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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-
02/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 (NO2-)
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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B/iMsiHUe rpajueHTa cy6ecTpaTa
Ha 3aNMyCK YaCTUYHOT0 HUTPOBAHUA-aHAMMOKC
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AnHoTanusa. AkmyaasbHocms., YacTUiHOe HUTPOBAHHE-aHAMMOKC IPEeJCTaBIseT COO0H 3KOHOMHYECKO- 3(GEeKTHUBHBIN
nporecc 6M0JI0rMYeCcKOro yAaaeHus: a30Ta, KOTOPbIA UMeeT G0JIbIION MOTeHI[Mal B KaueCTBe aJibTepPHATUBbI TPAJAULMOH-
HOMY npoueccy HUTpuUKauuu/AeHuTpudrkanuu. OJHAKO YyBCTBUTEJIBHOCTh MpoOILecca K YCJAOBUSIM 3KCIJIyaTalUd U
OKpY»Kalollled cpe/ibl OTPAaHUYMBAET €ro MIMPOKoe MpuMeHeHHe. Lleab: N3y4uTh BAMsHUE TpajiMeHTa cCy6cTpaTa Ha 3alycK
YaCTUYHOTO HUTPOBAHHA-aHAMMOKCA B peaKTOpe HeNpPepPbIBHOIO [eCTBUA U PeaKTope M/lea/IbHOI'0 BBITECHEHUS C BOCXO-
JAIMM 1oToKoM. Memodst. Bruia 3aperucrpupoBaHa MoauduunupoBaHHass Mogens N2 1 akTHBHOro Wjia B CHCTEMe
MATLAB. B Mozienn 66110 peai30BaHO ynpaBjeHUe aspardeid nmo BpeMeHd (10 MUHYT BKJIOYeHHs1/20 MUHYT BBIKJIIOYE-
Husd). Bbuia cMofesrMpoBaHa KOHIIEHTpaL M pacTBOpeHHOro Kuciaoposaa Mexzay 0,2 u 0,8 mr-0z2/1 Bo BpeMs a3l aspanuu.
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Pe3ysbmambl. YCTaHOBJIEHO, YTO YaCTUYHOE HUTPOBAaHHE-aHAMMOKC MOXKHO YCIEIIHO 3aMyCTUTb B 000MX peaKkTopax Me-
Hee 4yeM 3a 200 cyTOK NpH 3aZlaHHBIX YCI0BUAX 3KCIIyaTanuy. Kpome Toro, B npouecce pa6oTbl peaKTOPOB MOTJIM IIPOMC-
XO/IUTh M3MEeHEeHUs! BHYTPH OaKTepHaIbHBIX COO6IECTB. YUCIEHHOCTh aHAMMOKC-6aKTepHi, reTepoTPOPHBIX 6aKTepUH U
GaKTepUH, OKUCJAAIOLUIMX AMMHUAK, MOKET YMEHBLIATHCSA C YBeJMYeHHeM BbICOTHI PeaKTOPa, B TO BpeMs KaK pocT 6aKTepHH,
OKHUC/ISAIOIMX HUTPUT, MOXKET BapbUPOBAThCS B 3aBUCHMOCTH OT BBICOTHI PEaKTOpa H/I€aJIbHOTO BBITECHEHHUsI C BOCXO/sI-
MM OTOKOM M3-3a ANHAMUKHU 06pa30BaHUs U UcToleHUss HUTpUTa (NO2-) Ha pa3HbIX yPOBHAX BHYTPH peakTopa. B riesiom
4acTUYHOE HUTPOBAHHE-aHAMMOKC B PEAKTOPE HENPEPBIBHOIO JEHCTBUS U PEAKTOPE UJealbHOI'0 BbITECHEHHUS C BOCXO/S-
I[MM [TI0TOKOM BIIOJIHE OCYII€CTBHUMO.

KilodyeBble c0Ba: yzajeHHe a30Ta, 6M0J0THYeCKOe yAaleHHe a30Ta, YaCTUYHOe HUTPOBaHHe-aHAaMMOKC, CTOYHbIe BOJBI,
KOHTPOJIb a3paliuy, MOJleJIMpOBaHue U CUMYJISLUSA

BusiaroaapHocTu: ABTopEI 61arofapsaT TeXHOJOrH4ecKUil yHUBepcUuTeT Baasia 3a GUHAHCOBYIO MO/ JI€PXKKY UCCIeI0BAHMUS.

Ana ovutupoBanms: Kocreih K., Kuam6u C.JI. BausHue rpajjueHTa cy6cTpaTa Ha 3alyCcK 4YacTUYHOrO HUTPOBAHUS-
aHaMMokc // U3BecTusi TOMCKOT0 MOJIUTEXHUYECKOT0 YHUBEpCUTeTa. UHXXUHUPHUHT reopecypcoB. — 2024. - T. 335. - Ne 12. -

C.210-219.D0I:10.18799/24131830/2024 /12 /4566

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 nitrifica-
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
(NO3") 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 NOjz’). 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
AOB 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 NO3') [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):

Kreactor = refee(TreaCtor_Tref) ) (1)
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Where Kreqceor and Ko 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 (Ixgm), nitrogen content of inert particles
(Inxi), fraction of inert particles in decaying biomass
(f)), hydrolysis saturation constant (Kx) and hydrolysis
rate constant (Ky) were assumed to be 0.07 g-N g*
COD, 0.02 g-N 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. Cmexuomempu4eckue u KuHemu4yeckKue napamempbl
Bacterial group
6akTepuasibHast
rpymnmna)
—-| AOB | NOB AMX HET Remarks (3ameuanus)
Parameter!
(mapameTpbl)
Umax 1.296 | 1.128 | 0.0528 7.2 Maximum growth rate (day-!) (MakcumasibHast CKOPOCTb pocTa (JeHb 1))
baos 0.1296 | 0.069 | 0.00312 0.192 Decay rate coefficient (day-!) (KoadduuueHT ckopocTH 3aTyxaHus (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 (CpoacTso k kucjaopoay Ansg AOB, NOB u HET u koadpdunreHnt
HHru6upoBaHus a1 AMX (r-Oz2-M-3))
Kyng 2.4 - 0.07 - Affinity constant for NH4* (g-N m-3) (KoncranTa cpoacta k NH4* (r-N m-3))
Koz - 5.5 0.175 0.5 Affinity constant for NO2- (g-N m-3) (KoxctanTa cpoactsa k NO2- (r-N mM-3))
Knoz 0.5 0.5 0.5 0.5 Affinity constant for NO3~ (g-N m-3) ((KoHctanTa cpoacTBa k NO3~ (r-N M-3)))
Y 0.15 | 0.041| 0.159 |0.432/0.54"|Yield coefficient (g-COD g-! N) (Koadduuuent Boixoza (r-XIIK r-1 N))
Affinity constant for readily degradable organic substrate (S) (g-COD m-3)
Ks - - - 2 (KoncraHTa cpo/cTBa K JIETKO pas/iaraeMoMy opraHudeckomy cy6erpary (S)
(r-XIIK mM-3))
n 0.5 0.5 0.5 0.6 Anoxic reduction factor (Koa¢duuneHT cHIKeHHe B 6eCKUCIOPOJHOM PexUMe)

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

2emepompogHble 6akmepuu)

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 alternate: aerators 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 Xaog 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].

)

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

(dC) _ QinCin _ QoutCout +r
—) = = _— i
dat 14 \4

= Xjvipj,

©)

- Qoutc;)z'out + K a(Cs — Cop,) + 13, (4)

(%) — QinC02,in
dt 14
where C represents the concentration of NH,", NO,,
NO; or COD, while CO, represents the concentration
of oxygen. K;a and Cs represent oxygen mass transfer
coefficient and oxygen saturation concentration, 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 into 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,, NO3, 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
(1) then the growth rate was fixed at zero. In the first
case, the abundance of all the bacterial species de-

Table 2.
Ta6auya 2. Cmexuomempueckue ko3gduyuenmaot

Stoichiometric coefficients

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 concentrations 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.

Component (j)| 1 2 3 4 5 6 7 8 9 10
(KomnoHeHT (j)
Process (i) - Xaos | Xnos | Xamx | Xuer | Xs Snoz Snos Snha So2 Ss
(mpouecc (i)
1 . 1 3.43 — Y05
Growth of AOB (Poct AOB) 1 0 0 0 0 — 0 —iyxp— 95— | ———— 0
Yaop Yaop Yaon
Aerobic endogenous respiration of AOB . .
(Aapo6Hoe aHzoreHHOe abixaHue AOB) 1o 0 0 0 0 ine-fiiwa -(1-f) 0
Anoxic endogenous respiration of Xaos
(AHOKCHYeCKOe 3H/JOTEHHOE JibIXaHue -1]1 0 0 0 0 0 -(1-f)/2.86 inpm-fiinx 0
Xaos)
1 1 1.14 — Yyop
Growth of NOB (Poct NOB) 0 1 0 0 0 - —inxp —-_—— 0
Yyog Yyor Yyop
Aerobic endogenous respiration of NOB . .
(Aspo6Hoe aH10reHHOE fbixanie NOB) 0o |-1]0o 010 0 inew-fiin -(1£) 0
Anoxic endogenous respiration of Xnos
(AHOKCHYEeCKOe 3HAO0TeHHOE IbIXaHue 0 [-1] 0 0 0 0 -(1-f)/2.86 inm-fiinxi 0 0
Xnog)
Growth of AMX (Poct AMX) 0 0 1 0 0 ! ! ! i ! 0 0
rowth o ocT - —_— —inxg —o0—
114 Yay| 114 M Yaux

Aerobic endogenous respiration of AMX . )
(Aspo6Hoe sH10TeHHOE fibiXaHHe AMX) ojoj-tjogo 0 inenefiison (1) 0
Anoxic endogenous respiration of Xamx
(AHOKCHYeCKOe I3HAO0TeHHOE IbIXaHue 0 0| -1 0 0 0 -(1-f)/2.86 inm-fiinxi 0 0
Xamx)
Growth of HET on nitrite 1= Yinan . 1
(Poct HET Ha HuTpuTe) 0 0o Lo 171y an 0 ~inxs 0 Yanan
Growth of HET on nitrate 1= Yinan . 1
(Poct HET Ha uuTpare) 0100 Lo 0 2.86Y,yan Tinxs 0 Yanan
Aerobic growth of HET ) 1 =Viggw |1
(Aapo6unbii poct HET) 01010 Lo 0 0 tnxe Yiern Yiera
Aerobic endogenous respiration of HET . .
(Aspo6Hoe sHsiorenHoe nbixanue HET) ojojoj-tjo 0 0 ingnefiison (1) 0
Anoxic endogenous respiration of Xu
(AHOKCHYecKoe 3HJ0TeHHOe JIbIXaHue 0 0 0 -11]10 0 -(1-f)/2.86 inem-fiinx 0 0
Xu)
Hydrolysis (Fuaposus) 0 0 0 0 | -1 0 0 0 1

Xaos — abundance of AOB (mg-COD/L) (MHuosxcecmeo AOB (me-XIIK/n)); Xnos — abundance of NOB (mg-COD/L) (MHoxcecmeo
NOB (me-XIIK/n)); Xamx - abundance of AMX (mg-COD/L) (Mnosxcecmeo AMX (m2-XIIK/n)); Xuer — abundance of HET (mg-

COD/L) (MHosxcecmeo HET (m2-XIIK/n))

213




Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2024. Vol. 335. No. 12. P. 210-219
Kosgey K., Kiambi S.L. Impact of substrate gradient on start-up of partial nitritation-anammox process

Table 3.

Ta6auya 3. YpasHeHus1 ckopocmu npoyeccos

Rate equations of the processes

Process (nmpouecc)

Rate (p;) (ckopocTs (p;))

MAX Soz SnH

AOB th (Poct AOB X

growth (PocTt ) Haos Kozaon + SOZ)(KNH o + SNH)TIAOB AOB

Aerobic endogenous respiration of AOB b So, X

(Aapo6Hoe anzoreHHOE Ablxanne AOB) A0B KO8 + S,, A0B

Anoxic endogenous respiration of Xaos b KéquB Sno, t Swo,

(AHOKCHYECKOe IHAOTeHHOe JibIxaHHe Xaos) A05T1405 K4 + So, K42 + Sno, + Swo, A0B
S, S

NOB growth (Poct NOB) UNOE = 0 MnosXnos

Koanos + So2” Knozwos T Snoz

Aerobic endogenous respiration of NOB
(Aapo6Hoe saxaoreHHoe abixanue NOB)

o
byop ——72—X,
NOB K37 + S, NOB

Anoxic endogenous respiration of Xnos
(AHOKCHYeCKoe IH/I0TeHHOe AblxaHHe XNos)

Kjo8 Sno, T Sno,

byogNnos Xnos
KJO8 + So, K§°P + Syo, + Sno,

AMX growth (Poct AMX) [Ty

KOZ,AMX SNOZ SNH

Kozamx + Soz

)XAMX

Knozan + Sno2” Knuaos + Snu

Aerobic endogenous respiration of AMX
(Aapo6GHoe 3HJoreHHOe AbIxaHne AMX)

02
bAMX KAMX +S XAMX
0, 0,

Anoxic endogenous respiration of Xaux
(AHOKCHYeCKOe IH/IOTeHHOe AbIXxaHHe Xamx)

KgMx Sno, + Sno,

bamxNamx KXamx
KM 4 So, KEM + Syo, + Swo,

Growth of HET on nitrite
(Poct HET Ha HUTpHTE)

#%Aan[< Koan >( Sno2 )( Ss )]XH
Kozn + So) \Knozu + Snoz) \Ksu + Ss

Growth of HET on nitrate
(Poct HET Ha HuTpaTe)

MAX
W Nanan( K,

KOZ,H SNO3 SS
26+ So Ken +Ss

X
Knosn + Snos "

Aerobic growth of HET wax Soz ) Ss X
(Aspo6Huiii poct HET) B K s + Sz Ksp + S” 1HH
Aerobic endogenous respiration of HET b %2y
(Aspo6Hoe aHzoreHHoe Abixanue HET) " K§ +So, "
Anoxic endogenous respiration of Xy sz Sno, T Sno,

byny X

(AHOKCHUecKoe 3HAOTeHHOe JbIxaHKe Xk)

K&+ So, K& + Sno, + Swo,

Hydrolysis (F'ugposus)

Xs
/(XHET + Xuer)

(X

KHET K XS
+
X /(XHET + XHET)

Effluent

I

14 m? Compartment E

I

14 m”| Compartment D
14m’ Compartment C
14m’ Compartment B
14 m®| Compartment A
Influent
Fig. 1. PFUR compartmentalisation [22]

Puc. 1. PasdeseHue peakmopa udeanbHO20 8bIMECHEHUs C

socxodsiuyum nomokom (PUBBII) [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 NH," could then lead to a gradual increase in
AMX abundance [24]. AMX growth, in its turn, could
lead to generation of some NO;s™ in line with the stoi-
chiometry of PN/A [25]. However, the growth of facul-
tative HET could lead to NO3 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.
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Puc. 2.

Plug-flow up-flow reactor

In a PFUR, a huge drop (>80%) in effluent NH,"
concentrations could be expected during the first few
days in the lower compartment, while fairly low con-
centrations 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-CODI/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, c). The
effluent concentrations of NO5;  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, c, €). 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 NOj3) [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-

third highest NOB abundance was predicted to occur in

the third and fourth compartments,

respectively

ed to occur in the second compartment, and the lowest  (Fig. 5, b).
in the first compartment (Fig. 5, b). The second and
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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, c).
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 trend 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
investigated 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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