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Abstract
Recently, the quickly growing population living in urban location has caused numerous conflicts related to increase in water
demand and water pollution. In urban areas, the surface water bodies allow runoffs and storms and in addition act as wastewater
drainage pathways. Mostly, the imperfect separation of rainwater and clean wastewater has made large quantities of wastewater
discharged into the surface water, resulting in serious pollution. There are many treatment methods for the polluted water bodies
such as coagulation, filtration, and ecological floating bed which are related to nutrient removal. The above listed methods are
usually capable in reducing pollution load. Wastewaters generated from two sources such as point source (domestic and
industries) and non-point source (agricultural and storm water runoff). Finally it reaches nearby water bodies and the
abovementioned methods are to be frequently employed in a wastewater treatment plant to remove nutrients. Most of the
pollutants in the vastly polluted water are in dissolved forms; hence, an appropriate treatment method relevant to the design
and development of the integrated multistage reactor with extended wastewater treatment is reviewed in this paper. Evaluating
the accumulation, precipitation, retention, and removal of phosphorus, along with removal of nitrogen, is discussed in brief.

Keywords Wastewater treatment . Biological nutrient removal . Constructedwetlands . Eutrophication

Introduction

The poor quality of the surface water is often interlinked to
eutrophication (a condition occurring due to excessive growth
of aquatic plants and algae) [1–3]. It not only disturbs the food
chain of the aquatic organisms but also creates problems in
areas which solely depend on the supply of surface water. In

recent years, eutrophication is known to appear in coastal
regions too. Nutrients such as nitrogen and phosphorus are
found to be the limiting factor for the growth of algal bloom
and bacteria in the eutrophic surface waters [4–10]. It results
in the degradation of the quality of water and it also impairs
the ecosystem of the freshwater. These harmful algal blooms
pose serious threats such as production of toxins in anoxic
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conditions, killing of fish and thereby altering the biodiversity
[1]. Due to the production of toxic secondary metabolites, it is
also considered as risk for public health [2]. Table 1 shows the
sources, properties, and fate of low strength nitrogen
wastewater.

Nutrient removal during the treatment of wastewater
is considered as an apt method to limit these nutrients.
During wastewater treatment, nitrogen and phosphorus
are consumed by microbes and hence there is reduction
of these nutrients during biological treatment. This strat-
egy is used to control eutrophication in water bodies,
either in designing a new wastewater treatment facility
or to upgrade an existing facility. Organic pollutants
such as polycyclic aromatic carbons, polychlorinated bi-
phenyls (released from chemical industries), insecticides,
and pesticides (released from agriculture fields) pollute
the wastewater making the water unsafe. Wastewater
can be classified as high, medium, or low strength
based on the carbon/nitrogen ratio or the chemical oxy-
gen demand/total Kjeldahl nitrogen ratios [16]. A char-
acteristic biological nutrient removal (BNR) system is a
variation of a basic activated sludge system that in-
cludes recycling of the suspended solids, inoculum of
microbes, varied HRT, and inactive residues [17]. To
remove the nutrients in significant levels, these systems
entail additional reactors. Thus, a bioreactor of BNR is
divided into three different zones such as anaerobic
zone, anoxic zone, and aerobic zone with the character-
istic recirculation of suspended solids. These redox
zones are classified based on the electron acceptor
which is utilized. Electron acceptors are absent in the
anaerobic zone, oxygen is the electron acceptor in the

aerobic zone, and nitrate is the electron acceptor in the
anoxic zone.

Various methods have been developed for treatment of
organic wastewater which includes reverse osmosis [18], ion
exchange [19] gravity [20], and adsorption [21].
Implementation of strict nutrient discharge standards requires
effective wastewater treatment technologies. Membrane bio-
reactor (MBR) is one of the recently developed reactors to
treat, recover, and recycle wastewater effectively [22]. It has
a vast range of applications and it is more flexible to operate
[23], discharges effluent of good quality [24] occupies less
space due to the smaller size of the plant [25], its ability to
remove microbes due to small pore size of the membrane, and
reduced production of sludge [26] are the important advan-
tages when compared to the standard biological treatment
processes. Besides the MBR, another promiscuous tech-
nology that can effectively remove nutrients from the
wastewater streams is the sequencing batch reactor
(SBR). They have been used to remove carbonaceous
material and also to remove nutrients [27]. It is vital
that existing bench-scale SBRs can be modified to be
operated easily in a way that guarantees production of
effluent with the desired nutrient concentrations through
incorporating sequential anaerobic, anoxic, and oxic
zones. This paper reviews the process of BNR along
with the recent trends used in BNR such as MBR,
SSPR, and constructed wetlands, the factors which limit
the removal of nutrients and the cost incurred to remove
nutrients from low strength organic wastewater. Thus,
this review mainly focuses on the identification of the
cost efficient systems in terms of treatment and con-
struction which can intensify BNR process.

Table 1 Sources, properties, and fate of low strength nitrogen wastewater

S.
No.

Source Properties Fate Reference

1. Domestic sewage
wastewater

pH 6.5
Total N 19 mg/L
Total P 3.2 mg/L
Total organics 87 mg/L

• Excess nutrient leads to algal bloom
• Cause negative impact on wastewater treatment

[11]

2. Rice-planted watershed pH 5.4
Total N 0.13%
Olsen-P 9.29 ppm
Soil organic matter

2.48%

• Nutrient exports cause eutrophication in near water bodies
• Improper nutrient management
• Negative effects of agricultural practices
• Cause threats to aquatic ecosystems

[12]

3. Agricultural landscapes Total N 4.72 mg/L
Nitrate N 0.48 mg/L
Total P 0.62 mg/L

• Excess nutrients in aquatic systems affect ecosystem
• Cause negative impact on agricultural yield and practices

[13]

4. Stormwater runoff Total N 0.140 mg/L
Nitrate N 0.0056 mg/L
Total P 0.01 mg/L

• Cause deleterious effects in sensitive watersheds
• Cause negative on surface water by increase the organic and nutrient load

[14]

5. Septic wastewater Total N 54.1 mg/L
Nitrate < 1.0 mg/L
Nitrite < 0.5 mg/L
Phosphorus 4.8 mg/L

• Generated unfavorable impact on the growth and enrichment of denitrify
PAO

• Promotion of GAOs rather than PAOs caused by free nitrous acid
inhibition

[15]
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Biological Nutrient Removal

During biological treatment, significant amount of nutri-
ents is removed. After biological treatment of the waste-
water, the sludge comprises of 12% of nitrogen and 3%
of phosphorus by weight. BNR is designed in such a
way to remove the most amount of nutrients compared
to these metabolic ranges. BNR consists of two impor-
tant steps, namely the biological nitrogen removal which
in turn comprises of nitrification and denitrification pro-
cesses and biological phosphorus removal [28]. The nu-
trient removal usually occurs through (i) denitrification
of nitrates by denitrifiers along with nitrification of am-
monia to nitrate by nitrifiers and (ii) increased con-
sumption of phosphorus by phosphate-accumulating
organisms.

Biological Nitrogen Removal

The nitrogen removal process via conventional wastewa-
ter treatment systems demands excess energy for creating
aerobic environment during bacterial nitrification. By uti-
lizing organic carbon, the produced nitrate can be re-
moved via bacterial denitrification. The major reaction
mechanisms involved in biological nitrogen removal pro-
cess are described below. The conventional method in-
cludes nitrification, denitrification, ammonification, and
uptake of nitrogen essential for cell growth. The process
of nitrification is performed in two steps. In each step,
two different obligate anaerobic nitrifying bacterial con-
sortia oxidize particular form of nitrogen biologically. In
the initial step, ammonia is oxidized to hydroxylamine,
catalyzed by an enzyme mono-oxidase. The resulting hy-
droxylamine is further oxidized to nitrite catalyzed by an
enzyme named hydroxylamine oxidoreductase. These
steps occur in the presence of ammonia oxidizing bacteria
(Nitrosomonas sp.). The second step is the further oxida-
tion of nitrite to nitrate biologically, performed by nitrite-
oxidizing bacteria (Nitrobacter sp.) under oxic conditions
[17]. The overall process of nitrification and denitrifica-
tion is shown in Fig. 1.

Nitrification

During the nitrification process, oxygen acts as the electron
acceptor, ammonia acts as the electron donor, and carbon
dioxide is the main source of carbon. Nitrification is the rate
limiting step of the BNR process as the ammonia oxidizing
bacteria constitute only 2% of the total microbial biomass and
hence there is a lack of functional heterogeneity. Moreover,
these bacteria are very sensitive to their surrounding condi-
tions and have very strict growth requirements. Thus, through
nitrification nitrogen is converted from its reduced form to its

oxidized form. But this step exclusively is not a nitrogen re-
moval process; thus, denitrification is also employed for ef-
fective nitrogen removal. The chemical reaction involved dur-
ing nitrification is given in Eq. (1)

NHþ
4 →

Nitrosomona

Oxidation
NO−

2 →
Nitrobacter

Oxidation
NO−

3 ð1Þ

Denitrification

Denitrification involves the consumption of readily biode-
gradable organic matter by a particular heterotrophic nitrite-
oxidizing bacteria. The process takes place in the presence of
combined oxygen and in the absence of dissolved or free
oxygen and it reduces nitrate which acts as a terminal electron
acceptor and converts it into insoluble nitrogen. This reduc-
tion reaction involves few steps such as initial conversion of
nitrate to nitrite, which is converted into nitric oxide and this in
turn is converted into nitrous oxide and finally into nitrogen.
The equation representing the reduction reaction is shown in
Eq. (1). Microbes that are able to denitrify are Bacillus sp.,
Alcaligenes sp., Aerobacter sp., Pseudomonas sp.,
Micrococcus sp., Achromobacter sp., Brevibacterium sp.,
etc. The chemical reaction involved during denitrification is
given in Eq. (2)

NO−
3→NO−

2→NO→N2O→N2 ð2Þ

Denitrification decreases the pH of the media. Still, addi-
tion of chemicals to control pH is not required as the entire
nitrification and denitrification process stabilizes the pH of the
media. Nitrification decreases the pH and thus the process
balances the pH level.

Ammonification

Ammonification is the process of conversion of nitrite and/or
nitrate into ammonium ions (NH4

+). During this process, a
series of decomposers are involved in the formation of ammo-
nium ions such as Bacillus, Clostridium, Flavobacter, and
Pseudomonas. Otherwise, the ammonification process is quite
reverse of nitrification process. It the last step involved in
nitrogen cycle. The chemical reaction involved during ammo-
nification is given in Eq. (3)

NO−
2=NO

−
3 →
Decomposer

NHþ
4 →NH3 ð3Þ

Simultaneous Nitrification and Denitrification (Aerobic
Denitrification)

In an aerobic reactor, both the nitrification and denitrification
processes happen simultaneously within the microbial flocs
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(Fig. 1). A higher nitrogen removal efficiency of 80 to 96%
can be achieved through this process without requiring any
extra carbon and alkalinity. During this process, a carbon to
nitrogen ratio of 10 and a dissolved oxygen concentration
ranging from 0.3 to 0.7 mg/L were maintained to achieve
higher removal efficiency. This process mainly relies on dis-
solved oxygen concentration, size of sludge, and diffusion
blockades.

Short Cut Biological Nitrogen Removal and Nitrite Shunt

The short cut biological nitrogen removal is the process in-
volving removal of nitrogen from through non-conventional
means by employing two approaches—nitrite shunt and
deammonification [29]. The “Nitrite Shunt” process is also
known as nitritation-denitritation. In this process, the oxida-
tion step of ammonia stops at nitrite production stage and this
is called as partial nitrification and the produced nitrite is re-
duced to dinitrogen via heterotrophic denitrification. This pro-
cess involves accumulation of ammonia oxidizing bacteria
and inhibition of nitrite-oxidizing bacteria. This may lead to
total nitrogen removal efficiency of 40% besides 25% of cost
associated with aeration could be reduced by eliminating ni-
trite oxidation [30]. Zhuang et al. [31] have reported about
nitrite shunt process in single-stage bioreactor treating

synthetic wastewater. The authors operated the bioreactor
with low dissolved oxygen and this can be a good alternative
on the basis of energy recovery and less carbon to nitrogen
ratio demand. Single-stage nitrite shunt denitrification
(through nitrite rather than nitrate) with low dissolved oxygen
(DO) supply is a better alternative in terms of energy efficien-
cy, short-footprint, and low C/N ratio requirement. They ob-
tained higher nitrogen and organic removal efficiency of
60.7% and 97.9% under dissolved oxygen level of 0.3 mg/L
at 20 °C, respectively, reporting that such operational circum-
stances obtained efficient nitrite-oxidizing microbe inhibition
and effective denitrification.

Nitritation—ANAMMOX

ANAMMOX process which is also known as anaerobic am-
monium oxidizing process is the promising strategy for
treating high strength nitrogen-rich effluent. During this pro-
cess, partial oxidation of ammonia to nitrite takes place by
aerobic ammonia oxidizers. The produced nitrite is used as
electron acceptor by anaerobic ammonia oxidizing microbe
(Candidatus Brocadia fulgida). This bacterium oxidizes the
residual ammonia to dinitrogen. Ge et al. [32] have investigat-
ed the removal of nitrogen from saline and hypersaline waste-
water through nitritation-anammox process and reported the

Fig. 1 The overall process of nitrification and denitrification process
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impact of salt stress to the microbial action during this process.
The authors reported that with the aid of improved aeration,
ammonia oxidizing bacteria were able to tolerate 3% salinity
via ammonia monooxygenase enzyme which could promote
and mediate the ammonium to nitrite conversion. However,
the hypersaline condition (5% salinity) inhibits the activity of
anammox especially the genusNitrospira bacteria which were
salt sensitive and deteriorate the whole process under such
conditions.

Designed Biological Nitrogen Removal Processes

Many advanced nitrogen removal systems have been de-
signed based on the known reactions mechanisms for treat-
ment of wastewater. Based on the microbial growth process,
the existing BNR methods are two types: (1) Suspended
sludge growth process and (2) attached sludge growth pro-
cess. The attached sludge growth processes are classified into
two major types: (a) biofilm and (b) granulated sludge pro-
cess. Current research progress in biological wastewater treat-
ment leads to the development of hybrid or integrated process
that involves biofilm as well as granular sludge strategies to
treat wastewater.

Suspended Sludge Processes

Suspended sludge process is the conventional approach used
mainly for nutrient removal. The traditional nitrogen removal
approaches for example, Ludzack–Ettinger and its modified
form, Bardenpho, and anoxic processes work on the basis of
activated sludge systems but these processes are pliable to
modified already prevailing activated sludge process (ASP).
The main drawback of suspended sludge process is the lack of
good regulation on inner recycling flow to obtain effective
nitrogen removal. The examples of suspended sludge process
such as sequential batch reactor systems and Cannon process
are explained below. Figure 2 shows a different type of
suspended growth reactor.

Sequential Batch Reactor Sequential batch reactor is a recent
alternative to ASP and is acquiring fame because of its prom-
ising working condition and broad probable applications.
There are six phases in sequential batch reactors which in-
clude fill, mixing, areation, settle, draw, and idle. For contin-
uous treatment system, several sequential batch reactors are
employed concurrently and as a minimum a single system is
nourished every time. Sequential batch reactor is a significant
implement for biological nutrient reduction, proficient in
obtaining effluent after treatment with much less nitrogen
and phosphorus level from high strength influent. During
startup phase, the reactor possesses extreme biological oxygen
demand and nil dissolved oxygen and it is appropriate for
nitrogen removal and turns anaerobic phase for phosphate

removal. During aeration phase, uptake of phosphate takes
place. Then, oxidation of organics takes place in these reactors
[33].

CANON Process CANON (completely autotrophic nitrogen
removal over nitrite) process depends on a steady association
among the two groups of autotrophs in which both the reac-
tion such as nitritation and ANAMMOX take place in inade-
quate oxygen environments. In sequential batch reactors,
Sliekers et al. [34] have performed CANON process treating
ammonium-rich influent and obtained 0.3 kg N/m3 day of
nitrogen removal efficiency. The main limitations of this pro-
cess are very slow operation rate, regulation of biomass, and
stringent dissolved oxygen level (< 0.5 mg/L). Xiao et al. [35]
have showed that partial nitrification, ANNAMOX, and nitro-
gen removal process take place simultaneously at effective
condition in sequential batch reactors.

Attached Growth Process

Attached growth process is another well-developed approach
employed for BNR process. Pedros et al. [36] have investigat-
ed about the submerged attached growth reactor treating
centrate form wastewater and the study revealed nearly 85%
nitrogen removal. This process is of two types—biofilm-
based and granular-based processes. Examples of biofilm-
based processes are aerobic fixed-film bioreactor (submerged
form), trickling filters, and biofilters. Trickling filters and
biofilters are fixed-film bioreactors. Figure 3 shows a different
type of attached growth reactor.

Trickling Filters and Biofilters The trickling filters and
biofilters are fixed-film-based bioreactors employed for bio-
logical nitrogen removal. Sánchez Guillén et al. [37] have
reported 52–54% of nitrogen removal via partial nitritation
in sponge-bed trickling filter reactors. A conventional trick-
ling filter reactor showed improved nitrogen reduction effi-
ciency of more than 60% [38]. A study reported that biofilter
reactor showed 59.8–82.1% of nitrogen reduction. The study
showed that the reactors were accumulated with ammonia
oxidizers and nitrite oxidizers [39]. On the other hand, the
application of fixed-film reactors is limited due to its complex-
ity in sustaining anoxic condition.

Fluidized Bed or Moving Bed Bioreactors Moving bed biore-
actor (MBBR) processes are frequently used bioreactors for
nitrogen removal in A2O (anoxic–oxic–oxic) mode. To obtain
strict nitrate reduction and to get efficient nitrogen removal,
pre-anoxic bioreactor having internal recycle can be used fol-
lowing with post-anoxic bioreactor involving external carbon
supplementation. Anoxic MBBR can be employed as post
nitrogen removing bioreactor with external carbon supple-
mentation next to activated sludge units (nitrification).
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Granular Sludge Based The granular sludge–based processes
have wide applications in simultaneous nitrification–
denitrification reactions and generate possibility for various
explorations in many fields for example attaining granulation
of sludge in definite treatment unit conditions, governing size
of granules, upholding less dissolved oxygen, recycling of
sludge, and dropping the entire trail. Kagawa et al. [40] have
studied about the biological nitrogen removal reaction in se-
quential batch reactor possessing anaerobic–aerobic–anoxic
series. The authors reported that the constancy of nutrient
reduction with granular biomass is liable mainly on dissolved
oxygen level at the aerobic condition.

Hybrid Process

ENBNRAS The external nitrification (EN) BNRAS system
(ENBNRAS) resembles biological anoxic phosphorus remov-
al process (DEPHANOX). The major variation is the presence
of pre-anoxic reactor to remove nitrate in BNRAS. The influ-
ent flow is exit to the anaerobic region in ENBNRAS. The
treated effluent rich in ammonia in the anaerobic zone flows
into an interior settlement chamber to segregate the solids rich
in organics. The easily biodegradable organics are anaerobi-
cally fermented to volatile fatty acids (VFA) in the anaerobic
reactor. These VFAs are utilized by the phosphorus-
accumulating organisms and accumulated as intracellular
granules such as polyhydroxyalkanoates. The easily biode-
gradable and particulate organics are trapped within the sludge

liquor in the anaerobic bioreactor. The external nitrified waste-
water is exit to the anoxic region for nitrogen removal. The
denitrified wastewater exits to the last reactor from the anoxic
reactor in which stripping of nitrogen gas, oxidation of resid-
ual organics, and completion of phosphorus uptake take place.

Integrated Fixed-Film Activated Sludge Process In integrated
fixed-film activated sludge (IFAS) tanks, interior fixed media
such as ringlace and free-floating media have been used in
aerobic reactor to reduce sludge age. The fixed media can be
used for the development of nitrifying bacterial populations
fixed media and this population develops a permanent resid-
ing place in the reactor. These reactors are specifically
useful for treating low-temperature wastewaters (10 to
15 °C) due to reduction in sludge age. Moreover, these
IFAS reactors can be combined with traditional biolog-
ical nitrogen removal process (A2O TYPE). The main
drawback of this process is the existence of nitrification
inside the biofilm which may require adequate amount
of oxygen; due to dense biofilm growth and the bound-
ary line, the penetration of dissolved oxygen will be
limited and therefore, IFAS needs dissolved oxygen
(DO) in the range of 4 to 6 mg/L in the liquid in
contrast to 2 mg/L in the case of traditional suspended
sludge process [41].

Modified UCT TypeModified UCT type is a modified con-
figuration of membrane bioreactor system and the main

Fig. 2 Different suspended growth reactor. (a) AO reactor. (b) A2O reactor. (c) Sequential batch reactor. (d) Reserved A2O reactor
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use of MBR BNR technology is the decreased footprint
and the capability to make advance the prevailing pro-
cess without any additional reactor configuration. An
important drawback of modified UCT system is the el-
evated energy spent for aeration. This could be due to
lack of oxygen transfer when the reactors are functioned
with highly concentrated wastewaters. In addition, this
modified process can meet the strict nutrient levels with
complete solids reduction. On the other hand, this ben-
efit mainly depends on characteristics of influent and it
is not possible in all cases. However, achieving this still
depends on having favorable influent wastewater char-
acteristics and may not be feasible in all cases. In those
critical conditions, biological nutrient reduction can be
supplied with few chemicals (ferric or alum) for precip-
itation of nutrients. Biological P removal can be supple-
mented with limited addition of chemicals for precipita-
tion of P in order to make the biological process to
achieve maximal nutrient removal efficiency. Figure 4
shows different types of hybrid reactor: (a) Integrated
fixed-film activated sludge (IFAS) and (b) modified
UCT type reactor.

Biological Phosphorus Removal

Phosphorus plays an important role in encouraging the growth
of photosynthetic microbes and algal blooms and thus they
should be removed to avoid eutrophication of the aquation
ecosystem [42]. It is also required for the cellular metabolic
activities in providing energy and in biosynthesis. Enhanced
biological phosphorus removal (EBPR) is based on the greater
uptake of phosphorus more than the requirement of the cell,
which halts the metabolism of other nutrients within the cells.
The group of specialized hetertrophic aerobes which are prin-
cipally in charge for EBPR are phosphorus-accumulating or-
ganisms (PAOs) [43]. These organisms store the phosphorus
as polyphosphate [42]. Acinetobacter such as Accumulibacter
phosphatis is an important PAO which is known extensively.

EBPR is achieved by recirculation of mixed liquor solids
between the aerobic and anaerobic conditions thus providing a
suitable environment for the cultivation of PAOs. In the ab-
sence of oxygen, nitrite, or nitrate (anaerobic condition), these
organisms are able to degrade the VFA (acetate or propionate)
accumulated after fermentation by anaerobic bacteria and they
a re s to r ed as b iodeg radab le po lymer s such as

Fig. 3 Different attached growth reactor. (a) AO-MBR reactor. (b) A2O-MBR reactor. (c) Membrane aerated biofilm reactor
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polyhydroxyacetones or polyhyroxybutyrates. These poly-
mers are utilized in the subsequent aerobic/anoxic zones. Liu
et al. [44] have reported that VFA plays an essential part in the
BNR process as it is the best, cheap carbon source for phos-
phorus uptake, and VFA is an energy organic material which
influences the efficiency of phosphorus-accumulating organ-
isms. The PAO bacteria grow well by utilizing VFA as an
organic-rich carbon source. Greater the availability of food
sources (VFAs), better the activity and development of
PAOs. During biological phosphorus removal, nearly 7 to
10 mg of VFAs is utilized to remove 1 mg of phosphorus.
IF adequate VFAs are not synthesized naturally during

biological phosphorus removal process, then artificial chemi-
cal supplementation is essential to enhance the PAOs accu-
mulation and enhanced biological phosphorus removal effi-
ciency [45]. Glycolysis of the intracellular stored glycogen
provides the necessary reducing energy for this reaction which
conforms with the Mino Model [46]. Polymerization of the
short-chain fatty acids by PAOs requires energy which is ob-
tained by the cleavage of intracellular stored granules of inor-
ganic polyphosphates (poly-P). Orthophosphate is released
into the bulk fluid of the anaerobic zone. Thus, the source of
phosphorus in the anaerobic tank is through the influent feed
and through the phosphorus released by the organisms. The

Fig. 4 Different type of hybrid reactor. (a) Integrated fixed-film activated sludge (IFAS). (b) Modified UCT type reactor
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capacity of the PAOs to store the anaerobic substrate makes it
advantageous over the other microbes in the system.
Consequently only PAOs survive in the anaerobic tank though
their specific growth is less compared to the other heterotro-
phic bacteria [47].

When oxygen and nitrate are available as electron ac-
ceptors in the second phase of aerobic zone, the PAOs
utilize the already stored polyhydroxyacetones or
polyhyroxybutyrates to acquire energy for their growth
and nourishment. As the organisms are exposed to both
aerobic and anaerobic environments, they are strained
and accumulate excess of phosphorus. The energy received
is more than sufficient to absorb both the phosphorus re-
leased as well as the feed phosphorus. These organic poly-
mers help the organisms to replenish the polyphosphates
and glycogen by absorbing the orthophosphates from the
media. PAOs store the inorganic polyphosphates and ener-
gy within the cells as volutins or metachromatic granules.
Polyhydroxyacetones or polyhyroxybutyrates along with
the inorganic polyphosphates help the PAOs to grow even
in the absence of oxygen (anaerobic condition). Removal
of phosphorus both in aerobic condition and anaerobic
condition by PAOs is depicted in Fig. 5. Effective en-
hanced biological phosphorus removal performance de-
pends on the activity of PAOs, and the polyphosphate
granules or polymers impart an important role in enhanced
biological phosphorus removal performance. The
polyphosphate granules accumulated within the cells are
tetrahedral phosphate residues with linear chains polymers
connected through common oxygen atom linkages with the
help of phosphoanhydride bonds. The counterions of
polyphosphate granules include many monovalent/or diva-
lent metals such as Mg2+, K+, Ca2+, and Na+. These coun-
ter ions form complexes with phosphate residues which are
negatively charged. It has been reported in literature that
there are probable relationships among metals of
polyphosphates composition, enhanced biological removal
performance, and long-standing stable performance of the
process [48]. On the other hand, the mechanism behind
that is largely unknown. Limited concentration of mag-
nesium and potassium ions in the influent wastewater
during biological phosphorus removal process may af-
fect the performance of the reactors. Schönborn et al.
[49] reported that increase in influent magnesium level
and the subsequent raised magnesium concentration
(i.e., increment of Mg/P molar ratio from about 0.13
to 0.23) in polyphosphate granules enhanced the extend-
ed and stable phosphorus removal performance by 12%
in enhanced biological phosphorus removal system.
Metal contents of polyphosphate and its compositions
were reported to rely on enhanced biological phospho-
rus removal operational conditions such as influent
composition, and stable process performance.

Enhanced Biological Phosphorus Removal

In recent years, enhanced biological phosphorus removal
(EPBR) along with activated sludge process has been investi-
gated extensively. It is recognized to be a cheap and
ecofriendly alternative to chemical-based process [50]. On
the other hand, the main limitation of this process is the fluc-
tuation in function and more need on accomplished operators
and this results in process control limitations. Therefore, it
lacks potential to be applicable at decentralized plants [51].
However, it has wide range of applications and frequent prog-
ress in proficiency and dependability, and therefore it can be
implemented at small operational units.

Granular Sludge Reactors These bioreactors can be progressed
to function aerobically or anaerobically. Granulated sludge
process, biofilm-based approach depends on granular biomass
growth. These reactors are gaining attention [52] for the re-
moval of nitrogen, phosphorus and organics removal [53].
This process in commercial form (NeredaR process) obtained
87% of phosphorus removal efficiency in large-scale units
[53].

Sequencing Batch Biofilm Reactors These bioreactors are still
regarded as a novel promising one [54]. On the other hand,
they are reputable. The carrier used for biofilm growth may be
immobile, a mobile bed, or in suspension. These three pro-
cesses provide benefits of greater biomass retention nearly
50% than activated sludge–based process. The advantages of
these process are the less requirement for sludge settling, and
the less space requirement [55]. More than 90% of total phos-
phorus was achieved by Yin et al. [56] using fixed-carrier
sequencing batch biofilm reactors at lab-scale level. In some
cases additional supplementation of carbon source or
chemicals are required to lower the phosphorus level in the
treated wastewater.

Novel EBPR Systems

Sequencing Batch Moving Bed Membrane Bioreactor Novel
membrane bioreactors have been designed to obtain opti-
mized nutrient removal. For example, Yang et al. [57] have
designed and employed sequencing batch moving bed mem-
brane bioreactor and this reactor attained a phosphorus remov-
al efficiency of nearly 84%. Even though these reactors have
potential applications and advancements, even at lab-scale,
the consistency and steadiness of those bioreactors for phos-
phorus removal are very less. Additional investigation is need-
ed to develop the consistency of these, bioreactors specifically
employing influent wastewater concentration. In addition, the
costs related with capital, operations, and environment must
be evaluated with these bioreactors.
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ANOX-an Bioreactors ANOX-an bioreactors are the novel ad-
vancement of granulation single systems and it works at
anaerobic–anoxic environment for phosphorus reduction.
These bioreactors are employed for removal of numer-
ous nutrients simultaneously [58]. These bioreactors in
upflow form offer savings in cost and space on the
basis of energy input. These benefits make it probable
for biological phosphorus removal efficiency. Using
these reactors, nearly 89% of phosphorus removal effi-
ciency can be achieved but higher energy is required
with the aid of mechanical mixers [58].

Various Methods in BNR

Reactors in Wastewater Treatment

BNR is carried out conventionally in various reactors
operating either with suspended growth of microbes or
with attached growth [17]. Microbes which are free
floating in the wastewater are used to remove the nutri-
ents in suspended growth operations. Generally this re-
quires aerobic treatment. However, to enhance the nutri-
ent removal, anoxic treatment can be combined with the
aerobic treatment. Usually activated sludge process is
employed to treat wastewater. Air diffusers aerate the
reactor and the infused oxygen allows the microbes to
remove nutrients [59]. They also provide uniform
mixing inside the reactor. Nitrification takes place at
higher hydraulic retention time and sludge retention

time. Whereas denitrification occurs when there is insuf-
ficient oxygen supply. In a study by Kim et al. [60],
wastewater was treated using aerobic–anoxic methane
oxidation bioreactor. After continuous operation for
three months, the total nitrogen removal rate was
76.3% and the total phosphorus removal rate was
83.7%. Microbes are attached to an inert surface in at-
tached growth operations [61]. The wastewater is passed
over the surface and the bacteria remove the nutrients.
Development of bacteria on a fixed surface is usually
termed as biofilm. Moving bed bioreactors with nutrient
removal efficiency of 68.17% [62]. Circulating fluidized
bed bioreactor with removal efficiency of 82% [63, 64].
Membrane bioreactor with a removal efficiency of
87.79% [65] and granular anammox reactor with nitro-
gen removal efficiency of 2.12 kg N m−3 day−1 [66] are
few examples of attached growth reactors. Wang et al.
[67] have employed SBR to treat municipal wastewater,
where the microorganisms are suspended. The mixed
liquor suspended solid (MLSS) in the reactor is main-
tained in the range of 3.0 ± 0.5 g/L with dissolved oxy-
gen level of 0.5–1.5 mg/L. As a result, they have
achieved higher nitrogen and phosphorus removal of
75.3 and 92.3% respectively. Baddour et al. [68] have
employed moving bed biofilm reactor (MBBR) to re-
move nutrients accounts in poultry slaughterhouses.
The maximum nitrogen and phosphorus removal is
achieved as 50.8% and 33.7%. Table 2 shows the var-
ious types of suspended and attached growth reactor
used for nutrient removal.

Fig. 5 The overall process of PAO in aerobic and anaerobic conditions
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Table 2 Various types of suspended and attached growth reactor used for nutrient removal

S.
No.

Wastewater Reactor Nitrogen Phosphorus Reference

Influent
(mg/L)

Effluent
(mg/L)

Removal
Efficiency (%)

Influent
(mg/L)

Effluent
(mg/L)

Removal
efficiency (%)

1. Synthetic
wastewater

SBR
HRT 420 to 560 min
COD 220 to 800 mg/L

35–80 5–12 85 5–20 0.4–1.6 92 [27]

2. Municipal
wastewater

SBR
DO: 0.5–1.5 mg/L
MLSS 3.0 ± 0.5 g/L
Temperature 20 °C

57.2 14.1 75.3 3.1 0.24 92.3 [67]

3. Poultry
slaughterhouses

MBBR
Temperature 30 °C
Detention time 38 days

128 63 50.8 14.03 9.3 33.7 [68]

4. Synthetic
wastewater

MLE-MBR
COD 306 ± 90
Flux 20 LMH

28.8 ± 5.6 8.1 ± 4.2 70.9 ± 16.2 22.4 ± 6.6 13.6 ± 7 51 ± 26.7 [69]

5. Synthetic
wastewater

ABR-MBR
NLR 0.79 kg/m3·day
Temperature 25 °C

217.7 8.7 96 7.8 0.32 96 [70]

6. Synthetic
wastewater

SBBR
Temperature 30 °C
HRT 24 h
DO 0.45 mg/L

400 ± 50 44 ± 2 89.15 ± 2.19 5 ± 0.05 0.35 ± 0.03 92.93 ± 0.60 [71]

7. Domestic
wastewater

MASSR
HRT 3.3 to 6.7 h
COD 219.5 ± 93.0 mg/L

20.58 11.64 43.6 2.1 1.0 52.1 [72]

8. Domestic
wastewater

AO-MBR
HRT 3.3 to 6.7 h
COD 219.5 ± 93.0 mg/L
Flux 20 LMH

20.58 17.67 14.1 2.1 1.64 21.9 [72]

9 Raw graywater IFAS
OLR 0.44
gCOD/L day
HRT 10.8 h
Temperature 30 °C

30 3.1 89.6 23 3.05 86.7 [73]

10. Municipal
wastewater

IFAS
OL 201 mg/L
HRT 1 h, 2 h, and 5.6 h for

anaerobic, anoxic, and aerobic
Temperature 20 to 25 °C

38.9 11.6 70 3.3 0.6 81 [74]

11. Domestic
wastewater

IRT A2O
COD 173 to 327 mg/L
MLSS 70 to 110 mg/L
HRT 16 h
Temperature 19 to 23 °C

41.3 9.72 76.45 3.59 0.58 83.75 [75]

12 Domestic
wastewater

AO-MBR
COD 154–290 mg/L
Flux 17 LMH

42.8–66.4 8.1–12.5 58.4–65.1 3.8–5.8 1.9–3.4 40–42 [76]

13. Synthetic
domestic
wastewater

AO
COD 450 ± 5 mg/L
Alum to phosphorus molar ratio of

2.2

40 8–12 78–88 5.5 0.5–1.0 81–90 [77]

14. Synthetic
domestic
wastewater

A2O-MBR
COD 210 ± 5 mg/L
Flux 17 LMH

40 14–18 50–55 5.5 0.95–1.4 74–82 [78]

15. Domestic
wastewater

AO-MBR
COD 154–290 mg/L
Flux 17 LMH

42.8–66.4 15–20 60–62 4.2–5.8 2.8–2.9 40–42 [79]

16. Synthetic
domestic
wastewater

AO
COD 450 ± 5 mg/L
Ferrous to phosphorus molar ratio of

2.1

40 6–8.8 78–85 5.5 0.5–1.0 81–90 [80]

A2O-MBR, anaerobic/anoxic/aerobicmembrane bioreactor; A2O-SBR, anaerobic/anoxic/aerobic sequencing batch reactor; ABR-MBR, anaerobic baffled
reactor–membrane bioreactor; AO, anoxic–oxic; AO-MBR, anoxic–oxic membrane bioreactor; IFAS, integrated fixed-film activated sludge; IRT-A2O,
integrated real-time anaerobic–anoxic/oxic; MASSR, micro-aerobic side-stream reactor; MBBR, moving bed biofilm reactor; MLE-MBR, modified
Ludzack–Ettinger membrane bioreactor; SBBR, sequencing biofilm batch reactor; SBR, sequencing batch reactor
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MBR in BNR

Advantages of MBR for Nutrient Removal

Membrane bioreactor (MBR) technology has been used for
various specialty treatment applications for nearly 30 years
[81]. More than thousands of these reactors are installed in
Asia, Europe, and North America. The wastewater discharged
from the reactor after treatment is of very high quality and thus
it can be reused rather than releasing it into the blue waters.
Thus, MBRs can be a feasible application to treat wastewater
in developed and developing countries [82].

Moreover, MBR is an emerging technology to treat both
municipal and industrial wastewater as it is very efficient and
compact [83]. The market growth of MBR is increasing at a
tremendous pace and it is certain that it will be maintained
over the next consecutive decade [84].

MBR occupies little space and demands lesser reactor
specifications; it also discharges high-quality effluent with
minimum production of sludge. In addition, there are several
other advantages such as control over the solids residence
time, dependability and steadiness of the operational parame-
ters, mechanical control, and solidity of the entire system [85].
Thus, it can be noticed that MBR is more advantageous over
the usual activated sludge system as the former produce efflu-
ent without any particles and without the input of the organics
such as phosphorus and nitrogen from the suspended solids. In
a research carried out by Galil et al. [85], it was observed that
the total phosphorus removal efficiency of the MBR was 97%
with respect to approximately 0.4 mg/L of total phosphorus in
the effluent. The efficiency of the reactor did not decrease
even when the concentration of phosphorus in the influent
was higher.

As there is absolute nitrification and denitrification in the
reactor, the effluent is free of particles. Thus, the total nitrogen
removal is 10% higher than the predicted nitrogen removal in
the system with similar recycle ratios [85]. Generally in a
wastewater treatment plant, nitrification is an important step.
The nitrifiers are more prone to inhibition and their growth
rate is very slow compared to the heterotrophs [86]. As men-
tioned earlier, the solid retention time can be controlled by the
operator in MBR and consequently the wash-out of the nitri-
fying bacteria and the other slow-growing organisms can be
prevented. Thus, the diversity of the microorganisms can be
increased in the system [83]. The highmixed liquor suspended
solids in the MBR assist the growth of the nitrifying bacteria
thereby resulting in reduced Food to Mass ratio [86]. But,
there is a decreased phosphorus removal at higher solids re-
tention time. Phosphorus can be removed when it is accumu-
lated within the cell of the organism and consecutively wasted
from the reactor. Thus, phosphorus removal in a MBR solely
depends on the PAOs. These organisms can survive under
starvation when there is a low food to mass ratio in the reactor

whereas the non-polyphosphate-accumulating organisms are
subsequently washed out [87]. Those bacteria which have
accumulated polyphosphate can remain active for a longer
time due to the energy stored intracellularly. Thus, the effluent
generated from MBR has a lower level of total phosphorus
when compared to the traditional phosphorus removal method
which is due to the higher solids retention time [87].

Recently, there are many research with respect to treatment
of wastewater using anaerobic membrane bioreactors
(AnMBRs) [88]. The benefits provided by both the anaerobic
and aerobic bioreactors are similar. Both can generate high-
quality effluent [89]. The only disadvantage of AnMBR is
its inability to remove nutrients directly. There is lesser
biomass growth leading to reduced nutrient removal.
But there is an increase in the concentration of phos-
phate and ammonia due to ammonification [90]. To in-
crease the efficiency of nutrient removal, the reactor can
be coupled with the traditional nutrient removal technol-
ogies which require an organic electron donor to in-
crease phosphorus and nitrogen removal. When
AnMBR is coupled with anaerobic ammonium oxidation
(ANNAMOX), a process in which ammonium and ni-
trite are oxidized into nitrogen by a specific anammox
organism, nitrogen removal can be enhanced in the
downstream of AnMBR [91].

In comparison with the values in the literature, the
TN removal in the MBR system was 10% higher than
the theoretical nitrogen removal for similar recycle ra-
tios due to complete nitrification–denitrification and ab-
sence of particles in the effluent [85]. It should be not-
ed that the nitrification is a crucial process in biological
wastewater treatment. Nitrification bacteria have gener-
ally slow growth rate compared to the heterotrophs and
they are more sensitive to inhibition [86]. In MBR sys-
tem, the membrane separation step could be an absolute
barrier for the activated sludge microorganisms, which
allows the operator to maintain sludge retention time
(SRT) independent of the wastewater flow rate or set-
tling properties of the biomass. Higher sludge retention
time is necessary to prevent the wash-out of nitrifiers
and other slow-growing microorganisms from the sys-
tem, and to increase the biodiversity of the microorgan-
isms in activated sludge [83]. In addition, nitrifiers can
benefit from the high MLSS concentration in the MBR
and resulting low F/M ratios [86]. However, MBR op-
eration at high SRT is usually characterized by a re-
duced biological phosphorus removal as ultimately
phosphate removal is the result of phosphate incorpora-
tion into new cell material and its wastage from the
reactor. Due to the complete retention of suspended
solids, an MBR is capable of generating an effluent
with total phosphorus levels lower than a conventional
enhanced biological phosphorus removal process [87].
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Recent Configurations of MBR in BNR

The BNR efficiency of MBR can be enhanced by coupling it
with a different type of conventional or hybrid reactor for
example activated sludge process, sequencing batch, MBBR,
and IFAS [92, 93]. da Costa et al. [93] have compared the
nutrient removal efficiency of MBR coupled with sequencing
batch reactor. In their study, two MBRs were used to treat the
municipal wastewater such as sequencing batch coupled with
conventional MBR (SB-CMBR) and sequencing batch
coupled with hybrid MBR (SB-HMBR). Both reactors were
operated to treat 18.3 L/day with two different HRTs 12 h and
6 h with a membrane flux of 15.2 L/m2 h. The COD removal
efficiency of both reactor achieves > 98% during HRT re-
duced from 12 to 6 h. During reduction of HRT, the total
nitrogen and phosphorus removal of SB-CMBR is increased
from 65.1 to 66% and 81.9 to 84.2% respectively. Similarly
for SB-HMBR reactor, the total nitrogen removal is increased
from 73 to 73.3%, but the total phosphorus removal is gradu-
ally decreased from 84.2 to 78.3%. The decrease trend of total
phosphorus removal in SB-HMBR indicates the lower phos-
phorus uptake in shorter HRT. Adoonsook et al. [65] have
studied the effect nutrient removal using two MBRs such as
anoxic–oxic membrane bioreactor (AO-MBR) and biofilm
anoxic–oxic–membrane bioreactors (BAO-MBR). Both reac-
tors were operated to treat 4.5 L/day at HRT of 9 h with a
membrane flux of 20 L/m2 h. The total phosphorus removal
shows higher removal efficiency of 95.30% for BAO-MBR
when compared with AO-MBR (24.02%). Similarly the total
and ammonia nitrogen removal shows higher removal effi-
ciency of 87.79% and 99.93% for BAO-MBR when com-
pared with AO-MBR (81.48% and 98.92% respectively). In
contrast, the higher COD removal of 98.32% is achieved for
AO-MBR when compared with BAO-MBR (96.98%). The
highest of uptake of phosphorus is due to stimulating the ac-
tive growth of actinobacteria growth in AO-MBR.

Strategies to Improve Biological Nutrient Removal

Addition of External Carbon Sources

In conventional BNR systems, inadequate supply of easily
biodegradable organics in substrate (influent) has been con-
sidered as the major limitation in implementing at large scale
and in particular to maintain the strict total phosphorus and
total nitrogen levels in the effluent wastewater. Generally two
methods are practiced to add extra organics; one method in-
volves using commercial chemicals such as methanol or using
appropriate wastage materials from industrial units and other
method involves using VFA and easily hydolyzable organics
generated via anaerobic fermentation of sludge. The method
one resulted in increased operational cost and carbon foot-
print. This leads to initiation of wide exploration and research

on anaerobic fermentation of sludge to generate VFA and
easily hydrolysable organics. Fermentative solids of sludge
sources such as primary sludge and suspended solids from
anaerobic zone of return activated sludge are usually used.
Generation of VFA or easily hydrolysable organics (as addi-
tional organics) from anaerobic fermentation of primary
sludge is considered as a developed strategy employed for
the improvement of biological nutrient removal. Nearly
0.15 g VFA/g volatile suspended solids (signifying 10 to
30% range of the influent organics) have been reported to be
generated in anaerobic fermentation of primary sludge.
Generation of addition carbon through waste activated sludge
fermentation has gained focus recently to enhance BNR strat-
egy and many literature have reported about the research and
investigations on generating easily hydrolysable organics
from waste activated sludge fermentation [94, 95]. Based on
cost, VFA attained via anaerobic fermentation are considered
as the economical source of carbon when compared to carbon
sources that are supplemented externally [96]. Fermented
mixed liquor of waste activated sludge is more complicated
carbon source that fermented primary sludge as decomposi-
tion of biomass happens within mixed samples along with
nitrogen and phosphorus release. Another feasible and eco-
nomical carbon source is the fermentation liquor of food
waste. Feng et al. [97] have investigated the viability of using
fermentation liquor of food waste as additional source of car-
bon that was added externally to improve phosphorus and
nitrogen removal in sequencing batch reactors. The authors
explored that the ammoniacal nitrogen in fermented food li-
quor is required to be removed prior it was added to the reac-
tion system and the liquor that was added externally does not
leads to deterioration of nitrogen and polyphosphate removal
externally. The impact of fermented food liquor to influent
wastewater (FFL/IWW) ratio on BNR was explored by the
same authors. It was suggested that the optimal FFL/IWW
was found to be 1/90. When compared to control, the exper-
iment reactor with 1/90 of FFL/IWW ratio showed greater
nitrogen and phosphorus removal and they were observed to
be 92.70% and 92.38%, respectively. The enhanced phospho-
rus and nitrogen removal were mostly due to additional VFA
in the fermented food liquor and the accumulation of granular
substances (polyhydroxyalkanoates) during anaerobic phase.
Both the accumulated VFA and polyhydroxyalkanoate gran-
ules are considered to be the major sources of energy for
nitrogen and phosphorus removal.

Pretreatment

Pretreatment is an enhancement strategy employed to enhance
phosphorus and nitrogen removal. Kim and Chung [98] have
employed chemical pretreatments to enhance nutrient removal
from membrane bioreactor based municipal wastewater. The
authors employed two chemicals (ferric chloride and
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polyaluminum chloride) for pretreating influent wastewater.
They observed that higher total phosphorus removal was ob-
tained from wastewater pretreated with ferric chloride than
polyaluminum chloride.

Constructed Wetland

Constructed wetland (CW) is an engineered system. In recent
years, it has widely been considered as an ecological technol-
ogy attracted to alternative solutions for wastewater treatment
with the advantages of functional efficiency and low operating
and maintenance cost. In CW, the natural method of purifying
wastewater is carried out on the surface using plants, substrate,
and microbes. Plants take up nitrogen and phosphorus, sub-
strates attract inorganic phosphorus ions, and microbes utilize
organic carbon for conversion of nitrogen into nitrogen gas
(N2) along with absorption of phosphorus ion. Plant roots
absorb 25% of nitrogen and 50% of the nitrogen is removed
through microbial activity. The strategy followed is that the
oxidation of ammonia is processed through available atmo-
spheric oxygen, where denitrification is progressed through
the organic carbon source. Reasonable increases in dissolved
oxygen through atmospheric oxygen increase the growth of
heterotrophic microbes that benefit nitrification, but need
more effective steps for the rate of removal of total nitrogen.
In this case in the nitrification process if ammonia is complete-
ly oxidized into nitrate with oxygen, this nitrate may further
enhance denitrification with the supply of C/N through organ-
ic carbon source. In CW, the oxygen can be supplied chiefly
from plants, atmosphere, and via artificial aeration [99]. The
obtained oxygen from photosynthesis and atmosphere can be
transported to the roots of the plants through diffusion and
pressure gradient. This process not only is beneficial to the
root respiration but also discharges some oxygen into the rhi-
zosphere. This process is also called as radial oxygen loss
(ROL). ROL provides suitable environments for the different
microbes in the rhizosphere [100]. Light intensity is an impor-
tant environmental factor that influences the release of atmo-
spheric oxygen from roots of the plants. Wang et al. [100]
have noticed gradual increase in oxygen release in the day
time (morning) with increment in light intensity. On the other
hand, a decrement in the release rate of oxygen was noticed
and occurred with respect to decreased light intensity at night
and the oxygen release rate was observed to be zero at night
with no light intensity.

Limiting Factors of Nutrient Removal

In recent decades, water scarcity has continuously been in-
creased due to the increasing population, urbanization, indus-
trialization, and environmental change. Around 80% of waste-
water has been released into the close by waterbodies without

nutrient evacuation [101], which could enrich the concentra-
tion of nutrients in the water bodies and leads eutrophication
and deterioration of water quality [9]. According to Hu et al.
[102], the effluent discharge nutrient management from
wastewater treatment plant is a vital duty to protect the fresh-
water resource. Over other methods such as physical, chemi-
cal, or combined physicochemical valorizes excess nutrients
in the wastewater. BNR from wastewater gained more atten-
tion due to less energy demand. Besides, high removal effi-
ciency is of low operating cost and reduced sludge formation
[98, 103]. Generally, the BNR process performs in various
controlled environments, namely anaerobic, anoxic, and aer-
obic. However, it has some limiting factors such as wastewa-
ter characteristics and carbon ratio, which could be causing the
hindrance in the nutrient recovery process.

Characteristics of Wastewater

The volume and concentration of wastewater effluent from
processing plants depend mainly on the raw material compo-
sition, which treated, additive used, processing water source,
and the unit process [63]. The primary aim of wastewater
treatment is to decrease the concentration of a pollutant in
the effluent below the tolerable level in order to reduce the
risk of public health and atmosphere. Wastewater treatment
technologies depend on different characteristics of effluent
wastewater, operational and management practices, reliability
of equipment, and flexibility of the process [104]. A review of
wastewater characteristics from different sources, various
treatment methods, and its nutrient removal efficiencies is
indicated in Table 3.

Industrial wastewater treatment can be done in part or as a
whole by biological nutrient removal. To reduce the effects
created by the characteristics of wastewater, chemical and
biological treatments can be applied to make this water source
more compatible. The features of wastewater differ even in
24 h and thus the rate of discharge cannot be maintained with
uniformity and consistency. To produce effluent with unifor-
mity, the wastewater should be equalized before treatment
[114]. Prior to the treatment or nutrient recovery process, the
suspended particles should be removed by physical treatment
[107]. Certain wastewater requires to be subjected to chemical
pretreatment prior to biological treatment and certain waste-
water requires exclusive chemical treatment [104]. Secondary
wastewater treatment standards are more stringent with regard
to the removal of pathogens and solids. BOD and COD deter-
mine the treatment process when the effluent is blended with
wastewater. Most of the water body mutilation is due to the
nutrients including eutrophication and algal bloom, and thus it
is essential to remove nutrients in the wastewater effluent be-
fore discharging in water bodies. BNR with the help of mi-
crobes can remove nutrients such as nitrogen and phosphorus
under various environmental conditions [124]. The individual
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nutrient content in the wastewater should match with the re-
quirements of the bacteria in the sludge. Also, there should be
an unbiased relationship between organics such as carbon,
nitrogen, and phosphorus, which is vital to the efficiency of
the nutrient recovery method [107]. The ratio of carbon, ni-
trogen, and phosphorus should be in between 100:10:1 and
100:5:1. The ratio of COD and BOD is a measure of the
biodegradability of the wastewater pollution load. If the

COD:BOD ratio does not exceed 2:1, the biodegradability is
said to be good and high values indicate the existence of
inadequate biodegradable substances [9].

Fate of Recalcitrant Organics

The presence of residual organic nitrogen in the treated efflu-
ent is the major limitation in wastewater treatment units

Table 3 Characteristics of different wastewater, various treatment methods, and its nutrient removal efficiencies

Industry Characteristic Treatment and disposal HRT (h or
days)

OLR (kg
CODL−1 day−1)

C/N ratio N
removal
(%)

Phosphorus
removal (%)

Reference

Fish-processing
wastewater

High BOD, total
organic solids,
FOG, and odor

Chemical and biological
treatment

2–48 days 0.3–8 3:1 90–95 80–95 [105]

Tannery
wastewater

High total solids,
hardness, salt
sulfides,
chromium, pH,
precipitated lime,
FOG, and BOD

Sedimentation, filtration,
and biological
treatment

40–113 days 0.23–2.98 3:1 93–95 80–96 [106]

Domestic
wastewater

High or low pH,
color, high
suspended and
dissolved solids,
COD

Sedimentation,
coagulation, filtration,
biological-sequential
anaerobic–aerobic
treatment

3–6 h 1.1–3.6 3:6 80–96 87–90 [107, 108]

Textile
wastewater

Highly alkaline,
colored, COD,
temperature, high
suspended solids

Neutralization, chemical
precipitation, biological
treatment, aeration, and
trickling filtration

20–24 h 1.2–3.1 3:0.1 70–73 60–75 [109–112]

Pharmaceutical
wastewater

Highly alkaline,
COD, BOD,
FOG, and high
suspended solids

Neutralization, oxidation,
sand filtration,
electro-coagulation,
biological treatment

3–15 days 0.01–0.12 - 90–98 - [113, 114]

Dairy
wastewater

High in dissolved
organic matter,
mainly protein,
FOG, and lactose

Acidification, flotation
biological treatment,
aeration trickling
filtration, activated
sludge

1–2 days 0.92–4.1 15:1 80–83 67–70 [115]

Pulp and paper
wastewater

High or low pH,
colored, high
suspended,
colloidal, and
dissolved solids

Settling lagooning,
biological treatment,
aeration, recovery of
by-products using
flotation

6–24 h 0.1–3.62 20:1–50:1 60–63 - [116, 117]

Petrochemical
and oil
refineries
wastewater

High COD, TSS,
metals,
COD/BOD ratio

Recovery and reuse,
equalization and
neutralization, chemical
coagulation, settling or
flotation, biological
oxidation

15–48 h 1.1–2.4 3.1:1–6.6:1 83–87 - [118, 119]

Pesticides
wastewater

High organic matter,
benzene ring
structure, toxic to
bacteria and fish,
acid

Activated carbon
adsorption, alkaline
chlorination,
photocatalysis, and
photo-Fenton processes

8–10 h 0.32–1.2 1:1–1:4 80–93 72–93 [120, 121]

Coal processing
industries
wastewater

Higher dissolved
solids, hardness
and alkalinity,
high or low pH

Physic-chemical and
biological methods

2–6 days 1–3.5 3.5:4 85–90 - [122, 123]

BOD, biological oxygen demand; COD, chemical oxygen demand; TSS, total soluble solids; FOG, fat, oil, and grease; NA, not available
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obtaining less than 3 mg N/L [125]. Mostly, inorganic nitro-
gen is significantly removed by biological nitrogen removal
plants, however a considerable portion of organic nitrogen
(ON) yet left over in the treated wastewater. The transforma-
tion of nitrogen species in the treatment process unit is the key
parameter to understand the fate and existence of dissolved
organic nitrogen which is observed as the major portion. The
organic nitrogen in the effluent exists in three forms: particu-
late form, colloidal form, and dissolved form. Most of the
particulate form in the treated influent is removed in the pri-
mary clarifier itself and left over in the biological process. The
colloidal and dissolved form has been reported to be the con-
siderable portion of the total nitrogen in the treated wastewater
of some treatment units. Pagilla et al. [126] have reported that
the colloidal form contributes 62% of the treated wastewater
and the dissolved form contributes 56 to 95% of the total
nitrogen. The fate of organics in a wastewater treatment plant
is particularly the existence of organic nitrogen which is ob-
tained as a result of the treatment process and functions
employed in treatment units. Removal of both particulate
and colloidal solids, hydrolysis of solids, utilization, and
oxidoreduction of inorganic nitrogen in the treatment opera-
tions aid in removal of nitrogen in wastewater treatment
plants. On the other hand, the existence of nitrogen in organic
form could not be removed via the treatment process and the
presence of organic form of nitrogen in the treatment units are
cumulatively accountable for effluent organic nitrogen. The
effluent organic nitrogen can be removed via prevailing treat-
ments in wastewater treatment plants. For instance, effluents
which are added to the water bodies or reutilized can be char-
acteristically treated via tertiary treatment approaches for re-
moval of phosphorus, biomass, and residual organics [125].

Carbon Ratio

As described previously, the rapid urbanization and economy
cause the release of enormous quantity of both municipal and
industrial wastewater which should be subjected to BNR be-
fore it is released into the environment to prevent eutrophica-
tion [127]. The ratio of carbon, nitrogen, and phosphorus in
the wastewater plays an important role in removing nutrients
[114]. Conversely, the presence of carbon sources in waste-
water hinders the removal of nutrients such as phosphorus and
nitrogen. Hence, research is being carried out to enhance BNR
through the external carbon sources [128]. Frison et al. [129]
reported that high concentrated organic wastewater with car-
bon sources has concerned much attention in the BNR process
because it can help to increase the efficiency of nutrient re-
moval thereby reducing the environmental pollution. Zhang
et al. [130] stated in their study that fermented fluid of the
wastes can be used as supplementary source of carbon.
Acetic acid is the main ingredient of the fermented liquid
and it increases the efficiency of BNR. The conventional

BNR process solely depends on the nitrifying and denitrifying
bacteria to remove nitrogen. Kumar et al. [131] suggested that
to enhance the operation, carbon/nitrogen ratio should be
higher than 3 in a joined nitrification and denitrification sys-
tem. Carrera et al. [132] described that the carbon/nitrogen
ration should be higher than 7 during the pre-denitrification
process to achieve complete denitrification. In 2009, Fu et al.
[133] also specified that when the carbon/nitrogen ratio of the
system was maintained greater than 8, the nitrogen removal
efficiency reached around 80%, due to the increased compe-
tition between nitrifiers and heterotrophic microbes and the
use of carbon sources for their metabolic activities. Hence,
the carbon/nitrogen ratio has an influence on nitrification in
the nutrient removal process.

Operational Parameters in WWT

A BNR system for nitrogen and phosphorus removal general-
ly results in lower effluent concentrations. Hence, to embrace
BNR with high effluent concentrations, it is required to know
how different parameters such as microbial growth, tempera-
ture, amount of sludge recycled, acidity, alkalinity, and dis-
solved oxygen influence the system [104]. The rate of reaction
of depends on temperature. Moreover, nitrification and deni-
trification rates also elevate with increase of temperature up to
a certain operating limit. The necessary quantity of DO must
be maintained in the system for nitrification, denitrification,
and consumption of phosphorus to take place properly. On the
other hand, it is very important not to aerate the effluent be-
yond the limit thereby maintaining the dissolved oxygen
around 1 mg/L [134]. Over-aeration can result in the signifi-
cant release of phosphorus due to the breakdown of the mi-
crobial cell leading to high dissolved oxygen. This may con-
secutively lead to reduced BNR and finally increases the cost
of maintenance and operation [124].

Aeration

Aeration is a significant variable in the BNR process and
affects removals of nutrients such as phosphorus and nitrogen.
Contradictory results from the literature show that a proper
aeration decreased the release of nutrients [135]. The aeration
system should be customized to include an anaerobic reactor
thereby decreasing the concentration of dissolved oxygen in
the return sludge. This can be made possible by just removing
the aerator from the flow of recycled sludge to evade intro-
ducing oxygen for nitrogen removal but presence of dissolved
oxygen is more important in the aerobic zone to facilitate
uptake of phosphorus [104]. Jeyanayagam [124] has reported
filamentous growth is able to cause deprived sedimentation of
particular nutrients in the final filter. Though, various param-
eters are essential to attain excellent rate of nutrient removal,
dissolved oxygen is an essential rate limiting parameter [136].
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Lower concentration of dissolved oxygen increases the rate of
nitrogen removal [137]. Hence, there is no perfect limitation
and standard with regard to the concentration of dissolved
oxygen to obtain complete nitrification. There is an inclination
of the concentration of dissolved oxygen within the aggre-
gates of microbes in the biofilms is due to their inability to
diffuse. Thus to degrade more nutrients and produce lesser
sludge is the wastewater treatment plant, DO is considered
as an essential parameter.

Internal Recycling

The internal sludge recycling ratio of BNR is a significant
parameter that affects both the nutrient removal and the cost
of operation. The purpose of returning the sludge from the
final clarifier to the influent of the treatment system is to
maintain a proper concentration of the activated sludge in
the aeration tank such that the desired level of treatment effi-
ciency could effectively be achieved at the appropriate time.
However, the recycling of sludge may also strengthen the
processes for the removal of organic matter in treatment sys-
tems due to increased contact time between wastewater and
biotic components equipped with the supply of nutrients. The
sludge recycle ratio could be influenced or regulated by fac-
tors such as reactor volume, HRT, OLR, aeration, and settling
hydraulic loads and the concentration of mixed liquor
suspended solids (MLSS) [138]. In a research carried out by
Liu et al. [139], elevated sludge recycling ratios inhibit the
discharge of phosphorus in the anaerobic zone. However, re-
duced recycling ratio decreased the performance of BNR due
to insufficient microbial biomass. An optimized rate of sludge
recycling rate is required to remove nutrients.When the rate of
sludge recycling is increased, the removal of nitrogen is dete-
riorated due to an increase in the concentration ofmixed liquor
suspended solids in the sequential reactor. Grady et al. [140]
clearly indicated that the performance of a wastewater treat-
ment plant can be optimized by various parameters such as
flow rate of sludge return and recirculation, and selection of an
appropriate reactor volume. The components of the sludge
and the amount of sludge recycled have a direct impact on
the performance of the system. Anaerobic digestion generates
nitrates and hence denitrification and removal of phosphorus
will be reduced if the sludge is not recycled properly [139].
However, in order to attain high nitrogen and phosphorus
removal efficiencies, the sludge recycle ratio should be
retained though it incurs high cost.

HRT, SRT, and OLR of System

Hydraulic retention time and organic loading rate are regarded
as among the most influential operating conditions on the
functional attributes of biological nutrient removal, which
have been often employed as control factors to facilitate the

desired nutrient removal process [141]. Kumar et al. [142]
described that efficient nutrient removal could be achieved
in membrane bioreactor operation through high organic load-
ing rate and short hydraulic retention time for cost-effective
operation, and less sludge production. When HRT was re-
duced, there was an increase in the efficiency of nitrogen
removal due to the growth of nitrifiers. However, over reduc-
tion of HRT does not result in significant removal of nitrogen
[143]. Zhao et al. [144] examined COD removal of a contact-
stabilization system with different HRTs in contact phase and
observed COD removal efficiency was stable as HRT in-
creased and conventional activated sludge systems are limited
in the extent that the HRT can be differed. But, the process
allows greater flexibility in selecting the HRT as the con-
straints imposed by a settling clarifier are removed. The an-
aerobic HRT is necessary for phosphorus removal as it de-
pends on the influent characteristics. The determined time was
too short as 30 min. The phosphorus-accumulating organism
(PAO) would not have sufficient energy reserves to enhance
phosphorus uptake in the aerobic zone. Therefore, increase in
HRT could increase the availability of fatty acids for PAO to
perform maximally [139]. Wasting rate is an important factor
that affects solids retention time. In a BNR process, SRT
should be long enough for nitrification. It is too long, then
the proliferation of glycogen accumulating bacteria will takes
place and these bacteria outcompete PAO and suppress activ-
ity. This in turn results in decreased phosphorus removal per-
formance of the reactor. SRT of 5–12 days are recommended
to be favorable for enhanced BNR performance [45].

Operational Parameters in Constructed Wetland

Consistent with the regime of water flow, CWs are classified
into surface flow, subsurface flow, and hybrid CW [145]. Free
water surface CWs contain a shallow basin or sequence of
basins, growing vegetation, and a water surface above the
substrate. Therefore, it may be a viable option for the restora-
tion of polluted water resources. Surface flow CW effectively
removed 86.07% and 82.07% of TSS and BOD, respectively.
Removal of microbes, sedimentation of suspended solids, and
colloidal particles through sedimentation and filtration is the
most crucial pathway for organic removal in Surface flowCW
[146]. Vymazal [147] stated that nutrient removal is inconsis-
tent with respect to hydraulic loading rate and the size of the
system used. Hence, surface flow CWs show less capacity for
nutrient removal, especially phosphorus whereas, the removal
efficiency for nitrogen was typically ranging from 40 to 50%.
In addition, the efficiency of the removal of nutrients and the
growth of plants is directly or indirectly influenced by tem-
perature, due to its impact on the availability of oxygen that
affect redox levels [148]. The characteristics of the wetland
media may also be a significant factor that controls the level of
redox potential within the porous material. Subsurface flow
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constructed wetlands (SSFCW) can afford better protection
from heat than surface flow constructed wetlands systems
(SFCW) because the less saturated exterior layer in cold cli-
mate provides the insulation effect. In accordance with flow
regime, SSFCW is classified into horizontal subsurface flow
constructed wetlands (HSSFCW) and vertical subsurface flow
constructed wetlands (VSSFCWs) as described by Wu et al.
[145]. HSSFCW showed high removal efficiency for TSS,
BOD, and COD of about 81.4, 83.9, and 70.3%, respectively.
Liu et al. [149] noted that the NO3-N removal efficiency in the
upper and lower horizontal wetland zones was 70–90% with a
redox potential of > 200 mV and 50–80% with a redox poten-
tial < − 200 mV, respectively. It suggests that there has been a
possible co-existence in both regions, such as aerobic and
anoxic/anaerobic, which contributes to a successful increase
in BNR and improves the quality of water in horizontal flow
wetlands. Trein et al. [150] examined the efficiency of vertical
flow built wetlands with only the first level of area reduced
French system for the removal of organic matter and the con-
version of nitrogen in the tropical area. The authors observed a
shift in redox potential in the effluent between 150 and
350mV and claimed that the aerobic conditions were effective
in the treatment system and encouraged the degradation of
organic matter and the nitrification process. Vymazal [147]
observed that VSSFCWs system exhibited more removal per-
centage of TSS (93.4%), BOD (99.9%), and COD (98.9%)
than HSSFCWs. The hybrid systems that consist of various
types of wetlands arranged in series and have been mainly
used for enhanced removal of nitrogen as these wetland sys-
tems could provide different redox conditions suitable for nu-
trient reduction [151]. When compared to single HSSFCW
and SFCW, mostly the hybrid CW systems were known to
be more proficient in the removal of total suspended solids,
biological and chemical oxygen demand, and nutrients.
However, information on the influence of design and opera-
tional parameters on nutrient reduction in CW with different
configurations and corresponding removal mechanisms needs
to be investigated together to adopt the system for efficient
recovery of organics in the highly polluted effluents. Table 4
summarizes the essential operational parameters of CW de-
sign and its treatment efficiencies. Principal component anal-
yses were achieved for confirming CW influence on the area,
depth, size of the system, clogging, pH, organic loading, tem-
perature, hydraulic retention time, and hydraulic loading rate.

Hydraulic Retention Time and High Hydraulic Loading Rate

Zhang et al. [130] reported that batch feeding operation shows
better nitrogen and phosphorus removal efficiency when com-
pared to a continuously operating system by supporting more
oxidizing situation in treatment wetlands. The variation in the
mode of feeding wastewater to the system influences the re-
dox conditions, transfer of oxygen and diffusion in CW. In the

VSSCW, excess oxygen produced in the aeration improves
nitrification and is a good way to volatilize ammonia in the
system, as discussed by Wu et al. [164]. It has been well
established that this is a consecutive correlation between the
efficiency of the removal of contaminants and hydraulic re-
tention time (HRT). The removal efficiency of the pollutant is
high in low HRT, whereas it is lower in high HRT. This may
be the reason that there is a shortage of supply of nutritional
sources to biotic components at higher HRT levels [165].
Tunçsiper et al. [166] documented that a long HRT provides
prolonged time for interaction between the contaminating or-
ganisms and wastewater whereas, at lower HRT, the waste-
water progresses quickly to the outlet unit without contacting
each other appropriately.

High hydraulic loading rate (HLR), on the other hand, is an
essential parameter and affects the reduction of nutrients in
CWs. Weerakoon et al. [167] have built a small-scale
HSSCW planted with a T. angustifolia plant species, which
leads to the efficient removal of contaminants under different
HLR up to 25 cm/day. It is important to remember that ade-
quate interaction between the roots of planted species and
wastewater enhances dissolved contaminants removal and
promotes the action of various microbial communities. Wu
et al. [168] investigated the removal efficiency of triazophos
at different concentrations, such as 0.79 ± 0.29 mg/L and 3.96
± 1.17 mg/L with an HLR of 100 mm/day. The observed the
removal efficiency was 97.8 ± 2.9% and 84.0 ± 13.5%, re-
spectively. In comparison, the removal efficiency was signif-
icantly reduced to 96.2 ± 1.7% and 61.7 ± 11.1%, respective-
ly, at 200 mm/day of HLR. The findings show that the effi-
ciencies in the removal of contaminants are correlated with
HLR in the treatment of wastewater using CWs.

Organic Loading

Increased organic load in the influent of CWs typically im-
proves the pollutant rates within the tolerable limits [169].
Excessive loading rates can lead to the accumulation of organ-
ic matter, reduced empty space, and reduced efficiency in the
removal of contaminants in constructed wetlands [170].
Various investigations have confirmed the range of NH4-N
from 0.15 to 30.0 g/m2/day for the successful output of
CWs. It does, however, have a detrimental impact on the
growth of wetland plants when excess ammonia (> 100 mg/
L) is present in wastewater [171, 172]. Villasenor et al. [173]
examined the treatment process of HSSFCW coupled with the
microbial cell with different organic loading concentrations
viz., 13.9 g COD/m2 day, 31.1 g COD/m2 day, and 61.1 g
COD/m2 day, respectively. It was found that most of the or-
ganic matter in the wastewater was oxidized, and the efficien-
cy of COD removal and the output of electricity improved
when the organic load was lower. In commercial treatment
systems, the concept of step-feeding was introduced to
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analyze the more productive use of the entire CWs surface
area and to avoid clogging by releasing suspended solids
and organic loading in the influent [174]. Wastewater efflu-
ents from various food industries, dairy industries, and distill-
eries hold a significant amount of biologically degradable
substances and solids matters. For instance, the food process-
ing industry wastewater majorly constitutes of oil and grease
substances as well as carbohydrates. Calheiros et al. [175]
stated that the organic content of the industrial wastewater
was high after being subjected to various treatment process
in CW. Wu et al. [145] observed that there is a change in the
vegetation and treatment efficiency of CW due to high loading
rate. High loading rate will lead to better growth of plants near
the outlet than the inlet [176]. So, it is recommended to re-
move excess organic matters through the preliminary treat-
ment processes before entering into next step treatment.

Clogging

Clogging influences the CWs system performance. The treat-
ment of industrial wastewater effluents mostly depends on the
composition of the effluent which has to be processed and also
depends on the hydraulic properties of the CWs system.

Clogging might happen due to the aggregation of solids on
the surface leading to reduced porous surface, reduced hy-
draulic conductivity, and formation of biofilms [177]. At the
initial stage of wastewater treatment in the CWs, the microor-
ganisms might be separated from one another. In the later
stage, it could flocculate leading to formation of biofilm on
the surface which occupies the pores of gravels and blocks
water passage. The continuous growth of biofilm in CWs
clogs the system. The extent of clogging usually depends on
the solids aggregated which are controlled by the hydraulic
loading rate of the CWs. If the elevated clogging takes place at
the inlet unit of CWs, there the solids in effluent are filtered
and retained [178]. HSSCWs are commonly used for treating
the wastewater. However, their efficiency in pollutant removal
is severely restricted by clogging problems that are unusually
frequent throughout the lifetime of CWs. Shen et al. [179]
created a new treatment method by periodically altering the
direction of flow and evaluating its efficiency in removing
contaminants. The experimental results show that the de-
signed wetland fitted with a new methodology of treatment
has achieved more efficiency of removal of pollutants than
conventional ones. The microbes analysis shows that the re-
ciprocating direction of the wastewater flow in the CWs

Table 4 Constructed wetland design, operational parameters, and treatment efficiency—a summary

Wastewater type Operational parameters Removal efficiency Reference

Dimension (L ×
W × D) (m)

Temperature
(°C)

HLR (day) HRT
(days)

TSS
(%)

BOD/
COD (%)

Total nitrogen
removal (%)

Total
phosphorus
removal (%)

Free water surface constructed wetlands

Dairy 25.0 × 1.0 × 0.6 7.4 300 L 15 95 99BOD 94 91 [152]

Municipal 0.13 m2 × 0.5 m 14.3 2 L 10 NA NA 68 67 [153]

Potato farm 10 × 17 × 0.3 24.3–23.2 6.2 m3 9 99 96BOD 86 90 [154]

Horizontal subsurface flow constructed wetlands

Dairy 1.5 × 0.3 × 0.2 5–20 5.3 L 6.5 NA 87COD 80 91 [155]

Rural sewage 25 × 20 × 1.5 12–23 350 m3 35 NA 85.01COD 70.98NH3-N 36.48 [156]

Urban sewage in
summer season

7.8 × 6.65 × 1.8 37.5 ± 0.45 65 m3 1.5 88.8 94.11BOD 85.0NH4-N 77.5 [157]

Municipal 2.4 × 0.4 × 0.2 5.5–14.2 17.5 L 3.4 NA NA 89TKN
98NH3-N
50org-N

- [158]

Vertical subsurface flow constructed wetlands

Winery and
domestic

11.75 × 8.6 × 1.2 9 6.972 m3 NA 98 99.9BOD
98.9COD

88.7TKN
72.2NH4-N

99 [159]

Municipal Dia.: 19.5 cm
H: 120 cm

14.8 2.6 L 48 90.9 66.6 78.5NH4-N 71.1 [160]

Hybrid constructed wetlands

Piggery 1472 m2 10 ± 8–16.3 ± 8 0.7 cm/day 90 min 84–97 94-98BOD
91-96COD

70-86TN
40-85NH4-N

71–90 [161]

Dairy 336 m2 18.2 7.3–7.9 mm/day NA 97.9 89.3BOD 78.5 77.8 [162]

Municipal 0.3 × 0.4 × 0.2 - 0.125 mm/day NA 86.5 62.COD > 95Nitrate-N 80 [163]

NA, not available
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retained a more significant amount of microorganism, which
successfully prevented the accumulation of organic matter.
Finally, it was concluded that there was no apparent issue of
clogging or infiltration in CWs with the mode of reciprocating
flow direction [179]. Nivala et al. [180] reported that clogging
decreases oxygen permeability and reduces the efficiency
leading to reduction in the life span of CWs systems. Varga
et al. [181] suggested that primary screening is required to
avoid clogging in order to make the process more efficient.

pH

pH influences the microbial processes in the CW system for
industrial wastewater treatment. The availability of various
pollutants in industrial wastewaters determines acidity or al-
kalinity of water. Changes in pH may significantly alter the
surface charge of the substrates present in the wastewater. The
range of optimum pH for the degradation of various contam-
inants is varied. Bailey et al. [182] reported that the degrada-
tion of diazinon was very rapid when the treatment process
took place under acidic conditions. On the other hand, the
degradation rate of chlorpyrifos was lower under acidic con-
ditions and significantly improvedwith an improvement in the
pH of the treatment system [183]. Saeed and Sun observed
that ammonification was progressing when the system’s pH
was maintained between 6 and 8 [184]. Growth of hetero-
trophs was higher at neutral pH and the floating organisms
were affected if pH was below 3 and above 9 [185]. Research
on pH and hydroponic crop proliferation could be better
aligned with the conditions defined in CWs. The pH of the
aquaponic ecosystems is held at about 7.0 due to the nutrients
uptake of plants are higher in pH range of 6 to 7 [186, 187]. It
was optimized that pH 8.5 could enhance the microbial nitri-
fication of NH4+ to NO2− and NO2− to NO3− in the wastewater
treatment systems. The pH may also have an effect on the
supply of phosphorus to biotic components in CWs. The lib-
eration of dihydrogen phosphate (H2PO4

−) from phosphoric
acid (H3PO4) happens at pH 2.1, while the formation of hy-
drogen phosphate (HPO4

2−) from dihydrogen phosphate
(H2PO4

−) occurs at 7.2 [188]. Becquer et al. [189] stated that
plants absorb phosphorus only when it is in the form of ortho-
phosphate ions. It was obvious that the absorption of phos-
phorus was also regulated by the pH of the treatment system.
Awareness of pH effects is, therefore, a crucial factor in the
proper management of the removal of nutrients from various
wastewaters in CWs.

Temperature

Temperature is the crucial factor that may affect the metabolic
activity and growth ofmicrobes. Any pollutant removalmech-
anisms such as oxidation, reduction, precipitation, filtration,
adsorption, plant uptake, and volatilization in CWs essentially

brought about by microbial action were a cornerstone of the
innovation technology [190]. Ouellet-Plamondon et al. [191]
reported that low-temperature treatment conditions often do
not affect the removal efficiency of organic matter in the pro-
cesses, namely decantation and sedimentation in the con-
structed wetlands. Zhang et al. [192] reported that the average
degradation efficiency of methamidophos was 60 and 90% at
15 and 24 °C, respectively, while the degradation efficiency
reduced by < 50% when the temperature was below 15 °C.
Bondarenko et al. [193] specified that the temperature rise in
the treatment process from 10 to 21 °C increased by 2 to 4
times the degradation of diazinon. Short-term temperature
fluctuations had a lesser impact on removing pollutants due
to the adaptive tolerance of the biotic portion to the immediate
new environmental conditions. Biological processes, howev-
er, are highly dependent on temperature fluctuations and affect
wetlands’ overall success in eliminating contaminants. Lower
or higher temperatures limit the biological activities and result
in the accumulation of organic matter. The maintenance of
sufficient temperature could improve the elimination efficien-
cy of contaminants in CWs. Meng et al. [194] documented the
efficiencies of pollutant removal in CWs are successful at
optimum temperature. Temperature in the range 28–36 °C
was found to be optimum and favors nitrification, whereas
temperature above 15 °C could be appropriate for NH3 oxi-
dizing bacteria. Moreover, bacteria which can oxidize NO2

−

are washed out at 25 °C and thus the optimum temperature
ranging from 15 to 38 °C is the most suitable for the construct-
ed wetland system.

Cost Analysis

Cost for External Carbon Source

As to make successful BNR processes and accomplish
low organic material in the wastewater, the carbon
source could be considered as a primary nutrient for
the metabolic action of heterotrophic microorganisms.
In most cases, external quickly biodegradable carbon
sources generally added to the treatment system as a
nutritional supplement due to the inadequate availability
of internal carbon present in the influent wastewater.
Environmental protection agency, USA (2013) stated
that the main limiting factor of denitrification (i.e., se-
quential process of nitrogen removal) in the BNR is
being of an insufficient amount of carbon in the influent
of wastewater [195]. The addition of external carbon
sources limits the process and makes it more expensive.
Henceforth, the carbon source utility in wastewater
treatment and its expense could be a significant factor
in BNR methods to evacuate organic material in a prac-
tical manner.
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Cost of Additional Energy for Treatment in WWT

The amount of water supply and its need is being expand-
ed with the quick development of urbanization as well as
industrialization. At the same time, the quantity of waste-
water release has largely been increased because of the
enlarged use of water resources all over the globe.
Treatment of wastewater or used water requires a signifi-
cant amount of energy for operating the instruments
equipped with wastewater treatment plants, which regu-
larly showed up as a high processing cost. At this junc-
ture, it is an essential factor to investigate and examine
the fundamental expense of energy using in wastewater
treatment to understand the possible routes to diminish
energy consumption and the operating cost of the waste-
water treatment system. This could be lead to give a vital
aspect for redesigning existing treatment plants and creat-
ing new plants in the monetary and proficient manner. In
general, the wastewater treatment systems have been
working with a number of different technologies, various
volumetric capacities, several energy consumption ma-
chines, numerous wastewater characteristics, and treat-
ment attributes [196]. The average energy utilization for
the UK, Germany, and Italy were respectively to 0.45,
0.67, 0.64, and 0.70 kWh/m3 [197]. These variations in
the average energy consumption might be because of var-
ious parameters depicted previously and it could ultimate-
ly lead to altering the processing cost of wastewater treat-
ment systems. Rothausen and Conway [198] estimated the
energy consumption of wastewater treatment plants itself
in the USA was around 21 billion kWh per year for about
1.8 million people equivalents. Xu et al. [199] pointed out
that approximately 4% of the total electricity generated in
the USA was used for wastewater transport and its treat-
ment. Li et al. [200] investigated energy consumption and
operating cost of three different wastewater treatment
plants based on various parameters (each plant with the
treatment capacity of 5.6 lakhs tons/day) located in
Shenzhen, China. The outcome of this study showed that
the average energy utilization of treatment systems was
0.20 ± 0.06 kWh/t and the estimated average treatment
cost was 0.708 yuan (0.10 USD) per tonne of wastewater.
In the overall unit cost, 30.1 and 26.3% were spent on
labor and electricity consumption, respectively. In recent
years, all governments and research scientists have been
paying more and more attention to minimize or neutralize
the wastewater processing cost in all aspects in order to
ensure continuous operational sustainability. It could op-
timistically be achieved by recovering energy or possible
value-added resources from the wastewater as it contains
chemical and thermal energy, and by adopting less
energy-consuming machines in the wastewater treatment
plants. Gu et al. [201] documented that about 52% of the

cost was recovered from the total cost of energy con-
sumed in the five WWTPs in Catalonia, Spain, by
transforming the sludge into valuable resources, namely
biogas. Prateep Na Talang et al. [202] examined the BNR
efficiency and cost-effectiveness of eight different central-
ized municipal WWTPs in Bangkok, Thailand, under five
different treatment arrangements. The wastewater treat-
ment plants with the provision of vertical loop reactor
activated sludge were significantly reduced the total oper-
ating cost from 7.417 (0.218 USD) (without nutrient re-
moval) to 2.754 (0.081 USD) (with nutrient removal)
THB2017/m

3. It can be seen from the result that about
62.86% of the average total operating cost was reduced
by recovering organic materials, including nitrogen and
phosphorus. Therefore, current attention to the explora-
tion of nutrient recovery and energy generation from the
wastewater, and upgrading wastewater treatment plants
with cutting edge machines could assist with diminishing
the expense of additional energy consumption in WWTPs.
Likewise, it might lead to the sustainable continuous op-
eration of WWTPs to overcome the demand for a massive
amount of wastewater treatment in the future without any
complications.

Cost Associated with a Constructed Wetland

Currently, CW use, especially in rural areas, has become in-
creasingly preferable for wastewater treatment and it has been
accepted as a low cost and secure technology for wastewater
treatment. The investment expenses of a CW system for the
installation are leveled as land, excavation, stuffing material,
piping structure, vegetation, and other activities [203]. CW
wastewater treatment comprises capital and operation cost.
The capital cost indicates the cost of the land required for
the installation, construction cost, and engineer and contractor
fees, in contrast, the operation cost refers to the cost of electric
energy for pump (wastewater lifting and transferring) and
lighting, operator wages, and maintenance [204]. Tyndall
and Bowman [205], stated that depending upon design and
scale cost for installation and long-term management of a CW
may vary significantly and CW located on land with a high
Corn Suitability Rating for treating 100 acres of drainage
would cost just over 10,000$ for design and installation
and 800$ per acre per year over 40 years of lifespan. The
replacement cost method could employ for the estimation
of the cost of traditional wastewater treatment, an evalu-
ation based on the value of CW. Although CWs comprise
some advantages, a few limitations must be considered,
such as a large area for wetland construction and design-
ing the same based on the type of wastewater being treat-
ed and the location’s climatic conditions. Table 5 shows
the comparison on the design and scale cost of different
type of constructed wetlands.
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Side-Stream Enhanced Biological Phosphorus
Removal

Side-stream enhanced biological phosphorus removal
(SSEBPR) is a cost-effective technique than other traditional
techniques followed for phosphorus removal. In this process,
PAOs reduce power generation during hydrolysis of
polyphosphate via glycolysis and/or tricarboxylic acid cycle
(TCA) cycle to assimilate VFA. The PAOs reverse the assim-
ilated VFA as poly-β-hydroxyalkanoates (PHAs) under an-
aerobic condition. In subsequent aerobic/anoxic conditions,
the PAOs consume the accumulated PHA as energy and car-
bon sources for their biomass productivity, glycogen renewal,
and poly-P production via excess uptake of inorganic ortho-
phosphate. Nguyen et al. [211] have highlighted that the pres-
ence of Tetrasphaera bacteria in the reactor significantly im-
proves the relase of phosphorus when compared with
Candidatus accumulibacter, which is most commonly found
PAO for phosphorus removal and stable operation of
SSEBPR. Raj et al. [5] have studied the effect SSEBPR using
a lab-scale anaerobic/anoxic/oxic (AAO) system integrated
with sludge reduction. In their study, the thermally pretreated
sludge was recycled in the reactor. As a result, 99% of phos-
phorus solubilization efficiency and 0.22 kg MLSS/kg COD
of biomass yield were achieved. Wang et al. [212] have oper-
ated full-scale SSEBPR and conventional AAO reactor to
study the phosphorus removal performance. Comparatively,
the highest phosphorus removal of 94% is achieved in
SSEBPR and 80% in conventional AAO. As stated earlier,
SSEBPR shows higher glycolysis activity than conventional
AAO process. In addition to this, they have reported the pres-
ence of PAOs in SSEBPR reactor offers more competitive
benefits than glycogen-accumulating organisms (GAOs).
The high amount of complex VFA is continuously generated

and accumulated by PAO in the reactor due to extended an-
aerobic retention time, which suppress the activity of GAOs.
Figure 6 shows different types of side-stream reactor used for
removal of phosphorus.

Effect of Sludge Recycling

It should be noted that only one-tenth of the total phosphorus
concentration (nearly 0.1 mg/L) is allowed to be discharged
from wastewater treatment plants [213]. Phosphorus can be
removed either biologically or chemically. Chemical phos-
phorus removal is achieved by transforming phosphate into
hardly soluble and then precipitating the salts. These salts are
withdrawn along with the excess sludge. [214]. The efficiency
of phosphorus removal in MBR is low due to higher solids
retention time. To increase the efficiency, metal salts can be
added into the oxic tank. However, precipitation of phos-
phates with the metal salts would generate inorganic sludge
that would be retained within the system thereby leading to
excess sludge [76].

A side-stream EBPR process was projected as an emerging
alternative to tackle challenges in enhanced biological phos-
phorus removal (EBPR) associated with the stability and un-
favorable C/P ratio in the influent [212]. Aerobic membrane
bioreactor achieves sustainable phosphorus removal only
when side-stream phosphorus removal or sludge wastage
has been carried out [78]. In the case ofMBRwith high sludge
age, the only possibility of achieving sustainable phosphorus
removal is through side-stream removal of phosphorus. For
instance, working on MBR with high sludge age, Banu et al.
[78] have achieved sustainable phosphorus removal through
phosphorus precipitation in side stream.

In EBPR processes, microbes accumulate large amounts of
polyphosphates. Nearly all of the polyphosphates could be

Table 5 Comparison on the design and scale cost of different type of constructed wetlands

S. No. Type of CW Design condition Area Capital cost Operating cost Reference

1. Saturated vertical flow
aerated wetland

Population 1000
Media depth 1 m
Refurbishment 15-year intervals

970 m2 235,849 € 9114 €/year [206]

2. Horizontal subsurface flow Flow rate 10,000 to 50,000 m3/day 10,000 m2 (1 ha) 812·A0.704

(A − $1000 per ha)
7000 $ per ha year−1 [207]

3. Vertical flow Flow rate 10,000 to 50,000 m3/day 10,000 m2 (1 ha) 1624·A0.704

(A − $1000 per ha)
7000 $ per ha year−1 [207]

4. Free water surface
constructed wetland

Flow rate 10,000 to 50,000 m3/day 10,000 m2 (1 ha) 242·A0.690

(A − $1000 per ha)
7000 $ per ha year−1 [207]

5. Constructed wetland (3
cells in parallel)

Flow rate 0.5 to 0.9 h m3/year 45,000 m2 (4.5 ha) 1378.599 € 13.523 €/year [208]

6. Horizontal subsurface flow
constructed wetland

Population 2700
Flow rate 3 m3/day

22,350 m2 1183.5 € 100 €/year [209]

7. Created wetland comprises
a single cell with an
elongated shape

Population 154,000
Depth 1.5 m
Flow rate 100 to 250 m3/day

10,000 m2 (1 ha) 90,900 € 20,350 €/year [210]

BOD, biological oxygen demand; TSS, total suspended solids; NH4, ammonium
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released from activated sludge just by heating at 70 °C for
about 1 h [215]. Addition of calcium chloride precipitates
the released polyphosphates at room temperature. This could
be a good method to recover phosphorus in a reusable form
from wastewater [216]. Although, biological phosphorus re-
moval requires principally different operational conditions
than carbon and nitrogen removal. Successful biological phos-
phate removal in an MBR is based on the development of
polyphosphate-accumulating organisms (PAOs). The growth
of PAOs is favored in an MBR due to their competitive ad-
vantages over non-poly-P accumulating microorganisms to
survive starvation periods, characteristic of anMBR operating
at low F/M ratios (Monclus). Bacteria containing poly-P
maintain for a longer time a high activity as a consequence
of the accumulated energy.

Methods Used to Control Nutrient Load in SSPR

When using phosphorus precipitating chemicals, it is
important to understand that removal of all dissolved
phosphorus is not necessary. The key is to remove
phosphorus in solution becoming lower than the phos-
phorus required in regulation. Due to this, no significant
amounts of struvite will form downstream of the chem-
ical addition point [214]. As a general rule, 20 to 30%
removal efficiency would be sufficient for struvite con-
trol downstream of the anaerobic digester discharge
[85]. Because of its effect on secondary treatment, min-
imizing the recycle phosphorus load by maximizing

phosphorus precipitation from the solids stream could
be beneficial and cost-effective.

Future Prospects and Recommendations

BNR is a well-developed and existing approach and this pro-
cess has been extensively employed and considerably imple-
mented in practice. On the other hand, the existence and func-
tioning of the BNR process is a major concern in wastewater
treatment plants due to its complication and higher cost. To
make ease the operation of the BNR process, optimization of
both capital and operational cost is essential. Further to under-
stand the process and to progress the more effective and con-
sistent BNR process, modeling of process is essential.
Modeling of process has been considered to be an essential
tool for optimal design and functioning of wastewater treat-
ment process specifically to meet the treated wastewater stan-
dards and to manage the requirement of costs. Modeling of
process is considered as an imperative tool for plan engineers
to meet the challenges associated with BNR process [102].
Though numerous efforts have been made for the nutrient
removal process, much effort must be to targeted towards
introducing, instructing, and implementing developed ap-
proaches in wastewater treatment plants to overcome the prob-
lems such as contamination of surface water and shortage of
water sources [217]. Developed approaches for nutrient re-
moval have many benefits and that can be assessed using life
cycle analysis approaches for instance in aiding water

Fig. 6 (a) Side-stream EBPR. (b) Side-stream RAS. (c) Side-stream RAS plus carbon
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reutilization or removal of recalcitrant that have gained very
low insights in life cycle analysis reports. Considering numer-
ous life cycle analyses of the nutrient removal process may
deliver extra beneficial info in assessing different treatment
choices to see future regulations of treated effluent [218].
Future treatment process should be designed and planned
from a circular economy point of view, and prior to that useful
resource recovery route must compensate the overall need of
suitable resources and to invest potentially to reduce the tra-
ditional resource exploitation considerably. Implementation
of resource recovery routes positively will need waste man-
agement utilities to increase their engineering expertise and to
become market participants with high attention to meet the
treated effluent standards [219].

Conclusions

Technological advancement in the fields of BNR is updating
day by day following the long-established nitrification–
denitrification process for nitrogen removal within the natural
environment. The biological treatment process is dependable
on internal and external climatic conditions favoringmicrobial
transformation. The purpose of this treatment method is to
develop the betterment, support the living condition of human
and its health, to cut short, and minimize the wastage of re-
sources. The action of reducing the severity caused by nutrient
release to the environment is to be preserved based on
adapting the logical methods discussed in this area.
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