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Abstract
Oxyanions are ubiquitous in soils, organisms and the environment. Due to their unique chemical structure, oxyanions can 
be easily transferred into other systems. Carbonate  (CO3

2−), nitrate  (NO3
−), phosphate  (PO4

3−), silicate  (SiO4
2−) and sulfate 

 (SO4
2−) are the major oxyanions in organisms and the soil environment, whereas arsenate  (AsO4

3−), antimonate  (SbO4
3−), 

borate  (BO3
3−), selenate  (SeO4

2−), and tellurate  (TeO4
2−) are generally reported as toxic chemicals found at trace levels. 

Excessive oxyanions leached from soils into water have caused severe environmental problems. Here, we review the factors 
affecting the structural configuration of oxyanions and organic acids adsorbed on iron oxides and hydroxides. The configura-
tion of oxyanions on iron (hydr)oxides is controlled by surface loading, pH, sample phase, competing ions and organic acids. 
Under conditions of low surface loading and low pH at the interface in the absence of competing ions, oxyanions with high 
affinity possibly form a complex with higher denticity. But an increase in pH decreases the number of sorption sites; thus, a 
transition from a tri- or bidentate complex to monodentate and outer-sphere complexes occurs.
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Introduction

An oxyanion is a negatively charged molecule with the 
generic formula  AxOy

z; it is ubiquitous on Earth and is a 
fundamental constituent of organisms and the environment. 
Carbonate  (CO3

2−), nitrate  (NO3
−), phosphate  (PO4

3−), sili-
cate  (SiO4

2−) and sulfate  (SO4
2−) are the major oxyanions 

in organisms and the soil environment, whereas arsenate 
 (AsO4

3−), antimonate  (SbO4
3−), borate  (BO3

3−), selenate 
 (SeO4

2−) and tellurate  (TeO4
2−) are generally reported as 

toxic chemicals found at trace levels (Johnson 1971; Sparks 
2000). Among the oxyanions, the oxyanions with arsenic, 
nitrogen and phosphorus are the most notorious compounds. 

The arsenic had known as a poison throughout history, while 
the nitrogen and phosphorus containing compounds had 
acted as limiting nutrients for the agriculture (Elser et al. 
2007; Vahidnia et al. 2007). Recent anthropogenic activities 
such as mining, agricultural chemicals and wood preserva-
tives have caused the severe arsenic contamination over 20 
countries, and invention of Haber–Bosch process and mining 
of rock phosphate (phosphorite) have caused the severe envi-
ronmental problems such as overfertilization in an agricul-
tural land and the eutrophication in water system worldwide 
(Barberis et al. 1995; Jain and Ali 2000; Leermakers et al. 
2006; Elser et al. 2007).

Due to their unique chemical structures, oxyanions can 
easily transform into other chemical species in a process 
called species transformation (Templeton and Fujishiro 
2017). Environmental fluctuations, such as changes in the 
pH, redox potential and concentrations of ligands and adsor-
bents, lead to the species transformation of oxyanions in the 
soil environment, which have unpredictable fate because of 
the soil heterogeneity (Masscheleyn et al. 1991; Georgiadis 
et al. 2006; Han and Ro 2018b). For example, the reduction 
of arsenate to arsenite based on the redox potential and the 
protonation of phosphate based on the pH are well-known 
phenomena in the soil environment, and both reactions are 

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s1031 1-020-00964 -4) contains 
supplementary material, which is available to authorized users.

 * Hee-Myong Ro 
 hmro@snu.ac.kr

1 Department of Agricultural Biotechnology and Research 
Institute of Agriculture and Life Sciences, Seoul National 
University, Seoul 08826, Republic of Korea

2 Ministry of Environment, 229 Misagangbyeonhangang-ro, 
Hanam-si, Gyeonggi-do 12902, Republic of Korea

http://orcid.org/0000-0001-5437-3484
http://crossmark.crossref.org/dialog/?doi=10.1007/s10311-020-00964-4&domain=pdf
https://doi.org/10.1007/s10311-020-00964-4


632 Environmental Chemistry Letters (2020) 18:631–662

1 3

species transformations. As a consequence, the mobility and 
bioavailability of these species are modified, and their envi-
ronmental fates are reported to be different depending on the 
environmental fluctuations. Species transformation affects 
the affinity of a given compound to an adsorbent; thus, it 
determines the behavior of oxyanions in organisms and the 
soil environment (Pantsar-Kallio and Manninen 1997; Mir 
et al. 2007).

Not only environmental fluctuations but also organisms 
affect the species transformation of oxyanions in the soil 
environment. Within the rhizosphere, a plant influences 
the soil through various mechanisms, most significantly by 
releasing compounds into the soil (Bais et al. 2006; Huang 
et al. 2014). This process is referred to as rhizodeposition 
(Hütsch et al. 2002; Bais et al. 2006), and the major types 
of rhizodeposited substances include exudates, mucilage, 
border cells and gases (Haichar et al. 2014). An exudate is a 
soluble, low-weight molecule that undergoes a passive dif-
fusion (Bertin et al. 2003), and recent studies have revealed 
that exudates such as root-derived organic acids increase 
bioavailability by competing with sorbed oxyanions, by 
dissolving oxyanion-sorbed minerals or by causing second-
ary exudation from microbes (Eick et al. 1999; Dakora and 
Phillips 2002; Jones et al. 2009). Citric, glutaric, oxalic and 
malonic acids are the most common exudates found in the 
rhizosphere (Wang et al. 2008a; Shi et al. 2010; Baetz and 
Martinoia 2014) and are known as nutrient sources for the 
microbial community and as stimulators for nutrient uptake, 
such as those of Al, Cu, Fe, N and P (Dakora and Phillips 
2002; Tu et al. 2004). The organic acids not only affect the 
sorption of oxyanions directly but also might cause changes 
in the soil indirectly. The specific mechanisms and effects of 
the competition between oxyanions and organic acids have 
not yet been fully addressed because of the heterogeneity 
and complexity of the soil environment and current limita-
tions on analytical techniques (Dakora and Phillips 2002).

The solid component of soil is a complex of various mate-
rials, such as phyllosilicates, metal (hydr)oxides and organic 
matter. Iron (hydr)oxide is one of the key sorbents in retain-
ing both nutrients and pollutants because of its abundance, 
reactivity, surface area and surface charge (Panias et al. 
1996; Lefevre 2004; Adegoke et al. 2013). As mentioned 
above, environmental fluctuation causes not only species 
transformation of oxyanions but also the transformation of 
iron (hydr)oxides, which changes their crystal structure and 
morphology, ultimately affecting the sorption characteristics 
of oxyanions in the soil environment. The transformation 
of oxyanion sorbate species and iron (hydr)oxide sorbents 
occurs separately or simultaneously by environmental fluc-
tuations, and the unpredictable simultaneous transformation 
of sorbates and sorbents determines their behavior and fate 
in the soil environment. Not only the sorbate species and 
sorbent characteristics but also the structural configuration 

of the oxyanions with iron (hydr)oxides is important. There 
are two main types of interactions: an inner-sphere complex 
is formed by adsorption through covalent bonds, while an 
outer-sphere complex is formed by adsorption through elec-
trostatic attraction and dispersion interactions (Stumm and 
Morgan 1981; Sparks 2003). The inner-sphere complex can 
be monodentate, bidentate or tridentate, and its structural 
configuration is essential to understanding the behavior of 
oxyanions in the soil environment because it determines 
their leachability and bioavailability (Fendorf et al. 1997; 
Zhu et al. 2013b; Liu et al. 2015).

With the recent development and production of chemical 
fertilizers, minor elements are no longer considered limiting 
factors in cultivation (Riley et al. 2001; López-Arredondo 
et al. 2014). With the use of overfertilization to maximize 
agricultural productivity, the attention paid to optimizing 
bioavailability through soil research and management has 
decreased (Timmons and Dylla 1981; Andrew et al. 2000; 
Riley et al. 2001; López-Arredondo et al. 2014). Further-
more, the demands of industrialization have exposed rare 
elements in the crust, such as arsenic, antimony and tellu-
rium (Gleyzes and Tellier 2001; Babula et al. 2008; Rosen 
and Liu 2009). As a consequence, excessive nutrients and 
toxicants have leached from the pedosphere to the hydro-
sphere, causing severe environmental problems worldwide 
such as eutrophication and metal poisoning (Jain and Ali 
2000; Smith et al. 2006; Smith and Schindler 2009; Han 
et  al. 2014, 2016; Species and Hartley-whitaker 2015). 
Essential methods to mitigate such problems include main-
taining the optimum bioavailability of nutrients by taking 
advantage of the uptake ability of plants, minimizing the 
bioaccessibility of toxicants by controlling environmental 
conditions, and reducing the leachability of nutrients and 
toxicants by regulating both plants and the environment; 
however, the heterogeneity and complexity of soil make 
bioavailability difficult to understand.

Therefore, it is important to understand not only the indi-
vidual characteristics of oxyanions, organic acids and iron 
(hydr)oxides but also their complexly interconnected inter-
actions in the rhizosphere to obtain a better comprehension 
of and insight into bioavailability. Thus, herein, we have 
summarized the literature regarding the transformation of 
iron (hydr)oxides and the structural configuration of oxy-
anions and organic acids on iron (hydr)oxides to understand 
the complex mechanisms that occur in the soil environment.

Transformation of iron (hydr)oxides

Formation and abundance of iron (hydr)oxides

Iron is the fourth most abundant element in the crust of 
the Earth, at 5.1% by mass (Cox 1989). Biotite [K(Fe2+)3
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Si3(AlO10(OH)2], pyroxene [(Fe2+)2(Si,Al)2O6], olivine 
 [Fe2

2+SiO4], magnetite  (Fe3O4) and pyrite  (FeS2) are the 
main iron-containing minerals (Cornell and Schwertmann 
2003), and weathering by hydrolysis and oxidation forms 
iron (hydr)oxide in the soil (Cornell and Schwertmann 2003; 
Schwertmann and Cornell 2008). During the weathering 
process, once the primary rock containing iron is exposed 
to oxic conditions,  Fe2+ is readily oxidized to  Fe3+ by pro-
viding an electron to oxygen under soil pH conditions, and 
then, soluble  Fe3+ oxides are easily formed by hydrolysis. 
Based on the parent materials, climate, time, redox condi-
tions and organisms involved, various iron (hydr)oxides 
can be formed, such as amorphous iron (hydr)oxide (AIO), 
goethite (α-FeOOH), lepidocrocite (γ-FeOOH), ferrihy-
drite  (Fe2O30.5H2O), hematite (α-Fe2O3) and maghemite 
(γ-Fe2O3) (Cornell and Schwertmann 2003; Schwertmann 
and Cornell 2008).

AIO is the term for an iron and oxygen complex with-
out crystallization, and recent studies have reported that 
AIO has a large surface area, superior catalytic activity and 
superparamagnetic behavior (Machala et al. 2007; Yusuf 
et al. 2010). The abundance of AIO in the soil environment 
has not yet been fully investigated, but is likely to be low 
because of its high reactivity and low stability (Srivastava 
et al. 2002). Goethite is a common iron hydroxide because of 
its thermodynamic stability and is a yellow–brown mineral 
(Schwertmann 1993). It is found in all regions with oxic and 
anoxic soils, often in the low part of a toposequence (Fig. 1) 
(Schwertmann 1985). Like goethite, hematite also has high 
thermodynamic stability, but it is mostly found in warm and 
oxic climates (Schwertmann 1985). The red color of topsoil 
at low latitudes is mainly caused by the presence of hema-
tite (Schwertmann 1993). Goethite and hematite sometimes 
occur together, and the color indirectly indicates their ratio 
(Shaw et al. 2005). Lepidocrocite is less common in soil than 

Fig. 1  Abundance of iron (hydr)oxides in different climate zones and 
the common pathways of formation and transformation in the envi-
ronment. The rectangular and hexagonal shapes in the pedosphere 
indicate cubic and hexagonal phases, and the colors of the shapes 
resemble the colors of each iron (hydr)oxide. The size of the polygon 

shows the distribution with respect to the climate zone. Round-edged 
rectangular and round shapes indicate the amorphous solid phase 
and ions in the aqueous phase, respectively. Colored and overlapping 
arrows show the chemical or physical reactions involved in transfor-
mation and simultaneous reactions involved in transformation
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are goethite and hematite but is generally found under redox-
imorphic conditions in cool and temperate climates (Vody-
anitskii 2010). In the presence of a high level of carbonate 
or bacterial activity, the formation of goethite is preferred, 
while no lepidocrocite is formed; however, lepidocrocite is 
frequently associated with goethite in noncalcareous soils 
(Cornell and Schwertmann 2003). Ferrihydrite is structur-
ally unstable and is found only in less weathered soil in cool 
and temperate zones under anoxic conditions (Schwertmann 
1993). A high oxidation rate of  Fe2+ with organic matter or 
silicate yields ferrihydrite instead of goethite or hematite in 
the soil environment (Johnson and McBride 1989; Cornell 
and Schwertmann 2003). Magnetite is a common lithogenic 
mineral in the heavy mineral fraction of soils with high mag-
netic properties (Schwertmann 1985; Cornell and Schwert-
mann 2003). Pedogenic magnetite was also discovered by 
recent studies, but the pedogenic process is still debatable 
(Fine et al. 1995; Geiss and Zanner 2006). Maghemite is 
widespread in the topsoil in tropical regions (Cornell and 
Schwertmann 2003), and its known formation pathways are 
the aerial oxidation of lithogenic magnetite and the heating 
of lepidocrocite, goethite and ferrihydrite.

Physiochemical transformation of iron (hydr)oxides

The transformation of iron (hydr)oxides can be catego-
rized by two factors: changes in chemical composition and 
changes in crystal structure (Cornell and Schwertmann 
2003). Dehydration, dehydroxylation and oxidation/reduc-
tion are examples of chemical transformation that result 
in changes in composition and structure, while topotactic 
and reconstructive transformations involve direct and indi-
rect changes in the structure alone (Cornell and Schwert-
mann 2003; Vodyanitskii 2010; Adegoke et al. 2013). The 
weathering of primary minerals in the lithosphere releases 
 Fe2+ ions, which are readily oxidized to form  Fe3+ ions; 
the  Fe3+ ions then hydrolyze the groundwater at typical soil 
pH to form Fe(III) oxides and (hydr)oxides. This process is 
referred to as reconstructive transformation employing dis-
solution and reprecipitation (Mackay 1960) and is the most 
common pathway for the iron cycle, while topotactic trans-
formation is a structural change in the solid state that results 
from the modification of chemical characteristics (Cornell 
and Schwertmann 2003). Intensive weathering accompanied 
by large amounts of  O2 and  H2O increases the iron concen-
tration in the pedosphere by drawing it from the lithosphere 
(Schwertmann 1985). The aqueous iron ions speciate into 
 Fe2+ and  Fe3+ ions depending on the redox potential, and 
the concentration of hydroxide ion (pOH) determines the 
formation of iron (hydr)oxides. Cornell and Schwertmann 
(2003) summarized the reconstructive transformation as 
follows: (1) the crystal growth of iron (hydr)oxides on the 
primary mineral, (2) pseudomorphosis, (3) formation of an 

amorphous coating on the primary mineral, and (4) the dif-
fusion interval between the release and oxidation of  Fe2+ 
ions.  Fe3+ oxide is prevalent in the soil environment, and 
amorphous Fe(III) (hydr)oxide mainly forms goethite, which 
is a thermodynamically stable hexagonal structure (Machala 
et al. 2007; Yusuf et al. 2010).

Figure 1 summarizes the transformation of iron (hydr)
oxide in the lithosphere, hydrosphere and pedosphere. The 
dehydration and dehydroxylation of goethite yield a topo-
tactic transformation to hematite without organic matter and 
yield maghemite in the presence of organic matter (Cuden-
nec and Lecerf 2005). The dissolution of goethite leads 
to the formation of amorphous  iron3+ (hydr)oxide again; 
spatiotemporal variability leads to crystallization into the 
various iron (hydr)oxides; and repeated circulation through 
the iron cycle distributes iron throughout the soil profile 
(Schwertmann 1985, 1993). Except for goethite, which is 
distributed worldwide, iron (hydr)oxides can be divided into 
two groups: iron oxides (maghemite and hematite), which 
form under oxic and tropical conditions, and iron hydrox-
ides (lepidocrocite and ferrihydrite), which form in cool 
and temperate climates under anoxic conditions (Cornell 
and Schwertmann 2003; Cudennec and Lecerf 2005). Inter-
estingly, maghemite and lepidocrocite both show a cubic 
structure, while hematite and ferrihydrite are hexagonal 
(Cornell and Schwertmann 2003). No topotactic transfor-
mation among goethite, lepidocrocite and ferrihydrite has 
been reported, but the reconstructive transformation has 
been observed (Schwertmann and Taylor 1972; Cornell and 
Schwertmann 2003; Cudennec and Lecerf 2005). In contrast 
to the iron hydroxides, among the iron oxides, we observed 
direct transformation, such as the topotactic transformation 
from maghemite to hematite caused by thermal oxidation 
and the opposite transformation caused by dehydroxylation 
with organic matter (Swaddle and Oltmann 1980; Petrovsk 
et al. 1996; MacHala et al. 2011). The combination of dehy-
dration and thermal events led to transformation from fer-
rihydrite to hematite (Cudennec and Lecerf 2006), while 
dehydration alone caused transformation from lepidocrocite 
to maghemite (Cornell and Schwertmann 2003; Cudennec 
and Lecerf 2005).

Topotactic transformation is observed only within iron 
hydroxides or iron oxides, while reconstructive transforma-
tion is more widely occurring. Spatiotemporal variability in 
thermal events, redox potential, pH, background ions and 
organic matter governs the interconversion of iron (hydr)
oxides (Cornell and Schwertmann 2003; MacHala et al. 
2011) and leads to perturbation in the behavior of oxy-
anions in soil because the transformation of iron (hydr)
oxides determines their fundamental characteristics (Cornell 
and Schwertmann 2003; Schwertmann and Cornell 2008; 
MacHala et al. 2011; Weng et al. 2012). The observation of 
reconstructive transformation is a challenging task because 
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it occurs with nanoparticles, which are difficult to separate 
from ions, the abundance on the surface is minor, and the 
process could be negatively affected by the phase transition 
during the preparation process of measurement (Usman et al. 
2013; Šutka et al. 2015). For that reason, the identification of 
intermediates during dissolution/reprecipitation is extremely 
difficult; thus, it is hard to separate the topotactic and recon-
structive processes at the solid–solution interface in the soil 
environment. Furthermore, the heterogeneity of soil makes it 
impossible to determine the intermediates among the numer-
ous compounds and precipitates present on the soil surface; 
however, laboratory-scale experiments with relatively simple 
compositions have revealed the process of reconstructive 
transformation to extrapolate the reaction in nature (Usman 
et al. 2013; Šutka et al. 2015).

Numerous papers observed the laboratory-scale transfor-
mation of iron (hydr)oxides in simple systems by confirming 
a difference in the crystal structure induced by environmen-
tal conditions such as the elemental composition of reac-
tants,  Fe2+/Fe3+ ratio, reaction or stirring time, annealing 
temperature, redox potential and surface morphology for 
growth. The majority of papers observed a difference in the 
crystal structure before and after the experiment; however, 
most of them did not identify the intermediate structure dur-
ing the transformation (Machala et al. 2007; Alibeigi and 
Vaezi 2008; Iwasaki et al. 2011; MacHala et al. 2011; Ray 
et al. 2013; Yuan et al. 2013; Šutka et al. 2015). This lack 
of information is mainly caused by the current limitations 
of analytical techniques because laboratory-scale X-ray dif-
fractometry, X-ray photoemission spectroscopy and electron 
microscopy involve solid-phase measurement while control-
ling the atmosphere under purging or vacuum conditions. 
A synchrotron-based technique, such as X-ray absorption, 
X-ray scattering and X-ray crystallography, might detect 
the intermediate during the reconstructive transformation 
without phase transition of the samples at the solid–solution 
interface, but it is still a challenging problem because of the 
low abundance, rapid reaction rate and mostly amorphous 
structure of the intermediates.

The mechanisms of reconstructive transformation could 
be explained step by step. The dissolved ferrous and ferric 
ions from the Fe-containing minerals form a hexacoordi-
nated aquo complex, and hydroxylation occurs at different 
rates depending on the pH (Jolivet et al. 2006). The hydroxy-
lated Fe complex is unstable in solution; thus, condensation 
occurs through two mechanisms, namely olation and oxola-
tion (Combes et al. 1990). The olation mechanism is a con-
densation process between two hydroxo ligands in which a 
water molecule is eliminated to form a hydroxo bridge, while 
the oxolation mechanism is a two-step condensation process 
between a hydroxo ligand and partially positively charged 
Fe center of a hydroxylated Fe complex (Jolivet et al. 2006). 
As a result, the excess hydrogen and hydroxyl ligand form a 

water molecule. Due to the high reactivity of the hydroxy-
lated Fe complex, condensation as a ferric complex is rapid 
and hard to observe. The sequential condensation via ola-
tion and oxolation leads to the growth of amorphous iron 
hydroxides, and the elemental composition of reactants 
and the  Fe2+/Fe3+ ratio are the key factors determining the 
reconstructive transformation (Alibeigi and Vaezi 2008). In 
the  Fe2+-abundant condition, the brucite [Fe(OH)2] struc-
ture is mainly yielded, and green rust and magnetite are the 
major structures in the presence of mixtures of  Fe2+ and 
 Fe3+ (Usman et al. 2018). In the oxic condition, ferrihy-
drite is formed by the reconstructive transformation of ferric 
ions, but it has an unstable structure; thus, the transforma-
tion occurs (Jolivet et al. 2006; MacHala et al. 2011). The 
pH is the key for determining the product of reconstructive 
transformation from the ferrihydrite; hematite and goethite 
could be formed under circumneutral and extreme pH condi-
tions, respectively (Combes et al. 1990; Jolivet et al. 2006). 
During the transformation, topotactic or reconstructive pro-
cesses could occur together, and the presence of complexing 
ligands such as oxyanions could delay the transformation 
(Masion et al. 1997; Rose et al. 1997; Han and Ro 2018b). 
Drying or thermolysis yields the topotactic transformation 
from iron hydroxides to iron oxides (Vodyanitskii 2010; 
MacHala et al. 2011). In the soil environment, the phase 
changes by drying and wetting or freezing and thawing and 
the elemental concentration changes due to pH, redox poten-
tial, addition and loss always occur simultaneously, and var-
ied iron (hydr)oxides are present. In this review, we focus on 
the effect of oxyanions as the complexing ligand modifying 
the rate of transformation. Iron (hydr)oxides are key sorbents 
for oxyanions, but the formation of iron (hydr)oxides is also 
determined by the presence of oxyanions. As a consequence, 
the abundant oxyanions bind with the small aggregates of 
hydroxylated Fe complexes, and oxyanion-hydroxylated Fe 
complexes are more stable than hydroxylated Fe complexes 
alone; thus, the former complexes are easily mobilized or 
leached out.

It was found that most studies on sorption experiments 
thoroughly characterized the iron (hydr)oxide properties, 
such as the pH, EC, surface area, point of net zero charge, 
morphology and crystal structure, before the adsorption 
experiment, but only a few studies observed the stability 
or integrity of the iron (hydr)oxides during the adsorption 
experiment. According to Bolanz et al. (2013a, b), the pres-
ence of oxyanions, concentration and pH controlled the 
transformation of iron (hydr)oxides via various processes, 
and much attention was dedicated to determining the stabil-
ity of the iron (hydr)oxides in the adsorption experiments. 
Based on their studies, a high concentration (6 mM) of arse-
nate and phosphate blocked the transformation from ferri-
hydrite to other species, but a high concentration (6 mM) 
of antimonate led to transformation to feroxyhyte (Bolanz 
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et al. 2013b; Michael Bolanz et al. 2013). The authors also 
examined the effect of pH and observed transformation 
from ferrihydrite to hematite at pH 4 and to goethite at pH 
12, while transformation to both hematite and goethite was 
observed at pH 7. The transformation of goethite to bernalite 
was also observed at pH 10 with arsenate concentrations of 
1–10 mM in an adsorption experiment (Han and Ro 2018a), 
and the bernalite showed higher arsenate adsorption capac-
ity than did the goethite without aggregation, which would 
facilitate massive colloidal transport. However, numerous 
previous sorption experiments did not pay adequate attention 
to confirming structural stability and integrity, which could 
be one of the reasons for the conflicting results of sorption 
experiments.

Possible biological effects on the transformation 
of iron (hydr)oxides

Over 1.2 million living species have been cataloged on 
Earth, and the number of species has been predicted to be 
approximately 8.7 million (Mora et al. 2011). Only 25% of 
predicted species are oceanic organisms, while most of the 
others interact with the soil (Mora et al. 2011). Among the 
various organisms, microbes and plants are the major media-
tors that influence the chemical and physical characteristics 
of soil (Bertin et al. 2003; Bais et al. 2006; Baetz and Mar-
tinoia 2014). Uncountable interactions take place under the 
ground, but chemoautotrophic bacteria are known as redox 
controllers of metal (hydr)oxides and oxygen-containing 
molecules (Ilbert and Bonnefoy 2013). Bacteria utilize metal 
(hydr)oxides as electron acceptors to obtain energy. During 
the redox process, metal (hydr)oxide transformations occur, 
and oxyanions at the surface migrate to other sorption sites 
or precipitate with ions (Fakour and Lin 2014; Borer and 
Hug 2014). Not only the redox potential but also other envi-
ronmental factors influence redox reactions; for example, pH 
and ion concentration have been shown to affect weathering 
and dissolution (Dowling 2002; Shi et al. 2011).

Reactions involving bacteria directly transform the crys-
tal structure of iron (hydr)oxide in the soil, while plants 
influence the material belowground by inputting a massive 
amount of energy in the form of organic compounds (Bais 
et al. 2006; Baetz and Martinoia 2014). Rhizodeposition is 
one of the ways by which plants survive and shape their 
surrounding environment. Various molecules have been 
identified as root exudates, such as organic acids, amino 
acids, sugars, proteins, inorganic ions, gases and phenolic 
compounds, and their functions are not yet fully understood; 
however, they act as nutrient sources, chemoattractants, che-
lators, acidifiers, detoxifiers, catalysts, growth promotors, 
growth inhibitors and defenders against pathogens (Hütsch 
et al. 2002; Bais et al. 2006; Baetz and Martinoia 2014). 
The organic molecules involved in rhizodeposition vary 

significantly depending on the plant cultivar, growth stage 
and environmental conditions; thus, determining a funda-
mental mechanism is very difficult (Aulakh et al. 2001; Bais 
et al. 2006). A few studies have been conducted to reveal 
the effects of root exudates on the oxyanion sorption of iron 
(hydr)oxides, which include the following processes: 1) 
reductive dissolution by oxalate and ascorbate, 2) chelation, 
3) competition at sorption sites, and 4) surface precipitation 
caused by hindering or facilitating sorption (Panias et al. 
1996; Dakora and Phillips 2002; Erbs et al. 2010; Reza et al. 
2010; Zhu et al. 2011).

The reconstructive transformation by reductive disso-
lution of oxalate on the goethite surface is an appropriate 
example to understand the biological transformation of iron 
(hydr)oxides. Kubicki et al. (2017) simulated the reconstruc-
tive transformation of goethite by oxalate and  Fe2+ ions, 
and they found that the adsorbed  Fe2+ complexes may have 
a catalytic effect on the dissolution of goethite by electron 
transfer to surface defect sites, while the oxalate was shown 
to cause ligand-enhanced dissolution on the goethite surface 
and the formation of  Fe3+–oxalate complexes in the aqueous 
phase (Kubicki et al. 2017). The electron transfer from the 
 Fe2+ complex to the mineral structure and the high affinity 
of oxalate to  Fe3+ would enhance the dissolution of goethite 
mineral, and the structure would be transformed into other 
structures upon environmental fluctuations. The enhanced 
dissolution would weaken the neighboring oxyanion 
adsorbed on the goethite surface; then, the oxyanion–Fe3+ 
complex would be dissolved. In addition, the organic acid 
would work as a coating to inhibit the crystallized growth 
or the bridge to aggregate the nanoparticles of iron (hydr)
oxides. Li et al. (2018) confirmed that the concentration ratio 
between oxalate and ferrihydrite determines the structural 
configuration from the bidentate binuclear complex to the 
bidentate mononuclear complex. As a result, the stability 
and morphology of ferrihydrite aggregates were changed, 
and the bidentate mononuclear complex led to more dis-
solution of Fe ions.

Reactivity with ascorbate represents another example for 
understanding the reduction of iron (hydr)oxides. Ascor-
bate is abundantly found in the exudates of plant roots, and 
it functions as a reductant of Fe(III) (hydr)oxides. Larsen 
and Postma (2001) studied the reductive dissolution rate 
of lepidocrocite, ferrihydrite and goethite in the presence 
of ascorbate, and they found that this rate was mainly con-
trolled by the crystal structures and that the surface area 
determined the dissolution rate in the same crystal struc-
ture. A recent study by Huang et al. (2017) confirmed the 
importance of the structural configuration of ascorbate on 
the hematite surface, and the monodentate mononuclear 
complex on the (012) surface led to a higher reductive dis-
solution rate than that of the bidentate monodentate complex 
on the (001) surface. The specific mechanism of ascorbate 
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in the  Fe2+/Fe3+ cycle was suggested, and the reduced  Fe2+ 
caused molecular oxygen activation (Hou et al. 2016). As 
a result, reactive oxygen species were generated, possibly 
causing the transformation of iron (hydr)oxides. In addi-
tion to the examples of oxalate and ascorbate, other various 
organic compounds are delivered from the plant root. The 
complex mechanism caused by various organic compounds 
and inorganic substances promotes or depresses the aggre-
gation, adsorption and dissolution of iron (hydr)oxides, but 
there have not been any sufficient studies to understand such 
a mechanism comprehensively.

Example of transformation in upland versus paddy 
fields

The redox condition is the key factor that governs iron (hydr)
oxide transformation, but it is hard to observe this transfor-
mation in nature (Zhang et al. 2012; Fan et al. 2014). For that 
reason, an example of redox fluctuating conditions is pre-
sented in this section to describe the possible natural reac-
tions. Cycling between upland and paddy fields represents 
the typical land-use regime for crop cultivation in which the 
fields have distinctive redox potentials. There are few studies 
dealing with iron (hydr)oxide transformation in relation to 
the land-use regime (Takahashil et al. 1999; Kögel-Knabner 
et al. 2010; Fan et al. 2014). In the soil profile, the redox 
potential decreases with increasing depth (Mansfeldt 2004; 
Reza et al. 2010), and the redox gradient yields complex 
and varied oxidation/reduction reactions in heterogeneous 

soil (Fakour and Lin 2014; Fan et al. 2014). We schemati-
cally illustrated the redox potential change and iron (hydr)
oxide transformation with interconversion from a paddy to 
an upland field (Fig. 2). In the upland field,  iron2+ oxide was 
mainly found in the subsurface, while  iron3+ oxide typically 
crystallized at the soil surface (Cornell and Schwertmann 
2003). With increasing depth, the reduction potential gov-
erns chemical reactions by reducing the oxygen-containing 
compounds or minerals sequentially. Conversion to a paddy 
field is achieved by flooding the upland field over enough 
time. In the paddy field, the redox potential dramatically 
decreases with depth and time (Kögel-Knabner et al. 2010), 
and  iron3+ oxide is hardly found because of its reduction 
by chemotrophic bacteria. An interesting phenomenon 
observed in rice cultivation in paddy fields is the formation 
of so-called iron plaque (Chen et al. 2006). Previous stud-
ies identified the iron plaque as precipitates oxidized by the 
exudation of  O2 from rice roots, and it contributes to nutrient 
uptake (Chen et al. 2006; Huang et al. 2015).  Iron3+ oxide is 
transformed into another phase via reconstructive transfor-
mation, the  Fe2+ ions from the reduction and dissolution of 
 iron3+ oxide precipitate with various anions to form minerals 
such as siderite (with  CO3

2−), troilite (with  S2−), pyrite (with 
 S2

2−) and vivianite (with  PO4
3−). The reduction along the 

soil profile is easily observable because of the color change 
of iron (hydr)oxide from orange brown to gray black.

After the vegetative and reproductive stages of develop-
ment, the ripening stage requires the soil to dry; thus, the 
oxidation potential governs the ensuing chemical reactions 

Fig. 2  Iron (hydr)oxide transformation in the soil environment based 
on the land-use regime for crop cultivation. The hexagons and cir-
cles indicate iron (hydr)oxides in the solid phase and iron ions in the 

aqueous phase, respectively. The red dotted graph illustrates the redox 
potential change with soil depth



638 Environmental Chemistry Letters (2020) 18:631–662

1 3

(Aulakh et al. 2001). Thermodynamically unstable reduced 
compounds and minerals are rapidly oxidized upon con-
tacting the atmosphere, and  iron3+ oxide is formed (Taka-
hashil et al. 1999; Cornell and Schwertmann 2003). How-
ever, a very distinctive phenomenon observed between the 
converted field and the upland field is the size of  iron3+ 
oxide particles in the soil profile (Schwertmann 1993; 
Anschutz and Penn 2005). The precipitation during the 
reconstructive transformation determines the size of iron 
(hydr)oxides, and newly precipitated  iron3+ oxide is found 
to be nanosized. Based on environmental factors, this 
nanosized  iron3+ oxide can be grown to macrosized parti-
cles or can remain nanosized (Williams and Scherer 2004; 
Iwasaki et al. 2011; Hinkle et al. 2015). It is extremely 
important to describe the oxyanion dynamics in the soil 
because the nanosized particles cause colloidal transport 
(Zhang and Selim 2007; Borer and Hug 2014). As men-
tioned above, iron (hydr)oxide has a positively charged 
surface complexed with organic matter and anions to result 
in a neutral surface charge, which causes high mobility by 
decreasing interactions with the soil component. This col-
loid transport phenomenon is one of the possible reasons 
for the massive leaching of nutrients from the soil to the 
water system (Van Riemsdijk et al. 2007; Zhang and Selim 
2007; Borer and Hug 2014) and is thus a severe environ-
mental problem worldwide (Smith et al. 2006; Smith and 
Schindler 2009; Zamparas and Zacharias 2014; Han et al. 
2016).

In addition to the particle size, the morphology of iron 
(hydr)oxide is critical for the availability of oxyanions. 
There is no concrete and direct evidence on the effect of 
morphology on oxyanion sequestration, but a previous study 
by Han and Ro (2019) suggested the possible effect of mor-
phology. During a phosphate adsorption study on binary 
goethite and maghemite using ATR-FTIR spectroscopy, 
shrinking and swelling properties were found in goethite 
and maghemite, respectively. However, the shrinking prop-
erties were diminished over repeated wetting and drying 
processes with phosphate solution. They also reported sig-
nificantly different spectra between goethite and maghemite, 
which might be caused by complexes bridging between the 
nanorods. If the phenomenon is valid, it would explain the 
low availability of phosphate in the cultivation because the 
goethite is known as the most abundant structure among 
the iron (hydr)oxides in the soil, and only the rod shape was 
reported in previous studies. After the formation of goethite 
as nanorods, the oxyanions and organic acids act as the glue 
between the nanorods, and the sequential attachment leads 
to nanorod aggregation. The tight bridging structure between 
the nanorods over the matrix potential of water to separate 
the nanorods and the oxyanions is sequestrated until the safe 
box is destroyed. Not only the goethite but also several iron 
(hydr)oxides form the rod shape; thus, they also work to help 

sequester the oxyanions. However, more concrete evidence 
should be provided to understand the morphology effect.

Structural configuration

Several studies have attempted to reveal the structural con-
figuration of oxyanions and organic acids on an iron (hydr)
oxide surface. There are few experimental and theoretical 
methods for identifying this structural configuration. The 
surface complexation model is the most versatile method 
and is based on theoretical approximation combined with 
sorption data from batch experiments (Sharif et al. 2011; 
Goldberg 2013). Theoretical calculation based on com-
putational chemistry is a promising approach to reveal 
the structural configuration (Kubicki et al. 2007; John-
ston and Chrysochoou 2012; Acelas et al. 2013), but it is 
still unsuitable for simulating a multicomponent system 
because it requires excessive computational resources, 
and the structure must be confirmed by comparison with 
experimental data (Luengo et al. 2015; Yang et al. 2016). 
Spectroscopy is a promising experimental technique, and 
X-ray and infrared are common light sources for such 
experiments (Ferrari et  al. 2004; Lefevre 2004; Ona-
Nguema et al. 2005; Mudunkotuwa et al. 2014; Liu et al. 
2015). X-ray absorption spectroscopy (XAS) includes 
extended X-ray absorption fine structure (EXAFS) and 
X-ray absorption near-edge structure (XANES), both 
techniques that enable us to see the local structure and 
oxidation number of the target element (Scott et al. 1992; 
Waychunas et al. 1993). Fourier transform infrared (FTIR) 
spectroscopy equipped with attenuated total reflection 
(ATR) or diffuse reflectance (DRIFT) accessories is fre-
quently used to reveal the structural configuration of mate-
rials after adsorption (Madejová 2003; Mudunkotuwa et al. 
2014).

Structural configuration of oxyanions

Oxyanion adsorption on an iron (hydr)oxide surface can 
be classified into the formation of two types of complexes: 
an outer-sphere complex formed by electrostatic attraction 
and hydrogen bonding with its configuration stabilized 
by interfacial water (Catalano et al. 2008) and an inner-
sphere complex formed by covalent bonds (Sparks 2003). 
The charge difference between the positively charged 
iron (hydr)oxide surface and the negatively charged oxy-
anion keeps the oxyanion near the surface at the interface 
(Adegoke et al. 2013; Sparks 2003). The outer-sphere 
complex is a weak and exchangeable complex, whereas 
the inner-sphere complex is a strong and nonreversible 
complex (Sparks 2003). The inner-sphere complex can be 
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specified based on the number of covalent bonds and the 
number of ligands. As the number of covalent bonds to the 
metal center increases, the ligand is called monodentate, 
bidentate and tridentate, while as the number of ligands 
coordinated to the complex increases, it is called mononu-
clear, binuclear and trinuclear. For example, the oxyanion 
formed by two covalent bonds with two polyhedra is called 
a bidentate binuclear complex (BB).

Table 1 summarizes the dominant structural configu-
rations of 9 oxyanions and 8 organic acids on 6 types of 
iron (hydr)oxides. Only 60 articles are cited in the table. 
We reviewed over 400 articles and selected articles that 
employed pure iron (hydr)oxides with descriptions of the 
crystal structure and complexation. For the oxyanions and 
iron (hydr)oxide, 7 elements (As, C, Cr, P, S, Se and Si) 
and 6 iron (hydr)oxides (goethite, lepidocrocite, ferrihy-
drite, hematite, maghemite and magnetite) were chosen 
based on abundance in the soil, deleterious effects on the 
environment and number of published articles. The reason 
for focusing only on iron (hydr)oxide is to discuss the effect 
of crystal structure on the structural configuration of oxy-
anions and organic acids. Taking arsenate on goethite as 
an example, the keywords arsenate, goethite and complex 
were searched on Scopus within the article title, abstract 
and keywords; 79 articles were found, and the abstracts were 
carefully reviewed to determine the descriptions of the com-
plexes. Numerous organic acids are present in the soil, and 
19 organic acids and 24 amino acids were chosen from the 
previous literature summarizing root exudates (Dakora and 
Phillips 2002); however, only a few studies have addressed 
the structural configuration of organic acids and amino acids 
on pure iron (hydr)oxide.

The subscripted number in Table 1 indicates the pH range 
in each experiment, the first subscripted letter denotes the 
experimental method, and the last subscripted letter denotes 
the sample preparation method. Further description is 
included in the table caption. Arsenate and goethite are the 
most common sorbate and sorbent, respectively, and arse-
nate sorption on a goethite surface is the most frequently 
studied. The experimental method is quite different for 
each oxyanion because of the differing utility of XAS and 
other methods. As, Cr and Se are mainly analyzed via XAS 
measurement within a hard X-ray regime (> 2 keV), whereas 
lighter elements such as C, P and S are frequently meas-
ured with infrared spectroscopy (Newville 2014). XAS can 
theoretically measure the soft X-ray region (< 2 keV), where 
the auger processes predominate over fluorescence (Josefs-
son et al. 2012; Newville 2014). The EXAFS and XANES 
measurements provide us with direct information on the 
local structure, coordination and oxidation state, but species 
transformation by protonation and deprotonation cannot be 
easily distinguished (Kubicki et al. 2007; Waychunas et al. 
1993). In contrast, infrared spectroscopy offers only indirect 

evidence through molecular vibrations, but it enables us to 
interpret the species transformation from protonation and 
deprotonation because those processes significantly alter the 
vibration mode of the complex, while the local structure 
shows no significant difference (Brechbühl and Christl 2012; 
Yang et al. 2016).

Toxicants

Arsenic is one of the most prevalent elements causing severe 
health threats to humans (Vahidnia et al. 2007; Zhu et al. 
2013a), and arsenite and arsenate are arsenic-based oxy-
anions that form depending on the redox potential. Arsenite 
is more abundant at low redox potential, while arsenate is 
the opposite, and it has been reported that arsenite has higher 
toxicity and mobility than that of arsenate (Welch and Stol-
lenwerk 2003; Babula et al. 2008; Vamerali et al. 2010). The 
natural abundance of arsenic in bedrock and anthropogenic 
activity from gold mining and arsenical pesticides are the 
major reason for the pollution. Populations from over 20 
countries have suffered due to groundwater contamination 
by arsenic originating from both natural and anthropogenic 
sources (Smedley and Kinniburgh 2002), and the median 
concentration of arsenic was reported to 6 mg kg−1 in soils 
worldwide (Bowen 1979). Biomethylation in soil transforms 
the arsenic elements into organoarsenic (Kim et al. 2014), 
and reductive conditions at low pH cause the transforma-
tion into arsane  (AsH3), but arsenite and arsenate are the 
prevalent species based on the previous literature (Bose and 
Sharma 2002; Singh et al. 2015).

The sorption of arsenite on 6 iron (hydr)oxides was stud-
ied in 7 papers at pH values ranging from 3 to 10. XAS 
was used in 6 papers, and FTIR spectroscopy and a surface 
complexation model (SCM) were employed together in one 
paper. As mentioned above, XAS is an appropriate technique 
for detecting arsenic, while ATR-FTIR spectroscopy is a 
less employed technique because the arsenite bands appear 
at 850–650 cm−1, where the long-wavelength cutoff occurs. 
The BB, bidentate mononuclear (BM) and monodentate 
mononuclear (MM) complexes similar to those of arsenate 
were identified, but tridentate hexanuclear (TH) complexes 
were proposed to describe arsenite on maghemite and mag-
netite surfaces (Auffan et al. 2008; Liu et al. 2015; Wang 
et al. b). The nano-effect, which occurs in nanosized magh-
emite smaller than 20 nm, resulted in arsenite sorption on 
a six-membered iron octahedral ring in a TH configuration 
(Auffan et al. 2008). Wang et al. (2008a, b) also identified 
a TH configuration of arsenite on the magnetite surface; 
they found that a decrease in surface loading determined 
the structural transformation of arsenite from BM to TH 
and that the TH complexes on the maghemite significantly 
decreased its solubility. Liu et al. (2015) confirmed the TH 
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configuration and proposed that the interconversion between 
arsenate and arsenite occurs by redox fluctuation.

The sorption of arsenate was reported in 12 papers, and 
the pH of the sorption experiments ranged from 3 to 10. 
FTIR, SCM, computational chemistry and XAS analyses 
were used. Based on the experimental results, 9 papers 
suggested a BB complex as the structural configuration of 
arsenate sorption on 5 iron (hydr)oxides but not on goethite 
(Randall et al. 2001; Farquhar et al. 2002; Sherman and Ran-
dall 2003; Antelo et al. 2005; Morin et al. 2008; Brechbühl 
and Christl 2012; Neupane et al. 2014; Liu et al. 2015; Han 
and Ro 2018a). The interatomic distances calculated with 
EXAFS were 1.68 Å for As–O and 2.85–3.65 Å for As–Fe. 
Most papers obtained an interatomic distance for the BB 
configuration between 3.24 and 3.35 Å, whereas 4 papers 
(Farquhar et al. 2002; Fendorf et al. 1997; Loring et al. 2009; 
Waychunas et al. 1993) obtained an interatomic distance 
ranging from 2.85–2.93 or 3.6–3.65 Å and a different coor-
dination number. Neupane et al. (2014) and Waychunas et al. 
(1993) identified an As–Fe shell with a distance of 2.85–2.93 
Å as a BM complex, whereas Fendorf et al. (1997) and Lor-
ing et al. (2009) described the As–Fe shell with a distance 
of 3.60–3.65 Å as an MM complex. Loring et al. (2009) also 
determined the As–Fe distance to be 3.29 Å at pH 3 and 10, 
but they reported the structure as a monodentate trinuclear 
(MT) complex based on their EXAFS and FTIR results. In 
that paper, the As–Co distance of pentaamminecobalt(III) 
arsenate was consistent with a monodentate type (3.25 Å) 
by EXAFS, and unprotonated, singly protonated and doubly 
protonated As–O stretching bands were observed in  D2O 
by FTIR analysis. Liu et al. (2015) conducted an experi-
ment to test the difference between a dried and paste sample 
on magnetite, but no difference was observed; however, the 
experiment confirmed that the MM complexes were iden-
tified only in the paste sample. Interestingly, Han and Ro 
(2018a, b) identified the transition of structural configuration 
by varying the pH and surface loading, and they revealed 
that a higher available sorption site per sorbate (low surface 
loading or pH) would yield tridentate complexes, while a 
less available sorption site (high surface loading or pH) was 
dominated by the formation of monodentate complexes.

Chromium is the seventh most abundant element on 
Earth, but the average concentration in soil is 84 mg kg−1 
(Ure and Berrow 1982). Atmospheric deposition from metal-
lurgical industries and natural high abundance are the rea-
son for the chromium present in the soil. Chromium exists 
in a number of oxidation states, but chromite  (Cr3+) and 
chromate  (Cr6+) are the most stable species in the soil envi-
ronment (Alloway 1995). Unlike the situation with arsenic 
oxyanions, chromite is less mobile and is adsorbed more 
strongly than chromate; thus, chromite is completely precipi-
tated at the neutral pH condition. Chromate exists as mono-
chromate  (H2CrO4) and dichromate  (H2Cr2O7), and both 

are toxic to human health. Compared with that of arsenic, 
the average concentration of chromium in water is 14 times 
higher, and the WHO guideline for drinking water quality 
is 10 and 50 mg  L−1 for arsenic and chromium, respectively. 
In the surface soil, chromate is more prevalent, which has 
higher toxicity than chromite, but the studies on chromium 
have not appropriately addressed this subject, unlike those 
on arsenic. Based on its toxicity, distribution and abundance 
in the soil environment, a comprehensive study on the fate 
of chromium in the soil environment should be performed 
to diminish the hazards of this element.

Five studies at pH values of 3–9.5 reported chromate 
adsorption structures. Fendorf et  al. (1997) reported 
MM, BB and BM complexes similar to those of arsenate. 
The interatomic distance was 1.89–1.69 Å for Cr–O and 
2.91–3.63 Å for Cr–Fe. Johnston and Chrysochoou (2014) 
reported interatomic distances of Cr–O and Cr–Fe as 1.64 
and 3.22–3.51 Å, respectively. Fendorf et al. (1997) deter-
mined the interatomic distances of the BB, BM and MM 
complexes to be 2.91, 3.29 and 3.63 Å, respectively, whereas 
Johnston and Chrysochoou (2014) determined the intera-
tomic distances of the BB and BM complexes to be 3.32 
and 3.51 Å, respectively. The latter authors also identified 
the BB and BM complexes on the basis of theoretical cal-
culations and IR spectroscopy. Aqueous chromate showed 
bands at 880 and 848 cm−1 for  CrO4

2− (Td), bands at 950 
and 898 cm−1 for  HCrO4

− (C3v) and bands at 950, 882 and 
772 cm−1 for  Cr2O7

2− (C3v). The chromate complex on fer-
rihydrite had bands at 950, 930, 885, 830 and 750 cm−1 for 
pH 3.5 and at 910, 873 and 820 for pH 7.0. Kubicki et al. 
(2018) measured chromate adsorption on the ferrihydrite 
surface using EXAFS and ATR-FTIR spectroscopy, and 
density functional theory (DFT) calculations were also 
conducted. The interatomic distances of Cr–O and Cr–Fe 
were 1.67 and 3.35–3.58 Å by EXAFS, respectively, and 
DFT calculations of the Cr–Fe distance yielded 3.40–3.44 
Å for monodentate and 3.23–3.48 Å for bidentate com-
plexes by using B3LYP. The peaks of the ATR-FTIR spectra 
assigned to the monodentate complex were 910, 875, 825 
and 800 cm−1, and those assigned to the bidentate complex 
were 955, 930, 880, 830 and 765 cm−1. Both EXAFS and 
ATR-FTIR studies were conducted under circumneutral pH 
conditions, and the surface loading effect was also assessed. 
These experiments confirmed the presence and transition of 
monodentate and bidentate chromate on ferrihydrite. Gao 
et al. (2017) studied chromate and citrate adsorption on hem-
atite by changing the pH. The authors found abundant peaks 
at 936–942 cm−1, and no peak shift was observed over time. 
In that study, no detailed information was provided in the 
manuscript, and no supporting information was provided on 
how the surface complex of chromate was identified; how-
ever, it would be presumed by their previous studies and the 
hypothesis in this study that both chromate and citrate form 
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the monodentate complex due to electrostatic attraction. An 
interesting description was suggested because the monoden-
tate complex was more favorable at low pH conditions due to 
electrostatic attraction. They also observed electron transfer 
from citrate to reduce chromate. Based on the theoretical 
results, an unprotonated MM complex was identified under 
acidic conditions, whereas protonated BB or BM complexes 
were dominant under basic conditions. We conclude that 
both MM and BB complexes are the dominant forms with 
chromate and that an increase in the pH changes the complex 
from MM to BB with protonation.

The abundance of selenium in the crust is reported to be 
0.05–0.09 mg kg−1, but it is an essential element at low con-
centrations for organisms. Selenium is mainly used as a pest 
control and dietary supplement for livestock in agricultural 
soils (Peak and Sparks 2002; Kim et al. 2012; Sharma et al. 
2014). Selenium commonly comprises 4 species under envi-
ronmental conditions, where selenate and selenite are the 
abundant species, and organic ions of selenium-containing 
molecules are also reported (Sharma et al. 2014). A high 
level of selenium is caused by volcanic emission and metal-
lic sulfides associated with igneous activity, and it functions 
as a toxicant (Alloway 1995; Sharma et al. 2014).

Nine studies have been performed to examine selenate 
and selenite sorption on iron (hydr)oxide at pH values rang-
ing from 3 to 12. Three studies identified an MM complex 
of selenate and selenite (Wijnja and Schulthess 2000; Peak 
and Sparks 2002; Kim et al. 2012), whereas the other five 
studies identified BB and BM complexes of selenate and sel-
enite (Catalano et al. 2006; Das et al. 2013; Hiemstra et al. 
2007; Jordan et al. 2014; Su and Suarez 2000a). Martínez 
et al. (2006) revealed an outer-sphere complex of selenate, 
whereas an MM complex of selenite was calculated using 
SCM. Kim et al. (2012) also identified an MM complex of 
selenite using SCM. Hiemstra et al. (2007) employed SCM 
and theoretical calculations to study selenite sorption on 
goethite, and a BB complex was identified. Catalano et al. 
(2006) performed X-ray standing wave measurements on a 
BB complex at pH 4. Manceau and Charlet (1994) showed 
BB and BM complexes of selenite on ferrihydrite, while 
only a BB complex of selenite and selenate was identified 
on the goethite surface. The interatomic distances of selenate 
and selenite were calculated to be 3.25–3.29 and 3.38 Å 
for the BB complex and 2.80–2.83 and 2.85 Å for the BM 
complex, respectively. Peak and Sparks (2002) identified an 
MM complex on goethite, ferrihydrite and hematite, and the 
interatomic distance was 1.64–1.65 Å for Se–O and 3.3–3.31 
Å for Se–Fe. They noted that the distance of 3.3–3.31 Å was 
intermediate between the distances associated with an MM 
and BB complex and that hydrogen bonding led to a con-
traction of the Se–Fe distance. Das et al. (2013) identified 
a BB complex on ferrihydrite, goethite and lepidocrocite 
even though the interatomic distance resembled that found 

by Peak and Sparks (2002). Jordan et al. (2013) found a 
BB complex with an interatomic distance of 3.38 Å, but 
the outer-sphere complex was abundant, while the IS com-
plex made only 15% of the contribution to sorption. Jordan 
et al. (2014) reported BB and BM complexes of selenite on 
a maghemite surface, and the interatomic distance was 1.71 
Å for Se–O, 2.88–2.91 Å for BM and 3.36–3.38 Å for BB.

From IR spectroscopy, aqueous selenite  (pKa1 = 2.46; 
 pKa2 = 7.3) bands were observed at 849 and 825 cm−1 for 
 HSeO3

− and at 851, 822 and 731 cm−1 for  SeO3
2− (Duc et al. 

2006). The selenate bands  (pKa1 = − 3;  pKa2 = 1.9) were 
observed at 867–873 cm−1 (Das et al. 2013). Su and Suarez 
(2000b) identified a BB complex of selenate with bands at 
910, 880 and 820 cm−1. Jordan et al. (2013) also reported a 
BB complex on maghemite, but the bands were at 904, 879, 
859 and 829 cm−1. Peak and Sparks (2002) revealed an MM 
complex on hematite, and the bands were at 880, 850 and 
820 cm−1. For selenium oxyanions, the MM, BB and BM 
complexes existed together, but the structural configuration 
changed with the environmental conditions.

Nutrients

Phosphorus is known as an essential nutrient for organ-
isms, and phosphate is its most prevalent oxyanion species. 
Phosphate is a limiting factor for cultivation, but recent 
overfertilization has caused severe environmental problems 
worldwide, such as eutrophication and algae blooms in water 
systems (Young et al. 1989). Many studies have confirmed 
that iron (hydr)oxide is the main adsorbent for phosphorus, 
and the comobilization of phosphorus and iron (hydr)oxide 
colloids has been reported (Szilas et al. 1998; Makris et al. 
2006; Warrinnier et al. 2019).

Nine studies revealed the structural configuration of phos-
phate on iron (hydr)oxides at pH values of 3–13. Two IR 
studies identified the MM complex at high surface loading 
and pH (Elzinga and Sparks 2007; Kubicki et al. 2012). Oth-
erwise, all studies reported a BB or BM complex for phos-
phate sorption. The BB complex was reported using SCM 
(Antelo et al. 2005; Arai and Sparks 2001), while IR spec-
troscopy identified the BB or BM complex (Arai and Sparks 
2001; Daou et al. 2007; Luengo et al. 2006; Persson et al. 
1996; Tejedor-Tejedor and Anderson 1990). X-ray spec-
troscopy also revealed the BB complex (Daou et al. 2007; 
Khare et al. 2007). The aqueous band positions of phos-
phate were reported to be approximately 1172, 1005 and 
889 cm−1 for  H3PO4 (C3v), 1159, 1077, 940 and 875 cm−1 for 
 H2PO4

− (C2v), 1078, 990 and 850 cm−1 for  HPO4
2− (C3v) and 

1011 cm−1 for  PO4
3− (Td) (Tejedor-Tejedor and Anderson 

1990; Persson et al. 1996; Elzinga and Sparks 2007). Teje-
dor-Tejedor and Anderson (1990) reported deprotonated BB 
bands at 1123, 1006 and 986 cm−1 for v(P=O), va(P–OFe) 
and vs(P–OFe) or v(P–OH), respectively, protonated BB 
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bands at 1094 and 1044 cm−1 for v(P–O), and deprotonated 
MM bands at 1025 and 1001 for v(P–O). Arai and Sparks 
(2001) identified bands at 1100, 1040 and 1004 from pH 4.5 
to 8.4, and they concluded that the BB complex is formed on 
the goethite surface. Luengo et al. (2006) assigned bands at 
1092, 1047 and 952 cm−1 to the unprotonated BB complex 
and 1122, 1012 and 933 cm−1 to the protonated BB complex. 
Persson et al. (1996) studied a dried sample using DRIFT-
FTIR but observed a band position that was significantly 
different from the ATR-FTIR results. Daou et al. (2007) 
measured dried magnetite at pH 3 using transmission mode 
and identified BB bands at 1110, 1032, 962 and 816 cm−1 
by peak deconvolution. Elzinga and Sparks (2007) reported 
the bands of an unprotonated BB complex at 1117, 1007 and 
964 cm−1, the bands of a monoprotonated BB complex at 
1075, 1030 and 936 cm−1 and the bands of an MM complex 
at 1085, 1040 and 960 cm−1. Kubicki et al. (2012) investi-
gated two types of goethite, micro- and nanosized samples, 
from pH 4.2 to 8.0. Peak deconvolution identified bands at 
1117, 1084, 1044, 1005 and 957 cm−1 in nanosized goethite 
at pH 4.2 and bands at 1082, 1036, 1006, 966 and 935 cm−1 
at pH 8.0. In microsized goethite, the band positions were 
1157, 1122, 1091, 1044 and 1009 cm−1 at pH 4.2 and 1095, 
1076, 1039 and 1005 cm−1 at pH 8.0. Kubicki et al. (2012) 
also studied the effect of drying on complexation and found 
band positions that were completely different from those 
obtained by interfacial measurement. The theoretical results 
indicated that the surface structure led to alteration of the 
complex. Daou et al. (2007) employed X-ray photoemis-
sion spectroscopy (XPS) and Mossbauer spectroscopy for 
complex characterization, and Khare et al. (2007) used a 
fingerprinting method with molecular orbital calculations; 
both studies confirmed a BB complex. The IR spectra results 
showed significant variation in the bands and their interpre-
tation; thus, these results are still debatable for use in inter-
preting the complex. However, we inferred that phosphate 
showed dramatic changes with pH and surface loading, and 
the BB complex was identified as the most abundant phos-
phate complex on an iron (hydr)oxide surface.

Sulfur is an essential nutrient for constituting amino 
acids, vitamins and enzymes and exists as sulfate in the oxic 
soil environment. The mean concentration of sulfur in the 
crust is 260 mg kg−1, and its cycle in the soil resembles the 
nitrogen cycle. Under anoxic conditions, sulfate loses oxy-
gen atoms and binds to deoxidized elements such as iron, 
manganese and zinc. Pyrite  (FeS2) is the most common min-
eral of iron and sulfur. The acid rain caused by fossil fuel 
combustion and fertilization increases the level of sulfate 
in the soil environment, eventually leading to competitive 
adsorption with other oxyanions in the soil.

Eight studies have examined the complexation of sulfate 
on iron (hydr)oxide. Four studies identified an MM com-
plex of sulfate (Fukushi et al. 2013; Hug 1997; Rahnemaie 

et al. 2006; Wijnja and Schulthess 2000), whereas two stud-
ies concluded that a BB complex is formed (Mansour et al. 
2009; Zhu et al. 2013a, b). Lefèvre and Fédoroff (2006) and 
Eggleston et al. (1998) detected both MM and BB com-
plexes on hematite using ATR-FTIR analysis. Rahnemaie 
et al. (2006) and Fukushi et al. (2013) used SCM to predict 
the complexation of sulfate and concluded that an MM com-
plex is formed by comparing the theoretical (BP86) and IR 
results. Mansour et al. (2009) identified a BB complex on 
magnetite at pH 3–5, whereas only an outer-sphere com-
plex remained above pH 5. Zhu et al. (2013a, b) employed 
EXAFS spectroscopy, the differential atomic pair distribu-
tion function (d-PDF) and ATR-FTIR measurements. Intera-
tomic distances of 1.46–1.47 Å for S–O and 3.18–3.19 Å 
for S-Fe were obtained with EXAFS, whereas interatomic 
distances of 1.46–1.47 Å for S–O and 3.24–3.27 Å for S-Fe 
were obtained with d-PDF. The IR bands at 1175, 1121, 
and 1043 cm−1 were assigned to v3 splitting, whereas the 
bands at 1102 and 977 cm−1 were assigned to degenerate 
v3 and v1 modes, respectively. As a result, the BB complex 
was assigned under air-dried conditions. Previous studies 
observed the effect of drying on complexation; thus, the sul-
fate possibly forms a complex of the MM type at the aqueous 
and solid interface. Eggleston et al. (1998) also confirmed 
a BB complex of sulfate on dried hematite. From the ATR-
FTIR results, aqueous sulfate  (pKa1 = − 3;  pKa2 = 1.99) bands 
were observed at 1194, 1051 and 891 cm−1 for  HSO4

− and 
1102 cm−1 for  SO4

2− (Td), whereas bands of adsorbed sulfate 
were found at 1126, 1042 and 980 cm−1 for the wet sam-
ple measurement. Hug (1997) and Wijnja and Schulthess 
(2000) also reported bands at 1128–1130, 1055–1060 and 
975–976 cm−1 as belonging to an MM complex. The stud-
ies confirmed that the dramatic increase in band intensity at 
1200 cm−1 was evidence of a BB complex. Gu et al. (2016) 
quantified sulfate adsorption on a ferrihydrite surface using 
DFT calculations, SCM and EXAFS measurements by 
changing the pH and ionic strength under aqueous and dried 
sample phases. The S–O and S-Fe interatomic distances by 
EXAFS were 1.47–1.49 and 3.22–3.25 Å, respectively, while 
DFT calculations determined the S-Fe interatomic distance 
of the BB complex under dried conditions to be 3.21 and 
3.24 Å, that of the MM complex under dried conditions to be 
3.41 and 3.61 Å and that of the MM complex under wet con-
ditions to be 3.28 and 3.58 Å, respectively. The fraction of 
inner-sphere complex was decreased with increasing pH, and 
air-drying dramatically converted the outer-sphere complex 
to the inner-sphere complex. The BB complex confirmed the 
SCM model. Based on these observations, we concluded that 
sulfate is primarily present as an MM complex under acidic 
conditions for all iron (hydr)oxides, and the drying effect 
and high pH yield a BB complex and outer-sphere complex, 
respectively.
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Others

Carbonate is a ubiquitous oxyanion in the soil environment. 
Both inorganic and organic carbons are the main source of 
carbonate in the soil environment; the weathering and dis-
solution of primary carbon-containing minerals is the inor-
ganic source of carbonate, while microbial respiration is the 
organic source (Bargar et al. 2005). The carbonate concen-
tration is proportional to the  CO2 concentration in soil pores, 
and it has no significant harmful effect on terrestrial plants. 
However, depending on the soil profile and microbial activ-
ity, a high level of  CO2 is frequently measured, and it can 
compete with other oxyanions to increase the mobility or 
precipitate with multivalent cations, creating an additional 
surface for adsorption (Rahnemaie et al. 2007; Brechbühl 
and Christl 2012).

For carbonate, infrared spectroscopy, theoretical calcula-
tions and SCM were mainly used in 5 papers, and the pH 
range investigated was 3–12. All experiments employed 
aqueous or paste samples for the measurements. Wijnja and 
Schulthess (2001) identified bands at 1510 (O-C-O sym. 
str.), 1315 (O-C-O asym. str.) and 1068 cm−1 (C-O str.) with 
an  H2O background and an additional band at 1462 cm−1 
(shift of O-C-O asym. str.) appeared with a  D2O back-
ground; they assigned the carbonate complex on goethite 
as an MM complex under high surface loading conditions 
(10.5 μm m−2). Brechbühl and Christl (2012) identified a 
band at 1522 cm−1 as that of an MM complex and a band 
at 1463 cm−1 as that of a BB complex, whereas bands at 
1357 and 1063 cm−1 were assigned for both MM and BB 
complexes; however, the SCM result showed that only the 
BB complex is abundant at 0.39–100 hPa of PCO2. Both sets 
of ATR-FTIR results showed more absorbance at neutral pH 
than at low pH conditions. Hiemstra et al. (2004) interpreted 
the structural configuration by considering the relationship 
between the degree of splitting (Δv3) and the field strength 
of coordination. A large difference (300–340 cm−1) in Δv3 
indicated the presence of the BM complex, whereas a rel-
atively small difference (80–120 cm−1) revealed the MM 
complex. Bargar et al. (2005) reported the bands associ-
ated with aqueous carbonate species transformation and a 
carbonate complex at pH 3.6–8.2. Aqueous  HCO3

− showed 
bands at 1355, 1300 and 1000 cm−1, whereas  CO3

2− had 
only one band at 1393 cm−1. The bands at 1522, 1480, 1355 
and 1320 cm−1 were assigned to the BB complex on hema-
tite. DFT (B3LYP/6-31G(d)) calculations identified bands 
at 1529 and 1339 cm−1 for the BB complex and at 1605 
and 1271 cm−1 for the MB complex. Roonasi and Holmgren 
(2010) found BB complex bands at 1545, 1485, 1335 and 
1070 cm−1. All studies confirmed that various complexes, 
such as MM, MB, BM and BB, were reported, and it was 
hard to find patterns from the small amount of literature. In 
addition, the comparison of surface loading in carbonate 

was not applicable because different methods were applied 
to input the carbonate in the experiments (that is, adding 
sodium carbonate vs. maintaining a certain  CO2 concentra-
tion in the atmosphere).

Except for element oxygen, silicon is the most abundant 
element in the soil environment, and it plays critical roles in 
the nutrition of plants and the stability of soil. Higher plants 
require more silicon compounds to reinforce their structural 
stability. The chemical weathering of phyllosilicate is the 
source of silicate, which is the oxyanion species of silicon, 
and dissolved silicate constitutes the secondary minerals of 
soils and combines with other rich elements (Alloway 1995). 
The formation and type of secondary mineral mainly govern 
the characteristics of soils, and many studies have confirmed 
the surface precipitation of silicate on the iron (hydr)oxide 
surface, which would cause a change in the bioavailability of 
oxyanions on the surface of iron (hydr)oxides (Luxton et al. 
2008; Swedlund et al. 2009; Yang et al. 2009).

Five studies were reported to examine the sorption of sili-
cate on iron (hydr)oxide, all of which reported a BB, BM and 
MM complex. Kersten and Vlasova (2009) performed batch 
adsorption experiments at various temperatures (10–75 °C). 
The percentage of adsorbed silicate decreased with time, and 
the maximum sorption occurred at pH 9. SCM identified 
two complexes, an unprotonated BB complex and a proto-
nated BB complex, and increasing the temperature yielded 
a decrease in the amount of unprotonated BB complex at 
acidic and neutral pH. Swedlund et al. (2009) observed the 
polymerization of silicate on a ferrihydrite surface. Aque-
ous  H4SiO4  (pKa1 = 9.84;  pKa2 = 13.2) showed bands at 1090 
and 939 cm−1, which were assigned to Si–O–H deforma-
tion and asymmetric Si–O stretching vibrations, respectively. 
Adsorbed silicate showed broad bands between 1200 and 
750 cm−1, and band shifts were observed upon changes in 
time and silicate concentration. At low silicate concentra-
tions, the maximum intensity appeared at 943 cm−1, and it 
shifted to 1001 cm−1 and finally to 1110 cm−1 with increas-
ing silicate concentration. The band shift resulted from the 
polymerization of monomeric silicate to oligomeric silicate 
and finally to polymeric silicate. Yang et al. (2008) also 
observed a band shift upon the polymerization of silicate 
at pH 8.5 and 10.8, which are above and below the  pKa1 of 
silicate. However, the polymerization rate was significantly 
lower at pH 10.8. Jolsterå et al. (2010) studied the SCM of 
silicate on maghemite at pH 3–11, and they also found a 
BB complex or polynuclear silicate complex. Using EXAFS 
and ATR-FTIR measurements and DFT calculations, Wang 
et al. (2018) studied silicate adsorption on ferrihydrite when 
changing the pH from 4 to 10. The interatomic distances of 
Si–O and Si–Fe were 1.62 and 3.25 Å, respectively, while 
a Si–Si distance of 3.10 Å was also identified as the result 
of polymerization. The multivariate curve resolution of the 
ATR-FTIR spectra confirmed two dominant signals with 
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peaks at 1011 and 935 cm−1, and the peaks were assigned 
to the monomer of the polymeric bidentate binuclear com-
plex and the MM complex, respectively. The MM complex 
was abundant under low surface loading conditions, but 
increased surface loading and pH led to the polymerization 
of the BB complex on ferrihydrite.

In contrast to the situation for other oxyanions, polymeri-
zation is the key mechanism for understanding the dynamics 
of silicate in the environment, especially at high silicate con-
centrations and pH values. The band shift in the IR spectrum 
clearly confirmed the polymerization. Silicate is primarily 
sorbed as a BB complex and is strongly retained at the iron 
(hydr)oxide surface, forming an additional surface over the 
iron (hydr)oxides. In the soil environment, silicate is an 
abundant oxyanion due to the weathering of primary and 
secondary minerals; thus, understanding silicate dynamics 
is important.

Structural configuration of organic acids

It is well known that organic molecules mainly interact 
with the hydrophobic surface of soil organic matter and that 
ionizable organic molecules interact with the hydrophilic 
surface of soil minerals (Hyun and Lee 2008; Zhu et al. 
2019). The sources of these organic molecules in the soil 
environment range from the decomposition of organic matter 
to rhizodeposition by plants, both of which introduce abun-
dant and varied organic molecules into the soil (Bais et al. 
2006; Bertin et al. 2003). Previous studies found that 5–21% 
of photosynthetic carbon is discharged into the rhizosphere 
through root exudates (Hütsch et al. 2002; Jones et al. 2009). 
For example, citrate, glutarate, oxalate, malonate, malate, 
succinate, acetate, lactate, glycolate and formate have been 
reported as nutrient sources, chelators, acidifiers and detoxi-
fiers (Bais et al. 2006; Dakora and Phillips 2002; Haichar 
et al. 2014), but their interaction with soil minerals is not 
fully understood (Dakora and Phillips 2002). This section 
discusses previous studies regarding the complexation of 
organic acids on an iron (hydr)oxide surface to reveal the 
competition effect on oxyanions.

A literature review found only 11 papers that describe the 
structural configuration of organic acids on an iron (hydr)
oxide surface. A few studies have focused on the structural 
configuration of organic acids on pure iron (hydr)oxide 
using a molecular-scale approach. IR spectroscopy was the 
main tool for describing the complexation. Norén and Pers-
son (2007) studied the adsorption of acetate, benzoate and 
cyclohexanecarboxylate by varying the ionic strength and 
pH. They concluded that outer-sphere complexes domi-
nated the sorption of three monocarboxylates on goethite 
and that two types of outer-sphere complexes are involved 
in the sorption: hydrated and nonhydrated outer-sphere 
complex. Persson and Axe (2005) identified the structural 

configuration of oxalate and malonate on goethite using soft 
X-ray EXAFS, theoretical calculations (B3LYP, 6-31+G*) 
and IR spectroscopy. They found that oxalate and malonate 
interacted with goethite via an outer-sphere complex and 
an inner-sphere complex and that the inner-sphere complex 
was favored at low pH. A ring structure–bidentate mono-
nuclear (RS-BM) complex was identified for oxalate and 
malonate. Hug and Bahnemann (2006) studied oxalate and 
malonate sorption on lepidocrocite via IR spectroscopy by 
varying the pH from 3 to 9. RSs of the BM and BB com-
plexes were assumed for oxalate, whereas no specific com-
plex was identified for malonate, but an inner-sphere com-
plex of malonate was assumed because of the shifts in the 
asymmetric and symmetric carboxylate vibrations. Duck-
worth and Martin (2001) examined the sorption of oxalate, 
malonate, glutarate, succinate and adipate on hematite at pH 
5. The oxalate, malonate and glutarate showed the RS of a 
BM or BB complex, whereas succinate and adipate formed 
an MM complex. The authors also found that the dissolu-
tion effect of organic acids on hematite, oxalate, glutarate, 
malonate and adipate increased the dissolution of the iron 
(hydr)oxide, whereas the dissolution of adipate and suc-
cinate resulted in no difference from the control. Kubicki 
et al. (2017) studied the adsorption of oxalate on goethite 
and the mechanism of reductive dissolution using DFT cal-
culations, and they showed that oxalate is most stable as 
a bidentate mononuclear complex. Borowski et al. (2018) 
studied oxalate complexation on lepidocrocite using ATR-
FTIR spectroscopy and DFT calculations by changing the 
pH and surface loading, and MM and BM complexes were 
identified. The increase in pH leads to a decrease in the con-
tent of the BM complex, and UV light causes photolysis of 
the BM complex compared to the MM or outer-sphere com-
plex. Lindegren et al. (2009) showed the molecular structure 
of citrate and tricarballylate on goethite and confirmed that 
only an inner-sphere complex was formed for both citrate 
and tricarballylate; however, they concluded that the inner-
sphere complex was prevalent at high pH via a combination 
of hydroxyl and carboxylic groups. This result contradicted 
the findings of previous studies, which implied that the IS 
complex formed mainly at low pH, whereas the outer-sphere 
complex was dominant at high pH. Gao et al. (2017) tried 
to evaluate the interaction between citrate and chromate on 
hematite, and they observed the reduction of chromate to 
chromite by electron transfer from citrate. The structural 
configuration of citrate was presumed to be a monodentate 
or bidentate ring structure, but no detailed description was 
provided. Hwang and Lenhart (2008) examined the sorption 
of phthalate, malate, fumarate and succinate on hematite 
using ATR-FTIR analysis. Phthalate, succinate and malate 
showed an inner-sphere complex at low pH and an outer-
sphere complex at high pH, whereas fumarate showed only 
an outer-sphere complex. Yang et al. (2016) used ATR-FTIR 
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measurements and theoretical calculations to interpret 
aspartate sorption on goethite, and formation of the RS-BB 
structure was the dominant sorption mechanism at pH 3. 
The outer-sphere complex prevailed above neutral pH via 
electrostatic attraction and hydrogen bonding. Bürger et al. 
(2013) also identified aspartate sorption on the magnetite 
surface through theoretical calculations (force field simula-
tions), and the results confirmed the RS-BM complex of 
aspartate, the tetradentate trinuclear complex of glutamine 
and the RS-BB complex of glycine and leucine.

It has been recognized that the inner-sphere complex of 
an organic acid in various configurations occurs primarily 
under acidic conditions, whereas the outer-sphere complex 
dominates under basic conditions. Therefore, organic acids 
not only compete with oxyanions for sorption sites but also 
change the sorption sites by the dissolution of iron from 
the surface. However, the specific mechanism has not been 
fully verified; thus, these interactions must be examined to 
elucidate the effect of organic acids on the bioavailability of 
oxyanions in the soil environment.

Factors affecting the structural configuration

pH effect

The pH is known as one of the most responsible factors 
governing the sorption of oxyanions on iron (hydr)oxides 

and their structural configuration (Elzinga and Sparks 2007; 
Abdala et al. 2015; Han and Ro 2018a). The pH determines 
the level of protonation and deprotonation in the surface 
functional groups of iron (hydr)oxides, and it shifts the sur-
face charge of variably charged surfaces. The relationship 
between pH and interatomic distance measured by EXAFS 
is plotted in Fig. 3a to address the pH effect on the structural 
configuration, while the relationship among the pH, surface 
loading and surface density is plotted in Fig. 3b to explain 
the pattern of arsenate complexation. The graph was con-
structed from 13 studies using EXAFS results of arsenate on 
six iron (hydr)oxides under various experimental conditions. 
The interatomic distance of As–O was constant and ranged 
from 1.62 to 1.71 Å, while that of As–Fe ranged from 2.59 
to 3.60 Å. Based on the interpretation of each study, the most 
abundant structural configuration was plotted, and the As–Fe 
interatomic distances of TB, BM, BB and MM ranged from 
2.59, 2.83–2.93, 3.24–3.38 and 3.57–3.60 Å, respectively. 
Based on Fig. 3a, it was hard to identify the pH effect except 
that the TB complex was only observed under acidic and 
neutral pH conditions.

For further interpretation, a 3D plot comparing the pH, 
surface loading and surface density was established, and 
it showed better results in explaining the transition of the 
structural configuration. The surface loading could be sep-
arated into two groups, namely low surface loading (0–5 
molecule  nm−2) and high surface loading (5–20 molecule 
 nm−2). The major structural configuration at low surface 

Fig. 3  Scatter plot of arsenate on iron (hydr)oxides between pH and 
As–Fe distance measured by extended X-ray absorption fine structure 
studies (a). BB, BM and MM indicate bidentate binuclear, bidentate 
mononuclear and monodentate mononuclear complexes, respectively. 
3D plot among pH, surface density (molecule  nm−2) and surface 
loading (molecule  nm−2) of arsenate on iron (hydr)oxide surfaces 

(b). B, M and T denote the bidentate, monodentate and tridentate 
complex, respectively. This figure was illustrated with data from the 
previous studies by Waychunas et  al. (1993), Fendorf et  al. (1997), 
Randall et  al. (2001), Farquhar et  al. (2002), Sherman and Randall 
(2003), Morin et al. (2008), Neupane et al. (2014); Liu et al. (2015) 
and Han and Ro (2018a)
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loading was the bidentate complex, while both bidentate 
and monodentate complexes were abundant under high 
surface loading conditions. However, the pH effect was 
not identifiable when compared with the surface load-
ing, which is because of the difference in experimental 
conditions among the 9 studies employed as shown in 
Fig. 3. Many studies have already identified the transition 
of structural configuration based on the pH (Elzinga and 
Sparks 2007; Kubicki et al. 2012; Han and Ro 2018a), but 
comparing the results under various experimental condi-
tions would not lead to a meaningful effect of pH on the 
structural configuration compared with the effect of sur-
face loading. This fact could be explained by the ratio 
between the adsorption site and sorbate. The pH change 
from acidic conditions to basic conditions decreases the 
number of adsorption sites; for example, a pH change from 
4 to 10 caused the maximum surface density (Γmax) to be 
approximately 20–92% depending on the crystal structure 
of the iron (hydr)oxides (Han and Ro 2018b), while the 
minimum and maximum surface loading values were 0.01 
and 15.4 molecules  nm−2, respectively. The increased pH 
decreases the number of available adsorption sites to 20% 
of the initial coverage, while the increased surface loading 
would lead to a dramatic increase in sorbate concentration 
of 154,000% from the lowest surface loading condition to 
the highest surface loading condition. For that reason, the 
surface loading is as much of a significant factor as the 
pH to describe the structural configuration, the pH effect 
should be carefully examined under constant experimental 

conditions, and the comparison of numerous studies was 
not effective in describing the pH effect on the structural 
configuration under various surface loading conditions.

Surface loading effect

As mentioned above in “pH effect” section, the surface 
loading showed a significant effect on the structural con-
figuration because various surface loading conditions were 
applied to the experiments. For a detailed interpretation, 
a scatter plot of the surface density (μmol m2) versus sur-
face loading (mmol m−2) for arsenate sorption on six iron 
(hydr)oxides is presented in Fig. 4a. We used 19 data points 
from 8 papers using EXAFS results except one paper that 
described a tridentate complex, and the minimum and maxi-
mum values were employed only when no significant dif-
ference was found in the midrange data. The scatter plot 
clearly showed that the MM complex was observed only 
in experiments with a relatively high surface loading and 
low surface density, whereas no pH effect was significantly 
observed (Fig. 3b), but no monodentate complex was iden-
tified at low pH conditions. Fendorf et al. (1997) reported 
that the addition of surface loading yielded a change in the 
structural configuration of the complex and that an MM 
complex gradually became dominant at low surface loading 
and high pH. One possible explanation for the MM complex 
formation is the competition with background anions such 
as  NO3

− and  Cl− or with atmospheric  HCO3
− and  CO3

2− at 
high pH, as previous studies confirmed the competitive 

Fig. 4  Scatter plot between surface density (μmol  m−2) and surface 
loading (μmol  m−2) for arsenate sorption on six iron (hydr)oxides 
using extended X-ray absorption fine structure spectroscopy results 
from previous papers (N = 19) (a). Scatter plot between competi-
tion effect and surface loading for the competition of arsenate with 
arsenite (N = 45) (b). The correlation coefficient of bidentate and 
monodentate complexes and bidentate complex from (a) was 0.756 
and 0.736, while it was 0.877 for arsenite versus arsenate in (b). The 

BB, BM and MM denote the structural configuration of the inner-
sphere complex as bidentate binuclear, bidentate mononuclear and 
monodentate mononuclear, respectively. This figure was illustrated 
with data from the previous studies by Waychunas et al. (1993), Fen-
dorf et  al. (1997), Jain and Loeppert (2000), Randall et  al. (2001), 
Farquhar et  al. (2002), Sherman and Randall (2003), Morin et  al. 
(2008), Neupane et al. (2014), Liu et al. (2015)
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effects of such anions; thus, a similar effect on the com-
plexation could result from the increase in surface loading 
(Brechbühl and Christl 2012; Frau et al. 2010). In addition, 
both experiments used 0.1 M  NaNO3 to maintain the back-
ground solution, and the atmospheric conditions were not 
regulated. Another explanation for formation of the MM 
complex is the ratio among the sorbate, sorbent and solu-
tion. Many researchers have reported a sorbent concentration 
effect, which enhanced the sorption per unit mass or area by 
increasing the surface loading (Guo et al. 2014; Zhao and 
Hou 2012). The increased concentration of sorbate per unit 
area could promote complex formation at the surface, and 
the competition for limited sorption sites would be increased 
(Das et al. 2013; Fendorf et al. 1997). Not only the competi-
tion and sorbent concentration effect but also the decrease 
in available sorption sites might yield the MM complex. 
Environmental changes in pH, aggregation, particulation, 
organic matter, drying and freezing could alter the num-
ber of available sorption sites and the activity coefficient 
of the surface component (Dixit and Hering 2003; Jordan 
et al. 2009; Zhang and Selim 2007), and the decreased activ-
ity coefficient of the surface component would increase the 
amount of complex because of the sorbent concentration 
effect caused by adsorbent particle–particle interactions 
(Guo et al. 2014; Zhao and Hou 2012).

Sample phase effect

Numerous papers have studied the sample phase effect on 
the structural configuration of oxyanions on the iron (hydr)
oxide surface. For example, Kubicki et al. (2012) conducted 
an ATR-FTIR study of phosphate with DFT calculations on 
various surfaces of microgoethite and nanogoethite under 
aqueous and dried conditions, and Han and Ro (2018a, b) 
conducted an EXAFS study of arsenate with DFT calcula-
tions on nanogoethite under aqueous and dried conditions. 
Both studies confirmed the significantly different spectra 
between the aqueous and dried samples, which indicates a 
transition of the structural configuration, but several stud-
ies have identified no transition. Liu et al. (2015) employed 
EXAFS and XPS to identify the transition of arsenic and the 
transformation of ferrous and ferric oxides, and they found 
that drying under oxic conditions causes the transition from 
arsenate to arsenite by the oxidation of magnetite to fer-
ric oxides. Only a few studies discussed the sample phase 
effect; thus, there was not enough information to interpret 
this effect.

In addition, X-ray-based techniques were mainly 
employed for relatively heavy oxyanions such as arsenate 
and selenate, but infrared-based measurements were applied 
for the lighter oxyanions such as carbonate, phosphate and 
sulfate. ATR-FTIR spectroscopy is a powerful tool to charac-
terize interfacial reactions, while EXAFS analysis frequently 

employs sample phase change to a paste, dried or frozen 
phase for measurement. Drying would cause an effect simi-
lar to that of increasing surface loading, causing precipita-
tion of oxyanions. For comparison, the structural configu-
ration data of the sample phases were categorized for each 
major oxyanion as wet (aqueous and paste) and solid (dried 
and frozen) (Fig. 5). Before explaining the result, it might 
not be appropriate to deduce a conclusion using insufficient 
data and various methods, but it is still reasonable to find a 
general trend using the acquired data. Interestingly, except 
for the trigonal arsenite, the tetrahedral arsenate, phosphate, 
and selenate showed that monodentate complexes were more 
frequently found in the wet phase than in the solid phase, 
and the tridentate complex was only identified in arsenite 
and arsenate. Based on this observation, drying or freezing 
would transform the structural configuration such that the 
ligands bind with higher denticity; however, it is essential to 
accumulate more data to confirm the trend, but it is possible 
that changing the sample phase would cause a transition of 
the structural configuration.

Competition and promotive effect

Based on a previous study, the competition effect was cal-
culated and plotted with the surface loading effect in Fig. 4b 

Fig. 5  Percentage bar graph of three complex types (monodentate, 
bidentate and tridentate) under wet (aqueous and paste) and solid (air-
dried and freeze-dried) conditions for arsenite, arsenate, phosphate, 
selenate and the total. N indicates the number of studies of conditions 
for certain oxyanions. This figure was illustrated with the data from 
the previous studies provided in Table 1
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(Han and Ro 2018b). The competition effect is the ratio 
between the amount of sorbed sorbate with the competitor 
and that without the competitor, and it is based on the dif-
ference between single- and dual-batch experiments, with 
positive and negative values indicating the competition and 
promotive effect, respectively. For example, for two A or 
two B molecules present on the sorbent in a single batch 
experiment, if both one A and one B molecule were added 
to the sorbent, the sorption would differ by preferential or 
competitive adsorption. In the case of competition effect = 0, 
no preferential or competitive adsorption occurred because 
there was no difference in the adsorption using a single- or 
dual-batch experiment, while if the competition effect was 
positive or negative, the sorption was decreased or increased 
by the competitive or preferential interaction between the A 
and B molecules (Han and Ro 2018b). As shown in Fig. 3b, 
the competition effect was increased by the surface loading, 
which indicates that fewer oxyanions were adsorbed when 
the competitor was also present. In the soil environment, 
uncountable species of inorganic and organic compounds 
coexist together; thus, there is always competition for the 
limited sites. Arsenate and phosphate are known to be strong 
competitors for adsorption on the metal (hydr)oxide surface, 
while carbonate, nitrate and sulfate are weak competitors at 
similar concentrations. On the other hand, carbonate and 
silicate are frequently reported as adsorbent precursors by 
precipitation with cations under certain conditions, and com-
petition is diminished by decreasing the number of competi-
tors and increasing the abundance of surface sites available 
for adsorption. As discussed above, polymerization is a key 
mechanism for silicate adsorption on iron (hydr)oxide, but it 
also interrupts the adsorption of other oxyanions by cover-
ing the iron (hydr)oxide surface with polymerized silicate, 
leading to a more competitive environment for the adsorp-
tion of other oxyanions by decreasing the limited quantity 
of adsorption sites.

In the case of organic compounds, an enormous number 
of compounds have been found in the rhizosphere, but the 
majority of these compounds are still unknown regarding 
their roles in the soil environment. Numerous studies con-
firmed the possibility of competition among root-exuded 
compounds, but this work is still not sufficient to discuss 
their roles and mechanisms in the rhizosphere. A few stud-
ies have confirmed the competitive adsorption of organic 
acids, such as acetate, aspartate, citrate, oxalate, malate and 
tartrate, while Wijnja and Schulthess (2002) identified the 
promotive effect between acetate and sulfate on goethite. 
Only a small portion of organic compounds has been stud-
ied; thus, it is not appropriate to discuss their adsorption 
mechanisms and effects on the structural configuration; 
however, the presence of organic compounds would lead 
to a transition of the structural configuration of oxyanions 
both directly and indirectly. Based on current observations, 

organic acids would not effectively compete with strong oxy-
anions such as arsenate and phosphate; thus, it was presumed 
that the indirect way (for example, reductive dissolution) 
would dominate to allow plants to acquire essential nutri-
ents from the iron (hydr)oxides. Based on our review of the 
literature, it was hard to find such studies describing the 
competitive or promotive effect on the structural configura-
tion of oxyanions, and the indirect way of transformation in 
the iron (hydr)oxides should be fully studied to understand 
the effect of organic compounds in the rhizosphere.

Rhizodeposition effect

Rhizodeposition is recognized as a plant survival mecha-
nism to ameliorate the rhizosphere. A significant amount 
of carbon is deposited as root exudates, but the effect of 
these exudates has not yet been well addressed. Numerous 
studies indirectly confirmed that root exudates might affect 
the bioavailability of oxyanions and the transformation of 
iron (hydr)oxides, but a detailed study of how they influ-
ence the structural configuration and how they change upon 
environmental fluctuation. As mentioned above, two pos-
sible mechanisms are introduced: a direct competitive or 
promotive effect on adsorption sites and the indirect trans-
formation of iron (hydr)oxides through reductive dissolution 
(Lindegren and Persson 2009; Kubicki et al. 2017). Numer-
ous compounds are exuded from plant roots and microbes 
at different compositions over growth stage and time (Jones 
et al. 2009). Modern analytical technology is not sufficient to 
identify the crucial mechanisms among the various coexist-
ing compounds; thus, we need more time and effort to sepa-
rate the meaningful mechanisms by a bottom-up approach. 
Among the numerous compounds, citrate and oxalate are 
good examples. The indirect evidence regarding the effect 
of organic acids on oxyanions and the direct observation 
of citrate and oxalate could allow the basic principles to be 
established.

The germination of plants does not require exogenous 
nutrients; only water, sunlight and temperature initiate the 
growth. After the rapid development of photosynthesis, the 
water pumping system of the leaf starts to pull up soil water, 
and the dissolved nutrients in the soil water are readily uti-
lized for growth. Among various oxyanions, nitrate, phos-
phate and sulfate are essential macronutrients, but the level 
of nutrients required and their mobility in the soil water are 
different (Xu et al. 2006; Acelas et al. 2013). In the case 
of nitrate and sulfate, their affinity at the soil surface is 
relatively low compared with that of phosphate; thus, most 
nitrate and sulfate is dissolved in the soil solution or easily 
desorbed from the soil surface, while phosphate is strongly 
adsorbed on the metal (hydr)oxide surface in the soil envi-
ronment. During photosynthesis and respiration of plants, 
numerous metabolites are synthesized, and the exudation 
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of such metabolites has been observed (Hütsch et al. 2002). 
Citrate and oxalate are frequently observed metabolites in 
the exudate. Previous studies identified the indirect reduc-
tive dissolution of oxyanion-sorbed metal (hydr)oxides, 
and direct competitive adsorption with phosphate was also 
observed. Under Fe and P deficiency conditions, exudation 
occurs abundantly, which helps to uptake Fe and P for plant 
growth (López-Arredondo et al. 2014; Zhu et al. 2015).

The exudates not only affect oxyanions and iron (hydr)
oxides but also might cause the severe colloidal mobilization 
of iron (hydr)oxide nanoparticles because they could stabi-
lize the nanoparticles by complexation on the surface. For 
example, citrate and aspartate are known to be nanoparticle 
stabilizers that can be dispersed in the medium and prevent 
dissolution (Frost et al. 2017; Phenrat et al. 2018). However, 
the current analytical techniques and knowledge regarding 
nanoparticles in the soil environment are not enough to 
discuss the combination of various effects; thus, we should 
develop more advanced analytical techniques that minimize 
phase transition, and we should characterize the individual 
interactions from a complex interconnected soil ecosystem.

Transformation of iron (hydr)oxides and their 
colloidal mobilization

The reason for focusing on iron (hydr)oxides in this review 
is to identify the effect of crystal structure on the structural 
configuration of oxyanions, but there are numerous factors 
governing the structural configuration; thus, it is difficult 
to isolate the effect of crystal structure only. Furthermore, 
the structural configuration of a single iron (hydr)oxide 
remains controversial. For example, goethite and phosphate 
are the most frequently employed mineral and oxyanion in 
studies, respectively: four studies confirmed the bidentate 
binding fashion, two studies identified both bidentate and 
monodentate together, and only two studies confirmed the 
monodentate fashion. Among these studies, interesting phe-
nomena were suggested by Han and Ro (2019) including the 
formation of side-by-side bridging complexes between goe-
thite nanorods, which would be one of reasons for phosphate 
sequestration and the low bioavailability. Based on these 
previous studies, it is still not enough to conclude the effects 
of crystal structure on the structural configuration, and more 
accumulated data with reference methods and materials 
would lead to insights into these complex interactions.

It has been observed that the transformation of iron 
(hydr)oxides occurs upon environmental fluctuation, but the 
detailed mechanisms have not yet been clearly identified. In 
addition, there are several studies in which colloidal mobili-
zation would occur by environmental fluctuations; however, 
it is extremely difficult to measure transformation and col-
loidal mobilization at the same time. For example, a recent 
HR-TEM study identified bernalite formation from goethite 

at high pH conditions in the presence of arsenate, but the 
EXAFS and XANES data did not show the formation of ber-
nalite at the Fe edge because the concentration was relatively 
too low to detect even when using a synchrotron (Han and 
Ro 2018a). In addition, it is possible that bernalite is formed 
during the drying stage when making a specimen for HR-
TEM analysis. The reactivity and stability of nanoparticles 
are strong and weak, respectively; thus, it is difficult both to 
observe the transformation or presence of nanoparticles in 
nature using current analytical technology and to obtain the 
sample from nature without changing the conditions. The 
majority of current analytical technologies employ phase 
transition to conduct a measurement, for example, solid and 
vacuum conditions for spectroscopy or microscopy using 
electrons. For that reason, the phase effect would not be 
diminished. XAFS and ATR-FTIR techniques are appropri-
ate tools to minimize the phase effect, but it is still hard to 
detect low concentrations of transforming nanoparticles.

Based on studies examining the effect of oxyanions on 
the transformation of iron (hydr)oxides, the pH, type and 
concentration of oxyanions controlled the transforma-
tion from ferrihydrite to goethite, hematite or feroxyhyte 
(Michael Bolanz et al. 2013). Unlike the result by Han and 
Ro (2018a), a high concentration of oxyanions suppressed 
the transformation of ferrihydrite except the antimony-based 
oxyanion, which led to feroxyhyte formation at high concen-
trations only. During the transformation process, not only 
the crystal structure but also the morphology is transformed, 
which determines the surface area, reactivity and stability 
(MacHala et al. 2011). The change in morphology would 
significantly increase or decrease colloidal mobilization, but 
there is no study discussing such an effect to the best of our 
knowledge. As mentioned above, the oxyanions encounter 
numerous chemical species at different concentrations over 
time, but our knowledge is only based on the measurement 
at a certain time with phase transition; thus, there might 
be several missing links to describe the transformation and 
colloidal mobilization of iron (hydr)oxides and oxyanions. 
However, we believe that understanding the individual inter-
actions among numerous chemicals in the soil environment 
would lead us to better understand their behaviors and fate.

Problems during spectral interpretation 
and prospects of computational chemistry

EXAFS and ATR-FTIR spectroscopy are the key meth-
ods for identifying structural configurations, but there can 
be subsidiary problems caused by the spectral process-
ing. There are two ways to interpret the measured spectra, 
namely theoretical calculations for the ideal structure and 
experimental measurements of a similar structure. For exam-
ple, scorodite  (FeAsO4·2H2O) is a common mineral struc-
ture for shell fitting the structural configuration of arsenic 
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using EXAFS spectroscopy, but it only provides two As–Fe 
single scattering paths. Many studies employed scorodite for 
shell fitting, which identified two bidentate and monodentate 
complexes (Waychunas et al. 1993; Sherman and Randall 
2003; Morin et al. 2008; Gao et al. 2013). On the other hand, 
a recent study by Han and Ro (2018b) using EXAFS analysis 
and DFT calculations confirmed that the transition of the 
arsenate complex from tridentate to monodentate depends on 
the environmental conditions, and Farrell (2017) calculated 
the tridentate complex to be thermodynamically favorable 
using DFT calculations. A direct comparison between the 
shell fitting with the mineral structure and DFT calculations 
is not applicable because various experimental conditions 
(surface loading, pH or phase) were applied. In addition, the 
theoretical structure for computational chemistry is still too 
simple to represent the real environmental conditions. For 
that reason, it is difficult to conclude which approach is more 
appropriate to interpret the spectra.

Not only the methods for spectral interpretation but also 
the stability of iron (hydr)oxide films in ATR-FTIR stud-
ies could cause unexpected results regarding the structural 
configuration of oxyanions and organic acids. Han and Ro 
(2019) identified shrinking and swelling effects of phosphate 
on the goethite and maghemite surface, indicating that the 
concentration of oxyanions and iron (hydr)oxides in the 
evanescent wave path would fluctuate by the intercolloidal 
interactions. However, the stability of iron (hydr)oxides in 
the ATR-FTIR studies has not fully explained the previous 
kinetic and equilibrium studies, and it is essential to examine 
the colloidal stability for further study; moreover, unrevealed 
errors or misinterpretation would lead to problems in identi-
fying the structural configuration on the iron (hydr)oxides.

The observed spectra from natural reactions mostly con-
tain numerous overlapping signals, and the separation of 
overlapping signals is the key process for understanding 
these reactions. The soil heterogeneity causes difficulty in 
the signal processing, but a bottom-up approach by under-
standing a simple system to extend the understanding of 
more complex systems has been successfully undertaken. 
There are several ways to identify specific signals that 
explain a given change, including by modulating the envi-
ronmental conditions such as ionic strength, competing ions, 
pH and redox potentials or by calculating the theoretical 
properties using computational chemistry. The structural 
configuration of arsenic represents a good example because 
papers published in the 1990s used scorodite as the min-
eral structure for shell fitting of EXAFS studies described 
above, but most papers published in the 2000s utilized the 
simple octahedral iron hydroxide structure for shell fitting. 
Recent studies in the 2010s have employed more complex 
structures for computational chemistry by using more effi-
cient approaches such as periodic boundary conditions or 
projector-augmented wave methods.

Recent publications have discussed the adsorption of 
oxyanions on the facet of nanoparticle structures. The study 
of phosphate on goethite by Kubicki et al. (2012) is an 
appropriate example. The nanorod structure of goethite was 
employed, and two types of phosphate complex (monoden-
tate and bidentate) on (100), (010), (001), (101) and (210) 
facets were calculated. As a result, each facet showed an 
energetically favorable structural configuration: the bidentate 
complex was favorable on the (101) and (100) facets, and the 
monodentate complex was favorable on the (210) and (001) 
facets, but adsorption on the (010) facet was predicted to be 
unfavorable. This study showed valuable results from com-
putational chemistry, but current analytical techniques could 
not differentiate the spectra from each facet. There is a theo-
retical possibility to measure the individual spectrum of each 
facet by employing different percentages of facets with the 
same phase, but this approach remains challenging. There 
are still gaps between the experimental data and theoretical 
calculation, but the advance of computational chemistry has 
enabled us to estimate the atomic-scale structures of simple 
systems. We believe that such developments will eventually 
reveal the atomic-scale structures of heterogeneous soil.

Conclusion

Iron (hydr)oxide is one of the key sorbents for oxyanions 
in the soil environment. The seasonal and spatial transfor-
mation of iron (hydr)oxide determines the bioavailability 
and leachability of oxyanions and ultimately influences the 
geocycling of the Earth. The structural configurations of 
oxyanions were clearly confirmed to be dependent on envi-
ronmental factors, such as the crystal structure of iron (hydr)
oxide, surface area, type of oxyanions, concentration, com-
peting ions, pH and redox potential, and the sorption per-
centage is also linked to environmental factors. The recipro-
cal interactions among the environmental factors hamper the 
estimation of the dynamics of oxyanions, which cause severe 
environmental problems worldwide such as eutrophication 
and metal poisoning.

Based on previous studies and our observations, we con-
cluded that a change in environmental conditions leads to 
the transformation of iron (hydr)oxides and the transition 
of the structural configuration of oxyanions on these iron 
(hydr)oxides, and both results contribute to the dynamics of 
oxyanions in the soil system. Figure 6 shows the complexly 
interconnected mechanisms of transformation of iron (hydr)
oxides among the oxyanions, organic acids and iron (hydr)
oxides for better understanding the natural reactions, but 
these are still far from the real reactions because they are 
only limited to simple systems in the laboratory that are 
not real in nature; however, this bottom-up approach has 
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identified numerous mechanisms that could not be identified 
before, and the complexity of the system has been advanced 
with the development of analytics.

Based on observations, we could not find a general pat-
tern on the transition upon environmental perturbations, but 
it was possible to presume that the transition of structural 
configuration occurred by environmental fluctuations, as 
illustrated in Fig. 7 based on the previous studies. Under 
conditions of low surface loading and low pH at the interface 
in the absence of competing ions, oxyanions with high affin-
ity such as arsenate, chromate, selenate and phosphate pos-
sibly form a complex with higher denticity, but an increase 
in pH decreases the number of sorption sites; thus, the tran-
sition from a tri- or bidentate complex to monodentate and 
outer-sphere complexes occurs. An increase in surface load-
ing causes competition at the limited sorption sites, and a 
similar transition occurs with a pH increase. An increase in 
both pH and surface loading would change the ratio between 
the sorbate and sorbent. The sample phase has been shown 
to cause significantly different phenomena. The charge of 
the monodentate complex at the interface is compensated by 
both the iron (hydr)oxide surface and cations in the electrical 
layer, but drying eliminates compensation by those cations. 
In addition, diffused oxyanions in the water accumulate at 

the surface during the drying process, and the actual surface 
loading increases during the drying process. After complete 
loss of water molecules at the surface, the precipitates from 
ions and complexes on the surface remain, and the bidentate 
complex would be dominant because no cation is available 
to compensate for the charge of the monodentate complex. 
The introduction of competing ions would differ based on 
the affinity of the two sorbates on the iron (hydr)oxide sur-
face. If the affinity and sorption mechanisms are similar, the 
addition of competing ions would be similar to the surface 
loading effect, but the difference in the affinity would cause 
a more complicated transition of the structural configuration. 
As shown in Fig. 7, the competing ions were presumed to 
be oxyanions with low affinity such as carbonate, nitrate and 
sulfate, and the competing ions would bind to the sorption 
site, where those with high affinity would not be able to bind. 
The competing ions with low affinity slightly exchange with 
the oxyanions with high affinity.

However, the presumptions regarding the transition of 
structural configuration are not yet valid. There are numer-
ous possibilities of misinterpretation in this paper as well as 
errors in the experiments and data interpretation; however, 
after careful review of hundreds of papers, we made con-
clusions regarding the transition of structural configuration. 

Fig. 6  Competitive adsorption of toxicants and nutrients on the iron 
(hydr)oxide nanoparticles and the reconstructive and topotactic trans-
formation with organic acids, oxyanions and organic matters. The 

colloidal mobilization causes the severe effect on aquatic environment 
and it causes the harmful effects on the ecosystem and human health 
eventually
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Developments in analytical and theoretical chemistry have 
enabled us to see the structural configuration of the com-
plex at the atomic level, but many questions remain for 
future study. The following questions need to be answered 
to address environmental problems and to understand oxy-
anion behavior in the soil environment.

1. Based on our observations, the surface loading is the 
critical factor for the structural configuration of com-
plexes. However, studies using EXAFS spectroscopy 
mainly utilize a paste or freeze-dried sample for the 
examination. The drying process would be similar to 
subjecting the sample to high surface loading condi-
tions; thus, the sample phase effect should be carefully 
identified to determine the actual structural configura-
tion of the complex.

2. Several studies identified the MM complex of arsenate 
and phosphate using various methodologies, but the 
environmental conditions of the experiments were not 
sufficiently consistent to obtain a better understanding. 

Any undiscovered factors controlling the structural con-
figuration of the MM complex should be determined. 
If the structural configuration could be changed on 
demand, this ability would be applicable to controlling 
the environmental problems caused by oxyanions.

3. Recent developments in computational chemistry have 
led us to interpret experimental data through comparison 
with theoretical calculations. This approach is applicable 
only to small molecular clusters for now, but advances in 
computation technology will enable us to address com-
plex clusters, and we should accumulate data for better 
computation and interpretation.

4. The characteristics of laboratory-synthesized iron (hydr)
oxides differed case by case, making interpretation of 
the results difficult. In addition, the available data were 
not sufficient to reach statistical conclusions. More data, 
a standard method and standard materials are essential 
for achieving compatible and credible experiments.

5. Most studies overlook the possibility of transforma-
tion of metal (hydr)oxides during the experiments and 

Fig. 7  Transition of structural configuration with the change in pH, 
surface loading, drying and competing ions. The white tetrahedron 
indicates an outer-sphere complex, while the blue, gray and red tet-
rahedra represent monodentate, bidentate and tridentate complexes, 
respectively. The light-gray triangle represents an outer-sphere com-
plex, while the light-blue and pink triangles represent monodentate 
and bidentate complexes, respectively. The tetrahedra are presumed to 

represent sorbates with relatively high affinity such as arsenate, chro-
mate, selenate and phosphate, whereas the triangles represent a sorb-
ate with relatively low affinity such as carbonate, nitrate and sulfate. 
The OS, TB, TM, BB, BM, MB and MM indicate the outer-sphere, 
tridentate binuclear, tridentate mononuclear, bidentate binuclear, 
bidentate mononuclear, monodentate binuclear and monodentate 
mononuclear complex, respectively
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pretreatments for further measurement; however, iron 
(hydr)oxides easily transform to various nanoparticles 
under environmental fluctuations. The stability of iron 
(hydr)oxides should be fully assessed during the experi-
ment and measurement process to better understand the 
dynamics of oxyanions and iron (hydr)oxides in the soil 
environment.

In ancient agriculture, limited oxyanions were a weighty 
matter, but we are now concerned with an excessive abun-
dance of oxyanions. The industrialization of cultivation has 
brought us prosperity, but this prosperity is accompanied 
by severe problems. We should be prepared to solve these 
problems by fully and correctly understanding the dynamics 
of oxyanions and the interactions among plants, oxyanions 
and soil components.
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