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3.1

INTRODUCTION

Soils and sediments represent the major sink for heavy metal(loid)s that are released into the
biosphere through both geogenic (i�e�, weathering or pedogenic) and anthropogenic (i�e�, human
activities) processes� The mobility and bioavailability of heavy metal(loid)s in soils and sediments
are affected by both physicochemical and redox reactions (Figure 3�1) (Alexander 2000; Adriano
2001)� Redox reactions play a key role in the behavior and fate of toxic heavy metal(loid)s, especially arsenic (As), chromium (Cr), mercury (Hg), and selenium (Se), in soils and sediments by influencing their speciation (Gadd 2010)� For example, As contamination of surface- and groundwater,
mediated through redox reactions of geogenic As, became a major human health issue at several
points around the globe (Mahimairaja et al� 2005)� Thus, a greater understanding of redox reactions
will help in monitoring the environmental fate of the heavy metal(loid)s, and will also aid in developing in situ bioremediation technologies that are environmentally compatible� It is unlikely that
the natural phenomena (e�g�, natural attenuation) are optimal for the removal of toxic heavy metal(loid)s
27
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(See color insert.) Dynamics of heavy metal(loid) redox transformation in soils and sediments�

from contaminated sites� Redox reactions can readily be managed and enhanced for the efficient
removal of contaminants, provided the biochemistry of these processes is understood�
In this chapter, we first briefly introduce the sources and speciation of four major heavy
metal(loid)s that are subject to redox reactions in soils and sediments� These include As, Cr, Hg,
and Se� We then describe two case studies of redox reactions in the context of the practical implications they have for remediation and ecotoxicology�

3.2 SOURCES AND SPECIATION OF HEAVY METAL(LOID)S
IN SOILS AND SEDIMENTS
All heavy metal(loid)s originate from the crust of the earth and appear in soils due to geogenic (natural
weathering of igneous and sedimentary rocks) and anthropogenic (mining) activities� Arsenic is among
the most researched heavy metalloids in terms of human health because of its carcinogenicity and transformation in the soil environment; this is evident through its interaction with other elements, including
iron (Fe) and aluminum (Al)� Apart from the natural weathering of rocks, significant anthropogenic
sources of As include fossil fuel combustion, leaching from mining wastes and landfills, mineral processing, and metal(loid) production� Application of a range of agricultural byproducts (e�g�, poultry
manure) also contributes large quantities of As to the land (Christen 2001)� Although the anthropogenic
As source is becoming increasingly important, the recent episode of extensive As contamination of
groundwater in Bangladesh and West Bengal is of geological origin (Mahimairaja et al� 2005)�
In soils, As is present as arsenite [As(III)], arsenate [As(V)], and organic As (monomethyl arsenic acid and dimethyl arsenic acid or cacodylic acid) (Sadiq 1997; Smith et al� 1998; Mahimairaja
et al� 2005)� Arsenic species are adsorbed onto iron (Fe), manganese (Mn), and aluminum (Al) compounds (Smith et al� 1998)� In aquatic systems, As is predominantly bound to sediments and As concentration in suspended solids and sediments is many times higher than that in water (Mahimairaja
et al� 2005)� Arsenic oxidation from As(III) to As(V) is a natural process that helps in alleviating
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toxicity in aquatic environments, because As(V) is adsorbed onto the sediments and becomes relatively immobilized (Aposhian et al� 2003; Rubinos et al� 2011)�
Chromium is another potentially toxic metal that reaches the soil environment via industrial waste
disposal from coal-fired power plants, electroplating activities, leather tanning, timber treatment, pulp
production, and mineral ore and petroleum refining (Bolan et al� 2003; Choppala et al� 2012)� Chromium
exists in hexavalent [Cr(VI)] and trivalent [Cr(III)] forms� It has been found that Cr(VI) is toxic and
highly soluble in water, whereas Cr(III) is less toxic, insoluble in water, and hence less mobile in soils
(Barnhart 1997; Kosolapov et al� 2004)� In soils and sediments, Cr exists mainly as Cr(III) unless oxidizing agents such as manganous oxide [Mn(IV)] are present (Gong and Donahoe 1997)�
The burning of fossil fuels and gold recovery in mining are the major sources of Hg (Pacyna
et al� 2001; de Lacerda 2003)� Similar to As and Cr, Hg also occurs in two ionic states: mercurous
[Hg(I)] and mercuric [Hg(II)] salts, with the latter being much more common in the environment
than the former (Schroeder and Munthe 1998)� Mercury also forms organometallic compounds, and
elemental Hg gives rise to a vapor that is only slightly soluble in water (Boening 2000)� In an aquatic
environment, Hg is dominated by methyl mercury and Hg(II)–ligand pairs in water and Hg(II) in
sediments (Weiner et al� 2003)�
Selenium is used in xerography, as a semiconductor in photocells, and in the manufacture of
batteries, glass, electronic equipment, anti-dandruff products, veterinary therapeutic agents, feed
additives, and fertilizers� Elemental Se exists in a zero-valence state and is often associated with
sulfur in compounds such as selenium sulfide (SeS) and polysulfides� Selenium occurs in four oxidation states: selenate [Se(VI); SeO42–], selenite [Se(IV); SeO32–], elemental selenium [Se(0); Se0],
and selenide [Se(-II); Se2–]� Selenate and Se(IV) are common ions in soil and sediments� Under
reducing conditions, selenides and Se(0) are the common Se species in the presence of organic
matter� Reduced Se compounds also include volatile methylated species such as dimethyl selenide
[DMSe, Se(CH3)2], dimethyl diselenide [DMDSe, Se2(CH3)2] and dimethyl selenone [(CH3)2, SeO2],
and sulfur-containing amino acids, including selenomethionine, selenocysteine, and selenocystine�

3.3

REDOX REACTION PROCESSES

Heavy metal(loid)s, including As, Cr, Hg, and Se, are the most commonly subjected metal(loid)s
to microbial oxidation/reduction reactions (Table 3�1)� Redox reactions influence the speciation and
mobility of heavy metal(loid)s� For example, metals are generally less soluble in their higher oxidation state, whereas the solubility and mobility of metalloids depend on both the oxidation state and
the ionic form (Ross 1994)� The oxidation/reduction reactions for various metal(loid)s and the optimum redox values for these reactions are given in Table 3�2� Redox reactions of heavy metal(loid)s
in soils and sediments are induced by both biotic and abiotic processes, and they are grouped into
three categories: reduction, oxidation, and methylation/demethylation�

3.3.1

reduction

Under reduced conditions, As(III) dominates in soils, but elemental arsenic [As(0)] and arsine
(H2As) may also be present� Arsenite is more toxic and mobile than As(V)� The distribution and
mobilization of As species in the soil and sediments is controlled by both redox and adsorption
reactions (Adriano et al� 2004; Mahimairaja et al� 2005)� The reduction and methylation reactions
of As in sediments are generally mediated by the bacterial degradation of organic matter coupled
with the reduction and use of sulfate as the terminal electron acceptor (Adriano et al� 2004)� Ferrous
iron[Fe(II)] can also serve as an electron acceptor in the bacterial oxidization of organic matter,
resulting in the decomposition of ferric [Fe(III)] oxides and hydroxides�
The reduction of Cr(VI) to Cr(III) is mediated through both biotic and abiotic processes
(Choppala et al� 2012)� Chromate can be reduced to Cr(III) in environments where a ready source
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TABLE 3.1
Selected References on the Redox Reactions of Arsenic, Chromium, Mercury, and
Selenium in Soil and Aquatic Environments
Trace Element

Medium

Observation

Reference

Arsenic(V)

Soil

Dissimilatory As(V)–reducing bacterium, Bacillus
selenatarsenatis increased the removal of As from
contaminated soils�
Both biotic and abiotic (S2–, Fe2+, and H2(g)) factors
were responsible for the reduction of As(V)�
Reduction mediated by H2S was dominant in reducing
conditions�
Attachment of Shewanella putrefaciens cells to oxide
mineral surfaces promoted As(V) desorption,
thereby facilitating its reduction�
Dissimilatory As(V) reduction by extremely
halophilic, anaerobic archaea
Anaerobic metal(loid)-reducing bacteria formed
As(III) in sediments from the Ganges delta�
Fe(III) and Mn(III) oxides oxidized As(III) to As(V)
through an electron-transfer reaction�
Sorption onto magnetite oxidized As(III) to As(V)
under oxic conditions at neutral pH�
Acinetobacter junni and Marinobacter sp� isolated in
the contaminated area contained the aox genes and
were able to oxidize As(III) to As(V)�
As(III) was oxidized to As(V) by Mn minerals present
in the oxidized sediment�
Application of Fe(II) under flow conditions increased
reduction of Cr(VI)�
Root exudates of Typha latifolia and Carex lurida
increased sulfide species, which facilitated Cr(VI)
reduction in sediment pore water�
Organic amendments increased DOC, which reduced
Cr(VI) to Cr(III) in soils�
Addition of glucose promoted both biotic and abiotic
Cr(VI) reduction in soils�
Presence of plants enhanced Cr(VI) reduction in
wetland sediments through the release of root
exudates and evapotranspiration�
Actinomycetes (SM-11, SM-20) isolated from the
marine sediments showed considerable Cr reduction
activity even at high Cr concentrations�
Halophilic Cr (VI)-resistant bacterial strain TA-04
was isolated from polluted marine sediments, and Cr
reduction was significant at high NaCl
concentrations�
Cr(III) was oxidized by atmospheric oxygen at a high
temperature to Cr(VI) in tannery sludgecontaminated sites�
Hydrous Mn(IV) oxides reacted with Cr(III)
hydroxides and influenced the rate of Cr(III)
oxidation�

Yamamura et al� (2008)

Soil
Soil
Soil

Sediments
Sediments
Arsenic(III)

Soil
Water
Sediments

Sediments
Chromium(VI)

Soil
Soil

Soil
Soil
Sediments

Sediments

Sediments

Chromium(III)

Soil

Soil

Jones et al� (2000)
Rochette (2000)
Huang et al� (2011)

Kulp et al� (2006)
Islam et al� (2004)
Mahimairaja et al� (2005)
Ona-Nguema et al� (2010)
Chang et al� (2011)

Stollenwerk et al� (2007)
Franco et al� (2009)
Zazo et al� (2008)

Bolan et al� (2003a)
Leita et al� (2011)
Zazo et al� (2008)

Jain et al� (2012)

Focardi et al� (2012)

Apte et al� (2006)

Landrot et al� (2009)
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TABLE 3.1 (Continued)
Selected References on the Redox Reactions of Arsenic, Chromium, Mercury, and
Selenium in Soil and Aquatic Environments
Trace Element

Medium

Observation

Reference

Soil

In the alkaline soil with moderate organic C at the ore
processing site, most of the Cr(VI) remained
dissolved after H2O2 had decayed, indicating the
mobilization of Cr(VI)� As the oxidation of organic
C promotes disintegration of soil structure, it
increases the access of solution to Cr(VI) mineral
phases�
The Mn oxide salts, birnessite and todorokite had the
same capacity to oxidize Cr(III) to Cr(VI) in soils�
Mn oxides oxidized Cr(III) to Cr(VI)�

Rock et al� (2001)

Rates of aeration-driven Cr(VI) reoccurrence [from
the abiotic oxidation of Cr(III)] increased with pH
and positively correlated with dissolved Mn decline
at pH ≥ 7�
Carboxylic groups in the humic acids reduced Hg(II)
to Hg(0)�
Magnetite reduced Hg(II) to Hg(0)� The reaction rates
increased with an increase in magnetite surface area
and solution pH, and they decreased with an increase
in chloride concentration�
Hg(II) can be effectively reduced to Hg(0) in the
presence of as little as 0�2 mg/L reduced humic
acids, whereas the production of Hg(0) is inhibited
by complexation as HA concentration increases�
Hg(II) reaction with biogenic magnetite kinetically
favored the pathway for Hg(II) reduction by
dissimilatory Fe-reducing bacteria�
Hg(0) production coupled to a reduction by Fe(II)
under dark anoxic conditions increased with an
increase in pH and aqueous Fe(II) concentrations�
In subsurface sediment incubations, Hg may inhibit
denitrification and that inhibition may be alleviated
when Hg-resistant denitrifying Bradyrhizobium spp�
detoxify Hg by its reduction to Hg(0)�
In suboxic conditions, green rust [Fe(II,III)] reduced
Se(VI) to Se(0)�
Microorganisms reduced Se(VI) to Se(IV), and that
reduction increased in the presence of lactate�
Organic amendments and low oxygen level in the soil
reduced Se(VI) to Se(IV)�
Moraxea bovis and bacterial consortia reduced Se(VI)
to Se(IV) and Se(0)�
Ferrimonas futtsuensis sp� nov� and
Ferrimonaskyonanensis sp� nov�, Se(VI)-reducing
bacteria, reduced Se(VI) to Se(0) and used lactate,
pyruvate, yeast extract, tryptone, and Casamino
acids as electron donors and carbon sources�

Wadhawan et al� (2013)

Soil
Sediments
and water
Sediments

Mercury(II)

Water
Water

Sediments
and water

Water

Water

Sediments

Selenium(VI)

Soil
Water
Soil
Soil and
water
Sediments

Kim et al� (2002)
Marafatto et al� (2013)

Allard and Arsenie (1991)
Wiatrowski et al� (2009)

Gu et al� (2011)

Yee et al� (2010)

Amirbahman et al� (2013)

Wang et al� (2013)

Myneni et al� (1997)
Maiers et al� (1988)
Guo et al� (1999)
Biswas et al� (2011)
Nakagawa et al� (2006)

(Continued)
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TABLE 3.1 (Continued)
Selected References on the Redox Reactions of Arsenic, Chromium, Mercury, and
Selenium in Soil and Aquatic Environments
Trace Element

Selenium(VI) and
(IV)

Medium

Observation

Reference

Water

Zerovalent Fe nanoparticles efficiently reduced
Se(VI) to Se(-II)�
Rice straw, a good source of carbon and energy,
helped several bacteria in reducing Se(VI) and
Se(IV) to Se(0)�
Molasses, an organic-carbon source, was used by
several bacteria to reduce Se(VI) and Se(IV) to Se(0)�
Abiotic reduction of Se(IV) to Se(0) occurred in the
presence of ferrous iron�
Desulfurispirillum indicum sp� nov�, Se(VI)-and
Se(IV)-reducing bacteria, which was isolated from
estuarine sediments, used lactate, pyruvate, and
acetate as electron donors and carbon sources for
reduction�
Duganella sp� and Agrobacterium sp� were capable of
reducing Se(IV) to Se(0) under aerobic conditions�
Bacillus selenitireducens and some other bacteria
were capable of reducing Se(0) to Se(-II) in anoxic
sediments�

Olegario et al� (2010)

Water

Sediments
and water
Sediments
Sediments

Sediments
Se(0)

Sediments

Frankenberger et al�
(2005)
Zhang et al� (2008)
Chen et al� (2009)
Rauschenbach et al�
(2011)

Bajaj et al� (2012)
Herbel et al� (2003)

TABLE 3.2
Oxidation–Reduction Reactions of Selected Elements and the Optimum Redox Potentials
Trace Element

Transformation

Arsenic(0)
Arsenic(V)
Cadmium(0)
Cadmium(II)
Chromium(III)
Chromium(VI)
Iron(II)
Iron(III)
Manganese(II)
Manganese(IV)
Manganese(VII)
Manganese(VII)
Mercury
Nitrogen(V)
Selenium(0)
Selenium(VI)
Selenium(VI)
Sulfur(II)
Sulfur(VI)

As(0) + 3H2O → H3AsO3 + 3H – 3e
H3AsO4 + 2H+ − 2e– → H3AsO3 + H2O
Cd →Cd2+ + 2e−
Cd2+ + 2e− → Cd
2Cr3+ + 3H20 + 2MnO4− → 2Cr2O72− + 6H+ + 2MnO2
Cr2O72–+ 14H++ 6e– →2Cr3++ 7H2O
Fe2+ + 2e– → Fe(s)
Fe3+ + e– → Fe2+
Mn2++ 2e– → Mn
Mn4+ + 2e– → Mn2+
+

–

MnO4− + 8H+ + 5e– → Mn2++ 4H2O
MnO4− + + e− → MnO42−
Hg22+ + 2e– → 2Hg
2NO3− + 4H+ + 2e– →2NO2 + 2H2O
Se(0)/H2Se
SeO42−/SeO32−
SeO32−/Se(0)
S2− + 2H+→ H2S
SO42– + H2O + 2 e– →SO32– + 2 OH–

Source: Bolan, N�S� et al�, Rev. Environ. Contam. Toxicol., 225, 1–56, 2013a�

Reaction

Eo (mV)

Oxidation
Reduction
Oxidation
Reduction
Oxidation
Reduction
Oxidation
Reduction
Reduction
Reduction
Reduction
Reduction
Reduction
Reduction
Reduction
Reduction
Reduction
Reduction
Reduction

250
560
402
–400
350
1360
–440
770
–1180
1210
1510
564
790
803
–730
440
180
–220
–520
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of electrons [Fe(II)] is available� Suitable conditions for microbial Cr(VI) reduction occur when
organic matter is present and can, thus, act as an electron donor, and Cr(VI) reduction is enhanced
under acid rather than alkaline conditions (Hsu et al� 2009; Chen et al� 2010)�
In living systems, Se tends to be reduced rather than oxidized, and reduction occurs under
both aerobic and anaerobic conditions� Dissimilatory Se(IV) reduction to Se(0) is the major biological transformation with regard to the remediation of Se oxyanions in anoxic sediments (Lens
et al� 2006)� Selenite is either readily reduced to the elemental state by chemical reductants
such as sulfide or hydroxylamine or biochemically reduced to elemental state by systems such
as glutathione reductase� Hence, the precipitation of Se in its elemental form, which has been
associated with bacterial dissimilatory Se(VI) reduction, has great environmental significance
(Oremland et al� 1989, 2004)�
Microorganisms play a major role in reducing reactive Hg(II) to nonreactive Hg(0), and this
process may be subjected to volatilization losses� Bacteria are more important than eukaryotic
phytoplankton in the reduction of Hg(II)� Mercury-resistant bacteria can transform ionic mercury
[Hg(II)] into metallic mercury [Hg(0)] by enzymatic reduction (Von Canstein et al� 2002)� It is
known that Hg(II) is reduced to Hg(0) by mercuric reductase, mercury resistance operon, and
genetic system encoding transporters and regulators� The dissimilatory metal(loid)-reducing bacterium Shewanella oneidensis has been shown to reduce Hg(II) to Hg(0), and this process requires
the presence of electron donors (Wiatrowski et al� 2006)�

3.3.2

oxidation

Arsenic in soils and sediments can be oxidized to As(V) by bacteria (Table 3�1) (Battaglia-Brunet
et al� 2002; Bachate et al� 2012)� Since As(V) is strongly retained by inorganic soil components,
microbial oxidation results in the immobilization of As� Under well-drained conditions, As would
present as H2AsO4 – in acidic soils and as HAsO42– in alkaline soils�
The oxidation of Cr(III) to Cr(VI) is primarily mediated abiotically through oxidizing
agents such as Mn(IV), and to a lesser extent by Fe(III)� Although Cr(III) is strongly retained
on soil particles, Cr(VI) is very weakly adsorbed in soils that are net negatively charged and is
readily available for plant uptake and leaching to groundwater (James and Bartlett 1983; Leita
et al� 2011)� The oxidation of Cr(III) to Cr(VI) can also enhance the mobilization and bioavailability of Cr�
Redox potential and pH are key factors in the biogeochemistry of Se (Masscheleyn et al� 1990)�
A study conducted on them indicated that the oxidation of Se(-II,0) to Se(IV) was rapid and above
200 mV, and Se(IV) was slowly oxidized to Se(VI)� Selenate was the predominant dissolved species
present, and it constituted from 95% at a higher pH (8�9, 9) to 75% at a lower pH (7�5, 6�5) of the total
soluble Se at 450 mV� Losi and Frankenberger (1998) observed that Se0 oxidation in soils is largely
biotic in nature, occurs at relatively slow rates, and yields both Se(VI) and Se(IV)� They observed
this in both heterotrophic and autotrophic oxidation�
Zawislanski and Zavarin (1996) observed that the oxidation rates correlated positively with
temperature, with slow changes at 15°C and faster changes at 35°C� Their results did not vary
significantly with regard to the different moisture conditions� Dowdle and Oremland (1998)
studied the microbial oxidation of elemental Se in soil slurries� Hydrologic changes, where water
tables are lowered, may result in drying out soils and reexposing them to atmospheric O2� Under
such conditions, Se(0) may be reoxidized to mobile Se(IV) and Se(VI)� Zawislanski and Zavarin
found a constant production rate of Se(IV) from Se(0); however, Se(VI) was produced in only
small quantities and accounted for less than 5% of the Se(IV) production� This is because of
the adsorption of Se(IV) onto soil particles, thereby limiting their availability to microbes� The
oxidation and transformation of Hg(0) usually occur in the atmosphere because of the high volatility of Hg(0); soil emissions of Hg occur as a result of solar radiation and the resultant rise in
temperature (Kikuchi et al� 2013)�

34
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methylation/demethylation

Methylation has been proposed as a biological mechanism for detoxification and the removal of
toxic heavy metal(loid)s by converting them to methyl derivatives that are subsequently removed
by volatilization or extraction with solvents (Frankenberger and Losi 1995)� Methylation has been
shown to be the major process by which As, Hg, and Se are volatilized from soils and sediments,
and also by which poisonous methyl gas is released (Adriano et al� 2004)� Volatilization occurs
through the microbial conversion of metal(loid)s into their respective metallic, hydride, or methylated forms� These forms have low boiling points and/or high vapor pressure and are, therefore,
susceptible for volatilization (Table 3�3)�
Microorganisms in soils and sediments act as biologically active methylators (Frankenberger
and Arshad 2001)� Organic matter provides the methyl-donor source for methylation in
soils and sediments� Methylation of Hg is controlled by low-molecular-weight fractions
of fulvic acid in soils (Ravichandran 2004)� Biomethylation is effective in forming volatile
compounds of As, such as alkylarsines, which could easily be lost to the atmosphere (Lehr
2003; Yin et al� 2011)�
Selenium biomethylation is of interest, because it represents a potential mechanism for removing Se from contaminated environments� Fungi are more active in the methylation of Se in soils,
although some Se-methylating bacterial isolates have also been identified (Adriano et al� 2004)�
Dimethyl selenide can be demethylated in anoxic sediments as well as anaerobically by an obligate
methylotroph that is similar to Methanococcides methylutens in pure culture� An anaerobic demethylation reaction may result in the formation of toxic and reactive hydrogen selenide (H2Se) from less
toxic DMSe� Although H2Se undergoes rapid chemical oxidation under oxic conditions, it can exist
for long periods in an aerobic environment (Tarze et al� 2007)�
TABLE 3.3
Boiling Points and Vapor Pressure of Elemental, Hydride, and Methyl Species of Arsenic,
Mercury, and Selenium
Trace Element

Species

Arsenic

Elemental – As(0)
Hydride – AsH
Methylated –
• Monomethyl arsine – As(CH3)
• Dimethyl arsine – As(CH3)2
• Trimethyl arsine – As(CH3)3
Elemental – Cr(0)
Elemental – Hg(0)
Hydride – HgH2
Methylated –
• Monomethyl mercury Hg(CH3)
• Dimethyl mercury Hg(CH3)2
Elemental – Se(0)
Hydride – SeH4
Methylated –
• Dimethyl selenide – Se(CH3)2
• Dimethyl selenite – Se2(CH3)2
• Dimethyl selenone
– Se(CH3)2O2

Chromium
Mercury

Selenium

Boiling Point (°C)
603
–55

Vapor Pressure (kPa)
0 (approx�)
1461�2 at 21�1°C

1�19
36
53�8
2672
356�58
–34

231�9 at 25°C
68�26 at 25°C
42�92 at 25°C
0�99 at 1857°C
2 × 10–7 at –38�72°C
–

–
93�5
688
–42

–
–
6�95 × 10–4 at 221°C
–

49�8
–39�042
153

41�1 at 25°C
826�85 at 25°C
–

Source: Bolan, N�S� et al�, Rev. Environ. Contam. Toxicol., 225, 1–56, 2013a�
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FACTORS AFFECTING REDOX REACTION PROCESSES

Redox reactions of As, Cr, Hg, and Se in soil and sediments are affected by physicochemical characteristics of the media (e�g�, pH and microbial activity), heavy metal(loid) characteristics (e�g�, concentration and speciation), and environmental factors (e�g�, moisture content and temperature)� The
redox reactions can also be manipulated through the addition of organic and inorganic amendments
(Park et al� 2011; Bolan et al� 2013a)�

3.4.1

solute Factors

The rate of a redox reaction of heavy metal(loid)s depends on the bioavailability of the metal(loid)
concerned, as measured by its concentration and speciation� For example, the complexation
of Hg with dissolved organic carbon (DOC) decreases methylation (Miskimmin et al� 1992;
Ravichandran 2004)� The release of hydrogen sulfide (HgS) during sulfate reduction inhibits
methylation, whereas the precipitation of sulfur (S) with Fe increases the Hg that is available for
methylation (Choi and Bartha 1994)� Similarly, the complexation of Hg(II) with sulfide has been
shown to strongly affect the availability of Hg for methylation by microbes (Benoit et al� 1999;
Drexel et al� 2002)�
The reduction of Se by bacteria has often been shown to be affected by the initial Se concentration� For example, Lortie et al� (1992) observed that the Se reduction rate by Pseudomonas stutzeri
increased with an increase in Se(VI) and Se(IV) concentrations up to 19 mM� At anSe concentration higher than 19 mM, Se(IV) reduction decreased; however, Se(VI) reduction remained constant,
which might be attributed to the higher toxicity of the Se(IV) than Se(VI)� Negatively charged Se
oxyanions form ternary Se-cation-organic matter complexes, resulting in the immobilization of Se�
When the organic matter contents are high in shallow subsurface environments, reducing conditions in the solid phase decrease the dissolved As concentration in pore water, as affected by a relatively high amount of sulfide� Arsenic is sorbed with the formation of Fe sulfides� Under oxidizing
conditions, surface waters are undersaturated with As(V) mineral, and as a result, secondary As(V)
dissolves and As concentration increases in the water�
Choppala et al� (2013) observed that the addition of Fe(III) oxide to Cr(VI)-contaminated soils
resulted in a decrease in the rate of reduction of Cr(VI), as measured by their half-life values� This
phenomenon may be due to the increased retention of Cr(VI) by Fe(III) oxide, thereby decreasing
the bioavailability of Cr(VI) for microorganisms�

3.4.2 soil Factors
Soil pH affects redox reaction processes through its effects on the microorganisms, supply of
protons, and adsorption and speciation of metal(loid)s� For example, protons are required for
reducing Cr(VI) to Cr(III)� It has often been observed that Cr(VI) reduction, being a proton
consumption (or hydroxyl release) reaction, increases as soil pH decreases (Eary and Rai 1991;
Choppala et al� 2012)�
Mercury methylation decreased with a decrease in the pH of sediment, and methylation was
not detected at a pH value less than 5�0, which may be related to the unavailability of inorganic Hg
(Ramial et al� 1985)� Fulladosa et al� (2004) noticed that As(V) toxicity as measured by EC50 value
decreased as pH became basic� The optimum pH for methylation of Se was 6�5 (Frankenberger and
Arshad 2001)� Dissolved Se(VI) constituted 95% of the total soluble Se at pH 9 and decreased to
75% at pH 6�5� Bolan et al� (2003) and Choppala et al� (2012) have shown that the addition of organic
manure increased the rate of reduction of Cr(VI), indicating the importance of C supply as an electron donor to initiate the reduction process�
Rhizosphere influences the redox reaction of heavy metal(loid)s through its effect on microbial
activity, pH, and the release of organic compounds� For example, in vitro Se volatilization, using
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samples taken from a constructed wetland contaminated with Se(IV), showed that microbial cultures prepared from rhizosphere soils had higher rates of volatilization than cultures prepared from
bulk soil (Azaizeh et al� 1997)� Similarly, the rate of Hg methylation is found to be higher in the rhizosphere than in the non-rhizosphere bulk soil (Sun et al� 2011)� Achá et al� (2005) showed that Hg
methylation was influenced by rhizospheres of Polygonum densiflorum and Eichhornia crassipes�
Sulfate-reducing bacteria activity and Hg methylation potentials were higher in the rhizosphere
of P. densiflorum compared with that of E. crassipes, which was attributed to the higher C and N
concentrations in the former plant species�
Plant roots enhance the reduction of metal(loid)s, such as As and Cr, externally by releasing
root exudates or internally through endogenous metal(loid) reductase enzyme activity in the root,
mainly through an increase in microbial activity (Dhankher et al� 2006; Xu et al� 2007)� The rhizosphere environment can reduce Cr(VI) to Cr(III), because the pH-dependent redox reaction is
related to Fe2+, organic matter, and S contents in the rhizosphere (Zeng et al� 2008)� Chen et al�
(2000) reported that Cr(VI) reduction in a fresh wheat rhizosphere was induced by a decrease of
pH� Microbial metabolism in the rhizosphere also caused the reduction of Cr(VI) to Cr(III)� Lowmolecular-weight organic acids, such as formic and acetic acids in the rhizosphere, can contribute
to both Cr(VI) reduction and Cr(III) chelation (Bluskov et al� 2005)�

3.4.3

environmental Factors

Soil moisture influences redox reactions by controlling the activity of microorganisms and also
redox conditions of the microenvironment (Alexander 2000)� An increase in both moisture content
and the amount of available C tends to increase the net loss of methyl Hg (Schlüter 2000; Oiffer and
Siciliano 2009)� Air-drying soil inhibits methylation of Se, whereas saturation with water causes
anaerobiosis, thus decreasing the transfer of volatile Se from soil to air (Calderone et al� 1990)�
Alternate wetting and drying enhances the release of volatile Se compounds, which is attributed to
the release of nutrients through organic matter mineralization (Hechun et al� 1996)�
When the soil moisture content is high, the diffusion of O2 is limited and a local anaerobic
environment is created� In aerobic soils, the predominant As species is As(V) in soil pore water
whereas As(III) comprises up to 80% of the total As in anaerobic soils� Chemical-reducing conditions increase As(III) in anaerobic soils� The chemical conversion of As(V) to As(III) may reduce
microbial activity and production of monomethylarsonic acid (Haswell et al� 1985)�
Temperature influences redox reactions of heavy metal(loid)s, mainly by controlling microbial
activity and functions (Alexander 2000)� Schwesig and Matzner (2001) and Heyes et al� (2006)
observed that both the production and the volatilization loss of methyl Hg were directly proportional to temperature� Kocman and Horvat (2010) noticed a strong positive correlation between the
soil surface temperature and Hg emission flux� They suggested that this thermally controlled emission of Hg from soils depended on the equilibrium of Hg(0) between the soil matrix and the soil
gas� As suggested by Schlüter (2000), because of an increase in thermal motion, the vapor pressure
of highly volatile Hg(0) is increased, and the sorption by soil is decreased�
Temperature is one of the most important environmental factors that affects the rate of Se
volatilization (Frankenberger and Karlson 1994a)� For every 10°C increase in the temperature,
the vapor pressure of volatile Se is increased three- to four-fold (Karlson et al� 1994)� Duncan
and Frankenberger (2000) observed that the optimum temperature for Se volatilization was
35°C, with the rate of Se volatilization increasing as the temperature increased from 12 to 35°C�
At 40 oC, the rate of Se volatilization was slightly less than 35°C; however, it was greater than
what it was at 30°C�
Camargo et al� (2003) found that Cr(VI) reduction by a Cr-resistant bacteria (Bacillus sp.)
increased with an increase in soil temperature, with maximum reduction occurring at 30°C�
Bacterial growth and Cr(VI) reduction by the strain Amphibacillus sp� KSUCr3 were studied at
various temperatures (25–45ºC) by Ibrahim et al� (2011)� Chromate reduction was increased with
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an increase in temperature up to 40ºC, which appeared to be the optimal temperature for growth
of the strain KSUCr3� The effect of temperature on the leaching loss of As was attributed to the
microbially induced transformation of As� Kim (2010) studied the effect of temperature (11 ± 1°C
and 28 ± 1°C) on the adsorption of As(V) and noticed that the highest adsorption was observed at
28°C, implying that the adsorption process was endothermic�

3.4.4

soil amendments

The redox reaction of heavy metal(loid)s in soils and sediments is affected by organic and inorganic
amendments (Table 3�4) (Park et al� 2011)� Most redox reactions require an energy source, which is
often organic but can also be inorganic�
It has often been shown that the addition of organic matter-rich soil amendments enhances the
reduction of metal(loid)s such as Cr and Se (Figure 3�2) (Frankenberger and Karlson 1994b; Park
et al� 2011)� For example, several studies showed that the addition of cattle manure enhanced the
reduction of Cr(VI) to Cr(III) (Losi et al� 1994; Cifuentes et al� 1996; Higgins et al� 1998)� Various
reasons could be given for the increase in the reduction of Cr(VI) in the presence of the organic
manure composts� These include the supply of C and protons; the stimulation of microorganisms
that are considered the major factors enhancing the reduction of Cr(VI) to Cr(III) (Losi et al. 1994)�
For example, Choppala et al� (2012) observed a decrease in Cr(VI) toxicity in soils treated with
black carbon (BC); this was attributed to the supply of electrons for the reduction of toxic Cr(VI) to
nontoxic Cr(III) species�
The easily oxidizable organic C fractions, such as DOC, provide the energy source for the
soil microorganisms that are involved in the reduction of metal(loid)s (e�g�, Cr(VI)) and nonmetal(loid)s (e�g�, NO3−) (Paul and Beauchamp 1989; Jardine et al� 1999; Vera et al� 2001; Bolan
et al� 2011)� Although manure addition induces the remediation of Cr-contaminated soils by reducing mobile toxic Cr(VI) to nontoxic and less mobile Cr(III), it is likely that redox reactions of the
aromatic As and Hg compounds could occur, which, in turn, may result in the production of more
toxic, inorganic species (Cullen and Reimer 1989; Kumagai and Sumi 2007)�
The addition of Fe(II) decreased net Hg methylation in sediments and sulfide [S(-II)] concentration� The reduction in net Hg methylation can be attributed to the decreased concentration of
uncharged, bioavailable Hg, which is positively related to S(-II) (Mehrotra and Sedlak 2005)� The
effect of clay addition on the Hg methylation depends on surface coatings� However, clays prevent Hg methylation through adsorption or sometimes promote demethylation by microorganisms�
Humic substances facilitate Hg methylation, whereas humic coatings on clay stimulate demethylation in freshwater sediments (Jackson 1989; Zhang and Hsu-Kim 2010)�
Most of the As forms As sulfides, such as realgar (AsS), orpiment (As2S3), and arsenopyrite
(FeAsS)� These have low solubility and mobility when S is abundant, as a result of biosolid amendments in the soil� Organic amendments such as biosolids and manure significantly reduce the potential environmental risks of As contamination under highly anoxic conditions (Carbonell-Barrachina
et al� 1999)� Similarly, Yadav et al� (2009) showed that the addition of dairy sludge and biofertilizer reduced the bioavailability of As and Cr, and promoted plant growth� The addition of manure
increased the loss of As from contaminated soil, as affected by microbial methylation process
thereby increasing As volatility� The rates of As loss were closely related to the microbial respiration because of nutrient supplementation to microbes� Bioaugmentation by As methylating fungi
increased H2As evolution rates in field-contaminated soils (Edvantoro et al� 2004)�

3.5

CASE STUDIES RELATED TO BIOAVAILABILITY AND REMEDIATION

Redox reactions play a major role in the bioavailablity and remediation of heavy metal(loid)contaminated soil, sediment, and water� From toxicological or environmental viewpoints, these
reactions are important for three reasons� They may alter (a) the toxicity, (b) the water solubility,
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TABLE 3.4
Selected References on the Remediation of Arsenic, Chromium, Mercury, and Selenium
Toxicity by Organic Amendments
Element

Amendment

Plant Used

Observation

Reference

Arsenic

Municipal solid
waste, biosolids
compost
Biosolids compost

Pteris vittata

Increased soil water-soluble As and
reduced As(V) to As(III), but decreased
leaching in the presence of fern�
Biosolids compost reduced plant As uptake
by 79%–86%, which might be due to the
adsorption of As by biosolids organic
matter�
Green waste compost substantially
increased the plant yield; however, it
increased the water-soluble and
surface-adsorbed fractions of As�
Dairy sludge decreased DTPA-extractable
As in the soil�
Reduced Cr in roots and no change in Cr
concentration in shoots�
Reduced Cr concentration in plant tissue�

Cao et al� (2003)

Green waste
compost and
biochar
Dairy sludge
Chromium

Cow manure
Biosolids compost
Cattle compost
and straw

Jatropha
curcas
Festuca
arundinacea
Brassica
juncea
Lactuca sativa

Hog manure and
cattle dung
compost

Triticum
vulgare

Bark of Pinus
radiata

Helianthus
annuus

Biosolids compost

Humic acid

Sesbania
punicea
Jatropha
curcas
Spinacea
oleracea
Lactuca sativa

Green waste
compost

Vulpia
myuros L�

Reactivated
carbon

–

Dairy sludge
Farm yard manure
Mercury

Daucus carota
L� and
Lactuca
sativa L�
Miscanthus
species

Cr content in aerial biomass decreased with
the addition of amendments, which may
be due to the decreased association of Cr
with carbonates and amorphous oxides
and the increased association with humic
substances�
Hog manure decreased soil available
Cr(VI), which is attributed to its low C/N
ratio and thus increased microbial
reduction of Cr(VI)�
Reduced availability of Cr for plant uptake�

Decreased Cr in plant extracts�
Dairy sludge decreased DTPA-extractable
Cr in the soil�
Increased root and shoot growth by
decreasing Cr(VI) toxicity�
Humic acids decreased the amount of Hg
in soil and the translocation of Hg into
plants�
Compost addition showed a negative
relationship with soluble Hg and Hg
tissue concentration, which may be due to
the adsorption by compost�
Powder reactivated carbon (PAC) increased
stabilization/solidification of Hg in solid
wastes, and pretreatment of the PAC with
carbon disulfide (CS2) increased
adsorption efficiency�

Cao and Ma
(2004)

Hartley et al�
(2009)

Yadav et al�
(2009)
Banks et al�
(2006)
Bolan et al�
(2003)
Rendina et al�
(2006)

Lee et al� (2006)

Bolan and
Thiagarajan
(2001)
Branzini and
Zubillaga (2010)
Yadav et al�
(2009)
Singh et al�
(2007)
Wang et al�
(1997)
Heeraman et al�
(2001)

Zhang and
Bishop (2001)
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TABLE 3.4 (Continued)
Selected References on the Remediation of Arsenic, Chromium, Mercury, and Selenium
Toxicity by Organic Amendments
Element

Selenium

Amendment

Plant Used

Observation

Reference

Fulvic acid

–

Bäckström et al�
(2003)

Humic acid

Brassica
juncea

Thiosulfates

Brassica
juncea

Insoluble (casein)
and soluble
(casamino acids)
organic materials

–

Orange peel,
cattle manure,
gluten, and
casein

–

Compost manure
and gluten

–

Press mud and
poultry manure

Triticum
aestivum L�
and Brassica
napus
Triticum
aestivum L�
and Brassica
napus

Presence of fulvic acid increased the
adsorption of Hg on goethite, which
might be due to the strong affinity
between sulfur groups within the fulvic
acid and Hg�
Mercury translocation to aerial tissues of
plants was restricted in the presence of
humic acid�
Thiosulfates increased Hg accumulation in
the plant, and Hg could be removed by
phytoextraction from contaminated soils�
Organic amendments enhanced Se removal
by providing an energy source and methyl
donor to the methylating microorganisms,
which increased Se volatilization from the
soil�
The addition of organic amendments
promoted the volatilization of Se; gluten
was more effective, and it increased
volatilization 1�2- to 3�2-fold compared
with the control�
Reduction of Se(VI) to Se(IV) increased in
the presence of organic amendments
under low oxygen concentration, thereby
retarding Se mobility�
Application of amendments reduced Se
accumulation by enhancing volatilization,
thereby reducing the transfer of Se from
soil to plants�
Addition of organic amendments decreased
Se accumulation and increased grain
quality; however, the extent of reduction
depended on the type of organic
amendment applied�

Poultry manure,
sugar cane press
mud, and
farmyard manure

Moreno et al�
(2005a)
Moreno et al�
(2005b)
Zhang and
Frankenberger
(1999)

Calderone et al�
(1990)

Guo et al� (1999)

Dhillon et al�
(2010)

Sharma et al�
(2011)

and/or (c) the mobility of the element (Alexander 2000)� An increase in solubility and mobility can be exploited to form bioremediate insoluble forms of elements in the soil, because the
bio-transformed product is released from the solid phase into the solution phase� Conversely, a
decrease in element solubility can be used to remove the element from surface- or groundwater
through precipitation� In some cases, gaseous metal(loid) products can be removed through
volatilization�
Metal(loid) reduction has the potential to be helpful for both intrinsic and engineered bioremediation of contaminated environments� The reduction of Se, Cr, and possibly other metal(loid)s can
result in the conversion of soluble metal(loid) species into insoluble forms that can readily be removed
from contaminated waters or waste streams (Crowley and Dungan 2002)� The reduction of Hg can
volatilize Hg from surface water and oceans (Lovley 1995; Moreno et al� 2005a)� Arsenic can be
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FIGURE 3.2 Effect of organic amendments on the reduction of chromate [Cr(VI)] in soil (1, soil; 2, soil
+ horse manure; 3, soil + farmyard manure; 4, soil + fish manure; 5, soil + spent manure; 6, soil + piggery
manure; 7, soil + poultry manure; 8, soil + biosolids compost)� (From Bolan, N�S� et al�, J. Environ. Qual.,
32, 120–128, 2003�)

reduced to As(0), which is, subsequently, precipitated as As2S3 as a result of microbial sulfate reduction� Because As(III) is more soluble than As(V), the latter can be reduced by using bacteria in the
soil and can be subsequently leached� Conversely, As(III) is oxidized to As(V) by using microbes;
it is subsequently precipitated by using ferric ions (Williams and Silver 1984)� Desulfotomaculum
auripigmentum reduces both As(V) to As(III) and sulfate to H2S, and this results in As2S3 precipitation (Newman et al� 1997)�
Because of the lower solubility of Cr(III) compared with Cr(VI), the reduction reaction will
eventually result in the immobilization of Cr, thereby diminishing the mobility and transport� The
reduction of Cr(VI) to Cr(III) and the subsequent hydroxide precipitation of Cr(III) ion is the most
common method that is used for treating Cr(VI)-contaminated industrial effluents (Blowes et al�
1997; James 2001)� Similarly, Choppala et al� (2012) have noticed that the reduction of Cr(VI) to
Cr(III) in variable-charge soils is likely to result in the adsorption of Cr(III)� This happens due to
an increase in pH-induced negative charges and the precipitation of Cr(OH)3, resulting from the
reduction-induced release of OH– ions�
Biological immobilization of Se(VI) by a reduction to Se(0) is a practical approach that is adopted
for remediation� Anaerobic bacteria can be grown in the contaminated medium with a C source,
such as acetate as an electron donor and Se(VI) as an electron acceptor� The extent of Se(VI) reduction depends on the availability of the C source, and the reduced Se in the elemental form, which is
insoluble, can be physically separated from contaminated water� Similarly, a methylation reaction
can be used to form gaseous metal(loid) species, which can easily be removed through volatilization
(Thompson-Eagle and Frankenberger 1992; Bañuelos and Lin 2007)�

3.5.1

soil amendments to manage redox reactions oF chromium

Chromium toxicity in soils can be mitigated by a reduction of Cr(VI) to Cr(III) that is influenced
by the presence of free Cr(VI) species in soil solution, and the supply of protons and electrons�
Choppala et al� (2012, 2013) examined the effect of organic C sources [BC derived from common weed, Solanum elaeagnifolium and chicken manure biochar (CMB)] on the reduction, microbial respiration, and phytoavailability of Cr(VI) in acidic and alkaline-contaminated soils� The
organic C sources were applied at a rate of 5%� Chromium reduction was examined by incubating
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the soils and by using K2Cr2O7 at 500 mg kg−1 and respiration and phytoavailability (using sunflower
plants) studies at various levels of 0–500 mg Cr kg−1�
The results indicated that the reduction was higher in acidic than in alkaline soils (Figure 3�3a,b)�
An increase in soil pH decreased Cr(VI) reduction, as the reduction of Cr(VI) to Cr(III) is a protonconsuming (or hydroxyl releasing) reaction� The rate of Cr(VI) reduction increased with the addition of organic amendments, and there was a significant difference in the effect of amendments on
the rate of reduction� The rate of reduction is as follows: BC > CMB > control soil (Figure 3�3a,b)�
It has been reported that several organic C sources, including brown seaweed (Park et al� 2004),
biosolids composts, farm yard manure, poultry manure, vermicompost (Bolan et al� 2003; Sunitha
et al� 2014), cow dung, bermuda grass, yeast extract (Cifuentes et al� 1996), phenols (Elovitz and
Fish 1995), and organic acids (Deng and Stone 1996), are able to reduce Cr(VI) to Cr(III) with subsequent immobilization of Cr(III)�
Black carbon showed the highest rate of Cr(VI) reduction compared with biochar, which was
attributed to the differences between DOC and functional groups (phenolic, hydroxyl, carbonyl,
and amides) that provide electrons for the reduction of Cr(VI)� Also, the high pH of manure biochar
(8�8) may prevent the dissociation and oxidation of phenolic and hydroxyl groups, thereby limiting
the supply of protons for Cr(VI) reduction� Hsu et al� (2009) evaluated the Cr(VI) sorption kinetics
at pH levels 3–7 and examined the reaction mechanism of Cr(VI) with BC derived from burning
rice straw� The results showed that Cr(VI) was sorbed and subsequently reduced to Cr(III), which
was bound to the carbonyl/carboxyl groups on the BC surface through surface complexation and
precipitation� There was a negative relationship between the half-life of Cr(VI) reduction and the
concentration of DOC in soils that were amended with organic C sources, indicating that the rate of
reduction increased when there was an increase in the concentration of DOC� Easily oxidizable C
and DOC have been shown to correlate with Cr(VI) reduction, and only certain components of
DOC act as electron donors when this reduction occurs (Bolan et al� 2003)�
Soil respiration, as measured by the amount of CO2 released, significantly decreased when
Cr(VI) levels increased in acidic and alkaline soils, with the effect being more pronounced in
the alkaline soil� Since acidic soils reduce Cr(VI) faster than alkaline soils (Figure 3�4a,b),
there is less microbial toxicity of Cr(VI) in the former soil, as indicated by higher respiration�
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FIGURE 3.3 Effect of black carbon (BC) and chicken manure biochar (CMB) on the reduction of Cr(VI) in
chromium-contaminated (a) acidic and (b) alkaline soils� (From Choppala, G� et al�, J. Hazard. Mater� 261,
718–724, 2013�)
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FIGURE 3.4 Effect of black carbon (BC) and chicken manure biochar (CMB) on the microbial respiration
in chromium-contaminated (a) acidic and (b) alkaline soil� (From Choppala, G�K� et al�, J. Environ. Qual., 41,
1175–1184, 2012�)

The application of BC and CMB increased microbial activity in Cr(VI)-contaminated soils
(Figure 3�4a,b), hence substantiating their contribution to Cr(VI) reduction in soils and therefore
overcoming Cr toxicity� Both BC and CMB stimulate microorganisms in their porous structures,
thereby enhancing microbial respiration (Steiner et al� 2004; Steinbeiss et al� 2009)� The addition
of organic amendments such as manure has been shown to induce Cr(VI) reduction in soils with
the help of microorganisms in biotic and abiotic conditions (Losi et al� 1994)� The dominance of
biotic reduction revealed the active role of microorganisms� Tokunaga et al� (2003) investigated
the acceleration of Cr(VI) reduction in soils by the addition of organic C (0, 800, or 4000 mg L−1
in the form of tryptic soy broth or lactate) in columns pretreated with solutions containing 1000
and 10,000 mg L −1 Cr(VI); the aim was to evaluate the potential in situ remediation of highly
contaminated soils� They observed higher first-order reduction rate constant values for soils with
lower levels of initial Cr(VI) and higher levels of organic C, and they confirmed the dominance
of microbially dependent reduction pathways�
The production of biomass decreased with increasing concentrations of Cr(VI) in soils� However,
applications of BC and CMB decreased Cr(VI) toxicity, thereby increasing dry biomass� Plants
grown in BC-applied contaminated soil produced higher dry biomass than plants grown in CMBtreated soil� The addition of 5% organic amendments increased the plant dry matter yield by 7%,
38%, 59%, and 72% for BC and by 12%, 35%, 51%, and 67% for CMB in soils treated with 0, 50,
100, and 250 mg Cr(VI) kg−1, respectively� Black carbon decreased Cr deposition in roots and shoots
greater than CMB, which may be due to its higher reducing capability� Black carbon and CMB
reduced Cr accumulation in shoots and roots by 95% and 81%, and by 57% and 29%, respectively,
in soils treated with 50 mg Cr(VI) kg−1; the Cr reduction was more pronounced in the alkaline soils�
This study provides evidence that BC and CMB could strongly mitigate Cr contamination,
because they are highly reactive with many functional groups and are able to donate electrons to
reduce Cr(VI) in soils� The reduction capacity of Cr(VI) was higher in acidic soil, and the addition
of BC and CMB significantly increased reduction in alkaline soil� The application of BC and CMB
increased microbial respiration and decreased phytotoxicity� Dissolved organic matter enhanced
the reduction of toxic Cr(VI) to less toxic and relatively immobile Cr(III); the consequent increase
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in pH due to H+ consumption in Cr(VI) reduction likely resulted in the immobilization of Cr(III)
through adsorption/precipitation reactions�

3.5.2

rhizoreduction oF chromate and arsenate

The rhizosphere has been shown to influence contaminant interactions in soils (Cofield et al� 2008;
Gaskin and Bentham 2010)� The fate and bioavailability of heavy metal(loid)s in the rhizosphere
can be different from bulk soil (Fitz et al� 2003)� Bolan et al� (2013b) examined the reduction of
As(V) and Cr(VI) in rhizosphere soils obtained from a range of Australian native plants� These
two metal(loid)s were selected in their study because they differ in reduction-induced mobility and
bioavailability� The reduction of As(V) to As(III) enhances its mobility and bioavailability, whereas
the reduction of Cr(VI) to Cr(III) has an opposite effect�
Both maximum reduction and rate of reduction were higher for Cr(VI) than for As(V), indicating that Cr(VI) reduction occurs more readily in soils in the presence of electron donors such as
organic matter (Choppala et al� 2013)� However, As(V) reduction is found to be slow even at an Eh
of –200 mV (Ascar et al� 2008)� Although there was no significant difference in maximum reduction
between the rhizosphere and non-rhizosphere soils, the rate of reduction was higher in the former
soil, indicating that the rhizosphere soils caused up to 2�41- and 5�07-fold increases in the rate of
As(V) and Cr(VI) reduction, respectively (Table 3�5)�
The difference in the rate of As(V) and Cr(VI) reduction between rhizosphere and nonrhizosphere soils can be attributed to a number of reasons, which include increased microbial activity, DOC and organic acid production, and decreased pH and Eh in the rhizosphere soil (Hinsinger
et al� 2009)� It has often been shown that rhizosphere soil tends to have higher microbial activity
due to the presence of higher levels of C and nutrients (Bowen and Rovira 1992; Hinsinger et al�
2009)� In this case study, Bolan et al� (2013b) obtained a positive relationship between the difference in DOC between rhizosphere and non-rhizosphere soils (ΔDOC) and Δ basal respiration,
indicating that DOC provides a source of C for microorganisms (Figure 3�5a)� Similarly, there was
a significant relationship between Δ basal respiration and Δ rate of reduction, indicating the role
of increased microbial activity in rhizosphere soil in metal(loid) reduction (Figure 3�5b)� Similarly,
Gonzaga et al� (2006) have attributed the difference in the extent of As(V) reduction between a
hyper-accumulator (Pterisvittata) and a non-accumulator (Nephrolepis exaltata) to the difference in
the amount of DOC released to the rhizosphere� The onset of reducing conditions in the subsurface
as induced by DOC not only dissolved As-rich Fe oxy-hydroxides but also released As to groundwater (Nickson et al� 2000)�
Low-molecular-weight organic acids in root exudates influence metal(loid) reduction by providing a C substrate for microorganisms, decreasing Eh, and enhancing the mineral-induced catalytic reduction of metal(loid)s (Masscheleyn et al� 1990; Adriano 2001)� Zhong and Yang (2012)
noticed that the addition of malic acid to two Fe oxide-rich soils (Ultisol and Oxisol) accelerated
the catalytic reduction of Cr(VI)� Kantar et al� (2008) showed that the addition of organic ligands
such as galacturonic, glucuronic, and alginic acids achieved in situ stabilization of Cr(VI) through
increased reduction to Cr(III) followed by its subsequent retention by soil particles� Zhang et al�
(2005) have shown that low-molecular-weight organic acids such as citrate, malate, and oxalate
enhanced the release of As(V) and As(III), thereby influencing their redox reactions�
Soil pH is one of the important properties that controls the reduction of metal(loid)s� The difference in pH between rhizosphere and non-rhizosphere soil depends on the amount of organic acids/
anions released, as influenced by cation-anion uptake balance (Tang and Rengel 2003; Hinsinger
et al� 2009)� Plant roots influence redox conditions of soil by releasing root exudates containing
C and carbon dioxide through respiration (Cheng et al� 2010)� For example, Zazo et al� (2008)
obtained an Eh of –350 mV in a vegetated microcosm, which corresponds to the sulfate reduction zone, thereby facilitating the sulfate-induced reduction of Cr(VI)� In the absence of free O2
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TABLE 3.5
Parameters of the Equation Describing the Rate of Reduction of As(V) and Cr(VI) in
Rhizosphere and Non-Rhizosphere Soils
As
Ym (mg
As kg–1)

r

Rhizosphere

187�4 ±
13�2a

0�230 ±
0�012a

Nonrhizosphere

167�3 ±
7�81a

0�187 ±
0�007b

Rhizosphere

201�5 ±
5�87a

0�198 ±
0�021a

Nonrhizosphere

196�5 ±
6�25a

0�172 ±
0�012a

Rhizosphere

179�3 ±
11�2a

0�201 ±
0�022a

Nonrhizosphere

186�3 ±
13�5a

0�176 ±
0�018a

Rhizosphere

175�4 ±
9�21a

0�236 ±
0�021a

Nonrhizosphere

154�7 ±
8�45a

0�098 ±
0�013b

Rhizosphere

167�9 ±
7�65a

0�231 ±
0�014a

Nonrhizosphere

171�3 ±
5�26a

0�123 ±
0�008b

Rhizosphere

167�7 ±
6�25a

0�198 ±
0�016a

Nonrhizosphere

157�6 ±
4�51a

0�123 ±
0�012b

Plant Species

Root Region

Acacia
pubescens

Eucalyptus
camaldulensis

Enchylaena
tomentosa

Templetonia
retusa

Dichantheum
sericeum

Austrodanthonia
richardsonii

Cr
Rhizosphere
Effecta

1�24

1�15

1�14

2�41

1�88

1�61

Ym (mg
Cr kg–1)

r

376�2 ±
18�7a

0�567 ±
0�011a

353�4 ±
12�2a

0�231
±0�034b

345�7 ±
8�76a

0�456 ±
0�023a

356�7 ±
10�3a

0�178 ±
0�032b

381�2 ±
11�2a

0�478 ±
0�041a

367�3 ±
12�3a

0�123 ±
0�052b

345�6 ±
18�1a

0�543 ±
0�037a

326�2 ±
15�4a

0�143 ±
0�012b

378�3 ±
8�81a

0�623 ±
0�067a

376�4 ±
9�32a

0�123 ±
0�012b

345�6 ±
14�3a

0�534 ±
0�036a

356�2 ±
102a

0�201 ±
0�023b

Rhizosphere
Effecta

2�45

2�56

3�89

3�80

5�07

2�66

Source: Bolan, N�S� et al�, Plant Soil, 367, 615–625, 2013b�
a Rhizosphere effect = rhizosphere/non-rhizosphere�
Note: Y = Ym (1 – Exp−rx), where Y = amount of As(V) or Cr(VI) reduction (mg kg−1); Ym = maximum amount of As(V) or
Cr(VI) reduction (mg kg−1); r = rate constant; and x = incubation period (days)� Values are mean ± standard deviation of triplicate, and the different letters within a column indicate a significant difference between rhizosphere and
non-rhizosphere soils for each plant species at p < �05 according to Duncan’s multiple-range tests�

as an electron acceptor under reduced conditions, the oxidized form of other elements, including
heavy metal(loid)s, serves as an electron acceptor for energy generation by microorganisms, thereby
resulting in the reduction of metal(loid)s (Harris and Arnold 1995)�
Depending on the nature of metal(loid)s present in the soil, the rhizosphere-induced reduction
has implications for their bioavailability with regard to both higher plants and microorganisms, and
the remediation of contaminated soils� In the case of Cr, the reduction of Cr(VI) to Cr(III) decreases
its bioavailability, because Cr(III) is more strongly retained and therefore becomes less mobile�
Furthermore, the increase in pH resulting from the reduction reaction enhances the immobilization
of Cr(III) through adsorption (via pH-induced increase in surface negative charge) and precipitation
reactions� However, in the case of As, the reduction of As(V) to As(III) increases its bioavailability,
because As(III) is less strongly retained and therefore becomes more mobile� The mobility and
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FIGURE 3.5 Relationships (a) between the difference in DOC between rhizosphere and non-rhizosphere
soils (ΔDOC) and Δ basal respiration, and (b) between Δ basal respiration and ΔAs and Cr reduction� (From
Bolan, N.S. et al�, Plant Soil, 367, 615–625, 2013b�)

bioavailability of As(III) is likely to be exacerbated by decreased As adsorption due to an increase
in surface-negative charge resulting from an increase in pH due to As(V) reduction�

3.6 CONCLUSIONS AND FUTURE RESEARCH NEEDS
Redox reactions can influence the solubility and subsequent mobility of heavy metal(loid)s, especially As, Cr, Hg, and Se, in soils and sediments by altering their speciation and redox state� Because
many of the environments that receive heavy metal(loid)-containing wastes can be characterized as
anoxic, for example, subsurface-saturated soils or organic-rich marsh sediments, redox reactions of
metal(loid)s play a vital role in their mobilization and bioavailability� Thus, redox reactions can be
readily managed and enhanced for efficient removal of contaminants, thereby enabling the development of in situ bioremediation technologies�
Desorption and remobilization of metal(loid)s, such as Cr and As from sediments, are controlled
by pH, Eh, and metal(loid) concentration in the sediment interstitial water, as well as by contents
in total Fe, Mn, and mineral hydrous oxides� Physical disturbances of the sediments by storm or
flooding may move the underlying sediments to oxidizing environments where the sulfides undergo
oxidation, thus resulting in the release of large quantities of metal(loid)s into the water� Similarly,
depending on the nature of metal(loid)s present in the soil, the rhizosphere-induced redox reactions
have implications with regard to their bioavailability to higher plants and microorganisms, and also
for the remediation of contaminated soils�
Most bioremediation technologies are based on redox reaction processes that are designed to
remove metal(loid)s mainly from aquatic systems� The viability and metabolic activity of microorganisms are the major limiting factors in terms of the efficiency of bio-transforming metal(loid)s
in soils� Therefore, it is important to manipulate these redox reactions by controlling the factors
affecting them and also by using appropriate soil amendments�
Two important issues need to be addressed when applying redox reactions to manage heavy
metal(loid)s contamination� First, the implementation of bioremediation methods should be done
with caution, because many sites contain multiple metal(loid)s, organic compounds, and organisms
that affect the output of bioremediation approaches� Therefore, the remediation of contaminated
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sites usually requires a combination of many different approaches� Second, bioremediation rarely
restores an environment to its original condition� Often, the residual contamination remaining after
treatment is strongly sorbed and not available to microorganisms for degradation� Over a long period,
these residuals can be slowly released, generating additional pollution� There is little research on the
fate and potential toxicity of such released residuals; therefore, both public and regulatory agencies
continue to be concerned about the possible deleterious effects of residual contamination�
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