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Abstract
Purpose Iron’s fluctuation between the II (ferrous) and III
(ferric) oxidation states has been coined as the “FeIII–FeII

redox wheel.” Numerous studies have coupled the “iron
redox wheel” with the biogeochemical cycle of carbon
(C), nitrogen (N), sulfur (S), or phosphorus (P) individually
in soils or sediments, but evidence suggests that the FeIII–
FeII redox wheel drives the biogeochemical cycles interac-
tively in a fluctuating redox microenvironment. The inter-
actions of the FeIII–FeII redox wheel with the biogeochemical
cycles of C, N, S, and P in the fluctuating redox environments
were reviewed in this paper.
Discussion In this review, we discuss the importance of iron
with regard to each of the biogeochemical cycles individu-
ally as well as interactively. The importance of crystalline
and non-crystalline FeIII (hydr)oxides is highlighted as they
serve as terminal electron acceptors for organic matter min-
eralization and N and S transformation and also act as
sorbents for dissolved P compounds. Mechanically, electron

transfer from organic matter to FeIII (hydr)oxides via organ-
ic matter oxidation, oxidation of NH4

+ to NO2
−, formation

and oxidation of Fe sulfide minerals in the S cycle, and P
transformation were discussed to couple with the FeIII–FeII

redox wheel.
Conclusions The knowledge gaps are identified at the end
of the review. The natural environmental relationships still
require further studies that link the iron redox wheel as a
driver of the biogeochemical cycles of C, N, S, and P.
Anthropogenically altered environments (nutrient and metal
elevation, global warming, and acidification) require inten-
sive studies to allow for improved integrated modeling of
global C, N, S, and P biogeochemical cycles driven by the
FeIII–FeII redox wheel.

Keywords Biogeochemical cycles . FeIII–FeII redox
wheel . Ferric . Ferrous . Oxidation . Reduction

1 Introduction

The iron (Fe) redox cycle refers ferrous iron (FeII) oxidation
and ferric iron (FeIII) reduction, referred to as the “FeIII–FeII

redox wheel” in this review, which is driven by ambient Eh/
pH and microbial activity in a natural environment. Ferric
iron (FeIII) is soluble under arguably acidic conditions (pH<
3 or <5), but it exists as FeIII (hydr)oxides at near-neutral pH
(Lindsay 1979). Reduction of FeIII or FeIII (hydr)oxides to
FeII occurs via either the abiotic or biotic pathway in a
soluble, adsorbed, or solid state. The mechanisms and pro-
cesses of the reductive dissolution of FeIII (hydr)oxides have
been reviewed from both abiotic (Stumm and Sulzberger
1992) and biotic (Lovley et al. 2004) standpoints. In a reduc-
ing environment, FeIII (hydr)oxides may be reduced abiotical-
ly via surface processes (Stumm and Sulzberger 1992; Tanwar

Responsible editor: Thomas DeLuca

Y. Li : S. Yu (*)
Key Laboratory of Urban Environment and Health,
Institute of Urban Environment, Chinese Academy of Sciences,
Xiamen, Fujian 361021, China
e-mail: syu@iue.ac.cn

J. Strong
LanzaTech,
24 Balfour Rd,
Auckland 1060, New Zealand

H. Wang
School of Environmental and Resource Science,
Zhejiang A&F University,
Linan, Zhejiang 311300, China

J Soils Sediments (2012) 12:683–693
DOI 10.1007/s11368-012-0507-z



et al. 2009; Catalano et al. 2010). Alternatively, the reduction
of FeIII (hydr)oxides can be driven by dissimilatory iron-
reducing bacteria, coupling with the oxidation of organic
carbon or H2 (Lovley et al. 2004; Lovley 2008). The FeII

compounds, a group of strong reductants, can reduce FeIII

(hydr)oxides and form secondary minerals such as goethite,
siderite, magnetite, and green rusts (Borch et al. 2010). The
oxidation of FeII may occur when phyto-photosynthesis
results in higher ambient O2 concentrations or when
mediated by anoxygenic photosynthetic bacteria under
low O2 concentrations (Kappler and Straub 2005).

Numeric research has pointed out that the FeIII–FeII redox
wheel couples with biogeochemical cycles of carbon (C),
nitrogen (N), sulfur (S), or phosphorus (P) individually or
interactively. The FeIII–FeII redox wheel not only acts as an
electron donor and acceptor coupling with the reduction–
oxidation of C, N, and S but also provides adsorption
surface such as secondary iron minerals, especially for P.
In this review, we present an overview of the interactions of
the FeIII–FeII redox wheel with the C, N, S, and P biogeo-
chemical cycles occurring in soils and sediments. We high-
light recent developments and the most pressing needs in
this field.

2 The roles of the FeIII–FeII redox wheel
within the biogeochemical cycles

2.1 Carbon cycling

A large reservoir of organic matter exists in reductive soils
and sediments. This represents a thermodynamically unsta-
ble carbon source as it is susceptible to microbial decompo-
sition. The microbial transformation releases protons and
electrons, which are normally depleted through redox pro-
cesses by electron acceptors (oxidants) such as O2, NO3

−,
FeIII, SO4

2−, and CO2 (Lindsay 1979; Bohn 1985). This may
be illustrated with an example:

Fe OHð Þ3 amorphousð Þ þ 3Hþ þ e� ! FeII þ 2H2O; logK ¼ 16:58

(Lindsay 1979).
Sahrawat (2004a) pointed out the lack of FeIII (hydr)

oxides as terminal electron acceptors increases organic mat-
ter accumulation in submerged soils and sediments
(Sahrawat 2004a). Roden and Wetzal (2002) confirmed that
the first-order constant of FeIII reduction was correlated to
the initial mineralization rate (as ∑CO2+CH4) of organic
matter in freshwater sediments. Thus, the FeIII–FeII redox
wheel is considered an important redox process that links
the reduction of FeIII (hydr)oxides to the oxidation (or
mineralization) of organic matter.

Organic ligands may be produced via the anaerobic de-
composition of organic matter when a soil or sedimentary
environment becomes reductive (Sahrawat 2004a). In the
presence of these organic ligands, the dissolution of FeIII

(hydr)oxides is thermodynamically controlled by surface
processes as opposed to mass transport processes (Stumm
and Sulzberger 1992). The formation of complexes (or
chelates) between organic ligands (such as oxalate) with
FeIII on the FeIII (hydr)oxides’ surface can polarize the
FeIII–O bonds, which weaken or even break the bonds and
enhance the release of FeIII into the solution as organic FeIII

complexes (Ratering and Schnell 2000). Alternatively, reac-
tive functional groups of these organic ligands (such as
hydroxyl and carboxyl groups) may complex with the FeIII

(hydr)oxide surface and transfer their inner-spherical elec-
trons and reduce FeIII (hydr)oxides interstructurally. The
FeII–O bonds of the reduced crystalline lattice are easily
broken and release FeII into the solution (Larsen et al.
2006; Hofmann and Liang 2007; Debnath et al. 2010). On
the other hand, soluble organic ligand-bound FeII can attack
FeIII (hydr)oxides, resulting in FeIII (hydr)oxide dissolution
(Suter et al. 1991). Therefore, the induced reductive disso-
lution of FeIII (hydr)oxides can be summarized via three
steps: (1) rapid adsorption or diffusion of reductive organic
ligand to the oxides’ surface; (2) the transfer of the inner-
spherical electrons to the oxides’ surface (reduction of FeIII to
FeII); and (3) the detachment and diffusion of FeII into the bulk
solution (Stumm and Sulzberger 1992). The dissolution rate
depends on the specific surface area and structure of the FeIII

(hydr)oxides. Another factor is the presence of FeII on the
surface as this may block the active sites of the FeIII (hydr)
oxides and lower the reductive dissolution rate. Additionally,
the dissolution rate is pH-dependent as the free energy of the
electron transfer reaction decreases as the environment
becomes more alkaline (Stumm and Sulzberger 1992).

Biologically, the microorganisms can enzymatically cou-
ple the oxidation of organic matter to the reduction of FeIII

(hydr)oxides (Christen 2001; Roden and Wetzal 2002;
Lovley et al. 2004; Beal et al. 2009; Hori et al. 2010).
Lovley (1995) constructed a model where the oxidation of
organic matter to CO2 occurred with FeIII acting as the sole
electron acceptor (Fig. 1). In this model, monomeric com-
pounds (such as sugars and amino acids), long-chain fatty
acids, and mono-aromatics were hydrolytically released by
microbial enzymes. These compounds were microbially
hydrolysed to short-chain fatty acids and H2, which
were further oxidized to CO2 and H2O by FeIII-reducing
microorganisms.

Humic substances may function as an electron shuttle
between FeIII-reducing microorganisms and insoluble FeIII

(hydr)oxides, thereby coupling the oxidation of organic
matter to the reduction of FeIII (hydr)oxides in reductive
soils or sediments (Lovley et al. 1996; Kappler et al. 2004;
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Jiang and Kappler 2008; Rakshit et al. 2009). Microorganisms
may also reduce FeIII through direct (Lovley et al. 1991;
Lovley 1995) or indirect (Lovley et al. 1998) physical contact
with insoluble FeIII (hydr)oxides in the presence of dissolved
humic substances. This contradicted the paradigm that sug-
gested that humic substances derived from the decomposition
of soil organic matter were inert and resisted decay in the soil
for many years (Bohn 1985).

Quinone moieties act as the predominant electron accept-
ors within humic substances, and their reduced forms can
transfer electrons to either dissolved or solid phase FeIII

(Scott et al. 1998; Nurmi and Trathyek 2002; Cory and
McKnight 2005; Aeschbacher et al. 2010). The microbial
electron transfer is dependent on the concentration of the
humic substances present. Electron shuttling via humic sub-
stances to ferrihydrite would not occur in aqueous environ-
ments where dissolved humic substances occurred below a
threshold of 5 mg C per liter (Jiang and Kappler 2008). The
electron-carrying capacity depends upon the chemical struc-
ture of humic substances and the environmental conditions
under which the humic substances are produced (Lovley and
Blunt-Harris 1999; Struyk and Sposito 2001; Bauer et al.
2007). Dissolved organic matter (DOM) acts as the most
viable electron shuttle in sediments and aquatic ecosystems,
partly because of its ubiquity and partly due to its qui-
none functional groups and metal-chelating moieties
(Hakala and Weber 2007; Fimmen et al. 2007; Zhang
and Weber 2009).

In summary, the FeIII–FeII redox wheel is interactively
coupled with C cycling in a reductive environment. The
integration of organic matter mineralization and the
FeIII–FeII redox wheel may also play an important role
in the concurrent cycling of N, S, and P since organic
matter mineralization is a crucial process for N, S, and P
cycles.

2.2 Nitrogen cycling

The excessive N in the environment resulting from anthro-
pogenic activity (fertilizer use and fossil fuel combustion)
increases eutrophication, acid rain, and harmful algal
blooms (Seitzinger 2008; Schlesinger 2009). Soils are the
dominant N sink in an ecosystem, although their N content
may be lowered by plant uptake (Nadelhoffer et al. 1999).
Intensive research pertaining to the transformation and re-
tention of N in soils and sediments has increased the under-
standing of N cycling in terrestrial and aquatic ecosystems.
The FeIII–FeII redox wheel has been abiotically and bioti-
cally involved within the N cycling. Microbially mediated
oxidation of FeII coupling nitrate (NO3

−) reduction has been
reported within a variety of natural wetland soils and sedi-
ments (Senn and Hemond 2002; Straub et al. 2004; Weber et
al. 2006; Smolders et al. 2010). The coupling process was
detected via enrichment culture and the most probable num-
ber method (Straub and Buchholz-Cleven 1998).
Sideroxydans is identified as the primary genus responsible
for lithoautotrophic FeII oxidation in a lithoautotrophic
NO3

−-reducing enrichment culture (Straub et al. 1996;
Blöthe and Roden 2009). However, its biochemical mecha-
nisms and the genes responsible for the NO3

−-dependent
FeII oxidation remain unclear (Blöthe and Roden 2009;
Byrne-Bailey et al. 2010). Furthermore, whether the NO3

−-
dependent FeII oxidation and FeIII (hydr)oxide reduction can
concurrently occur in a reductive soil or sediment remains
unknown, even though the redox condition for both pro-
cesses should be similar. If they did occur coupledly, the
FeIII–FeII redox wheel could be proven as involving both C
and N cycles.

The reduction of NO3
− coupled to FeII oxidation may

also proceed via abiotic pathways. The reduction of NO3
−

(electron acceptor) to NO2
− with the concomitant oxidation

Hydrolysis of 

complex 

organic matter 

Aromatic-oxidizing FeIII reducers 

Fermentative 
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SCFA and H2

oxidizing FeIII

reducers 
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Long-chain fatty acid-oxidizing FeIII reducers 
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Fig. 1 Model for the microbial
oxidation of organic matter in
anaerobic soil/sediment with
FeIII serving as the electron
acceptor (Lovley 1995). In this
model, complex organic matter
is enzymatically hydrolyzed to
be sugars, amino acids, long-
chain fatty acids, and aromatics.
Furthermore, fermentative
microorganisms ferment sugars
and amino acids to be short-
chain fatty acids and H2. The
fermentative products are then
oxidized with the reduction of
FeIII. The long-chain fatty acids
and aromatics are also oxidized
to CO2 and H2O by FeIII

reducers. *SCFA short-chain
fatty acid
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of FeII (electron donor) to FeIII is thermodynamically favor-
able (Ottley et al. 1997). Davidson et al. (2003) proposed the
“ferrous wheel hypothesis” that FeIII (hydr)oxide reduction
by the carbonaceous compounds is followed by NO3

− to
nitrite (NO2

−) reduction and FeII to FeIII oxidation. The
NO2

− subsequently reacted with DOM to produce dissolved
organic nitrogen complexes (Fig. 2). This was hypothesized
to occur in an anaerobic microsite that contained FeII and an
excess of organic carbon (Davidson et al. 2003, 2008). The
reaction of NO2

− with DOM was based upon the rapid
reaction of NO2

− with phenolic compounds (Davidson et
al. 2003) instead of a rapid incorporation of NO2

− into solid
organic matter (Thorn and Mikita 2000; Fitzhugh et al.
2003). The hypothesis could explain the rapid disappear-
ance of NO3

− in soils and sediments (Corre et al. 2007;
Burgin and Hamilton 2007; Zhu and Wang 2011). This is
an evidence of the FeIII–FeII redox wheel interacting with C
and N biochemical cycles.

However, the rapid abiotic reaction of NO3
−with FeII in the

ferrous wheel hypothesis was questioned by Colman et al.
(2007, 2008). They failed to repeat the catalytic reduction of
NO3

− to produce NO2
− instead of NH3 or N2 as the end

product in 45 soils. They concluded that the catalytic reduc-
tion of NO3

− would not occur in acidic forest soils.
Interestingly, an unlikely abiotic reaction of NO2

−with natural
dissolved organic carbon was reported by Schmidt and
Matzner (2009). Debates on the ferrous wheel hypothesis are

ongoing, but evidences from both sides support our hypothe-
sis that the FeIII–FeII redox wheel has been involved in the
cycling of C and N interactively in the redox fluctuating soil or
sediment systems.

The role of FeIII has been demonstrated with regard to N
mineralization or ammonium (NH4

+) production in anaero-
bic environments (see Fig. 2). Organic matter and FeIII are
two important factors that control NH4

+ production in sub-
merged soils or sediments (Sahrawat 2004b; Coyle et al.
2009; Yin et al. 2010) and have been correlated with NH4

+

production in paddy soils (Sahrawat and Narteh 2003).
Zhang and Scherer (1999, 2000) demonstrated that the
diffusion of NH4

+ into or out of clay was promoted by the
reductive dissolution of FeIII (hydr)oxides which coated the
clay particles. On the other hand, flooding enhances the
reduction of octahedral FeIII and negative charges within
layers of clay minerals. These two enhanced characteristics
may accelerate the diffusion of NH4

+ into clay and its
subsequent fixation in paddy soils (Scherer and Zhang
2002; Liu et al. 2008; Nieder et al. 2011).

Additionally, simultaneous production of NO2
− and FeII

may occur under strict anaerobic conditions in soil slurries
(Clément et al. 2005; Burgin et al. 2011) via the coupled
reduction of FeIII to FeII with the subsequent oxidation of
NH4

+ to NO2
− (see Fig. 2). The relative importance of

abiotic or biotic processes involved in the coupled oxidation
of NH4

+ and reduction of FeIII, as well as their ecological

NO3
- NO2

-
**DON 

*DOM 

NH4
+

Soil solids 

FeIII  FeII

FeIIIFeII

The Ferrous Wheel Hypothesis 

Fig. 2 Conceptual model illustrating relationships between the FeIII–
FeII redox wheel and N cycling in anaerobic soil/sediment. In this
model, the “ferrous wheel hypothesis” established by Davidson et al.
(2003) shows that carbon compounds derived from photosynthates
reduce FeIII in soil minerals and FeII is released into the solution. FeII

further reduces NO3
− to NO2

−, and NO2
− subsequently reacts with

DOM to produce DON in temperate forest soils under anaerobic
condition. In addition, the reduction of FeIII in minerals, such as FeIII

(hydr)oxides and octahedral FeIII, affects their surface structure and
negatively charges solid phases, which induces NH4

+ movement
between aqueous and solid phases in wetland and paddy soils. The
production of NO2

− and FeII may also simultaneously occur in
wetland soils from the coupled reduction of FeIII to FeII with the
oxidation of NH4

+ to NO2
−. *DOM dissolved organic matter, **DON

dissolved organic nitrogen
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effects under field conditions, still requires further elucidation.
However, studies indicated that N cycling in dynamic redox
environments is related to C cycling and the FeIII–FeII redox
wheel abiotically and biotically.

2.3 Sulfur cycling

Iron sulfides couple S cycling with the FeIII–FeII redox
wheel. This has been supported by the processes and fluxes
occurring in the global geochemical iron sulfide cycle and
the “iron–sulfur world” hypothesis (Rickard and Luther
2007). The chemistry of SII suggests that H2S and HS− are
two main species in pore water of marine sediment profiles
while S2− is negligible (Rickard and Luther 2007). Aqueous
iron sulfide–complexes produced by the reaction of H2S or
HS− with FeII are prevalent in the literature (Fig. 3). Based
on the stoichiometry, soluble iron–sulfide complexes, such
as Fe2S2 (Buffle et al. 1988), Fex(HS)2x (x≥2) (Davison et
al. 1998), and [Fe2(HS)]

3+ (Luther et al. 2003), have been
suggested, while some authors refer to the soluble iron–
sulfide complexes as FeSaq (Rickard and Morse 2005) with
no implication of stoichiometry. Given the above, soluble
iron–sulfide complexes may occur as aqueous FeS clusters,
and their apparent stability is likely to be an average for the
cluster system. More importantly, FeSaq plays a key role in
the geochemical dynamics of ecosystems as it removes toxic
H2S and drives hydrothermal vent ecosystems (Luther et al.
2001; Luther and Rickard 2005). FeSaq is also a necessary
intermediate in the formation of solid Fe sulfides, such as

mackinawite and pyrite (Luther et al. 2003; Slowey and
Brown 2007; Papadas et al. 2009). Oxidation of FeSaq on
FeIII (hydr)oxides’ surface releases FeII and SO4

2− into the
solution. Soluble FeII further reacts with another FeSaq to
form Fe sulfide minerals. Thus, S transformation between
aqueous and solid phases is controlled by FeIII (hydr)oxides
(Poulton et al. 2004; Zopfi et al. 2008).

The Fe sulfide minerals are the major sinks of reduced S
in anaerobic subsurface environments (Rickard and Morse
2005). The formation of Fe sulfide minerals promotes the
immobilization of dissolved FeII as well as toxic trace ele-
ments (Kirk et al. 2010; Johnston et al. 2010). Pyrite is one
of the major iron sulfide minerals for sequestrating reduced
S (Rickard and Morse 2005). Pyrite may form with (Hunger
and Benning 2007) or without (Burton et al. 2011) the need
of FeS precursors, such as mackinawite (FeS) and greigite
(Fe3O4). This potentially causes a spatial decoupling be-
tween monosulfide accumulation and pyrite stability
(Burton et al. 2011), indicating the complexity of Fe–S
mineralization pathways in a reductive environment.

Iron sulfide minerals are likely to be oxidized when
reductive soils or sediments are disturbed or resuspended
into an oxic environment. The oxidation of Fe sulfide min-
erals may be coupled to FeIII (hydr)oxide reduction (Zopfi et
al. 2008; Pollok et al. 2009; Aller et al. 2010; Li et al. 2011),
resulting in acidification (Boman et al. 2010; Claff et al.
2011; Keene et al. 2011) and releasing dissolved FeII and
toxic trace elements (Kocar et al. 2010; Burton et al. 2011).
A variety of key intermediate S compounds were observed
(Burton et al. 2009; Zopfi et al. 2008) during the oxidation
of Fe sulfide minerals (see Fig. 3), including elemental S
(S8

0), thiosulfate (S2O3
2−), trithionate (S3O6

2−), tetrathio-
nate (S4O6

2−), and disulfane-monosulfonic acid (HS3O3
−).

In short, the FeIII–FeII redox wheel not only relates to Fe–
S mineralization but also is involved in the oxidation of Fe
sulfides. Interestingly, CO2/CO can be reduced by FeSaq to
form organic sulfides under extreme environments (Rickard
and Luther 2007). It suggests that C and S cycling interacts
with the FeIII–FeII redox wheel.

2.4 Phosphorus cycling

The transformation of P in soils or sediments has become a
significant eutrophication risk as it may be released into
adjacent aquatic ecosystems (Carpenter 2008; Howarth and
Paerl 2008; Conley et al. 2009; Duan et al. 2009).
Phosphorus has a strong affinity toward FeIII (hydr)oxide
surfaces (Khare et al. 2004; Norton et al. 2009). Since FeIII

(hydr)oxide is redox-sensitive and its surface is variably
charged, P sorption on the FeIII (hydr)oxide surface becomes
dependent on the redox potential and pH of the environ-
ment. The transformation and distribution of P compounds
from the aqueous phase to solid phase iron oxide minerals

FeIII

FeII

FeIII

FeII

HS-, H2S 

FeS2

FeS 

S0
8

S2O3
2-

S4O6
2-S3O3

2-

SO4
2-

FeIII

Fig. 3 Conceptual model illustrating the relationships between the
FeIII–FeII redox wheel and S cycling in anaerobic soil/sediment. In
this model, the reduction of FeIII to FeII couples with the transforma-
tion of S2O3

2− to S4O6
2− and S8

0 to SO4
2−, while the oxidation of FeII

to FeIII couples with the transformation of SO4
2− to HS− and H2S. The

formation of soluble FeS and FeS2 also regulates the transformation of
HS− and H2S to S8

0 and S2O3
2−, respectively
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depends on the type of iron oxide and its surface structure
(Fig. 4). The reactive surface areas of amorphous FeII or
FeIII (hydr)oxides are much greater than those of crystalline
FeIII (hydr)oxides. Amorphous FeIII (hydr)oxides can en-
hance the sorption of dissolved inorganic phosphorus
(DIP) in a reductive soil (Zhang et al. 2010). The co-
precipitation of P and FeIII (hydr)oxides due to oxidation
(via nitrate reduction or aeration) leads to a high retention of
P in non-calcareous sediments (Schauser et al. 2006; Lake et
al. 2007). Vivianite (Fe3(PO4)2⋅8H2O) or similar FeII

phosphate minerals enhance the P sorption capacity in
reductive mineral soils with high DIP (Heiberg et al. 2010).
Dissolved organic phosphorus adsorption displayed a similar
trend, with less sorption occurring as the crystallinity of FeIII

(hydr)oxides increased (Ruttenberg and Sulak 2011).
Nonetheless, the release of P from Fe–P complexes is

coupled with the FeIII–FeII redox wheel in the environment
(see Fig. 4). The reductive dissolution of FeIII (hydr)oxides
at alkaline pHs has been correlated to greater P release in

submerged mineral soils or sediments (Chacon et al.
2006; Mort et al. 2010; Heiberg et al. 2010). However,
the presence of aluminum hydroxides (Al(OH)3) lowered
the P release in the aqueous phase of non-calcareous
sediments—even though an in situ reductive solubiliza-
tion of FeIII (hydr)oxides occurred (Kopáček et al. 2005).
Aluminum hydroxides are not sensitive to redox fluctu-
ation, but pH-dependent. Aluminum hydroxides may pro-
vide additional binding sites for P if P is released from
FeIII (hydr)oxides at neutral pH (Kopáček et al. 2000;
Rydin et al. 2000; Reitzel et al. 2005; Navratil et al.
2009). Kopáček et al. (2005) suggested that the molar
Al/Fe ratio and the molar Al/P ratio were indicative
parameters for predicting P release from lake sediments.
This has been corroborated by Lake et al. (2007).

FeIII can form soluble complexes with humic (Steinmann
and Shotyk 1997). The stable Fe–humic complexes resulted
in P release in eutrophic fens since they prevent P from co-
precipitating with FeIII (hydr)oxides (Zak et al. 2004). The
formation of Fe–S complexes in sulfate-enriched anaerobic
sediments can also promote P release by preventing the
formation of insoluble Fe–phosphate complexes or by ham-
pering FeII diffusion to aerobic layers (Smolders et al. 2010;
Hartzell and Jordan 2012). The Fe/P ratio may be used to
predict P sorption capacity for a sediment. A significantly
negative relationship was found between soluble P and the
total Fe/P ratio in the trophogenic zone of surface sediments
from Danish lakes (Jensen et al. 1992). Reductive dissolu-
tion of FeIII (hydr)oxides (Section 2.1) caused by anaerobic
microbial respiration can enhance P solubilization as well
(Pant and Reddy 2001; Zak et al. 2004; Shenker et al. 2005;
Chacon et al. 2006; Zhang et al. 2010).

Overall, the FeIII–FeII redox wheel only regulates sorp-
tion surface or site for phosphorus in the environment
regardless of Fe–humic complex formation or dissolution
of Fe oxides. Phosphorus released from organic P min-
eralization coupled with FeIII reduction might relate to
the FeIII–FeII redox wheel.

2.5 Integration of biogeochemical cycles with the FeIII–FeII

redox wheel concept

The FeIII–FeII redox wheel plays an important role in the
biogeochemical cycles of C, N, S, and P, and at least
partially drives or is involved into their biogeochemical
cycles at various scales. It is evident that FeIII (hydr)oxides
are the core for the biogeochemical cycles of C, N, S, and P
in a dynamic redox micro-ecosystem, where they serve as
terminal electron acceptors for organic matter mineralization
and N and S transformation. They also possess a remarkably
large specific surface area and act as sorbents for dissolved P
compounds. With the above factors in mind, the C, N, S and
P cycles were integrated with the FeIII–FeII redox wheel

Solid P 

Soluble P 

FeS  

Precipitation 

Stable dissolved Fe-humic 

complexes 

FeIII-(hydr)oxides 

Reduction 

FeIII-(hydr)oxides 

Desorption 

pH increasing 

Electrostatic Repulsion

FeII-(hydr)oxides 

Adsorption 

FeII-phosphate 

Precipitation 

FeIII-(hydr)oxides 

Adsorption 

Fig. 4 Conceptual model illustrating the relationships between the
FeIII–FeII redox wheel and P cycling in anaerobic soil/sediment. In
this model, sorption on the surface of amorphous FeII or FeIII (hydr)
oxides, precipitation as FeII phosphate, and co-precipitation with FeIII

(hydr)oxides promote the transformation of P from the soluble to the
solid phase. In contrast, reductive dissolution of FeIII (hydr)oxides
decreases P-binding sites and increases negative charges on solid phase
surface, inducing the transformation of P from the solid to the soluble
phase. The formation of Fe sulfide minerals in sulfate-enriched anaer-
obic sediments can promote P release by preventing the formation of
insoluble Fe–phosphate complexes or by hampering FeII diffusion to
aerobic layers. Soluble Fe–humic complexes may also accelerate P
release from the solid to the soluble phase via blocking P co-
precipitating with FeIII (hydr)oxides
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concept; the conceptual model is displayed in Fig. 5. In the
model, FeIII serves as terminal electron acceptors for organic
matter mineralization; the reduction of FeIII to FeII couples
the transformation of NO3

− to NO2
−, NH4

+ to NO2
−,

S2O3
2− to S4O6

2−, and S8
0 to SO4

2−; the oxidation of FeII to
FeIII couples the transformation of SO4

2− to HS− and H2S;
the Fe redox processes change the surface structure of the
solid phase and the solution chemistry, affecting the trans-
formation of NH4

+ and P between soluble and solid phases.
Some evidences also indicate that the FeIII–FeII redox
wheel integrates with the C and N, C and S, or C and P cycles
interactively, especially the C and N cycles (Davidson et al.
2003; Colman et al. 2007), in the dynamic redox
environments.

Although iron is one of the most abundant elements in
the earth’s crust, it may be considered as limited within a
microsite or micro-ecosystem for reduction or oxidation.
When iron is chemically inert (due to Fe–S precipitation
or Fe–humic complexation), FeIII (hydr)oxides are re-
duced (via abiotic or biotic nitrification processes), or
the specific surface area of FeIII (hydr)oxides decreases
(due to crystallization), the P in the aqueous phase of the
micro-ecosystem may increase due to the lack of a sorp-
tion surface and the co-precipitation of FeIII oxide min-
erals. The reverse is true that the availability of C, S or
N may be lowered due to the oxidation or complexation
of Fe oxides. Given the complexity of the interactive
processes between the FeIII–FeII redox wheel and C, N,
S, and P biogeochemical cycles and the difficulty of
locating certain dynamic redox environment, direct evi-
dences are demanded in future studies.

3 Challenges and future studies

There is still a great need to understand the interactions of
biogeochemical C, N, S, and P cycles with the FeIII–FeII

redox wheel in microenvironments under aerobic–anaerobic
fluctuations, even though the complexity of coupling these
relationships has been discussed in previous studies (Gauci
et al. 2004; Robinson et al. 2004; Meulepas et al. 2009;
Howarth et al. 2011; Burgin et al. 2011; Schlesinger et al.
2011). Nowadays, anthropogenic activities result in nutrient
and metal enrichment in the environment, increase ambient
temperature, and alter pH in environmental matrices. This,
in turn, alters the interactions of the biogeochemical cycles
and increases the complexity of predicting their interactions
with the FeIII–FeII redox wheel. However, these challenges
must be overcome because they are crucial to process-based
models that predict these cycles in anthropogenically altered
ecosystems. Despite some advances, more work should be
focused on the interactions of the FeIII–FeII redox wheel
involved in the cycles of C, N, S, and P. The major chal-
lenges are stated below:

1. Studies in anaerobic environments have demonstrated
the significant role of humic substances on electron
transfer from many microorganisms to crystalline and
non-crystalline FeIII (hydr)oxides (Section 2.1).
Nonetheless, direct evidence of kinetic mechanisms of
electron transfer is lacking.

2. The “ferrous wheel hypothesis” proposed by Davidson
et al. (2003) requires confirmation or further refinement
due to some contradictory findings (Section 2.2). The
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Fig. 5 Conceptual model illustrating the relationships between the
FeIII–FeII redox wheel and C, N, S, and P cycles in anaerobic soil/
sediment. In this model, the FeIII–FeII redox wheel drives the biogeo-
chemical cycles of C, N, S, and P interactively in dynamic redox
environments. FeIII serves as a terminal electron acceptor for organic
matter mineralization. The reduction of FeIII to FeII drives the

transformation of NO3
− to NO2

−, NH4
+ to NO2

−, S2O3
2− to S4O6

2−,
and S8

0 to SO4
2−, while the oxidation of FeII to FeIII couples the

transformation of SO4
2− to HS− and H2S. Furthermore, the FeIII–FeII

redox wheel changes the surface structure of solid phase and solution
chemistry, affecting the transformation of NH4

+ and P between the
soluble and solid phases in anaerobic soil/sediment
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natural dissolved organic carbon extracted from differ-
ent types of soils and sediments should be used to
investigate the possibility of its abiotic reaction with
NO2

− under anaerobic conditions. The rapid catalytic
reduction of NO3

− mediated by FeII adsorbed to FeIII

(hydr)oxide surfaces also requires confirmation.
3. So far, FeII sulfides have been defined and quantified on

the basis of the source of H2S evolved from soils and
sediments by adding 1 mol l−1 HCl (Rickard and Morse
2005). Species of FeII sulfides and their presence in
anaerobic environmental conditions require new in situ
measurement techniques, as opposed to the operational-
ly defined quantification (Section 2.3).

4. Although some studies have assessed the movement and
transformation of P, the mechanisms controlling the
release or retention of P in anaerobic soils and sedi-
ments remain unknown. It is well documented that some
physical and chemical factors (such as pH, redox poten-
tial, available P concentration, Al hydroxides, FeIII

(hydr)oxides) will influence the adsorption–desorption
processes of P in reducing soils or sediments
(Section 2.4). But, the integrative mechanisms of these
factors regulating P sorption or desorption in relation
the FeIII–FeII redox wheel require direct evidence.
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