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ABSTRACT: Sustainable nitrogen removal remains a central challenge in wastewater treatment, as
conventional biological processes depend extensively on aeration and external carbon addition, resulting
in substantial energy consumption, operational costs, and greenhouse gas emissions. Iron redox-coupled
nitrogen conversion has emerged as a promising alternative, linking nitrogen transformation to
Fe(Il)/Fe(Ill) cycling to enable pathways for low-energy and low-carbon wastewater treatment. This
review provides a critical evaluation of current knowledge on key iron-mediated nitrogen-conversion
pathways, including Fe(Ill)-dependent ammonium oxidation (Feammox), nitrate-dependent ferrous
oxidation, iron-enhanced anaerobic ammonium oxidation (anammox), and abiotic chemodenitrification,
with emphasis on their interactions in engineered wastewater systems. Rather than considering these
pathways as isolated processes, this review highlights how competition among pathways, kinetic
mismatch, iron bioavailability, mineral precipitation, and abiotic side reactions fundamentally govern
system performance and stability. Key operational regulators, such as iron concentration and speciation,
dissolved oxygen, pH, temperature, and electron-transfer mediators, are critically examined from an
engineering control perspective. Major translational barriers, including unresolved microbial
mechanisms, slow reaction kinetics, uncertain pathway partitioning, mineral encrustation, and the risk of
greenhouse gas emissions, are discussed. Finally, future research priorities are proposed to accelerate the
development of robust and scalable iron-mediated nitrogen-removal technologies. This review offers an
important engineering perspective for advancing sustainable wastewater treatment via iron redox-driven
nitrogen conversion.
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1 Introduction

Nitrogen removal is a fundamental requirement in
wastewater treatment to prevent eutrophication,
ecosystem degradation, and downstream greenhouse
gas emissions (van Maanen et al., 1994; Zhou etal.,
2024). Conventional biological nitrogen removal, based
on nitrification and denitrification, has facilitated
effective control of ammonium and total nitrogen for
decades; however, these processes are intrinsically
energy- and resource-intensive, requiring substantial
aeration for nitrification and external organic carbon for
denitrification, while contributing considerably to
operational costs and greenhouse gas emissions
(Lackner et al., 2014; Zhou et al., 2024). As wastewater
treatment increasingly transitions toward energy-
efficient and  low-carbon infrastructure, the
development of alternative nitrogen-removal strategies
has become a major research and engineering priority.
Over the past two decades, innovative biological
nitrogen-removal technologies such as anaerobic
ammonium oxidation (anammox), partial nitrification/
anammox (PN/A), and partial denitrification/anammox
have substantially improved the sustainability of
nitrogen removal by reducing oxygen demand, sludge
production, and external carbon requirements (Lackner
etal., 2014; Wang et al., 2022; Shah, 2023; Zuo et al.,
2026). Despite these advances, these systems remain
constrained by operational instability, stringent process
control requirements, and dependence on favorable
wastewater characteristics, particularly under low-
strength, variable, or decentralized treatment conditions
(Deng et al., 2025; Chang etal., 2026). Accordingly,
alternative redox pathways that may further enhance
nitrogen removal efficiency while reducing energy and
chemical inputs have garnered increasing attention.
Among emerging approaches, iron redox-coupled
nitrogen conversion has attracted growing interest as a
potentially transformative pathway for sustainable
wastewater treatment. Iron is one of the most abundant
redox-active elements in natural and engineered
environments (Huang et al., 2026; Zhang et al., 2026),
and can function as both electron donor and acceptor in
nitrogen-transformation pathways (Kappler etal.,
2021). Beyond its conventional roles in wastewater
treatment as a micronutrient, coagulant, and phosphorus
precipitant, iron can fundamentally reshape nitrogen
conversion via multiple interconnected processes, such
as Fe(Ill)-dependent ammonium oxidation (Feammox),
nitrate-dependent ferrous oxidation (NDFO), iron-
enhanced anaerobic ammonium oxidation (anammox),

and abiotic chemodenitrification (Sun etal., 2023;
Yang etal., 2023; Liu etal., 2024). These pathways
present opportunities for low-carbon nitrogen removal
under anaerobic or carbon-limited conditions by
partially replacing conventional oxygen- and carbon-
dependent biological processes. However, the
engineering feasibility of iron-mediated nitrogen
conversion remains highly uncertain. Feammox and
NDFO remain emerging pathways with unresolved
microbial mechanisms, slow and variable kinetics,
uncertain relative contributions, and strong dependence
on iron speciation and environmental conditions
(Kappler etal., 2021; Liu et al., 2024). Moreover, the
coexistence of multiple biological and abiotic reactions
introduces  considerable  complexity, including
competition for nitrogen intermediates, mineral
precipitation, microbial encrustation, redox imbalance,
and unintended greenhouse gas emissions such as N,O
(Jones etal., 2015; Kappler etal., 2021; Chen et al.,
2021). These interactions indicate that iron-mediated
nitrogen conversion should not be viewed simply as a
set of complementary reactions. Instead, it functions as
a dynamic, potentially unstable redox network requiring
critical evaluation from an engineering perspective.

Several recent reviews have summarized iron-
mediated nitrogen conversion, mainly focusing on
individual reaction mechanisms, microbial commu-
nities, or pollutant-removal performance (Shi et al.,
2024; Yuan et al, 2025). However, a critical
engineering synthesis remains lacking. In particular,
limited attention has been paid to the interactions and
competition among coupled iron-mediated pathways,
the operational constraints governing process stability,
and the translational barriers to practical implemen-
tation in engineered wastewater systems. Accordingly,
this review critically evaluates the current under-
standing of iron redox-coupled nitrogen conversion for
sustainable wastewater treatment. Specifically, it 1)
examines the thermodynamic and mechanistic basis of
major iron-mediated nitrogen transformation pathways;
2) analyzes the interactions, synergies, and competition
among coupled biological and abiotic processes; 3)
evaluates key operational regulators influencing process
performance and controllability; and 4) identifies major
translational barriers and research priorities for scalable
implementation. By integrating mechanistic under-
standing with engineering considerations, this review
aims to provide a critical framework for advancing
iron-mediated nitrogen removal in practical wastewater
treatment applications.
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2 Iron redox pathways shaping
nitrogen transformation

In engineered wastewater-treatment systems, iron redox
cycling can fundamentally restructure nitrogen trans-
formation by introducing additional biological and
abiotic pathways beyond conventional nitrification—
denitrification. Depending on iron speciation, microbial
community structure, and environmental conditions,
Fe(Il)/Fe(Ill) can stimulate established biological
routes, facilitate emerging iron-dependent nitrogen
conversions, or drive abiotic nitrogen transformations
(Kappler et al., 2021; Liu et al., 2024). These pathways
differ markedly in terms of thermodynamic favor-
ability, kinetics, controllability, and engineering
maturity, making comparison evaluation essential for
assessing their practical potential in sustainable waste-
water treatment (Fig. 1).

2.1 Iron-enhanced anammox: strengthening
anaerobic nitrogen removal

Anammox is an established autotrophic nitrogen-
removal pathway that substantially reduces aeration
demand, sludge production, and external carbon
requirements compared to conventional biological
nitrogen removal (Lackner etal., 2014). Iron can
further improve anammox performance via multiple
mechanisms, making this type of iron-mediated
interaction one of the most practically relevant in
wastewater treatment systems. As an essential micro-
nutrient, iron participates in the synthesis of heme-
containing proteins, cytochromes, and other enzymes
involved in electron transport and nitrogen metabolism,

0
NO  ~ g,
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thereby supporting anammox microbial activity (Li
et al., 2025). Additionally, conductive iron-bearing
minerals such as magnetite (Fe,O,) may facilitate extra-
cellular electron transfer (EET), promote microbial
aggregation, and stabilize biomass retention, thereby
enhancing reactor performance (Zhang et al., 2021;
Jiang et al., 2023). Furthermore, iron supplementation
has been linked to increased extracellular polymeric
substance secretion, which may further strengthen
granule structure and improve microbial resilience
under operational stress (Li et al., 2025).

However, the beneficial effects of iron are strongly
contingent on its concentration and chemical speciation.
Moderate iron supplementation can stimulate anammox
activity, whereas excessive dissolved iron can induce
toxicity, promote mineral precipitation, or impose
mass-transfer constraints that impair biological perfor-
mance (Zhang et al., 2021; Jiang et al., 2023). From an
engineering perspective, iron-enhanced anammox is the
most mature iron-mediated nitrogen-conversion
strategy presently available. However, its practical
effectiveness depends on controlled iron management
rather than uncontrolled supplementation.

2.2 Feammox: an emerging anaerobic ammonium-
oxidation pathway

Feammox has emerged as a promising pathway for
anaerobic ammonium removal, in which ammonium is
oxidized using Fe(III) as the terminal electron acceptor.
Although the corresponding stoichiometric pathways
can generate N,, nitrite, or nitrate, available isotope-
tracing and nitrogen mass-balance studies generally
identify N, as the dominant terminal product, with
nitrite and nitrate representing minor or condition-
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Fig.1 Conceptual illustration of iron-mediated nitrogen-transformation pathways in wastewater treatment, showing
synergistic and competing biological and abiotic reactions regulated by Fe(Il)/Fe(III) redox cycling.
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dependent fractions (Yang etal., 2012, 2023). The
stoichiometric feasibility of nitrite- and nitrate-
producing reactions should therefore not be interpreted
as evidence that these intermediates are generated at
rates sufficient to sustain downstream anammox or
NDFO.

Unlike anammox, Feammox does not depend on
nitrite as an obligate electron acceptor, making it
theoretically attractive for carbon-limited anaerobic
wastewater systems. Feammox is thermodynamically
favorable, with AG values ranging from approximately
—164 to —245 kJ/mol depending on the reaction
pathway, although it remains less favorable than
anammox (—357 kJ/mol). Nevertheless, thermodynamic
feasibility does not solely determine engineering
performance, as Feammox is strongly constrained by
slow reaction kinetics, limited Fe(Ill) bioavailability,
and inefficient EET (Kappler etal., 2021; Liu etal.,
2024).

Mechanistically, Feammox remains insufficiently
resolved. Proposed mechanisms include direct EET
mediated by outer membrane c-type cytochromes,
indirect transfer via soluble electron shuttles such as
flavins and humic substances, and conductive microbial
appendages that facilitate electron movement at the
microbe-mineral interface (Kappler etal.,, 2021; Zhu
et al., 2021; Liu et al., 2024). Direct EET through cell-
associated cytochromes or conductive appendages may
be particularly relevant when microorganisms are in
close contact with iron minerals, whereas soluble
electron shuttles can extend electron transfer beyond
the cell-mineral interface. However, the relative
contributions of these mechanisms remain unresolved,
and soluble shuttles are generally more amenable to
operational manipulation than biologically regulated
direct EET pathways. Iron also serves as a cofactor in
essential metalloenzymes and heme-containing proteins
involved in microbial metabolism (Qiao et al., 2013;
Baek etal., 2019). Nevertheless, direct mechanistic
confirmation remains limited. To date, Acidimicrobia-
ceae bacterium A6 is the only confirmed direct
Feammox microorganism (Huang and Jaffé, 2018),
although broader microbial consortia likely contribute
indirectly via iron cycling, electron shuttling, or
intermediate nitrogen transformation (Li etal., 2019;
Yao etal., 2019; Ahmed et al., 2021).

2.3 NDFO: microbial and hybrid iron-driven nitrate
reduction

NDFO describes nitrogen-conversion processes in
which Fe(Il) oxidation is coupled to nitrate or nitrite
reduction, regenerating Fe(III) while removing oxidized

nitrogen species (Chen etal., 2021). Conceptually,
NDFO is especially attractive because it can comple-
ment Feammox by enabling internal Fe(II)/Fe(IIl)
redox cycling, thereby supporting integrated iron-
mediated nitrogen conversion systems. However,
NDFO remains mechanistically complex and, in many
cases, debated. Reported NDFO activity has been
attributed to direct enzymatic Fe(Il) oxidation, indirect
microbial denitrification coupled with abiotic iron
oxidation, or hybrid biotic—abiotic interactions (Kim
et al., 2016; Wang et al, 2020). Experimentally
distinguishing these pathways remains challenging,
particularly in complex engineered systems where
multiple nitrogen and iron transformations occur
simultaneously.

Thermodynamically, NDFO is less favorable than
anammox or Feammox, with a Gibbs free energy
change of approximately —96 klJ/mol, suggesting
stronger dependence on microbial catalysis and
environ-mental conditions (Kappler et al., 2021). A
wide range of microorganisms, including autotrophic
Fe(Il) oxidizers, heterotrophic denitrifiers, and mixo-
trophic bacteria such as Acidovorax and Pseudomonas
stutzeri (Melton et al., 2012; Klueglein et al., 2014;
Jiang et al., 2023), have been implicated in NDFO-
related activity. However, the relative contribution of
true enzymatic NDFO remains unresolved in many
reported systems.

2.4 Chemodenitrification: the abiotic competitor in
iron-mediated nitrogen conversion

In addition to biologically mediated pathways, abiotic
chemodenitrification is a major competing nitrogen
transformation pathway in iron-rich systems. In this
process, Fe(Il) chemically reduces nitrogen oxides,
particularly nitrite, generating gaseous products such as
NO, N,O, and N, (Jones etal., 2015; Kappler et al.,
2021). Chemodenitrification is thermodynamically
favorable, with AG ranging from approximately —128
to —148 kJ/mol depending on reaction conditions. More
importantly, it is often kinetically rapid, especially in
the presence of reactive Fe(ll)-bearing minerals,
allowing it to compete effectively with biological
nitrogen-removal  pathways.  Unlike  microbial
processes, chemodenitrification bypasses biological
regulation and rapidly consumes nitrogen intermediates,
particularly nitrite. From an engineering perspective,
chemodenitrification presents a double-edged effect.
Although it may contribute to nitrogen removal, it
reduces process controllability, complicates pathway
attribution, and introduces the risk of unintended
greenhouse gas emissions, especially N,O.
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3 Coupled iron-mediated
nitrogen conversion:
interactions, synergies,
and instability

In engineered wastewater systems, iron-mediated
nitrogen transformations rarely occur in isolation.
Instead, multiple Fe(Il)/Fe(Ill)-coupled biological and
abiotic pathways typically coexist and interact (Fig. 2).
These interactions may enhance nitrogen removal via
complementary substrate exchange and internal iron
redox cycling. However, they may also destabilize
process performance owing to Kkinetic mismatches,
mineral precipitation, and competition for shared redox-
active substrates and intermediates, including NH,,
NO,~, NO;~, Fe(Il), and Fe(III). For example, NO, is
consumed by anammox, NDFO, and chemodenitrific-
ation, while Fe(Il) can serve as an electron donor for
NDFO and abiotic nitrite reduction or be oxidized by
residual oxygen. The resulting competition affects
nitrogen removal efficiency as well as iron recycling,
pathway attribution, and the formation of NO and N,O.
Understanding these coupled interactions is thus
essential for evaluating the practical feasibility of iron-
mediated nitrogen-removal systems. Accordingly, the
following subsections examine Fe—N coupling across
increasing levels of pathway complexity, from binary
interactions between Feammox and anammox or NDFO
to integrated biological-abiotic networks, with

Anammox

NO;~ N,

A

NH4* NO,~

Feammox

}

Fe(lll) Ironcycle Fe(ll)

NDFO [Chemodenitriﬁcation]

N, NO,  NOs~ N,;0O N, NO,~

Fig. 2

representative studies summarized in Table 1.
3.1 Feammox—anammox

The coupling of Feammox and anammox has attracted
considerable attention as a potential strategy for
autotrophic nitrogen removal, as they are metabolically
complementary pathways. In this configuration,
Feammox oxidizes ammonium using Fe(Ill) as the
electron acceptor, generating nitrite and/or nitrate as
intermediates, which subsequently act as electron
acceptors for anammox to produce dinitrogen gas
(Huang and Jaffé, 2018; Yang etal, 2023).
Conceptually, this coupling is attractive because it
facilitates anaerobic nitrogen removal without external
organic carbon input while partially reducing
dependence on conventional nitrification for nitrite
generation. However, the practical feasibility of this
coupling is fundamentally constrained by pronounced
kinetic asymmetry between the two pathways. As
discussed in Section 2.2, the intrinsically low Feammox
rate creates a substantial kinetic mismatch with
anammox (Kappler et al., 2021). By contrast, anammox
is a well-established and comparatively efficient auto-
trophic  nitrogen-removal pathway that rapidly
consumes nitrite when sufficient substrate is available
(Lackner et al.,, 2014). Thus, endogenous nitrite
generation via Feammox is unlikely to sustain high-rate
anammox activity in engineered systems. From a
substrate mass-balance perspective, only the minor

Feammox-Aanmmox

Coupled via ammonium oxidation and
nitrite supply

Feammox-NDFO

»  Coupled through Fe(ll)/Fe(lll) redox cycling

and nitrate exchange

Feammox-NDFO-Anammox
Integrated via nitrogen intermediates and
iron redox cycling

Feammox-NDFO-Anammox

Competing pathways for nitrite reduction via
biotic and abiotic processes

Interaction framework of coupled iron-mediated nitrogen-conversion pathways in wastewater treatment, illustrating

synergistic, competitive, and abiotic process interactions regulated by Fe(II)/Fe(III) redox cycling.

https://journal.hep.com.cn/fese | https://link.springer.com/journal/11783


https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4

Guo et al., ENGINEERING Environment 2026, 20(12): 188

https://doi.org/10.1007/s11783-026-2288-4

Table 1 Representative studies of coupled iron-mediated nitrogen-conversion systems and their engineering characteristics

Initial nitrogen Removal

Hybrid processes Reactor type Inoculum Reactions Temperature  pH concentration  performance Reference
Feammox— UASB Cultivated Feammox, 30°C 6.0-8.0  NH,™-N: NH,"-N:66.05% Xuetal,
anammox Feammox sample PN/A 261.8 mg/L  phosphate: over 2024
and 40%
activated sludge
SBR Anaerobic sludge Feammox, anammox 22°C 7.0 NH,*N:  NH,"-N:50.8% Gonzalez
and floc 250 mg/L etal., 2024
anammox
Anammox Feammox, anammox 32+2°C  7.0-7.5 NH4+-N: TNR: 71.8%. Lietal.,
granular sludge 100.0 mg/L 2018a
Feammox— Up-ﬂovy Anaerobic Feammox, NDFO 20£2°C 7.0+0.1 NH,*-N:  NH,"-N:98.9%, Maetal,
NDFO _anaerobic  municipal sludge 30.0 mg/L TN: COD: 96.9% 2022
biological filter 33.5 mg/L,
based on
limonite
SBR Sludge from Feammox, NDFO ~ 25-30°C 7.6+0.2 NH,~N:  NH,"N:100%, Haoetal.,
secondary 26.6- TNR: 92.45% 2024
sedimentation 63.9 mg/L
tank
Biofilm Anaerobic Feammox, NDFO 28+1°C Change NH,™-N:  NH,"oxidation Yao etal.,
digestion sludge with 20 mg/L efficiency and 2020
reaction rate of 42.3% and
0.032 kg-
N/(m3-d),
respectively
Moving bed LEVAPOR bio- Feammox, NDFO NR 7.0 NH,*N:  NH,*-N:79%+ Shengetal.,
biofilm reactor carriers 30.1 mg/L 4 % 2024
NO;-N: NO;™-N: 98% +
14.8 mg/L 4 %
Bioelectrochemi Anaerobic sludge ~ Feammox, NDFO NR 6.8-72  NH,*N: NH,"-N:0.08062 Zhuetal.,
cal systems 52.4— kg-N/(m3-d)
104.7 mg/L
Feammox— UASB Granular Feammox, NDFO, 35£1°C 7.0+03 NH,"N: TNR: 10.97 + Jia et al.,
NDFO- anammox sludge anammox 151.01 =  0.36 kg-N/(m3-d) 2025
anammox 2.11 mg/L,
NO,™-N:
200.94 +
4.73 mg/L
Sponge iron Nitrifying Feammox, NDFO, 25°C 7.5-80  NH,*N: TNR: 77.2% Lietal.,
Biofilter acnvated,slludge, nitrification, anammox 60.2 mg/L 2022,2023
partia
nitrification—ana
mmox granule
sludge
SBR Nitrification  Feammox, NDFO, NR NR NH,"-N: TNR: 83%,  Kaoetal,
sludge, anammox anammox 50 + 10 mg/L phosphate: 78.7% 2022
granular sludge
SBR Marine anammox Feammox, NDFO, 15°C 7.5+0.1 NH,"™-N: NH,*-N: 0.85 Fengetal.,
sludge anammox 80 mg/L kg-N/(m3-d) 2020
NO,-N: NO;™-N: 0.90
105.6 mg/L  kg-N/(m3-d)
SBR Anammox sludge Feammox, NDFO, 30£1°C 7.0+0.2 NH,*N: TNR:91.6% Wang et al.,
anammox 40 mg/L 2025b
Feammox— UASB Granular Feammox, NDFO, 23+3°C  17.0-7.3 NH,*-N: TNR: ~90%  Cheng et al.,
NDFO- anammox sludge chemodenitrification 100 mg/L 2025
chemodenitrification
UASB Anaerobic Feammox, NDFO, 30 °C 5.5 NH,*-N: NH,*-N: Yang et al.,
municipal sludge chemodenitrification 70 mg/L, 42.7%-50.3% 2023
NO,-N:
70 mg/L,
NO;-N:
42 mg/L

Notes: NR: not reported.
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fraction of ammonium converted to nitrite is available
for subsequent anammox. Therefore, practical
Feammox—anammox coupling may require an
additional nitrite source. This kinetic limitation is
supported by experimental observations. Gonzalez et al.
(2024) found that in a coupled Feammox—anammox
reactor, anammox accounted for the dominant
contribution to total nitrogen removal, whereas
Feammox served only as a supplementary ammonium-
oxidation pathway. Similar findings have been reported
for other hybrid systems, where the coexistence of both
pathways did not translate into balanced functional
coupling (Huang and Jaffé, 2018). Beyond kinetic
mismatch, pathway attribution remains challenging
because Feammox-derived nitrogen intermediates may
overlap with those generated via other biological or
abiotic processes, particularly in complex mixed-culture
systems. This uncertainty complicates direct evaluation
of the actual contribution of Feammox to overall reactor
performance.

3.2 Feammox-NDFO

Feammox and NDFO are conceptually linked via
reciprocal iron redox transformations. This makes their
coupling one of the most theoretically attractive
configurations in iron-mediated nitrogen-conversion
systems. In Feammox, ammonium is oxidized using
Fe(III) as the electron acceptor, generating Fe(Il) along
with nitrite and/or nitrate. Conversely, NDFO oxidizes
Fe(Il) coupled with nitrate or nitrite reduction,
regenerating Fe(Ill). This reciprocal relationship
indicates the possibility of an internally sustained
Fe(Il)/Fe(Ill) redox cycle that can support integrated
nitrogen removal with reduced external iron demand.
Nevertheless, the limited endogenous production of
nitrate and nitrite by Feammox may be insufficient to
sustain NDFO. Consequently, an internally closed
Feammox—NDFO cycle would probably require an
additional source of oxidized nitrogen. Experimental
studies have demonstrated the feasibility of such
coupling under controlled conditions. Hao et al. (2024)
established a coupled Feammox—NDFO sequencing
batch reactor inoculated with anaerobic municipal
sludge, achieving complete ammonium removal within
48 h. Likewise, other studies have reported simul-
taneous Fe(Ill) reduction and nitrate-dependent Fe(II)
oxidation in engineered systems, supporting the
coexistence of both pathways (Yao et al., 2020; Ma et
al., 2022; Sheng et al., 2024).

Despite this conceptual appeal, the practical stability
of Feammox—NDFO coupling remains highly
uncertain. Effective integration requires close synchro-

nization between Fe(Ill) reduction in Feammox and
Fe(Il) oxidation in NDFO. However, these processes
are governed by distinct microbial communities,
diverse kinetic constraints, and variable substrate
availability, which makes redox balance difficult to
maintain. Disruption of this balance can cause Fe(II) or
Fe(IIl) buildup, weakening iron recycling efficiency
and reducing overall nitrogen-removal performance.
Further, mineral precipitation introduces an additional
operational challenge. During NDFO, regenerated
Fe(Ill) typically forms insoluble mineral phases that
can precipitate on microbial cell surfaces, within the
periplasm, or even intracellularly, causing physical
encrustation and metabolic inhibition (Picardal, 2012;
Klueglein et al., 2014). Such mineral accumulation may
obstruct substrate transport, disrupt enzymatic activity,
and progressively destabilize reactor performance.
Moreover, excessive precipitation reduces iron
bioavailability, further weakening the intended redox-
regeneration loop. Additionally, mechanistic ambiguity
in NDFO creates further uncertainty. In many reported
systems, nitrate reduction coupled with Fe(Il) oxidation
may arise from true enzymatic NDFO as well as
indirect microbial denitrification or hybrid biotic—
abiotic processes (Wang et al., 2020; Kappler et al.,
2021). Thus, the extent to which Feammox—NDFO
represents a controllable biological coupling rather than
a loosely interacting mixed redox system remains
unresolved.

3.3 Integration of Feammox—NDFO-anammox

The coexistence of Feammox, NDFO, and anammox is
among the most complex iron-mediated nitrogen-
conversion arrangements proposed for wastewater
treatment. In principle, this hybrid system integrates
ammonium  oxidation, nitrate = reduction, and
Fe(Il)/Fe(Ill) redox cycling, creating a theoretically
attractive framework for enhanced autotrophic nitrogen
removal via complementary substrate exchange and
internal iron regeneration. Several studies have
demonstrated the feasibility of such multipathway
systems. Huang and Jaffé (2018) reported the
simultaneous occurrence of Feammox, NDFO, and
anammox in an anaerobic culture system, achieving
ammonium- and nitrate-removal efficiencies of 67.6%
and 58.8%, respectively. Gao et al. (2021) further
integrated PN/A with Feammox and NDFO, reporting
improved nitrogen-removal performance in engineered
bioreactors. Other studies have similarly suggested
functional coexistence of these pathways under
controlled conditions (Feng et al., 2020; Jia et al., 2025;
Wang et al., 2025).
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Despite such theoretical promise, practical system
behavior is likely governed less by ideal synergy than
by hierarchical competition for key intermediates,
particularly nitrite. Anammox is a well-established,
kinetically efficient autotrophic nitrogen-removal
pathway that rapidly consumes nitrite once enriched in
engineered reactors (Lackner etal., 2014). In
comparison, Feammox and NDFO are slower and
strongly constrained by iron bioavailability, mineral
accessibility, and complex electron-transfer
requirements (Kappler etal., 2021; Liu etal., 2024).
Consequently, nitrite generated within hybrid systems
is expected to be preferentially consumed by anammox,
limiting its availability for alternative iron-mediated
pathways. Furthermore, pathway attribution remains
particularly challenging in such complex systems, as
overlapping biological and abiotic nitrogen trans-
formations can occur simultaneously. Nitrite and nitrate
may be generated or consumed via multiple routes,
including Feammox, NDFO, anammox, denitrification,
and chemodenitrification, making direct quantification
of pathway contributions highly uncertain. Reported
improvements in nitrogen-removal performance may
therefore reflect collective system effects rather than
well-controlled synergistic coupling. Importantly,
simultaneous  substrate  removal, changes in
Fe(Il)/Fe(1ll), or enrichment of putative functional
microorganisms do not independently confirm the
concurrent activity of Feammox, NDFO, and anammox.
More robust attribution requires integrating >N isotope
tracing, abiotic controls, iron speciation, and nitrogen
mass balances, as microbial community analyses alone
reveal metabolic potential instead of direct pathway
activity. Therefore, current evidence supports pathway
coexistence more strongly than clearly quantified
metabolic coupling.

3.4 Potential role of chemodenitrification

In iron-mediated wastewater-treatment systems, chemo-
denitrification plays a critical yet often under-
appreciated role by introducing abiotic nitrogen-
conversion pathways that compete with biologically
mediated processes. In the presence of reactive Fe(Il)
and oxidized nitrogen species, particularly nitrite,
abiotic reduction occurs rapidly, producing gaseous
nitrogen products such as NO, N,O, and N, without
direct microbial involvement (Jones et al.,, 2015;
Kappler et al., 2021). The importance of chemo-
denitrification becomes particularly evident in complex
hybrid systems involving Feammox and NDFO. Both
pathways can create conditions that favor abiotic
nitrogen conversion via Fe(Il) accumulation and nitrite

production. Under such conditions, nitrite may be
rapidly consumed through chemical reduction rather
than biologically controlled pathways, thereby altering
nitrogen-conversion routes and reducing process
controllability. Experimental evidence suggests that
chemodenitrification is difficult to avoid in iron-rich
nitrogen conversion systems. Yang et al. (2023)
observed substantial abiotic nitrogen transformation
under Feammox-favorable conditions, despite reactor
operation intended to promote biological ammonium
oxidation. Similarly, Cheng et al. (2025) reported
unavoidable chemodenitrification in coupled Feammox
—NDFO systems under Fe(Il)- and nitrite-rich condi-
tions. These findings suggest that abiotic nitrogen
conversion should not be considered a minor side
reaction but rather an inherent component of many iron-
mediated treatment systems. Beyond process control-
lability, chemodenitrification introduces important
environmental concerns due to the formation of reactive
nitrogen intermediates and greenhouse gases, parti-
cularly N,O (Jones et al., 2015; Chen et al., 2021). As
these emissions may partially offset the intended
sustainability benefits of iron-mediated nitrogen
removal, their contribution to total emissions requires
explicit consideration in process evaluation and reactor
design.

4 Operational regulators
governing iron-mediated
nitrogen conversion

The performance of iron-mediated nitrogen-conversion
systems is governed by the intrinsic characteristics of
individual biological and abiotic pathways as well as
operational conditions that regulate pathway selection,
reaction Kkinetics, and system stability. Unlike
conventional biological nitrogen-removal processes, in
which microbial competition is primarily controlled by
oxygen, substrate availability, and sludge retention,
iron-mediated systems introduce additional complexity
via Fe(IT)/Fe(Ill) redox dynamics, mineral precipitation,
and abiotic nitrogen transformations. Operational
parameters such as iron availability, dissolved oxygen
(DO), pH, and temperature influence not only microbial
activity but also iron speciation, electron-transfer
efficiency, and the relative contributions of competing
biological and abiotic pathways. Consequently, these
factors do not simply affect treatment performance
quantitatively; they can qualitatively reshape nitrogen-
conversion routes within engineered systems. Effective
operational control is thus essential for maintaining
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process stability, improving nitrogen-removal effici-
ency, and minimizing unintended outcomes such as iron
accumulation, microbial inhibition, or greenhouse gas
emissions (Fig. 3).

4.1 Iron availability

Iron availability is the primary operational regulator of
iron-mediated nitrogen conversion because Fe(Il)/
Fe(III) serves not only as a redox-active participant in
nitrogen transformation but also as a determinant of
microbial activity, electron-transfer efficiency, and
abiotic reaction potential. Unlike conventional
biological nitrogen-removal systems, in which iron
typically functions as a micronutrient or chemical
additive, iron-mediated nitrogen conversion depends
fundamentally on maintaining an appropriate balance
among iron availability, bioaccessibility, and redox
stability. In Feammox systems, Fe(IIl) is often a
limiting factor, with concentrations below ~25 mmol/L
restricting activity, while increasing Fe(IIl) typically
enhances ammonium oxidation by alleviating electron
acceptor limitation (Hu et al., 2022; Xia et al., 2022).
However, excessive Fe(Ill) may reduce bioavailability
via precipitation rather than direct toxicity. A similar

and anammox processes. Moderate Fe(Il) concen-
trations promote NDFO kinetics by enhancing electron-
transfer capacity, whereas excessive Fe(II) can induce
cellular stress and inhibit nitrogen removal (Liu et al.,
2017). In anammox systems, iron exhibits a narrower
tolerance window: low Fe(IIl) concentrations (~5-10
mg/L) stimulate activity, while higher levels (= 50
mg/L) become inhibitory, and prolonged exposure to
elevated Fe(Il) (~70-80 mg/L) can impair cellular
function (Zhang et al., 2021; Jiang et al., 2023). These
observations suggest that iron plays a dual role,
functioning as an essential nutrient and a potential
inhibitor, with process-specific sensitivity.

In addition to concentration, iron speciation strongly
influences system performance by affecting bioavaila-
bility and redox reactivity. Diverse Fe(Ill) minerals
(e.g., Fe(OH),, Fe,0;, and Fe;O,) have exhibited
inconsistent promoting effects across studies, signifying
strong dependence on reactor configurations,
operational conditions, and microbial community
structure (Yang et al., 2018; Zhu et al., 2022). In NDFO
systems, both dissolved and solid-phase Fe(Il) sources
are applicable, while natural minerals and industrial by-
products provide cost-effective alternatives with
variable physicochemical properties, such as solubility,

concentration-dependent behavior is observed in NDFO  crystallinity, and surface area, which ultimately
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Fig.3 Principal operational regulators governing iron-mediated nitrogen conversion in wastewater treatment, highlighting
their influence on pathway selection, microbial activity, iron redox cycling, and abiotic reactions.
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determine  microbial and reaction
efficiency.

Overall, in hybrid iron-mediated systems, the optimal
iron regime is constrained by the divergent metabolic
requirements of Feammox, NDFO, and anammox. A
moderate concentration window appears most suitable,
typically with Fe(II) maintained at approximately
10-50 mg/L and Fe(Ill) above the limiting threshold
but without excessive accumulation. Within this range,
Feammox and NDFO can be sustained with minimal
inhibition of anammox. Conversely, excessive iron,
particularly Fe(Il) above ~70 mg/L, may induce
toxicity, promote mineral precipitation, and disrupt
system stability. Therefore, effective operation relies
not on maximizing iron availability but on maintaining
a balanced and dynamic Fe(Il)/Fe(Ill) pool,
underscoring the role of iron as a key regulator of
coupled nitrogen-transformation processes. In practice,
dissolved Fe(Il) can be monitored using automated
colorimetric methods, while DO and oxidation—
reduction potential can serve as complementary
indicators of changes in reactor redox conditions. These
measurements can be integrated with feedback-
controlled iron dosing to prevent excessive Fe(Il)

buildup and maintain a stable Fe(II)/Fe(IlI) balance.

accessibility

4.2 Oxygen supply

DO is a critical operational parameter governing iron-
mediated nitrogen conversion, as it simultaneously
affects microbial metabolism, iron redox chemistry, and
competition between biological and abiotic pathways.
Compared to conventional biological nitrogen removal,
oxygen control in iron-mediated systems is complex, as
excessive oxygen can suppress anaerobic microbial
processes while driving the rapid abiotic oxidation of
Fe(I), which disrupts the iron redox cycle. Feammox-
related functional microorganisms, typified by
Acidimicrobiaceae bacterium A6, display obligately
anaerobic metabolic preferences (Huang et al., 2016).
Consistent with this observation, Yao etal. (2020)
reported progressive declines in ammonium oxidation
and nitrogen-removal rates with increasing DO in
biofilm-based iron-mediated systems. Elevated oxygen
concentrations may inhibit Feammox biologically by
suppressing  anaerobic  microbial  activity and
chemically by oxidizing Fe(Il) and altering the intended
Fe(Il)/Fe(Ill) redox balance. Likewise, NDFO is
generally favored under low-oxygen or anoxic
conditions, where Fe(Il) remains sufficiently available
to support microbial nitrate reduction (Yang etal.,
2024). Under elevated DO, abiotic Fe(Il) oxidation can
rapidly consume bioavailable ferrous iron, resulting in

uncontrolled mineral precipitation and reduced redox
efficiency. This creates a strong operational incentive to
limit oxygen exposure when the objective is to preserve
iron-mediated nitrogen conversion.

However, strict anaerobic conditions may not always
represent the most practical or stable operating regime
in engineered wastewater systems, especially when
mixed microbial communities are involved. Under
appropriately controlled conditions, micro-aeration may
support partial nitrification and generate oxidized
nitrogen intermediates, particularly nitrite for anammox
and, where further oxidation occurs, nitrate for NDFO,
thus partially compensating for their limited
endogenous production by Feammox (Hu et al., 2022;
Wang etal., 2025). Wang etal. (2025) reported
enhanced ammonium oxidation under low DO
conditions (0.2-1.0 mg/L) compared to strictly
anaerobic operation in a mixed-culture Feammox
system. Notably, deliberate micro-aeration can be
employed to regulate the supply of nitrite and nitrate,
whereas uncontrolled oxygen intrusion can disrupt
anaerobic metabolism, accelerate abiotic Fe(I)
oxidation, and promote mineral precipitation.
Therefore, micro-aeration must be carefully controlled
to balance the beneficial production of oxidized
nitrogen substrates against the risks of Fe(Il) depletion
and inhibition of anaerobic nitrogen-converting
microorganisms.

4.3 pH control

pH is a critical operational regulator in iron-mediated
nitrogen conversion because it concurrently governs
microbial activity, iron speciation, mineral stability, and
abiotic reaction kinetics. In addition, pH in iron-
mediated systems directly determines Fe(II)/Fe(III)
solubility, redox reactivity, and the likelihood of
unintended chemical nitrogen transformations. For
Feammox, pH strongly influences microbial activity
and ferric iron bioavailability. The only confirmed
direct Feammox microorganism, Acidimicrobiaceae
bacterium A6, remains active over a broad pH range
(3.4-7.3), with optimal performance reported under
mildly acidic conditions (pH 4.5-6.5) (Huang etal.,
2016). Acidic conditions may also enhance Fe(III)
dissolution and improve electron acceptor accessibility
via proton-mediated mineral solubilization (Weber
etal., 2006; Li etal., 2019). Nevertheless, Feammox-
associated microbial communities are likely more
diverse than currently confirmed isolates, with some
reported systems showing activity closer to neutral pH
(Li etal., 2019). Consequently, the optimal pH for
Feammox may be strongly influenced by microbial
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community  composition and  iron  mineral
characteristics, rather than conforming to a single
universal range.

For NDFO, pH similarly influences microbial activity
and iron chemistry, although the optimal operating
window appears closer to neutral conditions. Zhang
et al. (2015) reported improved nitrogen removal with
increasing pH between 3.0 and 7.2, with performance
exceeding 95% above pH 6. This trend possibly reflects
enhanced microbial denitrification activity and more
favorable thermodynamic conditions for Fe(II)-driven
nitrate reduction (Wang etal,, 2023b). However,
excessively alkaline conditions may reduce Fe(Il)
solubility and bioavailability via rapid precipitation,
limiting substrate accessibility for microbial oxidation
(Kiskira etal., 2017; Yan etal., 2019). This finding
underscores the need to balance thermodynamic
favorability against iron accessibility.

Beyond biological pathways, pH exerts strong control
over abiotic nitrogen transformations. Chemodenitrifica-
tion is highly sensitive to pH; however, reported trends
vary depending on whether reactions occur in
homogeneous aqueous systems or on mineral surfaces
(Tai and Dempsey, 2009; Chen et al., 2020; Dhakal
etal.,, 2021). Furthermore, highly reactive iron
materials such as zero-valent iron may induce
substantial pH fluctuations via rapid redox reactions
with water and nitrogen species, potentially disrupting
microbial activity and altering pathway distribution
(Huang etal., 2020). Accordingly, effective pH
management must balance microbial performance, iron
solubility, and suppression of undesirable abiotic
reactions.

4.4 Temperature effects

Temperature is a vital operational factor influencing
iron-mediated nitrogen conversion because it affects
microbial activity, reaction kinetics, iron redox
chemistry, and overall process stability. For Feammox,
reported activity spans a broad temperature range,
typically between 15 and 37 °C (Feng et al., 2020; Zhu
etal., 2022), indicating a degree of environmental
adaptability. However, performance can vary consi-
derably with temperature owing to shifts in microbial
activity, iron reduction Kkinetics, and community
composition. Ding et al. (2020, 2022) reported
pronounced seasonal variation in Feammox activity and
associated microbial abundance, while Yao et al. (2019)
observed that Feammox rates were markedly higher in
summer than in winter in eutrophic lake environments.
These findings suggest that Feammox performance may
be highly sensitive to temperature fluctuations,

particularly where microbial enrichment remains
unstable.

NDFO also exhibits clear temperature dependence.
Wang et al. (2022) found that NDFO activity increased
with temperature under moderate conditions, with
inhibition observed above 40 °C. Similarly, Liu et al.
(2016) reported optimal Fe(Il)-driven nitrate bio-
remediation performance near 25 °C within the tested
range of 15-25 °C. Temperature may affect NDFO

through microbial metabolism as well as changes in

Fe(Il) oxidation kinetics, solubility, and mineral
transformation behavior.
Abiotic  nitrogen  transformations are  also

temperature-sensitive. Chen et al. (2021) revealed that
chemodenitrification rates declined substantially as the
temperature decreased from 35 to 5 °C, highlighting the
strong kinetic dependence of abiotic redox reactions.
Thus, temperature can alter not only overall nitrogen-
removal rates but also the relative contribution of
biological versus abiotic pathways.

4.5 Other emerging control strategies

Beyond  conventional  operational  parameters,
increasing attention has been paid to intervention
strategies designed to overcome the intrinsic limitations
of iron-mediated nitrogen conversion, particularly
restricted iron bioavailability, inefficient EET, and
mineral encrustation. These emerging approaches aim
to improve nitrogen removal performance as well as
enhance process stability and controllability in
engineered wastewater systems.

An important strategy is using chelating agents to
increase iron solubility and bioavailability, specifically
in NDFO systems where rapid iron precipitation limits
effective accessibility to electron donors. Chelators
such as EDTA and hexametaphosphate maintain
dissolved ferrous iron, reduce mineral encrustation, and
improve nitrogen-removal performance in continuous
reactor systems (Zhou et al., 2016; Wang et al., 2020).
By stabilizing iron in a more bioavailable form, these
additives may enhance microbial Fe(Il) utilization and
prolong reactor performance. Nevertheless, the use of
persistent chelants such as EDTA may introduce
additional environmental concerns owing to their
limited biodegradability, potential to mobilize metals,
and persistence in treated effluent. These effects are
difficult to reconcile with the sustainability objective,
unless the chelant can be effectively retained or
recovered. Future studies should therefore prioritize
biodegradable or recoverable ligands, naturally derived
chelators, siderophore-like iron carriers, and
immobilized mediators that improve iron bioavailability
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without increasing the persistent organic load of the
effluent.

Another major approach focuses on improving EET,
which is widely considered a limiting factor in
Feammox and related iron-mediated pathways. Electron
shuttles such as humic substances, 9,10-anthraquinone-
2,6-disulfonate (AQDS), activated carbon, biochar, and
sulfur-based materials have been examined as redox
mediators to accelerate electron transfer between
microorganisms and iron minerals (Sun etal., 2023;
Wang et al., 2023). Zhou et al. (2016) and Cao et al.
(2022) reported enhanced nitrogen removal following
the addition of AQDS or conductive carbon materials,
with solid conductive materials generally exhibiting
better long-term retention than soluble electron shuttles
susceptible to washout. In addition, research has
explored iron-ligand complex engineering to improve
microbial iron uptake and intracellular iron utilization.
Liu etal. (2025) demonstrated that siderophore-like
iron carrier systems, including catechin and N-
hydroxyethyl ethylenediamine triacetic acid, improved
iron-uptake efficiency in anammox consortia and
stimulated the synthesis of iron-dependent enzymatic
cofactors. These findings suggest that targeted
manipulation of iron bioavailability may offer a more
sophisticated approach to regulating iron-mediated
nitrogen conversion.

5 Translational barriers and
future opportunities

Iron-mediated nitrogen conversion has emerged as a
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conceptually  attractive strategy for sustainable
wastewater treatment, providing opportunities to reduce
aeration demand, external carbon dependence, and
overall greenhouse gas emissions. Nevertheless, despite
growing mechanistic interest and promising proof-of-
concept demonstrations, practical implementation
remains limited. Current systems are constrained not by
a single bottleneck but by interconnected scientific and
engineering barriers, such as unresolved microbial
mechanisms, limited process efficiency, poor pathway
controllability, and uncertain scalability (Fig. 4).
Addressing these challenges requires a transition from
pathway discovery to engineering-oriented system
design, operational control, and translational validation.

5.1 Resolving microbial mechanisms and pathway
attribution

Compared to well-characterized pathways such as
anammox, the microbial basis of Feammox and NDFO
remains poorly resolved. To date, 27 anammox species
have been identified with well-defined growth kinetics
and doubling times (11-20 d) (Hu etal., 2010; Zou
et al., 2020). Feammox is currently linked to only one
confirmed microorganism: Acidimicrobiaceae
bacterium A6 (Huang and Jaffé, 2018). Although
Shewanella, Pseudomonas, Exiguobacterium, Fervi-
dicella, and Nitrososphaeraceae have been reported as
iron-reducing bacteria capable of reducing Fe(Ill) with
ammonium oxidation (Li et al., 2019; Yao et al., 2019;
Ahmed et al., 2021), their roles remain ambiguous.
Whether these strains directly catalyze Feammox or
NDFO, or function indirectly by regulating iron redox
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Fig. 4 Key translational barriers to practical implementation of iron-mediated nitrogen conversion and strategic opportunities

for future development.
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cycling, mediating electron shuttling, or transforming
nitrogen intermediates, has not been conclusively
established.

This uncertainty is further reflected at the kinetic
level. Anammox bacteria are well characterized: their
maximum specific growth rates range from 0.002 to
0.004 per hour, and their half-saturation constants for
ammonium are as low as 0.05-0.3 mmol/L, indicating
high substrate affinity that enables efficient ammonium
uptake even at low concentrations (Ni et al., 2009; Liu
and Ni, 2015). Conversely, the kinetic parameters of
Feammox-associated microorganisms remain largely
unresolved, with reliable maximum specific growth rate
and substrate affinity constants yet to be systematically
determined (Sima etal., 2023). Consequently, their
competitiveness under substrate-limited conditions
cannot be accurately assessed. This disparity indicates
that ammonium concentration may serve as a key
regulatory factor: low ammonium levels are likely to
favor anammox dominance owing to its higher
substrate affinity, whereas moderate levels may help
alleviate competitive pressure and promote Feammox
activity.

In hybrid systems, this microbial uncertainty
translates into interaction-driven, dynamically regulated
networks rather than discrete and predictable pathways.
Feammox can provide a limited supplementary supply
of nitrite or nitrate but is unlikely to sustain high-rate
anammox or NDFO as the sole source of oxidized
nitrogen. Thus, the overall system performance is
determined by the balance between cooperation and
competition among biological and chemical processes.
However, the lack of quantitative kinetic parameters
(e.g., growth rates and substrate affinities) for
Feammox- and NDFO-associated microorganisms
hinders prediction of their relative contributions and
long-term stability.

Future research should transition from descriptive
community analysis toward a functionally resolved,
quantitatively constrained framework. In particular,
efforts should focus on 1) isolating and enriching
Feammox- and NDFO-associated microorganisms to
verify their direct metabolic roles, 2) applying isotope
tracing (e.g., 1N and 57Fe) and meta-omics approaches
to distinguish direct enzymatic pathways from indirect
processes such as iron redox cycling and electron
shuttling, and 3) systematically quantifying key kinetic
parameters, including maximum specific growth rates,
substrate affinities, and electron-transfer rates under
controlled conditions. Among these, kinetic parameters
are especially critical, as they directly determine
microbial competitiveness, pathway selection, and
system response to environmental fluctuations. In the

absence of reliable kinetic constraints, predicting the
relative contributions of Feammox, NDFO, and
anammox, or developing operational strategies for
selective enrichment remains challenging. In parallel,
integrating these data into process-based or reactive
transport models would enable prediction of pathway
dominance and system stability under varying
environmental conditions. Such combined experimental
—modeling efforts are essential for establishing a
predictive mechanistic framework that links microbial
function, iron redox dynamics, and nitrogen
transformation in complex systems.

5.2 Overcoming kinetic and operational limitations

Beyond mechanistic uncertainty, the practical
implementation of iron-mediated nitrogen conversion is
fundamentally constrained by limited reaction kinetics,
unstable process performance, and narrow operational
tolerance. Although the proof-of-concept feasibility of
multiple  iron-mediated  pathways has  been
demonstrated, their performance remains considerably
less mature and less predictable than established
biological nitrogen-removal technologies.

As discussed in Section 2.2, Feammox exhibits
substantially lower volumetric conversion rates than
mature nitrogen-removal processes such as anammox.
Reported Feammox rates of approximately 0.1-0.3
mmol NH,"/(L-d) correspond to only 1.4-4.2 mg
N/(L-d) under laboratory conditions (Huang and Jaff¢,
2018; Li etal, 2025). This kinetic limitation
necessitates longer hydraulic retention times (HRTs),
larger reactor volumes, and effective retention of slow-
growing biomass and reactive iron solids. For instance,
assuming Feammox is solely responsible for
ammonium removal, treatment of wastewater
containing 40 mg NH,"-N/L would theoretically require
an HRT of approximately 9.5-28.6 d. Although
biomass enrichment, biofilm formation, and improved
iron accessibility may increase the effective volumetric
rate, this simple calculation demonstrates why
Feammox is currently more realistic as a supplementary
pathway than as a standalone high-rate treatment
process. Increasing Fe(Ill) bioavailability, particularly
using poorly crystalline or amorphous iron minerals,
stimulates Feammox activity (Pang et al., 2022; Park
et al., 2026). Additionally, adding conductive materials
or electron shuttles such as AQDS and biochar can
alleviate electron-transfer limitations by facilitating
EET and enhancing ammonium oxidation (Cao et al.,
2022; Wang etal.,, 2023). Beyond these strategies,
substrate regulation provides an additional lever for
pathway control. Owing to the high substrate affinity of
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anammox bacteria, low ammonium concentrations tend
to favor anammox dominance, whereas moderate
concentrations may reduce competitive pressure and
promote Feammox activity. Similarly, controlling
nitrite accumulation is essential for balancing its role as
a key intermediate while preventing its rapid loss via
competing processes such as chemodenitrification.

Most enhancement strategies have been validated
only at laboratory scale using synthetic wastewater, and
their applicability to real systems remains unverified.
Real wastewater contains fluctuating substrates,
complex microbial communities, and inhibitory
compounds, all of which alter iron speciation, microbial
activity, and pathway distribution. This discrepancy
suggests that strategies effective under controlled
conditions may not ensure stable performance in
engineering systems. Future optimization must
therefore consider both intrinsic kinetics and
environmental robustness under dynamic conditions.
Additionally, the lack of suitable reactor configurations
and microbial management strategies further limits
efficiency at larger scales. Although various reactor
types, such as SBR and UASB, have been investigated
(Yang et al., 2023; Hao et al., 2024), their comparative
performance and scalability for iron-mediated nitrogen
conversion remain poorly understood. Moreover, unlike
anammox systems, which have well-established
inoculation and operation protocols, Feammox lacks
standardized inoculum sources and quantified growth
kinetics, making enrichment and long-term stability
difficult. Developing targeted enrichment strategies,
optimizing reactor hydrodynamics, and integrating iron
management with microbial selection are thus essential
to translate laboratory findings into practical
applications.

5.3 Managing abiotic reactions and greenhouse gas
risks

N,O emissions represent a serious environmental
concern in iron-mediated nitrogen-conversion systems,
as N,O is a potent greenhouse gas with a global
warming potential far exceeding that of CO,. In hybrid
systems, a substantial fraction of N,O is attributed not
to biological pathways but to chemodenitrification,
where Fe(Il) abiotically reduces nitrite to gaseous
nitrogen products. Therefore, effective mitigation of
N,O emissions requires controlling chemodeni-
trification rather than solely optimizing biological
nitrogen-removal pathways.

A key limitation in this regard is the absence of a
systematic kinetic framework describing chemodeni-
trification under Fe—N-coupled conditions. Reported

reaction rate constants (k£ values) vary widely
depending on environmental factors such as pH,
Fe(IT)/Fe(Ill) speciation, nitrite concentration, and the
presence of ligands or mineral phases (Jones et al.,
2015; Chen et al., 2020; Robinson et al., 2021). Among
these variables, pH exerts a particularly strong
influence on reaction kinetics by simultaneously
affecting iron speciation, nitrite chemistry, and
electron-transfer processes. pH variations alter the
solubility and redox reactivity of Fe(Il), as well as the
speciation of nitrite, thereby modifying the availability
of reactive intermediates involved in abiotic nitrogen
transformation (Su et al., 2019; Chen et al., 2020; Hu et
al.,, 2022). Additionally, pH-dependent changes in
surface charge and mineral properties further affect
interfacial electron transfer on Fe-bearing solids. These
combined effects contribute to the wide variability in
reported kinetic parameters and complicate chemodeni-
trification behavior prediction in hybrid systems.
Moreover, Fe(Ill) facilitates electron transfer between
Fe(Il) and nitrite, effectively accelerating abiotic
nitrogen transformations (Tai and Dempsey, 2009).
This finding suggests that iron redox cycling is not
merely a background process but actively regulates
N,O formation rates.

Environmental fluctuations further complicate
emission control. For example, DO intrusion promotes
abiotic oxidation of Fe(Il), altering Fe speciation and
indirectly influencing nitrite-reduction pathways (Park
and Dempsey, 2005). Moreover, excessive accumu-
lation of Fe(Il) and nitrite creates favorable conditions
for rapid chemodenitrification, diverting nitrogen from
controlled biological pathways such as anammox and
increasing N,O production. These findings indicate that
N,O emissions are highly sensitive to transient
imbalances in redox conditions and substrate
availability.

To effectively reduce N,O emissions, future research
should focus on establishing a kinetically informed
control strategy for chemodenitrification. First,
systematically quantifying reaction kinetics under
environmentally relevant conditions, with a focus on
the coupled effects of Fe(Il), Fe(Ill), nitrite, and pH, is
essential. Second, regulating key intermediates,
particularly nitrite and Fe(II), can help avoid threshold
conditions that trigger rapid abiotic reactions.
Maintaining moderate substrate levels and preventing
nitrite accumulation are thus critical operational
strategies. Third, controlling iron speciation and redox
cycling by stabilizing Fe(Il)/Fe(Ill) ratios or limiting
unintended oxygen intrusion may reduce the
acceleration of electron-transfer pathways for N,O
formation. Beyond experimental studies, integrating
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chemodenitrification kinetics into process-based or
reactive transport models would provide a predictive
tool for assessing N,O emission risks under dynamic
conditions. Such models could help identify critical
thresholds and guide operational strategies in
engineered systems. Overall, N,O emission mitigation
requires a transition from empirical observations to a
mechanistic understanding of abiotic nitrogen trans-
formation, with particular emphasis on the kinetic
control of chemodenitrification within Fe-mediated
systems.

5.4 [Engineering integration and sustainability
assessment

The practical value of iron-mediated nitrogen
conversion ultimately depends on its compatibility with
existing treatment infrastructure and robustness under
real wastewater conditions. Currently, these pathways
are more realistically positioned as complementary
modules than as replacements for established activated-
sludge, PN/A, or conventional anammox processes.
Potential applications include anaerobic or anoxic
zones, iron-rich sidestreams, and polishing units for
residual nitrogen removal. Integration with PN/A is
particularly promising because controlled nitrification
can compensate for the limited endogenous supply of
nitrite and nitrate from Feammox (Gao et al., 2021;
Wang etal., 2025). However, wastewater chemistry,
specifically pH, complexing ligands, suspended solids,
and competing ions, alters iron speciation, reduces
bioavailability, and promotes precipitation, thereby
disrupting Fe(II)/Fe(IIl) cycling and increasing sludge
production (Klueglein et al., 2014; Kiskira et al., 2017;
Wang et al., 2020).

Reactor configuration and iron management impose
additional constraints. SBRs, UASB reactors, and
biofilm systems have all been investigated for iron-
mediated nitrogen conversion (Ma et al., 2022; Yang
etal., 2023; Hao etal., 2024). From an engineering
perspective, SBRs offer greater flexibility for iron
dosing and redox control. Conversely, high-retention
systems improve biomass and mineral retention but are
more susceptible to clogging, carrier encrustation, and
hydrodynamic disturbance. As direct comparisons
under equivalent conditions remain limited, no
universally preferred configuration has been identified.
Continuous iron addition also increases chemical costs,
sludge production, and solids-handling requirements.
Practical implementation should accordingly prioritize
internal Fe(Il)/Fe(Ill) recycling and the recovery or
reuse of reactive iron solids. Nevertheless, iron
precipitation, cell encrustation, mineral ageing, and
transformation into less reactive phases may limit

complete internal recycling (Picardal, 2012; Klueglein
et al., 2014; Kappler et al., 2021).

The sustainability of iron-mediated nitrogen
conversion cannot be inferred solely from its potential
to reduce aeration and external carbon demand.
Established PN/A processes can reduce oxygen demand
by ~60% and largely eliminate external organic carbon
input compared to conventional nitrification—
denitrification (Lackner et al., 2014). Iron-mediated
pathways may provide similar conceptual benefits
under oxygen-limited conditions; however, these must
be weighed against iron production and transport,
chemical replenishment, mineral sludge management,
and possible NO and N,O emissions (Jones et al., 2015;
Robinson et al., 2021). Without consistent full-scale
data on energy use, iron consumption, sludge
production, emissions, and treatment costs, conclusive
sustainability claims remain premature. Future research
should prioritize long-term pilot-scale validation with
real wastewater, comparative reactor studies under
equivalent loading conditions, complete iron mass
balances, and integrated techno-economic and life cycle
assessments. These efforts are essential for determining
whether reductions in aeration and external carbon
input translate into net environmental and economic
benefits.

In summary, iron-mediated nitrogen conversion
signifies a scientifically compelling and potentially
transformative direction for sustainable wastewater
treatment, providing opportunities to reduce depen-
dence on aeration and external carbon while expanding
the toolbox of low-energy nitrogen-removal strategies.
However, current progress remains predominantly
confined to mechanistic studies and laboratory-scale
proof-of-concept demonstrations, with considerable
gaps between conceptual feasibility and practical
engineering implementation. Achieving real-world
translation requires a decisive transition from pathway
discovery to system engineering, including the
development of robust reactor configurations, stable
iron redox management strategies, reliable control of
competing biological and abiotic pathways, and
validation under long-term continuous operation with
real wastewater matrices. Future assessments must also
extend beyond nitrogen-removal performance to
encompass techno-economic feasibility, operational
complexity, sludge management, and comprehensive
environmental impacts, especially greenhouse gas
emissions. Ultimately, the practical value of iron-
mediated nitrogen conversion will depend on its
evolution into a controllable, scalable, and genuinely
sustainable wastewater-treatment technology rather
than its mechanistic novelty.

https://journal.hep.com.cn/fese | https://link.springer.com/journal/11783

15


https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4

Guo et al., ENGINEERING Environment 2026, 20(12): 188

https://doi.org/10.1007/s11783-026-2288-4

CRediT Authorship Contribution Statement

Rui Guo: Conceptualization, writing-original draft; Xiaotong Cen,
Cong Li, Zhiqiang Zuo: writing-review and editing; Min Zheng:
Conceptualization, writing-review and editing, project administration

Conflicts of Interest The authors declare that they have no known
competing financial interests or personal relationships or personal
relationships that could have appeared to influence the work reported in
this paper.

Acknowledgements Zhigiang Zuo is the recipient of an Australian
Research Council (ARC) DECRA Fellowship (DE250100621). Min
Zheng acknowledges the support of ARC Industry Fellowship
(IE230100245) and Linkage Project (LP230201054).

Funding Note Open Access funding enabled and organized by CAUL
and its Member Institutions.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/
by/4.0/.

References

Ahmed M, Anwar R, Deng D Y, Garner E, Lin L S (2021).
Functional interrelationships of microorganisms in iron-based
anaerobic wastewater treatment. Microorganisms, 9(5): 1039

Baek G, Kim J, Lee C (2019). A review of the effects of iron
compounds on methanogenesis in anaerobic environments.
Renewable and Sustainable Energy Reviews, 113, 109282

Cao J, Li N, Jiang J, Xu Y B, Zhang B P, Luo X N, Hu Y B (2022).
Activated carbon as an insoluble electron shuttle to enhance the
anaerobic ammonium oxidation coupled with Fe(Ill) reduction
process. Environmental Research, 204: 111972

Chang R R, Pang J L, Chen K'Y, Yang C X, Yang Y M, Huang B C,
Jin R C (2026). Temperature-induced metabolic reconfiguration
and community shifts reveal the mechanistic basis of cold
inhibition on anammox consortia. ENGINEERING Environment,
20(7): 111

Chen D D, Yuan X, Zhao W Q, Luo X B, Li F B, Liu T X (2020).
Chemodenitrification by Fe(II) effect,
mineralization and kinetic modeling. Chemical Geology, 541:
119586

Chen G J, Zhao W Q, Yang Y, Chen D D, Wang Y, Li F B, Zhao Z
Y, Cao F, Liu T X (2021). Chemodenitrification by Fe(II) and
nitrite: effects of temperature and dual N-O isotope fractionation.

and nitrite: pH

Chemical Geology, 575: 120258

Cheng X H, Hu L L, Liu T, Cheng X, LiJ Y, Xu K N, Zheng M
(2025). High-level nitrogen removal achieved by Feammox-
based autotrophic nitrogen conversion. Water Research X, 27:
100292

Deng Z, Sun C, Ma G, Zhang X, Guo H, Zhang T, Zhang Y, Hu Y,
LiD, Li Y Y, et al. (2025). Anaerobic treatment of nitrogenous
industrial organic wastewater by carbon—neutral processes
integrated with anaerobic digestion and partial nitritation/
anammox: critical review of current advances and future
directions. Bioresource Technology, 415, 131648

Dhakal P, Coyne M S, McNear D H, Wendroth O O, Vandiviere M
M, D’Angelo E M, Matocha C J (2021). Reactions of nitrite with
goethite and surface Fe(Il)-goethite complexes. Science of the
Total Environment, 782: 146406

DingBJ,LiZK,CaiMM, LuM Z, Liu W Z (2022). Feammox is
more important than anammox in anaerobic ammonium loss in
farmland soils around Lake Taihu, China. Chemosphere, 305:
135412

Ding BJ, Qin Y B, Luo W Q, Li Z K (2020). Spatial and seasonal
distributions of Feammox from ecosystem habitats in the
Wanshan region of the Taihu watershed, China. Chemosphere,
239: 124742

Feng L, Li J, Ma H R, Chen G H (2020). Effect of Fe(Il) on
simultaneous marine anammox and Feammox treating nitrogen-
laden saline wastewater under low temperature: enhanced
performance and kinetics. Desalination, 478: 114287

Gao R, Peng Y, Li J, Zhang Q, Li X, Deng L, Li W, Kao C (2021).
Improving performance and efficiency of partial anammox by
coupling partial nitrification and partial denitrification (PN/A-
PD/A) to treat municipal sewage in a step-feed reactor.
Bioresource Technology, 341, 125804

Gonzalez M, Cerda A, Rodriguez C, Serrano J, Leiva E (2024).
Coupling of the Feammox—Anammox pathways by using a
sequential discontinuous bioreactor. Bioresource Technology,
395: 130334

Hao X J, Zeng W, Li J M, Zhan M J, Miao H H, Gong Q T (2024).
High-efficient nitrogen removal with low demand of Fe source
and mechanism analysis driven by Fe(II)/Fe(Ill) cycle. Chemical
Engineering Journal, 481: 148702

Hu B L, Zheng P, Tang C J, Chen J W, van der Biezen E, Zhang L,
NiBJ, Jetten M SM, Yan J, Yu H Q, et al. (2010). Identification
and quantification of anammox bacteria in eight nitrogen removal
reactors. Water Research, 44(17): 5014-5020

Hu L L, Cheng X H, Qi G X, Zheng M, Dang Y, LiJ Y, Xu K N
(2022a). Achieving ammonium removal through anammox-
derived feammox with low demand of Fe(IIl). Frontiers in
Microbiology, 13: 918634

HuS W, Liu T X, Zheng L R, Wang P, Yang Y, Li F B, Shi Z Q, Liu
C X, Li H (2022b). Arsenate sequestration by secondary minerals
from chemodenitrification of Fe(Il) and nitrite: pH Effect and
mechanistic insight. Geochimica et Cosmochimica Acta, 336:
62-77

16 https://journal.hep.com.cn/fese | https://link.springer.com/journal/11783


https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4

Guo et al., ENGINEERING Environment 2026, 20(12): 188

https://doi.org/10.1007/s11783-026-2288-4

Huang L, Parsons C T, Sabur M A, Slowinski S, Van Cappellen P
(2026). Phosphorus-mediated decoupling of Fe-Si cycling under
variable oxygenation: implications for dissolved silicon release
from natural sediments. ENGINEERING Environment, 20(6): 89

Huang S, Chen C, Peng X C, Jaffé¢ P R (2016). Environmental
factors affecting the presence of Acidimicrobiaceae and
ammonium removal under iron-reducing conditions in soil
environments. Soil Biology and Biochemistry, 98: 148158

Huang S, Jaffé P R (2018). Isolation and characterization of an
ammonium-oxidizing iron reducer: Acidimicrobiaceae sp. A6.
PLoS One, 13(4): €0194007

Huang X F, Zhang F F, Peng KM, Liu J, Lu L, Li S Y (2020). Effect
and mechanism of graphene structured palladized zero-valent
iron nanocomposite (nZVI-Pd/NG) for water denitration.
Scientific Reports, 10(1): 9931

JiaF X, ChenY, XuZ C, Gao X Y, Mei N, Qi X, Yang L J, Jiang J,
Hou L, Yao H (2025). FeO might be more suitable than FeZ* for
the construction of anammox-dominated Fe-N coupling system:
based on 13N isotope tracing. Water Research, 274: 123097

Jiang Y S, Chen Y Q, Wang Y, Chen X M, Zhou X F, Qing K, Cao
W Z, Zhang Y L (2023). Novel insight into the inhibitory effects
and mechanisms of Fe(ll)-mediated multi-metabolism in
anaerobic ammonium oxidation (anammox). Water Research,
242: 120291

Jones L C, Peters B, Lezama Pacheco J S, Casciotti K L, Fendorf S
(2015). Stable isotopes and iron oxide mineral products as
markers of chemodenitrification. Environmental Science &
Technology, 49(6): 3444-3452

Kao C, Zhang Q, Li J W, Gao R T, LiW Y, Li X Y, Wang S Y,
Peng Y Z (2022). Simultaneous nitrogen and phosphorus removal
from municipal wastewater by Fe(IlI)/Fe(Il) cycling mediated
partial-denitrification/anammox. Bioresource Technology, 363:
127997

Kappler A, Bryce C, Mansor M, Lueder U, Byrne J M, Swanner E D
(2021). An evolving view on biogeochemical cycling of iron.
Nature Reviews Microbiology, 19(6): 360-374

Kim S, Lee J H, Seok J H, Park Y H, Jung S W, Cho A E, Lee C,
Chung M S, Kim K H (2016). Structural basis of novel iron-
uptake route and reaction intermediates in ferritins from gram-
negative Dbacteria. Journal of Molecular Biology, 428(24):
5007-5018

Kiskira K, Papirio S, van Hullebusch E D, Esposito G (2017).
Influence of pH, EDTA/Fe(Il) ratio, and microbial culture on
Fe(Il)-mediated autotrophic  denitrification. ~Environmental
Science and Pollution Research, 24(26): 21323-21333

Klueglein N, Zeitvogel F, Stierhof Y D, Floetenmeyer M, Konhauser
K O, Kappler A, Obst M (2014). Potential role of nitrite for
abiotic Fe(Il) oxidation and cell encrustation during nitrate
reduction by denitrifying bacteria. Applied and Environmental
Microbiology, 80(3): 1051-1061

Lackner S, Gilbert E M, Vlaeminck S E, Joss A, Horn H, van
Loosdrecht M C M (2014). Full-scale partial nitritation/
anammox experiences: an application survey. Water Research,

55,292-303

LiH, SulJ Q, Yang X R, Zhou G W, Lassen S B, Zhu Y G (2019).
RNA stable isotope probing of potential feammox population in
paddy soil. Environmental Science & Technology, 53(9):
4841-4849

LiJ M, Zeng W, Liu H, Zhan M J, Miao H H (2022). Achieving
deep autotrophic nitrogen removal in aerated biofilter driven by
sponge iron: performance and mechanism. Environmental
Research, 213: 113653

LiJ M, Zeng W, Liu H, Zhan M J, Miao H H, Hao X J (2023).
Achieving deep autotrophic nitrogen removal from low strength
ammonia nitrogen wastewater in aeration sponge iron biofilter:
simultaneous nitrification, Feammox, NDFO and Anammox.
Chemical Engineering Journal, 460: 141755

Li X, Huang Y, Liu H W, Wu C, Bi W, Yuan Y, Liu X (2018a).
Simultaneous Fe(III) reduction and ammonia oxidation process in
Anammox sludge. Journal of Environmental Sciences, 64: 4250

LiuJ W, LiJ, Wang H, Zhou M D, Wang Y Y (2025). Siderophores
as a selective regulator for enhancing anaerobic ammonium
oxidation bacteria. Nature Water, 3(7): 806-817

Liu T X, Wang Y, Li X M, Li F B (2017). Redox dynamics and
equilibria of c-type cytochromes in the presence of Fe(Il) under
anoxic conditions: insights into enzymatic iron oxidation.
Chemical Geology, 468: 97-104

Liu Y, Feng C P, Chen N, Sheng Y Z, Dong S S, Hao C B, Lei K
(2016). and Fe(Il)
contamination in groundwater by heterotrophic denitrifying

Bioremediation of nitrate combined
bacteria and microbial community analysis. RSC Advances,
6(110): 108375-108383

LiuY, XuL, SulJF, Ali A, Huang T L, Wang Y, Zhang P (2024).

Fe-N
enhancement, and perspectives.
Environment, 908: 168084

Liu Y W, Ni B J (2015). Appropriate Fe (II) addition significantly
enhances anaerobic ammonium oxidation (anammox) activity

intrinsic  mechanisms,

the Total

Microbially  driven cycle:

Science of

through improving the bacterial growth rate. Scientific Reports,
5(1): 8204

Ma D, Wang J, Li H, Che J, Yue Z B (2022). Simultaneous removal
of COD and NH,*-N from domestic sewage by a single-stage up-
flow anaerobic biological filter based
Environmental Pollution, 314: 120213

Melton E D, Schmidt C, Kappler A (2012). Microbial iron(II)
oxidation in littoral freshwater lake sediment: the potential for

on Feammox.

competition between phototrophic vs. nitrate-reducing iron(Il)-
oxidizers. Frontiers in Microbiology, 3: 197

Ni B J, Chen Y P, Liu S Y, Fang F, Xie W M, Yu H Q (2009).
Modeling a granule-based anaerobic ammonium oxidizing
(ANAMMOX) process. Biotechnology and Bioengineering,
103(3): 490-499

Pang S Y, Li N, Luo H, Luo X N, Shen T, Yang Y N, Jiang J (2022).
Autotrophic Fe-driven biological nitrogen removal technologies
for sustainable wastewater treatment. Frontiers in Microbiology,
13: 895409

https://journal.hep.com.cn/fese | https://link.springer.com/journal/11783

17


https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4

Guo et al., ENGINEERING Environment 2026, 20(12): 188

https://doi.org/10.1007/s11783-026-2288-4

Park B, Dempsey B A (2005). Heterogeneous oxidation of Fe(II) on
ferric oxide at neutral pH and a low partial pressure of O,.
Environmental Science & Technology, 39(17): 6494—-6500

Park J, Atkinson J, Huang S, Koel B E, Jaffé¢ P R (2026). Mineral
transformations driven by Acidimicrobium sp. A6 increase the
bioavailability of crystalline Fe oxides in co-cultures with
Geobacter sulfurreducens. Geochimica et Cosmochimica Acta,
420: 280-292

Picardal F (2012). Abiotic and microbial interactions during
anaerobic transformations of Fe(Il) and NO,”. Frontiers in
Microbiology, 3: 112

Qiao S, Bi Z, Zhou J, Cheng Y, Zhang J (2013). Long term effects of
divalent ferrous ion on the activity of anammox biomass.
Bioresource Technology, 142, 490497

Robinson T C, Latta D E, Notini L, Schilling K E, Scherer M M
(2021). Abiotic reduction of nitrite by Fe(Il): a comparison of
rates and N,O production. Environmental Science: Processes &
Impacts, 23(10): 1531-1541

Shah M P (2023). Anammox Technology in Industrial Wastewater
Treatment. Singapore: Springer

Sheng M C, Ye Z Q, Zhu F, Pan D D, Shao S C, Wu X W (2024).
New insights into nitrogen removal by divalent iron-enhanced
moving bed biofilm reactor: performance, interfacial interaction
and co-occurrence network. Bioresource Technology, 399:
130621

Shi K, JuJ F, Elsamadony M, Fujii M, Liu J B, Qin J, Liao Z P, Ou
C J (2024). Emerging feammox technology: mechanisms,
biotechnological applications, and future prospects. ACS ES&T
Engineering, 4(12): 2856-2873

Sima M W, Huang S, Jaffé P R (2023). Modeling the kinetics of
perfluorooctanoic and perfluorooctane sulfonic acid bio-
degradation by Acidimicrobium sp. Strain A6 during the
feammox process. Journal of Hazardous Materials, 448: 130903

Su Q X, Domingo-F¢lez C, Jensen M M, Smets B F (2019). Abiotic
nitrous oxide (N,O) production is strongly pH dependent, but
contributes little to overall N,O emissions in biological nitrogen
removal systems. Environmental Science & Technology, 53(7):
3508-3516

Sun S S, Zhang M P, Gu X S, Yan P, He S B, Chachar A (2023).
New insight and enhancement mechanisms for Feammox process
by electron shuttles in wastewater treatment: a systematic review.
Bioresource Technology, 369: 128495

Tai Y L, Dempsey B A (2009). Nitrite reduction with hydrous ferric
oxide and Fe(Il): stoichiometry, rate, and mechanism. Water
Research, 43(2): 546-552

van Maanen J M S, van Dijk A, Mulder K, de Baets M H, Menheere
P C A, van der Heide D, Mertens P L J M, Kleinjans J C S
(1994). Consumption of drinking water with high nitrate levels
causes hypertrophy of the thyroid. Toxicology Letters, 72(1-3):
365-374

Wang P, He D, Zhao J S, Xiao Z X, Tan J, Ma J X, Zheng M
(2025a). Transition from Anammox to Feammox metabolic
modes: regulation strategies for nitrite in Anammox enrichment

cultures. Bioresource Technology, 432: 132674

Wang P, Li W X, Ren S, Peng Y Z, Wang Y N, Feng M Y, Guo K
H, Xie H N, Li J (2022a). Use of sponge iron as an indirect
electron donor to provide ferrous iron for nitrate-dependent
ferrous oxidation processes: denitrification performance and
mechanism. Bioresource Technology, 357: 127318

Wang R, Wang WY, LiuM Y, Zeb B S, Zhao Z G, Wang L (2020).
Improvement of ferrous ion-dependent nitrate removal (FeNiR)
process with chelating ferrous ion as substrate. Journal of
Environmental Management, 271: 110841

Wang R, Xu S Y, Zhang M, Ghulam A, Dai C L, Zheng P (2020b).
Iron as electron donor for denitrification: the efficiency, toxicity
and mechanism. Ecotoxicology and Environmental Safety, 194:
110343

Wang T, Zhang M, Jiang N N, Jiang X L, Li N, Lobo F L, Chen M,
Wang X (2025b). Enhanced ammonium oxidation and iron cycle
of Feammox under micro-oxygen condition. Environmental
Research, 275: 121443

Wang W, Hu Y Y, Qi X, He Y Q, She Y C, Li Z K (2023a).
Endogenous mechanism of microbial functional gene and
exogenous nitrogen removal factors driven by sustainable iron-
nitrogen cycling. Journal of Cleaner Production, 391: 136043

Wang Y N, Ren S, Wang P, Wang B, HuK Y, LiJ, Wang Y E, Li Z
X,LiSM, Li W, et al. (2023b). Autotrophic denitrification using
Fe(Il) as an electron donor: a novel prospective denitrification
process. Science of the Total Environment, 858: 159721

Wang Z Y, Zheng M, Duan H R, Yuan Z G, Hu S H (2022b). A 20-
year journey of partial nitritation and anammox (PN/A): from
sidestream toward mainstream. Environmental Science &
Technology, 56(12): 7522-7531

Weber K A, Achenbach L A, Coates J] D (2006). Microorganisms
pumping iron: anaerobic microbial iron oxidation and reduction.
Nature Reviews Microbiology, 4(10): 752764

Xia Q, Ai Z Y, Huang W L, Yang F, Liu F, Lei Z F, Huang W W
(2022). Recent progress in applications of Feammox technology
for nitrogen removal from wastewaters: a review. Bioresource
Technology, 362: 127868

XuLJ, LiL, LiuJ X, Wang X Z, Zhao Y P, Zhao J J, Gu L, He Q,
Wang X Z, Zhang J H (2024). Ferrihydrite optimizing Feammox
inoculum to enhance ammonia removal from concentrate
wastewater through continuous upflow anaerobic sludge blanket
(UASB). Journal of Environmental Chemical Engineering, 12(6):
114469

Yan S D, Zhang X P, Zhang H (2019). Persulfate activation by
Fe(Ill) with bioelectricity at acidic and near-neutral pH regimes:
homogeneous versus heterogeneous mechanism. Journal of
Hazardous Materials, 374: 92—100

Yang LL, LiW X, LiuJ, Zhu HJ, Mu H, HuK Y, Li J, Dong S Q
(2024). Nitrate-dependent ferrous oxidation: feasibility, mecha-
nism, and application prospects for wastewater treatment. Journal
of Water Process Engineering, 60: 105226

Yang W H, Weber K A, Silver W L (2012). Nitrogen loss from soil

through anaerobic ammonium oxidation coupled to iron

18 https://journal.hep.com.cn/fese | https://link.springer.com/journal/11783


https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4

Guo et al., ENGINEERING Environment 2026, 20(12): 188

https://doi.org/10.1007/s11783-026-2288-4

reduction. Nature Geoscience, 5(8): 538-541

Yang Y F, Chen H Z, Wang Y, Dou M, Zhang Y B (2023).
Simultaneous removal of NO_~ and NH," driven by Fe(II)/Fe(III)
cycle under the continuously-feeding mode. Journal of Water
Process Engineering, 53: 103619

Yang Y F, Zhang Y B, Li Y, Zhao H M, Peng H (2018). Nitrogen
removal during anaerobic digestion of wasted activated sludge
under supplementing Fe(IIl) compounds. Chemical Engineering
Journal, 332: 711-716

Yao Z B, Wang C H, Song N, Wang C L, Jiang H L (2020).
Oxidation of ammonium in aerobic wastewater by anoxic ferric
iron-dependent ammonium oxidation (Feammox) in a biofilm
reactor. Desalination and Water Treatment, 173: 197-206

Yao Z B, Wang F, Wang C L, Xu H C, Jiang H L (2019). Anaerobic
ammonium oxidation coupled to ferric iron reduction in the
sediment of a eutrophic lake. Environmental Science and
Pollution Research, 26(15): 15084—15094

Yuan J L, Zeng X S, Wu X Y, Hu C H, Song R Y, Yang Y F, Zhang
Y B (2025). Feammox in wastewater treatment: mechanisms,
synergistic interactions and future engineering applications.
Science of the Total Environment, 999: 180335

Zhang M, Zheng P, Li W, Wang R, Ding S, Abbas G (2015).
Performance of nitrate-dependent anaerobic ferrous oxidizing
(NAFO) process: a novel prospective technology for autotrophic
denitrification. Bioresource Technology, 179: 543-548

Zhang Q Q, Yang Y, Hou L A, Graham N J D, Zhang Y B,NgH Y
(2026).

fermentation residue and sludge with iron nanoparticles: impacts

Optimizing anaerobic Co-digestion of antibiotic
on methane production, microbial dynamics, and bio-
compatibility. ENGINEERING Environment, 20(8): 125

Zhang S Q, Zhang L Q, Yao H N, Rong H W, Li S G (2021).
Responses of anammox process to elevated Fe(IlI) stress: reactor
performance, microbial community and functional genes. Journal
of Hazardous Materials, 414: 125051

Zhou G W, Yang X R, Li H, Marshall C W, Zheng B X, Yan Y, SuJ
Q, Zhu Y G (2016a). Electron shuttles enhance anaerobic
ammonium oxidation coupled to iron(Ill) reduction. Environ-
mental Science & Technology, 50(17): 9298-9307

Zhou G X, Xiong Z S, Lian X Y, Ding Y Y (2024). Carbon emission
calculation of three biological nitrogen removal processes: a case
of rare earth element tailings wastewater in Southern Jiangxi,
China. Journal of Water Process Engineering, 60: 105130

Zhu J, Li T, Liao C, Li N, Wang X (2021). A promising destiny for
Feammox: from biogeochemical ammonium oxidation to

wastewater treatment. Science of the Total Environment, 790,

148038

Zhou J, Wang H Y, Yang K, Ji B, Chen D, Zhang H N, Sun Y C,

Tian J (2016). Autotrophic denitrification by nitrate-dependent
Fe(1I) oxidation in a continuous up-flow biofilter. Bioprocess and
Biosystems Engineering, 39(2): 277-284

Zhu T T, Lai W X, Zhang Y B, Liu Y W (2022). Feammox process
driven anaerobic ammonium removal of wastewater treatment
under supplementing Fe(IlI) compounds. Science of the Total
Environment, 804: 149965

Zou C Z, Guo B B, Zhuang X M, Ren L Y, Ni S Q, Ahmad S, Qiao
Z M, Cui Z J, Hong J L (2020). Achieving fast start-up of
anammox process by promoting the growth of anammox bacteria
with FeS addition. npj Clean Water, 3(1): 41

Zuo Z Q, Qiao L K, Cen X T, Liu T, Zheng M (2026). Wastewater-
derived comammox Nitrospira for next-generation wastewater
management. Environmental Science & Technology, 60(33):
23018-23034

Author Biography

Dr. Min Zheng is a Scientia Associate
Professor in the School of Civil and
Environmental Engineering at UNSW
Sydney. He received his BS in Water
and Wastewater Engineering from
Harbin Institute of Technology in 2008
and his PhD in Environmental Science
and Engineering from Tsinghua
in 2014. His

ra JW

focuses on environmental biotechnology and process engineering

University research

for sustainable wastewater treatment,

renewable gas production, and greenhouse gas emissions

resource recovery,

reduction. A central theme of his work is translating scientific
discoveries into practical solutions for the water, waste, and
energy sectors through close collaboration with industry. He has
published more than 170 peer-reviewed journal papers, which
have received over 7,200 citations, with an h-index of 48
(Google Scholar).
recognized through prestigious national and international awards,

His research achievements have been

including an Honorable Mention for the James J. Morgan Early
Career Award (2026), the 40 Under 40 Rising Stars in
Environmental Engineering and Science Award from the
American Academy of Environmental Engineers and Scientists
(2026), and the ISME/IWA BioCluster Rising Star Award
(2026). Dr. Zheng currently serves as an Editor of Water
Research and a member of the Editorial Advisory Board of
Environmental Science & Technology. He is also a Fellow of
Engineers Australia.

https://journal.hep.com.cn/fese | https://link.springer.com/journal/11783


https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4
https://doi.org/10.1007/s11783-026-2288-4

	1 Introduction
	2 Iron redox pathways shaping nitrogen transformation
	2.1 Iron-enhanced anammox: strengthening anaerobic nitrogen removal
	2.2 Feammox: an emerging anaerobic ammonium-oxidation pathway
	2.3 NDFO: microbial and hybrid iron-driven nitrate reduction
	2.4 Chemodenitrification: the abiotic competitor in iron-mediated nitrogen conversion

	3 Coupled iron-mediated nitrogen conversion: interactions, synergies, and instability
	3.1 Feammox–anammox
	3.2 Feammox–NDFO
	3.3 Integration of Feammox–NDFO–anammox
	3.4 Potential role of chemodenitrification

	4 Operational regulators governing iron-mediated nitrogen conversion
	4.1 Iron availability
	4.2 Oxygen supply
	4.3 pH control
	4.4 Temperature effects
	4.5 Other emerging control strategies

	5 Translational barriers and future opportunities
	5.1 Resolving microbial mechanisms and pathway attribution
	5.2 Overcoming kinetic and operational limitations
	5.3 Managing abiotic reactions and greenhouse gas risks
	5.4 Engineering integration and sustainability assessment

	CRediT Authorship Contribution Statement
	Conflicts of Interest
	Acknowledgements
	Funding Note
	Open Access
	References

