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Abstract

Modelling bioprocesses is an essential aspect in process design of reactor systems in the context of wastewater treatment.
Designing a biological reactor for simultaneous nitrification and denitrification requires consideration of both substrate and
microbial kinetics along with the effect of other experimental parameters. Nitrogen removal from wastewaters can be eco-
nomically and efficiently achieved using this single-staged process that has proved to be advantageous over nitrification and
denitrification, occurring separately. For the last few decades several models have been developed to estimate and predict
outcome of such processes based on both experimental results and modifications of classical mathematical models including
activated sludge models. Models have been established for a number of different suspended and attached growth reactors
considering several influencing and inhibitory parameters. This paper exhaustively reviews the existing models analysing
different considerations and assumptions thereby identifying the research gaps that can be further addressed to develop a
more versatile model of simultaneous nitrification and denitrification.
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Introduction

Simultaneous nitrification and denitrification (SND) is one
of the most favourable methods for removing nitrogen from
wastewater due to its several advantages over other multi-
staged nitrogen removal systems. The process involves
nitrification and denitrification occurring synchronously in
a single reactor vessel, thus reducing reactor footprint, treat-
ment time, fabrication and energy cost required for distinct
nitrifying and denitrifying units and eradicates the necessity
of separate monitoring systems for the two different units
(Bhattacharya and Mazumder 2021). Nitrogen removal via
SND has been reported to be quite high (within 80-96%)
(Zeng et al. 2004; Jimenez et al. 2010), it reduces both
treatment time and necessity of external carbon source and
alkali requirement (Pochana et al. 1999). Almost 22-40%
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less carbon is needed along with 30% less sludge produc-
tion (Seifi and Fazaelipoor 2012) as compared to separate
nitrification and denitrification process. Plants with SND
face significantly less design and operational challenges
once the process is stabilized and proper evaluation is made
(Pochana et al. 1999). Despite these advantages, SND has
certain drawbacks including aeration cost required for aero-
bic nitrification and addressing the challenges of creating
different environmental conditions to sustain two processes
in a single reactor. Development of layers of different micro-
bial niche inside biofilm and large flocs into aerobic and
anoxic zones supporting these two reactions depends on the
availability of oxygen penetrated or diffused, which needs
to be controlled around an optimum range. Other combined
pathways including SND over nitrite or shortcut nitrifica-
tion and denitrification, partial nitrification-and-Anammox,
simultaneous partial nitrification-Anammox,-and-denitrifi-
cation (SNAD) have been investigated in quest for establish-
ing a more economic and efficient nitrogen removal system.
SND over nitrite offers several benefits in terms of energy
(60% reduction with respect to conventional nitrification),
carbon (40% reduced necessity) and other chemical require-
ments as compared to conventional SND by removing the
step involving nitrate formation and utilization. Anammox
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does not require the presence of oxygen, rather is inhibited
by it; thus, aeration cost is completely eliminated along with
no possibility of producing nitrous oxide (N,0), a green-
house gas. These, however, comes with their own disadvan-
tages, important among which is complete control over DO,
pH and organic carbon concentration that otherwise would
completely mess up these sensitive processes. A crucial dis-
advantage of Anammox is the presence of excessive nitrate
in the effluent, which requires further treatment before safe
disposal (Rahimi et al. 2020).

The occurrence of SND has been studied in various bio-
logical reactors including sequencing batch reactors (SBR)
(Pochana et al. 1999; Zeng et al. 2004), sequencing batch
biofilm reactor (SBBR) (do Canto et al. 2008), moving bed
sequencing batch reactor (MBSBR) (Cao et al. 2017), oxida-
tion ditch (Sager 2016), rotating biological reactor (RBC)
(Helmer and Kunst 1998), fluidized bed biofilm reactor
(FBBR) (Seifi and Fazaelipoor 2012), packed bed reactor
(Morita et al. 2008), hybrid bioreactor(HBR) (Jianlong et al.
2008), membrane bioreactor (MBR) (Sarioglu et al. 2009),
membrane immobilized biofilm reactor (Ho et al. 2002),
moving bed bioreactor (MBBR) (Chu and Wang 2011),
membrane aerated biofilm reactor (MABR) (Hibiya et al.
2003), modified suspended carrier biofilm reactor (Xia et al.
2008) and upflow fixed bed reactor (Halling-Sgrensen and
Nielsen 1996). For the slow growing and sensitive nitrifiers,
biofilm reactors are proved to be more efficient than sus-
pended growth as they allow high loading rates (Nicolella
et al. 2000).

The incidence of the two different biological processes
within a stratified biofilm is based on the growth and activity
of multiple microorganism species that facilitates these reac-
tions simultaneously. With regards to the economic design of
robust bio-reactors, modelling is considered as an efficient
tool for better understanding of the interconnection and opti-
mization of the concerned processes. Several models have
been developed to describe the phenomenon occurring in
multispecies biofilm (Wanner and Gujer 1986; Wanner and
Reichart 1996) and spherical bacterial flocs (Daigger et al.
2007). The literature has been recorded for validation of the
models developed in order to describe the process of SND
along with carbon and/or phosphorus removal in biological
flocs involved in suspended growth systems consequently
with the effect of DO penetration (Pochana et al. 1999; Daig-
ger et al. 2007; Layer et al. 2020). As for biofilm reactors,
several models have been developed to simulate the growth
of biomass in support media and its effect on the mechanism
of SND (Halling-Sorensen and Nielsen 1996; Sarioglu et al.
2008, 2009; He et al. 2009; Seifi and Fazaelipoor 2012).

Inclusion of factors like nonlinear and time-dependent
characteristics of microorganisms, flow rates and inlet con-
centrations makes the predictability of the model more accu-
rate (Ostace et al. 2011). As the background of developing
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these mathematical or statistical models in various biologi-
cal reactors, a number of empirical models have been pro-
posed describing the diffusion and transfer of substrates and
DO in the microbial flocs and biofilms (Wanner and Gujer
1986; Pérez et al. 2005). All those models are developed
emphasizing on oxygen transfer into large flocs and deep
biofilms and consequent development of oxic and anoxic
zones. Development of models describing the mechanism
of SND based on relative concentrations of various nitrogen
species and optimisation of the process with respect to sub-
strate transfer rates along with spatial distribution of various
bacterial species and their effect on nitrogen removal process
is quite limited. These existing models are either empirical
models or mechanistic models along with modified activated
sludge models (ASM) for SND (Wett and Rauch 2003; Hiatt
and Grady 2008). The process of conventional nitrification
and denitrification is based on the concept of consecutive
reactions, where the by-product of nitrification is used as
the substrate for denitrification along with the formation of
intermediate products in the sub-steps of the reactions. The
rate equation of all these steps along with the respective con-
centrations of all substrates and products influence the rate
of SND reaction as a whole. Thus effective model requires
quantification of every parameter involved in all these steps.

Though the concept for SND in different microbial reac-
tors has long been developed and modelled, an exhaustive
review of the existing models is not available, which can
bring about the areas of further research. In spite of this
broad research, modelling of SND for wastewaters character-
ised by low carbon content with respect to high ammonium
concentration is still an area remotely investigated as most
of the models are based on combined carbon oxidation and
nitrogen removal. The present paper aims to provide a com-
prehensive idea about mathematical modelling associated
with SND analysing considerations of the existing models. It
has never been attempted to summarize and critically evalu-
ate the gradual progress of modelling over the years in the
context of SND in various biological reactor systems. The
review in this paper looks into the areas in which differ-
ent biological models predict output with respect to various
nitrogen species, discussing the advantages and limitations
of the developed models on SND in biofilm reactor systems
and highlighting the capacities as well as prospects for fur-
ther investigation.

Mechanism of conventional SND

Traditional nitrogen removal pathway involves nitrifica-
tion using oxygen as electron acceptor, with subsequent
denitrification in anoxic conditions using organic matter as
carbon source. Nitrification involves conversion of ammo-
nium nitrogen to nitrite and nitrate in aerobic conditions
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Fig. 1 Schematic representation of processes involved in conventional nitrification and denitrification occurring in different zones formed due to

DO gradient inside (a) a large floc and (b) a thick biofilm

by nitrifiers. The nitrate thus formed is then converted by
denitrifiers in absence of oxygen into molecular nitrogen
gas. Figure 1 demonstrates the schematic representation of
conventional SND in large flocs and thick biofilms. The opti-
mum pH and temperature range for the first phase of nitri-
fication, known as the nitritation, is 6.5-8.2 and 30-40 °C,
respectively, whereas the next phase or nitratation is carried
out at an optimal pH range of which is 7.2-8.0 (Aslan and
Dahab 2008). The bacterial species involved in these two
phases are broadly termed as ammonia oxidising bacteria
(AOB) and nitrite oxidising bacteria (NOB) that converts
NH,—N to nitrite and nitrite to nitrate, respectively. Hetero-
trophic denitrification includes the conversion of nitrate to
nitrogen gas via nitrite. The nitrification rate is generally
the limiting factor for nitrogen conversion via SND as the
by-products of nitrification, mainly nitrate is used as the sub-
strate of denitrification (dos Santos et al. 1996).

Now, SND in single-staged reactor occurs basically
due to the difference in DO gradient within flocs or bio-
films or in aerated/ non-aerated zones in the same reactor,
as observed in Fig. 1. Oxygen being a limiting substrate
does not generally penetrate more than a few hundred
um because of its limited diffusion in biofilms and flocs
(Oliveira et al. 2017). The regions exposed to high con-
centration of dissolved oxygen aids the growth of aerobic
nitrifiers whereas zones under limiting oxygen concentra-
tion, forms the environment for the denitrifying microor-
ganisms to thrive actively. Maintaining an optimum DO
concentration in the reactor is crucial as both extreme DO
concentrations would impair the process. High DO con-
centration would create less anoxic zones in the biofilm
thus impairing denitrification. Apart from an optimum DO

level, other prerequisite factors determining SND are suffi-
cient SRT for slow growing nitrifiers and adequate concen-
tration of electron donors for denitrification (Dey 2010).
Nitrifiers are slow growing organisms, the growth rate and
activity of which directly affect denitrification leading to
lower removal rates and accumulation of by-products to
an inhibitory level (Holman and Wareham 2005). Insuffi-
cient SRT also leads to washout of nitrifiers from the sys-
tem thus weakening the process efficiency (Poduska and
Andrews 1975). HRT plays a very prominent role in SND
efficiency and it has been observed to decrease propor-
tionately with decrease in HRT up to an optimum value,
beyond which there is no significant increase in SND
efficiency (Gupta et al. 1994). Optimum HRT varies with
reactor systems and initial substrate concentrations and
is generally recorded to vary between 6 and 48 h (Gupta
et al. 1994; Wang et al. 2017). It has been observed that
increase in HRT increases heterotrophic biomass concen-
tration in the deeper layers of biofilm even when there is
no considerable organic carbon concentration in the reac-
tor (Nogueira et al. 2005).

One of the important features of SND includes main-
taining a neutral pH within the system that eliminates
the requirement of periodical pH adjustment, making it
less cumbersome and economical. This property of SND
favours the activity of both the groups of microorganisms,
which act at a pH range of (7-8.6). Organic carbon serves
as the electron donors for denitrification, which neces-
sitates the presence of readily available organic carbon
during SND. This dosing of carbon is an essential fac-
tor for successful SND as inadequate carbon may cause
nitrite accumulation, whereas overdosing might lead to the
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presence of residual carbon in the treated effluent requiring
further treatment. Thus, process optimization and model-
ling is immensely important for effective nitrogen removal
via SND in biological reactors.

Occurrence of SND in single biological
reactor

Conventional SND, in general, involves aerobic nitrification
and anoxic denitrification under identical operating condi-
tions, the major objective being the establishment of nitrifi-
cation rates similar to those in aerobic systems, along with
the aim of achieving significant nitrogen removal via deni-
trification at the same time (Pochana et al. 1999; Chu and
Wang 2011) and thus the design of efficient SND requires
deep understanding of inter-influencing parameters responsi-
ble for the processes (Jimenez et al. 2010). Considering only
nitrification, both ammonium nitrogen concentration as well
as DO directly influences microbial structure as well as reac-
tion kinetics (Vannecke and Volcke 2015). In case of larger
flocs and granules, it is observed that gradient of diffused
DO decreases regularly with depth and reaches near-zero
values, which leads to the formation of anoxic cores facilitat-
ing nitrification and denitrification in aerobic reactors (Bakti
and Dick 1992; Daigger et al. 2007). Thus, the coexistence
of aerobic nitrifiers, anaerobic denitrifiers as well as facul-
tative microorganism aid in simultaneous nitrification and
denitrification (Pochana et al. 1999), which is observed to
occur mainly in case of activated sludge reactors with large
granular sludge (Layer et al. 2020). The floc, size and DO
penetration depth are the key factor in the formation and
thickness of the anoxic zone in such cases (Li et al. 2008).
Other than DO concentration in reactor, characteristics of
the solution including diffusional coefficient of substrate in
liquid is also found to directly influence reactions in flocs
and granules (Pochana et al. 1999).

Conventional SND in biofilm reactor systems is sug-
gested to occur in different strata developed inside the
biofilm similar to the large flocs. Difference in growth
conditions of various microbial species along with dif-
fusional gradient of different electron acceptor concen-
trations leads to the formation of multispecies biofilm,
which facilitates the process of SND in a single biological
reactor unit. The autotrophic nitrifiers grow in proximity
to the bulk reactor concentration with high ammonium
and nitrite (if present) nitrogen and dissolved oxygen
(DO) thus forming the outer layer of the biofilm. The
deeper layer is anoxic for oxygen being diffusion limited
and favours the growth of heterotrophic denitrifiers even
in aerobic reactors facilitating denitrification (Tal et al.
2003; Holman and Wareham 2005). Various aspects of
multispecies modelling in general have been developed
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(Wanner and Gujer 1986), studied and modified (Spengel
and Dzombak 1992; Furumai and Rittmann 1994; Wanner
and Reichart 1996). Apart from that, in case of biofilms,
shear also plays an important role in net growth rate of
microorganisms and biofilm thickness thereby affecting
SND (Rao Bhamidimari and See 1992).

The depth of oxygen penetration in flocs and biofilms
vary between 50 and 800 um depending on bulk DO con-
centration, hydrodynamics and density of the biofilms,
diameter of bioflocs (Hibiya et al. 2003). Liu et al. (2007)
by using photo-lithography, concluded that up to a depth
of 150 pm from the surface of sludge granules, nitrify-
ing biomass was active. For understanding DO diffusion
in aerobic granules and its corresponding concentration
profile, a one-dimensional model has been developed,
which confirmed the occurrence of SND within such
granular solid having an anoxic core (Li et al. 2008).
Similar results were obtained in case of biofilms, where
in nitrifying reactors, heterotrophic bacterial culture was
observed to develop towards the biocarrier surface with
low DO concentration (Nogueira et al. 2005). The forma-
tion of aerobic and anoxic zones in flocs and biofilms due
to diffusional gradient of DO is represented schematically
in Fig. 2. Studies show that nitrifiers are found to exist on
the outer surface of biofilms and microbial flocs in prox-
imity of DO (Pochana et al. 1999; Layer et al. 2020). On
contrary to this, Furumai and Rittmann (1994) and Okabe
et al. (1995) hypothesized multi-species biofilm, where
heterotrophic organisms reside in the outer layers of the
biofilm and guard the inner nitrifying population against
shearing action when sufficient carbon concentration is
present in the reactor. It is due to the fact that hetero-
trophic organisms have a higher growth rate than auto-
trophic nitrifiers and thrive in regions of greater availabil-
ity of substrates. They are prone to more shearing action
but the biofilm volume is retained due to higher growth
rates. But, this arrangement is observed more in case of
wastewater with higher organic carbon content, where
aerobic heterotrophs outcompete slow growing nitrifiers
for space and oxygen (Fdz-Polanco et al. 2000). In such
cases, both autotrophic and heterotrophic nitrification as
well as anoxic and aerobic denitrification contributes for
nitrogen removal (Wang et al. 2017).

Classic mathematical models establishing
SND

Microbial distribution within biofilm layers are governed
by microbial conversion of substrates, expansion of bio-
mass in volumes and molecular diffusion of substrates
that enables penetration and availability at deeper depths
of biofilm. A number of models developed for SND are
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based on multispecies biofilm concept that quantifies the
impact of oxygen gradient on development of various
species responsible for nitrification and denitrification.
Considering diffusive transport of substrates inside the
biofilm and simultaneous attachment and detachment of
cells, Wanner and Reichart (1996) have modified the pre-
existing multispecies biofilm model (Wanner and Gujer
1986). Several models have been developed through years
that predict the presence of different microbial species that
brings about SND. Cohabitation of different species often
is responsible to maintain the stability of systems under-
going SND (Volcke et al. 2008). However, most of the
developed models considered nitrifiers or at most AOB
and NOB as a single group of microorganisms and thus
have a unified kinetic characteristic. However, considering
only nitrification, multispecies model for aerobic biofilm
has been developed that comprises of 60 different AOB
and NOB species each, which predicts their spatial distri-
bution (Vannecke and Volcke 2015). Empirical models are
found to be inadequate for evaluating two-step nitrification
and denitrification processes explicitly.

Reactions or experimentally developed models have
limited versatility as they specify a particular set of oper-
ating conditions (Spengel and Dzombak 1992). In order
to develop a mathematical model, a more general concept,
the basic step is to establish mass balance equations based
on the principle of mass conservation involving the dif-
ferent substrates, intermediates and by-products for the
concerned reaction. Semi-empirical models are based on
these substrate mass balance equations. This approach
ultimately gives a clear picture of the various substances
involved and their appropriate proportions of formation/
degradation during the process. Considering time, the rate
of change (degradation/formation) of one or more sub-
stances can be linked with the other parameters affecting
the reaction. The resulting differential equations can be
integrated to demonstrate the gradual change in concen-
tration for each substrate and by-product (Wett and Rauch
2003).

As for the various classical models describing various
wastewater treatment processes, ASM 2, followed by ASM
2D and ASM 3 describe carbon oxidation, nitrifica-
tion—denitrification and phosphorus removal but nitrogen
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and phosphorus are described as a fraction of soluble COD
in the wastewater (Gujer et al. 1999; lacopozzi et al. 2007,
Kaelin et al. 2009; Ostace et al. 2011). ASM1 has been
frequently utilised as a basic model for nitrogen removal,
which has been further modified by researchers in estab-
lishing SND. ASM1describes carbon oxidation along with
nitrification and denitrification, where nitrite is not con-
sidered as an intermediate product in nitrification. No
detailed description of denitrification is quantified from
the viewpoint of anoxic heterotrophs that have different
kinetic coefficients than aerobic heterotrophs (Henze et al.
1987a, b; Barker and Dold, 1997; Ostace et al. 2011).The
basic model expression is given according to Monod’s
microbial growth kinetics considering the effect of DO as
a switching function and can be stated as: process rate,
p= u(%)(&i’so )X.where u, Sg, Sp. Kg, Ky and X
denote microbial growth rate, initial substrate and DO con-
centrations, half saturation coefficients of substrate and
DO and biomass concentration, respectively. Since bacte-
rial diversity was not considered, all microbial parameters
were based on that of heterotrophic organisms. The sub-
sequent ASM models are modifications of ASM 1 with
incorporations in each model. ASM 2 does not incorporate
denitrification kinetics which has been addressed in its
extension, ASM 2D (Henze et al. 1999). On the foundation
of these equations used in ASM 1, modifications with
respect to various substrates, microbial species and their
kinetics and other physical processes are undertaken to
make the models more conclusive. As such, similar equa-
tions were formulated for ASM 2 and ASM 2D, with con-
sideration of separate kinetic parameters exclusively for
nitrification by nitrifying organisms and denitrification by
denitrifying heterotrophs, respectively (Henze et al. 2000).

Though the original ASM models are based on deriving
average kinetics based on specific functional groups of
microorganisms, a modification of the model incorporates a
multispecies bacterial culture including five different species
of autotrophic nitrifiers, seven heterotrophs, three hydrolys-
ers along with a number of kinetic and stoichiometric coef-
ficients (Dey 2010). The parameters associated with the
microbial activity tends to follow logarithmic probability
density functions and the values are observed to remain
more or less constant, thus can be directly utilised in models
based on ASM1 (Cox 2004). Moreover, the concept of
endogenous decay was incorporated in ASM 3 model for the
first time, which can be used to describe the source of
organic carbon in case of limited external carbon source for
denitrification process, although nitrogen removal does not
consider nitrite as an intermediate product (Gujer et al.
1999). Tacopozzi et al. (2007) and Kaelin et al. (2009) sepa-
rately modified ASM3 assuming both nitrification and deni-
trification with nitrite as the intermediate by-product,
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considering the separate kinetics for AOBs and NOBs. In
the light of Monod’s substrate utilization kinetics, lacopozzi
et al. (2007) introduced two steps, one for each during nitri-
fication and denitrification, based on nitrite as substrate. The
equations for process rates of nitrite oxidation ( pnN02) and

reduction (pano ) are, respectively, stated as follows, the lat-

ter considering stored product within cells for carbon
requirement for denitrification:

Sxo,

So
Prvo, = Hnb Ky0+ S0/ \ Kano, +Sno,

S NH, < Salk ) e
b
Kynm, + S, J\Kya +Sa/ "
and

Sxo,
Kyo, + Sno,

SO
pan02 = HutNox KO + SO
Xsto

SNH, ( Salk > Xu he
H

Ky, +Sam, J \Ka + Sa /| Kgro + X;TO
H

where y,,,, gy are respective growth rates of nitrite oxidis-
ing bacteria and heterotrophs, Syq,, Sxu,» Sai- So denotes
initial nitrite, ammonium, alkalinity and DO concentration,
K denotes saturation coefficients in aerobic (denoted with
subscript A) and anoxic conditions for various substrates and
X,» Xu» X0 denote concentration of nitrite oxidising bac-
teria, heterotrophs and cells that are utilized for stored prod-
ucts. Similar process rate equations were formulated based
on Monod’s kinetics for ammonium oxidation and nitrate
reduction. Kaelin et al. (2009) used analogous expressions,
also considering aerobic and anoxic endogenous respiration
for individual bacterial species. A detailed study of various
ASM models with their respective assumptions, theoreti-
cal considerations and applicability for SND processes are
outlined in Table 1.

Dold’s general model (Barker and Dold 1997) was devel-
oped considering nitrification as two-step process for bio-
logical nutrient removal in activated sludge systems with
nitrite as an intermediate substrate. The model was inte-
grated with an anaerobic digestion model. A similar model
Mantis 2 has been developed, which includes carbon, nitro-
gen and phosphorus removal along with anaerobic diges-
tion in multi-staged activated sludge reactors. Considering
SND as conventional two-step nitrification and four-step
denitrification process, Hiatt and Grady (2008) modified the
ASM as ASMN incorporating a number of factors includ-
ing substrates, intermediates and inhibitory components that
affect the reactions. A series of reaction equations were sug-
gested based on stoichiometry that covers a wide range of



8111

International Journal of Environmental Science and Technology (2023) 20:8105-8126

(5661) Te 10 1My

(8L861) T8 10 97USH

[opou s1y) [arm

PJEPI[RA 2 JOUUED UOHRIUIIUOD
wnruowrue YSIy yrm I9jemalsepn 9

PAIOPISUOD JOU ST W) YIIM
UONEIUIIUOD SSBUWIOI]q JO a3uey)) '

dOD 2[qnjos J1aut

Jo suonuod aanoadsar oy dn soye)

Je) Ovd pue sieyiniu orydonone

Jo oouasaxd o) ur pa[[opow SI Jey)

sse001d urew oy} ST [eAOWAI JOD ¥

uonedyLnIu Jo 1onpoid-Aq arerpaw
-IOJUT UE Se PI[[OPOW JOU ST ALNIN ‘¢
A9reredos
PAIPISUOD JOU ST UOHBOYINIUS(] ‘T
0D 2[qn[Os 112Ul JO UOTIoRIJ
B INq ‘9)eNsSqns 2)0I0SIP € SB PAIIPIS
-U0J JOU ST WNTUOWWE SNy} PAIOUST
A[o1e1dwod ST UOHROYIUOWUWY * |

paynuenb
10U ST UOT)BOYTUOWIWE JO SOTOUTY /[,
PAIOPISUOD Jou
SI uoISNJIp O Pue Xny Aensqns ‘9
SSO[ SSewoIq [e10}
S9IMNSU0D ABd9p snouagopud A[uQ g
SUONIPUOD JIXOUR
UT UOTJEOYLIIUSP YIIM PIIRIOOSSE
A[[e1oua3 SI [RAOWAI Jo)jeW OIUBSIQ §
ssewolrq
Jo Ayrousowoy I9pISuod pue K109y}
s1y) 1no 9[nI uondwnsse ay) Jo AUQ
‘pdop Sursearour yym judtpess
9)ensqns uo paseq SI Jey) SSeworq
snooua301239y saxmnbar NS ‘¢
SIoqUIRYD
JUQIOYIP OM) UT pazIsayjodAy are
SUOI}OBAI OM] A} PUE SUONRINSYUOD
JI0}0BDI JAPISUOD JOU S0P [9pOw
SIY L, "W9)SAS J0JOBaI QUO UI UOT)
-BOYLNIUSP PUB UONBIYLIIU [joq

s1oyInIu Aq snioydsoyd jo oyeidn

[EUOTIPPE IA [ NSV Ul 18t 0}
Te[IUIS P[9P ST UOHBIYLIIN |

oner N/J ySty qim
Ioyemalsem Tedrorunuu 1oy 9[qelns ‘4
S10)0B} Jurouangul oy}
Jnoqe eapr ue JurA1g sasseooid oy
Jo uondriosap aaneinuenb pofreInq ‘¢
JUSWUOIIAUD JIqOIJRUE
pUE JIXOUE ‘01qOIoE IO} suonenbo
9)BI JURIYIP JO UONBIDPISUOD) T
uonedyLIIu pue uon

JO 90U21IN900 Y} saxnbar NS 'z -eoynuap Joj sydonoine pue sydon

0D uo paseq A[2INua s ajensqng ‘|

-01939y Surpnyour sardads ardnn |

POUTULIN)IP ST SONOULY 9SLIoAR JIoY)

pue swstue3iooronu jo dnoi3d [e1oaas
Jo sasudwos sydonoiaay snyp, ‘g

SUOT}IPUOD OIqOISLUE UT JUSULIDJ PUB

SUOT)IPUOD OTXOUR Ul AJLIIUAp ‘A[[ed
-1qoIoe moI3 ssewolq omydonoioley 4

Ayniqedes Surkjnruap oAry jou op
pUE Injeu Ul 91qoIde [[e a1 OVd ‘¢

A[snoaueynuls

1moo0 snroydsoyd pue us3ontu
‘19)3eW J1UR3IO JO SISA[OIPAH 'C

Apnjs [ejuowr

-11adx9 9y} Jnoy3noIy) snosuagowoy
urewal sQyd pue sydonoiqoy |

A[snosuejnuiis sInoo0 uasoniu
pue 193U OTUERSIO JO SISA[OIPAH '8
PAIOPISUOD JOU ST JUAIPEIS
UONEIIUIIUOD 2JeXISqNS JO J0PH L
Ppayo93au
ST SIOYLIITU UO 10919 K10)1qIquI AUV "9
Iojema)sem
Tepnoned e 10J JULISUOD AI€ UOT
-BOYINIUP JOJ SI0)IBJ UOTOALI0)) '
PaIopISUOD
jou st snioydsoyd pue uaonrtu jo
jey) Surpn[oul SUOBIIWI] JUSLINN “{
SONSLIAJORIRYD
I0Jema)sem Juenyur ur a5ueyd oN ‘¢
Hd rennau A[resu pue jueisuo)) ‘g
dwo) 1ueIsuod je pajeradQ '|

pa[[epowt
ore uonnjossip-o1 pue uonedroald
SUOIIPUOD JIqOISBUE PUE OIXOUR
“01qOId. UT PAISPISUOD ST spunoduwod
9[qepeI3oporq A[Mors Jo SISA[OIPAH '€
sydonoiaioy
£q auop ST 1 ‘AJLITUSP JOUURD SWST
-uedio Sunenuwnooe snioydsoyd ‘g
Arxardwods asned
pnom Apareredss woy) SULIOPISUOD
pue ayensqns [2303 9y} jo Jred €
sastidwos snioydsoyd pue uagoniN ‘|

ssaooxd
days uo ST 9)enIU 0) WNIUOWWE Jon
-poad 9jeIpawIaIuL Uk J0U SI ALNIN ‘§
uadonmu
wniuowwe 0) uagonru druesIo
S1I0AUO0D BLI9)ORq J1YydonoId)oy ¢
101dooor UONDI[S Sk S108
JjenIu A[UO ‘UONIPUOD JIXOUE U] *7
jIoul pue 9je[noned
9[qN[Os OJUI PASLIOT3ILd UIN} Ul I8
jey) uagonIu pue I9)jew dIue3Io
9[qepeI3apoIq-uou pue Jqepessd
-9po1q JO saSLIdwod I91emMaISep |

CINSY

I NSV

SQ0UQIJOY

ANS 107 uoneordde 10§ suonoLNsoy

NS Ioj uoneorjdde 103 saSejueApy

suondunssy

SUONBIAPISUOD)

[°POIN

AN Joj Anqiqesridde J1oy) pue SISV JO Juswdo[oAdp JOJ PAIDPISUOD SAINILJ JULAI[RS | d|qel

pringer

A's




8112

International Journal of Environmental Science and Technology (2023) 20:8105-8126

Henze et al. 1999
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the distribution of multiple species
in the reactor is not clear and dif-

under ASM 2 is applicable
2. Though denitrification is modelled,

Restrictions for application for SND

All disadvantages except Pt.no. 2

1. Similar to ASM 2
2. Denitrification is completed by

Advantages for application for SND
anoxic PAO

1. Similar to ASM 2 except Pt. no. 3
mentioned under ASM 2

2. Temp is kept between 10 and 25 °C

3. Sufficient potassium and magne-
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sium ions are present in the system

fusion of substrates into cells is not

considered

Gujer et al. (1999)

1. Not applicable to industrial waste-

1. Both anoxic denitrification and

1. Includes aerobic and anoxic growth Similar to ASM 1

ASM 3

waters which have high ammonium
2. Cannot be applied for high nitrite

aerobic nitrification is modelled

1. Alkalinity is sufficient and is con-

tributed by bicarbonate

of heterotrophs and endogenous

decay
2. Temp is kept between 8 and 23 °C

3. pH: 6.5-7.5

level
3. Denitrification and nitrification is

2. High SRT is considered

3. Autotrophs convert ammonium

modelled as independent processes
with phosphorus degradation and

COD as main substrate
4. Interaction between aerobic

directly to nitrate, and nitrite has no

effect on the processes

4. Cellular storage is considered in

modelling

heterotrophs and autotrophs is not

considered

parameters including organic inhibitors, salt, temperature
functions, free ammonia and free nitric acid as substrate
and inhibitors. These early models gave an idea about the
quantitative aspects of basic mechanisms of SND, which
have led to further modifications to make the models exhaus-
tive considering as many factors responsible for the process.
Proper modification and inclusion of influencing parameters
may lead to the extension of activated sludge models for
SND in biofilm reactors.

Mathematical models for SND developed
so far

In understanding the mechanism of SND and developing
its model for biochemical reactors, one of the basic similar
characteristics between flocs and biofilms is observed to be
the mechanism of diffusion of substrates within depth of
biofilms and large flocs (Pérez et al. 2005). Flocs in large
aggregates are hypothesized to have similar spatial distri-
bution of microbes as in biofilms (Rittmann and Langeland
1985). Development of gradients acts as the driving force
behind penetration to substrates through diffusion and as
such, leads to the development of diversified regions in bio-
film or microbial flocs. Although the mechanism of diffusion
and as such its model equations can be similar in case of
both floccular aggregates and biofilms, the key difference
lies in the phenomenon of biomass loss. In case of biofilms,
biomass is lost from the layer exposed to substrate feed due
to shearing actions expressed as specific detachment rate.
For suspended biomass, the floc as a whole gets wasted alto-
gether, which can be estimated as the reciprocal of solid
retention time of the reactor (Furumai and Rittmann 1994).

The models for establishing SND in different biological
reactors aim to predict particular outputs with respect to
either substrate or biological parameters or both for a par-
ticular set to input parameters. The process of SND is largely
dependent on the bioreactor configuration, bulk dissolved
oxygen concentration, and microbial structure and char-
acteristics either in the form of flocs or biofilms (Jimenez
et al. 2010; Bhattacharya and Mazumder 2021). A number of
models have been developed describing the transfer and dif-
fusion of DO in the biofilms; in comparison with that, SND
models based on substrate limitations are quite low. The
models which mathematically describe variation of different
nitrogen species focus on nitrogen removal with respect to a
number of variables influencing the process. There is limi-
tation of many models devised so far. All physical, chemi-
cal and biological parameters affecting SND could not be
incorporated into a single model, which restricts its applica-
tion in a wider range (Wett and Rauch 2003). This affects
directly the input and output to be considered during formu-
lation of the model. As for example, the Wanner-Reichert
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multispecies model predicts the biofilm thickness, which in
case of SUMO biofilm model is an input parameter that is to
be fixed initially (Layer et al. 2020). From the pre-existing
models on SND, Table 2 shows at a glance, the various input
and output parameters considered in developing a model.

Among the models describing SND, some, includ-
ing ASM, consider both the processes of nitrification and
denitrification as single-step processes, that is, conversion
of ammonium to nitrate as nitrification and nitrate to nitro-
gen gas as denitrification, ignoring the intermediates of the
reactions (Halling-Sorensen and Nielsen 1996; Henze et al.
2000; He et al. 2009). In reality, SND involves a formation
of a number of intermediate by-products. Inclusion of these
intermediates makes the model more exhaustive, critical
and accurate with subsequent increases the complexity. As
for nitrification, ammonium oxidation is considered as the
rate limiting step and used as representative for the process
(Henze et al. 1987b). However, this consideration limits
this model from being applied directly to elevated nitrogen
conditions (Henze et al. 1987a). In such cases, nitrite forms
an important intermediate and accumulation of it directly
effects the complete process (Hiatt and Grady 2008). Sev-
eral modified models consider the kinetics of nitrite, which
makes both nitrification and denitrification two-step pro-
cesses (Pochana et al. 1999; Wett and Rauch, 2003; Iaco-
pozzi et al. 2007; Daigger et al. 2007; Ostace et al. 2011).
Hiatt and Grady (2008) in ASMN considered denitrifica-
tion as four-step process with nitrite, nitrous oxide and nitric
oxide as intermediates, whereas nitrification is a two-step
process with only nitrite as by-product.

Mathematical models in suspended growth reactors

The phenomenon of substrate diffusion through suspended
biological flocs has already been established (Bakti and Dick
1992; Matson and Characklis 1976). Identification of spe-
cific model parameters like growth rate of microorganisms
and utilization rates, the IWA models have been modified to
predict and establish simultaneous nitrification and denitri-
fication occurring in various suspended systems including
activated sludge reactors (Hiatt and Grady 2008). In an
attempt to establish SND within flocs, Pochana et al. (1999)
developed one of the earliest models in SBR where the indi-
vidual kinetic constants are developed based on modified
TAWQ Activated Sludge Model No. I using nitrite as inter-
mediate substrate. The model initially considers mass bal-
ance for a single floc, thereafter calculating the overall reac-
tion rate based on floc distribution. Rate of change of
substrate in a single floc <%) is calculated as:
as; _ (ﬂ 29y
dr J\ da? a da
floc, a=radial distance from centre of spherical floc,

d—;= concentration gradient at any point inside the floc and

) + X,_, ri-where D;=diffusivity in

* @ Springer

r,=rate of kth reaction. To describe the process of SND
occurring in microbial flocs, a mathematical model based on
diffusion of dissolved oxygen, methanol, ammonia, nitrite,
and nitrate through a spherical floc and utilization of DO by
both autotrophic and heterotrophic microorganisms was
developed that predicted the DO profile in flocs and a single
model parameter, namely the concentration of heterotrophs
was required to be adjusted (Daigger et al. 2007).The model
was based on similar mathematical considerations as that
developed by Pochana et al. (1999) with inclusion of a stoi-
chiometric coefficient, mathematically expressed

as:Df<% + 3%) =+, Cir.where Cy denotes the
stoichiometric coefficient for reaction k and other symbols
denote identical parameters as stated earlier. With the help
of the model, DO decline within larger flocs could be esti-
mated accurately. The statistical model was developed con-
sidering floc particles to be spherical, and boundary layer
effects to be negligible. Following the same trend of under-
standing DO effect inside flocs, Dey (2010) attempted to
develop a model for sustaining SND under a specific DO that
would reflect the operational performance without consider-
ing the formation of flocs or existence of DO gradient across
the floc. 0.4 mg/L DO and 15 day SRT were selected as
optimum conditions for efficient nitrogen removal.

Perhaps, the most exhaustive mathematical model for
SND in suspended reactors for wastewaters with low COD/N
ratio (0.25—4) was developed by Wett and Rauch (2003) con-
sidering all the inhibitory parameters for nitrification and by
calculating their influencing rate on overall SND process.
Monod’s kinetics along with kinetics for substrate inhibition
was utilized to modify IWA-activated sludge models to cal-
culate the process rates of AOB and NOB growth and decay,
nitrate and nitrite reduction along with CO, stripping. Rate
of CO, stripping is evaluated from the expression denoting
its dependency on CO,flux and biokinetic reaction rate of
CO; (Rep,) as

dco, <Pc02w ~ Pco,, >LC02 k.a
= = Rco
dr V 2

w

where pco, ,Pco,, denotes partial pressure of CO, in water
and air, respectively, Lqo = solubility of CO, in water,
k = gas transfer velocity, a= water—gas interface area and
V,,=working volume of the reactor. The model is developed
for wastewater having a high ammonium nitrogen concentra-
tion as obtained from pig slurries. Hiatt and Grady (2008)
modified the existing ASM as ASMN by incorporating
individual reaction-specific parameters for two-step nitrifi-
cation and four-step denitrification under elevated nitrogen
concentration. The model was developed based on several
substrates and intermediates of SND including nitrite, nitrate
and nitrous oxide. The effect of inhibitory compounds like
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free ammonia and free nitrous acid was also taken into con-
sideration. Magri and Floats (2008) developed a mathemati-
cal model considering SND as a two-step process of nitrifi-
cation and denitrification. The model was based on surface
limited kinetics and suggested that anoxic growth rate is
directly dependent on electron acceptors, where the process
rates are based on Monod’s kinetics, similar to other models.
The considerations that makes this approach novel, is the
inclusion of individual liquid —gas transfer coefficients of
DO, CO,, NH; and N,. The occurrence of SND in granular
sludge was modelled by Layer et al. (2020) to further under-
stand the contribution of electron donors and formation of
anoxic zones within granules that aids denitrification. The
complete model consisted of three sub models including bio-
film, biokinetic and reactor model and one-dimensional mul-
tispecies model was considered by subdividing the spherical
granule into several layers. The salient features of the models
are discussed in Table 3.

Mathematical models in attached growth systems

The availability of biofilm models for SND processes in
wastewater treatment simulation enables an increased
application of biofilm modelling in engineering practice.
One of the challenges while modelling biofilms is the
uncertainties involving dynamics of biofilm and rate of
biofilm detachment due to various factors, one or more
of which are often neglected. Most of the models empha-
size on the concept of uniform thickness of biofilm, which
holds true only up to a thickness of 300 ym (Rao Bhami-
dimarri and See 1992) and is also far less than that needed
for SND (Bhattacharya and Mazumder 2021). Oyebamiji
et al. (2018) devised a model to understand and quantify
the effect of hydrodynamic shear on structural deforma-
tion of biofilm using Bayesian Poisson regression and lin-
ear kinetic models. Apart from that, there are a number
of models for estimating shear stress on biofilms (Duddu
et al. 2009; Jones and Buie 2019). However, extension of
this concept in the scenario of multispecies model required
for SND is yet to be implemented.

To investigate the mathematical approach for occurrence
of SND in attached systems, Halling-Sorensen and Nielsen
(1996) developed a kinetic model for SND as well as organic
matter removal in a submerged fixed bed reactor with clinop-
tilolite clay as matrix. In the model, six state variables were
used to study the removal of ammonia, nitrate and carbon by
three groups of bacteria responsible for the removal of cor-
responding substrates. This model is an extremely simplistic
one developed on the model formulated by Jorgensen (1991)
based on substrate flux inside the biofilm and Monod’s kinet-
ics to evaluate biomass growth and process rate equations.
A kinetic model for SND was constituted on the basis of

batch test result in a membrane bioreactor (He et al. 2009)
by combining Lawrence—McCarty model (Lawrence and
McCarty 1970) and ASM1. Autotrophic and heterotrophic
biomass concentration (X, and X,) is calculated using Law-
rence—McCarty model, expressed as:

0.(S;-S.)
(1 +56,)

where X =biomass concentration, §,=SRT, Y =sludge
yield, S;, S, =influent and effluent substrate concentration,
respectively, b=decay coefficient and # =HRT. Using the
respective data for autotrophic and heterotrophic biomass, a

ratio of the two (<%> can be calculated in terms of their
h

respective initial substrate concentration. Combining this
with ASM1, HRT of the system is calculated using the fol-
lowing equation:

Sxo, kyo, l

Akyno
= In 2
k—A k-A

where k and A are constants, SNO3 denotes nitrate concentra-
tion, kyo, = nitrate saturation coefficient. It was found that
the simulation nitrate saturation coefficient was much higher
than that in a single-sludge wastewater treatment system due
to the limitation of mass transfer. Under the same bulking
nitrate concentration, compared to single-sludge system,
denitrification takes place slower for SND.

Insel et al. (2011) developed a model for SND in MBR
systems describing the effect of dissolved oxygen on differ-
ent kinetic parameters responsible for the growth of indi-
vidual autotrophs and heterotrophs in the reactor system
by considering half saturation coefficients of oxygen with
Monod’s kinetic equations. The half saturations coefficients
for autotrophs ((KO A) and heterotrophs (Ky;) are determined
using the following empirical equations:

2.20
Koa =0.07 + 1 + ¢—0-50(MLSS—15000)
and
Koy = 0.04 + 180

1 + ¢—0-50(MLSS—15000)

where MLSS denotes autotrophic and heterotrophic bio-
mass concentration for respective cases. The model also
predicted the concentration of nitrite accumulation and
total nitrogen removal from the system. The effect of bio-
mass concentration on the reaction and that of mass transfer
limitation on different microorganisms were also analysed
using the model as well as experimental data. Another suc-
cessful implication of the study was the optimization of
MLSS concentration on reduction of reactor footprint and

* @ Springer
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developed

g/L,

tion: DO < 0.05 m,
NOy >0.03 mg/L
3. Anoxic condition:

* TN: 33-44 mg/L

* SRT: 20d

water

* Biofilm model was based
on Wanner—Reichert
multispecies model

* SVI: 43-84 mL g/TSS

g/L,
NOy <0.03 mg/L
4. The following group of

DO <£0.05 m

* Mechanisms of mass

transfer considered: dif-
fusion from bulk liquid

microbes were consid-

to biomass, internal mass
transfer, biomass attach-
ment and detachment

ered: nitrifiers, ordinary
heterotrophs, glycogen

accumulating organisms

and phosphorus accumu-
lating organisms

effective nitrogen removal from wastewater. The extent of
SND was modelled in an MBR by Sarioglu et al. (2009)
which was then calibrated with the experimental data and
used to define significant parameters of an optimized MBR
operation for nitrogen removal. It accounted for the diffu-
sion limitation and the resulting simultaneous nitrification/
denitrification in terms of the high half saturation constants.
The contribution of soluble and inert COD was also incorpo-
rated in the model. Sarioglu et al. (2008) also modified the
existing ASM1 model by incorporating endogenous decay
model developed by Orhon and Artan (1994) for evaluat-
ing growth and decay rates of autotrophs and heterotrophs
involved in SND in MBR. Both these models were based
on kinetic equations of Monod’s theory. Zinatizadeh and
Ghaytooli (2015) developed mathematical model based on
experimental observations in treating municipal wastewater
in MBBR. In the study both carbon oxidation and nitrogen
removal was studied following SND process for wastewaters
with COD:N:P ratio of 100:20:3. In the model the effect of
three independent parameters, namely DO, HRT and type of
carriers, was quantified for the evaluation of different output
parameters using central composite design and equations to
evaluate various effluent concentrations and removal per-
centages were established from ANOVA results.

Seifi and Fazaelipoor (2012) developed a model for SND
in fluidized bed biofilm reactor that predicted removal effi-
ciencies of COD, ammonium and nitrate with varying height
of reactor, oxygen concentration supplied at inlet, oxygen
mass transfer coefficient, specific surface area of biofilm
and HRT. The conversion rates of ammonium (Cyy, ), nitrate
(CNO3) and oxygen (Co,) in the biofilm due to microbial
activities is evaluated from the model using the following
equations:

ICxn, ) PCu,\ 1 #aCxit, Co, X4
ot N\ ox? Yy (Kyu, + Cxn,) (Koa + Co,)

9Cyo, aZCNo@
o1 NO, Ox2
_ 1-v; Ko, gt CeopCno, Xu
2.58Yy Ko, + Co, (Ko, + Cno,) (Kcop + Ceon)
1 MACNH4 COZXA

+
Yy (Knu, + Cn,) (Koa + Co,)




International Journal of Environmental Science and Technology (2023) 20:8105-8126 8119

2
oo, _p, (PCo,
ot 2\ ox?

1-vy; Ko, HCeopCo, X
Yy Ko, +Co, (Ko2 + COZ) (Kcop + Ceon)
N 457 -7, #aCna, Co,

Yy (KNH4 + CNH4) (Koa + Coz)

where Cyy,, Cno, are the concentrations of ammonium
and nitrate in liquid phase, C,, =concentration of oxygen
in gas phase, Dyy,, Dyo,, Do, =respective diffusion coef-
ficients of ammonium, nitrate and oxygen, Y, , Y =bio-
mass yield for autotrophs and heterotrophs, respectively,
X, , Xy = autotrophic and heterotrophic biomass con-
centration, p, , 4y =maximum specific growth rate of
autotrophs and heterotrophs, 7, =anoxic reduction fac-
tor, Ky, Koa, Kno,» Ko, = half saturation coefficients of
ammonium, oxygen (for autotrophs), nitrate and oxygen
(for heterotrophs), respectively. Using this model, the opti-
mum values of respective parameters can be obtained for
economical process design. This is a simplified approach,
where the biological rate reactions are expressed in terms of
Monod’s kinetic coefficients. Baek and Kim (2013) modified
the ASM1 model to incorporate SND for oxygen limited
membrane bioreactor. In case of denitrification, mass bal-
ance equation is considered to evaluate heterotrophic bio-
mass yield (YH) as:

Q0c| Sstu

=S| S8 (1 4+£b,00)] +X
Vss Vi., 1+bH9c( prc) 1

where Xygg= Volatile suspended solids concentration,
Sg=influent substrate concentration, b, =decay coefficient
of heterotrophs, f, =ratio of COD of MLSS to MLVSS
(taken as 1.42), fp= inert fraction of biomass (assumed to be
0.08), 8-=SRT and X;=inert particulates of influent waste-
water. The features of the models developed for attached
growth reactors are discussed in Table 4.

Mathematical models under hybrid growth system:

Till date, detailed models describing SND in hybrid reac-
tor systems are yet to be developed. Here lies a vast area
of further research and development. Models on hybrid
bioreactor are generally developed for both carbon and
nitrogen removal. A few models have been developed for
the simulation of the hybrid systems and mainly for steady-
state conditions with carbon removal being the primary
objective (Pastorelli et al. 1996). Very recently, a model
has been developed in hybrid anoxic—oxic intermittent
MBBR to illustrate the nitrogen removal via SND focussing

nitrification along with carbon oxidation (Montecchio et al.
2022). It predicts the ammonium and TN removal efficien-
cies with respect to biofilm and suspended biomass in the
reactor separately and is primarily based on mass balance
considerations, variable biofilm thickness and diffusion pro-
cesses. Although case specific, this work gives a quantita-
tive insight about the occurrence of SND in hybrid reactors
highlighting bacterial competition and distribution in the
system for wastewaters with COD:N > 5. Mannina and Vivi-
ani (2009) developed a model on hybrid MBBR for carbon
oxidation and nitrification referring to the shortcomings
existing till date. The model relies on ASM1 for biokinet-
ics of the process and comprises of two submodels each
for suspended and attached growth system. The suspended
growth sub model is developed based on ASM1 in Monod’s
approach, similar to that developed by Henze et al. (1987a).
For modelling biofilm, the approach by Rauch et al. (1999)
was adopted for removal of multiple substrates by different
bacterial species. The separate assessment of substrate dif-
fusion allows to relate the penetration depth of substrates to
a fraction of biomass that is active in conversion.

Nitrous oxide production in conjugation
with SND models

Nitrous and nitric oxide are intermediate by-products formed
during SND and their modelling is essential as it often defines
the complete reaction and enables to estimate the possible
greenhouse gas emissions, as both nitrification and deni-
trification can contribute to N,O production and utilization
(Kampschreur et al. 2009). It has been established that nitri-
fication, specifically ammonia oxidising bacteria contributes
significantly more towards the production of nitrous oxide
(Wunderlin et al. 2012; Guo et al. 2013) than that produced
by heterotrophic denitrification (Guo and Vanrolleghem
2013). Incomplete denitrification often results in N,O emis-
sions (Kampschreur et al. 2009) whereas nitrification at a low
DO results in higher nitrous oxide accumulation (Foley et al.
2010) along with other factors including low C/N ratio and
high nitrite concentration during the process (Kampschreur
et al. 2009). Analysis using nitrous oxide transformation might
explain the mechanisms undergoing in the reactor entitled for
SND.

A modification of ASM 1 was developed to exhibit the
production and utilization of nitrous oxide that takes place
during aerobic nitrification and heterotrophic denitrification
considering four successive steps of nitrification and denitrifi-
cation each. This model gives a thorough quantification about
various by-products during the process (Ni et al. 2011). Hiatt
and Grady (2008) while modifying ASM for SND included
the kinetics with respect to nitrous oxide as an intermediate

a
* @ Springer
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during denitrification. This ASMN model defines the relation-
ship between electron donor and acceptors in the anoxic reac-
tor, which is considered to be the controlling factor for N,O
emissions. Along with the activity of denitrifying bacteria, a
modification of this model describes nitrous oxide formation
emphasizing on the activity of AOB (Spérandio et al. 2016),
a similar model of which was developed considering nitrifier
denitrification and incomplete oxidation of hydroxylamine to
nitrite during nitrification (Ni et al. 2013b), not relevant in this
context of SND. However, it was later modified to include the
impact of both nitrifiers and denitrifiers on nitrous oxide for-
mation and validated in case of full scale treatment plants (Ni
et al. 2013a). Based on ASM 3, a pseudo-mechanistic model
was developed to extend the original model including nitrous
oxide emission from full scale wastewater treatment plants.
N,O formation during both autotrophic nitrification and het-
erotrophic denitrification was considered in this model along
with N,O stripping (Blomberg et al. 2018).

Future scope in SND modelling

With an insight to the discussions regarding the existing
models for conventional SND processes in biological reac-
tors, it is clear that a number of models have been devel-
oped for suspended type reactors, specifically SBRs and
recent development focuses on MBRs. All those models
are based on ASM model structures with different modifi-
cations as required for variation of parameters concerned.
In case of attached biofilm models, nitrogen removal in
various cases has been studied using membrane biore-
actors concerning diffusional limitations of substrates
and DO (Insel et al. 2011; Baek and Kim 2013). With
the advancement of cost-effective and efficient nitrogen
removing technologies, MBBR for simultaneous nitri-
fication and denitrification is gaining attention because
of its several advantages over suspended growth systems
as well as other attached growth reactors including MBR
and a wide range of industrial pollutants can be degraded
along with municipal effluent (Bhattacharya and Mazum-
der 2021). These reactors are generally preferred to oth-
ers for their compact orientation and cost-effective nitro-
gen removal from wastewaters having low C/N ratio. It
is observed that till date, no extensive model has been
developed for conventional SND using this technology.
The approach of Zinatizadeh and Ghaytooli (2015) used
combined carbon oxidation and nitrogen removal, where
the model is not strictly for SND. Thus, there lies a vast
area of research in future. From the discussion, it is clear
that models describing SND in hybrid reactor systems is
yet to be developed, may be due to the complex character-
istics of both suspended and attached biomass and the gaps
in understanding their respective roles in SND.

* @ Springer

Also, it is to be noticed that, the recent models for
nitrogen removal are generally devised on the basis of
Anammox-SHARON-CANON or SND over nitrite as
they are more economical and also case specific (Azari
et al. 2017). From that viewpoint, conventional SND
is to be kept as an important option in cases where the
experimental conditions are varied. Modelling nitrogen
removal via these pathways is quite different from that in
conventional aerobic nitrification and heterotrophic deni-
trification. The substrates modelled in the two cases are
different along with a major difference in experimental
parameters. A number of inhibiting conditions are to be
reflected in models describing Anammox and SHARON.
Biological perspective also varies in the two cases. SND
over nitrite requires the accumulation of nitrite as an inter-
mediate between the two processes and several models
have been developed in this aspect (Volcke et al. 2008;
Kaelin et al. 2009). Thus, research and model develop-
ment in this regard is to be carried out for optimization of
various parameters for SND process. Another gap in the
approach of model development comes from the observa-
tion that those involving a large number of parameters
seem to develop a more complicated model that requires
highly advanced software. While the ones that are simplis-
tic lacks a number of important parameters under concern.
The need for development of a model both simplistic and
exhaustive in nature must be a motivation for a number of
future researches.

Aerobic nitrifiers are sensitive microorganisms that are
easily affected by inhibitory compounds and factors includ-
ing high temperatures, inappropriate pH, presence of free
ammonia and free nitrous acid (Svenson et al. 2000). All
these factors limit the applicability of existing generalized
models for accommodating treatments of wastewater charac-
terised by elevated nitrogen and insufficient carbon concen-
tration such as effluents from anaerobic digester supernatant,
piggery and concentrated animal feeding operations, indus-
tries manufacturing pharmaceuticals and fertilizers (Hiatt
and Grady 2008). With a marked decrease in organic car-
bon content, the kinetics for denitrification will also need
special attention as organic carbon might act as the limit-
ing substrate in particular cases. There is hardly any model
that accounts for SND dedicated to these types of effluents.
Clearly the process design involving simultaneous carbon
oxidation and nitrogen removal will be different from that
of SND with very low organic carbon content.

Conclusion

Modelling in the aspect of biological reactors is of immense
importance in optimizing an economical nutrient removal
process. Selection of a biological model for a particular



International Journal of Environmental Science and Technology (2023) 20:8105-8126 8123

reactor is based on the simplicity of the model as also vari-
ous aspects covered in the model. But the oversimplification
causes a number of interacting parameters to be ruled out in
case of biological systems, where co-interactive processes
like nitrification and denitrification take place simultane-
ously causing heterogeneous system. To incorporate more
and more parameters, advanced models are becoming com-
plex and mathematical tools aid the investigation of param-
eters involved in larger flocs and thick biofilms (Nogueira
et al. 2005). The major concern in identifying the true nature
of the best fit model applicable for a defined case lies in the
fact that there are several model structures each of which
adequately describes the process (Reichert and Omlin 1997).
The DO level in the reactor is a major factor that dictates
the efficiency of SND and thus optimisation of DO and
understanding diffusional distribution is essential for creat-
ing aerobic and anoxic environment simultaneously within a
single reactor. Other influencing factors including pH, HRT,
substrate concentrations are intertwined, making a change
in one will affect the entire process. Effective models devel-
oped for any biological reactor address this concern. The
majority of the developed models are based on the concept
used in ASM 1 with inclusion and modification with respect
to diffusion, biological distribution, inhibition kinetics and
aerobic—anoxic layer depth. Models describing SND in
hybrid reactor systems and several attached reactors includ-
ing MBBR are yet to be developed. It is quite essential in
the aspect that these reactors can efficiently treat low C/N
wastewater. Nitrogen removal through any of the processes
is impacted by development of inhibitory substances pro-
duced during the reaction, as well as different environmental
factors. Thus, for successful implementation of the process,
optimizing the parameters is essential for robust operation
of the reactors.
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