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Abstract

Acrylamide (AM) is generally known as a carcinogen and can possibly be found from
the industry using acrylamide in the production as the raw material. The objective of this
project was to increase the acrylamide biodegradation efficiency of Enterobacter aerogenes
with the Integrated Fixed Film Activated Sludge (IFAS) technology. The IFAS process
combines both suspended growth and biofilm for biological wastewater treatment. In this
study, two sequencing batch reactor (SBR) biological wastewater treatment systems called
as AS and IFAS were operated in parallel at the room temperature of 28 °C. The AS, the
conventional activated sludge system (AS), was used as a control system to compare the
results with the IFAS system. The IFAS system was filled with 3 L of BioPortz media (30%
v/v). Both systems were designed to have a nominal hydraulic retention time (HRT) of 24
hours and operated at a solid retention time of 9 days. Acrylamide was added into the
synthetic wastewater at different concentrations of 200, 300, and 400 mg AM/L by
maintaining a constant chemical oxygen demand (COD) of 400 mg COD/L; thus, the fractions
of acrylamide in the wastewater were 0.50, 0.74, and 1.00. At the fraction of 1.00,
acrylamide was a sole carbon source for the growth of bacteria. After that, the acrylamide
concentrations of 600 and 800 mg AM/L were applied. Therefore, the food-to-microorganism
(F/M) ratios of 0.44, 0.66, and 0.88 kg COD/kg MLVSS-day were obtained at the acryalamide
concentrations of 400, 600, and 800 mg AM/L. The experimental results revealed that the
IFAS system was greater in the acrylamide biodegradation rates than the AS system when
the F/M rations were less than 0.88 kg COD/kg MLVSS-day. The acrylamide biodegradation
rates increased with the acrylamide dosages. The acrylamide concentrations were greater
than the concentrations reported in the literature of acrylamide biodegradation in the
biological wastewater treatment system because ammonia nitrogen, which was reported as
an inhibitor, from wastewater and from acrylamide biodegradation was completely removed
by ammonia stripping as the results of moderate pH and temperature with vigourous mixing
in the systems. In addition, the IFAS system was superior to the AS system for heterotrophic
nitrification. The AS system was failed for all F/M ratios. At the F/M ratio of 0.88 kg COD/kg
MLVSS-day, both AS and IFAS systems failed to perform heterotrophic nitrification as a result
of acrylamide toxicity to bacteria. Besides, the performances of the IFAS system decreased
as the BioPortz media was clogged with calcium carbonate deposites at the moderate

temperature reducing the specific surface area of media.
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1.1 anuddguaziinnvasdym

pzAsalun (Acrylamide, AM) #3pazasanialun (Acrylic Amide) e prop-2-enamide
mundnnsBenieansiaiives IUPAC \uanshifd anansoazangldludh lenuea uarlalpaslasy
167 ded eezaialudazanslutld svatanludisligngadulungnoudu uwuefie fiv violsdu
(Brown et al, 1980) uenaniu eve3alumduasluluued (Monomer) filaruddayetnadse
gaamnsIuvaeUsE s wgniuldlunseuunsHandee Wy nsduasevidagen N3
Fuameiindiwes N nszmy viendnduansindevaialudmites e neudmiuthdmindouay
nawamitseln iudu egrslsfion wuh exedeludlinadequameuniibresyudinseriliian
mudemesessuuUssamaiunansuazasug mnldsuasezasanlusiuuuidsundy o1avila
ndnidaiinnsgeuuss shadlisvaudu dukansenudeauamowisfiddeuywduuudoss fo
Flvnanefusumeld uenanniiu szasanlusidafuaseusiiednaae (DeWoskin et al., 2010;
Junqua, et al., 2015) vibizin1sdrAanisldnuansindeseasailus lag Dentel et al. (2000) 58y
ovasaladluansindezasaludgniriel iftestenas 0.05 Tnevwidniviny

ovasaludgngenanensiinwlalufuuasi-infu (Abdelmagid & Tabatabai, 1982;
Habermann, 2002; WHO, 2003; US. EPA, 2006; HSDB, 2009) axeianludanunsnindeudildasng
nadluiuiazgndesaansegasnia Tnondnfusinldanmsdosaasozaialudnadinm
meldanneiioonaunazlivendiau As wonluiululnsiau (Abdelmagid & Tabatabai, 1982)
il semdfednlvgfiieatestumsdesameezaiailudmsainmdunsluuafiFeuians
yiprnen MIneraTanlunturesUURng wu wuaiisenay Bacillus cereus (Shukor et al.,
2009a), Pseudomonas sp. (Shukor et al., 2009b), Pseudomonas stutzeri (\Wang and Lee,
2001), w8 Ralstonia eutropha (Wang and Lee, 2007), Enterobacter aerogenes (Buranasilp
and Charoenpanich, 2011) dhumstesaasezaiatluslusyuutiimings US. EPA (2010)
e wuaiidelussuuiiniideuuussuunznawss (Activated Sludge) Tuanunsardneans
ovasaludldifies 50-70% winiu oghdlsfniy nsfnwlsifimassytinnesaialuditdoudng
ssuuinihidersesvazdensug MAgiumsidnansezasatludlussuuiiaiidenedanmn
uenanty msrdnesaiarlumlagdinmsdesamemedinmuesuaiiieasldansuandas fo
wanluileuazninagA3an (CsHaO2) (Wang and Lee, 2001; Buranasilp and Charoenpanich, 2011)
Fuoulmifiendosie ovfina (Amidase) (Nawaz et al, 1994) Fwiansnozasanuauenlailodiu
Lma'\‘im%‘UEJ‘LJLLazLLMENVLUINLR]WUNLLUﬂﬁL%‘EJﬁ.EJEﬂﬂ'ﬁ%UUﬂﬁﬁhﬁ’lLﬁﬂVI’N%ﬁﬂ’lWLﬁ@ﬂ’liﬁﬁiy}@ﬂm
veauaiiselussuuthdmindeldduientu dufu sudiuldinsdosameerasanludmadanm
ﬁuaqLmﬂﬁL’%‘EﬁfqL*ﬁumsLﬁumﬁzminﬂmi%uw%é (Organic Loading) kazn1szussmnlulagiau
(Nitrogen Loading) sioszuuthdainidedndne mnldannsamdansnezasanuazuenluile
Tulpsiuldmuaienaiilidadymaundenvoumassesiuinield
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ANNIULUANLIY E. aerogenes UUNBLALI1 Aerobacter aerogenes (Hormaeche &
Edwards, 1960) \unuafisennulavluluwnasin fu wiealdveayvduazdni dnsduunaiy
WUSAUNINA 1.1

Scientific Classification
Kingdom: Bacteria
Phylum: Proteobacteria
Class: Gamma Proteobacteria
Order: Enterobacteriales
Family: Enterobacteriaceae
Genus: Enterobacter

Species: Enterobacter aerogenes
AT 1.1 MSMUAEIERUSNINAENITUDY E. aerogenes

INTIBNUNNTITE WUT wuafiSe £ aerogenes ansadsunenlufelulasaudululasivasly
wsnlulnsiausuainu wieisenin wwwslsnselnluniiiadu (Heterotrophic Nitrification) (Lin et
al., 2009) FusmelansefinlupsihaduiusnsneelnmsefinlusifiaduiiiuuaiiGonds
Armmonia-oxidizing bacteria (AOB) Fsvhwnrifiuasusenludenluidululasilulnsauuasd
wuAfi3engu Nitrite-oxidizing bacteria (NOB) viwihfiuasululasidulumsvlulnsiau audsu
oedlsfinu iewelsmsefinlunifhaduiilianmsodsundsuiildliodluzuves Adenosine
Triphosphate (ATP) 1 (Lin et al., 2009) fsthu wdseuiinduilianansailuldiients
WiyhuTnveauuafizenduilld wafiGenduifsndusedindsmuienaadydulnanmsld
ansounsaJunmaandsuvauny

NTIBUITEVDY Buranasilp and Charoenpanich (2011) #Wua1 Lwﬂﬁﬁw?qmé E.
aerogenes fifnenmadlunisgesaasezasanludniestininluiesujifinsld lnenanisvaaes
58 £ aerogenes amnsniinaaialudldgiaauuenmaidsaie fie 5000 fadnsusedns
feiu mnthuuafide £ aerogenes antasuftinmsunldlunsiidaindennlssnugaamnss
fiflorranluduutougald Aaunsnannisuuiouszaiatludluumaesasiuihidldoged
Usyansnn ogslsinu Jangkorn et al. (2018) lanmassthuuailile £ aerogenes luldlussuu
drdmindeinmeasuuu Sequencing Batch Reactor (SBR) fifin1stioutiidedunseiduiou
muazATa ANt Aularaiuanliliongadndwiniu 10 Tu nan1svnaes wud wuailse £
aerogenes ilaninsadesaansozesanludliiussavsnmmiioutunsdesaansluomsiasaiely
HosURtRnslE Taewudn wuafiBe E. aerogenes annsndevamearaiatludluszuutingde
Framgaaaldivinifu 200 mg AM/L Wity uenanidu Smuin wesludelulnsiauidundn s
Mnmsgesaaeezeiatlusmediniseulioriinaiansazaungluszuuiimindetanm
WUU SBR wamnaaesisszyt uewludefigvidudimsdesanuezaialud uonamiu weslude
fifngauwiliAnnszusnlulnsaudessuutidaindensdinimuuy SBR vilFsruuthimi



Fomathnliannsamdaneslndelulanauldiovmn 3t wesludelulnsisudsdudufase
Tupsilndureseslnnsofindnane (Wu et al, 2016) usniilearnwansenuveenluiislulnsiau
fifsenstosaasezaianlusmatinnlussuutidmindetanm nsnezasaniifudnnanfoeifia
yhlAnasrusInaBuridressuuiingetudndes dudu nsdesameezaialudluszuuttn
ihidsTanmiulshlmAnnssusmnlulasauarasdunidaaiu ssuuthimindensdanm
Tnehluonaldanunsafdasenluflonaransduvidannsdesaaeazadaluduasnsnesesanls
e dwalilsyansammsminozasarludmedanmanadussuutinindenisdanmangae
weluladvndaiidsnuunaunaudeAvassruunznouss (Activated Sludge Process)
warlulefidy (Biofilm) Wnéhefu Miendn Integrated Fixed Film Activated Sludge (IFAS) ﬁ?uiﬁgﬂ
Warutulugeieus (Lessel, 1993, Sen and Randall, 1994) tethunldlumsiiuyssansnm
wagtatosnmlunsminansduniduagnsmidnsimemnsiulasiaumetnnm Tagmaifiuuiin
Quvddliunsruuiidaiidsuuinresiangis (Media) TnglsvihlviAnnissrosudeiiidngds
ANRENDU ﬁaw%ﬁﬂﬁlﬁm{]mmmimﬂmzﬂauﬁumﬁqmﬂmﬂauﬁ (Sriwiriyarat et al., 2008a,
Sriwiriyarat et al., 2008b) ot dwaluladvdainde IFAS fanunsathunldlunisesauedide £
aerogenes UuivesnaaieiiuUsinamueiiSeriailuszuy Aavildaunsafiaussanznm
n1sidnezAsaIlun nInezAsan wazsmemisuanluelulasauliegalivssdnsnnla

1.2 IngUsaAvadlasans

Tassnsfinuidetifiivguszasdlunmsfinunsiuussansamnistdaezasalud na
oe3an uarsmewnauerlidelulnsinundontulussuuthdathidemedinmuuumelulad
Integrated Fixed Film Activated Sludge lnglduuniiisengu £ aerogenes p3suLRIsNaad
wiuaesaglusruutimindeuuuieniiifinadad tnefinsusudouussansnmmatiineses
aludfuuuafidsdssnmfeiulussuuidaiidswunenoudsiilifiniafuinas n1svmnaes
FulunsisasduemIReduns (F/M) feq fu

1.3 YBULYAYBIIATINIGINY

1. Tasisiseifnulneldszuutidamiidenedanmuuu Sequencing Batch Reactor $1ae4
seRuviRafuAnns vmsiuszuulwiesl fuAnisdaanden nmadivimnssuadl Ay
Amnssumans wninerdeysn figamniivies (~28 °C)

2. dideildduihdeduanzdanmsesenlneldanssunddliun tmanseueslnfonesd
we nasnauerasatlunduurasasueundnuazuen e uumaslulasiaudmsy
WUATILSY Enterobacter gerogenes

3. FananedildAnsemelutisrernanivermedulssianuivassluszuu (Moving Media)
ﬁL%EJﬂiW BioPortz®

4. msnaaasdavinfisasndiuessoqaund (F/M) sineq fulas$nuengadad (Solid Retion
Time, SRT) Wiy 10 Ju

5. msneaesiniseenwuusyuuliissezianiuninmeradans (Hydraulic Retention Time,
HRT) Wiy 24 4lus



1.4 Usglomifiaminaglésu

waATenlaseinsiden vlildsuesdanuiisadestunisoenuuuuagmsiiussuy
thdaindenisdanam IFAS iensiinansesaianlud nsnoza3an uazueulufenlulnsiau 39
annsodluARuimeunslunuUszguirnsviensasiteseduminazuiuned uenainty
nanuAdpansnsa luuszgndiulsanugaamnssusingg fegludaugnamnssudifinszuiunisnan
flFansissuduozaialudifionsidnesedailudiiauysal annansznuveseraiatludiidse
guameutovesuyuela
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Tassmsideilsdumsluios jifinsimnssudanndenvesneivdmnssuiad Ao
AINTTUANART UM INYTEYTI Tnefiniseenuuuuasiiuszuuhdaiideinnmsiass
Sequencing Batch Reactor (SBR) flgaumigiivios (28 °C) fifinmstleutiuderingszuu SBR wuuny
$1uau 2 SYUU Senin AS waz IFAS TnefiswasiBeadeluil

2.1 szuuthiintideuaznnsaauauszuy

2.1.1. szuuthintnide SBR AS uay IFAS fUSunausausiemn 10 ans senwd 2.1(n) was
2.1(%) MuaIeu wwﬁwﬁ’mﬁf’/ﬂLﬁaﬁgqaaﬁugﬂﬂauﬁmﬁaé’qmswﬁ 2 n¥mp iU weavnylisvesIan 12
4lug Usenousne 5 9a9szeziian nanie 15 Uil ﬁm%’umi@uﬁnﬁam’héizuu (Fill), 10 4T
dwduszeznainsiiuennie (React), 1 tlus dwdussesnaimnazsnau (Settle), 15 wndl dmsu
sepzaguinlaiia (Decant) Iindoninaznou Usinaadies 5 ans uaz 30 wiil dwsunisudes
szuuils (Idle) fanwil 2.2 mﬂmﬁqufwﬁq 5 Anssony YRS RsINsLanUasuU3uIns
(Exchange Volume Ratio) $aeay 50 viliflsvasnanfnifiumanmans windu 24 dalue egralsh
Ay wEINLUAT SN ERnuLRFInanwi AT deealissoznaniuinmavaransves
S3UU IFAS widewfies 23 Halug

()
A 2.1 szuutheudeuuu SBR (n) s¥UU AS Lay (¥) seuU IFAS

2.1.2. 53UV IFAS fimsifiusanansiiisendn BioPortz (ENTEX Technologies, Inc., USA) lu
dndiulSunsvesiinanainduiosay 30 vaeUsuInsieUfAzen viseweuwiUsnsiinans
BioPortz 3 3ns (510 BioPortz) wieluuaiiSedanmzuuinfnarnanedululefidy Tne BioPortz
5uw5mﬁ’mwmaaﬂﬂizLﬂw‘lwé‘wﬁﬁuuwmmwmLL‘Liuqﬂ (High-density Polyethylene, HDPE) &l



1%

NuAiRIF e (Specific Surface Area) WU 576 m%/m® wagiianuaa9s1imng (Specific Gravity)
Wiy 0.96 (Kim et al,, 2011)

...................................... 5
Pure culture of
E. aerogenes :
v
Filling | Aerobic | Setting | Decant .| Idle
15 min React 10 h 1h 15 min 30 min

A 2.2 JULUUTRIN1IAIUANTTUUT TR NEIUY SBR LUU AS Uay IFAS

YaNAINUY 52UUTITAUIESTININI1a0991980952UUINTARFIINTILVUIALENIIUIY 3 TR TiFe
INLATBAFALINATANNTOLENDINA 60 L/min lukdazseuu n1sveasddinisamuauaIoensay
ara1s1 Ut NANDINIAWINAY 6-7 mg Oy/L

2.2 LLUﬂﬁL%ﬂU%qwé Enterobacter aerogenes

szuutidainde AS ua IFAS BuduiussuuiensiuuuediSeusans Enterobacter
aerogenes MNWBIUJUANSH AN AQEINEIAINT UNTINGITEYTIN NFININZIALS E.
aerogenes insyBgnisauszUUiiuadadiuty vdntdu SdinsguagneudiuAuiiaio
muAueyadndvesLuATiengy £ aerogenes Tvindu 9 fu iilelviszuuidneniwlunis
AnufAsentunsiadudnee

2.3 grudnuazvaninde

ssvuthiimindes 2 ssuutugnilewiidedanmeifisdouanlyaynfudensuauaaed
f19q Famsedt 2.1 TuthuszdUianes 40 Ans Tnefluvaennsueu Tulnsiau Woavea uazsy
9NN55099UY Bnde wdniu axfinsudumanuidunsawavesihdedunssidensadaiisn
warloiionlansonlodauiirnauidunsaua wihiu 7.2 wui idedmududuassunidued
AEATLeA (Chemical Oxygen Demand, COD) Winiu 400 mg COD/L Tulmstauwingu 40 mg N/L
wazvediurIansAUsEIN 80 mg SS/L MdrInnIvaaesiinisivezesarlusudl Avy

Wnduansduvsdusismeadlefiingiuiu 600 uaz 800 mg COD/L muaIRy

2.4 MANIFIREde

wé’qmmwuﬂﬁﬂ’mﬁﬂLﬁm%éamwmé]’mé’a SeflmsfiushegafiewlUnsalnszi
WsdeaInnee lon Mixed Liquor Suspended Solids (MLSS), Mixed Liquor Volatile
Suspended Solids (MLVSS), ansPUNSETIUAUSIseANTafamLn (Total COD, TCOD) uay
asduvsdaranethudimerdlenazateii (Soluble COD, SCOD) ns1esigedans Closed
Reflux, Titrimetric Method TulpsauwivaaUsdseriiady (Total Kjeldahl Nitrogen, TKN)
WATILYAID Semi-Micro-Kjeldahl Method wosludanlulasiau (NHs*-N) 31as1es9ae3dns



Phenate Method lulasvilulasiau (NO,-N) as1g1iaae38n1s Colorimetric Method lulasv
Tulnsiau (NOs-N) JuAs1¥1n835n15 Brucine Method mmmﬁlumm A4 (pH) AT TAMELATeq
Cyberscan ’iu pH51O (Eutech Instruments) LLa”maaﬂ%Lﬁ]ua“awm (Dissolved Oxygen DO)
A3293As8LA38e Cyberscan 3u DO110 (Eutech Instruments) Wil Famsieszeinammaduluany
FN19AsIEIee Standard Methods for the Examination of Water and Wastewater (APHA,
AWWA & WEF, 1998) dmdunsinswianssunidavansth (5CoD) wenlufonlulnsiau lulnsv
waglumsnlulnsiau ﬁaaéﬂagﬂﬂiaaﬁaaﬂizmwmmﬁﬁmmwéu 0.45 luaseu ndvnduies
A19819R18AIL5Y 10,000 SUABWNT (rpm) WL 10 wdl dmsunisasiainesasatlunuaznse
oza3antldiedesile High Performance Liquid Chromatography (HPLC) fidnsdeusedu UV
Spectrophotometer Detector JENWAY 6305) fivia1ufl 254 nm uaeiinisldnadut Nova-Pack
C18 (4 pm 60 A°) guard pak insert column (Waters, Ireland) @1%5UN15LATIZRANMULTUTUVDS
oza3aludiaznsnazAsantialld Standard Curve Tiwdsuanezaialusasnsnozasaniingu
AULVUTULAD

A1597 2.1 asiadiiiduserusenourei s AT ein g lun1smead

Chemicals Chemical Grades and Sources Amount
Sucrose Commercial Grade, Wangkanai, Thailand 120 ¢
CH3COONa Industrial Grade of 58.8%, Sinoway International, China 240 ¢
KoHPO4 Food Grade of 99.2%, Young Jin Chemical, South Korea 20¢
KH,POq ACS Grade, VWR Chemicals, EC 40¢
NaHCO; Food Grade of 99.5%, Tianjin Soda Plant, China 200 ¢
NH4CLl Industrial Grade of 99.5%, Tianjin Soda Plant, China 9.0¢
MeCl, Industrial Grade of 47%, Dead Sea Works, Ltd., Israel 28¢
CaCl, Food Grade of 74.0%, Young Jin Chemical, South Korea 1.6 ¢

duumansrataUianedulefiduuuiindanansiu BioPortz $1uau 2 Wingminoanin
mﬂé’wﬁﬁ%m &rntu Wdussuhindrannduiaesadalulefiduoonaniafnarsadudn
wned ndantu Jufuthndulilduiines 100 fadans ndamnauiuaugs Seduiuiesnemn 5
findans Wiethluamaiasieh MLVSS wag MLSS ndsaniu Suharmandudu MLVSS uay MLSS 7
lumunnuinalulefiduiomadmiuiina BioPortz $1uau 510 uin

2.5 /N15NNaDY

pdnsruudinganmeasiud Saimaivesaialudaduiidsduaseinianududy
vasazAalus 200, 300, 400 lavfpsarmiduduvesansduvidusdlusuresdlofinaivindu 400
mg COD/L Andudnsdiuveserasanlussedlefiamuawiiiy 0.5, 0.75 wag 1.0 enaaeau
FnunmuessEuy AS uay IFAS lunstosaaneaza3alusniaiinmuesssuu AS uag IFAS 11
Snsraueasarlusedledtamuawindy 1.0 Siflesevasarludiduunasesnniveuminiy ndenn



tu Sauiunnuiduduresesesanludviniu 600 uas 800 fadnsuledsodns Wemurnudu
amﬂmummﬂusﬂmaw‘lammaaaumaL‘vnmJ 0.44, 0.66, Uz 0.88 kg COD/kg MI_VSS -day d1%3U
ddefiianududy cop wrmu 400, 600, uaz 800 mg COD/L dmduszuuthdainids AS
audy dmsuszuudminge IFAS gnsduemMnsiugUvesdlansegaunIdviniu 0.13, 0.19
uaz 0.26 kg COD/kg MLVSS-day dmdutindediiaanududu cob wihiu 400, 600 uay 800 me
COD/L amindiu Sasduemslugvesdlefneqduviduassuy IFAS ooninszuu AS ieaan
ALy MLVSS mnannenaduduvesuueiiSeuvivassuasuuaiiSefaseuniafnats s
mususruUlfannniudnsduewslusuresdlofvordunisigniidlfidosnssuuisaey
duadlumsgosaaseraianludnistinmiianududugenin 800 mg AM/L ¢



NaN15IgkazanNUsne

3.1 Uunaumnaznaunuaiide £ aerogenes luszuufiliifinsduszaianlud

nduRusEUUTIUT I E T MLUU SBR AS uag IFAS UITUUGAN1IEA (Quasi-
steady State Conditions) sifuszeznamaneifion deausassymsiingannzawilinnns
Annwinsdsuulannduduresuuaiieuazduansnidefisuiunan fennszuudng
damzasiiud Maasuamesuamsadofiouiunanasintutesinn anmsasainuina
yaauaTiaelussuy AS uay IFAS TeiidunueiiBourivassnazuunilSeinssuninvosiinas
BioPortz WU ansaustansaasseaniiu 2 119 Mnsei 3.1 lagdaausnusingin e
g MLSS waz MLVSS vesszuutintinge IFAS tuflanududushniiszuu AS isizindua
wndunilagninluliluszuuindatihids IFAS iWensiaigresuaiiGeludululofiduuuiinves
fanans BioPortz WlsUSinnsvesiriignunuiidhelulefiduuusnanafisduan 5% du 129%
widedwiidu Mixed Liquor Wiies 8.3 L uazvilisseznaniuinmesamansanmie 21 $2lus
detusudunaidululeflduuuianas fmnsieit 3.1 wud nstnsssanansasiussuudiai
Ao IFAS silsiannuidudiu MLVSS famua (Total MLVSS) vasszutifivgstungnannidoiisur
sruuthdminde AS uenantu Smuin sastain MLVSS/MLSS 18355UU AS uas IFAS ADUTN9E
WER9IN WUASe E. gerogenes "Lumﬁmaaaﬁaﬁluﬁmﬁﬁwé’ﬁLﬁ]‘%auJLaUT,m %3 Jangkorn et al. (2018)
52 N MLVSS/MLSS susiinuunfii3e £ aerogenes fimsavaulndvleaminneluisades
wuATSELaENISISRULnvasuAisagnIin

AT 3.1 ALTUTU MLSS wag MLVSS 98slua?itse £ aerogenes tussuutnvaudy AS wag
IFAS Tugasnlaifinsiduszasanlualusseei 1

Phase System  MLSS MLVSS MLVSS/  Biofilm  Biofilm  Total MLVSS
(mg SS/L)  (mg VSS/L)  MLSS (¢/m?)  MLVSS/ (mg VSS/L)
MLSS
AS 1033+128  883+92 0.86 - - 883
IFAS 868+115 773+95 0.90 144 0.92 2660
I AS 913454 903+54 0.99 - - 903

IFAS 1233460 1223+60 0.99 10.9 0..59 3110

Total MLVSS = suspended MLVSS + equivalent MLVSS (biofilm)

oealsfiony ndmnifuszuunidmidersaewisluundn 10 Weu ndwnifuietnen
WSN WU WUATISE E. aerogenes wruasslusyuy IFAS Windueganniieiieufiunanisnnaos
YAusn veusifeatu wud mviuvedlulefidunduansiias el ibumsrzdilulefidutinns
azanvosnznuLAaTLASUBILA Filansnesnadw MLVSS/MLSS vaslulefiduiianmaain
0.92 widewfies 0.59 FsnsavanveaneniuivhlmAnnisgadunielufinaisues BioPortz dAuwals
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Nuiismzvesiinansantosas anmsasiatarudusig (Al kalinity) yanide wui Ay
Lﬂumwﬂmmmmammu 120 mg CaCOy/L Faduiinmulaeilui anuasisansazaisves
uraiBsumsvalunananiiogungiifingatu Mnramsveaes wuh anudunsasisvenindeiv
aetuluszuutidainds AS way IFAS fa 8.5 Fadululih asueulasenledluihgnldeanaint
(Campos et al,, 2013) Fdlummeansl mnunsednduindsfansanuanluiinats BioPortz
dosngumpivesindewidu 28 °C figaumgd 8.5 dumuditurouuafiGeuriuassluszuy
thiintiide AS desninsvun IFAS iflesanuSuinsusyansua (Effective Volume) vasvasiviaily
s3ULYRY IFAS tosninsvuu AS LilesanUiumsveamaignunuiisnesinas BioPortz Ine Grady
et al. (1999) 52yt VimasvesdsufizenifvmnadnazianduiuvenuaiiGogainidsufise,
ﬁﬁﬁuumimyjﬁﬁmqaé’@ﬁ (Solids Retention Time, SRT) 8ms1A15bva LLazﬁuaLmimﬁgﬂﬁﬁmwma
LAy

(51’1'5’1\‘1‘1/1 3.1 uansrnuiuduveanuaiBouiuaeslusyuu AS uay IFAS flengadadivindiu 9
Yu viail {ideiinismunuogainivessyuUeE1e Funafimsgapdeluiuihiesssuuisassdios
Gnteswidu Tneaududures MLSS qumlﬂﬂummmwnu 18.8+4.9 Uy 6.0+4.7 mg SS/L
dmsutouayausn and 5.6+4.8 uaz 1.4+1.4 mg SS/L dwiudeyaynilaniuedszuu AS wag IFAS
muddiu pnulunsasalunanuasanmgiviiu 28 °C Fdludrianissayivlnveswuniise £
aerogenes Sty Ssfiauufgruinudnvasrenideduaneitondldmngaudmiuns
WiaiulaveauuaitiSe £ aerogenes dadululddn armnsednsvesindsdunsgionagenuiuly
nnnsdnasadnguluaiueiun :nnsduudidsEaninsnandan (Observed Yield) v
LUATISIIIUABEYBATZUU AS WA 0.30 uay 0.29 Tuszezusnuarszosiassmuddu oenslsh
p1u dulszdvsnssdedaunaliamsodaldiennliannsodmuusnmnsuanaded
(Sludge Production Rate) uagdnsnsldansdunisustlusuresdlof (COD Utilization Rate) 104
wuadiFeludululeRduls

3.2 NMSAANENTBUNIIVasLUATISY E. aerogenes Tuszuunlidinsifnezasalun
a a o v} 90/ = o U a ] dy
WUATILSe £ aerogenes Tuszuutnidminide AS uag IFAS anunsardnansdunsdusilatugy
= a 1 = a a = a a o % a a6 1 %) o Y}
29990R0819lUTEANSA N TAglUTEANSAINAISANIAEITIUNIEVINAU 78% Way 80% M1UaeU
TpeflA NI TBUNIIIULNTANAY 90 wag 80 mg COD/L AATEUU AS Uay IFAS AIUEIAU
wandlmiiudn sruvivnudsniaasi@neninnidnalsdunsdlnadeaiu 3nA A 3.1 WU
a a o a a 6 I~ ¥ o aaa a
WUATILSE £ aerogenes Minansdunidisuuuuiludunsilussezianiuiisewuuiiuenia 10
P9 AU FIEIUNTOAIUIUTNTINSAIRETDUNITTLUsEULUU AU ESNIE@R ke aInAUTUYDY
P PN Y o w a = N a W
VAUMTI 9INAINA 3.1 U RSINNSAIREITDUNSIURUATSeTUSEUU AS wag IFAS windu 7.4
wag 7.4 mg COD/L-h s8udulain wuaiisanyiaesssuuiiusednsninn1sndnansaunsdmnny
wanalmiiuldn nsiudnaslussuudTnudy IFAS 3elitieiuussansannisiidnansdunse
V095rUUUNURUNLEINHWUATLSY E. aerogenes
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180

160 & TS y =-7.3938x +167.59

................... R? =0.9896
140 1 A

P, S

100 1 y=TARIXH 1549 R s
R =09772 @ .

120 +

80 -

60 -

COD Concentrations, mg COD/L

40

20 1 —m—AS —8—IFAS
--------- Linear (AS) =+ Linear (IFAS)

0 2 4 6 8 10 12
Time, hours

AT 3.1 ANUTNTUAITOUNIIUTAI8T oAl USEUU AS uag IFAS Nduwuaiilse E. aerogenes Tu
sveeil 1

3.3 wwelsnsofinluniintuvasuuaiide £ aerogenes luszuufilifinshivazaianlud
n¥rnAuszuuthtatdsauddannizasiiuda nud ssuutidaiude As §
Usgandamlunmsmdaueslufonlulnsiausintu 67.8% 91nawi 3.2 wuin msmdaueslanien
lulpsauvgavdannnsiiufisen 6 4alus faudin wesludeululasauluiidedilegfnu e
finsananuitutuvedlumsuar hulasilulasieuiiinannszuiumsiemelmsefinlussiady
YOIMUATISY £, aerogenes Han il 3.3 uay 3.4 mudidu wui Insazavlulasvivazlumsm
lulanavlussuutiessnnidlerisufuneslndolulasiuiignlusiveda 67.8% lneUszdvsam
mssdalulnsiauiamuainty 59.3% wandiiiui weuludeululnsauldldgnidnesnainszuy
fenszuaunisemelsvseiinlusifiaduvinity worefinssuiunstuiidmdauenladeylulasiou
ponIINTruy fau waveslulpsiuluguuusingg gnisnyiaunaualulnsouiomn fanmd
3.5 Tavaumsiildlunsvhaunainalulasiauiugisdaiemidoves Lee et al. (2008) Fsfin1s
Sualrsnanulaseuluadnsivindu 0.1 ¢ N/g VS uenantu SeinsAunamiaves
lulpsiuimuadignlusivhelussuudnde namsliemesiaugaua wui malulpsuresssuy
AS fianuaunaifies 67.3% wihtiu Tnewnavesuenlundenlulasiaugnidaoonainszuy 0.08 g
N/cycle usiiinavodlulasvinagluwmsnlulasiaussnainsyuuiiies 0.02 ¢ N/cycle vigalilas 25%
ity uandlidiuednedpiaudt finaveshilanauduisgymelunnssuy dmiunssuiunsi
yillulpsiaugameluannszuy nssuaunsalunsiaduiifuamands eghdlsinmu lulden
1 Aedlussiadunelussuy msgszuuduuuuuendiifieadnddalinnfenafifianuduty
vos0anBanaranstiil 6-7 mg Oy/L usnaintiu dslaifisenuiissydn £ aerogenes ansnsniilus’



glulasivaglumsmluaniizidiveinia (Aerobic Denitrification) 19 91T eviaunana
lulasiau wuan emelsnsefinlunsiaiuves £, aerogenes \AnTutlagann

[\
o
1

[a—
S
1

W
1

Ammonium Concentrations, mg N/L
>
1

—|—AS —8—[FAS

o

Time, hours

A9 3.2 anutatueuluiealuszuu AS wag IFAS duuadiise £ aerogenes Tuszezd 1

45
40 -
35 A

30
25

20

15
10

Nitrate Concentrations, mg N/L

|- AS —8-]FAS

——————

= = -— —a—
4 6 8 10 12
Time, hours

12

A9 3.3 anututuluasiulasiaulussuu AS wag IFAS 9illuaiilsy £ aerogenes Tuszazi 1



45 1 - AS —o—IFAS

Nitrite Concentrations, mg N/L

Time, hours

13

A 3.4 anutntululasilulasiauluseuu AS wag IFAS Nfllua?itse £ aerogenes Tusyagi 1

0.3 1

0.1 A

Nitrogen Mass, g/cycle

0.1

0.0 -

Phase 1

IFAS

100

80

60

40

20

8N in Effluent B N in Waste Sludge @ Unidentified N ® N Removal Efficiencies

Ammonium Removal Efficiencies, %

AW 3.5 aunainalulasiaulazyseansninnismintenlinfenlulnsiauvesseuu AS wag IFAS 4

a aa a
UILUANLIY E. gerogenes Tuszoein 1

INNANINARRY ellanuAgruiinindenluiislulnsiaueiagnindnesnanseuuintn
ULde AS leeasnisiasuianeuluts (Ammonia Stripping) Tae U.S. EPA (1979) 51841471
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worlunflglulnsiauilegludndiu 10.01% vesauluislulasaunmundalsenoumenenlanileuas
a -:4' a Ie) I 1 1 9 Q' -g < 1
worlunflewlulpsiauigamgll 28 °C uagaudunsamiawindu 8.2. nsiiinduresnuduninmg
270 7.20 Tuihidsduasizviundu 8.2 1eeinanuaumalveanszuiunshussiadulussuu v
TrlsifinnsnannsnannnszuIUNITAINE kaginaNAsaawiannsuaulneanlanaanainssuy
mmwl@ﬂanmwmummmiaLLammammmmLausmmuLmamiuaulmaaﬂisziml,aul,t,aaﬂmua
thu wut Lmaﬂﬂiuauimaaﬂlmmmimamaaﬂmﬂmlmsam’nl,ﬂmaaﬂmLua (Campos et al,,
2013) wﬂwm'mﬂuﬂsmmqmeqwuﬂau Sevlrinmsiudndiuvesenlandelulnsauluinge
wenanAudunsnsuargumnginduasuliteuluilogniuaetoanainundsuds N1snIunaLsIe
FseFuilmAnaninzanuduliuvestn Jnssdminnisaswiaweuluilslaegnasinisian
1y (Gustin & Logar, 2011; Campos et al., 2013)
o U o % ’(; = % 1 a a gj
dmsussuutdaunde IFAS Han1snaaesiunudl wupilise £ aerogenes idluguras
a A a6 a a aaq [} v 1 '3 =
wuafiSeuviuassualulefiauaunsainemelinsefinlunsinduldegsauysal Ined
Uszdnsnmnisindaueuludenlulasiauls 100% aelusseziiainsvinufisen 6 4alua dalans
Tun i 3.2 Fananslmiuin nmsiiudinattasiussuudnide AS aunsaiiuusyansnnaes
syuvlunmsmanwauluieululasaulas tnawuin Uivaw%mwmiﬂ"ﬁ%’mluIGIiLﬁ]uﬁqwummaaivuu
IFAS WU 24.6% @eiiAntiosunniiiosannmsazauvesiunsuaslulassilulasiou danmd 3.3
wag 3.4 muasu aghslsinny nunisazauveslulasilulnsiausyuuilesanuuaiise £
' a ¢ & Y] < ~ Ay o w A Y] o v
aerogenes luanunsaasululasiilulumsnlaegnesing WeswinenaidediniEesnasnunlds
Tunssgivlnveswuafiiseiilaztodndnvesnisunsvesesndaunludilulefdulusinans
BioPortz Wianeviaunauiavedtulngiau dannit 3.5 nudn walulnsiauvesssuy IFAS Ay
auna 95.9% wazlinisindnuanlueunaunyingu 0.16 ¢/cycle lnsuavatlulnsivazlumm
Tulasuluiiiawintu 0.15 ¢/cycle wandliiiudt fuavedhulasaugaymelianssuy Faluly
191 falussiaduluaniziduenoinieintu Fadunnsulaesinluin ssuutivnuide IFAS
aunsanaflunsietuluansiiveinalaiiasainianneleuusndniusinais BioPortz be viail
Wenansanaunauanudl nMswassiawesluleduinlutesunnilaWieuiussuu AS ins1gdn
52UV IFAS Tiewalsnsainlunsiiadwintu vinlianudunsaaieanas Tnenuin anudunsaaig
g a 1 %) o YV 1 = 1 = :’I 1 %) -dl a
Yosdeiniu 7.96 vilidadiuvewenlinflesaueuluielulnsaunmuaviiiu 6.01 gamgil
28 °C wazAnudunsaaavingu 7.96
Ausunanisneaadludieraun wudn Usyansamamelsnseinlumsiaduvesszuu AS
Q‘ 42” % Qll aaa a é’ 1 4 o.'/ a
ingeduiauandlunini 3.6 lngufiseninvustwanysalnieglusseziian 4-6 Talusweinsiiy
21MA Ybiszuut1Tn AS fuszansaimnisimdnwauluielulnsauyinniu 100% Wafiansanaing
WwuturaslumsnwazlulasilulnsiausanIni 3.7 wag 3.8 wui1 Anuuduvestunsiwazlulasy
TulasuiuduegwailadlutiessesiaInsiue1na 4-9aluawsn vlranuisaduduin wewe
155N lunsHATLLANTUDSY denavinlAiuseanSAmnsidnlulnsaunaruawingy 20.4%
waNIINUY LlofiansanaunauiavedlulasiaudnIng 3.9 wud wiavedulasiaulussuu AS vas
ANSNAABITIN 2 WU 101.7% Leediulaveshumsnwazlulasnlulaswuissnluiuiniayinnu
0.17 ¢ N/cycle @slnalAssiviavesuanlanilenignluninieluvindu 0.164 ¢ N/cycle vl
awnsasyyd ssuuthdainde AS anunsafiaemelmsefinlussiladuliegsauysaininiinig
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AIUANTEULRENMINEAL 1NHANTIINABITeRY nut anuunsassesings AS whitu 8.37
FailemariliAnnszuiumsaesuiauenlunde i iinanundreiu agnslsinug mnidl
nsvuumslussTladuintunds nszuiumswaswialulnseuiliinduediiteddey

dmdusruuitnunge IFAS wui fussansamlndifesiussuu AS Ao 100% lned
UsyAvsamnisidnlulasauiamaniniu 30% esngamgiivunansiayeiyadadgs eglsh
My nsmaaesteliannsausydiuderivesmsiiusanans BioPortz Idilesanidesiiaves
Vinamedludeululsswuluinge sgrlsinu ae omelsmseiinlunsinduantosadlusyuu
thinide IFAS iflesannisgasuresmeniunaaideunisuaiun
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A 3.6 anudntukenluisnlulasiaulussuu AS wag IFAS Nilluaiilsy £ aerogenes Tussus
a
N2

3.4 nMsmanansaunsguazlulnsiauveauniiise £ aerogenes naunisinazasalun
MsneaadbudtunnaenunIsneassludeulneinisuarasanlunadlussuuNAINY
WUTUWANA1IAY TsnauRNazAsa LU LATN1IMTIAIATISANITYIIUVDITEUUNAINLEASAFUNNS
PAADIUTMAULAT 6 DU WU STUUTIUAULEE AS way IFAS a@unsaniana1sdunsglanielu
SEEEIA 2 TU9 990N 3.10 Teenuin ALty COD lulianasnasannssaznisiuainie
PN 2 Tl wandlimiiudn ddomasiesansdunsonliaunsadesaansleniaiininugs 1o
gj = a a o o a a 6 gj .a” = a a 6 = [l %2’ A:”
JPUUNIEDHUTEAVENINNNSINIRaNTBUNIENIEY 88.5% Hansduvidwioaglutinfieszuna 50
d' = a a a o w a a6 1 q' 1 [N~ 1
mg COD/L WatU3uulisuuszansninnismdnansdunidvesssuuluaneafunui wanslmdiuin
SrUUTNARaiuTE AN NgelY Wellaeninsnanadndlugianimeassil vainanuTinuves
asniilafsnlunisueiunasnamiaieantymnisendureinsnSulAa@eAISUBILA WU
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UBNINUU FINUIMUATILSY E. aerogenes 3NTEUU AS uag IFAS liinisazauansing
Woannnelulwas AanIngdnsE@Iu MLVSS/MLSS Tup1319i 3.2 Feseydn dnsausianaives
a a1 ! (% ! (% ! a6 ! ISP -2
wuATiSeuYINaReAgwn dwsnndiudnaivesiuleiaulussuy IFAS wudi IAwiiiu 0.84



18

Y& 1o Y] ) . v = & A oA
LAASLLIALIN TN15avaNveInEnsulufINae BioPortz antesad G UuUNaduLtaIn1aInnIsan
Usunadlapenluasuaiunlutindedunsieiaananils

A15199 3.2 AMLUNTU MLSS wag MLVSS 0uuaiilse £ aerogenes TusguuinUniidy AS way
IFAS naumsiiuazasanlus

System  MLSS MLVSS MLVSS/MLSS Biofilm Total MLVSS
(mg SS/L)  (mg VSS/L) (g/m?) (mg VSS/L)

AS 1395+78 1348+56 0.97 - 1348

IFAS 14354173 1425+173 0.99 21.1 5072

dSUUIEAVIENIMURITEUU AS uaz IFAS nounsiiiuasasaluadmsunisidaneuluiion
lulasiau Ui ssuuiiaesiivsyAvnmasseimensodinlusiiliaduanatesnaunn fauandlii
Tunwil 3.1 neUszansnmnsidauenlundoululasiauwessuu AS uag IFAS infu 36.3%
uay 42.8% muddu uassliifuissuuiaesdumailunsinlunsiindulugisnimeaesi
og1lsfnu nan1Tmeaes Suandliiiuin szuu IFAS SnsiiseavBammganitszuu AS Taevily
el nmavnaesdléfinsdsuulamannenismasowuiifiesosdla mudsgumnd evudunsads
audnunzvenidesniunisanUialudeuluamsueiuniomils o1gasnd WWudu

dornfinsaneududuveslunsmuaylulasvlulpsaufiazavedlussuutingides AS
uay IFAS a1l 3.12 uaz 3.13 mudidu nud ssuuthdadideitiaesssuuiimsavauves
Umadlumsnlulasiaudanmi 3.12 desannauanunsadeinldfiteddny Inernududuredunm
lulssaufardutuiugdunugduanuiitenemelmsefinlunifiadu wideduganisvh
UfFSeRnormau 10 Fliesszuudidainde AS uaz IFAS nud enududuvesiunsm
Tulmsiau winfu 0.81 waw 1.2 me N/L anudsiu daumnudutuvesiulasilulasauiuiinisdiu
gaumusrrnaiine e ag1dlafio wuh anududuvedulasilulanaudiodugansii
UFFSeRinornau 10 Flisesszuudidainde AS uas IFAS Wiy 0.79 uay 3.58 mg N/L
muadu Feannsaszyin wewelimseiinlusitiaduresszuu AS dumailagauysal uidimsy
52U IFAS Tuiiemelsnsefinlusifiadudivadntos Susuldandiinalulasifiavauoglussuu
wrilsianinsnndsudulumsvldogsauysal iesinmaundveseendiaudrgiululofidudi
USunameniuegeragninin egnslsiony anududureslulasivaslumsvlulasiauanunsodudula
1 30U IFAS TuissAvBnmgeninszuy AS dwmsuuiiserlussfiadudosmnivinuuuaiise
funnninszuu AS sl
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- AS —@-IFAS

Nitrite Concentrations, mg N/L

0 T T T T T 1
0 2 4 6 8 10 12

Time, hours

A 3.13 anudndululasilulasiaulussuu AS wag IFAS Afluupiilsy E. aerogenes Aounsifu
pyATALNA

mﬂmiﬁwmmau@aluimmu%aizwﬂwﬁmfwLﬁamﬁ‘%mma Lee et al. (2008) Fsn1nil
3.14 wuh aunaunavesiulnsiauvessrUUISA A AS waw IFAS Wity 92.4% uay 93.5%
AIUAIAY LﬁaﬁwmmmamaaLLasz,aJLﬁau"LuImsLamﬁgﬂﬁﬁmmmwu AS wag IFAS wuin touluiioy
gnindaluiiniu 0.03 uag 0.04 g N/cycle winvinnavestulasisaslunsvlulpsiouidetului
fisdlifies 0.01 waw 0.02 g N/cycle muady uandlidiuviuenladognidaainssuudeiinig
Waswiauenluisesnanszuunsaesiuuiedau

3.5 n1sgagaangazasanludnie@innueswunaiise E aerogenes wasnsiinazasanludiia
ansdiuemnsluzuvesdlonsegfunidiindu 0.44 kg COD/kg MLVSS-day

nsneaesrasioun sflunislnemsiiuezasanlusaduidedunseifiianududusineg
fu nane aududu 200, 300, war 400 mg AM/L WienadeunstasdatsazaIalusnisdanm
wagliuuniise £ aerogenes finsusuilndniuidelmififlorasarlumduesiuszneu Tnei
anutudumsdunidustluguvesdlofinsiivintu 400 mg COD/L Anudnandruveesadarlus
sedlomnmuawiiy 0.5, 0.75 waz 1.0 e snsduezasanlusredlommmunwindu 1.0 fiftes
ozasalumIuunasmesasuouritiy vdminti Safiuanududureseraiatlusivii 600 ua
800 mg AM/L ‘vﬁaLﬂa‘uwhmmLﬁﬁwﬁumiﬁuw%éﬂﬁiugﬂ%q%‘laﬁmﬁwhﬁ’u 600 waz 800 mg
con/L muddy Wedmnandudandwemslusuvesilefneqduvisidvintu 0.44, 0.66, way
0.88 kg COD/kg MLVSS-day dwduthidefitanududu cop wiiu 400, 600, uas 800 me
COD/L dmSussuutiminide AS augsu sgndlsfinu mndnasuddulefidilusnans
BioPortz dwisuszuutdainuds IFAS uwda wut Samamensluguvesilefeqaunidanaunie
WU 0.13, 0.19 waz 0.26 kg COD/kg MLVSS-day dwsurideiidanudiudu cop wihiu 400,
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600 wag 800 mg COD/L suanfu waazasluturaserasailuniinisiiufmeegnsainsyuuluiun
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A9 3.14 aunaudalulasaukarszavaainnisidnuenlutlonlulnsiauvedssuu AS uag IFAS
NTuwunili3y E. gerogenes nounsiiuszasalun

n¥rnifueraialudadluthideduameiidudy 200 mg AW/L wastlowdngszuutitaa
gy 7 3u Tnsmnududusuduvesesaialudasmdmnuansyninsesasanludlutde
fuevasalusfinndsluszuy wuin ezesarluadenududuwiniiu 192.6 me AM/L Taannd 3.15
wanansiasunlasmnududuresozaianludlusyuuttninde AS uag IFAS wuin sxesanlus
anaafudunsduszuudaindedans Wothaudureadunsanduadusnsnsdesaans
9EAIANLNAYBITTUU AS Uag IFAS lawindu 4.64 uag 3.35 mg AM/L-h muasu lneiiussansniw
NNSANIMTASANlUATBITTUU AS way IFAS winfu 54.1% way 43.8% auaiau laedloyasanlun
andndluthiiaiiu 85.0 war 115.3 me AM/L audsy wansliifiuagnadmauin ssuu IFAS §i
Uszansamnsiidnesesanludmniiszuu AS luthaduusnvesnsuduanimlidnfuinded
fogesarludidussdusznou Vel iiléh enalifesfrlunisundveserasaludidngianans
BioPortz

dlofiansannandnvasnistosaaneniadanmussesesatlusmeeulsiosiivng fie nse
axasanuavuonluielulnsiou Insrududuvesnsnesasaniinaniuluszuuthdninde AS uay
IFAS ndaannifivera3arlus 200 me AM/L adutindewy 7 Su nanmsmnassuansianIng 3.16
PnMsFwNUsINaEsduTLSSEnIesasalusuaznsneza3an dudisnsdiussninsezasanlus
uaznInayATANYNTY 111 nud1 nanezAIanmsgNEARTUlLIEUL AS way IFAS Wity 4.66 uay
3.35 mg AA/L-h h [(4.64 mg AM/L-h / 71.08 mg AA/mmole) x 72.06 mg AA/mmole = 4.66 mg
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A/L-h] ilearaangndasaansdiedne 4.64 wag 3.35 mg AM/L-h sudndy dadu 91nawd
3.16 uanslifiu ninaa3anfignuantunnnistesamenisiinwuesesaarludiiudnlveign
MiHuundsnsvourouuaiiGeluszuuttingide fuui enududurensnozeianasia
gelumuddunuezeiailudfigndesaniely Tnsanuidudureansneseddnluihiisvasssun AS
Uay IFAS 1IN 34.3 tag 38.6 mg AA/L ANUEIAY
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AN 3.15 ANULUTUBEASAN AL USEUUTIUAULEE SBR AS hag IFAS Ninstaudndeniainu
LTU 200 mg AM/L

it 3.17 wamsanududuedevesansBunissdfeadloflussuutnin AS way IFAS wdsan
duesesaludaduindedudy 200 mg AM/L wud a1sduvadainnnimanseuaslediones
B 50% wavazAalud 50% nasaaunInozeIANTiintuaINNTtosaaBazAsalufaTanIN
tfugnindalaeusydvsnimnisidnansdunisvindu Selifarunnieseninessuutilin AS way
IFAS dmsunisidnansdunid Tneansdunidsgndesaasetneminiilu 2 $alususn uindsniu
a1sduvsdlianunsagneesaanglasnsaly viliseuu AS wag IFAS fiusganSamnisindna
ANOUNTAINGU 56.3% Wag 58.6% AN AU wandliiiiud seuu IFAS IUsganSningeninssuy
AS \inaidintioawintiu vietl esungléth asdunisluiidegndesamsluusissavinmnisiin
asBuvdustlusUvestlofluianantudu il \Bululid naneza3anvidoasaianlusdudon
aaelfonniduanss WWud tanseusslafoosdinn dlideudrdszuu mazrouduoses
aluduuaiiSeannsidaduansnmanildognaisyansnm
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AN 3.17 ANULUUTUANTDUNSTUITAIEAT LR UsUUUNUAUWEY SBR AS kay IFAS Niin1sdau
UNFNIANULTLTY 200 mg AM/L
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ueninileannsnezeianiignadniuannsdesaaseraiatludinisiinmuds wosludelulnsian
Husnuandanilfiintuannistosaansesesanludidudu 200 mg AM/L waziiuszansainms
MinNBEAIANLNATDITEUU AS Uag IFAS AU 54.1% uag 43.8% MILEIAU HANISNAABY WU
worlufenlulmsiauluthicuesssuu AS uay IFAS Sanududusiiu 34.8 way 34.8 mg N/L
anuau Tnernududuvesenluflelulnsiounanadianmi 3.18 wuin anududuues
LLaafImLﬁau"l,uimmulajLﬁuaaﬁuwgaamﬁasmm'wmmLsi’fm’fuﬁuaqLL@NI@JLﬁamiu‘lmwuﬁ@maﬂuﬁw
LﬁEJL‘WEJLUuLLMm“U’eNVLuIG]iL‘\]u o iu‘uumummLaamaaaﬂauﬂﬁmmauma'ﬂmuuaﬂlummauaa
A Fat Juilanunsaaguled LLaaﬂmLuwaﬂwaWuumﬂmiaaaamwwmmwuuaﬂLﬂaaﬂaaﬂ
MnndedeiEnnsassuiauenludy (Ammonia Stripping) Sty mnududuveenluon
lulpsiaudeafiugarumuaidy il 3.19 uay 3.20 uansaundudureslunsmiaylulasy
Tulesulussuuiiidunaunmnnisianszuiunmsemelsnsefinlussiladure el
Tulesiau nwuan lussiaduaesszuu AS ﬁ'ué’mmaﬂmaauyiai dudulpefansannisazanvodlu
Tnsviuaslumsnlulasieuiitiieadndesnn udszuu IFAS duansalussweuesluielulasiou
Teuredu Tnennududuveslulasvlulswuluihicvesssuu AS uas IFAS wihifu 0.96 uas 4.78
mg N/L anudnsy wazanududuvesulasnlulpsauluiiievessyuu AS wag IFAS whifu 0.50
waz 1.61 mg N/L snudndfu iilesanndositavesnisunsans wu lulasvivdesendiaudiluluduly
Toftdu Sovhlilulanildgnuudeuduluwsvlulasauldioun definsananarududuresly
losviuagluwsnlulasiau anwnsaazdladn wenlullululasiauainnisdesaansozasanluing
FrnmiugniheenainssuudeBmaasufauedludelulasiay
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AN 3.18 Anuutuwanluieululasulussuuindnunde SBR AS way IFAS ffinnsteuide
NTAMAUTUTU 200 mg AM/L
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definsanaunavosnalulasioumunmil 3.21 wui augainalulasiauredssuy AS uag
IFAS Wifiu 104.3% wag 106.3% lagwuin mammluimmuﬁgﬂﬁw'S]Jmlﬂé’aaﬁﬁLamaiima?\lﬂium%
aduluszuu AS wag IFAS Windu 0.00 wag 0.01 g N/cycle muanau Ineuiaveslulnsiaudiy
Tngjeenanssuulufuihilswesssuy uardudosgninllfiduuvaslulasiauresuadfie £
aerogenes wansi savesuosludeslulnsiluihidogmitluldduumadlulasaudmiums
WiniulmveuaiiSeuazeaniufuii egslsing wefinsandasnsdosamoesesalud
YDITYUU AS Uaz IFAS Friiu 4.64 waw 3.35 mg AM/L-h sudisu wasiiuszdnsainnis
faneraialusivosstuy AS uay IFAS Wiy 56.1% uay 43.8% augnsu s Seansiiuenluile
Aatusuunnannstesaats egslsiny wuin wenlufleliamsazaunielussuuies lned
werludeffarududusifunenludeslulpsouiegluiide uandidiui wealudefiAndugn
fameenluanszuumeisnsaesuiaueniuie
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AN 3.20 Anugutululpsilulpsiaulussuuiiinunde SBR AS wag IFAS Alnnstautdsnil
ALTLTU 200 mg AM/L
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A9 3.21 aunaanalulasiauwasyseananinnisiidanenlullonlulasiauresssuu AS uay IFAS
dwuafise £ gerogenes Nillanoyasarlumidudy 200 me AM/L
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dmsulsnaadasiiniulussuuidnideaesnnondiidnsiiveyasalusaduiide
Fuameiidiudu 200 mg AM/L fapn519dt 3.3 wuin anududuadaddinavingy Tneisnsndn
MLVSS/MLSS waganuvuntuvedlulefidusinanilowis wanaliidiuin wuailse £ aerogenes
Felall@Sunansynuannmsiansevasarlusuuieulutige

A599 3.3 ANILTLTU MLSS wag MLVSS aasikuafilse £. aerogenes Tusyuutnunuidy AS uag
IFAS Winianaga3anlundudy 200 mg AM/L

System  MLSS MLVSS MLVSS/MLSS Biofilm Total MLVSS
(mg SS/L)  (mg VSS/L) (g/m?) (mg VSS/L)

AS 1173495 11504106 0.99 - 1150

IFAS 10454255  1035+255 0.99 23.3 4605

&N 7 Fu vesmsiivezasaludidiudu 200 mg AWL aduindeiitoudngszuu ms
neaessioln fe WinaududureserasanludludidelFiyiidu 300 me AW Tnefidndruvasoza3
anludduuvdsnnsusudifidadauingu 75% Taefinsteudngsyuuuny 7 Ju san1smaasauanad
AN 3.22 wud é’mi’m'1'if;iaaams;lazﬂ%mluﬁl,ﬁuqa%ﬂuﬁu’qamizw 1n88RTIN1TE0UAANYDZATAN
lunuesseuu AS wag IFAS WAU 6.40 wag 6.45 mg AM/L-h muaau vilvdesasanlusaanaely
¥7iawea5EUU AS way IFAS Wiy 119.8 uaz 134.1 mg AM/L auannu waziiusednsninnig
Minezasatlumyiniu 59.4% uaz 56.6% auddu uiillofiansandasnistevaasezadailus
ud nud Sarnsdesaaseraiatluduasszuy IFAS tuganiissuu AS Samanisvnaeauanieiy
nsnaaesiinsinerasanlufidudu 200 me AM/L uansin sEUU IFAS dnansausuanmldiu
Fedunrziiitlosadalusilussiussneundnudiausadosaansasrsatlusled

NN 3.23 WU NIReY maﬂaﬂwamumﬂﬂ1isJasJamsJaumaﬂmmammwmamw
AS uumuauﬂumimaawmeavﬂsmlm 200 mg AM/L Tnemnuiduduvesnsneyesantunsdi
AADATEUZIANVDINSIANDINA LARTIN ﬂimazmamngﬂmamuuugﬂuﬂﬂiﬂumimmmﬂmm
wupfiselnaduurasaivey lneiisnsnsifiunsnoza3anintu 0.086 mg AA/L-h windu An R?
Wiy 0.02 Fawanvinsildsuulaseududuvesnsneresanluszuu As Lifimswasuwlaudle
Wisuuna Tunemseiudy wuin nsnezAIantuszuy IFAS Lﬁuqaﬁuﬁaaﬁmiw 1.35 mg AA/L-h
WaneI wuafiSe £ aerogenes lilaunsagosaansnsnesasanldesaivusesdnsamiladieuiu
SEUU AS KaYSYUU IFAS anunsadegaangezasatluntalianit Jeihliiinnsavanvesnsneza3an
Tuszuu IFAS
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y=-6.3975x + 189.19
R? = 0.9557
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AN 3.22 ANNTuezASan A usEuuUIUAULEY SBR AS way IFAS Afin1stauidsNianing
LUTU 300 mg AM/L
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—— AS —@—]JFAS oo Linear (AS) oo Linear (IFAS)

y = 1.3501x + 32.009
R? = 0.9342

y =0.086x +31.863
R*=0.0221

2 4 6 8 10 12

Time, hours

AN 3.23 ANULTUTUNTABEASANMUSTUUTIUAULEE SBR AS wag IFAS fiiinsteutdeiiaiiy
LUTU 300 mg AM/L
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Mnnsdesaaeeyasarlusuarduansaluidedunsviuasiinnisuannsnesasanauly
S¥UU WU Madsuulasnnududuanssunssusdmeaglonaunsauanslagannd 3.2¢ wuin
SyUUUIUn AS Ly IFAS SUSEaNSANNISAInansdunsdwilounu windu 37.9% wag 37.9%
audnsu Tneflanududuanssunidudigeailonluiimesdosssuuwindu fe 260 me
COD/L mudsiu anududuansduvidtuduiuanstosunniiiosanddlenluiisimaeddly
ssuudafiengs esanniaifiuszuu SBR Hilsammauaniudsutiinasiniy 50% Javiili
ansBurddluthidsliignidoaanniin

dmsunszuaunislussiedulusyuudideisanssyuu wuin anududuvosuenluden
Tulmsiauluszuu AS Tudeudsasiinaswinfusesludedlulsiauludide danimd 3.25 wanai
luniaduvassruy AS Tudumalnsauysal fsanmsafuduldsemuduiuvesiunsmuayly
Tnsvilulnsiou fanmit 3.26 uay 3.27 fnlunsuazlulasiietutiosannluthie wihfu 0.48 uas
1.29 mg N/L snuadiu eeslsimu wuan wenlufevlulasiaulusyuu IFAS anaudnties wanein
Tunsilatuonaiatuneluszuy Tnenuin anududuvesumsnuaslulasflutihfwesssu IFAS
WiNAU 6.72 hag 16.3 mg N/L #1ua1su

400 1 = AS —e—IFAS
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AN 3.24 ANULIUVUAITDUNITUITNIEANT LR LSz UUUIUAULES SBR AS kag IFAS Niinnstau
Udsndanututu 300 mg AM/L
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AN 3.25 Anututuwanluieululasulussuuinidnungs SBR AS way IFAS Afinnstoudde
ATAULULTY 300 mg AM/L

8 9 ——AS -@-IFAS

Nitrate Concentrations, mg N/L
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A9 3.26 anututulumsnlulasulussuuininude SBR AS way IFAS ffinnstauddedid
ALTLTY 300 mg AM/L
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AN 3.27 anugutululasnlulpsiaulussuuiiinunnge SBR AS wag IFAS Aflnstauldsndl
AULNTY 300 mg AM/L

definnsanaugavesnalulasiaununind 3.28 wui aunaualulnsiauresszuy AS uas
IFAS WifiU 96.9% Waz 141.0% lagnuin mmJaﬂuim3Lf\]uﬁgﬂﬁw%’mlﬂé’w%%@maiima%lﬂlum‘%
Fatuluszuu AS waz IFAS Wiy 0.01 wag 0.03 g N/cycle muanau wasnaveslulasiaudiuley
ponmnsruuluAuihiisuasssuusiiy 0.16 uag 0.27 ¢ N/cycle muiy wardrutiosgninluld
Huwnaslulnsiauresuuaiide £ aerogenes wansi mravewesludolulpsiouludidegn
Plliuuradulasioudmiumsasyiiviavewuaiiiouaseenluiuinie umilefiorsandas
msgesampayaTatludifiugstu Wity 6.40 uax 6.5 mg AM/L-h mudndtu vilsidtezasarlud
aavaslutfwossyuy AS uay IFAS Wiy 119.8 uaz 13¢.1 mg AM/L muddu uass
Uszavisnmwnisidnesadanlusivinfu 59.4% uay 56.6% suddu sty Semsiivenludlointy
NMsEeaaayAsalunnIaTInm agelsinnu wud wenludleliifnnsazaunislussuuiae
wandliFiui uenludefiintugnidaoenluainssuudeisnsdsufaueslude

nsneaedluszezd wudh Usinaedndsmnsnadl 3.4 anas Inelawizuundise £ aerogenes
wvruaeslusEu AS way IFAS agslsimu wui wuaiide £ aerogenes lusululefiduanaciies
Entioswintu Suinldssuu IFAS fadesamiianinsyuu AS wluiunsdosaasevasatluiuay

wwalsnsafnlussaiadu
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E N in Effluent 8 N in Waste Sludge & Unidentified N ® N Removal Efficiencies

AN 3.28 ﬁllG}a:LI’JaiuIG]iLﬁ]ULLﬁSUiSQ‘W%ﬂW‘Wﬂ’]iﬁ?ﬁqfﬂLL’eJlIIiJLﬁEJﬂJliJIG]iLﬁ]U“UENi%UU AS uaz IFAS

aa a

fifuuafiSe £ aerogenes fifliinoza3atluddudu 300 mg AM/L

A1519% 3.4 AUVUTU MLSS wag MLVSS 90uuaTitse E. aerogenes TussuutnUaunds AS uag
IFAS Winianagasanlumdudy 300 mg AM/L

System  MLSS MLVSS MLVSS/MLSS Biofilm Total MLVSS
(mg SS/L)  (mg VSS/L) (¢/m?) (mg VSS/L)

AS 853+33 843+33 0.99 - 843

IFAS 640+76 630+76 0.98 24 4098

n¥rnAes Muenududureseraialudadluthidedunmgifidewdgszuuan 200
uaz 300 me AM/L audnsy wieluuaiiiSe £ aerogenes anansauSuamwlidriuindeid
pefUsznoudusesalad maveasdutuneusellie nsivesaianlumduduaduindewiiy
400 mg AM/L Tnsazasatluslunsnaassdisiiduwmasmiveuiendmiunisisavomundite £
aerogenes dwalidiandineImsluglvesdlensagdunid (F/M Ratio) winiiu 0.44 kg COD/kg
MLVSS-day @ususzuu AS hagtyinnu 0.13 kg COD/kg MLVSS day duTUTEUU IFAS mu
a&mmummﬂuiﬂmaw‘f,ammaaaumwaaawu IFAS Husninszuy AS esnUTunagdunis
meluszun IFAS dugsntszuy AS inuiesnlulefiduluinas BioPortz wdsannistlewinde
Fanauu 7 Su nui msdesaansezaiatludneluszuu AS way IFAS Wulufinng 3.29 e
11ANNTUYDIENNTEURTINANAERIINSEREEABDYATALNA WUIT BRIINTURYEABTASAN
lufvessruuiiaaiingstuognann Tnefidnsiifu 12.8 uay 16.9 mg AM/L-h dwsuszuy AS
wag IFAS auasu vilissuuiiuseansninnismanezasarluaivingu 73.5% uag 100% Auaiau
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wana b1 NaIRNIUATISY E. gerogenes USuan nidniuezasalunkas U IFAS 4
Uszansnmnsidnesaianludfiganinszuu AS ilesnuTinaveauaiiefiazausgluszuy
IFAS gand153uU AS 111

dmiunInezAsaniiiintuannstesdansozaIalusneTanm amit 3.30 uansay
Wuduvesnsvevesaniiintuneluszuu AS uaz IFAS nuin nsmezasaniinisazauvasnsnaza3an
Hosunndleisuiuszuy IFAS Taessuu AS Snstesaatsezasarludfifiussansnings 73.5% ud
nineATAnifingstutianun Inedidhmnsarauninosa3anivniu 0.05 mg AA/L-h uandn
wuafiiSe E. aerogenes finsldnsnezasanduunainsusunasuamasnuamsunisiasyiuln
pgelsiniu ﬂiﬂazﬂgaﬂﬁm’iLﬁuq\‘isﬁmﬁENLﬁﬂﬁa85@85@1'5?ﬂ13885ﬂﬂ3@@8ﬂ%5ﬂL‘Vhﬁ'U 0.78 mg
AN/L-h Fagandnszuu AS snniflesanneyesanlusignindnlaeanysalluszuy IFAS vildinnszussn
Y9InIABEATANIINNINTEUU AS Mnmseosaansayeianlusfiganinszuu AS viluaiiselsl
aunsardnnsnozasanlavan dennsauandidiuldaneunduiuresassunidiaunudane
AdleR danmd 3.31 wuin Anudutuansdunidanasnednsnstdnansdunidvindu 14.14
WA 9.49 mg COD/L-h Tussuu AS uag IFAS audndu wWiulddn msidnanssunddlusyuu AS T
gaNINTTUY IFAS Wil oraduldle miLL‘W'i'suaqmi%uw‘%éﬁwgj%guluia?\léumsiuéf*ma’m BioPortz
gne1i sl s rimsiianisensuvewnznduresaadeuniveiualusanans BioPortz

Y 9
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=-12.755x+ 239.65

R>=10.9963
200

1501 WL s
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& y=-16.855x+ 17231

Acrylamide Concentrations, mg AN/L

04 R, R? = 0.9722
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Time, hours

AN 3.29 AnuNTuezAsan A luszuuUIURAULEs SBR AS way IFAS Nilinstautidsniaing
LTU 400 mg AM/L

Wunaianisaiinunavewsnludlulasiauiiiniuainnistesaansazasal luatudaadl
F1uunN 981915ARU AN 3.32 waneruNTuYRILeN U ululnsuve i ds AR e eT19Ra
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liwAsuwaadodisudiuna uaneh wealudefiRatuanmsdesameeaianludfesgnindn
oonluvun uenludefinndseginanuoslufeufifiegluindouds dwiunszurunislusifiedy
WU lupsilladureseuy AS ﬁ'jué’mmm‘[maauyiai Faanusodusuldmermuiduduredumm
wazlulassilulmsion feandt 3.33 way 334 fiflumsnuarlulasidstudosmnluiie whity
0.51 uay 0.91 mg N/L auasu agalsiniy nudn weslanilesdlulasiaulusyuu IFAS anasdnias
wanei lusstiduoraintumelusyuu Taewuin mmududuvesdunsmuaslulasiluihfses
SEUU IFAS WinfU 6.76 uaz 18.4 mg N/L audnsu Jsaenndestiuranisnaaesiilugaefidum

30 y=0.7791x + 36.428 \
R2 =0.7554 y =-0.0464x + 36.545

R*=0.0141
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AN 3.30 ANULIUTUNTABEASANLUSEUUUNUAUWEY SBR AS wag IFAS Ninsdauinde ey
LWNTU 400 mg AM/L

definnsanaugavesnalulasiaununind 3.35 wui aunaualulnsiauressyuy AS uas
IFAS WU 99.8% Way 148.9% lagnui ma%@lﬂmwuﬁ'gﬂﬁw'S]JmlﬂéhaﬁﬁLaLwaIiWia?\lﬂlum‘%
Fatuluseuu AS waz IFAS Wiy 0.01 waz 0.02 g N/cycle muannu wavedlulasiaudiulng
sonmnsruulufuihiisuasssuusiiy 0.17 uag 0.27 ¢ Ncycle musiy wasdrutiosgninluld
Huunaslulasiaureauniile £ aerogenes aehlsfimnu Wefinnsandnsnisdosaaisezaialus
Fiugetu Wiy 12.8 uag 16.9 mg AW/L-h muddiu vilitiezeianludnavielutifisvesssuu AS
uag IFAS Wiy 105.1 waz 0 mg AM/L auadivu taziiusz@nsnmnismidnezasaluayingu
73.5% uay 100% audeu sy Senrsiivenludlefistuanmsdosaans eehslsfinu wuin
wenluflulainenmsazauniglusyuuias sizanudutukenluionlulasiauisuwindua
dduilegluindedansest wandisiui wesldefifntugnindreenlunnszuudeiims
Waswfauenlnile
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AN 3.31 ANULUUTUANTDUNSTUITAIEAT LR tUsUuUNUAULEY SBR AS kay IFAS Niin1stau
UNFSNIANULTLTY 400 mg AM/L
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AN 3.32 Anututuwaluieululasulussuuiidnuinge SBR AS way IFAS Afinnstoudde
NTAMTNTY 400 mg AM/L
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Nitrate Concentrations, mg N/L

Time, hours

AN 3.33 AnuutulussnlulasaulussuuinUauds SBR AS wag IFAS AdinsUaudndenil
ALTLTU 400 mg AM/L

20 1 = AS —e—IFAS
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Nitrite Concentrations, mg N/L

Time, hours

A9 3.34 anuutululasilulnsiauluszsuuiivnudes SBR AS way IFAS fdnsdeutdsni
ALTLTU 400 mg AM/L
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8N in Effluent 8N in Waste Sludge O Unidentified N ® N Removal Efficiencies

A9 3.35 aunaaalulasiaunasUssananinnisidanenlullonlulasauresssuu AS uay IFAS
Nuwunilisy E gerogenes Niliinorasanluaidutu 400 mg AM/L

dmsunanisnsataufinauadnindminesesatlufiduindsaiveuiifiegludnideiios
athafien WU anududuresadnsuviuasyantiosainiinsnasdlussasfiHuIf M5 3.5
wanein ezadaludisuiinansenusesnsnmsasydulavesuaiise Tnefsienuii ezasarludens
WuiureuuailiSeld (Charoenpanich &Tani, 2014; Joshi & Abed, 2017) agglsinnu Fawuin
Usunauuwuaiseludinans BioPortz Sanaiy dswayinliuse@nsnimuesssuu IFAS Sepaaulunig
fdnezaarlud ansduniduarlulanau uazilussAniamaaniiszuuthoathide AS

A15199 3.5 AUUTU MLSS wag MLVSS 903Uua7itse E. aerogenes lussuutnUauuds AS uag
IFAS WiniAnagasanluAdudy 400 mg AM/L

System  MLSS MLVSS MLVSS/MLSS Biofilm Total MLVSS
(mg SS/L)  (mg VSS/L) (¢/m?) (mg VSS/L)

AS 798+90 780+81 0.98 - 780

IFAS 773450 763+50 0.99 24.9 4307

3.6 nsgavaanzazasaluinIsTin nvewuafiSe E aerogenes wasnsiinazasatluAia
ansnduemslusuvesdlefragauniduingu 0.66 kg COD/kg MLVSS-day
windoutndeduasziitesaialusuramiusutasndrnuiiosogaufiordmniunis
3AulnveInUALSY E. aerogenes gjszwﬂwﬁ’mf%ﬁa AS uag IFAS f8aNUINTY 400 mg
AM/L nmsvnasssesnsaiivsinaezasalusluiidndu 600 me AWL Fwilidsnsidauenms
lusUves@lofnadunsdiviiiu 0.66 kg COD/kg MLVSS-day dmsusyuu AS wagiviniu 0.19 kg
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COD/kg MLVSS-day iawsauuupfiSewriuassuaslulefduvenuaiiise £ aerogenes e
nageUfnsamasszuuTntinEs IFAS Wewleufussuu AS ndsanindediinnududures
ovataludfiimudduiniy 590.150.2 mg AMAL adlussuuthimindefifiesaiailusnndnsey
lvenududuvesezadaludiSuduanaunie 400+15.3 uay 405.4+6.6 me AM/L Tuszuu AS
uay IFAS muddu sanisviaaes nuin szasanlusgndosaasanasmuaduiludunssisning
3.36 lagszuu AS @11190898da189EA3ANlUAMBERTT 9.79 mg AM/L-h Lazszuu IFAS Adnewas
aluddiedns 11.0 me AM/L-h FananisvnaesdenndasfunanIsaaeeIsiiiuuigusuin
53UV IFAS fifnaniwnsidneraianludfiganinszu AS flongadndiniu egrdlsfmu wuin
ssuUTEesisnTINstovaazanas Tnesyuu AS uay IFAS fiUssavsammsminezasanlasiviniu
fio Wiy 53.7% uay 53.2% auddu dwaliilozasanlusandddutiiteviniu 273.4 waz 275.8
mg AM/L $Ua9U

450

y=-11.027x + 389.86

R?=0.9114 y =-9.7895x + 376.58
............ N R? =0.9457
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Acrylamide Concentrations, mg AN/L
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AN 3.36 ANULUNTUBEASAN A USEUUUIUALLEY SBR AS way IFAS niin1stauudsNnianing
LWNTU 600 mg AM/L

awmitszuuiiansiszaviamanas il eradululi szesanludenaifufivtouuaiie
(Charoenpanich &Tani, 2014; Joshi & Abed, 2017) uazuupiieoraildusvanmlaatuided
fovasanludifiesedrafen vilvunauuaiiGoanasediann duandlumsned 3.6 uansliii
hausydvEnssandannanauiesandnsinisldoraialudanasauansieUssansaimns
frdmezesailus uonaniiu WWululéih uuafiBe £ aerogenes Tusnans BioPortz gnunuiidag
pnfuneaiBnnsuaiunsuuInLar iU I RNgsunmMIvaaossiRuandan i 337(n)
dosnarunsydnswesindefigamaiuaranudunsadsgeliunatsdisiingraandeiu udmnn
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W@59FUNIVIAGRY NSATegNININTEamenuTgadulufIna s nupnSuTILIuIINaTALaY
VQABENINAINAINGTY BioPortz A il 3.37(%) yilvisiavewuaiiiselusyuu IFAS anaq

A15199 3.6 AMUUUU MLSS wag MLVSS v0uuaiilse £ aerogenes TusguuinUniidy AS way
IFAS WalAuegasanluadudu 600 mg AM/L

System  MLSS MLVSS MLVSS/MLSS Biofilm Total MLVSS
(mg SS/L)  (mg VSS/L) (g/m?) (mg VSS/L)

AS 440+14 430+14 0.98 - 430

IFAS 605+7 595+7 0.98 25.1 4930

AN 3.37 (1) MiazauvasmznIulusiinas BioPortz wag (v) axniululndeiinans BioPortz #1gn
YLAIYNIALIDAY

dlowuaii3e £ aerogenes dosaansazaianludnisinmiedssansainnsidaminfu
53.7% WAy 53.2% swd iy nndl 338 wansenududuresnsnesadaniiintumelussuu AS
uaz IFAS muddu nansvaaesszyd anududuresnsnezasanisiinsiasuulasilefioudu
nan Tnedmnududuasiinaenszoznannisvinjisen Weflsuiuiiinaezaialudfigndosaans
w7 WU navesnsnezeiangmeluainssuuians Seduivgiuin gninluduundsaniveu
dmsunsasiAulaveiuuadiie £, aerogenes
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AN 3.38 ANULTUTUNTABEASANIUSTUUUIUAULEE SBR AS wag IFAS Niinsteutdeiiaiiy
LUTU 600 mg AM/L

mneudituasdunisiamnusdfedledfamd 3.39 wul arsdunidgnidndae
SnWIAU 12.5 way 16.6 mg COD/L-h Tuszuu AS waz IFAS auasu Jsdenndesdiusnsinig
Minerasalud eghlsiny Weiasausednsnmnnsiidaansdunidainssun AS uag IFAS
WU UsEAnEa1nn1smanansBun3dwiniu 18.6% uag 18.6% muaau uanad1 sxAsanludgn
dovaansly waznannsnozasanlusiuin Fansaevesaniduuvamwesanssunidnidifntulussuy
waznineresandumisiosgninluldlumasiyiviaveauniie iy anududuves
asBunidanalignindneenly

oehdlsfnu wesludelulasauildannisdesamsozeiailudtulifiugstulussuutin
ddeadns dauandlunmd 3.40 Wudsrtuiunsnezaian wedludeylulasioudaududuasd
liwBsuuashifuanududuredulpaouiogluthidedsiu dafu wenldefifstuannisges
aweraiatludlsgymeluanssuuieTnisdu Ssmaiudunszuiumsioufaueslude
ulmstau (Ammonia Stripping) 11ai Aanduduveshumsnlulasiou Funit 3.41 wazsaududu
Tulasvilulasiou fanmit 3.42 wandlidiuiliflulasisaglusslulasauiiieeinnssuiuns
iemelmmsofinlusifiaduasavegmelussuudosmnauaunsodeldhluflussuuas fau 39
wanslidiuinnsrurumsemelsnseiinlussinduvesszuu AS uay IFAS sudumailneaudadle
'iwugﬂ{]auﬁ’lLﬁaéhsé’m?ﬁaua’lsauw‘%éﬁiaﬁ;aw‘%émqﬁu 0.66 kg COD/kg MLVSS-day lnafiazm3
anlundunrasasusuiieseegnafgInIeALL LTy 800 mg AM/L
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AN 3.39 ANULIUTUAITDUNIIUITNIEANT LR LSz UUUIUAUNLES SBR AS kag IFAS Niinnstau
Udsndanututu 600 mg AM/L
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AN 3.40 Anututuwaluieululasulussuuiidnunde SBR AS way IFAS Alinnstoudde
NTAMITNTY 600 mg AM/L
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Sefinsanaunavesnalulasiaununini 3.43 wui aunamalulasiauvessyuy AS way
IFAS iy 82.8% uay 89.4% laewuin wnaveshulasiaudignidalufeiBiamelmsetinlusivie
Fuluszuu AS waz IFAS WA 0.04 waz 0.03 g N/cycle muanau wavedhulpsiaudlugeon
Mnszuvldfuifiswesssuuwiiu 0.16 uas 0.16 g N/cycle puanau wagdutosgniluldidu
uaslulnsiauvealuaiilsy £ aerogenes Winiu 0.02 Wag 0.03 g/cycle MUAIRU Lanein g
veserludelulmsiuluidseenldamideiiuiuge szannmd 3.43 wuinaves
Tulasiaugavgliannssuudiuauuin WonNL HANINAABITEYTNTNIINTHRYAAIEREATALUA
anmdewwiniu 9.79 waz 11.0 mg AM/L-h awandu egelsinin anududuvesezasanludign
fdnunniiemeiivsvilivenlundonazauluszuu winansveass wud ldiinemelsnsedinluss
Haduneluszuuiae nszlidfinmsazauveslulasivarluwsvlulasiaulussuuias wansliiiiuan
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a

Ansamnismanwanluiieululaslauvedseuu AS wag IFAS
HiAnezasalua gy 300 mg AM/L

A9 3.43 aunaaalulasaunazys
NAuUANSY E aerogenes

3.7 nsgesaanzazaianludnie@innvaswunaiiise £ aerogenes wasnsiinazasanludiia
ansdauemnsluguvesdlonsegfunidiinfu 0.88 kg COD/kg MLVSS-day
nsneaedlutisaaine fmaduezeialudaduindedaasesidudu 800 mg AM/L i
szezan 25 Ju neflozadaludmilufissmansvauiissogiuion nsnaaeefinuun wu
Uizam%mwmisjaaamaammLﬁaazﬂ%mlmﬁlﬁmqﬁumﬂ 0.33 kg COD/kg MLVSS-day L1 0.66 kg
COD/kg MLVSS-day tiesannanududuresuuniiivanasoereiidaddiny el enadululdd ozes
alusenaduiivseuwuaiiise (Charoenpanich &Tani, 2014; Joshi & Abed, 2017) Laguwuaiii3ee1a
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A 3.50 a:uQamaluimiLﬁ]uLLazUizQ‘m%mwmiﬁﬁmLL@MI@JLﬁamluimwuﬁumizw AS uag IFAS

aa a

fifuuafiSe £ aerogenes fifliinoza3atluddudu 800 mg AM/L

nanlagasl nNanITAaBs SR IHeAUYEEAeY LavarindudureeyaTan
lagfeinen fu wut seuu IFAS SdssAvBnmgendiszuy AS Wedndedisamdiuomsdeqaunis
1198n11 0.88 kg COD/kg MLVSS-day LLazLLU@ﬂSaﬁmiﬂ%’uamwﬁ’uﬁﬂLﬁaﬁﬁaz@%aﬁlmﬁﬂwﬁauagj
u& Tnednsnnnstosameozeiailudgaiumunnuiduduorasaladfifingstu fansail 3.8 1as
ozesmludfignidalatiusinasnnninnduduinenlae Jangkorn et al. (2018) Wz
worludlelulpsulifinsavanlussuudniidelunsinuadsi LuadaWﬂLLaquLuaaauiwmaﬂ
frameannsruURedinsaewiauenlude LuaqmﬂmmLﬂuﬂimmqaaiumamqmﬂmimam
uianusulnoanludesnanszuuiigumgiiviunans 28 °C mﬂmaﬂmuauLﬂaauLﬂuLLaquLua
1N LLazmamﬁmﬁiéfmﬂﬂWiﬂ'aaaawasﬂ%aﬂméﬂmaﬂmLﬁaﬁw%famgﬂLU??@&LLﬁaaaﬂmﬂﬁ%ﬁslﬁ
fiuit Bnvis fnsduenmadeutieguusailvllonafiufagniufedidietu uenaintu dmut
s9UU IFAS Safimsidauenludelulasaulddumilsihenssuiumsemelsnsefinlusiiadu
auwaaluszuu AS fwé’qmﬂmi‘v]maaﬁﬁmﬁ&hummiﬁaﬁﬁw%é WU 0.88 kg COD/kg MLVSS-
day SeUU AS uag IFAS auwanlunismiauenlufedlulasiausmensyuiunsiamelsnsefinluns
Maduiomnanuduiivresesaialusiiiouuniide wenaniu szuu IFAS Siusvavsnmios
auflosnnnisganiuvesmenuunadunsueiuniinnudnilgamniiawe vilinuiisaniznelu
FaNans BioPortz antiagas
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P o o € ' ) ' a ¢l . Y v a
M99 3.8 ANNANRUSTEMINERTINStpaauRzATaIluA?l F/M Ratio LagAnuluduszasa
lunenge iy

STUU F/M Ratio ANILTUREAsalun  8nsIN1sEevdangazAIanlun
SBR (kg COD/kg MLVSS-day) (mg AM/L) (mg AM/L-h)

AS 0.44 200 4.64
300 6.40
400 12.75
0.66 600 9.79
0.88 800 18.76
IFAS 0.44 200 3.35
300 6.45
400 16.86
0.66 600 11.02

0.88 800 14.85
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4.1 agUnan1snaasy

Tasemsiseilldszuuthdmindedanmsiassuuy Sequencing Batch Reactor (SBR) ¥1ns
Saindeduareififieraianludaududusingg fuftgumnfives (28 °C) $1umu 2 svuu Fent
AS way IFAS fiflszaznantnifiunisvarmandiviiiu 24 $31us sgnslsfiniy ndnuuafideinisin
wuRafnaniliAnunuii dwalfszoznaniuinmeamansvesszuu IFAS wdowfies 23
Flas uarogadadvindy 9 fu udminssuuidnganneasiud: Jednafuezeiailudaduiude
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vetluguvestlefmsiiviniy 400 mg COD/L Andushdumasoraianluddedlofvismuairiniy
0.5, 0.75 way 1.0 vl snsdmezasarludsedlefvammawingy 1.0 fiflvseresarludiiuumaes
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Awnnlugndwemsluglvesdlofseqduniduingu 0.44, 0.66, uay 0.88 kg COD/kg MLVSS-
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58U IFAS fssAnBngeninszuy AS dethidefsnsdimomsseqaunidtosnii 0.88 ke
COD/kg MLVSS-day LLazLL‘Uﬂﬁﬁaﬁmiﬂ%’uamwﬁufﬂL?ﬁﬂﬁﬁazﬂ%mluﬁﬂmﬁauagjLLfc’h Tngnuin
Snnsdesaaeezaialufaeiunuenududueseialudfifiugatu Vol szasarludfignindn
Tunsnundsiifivsmnamnnninrududuiinenunsliuuaiie £ aerogenes Tuszuuthdami
o SBR wruesludelulnaulifinsazalussuuiidaindommzuenlindednlvgjgn
frdneenanszuuiedimadewtawenlue wasnandniildanmsdosaasesaialumiu
wouluflefindougniudssufasenamindeliviud esangamgiuasauunsnmadeutiogs
paemaudinsivemadeuinsguuswilviilenafufagniudeddietu uenandu dmui seuu
FAS Safinstdauenludelulasiauionssuiunisiemelsmsefinlussfeduiiininssuu AS &
Suvanlagmaeniidnnduemsroduridivinnsmaass ndinnsvaaesisnsdme e
auN38 Wiy 0.88 kg COD/kg MLVSS-day 58U AS wag IFAS auwanlunisidnwesluniley
Tulasiaushenssuiunsiemelsnsefinlussiinduiominanuduiveteraiarludiifive
wuAfise uenantu seuv IFAS fussAvsnmiosanilesannisgansuresmeniuuaaifen
Asuatumiinnuanfigamgiigedae vhlsuiidainznglufanats BioPortz antiosa

4.2 dorausuus

msfinwseluasldinansiiuuuy Fixed Media 1wy Bioweb ma nglace \eannns
Aamensulusinans Ssasvilisyuu IFAS ussansamanndetiu yonaniiy mﬁmumaaammaﬁ
syuuiifiuySnauundise £ aerogenes luszuuthtaide
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Abstract. Enterobacter aerogenes was reported as a bacterium capable of heterotrophic nitrification. It is
typically found that autotrophic nitrification is greater in rate than the heterotrophic nitrification. However,
heterotrophs are faster growing and lesser sensitive than the autotrophic nitrification bacteria. In this study,
the heterotrophic nitrification of E. aerggenes was enhanced with IFAS technology using BioPortz moving
media operated at the suspended-growth solids retention time (SRT) of 9 days and temperature of about
28 oC. The experiments were conducted comparatively in the conventional activated sludge (AS) and IFAS
systems containing either mixed culture bacteria or E. aerggenes for autotrophic and heterotrophic
nitrifications, respectively. The results revealed that E. aerggenes could be enhanced with IFAS technology
to complete heterotrophic nitrification with the removal efficiency of 100%. There was no significant
difference in nitrification between AS and IFAS systems of two microbes if the systems were propetly
operated. Ammonia stripping was found in the AS systems whenever nitrification was failed and CO was
stripped out, resulting in the increase of pH. The clogging of BioPortz media with calcium carbonate
precipitates, reducing the IFAS performances, was firstly reported as a result of operating the IFAS systems
at the moderate temperature and hardness.
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1. Introduction

Biological ammonium removal process or nitrification in the wastewater treatment system is generally
accomplished by autotrophic or heterotrophic nitrification. For autotrophic nitrification, ammonia is
oxidized to nitrite by ammonia-oxidizing bacteria (AOB) with the nitritation process and nitrite is further
converted to nitrate by nitrite-oxidizing bacteria (NOB) with nitratation reaction. Heterotrophic
nitrification is not reported to have a significant contribution for nitrification in the wastewater treatment
system as compared with the autotrophic nitrification because the heterotrophic nitrification is not
conserved the energy for ATP production; therefore, cell yield from the nitrification does not occur [1].
The microbes must oxidize the organics as their energy source for cell growth. Furthermore, the enzymes
required for heterotrophic nitrification are probably different from the autotrophic nitrification [2];
however, Robertson and Groffman [3] suggested that the pathway for heterotrophic nitrification is possibly
the same as autotrophic nitrification. Ammonia is oxidized to hydroxylamine with ammonia monooxygenes
(AMO), which is further oxidized by hydroxylamine oxidase (HAO) to nitrite. Subsequently, nitrite is
oxidized by HAO to nitrate [4]. In addition, the heterotrophic nitrification rate is typically lower than the
autotrophic nitrification [5-6]. However, bacteria with a capable of heterotrophic nitrification is beneficial
to the treatment of wastewater in the competitive systems such as AS process because the competition
between heterotrophs and autotrophs for oxygen could be minimized.

E. aerggenes, a facultative heterotrophic bacterium [7] and formertly known as Aerobacter aerogenes 8], is
capable to perform heterotrophic nitrification under aerobic condition [1,3]. It was discovered recently that
E. aerogenes is a bacterium with a capable of degrading acrylamide, which is a carcinogen and hazardous
compound [9], at the concentration as high as 5,000 mg AM/L in the culture media [10]. However, Jangkorn
et al. [11] reported that E. aerggenes in the pilot-scale SBR wastewater treatment system could not degrade
acrylamide as much as it was reported due to the inhibition of free ammonia nitrogen (FAN). The FAN
was accumulated in the SBR systems because heterotrophic nitrification of E. aerggenes was failed as a result
of the accumulation of intracellular polyphosphate granules in the cells due to nutritional deficiency and
unfavorable environmental conditions [12]. Less energy was available for heterotrophic nitrification when
E. aerogenes accuamulated the polyphosphate granules [12].

To increase the amount of biomass in the wastewater treatment plant (WWTP) without causing
overloading problems on the final clarifier, the IFAS technology has been widely used to sustain biomass
for enhancement of nitrification at low temperatures [13-14] and to enhance capacity and stability of
activated sludge system [15]. The IFAS technology is a hybrid system containing both suspended-growth
and attached-growth biomasses. It can reasonably be hypothesized that if E. aerogenes could be cultured in
the IFAS wastewater treatment system even though the heterotrophic nitrification rate is lower than the
autotrophic nitrification, the capacity of WWTP system for heterotrophic nitrification could be enhanced.
The AM biodegradation in the IFAS SBR system could be increased.

In this study, the heterotrophic nitrifications of E. aerggenes in the SBR wastewater treatment systems
operated with the conventional AS and IFAS modes under aerobic condition were comparatively evaluated
and the results were compared with the autotrophic nitrifications of mixed culture bacteria in the similar
systems.

2. Materials and Methods
2.1. Reactor setup and operation

The experiments were conducted in four bench-scale (10 L) Sequencing Batch Reactor (SBR) wastewater
treatment systems, named herein as AS-1, IFAS-1, AS-2, and IFAS-2 as illustrated in Fig. 1, in the
Environmental Engineering laboratory (Burapha University, Thailand) at the operating liquid temperature
of ~ 28 °C. The AS-1 and AS-2 systems were operated as conventional activated sludge process, which is
the suspended-growth system. For comparison, the IFAS-1 and IFAS-2 were the IFAS process containing
both suspended-growth and attached-growth systems. Both IFAS systems were integrated with BioPortz
moving media (ENTEX Technologies, Inc., USA) at the filling media fraction of 30% (3 L or 510 media).
The BioPortz media is made from the high-density polyethylene (HDPE) with the specific surface area of
576 m2/m?3 [16] and the specific gravity of 0.96, resulting in the specific surface area of 1.73 m? in both
IFAS systems. Pure culture of E. aerggenes was inoculated into both AS-1 and IFAS-1 systems and the mixed
culture of bacteria was seeded into both AS-2 and IFAS-2 systems. E. aerggenes was cultured by following
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the methodologies as described by Jangkorn et al. [11]. Freeze-dried of E. aerggenes was resuscitated in the
W-minimal medium to obtain E. aerggenes colonies for the incubation period of 48 h [17]. Subsequently, E.
aerogenes colonies were transferred to sterile liquid culture of W-minimal medium for the enrichment, shaking
for 24 hours with the mixing speed of 200 rpm at the temperature of 30 °C. The bacterial suspension was
adjusted with a 0.5 McFarland standard [18]. Further enrichment of E. aerogenes was conducted in a 3-L
reactor fed with synthetic wastewater. Finally, E. aerggenes was transferred to 10-L AS-1 and IFAS-1 SBR
systems. The mixed culture of bacteria taken from a pilot-scale biological nitrogen removal (BNR)
wastewater treatment system located in the same laboratory was seeded to the AS-2 and IFAS-2 systems.
Each SBR system was operated with two cycles per day consisting of five operating periods of each cycle
(12 h), i.e., 15 min filling, 10 h aerobic reacting, 1 h settling, 15 min decanting, and 30 min idling. Three
small air fine stone diffusers were installed into each SBR system to provide the dissolved oxygen (DO) at
the concentrations of ~ 6.0-7.0 mg O/L and to suspend the fixed film media in the IFAS-1 and IFAS-2
systems. Two air pumps with a capacity of 60 L/min each were used to supply oxygen of which each pump
provided oxygen for two SBR systems.

Synthetic
wastewater

AS-1 [FAS-1 AS-2 [FAS-2

Fig. 1. Four SBR systems containing E. aerggenes and mixed culture bacteria operated as AS and IFAS
configurations.

All SBR systems were operated at a nominal hydraulic retention time (HRT) of 24 h with the exchange
volume ratio of 50%; therefore, the effluent volume of 5.0 L was decanted each cycle. However, the HRT
of both IFAS-1 and IFAS-2 systems were reduced to 23 hours at the beginning of experiments as a result
of the bulk volume displacement of BioPortz media. The liquid volume displacement of BioPortz media
was about 5%; thus, the liquid volume of IFAS systems decreased from 10.0 L to 9.5 L. Furthermore, the
suspended-growth biomass was wasted directly from the reactor at the end of reacting period to obtain the
operating suspended-growth solids retention time (SRT) of about 9.0 days. The reactor volumes of both
IFAS systems were adjusted to take the bulk volume displacement of BioPortz media into account for the
SRT calculation. Throughout the studies, all AS and IFAS systems were fed with synthetic wastewater
preparing from chemicals as listed in Table 1 dissolved in a 40-L tap water. The wastewater characteristics
wete as follows: total chemical oxygen demand (TCOD) of about 400 mg COD/L, total kjeldahl nitrogen
(TKN) of about 40 mg N/L, pH of 7.2, and total suspended solids (TSS) of 80 mg SS/L.

2.2. Measurement and analysis

The systems were operated and monitored for about 6 months until the quasi-steady state conditions
were achieved. This set of data was referred to as Dataset 1. To evaluate the systems at a long operating
period under same operating conditions, a set of samples called as Dataset II was collected again after
continuously operating the systems for about 10 months. The samples were analyzed for several parameters
including mixed liquor suspended solids (MLSS), mixed liquor volatile suspended solids (MLVSS), TCOD,
and Soluble COD (SCOD)(Closed Reflux, Titrimetric Method), TKN (Semi-Micro-Kjeldahl Method),
ammonium nitrogen (NH4*-N) (Phenate Method), nitrite nitrogen (NO2-N) (Colorimetric Method), and
nitrate nitrogen (NO3;-N) (Brucine Method), pH (Cyberscan pH510, Eutech Instruments), and DO
(Cyberscan DO110, Eutech Instruments). These parameters were measured in accordance with Standard
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Methods for the Examination of Water and Wastewater [19]. For SCOD, ammonium, nitrite and nitrate

measurements, the glass membrane filter paper with 0.45-pm was used to remove the particulates in
samples after centrifuging at 10,000 rpm for 10 min.

Table 1. The compositions of synthetic wastewater in a 40-L tap water

Chemicals Chemical Grades and Sources Amount
Sucrose Commercial Grade, Wangkanai, Thailand 120 ¢
CH3;COONa Industrial Grade of 58.8%, Sinoway International, China 240¢
KoHPO4 Food Grade of 99.2%, Young Jin Chemical, South Korea 20¢g
KH,PO,4 ACS Grade, VWR Chemicals, EC 40¢g
NaHCOs3 Food Grade of 99.5%, Tianjin Soda Plant, China 200¢g
NH,Cl Industrial Grade of 99.5%, Tianjin Soda Plant, China 90¢g
MgCl Industrial Grade of 47%, Dead Sea Works, L.td., Israel 28¢g
CaCl Food Grade of 74.0%, Young Jin Chemical, South Korea 16¢

To quantify the amount of attached biomass in the BioPortz media, two BioPortz media were randomly
collected from each IFAS system. A high-pressurized water jet made by a syringe connecting with a small
pipette tip was used to clean the biomass out from the BioPortz into a beaker. The liquid volume in the
beaker was increased to 100 mL with the distilled water. The 5-mL samples were subsequently collected
for MLSS and MLVSS analyses. The MLSS and MLVSS concentrations obtained were used to calculate the
total attached biomass of the 510-BioPortz media. In addition, equivalent MLSS and MLVSS
concentrations of the attached biomass were calculated by dividing the total amount of biomass by the
volume of reactor so that both suspended and attached biomasses could be indicated with total MLSS and
MLVSS for the comparisons between the conventional AS and IFAS systems.

3. Results and Discussion
3.1. Sludge productions of E. aerogenes and mixed culture bacteria

Four SBR systems were operated under the same experimental conditions until all systems reached the
quasi-steady state conditions at which biomass and substrate concentrations were approximately the same
over a period of time. At the quasi-steady state conditions of both datasets I and II, samples were collected
to determine the amounts of suspended-growth biomass in all AS and IFAS systems and the amounts of
attached biomass from the IFAS-1 and IFAS-2 systems. The MLSS and MLVSS concentrations including
biofilm density of all SBR systems are listed in Table 2. For dataset I, it appears that MLSS and MLVSS
concentrations of the IFAS-1 and IFAS-2 SBR systems containing E. aerggenes and mixed culture bacteria,
respectively, were lower than the AS-1 and AS-2 systems because the substrates were partially used for the
attached growth of microbes in the BioPortz media. As a result of the growth of attached biomass in the
BioPortz media, the liquid volume displacement was increased from 5% to 12.8%, resulting in the liquid
volume of about 8.3 L and the HRT of about 21 hours in both IFAS systems. If the attached biomass was
taken into account for total biomass in the treatment systems, it was found from the total MLLVSS in Table
2 that the installation of BioPortz enhanced the amount of biomass in the IFAS systems. In addition, the
biofilm density of E. aerggenes in the IFAS-1 system was significantly lower than the mixed culture bacteria
in the IFAS-2 system because E. aerggenes was purely cultured in the system and conducted heterotrophic
nitrification; thereby, energy was consumed and cell yield was limited [20]. In contrast, the IFAS-2 contained
mixed culture bacteria consisting of heterotrophic and autotrophic bacteria, which could oxidize organics
and ammonium as energy sources for the growth; therefore, the growth rates of both bacteria were not
limited. Furthermore, the MILVSS/MLSS ratios of E. aerggenes from the AS-1 and IFAS-1 systems as shown
in Table 2 were relatively high, indicating that the accumulation of intracellular polyphosphate was not
accumulated in this study. Jangkorn et al. [11] reported that E. aerggemes accumulated intracellular
polyphosphate granules when the growth rate of E. aerogenes was limited, which could be indicated by low
MILVSS/MLSS ratios. For the attached biomass in the BioPortz media, it was found from the dataset I that
the MLVSS/MLSS ratios were 0.92 and 0.82 in the IFAS-1 and IFAS-2 systems, respectively, indicating
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that both microbes did not accumulate significant amount of inorganic compounds in the cells. It is
expected that heterotrophic nitrifications of E. aerggenes were substantial in the AS-1 and IFAS-1 systems.

Table 2. MLSS and MLVSS concentrations of E. aerggenes and mixed culture bacteria in the AS and IFAS
systems.

Dataset  System MLSS MLYVSS MLVSS Biofilm  Biofilm Total
(mg SS/L) (mgVSS/L) /MLSS (g/m?) MLVSS MLVSS
/MLSS  (mg VSS/L)

1 AS-1 1033£128 883192 0.86 - - 883
AS-2 121860 1010+47 0.83 - - 1010
IFAS-1 868%115 773195 0.90 14.4 0.92 2660
IFAS-2 780116 770116 0.99 23.4 0.82 4825
11 AS-1 913154 903+54 0.99 - - 903
AS-2 855142 845142 0.99 - - 845
IFAS-1 1233£60 1223160 0.99 10.9 0..59 3110
IFAS-2 1668+127 1613197 0.97 15.0 0.60 4214

Total MLVSS = suspended MLVSS + equivalent MLVSS (biofilm); AS-1 and IFAS-1 contained E. aerogenes,
AS-2 and IFAS-2 contained mixed culture bacteria

Subsequently, the quasi-steady state data were collected again after running all systems in parallel for
about 10 months after collecting the first dataset. It appears from the experimental data for dataset 11 in
Table 2 that the amounts of suspended-growth biomass in the IFAS-1 and IFAS-2 systems increased
significantly as compared with the dataset I. On the other hands, the biofilm densities of IFAS-1 and IFAS-
2 in the BioPortz media decreased considerably. It explains from the observations of biomass samples
during the MLSS and MLVSS measurements that the biomass contained calcium carbonate scales; thus, the
specific surface area inside the BioPortz media for the attachment of microbes must be reduced. The
MILVSS/MLSS ratios of attached biomass as listed in Table 2 were 0.59 and 0.60 in the IFAS-1 and IFAS-
2 systems, respectively. The total hardness of synthetic wastewater was about 120 mg CaCOs/L. It is
generally known that the calcium carbonate solubility product (Ks) decreases with increasing temperature.
In addition, the pH values were increased to about 8.5 in all SBR systems due to the stripping of carbon
dioxide (COy) [21]. It is most likely that hardness precipitated as calcium carbonate in the BioPortz media
at the moderate temperature of 28 °C and pH of 8.5. As listed in Table 2, the suspended-growth biomass
concentrations were much lower in the AS-1 and AS-2 system than in the IFAS-1 and IFAS-2 systems. It
can be explained that effective volume of IFAS system was significantly less than the AS system due to the
volume replacement of BioPortz media. Grady et al [22] indicated that a small bioreactor volume would
contain a higher biomass concentration than the one with larger volume at a fixed SRT, flowrate, and
substrate mass removed per unit time.

Finally, it is expected that biomass concentrations were higher than the concentrations listed in Table
2 in all SBR systems at the suspended-growth SRT of 9.0 days. The SRT was carefully controlled for all
SBR systems. Biomass were not considerably lost from the effluent of SBR systems. The MLSS
concentrations in effluents were about 18.814.9, 5.8+4.2, 6.0£4.7, and 6.0£3.6 mg SS/L for dataset I and
5.614.8, 13.1£8.1, 1.4£1.4, and 4.4%3.2 mg SS/L for dataset II in the AS-1, AS-2, IFAS-1, and IFAS-2
systems, respectively. The pH was slightly above neutral and the operating temperature was controlled at
the moderate temperature of 28 °C. It is hypothesized that the synthetic wastewater characteristics in this
study limited the growth rates of both microbes, which was probably the alkalinity due to the addition of
bicarbonate, or resulted in higher cell maintenances. It was found that the observed yields of microbes were
approximately 0.30 and 0.34 ¢ VSS/g COD for dataset I and 0.29 and 0.27 g VSS/g COD for dataset 11 in
the AS-1 and AS-2 systems, respectively. However, the observed yields of biomass in both IFAS systems
could not be accurately calculated because the sludge production rate and the COD utilization rate of
attached-growth microorganisms on the BioPortz were unknown. It is noted that the observed yield was
calculated based on the total suspended-growth biomass production per COD utilization in the AS-1 and
AS-2 systems. The suspended-growth biomass produced in the AS-1 and AS-2 systems included both
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heterotrophs and autotrophs for the calculations of observed yields because the fraction of heterotrophs
and autotrophs was unknown.

3.2. COD removals of E. acrogenes and mixed culture bacteria

Figure 2 illustrates the COD concentrations in the synthetic wastewater at different reacting periods in the
AS and IFAS systems containing F. aerggenes and mixed culture bacteria during the experimental phases I
and II. It is noted that the initial COD concentrations in Fig. 2 were the concentrations after mixing
between influent COD and COD in the reactors for a few minutes. The COD removals of all systems were
approximately the same between the experimental phase I and II; thus, all data were combined. The COD
removal efficiencies of both AS-1 and AS-2 systems were about 78% and both IFAS-1 and IFAS-2 systems
wete 80%, resulting in the effluent COD concentrations of 90 mg COD/L in the AS-1 and AS-2 systems
and about 80 mg COD/L in the IFAS-1 and IFAS-2 systems. It appears that all biodegradable organics in
the AS and IFAS systems were removed linearly during the reacting period of 10 hours with approximately
the same COD removal rates. The COD removal rates of AS-1, AS-2, IFAS-1, and IFAS-2 systems, which
wete obtained from the slopes of linear lines in Fig. 2, were 7.4, 7.0, 7.4, and 7.6 mg COD/L-h, respectively.
Most organics were removed as the results of the operating suspended-growth SRT of 9 days and moderate
temperature of about 28 °C. It is evident that both IFAS-1 and IFAS-2 systems were not superior to the
AS-1 and AS-2 systems as a result of additional biomass in the BioPortz media.
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Fig. 2. COD concentration-time profiles of E. aerggenes and mixed culture bacteria in the AS and IFAS
systems.

3.3. Heterotrophic nitrification of E. aerogenes and autotrophic nitrification of mixed culture
bacteria

After running several months until the quasi-steady state conditions were achieved in all SBR systems for
dataset I, it was found that ammonium removal efficiencies of AS-1 and AS-2 systems were 67.8% and
68.2%, respectively. As illustrated by Fig. 3(a), it appears that the ammonium removals stopped after the
reacting period of 6 hours in both AS-1 and AS-2 systems even though the ammonium in the wastewater
was not completely exhausted. Figure 4 illustrates the nitrite and nitrate concentrations, resulting from the
heterotrophic nitrification of E. aerggenes and autotrophic nitrification of mixed culture bacteria in the AS
and IFAS systems. As illustrated by Figs 4(a) and 4(b), the nitrite and nitrate concentrations of both
microbes in the AS-1 and AS-2 systems were accumulated minimally in the systems as compared with the
ammonium removal efficiencies of about 68%. It was found that the total nitrogen (TN) removal
efficiencies of AS-1 and AS-2 systems were 59.3% and 51.2%, respectively. Therefore, it is likely that
ammonium nitrogens in both AS-1 and AS-2 systems were not solely removed by heterotrophic and
autotrophic nitrifications, respectively. To verify this assumption, the nitrogen mass balances in the AS-1
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and AS-2 systems were calculated and the results are illustrated in Fig. 5. The equations for calculating the
nitrogen mass balance in the SBR systems were referred to the methodology of Lee et al. [23] with the
nitrogen fraction in the waste sludge of 0.1 g N/g VSS. The total nitrification in the SBR systems was also
determined from the mass balance calculations. It was found that the nitrogen mass balances obtained in
the AS-1 and AS-2 systems were about 67.3 and 75.6%, respectively. It is evident that certain amounts of
nitrogen were lost from the systems. From the calculations, the total ammonium removed from the AS-1
and AS-2 systems were 0.08 g N/cycle, but the oxidized nitrogen (nitrite and nitrate) leaving the AS-1 and
AS-2 systems via effluent were only 0.02 and 0.03 g N/cycle or about 25.0 or 37.5%, respectively. It is
unlikely to have denitrification in the aerobic zones of both systems in this study because the DO
concentrations of about 6-7 mg O,/L were maintained. Furthermore, E. aerogenes has not been reported to
denitrify aerobically the oxidized nitrogen. According to the results from the mass balance analysis, it is
clear that E. aerogenes in the AS-1 system and mixed culture bacteria in the AS-2 system minimally
heterotrophically and autotrophically nitrified ammonium nitrogen. It is confirmed that the heterotrophic
and autotrophic nitrifications were inhibited. After the investigations, the causes could not be identified. It
is presumed that the growths of all bacteria were limited as indicated by low biomass concentrations due
to the wastewater characteristics as discussed previously.
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Fig. 3. Profiles of ammonium concentrations versus time of E. aerggenes and mixed culture bacteria in the
AS and IFAS systems of (a) datasets I and (b) II.
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Fig. 4. (a) Nitrate and (b) nitrite concentrations of dataset I and (c) nitrate and (d) nitrite of dataset 11 of
heterotrophic nitrification of E. aerogenes and autotrophic nitrification of mixed culture bacteria in the AS
and IFAS systems.

Consequently, it was hypothesized that ammonia was removed from both AS-1 and AS-2 systems by
using an ammonia-stripping process. According to US.EPA [24], the un-ionized ammonia is about 10.01%
of total ammonia species (ammonium and ammonia) at the temperature of 28 °C and pH of 8.20. The pH
of wastewater rose from 7.20 to 8.20 due to the failure of nitrification (no acid produced from nitrification)
and the stripping of carbon dioxide (COyz). According to the Henry constants of COz and FAN, COs is
stripped faster than the FAN [21]; thus, promoting the raise of pH and resulting in the stripping of free
ammonia nitrogen. Therefore, it is reasonable to presume that ammonium nitrogen was stripped out from
the solution due to the moderate temperature of about 28 °C, pH of about 8.2, and turbulence of mixing
in the systems [21, 25].

In contrast to the AS-1 and AS-2 systems, both IFAS-1 and IFAS-2 systems completely removed
ammonium in the wastewater (100% removal efficiencies) during the reacting period of about 6 hours (Fig.
3(a)), suggesting that both heterotrophic and autotrophic nitrifications of E. aerogenes and mixed culture
bacteria were enhanced in the IFAS-1 and IFAS-2 systems as a result of additional biomass in the BioPortz
media. The TN removal efficiencies of IFAS-1 and IFAS-2 systems were 24.6% and 32.3%, respectively,
due to the accumulation of oxidized nitrogen. It confirms that E. aerggenes was capable of nitrifying
ammonium in the biological wastewater treatment systems to nitrite and nitrate nitrogens, respectively [1,3].
In fact, the heterotrophic nitrification rate as was greater than the autotrophic nitrification, possibly due to
the fact that only E. aerggenes was grown in the BioPortz media of the IFAS-1 system where as the BioPortz
media in the IFAS-2 system contained both heterotrophic and autotrophic bacteria. It is generally known
that there is a competition between heterotrophs and autotrophs for oxygen. However, the nitratation
process, which converts nitrite to nitrate, of . aerogenes in the IFAS-1 system as illustrated in Figs 4(a) and
4(b) could not be successfully converted, indicating available energy was likely limited. In addition, it is also
possible that oxygen diffusions into the biofilm of IFAS-1 and IFAS-2 systems were limited.

With the assistance of nitrogen mass balance calculations, the total ammonium removals in the IFAS-
1 and IFAS-2 systems were 0.16 g N/cycle. It was found that the oxidized nitrogen in the effluent were
0.15 and 0.13 g N/cycle in the IFAS-1 and IFAS-2 systems, respectively. The oxidized nitrogens in the
effluents were less than the total ammonium removed from both systems. As indicated by unidentified
nitrogen fractions in Figure 5, it is possible that denitrification in the aerobic zones, resulting from the
anoxic zone inside the biofilm, occurred in the IFAS-1 and IFAS-2 systems. However, the denitrification
in the aerobic zone of IFAS-1 was lesser extent than the IFAS-2 as shown in Fig. 5. It is generally known
that oxidized nitrogen could be denitrified in the aerobic zone of IFAS systems [13-14] although the DO
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concentrations were high. The denitrification in the aerobic zone could take place in the BioPortz media
containing heterotrophic denitrifiers and oxidized nitrogens. The COD concentrations of IFAS-1 and
IFAS-2 systems were lower than the AS-1 and AS-2 systems as shown in Fig. 2, indicating that more COD
was utilized due to the denitrification in the aerobic zone. It was of interest to consider the variations in
ammonium, nitrite, and nitrate concentrations in the IFAS-1 and IFAS-2 systems as indicated by the
standard deviations in Figs. 3(a), 4(a), and 4(b). It is possible that ammonia stripping occurred in the IFAS-
1 and IFAS-2 systems, but would be minimal. The pH values of 7.96 and 7.93 in IFAS-1 and IFAS-2
systems were not as high as the AS-1 and AS-2 systems because of acid produced from the nitrification.
The amounts of FAN available for ammonia stripping were only 6.01 and 5.64% at these pH values and
the temperature of 28 °C [21]. In addition, the mixing was not vigorously found in the IFAS reactors due
to the media suspending in the systems. The findings indicated that ammonium stripping minimally
involved in the ammonia removal process of both IFAS systems with complete nitrifications.
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Fig. 5. Nitrogen mass balances and ammonium removal efficiencies of E. aerogenes and mixed culture
bacteria of datasets I and II in the AS and IFAS systems.

For dataset II, it is interesting to observe that the heterotrophic nitrifications in the AS-1 and AS-2
systems as illustrated in Fig. 3(b) were completed with the ammonium removal efficiencies of about 100%
during the reacting periods of 4-6 hours. The TN removal efficiencies of AS-1 and AS-2 systems were
20.4% and 18.5%, respectively. It is suggested that E. aerggenes could perform heterotrophic nitrification in
equivalent with the autotrophic nitrification of mixed culture bacteria if the system was operated propetly
and allowed sufficient operating time to achieve the quasi-steady state conditions. From these experimental
data, it is possible to postulate that microbial community structure in the AS-1 system might be changed
due to the cross-contaminations even though the attempts to avoid the cross-contamination were made in
this study by separating all cleaning and operating utilities as well as keeping the systems apart at a certain
distance to separate the systems. The microbial structure was not analyzed; however, different in sludge
colors were observed between E. aerggenes and mixed culture bacteria. E. aerggenes was much lighter yellow
than the mixed culture bacteria for both datasets. In addition, E. aerogenes in the continuous biological
wastewater treatment system at the quasi-steady state condition was evaluated so that the possibility to
employ E. aerggenes in non-axenic conditions of continuous and open biological wastewater treatment
system is known.

As illustrated in Figs. 4(c) and 4(d), both nitrite and nitrate nitrogens in both systems increased
significantly during the first 4 hours of reacting period, indicating that heterotrophic and autotrophic
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nitrifications took place in the systems. Subsequently, nitrite in both systems disappeared because
ammonium was completely removed during the first 4 hours in both systems and then nitrite was converted
to nitrate nitrogen. The variations in ammonium, nitrite and nitrate concentrations were possibly the result
of ammonia stripping. The nitrogen mass balances around the AS-1 and AS-2 systems were 101.7 and
104.2%, respectively. The effluent oxidized nitrogen of AS-1 and AS-2 systems were 0.17 g N/cycle, which
were approximately equal to the total ammonia removals of 0.164 g N/cycle. The oxidized nitrogen was a
little greater than the total ammonia removal because of possible variations in nitrite and nitrate
concentrations. Itindicates that ammonia stripping was not a significant process when the nitrification was
completed even though the pH values were increased to 8.37 and 8.48 in the AS-1 and AS-2 systems,
respectively.

During this phase of experiments, it was found that both IFAS-1 and IFAS-2 systems removed
ammonium equally as the AS-1 and AS-2 systems due to the relative high SRT and temperature. The TN
removal efficiencies of IFAS-1 and IFAS-2 systems were 30.0% and 30.6%, respectively. As a result of
limitation of ammonium in the influent, the benefits of IFAS media could not be evaluated during this
period. However, it is expected that the benefits of BioPortz media would be minimal in both IFAS systems
because both IFAS systems experience the clogging of calcium carbonate precipitates in the BioPortz
media. Figures 6(a) and 6(b) reveal the scale deposits in the BioPortz media and in the washed water after
cleaning with acid, respectively. It appears that denitrifications in aerobic zone of IFAS-1 and IFAS-2
systems were not observed because of clogging.

Fig. 6. (a) BioPortz media containing calcium carbonate precipitates after removing biomass from sludge;
(b) scale deposits in washed water from BioPortz media after washing with acid

4. Conclusion

In this study, E. aerggenes, which was reported to heterotrophically nitrify the ammonium, was enhanced
with IFAS technology to increase its capacity for the heterotrophic nitrification. BioPortz as a moving
media was selected to enhance biomass in the IFAS system. The results were compared with autotrophic
nitrification of mixed culture bacteria in both conventional activated sludge and IFAS processes. After a
long period of system operation, there was no significant difference in the COD removals between IFAS
and AS systems containing either mixed culture bacteria or E. aerogenes because all systems were operated
at the suspended-growth SRT of about 9 days, which was much higher than the minimum suspended-
growth SRT for COD removal. In the beginning, both E. aerogenes and mixed culture bacteria in the AS
systems could not nitrify ammonium at the suspended-growth SRT of about 9 days, whereas the IFAS
systems containing both microbes could remove all ammonium in the wastewater, suggesting that
heterotrophic nitrification of E. aerggenes could be enhanced with IFAS technology. It was found that
ammonia stripping occurred in the AS systems when nitrification was failed and CO; was simultaneously
stripped out, causing the raise of pH. Mixing vigorously with air diffusers could also promote the ammonia
stripping. In contrast, BioPortz sustained in the IFAS systems could prevent the ammonia stripping as the
results of complete nitrification and reduction of turbulences from mixing. When the AS system containing
E. aerogenes was operated properly, the heterotrophic nitrification of E. aerggenes in the conventional AS
system could be completely accomplished and the microbe performed in equivalent with the autotrophic
nitrification. In this study, we firstly reported the clogging problems of BioPortz media in the IFAS system
operating at the moderate temperature and hardness due to the precipitation of calcium carbonate.
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