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Abstract

Nitrogen is a vital nutrient and plays a pivotal role in maintaining ecosystem equilibrium.
Owing to human activities, particularly industrial production, vehicle emissions, fossil fuel
combustion, and the improper use of chemical fertilizers, nitrogen pollution has emerged
as a pressing global environmental issue. It exacerbates air pollution, water eutrophi-
cation, and soil acidification, all of which pose profound risks to both ecosystems and
human health. This review conducts a holistic analysis of nitrogen sources and the current
status of nitrogen pollution, with a particular focus on the treatment of nitrogen-laden
wastewater. It assesses various nitrogen pollution remediation technologies, including
biological and physicochemical methods. In recent years, the application of novel metal–
phenolic networks (MPNs) has garnered considerable scholarly attention. As innovative
materials, it has been demonstrated that MPNs have great potential in nitrogen removal.
For example, studies have demonstrated that iron–tanninate has the capacity to remove
over 95% of ammonium nitrogen. Despite the progress made with current remediation
methods, each approach has inherent limitations, such as long treatment durations, high
energy demands, and poor selectivity for diverse nitrogen pollutants. Therefore, sustained
research endeavors and technological innovation are indispensable for advancing nitrogen
pollution control technologies. It is against this backdrop that we conducted this review.
This study summarizes and analyzes the current status of nitrogen pollution and nitrogen
removal technologies, and provides an overview of novel nitrogen removal MPNs. MPNs
are promising and innovative materials with great potential, although current research is
still at the laboratory stage and is ongoing.

Keywords: nitrogen pollution; physicochemical; biological; metal–phenolic networks

1. Introduction of Nitrogen
Nitrogen plays a crucial and multifaceted role in nature [1,2]. As one of the primary

components of the atmosphere, nitrogen gas (N2) makes up approximately 78% of it.
Nitrogen is a fundamental component of proteins, nucleic acids, and other vital biological
molecules, directly influencing the growth, development, and function of organisms. It is
also a key element for plant growth and industrial production, being essential for crop yields
and the quality of synthetic materials [3,4]. The rapid growth of industrial production
has led to human activities tripling the nitrogen (N) input rate into global terrestrial
ecosystems compared to the pre-industrial era [5]. Nitrogen pollution primarily arises
from human activities, including industrial production, automobile exhaust emissions,
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fossil fuel combustion, improper fertilizer use, large-scale deforestation, and vegetation
burning [6], as illustrated in Figure 1. For instance, excessive emissions of harmful gases
such as nitrogen oxides (NOx) and free ammonia (NH3) contribute to air pollution, soil
erosion, acidification, and the contamination of surface and groundwater [7]. According to
data from China’s Ministry of Ecology and Environment, between 2016 and 2019, ammonia
nitrogen (NH3-N) discharges in wastewater ranged from 463,000 to 568,000 tons, while
NOx emissions in waste gas ranged from 12.339 to 15.033 million tons [8]. According to
the 2020 China Ecological and Environmental Statistics Yearbook, nationwide emissions
of NOx in waste gas reached 10.197 million tons, and NH3-N discharges in wastewater
surged to as high as 984,000 tons [9]. In addition, according to data from the National
Agricultural Sustainable Development Plan (2015–2030) [10], the fertilizer and pesticide
utilization rate in the country is below one-third, the mulch film recycling rate is under
two-thirds, the effective treatment rate of livestock and poultry waste is less than 50%, and
straw burning and water bodies are severely eutrophied. Notably, nitrogen fertilizer use
in the country accounts for 35% of the world’s total consumption, with the usage per unit
area being 2.74 times higher than the global average [11].

Figure 1. A schematic diagram showing nitrogen sources and their distribution.

Although critical thresholds for total nitrogen (TN) and total phosphorus (TP), ex-
ceeding 0.2 mg/L and 0.02 mg/L, respectively, can lead to water body eutrophication [12],
global standards for TN and TP remain relatively low. For instance, in 2002, the TN and
TP values in the first-level A standards [13] for urban sewage treatment plants, as issued
by China’s Ministry of Ecology and Environment, were 15 mg/L and 0.5 mg/L, respec-
tively [13], which were significantly higher than the nitrogen and phosphorus requirements
in the Class IV water standards for surface water [12]. The 2009 Nutrient published in the
United States summarizes typical design targets for advanced wastewater treatment pro-
cesses, specifying effluent total nitrogen concentrations of ≤10 mg/L and total phosphorus
concentrations in the range of 0.1–1 mg/L [14]. The 1991 EU Urban Waste Water Treatment
Directive requires effluent discharged into sensitive areas from urban wastewater treatment
plants to meet only total nitrogen ≤10 mg/L and total phosphorus ≤1 mg/L [15], while
the 2000 Water Framework Directive only requires Member States to determine TN and TP
control standards themselves, based on river basin management objectives, to achieve good
water status [16]. Furthermore, NO2 and its secondary reaction derivatives (such as HNO3

and particulate NO3
−) in the atmosphere have seen a continuous surge [17]. For example,

nitrogen precipitation in China has increased by approximately 60% over the past 30 years,
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making it one of the three global hotspots for nitrogen deposition, alongside Western
Europe and North America [18]. In 2019, the United Nations Environment Assembly called
for enhanced action through its resolution on sustainable nitrogen management [19]. In
October 2019, UN member states approved the proposed Colombo Declaration on sus-
tainable nitrogen management in Colombo, aiming to reduce TN pollutants by 50% by
2030 [20]. Therefore, mitigating and curbing nitrogen pollution is crucial for protecting
both the environment and human health.

2. Nitrogen Pollution Issue
Nitrogen is a crucial element in maintaining the balance of aquatic ecosystems and

plays a significant role in stabilizing water quality [21]. Currently, nitrogen pollution in
water has emerged as one of the most pressing environmental issues globally. Nitrogen
in water exists in two primary forms: organic nitrogen and inorganic nitrogen. Inor-
ganic nitrogen encompasses nitrogen compounds such as NH3-N, NO3

−-N, and NO2
−-N.

These nitrogen compounds primarily originate from agricultural, industrial, and domestic
wastewater, which is discharged into natural water bodies, including rivers, lakes, and
oceans, leading to significant water quality degradation and adverse effects on both aquatic
ecosystems and human health [22,23].

NH3-N in water is a key factor influencing the environmental quality of aquatic
ecosystems. The primary forms of NH3-N are NH4

+-N and NH3 [24]. NH3-N disrupts the
respiration and ionic balance of fish, thereby impacting the survival of aquatic organisms.
It often leads to water body eutrophication, causing issues such as “water blooms” and
“red tides” [25]. Elevated NH3-N levels in drinking water promote bacterial growth in
water supply pipelines, causing the corrosion of the inner walls and further deterioration of
the effluent water quality [26]. Additionally, NH3-N is a major precursor of disinfection by-
products. NH3-N forms chloramine during chlorination and disinfection, thereby reducing
disinfection efficiency [27]. It can also be converted into NO3

−-N while depleting dissolved
oxygen (DO) in the water. Furthermore, nitrogen compounds can form ammonia in water,
which emits an irritating odor and adversely affects the respiratory system and mucosa [28].
Prolonged exposure to high concentrations of ammonia may cause symptoms such as
burning eyes, shortness of breath, and sore throat. In severe cases, prolonged exposure
may lead to diseases such as tracheitis and pneumonia [29].

NO3
−-N is a nitrogen compound with high solubility in aqueous solutions. The nitro-

gen element exists in the +5 oxidation state, and it is the most stable nitrogen-containing
compound in aerobic environments [30]. It typically arises from the improper use of agricul-
tural nitrogen fertilizers, the discharge of untreated industrial wastewater, the unregulated
release of livestock and poultry manure waste, domestic sewage, atmospheric deposition,
and soil erosion [31]. Due to the long self-purification cycles of ecosystems and their limited
degradation capacity, NO3

−-N concentrations in the water environment gradually accumu-
late and increase, eventually exceeding standard limits and causing a range of ecological
and environmental issues. For instance, excessive NO3

−-N concentrations in water can
lead to frequent planktonic and algal blooms, red tides, and other issues [32]. Aquatic
organisms may fail to obtain sufficient oxygen, impairing their reproduction and leading to
mortality [33]. Additionally, consuming drinking water with excessive NO3

−-N concen-
trations may lead to health issues in humans, such as thyroid dysfunction, cardiovascular
disease, blue baby syndrome, and growth defects in infants [7,34]. When NO3

−-N levels
in drinking water significantly exceed the standard, nitrate reductase in the human body
converts NO3

−-N into NO2
−-N. Nitrite is one of the most toxic substances responsible for

causing acute poisoning in humans. The poisoning dose for normal adults ranges from
300 to 500 mg, and the lethal dose is as low as 3 g [35]. The combination of nitrite and
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hemoglobin in the human body forms methemoglobin, which impairs oxygen transport,
leading to vision and cognitive disorders, blood vessel dilation, blood pressure changes,
and even death [36]. Therefore, the harm of nitrogen-containing wastewater extends be-
yond ecosystem damage and biodiversity loss, posing a deeper threat to human health and
quality of life. Research on efficient and cost-effective wastewater treatment technologies is
essential for reducing nitrogen concentrations and eliminating nitrogen pollution in water.

3. Research Statistic and Analysis
The preceding section introduced the background and impacts of nitrogen pollution.

Herein, we present a statistical analysis of research articles pertaining to nitrogen pollution
and metal–phenolic networks (MPNs), with a focus on the application of MPNs in nitrogen
removal processes. The analysis was conducted using data retrieved from the Web of
Science Core Collection. After conducting a keyword search for ‘nitrogen pollution’ and
‘metal-phenolic networks’ in the Web of Science database, we selected authoritative articles
and exported their data. The data were analyzed using the software CiteSpace V6.3R1
(Philadelphia, PA, USA). The results are presented in Figure 2.

Figure 2a shows a keyword co-occurrence network map generated by CiteSpace,
V6.3R1 (Philadelphia, PA, USA) based on the literature published from 2014 to 2025. The
core nodes are clustered around three primary themes: ‘metal-phenolic networks,’ ‘tannic
acid,’ and ‘nanoparticles’. Emerging research hotspots extend outward, encompassing
‘drug delivery’, ‘photothermal therapy’, ‘surface modification’, ‘capsules’, and ‘complexes’.
The node colors shift from light to dark (blue to red), indicating the temporal progression
from 2014 to 2025. Significantly, there has been rapid growth in emerging research direc-
tions, such as ‘drug delivery’, ‘photothermal therapy’ and ‘surface modification’ in recent
years. When applied to nitrogen removal research, metal–phenolic network materials,
which are characterized by multivalent metal centers strongly coordinated with phenolic
hydroxyl groups and abundant surface functional groups, can be tailored through surface
modification or nanocomposite strategies to create highly efficient adsorbents or catalysts.
These materials facilitate highly selective adsorption and transformation of nitrogen pollu-
tants, such as ammonia and nitrate, in water, thereby opening up new application prospects
for MPNs in environmental nitrogen remediation.

Figure 2b shows a CiteSpace keyword timeline view based on the literature from
2014 to 2025, highlighting nine major thematic clusters (#0 to #8). Cluster #0, “metal-
phenolic networks,” serves as the core theme. Other emerging subfields include #1 “can-
cer therapy,” #2 “chemodynamic therapy,” #3 “microcapsules,” #4 “inflammatory bowel
disease,” #5 “tannic acid,” #6 “radiosensitization effects,” #7 “Pickering emulsions,” and
#8 “delivery.” These clusters have gradually emerged along the timeline, with node colors
shifting from blue to red, reflecting research hotspots evolving from early to recent focus.
In the context of nitrogen removal, the multipoint coordination and crosslinking features of
MPNs, combined with their interfacial enrichment advantages in Pickering emulsions and
microcapsule construction, offer promising avenues. Through surface functionalization or
enzyme-catalyzed embedding, these networks can achieve efficient adsorption, selective
transformation, and controlled release of ammonia and nitrate in water, paving the way for
innovative applications of MPNs in environmental nitrogen removal and remediation of
complex pollution.
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Figure 2. (a) Keyword Co-occurrence Network Map; (b) Keyword Time-Zone View; (c) Top 22
Keywords with the Strongest Citation Bursts.

Figure 2b shows a keyword timeline view generated by CiteSpace, based on the litera-
ture spanning from 2014 to 2025, and highlights nine major thematic clusters labeled #0 to
#8. Cluster #0, ‘metal-phenolic networks’ is identified as the core theme. Other emerging
subfields encompass #1 ‘cancer therapy’, #2 ‘chemodynamic therapy’, #3 ‘microcapsules’,
#4 ‘inflammatory bowel disease’, #5 ‘tannic acid’, #6 ‘radiosensitization effects’, #7 ‘Picker-
ing emulsions’, and #8 ‘delivery’. These clusters have gradually emerged over the timeline,
with node colors changing from blue to red, indicating the evolution of research hotspots
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from early to recent focus. In the context of nitrogen removal, the multipoint coordination
and cross-linking characteristics of MPNs, along with their interfacial enrichment advan-
tages in the construction of Pickering emulsions and microcapsules, provide promising
prospects. By means of surface functionalization or enzyme-catalyzed embedding, these
networks can achieve efficient adsorption, selective transformation, and controlled release
of ammonia and nitrate in water, thus paving the way for innovative applications of MPNs
in environmental nitrogen removal and the remediation of complex pollution.

Figure 2c shows the Top 22 Keywords with the Strongest Citation Bursts from 2014 to
2025, including their burst periods and strengths. Recent keywords like “metal-phenolic
networks” (2023–2025), “photothermal therapy” (2022–2025), “cancer”, “inflammation”,
“biomaterials”, and “adsorption” reflect growing interest in multifunctional materials for
biomedical and environmental use. Earlier bursts such as “films” and “gold nanoparticles”
peaked around 2015–2018. For nitrogen removal, these trends highlight the potential of
material science in environmental applications. MPNs, with their tunable structure and
strong metal coordination, are promising for nitrogen adsorption and catalytic transforma-
tion. Continued focus on adsorption and biomaterials suggests that bio-based materials
(e.g., polyphenols) could be tailored for selective ammonia/nitrate capture and controlled
release. The emergence of photothermal therapy also hints at using photothermal effects to
enhance catalytic or microbial nitrogen conversion. Overall, MPNs offer a promising path
for advanced water treatment and nitrogen pollution control.

4. Technologies for Remediation of Nitrogen Pollution
4.1. Biological Methods

Bio-nitrogen removal refers to the process in which microorganisms catalyze biochem-
ical reactions to convert nitrogen in wastewater into N2, thus removing nitrogen from the
water. The conversion process is illustrated in Figure 3. Currently, existing biotechnologies
can be classified into traditional and advanced biological nitrogen removal technologies [37].
Advanced biological nitrogen removal processes, which are developed from traditional
methods, mainly include biofilm technology, anaerobic ammonia oxidation (ANAMMOX),
simultaneous nitrification, and shortcut nitrification–denitrification [38,39].

DON NH4
+-N

Ammonia 
bacteria

NO2
−-N

NO3
−-N

NO2
−-N

N2
Anaerobic 

environment

Ammonia

Figure 3. A schematic diagram showing the process of nitrogen removal using biological technology.
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Traditional biological nitrogen removal is based on the principle of nitrification–
denitrification. In this process, NH4

+-N and nitrogen-containing organic matter in wastew-
ater are initially oxidized by ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacte-
ria (NOB), respectively, converting them into (NO2

−-N) and subsequently into (NO3
−-N).

The nitrification process comprises two key enzymatic reactions: ammonia is oxidized to
NO2

−-N by AOB via the enzyme ammonia monooxygenase, and NO2
−-N is further oxi-

dized to NO3
−-N by NOB through the enzyme nitrite oxidoreductase. The overall reactions

are shown in Equations (8) and (9). During the denitrification phase, denitrifying bacteria
utilize nitrate as an electron acceptor under anoxic conditions, reducing it stepwise to N2 via
NO2

−-N, nitric oxide, and nitrous oxide (N2O), which is then released into the atmosphere.
This integrated process effectively removes nitrogen from wastewater [40–42]. Currently,
processes such as hypoxia/aerobic, anaerobic/hypoxia/aerobic, oxidation ditches, and
the SBR (Sequencing Batch Reactor-Activated Sludge Process) are widely applied in urban
sewage treatment in China [43]. Bai et al. [44] used powdered activated carbon to enhance
the activated sludge method for treating nitrogen and phosphorus in petrochemical wastew-
ater. The removal rates of NH3-N and TN were two and three times higher than those of
the traditional method, respectively. Wang et al. [45] studied the SBR process performance
of aerobic granular sludge and found that, although the SBR process performs well in
removing organic matter and phosphate, its TN removal efficiency is moderate, with an
average removal rate of approximately 52%. Duan et al. [46] investigated the properties of
nitrogen and phosphorus removal as well as microbial characteristics using an iron–carbon
microelectrolytic coupling and anaerobic–oxidative–aerobic process. The results indicated
that the Chemical Oxygen Demand (COD), TN, NH4

+-N, and TP concentrations in the
effluent were 75.80, 0.65, 0.62, and 0.74 mg/L, respectively, meeting the emission standards
of GB21900-2008 [47]. However, the process had the drawback of requiring a long treatment
time [48]. Therefore, although traditional biological nitrogen removal processes are stable
and effective for removing nitrogen from wastewater containing organic matter, they have
drawbacks such as long process flows and treatment times, large area requirements, low
efficiency at low temperatures, and often the need for additional carbon sources.

The biofilm method involves allowing sewage to flow over the surface of a filler and
promoting the adhesion and growth of microorganisms, which eventually form membrane-
like microbial flocs [49]. This method is primarily used to remove soluble and colloidal
organic pollutants from wastewater. The main applications of this method include biolog-
ical filters, biological rotating disks, and biological fluidized beds [50]. Biofilm reactors
generally occupy a small area, produce minimal sludge, support abundant microbial popu-
lations, and demonstrate better performance in treating NH3-N wastewater. For instance,
Mao et al. [51] used a sequencing batch biofilm reactor to treat high-concentration NH3-N
wastewater, achieving an NH3-N removal rate of 91.6%. Li et al. [52] used membrane
bioreactors to treat nitrogen-containing wastewater under low-temperature conditions,
achieving a TN removal rate of 85%, with a residual NO3

−-N concentration of approxi-
mately 2 mg/L, and a removal rate of up to 94.0%. However, the biofilm method also has
drawbacks, including high energy consumption, long start-up times, extended hydraulic re-
tention times, and sensitivity to ambient temperature, which hinder the rapid treatment and
purification of nitrogen-containing wastewater. ANAMMOX is a biochemical process in
which NH4

+-N and NO2
−-N are converted into N2 under anaerobic conditions, facilitated

by H+ and HCO3
− [53,54]. ANAMMOX is widely employed in treating high-concentration

NH3-N wastewater, including coking wastewater, garbage leachate, and digested sludge
dewatering liquid. Sui et al. [55] employed advanced nitrogen removal in a fixed-bed
ANAMMOX reactor following a hypoxia/oxygenation reactor, resulting in an increase
in TN and NH4

+-N removal efficiency by 12.7–23.4% and 17.2–20.0%, respectively. Chen
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et al. [56] adopted the ANAMMOX process and constructed a rapid permeability system to
study the influence of organic matter on both the ANAMMOX properties and the microbial
community structure. The results indicated that after 83 days of domestication, the removal
efficiencies for NH4

+-N, NO2
−-N, and TN were 99.7 ± 0.3%, 99.8 ± 0.2%, and 91.3 ± 0.2%,

respectively. Li et al. [57] employed partial denitrification and ANAMMOX to reduce the
TN concentration in NH4

+-N wastewater, initially at 30–50 mg/L, to 8.9 ± 1.0 mg/L. In
comparison to the traditional biological denitrification process, the ANAMMOX process
does not require aeration, thereby reducing the demand for O2 and COD. CO2 serves as the
carbon source and energy, while the small reaction structure and minimal residual sludge
contribute to reduced energy consumption and costs. However, the slow proliferation rate
of anaerobic ammonia-oxidizing bacteria, their low resistance to dissolved oxygen (DO),
long equipment start-up times, and low initial nitrogen removal rates limit their industrial
application [58,59].

Synchronous nitrification–denitrification is a mechanism in which both nitrification
and denitrification processes occur simultaneously within the same biological treatment
reactor [60]. Currently, three primary theories explain this process: the microenvironment
theory, the macroenvironment theory, and the microbiological theory [61]. Its process
flow is simple, reaction time is short, alkalinity addition is minimized, and there is no
need for pH adjustment or carbon source addition, making it widely applied in practical
research. For instance, Chen et al. [62] employed a synchronous nitrification–denitrification
process to treat domestic wastewater. After two months of operation, the TN removal
rate of the bioreactor stabilized at approximately 50%, with a hydraulic retention time
of 12 h. Cao et al. [63] applied the synchronous nitrification–denitrification process to
remove nitrogen from micro-contaminants, achieving a removal efficiency of NO3

−-N
exceeding 90%. Although the synchronous nitrification–denitrification process is effective,
challenges remain, such as the need for a strict inlet carbon-to-nitrogen ratio, DO control,
HRT (hydraulic retention time), and temperature regulation. Short-range nitrification–
denitrification [64], also known as incomplete nitrification–denitrification, occurs when
NO2

−-N/(NO2
−-N + NO3

−-N) > 50%, which directly leads to the hypoxia denitrification
stage, ultimately achieving nitrogen removal. The transformation process for short-range
nitrification–denitrification is NH4

+ → NO2
− → N2. During the stage of oxidizing NH4

+-N
to NO2

−-N, aeration volume is reduced by 25% compared to traditional processes [65].
Under hypoxic conditions, denitrifying bacteria use organic compounds to reduce NO2

−-N
to N2, resulting in a 40% reduction in carbon source use compared to traditional nitrogen
removal processes. Furthermore, compared to traditional nitrogen removal processes,
short-range nitrification–denitrification offers advantages such as a 50% reduction in sludge
production, improved TN removal rates, decreased alkaline injection requirements, and
reduced reaction time [66]. However, short-range nitrification–denitrification processes
also have drawbacks, such as high energy consumption due to temperature requirements
and the necessity to combine with ANAMMOX processes [67]. For instance, Ban et al. [68]
combined short-range nitrification with an ANAMMOX-coupled denitrification system to
treat toilet sewage containing NH3-N concentrations of 400–500 mg/L. After approximately
75 days of operation, the NH4

+-N and TN concentrations in the effluent were 40.20 mg/L
and 67.40 mg/L, respectively, with removal rates of 90.84% and 86.90%. Biotechnology
offers advantages such as stability, efficiency, environmental protection, cost-effectiveness,
and widespread application. However, it also has drawbacks, including long processing
times, complex and incomplete reactions, large equipment footprints, and susceptibility to
environmental impacts.

Biological nitrogen removal technologies, encompassing traditional processes, biofilm
methods, anammox, synchronous nitrification–denitrification, denitrification processes,
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and short-range nitrification–denitrification processes, offer notable advantages, including
high nitrogen removal efficiency, cost-effectiveness, and environmental sustainability. These
technologies are energy-efficient and environmentally friendly, making them valuable tools
in wastewater treatment. However, they also face several limitations. Their effectiveness
is typically limited to specific nitrogen species, such as NH4

+-N and NO3
−-N, and their

performance is diminished for other nitrogenous compounds. Moreover, their operation is
highly sensitive to environmental factors such as pH, temperature, and dissolved oxygen,
which can affect microbial activity and system stability. Challenges also encompass long
start-up times, complex reactor designs, high operational and maintenance costs, as well as
the need for meticulous microbial management. In addition, the production of sludge and
greenhouse gases, such as N2O, imposes further environmental and treatment burdens. As
a result, while biological nitrogen removal shows strong potential, its capacity to handle
high pollutant loads or sudden water quality fluctuations remains limited.

4.2. Physical–Chemical Method

The primary physical and chemical technologies include the blowing-off and stripping
method, break-point chlorination, the chemical precipitation method, the membrane sepa-
ration method, the adsorption method, and the active metal reduction method [69,70]. The
blowing-off and stripping method is a water treatment technique that utilizes the oxidation
reaction of dissolved gases in wastewater when air is passed through. This causes volatile
substances to transfer from the liquid phase to the gas phase, thereby separating and
removing them [71]. The blowing-off and stripping method increases the concentration of
hydroxide ions in wastewater, enabling the continuous production of NH3 in an alkaline
environment. NH3 then evaporates into the air, thereby reducing the NH4

+-N concentra-
tion in the water. This method is easy to operate and provides stable removal efficiency.
However, it requires a continuous stream flow during the treatment process, has a long
blowing-off and stripping time, high costs, and equipment that is prone to scaling and
clogging [72]. Additionally, there are difficulties in NH3 collection.

The primary principle of the break-point chlorination method [73] involves introducing
Cl2, NaClO, or Ca(ClO)2 into nitrogen-containing wastewater. In this process, NH4

+-N
is oxidized to N2 by the strong oxidizing action of the generated HClO. As NH4

+-N is
gradually removed and its concentration approaches 0, the residual chlorine content reaches
its lowest point. This point is referred to as the “break-point” of the reaction. The chemical
reaction equation for the break-point chlorine addition method is as follows [74]:

NH4
+ + 1.5 HClO → 0.5 N2 + 1.5 H2O + 2.5 H+ + 1.5 Cl− (1)

While the break-point chlorination method is effective for treating high-concentration
NH3-N wastewater, the by-products in the treated water pose health risks and may even
cause cancer.

The chemical precipitation method involves adding specific chemical precipitants
(e.g., Mg2+ or PO4

3−) to water while controlling the reaction pH and molar ratio [75]. It
ensures that the solubility of the precipitants (Mg2+ or PO4

3−) exceeds that of the insoluble
salts, thus forming insoluble magnesium ammonium phosphate precipitation to remove
NH3-N [76]. The chemical reaction equation is as follows [77]:

Mg2+ + NH4
+ + PO4

3− + H2O → MgNH4PO4·6H2 (2)

Additionally, magnesium ammonium phosphate recycling is convenient and, as a
sustained-release fertilizer, facilitates the recycling and utilization of resources [78]. Al-
though this method is technologically simple, operationally flexible, highly efficient, and
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stable [79], making it suitable for treating high-concentration wastewater that cannot be
processed by biological treatment [80], it also presents challenges. These include the large
addition of phosphate and magnesium salts, high treatment costs, the need for mechanical
stirring during the reaction, and significant energy consumption [81].

Membrane separation technology [82] involves the selective separation of molecular
mixtures with different particle sizes as they pass through semipermeable membranes
at the molecular level. Based on the varying pore sizes of semipermeable membranes,
membrane separation technologies can be categorized into microfiltration, ultrafiltration,
nanofiltration, electrodialysis, and reverse osmosis. The membrane separation method
offers advantages such as low energy consumption, high automation, simplicity of opera-
tion, no involvement of chemical agents, and environmental friendliness. It can intercept
NH4

+-N, NO3
−-N, and NO2

−-N in wastewater on the surface of the membrane, thereby
achieving their removal. However, the membrane separation method lacks ion selectivity
and removes all impurities (including non-target substances) from wastewater, which
increases treatment costs. Additionally, while it collects, concentrates, and even migrates
NH4

+-N and NO3
−-N, it does not achieve complete purification and requires further pro-

cessing. Furthermore, the membrane is prone to contamination, and it is expensive. Also, it
requires regular maintenance and replacement due to clogging and damage. Consequently,
this technology is not commonly used in practical nitrogen removal applications.

The adsorption method involves capturing target pollutants (one or more) from water
onto the surface of a material through static or dynamic adsorption, followed by desorption
using a specific method, ultimately achieving separation and enrichment [83]. Adsorption
technology is widely employed in sewage nitrogen removal due to its advantages, including
operational simplicity, cost-effectiveness, environmental friendliness, and efficient removal
capabilities. The adsorption mechanisms [84] include ion exchange (primarily relying
on electrostatic attraction), physical adsorption (mainly relying on intermolecular forces),
and chemical adsorption (predominantly relying on chemical bond forces), among others.
Common adsorbent materials, such as activated carbon, bentonite, and zeolite, are widely
used in experimental research and practical engineering for NH4

+-N treatment due to
their abundant availability, low cost, and non-toxicity [85]. However, these adsorbents
have a low recycling rate and are only suitable for treating low-concentration NH3-N
wastewater. Additionally, there is limited research on the removal of NO3

−-N and NO2
−-N

in wastewater, and the removal efficiency is generally poor. For instance, Bhatnagar
et al. [86] used activated carbon to adsorb NO3

−-N, and the activated carbon modified
with ZnCl2 exhibited an adsorption capacity of only 1.7 mg/g. Mizuta et al. [87] heated
bamboo powder at 900 ◦C for 1 h to prepare bamboo powder carbon (BPC), but its NO3

−-N
adsorption capacity was only 1.25 mg/g. However, the nitrate adsorption capacity can
reach 50 mg/g using the polyvinyl alcohol/chitosan prepared by Rajeswari et al. [88]. Wang
et al. [89] used corn stalks as the raw material to produce biochar, which was subsequently
modified using KOH and FeCl3. The modifications significantly improved the biochar’s
NH3-N adsorption capacity, achieving values of 15.71 mg/L and 22.61 mg/L, respectively.
Li et al. [90] co-modified attapulgite and zeolite using La and Al, and integrated the
modified materials with aquatic plants for the treatment of eutrophic water bodies. The
study found that the modified materials effectively reduced nitrogen levels in the sediments.
However, the high preparation cost of numerous modified materials currently restricts
their practical application in engineering projects. Identifying an adsorbent material that is
cost-effective, environmentally friendly, efficient, and has strong recycling and regeneration
capabilities is of utmost importance. Currently, numerous adsorption systems encounter
limitations due to high operational costs and performance degradation over multiple
cycles, primarily resulting from fouling and the structural deterioration of the adsorbents.



Processes 2025, 13, 2131 11 of 35

Therefore, the development of effective strategies, such as chemical regeneration, surface
modification, and the utilization of low-energy materials, presents both a substantial
challenge and a promising opportunity to improve the reusability and economic feasibility
of adsorption-based technologies.

The reactive metal reduction method involves gradually reducing NO3
−-N to N2 or

NH4
+-N through the reduction properties of elemental materials such as copper, aluminum,

and iron [31]. Active metals commonly used for NO3
−-N reduction include zero-valent

magnesium (Mg0) [91], zero-valent iron (Fe0) [92], zero-valent zinc (Zn0), zero-valent cop-
per (Cu0), and zero-valent aluminum (Al0) [93], among others. Guo et al. [94] employed
synergistic systems combining zero-valent iron with hydrogen peroxide (H2O2), potas-
sium permanganate (KMnO4), or chromate (CrO4

2−) to enhance the removal of NO3
−-N.

At pH 5, the NO3
−–N removal efficiency increased from 94% to 97%, while at pH 7, it

markedly rose from 74% to 98%. Yang et al. [95] reported that, in the absence of external
reducing agents, nano zero-valent iron (nZVI) primarily reduces nitrate to NH4

+-N. In
addition to nZVI and other nanometals, the high cost and limited availability of aluminum
and zinc further constrain their practical applications and hinder research and development
in this area. It is imperative to identify novel materials that can facilitate the concurrent
reduction of NO3

−-N by zero-valent metals. However, little research is focused on the
removal of residual NH4

+-N.
Physicochemical nitrogen removal methods provide the benefits of rapid processing

and high efficiency in water treatment. However, they also present several notable draw-
backs. First, the operational costs are relatively high, primarily owing to the substantial
consumption and elevated prices of chemical reagents, which substantially elevate overall
expenses. Second, these methods may result in secondary pollution, such as the formation
of chemical precipitates or hazardous by-products, necessitating additional treatment and
raising environmental concerns. Furthermore, physicochemical methods exhibit lower
adaptability to fluctuations in water quality, potentially leading to reductions in treatment
efficiency. The systems are generally complex and necessitate frequent maintenance. In
large-scale applications, regular inspections and component replacements further augment
operational difficulty and cost. Overall, physicochemical nitrogen removal is more appro-
priate for short-term or emergency pollution control, yet less suitable for long-term, stable
water treatment operations.

4.3. Emerging Technologies

The electrobiochemical system is an innovative water treatment technology that in-
tegrates electrochemical and biological processes. In recent years, it has attracted signif-
icant attention for nitrogen pollution control. Its primary mechanisms encompass the
electro-oxidation of ammonia, electro-reduction of nitrate/nitrite, electro-assisted microbial
denitrification, and electro-Fenton reactions. Notably, by adjusting the electrode potential,
microbial activity can be selectively enhanced. This, in turn, promotes processes such as si-
multaneous nitrification–denitrification and anaerobic ammonium oxidation. For example,
Yang et al. [96] reported a total nitrogen removal rate of 96.4% using algae biofilm microbial
fuel cells. Compared with traditional methods, electrochemical systems offer several ad-
vantages. They exhibit rapid reactions, high efficiency even at low nitrogen concentrations,
strong controllability, and can be effectively integrated with other treatment technologies,
including membrane filtration, adsorption, and biological processes. However, several
challenges hinder their large-scale application. These include high energy consumption,
the high cost of electrode materials, electrode fouling, and uncertain long-term stability. To
advance the practical applications of electrobiochemical systems in treating urban sewage,
agricultural runoff, and high-strength industrial wastewater, future research should focus
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on the following aspects: developing energy-efficient and durable electrodes, optimiz-
ing system design, integrating multifunctional technologies, and evaluating operational
stability and economics.

Advanced Oxidation Processes (AOPs) have garnered growing interest as effective
water treatment technologies for nitrogen pollution control. These processes generate
highly reactive species, such as hydroxyl radicals (·OH) and sulfate radicals (SO4

−·), which
oxidize pollutants. AOPs are widely employed for the removal of refractory organic
compounds. In the realm of nitrogen removal, AOPs demonstrate significant potential.
They can convert NH4

+/NH3, NO2
−, and organic nitrogen compounds. By doing so,

they enhance the biodegradability of nitrogen pollutants, facilitating subsequent biological
treatment. Additionally, AOPs can directly remove nitrogen compounds or act as a post-
treatment step [97]. Common AOP methods include ozone oxidation, photocatalysis (e.g.,
UV/H2O2, UV/TiO2), Electro-Fenton, and Photo-Fenton processes. For instance, Alejandro
et al. [98] reported an 18.32-fold increase in NO3

−–N recovery from livestock wastewater
using the UV/H2O2 process. AOPs effectively break down complex organic nitrogen
in wastewater, such as textile and livestock effluents, into biodegradable or inorganic
forms, enabling further treatment. Despite their effectiveness, AOPs face several challenges.
They often require harsh operating conditions, such as the use of UV light and high-
pH environments. Moreover, they suffer from high energy consumption, the need for
costly oxidants, and the potential to produce by-products like nitrite, which may cause
secondary pollution. To address these challenges and improve the scalability, efficiency, and
sustainability of nitrogen pollution control, future research should focus on the following
aspects: developing low-energy, selective catalysts; optimizing processes; and integrating
AOPs with biological and electrochemical methods.

Nanomaterials, characterized by their high surface area, abundant active sites, and
excellent catalytic properties, hold great promise for nitrogen pollution control in water
treatment [99,100]. Recent research has centered on utilizing nanomaterials to eliminate
pollutants like ammonia, nitrate, and nitrite, investigating their efficient nitrogen removal
capabilities in urban wastewater, agricultural runoff, and industrial effluents. One preva-
lent type of nanomaterial is metal oxides, such as TiO2, Fe3O4, and ZnO. These metal oxides
can oxidize ammonia to nitrogen gas or reduce nitrate to harmless substances through
photocatalysis or electrocatalysis. For instance, TiO2 generates hydroxyl radicals under UV
light, effectively decomposing ammonia. As a result, it is widely employed in photocat-
alytic nitrogen removal studies [101,102]. Magnetic Fe3O4 nanoparticles not only possess
good adsorption properties but also facilitate rapid recovery and reuse [103]. Another
important category of nanomaterials is carbon-based materials, including graphene, carbon
nanotubes, and activated carbon. These materials are often used as supports for function-
alized nanocatalysts or combined with other adsorbents to enhance nitrogen adsorption
and transformation. For example, graphene oxide can be combined with metals or metal
oxides to improve its catalytic performance for ammonia or nitrate conversion while main-
taining excellent chemical stability and regeneration capability [104]. In addition, novel
porous nanomaterials, such as metal–organic frameworks (MOFs) and covalent organic
frameworks (COFs), are also being explored for efficient nitrogen removal. These materials
are highly tunable and have rich functional sites, enabling the selective recognition and
capture of nitrogen pollutants while offering good regeneration capacity. Despite their sig-
nificant potential, several challenges persist. These include high production costs, unclear
environmental safety, and the need to enhance their stability and resistance to interference
in real-world water systems. To achieve efficient and sustainable nitrogen pollution control,
future research should focus on the following aspects: conducting systematic studies on
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the environmental behavior and toxicity of nanomaterials, developing green synthesis
methods, and integrating nanomaterials with traditional treatment technologies.

Integrating multiple technologies to achieve synergistic effects is an effective strategy
for enhancing overall nitrogen removal efficiency. Single technologies often face challenges
such as low efficiency, long treatment times, and high costs. However, combining tech-
nologies can leverage their strengths and address individual limitations [105]. A common
approach is integrating biological denitrification with physical–chemical methods. For
example, coupling electrochemical denitrification with traditional biological processes
allows electrochemical techniques to rapidly remove nitrogen sources like ammonia and
nitrate, while adjusting electrode potentials can enhance microbial denitrification efficiency.
Electrochemical systems provide ideal conditions for microorganisms, enabling simulta-
neous nitrification–denitrification to improve nitrogen removal rates. Another effective
integration involves combining AOPs with adsorption techniques. AOPs generate strong
oxidants (e.g., ·OH radicals) to degrade organic nitrogen pollutants, while adsorbents
(such as activated carbon or nanomaterials) can further capture nitrogen compounds or
intermediate products, reducing secondary pollution. This combination enables both rapid
removal and long-term adsorption, improving nitrogen removal efficiency. Additionally,
incorporating nanomaterials can enhance the catalytic activity and reaction rate of the
denitrification process. By combining multiple advanced technologies, a complementary
effect is achieved, significantly improving nitrogen removal while optimizing costs and
treatment efficiency, thereby advancing the development of water treatment technologies.

4.4. Application in Treatment of Typical Wastewater

In recent years, black and odorous water bodies have emerged as a significant envi-
ronmental pollution issue. These water bodies typically exhibit low transparency, often
appearing black, and emit a strong, unpleasant odor. Additionally, they suffer from poor
circulation, resulting in low DO levels and elevated NH3-N concentrations. According
to the 2015 guidelines issued by the Ministry of Housing and Urban-Rural Development,
the “Classification Standard for the Pollution Degree of Urban Black and Odorous Water
Bodies” categorizes these water bodies into mild and severe pollution levels based on
parameters such as transparency, DO levels, redox potential, and NH3-N concentration
(see Table 1).

Table 1. Degree of Urban Black and Odorous Water Bodies [106].

Characteristic Indicators (Units) Mild Black Odor Severe Black Odor

transparency (cm) 25~10 <10
DO (mg/L) 0.2~2.0 <0.2

redox potential (mL) −200~50 <−200
NH3-N (mg/L) 8.0~15 >15

The formation of black and odorous water bodies is influenced by a variety of envi-
ronmental factors. According to the existing literature, these factors can be summarized
into the following key aspects: One significant factor is the early construction of urban in-
frastructure, which lacked comprehensive coverage or maintenance. As a result, untreated
exogenous pollutants enter water bodies, leading to excessive oxygen consumption and
creating an imbalance between reoxygenation and oxygen depletion [107]. Muezzinoglu’s
research [108] demonstrates that the decomposition of large amounts of organic matter in
water results in an oxygen consumption rate that exceeds the reoxygenation rate. Addition-
ally, the decomposition by anaerobic microorganisms produces foul-smelling compounds
such as hydrogen sulfide (H2S) and NH3, contributing to the unpleasant odor of the
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water [109]. Hishida et al. [110] identified insufficient hydrodynamics as a key factor
contributing to the blackening and odor of rivers. Low flow velocity promotes excessive
algal reproduction, leading to algal blooms. Temperature plays a significant role in the
severity of water blackening and odor, with the effects being most pronounced during
hot weather and less noticeable in colder conditions. Ambient temperature influences the
growth and activity of microorganisms in aquatic environments. Under optimal tempera-
ture conditions, the rate of microbial decomposition accelerates, leading to increased DO
consumption and a greater release of toxins into the water [111]. Conversely, temperature
also influences the saturation of DO in water bodies. As temperature increases, the DO
content in the water decreases, leading to a reduction in the reoxygenation rate of the
water body [112]. The bottom sludge is an integral component of the aquatic ecosystem,
and the pollutants it contains create favorable conditions for microorganisms. Wu [113]
investigated the release patterns of pollutants in riverbed sediment, concluding that high
concentrations of organic matter facilitate the release of TP from the sediment. Liu [114]
observed that humic acid absorbs significant amounts of pollutants upon entering water
bodies; however, once decomposed, it leads to the accumulation of NH3, TN, and total
TP in the sediment, thereby increasing the organic matter content of the riverbed [115].
The formation of black and odorous water bodies results from the combined effects of
physical, chemical [116], and biological processes, with current research identifying Fe,
Mn, and S as the primary contributing elements [117]. The degradation of organic matter
creates an oxygen-deprived environment in the water, where anaerobic microorganisms
decompose organic material, producing pungent gases such as hydrogen sulfide, ammonia,
and thiols [118].

Nitrogen compounds, particularly ammonium and nitrate, play a pivotal role in
the formation of black and odorous water bodies, as they facilitate the development of
anaerobic conditions and stimulate the generation of malodorous compounds, including
ammonia and amines. Additionally, black compounds like FeS and MnS contribute to the
water’s discoloration [119]. The primary chemical reactions responsible for the blackening
are outlined below [120]. The primary process is illustrated in Figure 4a.

sour protein → cysteine + H2 → H2S + NH3 + CH3CH2COOH (3)

SO4
2 + organic substances → H2S + H2O + CO2 (4)

Fe(OH)3 → Fe2+, Fe2+ + H2S → FeS (5)

The main chemical reactions responsible for the odor are outlined below [121]. The
primary process is illustrated in Figure 4b.

SO4
2− + 2(CH2O) + 2H+ → H2S + 2CO2 + 2H2O (6)

HO2C-CH(NH2)-SH + H2O → 3CH3-CO-CO2H + H2S + NH3 (7)

The detrimental effects of black and odorous water bodies manifest in multiple ways:
the offensive odor they emit disrupts the lives of nearby residents, potentially causing
symptoms such as dizziness and chest tightness in extreme cases and impairing concen-
tration; notably, hydrogen sulfide gas, which is present in these waters, emits a distinct
rotten-egg smell at low concentrations but becomes odorless at higher levels [122]; these
water bodies also degrade the water quality of rivers in the affected area, exacerbating
the existing water resource crisis; moreover, they serve as breeding grounds for harmful
microorganisms, bacteria, and mosquitoes, thereby posing a significant threat to public
health by potentially leading to large-scale epidemics [123].
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Black and odorous water emits a strong, unpleasant odor and deposits black sedi-
ments along the channel’s banks, significantly affecting a city’s ecological landscape and
detracting from its visual appeal. In service-oriented cities, the degradation of the ecological
landscape negatively impacts local tourism, consumption, and overall urban economic de-
velopment. According to data from China’s Ministry of Ecology and Environment, during
the 13th Five-Year Plan period, direct investment in black and odorous water treatment
exceeded 1.5 trillion RMB over three years [124]. However, some regions only addressed
the symptoms rather than the underlying causes. After treatment, the water bodies became
less prone to blackening and odor formation, but the issue was not fully resolved. Treating
black and odorous water is a long-term and challenging process, and the associated costs
are substantial. Managing black and odorous water bodies involves controlling both water
sources and sediment. The treatment of black and odorous water should adhere to the
technical approach of “external emission reduction, endogenous control, water quality
purification, clean water supply, and ecological restoration” [125]. Once exogenous pollu-
tants are eliminated, the release of organic matter, nitrogen, and phosphorus nutrients from
endogenous sediments poses a significant obstacle to the treatment of black and odorous
water. Effective control of black and odorous water bodies also requires the restoration of
sediments [126].
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Figure 4. A schematic diagram illustrating the mechanism behind the formation of water blackening
and odor [116]. (a) The process of water darkening; (b) The process of odor formation in water bodies.

Physical methods for treating black and odorous water bodies include aeration, hy-
draulic circulation, and covering/isolation. Aeration, which involves adding oxygen to
the water [127,128], enhances the DO content, improves the water body’s self-purification
capacity, and promotes ecosystem recovery. Common aeration methods include blower
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aeration, brush aeration, and jet aeration. Wang [129] conducted experimental studies on
river wastewater using laboratory simulations of artificial aeration. The study indicated
that intermittent aeration promotes nitrogen removal and inhibits the release of nitrogen
and phosphorus from the bottom sludge. Aeration and oxygenation can alter the properties
of bottom sludge and affect the nitrogen content in various forms. However, aeration is
energy-intensive and may lead to the re-diffusion of pollutants from the bottom sludge.
Hydraulic circulation involves using water conservancy infrastructure to direct clean water
into the system or recycle water within it to supplement the water body. This method
promotes the migration and diffusion of pollutants by increasing the water volume in
contaminated areas, thereby diluting pollutant concentrations [130,131]. However, this
approach does not address the root cause of the problem; it only mitigates blackening and
odor to a certain extent and does not provide long-term sustainability for the water body.
Covering and isolation involve using materials to cover the bottom sludge, separating the
sediment from the water, and preventing pollutants from spreading into the water body.
Zhou et al. [132] used natural materials, such as soil and diatomaceous earth, to cover
anaerobic sludge and conducted ecological restoration of dead grass. The results indicated
that covering the material slowed the release of TN and TP in the water and increased
DO levels.

Chemical methods for water treatment are categorized into oxidation, flocculation,
and precipitation based on their reaction principles. These methods effectively reduce the
pollution load and enhance water transparency. Commonly used chemical agents include
inorganic and organic polymer flocculants [133] (such as polymeric aluminum chloride and
polyacrylamide), oxidants [134,135] (such as calcium peroxide and hydrogen peroxide),
precipitants [136] (such as iron hydroxide and magnesium hydroxide), and algae removal
agents [137] (such as copper sulfate and ozone). Chemical methods offer advantages such
as lower costs and shorter treatment times. However, the addition of chemical agents can
lead to secondary pollution of water bodies [138] and negatively affect biological growth,
thereby limiting their long-term applicability.

Biological–ecological technology harnesses the purification capabilities of animals,
plants, and microorganisms, along with the food chain output and transfer functions of
various organisms, to purify and restore contaminated water bodies [139]. This technology
offers advantages such as stability, effectiveness, low energy consumption, and ease of
management. Common ecological technologies include artificial wetlands, bioreactors, and
artificial floating islands [140]. Artificial wetlands consist of complexes made up of artificial
media, plants, and microorganisms. These components collectively utilize adsorption,
fixation, filtration, interception, redox reactions, microbial degradation, transformation,
and metabolism to purify water [141,142]. Based on the water distribution method, artificial
wetlands can be classified into surface flow and submerged types. Submerged wetlands are
further divided into vertical flow, horizontal flow, and tidal flow systems [143]. Research
on artificial wetlands in China began relatively late, with the first artificial wetland sewage
treatment project established in Shenzhen from China in 1990. Since 2000, the number of
artificial wetland systems in operation has increased, accompanied by a rise in research
on these systems. Biogrid is a novel pollution purification technology that integrates
biofilm technology with aquatic plants. It offers advantages such as cost-effectiveness,
practicality, esthetic appeal, and ecological sustainability [144]. Yu et al. [145] employed
biogrid technology to manage the tributaries of the Zhongtang River in Ningbo. After more
than six months of operation, the water’s color returned to normal, the blackness and odor
were eliminated, and the water quality indicators met the required standards. However,
biogrid technology is still under development and has not yet been widely applied; further
research is needed. An artificial floating island also referred to as an ecological floating
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island or artificial floating bed, is primarily composed of three components: filler, plants,
and carriers. This is an ecological technology that integrates agronomic and ecological
engineering measures to restore and rehabilitate damaged aquatic ecosystems [146]. The
mechanisms by which artificial floating islands purify water bodies include absorbing and
utilizing organic matter from polluted water to synthesize their own tissues, adsorbing and
enriching suspended matter in the water to thereby enhance treatment efficiency, releasing
oxygen from plant roots to accelerate the decomposition of organic pollutants, and using
floating island carriers to block light, thereby inhibiting the large-scale reproduction of
algae and preventing “water blooms.”.

According to the classification in the “Grading Standards for Pollution Levels of Urban
Black and Odorous Water Bodies” [106], NH3-N concentration is a critical indicator of
black and odorous water bodies. NH3-N in black and odorous water arises from various
sources, including domestic sewage, industrial wastewater, and residual fertilizers from
agricultural activities. NH3-N primarily exists in two forms in water: NH4

+ and NH3.
Under acidic conditions, NH3-N predominantly exists as NH4

+, whereas under neutral
or alkaline conditions, it primarily exists as NH3. At high water temperatures, NH3-N
is more likely to be present as ammonium salts, whereas at lower temperatures, free
NH3 is the dominant form [147]. NH3-N is a primary contributor to the eutrophication
of water bodies and the formation of harmful algal blooms, such as red tides. Elevated
concentrations of NH3-N significantly impact the survival of aquatic organisms. The
microbial activity associated with NH3-N consumption depletes DO, further reducing
oxygen levels in black and odorous water and thereby severely disrupting the ecological
environment. Additionally, NH3-N is a major precursor of disinfection by-products. It
forms chloramine during the chlorination and disinfection processes, thereby reducing
disinfection efficiency [148]. NH3-N in black and odorous water reacts under microbial
influence, and a schematic diagram illustrating the conversion of NH3-N, NO3

−-N, and
NO2

−–N is shown in Figure 5.
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Figure 5. A schematic diagram showing nitrogen conversion processes within an aquatic system [149].

The primary methods for removing NH3-N from water include chemical methods
(such as breakpoint chlorination and chemical precipitation), biological methods (such as
nitrification-denitrification and ANAMMOX) [150], and physical methods (such as adsorp-
tion, membrane separation, aeration, and stripping). These methods facilitate the effective
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elimination of NH4
+ from black and odorous water bodies through its conversion into N2

or insoluble precipitates, thus contributing to the effective alleviation of black and odorous
water problems. The core principle of the breakpoint chlorination method in chemical
treatments is an oxidation reaction. In this process, chlorine or sodium hypochlorite is
introduced into the water, oxidizing NH3-N to nitrogen gas [73]. The chemical precipitation
method involves adding a precipitant to wastewater, where NH3-N reacts with anions
in the precipitant to form solid particles. However, this method faces challenges such as
high costs for the precipitant and difficulties in handling the large volumes of generated
precipitates.

The biological removal of NH3-N [151] occurs through the activity of both aerobic
and anaerobic bacteria. NH4

+ is first oxidized to NO2
− by NOB. The nitrite is then

converted to NO3
− under the influence of NOB and is ultimately reduced to N2 through

denitrification, thus removing NH3-N. The overall reaction equations for these processes
are as follows [152]:

2NH4
+ + 3O2 → 2NO2

− + 2H2O + H+ + ∆E (8)

2NO2
− + O2 → 2NO3

− + ∆E (9)

5C(Organic Carbon) + 2H2O + 4NO3
− → 2N2↑ + 4OH− + 5CO2 (10)

This method is commonly employed in large- and medium-sized sewage treatment
plants. It is effective in nitrogen removal; however, the biological method requires a
significant amount of time due to the sequential nature of the microbial processes involved.

The stripping method in physical treatments involves expelling NH3 gas molecules
under alkaline conditions [153]. This method offers advantages such as simple equipment
operation and stable efficiency. However, it necessitates continuous aeration, leading to
high energy consumption. Additionally, the ammonia released can contribute to atmo-
spheric pollution [71]. The adsorption method relies on using an adsorbent with selective
adsorption capabilities for NH4

+, removing them through ion exchange or the combination
of anions and cations [154]. This method is easy to operate; however, the treatment of
saturated adsorbents presents a significant challenge. Each method has its unique character-
istics and limitations, with adsorption being one of the key technologies for NH3-N removal.
It has been extensively studied and applied. Identifying an adsorbent material with broad
availability, low cost, high efficiency, and non-toxicity holds significant practical value.
Water resources are among the most valuable natural assets essential to human survival.
Human survival and development are intrinsically linked to water availability. Moreover,
water constitutes a vital component of the ecological environment system. With the rapid
growth of China’s economy, water consumption for industrial, agricultural, and domestic
purposes has continued to rise, resulting in the discharge of large volumes of industrial
wastewater and domestic sewage into surrounding water bodies. This has overwhelmed
their self-purification capacity, leading to increasingly severe water pollution [155]. Further-
more, due to damaged urban infrastructure and the challenges of renovation, a significant
amount of pollutants is discharged directly into rivers without treatment. Additionally,
the entry of garbage into rivers and the accumulation of bottom sediment contribute to
some surface waters becoming seasonally or persistently black and odorous throughout the
year [156]. According to the 2021 “China Environmental Status Bulletin” [157], among the
3632 national surface water monitoring sections, 3.4% are classified as Class V (indicating
severely polluted water). As of 2022, according to the “National Notice on the Inspection
of Black and Odorous Water Bodies in County-level Cities” issued by the Ministry of
Ecology and Environment [158], 220 black and odorous water bodies were identified in 91
county-level cities across the country. According to relevant guidelines, by 2025, 90% of
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black and odorous water bodies in the built-up areas of county-level cities are expected
to be eliminated. Therefore, significant efforts remain to be made in managing black and
odorous water bodies in urban areas.

5. Principles of MPNs and Adsorption of Nitrogen
5.1. Principle of Metal–Phenolics Network

MPNs are primarily a series of supramolecular materials formed through diverse
metal–organic interactions [159]. They possess versatile bonding properties and are char-
acterized by simple operational methods. Research on the metal ions associated with
MPNs mainly focuses on silver, iron, copper, zinc, calcium, titanium, cobalt, manganese,
and zirconium [160,161]. Polyphenols are secondary metabolites predominantly found
in plants, with phenol groups as their core structure. They are characterized by the pres-
ence of at least one phenol ring and the absence of nitrogen-containing functional groups.
Common polyphenols studied include tannin, epicatechin, gallic acid, anthocyanins, and
polydopamine [162]. In MPN applications, inorganic components serve various functions,
such as promoting tissue regeneration, enhancing photothermal effects, exhibiting antibac-
terial properties, contributing to sensor functionality, and providing specific magnetic or
electrochemical properties [163,164]. Organic components play crucial roles by altering
the shape or properties of the material’s substrate, modifying hydrophobicity, providing
an active reaction interface, and contributing to specific physicochemical properties (e.g.,
electrical or optical properties) [160,165,166].

The formation mechanism between precursor metal ions and phenolic substances in
MPNs involves the primary metal ions, which possess empty orbitals in their electronic
configurations, allowing them to act as electron acceptors. Phenolic compounds, containing
high π electron density and aromatic properties, function as electron donors [160]. MPNs
primarily achieve stability through cation–π bonding, coordination, and redox reactions,
as shown in Figure 6. Specifically, as illustrated in Figure 6a, metal–phenolic coordination
occurs when two or more phenolic ligands donate non-bonding electron pairs to the empty
orbitals of metal ions. However, this coordination in MPNs is highly pH-dependent: at
low pH, monocomplexes form as most catechol groups are protonated, while at higher
pH, bis- and tris-complexes are generated [167]. As illustrated in Figure 6b, cation–π
interactions, which include binary cation–π units and ternary π–cation–π units. Cation–π
interactions are essentially electrostatic forces, where aromatic side groups with varying
electron densities in polyphenolic substances, such as hydroxyl and catechol groups, affect
the strength of these interactions. Additionally, cation–π bonds are influenced by the type
of metal ions, with alkaline earth metal ions (e.g., Mg2+ and Ca2+) typically exhibiting
stronger interactions with phenols than transition metal ions (e.g., Ag+ and Cu2+). As
illustrated in Figure 6c, the redox principle is evident as noble metal ions, with higher redox
potentials, easily oxidize polyphenolic substances with lower redox potentials. When noble
metal ions are reduced to their elemental form, the oxidized polyphenols help protect and
stabilize the noble metals.

Among the fundamental polyphenols in MPNs, tannic acid (TA) is the most extensively
studied and widely utilized (see Figure 7). Due to its unique properties, tannic acid has long
been employed in various applications, including as food additives [168], antioxidants [169],
biosorbents [170,171], and binders [172]. So far, three primary types of metal ions have
been found to coordinate with TA to form functional MPNs: main-group elements (e.g., Al,
Ga, In, and Bi), transition metals (e.g., Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Zr, Ru, and Mo),
and rare earth elements (e.g., La, Ce, Eu, Sm, and Gd) [173,174]. The conditions for this
complexation reaction are mild, efficient, and straightforward to implement. The formation
of MPNs is significantly affected by pH. For example, Caruso et al. [167,175] investigated



Processes 2025, 13, 2131 20 of 35

the MPN formed by TA and Fe3+. At pH 2 to 3, most of the phenolic groups are protonated,
resulting in unstable coordination bonds and network decomposition. However, at pH > 7,
stable octahedral TA-Fe complexes can be formed.

Mono-complex Bis-complex Tris-complex

Cation- -cation-

Surface complex state Oxidation-reduction state

2−

Figure 6. Metal–polyphenol interaction mechanisms as illustrated in [160]: (a) coordination,
(b) cation–π Bond, (c) redox reactions.

The MPNs have broad applications in environmental protection, energy materials,
biomedicine, and various other fields. In environmental protection, TA can effectively
remove various heavy metals and organic pollutants [176,177], making it widely used
in water treatment projects. Zhang et al. [178] employed the tannic acid precipitation–
separation cerium sulfate titration method to determine niobium content in titanium–
aluminum–niobium alloys. They found that this method reduces the complex steps and
potential errors in removing the impurity element titanium, achieving high measurement
accuracy. Lu et al. [179] utilized a tannic acid–sulfuric acid system to leach manganese from
manganese oxide ore. They discovered that tannic acid can effectively leach manganese
from manganese oxide ore in a sulfuric acid medium with a low initial concentration,
achieving a manganese leaching rate of 90.86%. Wang et al. [180] used tannic acid as a
flocculant to enhance solid–liquid separation, significantly reducing NH3, N2O, CO2, and
CH4 levels in the soil and mitigating the impact of liquid manure on soil greenhouse gas
emissions. Chang et al. [181] employed Ti4+ and TA to chelate a titanium–tanninate (Ti-TA)
composite adsorbent and systematically studied its adsorption properties and mechanisms
for fluoroquinolone antibiotics. Qiu et al. [182] prepared a novel TA-Fe adsorbent through
simple self-assembly. Fixed-bed experiments demonstrated excellent Pb(II) adsorption
capacity and recycling performance, with an adsorption capacity for Pb(II) ions exceeding
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350 mg/g. After 10 adsorption–regeneration cycles, the adsorption performance remained
stable. Feng et al. [183] prepared a highly effective phosphorus-removing iron–tanninate
(Fe-TA) adsorbent, capable of removing excess phosphorus from wastewater. Furthermore,
the phosphorus-saturated Fe-TA adsorbent can be utilized as a sustained-release fertilizer,
enabling the recycling of phosphorus resources. Sun et al. [184] used Fe-TA and ferrous
tanninate to remove phosphorus. Their research demonstrates that Fe-TA and ferrous
tanninate exhibit good adsorption properties for phosphorus, with the primary adsorption
mechanisms being ligand exchange and electrostatic interactions. Zhi et al. [185] revealed
that a novel composite flocculant, prepared by tannic acid and zinc chloride, can adsorb
methylene blue from wastewater and reduce COD concentration in water. Wu et al. [186]
prepared a Ti-TA dual-network membrane on the surface of polysulfone using a biomimetic
one-pot assembly method. The dye retention rates of this membrane for methyl blue and
Congo red were as high as 96.8% and 97.2%, respectively. These research findings offer
valuable insights for the practical application of metal–polyphenols in the treatment of
contaminated water.
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Figure 7. A molecular structure of tannic acid.

In the field of materials science, Hu et al. [187] immersed a metal electrode (Zn) in a
TA solution, forming a stable metal–chelate interface on the surface. Liu et al. [188] utilized
tannic acid and copper sulfate as raw materials and synthesized the product via the hy-
drothermal method. This material exhibits excellent antibacterial properties, minimal color
change, and high visible-light transmittance, making it suitable for cultural relic preserva-
tion. Zmozinski et al. [189] employed tannin–zinc and tannin–magnesium as anticorrosion
pigments in epoxy coating formulations. Zhong et al. [190] studied the spray assembly of
MPNs, sequentially depositing tannic acid and ferric chloride solutions onto a substrate to
form a coating. By spraying and assembling the MPN layer, effective oil–water separation
and ultraviolet shielding can be achieved. Zhao et al. [191] employed coordination-driven
crosslinking and assembly within the polyvinylidene difluoride (PVDF) membrane matrix
to successfully incorporate and evenly distribute Ti-TA in the prepared PVDF/TA-Ti mem-
brane. The membrane exhibits excellent hydrophobicity and antifouling properties, with a
flux recovery rate of up to 100%.

In the field of biomedicine, Xu et al. [192] utilized TA and Ag+ to form a TA-Ag nanoen-
zyme. The uniform distribution of TA-Ag nanoenzymes in the interpenetrating network
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of sodium alginate (SA) and polyacrylamide (PAAm) simulated the dermal structure in
a flexible conductor, resulting in the preparation of a TA-Ag-SA/PAAm hydrogel with
excellent mechanical properties, conductivity, and adhesion. In terms of food preservation,
Zhang et al. [193] utilized chitosan–tannic acid coatings to investigate their effects on beggar
chickens. The study found that chitosan–tannic acid coatings exhibit anti-corrosion and
preservation properties, effectively delaying lipid and protein oxidation.

5.2. MPNs Effects on Adsorption of NH3-N

MPNs are rich in organic ligands and metal ions. Among these, the organic ligands
can include TA, dopamine (DA), polydopamine, and ferulic acid. Metal ions such as Fe3+,
Al3+, Cu2+, Ti4+, etc., can also be incorporated into these networks. Given that TA and DA
possess polyhydroxy interface modification capabilities and superior adhesion properties,
respectively [194], tannin-based metal phenolic networks (TA-MPNs) and dopamine-based
metal phenolic networks (DA-MPNs) have emerged as key topics in current research.
NH4

+-N in water predominantly exists as polar molecules. Based on the principle of
attracting like charges and repelling opposite charges, adsorbents often require surface
modification. Polar oxygen-containing functional groups such as -OH, -C=O, and -C-O are
the primary modification groups used for this purpose [195,196]. Tannic acid molecules
possess a unique molecular structure and high chemical reactivity. The phenolic functional
groups within the molecule can act as hydrogen donors and acceptors in various chemical
reactions. The polar phenolic hydroxyl groups on the phenol ring are easily deprotonated
to form phenolate anions (PhO−), which exhibit strong nucleophilicity. Consequently,
tannin can participate in various ionic reactions as oxygen- or carbon-based nucleophiles,
significantly enhancing its ability to adsorb NH4

+-N in water. Tannin-based metal phe-
nolic networks possess unique properties imparted by the metal ions they incorporate
and feature polyphenol structures with a high affinity for various surfaces. Through in-
teractions such as hydrogen bonding, hydrophobic interactions, and π-π stacking, these
networks exhibit strong adhesion and can be easily coated onto various matrix/carrier
surfaces [197–199], facilitating their engineering applications. Currently, there is relatively
limited research on the nitrogen removal performance of tannin-based MPNs, both domes-
tically and internationally. Nevertheless, some studies on nitrogen removal mechanisms
have been conducted, primarily focusing on Fe-TA, Ti-TA, and zirconium–tanninate.

Fe-TA is synthesized by reacting tannic acid with a salt solution containing iron ions,
resulting in a type of tannic acid–metal chelate. Studies have indicated [167,200,201] that
Fe3+ and tannic acid form a complex and undergo a redox reaction. Under neutral pH
conditions, one Fe3+ ion can form a stable complex with three tannic acid molecules. Tannic
acid complexes with one oxygen anion and one phenolic hydroxyl group, or with two
oxygen anions and an iron ion, form a positively charged divalent or monovalent complex.
During the reaction between tannic acid and Fe3+, the phenolic hydroxyl groups engage
in a complex reaction with Fe3+. Additionally, the phenolic hydroxyl groups reduce part
of the Fe3+ to Fe2+, resulting in the formation of ferrous tannic acid. However, due to the
instability of ferrous tannic acid, it is easily oxidized back to iron tannic acid upon exposure
to air. Research has demonstrated that Fe-TA can adsorb NH4

+-N in water [202], making it a
promising adsorbent material for practical applications. In studies examining the properties
and mechanisms of Fe-TA adsorption and the removal of inorganic nitrogen from water,
Zhang [202] et al. found that Fe-TA can achieve an NH4

+-N removal rate exceeding 95%.
Liu [203] combined Fe-TA with sodium alginate to develop a nitrogen deoxygenation
material for catalytic ammonia oxidation. Lin et al. [204] employed bentonite to prepare
microspheres for NH4

+-N removal from black and odorous water, thereby reducing the
cost of the adsorbent while enhancing removal efficiency. However, although Fe-TA can
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be separated using magnetic separation technology during application, Fe-TA collected
by magnetic media is difficult to thoroughly rinse and partially dissolves after prolonged
immersion in water. This leads to material loss and reduced reuse efficiency. Therefore, it is
highly valuable to explore new metals to enhance the adsorption capacity and rate of such
materials, as well as to improve the separation performance of tannic acid-metal chelates.
Moreover, increasing the frequency of material recycling will significantly reduce the cost
of nitrogen removal. Nevertheless, current research on NH3-N removal using Fe-TA in
actual black and odorous water is insufficient, and the development of related products
remains limited. Furthermore, after drying, Fe-TA becomes powdery, presenting challenges
in solid–liquid separation and a tendency to be easily lost during practical application. It is
essential to identify a suitable carrier to recombine with Fe-TA, enhancing its separation
performance and facilitating subsequent use and recycling.

Research on MPNs has revealed several shortcomings, including a limited variety
of available networks, pH dependence (with better adsorption rates observed in neutral
environments), poor or ineffective adsorption of NO3

−-N, and an increase in undesir-
able effects. This is attributed to the redox electrode potential of NO3

−/NH4
+, which is

E◦(A) = 0.881 V. Under acidic conditions, NO3
− exhibits strong oxidative properties, while

NH4
+ displays weak reduction properties. Strongly oxidative Fe3+ can react with NH4

+ as
follows: Fe3+ + NH4

+ + H2O → Fe2+ + NO2
− + 2H+. The oxidation of NH4

+-N by Fe3+ is a
key factor contributing to the indirect increase in NO3

−-N, which is highly detrimental to
environmental protection. According to redox principles, utilizing metals with a negative
redox electrode potential may prevent the oxidation of NH3-N. For instance, some metals
have redox electrode potentials (E◦) below zero, such as titanium (Ti4+/Ti3+, E◦ = −0.04 V),
magnesium (Mg2+/Mg, E◦ = −2.364 V), and aluminum (Al3+/Al, E◦ = −1.662 V). Research
by Lv and Qian et al. [205,206] indicates that titanium–tannin, formed by Ti4+, does not
significantly increase NO3

−-N, demonstrating the effectiveness of metals with a negative
redox electrode potential (E◦ < 0) in inhibiting such an increase. A simple scheme showing
the process of treating nitrogen as well as key data is shown in Figure 8.

Figure 8. A schematic diagram illustrating the mechanism of NH4
+-N adsorption onto Ti-TA, along

with key data points [205,206].
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However, the redox electrode potential is influenced by various environmental condi-
tions, and the extent of their impact on this inhibitory characteristic remains unclear. Addi-
tionally, the role of metals with varying potential magnitudes requires further investigation.
The pH responsiveness of metal–phenolics significantly affects the denitrification ability of
these functional materials [207,208]. For example, under neutral conditions, triligand Fe-TA
exhibits effective adsorption. In contrast, under acidic conditions, it exists as a soluble
diligand and monoligand, resulting in poor adsorption of NH4

+-N. Some MPNs, such as
iron–tannin, lack solid stability. However, others, like Ti-TA, exhibit relatively stronger acid
resistance than Fe-TA and demonstrate a certain adsorption effect. In any case, these MPNs
generally exhibit superior adsorption performance under neutral conditions.

5.3. Synergistic Effect on Complete Removal of Nitrogen

MPNs can effectively adsorb inorganic nitrogen in water, such as NH4
+-N and NO2

−-N,
and catalyze their reduction to N2, making it a novel method for water body remedia-
tion [202,209]. However, this method has some limitations, such as an increase in NO3

−-N
after adsorption and a narrow pH range of applicability, which limits its effectiveness in
wastewater treatment. This is because the redox electrode potential of NO3

−/NH4
+-N is

EΘ(A) = 0.881 V. Under acidic conditions, NO3
− exhibits strong oxidation properties, while

NH4
+-N shows weak reduction properties. The strongly oxidative Fe3+ and NH4

+-N can react
as follows: Fe3+ + NH4

+-N + H2O → Fe2+ + NO2
−-N + H+. Experimental results confirm that

the oxidation of NH4
+-N by Fe3+ is the primary cause of the indirect increase in NO3

−-N,
which is highly detrimental to environmental protection. According to the redox principle,
using metals with a negative redox electrode potential may prevent the oxidation of NH3-N.
The redox electrode potential (EΘ) of some metals is below zero, for example, Ti (Ti4+/Ti3+,
EΘ = −0.04), magnesium (Mg2+/Mg, EΘ = −2.364), and aluminum (Al3+/Al, EΘ = −1.662
V). Zero-valent metals are simple to prepare, environmentally friendly, and exhibit strong
NO3

−-N reduction capabilities [210,211]. The main product of the zero-valent metal reduc-
tion of NO3

−-N is NH4
+-N [211,212]. MPNs leverage their excellent NH3-N adsorption

capacity to adsorb and recover NH4
+-N released during the reduction process, addressing

the limitations of zero-valent metals. Qian et al. [206] demonstrated that the combination of
metal–phenol networks and zero-valent metals can achieve the dual effects of adsorption
and reduction (see Figure 9). Finally, other zero-valent metals may also become significant
subjects of research. The redox electrode potential of zero-valent aluminum is EΘ = −1.662
V, lower than that of zero-valent iron (EΘ = −0.4402 V) and zero-valent zinc (EΘ = −0.7628
V). It is a more potent NO3

−-N reducing agent and is expected to be widely utilized.

Figure 9. A schematic diagram illustrating the mechanism for the removal of aquatic nitrogen by the
nZVI/Ti-TA composite [206].
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It is of great significance to delve into the unique advantages of MPNs compared with
other materials. This is because many materials are capable of removing nitrogen from water
treatment plants, which makes it difficult to highlight the differences between MPNs and
these materials. In fact, MPNs have a notable advantage: they can easily be coated to the
surface of carriers and combine with various carriers effortlessly, thus achieving synergistic
applications. For instance, in the process of combining some engineering materials with other
substances to form composite functional bodies, chemical agents such as silane coupling
agents or surfactants are typically required. This not only frequently significantly increases
the cost but also results in a composite structure that is not robust enough and is prone to
detachment. However, MPNs do not have these issues. They can be firmly loaded onto
the carrier surface without the need for additional chemical agents. In the latest report,
researchers combined MPNs with magnetic ferric oxide (Fe3O4) [103]. As a result, MPNs
were endowed with magnetization properties, which facilitate their subsequent recovery.
This innovative approach has added new functions to MPNs, enabling them to perform more
effectively in the flocculation–denitrification process.

5.4. Challenges and Potential

MPNs have received extremely limited research attention compared with other mate-
rials for the removal of nitrogen. Despite their good nitrogen removal performance, they
also have several significant limitations. The core drawbacks include the following two
aspects. The first drawback is pH dependence. The pH value can influence the formation of
different MPN structures. Current research indicates that the three-dimensional structured
MPNs, formed under neutral conditions with a pH of 7, exhibit good adsorption perfor-
mance. In contrast, other MPN structures have poorer adsorption effects. In particular, the
two-dimensional structures of MPNs are prone to dissolution. This makes the regulation of
the pH value an indispensable step in practical applications. The second drawback is the
issue of low adsorption capacity. As mentioned earlier, MPNs have good nitrogen removal
effects. However, their adsorption capacity is relatively low compared with the demands
of practical applications. This results in the need to use a large quantity of the material. As
a result, the economic cost of MNP applications is higher than that of traditional methods.
Therefore, enhancing the adsorption capacity of MPNs remains an urgent challenge.

MPNs exhibit strong NH3-N adsorption under neutral pH conditions (pH 7), but their
performance diminishes in acidic or alkaline environments [207,213]. In contrast, MNP-
modified composite materials show excellent NH3-N removal efficiency under mildly
acidic, neutral, and mildly alkaline conditions, demonstrating good chemical stability [206,
208]. MPNs and their modified composite materials also exhibit the following adsorption
characteristics [206–208,213]: (1) They show good adsorption performance across a wide
range of environmental temperatures (15 ◦C to 45 ◦C), with adsorption efficiency increasing
as the temperature rises. (2) The presence of various cations and anions, such as Na+,
K+, Ca2+, Mg2+, Cl−, CO3

2−, PO4
3−, and SO4

2−, influences their adsorption efficiency,
with the degree of impact depending on the type of ions and increasing with higher ion
concentrations. (3) They demonstrate excellent nitrogen removal efficiency in various
types of wastewater, including black and odorous water bodies with varying levels of
pollution, agricultural runoff, poultry farming wastewater, domestic wastewater from
construction sites, slaughterhouse effluents, and dyeing and printing wastewater. (4) MPNs
are highly reusable, and although their adsorption capacity slightly decreases after repeated
regeneration cycles, they still retain relatively strong performance. However, the long-term
stability of MPNs remains unclear. Although MPNs have seen applications in the medical
field, they have yet to be industrially applied in the ecological and environmental sectors,
and their potential environmental impacts in such contexts remain to be fully explored.
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Although MPNs have been widely applied in the medical field, their use in the water
treatment industry remains largely confined to laboratory research. Industrial applications
still face several challenges, including addressing limitations in application conditions
(e.g., expanding the applicable pH range), reducing costs (e.g., increasing adsorption
capacity and decreasing reagent dosage), and optimizing the reagent preparation process.
Additionally, integrating MPNs with existing processes to achieve efficient reagent recovery
and regeneration remains a significant challenge.

The United Nations Sustainable Development Goal 6 (SDG 6), launched in 2024, aims
to ensure access to clean water and sanitation, with nitrogen pollution control playing a
critical role. Excessive nitrogen discharge causes eutrophication and water quality deterio-
ration, posing significant threats to drinking water safety and ecosystem health. In response,
countries have implemented stringent discharge standards and regulatory policies to ad-
dress nitrogen pollution, promote the adoption of nitrogen removal technologies, and
encourage optimized fertilization practices in agriculture to reduce nitrogen loss. To tackle
nitrogen pollution and control, extensive research has been devoted to various nitrogen
removal materials, each exhibiting distinct properties and limitations. Table 2 summarizes
some typical materials and their nitrogen adsorption capacities in wastewater. Under these
stricter environmental standards and policy support, MPNs have demonstrated immense
potential for research and practical application.

Table 2. Typical materials’ adsorption capacity of nitrogen from wastewater.

Material Type
Adsorption

Capacity
(mg/g)

Dosage
(g/L)

Contact
Time

Nitrogen
Removal (%)

Initial Nitrogen
Concentration

(mg/L)

Nitrogen
Species Ref.

Modified granular activated carbon 21.51 4 120 min 83 40 NO3
−-N [214]

Natural zeolite clinoptilolite - 5 90 min 82.97 50 NH4
+-N [215]

Natural Iranian zeolite 8.51–10.93 40 30 min 85 40 NH4
+-N [216]

Modified corn straw biochar 22.61 2 100 min 19 100 NH4
+-N [89]

Modified Ca-bentonites 46.90 5 1 min 27 5 NH4
+-N [217]

Chitosan hydrogel beads 92.1 - - - - NO3
−-N [218]

Chitosan 7.6 - 180 min - - NH4
+-N [219]

Table 2. Cont.

Material Type
Adsorption

Capacity
(mg/g)

Dosage
(g/L)

Contact
Time

Nitrogen
Removal (%)

Initial Nitrogen
Concentration

(mg/L)

Nitrogen
Species Ref.

Struvite precipitation - - - 89 155 NH4
+-N [220]

FeOx/MnOx - - - - -
NH4

+-N,
NO3

−-N,
NO2

−-N
[221]

Be-Fe-TA - 35 12 h 79.46 36.5 TN [213]
Magnetic zirconium tannate - 9 22 min 85 18.05 NH4

+-N [208]

Fe0/Ti-TA - 15/10 24 h 92.7 36.325
NH4

+-N,
NO3

−-N,
NO2

−-N
[207]

nZVI/Ti-TA - 30 24 h 95 19.88 NH4
+-N,

NO3
−-N [206]

6. Conclusions
This paper investigates and analyzes the sources, hazards, and remediation strategies

of nitrogen pollution in water, with a specific emphasis on advanced nitrogen removal
technologies. Currently, biological methods dominate as the primary nitrogen removal
technologies, particularly due to their cost-effectiveness and suitability for large-scale
applications. However, numerous challenges persist in nitrogen pollution management. For
instance, conventional flocculation methods prove ineffective in treating black and odorous
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water. In dye wastewater, the excessively high NH3-N content impedes the application
of biological treatment methods, resulting in elevated treatment costs. Moreover, even
after treatment, the nitrogen content in the effluent of industrial wastewater may still
fail to meet the stringent standards. To comply with increasingly strict environmental
regulations, enterprises are compelled to increase operational costs and invest more human,
material, and financial resources. Given this context, research on new technologies is of
paramount importance. In recent years, new technologies have shown significant potential
compared to traditional ones. Metal–phenolic networks (MPNs) represent a novel class of
nitrogen removal materials. They exhibit stable nitrogen removal capabilities and favorable
preparation properties. When combined with zero-valent metals, MPNs can simultaneously
achieve adsorption and reduction functions, offering an innovative approach to nitrogen
pollution management. Nevertheless, several challenges remain. Firstly, synthesizing
MPNs with high adsorption capacities remains a major hurdle. Secondly, the engineering
application of MPNs is constrained by pH conditions, and this issue requires urgent
attention. Only by overcoming these challenges can we better achieve the goal of sustainable
nitrogen pollution management. In the future, research on MPNs will focus on reducing
production costs, facilitating large-scale industrial applications, and developing integrated
technological solutions.
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