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Abstract: Freshwater is a scarce resource that continues to be at high risk of pollution from anthro-
pogenic activities, requiring remediation in such cases for its continuous use. The agricultural and
mining industries extensively use water and nitrogen (N)-dependent products, mainly in fertilizers
and explosives, respectively, with their excess accumulating in different water bodies. Although
removal of NO3 from water and soil through the application of chemical, physical, and biological
methods has been studied globally, these methods seldom yield N2 gas as a desired byproduct for
nitrogen cycling. These methods predominantly cause secondary contamination with deposits of
chemical waste such as slurry brine, nitrite (NO2), ammonia (NH3), and nitrous oxide (N2O), which
are also harmful and fastidious to remove. This review focuses on complete denitrification facilitated
by bacteria as a remedial option aimed at producing nitrogen gas as a terminal byproduct. Synergistic
interaction of different nitrogen metabolisms from different bacteria is highlighted, with detailed
attention to the optimization of their enzymatic activities. A biotechnological approach to mitigating
industrial NO3 contamination using indigenous bacteria from wastewater is proposed, holding the
prospect of optimizing to the point of complete denitrification. The approach was reviewed and
found to be durable, sustainable, cost effective, and environmentally friendly, as opposed to current
chemical and physical water remediation technologies.

Keywords: bioreactor; bioremediation; complete denitrification; contamination; nitrate; nitrogen
cycling; wastewater

1. Introduction

In the 21st century, water has become a scarce natural resource globally due to the
increasing population, urbanization [1], and extensive agricultural practices [2]. These
factors cause industrial water contamination, groundwater depletion [3,4] and emission of
greenhouse gases that in turn cause global warming [5]. Human water demands continue
to rise in arid environments, and groundwater supply is limited causing severe annual
droughts [1,5]. Industries such as mining and agriculture account for over 70% of surface
fresh water loss through contamination during mineral processing and excessive irrigation
of crops, respectively [6,7]. Contamination of surface and groundwater sources by industrial
waste exacerbates shortages of water, and the resulting severe health hazards threatening
both aquatic and terrestrial life [1]. Domestic utilization and consumption of polluted
water has been reported to account for over 90% of the transmission of infectious diseases,
making water treatment to remove contaminants from the surface water prior to human
use an imperative task [7,8]. Utilization of various chemicals during food preservation
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and mineral processing contributes to water contamination, rendering the water toxic and
unusable even for irrigation.

In this review, two of the major compounds of concern are ammonium (NH4
+) and

nitrate (NO3
−), which are used in the manufacturing of the fertilizers, fossil fuels, and explo-

sives widely used in the mines and other anthropogenic activities to blast rocks [9,10]. The
intensive use of nitrogen-based products and their inappropriate disposal has contributed
to NH4

+ and NO3
− contamination of both surface and groundwater sources. For instances,

studies conducted in South Africa and the Kalahari of Botswana and Namibia revealed the
presence of NO3

− concentrations exceeding 700 mg/L in groundwater sources [11,12]. The
deposits of NO3

− concentrations were discovered to be from the use of cattle manure as
fertilizer, overflow of septic tanks, and from mine tailings where ammonia-based explo-
sives were used for detonation [11,13]. Nitrates are known to be a common contaminant
in drinking water, affecting groundwater systems around sewage plants and companies
producing fireworks, weapons and industrial explosives [14]. They are the second most
common predominant anthropogenic surface and groundwater pollutants after pesticides,
and are applied in the soil in a form of fertilizers during agricultural practices in similar
fashion [15]. Over 50% of water pollution in streams, rivers and groundwater is due to agri-
cultural practices via the application of pesticides and fertilizers that leach from their point
of application into bodies of water [16]. Pesticides (i.e., herbicides, insecticides, fungicides,
rodenticides, molluscicides, and nematicides) are applied globally during crop farming to
protect and increase crop yields by killing biological entities that cause damage and disease
to the plants [17].

Nitrate contamination accounts for 4% loss of fresh water from sources such as aquifers
in most developed regions of the world, such as United States of America (USA) and
Europe [18]. Nitrate contamination has been on the rise globally, with water quality deterio-
rating compared to 1986, when over 20 mg/L of NO3

− was detected in about 3% of surface
water and 6% of groundwater in the USA. Such increasing and continuous losses of ground-
water from NO3

− contamination has led to the development and application of various
physical, chemical, and biological NO3

− remediation methods in attempt to mitigate con-
tamination [19,20]. Most African countries, including South Africa, have been experiencing
exponential increase of NO3

− contamination in both surface and groundwater sources due
to extensive agricultural [21] and mining practices [22], which has elicited major public
concern and research into sustainable remediation strategies for NO3

− contamination [12].
In oxygenated environments such as flowing rivers and the upper layers of the soil,

biological nitrification is favored, converting most NH4
+ to yield more NO3

− compared to
other nitrogen species. In contrast, in oxygen limited environments such as groundwater,
denitrification is promoted, and nitrogen is predominantly present as NH3 and NO [23].
Concentration of NO2

− and NO3
− above 10 mg/L in surface water are hazardous when

consumed due to the toxicity of NO3
−, which causes methemoglobinemia, colon cancer,

and blue baby syndrome in infants [18,24]. Excess amounts of dissolved NO3
− in water

serve as nutrients to aquatic plants and algae as it is readily used as an N source for protein
synthesis and rapid development of chlorophyll used for photosynthesis [25]. Due to
this phenomenon, high NO3

− concentration in water results in eutrophication, which
is a process where rapid plant growth and development are promoted over the water
surface. Eutrophication and algal blooms in rivers and streams are among the negative
impacts NO3 contamination has on the environment [26]. Nitrogen-based contaminants
can occur from food production industries where nitrosyl compounds derived from nitrite
are used in the preservation of meat, fish, and cheese. Chemical compounds such as
Roussin’s black salt [Fe4S3 (NO)7]− and saltpetre (KNO3) are added to food products,
where they serve as inhibitory agents against food spoilage bacteria such as Clostridium
botulinum and C.sporogenes [27]. Nitrogen, as a main component of most commercial
fertilizers and other commonly used products, contributes to surface water contamination,
posing a health hazard and threatening biodiversity in the environment [7,28]. Nitrogen
is the most abundant gaseous element in the atmosphere and is used extensively for
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anthropogenic activities; its accumulation in the environment, mostly in soil and water, has
become a concern and threat for human health, hence the need for its remediation. In this
review, focus is afforded to details concerning the complete denitrification pathway using
bacteria as a feasible bioremediation strategy to recycle oxidized NOx back to its inert and
environmentally-friendly gaseous state in the atmosphere.

2. Biogeochemical Nitrogen Cycle

Nitrogen gas makes up to over 78% of all gas in the atmosphere. Nitrogen gas is
converted to multiple states in its biogeochemical cycle between the atmospheric, soil,
and aquatic environments. The biogeochemical cycle of N is initiated by spontaneous
actions such as volcanic eruptions, hydrothermal fields, lightning during rain, and the
nutrient fluxes supplied by various biological processes in the biosphere [29]. Nitrogen
and its cycling is essential for different forms of life, as it can react with other elements to
change oxidation states from −3 to +5. These oxidation states are commonly represented
by the following compounds: ammonia and ammonium (NH3 and NH4) with an oxidation
state of −3, hydrazine (N2H4) −2, hydroxylamine (NH2OH) −1, nitrogen gas (N2) with
a net oxidation state of 0, nitrous oxide (N2O) +1, nitric oxide (NO) +2, nitrite (NO2)
+3, dinitrogen tetroxide (N2O4) +4 and finally nitrate (NO3), with an oxidation state of
+5; this variety grants nitrogen great biological significance in the context of microbial
metabolism [30,31].

As an inert gas in the atmosphere N2 is non-reactive and non-flammable, which
makes it easy to quickly harvest for applications in various industries, which then causes
its cycle to be controlled by both natural and human activities, as shown in Figure 1.
Conversion of this gas to liquid nitrogen has been carried out globally in industries and
is used for cooling metallic industrial equipment used under high pressure and heat.
The same cooling characteristics of nitrogen lead to the commercialization of its liquid
form, where it is even transported in cryogenic liquid tankers due to increasing global
demand [32]. Nitrogen is an essential element for all life forms, as it is an integral part of
amino acids and proteins in all life forms, and part of the purines and pyrimidines that
make up the DNA and RNA molecules in all biological entities. Biological and metabolic
processes circulate different forms of N, from its least oxidized form, −3 (NH3), to the
most oxidized form, +5 (NO3), which are mostly facilitated by enzymes present indifferent
life forms. Bacteria account for most of the circulation processes, as they play major roles
in decomposition breaking down organic matter and releasing different N species into
the environment [33]. Breaking down of dead organic matter releases N, mostly in a
form of NH3, which is recycled into the soil to be reused by plants as fertilizer, while the
remaining quantity is oxidized by bacteria to NO3 [34]. Inorganic N species are present
in the atmosphere and soil, and dissolved in various water bodies, forming part of the
biogeochemical cycle. Their increasing quantity disturbs the spontaneous biogeochemical
N-cycling, halting and modifying the natural ecosystem. N cycling has become more
fast-paced with urbanization, as gasoline-powered vehicles and machinery that use fossil
fuels that contributing to atmospheric gaseous N species (N2O and N2) in developed
countries [35,36]. Out of all gaseous N species in the environment, various anthropogenic
activities and the many metabolic processes of microorganisms together account for over
85% of the N2O in the atmosphere, the accumulation of which results in detrimental
conditions in the biosphere [37,38]. Nitrous oxide gas is a greenhouse gas, and N2 is the
most environmentally-friendly gas from the cycle to be released into the atmosphere, as it
becomes an inert and non-reactive gas until fixed by rain and lighting to restart the cycle.
Nitrogen is biologically cycled in five extensively-studied processes: nitrogen fixation,
nitrification, assimilatory and dissimilatory nitrate reduction, denitrification, and anaerobic
ammonium oxidation (ANNAMOX); these are facilitated by microorganisms and their
different nitrogenous nutrients in the environment (Figure 1) [9,38]. Denitrifying bacteria,
which can reduce N from its most oxidized form, NO3 to N2, are present in the environment
and can facilitate the release of most nitrogenous gasses in the environment. Denitrifiers,
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in synergy with other microorganisms facilitating nitrogen fixation, ammonification, and
nitrification, are responsible for cycling N in both water and soil, making the control of the
N cycle in the biosphere predominantly dependent on microorganisms [34].
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3. Sources and Effects of Nitrate Contamination in Water

Different industrial activities contribute to NO3
− contamination in the environment,

as shown in Table 1, with surface and groundwater bodies being the most affected [39].
Sources of NO3

− in the environment can be natural; however, anthropogenic activities
contribute most of the NO3

− that accumulates in different localized water bodies, result-
ing in devastating environmental and health impacts [40]. With rapid urbanization and
industrialization globally, N in the form of NO3

− occurs in the environment in varying
concentrations, depending on its sources. Nitrate concentrations as high as 3000 mg/L are
discharged from industrial sites with other chemical waste and leach into nearby rivers
and streams, threatening both aquatic and terrestrial life [41,42].

Table 1. Sources of anthropogenic nitrate contamination.

Source Location Contaminated Water Body NO3−Concentration mg/L Reference

Explosives factory China Wastewater catchment 3600 [43]
Explosives factory Poland Wastewater catchment 3000 [42]

Farm Pakistan Groundwater 1610 [44]
Farm Namibia Groundwater 1000 [13]

Sewage Tanzania Groundwater 929 [45]
Farm South Africa Surface water 193 [46]

Sewage Iran Aquifer 166 [47]
Mine China Groundwater 109 [22]
Mine South Africa River 50 [41]

Various established industries utilize N-derived chemicals daily, making it inevitable
that NO3

− contamination will occur in the environment. Primarily, contamination is due
to agricultural practices, where N based fertilizers, pesticides, and herbicides are used in
crop farming practices [48]. Due to its toxicity, NO3

− is used in negligible quantities as an
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N supplement in feedstock added to replace urea and serve as a nutritional additive for
ruminants, with care taken not to cause poisoning to the livestock [49].

According to the Environmental Protection Agency (EPA) of the USA and the Depart-
ment of South African Water Affairs and Forestry, up to 10 mg/L of NO3

− is an acceptable
maximum limit of NO3

− in drinking water. However, this amount is usually exceeded in
domestic water used in most rural areas in South Africa, especially around farming and
mining sites [18]. South Africa, as an extensive mining country, has alarmingly high NO3

−

water contamination, resulting in up to 200 and 760 mg/L of NO3
− in ground and surface

water systems, respectively [11,46]. In Figure 2, it is noticeable that the distribution of
NO3

− pollution exceeding the maximum accepted limits of 10 mg/L up to over 200 mg/L
is spread throughout the country for groundwater sources, which is very alarming given
the health hazard posed [46]. Water contaminated solely with NO3

− is tasteless, odorless,
and colorless, which makes it seem less of a threat because it cannot be detected visually or
through taste and smell [50]. Studies conducted by [51] proved that up to 25% of the South
African population uses surface and groundwater without any treatment, which poses a
risk of consumption of NO3

−, which is not easily noticeable when dissolved. Drinking
water with over 10 mg/L leads the digestive system, through the activity of microbiota, to
convert most of the NO3

− into NO2
−. The NO2

− in the blood stream reduces the oxygen
transport capacity of the blood, resulting in a condition called methemoglobinemia (Blue
Baby Syndrome) in infants [18]. The NO2

− in the bloodstream oxidizes the iron centre of
hemoglobin, producing methemoglobin, which is unable to bind and transport oxygen
in the blood stream [9]. The condition is lethal in infants and in adults with impaired
immune systems, as well as in certain animal pecies, where it mostly causes colon can-
cer [13,52,53]. Other health effects that NO2

− can have on humans include hyperthyroidism
(goitre) and bladder, breast, and colorectal cancers [18]. In pregnant women, congenital
methemoglobinemia can cause spontaneous abortions and malformations in the unborn
child [52]. Constant consumption of NO3

− contaminated water by humans has resulted
in fatalities around the world and while contamination is inevitable, its accumulation and
spread presents an exception that requires treatment [18].
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In addition, excess NO3
− in water affects the environment by disturbing the ecosystem

through eutrophication [54]. Plants tend to grow in areas with excess NO3
−and the common
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primary source is fertilizers washed from nearby farms into streams, rivers, and other
uncultivated land [54,55]. Eutrophication on land leads to afforestation beyond natural
forest development. This promotes growth of parasitic plants growing closer to farms,
sequestering natural nutrients from the soils which are needed by beneficial plants [54].
Aquatic life, such as fish are affected as well, as the purity of water decreases, disturbing
the biodiversity in the water through nutrient depletion. Sunlight limitation becomes
a growth-limiting factor to aquatic photosynthetic plants, as algal blooms and aquatic
weeds cover the surface of stagnant water bodies and those with slow currents [40]. In
southern Africa, mining and crop farming are predominantly practiced at both domestic
and industrial scales, further exacerbating NO3

− contamination in the water.

3.1. Nitrate Contamination from Inorganic Fertilizers

It has been estimated that by 2050 the global population will have increased to over
nine billion people, while water and food shortage will gradually become a threat to
humanity [56]. Shortages of food lead agricultural industries to increase crop production
through intensive planting, which carries with it excessive need of water for irrigation,
utilizing mostly fresh available surface water [56,57]. In addition, need for fast-growing
crops with full nutritional content has led to advances in the science of crop breeding and
genetic improvements of plants, including application of inorganic nutrients in the form of
fertilizers to meet the required nutritional standards and food demands [2,57].

Application of different organic and inorganic fertilizers can increase crop yields by
over 50%, depending on the nutritional need of the particular plant being grown [58].
Inorganic fertilizers (NPK) with high N content were reported to increase maize (Zea mays
L.) crop yields by 76.2% in the southern part of Africa, which makes them recommendable
for application in other crop faming [59]. In 2017, it was estimated that 181.9 million metric
tons (Mt) of fertilizer was applied in crop farming globally, and maize was recognized as the
greatest consumer of fertilizer in agriculture [60]. Maize, as a basic source of food in South-
ern Africa, accounts for over 40% of the total fertilizer used in the country annually [60],
which is estimated to be 184,500 Mt. The high demand for N-based fertilizer of maize
followed by sugar cane and fruit production, accounting for 18% and 20%, respectively,
of the total annual fertilizer usage in the country, which is close to 92,000 Mt each. With
intensive crop farming practices, the need to protect and nurture crops through further
application of mostly N-based pesticides applied to control biological pests and weeds in
planted crops grows [13,61].

Organic fertilizers sourced from discomposing organic material and byproducts such
as cattle manure are more readily absorbed by plants; however, their supply is limited for
large-scale farming, hence utilization of commercial synthetic inorganic fertilizers [60,62,63].
The elements in the inorganic fertilizers: N, P, and K, are regarded as the ‘big three’
primary nutrients in commercially-produced fertilizers each of these three elements play
fundamental roles in plant nutrition [57,64]. Among them, N is considered the most
important, as plants absorb it more readily than the others due its importance for plant
growth and protein synthesis in growing crops. In global fertilizer demands studies, it
was estimated that N accounts for 102.5 Mt of the nutritional requirements in commercial
fertilizer, higher than P and K, which account for 45.9 and 33.5 Mt, respectively [61,65]. The
quantities of N (NH3/NH4(NO3)), P (P2O5), and K (K2O) used in commercial fertilizers
define the grade of the fertilizer, which is determined by the nutritional needs of the
crops and nutrient deficiencies in the soil determining the required balance of the nutrient
supplements in the fertilizers [9,65,66]. Nitrogen is usually added in larger amounts to
commonly-used fertilizers in the form of inorganic N compounds such as NH4

+, NO2
−,

and NO3
− [61,63]. However, up to 50% of N and 90% of P in inorganic fertilizer are not

assimilated by plants and run off from the crop fields during irrigation and rain to be
deposited in the nearby water bodies [67,68]. Commercial fertilizers and pesticides for
crop farming contribute to most NO3

− traced in contaminated drinking water sourced
from surface and groundwater systems, which causes environmental hazards that threaten
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both terrestrial and aquatic life [59,69]. The Nitrogen quantity in fertilizer is estimated
to increase by 172% by the year 2050, which poses the risk of further elevating NO3

−

concentrations in the environment [64]. Continuous application of inorganic fertilizers
remains on the rise, as crop farming is inevitable due to food demands which consequently
result in water contamination [70]. Nitrogen removal strategies are being tested globally
in the quest to recycle N from water back into the atmosphere, and this review further
explores one promising option.

3.2. Nitrate Contamination from Mining Activities

The mining industry has become a pillar of the economy in the current generation.
This industry depends largely on the technology, power, and economic drive from trading
base metals and energy fuels such as oil, coal, gas, and uranium, which are mostly sourced
from underground [71]. Mining practice started in the mid-1800s with copper, followed
by diamonds, which were discovered in 1868, then gold in 1886, of which up until today,
remains the most abundant in most African countries [72]. For the extraction of minerals
from underground, ammonium nitrate-based (NH4NO3) explosives are used to detonate
and crush rocks to expose minerals. This practice has been applied globally from the 1900s
and continues to this day, resulting in negative environmental effects such as soil, air, and
water pollution [71]. In 2005, it was recorded that South Africa had recorded 1113 mines
both active an banoned, which produced 55 different valuable minerals that are used locally
and exported to most countries in the world [72]. By the end of 2019, it was reported that
there were 526 active mines producing 22 minerals in South Africa standing in the top
five global leading producers of Pt, Au, coal, and diamonds [73]. Due to such extensive
mining, groundwater easily becomes contaminated by various chemicals, including heavy
metals such as Cu, U, Fe, and Zn that leach from subsurface rocks. Residual NH4 that
becomes oxidized to NO3 during detonation of explosives, forms part of these contaminants.
Chemicals such as nitric and sulphuric acids are used in the processing of the raw mined
minerals and tailings to extract the remaining undetected minerals, which contributes to
pollution of both surface and groundwater systems around the mining sites.

A study conducted by [41] revealed the impact of NO3
− contamination of over 50

mg/L from one mine that was detected in water supplied to a village situated close to a mine
in the Limpopo province of South Africa. Groundwater sampled around the Selian mining
area in China revealed a maximum NO3

− concentration of 109 mg/L, which is alarmingly
higher than the global acceptable 10 mg/L limit [22]. Most South African mines use
ammonium-based explosives, although less data is available on water quality contaminated
with NO3

− from explosives used during mining. On average, mining requires around 0.4
to 1 kg of explosives to crush one ton of rock prior to mineral extraction [74,75]. Mining
explosives are made up of chemical mixtures that produce pressure (over 2000 bar), heat
(over 3000 K), and gasses that generate waves to crack and break rocks at different speeds
depending on the type of rocks and minerals being extracted [75,76].

Detonation of mining explosives uses mixtures such as ammonium nitrate - fuel oils
(AN-FO), Amonex-1, and Majdanit 10, which produce high quantities of carbon monoxide
and nitrogen oxides (mainly NO2) as their byproducts, amongst other chemicals and
gases [76,77]. AN-FO are low-cost N-based explosives commonly used in both pit and open
cast mines; they contain 94.5% ammonium nitrate (NH4NO3) and 5.5% fuel oil, which are
delivered separately and only mixed at the mining site prior to denotation, hence a great
contributor to N contamination [78]. Their resistance to water affords most of the residual
NH4NO3 a chance to buildup in the mine tailings, eventually dissolving in water over time
and causing high NO3

− concentrations in mine wastewaters [79]. Emulsified explosives are
the second most commonly used type of explosives in mining. As with AN-FO, they have
a high NO3

− content, containing 70–90% NO3
−, over 10% water, and 4% fuel oil, as well as

other bulking and packaging additives [80]. The emulsified explosives differ, with phases
ranging from liquid to almost solid, allowing them to be delivered to the site ready to be
applied to rocks for detonation. There are emulsified water-resistant explosives known to
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produce less harmful gasses with low residual NO3
− content that dissolve in water after

detonation; however, these are used for small-scale projects such as pillar erections sites
during road constructions [81]. Dynamite is one of the safest types of explosives, and is
used widely as it is easy to handle and has few activation needs. Dynamite consists mainly
of nitroglycerin (which makes it an N-based explosive) packaged in a suitable material
such as plastic cartridges or tubes prior to detonation [82]. Ammonium nitrate explosives
are widely used in most industries, including mining and large construction sites in urban
areas where at times replacing them with AN-FO in sites where there are nearby water
bodies such as rivers and streams becomes vital.

The NH4NO3 content of different explosives overtime gets converted to other N
species such as NO and NO2

− as the compounds react with water and oxygen. Sponta-
neous reaction of oxygen with reduced nitrogen compounds happens rapidly in aqueous
solutions, forming nitrate (NO3

−) [83]. Equations (1)–(3) highlight the dissolution reactions
of NH4NO3 in the environment, where the NH4NO3 dissociates into NO and NO2

−, then
NO3

−:
5NH4NO3 + CH2→ 4N2 + 2NO + 11H2O + CO2 (1)

2NO + O2→ 2NO2 (2)

2NO2 + O2→ 2NO3 (3)

Nitrate contamination in mining wastewater is mostly associated with the explosives
used in open pit mines, which require more explosives to extract minerals such as coal,
diamonds, and copper [77,84]. The pH of mine wastewater is determined mainly by the
way in which the geochemistry of the host rocks types alters the chemistry of the wastew-
ater, which further affects the microbial communities present in the environment [85,86].
Wastewaters with an acidic pH close to neutral (between 5 and 7) and mostly alkaline pH
(between 7 and 9) have been reported to contain elevated concentrations (400 to 500 mg/L)
of NH3

− and NO3
− and lower concentrations of dissolved heavy metals. In contrast, highly

acidic mine drainages with pH below 5 have been found to contain more dissolved metals
and less NO3

− concentration [87,88]. During mining, tailings that are transported to the
surface from the pits are piled next to the mine, where the residual explosives are washed
off and dissolve in rain water, which eventually flows into nearby streams and rivers, re-
sulting in elevated NO3

− concentrations [9,19,22]. Mine wastewater remediation strategies
tend to focus on metal and SO4

2− remediation due to their known toxicity and lethality,
while NO3

− remediation garners less focus. With over 300 million tons of commercial
explosives used in South Africa, a remediation strategy for NO3

− removal is required for
restoration of the polluted water, soil, and air contaminated by mining explosives.

4. Methods Applied for Mitigating Nitrate Contamination in Wastewater

Due to the environmental hazards NO3
− contamination has in water, a remediation

strategy which is environmentally friendly, sustainable, affordable, and effective is needed
in extensive mining and crop farming areas [89]. There are a variety of mitigation and reme-
diation strategies for removal of high NO3

− concentrations in both water and soil, which
can either be biological [90] or chemical [91]. Nitrate is removable in low amounts is possi-
ble by conventional physical water remediation techniques such as filtration, sedimentation,
flocculation, and coagulation; however, due to its water solubility and various oxidation
states, these methods are not always feasible [19,92]. Biological systems are applied globally
to remove NO3

− in industrial wastewaters, although mostly without the production of
N2 as the terminal product of the system [42]. Thus, additional steps to reduce NO3

−

to N2 gas are needed, which can be achieved through additional chemical, physical, and
biological processes. Biological approaches such as phytoremediation of NO3

− by plants in
wetlands, and microbial bioremediation, where denitrifying bacteria in continuous flow
reactors are applied, have yielded promising results as the most effective and efficient
approach to the removal of NO3

− from water [93]. However, little information is available
regarding bacterial biofilm reactors for NO3

− removal from industrial wastewaters and
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its conversion to inert N2 gas [94,95]. Due to various sources of NO3
− in the environment,

isotopic compositions of nitrates (15N/14N and 18O/16O) are used to determine the source
of contamination and aid the selection of a suitable remediation technique, as these data
can indicate the origin of N in water [96]. Discussed below are different chemical, physical,
and biological remediation techniques applied in NO3

− removal.

4.1. Chemical Nitrate Remediation

Chemical remediation is based on the reaction of the reactive chemical with the contam-
inant, converting it to a lesser toxic form, mostly into precipitates when the contaminant is a
metal [97]. There are various inorganic N removal methods applied in different treatments
based on the contaminant, including conventional chemical denitrification, zero-valent
metal nano-particles, and H2-driven catalytic denitrification [98]. A study conducted
by [91,93] reported the use of Al powder in the reduction of NO3

− to NH3, NO2
−, and

eventually N2 as a conventional chemical denitrification approach based on the level of
the alkaline pH of the water. Lithium niobate (LiNbO3) was shown to remove over 98% of
dissolved NO3

− ions under neutral pH conditions [99]. Iron (Fe) in its different oxidation
states has been applied in different studies to reduce NO3

−, mainly to NH3 as the terminal
product, with large deposits of iron sludge [93,99]. Due to constantly increasing NO3

−

concentrations in surface and ground water systems, Al and Fe reactions become easily
saturated and require catalysts such as Cu, Rh, and Pd to remove NO3

−, which further
introduces solid metal waste as byproducts in the water bodies [100]. Spontaneous re-
duction of NO3

− to NO2
− and NH4 is possible, especially when NO3

− is present in high
concentrations. Due to this redox factor, catalytic reduction of NO3 by different metals
such as Cu, Pd, Pt, Rh, and TiO2 has been explored as an option to reduce NO3

− [101].
The catalytic method has been advanced to the point of using two different metals in the
process to optimize NO3

− reduction, with a catalytic metal (Cu, Pd, Pt, Ti) applied on a
supporting metal such as Titanium (TiO2) that aids and promotes the catalytic reduction,
however, this seldom affords the reduction of NO3

− to N2 [101,102].
For treatment of large volumes of industrial wastewater, this method is very expen-

sive to maintain and apply as a continuous remediation system [103]. Most chemical
remediation approaches produce byproducts that require special disposal methods due to
their potential to cause secondary contamination. Solid state byproducts of the chemical
remediation process require a joined polishing step to remove them from remediated water
in order to prevent re-dissolution back in to the water, causing recontamination. Certain
byproducts can be more harmful to the environment than the primary contaminant, even
after the system has stopped. To prevent secondary contamination, careful chemical ap-
plication and thorough research regarding the chemical agents used for remediation is
needed [104]. The above discussed chemical remediation methods are based on NO3

−

reduction to lesser oxidized nitrogen species (NH3 and NO2
−), and as a result, physical and

electrochemical methods are needed to accomplish the reduction of all oxidized N species
to inert N gas [98]. Such remediation strategies are laborious and costly, with multiple
steps, making the method inapplicable for treating large volumes of industrial wastewater
contaminated with NO3

−.

4.2. Physical Nitrate Remediation

Common physical NO3
− remediation strategies include reverse osmosis (RO), ion

exchange (IX), membrane filtration, adsorption, and electro-dialysis, which due to limita-
tions are often coupled with the addition of various chemicals to aid the water treatment
process [98,100]. Physical NO3

− remediation from water includes the elimination and
removal of NO3

−, generally with a membrane that filters, repels, and in other applications
binds to the NO3

− ions [105]. Several of these membranes can be chemically charged with
compounds that react to the NO3

−, converting its state to a lesser oxidized form, hence
referred to as physico-chemical remediation [106].
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Nano-filtration through cation charged membrane filters is one of the techniques used
to physically remove high concentrations of NO3

−. The method is 60–80% effective, and
in remediation systems where complete reduction of NO3

− is required a supplemented
polishing or secondary remediation method must be applied [107]. Sulphates attach to the
nano-filters when present, as they are common co-contaminants in most mine wastewaters,
resulting in less removal of NO3

− [107,108]. Application of adsorbent material which is
negatively charged serves as a porous membrane barrier that repels NO3

− ions in the
contaminated water from passing through the material. This was proven to have an
NO3

− remedial effect of up to 88.8% [109,110]. The physicochemical stability and surface
properties of clay have led to its application in direct removal of NO3

− through adsorption
without any chemical or bacterial addition [100,111].

Ion exchange (IX) has been widely applied in most drinking water plants with low
NO3

− and has proven effective, reliable, and sustainable. The IX method uses resins that are
chemically charged with a strong base anion, allowing exchange of chloride or carbonates
that exchange with NO3

− ions on the resin [93]. In industrial wastewater remediation,
application of IX removes SO4

− prior to NO3
−, which is a disadvantage when having

both contaminants are present in high concentrations [106]. The method requires extensive
maintenance, including washing and recharging the resins, and creates brine dumps of
NO3

− that are time-consuming to dispose, hence becoming an environmental burden and
causing secondary contamination [103].

Reverse osmosis (RO) is a high pressure-based approach where water contaminated
with NO3

− is passed through semi-permeable filters, membranes, and brine seals, trapping
the NO3

− ions [112]. The method is efficient for small-scale remediation sites and has
the capability to remove multiple contaminants without any chemical additives. Reverse
osmosis is dependent on high pressure pumps that require a constant electrical power sup-
ply [113,114]. It is not ideal for industrial wastewater that could have various suspended
solids, extreme low or high pH, and metals which can easily clog the system, necessitating
regular membrane and filter changes [1]. In such instances, pretreatment of the water is
needed prior to application of RO, commonly through chemical neutralization and filtration
to remove solids, which is a setback for system efficiency [112]. The greatest limitation of
physical NO3

− removal approaches is their low efficiency in removal of high NO3
− con-

centrations from industrial wastewater, which commonly includes multiple contaminants.
These methods require high maintenance costs and mostly result in accumulation of NO3

−

waste brine and different ions that become challenging to dispose and cause secondary
contamination [54,101]. The limitations of the chemical, physical, and physicochemical
NO3

− removal methods discussed above demonstrate the importance of an efficient, effec-
tive, reliable, and cost-effective remediation approach toNO3

− water contamination. To
circumvent the above-mentioned challenges, the biological NO3

− remediation approach
discussed below could serve as a green and environmentally-friendly method that could
mitigate the contamination and restore most industrial wastewaters.

4.3. Bioremediation as an Option for Mitigating Nitrate Contamination

The use of living organisms for the remediation of contaminated water (bioremedi-
ation) has been a focus in global water research, with the aim of developing an environ-
mentally friendly technology using biological entities that produce less or even no harmful
byproducts [115]. Biological remediation of NO3

− and other N-based contaminants has
been proven to produce N2, which is an environmentally friendly byproduct that is recycled
back into the atmosphere [116]. Different biological entities, both eukaryotic (plants, fungi
and algae) and prokaryotic (bacteria and archaea), have been proven to have N metabolisms
that uptake NO3

− from the environment and convert it into different forms [117]. Nitrate
reduction by different biological entities can yield different N byproducts, such as NO2,
NH3, NO, N2O, and N2, depending on the organisms and environmental conditions [118].
Biological denitrification is a stepwise enzymatic process dependent on enzymatic reac-
tions, as the organisms’ inherent proteins reduce the oxidized N into other forms [119]. In
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biological systems, NO3
− removal from water can be either assimilatory, where the N is

incorporated into the biomass of the organism, or dissimilatory, where the oxidized N is
reduced through catabolism to less oxidized forms based on the organisms and conditions
in the environment [120]. Several eukaryotic microorganism, such as fungi, diatoms, and
ciliates, can uptake NO3- for storage, then when their environment becomes favorable for
dissimilatory NO3- reduction, they can reduce it to N2O or NH3, NH3, and NO2, respec-
tively [118]. These byproducts can be re-oxidized back to NO3

− in the presence of oxygen,
which makes the organism not ideal for sole application in a remediation system.

Phytoremediation is one of the green chemistry techniques applied to remove dis-
solved contaminants that can be absorbed by different plants in stagnant or slow flowing
streams [121]. Plantation of aquatic plants such as water hyacinth (Eichhorniacrassipes),
water lettuce (Pistia stratiotes), and water spinach (Ipomoea aquatic), which require high
concentrations of N, can uptake up to 50 mg/L, hence their recommendable cultivation in
phytoremediation sites to remove NO3

− [122]. Aquatic plants grow faster (1 to 12 days)
than other terrestrial plants, and certain varieties can sequester most of NO3

−, up to 90%
of 120 mg/L from NO3

− contaminated water, lowering the concentration levels near to the
acceptable limit of 10 mg/L [123]. This method is environmentally friendly and cheap to
maintain, as it only needs a large wetland surface area. It requires no addition of chemicals
into the water which could result in post remediation contamination. Application of the
phytoremediation strategy in NO3

− removal is limited to waters with lower metal con-
centrations as co-contaminants, as these may hinder plant growth. In certain wastewater
systems, growing plants could take longer to grow due to the co-contaminants that hinder
their growth, together with low bioavailability of nutrients besides NH3

+ and NO3
−, hence

affecting the effectiveness of the system [124].
Photosynthetic high N-demanding microorganisms such as microalgae and cyanobac-

teria have been recognized as potential biological agents, and can remove up to 100 mg/L
of NO3

− from drinking and ground water with low metal concentrations [125]. The
denitrification capacities of these microorganisms are limited by temperature, pH, metal
concentrations, and sunlight, several of which could render this method futile for annual
industrial wastewater remediation systems.

Amongst all modern NO3
− remediation strategies developed for industrial wastew-

ater, microbial application for denitrification is the most promising one which has been
proven to be cost effective, durable, and effective with less to no secondary contamina-
tion [115,125]. Application of denitrifying bacteria for industrial wastewater remediation
can be affected by various factors such as oxygen concentration, pH, temperature, carbon
sources, metals, and microbial diversity in the environment [115]. For low NO3

− concen-
trations in drinking water, a suitable carbon source at low levels of dissolved oxygen will
accommodate the reduction of NO3

− to N2. Denitrifying bacteria used in this remediation
process are categorized into two groups based on their energy sources for the reduction
of oxidized N [125]. Heterotrophic denitrifiers use natural and chemical organic carbon
sources to harvest energy from to perform denitrification in wastewater with high NO3

−

concentrations over 1000 mg/L [126,127].
The second category, the autotrophic denitrifiers, require inorganic electron donors

such as hydrogen and sulfide as their energy source and inorganic carbon compounds
to perform denitrification, with limitations of up to 500 mg/L [128]. The two groups
of denitrifiers capable of heterotrophic and autotrophic denitrification can co-exist in a
wastewater system, where they simultaneously facilitate over 95% of complete denitrifica-
tion of 1000 mg/L of NO3

− to N2, as reported by [129,130]. This approach has been globally
applied and extensively studied, with reports on how to optimize the technology based on
different contamination conditions, mostly with pure bacterial isolates [131,132]. McCarty,
2018 [117] reviewed various approaches for N removal from industrial wastewater and
concluded that a combination of anaerobic denitrification and ANAMMOX excels in the
production of N2 gas, which is the ideal desired byproduct. Below, details of different path-
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ways by which bacteria metabolize N are discussed, with brief regulations and optimization
of promoting different enzyme-facilitated stages.

5. Microbial Nitrogen Metabolism and Biochemical Pathways

Application of bacteria in NO3
− remediation system requires knowledge and under-

standing of the biochemical pathways (Boxes 1–7) used to metabolize N at its different
oxidation stages. The oxidation and reduction processes of N can be influenced by physical
and chemical processes; mainly, they are catalyzed by microorganisms that use N as the
terminal electron acceptors in their metabolic pathways [28,119]. Nitrogen and its oxidized
species occur in nature in trace quantities; however, it can be concentrated in specific
environments where certain bacterial groups dominate the biogeochemical processes that
favor the production of either NO3

−, NO2
−, NO, N2O, NH3, or NH4

+ [133]. Nitrate
(NO3

−), as the highest oxidized N species, can be reduced in various pathways facilitated
by microorganisms, including bacteria, algae, fungi, and higher plants.

Nitrate reduction results in lowering of the oxidation state of N, such as in dissimila-
tory NO3

− reduction, which predominantly yields NO2
− and NH3 [134,135]. Complete

denitrification is the ultimate NO3
− reduction pathway, where gaseous N is released into

the atmosphere as the terminal byproduct. Denitrification is a stepwise process that can
be facilitated by various microorganisms such as Pseudomonas stutzeri and Paracoccus deni-
trificans. Pseudomonas stutzeri was previously proposed as a complete denitrifying model
organism which has the capability to reduce nitrate (NO3) to nitrogen (N2) gas [136]. Step-
wise denitrification of NO3

− to N2 gas can be facilitated by other Pseudomonas strains such
as P.aeruginosa [137], P. fluorescens [138], and P. denitrificans [139], which host all of the same
denitrification genes as P.stutzeri. The two bacterial genera, Pseudomoas and Paracoccus, that
include strains bearing all required genes to reduce NO3

− to NO2
−, NO and further to

gaseous N2O and N2 gasses are used to benchmark denitrification kinetics under different
conditions [119,135]. Denitrification kinetics are used to determine the efficiency of the
microbial community or pure culture by monitoring the complete reduction of NO3

−,
which is determined by detection of intermediate N species and the production on N2 gas
for complete denitrifiers [19,119].

The N cycle in the environment is facilitated mainly by bacteria that possess genes en-
coding for enzymes that catalyze the reduction and oxidation of different N species [140,141].
As represented in Figure 3, the extensively studied processes that take place in the microbial
N cycle are highlighted together with genes and enzymes involved in the processes. Nitro-
gen fixations, nitrification, nitrate reduction (assimilatory), dissimilatory nitrate reduction
to ammonium (DNRA) and nitrogen (complete denitrification), and finally the anaerobic
ammonium oxidation (ANNAMOX) process as an alternative N2 gas production process,
are depicted [140–143]. Each process in the N cycle can be applied separately by selection
of specific bacterial groups in the environmental conditions that promote the facilitation of
the desired process [144,145].

In the absence of oxygen, anaerobic respiration takes place, resulting in specialized
microorganisms within the environment that utilize NO3

−, SO4
2− and Fe3+as electron

acceptors while breaking down organic compounds as energy sources. From these common
contaminants, NO3

− is an energetically favorable electron acceptor used by most bacteria.
Bacteria acquire energy by oxidizing available electron donors such glucose, ethanol,
acetate, glycerol, and other carbon sources. For electron acceptors, O2 is commonly used
up first, followed by NO3

− in the absence of O2, as it is used by microorganisms as
a micronutrient, protein, and amino acid constituent for biomass while yielding more
energy as the most electropositive electron acceptor after O2. In an environmental setting
where microorganisms with different metabolic activities are present, NO3

−, with its
high reduction potential, becomes the most preferable electron acceptor compared to
other available contaminants such as Fe3

+ and SO4
2− that yield less energy from the

oxidation of carbons sources [146]. Although there are denitrifiers which solely perform
complete denitrification yielding N2 gas, different bacterial species can partially perform
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both assimilatory and dissimilatory NO3
− reduction by reducing NO3

− to NO2
−or NH3

and N2 through synergistic metabolic activities where byproducts of one bacterial group
serve as an electron acceptor of another to continue the N cycle in one environment.
Sulphate reducing bacteria such as Desulfovibrio sp. are capable of reducing NO3 to NH3 in
the absence of O2 and SO4

2− [147], while enterobacteria such as Escherichia coli can reduce
NO3

− to NO2
−in the absence of oxygen [133,148]. The reduction of NO3

− by other bacterial
species is based on the environmental conditions that favor and promote its reduction as a
microelement needed for the growth of different bacteria. This phenomenon of co-existence
of different bacteria with different metabolisms has been exploited in bioremediation
studies, where these bacteria are enriched and applied as consortia to remove different N
species from water. Nevertheless, regulation factors of each denitrification step (highlighted
in Figure 3) need to be understood in order to apply consortia aimed at performing complete
denitrification, as changes in microbial diversity and environmental conditions can halt
and terminate the denitrification pathway.
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Box 1. Nitrogen fixation and ammonification.

Nitrogen gas (N2) is abundant and non-reactive in the atmosphere until it is fixed into reactive
nitrogen species (NH4

+, NO2
−, and NO3

−) by lightning (2%) and through biological processes
(98%), which are dominated by microbial metabolic activities [149]. N is naturally converted to NH3
during rain and thunder, where it becomes readily available inthe soil to be used by plants and
other biological forms. This process is termed N-fixation, and can be catalyzed by prokaryotes such
as bacteria using the nitrogenase enzyme (nif) that catalyzes the conversion [38]. Bacterial groups
such as Azotobacter, Cyanobacteria, Bacillus, and Mycobacteriaum are prominent in facilitating
the process, mostly in soil [134]. Ammonification can occur through other processes where other N
compounds than N2 gas are converted to NH3, such as dissimilatory nitrate reduction to ammonia
(DNRA), which is the dissociation of NO3 by bacteria to form NH4 [66].The most common natural
ammonification process happens during the decomposition of organic matter when animals and
plants are degraded by bacteria, releasing most of the NH3 into the soil. In the absence of O2,
NH3 can be a terminal biological product and accumulates when N2 gas is available for fixation,
halting N cycling [119]. Ammonia in soil and water can be oxidized to other forms of N, such NO,
N2O, NO2, and ultimately NO3, which can accumulates in the environment; this process is called
nitrification [149,150].

Box 2. Microbial nitrification.

Nitrification is the stepwise formation of NO3
− from various nitrogen species that are mostly oxi-

dized biochemically and chemically. This process is biologically facilitated, mostly by heterotrophic
bacteria such as Bacillus sp. that are ubiquitous due to their ability to utilize different carbon sources
to thrive in different temperature and pH ranges while oxidizing N [2]. Bacterial nitrification is
more effective in aerobic conditions with temperatures between 25 and 28 ◦C [150,151]. Ammonia
is oxidized to NO2

−in two steps by autotrophic nitrifying microorganisms that first synthesize am-
monia monooxygenase (amo), which converts NH3 to hydroxylamine (NH2OH). Further oxidation
of NH2OH is catalyzed by hydroxylamine oxidoreductase (hao), which completes the process by
adding one O2 molecule to form NO2 [152,153], as depicted in Box 2, Figure 3. The process has
been proven to not be limited to ammonium oxidizing bacteria, and is carried out by some archaea
such as Nitrosopumilus maritimus which are capable of converting NH3 to NO2

− in the presence
of O2bysynthesizing the amo enzyme [153]. Nitrification by hao and amo enzymes takes place in
aerobic conditions; when O2isdepleted or when hao ceases to be synthesized, incomplete oxidation
of NH2OH will accumulate, which over time forms N2O. Formation of N2O under anaerobic
conditions has been reported to be facilitated by a c-type heme of hao (cytochrome P460) in most
closed systems when O2 has depleted [89,152]. Continuous oxidation of N from NO2 to NO3 is
facilitated by nitrite oxidase (nox and nxr) enzymes that are synthesized in the presence of oxygen.
Nitrification can take place in the soil, deep oceans, and lakes, where chemolithotrophic bacteria
such as Nitrosomonas, Nitrosocystus, Nitrospira, and Nitrobacter convert NH3 first to NO2

−, then
to NO3

− [154,155]. Nitrate formation from NH3 has been observed in fungi such as Asperigillus,
Penicillium, and Absidiacylindrospora, which are ubiquitous in the soil [156]. Most bacteria assimilate
N for their growth when species such as NH4

+, NO2
−, and NO3

−aredirectly transported through
the cell membrane to be converted to metabolites for nucleic acid and protein formation [157].
Nitrogen assimilation in the environment results in the loss of N as it is incorporated in the biomass
of different microorganisms, and hence not recovered in the geochemical cycle. For continuous
cycling of N, NO3 is reduced through different processes discussed below, including bacterial
denitrification that is either assimilatory or dissimilatory depending on the fate of the reduced N
specie [9].
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Box 3. Nitrate to nitrite.

During denitrification by microorganisms, NO3
− is taken up as a terminal electron acceptor to be

converted into NO2
−, which is transported intracellularly using nitrate reductase proteins (Nar).

Nitrate reducers have either one of the two enzymes coded by the nitrate reductase genes napA and
narG, which are transcribed and translated into nitrate reductases, then embedded in and on the
periplasmic membrane [119]. Nitrate can be reduced to NO2

− within the cell by respiratory nitrate
reductase (Nar) and in assimilatory NO3

− reduction by nitrate reductase (nasA) depending on the
denitrification operon of the prokaryote [9]. Most bacteria found in the environment are not true
denitrifiers; instead, they undergo NO3

− respiration, where they use NO3 as their growth factor for
biomass and protein biosynthesis while producing NO2 as a terminal byproduct [19,148]. Nitrate-
respiring bacteria use one or two of the three nitrate reductases (respiratory nitrate reductase (nar),
periplasmic nitrate reductase (nap), and/or assimilatory nitrate reductase (nas)), which have Fe and
Mo as metal co-factors that promote their activity. These genes can be found in one micro-organism,
and differ in their operon location, organization, and structure [9,134]. This process yields large
amounts of energy in the form of adenosine tri-phosphate (ATP), as NO2

− further serves as an
electron acceptor when NO3

− is depleted during respiratory ammonification (forming NH4
+) or

denitrification (forming NO, N2O, or N2) [158]. Several microorganisms, such as Escherichia coli and
Bacillus subtilis, possess the narG gene, which facilitates NO3

− respiration, converting it to NO2
−

as the terminal byproduct [136]. This serves as the first complete denitrification truncation step,
forming NO2 as a terminal byproduct mostly due to the absence of bacteria that contain genes that
facilitate NO2 reduction.

Box 4. Nitrite to nitric oxide.

Nitrite is one of the two inorganic signaling molecules in the N cycle, together with NO; they
occur intracellularly during denitrification. Reduction of NO2

− to NO is facilitated by bacteria
containing one of the two well-characterized nitrite reductase genes nirS and nirK, which transcribe
the cytochrome cd-1 and copper-containing nitrite reductases, respectively. Both enzymes facilitate
the conversion of NO2

− to NO within a bacterial cell [119,159]. The two nitrite reductase genes are
structurally different in the sense that nirK contains copper (Cu-Nir) while nirS contain iron (hemec
and hemed1 (cd-Nir) subunits; however, both code for the same nitrite reductases with the same
function [159,160]. Expression of these genes is only activated when O2 concentration is lower than
intracellular NO2

− concentration [119]. These genes are often used in biodiversity and microbial
ecology studies to determine the abundance of NO3

− and NO2
− reducing bacteria, as they serve as

biomarkers for denitrifying bacteria [159]. Lack of nitrite reductase genes results in the inability of
the microorganism to reduce NO2

−, which accumulates within the cell until it is converted to NH4
+,

rendering the micro-organism a nitrate-respiring bacteria instead of a denitrifying bacteria [19,161].
Nitric oxide does accumulate intracellularly, becoming toxic to the bacteria, and is then emitted into
the environment to be oxidized into other N species.



Water 2022, 14, 799 16 of 31

Box 5. Nitric oxide to nitrous oxide.

Nitric oxide (NO) contains unpaired electrons, making it a free radical and a highly reactive
nitrogen specie (RNS) that can be converted to NO2, N2O, N2O3, N2O4, and N2O5 depending on
the concentration of the dissolved oxygen [162]. Nitric oxide has molecular fragmenting effects
similar to reactive oxygen species (ROS), with a very short half-life of 10−9 s, hence its instability
and capacity to react quickly. It is difficult to quantify, and hence is termed a reactive nitrogen specie
(RNS) in the nitrogen cycle [163]. During biological NO3

− reduction, NO is produced intracellularly;
once released from the cell, it is converted to other forms of NOx. For a system desiring to completely
reduce NO3

− to N2, emission of NO is not an advantage, as it can be converted by oxidation back
to NO2

−and then NO3
− or through its reduction to N2O as a terminal product of a remediation

system. Excessive emissions of RNS in the form of NO have harmful effects similar to ROS on
bacterial cells, causing internal oxidative damage due to their high reactivity [164]. In the context of
NO3

− bioremediation, reduction of NO is facilitated by nitric oxide reductases (norB) to nitrous
oxide (N2O), which will remain intracellularly until reduced to nitrogen gas (N2) or emitted by the
cell if the nitrous oxide reductases are not expressed in order to facilitate its reduction [119,162].
The enzyme is hosted by bacteria such as Bradyrhizobium, Halomonas, and Rhodobacter, which are
incomplete denitrifiers containing all denitrification genes except the nosZ gene, and hence unable to
reduce N2O, emitting it as their terminal product [135]. Nitrous oxide is a greenhouse gas, and in a
denitrification system it is an indicator of an incomplete denitrification process. Once emitted, N2O
can either accumulate in the atmosphere, be re-oxidized back to NO, or be reduced by complete
denitrifiers to N2 gas that is environmentally friendly.

Box 6. Nitrous oxide to nitrogen.

Nitrous oxide (N2O) is one of the gaseous intermediate byproducts of denitrification systems where
denitrifying bacteria lack the nitrous oxide reductase (nosZ) gene to reduce N2O to N2. The gas
is a potent greenhouse gas with a global warming potential 298 times greater than CO2. While
the gas is emitted naturally in the environment in lower quantities, incomplete denitrification
systems that emit N2O gases and burning of fossil fuels are major sources [152,165]. Of all the
nitrogen species, N2O and N2 are the most volatile, accumulating in the atmosphere mostly from
anthropogenic activities such as burning of fossil fuels, utilization of explosives, decomposition
of organic matter, and other forms of microbial activity [9]. N2O gas can be emitted during the
second step of nitrification, when oxygen is depleted and hydroxylamine oxidoreductase (hao)
oxidizes NH2OH to N2O instead of NO3

−. Complete nitrate reduction results in N gas that is
environmentally friendly, as it is continuously cycled from N2 back to NH3 and NO3

− through the
fixation and nitrification processes, respectively. Microorganisms lacking the nosZ gene are often
referred to as incomplete denitrifiers, as their terminal denitrification product is either N2O or NO
instead of N2 [119,140]. Bacteria containing the nitrous oxide reductase gene (nosZ) can facilitate the
reduction of N2O to N2, which is dependent on Cu ions that serve as cofactors for the proteins that
render the bacteria a complete denitrifier [119]. Biological denitrification is performed by mostly
gram-negative Proteobacteria such as Paracoccus, Agrobacterium, Pseudomonas, and Acinetobacter,
which possess all of the denitrifying enzymes that facilitate the reduction of NO3

− to N2 gas [152].A
system that produces less or no N2O is desirable in denitrification, and advances in achieving
this have been a pinnacle focus in denitrification studies globally. Removal of N2O has become a
major focus in most N-based projects due to its environmental impacts, as natural and engineered
denitrification ecosystems account for 40 to 85% of global N2O emissions [152]. One suggested
approach to achieving complete denitrification is to supplement the systems with metal ions such
as Cu, Fe, and Mo, which are required for the activation and optimum functionality of nitrous oxide
reductases and other denitrifying enzymes [166]. Complete denitrification is ideal for a wastewater
bioremediation system with high NO3

− concentration; the byproduct of the system would be
environmentally friendly with no secondary contamination, as N2 gas is restored to its inert gaseous
state in the atmosphere to be incorporated back into the N cycle.
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Box 7. Anammox: analternative denitrification pathway.

Anaerobic ammonium oxidation (ANAMMOX) is a microbial pathway where NH3 is oxidized to
hydrazine (N2H2) in anoxic environments [139]. This process is carried out by micro-organisms that
contain genes that transcribe hydrazine synthase (hzs and hzo), facilitating the synthesis of N2H2 and
hydrazine dehydrogensa (hdh),whichoxidize N2H2 to N2 [152]. Excess NH3 and the intermediate
denitrification byproducts highlighted in Box 3 (NO2) and Box 4 (NO) can be removed by anammox
to N2 under oxygen-limited conditions. In environments with excess NO2 concentration and low
O2 concentration, microorganisms with a unique organelle called ananammoxisome and the hzo
enzyme, such as Brocodia, Kuenenia, and Anammoxoglobus, facilitate the synthesis of N2H2, which is
further converted to N2 by hdh [140,159]. Bacteria such as Nitrosomonas europaea can perform both
oxidation and reduction processes depending on the availability of oxygen. These bacteria oxidize
NH3 in the presence of oxygen, forming NO3

−, and antithetically reduce NO3
− in the absence of O2

to NO2, which can aid the initiation of anammox or DNRA and hence control the dominance of either
of the two pathways [167,168]. Alternatively, excess NO2 can undergo ammonification catalyzed by
the nrfA enzyme, forming NH3, which is later oxidized to N2H2, catalyzed by hzs, then to N2 by
hdh. The key enzyme in this N2-producing pathway is hdh, which catalyzes the dehydrogenation of
N2H2 to N2. While rare, these processes are prevalent in O2-limited environments, which serves
as evidence that N cycling is a complex accomplished by synergistic metabolisms of different
microorganisms in the environment [159]. Dominance of anammox and DNRA in water and soil
can be promoted by excess of carbon source, limited O2 and excess intermediate byproducts from
the denitrification pathway [160].

Industrial denitrification using indigenous bacteria is classically performed by the
addition of a carbon source in an O2 limited environment, which promotes denitrifica-
tion [169,170]. The oxidation of these organic substrates is coupled to the reduction of
NO3

− to lesser oxidized forms of N [171]. The complete denitrification process is controlled
by various factors given its multiple steps, of which any could be final, thereby truncat-
ing the process to yield intermediate denitrification products (NO2, NO, NH3, N2O) in
addition toN2gas, as discussed above [160]. Removal of NH3 and NO3

− to N2 restores
the N cycle, allowing nitrification to take place once again and thus keeping the ecosys-
tem balanced [119,169]. In a denitrification system, environmental conditions such as
temperature, pH, and dissolved oxygen concentration and their fluctuations affect the
effectiveness of the system. Changes in C:N ratio and NO2

− concentration can hinder the
expression of the nosZ gene, resulting in the accumulation of N2O in the system [152,165].
A complete denitrification pathway aimed at removing NO3

− waste has been studied and
widely applied in industrial wastewater treatment; this approach has been shown by batch
experiments to be efficient, with the prospects of low operational cost and no secondary
contamination [172,173].

6. Application of Denitrification in Bioreactors

A bioreactor refers to any device or system that creates an environment that supports
optimal bacterial growth and activity according to bacterial kinetics [174]. A bioreactor
provides a stable and controllable environment that allows colonization of biofilm-forming
bacteria or any other microorganisms in the reactor. There are various factors to consider
when operating bioreactors with bacteria, as changes in the environment can affect bacterial
growth and activity. Changes in factors such as the matrix used, seeding culture diversity,
and carbon source as well as growth conditions such as pH, temperature, and ORP can
either boost or hinder the bacterial activity, hence the need for stable conditions within the
reactor. Optimizing the above in a reactor with a defined bacterial community can promote
bioremediation efficiency.

6.1. Use of aMatrix as a Bacterial Support in Bioreactors

The matrix is commonly a water-resistant material used as a surface for the growth
of microbial biofilms. The matrix can be made out of various water-insoluble materials
such as plastic, wood, and different forms of rocks [175,176]. A matrix material is cut
into smaller particles and packed in the bioreactor to serve as an adhesion material for the
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targeted bacterial colonization and formation of biofilms. The matrix serves as a filter to trap
and remove insoluble contaminants from the wastewater during remediation. Different
materials used as matrix are applied in different reactors for different contributions to
the system other than bacterial adhesion. However, certain materials are biodegradable,
such as wood chips, which are broken down to release organic substances that bacteria
can use as additional carbon sources and growth factors [176]. Matrix materials can be
eroded by water after a specific period of time, leading to the leaching of chemicals from
the matrix, which can change the chemistry of the water. Changes in the environmental
condition exerted by chemicals from the matrix could be beneficial or detrimental to the
system; hence, knowledge of the geochemistry of matrix is vital. In bioremediation of
industrial acid mine drainage, rocks such as dolomite and dolerite are used as a matrix
and are beneficial to the system as they slowly dissolve, leaching carbonates and thereby
increasing the pH of the water [177]. A remediation system favored by higher pH conditions
such as denitrification is established rapidly in such conditions, as denitrifying bacteria
grow optimally near neutral pH [176,178]. Certain matrix materials are biotechnologically
engineered from polymer (beads) and are porous, with the capacity to contain chemicals
that can slowly leach out into the water in order to optimize the desired conditions for
bacteria activities [179]. Utilization of expanded clay aggregate matrix is beneficial in
systems where pH needs to be kept constant, as this matrix serves as a pH and redox
potential buffer, allowing a constant pH condition for bacteria that are sensitive to pH
changes [151]. Knowledge of the type of matrix material needed for reactors is a vital factor
that can render the NO3

−bioremediation system ineffective due to chemicals introduced
from the matrix.

6.2. Importance of SeedingBioreactor Culture

Microbial communities drive the biochemical processes that take place in all biore-
mediation systems. In a denitrification system with a consortium of bacteria targeting the
reduction of NO3

−, establishment of anaerobic conditions will promote denitrification, hin-
dering the growth of most nitrifying bacteria that could produce NO3

−and rendering the
system futile and ineffective [2]. In other systems, a synergistic relationship is established
where denitrifiers and other bacteria that consume oxygen create an anoxic environment for
denitrifiers to grow and reduce NO3

− optimally [180]. However, having other anaerobic
bacteria other than denitrifiers thriving in a denitrification system will create competition
for carbon sources and other nutrients, lessening the growth and metabolic activity of
denitrifiers [181]. To combat nutritional competition in a denitrifying system, a pure culture
or defined denitrifying consortium can be inoculated in the bioreactor and be incubated
to acclimatize and colonize the system, forming biofilms for effective removal of NO3

−.
Bacteria such as Pseudomonas, Paracoccus, Alcaligenes, Acinetobacter, and Micrococcus have
been well studied, and arereported to have the capacity to completely reduce NO3

− to N2
in systems that contain high concentrations of NH3

+ and NO3
− [180,181]. Bacteria such

Thiosphaera pantotropha, a heterotrophic nitrification–aerobic denitrifier, has the capacity
to facilitate nitrification and denitrification based on the environmental conditions it is
exposed to [180,182]. This bacterium has the capability to switch metabolisms to prevent
accumulation of NH3

− and NO2
− in a denitrification system by using them as electron

acceptors to produce N2 [183]. Selection and enrichment of a suitable inoculum for the
denitrification system is vital, as complete denitrification requires the expression of all den-
itrifying functional genes in order to be successful. Expression of all functional genes and
activity of expressed proteins requires specific environmental settings such as previously
determined optimum pH, temperature, metals that act as co-factors, dissolved oxygen
concentration, and a suitable carbon source, all of which can affect the effectiveness of the
system [142]. Characterizing the bacterial culture used for a denitrification system can aid
in the determination of the controllable conditions of reactors.
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6.3. Choice of Carbon Sources in Denitrification

Various carbon sources have been tested and applied for biological NO3
− reduction

based on the bacterial groups used in the system [184]. Commonly-used carbon sources
such as acetate, acetic acid, aspartate, ethanol, glucose, glycerol, methanol, and succinate
are among the readily-available electron donors used for bacteria when directly added in
a denitrification system [89,160,181]. Selecting a suitable carbon source for the inoculum
used as well as defined temperature and pH will improve the effectiveness of the system,
as bacteria will grow optimally for their effective metabolic activities [185]. Energy yields
for bacterial growth depend on the breaking down of the carbon source in the system. The
lower the ration of C:N, the more suitable the carbon source, as the loading rate of the
organic content will remain low, and hence there will be fewer or no chemical changes in the
composition of the medium [181]. A carbon source is regarded as suitable for a remediation
system when the bacteria can easily and quickly break it down in order to harvest energy in
the form of electrons while removing N in the form of ammonia or any oxidized N species
(N2O, NO, NO2 and NO3) to N2 gas [181].A suitable electron donor is crucial to the process,
as denitrification ceases once the donor is depleted [151]. In O2-limited environments, the
ratio of carbon source to nitrogen (C:N) is mostly three or lower, with lower carbon source
demand for bacterial metabolism of ethanol and nitrates [160]. The balance between the
C and N sources is vital in remediation systems, as higher consumption of N by bacteria
requires greater accumulation of biomass, which in turn requires a sufficient C-source
to proliferate [186]. The effectiveness of a bacterial system in removing N from water
depends mostly on the preference bacteria has for the supplied C-source, which is needed
to accumulate enough biomass to remove the NO3

− in the system. The C:N ratio will
increase due to higher carbon source demands if the C-source used is less preferred by
the bacteria. The ratio will decrease if the bacteria can easily and quickly use the C-source
for growth, making the C and N sources directly proportional in their uptake, which then
results in greater bacterial biomass yields [161].

Depletion of C-sources during denitrification leads to truncation of the process, which
yields intermediate nitrogen species such as NO2, NO and N2O that accumulate in the
system as terminal products of NO3

− metabolism [19,151]. A limited electron donor supply
will be depleted quickly during microbial growth, in turn hindering the reduction of NO2

−

as the first intermediate product of denitrification [151]. Intracellular accumulation of
NO2

− within the cell is eventually pumped out of the cell temporarily until the NO3
−

or NO2
− reducing conditions are restored and favorable for denitrification to proceed.

The presence of a suitable electron donor or NO3
− lowered concentrations will allow

continuation of denitrification and aid cells in taking up NO2
− to be further reduced to

gaseous nitrogen species [19]. Biological reduction of high NO3
− concentrations has been

successful in most industrial wastewater treatment plants, where NO3
− concentrations are

balanced with the carbon source concentration (C:N). Although achievable, high NO3
− and

C-source concentrations have toxic effects on bacteria when converted to other forms both
within the cells and in the denitrification system. When the NO3

− influx in the cell is not
controlled due to high extracellular concentrations, the NO3

− reduced products, including
NO2

− within the cell, will not be metabolized, halting NO3
− reduction; this effect can be

lethal to the bacteria [19,151].
Heterotrophic and autotrophic denitrification metabolisms take place in various mi-

croorganisms such as Pseudomonas depending on the source of electrons used in the sys-
tem [185,187]. In heterotrophic metabolism, bacteria use various C-sources as their electron
donors for growth. For example, the breakdown of acetate used as a sole C-source in a
denitrification system produced 216 KJ/mol from eight electrons to be used in the bac-
terial metabolism, as shown in Table 2, below; the same breakdown occurs with other
carbon sources used by heterotrophic denitrifiers. In autotrophic metabolism, where hy-
drogen (H2) is used as an electron donor, 185 KJ/mol of energy is produced, which is
lower compared to the energy produced when a carbon source such as acetate is utilized
(over 200 KJ/mol) [187,188]. Utilization of electron acceptors by microorganisms has been
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exploited in bioremediation, where the electron donors are used to aid removal of con-
taminants such asNO3

−, SO4, Fe, and other chemical contaminants [185]. Utilization of
NO3

− in denitrification has been shown to be the most electron shuffling process, with
over 500 KJ/mole compared to other electron acceptors that produce less energy for the
microorganisms. The half-reactions of electron acceptors in Table 2 represent the metabolic
activities where most bacteria use NO3

− as their terminal electron acceptor [185].

Table 2. Half-reactions of electron donors and electron acceptors with their energy productions in
anoxic environments (Used with permission from [187]).

Metabolism Electron Donating/Accepting Half-Reaction e− don/acc ∆G (Kj mol−1)

Autotrophy CH4COO− + 4H2O→ 2HCO3
− + 9H+ + 8e− e− donating −216

Hydrogenotrophy 4H2(aq)→ 8H+ + 8e− e− donating −185

Denitrification 8e− + 8/5 NO3
− + 48/5H+→4/5N2(aq) + 24/5H2O e− accepting −550

7. Factors That Inhibit and Promote Bacterial Denitrification

There are several metabolic catalysts and inhibitors in the environment that affect
and regulate bacterial activity and growth. Depletion or excess of either electron acceptor
or donor is mostly a limiting factor in microbial denitrification, amongst the other fac-
tors described above [189]. Temperature is the most vital environmental factor affecting
denitrification, followed by the amount of dissolved oxygen (DO), C and N ratio (C:N),
pH, NO3

− concentration in the influent water, and hydraulic retention time (HRT) in the
bioreactor [89]. Enzymes involved in denitrification have various regulation factors, one
being metal cofactors that promote the catalytic activity of enzymatic reduction or oxidation
process, while others suppress and inhibit activity [190].

7.1. Effects of Temperature on Denitrification

Temperature plays a vital role in all biological systems, including those orchestrated
by bacteria. The effectiveness of bacterial nitrification and denitrification processes can be
slowed down by 60% in temperatures below 20 ◦C, even in closed systems [150]. Lowering
the temperature of the denitrification system, such as in bioreactors, to below 25 ◦C will
result in the lowering of the metabolic activity as well as minimal gene expression of the
proteins needed to facilitate denitrification. In systems where consortia of both nitrify-
ing and denitrifying bacteria are present, lower temperatures between 1 and 10 ◦C will
halt denitrification, promoting nitrification, which results in conversion of most dissolved
N species to NO3

− [150]. Denitrification as a biochemical process is highly dependent
on temperature; while a few known denitrifying microorganisms, such as Pseudomonas
aeruginosa and Bacillus, can thrive in high temperatures such as 30 ◦C, none can survive
beyond 40 ◦C while reducing NO3

− to N2 [191,192]. Studies conducted by [193] reported
that lowering temperatures from 25 to 15 ◦C in a closed denitrifying system lowered the
denitrification rate by 50%, showing the impact of lower temperatures on the metabolic
activity and growth of denitrifying bacteria. Denitrifying bacteria such as Paracoccus deni-
trificans and Thiobacillus denitrificans were found to be more sensitive and less active, with
insignificant denitrification activity at temperatures below 16 ◦C; however, they attained
over 77% reduction of 250 mg/L of NO3

− at temperatures between 28 and 30 ◦C [194,195].
While denitrification takes place optimally at temperatures between 25 and 30 ◦C, removal
of NH3

+ and NH4
+ to N2 through the anammox pathway was reported to optimally occur

between 15 and 20 ◦C which is lower than reported optimum temperature for denitrifi-
cation [194]. With annual seasonal changes, temperature fluctuates, which could affect a
denitrifying system, hence the need to determine and regulate the optimum temperature
for the bacteria used in the system and devise a strategy to maintain it during season
changes.
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7.2. Effects of pH Changes in a Denitrification System

Acidic and basic conditions affect the bacterial metabolism differently in various stages
of denitrification. Complete denitrification takes place optimally at near neutral to alkaline
pH, between 7.5 and 8.5. At pH conditions above 9, denitrification rates decrease, with
great accumulation of NO2

− leading the system to operate on NO3
− respiration state

and yielding other intermediate by-products such as NO2 and NO [19]. Acidic pH below
7 favors reduction of NO3

−, with accumulation of NO2
− exerting the same metabolic

pressure as pH above 9. Over time, accumulation of NO2
− and NH4

+ in a closed system
such as a bioreactor with a constant carbon source will stimulate growth of nitrifiers,
which will favor and promote formation of NO3

− through nitrification [196]. Microbial
nitrification produces two hydrogen molecules that continue to lower the pH, making the
environment more acidic, as outlined in Equation (4) below [197].

NH4
+ + 2O2→ NO3

− + H2O + 2H+ (4)

Restoration of denitrification conditions to further reduce NO2
− with overlapping

utilization of NO2
− by other microbial groups was achieved by increasing pH beyond 8.5

through the addition of a base [19]. At neutral pH, accumulation of nitrous acids and NO2
−

exert inhibitory effects on the denitrifying bacteria, reducing the rate of denitrification
until the pH is raised above 8. A pH between 7 and 8 is crucial to create an optimum
environment for denitrification to dominate over NO3

−respiration and nitrification in
a closed system [176,197]. During denitrification, bacterial cells breakdown the carbon
source, donating electrons that produces carbonates. The carbonate ions contribute to
raising the pH of the water in most remediation systems, hence supporting the reduction
of all intermediate N species, as outlined in Equation (5) below [19]:

0.625CH3COO− + 1NO3
− + 0.375H+→ 1.25HCO3

− + 0.5N2 + 0.5H2O (5)

7.3. Oxidation Reduction Potential (ORP) as a Redox Indicator in Denitrifcation

Introduction of O2 in a denitrification system can suppress reduction of intermediate
N species by hindering the expression of the required reductase genes [140]. Sequential
expression of reductase genes is dependent on the presence of the N species to be re-
duced [140]. Denitrifying bacteria such as Pseudomonas and Arthrobacter have been reported
to be capable of reducing NO3

− in both aerobic and anaerobic conditions [89,198]. Micro-
bial diversity in denitrification systems has a huge impact on reduction of NO3

−, as both
nitrifiers and denitrifiers can coexist with opposite metabolic activities. The anammox gene
(hzo) is less sensitive to O2 introduction compared to denitrification genes such as narG, nirS,
nirK, and nosZ, which cease expression as O2 concentrations increase in the system [140].
Increasing ORP in a system can be an indication of O2 intrusion, which is succeeded by a
lowering of denitrification activity. Lower ORP can thus serve as an indication of an anoxic
environment that promotes denitrification.

7.4. Influence of Metals on Denitrification

Metals, as common industrial wastewater contaminants, have various effects on mi-
croorganisms and their metabolic activities. Presence of heavy metals such as Cd, Co, Pb,
Zn, Ni, Mn, Fe, Cu, and Mo in the environment can be beneficial or toxic to the bacteria,
depending on their concentrations [190,199]. Heavy metals have different effects on the
microbial denitrification pathway, and simultaneously affect the microbial respiration,
biomass yields, N-mineralization, nitrification, and microbial community structure [199].
Certain heavy metals have no significant effects on the denitrification process, while others
halt and hinder denitrification at different concentrations, exerting inhibitory effects on
growing microorganisms, while lower concentrations can be used by microorganisms to
boost and promote their metabolic activities. Studies conducted by [198] revealed that
0.25 mg/L of Cd and Mn enhanced the denitrification capacities of the aerobic denitrify-
ing bacterium Arthrobacter arilaitensis, while concentrations beyond 0.5 mg/L hindered
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denitrification. As for Co, denitrification and microbial growth ceased immediately after
it was added, showing its toxicity even at low concentrations (0.25 mg/L). However, the
same heavy metals that denitrifiers use to promote denitrification can be toxic, as Mn was
observed to inhibit denitrification at concentrations above 30 mg/L [198]. Metals such as
Fe, Cu, and Mo play crucial roles in the denitrification pathways facilitated by enzymes, as
these metals are required by different proteins as co-factors in different concentrations [200].
All NO3

− reductases expressed by napA and narG are molybdopterin enzymes, which
require molybdenum to bind to the catalytic heart of the enzyme to induce high NO3

−

affinity [9]. Other metals, such as Cd, Cu, Zn, and Pb, were found to hinder and lower
the metabolic processes of denitrifying bacteria in most wastewaters [201]. Metals such as
organic Cu can play a dual role in denitrification; it promotes the reduction of N2O to N2 at
concentrations below 0.5 mg/L, while negatively affecting microbial activity when present
in higher concentrations beyond 1 mg/L. It has been reported that the presence of Cu in
high concentrations above 0.7 mg/L can prevent the expression of key functional denitrifi-
cation genes such as nirS, nirK, and nosZ slowing down the denitrification process [165,190].
Control of metal concentrations in a denitrification system can induce denitrification when
added with caution based on pre-determined metal concentrations for the defined bacterial
diversity.

8. Recommendations for Optimizing Denitrification for Wastewater Remediation

Industrial wastewater bioremediation using indigenous bacteria is predominantly
performed in closed systems with anaerobic conditions [160]. Denitrification kinetics are
used to determine the efficiency of the microbial community or pure culture by monitoring
the reduction of NO3

− [19]. Higher consumption of C-source is directly proportional to N
uptake, which then results in bacterial biomass yields. Utilization of controlled systems such
as bioreactors, where bacterial growth conditions are adjustable, has created a platform for
optimization of denitrification by various microbial groups for bioremediation applications,
which is the focus of this study: to explore microbial denitrification and its regulation,
optimization, and limitations. With the data gathered in this, complete denitrification can
confidently be proposed as an option in the treatment of NO3

− contamination from both
mining and farming activities. Platforms such as bioreactors applied for bioremediation
can be used on different scales depending on the wastewater volumes involved, with the
discussed modifications and environmental regulations enabling attainment of the desired
result, namely, emitting N2 gas as the terminal denitrification product.

Below (Figure 4) is a schematic flow chart proposed as an approach to treating in-
dustrial wastewaters with NO3

− concentrations above WHO acceptable limits. Industrial
wastewater can result from different continuous industrial activities that use or produce
nitrogen-based products. In this review, NO3

− contamination in water due to the ap-
plication of N-based explosives and fertilizers in mining and farming, respectively, was
the primary focus. The bioremediation approach proposed here would begin with water
sample collection from the contaminated water for chemical and biological analysis in
order to identify the different contaminants and characterize indigenous bacterial groups.
Application of metagenomic approaches to determine the metabolic activities of the in-
digenous bacteria can serve as a useful tool to predict the outcomes of biological systems
with different bacteria. This is followed by the batch experiments to enrich microbial com-
munities to facilitate N removal depending on the form of N in the water (NH3 or NO3).
Denitrification kinetics experiments can then aid optimization in batch reactors to adjust
bacterial growth factors such as the carbon source, nitrogen source, and other nutrients.
Modification of denitrification conditions such as temperature, pH, ORP, dissolved oxygen,
and hydraulic retention time allow the bacteria adequate contact time with the N species to
facilitate complete denitrification. Finally, recommendations to test the feasibility of the
bioremediation system include analyzing the gas emissions to determine whether the ter-
minal product is N2 gas, and if not, recycling of the effluent back into the reactor, adjusting
of nosZ cofactors (such as Cu), and/or increasing the HRT to promote denitrification at this
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stage and circumvent N2O emissions. This proposed approach requires extensive research,
as various control factors could affect the bacteria which are the dependent variable in any
environmental and chemical manipulations of the system. The approach can be further
tested for other wastewater contaminants using indigenous bacteria, thereby avoiding any
change in the microbiome and microbial ecosystem in the environment though introduction
of genetically modified organisms.
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9. Conclusions

Nitrate contamination has become a global challenge as urbanization and industrial-
ization increases in most developing countries. NO3 contamination in water poses various
health concerns to all forms of life, either directly or indirectly. A few effective, yet ex-
pensive remediation techniques are available for NO3 remediation; however, these are
not practical or sustainably applicable for treating large amounts of industrial wastewater.
Several known remediation methods result in secondary contamination which is difficult
to remove from the environment. Microbial denitrification has been identified as a strategy
for industrial wastewater management, with many discoveries in the biochemical and
metabolic processes involving denitrifiers. Application of microorganisms that are capable
of removing NO3

− from the environment and converting it to environmentally friendly
N gas have been explored extensively, mostly in pure cultures. Few microorganisms with
complete denitrification capabilities have been identified and applied in benchmarking
denitrification dynamics and kinetics on a biochemical and molecular level. Intermediate
byproducts of microbial NO3

− reduction other than N2, such as NO and N2O, are harm-
ful to most microbial communities around the ecosystem and detrimental to the ozone
layer, causing global warming. Successful development and maintenance of a system
that reduces N2O emission and produces N2 gas is desirable for N remediation. In this
review, we have explored the metabolic synergisms of different bacteria as an approach
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to treating wastewaters from mines and farms contaminated with NO3
−. This green tech-

nology further explores the capabilities of bacterial to perform complete denitrification in
a closed and controlled bioremediation system, producing no secondary contamination.
With experiments to study denitrification promoters and inhibitors using NO3

− reduction
kinetics, the development of such a system could make feasible complete denitrification.
With limited knowledge and application of microbial consortia to perform these complex
yet possible processes, more studies are needed in order to apply the discussed factors
that could promote the complete denitrification of industrial wastewaters. The proposed
approach to remediating NO3

− can help to prevent the health hazards that result from
using water contaminated by waste from mining and farming activities, as well as other
industries that produce NO3

− as a contaminant in wastewater. This technology has the
prospect of being effective while demanding lower startup, operational, and maintenance
costs compared to the discussed chemical and physical methods. The system is sustainable
over time, with no secondary contamination even post-remediation.
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