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Abstract 
Ammoniacal nitrogen (NH4-N) is the main type of nitrogen found in wastewater, and NH4-N discharge regulation in wastewater has been a significant problem globally. Since the quantity of ammoniacal nitrogen in wastewater varies depending on various forms of wastewater such as industrial, agricultural land development, sewage etc. Therefore, selecting an ammonia-nitrogen recovery method is challenging. Although presence of ammoniacal nitrogen in effluent is common but  its recovery and reuse has not received attention. The recovery of ammoniacal nitrogen present in effluent offers a sustainable way of effluent treatment. The removal of ammoniacal-nitrogen during wastewater treatment and water filtering has a potential to influence the economy of the plant. The traditional technique of removing nitrogen, however, consumes ammonia-nitrogen supplies. In addition, based on the NH3 retrieval concept, researchers describe the major techniques presently used in the ammoniacal nitrogen exclusion process of wastewater from chemical, biological and physical categories. This review provides a comprehensive study  of total ammoniacal nitrogen, highlighting its dual role as a pollutant and a valuable resource. The sources, technologies for recovery, and potential applications of ammoniacal nitrogen found in nitrogen-rich residual streams are also discussed. The merits demerits of various methods are also presented. The review highlights the different ways to remove ammoniacal nitrogen from effluent streams along with the challenges associated with a particular way. Majority of the physical, chemical and biological treatment methods are described and evaluated in terms of efficacy of operation, feasibility and eco-friendliness. 
Keywords: Effluent treatment, recovery of ammoniacal nitrogen, Biological treatment of effluent, Ammonia-nitrogen, Agriculture 


1. Introduction 
Nitrogen is at the base of many substances of biological origin for instance proteins and nucleic acids. [1]. According to oxidation state of nitrogen , nitrogen may be found in a variety of forms [2]. Ammonium (NH4+), organic nitrogen and nitrate (NO3) are some of the primary nitrogen forms of importance in wastewater treatment, as are total nitrogen (TN), Total Kjeldahl Nitrogen (TKN), ammoniacal nitrogen (NH4-N ), and nitrite (NO2). Ammoniacal nitrogen is one of the most frequent forms of nitrogen that may be found in agricultural, home, and industrial wastewater . Examples of industrial wastewater personified by high ammoniacal nitrogen concentration involve runoff from tanning, semiconductor, colorant, explosive, and winemaking industries [3][4]. To avoid eutrophication, industrial effluent nitrogen compounds such as NH4-N and nitrates must be treated before they are discharged to waterways. It is notable that there are certain wastewater sources that include much more NH4-N as compared to nitrates and nitrites, making NH4-N treatment essential [5][6] 
One of the major environmental problems facing the globe now is eutrophication [7]. Water eutrophication is primarily caused by the over-deposition of nutrients, particularly nitrogen (N) and phosphorus (P) [8]. Both internal and external pollutants contribute to the phenomena of water eutrophication [7]. Anthropogenic activities, such as municipal, industrial, and agricultural sources, are what lead to the external pollution. The natural sedimentation process in bays, rivers, lakes, and reservoirs, on the other hand, is a contributing factor to internal contamination. Algal blooms, the expansion of exotic aquatic macrophytes, the reduction of oxygen levels, and the extinction of species are all caused by eutrophication [9] [10]. The discharge of ammonium, nitrate, nitrite, and amide into water bodies is concerning because these compounds act as powerful nutrients, fueling excessive plant and algae growth. This overgrowth leads to algal blooms that, when decomposed, deplete oxygen, threatening aquatic life. Accumulation of nitrate and nitrite, alongside ammonium, disrupts the natural balance of water systems, making them more prone to oxygen depletion. Even though amides are less common, they still add to the problem by contributing to the excess nutrients harming aquatic ecosystems. Overall, these compounds collectively disrupt the harmony of aquatic environments, endangering the lives of water-dwelling organisms and upsetting the delicate balance of underwater habitats.
According to Culp and Culp [11], there are three main reasons why ammoniacal nitrogen removal from wastewater is necessary: 1) NH4-N causes oxygen levels in water streams to drop, 2) excessive NH4-N makes waterbodies toxic to biological life, and 3) NH4-N and chlorine react to form chloramine, which can interfere with disinfection. It has been suggested that phytoremediation technology is a viable way to lower the amount of NH4-N in industrial wastewater. It is a method of cleaning up (remediating) contaminated soil or water by using plants (Phyto) [12] [13]. Due to various benefits, particularly cheap operating costs and environmental friendliness, phytoremediation has attracted a lot of attention as the next developing green technology in the wastewater treatment area [14] [15]. But several factors limit achieving 100% removal. These include variations in plant species' ability to tolerate and absorb ammonia, the transformation of ammonia into other compounds, environmental conditions, high pollutant concentrations, hydraulic factors, phytotoxicity, biomass management, and the time required for the remediation process.[16]
Typically the nitrogen rich effluent is generated in case of industrial wastewater, landfill leachate, municipal wastewater, and animal and poultry wastewater. The industries having rich ammonical nitrogen are breweries . Due to its characteristic as a plant nutrient, ammonical nitrogen is considered as a valuable nutrient. Ammoniacal nitrogen removal in wastewater has been the subject of numerous investigations. There is need for more studies on the various ammonia-nitrogen wastewater types and the applicable recovery treatments. As the recovery of ammoniacal nitrogen is going to boost the concept of circular economy, there is need to review the possibilities and challenges associated with it. Ammoniacal nitrogen (NH4-N) is a big part of wastewater from different places. This review looks at how ammoniacal nitrogen is both a problem in wastewater and something useful we can get from it. It talks about where it comes from, how we can get it back, and how we can use it again. We have presented the conventional and recent techniques for the removal of ammoniacal nitrogen. In the subsequent sections the constraints of these methods are also described. Depending on the source of wastewater rich in ammoniacal nitrogen, treatment method needs to be designed. Such a tailor made approach for various effluents is offered. Case studies from literature involving pilot scale experiments for removal of ammoniacal nitrogen are also evaluated for their efficiency in terms of nitrogen removal and economy. 
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2. Sources 
The sources of ammoniacal nitrogen are broadly catergorized as industrial, agricultural and urban. In this section these sources are mentioned. The choice of a treatment method depends essentially on the characteristics of waste-water, therefore it is necessary to examine various sources of ammonical nitrogen. Typically the nitrogen content and other nitrogen compounds in the various effluents will vary depending on the source. In figure 2, various sources of ammoniacal nitrogen are mentioned. (See if you could combine the sources and treatment methods applied for sources) 
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Figure 2 Type of Nitrogen compounds in waste water (Please change.I think here you should prepare one figure showing different sources of ammoniacal nitrogen. This is about nitrogen compounds in wastewater)
Figures 2 illustrate the various compounds of nitrogen in wastewater along with the corresponding percentages of nitrogen content. This representation offers a comprehensive overview of the nitrogen species commonly found in wastewater, facilitating a deeper understanding of the nitrogen content distribution in these complex effluents.
In accordance with COPAM/CERH-MG n. 01/2008, [17]surface water quality standards are established for different rating classes to ensure the appropriate management and assessment of water quality. These standards serve as vital guidelines for the regulation and protection of surface water resources. Ammoniacal nitrogen (NH4-N) is a prevalent pollutant found in wastewater, originating from various sources, including municipal, industrial, and agricultural activities. The uncontrolled discharge of NH4-N into water bodies poses significant environmental concerns, such as eutrophication and harm to aquatic organisms. Understanding the different sources of NH4-N is crucial for developing effective treatment and management strategies.
1.1 Municipal wastewater 
Municipal wastewater, generated from homes, public spaces, and commercial establishments, is a major source of NH4-N . Human waste and cleaning products contribute significantly to the NH4-N content in municipal wastewater. The concentration of NH4-N in municipal wastewater varies depending on factors such as population density, water consumption patterns, and sanitation infrastructure. Urbanization's fast growth causes a rise in the amount of municipal wastewater being discharged, which results in high amounts of nitrogen, phosphorus, and organic matter [18]. Water that is discharged from homes, public spaces (such as restaurants, hotels, theaters, stadiums, gymnasiums, institutions, schools, and stores), and natural water sources is referred to as municipal wastewater [18]. The amount of nitrogen in municipal wastewater is around 10% of the overall pollutant content, with organic nitrogen making up about 60% and inorganic nitrogen making up about 40% of the total nitrogen. Municipal wastewater has a reasonably steady nitrogen level [19]. Biological oxygen demand (BOD), ammonia nitrogen, phosphate, nitrates, total suspended solids, and lipids are among the various chemical compounds found in urban wastewater as a consequence of rising living standards.
Many cities have large-scale wastewater treatment facilities in place to handle municipal wastewater. Numerous issues that arise throughout the treatment process are caused by the characteristics of municipal wastewater. These issues include excessively high calcium content in municipal wastewater that will cause deposits when combined with free fatty acids from food processing during the saponification process, the buildup of organic materials clogging wastewater transportation pipelines, and the buildup of fatty acids and bio-sulfides corroding the pipeline. The C/N in municipal wastewater is also relatively low [18], which inhibits the microbial activity and leads to a series of insufficient purifications during the treatment, even though biological treatment makes up a significant portion of the current wastewater treatment process. Even yet, the amount of wastewater produced by regular municipal operations cannot be handled by the typical processing capacity. Additionally, relevant regulatory regulations for the protection of the environment and water resources are tightening their restrictions on effluent discharge [20]. Municipal wastewater, however, is the most important reusable water resource because of the scarcity of water sources globally. Municipal wastewater reuse programs have been created in several nations. For instance, a project to reuse municipal wastewater supplies 30% of Singapore's clean water, and that percentage is still rising [19]. If India could implement 100 percent treatment and reuse of treated wastewater and sludge from Indian cities by 2025, it can potentially meet over 70 percent of water requirement of industry and energy sector and irrigate 2 to 6 million hectares of land annually while yielding benefits from reduced fertilizer usage. Nutrient recovery from wastewater can yield up to 4,000 to 5,500 tons per day which can meet the demand for integrated nutrient management for about 400,000 ha of farmland annually. Reuse of wastewater in agriculture has the potential to reduce greenhouse gas emissions by over 2 million tons of CO2e annually through decreased groundwater pumping and replacing chemical fertilizer. Treating wastewater and faecal sludge benefits public health and the environment and planned reuse can contribute significantly to our water and food security.  [21]
1.2 Industrial wastewater
Industrial wastewater from various manufacturing processes, including oil refining, papermaking, fertilizer production, and food processing, contributes substantial amounts of NH4-N to the environment. The NH4-N content in industrial wastewater varies depending on the specific industry and the chemicals used in the manufacturing process. As part of the industrial process, industrial production materials, intermediate products, byproducts, and pollutants created throughout the manufacturing process that are lost with water are formed as industrial wastewater or liquid pollutants [22]. Industrial wastewater contamination of the environment is still a serious issue. Generally speaking, throughout the manufacturing process, the oil refining, papermaking, fertilizer, coking, and food sectors create abundant volumes of high ammonia-nitrogen liquid and wastewater, significantly adding nitrogen to industrial wastewater [23]. The emissions may include significant amounts of complex, refractory, and non-biodegradable organic chemicals that might reduce the effectiveness of traditional treatment by stifling microbial activity [24]. Therefore, when dealing with the treatment of industrial wastewater, specialized solutions are often needed. Additionally, some of the industrial effluent includes metal ions and other recyclable materials. If the ammonia nitrogen and these chemicals can be processed and recovered at the same time, it may be advantageous to the circular economy.[25]
1.3 Landfill leachate
Landfill leachate, the liquid that percolates through landfills containing solid waste, is a significant source of NH4-N . The decomposition of organic matter in landfills generates NH4-N , which can leach into groundwater and surface water. Typically, landfill leachate is derived from urban landfills, which are also often used to treat municipal solid waste. We provide an explanation of landfill leachate production. Except for the saturated water that is held by the waste and soil, water from the waste itself as well as rain, snow, and other sources enters the land. Finally, water created during biodegradation after infiltration from landfill leachate. 1.73 billion kg of solid waste are produced in China each year, of which 80 percent is disposed of in landfills [23]. Different features from those of normal municipal wastewater may be seen in landfill leachate. According to [26], it exhibits high levels of ammonia-nitrogen, COD, salinity, and an unbalanced dietary element ratio for microbes. Fresh landfill leachate, however, has superior biodegradability than mature landfill leachate, which also exhibits a higher ammonia-nitrogen content [27]. India generates 62 million tonnes of waste each year. About 43 million tonnes (70%) are collected, of which about 12 million tonnes are treated, and 31 million tonnes are dumped in landfill sites. [28] . In comparison to municipal wastewater, there are far more contaminants present. a result, it is very difficult to treat landfill leachate, and in most cases, it takes a combination of several treatments to get it to discharge in accordance with standards. However, due to this nature, landfill leachate also has additional circular economy use options. With changing consumption patterns and rapid economic growth, it is estimated that urban municipal solid waste generation will increase to 165 million tons in 2030. (Javadekar 2016)
1.4 Livestock and poultry wastewater 
Livestock and poultry wastewater, generated from animal breeding and slaughtering operations, is a growing source of NH4-N . Animal manure and urine contain high concentrations of NH4-N , which can be released into the environment through runoff or direct discharge and it exhibits the characteristics of high organic content, high ammonia-nitrogen concentration, fewer hazardous chemicals, and improved biodegradability [29][30]. According to Li et al. (2008) the main source of ammonia-nitrogen emissions comes from the breeding of livestock and poultry, which produces manure, urine, and flushing water from hog houses. The geographical location, breeding intensity, animal and poultry kinds, feeds, manure removal techniques, climate, and temperature all influence the pollutant content and water number of livestock and poultry wastewater [31] [32].
Swine wastewater is a typical organic wastewater with a high concentration of pollutants, and the pollutants are very complex, often smelly, and difficult to treat [33]. The following are the primary characteristics of livestock and poultry wastewater: (1) both the drainage volume and the load of organic pollutants are substantial. According to pertinent statistics, the yearly pollution load created by a 10,000-scale pig and poultry farm is equal to the annual pollution load with a population of 100,000–150,000 people if water flushing is used as the primary manure disposal technique. (2) The mixture is intricate. First, eutrophication of water bodies is caused by the presence of many pathogenic bacteria, heavy metals including copper, mercury, arsenic, and selenium, as well as nitrogen and phosphorus in swine and poultry wastewater. Due to the minimal usage of veterinary drugs in pigs and hens the wastewater also includes significant amounts of hormone, antibiotic, and antioxidant residues. (3) Due to the high concentration of organic suspended particles from manure and feed residues that are dumped into the wastewater together with the flushing water, the total solid content of wastewater is high. This results in a combination of solids, liquids, and enormous consistence that quickly clogs the processing facilities' pipes and makes processing more challenging. (4) Because swine and poultry wastewater has a high BOD/COD ratio, it has superior biodegradability. Swine, poultry wastewater has a BOD/COD ratio of around 0.45:1, which is consistent with biodegradation conditions and demonstrates strong biodegradability. Additionally, due to the livestock breeding industry's geographic location, the recovery of nitrogen and phosphorus in animal and poultry wastewater can perfectly combine with fertilization for the output of the nearby plantation industry, which naturally achieves the circular economy goal and is a current hot topic [32]. Livestock waste can be recycled in a variety of contemporary ways to lessen environmental risks associated with outdated methods of managing livestock waste as well as to battle rising energy costs and practice sustainable agriculture.
1.5 Other sources 
Sediment runoff, nutrient runoff, and pesticides are examples of nonpoint sources of waste water pollution. Animal waste, silage liquor, milking parlor (dairy farming) waste, slaughtering waste, vegetable washing water, and firewater are all examples of point source pollution. From surface runoff, many farms produce nonpoint source pollution that is not managed by a treatment facility.
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Figure 3.  An examination of the recognized N-loaded residual streams and their attributes, including TSS (A), COD (B), TKN (D), and TAN (E) content, along with the corresponding computed COD/N (C) and TAN/TKN (F) ratios. [34]
The data presented in figure 3 provides a graphical representation of data related to the characteristic parameters of N-loaded residual streams categorized by their origins. It presents average, minimum, and maximum values for these parameters. Characteristic parameters such as Total Suspended Solids (TSS), Chemical Oxygen Demand (COD), Total Kjeldahl Nitrogen (TKN), and Total Ammoniacal Nitrogen (TAN) content for these different groups of residual streams. The diverse sources of NH4-N highlight the need for comprehensive wastewater management strategies that address specific sources and their unique characteristics. By understanding the origins and impacts of NH4-N , we can develop effective treatment methods, implement pollution prevention measures, and protect water resources from the detrimental effects of NH4-N pollution.
3. Treatment approaches for ammoniacal nitrogen removal
The primary techniques currently used in the removal process of ammoniacal nitrogen from wastewater, categorizing them according to biological, chemical, and physical processes. Physical processes include, air stripping, ion exchange and adsorption, and chemical processes include membrane contactors, struvite precipitation, capacitive deionization, electrochemical oxidation, chlorination, and photocatalysis. This review also discusses practical ways to recover ammonia nitrogen in a number of significant wastewater treatment facilities (phytoremediation technology, activated sludge processes, constructed wetland system, advanced oxidation processes, microbial fuel cells). It also looks into potential developments in ammonia-nitrogen wastewater treatment technology.  
Ammoniacal nitrogen is a common pollutant found in wastewater and can be detrimental to the environment if not properly treated. Sources of ammoniacal nitrogen in wastewater include industrial and agricultural activities, as well as household waste.
 Physical treatment approaches can be used to remove ammoniacal nitrogen from wastewater by removing the solid or suspended particles that contain the nitrogen. Physical treatment approaches include sedimentation, filtration, and centrifugation. These approaches are effective in removing larger particles, but are not effective in removing dissolved ammoniacal nitrogen.
 Chemical treatment approaches involve the use of chemicals to remove ammoniacal nitrogen from wastewater. Chemical treatment approaches include the use of lime, alum, and ferric chloride. These chemicals react with ammoniacal nitrogen to form a solid that can be easily removed from the wastewater.
Biological treatment approaches involve the use of microorganisms to remove ammoniacal nitrogen from wastewater. Biological treatment approaches include activated sludge treatment, sequencing batch reactors, and trickling filters. These approaches are effective in removing dissolved ammoniacal nitrogen and have the added benefit of producing less sludge compared to physical and chemical treatment approaches.
Membrane filtration is a treatment approach that uses a membrane to filter out ammoniacal nitrogen from wastewater. The membrane can be made of various materials such as ceramic, polymeric, or metal. Membrane filtration is effective in removing dissolved ammoniacal nitrogen and is often used in combination with biological treatment approaches.
In conclusion, there are several treatment approaches that can be used to remove ammoniacal nitrogen from wastewater. The most effective approach depends on the specific characteristics of the wastewater and the desired level of treatment. Physical treatment approaches are effective in removing larger particles, while chemical treatment approaches are effective in removing dissolved ammoniacal nitrogen. Biological treatment approaches and membrane filtration are effective in removing dissolved ammoniacal nitrogen and are often used in combination to achieve the desired level of treatment.
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Figure 4. Concept of ammonia nitrogen wastewater resources utilization treatment [35]

Figure 4 illustrates the core process of treating and recycling wastewater. Studies prove that effective water quality control technology, as depicted, can tackle water scarcity and pollution, two pressing issues exacerbated by societal and economic progress. With the growing influx of nitrogen-rich pollutants into our water bodies, implementing efficient wastewater treatment and recycling methods becomes increasingly crucial for a sustainable future.
3.1 Biological Approaches
In recent years, biological approaches have emerged as a promising alternative to conventional physicochemical and chemical methods for NH4+-N removal. These methods harness the power of microorganisms to convert NH4+-N into harmless, gaseous nitrogen (N2) through natural metabolic processes. They offer cost-effectiveness due to readily available microorganisms, sustainability by utilizing organic waste as a carbon source, and high efficiency with optimized systems exceeding 90% removal. Recent research delves further into novel and improved biological avenues like Anammox, which directly converts NH4+-N and nitrite to N2, eliminating energy-intensive nitrification. Microbial Electrolysis Cells (MECs) leverage microbial electricity generation for NH4+-N removal with potential for energy recovery. Microalgal-bacterial co-cultures promote simultaneous nutrient removal and biomass production, showcasing the potential of this bio-based approach to revolutionize wastewater treatment.




1.5.1 Phytoremediation technology
It is acknowledged that phytoremediation occurs naturally and has been recorded by humans for more than 300 years [36]. Since then, people have taken use of certain plants capacity to thrive in contaminated environments and to aid in the removal of toxins from the environment. However, the required research and scientific investigations of those plants capacities hadn't been done until the early 1980s [37]. Phytoremediation, according to [38] is a technique that employs plants and rhizospheric bacteria to remove contaminants from soil, sediment, groundwater, surface water, and even chemical pollutants in the air. Phytoremediation, according to Placek et al., (2016) is the process of using plants and related microbes to immobilize, extract, evaporate, or decompose contaminants from soil and water environments [38][39].
The three guiding principles for running an aquatic phytoremediation system, according to [40]Lu et al., (2010) are: (1) selecting and implementing effective aquatic plant systems; (2) the uptake of dissolved nutrients, such as N, P, and metals, by the growing plants; and (3) the harvest and beneficial use of the plant biomass generated by the remediation system. Regular harvesting of mature biomass from waterbodies is required to maintain optimal plant density [41]. Otherwise, the decomposing plant tissue will release the nutrients it had been storing back into the environment [40].
1.5.1.1 Phytoremediation mechanisms 
Phytovolatilization, phytodegradation, phytoextraction, rhizo-filtration, and Phyto stabilization are the five main kinds of phytoremediation methods for pollutants removal. The process of extracting substances from leaves and releasing them gaseously into the atmosphere is known as phytovolatilization.[42] Phytodegradation, which takes place in the rhizosphere or within the plant, is the process by which plants and the accompanying microbes transform organic contaminants into non-toxic forms. Phytoextraction, on the other hand, refers to a plant's innate capacity to absorb things (such as organic chemicals) from the environment before sequestering those molecules within plant cells. Rhizo-filtration is the process by which pollutants are solubilized onto the surface of the roots or other plant components, or precipitate in the root zone. Last but not least, Phyto stabilization is the binding of pollutants and chemicals generated by plants, immobilizing substances in the environment [43]. 
Phytoremediation can also be used to clean up contaminated water. Plants can be planted in wetlands or constructed wetlands to remove contaminants from water. The plants absorb the contaminants from the water and store them in their tissues.
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Figure 5. Phytoremediation process for waste water treatment [44]
Figure 5.  Shows how phytoremediation can be used to clean up water contaminated with heavy metals. The water is passed through a wetland or constructed wetland that has been planted with hyper accumulators. The plants absorb the heavy metals from the water and store them in their tissues. The clean water can then be collected and discharged back into the environment.

3.1.1.3 Benefits and drawbacks of phytoremediation 
The use of natural plants rather than expensive chemical reagents to extract nitrogen from wastewater makes phytoremediation preferable to traditional approaches. The slowness and inapplicability to wastewater with exceptionally high ammoniacal nitrogen contents are the two key restrictions that must be considered in the phytoremediation technique used to remove NH4-N . When it comes to speed, the phytoremediation process typically requires a longer retention time for NH4-N removal, ranging from 10 days to 3 years [24], which is frequently slower than other traditional physiochemical nitrogen removal methods like adsorption (3 h) [45] [46]and ammonia stripping (2-7 h) [27].
A sustainable method of removing ammoniacal nitrogen from different types of wastewaters is to use plants to reduce the ammoniacal nitrogen using phytoremediation technology. When compared to conventional technology, it has some advantages. To maximize the effectiveness of the cleanup, however, a number of factors must be taken into consideration. The bioaccumulation of nutrients, the characteristics of the medium, and plant species are a few of the crucial variables influencing phytoremediation effectiveness. Phytoremediation has certain disadvantages even if it seems like a fantastic option for sustainable technology. More research is required to address these issues in order to successfully use this strategy.
3.1.2 Activated sludge processes
Leachate normally contains more ammoniacal nitrogen than 1000 mg/L, while some of them have up to 3000 mg/L. The ecology, particularly nearby groundwater systems, might suffer greatly from significant ammoniacal nitrogen release into the environment. Strict emission regulations for landfill leachate have been implemented in several industrialized nations. The typical activated-sludge system was found to be incapable of complying with the new ammonia limit set by the Malaysia.[47] The single-sludge aerobic baffled reactor's modified traditional activated-sludge technology was created to improve the aeration process. According to the data, the modified reactor outperformed the control reactor in terms of ammonia removal by almost 60%. One such set of rules was adopted in China in 1997 (GB16889-1997). In accordance with the rules, only a certain number of suspended particles, BOD, COD, ammoniacal nitrogen, and E. coli are allowed to be discharged. As a consequence, the water treatment industry has faced a number of difficulties in removing ammoniacal nitrogen from landfill leachate in a cost-effective manner. Due to their low related costs and little secondary contamination, activated sludge techniques have therefore proved crucial in the disposal of ammoniacal nitrogen (figure 6). 
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Figure 6. Activated sludge processes [11]

3.1.3 Ammoniacal Nitrogen Removal by SBR
The ideal method for disposing of ammoniacal nitrogen from landfill leachate is sequencing batch reactor. Lo employed SBR to get rid of landfill leachate, and 99 percent of the ammonia nitrogen was removed [48]. Similarly, Spagni and Marsili-Libelli processed leachate using an SBR and found that the average COD was 2055 mg/L [49]. The ammoniacal nitrogen concentration was 1200 mg/L on average, and the fast nitrification and ammoniacal nitrogen removal rates were 98 and 99 percent, respectively. The test utilized an extra carbon source to accomplish denitrification since the leachate's carbon-to-nitrogen (C/N) ratio was significantly out of equilibrium. Over 95% of the TN was successfully removed. Two distinct SBRs—one with powdered activated carbon (PAC) and the other without—were used by Aziz et al., (2011) to handle landfill leachate. The leachate had average COD and ammoniacal nitrogen concentrations of 1396 mg/L and 579 mg/L, respectively. The SBR's ability to remove ammoniacal nitrogen was 85.5 percent without PAC. With the inclusion of PAC, this improved to 89.4 percent; the energy-saving benefit is obvious [50]. Sun et al., (2006) examined the capability of an SBR to remove ammoniacal nitrogen at low temperatures. The leachate's typical COD and ammoniacal nitrogen concentrations were 155 mg/L and 665 mg/L, respectively, in their investigation. According to the findings, the system was able to quickly complete shortcut nitrification and remove ammoniacal nitrogen at a rate of more than 99 percent even at low temperatures of between 13 and 17.6° C. With the addition of a carbon source, the TN removal rate increased to 90%. Leachate treatment utilizing a UASB and an SBR was the subject of research. 1237–13500 mg/L and 738–2400 mg/L, respectively, were the influent COD and ammoniacal nitrogen levels [51]. According to the findings, the system's ammoniacal nitrogen removal rate reached 99.5 percent, and when the SBR was given external carbon, the TN removal rate went over 99.1 percent. A novel method that efficiently removes nitrogen is offered by granular sludge sequencing batch reactors (GSBR). The use of a GSBR in leachate treatment, according to Ren et al., (2017) produced ammoniacal nitrogen levels of 498 mg/L at a clearance rate of more than 99 percent. With the GSBR's TN removal rate reaching 50% to 60%, it was discovered that the microenvironment of the granular sludge successfully achieved simultaneous nitrification and denitrification [52].
3.1.4 Ammoniacal Nitrogen Removal by MBR 
Leachate with COD and ammoniacal nitrogen levels that, on average, were 6361 mg/L and 1497 mg/L was disposed of by [53] using membrane bio reactor. It was possible to attain a steady shortcut nitrification rate of 90% while removing ammoniacal nitrogen at a rate of 95%. In their investigation, [54]  employed an MBR for sequencing. Ammoniacal nitrogen levels ranged from 288 mg/L to 434 mg/L in the leachate, while COD levels were 1550 mg/L to 2122 mg/L. According to the findings, ammoniacal nitrogen removal rates and COD removal rates in the summer were 63.4 percent and 98.2 percent, respectively. The wintertime clearance rates for COD and ammoniacal nitrogen were respectively 53.2% and 99.2%. In order to treat leachate, [55] used an MBR with reverse osmosis and Fenton oxidation. Ammoniacal nitrogen levels were between 600 mg/L and 700 mg/L, while the COD of the MBR influent was about 1500 mg/L. More than 95% of COD was removed from the water using MBR, and more than 80% of ammoniacal nitrogen was removed. [56] Studies of MBR leachate treatment also discovered an average COD level of 1600 mg/L and an average ammoniacal nitrogen level of 600 mg/L. Dilutions of leachate were utilized by the researchers at the start of the investigation to guarantee the success of the experiments. The amount of leachate was steadily raised until the influent was made completely of leachate after the process was deemed stable. When ammoniacal nitrogen levels were lower than 600 mg/L, there was a greater than 50% and a 95% drop in COD, respectively. The removal rate noticeably decreased as the influent's ammoniacal nitrogen concentration was beyond 800 mg/L, demonstrating how the stability of the system is impacted by high ammoniacal nitrogen levels. The elimination rate of TN was between 80 and 90 percent after denitrification with the addition of carbon [53][54][55][56].


3.2 Photosynthetic bacteria 
Photosynthetic bacteria are numerous and found all across the planet, making them one of the oldest living things. Bacteria that can undertake photosynthesis and aerobic respiration are known as photosynthetic bacteria. When there is organic stuff around, they break it down to produce the nutrients they require for growth and reproduction. They may utilize ammonia nitrogen, sulphate, and other molecules for metabolism with light when there is a lack of organic materials. Numerous wastewater plants with high ammonia nitrogen and low COD, such as fermentation wastewater, part of industrial wastewater, fertilizer plant wastewater, breeding wastewater, and landfill leachate, have been studied and treated using photosynthetic bacteria [20][23]. It needs more study on how exactly photosynthetic bacteria remove ammonia from wastewater because of their complexity. By influencing the metabolic processes of photosynthetic bacteria, light and oxygen are two essential factors in the treatment of wastewater. 
In order to eliminate the ammonia nitrogen from the breeding wastewater, [23] have done research on compound photosynthetic bacteria isolated from natural rivers. Under light and aerobic conditions, they discovered a significant microbial community diversity and biomass. COD, ammonia nitrogen, and nitrate were all removed at rates of 61.7 percent, 71.1 percent, and 23.6 percent, respectively. Photosynthetic bacteria demonstrated more than 90% nitrogen removal efficiency in the synthetic wastewater of different nitrogen forms, with nitrogen gas and nitrous oxide being the principal byproducts. There was no conversion between these forms of nitrogen, indicating that the direct conversion to nitrogen gas and nitrous oxide might be the process [23]. According to recent research, photosynthetic bacteria can effectively remove contaminants like heavy metals and dyes from wastewater, as well as ammonia and other nutrients. Additionally, photosynthetic bacteria make great energy biomass and may be utilized to produce high-value goods and high-protein feed (particularly when treating wastewater with a lot of ammonia-nitrogen) [57].
Co-culture of suspended Pseudomonas putida with immobilized Chlorella vulgaris allowed for the very effective removal of nitrogen, phosphate, and COD. It demonstrates that the removal of nitrogen, phosphorus, and COD from wastewater may be accomplished more effectively by applying immobilization of one species than by using a suspended co-culture system (figure 7). Using the YL28 strain, [58]  discovered that the removal of nitrate and nitrite was larger than the removal of ammonium. Strain YL28 could totally eliminate both nitrate and nitrite from wastewater if their concentrations were below 13.50 mmol/L and 22.90 mmol/L, respectively. Total phosphorous, total nitrogen, COD, ammonia, nitrate, and nitrite were removed from shrimp effluent by Luo et al., (2012) using a mix of photosynthetic bacteria and vegetables. They employed Ipomoea aquatica, Oenanthe javanica, Lactuca sativa, and Brassica pekinensis as vegetables and Rhodopseudomonas palustris as photosynthetic bacteria. As the number of photosynthetic bacteria rose, the rate at which all pollutants were removed also increased. They also said that total phosphorous, total nitrogen, COD, ammonia, nitrate, and nitrite could be removed from shrimp farm wastewater using a mixture of Rhodopseudomonas palustris, Ipomoea aquatica, and silver carp, each of which has a density of 0.75 kg/m3 [59][60].
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Figure 7. Photosynthetic bacteria wastewater treatment with the production of value-added products [61]

Figure 7 shows PSB technology utilizes photosynthetic bacteria to treat diverse wastewater streams, simultaneously producing valuable substances. Controlled conditions in photo bioreactors promote efficient pollutant removal and value-added product generation. This innovative approach ensures clean water reuse, resource recovery, and sustainable resource management. 
3.3 Biological aerated filters 
The combination of air and bacteria's filtering function gave rise to the name BAF. A BAF generally comprises of a medium that processes nitrogenous and carbonaceous waste by attaching biomass to the medium and removing the suspended solids [62]. The BAF is a versatile reactor that offers a low-impact process alternative at different stages of wastewater treatment. The fundamental working premise of BAF is based on a typical bio filter running in submerged mode. Traditionally, BAF is a submerged media wastewater treatment reactor that combines depth filtration of biomass and toxic biological treatment of wastewater [63]. The medium combines suspended solids removal within the reactor and enables it to function as a deep submerged bio filter [64]. The BAF has developed quickly over the last ten years and is now a potentially viable alternative to the traditional biochemical wastewater treatment procedure.
Additionally, BAFs have a proven track record of effectively removing carbon and nitrogen from wastewater treatment plants [65][66]. It has been shown that BAF systems perform better than activated sludge systems at greater hydraulic and organic loading rates [67][68]. Carbonaceous BOD removal, solids filtering, and nitrification may all be accomplished using a single BAF machine [63][69]. BAF systems have been evaluated by certain researchers with loading rates as high as 18 kg CODm-3day-1. Additionally, BAF systems have a modest footprint and are efficient in removing nitrogen and COD [70]. When ammonia inputs were 0.6 kg Nm-3day-1, Gilmore et al. found that total nitrification efficiency for winter circumstances was better than 90% [71]. Up to 88 percent nitrification was accomplished at comparatively modest organic and ammonium nitrogen loadings. At an organic loading of 5.7 kg COD m-3day-1, the up flow aerated filters were able to remove roughly 88 percent of BOD, 75 percent of COD, and 82 percent of SS while operating in warm weather (average temperature of 27o C) [72]. Han et al., (2012) studied the effects of hydraulic retention time (HRT), air-liquid ratio (A/L), and recirculation on the removals of COD, ammonia-nitrogen, and total nitrogen in BAF. 200 percent recirculation, an A/L of 15:1, and an HRT of 2.0 h were found to be the ideal operating parameters. 90 percent COD, more than 98 percent ammonia-nitrogen, and almost 70 percent total nitrogen were eliminated under ideal circumstances. Additionally, it is well known that BAF efficiently removes organics and nitrogen with a short HRT by adapting well to low temperatures for nitrification and relieving shock load effects [73][74].
An up flow aerobic biofilter utilizing floating media was used in one laboratory-scale investigation, and COD loading caused nitrification rates to drop from a maximum of 1.0 kgday-1 m-3 for secondary effluent to 0.4 kgday-1 m-3 for primary effluent. When the biodegradable COD input reached 2.2 kgday-1m-3 or above, there was a noticeable decrease in the nitrification rate. Hydraulic retention time (HRT) and sludge generation are decreased, and nitrification is increased in the presence of high MLSS (Mixed liquor suspended solids) [75].
Rogalla and Burbigot used a biological aerated filter with oxic and anoxic conditions to fully remove nitrogen. They demonstrated that in order to achieve a maximum nitrogen removal of 75%, a BOD/N ratio of 3-3.4 was required. Furthermore, the partly packed BAF system has been shown to be capable of achieving denitrification in a brief HRT (less than 6 hours) [72]. In pilot size fluidized-bed reactors, a consistent removal rate of 90 to 95 percent could be maintained for both biological nitrification and denitrification. According to Ong et al. (2002), the anoxic-oxic packed bed system's nitrogen and COD removal efficiency ranged from 97.5 percent to 100 percent and 98.6 percent to 99.4 percent, respectively[76]. According to additional research by Lee et al., (2006) the highest achievable total nitrogen and COD removal rates were 47.2 g Nm-2d-1 and 158.0 g CODm-2d-1, respectively. A dual stage packed bed system was able to achieve total nitrogen and COD removal efficiencies of more than 99 percent and 98 percent, respectively  [77].
Ammonium loading rises with nitrification. Increasing the ammonium load increases the nitrification rates because the concentration of the substrate (ammonium) may hinder nitrification. Biplob estimates that the elimination of NH3-N was 87.02.9%, 89.21.3%, and 91.10.7% with a C: N of 10, 4, and 1, respectively. Due to the aerobic process' effective use of organic molecules, NH3-N elimination was rather significant during this period. Additionally, the I-BAF system demonstrated excellent performance in the removal of carbon and nutrients, offering a practical method for treating domestic low-strength wastewater by removing COD, NH4+ -N, TN, and P at rates of 82.54 percent, 94.83 percent, 51.85 percent, and 61.49 percent, respectively, with the corresponding averaged effluents being able to meet China's first-class standards [27]. BAF reactors are thus typically dependable and have superior treatment capacities at various C:N ratios with lower HRT.
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Figure 8. Up flow and Downflow Biological Aerated Filter Design [78]
Figure 8 which is integrated BAF designed to remove N from simulated tailing wastewater. The study investigated the influences of four filter media on biofilm culturing and N removal characteristics. It also compares methanol, glucose, and acetate as carbon sources, and evaluates sweet potato residues and rice husk as solid carbon sources. The study aims to identify the dominant microorganisms responsible for nitrogen removal using 16S rRNA high-throughput gene sequencing.
3.4 Membrane contactors 
The membrane is a high-molecular weight, inorganic substance with a unique selective separation function. In order to allow one or more compounds to travel through the membrane and segregate other substances, it may divide the fluid into two disconnected halves. The characteristics and chemical composition of the membrane are primarily influenced by the membrane material and pore size.
The typical polymer membrane has low thermal and chemical stability and needs a relatively mild environment for reactions, which places certain limitations on its usage. Although the aforesaid issues were partially resolved by the ceramic film, producing ceramic membranes (which need pure alumina substrates and sintering temperatures over 1,500 °C) is quite costly. For this reason, various investigations looked for free or inexpensive materials to make ceramic membranes. Adam et al. (2019a) created a ceramic hollow fiber membrane material based on zeolite that employs a much lower sintering temperature than the conventional techniques (1050 °C) to produce a hollow fiber membrane that removes ammonia from industrial wastewater at a rate of 90%. Additionally, the membrane exhibits exceptional mechanical strength and has the potential for widespread use to achieve a reasonably high concentration of ammonia on one side of the membrane, such as recovering more than 98 percent of the nitrogen from the landfill leachate [79].
Forward osmosis technology has also significantly advanced in ammonia removal and recovery in recent years in order to reduce excessive energy consumption, particularly by employing magnesium-based extraction solutions to accomplish ammonia recovery by generating struvite precipitates [32]. Numerous research also developed a membrane contactor system based on hydrophobic membranes to prevent membrane rupture brought on by irreversible scaling on the membrane. The ammonia gas molecules in the wastewater are drawn to the sulfuric acid solution in the hollow membrane, which circulates to create (NH4)2SO4 fertilizer[80]. The method of ammonia enrichment fits with recent studies on breathable membranes.
The recovery of ammonia nitrogen in cattle and poultry wastewater using breathable membranes has recently been the subject of several investigations [81]. Low-rate aeration was used to remove the carbonates from the swine biogas slurry, which raised the solution's alkalinity. The majority of the ammonium ions in the wastewater were converted into free ammonia molecules and collected across the permeable membrane. They simultaneously lowered the ratio of the residual ammonium and phosphate to 1:1 or below via the breathable membrane for the direct recovery of the phosphorus by adding magnesium chloride, taking into account the recovery of rich phosphorus resources in the swine effluent [82].
In addition, the cost of membrane technology construction and operation was successfully decreased by the advancement of membrane technology and the growth of plant scale. For instance, the cost for 10,000 cubic meters per day of wastewater treatment utilizing reverse osmosis and ultrafiltration membranes in comparison to other traditional technologies is inadequate. The operational cost, however, will be significantly decreased if the wastewater treatment plant's treatment capacity exceeds 100,000 cubic meters per day, making it almost as affordable as other traditional treatment techniques [9]. Membrane technology is thus still seen as a purification technique with development potential.
4 Physical approaches 
4.1 Air stripping and distillation
It is simple and inexpensive process to remove ammonia from wastewater via air stripping and distillation. The balance of ammonia and nitrogen in water tends to create more ammonia than ammonium in an alkaline environment. The gas ammonia is soluble in water. The ammonia concentration must approach the gas-liquid balance in the whole system when ammonia-free air is introduced to the wastewater. Ammonia in the wastewater will therefore be released into the atmosphere. Eq. (1) can be employed to represent the chemical equilibrium of ammonia and ammonium in wastewater
NH4-N + OH− = NH3 ↑ +H2O							(1)
In order to attain a better nitrogen enrichment efficiency, steam stripping also employs water vapor that is heated, which results in a larger proportion of ammonia in the air phase. Therefore, stripping technique is more effective in removing wastewater with high concentrations of ammonia and nitrogen. The present research primarily concentrates on increasing the mass transfer coefficient per unit volume of liquid and stripping efficiency in order to enhance the stripping technology. The spinning packed bed was heated using a microwave, and ammonia was removed using a combination of high gravity and the microwave's thermal effect [83]. The working volume and stripping time were significantly reduced while using this technique in comparison to the conventional distillation column. Despite this, large-scale heating and adding chemicals to regulate pH are not hopeful for costs and the environment for certain businesses with higher output of ammonia-nitrogen wastewater (such as large-scale farms). According to  Cao et al. (2019) high ammonia-nitrogen swine effluent on a circulating-heating water pipe using an inventive spray technique. By increasing the wastewater's air contact area and the collision between droplets and the pipe surface, they were able to eliminate the ammonia nitrogen. A clearance rate of 88.35 percent in 598.3 mg/L ammonia-nitrogen wastewater was effectively attained using this approach [3].
According to certain research, multi-layer distillation columns and extra condensers were used to separate ammonia from stripped gas for recovery and eliminate it from rare-earth effluent [83]. Condensers are ineffective in recovering ammonia, however. Strong acid solutions, primarily H2SO4, are currently the most popular method for neutralizing ammonia-rich stripping gases to produce (NH4)2SO4. When the concentration of (NH4)2SO4 reaches more than 20 weight percent, it is economically suitable for fertilizer application in agriculture [84].
Table 1. Removal of NH4+ from different types of wastewaters by air stripping.
	Type of Wastewater
	Removal Efficiency
(%)
	pH
	Temperature
(°C)
	References

	Anaerobically digested animal manure
	90
	10.3
	35
	[58]

	Raw manure digester
	88.7
	10
	23
	[85]

	Swine manure
	90
	12
	55
	[86]

	Swine manure
	85
	8.8
	55
	[86]

	Digested slurry
	69
	8
	40
	[87]

	Digested slurry
	84
	9
	40
	[87]

	Coke wastewater
	96.7
	12
	-
	[88]

	Fresh pig slurry
	100
	11.5
	80
	[89]


4.2 Ion exchange and adsorption
Due to the fact that they are often used in the same removal process, ion exchange and adsorption are frequently addressed jointly. The most effective, reliable, and affordable techniques for eliminating ammonia nitrogen from wastewater are ion exchange and adsorption [83]. Because of its outstanding capacity to remove ammonia from wastewater with high concentrations of ammonia and nitrogen before the biological process, adsorption should be utilized [90].
Both natural and synthetic ion exchangers are often utilized. As an example, natural zeolites absorb ammonia at a rate of 2.7–30.6 mg/g [79]. A negative charge is produced on the skeleton of the zeolite because every aluminum (Al3+) atom gets swapped out for a silicon (Si4+) atom. Consequently, the zeolite's negative charge increases as the degree of replacement of aluminum atoms increases. The positive charge in the pores is balanced by the cations (positively charged ions) Na+, K+, Ca2+, and Mg2+ that are present on the zeolite surface. Weaker electrostatic interactions between these cations and the aluminosilicates lead to the displacement that may exchange with certain cations in the solution, such ammonium. Clinoptilolite, mordenite, chabazite, heulandite, laumontite, analcite, and erionite are examples of common natural zeolites exhibiting ion exchange capabilities. Zeolite is presently used for adsorption, although its reusability is currently quite limited. So, a lot of research is now being done to find and prepare adsorption materials that have a larger adsorption capacity and a faster equilibrium time [91].
Titanate-based materials were employed by Zhang et al. (2020) to hydrolyze sodium titanate materials using various sodium hydroxide concentrations (solution-gel technique). In comparison to zeolite-based materials, this one has a better absorption efficiency and is more stable [60]. The Ti-OH group on the material's surface will also partially absorb ammonia nitrogen during ion exchange, and sodium hydroxide or sodium chloride solutions may readily renew and reuse the material. To recover ammonia from the utilized ZSM-5 adsorbent, Manto et al. (2018) used a 10 g/L NaCl solution. They discovered that the adsorbent had an outstanding ammonia release rate of 92–97% throughout the range of 1–50 g/L adsorbent addition. The optimal concentration of NH4Cl solution may be reached when the adsorption and release parameters are tuned. Notably, an acidic solution may also cause the ammonia on the adsorbent to release. For instance, the ammonium phosphate precipitate from a phosphate solution that uses HCl to control pH may be produced and utilized right away as a fertilizer for plants (Darwish et al. 2016)[92][93] 
5 Chemical approaches 
5.1 Capacitive deionization technology
Low-concentration ammonia-nitrogen wastewater makes up a significant portion of the recoverable ammonia resource after high-concentration ammonia-nitrogen wastewater has undergone extensive treatment. Low-concentration wastewater must be pre-concentrated since recovering ammonia nitrogen straight from it would be expensive and energy intensive [94]. However, due to the high cost of membrane materials, capacitor deionization technology (CDI) is utilized to concentrate low-concentration ammonia-nitrogen wastewater because to its high energy efficiency, environmental friendliness, and cheap cost. Membrane technology is often employed for pre-concentration [95]. The original CDI process produced an enrichment of anions and cations in the effluent by having the cathode and anode absorb them. The membrane capacitor deionization technique was developed to prevent the counter-attractive effect that results from the enrichment of ions in one electrode by including cation and anion exchange membranes on the cathode and anode, respectively. Although ion mutual attraction is avoided, this technique is significantly constrained by the size of the electrode, leading to a restricted quantity of ion adsorption. The technique known as flow electrode capacitive deionization (FCDI) was created. To achieve the continual regeneration of the electrodes, it inserts the electrode in a foam chamber. Fang et al. (2018) creatively employed FCDI for ammonia recovery in wastewater with low concentrations of ammonia and nitrogen and discovered that the concentration of ammonia in the wastewater was encouraged by increasing operating voltage and flow rate at pH 4. An ammonia enriched solution of 322.06 mg/L was achieved while the removal rate reached 87 percent during the experiment, which was conducted in 20 mg/L ammonia-nitrogen wastewater [94].
5.2 Coagulation 
Water and wastewater suspended particles are separated using the flocculation-coagulation method. The method works in stages that weaken the forces that hold charged particles in water or wastewater in place, allowing for inter-particle collision to happen and the creation of flocs. Electricity is used to create the coagulation-chemistry. Flocculation’s given their propensities for attraction and repulsion, charged particles behave in a way that is described by electricity. In water, suspended particles have a negative charge. They tend to stabilize and repel one another when they are near to one another because they have the same surface charge. The charged suspended solids particles are intended to be made unstable by the coagulation and flocculation process. The source of the charge, its makeup, the particle size, shape, and density of the suspended particles are all interaction aspects that must be well understood before the technique can be applied effectively. The first method to destabilize the charge of the suspended particles is the addition of coagulants with charges opposite those of the suspended particles. To balance the negative charge of suspended particles, coagulants are added to water and wastewater.
5.2.1 Coagulant application 
The nature of the suspended particles, the condition of the raw water and wastewater, the design of the treatment facility, the cost of the coagulant chemicals, the zeta potential (the amount of repulsive forces that ensure that particles stay in the water environment), and Van der Waal's forces are all factors that must be taken into consideration when choosing a coagulant for the treatment of water and wastewaters (weak inter-molecular forces that influence particle formation). To choose the best coagulants for the treatment process, a plant-scale assessment study, or "jar testing," is carried out. Any treatment method must consider the desired effluent quality, sludge handling disposal costs (the majority of coagulants produce sludge), and coagulant dosage costs in order to be successful.
5.2.2 Coagulant Types 
The two primary categories of coagulant compounds are: These include coagulant aids and main coagulants. While secondary coagulants help raise the density of slow-settling flocs by imparting toughness to the flocs to resist shearing during mixing and settling processes, primary coagulants are engaged in neutralizing electrical charges of suspended particles in water. Polymers or inorganic metallic salts are the coagulant substances. There are three different kinds of polymers: cationic (positively charged), anionic (negatively charged), and non-ionic (neutrally charged).
5.2.3 Chemical Coagulants 
5.2.3.3 Pre-polymerized Inorganic Coagulants 
The most popular types of pre-polymerized inorganic coagulants are salts of aluminum (Al) and iron (Fe). These metallic salts dissolve in water and create highly charged ions called inorganic hydroxides that balance out the suspended particles. Thus, brief polymers are created, resulting in micro flocs. Following are some equations that illustrate the aforementioned process:
Al2(SO4)3 + 3Ca (HCO3)2 → 2Al (OH)3 + 3CaSO4 + 6CO2 					(1)
Fe2(SO4)3 + 3Ca (HCO3)2 → 2Fe (OH)3 + 3CaSO4 + 6CO2 					(2)
FeSO4 + Ca (HCO3)2 → Fe (OH)2 + CaSO4 + 2CO2 						(3)
2FeCl3 + 3Ca (HCO3)2 → 2Fe (OH)3 + 3CaCl2 + 6CO2 					(4)
The capacity of Al and Fe coagulants to form multi-charged polynuclear complexes with improved adsorption properties underlies their efficacy. The necessary amount of inorganic salt is immediately added to the water or effluent during a normal coagulation procedure. Extreme hydrolysis happens in the pH range of around 6.5-8.0. When the pH is less than 6.0, the hydrolysis product may chemically interact with dissolved materials in the raw water, causing hydroxide to precipitate. The water quality is worsened by this phenomenon because charge reversal causes colloidal particles to stabilize. Inorganic coagulants are partly hydrolyzed before being added to water to prevent severe hydrolysis. With the use of this procedure, the coagulant's chemistry can be tracked, and the ideal preformed polymeric coagulant species production conditions may be attained. Pre-polymeric coagulants work well over a broad pH range and remain stable when the temperature or type of wastewater changes.
Inorganic pre-polymeric coagulants have the extra benefit of being more efficient across a wider pH and temperature range and being substantially less expensive than typical classic coagulant compounds like Al and Fe salts. Preformed inorganic polymeric coagulants have reportedly been shown to be effective in addressing several issues related to the seasonal fluctuations in surface water quality that are often experienced by regular inorganic metal salts. Wang and Tang (2001) have recently noticed that the kind of silica incorporated in the manufacturing of the coagulant and the silica-iron ratio used are the key determinants of the coagulation behavior of modified inorganic pre-polyferric silicate coagulant [96]. According to second research by Tzoupanos and Zouboulis (2008), using silica in the form of polysilicates is an unique advance in the field of efficient coagulants for eliminating pathogens and inorganic and organic particle matter from wastewater [22].
5.2.3.4  Inorganic Metal Coagulants 
For coagulation and flocculation, inorganic metal salts have a long history of application. Inorganic metal coagulants such ferrous sulphate (FeSO4) and aluminum sulphate (Al2O3) were examined by Kushwaha et al., (2010) for application in the treatment of simulated dairy effluent. According to the research, utilizing 800 and 500 mg/L of FeSO4 and alum, respectively, over the course of 30 minutes, COD removal effectiveness was reported to be 69.2 and 66.5 percent at the ideal pH (8.0). When using alum alone to clean the effluent from a slaughterhouse, comparable research found that the total particle removal effectiveness was roughly 87 percent. An anionic polyacrylamide (coagulant aid) was shown to considerably improve wastewater quality when combined with ferric sulphate (Fe2(SO4)3) and alum, according to separate research by Aguilar et al., (2003). Recently, a review by Aziz et al., (2007) found that inorganic salts like alum and FeSO4 might be used well for initial coagulation. In research on the effectiveness of varied alum dosage for two kinds of water (natural and tap water), Shan and Seyrig (2007) found that when humic compounds were added, tap water had a higher color removal rate than natural water at a 100 mg/L alum dosage [97][98][99][100].
The efficacy of coagulation, flocculation, and coagulation plus flocculation on turbidity reduction from natural stone processing effluent utilizing aluminum chloride (AlCl3), ferric chloride (FeCl3), and alum has been investigated. The coagulation + flocculation protocol was shown to be more successful in clarifying the wastewater than the other two applied protocols, although the coagulation and flocculation procedures when applied alone were not adequate in doing so. AlCl3 had a higher effectiveness rate for removing turbidity than both alum and FeCl3, according to the study's findings [101]. When the results of one experiment using alum as the sole coagulant for the coagulation-flocculation treatment of tannery wastewater were compared to those of another experiment using cationic and anionic polymers as coagulant aids, it was found that the addition of coagulant aid to alum produced a higher effluent turbidity removal rate than when alum was used alone. According to the research, using a coagulant aid in addition to alum dramatically lowered the cost of applying alum to treat a cubic meter of wastewater. According to the study, alum alone was ineffective in removing turbidity from effluent, but alum in conjunction with cationic/anionic polymers was more successful [102]. 
The majority of scientists concur that intrinsic variable including pH, contact duration, and coagulant dosage play a significant role in the mechanism underlying the coagulation-flocculation process [103]. As a result, Ukiwe and Alinnor (2012) investigated the impact of coagulant dosage and contact time on the removal of turbidity in wastewater and discovered that by using a coagulant dose in the range of 50-200 mg/L of alum, approximately 90% of effluent turbidity was removed from the wastewater using 150 mg/L of alum in 20 min[104]. However, 200 mg/L of a coagulant aid (cationic polyacrylamide) was added to the wastewater for 30 minutes in order to achieve the same effluent turbidity clearance. These results demonstrated that polyacrylamide was not as effective in clarifying wastewater as alum as a coagulant. As compared to FeSO4 and ammonium aluminum sulphate, alum is the most effective coagulant in decreasing turbidity in wastewater [105]. El-Gohary et al., (2010) previous research examined the efficacy of alum, FeCl3, and FeSO4 in treating wastewaters and came to the conclusion that alum was more successful than FeCl3 and FeSO4 in eliminating natural organic matter from wastewaters [106]. Alum is an established inorganic coagulant and the preferred coagulant in the treatment of water and wastewater, according to many authors' documentation [107]. Regarding this, Papadopoulous et al., (1997) showed that alum was successful in eliminating organic matter from detergent wastewater. Both studies revealed that adding alum to municipal wastewater may greatly enhance the quality of the water that was discharged. Black alum, which contains activated carbon, and sodium aluminate, which is much more alkaline than alum, are three other known inorganic chemicals that are often employed in wastewater treatment [108][109]. 
Activated alum also contains roughly 9 percent sodium silicate. Studies on the modeling and kinetics of coagulant chemicals, such as alum, FeSO4, and FeCl3 [110][105], have documented notable methods for the use of inorganic coagulants in wastewater treatment. When using inorganic coagulants to treat water and wastewaters, published data seem to support the notion that temperature impacts coagulation kinetics and floc formation [111]. The investigation found that low temperatures slow down the coagulation process, contrary to earlier work by Ma et al., (2014) that suggested using permanganate pre-oxidation to enhance coagulation in wastewater treatment. Manganese dioxide produced in-situ during permanganate pre-oxidation was critical in enhancing the coagulation-flocculation process [13].
5.3 Electrocoagulation 
The alternative therapeutic procedure known as electrocoagulation (EC), often referred to as radio frequency diathermy or short-wave electrolysis, is quickly gaining popularity. When chemical coagulation to remove the contaminant becomes challenging or impossible, the method is used [112]. EC is a cutting-edge, cost-effective water treatment method that has been shown to be successful in removing suspended particles, eliminating heavy metal pollution, and dissolving emulsifiers [113]. In an electrochemical cell, cathode and anode metal sheet pairs are organized according to the electrolysis principle. The metal of the cathode electrode releases electrons when it is submerged in water or wastewater, which neutralize the particles in the water by producing hydroxide complexes that clump together. Metals like Al or Fe is used to make the electrodes that start the coagulation phase in the EC process. The following equations describe how these metal cations dissolve at the anode:
Fe(s) → Fen + (aq) + ne- 									(5)
Al(s) → Al3 + (aq) + 3e- 									(6)
At the cathode, the following reaction occurs: 
2H2O + 2e- → H2 + 2OH- 									(7)
The chemistry behind the EC process in water is such that the positively charged ions are drawn to the negatively charged hydroxide ions, resulting in ionic hydroxides with a high propensity to draw suspended particles, leading to coagulation. The use of EC to enhance the quality of industrial effluent has been the subject of several research. According to Ni'am et al., (2007) when wastewater was treated with EC, a sample with an initial COD of 1140 mg/L and a turbidity of 491 NTU had a removal efficiency of 65 percent COD and 95 percent turbidity[114]. Butler et al., (2011) remarked that EC is a traditional approach for wastewater treatment since it may cut the price and use of typical coagulation agents. However, Bazrafshan et al., (2013) showed that the removal efficiency of COD, biological oxygen demand (BOD), and total suspended solids (TSS) improved with increasing applied voltage and response time when employing EC in treating dairy wastewater [115].
For the effective treatment of dairy effluent wastewater, many authors have used EC [116]. The effects of operational factors such coagulant dosage, electric potential, and response time were investigated in the treatment of slaughterhouse effluent using electrocoagulation (EC) and chemical coagulation. The results showed that when the chemical coagulant dosage and applied voltage were raised, the rate of removal of organic compounds (COD and BOD) also increased. The combined EC and chemical coagulation technique was shown in the research to be superior to either chemical coagulation or EC therapy used alone [117]. Tezcan et al., (2009) and Chen et al., (2000) have published research that are related. It is significant to highlight that EC is also successful in treating a range of industrial wastewaters, including effluent from the production of vegetable oils [65]. The method has been used to effectively remove heavy metals, harmful cations and anions from waste streams [118]. The impact of applied voltage on the removal effectiveness of trace metals in an EC process utilizing Al as a sacrificial anode to treat wastewater was investigated. The removal capabilities of zinc (Zn) and copper (Cu) were enhanced from 20 to 40 volts in approximately an hour by altering the pH of the original solution [119]. Using the EC approach with Fe electrodes, Bazrafshan et al., (2008) have recently recorded remarkable removal rates of Zn and Cu from aqueous solutions. Similar results were found in other experiments using EC with Fe electrodes to clean up cadmium (Cd)-containing industrial wastewaters. The effectiveness and assessment of EC for the removal of chromium (VI) from synthetic chromium solutions employing Fe and Al electrodes have been established in notable research on the use of EC in treating industrial wastewaters [120]. When using EC to treat wastewater that included metal ions (Cu2+, Zn2+, and Cr6+), Adhoum et al., (2004) found that maintaining pH at 4.0 and 8.0, respectively, resulted in the most efficient removal of the examined metals. The wastewater treatment rate was improved by increasing the current density from 0.8 to 4.8 Adm-2 without compromising the charge load necessary to lower the metal ion concentration. The scientists also noted that owing to variations in the coagulation method used, the clearance rates of Cu and Zn were five times faster than those of Cr (VI)[121]. 
Figure 9 illustrates the application of electrochemical oxidation combined with coagulation–flocculation treatment.
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Figure 9  Electrochemical oxidation combined with coagulation–flocculation treatment [122]

According to Koparal and Outveren's (2002) contribution, electrochemical techniques like electro reduction and EC are efficient in removing nitrates from water and wastewaters. The researchers found that nitrates were reduced from wastewater using electro reduction and EC (pH ranges of 5.0-7.0 for electro reduction and pH ranges of 9.0-11.0 for EC) to permissible concentration limits. While using more energy, using both techniques as a combined process to clean water showed a complete removal rate of nitrate [123]. Further research on the fluoride removal from water was conducted by Bazrafshan et al., (2012). According to them, applying a voltage of 40 volts at a pH of 3.0 results in the most efficient removal of fluoride when employing EC with Fe and Al electrodes. The EC approach, according to the scientists, has the potential to be employed as a practical way to remove anions from water and wastewater [117]
5.4 Chlorination
Chlorination is a kind of chemical denitrification in which wastewater is treated with Cl2 or NaClO to convert ammonia to nitrogen gas. However, the chlorination process requires a lot of Cl2 to achieve its limit. The method also produces a large number of hazardous and dangerous byproducts. For both practical and ethical grounds, wastewater treatment technology has not yet been created [23][56]. Lang et al (2020) found that their flow-through method, using special electrodes, removed almost all NH4-N in less than an hour, but it sacrificed a bit of efficiency for speed [124]. Yunqing and Jianwei (2011) focused on efficiency and achieved a solid 91% removal in just a minute using different electrodes, though it needed more energy [125]. Wang et al. (2020) used light in their process, getting over 95% removal in two hours with moderate energy use [35] 
For  salty industrial water, Anglada et al. (2010) used strong electrodes, completely removing NH4-N, but it needed a lot of energy [126]. Meng et al. (2020) combined methods, using a graphite electrode, and got over 99% removal for water with lead [127].  Shin et al. (2017) have a quick method, removing all NH4-N in just 2.5 hours from food wastewater [128]. So, depending on what's most important – efficiency, saving energy, or doing it fast – these electrochemical methods are making progress in keeping salty water clean. Overall from above studies electrochemical methods for removing ammonium nitrogen from saline wastewater show promise, but challenges include high costs for specialized materials, complexity in setup, and concerns about energy consumption. Environmental impact, by-product formation, and selectivity issues are also considerations, along with challenges in scaling up from lab to large-scale applications and ensuring the long-term stability of electrode materials. Overcoming these drawbacks is crucial for the practical implementation of these methods in large saline wastewater treatment.
5.5 Struvite precipitation method 
Struvite precipitation is a technique for concurrently recovering ammonia and phosphorus from wastewater by precipitating ammonia to produce struvite, a slow-release fertilizer. This technique creates a magnesium ammonium phosphate precipitate (solubility 0.023 g/100 mL) by mixing magnesium ions, ammonium ions, and phosphate ions in water at a ratio of 1:1:1. Uludag-Demirer et al. (2008) recovered 63 percent phosphorus and 64 percent ammonia nitrogen from the biogas slurry at pH 9.0 by adjusting the percentage of the three ions in the biogas slurry after anaerobic digestion to be equal. Due to the high levels of ammonium and phosphate in most wastewater (such as those from cattle, poultry, and sewage treatment plants) [129], the only way to change the balance of the three ions is to add magnesium salts and alkalis. To save expenses, low-quality magnesium sources like brine and saltwater are often employed [31]. Alternately, some studies added magnesium oxide or magnesium hydroxide as magnesium salts, which can raise alkalinity without significantly raising salinity of wastewater because the majority of wastewater contains alkali metal ions that can easily form a complex with ammonia to further increase the precipitation efficiency and resolve the complex problem[130].
The effluent from the copper-ammonia combination was treated using a two-stage precipitation procedure to remove ammonia. This procedure adds MgCl2 and Na2HPO4 to the wastewater after dividing them into two portions (90 and 10 percent, respectively), as opposed to the one-stage approach. Because of the more effective dissociation of the copper-ammonia complex in the first step, more struvite was produced in the second stage[131].
Most wastewater contains much more ammonia nitrogen than phosphate, which will raise the expense of adding more phosphate. Hermassi et al. (2018) hypothesized that struvite precipitation may be used to remove the majority of the ammonia nitrogen in wastewater first. They created a composite using Na-K zeolites and magnesium oxide that, depending on the quantity of each added, could either form Mg3(PO4)2 or struvite. The zeolites also retrieved ammonia nitrogen by adsorption. Phosphorus is then recovered by the magnesium oxide. Because the adsorption pH of ammonia (4-8.5) differs from the precipitation pH of phosphate, it is noteworthy that they picked an operating pH range of 8.2 to 8.6. (9.5). Similar to this, Huang et al. (2016) discovered that the problems of adsorption and precipitation to get struvite may be resolved by employing zeolites modified with magnesium salts. The removal efficiency of phosphate (98%) and ammonia (82%) improved with the addition of 110 g/L modified zeolite, according to their findings [19][31].
The aforementioned technique, however, relies on introducing outside chemicals. According to certain research, struvite's pyrolysis-derived breakdown products may continue to extract ammonium from wastewater to create a phosphate recycling system  [96]. The primary pyrolysis product of struvite, MgNaPO47H2O, was obtained by thermal hydrolysis by Zhang et al. (2020b), and the ammonia removal efficiency decreased from 98.3 percent 1.3 percent in the first cycle to 78.1 percent 1.0 percent in the fifth cycle [60] .
However, in the presence of a heat source that does not affect the ammonia removal but may shorten the durations needed for struvite to recycle, Mg2P2O7 is readily formed in the pyrolysis product. The interference of various inorganic ions (Ca2+, K+, Fe3+, CO3 and F) during the crystallization process is one restriction of struvite precipitation, however. By interfering with nucleation or competing with NH4 + and Mg2+ for HPO4 +2 ions, these ions may prevent the production of struvite. According to Huang et al. (2016), magnesium salt may contribute to the precipitation of struvite and has a significant removal effect on fluoride in wastewater [31]. This technique was applied to actual semiconductor effluent and brine, and the removal rates of phosphate (97%), fluoride (91%) and ammonia (91%) were found to be adequate (58 percent). Additionally, organic materials in the wastewater, including humus [132]or organic acids [133], will also have an inhibiting impact.
Table 2. Removal of NH4+ from wastewater by struvite precipitation.
Sure, I can help you with that. Here is the updated table with citations:
	Source Type
	Method
	Removal Rate (%)
	Merits
	Demerits
	Factors Affecting Treatment
	Remarks
	pH
	Reference

	Municipal Wastewater
	Struvite Precipitation
	70-90%
	Efficient NH4+ removal; simultaneous nutrient recovery (phosphorus).
	Scaling issues in equipment; operating conditions must be carefully controlled.
	pH, Mg: NH4+: PO4 ratio, temperature, mixing, residence time
	Effective for treating wastewater rich in NH4+ and PO4.
	Neutral to slightly alkaline
	1

	Industrial Effluents
	Ion Exchange
	80-95%
	High removal efficiency; selective removal of NH4+.
	Costly regeneration of ion exchange resins; limited capacity for high-strength wastewater.
	pH, flow rate, resin capacity, regeneration frequency
	Suitable for targeted NH4+ removal in specific industrial effluents
	Varies based on specific process requirements
	2

	Agricultural Runoff
	Biological Nitrification-Denitrification
	Varies
	Utilizes natural microbial processes; converts NH4+ to nitrogen gas.
	Vulnerable to overload; requires aeration and monitoring of microbial activity.
	Temperature, pH, dissolved oxygen levels, carbon availability
	Effective for NH4+ removal in agricultural runoff with organic content
	Optimal pH range around neutral
	3

	Landfill Leachate
	Chemical Precipitation
	60-85%
	Effective in removing NH4+ and other metals; low operational cost.
	Precipitate disposal challenges; pH adjustment requirements.
	pH, dosage of precipitants, settling time, mixing intensity
	-
	-
	4



	Source Type
	Removal Rate
(%)
	Method
	Merits and demerits
	Remarks
	Factors affecting the treatment
	Characteristics of waste water
	pH
	Reference

	Combined wastewater from bovine and leather tanning factories
	82
	
	
	
	
	
	9.0
	[134]

	Anaerobic treatment effluent of domestic wastewater + 2% leachate
	77
	
	
	
	
	
	9.5
	[135]

	Anaerobic treatment effluent of landfill leachate
	85
	
	
	
	
	
	9.2
	[135]

	Anaerobically digested dairy manure
	95
	
	
	
	
	
	7.45-7.93
	[136]

	Landfill leachate
	83
	
	
	
	
	
	-
	[137]


5.6 Electrochemical oxidation and photo catalysis
Utilizing electrical energy, electrochemical oxidation treats wastewater with the benefits of ease of use, potent purification, and absence of secondary pollutants. According to recent study, electrochemical oxidation may remove pollutants from wastewater in two ways: directly at the anode or indirectly by creating intermediates of oxidation, which is mostly influenced by the electrode materials and solution characteristics. Prior research used a cathode of copper electrodes and an anode of Ti/IrO2 to selectively convert the nitrate in the solution to nitrogen [32] [138]. Combining the aforementioned two concepts, Researcher implemented a single-battery electrochemical system employing the intermediate electron mediator, chloride ion, to concurrently extract ammonia and nitrate from wastewater. Using this process, the anode oxidized ammonia while the cathode reduced nitrate, ultimately producing nitrogen gas. To remove ammonia from smelting effluent with a high salt concentration, Meng et al. (2020) gave up on the conventionally costly anode materials and switched to inexpensive graphite anodes. Additionally, the electrolytic process also led to the degradation of the COD and its conversion to carbon dioxide [127].
In order to oxidatively breakdown the contaminants in the presence of sunshine, photocatalysis uses the photovoltaic effect of semiconductor materials to produce powerfully oxidative photo-generated holes and hydroxyl radicals. This method is non-selective, quick, and environmentally friendly. The oxidation of ammonia can only take place on the surface of photovoltaic materials, according to the photocatalytic reaction process, therefore to some degree the surface area restricts it [139]. A brand-new photo electrocatalytic-chlorine (PEC) system was created by Ji et al. (2017). By adding chloride ions to produce chlorine molecules that may be distributed throughout the whole solution, this technology removes ammonia through a process akin to chlorination. The removal efficiency of ammonia nitrogen reaches 99.9 percent because to the system's selective conversion of ammonia into nitrogen gas (79.9 percent) and nitrate (19.2 percent). Additionally, additional research was done on the modification, effectiveness of ammonia removal, material recycling durations, and a wider spectrum for numerous semiconductor materials [140][141][60].
6 Chemical reduction of nitrate
In non-aqueous media, such as pyrotechnic and explosive materials, the chemical reduction of nitrate does take place. Numerous of these compounds include nitrate and a reducing agent, such as NH4 ,NO3, in their formulation [142]. The nitrate is chemically reduced, and certain elements of such reactions apply to aqueous solutions even though the reaction occurs in the solid form at high temperature.
Seven different nitrate-reducing substances are given below in alphabetical order. A section on utilizing energy sources to reduce is then presented. Nitrate may be reduced utilizing energy sources in three different ways: electrochemically, photochemically, and thermally. It was vital to make some mention of them since they are intimately connected to the chemical procedures. Only a few essential references are included here due to the extensive literature on the electrochemical and photochemical approaches. A longer list of references should be provided by more recent citations. Potential diagrams linking the several nitrogen species present in acid and basic solutions. A thorough analysis of the last 10 years' worth of literature has been done, and previous works of interest are included. Numerous studies have been published recently, mostly on nuclear waste and water treatment. Since they are difficult to get, often haven't been peer-reviewed, and frequently focus more on the engineering elements of nitrate elimination than on specific chemistry, only a small number of government papers are being cited. In the chemical literature, most of the work that is detailed in these papers has been published.
6.1 Chemical reducing agents 
6.1.1 Active metals
Active metals have been employed for many years in a variety of analytical methods to convert nitrate in basic solution to nitrite or ammonia. The majority of techniques call for introducing the active metal into a mildly basic solution. The following metals have been recommended for use in analytical applications: Cd, Cd amalgam, Al, Devarda's alloy (50Cu, 45Al, 5Zn), Zn, and Arndt's alloy (60 Mg, 40Cu). Active metals are being used in the development of new water purification procedures and strategies to lower nitrate levels in radioactive and hazardous wastes.
Al powder may be used to purify water that has traces of nitrate (around 1 mM) [143]. When the powder is introduced to a solution with a pH below 8, neither nitrate nor sulfate are reduced; however, with a pH over 11.5 both are reduced, while at pH 10.5 only nitrate is reduced. The main product is ammonia, with some nitrite and nitrogen gas as byproducts:
3NO3- + 2Al + 3H2O → 3NO2- + 2Al (OH)3							(1)
NO2- + 2Al + 5H2O → NH3 + 2Al (OH)3 + OH-						(2)
2NO2- + 2Al + 4H2O → N2+ 2Al (OH)3 + 2OH- 						(3)
Although the exact composition of the Al product was not determined, it was reported that the concentration of Al3+ in solution after reduction was 1 mM.
When using the NAC procedure to reduce nitrate in sodium-based nuclear wastes, aluminum powder has been proposed. A strongly basic solution (pH 11.5) with a 4 M nitrate concentration and a temperature of 50°C is added to the powder. There is a strong response that has to be carefully managed. 1595 kJ mol-1 of NaNO3 is the computed heat of reaction for the conversion of aluminum metal to oxide and the reduction of nitrate to ammonia.
Open circuit potentials recorded at the alloy electrode have been used to assess the utilization of Devarda's alloy for nitrate reduction. With an induction time that shortened as pH rose above 11, the reduction happened at pH levels higher than 11. Due to a local cell reaction on the alloy surface, the ammonium ion was created from the nitrate by way of the nitrite. With an induction time at a pH lower than 10.3, the potential quickly changed to a more negative potential. The results show that the alloy's passivation coating was destroyed by the alkaline solution. A variety of model compounds have been developed and interacted with the oxy-nitrogen ions in order to better understand the denitrification or the dissimilatory enzymatic reduction of nitrate and nitrite to NO, N2O, and/or N2 gases. Since many of these molecules are metal complexes, it has been able to suggest potential explanations for the part that metals play in the biochemical reduction process thanks to the research of these compounds. Direct evidence for an oxo-group transfer from the nitrate to the metal to oxidize the metal and produce nitrite was revealed by the kinetics analysis of the interaction of a dimeric aqua molybdenum(III) complex with nitrate [144]. A Mo (IV) complex and its interaction with nitrate were used to design and test a nitrate reductase analog reaction system. This suggests that atom transfer is a likely channel for nitrate reductases' mode of action. These investigations have recently been expanded to include copper complexes and how they interact with nitrite to produce NO [145].
6.1.2  Ammonia
Based on the usual redox potentials, it is predicted that nitrate would reduce to nitrogen and/or nitrous oxide when combined with ammonia in basic solution or ammonium in acid solution, however these reactions only take place at very high temperatures and pressures. Ammonium nitrate bursts in conditions of high pressure and temperature, resulting in this reaction. When ammonium nitrite aqueous solutions are heated in an atmosphere, nitrogen is produced (Jolly et al., 1964):
NH4+ + NO2- → 2H2O										(1)
Extensive research has been done on the hydrothermal processing used to destroy nitrates with ammonia by Dell'Orco et al., (1997). For instance, at 374.0°C and 218 atm, the critical point of water, the interaction between nitrate and ammonium ions produces nitrogen and nitrous oxide in less than 30 s. In supercritical water (300 atm, 450–530°C) with no organic matter present, this reaction has been run across the following ranges: [NO3] 6.86–10.3 mM, [NH3] 7.11–10.28 mM, and pH 2.8–10.5 In these circumstances, the reaction products also included nitrite, which was crucial at high pH. Nitrate was destroyed to the greatest extent at low pH levels. A reaction mechanism has been developed that begins with the formation of NO2 and NO via the hydrolysis and homolysis pathways, respectively. These species then react with the radical, NH2, created by the hydrogen abstraction from ammonia, to produce the reaction products N2 and N2O that are observed. This work demonstrated that NO production is possible even in the absence of extra oxygen when nitrates and nitrites are present [146].
Nitrous oxide and nitrogen were created in a 4:1 ratio when solutions containing NH4NO3 (20%, w/w) were heated to 180°C in a pressure reactor [147]. The [H+] was at 0.2 M, while the chloride content was around 0.1 M. As the acid content rose, the nitrous oxide: nitrogen ratio rose as well. No reaction would have occurred in the absence of chloride ions. NO2Cl is a reactive intermediate, according to kinetic and isotopic labeling investigations. The nitrosonium ion, NO2+, reacts with the chloride ion to form NO2Cl, according to a suggested mechanism for the breakdown. While N2 is produced when NH3 combines with NO2Cl, N2O is produced when NH4+ reacts with NO2Cl after a number of steps. A recent patent describes a procedure that involves reducing nitrite with ammonia. Metals, such as zinc, are used to treat nitrate-containing wastewater to create nitrite ions, which are then combined with ammonia in the presence of a catalyst to create N2. A softening process is used to eliminate the metal ions that occur [9].
6.2 Reduction using energy sources 
6.2.1 Electrochemical 
In an electrochemical cell, nitrate may be reduced under acidic, neutral, or basic conditions. The majority of current research in this field has focused on basic solution reduction, largely in the hope that it would provide a workable way to lessen the significant quantity of nitrate present in nuclear waste. When comparing acidic and basic solutions, reduction in the acidic solution occurs at greater positive potentials and is, thus, more advantageous. It has been necessary to extensively study the cathode's constitution in order to better the scenario for fundamental solutions. This research has taken two different paths: choosing the optimal cathode material and looking at surface alterations caused by a bound catalyst. Utilizing electrodes made of Ag, Cu, and CuInSe2, nitrogen oxyanions were reduced in 1 M NaOH [148]. The best was discovered to be Cu. With good yields, nitrate was oxidized on Cu to nitrite at 1.1 V/SCE and to ammonia at 1.4 V/SCE. When exposed to light, CuInSe2 worked as a photocathode, creating mixes of ammonia, nitrite, and hydrogen. Ni, Pb, Zn, and Fe cathodes were all taken into consideration by Li and coworkers (1988), who discovered that they all produced ammonia as the end result after an intermediate production of nitrite. Pb had a regulated potential of 2.0 V/SCE whereas the others had a controlled potential of 1.5 V/SCE. After 60 minutes of electrolysis, the Zn and Pb cathodes produced nitrate reduction at a rate of over 90%. In a synthetic mixture of 1.95 M NaNO3/0.60 M NaNO2/1.33 M NaOH, lead seems to be the most effective cathode material in terms of current efficiency for nitrate and nitrite reduction [149]. High current densities (300–600 mA cm2) and 80 °C were used to run the split cell. Nitrogen, ammonia, or nitrous oxide was produced when the nitrate and nitrite were effectively reduced. Nickel fared almost as well as Pb [150] and could need to step in as a replacement. Long-term usage of a metal cathode might result in gradual corrosion, which could cause some metal to be lost and potentially pollute the environment. The Ni cathode would corrode less often. Covering the electrode with an electrocatalyst is one method of preventing metal corrosion. By reducing the overpotential, this may also have the potential to change the ability to more positive levels. Glassy carbon electrodes have been coated with a variety of metal phthalocyanines (MPc) that are all very stable, and nitrate reduction has been carried out using them in basic solution [151]. CuPc was discovered to be the best at generating large amounts of ammonia.
6.2.2 Photochemical 
Recent investigations have concentrated on utilizing light to either directly activate the nitrate ion or to activate a catalyst that subsequently activates the nitrate for interaction with a reducing agent. One example of the first scenario is the photoinduced production of oxygen species from nitrate to interact with humic molecules in water [152]. Complex humic substances are present in all soils and natural waterways. They are capable of attacking and converting organic substances, along with the nitrate and nitrite ions in water. Between 290 and 400 nm in N2, nitrate and nitrite salt solutions undergo the following reactions.
NO3- + H2O → NO2 + ˙OH-								(1)
NO2- + H2O → NO + OH- + ˙OH 							(2)

According to ESR, oxidizing species are formed when humic materials with a pH of 9.60 that include cumene and benzene are photolyzed (OH is known to be the most active oxidant in the natural environment. The concentration of the oxidizing species increases noticeably when nitrate is added, and its concentration is raised. The oxidizing species vanish when the light is turned off. Studies have been done on the photochemically induced reduction of nitrate in saltwater. As a main chromophore, nitrate creates nitrite when it comes into contact with organic matter. This ion is a potential generator of reactive hydroxyl radicals and NO. A thorough investigation of the UV excitation of nitrite anions in anaerobic aqueous solution in the presence of organic and inorganic substrates has been conducted by Bilski and colleagues (1992). It was shown that nitrite has the ability to photogenerate radical compounds. It is an 'up-hill' energy process with a G value of 269 kJ to reduce nitrate with water; but, with the right photocatalyst, it may be driven by light.
2HNO3 + H2O →   NH4NO3 + 2O2 								(3)
Nitrite formed at a rate of 2.8 mmol per hour when a 1 M NaNO3/O.1 M NaOH solution is exposed to 500 W Xe arc light and a Pt-TiO2 powder impregnated photocatalyst is present. However, under the same circumstances, 2.4 mmol of ammonia form each hour in a 1 M HNO3 solution [152]. Both times, O2 is also created. Using H2TiO4/CdS nanocomposites, which include CdS particles that are less than 0.8 nm thick in the interlayers of H2Ti4O9, nitrate has been reduced photo catalytically. In 20 hours, a 1 mM NO3 solution containing methanol entirely breaks down into nitrite and ammonia when exposed to UV radiation from a 100 W high pressure Hg lamp. The methanol acts as a sacrificial reductant to stop the oxidation of the CdS. The ability to control electron redox potentials to a sufficiently negative potential to permit nitrate reduction at neutral pH has been shown by Korgel and Monbouquette (1997) using quantum sized CdS nanocrystals [42].




6.2.3 Thermal 
Nitrogen oxides are ultimately produced when a solid nitrate is heated in an inert environment, and one of the first thorough thermal investigations was done on the thermal breakdown of NaNO3. The reaction has an equilibrium constant of 1.41 at 700 °C:
NaNO2(l) +1/2 O2(g) ↔ NaNO2								(l)
The DH value of the reaction is 102.6 kJ mol 1. The NaNO2 breaks down beyond 700 °C, releasing nitrogen oxides. In most cases, nitrogen oxides are also produced when nitrates are heated to high temperatures with a range of components in air. When nitrate-containing nuclear waste is burned to 400 degrees Celsius with H3PO4 in a 2:1 nitrate: phosphate ratio and then allowed to dry, NOx is formed [153]. According to the thermal degradation of certain heavy metal nitrates, nitrite and oxygen initially occur before nitrogen oxides are formed. According to Lutz (1987), strong nitric acid nuclear waste is burned in Europe to 600–900°C to break down the nitrate. Since NOx is the main result of sodium nitrite's thermal disintegration at 350 and 650 degrees Celsius, it has been extensively investigated. Sodium nitrite is a key component of a popular heat transfer fluid. Numerous factors, including the surrounding environment, particle size, and surface area, have been studied for their influence on decomposition [154]. Temperature is the primary component influencing the process. There are high temperature aqueous reactions in some of the studies covered in the sections above [155]. Formic acid, glucose, ammonia, and hydrogen have all reacted in solution with the nitrate during the hydrothermal processes studied most recently under conditions of high temperature and pressure. Others have investigated the hydrothermal interaction of nitrate and ammonia [146].
Thermal investigations of nitrates, such as NH4NO3 and [NH3OH]NO3, that include a cation that might act as a reducing agent have been conducted but were already covered in other areas of this study. Hutson and Sen (1994) work on nitrate reduction takes place at an unusually high temperature. High yields of the ammonium ion were produced by the reaction of nitrate with a number of organic molecules (methane, ethanol, n-propanol, THF, acetic acid, and ethane) in 96 percent sulfuric acid at temperatures between 170-190°C. Under these circumstances, nitrate might be reduced by even H2 gas (20 percent yield). These tests provided the first-ever evidence of ionic nitrate reduction in an oxidizing atmosphere [156].
7 Ammoniacal nitrogen removal in constructed wetland system.
The engineered wetland system is a natural, cost-effective replacement for traditional wastewater treatment facilities. For waste treatment or other uses, a built wetland is described as an artificial system intended to mimic a natural wetland[157]. A man-made wetland is also known as a reed bed in Europe. Technology for engineered wetland development has advanced relatively recently (the foundation was laid by early researchers, notably two German scientists: Dr. Kathe. Seidel and Dr. Reinhold Kickuth). Up until the second international conference on engineered wetlands was held in 1990 at Cambridge, UK [156], studies in this topic were uncommon. In contrast to steel-and-concrete wastewater treatment technologies, the history of research and development in built wetlands is thus quite recent (e.g., the activated sludge process can be traced back to 1913).
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Figure 10. Nitrogen conversion in constructed wetland [158]
A complex bioreactor is seen as being a built wetland. The systems consist of a variety of physical, chemical, and biological interactions including microbial communities, emergent plants, soil, and sediments collected in the bottom layer. 
In constructed wetland systems, Figure 10 depicts the process of nitrogen conversion. The possibility of negative consequences in receiving water systems makes nitrogen content a frequent source of worry [159][160]. Because they are more readily accessible for absorption by microorganisms than particulate organic nitrogen, dissolved inorganic nitrogen species such as nitrate (NO3), nitrite (NO2), and ammonia (NH3) or ammonium (NH4) have a greater influence on aquatic systems than other nitrogen groups [2]. The effects of high nitrogen loading on receiving waters have been shown by several studies [161]. Because of incremental progress over a 20-year period, the removal of organic materials, generally 80–90%, is now sufficient in created wetlands. The nitrogen removal rates, however, are often inadequate . Through certain methods of treatment, such as combined nitrification-denitrification and sedimentation, various nitrogen forms in artificial wetlands may be eliminated, especially at the interfaces of sediment, water, and plants [162].
7.1 Mechanisms of nitrogen removal
Two main procedures, physicochemical and biological treatment methods, are used to remove nitrogen from the environment. The most efficient and cost-effective nitrogen treatment method is often thought to be the use of traditional biological nitrogen removal from water and wastewater, which largely consists of a mix of aerobic nitrification and anaerobic denitrification. There are still a lot of problems that need to be handled, such as the need for an additional carbon source in wastewater with low carbon content even if the absorbed nitrogen promotes a variety of biological functions [163].
7.1.1 Biodegradation: classic routes 
Ammonification, nitrification-denitrification, plant absorption, and physicochemical techniques such sedimentation, ammonia stripping, breakpoint chlorination, and ion exchange are recognized nitrogen removal processes in artificial wetlands [153].
7.1.1.3 Ammonification 
The biological process of converting organic nitrogen into ammonia is known as ammonification. In both the aerobic and anaerobic regions of reed beds, pollutants containing nitrogen are easily broken down, producing inorganic ammoniacal-nitrogen (NH4-N ). In artificial wetlands, nitrification and denitrification processes mostly remove the inorganic NH4-N . In terms of kinetics, ammonification happens more quickly than nitrification. As the mineralization circuit switches from aerobic to facultative anaerobic and obligate anaerobes, the rates of ammonification go down from their highest levels in the oxygenated zone. Temperature, pH, C/N ratio, available nutrients, and soil structure all affect the rates. Other procedures, including as adsorption, plant absorption, and volatilization, may minimize NH4-N in SSF systems [164]. However, compared to nitrification-denitrification, it is widely accepted that these processes have a relatively little impact on the elimination of NH4-N [165].
7.1.1.4 Nitrification 
A substantial portion of the organic nitrogen is thought to be converted to ammonia by decomposition mechanisms in the wetlands (Mayo et al., 2004). In both SF and SSF built wetlands, biological nitrification by nitrifiers such Nitrosomonas, Nitropira, Nitrosococcus, and Nitrobacter is thought to be the primary mechanism for ammonia elimination [166]. Nitrification and denitrification are the two steps needed for the biological nitrogen removal in conventional nitrogen treatments. Ammonia to nitrite (ammonia oxidation) and nitrite to nitrate (nitrification) are the two sequential oxidative phases involved in nitrification, which indicates a chemolithoautotrophic oxidation of ammonia to nitrate under stringent aerobic circumstances (nitrite oxidation). Different bacterial genera carry out each cycle, using ammonia or nitrite as their energy source, molecular oxygen as their electron acceptor, and carbon dioxide as their carbon supply. For the oxidation of ammonia and nitrite, respectively, Nitrosomonas and Nitrobacter are the most well-known genera of bacteria.
The nitrification process requires a lot of oxygen. This procedure uses 3.16 mg of oxygen per milligram of NH4-N and 1.11 mg of oxygen per milligram of NO2-N of oxygen. Additionally, Nitrosomonas and Nitrobacter generate yields of 0.02 mg and 0.15 mg cells/mg of NO2-N oxidized, respectively, and 0.15 mg cells/mg of NH4-N oxidized, respectively. Alkalinity is also required since 7.07 mg CaCO3/mg NH4-N was oxidized. A significant pH decrease, however, might result from the acid produced during the nitrification process' lowering of alkalinity. The pH value is crucial to the nitrification process because if the pH falls below 7.0, the rate of nitrification rapidly decreases. Therefore, when the process' alkalinity is decreased by the acid created by the nitrification reaction, the relevant chemicals, such as lime, should be provided [167].
Nitrifying bacteria are said to double within two to six days. The heterotrophs, which are in charge of removing BOD, have substantially higher respiration rates than the nitrifying bacteria of the autotroph group. As a result, considerable nitrification often does not occur in SSF systems until significant BOD reduction [168]. Temperature, pH, alkalinity, inorganic carbon supply, moisture, microbial population, and concentrations of ammonium-N and dissolved oxygen all affect how quickly nitrification occurs. The influent ammonium concentration, substrate type, and reactor layout all affect the ammonia absorption rate (AUR).
7.1.1.5 Denitrification 
In low-oxygen settings, nitrate serves as the terminal electron acceptor in the biological denitrification process. Denitrifying bacteria convert harmful fundamental nitrogen gas during this process [169], reducing inorganic nitrogen such as nitrate and nitrite. Heterotrophs and autotrophs are the two main kinds of denitrifying bacteria (denitrifies). Heterotrophs are bacteria that rely on organic substrates for their carbon supply for growth and development as well as their source of energy. Autotrophs, on the other hand, use inorganic materials as a source of energy and CO2 as a carbon source [170]. While autotrophic denitrification has just recently been explored, the heterotrophic denitrification process has historically been used primarily in conventional wastewater treatment facilities [73].
Under anaerobic or anoxic circumstances, a heterotrophic bacterium (such as Pseudomonas, Micrococcus, Achromobactor, and Bacillus) performs the second phase, denitrification. Denitrification normally removes 60-95 percent of the total nitrogen, as opposed to plants and algae which only take up 1-34 percent. Under anoxic circumstances, heterotrophic microbes use an oxidized form of nitrogen, NO2 or NO3, as a terminal electron acceptor and organic carbon as an electron [171]. As a result, denitrifies get energy through denitrification, and the organic material of the electron donor also has an impact.
Because the necessary enzyme system is suppressed by dissolved oxygen, denitrification can only occur in the anoxic zones of the systems. Denitrifier communities in the inlet sediments may become more active and stronger in areas with high nitrate concentrations [172]. It is proposed that nitrification and denitrification may occur sequentially and in close proximity to one another in microsites with strong oxygen gradients seen in artificial wetlands. The nitrate reduction process, which serves as an energy source for the microorganisms involved in denitrification, requires enough organic carbon as an electron donor [142]. These organic contaminants from wastewater or the cell components of microorganisms may be found in reed beds as a source of carbon. Numerous elements affect the rate of denitrification, such as nitrate concentration, microbial flora, type and quality of organic carbon source, hydroperiods, residues from various plant species, lack of oxygen, redox potential, soil moisture, temperature, pH value, presence of denitrifiers, soil type, water level, and presence of overlying water [173].
Even if there are certain concerns with external organic carbon sources in heterotrophic denitrification [174], several research have demonstrated that the denitrification rate in organic carbon-restricted water and wastewater may be continuously enhanced by adding any carbon sources [175]. While denitrification is often time-consuming, particularly for industrial wastewaters containing a lot of nitrates, there is now a lot of focus on biological nitrogen removal [176]. In addition, a number of researchers have investigated denitrification processes including the use of packed beds, rotating biological contractors, and granular activated carbon. These efforts are evolving, and some novel technologies, including membrane biofilm reactors, have been constructed [177].
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Figure 11.  Biodegradation: classic routes [176]
7.1.2 Biodegradation: Anammox Routes 
For enhancing total nitrogen removal, the Anammox (anaerobic ammonium oxidation) process offers a promising alternative method. A fresh direction in the investigation of nitrogen transformations was opened by the recent discovery of Anammox bacteria [155]. Figure 11 shows classic routes, involving the breakdown of organic substances by microorganisms into simpler, environmentally benign compounds. It has now been shown that denitrification by the Anammox bacteria contributes to the nitrogen cycle's conversion of ammonia to nitrogen gas. In this mechanism, nitrite is used as an electron acceptor under anaerobic circumstances while ammonium is autotrophically reduced to nitrogen gas. As a result, there is no need for aeration or the addition of an outside carbon source, saving money and avoiding an inadequate conversion of organic materials [178].
The Anammox bacteria, which include Candidatus brocadia anammoxidans, Planctomycetes spp., Thiobacillus senitrificans, Thiomicrospira denitrificans, Thiosphaera ponotropha, and Paracoccus denitrificans, are autotrophic, as opposed to the traditional denitrifiers, which are primarily heterotrophic and require organic carbon for their carbon and energy sources. As a result, the conventional denitrification process requires an organic carbon source, which is reduced when Anammox bacteria are stimulated in a wastewater treatment system [179].
Single-stage autotrophic nitrogen removal is carried out in these partial nitrification processes, such as Anammox (anaerobic ammonium oxidation), Sharon (single-reactor high-activity ammonia removal over nitrite), and Oland (oxygen-limited autotrophic nitrification-denitrification), with the aid of aerobic ammonia oxidizing bacteria (AOB) and Anammox bacteria [179][180]. However, since Anammox bacteria grow slowly, a tightly regulated atmosphere and reactor setup are required [181]. Since less organic matter is added during the Anammox process, it has been shown to increase overall nitrogen removal efficiency and reduce operating costs by up to 90%. The removal mechanism is referred to as "completely autotrophic nitrogen removal over nitrite" (CANON) [182]when the Anammox bacteria collaborate with autotrophic nitrosobacteria in a single reactor through the following route:
NH4+ + 1.32 NO2- + →1.02 N2 + 0.26 NO3- + 2.03 H2O
Temperature, pH, free ammonia, free nitrous acid, hydraulic residence time (HRT), dissolved oxygen, salt, organic compounds, and hydroxylamine are the main operational variables of partial nitrification processes (i.e., Anammox and CANON) [141]. To promote new nitrogen removal pathways in artificial wetlands, further study is required on the choice of Anammox bacteria species and ideal operating settings .
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Figure 12 .  biodegradation: ANAMMOX routes [25]

Figure 12 depicts the Sharon-Anammox process, efficiently removing nitrogen in two steps: ammonia to nitrite in a chemostat and nitrite with ammonium to nitrogen gas in a sequencing batch reactor (SBR). This method offers advantages like energy efficiency and reduced footprint and sludge production. However, it requires careful control due to its complexity. 
7.1.3 Plant uptake 
Inorganic nitrogen forms are transformed into organic compounds, which serve as the building blocks for cells and tissues, by macrophytes through the uptake of ammonia and nitrate. In many settings, rooted plants' greater output as compared to planktonic algae may be attributed in part to their capacity to use nutrients from sediment [183]. Depending on the forms of nitrogen present in the wetland, different plant species have different preferred forms of nitrogen absorption. The preference for NH4 is widespread among macrophytes that thrive in conditions with less nitrification and high levels of NH4. The rate of nutrient absorption and storage by plants is influenced by the tissue nutrient concentration. Therefore, a plant's ability to assimilate and store nutrients should have traits like rapid growth, high tissue nutrition content, and the capacity to produce a crop with a high standing. On the other hand, plants that amass a lot of biomass in the fall and winter may release a lot of their stored nitrogen back into the water throughout the winter [165].

8 Advanced oxidation processes for removal of ammoniacal nitrogen
8.1 Photocatalytic oxidation
Since they provide full mineralization while operating at softer temperature and pressure settings, photocatalytic or photochemical degradation technologies are gaining relevance in the wastewater treatment industry. The molecules of chemical species existing in the solution are affected by photons of adequate energy levels, whether the catalyst is present or not, to produce a free radical mechanism, which is the defining feature of photo-activated chemical processes. By homogenous photochemically degrading oxidizing substances like H2O2 and ozone, radicals may be created quickly and readily using UV light. Utilizing the photocatalytic process found on the surface of semiconductors (like titanium dioxide) is an alternate method of producing free radicals that significantly accelerates the rate of free-radical formation and, therefore, the rate of degradation [184][79]. The ability to efficiently use sunshine or near UV light for irradiation is one of the key benefits of the photocatalytic oxidation-based processes. This should result in significant cost reductions, particularly for large-scale operations [185]. Numerous chalcogenides (oxides such as TiO2, ZnO, ZrO2, and CeO2 or sulfides such as CdS and ZnS) have been used as photocatalysts so far in various research documented in the literature [184]. Because the adsorption of pollutants plays a significant role in determining the overall rates of degradation, the surface area and the number of active sites provided by the catalyst (therefore, the type of the catalyst, i.e., crystalline or amorphous) are critical [186]. Under the most challenging circumstances, Fenton's reagent targets all reactive substrate concentrations. The method is not restricted to using a single chemical, and wastewater frequently includes a mixture of both organic and inorganic chemicals as well as grime, oils, and detergents.
It is complicated to predict how these mixtures will respond because some organics interact with the hydroxyl radical more readily than others. For instance, the OH+ is more attracted to some chemicals than chlorinated ones, such as phenol, benzene, toluene, and xylene. it doesnt react at all with  Saturated hydrocarbons .[187]
When charge separations are brought about in a big bandgap semiconductor by stimulation with ultra-bandgap radiations, photocatalytic processes take place [188]. This causes an electron to shift from the irradiated particle's valence band to its conduction band when the photocatalyst absorbs lighter than its bandgap energy, creating a positively charged hole in the valence band and an electron in the conduction band. At the surface of semiconductors, oxidation-reduction processes occur as a result of the creation of positive holes and electrons. The organic molecule might be reduced or react with electron acceptors like O2 adsorbed on the catalyst surface or dissolved in water, reducing it to the super oxide radical anion O2, by photo-generated electrons. The organic molecule may be oxidized by the photo-generated holes to create R+, or they can react with OH or H2O to oxidize them into OH radicals, which then function as oxidizing species. Following is a possible diagram illustrating the many reactions caused by the photocatalytic effect:
[bookmark: Reactor_Used_for_Photocatalytic_Oxidatio]UV +MO→MO (h+ + e-)
Here MO stands for metal oxide
h+ + H2O → H+ + OH
2h+ + 2H2O →2H+ + H2O2
H2O2 → HO + OH
Reductive reaction due to the photocatalytic effect have been given as follows:
e- + O2 → O2-
O2- + H+ →HO2
O2- + HO2 + H+ → H2O2 + O2
HOOH → HO + OH
Hydroxyl radicals are thus generated, which have the highest oxidation potential, and they react with organic pollutants to oxidize/mineralize them.
8.2 Microwave radiation 
The WW treatment is a procedure that uses a variety of systems, techniques, and procedures to remove pollutants and organic material from WW. For the treatment of WW, a number of physical, chemical, and biological techniques have been used. Higher pollutant degradation/mineralization efficiency, economic effectiveness, and simplicity of use are the qualities of an excellent WW treatment system. Due to its quick and efficient heating capabilities, MW is used in the treatment of WW. The breakdown of several organic substances, such as insecticides, ammonia nitrogen, and organic colors, has been facilitated by the use of MW. One mole of photon energy from MW (E) at frequencies between 1 and 100 GHz is equivalent to 0.4 and 40 J. However, the energy of MW is inadequate to break many organic molecules' covalent bonds. As a result, MW has been used with adsorbents, catalysts, and AOPs to improve the effectiveness of different pollutants being treated while simultaneously speeding up the response time. MW has already been coupled with several other AOPs, including UV, Fenton, UV/Fenton, UV/H2O2, UV/TiO2, and UV/Bi2WO6. The review's attention is on the following MW-assisted devices that are often used for treating WW: (1) MW alone, (2) MW with oxidants, (3) MW with catalysts, specifically, MW enhanced catalytic degradation (MECD), (4) MW with the Fenton process, (5) MW with direct photolysis (MWDP), and (6) MW with photocatalysis (MWPC). Sludge management and treatment is a common aspect of household WW treatment. A small quantity of sludge is produced by various industrial/process WWs, however, and the main focus of MW is on treating WW[189]. Figure 13 illustrates the mechanism of microwave radiation in heating water .
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Figure 13. The scheme of mechanism of the MW water heating [190]
8.3 Ultrasound assisted processes
In order to create microbubbles and the cavitation effect, this procedure uses powerful ultrasonic or ultrasound vibrations in aqueous media. It then raises the temperature and pressure of the aqueous matrix, which causes extremely reactive free radicals to develop, which in turn causes versatile organic molecules or pollutants to be destroyed or oxidized into simpler chemicals [191]. As a result, some redox-based processes that aid in the purification of the aqueous matrix are also important to the effectiveness of the sonochemical technique. Superficially, there are two processes: I. Pyrolysis caused by high pressure and temperature; and II. Production of highly reactive free radical species that lead to the mineralization of pollutant compounds [192]. In contrast to other sophisticated oxidation processes, the sonolytic breakdown rate was often relatively modest. Consequently, it is most often utilized in conjunction with other cutting-edge oxidation methods. Water, hydrogen, carbon dioxide, inorganic salts, and/or certain intermediate organic molecules are the process' final byproducts, depending on how the reaction cycles or how much mineralization occurs [193].


8.4 Hydrodynamic cavitation-based processes
Hydrodynamic cavitation (HC) has become more prevalent in the wastewater treatment industry during the last ten years. Due to its propensity to oxidize, HC was used to treat aqueous effluents contaminated by organic, toxic, and bio-refractory pollutants, while in biological applications, its mechanical and chemical actions allowed for the disintegration of microbial cells. Some reactors may detect HC because of their geometries, which cause variations in the fluid's hydraulic characteristics including flow pressure and flow velocity. In the HC process, holes are created, grown, imploded, and then collapse, all of which happen quickly and release enormous amounts of power.[194][195]
HC may affect the system in a mechanical and chemical way. In HC systems, the abrupt collapse of cavities may result in the creation of hydrogen atoms, reactive hydroxyl radicals, thermal hot spots, and chemical pyrolytic cleavage [14]. The thermal decomposition of volatile pollutant molecules trapped inside the cavity during cavity collapse and, secondly, the reaction of the radicals • H and • OH with the pollutant that takes place in the cavity-water interface are the two main chemical mechanisms for pollutants degradation using HC. When it comes to non-volatile pollutants, hydroxyl radicals' assault on the pollutants' molecules at the cavity-water interface and in the bulk fluid medium will be the primary mechanism for their destruction. The size of the initial cavity, the diameter of the holes, the inlet pressure, and the proportion of free area occupied by the holes on the orifice plate have all been developed into correlations for the prediction of the magnitude of the pressure pulse caused by the collapse of the cavity.[196][197]
The correlation, which is valid over the whole range of parameters usually employed in hydrodynamic cavitation applications, takes the effect of the medium's compressibility into account. A significant step toward the engineering design of the hydrodynamic cavitation equipment has been made with the development of the correlation, which is original in the field of cavitation reactors. The cavitational yield can be calculated based on the collapse pressure values generated with a specific set of parameters[198]
Additionally, there are considerable mechanical consequences, including I shock waves produced by the collapsing cavity, (ii) liquid micro-jets created, and (iii) interfacial turbulence and strong hydraulic tensions formed as a result of the high flow velocity. The primary macromolecular chain of some complex compounds with high molecular weights may directly be broken by mechanical impacts, which degrades refractory organic materials. [199] . The rate of oxidation and mineralization of pollutants may be further accelerated by the disintegrated intermediates' increased susceptibility to biological oxidation and H and OH assaults. Additionally, the boundary layer on the solid surface is disturbed by the high velocity of micro-jets (>100 m/s), which breaks the liquid film responsible for the barrier to mass transfer. The enhancement of heat transfer—whose pace is about twice as great in the presence of cavitation [73]—is also a result of the chemical and mechanical impacts.
The HC technology has been used to treat polluted wastewater, sludge, and biomasses with effectiveness in the area of wastewater treatment. [200][201]The elimination of impurities including colors, pharmaceuticals, and hazardous chemicals is the primary goal of applying HC to polluted wastewater. As opposed to mechanical impacts, chemical mechanisms—both the thermal degradation of volatile pollutant molecules and the reactivity of the radicals • H and • OH with the pollutant—are more common in these applications. However, as was previously mentioned, the induced mechanical impacts might increase the overall effectiveness of the HC .
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Figure 14. Overview of the effective parameters in hydrodynamic cavitation [202]
In order to enhance the hydrolysis and solubilization of organic matter and, therefore, the aerobic or anaerobic biodegradability, HC is applied to activated sludge [203], manure, and biomass [204] as a pre-treatment. When used as a pre-treatment for sludge, HC works by rupturing the walls and membranes of bacterial cells, causing the release of intracellular and extracellular materials [111]. Numerous internal components, such as cytoplasm and nucleic acids, are easily biodegradable, resulting in the acceleration of aerobic and anaerobic digestion processes in the treatment of sludge or in the promotion of denitrification in the treatment of wastewater. Additionally, an improvement in sludge dewatering efficiency was seen after HC treatment as a consequence of highly reactive radicals destroying cells and extracellular polymeric substances (EPS). When used as a biomass/manure pre-treatment, HC lowers the structural and compositional barriers seen in lignocellulosic biomass, exposing the polymer chains of cellulose and hemicellulose to microbial breakdown as well as speeding up the decomposition of biomass and increasing biogas output  [205].
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Figure 15.   Representation of HC reactors and Cavitation Phenomena in a Hydrodynamic Cavitation Reactor. [202]
Hydrodynamic cavitation reactors, as shown in the figure 15 , use controlled turbulence and imploding bubbles to break down pollutants in wastewater. This innovative technology is effective, environmentally friendly, and has low energy consumption compared to traditional methods.
9 Ammoniacal nitrogen removal by pond system
High-rate algal ponds (HRAPs) are paddlewheel-mixed open raceway ponds with shallow culture depths (typically 500 mm deep) used for simultaneous resource recovery and bioremediation of agricultural, industrial, and municipal wastewater. HRAPs have many benefits over traditional systems, including low construction costs, simple operation, and lower energy use (0.52 against 3.6 MJ/m3) [206]. High water evaporation, CO2 diffusion into the atmosphere, a comparatively large land requirement, predators and grazers, contamination by other fast-growing heterotrophs, and low light utilization efficiency by algae due to a long light pathway and poor mixing (dark zones) are some of the major drawbacks of HRAPs [185] [207].
Different uncontrollable environmental factors, such as season, weather, changes in diurnal light and temperature, and changes in algal community (species dominance, succession, and coexistence), biomass productivity, and nutrient removal, have a significant impact on outdoor algal cultivation using HRAPs as opposed to indoor laboratory-scale cultivation [112]. Biological variables including interspecies competition, algal diseases, and zooplankton grazers as well as operational factors like CO2 availability, nutrient concentration, salinity, and pH all have an impact on them in addition to environmental influenc. In addition, wastewater contained a variety of other microorganisms in addition to microalgae, including bacteria, fungi, viruses, and others. It has been reported that contamination by these microorganisms can affect algal growth, metabolite accumulation, and its ability to remove nutrients, with both positive stimulation and negative inhibition [208][209]. Not only do bacteria provide an abundant supply of CO2 for photosynthesis, but they also participate in the breakdown of contaminants and nutrients, turning complicated substrates into simple organic metabolic products that algae may readily ingest.
Assimilation by microalgae, nitrification by nitrifying autotrophic bacteria, and removal of NH4-N as NH3 gas by stripping are the processes involved in removing NH4-N , particularly at high pH values at or above 9 [210]. In a two-stage oxidation process, ammonia-oxidizing bacteria may convert ammonium to nitrite before the nitrification of NH4-N can take place [211]:
2NH4+ + 3O2 → 2NO2- + 4H+ + 2H2O								(1)
And the nitrite subsequently converted to nitrate by nitrite-oxidizing bacteria:
2NO2- + O2 → 2NO3- 	     	           								(2)
Even though ammonium is more thermodynamically advantageous than nitrate for most microalgae, algal inhibition has been found to happen when the concentration of ammonium exceeds 100 mg/L. When there is a surplus of contaminants, similar things might also happen (such as heavy metals and other toxic compounds). A proper adjustment of the dilution rate as well as the addition of phosphorus to balance the N:P ratio in the cultivation medium is therefore essential to improve system performance in terms of both biomass productivity and nutrient removal efficiency when the level of nitrogen and pollutants in wastewater is too high  [208]. Figure 16 showcases a hectare-scale demonstration of high-rate algal ponds .
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Figure 16. Hectare-scale demonstration of high rate algal ponds for enhanced wastewater treatment and biofuel production [212]
10 Other methods 
10.1  Thermal hydrolysis
Waste byproduct reduction, biogas generation, and wastewater treatment are the three uses of thermal hydrolysis technology. Large volumes of sludge produced during the industrial wastewater treatment process must be anticipated by conventional wastewater treatment facilities. In contrast, thermal hydrolysis facilities see sludge as a useful source of energy rather than as trash. The creation of biogas may start when the wastewater has been cleaned up and the sludge has been gathered. The sludge is heated and crushed in huge vats. The necessary conditions vary from high pressure to temperatures between 160 and 165 degrees Celsius (7 – 11 or 12 bars).
10.2 Thermal hydrolysis of biothelys (batch)
Each plant in the Biothelys Technology system needs a sizable piece of land, and it has to create a sizable volume of biogas every day. However, none of these requirements—or the generation of biogas—can typically be a source of concern for major towns.
10.3 Thermal hydrolysis exelys
Exelys Technology can function more effectively in smaller spaces and needs less effluent to be profitable. Exelys Technology uses less space and generates 130 percent more biogas from the same quantity of sludge as the next most productive thermal hydrolysis systems. The operational expenses of an Exelys Plant are much lower than those of comparable thermal hydrolysis systems, despite the Exelys Plant's expensive development.
10.4  Cells for microbial fuel
Another device that carries out three tasks at once is microbial fuel cells (MFC), which employs microbes to treat wastewater. Even more astounding is the fact that the bacteria use the wastewater sludge they consume to make charged electrons that can be turned into power. By transferring the electrons created during the bacterial oxidation process to an electrode, scientists have already been successful in producing significant quantities of power in the lab. Less fossil fuels will be needed to provide energy if MFC technology can be manufactured in large quantities.
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Figure 17. Conceptual diagram of microbial fuel cells[63]

Figure 17 displays a conceptual diagram of microbial fuel cells (MFC), a technology that treats wastewater while generating power. Bacteria in microbial fuel cells convert wastewater sludge into charged electrons, offering a promising avenue for reducing reliance on fossil fuels when produced at scale
10.5  Natural wastewater treatment technologies:
Two of the most prominent sources of wastewater are roadways and roofs. Storm drain water typically has germs, pollutants, and organic waste added to it before being permitted to flow back into the natural environment. Municipalities and governmental agencies all across the globe have started using natural technology to purify their water rather than letting wastewater run back into streams, rivers, lakes, and oceans.
Examples of natural technology include soil filters on a wide scale, excavated wetlands with filtration systems, and sediment ponds. Storm water is returned to nature cleaner as a result of delaying its departure and enabling particles and bacteria to settle and be caught in a natural filter.


11 Challenges for removal of ammoniacal nitrogen
Ammonia emissions into the environment become uncontrolled as a result of rapid industrial expansion. Major human health issues as well as significant deterioration of the aquatic ecosystem may come from this. The easiest way to understand ammonia elimination is to understand how it works. Ammonia is often transformed into less dangerous compounds, such as nitrate or nitrogen gas. In aerobic environments, ammonia has been transformed by ammonia-oxidizing bacteria into nitrite, which has then been further reduced to nitrate by nitrite-oxidizing bacteria. Nitrate is transformed into nitrogen gas during denitrification, which occurs in an anoxic phase. Ammonia removal is difficult using methods that don't have a lot of high expenses. Both forms of autotrophic bacteria need certain environmental parameters (temperature, pH, alkalinity, etc.), enough residence time throughout the treatment process, and a lot more air than is necessary to treat for biochemical oxygen demand (BOD) alone. More than four times as much oxygen is needed for nitrification as there is for BOD elimination. The loss of alkalinity is another aspect that must be considered when designing any WWTP that offers biological nitrification. It could be essential to add alkalinity in the form of sodium hydroxide or other substances.
The biggest drawback of building traditional activated sludge treatment methods is the greater initial investment required to build these kinds of WWTPs. Concrete is often used to build aeration basins and clarifiers, which use costly mechanical components like blowers, pumps, and clarifier mechanisms. Sludge from filamentous organisms that bulks up is also more likely to affect conventional treatment methods. Adding an anoxic phase or zone is often necessary for this.
The scale of the facilities necessary to accommodate the longer hydraulic and solids residence durations is the main drawback of prolonged aeration treatment methods. Smaller systems should only think about employing the prolonged aeration treatment method. Because the aeration basins and clarifiers are often built with concrete and because mechanical equipment is needed, these sorts of procedures also cost more to build.
While the flexibility to alter the amount of time given for each phase of the treatment process might greatly assist the process, it can also make the treatment plant more challenging to run. This sort of treatment method cannot result in the appropriate treated effluent quality if the operations staff is not well-versed in the operation and maintenance of SBRs. In order to accommodate peak flows into the WWTP, the majority of municipal systems also need several reactor basins and equalization tanks.
The construction of the MBR treatment process is often substantially more costly, and there are continuous expenditures related to buying new membranes. The cost of running and maintaining these kinds of systems is often greater as well, requiring more energy and human focus.
12 Future prospective and conclusion 
As the discharge limits for ammonia-nitrogen wastewater steadily rise, the treatment technologies for ammonia-nitrogen wastewater are now diversifying more and more. The maximum ammonia-nitrogen emissions allowed in China are 5 mg N/L. (GB 18918-2002). However, the current therapeutic approaches have a lot of flaws and restrictions.
· Some treatment processes, such chemical addition or denitrification, leave behind residues of pollutants like nitrous oxide, which is very harmful to the environment. There is not enough research in this field.
· Instead of recycling, the existing treatment techniques still primarily concentrate on removing ammonia nitrogen, which is detrimental to resource utilization.
· Many of the treatment techniques now in use are still being tested on synthetic wastewater in laboratories, which is still far from dealing with actual wastewater.
· The majority of approaches now in use lack economic analysis or comparison. Future development of ammonia-nitrogen wastewater treatment should take economics and environmental protection into account. The environment should be protected by existing treatment techniques that concentrate on all products that might be released.
The recovery of nitrogen from ammonia should also be considered. To achieve the best water purification and ammonia-nitrogen recovery effect, improvements or combinations with other methods should be made based on the current main methods for ammonia-nitrogen recovery, such as struvite precipitation, microalgae or photosynthetic bacterial biomass recovery, ammonia gas acid adsorption, and biofilm enrichment. In order to perform pilot tests on actual wastewater that will serve as important references for real-world application, certain established procedures at laboratory size should also be employed. At the same time, the findings of wastewater treatment method economic analyses should be gathered. Technology for practical wastewater treatment is crucial for socioeconomic advancement. Due to their differences, certain wastewater types need specialized treatment techniques. The majority of wastewater discharge nowadays is made up of landfill leachate, industrial wastewater, animal and poultry wastewater, and municipal wastewater. Recent studies have shown that nitrogen can be successfully removed from wastewater using current physical, chemical, and biological treatment techniques. Additionally, a number of techniques—including acid adsorption, struvite precipitation, membrane enrichment, microalgae, and photosynthetic bacteria can efficiently recover ammonia nitrogen, making them more favorable in the circular economy and from an energy standpoint than just eliminating it. Importantly, the combination approach was effective at cleaning water and extracting ammonia nitrogen in more complicated wastes. Therefore, the creation of novel techniques for the recovery of ammonia-nitrogen from actual wastewater will be an important and worthwhile research topic in the future.
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