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ABSTRACT

	[bookmark: OLE_LINK2]Declining influent carbon-to-nitrogen (C/N) ratios in modern wastewater treatment plants (WWTPs) increasingly limit conventional heterotrophic denitrification, resulting in incomplete nitrate removal, accumulation of nitrite and nitrous oxide (N₂O), and challenges in meeting strict total nitrogen (TN) limits. To overcome these issues, process intensification strategies that decouple nitrogen removal from organic carbon availability are gaining attention. Among these, the addition of conductive materials—particularly magnetite (Fe₃O₄)—to activated sludge and similar biological systems shows strong potential due to magnetite’s mixed-valence (Fe²⁺/Fe³⁺) properties, semiconductivity, biocompatibility, and ease of magnetic recovery.
This review critically evaluates magnetite-enhanced denitrification under low C/N conditions, focusing on activated sludge, biofilm, and hybridand hybrid reactor configurations. After detailing heterotrophic and autotrophic denitrification and their electron transfer processes, four primary mechanisms of magnetite-enhanced denitrification are identified: (i) limited abiotic nitrate/nitrite reduction by surface-bound Fe(II); (ii) Fe(II) oxidation-driven autotrophic denitrification; (iii) magnetite-facilitated direct interspecies electron transfer (DIET) between fermenters and denitrifiers; and (iv) stimulation of denitrifying enzymes and enrichment of functional microbial groups such as iron-cycling bacteria and  key denitrifiers.
Experimental results demonstrate that magnetite supplementation can increase nitrate removal rates by 20–200%, enhance TN removal under low C/N conditions, suppress N₂O formation, and improve sludge granulation and settling. Functional gene enrichment (narG, napA, nirS, nirK, nosZ, and Fe-cycling genes) supports these mechanisms. Optimal magnetite dosages range from 0.1–2 g·L⁻¹, with particle size, surface properties, and reactor design influencing outcomes.
The review addresses operational and economic aspects, including C/N ratio, dissolved oxygen, redox potential, pH, temperature, and magnetiteand magnetite recovery. It evaluates challenges such as nanoparticle toxicity, iron leaching, phosphorus removal interference, and scale-up feasibility. Future research should focus on distinguishing DIET from Fe-driven pathways, conducting long-term pilot studies, integrating with anammox or membrane-aerated systems, and performing life cycle and techno-economic analyses.
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1. INTRODUCTION

1.1. The global imperative for advanced wastewater nitrogen removal

Human-caused reactive nitrogen from fertilizers, fossil fuel burning, and industrial activities have increased rapidly over the last century, leading to eutrophication, harmful algal blooms, and hypoxia in lakes, rivers, and coastal waters. These sources also contribute to nitrate contamination of drinking water, posing health risks. Therefore, effective nitrogen removal in wastewater treatment plants is a key part of water quality control and environmental safety. Many areas now require effluent total nitrogen (TN) levels below 10–15 mg·L⁻¹ for large municipal plants, and even lower when discharging into sensitive waters (Price, Pearson et al. 2018, Sahil and Nanda 2025). Conventional biological nutrient removal depends on nitrification followed by heterotrophic denitrification. This approach is common and effective when the influent C/N ratio is suitable (to what concentration); however, emerging treatment systems increasingly separate organic carbon and nitrogen flows, which can reduce denitrification efficiency.

1.2. The challenge of low C/N wastewater: sources and consequences

Low-carbon-to-nitrogen (C/N) wastewater originates from several primary sources, all of which limit biological nutrient removal by reducing the availability of essential organic carbon. These sources include advanced primary treatment, which redirects particulate organics to sludge digesters, and nitrogen-rich sidestreamsside streams from sludge processing, which have very high ammonium levels but low biodegradable CODbiodegradable COD (Chemical Oxygen Demand). Additionally, certain industrial effluents, such as fertilizer or food production, and heavily treated water from potable reuse systems, are naturally low in carbon. Collectively, these streams result in wastewater entering the biological stage with insufficient organic matter to support effective microbial nitrogen removal.
Heterotrophic denitrification requires a minimum COD/NO₃⁻–N ratio of about 2.5–3.0 g COD/g N to reduce to N₂ fully, and higher ratios are typically necessary in full-scale systems because of biomass synthesis and other competing processesprocesses (Metcalf and Eddy 2014, Price, Pearson et al. 2018). At lower C/N ratios, a lack of electron donors leads to incomplete reduction and accumulation of NO₃⁻, NO₂⁻, or N₂O; TN limits are often not met without adding external carbon sources such as methanol, ethanol, acetate, or glycerol (Fu, Hou et al. 2022, Yang, Tan et al. 2024, Aghilinasrollahabadi, Kjellerup et al. 2025). Adding external carbon increases operational costs, sludge production, and process complexity.

1.3.  Limitations of conventional heterotrophic denitrification under low C/N

Conventional denitrification couples the oxidation of organic substrates with the step-by-step reduction of nitrate to nitrogen gas through membrane-bound electron transport chains. However, under low-carbon-to-nitrogen (C/N) conditions, this process becomes very limited. The lack of electron donors restricts the production of intracellular reductants like NADH, impeding the full reduction of nitrogen intermediates, especially nitrite and nitrous oxide. At the same time, denitrifiers must compete with typical heterotrophs and, in enhanced biological phosphorus removal systems, with phosphorus-accumulating organisms for the limited organic carbon (Wentzel and Ekama 1997, Henze, van Loosdrecht et al. 2008). These limits on electron donors, along with imbalanced enzyme expression and kinetics, often cause incomplete reduction and lead to the accumulation of nitrous oxide, a potent greenhouse gasgas (Liu, Peng et al. 2008, Xie, Jiang et al. 2023). Additionally, fluctuating influent loads, dissolved oxygen variations, and low temperatures typical in mainstream wastewater treatment worsen these issues (Sun ShengPeng, Pellicer i Nàcher et al. 2010). Therefore, there is strong motivation to develop alternative nitrogen-removal methods that either reduce overall electron demand, for example via anammox, or utilize non-organic electron donors, such as sulfur, hydrogen, or iron.

1.4Emerging. Emerging strategies for low C/N denitrification

Several biological and hybrid methods have been studied to overcome these limitations. Partial nitritation–anammox (PN/A), which combines aerobic partial oxidation of NH₄⁺ to NO₂⁻ with anaerobic anammox that converts NH₄⁺ and NO₂⁻ directly to N₂ without external carbon (Peng and Zhu 2006, You, Wang et al. 2020) can significantly reduce carbon demand, though controlling nitrite levels and suppressing nitrite-oxidizing bacteria remain challenging under mainstream conditions. Sulfur-based autotrophic denitrification, using sulfide, elemental sulfur, or thiosulfate as electron donors, is appealing for sulfate-rich, low-C/N streams but may produce sulfate and requires careful management of alkalinity (Hu, Liu et al. 2026). Hydrogen-based autotrophic denitrification offers a clean electron donor but is constrained by mass-transfer limitations and safety concerns. Fe-driven autotrophic denitrification uses Fe(II) or Fe(0) as electron donors for nitrate reduction (Nguyen, Vu et al. 2021, Mishra, Singh et al. 2022). Improving internal carbon recovery, such as through enhanced fermentation of waste-activated sludge (WAS), is a promising way to reduce dependence on external carbon sources (Kosgey, Zungu et al. 2022, Wang, Li et al. 2023, Wang, Tian et al. 2024). Additionally, a new class of strategies has emerged that employs conductive materials to facilitate extracellular and interspecies electron transfer (EET/DIET), potentially enabling more efficient use of limited organic carbon for denitrification.

1.5Conductive. Conductive materials and the emergence of magnetite

Conductive materials such as granular activated carbon, biochar, carbon nanotubes, and metal oxides can act as electron shuttles between microbial partners or between cells and electrodes in bioelectrochemical systems (Dube and Guiot 2015, Zhang, Chu et al. 2025). This idea has been most thoroughly studied in anaerobic digestion, where conductive additives such as magnetite have been shown to promote direct interspecies electron transfer (DIET) and increase methane production, particularly under stress from volatile fatty acids or ammonia. Magnetite (Fe₃O₄) is particularly appealing because it is a naturally abundant, relatively inexpensive iron oxide with a mixed-valence structure (Fe²⁺/Fe³⁺) and moderate semiconductivity that allows electron hopping. It undergoes reversible Fe(II)/Fe(III) redox cycling, is biocompatible, readily colonized by microorganisms, and can be magnetically separated, enabling recovery from sludge (Gahlot, Ahmed et al. 2020, Calabrò, Fazzino et al. 2021, Li, Feng et al. 2024). Recent research indicates that magnetite can enhance waste-activated sludge fermentation and increase volatile fatty acid yields, improving the internal carbon sources for denitrification (Zhang, Chen et al. 2023). Additionally, it can support microbially driven nitrate reduction and help regulate the balance between denitrification and dissimilatory nitrate reduction to ammonium (Yang, Tan et al. 2024). It has also been demonstrated to enhance denitrification efficiency and sludge reduction in low-carbon-to-nitrogen systems using magnetite-coated carriers (Li, Feng et al. 2024), and it functions as an electron conduit in DIET-dependent microbial communities, similar to its role in methanogenic systems (Gahlot, Ahmed et al. 2020). These findings collectively support further investigation of magnetite-enhanced denitrification in activated sludge and related processes.

1.6  Scope and Objectives

This review focuses on the magnetite-enhanced activated sludge process for improving denitrification under low C/N conditions. The specific objectives are to:

1. Review the fundamentals of denitrification and the role of electron transfer, including DIET and Fe-driven autotrophic pathways.
2. Describe the physicochemical properties of magnetite that are important for microbial processes.
3. Synthesize and critically assess proposed mechanisms of magnetite-supported denitrification.
4. Review available performance data from batch, sequencing, and continuous reactors, focusing on low C/N operation, N₂O emissions, and sludge properties.
5. Discuss operational parameters and economic factors, including magnetite dosing, recovery, and how they compare to external carbon dosing.
6. Identify challenges, limitations, and knowledge gaps, and outlineoutlines directions for further research and scale-up.
2. FUNDAMENTALS OF DENITRIFICATION AND ELECTRON TRANSFER

2.1. Biochemical pathway of denitrification

Biological denitrification is a respiratory process in which nitrate serves as a terminal electron acceptor and is successively reduced to dinitrogen gas.
NO₃⁻ → NO₂⁻ → NO → N₂O → N₂
Specific enzymes facilitate each step: nitrate reductase (Nar or Nap), nitrite reductase (NirS or NirK), nitric oxide reductase (Nor), and nitrous oxide reductase (NosZ). It is better to provide the complete flow chat of enzyme to be used in the denitrification.
These enzymes are part of electron transport chains that connect the oxidation of electron donors to the generation of a proton motive force and ATP production (Seitzinger, Harrison et al. 2006). Denitrification happens in various heterotrophic and autotrophic bacteria, as well as some archaea (need reference). Electron donors include organic substrates (heterotrophic denitrification) and reduced inorganic compounds such as sulfur, hydrogen, and iron (autotrophic denitrification) (Liu, Chen et al. 2019, Pang, Li et al. 2022). Pathway efficiency and completeness largely depend on the availability of electron donors, the redox potential, pH, and the presence of oxygen.

2.2. Heterotrophic vs. autotrophic denitrification

Heterotrophic denitrification, which underpins most activated-sludge and biofilm processes, involves oxidizing readily biodegradable substrates such as methanol, acetate, and volatile fatty acids to generate NADH that drives the stepwise reduction of nitrate and nitrite. Although this pathway is robust and adaptable, it inherently requires an adequate supply of organic carbon. In contrast, autotrophic denitrification uses inorganic electron donors and inorganic carbon sources such as CO₂ or bicarbonate, making it particularly useful for wastewaters with low carbon-to-nitrogen ratios. Key variants include sulfur-based denitrification (using sulfide, elemental sulfur, or thiosulfate), hydrogen-based denitrification (using H₂ supplied via gas phase or gas-permeable membranes), and iron-based (Fe-driven) denitrification, which employs Fe(II) (dissolved or solid) or Fe(0) as the electron donor (Liu, Chen et al. 2019, Pang, Li et al. 2022). However, autotrophic processes often require careful pH and alkalinity control and can produce solid by-products such as sulfur or iron precipitates (Weber, Pollock et al. 2006, Liu, Chen et al. 2019, Pang, Li et al. 2022).


2.3. Electron donor limitation under low C/N

Electron donors for microbial denitrification are categorized into three main groups based on their source: (1) external organics, such as methanol, ethanol, or acetate, which are usually added to the process; (2) internal organics, coming from the breakdown of cellular material like cell debris, extracellular polymeric substances (EPS), and endogenous respiration, as well as from volatile fatty acids (VFAs) produced through in-line or side-stream fermentation of waste activated sludge (WAS); and (3) inorganic donors, including reduced forms of iron (Fe(II)), sulfur (S(−II)), and hydrogen (H₂), which facilitate autotrophic denitrification pathways.
At low influent C/N, external organic addition is often necessary to meet stoichiometric electron requirements for complete denitrification. The theoretical COD/N ratio for complete NO₃⁻ reduction with acetate is approximately 86 g COD/g NO₃⁻–N; however, in practice, higher values are required to account for biomass growth and competing processes (need reference). If the available COD/N drops below about 3–4, incomplete denitrification is likely unless alternative electron pathways are engaged (Wiesmann 2005, Metcalf and Eddy 2014). Magnetite can help address this electron donor challenge by (i) enabling Fe(II)-dependent autotrophic denitrification and (ii) mediating DIET, thereby making more efficient use of limited organic carbon.
When influent carbon-to-nitrogen ratios fall below the threshold required for complete denitrification, multiple operational challenges arise. Denitrification may prematurely stop at nitrite or nitrous oxide (NO ₂⁻ or N ₂ O) rather than fully converting to nitrogen gas, as electron flow to the final reductase NosZ (N ₂ O reductase) becomes critically restricted. This leads to the undesirable buildup and release of nitrous oxide, a potent greenhouse gas. Additionally, insufficient electron donors result in slow overall nitrate reduction, often allowing nitrate to persist in the effluent. While conventional measures such as dosing external carbon, improving internal carbon recovery, and optimizing processes through strategies like simultaneous nitrification-denitrification or shortcut nitrogen pathways can partially address these issues, they do not fundamentally overcome the inherent limitation caused by a lack of electron donors.(Chai, Xiang et al. 2019, Chen, Gao et al. 2024).

2.4. Direct interspecies electron transfer (DIET)

In many anaerobic environments, syntrophic microbial partners traditionally exchange electrons via soluble carriers such as H₂ and formate. However, in direct interspecies electron transfer (DIET), electrons are transferred directly via conductive pili ("nanowires"), outer-membrane c-type cytochromes, or conductive materials such as granular activated carbon, biochar, or magnetite (Zhuang, Wang et al. 2024, Zhang, Chu et al. 2025). Fe₃O₄ nanoparticles and other conductive additives have been shown to enhance syntrophic degradation of fatty acids and methanogenesis by acting as electrical conduits, increasing the effective distance over which DIET can occur by forming electron-conducting networks within microbial aggregates, and enriching microbial communities with electroactive species such as Geobacter and Methanosarcina (Dube and Guiot 2015, Calabrò, Fazzino et al. 2021, Zhang, Chen et al. 2023). These same principles can also be applied to denitrifying consortia, in which fermentative and iron-cycling bacteria transfer electrons to denitrifiers via magnetite, potentially improving denitrification efficiency under low carbon-to-nitrogen ratios.

3. Magnetite: properties and relevance to microbial processes

3.1. Crystal structure and mixed valence

Magnetite (Fe₃O₄) has an inverse spinel structure, often described as Fe²⁺Fe³⁺₂O₄. Fe³⁺ occupies both tetrahedral and octahedral sites, while Fe²⁺ is found at octahedral sites (need pictorial diagram). Electron hopping between Fe²⁺ and Fe³⁺ at octahedral sites gives rise to semiconducting behavior and moderate electrical conductivity. The mixed-valence nature enables magnetite to function as an electron buffer; it can accept electrons through Fe(III) reduction or donate electrons via Fe(II) oxidation, supporting reversible redox cycling in microbial ecosystems (Weber, Pollock et al. 2006, Pang, Li et al. 2022).

3.2. Semiconductivity and electrochemical behavior

Magnetite’s electrical conductivity, which varies from 10⁻² to 10² S·m⁻¹ depending on synthesis and environmental conditions, is lower than that of metals but much higher than most non-conductive minerals. This highlights its role as an electron transfer facilitator. Key features include a particle size dependence: nanoscale Fe₃O₄ offers a larger surface area and more reactive sites but also a higher tendency to aggregate and possible toxicity issues, while micro-scale magnetite is easier to handle and separate but has a lower reactive surface area per mass (Shrestha and Rotaru 2014, Liu, Wan et al. 2023, Yang, Tan et al. 2024); its surface chemistry, where hydroxylated surfaces can adsorb both organic and inorganic species, helping cell attachment and electron transfer; and its proven electrochemical activity, as Fe₃O₄-modified electrodes show decreased charge-transfer resistance and higher current density in bioelectrochemical systems, confirming its effectiveness as an EET facilitator (Shrestha and Rotaru 2014, Yang, Tan et al. 2024, Yang, Yao et al. 2025). Collectively, these properties support magnetite’s ability to enable Direct Interspecies Electron Transfer (DIET) and participate in Fe-driven autotrophic denitrification.

3.3. Fe(II)/Fe(III) redox cycling

Microorganisms enable bidirectional Fe(II)/Fe(III) cycling through processes like dissimilatory iron reduction, where bacteria such as Geobacter and Shewanella reduce Fe(III) in magnetite or other oxides to Fe(II) using organic electron donors, and nitrate-dependent Fe(II) oxidation, in which bacteria oxidize Fe(II) (dissolved or structural) to Fe(III) while reducing NO₃⁻ to NO₂⁻, N₂O, or N₂ (Nordhoff, Tominski et al. 2017, Pang, Li et al. 2022). This biotic iron cycling is tightly connected to nitrogen transformations, as Fe(II) acts as an electron donor for autotrophic denitrification, while the produced NO₂⁻ can be further reduced abiotically by Fe(II) or biologically by denitrifiers; additionally, the structural Fe(II) in magnetite can be both consumed and regenerated, allowing Fe₃O₄ to serve as an effective redox mediator in these interconnected cycles.

[bookmark: _Hlk216391866]3.4. Comparison with other conductive materials

[bookmark: _Hlk216393075]As shown in Table 1, magnetite (Fe₃O₄) displays a well-rounded combination of electrical conductivity, redox activity, and biocompatibility compared to other conductive materials used in denitrification systems. While biochar and granular activated carbon (GAC) are cost-effective and promote biofilm growth, their low electrical conductivity can limit electron-transfer efficiency. In contrast, carbon nanotubes and graphene offer superior conductivity and larger surface areas but face challenges such as high cost and potential microbial toxicity. Zero-valent iron (ZVI) and nanoscale ZVI (nZVI) are strong chemical reductants, though issues such as surface passivation and secondary sludge formation may limit their practical use. Magnetite’s Fe(II)/Fe(III) redox cycling and magnetic separability make it an appealing alternative, facilitating efficient electron transfer and enabling straightforward material recovery. These advantages, summarized in Table 1, underscore its growing role in denitrification and Fe-driven nitrogen removal processes.

Table 1 shows the comparison of magnetite with other conductive materials used in denitrification and related processes
Put reference section in a separate row in table 1:
	[bookmark: _Hlk216393021]Material
	Characteristics
	Conductivity & Redox Properties
	Biocompatibility / Toxicity
	Additional Features
	Limitations

	Biochar
(Bartoli, Giorcelli et al. 2020, Xiang, Zhang et al. 2020, Zhang, Chu et al. 2025).
	Produced by pyrolysis of biomass; tunable structure and porosity
	Moderate, adjustable via production conditions
	Generally good; derived from natural materials
	Renewable, low-cost, supports microbial growth
	Lower conductivity than nano-carbons or magnetite

	Granular Activated Carbon (GAC) (Zhang, Chen et al. 2023, Yang, Yao et al. 2025).
	Porous carbon with high surface area; used as adsorbent and electrode
	High conductivity
	Good for biofilm formation
	Well-established, easily sourced
	Limited redox activity; non-magnetic

	Carbon Nanotubes / Graphene (Zou, Wang et al. 2023, Wu, Jeyakumar et al. 2024).
	Nano-carbons with extremely high surface area
	Very high conductivity
	Potential toxicity to microbes
	Excellent electron transfer
	High cost, handling safety concerns

	Zero-Valent Iron (ZVI) / nZVI(Curcio, Limonti et al. 2022).
	Metallic iron particles, strong reductants
	Strong redox activity, not primarily conductive
	Moderate biocompatibility
	Effective nitrate reducer
	Susceptible to passivation, possible Fe sludge formation

	Magnetite (Fe₃O₄)(Pang, Li et al. 2022)
	Mixed-valence iron oxide mineral
	Balanced conductivity and redox cycling (Fe²⁺/Fe³⁺)
	Good; lower toxicity than nano-carbons
	Magnetic separability, Fe-driven autotrophic N-removal
	Moderate cost, potential aggregation at the nanoscale



4. Mechanisms of magnetite-enhanced denitrification

4.1. Abiotic chemical reduction via surface-bound Fe(II)

Under suitable conditions, Fe(II) associated with magnetite surfaces can abiotically reduce oxidized nitrogen species, especially NO₂⁻, through proposed mechanisms involving electron transfer from Fe(II) sites to nitrogen oxyanions, resulting in the formation of N₂ or NH₄⁺ and the oxidation of Fe(II) to Fe(III) (Weber, Pollock et al. 2006, Pang, Li et al. 2022). However, at circumneutral pH and typical wastewater treatment plant (WWTP) conditions, abiotic reduction of NO₃⁻ by magnetite is generally slow. Although abiotic reduction of NO₂⁻ may be faster, it remains secondary to microbial processes; thus, most studies conclude that abiotic pathways contribute but are not dominant in magnetite-amended biological systems, especially when active microbial communities are present (Weber, Pollock et al. 2006, Pang, Li et al. 2022, Zhang, Chen et al. 2023).

4.2. Autotrophic denitrification coupled with iron oxidation

Magnetite facilitates Fe-driven autotrophic denitrification through two distinct pathways: first, as a source of Fe(II) where Fe-reducing bacteria or chemical reactions release Fe²⁺ from Fe₃O₄, which subsequently serves as an electron donor for nitrate-dependent Fe(II)-oxidizing bacteria; and second, by acting as a solid electron donor, where some NDFO bacteria may directly oxidize the structural Fe(II) within magnetite, producing more oxidized iron minerals such as goethite or lepidocrocite. (Weber, Pollock et al. 2006, Pang, Li et al. 2022, Zhang, Chen et al. 2023, Yang, Li et al. 2024). Batch studies have confirmed nearly complete NO₃⁻ reduction to N₂ using magnetite as the primary Fe(II) source, especially when small amounts of organics are added to support Fe-reducing partners. In activated sludge systems, magnetite addition can establish a hybrid mechanism: heterotrophic denitrification predominates under carbon-rich conditions, whereas Fe(II)-driven autotrophic denitrification provides an additional electron donor during carbon-limited conditions, thereby buffering fluctuations in C/N ratios.

4.3. Magnetite-mediated direct interspecies electron transfer (DIET)

The most widely discussed mechanism for magnetite-enhanced denitrification under low C/N conditions is magnetite-mediated Direct Interspecies Electron Transfer (DIET). In this process, fermenters oxidize residual organics, such as VFAs (???) from WAS fermentation, and transfer electrons directly to Fe₃O₄ rather than relying solely on soluble carriers such as H₂ or formate. Denitrifiers then act as "electro-acceptors," using electrons from magnetite to reduce NO₃⁻ and NO₂⁻ to N₂. Meanwhile, Fe-cycling bacteria maintain the Fe(II)/Fe(III) balance within magnetite, supporting its conductivity and redox capacity (Kampschreur, Temmink et al. 2009, Kassab, Khater et al. 2020, Li, Feng et al. 2024, Yang, Tan et al. 2024). Evidence supporting DIET in these systems includes higher denitrification rates and reduced NO₂⁻/N₂O buildup in Fe₃O₄-amended reactors compared to controls at the same C/N ratios. It also involves increased levels of electroactive and denitrifying genera (e.g., Thauera, Pseudomonas, Dechloromonas, Geobacter) in magnetite-rich environments (Kassab, Khater et al. 2020, Zhang, Chen et al. 2023, Li, Feng et al. 2024, Yang, Tan et al. 2024), greater expression of genes for c-type cytochromes, outer-membrane redox proteins, and denitrification enzymes in constructed wetlands or microbial electrolysis cells with Fe₃O₄-modified electrodes (Yang, Tan et al. 2024, Zhang, Ding et al. 2025), and similar acceleration of syntrophic metabolism through DIET seen in methanogenic systems with magnetite (Dube and Guiot 2015, Wang, Zhang et al. 2018, Zhang, Chen et al. 2023). In this framework, magnetite serves as a three-dimensional electron-conducting network within sludge flocs or granules. Enabling long-range extracellular electron transfer enables denitrifiers to utilize electrons from scarce organic carbon more efficiently, thereby lowering the apparent C/N requirement for complete denitrification.

4.4. Enhancement of enzyme activity and gene expression

Iron is a crucial cofactor in many enzymes involved in respiration, including denitrification, as nitrate reductases and nitrite reductases contain Fe-S clusters and heme groups. Additionally, c-type cytochromes with heme iron are vital to extracellular electron transfer. Magnetite can affect enzyme activity and gene expression by providing a slowly dissolving iron source that microorganisms can assimilate and by modifying local redox conditions to enable rapid electron flow. This can promote the expression of denitrification of genes over aerobic respiratory pathways. Consequently, Fe₃O₄-amended wetlands and microbial electrolysis cells show significantly higher copy numbers of narG, nirS/nirK, and nosZ, along with greater nitrate and nitrite reductase activities compared to controls (Yang, Tan et al. 2024). These results support the hypothesis that magnetite-rich environments enhance denitrification.

4.5. Microbial community restructuring and synergistic consortia

Magnetite significantly influences microbial community composition by providing surfaces for biofilm growth and creating micro-niches with specific redox conditions. This enrichment favors Fe-cycling bacteria, electroactive species, and denitrifiers that utilize extracellular electron transfer (EET) pathways. Studies of magnetite-modified carriers under low C/N ratios consistently show increased abundances of key genera such as Thauera, Pseudomonas, Dechloromonas, Trichococcus, and members of the Comamonadaceae family, as well as Fe-reducers and fermenters. These microbes form synergistic consortia in which fermenters and Fe-reducers break down complex organic matter and maintain Fe(II) supply. At the same time, denitrifiers use electrons transferred via magnetite (and, to a lesser extent, via Fe(II)) (Kassab, Khater et al. 2020, Li, Feng et al. 2024, Yang, Tan et al. 2024). This restructuring is further characterized by increased EPS (???) production and biofilm formation, which enhances floc structure and settleability. These changes represent a crucial community-level mechanism behind magnetite’s positive effect on denitrification performance.

5. Performance and effects of magnetite in activated sludge systems

5.1. Denitrification efficiency and kinetics under low C/N

A growing number of studies have examined magnetite in denitrifying systems, including: waste-activated sludge (WAS) fermentation/denitrification systems where magnetic microparticles enhanced both VFA production and denitrification, leading to higher VFA (???)  yields and significantly improved NO₃⁻ removal at low external C/N, indicating better internal carbon utilization (Kampschreur, Temmink et al. 2009, Kassab, Khater et al. 2020); magnetite-modified suspended carriers treating low-C/N synthetic or municipal wastewater, where Li et al. (2024) reported total nitrogen (TN) removal up to 30–40% higher than with unmodified carriers, along with simultaneous sludge reduction, increased EPS (???) secretion, and enriched denitrifying genera (Li, Feng et al. 2024); constructed wetland–microbial electrolysis cell (CW-MEC) systems using Fe₃O₄/GAC composite anodes, which at COD/N ratios as low as ~3 still achieved high nitrate removal efficiency (>80–90%) with limited accumulation of intermediates, benefiting from both bioelectrochemical assistance and magnetite-mediated extracellular electron transfer (EET) (Yang, Tan et al. 2024); and batch studies on microbially driven nitrate reduction with magnetite in groundwater, which observed faster NO₃⁻ reduction and an altered balance between denitrification and dissimilatory nitrate reduction to ammonium (DNRA) when Fe₃O₄ was present (Liu, Wan et al. 2023, Zhang, Chen et al. 2023). Overall, reported increases in nitrate removal rates upon magnetite addition range from ~20% to over 200%, depending on reactor configuration, magnetite dose, C/N ratio, and operating conditions, with the effect being most noticeable under moderate to severe carbon limitation.
Regarding its impact on N₂O emissions, which are a primary climate concern in biological nitrogen removal (Liu, Peng et al. 2008, Xie, Jiang et al. 2023) Magnetite can affect N₂O dynamics by donating additional electrons via Fe(II) and DIET, thereby facilitating the final reduction of N₂O to N₂, and by altering redox microenvironments in flocs and granules, which may promote the activity of nitrous oxide reductase (NosZ). Although data remain limited, several studies in low-C/N systems have shown lower N₂O yields and less accumulation of NO₂⁻ and N₂O in magnetite-enhanced reactors than in controls at similar nitrogen loads. (Xie, Jiang et al. 2023, Yang, Tan et al. 2024, Peng, Zhang et al. 2025, Qin, Liu et al. 2025, Yang, Yao et al. 2025) Suggesting that magnetite can help reduce greenhouse gas emissions by easing electron limitations at the N₂O-reductase step.

5.3. Sludge properties: settleability and granulation

Magnetite’s high density and surface properties greatly influence sludge physical characteristics by improving settleability, granulation, and floc structure. Incorporating Fe₃O₄ into flocs increases their density, which decreases the sludge volume index (SVI) and enhances clarifier performance (Young, Smoot et al. 2014, Chen, Ma et al. 2024). Typically, SVI values fall below 80 mL/g, thereby increasing clarifier efficiency, supporting higher mixed liquor suspended solids (MLSS) concentrations, and resulting in denser, more compact flocs with greater resistance to hydraulic shear. Additionally, magnetite particles serve as nuclei for granule formation, aiding the development of compact, well-settling anoxic or aerobic granules, particularly in sequencing batch reactors operated under appropriate hydrodynamic conditions (Nancharaiah, Sarvajith et al. 2019, Calabrò, Fazzino et al. 2021). Moreover, magnetite-modified carriers and particles promote extracellular polymeric substance (EPS) production and change its composition, strengthening floc structure and increasing resilience to hydraulic and load shocks (Kassab, Khater et al. 2020, Kadam, Kim et al. 2024, Li, Feng et al. 2024, Yang, Tan et al. 2024). Overall, these improvements lead to better solids separation and biomass retention, offering significant process benefits beyond magnetite’s electrochemical role.

5.4. Microbial community and functional genes

High-throughput sequencing and qPCR analyses consistently demonstrate that magnetite influences microbial community composition and function, promoting the enrichment of denitrifying genera such as Thauera, Pseudomonas, Dechloromonas, and Comamonas spp., as well as Fe-cycling bacteria including Geobacter and certain Shewanella-like taxa (Kassab, Khater et al. 2020, Pang, Li et al. 2022, Kadam, Kim et al. 2024, Li, Feng et al. 2024, Yang, Tan et al. 2024). Likewise, reactors amended with Fe₃O₄ show increased copy numbers of denitrification genes (narG, nirS, nirK, nosZ) and Fe-cycling genes (Kassab, Khater et al. 2020, Zhang, Chen et al. 2023, Yang, Tan et al. 2024, Zhang, Ding et al. 2025), along with heightened expression of c-type cytochromes and extracellular electron transfer (EET)-related proteins in magnetite-containing bioelectrochemical systems (Yang, Tan et al. 2024, Zhang, Ding et al. 2025). These microbial and functional changes collectively suggest a shift from a solely soluble-mediated electron transfer process to a hybrid mechanism that combines direct interspecies electron transfer (DIET) and Fe-cycling pathways, thereby enhancing overall electron-use efficiency. The statement is not very clear to understand the functional gene mechanism.
Suggested not to repeat the full form of the abbreviation used again and again.
5.5. Magnetite dosage and particle size

Performance heavily depends on both the dosage and size of magnetite. At low doses (<0.1 g·L⁻¹), the effects are often negligible, whereas moderate doses (~0.1–2 g·L⁻¹) typically lead to noticeable improvements in NO₃⁻/TN removal efficiency and sludge properties. In contrast, very high doses might cause excessive solids concentration, shading or mass transfer limitations, and an increased risk of Fe release. Regarding particle size, nano-Fe₃O₄ offers a larger surface area and higher reactivity but is more prone to aggregation and potential ecotoxicity [54,55-----reference not number], whereas micro-Fe₃O₄ is easier to retain and separate magnetically but may require larger amounts to produce a similar effect. Consequently, the best application depends on the specific case and should weigh performance benefits, cost, and environmental risks (Kampschreur, Temmink et al. 2009, Kassab, Khater et al. 2020, Zhang, Feng et al. 2022, Li, Feng et al. 2024, Yang, Tan et al. 2024).

6. OPERATIONAL PARAMETERS AND ECONOMIC CONSIDERATIONS

6.1. C/N ratio window for magnetite enhancement

Magnetite is most effective under low- to moderate-C/N conditions, where electron donors limit conventional heterotrophic denitrification. At high C/N ratios (>8–10), organic carbon is abundant, and magnetite provides only minimal additional benefit. In moderate C/N conditions (4–8), magnetite can significantly reduce NO₃⁻ and N₂O accumulation, whereas at very low C/N ratios (<3–4), it generally improves performance but may not fully address electron deficiency, necessitating strategies such as internal or external carbon supplementation (Kampschreur, Temmink et al. 2009, Chai, Xiang et al. 2019, Kassab, Khater et al. 2020, Li, Feng et al. 2024, Yang, Tan et al. 2024, Peng, Zhang et al. 2025). When combined with enhanced fermentation of waste-activated sludge (WAS) to produce internal VFAs, magnetite can increase the effective C/N ratio during denitrification without external carbon, thereby improving overall carbon efficiency (Kampschreur, Temmink et al. 2009, Kassab, Khater et al. 2020, Kosgey, Zungu et al. 2022, Wang, Li et al. 2023).

6.2. Dissolved oxygen and redox conditions

Denitrification and Fe-driven processes require anoxic or suboxic conditions in which high dissolved oxygen (DO) suppresses nitrate and Fe(III) reduction and may also abiotically oxidize Fe(II), thereby removing available electron donors. Conversely, too low a redox potential can lead to undesired reactions such as excessive Fe(III) reduction or sulfate reduction. Magnetite extends the effective redox window by enabling local conductive pathways and promoting Fe cycling; however, precise DO control remains crucial. Several studies have shown that magnetite improves nitrogen removal during intermittent aeration or simultaneous nitrification–denitrification (SND) by facilitating denitrification within anoxic micro-zones formed inside microbial flocs (Chai, Xiang et al. 2019, Nancharaiah, Sarvajith et al. 2019, Chen, Gao et al. 2024).

6.3. pH and temperature

pH strongly influences both Fe cycling and denitrification. The Fe(II)/Fe(III) redox reactions are highly dependent on pH; low pH promotes Fe (II)⁺ dissolution, which can lead to toxicity, whereas high pH precipitates Fe as less reactive forms. Denitrification enzymes function optimally at near-neutral pH (6.5–8). Temperature also significantly affects microbial activity and Fe sorption and dissolution rates (reference). Magnetite-enhanced systems typically perform well within the standard wastewater treatment plant (WWTP) temperature range of 10–30 °C; however, their performance decreases at lower temperatures, as with conventional systems (Miao, Zhu et al. 2025, Xie, Zhang et al. 2025). Some studies suggest that conductive materials can partially mitigate low-temperature limitations by enhancing extracellular electron transfer (EET) (Yang, Tan et al. 2024, Yang, Yao et al. 2025).

6.4. Long-term stability and magnetite reuse

Key practical questions for implementing magnetite-based systems include ensuring mineralogical stability, physical retention, and effective integration with anaerobic digestion. Over prolonged operation, magnetite may gradually transform into less conductive Fe(III) oxides or hydroxides such as goethite, necessitating proper redox management and periodic Fe supplementation to maintain functionality (Weber, Pollock et al. 2006, Pang, Li et al. 2022). Maintaining physical retention of magnetite within the bioreactor is also essential, which can be achieved by promoting its incorporation into microbial flocs or carriers and enabling magnetic separation from waste sludge (Young, Smoot et al. 2014, Chen, Ma et al. 2024). Furthermore, magnetite present in waste sludge can positively influence anaerobic digesters by enhancing methanogenesis through direct interspecies electron transfer (DIET), although careful consideration of mass balances and possible long-term accumulation in digestate is necessary- need more discussion (Wang, Zhang et al. 2018, Kosgey, Zungu et al. 2022, Zhuang, Xia et al. 2022, Jung, Yu et al. 2023, Zhang, Chen et al. 2023, Wang, Tian et al. 2024). Despite these benefits, pilot-scale studies evaluating multi-year stability and magnetite recovery strategies remain limited, pointing to a significant area for future research.

6.5. Economic and environmental aspects

Economic viability depends on balancing the cost of magnetite and the required dosing infrastructure against potential savings in external carbon sources, chemicals, and energy. Additional process intensification benefits include higher loading rates, smaller reactor volumes, and improved effluent quality. There are also potential economic incentives or credits associated with reduced N₂O emissions and increased biogas production when magnetite positively influences anaerobic digestion. Preliminary techno-economic and life cycle analyses of Fe-driven and magnetite-assisted systems suggest these processes can be cost-competitive under specific conditions, especially in side-stream treatment applications and when external carbon costs are high (Gao, Scherson et al. 2014, Pang, Li et al. 2022). However, comprehensive TEA/LCA assessmentsassessments (???) for full-scale magnetite-amended activated sludge processes are still missing and remain a key research priority.

7. CHALLENGES AND LIMITATIONS

7.1. Nanoparticle toxicity and environmental risks

Although magnetite is generally regarded as less toxic than many other metallic nanoparticles, potential risks have been identified, including the production of reactive oxygen species under certain conditions (what condition specify it---???), physical interactions with cell membranes and DNA, and the release of nanoparticles into receiving waters if not properly retained. Toxicity depends on both dose and particle size, with nano-Fe₃O₄ posing a higher risk than micro-Fe₃O₄(Chen, Fang et al. 2022, Mishra, Singh et al. 2022, Bayer, Wei et al. 2023). However, more systematic ecotoxicological studies are necessary, especially those examining long-term exposures and the impacts of complex mixtures.(some example of ecotoxicological studies should be cited)

7.2. Iron leaching and secondary pollution

Fe₃O₄ is relatively stable; however, under acidic or strongly reducing conditions, Fe²⁺ can dissolve, increasing total iron concentrations in the effluent. Subsequent precipitation of iron downstream may cause scaling or turbidity. Therefore, wastewater treatment plants must ensure that effluent complies with regulatory iron limits, and sludge management strategies should account for elevated iron levels. In some cases (specify the case), the higher Fe levels can be beneficial for phosphorus immobilization in biosolids, although potential trade-offs require careful evaluation (Wentzel and Ekama 1997, Wiesmann 2005, Luo, Chen et al. 2022).

7.3. Fate and recovery of magnetite

At full scale, substantial amounts of magnetite are expected to be associated with waste sludge. Magnetic recovery from thickened or dewatered sludge is technically feasible but entails additional capital and energy costs, and its effectiveness under real-world operating conditions warrants further investigation (Young, Smoot et al. 2014, Chen, Ma et al. 2024). Magnetite may also be distributed across various treatment units, including bioreactors, secondary clarifiers, digesters, and dewatering systems, thereby complicating recovery efforts. If magnetite is not recovered, its accumulation in soils through biosolids land application must be evaluated to understand potential long-term environmental impactsimpacts (Xiang, Zhang et al. 2020). Overall, comprehensive mass-balance and fate studies of magnetite within integrated wastewater treatment plants remain limited.

7.4. Scale-up and operational complexity

Most magnetite-enhanced denitrification studies have been conducted in laboratories or at small pilot scales, and several obstacles remain to full-scale implementation. These include ensuring an even distribution of magnetite in large reactors, preventing its accumulation in dead zones or excessive loss in the effluent, and modifying sludge-handling, digestion, and dewatering systems to manage higher iron content. Furthermore, successful scale-up will require operator training and updates to process-control strategies, such as dissolved-oxygen regulation and carbon-to-nitrogen optimization, to account for magnetite’s specific effects. Full-scale demonstrations are crucial for validating the observed performance improvements and identifying practical operational challenges. (Young, Smoot et al. 2014, Wang, Li et al. 2023, Chen, Ma et al. 2024).

7.5. Interactions with other nutrient removal processes

Magnetite may inadvertently affect several nutrient-removal processes. In phosphorus removal systems, iron can precipitate phosphate, which may improve chemical phosphorus removal but also interfere with enhanced biological phosphorus removal (EBPR) by altering phosphate availability and by competing with polyphosphate-accumulating organisms (PAOs) and other microbial groups (Wentzel and Ekama 1997, Wiesmann 2005). In anammox and partial nitritation/anammox (PN/A) systems, Fe(II)/Fe(III) cycling might interact with anammox and Feammox pathways. However, the overall effects remain uncertain (Price, Pearson et al. 2018, Gao, Peng et al. 2021, Kadam, Kim et al. 2024, Ponce-Jahen, Cercado et al. 2024). Additionally, heterotrophic nitrification aerobic denitrification (HN-AD????) processes could respond differently to magnetite compared to traditional denitrification (Hu, He et al. 2018, Kadam, Kim et al. 2024). Therefore, system-level assessments should include all nutrient removal processes rather than focusing only on denitrification.

8. KNOWLEDGE GAPS AND FUTURE RESEARCH DIRECTIONS

8.1. Mechanistic quantification: DIET vs. Fe-driven autotrophy

Although evidence exists for both DIET and Fe-driven autotrophic denitrification, their relative roles in complex activated-sludge systems remain unclear. Future research should use isotopic tracers (e.g., ¹⁵N, ⁵⁷Fe) to distinguish metabolic pathways and apply electrochemical techniques, such as cyclic voltammetry, to quantify extracellular electron transfer (EET) contributions. Additionally, combining multi-omics methods, including metagenomics, metatranscriptomics, and proteomics, will help link microbial community structure and functional potential to observed biogeochemical fluxes (Weber, Pollock et al. 2006, Dube and Guiot 2015, Bartoli, Giorcelli et al. 2020, Pang, Li et al. 2022, Zou, Wang et al. 2023). Finally, developing mechanistic models that incorporate both DIET and Fe cycling, and validating them against experimental data, will be key to designing effective processes.

8.2. Long-term pilot-scale studies with real wastewater

Most current studies rely on synthetic wastewater or short-term batch experiments. Still, long-term pilot-scale reactors fed with real municipal or industrial wastewater are essential for assessing process robustness under varying temperature, loading, and composition conditions (???). They also help examine magnetite transformation, loss, and recovery over extended periods, from months to years. Furthermore, such reactors should be used to evaluate impacts on sludge handling, digestion, and biosolids quality, ultimately offering critical insights for scale-up, cost estimation, and risk assessment (Kampschreur, Temmink et al. 2009, Kassab, Khater et al. 2020, Wang, Li et al. 2023, Li, Feng et al. 2024, Yang, Tan et al. 2024).

8.3. Integration with advanced nitrogen removal processes

Magnetite-enhanced denitrification offers promising opportunities for integration with various advanced biological nitrogen removal technologies. It can be combined with PN/A (???) and anammox systems to treat residual nitrate or to stabilize Feammox–anammox interactions (Price, Pearson et al. 2018, You, Wang et al. 2020, Gao, Peng et al. 2021, Kadam, Kim et al. 2024, Ponce-Jahen, Cercado et al. 2024); incorporated into membrane aerated biofilm reactors (MABRs), where Fe₃O₄-modified carriers improve simultaneous nitrification–denitrification through enhanced extracellular electron transfer (EET) within biofilms (Li, Bao et al. 2023); and used in bioelectrochemical systems such as microbial electrolysis cells (MECs) and microbial fuel cells, where Fe₃O₄-modified electrodes can increase nitrogen removal and energy recovery (Yang, Tan et al. 2024, Zhang, Ding et al. 2025). Creating optimized hybrid flowsheets could further maximize magnetite’s multifunctional benefits across interconnected unit processes.

8.4. Magnetite-based composites and functional materials

Composite materials that combine magnetite with other functional phases demonstrate strong potential for improving wastewater treatment. Examples include Fe₃O₄-biochar or Fe₃O₄-GAC composites that enable simultaneous adsorption, extracellular electron transfer (EET), and Fe cycling (Bartoli, Giorcelli et al. 2020, Xiang, Zhang et al. 2020, Zhang, Chen et al. 2023, Zou, Wang et al. 2023); Fe₃O₄-zeolite or polymer-based carriers designed with optimized hydrodynamic properties for use in moving-bed biofilm reactors (Calabrò, Fazzino et al. 2021); and Fe₃O₄-supported nZVI systems capable of achieving combined chemical and biological nitrate reduction along with contaminant removal. Future research should focus on scalable synthesis methods, material durability, and performance validation in real wastewater settings.

8.5. Life cycle assessment (LCA) and techno-economic analysis (TEA)

Robust life cycle assessment (LCA) and techno-economic analysis (TEA) are essential for evaluating net energy use and greenhouse gas (GHG) emissions, including N₂O and CH₄, in comparison to baseline and carbon-amended systems. They also help quantify resource consumption associated with magnetite production, transportation, and recovery. Additionally, these assessments should analyze economic trade-offs among magnetite use, external carbon addition, and alternative process options such as partial nitritation/anammox (PN/A) and sulfur-based systems. Such comprehensive analyses will enable evidence-based decision-making by utilities and regulatory agencies (Gao, Scherson et al. 2014, Pang, Li et al. 2022).

9. CONCLUSION 

Low C/N wastewater is becoming more common due to increased carbon capture for energy recovery and water reuse, which creates electron-donor limitations that hinder traditional heterotrophic denitrification. This results in incomplete nitrate removal, increased N₂O emissions, and difficulty meeting total nitrogen (TN) limits. Magnetite (Fe₃O₄) offers a promising solution by partially decoupling denitrification from organic carbon availability thanks to its conductive, redox-active, biocompatible, and magnetically separable properties. Studies have demonstrated that systems amended with magnetite significantly improve nitrate and TN removal under low C/N conditions, reduce NO₂⁻ and N₂O buildup, enhance sludge settleability and granulation, and reshape microbial communities toward Fe-cycling and denitrifying taxa. These effects likely result from synergistic mechanisms, including Fe-driven autotrophic denitrification, magnetite-mediated direct interspecies electron transfer (DIET), stimulation of denitrification enzymes, and cooperative microbial interactions. However, challenges remain, including nanoparticle toxicity, iron leaching, environmental impact, process integration, and scale-up feasibility. Future research should focus on elucidating the mechanisms linking DIET and Fe-driven pathways, conducting pilot-scale tests with real wastewater, designing advanced magnetite-based composites, and performing comprehensive life cycle and techno-economic assessments. With these advancements, magnetite-enhanced activated sludge could become a key technology for efficient, resilient, and climate-friendly nitrogen removal in wastewater treatment plants treating low-C/N influent, complementing processes such as anammox and bioelectrochemical systems.
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