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Water contamination due to various nitrogenous pollutants generated from wastewater treatment plants is a crucial and
ubiquitous environmental problem nowadays. Nitrogen contaminated water has manifold detrimental effects on human
health as well as aquatic life. Consequently, various biological and bioelectrochemical treatment processes are employed
to transform the undesirable forms of nitrogen in wastewater to safer ones for subsequent discharge.
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| 1. Introduction

The drastic increase in world population has led to intense industrialization and subsequent generation of wastewater
from various sources. The generated wastewater is highly nutrient-rich in terms of ammonia, nitrate, nitrite, and other
pollutants which need treatment before being discharged. Unless adequately treated, the nitrogenous pollutants from the
wastewater can lead to eutrophication, cause methemoglobinemia or blue-baby syndrome, lead to oxygen depletion,
aquatic toxicity, and have many other detrimental impacts on the environment B4l Also, the aquaculture industry with
intensive aquaculture practices further adds to the generation of wastewater saturated with nitrogenous contaminants &
. The removal of these nitrogenous entities from wastewater can be conducted by various biological and
physicochemical methods. However, the biological processes are more efficient and relatively cost-effective and hence
globally adopted and preferred [El. The biological methods of pollutant removal are generally employed for wastewater
with low nitrogen concentration, with nitrification and denitrification being the most conventionally used ones. However,
other processes of partial or combined nitrification/denitrification can also be used for nitrogenous removal [I2ALL12]

In addition to this, energy is the most critical challenge that humanity of this century is facing. The challenges in the
domain of energy scarcity have been explored by many studies worldwide [3IL4ISIIGIA7IASIA9)20121] These two

challenges of nitrogenous contaminant removal and energy paucity can be simultaneously addressed by
bioelectrochemical methods of wastewater treatment (22231 These novel methods also consider that “misplaced
resources” is the befitting epithet that can be attributed to waste.

| 2. Conventional Biological Treatment Processes
2.1. Nitrification

Nitrification includes two successive biological oxidation steps: (1) oxidation of NH;* to NO,™ and (2) conversion of NO,~
to NO3™. The first step is carried out by ammonium oxidizing bacteria (AOB, e.g., Nitrosomonas) with catalyzation by
ammonia monooxygenase (AMO) [24I251(28]127] and hydroxylamine oxidoreductase (HAO) 128129 along with the formation
of the intermediate product hydroxylamine (NH,OH). The second step of nitrification, which entails the formation of NO3™,
is carried out by nitrite-oxidizing bacteria (NOB, e.g., Nitrobacter) in the presence of molecular oxygen. Catalyzation of this
step is performed by nitrite oxidoreductases (NXR) and nitrite-oxidizing systems. NXR is an oxidation enzyme that occurs
in Nitrobacter 2%, The reaction pathway of this process can be represented by: Nitrosomonas:

Nitrosomonas: NHy™ + 1.505; — NC5™ + HO + Ho* (1)
Nitrobacter: NOs* 0.505 — NO4~ (2)
Owerall: NHg" + 205 — NO3~ + HpO + 2H* 3

The carbon requirements of nearly all nitrifiers are met by CO, fixation of the Calvin cycle, and their only source of energy
is generated during the oxidation of ammonia BY. As reported by researchers, 80% of this produced energy is consumed
for CO, fixation, and for each fixed carbon atom, nitrifiers need to oxidize approximately 35 molecules of NH3 or 100



molecules of NO,~ B2l pye to this sluggish growth rate of nitrifiers, their microbial colonization can take 4-8 weeks
depending on external parameters such as water temperature, alkalinity, salinity, and other stresses [24(33],

Parallel as well as in contrast to the other wastewater treatment technologies used, nitrification comes with its own set of
advantages and disadvantages. Cost-effectiveness of the process has trade-off in the form of the slow rate of reaction, the
requirement of controlling oxygen concentration and the impact of other parameters on nitrification activity, and long
hydraulic retention time (HRT) and long solids retention time (SRT). To diminish the energy input of this process, many
studies [BUB8IET gre being conducted in the domain of partial nitrification, which has an upper hand over conventional
nitrification processes in the form of: (i) 40% reduction in chemical oxygen demand (COD); (ii) twice the rate of nitrite
reduction in the following denitrification process; (iii) 300% reduction in biomass; and (iv) 20% CO, emission in the
subsequent denitrification process. These studies also report that the partial nitrification process favors the growth and
activity of AOB at the cost of inhibiting NOB (with the help of inhibitors like sulfide, hydroxylamine, salt, chlorate,
hydrazine, etc. B8l This is accomplished with consequent positive impacts of parameters like: (i) concentration of
dissolved oxygen of about 1.5 mg/L (DO) B2 (ii) temperature higher than 25 °C 42 (jii) optimum pH range of 7.5 to 8.5
[38]: and (iv) optimum sludge retention time of 5 days (SRT) [41l,

2.2. Denitrification

Denitrification is the process whereby nitrate is converted to nitrogen gas as the end product. It is generally the
subsequent step of nitrification and is mostly performed by heterotrophic denitrifiers but can also be carried out by a
limited number of autotrophic nitrifiers BI42, Various parameters play a major role in this process viz. maintenance of
anoxic conditions, supply of carbon source, and subsequent treatment of the treated wastewater. The use of an external
organic source of carbon is needed as external carbon can act as an electron donor needed for the growth of denitrifiers.
The external sources of carbon include glucose, methanol, ethanol, succinate, and acetate (431144 The denitrification
process of converting nitrate to nitrogen gas follows the following reaction [45:

5CH20 + 4NO3~ — 2Ny + 5C0p + 3H50 + 40H- @)

where CH,O represents an organic compound (carbon and energy source) and the denitrifiers use up nitrate instead of
oxygen as electron acceptors. Denitrification often needs a posttreatment process, as the various external carbon sources
often lead to turbidity (due to the presence of excessive biomass) in the treated water. Additionally, there is always a
chance of the generation of the greenhouse gas nitrous oxide, which needs to be monitored 8],

2.3. Anammox

Anammox or anaerobic ammonium oxidation is a recently studied energy-efficient nitrogen removal process that is
gaining popularity. In this process, nitrite and ammonium are used up, resulting in the formation of nitrogen gas along with
NO and NyH4 intermediates (Equation (5)). In other words, it is the denitrification of nitrite, with ammonia acting as an
electron donor. The nitrite can be gained from the oxidation of ammonium (nitrification) as well as partial denitrification of
nitrate. Additionally, the anammox bacteria metabolize by using CO, as their only source of carbon and nitrite as an
electron donor (Equation (6)) 4. The nitrification/denitrification can consume up to 100% of the organic content of the
wastewater. Nitrification/anammox can produce methane gas which can aid in bioenergy recovery from wastewater
treatment 7. The first full-fledged anammox reactor was established for the treatment of reject water in Rotterdam,
Netherlands, and has ever since gained wide popularity and application B9,

NH4* + NO5™ — Ny + 2Ho0 (5)

COs + 2N05™ + HoO — CHo0 + 2N0O5~ (6)

| 3. Bioelectrochemical Systems

Apart from the conventional biological methods of nitrogen removal from wastewater, there is an increased interest
currently in the various innovative bioelectrochemical alternatives. Such systems directly convert chemical energy present
in the chemical bonds of the organic matter into electricity via electrochemically active bacteria (EAB), e.g., electricigens,
and have potential applications for simultaneous nitrogen and other contaminants removal from wastewater with
bioenergy recovery (2223l Here, the electrons are shifted to the anode after the oxidation of the pollutants, thereby
removing them due to organic matter decomposition. Bioelectrochemical systems can be of two major types, conditional
on the cathodic reaction: microbial fuel cells (MFCs; Figure 1A) and microbial electrolysis cells (MECs; Figure 1B). The
former generates electrical power as the anodic oxidation works in tandem with cathodic reduction where electron



acceptors with high reduction potential get reduced. The latter needs an externally supplied voltage (>0.2 V) under a
biologically conducive environment, where EAB oxidizes the organic matter to produce CO,, electrons, and protons.
Subsequently, the EAB transfer the electrons to the anode and release the protons to the wastewater getting treated.
When acetate is used as a substrate, the electrode reactions occurring are as follows (48][49].

A Bioelectricity produced B External power supplied
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Figure 1. A two-chambered (A) microbial fuel cell and (B) microbial electrolysis cell.

For MFC-
Anodic reaction: CH3CO0™ + Hy — 2C05 + 2H* + 8e~ (M
Cathodic reaction: Oz + 4e~ + 4H* — 2H,0 (8)

For MEC-
Anodic reaction: CH3CO0OH + 2H,0 — 2C05 + 8e™ + 8H* (9)
Cathodic reaction: 8H* + 8e™ — 4H» (10)

Denitrification by bioelectrochemical systems can be performed in the cathodic chamber of the cells. Here, EAB in the
anode oxidizes the substrate (like acetate) and supplies electrons which are utilized by the EAB at the cathode to perform
denitrification. A tubular reactor MFC designed by Clauwaert et al. used acetate as an electron donor to perform
denitrification with simultaneous bioelectricity production. The stepwise nitrate reduction reactions in this denitrification
process are as follows B

NO3~ + 2e~ + 2H* — NOy~ + Ho0 (1)
NOp~ + e~ + 2H* — NO + Hp0 (12)
NO + e~ + H* — 0.5N,0 + 0.5H, (13)
0.5N20 + e~ + H* — 0.5N3 + 0.5H0 (14)
2NO3~ + 12H* + 10e™ — Ny + 6Hz0 (15)

Zhao et al. had studied the performance of denitrifying MFCs with nitrite as an electron acceptor in the cathode with
successful nitrite and total nitrogen removal 1. They had also observed the predominance of the phylum Proteobacteria
(35.72%) along with Thiobacillus, Afipia, and Devosia. Additionally, Zhu et al. and Zekker et al. had reported the
occurrence of simultaneous nitrification-denitrification and anammox-denitrification, respectively, in MFCs to enhance the
removal of nitrogenous contaminants from wastewater with concomitant and enhanced bioelectricity recovery B253]
Nitrogen removal by bioelectrochemical systems offers various benefits like diminished environmental impact, ability to
remove specific pollutants, relatively inexpensive operating factors etc.

| 4. Other Treatment Processes for Nitrogen Removal

Apart from the conventional biological and the novel bioelectrochemical processes discussed above, researchers are now
studying other innovative microbial potentials as well. This has become possible due to the ushering of new findings that
the conversion of ammonium from wastewater to dinitrogen gas does not demand the absolute oxidation to nitrate that is
consequently succeeded by heterotrophic denitrification. The following are a few such processes that explore the
microbial abilities of the bacterial communities that can occur even during incomplete/partial oxidation of ammonium to
nitrogen gas.



4.1. NO, Process

During the NOy process, the denitrification activity of bacteria similar to Nitrosomonas is controlled and stimulated by the
addition of trace amounts of nitrogen oxides. The ratios of ammonium to nitrogen oxide that are added range from 1000:1
to 5000:1 B4IE5], Wwith NO, supply under completely oxic conditions, the Nitrosomonas-like bacteria can nitrify as well as
denitrify concomitantly, with N, being the primary product. This process brings about 40% conversion of the ammonia
present to nitrite and decreases the oxygen demand during the nitrification process by 50% with succeeding denitrification
consuming less COD . This is because here nitrite acts as the terminal electron acceptor to complete the process. The
integrated nitrification-denitrification steps without NOy supply are represented below by Equations (16)—(18) and that with
NOy supply by Equations (19)—(21). Here, the [H] denotes the reducing equivalents as provided by the external C-source.
However, the stoichiometry and results might be influenced by the composition of the wastewater studied [,

Conventional reactions:

Nitrification: 3NH4* + 605 — 3NO3~ + 8H* + 3H:0 (16)
Denitrification: 3NO5~ + 3H* + 15[H] — 1.5Ns + 9H,0 (17)
Total: 3NH4*™ + 602 + 15[H] — 1.5N3 + 3H* + 12H20 (18)

Reactions with NOy supply:

Nitrification: 3NH4* + 303 — Na + NOs™ + 4H* + 4H0 (19)
Denitrification: NOs™ + H* + 3[H] — 0.5N3 + 2H,0 (20)
Total: 3NH4* + 302 + 3[H] — 1.5N2 + 3H* + 6H20 (21)

4.2. Completely Autotrophic Nitrogen Removal over Nitrite (CANON)

The CANON process is an integration of partial nitrification and anammox processes BABEIS The name of this process
derives from the sequential working mechanism of the two sets of bacterial communities in a single and aerated reactor:
Nitrosomonas-like aerobic and Planctomycete-like anaerobic bacteria (Equations (22) to (24)). These bacteria work in
tandem to oxidize ammonia to nitrite (by nitrifiers), thereby consuming oxygen and subsequently creating an anoxic
environment for anammox to proceed. This process is relatively sensitive to operational parameters viz. dissolved oxygen,
the thickness of the biofilm developed, temperature, and loading rates of nitrogen B9, This process has the economic
advantage of requiring only a single reactor for operation.

NH4* + 0.7505 +HCO3~ — 0.5NH4* + 0.5NO5~ + CO5 + 1.5H,0 (22)
NH4* + 1.32NO5~ + 0.066HCO5~ + 0.13H* — 0.086CH200 5Np 15 +1.02N5 + 0.26NO5~ + 2.03H,0 23)
NHg* + 0.8505 — 0.44N3 + 0.11NO3™ + 1.43H20 + 0.14H* (24)

4.3. Single-Reactor High-Activity Ammonium Removal over Nitrite (SHARON)

The SHARON process is a type of partial nitrification process that was initially conceptualized for ammonia removal by the
nitrite path B2 Here, both autotrophic nitrification and heterotrophic denitrification occur simultaneously in one
SHARON reactor with sporadic aeration. This process is however not conducive for all types of wastewaters as it requires
high temperature and works well for the elimination of high ammonium concentration (>0.5 g/L). Additionally, methanol
needs to be added during the denitrification step of this process to better regulate pH and alkalinity production, required to

balance the acidifying consequence of nitrification step. Equations (25)—(27) represent the stoichiometry of this process
.

2NH4* + 305 — 2NO5~ + 2H,0 + 4H* (25)
INO,~ + 4.8 g COD + 2H* — Ny + 1.8 g sludge (26)
INH4* + 305 + 4.8 g COD — Ny + 2H* + 1.8 g sludge 27)

4.4. Oxygen-Limited Autotrophic Nitrification and Denitrification (OLAND)

The OLAND process has been upheld by researchers as a one-step removal of ammonium without any supply of COD
631 Though it is widely accepted that Nitrifiers are the responsible microorganisms in this process, nonetheless, studies
are still being conducted to completely comprehend the mechanisms involved. Nevertheless, it appears to be based on
either the CANON concept or the NO, process, i.e., the functioning of aerobic and anaerobic ammonia oxidizers or that of



nitrifying denitrifiers with NO, being available 28], Here, both the conversion efficiency and nitrogen loading rates are quite
stunted (2184 The OLAND process has been represented by the following reactions [

0.5NH4* + 0.7502 — 0.5NOp~ +0.5H0 + H* (28)
0.5NH4* + 0.5NOs~ — 0.5N5 + 2Ho0 (29)
NH4* + 0.7505 — 0.5Np + 1.5H,0 + H* (30)

4.5. Aerobic Deammonification

Aerobic deammonification is yet another single-step process of ammonium removal that is independent of COD supply. In
this process, a part of the ammonium is converted to dinitrogen gas and another part to nitrate 28163l This process
majorly works on the concept of CANON mechanism, where nitrifiers and anaerobic ammonia oxidizers collaborate under
limited oxygen supply. However, the nitrogen loading, as well as removal rates, are stunted here. The following reactions
illustrate the aerobic deammonification process:

NH5 + Oz — NH20H + HoO — HNO5 (31)
HNO2 — 0.33Ng + 1.33H20 + 0.33NO3g~ (32)
NHz + O — 0.33Ns + 1.33H0 + 0.33N05 (33)
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