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Abstract. Relevance. Partial nitritation-anammox represents a cost-effective biological nitrogen removal that has a lot of
potential as an alternative process to conventional nitrification/denitrification. However, the sensitivity of the process to
operating and environmental conditions limits its widespread application. Aim. To study the impact of substrate gradient on
the start-up of partial nitritation-anammox in continuously stirred tank reactor and plug-flow up-flow reactor. Methodology.
Modified activated sludge model number 1 (ASM 1) in MATLAB environment was implemented. Time-based aeration control
was incorporated in the model (10 minutes on/20 minutes off). Concentration of dissolved oxygen between 0.2 and 0.8 mg-
0z/L during the aeration phase was simulated. Results and conclusion. It was found that partial nitritation-anammox could
be successfully started-up in both reactors in less than 200 days under the given operating conditions. In addition, changes
within the bacterial communities could occur in the course of operation of reactors. The abundance of anammox bacteria,
heterotrophic bacteria, and ammonia oxidising bacteria could decrease with reactor height, while the growth of nitrite
oxidising bacteria could vary with reactor height in plug-flow up-flow reactor due to the dynamics of nitrite (NO2z-)
generation and depletion in different levels within the reactor. Overall, partial nitritation-anammox implementation in
continuously stirred tank reactor and plug-flow up-flow reactor is feasible.
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AnHoTanusa. AkmyaisHocms. YacTHYHOe HUTPOBAHHe-aHAMMOKC Ipe/cTaBjAeT co0of 3KOHOMHYecKO- 3¢ deKTHBHEIH
nporecc GHOOrHYeCKOT0 YAANEHHA a320Ta, KOTOPEIH HMeeT GO/bIIOH MOTEHI[HAN B Ka4eCTBe AlbTePHATHBEI TPAJIMIIHOH-
HOMY Ipoleccy HHTPHQHKAHH/NeHHTPHOHKAKUK. O/IHAKO YYBCTBHTENLHOCTE IPOIEcca K YCJIOBHAM IKCIUIYATAIlMH H
OKpYIKalomeH cpeJbl OTPAHHYHBAET €T0 IIHPOKOe MpHMeHeHHe. [[e/1b: H3yYHTE BIHAHHE rPajiieHTa cybcTpaTa Ha 3amycK
YaCTHYHOTO HHTPOBAaHHMA-aHAMMOKCA B PEAaKTOPEe HENPEPEIBHOTO JIEHCTBHA H PEAKTOPE HEANBHOIO BEITECHEHHHA C BOCXO-
[AamuM notokoM. Memodsr Brina 2apeructpupoBaHa MogudunupoBaHHad Mogens N2 1 akTHBHOro HMiaa B CHCTeMe
MATLAB. B mozmenu 6vl10 pealH30BaHO yOpaBaeHHe aspanueii mo BpemeHH (10 MuHyT BRAO4YeHHA/20 MHHYT BHIKIOYe-
HHA). belna cMofenpoBaHa KOHIIEHTPAlHA pacTBopeHHoro Kucaopoa Mexay 0,2 u 0,8 mr-0z/1 Bo BpeMsa $azrl aspanuy.
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Pe3zyasmamel. YCTaHOB/IEHO, YTO YACTHYHOE HHTPOBaHHE-aHAMMOKC MOJKHO YCIIENIHO 3alyCTHTL B 000HX peakTopax Me-
Hee 4yeM 3a 200 cyToK NpH 33aZlaHHEBIX YCI0BHAX 3KCIIyaTanuy. Kpome Toro, B mporecce paGoTel peakKTOPOE MOTJIH ITPOHC-
XOJUThL H3MeHeHHA BHYTPH OaKTepHalIBHEIX coobmecTB. YHc/IeHHOCTE aHAaMMOKC-0aKTepHH, reTepoTpodHLIX OaKkTepHi H
OaKTepHH, OKHCIAKIINX AMMHAK, MOKET YMEHBIIATECH C YBeJHYeHHEM BEICOTEHI PEAaKTOPa, B TO BPeMA KaK PoCT OaKTepHH,
OKHC/IAKIIHX HUTPHT, MOXET BAPBEHPOBATLCA B 3aBHCHMOCTH OT BEICOTHI PEAaKTOPA H/Iea/ILHOTO BEITECHEHHA C BOCXO[A-
MMM IOTOKOM H3-3a IHHAMHKH 00pa3oBaHHA H HeTollleHHA HUTpHTA (NO2-) Ha pasHBIX YpOBHAX BHYTPH peakTopa. B nenom
YaCTHYHOE HUTPOBAaHHE-aHAMMOKC B PEAKTOPE HENPEPLIBHOTO JIeHCTBHA H PeaKTOPe H/EaNBHOT0 BEITECHEHHA C BOCKO/A-
MM [TIOTOKOM BIIOJTHE OCYIIECTBHMO.

KawoyeBble coBa: YAaJIeHHe a30Ta, GHOIOTHYECKOoe YaoajneHHe a30Ta, 4aCTHYHOe HUTPOBAHHE-aHAMMOKC, CTOYHBIE BOJEBI,
KOHTPOJIb a3palfHH, MOJe/IHPOBAHHE H CHMYIAIHA

BiarogapHocTu: ApTope! 61arogapaT TexHoorudeckui yHHBepcHTeT Baana 3a ¢UHAHCOBYIO OJEPIKKY UCC/IeJOBAHHSA.

JMnsa nutupoeanusa: Kocreit K, Kuam6bu CJI. BnusHue rpagueHTa CcyOCcTpaTa Ha 3amycK YacTHYHOTO HUTPOBAaHHA-
anaMmMokc // M3Bectus TOMCKOT0 MOJTHTEXHHYECKOT0 YHHBEPCHTeTa. MHKHHHUPHHT reopecypcos. — 2024. - T.335. - Ne 12. -
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Introduction

Biological nitrogen removal (BNR) processes rep-
resent the technology of choice in most systems of ni-
trogen removal from wastewater [1]. Among the well-
established = BNR  processes  are  nifrifica-
tion/denitrification, partial nitritation/denitritation and
partial nitritation — ammonium oxidation (anammox)
processes. Each of these technologies are well de-
scribed in literature, including [1-4]. Briefly, in nitrifi-
cation/denitrification, ammonium (NH,") is first oxi-
dised to NO, by ammonium oxidising bacteria (AOB),
and the generated NO, is then oxidised to nitrate
(NOs") by nitrite oxidising bacteria (NOB). The NO5~
could then be reduced to nitrogen gas by the denitrifi-
ers using a range of electron donors such as organic
carbon, sulphide, hydrogen, etc. [1]. In the contrary, in
partial nitritation/denitritation, NH, " is only oxidised to
NO,, which is then reduced to nitrogen gas by the de-
nitrifiers [5]. This short-cut process saves on chemical
oxygen demand (COD) for denitrification step as well
as on the cost of aeration because NH,  is only oxi-
dised to NO, . However, process control is imperative
to limit nitratation (production of NO; ). In another
process referred to as partial nitritation-anammox
(PN/A). AOB convert about half of NH, to NO, .
while anammox bacteria (AMX) oxidise the residual
NH," to nitrogen gas using the NO, generated by
AORB as electron acceptor [1]. Compared to nitrifica-
tion/denitrification., PN/A saves on aeration costs and
COD supplementation (since only 11% of NH," is
converted to NO;s") [6]. It has also been reported that
less nitrous oxide (N,O) is generated in PN/A systems
compared to systems based on nitrification and denitri-
fication, a positive attribute since N,O contributes to
global warming [2]. However, this process is sensitive
to operating and environmental conditions, and still
requires further improvements. In addition, anammox
bacteria have slow growth rate and could be easily out-
competed for NO, by other faster growing bacteria
such as nitrite oxidising bacteria (NOB) and denitrifi-

ers. The NOB and denitrifiers also present competition
to AOB for oxygen, and could lead to unprecedented
challenges if their growth is not suppressed in PN/A
systems [7, 8].

Aeration regimes, hydraulic retention time (HRT),
solids retention time (SRT), concentration of free am-
monia (FA). free nitrous acid (FNA), COD, etc. were
to suppress the growth of other bacteria that compete
with AOB and anammox bacteria in PN/A systems for
substrate and electron acceptors [9, 10]. The authors of
[11, 12] have previously reported that reactor configu-
ration has no effect on the bacterial shifts and selection
in the systems. In a separate study [13] the authors
demonstrated that reactor configuration can affect the
duration of reactor start-up. Wells G.F. [14] also
demonstrated that the resilience, resistance and stabil-
ity of process performance could vary in different reac-
tors. The notion of substrate gradient and its impact on
reactor dynamics in biological systems was previously
highlighted in [15]. Despite the amazing findings made
from those studies, the impact of substrate gradient on
process start-up and performance has not been yet in-
vestigated and/or analysed. Therefore, in this study, the
impact of substrate gradient on process start-up and
performance was investigated using a modified activat-
ed sludge model number 1 (ASM 1). A 70 m® continu-
ously stirred tank reactor (CSTR) and a 70 m’ plug-
flow up-flow reactor (PFUR) were modelled and simu-
lated in MATLAB environment.

Methodology
Mathematical model

The ASM 1 was extended through the addition of
AMX activities [16]. The activities of AOB. NOB and
heterotrophic bacteria (HET) were also considered in
ASM 1 [17, 18]. The effect of temperature on maximum
growth rate, hydrolysis rate constant (Ky) and decay rate
was accounted for using the Arrhenius correlation (1):

Kreactar = refeg(Tthar_Tmf) > (1)
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where Kreqeror and Kyop are the parameters at operat-
ing temperatures and at the reference temperature
(Tref=293 K), respectively. The Arrhenius constant 0
for NOB, AOB, AMX and HET were assumed to be
equal to 0.061, 0.094, 0.096 and 0.069 [19].

Previously reported stoichiometric and kinetic pa-
rameters for AOB, NOB, AMX and HET at 293 K are

summarised in Table 1. The values of nitrogen content
in biomass (Inpy). nitrogen content of inert particles
(Inx1), fraction of inert particles in decaying biomass
(fp), hydrolysis saturation constant (Kyx) and hydrolysis
rate constant (Ky) were assumed to be 0.07 g-N g
COD, 0.02 gN g’ COD, 0.1 g-COD g COD, 1
g-COD g™ COD and 3 day ', respectively.

Table 1. Stoichiometric and kinetic paramrtres
Ta6auya 1. CmexuomempuyecKkue u KUHEMuYecKlue napamempbsl
Bacterial group
GakTepHaTpHAA
rpymnna)
—| AOB | NOB | AMX HET Remarks (sameuanus)
Parameterl
(mapaMeTpsi)
[T 1.296 | 1.128| 0.0528 7.2 Maximum growth rate (day!) (MakcuManbHas CKOpPocTb pocTa (AeHb?))
baos 0.1296] 0.069 | 0.00312 0.192 Decay rate coefficient (day!) (KoadduiumeHT ckopocTH 3aTyxanud (JeHb 1))
Affinity for oxygen for AOB, NOB and HET, and inhibition coefficient for AMX (g-O2m3)
Ko, 0.6 2.2 0.01 0.2 (CpoacTeo k kucropoay A1 AOB, NOB u HET 1 koaddHIHeHT
uHrHb6uposannd aas AMX (r-0z-m-3))
Kyt 2.4 - 0.07 - Affinity constant for NHs* (g-N m-3) (KoncranTa cpojctsa k NHs* (r-N m-3))
Kyor - 5.5 0.175 0.5 Affinity constant for NOz~ (g-N m¥) (KorcranTa cpojctsa k NOz~ (r-N m3))
Kyoz 0.5 0.5 0.5 0.5 Affinity constant for NOs- (g-N m-?) ((KoncranTa cpoacTsa k NOs- (r-N m-3)))
Y 0.15 | 0.041| 0.159 |0.432/0.54"|Yield coefficient (g-COD g-1 N) (KoadduunenT sexoaa (r-XIIK r-1 N))
Affinity constant for readily degradable organic substrate (S) (g-COD m-?)
Ks - - - 2 (KoncTanTa cpoCTBa K JIETKO pPasjlaraeMoMy opraHHdeckoMy cy6crpaty (S)
(r-XIK m-3))
n 0.5 0.5 0.5 0.6 Anoxic reduction factor (Kosd¢niueHT cHinxeHHe B 6eCKHCIOPOJHOM PEHIME)

aNOz-/ NOs-reducing denitrifying bacteria (denupudbuyupyroujue 6axkmepuu); baerobic heterotrophic bacteria (aspo6Hbie

zemepompopHble Gakmepuu)

Implementation of the model

The model was implemented in MATLAB R2023a
environment. The process rates in all the reactors were
determined using the equations similar to those report-
ed in [16] in Table 2 in the supplementary material,
and were reproduced with modified symbols in Ta-
bles 2, 3. The reader can refer to [16] as the description
therein is adequate. All the reactors were assumed to
have a volume of 70 m’ and the SRT was assumed to
be fixed at 30 days. The aeration and anoxia in the re-
actors was simulated to alternafe: aerafors on for 10
minutes, and off for 20 minutes. Dissolved oxygen
concentration was simulated to range between 0.2 and
0.8 mg-O,/L during the aeration operation.

The rate of a process (r;) was determined by multi-
plying the process rate in Table 3 with the correspond-
ing coefficient (s) in Table 2 as depicted in (2). For
instance, the rate of X,op variations was determined by
multiplying the coefficients in rows, column (1-3. 1) in
Table 2 with the corresponding rate equations in Ta-
ble 3 [17]. The differential equations that were used to
simulate the changes in the concentrations of NH,",
NO, ", NO;™ and COD were of the form presented in
(3). while that of oxygen was simulated using an equa-
tion of the form presented in (4) [20, 21].

= Z;‘ VijPj- @)

where p; is the rate of process and v;; is the stoichio-
metric coefficient.

dc _ Q:’ncin _ QoutCout _
(dt) v v T ®)

(dCOz) _ Q:‘ncoz-in _ QoutCOz.out
v

o - + K a(Cs — Cop,) +17.(4)

where C represents the concentration of NH4 ", NO;".
NOs5 ™ or COD, while C0O, represents the concentration
of oxygen. K;a and C, represent oxygen mass transfer
coefficient and oxygen saturation concenfration, re-
spectively. The subscripts ‘in” and ‘out’ represent the
influent and effluent streams.

Plug-flow up-flow reactor was modelled following
the method described in [22]. This entailed assuming
that the reactor was subdivided info five compartments
connected in series in which the lowest CSTR received
fresh feed (compartment A), from which the compart-
ment right above it was fed, and the third compartment
was then fed from the second compartment, and so on
and so forth (Fig. 1). The control of aeration in the
plug-flow up-flow reactor was simulated based on the
DO in the first compartment. Each of the five imagi-
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nary compartments was modelled as a CSTR [22]. It
was assumed that the percentage oxygen drop per me-
tre was 0.55 [23]. Process rates and differential equa-
tions in each compartment thus followed the form pre-
sented in (1)—(3).

The pH in the reactors was assumed to be constant
and was not modelled. The concentrations of influent
biodegradable COD (S), NO, ™, NOs~, NH," and slowly
biodegradable organics (Xs) were taken to be approxi-
mately 600 g-COD/m’, 0.1 g-N/m’, 0.2 g-N/m’, 600 g-
N/m’ and 300 g-COD/m’, respectively.

The accuracy of the model was checked in two
ways: (I) the influent substrates were fixed at zero, and
(IT) then the growth rate was fixed at zero. In the first
case, the abundance of all the bacterial species de-

creased to 0 mg-COD/L since there was no growth due
to unavailability of substrate, showing that the model
was correctly coded. The substrate concenfrations in
the reactor also decreased from the initial value of 0.5
to zero. In the second case. the concentration of sub-
strates in the reactor increased to reach the levels in the
influent, since the consumption of substrate was lim-
ited to the initial bacterial abundance of 0.5 mg-
COD/L. The obtained results were thus used to confirm
the accuracy of the model. The limits of the substrates
in the reactors were zero (lower limit) and the influent
concentrations (upper limit) were confirmed when the
model was being tested for accuracy. The lower limit
for oxygen was 0.2 mg-O,/L and the upper limit was
0.8 mg-O,/L, as set out in the control of the process.

Table 2. Stoichiometric coefficients
Ta6auya 2. Cmexuomempuueckue koagguyueHmobt
Component (j)[ 1 2 3 4 5 6 7 8 9 10
(KoMmoresT (j)
Process (i) | Xaos | Xnos | Xawx | Xeeer | Xs Snoz Sno3 Snus Soz Ss
(mpounecc (i)}
1 ] 1 343 — Yyop
Growth of AOB (Poct AOB) 1 0 0 0 0 0 —lyxg ——— | ———————— 0
Yiop Yior Yion
Aerobic endogenous respiration of AOB . : :
(Aspo6Hoe sHoreHHOE ABIxaHne AOB) | ~ L]0 0 0 0 0 inay-fioa -(1+#) 0
Anoxic endogenous respiration of Xaoe
(AHOKCHYECKOe 3HAOTeHHOe JbIXaHHe -1| 0 0 0 0 0 -(1-f1)/2.86 ingm-frina 0
Xaoe)
1 1 - 114 — Vyop
Growth of NOB (Poct NOB) 0 1 0 0 0 - —_— —inxs —_— 0
Yyon Yyom Yyorp
Aerobic endogenous respiration of NOB . : :
(AspoGHoe 3Ha0TeHHOE AbIXxaHHe NOB) i 0 0 0 inay-fioa -(1+#) 0
Anoxic endogenous respiration of Xwos
(AHOKCHYECKOe 3HAOTeHHOe JbIXaHHe 0|-1]0 0 0 0 -(1-f1)/2.86 ingm-frina 0 0
Xnor)
G h of AMX (Poct AM 0 0 1 0 0 ! ! ! i ! 0 0
rowth o ocT - —_— —iyxs — 0
( X) 114 Y. 114 M Yiux
Aerobic endogenous respiration of AMX _ s e 1
(AspoGHoe 3HI0TeHHOE AbIXaHHe AMY) 0 0 ! 0 0 0 inay-fioa (1) 0
Anoxic endogenous respiration of Xamx
(AHOKCHYeCKOe 3HAOTeHHOe JbIXaHHe 0 0| -1 0 0 0 -(1-f1)/2.86 ingm-frina 0 0
Xamx)
Growth of HET on nitrite 1 —VYivan . 1
(Poct HET Ha HUTpHTE) 0 0 0 1 0 171 yan 0 ~inxs 0 Yavan
i 1-Y, 1
Growth of HET on nitrate 0 0 0 1 0 0 _ ANAH . 0 _
(Poct HET Ha HuTpaTe) 2.86Y, .5 Yinan
Aerobic growth of HET . 1-—Vagrw | 1
(Aspo6Hsiii poct HET) 01010 L]0 0 0 'nxe Yirra Yigra
Aerobic endogenous respiration of HET . : :
(AspoGHoe 3Hg0TeHHOE AbixaHHe HET) 0 0 0 110 0 0 inay-fioa -(1+#) 0
Anoxic endogenous respiration of Xu
(AHOKCHYeCKOe 3HAOTeHHOe JbIXaHHe 0 0 0]-1]0 0 -(1-fi)/2.86 ingm-frina 0 0
Xu)
Hydrolysis (I'ugposns) 0 0 0 0 | -1 0 0 0 1

Xaor - abundance of AOB (mg-COD/L) (Mnoxcecmeo AOB (m2-XIIK/a)); Xnos — abundance of NOB (mg-COD/L) (Mnoxcecmso
NOB (m2-XIIK/n)); Xaux — abundance of AMX (mg-COD/L) (Muoxcecmeo AMX (mz-XIIK/n)); Xuer — abundance of HET (mg-

COD/L) (MHoxcecmeo HET (m2-XIIK/1))
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Table 3.

Ta6auya 3. YpaeHerus ckopocmu npoyeccos

Rate equations of the processes

Process (mponecc)

Rate (p;) (cxopocts (p;))

S, S,
AOB growth (Poct AOB ol = = X,
growth (Poct ) Haos (KOMOB ¥ S0z’ Knmaos + SNH)TJIAOB AOB
Aerobic endogenous respiration of AOB b So, X
(AspoBHoe sHgoreHHOe ghxaHne AOB) 408 KA0B 4 g, 408
Anoxic endogenous respiration of Xaos b Kgf N Sno, + Syo,
(AHOKCHYECKOE IHIOTeHHOe JbIXaHHe Xaoz) 4oeTlaon KZ%% + S5, K3%% + Sy, + Syo, 408
SGZ SNGZ
NOB growth (Poctr NOB HNBE (- MyosX
gT ( ] vos KOZ.NG‘B + SGZ KNOZ.NGB + SNOZ NosTNoB
Aerobic endogenous respiration of NOB b So, X
(AspobHoe 3pgorenHoe apxanne NOB) NOB gnb So, woB
frosicendogemovsrepiraton o prost St S
{):]
'wosTlnor KYoP + So KYoB + Swo, + Swoy NOB
MAX Koz.amx Snoz Swu
AMX growth (Poct AMX) Wity VX amx

KOZMX + SOZ

KNOZ.AN + SN’OZ KNH.AGB +SNH

Aerobic endogenous respiration of AMX
(AspobHoe 3HgOreHHOe Ablxanne AMX)

bz =X
AMX ngux +SO AMX

Anoxic endogenous respiration of Xamx
(AHOKCHYeCKOe 3HIOTeHHoe AbIXaHHe Xamx)

Kz‘;‘:{ % Swo, t+ Sno,

b X
amxTlamx Ké:”‘ ¥ S, Kgyx ¥ Swor + Swo, AMX

Growth of HET on nitrite Max [( Koz ) ( Snoz ) ( Ss )] X
(Poct HET Ha HMTpHTE) Pz e Kopn+ So) \Kyozz + Swoz) \Kep + 8./ 7
Growth of HET on nitrate MAX ¢ 02,H Snos s )X
(PocT HET Ha HMTpaTe) Ha Tanan Koz + So” Kyosn +Snos” Ko +5s o
Aerobic growth of HET ptax So2 )¢ Ss e X,
(Aspo6Herii poct HET) B Koon +Sps” Keu +S5 0 %
Aerobic endogenous respiration of HET b So, X
(AspobHoe sHgoreHHoe gbixanne HET) BRE +S,, "
Anoxic endogenous respiration of Xu g: Swo, T Sno.

byny X

(AnoKCHYecKoe 3HJOTeHHoe JbIXaHHe Xu)

K +S, KF + Syo. 1 Syo,

Hydrolysis (Tuapomms)

XS
/(Xiyar + Xer)

(X&)

-HET XS
KX + K(XHRT + XHRT}

Effluent
1

14 m? Compartment E

Compartment D
14m® Com partment C
14 m? Compartment B
14 m’ Compartment A
Influent
Fig. 1. PFUR compartmentalisation [22]

Puc. 1. PazdeneHue peakmopa udeaabHO20 8bliMecHeHUs ¢

eocxodsaujum nomoxom (PHUBBII) [22]

Results and discussion
Nitrogen removal
Continuously stirred tank reactor

A steep decline in effluent NH,~ concentrations
could be expected in CSTR during the first 30 days
(Fig. 2). This could be driven by an increase in the
abundance of AOB in the reactor during this period
(Fig. 4). It is possible that the increase in AOB abun-
dance could lead to an increase in NH, removal,
which in turn could lead to the observed NO, accumu-
lation (Fig. 4). NO, accumulation and the presence of
residual NH4~ could then lead to a gradual increase in
AMX abundance [24]. AMX growth, in its turn, could
lead to generation of some NOs in line with the stoi-
chiometry of PN/A [25]. However, the growth of facul-
tative HET could lead to NO; removal when COD is
present in the wastewater as previously demonstrated
[7, 26].

Continuously mixed systems are commonly used in
biological nitrogen removal systems because of the
associated benefits including fast reaction rates and
excellent substrate distribution [27]. However, most
PN/A systems are based on moving bed biofilm reactor
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and sequencing batch reactor (SBR) designs [28]. in
which mixing is an integral part of reactor operation.
The findings from this study could thus be used by
process engineers when operating mixed systems of
related configurations, and could be extended to SBR
which incorporates flocculent sludge (hence minimal
mass transfer limitations, an assumption made in this
study) [29]. Nevertheless, in reality, CSTR application
in full-scale systems is challenging mainly because of
the difficulty in biomass retention, and SBR/membrane
bioreactor are probably the closest to this configura-
tion. However, incorporating a membrane in a mem-
brane bioreactor to control biomass washout carries its
own challenges including fouling and high energy de-
mand [30]. Despite CSTR limitations, the benefits of
this configuration including quick reactor start-up is
evident from the removal of >85% NH," within a short
time (50 days<) and can be a motivation for further
developing this design into a configuration of choice.

a00n
= —N
@ g i ———
+§;E5UU : e N
% +§w ——-—=NH}
E = NO;
g g
“ 4
£ o
S
: 5
e = A
. L
) 100 200 300 400 500
Duration of study (Days)
ANUTENEHOCTE NPOUECca (AHei)

Fig. 2.  Effluent concentrations of NOs, NOz-, NH¢*, biode-
gradable organics (S) and slowly biodegradable sub-
strate (Xs) in CSTR

Puc. 2. Konyenmpayuu NOs-, NOz-, NHe*, 6uopasaazaembix
opzaHuyeckux sewjecmea (S) u medaeHHo 6uopazaa-
2aemozo cy6ecmpama (Xs) @ cmouHbix eodax e peak-
mope HenpepuigHozo delicmeus (PH/)

Plug-flow up-flow reactor

In a PFUR, a huge drop (>80%) in effluent NH4"
concentrations could be expected during the first few
days in the lower compartment, while fairly low con-
cenfrations could be expected in the other compart-
ments (Fig. 3, a). The effluent concentrations of Xs
could be expected to stabilise at approximately 70, 20,
5, 0 and 0 mg-COD/L in lower (first), second, third,
fourth and fifth, respectively (Fig. 3. b). The effluent
concentrations of S could be expected to remain close
to zero in all compartments in the course of reactor
operation (Fig. 3. d). In the other hand, the effluent
concentrations of NO, could increase in the lower
compartment during the initial phase of reactor opera-

tion before gradually decreasing in synchrony with the
decrease in NH, concentrations (Fig. 3. a. c¢). This
observation could be linked to the abundance of AOB
which oxidise NH," to NO,” (Fig. 5. a). while the
eventual decline could be linked to the abundance of
AMX which utilise it as electron acceptor as it oxidise
residual NH,"™ to nitrogen gas [24. 31] (Fig. 5. ¢). The
effluent concentrations of NO; could remain low in
the first compartment, but its concentrations could be
high in the second compartment at the period when the
effluent concentrations of NO, would be expected to
be high in the lower compartment (Fig. 3, ¢, e). This
could be linked to NOB abundance in the reactor
(Fig. 5. b).

Bacterial growth
Continuously stirred tank reactor

Shifts in bacterial communities were predicted to
occur in CSTR in the course of reactor operation
(Fig. 4). HET abundance was predicted to be dominant
during the first few days (<25 days) following reactor
inoculation (Fig. 4). However, after this period, model-
predicted results indicate that AOB abundance will
increase leading to its dominance for approximately
120 days, following which the HET could once again
dominate until the end of the study. AMX growth
could increase in synchrony with that of HET, an indi-
cation that the concentration of a common compound
key to their metabolic compound, possibly NO, ", could
influence their growth. Indeed, during this period,
NO, effluent concentrations could be high (Fig. 2).

NOB abundance could steadily decrease in the reac-
tor following inoculation, possibly due to stiff competi-
tion for NO, from both HET and AMX (Fig. 4). How-
ever, under the given aeration control strategy and the
substrate conditions, NOB abundance in CSTR could
remain below 0.6 mg-COD/L, while that of AMX
could gradually increase in the reactor before its abun-
dance stabilises in the reactor. AOB and HET compete
for oxygen [8], and their growth could only stabilise
when the conditions favour co-existence (Fig. 4). Some
HET are facultative anaerobes, and their growth could
be influenced by the presence of S, the substrate, and
the electron acceptors (oxygen, NO, or NO;) [32].
The co-removal of nitrogen and carbon is important as
both compounds have detrimental effects on the envi-
ronment [33].

Plug-flow up-flow reactor

Variation in AOB, NOB, AMX and HET abun-
dance could also be expected in a PFUR over time
(Fig. 5, a—d). AOB growth could be highest in the low-
er compartment receiving fresh feed, and lowest in the
last compartment, from which the effluent is with-
drawn (Fig. 5, a). Similar trends could also be ob-
served in relation to AMX and HET abundance
(Fig. 5. ¢, d). However, a different trend was observed
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in relation to the relative NOB abundance in the differ-
ent compartments; the highest abundance was predict-
ed to occur in the second compartment, and the lowest
in the first compartment (Fig. 5, b). The second and

third highest NOB abundance was predicted to occur in
the third and fourth compartments, respectively

(Fig. 5. b).
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A huge variation in AOB and HET abundance was
predicted between the first compartment and the other
compartments, with over 50% drop in their abundance
in the second compartment compared to the first
(Fig. 5. a, d). In contrast, AMX abundance in the last
compartment was predicted to be only about 69% of
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the abundance in the first compartment (Fig. 5. ¢).
NOB abundance was predicted as well to vary greatly
in the different compartments; over 99% increase in the
abundance was predicted to occur between the first and
second compartment, and over 95% drop was predicted
between the second and last compartments in the
course of study (Fig. 5, b). However, NOB abundance
could be much lower than that of the other bacteria
(Fig. 5, b), possibly driven by the competition for NO,~
[10]. Therefore, there could be better suppression of
NOB in CSTR than in PFUR (Fig. 4; 5, b).

Overall, bacterial growth in the plug-flow up-flow
system followed the same frend as that in the CSTR
(Fig. 4. 5). This is an indication that the impact of sub-
strate gradient is minimal, though present as was evi-
dent with regards to AMX, AOB, NOB and HET
growth. Their abundance varied with the reactor height
(compartments). This is the first study focusing on the
impact of substrate gradient in PN/A systems. The
findings herein could therefore be used for reference in
future investigations studying similar phenomena
through experimentation.
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Conclusion

The substrate gradient impact on process perfor-
mance and AOB, NOB, AMX and HET growth was
imvestigated in CSTR and PFUR. Mixing in CSTR
could ensure the substrate homogeneous distribution,
while plug-flow conditions in PFUR could lead to the
existence of substrate gradient. Higher concentrations
of substrate in the lower chambers of PFUR could fa-
vour faster growth of AOB, AMX and HET, while th
NOB growth of could be low in the lower chamber as
the fresh feed does not contain NO, , which is a key
substrate for these bacteria. Mixing in CSTR could
allow better NOB suppression since the concentration
of key substrate is distributed homogeneously, and

hence average in concentration, while variation of
NO, with reactor height in PFUR could create regions
of high NO,™ concentrations leading to the variation of
the NOB abundance with reactor height. AMX abun-
dance could only increase in both CSTR and PFUR
after AOB abundance stabilises, since AMX depends
on AOB to generate NO, , which acts as electron ac-
ceptor in the anammox process. HET growth on COD
in anammox-mediated reactors is in agreement with the
modelling results. In sum, the reported findings in lit-
erature that AMX could establish in reactors after the
stabilisation of AOB community is in line with the
findings from this study.
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