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Abstract:Thisstudyinvestigatedfactorsinfluencingasequencingbatchreactor(SBR)enhancedbiological
phosphorusremoval(EBPR)granularsludgesystem,inordertoprovidetechnicalsupportforthepractical
applicationofEBPR.Thestart-up,thephosphorusremovalperformanceoftheEBPRgranularsludge
systemandthesludgegranulationwerestudiedinaSBRsystemwithaworkingvolumeof12L,where
sodiumacetatewasusedasthecarbonsourceandKH2PO4wasusedasthephosphorussource.Results
showedthatwhenthecarbontophosphorusratioofinfluentwastoolow(C∶P=200∶15),thephosphorus
removalefficiencieswereatalowlevel.Comparedwith25℃,theEPScontentofsludgeincreasedat15
℃.Moreover,theincreaseofprotein(PN)contentwasmoreobviousat15℃,whichwasconduciveto
sludgegranulationandresultedinanobviousincreaseofsludgeparticlesize.Comparedwith25℃,the
lowertemperatureof15℃wasmorefavorableforthegrowthofRhodocyclus,whichismainlyresponsible
forbiologicalphosphorusremovalintraditionalEBPRsystems.ThisresultedinRhodocyclusbecomingthe
dominantbacteriainthesystemandimprovedthephosphorusremovalefficiencies.
Keywords:enhancedbiologicalphosphorusremoval(EBPR);extracellularpolymersubstances(EPS);
microgranules;sludgegranulation;bacterialcommunitystructure

运行条件对强化生物除磷颗粒污泥系统性能
及微生物群落的影响
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摘 要:为了了解SBR强化生物除磷(EBPR)颗粒污泥系统的影响因素,为颗粒污泥生物除磷工艺

的实际应用提供技术支持,采用有效容积为12L的SBR反应器,以乙酸钠为碳源、KH2PO4为磷

源,对EBPR颗粒污泥系统的启动和除磷性能及污泥颗粒化过程进行研究。结果表明:若进水碳磷

比过低(C∶P=200∶15),除磷效率较低。与25℃相比,15℃条件下污泥EPS含量增加。此外,



15℃条件下污泥颗粒化的蛋白质(PN)含量增加更为显著,污泥粒径增长明显,且与25℃相比,在
15℃的低温条件下,更利于传统EBPR系统中主要负责生物除磷的微生物红环菌属(Rhodocyclus)
的生长,使其成为系统优势菌种,进而提高除磷效率。
关键词:强化生物除磷(EBPR);胞外聚合物(EPS);微颗粒;污泥颗粒化;菌群结构
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1 Introduction
Water eutrophication is a hot issue in

wastewater treatment.In recent years,the
enhancedbiologicalphosphorusremoval(EBPR)

processhasbeenwidelyusedasaneconomicaland
environmentally sustainable method to achieve
phosphateremovalfromwastewater.Inthistype
of wastewater treatment system,phosphorus
accumulatingorganisms (PAOs)arethe main
phosphorusremovalmicroorganisms[1].ThePAOs
useintracellularglycogenandhydrolyzedpoly-
phosphorus(poly-P)togenerateenergyandabsorb
theexternalcarbonsource.PAOsstorethecarbon
sourceintheform ofpoly-β-hydroxyalkanoates
(PHAs).Inaerobicconditions,PAOsusethe
energyobtainedfrom PHAtoabsorbexcessive
phosphorus,soastoremovephosphorusfrom
water[2-3].Theamounttakenupismorethanthat
released.Thisisusuallycalled"luxuryphosphorus
uptake"andduetothis,netphosphorusremoval
occurs[4].Intheactualoperationprocess,the
performanceoftheenhancedbiologicalphosphorus
removal(EBPR)processisaffectedbyseveral
factors,suchasinfluentcarbonsource,carbonto
phosphorusratio,temperature,pH andsoon.
Therefore,the effect of different operation
conditions on the performance and microbial
communityofanEBPRgranularsludgesystemwas
compared in this study. Results provide a
theoreticalbasisforthepracticalapplicationof
EBPR.Aerobicgranularsludge(AGS)hasthe
characteristics of good sedimentation, high
microbialconcentration,lessexcesssludgeand
simultaneousremovalof multiplepollutants[5].
Thematuregranularsludgesystem hasstrong

biologicalphosphorusremovalability,andthe
phosphorus removal efficiencies are close to
100%[6].Inrecentyears,theAGSprocesshas
beenwidelyused.Incontrast,theSBRgranular
biologicalphosphorusremovalsystem andits
influencingfactorsneedfurtherstudy.

Differentinfluentphosphorusconcentrations
affectthemetabolicfunctionoforganismsandthe
typeofPAOsinthesystem.Researchfoundthat
whentheP/Cratioofinfluentwaterwastoolow,

itledtothedecreaseofphosphorusaccumulationin
microorganisms. Additionally,the metabolism
patternofPAOschangedfrom poly-phosphorus
metabolismtoglycanmetabolism[7].
Both waterqualityandprocessparameters

have a greatimpact on phosphorus removal
efficiencies[8].Whenconsideringthecarbonto
phosphorusratio,theoptimalC/Pis50~70.
Temperature is also one of the important
parametersaffectingthedominantbacteriaand
performanceinthereactor.Temperaturehada
greatinfluenceonEPS.Anincreaseintemperature
ledtothedecreaseofEPScontent[9].Whenthe
temperaturewashigherthan30 ℃,itwasnot
conducivetothegrowthofPAOs,andmoreEPS
hydrolysisoccurredintheanaerobicphase[10].
Temperaturecanaffectthetransportofsubstances
inmicroorganismsandtheactivityofenzymes.
Temperaturealsoaffectsthestableoperationofan
EBPRsystem[11].Whenthetemperatureincreased,

theprincipalmicrobiologicalgroupintheEBPR
system changed from PAOs to glycogen
accumulatingorganisms(GAOs),whichweremore
adaptable to the higher temperature
environment[4,12].
InmostareasofnorthernChina,thetemperature

changesgreatlythroughouttheyear.Theinfluent
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waterqualityalsohascertainchanges,sothemicrobial
activityandthetreatmenteffectofanEBPRsystemare
greatlyaffected.Ofnote,theeffectofoperating
parametersonsludgegranulesinEBPRsystemshas
notbeenthoroughlystudied.Thisstudyaimsto
investigatetheperformanceofanEBPRprocesswhich
operatedatdifferentconditions.Theinfluenceof
operationalparametersthatincludedtheC∶Pratioand
operational temperature on phosphorus removal
performance,sludgegranulationandthe microbial
communitywerealsoevaluated.

2 Materialsandmethods
2.1 Reactorandoperation

TheSBRreactor(Fig.1)witha working
volumeof12Lwasoperatedfor4cyclesperday.
Eachcyclewas6hindurationandconsistedof10
minfilling,85 minanaerobicphase,150 min
aerobicphase,100 minsettlingtime,5 min
effluentwithdrawalandaninactivephasefor10
min.Theperistalticpumpwasusedtofeedwater
intothebottomofthereactor.Theelectricmixer
wasusedtomixandstirthesludge.Intheaerobic
stage,theaerationplatewasusedforuniform
aeration.Thereactorwasoperatedwitha15d
solidretentiontime (SRT)duringthestable
operation,basedonthemeasured MixedLiquor
Solid(MLSS)anddischargingpartofsludge.The
pHwascontrolledat7.5~8.5andthetemperature
ofthereactorwascontrolledbyawaterjacketand
athermostatbath.Thisreactorwasfed with
CH3COONaasthecarbonsource,NH4Clasthe
nitrogensourceandKH2PO4asthephosphorus
source.At25℃,theC∶N∶Pratiooftheinfluent
waskeptat200∶10∶10(condition1),200∶10∶15
(condition2)and300∶10∶15(condition3).At
15℃,theC∶N∶Pratiooftheinfluentwaskeptat
300∶10∶15(condition4),andtherewasatime
durationof30daysineachcondition.
2.2 Influentcompositionsandseedsludge

The reactor was fed with synthetic
wastewater.TheC∶N∶Pratiooftheinfluentwas
adjustedbychangingtheamountofcarbonsource,

Fig.1 Experimentalsetup
 

nitrogensourceandphosphorussource.Other
influentcompositionremainedstable(Table1)and
0.5mL/Lofatraceelementsolutionwasaddedto
theinfluent(Table2)ineverycondition.The
reactorwasseededwithactivatedsludgefromthe
sewagetreatmentplantinTianjin.

Table1 Compositionper1literofsyntheticwastewater

Composition Dose/(mg·L-1)

COD(CH3COONa) 200-300

N(NH4Cl) 10

P(KH2PO4) 10-15

MgSO4·H2O 153.75

NaHCO3 240

Table2 Microelementsolutioncomponents

Composition Dose/(g·L-1)

KI 0.18

H3BO3 0.15

MnCl2·4H2O 0.12

CoCl2·6H2O 0.15

Na2MoO4·2H2O 0.06

CuSO4·5H2O 0.03

ZnSO4·7H2O 0.12

FeCl3·6H2O 1.5

EDTA 7.65

2.3 Analysisandmethods
ThepHvalueandDissolvedOxygen (DO)

concentration were monitored with a DO/pH
meters(WTW Multi3430,Germany).Samples
werecollectedatthedrainagestageofreactors,

andimmediatelyfilteredthroughqualitativefilter
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paper(0.45μmporesize)beforeanalyzed.COD,

PO3-4-P,mixedliquorsuspendedsolids(MLSS),

mixedliquorvolatilesuspendedsolids(MLVSS),

sludgesettlingvelocityat30min(SV30)andsludge
volumetricindex(SVI)wereanalyzedbystandard
methods.TheEPSofsludgewasextractedand
determined.Thesludgesamples weresentto
SangonBiotech (Shanghai)Co.,Ltd.forDNA
extraction,PCRamplificationandhigh-throughput
sequencing.

ThemetagenomicDNAoftotalbacteriawas
extractedfromthesludgesedimentbyaDNA
ExtractionKit (omega,DNA),andtheDNA
concentration was determined. After DNA
extraction,thevariableregionof16SrRNAV3-V4
was amplified by Polymerase Chain Reaction
(PCR)withasamplingRCRinstrument.The
primersequenceusedforamplificationwas338F
(5'-ACTCCTRCGGGAGGGCAGCAG-3'),806R
(5'-GGACTACCAGGGTATCTAAT-3').Accordingto
IlluminaMiSeqsystem (IlluminaMiSeq,USA),

thecDNAlibrarywassequencedby2×300BP
high-throughputsequencingandtheobtainedDNA
sequenceswerespliced.Thequalitycontrolwas
carriedoutatthesametime.

3 Resultsandanalysis

3.1 Effectofoperatingconditionsonbacterialstructure

As showing in Fig.2, under different
operatingconditions,therelativeabundanceof
sludgewassignificantlydifferentatthegenus
level.Bacteriawithphosphorusremovalfunction
that were detected in the system included
Aeromonas,Dechloromonas,Pseudomonas and
Rhodocyclus. Rhodocyclus was the main
microorganism responsible for biological
phosphorus removalin the traditional EBPR
system.Theresults[13-14]showedthattherelative
abundance of this genus increased with the
formationofaerobicgranularsludge.Underthe
conditionoftemperaturelowerthan20℃,PAOs
hadmorecompetitiveadvantagethanGAOs[15].
The total proportion of all bacteria with

phosphorusremovalfunctioninthesystem was
1.4%,0.51%,0.33%and5.17%underthefour
conditionsstudied,respectively.Thereasonfor
theobviousincreaseofproportionisthatthe
Rhodocycluswassignificantlyhigherincondition4
thanthefirstthreeconditions.Rhodocycluswas
notdetectedinthefirstthreeconditions,whilein
condition4,therelativeabundanceofRhodocyclus
was4.76%anditbecamethedominantbacteriain
thesystem.Thedominantspeciesinthesystem
wasChryseolinea(4.77%)undercondition1,and
then decreased gradually after changing the
operatingconditionsuntilitreachedonly0.43%
undercondition4.Theabundanceofthegenus
Defluviicoccuswas0.07%incondition1,whileit
increasedto1.44%incondition2andexceededthe
totalproportion ofthe PAOs. As a GAO,

Defluviicoccus wouldcompete with PAOsfor
carbonsource,anditdoesnothavethefunctionof
phosphorusremoval.Hence,anincreaseinthis
genusmaybeafactorinthenoteddeteriorationof
phosphorusremovalperformanceincondition2.It
can be seen from Fig.3 that PAOs grew
significantlyat15℃,which,forthepurposeof
phosphorusremoval,wasmoreadvantageousthan
having a high percentage of GAOs. The
percentagesofvariouskindsofPAOsinthetotal
amountunderdifferent workingconditionsare
shownin Fig.4.Inthefirstthree working
conditions,Rhodocycluswasnotdetected.After
thetemperaturereduced,thephosphorusremoval
performance ofthe system was better. The
abundanceofRhodocyclusincreasedsignificantly,
becomingthedominantbacteria,whichledto
strongphosphorusremovalability.

Fig.2 Genusabundanceofsludgeindifferentconditions
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Fig.3 PercentageofPAOsandGAOsintotalbacteria
 

Fig.4 PercentageofallkindsofPAOintotal
PAOatgenuslevel

 

Zoogloea can induce microorganisms to
microbialmicellesundercertainconditions.Such
micellesplayakeyroleinthetightstructureof
sludge microorganisms.This,inturn,makes
sludge have good adsorption capacity and
sedimentation performance[16]. Under four
conditions,Zoogloeapercentagewas0.47%,0,

0.07%and0.97%,respectively.Theincreasein
thepercentageofZoogloea maybeoneofthe
reasonsforsludgegranulation.

Incondition4,PAOsreplacedotherbacteria
andbecamethedominantbacteria,resultingin
phosphorus removal efficiencies that were
significantlyimproved.Someresearchersfound
thattemperaturecausedselectivepressureonthe

dominantorganisms[17].Itcanbeseenthat15℃is
moresuitableforRhodocyclusthan25℃.Proper
temperaturereductioncanmakePAOsbecomethe
dominantbacteriaandtherebyimprovephosphorus
removalefficiencies.Moreover,lowertemperature
isalsomoresuitableforthegrowthofZoogloea,
whichhasanadvantageouspromotingeffecton
sludgegranulation.
3.2 Effectofdifferentoperationconditionson

extracellularpolymersubstances(EPS)and
sludgeparticlesize

3.2.1 ChangeofEPS
EPScanaffectthepropertiesandfunctionsof

microbial aggregates in biological wastewater
treatmentsystems,especiallyintheformationof
biofilmandgranularsludge.EPScancombinecells
throughanionbridge,hydrophobicinteractions
andpolymerization.Italsoplayaroleinpromoting
theformationofgranules[18].EPSconsistsofa
varietyofcomplexpolymers,suchasproteins,

polysaccharides,nucleicacidsandlipids.Changes
inoperatingconditionscanaffectthecomposition
andstructureofEPS[19].

As showing in Fig.5,under the same
temperature,thefirstthreeconditionsonlychanged
theratioofC∶N∶P(200∶10∶10→200∶10∶15→300∶
10∶15).ThecontentofEPSdecreasedwiththese
changesandthecontentofprotein(PN)was206.5
mg/L,196.5mg/Land167mg/Lrespectively.The
contentofpolysaccharide(PS)decreasewasnotas
obvious,withvaluesof114.445mg/L,106.495
mg/Land104.485mg/Lrespectivelyinthefirst
threeconditions.UndertheconditionofaC∶N∶P
ratioof300∶10∶15,whenthetemperature
decreasedfrom25℃to15℃,thecontentofEPS
increasedsignificantly,includingaPNcontentof
279 mg/L and PScontentof131.53 mg/L.
Previousstudiessuggestedthatthetotalamountof
EPSdecreasedwiththeincreaseoftemperature,

and EPS was easy to accumulate at low
temperature[9].PNimprovestheflocculationand
stabilityofgranularsludge,whilePSincreasesthe
mechanicalstrengthofgranularsludge[20].The

602 土 木 与 环 境 工 程 学 报(中 英 文)             第43卷



resultsshowedthatthecontentofPNwashigher
thanthatofPSunderfouroperatingconditions,

especiallyat15℃andthecontentofproteinwas
2.12timeshigherthanthatofpolysaccharide.The
decrease of temperature can make the
microorganism undergo a stress reaction,

producing higher EPS.Theincrease of EPS
contentwashelpfulfortheformationofmicrobial
aggregatesandtomaintainthestabilityofsludge
flocsandparticles.When microorganismswere
subjected to environmental stress (such as
temperaturechange),themicroorganismsmainly
respondedtothestressbysecretingproteins[21].
Forthe EBPR activated sludge system,the
migration and transformation of intracellular
phosphorus and EPS phosphorus are closely
related.TheEBPRprocesswastheresultofthe
interactionofEPSandbacterialcells[22].Asa
bridgebetweenbacterialcellsandthemainliquid
phase,EPScanprotectPAOsfromthepollutionof
toxicsubstances (suchasheavy metals).The
increaseof EPS canimprovethe phosphorus
removalefficiencies.

Fig.5 Contentofprotein(PN)andpolysaccharide(PS)in
extracellularpolymersubstances(EPS)underdifferent

conditionsaswellastheirratio(PN/PS)
 

3.2.2 Changeofsludgeparticlesize
Fig.6showsthechangeofsludgeparticlesize

underfour operating conditions.The average
particlesizeofsludgeinthesefourconditionswas
81.584μm,92.941μm,81.049μmand233.46

μmrespectively.Theexperimentalresultsshowed
thatwhenthetemperaturewasconstantandthe
onlychangewastheinfluentC∶N∶Pratio,the
resultantchangeofsludgeparticlesizewasnot
significant.Incontrast,thechangeoftemperature

hadagreaterimpactonsludgeparticlesize.As
showninFig.7,underworkingcondition4,the
averageparticlesizeofsludgechangedgreatly
everyweek,withvaluesof137.77μm,172.43

μm,200.62μmand233.46μmrespectivelyinfour
consecutiveweeks,andcomparedwith25℃,the
particlesizeofsludgeincreasedsignificantlyat15
℃.Theparticlesizeofsludgealsoincreaseswith
theincreaseofEPScontent.Theincreaseof
Zoogloeainthemicrobialcommunityanalysisis
anotherfactorrelatedtothechangeofsludge
particlesize.Researchshowsthatcomparedwith
mid-range mesophilic organisms, lower-range
psychrophilesorganismsshowedexcellentgranular
biomassformationability[23].Somestudieshave
furthershownthatwiththeformationofAerobic
GranularSludge(AGS),therelativeabundanceof
Rhodocyclusincreases[13-14].

Fig.6 Changeofsludgeparticlesizeunder
differentconditions

 

Fig.7 Changeofsludgeparticlesizeper
weekunderworkingcondition4

 

EPSplaysakeyroleintheformationof
aerobicgranularsludge[24].Someresearchersfound
thatthefunctionalgroupsofcertainaminoacidsin
theproteinhadpositivecharge,whichcanreduce
theelectronegativityofsludgesurface,increaseits
hydrophobicity,andfacilitatesludgeparticlesin
approachingeachotherandgatheringtoforma

702第4期     王楠,等:运行条件对强化生物除磷颗粒污泥系统性能及微生物群落的影响



stableparticlestructure[25].Therearealarge
numberofextracellularproteinsingranularsludge,

andthecoreofEPSismainlycomposedofproteins
(PN),therefore,extracellular proteins play an
importantroleinmaintainingtheintegrityofgranular
sludge.Theexperimentalresultsshowedthatthe
decrease oftemperature made the EPS content
increase,especiallybyincreasingthePN.Thereason
forthisislikelythattheincreaseofPNstrengthensthe
hydrophobicityofsludge,enhancingtheaggregation
andadhesionabilitybetweensuspendedsludge.This
resultsinthe particlesize ofsludgeincreasing
gradually,andeventuallyleadstotheformationof
granularsludge.
3.3 Effectofdifferentoperationconditionson

pollutantremovalperformance
Fig. 8 shows the phosphorus removal

performance of the reactor under different
operatingconditions.At25℃,whentheinfluent
C∶N∶Pratiowas200∶10∶10andtheinfluent
phosphorusconcentrationwaskeptatabout10
mg/L,thefinaleffluentphosphorusconcentration
graduallydecreasedtolessthan1mg/L,andthe
phosphorusremovalefficiencygraduallyincreased
to more than 90%,indicating a significant
improvement on the phosphorus removal
performance of this system. When the
concentrationofCODandNintheinfluentwas
constant,theconcentrationofphosphorusroseto
15mg/L,theeffluentphosphorusconcentration
roseto8 mg/L,andthephosphorusremoval
efficiencygraduallyreducedto35%.Atypical
cycle experiment showed that the anaerobic
phosphorusreleasedidnotincrease (Fig.9).
However,whentheinfluentCODincreasedto300
mg/LandtheinfluentC∶N∶Pratiowas300∶10∶
15,thesystem consumedonly4.5 mg/L of
influentphosphorusorless,andthephosphorus
removalefficiencyremainedat30%.Thismaybe
relatedtothegradualdecreaseofPAOsinthe
wholebacteriacontentasshowninFig.4.When
thetemperaturereducedto15℃,theinfluentC∶
N∶Pratiowas300∶10∶15,theeffluentphosphorus

reducedtolessthan1mg/Landthephosphorus
removalefficiencyincreasedtomorethan90%.A
typicalcycleexperimentshowedthattheanaerobic
phosphorusreleaseandaerobicphosphorusuptake
increased asthe temperature decreased.Low
temperature resulted in greater amounts of
phosphatereleaseanduptake,leadingtobetter
phosphorusremovalperformance,andthiswas
positivelycorrelatedwiththeproportionofPAOs.

Fig.8 Phosphorusremovalunderdifferentconditions
 

Fig.9 Changeofphosphorusintypicalperiod
underdifferentconditions

 

WhentheinfluentC/Pratiodecreasedfrom40
to10,thephosphorusrelease,absorptionand
phosphoruscontentofsludgeallincreased[26].But
thisexperimentfoundthat,whentheC∶Pratio
wastoolow,theeffluentqualitydeteriorated,

maybeduetolackofcarbonsources,andthe
presenceofotherheterotrophicbacteriasuchas
GAOswhichdonotcontributetophosphorus
removalbutinsteadreducetheEBPRefficiencies.
Intheanaerobestage,thesynthesisofenergy
storagematerialsinPAOswasinsufficient,which
ledtoinadequateenergyforexcessivephosphorus
uptakeintheaerobicstage.Whenthetemperature
rosefrom20℃to30℃,thento35.5℃,the
dominantmicrobiomechangedfromPAOs(44%~
70%)toGAOs(64%~75%)[4].Inthisstudy,

whenthetemperaturedecreasedfrom25 ℃ to

802 土 木 与 环 境 工 程 学 报(中 英 文)             第43卷



15℃,there wasasignificantincreaseinthe
phosphorusremovalefficienciesofthesystem.
Accordingtotheanalysisofbacterialabundance,

thedecreaseoftemperaturemadetheabundanceof
Rhodocyclusincreasesignificantly,whichimproved
thephosphorusremovalabilityofthesystem.
BecausehighcontentofEPScansignificantly
promotePadsorptionandprecipitation,itcan
achievestableandeffectiveremovalofP[27].The
effectofoperatingconditionsonEPS wasalso
anotherfactoraffectingphosphorusremoval.

Underfour workingconditions,the COD
removalofthesystemisshowninFig.10,when
theinfluentC∶N∶Pratiowas200∶10∶10,the
influentCODconcentrationwas200mg/L,andthe
effluentCOD concentration waskeptatabout
50mg/L.Afterrunningthereactorfor12d,the
effluentCODremainedbelow50mg/L,andthe
COD removalefficiency wasgood undereach
operating condition. Underthefour working
conditions,thereactorhadgoodCODremoval
capacity.WhentheC∶N∶Pratiowas300∶10∶15,

therewasnosignificantdifferenceinCODremoval
efficienciesbetween15℃and25℃.

Fig.10 Removaloforganicpollutantsunder
differentconditions

 

4 Conclusions
1)WhentheinfluentC∶Pratiowaslow,there

was a decrease in the phosphorus removal
efficienciesofthesystem.Thismaybeduetothe
relativelackofcarbonsourceandthepresenceof
otherheterotrophicbacteriasuchasGAOs.Under
suchcircumstances,thePAOscouldnotsynthesize
enoughenergystoragesubstance(PHA)inthe
anaerobicstage,andcouldnotreleaseenergyfor

excessivephosphorusabsorptionintheaerobic
stage,whichresultedinthedecreaseofphosphorus
removalefficienciesofthesystem.

2)Lowertemperaturespromotetheproduction
ofEPS,especiallytheproportionofprotein(PN)

content, which enhanced the sludge
hydrophobicity, the aggregation ability and
adhesionabilitybetweensuspendedsludge,and
contributedtotheformationofgranularsludge.

3)At15℃,Rhodocyclushasahighergrowth
rateandbecamethedominantPAObacteriainthe
system,whichimprovedthephosphorusremoval
efficiencies.
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