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Abstract:Toinvestigatetheinfluencesoffreeammoniaonnitrogenremoval,thecontentsofextracellular
polymericsubstancesandthechemicalcomposition (proteins,polysaccharides,and DNA),four
laboratory-scalesequencingbatchreactorsfedwithsyntheticwastewaterwereoperatedatfreeammonia
concentrationsof0.5,5,10and15mg/L(R0.5,R5,R10andR15,respectively).Resultsshowedthathigh
nitrogenremovalefficiencies(97.6%~99.4%)wereachievedunderfourfreeammoniaconcentrations.
Freeammoniahadasignificantimpactonthethreekindsofextracellularpolymericsubstance(loosely
boundextracellularpolymericsubstance,tightlyboundextracellularpolymericsubstanceandtotal
extracellularpolymericsubstance,respectively)andtheircomposition.Resultsshowedthatwiththe
increasedofinitialfreeammoniaconcentrationsfrom0.5to10mg/L,theproductionofthreekindsof
extracellularpolymericsubstanceandtheircomponentsweresignificantlyincreased.Furtherincreasedof
freeammoniaconcentrationsto15mg/Lcausedadecreasedtrendofthem.Moreover,proteinswerethe
maincomponentoflooselyboundextracellularpolymericsubstance,whilepolysaccharidesdominatedin
tightlyboundextracellularpolymericsubstanceandtotalextracellularpolymericsubstanceunderdifferent
freeammoniaconcentrations.Itwasfoundthatthecontentsofthreekindsofextracellularpolymeric
substanceandtheircomponentsshowedasimilarvariationtendencytotheNO-x—Ncontentsduringthe
wholecycleunderfourfreeammoniaconcentrations.
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游离氨对活性污泥系统中脱氮性能及胞外聚合物的影响
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摘 要:以人工模拟废水为研究对象,采用4组SBR反应器(R0.5、R5、R10和R15),考察了4种游离

氨浓度(0.5、5、10和15mg/L)对生物脱氮效能、胞外聚合物含量及其组分(蛋白质(PN)、多糖

(PS)和核酸(DNA))影响。结果表明,4种游离氨浓度条件下都实现了较高的脱氮效果(97.6%~



99.4%)。游离氨对3种胞外聚合物(LB-EPS、TB-EPS、总EPS)及其组分有显著影响。当游离氨

浓度从0.5mg/L增加到10mg/L时,LB-EPS、TB-EPS、总EPS的含量及其组分的含量都显著增

加;当游离氨浓度进一步增加到15mg/L时,LB-EPS、TB-EPS、总EPS的含量及其组分的含量都

呈降低的趋势;在4个游离氨浓度下,PN是LB-EPS的主要成分,PS是TB-EPS和总EPS的主要

成分;在4个游离氨浓度下的整个反应周期中,3种胞外聚合物及其组分的含量都跟NO-x —N有着

相同的变化趋势。
关键词:游离氨;脱氮;胞外聚合物;蛋白质;多糖
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1 Introduction
Extracellularpolymericsubstances(EPS)

accumulatingonthesurfaceofactivatedsludge
accountfor80% oftheactivatedsludgematrix,

and play a significant role on wastewater
treatment[1-2].

Ammonianitrogenisthe mainpollutantin
multiplewastewaters.Therefore,theremustbea
certainconcentrationoffreeammonia(FA)inthe

presenceofNH+4—Ninany wastewater.The
concentrationoffreeammoniamainlydependson
thevaluesofNH+4—N,temperatureandpHofthe

wastewater[3].Inrecentdecades,increasingefforts
havebeendevotedtoinvestigatingtheeffectsand
mechanismsoffree ammonia on nitrification,

denitrification,Anammox,phosphorusremoval
andanaerobicdigestionprocesses[4-7].Butlimited
literaturehasreportedtheeffectsoffreeammonia
on extracellular polymeric substance and its
components (includingproteins,polysaccharides
andDNA).Zhangetal.[8]reportedthatfreeammonia

pretreatment,withtheconcentrationcontrolledat
176.5mg/L, can facilitate the breakdown of
extracellularpolymericsubstancesandkilltheliving
cells.Buttheeffectsoflowconcentrationsoffree
ammoniaontheproductionofextracellularpolymeric
substancesandtheircomponentsarestillunknown.
In addition, with respect to the main

componentsofextracellularpolymericsubstances,

therearesomedifferentfindings.Somestudies
havereportedthatpolysaccharides(PS)werethe
predominantcomponentsofextracellularpolymeric

substances[9-10],whileotherstudieshavefoundthat
proteins(PN)werethe maincomponents[11-12].
Furthermore,itwasreportedthatextracellular
polymericsubstanceshavesomedifferentvital
functionsasthe maincomponentsinactivated
sludgediffered.Highertightlyboundextracellular
polymericsubstance(TB-EPS)contentshavebeen
reported to noticeably enable the extracellular
polymeric substance to form flocs in activated
sludge[13].Moreover,proteinenrichmentinthetightly
boundextracellularpolymericsubstancehaspositive
effectsonthesedimentationanddehydrationofthe
activatedsludge[9,14].However,itwasreportedthat
excessiveextracellularpolymericsubstancecontents,

especially polysaccharide enriched loosely bound
extracellularpolymericsubstance(LB-EPS),caninduce
poor dewaterability and bioflocculation[9,14]. The
effectsoftheconcentrationoffreeammoniaonthe
predominantcomponentsofextracellularpolymeric
substancearestillunknown.Hence,itisnecessaryto
research the main components of extracellular
polymericsubstancesunderdifferentconcentratiosnsof
freeammonia.

Therefore,theobjectivesofthisstudywereto
elucidatetheeffectsoffreeammonia onthe
productionofthreekindsofextracellularpolymeric
substance(looselyboundextracellularpolymeric
substance,tightlyboundextracellularpolymeric
substance and total extracellular polymeric
substance)andtheircomponentsandtobuilda
correlationbetween nitrogen variation andthe
productionofthethree kindsofextracellular
polymericsubstancesandtheircomponentsunder
fourdifferentconcentrationsoffreeammonia.

581No.1  
CAIChenjian,etal.:Effectoffreeammoniaonnitrogenremovalandextracellularpolymeric

substancesinthesuspendedactivatedsludgesystem



2 Materialandmethods
2.1 Experimentalset-upandoperationalprocedure

Fourbench-scalesequencingbatchreactors
(SBR)madeofplexiglass15cmindiameterwith5
Lworkingvolumeand40cmheightwereusedin
thepresentstudy.Thesequencingbatchreactors
wereoperatedatfourdifferentconcentrationsof
free ammonia (0.5,5,10 and 15 mg/L,
respectively).Thelong-termoperations(lastedfor
244days)werecarriedoutinfoursequencingbatch
reactorsfed with synthetic wastewater. The
operationalcyclesofthefoursequencingbatch
reactors with varying concentrations of free
ammonia (R0.5,R5,R10andR15)consistedof
influent, aerobic reaction, anoxic reaction,
settling,decantingandidle.Table1showsdetails
oftheoperationalconditionsofthefoursequencing
batchreactorsduringtheentireexperimentalcycle.
2.2 Inoculatedsludgeandinfluentcontents
Inoculatedactivatedsludgewascollectedfrom

aplant mainlytreating domesticand brewery
wastewater(accountedforabout60%~70%and
30%~40%,respectively).Theplantwaslocated
atLanzhou,GansuprovinceinChina,wherethe
anaerobic-anoxic-oxicprocesswasemployed.The
initialconcentrationofthemixedliquorsuspended
solidswas3000mg/L.Theinoculatedsludgewas
domesticatedfor20daysandfedwithsynthetic
wastewaterwiththefollowingcompositionper
liter:115mgofNH4Cl,385mgofCH3COONa,

26mgofKH2PO4andtraceelementsolution.The
traceelementsolutionconsistedofMgSO4·7H2O
5.07mg/L,MnSO4·4H2O0.31mg/L,FeSO4·

7H2O2.49mg/L,CuSO40.25mg/L,Na2MoO4·

2H2O 1.26mg/L,ZnSO4·7H2O0.44mg/L,

NaCl0.25mg/L,CaSO4·2H2O0.43 mg/L,

CoCl2·6H2O0.41mg/L,EDTA1.88mg/L.
Table1presentsasummaryofthecharacteristics
oftheinfluentofthefoursequencebatchreactors.

Table1 Operatingconditionsoffoursequencebatchreactors

Influent/(mg·L-1)

COD NH+4—N

PhasetimeoftheSBR/min

One

cycle
Filling Aeration Anoxic

Settingand

Decantation

Operationalparameters

MLSS/

(mg·L-1)
FA/

(mg·L-1)
Temperature/

℃
pH

DO/

(mg·L-1)

80 40 620 5 270 300 45 3900 0.5 20±2.0 7.5±0.2 1.0~2.5

80 90 710 5 300 360 45 4400 5 25±2.0 8.0±0.2 1.0~2.5

80 130 810 5 360 420 25 4500 10 30±2.0 8.0±0.2 1.0~2.5

80 55 570 5 240 300 25 4400 15 35±2.0 8.5±0.2 1.0~2.5

2.3 Extracellularpolymericsubstanceextraction
With respect to extracellular polymeric

substanceextraction,itmainlyincludedloosely
boundextracellularpolymericsubstanceandtightly
bound extracellular polymeric substance
extraction. The modified two-step thermal
extraction method wasusedtoextractloosely
boundextracellularpolymericsubstanceandtightly
boundextracellularpolymericsubstance[15].Inthe
presentstudy,thetotalextracellularpolymeric
substancecontentwasregardedasthesumofthe
looselyboundextracellularpolymericsubstance
and thetightly bound extracellular polymeric

substancefractions.
2.3.1 Looselyboundextracellularpolymeric
substancefractionextraction

In brief: well-mixed sludge water was
centrifugedat2100gand4 ℃ for10minto
separatethesupernatantfromthesolids,thenthe
obtainedsupernatantwasfilteredbya0.45μm
microporous membraneforanalysis,with the
collectedsupernatantregardedasthelooselybound
extracellularpolymericsubstancefraction.
2.3.2 Tightlyboundextracellularpolymeric
substancefractionextraction

ThenRingersolutionwasaddedtotheresidual
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activatedsludgeandthemixturewasheatedat
80℃for60mininaconstanttemperaturewater
bathandsubsequentlycentrifugedagainat12000g
and4 ℃ for10 min.Finally,the obtained
supernatantwasfilteredagainbya0.45μm
microporous membraneforanalysis,with the
collectedsupernatantregardedasthetightlybound
extracellularpolymericsubstancefraction.
2.4 Analyticalmethods
2.4.1 Extracellularpolymericsubstancequantification

Theproteinandpolysaccharidecontentsofthe
looselyboundextracellularpolymericsubstanceandthe
tightlyboundextracellularpolymericsubstancewere
measuredusingtheLowrymethodandthephenol-
sulphuricacidmethod,withbovineserumalbuminand
glucose,respectively,usedasthestandards[16-17].
DNAwasdeterminedbymeansoftheultraviolet
absorptionmethod[18].Thesumsoftheprotein,

polysaccharideandDNAfractionsinthelooselybound
extracellularpolymericsubstanceandthetightlybound
extracellularpolymericsubstancewereregardedasthe
contentofthelooselyboundextracellularpolymeric
substanceandthetightlyboundextracellularpolymeric
substance,respectively.
2.4.2 Conventionalanalytical

COD,NH+4—N,NO-2—N,NO-3—N and
mixedliquorsuspendedsolidswereanalyzedin
accordance with the standard methods[19].
Temperature,pH anddissolvedoxygenvalues
weremonitoredbyusingon-lineprobes(WTW
Multi3420,Germany).
The ammonia removal rate,the nitrite

accumulationrateandthenitrateaccumulationrate
werecalculatedaccordingtothefollowingequation
(Eq.(1),(2)and(3)).

ARE(%)=
[NH+4—N]influent-[NH+4—N]effluent

[NH+4—N]influent ×

100% (1)

NiAR(%)= NO-2-N
[NO-2-N]+[NO-3-N]×

100%

(2)

NaAR(%)= NO-3-N
[NO-2]+[NO-3-N]

(3)

  Thenitrogenconsumptionandfreeammonia
concentration werecalculatedaccordingtothe
followingequation(Eq.(4)and(5)).

NC(mg/L)=[NH+4—N]influent-
{[NH+4—N]+[NO-2-N]+[NO-3-N]}effluent

(4)

FA(mg/L)=1714×
[NH+4—N]×10pH

exp 6334
273+T  

+10pH

(5)

3 Resultsanddiscussion
3.1 Performanceofsequencingbatchreactorsunder

differentconcentrationsoffreeammonia
  TheNH+4—Nconcentrationintheinfluent
andeffluentunderfourdifferentconcentrationsof
freeammoniaareshowninFig.1(a).Althoughthe
influentNH+4—Nconcentrationwascontrolledat
30.7~45.3mg/L(R0.5),76.0~99.2mg/L(R5),

112.4~139.4mg/L(R10)and42.1~60.9mg/L
(R15 ), respectively, the effluent NH+4—N
concentration waslowerthan 1.2mg/L with
NH+4—Nremovalefficiencymaintainedat97.6%~
99.4%.Hence,thepresentresultsshowthatthe
increase of free ammonia and NH+4—N
concentrationhadnoadverseeffectonthenitrogen
removalofthesystems.Xuetal.[20]reportedthat
freeammoniapretreatment(below44.5mg/L)can
improveNH+4—Nrelease,andtherebyenhance
NH+4—Nremoval.
Fig.1(b)and(c)showtheconcentrationand

variationofNO-2 -NandNO-3 -Nduringthe
wholereactioncycleunderdifferentconcentrations
offreeammonia.TheoxidizationofNH+4—Nto
NO-2-NwasmainlyachievedatR10andR15with
thenitriteaccumulationratestablein96.6%~
99.3% (since80cycles),whichshowsthatpartial
nitrificationwasachievedatR10andR15(NH+4—N
→NO-2 -N→N2).NH+4—NconverttoNO-3 -N
wasachievedat R0.5 and R5 withthe nitrite
accumulationlowerthan6.3% duringthewhole
reaction,suggestingthatR0.5andR5wereduring
thefullnitrificationprocess(NH+4—N→NO-2 -N
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→NO-3 -N→NO-2 -N→N2).Thisshowsthat
highfreeammoniaconcentrationwasbeneficialto
theformationofpartialnitrification.Liuetal.[21]

foundthathigherfreeammoniaconcentrationwas
conducivetotherealizationofpartialnitrification
asthefreeammoniaexertedastrongerinhibition
onnitriteoxidationthanonammoniumoxidation.

The correlation between free ammonia
concentrationandnitrogenconsumptionduringthe
nitrificationprocesswasstudied(datanotshown).
Nitrogenconsumptionincreasedfrom7.0mg/Lat
0.5mg/Lfreeammoniato31.5mg/Lat10mg/L
freeammonia,andthensubsequentlydecreasedto
14.2 mg/Lat15 mg/Lfreeammonia,which
indicatedthathighnitrogenremovalefficiencywas
available through added free ammonia
concentration.Wangetal.[22]foundthatthe
nitrogenremovalwassignificantlyimprovedafter
freeammoniapretreatmentinsequencingbatch
reactorstreatingsyntheticwastewater.
3.2 Production of three kinds of extracellular

polymericsubstanceandtheircomponentsunder
differentconcentrationsoffreeammonia
Fig.2showsthecomparisonofthetotal

contents of extracellular polymeric substance,

tightlyboundextracellularpolymericsubstanceand
looselyboundextracellularpolymericsubstance
underdifferentconcentrationsoffreeammonia.
Although the contents of total extracellular
polymericsubstance,tightlyboundextracellular
polymeric substance and loosely bound
extracellular polymeric substance all showed
upwardtrendwiththefreeammoniaconcentrations
increasedfrom0.5to10mg/L,theyallshowed
downwardtrendwhenfreeammoniaconcentrations
continueincreasedto15mg/L,indicatingthatthe
free ammonia concentration was certainly
correlatedwithextracellularpolymericsubstance
production.Themechanismofthisphenomenon
wasthatmicroorganismwouldproduceamountof
extracellular polymeric substance to ensure
microorganismcansurvivalintoxicenvironmental

Fig.1 Long-termperformanceofSBRsystemunder
fourdifferentconcentrationsoffreeammonia

 

condition. However, the contents of total
extracellularpolymericsubstance,tightlybound
extracellular polymeric substance and loosely
bound extracellular polymeric substance all
decreasedat15mg/Lfreeammoniabycomparison
withthe10mg/Loffreeammonia,whichshowed
that the auto-protection ability of the
microorganismwaslimited,sothatthehigherfree
ammoniaconcentrationscancausecellinactivation
duetothebiocidalimpactoffreeammonia,which
triggersthereductionofmetabolites,resultingin
extracellularpolymericsubstancereduction.

Fig.3(a),(b)and(c)showtheeffectsof
different concentrations of free ammonia on
proteins,polysaccharides and DNA in total
extracellularpolymericsubstance,tightlybound
extracellular polymeric substance and loosely
bound extracellular polymeric substance. The
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Fig.2 EffectoftheFAconcentrationsoftheinfluent
onthecontentsofLB-EPS,TB-EPSandEPS

 

proteinandpolysaccharidecontentsinthethree
fractionsofextracellularpolymericsubstanceall
showedanupwardtrendasthefreeammonia
concentrationswasincreasedfrom0.5to10mg/L.
However,whenthefreeammoniaconcentrations
furtherincreasedto15 mg/L,theproteinand
polysaccharidecontentsin thethreefractions
extracellularpolymericsubstanceallshoweda
downwardtrend.The DNA contentgradually
increasedasthefreeammoniaincreased,which
showstheconcentrationoffreeammoniacancause
cellinactivation.Generally,thecontentsofthe
threekindsofextracellularpolymericsubstances
andtheircomponentsincreasedasthefreeammonia
concentrationincreased,triggeredbythedenser
layersoflooselyboundextracellularpolymeric
substanceandtightlyboundextracellularpolymeric
substance,whichcanstopfreeammoniafrom
diffusingintotheinterioroftheactivatedsludge
and reduce the free ammonia toxicity to
bacteria[23].

Fig.3(d)showsthepercentageoftheprotein
polysaccharideand DNA contentsinthethree
assessedextracellularpolymericsubstancefractions
underfourdifferentfreeammoniaconditions.It
canbeseenthatpolysaccharidesaccountedfor
between47.1%and55.8%ofthetightlybound
extracellular polymeric substance and total
extracellular polymeric substance under four
concentrations offree ammonia,followed by
proteins(39.8%~46.2%)andDNA (4.2%~
7.1%),indicatingthatpolysaccharideswerethe

main component atthesefourfree ammonia
conditions.Especially,theproteincontentsand
DNAofthetightlyboundextracellularpolymeric
substance and total extracellular polymeric
substancewasaugmented,whilethepolysaccharide
contentdecreasedastheconcentrationoffree
ammoniaincreasedfrom0.5to15mg/L.

However,a discrepancy was observedin
looselyboundextracellularpolymericsubstance.
Proteinswerethedominantcomponentofthe
looselyboundextracellularpolymericsubstance
(44.3%~64.2%),whilepolysaccharideswasthe
secondlargestcomponent(32.8%~53.3%)and
DNA wasthesmallestcomponent (2.4% ~
3.1% ). Furthermore, we found that the
percentageofpolysaccharidesofthelooselybound
extracellularpolymericsubstancewasaugmented
withtheincreaseintheconcentrationoffree
ammoniafrom 0.5 to 10 mg/L, while the
percentageofpolysaccharidesdecreasedwhenthe
concentrationoffreeammoniawasincreasedto15
mg/L.Anoppositetrend wasobservedinthe
percentage of proteins of the loosely bound
extracellularpolymericsubstances.
3.3 Variationofextracellularpolymericsubstance

andnitrogeninatypicalsequencingbatch
reactorcycleunderdifferentconcentrationsof
freeammonia
Tobetterevaluatethereactorperformance,a

typicalsequencingbatchreactorscycle(201cycle)

wasexaminedduringnitrificationanddentrification
underfourdifferentconcentrationsoffreeammonia
(Fig.4).Threekindsofextracellularpolymeric
substanceandtheircomponentsshowedanupward
trendduringthe nitrification process,then a
downwardtrendduringthedenitrificationprocess
underthefourdifferentconcentrationsoffree
ammonia,exceptfortheDNAcontent.Thetrend
ofthetotalextracellularpolymericsubstanceand
itscomponentswasnegativelycorrelatedwiththe
NH+4—Nvalue (R = -0.787to -0.856,

p<0.05)inthefourkindsoffreeammonia
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Fig.3 EffectoftheFAconcentrationsoftheinfluent
onthecontentsofDNA,PSandPNina)LB-EPS

b)TB-EPSc)totalEPSd)EffectoftheFAconcentrations
onthepercentageofDAN,PSandPNinthethree

differentEPSfractions
 

conditionsduringthenitrificationprocess,butwas
positivelycorrelatedwiththeNO-3-Nvalue(R=
0.645to0.699,p<0.05)inR0.5andR5andthe
NO-2—Nvalue(R=0.654to0.701,p<0.05)in
R10 and R15 duringthe wholereactioncycle,

suggestingthatcertaincorrelationswerestored
intracellularly.Shengetal.[1]believedthatthe
negativelychargedproteinsarealwaysbindingwith
the positively charged NH+4—N through
electrostaticinteraction.Hence,moreproteins
wereproducedtoprovidesitesfortheadsorptionof
NH+4—N. Then the NH-4—N was further
degradedbynitrifyingbacteria,resultinginthe
increaseinNO-x—Nandtheproteincontentduring
thenitrificationprocess,whilethepolysaccharide
content was reduced during the subsequent
denitrificationprocess.Themainreasonforthis
wasthattheextracellularpolymericsubstance
servedasanenergysourceandwasutilizedby
denitrifyingbacteriato perform denitrification,

whichledtothereductionofNO-x—Nandthe

totalextracellularpolymericsubstanceandits
components[24-25].

Fig.4 VariationbetweennitrogenandEPSandits
componentsduringatypicalcycleunder
fourdifferentconcentrationsofFA

 

4 Conclusions
Thispaperhaspresentedacomparativestudy

ofthreekindsofextracellularpolymericsubstances
andtheircomponents,aswellasthenitrogen
removalperformanceoftheinfluentatdifferent
concentrationsoffreeammonia.Thefollowing
conclusionsmaybedrawnfromthisstudy:

1)Freeammoniaconcentrationatlessthan15
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mg/L had no obviouseffectonthe nitrogen
removalperformance ofthe sequencing batch
reactors.

2)Freeammoniapromotedtheproductionof
looselyboundextracellularpolymericsubstance,
tightlyboundextracellularpolymericsubstanceand
theircomponentswhenitsconcentrationincreased
from0.5to10mg/L.However,anoppositeresult
wasobservedwhenitsconcentrationwasincreased
to15mg/L.

3)Polysaccharidesdominatedinthetightly
boundextracellularpolymericsubstanceandtotal
extracellularpolymericsubstancefractions,while
proteins dominated in the loosely bound
extracellularpolymericsubstancefractionunder
fourdifferentconcentrationsoffreeammonia.

4)Thevariationofthreekindsofextracellular
polymericsubstanceandtheircomponents was
completelyoppositethevariation of NH+4—N
duringnitrification,butitwasconsistentwiththe
variationofNO-x—Nduringthewholereaction
cycleunderthefourdifferentconcentrationsoffree
ammonia.
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