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AABAIUWAILNLUUSAewsRdnmansdmiunsinunensdesaanseasanluslusyuutdnm
Fomatanin mavaaesiiiunslasldssuutidathide SBR $1assdiuau 1 svuy fifinnsauey
p1gadnsT 9 Yuuasshauiigumgivioaindu 28 °C uarlinisUssdiufemstasnsmelavsdde
dnsnmsldeentiausieyngunsal OxiTop NansNARBsUI wuATiForauliduneuoyesanlud
waznsnozesandeddinanuiu 1 Filusues 2 alus dmsunsuuanmiunsnesasanuazezadan
lug sud1su wan1sneasslinunansenuveswenlauflelulnsiaudesseriiainisusuannwes
wuAiSenay willnansynusesnsinsmelavsdmesnsinisideendiouveundidonay vinls
Snsmstosaavezadailusanas ndsnuuaiiSeraansaUuanwiuezasalusiiny
WU 200, 300, Way 400 mg AM/L udn WuafiSeanauaunsagaeaatuazasallunyiuil lnenuin
Snnsdesaaeezaaludiarsannsldoentiaufiugaiumumiududuresesaialud agls
Ay mstlezaianlusluindeanUssavinmnnsindnanssuradusdmedlonmszinsanAues
sasanlusuaznsnerAsaniuszuu Msvaasmun wealuilefifintuinnisdosaansesasanlus
gnivFeseenaninde 3aluldasaulussuu dwaussdvinmnistinesaiatludgetu dmsums
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WUUTIARINNANAAIAATH9Y AD WUUT1RB3 Monod (No Growth), wuudnaesufjisendunueud
wazuuudaesUAzendudunis Augateyaildanmmaasdaglilusunsuassiiames AQUASIM
wag Microsoft Excel WU LuUs1aesaumansiuy Monod thasnsathunldlunsyiaunis
dovaansansduviaduarluniilaturesuunaiiBenadlussuutaindedanimuuu SBR 16 usile
dinezaaludaduinde Usingin arwmeuansdunisvesuunaiiGenauiiady vhliaasindud
(Ks) anas wazanunsavhuwisnistesaasldmeuuusiasmnendinAansiuy Monod umidioiu
amududuozaialusaeiu shlmAansaravvesenludelulpsuidgrddudinmsinures
wulwloriinaudy wuudasamnadinmansuuy Monod lilawnsaldlunisviiunglasgagnies
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Abstract

The objectives of this study were to evaluate the acute and chronic effects of
acrylamide (AM), acrylic acid (AA), and ammonium nitrogen on the organic removal efficiency
and nitrification of biological wastewater treatment system containing mixed culture
bacteria. In addition, the mathematical model for acrylamide biodegradation in the
biological treatment systems including the estimations of kinetic parameters were also
developed. The experiments were conducted with a Sequencing Batch Reactor (SBR)
wastewater treatment system operated at the sludge age of 9 days and at the operating
temperature of 28 °C. The respirometric activities indicated by the oxygen uptake rate (OUR)
were determined by using the respirometer of OxiTop system. The experimental results
indicated that unacclimatized mixed culture bacteria required 1 hour and 2 hours to
acclimatize with acrylic acid and acrylamide. The effect of ammonium nitrogen on the
acclimation period of mixed culture bacteria was not found; however, it was clearly found
that ammonium decreased the acrylamide biodegradation rates. After the acrylamide
additions in the synthetic wastewater and mixed culture bacteria acclimatized with
acrylamide at the concentrations of 200, 300, and 400 mg AM/L, mixed culture bacteria
could immediately biodegrade acrylamide in the SBR system. The acrylamide
biodegradation rates and oxygen uptake rates increased with acrylamide concentrations
because ammonia resulting from the acrylamide biodegradation was not accumulated in the
system as a result of ammonia stripping. However, acrylamide increased the organic loadings
on the system as a result of remaining acrylamide and acrylic acid. To estimate the kinetic
parameters, AQUASIM and Microsoft Excel were employed to fit the experimental data with
various kinetic models including Monod (no growth), first-order, and zero-order kinetic
models. It appears that Monod kinetic model could be used to predict COD biodegradation
and nitrification. The acrylamide additions of 100 and 200 mg AM/L decreased the substrate
affinity for COD, decreasing the half saturation coefficient (Kq); thereby, the Monod kinetic
model was applicable. At higher acrylamide dosage, ammonia was accumulated in the SBR
systems resulting in the inhibition of amidase; therefore, Monod model could not accurately
describe the acrylamide biodegradation. The Monod kinetic model was transformed to the

first-order kinetic model because KS increased considerably.
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1.1 anuddguaziinnvasdym

ansexazanlus (Acrylamide, AM) uasUsznouduviddfigniunléifuansluluwes
(Monomer) daduansasiilunszuiunswansine liud nsdaasziaden msdunsefindiues
N NSy viieasUsUan Ay viieusumihundniduasinderaialudildlunssiunneuves
Trintdsuasndmiszdn Wudu mnugudldumsesaianlasiifunasgusuudsundufiay
FlhanenudemeressuuUssamaunansuazdiudug dwalinduiosounss el
Uszanuify ynldSuaseaianludiiiuinaspunuuFessfassilnanedusumaldtnde
uenanty szasanlundaduansrensiiadngae (DeWoskin et al, 2010; Junqua, et al,, 2015) Ing
Dentel et al. (2000) s¢v1 ava3aludluaslndozeiailudgniialiifinsiosay 0.05 et
wirtwhdmdunisldanstndezasatlug @ U.S. Environmental Protection Agency 38 US EPA
(1995) szygmamnssuiiimsldansosaiarludaean fo mathasezeiarluduldlunsisarh
Tnefidnsndugeaniosay 45 sesaunie tuldlunsymasiiuaslssunssauiisnsdu
misldansezaianludviniusosar 20 MnnsAnwwut asexalaludgnudesoangduindenia
Tuiu Govay 15) wazth (Gosaz 85) Tngszuined a.e. 1987 fe 1993 HUTH00gatia 40,000 Youn

am’%aﬂmﬁﬁ?ummmgﬂEJ"eJsJam&qu%amwléﬂuﬁuuazﬁﬁﬁu (Abdelmagid & Tabatabai,
1982; Habermann, 2002; WHO, 2003; US. EPA, 2006) andnueifilédainnistesaaisesaianlus
netinunglaaniziivendauazlSeondiau Ae weuludelulnsiau (Abdelmagid &
Tabatabai, 1982) wenantl US EPA §assarunansuseiiunisisnansezasanluslusyuuins
ddefiinsivanserasalusedsadenduszornanunt 4 whwessreznanfuinimaa
enansvassyuLtiminge wuih namnegneutudusazdugeaieiuliansaidaasezaialud
1§ dunuaiidelussuuiniideuuussuuaynawss (Activated Sludge) Suanansardnans
ovaTaludlifies 50-70% wiiu el Lifimsseytinamseseiatludidewdndssuuiada
Fertoreandundug MAsafumsiiaamsezaianludlussuutidaidenstanm Gﬁagalﬁmﬁu
nstdnaserasalulnenuaiiSenay (Mixed Culture) lussuuthinindemsdanndiiies
Endeswiiiulneiamznansenunluszesdoundu (Acute Effects) wagsgazend (Chronic Effects)
fifitovaumanivosmardaasduniduassnomsiulanaulaswuafidonauiieglussuutidah
Fevnatham meniddsandvgifunsfnsnisussgndlduuaiieusavsatinie dwiuns
Mdnansezasalunluiosufuminis lown wuafiiSensdu Bacillus cereus (Shukor et al., 2009a),
Pseudomonas sp. (Shukor et al., 2009b), Pseudomonas stutzeri (Wang and Lee, 2001), &g
Ralstonia eutropha (Wang and Lee, 2007), Enterobacter aerogenes (Buranasilp and
Charoenpanich, 2011) uana1ntiu M3fdnansozasanlumlaegisnsmadanwagldansuanios
o wenluflonlulnsiaulazninega3an (CsHqaO,) (Wang and Lee, 2001; Buranasilp and
Charoenpanich, 2011) Fuoulwifiietesie oxfing (Amidase) (Nawaz et al., 1994) ‘1/“?&5
wuaiidelussuudinidetuaunsaluld duuramwosmiveunaglulnsaunudsudnunms
WinresgAurgldiduientu duiu Sudumafiumszansduniduasmsrlulasaudessuuii



didesnde eehslsimu Jangkomn et al. (2018) ldnnassiuuniise £ aerogenes TUldluszuy
Srdmindedinmeasuuu Sequencing Batch Reactor (SBR) fifinistioutiidedunseiduidou
mgayATAlUANTUsNeY Auuazmuauliiongadadvinny 10 Tu Kan1IMAaes nud1 wuediisey £
aerogenes lalaninsagesaavezaianludliiussavsnmmileutuniseesaansluemsiasadely
voaURtRNSLE Taewudn wuailiBe £ aerogenes anunsadesambozasanludluszuuthdaminde
Framgaaaldiviniu 200 mg AM/L Wiy usnaindu Smui wesladelulmsiauidunan s
Mnmsgesameeraiatlusmedanmisiouledesnaianisarauniglusyuuiidaindednm
WUU SBR wamsnaaesieszyt uewluiefgvidudimsdesamuezadanlud uenaniu wesluie
fifugstuilmAnnszusmnlulasausessuutimindemaianinuuy SBR ilvsruutitath
Fomathnmliannsamdanedlndelulanauldiovmn 3t weuludelulnsisudsiudsufase
Tupsilrdureseslnnsofindnaie (Wu et al, 2016) uoniilearnwansenuveenluiislulnsiau
fifsonstesameeraialudmedinmluszuutiiaiidedanm nsnezesanfiiludnudndarivas
yhlAnasrusInaBunidressuuiingetudngs fadu nsdesameezaialudluszuuttn
ihidsTanmiulshlmAnnssusmnlulasaunarasdunidgetu ssuutimidensdanm
Tneilendlianansafdaueslnfiouazansdunidannssesaaiseresalluduaznsnozasants
Hanun dwaliuszansammsidnesedatlusmedanmanadussuutiiniudemadnimdndae
P999u uvushaeamsadamansdmiuszuuiidaindenisdinnduiontiun i
\n3esilofiddglunis@nsiferfunisidnasduniduassmomsiulasiauuazeanasanis
Fanm wuushasseadinianidmsuszuuiitaindemsiinndidauddyedads teun
Activated Sludge Model wanetan 1 (ASM1) fignitunlnenguiindsoannnans Ussma Mi5enin
International Association on Water Pollution Research and Control (IAWPRC) ﬁ%ﬁgﬁ'mﬂﬁau%a
vJu International Association on Water Quality (IAWQ) (Henze et al., 2002) Luud1a99 ASM1
FuNTEUIUNSIN TiRtestumsidnansdunisuagsmensiulasaumsdanigingy dean
fnnginmndu AsM2 iieliiuuuitassmadnmanifinanaiunsndiasensyuiunisiidnss
omsrleanedaiiintulussuutidninidenedaninld wdandu Aflnsimudenniu Asmad
deluuusiassannsaldvhuenisldasdunisfiazaunslfwadvosuafidedfionsasgyues
wuaiiSediidnsinemaneanesanielianiizueuusndn (Anoxic Conditions) Ingldaslulngm
Tulasiaudusiudidnaeusanthednme duimuinisaigafe uuudiass ASM3 Aiflsamaunis
nadamanifiannsoinnldlunmsiunensfvaranansdunidlinmeluwaddnde wuusiaes
méwﬁﬁimaa%ﬁﬁugﬂLLUW@@LM% Fanndl 1.1 vilinsadauuusaesdmiunisfinuaaueans
nadrnmannsavildiedu (Henze et al, 2002) agelsfiny wuusiasmspdinaians ASM
wanilddmsunisiiaansduniduazsmemmslulasaunaseanadanatinmlneludidnmy
Ty mnszuudindnidendnmldsuiidugramnssuiivsznevlufmeanaiaiidug
$1dudesiinsdnwiddudssaninaaumaniuasUSunauasduiusiisadosie Snidaded
nswaunsAdamans e Tuamsaiiesiassnsiuasundasiintufuansiaiisneg @l
ogfluthude dwmsudeyaiiieafunisiidnansesatarluflnsuuafiFonan (Mixed Culture) luszuy
drinindsmadinniifisadndeswindy vensniu Sildfinismenuddeiiisadestunanseny
vesansevasarludifidonuaiioudasnguluszuuiidatiidenadinmianansenuluszes
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a1sevAsallud nsneza3an uazwenluidenlulasiau udusasfnudnsinisideandiau (OUR) ved

a A o v 3 = = (Y 3 [y 14 a o & £ v
wupiisgluszuvindndndenis@anin vdainnsulusindresdnsinisideandian Sndudesly
wuvIaeAdaansiioUsuisudiari linsiunisfimesnisauaansnieg aneidesla
RINNTIU W5ERBTANY NTlANNENABILED kuuTIaeInAlinmanstulzatusadunldly
nseenuuUkaziAuszuLTIUAU et miildlunisidnindegpaivnssuiansorasaluddu
asAUsznauld
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Diomass! iyg s 28| iy pE|nd|lpd|EE £o ER + = z.2 7.2 E h
Mass I/ Mare COD SE|Fz|d8|vz|2e|EE|E: BT B g £ |2§ £i 3
iss products from FA|EGE|dE | |25 RE| 28 &2 £% z2 |£5 &5 =
biomasi: fyy

Source: (Henze et al., 2002)

~ a6 al ° I’ & ° ) o w a s a
AN 1.1 NSNINLBLULUUINADINADAAIEAS ASM1T d1USUNTLUIUNISAIAEITOUNTES tumS
WATuLaLA luns AT

NI 1.1 wud aunsildlunseuiunisengg vesuuusiass ASM1 Uszneulddaesh
wU3 (State Variables) g 9 saudeAndudsyansniaauransiiiioitossiuauann venainiuy
melunsnesfisausznevlumediuysiiduuiuuarsduiusdndiuiunis 33nsifiensiu
WIS TLMO5A199 WareIAUTENBUAIIY VOIUUUINaDY ASM1 @1m1savinle 2 78 Aw 38 Direct
Methods @lnan1suszifiuansngg wanisenisindnsinisldeandiau (Oxysen Uptake Rate,
OUR) udthdeyasnuiuifisunuusiass (Model Calibration) wag3s Optimization Methods @y
nsléimadianisiatas (Numerical Techniques) TngvinsiuSsuiitsudeyaiidnunlfainnismaass



waztayaiilaainnisinuievesuudnasiieliteyaniassyniauunndeiutesign Aozl
NI5EALNDS U ANFUUTEENTNI9IaUANERS LA USUIUESEUNUSNLAUAUNTEUEMS VLU U8
& A | < aa & aAa v ~ s > a £ s a
Wuign aglsiniu TBnsusnilunledldunniigalunisfinwmadudsz@nsneaauans Ysunm
ASFUNUS LazANUNTUYBIRIAUTENRUTBIULEE (Vanrollegshem et al., 1999) uanaintiu Insel
et al. (2006) §elawaurmatinlunisldveyanlaainn1s¥a OUR f1835015 Respirometry iie
Usziluanuaunsatunsdugsn1sinauveauaiisglussuutininudonuune nousagansaia
& a ' a v a a & a A A a v ° aa
Wuiiweee 8neay walialsziluanuduiveesaisiadinenuaiiisslnenislduuudiassiiinig
UFuiiguiutaya OUR Aalaainnisnaass laglaiin15u1ign1sild OUR wagn1suseiliuag
WUUTaINNANAAIENTELUUTLIUNTIUIINITTNIUTRILUATIS BURIa15LANAN9°) 19U Acetone,
Phenol #5® 2 ,6-Dihydroxybenzoic Acid (Contreras et al., 2008; Cokgor et al.,, 2011; Kaelin et
al., 2009).
(% g.’/ o o g a = d'd a a o a a6
Aty MnszuvUdaudensiinmndusensamlunisindnan sBuvsduags1ne1ms

lulasiulasudidvenamnssuiluilouasesasaludlulsunaaseavihliianansenusenis
AdnansdUVsILazs19e M3 lulasuveIwUAS sRauITlus s AU UNG LAY IS EE1I91NENT
prasanlunafiduasddu nasmnaunsneyasanwazwanliudonlulasiaugaduansuansue
1P8LRNIZIAUFENTUDINTLAT Y VOUATILE BT UTZUUUIUAUNEENISTININ FNLUUTIAINIY
AdlnenansulagniaTularinisUeuteyameaumans Usunaansdunus wagdiudsnne 7
gneiea Aagybilduuuiaesmeadinaansianunsatanldlumsesnuuunsaiussuuthiaiidy
NaTINNAluN1sIIRanserasalunle

1.2 IngUseaAvadlasans
dmsulassnsineidedimuuuusiasmendnmaniiiolilunisussfiunansenuaes
sxasanlus nsnevasanuazuesluieylulnsioudadundedusiiifiniuannisidnozasanludiil
sovaumansveuuaiiSeralusruu St IdeMeTnw el nsfnunilingussasdsume fe
1. Wiefnwmansznussesdsundularssasevasezadalus nsnozesan uas
worludleylulasauiiiiieusyansnmnsfiidaansduniduarsinemslulasiauly
syvuthdaindennsdanan
2. iefnudnsnisldeandiau (Oxygen Uptake Rate, OUR) vasuuaiiSanielussuy
viadensthamildlunsiaideduaseintuaslifinnsfvesrsanludfidu
29AUTENDUAETD Respirometry
3. fiemwinadulssanemeaumansuosuafiiesedsnsusuifisuuusiansms
adinman ST utugedoyatildannimaaes
4. ewaunuuuSamsednrmanidmsussuuttntindenain e ded
flezesalufiduesduszneulnglduuusians Monod filufiuguvesdlasiadig
WUUI1AB9 ASM1 ﬁﬂiamqmﬂ1551%’@?11iﬁuw'%éuazsmmmﬂu‘lmmu



1.3 Y9ULUNVBILATINISINY

[ 1%
=

1. Tassn9seildnwlegldseuuindnundeniedin muuy Sequencing Batch Reactor
SravssziuipsUfAnng Mnsiussuulufes fifinisduanden nmadvimnssu
il Aagdmnssumans uinendeyswn Ngumgiivios (=28 °C)

2. wuuhasswsadamanidmiussuusidmindensiinmdugnitannulagld
wuUd1a99 Monod Inldlusinsuaouiiames AQUASIM (Reichert, et al., 1998)

3. hdeildduhdedueneinnmamiodlaelihnanmesaresdnnduumes
msusunanuazieulufondunnadulasaudmiuiuaiisy

1.4 Usglevilnmndnazlasu
HA9IWITBAINIATINITITE Y danusadnlufiuimennsTunuUsesnivin1suiedsanside

SEAUTIRLALUIUITIR hazluuIanInatinaIanstausatilulglunisesntuutas NsAUsEUU
U1Untden1edin nmluwazssuudnunddenisiinniiianisnndnaisezasailus
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TassnsideiididunisluesujiRnsimnssudunndonvosnaiyimnssuiadl Ay
FAINTTUANART UM INYTHYTI Tnefiniseenuuuuaziiuszuuidaiideiinmsiass
Sequencing Batch Reactor (SBR) flgaumigiivios (28 °C) fifinstleutiudeiingszuu SBR wuuny
naaaesaansasuunlfidu 2 szey il

2.1 NMMIUTSRUNANIENUILESLRUUNAULAL TS EZE1IVBIDSAA A NTRBzASAN wasuauluTuy
Tulnsiuiiddeszuuthvaingemedann

2.1.1 MSUSAUNANTENUTZIRUUNAUVDIDZASANLNA NSABZASAN Lasuauluilyw
lulasiau

msUszdiunansznuvetezesatlud nsneza3an wazueuludeululaseuiidneuszdnsan
nsfdnansdunisuassnomslulanaulussuutidaihideiinmauiunslagldazuutng
@0 SBR $1a0siitiUSunaisau 10 ans fanmit 2.1 szuuthdniideBududiensifiudiouuniise
pauanssuutimindsueniivifinadadsansiivhauegluosjoinsimnssudundouves
ANEIMINTIUAIENT UNTINEIFEYTIN I@&szuﬁwﬁmﬂfﬂLﬁagﬂﬂauﬁnﬁaé’qmiwﬁ 2 NTFDIU ey
nefisverinan 12 $9lus Ysznaude 5 9asszesian ndmfe 15 unit dusumaduiidoddssuy
(FiD, 10 Hlus dwsuszesnanisiinenia (React), 1 $alus dmsusseziamnaznau (Settle),
15 w1 ﬁm%’uszammquﬁﬂaﬁq (Decant) Twmaennagneu Usuaiiies 5 ans wag 30 w1l
dnsumstdenszuuils (dle) fanmidl 2.2 9inmisguiindia 5 Anssiens vhlidsnsINswanUEey
U31195 (Exchange Volume Ratio) wiifu 50% waziiszezianfniiuniaamans wiiu 24 49l

AN 2.1 szuuinUntLdswUU SBR NdwuASeNad (mixed culture bacteria)



YanNTA S2UUUNIUALILESTINININADINERI5EUUTNTITAAFIRINGIBVUIALENIILIUL 3 W) 716D
IINLATBAFALINATAINTOENDINA 60 L/min Tukdazszuu n15neasdinismuaumAIoenday
AazagUI TN NANDINAYINAU 6-7 mg Oy/L

Vixed culture , ...................................... e LI LT LT e PP P PR P PR ET PP
bacteria
v
> Filling Aerobic o Setting o| Decant | Idle
15 min React 10 h 1h 15 min 30 min

A o v 8 o A N
AN 2.2 E‘ULLUUGUENﬂqiﬂjUﬂﬂJﬁg‘UU‘U’]UWUWLaﬂLLUU SBR NUBUANLIYNAL

szuuthtdegnilouwsetideduasgifiniouanlminn fusenismauasadneg &
p519f 2.1 TuddszdUGaneg 40 Ans Tasfunaemsueu lulasiau weaveda uazsnoimsses
uq Bnde ndniu wfinssurmudunsaareniideduaeiiensadaininuay
Twienlensenlaauiimarudunsaua whiu 7.2 wui didefienududuassunidudsmen
#lof (Chemical Oxygen Demand, COD) winfiu 400 mg COD/L lulasiauvindu 40 mg N/L laz
yeuduviuaneTLaUsTIa 80 mg SS/L vianniuiegaiiethluinneideyadmiunms
Useiliulsyandnmasssyuunounsiitasasal luaLa? mmmmuasmaﬂmaﬂumLaamlmww
wihu 200, 300, waz 400 mg AM/L Tneezaianlusldunuiiansuvidluindeludnga 0.50, 0.75,
waz 1.00 il fignsdn 1.0 thilieseredanlumfuuasesvouiisiegaie ndmenniu 3
mssiuanududuvetezasarludvindu 600 waz 800 mg AM/L anuaRy

A15799 2.1 a1suadindusidusenaure I s A LN gl unN1sMAad

Chemicals Chemical Grades and Sources Amount
Sucrose Commercial Grade, Wangkanai, Thailand 120¢
CH3COONa Industrial Grade of 58.8%, Sinoway International, China 240 ¢
KoHPOq 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¢
MgCl, Industrial Grade of 47%, Dead Sea Works, Ltd., Israel 28¢

CaCl, Food Grade of 74.0%, Young Jin Chemical, South Korea 1.6¢




vt fimsussidiunansenuvesesadatlusrenuaiionadlussuutinidessosidoundunas
sraygmensUseiiuysyansninnismdnansdunsguaznismantedluienlulasiau (ussie
) warnsanwmglavesuuaiiisemenisingnsinisidesndiau (Oxygen Uptake Rate, OUR)
yoauupfionalussuuiiiaidendhnmiiidnesasanlus S3nsensinisldeandiay
ATUNIIAETD Respirometry

AusuItnsuseiliufanssunsmela (Respirometric Activities) voanuaiilsunaulusyuy
Uinidetanmdiiunmdanssuuiisaiidedidannzasudlagldyngunsal OxiTop
(WTW, Weiheim, Germany) 6'?5&Lﬂuﬁqmqﬂﬂizﬁﬁfﬂé’mwmimsf[,a]ﬁuaﬂLLUﬂﬁL'%&Jmauﬁmmﬁmmmﬁu
GuaaLLﬁ”aﬁamaﬂuizw%ﬁqmugﬁmﬁ%qL?Juué'ﬂm'ﬁmé’mﬁmﬂi’faaﬂ%wul,wﬁ%muame%ﬂ

== WTW e OxiTop® OC 110

SAMPLE STATUS TYFE
92lelz2-02 - EODS
F81el2-6c N - pSd
31612-6231 BOOS
ag1al2-84— BODS
S5 11 L= -] pEd

1 Controller C}xiTop® Control OC 110
2 Measuring head OxiTop®-C
3 Sample bottle

4 Inductive Stirring system
Source: WTW (2012)

Al 2.3 gagunsal OxiTop



lneyngunsal OxiTop HuUsznausIe Respirometer Miluwinwuin 1 L AnsaiinAnnuduiiaunse
asvinanuiusaztufintoyaluininld wagdslunnlglunisaiunu Respirometer nelusiain

o < = o 3 s o089 v & 3 ca
Auiugaussauln NaOH 7ldlunisgaduuiaaiiveulneenled vinliufaasveulneanlendase
wualy denabinnudiuveniaanas JUfAsetedu dsufizend 2.1 ilnaadulsfey
AISUBLUATY

O, + 2NaOH — Na,CO, +H,0 2.1

ﬁm%’wé’amﬁmé’mi’lmiﬁlﬁfj’aaﬂ%wml,wmuaLw%ﬂmaw@qﬂﬂid OxiTop thudumsinusuna
sandauiignlilunisdesaaeansdunidlasuwuniise viliinauiaasusulaeenlenvu de3uu
asueulneanlenngnudndutiududadiuiiuiveendiaungnldll Weufamsvaulaeanlasgn
andudvilinnudugesvauianisveulneenlanams duilviinan1izanuiinauiiu vl guuuy
a o . ) A ' a '

nsasullasnuAun1EluLIn OxiTop RAAIAININT 2.4 WU FUWsA (129 A) 91n1aneluean
OxiTop UsenaumeianIeg IauauyinduaIuauUIIenna nskusiuamuaungluriniaina
PNANUUAIANTENI DN TVOIIRE 1A g iveg Uinie doun Wutisiiuuafiiednis
Ysuiminiuaniizwindeslvd (49 B) ndawniliinan1izaunavesgaumiia anuiuveuia
ananduldunss @9 O Wasnnuwuaniseldeandiaudnsunisgosaalsansounse

I e‘d‘ a dy o I3 d! [ d‘ ] Q’ljd [ 1y
msusulaeenleniintugnanduuuiinues NaOH Bennusuianaslugiliianuduiuslnenss
AeenIINITiToandiau (Oxygen Uptake Rate, OUR) wasanaondiauluwin OxiTop Litesnesio
N15U08ARYVDILUATILSY ATUAUYDILAALSUAINAILAAIIUYTII D V99NN 2.4

50 -

I 24 48

100 4

Pressure drop, hPa
&
(]

-150 e

.....................................

-200 Time, h

Source: Malinska, 2016

A9 2.4 Msiddsunlasnuaunigluwin OxiTop
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ANUAUNaNaIluY9 D TuaunsatluAiulas Our Taannanudunusyasdnuiuluaveie
PONTLIULATAUAUAUNVBILAADAUAR (deal Gas) Faaun1TH 2.1

Am AP-V
AN——— —=——— 2.1
M R-T

Tedi An fie mMswasunlassuiuluayeweondiay, Am Ao MsUasunlasnaveseonaiay, V fie
YSumsvaduiia, M Ae wialuianavedwiaoendau (32 ¢/mol), R fie ANAsTIveILda (8.314 J/mol-
°K), T Ao gauvniivesufdlumbeinaiu (°K) Tasaunsd 2.1 ansnsadoulsluguvesaunisd 2.2
dieldunnsnsnisldoandiau (OUR) elumizewas me Ox/L-h (Ahn et al, 2008; Malinska,
2016)

1N
AP hPa) (100Pa) | 2 | (32¢) [1000 mg
t h hPa Pa mol g
mg O
OUR 2= 2.2
L-h 8.314 J | (IN-m . [1000L
— | “T(°K)- :
mol - K J m

lnefl t Ao szazvnaegluguudelniiolutilug, AP Ao mnuduanawweiadviiedu hra

A e a A a o & o6 a « ) a
WaANYINANITUNTISMNEIAVILUATISENENINTEUUUNUALLESTINNLUU SBR AN
2.1 Alldaundudunsnzyt azasalun nsnazAsan LLanT,a,JLﬁﬁliJI@iLausva“Lﬁauwé’uﬁfu LA

o saa

adnanfiuuafisenanyIuIm 1L aﬂmmmﬂsvwmummLaamaummmﬂmmummﬁ mamq
aé’m‘igﬂmqmamﬂauamauaa 3 ASailednsanseieg finnfseglusnetnaadnd mda9nty Fethun
Feasdeinduaulduiinamesadndidu 2 L (50% Dilution Factor) visantiu adndgnianuss
sondu 4 dauwhg fuldasluran OxiTop 1A 4 W (0.5 Anssievan) seun Sufutide
Hunsgiilitoudgsruutnimindeadlumn OxiTop 7 1 Wneraiatlud (Acrylamide PAGE, GE
Healthcare Bio-Sciences, USA) adluin OxiTop 7 2 [RunTnezASANn (ACS Grade 99%, Sigma-
Aldrich, Netherlands) asluin OxiTop 7 3 way 4 TneAuLANENIwaIwIn OxiTop i 3 kaz 4 fe
Usuasmenlandenlulasauluvied 3 uaz 4 A 50 way 500 mg N/L ANUAITU durIndl 1 way 2
uummsmuLLaquLuauluImsLauLmﬂu A® 50 mg N/L Maqmﬂuu 96U N- Allylthlourea (C4H8NZS)
(98%, Alfa Aesar, UK) mummmmu 5 ¢/L U3ums 2 mL aﬂumm OxiTop mﬂmmwasum
UFFSelussTady vdndy mmmlﬂauiu@ww@mu 5 Yu flgaumail 28 °C wdwnATU 5 fu
wiaddlumdsdogaseninanihin OxiTop uariinginiesnouiumesiieiaszviseluse
TUsunsumauiiames Achat OC (version 2.03)

wananty Selifnwwuuny (Batch Studies) Wlefnwdnsnisdesaaneinidedunse
ovaTalud waznsnozesan ngldvedddnvasintunelufiudodforiuiigumgiviiurn
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OxiTop nelduupiisenangaieaniu aasnsuiinisiiumediaulusseze) fs udeglanng 2
s Tuths 10 Falasusn wazyng 5 $alus Wusvezinm 40 Hlus ndwndu Wudedremne 12
Fluaduszezim 72 $alue iethludnsgimsfmessie wWu COD, svadalud, nsnevesan,
warluile, Tulnsed, luwmsn, MLSS wag MLVSS wumu

2.1.2 MyUszliunansznussese1IvesasaIanlun nsnazasan wazianluteululasiau

NAIIANTIUNANTENUTEUEANAIUNAUYDIREATAN IR NInazAsan wavionludyy
Tulmsiuiiidewuaiidenauanssuutdmiideuds Sdlnsiueraialuaduindedaaszii
ALY 200, 300, wag 400 mg AM/L ImaﬁmiLaumu@lﬂﬁ’umiauw‘%éﬁuﬁiﬂuﬁﬂL?m
Fumseik Inros WiinozasanlusaduidenaranUsinaasdunsdauas vilidnduwesezaian
lufluidegdunusidy mavassstsidnisaunuliiuamssunisiomenisddeilon
(Chemical Oxygen Demand, COD) Winfu 400 me COD/L wisliuunfidenauanunsaususud
fuaresanludld Tnefienududuveseraiatlud 400 mg AM/L fifievevesarlumduuvdnsuay
Wiesegnaieainu ndwintu Sufinusinameseseasanludliviniu 600 uay 800 me AM/L Ans
yeaesiinmsiiudiogmng 2 u nanfe 0, 3, 5 ua 7 Yu ndsnnsiAnezeasanludia gLy
A199 U InenasanaAsusEezaINIsiiNerAsalualal 7 Ju uinsuiluaisunanaInssuy
tinideluussduianssunselatstsned OUR

2.3 msfummduuszansmeaumanivasuaiiselumsidnesasailud

mMswawkuLiaemadamanfifielflunsinneransenuresesesatludsewuniisei
finenisdesaatvezaIatluddniunisinelideyanisnanassved Jangkorn et al. (2018) %’a%aﬁgq
nagnihullunisdiuismenduuszaniniseaumanasveanuudiass ASM finnmiduduves
oza3anludine fu nanalasasy msnuldszuutidaindeuuy SBR $1uau 2 svuu Fent
S2UU AM way Control fannit 2.5 Taeszuu AM Judloudredndedunssiidesq unuil
adUNIdmzagAIanluAdNTY 0, 100, 200, 300, WAy 400 mg AM/L d@ausguu Control thusidde
Juasgidoudngdssuuifissodrafouitu lifinsfuezaialududedidla ssuuisaoaudy
srvufensiiudswuaiionauainszuuiiiaindoueniifinadndsnaesiivihauegly
o fuRnFimnssuAunadenvesnnyimnssumans uninendeysmn szuutiiminderisaos
spuutuiiUiings 3.0 L gnifoutiedansies 2 nesetu udaznsdisvozinan 12 42lus Ysznaudae
5 929581981 Na1AD 15 U éi’m%%n’m@mﬁ’n?m%’ﬂﬁiwu (FilL, 10 F3las drwduszeziianis
Wueme (React), 1 $la dmsuszesiainnnznau (Settle), 15 Uil ﬁm%’mzazmmqmﬁﬂaﬁq
(Decant) lindeninazneu Usunasiies 5 a5 waz 30 undl dwdunisudesszuuils (dle) danmd
2.2 mﬂmsquﬁﬁﬁa 1.5 dnseons vlddsnsinisuaniudeuusuins (Exchange Volume Ratio)
WU 50% wardlsvesnaniniiunisvadans windu 24 Falus
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NN 2.5 sEUuinUaudsLUU SBR AM way Control NikuAflSnNaw

foyaitldannamaassgninalilunisduneduussaninisaaumansiddydmiu
wuuiaessadincans ASM fe k, waz Ks dadudnsnistesameezaianlusigsan (mg AM/L-h)
LazAAITiReBu (Mg AM/L) Wiensdesaaeesasanlusnisdannlussuuddmindenisdanamn
N15UsEUIUNI9ERDS (Parameter Estimation) wadtasigrinuseulnl (Sensitivity Analysis)
20lUsLATUADNANILADS AQUASIM (Reichert, et al., 1998) f,;]ﬂﬂmﬂeﬂumﬁﬂﬁzmmmé’uﬂizawé
n199atir1ansd Felusunsy AQUASIM 1435n1snnsadinanans Secant LiloUszuaunisfiaes
JauAARSLaLIATIZANs o Ul IS Time Saesivin A laauaas (Chi-square, %) A1
fran Gerlaauestudunanmveamadsavulasimineniidsaesssnindeyaainnismnaes
wazA1filiannn1siiulevewUUsIa09 %aﬁwlﬂaLLﬂ’s%Lﬂumm%mwmaaUﬂnmgﬂaﬁma
(Goodness of fit) ¥aslUsuNTLABNTAILABS AQUASIM UBnaIntiu A1 R? 91ntum3nyesandusius
5EW919 ko wae Ks Beuszanaldannlusunsunoufinnes AQUASIM tugninunldlunisssy
AMUFUTLSFLAURSISERIMNTmedTeds drurduUsyansveenisuUsiiu (Coefficent of
Variance) tugninulilunisussifiuaalaiituey (Uncertainty) #3fuaaainaniunaiainieu
UINTFINVRINI 03 (Standard Error of Parameters, G,) mséf’ssmwwsﬂﬁLma%ﬁ?uuﬁﬁqqmﬁw
100 Igduninesesas (%) drumuseulmussaududusesludoy COD uazezadaludiifive
W5 Tmed ks way Ks Ussifiuldanniladdu Absolute-Relative Sensitivity 183 AQUASIM #aaunisfi
2.3 (Ni &Yu, 2008)

53; =p-0Oy/Op 2.3

loed O Hunadwiivesileandu Absolute-Relative Sensitivity, p o W151flnesn1saauaans

Taun ko hag Ks wag v Ae Ansdutuiiawiadlaainlusinsunauiames AQUASIM
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2.4 MsWALILUUS aesRdinfansdmSunnsihaingefitlozasanlus

wuuSaemeadnansfiaunsadiunldlunsiaunduiuusiassdmsunistesdaansy
pzasanluddnatouuusiany LYY WUUSIA0INIIIAUAIEASLUUSUFUNTS (First-order Kinetic
Model) Wuudaedn193aumIansuuuduauAud (Zero-order Kinetic Model) Wuud1a@anna
AUAIANTHLUU Monod (Battersby, 1990) 2¢1415AnY LUUIIBBILUU Monod éﬁ’aaumsﬁ 2.4 ﬁ?u
JouanldlunisviunemsdesaansvestuansaiiowdafoinasuuaiiSofossdadevingy v
THARN9a3aRUlnfaunIsh 2.5 way 2.6 AUy

Uw=Q  -S/(K +9) 2.4
dX/dt=p-X 2.5
dX/dt=W__ -S-X/(K +59) 2.6

o

lagdl W D 8951155 AUlATNIBVDINUATILIY, s ADERTINISIASULAUIAT LN IZEIaAYY
) a

=

o & | { o & & v v o = Y a £
LUATILS Y, KS A ANAITINGDUAT, t AB 1387, X A ANUMUTUYDILUATISY way Y Ap duUseand
USuaundn 19l USUnauueakuaiseianudunusiun1sgeeaag@studnsanaaunisi 2.7

dS/dt=—(1/Y)-dX/dt 2.7

PAINBNUNAUNITA 2.6 TUFNNISN 2.7 Wa2 9RTINISERYAANYAISTUAWMIAAINITaAIUIULARIN
AUN15N 2.8

dS/dt=—q_ *S-X/(K +9) 2.8

1067 G D SRTINSEDEAANIANTTUAATAGIAAUALIANTY oY

dmduuuudiaomnsadinaansuuy Monod faunisit 2.8 tu wudt Snsnsdesaany
Wnduideanudutudvansn s ugetu lnednsnisdesaaegagadadiuanléann gmaxx du
Antwdle S 1A Ks 1nne (S >> Ke) vilvaunsd 2.8 anguwdediauntsd 2.9 Saduaumsiey
TugUvesuuudransufiserdusugud (Zero-order Model) vilisminn1stesaastuogifuuiun
YDIUATITELAYINTINTURYAAUEER

dS/dt=—q X 2.9

max
wAvn S Woend Ks 1109 (S << Ks) wdaun15i 2.8 anansalieulaluguvasaunisi 2.10

ds/dt=—(q, X /K)S 2.10
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FeaunsianariduuvuiaesiiiuuuufAzendusunils (First-order Model)

Alexander (1999) Unta@uawuuiINa09 Monod ﬁgﬂﬂ%ﬁué (Integration) waald 6 JULUY
dwfunsdesaaeduainsamiadinim nesuwunidu 3 wuudiassdmiuuuaiisedldlsoglutag
13LAULe (No Growth Model) FIauN15T 2.11, 2.12, way 2.13 Lardnuuu 3 s1a03d1uUsu
LLUﬂﬁL‘%sﬁﬁﬁam‘%mLaUTmag (Growth Model) d1%5utuudnasguu No Growth Model 1
dmsuamAdeiimmessvuihdaiidsuuy SBR anAIUANDIEARAd WA 10 Ju fatu §ns1ns
WiivlmesuafiFedugnaunuliieed dwmaliusinauuafiSeluszuuasi

ds/dt=—k, 2.11
dS/dt=—k -S 2.12
ds/dt=—k,-S/(K_+9) 2.13

1089 k; Ao A1AIN909UJASE10UAUNTR TANINU GuracX/Ks Tuaun1si 2.10 Snaedu h, k, 1Ju
AU fNseduiuAudLazYIAUTRIINSERYAANEEIER TUVINAU GraX Iviieidu me/L-h

dufumsiauuuusiasmeadiaman sdmsussuuivatindedisdnezasadluddu
anfuni1slagldisnisitasizinIsannoslFaLdu (Linear Regression Analysis) 4091UsHnTa
AaufiaLmes Microsoft Excel tialdlunisimuiuuudtassadamaninisaaumansuuuujizen
duRuAUE (Zero-order Kinetic Model) M%@quﬂﬁﬁ%mﬁuﬁuwﬁﬂ (First-order Kinetic Model) &4
wuudraemeadiamanifigniesgnimdenlaglia Rsquare (R) msfmuiuvudassdniuns
Tnel Uy UNIIMNTZIINIANUTNTUAITLAZIIAT LAY TENINAINITTINGTTUYA (Natural logarithms)
YOIANTHAZLIAIMNALUNTT 2,14 waz 2.15

S=S —k, -t 2.14
o 2

S=S,_exp(—k, *1t) 2.15
1ng? k; Ao ANAIAVDITNITIUSUNTY (First-order Rate Constant) fvteidu h, k, Ao ANA9IUD4
BMI10UAUEDY (Second-order Rate Constant) fiviendu me/L-h, S fie ANUNTUvRsEnslunLIE
94 mg/L, S AD AMUTNTUVDIETTUAUlUMLIBYIO Mme/L Lag t AD Latluniieves h

a ¢ o/ 1 9oj =)

2.5 NM5ATIZHAE19ULEY

waansyuutimhdedndgannigasauds Jainsiiviegaiieinlunsiainge
W easnnee lon Mixed Liquor Suspended Solids (MLSS), Mixed Liquor Volatile
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1% 1%

Suspended Solids (MLVSS), anTPUNSE IR USIseANglafamLn (Total COD, TCOD) way
ansPunIdaranstustigeedlonazaisin (Soluble COD, SCOD) Aas¥ie33ns Closed
Reflux, Titrimetric Method lulpsiauiaaaustdefiady (Total Kieldaht Nitrogen, TKN)
ATILRMEID Semi-Micro-Kjeldahl Method weslandeululasiau (NHs*-N) AAs1g9inieisnis
Phenate Method lulasvilulasiau (NO,-N) Aas1g1iaae38n1s Colorimetric Method lulasw
Tulnsiau (NOs-N) 1ps1z9idnesn1s Brucine Method Arauidunsa-ane (pH) asiaiadeirses
Cyberscan 3u pH510 (Eutech Instruments) LazAEaNIIauazateL (Dissolved Oxygen, DO)
n31a¥adaeiATes Cyberscan fu DO110 (Eutech Instruments) Vel Fan1sTiaseivianuaidulua
AFN5IATIEIBY Standard Methods for the Examination of Water and Wastewater (APHA,
AWWA & WEF, 1998) dmfumsiaszdanssunidazareni (5COD) werluienlulmsiou Tulnsvi
waglumsnlulnsiau (?hashﬂgﬂﬂsaa@’haﬂszmmiaqﬁﬁmmwﬁu 0.45 luaseu ndvanduies
FBE1aRI8AI13L5Y 10,000 SUABWNT (rpm) WU 10 Ul dmSunisesiadnesasanlusuaznse
oza3antuldinsesilo High Performance Liquid Chromatography (HPLC) fifinsideusieiiu UV
Spectrophotometer Detector (JENWAY 6305) fivhanud 256 nm wazfinisldnedutl Nova-Pack
Cis (4 pm 60 A°) guard pak insert column (Waters, Ireland) @1%15UN153LATIZRAMULTUTUVDS
sxa3anluduavnsneyasaniuly Standard Curve Tiwisuanesasanlusuaznsnoza3aniinsu
ALLVUTULAD
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NaN15IgkazanNUsne

3.1 UszdvsnmuasuuaiiSenasluszuuthdniidewnsidnasduniduasluasiadu
wEnAUsTUUITRtEENTaIn LU AS UITUUgan1I8AT (Quasi Steady
State Conditions) snifuszegamanaiiteu fsanunsaszymaiiganinzasialdanmsiingzs
nswdsuulasenududureswuafidouasduamsadiofauiuna nud anadudu MLVSS wax
MLSS Tudiaiinenie winfu 845+42 mg VSS/L wag 85542 mg SS/L awasiu Antdudnsndu
MLVSS/MLSS ity 0.99 wuth anududuresiuafiGeduliunnuhiinsdessuufiauasey
adnsviiiu 9 Su wazenuudurendeiitanssunidnamastredlefiiy 400 mg COD/L
el enadululéh audnvustideduanesionalimngaudmiunnaiydulmeuuaiizona
wanitululdliuuaiiGevaalufuihimessuuidemnarudutuvesudanauasslniis
WU 13.249.9 mg TSS/L Taeszuuiiuszansamlunisminansdunsgustisneaglonviniu
77.5% vilimdeanssuviasluthiaviniu 90 me COD/L dlafiansannmd 3.1 wuin anssunsd
anaseshadudunsaieieuiunamudiu fafu Seansarmnasnsnsidnassunidle
Wiy 7.0 mg COD/L-h wieii arundudududuiudunmudadundmnmsdeasseniaiide
é’qminzﬁLLazﬁwﬁqﬁé’wqagiuizuué’aaé’mwmmaﬂLU?{&JuU‘%mmwhﬁU 50%

180

160 4\

ol e
........ y=-7.0397x+161.23

120 ~ R>=0.9612

100 ~

80 ~

60 -

COD Concentrations, mg COD/L

20 ~ ——AS e Linear (AS)

Time, hours
AWM 3.1 Annty COD lussuutndnunide SBR NlwuaSurauNongadnd 9 u

A a an o A o w = | =
Wefiansannszuunslussiiaduvesssuuiierdauwenlanenlulnsiau wuii wesluiley
Tulasiautugnidanigluszeznamsviufisenu 6 Yiluaindu nasaindu wedlanilglivie
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Avegluneseuy fannd 3.2 vilitiussavsnineelunifedusingu 100% Fadunisiidn
werluenlulasiaulavauysal FamsAalussiindwiliaalulasilulasiow dami 3.3 uwasly
wInlulaslay A i 3.4 aud1au

30 -
—-—AS
=
Z
4
.
=
g
Q
2
o
@)
g
2
E
—e @ )
0 2 4 6 8 10 12
Time, hours

al' I a o v o o Aa N a = v s o
AN 3.2 ﬂ'J']llLGUQJGUULL'EJQJINLUSNIUIWQJL‘UUI‘Nﬁ%UU‘U']UWUWLﬁEJ SBR V]@JLLU@V]LﬁEJNﬁ@JVI@']QﬁaQQ 9 U

18 1 ——AS
'§ 16 A
2 14
g 12
=
£ 10
S
§ 8
o
E °
Z 4
2
O T T T T T 1
0 2 4 6 8 10 12
Time, hours

amd 3.3 anutntululasilulasaulussuuiidninds SBR ATuuaTiSenauNangadnd 9 Ju
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40 1 -8—AS

<
Z
)
2
<
g
o
2
o
Q
8
<
B
Z

5 -

0 T T T T T 1

0 2 4 6 8 10 12

Time, hours
A 3.4 anudntuluesnlulasulussuudidauide SBR NllkupfiSenauongadnd 9 Ju

0l 3.3 dunaléd lulesvavanfingdluszuulutiusnudmniuianas esanninuisu
lulpsidulumsvlulasiau fanmd 3.4 Wedufunanimaassiiisitesiunszurumslussiiady
nsvhaunavesnalulasaulussuutitatidouuy SBR Ssanunsasuinildaniinisues Lee et
al. (2008) wu1 waveslulasiauvesszuLlimuaNnawiniu 104.2% lneduliavesuwouluily
lulastaugnlusdvheluviniu 0.163 g/cycle Tasfmavadlulnsiuiioonlufuindiarint 0.172 ¢
N/cycle uwaggnldlulunisasrawaddmiunmsasyivlnveswuaiiiSenauviniu 0.048 g N/cycle
Tngnavedlulasiaudnunjosnluiuihils fsaenndosiudoyavesulasiuaslumsmlulnaoud
AWl 3.3 wag 3.4

3.2 NANTENUTEELIRBUNAUYRRzATANLUA NsAaza3an waztanludaululasiaunednsinig
wiglavasuuafiSenauainszuutaude

NANSENUYBIDLASAN LUALATHANARIINASEBEEAEREASAN AT 1IN TWALElaUlgda s
wa Taun wenluiounaznsnoza3an fldesnsnismelaveauniionauanszuuthdniniEe

a

Fanm slimedudatuaamartindeu gnihlssdiudeyngunsal OxiTop fifinmsumideiigungd
28 °C \{lunan 5 Yu lnsnsneaesdimsiuinidedanses sxasanlus uazninoza3an aduadndd
fluuafiBenananszuudidainges AS viauluannzasiuds Tnoideduasesidudiidelston
STV AS BsuuaiiFenasiinuduineguduiielfidudoyadieds dmezatanludiinisdy

wenluonlulnsauiannugudy 50 wag 500 mg N/L eUssiliunansenuuesasasantunuag
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wenluilenlulasiau dusunsnezasdntuiinmsiiuwenluonlulnsiawsindu 50 me N/L winduin
dodunsigut

0.3 ° - 100
0.2 - ES
- 80 .
O .8
Q Q
g - 60 &
S =
» 0.1 é
an [P)
o - 40 &
R o
Z 0.1 A 3
c

- 20
0.0 E

0.1 - L0

N in Effluent # N in Waste Sludge O Unidentified N ® N Removal Efficiencies

A9 3.5 augavesudalulasiauniglussuuiidnunides SBR Uy AS

A 3.6 uanan1sasuLUasnuduLdanielurin OxiTop fiszoznaniudounu 5 Yy
HaNIVAaes WUl Armduresiianigluran OxiTop wingstuluga 2-3 dalususn Taedaudu
geaawinfiu 12, 24, 24, uaz 42 hPa é’m%’uma&iaaamaﬁwL?iaé*amswvﬁ pzATalNA (50 mg N/L)
pzAsalua (500 mg N/L) LLamima ATAN AINEINU 621@mm’mmmmeﬁmiumwamwmmamﬂ
LLauammﬂummwa v AnuTuLREesIn OxiTop fdeuwihdedunseianaiuiiogs
59157 uanein lddesiinisuuanmussuuaiiSonaniuindedunsze egelsinng wuaiiEonay
Fosmsian 1 Falus dmdunisusuanimiunsneza3an wazszezian 2 alus dmsunisuduanm
fuazesarlusfisuesluiion 50 uaz 500 mg N/L st uansdn wuaiiSenaudasnisszeznaUsy
annifuezesanluduasnsnozasanmnindediansmaivuidou nduuadSonauusuanda
aruiuniganasiaidondudunse Wehauduvendunsandnamuaunsi 2.2 1asasnis
loan@iau (Oxygen Uptake Rate, OUR) wazdnsinistoandiaudinig (Specific Oxygen Uptake
Rate, SOUR) Lmamam’]ﬂ'rﬂsuaaﬂam,aummﬁmammLsumsuuﬁuaumﬂmsamam F3915797 3.1 970
Al 3.6 Usingdndl 2 mutuvendunsidmiuindedunseet Seenunduldi wailSoneudl
stopEaeanIBUNEER U 2 Ussuam e thmansewasledionesBian s Sinonusuuiansd
0871 10-12 hPa Wuszozia 2 Halus aesessoseming 2 dumss vhlszyldindnsmgavsinves
nsldeandauluginiandingty wansliiuii fsduuunisiasagdulawuu Diauxic Growth fiu
LaIANSUBY 2 Uselan (Chu & Barnes, 2016)
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x Synthetic Wastewater + Ammonium 50 mg N/L
i + AM + Ammonium 50 mg N/L
y =-2.996x+51.81 - AM + Ammonium 500 mg N/L
R*=0.9984 * AA + Ammonium 50 mg N/L

y=-1.1221x+ 26.375
R?>=0.9994

y =-1.4902x + 30.965
R>=10.9993

80 120

M% +-+++++++++
i
- y =-4.6868x + 41.269 e i,
R2 = 0.9965 P00s0ssoar SO ey

y=-32x+ 19.067

L R2=0.9882
Time, h

A9 3.6 nsildsunlasanuaunielu OxiTop NikuATISENaNNoUEAEaT08Y) Tuszey

\YUNSY

AN 3.1 BRSNS HDONTLIULALDNTINISLYDDNTLIUIWNILVDILUATILS BIHEI

Experiments OUR SOUR
(mg O,/L-h) (mg O,/g VSS-h)
1 2 1 2
Synthetic Wastewater* 4.09 5.99 7.05 10.33
Acrylamide® 1.90 - 3.28 -
Acrylamide ** 1.56 - 2.69 -
Acrylic Acid* 3.83 6.68 6.60 11.51

* Ammonium

as a nitrogen source at the concentration of about 50 mg N/L; ** Ammonium

as a nitrogen source at the concentration of about 500 mg N/L; 1 and 2 indicated the first
and second OUR and SOUR rates

dmsuezasalud WU wasannsUsuanImAvezAsa ALY LuATiSuREaNE S URY
aanzevasaluddensn1sideandiauiniu 1.90 me Oy/L-h JuansiuuafiSenaugosaans
ovasatludtninsgesamemsBuridluiidedaaest annmil 3.6 ldusngguiuunis
\3Aulauuy Diauxic Growth visil WariuuTinamesludehlanauliigadu nud sasnsld
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PONTLAUVBILUATIS A WS UNSEouaaNeasAsanlunanas wandliiud wesludlelulasiauanunse
fudneuleosinalunisdesaauezadanlus (Jangkorn et al., 2018)

namil 3.6 uazdnsinisldeendiaudmiunmstosaaisnsnesasaniunisnedt 3.1 nui
wupTiSonaudesaannsnozasansuunliidu 2 919 InesnsmstosaaronsnesAsaniiuty
Maamﬂﬁuaummmulﬂ 18 #luq LwﬂmsawamsJasmmsmimaumaﬂlmmmumaﬂm LRGN
miaaaamammammwvw Wity SasnnsteaaNensAes ﬂsaﬂuumeawumﬂmif—Jaaams

iidedaesei el f91891ui LL‘UWLiamawmmiﬂiuam‘wnuﬂimaumaﬂiummaLmemm
govamenInezasanUssinnueusieiuarlamesldesauysal egnslsinn vnuialuanaves

[
=

mmam%%mﬁquu fnsnsdeaatunsnerAsananaImLasu (Larson et al., 1997) wansliliiu
1 Fusnnanereianluideiinaluenaguiesanifnnismediuelsdvasnsnezesanyilingg
awﬂ%aﬂﬁmaizuLaﬂaaaﬁﬁuﬁﬂﬁé’mwmﬁsiaaamaﬁw Wil NsPeLASANANLNTALRANTEUIUNITNORLID
lydladny Fehpslinsinans Hydroquinone Monomethyl Either (MEHQ) R Methoxyphenol
Wudy 180-200 ppm titedsdinmainnszurunsnediwelsd ndwntu enafinsiasunla
TmaamqsuaaﬂsmazmaﬂwﬂﬁlmﬂsmsmaﬂmmahLaqamaa AIHA ML UATLS IR ENENUNS0 DY
aannsmezAsanlaATY

feiu annsnaguléh wefiSerauainssuuidaindeTnmiidesaaneansdunisily
deldsuozasalududn fnansgnuluszovideundumnesediituaiiFesinsusuanmlviduae
fuozaianlufidunou wasnsdesaansezaianluddowuaiiSonautuinldonnniddedanse
fuuafideduee fitnszeraialustsuunffinnudufiviouuaiise (Charoenpanich & Tani,
2014: Joshi & Abed, 2017) uanainia wenlaniglulnsiauiilédannnstosaansozasarludiu mn
fanududuga FliRnnsdudainsdesaansesaiailud @runsnezasaniildannisdevaaioeyas
anlusitu wuaiSenauanunsadesaanyldiufindiannnsusuanmiunsaezasanuds Tnesnsinsg
donanneninaraTanmstanimesnuafiSorantugeniinsdesaaeereianlud mnualuana
Yo40rAIA1 A ligaunnin

3.3 aruanansalunisgesaaeezadanludiuaznsnazaianlnsuuafifenauainssuutrainge
Tuszazidaunau
mMyveasuiieUsziliumnuansavewuafidonanlunistosdaisesaiatlusuazns
svasanduunasnsuaulnefinuaiiSonauliineduiaivezaianlusvsonsnoza3anuineouas
msfndiunslurinuun 1 303 Aldnuwazadeiun OxiTop waznsAaBIR LU
AuuiunmneaesindnsnismelavesiuafiSenay nanisvaaoadudsdl

3.3.1 N15ERYHAYNINDLATAN

nsinweSiidunsriuuaiiSonadlussuuthdmideausaldnsnezasaniiintuan
nstesaazerasantualuiluurasmsusuarunandsnudmnsunisiasydulald nanisneass
wARIRINMA 3.7 wud wuaiiSenauanansalinsnezaianifionsiasyiulaldviud lnewui nsn
avasangnidnalungly 2-3 wiiksnuraannsunsnezaAsanmeUsEansamnsidamiiu
22.7% Tl nsnezAIANUGUS WA 3.7 Ty WU 400 me AVL %38 5.6 mM (MW = 72.06 ¢
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AA/mole) nransUsEiugnsInsnelameyagunsal OxiTop ﬁwudwmmé‘fmﬁmqﬁu LazAIA
ozasanfignidnluneususubuduldin nsnereaianifanszuiumsnedwelsdliunedozasan
P Hufithdangh vinidunsnezaianudmuihdesaialusunngiuluszuudeeududy
WU 1.99 mM 973§ Yasuhara et al. (2003) 91891u1 nsnewAIANAIsavUiTSE T uwen Tl
wiilhineyesanlusitu il Usinaansduiusssrinansnozasanuarvesaianlud fe 1:1
(Nawaz et al,, 1993) flatiu Usinainsnozasaniignldlulunsuanesaiailuddesviviuuimnaeyes
aluddignudndu ndsnmatdansnezasdnluasiuiiondnezaialudud nnezaarludgn
frdnegseiieinaentisszesnaniteuiu 50 $alus Meshsnstdnnsaevaianyintu 5.11
mg AA/L-h (R = 0.95) adnefumsidawiiuindedaasmeiidomnnsnevasanthuduasdunsd
ﬁw%’augﬂs}aaamUﬁamwﬂﬁmammﬂiﬁamwLaummﬂ (Staples et al., 2000) dlowusyezmsuy
Founu 50 $alus nudn nsmeza3aniuszuuiinrududusiuarldannsailuldlunseiydivle
RNUIEICRIAGHLRERIN

350 -
—&— A A-Mixed culture bacteria —A— AM-Mixed culture bacteria
'éo 300 A
é Acrylic Acid ~ 400 mg COD/L
% 250 1 Ammonium Nitrogen ~ 50 mg N/L
[}
g
O 200
=
<
o 150
':é’; /4
<
el
= 100
()
.‘g
50
S
g
<
0 T T T T T T 1
0 20 40 60 80 100 120 140

Time, h

~ = v v aa N a o v 8 o a1
AN 3.7 MSasulUasnnuutunInesAsanlnawuAisuNauaInssuuinUnULEsNgasdaans
A bUALUSEEELRsUNAY

NN 3.7 U anududuresesadanlusiiint udeut aadesludiady windsainaududy
vesnsmezAIanGutionas axalanluddaiugndesamedsnarinlianududureseraiailudana
Wliduladn wuaiiSenauaunsagesaatensneasaniaanitevasailus Wewnanudufivues
avA3aThus (Charoenpanich & Tani, 2014; Joshi & Abed, 2017) uaznsnazasaniduansdun3en
gosaanglninglaonuaiiisenay (Staples et al., 2000)
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dll a | a 5 ] ¢ =~
fﬂimﬂa@qLL‘U“UﬂgL‘Wf’jﬂigLNU@?WNanqiﬂIUﬂqiﬁaUaaqﬂagﬂﬁaWINWLUULLwaﬂﬂqiuau Iﬂﬁlll

ANuutuLeuludenlulnsiau 50 wag 500 mg N/L NaNISNAADILAAS AININT 3.8 WU

a a o v o o 1 a ¢ 1 v ' 1Y) PN
WUANLIYRNANINNTEUUUUAULEY AS aaaaaﬂﬂazmaﬂmamaﬁmﬂ 11«!%3\15385&6'1 15 ‘U'JIQNLLiﬂ N

AU LT T TUTASRAUNIEDIANILTULTY LDIANNLUATIS SRENADIUSUAN A ULLEY Ha

N15NPALUTUNANTITUTLEUNINTIUNITM8TA7IN LUATILSINENANNTZUUUNUAULEE AS $BINTT

1a1 2-3 Tluslunsusvanmiuazesanlus WeAulIuensINsEasaatsayAIanlus fInns19N 3.2

WU wUATSaNaNgpgaaIsazaAsalluamesnst 2.09 mg AM/L-h vinliduszavsninnisindnesas

anluAvinAY 72.3% Weanuitudureaneulutienyinnu 50 me N/L Wiliiluauudus

wanluanlulnsiauwindu 500 meg N/L wuin 8nsinsdesaaigesasanlunantosatatiaunn lnad

fnTINITEod@aIiEY 1.14 mg AM/L Wity vinliuszansninnisindnezasarlualindu 41.7%

Y @ ' = = 1 v ' 1 a 3
wansliiuIlenlufvululasiauiinansenuegsdnlaunenisgesaaigazAsanlus Jangkorn et al.

(2018) 518971u71 wenludelulasiauigvsdugveuluiesiivalunisdovaaisoza3ailug Weaim

Wnduwenluiflendiivasu vlidaduewenluidululasaulasansiinnudunsaniuay

0UNIAY
9 Y Y

500

400

300

200

Acrylamide Concentration, mg AM/L

100

—— AM + Ammonium ~ 50 mg N/L

—— AM + Ammonium ~ 500 mg N/L

—©— AA of AM + Ammonium ~ 50 mg N/L
—H- AA of AM + Ammonium ~ 500 mg N/L
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Time, h
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Acrylic Acid Concentration, mg AA/L

AN 3.8 NStUATURUAIANUTINTUDL AT A UAKALNINBEASANABLUATIS 8NENANNTZUUUIUALN
\deddagaatgarasanluniussesdeunay
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d' Y] | a I a a o w a A a N
MI3N7 3.2 dRsNsderaageraAsalualaz U ANSAIMNITMdnez AT lALAYLUATISONELT
AN swonludonlulnsiauyindu 50 way 500 mg N/L

NH4" AM Removal Efficiency AM biodegradation rate R?
(mg N/L) (%) (mg AM/L-h)
50 72.3 2.09 0.978
500 a41.7 1.14 0.977

N eaa

Al 3.9 wansmaAsuuasesansdunisifedlussuuidotinisteuindefduiuie
Fuas1ed evasanludfiiwenluidlon 50 me N/L svasarludiifiweslanlon 500 mg N/L wagnsn
ovA3AN WU uuAi3onauaInIndeaneasBunIslutideduesedldviud esnuuaiie
navdiuduireiutidetoguds uenntu wuefidonautansndesamensnosasanléviud
ndrnnisUiuanmeuuaiiGenauiunsneze3anuda lasnsnorasangrndavunaundsnns
vadiounu 50 $1lus duezaiarludiudlognindauds wuin armiduduresansduriddanmd 3.9
sU wuanieredldnalunisuiuanimivezesailud ana1dnsnisideandiauveiuniise
wandlogovaanperasanlud (1.79 mg AM/L-h) uazdnsimsdesaanseraianludlunisaasiuuy
A¥ (1.90 mg O/L-h) shl¥anansnssyléin nsnezesanfiintuannissesaasazaialudgnees
ametionann Swhliadledvesansdurieisifiugsduannanesaianlugag 65 Falusun
ndrntu Smud deshnnsdesaaneeraialudifiugedudanind 3.8 Wity 2.85 mg AM/L-h
(R? = 0.984) udrdswud1 anududuansduviaiaanas nmil 3.10 wansnsiasuulasanududy
voswerludonlulasauiazanluszuuannsdesameezasanlus amnsduduvesozaanlusiiu
a9ty uandliidiuin nsnegesaniiintudlldvihufisefunenludeslumidenareidussaialud
Tmidnafanils

NNty NHaNIsTARDImLAluA 3.9 way 3.11 uazn31e 3.2 wuh wueiide
navINszuUTiSatAsuuy SBR iduiasfutiideily gndudseuenludenlulnauiiao
dudugs mnehliAsuenludedifigrisudinmainuresouleiesfinaidedlflunsdesaae
avasalud Feaenndasiunanisnaasives Jangkorn et al. (2018)
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-8— Synthetic Wastewater+ Ammonium ~ 50 mg N/L
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AN 3.11 Anuutuveawenliisylulnsauannsgesaatyesasan luA LAk UARIS UNELRIN
syuutUnuLdengosaavansnie tussovideunau lnedinnududuleuluiisuyiniu
500 mg N/L

3.4 nanszNUTETENIYRsesaIalud nsnasaian uaswenludleululasiouiifideyssansnmnis
fdnsduniduazsnonsiulasulussuuthdadidemedanim

msnasadlutasein dudunislnedes uezaialudaduindeiduaseinitdouds

guuthimindeuuy SBR ieliuuaiiFonaninnuduisiuerasalududssdiunansenures

szasanludiifidenisinansduniduarsinemsiulnsiauvesszuy aaenaulseiiiudnoninyes
szutlunmsiidnezaiarludmnilauduesiveaiarludnd Tngenanduduesesaianludiiiu
asludidewiiu 200, 300 waz 400 me AM/L anudsiu Tnefinududureseraianlusiviiiu 400
meg AW/L Supzesanlusiduiiosuamiveuasnduiienfivuaiidonaldlunsadyivle

uanaveaesdlaifuezaiatludadussuutimindeuduin 7 Yu nansmaaesdannd
3.12 wuh uuaitSenaliausaiidnansduvidluihidsldogaiiussaniam nuin Ussavsam
nsdnansBuvsiviiy 55.8% withy sedfululii anudufiveesezaialudluide
FuaseiiliuuaiiGonauldansnsaluldlunmsesyivlpldodediussansamld Tnevilmide
fieansdundvanlusuidiadady 190 mg COD/L Faudfin armduduresuaiizelussuuifiugstu
Wwinffu 1188+151 mg VSS/L wazszuugnenuasilimiauiiengadndiviiiy 9 Su A
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LWUULLYINAU 200 mg AM/L

dlonmatarnududuvesesaianludluszuu wui avududuvetezaiatludanamnuszeziand
yufisondudunss fanndt 3.13 ihliannsadnasasnsidnesasaludldivindu 3.06 mg
AM/L-h Tneiiuszansanmmsidnezesanladivintu 36.3% wdeeraiarlusluhiiawiiy 122.5
me AW/L JadleSeuiisuiusasnissesaasezaialusvasuuafiionauluszeznandoundy
Wiy 2.09 mg AM/L-h wudn 5&1’3’]?1’1'3&]8EJaa’lEJLﬁmgﬂﬁuaEJ"NEJ’]ﬂﬂﬁﬂﬁ]’]ﬂléjﬁL’Ja’lmﬁﬂ%JUﬂﬂ’lWU’m
7 %u wonanti el aududureseraianluluthidewiniu 200 me AM/L Geliosn
nsneaen Sk ildozasarludiviiu 400 mg AML sldaudufivresesesaludiosas
Mnmsdesdasazaialudiduduiiy 200 me AM/L hlfiAnnsaera3antulussu nanis
arinnnududureinsnezaidnlussuundndesaasezadatlusuiy 7 Su fnnil 3.14
wut nsmezasanlusyuuthdmings AS Tudmnudutuanandntossesns 0.50 mg AA/L-h &
ol nsnezasdngninluldlunisaiyvesuuaiiSenausmeimiloutu sgslsfinu failnga
ovATandsaglussuy vlinasuvenidedunsier ova3anlud uaznsnese3aniivdony Sudy
uwidansBunisiomeluiidedarndudugs dwaliussnsnmmatidnansdunisanas fanmdi
3.12

dmsunansznuvetezaialusfiideussansanmstidauenludenlulasiaunie
nsvuaunslussiiedutiy anamit 3.15 wui anududureseludenlulasiouldanasas i
mududureuisnsiiarlndidesfumnududuresenludoluinge uwandidiuin luasiladu
Liindulusveznismaaedd ssdutiuldanamnududuvedulnsmuarlulasilunmit 3.16 uay 3.17
muaiu wud lulesviwaglumsniimsasandesunnluseuu waned lussiladudumailagauysel
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TuAtatuyingu 200 mg AM/L



30

0.8 q . AS
>
%o 0.6
4
.
=
£ 04 1
Q
2
o
@)
£
Zz 0.2
0.0 T T T T T T 1
0 2 4 6 8 10 12
Time, hours

A9 3.17 anuudululasilulnsiaulussuuiivndde SBR Adkuafisenaulneudsdlorasan
luAlntuyingu 200 mg AM/L

Mnuanmnaes lilauigiulidn maduezaaludtuenninansenusenszuiunsly
pstladula nshaugauialulasiaulagldisnisves Lee et al. (2008) wuin augaunalulasiay
vosszuuttathidsnindu 104.5% lnefiuravewenlidsufignlusiviewindu 0.0 ¢ Ncycle
wanei lifuenlindougnivdsuludululnmivas lumsmies uasiinavesulpsauimunaiioonty
futhiaiiu 0.19 ¢ N/cycle wasdildifuunaslulnsaudmsunisiasadulmnyiniu 0.06 ¢
N/cycle Tiai navedlulasauiiingssuuuazeananszuuinfiu 0.23 g N/cycle uaz 0.24 g
N/cycle muddy Sanaroutanna uidefinnsanezeialudiignirdnsouuniiFenanudn
Sududesdavedlulnsiouintu uivsing dlfeglussuu fedu maveseuluiefAntuan
mMsgesamuezaianludmedanm Ssdeseenluansyuuieisnisdu

NnNanMnaes JelannAguisniniuesludelulasiauoiagnirdnesnanszuuti
didis AS TneTansidewdiauenlinils (Ammonia Stripping) Tne U.S. EPA (1979) 518911
wouludelulasaufiogludnaiu 10.01% vewesludslulnsauimundessneudouosludouas
woulunfenlulasaufigamad 28 °C wazarudunsadaiiy 8.2, matisduvesarndunanma
211 7.20 Tuhdeduaszvundu 8.2 Wesmnanudumavesnszuiunslunifieduluszuy v
Tlsifnswaansnannszuaumsdiingn wasiAnannmadeuiamiveulaeenledeonimnazuy
muildnananiiudiansauansieraivesuidmivufanfvoulaoonleduazuoulunde
v wuth LLﬁ”am%mulmaaﬂlsziﬁmmsmqmaaﬂmﬂﬁﬁlﬁﬁ’aﬂdmﬁ”auaﬂmLﬁa (Campos et al,,
2013) dilsiarandunsnmafiugatudeu Snhliinmadudaduemenludslilanaulnmiide
uonnedunsarsuargangiiduaiuliuenlindogniufesesnaintnidouds mamunande
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Fmsesailideannzanututhueenh Sehosdiiensaewtawenluileldogesmian
fe (Gustin & Logar, 2011; Campos et al., 2013)

wintoutndeiitesesanlusidudu 200 mg AM/L Lﬁnéizuuﬂwﬁ’mﬁmﬁamu 7 U udn
FahuuaiiGeuniasammameladeyn OxiTop 8nats nansnsrataauduuianielumn
OxiTop wanadisnIndl 3.18
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A9 3.18 mstuasuuUasanusungly OxiTop NluuAiSunaugpaatupzAsa luALULTY 200
mg AM/L

nanTiATIzinNLsuLia W vinnsufugamgliserinaieg s untouda wafie
NauaIsageraaneansSuvIglavui lidessreznainisusuanin fanmi 3.18 detheudu
VPOUAUNTILIANNIUTATINT DN TLAULEZERTINIT IR NTIRUT UNIZLALYINAU 2.93 mg O/L-h
wag 2.55 mg O,/g VSS-h auasiu 6?5@5’@5’1ﬂﬁmaiﬁ]wé'amﬂLLUﬂ‘ﬁL‘%EJwauﬁumaﬁuam‘%aﬂumé’a
astunimuaiiGeilildusvanmivezaiallud (1.90 mg Oy/L-h)

nsvaaesszasewn Winmsifiuanududuwesezasanludluinideduaseivindu 300 me
AW/L TneanUsinaensauviadauas uidinsmnududuanssunsdnmuntsigemdlewiniu 400
mg COD/L HaN15NAaBdnU31 Ussansnmnisindnansdunidanasnie 47.7% wanadannd 3.19
Al iiadlanssunidandaviiu 230 mg COD/L aehslsfinu definnsanusyavsnwidnesad
anlus wun ‘Uﬁzﬁm%mwm3ﬁ']f{‘fmazﬂ‘%aﬂuﬁlﬂuqﬁulﬁhﬁu 75.2% wiasezasarlusluthiaiu
73.2 mg AWL Taedidnsinisidnezasanluaviniy 9.45 mg AM/L-h wiuladn exasanlusnasann
msUFuanmlidunsudanmnsoiidnesaiatludlfifintu utasdunidssnamndnsogdnnuun
dlosnnisavauvesnsnera3andildannnsdevaaeezaiatluddenindl 3.21 evadaluduay
ansBuv3eBunnna
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AN 3.20 AnuNTuezAsSan A lusuuUIUAuEs SBR fflkuafisenaulneudsiiozasailus
LWUTULINAY 300 mg AM/L
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AN 3.21 ANULUTUNTABEASANIUSEUUUN UYWAY SBR Aduuafisenaulaeundaiiozasanlus
LWNTULAY 300 mg AM/L

dmSunansenurasmsiiinezasanluditidenisnszuaunslussiedutiu wuin ssuuddumaiu
duvesnszurumslusifindu mnmshaugavesnalulpsiauiifamaunawindy 97.1% wuiy
worlunflewlulasiaugnlunsnieluviniu 0.01 ¢ N/cycle Fatorunn wumsazauvaslulasiuarly
wsnlulpsaudesnnlusyuu lulnswussnldanszuusutiaviiu 0.16 g N/cycle uazldidu
wiaslulpsiaudmiunisasayiulaveiuaiiiFewiniu 0.04 ¢ N/cycle Ineiuialulasaudigssuy
W 0.21 ¢ N/cycle Jiaguledn ssuvdumadludiuveslunsiliadu waduiivgiuledn 1l
dufeatesiumaiivesaialusluinge wedludesnounniiinannisdesaanseresalusi
Qﬂﬁﬁmé}’aﬁ%mﬁLU%@@LL%&LL@MIML%

dlothuuafiZenauanszuundinngesaansozasatlumdudy 300 me AM/L 1wy 7 Su 11
Usziilusnsnismelafeyngunsal OxiTop NANTMARBILARIRININT 3.22 WU wuATISemawT
USuanmivezasalusudranunsadesaasezadaludléviui Wethamuduresdunsanmuia
gn313Ela WU 9R51N1SIEBNTLAULALENITINITITOONTLIUTWWIZWINAU 4.19 mg O/L-h uag
4.84 mg O,/g MLVSS-h ey Fanuin é’m’mﬂ%’aaﬂ%L%uLﬁuqaﬁuLﬁQQQWﬂé“m']misiaaaa'la
azﬂ%aﬁluﬁlﬁuqaﬁumméﬁu

Duiindunedt YhinauwueiiFelussuuanasesiitioddn Tneusinauuaiielusyezns
NARBIIWITU 865426 mg VSS/L it WulUledn mainezeianlusinnuiduiivdeuuaiiaeriild
RTINS YRUIATR L UATIRIANAY
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A9 3.22 mstvasuwlasanusungluy OxiTop NluuAiSuNaLgpdaa1upzATaluALULTY 300
mg AM/L

NINAAITZEZARLT llNSNANTNT Uz ATAN luAlUULEEFILATIZAVINAY 400 mg

(%

AM/L TaanisveasstiilozasanlusidunnasansuaulazuiaInasuieseg1amen Tnstinnuaudy

(%
[ |

asuvIdnauaUsdaemalonvintu 400 me COD/L Hansnaaesnud Ussansammsindn
ansunIdanande 45.8% vl falansduvadandaviniu 240 me COD/L aghslsiny ilo
fsanuszansanidnezaiatlud fanindl 3.23 wui Ussansannsiidnezaiatludivintu
71.9% widserasalusluiianiiiy 111.3 me AWL Tnefidnsnisidnezasanladiviiiu 11.4
mg AM/L-h witllé exesanludvdinnnsusuanliduasudiannsaiinosaiailudlfifiudy
uiensBunignsmnisegidesannnsasanvasninezaianildannnisdesaasezaianludiviiou
NsNAaeITTHIuL wardinsdevasatluiuaransduniodunnAnssaun

drunansznuvesesasaluaiifinentsidnuenluiaululasiaudnaildssuuduman
dusunseuaunslunsiiadu Tnenwuin Ussansamnmsmdnwenludeululasiauminnu 23.0% L
wumsazauveshilasinaglumsmlulasiou mnmsihaugavesnalulnsieuiiiinuaunawiiiy
99.2% wui warlulleslulasiaugnlunsvhelumindu 0.01 ¢ N/cycle Farlowunn WunsazALvDS
Tulasvinaglumsvlulasioudesnnluszuu lulasousenldainszuuiuihiaviniu 0.17 ¢ N/oycle
wazlifuuvaslulasudmsunisadydulnvesuafisewiniu 0.04 g N/cycle Tnsfiinalulasiau
digdsruuvianan 0.21 ¢ N/cycle 3wilviaguld ssuudumadludiuveslusifiadu widulivgm
1631 Liffduiendostunsiinozasalusluide wenlnieswounniiinanmsdesaasoza3
aluddugnindadieBmaiowfauenlnde
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AN 3.23 ANUNTUeEASA A UsEUUUIUAUEY SBR idkuaiisenaulaeudsdosasanlus
LWUTULNAY 400 mg AM/L

dlethuuafiGenanansyuundanndesaaeozasatluddudu 400 me AM/L uu 7 Fu 1
Usziilusnsnsmelageyngunsal OxiTop HansvaassuansianIng 3.24 wui uuafiGonand
USuanmivesesanlududraninsadesaaeezaiatludlévud Wothanuduvendunsanduin
dnsn1smela wudn drsInsiEeenBlauLagdnIINISIIRRNTLAUTWWIZUIAY 3.66 mg O/L-h uag
4.76 mg O/g MLVSS-h snudsu anudn Snsnisldeaniiauansias wiilefiansansnsinsld
genTausune wud felndideaiuraesnsveassiideuszadaludviiiu 300 me AM/L 15u
s uuaiiSenauivinaanaseiditeddy Tneusinauuaditelusssznsmaassiiviniy
773462 mg VSS/L vl 1ululdn nsiiuesesanlusianundufivsouuaiizeinliensinig
LW3YAULATOILUATIIDAAAY

nanlagaguainuanismeaes nud udnuuaiiGeduasiuiidefitezesatlufi i
a3fUsENOULED wuaiSeanunsagasaatsazasalludmedinmlgiud shsnsdesaaiauazsng
msldeondluuiugeiunuenududuresesaianlud Tavesaianludinansenusanisida
asduvidluszuu Wesmndinsnndwesezaiarludiarnsneza3anlussuy @unansznuves
szasarludfiirensyuaumslunsiladuildanmsasediuldifomnssuudumarlunsinluns
Aty pg1alsiay wuin weuludlenlilfavanluszvuiwuinniawiinussd@nsnmnismdnesas
alufgedu Wunseh welidefifnannisdesameeraianludmataniniugniudeseenan
ddeseisnsiesuiawenluile (Ammonia Stripping) vldmuluivwesenludeluns
Fufseuluiorivarldlunsdosaasezaialusanas
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A9 3.24 msivasuuUasanusungly OxiTop NluuAiSuNaLNgpd@a upzATa luALTLTY 400
mg AM/L

[ = Q‘ % o (-] v 1 =)
3.5 N15USTUIUANFUUSLENSNI9aUAIEATHATNITWAILILUUINABIEINSUNISEDEdaNyasATan
luan1edannvasnuaise ey

nsUseluAdLUsEANTNIRaUAIaAnSYRaLUATINaNTUN1SAYRBEAS A bt uSEUUTIUAUN

1%
o o

Femstinmuuy SBR duflunsiagldyatouaves Jangkorn et al. (2018) Afinnsldszuutivanin
@elUU SBR iuRgniulazwuaiisonadlunisidnansdunsduas lumsilady saufanisidnezas
anlug Fanudn wuaiiFenaslussuutdniidaunselunivhowesludeldednsdivszansam Tag
FUsEANTAINNSAFAWINAY 98.4+0.6% LATEINNTOAINENTDUNSIAEUTEANTANNAY
89.1+0.9% Liles9nsyuugnAuANTotgadadviniy 10 Fu uazgumgiivunanawiniy 28 °C
oehdlsfinu wuh ssvuiidsannsadinesaianlasesauysal Wemududuvesozeiarluslyl
w200 mg AM/L tlssannisavauveaesludeululpsoudomududuresosatarludifingaty
Wity 300 uaz 400 mg AM/L ¥ilviusuamesluiflefifarigudinisvhnuveseulsuld ns
Uspifiumduuseansafysuau 2 wisfiwesuealuusiass Monod o k, way Ks dududnsins
THoresalussumsuazainafivesnisduidnsunszuiunsiunsilatunasmsmanansdunss
MU ANdIUSYAVSMsRauAansaessiiunslngld ey Parameter Estimation wag
Sensitivity Analysis vaslUsunsuneuiiames AQUASIM uanainiiu Tsunsunouiiamesdeuan
AMuAARAADLINATT LTI TITme fuarAdUsAvEve LU siu (Coefficient of Vairation,
CV) Bn@8 HANSALIMLERISIANS T 3.3 druNaannsisiausoulmves e
dosdmSUNIRSnansdunssuarlunsiliatunansfanni 3.25 uaz 3.26 AU

nn il 3.25(3) waz 3.26(a) WUl AuEITUTesENsBunISuazLelideululnsiaud
YuedsLUUSaesldnsined K iiudunurvemsiined K Aiiudu wiaududuanas
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WeAmMsTnes k, WNgWu Favunenudl anudutuvesansduniduazwonlunloylulasiaud
MUIBIINLUUTIRDY Monod TuUfinaInmsdiwes Ks dugnuaemenisilasuwlasiitinainng
WasULUaIAIWIS1T0e5 k, wanaliiulaannanududuresansdunsduasonludoylulasiauwig
qﬁumﬂ@uéwﬁqmqqqmLLazﬂé’UﬁmaaLﬁu@uéﬁﬂﬂ%’wﬁwmwwmﬁma% Ks @93lanwasnaaneny

A a s ~ A a a | A &
AsasunUasvesansdunsdwazwonliuisylulnsauniinainnisasuwlasAinisnimes k,
WealfiAmn e satudiusasvuauanaeiy inlanunsaasulann nsssymaiiwesvisaosiuly
a1115091Le (Non-identifiable Parameters) 4ana1nuu §anuin AnueaulniIvesnnutudu

~ A o P AN v | | A o P =~ o v a

wouluoylulnsiaunaiuileain KS detesninanussulmieiuinlaann k, Feinlininainu
Talutuoulunisussanaan Ks 1nnnan k, Taemsei 3.3 ﬁUUEUUUVIﬁi‘UUWJEJﬂ’lﬁlJUiuﬁVlﬁ‘Umﬂ’]i
WUSHUT89 Ke 1101 k, emnallsiuiuenlunsuszanaaivemnsiinesvesuuusiass Monod &
WnlddanuliuineuveinisvimngAveawuudtaes Monod e dawandlugy 3.25(b) way 3.26(b)

A15197 3.3 ANAUUIEANTNINRAUAIANSEINSUBUUIIa9 Monod d11sun1sianasdunsdwaziy
ASNLATU

Reactions Parameter Value O, v R” X’
Nitrification Ko 16.8 4.0 23.8
0.993 27.0
Ks 33.2 12.3 37.1
CoD ko 71.6 23.8 33.2
0.997 14.4
Ks 230.3 148.5 64.5

* indicates unidentified kinetic parameters; COD is Chemical Oxygen Demand; k; is the

maximum rate constant with a unit of mg/L-h; Ks is the half saturation coefficient with a unit

of mg/L; CV is the coefficient of variance, %; Ox is the standard errors of parameters

uanaNtiu Aves R? lupmaadl 3.3 Ssseyin wnsdweisaesiivszanaldthuferudiiudiuuuy
Hudunss Toildnmsssymnimeiisaeniuliannsavinld d1 Huang et al. (2014) e9mu
yndeanslianansassymniimesladedlisnsidin So/ks inniwideiniu 4.0 Liean
g udunsssewinansiwesianst Tned So Wuamudutuasidudu nsvnassadsil
WU S0 So/ks dmSulumsTleduwiniy 1.47 Wiy S 4.0 dnsusnsidiu So/ks
dmunsidnanssunsdturidy 1.78 Suiilinnsiwestaesdauduiuidudunsdld
uaNINtU SATIEITENIN Sy ua Xo (So/Xo) Fasfidngann 0.025 Taefl X, unrududy
wuATiSeBudy dmsusnadiu Tunsmaaesiiviiu 0.1 [400/(1.42x2648) = 0.11] Tneiid
Sasnaau CODASS wihitu 1.42 anandiudu cop Tudhidiewinfu 400 me COD/L wasaandudu

VOILUATLIUVINAU 2648 mg VSS/L
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AT 3.26 HANTTIATIERANUBRULNITBINNTITNBSWUU Absolute-relative Sensitivity 984
wasluienlulnsiaulusyuu Control

397 3.3 nud SmnlussTladugeanveauuadienay fie 16.8 mg N/L-h dumsfines
Ks By 33.2 mg N/L thu wuin gendianitaluves Ks dwsunssuauniseslnmsofinlusifiedy
fasintionnin 1.0 mg N/L egnslsfiony faesuidussyimes K duanansondsiuldsewig 1-
100 mg N/L G?Tuagjﬁ’usuﬁmml,wﬂﬁt,% (Kayee et al, 2016) fiatiu mndlofansanuszidiugua
13JLLﬁJuauslumiUivmmmWﬁwﬁma%ﬁy’aaamﬁa NSTIDIAT Gan/Ks TR TULUUT AR UUSUAY
wilaFamnzandmsue KS GY u,avwn'ﬁmmanwuwlmmmamw% (Huang et al., 2014;
Kovarova-Kovar & Egli, 1998) fstiu aunsil 2.14 ua 2.15 Ffunldlunaifanuuuiiaems
adlnmandiiloUszanurmisiives nansussiiusonadounsvluanssianimi 3.27 Geudn 4
foyalioguuaumndunssesnmsuszanaumuususiugud (R” = 0.886) fanmil 3.27(a) usanunsa
Boahuudunsdldfidodounsmuuusudiunil (R = 0.965) dnfu Feaunsnaguldlusifiady
vosuuAiiBrautudadliuuuaemsadinmansuuuliisendusunisiisnsnsdesaas
wiiu 0.39 h'
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ammonium nitrogen
K1 contro1 = 0.387 !

60 ammonium nitrogen 45 ¢
=) K2 Contrl =4.59 mg/Lh
Z =240 o
50 2
on = L .
£ % 3.5 .
= 40 830 |
g g \\A
g 825 t /
- = 2 x
151 220 N
s g y=-0.3867x+4.1466  ~._ A
© 20 ELS T R-0965
g E 10 b
‘2 10 | y=-4.5848x+41.045 =
E R = 0.8858 @) 05 o
’ 0 2 zlt é 8 \ 10 1I2 00 ' ' ' : & '
Time, h 05 ¢ 2 Tin61e, b 8 10 12
450 7 COD
=) COD K1 Contro = 0.170 br!
8 400 K2, control = 34.3 mg/L'h g 6 S
O 350 E A
o0 g 57 A
E 300 g S
E 250 S 4 [y=-0.1703x+6.1232
g 8 R®=0.9822
. 200 S 31
Lg) 150 = 5l
2 100 b y=-34.252x+40127
o R?=0.9706 L
o 50 r (© )
0 L L L L Il il 0 L L 1 L Il il
0 2 ) 8 10 12 0 2 4 6 8 10 12
Time, h Time. h

AT 3.27 MFAATINNTONNLITUAUVDILUUTIRDIMNTAUAMERTL UL AT S uAUAUSLAL
Uffsendudunivesansduvsduazianlulenlulasiaulusyuy Control

dmumstosaasanssuviaduesuuaiidelusyuutitatidenuu SBR tu wui Sl
LELBUIUNTUILUNUATNSIALA D SMBLUUT AN AIAAERSWUU Monod Taean Ks iy
230.3 mg COD/L 3319 3.3 Bsaonndosriusenuimlufiszydn A ks Tuguves COD sindiAngs
(van Niel et al,, 1993) iiasnnanuliiwdusuannisuszanamisimessowuusiass Monod
wuudaesiifuufizensusiunisgninanlflumsussanamnsiiveslifuansnean R (0.982) ves
Al 3.27(d) wuin wuafiSenanainsagesameansBunidfesasinistesaneuuUfATen
Susuniaindu 0.17 bt

msneasstissemsidiunisinenistieuszaianlusadlutidefidanududu 100, 200, 300
uaz 400 mg AW/L uazdoudngszuuthieuuu SBR nan1smaneanutn uuafiForauannsages
amparesaludldosauysaiidonnduduszaiatludiviiu 100 wag 200 mg AM/L Wity e
amnaduduozaialufifiugstu wuh Yssdvsnmmstdaezeiailufasasetnenn Wesannis
avauvaswonTuielulnsiou fuenludelulasiudunananiiiniuainnisdesaasezaialus
et mdeeulssiosiinaes uonandu weuludelulasiuddudimsinlussiiduves
WUATISENENBNAY N1TUTLUIUNNTIELADILATNITIATIZAAIINEDULRI MADAIUNTITWIL
WUUTABINNANAMENSE S UNSEasdagazAsan luansIn mlaniunisiaelalusunsy
AOLTLAES AQUASIM waz Microsoft Excel Han1sussanamnsfimesuanisanisnsd 3.4
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AM Acrylamide COD
(mg AM/L) Paameters Value O, v Correlation X2 Paameters Value @, cv Correlation R? XZ
% R? %
100 ko 25.9 3.0 11.6 * - - - - -
0.989 28.5
Ks 23.4 6.6 28.2
200 ko 40.8 7.2 17.7 ko 43.9 109 2438
0.975 150.2 0.996 19.1
Ks 34.9 17.6 504 Ks 68.4 69.7 1019
300 * - - - - - * - - - - -

400

*
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PMNMTT 3.8 WU A Ks iiintuognannsierududuresezasaluiivinu 300 uaz 400 mg
AM/L sxanau viianansaasuladn wuudiaemeedinenans Monod laaunsadiunldlunis
MunenstosdasazaAsa luanTInINle Immm%’auaaamﬂé’mﬁ’uLLUUf\Twaawwﬂﬂmmm%ﬁLﬁu
Ugﬂsmaumwm mumiaaaamaaumauwmw‘[amuu WU qumaawLﬂuﬂgﬂimaumwm
Sumnzaudmiunsinenmsgesaagesaiatlusiifinrududumiiu 100 mg AML windu us
deerasarlusddndiuiiatuluindewiiu 200 mg AM/L WieUssanaifiwilweensdunddtaun
WU AN Ks amauﬁmﬁauﬁ’mzwmuqm (ControlL) (k; = 43.9 mg COD/L-h, Ks = 68.4 mg COD/L)
wanslifuuuaiidenauiiauseuinide (Affinity) filosiuszneuiduezasanlus eghslsiny
LﬁammL#Tu%uazﬂ%aﬂuﬁﬁuqq%uﬂu 300 WAz 400 mg AM/L wdamuinauveuiideanaodis
wn wilsien Ks iingetuauliiannsaussdiuen ks 1§ fanndndunainangyimaiudaes
werlndeiifivoioulaiozina nndl 3.28 uansnsdsuulamemisfivesnaaumans k, uas
Ks finnududuveteradatludane fu deswinszuuiinsazausenlufielulnsiouainnisees
avezasalusiduszorinauiy anamd 3.28 wuii finnaduduezaanlusigsy Wy 300 mg
AL w91fines k; way Ks andiugedu shliuuudasmsadamandiudeusuuuuan
WUUTa8s Monod lianansathunldlunisuszanamnndimesdmsunisgeseaigezasailusiag
asduvEdluszuuiinisteussaianludge 16 msvihunenstesaanseraianluduazansdunse
UsieTleflaglduvuasuuUiisedudiuaudias suduniefiaududussaianludangg fu
WARFININT 3.29

1N 3.29) wag 3.29() wuih wuudaeauuUFRsIsusugudliiausavanlily
nsemsgesaateraiatlufuazanssunidudimedlenls dusumsruneseuuusiaes
wuURRS I Susunieiy wud aunsavhuenmsdesameezeasaludldiansideszesaludvinfy
300 uaz 400 mg AM/L wiiiu FoyalsiZesududunssdmiumsdesaasosaiailusfia
WautuazAsAluAWINAU 100 wag 200 mg AM/L Mnanududuretezasantuaviniu 100 uay 200
mg AM/L Huuushasauy Monod ﬁ?uawmsaﬁmﬂﬁiﬁumiﬁwmalé’aﬂjwﬁ’qﬁmeﬂummﬁ 3.4
mmumamsﬂsummmimmaim8LmumaaaLLUUUQﬂimaumwm WARIFIAINTIA 3.5 WU
mmwﬁuaaamwmsaaaamaa“mmlmmegﬂsmaumwmuuamaaLmammLﬁumuavmaﬂmmm
qqmuiuu'lt,aa Tnsamzdlonnudiuduszadanluduinnit 200 mg AM/L fiosannisazanues
worludglulpsaluszuu dmdunuusiasaiionstosaasasdursdimuniuiidnvasniioutu
funsteamuezesanlus wimasivesdnsnstesameuuuuiisedusuniaiutesniieasd
vean1stesdaeevasaTiuiiiesninadlefdumsiivesflinizanzas (Non-specific
Parameter) Sudushunurestuansanasluinge
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a3

W00 mg AM/L *200mg AM/L 4300 mg AM/L @400 mg AM/L

450 g -
2 400 T AM y=-0.0157x+6.0045 y=-0.1204x+ 5.7464
z | TS = R =0.8205 R2=0.9727
P s £
y =-6.022x + 405.42 g 6 ¢ o1 P oM. °
g 300 B Z
£ SR =08023 _ 55 123x+ 2982 R S
< T = R F
E 250 RE=0.9366 y — 20.071x+173.89 8 ‘e -4
S 500 R> = 0.8878 g 4 L A%
g E .
y=-10.862x+92.391 S -
s 130 R = 0.8769 g _ *
| _ £, | y=-04813{+ 50208
5 100 = 5 R2=0.9333
S | |
< 50 y=-03631x+5.4747 .
@ R*=0.9776 ®)
0 L L n = “:::.! ) 0 s L n s s s
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Time. h Time. h
—#-100 mg COD/L —+-200 mg COD/L B 100 mg COD/L 200 mg COD/L 4 300 mg COD/L ® 400 mg COD/L
450 —&—300 mg COD/L -8—400 mg COD/L
y = -7.3454x + 404.39 7 y=-0.0959x+6.0476  y=-0.0198x +6.0036 AM
S 400 e R=0.933 AM R =0.9811 R® = 0.9448
8 ~~~~~~~~~~~~~~~~~~ _ 6 E‘=="‘E='=';;t__:_:::::*_>\> ---------- L .
S . — 5 AW Ao
%ﬂ s 5 F ~‘__. “-A
o 300 y=-25739x+40583 &£ [ /W =
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y =-33.826x + 409.96 2 Lk
50 R>=10.9745 © (d)
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AWM 3.29 MFIATIRNNTOANBUITNAUVDILUUTIRDIMNNAUAMENTL UL AT UAUAUSLAL
Uffsenduduniavasansdunsduasianlulonlulasiaulussuy AM nlnstouszeian
luswindu 100, 200, 300 wag 400 mg AM/L
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A Y] i a 1% a a6 Ay Ay A °
B3N 3.5 @(5]3’1fﬂiﬁl@HﬁﬁqHagﬂiﬁ'ﬂ,ﬂ@LLagﬁ’]T&'JUVﬁEJVNMQJﬂU\TsU@?EJGZIIEJWUENLLUUQWGENLLUU

UfAzeSusunile
Substances AM Concentration Mixed culture bacteria
(mg AM/L) ki (h) R?

Acrylamide 100 0.48 0.933
200 0.36 0.978
300 0.12 0.973
400 0.02 0.820

COD 100 0.15 0.976
200 0.16 0.963
300 0.10 0.981
400 0.02 0.945
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Respirometric activities of unacclimatized
Enterobacter aerogenes and mixed culture bacteria
in sequencing batch reactor systems in response to
acrylamide and its biodegradation products
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The acute effects of acrylamide and its biodegradation products on the respiration activities of microbes
during wastewater treatment are not well understood. Herein, unacclimatized mixed culture bacteria and

Enterobacter aerogenes from two aerobic treatment systems, Activated Sludge (AS) and Integrated Fixed

Film Activated Sludge (IFAS) both of which were sequencing batch reactors (SBR), were studied for their

response to acrylamide. Respiration activities and biodegradation rates were determined by both the
OxiTop respirometer and batch studies. The experimental results revealed that E. aerogenes in the AS
system quickly removed both acrylamide and acrylic acid without the need of an acclimation period, but

required two hours for removing acrylic acid in the IFAS system. The mixed culture bacteria in both AS

and IFAS systems required 2 hours to acclimatize with acrylamide and 1 hour for acrylic acid,

respectively. Acrylic acid was initially polymerized to produce acrylic acid polymer or reacted with
ammonia to form acrylamide, resulting in the reduced acrylamide biodegradation rate. Both E.
aerogenes and mixed culture bacteria from the AS systems could simultaneously biodegrade acrylamide
and acrylic acid whereas only acrylamide was biodegraded by both cultures in the IFAS systems due to
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the limitation of acrylic acid diffusion. The results also indicated that ammonia inhibited the acrylamide

biodegradation by both E. aerogenes and mixed culture bacteria from the AS systems. The
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1. Introduction

Acrylamide monomer (AM) is primarily used in the production
of polyacrylamides (PAMs) for various industrial applications. It
is also known as a carcinogenic, neurotoxicant, and hazardous
substance.” Acrylamide can be released to the receiving water
during its production or use in the PAMs or other polymer
productions.> Even though PAMs are not directly identified as
a hazardous compound, their degradation processes including
heat and ultraviolet radiation could possibly hydrolyze PAMs to
AM, resulting in the releases of AM to the environment.?

It has been reported that acrylamide is lethal to most
microorganisms due to its inhibitory effect on sulthydryl
proteins.>* However, several laboratory studies have reported
the success of using several microbial genera including
Arthrobacter sp., Nocardia sp., Bacillus sp., Xanthomonas sp.,
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Thailand
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and State University, Blacksburg, VA 24061, USA

‘Department of Chemical Engineering, Faculty of Engineering, Burapha University,
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unacclimatized E. aerogenes and mixed culture bacteria from the AS systems showed superior
performances compared to the ones from the IFAS systems.

Rhodopseudomonas sp., Ralstonia sp., Geobacillus sp., Pseudo-
monas sp., Rhodococcus sp., K. georgiana, and E. aerogenes®® to
degrade acrylamide in aquatic and soil environment. Among
them, E. aerogenes was reported to be capable of degrading
acrylamide at a concentration as high as 5000 mg AM L™ " in the
culture media.® E. aerogenes could adapt their metabolisms
including the evolution of genes for encoding the amidase and
other synthesis proteins for the deamination of acrylamide
during the acclimation period.* Some of these studies
compared the acrylamide biodegradation efficiencies between
microorganisms cultured as free cells and immobilized cells. It
was found that the free cells of Pseudomonas aeruginosa began to
degrade acrylamide after an incubation period of 24 h, but the
immobilized cells removed acrylamide within 24 h.* Another
study found that the immobilized cells of Rhodococcus sp. could
degrade 64 mM of acrylamide within 3 h, but free cells needed
a longer period than 24 h to remove it.” On the other hands,
Buranasilp and Charoenpanich® reported that free cells of E.
aerogenes degraded acrylamide within 1 h after incubation, but
immobilized cells of E. aerogenes took over 6 h after cultivation
to degrade acrylamide. It appears that immobilized cells and
free cells of bacteria in the culture media required different

RSC Adv., 2018, 8, 34911-34920 | 34911
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acclimation time for adapting them with acrylamide and this
warrants further investigation.

As a result of acrylamide biodegradation, ammonia and
acrylic acid (AA) are produced by the deamination reaction with
amidase as a catalyst.**"° For wastewater treatment practices,
additional carbon oxidation of acrylic acid and biological
nitrogen removal (BNR) of ammonia would be required to meet
the effluent standards. Jangkorn et al.™ studied the acrylamide
biodegradation by E. aerogenes and mixed culture bacteria in
the SBR activated sludge (AS) treatment system. They found that
both E. aerogenes and mixed bacteria culture could completely
mineralize acrylamide at 200 mg AM L~ '. Free ammonia
nitrogen (FAN) from the acrylamide biodegradation accumu-
lated in the SBR systems and inhibited the acrylamide biodeg-
radation and nitrification. Acrylic acid from the acrylamide
biodegradation is typically considered as a readily biodegrad-
able substrate and can be rapidly oxidized by various microor-
ganisms under an aerobic condition.” Larson et al.*® reported
that mixed culture bacteria that were acclimatized with
a mixture of acrylic acid polymers in the AS system degraded
completely both acrylic acid monomer and dimer. However, the
biodegradability of acrylic acid decreases proportionally with
the increase of molecular weight of acrylic acid polymer. These
previous findings suggest that both acrylamide biodegradation
products including ammonia and acrylic acid are possible to
interfere with the acrylamide biodegradation.

To implement the acrylamide biodegradation successfully in
the biological wastewater treatment system, it is necessary to
increase the capacity of systems and to minimize the amount of
ammonia. Integrated Fixed Film Activated Sludge (IFAS),
a hybrid system of both suspended growth (free cells) and
attached growth (immobilized cells), has widely been accepted
as an alternative method to sustain nitrification at low
temperatures*>*® and to enhance the capacity and stability of an
activated sludge system.'® With effective nitrification, the FAN
inhibition can be minimized, resulting in the enhancement of
acrylamide biodegradation. Nevertheless, as reported previ-
ously, the acclamation periods were required differently
between free cells and immobilized cells of unacclimatized
microorganisms in the culture media. It is important to inves-
tigate the acclimation period of unacclimatized bacteria in both
AS and IFAS for acrylamide biodegradation. In this study, the
acute effects of acrylamide and its biodegradation products
including ammonium and acrylic acid on the unacclimatized E.
aerogenes and mixed culture bacteria in the conventional AS and
IFAS sequencing batch reactor (SBR) wastewater treatment
systems were evaluated with the respirometric activities and
biodegradation studies. Specifically, the acclimation periods,
respirometric activities and biodegradation rates of both
unacclimatized bacteria from both biological wastewater treat-
ment processes were reported.

2. Materials and methods
2.1 Reactor setup and operation

Four bench-scale SBR wastewater treatment systems named
as AS-1, AS-2, IFAS-1 and IFAS-2 as illustrated in Fig. 1 were
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AS-2SB

IFAS-2 SBR

Fig. 1 The setup of four biological treatment systems for the
biodegradations of synthetic wastewater: in the AS-1 and IFAS-1
contained E. aerogenes, and the AS-2 and IFAS-2 had mixed culture
bacteria in the AS-2 and IFAS-2 systems.

set up and operated in the laboratory of Burapha University
(Thailand) at the room temperature of ~28 °C. Both AS-1 and
IFAS-1 were inoculated with pure culture of E. aerogenes
cultured from the Department of Biochemistry (Burapha
University). The mixed culture bacteria taken from a pilot-
scale AS wastewater treatment system operated for biolog-
ical nitrogen removal (BNR) in the same laboratory were
seeded to the AS-2 and IFAS-2 systems. Each SBR system was
operated with two cycles (12 h per cycle) per day with
a working volume of 10 L. Each operating cycle consisted of
five operating periods including 15 min filling, 10 h aerobic
reacting, 1 h settling, 15 min decanting, and 30 min idling.
The pure culture of E. aerogenes was cultured according to the
procedures described by Jangkorn et al.'* Both IFAS-1 and
IFAS-2 systems were installed with BioPortz (ENTEX Tech-
nologies, Inc., USA) moving media at the filling media frac-
tion of 30% (3 L, 510 BioPortz) resulting in the specific
surface area of 1.73 m”. BioPortz is the high-density poly-
ethylene (HDPE) media with the specific surface area of 576
m”> m™ (ref. 17) and the specific gravity of 0.96. The bulk
volume displacement of BioPortz media with biomass and
without biomass were 12.75% and 5.10%, respectively. With
the decant volume of 5.0 L, all IFAS and AS systems were
operated at the nominal hydraulic retention times (HRTs) of
21 and 24 h, respectively. Furthermore, the suspended
biomass was wasted directly from the reactor at the end of
reacting period to obtain the operating solids retention time
(SRT) of 9.0 £+ 0.4 days. The dissolved oxygen (DO) was
maintained at 6.0-7.0 mg O, L' in each system with air
stone diffusers connected with the air pump.

All four SBR systems were fed with synthetic wastewater
containing total chemical oxygen demand (TCOD) of 445 =+
30 mg COD L' and total Kjeldahl nitrogen (TKN) of 42.3 +
2.5 mg N L' resulting in the carbon to nitrogen ratio (C/N
ratio) of 10.5. The synthetic wastewater was prepared with
12 g of sucrose (Commercial Grade, Wangkanai, Thailand),
24 g of CH3;COONa (Industrial Grade of 58.8%, Sinoway
International, China), 2.0 g of K,HPO, (Food Grade of 99.2%,
Young Jin Chemical, South Korea), 4 g of KH,PO, (ACS Grade,
VWR Chemicals, EC), 20 g of NaHCO; (Food Grade of 99.5%,
Tianjin Soda Plant, China), 9 g of NH,ClI (Industrial Grade of
99.5%, Tianjin Soda Plant, China), 2.8 g of MgCl, (Industrial
Grade of 47%, Dead Sea Works, Ltd., Israel), and 1.6 g of CaCl,
(Food Grade of 74.0%, Young Jin Chemical, South Korea) in
a 40 L tap water. The total suspended solids (TSS)

This journal is © The Royal Society of Chemistry 2018
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concentrations and pH values of the synthetic wastewater were
83.8 + 9.2 mg SS L™ " and 7.2 + 2.7, respectively.

2.2 Enrichment of E. aerogenes

Freeze-dried E. aerogenes was taken from the Biochemistry
department of Burapha University and then resuscitated in
the W-minimal medium to develop the pure culture of E.
aerogenes.'® E. aerogenes colonies were subsequently trans-
ferred to sterile liquid culture of W-minimal medium after
the incubation period of 48 h. The medium solution was
mixed for 24 h at the temperature of 30 °C and at the mixing
speed of 200 rpm. A 0.5 McFarland standard was used to
adjust the bacterial suspension.'® The bacterial suspension
was enriched in a 3 L reactor fed with synthetic wastewater.
Finally, E. aerogenes was transferred to AS-1 and IFAS-1 SBR
systems.

2.3 Respirometric activities evaluation and biodegradation
studies

The respirometric activities of sludge were evaluated by the
manometric respirometric BOD OxiTop Control apparatus (OC
110, WIW, Germany). The OxiTop is a highly reliable equip-
ment for measuring a pressure drop in gaseous phase of the
closed vessels at a constant temperature.” Typically, the pres-
sure in the vessel increases during the first 2-3 hours as a result
of the temperature difference between sample and incu-
bator.>*> After the sample has equilibrated with temperature in
the incubator, it requires an acclimation period for microor-
ganisms to adapt themselves to new conditions causing
nonlinear reduction of pressure. Finally, the pressure decreases
linearly due to the steady microbial oxygen consumption.** The
slope of linear pressure drop determined by linear regression
was used to indicate the pressure drop per unit time (AP/t),
which subsequently was used to determine the oxygen uptake
rate (OUR). The OUR was derived from the relationship between
the number of moles based on the mass of oxygen and pressure
drop according to the ideal gas law as follows:

Am APV
Am= 3T = RT (1)

where An is the change in mole of oxygen, Am is the change in
mass of oxygen, V is the gas volume, M is the oxygen molecular
weight (32 g mol™"), R is the general gas constant (8.314 ] mol "
K1), T'is the temperature in kelvin (K), ¢ is the incubation time
in hour, and AP is the pressure drop in hPa. Eqn (1) can be
written as eqn (2),>"*> but was modified in this study to apply the
slope of linear pressure drop determined from the linear
regression for the calculation of OUR (mg O, L' h™"). The OUR
was subsequently divided by the MLVSS concentration to obtain

OUR(mg O, L' h™') =

<¥hPa h’l) (100 Pa hPa™) (1 N (m*Pa)™) (32 g mol™) (1000 mg g™!)
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the specific oxygen uptake rate (SOUR) in the unit of mg O,
(mg vss)~'d .

To determine the respirometric activities of E. aerogenes and
mixed culture bacteria in response to the synthetic wastewater,
acrylamide, and acrylic acid additions, both E. aerogenes and
mixed culture bacteria were collected from the AS-1, AS-2, IFAS-
1, and IFAS-2 SBR systems at the end of reacting period in each
cycle to obtain the total sludge volume of 1 L after achieving the
steady state conditions. Each type of sludge was washed three
times with distilled water to remove remaining substrates and
subsequently was diluted with distilled water to obtain 2 L
sludge samples (50% dilution factor). The sludge was trans-
ferred into four 1 L OxiTop bottles (0.5 L each). Subsequently, all
OxiTop bottles were injected with three different substrates
including synthetic wastewater that was fed to the SBR systems,
acrylamide (Acrylamide PAGE, GE Healthcare Bio-Sciences,
USA), and acrylic acid (ACS Grade 99%, Sigma-Aldrich, Neth-
erlands) at the concentrations of 400 mg COD L™ ", 400 mg AM
L' (5.63 mM), and 400 mg AA L' (5.55 mM), respectively.
Acrylic acid contained 180-200 ppm of hydroquinone mono-
methyl either (MEHQ) or methoxyphenol as a polymerization
inhibitor. Ammonium at a concentration of about 50 mg N L™*
was added as a nitrogen source for synthetic wastewater and
acrylic acid. Two different ammonium concentrations of 50 and
500 mg N L~ * were added with acrylamide to evaluate the
inhibitory effects of ammonia on the acrylamide biodegrada-
tion as reported by Jangkorn et al.'* Furthermore, 20 BioPortz
media containing the sludge were randomly taken from the
IFAS-1 and IFAS-2 SBR systems and added into the OxiTop
bottles. Other nutrients similar to the synthetic wastewater were
also supplemented for acrylamide and acrylic acid. Two mL of
N-allylthiourea (C4HgN,S) (98%, Alfa Aesar, UK) at a concentra-
tion of 5 g L™ " were added to each bottle to inhibit nitrification;
therefore, the effects of ammonia on acrylamide biodegradation
could be evaluated. To minimize the difference in temperature
between sample and incubator, all chemicals and sludge
samples were allowed to acclimatize with the room temperature
of ~28 °C. The OxiTop system was incubated in the incubator
controlled at the temperature of 28 °C, which was the same
operating temperature of SBR systems, for a time period of 5
days. The pressure data were recorded at 20 min time interval by
a handheld remote controller and then were transferred to the
personal computer (PC) via a cable and a software called Achat
OC (version 2.03).

The biodegradations of acrylamide and its products
including ammonia and acrylic acid were also conducted in
parallel with the respirometric evaluations in four closed and
stirred bottles for each type of microorganisms from the AS-1,
AS-2, TFAS-1, and IFAS-2 systems. Each sludge was prepared

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 HPLC chromatogram of acrylamide and acrylic acid.

according to the procedures described above and then trans-
ferred to the bottles. The experiments were setup in similar to
the OxiTop bottles and were run in the same incubator as the
OxiTop system at the temperature of 28 °C. The samples were
collected at different time intervals from the bottles for
parameter analyses including COD, acrylamide, acrylic acid,
ammonium, nitrite, nitrate, pH, MLSS, and MLVSS.

2.4 Measurement and analysis

The SBR systems were operated for over a year to achieve the
steady state conditions during which samples were collected
periodically for analyzing several parameter including mixed
liquor suspended solids (MLSS), mixed liquor volatile sus-
pended solids (MLVSS), TCOD (Closed Reflux, Titrimetric
Method), ammonium nitrogen (NH, -N) (Phenate Method),
nitrite nitrogen (NO, -N) (Colorimetric Method), and nitrate
nitrogen (NO; -N) (Brucine Method), according to Standard
Methods for the Examination of Water and Wastewater.”® For
soluble COD (SCOD), ammonium, nitrite and nitrate, particu-
lates in the samples were filtered out with 0.45 pm membrane
after centrifuging at 10 000 rpm for 10 min. Dissolved oxygen
(DO) and pH were measured with DO (Cyberscan DO110,
Eutech Instruments) and pH meters (Cyberscan pH510, Eutech
Instruments), respectively.

For the determination of attached biomass in the BioPortz
media, two BioPortz media were randomly sampling from the
IFAS systems. The biomass was removed out from the media
with a high-pressurized water jet produced from a syringe into
a beaker. After mixing the samples to achieve homogenous
liquid, the samples were collected for further MLSS and MLVSS
analyses. The MLSS and MLVSS concentrations were calculated
to determine the attached biomass per BioPortz media so that
the biomass residing in the 510-BioPortz media of IFAS SBR
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systems could be determined. Equivalent MLSS and MLVSS
concentrations of attached biomass were then calculated by
dividing the amount of biomass by the volume of reactors. The
combination of both suspended and attached biomass indi-
cated the total MLSS and MLVSS in this study. A high perfor-
mance liquid chromatography (HPLC) (Varian 9050) was used
to quantitatively determine acrylamide and acrylic acid. The
HPLC was equipped with a UV spectrophotometric detector
(JENWAY 6305) operating at 254 nm and a Nova-Pack C18 (4 pm
60 A) guard pak insert column (Waters, Ireland) in a reversed
system using 50% deionized water and 50% acetonitrile as
a mobile phase. A 60 pL injection loop of filtered sample was
injected into the HPLC system to deliver 20 uL volume to obtain
the peak areas as shown in Fig. 2 with a run time of 5 min. at
room temperature under a constant flowrate of 1 mL min .
Acrylamide and acrylic acid standards were used to determine
both acrylamide and acrylic acid concentrations. The first and
second peaks were identified as acrylic acid and acrylamide,
respectively.

3. Results and discussion

3.1 SBR system performances

At the steady state conditions, it was found that MLSS and
MLVSS concentrations of the AS-1 and AS-2 SBR systems con-
taining E. aerogenes and mixed culture bacteria, respectively, as
listed in Table 1 were considerably lower than those of the IFAS
systems. This can be explained that the effective volume of the
IFAS system was greatly smaller than that of the AS systems due
to the volume replacement by BioPortz media. Integration of
BioPortz had enhanced the amount of biomass in the IFAS
systems without any increase of SRT. The biofilm densities of
the IFAS-1 and IFAS-2 systems were 10.9 and 15.0 g m 2
respectively. It was found that the MLVSS/MLSS ratios were very
low for the attached biomass of BioPortz, indicating that inor-
ganic compound was accumulated in the media. The accumu-
lation of calcium carbonate precipitates inside the BioPortz was
a result of a hardness concentration of about 120 mg CaCO; L™*
in the synthetic wastewater at the relative high operating
temperature of 28 °C.

All four SBR systems achieved the similar COD removal
efficiencies of about 80% within the reacting period of 10 h,
resulting in the effluent COD concentrations of about 80 mg
COD L. With regarding to nitrification, all four systems could
completely nitrify ammonium resulting in the ammonium
removal efficiencies of nearly 100%. Nitrite was not detectable

Table 1 The MLSS and MLVSS concentrations of suspended and attached biomass in the AS and IFAS SBR systems

MLSS MLVSS Equivalent Equivalent Total MLSS Total MLVSS
System Inocula mg L™ mg L™ MLSS mg L™! MLVSS mg L™ mg L™ mg L™
AS-1 E. aerogenes 913 + 54 903 £+ 54 — — 913 £ 54 903 + 54
IFAS-1 E. aerogenes 1233 £ 60 1223 £ 60 3188 1887 4420 £+ 60 3110 £+ 60
AS-2 Mixed culture 855 £ 42 845 + 42 — — 855 + 42 845 £ 42
IFAS-2 Mixed culture 1668 + 127 1613 + 97 4361 2601 6028 + 127 4214 £+ 97
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Fig. 3 Pressure drops during 5 day incubation period of (a) E. aero-
genes (AS-1) and (b) mixed culture bacteria (AS-2).

in all SBR systems, indicating that nitrite was rapidly converted
to nitrate nitrogen. The effluent nitrate concentrations of AS-1,
IFAS-1, AS-2, and IFAS-2 were 33.2 + 8.3, 29.6 + 7.0, 34.1 & 5.9,
and 29.3 + 7.4 mg N L™, respectively. E. aerogenes in both the
AS-1 and IFAS-1 systems could heterotrophically nitrify the
ammonium nitrogen.'*** Mixed culture bacteria in the AS-2 and
IFAS-2 systems contained nitrifiers that autotrophically
removed the ammonium nitrogen.

3.2 Respirometric activities of microbes from the AS systems

The effects of acrylamide and its biodegradation products i.e.,
ammonia and acrylic acid on the respirometric activities were
evaluated by using the OxiTop system (Fig. 3 and 4). Fig. 3(a)
illustrates the pressure drops in the OxiTop systems resulted
from the biodegradation of synthetic wastewater, acrylamide,
and acrylic acid by pure culture of E. aerogenes sampled from
the AS-1 system.

It appears that the pressures in four OxiTop bottles initially
increased with time during the first 1-2 hours, reaching
different maximum pressures depending on the substrates. The
maximum pressure of 9 hPa was observed after the incubation
period of 1 h for synthetic wastewater. It is expected that E.
aerogenes had already been acclimatized with synthetic waste-
water in the AS-1 system because the systems reached the steady
state condition; therefore, it is likely that the increase in
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Fig. 4 Pressure drops during 5 days incubation period of (a) E. aero-
genes (IFAS-1) and (b) mixed culture bacteria from the IFAS-2 systems.

pressure was resulted from the temperature. After the temper-
ature equilibrium, there was a linear decrease in pressure with
time due to the microbial metabolism consuming oxygen and
producing carbon dioxide. E. aerogenes required no acclimation
period to synthetic wastewater. The results from the linear
regression analyses revealed that there were two different slopes
on the straight line, likely related to the degradation of acetate
and sucrose as carbon sources in the synthetic wastewater. It
was observed that the negative pressure of 14 hPa remained
constant for one hour during the 7th and 8th hour after the
addition of synthetic wastewater, indicating a short lag phase in
this period. It is evident that E. aerogenes exhibited the diauxic
growth pattern with the presence of two carbon sources.* After
the linear decrease of pressure, it appears that E. aerogenes
consumed oxygen at a slower rate, suggesting that less biode-
gradable substrate was available or endogenous respiration
occurred. It is expected that oxygen in the gaseous phase was
not depleted; otherwise, the pressure drop must remain
constant over a period of time. Table 2 lists the oxygen uptake
rates (OURs) and the specific oxygen uptake rates (SOURs) of E.
aerogenes for biodegrading the synthetic wastewater.
According to the results in Fig. 3(a), the highest pressure was
detected for acrylic acid at 40 hPa during the first two hours of
incubation period, which was much higher than the maximum
pressure as a result of temperature difference in the OxiTop
bottle containing synthetic wastewater (9 hPa). It is noted that
acrylic acid can be easily polymerized and then a large amount
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Table 2 Oxygen uptake rate (OUR) and specific oxygen uptake rates (SOUR) of E. aerogenes and mixed culture bacteria from the AS and IFAS

systems

E. aerogenes Mixed culture bacteria

OUR mg O, SOUR mg O, OUR mg O, SOUR mg O,

L 'h (gvss)'h! L 'h! (gvss) 'h!
Experiments SBR system 1 2 1 2 1 2 1 2
Synthetic wastewater” AS 5.81 5.97 10.75 11.05 4.09 5.99 7.05 10.33
Acrylamide® 2.05 — 3.80 — 1.90 — 3.28 —
Acrylamide® 1.54 — 2.86 — 1.56 — 2.69 —
Acrylic acid® 4.97 — 9.21 — 3.83 6.68 6.60 11.51
Synthetic wastewater” IFAS 3.34 — 0.94 — 2.70 — 1.13 —
Acrylamide® 1.37 — 0.38 — 1.32 — 0.55 —
Acrylamide® 1.40 — 0.39 — 1.48 — 0.62 —
Acrylic acid? 2.28 3.56 0.64 1.00 1.66 2.35 0.70 0.98

“ Ammonium as a nitrogen source at the concentration of about 50 mg N L™". > Ammonium as a nitrogen source at the concentration of about
500 mg N L™*; 1 and 2 indicated the first and second OUR and SOUR rates.

of heat can be generated due to the exothermic polymerization
of acrylic acid. Even though the MEHQ as a polymerization
inhibitor was added into acrylic acid to prevent polymerization,
some contamination or excessive heat can cause polymeriza-
tion.”>® The results indicate that pressure in the OxiTop bottle
containing acrylic acid increased tremendously as compared
with synthetic wastewater; therefore, the acrylic acid must have
been polymerized. After the temperature equilibrium, the
pressures decreased linearly in the similar fashion to the
synthetic wastewater. It can be interpreted that E. aerogenes did
not require any acclimation time for acrylic acid biodegrada-
tion. However, the OUR and SOUR of acrylic acid by E. aerogenes
in Table 2 suggest that the rates were slightly lower than the
synthetic wastewater.

Acrylamide was reported as a toxic compound to most
microorganisms;>* therefore, the experiments spiked acryl-
amide to two OxiTop bottles with different ammonium
concentrations for evaluating the respirometric activities. The
maximum pressures of 15 hPa and 18 hPa were found at the
incubation period of 2 hours for acrylamide with ammonium
concentrations of about 50 and 500 (mg N) L™ ', respectively.
Higher increases in pressure of acrylamide than synthetic
wastewater indicate that a certain process occurred in the
systems in addition to the temperature difference; otherwise,
the increases in pressure must be the same as the synthetic
wastewater. It is possible that acrylamide was biodegraded and
then acrylic acid was produced and polymerized. A linear
reduction in pressure with time was found during a period
between 2™ hour and 65" hour as a result of microbial oxygen
consumption. It appears that E. aerogenes from the AS-1 system
did not require the acclimation period to acrylamide. The
calculated OUR and SOUR in Table 2 indicate that the rates were
considerably lower than the rates of E. aerogenes for bio-
degrading the synthetic wastewater or acrylic acid. It was
evident that the FAN reduced the OUR and SOUR of E. aerogenes
as compared with acrylamide supplemented with lower
ammonium concentration. However, the inhibition effects of
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ammonia on the acclamation period of E. aerogenes was not
found in this experiment.

Fig. 3(b) shows the respirometric activities of mixing culture
bacteria from the AS-2 system degrading different substrates in
the OxiTop bottles. The pressures increased during the initial
incubation time of 2-3 hours to 12, 24, 24, and 42 hPa when
degrading synthetic wastewater, acrylamide with ammonium
concentration of 50 mg N L', acrylamide with ammonium
concentration of 500 mg N L™, and acrylic acid, respectively.
The pressure dropped immediately after the temperature
equilibrium, suggesting that the acclimation period was not
required for mixed culture bacteria to degrade synthetic
wastewater. The results revealed that the pressures remained
constant for 1 hour for the acrylic acid biodegradation and for 2
hours to degrade acrylamide with both ammonium concentra-
tions of 50 and 500 mg N L™ *. Thus, the mixed culture bacteria
required an acclimation period to biodegrade acrylamide or
acrylic acid. The FAN inhibited the acrylamide biodegradation
of mixed culture bacteria, resulting in lower biodegradation
rates. There was no difference in terms of the inhibition effects
of the FAN on the acclimation period. The OUR of mixed culture
bacteria for the acrylic acid biodegradation was less than that of
E. aerogenes during the first 25 hours, but subsequently the rate
greatly increased. It was reported that acclimatized mixed
culture bacteria completely biodegraded both acrylic acid
monomer and dimer, and the biodegradability of acrylic acid
decreased as the molecular weight increased.*® Therefore, it is
suggested that the unacclimatized mixed culture bacteria
required time to reduce the polymerized acrylic acid.

3.3 Respirometric activities of microbes from the IFAS
systems

Investigations were extended to evaluate the effects of acryl-
amide and its biodegradation products on the respirometric
activities of the hybrid process between suspended and
attached growth of E. aerogenes from the IFAS SBR systems
(Fig. 4). Fig. 4(a) shows that the pressures in the OxiTop
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systems increased during the first 2-3 hours for the synthetic
wastewater and acrylic acid biodegradations; however, the
acrylamide biodegradation required 4 hours to reach the
temperature equilibrium. In general, E. aerogenes from the
IFAS-1 system required longer time to reach temperature
equilibrium than the suspended growth of E. aerogenes,
possibly as the results of mass transport resistance in the
fixed film media. After achieving the temperature equilib-
rium, the pressures decreased linearly due to the microbial
oxygen consumptions in all substrates except for acrylic acid;
therefore, it required little acclimation period to the
synthetic wastewater and acrylamide. The acclimation period
of 2 hours was needed for the removal of acrylic acid, which
was in contrast with E. aerogenes from the AS-1 system. It
could be explained that acrylic acid was polymerized and the
diffusion of polymerized acrylic acid into the fixed film media
was limited. It is apparent that the OUR increased consid-
erably after the 33 hour, possibly because that the compo-
sition of wastewater was changed. In general, the OURs of E.
aerogenes from the IFAS-1 system for biodegrading synthetic
wastewater, acrylamide and acrylic acid were lower than
those of the AS-1 system (Table 2). The inhibition effect of
ammonia on the acrylamide biodegradation by E. aerogenes
from the IFAS-1 system was not different from E. aerogenes
from the AS-1 system.

When the mixed culture bacteria was immobilized in the
BioPortz media (IFAS-2 system), the time to reach temperature
equilibrium was longer than the suspended growth of mixed
culture bacteria (AS-2 system) (Fig. 4b). After reaching temper-
ature equilibrium, the mixed culture bacteria from the IFAS-2
system required 1 hour to acclimatize with acrylic acid and
acrylamide with ammonium concentration of 50 mg N L™". The
FAN resulted in longer acclimatization period of 3 hours for the
mixed culture bacteria from the IFAS-2 system to biodegrade the
acrylamide. It appears from the OURs and SOURs (Table 2) that
the inclusion of the attached growth of mixed culture bacteria
into the suspended biomass was not superior to biodegrade the
synthetic wastewater, acrylamide, and acrylic acid over the
suspended growth system.

b
o
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—8— AA-E. aerogenes (IFAS-1)
—8— AA-Mixed culture bacteria (AS-2)

—e— AM-E. aerogenes (AS-1)
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—6— AM-Mixed culture bacteria (AS-2)
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Fig. 5 Acrylic acid and acrylamide concentrations in the batch reac-
tors containing E. aerogenes and mixed culture bacteria from the AS
and IFAS systems (AA: acrylic acid and AM: acrylamide).
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3.4 Biodegradation of acrylic acid

Acrylic acid produced from the acrylamide biodegradation can
possibly be used as carbon and energy sources for microor-
ganisms. It is evident from Fig. 5 that degradation of acrylic acid
started quickly in a few minutes after addition. About 31.7%
and 26.5% of acrylic acid in the batch reactors containing E.
aerogenes from the AS-1 and IFAS-1 systems, respectively, were
removed. The mixed culture bacteria from the AS-2 and IFAS-2
systems removed 22.7 and 28.8% of acrylic acid, respectively.
It should be noted that the initial acrylic acid concentration
used in this study was 400 mg AA L™ or 5.55 mM [72.06 g AA
mol " for molecular weight]. Both the pressure increase in the
OxiTop systems and the amounts of acrylic acid removed
initially suggest that acrylic acid was polymerized. Interestingly,
acrylamide appeared after the addition of acrylic acid, likely as
a result of the reaction between acrylic acid and ammonia, at
the concentrations of 1.88, 1.93, 1.99, and 1.82 mM in the
solutions of AS-1, IFAS-1, AS-2, and IFAS-2 batch reactors.
Yasuhara et al* reported that acrylic acid can react with
ammonia to produce acrylamide. The stoichiometric molar
ratio of acrylamide to acrylic acid is 1 : 1;'° therefore, acrylic acid
must be used to produce acrylamide at the same concentrations
as those of acrylamide. It appears from Fig. 5 that the acryl-
amide concentrations were relatively stable. In addition, there
was little change in the ammonium concentration during the
incubation period of 5 days. Thus, it is possible that acrylic acid
was used to form acrylamide only at the beginning of the tests.
After the initial removal of acrylic acid due to the acrylamide
formation, acrylic acid was continuously removed during the
incubation period of 50 hours at the biodegradation rates of
5.47 (R* = 0.99) and 4.54 (R*> = 0.96) mg AAL ™' h™" by E. aer-
ogenes from the AS-1 and IFAS-1 systems, respectively. The
mixed culture bacteria from the AS-2 system had a biodegrada-
tion rate of 5.11 (R*> = 0.95) mg AAL~ " h ™" in a similar fashion to
the synthetic wastewater, because acrylic acid is a readily
biodegradable organic compound and can be rapidly oxidized
under an aerobic condition.'> The mixed culture bacteria in the
IFAS-2 reactor could not degrade acrylic acid efficiently as
compared with other systems, this result is in good agreement
with the respirometric activity of mixed culture bacteria from
the IFAS-2 system. The OUR of IFAS-2 for acrylic acid biodeg-
radation was much less than other systems (Table 2). As shown
in Fig. 5, acrylamide began to decrease at the 50™ hour, after the
depletion of acrylic acid. In contrast, acrylamide was not
consumed by the mixed culture bacteria from the IFAS-2 system
because acrylic acid was still available in the solution. Thus,
acrylic acid is a preferable substrate than acrylamide for
biodegradation by both E. aerogenes and mixed culture bacteria
because acrylamide can be toxic to microorganisms®** and
acrylic acid is a readily biodegradable organic compound.™

3.5 Effects of acrylamide

The respirometric activities indicated that acrylamide could be
degraded without any acclimation periods by E. aerogenes from
the AS-1 and IFAS-1 systems when acrylamide was added as
a primary substrate, but the OUR was greatly lower than the
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synthetic wastewater. The batch studies in Fig. 6(a) reveal that
the acrylamide biodegradation by E. aerogenes from the AS-1
system occurred quickly in a few minutes after the acrylamide
injection, resulting in acrylic acid and ammonia as biodegra-
dation products. Acrylic acid was produced rapidly; however, its
concentration decreased immediately soon after it was
produced because acrylic acid was polymerized and the result
was in good agreement with the initial increase of pressures in
the OxiTop bottle during the first two hours due to the
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exothermic polymerization. It should be noted that only acryl-
amide was added as a substrate in this test. Furthermore,
ammonium was also produced quickly at the accumulation rate
of 0.44 mg N L™ h™" (R* = 0.950) during the incubation period
of 5 days, suggesting that acrylamide is a biodegradable
substrate for E. aerogenes. According to the respirometric
activities as shown in Fig. 3(a), the steady microbial oxygen
consumption occurred during the first 65 hours; therefore, the
acrylamide biodegradation rate of 1.57 mg AM L' h™' (R*> =
0.942) was determined by the linear regression during this
period. The subsequent biodegradation rate increased consid-
erably to 2.54 mg AM L™ h™' (R* = 0.996). It appears from
Fig. 7(a) that the SCOD concentration of acrylamide did not
decrease while acrylamide was being degraded during first 40
hours of the incubation period. It was found from the
measurements in this study that the COD values of acrylamide
and acrylic acid were about 1.00 g COD (g AM) " and 1.45 g COD
(g AA) ™, respectively. The amount of COD oxidized in the purely
aerobic system can be determined by the OUR.”® With the
information listed above, it is possible to approximate the COD
of acrylic acid produced in the solution. According to the stoi-
chiometric molar ratio of acrylamide to acrylic acid (1 : 1), the
acrylamide biodegradation rate of 1.57 mg AM L' h™" would
produce acrylic acid at the production rate of 1.59 mg AA L™"
h ' [(1.57 mg AML ' h™"/71.08 mg AM mmol ') x 72.06 mg AA
mmol '], which was equivalent to 2.31 mg COD L' h™'
[1.59 mg AAL™ ' h™' x 1.45 mg COD (mg AA)"']. The OUR of
2.05 mg O, L' h™' obtained from the respirometric evaluation
indicated that the COD was oxidized at the rate of 2.05 mg COD
L™'h™". As compared with the acrylamide biodegradation rate
of .57 mg AM L' h™" (~1.57 mg COD L™" h™"), the OUR was
greater than the acrylamide biodegradation rate, suggesting
that acrylic acid produced from the acrylamide biodegradation
was degraded. The remaining acrylic acid caused the COD to
sustain in the solution. As discussed in the previous section,
acrylamide could be formed from the reaction between acrylic
acid and ammonia in the solution. In this experiment, acryl-
amide was not generated from this reaction because the
ammonium increased in the solution.

It is evident from Fig. 6(b) that E. aerogenes immobilized in
the BioPortz media did not degrade acrylamide at the same rate
as the suspended growth of E. aerogenes. The diffusion of
substrates could be limited due to the mass transfer resistance

Table 3 Acrylamide biodegradation rates and removal efficiencies of E. aerogenes and mixed culture bacteria from the AS and IFAS systems
feeding with acrylamide and ammonium concentrations of 50 and 500 mg N L™*

AM removal AM biodegradation

Experiments SBR system NH,  mg NL™! efficiency (%) rate mg AM L ' h™! R*

E. aerogenes AS-1 50 73.7 2.05 0.978
Mixed culture bacteria AS-2 72.3 2.09 0.978
E. aerogenes IFAS-1 41.6 1.36 0.981
Mixed culture bacteria IFAS-2 31.2 1.06 0.982
E. aerogenes AS-1 500 51.7 1.18 0.909
Mixed culture bacteria AS-2 41.7 1.14 0.977
E. aerogenes IFAS-1 42.5 1.28 0.988
Mixed culture bacteria IFAS-2 22.4 0.88 0.975

34918 | RSC Adv., 2018, 8, 34911-34920

This journal is © The Royal Society of Chemistry 2018



Paper

in the media. As shown in Table 3, the acrylamide biodegra-
dation rate and removal efficiency were 1.36 mg AM L™ " h™" (R
= 0.981) and 41.6%, respectively. It is obvious that E. aerogenes
from the IFAS-1 system did not enhance the acrylamide
biodegradation. The OUR obtained from the respirometric
evaluation was 1.37 mg O, L' h™", which was approximately
the same as the acrylamide biodegradation rate, suggesting that
only acrylamide was degraded. In addition, it was found that
about 31.3% of ammonium was removed during the first
incubation period of 6 hours, suggesting that acrylic acid
produced from the acrylamide biodegradation was used to form
acrylamide, resulting in the reduced acrylamide biodegradation
rate. As acrylamide was not considerably degraded, less amount
of acrylic acid was accumulated in the system; thereby, the
acrylic acid concentrations remained constant at the average
concentration of 16.9 & 2.47 mg AA L™". Fig. 7(b) confirms the
explanations, as the SCOD concentrations did not decrease
during the first 45 hours of incubation period.

The unacclimatized mixed culture bacteria from the AS-2
system biodegraded acrylamide slowly during the first incu-
bation period of 15 hours (Fig. 6(c)). The results supported the
respirometric evaluation that the suspended growth of mixed
culture bacteria required a few hours to acclimatize with
acrylamide. The acrylamide biodegradation rate during the
first 65 hours was 1.79 mg AM L' h™" (R*> = 0.978), which was
approximately equal to the OUR of 1.90 mg O, L™ " h™" as listed
in Table 2. This implied that minimal acrylic acid was
degraded; thus, the SCOD concentrations did not decrease as
illustrated by Fig. 7(c). Subsequently, the acrylamide biodeg-
radation rate was increased to 2.85 mg AM L™" h™" (R*> =
0.984). Ammonium increased gradually as a result of acryl-
amide biodegradation; thereby, the acrylamide formation
from the reaction between acrylic acid and ammonia did not
occur.

Fig. 6(d) shows that acrylamide concentrations decreased
linearly with time due to the acrylamide biodegradation by the
mixed culture bacteria from the IFAS-2 system with the
biodegradation rate of 1.06 mg AM L' h™' (R* = 0.982).
According to the OUR of 1.32 mg O, L' h™" in Table 2, it is
implied that acrylic acid was minimally degraded. A minimal
amount of ammonium decreased during the first 4 hours,
indicating that acrylamide was formed from the reaction of
acrylic acid and ammonia during this period. The respiro-
metric activities indicated that the acrylic acid produced from
the acrylamide biodegradation was polymerized. Therefore,
acrylic acid from the acrylamide biodegradation in this test
was polymerized and used to form acrylamide. Subsequently,
ammonium increased in the solution at the production rate of
0.34 mg NL ' h™' (R* = 0.932), indicating that acrylamide was
not produced from the reaction of acrylic acid and ammonia.
Acrylic acid was slowly degraded by the mixed culture bacteria
from the IFAS-2 system as illustrated by Fig. 5; therefore,
acrylic acid was accumulated over a period of 86 hours. Thus,
the SCOD concentrations as shown in Fig. 6(d) remained
constant for a period of about 5 days. Afterward, acrylic acid
was gradually biodegraded at the slow biodegradation rate
resulting in the reductions of SCOD concentrations.
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The experimental results in Fig. 6(a) and (c), the OURs and
SOURSs in Table 2, and the acrylamide biodegradation rates in
Table 3 support the conclusion that the acrylamide biodegra-
dations by E. aerogenes and the mixed culture bacteria from
the AS-1 and AS-2 systems were inhibited by the high
concentration of ammonium. The experimental results were in
good agreement with the previous findings from Jangkorn
et al.'* The effects of ammonia inhibition on the acrylamide
biodegradation by E. aerogenes and the mixed culture bacteria
from the IFAS-1 and IFAS-2 systems were minimized. It is
possible that the diffusion of acrylamide and other substrates
into the BioPortz media were limited in the IFAS systems as
a result of mass transfer resistances.

4. Conclusions

The experiments were conducted to evaluate the acute effects
of acrylamide and its biodegradation products on the unac-
climatized E. aerogenes and the mixed culture bacteria from
the AS systems and the IFAS systems. E. aerogenes from the AS-
1 system did not require the acclimation period to degrade
acrylamide and acrylic acid, but required the acclimation
period for acrylic acid when bacteria were immobilized in the
media because of limited substrate diffusion into the biofilm.
The mixed culture bacteria from both AS-2 and IFAS-2 systems
required 1 hour to acclimatize with acrylic acid and 2 hours for
acrylamide. Inhibition effect of ammonia on the acclimation
periods of E. aerogenes and the mixed culture bacteria was not
observed. However, the respirometric activities and biodegra-
dation studies confirmed that ammonia had inhibited the
acrylamide biodegradation. The experiments revealed that
acrylic acid in the wastewater or from the acrylamide biodeg-
radation could be initially polymerized or reacted with
ammonia nitrogen in the wastewater to form acrylamide,
reducing the acrylamide biodegradation rate. Both E. aero-
genes and mixed culture bacteria from the AS systems could
simultaneously degrade both acrylamide and acrylic acid,
whereas both E. aerogenes and mixed culture bacteria from the
IFAS systems could remove only acrylamide because the
diffusion of acrylic acid into the biofilm was limited.
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ABSTRACT

This study evaluated the kinetics of acrylamide (AM) biodegradation by mixed culture bacteria and Enterobacter aerogenes (E. aerogenes) in sequencing
batch reactor (SBR) systems with AQUASIM and linear regression. The zero-order, first-order, and Monod kinetic models were used to evaluate
the kinetic parameters of both autotrophic and heterotrophic nitrifications and both AM and chemical oxygen demand (COD) removals at
different AM concentrations of 100, 200, 300, and 400 mg AM/L. The results revealed that both autotrophic and heterotrophic nitrifications
and both AM and COD removals followed the Monod kinetics. High AM loadings resulted in the transformation of Monod kinetics to the
first-order reaction for AM and COD removals as the results of the compositions of mixed substrates and the inhibition of the free ammonia
nitrogen (FAN). The kinetic parameters indicated that E. aerogenes degraded AM and COD at higher rates than mixed culture bacteria. The
FAN from the AM biodegradation increased both heterotrophic and autotrophic nitrification rates at the AM concentrations of 100-300 mg
AM/L. At higher AM concentrations, the FAN accumulated in the SBR system inhibited the autotrophic nitrification of mixed culture bacteria.
The accumulation of intracellular polyphosphate caused the heterotrophic nitrification of E. aerogenes to follow the first-order approximation.

Keywords: Acrylamide biodegradation, Ammonia inhibition, Biodegradation kinetics, Enterobacter aerogenes

1. Introduction studies have focused on microbial isolation and AM bio-
degradation with pure culture of bacteria in the laboratory includ-
ing Arthrobacter sp., Nocardia sp., Bacillus sp., Xanthomonas sp.,
Rhodopseudomonas sp., Rastonia sp., Geobacillus sp., Pseudomonas
sp., and Rhodococcus sp. [2-4]. Recently, Enterobacter aerogenes
(E. aerogenes) was reported as a bacterium with high capability
to biodegrade AM in the culture media at a concentration as
high as 5,000 mg AM/L [5]. E. aerogenes, formerly known as
Aerobacter aerogenes [6], is a facultative and mesophilic bacterium
[7] and is capable to heterotrophically nitrify ammonium nitrogen
under aerobic condition [8]. Jangkorn et al. [9] conducted the
experiments to compare AM biodegradations of E. aerogenes,
mixed culture bacteria, and a mixture of both bacteria in the
biological wastewater treatment sequencing batch reactor (SBR)

Acrylamide (AM, C;H;NO) monomer is a chemical compound
that is used for synthesizing various polymers such as poly-
acrylamides (PAMs), which have been used widely as flocculants
for water and sewage treatments, adhesives, and others. However,
it has been documented that AM is a neurotoxicant, carcinogen,
and hazardous substance, causing irritation and toxicity in human.
Thus, the AM concentration is limited to 0.05% (w/w) in the
commercial PAMs, and the PAMs application dosage of less than
1.0 mg/L is only allowed [1]. The production and application
of AM such as in the production of PAMs could contaminate
the environment [1-2]. Due to its adverse effects, the contamination
of AM in the wastewater must be eliminated. Most of the previous
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systems operating at the solids retention time (SRT) of 10 d and
hydraulic retention time (HRT) of 24 h. It was found that E.
aerogenes, which was reported to biodegrade the AM substantially
in the laboratory [5], did not biodegrade AM efficiently in the
SBR wastewater treatment systems.

With amidase as a catalyst of the deamination reaction for
the AM biodegradation, both ammonia nitrogen and acrylic acid
(AA) as the biodegradation products were produced [2-4]. Both
AA and ammonia would potentially contribute organic matter
and nitrogen to the wastewater, respectively; therefore, carbon
oxidation of AA and nitrification would be required to meet the
effluent standards. Jangkorn et al. [9] found that both ammonia
and AA were considerably accumulated in the SBR activated
sludge (AS) treatment systems containing E. aerogenes and mixed
culture bacteria under aerobic condition. They also reported that
ammonia inhibited the AM biodegradation and nitrification in
the SBR systems. These findings suggest that AM and its bio-
degradation products are possible to interfere with the carbon
removal and nitrification in the biological wastewater treatment
process.

The knowledge of kinetics is essential to evaluate the biological
degradation of substrates in the biological wastewater treatment
system. The kinetics of hydrolyzed polyacrylamide (HPAM) bio-
degradation, carried out in the batch experiments containing dif-
ferent initial HPAM concentrations and both Bacillus cereus and
Bacillus sp. obtained from a sequencing batch biofilm reactor
(SBBR) under the aerobic condition, revealed that the maximum
HPAM biodegradation rate (Vmax) and Michaelis-Menten constant
(Km) were 16.4 mg/L-day and 579 mg HPAM/L, respectively [10].
However, the kinetics could not be applied to the AM bio-
degradation due to differences in microorganisms, substrate types
and concentrations, and biological wastewater treatment systems.
The kinetics of AM biodegradation under aerobic condition by
the mixed culture bacteria and E. aerogenes in the biological
wastewater treatment systems have not yet been reported. In addi-
tion, the effects of AM on the chemical oxygen demand (COD)
removal and nitrification kinetics as a result of the AM bio-
degradation have not been addressed. This study reported the
effects of AM on the COD removal and nitrification kinetics of
both mixed culture bacteria and E. aerogenes in the SBR systems.

2. Materials and Methods

2.1. Experimental Data of AM Biodegradation Studies in
SBR Systems

Substrate removal data from the AM biodegradation studies during
the reacting periods of the SBR systems [9] were used to evaluate
the COD removal and nitrification kinetics, the AM biodegradation
kinetics, and effects of AM on the both COD removal and ni-
trification kinetics. Two SBR biological wastewater treatment sys-
tems containing mixed culture bacteria and E. aerogenes called
as AM-1 and AM-2 were used for degrading AM in the synthetic
wastewater containing organic matters indicated as total chemical
oxygen demand (TCOD) of about 400 mg COD/L, ammonium
nitrogen of about 43.5 mg N/L, and phosphorus of about 7-8
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mg P/L [9]. E. aerogenes was isolated and cultured from the
Department of Biochemistry (Burapha University, Thailand) and
mixed culture bacteria was taken from a pilot-scale Modified
Ludzack-Ettinger (MLE) wastewater treatment system running in
the Department of Chemical Engineering (Burapha University)
for biological nitrogen removal. AM was fed to the AM-1 and
AM-2 systems at the concentrations of 100, 200, 300, and 400
mg AM/L along with other carbon sources to obtain the TCOD
of 400 mg COD/L during the first, second, third, and fourth weeks
of experiments, respectively. AM was used as a sole carbon source
during the AM feeding concentration of 400 mg AM/L. The total
nitrogen of synthetic wastewater containing both AM and ammo-
nium nitrogen was not measured in this study, but could be
calculated from the stoichiometric relationship between AM and
ammonia. According to the stoichiometric molar ratio of AM to
ammonia (1:1), complete AM biodegradation could contribute
nitrogen in the wastewater at the concentrations of 19.7 [(100
mg AM/L / 71.08 mg AM/mmole) X 14 mg N/mmole], 39.4, 59.1,
and 78.7 mg N/L when AM was added the concentrations of
100, 200, 300, and 400 mg AM/L, respectively. Other two SBR
systems referred to as Control-1 and Control-2 systems containing
mixed culture bacteria and E. aerogenes, respectively, were used
as the control systems, feeding with only synthetic wastewater
without any AM substitution. Each SBR system, with a working
volume of 3.0 L, was operated with two cycles per day at the
nominal HRT of 24 h, the operating SRT of 10 d, and the temper-
ature of about 28°C. Upon achieving the quasi-steady state con-
ditions, the biomass concentrations in the Control-1, Control-2,
AM-1, and AM-2 systems were about 2,648 + 172, 266 = 8,
2,663 + 139, and 295 + 30 mg VSS/L, respectively.

2.2. Determination of Kinetic Parameters

Several mathematical expressions are available including first-or-
der, Monod growth, co-metabolisms, second-order, and
Michaelis-Menten kinetics to describe the kinetics of bio-
degradation in aquatic environment [11]. However, the Monod
model is widely used for a single bacterial species growing on
a single limiting substrate resulting in the microbial growth. When
substrate concentration (S) is several times greater than the half
saturation coefficient (Ks), the Monod equation is simplified to
the zero-order rate expression. However, when the substrate con-
centration is much less than the Ks, the biodegradation rate can
be approximated by the first-order equation. In the wastewater
treatment practices, wastewater typically contains a mixture of
several organic substrates and is measured as the nonspecific
substrate parameter such as COD or BOD. Monod model is still
applicable to evaluating the biodegradation kinetics of nonspecific
substrate parameters for the mixed culture bacteria [12]. Alexander
[13] proposed the integrated Monod equations consisting of six
biodegradation kinetic models; among them, three biodegradation
models are used for non-growing microorganisms including
zero-order, first-order, and Monod (no growth) models as shown
in Eq. (1)-(3), respectively. Monod kinetic model for non-growing
microorganisms was appropriate for this study because the SBR
systems were controlled at the SRT of 10 d; thus, approximate
constant biomass concentrations were obtained. It is known that
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the net daily sludge production or bacterial growth is limited
to about the one tenth of total biomass because of the controlled
operating SRT of 10 d.

dS/dr =,
dS/dr=—k-S
dS/dt=—k,-S/(K,+5)

The k; in both Eq. (1) and (3) is the zero-order rate constant
and maximum biodegradation rate constant with a unit of mg/L-h.
In Eq. (2), k; is the first-order rate constant with a unit of h™.

Microsoft Excel with linear regression analysis was used to
analyze for the zero-order and first-order kinetic models and the
fitness was indicated by the coefficient of determination or
R-squared (R?) value. The graphical plots of substrate concen-
tration versus time and the natural logarithm of substrate concen-
tration versus time according to the integral forms of zero-order
and first-order approximations as listed in Eq. (4)-(5), respectively,
were used to evaluate the zero-order and first-order kinetics,
respectively.

S:So_klll (4]

§ =S, exp(—k -1 ®
In Eq. (4) and (5), S, is the initial substrate concentration (mg/L).
The Monod kinetic parameters of Ks and k, according to Eq.

(3) were estimated by the parameter estimation method of a com-

puter software AQUASIM with the version of 2.1 g [14], which

is widely used simulation and identification of aquatic system.

The secant method of AQUASIM estimated the k, and Ks by

minimizing the Chi-square (x?) value, which is the sum of the

squares of the weighted deviations between each experimental
data point and the corresponding model prediction. The y* was
used as a value to indicate the goodness of fit in AQUASIM.

The substrate concentrations predicted at different time from esti-

mated parameters were compared with the experimental substrate

concentrations. The accuracy of prediction was indicated by the

R*-square value.

3. Results and Discussion

3.1. Nitrification and COD Removal in Control SBR Systems

The experimental results at the quasi-steady state conditions from
Jangkorn et al. [9] revealed that the autotrophic nitrification in
the Control-1 system was almost completed at the removal effi-
ciency of 98.4 + 0.6% as the results of existing nitrifiers at the
SRT of 10 d and operating at the relative high temperature of
about 28°C. E. aerogenes in the Control-2 system nitrified hetero-
trophically ammonium nitrogen at the removal efficiency of 65.8
+ 26.5%. The heterotrophic nitrification is typically conducted
by heterotrophic bacteria; however, energy for ATP production
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could not be conserved for cell growth [15]. However, a large
variation of ammonium concentrations in the Control-2 system
was found; therefore, the quasi-steady state conditions with respect
to the nitrification could not be achieved. Nitrification in the
Control-2 system reduced significantly during the third and fourth
weeks of experiments. It was presumed that less energy was
available for heterotrophic nitrification due to the accumulation
of inorganic polyphosphate in the cells of E. aerogenes. Harold
[16] reported that the accumulation of inorganic phosphate was
resulted from the competition between polyphosphate and nucleic
acid pools for intracellular phosphorus in non-growing cells.
Jangkorn et al. [9] explained that the growth of E. aerogenes in
the Control-2 system was limited as a result of operating SRT
of 10 d; thus, only one-tenth of total biomass was replaced each
day with the new growth. Limited growth conditions of E. aero-
genes possibly resulted in the accumulation of intracellular poly-
phosphate granules. The experimental results also indicated that
both Control-1 and Control-2 systems had approximately the same
COD removal efficiencies of 81.1 = 0.9 and 79.3 = 1.6%,
respectively.

3.1.1. Kinetics of nitrification

Both k; and Ks Monod kinetic parameters including Chi-squared
and R-squared values were obtained from the parameter estimation
of AQUASIM and are listed in Table 1. It was found that the
k, of 16.8 mg N/L-h and Ks of 33.2 mg N/L were obtained with
the R? of 0.999 for the autotrophic nitrification of mixed culture
bacteria in the Control-1 system. The maximum specific ni-
trification rate of mixed culture bacteria, calculated by dividing
k, by the biomass concentration, was 0.15 mg N/mg VSS-day.
The Ks was significantly higher than the typical values of half
saturation coefficient (less than 1.0 mg N/L) [17]. It was reported
that the Ks of ammonia-oxidizing bacteria (AOB) could be in
the range of 1-100 mg N/L, depending on the dominant group
of microorganisms in the system [18]. However, the phylogenetic
group of the mixed culture bacteria has not been identified in
this study.

Table 1 indicates that the k, of E. aerogenes in the Control-2
system was approximately the same as the mixed culture bacteria.
However, the maximum specific nitrification rate of E. aerogenes
was 1.53 mg N/mg VSS-day, suggesting that E. aerogenes nitrified
at a higher rate than mixed culture bacteria. Furthermore, the
Ks of E. aerogenes was much higher than the mixed culture bacteria,
indicating that E. aerogenes has low affinity for heterotrophic
nitrification [19]. It could be implied that the first-order reaction
should provide the best goodness of fit for heterotrophic ni-
trification in the Control-2 system. The first-order reaction rate
calculated from the slope of the linear regression of natural loga-
rithm transformed ammonium concentrations values over time
was 0.099 h” with R* value of 0.988. It appears that the ammonium
concentrations were best fitted with the first-order reaction. As
reported by the experimental results that the quasi-steady state
condition with respect to the nitrification in the Control-2 system
was not achieved due to the accumulation of intracellular poly-
phosphate granules. Further biodegradation kinetic evaluations
for each week of experiments in the Control-2 system with Monod
(no-growth) and first-order kinetics as listed in Table 2 reveal
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Table 1. Monod (no-growth) Kinetic Models for Nitrification and COD Removal of Control-1 and Control-2 Systems

Table 2. Monod No-growth, Zero-, and First-order Kinetic Models for Nitrification in the Control-2 System during Each Week of Experiments

Reactions SBR System Parameter
Nitrification Control-1 ko
Ks
Control-2 ko
Ks
COD Control-1 k,
Ks
Control-2 k.
Ks
Types Week No. Parameter
Monod (no-growth) 1 ko
Ks
2 k,
Ks
3 *
4 *
First-order 1
2 K
3
4

* indicates unidentified kinetic parameters.

that the Monod (no-growth) model kinetic parameters could be
identified only during the first two weeks of experiments.
Subsequently, it appears that the Ks increased considerably with
time from the simulations during the last two weeks of experi-
ments, suggesting that the affinity of E. aerogenes for the ammo-
nium decreased significantly with time due to the accumulation
of polyphosphate granules in the cells and less energy was available
for heterotrophic nitrification. The first-order approximation is
better for the kinetic model. The heterotrophic nitrification during
the last two weeks was inhibited as shown by the decrease of
first-order rates as shown in Table 2.

3.1.2. Kinetics of COD removal

Table 1 reveals that the Ks values of Monod kinetic model for
the COD removal in the Control-1 and Control-2 systems were
significantly high. It is noted that the unit of Ks for COD removal
is mg COD/L and is typically high [20]. Furthermore, the influent
COD concentration of 400 mg COD/L was not significantly greater
and lesser than the Kg; thus, the Monod model was best to describe
the kinetics of COD removal in the Control-1 and Control-2
systems. It is notable that E. aerogenes was capable to degrade
the organic matters at a slightly higher k, than the mixed culture
bacteria although the concentration of E. aerogenes (~ 266 mg
VSS/L) was considerably less than the concentration of mixed
culture bacteria (~ 2,648 mg VSS/L). The maximum specific COD
biodegradation rates of mixed culture bacteria and E. aerogenes
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Value R? Chi-squared (%)
16.8
0.999 27.0
33.2
16.9
0.998 7.3
142.6
71.6
0.996 14.4
230.3
84.4
0.996 22.8
324.7

Value R? Chi-squared (x?)

5.3

0.999 2.5
8.6
8.9

0.996 17.5
23.3
0.18 0.968 -
0.20 0.977 -
0.08 0.966 -
0.03 0.944 -

were 0.65 and 7.62 mg COD/mg VSS-day, respectively. It is sug-
gested that E. aerogenes degraded COD at a higher rate than the
mixed culture bacteria. However, the Ks values in Table 1 indicate
that E. aerogenes had lower affinity for the synthetic wastewater
than the mixed culture bacteria from the Control-2 system.

3.2. Kinetics of Nitrification, AM and COD Removals in
Experimental SBR Systems

Jangkorn et al. [9] reported that both AM-1 and AM-2 SBR systems
completely removed the AM only at the dosages of 100 and 200
mg AM/L. However, the COD removal efficiencies in the AM-1
system decreased considerably after the AM addition as compared
with the Control-1 system because amidase was required for mixed
culture bacteria to degrade AM. The efficiencies subsequently
increased with time in the AM-1 system after mixed culture bacteria
were acclimatized with AM. As the AM concentrations increased
to 300 and 400 mg AM/L, the AM removal efficiencies decreased
considerably due to the inhibition of the free ammonia nitrogen
(FAN). The FAN as one of the AM biodegradation products was
accumulated in the SBR systems due to the failures of autotrophic
and heterotrophic nitrifications in the AM-1 and AM-2 systems,
respectively. The FAN also inhibited autotrophic nitrification of
mixed culture bacteria. The accumulation of intracellular poly-
phosphate inhibited the heterotrophic nitrification of E. aerogenes.
The FAN was reported as an inhibitor of amidase [21].
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Table 3. Parameters of Monod No-growth Model for Acrylamide and COD Removals in the AM-1 and AM-2 Systems

Acrylamide
System A 5
B Value R
AM-1 100 ko 25.9
1.000
Ks 23.4
200 ko 40.8
1.000
Ks 34.9
300 * - -
400 * - -
AM-2 100 ko 30.9
1.000
Ks 28.4
200 ko 49.6
1.000
Ks 50.3
300 * - -
400 * - -

*

3.2.1. Kinetics of AM biodegradation

It can be seen from Table 3 that the AM biodegradations of mixed
culture bacteria and E. aerogenes followed the Monod no-growth
model at the AM concentrations of 100 and 200 mg AM/L. From
the Monod kinetic parameters in Table 3, it was found that the
maximum AM biodegradation rate (k,) and half saturation co-
efficient (Ks) of E. aerogenes were higher than the mixed culture
bacteria. The maximum specific AM biodegradation rates of mixed
culture bacteria and E. aerogenes were 0.23 and 2.51 mg AM/mg
VSS-day, respectively, at the AM feeding concentration of 100
mg AM/L. At the AM concentration of 200 mg AM/L, the maximum
specific AM biodegradation rates of mixed culture bacteria and
E. aerogenes increased to 0.37 and 4.04 mg AM/mg VSS-day,
respectively. It appears that E. aerogenes degraded AM at a greater
rate than mixed culture bacteria. Furthermore, E. aerogenes had
less affinity for AM than mixed culture bacteria, suggesting a
binding strength between amidase and AM of mixed culture bac-
teria was greater than E. aerogenes. Furthermore, both k, and
Ks parameters in both AM-1 and AM-2 systems increased as the
AM concentrations increased in the wastewater from 100 to 200
mg AM/L; in other words, the fraction of AM to other carbon
sources increased in the synthetic wastewater. Subsequent addi-
tion of AM at higher dosages, the Monod no-growth kinetic parame-
ters could not be identified in the AM-1 and AM-2 systems at
the AM feeding concentrations of 300 and 400 mg AM/L. To
compare the Monod kinetic parameters between different AM
concentrations, the initial AM concentrations during the AM feed-
ing concentrations of 300 and 400 mg AM/L were used as upper
constraints for the parameter estimations of AQUASIM. It was
found that the Kg values of all SBR systems were equal to the
upper constraint concentrations used during the estimations. Fig. 1
summarizes the changes of Monod kinetic parameters (Ks and
k) and the ammonium concentrations obtained at the end of
reacting period of 10 h with different AM feeding concentrations.
The results of parameter estimation as shown in Fig.1 indicate
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COD
i B Value R* X2
* - - -
28.5
ko 43.9
150.2 1.000 19.1
Ks 68.4
- * - - -
- * - - -
* - - -
4.1
* - - -
100.2

Maximum Acrylamide
mg AM/L-h

Biodegradation rate (k,),
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? e
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that both k, and Ks increased with the AM concentrations in
all SBR systems during the AM feeding concentrations of 100-300
mg AM/L. It possibly explains that the addition of AA from the
AM biodegradation into the wastewater produced a more complex
nature of mixed substrates, which the microbes had low affinity
(high Ks) with these mixed substrates [19]. Furthermore, when
the proportion of AM increased in the synthetic wastewater, the
amount of amidase increased accordingly so higher values of
k, for AM utilization were achieved. However, when AM was
fed at the concentration of 400 mg AM/L in the AM-1 and AM-2
systems, the Ks tremendously increased with the significant de-
creases of k,, suggesting that the AM biodegradation was inhibited.

The experimental results revealed that the ammonium consid-
erably accumulated during the AM feeding concentration of 300
mg AM/L in the AM-1 and AM-2 systems, resulting in the FAN
remaining in the systems. It was explained from the experiments
that the small fraction of the FAN in the solutions reduced the
affinity of microorganisms for AM. It is unlikely that the AM
biodegradation was inhibited due to the toxicity of AM as substrate
inhibition. It was evident from the batch studies [9] that both
the mixed culture bacteria and E. aerogenes without AM acclimati-
zation could remove AM at the removal efficiencies of 65.2 and
73.7%, respectively, at the AM concentration of 400 mg AM/L
without any other carbon sources. Also, it was reported that E.
aerogenes could be cultured in the media with the AM concen-
tration of 5,000 mg AM/L without any inhibition [5]. However,
the accumulation of ammonium has not been reported in any
AM biodegradation studies in the culture media. For the parameter
estimations of both k, and Ks during the AM feeding concentrations
of 300 and 400 mg AM/L, Table 3 indicates that both parameters
could not be identified because Ks increased tremendously. It
suggests that the AM biodegradation rate approaches the first-order
approximation.

The first-order approximations by the linear regressions of
graphical plots between AM concentrations and time for the AM
biodegradations of AM-1 and AM-2 systems feeding with different
AM feeding concentrations of 100, 200, 300 and 400 mg AM/L
were evaluated and are illustrated in Fig. 2(a) and 3(a), respectively.
The graphical plots of first-order approximation for the AM bio-
degradation at the AM concentrations of 100 and 200 mg AM/L
reveal the failures of fitting data points to the linear lines. The
concave-down profile between natural logarithm of concentration
and time generally indicates that the Monod kinetics was applied.
As listed in Table 3 at the AM feeding concentrations of 300 and
400 mg AMJ/L, the Monod kinetic parameters could not be identified
and the first-order reaction was suggested for the AM biodegradation
as the Ks increased considerably due to the FAN inhibition. The
first-order rates for AM biodegradation at the AM feeding concen-
trations of 100, 200, 300, and 400 mg AM/L of the AM-1 and AM-2
systems could be obtained from the slopes of straight lines in Fig.
2(a) and 3(a), respectively. It is noted that the R* values of lower
than 0.90 were obtained from the first-order approximations of
AM-1 and AM-2 systems at the AM concentration of 400 mg AM/L
because the linear lines were approaching horizontal level, indicat-
ing that very low biodegradation was obtained. The data points
lied exactly on the linear lines. Furthermore, it is confirmed that
the FAN inhibited the AM biodegradation because the first-order
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Fig. 2. Natural logarithm of concentration versus time of first-order re-
actions for (a) acrylamide and (b) COD removals in the AM-1
system at the acrylamide concentrations of 100, 200, 300, and
400 mg AM/L.

rates decreased significantly as the AM concentration increased
in the synthetic wastewater more than 200 mg AM/L in the AM-1
and AM-2 systems.

In summary, Monod no-growth model could describe the ki-
netics of AM biodegradation by mixed culture bacteria and E.
aerogenes at low AM concentrations of 100 and 200 mg AM/L.
Higher AM in the synthetic wastewater resulted in the trans-
formation of kinetic model from the Monod no-growth model
to first-order approximation due to the FAN inhibition. The kinetic
evaluations of first-order approximation for AM biodegradation
indicate that E. aerogenes was superior to the mixed culture bac-
teria for the AM biodegradation.

3.2.2. Effects of AM on the kinetics of COD removal

The kinetics of COD removal by different microorganisms were
evaluated at different fractions of AM in the synthetic wastewater.
The results of Monod kinetic parameter estimations are listed
in Table 3. For the AM-1 system containing mixed culture bacteria,
it indicates that Monod kinetic parameters at the AM feeding
concentration of 100 mg AM/L could not be identified because
the Ks was considerably high, indicating very low affinity of mixed
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Fig. 3. Natural logarithm of concentration versus time of first-order re-
actions for (a) acrylamide and (b) COD removals in the AM-2
system at the acrylamide concentrations of 100, 200, 300, and
400 mg AMI/L.

culture bacteria for COD as a result of AM addition. It was found
from the experimental results [9] that the COD removal efficiencies
increased with time because the acclimatization of mixed culture
bacteria to the AM addition was required. Amidase was required
for the mixed culture bacteria to biodegrade the AM. After the
mixed culture bacteria was acclimatized with AM, the COD re-
moval kinetics could be best described by the Monod no-growth
model during the AM feeding concentration of 200 mg AM/L
(k, = 43.9 mg COD/L-h, Ks = 68.4 mg COD/L). Significant reduc-
tions of both k, and Ks were obtained as compared with the
Monod kinetic parameters for the COD removal in the Control-1
system (k, = 71.6 mg COD/L-h, Ks = 230.3 mg COD/L). It appears
that the ability of mixed culture bacteria to scavenge the COD
was improved as indicated by the reductions of both Ks and
k. [19]. However, when the AM concentrations increased in the
synthetic wastewater to 300 and 400 mg AM/L, respectively, the
substrate affinity of the mixed culture bacteria decreased sig-
nificantly again. It explains that the additions of both AM and
AA from the AM biodegradation in the wastewater at higher load-
ings, creating a different composition of mixed substrates, reduced
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the affinity of mixed culture bacteria for the mixed substrates.
In addition, the FAN began to inhibit the AM biodegradation
at the AM concentration of 400 mg AM/L. The Monod kinetic
parameters could not be identified, indicating that the first-order
model was best described for the COD removal in the AM-1 system.
In contrast to the AM-1 system, the substrate affinity of E.
aerogenes for COD decreased suddenly as both AM and AA in-
creased in the synthetic wastewater. It means that there were
some changes in the physiological states of E. aerogenes cells
when the AM and AA increased in the synthetic wastewater [19].
As the AM concentration increased incrementally to 400 mg AM/L,
the Ks increased considerably, resulting in the transformation
of Monod kinetic model to the first-order model as the effects
of FAN inhibition began to inhibit the AM biodegradation.
The first-order approximations of the COD removal in the AM-1
and AM-2 systems were evaluated from the slopes of straight
lines in Fig. 2(b) and 3(b), respectively. It was found that the
COD removal rates were much lower than the AM biodegradation
rates because the COD is a non-specific parameters to represent
the mixed substrates in the synthetic wastewater. The first-order
rates also indicate that E. aerogenes could remove the COD at
faster rate than the mixed culture bacteria as a result of less
interactions among microorganisms in the pure culture.

3.2.3. Effects of AM on the nitrification kinetics
The experimental results revealed that ammonium was accumu-
lated in both AM-1 and AM-2 systems due to the AM bio-
degradation [9]; thereby, nitrification kinetics could not be de-
termined because both nitrification and ammonium production
occurred simultaneously. To evaluate the effects of AM loadings
on the nitrification kinetics indirectly. Jangkorn et al. [9] proposed
to employ the nitrate production rates to represent the hetero-
trophic and autotrophic nitrifications of E. aerogenes and mixed
culture bacteria, respectively. It is noted that the studies were
conducted in purely aerobic systems so that denitrification was
negligible and nitrite and nitrate were remained constant in the
solution. They found that the nitrate and nitrite productions of
both mixed culture bacteria and E. aerogenes followed the zero-or-
der kinetics as indicated by the average R® value of 0.97.
Table 4 lists the zero-order nitrite and nitrate production rates
of both mixed culture bacteria in the Control-1 and AM-1 systems
and E. aerogenes in the Control-2 and AM-2 systems. It could
be interpreted from the nitrite and nitrate production rates in
Table 4 that the nitrification rates in the AM-1 and AM-2 systems
were greater than the nitrifications in the Control-1 and Control-2
systems. It explains that both microbes increased ammonium
in the solution from the AM biodegradation, increasing the ni-
trification rates of both bacteria as compared with the control
systems. However, when the AM concentrations increased from
100 mg N/L to 300 mg N/L, the ammonium nitrogen concentration
increased dramatically, but the nitrite and nitrate production rates
of the mixed culture bacteria in the AM-1 system decreased
gradually. In contrast, the nitrate production rates of E. aerogenes
in the AM-2 system increased. It was explained by Jangkorn et
al. [9] that nitratation in the AM-1 system was inhibited by the
FAN, but heterotrophic nitrification of E. aerogenes in the AM-2
system was not affected by this inhibitor. At the AM concentration
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Table 4. Average Zero-order Nitrite and Nitrate Production Rates in the AM-1 and AM-2 Systems

Control-1
(mg N/L-h)

AM Concentration
(mg AM/L)
100
200
300
400
100
200
300
400

Substance

Nitrate 1.09 (0.968)

Nitrite 0.16 (0.941)

Number in the parenthesis is the R* values

of 400 mg AM/L, both AM biodegradation and autotrophic ni-
trification were inhibited by the FAN, reducing the nitrification
rates in the AM-1 system. The accumulation of intracellular poly-
phosphate of E. aerogenes reduced the nitrite and nitrate pro-
duction rates in the AM-2 system.

4. Conclusions

Three biodegradation models including Monod no-growth,
zero-order and first-order kinetic models were employed to eval-
uate the effects of AM loadings on the AM and COD removals
and nitrification kinetics of the mixed culture bacteria and E.
aerogenes in the biological wastewater treatment systems. The
nitrification, AM biodegradation, and COD removal of both mixed
culture bacteria and E. aerogenes were best described by the Monod
kinetic model. The first-order expression was selected for the
heterotrophic nitrification of E. aerogenes with the accumulation
of intracellular polyphosphate granules. The transformation of
Monod kinetics for AM and COD removals to the first-order kinetics
due to the FAN inhibition occurred at high AM concentration
400 mg AM/L. The kinetics indicated that E. aerogenes biodegraded
the AM and COD at higher rate than the mixed culture bacteria.
At the AM concentrations of 100-300 mg AM/L, both heterotrophic
and autotrophic nitrification rates increased due to the addition
of ammonia from the AM biodegradation. At higher AM loading,
the FAN inhibited the autotrophic nitrification and reduced the
nitrification rates. On the other hand, the accumulation of intra-
cellular polyphosphate reduced the heterotrophic nitrification
rates.
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AM-1 Control-2 AM-2
(mg N/L-h) (mg N/L-h) (mg N/L-h)
1.44 (0.931) 1.41 (0.976)
1.23 (0.982) 1.76 (0.976)

0.57 (0.993)
1.32 (0.985) 1.63 (0.978)
0.57 (0.924) 0.40 (0.955)
0.58 (0.988) 0.70 (0.969)
0.42 (0.987) 0.43 (0.941)
0.20 (0.907)
0.29 (0.973) 0.44 (0.931)
0.23 (0.975) 0.28 (0.970)
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