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A B S T R A C T

Vanadium is a metal that receives increasing attention due to its possible toxicity and its increased use in society,
i.e. in high-grade steel and in vanadium redox-flow batteries. Already today, the global biogeochemical cycle of
vanadium is heavily impacted by human activities, and these impacts will probably increase. The total V con-
centration in the upper part of the Earth's crust, and in soils, is near 100mg V kg−1. Usually, the dissolved V
concentration is low. In seawater the mean dissolved V concentration is 1.8 μg L−1, and in freshwaters the
concentration is commonly below 1 μg L−1 although in areas with volcanic and sedimentary rocks it may be
much higher, i.e. at the slopes of Mt. Etna, Italy, concentrations of up to 180 μg V L−1 have been recorded.

Vanadium is a redox-sensitive element, which occurs in three oxidation states (+III, +IV and +V) in the
environment. Whereas vanadium(V) usually occurs as the oxyanion vanadate(V) under most environmental
conditions, vanadyl(IV) is an oxocation that is stable at low pH and/or mildly reducing conditions, particularly
when the organic matter concentration is high. Vanadium(III), which is the least studied form of vanadium,
occurs under strongly reducing conditions. All vanadium forms are strongly bound to environmental sorbents:
vanadate(V) is bound as a bidentate complex to iron, aluminium, and titanium (hydr)oxides, and with a stronger
affinity than that of orthophosphate (o-phosphate). Vanadyl(IV) is strongly complexed to natural organic matter,
while vanadium(III) may substitute for other trivalent ions in mineral structures. Despite this, vanadium may be
mobilized to the aqueous phase, for example under high-pH conditions. Studies with V K-edge XANES spec-
troscopy have shown that most oxic soils usually contain a mixture of vanadium(IV) that is octahedrally co-
ordinated in primary minerals, and surface-bound vanadate(V) on iron and aluminium (hydr)oxides, although
acid organic soils are dominated by organically complexed vanadyl(IV). In reduced environments, such as in
sediments and black shales, available evidence suggests that the V consists of a mixture of organically complexed
vanadyl(IV) and unknown vanadium(III) species. However, considerable uncertainty exists on the V speciation
under reducing conditions, and additional research is recommended.

Vanadium is essential for some species of cyanolichens and algae due to its presence in vanadium nitrogenase,
which can be important for N fixation in boreal ecosystems, and in vanadium haloperoxidases, which mediate
the oxidation of halides, particularly iodine and bromine. In certain organisms vanadium is accumulated for
unknown reasons, e.g. in ascidians, where V accumulates as a vanadium(III) complex with organic S, and in
Amanita mushrooms, in which amavadin, a stable vanadium(IV)-organic complex, is accumulated. However, at
high concentrations vanadium is toxic to many organisms. This is mostly due to its interference with o-phosphate
in a number of biomolecules. Available evidence shows that toxic effects appear in the mg V L−1 range for most
studied species. However, some organisms, i.e. algae and possibly some soil bacteria, are more sensitive. In soils,
the toxic response is related to the soil solution V concentration, rather than to the solid-phase concentration.
The o-phosphate concentration has been identified as a parameter that influences toxicity, but the relationship
between the P status and the environmental risk of V toxicity is not yet well determined – as a result risk-based
guidelines remain uncertain. There is urgent need for more research on this topic.

Vanadium, being a redox-sensitive element, responds to sudden environmental change such as flooding that
leads to decreased redox potential. In most, but not all, cases, an increased solubilisation of vanadium is ob-
served after flooding, which can be attributed to reductive dissolution of vanadate(V)-sorbing iron (hydr)oxides
and to vanadate(V) reduction to vanadyl(IV) that forms stable complexes with dissolved organic matter. The
vanadium redox conversions are carried out by a large number of genera of bacteria. Bioremediation methods
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are being developed that may reduce vanadate(V) to vanadyl(IV), which may reduce the bioavailability of
vanadium in many soils.

1. Introduction

Due to human activities, a large number of metals are released
which may be potentially harmful to the environment at high con-
centrations. One such metal is vanadium, which, however, has been less
studied than e.g. copper, zinc and lead in environmental research.
Therefore, the knowledge about the environmental effects of vanadium
is still relatively scarce.

From an environmental perspective, the interest in vanadium stems
mostly from the increased dispersion of vanadium compounds in the
biogeosphere, and the increased risk of toxic effects that this may cause.
A well-known example of an incident from recent years is the accidental
release of red mud in Ajka, Hungary, 2010. The red mud was a waste of
aluminium production which, in addition to its high alkalinity and salt
content, also contained elevated levels of vanadium (900mg kg−1)
(Ruyters et al., 2011). Another example comes from Lillpite, Northern
Sweden, where in 1990 the death of 24 heifers was related to vanadium
poisoning from feed contaminated with a soil improver known as K-
lime (a product that roughly corresponds to today's LD slag), which
contained 3% vanadium (Frank et al., 1996). A similar incident was
reported from South Africa, where eight cattle died after a vanadium
mine dam collapsed close to where they were grazing (McCrindle et al.,
2001). The increased use of heavy petroleum products with a high
vanadium content, such as the oil sands of Alberta, Canada, and an
accelerated exploration of vanadium-containing ores to meet demands
in high grade steel and in the application of vanadium redox-flow
batteries are all factors that are projected to increase the annual global
fluxes of vanadium (Schlesinger et al., 2017; Watt et al., 2018), causing
humans and other organisms to be increasingly exposed to vanadium.

Vanadium is an element in Group 5B of the periodic table. Its atomic
number is 23 and it has the symbol V. Vanadium belongs to the same
group as niobium (Nb) and tantalum (Ta). The atomic weight of

vanadium is 50.95 gmol−1. Naturally occurring vanadium is a mixture
of two isotopes, 51V (representing 99.76%) and 50V (0.24%), of which
the latter is weakly radioactive.

Elemental vanadium is a soft white metal, with a melting point of
1710 °C. It has a good resistance to both acids and bases. It oxidizes
spontaneously at a temperature of about 660 °C. Common oxidation
states of vanadium in nature are +III, +IV and +V. Vanadium(II)
compounds are also found, but vanadium(II) is not thermodynamically
stable at temperatures and pressures typical of the Earth's surface, see
Chapter 2.

Vanadium was discovered twice in the early 19th century, first in
1801 by the Spanish-Mexican mineralogist Andrés Manuel del Río
(1764–1849) in lead ore from Zimapán. He called the new element
panchromium (pancromo, “all colours” in Greek) due to the multitude of
colours it formed when exposed to different reagents, but he later
changed its name to erythronium (from Greek erythrosis, meaning red).
The German mineralogist Alexander von Humboldt, who visited Mexico
at the time, was, however, skeptical about del Río's claim, believing it to
be chromium, which had already been discovered. To settle the dispute,
the sample was sent to the French researcher Hipplolyte-Victor Collet-
Descotils for identification. Descotils agreed with von Humboldt that
del Río had not found a new element, and that del Río had mistaken it
for chromium. After learning about this, del Río recalled his discovery
(Caswell, 2003).

Vanadium was discovered a second time in 1830 by the Swedish
physician and chemist Nils Gabriel Sefström (1787–1845) when he,
together with Jöns Jacob Berzelius (1779–1848), examined cast iron
from ore mined at Taberg, south of Jönköping, Sweden, which con-
tained vanadium pentoxide. Because of the beautiful colours, Sefström
and Berzelius gave the new element the name vanadium, after the
goddess Vanadis, another name for Freyja, the Nordic goddess for love
and beauty. Berzelius sent some of the sample to the German chemist

Fig. 1. Global biogeochemical cycle of vanadium (after Schlesinger et al., 2017). Annual fluxes are given in Gg V yr−1.

J.P. Gustafsson Applied Geochemistry 102 (2019) 1–25

2



Friedrich Wöhler, who had also obtained del Río's sample. In 1831,
Wöhler proved that vanadium and erythronium were indeed the same
new element. Despite the fact that the original discovery was made by
del Río, the name of the element was to remain vanadium.

The purpose of this paper is to review current research develop-
ments concerning the low-temperature geochemistry of vanadium in
the environment, with particular emphasis on vanadium speciation and
on solid-solution interactions. The global occurrence and distribution of
vanadium in different environmental compartments is treated only ra-
ther briefly in the current review. For more details on these aspects, the
recent review by Huang et al. (2015) can be recommended. Two other
significant sources of complementary information include a review on
the biology of vanadium, written by Rehder (2015), as well as a
quantitative analysis of the global biogeochemical cycle of vanadium,
recently presented by Schlesinger et al. (2017). Parts of this paper can
be seen as an update of the report by Gustafsson and Johnsson (2004),
in which the then available thermodynamic data for vanadium com-
pounds in the environment were reviewed.

2. Vanadium in the environment – occurrence and geochemistry

2.1. Global biogeochemical cycle of vanadium

Fig. 1 shows an overview of the annual fluxes in the global bio-
geochemical cycle of vanadium; it represents a slight simplification
based on the recent compilation by Schlesinger et al. (2017), which in
turn is based in part on the earlier works of Hope (1994, 2008). As is
clear from the figure, the modern biogeochemical cycle of vanadium
has a significant anthropogenic component, which mainly is a result of
mining and petroleum exploration. Approximately 130,000 ton of va-
nadium is mined every year, according to an estimate of Monakhov
et al. (2004). The most common use of vanadium is as alloy steel, often
in combination with chromium, nickel, manganese, boron and tung-
sten. The global production of V metal has approximately doubled in
the past 15 years, primarily because of increased demand for high-
grade steel; this led to a 100% price increase in mined V during 2017
(Watt et al., 2018). Vanadium is also a trace contaminant in coal, which
explains the high annual figure resulting from coal exploration (Fig. 1).
Further, vanadium is a trace contaminant of petroleum products, par-
ticularly in the heavy fractions of raw oil. Combustion of fossil fuels,
particularly oil, leads to a large annual release of vanadium as aerosols,
amounting to between 100 and 280 Gg yr−1 (Fig. 1). A large part of the
mined vanadium is stored in landfills and in products. The ‘natural’
biogeochemical vanadium cycle is dominated by the riverine transport
of mechanically weathered, particulate V, and the sedimentation of this
V in the oceans. A mean residence time of 100,000 yrs has been esti-
mated for V in oceans (Whitfield and Turner, 1978).

The use of stable isotopes (i.e., 51V/50V isotope ratios) represents a
potentially powerful tool for studying the biogeochemical cycle of V.
However, sufficiently precise analytical methods have been developed
only recently (Nielsen et al., 2011, 2016; Prytulak et al., 2011), and this
research field is therefore still in its infancy. So far only rather small
fractionations have been observed, e.g. up to 2‰ for crude oils
(Ventura et al., 2015; Gao et al., 2017). Ventura et al. (2015) found a
relatively broad range of δ51V values of crude oils ranging from −1.64
to −0.22‰. This may reflect different redox conditions when the oil
was formed. Seawater has a homogeneous isotopic composition with
δ51V=0.20 ± 0.15‰ (Wu et al., 2018). A number of minerals has
also been investigated, with a variation in δ51V values of up to 1.5‰
(Wu et al., 2016; Schuth et al., 2017). Theoretical calculations pre-
dicted that the lighter 50V isotope is preferentially adsorbed to goethite,
resulting in substantial isotopic fractionation (Wu et al., 2015), but this
still needs to be verified.

2.2. Vanadium in the Earth's crust

The average content of vanadium in the upper part of Earth's crust is
estimated to 97mg kg−1, which is relatively similar to the concentra-
tion in bulk Earth (McDonough and Sun, 1995). The V concentration in
the Earth's crust is approximately twice as high as for copper and 10
times higher than for lead (Nriagu, 1998). Vanadium levels are high in
iron ore (between 600 and 4100mg kg−1) and apatite ore (from 10 to
1000mg kg−1). For example, in Swedish iron ore the range of V con-
tents is usually between 1100 and 1300mg kg−1. Crude oil contains
between 3 and 257mg kg−1 (Nriagu, 1998). However, concentrations
of up to 900mg kg−1 have been reported for oil from Venezuela
(Kabata-Pendias, 2001). As already mentioned, the vanadium is con-
centrated in the heavier oil fractions; this has been explained as a result
of its association with high-molecular organic compounds (Lewan,
1984). Spectroscopic studies show that the main part of the vanadium is
present as stable vanadyl(IV)-porphyrin complexes, which have a low
solubility in organic solvents. This explains why they accumulate in the
heaviest fractions (Dechaine and Gray, 2010). For example, asphaltene
may contain up to 5400mg V L−1 (López et al., 1995). Hence, the in-
creased exploration of heavy petroleum products, for example from the
Athabasca oil sands, may lead to increases in the anthropogenic vana-
dium emissions in the future (Schlesinger et al., 2017).

At the high temperatures that exist in the subsurface a multitude of
V oxidation states may be stable (+II, +III, +IV and +V). For this
reason there are also a large number of mineral phases that contain
vanadium in their structures. Of particular importance is the fact that
both V3+ and V4+ may substitute for Al3+ or Fe3+ in octahedral sites in
a variety of minerals. This is the case, e.g. in titanomagnetites, which is
a commercially important host phase for vanadium (Balan et al., 2006).
The redox speciation of vanadium has also been used to indicate the
oxygen fugacity of the melt (Sutton et al., 2005).

More than 80 minerals in the bedrock contain V (Nriagu, 1998).
They may divided into a number of groups as follows:

- Sulphides. Among these are, for example, patronite, VS4, and sul-
vanite Cu3VS4.

- Sulphates. Examples include minisragrite, VOSO4×5H2O and
cheremnykhite, Pb3Zn3TeO6(VO4)2.

- Silicates. An example is roscoelite, K(V,Al,Mg)2AlSi3O10(OH)2. This
is an example of a mineral where the vanadium is found as V3+ in
the octahedral layer. As mentioned above, vanadium(IV) can also be
found in the octahedral layer of silicate minerals, examples where
this is the case are kaolinite and sepiolite (Gehring et al., 1993,
1994).

- Oxides. Navajoite, V2O5× 3H2O, montroseite (V3+, Fe3+)OOH
- Phosphates. Vanadate is able to enter solid solutions with apatite,
due to its ability to substitute for the o-phosphate anion (Boechat
et al., 2000). An example of an apatite-type mineral is vanadinite,
Pb5(VO4)3Cl. In vanadinite, vanadate(V) has replaced phosphate
because of the structural similarity between vanadate and phos-
phate.

- Vanadates. Some examples are chervetite, Pb2V2O7, tyuyamunite, Ca
(UO2)2V2O8×5–8H2O, calcium vanadate hydrate,
CaV2O6× 4–5H2O, carnotite, K2(UO2)2(VO4)2× 3H2O, and vol-
borthite, Cu3V2O7(OH)2× 2H2O.

Some of these minerals, e.g. vanadinite, may form and dissolve at
equilibrium, which render them important for the short-term cycling of
vanadium, see section 2.4.

2.3. Vanadium in soils

The vanadium content in soils is governed by the mineralogical
composition of the parent material. The mean vanadium content in soils
has been estimated to 108mg kg−1 (Edwards et al., 1995), but most
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regional surveys suggest lower values. For example, in European top-
soils, the median total V concentration is 60.4 mg kg−1, with a range
from 1.28 to 537mg kg−1, according to the FOREGS database (De Vos
and Tarviainen, 2006). Subsoils were slightly higher in V, i.e. the
median total V concentration was 62.8mg kg−1. Shacklette and
Boerngen (1984) obtained a value of 84mg kg−1 for American soils. In
European soils, there is a strong relationship with total Fe and total Sc,
particularly in subsoils (De Vos and Tarviainen, 2006). Cappuyns and
Slabbinck (2012) found that a multiple regression model containing
total Fe, total Al and total Mg could explain 84% of the variation in
total V for floodplain soils in the FOREGS data set.

Soils developed in black shales usually have comparably high V
concentrations due to the enrichment of V under the euxinic conditions
in which they were formed (Tribovillard et al., 2006). Worldwide, the
average V concentration in black shales has been estimated to
790mg kg−1 (Chermak and Schreiber, 2014), with maximum values of
up to 2540mg kg−1 (Scott et al., 2017). Finally, when interpreting
values for pseudo-total V by e.g. aqua regia, it is important to note that
for vanadium, aqua regia will only extract about half of the total V (De
Vos and Tarviainen, 2006).

If V deposited from human activities is significant, one would expect
enrichment with respect to V in the surface horizon of soils. For soils
from a catchment in Pennsylvania, Kraepiel et al. (2015) collected lit-
terfall, O horizon material, and mineral soil and compared the cycling
of a range of different metals including V. Vanadium showed a similar
behaviour as Cr, with increasing concentrations with increasing soil
depth. The geochemistry of these metals was influenced mostly by
weathering with little detectable influence of biological activity or of
atmospheric deposition. Similarly, Guagliardi et al. (2018) determined
total V in 149 topsoil samples in southern Italy and found no evidence
for accumulation of V due to human activities in urban vs. rural areas.
Nevertheless there are soils that have been subject to considerable va-
nadium contamination. These include soils in China polluted by vana-
dium and coal mining as well as by smelting operations, in which va-
nadium concentrations up to 4800mg V kg−1 have been determined
(Xiao et al., 2015; Cao et al., 2017). Another example is the area around
a vanadium titanomagnetite mine in South Africa, where the soils
contained between 1570 and 3600mg V kg−1 (Panichev et al., 2006).
Further, in the Mexican city of Salamanca there is strong evidence for
vanadium accumulation relative that of the surrounding rural areas due
to the presence of heavy industry (Hernandez and Rodriguez, 2012).

2.4. Vanadium in natural waters

2.4.1. Vanadium in precipitation, groundwaters, rivers and lakes
The vanadium concentration in precipitation is highly variable. A

large number of data were compiled by Schlesinger et al. (2017), who
found that in remote areas, the volume-weighted V concentration
ranged from 0.0005 to 0.2 μg V L−1, whereas in areas with moderate to
high human activity, the V concentration ranged from 0.2 to 5.1 μg V
L−1. Krachler et al. (2003) investigated long-term V accumulation in a
Swiss peat bog, and found that atmospheric soil dust is the pre-
dominating source of V in precipitation. Further, when normalized to
Sc, they found that V deposition was remarkably constant until the
onset of industrial revolution. When the results were combined with an
earlier study on V in ice cores from Antarctica (Planchon et al., 2002),
they estimated a modern-day enrichment factor of V relative to back-
ground to 4.0 for the period 1959 to 1990. However, in a Scottish peat
bog, it was found that the anthropogenic V deposition (corrected for
soil dust) reached a peak in the 1950s, after which it has decreased
about fivefold (Cloy et al., 2010). This might be due to reduced atmo-
spheric emissions in Europe. Consistent with this is the decrease in V
deposition as reflected in moss between 1990 and 2000 (Harmens et al.,
2007).

The concentration of vanadium in groundwater, rivers and lakes
depends both on the atmospheric deposition and on weathering of the

bedrock in the catchment area. Again the dissolved concentration of
vanadium is highly variable. The average vanadium concentration in
Californian groundwater is 5 μg V L−1 according to the survey of
Wright and Belitz (2010). The highest concentrations were observed
where the groundwater was alkaline and/or oxic. In many areas in the
world the vanadium concentration is considerably lower. For example
in Sweden, the median concentration of vanadium in bottled mineral
water was 0.39 μg V L−1 (Rosborg et al., 2005).

However, in areas where the bedrock is vanadium-rich, concentra-
tions may be significantly higher than the concentrations stated above.
Mt. Fuji in Japan consists of vanadium-rich basalts. Here the ground-
water often contains between 10 and 20 μg V L−1. Deep groundwater
may contain up to 147 μg V L−1 (Hamada, 1998). Similarly, the Mt.
Etna groundwater in Italy is high in vanadium (Minelli et al., 2000),
and in some drinking water sources the V concentration is as high as
180 μg V L−1, which may pose a health risk (Arena et al., 2015).

Rivers and lakes differ in a similar way in terms of their dissolved V
concentrations. Gardner et al. (2017) assembled a large number of data
from small mountainous rivers and rivers draining high standing islands
in different parts of the world. In an area in Taiwan dominated by
metamorphic rocks, the median V concentration was 0.1 μg V L−1

whereas it was 65 μg V L−1 in rivers draining volcanic rocks in Nicar-
agua. In European stream waters, the median value is 0.46 μg V L−1

according to the FOREGS database (De Vos and Tarviainen, 2006), and
in five Norwegian reference lakes the median V concentration was
0.40 μg V L−1 (Borg, 1984).

Johannesson et al. (2000) investigated dissolved vanadium con-
centrations in a number of Sierra Nevada rivers. Dissolved V varied
between 0.5 and 24 μg V L−1 depending on location and sampling time.
High V concentrations were associated with high weathering rates, al-
kaline conditions, and evaporation. However, there were also evidence
for considerable V sorption in the stream beds, especially during per-
iods of stagnant flow.

Often the concentration of dissolved vanadium in rivers appears to
be correlated to silicon, with an average V/Si ratio of 66×10−6, which
indicates that the dominant source of dissolved vanadium is silicate
weathering (Shiller and Mao, 2000). Recent studies by Gardner et al.
(2017) confirmed that V is strongly correlated with Si in catchments
dominated by igneous silicate rocks. However, in sedimentary regions,
this trend was not observed. Furthermore, most of the river-borne va-
nadium is bound to particles or colloids. Based on statistics and size
fractionation techniques, iron oxide-containing colloids were found to
govern vanadium transport in rivers in NW Russia and in Sweden
(Pokrovsky and Schott, 2002; Stolpe et al., 2005; Wällstedt et al.,
2010); this was explained by their ability to form strong surface com-
plexes with vanadate(V). By contrast, Pourret et al. (2012) and Shi et al.
(2016) found that vanadium in waters was related to dissolved organic
matter, suggesting instead vanadyl(IV) to be an important dissolved
phase. However, it appears difficult to base conclusions on vanadium
speciation on statistical comparisons, even if accompanied by size
fractionation, as there is often considerable co-variation of e.g. iron and
dissolved organic matter (Wällstedt et al., 2010). Therefore, direct
speciation is probably a more reliable approach for distinguishing be-
tween the different dissolved vanadium phases, see chapter 2.4.4.

The exact role of colloidal and particulate V for the riverine V
transport on a global scale is still poorly known. According to the es-
timate shown in Fig. 1, the flux of dissolved V in riverine input to the
ocean is only between 0.5 and 2% of the total V flux (from Hope, 2008,
based on data of Dobrovolsky, 1994).

2.4.2. Vanadium in seawater
The mean concentration of sea water has been estimated to 1.8 μg V

L−1 (Schlesinger et al., 2017), but the concentration is variable. For
example, in the English Channel the concentrations are between 0.5
and 1 μg V L−1 (Auger et al., 1999), and in the Landsort Deep of the
Baltic Sea the dissolved V was only about 0.15 μg V L−1 (Bauer et al.,
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2017). In a large section of the East Pacific, dissolved V was between
1.3 and 1.4 μg V L−1, but somewhat higher (1.8 μg V L−1) near the Peru
Margin (Ho et al., 2018). The surface water of the East Pacific is about
5% lower in V than the deeper waters, which may be due to biological
uptake and incorporation into particulate V, which is higher at the
surface (Ho et al., 2018).

In some cases it has been observed that reducing conditions, which
may occur in bottom waters, lead to lower V concentrations. This may
be due to the reduction of vanadate to lower oxidation states (vanadyl
or V3+), which are then retained in the sediment (Shiller and Mao,
1999). Adsorption of vanadate to sedimentary iron oxides can also help
to bind vanadium into the sediment (Auger et al., 1999). The latter
process has been evidenced in particular for hydrothermal vents, where
dissolved V decreases, probably due to vanadate(V) adsorption to iron
(hydr)oxides formed in these environments (Ho et al., 2018; see also
Fig. 1). In the Landsort Deep of the Baltic Sea, dissolved V remained
relatively constant with depth, but with a distinct minimum in the
redox transition zone (between the oxic surface water and the anoxic
bottom water), where particulate V increased, possibly due to an ad-
sorption or coprecipitation mechanism with Mn(III) (Bauer et al.,
2017).

2.4.3. Aquatic chemistry of vanadium
In the environment, vanadium occurs in four different oxidation

states, +II, +III, +IV (i.e. vanadyl) and +V (usually vanadate). The
divalent oxidation state, i.e. V(II), is thermodynamically unstable in
water, but in certain cases it may be present in crystalline mineral
phases formed at high temperature, or possibly in certain organic
complexes where V(II) is stabilized thanks to its strong binding. The
redox conditions determine which species that dominates. In order to
correctly understand the water chemistry of vanadium, it is important
to have access to reasonably correct thermodynamic data for the var-
ious reactions that can occur. In this review, particular attention has
been paid to the following compilations of thermodynamic data for
vanadium species:

1. Cruywagen (1999). Protonation and oligomerization constants for
vanadate(V), which in turn were based on data reported by, among
others, Larson (1995) and Elvingson et al. (1996).

2. NIST Critical Stability Constants Database 46. This database con-
tains recommended equilibrium constants for different vanadium
species, but is not updated anymore. The last version was No. 8.0
(Smith et al., 2004).

3. Wanty and Goldhaber (1992). Compilation of water chemistry for
vanadium (III), vanadyl(IV) and vanadate(V) species. However, this
database is based on fewer and older data than sources 1 and 2
above.

4. McCann et al. (2013, 2015). These authors reviewed some of the
oligomerization constants for vanadate(V) and supplied additional
entries including vanadate(V)-carbonate species.

5. Buglyó et al. (2005). Derived vanadium(III) hydrolysis constants
from a set of titrations.

6. Allison et al. (1991). The MINTEQA2 database contains a number of
vanadium-containing solid phases.

To produce the figures in this section, Visual MINTEQ 3.1 was used
(Gustafsson, 2018), with vanadium equilibrium constants that were
selected from the above databases (Table 1, Tables S1–S4, Supporting
materials).

As concerns the vanadium redox equilibria, the two investigated
databases, i.e. of Wanty and Goldhaber (1992), and of Allison et al.
(1991) are in reasonable agreement (Table 1). These equilibria, and the
equilibrium reactions described below, can be used to draw an Eh-pH
diagram, an example of which can be seen in Fig. 2 for a total V con-
centration of 1 μmol L−1. Under these conditions, the aqueous specia-
tion of V is dominated by vanadate(V) at high pH and at high redox

potentials at low pH, whereas vanadyl(IV) is stable at low pH and at
intermediate redox potentials. At low redox potential, vanadium(III) is
stable. Vanadium(II), occurring as V2+, is not stable inside the stability
boundary of water. In vanadium redox-flow batteries practical use is
made of these redox equilibria. In the negative half-cell, V2+ is oxidized
to V3+ when the electrons migrate to the positive half-cell, in which
VO2

+, i.e. oxovanadium(V), is reduced to VO2+. When the system is
charged, the electrons flow in the opposite direction (Li et al., 2011).

Vanadium(III) is expected to be stable under strongly anoxic (‘eu-
xinic’) conditions, such as in sulphide-containing sediments and wet-
lands. The cation V(H2O)63+ is octahedrally coordinated with a mean
VeO bond length of 1.992 Å (Krakowiak et al., 2012), which means
that its coordination environment is similar to that of Fe3+ and also has
a similar water chemistry.

The thermodynamic data for vanadium(III) hydrolysis that are
currently used in geochemical models such as Visual MINTEQ should be
considered uncertain. For example, in Table S1, the results from the
single data set of Buglyó et al. (2005) is shown to be considerably
different from the selected data from the NIST compilation. The data of
Buglyó et al. (2005) are in better agreement with the iron(III) hydro-
lysis constants (assuming that vanadium(III) hydrolysis is similar), but
they represent a rather narrow range of conditions. Because of the
latter, the NIST compilation remains the basis for Visual MINTEQ
speciation. However, as the hydrolysis constants of V(III) are still rather
poorly constrained there is clearly a need for a more thorough eva-
luation. In any case, according to the selected data, V3+ hydrolyses to
VOH2+ at pH 2.3 at zero ionic strength, and is then hydrolysed one step
further to V(OH)2+ at pH 4.7. At high pH values, the solubility of va-
nadium(III) may be restricted by various precipitates if dissolved V is
sufficiently high. In Fig. 2, precipitation of V(OH)3(s) occurs at pH >
6.9, which brings down the total V concentration to less than
1 μmol L−1. Further, vanadium(III) forms strong complexes with
fluoride and with sulphate (Table S1), and it is likely that it also is
complexed strongly to a range of different organic ligands including
humic substances.

Vanadium(IV) occurs in solution as the oxovanadium(IV) or vanadyl
(IV), VO2+, which is characterized by its strong V]O bond, with a
bond length of 1.588 Å (Krakowiak et al., 2012). Vanadyl(IV) is stable
in moderately reducing environments, especially under acidic condi-
tions. Organic surface horizons in forest soils, Sphagnum peat bogs, and
surface waters with low pH values, are examples of environments
where vanadyl(IV) is probably the most stable vanadium species. Va-
nadyl(IV) is the most stable oxocation in a natural environment (Wehrli
and Stumm, 1989). The special configuration also provides part of the
explanation as to why vanadyl(IV) is highly reactive and forms a large
number of strong complexes with inorganic and organic ligands, some
listed in Table S2. As implied by the selected hydrolysis constants in
Table S2, VO2+ is hydrolyzed to VOOH+ at pH 5.7. At least theoreti-
cally, the solubility of vanadyl(IV) can be limited by the hydroxide VO
(OH)2(s). In reality, however, precipitation of VO(OH)2(s) is probably

Table 1
Redox equilbria for the conversions between the four different redox species of
vanadium. Values in bold were selected for Visual MINTEQ.

Redox couple Reaction Allison et al. (1991) Wanty and
Goldhaber
(1992)

E0 (V) log K E0 log K

HVO4
2−/VO2+ HVO4

2− + 5H+ + e−

↔ VO2+ + 3H2O
1.90 32.08 1.88 31.79

VO2+/V3+ VO2+ + 2H+ + e− ↔
V3+ + H2O

0.34 5.70 0.34 5.70

V3+/V2+ V3+ + e− ↔ V2+ −0.25 −4.31 – -
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unusual, due to the fact that vanadyl(IV) forms such strong complexes
with many ligands.

Dissolved vanadium(V) occurs in different coordination environ-
ments depending on the pH. At very low pH (<3.6), vanadium(V) is
present as the vanadyl(V) cation VO2

+, while at higher pH it is present
as the tetrahedral vanadate(V) ion HnVO4

(3-n)-. Vanadate(V) is often
compared to o-phosphate, which has broadly similar acid-base char-
acteristics and a similar coordination environment. However, there are
a number of distinct differences. First, there is no evidence for the ex-
istence of orthovanadic acid, H3VO4, at low pH, instead there is a direct
transition from tetrahedral H2VO4

− to the oxocation VO2
+ at pH 3.6.

Second, the ion size of vanadate(V) is considerably larger; the inner-
shell VeO bond length is 1.72 Å whereas it is 1.54 Å for the corre-
sponding PeO distance (Krakowiak et al., 2012). Further, the pKa va-
lues of H2VO4

− and HVO4
2− are slightly larger than the ones of

H2PO4
− and HPO4

2− (8.8 and 13.5 compared to 7.2 and 12.4). Mole-
cular dynamics simulations show that HVO4

2− is very probably asso-
ciated with Na+ in seawater (Priest et al., 2017), but thermodynamic
data for this interaction are still missing.

Vanadate(V) forms oligomers at high V concentrations. Dimers, i.e.
HnV2O7

(2-n)-, account for a certain proportion of the dissolved vanadium
(V) although they never become predominant. Perhaps more im-
portantly, at V concentrations above 10−4M and at low pH, the dec-
avanadates HV10O28

5− and V10O28
6− will be the most thermo-

dynamically stable vanadium(V) species (Fig. 3). These will completely
dominate the V speciation when total V > 10−3M and if pH is below
6. At higher pH, i.e. between 6 and 9, dodecavanadates, above all
V4O12

4−, will be the dominating vanadium(V) species when total
V > 10−2.5 M. In the decavanadates and dodecavanadates, vanadium
(V) is no longer tetrahedrally coordinated but will instead be present in
a distorted octahedral configuration.

Vanadium(V) forms a series of complexes with both inorganic and
organic ligands at low pH, when VO2

+ is quantitatively important (c.f.
Table S3). Complexation with e.g. organic ligands occurs also at higher
pH, when vanadate(V) becomes predominant. Ceci et al. (2015) found
that saprotrophic fungi are able to dissolve vanadinite by a mechanism
that involves oxalate, which complexes vanadate(V) and contributes to
mineral dissolution. Vanadate reacts readily with carboxyl and

hydroxyl groups to form esters, in a similar way as o-phosphate
(Rehder, 2015). However, when pH < 6, vanadate(V) is also easily
reduced to vanadyl(IV) in the environment, for example due to the
reducing ability of humic substances (Lu et al., 1998). Also other or-
ganic acids such as oxalic acid may reduce vanadate(V) to vanadyl(IV)
at low pH (Bruyère et al., 2001).

Precipitation of solid phases appear not to be a very important so-
lubility-governing mechanism for vanadium, except in certain cases.
For vanadium(III), as mentioned earlier, V(OH)3(s) can possibly be
formed at relatively high pH. This hydroxide can then be recrystallized
into the less soluble V2O3(s). However, it appears likely that none of
these in reality is common in the natural environment. This is due to the
fact that vanadium(III) is readily incorporated into less soluble Fe and
Al oxides and silicate minerals. Schwertmann and Pfab (1994, 1996)
were the first to show that V3+, due to its strong resemblance to Fe3+,
is able to enter the structure of iron oxides as a solid V + Fe oxide
solution. As mentioned above, vanadyl(IV) is not likely to form stable
precipitates. In the case of vanadate(V), solubility constants have been
determined for a large number of vanadates (Table S4). It turns out,
however, that almost all are very soluble and not readily formed in
natural environments; e.g. the solubility of the specified calcium va-
nadates means that these are stable only in cement pastes and similar
Ca-rich environments when pH > 12.5 (Huijgen and Comans, 2006).
Potentially, these conditions could be met when alkaline steel slags,
known to contain V(V) in Ca-rich mineral phases such as Ca ferrite,
C2F, and di-Ca silicate, C2S (Presslinger and Klepp, 2002; van Zomeren
et al., 2011), are subject to leaching. However, observations and model
simulations suggest that secondary Ca vanadates do not form during
slag leaching, and that dissolved V(V) is instead governed by the in-
congruent dissolution of the C2F and C2S phases, which accelerates at
lower pH (Huijgen and Comans, 2006; De Windt et al., 2011; van
Zomeren et al., 2011).

According to existing literature data, there are, however, some mi-
neral phases that may be of significance in the natural environment.
These include Ba and Pb vanadates (Table S4; Cornelis et al., 2008).
One example is vanadinite, Pb5(VO4)3Cl(s). Vanadinite is an apatite-
type mineral. Gerke et al. (2009) showed that precipitation of vanadi-
nite can govern the solubility of Pb2+ and vanadate(V) in drinking
water supplies, as it accumulates in pipe corrosion scales even at μg L−1

Fig. 2. Predominance diagram showing the vanadium speciation as a function
of pH and Eh at total dissolved V=1 μmol L−1. T= 25 °C, I= 0.01mol L−1 (as
NaCl). The red solid lines separate the predominance fields of the three oxi-
dation states III, IV, and V. The blue dashed lines represent the stability lines of
water with respect to H2(g) (at low Eh) and O2(g) (at high Eh). To produce the
diagram, equilibrium constants selected for Visual MINTEQ were used (Tables
1, S1, S2 and S3). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 3. Predominance diagram showing the speciation of vanadate (V) as a
function of pH and total concentration of vanadium, [V]T. T= 25 °C,
I= 0.01mol L−1 (as NaCl). To produce the diagram, equilibrium constants
selected for Visual MINTEQ were used (Table S3).
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levels of dissolved vanadium. They were also able to tentatively de-
termine the solubility constants of the formed vanadinite, which is in-
cluded in Table S4.

2.4.4. Vanadium speciation in waters and in soil extracts
As may be expected from the previous section, dissolved vanadium

in most natural waters is a mixture of vanadyl(IV) and vanadate(V).
Determination of the actual speciation is of interest for example because
of its relevance for toxicity assessments: as mentioned elsewhere, va-
nadate(V) is considered the more toxic vanadium species due to its
resemblance to o-phosphate. However, it is only during the last two
decades that methods have been developed that allow the direct spe-
ciation of vanadium. The methods have been reviewed in detail by
Pyrzyńska (2006) and by Chen and Owens (2008). Briefly, two families
of methods can be distinguished, i.e. separation methods (often using
liquid chromatography or capillary electrophoresis) and spectro-
photometric methods. As for the latter, Chen and Owens (2008) men-
tion six different chromogenic reagents that can be used. Irrespectively
of the chosen technique, one problem is to achieve sufficiently low
detection limits for the various V species.

Minelli et al. (2000) separated vanadyl and vanadate for a number
of V-rich Italian waters using strong anion exchange columns treated
with EDTA. The water samples had been collected from volcanic areas
with basalts (Mt. Etna and Castelli Romani), where the dissolved V
concentration was between 7 and 70 μg V L−1. Between 30 and 40%
existed as vanadyl(IV) in most of the water samples examined. Liu and
Jiang (2002) used ICP-MS with a dynamic reaction cell (DRC) and
achieved detection limits of 0.007 and 0.013 μg V L−1 for vanadyl(IV)
and vanadate(V), respectively. The method was tested on four waters
with total V concentrations between 0.3 and 0.9 μg V L−1. One of the
water samples was dominated by vanadyl(IV), the other three by va-
nadate(V). Aureli et al. (2008) developed the separation method of
Minelli et al. (2000) further to an HPLC-ICP-MS method, allowing for a
much improved sensitivity. They determined the V speciation for a
number of bottled mineral waters and found that the vanadium was
almost exclusively present as vanadate(V).

Wang and Sañudo-Wilhelmy (2009) separated V species with a
Chelex 100 resin, and applied this method to study vanadium specia-
tion in the Long Island Sound, US. They found that dissolved V ranged
from 0.6 to 1.2 μg V L−1, with the highest values during summer, and
the lowest in spring. On average, between 85 and 90% of the V was
vanadate(V), with the remainder being vanadyl(IV). However, in the
western part of the Long Island Sound, vanadyl(IV) accounted for up to
40% of total V during spring. This was attributed to an influx of reduced
V from sewage inputs.

The method of Aureli et al. (2008) was also used for the speciation
of V in soil extracts. For example, Baken et al. (2012) showed that the
vast majority of the CaCl2-extractable V in soils subject to vanadium
ecotoxicity studies was indeed vanadate(V). Moreover, Larsson et al.
(2015b) showed that CaCl2 extracts from an acid forest soil were
dominated by vanadyl(IV) prior to the addition of vanadate(V)-con-
taining converter lime. 25 years after the addition, the O horizon ex-
tracts were still dominated by vanadyl(IV), whereas soil extracts from
the mineral soil were dominated by vanadate(V). In addition, Larsson
et al. (2015a) showed that approximately the same redox speciation
was obtained irrespectively of whether vanadate(V) or vanadyl(IV) had
been added to soil samples one week prior to analysis, which indicated
that the redox conversions were rapid. In addition, V in leachates from
blast furnace slag was investigated and was found to be dominated by
vanadyl(IV) (Larsson et al., 2015a).

Gamage et al. (2010) developed a vanadate(V)/vanadyl(IV) se-
paration method based on an ion chromatograph-ICP-MS with a nitric
acid mobile phase, obtaining detection limits of 0.02 μg V L−1 and
0.06 μg V L−1 for vanadyl(IV) and vanadate(V), respectively. They ap-
plied the method to study the V speciation in Sierra Nevada ground-
waters (concentration range 3.7–82.1 μg V L−1), and found that

vanadate(V) accounted for 98–99% of total V.
Jensen-Fontaine et al. (2014) used a HPLC-ICP-MS method to study

the V speciation in tissue extracts of Hyalella azteca after exposure for
seven days of a solution consisting of a mixture of vanadate(V) and
vanadyl(IV). During exposure, most of the vanadyl(IV) was oxidized to
vanadate(V). The tissue extracts showed the presence of both vanadyl
(IV) and vanadate(V), and in addition an unidentified V species, pos-
sibly a V(IV)-protein complex.

3. Biology and toxicity of vanadium

3.1. Essentiality of vanadium

For most organisms including mammals, vanadium is not known to
have any essential biological function. However, vanadium is present in
a large number of biomolecules. Two are of fundamental importance for
certain forms of life:

3.1.1. Vanadium nitrogenase
Nitrogenase is an enzyme that catalyses biological nitrogen fixation

(BNF), a mechanism responsible for up to 97% of N input in unmanaged
terrestrial ecosystems (Vitousek et al., 2002). The main form of ni-
trogenase is Mo nitrogenase, whereas V nitrogenase has long been re-
cognized as an ‘alternative’ nitrogenase, with an unclear role for BNF.
The reaction that V nitrogenase catalyses is the reduction of N2(g) to
NH4

+. The electrons required for this process are supplied by re-
spiratory oxidation of organic C to CO2. Recently, the structure of V
nitrogenase was resolved (Sippel and Einsle, 2017). The structure is
similar, but not identical to, that of Mo nitrogenase (Costa Pessoa et al.,
2015; Sippel and Einsle, 2017). In the active center of the enzyme, V
occurs in a distorted octahedral configuration, bound to homocitrate,
an amino acid, and to three adjacent iron atoms through three sulphur
atoms (George et al., 1988; Costa Pessoa et al., 2015; Sippel and Einsle,
2017). The oxidation state of V has been subject to some discussion (i.e.
to what extent it is V(II) or V(III)), but models of the electronic structure
suggest the oxidation state to be +III (Costa Pessoa et al., 2015; Rees
et al., 2017). On the whole, current research has shown.

V nitrogenase to be a less efficient catalyst than Mo nitrogenase, and
it is also more easily degraded (Rees et al., 2017). However, a unique
feature of V nitrogenase is its ability to also reduce CO efficiently
(Sippel and Einsle, 2017).

Cyanobacteria of the Anabaena sp. and Nostoc sp. genera, as well as
the soil bacteria Azotobacter vinelandii and A. chroococcum, are known to
use V nitrogenase for N fixation (Costa Pessoa et al., 2015). Indeed, two
recent papers by Darnajoux et al. (2014, 2017) show that the cyano-
lichen Peltigera aphthosa is dependent on N fixation through V ni-
trogenase, which is carried out by cyanobacteria that exist in the so-
called cephaloida of the lichen. This may be the case also in other cy-
anolichens, which suggests that V nitrogenase may be more important
for N2 fixation in forest ecosystems than previously recognized.

3.1.2. Vanadate-dependent haloperoxidases
This group of enzymes, abbreviated VHPOs, catalyze the oxidation

of halides by H2O2 by a so-called bi-bi ping-pong mechanism (Leblanc
et al., 2015). The exact structure depends on the halide to be oxidized.
In general, the enzymes consist of H2VO4

−, i.e. dihydrogen vanadate
(V), which is bound to a nitrogen group of histidine and is further
stabilized through hydrogen bonding to amino acid residues (Rehder,
2015). The VHPOs are used by a variety of bacteria and fungi. For
example, the fungi Curvularia inaequalis oxidatively degrades lig-
nocellulose in the cell wall of their host. In this process, a VHPO re-
leases HOCl, a short-lived intermediate, which carries out the oxidative
attack (Messerschmidt and Wever, 1995; Rehder, 2015). Moreover, the
VHPOs are believed to have a key role for the biogeochemical cycling of
iodine (and also for bromine) in the environment. For example, they
mediate the formation of iodocarbons in kelps (Leblanc et al., 2006).
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This process leads to the volatilization of iodine compounds from the
sea, which constitute an important source of iodine in the terrestrial
environment.

In addition, several groups of bacteria are able to use vanadate(V) as
an electron acceptor for redox reactions. Further, the bacterium
Pseudomonas isachenkovii is able to use vanadium instead of mo-
lybdenum in nitrate reductase (Antipov et al., 1998).

3.2. Nonspecific accumulation of vanadium

A number of organisms have been shown to take up and accumulate
vanadium in their biomass, for reasons that are still not clear. The most
well-known example is ascidians such as Ascidia gemmata, which has
been shown to have V concentrations up to 350mmol L−1 (Rehder,
2015). The ascidians take up vanadate(V) from sea water, which is then
reduced to vanadium(III), c.f. section 4.2.2. Mushrooms of the Amanita
genus are also able to accumulate vanadium. In this case the vanadium
is reduced to vanadyl(IV), which is then complexed to N-hydroxyimino-
2,20-diisopropionate (“hidpa”) ligands, resulting in so-called amavadin,
which may possibly may be an evolutionary relic of a peroxidase (Berry
et al., 1999; Rehder, 2015). The biological role of amavadin is still
unclear, although it is known to be a good catalyst for a range of dif-
ferent reactions (da Silva et al., 2013). In amavadin, vanadium(IV) is no
longer an oxocation, but is present as a “naked” 8-coordinated complex
with six oxygen and two nitrogen ligands (Bayer et al., 1987; Berry
et al., 1999). Strong accumulation of V has also been observed in cy-
anobacteria of the Trichodesmium genus, collected in the Sargasso Sea
(Nuester et al., 2012). V:C ratios ranging from 66 to 100 μmol mol−1

were recorded, which were up to fourfold higher than the Fe:C ratios. It
could not be identified what mechanisms that were responsible for the
V accumulation, but the authors hypothesized that the V was related to
N fixation, either through V nitrogenase or indirectly through other
enzymes such as VHPOs.

3.3. Microbially mediated redox reactions of vanadium

Microbes mediate the vanadium redox conversions, and in some
studies the genera responsible for these reactions have been identified.
For example Pseudomonas strains are able to reduce vanadate(V)
(Lyalkova and Yurkova, 1992). Also Shewanella oneidensis was found
to reduce vanadate(V) to vanadyl(IV) in an anaerobic environment,
using lactate, formate and pyruvate as electron acceptors (Carpentier
et al., 2003). Efficient reduction of vanadate(V) to vanadyl(IV) were
also obtained using the chemolithotrophs Acidithiobacillus ferrooxidans
and Acidithiobacillus thiooxidans (Bredberg et al., 2004). The latter au-
thors argued that the method could be used to extract vanadium from
oil ash and from spent catalysts. Zhang et al. (2015) found efficient
reduction of vanadate(V) (up to 87%) when anaerobic sludge was used
as inoculated seed. In this case dissimilatory reduction was carried out
by Lactococcus and Enterobacter with oxidation of lactic and acetic acid
from fermentative microorganisms.

3.4. Vanadium ecotoxicity

Ecotoxic effects from vanadium stem primarily from the similar
structure of vanadate(V) and o-phosphate, and thus from the inter-
ference with the function of P-containing biomolecules. Many phos-
phatase enzymes, which catalyse the hydrolysis of organophosphate
ester bonds, are inhibited by vanadate(V), probably by its ability to
form a complex at the active site of the enzyme (Seargeant and Stinson,
1979; Crans et al., 2004). For these reasons, vanadate(V) is the most
toxic form of vanadium. In line with this, practically all information on
the ecotoxicity of vanadium in soils and waters results from experi-
ments in which vanadate(V) salts were added.

Smit (2012) provided a summary of the literature on ecotoxicity for
vanadium in water. Above all certain algae respond to vanadate(V)

additions, but the effect is highly variable depending on the species and
on the strain. In the studies of Lee et al. (1979) and Nalewajko et al.
(1995a, 1995b), which are important sources of V ecotoxicity data for
algae, the NOEC (no observed effect concentrations) range from<1
μg V L−1 to several mg V L−1. Although some of the data can be
questioned, these studies indicated that some algae were particularly
sensitive to vanadate(V). Based on these data, Smit (2012) suggested a
long-term maximum permissible concentration (MPC) for the Nether-
lands of 1.2 μg V L−1, which is only slightly higher than the estimated
natural background for Dutch waters (0.82 μg V L−1).

Schiffer and Liber (2017a, 2017b) determined acute and chronic
toxicity for a wide range of aquatic organisms in reconstituted Atha-
basca river water. The most sensitive species in their study was Daphnia
dentifera, for which an EC20 value of 80 μg V L−1 was found. For the
most sensitive algae an LOEC value of around 100 μg V L−1 was ob-
tained. According to Nalewajko et al. (1995b) and Schiffer and Liber
(2017a), the sometimes very low NOEC values of Lee et al. (1979) and
Nalewajko et al. (1995a, 1995b) were probably impacted by P-deficient
conditions in the test solutions, which led to increased effects of va-
nadate(V) due to competition for uptake sites. Schiffer and Liber
(2017b), on the other hand, used an axenic nutrient solution in their
test medium, with a P concentration of 0.12mg P L−1. They then ob-
tained a 5th percentile of the species sensitivity distribution (HC5) of
chronic V toxicity at 50 μg V L−1. The difference between the results of
Smit (2012) and Schiffer and Liber (2017b) illustrate not only that a
critical review of test conditions is key to successful extraction of risk-
based guidelines for V, but also that additional studies are desirable to
more precisely determine the ecotoxicity of V in waters especially as a
function of P availability.

For soils, it has been known for a long time that vanadium inhibits
soil microbiota at high concentrations, for example by inhibiting ni-
trogen mineralisation and nitrification. Liang and Tabatabai (1977,
1978) showed that both nitrogen mineralisation and nitrification rates
were affected at a V dose of approximately 250mg V kg−1. As concerns
the potential nitrification rate, Larsson et al. (2013) obtained EC10
values ranging from 2.2 to 190mg V kg−1 for five different soils, while
the EC10 values for substrate-induced respiration ranged from 8.4 to
58mg V kg−1 for the same soils. The sometimes low values suggest that
some soil bacteria are quite sensitive to vanadium. In line with this, Sun
et al. (2018) recently showed that the rhizosphere microbiota re-
sponded more strongly to V (and Cr) contamination than to other metal
contaminants such as Cu, Cd, Pb, and As in multimetal(loid)-con-
taminated soils.

However, Wilke (1989) argued, based on his results, that such ef-
fects may be transitory and may at least partly decrease in the long term
because of adaptation. Tyler (1976) showed that the soil phosphatase
activity was inhibited when the V concentration exceeded 100mg V
kg−1. By contrast, Yang et al. (2014) could not observe any inhibitions
on the soil phosphatase activity; instead they observed effects on sul-
phatase and phenol oxidase activities, usually with 50% reductions at
around 100mg V kg−1.

As for plants, early studies showed that ecotoxic effects usually
started to appear at soil solution concentrations of 1–10mg V L−1,
which is much higher than the dissolved V concentrations that usually
occur in natural soils (Kaplan et al., 1990a, 1990b; Carlson et al., 1991;
Gil et al., 1995). Vanadium mainly accumulates in the roots, and there
is a linear relationship between soil labile V and the root V con-
centration (Qian et al., 2014). For barley root length, barley shoot
growth and tomato shoot growth, Larsson et al. (2013) obtained EC50
values in the range from 0.8 to 13.4mg V L−1 for five different soils,
which is consistent with these results. This was equivalent to added V
concentrations ranging from 18 to 510mg V kg−1. The EC10 values
were slightly lower (11–250mg V kg−1). Biomass reduction by collard
was observed at 80mg kg−1 for a sandy soil, but for a loamy sand no
effect was seen at 100mg kg−1, which was the highest dose (Kaplan
et al., 1990b). The growth of soybean seedlings was affected between
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30 and 75mg kg−1, depending on the soil (Wang and Liu, 1999).
The latter results show that soil properties are influential for the

toxic response. This was further examined by Larsson et al. (2013), who
studied vanadate(V) effects on barley root elongation in five different
soils. When adding the results from all five soils to the same dose-re-
sponse plot, the results were consistent only when the dose was ex-
pressed in mg V L−1, while considerable scatter occurred if expressing
the V dose in mg kg−1. A similar result was obtained when plotting the
total V concentration in plant biomass as a function of pseudo-total V
and of dissolved V, showing much better correspondence with the latter
(Fig. 4, Larsson et al., 2015a). Finally, the EC50 value was related to the
Freundlich sorption strength, for three different sets of data (Larsson
et al., 2013). The authors concluded that the V toxicity is dependent on
the amount of V taken up, which is determined by the solubility of
vanadate(V) in the soil, which in turn is dependent on the extent of V
sorption to solid particle surfaces such as Fe(III) and Al(III) (hydr)
oxides (Larsson et al., 2013, 2015a). This is supported by results of
Zhang et al. (2018b), who found that addition of zero-valent iron to
vanadium-contaminated soils reduced V uptake to Canola plants,
leading to an increased plant biomass.

Mišik et al. (2014) showed that red mud caused chromosomal da-
mage in Tradescantia (spiderwort) and in the root cells of Allium plants.
These toxicity symptoms appeared at a solution concentrations of
around 1mg V L−1, and the toxic effects were explained by the elevated
levels of V in the red mud.

For four plant species, Smith et al. (2013) found that the fertiliza-
tion level had a dramatic effect on the toxic response to vanadium(IV).
For example, for lettuce (Lactuca sativa) the EC25 value increased from
4 to 120mg V kg−1 when the fertilization level increased from 1 to
100 kg ha−1 as 20:20:20 (N:P:K) fertilizer.

Baken et al. (2012) investigated the effect of ageing, where ecotoxic
effects were compared for soils that had been spiked with vanadate(V)
immediately before seeding (“freshly spiked”) with soils that had been
spiked 330 d before seeding (“aged”). It was found that the aged soils
had EC50 values that were, on average, 1.9 times higher. This was
associated with lower V solubility over time. These results are con-
sistent with similar effects observed for other metals (Smolders et al.,
2009). The explanation behind the ageing effect is unclear, but may be
due to slow sorption or diffusion reactions.

Reports of ecotoxic effects resulting from additions of vanadium
compounds other than vanadate(V) are scarce, but Larsson et al.
(2015a) examined the effect of varying additions on blast furnace slag
(with total V= 800mg kg−1) to soil on barley shoot growth, 10 months
after spiking. No effects were observed that could be explained by V

toxicity. This was attributed to the low solubility of V in the slag.
There are studies that show that small additions of V, below the

toxicity threshold, may instead have a beneficial effect on plant growth.
A recent example is provided by García-Jiménez et al. (2018), who
found that an addition of 5 μmol V L−1 increased the growth and
flowering of pepper plants. The mechanisms are, as yet, unknown.
However, higher V additions (10–15 μmol V L−1) led to toxic effects.
This suggests that for some organisms, there can be quite a narrow
optimal range of V concentrations.

3.5. Remediation of vanadium-contaminated soils

Where vanadium is a contaminant of concern, it is of interest to
devise remedial measures to decrease the toxicity and leaching of this
element. Lehoux et al. (2013) studied the effect of gypsum addition to
red mud-contaminated soils in Hungary. Application of gypsum de-
creased the pH value from between 8.5 and 11 to between 7.5 and 8.5.
This led to a much lower dissolved V concentration, reducing both
bioavailability and the risk for leaching. Another way to decrease dis-
solved V is to apply bioreduction methods. Ortiz-Bernad et al. (2004)
found that injection of acetate, which worked as an electron donor,
stimulated the growth of Geobacter metallireducens bacteria capable of
reducing vanadate(V) to vanadyl(IV) in V-contaminated aquifers, which
decreased the V mobility. Bioreduction can also be carried out with
hydrogen as the sole electron donor (Jiang et al., 2018). With this
method the genera Dechloromonas and Hydrogenophaga were both
capable of reducing vanadate(V) to vanadyl(IV), again decreasing dis-
solved V in contaminated groundwater. Recently it was also found that
elemental sulphur and zerovalent iron can be used as electron donors
causing efficient microbial reduction of vanadate(V) to vanadyl(IV)
(Zhang et al., 2018a).

4. Vanadium species in the solid phase

As vanadium has three oxidation states (III, IV, and V) which can all
be stable in the environment, vanadium speciation is a challenging task.
However, to understand the geochemistry of vanadium, and to be able
to design models to predict its solubility and bioavailability, correct
information from speciation studies is essential.

Almost all reported results concerning the direct determination of
vanadium species in the solid phase of environmental materials are
from XAS (X-ray absorption spectroscopy) conducted at the vanadium K
edge at 5465 eV. Most of these studies have employed vanadium K-edge
XANES (X-ray absorption near edge structure) spectroscopy. This is

Fig. 4. Barley shoot concentration of vanadium as a function of the pseudo-total vanadium concentration, in mg V kg−1 (left) and in the dissolved phase, in mg V L−1

(right). The data are from two different soils, Pustnäs and Säby, which were treated with vanadate (x), and with two different blast furnace slags, M-kalk and Merit
5000 (●). Linear regression lines, plotted on a log-log scale, were fitted to the whole data set, R2=0.72 (left, n=71) and R2= 0.95 (right, n=64). From Larsson
et al. (2015a).
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partly due to the fact that the vanadium K edge is relatively rich in
features, as explained below in section 4.2. Moreover, the EXAFS (ex-
tended X-ray absorption fine structure) region is subject to interferences
from other elements, which makes the use of EXAFS difficult for most
environmental materials. Probably the most serious interference is from
Ba, as demonstrated by Huggins et al. (2000). They showed that the Ba
L2 edge at 5624 eV interrupted the V K-edge EXAFS region. Fig. 5
presents an example of a V K-edge X-ray absorption spectrum from one
of the soils used by Larsson et al. (2017b). As the Ba L2 edge arrives
already at k=6Å−1 in the V K-edge EXAFS region, the information
gained from EXAFS spectroscopy would not be practically useful. At
high La concentrations, La may interfere with the interpretation of both
XANES and EXAFS data, as the La L3 edge is located at 5483 eV
(Thompson et al., 2009). For a group of samples from red mud leachate
residues and sediments, Burke et al. (2013) showed this effect to be
significant, making linear combination fitting (LCF) of V K edge XANES
data impossible. There may also be an interference from Ti, due to the
fact that the Ti K edge is at an energy only 480 eV less than the V K
edge. This means that in Ti-rich samples there may be a high level of
background scatter that affect V K edge EXAFS data. Although the V K-
edge XANES data are probably less sensitive to the Ti effect, effects
have been reported (Bennett et al., 2018).

For pure phases such as Fe (hydr)oxides none of these interferences
are expected, and for this reason the determination of e.g. structures of
surface complexes can be readily made using EXAFS spectroscopy.

4.1. Vanadium surface complexes on iron and aluminium (hydr)oxides

Iron(III) and aluminium(III) (hydr)oxides are usually considered as
being of major importance for the sorption of oxyanions such as o-
phosphate, arsenate and vanadate(V) in the environment (e.g. Dzombak
and Morel, 1990; Wehrli and Stumm, 1989) So far, however, only two
studies have been conducted that has focused on the characterization of
these surface complexes with EXAFS spectroscopy, and both concerns
vanadate(V) on iron(III) (hydr)oxides.

Peacock and Sherman (2004) conducted a pioneering study on the
coordination of vanadate(V) on goethite at three different pH:s (3, 6,
and 8). They concluded that corner-sharing bidentate complexes
probably predominated at all investigated pH:s, as indicated by second-
shell V⋯Fe distances of ∼3.25 Å (Fig. 6, right). Additional evidence for
edge-sharing bidentate complexes were found (with V⋯Fe=2.80 Å;
Fig. 6, left), but considered to be an artefact of the existence of multiple
scattering paths within the VO4 tetrahedron. This was backed up by
DFT calculations showing that corner-sharing bidentate complexes
were the most energetically favourable. Peacock and Sherman (2004)
then constrained a surface complexation model based on these results,
c.f. section 5.1.

A similar study was made by Larsson et al. (2017b) for the vanadate
(V)-ferrihydrite system. In this case clear evidence for the pre-
dominance of an edge-sharing bidentate complex with V⋯Fe ∼2.80 Å
was found. This was supported also by results from Morlet wavelet
transform (WT) analysis. To explain the apparent contradiction be-
tween the two studies, Larsson et al. (2017b) hypothesized that the
different coordination modes were a result of different crystal structures
on the surfaces of the two iron(III) (hydr)oxides. Ferrihydrite, having a
larger number of singly coordinated FeOH groups that can form 1E
(edge-sharing bidentate) complexes, would thus be expected to host a
larger proportion of the latter (Hiemstra, 2013). Additional evidence for
this also comes from the investigation of other oxyanions such as mo-
lybdate and arsenite, for which similar trends are apparent (Gustafsson
and Tiberg, 2015; Ona-Nguema et al., 2005).

In connection to the study carried out by Larsson et al. (2017b),
additional EXAFS spectra were collected for vanadate(V) on amorphous
Al hydroxide, which are shown here for the first time. The synthesis
conditions and characterization of the amorphous Al hydroxide were
reported by Larsson et al. (2015a), and the experimental conditions

such as sorbate to sorbent ratios, background electrolyte (0.01M
NaNO3) and equilibration time were identical to the ferrihydrite system
(Larsson et al., 2017b). The EXAFS spectra shown in Fig. 7 could be well
described by a model that contained a second-shell V⋯Al path at
∼2.55 Å, and two different multiple scattering paths (VeOeO and
VeOeAl) (Table S5, Supporting materials). Because of the slightly
lower quality of these spectra as compared to the ferrihydrite spectra
the Morlet WT:s were slightly less conclusive but nevertheless indicated
little or no contribution from longer V⋯Al paths (Fig. S1, Supporting
materials). In other words, the predominance of an edge-sharing bi-
dentate complex is suggested also for vanadate(V) on amorphous Al
hydroxide. This may not be surprising given the amorphous nature of
the sorbent, which should lead to the presence of many singly co-
ordinated AlOH groups at the surface.

So far, no studies have been published in which the structures of the
surface complexes that vanadyl(IV) forms with iron(III) and aluminium
(III) (hydr)oxides have been evaluated with spectroscopic approaches.

Vanadium K-edge EXAFS spectroscopy was used also by Kaur et al.
(2009) to determine the conditions under which V3+ may substitute for
Fe3+ in goethite, evidence for which was obtained already by
Schwertmann and Pfab (1994, 1996). The former authors found that
large amounts of V3+ (up to 13mol %) can be substituted if goethite is
synthesized at low temperature (< 25 °C) and when reducing condi-
tions are maintained. If not, V3+ was oxidized to V(IV) and V(V).

4.2. Vanadium speciation in environmental materials as evidenced by
XANES spectroscopy

4.2.1. Methodology
The vanadium K edge contains a number of features in the XANES

region, and these provide information on the oxidation state and
symmetry of the vanadium in the sample. The different features that are
observed are due to the different electronic transitions that occur when
an electron is excited from the K shell. An important feature is the so-
called pre-edge feature, which can be strong for vanadium in higher
oxidation states (III and higher). Moreover, the position of the main
absorption edge depends, in a general sense, on the oxidation state
(Fig. 8). The pre-edge feature (feature I in Fig. 8) is due to 1s → 3d
electronic transitions, which are normally not allowed. Therefore, there
is no pre-edge feature for vanadium(0) metal, for which 1s → 4p dipole-
allowed transitions predominate completely. The same is true for va-
nadium(II) oxide, which has perfect octahedral symmetry (Wong et al.,
1984). However, vanadium(III) and vanadium (IV) oxide (i.e., V2O3(s)

Fig. 5. X-ray absorption spectrum of the Säby soil (no added V; c.f. Larsson
et al., 2017a, for details on the sample). The dotted lines show the position of
the V K and Ba L2 edges at 5465 and 5624 eV, respectively (Thompson et al.,
2009).
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and V2O4(s)) form distorted octahedra, where the 3d and 4p orbitals
hybridize, which allows for 1s → 3d transitions (Wong et al., 1984;
Kelly et al., 2008). In vanadium(V) oxide as well as in vanadyl(IV)
compounds (such as dissolved VOSO4, see Fig. 9), vanadium has square-
pyramidal coordination, which leads to an even stronger pre-edge
feature. Vanadium(V) can also be tetrahedrally coordinated, as in
aqueous VO4

3−, which also has a strong pre-edge feature (Fig. 9).
Further, the 1s → 4p transitions, which occur at and around the

main absorption edge, can be divided into at least three different fea-
tures, which can be seen as shoulders or peaks on the edge (II, III and IV
in Fig. 8). These are the 1s → 4p showdown, 1s → 4pz and 1s → 4pxy
transitions, respectively. Depending on the V oxidation state and sym-
metry, these features may be of varying significance and located at
different energies on the edge.

A number of authors have tried to use these features to develop
models for estimating the mean oxidation state of vanadium in en-
vironmental samples. Sutton et al. (2005) suggested the use of the pre-
edge peak intensity to predict the mean oxidation state using a poly-
nomial. Although the authors recognized that the pre-edge peak in-
tensity is dependent not only on oxidation state, but also on symmetry,
they nevertheless found a strong relationship with the pre-edge peak
intensity when they used references of the same composition as the
samples (which were glasses). Chaurand et al. (2007b) developed a
more complex model where both the centroid position of the pre-edge
feature and the E½ value of the main edge (i.e. the energy at which the
normalized absorption equals 0.5) are taken into account. Larsson et al.

Fig. 6. Jmol ball-and-stick images showing an edge-sharing bidentate complex of vanadate(V) on iron (hydr)oxide (left) and a corner-sharing bidentate complex
(right). The approximate V⋯Fe distances are shown.

Fig. 7. Left: stacked k3-weighted V K-edge EXAFS spectra for vanadium sorbed to amorphous aluminium hydroxide at three different pH values. Right: stacked
Fourier transform magnitudes of the k3-weighted EXAFS spectra. Black and red lines represent experimental data and fits, respectively (see Table S1 for the models
used to produce the fits). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 8. Normalized vanadium K-edge XANES spectra for V2O3(s), V2O4(s) and
V2O5(s). Roman numerals show approximate energy positions of electronic
transitions for the V2O3(s) reference, as follows: I: 1s → 3d, II: 1s → 4p sha-
kedown, III: 1s → 4pz, IV: 1s → 4pxy.
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(2015a, 2015b) used only the E½ value of the main edge in their model,
as consideration of the pre-edge feature did not improve the model. On
the other hand, Levina et al. (2014) developed the approach of
Chaurand et al. (2007b) further to predict the mean oxidation state
from three-dimensional parameter plots where the pre-edge peak en-
ergy, the pre-edge peak height, the main edge energy, and the white-
line intensity were all taken into account.

To estimate the vanadium speciation with XANES spectroscopy, the
most commonly employed method so far has been LCF, which requires
the use of a number of references thought to be representative for the
endmembers of the sample. These types of calculations are often carried
out using Athena (Ravel and Newville, 2005). Examples of such studies
include those of Gerke et al. (2009), Larsson et al. (2015b; 2017a) and
Wisawapipat and Kretzschmar (2017), and the results are discussed in
the next section. To some extent this approach to vanadium speciation
can be considered empirical, as the endmembers (references) are taken
directly from measurements, and then Athena calculates the combina-
tions that provide the best fit. Progress is currently being made on how
to predict V K-edge XANES spectra for compounds with known struc-
tures (Benzi et al., 2016). Another future development is the com-
plementary use of X-ray emission (XES) techniques, which have some
additional information content (Rees et al., 2016).

4.2.2. Vanadium speciation in different environmental samples
Table 2 summarizes the results from a number of studies in which

solid-phase speciation of V has been estimated using V K-edge XANES
spectroscopy and related techniques. On the whole, the number of
studies is, as yet, quite limited. So far it is soils and some products/by-
products and waste materials such as coke and slags that have been
most frequently studied. On the other hand, only two studies were
found that used XANES spectroscopy for V speciation in reduced natural
samples (Bennett et al., 2018; Nedrich et al., 2018). For this and many
other types of samples, there are more published papers reporting the
results from chemical extractions (see section 3.3).

As concerns living organisms, Patrick Frank and colleagues de-
termined V speciation in ascidians in a number of pioneering papers
(e.g., Frank et al., 1998; Frank et al., 2003; Frank et al., 2008; Frank
et al., 2014). Their studies showed that vanadium(III) was the dom-
inating oxidation state in the blood cells, but that vanadyl(IV) con-
tributes as well. In Ascidia ceratodes, the presence of a vanadium(III)
eSO4 complex appeared to be a major sink for vanadium (Frank et al.,
1998, 2003). Based on their findings, Frank et al. (2008) proposed the
existence of a vanadium reductase in the blood cells of the ascidians.
The active site of the reductase is hypothesized to have a ligand array
similar to that of EDTA. A nearby carboxylic acid residue helps to ac-
tivate the vanadyl(IV) ion towards reaction, whereas a thiol binding site
near the active site mediates the reduction to 7-coordinate vanadium
(III). By use of S K-edge XANES spectroscopy, Frank et al. (2014) later
discovered that the vanadium(III)eSO4 complex that they proposed was
an artefact of the freezing step during sample preparation, and that the
exact nature of the accumulated 7-coordinated vanadium(III) species is
not known, although at very low pH (<1.5) vanadium(III) forms
complexes with sulphonate groups of sulphate esters.

In the mycelium Phycomyces blakesleeanus vanadium speciation
depended on the species that was applied (c.f. Table 2; Žižić et al.,
2015). In a follow-up study using 51V NMR spectroscopy, it was shown
that added vanadate was complexed intracellularly, possibly with
polyphosphate compounds (Žižić et al., 2016).

Larsson et al. (2015a, 2015b, 2017a) studied vanadium speciation
by use of XANES spectroscopy in a number of Swedish forested and
agricultural soils. In an acid forest soil to which vanadate-containing
converter lime had been added in the 1980s, the added vanadium was
recovered mostly as vanadyl(IV) in the mor layer (the organic surface
horizon). Deeper down in the soil profile the vanadium appeared to
have accumulated as vanadate(V), but particularly at greater depth the
native content of vanadium, consisting mostly of octahedral vanadium
(IV), dominated (Larsson et al., 2015b). Three other soils, two A hor-
izons from agricultural soils and one B horizon from a Podzol, were
spiked with 2.25mmol kg−1 vanadate(V) on the laboratory (Larsson
et al., 2015a, 2017a). Prior to the additions the mean V oxidation states
of these soils ranged from 3.7 to 4.2, apparently due to the presence of a
multitude of native V phases with oxidation states III, IV and V. After
the vanadate(V) additions, the V oxidation state consistently increased.
LCF suggested that almost all of the added vanadate(V) had been ad-
sorbed to iron(III) and aluminium(III) (hydr)oxides including allo-
phane, and that very little V reduction had taken place (Larsson et al.,
2017a). Addition of vanadyl(IV) instead of vanadate(V) led to similar
aqueous vanadium speciation as evidenced by HPLC-ICP-MS, sug-
gesting that most vanadyl(IV) was oxidized to vanadate(V) and then
adsorbed (Larsson et al., 2015a).

Wisawapipat and Kretzschmar (2017) studied V speciation in a
group of highly weathered soils from Thailand in which the total V
content was high, i.e. between 200 and 600mg kg−1. According to LCF,
most of the V appeared to be bound to kaolinite, either as octahedral
vanadium(IV) in the kaolinite structure or as adsorbed vanadate(V). In
addition there were evidence for adsorbed vanadate(V) on iron (hydr)
oxides (ferrihydrite and goethite). In some soils the LCF results also
indicated a contribution of “V(V) adsorbed to iron(III)-humic com-
plexes”.

Terzano et al. (2007) studied vanadium speciation in an Fe-rich
industrially polluted soil by a combination of methods including μ-
XANES spectroscopy, μ-XRF (X-ray fluorescence) and μ-XRD (X-ray
diffraction). Vanadium was mostly present as vanadate(V), of which the
majority was vanadate adsorbed to hematite, whereas a minor pro-
portion was identified as being present in the Cu-vanadate mineral
phase volborthite, Cu3(OH)2V2O7×H2O(s).

Limited spectroscopic information exists regarding the speciation of
V in black shales, which are known to be enriched in V. The only
XANES spectra that could be found in the literature were those of Sahoo
(2015), who studied the Ediacaran Doushantuo shales, China. Here,

Fig. 9. Vanadium K-edge XANES spectra of the references used by Larsson et al.
(2015a; 2017a). Black: vanadium(III), red: vanadium(IV), blue: vanadium(V). V
(V)-Fh: vanadate(V) on ferrihydrite; V(V)-Fh: vanadate(V) on amorphous Al
(OH)3(s). (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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vanadium(III) was found to be the predominant oxidation state, and the
shape of the spectra was similar to that of roscoelite, where V(III) may
substitute for Al(III) or Mg(II) in the structure. This observation is
consistent with hypotheses put forward by Scott et al. (2017), who also
obtained results that were in agreement with earlier ideas (e.g. Breit
and Wanty, 1991; Wanty and Goldhaber, 1992), i.e. that V accumula-
tion in shales are dependent on high H2S concentrations, which may
occur under euxinic conditions. According to this hypothesis, the high
sulphide concentrations may reduce organically complexed vanadyl(IV)
to octahedral vanadium(III), which enters mineral phases and becomes
practically insoluble with time.

Until very recently, there were no spectroscopic studies in the lit-
erature showing the V speciation in freshwater or marine sediments.
However, for a marine sediment from a coastal lagoon in Queensland,
Australia, Bennett et al. (2018) found that vanadium was a mixture of
the oxidation states III and IV, with an average oxidation state of +3.5.
Reducing conditions were prevailing in this sediment, which is mir-
rored by the fact that Fe sulphide phases were identified. Com-
plementary studies using scanning X-ray fluorescence microscopy
(SXFM) indicated detrital organic matter to be the most important host
phase for the vanadium. However, this assignment was uncertain due to
the close proximity of the Ti Kβ and the V Kα emission lines. In another
recent study, Nedrich et al. (2018) performed V K-edge XANES spec-
troscopy for two sediment samples from a river reservoir. In this case a
predominance of vanadium(III) was found (74%), whereas the rest was
present as vanadium(IV) (Nedrich et al., 2018). No efforts were made to
determine the host phase for the vanadium in this freshwater sediment.

Vanadium-bearing FeeTi oxides constitute the most important host
phase for commercial vanadium exploration. An example is the tita-
nomagnetite found in the Bushveld complex, South Africa, which is the
most important vanadium deposit in the world. The V speciation was
investigated by Balan et al. (2006) and by Bordage et al. (2011), and
was found to be dominated (to roughly 90%) by vanadium(III), with
octahedral vanadium(IV) making up the remainder. In the titano-
magnetite, as in hematite, both V3+ and V4+ replace Fe3+ in the oc-
tahedral site. The vanadium(IV) to vanadium(III) ratio was related to
the oxygen fugacity of the magma during titanomagnetite crystal-
lisation (Bordage et al., 2011).

As previously mentioned, slag residues from the steel industry often
contain elevated vanadium levels. Blast furnace slags are dominated by
vanadium(III), which is explained by the strongly reducing conditions
in the blast furnace when the iron ore is melted (Larsson et al., 2015a).
On the other hand, blast furnace oxygen slags, which are generated
under more oxidizing conditions, are dominated by vanadium(IV)
(Chaurand et al., 2006, 2007a) or by a mixture of vanadium(IV) and
vanadate (Hobson et al., 2017). Aging, in the presence of atmospheric
oxygen, was found to increase the V oxidation state (Chaurand et al.,
2006, 2007a).

Most of the other investigated materials listed in Table 2 were
dominated by vanadium(V), such as for example the red mud from the
Ajka oil spill, Hungary, which was dominated by vanadate adsorbed to
Fe and/or Al (hydr)oxides (Burke et al., 2013).

In conclusion, the use of XANES spectroscopy has led to a clearer
understanding of the predominant V species, and their interconver-
sions, in the environment. For oxic environments, such as the un-
saturated zone of soils, vanadate(V) is usually the most stable oxidation
state and in these, surface reactions with iron(III) and aluminium(III)
compounds dominate the picture, although vanadate minerals such as
volborthite may form in soils subject to extreme V contamination.
Despite this, there are often substantial amounts of native V phases with
lower oxidation states present in soils, as shown both for Swedish and
for Thai soils (which are otherwise very different). However, these V
phases are likely to have a very limited reactivity and may eventually
be subject to weathering. A group of oxic soils with a different beha-
viour is the acid organic soils, where vanadyl(IV) complexes formed
with organic matter are important. This will be further discussed inTa
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section 5.2.
Concerning reducing environments, such as freshwater and marine

sediments, much less is known about V speciation, although two recent
XANES studies show that vanadium(III) and vanadium(IV) are the most
stable under these conditions, which is in general accordance with the
known redox behaviour of vanadium (see section 2). However, the
exact phases involved are still unclear, particularly as concerns vana-
dium(III). It is known that V(III) may substitute for octahedral alumi-
nium in clay minerals, but to what extent this process is really im-
portant in reduced sediments is still not known (Tribovillard et al.,
2006).

4.3. Additional evidence on solid-phase vanadium speciation by use of other
methods

Although less conclusive, sequential or selective extractions can
provide additional evidence on V solubility and speciation. Table 3
summarizes a number of results, most of which are from relatively re-
cent literature. A general impression is that V is recovered mainly from
the less soluble fractions, which is in accordance with its strong sorp-
tion properties (e.g. Jeske and Gworek, 2012; Shaheen and Rinklebe,
2018), as detailed further in section 4.

Many past studies employed the sequential extraction methods of
Tessier et al. (1979) or Rauret et al. (1999), or a version of these. These
methods were developed primarily for metal cations. As discussed by
Wenzel et al. (2001), for oxyanions such as arsenate(V) and vanadate
(V) the interpretation of the results is not straightforward as desorption

and subsequent resorption to other phases may occur in the extractants
used in the different steps. The authors therefore developed a modified
sequential extraction method based on desorption mediated by suc-
cessively stronger competing ligands. This method should be better
suited for estimating the relative solubility of V in soils where vanadate
(V) dominates the V speciation. Studies using the method of Wenzel
et al. (2001) include those of Tian et al. (2014) and Wright et al. (2014).
A somewhat different approach was taken by Reijonen et al. (2016),
who used the sequential extraction method of Zhang and Moore (1994),
originally developed for selenium in wetlands, in an effort to determine
the relative contributions of organically bound V and adsorbed vana-
date(V) to the overall V speciation. After an initial extraction with
0.25M KCl to recover “readily soluble V”, specifically adsorbed vana-
date(V) is desorbed with a 0.1M o-phosphate solution. After that, an
extraction with 0.1M NaOH was assumed to represent organically
bound V. When low additions of V were made to the two studied soil
samples, between 30 and 68% of the V was found in the organically
bound fraction, whereas only between 8 and 35% was assumed to be
specifically adsorbed vanadate(V). However, a critical assumption is
that 0.1M o-phosphate desorbs all specifically adsorbed vanadate(V),
and this was not examined.

Some authors (Tian et al., 2014, 2015; Xiao et al., 2015) combined
results from sequential extractions with an estimate of to what extent
vanadium was present as vanadium(IV) or vanadium(V) by use of the
method of Mandiwana and Panichev (2004), according to which soil is
boiled for 15min in a solution containing 0.1M Na2CO3 to recover
vanadium(V). For example, Tian et al. (2015) spiked a soil with

Table 3
Summary of studies carrying out extractions to obtain information on the solubility and/or speciation of vanadium in environmental materials.

Materials studied Method used Results Reference

One surface soil with high OM (1.7% OC)
and one subsoil with low OM (0.3%
OC)

Sequential extraction, modified from Zhang
and Moore (1994), Chang and Jackson
(1957)

Most added vanadium was recovered in a fraction assumed to
represent organically bound V(IV), and a smaller proportion was
vanadium(V) which, however, increased with increasing pH. The
same trends were observed regardless of whether vanadium(IV)
or vanadium(V) had been added

Reijonen et al.
(2016)

Two A horizons of agricultural soils Sequential extraction, modified from
Tessier et al. (1979)

Vanadium was highest in the “organic” fraction Poledniok and Buhl
(2003)

One soil spiked with different V(V)
concentrations

Sequential extraction, modified from
Wenzel et al. (2001)

Most of the added V was probably pentavalent Tian et al. (2014)

Chinese cabbage Extraction of Na2CO3 to recover V(V), and
ashing at 600 °C to recover V(IV)
(Mandiwana and Panichev, 2004)

Predominance of V(IV) Tian et al. (2014)

Five soils from an area polluted by
vanadium mining and smelting
operations

Sequential extraction, modified BCR
extraction procedure

Most of the V was in the residual fraction, the highest % residual
V (87%) was found in the smelting area

Cao et al. (2017)

As- and V-enriched Tertiary sediments
from Melbourne, Australia

Separate extractions with CaCl2, citrate-
dithionite, oxalate, and sodium
pyrophosphate

CaCl2 extracted less than 0.5% of the V extracted by the other
extractants, implying low solubility. Pyrophosphate extracted
between 20 and 40% of pseudo-total V.

Mikkonen et al.
(2019)

Wetland sediments after operation as
constructed wetland

Sequential extraction Most V was present in the acid-soluble fraction. After constructed
wetland operation, more V was water-soluble apparently because
of reducing conditions

Fox and Doner
(2003)

Sediments disposed on land by dredging
and overbank flooding

Sequential extraction using the modified
BCR extraction procedure (Rauret et al.,
1999)

Most V was in the residual fraction (usually > 50%), very low
levels of V were in the acid-soluble fraction. Reducible V was
larger than oxidizable V.

Cappuyns and
Swennen (2014)

20 soil samples from mining areas that
were placed in bioreactors

Sequential extraction, modified BCR
extraction procedure

Microbial inoculation with added vanadate(V) decreased the
fraction residual V

Hao et al. (2018)

Seven “rusty” soil profiles from Poland Sequential extraction, modified from
Tessier et al. (1979)

Only about 3% of V was present in the two most mobile fractions Jeske and Gworek
(2012)

13 soil profiles from Germany and Egypt Sequential extraction using the modified
BCR extraction procedure (Rauret et al.,
1999)

Most V was in the residual fraction. Reducible V contributed more
to V mobility than oxidizable V and was relatively higher in
Egyptian soils

Shaheen and
Rinklebe (2018)

One soil spiked with different V(V)
concentrations

Extraction of Na2CO3 to recover V(V), and
ashing at 600 °C to recover V(IV)
(Mandiwana and Panichev, 2004)

V(IV) dominated V speciation in unamended soils, but addition of
V(V) caused a larger proportion of V to be present as V(V)

Tian et al. (2015)

Six core samples from an aquifer Sequential extraction, modified from
Wenzel et al. (2001)

Most V was in strongly bound forms (HNO3 or oxalate-ascorbate) Wright et al.
(2014)

19 soils polluted from coal mining Sequential extraction (BCR) and Na2CO3

extraction to get V(V)
Most V was in the residual fraction. Between 9 and 49% of total V
was V(V) in polluted soils, 11% in control soils

Xiao et al. (2015)
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different vanadate(V) concentrations. After reaction, they found that
the fraction if vanadium(V) in the soil increased with increasing initial
dose vanadium(V) (see also Table 3). Although the V speciation results
seem to be in reasonable agreement with the V K-edge XANES results
reported in Table 2, Mandiwana and Panichev's method has, to the
author's knowledge, not yet been validated with XANES or with any
other direct speciation technique. Clearly such a method comparison
would be very useful to properly evaluate the results obtained with
Mandiwana and Panichev's method.

5. Vanadium binding to sorbents in soils and sediments - a
quantitative analysis

5.1. Vanadium binding to iron and aluminium (hydr)oxides

In many soils the behaviour of vanadium is governed by vanadate
(V) adsorption to iron(III) and aluminium(III) (hydr)oxides and sili-
cates. High-surface-area iron(III) and aluminium(III) compounds such
as ferrihydrite and allophane may be of particular importance in this
regard (Larsson et al., 2017a).

Vanadate(V) adsorption to ferrihydrite has been studied by a rela-
tively large number of authors (Leckie et al., 1984; Shieh and Duedall,
1988; Blackmore et al., 1996; Naeem et al., 2007; Brinza et al., 2008;
Larsson et al., 2017b). Most of these studies show that vanadate(V)
adsorption displays a maximum around pH 4, and then decreases above
this value. However, vanadate(V) maintains strong adsorption up to at
least a pH of 10, making it one of the most strongly adsorbing oxya-
nions on iron(III) (hydr)oxides. Two examples are shown in Fig. 10, in
which the pH-dependent adsorption as observed in the systems of Shieh
and Duedall (1988) and Blackmore et al. (1996) is displayed. In the
latter study, the effect of competing o-phosphate anions was addressed
and found to be small (Fig. 10); this is in agreement also with the study
of Larsson et al. (2017b). The main reason why vanadate(V) adsorption
drops below pH 4 is that under these conditions the speciation of va-
nadate(V) is dominated by the oxocation VO2

+ (see section 2), which
displays decreased adsorption as the pH value is decreased further.
Similar vanadate(V) adsorption behaviour is observed also on goethite
(Rietra, 2001; Peacock and Sherman, 2004).

So far, very limited quantitative information exists regarding va-
nadate(V) adsorption onto other sorbents such as aluminium (hydr)
oxides and clay minerals. One exception is the study of Wehrli and
Stumm (1989) who investigated vanadate(V) adsorption onto δ-Al2O3

and TiO2 (anatase). Again a distinct adsorption maximum was ob-
served, but it was located at a higher pH for both oxides compared to

ferrihydrite, i.e. at pH between 5 and 6. It was also found that TiO2

adsorbed vanadate(V) more efficiently at high pH than δ-Al2O3, despite
the lower PZC (point-of zero charge) of the former. In another study,
granular TiO2 was found to an almost equally good sorbent for vana-
date(V) as granular ferric hydroxide (Naeem et al., 2007). Wehrli and
Stumm (1989) also studied the surface complexation of vanadyl(IV), i.e.
VO2+, to δ-Al2O3 and TiO2 (anatase). Strong VO2+ sorption was ob-
served down to pH 4 for both oxides studied, which is in line with VO2+

being a hard Lewis acid (harder, and more strongly adsorbing, than
Pb2+).

In principle, the adsorption patterns can be described in a consistent
way by surface complexation models, which may also allow the pre-
diction of vanadate(V) adsorption in the field. Dzombak and Morel
(1990), who used the so-called Generalized Two Layer Model (GTLM),
were the first to present a consistent database of surface complexation
reactions for ferrihydrite. This model, also frequently referred to as the
Diffuse Layer Model (DLM), has a simplified description of the solid-
solution interface and only considers monodentate complexes, despite
the fact that bidentate complexes predominate for many cations and
oxyanions including vanadate(V). Dzombak and Morel (1990) used a
number of data sets (Honeyman, 1984; Leckie et al., 1984), in which
relatively low V/Fe ratios were used throughout, leading to very strong
V adsorption below pH 10. As a consequence, the model for vanadate
(V) was not fully parameterized. Wällstedt et al. (2010) updated the
GLTM surface complexation constants using the data set of Blackmore
et al. (1996; see Fig. 10), who studied also higher V/Fe ratios, per-
mitting optimisation of constants for the surface complexes formed at
lower pH. In the revised GTLM of Wällstedt et al. (2010), the GTLM
surface complexation reactions for vanadate(V) are defined for three
monodentate complexes M1, M2, and M3 as follows:

+ + + =+ KM1. FeOH HVO 2H FeH VO H O log 22.164
2

2 4 2 M1

(1)

+ + + =+ KM2. FeOH HVO H FeHVO H O log 16.24
2

4 2 M2

(2)

+ + + =+ KM3. FeOH HVO H FeHVO H O log 9.04
2

4
2

2 M3

(3)

The equilibrium constants (K) contain an electrostatic correction
term specific for the GTLM (c.f. Dzombak and Morel, 1990).

In their study on vanadate(V) sorption on ferrihydrite, Larsson et al.
(2017b) instead used the CD-MUSIC model of Hiemstra and van
Riemsdijk (1996), parameterized for ferrihydrite by Tiberg et al.
(2013). The CD-MUSIC model has a more sophisticated description of

Fig. 10. Vanadate(V) adsorption to ferrihydrite as a function of pH. Left: Points are observed data of Shieh and Duedall (1988) with artificial seawater
(I= 0.725mol L−1) as background. Right: Points are observed data of Blackmore et al. (1996) in a 0.01mol L−1 NaNO3 background. Empty symbols represent
samples to which 0.1mM o-phosphate had been added, whereas filled symbols are systems without o-phosphate. The lines represent the model fit using the CD-
MUSIC model optimised for the data of Larsson et al. (2017b).
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the solid-solution interface and allows consideration of bidentate co-
ordination as constrained from spectroscopic results (c.f. section 4). The
optimised model contained three bidentate complexes B1, B2 and B3 as
follows:

+ +
+ =

+

K
B1. 2 FeOH H HVO ( FeO) VO

2H O log 16.39

0.5
4
2

2 2
2

2 B1 (4)

+ +
+ =

+

K
B2. 2 FeOH 2H HVO ( FeO) VOOH

2H O log 23.20

0.5
4
2

2

2 B2 (5)

+ +
+ =

+

K
B3. 2 FeOH 3H HVO ( FeO) V(OH)

2H O log 27.44

0.5
4
2

2 2

2 B3 (6)

Again the surface complexation constants contain electrostatic in-
teraction factors, where the so called CD values, characteristic for the
CD-MUSIC model, were optimised using PEST (Doherty, 2010), for
more details see Larsson et al. (2017b). The most protonated complex,
(≡FeO)2V(OH)2, should very probably be understood as a complex
involving the oxocation VO2

+ (c.f. Peacock and Sherman, 2004). The
model was applied in a fully predictive mode to the two previously
mentioned data sets of Shieh and Duedall (1988) and Blackmore et al.
(1996). While the model overpredicted vanadate(V) adsorption for the
data of Shieh and Duedall (1988) it underpredicted the binding slightly
for the data set of Blackmore et al. (1996). This can probably be ex-
plained by different procedures for ferrihydrite synthesis and ageing, as
well as different reaction times in the experiment. For the data sets of
Leckie et al. (1984) and Honeyman (1984), the model overpredicted
vanadate(V) adsorption considerably (data not shown). However, in the
two latter studies no effort was made to exclude CO2 from the systems,
and as most of the adsorption data were collected in the pH range from
8 to 11, competitive CO3 adsorption may have influenced the result to
an unknown extent, making it difficult to properly evaluate the model
performance.

In Fig. 11 the model-predicted adsorption edges of different oxya-
nions on ferrihydrite are compared. Vanadate(V) is adsorbed most
strongly of all the considered oxyanions, particularly at high pH. Al-
though the presence of competing o-phosphate affects the adsorption of
all oxyanions, the effect is smaller (but still clearly seen) for vanadate
(V). These results suggest that the presence of iron (hydr)oxides in soils
is of fundamental importance for the solubility (and bioavailability) of
vanadium in the environment.

Also Peacock and Sherman (2004) optimised surface complexation
models (Triple layer model, TLM, and DLM) to fit their vanadate(V)
adsorption data on goethite. In this case, a combination of two bi-
dentate complexes (analogous to B2 and B3 above) provided an ac-
ceptable fit to the data. Further, Rietra (2001) also reported one

vanadate(V) adsorption data set for goethite, with data in the pH range
from 8 to 10. In this case a CD-MUSIC model with one bidentate
complex (B1) was sufficient to replicate the data.

Because of its ability to consider the actual surface coordination of
vanadate(V), the CD-MUSIC model should be the preferred choice for
the modelling of vanadate(V) adsorption to iron(III) (hydr)oxides.
However, the GTLM/DLM is still often used in many publications, not
least because it is still more widely spread and better known in the
research community.

5.2. Vanadium binding to natural organic matter

Vanadyl(IV), VO2+, forms strong complexes with natural organic
matter. Szalay and Szilagyi (1967) were the first to observe that va-
nadate(V) added to humic acid was bound to a significant extent. They
speculated that vanadate(V) had been reduced to vanadyl(IV), which
was then complexed. Goodman and Cheshire (1975) proved that this
was correct, and use of electron paramagnetic resonance (EPR) spec-
troscopy suggested vanadyl(IV) to be complexed predominantly by
oxygen donor groups. Later, Templeton and Chasteen (1980) combined
results from EPR with gel filtration experiments to show that the va-
nadyl(IV) was complexed by carboxylate and phenolate groups, and
they also provided quantitative data for vanadyl(IV) binding onto fulvic
acid, which was later used as a basis for estimating vanadyl(IV) binding
in organic complexation models (Tipping, 1998; Milne et al., 2003). In
the most recent version of WHAM, vanadyl(IV) binding is assumed to
occur in mono-bi-, and tridentate coordination (Tipping et al., 2011),
whereas the NICA-Donnan model assumes VO2+ to bind to two popu-
lations of sites that can be understood and low-affinity carboxylate and
high-affinity phenolate, respectively (Kinniburgh et al., 1999).

Data on vanadyl(IV) binding onto solid-phase soil organic matter
were provided by Gustafsson et al. (2007), who studied the effect of
iron(III) on trace metal binding in a mor layer from a Spodosol. These
data provided a basis for a database of vanadyl(IV) binding onto soil
humic substances, used for the Stockholm Humic Model (SHM;
Gustafsson, 2001). In this model, vanadyl(IV) binding is described by a
combination of mono- and bidentate complexes, with the latter dom-
inating under most conditions (c.f. Gustafsson et al., 2007). In Fig. 12,
the simulated pH-dependent binding of VO2+ and other cations onto an
organic soil is shown in the absence and presence of competing Fe3+

and Al3+. As shown in the figure, the binding strength of VO2+ is
comparable to those of Pb2+ and Cu2+, and influenced significantly by
competition from Fe3+ and Al3+, although somewhat less so than for
Pb2+ and Cu2+.

Also vanadium(V) is known to form complexes with a wide range of
organic molecules (Table S3 has examples of such reactions), although
their complexation constants usually imply a weaker association than

Fig. 11. Predicted adsorption of oxyanions to ferrihydrite as a function of pH (I= 0.01M NaNO3, ferrihydrite concentration= 0.3 g L−1, total concentration of
oxyanions= 1 μmol L−1 each) Left: no other competing ions present. Right: presence of 0.6mmol L−1 o-phosphate. The lines are model fits using the CD-MUSIC
model of Tiberg et al. (2013), as optimised for the vanadium data of Larsson et al. (2017b).
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the corresponding vanadyl(IV) complexes. Still, in oxic soils at high Eh
vanadium(V)-organic complexes could be expected to be more stable.
As already mentioned, however, the reduction of vanadium(V) to va-
nadyl(IV) in systems with high concentrations of organic matter has
frequently been observed, also under oxic conditions (Templeton and
Chasteen, 1980; Lu et al., 1998; Larsson et al., 2015b). This is ascribed
to the reducing ability of fulvic and humic acids (Lu et al., 1998) and
may involve a hydroquinone group, which is oxidized to quinone; this
reduction mechanism is efficient below pH 6. According to Lu et al.
(1998), vanadium(V)-organic complexes may be more stable at high Eh
in combination with near-neutral to alkaline pH conditions, but data
are lacking, and there are no vanadium(V) binding parameters sug-
gested for fulvic and humic acid.

5.3. Vanadium binding to soils – data and modelling

The number of published studies in which vanadium sorption to
soils was studied is rather scarce. In an early study, Mikkonen and
Tummavuori (1994) studied vanadate(V) sorption as a function of pH.
The total addition was either 1 or 10mmol V kg−1 soil, the shaking
time was 72 h, and three Finnish mineral soil samples were studied in
the pH range from 2.3 to 7.5. For all three soils and for both initial V
concentrations the maximum V adsorption was observed at around pH
4 at which point between 70 and 80% of the added V was adsorbed.

So far there have been very few attempts to use surface complexa-
tion models or organic complexation models (described in previous
sections) to predict vanadium mobility in soils. An exception is the
study of Dijkstra et al. (2009) who applied a multisurface geochemical
model to predict metal solubility in pH-static leaching tests for eight
contaminated soils. For vanadium they used generic vanadyl(IV)
binding parameters of the NICA-Donnan model for natural organic
matter (Milne et al., 2003), and for vanadate(V) adsorption to ferri-
hydrite they used the GTLM of Dzombak and Morel, with surface
complexation constants optimized for the data sets of Honeyman
(1984) and Leckie et al. (1984). However, the RMSE of the model fit for
V was around 1.2, poorest of all metals investigated. The model un-
derestimated the V solubility at high pH, leading the authors to spec-
ulate that V was primarily present as vanadyl(IV) and not oxidized
during the test. This assumption led to much improved model perfor-
mance (Dijkstra et al., 2009).

Gäbler et al. (2009) carried out adsorption experiments with va-
nadate(V) for 30 German soils. In this case the added V concentration
varied between 0.0005 and 0.5mmol V kg−1 soil in a Ca(NO3)2 back-
ground. They were able to produce a large data set, which was used to
derive Freundlich models for four groups of soils. These models can be
used as first-hand approximations when no other data are available.

The Freundlich equation can be written as:

Q=KF× cm (7)

where Q is the amount adsorbed V (expressed in μg V kg−1), c is the
dissolved V concentration (μg V L−1), whereas KF and m are fitted
coefficients. For sandy soils, the optimised values for log KF and m were
found to be 2.55 and 0.59, respectively. The coefficient values for
topsoils were 2.89 and 0.72, for subsoils with pH < 5.5 4.29 and 0.52,
and for subsoils with pH > 5.5 3.41 and 0.57, respectively.

Larsson et al. (2017a) collected adsorption data for 26 European
(mostly Swedish) soils. The added V concentration ranged from 0 to
4.5 mmol V kg−1, and for 7 of the soils they also investigated the pH
dependence of V binding, after an addition of 0.75mmol V kg−1. To fit
the data, the authors used an extended Freundlich equation of the
following form:

Q=KF× (c×{H+}η)m (8)

where Q, KF, m and c have the same meaning as in Equation (7),
whereas η is an additional coefficient expressing the pH-dependence of
vanadium sorption. Good fits were obtained for the investigated soils,
but in contrast to the study of Gäbler et al. (2009) no effort was made to
derive generalised coefficient values.

Both Gäbler et al. (2009) and Larsson et al. (2017a) showed that the
content of iron(III) and aluminium(III) (hydr)oxides were important
determinants for V sorption. Additional evidence from pH-dependent
vanadate(V) sorption for seven soils and XANES studies for three soils
(Table 2) led Larsson et al. (2017a) to conclude that vanadate(V) was
very probably the predominant V oxidation state in all mineral soils
studied, with the possible exception of one acid soil that had a relatively
high organic matter content.

6. Environmental geochemistry of vanadium – additional
evidence from the field

6.1. Vanadium transport through soils and aquifers

Martin and Kaplan (1998) investigated the movement of applied
vanadyl(IV) in a Coastal Plain soil during 30 months, and the uptake of
V to bush bean (Phaseolorus vulgaris) plants. After the experiment, less
than 3% of the V had migrated below 7.5 cm depth, which showed that
the V was strongly sorbed. Further, the extractability of the V decreased
over the experimental period until 18 months, showing that the bioa-
vailability of V gradually decreased during this period. The V uptake
was consistent with this observation. The authors hypothesized that
reactions with iron(III) and aluminium(III) (hydr)oxides limited the V
bioavailability in this soil.

Fig. 12. Predicted adsorption of cations as a function of pH for a suspended organic soil containing 0.2 g L−1 fulvic acid and 0.6 g L−1 humic acid in the solid phase
(I= 0.01mol L−1 NaNO3, DOC=5mg L−1, total concentration of cations= 10 μmol L−1 each). Left: no other competing ions present. Right: presence of iron(III)
governed by equilibrium with ferrihydrite (log *Ks= 2.69) and of 3mM aluminium(III) that precipitates as Al(OH)3(s) (log *Ks = 8.29) if saturation is reached. The
lines are model fits using the Stockholm Humic Model of Gustafsson (2001), with VO2+ binding parameters of Gustafsson et al. (2007).
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Telfeyan et al. (2015) studied V geochemistry along groundwater
paths in two aquifers in the US, the Oasis valley and Carrizo sand
aquifers. The groundwaters and aquifer sediments were thoroughly
characterised and the total V concentration was measured in both
media. Geochemical modelling was used to predict V speciation. In the
Oasis valley aquifer, which was relatively alkaline and oxic, the average
dissolved V concentration was 2.2mg V L−1, it was observed that the V
concentrations increased along the flow path, probably because of in-
creased supply from weathering. In the Carrizo Sand aquifer, which was
much lower in dissolved V (0.023mg V L−1), and more reducing, the V
concentrations decreased in the upper part, and then stayed more or
less constant along the rest of the flow path. The authors concluded that
vanadyl(IV) probably dominated in the Carrizo aquifer, and as the DOC
concentrations were low, vanadyl(IV) instead was strongly sorbed in
the aquifer material. In the Carrizo Sand aquifer, vanadate(V) pre-
dominated. In another study focusing on the seasonal cycling of vana-
dium in a freshwater deltaic marsh, Telfeyan et al. (2018) noted that
dissolved V increased during late autumn and winter, possibly because
of the decreased redox potential leading to reductive dissolution of Fe
oxides containing adsorbed vanadate(V). However, there was no cov-
ariation between dissolved Fe and V, making it likely that other me-
chanisms were involved. Possibly vanadate(V) reduction to vanadyl(IV)
and the association of the latter with dissolved organic matter were
important mechanisms in this respect.

6.2. Influence of redox conditions on vanadium mobility

As the redox conditions are of fundamental importance for V geo-
chemistry, it is of interest to study the dynamics of dissolved V when
the redox conditions change quickly, e.g. after flooding. Amrhein et al.
(1993) performed a laboratory incubation study with saline soils and
sediments from San Joaquín valley, California, They observed that
dissolved V increased after flooding, apparently due to release of ad-
sorbed V after the reductive dissolution of iron (hydr)oxides and after
reduction of vanadate(V) to vanadyl(IV). Similar results were obtained
for floodplain soils from the area of Cologne, Germany (Frohne et al.,
2015). In this case there was a highly significant inverse relationship
between dissolved V and the redox potential (Eh) (R2= 0.61,
p < 0.0001). A contributing factor to the strong relationship may have
been high concentrations of DOC in this experiment, which caused a
high solubility of organically complexed vanadyl(IV). In a column ex-
periment where V-contaminated soil from China was leached with si-
mulated acid rain the dissolved vanadium concentrations increased
with time to reach a maximum of 71.3 μg V L−1 (Xiao et al., 2017).
Again this was attributed to reductive dissolution of iron (hydr)oxides
and the subsequent release of vanadium. However, for floodplain soils
from the Nile delta, for which similar studies were carried out, there
was no consistent trend for dissolved V with changes in Eh (Shaheen
et al., 2014).

7. Conclusions

7.1. Processes governing V geochemistry and ecotoxicity

The biogeochemical cycle of vanadium has a strong contribution
from human activities. The use of vanadium may increase further in the
future due to the increased exploration of heavy petroleum resources,
an increased demand of high-grade steel, and to the increased use of
vanadium redox-flow batteries. Despite this, there is little evidence for
widespread vanadium contamination of soils with the exception of
areas near vanadium mines, coal mines, and oilfields. In Europe, most
data suggest that the anthropogenic deposition of V has in fact de-
creased in recent times, probably due to reduced oil combustion and
improved emission control.

The dissolved concentration of V is generally low, i.e.< 1 μg V L−1

in many waters that drain areas dominated by silicate rocks. In these
areas dissolved V is strongly correlated with Si, showing that most of
the V has been weathered. The mean dissolved V in the oceans is only
marginally higher, i.e. at 1.8 μg V L−1. However, the freshwaters of
some areas with volcanic and sedimentary rocks are much higher in V
and may in a few instances pose a health problem, e.g. in southern Italy.

The geochemistry of vanadium is rather complex, with three oxi-
dation states (+III, +IV and +V) that may occur under natural con-
ditions. In waters, dissolved vanadium normally consists of vanadyl(IV)
and vanadate(V), with the latter dominating under oxic and relatively
high-pH conditions, whereas the former occurs in reducing environ-
ments and at low-pH conditions particularly when dissolved organic
matter is high. In soils, the solid-phase V is generally composed of a
mixture of V strongly bound in primary minerals and of surface-bound
V species. The former appears to be dominated by octahedrally co-
ordinated vanadium(IV), whereas the surface-bound V often consists of
vanadate(V) adsorbed to iron(III) and aluminium (hydr)oxides.
Vanadate(V) adsorbs more strongly to iron (hydr)oxides than o-phos-
phate, and the surface complex is a bidentate complex. Organically
complexed vanadyl(IV) may also be an important surface-bound V
phase, particularly in acid organic soils where it may dominate V spe-
ciation. Vanadium(III) may be formed in the presence of sulphide, and
has been identified as an important V phase in reduced sediments and
in black shales. The dynamics of vanadium in the environment is
strongly dependent on the redox conditions. Quick changes, i.e. due to
flooding, may cause substantial increases or decreases of dissolved
vanadium, but the effects are not the same everywhere.

Vanadium is an essential element for a few organisms. For example,
it is present in V nitrogenase, which is used for N fixation particularly in
boreal ecosystems. Vanadium haloperoxidases is another important
group of biomolecules that mediate the oxidation of halides. However,
at high concentrations of V, toxic effects may result. Most organisms in
soils and waters show toxic effects in the mg L−1 range, but certain
bacteria and algae may be affected at lower concentrations. Phosphate
has been identified as an important determinant for V toxicity, and P-
deficient systems show stronger V toxicity effects. In soils, the toxic
response appears to be related to the dissolved V concentration and not
to the solid-phase V concentration.

The methods to study vanadium geochemistry include X-ray ab-
sorption spectroscopy, which is the preferred method for solid-phase
speciation, and various separation or spectrophotometric methods for
the direct speciation of V in water. Stable isotope analysis using 51V/50V
isotope ratios is a rapidly emerging research tool that has only begun to
be used in low-temperature environments. Models for vanadium sorp-
tion to natural sorbents are available for ferrihydrite and natural or-
ganic matter, but so far little used for predicting vanadium mobility in
the environment. The use of simpler empirical approaches (i.e.
Freundlich models) appears to be a promising alternative.

7.2. Knowledge gaps

Overall the knowledge about vanadium geochemistry in the bio-
geosphere is relatively limited, when compared to elements such as
copper, lead, cadmium and arsenic, which traditionally has been seen
as high-priority pollutants. However, as vanadium receives more and
more attention due to its widespread and increased use in society, it will
be necessary to fill a number of knowledge gaps. Some that were
identified during the course of writing this review include the fol-
lowing:

- Thermodynamic data for vanadium(III). The most reduced form of
vanadium, vanadium(III), is also the form that is the least well re-
searched as concerns its thermodynamics. For example, the
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vanadium(III) hydrolysis constants appear uncertain. As these
greatly affect the stability field of vanadium(III) versus vanadium
(IV) and vanadium(V), more research is needed to constrain the
hydrolysis constants further. In addition, the extent of vanadium(III)
complexation to e.g. natural organic matter is yet to be determined.
This process could be important for the understanding of vanadium
geochemistry under strongly reducing (euxinic) conditions.

- Vanadium speciation under reducing conditions, and on the microscale.
The first papers that reported V K-edge XANES data for reduced
sediments were published in 2018 (Bennett et al., 2018; Nedrich
et al., 2018). Still, we have very little information on the solid-phase
V speciation in freshwater and marine sediments. Similarly, there is
practically no information on the V speciation in black shales, de-
spite the fact that these are often high in vanadium and may be an
important future source of vanadium-containing ore. For both these
types of environments it is not known, for example, how quickly and
how efficiently V3+ is sorbed and incorporated into octahedral sites
of oxides and clay minerals, and to what extent organic complexa-
tion may be an important solubility control. Moreover, most studies
using XANES spectroscopy so far has used bulk V K-edge XANES
spectroscopy to quantify speciation. The complementary use of
spatially resolved techniques (e.g. synchrotron-XRF and μ-XANES)
can, however, provide additional important insights into the geo-
chemistry of V, as has been demonstrated e.g. by Terzano et al.
(2007) and by Nesbitt and Lindsay (2017).

- Ecotoxicity of vanadium, particularly the effect of phosphorus. Ecotoxic
effects appear in the mg L−1 range for many organisms, which is
higher than the dissolved V concentration commonly encountered in
waters. However, some studies report toxic effects on algae in the
low μg L−1 range under P-deficient conditions (Lee et al., 1979;
Nalewajko et al., 1995a, 1995b). When the results from such tests
are included when deriving guidelines with species sensitivity dis-
tributions, very low values result, near background values of dis-
solved V (Smit, 2012). When they are excluded, much higher values
are calculated, i.e. HC5 values of around 50 μg L−1 (Schiffer and
Liber, 2017b). Similarly, the effect on plants strongly depends on the
fertilization level (Smith et al., 2013). Thus, considerable un-
certainty exists on how the results from toxicity tests with vanadium
should be interpreted, in what way interacting o-phosphate affects
the environmental risk, and how this interaction can be accounted
for in risk assessments. There is urgent need for research that ad-
dresses these questions. Moreover, vanadium speciation is very
probably an important aspect to consider for assessments of toxicity.
There is a lack of studies that combine exotoxic effect studies with
determination of the aqueous and solid-phase speciation of vana-
dium.

- Sorption modelling of vanadium, and link to toxicity. So far relatively
few researchers have tested and/or developed models to predict the
sorption/solubility of vanadium in soils. Although the efforts of
Gäbler et al. (2009) and Larsson et al. (2017a) are promising, ad-
ditional data sets are needed, and models (including multisurface
models) need to be tested. Future research may include the devel-
opment of models to predict possible V toxicity effects in soil
through the biotic ligand model (di Toro et al., 2001) or by a similar
approach. Because toxicity effects are primarily related to the soil
solution concentration of V, it follows that it will be important to use
a reliable model to account for the sorption of V to soil surfaces.

- Dynamics of redox processes. As vanadium is a redox-sensitive ele-
ment, accurate understanding of its behaviour requires detailed
knowledge on the different processes that contribute to the vana-
dium redox conversions and the changes in solubility and bioa-
vailability that may result. The role of microorganisms, and the
genera of bacteria that carry out these conversions, are beginning to
be unravelled, but much more remains to be known. For example,
this knowledge is important when devising efficient bioremediation
methods for vanadium-contaminated environments.
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