& ] s = A 9 an @ ' ' s
ﬂaEqJ‘In‘ﬁGlumﬂﬂm}mam'NL‘W’e)a'i”mﬂizmumﬂumﬂm%uﬂEmhhmuyjim

ﬂ‘UEJ’J‘VIUVI?WEﬂﬂ‘i
’QW]Nﬂ‘imﬁJWTJﬂEﬂﬂU

’J‘V]EJ"INWHT]HL‘]JUET’JN‘HNQGU’ENﬂ1iﬁﬂ‘]&l1¢]13J‘ﬂaﬂﬁ'@iﬂiﬂlﬂﬂ’)‘ﬂEl’lﬁ1ﬁ€°’liﬂ‘]el§]ﬂm“ﬂ¢l

AITIMITansaaunade (@Na11IY)

4

a A (% 4 a (%
VAUNAINYIAY JWNTANNTUNNIINGIAY

Unsdnu 2553

4

AUANTU0INAINTAIYIINGAY



STRATEGIES FOR ACHIEVING PARTIAL NITRIFICATION
BY IMMOBILIZED CELLS

AULINENINYINT
AEARSBTN SN Shoremens

for thqe Degree of Doctor of Philosophy Program in Environmental Management

(Interdisciplinary Program)
Graduate School
Chulalongkorn University
Academic Year 2010
Copyright of Chulalongkorn University



Thesis Title STRATEGIES FOR ACHIEVING PARTIAL NITRIFICATION
BY IMMOBILIZED CELLS

By Mr. Chaiwat Rongsayamanont

Field of study Environmental Management

Thesis Advisor Professor Eakalak Khan, Ph.D.

Thesis Co-advisor Tawan Limpiyakorn, Ph.D.

ean of the Graduate School
\ asomboon, Ph.D.)

THESIS COMMITTEE

nnnnnnnnnnn

Ausag e
RAINIAUKAAINGAA Y

(Assistant Professor Ekawan Luepromchai)

oo P YO ... Examiner

(Professor Chongrak Polprasert)



Tyodanl  sefaouwmun:  nognslunisldisadnsaitendranszuaums lund
finsuooneliouysel  (STRATEGIES FOR  ACHIEVING  PARTIAL
NITRIFICATION BY IMMOBILIZED CELLS) o.7/3nuiineriinusudn: a.as.
lendnual My, e nurdineriinuiian: e.as.aziu Sulluns, 192 nih.

msfinTuTnsiounisFanmun T 1§y

! :‘.‘f.ti' udilnaTouununs ¥ lumInmTo Shoncwt  Biological

Nitrogen Removal swnatmiuAefdliin T ] iinzmTe HlfumuenTuflvga WWednlisniauasi
dszfninm winmaveandifafentmiumys Wifnnis ! 1 Yoyl Famnedansmlumyulfidans
on¥lasuen Tuidudhy Tu TnsinTems lulazinsulae fivet FonTonled umunismiveyuldidinns

eond s ulasvidh lumanwTon RITRE : Hoiiuledl nvstmendaiiulszyndlindi

n3ak1037 phosphorytated-polyvinly : @ Teil naminai #upu Aonsdidaliuw

sonFsunEmounsmiumun LI nafinyvoummaiveanszuaumslulas

mduuos lumnnduludalfniow Nangnidiiic rranszrauns luriRinduetine
. N,

muysaurims MiRvagnsm ‘ 1

tszfininm dwiusansfnuTeduabT fe Aifie

swinnuduRuszuudnlfaiou

mduni himuysalinaeg1fedsd
wrumsTuniFinduod limysely
silqaunsinrmennsalunadn

i
mizuaums luniRinduedamysdiin u \‘ naTunifinduedi himoy 14y
sxfuithiunnsnsfuuaznisluszesan gk uio - iy 1.- tingnrzmulugllulasd nwlu 20— 42 Ju
vosmsuiAuszvy) Fniwsfusns bl y l-mfn isdszinEnmusinizuIums winnd

PedvvorTuse dmiusnmsdnuiilede ] J = _mu‘lu1i!ﬂim:ﬁn::imnmﬂunﬁmi"u
et himuyselluszwinnmduszuuszeznive heeuveants Tunifinduoin himysdezqanimeld

nnmzieenduoznsdng 1u 09 unsn. ueneIniimuiasRUYeInTIBuL

gnid Junmihlféaniniuveseondisu
azmwanusy Tuiilvdnszhon s T T i geis himuysefnnndms 14sedy
ondisunzmen sz Tuil £ il Sovmsiamo lansevidouenfiifvoan lofily
wadadamelfamizveanfun el mngaveam e nuumt‘luh:ﬂuuuﬂulﬂ'ﬂh (shock load) WUTINITNARY
vouonisrvosioTodfowh hignaafymmivosnszurun ungfinsuod bimnpafmumodlosiu 1k aom 1Hiwndnds

22?LT§££“@M@MﬂﬂTﬂT“"“"‘““"“““"““‘
’QW’W@Nﬂ‘iﬂJ UAIAINYAY

nlmun'l:'lunmfui‘muu ] ;

) - - - -
UmsAnw 2953 nwilede Bmﬂ?ﬂ'ﬂ'l‘]‘l'lu‘luﬂu{ﬁﬂﬂ .......................

-
mwilede eI inoinusiw.. v T

v



# #4989712920: MAJOR ENVIRONMENTAL MANAGEMENT
KEYWORDS : PARTIAL NITRIFICATION / ENTRAPPED CELL / OXYGEN
LIMITATION/ FREE AMMONIA/ SPATIAL DISTRIBUTION

CHAIWAT RONGSAYAMANONT: STRATEGIES FOR ACHIEVING
PARTIAL NITRIFICATION BY IMMOBILIZED CELLS. ADVISOR:
PROFESSOR EAKALAK KHAN, Ph.D., CO-ADVISOR: TAWAN
LIMPIYAKORN, Ph.D., 192 pp.

Shertcut biological nitrogen removal (SBNR) is a cost effective innovative process to
treat low carbon or/and high nitrogen ﬁv r. Partial nitrification (PN) is believed to be

the rate-limiting step of the uvemt be achieved by the oxidation of ammonia
(NH;) to nitrite (NO;) (or nit ther oxidation of NO, to nitrate (or
nitratation). The mest two common womote activity of ammonia oxidizing

bacteria (AOB) over nitrite M&

te maintain oxygen (O;)-limiting er's

ider normal temperature condition are
,A}-ac{:umulating conditions in the
systems. The study was div is to examine whether and how
the two most common stralé@icsean b lied cell system. Results from batch
nitritation and nitratation kinefic study i ‘that FA inhibition or O, limitation can be used
A pPeC igh b ‘:eﬂ'ecb.v%tegy Task 2 is to find out the

rapped cell nitritation reactors. This part of

experiment was sectioneg Wl btasks; -, he f St ub!ask.k to study the effect of different
entrapped inoculums on acc Ig iring start-up periods. The results showed that high
NOB entrapped cells inocatlurn thich .4 '_ ferent ability to nitrifying and partial nitrifying,

can achieve the stable PN at €orgparable lev vel and ti ume (65 — 66% nitritation after 30 -
42 days of the start-up). Thi. § sparing sludge which is readily for
nitrifying or partial mtnf}fm entrapped cells. The control factor is
expected to be the levels of O} in ‘&hé‘_ﬁ ¢ ¢r the presence of high NH; concentration.
Therefore, cell entrapment can be an eff ay to accelerate partial nitrification. The
second subtask is to study effect of bulk d'?m ed® en (DQ) or/and FA concentrations on
PN during the long t¢rm operation period. Higher NO;™ accumulation was found at the lower
concentration of bulk D@ and the highe ati fFA_ Because the accumulation of
NO; depended on be re

(ratio of DO/effluent FA ther than either one is rmmmc@d to use as a control parameter
for PN. Task 3 is to study effect of heterotrophs on the activity of AOB in entrapped cell under
condition simulal fa mo-:ﬁli' tmnc chemlcal nm'ophenol (PNP). Two
sequentially te ﬁ%} P degradation and NH;
oxidation under’ la k load in batch reactor

wnh limtntmn e pped cclls which have a r.i: amnunts of rotrophs in the gel
task 1) implied

t]lat I‘.I'] §ﬁ:§ “1 qﬁ shuck can be
partly preqcnted in the entrap rather than the sus -reactor as a
results from reducing the penetration of PNP by the outer la}'er of heterotrophs and

subsequently reduce toxic sensitivity of AOB in the deeper part of the biofilm-like layer
structure in the peripheral of the gel bead.
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CHAPTER |

INTRODUCTION

1.1 State of Problem ”/
Treatment of am& wa

wastewater sludge

such as supernatant from municipal

and high ammonia industrial

wastewater has recei ischarge regulations and economic

aspects (Egli et al., f biological nitrogen removal of

ammonium rich wa aeration and organic carbon

requirements for spectively. In 1995, shortcut

biological nitrogen r in order to reduce these costs
(STOWA, 1995). The |

intermediate for both nitrification a __ enitrification steps. Thus, it will be convenient

IS based on the fact that nitrite is an

to partially nitrify up to nitrit ,4, “nii
. : : A
then to denitrify from nitrite in the denit

ion step called partial nitrification and

Fig. 1.1 Shortcut biological nitrogen removal (SBNR)



To completely nitrify each mol of nitrogen in the traditional nitrification
process, ammonia oxidizing bacteria (AOB) and nitrite oxidizing bacteria (NOB) use
1.5 and 0.5 mol of oxygen, respectively. In the traditional denitrification process,
denitrifying bacteria require sufficient organic carbon to denitrify nitrate to nitrite and
finally to nitrogen gas. SBNR has become more attractive as a way to reduce oxygen
demand and organic carbon requirement compared to conventional nitrification and
denitrification. There have been a number of recently developed processes based on
the concept of SBNR to remove nitrogen«from ammonium rich wastewater and low
carbon/nitrogen wastewater (C/N <-3.5 - 4).ineluding the single reactor high activity
ammonia removal over nitate (SHARON®) process (Hellinga et al., 1998) and the
combined SHARON and.anaerobic ammonium oxidation (SHARON-ANAMMOX®)
process (van Dongen et al.,.2001).

The most critical condition needed to achieve partial nitrification or nitritation,
the first step of SBNR process; is 10 inhibit the production of nitrate or nitratation
without excessively retarding the nitritation rate. it has extensively been known that
AOB are autotrophic bacteria with vevry “Iow growth rates and yields. Thus, an
unintentional washing -out “of AOB should be avoided when generating and
maintaining nitritatica-reactors: Fhe prolonged biemiass retention may be obtained in
a variety of cell immobilization techniques (Wijffels and Tramper, 1995). The
immobilization by entrapping AOBs in polymeric substances such as polyvinyl
alcohol (PVA)' would | ensure their retention withimy, the treatment system. The
application ofynitrifying bacterial immobilization for nitrogen removal has been
extensively.studied (Cao et al., 2002; Vogelsang et al., 1997; Leenen et al., 1996;
Wijffels"and Tramper, 11995; ‘Chen~and Lin,©1994)..immobilized cells have many
advantages over suspended cells including higher cell concentrations, higher
conversion rates, and protections from toxic effects and temperature shocks. (Rostron
et al., 2001; Vogelsang et al., 1997; Yang et al., 1997; Chen and Lin, 1994)

Although retaining AOB and washing out/inhibiting NOB simultaneously to
generate and maintain partial nitrification are difficult (Blackburne et al., 2007), a
number of strategies has been studied and suggested including controlling temperature



at 30 — 46C, controlling dilution rate between the growth rates of AOB and NOB
(Hellinga et al., 1998), terminating aeration prior to complete nitrification in
sequencing batch operation (Peng et al., 2004; Yoo et al., 1999), promoting free
nitrous acid (Prakasam and Loehr, 1972), hydroxylamine addition (Hao and Chen,
1994; Yang and Allman, 1992), fulvic acids addition (Zhang et al., 2000). Among
them, limiting dissolved oxygen (DO) concentration (Sliekers et al., 2005; Wyffels et
al.,, 2004) is the most common 'strategy for partial nitrification. Low DO
concentrations are effective because A@B have lower oxygen saturation coefficients
than NOB (Wiesmann,-1994) and in turi-have-higher affinity for oxygen compared
with NOB. Therefore, NOB~could be significantly inhibited within the lower DO

environment such as within sludge floc or within biofilm.

Biofilm can give resistance-to exygen transfer through the biofilm/bulk liquid
interface (Picioreanu et al, 1997). Morebver, the spatial distribution of a member of
AOB genus Nitrosomonas @and" of NOB" genusNitrobacter determined by a
fluorescence in situ hybridization (FISH) technique and their oxygen utilization
measured by a microelectrode revealed g@sNitrosomonas formed dense layer
clusters in the outer layer of the biofilm, while.ger\isrobacter are dispersed in
close vicinity to theNitrosemenas-ciusters-and- the adjacent layer (Schramm et al.,
1996). The limitation of DO within the inner part of the biofilm, where NOB exist,
mostly is responsible for the complete inhibition of NOB activity in the nitrifying
biofilm (Kim etaly 2Q083):

To.the. best of our_knowledge, .there-has. recently only two peer reviewed
article that addresses nitrite’accumulation in an immobilized ‘cell reactor (Yan and Hu,
2009; Isaka et al., 2007) Moreover, there have been only a few previous studies which
were dedicated to investigating the spatial distribution of immobilized nitrifying
bacteria using either an immunological technique such as fluorescent-antibody (FA)
labeling (Uemoto et al., 2000; Hunik et al., 1993) or a molecular technique such as
FISH (Isaka et al., 2007; Vogelsang et al., 2002). These studies showed that the
spatial distribution of immobilized nitrifying bacteria is in a similar arrangement as

that of nitrifying biofilm. The biofilm-like layer structure in the periphery of the



entrapped bead is developed based on a competition between species for space and

access to substrate such as oxygen (Vogelsang et al., 2002).

Besides lowering DO, promoting free ammonia is also a typical alternative to
achieve nitritation (Villaverde et al., 2000; 1997; Fdz-Planco et al., 1996). The
inhibitory effect of free ammonia on NOB activities has been extensively reported
(Philips et al., 2002; Balmelle et al., 1992) and is linked to nitrite accumulation
(Villaverde et al., 2000). Although AOB.aclivities can also be inhibited by free
ammonia, NOB activiiies-are mueh more-sensitive to free ammonia than AOB
(Abeling and Seyfried, 1992):

.

In engineering aspects; inoculums used is a critical factor to determine the
duration of and thegsSuccession ~of éystem startup. Although inhibiting NOB and
maintain AOB growth/so as to partiél}_ Jhitrification achieved are needed to startup
nitritation reactor, but NOB still- can bé-' persisted as which leading to a significant
unwanted nitrate production in biofilm'E;qged-nitritation reactdarig et al., 2009).
Although effect of inoculums en the &ystem performahe@e been previously
demonstrated in both suspended cell a'ﬁd‘*ibi'ofilm nitritation readBansrli et al.,
2011;Chen et al., 2010; Terada et al;; 2018y immobilized cell reactor has never
been studied.

Ammonia sichiwastewaters containing toxic organic compounds was typical in
effluent fromgseveral industries such "as textile, "organic chemical synthesis,
petrochemical,. resin producing, and pharmaceuticals,industries, (Olmos et al., 2004).
Toxic nitroaromatic compoundlike=nitraphenol (PNP) was' found often in high
ammonia industrial wastewater such as pharmaceuticals wastewater (ammonia in
wastewater: 80 — 500 mgN;IPNP in wastewater: < 10 — 2300 |1y Gupta et al.,
2006).PNP is one of the U.S. EPA’s priority pollutant which its toxicity value as
EC50 is 64 mg/l (Tomei et al., 2004). EPA recommended restricting PNP level in
natural waters at below 10 ri§ (Kuscu and Sponza, 2007)idthardly biodegradable
compoundand can stable in both surface and subsurface water due to high solubility
and low partitioning coefficient. PNP can create a significant health risks due to their



mutagenic and carcinogenic activity and may bioaccutmula the food chain
(Rezouga et al., 200%;i et al., 2006;Tomei et al., 2004). The high inhibitory effect

of PNP on AOB have been reportéthang et al., 2010Blum and Speece, 1991).

The concentration that inhibited the AOB activity by 50% (IC50) of PNP is 2.6'mg |
(Blum and Speece, 1991). This indicated that &P have a lot of negative effects

on the stability of partial nitrificationHigh fluctuation in quality of industrial effluent

can lead to a shock loading problem in‘industrial wastewater treatment process. This
operation problem can be highly adverse and.may result in a complete process failure.
An inability to recover.ithe-AOB aciivity afier-experience with shock load of toxic
organic compound often lead io a serious drop or failure in nitrificéforor et al.,

2005; Texier and Gomez,2002; Winther-Nielsen and la Cour Jansen, 1996;
Benmoussa et al., 198&ensitivity, with the instant loading of toxic compourdliicl

limit applications ofsparitial nitrificatibn for treating ammonia in real industrial
effluent (Suarez-Ojeda, et al., 2010). Thhs, the study about operational technique for

dealing with this problem in‘partial nitrification reactor is worth being investigated.

Although the performances of brot"rli': suspended cell aodlrbi nitritation
reactors have been reported in the pan 'several years (Sinha and Annachhatre, 2007;
Philips et al., 2002}, -nitritation-by-immeobilized cells for treating ammonium rich
wastewater has not been investigated. With the economical benefits of SBNR over the
conventional nitrification - denitrification and several advantages of immobilized cells
over suspendedacells] thecapplication=ofi PVA immabilized nitrifying bacteria for
treating ammanium rich wastewater based ontwo typical strategies, limiting DO and
promoting, free. ammonia accumulation..in. bulk Jligquid, is worth being investigated.
Specific issues'that should be'addressed include effect of inoculum history, instability
conditions caused by the shock load of toxic compounds, the actual activity of
working bacteria, and the bacterial community. More understanding in the actual
mechanisms to achieve and maintain stable partial nitrification is a main outcome of
this research. This outcome may be further applied to help setting up the design
criteria for a novel ammonia removal process over nitrite by immobilized nitrifying

biomass.



1.2 Objectives

Task 1 Effects of DO (dissolved oxygen) and FA (free ammonia) on the
activities of ammonia oxidizing bacteria (AOB) and nitrite oxidizing bacteria
(NOB) by respirometric assays.

a) To examine the activities of polyvinyl alcohol (PVA) entrapped AOB

and NOB under various DO and FA concentrations.

Task 2 Strategies-for-achieving partial-nitrification in continuous flow
entrapped cell nitritation r gactors.

a) To compare duration required for achieving stable partial nitrification
by entrapped non-nitrifying siudge (ENN), entrapped nitrifying sludge (EN), and
entrapped partial nitrifying sludge (EPN).

b) To investigate ‘the abuﬁ_d;lnce and spatial distribution of nitrifying-
microorganisms in the gel heads '

c) To examine the use of DOfFA ratio to control partial nitrification in a
long term operation of entrapped cell nitléitaljti'on reactors.

Task 3 Effect-oi-heterotrophson-activity of AOB in entrapped cell under
condition of p-nitrophencl (PNP) inhibition.

a) To examine PNP degradation rate and ammonia oxidation rate in an
aerated batch teactaer with entrapped cells)frem organic:loaded-nitritation reactors at
various initial RNP and ammonia concentrations.

b).. To investigate the spatial distribution of. nitrifying-microorganisms in

the gel beads from organic loaded-nitritation reactaors.



1.3 Hypotheses

Task 1 Effects of DO and FA on the activities of AOB and NOB by
respirometric assays.
Under the conditions with lower DO or high FA ,
a) The activities of AOB and NOB in both suspended and immobilized
forms will be deteriorates.
b) The activities of NOB will besmore deteriorated resulting in the lower

activity of NOB than AGB.ior both suspended-and immobilized forms.

Task 2 Strategies. for achieving partial nitrification in continuous flow
entrapped cell nitritation.reactors. ;

a) The duration /required ifor achieving partial nitrification of high
ammonia wastewater by entrapped Celﬂl- system can be reduced by enriching ENN
or/and EN as opposed t@ eariching partial ‘nitrifying sludge and entrapping it.

b) The abundance and spatiél"(jistribution of nitrifying-microorganisms in
ENN, EN, and EPN will be different.

c) DO/FA ratio ¢an be used as a control parameter to maintain effective

partial nitrification In-high-ammeonia wastewater using entrapped cell system.

Task 3 Effect of heterotrophs on activity of AOB in entrapped cell under
condition of pnitrophienel*(RNP):inhibition:
a) The PNP degradation by heterotrophs in entrapped cells from organic
loaded-nitritation reactor.can reduce an inhibitory effect of PNP, on the AOB activity.
b)" The 'most of AAOBUclusters in entrapped cells from organic loaded-
nitritation reactor will be within the outer layers of the gel beads while the
heterotrophs layers will be adjacent to the AOB layers at the outermost parts of the

gel beads.



1.4 Scopes of study
a) Unless otherwise states, all reactor start up and operation along this
study was conducted in laboratory scale reactor under room
temperature.
b) Synthetic wastewater without organic used to be the influent in all
experiment shown in chapter 4 and 5.

AULINENINYINT
ARIAATAUNNIING A Y



CHAPTER Il

BACKGROUND AND LITERATURE REVIEW

2.1 Bological nitrogen removal
2.1.1 Conventional biological nitregen remova{CBNR)

Nitrogenous wasiewaier, geperally In the form of ammonium or organic
nitrogen, is usually~treated using CBNR. For treating relatively low nitrogen-
containing wastewater (total nitrogen;(n:oncentration (TAN) < 100mg)NGBNR
proess is recommended as it providés high efficiency as well as good process
stability and reliability. "

2.1.1.1 Complete fitrification

CBNR “is- based on._autctrophic_nitrificavion followed by heterotrophic
denitrification. In the-first step of nitrification, ammonia oxidizing bacteria (AOB)
oxidize ammonia (Ni) to nitrite (NQ") by ammonia monooxygenase (AMO) and
hydroxylamine-oxidoreductase (HAO) enzyme, so, called. nitritation (equation 1). In
the second step, 'nitrite oxidizing-bacteria (NOB) oxidize;NO nitrate (NQ") with
the involvement of nitrite oxidoreductase {NOR) enzyme, so called nitratation
(equation 3). Autetrophic nitrifying bacteria use carbon dioxide ang’ MHNO;™ as

the carbon and nitrogen source for growth, respectively (equation 2 and 4).

Nitritation:
Energy:
NH," + 1.5Q —» NO, + 2H" + 2H,0 - AG° = -270 kJ/mol of Ni'-N 1)
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Cell synthesis (AOB):

15CQ + 13NH," —» 10NQ + 3GH,NO, + 23H + 4H,0 (2)
Nitratation:

Energy:

NO, + 0.5 —» NO5 ; AG® = -80 kJd/mol of NG-N (3)

Cell synthesis (NOB):
5CQO, + NH; + 10NQ ™ + 2,0 —» 10NO; + GH/NO, + H 4)

By combining energy and cell 'synthesis reactions (equation 1 and 3 for nitritation,

equation 2 and 4 fornitratation) and By using the carbonate equilibrium system:

Nitritation:

80.7NH," + 114.55Q + 160.4HCQ « ~» C5H7N02+79.7NQ' + 82.7HO + 155.4HCO;
. (%)

Nitratation:

134.5NQ + NH," + 62250 + HCO; + 4H,CO, —» C.H-NO, + 134.5NQ + 3H,0 (6)

The overall reaction-for complete nitrification is found by combining nitritation and

nitratation (equation 5 and-6):

Nitrification:
NH," +01.86Q + 1:98HCQ —» @ 0.02GH/NO; + 0.98NQ '+ 1.88HCQO; + 1.04H0 (7)

The kinetic of nitrification process is dependent mainly on substrate and
dissolved oxygen (DO) concentrations. It is normally described by a Double Monod
expression (equation 8). Table 2.1 showed kinetic parameters for each process at
20°C.
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[S] Y [DO]

SOUR=SOUR
MAX(KS+[S] K, +[DO]

) (8)

wheae SOUR is specific oxygen uptake rate for nitritation or nitratation ¢gmgO
[MgVSS h[Y), SOURsx is maximum SOUR for nitritation or nitratation
(SOURuax a08, SOURuaxnos) (Mg @ [mgVSS hIY), [S] is substrate concentration
(TAN or NO,") (mgN ), [DO] is DO concentration (mgQ ™), Ks is half saturation
codficient for substrate (KaopKsnos) (ndN«T), and K is half saturation

codficient for oxygen (Koaos, Ko nos) (mgS 1Y),

Table 2.1 Kinetic parametéers-for nitrification at®@0(adjusted from Henze et al.,

2002)
Kinetic parameter Symbol Uﬁ‘irt p Nitritation | Nitratation |Nitrification
Maximum specific Miax ot d 0.6-0.8 0.6-1.0 0.6-0.8

growth rate

Half saturation Ks mgN =4 0.3-0.7 0.8-1.2 0.3-0.7

constant for substrate

Half saturation Ko go, It 0.5-1.0 0.5-1.5 0.5-1.0

constant for oxygen

Yield Y gvSSgN' | 0.10-0:12| 0.05-0.07 0.15-0.20

Decay b a* 0.03-0.06 +-0.03-0.06 0.03-0.06

2.1.1.2 Denitrification

In denitrification, NQ" is reduced to gaseous nitrogen)(MWith a variety
of electron donors, such as methanol, acetate, or organic substances in wastewater
under anoxic condition by heterotrophs which are widespread among the groups of
Proteobacteria (equation 9). Equation 10 showed reaction for cell synthesis of
denitrifier by using NH" as a nitrogen source. Denitrification was driven in stepwise
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manner in which N@ is sequentially reduced to NOQnitric oxide (NO), nitrous

oxide (N:O), and N as shown in equation 11 - 14:

NO; denitrification:
CisHigOoN + 14NQy + 14H  —» 7N, + 17CQ + HCOy + NH," + H,O
; AG° = -103 kJ/e-eqv X9

Cell synthesis (denitrifier) (Nil assimilation).
0.52GgH:dON + 3.28NQ™ + 0.48NH," + 2.80H"—» GCH;NO, + 1.64N + 4.36CQ

+ 3.8H0 (10)

NO; reduction:

NOs + 26 + 2H —» NGO, #H0 | (11)
NO, reduction: _

NO, + € + 2H —» NO + B0 (12)
NO reduction:

2NO + 26+ 2H" — N,O + H.O (13)
N,O reduction:

N,O + 2é + 2H" —» Ns* H,0 (14)

2.1.1.3 Limitations of CBNR

Because nitrification and denitrification are carried out by different
microorganisms under different conditions, they must be designed and operated in
separate time sequences or spaces (Lee et al., 2001). For treating high nitrogenous
wastewater (TAN > 100 mgN?'), a large volume of reactor and a high level of
oxygen (2 moles of @mole of NH;"-N as shown in equation 1 and 2) are required to
acomplish complete nitrification. And, because the organic carbon present naturally
in high nitrogen-containing wastewater is limited, a high level of external carbon
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sources (ie. methanol, acetate) must be supplied for denitrification of wastewater with
low C/N content (Tam et al., 1992). In overall, these increase significantly operational
cost. Furthermore, most existing wastewater treatment facilities which not designed
for nitrogen removal, meeting the demands of the complete nitrification and
denitrification in these facilities can be difficult. Thus, many wastewater treatment
plants do not meet the effluent standard of 10 mg*NJetten et al., 2001). The
limitations of low removal efficiency, high oxygen requirement, long retention time,
and high external carbon source requirement.are the driving forces to use CBNR, thus
shortcut biological nitregen-removal (SBNR)-must be developed to avoid these

drawbacks.
2.1.2 Shortcut'biclegical nitrogen removal
2.1.2.1 Shortcut biological nitfogen removal via nitrite denitrification

SBNR is the processin whi'c'h“i.ntermediatezl\lmzcurred in nitrification
be reduced to N in denitrification step. Wlth this principle, partial nitrification in
which NH;" is oxidized to intermediate NOS promoted. to achieve an accumulation
of NO; instead of N@-in-aerebic condition (promeotie reaction in equation 5 instead
of that in equation 5 and 6). In anoxic environment; the intermediateidi€@duced

to N, by denitrifier (promote reaction in equation 11 instead of that in equation 10).

Compared with CBNR, SBNR 'has the following advantages (Beccari
et al., 1983; Turk.and Mavinic,.1989; Peng.and Zhu, 2006):

1. 25%-+lowertoxygen consumption in'the aerobic’'phase implies 60%
energy saving in the entire process (see Table 2.3).

2. The requirement for electron donors is as much as 40% lower in the
anoxic phase (see Table 2.3).

3. NGO, denitrification rate is 1.5 to 2 times higher than JNO

dentrification rate.
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SBNR is more appropriated to apply with high nitrogen wastewater or low
C/N content such as sludge digester supernatant, piggery wastewater, landfill
leachate, and some industrial wastewater (tannery, pharmaceutical, dye wastewater)
(Turk and Mavinic, 1989; Villaverde et al., 1997).

Table 2.2 Concentrations of Chemical Oxygen Demand (COD), Biological Oxygen
Demand (BOD), and tetal nitregen in high nitrogen-containing wastewater

(modified from Van Hulle et al.; 2010).

COD. BOD Total nitrogen
Wastewater (1S (M. 1) (mig.[") References
' Carucci et al.,
Tannery 300+ 2400 ! -'.'N'A' 50 - 200 1999
, 7 Jokela et al.,
Landfill leachate’| 300 #1600 = N.A. 160 - 270 2002
Slaughter house Keller et al
(after anaerobic | 1400 -:2400 N.A. 170 - 200 1997 N
pretreatment) FA
Reject water | 2327412587 ~81-780  260-958 O and Choi
= 2004
Starch production - T .
(after anaerobic 3000 990 1060 Abel.mg and
' Seyfried, 1992
pretreatment)
. Obaja et al.,
Piggery manure 3969 1730 1700 2003

N.A., not available



15

Table 2.3 Comparison of stoichiometrical requirement for oxygen and organic

compound (as COD) in various BNR scheme (modified from Van Hulle et

al., 2010)
CcOoD COoD
Oxygen : , , ,
_ requirement without| requirement with
Process scheme requirement o o
€0 ) cell assimilation cell assimilation
S\, (4COD gN) (4COD gN)

Complete nitrification
CBNR + nitrate 4,57 2.86 4.0

denitrification

Partial nitrification +
SBNR o ¥ 4 3.43 1.72 2.4
nitrite denitrification 4

Partial nitritation +
SBNR 1-.7R 4 - -
Anammox

2.1.2.2 Shortcut biclogical nitr"oQ“e’n removal via anaerobic ammonium

oxidation (Anammox)

Anaerobic.ammonium oxidation process-is a new way to remove nitrogen
from wastewater (Jetten et al., 1997). Under oxygen-free condition, anaerobic
ammonium oxidation, (anammox), bacteria, remaove, nitrogen autotrophically by using
NH4+ as an electron-donor, NQOas an electron-acceptor‘and ££3 a main carbon
source for their growth without using additionwexternal organic carbon as shown in
equation 15 (Jettenvet al.;, 1999)... The anammox process;is carried out by two
anammox bacteria that have been tentatively named as “Brocadia anammoxidans”
and “Kuenenia stuttgartiensis” (Schmid et al., 2000). Anammox bacteria has a very
low growth rate and yield compared with aerobic AOB, consequently long sludge age

reactor was needed to retain their growth.

NH; + 1.32NQ + 0.66HCQ —» 1.02N, + 2.03HO + 0.66CHO; sNo 15+ 0.26NQ(15)
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2.2 Partial nitrification

To remove nitrogen using SBNR scheme, partial nitrification must be
achieved first. Partial nitrification is the oxidation of NHo NO,, as the end-
produd. This requires the reduction of activity of NOB, without negatively affecting
the AOB activity (promotion of reaction in equation 5 and suppression of reaction in

equation 6).
2.2.1 Environmenital-factors governing partial nitrification

Many parameters.nave been suggested to maintain the accumulation of nitrite
over nitrate, either individually or in eambination with other factors. Environmental
factors such as oxygen, temperature; pH and erganic carbon have a strong influence

on growth and activity of microorganisms.

2.2.1.1 Oxygen -

From equation 1 and 2, stoichiometric requirement for oxygen is 3.43 gO
per 1 g of NH;-N foe nitritation;-and-1:44-mgper-L g of NG-N for nitratation.
However, AOB are stronger than NOB against low DO level as can be explained by
the difference in half saturation constant for oxygen of both microorganismggKo,
< Konos, Table 2.4)oThus, initrite accumulatien; can<besachieved by maintaining the
low DO concentration. PreviouS evidence achieving nitrite accumulation using low-

DO-level maintaining.strategy is Ssummarizedin Table 2.5.
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Table 2.4 Half saturation constants for oxygen of AOB and NOB

KO,AOB KO,NOB

~ 1 Sludge culturing condition References
(mgO, 17) (mgO, 1)

Suspended mixed culture,
0.03-0.48 0.704 —5.312 measured at different oxygen tensio
25°C,pH 7.5

Laanbroek and
Gerards, 1993

—

Suspended mixed culture, measured at
0.224-0.554 0.16 — 4.32| different dilution rates and oxygen | Laanbroek et al.,1994
concentrations, 2&

Mixed culture immabilized in gel beads,

0.1616 0.544 36 b 4 Hunik et al.,1994
0.033 0.41 Activated-sludge; pH 7.8 Blackburne et al.,20
0.99 1.4 Activated sludge, 2@, pH 8.0 Ciudad et al.,2006

\
0.3 11 -4 A Wiesmann,1994

-

i

)

Table 2.5 Previous evidence achieving nitrite accumulation using low DO level

maintaining stratégy (rtibdifiedl.ff:fqm Park, et al., 2010)

(mg%(z I'l) Efficiency = ;J(f___:_;»_';_System References
0.5 Inhibition-ef-NOB-aéctivity Suspended grovyth Hanaki et al., 1990
15 5%00/(?(2 ilsl-u'\i?él:ln%\(/ed Biofilm airlift reactor Garrido et al., 1997
2.0-5.0 6%)00/3? zsl—hl\’!?él:ln%/e d Biological aerated filter Joo et al., 2000
05 | Lot || A Eed BT | e ocal, 200
0.7 679020/8]:51,:'_’23/;\'”%;;@ Activated'sludge Ruiz et al., 2003
1.0 100% as N@/NO,’ Biofilm airlift reactor Kim et al., 2003
1.4 Q;Z%faNsl-ﬁgr/eNn%;}ed Biofilm airlift reactor Ciudad et al., 2005
20-4.0 5%00/(?(2 ﬁlsl-hl\i?él:ln%\i’ed Moving bed biofilm reactor Fux et al., 2004
<20 | geiaNenO. | Adtedduewtn | chungeral, 2007
<3.0 5%8/?? ﬁsl—hl\’!?él:lnc;ééd Sequencing batch reactor Gali et al., 2007
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(mg%o B Efficiency System References
2
0.4 15% - 95% as NONO,’ Biofilm airlift reactor Blackburne et al., 2008
93% as N@/NO,, Up-flow reactor with
50 43% of NH," removed biomass carrier Yamamoto et al., 2008

Hanaki et al. (1990) suggested that NOB activity in a suspended growth
system at 25°C was strongly inhibited by low DO (< 0.5 mf®). Their findings
indicated that in the full nitnfication system; low DO levels did not affect the
overall ammonia oxidation. This is because the growth yield of AOB became double
compare to at high DO_and.this compensated the reduction of specific activity of
AOB at low DO levels. la'contrast, nitrite oxidation was strongly inhibited by low DO
levels. The growth yield/of NOB.was unchanged. Thus, the low DO levels result in
highering growth yields of AGB, while the growth yield of NOB was unchanged
under this condition #This €an (possibly give rise to nitrite accumulate without
affecting ammonia oxidation (accumulation of nitrite up to 60 mgt HRT of 2.0-

3.8 dY). =

Stenstrom and Poduska (1980) ’Suggested no clear defined optimum DO
concentration for full nitrification. The optimum DOrconcentration is dependent on
other operational parameters such as sludge age. At higher sludge age, nitrification
can be achieved at DO concentrations in the range of 0.5-1.Q g@vhile at
lower sludge age, higher' DO concentrations'are required. However, they suggested
that the lowest DO concentration at which full nitrification can occur appears to be

approximately-0.3-mgoi=,

Leu et al. (1998) suggested that in the inner layer of biofilms, oxygen
deficiency that is a result of NH oxidation can cause nitrite accumulation. This
means that NOB activity is strongly influenced by the oxygen-limiting level in the
deeper parts of the biofiims. However, Harada et al. (1987) found that nitrite
accumulation in bulk liquid phase increased with a decrease in biofilm thickness.
Possibly, this may be explained by the hypothesis that in thick biofilgis, @t only
transported by diffusion, but also by advection through channels. When gy
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was limited, nitrite was accumulated in a mixed culture of AOB and NOB (Laanbroek
and Gerards, 1993). By controlling the DO to low values, the oxidation of nitrite to
nitrate can be controlled. This is possiblly owing to the higher affinity to oxygen of
AOB than NOB (Garrido et al., 1997).

Cecen and Gonenc (1995) found that bulNBi,;" ratio rather than the
NH;" concentration alone is a more smeaningful parameter to control nitrite
accumulation. In nitrification, they found _.a considerable degree of nitrite
accumulation at bulk & NH4 ratios lewer than-5. This finding corresponded to those
reported in the study of Bougard et al. (2006). Bougard et al. (2006) concluded that
the combined @and NH, «Control strategy is more appropriate than either one since
the shift in temperattre set point strongly affected the composition of the microbial
ecosystem present ia the reactor While active control of oxygen and ammonia does
not. Bernet et al. (2005) found that at bu-lﬂm{4+ ratio between 0.05 and 0.1, 80%

of nitrite accumulation was achieved.
2.2.1.2 Temperature

The temperatures-between &hd-45C are reported for optimal partial
nitritation (Van Hulle et al. 2007). Hellinga et al. (1998) found that temperatures
above 28C lead to an increase in the specific growth rate of AOB, which become
over NOB. A numbenp ofsstudies:reported @ctivation €nergy of AOB between 72 and
60 kJ mot* and, for NOB, it is bétween 43 and 47 kJ'thak between and 36C
(Jetten.et al., 1999, Helder et.al., 1983, Knowles. et al., 1965, Stratton, et al.,1967).
These indicated“that'the AOBactivity will increase-faster'than the NOB activity.
However, Yamamoto et al. (2008) found that nitrite accumulation can also achieved
and maintained at lower temperature levels of betweeand30C and below 1%,
theactivity decreased.
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2.2.1.3 Free Ammonia (FA) and free nitrous acid (FNA)

Free ammonia and free nitrous acid are the unionized forms of ammonium
ion (NH;") and nitrite ion (N@). They are the real substrate and inhibitor for AOB
andNOB (Susuki et al., 1974, Anthonisen, et al., 1976). FA or FNA concentrations
can be calculated from total ammonia nitrogen or total nitrite nitrogen, which is the
sum of the ionized and unienized form, by incorporating an actual pH and

temperature®C) (Anthonisen et al., 1976):

(eotlal anumonia coneentration)+10PH

FA g (6344/(273+Temp)) £qoPH) (16)

(nigrit¢jon concentration) (17)
{e(—zznuj;2?3+T‘empjj*1 UF‘H}

FNA 4

From equation 16 and 17, théy indicated that the ratio between the ionized

and un-ionized forms of both ammonia and nitrite is determined by acid-base
equilibrium. FA fraction increases With'ihCréasing pH. and/or temperature, while the

fraction of FNA increases with-decreasing pHand/or-temperature.

Anthonisen et al. (1967) concluded that AOB are inhibited at FA
concentrations! hetween8 ands120 mgNwihile jinhibition: on NOB activity was
foundat FA concentrations between 0.08 and 0.82 myNrthonisen et al., 1976).
Although some previous, study. confirmed that nitrite.accumulation could be achieved
by regulating pH'to controlFA eoncentration (Peng'et al.,"2006). Chung et al.(2006)
found that a FA concentration of between 5 and 10 myMas most efficient in
inhibiting the NOB activity without slowing down the AOB activity (Chung et al.,
2006). Han et al. (2003) suggested that FA has only an inhibition effect on NOB, but
does not kill them. And NOB can recover activity after a period of cultivation (Han et
al., 2003). Ford et al. (1980kported that both ammonia and nitrite oxidation
adivities would be inhibited under the condition of FA concentration higher than 24
mgN I, but they would recover as soon as FA level was belbes threshold
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concentration, and the system could operate in spite of FA concentratiomof\b6
(Ford et al.,1980)For FNA inhibition, Anthonisen et al. (1976) suggdstieat AOB

are inhibited at FNA concentrations between 0.2 and 2.8 mighhile inhibition on
NOB activity was found at FNA concentrations between 0.06 and 0.83 rigN |
(Anthonisen et al., 1976). Vadivelu et al. (2007) studied FA and FNA inhibition on
catabolism and anabolism blitrosomonas and Nitrobacter, some important finding

was summarized on Table 2.6 (Vadivelu et al., 2007).

Table 2.6 FA and FNA inhibition onNitrosomonaand Nitrobacter (adjusted from
Vadivelu et al., 2007).

Substrate AOB (Nitrosemenas) | NOB (Nitrobacter)
inhibitor Catabolism Anabolism P Catabolism Anabolism
No inhibitionsat 'y == " Inhibited by Likely inhibited
No inhibition at up
FA up to 16.0 [ 12% at 6.0 —-9.0 completely at above 6.0
. t0'16.0mgN’f . )
mgN | d mgN | mgN I
50% inhibition Likely inhibited " Noinhibition at Likely stopped
FNA at 0.40 — 0.63 comipletely at™*{ up to 0.04 completely at 0.02
mgN I* O40mgNT— F* mgN [ mgN I*

2.2.1.4 Sludge age

Patial nitrification. in suspended-growth.system. can be achieved easily by
appropriate regulation’sltdge’ age because'of-the' difference in minimum sludge age
requirement between AOB and ‘NOB. van Kempen et al. {2001) suggested that, at
tempefature ahove 3D, operating at sludge age betweewdy and 2.5 days can
wadout'the NOB population while simultaneously still maintain AOB growth (van
Kempen et al., 2001). Howevesuccessful partial nitrification under long sludge a
were also reported in some literaturBsllice et al. (2002) indicated that sludge age
was a critical parameter for partial nitrification when the oxygen supply was not
limiting. Under limited oxygen supply, complete and stable nitritation was obtained,
independent of the sludge age. And the sludge age only showed some influence on

the kinetics of NH' oxidation under oxygen limitatioiZeng et al. (2004) found that
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stable nitrite accumulations were also maintained in treating domestic wastewater
undernormal or even low temperature (less thafC)3vith 30 days long sludge age
(Zeng et al., 2004).

2.2.1.5 Oganic carbon

Organic carbon has been reported to affect nitrification performance.
When organic matter is present, heieroirophs compete with nitrifiers for oxygen
(Zhang et al., 1995), and-generally it is heierotrophs who rule this competition due to
their higher affinity t0 oxygen over the nitrifiers. The activity of nitrifiers in a
fluidized bed reactor was'inhibited By an increase in C/N ratio (Fdz-Polanco et al.,
2000, Okabe et al.,<1996b)./The propartion of nitrifiers decreased with an increasing
C/N ratio (Satoh et al., 2000). A highér influent C/N ratio retarded accumulation of
nitrifying bacteria and resulted in a coﬁsiaerably longer start up period for nitrification
(Okabe et al., 1996b).. An exponentiél‘ decrease of the nitrification rate with an
increased influent COD/N ratio-was ob‘fseyyed in a study on nitrogen removal from
high-strength ammonia industfial Wastéwéf:[er (Carrera et al.,, 2004). For the same
sludge age, the. ammonia oxidati()h”éfﬁciency decreased at higher COD
concentrations but-at-a-coenstant-COD-conceniration efficiency restored again by
increasing sludge age (Hanaki et al., 1990). A moderate increase of sludge age to
between two and three days can help reducing influence of heterotrophs on ammonia

oxidation.
2.3 Microorganisms involved in, nitrification
2.3.1 Ammonia oxidizing bacteria (AOB)

Comparative 16S rRNA gene sequence analyses of cultured AOB found that
members of physiological group are limited to two monophyletic lineages within the
Proteobacteria: Gammaproteobacteria and Betaproteobacteria. Nitrosococcus oceani
iIs member in the Gammaproteobacteria, despite members of the genera
Nitrosomonas (including Nitrosococcus mobilis), Nitrosospira, Nitrosolobus and
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Nitrosovibrio from a closely related grouping within thBetaproteobacteria
(Purkhold et al., 2000). Table 2.7 summarized saturation constants for ammonia (as
TAN and FA) from literature. Wastewater treatment plants (WWTPs) harbor a
diversity of AOB of the Betaproteobacteria. From fluorescence in situ hybridization
(FISH) results, it indicated that some nitrifyilgWTPs were dominated by a single
AOB species (Juretschko et al., 1998) while other plants harkatrddast five
different co-existing AOB populations which are present in significant numbers
(Daims et al., 2001).

Table 2.7 Half saturation consiants for ammonia of AOB pure cultures

AOB K s aos (LM as NHg) References
533 . Marten-Habbena et al., 2009

Nitrosomonas europaea 877 - 1§60 Laanbroelet al., 1993

30 - 61 Koops et al., 2006
Nitrosomonas oligotropha _
Nitr 0somonas Ureae 1.9 77402 & Koops et al., 2006
Nitrosomonas oceani 101.4"7':‘ . Marten-Habbena et al., 2009
Nitrosomonas marina £
Nitr osomonas aestuar 50 - 52 = Koops et al., 2006
Nitrosomonas communis 14-43 Koops et al., 2006
Nitrosomonas briensis 24+0.8 Bollmann et al., 2005
Nitrosomonas eutropha 30-61 Koops et al., 2006
Nitrosospira 6-11 Jiang Q.Q., 1999
Nitrosomonas cryotolérans 421459 Koops et al., 2006
Nitrosococcus mobilis 49 -59 Koops et al., 2006

From a review of Wagner and Loy (2002), it was shown that almost all
recognized lineages of betaproteobacterial AOB can be found in WWTPs. However,
the Nitrosomonas europaea/Nitrosomonas eutropha-lineage, the Nitrosococcus
mobilis-lineage,and theNitrosomonas marina cluster are most frequentijetected.
Nitrosomonas (including Nitrosococcus mobilis) and notNitrosospiras (including the
genera Nitrosospira, Nitrosolobus and Nitrosovibrio) are important for Ny
oxidation in WWTPs. The 198moA clones from several nitrifying WWTPs are
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affiliated with the generdlitrosomonas while only 6 amoA clones cluster with the

genera Nitrosospira (Loy et al., 2002).

Juretschko et al. (1998) found that in an industrial WWTP the dominant AOB
was Nitrosococcus mobilis, a bacterium which was previously considered to occur in
brackish water only (Juretschko et al., 1998). Subsequehitiygsococcus mobilis
was also detected in significant numbers in a nitrifying sequencing batch biofilm
reactor (Daims et al., 2001). In contraditresospira related AOB were found to be
dominantin situ in a laberaiory scale fluidized-bed reactor (Schramm et al., 1998).
Although Nitrosospira was aiso.reported in a polymerase chain reaction (PCR)-based
study as important AOB_genus in WWTPs (Hiorns et al., 1995), this finding could not
be confirmed by FISH analyses of various WWTPs and by a &ngé-based AOB
diversity survey in WWTRS (Purkheld ét al., 2000).

2.3.2 Ammonia exidizing archaea (AOA)

Cultivation-independent molecular ‘ﬂ”éurveys showed that members of the
kingdom Crenarchaeota within the domain Archaea represent a substantial component
of microbial communities-in-aguatic-and-terrestrial-environments. This is the first link
betweenamo-like genes and mesophilic Crenarchaeota. This evidence also led to the
hypothesis that non-thermophilic Crenarchaeota of soil could be ammonia oxidizers
(Schleper et qal.,:2005). Candidatus“Nitrosopumilus-maritimus” is phylogenetically
placed within the ‘marine” group 1.1a lineage and can grows chemolithotrophically,
using ammonia as a sole.energy. source, ‘and. seems. to.grow at similar rates and
densities as cultured*AOB with near-stoichiometric conversion.of ammonia to nitrite
(Konneke et al., 2005).

AOA have recently been detected in nitrifying wastewater treatment
bioreactors used to remove ammonia from wastewater by using PCR primers
targeting archaeadmoA gene (Park et al., 2006). Park et al. found that all of the
archaeal amoA sequences are most closely related to those obtained from sediments
and soils. They suggested that the presence of AOA appears to be dependent upon
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some WWTP’s operating condition such as DO concentration and sludge age.
However, AOAamoA gene have not been obtained from all WWTPs with low DO
concentrations or long sludge age in the study of Park et al. Urakawa et al. (2008).
found that phylogenetic diversity and species richness of AOA are greater than those
of AOB in a marine filtration system and low temperatures significantly reduce the
diversity of AOA and of AOB (Urakawa et al., 2008).

2.3.3 Nitrite oxidizing bacteria (NOB)

NOB are chemalithetrophic, belonging t0 one of the four different genera
Nitrobacter (alpha subclass.oProteobacteria), Nitrococcus (gamma subclass of
Proteobacteria), Nitrospina (celta -subgclass oiProteobacteria), and Nitrospira
(phylum Nitrospira). ln the past time,;‘it had been believed tNatobacter is the
main microorganisms thatare responsfi_bié for oxidizing nitrite to nitrate in wastewater
treatment plants (Henzd al.; 1997). Howeveitrobacter could not be detected by
FISH with specific 16S rRNAtargetquOtjé§ in various nitrifying WWTPs (Wagner
et al., 1996). Using the full cyclERNA abp'rjbach the occurrence of yet uncultured
Nitrospira-like NOB_in nitrifying W\WTPSs couldbe demonstrated (Juretschko et al.,
1998). Juretschko et-al-(1998) foundrospirais demifant NOB in activated sludge.
Combination of FISH and microautoradiography (FISH-MAR) showkeat the
Nitrospira-like NOB In_ activatedsludge can fix carbon dioxide and also grow

mixotrophically usingorganic:compaund:suchi as pyruvatez(Daims et al., 2001).
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Table 2.8 Kinetic parameters for Nitrospira ahitrobacter (modified from
Blackburne et al., 2007b).

OURyax Ko,noB Ksnos Yield

(mg gVSS' h?) (mg0; 17 (mgN I (gVSS gN?)
0.12+002%

S " 0.22+0.04 o

Nitrospira 32+2" 0.13+0.06” : N.A, 2010
0.15+0.0%

0.14”
Nitrobacter 289+15" 0.17 - 539403 - 1.9" 0.02 — 0.0887¢

Note : Referenc@Manser, 2005” Schramm et al., 1999 Laanbroek and
Gerards, 19939 Laanbroeker al., 1994 Beccari et al., 1979 Alleman, 19849
Blackburne et al., 2007Q;Blackburne etal., 2007b

Nitrobacter was abundant in high nit_rite concentration environment (Nogueira
and Melo, 2006). Kim and/Kim (2006) showed that genissobacter is R-strategists
that can grow in high nitrite and oxyger;':éo,l_f]centratibl'rtrospira were K-strategists
adapted to low nitrite and oxygen conceht_ra_tion (see Table 2.8). Wagner et al. (2002)
suggested thatlitrospiras will outcompeteNi.frobacter in most full scale nitrifying
WWTPs in which aitrite concentrationare low. While nitrifying WWTPs with
temporally or spatially elevatatltrite concentrations, ie. nitrifying sequencibgtch
reactors, both NOB shoultbe able togcoexist. Daims et al. (2001) found that
coexistence oNitraobacter and Nitrospira-like ‘bacteriawas observed by FISH in a

nitrifying sequencingpatch biofilm reactor (Daims et al., 2001).
2.4 Current practical implementation of partial nitrification in SBNR system

In SBNR process, partial nitrification step is needed up front followed by of
nitrite denitritation or Anammox. Partial nitrification can be implemented in separate
reactors (partial nitrification + Anammox) or in single reactor together with the

following process.
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2.4.1 Searate reactor system

For separate reactor system, partial nitrification and Anammox are activated in
separated spaces. An equal molar of influent Nkl converted to N© by AOB in
the first reactor, while in the second reactor, an equal molar of the remainigg NH
and NO, becomes substrate for active Anammox. The advantage of this separate
configuration over single reactor are: 1) nigher flexibility and stability to maintain
process performance -and-2) higher resisiance to toxic or organic biodegradable
compounds since the compounds can be also degraded in the partial nitrification
reactor (Lackner et al,2008)./ Main application of separate reactor system is
preparing a stable,“Anammox-suited influent, which is an equal molar gf tNH
NO, ratio of 1:1.32 according to the Stoichiometry (Strous et al., 1998). Both flow-
through reactor, such' as chemaostat, énd high sludge age reactor, for example,
membrane bioreactor (MBR) or'SBR reactor are the common configuration for partial
nitrification with separate feactor system '(see Table 2.7). For biofilm system, such as
in MBR, it is difficult to conrtre! exact Sihdge age; subsequently, stable nitrite
accumulation is mare difficult to be generate even undelimted concentrations
(Xue et al., 2009); Thus; suspended growth systems are more desirable for full scale
application.

Van Dangen etjal’,(2001) jused=SHARONprgecess to prepare for Anammox-
suited influent, (Van Dongen et al., 2001). SHARON process can achieve partial
nitrification in_ammonia-rich_ wastewater.such-as. side stream‘waste by using high FA
loading'under 1 =2 days sludge‘age at temperature’efidBichemostat reactor. Van
Dongen et al.(2001) found that 53% of BHbxidized to NQ  without pH control
resulting in a NQ to NH," ratio of 1.13:1. At the present time, although SHARON
process can be applied successfully at full scale, some disadvantages of SHARON
such as 1) inability of the system to deal with fluctuated waste stream which came
from the effluent of sludge digester operating with short HRT or effluent from
industrial effluent and 2) the maximum volumetric loading rate of SHARON reactor
be limited due to limited HRT at 1 - 1.2 days . Uncoupling between sludge age and
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HRT to lower HRT than one day is impossible in SHARON process which resulting
in limiting volumetric nitrogen loading compared with the attached growth reactor at
similar effluent quality. Other disadvantages of SHARON for real application are
Protozoa invasion-related problem. Moreover, maintaining high operating

temperature is needed to maintain the AOB overgrown NOB.

Van Hulle et al. (2010) suggested four operational strategies to prepare
Anammox influent (or in other words, i0.achieve stable partial nitrification) which
are: 1) low Q conceniration (< 9.5mgol),~(2) high pH (7.5-8.5), 3) high
temperature (> 25C), and_4) limiting nitrification time to terminate NHoxidation
before its depletion and«to prevent inorganic carbon limitation (Van Hulle et al.,
2010).



Table 2.9 Operating condition and performance of partial nitrification in separate reactor system. (modified from Van Hulle et al., 2010)

NOy
Temperature DO SRT HRWF N load 2 NOs in the
Reactor Wastewater pH . _— INH " References
(°C) (mgOsi+) (d = (d) (kgN m~d™) effluent (%)
removed
Sludge digester o
SHARON 6.6-7.2 29 27 105~+1.18 " 1.05-1.181 0.56 14 Negligible Fux et al., 2002
supernatant \
) Van Hulle et al.,
SHARON Synthetic 7.1 35 - 1-1.5 N 1,54, 15 1 -
1 - 2005
Sludge digester w van Dongen
SHARON 6.7 35 - i ) L 1.2 0.74 113
supernatant ; et al., 2001
SHARON Urine 9.2 30 25-4 4.8 iy 4248 1.580 1 Negligible Udert et al., 2003
Digested effluent of fish y f.rJ-'_. Mosquera-Corral
SHARON ) 7.5 35 >2 - | 0.1 1 No N@
canning T Ay et al., 2005
SBR Urine 6-8.8 24.5 2-45 >30 — 0.560 1 Negligible Udert et al., 2003
_ : g Ganigue et al.,
SBR Landfill leachate 6.8-7 36 v 3-7 L5 1.5 0.6-1.5 <5
- " 2007
Pre-filtered digested -
o ) ] - Yamamoto et al.,
Biofilm liquor of swine - 25 5 13! 1 1.0 1.38 <5
2008
wastewater
Biofilm Digested liquid manure| 75-8 30 25=6, - - 3.8 1.22 2.3 Qiao et al., 2010
MBR synthetic 35 <0.6 35 0.23 - 1.30 Trace Feng et al., 200[7
MBR synthetic 35 0.3-05 - 0.67 0.450 1 - Xue et al., 2009
Pre-filtered sludge ) Liang and Liu,
MBR ) 7.9 30 <0.2 Varying 0.58-1 0.73 -+ 145 1.13 -
digester supernant 2008 N
©

29
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2.4.2 Single reactor system

In most single reactor system, AOB and Anammox are co-cultured under
microaerobic conditions to obtain partial nitrification and avoid oxygen inhibition to
Anammox activity (Strous et al., 1997). Different kind of systems such as sequencing
batch, granular sludge or biofilm systems were used to obtain this microaerobic

conditions.

In biofilm system,-under very low-oxygen level condition, NOB activity is
prevented due to their lower.oxygen affinity compared to AOB and lower nitrite
affinity compared to Anammex: An active AOB in the outer layers of the biofilm can
produce suitable amounis of nitrite for the Anammox that are active in the inner parts
(Wyffels et al., 2004). In/bigfilm systém, substrate transfer resistance is always the
rate limiting step of the process. SIiek‘efé et al. suggested that as long, aeWiH
outside the biofilm is mueh higher than -thQ' a@r NO, level, NH;" diffusion into the
biofilm will not limit the process rate.*’if-—;he NOproduced in the outer layer is
manly consumed in the inner Iayer,ZCDé- rthl’é main limiting factor controlling the
ovenrall rate (Sliekers et al., 2003). The OLAND process (Kuai and Verstraete, 1998)
and the CANON process (Third-et-al; 2001) are-the single reactor system based
SBNR. The OLAND process were assumed tha N#tidation mainly performed by
AOB under microaerobic conditions while in the CANON process, Anammox were
assumed to be responsible: Nermallys-singlecreactarsystem have higher volumetric
nitrogen remoyal rate than the separated system. Consequently, lower capital costs are
required since.no.additional partial nitrification reactor volume, is needed. However,
some previous' study reported an finability and incomplete'removal for treating high

loaded wastewaters due to difficulties to regulate DO (Hao et al., 2001).
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2.5. Immobilized cell
2.5.1 Anoverview

In wastewater treatment application, immobilized cell has several advantages
over suspended cells such as higher cell retention, higher conversion rate, higher
resistance to an adverse environmental conditions, and easier for solid/liquid
separation (Wijffels and Tramper, 1995): Currently, there are three main techniques to
form an immobilized cell-which include cell-attachment, gel encapsulation and gel
entrapment (Cassidy et al;, 4996). For gel entrapment technique, cell is mixed
completely and retaineddn a spherical or cubic form of polymeric gel matrix. Both
natural and synthetic palymers are normally used as gel matrix for entrapment. The
natural polymers arg; forexample poiysaccharides made from algae or seaweed, such
as calcium alginate, carrageenan, ag‘afése, and gelatin. Polyvinyl alcohol, cellulose
triacetate, and polyacrylamide are the mostly used synthetic polymers (Siripattanakul
and Khan, 2010). Polyvinyl alcchol (PVA—)‘ is @ non-toxic synthetic polymer. For gel
entrapment, many techniques-are availalblé"for PVA gelation, such as boric acid-PVA,
freeze and thaw of PVA, and PVA-phoSbhofylation (Hashimoto and Furukawa, 1987;
Lozinsky and Plieva;-1998). PVA=phosphoryiation is less time consuming and cell
disruption than others. Spherical PVA gel bead is formed by cross linkage between
PVA and boron and after that, a sodium phosphate is used to improve the durability of
the gel bead: by lincreasing) the cstrength | of ithe «surface of gel bead by PVA-
phosphorylation mechanism.

2.5.2'Application of immobilized cell for'nitrogen removal.in wastewater

Isaka et al. (2007) studied nitrification of landfill leachate using Polyethylene
glycol-immobilized sewage sludge at low temperature®°@lOand high DO
coneentrations (> 7 mg® I"). The communities of nitrifying bacteria were
investigated by using a FISH technique in 3 mm cubical entrapped gel carrier in a
0.71 kg N n? day* loading airlift reactor for nitrification on the 460- 508" days
after starting up. They found that the dominant AOB \W&sosomonas sp. which
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was 60% of all bacteria whillitrosospira sp. was much lesser detected, represented
only 2.1% of all bacteria. All experiments gave quite stable nitrification rate after 3
months. However, complete NHremoval could not be achieved; almost the same
NH," concentrations were detected in the effluent with differenf Nd&dings. They
suggested that this was becaudiérosomonas sp., which usually has low affinity for
ammonium, is the dominant of AOB in the reactor. The organism is known to be
inefficient at a low ammonia condition.. A significant level of stable nitrite
accumulation, which resulted from an inhibitery effect of the high amount of free
ammonia in landfill leachate, was-also-obseived. This work indicated that highly
active AOB can be maintained-at high concentrations in entrapped gel carrier even at

low temperature operation.

Vogelsang etsal. (2002) investigated changes of communities and spatial
distribution of nitrifying bacteria within nifrifying sludge immobilized with gel bead
of sodium alginate and:PVA with stilbazolium groups after 0, 30 and 80 days of
enrichment in a nitrification medium. The.nitrifying communities analysis through a
FISH technique showed thalitrosospirav sp were the dominant AOB while no
members of the genuditrosomonas were detected, although it has been reported as
the generally mast-abundant-AOB in wastewater treatment plants. For NOB,
Nitrobacter sp. dominated while a few cells of Nitrospira sp. were also detected. Most
nitrifying bacteria formed typically dense clusters of hundreds and thousands of cells.
The AOB generally ;appeared at larger sizes of-cluster than NOB. For the spatial
distribution ofgnitrifying bacteria, a biofilm-like™ structure appeared within the gel
bead, with the nitrifying.biomass concentration in.the outer 100 um layer of the gel
bead higher thaniin the core region-of the bead."AOB and'NOB'appeared in separate,
but often closely associated colonies. For the dynamics of the amount of nitrifying
biomass during the enrichment, they found that after the first 30 days of enrichment,
nitrifying biomass was grown around 10 times more than the non-enriched gel bead.
However, the growth of nitrifying biomass appeared differently after the next 50 days;
30% less increase of the nitrifying biomass in the outer layer was observed while
within the core of the beads, it decreased by approximately one third. Moreover, the
numbers of AOB and NOB were in the same quantity in all experiments. The
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fractional ratio of nitrifying bacteria relative to all bacteria changed from 20% for the
non-enriched culture to 64% after 30 days of cultivation. After 80 days of cultivation,
it was reduced to 35% even there was 30% increase in the nitrifying biomass from
day 30 to 80. Moreover, some growth of heterotrophs biomass was also observed

mainly within the outer 300m layer of the gel beads.

Uenoto et al. (2000) co-immobilizesitrosomonas europaea andParacoccus
denitrificans in the exterior and interioi layers of tubular PVA, respectively. The
research focused on the efiect of DO on-the spatial distributions of two different pure
culture bacteria within the iubular ge! and process performance. Results showed that
when freeN. europaea cells were exposed to either 50% purity @ pure Q,
ammonia oxidation-wassinhibited -and their activities could not be recovered. In
contrast, the ammonia oxidation rate bf immobilized N. europaells accelerated. It
was suggested that palymeri¢ gel prote(fﬁeduropaea from the toxic effects of pure
oxygen. Fluorescence-Antipody labelinQ‘téchnique (FA labeling) revealed that small
colonies of both microorganisms were"distributed throughout the tubular gel before
acclimating to oxygen. However, when t'-he‘ﬂ‘t'ubular gel were acclimated to 20%, 50%,
and pure @ N. europaea were bundled within aregion extending from the external
surface of the gel t16-a-depth-of-200-micrometers; a depth of 50 to 200 micrometres
and a depth of 120 to 300 micrometres, respectively whRiledenitrificans
concentrated in a region extending from the internal surface of the gel to a depth of 80

micrometers in all experiments.

Hunik et al. (1993) was.successful.in_modifying .an_FA labeling technique to
investigate the spatial distribution Blitrosomonas europaea and Nitrobacter agilis
cells immobilized in carrageenan gel beads. They found that after 49 days of in a
continuously operated airlift loop reactor with a nitrification medium &C3@he
biomass concentration in the outer 140 um layer of the bead is relatively high while a
low biomass concentration region is in the center of the bead. Moreover, the result
from the estimation of the amount of biomass showed that both pure AOB and NOB

cultures were present in the same quantity which is around 40% of total biomass.
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2.6. p-nitrophenol

p-nitrophenol (PNP), also called 4-Nitrophemol4-hydroxynitrobenzene, is a
phenolic compound that has a nitro group at the opposite position of hydroxy group
on the benzene ring. It is manufactured chemical that does not occur naturally in the
environment. It is usually used mainly to produce drugs, fungicides, dyes, and to
darken leather (ATSDR, 2001).

2.6.1 Properties

PNP shows twospolymoerphs in the crystalline state. The alpha-form is
colorless pillars, unstable ai' room temperature, and stable toward sunlight. The beta-
form is yellow pillars, stable ‘at roorh temperature, and gradually turns red upon
irradiation of sunlight.s PNFormally e“xiéts as a mixture of these two forms. In
agueous solution, PNiras a dissociation’constant @Kof 7.08 at 22°C. Solution of
PNP alone appears colorless or pale ye]'ioyv, whereas its phenolic salts tend to develop
a bright yellow color. The physico-chemi-caﬁll""properties of PNP are presented in Table
2.10.



Table 2.10 Physical and chemical properties of p-nitrophenols
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Property Characteristic

Structure OH
»e

Chemical Formula CsHsNO3

CAS number 100-02-7

Molar Weight (MW) 139.11 g mot*

Color colorless or yellow pillars

Melting point 113-114 °C

Boiling point 279 °C, 552 K, 534 °F

Density at 26 C 1.270

Solubility in water (g 1) ai 15C 10

at 20C 11.6

at25°C 16

Partition Coefficient: Log Kow 1.91

Vapour pressure at 20 (mm-Hg): <1

Source: Agency. for Toxic Substances and Disease Registry (ATSDR), 2003.

2.6.2 Fate.in envitohments

When released into the sail, PNP is expected to have/a half-life of less than 1
day while a half-life\between,1l.;and 10 days was expected when released into the
water. PNP is not expected to significantly bioaccumulation. Most of PNP enter the
environment during manufacturing and processing. It can be formed in the air as a
result of the breakdown of many other manufactured chemicals. Moreover, it readily
break down in surface water but take a long time to break down in deep soil and in

groundwater (Environmental Health & Safety, 2009).
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2.6.3 Effect on human health and ecosystems

p-nitrophenol is corrosive to the eyes, is a potential skin irritant, and its
inhdation toxicity is not known. It is of relatively high acute toxicity by the oral
route and moderately toxic by the dermal route. No food uses are registered so
dietary risk is not anticipated. However, based on reviews of the generic data, EPA
has some concerns about potential handler dermal and inhalation exposure during
treatment of leather and cork products ioitise by the military. For environmental and
ecosystem assessmepipitrophenol-is slightly-to moderately toxic to birds and
aquatic animals. Wild .animals or plants are not likely to be exposed to
paranitrophenol, however, since it is not applied outside of a fagiargrophenol

thus is not expectedto pose arrisk to nentarget organisms (US.EPA. ,1998).
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EXPERIMENTAL FRAMEWORK

3.1 Experimental framework
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Fig. 3.1 Experimental framework of Task 1 (Chapter V)
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CHAPTER IV

RELATIONSHIP BETWEEN RESPIROMETRIC ACTIVITY AND
COMMUNITY OF ENTRAPPED NITRIFYING BACTERIA:
IMPLICATIONS FOR PARTIAL NITRIFICATION

4.1 Introduction

Partial nitrification” offammonium rich wastewater is now a common practice.
To generate and maintain /partial nitrification, the ammonia oxidizing bacteria
(AOB) activity has*to be ‘maintained ,while simultaneously the activity of the
nitrite oxidizing bacterias (NOB).. needs to be inhibited. For suspended growth
systems, at high ammonium or Iimite_d “dissolved oxygen (DO) concentrations, the
activities of NOB or the nitratation rate.;afeﬂ suppressed due to ammonia inhibition or
lower affinity for oxygen than AOB aﬁd thus, nitrite accumulates in the
systems. The effectiveness of these two Cb’rhmon strategies depends on what specific
species of nitrifying bacteria are In the reactor and how they interact with
environmental conditions such as their affinity to substrate and ability to tolerate

inhibiting conditions.

For attached growth systems, which have less substrate transfer and space for
growthreompared to suspended growth systems; nitrite @cctmulation depends on other
factors such as cell localization (Okabe et al., 2004). Recently, there have been studies
suggesting that microbial localization within biofilm has significant effects on its
substrate diffusion resistance or substrate utilization (Kim et al., 2003; Schramm et
al., 1996; Tanaka et al., 1992). For example, Okabe et al. (1996) reported that
heterotrophs out competed nitrifiers for oxygen and space. As a result, hetetorophs
dominated the outer most biofilm while nitrifying bacteria were found only in the

inner layer causing reduced nitrification (Okabe et al., 1996).
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Cell entrapment within polymeric gels such as polyvinyl alcohol (PVA) and
carrageenan has been extensively applied for nitrification of wastewater (Cao et al.,
2002; Wijffels et al., 1995; Hunik et al., 1993). Nitrification in full scale wastewater
treatment plants by using polyethylene glycol (PEG) entrapped cells has been
practiced in Japan and the United States (Emori et al., 1996). Moreover,
advantages of entrapped nitrifying bacteria over corresponding suspended cells
including effective protection against cell washout, higher conversion rates, higher
cell concentrations, ease of cell separation, and protection from unfavorable

conditions have been reported (Chen and Lin, 2004; Rostron et al., 2001) .

Although there have/been a number of studies and applications of entrapped
cells for nitrification, therehave' been limited peer reviewed articles that address
partial nitrification by entrapped cell (Yan and Hu ', 2009 ; Hill and Khan, 2008;
Isaka et al., 2007; /Rostron et al.,~2001). Isaka et al. (2007) reported nitrite
accumulation in their study which used PEG-entrapped cells to treat landfill leachate
(150—200 mgT of NHs-N)'at low temperatures. Hill and Khan (2008) found that by
usng calcium alginate-entrapped cells, mbre than 70% of ammonia in anaerobic
sludge digester supernatant was converte'd't.o nitrite €ven under an unlimited dissolved
oxygen condition 1 bulk liquid. Although these studies showed the possibility for
applying entrapped cells for partial nitrification, they did not provide any
understandings on theskinetics of nitritation and nitratation by entrapped cells and in
situ nitrifying bacterial community: within, the entrapment matrix to elucidate on how
to control partial nitrification by entrapped cells, which could be different from

suspended cells.

Nitritation and nitratation can become the rate limiting step at different
environmental conditions. An understanding of the kinetics of these two steps is
needed for setting up design criteria and control strategy for partial nitrification.
Although there have been a number of kinetic studies of nitritation and nitratation
processes with suspended cells (Ahn et al., 2008; Chandran and Smets, 2000), such

work has never been conducted for entrapped cells. The knowledge on the kinetics of
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these two steps for entrapped cells, particularly associated with the control strategy,

could be used to achieve effective partial nitrification.

The main objectives of this study were to examine nitritation and nitratation
kinetics based on oxygen uptake rate of enriched nitrifying sludge entrapped in PVA
and to observe how they are related to bacterial community and population. A batch
respirometric assay coupled with nitritation and nitratation chemical inhibitors was
used to determine the bacterial activities: Asfliorescence in situ hybridization (FISH)
technique was chosen for probing nitrifying bacteria within the entrapment matrix
since the nitritation and.nitratation kinetics are related to the make-up of nitrifying

bacterial community. ThiS sitdy was also conducted with suspended cells in parallel.
4.2 Materialsand metheds

4.2.1 Enrichment medium.and s_y_hthetic wastewater

An enrichment medium, which was sS/nthetiC wastewater with a total ammonia
nitrogen (TAN) level of 150 mg N I (0.72 g bf (NK) /SO, per liter), was used for
enriching nitrifying bacteria. The synthetic wastewater contained NaHQ® g),
NaHPQO, (4.05 g), KHPO, (2.1 g), MgS@ - 7H0 (0.05 g), CaGl- 2HO (0.01 g),
andFeSQ - 7HO (0.09 g) in one liter of distilled water. The synthetic wastewater
plusammoniai((NH).SO,) and/or-nitrite (NaNg) at various concentrations was used
for respirometric experiments. All chemicals were purchased from VWR
international; inc.(\West Chester, RA] USA),

4.2.2 Enrichment and entrapment of nitrifying sludge

Activated sludge obtained from the Moorhead (MH) Wastewater Treatment
Facility (WWTF) in Moorhead, Minnesota, USA (High purity oxygen activated
sludge system, solid retention times of 3 days) and Fergus Falls (FF) WWTF in
Fergus Falls, Minnesota, USA (Complete-mix activated sludge system, solid retention

times of 5 days) were enriched separately for nitrifying bacteria. The Moorhead
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WWTF had a return flow of sludge digester supernatant, which was very high in
ammonia (average NFN concentration of 1813 mg N'land average NN pulse
loading of 222 kg N @) while the Fergus Falls WWTF did not practice the return of
digester supernatant. Two 17 | laboratory-scale enrichment reactors, one for each
sludge, were aerated and operated in a two day cycle fill and draw mode at room
temperature (22—-23). The reactors were fed with the enrichment medium with a pH
adjustment between 7.5 and 8.2. Afier 10 weeks, more than 95% of TAN was
removed and no nitrite accumulation was observed in both reactors, then the enriched

sludge was harvested.

The harvested biomass was entrapped in phosphorylated PVA gel beads at a
cell-to-matrix ratio of 4% (Wiv) (g _of centrifuged mixed liquor volatile suspended
solids/ml of media) according to the method by Chen and Lin (1994). In brief, a PVA
aqueous solution (20%, wiv) was mixed theroughly with an equal volume of
concentrated enriched sludge with volatile suspended solid (VSS) concentration of
70 g I''. The mixture was dropped into asaturated boric acid solution at a rate of
0.83 ml min~ ! resulting in a droplet diametér of 3-4 mm. About one hour after the
droppng ended, the formed beads Wéré then transferred to a 1 M sodium
orthophosphate salution (pH 7) for 2 h for hardening. After that, each batch of the

entrapped cells was returned to the enrichment reactor for maintenance.
4.2.3 Respirometric assay

A 300 ml completely-sealediglass vessel withba part:at the top for the insertion
of a DO;probe was employed for respirometry. The DO probe was connected through
a RS-232 port to a personnel computer, which was used for storing and monitoring all
data transmitted by the probe. For each test, the suspended cells or entrapped cell
beads previously washed with the synthetic wastewater without nitrogen supplement
were added to the vessel, which was later filled up with the synthetic wastewater
previously aerated for 1-2 min. The pH of the synthetic wastewater was adjusted
between 7.9 and 8.2 and was maintained by the phosphate buffer (part of the synthetic

wastewater). In the vessel, the concentration of suspended cells was 0.47 £ 0.03 g
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VSS I ! while around 6.0-9.0 g wet entrapped cell beads (30 beads) were used. The
vessel was magnetically stirred and operated at room temperature {€2-2BO

depktion in the vessel due to substrate utilization was monitored over time and the
specific oxygen uptake rate (SOUR) was determined. The SOUR was determined

twice for every substrate concentration tested.

The kinetic of nitrification process is dependent mainly on substrate and DO
concentrations. It is normally described by aDouble Monod expression (Eq. (1)). For
each experiment, the data were fitted to Eg. (1) using a nonlinear regression module in
SIGMAPLOT® 10.0 to detérmine maximum SQUR and half saturation coefficients

for nitritation and nitratation:

[S1 Y [DO]

SOURZ SOUR
MAX(KS+[S] K¢ +[DO]

) (1)

where SOUR is specific oxygen uptake gate for nitritation or nitratation (gng O
[mg VSS hY), SOURuax is maximum SOUR for nitritation or nitratation (SOUR
max.a08 » SOURmaxnog) (MgO; [mg VSS th); [S] is substrate concentration (TAN
or NO,)) (mgN T 9/ [DOJ is DO concentration (mad ™), Ks is half saturation
coefficient for substrate (&aoe , Kswos ) (MgN '), and K is half saturation
coefficient for oxygen (i,a08 , Konog) (Mg 17Y).

4.23.1. Effect of substrate (ammonia and nitrite) concentrations

To investigate the effect of substrate concentrations, two tests, nitritation
and nitratation, were conducted. For the nitritation test, the synthetic wastewater
which had initial ammonia concentrations of 0, 3, 5, 10, 20, 40, 80, 150, 300 thg N |
wasused to study the influence of ammonia on nitritation rate by both suspended and
entrapped cells. To inhibit nitrite oxidation in the nitritation test, sodium azide was
added at a concentration of 50 puM. For the nitratation test, the initial nitrite
concentrations of synthetic wastewater were 0, 5, 10, 20, 40, 80, 120, 150 g N |

study the influence of nitrite on nitratation rate by both types of cells. Allylthiourea
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(ATU) was added simultaneously at a concentration of 86 UM to inhibit ammonia
oxidation (Ginestet,1998) .To avoid the occurrence of DO limitation in the vessel, the
experiment was terminated at 4.0 mgQ®*' for suspended cells and 6.0
mgO; | *for entrapped cells. The initial DO was at 7.5 md®

4.2.3.2 Effect of bulk DO concentration

Experiments to examine the eifect of bulk DO concentration were
conducted in the same manner as described In Subsection 4.2.3.1. An initial ammonia
concentration of 150 mgN*and an initial nitrite concentration of 120 mgN Wwere

chosen for the nitritatiopr@nd nitratation tests, respectively.
4.2.3.3 |nhibitory effect of fr ee ammonia

A free ammaonia (FA) inhibitioln'"on ammonia oxidation was tested using
synthetic wastewater at the initial FA cdhéqntrations of 0, 0.6, 1.2, 2.4, 4.9, 9.8, 18.3,
36.6, 61.1, 91.7, 122.2 mgN' Wwith 50 1M so”.dium azide. For the nitratation test, the
initial FA concentrations of synthetic WastéWater were 0, 0.6, 1.2, 2.4, 4.9, 9.8, 18.3,
36.6, 61.1 mgN | while the nitrite concentration Was 120 mgN. |IAmmonia
oxidation was inhibited by adding ATU In the same manner as described in
Subsection 4.2.3.1.

4.2.4 Chemical analyses

DO (Thermo Orion 850A meter, Thermo Orion DO 083005D probe), pH
(Thermo Orion 250A + pH Electrode), and VSS were determined according to
Standard Methods (American Public Health Association, 1998). Ammonia and nitrate
nitrogen were analyzed using ion selective electrodes (Thermo Orion 250A+, VWR
SympHony Ammonia Combination Electrode, VWR SympHony Nitrate lon Selective
Electrode, VWR SympHony Double Junction Reference Half-Cell) in accordance
with Standard Methods for the Examination of Water and Wastewater (APHA et al.,
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1998). Nitrite was analyzed colorimetrically using standard HACH NitfiVer

2 reagents according to the method specified by the manufacturer (HACH).

4.25 Community analysis of ammonia oxidizing and nitrite oxidizing

bacteria
4.25.1 Preparations of suspended and entrapped cell samples

Both suspended and entrapped cells were collected during their
maintenance in the enrichment reactors, one or two days before they were used in the
respirometric experiments. After the collection, they were suspended in a phosphate
buffered saline (PBS) selution and then fixed in a solution of 4% paraformaldehyde in
PBS (pH 7.2) at 4€ for 9/h/and, 18 h, respectively. Fixed entrapped cells were
emiedded in a Tissue-Tek OCT .compound (Sakura Finetek USA Inc.) and cut into
10 pum sections at -18C using a crybfhicrotome (Leica CM 1950) and then
immobilized onto a Poly-L .Lysine cc.)ét'i‘ng slide. The slides were air-dried and
dehydrated by 50%, 80% and 98% (v/v) ethénol (3 min each) successively.

4.2.5.2 Fluorescent 16S rRNA targeted oligonucleotide probes and in
situ hybridization

Oligonucleotide probes usedin this-study. were commercially synthesized
and fluorescently 5’ labeled with Oregon Green 488 or Rhodamine Red
(ThermaHybaid, Ulm; Germany)! The:EISHrassay was performed according to the
protocol described by Amann-et al. (1995) at@6or 2.5 h in hybridization buffer
(09 M NaCl, 20 mM tris—hydrochloride, 0.01% sodium dodecyl sulfate (SDS),
formamide) containing 5 ng of probgl™ * in a humidity chamber. A negative control
(no probe) was included for every sample to observe autofluorescence. After
hybridization, the slides were rinsed and immersed in pre-warmed washing buffer (20
mM tris—hydrochloride, 0.01% SDS, NaCl) at 48 for 10 min. After washing, the
dlides were rinsed briefly with DI water, air-dried, and mounted with a cover slip

using an anti-fading solution (SlowFade, Antifade kit, Molecular Probes, Eugene,
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OR). The oligonucleotide probes used in this study and hybridization conditions
including the formamide concentration in the hybridization buffer and NaCl
concentration in the washing buffer are shown in Table 4.1. In addition, for
simultaneous hybridization with the probes which require different hybridization
stringencies, two hybridizations were performed successively with the probe requiring

higher stringency first (Wagner et. al, 1996)

Table 4.1 Oligonucleotide probes used.

Formamidg NacCl
Probe Sequence (5'10'8") kebel Target organisms Referenceg
(%) (M)
Oregon Green " Amann
EUB338 | GCTGCCTCCCGTAGGAGI 488 Most bacteria 15 0.318 et al.. 1990
Nso190 | CGATCCCCTGCTRITCTE CRhodamine Refl Many Putnotallammonial 45 | g ggq Mobarry
I oxidizing s-Proteobacteria ’ et al.,1996
Nitrasomoenas europaea,
Nse1472| ACCCCAGTCATGACCCEE 2redonEreent (i osmonas eutropha, 50 | 0.02g] Juretschko
488 . . et al.,1998
- . Nitrosomonas halophila
4 Oregon Green . h Daims et al.
Ntspa 664 GGAATTCCGCGCTCCTCT 488 . /. Nitrospira genus 35 0.08 2001
. . iy Wagner
Nit3 CCTGTGCTCCATGCTCCG| Rhedamine Red Nitrobacter spp. 40 0.056 ot al. 1996

4.25.3 Confocal scanning laser microscopy and image analysis

TheFISH samples.were.observed using an Olympus inverted microscope
(Olympus IX81) mounted-with an Olympus "FluoView 'FV300 (Olympus, Germany)
confocal laser scanning microscopy (CSLM)smodule, equipped with argon (488 nm)
and two helium-neon. (543 nm) laser. units. Barrier filters, BA'505-525 and BA 565IF,
were used to collect the excited fluorescence of the Oregon Green 488-labeled probes
and the Rhodamine Red-labeled probes, respectively. The DAIME software
(Daims et al., 2005) was used as an image analysis tool to help in determining the
relative area taken up by target cells complimentary to the specific probe compared to
the area of cells complimentary to the EUB338 probe. The average area fraction was

determined by evaluating at least nine representative microscopic fields.
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4.3 Results and discussion

4.3.1 Effect of substrate concentration
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Fig. 4.1 SOUR of entrapped and’suspendedsmitrifiers as a function of total ammonia
concentration [(a),for, SMH and EMH sludge, and (¢) for SEF and EFF sludge] and
nitrite concentration [(b) for SMH and EMH sludge, and (d) for SFF and EFF sludge].
The prefixes S and E prior to MH or FF represent suspended and entrapped cells,

respectively.

Fig. 4.1 shows the average SOUR for nitritation and nitratation of MH and FF
suspended cells (SMH and SFF) and entrapped cells (EMH and EFF) as a function of

substrate concentration. The error bars represent the minimum and maximum values.
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Note that some error bars are not visible because the difference in results from the
duplicate experiments was very small. The SOUR of both the entrapped and
suspended cells followed a Monod type equation with respect to substrate
concentration. At substrate concentrations of 0-10 mMgN'AN for nitritation and

0 — 40 mgN T* NO,™ for nitratation, the AOB and NOB growth was limited by
substrate and SOUR depended on, the substrate concentration. At higher substrate
concentrations (>10 mgN " TAN for/ nitsitation and >40 mgN "t NO, for
nitratation), their growth and SOUR reached the maximum and were independent
from substrate concentration. The Monod fitting parameters of the data are
summarized in Table 4.2+The SO of suspended cells were clearly higher than
those of corresponding entrapped cells while the half saturation coefficients for
substrate of entrapped.celis were higher probably because of the internal substrate
transfer limitation within/the entrapment gel (Carrera et al., 2004). There was only
one case that did not follow the trend_; the half saturation coefficient for nitrite of
SMH was higher than that of EMH which' could be due to uncontrollable variability of

the respirometric assay.



Table 4.2 Summary of Monod kinetic parameters.

Process Symbol Definition Unit Sludge Type of cell
2 Suspended # Entrapped (B
Nitritation | SOURyaxsaog | Maximum specific oxygen mgos Moorhead WWTF | 5.28x1t%1.06x10° (0.94) | 4.90x10+1.58x10%(0.85)
- uptake rate of AOB | [MgVSS B’ 1 e e | 1 6071 48x10°(0.99) | 6.96%1021.05%10° (0.96)
for ammonia ‘
Ks.aoB Half saturation coefficient mgN‘T? Moorhead WWTF 1.06+2.54x140.94) 1.29+4.41x1® (0.85)
of AOB for ammonia Fergiis Falls WWTF | 2.79xT&1.30x10°(0.99) | 3.77x10+147x10'(0.96)
SOURyax.0o.a0e | Maximum specific oxygen mgQ M?orhead WWTF 1.65x1t1.54x10%(0.99) a
uptake (;i;z;f] AOBor | [IGVSS AT |- e i WWTE | 1.26%7a2.29%10°(0.87) a
Ko o Half saturation coefficient Mmooyl 2, Mc;é';pegd WWTFE 3.34x181.89x107 (0.99) a
of AGB for oxygen Feigus Falls WWTE | 3.25x183.76x10 (0.87) a
Nitratation | SOURax.snog | Maximum specific oxygen mgQy,~ . Moorp@ég!,WWTF 5.83x1t%1.94x10°(0.97) | 3.19x10+9.26x10°(0.97)
”pta'grrsitt‘iit‘: NOB [mgVSS’hr]ll Ferglﬁéus WWTF | 5.46xT@1.72x10°(0.96) | 3.41x10+1.18x10°(0.95)
KS,NOB Half saturation coefficient mgN fi Moor:hea-a WF /9.59+1.42 (0.97) 8.82+1.17 (0.97)
of NOB for nitrite Fergus Falls WWITF | ~ 5.66:9.56x1(0.96) 6.45+1.14 (0.95)
SOURyax.poNog | Maximum specific oxyg.e-n 4 ““mgO, Moorhead WWTE 1+ 6.00x1%6.71x10° (0.97) | 4.23x10+2.40x10* (0.92)
uptake ;i;zg;NOB for 17 [mgvss il Fergus Falls WWTF | 5.50xT@3.76x107(0.69) | 4.53x10+1.40x10° (0.98)
KonoB Half saturation coefficient mgo, I Moorhead WWTF_ | 3.57x182.47x10°(0.97) | 3.53+4.48x16 (0.92)

of NOB for oxygen

Fergus Falls WWTF

9.67x182.38x10'(0.69)

3.38+2.18x16/(0.98)

4The SOUR of entrapped cells for nitritation did not follow a Monod type equation with respect to substrate concentrations.

50
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For suspended cells, the values of half saturation coefficients for total
ammonia nitrogen (Kaos) between 2.79 x IG* and 1.06 mgNl* and nitrite
(Ksnos) between 5.66 and 9.59 mgN !l were agreeable with those reported in
prevous studies (Carrera et al., 2004; Sanchez et al., 2001; Schramm et al., 1999;
Laanbroek et al.,1994). When comparing between nitritation and nitratation, the
SOURyax for nitritation  (5.28 x 10° mg® mgvSS*h ' for SMH and
1.69 x 102 mgQ, mgVSS * hi* for SFF)were higher than those of corresponding
nitratation (5.83 x 10° mgQ, mgVSS* A «for SMH and 5.46 x 10° mgQ
mgVvSS * h™ ! for SFF). This is because the amount of AOB was higher than that of
NOB as discussed laterrinsSubsection 4.3.4. The magnitudes of pQRUIRr
nitritation and nitratation of. SMH were higher than those of SFF. This observation is
agreeable with the FISH resulis’ (Subsection 4.3.4) which show higher fractions of
AOB and NOB in SMH/than those In SEF. The seed sludge from the Moorhead
WWTF was acclimated to high ammonia and should be abundant in high growth rate
nitrifier species (r-strategist). As. a re_éljit, after the enrichment under the same
condition, there were more AOB and NOBln SMH than those in SFF.

For entrapped cells, the SOM)E;’(' for wnitritation  (4.90 x 10° mgO,
mgVSS ' h™! for EMH and 6.96 x 160 mgO, mgVSS' h* for EFF) were higher
than those of corresponding nitratation (3.19 % 1&g®, mgvSS *h™! for EMH
and3.41 x 103 mg0, mgVSS * h™ ! for EFF) agreeing with an observation that the
amaunts of AOB in-both EMH and EFF. were higher than that of NOB (see
Subsection 4.3:4). Although the source of sludge affected the activity of suspended
cells (SMiHand SFF), thiscbehavior \was [essyevident for entrapped cells (EMH and
EFF). The magnitudes of SOWR of EMH and EFF were closer. However, EMH
hadlower SOURax than EFF while higher fractions of AOB and NOB in EMH than
those in EFF were observed (see Subsection 4.3.4). This suggests that there was no
relationship between the change in the activity of entrapped nitrifiers and the change
in the amount of nitrifiers in the entrapment. It is possible that cell protection against
adverse effects provided by entrapment matrix (Wijffels and Tramper, 1995)

controlled the nitrifier activity through substrate and/or oxygen diffusion.
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Effects of DO concentration on SOUR for nitritation and nitratation are

preented in Fig. 4.2 and summarized in Table 4.2. Note that there are no error bars in

Fig. 4.2 because the measurement of DO concentration could not be controlled to be

at the same values between the duplicate experiments. As shown in Fig. 4.2, the

nitrifier activity was affected differently by DO between suspended and entrapped
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Fig. 42 SOUR of entrapped and suspended nitrifiers as a function of DO

concentration in nitritation [(a) for SMH and EMH sludge, and (c) for SFF and EFF
sludge] and in nitratation [(b) for SMH and EMH sludge, and (d) for SFF and EFF

sludge]. The prefixes S and E prior to MH or FF represent suspended and entrapped

cells, respectively.
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For suspended cells, at <2 mgO' DO, the SOUR for nitritation and
nitratation were limited by the DO concentration. When DO >2 smigthe SOUR
were constant and became maximum. The S@QWRvalues of SMH were higher
than those of SFF. The explanations for these observations were the same as those
given in Section 4.3.1. The half saturation coefficient for oxygen in nitritatignngk
=3.34 x 10" and 3.25 x 18 mgO, 1Y) .and nitratation (i nog= 3.57 x 10 and 9.67
x 10 mgQ I for SMH and SFF sludge were comparable to the published
values (Ko aoe= 0.22 — 0.56 mg®l™ " and Konek = 0.17— 4.32 mg@l ™) (Laanbroek
etal.,1994). The half saturation coefficients for oxygen in nitritation were lower than
those of nitratation sug@esing that under oxygen limited environment (as in partial
nitrifying condition), AOB in SMH_and SFFE sludge would outcompete NOB for
oxygen and NOB wouldeveniually be washed out of the reactor.

For entrapped.cells, the SOUR_for nitratation followed the Monod kinetics
with respect to DO coneentration. NOB':'inJ" poth EMH and EFF needed DO around 4
mgQ; I7* to achieve their maximuim utiliiéfiqn while the SOUR of entrapped AOB for
both EMH and EFF were related to DO |n the first order manner and they needed
more oxygen to reach saturation compér'e-&to NOB/ These observations indicate that
bulk DO concentration IS more vital for entrapped cells than corresponding suspended
cells and DO transfer from bulk liquid to the bead is critical for entrapped nitrifiers.
Higher bulk DO concentrations and higher DO transfer would lead to more growth for
nitrifiers. Moreover, under low DO which ‘intensified oxygen transfer limitation, the
activity of entrapped AOB would be more suppressed than the activity of entrapped
NOB. These results suggest that/ittmight notbe possibletorachieve partial nitrification
in entrapped cells system by using DO limitation as a'sole control strategy.
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4.3.3 Inhibitory effect of free ammonia
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Fig. 4.3 SOURISOURiax of entrapped and suspended nitrifiers as a function of free
ammonia goncentrationsin mitritation [(@):for SFF and EFF:sludge, and (c) for SMH
and EMH sludge] and in nitratation [(b) for SFF and EFF sludge, and (d) for SMH
and EMH sludge]. The prefixes S and E prior to FF or MH represent suspended and

entrapped cells, respectively.

As shown in Fig. 4.3, the inhibitory effect of FA was observed in both sludge
used in this study but the level of FA inhibition was different depending on the source
of sludge. For both MH and FF sludge, the results for suspended cells and entrapped

cells were similar. Although the cell protection by entrapment matrix was frequently
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reported (Isaka et al., 2004; Wijffels and Tramper, 1995), this study shows that the

entrapment did not help with FA inhibition on both nitritation and nitratation.

For FF sludge (Fig. 4.3a and b), the FA concentration range of 60-120 mgN
I had an inhibitory effect on AOB activity while the nitrite oxidation was inhibited
at0.6-60 mgN ' FA. These ranges of concentration were agreeable with a previous
investigation (Anthonisen et al., 1976) which reported a possible FA inhibition at
higher than 10 mgN't FA for AOB, and higherthan 0.1-1.0 mgN IFA for NOB.
Fig. 4.3 clearly shows that nitratation was inhibited more than nitritaton (SOUR/
SOURuax reduction of 10%.for nitritation and 23% for nitratation). According to
seweral previous studies; both’AOB and NOB are sensitive to FA (Ahn et al., 2008;

Sinha and Annachhatrg; 2007; Anthonisen et al., 1976).

For MH suspended cells and entrapped cells (Fig. 4.3c and d), nitritation was
not adversely affected by FA concentrat_'io"-n up to 120 mgKhighest level used in
this study for nitritation) and nitratatio.riv; é)gperienced only 5% inhibition. Based on
these results, both AOB and NOB in MH slﬁdge adapted to FA better than FF sludge.
Although there is ne supporting informati‘(.)r’],' it is likely that the higher FA tolerance
in MH sludge (SMH'and EMH) could be a result of a nitrifier community that was
more acclimated to high ammonia. An investigation on the bacterial communities of

SMH and SFF sludge at the species level, might confirm this explanation.

In this Study, NOB were more sensitive to FA compared to AOB and a lower
range/of EA' concentrationcwas, sufficient for-inhibiting nitratation. 1t was found that
an inhibitory effect started to affect NOB activity at 0.6 mgNHA which was also
reported by Villaverde et al. (2000). Moreover, the inhibition on nitratation stabilized
at FA > 10 mgN T for FF sludge and at FA > 4 mgN for MH sludge. This limited
inhibitory effect on NOB activity was reported in previous studies (Vadivelu et al.,
2007; Turk and Mavinic, 1986). Vadivelu et al. (2007) found that the activity of
enrichedNitrobacter culture was reduced by only 12% at 4 mgNFA and remained
atthe same level even after FA concentration was raised to 9 mgRhls suggests
the ability of NOB to adapt to FA inhibition. The FA inhibition by itself might not be



56

an effective method to maintain nitrite accumulation in both suspended and entrapped

cell systems.

4.3.4 Community analysis of ammonia oxidizing and nitrite oxidizing

bacteria

The FISH assay was performed to observe the communities of AOB and NOB
in both MH and FF sludge. The fractions 0. AOB and NOB were determined from the
relative areas of the NSO190 probeJand the combination of Ntspa662 and Nit3 probes
to the EUB338 probe (sge'Table 4.1?. The fraction of heterotrophs was estimated from

the remaining relative ar€a other than those of AOB and NOB.
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Fig. 4.4 "Bacterial community structures of suspended and entrapped MH and FF
sludge determined by FISH. The percentages of AQBrospira genus, and
Nitrobacter spp., in sludge were determined from the relative areas of NSO190,
Ntspa662 and Nit3 probes to the EUB338 probe (all bacteria), respectively. The
fraction of heterotrophs was estimated from the remaining relative area other than
those of AOB and NOB. The average relative area and standard deviation were

determined by evaluating at least nine representative microscopic fields.
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As shown in Fig. 4.4, the fractions of AOB in both suspended cells
(74.0+£14.0% for SMH and 59.9+10.7% for SFF) and entrapped cells (68.7+14.6% for
EMH and 54.8+0.1% for EFF) were quite similar. The fractions of NOB in suspended
cells (10.3+3.7% for SMH and 4.4+4% for SFF) and entrapped cells (8.5£3.9% for
EMH and 3.7+4.1% for EFF) were also close. The cell entrapment did not change the
fractions of AOB and NOB: in i)j

e and consequently the difference in
nitrification kinetics betweansgspende nd entrapped cells could be the results

of internal substrate a@ tra sferm within the entrapment.

Fig. 45 Exanﬂ u éﬁ}ﬁwg %r&]&@ﬂﬁﬁﬁiﬁers in Moorhead sludge,

hybridized with! Nse1472, specmc for the detectloanrosomnas europaea (in

RN YN THY
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Heterotrophs.
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Fig. 4.6 Examiple of FISH- CLSLyI images of nitrifiers in Moorhead sludge: (a)

sV 14 € T

Red-labeled probe (in red) and Oregon Green 488-labeled probe (in green), are in

yellow. The observed bacteria in green, which stayed around the peripheral layer of
the bead, were heterotrophs and (b) suspended nitrifiers, hybridized with NSO190,
specific for the detection of beta-proteobacteria AOBs (in red) and Nsel472, specific

for the detection oNitrosomonas europaea (in green).
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The segregation between AOB and NOB within the entrapment was observed
(Fig. 4.5). Large and dense clusters of AOB stayed around huge voids. While smaller
clusters of NOB were adjacent to the AOB clusters to receive the substrate (nitrite).
These arrangements agree with the results of SOUR of EMH and EFF with respect to
DO concentration in Subsection 4.3.2 (Fig. 4.2). AOB within the bead had more
oxygen transfer limitation effect than, NOB resulting in the difference in sizes of AOB
and NOB clusters within the bead. The AOB cluster was larger and denser, and
oxygen needed more time and faced mere resistance to diffuse into it. These
differences in the density and size of AOB and NOB clusters were frequently found in
nitrifying biofilm (Okabe etaly2004; Schramm et al., 1996).

An unknown group of /bacteria, likely heterotrophs, was also observed. The
fractions of heterotrophs in entrapped cells were 22.8+18.6% and 41.5+4.3% for
EMH and EFF, respectively (Fig.4.4). Under high sludge age and substrate limiting
condition as within the s bead, soluble microbial products (SMP) are produced
substantially and can becomié the ébUrpe of organic carbon for heterotrophic
growth. This explanation is agreeable With the observed spatial arrangement of
heterotrophic bacteria in this study, \/\/Hibh was around the carbon source (SMP
excreted from nitrifiers) and oxygen source (the péripheral layer of the bead) (Fig.
4.6a). Oxygen competition and co-existence between nitrifiers and heterotrophs
observed in this study.have been found in nitrifying biofilm with no external carbon
(Kindaichi et @l., 2005; Okabe et-al.2005).

Fig:4.6b s the:FISH=CLSM| result which clearlysindicates Nitrosomonas
europaea as a dominant AOB in the SMH " sludge. The resultfor the FF sludge was
similar (data not shown). Due to high ammonia oxidation activity (r-strategist) and
high nitrite tolerance, members of thNe europaea—Nitrosococcusnobilis cluster are
usually found in wastewater treatment systems with high ammonia loads and/or high
nitrite accumulation (Ahn et al., 2008; Dytczak et al., 2008; Limpiyakorn et al., 2007;
Wagner et al., 1996). For NOB communiitrobacter spp. was the dominant NOB
(6.0£2.9% for SMH and 3.0+2.3% for SFF) while Nitrospira was found in smaller
proportions (4.3+0.8% for SMH and 1.4+1.7% for SFF) in both SMH and SFF sludge
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(Fig. 4.4). Nitrobacter spp. is known to have high nitrite oxidation activity
(r-strategist) while Nitrospira has lower activity (k-strategist) (Schramm et al., 1996).
Co-existence betweerNitrobacter and Nitrospira in high nitrite fluctuation
environment as in nitrifying sequencing batch reactors has been reported
(Dytczak et al., 2009). This study, which involved the sequencing batch operation for
enrichment, also observed both genus and additionally discovered the dominance of

Nitrobacter overNitrospira.

4.4 Conclusion

Effects of substraie, DO and FA concentrations on nitritation and nitratation in
both entrapped and suspended . cells: systems were determined by a respirometric
assay. Two nitrifying sludge enriched from high ammonia acclimated and
unacclimated seed sludge, were used in this study. For both nitritation and nitratation,
the SOURiax and the affinity for subét’ra'te and oxygen of suspended cells were
higher than those of corresponding entrappﬂed cells. Under DO limiting conditions, the
SOUR for nitratation was reduced moré than that for nitritation for suspended cells
because of higher-oxygen affinity of AOB than NOB; while for entrapped cells, the
results were the opposite. The FA inhibitory effect was observed in the un-acclimated
sludge at significant levels but the acclimated sludge was not inhibited by high FA.
These results lead to a conclusion that FA inhibition or DO limitation can be used to
maintain nitrite, accumulation 'in' entrapped cell systems, but might not be effective
strategies, which need a detailed investigation to identify one. The fractions of AOB
and NOBin/beth-entrapped-cells and suspended.cells were comparafleopdea
was the dominant AOB'whiléitrobacter spp.”was ‘the dominant NOB for both
suspended and entrapped cells. The competition for space and oxygen led to
segregations among AOB, NOB and heterotrophs within the entrapment.
Heterotrophic bacteria stayed within the peripheral layer of the bead to take oxygen
from bulk liquid and soluble microbial products excreted from nitrifiers. Large
clusters of AOB stayed in huge voids and smaller clusters of NOB were adjacent to

the AOB clusters to receive nitrite. This study suggests that internal substrate and
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oxygen transfers would be two of the most important factors in controlling nitritation

kinetics of entrapped nitrifying sludge.
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CHAPTER YV

EFFECT OF INOCULUM AND DO/FA RATIO ON ACHIEVING
PARTIAL NITRIFICATION USING GEL ENTRAPMENT

5.1 Introduction J

Shortut biologicalnitrogen reimoval (SBNR$ a cost effective innovative
process to treat lows€arbonsor/and high nitrogen wastewater (C/N < 3.5Fo#).
SBNR, partial nitrification (or nitritation) Iis believed to hie rate-limiting step of the
overall SBNR. Partial mittification caf\ be ‘achieved by the oxidation of ammonia
(NH3) to nitrite (NG without further okiaation of N@ to nitrate (NQ) (Hellinga et
al., 1998) Therefore, the activity.of ammcmla oxidizing bacefAOB) needs to be
promoted over the activity ofqitrite- OX|d121ng bacteria (NOB). The most two common
strategies to achieve partial-nitrification under normal temperature are to maintain
oxygen (Q)-limiting -and/or free_ ammaonia (EA)-accumulating conditioBmba and
Annadhatre, 2007).-Under low £zondition, growth of AOB can be higher than
NOB due to higher @affinity of AOB than that of NOB. At certain levels of FA, the
adivity of NOB.is-inhibited, while, the activity. of - AOB is.not.

Although partial nitrification can be achieved by controlling eithero©OFA
conentrations insthe, systems; (van-Hulle et al., ' 2010), a number of studies showed
that partial nitrification efficiency (as measured by the ratio between the concentration
of NO, in bulk liquid and the amount of NHremoved in the systems) varied
consderably, when only one of the parameters was selected to maintain partial
nitrification. For Q, the partial nitrification efficiencies varied between 50% and 95%
in biofilm systems even at the concentrations of dissolved oxygen (DO) in bulk liquid
were controlled at a similar level (95% at 1.4 mgl®DO, 50% at 1.5 mg £ DO:
Ciudad et al., 2005; Garrido et al., 1997). A wide range of FA concentratidne5
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— 20 mg N T have been recommended to inhibit the activity of N@Bdivelu et al.,

2007; Villaverde et al., 2000; Abeling and Seyfried, 1992; Turk and Mavinic, 1989;
Alleman and Irvine, 1980; Verstraete et al., 1977; Anthonisen et al. 1976; Prakasam
and Loehr, 1972; Murray and Watson, 1968adivelu et al. (2007Yyeported that
although FA concentration was controlled between 4 amthN [, the activity of

NOB was not fully inhibited (only 88%Based on the above mentioned information,

it is unavoidable to incorporate both gontrolling parameters to maintain highly
efficient partial nitrification.

Recently, cell entrapment in gel has been proposed to be a potential means to
achieve partial nitrification”under ammonia-rich environment (Rongsayamanont et al.,
2010). Although the"meghanisms béhilnd partial nitrification by entrapped cells are
unclear, an @limiting condition occy;rfring inside the gel beads which is more
favorable for AOB than NOB/is likely t[ih‘_ea'-main contributing factor (Rongsayamanont
et al., 2010). Advantages of-entrapp‘gérd ‘cell systems over suspended cell systems
include better cell maintepnance from W%i_s_h'ing out, higher cell protection from toxic
substances, higher conversion Fate-of s&béﬁate, and easier liquid-cell sep@tsgion (
and Lin, 1994). The applications ‘of "éﬁtfapped cells for nitrifmat has been
demonstrated at séverai-fuli=scale-wastewater treatinent plants (WWTP) in Japan
(Isaka et al., 2007).'

For entrapped cell and biofilmssystens; where anost cells being retained in
system, the profile "of inoculum (in terms of original bacterial community and
compasition) can.be a curtail factor to. determine.the duration.needed for starting up
partial nitrification system. A previous study in a'biofilm system.found that although
the activity of NOB is inhibited, their cells can still be persistent and later lead to
unexpected N@ production (Wag et al., 2009). Rongsayamanont et al. (2010)
showel the influence of culture history of inoculum on the resultant nitrifying
microorganism composition and the nitrification kinetics of an enriched nitrifying

culture (Rongsayamanont et al., 2010).
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The first objective of this study is to investigdle dfect of inoculum on
aceelerating partial nitrification in entrapped cell reactor. Moreovee, dfect of
inoculum on the abundance and spatial distributionitsifying microorganismsvas
also carried out. Suspended cells includenit)ifying (N) sludge, 2) partial nitrifying
(PNI) sludge and 3) partial nitrifying (PNII) sludge were prepardden all three
types of suspended celland another one as non-nitrifying (NN) sludge wesed as
‘sugpended inocula’. The four types of suspended inoculum were latepedranto
the polyvinyl alcohol (PVA) gel called entrapped inocula’. Four entrapped inocula
were used to start up entrapped cells nitritation-reactors under identical conditions at
DO concentrations of 2 and” 3 mg O to promote partial nitrification. Along the
start-up period, N@ accumulation ' was observed to determine effect of inoculum on
accelerating partial-nitrification. _Qarititative polymerase chain reaction (qPCR)
tedhnique was used jor quantiiying th(:-:f numbers of AOB, ammonia oxidizing archaea
(AOA), and NOB to investigate the[;"deaf-fect of Inoculum on the community and
population of nitrifying micreorganism iflitritation entrapped cell. A fluorescence in
situ hybridization (FISH) technigue wa’Sj{'_t_:l_sgd for probing nitrifying microorganisms
(AOB and NOB) within the entrapment:mgfrix to observe the effect of inoculum on

the spatial distribution of nitrifying micrdéfgahism in nitritation entrapped cell.

The second 'objective of this study is to observe the effect of bulk DO and/or
FA concentrations on partial nitrification efficiency in an entrapped cell sy#t&ar.
finishing thesstart:up | ofy entrapped; cellypitritation<reactors, three entrapped cell
reactors, which, were inoculated with entrapped cells originated from NN, PNI and
PNII sludge, were_ further operated for long ‘periods. under.various bulk DO and FA
concentrations. During the operational’ peridt), 'accumulation at steady state

opemtion was monitored.



65

5.2 Materialsand Methods
5.2.1 Synthetic wastewater

Two types of synthetic wastewater were used, one for suspended cell
(inoculums) reactors and the other for entrapped cell reactors. The synthetic
wastewater for suspended cell reactors, which is an inorganic medium solution with a
total ammonia nitrogen (TAN) level of 70-mgM (0.34 g of (NH),SO, per liter),
250mgN I (1.20 g of (NH)>SO: perliter), and-950 mgN*l(4.56 g of (NH),SO,
per liter) were used as the«iniluent for preparing nitrifying (N), partial nitrifying |
(PNI) and partial nitrifying [I*(PNII) sludge, respectively. Synthetic wastewater for
entrapped cell reactors, which was inerganic medium solution with a TAN level of
625 mgN 1 (3.0 g ofd(NH).SQ, per Iitér), was used as influent for its start up and
long-term operation. Inorganic mediurﬁ- solution contained NagiC@8 g per
gTAN), NaHPO, (4.05 g), KHPO; (2.1 g),"MgSQ » 7H,O (0.05 g), CaGle 2H,0O
(0.01 g), and FeSQ -+« 7H,0 (0.02 g) 'ih"Qne liter of deionized (DI) water. All

chamicals were purchased from-Carlo Er“ba‘ﬂ‘l'?eagenti (Milan, Italy).
5.2.2 Preparation-of-suspended-and-entrapped indcula

Three types of suspended inocula were experimented: non-nitrifying (NN),
nitrifying (N),spartial pitrifying (RNIl@and=PNI). Fresh«NN=inoculum was taken from
an aeration basin of a full-scale” municipal “activated "sludge WWTP (a contact
stabilization _process). in.Bangkok. .The N,.and PNI and. PNH inocula were prepared
from the "NN !inoculum. or “thex WWTP, the' average' influent and effluent
concentrations of biochemical oxygen demand (BOD) were 57.4 and 5.3. fituel
average ammonium concentrations in the influent and effluent were less than 1 mg N
I" (August 2008). Mixed liquor suspended solid (MLSS) and mixed liquor volatile
supended solid (MLVSS) were 5,006 and 2,653 thgéspectively. The descriptions
and operation of the laboratory-scale reactors used to prepare the suspended inocula
are shown in Table 5.1. Note that the difference between PNI and PNII was preparing
PNI with no sludge wasting while PNII prepared with the selective sludge wasting to
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limit the numbers of NOB. After steady state conditions, with respect to the
concentrations of both inorganic nitrogen and biomass, the suspended inocula were

harvested.

All three prepared suspended inocula (N, PNI, and PNII sludge) together with
the fresh NN sludge taken directly from the WWTP were entrapped in phosphorylated
PVA (PPVA) gel beads at a cell-to-matrix ratio of 4% w/v (g of centrifuged
MLVSS/ml of media) according to the procedure described by Chen and Lin (Chen
and Lin, 1994). Briefly,~a-mixture-at an-egqual volume between a PVA aqueous
solution (20% w/v) and a_sludge suspension of 70 g volatile suspended solid (VSS)
per liter was prepared. Fhen, the mixture was dropped into a saturated boric acid
solution at a rate of*0.83‘mi/min resulting in a droplet diameter of 3 — 4 mm. About
one hour after the drepping ended; thé formed beads were transferred to a 1 M sodium
orthophosphate solution (pH 7) andj":kJe;pt for 2 br to allow hardening. With this
protocol, the gel beads had about they'same sizes (approximately 6 mm in diameter).
Entrapped cells originated from NN, N?’-"NI and PNII sludge were called ENN, EN,
EPNI and EPNII and were ‘used as the Jféntrapped inocula for four corresponding

entrapped cell nitritation reactors (ENN, 'ENi’EPNI and EPNII reactors).

Table 5.1 Setup and operation of laboratory-scale reactors for preparation of

suspended inoculums

Influent Operating conditions
Reactor i
NHe ) e NHs HRT || "sRT | ‘MUvss | “oo temp | OPerating
man ) |1 80N o @ ON o) | @orh | mary | DRTLY oy | PR
reactor | (gN'n3d™) (d)
no
N 71.4+1.2 SBR 30 2.2 sludge 850 >4 8.1+0.1| 25%1 76
wasting
no
PNI 252.0£1.1 SBR 500 0.5/ sludge 1225 <1 7.910.2 361 70
wasting
PNII 949.9+1.8| CSTR 540 15-20 430 230 8.040.1 35+1 73
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5.2.3 Setup of entrapped cdll nitritation reactors

Entrapped cell nitritation reactors have an effective volume of 3 liters. The
reactors were stirred completely using mechanical stirrers at 250 rpm (IKA RW20D,
IKA-Werke GmbH & Co., Germany). Air was supplied to each reactor through an
ON/OFF air blower which was connected to an oxygen transmitietX@e, Mettler
Toledo, USA) equipped with a DO probe o(Sensor InPro 6820, Mettler Toledo,
USA) to control the DO conecentration in-the reactor. pH was controlled by a pH
controller (Liquitron DR-5000, LMI-Milton-Rey,-USA) equipped with a pH probe
(Orion 9156DJWP, Thermosscientific, UK) as well'as HCI and NaOH solutions.

5.2.4 Start up-of entrapped cell nitritation reactors

The influent used ‘to, start-up thfe entrapped cell nitritation reactors is the
organic-free synthetic wastewater contain‘ing TAN of 625.7 mg"NAll reactors
were operated under the same conditi'ons. Hydraulic retention time was 1.2 days
resulting in an influent Nkl loading rate of 520 g N d'*. The reactors were
opeited at room temperature (24°28, while the pH level was strictly controlled at
8.010.1. . The start-upperiod-was divided into-2-phases: phase | with the DO
concentration in bulk solution of 3 mg©" and phase Il with DO concentration in
bulk solution of 2 mg @I™. In phase II, bulk DO concentration was reduced into 2
mg O,1™ to seeithe effect of Meveljin achievinggpartiaknitrification. During the start-
up peiod, the ;supernatant was collected, filtered through a glass fiber filter (GF/C,
Whatman) and analyzed for TAN, NCGand.NG" concentrations. daily. To observe
spdial distribution of AOB and'NOB“in'the gel'beads, the beads were collected after
the end of phases | and Il of start up and analyzed using FISH technique. Also, after
the end of phase Il, gel beads were taken to quantify the numbers of nitrifying
microorganisms as AOB, AOA\itrospira, and Nitrobacter in the cell entrapment

matrix.
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5.2.5 Long-term operation of entrapped cell nitritation reactors under

various DO and FA concentrations

After starting up partial nitrification, the ENN, EPNI and EPNII reactors were
further operated to investigate the effect of DO and/or FA concentration on the partial
nitrification. All three reactors were operated under identical conditions. The influent
was the synthetic wastewater containing 624.9 mg MAN. HRT was 3.0 days
resulting in an influent Nkl loading rafe”of 208 g N d*. The reactors were
opeiated at room temperature (24°25. The DO-eoncentration in the reactor was
varied: 0.5+0.1, 1.0+0'1, 2:0:0.1. mgQ™". To vary FA concentration, pH was
adjusted to 6.5+0.1, 7.2#0 1, 7.8+0.1, 8.2+0.1. During the operational period, the
supernatant was collected, filiered through a glass fiber filter (GF/C, Whatman) and

analyzed for TAN, N@ and NG coneentrations daily.
5.2.6 Analyses

DO (WTW Oxi 3401 meter, W Céllox 325 probe, Germany), pH (HACH
Sensionl pH Electrode;, USA), and VSS were. determined following the Standard
Methods for the Examination-of Water and Wastewater (APHA et al. 1998). TAN
was analyzed using 1on selective electrodes (WTW GmbH,308/2, Germany) and
NO, and NQ were analyzed using a UV visible spectrophotometer (Thermo
Electron Corporation; Hexious, (Cambridge) UK) in accerdance with the Standard
Methods for the Examination of Water and Wastewater (APHA et al. 1998).

5.2;7"Abundance of tfAOB; AOA ‘and NOB! in- cell “lentrapment matrix

deter mination using quantitative PCR

For each entrapped cell sample, two gel beads were suspended in an ice-cold
phosphate buffered saline (PBS) solution. Later, the beads were transferred and fixed
in a paraformaldehyde solution (4% in PBS at pH 7.2f@tfdr 12 h. After washing
three times and resuspending in a ice-cold PBS solution, fixed gel beads were allow to
be dissolved completely in a PBS solution atC7€r 5 min. Immediately, DNA of
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the released cells was extracted using Fast-DNA SPIN kits for soil (QBiogene, USA).
Agarose gel (1.5%) electrophoresis (Bio-Rad, Spain) was used to verify the products

from DNA extraction.

For each sample of extracted DNA, DNA was prepared into three dilutions at
10-fold dilution factor. For AOBamoA genes were quantified using the primers
amoA 1F and amoA 2R and the 16S rRidénes were analyzed using the primers
CTO 189A/Bf, CTO189Cf , and CTO 654t .The range of 7.2 Xth07.2 x 10
copies of the pGEM-T.Easy Vector (Promega; USA) inserted withartte gene
fragment ofthe clone AOB-NAS10-360-4 (an accession number of GU9804:34)
used as the standard DNAsfor the' A@BW0A genes. The pGEM-T Easy Vector
possessing the 16S'TRNgene fragment oNitrosospira multiformis (an accession
number of X90822).if thé range-of 44 X140 4.4 % 10 copies was used as the
standard DNA for AOB 16S rRNA gené. For AOAMOoA genes were quantified
using the primers Arch-amoAF and Arch-amoAR: The range of 5.0 0180 x 16
copies of the pGEM-T Easy-“Vector 'possessing dheA gene fragment of the
archaeaamoA clone AOA-S-4 (an acceséiorﬂi' number of GQ390338) was used as the
standard DNA for.the AOAamoA gene quantification. For NOB, the 16S rRNA
genes were quantified-with-the-primers-P338F and NtSpa06dbtfospira and with
the primers P338F and NIT3 faditrobacter. The standard DNA, which was the
pPGEM-T Easy Vector possessing the 16S rRbine fragment oNitrospira and
Nitrobacter, wetetprepared in/the ranges of 7. 7% 077 x=10 copies and 2.5 x 10
to 2.5 x 10 copies, reéspectively. " The sequencés of all PCR primers and their target
genes used.in this.study.are shown.in Table 5.2.

An Mx3005P instrument (Stratagene, USA) with a Brilliant II SYBR Green
QPCR Master Mix (Stratagene, USA) was used to perform qPCR. For AOB and
AOA, the PCR condition, 95°C for 10 min, followed by 40 cycles of 30 s at 95°C, 60
s at 56°C and 30 s at 72°C, was used to amplify the A@&A genes, AOB 16S
rRNA, and AOA amoA genes. For NOB, the PCR condition, 95°C for 5 min,
followed by 40 cycles of 90 s at 95°C, 30 s at 65°C and 60 s at 72°C, was used to
amplify the 16S rRNA gene dflitrobacter andNitrospira. For every cycle of PCR
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amplifications, fluorescence signal was captured at 78 °C for 15 s. At the end of every
gPCR reaction, dissociation curves were plotted to confirm the single target fragment

of the PCR amplified products.

To calculate the cell numbers of AOA and AOB from the observed number of
archaeal and bacterial amoA genes, it was assumed, based on the numbers of archaeal
and bacterial amoA gene copies found in enriched AOA and isolated AOB culture,
that the AOA and AOB cell possessed one copy and 2.5 copies of the amoA gene per
genome, respectively (Hallam et al;; 2006;-Norion et al. 2002). To calculate the cell
numbers ofNitrospira and Nitrebacter from the observed number of 16S rRNA
genes, it was assumed that Meospira andNitrobacter cell possessed one copy of
the 16S rRNA gene per'genome based on the numbers of 16S rRNA gene copies
found in enrichedNitrospira and isolafecNitrobacter culture (Lucker et al., 2010;
Starkenburg et al., 2006).

5.2.8 Spatial distrigution of AOB and NOB in cell entrapment matrix

deter mination using fluor escenee i situ hybf“idization (FISH)

Spatial distributien-ef microorganisms-in-gel beads was analyzed using FISH.
Protocols for cell fixing, sectioning, hybridizing and washing are described in Chapter
4. Briefly, for each sample, one gel bead was suspended in an ice-cold PBS solution.
Later, the bead wasgransfer /andifixed:in @\ paraformaldehyde solution (4% in PBS at
pH 7.2) at 4C for 12 h. After washing three times and resuspending in a ice-cold PBS
solution, the fixed.gel bead.was embedded in-a rapid freezing.compound (Tissue-Tek
OCT, Sakura Finetek USA'Incy, USA) and cutlinto-five micton sections 8€-20
using a cryomicrotome (Leica CM 1950, Germany), then immobilized onto a polymer

coating slide.

Oligonucleotide probes used in this study were labeled at 5 ends with
Alexaflour 488 or Cy3 (ThermoHybaid, Ulm, Germany). Hybridization was
performed at 4% for 1.5 h in buffer (0.9 M NaCl, 20 mM Tris-HCI, 0.01% sodium
dodeyl sulfate (SDS), formamide) containing 5 ng of prathé. The cut section of
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the gel bead was immersed in pre-warmed washing buffer (20 mM Tris-HCI, 0.01%
SDS, NaCl) at 4& for 10 min and subsequently rinsed shortly with DI water, air
dried and mounted with an anti-fading solution (SlowFade, Antifade kit, Molecular
Probes, Eugene, OR, USA). The oligonucleotide probes and their corresponding
hybridization conditions are shown in Table 5.3. For simultaneous hybridization, two
hybridizations were performed successively with the probe requiring higher
stringency performed first (Wagner et al.,;1996). The hybridized sample was observed
using a fluorescence inverted microscepe (Olympus IX81, Japan) with DP2-BSW
software for image processing. Alexafloui-488-labelled probe was visualized by
excitation between 460 and 495 nm and collection of fluorescence emission at 510
nm. Cy3-labelled probe was-excited at between 530 and 550 nm and its fluorescence
emission was collected at 575nm.

Table5.2 PCR primersiused in this studyJ

#

.

PCR Primer Sequences (5- 3') Target genes References
P338F ACTCCTACGGGAGGCAGCAG Bacterial 165 rRNA 8‘;[)676;5 etal
amoA 1F GGGGTTIcTACTGGTGGT AOB amoA gene Rotthauwe
amoA 2R CCCCTCKGSAAAGCCTTCTTC 9 (21997)

CTO 189A/Bf GGAGRAAAGCAGGGGATCG

CTO 189Cf GGAGGAAAGTAGGGGATCG AOB 16S rRNA gene Kowalchuck et

CTO 654r CTAGCYTTGTAGTITCAAACGC al (1997)
Arch-amoAF STAATGGTCTGGCTTAGACG Francis et al
Arch-amoAR  GCGGOCATGEATCTGTATGT- | HOAanpAgene (2005)
Ntspa0685 CGGGAATTCCGCGCTC Nitrospira 165 TRNA gene (RZ%%‘;’)‘ stal
Nitrobacter 16S rRNA Wagner etal

NIT3 CCTGTGCTCCATGCTCCG gene (1996)
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Table 5.3 Labeled 16SrRNA oligonucleotide probes used in this study

Formamide

Probe Sequences (5'to 3) Label Target organisms (%) References

EUB338  GCTGCCTCCCGTAGGAGT  Cy3/AF  Most bacteria 15 (Alng‘gg)” etal.
S-AOB Mobarry et al.

Ns0190 CGATCCCCTGCTTTTCTCC Cy3/AF (Many but not all) 40 (1996)

Nitr gsomonas europaea,
Nsel472  ACCCCAGTCATGACCCCC — Cy3 Nitfosomonas eutropha, 50 Juretschko et al.
. . (1998)
Nitrosomonas halophila

Ntspa662 ~ GGAATTCCGCGCTCETGT. Cy3 . NirGspiragentis 35 (E)z"’(‘)'g”ls) etal.
Nit3 CCTGTGCTCCATGCTCGE" +'Cy3 Nitrobacter spp. 40 \(’l’gggfr etal.

5.3 Resultsand discussion 1

5.3.1 Preparationof stispended inocula
¢ i
d Fey ‘!JJ
Suspended inocula used-for the preparation of entdagrdkeinocula included

the fresh NN sludge, which was taken directly from the WWTP and N, PNI, and PNII
sludge, which wer'er prepared by enriching the frésh NN sludge in the laboratory-scale
reactors. Operating conditions and steady-state performance of the reactors used for
the preparation of N PNI, and PNII sludge are shown in Tables 5.1 and 5.4.
Abundance and spatial distribution'of the target microorganisms are shown in Fig. 5.1

and 5.2, respectively.



Table 5.4 Operating conditions and steady-state performan
PNI, and PNII sludge) (see monitoring results in Fig. A-

ratory-scale
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reactors during preparation of suspended inocula (N,

Removal efficiency

Influent Operating conditions ﬁ‘l Effluent
Reactor Eff NO,
(mN';\l'?J) I[\loiad Agtual I n ;IT (n’]\l %ZI:l) (n:\l %3'..1) reﬁ'ssal NHalgeargoval ' e/r’;lxl)-'\ie d
9 reactor | (gN md?) ( =4 9 9 (%) (gN m®d™) %)
=
R
N - - 1.3+0.3 67.5+0.6
N 71.4+1.2 30 SHL | 99 30 2
e @ (95)
il
! e 184.7+4.6 19.1+2.8
PNI 252.0+1.1 500 < -OHI2 361 ‘3 73) ®) 89 400 83
20
PNII 949.9+1.8 540 >5 ;‘.ﬂ%ﬁ;. 832.5¢20.1 | 60.6+11.6 96 510 91
— == (88) (6)
Note : Values in parenthesis are the percentage of the sp B

y

;
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9 1.E+05 - BN
g 1.E+04 - J DPNI
; DOPNII
Fig. 5.1 Abundance ‘ct‘e&ia (AOB), ammonia oxidizing
archaea (AOA)Nitrobacie: B) in suspended inocula at the
end of the preparation p letection (LOD) for the bacterial and archaeal
amoA genes was 6.0 5,9 %19 cells mgVSS, respectively. The LOD for
Nitrobacter andNitrospira f”f' NA ¢ Was 1.7>18nd 5.1x18cells mgVss,

respectively.
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10 maborom

Fig. 5.2 FISH image showing nitrifying microorganisms in suspended inocula: NN
sludge.(a,.b), N sludge (c, d), PNI sludge (e,f); and PNII sludge (g, h). Left-side (a, c,
e, g) are 'suspended inocula, ‘hybridized with NSO190! (beta-proteobacterial AOB;
green) and EUB338 (all bacterieed). Right-side is suspended inocula, hybridized
with Ntspa662 Nitrospira; red) (b) and NIT3 Nitrobacter; red) (d, f, h). The target

cells complimentary to both Cy3-labeled probe (red) and Alexa Flour 488-labeled
probe (green), are shown in orange-yellow. Non bright green and red signals arenon-
active target cells, autofluorescence of cell lysate, exopolymeric substance and/or and

precipitated salts.
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NN sludge was pre-defined as the sludge lack of nitrifying activity. Fig. 5.1
showed that NN sludge contained low numbers of AOB (9.570x10 cells mg
VSS? corresponding to the FISH image (Fig. 5.2a) in which no signal of active AOB
was observed. There are two possible explanations for this. Firstly, very limited levels
of NHs in the influent of the WWTP (less than 1 mg¥y tluring the sampling period
led to insufficient substrate available for AOB growth. These levels of \Mte
much less than the typical level for low-strength municipal wastewater (around 20 mg
N 1) (Henze et al., 2008). The reduction.of Nidncentration in the influent of the
WWTP may cause by ihe degradationof-aNHuring long transportation of
wastewater from household 0 the WWTR or the dilution of wastewater with
stormwater during wet season. Secondly, NN sludge was harvested from a contact
stabilized activated-sludge /process which is developed mainly for the removal of
BOD. This process may limit completé nitrification ability due to the short retention

time maintained for the system (Metcalf and Eddy, 2003).

In contrast to AOB, AOCA in NN sludge were found in high number
(7.1x10+1.3x16 cells mg VSS). 16 times higher than the AOB numbers. Several
studies reported high abundance of AOA in full-scale WWTPs with lovg Mkels
(Limpiyakorn et al;,-2011; Senthiphand-and timpiyakorn, 2011; Park et al., B@06)
to present, only two studies reported fer NHs of AOA; one is for the only available
AOA isolate,Candidatus Nitrosopumilus maritimus, 1.86 pg N T (Martens-Habbena
et al., 2009) andithe other for @n enriched JAOA culture; 8.54 ug (Rdrk et al.,
2010).According to Limpiyakorn et al. (2011), AOB with high affinity to Blkke
members .of Nitrosomonas oligotropha .cluster-dominated in “full-scale municipal
WWTPSs and the'Kvalues forthis ‘AOB ‘clustér are ‘between 0.42 and 1.4 mg N |
Y(Bollmann et al., 2001; Stech et al., 1995), which are much higher than those of
AOA. As a result, under limiting NfHenvironments AOA can outcompete AOB for
NHs.

For NOB in NN sludge, only members of genbtrospira were found
(4.3x10+2.7x10 cells mg VSS), while noNitrobacter was detected. From the FISH

image, activeNitrospira was found a very limited level (Fig. 5.2b) while no signal of



77

active Nitrobacter was observed (data not shown). Previous research showed the
predomination oNitrospira over Nitrobacter in the environments low in NCOlevels

(Kim and Kim, 2006; Schramm et al., 1999). This was a result of the highgr NO
affinity of the Nitrospira than that of theNitrobacter (Ks for NO,” between 0.12 and
0.22 ng N I'* for Nitrospira; Manser et al., 2005; Schramm et al., 1999, and between
0.3and 1.9 mg Nt for Nitrobacter; Beccari et al., 1979; Alleman, 1984). Thus, in
the WWTPs, where the level of NQvas found minimally (< 0.1 mg N'J Nitrospira
outcompeteNitrobacter (Wagner et al.; 2002).

The N sludge was_prepared by promoting complete nitrification in the NN
sludge. This can be“achieVed by praviding sufficient DO (> 4 mg'Pand sludge
age (no sludge wasting).to support activity of both"AOB and NOB (Tables 5.1 and
5.4). N sludge fully oxidized N&to NOg" (99% NH; removal and effluent NONH3
removed = 2%) (Table 5.4).. The high ﬁ-itrification efficiency led to the increase in
numbers AOB in N sludge from the NN sludge §tines higher, 8.2x7@3.4x16
cdls mg VSS' in N sludge and“@:5x187:1x10" cells mg VSS in NN sludge). The
FISH image also showed that-active AOB |n N sludge was higher than that in the NN
sludge (Fig. 5.2a and c).In contrast to AOB, the.number of AOA in N sludge Was 10
times lower than thai-of-the-NiN-siudge (1:5xi00xi0" cells mg VSS in N sludge
and 7.1x10+1.3x10 cells mg VSS in NN sludge). The washing out of AOA from
thereactor caused by substrate inhibition likely occurred. Due to the variationsin NH
levels in the reactariduringa)batch operating:cycle«(data not shown), theddl
after the filling, period”(71.4 ' mgN™) could temporally inhibit the growth of AOA,
sub®quently. the _consortium _of  ammonia oxidizing microorganisms shifted from
AOA-dominated NN sludge 'ta AOB=dominated N sludge. ‘A" growth inhibition level
for isolated AOA,Candidatus Nitrosopumilus maritimus, is at 28 mg N/l (Martens-
Habbea et al.,, 2009). AOA likely played a main role in Nbiidation in the N
sludge.

For NOB abundance in N sludge, Fig. 5.1 shows that the number of
Nitrobacter was 16 times higher than of thalitrospira number (1.5x16:5.0x1¢
cdls mg VSS' for Nitrobacter and 2.4x16+4.3x1C cells mg VSS for Nitrospira).
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The results from FISH analysis were also in agreement. Adlitmbacter was
present (Fig. 5.2c), while no signal of actigtrospira was observed (data not
shown). Change in dominant NOB froiitrospira in the NN sludge tditrobacter

in the N sludge was likely to be caused by the,NOncentration in the reactor (data

not shown). The N@ peaks which took place during the feeding time of batch
opeation along the study period (13 m}) kould acclimate NOB which are tolerant

to high NO, levels. Consequently, lower NOaffinity or r-strategist NOB, as
Nitrobacter, instead of the K-strategist NOBlifrespira), became the dominant NOB

in the N sludge (as discussed above). Although-the numbers of AOB and NOB in the
N sludge rose in the Similar orders (8.2%484x10 cells mg VSS for AOB and
1.5x10+5.0x10 cells ' mg/SS for Nitrobactor), FISH analysis revealed that active
Nitrobacter in the N-sludge showed weaker signal intensity than the active AOB (Fig.
5.2c and d). This was probably due fo low sensitivity of FISH techniques to detect
microorganisms in enyironmental sampdl-es. Daims and Wagner (2010) showed that
the sensitivity of FISH is approximz;\telyﬁﬂo4 active cells ml sludgé Lower signal

of active NOB as compared to AOB, 'éven under a favorable growth condition for
both microorganisms (full nitrification),“is‘ﬂ"'likely because of the lower maximum
specific growth rate. (ax) of NOB at temperature above®C4(Hunik et al., 1994).

PNI sludge was prepared by enriching the NN sludge under DO-limiting
condition (< 1 mg @ I"Y) with sufficiently high NH load to promote partial
nitrification (activity af AOBver that)of:NOB)(Tables,5:1 and 5.4). In PNI reactor,
a high amount,of NkWwas nitrified'to NQ (89% NH;removal and effluent NONH3
removed =.83%).(Table 5.4). For. PNL sludge,. txadation of NH to NO, was
govaned by only ‘the limited: DO;“not 'NJ1 This condition’ remained until NH
beame exhaustedhe Ks values for @of AOB were found to be less than those of
NOB (0.03-0.99 mg Nt for AOB and 0.41-5.3 mg N'lfor NOB; Blackburne et al.,
2008; Ciudad et al., 2005; Wiesmann, 1994; Laanbroek and Gerards, 1993). Due to
the lower Q affinity of NOB, NOB is more sensitive with LQavailability than AOB
egecially under an @limiting condition. As a result, the activity of AOB was
promoted, while at the same time NOB activity was suppressed. A high amount of
NH3 oxidized in the reactor led to the increase in AOB number in the PNI sludge to
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10" times higher than in the NN sludge (1.3%®0x10 cells mg VSS in PNI
sludge and 9.5x187.1x10¢ cells mg VSS in NN sludge). The FISH image showed
higher signal of active AOB in the PNI sludge than in the NN sludge (Fig. 5.2a and e).

The abundance of AOA in the PNI sludge decreased from the NN sludge (Not
detected for PNI sludge and 7.1%20.2x1¢ cells mg VSS in NN sludge).
Complete washing out of AOA from the /PNI sludge could be due to two possible
reasons. One is substrate.inhibition. ThesEaks (252.0-28.9 mgN) appeared at
the beginning of each eycle could repeaiediy-inhibited growth of AOA (as discussed
above). The other possible” ieason is due to free nitrous acid (FNA) inhibition.
Anthonisen et al. (1976) suggested that AOB are inhibited at the threshold FNA
concentrations betwéen 0.2 and 2.8-mg ‘Nwhile the inhibition on NOB activity
was found at the con€enirations betWeen 0.06 and 0.83 myg(Anthonisen et al.,
1976). However, much higher sensitivitj'/- of AOA io FNA was reported (complete
inhibition of AOA, Candidatus Nitrosopurhilus maritimus at FNA of 0.0026 mg N
Konneke et al., 2005). As shown‘in Table 5.4, an averagg biidcentration of 184.7
mg N I in the reactor correspanded to 0.004 mg™Not FNA. This level of FNA
could strongly inhibit activity of AOA, but not AOB.

As a result of suppressing the growth of NOB during the preparation of PNI
sludge,Nitrobacter, as the dominant NOB in the reactor, was 10 times lower that the
number of fAQB] (1.7x18:6.9x16)) cellsii mg ~VSSfor Nitrobacter and
1.3x13+9.0x1@ cells thg VSS for AOB). This corresponds to the FISH results that
adive Nitrobacter was, observed at_. lower signals than active”AOB (Fig. 5.2e and f).
Although a‘hightlevel of partial”nitrification (effluent'NONH; removed = 83%)
indicated nearly complete inhibition of nitratation, under long sludge age operation
(no sludge wasting) as in this study NOB were not washed out from the reactor as
confirmed by the existence of high numberdNdfobacter andNitrospira in the PNI
sludge (1.7x16:6.9x10 cells mg VSS for Nitrobacter and 4.5x16+1.0x10" cells
mg VSS*for Nitrospira). In addition, the shift in the dominant NOB fraXitrospira
found in the NN sludge tdNitrobacter in the PNI sludge agrees with the high

accumulation of N@ in the reactor. Correspondingly, actiitrobacter was
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observed (Fig. 5.2f) without a signal of actiMérospira (data not shown) in FISH
images. High N@ environment in the reactor could acclimate and change the

community of NOB .

PNII sludge was prepared in a reactor without sludge recycling. Hunik et al.
(1994) suggested that at temperature abo%€,l4uax of AOB is higher than that of
NOB. Moreover, the growth of AOB can largely be increased compared to NOB at
higher temperature levels (but not above@0(Hunik et al., 1994). Thus, when
mantaining high temperature, NOB' can be-washed out while AOB cells can be
maintained if in the reactorwithout sludge recycling, dilution rate was controlled to
be higher than the growih rate of NOB but lower than that the growth rate of AOB.
From the practical point.of view, a reactor with sludge age between 1 and 2.5 days
can achieve high levels of partial nitfification when the temperature is ab8@e 30
(van Kempen et al., 2001). As a result 6f using low sludge age (1.5 - 2 days), PNII
sludge nitrified NHto N@, at high level'(9'6% NElremoval and effluent NONH;
removed = 91%) (Table 5.4). This resUIted in' fithes higher abundance of AOB in
the PNII sludge than that in the NN sludge (8.9%0x10 cells mg VS in PNII
sludge and 9.5x187.1x1¢" cells mg VSS in NN sludge). In the FISH images,
active AOB in the PNii-siudge was-aiso higher than-in the NN sludge (Fig. 5.2a and
g). The number of ACA was not detected in the PNIl sludge and while it was
7.1x10+1.2x1¢ cells mg VSS in the NN sludge. Similar to the PNI reactor,
conplete washing | eut sof tAOA | from=the |RNII"reactor is probably caused by
continuously inhibiting AOA by high concentrations of N&hd FNA in the reactor
(34.6 ng N [ of NH5 and.0.015.mg N'for. FNAY(Table 5.4).

For the number of the dominant NOB in PNII slud@étrobacter was 16
times lower than that of AOB (8.9xH8.0x10 cells mg VSS for AOB and
3.7x10+3.0x10d cells mg VSS for Nitrobacter). FISH results also agree with this.
No active cell of eitheNitrobacter or Nitrospira was observed while active AOB
cells were found at high levels (Fig. 5.2g and h). Similar to the PNI sludge,
Nitrobacter, not Nitrospira was the dominant NOB in the PNII sludge which
corresponded to the high accumulated,NBvels in the reactor (3.7x1£8.0x1¢
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cells mg VSS of Nitrobacter and not detected foNitrospira). Although NOB
(Nitrobacter) activity was completely inhibited, their cells were not washed out from
the reactor. Comparing to NN sludge, the dominant NQ@Bd in the PNII sludge
was 10 times lower those in the NN sludge (3.7%3®x1d" cells mg VSS of
Nitrobacter in the PNII sludge and 4.3x32.7x10 cells mg VSS of Nitrospira in

the NN sludge).

When comparing among different suspended inocula, sludge with higher NH
removal loads (PNIl >.PNi-> N >-NN sludge;510, 200, 30, and 0 g Ndh
respectively) contained mare active AOB (PNIl > PNI > N > NN sludge) as suggested
by the using FISH resulisi However, gPCR results disagreed (PNt PINIl > NN
sludge,  1.6x10+211x20°% / 6.9x1G%7.1x10, 8.8.0x16%1.7x10°,  and
2.5x10+1.9x1F cellsd®, respectively). Jt should be noted that gPCR included genes
belonging to active and inactive, viab“lefand nonviables cells in the quantification,
while FISH detected only 16S rRNA within ribosomes of active cells. Although the
analysis of AOB at species levels wasf:‘ not performed in this study, evidence from
previous studies implied thatitrosomonas olil'éotropha is likely to be the dominant
AOB in NN, and N.sludge Which received low ditdading rate (30 g N thd?) and
Nitrosomonas eur opaea-may-be-the-deminant- AOB-in PNI (NHbading rate of 500 g
N m? d%) and PNII studge (Nkloading rate of 540 g N thd™). Limpiyakorn et al.
(2007) suggested that AOB with high affinity to NHsuch asNitrosomonas
oligotropha comprised majority ef AOB.in nitrifying-activated sludge acclimated with
low NHs influent load (< 33 g N’ d") while Nitrosomonas europaea cluster which
has lower. NH.affinity. is.the. dominated AOB=in_sludge.acclimated with highsNH
loading fate'(> 100 gN mdY).
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5.3.2 Abundance and spatial distribution of nitrifying microorganisms in

entrapped inoculums
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Fig. 5.4 FISH image 'showing nitrifying microorganisms in entrapped inocula: ENN
entrapped cell.(a,.b),.EN entrapped cell (c, d),; EPNI entrapped cell (e, f), and EPNII
entrapped: cell (g, 'h): Left-side images are entrapped cells, hybridized with NSO190
(beta-proteobacterial AOB; green) and EUB338 (all bagteed). Right-side images

are entrapped cells, hybridized with Ntspa66&rpspira; red) (b) and hybridized

with NIT3 (Nitrobacter; red) (d, f, h). The target cells complimentary to both Cy3-
labeled probe (red) and Alexa Flour 488-labeled probe (green), are shown in orange-
yellow. NOTE: Non bright green and red signals are non-active target cells,
autofluorescence of cell lysate, exopolymeric substance or/and and precipitated salts.

And white line indicates the edge of entrapped cells.
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Fig. 5.1 and 5.3 showed that the proportions of nitrifying microorganisms in
their consortium were similar betweenthe suspended and entrapped inoculums. For
AOB, their abundance in suspended inoculums was 1339101 in PNI sludge~
8.9x10+4.0x10 in PNII sludge~ 8.2x10°+8.4x1C¢ in N sludge > 9.5x1®7.1x1¢
cdls mg VSS! in NN sludge which was similar to those found in entrapped inocula
6.8x10+1.5x10 in EPNI > 2.9x1¢+4.7x1C in EPNIl = 6.2x10*2.9x1¢ in EN >
LOD cells/unit volume of bead in® ENN. For AOA, the abundance was
7.1x10+1.3x1¢ in NN sludge > 1.5x1&7:0x10%in N sludge > LOD cells mgVvS5s
in PNIl and PNI sludge-and for entrapped-inocula 1.1x2ax1¢ in ENN >
1.4x10+1.9x10 for EN'> LOD cells/unit volume of beddr EPNII and EPNI. For
NOB, the numbers oiNitrobacter | were 1.5x10+5.0x1¢ in N sludge ~
1.7x1046.9x10 in PNI sludge /> 3.7x182.0x1¢ in PNIl sludge > LOD cells
mgVSS* in NN sludge, Avhich Were‘in the same order as found for entrapped
inoculums (6.0x16+1.9%1G" in EN*~ 18x10+4.1x1G in EPNI > LOD cells/unit
volume of bead in EPNIFand ENN. AbundanceNifrospira was 4.3x18+2.7x1d in
NN sludge > 4.5x1%:1.0x10" in“PN! slud'ge; 2.4x10"+4.3x10 in N sludge > LOD
cels mgVSSt in PNII sludge and 3.2x84.4x16 in ENN > LOD cells/unit volume
of bead in EPNI, EN and EPNIl). This indicates.that effect of gel entrapment on the
consortium of nitrifying-micreerganisms-was miniimal. However, there was one
exception for AOB in EPNI which was found at a high level (6.8x1GBx1C cells
/unit volume of bead; Fig. 5.3). This was possibly due to non-homogeneity taken

place during gel entrapment:

FISH. results suggested. that the numbers .of active_nitrifying microorganisms
found in entrapped inoculumswere similar to'those.in suspended inocula. For AOB,
the abundance of AOB in entrapped inoculums was EPNII > EPNI > EN > ENN (Fig.
5.4) corresponding to those found in suspended inocula (PNIl > PNI > N > NN
sludge, Fig. 5.2) which agreed with the Nidmoval load in the suspended inoculums
reactors (see Subsection 5.3.1). The same results were found for NOB. The abundance
of active dominant NOB in entrapped inocula (EPNI > EN > ENN > EPNII) was not

different from those occurred in suspended inocula (PNI > N > NN > PNII sludge).
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This confirms that the effect of gel entrapment on active nitrifying microorganism

was negligible.

5.3.3 Effect of inoculums on accelerating partial nitrification using gel

entrapment

Effect of inoculum on aeccelerating partial nitrification was examined during
the start up period of entrapped cell nitriitation reactors. For each reactor, the start-up
period was divided inte.2 phases: phase lwith-the DO concentration in bulk solution
of 3 mg Q™ (18 — 27°days)and phase Il with DO concentration in bulk solution of 2
mg O, 1" (17 — 31 days). In'phase Il,©@oncentration Was reduced to see the effect of
O level in achieving partial nitrificétipn. Overall, the results showed thag NH
removal among the reaciors at the er;ld of phase | varied between 46 and 741%. NO
accumulation among the reactors a|sol;"gidffered especially for the EPNII reactor, which
exhibited much higher nitrite accumule}ﬁon than the others (14 — 28% for ENN, EN,
EPNI, but 91% for EPNII). However, wh{é'_n._ DO concentration was reduced from 3 mg
0,1 in phase | to 2 mg 07 in phase II,'—:N-‘I;fremovaI in all reactors improved and
was in a similar range of NHremoval 'éﬁiéiencies (between 50 and 64%).,NO
accumulation was alse-higher-at-the end of phase Il for all reactors excepting EPNII
(65 — 66% in ENN, EN, EPNI but 87% in EPNII.
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Table 5.5 Operating conditions and steady-state performance of/entrapped cell nitritation reactors (ENN, EN, EPNI, and EPNII reactors)
’

during start up periods. "i,
-
- [ Phase | (DO = 3 mgQ™)
Influent Operating condition £ 4 i
___./" / 4|I Effluent Removal efficiency
Reactor Operating
# periad 1 _Total NH
NH3 NH; load HRT pH Tenp d) - TAN NO, NOs nitrogen remO\31a| Eff NO,/NHs
(mgN 1Y) | (gN m3d?) (d) (y 4 s f 7 AmoN i) (mgN I (mgN ) loss %) removed (%)
rr = (%)
f o - -
ENN .2?% 23{.11‘1_.1.2 37 59.0+4.3 (9) 267.8+16.0 (43) 11 63 15
=
EN / /‘ 23 .| 350.0+20.6 (66)  77.2+6.6 (12)  140.1+14.9 (22) 10 46 28

625.7+3.2 520 1.2 | 81#01  25#1 e e

EPNI [ 27 | 1828484 (29)| 61.7+6.3(10)  345.8+29.9 (§5) 6 71 14
r Ziak: A
EPNII ,li,18- : 262.7;12',.?,-4(42 329.4+14.6 (53) 25.7+5.2 (4 1 58 91
= = Phase Il (DO = 2 mgd™)
Influent Operating condition - s ‘.",«Jr -
= R EfquEnt Removal efficiency
Reactor = Operation —
Yo ¥ beriod - Total NH
NH3 NH; load HRT pH | ¥iTemp = TAN NO; | NO3 nitrogen 3 Eff NO2/NH3
1 311 F s (d) 1 v 1 removal
(mgN I7) (gN m~d™) (d) +*=("C) (mgN ) (mgN+) (mgN ) loss (%) removed (%)
ar (%)
ENN - 23 225.5+16.7 (36) 260.0+18.4 (42)  82.9+13.8 (13) 9 64 65
EN 31 244 342545 (89) 1245.9+424.0(39) 87.0+28.0 (14) 8 61] 65

625.7+3.2 520 1.2 8.1+0.1 25+1
EPNI 31 311.3%8.7 (50) | 207.6+17.2 (33)  39.5+15.9 (6) 11 50 66
EPNII 17 268.0+4.9 (48) 309.4+2.4 (49 39.2+2.4 (6 2 57 87

98
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Fig. 5.5 Percent NHremeoval during start up of entrapped cell nitritation reactors
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Fig. 5.6 Nitritation level (ratio of NQ produced per Nklremoved) during start up of
entrapped cell nitritation reactors using ENN, EN, EPNI and EPNII entrapped

inocula.
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Fig. 5.8 FISH images showing nitrifying microorganisms in entrapped harvested after
phase_l: ENN.entrapped. cell (a, b), EN.entrapped cell (c, d); EPNI entrapped cell (e,
f), and EPNII entrapped cell (g, h)."Left:-side images.-are entrapped cells, hybridized
with NSO190 (beta-proteobacterial AOB; green) and EUB338 (all bactesi,
Right-side images (b, d, f, h) are entrapped cells, hybridized with NNikBobacter;

red). The target cells complimentary to both Cy3-labeled probe (red) and Alexa Flour
488-labeled probe (green), are shown in orange-yellow. NOTE: Non bright green and
red signals are non-active target cells, autofluorescence of cell lysate, exopolymeric
substance or/and and precipitated salts. And white line indicates the edge of entrapped

cells.
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Fig. 5.9 FISH image shewing nitrifylng microorganisms in an inner part of ENN
entrapped cells harvested after phase' |. Entrapped cell was hybridized with NSO190
(beta-proteobacterial AOB; green) and EUBBSS (all bacteed). The target cells
complimentary to both Cy3-labeled prbbe‘ (red) and Alexa Flour 488-labeled probe
(green), are shown in orange=yellow. NOTE: Non bright green and red signals are
non-active target cells, autofltierescence of cell lysate, exopolymeric substance or/and

and precipitated salts.
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Fig. 5.10 FISH images showing nitrifying microorganisms in entrapped cells
harvested, after phase ll. ENN. entrapped_celi(a,.b), EN entrapped cell (c, d), EPNI
entrapped cell (e; T),"and EPNIlFentrapped cell (g, h). Left-side.images are entrapped
cells, hybridized with NSO190 (beta-proteobacterial AOB; green) and EUB338 (all
bacteria red), Right-side images (b, d, f, h) are entrapped cells, hybridized with NIT3
(Nitrobacter; red). The target cells complimentary to both Cy3-labeled probe (red)
and Alexa Flour 488-labeled probe (green), are shown in orange-yellow. NOTE: Non
bright green and red signals are non-active target cells, autofluorescence of cell lysate,
exopolymeric substance or/and and precipitated salts. And white line indicates the

edge of entrapped cells.
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5.3.3.1 Ammoniaremoval
A.Phasel (DO =3mg 0, 1%

Fig. 5.4, 5.5 and 5.7 showed that during the initial periddy@ek) of
opeamtion, the removal of N (26%, 39%, 42%, and 66% for ENN, EN,
EPNI, and EPNII, respectively) depended on the abundance of active AOB
cells as observed by FISH resulis.rather than the number of AOB examined
using gPCR in the gel beads (plkemoval: EPNIl > EPNI > EN > ENN;
abundace of active.ACOB: EPNII > ERPNI > EN > ENN; numbers of AOB:
6.8x10+1.5x10 [ERPNJ} > 2.9x10+4.7x1G [EPNII] ~ 6.2x10+2.9x1d [EN]
> LOD [ENNYJ) cells/unit volume of bead). The discrepancy found between
both methodsgis because qPC‘R quantifies all genes belonging to both viable

and nonviable cells; while FISH selects only 16S rRNA of active cells.

After the F'week of oper‘éltipn toward the end of phase'! {34"
week) (Table 5.5 and 'Fig. 5.5), the Ei:ercentage of Ndhoval of all reactors
increased and ranged 46 io 71%5(63%, 46%,. 71%, and 58% for ENN, EN,
EPNI, and ERNii; respectively).in this study; residual concentrations ef NH
in bulk liquid-of all reactors remained at high levels (> 150 mgy |
throughout the operation period. Under this highsMiHvironment, @can be
limited:in the gel/beads due: to /muchi loweri,cancentration of DO compared to
NH3 which resulted in probably shorter penetration depthah&n NH;into
the gel.bead .and consequently. promotion .of partial _nitrification. The O
[fimiting ‘condition in” thet'gelr beads is evidenced by .FISH results at the
beginning and the end of phase | (Fig. 5.4 and 5.8). At the beginning of phase
I, active AOB clusters distributed throughout the entire beads which resulted
from thoroughly mixing between PVA and suspended inoculum during the
cell entrapment (Fig. 5.4). In contrast, at the end of phase |, active AOB
clusters appeared only around the peripheral layers of the gel beads where
sufficient G was available (Fig. 5.8). This indicates that AOB relocated from
the O,-limiting zones in the inner parts of the gel beads to thevailable
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zones at the outer parts of the beads. The relocation of AOB in the gel beads
could occur two ways. First, AOB in the-@miting zones died off due to the

lack of an electron acceptor; in contrast AOB in theailable zones become
flourishing leading to the change in AOB density along the depth of the gel
beads. Second, AOB may move themselves from thieér@ing zones to the

O, available zones in the gel beads. Some previous studies (Vlaeminck et al.,
2007 and Philips et al., 2002) found that nitrifying microorganisms can move
themselves towards more favorable'Zones where tHev@l reactivates their
adivity (Vlaeminek-et-al., 2007; Philips-et-al., 2002). The relocation of AOB

in the gel beads occurred in all types of the gel beads except for EPNIL.

For EPNII/no difference in spatial distribution of AOB in the gel
beads between at'the beginning and end of phase | was observed (Fig. 5.49
and 5.8g). At the end of phase I;-active AOB clusters distributed throughout
the whole bead as found- at the beginning of phase I. This suggests rtiay O
notbe limited in the EPNH{ beads. It should be noted that the PNII sludge was
cultured in a reactor ‘with extrernels}" low SRT (1.5 - 2 days) leading to the
formation of looser aggregates due to the lack of exopolymeric substance
produced. This character couid-be carried over to EPNII. Fig. 5.4g, 5.8g, and
5.10g show alack of autofluorescence indicating that exopolymeric substance

and cell lysate did not occur in the gel beads of EPNII.

With "an“exception of EPNII, when comparing among the EN, ENN,
and EPNI reactors, the NHemoval efficitency at the end of phase | was found
to depend’an ‘the ‘abundance of active' AOB'Lin the spherical parts of the gel
beads as observed by FISH (Niemoval: 71%[EPNI] > 63%[ENN] >
46%[EN], Table 5.5 and Fig. 5.5 ; abundance of active AOB: EPNI > ENN >
EN, Fig. 5.8a, c, and e). At the end of phase |, EPNI was found to have higher
abundance of active AOB in the peripheral part of the gel beads. This may be
caused by the fact that the microorganisms in EPNI originated from the PNI

suspended inoculum which was incubated under partial nitrification condition
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for a certain period of time. Therefore, they required less time to accelerate

their activity during phase I.

For ENN, it is surprising to have high Niemoval efficiency in this
reactor where non-nitrifying inoculum was incorporated. However, although
small numbers of AOB were observed at the beginning of phase | (Fig. 5.4a),
high density of active AOB appeared in the peripheral parts of the gel beads at
the end of phase |. The interaction.between heterotrophs and AOB in the ENN
beads during phase- | operation, may-lead to the proliferation of active AOB
cells at the peripheral paits of the gel beads at the end of phase I. ENN beads
originated from NN sludge taken directly from the municipal WWTP where
several carbenacgous organics.were present. Although an organic compound
was not provided n the entrapped cell nitritration reactor, heterotrophs can
still proliferate in the ‘gel beads by utilizing organic-containing byproducts
from the exogenous substrate utilization and the endogenous decay of their
cells and nitrifying microorganis'rhs.l Thus, under thdif@iting condition in
the gel beads, heterotreghs which }ﬂﬁave higher affinity $oth@n nitrifying
microorganisms, can outcompete the nitrifying microorganisms foar@l
subsequently;-enfercedthe nitrifying-micreorganisms to move toward the
outer zones of the gel beads. This explanation was supported by FISH images
(Fig. 5.8a and 5.9). At the end of phase I, high abundance of active AOB in
the outer partcof ENN beads was' clearly jobseryed (Fig. 5.8a), while no active
AOB cells were found inthe 'inner parts of the gel'beads, in spite heterotrophs
were. found.in this area (Fig..5.9).

For EN, at the end of phase |, Bl ¢moval was found to be the lowest
in this reactor comparing to others (Table 5.5 and Fig. 5.5). The low
abundance of active AOB cells was found in the peripheral parts of the gel
beads at the end of phase | (Fig. 5.8c). The reason for the low abundance of
active AOB cells is unclear. However, it should be noted that the N suspended
inoculum was incubated with lower ammonium influent (71.4+1.2 migN |

resulting in low ammonium level in the reactor (0.620.7 mgiN(TTable 5.4).
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Unlike other prepared inocula, AOB with high affinity to Nior example
Nitrosomonas oligotropha) were expected to dominate in this inoculum.
However, during the start up of entrapped nitritation reactor, high influent
NH; loading rate (520 gN thd™) was provided leading to high Niévels in

the reactor (351.0+20.6 mgN')(Table 5.5). Under this condition, the growth
of AOB with high affinity to NH can be deteriorated leading to the shift of
the dominant AOB species from /AOB with high affinity to htd AOB with

low affinity to NHs. During the transition; both types of AOB competed with
one another for substraie (NHnd ©)-and space leading to the lower NH

removal in this reacter cemparing to others (Table 5.5 and Fig. 5.5).
B. Phase |1 (D@ = 2 mgO,i™)

At the end of phase 1, Ni:removal for all reactors was 50 to 64%
(64% 61%, 50%, and - 57% for'ENN, EN, EPNI, and EPNII, respectively).
Similar to phase |, Nkremoval efficiency were expected to be controlled by
the availability of G in"the ge! bea“ds‘ﬂéround AOB aggregates. It is impossible
to relate NH removal efficiency to the number of active AOB in each type of
gel beads based-en FiSH images (Fig. 5:10) because the difference in signal of
active cells in each image was unclear. However, the number of AOB
estimated by gPCR technique, showed similar numbers of AOB in all
entrappédy [cells~at)thel aend: of | phasesller (4.8xI@x10[EN] =
1.1x10+4.4X1G[ENN] = 6:8x10+2.7x10[EPNI] ~ 6.1x10+1.1x1G[EPNI]
cdls/unit volume_of bead Fig. 5.7). After-operating, all-reactors under identical
conditions’for ‘a long-péeriad of time, AOB ‘community structure in all reactors
was expected to be the same. This was driven by simjlav@lability in the
gd beads around AOB aggregates in all reactors; consequentireNtdval

efficiencies were not different.

Comparing the Ngklremoval by each reactor between at the end of
phee | and Il (Table 5.5) suggested no difference for the ENN and EPNII
reactors (from 63% to 64% for ENN and from 58% to 57% for EPNII).
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However for the EN reactor, NHemoval efficiency increased at the end of
pha® Il compared to at the end of phase | (from 46% to 61%). This is in
contrast to the EPNI reactor, where Nemoval decreased at the end of phase

Il (from 71% to 50%). For reactors ENN and EPNII, no difference in NH
removal between both phases implied that although DO level was reduced in
phae Il (2 mg Q I, this level of @ was still sufficient to serve AOB to
grow with the maximum NElutilization rate. FISH results (Fig. 5.8[a, g] and
Fig. 5.10[a, g]) also.showed no differenee in spatial distribution of active AOB

cells in both types-oi-the gel beads between at the end of phases | and II.

For the EN"reactor, NiHremoval efficiency increased in phase |l
conpared tophase I During phase |, the lowerzXtioval efficiency is
expected to he due to unstablé AOB community in the gel beads. During the
transition period in'phase 1, AOé with low affinity to NHompeted with
AOB with high afiinity te NI—!;(originated during preparation of the suspended
inoculum) for substrate (N&and Q)'. However, after long operation toward
the end of phase I, the AOB cofnrf%’Unity structure became stable leading to

higher NHremoval af the end of phase Il.compared to at the end of phase I.

For EPNI, the DO level maintained in phase Il might not sufficient to
serve AOB to grow under a maximum RplHtilization rate resulting in
deaeasing NHremoval at the'end of phasellis"Higher abundance of AOB in
the EPNI entrapped inoculum required " more DO than the other entrapped
inocula.(Fig. 5.7)..Obviously, much_higher, density. of active AOB layers in the
EPNI beads at the end’of phase Il than other.entrapped cells was observed in
FISH images (Fig. 5.10a, c, e and g).

Only in the N and NN suspended inocula, AOA were found and
continued to appear in the EN and ENN entrapped inocula toward the end of
phase Il operation. However, their numbers decreased 10 times during the start
up period (Fig. 5.7) (1.4x$81.9x1C to 7.8x16+4.2x1C cells/unit volume of
bead for EN and from 1.1x182.1x10 to 2.6x16+2.4x1C cells/unit volume
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of bead for ENN). High NEllevels in the reactors during the start up period

could inhibit AOA growth as described earlier.
5.3.3.2 Nitrite accumulation
A.Phasel (DO =3 mgO, 1™

Table 5.5 and Fig. 5.6 show.that-at the DO concentration of 3 siig O
! very high NG .accumulation took place-only in the EPNII reactor (91%),
while in the other reaetors only 14-28% of Nigmoved was oxidized to NO
(15, 28, and 14%.dor ENN; EN, and EPNI, respectively). For EPNII reactor,
the high NQ -accumuilation. might be because the inoculum of this reactor was
grown by wasting NOB celis fof a certain period of time resulting in very low
abundance of active NOB as indiéated by FISH (Fig. 5.4h and 5.8h). This led
to no active NOBitrobacter) in EPNII at the end of phase I. For ENN, EN,
and EPNI reactors; the accumu}atiqn of NEan be controlled by inhibiting
NOB activity with some environméntﬂ*c’il conditions; however, in this study only
the Q availability and FA levelare the determinative factors to promote

partial nitrification:

The FA levels accumulated in ENN, EN and EPNI reactors (12.5 —
24.2 mg N/ T) wererfaunditobe around the‘upperaange reported to inhibit the
adivity of NOB" (0.05 to 20 mg N, Vadivelu ‘et al., 2007; Abeling and
Se/fried, 1992; Turk and, Mavinic, 1989; Alleman andIrvine, 1980; Verstraete
et al.;, 1977; Anthonisen'et @al. 1976; Prakasam and Loehr, 1972; Murray and
Watson, 1965). Although effective levels of FA were maintained,; NO
accumulation did not occur fully in the reactors. This indicates that using this
range of FA levels alone was not enough to promote partial nitrification. It
must be noted that one advantage of using entrapped cell system is that the gel
matrix can help protecting the cells from toxic substances. In this case, the gel
matrix can reduce the levels of FA that came into contact with the cells.
However, in the reactor with higher FA level (EN reactor), slightly higher
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NO, accumulation was found (NOaccumulation of 28%, 15%, and 14% and
FA levels of 24.2, 16.1, and 12.5 mg N for EN, ENN, and EPNI,

respectively).

O, availability in the gel beads was governed by the penetration of O
from bulk solution into the gel matrix. This suggestion was supported by FISH
results (Fig. 5.4 and 5.8). Active NOB in ENMlifrospira, Fig. 5.4b), EN
(Nitrobacter, Fig. 5.4d), and EPNINitrobacter, Fig. 5.4f) entrapped inocula
distributed throughoui the entire bead;-however, at the end of phase | active
NOB in ENN, EN, and EPNINitrobacter, Fig. 5.8b, d and f) were observed
only within the peripheral of the gel beads. Similar to AOB, NOB relocated
themselves from tite Limiting zanes in the inner part of the gel beads to the
O, available zanesai the outer bart of the beads. Comparing to AOB (Fig. 5.8a
—f), NOB aggregates were fouhd.-underneath AOB aggregates in smaller and
looser forms. This suggests thai' ®as limited in the gel beads and NOB
were outcompeted by ACB for@ﬁnﬂd‘ space resulting in losing partially the

nitrite-oxidizing activity.

In addition;-at the-end of phase i, r=stiategist and high td@rable
NOB, Nitrobacter, took over the majority of NOB from the k-strategist and
low NO; tolerable Nitrospira. ThereforeNitrobacter became the main player
for NOs loxidation inall reactors=(high NOenvironments, see discussion in
Subgction 5.3.1). Nonetheless, WGccumulation at the end of phase | was
not.dependent. on the abundance of active. NOB.cells in the gel beads at the
beginning of phase I'as'observed by FISH {Ngecumulation: 28% [EN] >
15% [ENN] =~ 14% [EPNI]; abundance of active NOB: EPNI > EN > ENN;
see Table 5.5, Fig. 5.4b, d and f). Therefore, it can be concluded that under the
DO concentration of 3 mgQ*, partial nitrification was promoted mainly by
O.-limiting conditions in the gel beads, while the FA level is slightly involved.
In addition, EPNII showed the effect of inoculum type on accelerating partial

nitrification.
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B. Phasell (DO=2mgO,| ™%

When the DO concentration decreased to 2 mdi*Othe accumulation
of NO, improved in all reactors (Table 5.5 and Fig. 5.6). Very high, NO
accumulation was still observed in EPNII reactor (87%), while for ENN, EN,
and EPNI, N@ accumulation was 65%, 65%, and 66% which increased 15%,
28% and 14% compared to at the end of phase I. The reason for very high
NO, accumulation.in EPNII is‘beeause the entrapped cells were enriched
under partial nitrfication leading io-the absence of active NOB in the
entrapped cells as_exhibited by FISH results (Fig. 5.10h). For ENN, EN, and
EPNI, the resulis indieated that the reduction efnrthe gel beads improved
patial nitrification/FISH analysis (Fig. 5.10) showed the supportive results.
Similar to at the end of phasé [, active NOB in ENN, EN, and EPNI (Fig.
5.10b, d and f) were observed Oniy within the peripheral layer of the gel beads
at the end of phase Il. The FA level accumulated in ENN, EN and EPNI
reactors (15.5 — 21.4 mg Nl)lfe'Hi‘ vyithin the upper range found to inhibit
NOB activity (0.05 to 20 mg NY). “Srﬁrli:aller and looser forms of NOB cluster
were obviously found at below the AGB. cell layer (Fig. 5.10a - f). This
implied that NOB-were-outcompeted for @nd space by AOB under,O
limited in the gel beads and resulting in losing partially the nitrite-oxidizing
activity. Among the reactors, the degree of N&zcumulation is not related to
the levels of FA lin“the reacters (FA2 21 4[EPNIv><16.8[EN15.5[ENN] mg
N I'Y). "Fhis may be becatse the gel matrix reduced the levels of FA in bulk
liquid,that came into.contact with.the ¢ells and/or. NOB adapted themselves to
tolerate to'the 'FA level{during 6 -'8 weeks of'operation).

Similar to phase 1, the dominant NOB in ENN, EN, and EPNI at the
end of phase Il waditrobacter cluster (Fig. 5.10b, d and f), while no
Nitrospira was observed\itrobacter rather tharNitrospira was the dominant

active NOB and played a main role in P©Oxidation in the reactors.
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5.3.3.3 Comparison among the entrapped inoculums

When considering the duration required to achieve stable partial nitrification
(Table 5.5 and Fig. 5.6), the order for N@ccumulation efficiency is EPNII < ENN
< EN = EPNI (15 days for N© accumulation at 91% by EPNII, 30 days for NO
accumulation at 64% by ENN, 40 days for N@ccumulation at 66% by EPNI and 42
days for NQ, accumulation at 65% by EN). It was found that type of inoculum
accelerated partial nitrification. EPNII‘enirapped inoculum, as the positive control
inoculum, is readily for pasiial nitrifieation-as-it-eontained high numbers of AOB and
small numbers of NOB (Eig: 5:3). For other entrapped cells where NOB existed in
high numbers (ENN, EN; and ENPI), no different result was observed, however,
partial nitrification cotld e achieved. within comparable period (between 30 and 42
days). For entrapped‘cells containingihigh NOB numbers (ENN, EN, and ENPI), the
level of G strongly influence their perf”orﬂr-nance, while FA levels in bulk liquid were
not important. Results showed: that, cell entrapment can be an effective way to
accelerate partial nitrification fomigh‘fi‘l\!l—b Wwastewater even under ambient

temperature and typical bulk DO operatiﬁg gbndition (2 mg DO).
5.3.3.4 Appiicatron-oi-gel-entrapmentfor-partial nitrification

Because of sufficiently high loading ratesNifiz used in the experimentdet
average molaratio betweerNO; @and NH:initheceffluent,from all reactors was close
to 1.0 (average, values of 1.1 for ENN, 1.0 for'EN, 0.7 for EPNI, and 1.1 for EPNII
reactors).. The effluent. of. the partial .nitrification .reactors” is, proper for further
treatment by the Ahammox‘process+(a molar MHNO;-ratio '0f 1:1.32 according to
the stoichiometry, equation 15 in Chapter 2). However, van Kempen et al. (2001)
recommended the ratio close to 1:1 in order to prevent M@ibition on the activity

of Anammox.
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5.3.4 Long-term operation of entrapped cell nitritation reactors under
various bulk DO and FA concentrations

5.3.4.1 Ammoniaremoval

5.11.

4

AULINENINYINT
PAIATUAMINYAE
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Table 5.6 Summary of operating conditions and performance of/ENN entrapped cell nitritation reactor (see monitoring results in Fig. A-

'/,
a) o~
Operating condition Effluer’rt" Removal efficiency
1
—— T
. N Total NH; )
DO TAN NO, L N0, FA ENA . Eff NOS/NH; | DOJ/FA
Phase | Day | o'y | PH | o) (meN %) (mgN rl)\ (mgN 1) (mgN %) ”'t(’(f/’(ge” re?oz;’a' removed (%) | (%)
185 | 1-11 8.5 10'(155'0 /? 2+13? ALY 0.004 93 98 86 06
178 | 12-21 7 | SR=Es /- 56-194‘ N\ 24 0.013 95 89 64 0.4
1.0 94%11)11 277(293)26@' .
431, 94263
172 | 2232 7.2 e / s K 0.032 95 85 42 11
267.015.0 3054+19.04[0 1
165 | 3350 6.5 _ 05 0.011 94 57 4 2.0
(43) (49) A::lfh 1
323196 | 82.6+22. FNT53 6 \
2065 | 51-65 6.5 [ ELI230SR, 04 0.059 93 95 14 334
) (13) .:‘]":..4(.75) . o h ;3
18.148.1 83.1205 | "5004=16.7+
272 | 66-81 7.2 QOALIST () > 0.012 96 97 14 12.0
: 76217 %ih“ ~494.7+33.4 | N
278 | 82-95 7.8 03 0.003 94 99 14 7.4
(1) _(14) __¥N
7826 | 14 ‘
2185 | 96-118 8.5 i ,Jo.oooa 94 99 7 1.6
0.5/85 | 119-139 8.5 262(f§)23'3 e | 0002 08 58 69 0.01
258.8422.0 | 316.5t145 | 30.9+12.1
0.5/7.8 | 140-159 o 7.8 i of & G- hs o3 0.011 97 59 87 0.1
. 7
0.5/7.2 | 160-175 7.2 284('5;-')1 z ﬁl 1Y 2;5) \ w F 0@9 96 55 81 0.2
507.6+10.1)| 68.7:163 | 19.8:126
0.5/6.5 | 176-190 6.5 0.9 0.049 95 19 58 05
(81) 11) ®) - Qs

Note : Values in parenthesis are the percantageiof-the species tototal nitrogen:

[40))



Table 5.7 Summary of operating conditions and performance of PNI entrapped cell nitritation reactor (see monitoring results in Fig. A-

Operating condition Effluent 4 Removal efficiency
- 1
—
_ =y Total NH N
DO TAN NO, ™ O, FA FNA . s | Eff NO,/NHs )
Phase ] P 1 mgry | P | (monT) (mng’Q/(?n@N )| Nty ety | Meden | el eroved (3) | PO/FA %
"
185 | 1-18 g5 | 250:16 | 520.5#177 ?ﬁ@f‘}".‘ 93 96 87 03
(4) (83) -
178 | 19-33 7.8 32'(56'3 3633(/ f 183 92 95 61 0.9
1.0
959100 | 204.3 o+25 5
172 | 34-49 7.2 i ( f 3 95 85 39 11
(15) @3 M F @anpiafs
351.8:19.2| 55.1#13. 68564 |
165 | 50-63 6.5 91 44 20 15
(56) (9) (28)2172i
336.9:26.4| 18.6+7.4 |} 24054407
2065 | 64-81 6.5 - 95 46 7 32
(54) (3) gé‘m?
18.8+41 | 28.0:9.9 74512 7
2072 | 82-107 7.2 2k 98 97 5 115
‘ 20.345.1 3.3+7.2 14+12.6| -
2178 | 108-127 7.8 07 . 0,001 98 97 4 28
©) j@4) (91) .
2/85 | 128-143 85 7'%;')1'5 B 95 99 3 1.8
05/85 | 144-158 85 24?4%?'7'8 97 60 71 0.01
4554+7.8 | 128.4+1 27.7:2.1
0578 | 159-177 78 o o 2163 0.005 98 27 75 0.03
o= 560.2+5 37 .86
0572 | 178-193 7.2 o & I jw 0 csi 97 10 58 0.1
577.8+7.7)| 20844 | 4.6+11
05/65 | 194-210 6.5 11 0.015 96 8 44 05
(92) 3 (€)1 ot

Note : Values in parenthesis are the percantageiof-the species tototal nitrogen:

€0t
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Table 5.8 Summary of operating conditions and performance of/l;PNII entrapped cell nitritation reactor (see monitoring results in Fig.
y

A-6) e
Operating condition Effluent"" Removal efficiency
. i
; p / ‘ Total NH, .
DO TAN NO, ™ _NO; FA FNA : Eff NO,/NH,4 .
Phase D&y | mgry | PH | mgNTy) | (mgne /(nt;N &) \ (mgN %) (mgN 1Y) “'t(rozg)’e“ regz;’a' removed (%) | PO/FA (%)
185 | 1-14 85 20'(%3'0 20'(3) o & 5 A RS 0.0001 97 97 4 03
178 | 1533 7.8 15'(%3'2 4? [ff'&z_ 1 06 0.0002 99 08 1 18
1.0 ' #
19.345.9 0. 9 7+11.5 4,
1/7.2 34-47 7.2 3) (0 (94)“ 4 0.2 0.0001 97 97 0 5.6
602.3+8.0 | 0.3+0.2 5.8+53:0 | | Jad 4
1/6.5 48-61 6.5 ™ 0.0002 99 4 2 0.9
(96) 0) (3)p ,;{ﬁ‘ ‘
109.5+6.2 | 0.3+0.2 89249476 [ ¥
2/6.5 62-74 6.5 = 0.0002 96 83 0 9.8
(18) 0 u("ZBT e \
11.8+0.9 0.540.1
27.2 75-83 7.2 0.0001 98 98 0 18.4
' 4.440.2 0.340.1 6 «=93 : )
2/7.8 84-92 7.8 ) o) (97) 0.2 J %50001 98 99 0 12.6
2/85 | 93-101 8.5 1'%')0'1 a )' iyt 001 99 100 0 7.1
252.1+#2.7 | 201.2 6.3 |
0.5/85| 102-115 8.5 .001 95 60 54 0.01
(40) ( (23)
4459453 | 96.6+3. 67.3+0.5
0.5/7.8| 116-128 os 7.8 71) 15)° b (1) ql59 0.003 97 29 54 0.03
0.5/7.2 | 129-139 7.2 56(();51' ﬂl i 'i 1 ‘jsw ‘.coﬁ 99 11 48 0.1
587.4+3.311 13.9+0.5 8.2+1.0
0.5/6.5 | 140-150 6.5 1.1 0.010 97 6 36 0.5
(94) (2 @« o aJ

Note : Values in parenthesis are the percantageiof-the species tototal nitrogen:

70T
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concentrations of bulk DO and pH of a) ENN, b) EPNI, and c) EPNII entrapped cell

nitritation reactors.
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Figure 5.11 suggests that although pH levels varied from 7.2 to 8.5, all
reactors exhibited high NHemoval whent high DO concentrations were provided.
With an exception at pH 6.5, more than 91% of averagerbitdoval was achieved at
the DO concentrations of 1.0 and 2.0 mg IO in all reactors. With an exception at
pH level of 6.5, NH removal diminished in all reactors at the lower DO concentration
(0.5mg O It DO) under all pH (average values < 57%) (ENN: 55 — 59% [average
57+2%]; EPNI: 10 — 60% [average 32+25%]; EPNII: 11 — 60% [average 33+£25%)]).
This indicates that N removal efficiency depended largely on the bulk DO
con@ntration. At lower.than the threshold level (1.0 md®, NH; removal was
limited by the diffusion of. @fiam bulk solution into the entrapped cell while no
difference in the NElremeval efiiciency was obviously observed at higher level of
bulk DO (between 1:0 and 2:0,mg0)..

Under the same DO levels, Nhﬁhoval tended to increase with increasing
pH. At the DO concentrations of 0.5 and 1.0 mgl® the NH removal efficiencies
of EPNI and EPNII depended faitly on 'the.pH while for ENN, the effect of pH on the
NH;3; removal efficiency was less than t-ha% of EPNI and EPNIIz Kétnoval was
sansitive to acidic pH. This was probably because the suspended inocula of EPNI and
EPNIl were familigi-with—the—aikaline—condition-than acidic condition because
previously these inocula were cultured under alkaline condition to promote AOB
activity (pH 7.0+0.1 for NN, pH 7.9£0.2 for PNI and 8.0+0.1 for PNII sludge). At the
lower DO levetiofi0.5:mg i /N3 remaoval was moressensitive to acidic pH than at
the higher DQ concentrations (1.0 and 2.0 g 1®). Based on Double Monod
expression for. NHoxidation.(see equation 8, chapter.2),NHilization rate depends
on boti the maximum: Nkl utilization'rate and the ‘concentration.of limiting substrate
(either NH; or Q). Inappropriate pH level in the reactor can reduce the maximum
NH3 utilization rate of ammonia oxidation (Park et al., 2007). Resulted from both
non-optmal pH levels and limiting @level (0.5 mg @ I in the reactors, NH
utilization rate was reduced. At the pH level of 6.5, thezNémoval efficiency
droppeal in all reactors as compared to other pH levels. Too low pH 6.5)

strongly deteriorated Ngiremoval. An optimum pH range for nitrification is between
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7.0 and 8.5 with sharp reduction outside this range (Henze et al., 2008). Between pH
7.0 and 8.5, higher nitrification rate was achieved at higher pH (Henze et al., 2002).

For inhibitory effects of FA and FNA on Niemoval, Table 5.6 to 5.8 show
tha the higher FA accumulated in the reactors did not reduce theéirbval in all
reactors. In addition, the concentration of FNA was lower than the threshold level
found to inhibit NH oxidation (between 0.2 and 2.8 mg N knd NQ" oxidation
(between 0.06 and 0.83 mg N;lAnthonisehét al. 1976). Based on the results, it can
be concluded that Nkrremoval efficiency of entrapped cell nitritation reactors (ENN,
EPNI and EPNII) depended.oens@mitation and pH level.
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5.3.4.2 Nitrite accumulation

100

a) = .
80 i ¢ . ©0.5mg/I DO
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L H1.0mg/DO
40 | .

A2.0mg/IDO

Eff NO,/NH; removed
(%)
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Fig. 5.12 Nitrite accumulation indicated by percentage of effluent @ncentration
per NH; removed during steady-state conditions at various concentrations of bulk DO
and effluent FA concentration of a) ENN, b) EPNI, and c) EPNII entrapped cell-

a@\ng removed

nitritation reactors.
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For all reactors, higher NO accumulation can be achieved at lower
conentration of bulk DO (N@ accumulation at 0.5 mg,d* DO: 58 — 87% [average
74+£13% for ENN, 44 — 75% [average 62+14%] for EPNI, and 36 — 54% [average
48+8%] for EPNII; at 1.0 mg®Il™ DO: 4 — 86% [average 49+35%)] for ENN, 20 —
87%[average 52+29%] for EPNI, and 2 - 4% [average 2+2%)] for EPNII; at 2.0,mgO
I DO: 7 — 14% [average 12+4%] for ENN, 3 — 7% [average 5+2%)] for EPNI, and
0% for EPNII) (Table 5.6 to 5.8 and Fig. 5.12). Based on these results, it is clear that
the activity of NOB was suffered by,@miting condition.

For an inhibitory efiect.of FA, higher NOaccumulation was found at the
higher concentrations of effluent FA (or accumulated FA). As shown in Fig. 5.12, FA
inhibition started to-affect NO oxidation at FA levels of above 0.6 - 0.9 mg'Nd
all reactors which was a range repdrted in previous studies (0.05 — 20 tngN |
Vadivelu et al., 2007; Villaverde et al., éOOO; Abeling and Seyfried, 1992; Turk and
Mavinic, 1989; Alleman and irvine, 1980;"'Verstraete et al.,, 1977; Anthonisen et al.
1976; Prakasam and Loehr, ¥972; MU'rray and Watson, 1965). FA is an unionized
form of NH; and its concentration is regﬁla{éd by both the concentrations paiH
pH. Thus, higher FA levels were found in the reactors operated at higher pH (Percent
FA per NH under 25€+15:8%;-3:6%; 0:9% and-0:2% at pH 8.5, 7.8, 7.2, and 6.5,
respectively). Therefore, for certain values of pH, higher FA accumulation was found
in the reactors at higher NHaccumulation as reactors operated at DO limiting

condiion for NHsoxidation (05 mg @l iseeidiscussion in:Subsection 5.3.4.1).

As.shown_in Fig..5,12, although_higher N@ccumulation was found at the
higher level ofl FA but a level of fiinhibitory effect of FA ‘on BlQxidation was
different among the bulk DO concentrations in reactor. The levels of FA (0.6 - 0.9 mg
N 1) appeared to inhibit NOB activity when the reactors were operated at DO of 1.0
mg O, I"X. Under DO of 1.0 mg 9™}, NO,” accumulation was substantially increased
with increasing FA level (at 1.0 mg®" DO: FA increased from 0.5 to 1.6 mg N |
NO; accumulation increased from 4 to 86% for ENN; FA increased from 0.7 to 3.9
mg N I'Y, NO,” accumulation increased from 20 to 87% for EPNI; FA increased from
0.2 b33 mg N T, NO, accumulation increased from 0 to 4% for EPNII. NO
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accumulation under DO of 1.0 mg®* was regulated by FA inhibition on NO

oxidation.

At the DO concentration of 2.0 mg 0", NO,” accumulation was low and did
notdepend on the level of FA that found mostly at lower than the range of FA started
to inhibit NO,” oxidation (lower than 0.6 - 0.9 mgN)I(at 2.0 mg @ I* DO: FA
increased from 0.1 to 1.2 mg N but NO; accumulation stayed between 7 — 14%
[average 12+4%)] for ENN: FA increased from 0.2 to 1.1 mg Nbut NGO
accumulation stayed beiween 3 and-7% [aveiage 5t2%] for EPNI; FA increased from
0.1 to 0.3 mg N't but NG, _accumulation stayed at 0% for EPNII). Under 2.0 mg O
I DO, low NO™ acclmulation could be caused by nonkdniting condition due to
high level of bulk DO"0r by non-FA inhibiting condition due to low level of FA.

At the DO concentration of*0.5 mézd)l, the level of FA was high and found
modly at much higher than the range of FA that inhibits;N&xidation (higher than
0.6 -0.9 mg N 1). However, N@ accurn’dlation was found to be high and obviously,
less depended on the level of-FA compérea to that under 1.0, DD (at 0.5 mg
0, It DO: FA increased from 0.9 to 41.2 mg N'NO, accumulation increased from
58 to 87% for ENN:-FA-increased-from-4:4-t0-38:9 mg N NO,” accumulation
increased from 44 to 77% for EPNI; FA Increased from 1.1 to 39.5 m'(},l NO,
accumulation increased from 36 to 54% for EPNII). N&cumulation under DO 0.5
mg O, I, which wasthighiand, lesstsensitiveto FAyinhibition, could be caused by O
limitation due to low level of bulk DO rather than by FA inhibition. Thus, under DO
of 0.5.mg.Q !, O, limitation had more. effe€t*on.NOaccumdlation than the FA

inhibition.

When comparing among the reactors, similar degrees of &t@umulation
were achieved in ENN and EPNI, while the lower accumulation of M@s observed
in EPNII reactor (average values for N@ccumulation at 0.5 mgd™ DO: 74+13%
for ENN, 62+14% for EPNI, and 48+8% for EPNII; at 1.0 nad® DO: 49+35% for
ENN, 52+29% for EPNI, and 2+2% for EPNII; at 2.0 mgQ® DO: 12+4% for ENN,
5+2% for EPNI, and 0% for EPNII). The reason for this is unclear as all reactors were
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operated under the same levels of DO in bulk solution and the FA levels in the
reactors under certain DO fell into similar ranges. The control parameter for partial
nitrification in the entrapped cell system is thgl€vels in the gel beads around NOB
aggregates, not the DO levels in bulk solution. As mentioned in Section 5.3.3, FISH
analysis (Fig. 5.10g) suggests that at the end of the start-up period (phase lI), the
EPNII gel beads experienced with lesgliditation than the other gel beads (ENN

and EPNI) due to the formation of looser aggregates of PNII sludge (see discussion in
Subsection 5.3.3.1). In this case; Bvels in the gel beads of EPNII may not low
enoudp to inhibit NOB agitivity-as in the otherreactors. Nevertheless, FISH analysis at
the end of this part of experiment is needed {0 confirm. Unfortunately, it was not

performed here.
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Fig. 5.13 Nitrite accumulationrindicated-by:percentageiofeffluenty d@ncentration
per NH; remoyed during steady-state conditions at various ratios of bulk DO and
effluent. FA concentration.

Based on the results mentioned above, it can be concluded that NO
accumulation in the entrapped cell nitritation reactors depended on both
concentrations of bulk DO and FA. consequently, it is not possible to control a desired
level of nitritation in the reactors using either the concentration of bulk DO or FA
alone. Thus, a relative ratio of both parameters (ratio of DO/effluent FA) is proposed
to be the control parameter for partial nitrification. As shown in Fig. 5.13 NO
accumulation became higher at the lower ratio of DO/effluent FA in spite of the
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concentration of DO and FA. The link between N@ccumulation and the ratio of
DOl/effluent FA can obviously be separated into three distinct zones. With high ratios
of DO/effluent FA (DOl/effluent FA> 1.6 [33.4 — 1.6]> 1.8 [11.5 - 1.8]> 0.9 [18.4

— 0.9] for ENN, EPNI, EPNII, respectively), low NOaccumulation were achieved
(NO2 accumulation: 4 — 14% [average 11+5%], 3 — 7% [average 5+1%], 0 — 2%
[average 0%] for ENN, EPNI, EPNII, respectively). At medium ratios of DO/effluent
FA (1.6> DOleffluent FA> 0.6, 1.8> DO/eifluent FA> 0.3, 0.9> DO/effluent FA>

0.1 for ENN, EPNI, EPNIl, respectively), NOaccumulation was very sensitive to
DOl/effluent FA ratio (N@-accumulation: 14.—.87% [average 45+40%], 7 — 87%
[average 42+29%], 2 — 4¢% Javerage 22+23%]| for ENN, EPNI, EPNII). At low
DOleffluent FA ratios (D@/eifluent FA< 0.6 [0.6 — 0.01]< 0.3 [0.3 - 0.01]< 0.1

[0.1 —0.01] for ENN; EPNIEPNII; respectively), NGaccumulation was high and
less sensitive to the DO/effluent FA rétios as compared to the medium zone (effluent
NO,/NH3 removed: 69— 87% [average 3-74112%], 71 — 87% [average 78+8%)], 47 —
53% [average 52+4%] for ENN, " EPNI, EP'NII, respectively). Therefore, it is possible
to use the DO/effluent FA ratie to con'tfolla desired level of nitritation in entrapped
cell nitritation reactors by adjusting the bulk DO concentrations in the reactors under
certain values of pH and effluent concentrations of; Nél achieve the selected
DO/effluent FA ratios:

For directly applying the results from this study tegare Anammox-suited
effluent, the effluent of the entrapped-cellmnitritation reactors needs to contain almost
equal molar @fNH; t0 NO,. An Anammox process which is the next logical
treatment_step. after .the entrapped-cell. nitritation, reactors: requires influentawith
molar ratio of NHy and NQ’ €lese to1:1 — 1.32. The optimum value of DO/effluent
FA ratio can obviously be selected from Fig. 5.13 and the criteria to select are the
highest N@Q accumulation under the NHemoval efficiency of close to 50% (Tables
5.6 © 5.8). The optimum value for DO/effluent FA ratio was 0.01 that provided the
NH3; removal efficiency of 58% and the N@ccumulation of 69% resulting in the
molar NHz:NO, ratio of 1:1.0 for ENN. The value is 0.01 for EPNI (NH:moval
efficiency of 60%); NQ accumulation of 71%; molar N$:NO, ratio of 1:1.1), and
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0.01 for EPNII (NH removal of 60%; N@ accumulation of 54%; molar Ny:NO,

ratio of 1:0.9). The ratio of 0.01 can be used with all inoculums types.
5.4 Conclusions

In this chapterthe dfect of different entrapped inocula, include entraptrof
non-nitrifying (ENN), nitrifying (EN) partial nitrifying (EPNI) sludge and partial
nitrifying (EPNII), on accelerating partial nitrifieation were investigated during start-
up periods in continuous-flow reactars fed-with-higH; wastewater. EPNII served
as the positive control ingeulums as it contained high numbers of AOB but tiny
numbers of NOB. Resulis show that entrapped cells containing very low numbers of
NOB (positive control, EPNII) can achiewO, accumulation at higher level and
shoter timeframe (94% /0INO; accuﬁwulation after 15 days of operation) than
entrapped cells containinghigh NOB éib[jndance (ENN, EN, and ENPI). This finding
showed the effect of inoculum:type on accelerating partial nitrification. However,
entrapped cells where NOB existed "riirNhnigh numbers could achieve $table
accumulation under ambient temperaturé and normal bulk DO operating condition (2
mg N I'1 DO) at comparable-level and timeframe (after 30 - 42 days, 65 — 66% of
NO, accumulation was-stably reached). This sueceess was because the levels of the
avdlable O, strongly controlled the performances at the presence af aiHhigh
coneentration (Q is a limiting substrate). A step for preparing sludge which is readily
for nitrification-orpartial nitrification: did=not benefit'partial: nitrification by entrapped
cells. Limited" @, penetration depth into gel bead caused” AOB and NOB to relocate
themselves.from the @limiting.zones. in_the inner parts.of the_gel beads to the O
available zones"at the 'outer “parts of the tgel 'beads after.'start-up. Due to the
conpetition for space andimiting substrate (@, NOB aggregates were found
undeneath AOB aggregates in the smaller and looser forms and resulting in some

loss in partial nitrification.

Effects of bulk DO or/and FA concentrations on N@ccumulation in
entrapped cell system were observed during both the start-up and operational periods.
Results showed thaiH; removal efficiency depended largely on the bulk DO
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concentration. Under the same DO level,sNEimoval efficiency tended to increase
with increasing pH. The NHremoval efficiencies of EPNI and EPNIl were more
sensitive to acidic pH than that of ENN due to their previous adaptation to the alkaline
condition. NH removal of nitritation entrapped cell governed by the DO availability

and pHlevel and was not suppressed by FA inhibition.

Higher NQ™ accumulation was found at a lower concentration of bulk DO due
to NO, oxidation suppression by low,@nd also, at a higher level of FA due to
NO, oxidation inhibitien-by-FA. Hewever, —an-inhibitory effect of FA on NO
oxidation was dependent on'the bulk DO concentration in the reacteroki@ation
was suppressed mainly by low,@hen the reactor was operated under DO of 0.5 mg
Oz I, but mainly by-FA when the reactor was operated under 1.0 iigO. While
under high DO (2.0.mg © "), N&> éccumulation was very low due to non-O
limiting or non-FA inhibiting condition. Sﬂ-imilar degrees of N@ccumulation were
achieved in ENN and EPNI, while lower accumulation of N@as observed in
EPNII reactor. As a result of Iessgdbrnitafioﬂn‘ during the start-up than the other gel
beals (ENN and EPNI), @leveis-in the gél tgéads of EPNII was speculated not to be

low enough to inhihit NOB activity as in the other reactors.

The accumulation of NOby entrapped cells depended on both concentrations
of bulk DO and FA. A relative ratio of both parameters (ratio of DO/effluent FA) is
proposed tosbena gantrolgparameterfar) partial, nitrification.,” N&zcumulation
bemmes higher, at lower ratios of DO/effluent FA regardless of the concentrations of
DO and EA. Therefore,.it is possible.to useé the. DO/effluent FA ratio to control a
desired'level of nitritation in'entrapped cell nitritation.reactors by easily adjusting the

bulk DO concentration in the reactors.



CHAPTER VI

EFFECT OF HETEROTROPHSON ACTIVITY OF AOB IN GEL
BEADS UNDER CONDITION OF p-NITROPHENOL INHIBITION

6.1 Introduction

Nitritation or oxigation.of ammonia (N§i to nitrite (NQ) is driven by
aubtrophic ammonia oxidizing bacteria (AOB). For shortcut biological nitrogen
removal (SBNR),paitial aitrification is:’bge_lieved to be the rate-limg step of the
overall process whichcan be achievé,_d'by promoting the oxidation etd\NO;,
without further oxidation of N@ fo NO% (Hellinga et al., 1998)Comparing to
convenional biological nitrogen remb‘{ié!g.ﬂ(CBNR)SBNR is a cost effective
innovatve process scheme suitable forftow carbon andigh ammonia nitrogen
wastewater (C/N ratio < 3.5 - 4). Recently, an'enteprof cells into gel beads is
proposed to be ahréffective alternative method to attain stable partial nitrification at
ambient temperature (Rongsayamanont et al., 2010; Yan and Hu, E0O@pped
cels provide several advantages over the suspendéd cells, including easier to promote
nitrite accumulation ‘due to ‘low oxygen-in the cell entrapment m@atiax and Hu,
2009) and higher protection of low growth and vyield cellsicls as AOB, from
washing euf{Restran et.al.,.2001;,\fogelsang et al.;; 1997 Yam:e1997; Chen and
Lin, 1994).

Toxic nitroaromatic compound likp-nitrophenol (PNP) was found often in
high ammonia industrial wastewater such as pharmaceuticals wastewater (ammonia in
wastewater: 80 — 500 mgN;IPNP in wastewater: < 10 — 2300 jily Gupta et al.,
2006).PNP is one of the U.S. EPA’s priority pollutant which its toxicity value as
EC50 is 64 mg/l (Tomei et al., 2004). EPA recommended restricting PNP level in
natural waters at below 10 g (Kuscu and Sponza, 2007)idthardly biodegradable
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compound and can stable in both surface and subswi@es due to high solubility

and low partitioning coefficient. PNP can create a significant health risks due to their
mutagenic and carcinogenic activity and may bioaccumulate in the food chain
(Rezouga et al., 200%;i et al., 2006;Tomei et al., 2004). The high inhibitory effect

of PNP on AOB have been reportéthang et al., 2010Blum and Speece, 1991).
Theconcentration that inhibited the AOB activity by 50% (IC50) of PNP is 2.6 mg |
(Blum and Speece, 1991). This indicated, that APhave strong negative effects on
the gability of partial nitrification duringhe réating of NHin industrial wastewater

High fluctuation in_guahty of industrial effluent camad to a shock loading
problem in industrial wastewater treatment process. This operation problem can be
highly adverse and“may.resuit in a complete process failure. An inability to recover
the AOB activity after experience With shock load of toxic organic compound often
lead to a serious drop or failure in nitrifidéti@hmor et al., 2005; Texier and Gomez,
2002;Winther-Nielsen and la Cour Jansén‘; 1996; Benmoussa et al., SeBBjtivity
with the instant loading of toxic coﬁquund could limit applications of partial
nitrification for treating ammenia in real ilﬁdustrial effluent (Suarez-Ojeda, et al.,
2010). 49

Biofilm can give more tolerance to toxicant than suspended cell (de Beer
et al.,, 1994). The reduced toxic sensitivity of bacteria in the deeper part of biofilm
was suspected that @s a“resultsfrom reduction oftoxicant penetration by the bacteria
and extracellular polymeric substances at the outer part of biofilm (de Beer et al.,
1994; Xu_.et al., .1996).. Several studies reported good resistance to shock load of
toxicant' in "biofilm reactor (Rajbhandari ‘and 'Anhachhatre,.2004; Borghei and
Hosseini, 2004; Wobus and 8@, 2000). For the case of entrapped cell in which
biofilm-like layer structure is developed in its outer part due to competition between
species for space and substrate, bacterial layer structure in entrapped cell may also
reduce toxic sensitivity of bacteria in the deeper part in the same manner with biofilm
and consequently, give more resistance to shock load of toxicant. Chapter 4 showed
that the relative localization of heterotrophs and AOB niirifying sludge for

entrapped cell system rather than for suspended cell system was arranged in biofilm-
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like layer structure by which following their physiojognd the substrate availability.
Heterotrophs can overgrow and take up more oxygen at the peripheral of entrapped
cell compared with AOB in which at inner part and adjacent with heterotrophs cluster
(Rongsayamanont et al., 2010)hus, in entrapped mixed nitrifying sludge, it was
speculated that heterotrophs at the outer part passibly reduce the penetration of
toxicant and subsequently reduce toxic sensitivity of AOB in the deepeumdet

toxic condition.

This study aims.io-investigate the efiect of heterotrophs on the activity of
AOB in gel beads under the inhibiting condition from a model toxic chemical, PNP.
Three identically opérated niiritation reactors receiving influent with different organic
loads were setted up and start:up by gel entrapment of activated sludge to get three
types of ‘nitritation entrapped cells’ Wﬁich have a different amounts of heterotrophs in
the gel beads. AOB and heterotrophs"":_ir} nitritation. entrapped cells was probed using
fluorescencean situ hybridization ‘(FISH)"itG-'see effect of different organic loads on
their relative localization. Two sequentidily batch tests (first and second batch test) for
PNP degradation and NHbxidation were é‘étted up and performedinvestigate
effect of heterotrophs on the activity b’f"A'OB under. condition simulated the PNP
shock load with different-types-oi-nitritation-entrapped Cells.

6.2 Materialsand Methods
6.2.1 Synthetic wastewater for entrapped cell nitritation reactors

Organic-free synthetic wastewater contained ‘Nakl@Gi® g), NaHPO, (4.05
9), Ke2HPO (2.1 g), MgSQ » 7H,O (0.05 g), CaGle 2H,0 (0.01 g), and FeSO
7H,O (0.09 g) in one liter of deionized (DI) water. Before using as the influent for
entrapped cell nitritation reactors, (NHSO, was added to achieve a final
conentration of 500 mg Ni TAN. In addition, sodium acetate was provided to
obtan the desired concentration of dissolved organic carbon (DOC) resulting in
different value of the organic loading rates for each reactor. All chemicals were
purchased from Carlo Erba Reagenti (Milan, Italy).
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6.2.2 Cell entrapment

Fresh activated sludge was taken from the aeration basin of a full scale
municipal wastewater treatment plant (WWTP) in Bangkok and entrapped in
phosphorylated PVA (PPVA) gel beads at a cell-to-matrix ratio of 4% w/v (g of
centrifuged mixed liquor volatile suspended solids/ml of media) following the
protocol recommended by Chen and Lin (1994). Briefly, a mixture at an equal volume
between a PVA aqueous solution (20% wi#v) and a sludge suspension of 70 g volatile
suspended solid (VSS).per-liter was prepaied.-Fhen, the mixture was dropped into a
saturated boric acid solution at’a rate of 0.83 mI'mesulting in a droplet diameter
of 3 — 4 mm. About one hour after the dropping ended, the formed beads were
transferred to a 1 Mrsodigmsorthophosphate solution (pH 7) and kept for 2 hr to allow
hardening. The entrapped cells Weré then used as entrapped inocula for nitritation

reactors.
6.2.3 Setup and start-up of entrapped cell nitritation reactor

Three laboratory-scale continuous flow. reactors, each of which has an
effective volume ' 6f 31, were suppiied with-an equal amount of gel beads
(approximately 900 beads). The reactors were stirred completely using mechanical
stirrers (IKA RW20D, IKA-Werke GmbH & Co., Germany). Air was supplied to each
reactor through the @QN/OFF airtblowerwhich was connected to an oxygen transmitter
(O, 4100e, Mettler Toledo, USA) equipped with a DO probg $ensor InPro 6820,
Mettler.Taledo, USA).to.control for a desired ‘dissalved oxygen (DO) concentration in
the reactor."pH was ‘cantrolled ‘by‘a pH' controller system:(Liquitron DP 5000, LMI
Milton Roy, USA) consisting of a pH probe (Orion 9156DJWP, Thermo scientific,
UK) and HCI and NaOH solution dosing mechanism (for pH adjustment).

All three reactors were operated under the same conditions except that they
received the influent with different C/N mass ratios (0, 0.4 and 0.8). These reactors
will be referred to as C/NO, C/NO.4, and C/NO.8. The influent for the three reactors
contained the same TAN concentration of 505 mg Nut different concentrations of
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sodium acetate (0, 221, and 430 mg*Eresulting in the organic loading rates of 0,
0.29 ad 0.57 kg C it d*. Hydraulic retention time (HRT) was 1.2 days for all
reactors leading to an influent NHbading rate of 0.67 kgNg=N m™ d"*. All reactors
were operated at room temperature®’@426°C) while pH level was strictly controlled
at8.5+0.1. The DO concentration was controlled at 2+0.1"ng |

Every two days, the effluent was sampled to analyze for DOC, T™M®), and
nitrate(NO3’) concentrations. To observe spatial distribution of AOB and NOB in the
gd beads, the gel beads weie collected aiiei-the reactors reached the steady state

condition and analyzed usiag FISH technique.

6.2.4 Effect of heterotrophs on activity of "AOB in gel beads under
condition of PNP inhibition

To investigate effect of heterotro'phs on the activity of AOB in entrapped cells
under condition of PNP inhibition, two 's"eq.uential tests were setted up and performed
in 500 ml aerated glass reactors with eff“ectﬂi"ve volumes of 450 ml. First batch test was
setted up to investigate effect of heterotrophs en. the activity of AOB under condition
simulated the first time-ef PNP-shock-ioad in reacicr by using entrapped cells which
have not been previously acclimatized with PNP. To do this, an equal weight of PNP
un-acclimated gel beads (around 80 beads) harvested from C/NO, C/N0.4 and C/NO0.8
reactors, which thave | nevernbeem received (PNPR -befare, were put into the batch
reactors. Theysmedia“was prepared from the organic-free synthetic wastewater by
adding.NH.and PNP to_obtaithe final concenfrations.of Nf-bf50 or 100 mg N't
TAN and PNP 0fi0, 2,4, 6, 8 0or 10'mb! A PNP ‘abiotic control-test was prepared
with the beads carrying no cell to investigate the PNP lost from volatilization and
adsorption. Aeration and mixing were provided by small diffusers connected to air
blower so that average DO concentrations in all reactors were above 6.9 1thgtO
roomtemperature to ensure sufficient oxygen. pH of the media was adjusted initially

to be between 7.8 and 8.0 and maintained using phosphate buffering.
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After finishing the first batch test, which the ability of the gel beads for PNP
degradation have been demonstrated, PNP-acclimated gel beads from each reactor
were harvested and washed with the synthetic wastewater for three times to simulate
nonappearance of PNP in wastewater. Washed gel beads were again put into the batch
reactors containing the corresponding ;\thd PNP concentrations as conducted in
the first batch test to investigate effect of heterotrophs on the activity of AOB under
condition simulated the second time of PNP shock load in reactor by using entrapped
cells which have been previously acclimalized with PNP. In second batch test,
Ammonia monooxygenase-enzyme (AMO)-inactivator, allylthiourea (ATU), was
added at a concentration o0f86 1M lin the reactors containing 4 and 8 RigP to
obsrve the PNP degradation with non-AMO enzyme. Other setup and operation in

the second batch tests were'the same as in the first batch tests.

At an appropriate intepval (every 1 2 days), supernatant was sampled, filtered
and analyzed for PNP, TANNO. ahd"'Nog' concentrations to observe the
degmadation of PNP and the oxidation 'df"bll-Due to an incomplete degradation of
PNP, the degradation rate of PNP was 'detﬂ‘érmined when the PNP was removed 90%
of its initial concentration. The rate of Nidxidation was.the zero order rate constant
which determined frem-a slope-of linear reiationship between the concentrations of
NO,- N and NQ'-N combined and time.

6.2.5 Analyses

For. TAN, NO,. and NOs3. concentrationssupernatant was. filtered through a
GF/IC Whatman Tilter: paper. TANCwas 'analyzed' using' an' ion selective electrode
(WTW GmbH, NH, 500/2, and GermanyNO, andNOs; were analyzed using UV
visible spectrophotometer (Thermo Electron Corporation, Hexmuf&ambridge,
UK) in accordance with Standard Methods for the Examination of Water and
Wastewater (APHA et al. 1998).

For DOC and PNP concentrations, a 0.45 pum pore-size PTFE filter was used

to filter the supernatant. DOC was analyzed using a total organic carbon analyzer
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(TOC-V CPH 220V, Shimadzu, Japan). PNP was analyzed using an UV visible
spectrophotometer at a wavelength of 400 nm (Thermo Electron Corporation,
Hexiousa, Cambridge, UK) after adjusting the pH of filtratehigher than 9.5 with 1

M NaOH according to a method by Spain and Gibson (1991). DO (WTW Oxi 340i
meter, WTW Cellox 325 probe, Germany), pH (HACH Sensionl pH Electrode,
USA), and VSS were determined according to Standard Methods for the Examination
of Water and Wastewater (APHA et al. 1998).

6.2.6 Analysis of.spatial distribution-ei~-AOB and NOB in nitritation
entrapped cell using FISH

For each sample,sone oel beads was suspended in an ice-cold PBS solution.
Later, bead was transfer and fixed &4n a paraformaldehyde solution (4% in PBS
a pH 7.2) for 12 h. Aiter washing three- times and resuspending in a ice-cold PBS
solution, fixed gel beads were embedded in a rapid freezing compound (Tissue-Tek
OCT, Sakura Finetek USA Inc.; USA) and cut into five micron sections 8€-20
using a cryomicrotome (Leica €M 1950, ‘Germany) and then immobilized onto a

polymer coating slide.

Oligonucleotide probes used in this study were 5’ labeled with Alexaflour 488
or Cy3 (ThermoHybaid, Ulm, Germany). The hybridization was performed °@& 46
for 1.5 h in buffer((0.9 M NaCl 120 mM TristHCl; @:01% sodium dodecyl sulfate
(SDS), formamide) containing 5 hg of profe’. Then, the Section was immersed at
48°C in.pre-warmed washing buffer (20 mM Tris-HCI, 0.01% SDS, NaCl) for 10 min
and subsequently' rinsed 'shortly‘with DI'water, air dried 'and mounted with an anti-
fading solution (SlowFade, Antifade kit, Molecular Probes, Eugene, OR, USA). The
oligonucleotide probes and their corresponding hybridization conditions are shown in
Table 6.1. For simultaneous hybridization, two hybridizations were performed
successively with the probe requiring higher stringency performed first (Wagner et
al., 1996). The FISH samples were observed using a fluorescence inverted microscope
(Olympus 1X81, Japan) with DP2-BSW software for image processing. Alexaflour
488—-labelled probe was visualized by excitation between 460 and 495 nm and
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collection of fluorescence emission at 510 nm. Cy3-labelled probe was excited at

between 530 and 550 nm and its fluorescence emission was collected at 575 nm.

Table 6.1 Labeled 16SrRNA oligonucleotide probes used in this study

] Formamide
Probe Sequences (5’ to 3’) Label Target organisms %) References
0
) Amann
EUB338 GCTGCCTCCCGTAGGAGT Cy3/AF Mest bacteria 15
et al. (1990)
S“ACB Mobarry
Ns0190 CGATCCCCTGCTTTTCTCC  Cy3/AF 40
(many but not all) et al. (1996)
; - Daims
Ntspa662 GGAATTCCGECGCTCETCT +  Cy3 Nitrospira genus 35
. et al. (2001)
. s A% Wagner
Nit3 CCTGTGCTCCATGCTCCG  Cy3 ' Nitrobacter spp. 40
et al. (1996)

6.3 Results and discussion y )

Fhd

6.3.1 Preparation of nitritation mtfapped cells

Nitritation entrapped cells were prepared in faboratory-scale continuous-flow
reactors receiving different organic loading rates. Operating conditions and steady-
state performance of thesreactors are shown in Fig. B-1 to B-3 in Appendix B and

summarized in Table6.2.



Table 6.2 Operating conditions and steady-state performance of entrapped cell nitritation reactors
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I nfluent 4 Operating conditions
OrganicC Operating
Reactor DOC TAN NH g lead HRT DO Temp )
(mgC 1) (maN 1) load Ko 66_1) C/Ny @ (mg I pH €c) Period
m m m
J J (kgC m3d™) g/m ‘ i J (d)
CINO 0 0 / i
CINO.4 | 2211+35 |5052+2.2 |0.29 0.674 044 A0.75 2.0+0.1 8.5+0.1 25+1 38
F i 4
CINO.8 | 430.1+58 0.57 4 085 |4 "
# i .Flin'_
Effluent = | Removal efficiency
= -
| Total ‘i Total DOC TAN
Reactor | poc TAN NO, T~ NO, : =l Eff NO,/TAN
A nitrogen - |/nitrogen | removal | removal
(mgC 1™ | (mgNI™ (mgN 1™ (mgN 1 ; removed (%)
| (%) loss (%) | (%) (%)
CINO - 39.4 +15.1 (8) 342.4 +18.1 (68) |.. 76.7 +35.2 (15) 91 9 - 92 74
CINO.4 | 6.1+3.2 | 51.5+12.6 (10) 261.4+ 15,0/(52)| ¢ 862 212 (@7) 79 21 97 90 58
C/INO.8 | 9.5+4.2 | 50.7+16.1 (10) 257.2+10.7 (51)]  82.1% 20.8 (16) 77 23 08 90 | °7

Note : Values in parenthesis are the percentage of the species'ta total nitrogen.

XA
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The results showed that, in all reactors, sNtds removed significantly (92,
90, and 90% TAN removal for C/NO, C/N0.4, and C/NO0.8 reactors, respectively) and
in the reactors receiving organic (C/N0.4 and C/NO.8 reactors), DOC were well
removed. Although NElwas present, DOC was removed at very high levels in the
organic loaded nitritation reactors (between 97% and 98% for C/N0.4 and C/NO.8
reactors). This indicates that organic carbon can be removed simultaneously with NH
unde the operating conditions in this study. (the ]Nblading rate of 0.67 kg Ng-N
m>d* and influent C/N ratios from 0.4.t0-0.8): In addition, success fékhoval in
all reactors implied that.the range of influent-C/N ratios used did not influenge NH
oxidation. This suggests that sufficient @as provided to maintain AOB activity
underall influent C/N ratiosin spite of the known fact that heterotrophs can easily
outcompete AOB for @ Zhu and Chen (2001) found that nitrification rate in mixed
nitrifying biofilm largely depended-en-the influent C/N ratio. The rate of nitrification
can be strongly reduced if the influent C/N ratio Is higher than 1.0 (Zhu and Chen,
2001). Okabe et al. (1996) found that in mixed nitrifying biofilm, although
heterotrophs outcompeted nitrifier for, @nd space when increasing the C/N ratio,

NHs utilization rate was not inhibited if thve C/N ratio was 1.5 or less.

Partial nitrificatien-was-achieved-in-all-reactors (effluent,MTAN reduction
of 78, 58, and 57% for C/NO, C/NO.4, and C/NO.8 reactors, respectively). This is
possibly due to the £limiting conditions in the gel beads (see Chapter 5), However,
a reduced N@ accumulationiwas cobserved in| the«reactors supplied with organic
carbon. N@ aeccumulated less in the reactors with higher OLR (68, 52, and 51% of
TAN for .C/NO, C/NO.4, and. C/NO.8 .reactors, .respectively);. in contrastg NO
accumulation was'found at'similar-levels for @ll reactors (between 15% and 17% of
TAN). The difference in the amounts of MCaccumulation between the reactors
supplied with organic carbon and the organic carbon free reactor was 81.0 and 85.2
mg N I for C/NO.4, and C/NO.8 reactors, respectively. These values were similar to
the difference in the amounts of nitrogen loss between both types of reactors (60.6
and 70.7 mg N'} for C/N0.4, and C/N0.8 reactors, respectively). The main M@s
pathway could be denitritation of NOto nitrogen gas by heterotrophic denitrifier
under low Q condition which occurred in the inner parts of the gel beads. Previous
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studies showed that denitrification of nitrite can occur at the inner parts of the aerated
nitrifying biofilm or aggregates where the oxygen levels were limited due to the
activity of heterotrophs at the outer parts (Virdis et al.,, 2011; Meyer et al., 2005;
Satoh et al.,, 2005; Tseng and Chang, 2002). NOB can have mixotrophic growth
pattern by using both organic compound and, N3 their energy sources (Jie et al.,
2008; Bock, et al., 1990; Steinmuller and Bock, 1977; 1976). Thus, if NOB in the
entrapped cells grew in the similar pattern of mixotrophical condition, it is possible
that an increase in active. NOB (see Fig.-6.1jd, f]) under mixotrophic growth could
contribute to the minor-N&loss (other than-the-main NQoss by denitritation of

NO, to nitrogen gas) or the-diiference in the amounts of MGcumulation between

the reactors supplied wiih organic carbon and the organic carbon free reactor (20.4
and 14.5 mg Nfor C/NO4, and CINO.8 reactors, respectively) other than by

denitritation.
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6.3.2 Spatial distribution of AOB, NOB, and other bacteria in nitritation
entrapped cells

LB micromn 100 micron

Fig. 6.1 FISHrimages showing spatial distributionsyof A@B, NOB and other bacteria
in nitritation ‘entrapped cells ‘from" C/NO (a, b), C/N0.4 (c, d) and C/NO.8 (e, f)
reactors. Images.in .the left column (a, c, ‘€) are entrapped. cells, hybridized with
NSO190 (beta-proteobacteriall AOB;green) and EUB338 (all bacteria; red). Images in
the right column (b, d, f) are entrapped cells, hybridized with NNi§ gbacter; red).

The target cells complimentary to both Cy3-labeled probe (red) and Alexa Flour 488-
labeled probe (green), are shown in yellow. NOTE: Non bright green and red signals
were suggested to be non-active target cells, autofluorescence of cell lysate,
exopolymeric substance or/and precipitated salts. And dotted line indicates the edge

of the bead.
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L

LY mieron

LB microm

Fig. 6.2 Diagramsindicatetherpesition of heterotrophsyand autotrophic AOB in FISH

images from Fig. 6.1 (4, c, e).

Five weeks'after steady state conditions; spatial ‘distribution of AOB, NOB,
and other bacteria in nitritation entrapped cells of C/NO, C/N0.4 and C/NO0.8 reactors
were investigated using FISH. As shown in Fig. 6.1 and 6.2, in all reactors, the spatial
distribution of AOB and NOB in the nitritation entrapped cells was governed by the
physiology of microorganisms and substrate availability in the gel beads. Because of
limited depth of the @penetration in the gel beads, active AOB formed dense layers
a the higher @available zones which are around the peripheral of the gel beads (Fig.
6.1[a c, d] and Fig. 6.2). Active NOB cells formed the smaller and looser clusters
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because they have lower, @ffinity than AOB (Fig. 6.1[b, d, f]). Moreover, with
relative distribution of AOB in Fig. 6.1(a, c, €) and NOB in Fig. 6.1(b, d, f), active
NOB clusters were found underneath the AOB clusters because NOB utilizéd NO
which is produced from AOB during ammonia oxidation. The arrangement of AOB
and NOB clusters in the gel beads strongly supported d€@umulation in the
entrapped cell system, especially with high ammonium load environments as found in
this study. When a high ammonium load was supplied, the growth of AOB can be
limited by oxygen. As a result, denser layers of AOB formed in the outer parts of the
gel beads to facilitate oxygen uptake. This-leads to limited oxygen in the inner parts
and thus NOB cannot funciion resulting in higher nitrite accumulation in the system
(see Chapter 5). As'shown in'Fig. 6.1 (a, ¢, €) and Fig. 6.2, AOB in the gel beads
taken from all reactors showed very bright signal. This result corresponded to the
ammonia oxidizing .activity: which Was high in" all reactors during the steady
conditions (see Table 6.2): AS shown in ifig. 6.1 [b, d, f], Fig. 6.2 and Table 6.2, when
the OLR or influent C/N ratio increased, higher amounts of active NOB were
observed because its mixotrophic grovv'th'as discussed above in Subsection 6.3.1.

As shown in Fig. 6.1 (a, ¢, ) and Fig. 6.2, the majority of bacteria other than
AOB was suggestet-to-be-heterotrophs: Higher anmiounts of active heterotrophs were
observed in the organic loaded-reactors (C/NO.4 and C/NO0.8 reactors) compared to the
C/NO reactor. Active heterotrophic layers of the C/N0.8 reactor were slightly denser
than those of the CINO/4, reactor suggestingcthat,the amount of active heterotrophs
positively is related to the OLR™0r the influent"C/N ratio. Most heterotroph clusters
were found..in. the most outer. layers.of the-gel beads and covered over the AOB
clusters. However, small clusters of*heterotrophs also distributed at the inner zones of
the gel beads in the organic loaded reactors (C/N0.4 and C/NO.8 reactors). These
observations can be explained by the fact that heterotrophs can outcompete AOB for
O, and space due to their higher growth rate and loweafthnity. Thus, when
organic carbon is available, heterotrophs can outgrow AOB in highr€as which is
around the most outer parts of the gel beads. Ecophysiological-dependent

arrangement found in our gel beads was similar to that usually found in high substrate
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gradient multispecies aggregate, such as in mixed nitrifying biofilm (Satoh et al.,
2000; Okabe et al., 1996; Zhang and Bishop, 1996; Zhang et al., 1995).

6.3.3 Degradation of PNP and oxidation of NH3in batch tests

6.3.3.1 Degradation of PNP in batch tests
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Fig. 6.3 Degradation rate of PNP during the first batch test with entrapped cells from
C/NO, C/N0.4, and C/NO:8 Teactors at initial ~TAN concentrations of 50
mg N I'* and 100 mgiN'].‘. A
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Fig. 6.4 Degradation rate of PNP during th& Batch test with entrapped cells from
C/NO, C/NO.4, and C/NO.8 reactors at initial TAN concentrations of 50
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mgN * and 100 mgN}. Noted that 86 pM ATU was added into the test with initial
PNP concentrations of 4 mg bnd 8 mgt.
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Fig. 6.5 Degradation offPNP by plain béa{d (no cells; abiotic control test).

Fig. 6.3 and 6.4 (as well as’-'?l‘gble B-1 to B-3 in Appendix B) show the
degradation rate of PNP durrg the firs%aljrfi'd second batch tests. The results showed
clearly that the un-acclimated (the first batch test) and acclimated (the second batch
test) entrapped cells-can-degrade-PNP-and-the PNP was degraded mainly by biotic
degradation. This was confirmed by limited loss of PNP in the abiotic control test
using plain beads (Fig. 6.5). Some phenolic compounds such as pheredol, 2,5-
dimethylphenaol are knownoto be cco-substrates-for-"AMO enzyme (Hooper et al.,
1997). To confirm the inability of AOB to comeétabolise PNP during; lkidation,

86 uM.of ATU.was added into.the"2batch.test*with the .initial'PNP concentrations

of 4 and '8 mgt to inactivatettie! AMO | enzyme.-The ‘results showed that no
subgantial NH; oxidation was observed (Fig. B-7 to B-12 in Appendix B). However,
PNP degradation still occurred at significant levels (Fig.6.4) indicating that PNP was
not degraded through cometabolism of AMO enzyme, but was degraded by PNP-
degrading microorganisms that utilize PNP as main energy and carbon sources.
Previously, activated sludge from municipal WWTPs has been used as inocula for
acclimatizing PNP-degrading microorganisms (Tomei and Annesini, 2005; Tomei et
al., 2004; 2003). Although biodegradation of PNP by heterotrophs was achieved, its
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degradation pathway was not elucidated in these studies. To the best of our
knowledge, two different pathways for PNP degradation have been reported, but are
for pure cultures. Spain and Gibson (1991) reported the following PNP degradation
pathway for Moraxella sp.: PNP — p-benzoquinone— hydroquinone — v-
hydroxymuconic semialdehyde-» maleylacetic acid— pB-ketoadipic acid. While,
anothe pathway was proposed by Jain et al. (1994 )Aidhrobacter sp.: PNP— p-
nitrocatecholp-nitroresorcinol — 1,2,4-benzenetrio—» maleylacetic acid— -

ketoadipic acid.

As shown in Fig«6.3, the degradation rates of PNP in the first batch test
improved slightly at the <higher \initial PNP concentrations. PNP-degrading
microorganisms may grow little faster at the higher PNP levels. There was no large
difference in PNP degradation rates among the entrapped cells from different reactors
implying that the abundance of PNP-deérading microorganisms in all un-acclimated
entrapped cells were not different. Initial plébncentrations were found not to affect
the PNP degradation rates. For-the first batch test, very slight improvement of PNP
degradation rates was observed in the eﬂ‘r'itrapped cells harvested from the organic
loaded-reactors (C/NO.4 and C/NO.8 reactors).compared to the non organic loaded-
reactor (C/NO reaCtor). Fhis phenomenon was meore obvious at the higher initial PNP
concentration (10 mg’). According to the FISH results, the numbers of heterotrophs
a the outer parts of the gel beads of C/N0.4 and C/N0.8 reactors were more than that
of the C/NO reactors The higher inumbers| of jcells:created resistance for PNP to
penetrate intosthe ‘gel bead as a result of higher diffusion limitation. This led to a
higher_concentration gradient of PNP .in the‘gel beads .of the organic loaded-reactors
than the "non' organic 'loaded-reactor. Subsequently, this'.helped reducing the
concentrations of PNP inside the gel beads and allowed PNP-degrading
microorganisms in the gel beads of the organic loaded-reactors to survive more and
degrade PNP.

When comparing between the first and second batch tests, the degradation
rates of PNP in the second batch test were higher than in the first batch test (Fig. 6.4).
The numbers of PNP-degrading microorganisms might increase during the first batch



132

test. Wiggins et al. (1987) reported that acclimation of PNP-degrading
microorganisms to mineralize PNP in sewage required time to attain sufficient cells to
do the task. Similar to the first batch test, the degradation rates of PNP in the second
batch test were also higher at the higher PNP concentrations than those at the lower
PNP concentrations. In addition, no large differences were found in the degradation
rates with different initial Nkl concentrations. However, there was similar level in the
degradation rates among the entrapped cells from the different reactors. The
degradation rates of the C/NO and C/NO4.reaetors were much higher than those of the
C/NO0.8 reactor. Although-the higher-€onceniration gradient of PNP in the gel beads of
the C/NO0.8 reactor than the-C/NO reactor can help reducing the concentrations of PNP
inside the gel beads and.allowPNP-degrading microorganisms in the gel beads of the
C/NO.8 reactor to degrade PNP more during the acclimation period (the first batch
test). However, after.sufficient PNP-dégrading microorganisms had already developed
to mostly complete PNP degradation |n the first batch test, the higher numbers of
heterotrophs which appeared-initially in‘the C/NO.8 gel beads might limit space and
O, (and/or other nutrients) for PNP- dégradlng microorganisms compared to what
ocaurred in the C/NO, and- C/NO.4 gel beads. Consequently, PNP-degrading
microorganisms in.the C/NO.8 gel beads had-lower. PNP degradation in the second
batch test than the-microorganisms-in the C/NO afd C/N0.4 gel beads. Zaidi et al.
(1996) found that increasing the cell inoculum size reduced the degradation rate, and

extended the PNP mineralization ability.
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6.3.3.2 Oxidation of NH3zin batch tests

30\
=~ N\ —o—C/NO - 50 mgN/l TAN
T 254\
% i 1% - 4= C/NO-100 mgN/l TAN
c Z 20 kY —8—C/N0.4 - 50 mgN/l TAN
(]
*g CZS) 15 == C/N0.4 - 100 mgN/l TAN
E + l —4&—C/NO0.8 - 50 mgN/l TAN
©cZz 10
P& | =4~ C/NO.8- 100 mgN/ TAN
Z2Z 5
(@] ]
Eo
Fig. 6.6 Rate of NH ox with entrapped cells from
C/NO, C/NO0.4, and C/ AN concentrations of 50 rifgahtl
100 mN I
30

NN
S o
-3
=
oL o
~
5
g o
3 8
e Zz
z £
S
ZZ

NH; oxidation rate
mgNGO,-N + NOyN |1 d1)
H
(&3]

o @B
B
—9
=y
o

q %l w3 %d P A Y

Initial PNP concentration (mg')

Fig. 6.7 Rate of NH oxidation during the ¥ batch test with entrapped cells from
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Fig. 6.6 and 6.7 (as well as Table B-4 in Appendix B) showed the rate of
NH3; oxidation during the first and second batch tests. The results showed that, for all
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tests, the Ngloxidation rate decreased when initial PNP concentration increased. This
indicates that an inhibitory effect of PNP on Nékidation was higher at the higher
initial concentrations of PNP. Strong inhibitions on AOB activity by phenolic
compound, such as phenol and chlorophenol have been reported (Amor et al., 2005;
Texier and Gomez, 2002; Winther-Nielsen and la Cour Jansen, 1996; Benmoussa et
al., 1986). However, the results in this study showed that an inhibitory effect of PNP
was slightly sensitive to the initial PNP €ancentration especially between 6 and 10 mg
It. This observation may. be explainéd by the fact that the entrapped gel helps
protecting AOB cells by.reducing the PNP-levels around the contact areas inside the
gel beads. Protection of gells” from toxic substances by gel entrapment has been
demonstrated in severalsstudies (Buchtmann et al., 1997; Pai et al., 1995; Ferschl et
al., 1991; Bettmann and’ Rehm,, 1985; Westmeier and Rehm, 1985; Bettmann and

Rehm, 1984).

NH; oxidation rate by the gei bead of the higher OLR reactors was higher
than of lower OLR reactor both-in the first'and second batch tests. However, this trend
of NH3; oxidation rate did not Correspdndéd well with the PNP degradation rates
(C/N0.8 = C/N0.4 = C/NO in the first batch test:and C/N0.8 < C/N0.4 = C/NO in the
second batch test). Fhis suggests that the bikidation is not related to the PNP
degradation. Reducing the concentration of PNP due to the higher concentration
gradient of PNP rather than the degradation by PNP-degrading microorganisms inside
the gel beads:ofihethigheriOLR reactorsiwas:thesmain<reason behind the higher NH
oxidation rate by the gel bead of the higher OLR reactors ( Fig. 6.1 [a, c, €] and Fig.
6.2).

The rate of NH oxidation for all tests increased with increasing initial
NH3; concentration. This indicates that BlMas still the rate-limiting substrates for
NH; oxidation of all entrapped cells. At an initial Nidoncentration of 50 mg N'
the rates of NH oxidation were similar between in the first and second batch tests.
However, there was a substantial difference in;Mbdidation rate between the first
and second batch tests, when an initial Ntdncentration was higher (100 mg N.|
At an initial NH; concentration of 100 mg N!] the rates of Nk oxidation of the
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second batch test were higher than that of the first batch test. The reason for this is
that the higher initial concentration of NHnay help in recovering NfHoxidation

after the cells were exposed to PNP shock load during the first batch test. Although
the mode of action of PNP on AMO enzyme has not yet known, it was found that
several compounds with similar structure to phenolic compounds, such as o-cresol,
2,5-dimethylphenol can compete for active site on AMO enzyme (Hooper et al.,
1997). Thus, when more numbers of Ninolecules were present, they can easily
compete PNP molecules for active site oni’AMO enzyme. Another explanation is that
NH3 can have the regulatory effect-on synihesis of a subunit of AMO enzyme even
after inactivation of the AMO.enzyme (Hyman and Arp, 1995; 1992; Hyman and
Wood, 1985). Under thescondition that AOB were unable to usgdstan energy
source, the AMO active site containing 27 kDa polypeptide was synthesized through a
de novo synthesis pathway under-the ‘presence af Nitis, in our case, under higher
initial concentrations of Niithe additionalfpolypeptide of AMO enzyme may provide
addtional active sites available for Nl-bxi'dizing by other active cell of AOB in
entapped cells. 4.

¥

6.4 Conclusion

Effect of heterotrophs on the activity of AOB in gel beads under the inhibiting
condition from a model toxic chemical, PNP was investigated. Two sequentially tests,
first and secand batch itest, for PNP degradation angbkiblation were setted up and
performed to investigate effect of heterotrophs on the actifiy@B under condition
simulated. the_first and_second time, of PNP-shock. ioadatch reactor with three
different types' 6f nitritation ‘entrapped: cells” which.'have! 'a Ldifferent amounts of
heterotrophs in the gel bead®esults showed that high initial concentrations and the
second shock pulse of PNP can improve the degradation rates of PNP by nitritation
entrapped cells while no significant effect of initial Nebncentrations was observed.
The degradation rate of PNP by PNP-unacclimated entrapped cells of different
nitritation reactors (during the first batch test) was similar while for acclimated cells
(during the second batch test), the PNP degradation rate of the C/N0.8 reactor was
lower than that of C/NO, and 0.4 as a result of its higher competition for oxygen,
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space and/or nutrient between PNP-degrading and non PNP-degrading
microorganisms. NEloxidation (or AOB activity) byentrapped cells of the organic
loadal-reactors (C/NO.4 and 0.8) had more tolerance for a PNP-inhibiting condition
than that from the non organic loaded-read®&ducing the concentration of PNP due

to the higher concentration gradient of PNP inside the entrapped cells could be the
main reason behind that highteterance for PNP-inhibiting condition inhibitory

effect of PNP on NEloxidation became higher at higher initial concentrations of
PNP. However, higher initial concentrations-of Nidould help in improving a

recovery of the NH oxidation-of entrapped celis-after a first time of PNP shock load .

Resilts from this_part-of research implied treatserious drop or failure of
pattial nitrification for trgating ammaenia in low. organic carbon (but not organic
carbon-free) and high ammonia (IOW C/N) industrial wastewatdich may be
cau®d by an inability t@ recover the AOB activity after experience with shock load of
strongly toxic organic campound in indgjistréiﬂuentstream, can be partly prevented
in the entrapped cell basgd-rather tha'n:iﬂtk_le suspended cell based-reactor as a results
from reducing the penetration of toxicéntﬁf"'by the outer rlayke heterotrophs and
subsequently reduce toxic sensitivity df“ﬁ(d)'B in.the deeper gfatthe biofilm-like
layer structure. Moreevemaintaining high sufiicient level of ammonia in entraghpe
cell reactor (ie. 100 mgN*lin this study) could be one way to improve a recovery of

the NH3 oxidation of entrapped cells after experience with shock load of toxicant.



CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

Shortcut biological nitrogen removals(SBNR3 a cost effective innovative
process to treat low carbon or/and high-nitrogen wastewRftntial nitrification is
believed to be the rate-limiting stepJof the overall SBNR. Partial nitrification can be
achieved by the oxidation<of ammonia (§Ho nitrite (NG without further
oxidation of NQ' to nitiate. Thereforevl‘ activity of ammonia oxidizing bacteria (AOB)
neeals to be promoted @ver'the aCtivify"bf nitrite-oxidizing bacteria (NOB). The most
two common stratégies t@ achieve Tlé)artial nitrification under normal temperature
condition are to maintain oxygen T_f;;(piJmiting or/and free ammonia (FA)-
accumulating conditions'in the systems;;.;,‘L:lhder lowc@ndition, growth of AOB can
be higher than NOB due to the distinct in the; @ffinity between both
microorganisms. In addition,gt certain I,eT_\_/e_Ls of FA, activity of NOB can be inhibited,
while the activity of AOB does not. Gel entrapment has been proposed to be a
potential means to ‘achieve partial nitrification under ammonia-rich environment.
However, the determining mechanisms behind its contribution on partial nitrification
have still been uncleawith, the economieal benefits of SBNR over the connerat
nitrification - “denitrification ' and ' several advantages of immobilized cells over
suspended cells, the application of polyvinyl alcohol (PVA) entrapped nitrifying
bacteria for treatmdiigh NH; wastewater ‘based on two typical strategies, limiting
dissolved oxygen (DO)and promoting FA accumulation in bulk liquid, was
invedigated in this study. And specific issues include the actual activity and
community of working bacteriaChapter 4), inoculum history and process control
strategy Chapter 5) and an instability conditions caused by the shock load of toxic

compounds (Chapter 6) were mainly addressed.
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To examine whether and how the two most common strategies (DO limitation
and FA inhibition) for achieving partial nitrification in suspended cell system can be
applied for entrapped cell system, effects of substrates (DO and FA concentrations) on
NH;3; and NQ' oxidation(nitritation and nitratation) in both suspended andagped
cell systems of enriched nitrifying sludge were determined using batch respirometric
assay inChapter 4. A fluorescence in situ hybridization (FISH) technique was also
used for probing nitrifying microorganisms. within the entrapment matrix since the
nitritation and nitratation kinetics are related to the make-up of nitrifying community.
Results showed that for.beth-nitritation and-nitratation, the maximum specific oxygen
uptake rate (as a result of substrate utilization) and the apparent affinity for substrate
and oxygen of suspended cells were higher than those of the corresponding entrapped
cells. Under DO-limiting.€Conditions, the specific oxygen uptake rate for nitratation
reduced more than that for nitritatioh for suspended cells because of the higher
oxygen affinity of AOB/than NOB. For eh-trapped cells, the results were the opposite.
The FA inhibitory effect was observed in tNé&ls-unacclimated sludge at significant
levels but the acclimated sludge was not inhibited by high FA. Moreover, the
competition for space and, led-to segregjatigns among AOB, NOB and heterotrophs
within the gel matrix. The results fro@hapter 4 implied that FA inhibition or DO
limitation can be Used-to-mainialio;-accumuiationin entrapped cell systems but
might not be effective strategies, which need a detailed investigation to identify one.
Moreover, internal substrate and oxygen transfers would be two of the most important

factors in controlling mitritatiom kinetics .of entrapped nitrifying sludge.

After. finishing_the batch experiment for nitritation and nitratation kinetic in
Chapter 4, the 'experiment drChapter: 5 was designed- to find out the strategies to
achieve partial nitrification in continuous-flow entrapped cell nitritation reactors. In
the first part ofChapter 5, the dfect of different entrapped inoculums, including
entapment ofnon-nitrifying (ENN), nitrifying (EN) partial nitrifying (EPNI) and
patial nitrifying (EPNII) sludge, on accelerating partial nitrification were investigated
during start-up periods of continuous-flow reactors fed with NGty wastewater.
Results show that entrapped cells containing very low numbers of NOB (EPNII) can

achieve NO, accumulation at higher level and shorter timeframe (91%NGE
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accumulation after 15 days of operation) than entrapped cells containing high NOB
abundance (ENN, EN, and ENPI). This finding showed the effect of inoculum type on
accelerating partial nitrification. However, entrapped cells containing high numbers of
NOB can achieve stablO, accumulation under ambient temperature and normal
bulk DO (2 mgN 1* DO) condition at comparable level and timeframe (65 — 66% of
NO, accumulation after 30 - 42 days of operation). The control factor is expected to
be the levels of available QOunder the presence of high Blldoncentration. This
indicated that a step for preparing sludge which is readily for nitrifying or partial
nitrifying, was not needed.ior entrapped celis.-Maoreover, as a result Of gradient

in the gel beaddoth AOB and NOB relocated themselves from thdiBiting zones

in the inner parts of the gel beads to theailable zones at the outer parts of the gel
beals after the start=up period. And as a result of the competition for spa¢a,,and
NOB aggregates were found undernéath AOB aggregates in the smaller and looser

forms resulting in losing partially their nitﬁte-oxidizing activity.

In the second part o€hapter 5, 'the most two common strategies, DO
limitation and FA inhibition, were applied ftﬂ)"r partial nitrification in continuous-flow
entrapped cells reactors.fféct of bulk ‘DO orfand FA concentrations on NO
accumulation in entrapped-celi-system-was-observet during long term operational
period with various bulk DO and FA concentrations after essgion of start-up partial
nitrification. The results fronthe first part ofChapter 5 recommended using the
ENN entrapped cellstas they require ne:acclimation step::in the secorteRidirand
EPNI entrapped cells"were studied in parallel'with'the ENN entrapped cells. Results
showed thaiNH3 remaval efficienCy.depended:largely. on.the bulk DO concentration.
At lower than the'threshold level (1.0’ mgD); NHs removal was limited by the
diffusion of Q from bulk solution into the entrapped cell while no difference in the
NH; removal efficiency was obviously observed at higher level of bulk DO (between
1.0 and 2.0 mgQ@ I'™Y). Under the same DO levels, MFemoval efficiencies tended to
increase with increasing the pH levels. However, the; Knoval efficiencies of
EPNI and EPNII were more sensitive to the acidic pH than that of ENN because ENI
and ENII were previously adapted under alkaline condition rather than acidic

condition. Results also showed that Nidmoval of the entrapped cells was not
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suppressed by FA inhibition. Higher NGaccumulation was found at the lower
coneentration of bulk DO and the higher concentration of FA. When the reactors were
operated under DO 0.5 mg®1, NOZ oxidation was suppressed mainly by low O
level in the reactors. However, with higher DO level (<1.0 mbtNOZ oxidation

was mainly inhibited by FA. With the DO level of 2.0 mgd, NO, accumulation

was very low due high ©and low FA conditions. Because the accumulation of NO
depended on both concentrations of bulk DO and FA, a relative ratio of both
parameters (ratio of DO/effluent FA) ratherthan either one is recommended to use as
a control parameter for.partial nitrification.-li-is-possible to use the DO/effluent FA
ratio to control a desired level of nitritation in entrapped cell nitritation reactors by
adjusting the bulk DO concenirations in the reactors under certain values of pH and
effluent concentrations gifNj#oachieve the selected DO/eff FA ratios.

Moreover, becausastant loading 6f toxic compound could limit applicats
of partial nitrification, the deterioration of partial nitrification in industrial wastewater
treatment systemeeds to be preventekdt‘riehapter 6, effect of heterotrophs on the
adivity of AOB in entrapped cell under iheﬁl’sinhibiting condition from a model toxic
chemical, PNP, was investigated. Two'ééq'UentiaIIy teStandl 2% batch test, were
used to investigate effect-of-heteroirophs-on-the-AOR antivnder the T and 2¢
time of PNP shock ioadith nitritation entrapped cells which contained detént
amounts of heterotrophResults showed that high initial concentrations and2tfie
shok pulse of:PNP; can improve: the degradation rates,of:PNP by nitritation entrapped
cells while no, significant” effect™of initial 'NHconcentrations was observed. The
degadation.rate of PNP.by. PNP-unacclimatéd entrapped cells of different nitritation
reactors (during the>ibatchctest) was similar while for acclimated cells (during the
2" patch test), the PNP degradation rate of the C/N0.8 reactor was lower than that of
C/NO, and 0.4 as a result of its higher competition for oxygen, space and/or nutrient
between PNP-degrading and non PNP-degrading microorganismoxitation (or
AOB activity) byentrapped cells of the organic loaded-reactors (C/N@d40z8) had
more tolerance for a PNP-inhibiting condition than that from the non organic loaded-
reactor.Reducing the concentration of PNP due to the highapentration gradient

of PNP inside the entrapped cells could be the main reason behind that higher
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tolerance for PNP-inhibiting conditioAn inhibitory effect of PNP on Nkbxidation
beame higher at higher initial concentrations of PNP. However, higher initial
concentrations of NElcould help in improving a recovery of the blexidation of
entrapped cells after a first time of PNP shock Idadsults fromChapter 6 (and the
results of spatial distribution of microorganisms in suspended cell @bapter 4)
implied thata serious drop or failure of partial nitrification ftseating ammonia in

low organic carbon (but not erganic .carbon-free) and high ammonia (low C/N)
industrial wastewaterwhich may be caused by an inability to recover the AOB
activity after experience.with-toxic shock; can-be partly prevented in the entrapped
cell based-rather than the suspended cell based-reactor as a resutedfroimg the
pendration of toxicant hy'the outer layer of heterotrophs and subsequently reduce
toxic sensitivity of “AOBin" the , deeper padf the biofilm-like layer structure.
Moreover, maintaining high suifficient ievel of NHin entrapped cell reactor (ie. at
NH; of 100 mgN T in this study) could bé-one way to improve a recovery of the NH
oxidation of entrapped ceélls after experi'e'nce with shock load of toxicant.

From this research, it'was found that high partial nitrification (up to ) can be
achieved by entrapped cells: Oxygen-li'rh'itin'g condition within an entrapment matrix
is suggested to be a main-conirel-factor-forachieving While an inhibitory effect of free
ammonia is also proven to be another one control factor, thus, a relative ratio between
concentration of dissolved oxygen and free ammonia in bulk liquid can be used to be
an effective parameter /to contralopartialgnitrificationy For purposing on preparing
Anammox process suited-effluent which has an equal molar ratio of ammonia and
nitrite nitrogen, the optimum bulk dissolved oxygen to.free“ammonia ratio is 0.01.
And with in 'situ microbial localization in gel'bead, an.adverse effect of shock load by
toxic substance on partial nitrification also can be reduced by entrapped cell as a
results fronreducing the penetration of toxicant by the outeerd@y heterotrophs and
subsequently reduce toxic sensitivity of ammonia oxidizing bacteria in the deeper part

of the biofilm-like layer structure.

7.2 Recommendations
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. Although PVA gel based-entrapped cell was used throughout this study, other
kinds of gel entrapped cells, which have different physical and chemical
characteristics such as calcium alginate and polyethylene glycol based-
entrapped cells, may be also applied for achieving partial nitrification in a
similar way.

. A study in microbial community dynamic in species lew# nitrifying
microorganism during achieving partial nitrification, by using some molecular
fingerprinting technigue suclas ‘denaturing gradient gel electrophoresis
(DGGE) or PCR-cloning-sequencingould-help to confirm the role of the
predominated AOB_.and NOB in inoculums which can largely affect the
acceleration of pastialnitrification by cell entrapment.

Because the“penetration of @om bulk solution into the gel beads could
cause high @ gradient'which Iatér help to accelerate partial nitrification, study
on the population dynamic-of rjizi_trJi-fying microorganisms in the peripheral of
the gel beads is likely to prov{ide‘-‘some useful information to improve an
understanding for achieving part'rétpi_trification by entrapped cell.

In situ kinetic study of nitrifying%i%roorganisms (which may be done by
determining.the change of an aCt’ﬁéF concentrations of substrate within the gel
beads by niicrosensor) couid provide invaltiable information to confirm
maintaining the AOB activity and suppressing the NOB activity within the gel
bead during achieving partial nitrification.

. The propasedinitritation controlparameter;ratio of DO/effluent FA, should be
validated at another loading rate of ammonia and bulk DO level in operating
entrapped. cell.nitritation.reactor. to see the extent.of its"application.

Although nitritation entrapped cell developed in this'study was mainly applied
in the nitritation step, simultaneous nitritation and denitritation (or
heterotrophic denitrification via nitrite pathway) was also evidence under the
presence of organic carbon (s€hapter 6). Thus, study to find out the
operational technique to control entrapped cell for simultaneous nitritation and
denitritation in single reactor rather than nitritation is recommended for further

study.
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Table B-1 PNP removed, the degradation time and degradation rate of PNP by C/NO entrapped cells

C/NO- 1% batch test

-

IIQINUSI Initial TAN 50 mgN | 4 Initial TAN 100 mgN |
(mg 1™ PNE rat 0 10% of PNP rerilg\? od Degradation — Degtadetion leErat O} 10% of PNP rer?:\'/: od Degradation | Degradation
(mg ™) a Ohr(mgl? (mg ™) time ()= raie(mgld™) | \(mgl?) | aohr(mgl? (mg 1™ time (d) rate (mg 1™ d'})
2.0 1.61 0.16 1.45 77 0.19 1183 0.18 1.65 8.5 0.19
4.0 3.86 0.39 3.47 11.3 £ =) 73388 0.39 3.48 12.9 0.27
6.0 5.30 0.53 4.77 118 4 JSodof 522 0.52 4.70 12.9 0.36
8.0 6.77 0.68 6.10 1164 | & #o8.; 1694 0.69 6.24 12.8 0.49
10.0 8.77 0.88 7.89 9.9 Jojgo 17878 0.88 7.90 12.9 0.61
J ; :
F i ey ARl o
GINO£ 2™ batch test
— ald -
'g'l\l“;" Initial TAN 50 mgN I ' 2 Initial TAN 100 mgN I
(mg I'l) PNI;rat 0 10% of PNP rerfg\f od Degradation Degradaﬁg?p PN%_?- ~ 10% of PNP rerI:E\I/D od Degradation Degradation
(mgl?) | aohr(mgl™) | (mgl? time (¢), | rafe (mgl* d?) (mg1h | aohr (mgkh | (mgl? time(d) | rate(mgl™td?)
2.0 1.77 0.18 1.59 24 = 0.65 1.90 0190/ 1.71 2.4 0.71
4.0 3.78 0.38 3.40 25 4 1.39 3.79 0.38 ./ 341 25 1.39
6.0 5.23 0.52 471 25 1.88 5.27 0.53 474 2.4 1.99
8.0 6.78 0.68 6.10 31 1.97 6.75 0.68 6.08 2.4 2.53
10.0 8.76 0.88 7.88 2.6 3.08 878 0.88 7.90 2.4 3.31
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Table B-2 PNP removed, the degradation time and degradation rate of PNP.by C/N0.4 entrapped cells

C/INO4 - 12 batch

test

'g‘l\l“g' Initial TAN 50 mgN | 4 Initial TAN 100 mgN |
(mg 1™ PNE rat 0 10% of PNP rerilg\? od Degradation | Degradation PNI;rat O} 10% of PNP rer?:\? od Degradation | Degradation
(mgl™) | aohr(mgl™ (mg 1™ time (d) raig(mg2d) | \(mgl™) | a0hr(mgl™) (mg 1Y time (d) rate (mg It d%)
2.0 1.79 0.18 1.61 7.7 0.21 179 0.18 161 7.6 0.21
4.0 3.87 0.39 3.48 12.7 goa ) A 3ss 0.38 3.46 7.6 0.46
6.0 5.24 0.52 4.72 12.0 ABY - 22 0.52 4.70 10.4 0.45
8.0 6.94 0.69 6.25 12.0 0.5 6.90 0.69 6.21 10.4 0.60
10.0 8.69 0.87 7.82 10.7 043 - 8.76 0.88 7.88 7.8 1.01
g i '/‘aw ¥
CINO.4- 2" baich tests
Initial i 1 — -3 N 1
PNP Initial TAN 50 mgN | : il Initial TAN 100 mgN |
(mg ™) PNE rat 0 10% of PNP rerilg\? od | Degradation Degﬁajgtign PR h.:‘:lh.: | 10%of PNP rer?:\? of | Degradation |  Degradation
(mgl™) | aohr(mgl™ (mg 1™ time (d), | rate (mgltdy | (mgl?) | aohr (mg1™) (mg 1Y time (d) rate (mg It d%)
2.0 1.67 0.17 1.50 25 - 0.60 1.66 = 1.49 25 0.60
4.0 3.74 0.37 3.37 254 1.36 34 0:37 3.37 3.0 111
6.0 5.17 0.52 4.66 2.4 1.96 il 0.52 4.66 2.4 1.97
8.0 6.83 0.68 6.15 2.4 2.56 6.83 0.68 6.14 2.4 2.58
10.0 8.66 0.87 7.80 2.4 3.30 8.69 0.87 7.82 2.4 3.30
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Table B-3 PNP removed, the degradation time and degradation rate of PNP.by C/NO0.8 entrapped cells

C/NO:8 - 1% batch test

Initial Initial TAN 50 mgN | . Initial TAN 100 mgN |
PNP
(mg 1™ PNE rat 0 10% of PNP rerilg\? od Degradations|* Degradation “PNl;rat O} 10% of PNP rer?:\? od Degradation | Degradation
(mgl™) | aohr(mgl™ (mg 1™ time (d) fate(fngd 4d?) 4-4(mgl®) | a Ohr(mgl? (mg 1Y time (d) rate (mg It d?)
2.0 1.94 0.19 1.75 45 0.39 : 1,84 0.18 1.66 45 0.37
4.0 3.73 0.37 3.36 9.2 0486 '3.72 0.37 3.35 12.4 0.27
6.0 5.23 0.52 4.71 10.3 0.46 -, 5.32 0.53 4.79 11.6 0.41
8.0 6.92 0.69 6.23 10.0 0.63 6.90 0.69 6.21 7.7 0.80
10.0 8.72 0.87 7.85 9.6 282 8.71 . 0.87 7.84 7.8 1.01
CINOB - 2" haich test .
== =
Initial Initial TAN 50 mgN I = Initial TAN 100 mgN I
PNP -
) PNPat 0 PNP - . PNP at 0 PNP . .
(mgl 1) hr 10% of PNP removed Degradatp =—Degradation=—{— = 10% Of-PN,P removed Degradation | Degradation
(mg ™) aO0hr(mgl? (mg ™) time (d)— | rate(mgl*d® [ (mgl®) | aOhr@gi?) (mg 1™ time (d) rate (mg 1™ d'})

2.0 1.67 0.17 1.50 2.6 0.58 1.69 0.17 1.52 5.9 0.26
4.0 3.71 0.37 3.34 6.4 0.52 3.73 0.37 3.36 6.3 0.53
6.0 5.19 0.52 4.67 6.0 0.78 517 0.52 4.66 6.1 0.77
8.0 6.83 0.68 6.14 6.1 1.00 6.84 0.68 6.16 6.3 0.98
10.0 8.62 0.86 7.76 5.7 1.37 8.63 0.86 7.76 6.1 1.27
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Table B-4 Ammonia oxidation rate of C/NO, C/N0.4 and C/N0.8 entrapped cdls

— Initial PNP (mg I) — Initial PNP (mg 1)
CIN TAN 0 ‘ 2 ‘ 4_ ‘ : 6_ ‘ 8 T 10 ’ TAN 0 ‘ 2 ‘ 4 ‘ 6 ‘ 8 ‘ 10
(moN 1) (nﬁ;n[n,\]giol)\(lg?—t]l?g (rf;;l) CIN™(mgN I R Square for ammonia oxidation rate
baltih 0 1578 | 579 | 400 | 357 | 352 |8 11 \ 0 0.917 | 0.966 | 0.930 | 0.908 | 0.967 | 0.961
test 04 50.00 15.75 | 5919 | 4.613 | 7.584 | 9.44 | 12.79 . 0.4 50 0.969 | 0.901 | 0.993 | 0910 | 0.985 | 0.991
0.8 15.75 | 4613 | 5.886 | 7.27 | 7.966¢/ 9.78 P\ 88 0931 | 0973 | 0974 | 0.908 | 0.967 | 0.943
0 3176 | 4364 | 4611 | 6.75 | 7.846 | 847 ¥ 0 0.949 | 0995 | 0.978 | 00937 | 0.994 | 0.988
0.4 100.00 317 | 3742 | 4272 | 610 | 6752 7.90 ‘| 3™ 04 100 0.986 | 0981 | 0.937 | 0.930 | 0.926 | 0.968
0.8 31.73 | 3.348 | 3.787 | 537 | 54383 [/ 702 | '_‘j‘_ 0.8 0.951 | 0.992 | 0.994 | 0.904 | 0.948 | 0.962
o
] Ay
Initial PNP (mg 1) — Initial PNP (mg 1™
. 4 8 = - 4 3
Initial 0 2 | with | 6 [ with | 10 Initial 0 2 with 6 with 10
N TAN_l ATU ATU TAN | ATU ATU
(mgN 1) Ammonia oxidation rate G (mgN IV R o
o (Mg [NOy + NO5] I day ) Square for ammonia oxidation rate
batch | o 1578 | 4.09 | 008 | 3.01 | 0.05 | 2.80 0 0917 | 0951 | .0977| 0990| 0983| 0.999
et o2 50 15.75 | 4.091 | 0.064 | 3.746 |, 0.07 “}.3.0% 0.4 50 0.969.,.0993 | 0956 | 0997 | 0972| 0.994
0.8 15.75 | 5.145 | 0.056 | 4.557 | 0.052 |- 346 08 09314 0999 | 0978| 0994 | 0966 | 0997
0 31.76 | 11.98 | 0.07 | 845 | 0.06 | 7.59 0 0943 | 0975| 0985| 0984| 099 | 0949
0.4 100 31.7 | 13.85 | 0.087 | 9.026 | 0.062 | 7.98 0.4 100 0986 | 0979 | 0985| 0958 | 00940| 0.970
0.8 31.73 | 15.75 | €0.06/ 10:72% ‘008 | 874 0.8 0:951 | 01957+ 0968 | 0987 | 0983| 0993
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