DO)shouldbeincreasedunderweakly
alkalineconditions.
Keywords:piggerywastewater;Oedogoniumsp.;ammoniumremoval;massbalance;algaluptake

基于15N质量平衡法研究养殖消化废水中氨氮的去除机理
王海萍1,2,郑立国1,佘佳荣3,曹群1
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摘 要:为避免养猪场消化废水对环境造成的污染,利用微藻去除消化废水中营养物质的二次处理

方法受到了广泛关注。采用15N质量平衡法研究了鞘藻去除氨氮的主要机理,重点研究了鞘藻生

长与氨氮去除的关系以及氨氮去除的主要途径。经高压灭菌后的消化废水在鞘藻培养期的氨氮去

除率为96.2%,鞘藻特定生长率为0.04~0.15;稀释后的原消化废水氨氮的去除率为94.1%,鞘藻



特定生长率为-0.14~0.13。通过曝气的汽提效应对氨的去除有显著的促进作用,尤其在高pH
值试验条件下更有利于脱氨。15N同位素质量平衡分析表明,原始消化废水中存在的细菌对氨氮的

去除影响小,在鞘藻培养期去除原消化废水中氨氮的主要途径是鞘藻的吸收和气体的损失,分别占

总氮量的40.97%和32.59%。氨氮的去除与主要影响因素间的回归和通径分析表明,要提高氨氮

去除率,需要提高鞘藻Chl-a含量和DO浓度,同时限制或保持pH值在弱碱性状态。
关键词:养殖废水;鞘藻;氨氮去除;质量平衡;藻类吸收
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  Anaerobicdigestionbymesophilicorthermophilic
bacteriaistraditionallyusedasaprimarytreatmentfor
piggerywastewatertoreduceorganicmatter,waste
volume,andodorsandtorecoverbiogas[1].However,

nutrientlevels(especiallyammonium)arenotreduced
duringanaerobicdigestionbecausethemicroorganisms
employed are generally incapable of sufficient
autotrophicmetabolismofinorganicnitrogen[2].The
dischargeofdigestedbutotherwiseuntreatedpiggery
wastewaterresultsinexcessivenutrienttransportand
induces aquatic eutrophication, groundwater
contamination,andsoildegradation[3].Forthese
reasons,manystudieshavefocused on effective
secondarytreatmentstoremovenutrientsfromdigested
piggerywastewater(DPW)priortodisposal.

MostofthenitrogenretainedinDPWafter
anaerobicdigestionisintheformofammonium
nitrogen,whichisreadilyavailableforusebyalgae
in photosynthesis[4-5]. Previous studies have
demonstratedthatmanygeneraofmicroalgae,such
asChlorella,Scenedesmusand Neochloris,are
capableofnutrientremovalfromdigestedlivestock
effluentviauptakeintocells[6-7].Forexample,

ammoniumataninitialconcentrationbetween81
and178mg/Lwascompletelyremovedwithin21days
fromdigestedanddiluteddairymanureandthenused
asanutrientsupplementforthecultivationofChlorella
sp.[8].Scenedesmussp.removesammonium at
ratesof5.20~6.46mg/(L·d)whenseededata
concentration range of 0.5 ~ 1.5 g/L in
anaerobicallydigestedlivestockwasteeffluent[9].
Neochlorisoleoabundansassimilates90%~95%of
theinitialnitrateandammoniumineffluentafter
sixdays[10].

ThereportedNH4—Nremovalefficienciesvary
byalgaespecies,initialnutrientconcentration,and
environmentalconditions.Acomparisonoftheabilities
offourgreenmicroalgae(Hydrodictyaceaereticulatum
Lag.,Scenedesmusobliquus,Oedogoniumsp.,and
Chlorellapyrenoidosa)andthreeblue-greenalgae
(Anabaenaflos-aquae,OscillatoriaamoenaGom.,

andSpirulinaplatensis)toremovenutrientsfrom
dilutedDPWsuggeststhatOedogoniumsp.isvery
effectiveatremovingnutrients,especiallyNH4—N,

whichis present at an initialconcentration of
approximately55mg/L[11].Theuseofmicroalgaefor
wastewatertreatmentoffersotheradvantages,suchas
low cost,the possibility of recycling nutrients
assimilatedintoalgalbiomassasfertilizer,andthe
dischargeofoxygenatedeffluentintowaterbodies[3].

AlthoughanOedogoniumsp.-basedsecondary
wastewater treatment process provides great
potentialforNH4—Nremovalfrom DPW,the
main mechanisms involved require further
investigation to optimize the design of the
treatmentsystemutilizingthisalga.Thestable
isotope15Nhasbeentraditionallyusedtoevaluate
ammonium transformation pathways in
ecosystems,suchaswetlands,insitumesocosms,

andlaboratory microcosms[12-13].Thus,inthis
study,weusedthe15Nmassbalanceapproachto
investigate the main mechanisms by which
Oedogoniumsp.removesammoniumfromDPW.
Wedescribeheretherelationshipbetweenalgal
growthandammoniumremoval,theinfluenceof
bacteriainitiallypresentinDPWuponammonium
removal,andthedominantammoniumremoval
pathway.
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1 Materialsandmethods
1.1 Algaestrain

Algal strains of Oedogonium sp. were
obtainedfromtheFreshwaterMicroalgaeCulture
Collection of the Institute of Hydrobiology
(FACHB-Collection), Chinese Academy of
Sciences,China.Cells weregrowninculture
media[14]at25±2℃inanincubatorwitha12-h
photoperiod.Cellsintheexponentialgrowthphase
werefilteredandthenusedintheexperiments.
1.2 Wastewater

TheDPW wascollectedfrom apiggeryin
Changsha,China;itcontained401mg/Lchemical
oxygendemand(COD),50.36mg/Ltotalphosphorus
(TP),525.4mg/Ltotalnitrogen(TN),and508
mg/Lammonianitrogen(NH4—N).Pretreatment
inanautoclavereducedtheCOD,TP,TN,and
NH4—Nto369,17.88,169.7,and110mg/L,

respectively.Beforebeingusedasculturemedia,

therawandautoclavedDPWsampleswerediluted
withdistilled wateratfactorsof9.2and2,

respectively,toreducethetoxicinfluenceofthe
ammonia on algal growth and obtain initial
ammoniaconcentrationsof55mg/L.
1.3 Experimentaloperation

The experiment was carried out in an
incubatorsetat25±2℃witha12-hphotoperiod.
Oedogoniumsp.cellswerecultivatedin2Lflasks
withatotalworkingvolumeof1L.Cultureswere
continuouslyagitatedbyatmosphericairbubbling
(0.5L/min).Toinvestigatethefateofammonium
intheOedogoniumsp.microcosmandtheeffectof
initial bacteria in wastewater on ammonium
removal,0.67mg15N(asammoniumsulfate)was
addedwiththedilutedraw (DRW)ordiluted
autoclaved(DAW)DPW.Toeliminateisotopic
effects,theDRWorDAWtreatmentswithoutthe
additionof15Nwerealsoarrangedintriplicate.The
initialinoculumdensityofOedogoniumsp.wasin
therange of 300 mg/L dry weightfor all
treatments.DRW orDAW withoutOedogonium

sp.waspreparedasthecontrolintriplicate.
1.4 Analyticalprocedures

Duringthe9daysincubationperiod,50mL
samplesweretakenforassayondays0,1,3,5,

7,and9,and waterevaporationlosses were
supplementedwithdistilledwaterbeforesample
collection.NH4—N,pH,anddissolvedoxygen
(DO)analyseswereperformedfollowingstandard
methods[15]. The cells were collected by
centrifugationat4000rpmfor10minandthen
transferredintoa10 mLtubeforalgalChl-a
content(mg/L)analysis[16].Thespecificgrowth
rate,μ(day-1),wasdeterminedonthebasisof
the Chl-a content[16]. At the end of the
experiment, a mass spectrometer (Thermo
ScientificMAT253,USA)wasusedtomeasure
the15NcompositionofTNinwateranddriedcells
after filtration. As algal uptake, stripping
volatilization,andmicrobialremovalarethethree
mainNremovalprocessesintheOedogoniumsp.
microcosm,the 15N massbalanceanalysis was
expressedusingequations modifiedfrom Zhang
etal.[12].

Ms=Mi-(Mw+Mm+Ma) (1)

Mm =Mc-Ma (2)

whereMiistheinitial15Nloadinwastewater,Mw

isthefinal15NloadinDRWwastewater,Msisthe
estimated 15Nlossbystrippingvolatilizationin
DRW,Mcisthe15Nuptakebythecells(algaland
bacterial)inDRW,Maisthe15Nuptakebythe
algaeinDAW,andMmistheestimatedmicrobialN
removal.

Theregressionand path analysesrelating
NH4—NremovalinDAW andtheindependent
variableswereperformedusingSPSS13.0(SPSS
Inc.,Chicago,IL,USA).

2 Resultsanddiscussion
2.1 Algalgrowthandammoniumremovalefficiencies

During the incubation period,NH4—N
concentrationsdecreasedfromtheinitial55mg/L
to3.2mg/L(DRW)and2.1mg/L(DAW),and
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theNH4—NconcentrationsintheDRWandDAW
controlsdecreasedto28.1and32.0mg/Londay
9,respectively(Fig.1(a)).Meanwhile,theChl-a
contentincreasedfrom1.07to3.35mg/L(DRW)and
1.29to4.13mg/L(DAW)(Fig.1(b)).Datarelated
tothegrowthrateofOedogoniumsp.andthe
ammoniumremovalratearesummarizedinTable1.
MostoftheNH4—Nwasremovedduringthefirstfive
days,accountingfor64.1%~70.4% ofNH4—N
removalinbothtreatments.Byday9,96.2%(DAW)

and94.1% (DRW)ofNH4—Nwasremoved.After
aninitialadjustmenttothenewgrowthconditions,

afterday3Oedogoniumsp.grewrapidlyandata
steady,specificgrowthrate.

Fig.1 ChangesinNH4—NconcentrationandChl-a

contentofDRWandDAWovertime
 

Table1 SpecificgrowthratesofOedogoniumsp.and

ammoniumremovalratesduringtheincubationperiod

Time/

days

Specificgrowthrate

ofOedogoniumsp./d-1

DAW DRW

NH4—N

removalrate/%

DAW DRW
DAW

control

DRW

control

1 0.07 -0.14 45.5 28.3 17.9 13.4

3 0.04 -0.13 59.7 67.5 31.1 34.8

5 0.13 -0.12 64.1 70.4 37.7 32.2

7 0.15 -0.11 86.1 91.0 40.4 34.8

9 0.13 -0.11 96.2 94.1 48.9 41.8

  Nitrogen often exists as ammonium in
anaerobicallydigested wastewater[17];thus,we
focusedourinvestigationofmicroalgalnitrogen
removal on ammonium. Algal growth and
ammoniumremovalrateswerehigherforDAW
thanforDRW,whichcouldbeduetotherelatively
higherinitialconcentrationofPinDAWthanin
DRW,whilebothtreatmentshadsimilarinitial
NH4-Nlevels.InthecaseofNannochloropsis
sp.cultivatedinnutrientmedia,alowerN∶Psupply
ratio favors biomass productivity and nutrient
removal[18].Itisworthnotingthat41.8%~48.9%
oftheammoniumremovedwasobservedonday9
intheDRW and DAW controls withoutalgal
uptake.
2.2 ChangesinpHandDOconcentration

FromaninitialpHvalueof9.0,thepHofthe
DRWandDRWcontrolsdecreasedto8.3and8.4
onday9,respectively.ThepHofDAWdecreased
from9.3to8.0onday3andreachedapHof7.7
onday9.TheDAWcontrolfollowedasimilar
trend,reachingapHof7.8onday9(Fig.2(a)).
Thesedatademonstratethatduringammonium
removal,thepHofthewastewaterwasmaintained
within7.7~9.3andmostly>8.0.Suchhigh
values(>8.0)favorammoniastrippingduetothe
shifting equilibrium from NH4 to ammonia
(NH3)[19].Therefore,theextentofammonia
removal withtimecan beexplained by NH3
volatilization.

TheDOconcentrationsinDRW andDAW
increasedfrom4.9and4.7mg/Lto6.3and5.8
mg/Londay1,respectively,andthenremained
between6.0and6.4mg/Lforbothtreatments.
The DO concentration of the DAW control
increasedto6.3mg/Londay1andthenremained
around6.2mg/L,whilethatoftheDRWcontrol
rangedfrom5.7~6.4mg/Lafterday1(Fig.2
(b)). Molecularoxygenis normallyreleased
duringphotosynthesiswhentreatingwastewater
withmicroalgae[20].However,DOsaturation(6.2
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mg/L)canbemaintainedbyappropriateaeration,

whichisfavorableforalgalcellgrowthandalgal
ammoniauptake[9].Thenetalgalgrowthratewithout
aerationisenhanced1.7-foldbyaeration.Moreover,

theammoniumremovalrateinalgalcultureswith
aerationisapproximatelythreetimesthatofalgal
cultures withoutaeration[9].Atthesametime,

aerationcontributestoammoniumremovalbystripping
ammoniaoutofwastewaterdirectly;thisprocessis
highlyfavoredathighpH[19].Therefore,theNH4—

Nremovalrateinthisexperimentwasprobablydue
togaslossbyNH3volatilizationunderconditions
ofhighpHconditionsandthestrippingofammonia
byaerationinthecontrolsaswellasinDAWand
DRW.Theseresultsareconsistent with the
aforementionedobservationthat41.8%~48.9%
ofammoniumwasremovedinthecontrolswithout
algaluptake.

Fig.2 ChangesinpHandDOconcentrationsfor

DRWandDAWovertime
 

2.3 15Nmassbalanceanalysis
The 15N massbalanceinOedogoniumsp.

culturesattheendoftheincubationperiodis
showninFig.3.Weassumedthattheinfluenceof
theothermicroorganismsonammoniumremoval
wasnegligiblecomparedtotheinitialbacteriain
DRWandtheaddedalgae.Basedonthevalueof
15NuptakebyOedogoniumsp.inDAWandDRW

withisotopeandtheequations(1)and(2),the
estimatedquantitiesof15Ninthefinalwastewater,

algae,andbacteriawere0.12,0.27,and0.06mg,

respectively,accountingfor17.31%,40.97%,

and9.13%oftheinitial0.67mg15NintheDRW
Oedogoniumsp.culture.Theresidual15Nratioin
thefinalwastewateratday9washigherthanthat
ofNH4—NinthefinalDRW withoutisotope,

indicatingthat14Nispreferentiallyincorporated
relativeto15N.Thishasbeenobservedpreviously
in studies on nitrogen isotopic fractionation
associated with N uptakeandassimilation by
microorganisms[21-22]. Mass balance analysis
showedthat0.22mg 15Ndisappearedfromthe
Oedogoniumsp.culture,indicatingthat32.59%
oftheadded15Nwaslostthroughgas.Ammonia
strippingcouldbeconsideredanimportantpathway
forNH4—NremovalfromDRW;theresultsofthe
15NtraceranalysisshowedthatNH4—Nremoval
fromDRWcouldbemainlyattributedtoNH4—N
incorporationintoOedogoniumsp.andgaseous
loss.

Fig.3 15NmassbalanceinOedogoniumsp.culture
 

2.4 Ammoniumremovalregressionandpathanalyses
TheShapiro-Wilktestwasusedtoanalyzethe

normalityofNH4—NremovalinDAW asthe
dependentvariable.TheresultingShapiro-Wilk
statisticis0.950(pvalueof0.736 > 0.05),

whichmeansthatthedependentvariable(Y)is
distributednormally,thatis,Y isa normal
variableforregressionanalysis.Theregression
equationtodefinetherelationshipbetweenYand
the main influencing factors or independent
variables,namely,DO(X1),pH(X2),andChl-a
content (X3), was established by stepwise
regressionusingquadraticpolynomialsexpressedas
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follows:

Y =-0.022-0.012X22+0.027X23+0.032X1X2
(3)

  Thecorrelationcoefficientresultingfromthe
equationiscloseto1(R=0.994)withasmall
standarddeviation(S=0.045),indicatingthehigh
accuracyoffitoftheequation.

The correlation values between different
independentvariablesand NH4—Nremovalare
showninTable2.Theresultssuggestthatthe
degree ofinfluence ofthethreeindependent
variablesonNH4—Nremovalisrankedasfollows:

Chl-acontent>DO>pH.However,itisoften
difficulttoclearlyshowwhichvariableplaysthe
majordecisiveorrestrictiveroleonthedependent
variable based on subdividing the correlation
coefficient between different variables. Path
analysiscancheckwhetherXihasasignificant
effectonY,andmostimportantly,itdetermines
whether Xi directly orindirectly affects the
dependent variable through otherindependent
variables.

Table2 Correlationcoefficientsbetweendifferentvariables

Rijor

Riy

DO
(X1)

pH
(X2)

Chl-a

content
(X3)

NH4-N

removal

rate(Y)

DO(X1) 1 -0.562 -0.200 -0.386

pH(X2) -1.000 -0.922 -0.966

Chl-acontent(X3) -1.000 -0.968

NH4-Nremovalrate(Y) -1.000

Thepathanalysisyieldsthepathcoefficient
betweenthreeindependentvariablesandNH4—N
removal(Table3).Amongthethreeindependent
variables,Chl-acontenthasthegreatestdirect
effectonY (P3y)followedbypH,andDOhasthe
smallestdirecteffect.An analysisofvarious
indirect path coefficients demonstrated that,

despitethelargevalueofP2y,theindirecteffectof
pHonYthroughDOandChl-acontentproduceda
largenegativevalue(P21y= -1.192andP23y=

-1.956),and the correlation coefficient R2y
betweenpHandYishighlynegative(-0.966).
TheChl-acontenthadthegreatestindirecteffect
onY through DO,yielding anindirectpath
coefficientP31yof0.542,whileDOhadthesecond
greatestindirecteffectonYthroughChl-acontent,

yieldinganindirectpathcoefficientP13yof0.207.
Therefore,Chl-acontentplaysanimportantrolein
NH4—Nremoval.ToimproveNH4—Nremoval,

Chl-acontentandDOmustincreasewhilethepH
ismaintainedinaweaklyalkalinerange.

Table3 Pathcoefficientsbetweendifferentvariables

Xi Piy Xj Pijy

DO(X1) 1.035
pH(X2) -0.582

Chl-acontent(X3) -0.207

pH(X2) 2.121
DO(X1) -1.192

Chl-acontent(X3) -1.956

Chl-acontent(X3) 2.717
DO(X1) -0.542

pH(X2) -2.506

3 Conclusion
Inconclusion,96.2%ammoniumremovaland

0.04~0.15specificgrowthrateofOedogonium
sp.wereobservedinDAWduringtheincubation

period,while94.1% ammonium removaland
-0.14~0.13specificgrowthrateofOedogonium
sp.wereobservedinDRW.HighpHandaeration
providedasignificantbenefittoammoniumremoval
by NH3 volatilizationandthestrippingeffect

duringtheincubationperiod.15Nisotope mass
balanceanalysisindicatesthatbacteriainitially
presentinDPW havelittleeffectonammonium
removalinOedogoniumsp.culturesinDRW,as
this occurs primarily through algal uptake,

ammoniavolatilization,andstrippingprocesses.
Thestatisticalanalysisbetweenthreeindependent
variablesand NH4—N removalindicatesthat
increasedlevelsofOedogoniumsp.andDOunder
weakly alkaline conditions can improve the
efficiency of NH4—N removal. Using the
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ammonium-based isotope tracing method, we
hypothesizethatOedogoniumsp.iseffectivefor
treatingDPW withhighammoniumloadingunder
adapted DO and pH values. Thus,culture
conditionsshouldbeevaluatedtoimprovethe
efficiencyofnutrienttreatmentwhenmicroalgae
areusedforthesecondaryagriculturalwastewater
treatment process. Further investigation of
whetherOedogonium sp.hasthecapacityto
simultaneouslyremoveotherpollutants,suchas
phosphorusandheavymetals,willbeusefulin
assessingthepracticalpotentialofthisorganismas
abiologicalagentforsecondarytreatmentofDPW.
Inaddition,asitaffectsthegrowthofalgae,the
influenceoflighttimeonammoniumremovalwill
befurtherstudied.
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