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ABSTRACT 
Pollution is a non-desirable consequence of most of anthropogenic activities. Contaminants accumulate in waters, sediments and soils, 
showing a high potential for causing damages in the ecosystems. Among these pollutants, heavy metals present the special feature of 
being non biodegradable, which makes them persistent in the environment. This fact determines the nature of the technologies used for 
the reclamation of polluted environments, since extraction and stabilization or immobilization are the only viable strategies. The former 
are generally carried out ex situ, resulting in high costs and negative affectation of the polluted area. On the contrary, stabilization 
techniques can be carried out in situ, which made them economically more attractive, although they are more time consuming and tend to 
cause some uncertainty. They are containment technologies based on the use of plants and/or soil amendments in the polluted environ-
ment to reduce metal toxicity by metal fixation in the soil as hardly-available forms. The input of organic matter causes a double effect on 
both the physico-chemical properties and the associated microbiota of the polluted area, which in turn contribute to alter the physical form 
of heavy metals and reduce their mobility and bioavailability. Among the different materials tested, compost has been referenced as one of 
the most valuable substrates. Compost increases the chemical status of the soil, promotes microbial populations and their activity and 
favors the re-establishment of vegetation. Composting may also be a useful strategy, although available information is scarce. A better 
understanding of mechanisms of action and the promoted effects is needed for its implementation as a usual technique for the reclamation 
of heavy metal-polluted areas, both in relation to composting and compost amendments. 
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INTRODUCTION 
 
From an ecological point of view, the term “heavy metal” 
refers to any metallic element potentially harmful for the 
environment and resistant to biodegradation (Sarma et al. 
2011). Regardless of the vital role some of them play on 
account of their participation in biological functions 
(Babula et al. 2008; Nagajyoti et al. 2010), all of them has 
the potential to cause toxic effects in living organisms at 
low (non-essential metals such as Cd, Pb, As or Hg) or high 
(essential metals or trace elements such as Co, Cu, Cr, Fe, 
Mn, Ni or Zn) concentrations. Nevertheless, the toxic poten-
tial depends on the oxidation state, chemical form, dose, 
mode of exposure and the binding capability the heavy 
metal shows (Beyersmann and Hartwig 2008; Sinicropo et 

al. 2010). Adverse effects on human beings, animals and 
plants have been reported (Beyersmann and Hartwig 2008; 
Smith et al. 2009; Berny et al. 2010; Guitart et al. 2010a, 
2010b; Gundacker et al. 2010b; Nagajyoti et al. 2010; 
Soderland et al. 2010). Microorganisms, a really influential 
community on biogeochemical cycles and ecosystems pro-
ductivity, can be profoundly altered by HM accumulation 
either (Hinojosa et al. 2005). Taking into account the 
serious risk they involve for living organisms and the im-
possibility of being chemically or biologically degraded 
(Pérez de Mora et al. 2006a), different alternatives have 
been proposed over the last decades to promote their re-
moval or containment, being those of biological nature one 
of the most effective (Park et al. 2011). 

Heavy metals occur naturally in the Earth’s crust. Wea-
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thering processes, as well as wind-blown dusts, volcanic 
eruptions or wood fires are main responsible for the release 
of metallic elements in the environment from natural sour-
ces (MacKenzie and Canil 2008; Shcherbov et al. 2008; 
Balabanova et al. 2011). Nevertheless, availability of ele-
ments from this origin, especially in soils, is scarce because 
of low solubility and the presence of forms that cannot be 
assimilated by most of the living organisms (Park et al. 
2011). But HM pollution can be originated not only by 
natural sources but anthropogenic activities. Actually, acti-
vities like agriculture or industry are major contributors to 
heavy metal accumulation in the environment, as well as 
domestic effluents or combustion processes (Nagajyoti et al. 
2010). In agriculture, the use of fertilizers and pesticides 
favors the input of HM in soils, although it should not be 
undervalued the contribution of irrigation practices with 
polluted waters (Singh et al 2010). Industrial sources such 
as mining, foundry and refinement, as well as some derived 
activities, release relatively high levels of HM to the envi-
ronment (Sinicropi et al. 2010). Domestic effluents include 
either untreated or mechanically waste waters and wastes 
that, incorporated into effluents, are dumped into the sea, 
rivers o lakes (Nagajyoni et al. 2010). 

Different strategies have been proposed to mitigate the 
deleterious effect that HM cause on those environments in 
which concentrations exceed the natural threshold, mainly 
soils, as the ecosystems where HM show higher persistence 
capacity (Lasat 2002). Since HM cannot be degraded, all 
the applied methods lie in their extraction or containment. 
In both cases, ex situ and in situ applications can be con-
sidered. Because this last methods are usually expensive 
and may cause some structural and functional disturbances, 
especially in soils (Pérez de Mora et al. 2006a; Helmisaari 
et al. 2007), in situ strategies are preferred. Nevertheless, 
drawbacks such as they are time consuming and tend to 
show some uncertainty have been attributed to these tech-
niques (Farrell et al. 2010b). Among in situ strategies, phy-
sical, chemical and biological methods can be differentiated. 
Despite they are applied in some extension, physical (soil 
vapor extraction, soil leaching, soil washing, soil flushing, 
electrokinetic or absorbent fixation) and chemical tech-
niques (chelate extraction) have proved not to be com-
pletely effective, either by the impossibility to reduce toxi-
city of HM, the potential contamination of other associated 
ecosystems or by the use of reagents with potential to pol-
lute o negatively affect soil quality (Virkutyte et al. 2002; 
Neagoe et al. 2009; Shi et al. 2009). Biological reclama-
tion of HMs polluted soils includes animal remediation 
(earthworms), phytoremediation and microbiological reme-
diation. The use of earthworms in the decontamination of 
affected soils is marginal, since their capacity to accumulate 
HM is poor because of both their low specific surface area 
and population and the lack of feasible methods to collect 
them (Wu et al. 2010). On the contrary, phyto and micro-
remediation are increasingly gaining attention on account of 
their efficiency and the wide range of HM that can accumu-
late, as well as their consideration as clean and non-envi-
ronmentally disruptive technologies (Wei et al. 2004; Wu et 
al. 2010). Both methods can act in synergy and take advan-
tage of factors that potentially stimulate the biological acti-
vity of soils. Among these factors, the incorporation of or-
ganic amendments into soil has been proved as one of the 
most successful strategies regarding bioremediation im-
provement (Clemente et al. 2007a; Pardo et al. 2011), since 
metabolic functions of microorganisms and higher plants 
are usually enhanced by organic matter (Park et al. 2011) by 
means of better soil characteristics and plant growth con-
ditions, and microbial proliferation (Fornes et al. 2009). 
Nevertheless, some caution should be took in order to avoid 
negative affectations of both soil and biota (Zubillaga and 
Lavado 206; Bastida et al. 2008), as well as non-desirable 
effects on HM bioavailability (Santibáñez et al. 2008). 

Composting is considered as one of the most effective 
methods for the valorization of organic wastes nowadays. 
The transformations that microorganisms carry out on these 

materials, as well as the physico-chemical modifications 
that take place during the maturity stage, originate most of 
the times a biologically stable material, with high levels of 
humified organic matter and low HM contents (Albur-
querque et al. 2010; Lopes et al. 2011) when the process is 
properly managed. These high quality composts are useful 
not only for the improvement of physical, chemical and bio-
logical soil properties (Fagnano et al. 2011; Ozores-Hamp-
ton et al. 2011) but for the reclamation of HMs polluted 
soils (Pérez de Mora et al. 2006a; Mahmoud 2011). 

This review focuses in the outstanding aspects to be 
considered when compost amendment is used as the main 
strategy for the reclamation of HM contaminated soils. 
Either direct or indirect effects, as well as the mechanisms 
involved on every case will be discussed and compared 
with other methods. 
 
HEAVY METALS IN SOILS: ABIOTIC INTERACTIONS 
 
The soil is a complex heterogeneous medium in which 
mineral, organic, aqueous and gaseous phases coexist and 
create the proper habitat for living organisms. Mineral 
phase is mainly composed of silicates of aluminum, iron, 
calcium, magnesium and many different elements depen-
ding on the nature of the specific regional composition of 
Earth crust, environmental conditions and management stra-
tegies. This phase is major responsible for the soil type clas-
sification (sand, silt, clay, loam, etc.). The organic compo-
nent comes from animal and vegetal material, which is 
microbiologically decomposed. Aqueous portion make pos-
sible life and chemical reactions. These activities, together 
with atmospheric gases, produced the formation of the gase-
ous phase. The coexistence and the interactions among 
these phases lead to a dynamic system in which characteris-
tics changes in response to variations either in physico-che-
mical properties and biological behavior. As a soil consti-
tuent, HM are affected by these modifications. Alterations 
in pH, organic matter content, redox potential or microbial 
structure affect HM mobility and bioavailability and deter-
mine the natural remediation capacity of soils (Neagoe et al. 
2009; Farrell et al. 2010b). 

Soils can interact with HM through different processes, 
with adsorption, and precipitation being the most important 
and methylation/demethylation as alternative chemical 
mechanism. 

 
Adsorption and complexation 
 
Adsorption from the aqueous to the solid phase is the most 
influential process on bioavailability of HM in soils (Fontes 
and Santos 2010). This mechanism implies the formation of 
surface complexes between the HM and a sorbent, both by 
non-specific (displacement of like-charged ions and estab-
lishment of electrostatic forces) and specific methods (for-
mation of chemical covalent bonds between the solute and 
functional groups on the sorbent) (Park et al. 2011). This 
last mechanism results in higher adsorption capacity than 
expect just from the soil cation exchange capacity (CEC) 
and, together with some other factors, accounts for high 
sorption levels in soils with low CEC values (Sipos et al. 
2009). 

Soil HM adsorption capacity depends on pH, CEC, 
organic matter content, properties of the clay fraction, ionic 
strength of the solution, concentration of some metallic 
oxides and characteristics of the metal (Fontes and Santos 
2010). Although a single factor rarely may explain the capa-
city of a specific soil to adsorb HM, CEC and, especially, 
pH have been proved as the most influent factors in most 
cases (Vega et al. 2010; Zeng et al. 2011). An increase in 
the soil pH leads to a higher availability of dissociated func-
tional groups in the organic matter (carboxyl, phenolic, car-
bonyl and hydroxyl groups), which usually results in an 
increased affinity for metal cations (Park et al. 2011). Some 
of these functional groups show more than one zone in 
which HM can be adsorbed, forming multi-dentate com-
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plexes with more stable bonds. Humic and fulvic acids are 
the most important natural ligands for the formation of 
complexes with HM (Karpukhin and Bushuev 2007), 
although when they are present in high proportion in soil 
may reduced the extraction potential of anthropogenic che-
lants applied in phytoremediation processes (Yip et al. 
2010). 

 
Precipitation 
 
Anions such as sulfate, carbonate, hydroxide, phosphate or 
sulfide promotes the immobilization of HM through the 
formation of non-soluble compounds when concentration of 
HM is significant and pH is high (Porter et al. 2004), 
although sulfide acts over a broad pH range when reducing 
conditions are dominant (Park et al. 2011). 

Co-precipitation as salts is also possible, mainly in the 
presence of Fe, Mn and Al oxyhydroxydes (Kumpiene et al. 
2008). In such cases, metals are immobilized at high pH 
values by sorption in the oxides that then precipitate in car-
bonate (Petrovic et al. 1999). This mechanism avoids fur-
ther metal extraction by application of chelants, while che-
mically sorbed metals are affected by such amendments 
(Yobouet et al. 2010). 

 
Methylation/demethylation mechanism 
 
Although it cannot be considered as a primary mechanism 
on account of the levels of HM affected, methylation seems 
to be important in processes of volatilization of some HM 
(As, Hg, Sn or Se). Despite this is a basically biological 
phenomenon, chemical methylation can contribute in some 
extent to the process (Park et al. 2011) especially in relation 
to Hg. Thus, methylcobalamin, methyltin compounds, small 
organic molecules (acetic acid) and, above all, humic matter 
are potential methyl donors for Hg (Gardfeldt et al. 2003). 
This Hg-methylation processes gain importance in relation 
to other modification mechanisms at soil acid conditions 
(Qiu et al. 2005). 

 
HEAVY METALS IN SOILS: BIOLOGICAL 
INTERACTIONS 
 
Despite the cytotoxic effects they could exert in living orga-
nisms, some HM plays important roles in the metabolisms 
of microorganisms, plants and animals when are present in 
the right concentration. In soils, HM concentrations higher 
than those demanded by living organisms can alter both the 
microbiota and the vegetation. Microorganisms may be 

affected not only in their population size, but in their diver-
sity and activity (Kavamura and Esposito 2010), which in 
turn influences decomposition of soil organic matter and 
soil respiration (Haferburg and Knothe 2007). On the other 
hand, plants suffer from oxidative stress and are unable to 
carry out some metabolic activities on account of the incor-
poration of HM into bioactive molecules (Babula et al. 
2008). Nevertheless, both microorganisms and plants have 
developed some strategies to tolerate and even detoxified 
HM. These capacities can be successfully applied for the 
bioremediation of polluted soils. 

 
Microbial modifications on HM bioavailability 
 
Microorganisms show the ability to carry out processes that 
promote both mobilization and immobilization of HM, thus 
influencing the balance between soluble and insoluble 
forms (Gadd 2004) (Table 1). Both mechanisms are of 
interest regarding the preservation of soil as a healthy 
habitat for living organisms, since mobilization makes 
easier the removing of HM and immobilization contribute 
to reduce their bioaccesibility (Gadd 2004; Wiatrowski and 
Barkay 2005). 

Microbial mechanisms for HM mobilization include 
leaching, redox reactions and methylation, as well as bio-
weathering and biocorrosion processes. Bioleaching can be 
carry out by both autotrophic and heterotrophic microorga-
nisms (Narayan and Sahana 2009). In the first case, iron- 
and sulfur-oxidizing bacteria directly solubilize metal sul-
fides and, indirectly, by means of acidification, other metal 
compounds (Chenand Lin 2010). Heterotrophic microorga-
nisms act through the liberation of protons, organic acids or 
siderophores that promote metal solubilization via acidifica-
tion and formation of complexes. It is of special relevance 
in phosphate- and sulfate-containing minerals and in envi-
ronments with high pH values (Gadd 2000). Both strategies 
have been applied either in biomining and bioremediation 
(Petrisor et al. 2007; Blais et al. 2010). 

Some HM can be mobilized through microbial redox 
reactions, mainly those performed by dissimilatory reducing 
bacteria. In such cases, Fe(III), Mn(IV), Se(VI), Cr(VI) or 
As(V) act as terminal electron acceptors and are trans-
formed into more soluble forms (Gadd 2004; Babechuk et 
al. 2009). Moreover, those reactions which involve oxidized 
forms of Fe and Mn as oxides may also contribute to the 
release of other HM that are strongly adsorbed to the oxides 
(Van Laer et al. 2010). The incorporation of humic substan-
ces into soil may favor this last activity since they provide 
the electrons needed for the redox process (Bauer and Blo-

Table 1 Microbial mechanisms involved in HM transformation (Gadd 2010). 
Solubilization Immobilization 
Chemolithotrophic leaching 

H+, Fe (III), SO4
2- 

Biosorption 
Metal-binding peptides, polysaccharides and other extracellular polymeric substances, 
cell wall and other structural biomolecules, metabolites Chemoorganotrophic leaching 

H+, siderophores, organic acids, metabolites Intracellular accumulation 
Transport phenomena, permeation, organellar localization, intracellular precipitation 
and sequestration, mineralization 

Rock and mineral bioweathering and biodeterioration 

Biocorrosion of metals 
Biomineral formation 

Organic precipitation (oxalates), inorganic precipitation (carbonates, phosphates, 
oxides, hydroxides, sulfides), nanoparticulate biominerals, biomineralization 

Redox mobilization 
Fe(III) � Fe(II) 
Mn(IV) � Mn(II) 
Hg(II) � Hg(0) 
Se(0) � Se(IV), Se(VI) 
Pu(IV) � Pu(III) 

Redox immobilization 
Mn(II) � Mn(IV), Fe(II) � Fe(III) 
Cr(VI) � Cr(III), Ag(I) � Ag(0) 
Au(III) � Au(0), Pd(II) � Pd(0) 
U(VI) � U(IV), Tc(VII) � Tc(IV) 
Te(VI), Te(IV) � Te(0) 
Se(VI), Se(IV) � Se(0) 

Metal sorption to biogenic minerals 
Mn and Fe oxides, sulfides 

Methylation 
SeO3

2-, SeO4
2- � (CH3)2Se, (CH3)2Se2 

TeO3
2- � (CH3)2Te 

(CH3)nAsH3-n, n=1,2,3 
CH3Hg+ 

Metal(oid) nanoparticles 
Au(0), Ag(0), Se(0), Pd(0), UO2 

 

14



Dynamic Soil, Dynamic Plant 5 (Special Issue 2), 12-24 ©2011 Global Science Books 

 

dau 2006). 
Biomethylation processes may affect the release of 

some HM, as in the case of Pb, Cd, Hg, Se, Te, As or Sb 
(Pongratz and Heumann 1999; Chasteen and Bentley 2003; 
Frohne et al. 2011). Both bacteria and fungi are able to 
transfer methyl groups to these metallic elements, either in 
aerobic and anaerobic conditions. Some of the aerobic 
microorganisms promoting this alkylation reaction are Peni-
cillium, Alternaria or Pseudomonas, while clostridia, 
methanogens and sulfate-reducing bacteria are among those 
prokaryotic genera that carry out the same process in anae-
robic conditions (Gadd 2010). 

Microorganisms, as well as other living organisms, 
enhance metal mobilization from rocks and minerals mainly 
through biochemical mechanisms. The excretion of organic 
acids and other metabolites, together with the CO2 released 
from respiratory metabolism, promote acid attacks on mine-
ral surface that result on the alteration of their properties in 
different extent, including complete dissolution (Gadd 
2007). Mycorrhizal fungi are considered as the most ef-
fective microorganisms in bioweathering (Birkefeld et al. 
2006). Biocorrosion, which is related to natural and anthro-
pogenic habitats, refers to the deterioration of metals ac-
celerated by microbial surface colonization through bio-
films. Microorganisms included in these biofilms act by 
means of either metabolites excretion such as organic and 
inorganic acids and volatile compounds, as well as enzymes, 
among them catalases, peroxidases and superoxide dismu-
tases (Beech and Sunner 2004). Bacteria involved in cor-
roding metal surfaces mostly belong to the sulfate-reducing 
bacteria, sulfur and manganese-oxidizing bacteria, iron oxi-
dizing/reducing-bacteria and bacteria secreting organic 
acids and slime, all of them present in naturally occurring 
biofilms (Beech and Coutinho 2003). 

Processes that lead to immobilization generally reduce 
the bioavailability of HM in soils, although modifications in 
environmental conditions may alter the equilibrium and 
return metals to aqueous phase. Microorganisms can im-
mobilize HM through different actions, accumulation being 
one of the most important. Two different mechanisms must 
be distinguished regarding accumulation: biosorption and 
intracellular accumulation (Ledin 2000). The former refers 
to the capacity of microbial cells to bind metal species 
depending on their surface characteristics, mainly the pre-
sence of groups such as phosphoryl, amine, hydroxyl, sulf-
hydryl and carboxyl groups that are integrated into struc-
tural molecules, or extracellular substances like exopolysac-
charides (Table 2). The complexity of microbial surface in 
relation to other sorbents of inorganic nature in soils and its 
higher adaptability to changeable conditions, make them 
better sorbent agents (Perdrial et al. 2008). Although both 
Gram negative and Gram positive bacteria have shown be 
effective as biosorbents, the former seem to be more ade-
quate on account of the characteristics of their cell wall (Joo 
et al. 2010). In the case of fungi, chitin and derivates play 
the most important role in biosorption processes (Gadd 
2004). Taking into account metal sorption to external sur-
faces is a mostly metabolism-independent process, non-
living biomass can be used with no detrimental effects in 
comparison to living cells. On the contrary, intracellular 
accumulation involves active uptake into the cytosol, a pro-
cess which is energy-consuming and dependent of transport 
systems with varied affinity and specifity (Das and Guha 
2009; Ma et al. 2009). Inside the microbial cells, properties 
of the HM and microbial characteristics determine further 
reactions, among them precipitation, location within intra-
cellular structures or organelles, translocation, reduction or 
binding to specific molecules (Gadd 2004; Edwards and 
Bazylinski 2008). 

Biomineralization, a process in which different living 
organisms are involved, is other mechanism by which 
microorganism promotes HM immobilization (Dove et al. 
2003). Biominerals, with similar structure to those origin-
ated from geochemical processes, can be formed as a con-
sequence of microbial activity. Two different processes 

have been described differing in the degree of control exer-
ted by microorganisms. In the so-called biologically con-
trolled mineralization, microbial cells directly control the 
process, since mineral particles act as cellular structure. 
This is the case of magnetosomes (Posfai and Dunin-Bor-
kowski 2009). On the contrary, in the most common biolo-
gically induced mineralization, modifications in the envi-
ronmental conditions caused by microorganisms promote 
the formation of minerals (Gadd 2010). Redox transforma-
tions, sorption processes or precipitation reactions are major 
responsible for this modifications, with sulfide as the most 
important extracellular metabolite for the formation of 
metals (Almendras et al. 2009). Additionally, microbial sur-
face, through biosorption mechanisms, provide sites for the 
initiation of the nucleation process and further mineral for-
mation (Lloyd et al. 2008). Thus, even dead cells can pro-
mote biomineralization (Gadd 2010). 

Apart from biomineralization, redox processes contri-
bute to HM immobilization, since the reduction of the metal 
redox state usually decreases its mobility. Moreover, both 
processes, biomineralization and reduction, are sometimes 
associated. Thus, in sulfate-reducing bacteria, Cr(VI) may 
be reduced as an indirect consequence of the reaction bet-
ween the produced sulfide and Fe2+. This phenomenon has 
been described for some metal-reducing bacteria, in which 
biomineralization and metal precipitation coexist (Roh et al. 
2007). Other HM likely to be reduced by sulfate-reducing 
or dissimilatory Fe(III)-reducing bacteria are Co(III), 
Mn(IV), U(VI), Tc(VII) and Pd (II) (Roh et al. 2006; Li and 
Krumholz 2009). 

Another immobilization process in which biogenic 
minerals are involved is sorption. Mn and Fe oxides can 
sequester different HM (Hennebel et al. 2009) even in a 
more efficient way than chemically originated oxides, since 
the former have larger specific surface areas (Miyata et al. 
2007). 

 
Plants and HM interactions 
 
The accumulation of HM in soils up to toxic levels has 
favored the development of tolerant plants with adaptative 
strategies which enable them to survive in this polluted 
environment and even hyperaccumulate the toxic metals. 
This last ability has aroused the attention of scientists and in 
the last few years, remediation of HMs polluted soils with 
plants, the so-called phytoremediation, has emerged as an 
interesting technology on account of its low cost, efficiency, 
simplicity and non-environmentally disruptive character 
(Sarma 2011). Mechanisms by which plants detoxify HMs 
polluted environments are diverse (Table 3), phytoextrac-
tion being the most promising (Fig. 1) (Ghosh and Singh 
2005), either for the efficiency of this specific clean-up 
methodology and for the possibility to recovery the metals 
from the shoots (Chaney et al. 2007) or to be applied for 
energy production (Van Ginneken et al. 2007). Furthermore, 
phytoextraction removes HM from soil, which is an ad-
ditional benefit as unexpected alterations in environmental 
conditions might induce the gradual release of these toxic 
elements if they remain in soil, as in the case of immobili-

Table 2 Functional groups in bacterial surface for metal-binding (Hafer-
bug and Kothe 2007). 
Functional group Location Microorganism 
Carboxyl Lipopolysaccharide Pseudomonas aeruginosa
 Peptidoglycan Escherichia coli 
 Peptidoglycan Bacillus subtilis 
Amine/imidazole Polypeptide Bacillus subtilis 
 Polypeptide Klebsiella pneumoniae 
Thiol Phytochelatins Escherichia coli GMO 
 Metallothioneins Ralstonia eutropha GMO
Phosphoryl Lipopolysaccharide Escherichia coli 
 Teichoic acid Bacillus subtilis 
 Phospholipids Bacteria 
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zation technologies. This is the so called "Time Bomb 
Hypothesis" (Brown et al. 1998). 

Requirements for specimens to be applied in phytoex-
traction are: high capacity to absorb HM (preferably more 
than one) into the roots, potential for translocating HM 
from roots to the above-ground shoots, although some spe-
cies are able to store them into the roots (Kavamura and 
Esposito 2010), fast growing and production of large quan-
tities of plant biomass (Gamalero et al. 2009; Jadia and 
Fulekar 2009). Moreover, an external factor should be con-
sidered in relation to phytoremediation: microorganisms. 
The high nutritional status prevailing in the immediate 
vicinity of plant roots favors microbial growth to such level 
that the size of the population can be up to 1000-fold grea-
ter than standard microbial population in the soil (Glick 
2010). In turn, microorganisms may enhance both root deve-
lopment and plant growth and health (Kuffner et al. 2010), 
as well as increase plant capacity to tolerate several envi-

ronmental stresses (Kang et al. 2010) and alter HM phyto-
availability (Karami and Shamsuddin 2010). Actually, in 
multiple-polluted environments, the combination of both 
plants and microorganisms (rhizoremediation) render better 
results than plants on their own (Jing et al. 2007). 

In addition to stimulate microbial activity in the rhizo-
sphere, the root exudates play a crucial role in HM mobility 
on account of their capacity for influencing acidification, 
chelation, precipitation, redox reactions, microbial activity 
and properties of both roots and rixhosphere (Kidd et al. 
2009). Among them, low molecular-weight organic acids 
are the most well-established regarding this function. Metal-
chelating compounds and reducing molecules are either 
postulated as mobilizing agents, although this remains un-
clear and characteristics of these exudates are still unknown 
(Nascimento and Xing 2006). Nevertheless, some heavy 
metals are strongly immobilized in soils and show slow de-
sorption rate, which is a major disadvantage for phytoex-
traction, since roots uptake metal preferably from the soil 
aqueous phase (Padmavathiamma and Li 2007). On the 
other hand, root exudates from some (hyper)-accumulating 
plants have been proved not to significantly affect HM 
mobilization in comparison to those from non-accumulating 
species, which point out the importance of soil properties 
such its buffering capacity (Kidd et al. 2009) 

Phytostabilization and phytoimmobilization, the alter-
natives to phytoextraction when this last method is not a 
viable option (Alkorta et al. 2010) because of the preva-
lence of insoluble forms of HM or high clay contents (Kidd 
et al. 2009), leads to HM containment through primary me-
chanisms of precipitation in the rhizosphere and physical 
stabilization of soils, and absorption/ adsorption onto roots 
as secondary strategies (Mendez and Maier 2008). Thus, 
phytostabilization and phytoimmobilization are similar 
methodologies insofar as both of them reduce the biovaila-
bility of HM in soil without increasing the pollutant content 
in the aerial part of the plant, but they act through different 
mechanisms. While the former depends basically on the 
physical action of roots, the latter involves root activity also. 
Contrary to what is desirable in plants applied in phytoex-
traction, those species useful for phytostabilization this kind 
of processes should not hyperaccumulate metals into shoot 
tissues. Thus, the major objective for phytostabilization/ 
phytoimmobilization is not to remove HM from the pol-
luted habitat but promote immobilization of HM up to 
safety thresholds for both human health and environment 
(Padmavathiamma and Li 2007). Other properties in demand 
for "phytostabilizing" plants are tolerance to high levels of 
HM and capacity for developing strong and large root sys-
tems. Additionally, these methods use to be applied in con-
junction with organic soil amendments (Alkorta et al. 2010), 
which promote insolubilization of metals through the for-
mation of complexes and the fixation in non-available soil 
fractions, increase the nutritional soil status even at long 
term time and contribute to the microbial richness (Cle-
mente et al. 2007b; Park et al. 2011). Nevertheless, atten-
tion must be paid to the possibility of increasing HM con-
tent by adding some type of organic materials, which carry 
high levels of these pollutants. Municipal solid waste from 
non-source separated refuse, as well as its compost, has 
shown to be as the most problematic material regarding this 
concern. Thus, the application of fresh and composted or-
ganic amendments of good quality is a key point for HM 
remediation. 

Some HM (As, Hg or Se) can exist as gaseous forms in 
nature. Phytovolatilization use the capacity of a reduced 
number of plants, which are able to absorb these metals and 
transform them into their gaseous forms and release them 
into the atmosphere. Advantages ascribable to this method 
are its low disruptive capacity, the limited management de-
manded after planting and the absence of polluted material 
to be disposed. Nevertheless, this is a polemic strategy, 
since the potential accumulation of toxic elements in the 
atmosphere is not a desirable trait on account of safety 
(Padmavathiamma and Li 2007), although studies point out 

Fig. 1 Mechanism of phytoextraction of heavy metals. Source: Nasci-
mento CWA, Xing B (2006) Phytoextraction: A review on enhanced metal 
availability and plant accumulation. Scientia Agricola 63, 299-311, with kind 
permission from Scientia Agricola, Paracicaba, Brazil. 

Table 3 Mechanisms for heavy metals phytoremediation. 
Mechanism Definition Applied in...
Phytoextraction Absorption of metals through the 

root system, where can be stored or 
translocated to shoots 

Soils 

Phytostabilization Reduction of heavy metal 
availability by means of the 
physical action of roots and their 
influence on soil structure 

Soils, 
sediments 

Phytoimmobilization The interaction between plants and 
microorganisms promote HM 
immobilization through the binding 
to soil compounds, mainly lignin or 
humus 

Soils, 
sediments, 
sludges 

Phytovolatilization Absorption of some HM by roots, 
further transformation into less 
toxic forms and atmospheric 
release 

Soils 

Phytofiltration Absorption or adsorption through 
plant roots (rhizofiltration) or 
seedlings (blastofiltration) from 
aqueous environments 

Aqueous 
sources 
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the low rate in which phytovolatilization contributes to the 
atmospheric pool, mainly on account of their wide disper-
sion (Kotrba et al. 2009). 

The last phytoremediation method, phytofiltration, is 
useful for the detoxification of polluted aqueous systems: 
groundwater, surface water and wastewater. Both plant 
roots and seedlings can absorb or adsorb HM through me-
chanisms including chemisorption, complexation, ion ex-
change, micro precipitation, hydroxide concentration onto 
the bio surface and surface adsorption (Gardea-Torresdey et 
al. 2004). The requirements for species to be used with this 
finality include, apart from those demanded in other phyto-
remediation technologies, the ability to act in low-concen-
tration environments and accumulate at different nutrient 
levels (Khilji and Bareen 2008). 

 
COMPOST AMENDMENT TO SOIL. EFFECTS ON 
HEAVY METALS 
 
Heavy metals in soils can naturally be immobilized through 
sorption, precipitation and complexation mechanisms (Far-
rell and Jones 2010). Nevertheless, when metal concentra-
tion exceed the levels generally established as environmen-
tally acceptable, this natural attenuation capacity of soils is 
not sufficiently efficient. Some strategies have been pro-
posed to enhance or accelerate this capacity, among them 
both inorganic and organic amendments. The incorporation 
of these materials into soil exert a mostly positive influence 
in soil properties, which in a indirect way affect HMs mobi-
lity, and may modify directly the availability of these ele-
ments (Janoš et al. 2010). Actually, Adriano et al. (2004) 
propose the term "assisted natural remediation" to refer the 
improvement caused by soil amendment in natural biogeo-
chemical processes that govern HMs mobility. Industrial 
waste or bio-products, sewage and paper mill sludge, gyp-
sum and lime-rich industrial by-products, iron and alumi-
num industry derivates, phosphorus-containing materials, 
manganese oxides or clay minerals or compost are some of 
the products applied as contaminant immobilizing amend-
ments (Kumpiene et al. 2008; Udeigwe et al. 2010). Al-
though some detrimental effects on metals availability have 
been reported (Clemente et al. 2006; Mench et al. 2006; 
Del Moral et al. 2010), amendments mostly result in a red-
uced HMs mobility. Good management practices, as the 
adaptation of the amendment to soil properties and the 
metal or metals to be immobilized (Bolan and Duraisamy 
2003; Fornes et al. 2009), may prevent these negative 
effects. Regarding compost, drawbacks are related to the 
potential incorporation of toxic components, including HMs, 
and the longevity of the treatment, which is a controversial 
question for most of the organic amendments (Burgos et al. 
2010). However, benefits derived from compost incorpora-
tion to soil go beyond the potential damages that may cause 
when it is applied for the immobilization of HMs (Farrell 
and Jones 2010). 

 
Direct modifications in HMs mobility caused by 
compost amendments 
 
Compost incorporation into soil exerts a direct effect on 
both chemical and physical properties and, hence, structural 
modifications are expected. These changes have a direct in-
fluence on HM speciation. In general, HMs bioavailability 
tends to decrease when compost is applied to soil, as solu-
ble forms are converted into less readily-available species 
(Walker et al. 2003). Nevertheless, a high level of dissolved 
organic matter (DOM) in the amendment, as in unstabilized 
non-composted materials, may favor metal complexation 
and increase mobility (Kiikkila et al. 2002; Ashworth and 
Alloway 2007). However, the specific effect of DOM de-
pends on the heavy metal, since contrary results have been 
described for different elements (Bradl 2004). The influence 
of organic matter content on HMs mobility is mostly con-
ditioned by the action of humic substances, which can 
reduce the availability of metals through the formation of 

stable chelates (Walker et al. 2004). Thus, the higher humi-
fication and stability degree in the compost, the higher 
potential for immobilizing HMs (Castaldi et al. 2005; de la 
Fuente et al. 2011). Carboxyl and hydroxyl groups in both 
humic and fulvic acids are major responsible for the estab-
lishment of chelates, with higher stability as pH increases 
on account of deprotonation phenomena and higher availa-
bility of negative charges (Wang and Mulligan 2009). Never-
theless, contrary effects have been described, since high pH 
values may either promote the formation of soluble metal-
humate species or hinder the metal hydroxide production. 
Furthermore, this last process prevents the potential adsorp-
tion or coprecipitation onto and with the hydroxides of 
some HMs (Clemente et al. 2010). Thus, some studies re-
port a double influence as a consequence of compost amend-
ment, by which the concentration of free elements in soil 
water decrease but the content of complexed forms increase 
(Kiikkila et al. 2001; Clemente et al. 2003). However, the 
final effect mostly consists on a reduction of biotoxicity. 
Other traits to be considered in the impact that organic mat-
ter exert on HMs is the possible modification of soil redox 
potential, which can alter HM speciation (Doelsch et al. 
2010) and the way in which compost is applied, since mul-
ching surface seems to produce a better flushing of dis-
solved organic matter than the incorporation into the soil 
matrix (Hartley et al. 2010). 

Composted organic matter show low levels of DOM 
and a high stabilization degree which, in turn, reduces its 
potential for metal leaching (Kumpiene et al. 2008). Prob-
ably, the high content of hydrophilic groups in DOM may 
be responsible for this greater binding-capacity (Zhou and 
Wong 2001). 

Impact of compost addition to soil is heterogeneous, 
since results described in literature prove the dependency of 
effects on the type of compost and soil (Van Herwijnen et al. 
2007; Farrell and Jones 2010). In general, the incorporation 
of compost to soil results in significant increases of pH, or-
ganic matter level and water content (Pérez de Mora et al. 
2007). These characteristics affect HMs mobility, and favor 
metal conversion into less soluble and available forms (Al-
varenga et al. 2009; Liu et al. 2009) (Fig. 2). 

In comparison with other organic amendments, compost 
has shown a higher efficiency for reducing HMs bioavaila-
bility, which may due to the lower mineralization rate of 
mature compost and the more reactive nature of the organic 
components present in compost (Pérez de Mora et al. 2007). 
Thus, Burgos et al. (2006) described the higher influence of 
compost in reducing HMs bioavailability in relation to leo-
nardite, while De la Fuente et al. (2011) reported a greater 
capacity of compost for decreasing metal solubility in rela-
tion to the non-composted material, probably on account of 
the higher pH values that compost promotes (Alburquerque 
et al. 2010). Beesley et al. (2010) found that concentrations 
of extractable metal forms were significantly lower in soils 
amended with green waste compost instead of biochar. 
Nevertheless, Walker et al. (2004) have reported higher 
level of extractable metals when compost amendment was 
applied to soil in comparison with fresh organic matter ad-
dition. The presence of unstable organic matter in the fresh 
material leads to a great rate of mineralization that results in 
less oxidizing conditions, which in turn hampers sulfide 
oxidation processes. In the case of compost, the higher sta-
bility of organic matter results in a negligible mineralization 
rate and a significant sulfide oxidation. Thus, higher pH 
values are promoted by fresh organic matter in comparison 
with compost in sulphide soils. 

Regarding to pH, probably the most important factor in 
controlling HMs bioavailability (Gadepalle et al. 2009), 
compost in soil seems to demand a higher proton consump-
tion, which promotes soil alkalinization (Hartley et al. 
2010). As HMs solubility decreases as pH values are over 6 
(Clemente et al. 2005), this effect of compost is strongly 
significant, especially in acidic soils where the modification 
of pH is a common practice aimed to reduce pollutants inci-
dence (Adriano 2001). Actually, it has been established a 
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decrease of approximately 2-fold in HMs concentration in 
soil solution as a consequence of each unit of increase in pH 
(Pérez de Mora et al. 2006a). Nevertheless, great increases 
may exert detrimental effects on the growth of some speci-
fic plants which demand pH values under neutrality (Helmi-
saari et al. 2007). Thus, although the buffering capacity of 
soil use to prevent such impacts, a balance between the re-
quired pH increase for reducing HMs availability and the 
damage potentially caused to organisms and plants should 
be took and particular attention has to be paid to changes in 
pH following soil amendments in those cases in which these 
acidic plants are involved. In this sense, compost promotes 
modifications in pH high enough to immobilize HMs in a 
significant extension but not so high as to affect plant deve-
lopment (Castaldi et al. 2005). Mechanisms involved in pH 
increase include the release of OH- ions by ligand exchange 
processes, the incorporation of cations with basic nature (K+, 
Ca2+, Mg2+) and, in a lesser extension, carbon mineraliza-
tion (Mkhabela and Warman 2005). As a result, the number 
of sites for adsorption increase and ionic metal forms with 
higher affinity for these sites are generated (Chen et al. 
2010). 

 
Indirect modifications in HMs mobility caused by 
compost amendments 
 
The incorporation of organic matter into soil improves in-
trinsic soil properties and, therefore, plant growth and 
microbial activity. Since plants and microorganisms can be 
considered as two effective HMs immobilizing agents, the 
effect of compost must be analyzed not only because of its 
direct influence on HMs but for its beneficial effect on these 
organisms. On the one hand, compost amendments into 
HMs polluted soils generally result in an increase of the 
microbial biomass (Pérez de Mora et al. 2006a; Fornes et al. 
2009). This effect is mostly attributed to a higher total or-
ganic carbon and water soluble carbon, as well as the mic-
robial content present in the compost (Inbar et al. 2005; Ros 
et al. 2006; de la Fuente et al. 2011). Moreover, the ratio 
between microbial biomass and total organic carbon, which 
is considered as a good indicator of how reactive is the 
organic matter in soil, also show higher levels after compost 
amendments (Pérez de Mora et al. 2006b). Also, microbial 
activity is either affected by compost incorporation to HMs 
polluted-soils (Branzini et al. 2009). Firstly, microorga-
nisms exposed to HM tend to show a lower efficiency in the 
utilization of organic C (Khan and Scullion 2002), and 
therefore a high organic matter input contribute to sustain a 
normal level of activity. Secondly, the properties of the or-
ganic matter contained in compost amendment may con-

dition the prevalent microbial communities in soil (Albur-
querque et al. 2010), despite the greater microbial diversity 
promoted by compost amendment, not just in comparison 
with untreated soils but with inorganic amended soils (Far-
rell et al. 2010a). Hence, the beneficial influence of com-
post on soil microbial population under HM stress, both 
quantitatively and qualitatively, lies on the combined action 
of different effects, among them pH modification, increased 
nutrient availability and incorporation of microbial biomass 
(Alburquerque et al. 2010). 

Together with the promotion of both microbial popula-
tion and diversity, compost incorporation to HMs polluted 
soils results in a higher microbial activity (Kiikkila et al. 
2001; Pérez de Mora et al. 2005; Fornes et al. 2009), both 
for the addition of the intra- and extracellular enzymes that 
compost may contain and the possible stimulation of micro-
bial activity. Moreover, the capacity of the organic matter in 
compost to immobilize HMs, limit the availability of these 
elements for interacting with substrates and enzymes 
(Tejada et al. 2008), since free forms of metals hinder enzy-
matic activity by combining with the substrate, the enzyme 
and even the enzyme-substrate complex (Madejón et al. 
2001). The high stability and maturity of compost in rela-
tion to other organic amendments increase its efficiency for 
binding HMs, taking into account that humified materials 
(humic acids) content larger molecules and show higher 
aromaticity than immature amendments, with higher pro-
portion of fulvic acids (Gondar et al. 2006). Both traits con-
tribute not only to increase the number of groups involved 
in the binding reactions but to improve the structural pro-
perties of the binding sites (Christl et al. 2001), which 
results in a higher binding capacity for those materials with 
higher humic acid content, as compost (Quang and Yan 
2010). Nevertheless, some others considerations should be 
taking into account, since interactions between metals and 
sorbent materials show different affinity rates depending on 
each one (Covelo et al. 2007). Thus, the election of a con-
crete material for remediating HMs polluted soil should be 
took having in mind which is the dominant metallic element. 

Incorporation of compost to soil provides carbon and 
nutrients, which may in turn stimulate the activity of those 
microbial populations involved in HMs immobilization, 
such as sulfate reducing bacteria (Jong and Parry 2003; Van 
Roy et al. 2006). These bacteria demand a carbon source 
that acts as a electron donor and promotes growth and, at 
the same time, allow the activity of other microbial popula-
tions responsible for the removing of oxygen (Diels et al. 
2002), since this process is only achieved under low redox 
potential conditions. Although some studies question the 
capacity of compost to support the activity of sulfate 

 
Fig. 2 Organic amendments influence on processes that rules heavy metal mobilization in soil. Source: Park JH, Lamb D, Paneerselvam P, Choppala 
G, Bolan N, Chung JW (2011) Role of organic amendments on enhanced bioremediation of heavy metal(oid) contaminated soils. Journal of Hazardous Materials 
185, 549-574, with kind permission from Elsevier, Oxford, UK. 
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reducing bacteria (Gilbert et al. 2004), probably because of 
the high content in lignified materials, most of the reports 
point out the suitability of this substrate to fit the nutritional 
demands of sulfate reducing bacteria (Kaksonen and Puhak-
ka 2007; Pagnanelli et al. 2008). 

Other microbiological process that seems to be 
stimulated by compost is the reduction of Fe(III) to Fe(II). 
This chemical form is able to effectively reduce other heavy 
metals to less toxic forms, as happens with Cr(VI). Ac-
cording to Huang et al. (2010) compost is a most suitable 
amendment for this purpose than non composted material, 
on account of a higher electron-donating capacity derived 
from a greater humification degree. Also As methylation, an 
exclusively microbial process, is enhanced by compost 
amendments to soil (Hartley et al. 2010). A previous bio-
reduction of As(V) to As(III), which is stimulated by or-
ganic matter either (Dobran and Zagury 2006), is needed. 

Microbial processes may be either of interest in phyto-
remediation methodologies (Shilev et al. 2009), especially 
when this is the first step in combined strategies in which 
available forms of HMs are further phytoextracted by 
(hyper)-accumulating plants (Kamnev 2003) or immobiliza-
tion improves phytostabilization (Kuffner et al. 2010). The 
production of organic acids and other compounds by micro-
organisms (Arwidsson et al. 2010), mainly siderophores 
(Rajkumar et al. 2010), results in lowering soil pH and 
increasing HMs solubility, as well as higher availability of 
metal complexing ligands that promotes the formation of 
soluble complexes and metal uptake by acidification, che-
lation, precipitation, immobilization and redox processes in 
the rhizosphere. Either some plant growth promoting rhizo-
bacteria and other microorganisms, which are resistant to 
relatively high concentrations of HMs, may enhance phyto-
remediation both directly through the mobilizing mecha-
nisms previously cited and indirectly by improving fertility 
of polluted soils and stimulating plant growth (Karami and 
Shamsuddin 2010). These bacteria produce phytohormones 
such as auxins, cytokinins, gibberellins or ethylene (Perrig 
et al. 2007), as well as other secondary metabolites (en-
zymes. osmolites, biosurfactants, siderophores, nitric oxide, 
organic acids or antibiotics) that influence plant growth 
through different mechanisms, among them suppression of 
pathogenic microorganisms, tolerance to abiotic stresses, 
improved mineral uptake or associative nitrogen fixation 
(Ma et al. 2011). Since HMs negatively affect microbial 
activity (Oliveira and Pampulha 2006), all the processes 
that reduce HMs concentration in soil can potentially im-
prove microbial growth and increase the content of the 
compounds produced during such growth. Compost amend-
ment to soil promotes microbial activity not only as a con-
sequence of the decrease in HMs bioavailability, but for the 
improvement of the soil properties (Pérez de Mora et al. 
2006a; Park et al. 2011). 

Phytoremediation can be also enhanced by the direct 
incorporation of organic matter (Karami and Shamsuddin 
2010), although some studies describe the lower accumula-
tion in plant tissues as a consequence of compost amend-
ment to soil (Pérez de Mora et al. 2006c; Tandy et al 2009). 
This effect can be ascribed to different factors, both direct 
and indirect. Among the former, increases in soil pH and 
interactions with organic matter probably contribute to 
lower phytoavailability of HMs (Van Herwijnen et al. 2007), 
whereas the higher soil fertility results in the indirect 
restriction of metal uptake through block or precipitation 
caused by nutrient ions (Farrell et al. 2010b). The use of 
(hyper)-accumulating or excluding plants also affect the 
distribution of HMs into plant tissues. Thus, concentration 
of HMs is higher in shoots than in roots in (hyper)-accumu-
lators, whereas the opposite trend has been observed in ex-
cluders (Kirkham 2006). This difference seems to be based 
on the development of adaptation strategies, since mecha-
nisms for HMs tolerance by exclusion minimize HMs in the 
aerial parts by keeping them in the root tissues, controlling 
transport to the shoots, while (hyper)-accumulators fights 
against HMs by transport and accumulation in the vacuoles 

of the leaves in non-toxic forms. It has been proposed that 
metal accumulation can act as a defense tool against patho-
gens in (hyper)-accumulators (Kukier et al. 2004; Poschen-
rieder et al. 2006). Metal protection is only possible if the 
metal is less toxic to the plant than to the parasite (Poschen-
rieder et al. 2006). On the other side, endophytic bacteria 
can reduce metal accumulation in roots and shoots (Mad-
haiyan et al. 2007). Despite this detrimental effect on phy-
toextraction capacity, plant yield and rooting depth use to be 
higher when compost is added to soil (Farrell et al. 2010b). 
As a result, the final balance of compost influence may be 
positive since the decrease in concentrations of HMs in 
plant tissues can be counteracted by the higher plant bio-
mass (Pérez de Mora et al. 2006c). In this sense, combined 
strategies in which reduced compost amendment sup-
plemented with plant growth promoting bacteria have 
proved to be successful in terms of amelioration of polluted 
soil and cost (Grandlic et al. 2008). Thus, strategies that 
improve soil properties and promote slight decreases in 
HMs solubility, just in the right extension to limit toxic 
effects of HMs on plants, stimulate biomass production 
growth and allow a significant uptake of metals. In this 
sense, compost can be considered as an interesting material 
to enhance both plant growth and metal uptake, especially 
in spoiled soils (Pedron et al. 2009). 

In those cases where conditions do no permit the ap-
plication of phytoextraction methodologies, and better 
results are expected by using containment strategies, soil 
properties should promote both HMs immobility and plant 
growth. Nevertheless, this last demand is often hampered 
by the negative characteristics of HMs polluted soils (Pérez 
de Mora et al. 2006c). Compost incorporation into soil con-
tribute to improve these properties and (Frutosa et al. 2010), 
therefore, to enhance HMs containment (Adriano et al. 
2004). 

 
COMPOSTING vs. COMPOST AMENDMENT 
 
Co-composting of soils contaminated with organic pol-
lutants have been proved as a successful strategy (Ahtiainen 
et al. 2002; Namkoong et al. 2002), although some draw-
backs have been observed depending of the properties of 
the contaminant and the degradation products (Semple et al. 
2001). However, the application of similar strategies for the 
reclamation of soils polluted with trace elements is still an 
unexplored field. 

Efficiency of compost in the amelioration of HMs pol-
luted soils lies in a significant extension on the content of 
humified compounds this material provides. Thus, it could 
be interesting to test the capacity of humic substances to 
bind HMs as the humification process proceed in compari-
son to the previously formed humified matter of compost 
(Tandy et al. 2009). According to the results reported by 
these authors, co-composting of contaminated soil and or-
ganic wastes do not result in significant advantages regar-
ding metal speciation or bioavailability and, taking into ac-
count the cost and logistic of co-composting, the absence of 
clear benefits they advise against its implementation. Never-
theless, it is worth notice that although final concentration 
of HMs in co-composted soils and sediments could be in-
creased, mainly as a consequence of total matter reduction, 
the levels of bioavailable forms decrease (Niu et al. 2009; 
Yu et al. 2009), which is advantageous since HMs impact in 
soil is more related to their chemical species rather than 
their total concentration (He et al. 2009). Zeng et al. (2007) 
report that the bioaugmentation of the composting process 
result in even higher reduction in HMs bioavailability, 
which may be caused for both improving of the process and 
enhancing of the formation of chelates, as active functional 
groups in microbial surface are increased. 
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INCREASING HEAVY METAL SOIL CONTENT BY 
COMPOST AMENDMENTS 
 
Different materials with high organic matter content can be 
satisfactory composted and successfully used as organic 
amendment. Nevertheless, the increasing content of pol-
lutants in the raw material used as feedstock compromises 
the safety utilization of compost, especially for both agri-
cultural and recreational soils (Farrell et al. 2010b). 

In terms of heavy metals, most of the countries have 
stated regulatory guidelines which determine the maximal 
allowable HMs contents. Nevertheless, these regulations 
mostly refers to total content of HMs and do not take into 
account those aspects associated to speciation, which deter-
mine toxicity, mobility and bioavailability (Greenway and 
Song 2002). The metal composition of final product of com-
posting depends on the raw material, the process and the 
geographical location (Iwegbue et al. 2007) and the distri-
bution among the different potential forms depends on the 
way in which the process has proceed. As in other natural 
matrices, trace elements in compost can adapt different 
forms and be associated to different compounds: water-
soluble and exchangeable forms, bound to organic mole-
cules or co-precipitated with oxides, carbonates or phos-
phates. Water soluble and exchangeable forms show the 
higher bioavailability. Thus, the lower proportion of trace 
elements in these forms, the better quality of compost in 
relation to HMs. 

Although total HMs content through composting use to 
increase as a consequence of the organic matter loss (Barker 
and Bryson 2002), at the end of the process partitioning 
profiles show a majority tendency to reduce levels of avail-
able forms and increase the fractions linked to humic and 
other organic substances (Singh and Agrawal 2008). Never-
theless, differences have been described depending on spe-
cific element and raw material. Taking this into account, 
heavy metal speciation during composting is rather difficult 
to predict, as many different factor are involved in final 
results (Farrel et al. 2009). Thus, while some studies report 
that the proportions of Cu, Zn and Pb tend to increase (He 
et al. 2009), which is hardly extractable and bioavailable, 
and Ni show a high tendency to form soluble species (Amir 
et al. 2005), others authors describe an increase in Zn and 
Pb bound to the easily-extractable fractions (Cai et al. 2007; 
Liu et al. 2007) and a reduction of Ni and Cu bioavailability 
(Wang et al. 2007). Then, amendment with municipal solid 
waste sometimes results in the increase of HMs soil concen-
tration (Madrid et al. 2007). Nevertheless, has been referred 
to extensively in previous sections, compost incorporation 
into soil is an effective strategy not only for the bioreme-
diation of polluted soils but for the reclamation of disturbed 
soils. The application of more efficient practices of waste 
separation prior to composting might reduce the content of 
trace elements in the final compost (Madrid et al. 2007). 

 
CONCLUDING REMARKS 
 
In last decades, public concerns relating to the ecological 
threats caused by heavy metal pollution have progressively 
grown as input levels into different habitats have increased 
up to levels that mean a serious risk to both environment 
and human beings. Anthropogenic activities, as well as in-
adequate use or residue disposal of the materials in which 
they are contained are major responsible for its accumula-
tion. Remediation of such undesirable scenarios implies a 
challenge to the scientific community, which must offer res-
ponds to the commitment of providing strategies that allevi-
ate these detrimental conditions and minimize the potential 
for causing dangerous effects. Among the different propo-
sals, biological technologies have emerged as the most ef-
ficient according to the rate cost/effectiveness. Bioremedia-
tion, which involves the application of plants and microor-
ganisms for the reclamation of polluted habitats, appear as a 
very advantageous methodology. Despite the unquestiona-
ble benefits derived from their application, drawbacks exist 

that limit its efficiency. Regarding this, practices that im-
prove the performance of bioremediation are welcome. Par-
ticularly, the reclamation of soils polluted with heavy 
metals can be successfully promoted by the incorporation of 
organic matter and, specially, compost. Compost amend-
ment to soil add stabilized and humified organic matter, 
which results in the improvement of soil properties and the 
stimulation of both microbial activity and plant growth. 
Thus, bioavailability of heavy metals is mostly reduced as a 
consequence of the better physico-chemical soil characteris-
tics and the higher biological activity. Nevertheless, proper-
ties of the compost amendment must be adapted to the spe-
cific conditions of the soil in which it is going to be applied 
and quality standards have to be ensured, thus minimizing 
possible detrimental effects associated to inadequate ap-
plications or the use of low quality amendments. 
 
REFERENCES 
 
Adriano DC (2001) Trace Elements in Terrestrial Environments: Biogeoche-

mistry, Bioavailability and Risks of Metals (2nd Edn), Springer, New York, 
867 pp 

Adriano DC, Wenzel WW, Vangronsveld J, Bolan NS (2004) Role of assisted 
natural remediation in environmental cleanup. Geoderma 122, 121-142 

Ahtiainen J, Valo R, Järvinen M, Joutti A (2002) Microbial toxicity tests and 
chemical analysis as monitoring parameters at composting of creosote-con-
taminated soil. Ecotoxicology and Environmental Safety 53, 323-329 

Alburquerque JA, de la Fuente C, Bernal MP (2010) Improvement of soil 
quality after "alperujo" compost application to two contaminated soils cha-
racterised by differing heavy metal solubility. Journal of Environmental 
Management 92, 733-741 

Alkorta I, Becerril JM, Garbisu C (2010) Phytostabilization of heavy metal 
contaminated soils. Reviews of Environmental Health 25, 135-146 

Almendras M, Wiertz JV, Chamy R (2009) Heavy metals immobilization in 
contaminated smelter soils using microbial sulfate reduction. Advanced 
Materials Research 71-73, 577-580 

Alvarenga P, Gonçalves AP, Fernandes RM, de Varennes A, Duarte E, 
Cunha-Queda AC, Vallini G (2009) Reclamation of a mine contaminated 
soil using biologically reactive organic matrices. Waste Management and Re-
search 27, 101-111 

Amir S, Hafidi M, Merlina G, Revel JC (2005) Sequential extraction of heavy 
metals during composting of sewage sludge. Chemosphere 59, 801-810 

Arwidsson Z, Johansson E, von Kronhelm T, Allard B, van Hees P (2010) 
Remediation of metal contaminated soil by organic metabolites from fungi I-
Production of organic acids. Water Air Soil Pollution 205, 215-226 

Ashworth DJ, Alloway BJ (2007) Complexation of copper by sewage sludge-
derived dissolved organic matter: Effects on soil sorption behaviour and plant 
uptake. Water Air and Soil Pollution 182, 187-196 

Babechuk MG, Weisener CG, Fryer BJ, Paktunc D, Maunders C (2009) 
Microbial reduction of ferrous arsenate: Biogeochemical implications for ar-
senic mobilization. Applied Geochemistry 24, 2332-2341 

Babula P, Adam V, Opatrilova R, Zehnalek J, Havel L, Kizek R (2008) Un-
common heavy metals, metalloids and their plant toxicity: A review. Environ-
mental Chemistry Letters 6, 189-213 

Balabanova B, Stafilov T, Šjan R, Ba�eva K (2011) Distribution of chemical 
elements in Attic dust as reflection on their geogenic and anthropogenic sour-
ces in the vicinity of the copper mine and flotation plant. Archives of Envi-
ronmental Contamination and Toxicology 61, 173-184 

Barker AV, Bryson GM (2002) Bioremediation of heavy metal and organic 
pollutants by composting. The Scientific World Journal 2, 407-420 

Bastida F, Kandeler E, Moreno JL, Ros M, García C, Hernández T (2008) 
Application of fresh and composted organic wastes modifies structure, size 
and activity of soil microbial community under semiarid climate. Applied 
Soil Ecology 40, 318-329 

Bauer M, Blodau C (2006) Mobilization of arsenic by dissolved organic matter 
from iron oxides, soils and sediments. Science of the Total Environment 354, 
179-190 

Beech IB, Coutinho CLM (2003) Biofilms in corroding materials. In: Lens P, 
Moran AP, Mahony T, Stoodly P, O’Flaherty V (Eds) Biofilms in Medicine, 
Industry and Environmental Biotechnology - Characteristics, Analysis and 
Control, IWA Publishing of Alliance House, London, pp 115-131 

Beech IB, Sunner J (2004) Biocorrosion: Towards understanding interactions 
between biofilms and metals. Current Opinion in Biotechnology 15, 181-186 

Beesley L, Moreno-Jiménez E, Gómez-Eyles JL (2010) Effects of biochar 
and green waste compost amendments on mobility, bioavailability and toxi-
city of inorganic and organic contaminants in a multi-element polluted soil. 
Environmental Pollution 158, 2282-2287 

Berny P, Caloni F, Croubels S, Sachana M, Vandenbroucke V, Davanzo F, 
Guitart R (2010) Animal poisoning in Europe. Part 2: Companion animals. 
The Veterinary Journal 183, 255-259 

Beyersmann D, Hartwig A (2008) Carcinogenic metal compounds: recent in-

20



Dynamic Soil, Dynamic Plant 5 (Special Issue 2), 12-24 ©2011 Global Science Books 

 

sight into molecular and cellular mechanisms. Archives of Toxicology 82, 
493-512 

Birkefeld A, Schulin R, Nowack B (2006) In situ investigation of dissolution 
of heavy metal containing mineral particles in an acidic forest soil. Geochi-
mica et Cosmochimica Acta 70, 2726-2736 

Blais JF, Meunier N, Mercier G (2010) New technologies for toxic metals 
removal from contaminated sites. Recent Patents on Engineering 4, 1-6 

Bolan NS, Duraisamy VP (2003) Role of inorganic and organic soil amend-
ments on immobilisation and phytoavailability of heavy metals: A review in-
volving specific case studies. Australian Journal of Soil Research 41, 533-
555 

Bradl HB (2004) Adsorption of heavy metal ions on soils and soils constituents. 
Journal of Colloid and Interface Sciences 277, 1-18 

Branzini A, Zubillaga MS, Zubillaga MM (2009) Microbial response to the 
application of amendments in a contaminated soil with trace elements. Ame-
rican Journal of Environmental Sciences 5, 94-98 

Brown SL, Chaney RL, Angle JS, Ryan JA (1998) The phytoavailability of 
cadmium to lettuce in long-term biosolids-amended soils. Journal of Envi-
ronmental Quality 27, 1071-1078 

Burgos P, Madejón P, Cabrera F, Madejón E (2010) By-products as amend-
ment to improve biochemical properties of trace element contaminated soil: 
Effects in time. International Biodeterioration and Biodegradation 64, 481-
488 

Burgos P, Madejón E, Pérez de Mora A, Cabrera F (2006) Spatial variability 
of the chemical characteristics of a trace-element-contaminated soil before 
and after remediation. Geoderma 130, 157-175 

Cai QY, Mo CH, Wu QT, Zeng QY, Katsoyiannis A (2007) Concentration 
and speciation of heavy metals in six different sewage sludge-composts. 
Journal of Hazardous Materials 147, 1063-1072 

Castaldi P, Santona L, Melis P (2005) Heavy metal immobilization by chemi-
cal amendments in a polluted soil and influence on white lupin growth. Che-
mosphere 60, 365-371 

Chaney RL, Angle JS, Broadhurst CL, Peters CA, Tappero RV, Sparks DL 
(2007) Improved understanding of hyperaccumulation yields commercial 
phytoextraction and phytomining technologies. Journal of Environmental 
Quality 36, 1429-1443 

Chasteen TG, Bentley R (2003) Biomethylation of selenium and tellurium: 
Microorganisms and plants. Chemical Reviews 103, 1-25 

Chen HS, Huang QY, Liu LN, Cai P, Liang W, Li M (2010) Poultry manure 
compost alleviates the phytotoxicity of soil cadmium: Influence on growth of 
Pakchoi (Brassica chinensis L.). Pedosphere 20, 63-70 

Chen SY, Lin PL (2010) Optimization of operating parameters for the metal 
bioleaching process of contaminated soil. Separation and Purification Tech-
nology 71, 178-185 

Clemente R, de la Fuente C, Moral R, Bernal MP (2007a) Changes in micro-
bial biomass parameters of a heavy metal-contaminated calcareous soil 
during a field remediation experiment. Journal of Environmental Quality 36, 
1137-1144 

Clemente R, Escolar A, Bernal MP (2006) Heavy metals fractionation and 
organic matter mineralisation in contaminated calcareous soil amended with 
organic materials. Bioresource Technology 97, 1894-1901 

Clemente R, Hartley W, Riby P, Dickinson NM, Lepp NW (2010) Trace ele-
ment mobility in a contaminated soil two years after field-amendment with a 
greenwaste compost mulch. Environmental Pollution 158, 1644-1651 

Clemente R, Paredes C, Bernal MP (2007b) A field experiment investigating 
the effects of olive husk and cow manure on heavy metal availability in a 
contaminated calcareous soil from Murcia (Spain). Agriculture, Ecosystems 
and Environment 118, 319-326 

Clemente R, Walker DJ, Bernal MP (2005) Uptake of heavy metal and As by 
Brassica juncea grown in a contaminated soil in Aznalcóllar (Spain): The 
effect of soil amendments. Environmental Pollution 138, 46-58 

Clemente R, Walker DJ, Roig A, Bernal MP (2003) Heavy metal bioavaila-
bility in a soil affected by mineral sulfides contamination following the mine 
spillage at Aznalcollar (Spain). Biodegradation 14, 199-205 

Covelo EF, Vega FA, Andrade ML (2007) Competitive sorption and desorp-
tion of heavy metals by individual soil components. Journal of Hazardous 
Materials 140, 308-315 

Christl I, Milne CJ, Kinninburgh DG, Kretzschmar R (2001) Realting ion 
binding by fulvic and humic acids to chemical composition and molecular 
size. 2. Metal binding. Environmental Science and Technology 35, 2512-2517 

Das SK, Guha AK (2009) Biosorption of hexavalent chromium by Termitomy-
ces clypeatus biomass: Kinetics and transmission electron microscopic study. 
Journal of Hazardous Materials 167, 685-691 

de la Fuente C, Clemente R, Martínez-Alcalá I, Tortosa G, Bernal MP 
(2011) Impact of fresh and composted olive husk and their water-soluble 
fractions on soil heavy metal fractionation, microbial biomass and plant up-
take. Journal of Hazardous Materials 186, 1283-1289 

Del Moral F, González V, García I, Sánchez JA, de Haro S, Simón M (2010) 
Effect of organic and inorganic residues on the solubility of trace elements 
and phytotoxicity of mining waste. Fresenius Environmental Bulletin 19, 
2071-2076 

Diels L, van der Lelie N, Bastiaens L (2002) New developments in treatment 
of heavy metal contaminated soils. Reviews in Environmental Science and 

Biotechnology 1, 75-82 
Dobran S, Zagury GJ (2006) Arsenic speciation and mobilization in CCA-

contaminated soils: Influence of organic matter content. Science of the Total 
Environment 364, 239-250 

Doelsch E, Masion A, Moussard G, Chevassus-Rosset C, Wojciechowicz O 
(2010) Impact of pig slurry and green waste compost application on heavy 
metal exchangeable fractions in tropical soils. Geoderma 155, 390-400 

Dove PM, De Yoreo JJ, Weiner S (2003) Biomineralization. Reviews in Mine-
ralogy and Geochemistry (1st Edn, Vol 54), Mineralogical Society of America, 
Washington DC, 381 pp 

Edwards KJ, Bazylinski DA (2008) Intracellular minerals and metal deposits 
in prokaryotes. Geobiology 6, 309-317 

Fagnano M, Adamo P, Zampella M, Fiorentino N (2011) Environmental and 
agronomic impact of fertilization with composted organic fraction from 
municipal solid waste: A case of study in the region of Naples, Italy. Agricul-
ture, Ecosystems and Environment 141, 100-107 

Farrell M, Jones DL (2009) Heavy metal contamination of a mixed waste 
compost: Metal speciation and fate. Bioresource Technology 100, 4423-4432 

Farrell M, Jones DL (2010) Use of composts in the remediation of heavy 
metal contaminated soil. Journal of Hazardous Materials 175, 575-582 

Farrell M, Griffith GW, Hobbs PJ, Perkins WT, Jones DL (2010a) Micro-
bial diversity and activity are increased by compost amendment of metal-
contaminated soil. FEMS Microbiology Ecology 71, 94-105 

Farrell M, Perkins WT, Hobbs PJ, Griffith GW, Jones D (2010b) Migration 
of heavy metals in soil as influenced by compost amendments. Environmen-
tal Pollution 158, 55-64 

Fontes MPF, Santos GCD (2010) Lability and sorption of heavy metals as 
related to chemical, physical, and mineralogical characteristics of highly 
weathered soils. Journal of Soils and Sediments 10, 774-786 

Fornes F, García de la Fuente R, Belda RM, Abad M (2009) "Alperujo" 
compost amendment of contaminated calcareous and acidic soil: Effects on 
growth and trace element uptake by five Brassica species. Bioresource Tech-
nology 100, 3982-3990 

Frohne T, Rinklebe J, Diaz-Bone RA, Du Laing D (2011) Controlled varia-
tion of redox conditions in a floodplain soil: Impact on metal mobilization 
and biomethylation of arsenic and antimony. Geoderma 160, 414-424 

Frutosa I, Gárate A, Eymarb E (2010) Applicability of spent mushroom com-
post (SMC) as organic amendment for remediation of polluted soils. Acta 
Horticulturae 852, 261-268 

Gadd GM (2000) Bioremedial potential of microbial mechanisms of metal 
mobilization and immobilization. Current Opinion in Biotechnology 11, 271-
279 

Gadd GM (2004) Microbial influence on metal mobility and application for 
bioremediation. Geoderma 122, 109-119 

Gadd GM (2007) Geomycology: Biogeochemical transformations of rocks, 
minerals, metals, and radionuclides by fungi, bioweathering and bioremedia-
tion. Mycological Research 111, 3-49 

Gadd GM (2010) Metals, minerals and microbes: Geomicrobiology and bio-
remediation. Microbiology 156, 609-643 

Gadepalle VP, Ouki SK, Hutchings T (2009) Remediation of copper and cad-
mium in contaminated soils using compost with organic amendments. Water 
Air and Soil Pollution 196, 355-368 

Gamalero E, Lingua G, Berta G, Glick BR (2009) Beneficial role of plant 
growth promoting bacteria and arbuscular mycorrhizal fungi on plant res-
ponses to heavy metal stress. Canadian Journal of Microbiology 55, 501-514 

Gardea-Torresdey JL, de la Rosa G, Peralta-Videa JR (2004) Use of phyto-
filtration technologies in the removal of heavy metals: A review. Pure and 
Applied Chemistry 76, 801-813 

Gardfeldt K, Munthe J, Strömberg D, Lindqvist O (2003) A kinetic study on 
the abiotic methylation of divalent mercury in the aqueous phase. Science of 
the Total Environment 304, 127-136 

Ghosh M, Singh SP (2005) A review of phytoremediation of heavy metals and 
utilization of its byproducts. Applied Ecology and Environmental Research 3, 
1-18 

Gilbert O, de Pablo J, Cortina JL, Ayora C (2004) Chemical characterisation 
of natural organic substrates for biological mitigation of acid mine drainage. 
Water Research 38, 4186-4196 

Glick BR (2010) Using soil bacteria to facilitate phytoremediation. Biotechnol-
ogy Advances 28, 367-374 

Gondar D, Iglesias A, López R, Fiol S, Antelo JM, Arce F (2006) Copper bin-
ding by peat fulvic and humic acids extracted from two horizons of an om-
brotrophic peat bog. Chemosphere 63, 82-88 

Grandlic CJ, Mendez MO, Chorover J, Machado B, Maier RM (2008) Plant 
growth-promoting bacteria for phytostabilization of mine tailings. Environ-
mental Science and Technology 42, 2079-2084 

Greenway GM, Song QJ (2002) Heavy metal speciation in the composting 
process. Journal of Environmental Monitoring 4, 300-305 

Guitart R, Croubels S, Caloni F, Sachana M, Davanzo F, Vandenbroucke V, 
Berny P (2010a) Animal poisoning in Europe. Part 1: Farm livestock and 
poultry. The Veterinary Journal 183, 249-254 

Guitart R, Sachana M, Caloni F, Croubels S, Vandenbroucke V, Berny P 
(2010b) Animal poisoning in Europe. Part 3: Wildlif. The Veterinary Journal 
183, 260-265 

21



Compost for the decontamination of heavy metals. Vargas-García et al. 

 

Gundacker C, Fröhlich S, Graf-Rohrmeister K, Einbenberger B, Jessenig V, 
Gicic D, Prinz S, Wittmann KJ, Zeisler H, Vallant B, Pollak A, Husslein 
P (2010a) Perinatal lead and mercury exposure in Austria. Science of the 
Total Environment 408, 5744-5749 

Gundacker C, Gencik M, Hengstschläger M (2010b) The relevance of the 
individual genetic background for the toxicokinetics of two significant neuro-
developmental toxicants: Mercury and lead. Mutation Research/ Reviews in 
Mutation Research 705, 130-140 

Haferburg G, Kathe E (2007) Microbes and metals: Interactions in the envi-
ronment. Journal of Basic Microbiology 47, 453-467 

Hartley W, Dickinson NM, Riby P, Leese E, Morton J, Lepp NW (2010) 
Arsenic mobility and speciation in a contaminated urban soil are affected by 
different methods of green waste compost application. Environmental Pol-
lution 158, 3560-3570 

He MM, Tian GM, Liang XQ (2009) Phytotoxicity and speciation of copper, 
zinc and lead during the aerobic composting of sewage sludge. Journal of 
Hazardous Materials 163, 671-677 

Helmisaari HS, Salemaa M, Derome J, Kiikkilä O, Uhligh C, Nieminen T 
(2007) Remediation of heavy metal-contaminated forest soil using recycled 
organic matter and native woody plants. Journal of Environmental Quality 36, 
1145-1153 

Hennebel T, Gusseme BD, Verstraete W (2009) Biogenic metals in advanced 
water treatment. Trends in Biotechnology 27, 90-98. 

Hinojosa MB, Carreira JA, García-Ruiz R, Dick RP (2005) Microbial res-
ponse to heavy metal-polluted soils: Community analysis from phospholipid-
linked fatty acids and ester-linked fatty acids extracts. Journal of Environ-
mental Quality 34, 1789-1800 

Huang DY, Zhuang L, Cao WD, Xu W, Zhu SG, Li FB (2010) Comparison of 
dissolved organic matter from sewage sludge and sludge compost as electron 
shuttles for enhancing Fe(III) bioreduction. Journal of Soils and Sediments 
10, 722-729 

Inbar E, Green SJ, Hadar Y, Minz D (2005) Competing factors of compost 
concentration and proximity to root affect the distribution of Streptomycetes. 
Microbial Ecology 50, 73-81 

Iwegbue CMA, Emuh FN, Isirimah NO, Egun AC (2007) Fractionation, cha-
racterization and speciation of heavy metals in composts and compost-amen-
ded soils. African Journal of Biotechnology 6, 67-78 

Janoš P, Vávrová J, Herzogová L, Pila�ová V (2010) Effects of inorganic and 
organic amendments on the mobility (leachability) of heavy metals in con-
taminated soil: A sequential extraction study. Geoderma 159, 335-341 

Jadia CD, Fulekar MH (2009) Phytoremediation of heavy metals: Recent 
techniques. African Journal of Biotechnology 8, 921-928 

Jing Y, He Z, Yang X (2007) Role of soil rhizobacteria in phytoremediation of 
heavy metal contaminated soils. Journal of Zhejiang University Science B 8, 
192-207 

Jong T, Parry DL (2003) Removal of sulfate and heavy metals by sulfate 
reducing bacteria in short-term bench scale upflow anaerobic packed bed re-
actor runs. Water Research 37, 3379-3389 

Joo JH, Hassan SHA, Oh SE (2010) Comparative study of biosorption of Zn2+ 
by Pseudomonas aeruginosa and Bacillus cereus. International Biodeteriora-
tion and Biodegradation 64, 734-741 

Kaksonen AH, Puhakka JA (2007) Sulfate reduction based bioprocesses for 
the treatment of acid mine drainage and the recovery of metals. Engineering 
in Life Sciences 7, 541-564 

Kamnev AA (2003) Phytoremediation of heavy metals: An overview. In: 
Fingerman M, Nagabhushanam R (Eds) Recent Advances in Marine Biotech-
nology (Vol 8: Bioremediation), Science Publishers, INC., Enfield, USA, pp 
269-317 

Kang BG, Kim WT, Yun HS, Chang SG (2010) Use of plant growth-promo-
ting rhizobacteria to control stress responses of plant roots. Plant Biotech-
nology Reports 4, 179-183 

Karami A, Shamsuddin ZH (2010) Phytoremediation of heavy metals with 
several efficiency enhancer methods. African Journal of Biotechnology 9, 
3689-3698 

Karpukhin AI, Bushuev NN (2007) Distribution of heavy metals by the mole-
cular-weight fractions of humic acids in the soils of long-term field experi-
ments. Eurasian Soil Science 40, 265-273 

Kavamura VN, Esposito E (2010) Biotechnological strategies applied to the 
decontamination of soils polluted with heavy metals. Biotechnology Advan-
ces 28, 61-69 

Khan M, Scullion J (2002) Effects of metal (Cd, Cu, Ni, Pb or Zn) enrichment 
of sewage-sludge on soil microorganisms and their activities. Applied Soil 
Ecology 20, 145-15 

Khilji S, Bareen F (2008) Rhizofiltration of heavy metals from the tannery 
sludge by the anchored hydrophyte, Hydrocotyle umbellata L. African Jour-
nal of Biotechnology 7, 3711-3717 

Kidd P, Barceló J, Bernal MP, Navari-Izzo F, Poschenrieder C, Shilev S, 
Clemente R, Monterroso C (2009) Trace element behaviour at the root-soil 
interface: Implications in phytoremediation. Environmental and Experimental 
Botany 67, 243-259 

Kiikkila O, Derome J, Brugger T, Uhlig C, Fritze H (2002) Copper mobility 
and toxicity of soil percolation water to bacteria in a metal polluted forest soil. 
Plant and Soil 238, 273-280 

Kiikkila O, Perkiomaki J, Barnette M, Derome J, Pennamen T, Tulisalo E, 
Fritze H (2001) In situ bioremediation through mulching of soil polluted by 
a copper-nickel smelter. Journal of Environmental Quality 30, 1134-1143 

Kirkham MB (2006) Cadmium in plants on polluted soils: Effects of soil fac-
tors, hyperaccumulation, and amendments. Geoderma 137, 19-32 

Kotrba P, Najmanova J, Macel T, Ruml T, Mackova M (2009) Genetically 
modified plants in phytoremediation of heavy metals and metalloid soil and 
sediment pollution. Biotechnology Advances 27, 799-810 

Kuffner M, De Maria S, Puschenreiter M, Fallmann K, Wieshammer G, 
Gorfer M, Strauss J, Rivelli AR, Sessitsch A (2010) Culturable bacteria 
from Zn- and Cd-accumulating Salix caprea with differential effects on plant 
growth and heavy metal availability. Journal of Applied Microbiology 108, 
1471-1484 

Kukier U, Peters CA, Chaney RL, Angle JS, Roseberg RJ (2004) The effects 
of pH on metal accumulation in two Alyssum species. Journal of Environ-
mental Quality 33, 2090-2102 

Kumpiene J, Lagerkvist A, Maurice C (2008) Stabilization of As, Cr, Cu, Pb 
and Zn in soil using amendments - A review. Waste Management 28, 215-225 

Lasat MM (2002) Phytoextraction of toxic metals - A review of biological 
mechanisms. Journal of Environmental Quality 31, 109-120 

Ledin M (2000) Accumulation of metals by microorganisms. Processes and im-
portance for soil systems. Earth Science Reviews 51, 1-31 

Li X, Krumholz LR (2009) Thioredoxin is involved in U(VI) and Cr(VI) 
reduction in Desulfovibrio desulfuricans G20. Journal of Bacteriology 191, 
4924-4933 

Liu L, Chen H, Cai P, Liang W, Huang Q (2009) Immobilization and phyto-
toxicity of Cd in contaminated soil amended with chicken manure compost. 
Journal of Hazardous Materials 163, 563-567 

Liu Y, Ma L, Li Y, Zheng L (2007) Evolution of heavy metal speciation during 
the aerobic composting process of sewage sludge. Chemosphere 67, 1025-
1032 

Lloyd JR, Pearce CI, Coker VS, Pattrick RADP, van der Laan G, Cutting R, 
Vaughan DV, Paterson-Beedle V, Mikheenko IP, Yong P, Macaskie LE 
(2008) Biomineralization: Linking the fossil record to the production of high 
value functional materials. Geobiology 6, 285-297 

Lopes C, Herva M, Franco-Uría A, Roca E (2011) Inventory of heavy metal 
content in organic waste applied as fertilizer in agriculture: evaluating the 
risk of transfer into the food chain. Environmental Science and Pollution Re-
search 18, 918-939 

Ma Y, Prasad MNV, Rajkumar M, Freitas H (2011) Plant growth promoting 
rhizobacteria and endophytes accelerate phytoremediation of metalliferous 
soils. Biotechnology Advances 29, 248-258 

Ma Z, Jacobsen FE, Giedroc DP (2009) Coordination chemistry of bacterial 
metal transport and sensing. Chemical Reviews 109, 4644-4681 

MacKenzie JM, Canil D (2008) Volatile heavy metal mobility in silicate 
liquids: Implications for volcanic degassing and eruption prediction. Earth 
and Planetary Science Letters 269, 487-495 

Madejón E, Burgos P, López R, Cabrera F (2001) Soil enzymatic response to 
addition of heavy metals with organic residues. Biology and Fertility of Soils 
34, 144-150 

Madhaiyan M, Poonguzhali S, Sa T (2007) Metal tolerating methylotrophic 
bacteria reduces nickel and cadmium toxicity and promotes plant growth of 
tomato (Lycopersicon sculentum L.). Chemosphere 69, 220-228 

Madrid F, López R, Cabrera F (2007) Metal accumulation in soil after ap-
plication of municipal solid waste compost under intensive farming condi-
tions. Agriculture, Ecosystems and Environment 119, 249-256 

Mahmoud EK (2011) Heavy metal reductions in soils amended with compost 
and water treatment residuals. Compost Science and Utilization 19, 69-73 

Mench M, Renella G, Gelsomino A, Landi L, Nannipieri P (2006) Bioche-
mical parameters and bacterial species richness in soils contaminated by 
sludge-borne metals and remediated with inorganic soil amendments. Envi-
ronmental Pollution 144, 24-31 

Mendez MO, Maier RN (2008) Phytostabilization of mine tailings in arid and 
semiarid environments - An emerging remediation technology. Environmen-
tal Health Perspectives 116, 278-283 

Miyata N, Tani Y, Sakata M, Iwahori K (2007) Microbial manganese oxide 
formation and interaction with toxic metal ions. Journal of Bioscience and 
Bioengineering 104, 1-8 

Mkhabela M, Warman PR (2005) The influence of municipal solid waste 
compost on yield, soil phosphorus availability and uptake by two vegetable 
crops, grown in a Pugwash sandy loam soil in Nova Scotia. Agriculture, Eco-
systems and Environment 106, 57-67 

Nagajyoti PC, Lee KD, Sreekanth TVM (2010) Heavy metals, occurrence 
and toxicity for plants: a review. Environmental Chemistry Letters 8, 199-216 

Namkoong W, Hwang EY, Park JS, Choi JY (2002) Bioremediation of die-
sel-contaminated soil with composting. Environmental Pollution 119, 23-31 

Narayan SJ, Sahana S (2009) Bioleaching: A review. Research Journal of Bio-
technology 4, 72-75 

Nascimento CWA, Xing B (2006) Phytoextraction: A review on enhanced 
metal availability and plant accumulation. Scientia Agricola 63, 299-311 

Neagoe A, Merten D, Iordache V, Büchel G (2009) The effect of bioremedia-
tion methods involving different degrees of soil disturbance on the export of 
emtals by leaching and by plant uptake. Chemier der Erde 69 S2, 57-73 

22



Dynamic Soil, Dynamic Plant 5 (Special Issue 2), 12-24 ©2011 Global Science Books 

 

Niu Q, Zeng G, Niu Y, Zeng F (2009) Laboratory study on composting of soil 
with combined pollutants of phenanthrene and lead. In: 3rd International 
Conference on Bioinformatics and Biomedical Engineering, 11-13 June, 2009, 
Beijing, China, pp 1-3 

Oliveira A, Pampulha ME (2006) Effects of long-term heavy metal contami-
nation on soil microbial characteristics. Journal of Bioscience and Bioengi-
neering 102, 157-161 

Ozores-Hampton M, Stansly PA, Salame TP (2011) Soil chemical, physical, 
and biological properties of a sandy soil subjected to long-term organic 
amendments. Journal of Sustainable Agriculture 35, 243-259 

Padmavathiamma PK, Li LY (2007) Phytoremediation technology: Hyper-
accumulation metals in plants. Water, Air and Soil Pollution 184, 105-126 

Pagnanelli F, De Michelis I, Di Muzio S, Ferella F Veglió F (2008) Bioassess-
ment of a combined chemical-biological treatment for synthetic acid mine 
drainage. Journal of Hazardous Materials 159, 567-573 

Pardo T, Clemente R, Bernal MP (2011) Effects of compost, pig slurry and 
lime on trace element solubility and toxicity in two soils differently affected 
by mining activities. Chemosphere 84, 642-650 

Park JH, Lamb D, Paneerselvam P, Choppala G, Bolan N, Chung JW 
(2011) Role of organic amendments on enhaced bioremediation of heavy 
metal(oid) contaminated soils. Journal of Hazardous Materials 185, 549-574 

Pedron F, Petruzzelli G, Barbafieri M, Tassi E (2009) Strategies to use phyto-
extraction in very acidic soil contaminated by heavy metals. Chemosphere 75, 
808-814 

Perdrial N, Liewig N, Delphin JE, Elsass F (2008) TEM evidence for intra-
cellular accumulation of lead by bacteria in subsurface environments. Chemi-
cal Geology 253, 196-204 

Pérez de Mora, A, Burgos P, Cabrera F, Madejón E (2007) "In situ" amend-
ments and revegetation reduce trace element leaching in a contaminated soil. 
Water Air and Soil Pollution 185, 209-222 

Pérez de Mora A, Burgos P, Madejón E, Cabrera F, Jaeckel P, Schloter M 
(2006a) Microbial community structure and function in soil contaminated by 
heavy metals: Effects of plant growth and different amendments. Soil Biology 
and Biochemistry 38, 327-341 

Pérez de Mora A, Burgos P, Ortega-Calvo JJ, Cabrea F, Madejón E (2006b) 
Microbial function after assisted natural remediation of a trace element pol-
luted soil. In: Mendez-Vilas A (Ed) Modern Multidisciplinary Applied Micro-
biology: Exploiting Microbes and Their Interactions, Wiley-VCH, Weinheim, 
pp 536-540 

Pérez de Mora A, Madejón E, Burgos P, Cabrera F (2006c) Trace element 
availability and plant growth in a mine-spill contaminated soil under assisted 
natural remediation 2. Plants. The Science of the Total Environment 363, 38-
45 

Pérez de Mora A, Ortega-Calvo JJ, Cabrera F, Madejón E (2005) Changes 
in enzyme activities and microbial biomass after "in situ" remediation of a 
heavy metal-contaminated soil. Applied Soil Ecology 28, 125-137 

Perrig D, Boiero ML, Masciarelli OA, Penna C, Ruiz OA, Cassán FD, Luna 
MV (2007) Plant-growth promoting compounds produced by two agrono-
mically important strains of Azospirillum brasilense, and implications for 
inoculant information. Applied Microbiology and Biotechnology 75, 1143-
1150 

Petrisor IG, Lazar I, Yen TF (2007) Bacterial mining. Petroleum. Science and 
Technology 25, 1347-1352 

Petrovic M, Macan MK, Horvat AJM (1999) Interactive sorption of metal 
ions and humic acids onto mineral particles. Water Air and Soil Pollution 111, 
41-56 

Pongratz R, Heumann KG (1999) Production of methylated mercury, lead, 
and cadmium by marine bacteria as a significant natural source for atmos-
phere heavy metals in polar regions. Chemosphere 39, 89-102 

Porter SK, Scheckel KG, Impellitteri CA, Ryan JA (2004) Toxic metals in 
the environment: Thermodynamic considerations for possible immobilization 
strategies for Pb, Cd, As, and Hg. Critical Reviews in Environmental Science 
and Technology 34, 495-604 

Poschenrieder C, Tolrá R, Barcelo J (2006) Can metals defend plants against 
biotic stress? Trends in Plant Science 11, 288-295 

Posfai M, Dunin-Borkowski RE (2009) Magnetic nanocrystals in organism. 
Elements 5, 235-240 

Qiu G, Feng X, Wang S, Shang L (2005) Mercury and methylmercury in 
riparian soil, sediments, mine-waste calcines, and moss from abandoned Hg 
mines in east Guizhou province, southwestern China. Applied Geochemistry 
20, 627-638 

Quang G, Yan Y (2010) Binding constants of elad by humic and fulvic acids 
studied by anodic stripping square wave voltammetry. Russian Journal of 
Electrochemistry 46, 90-94 

Rajkumar M, Ae N, Prasad MNV, Freitas H (2010) Potential of siderophore-
producing bacteria for improving heavy metal phytoextraction. Trends in Bio-
technology 28, 142-149 

Roh Y, Chon CH, Moon JW (2007) Metal reduction and biomineralization by 
an alkaliphilic metal-reducing bacterium, Alkaliphilus metalliredigens 
(QYMF). Geosciences Journal 11, 415-423 

Roh Y, Gao H, Vali H, Kennedy DW, Yang ZK, Gao W, Dohnalkova AC, 
Stapleton RD, Moon JW, Phepls TJ, Fredrickson JK, Zhou J (2006) 
Metal reduction and iron biomineralization by a psychrotolerant Fe(III)-

reducing bacterium, Shewanella sp. strain PV-4. Applied and Environmental 
Microbiology 72, 3236-3244 

Ros M, Pascual JA, García C, Hernández MT, Insam H (2006) Hydrolase 
activities, microbial biomass and bacterial community in soil after long-term 
amendment with different composts. Soil Biology and Biochemistry 38, 
3443-3452 

Santibáñez C, Verdugo C, Ginocchio R (2008) Phytostabilization of copper 
mine tailings with biosolids: implications for metal uptake and productivity 
of Lolium perenne. Science of the Total Environment 395, 1-10 

Sarma H (2011) Metal hyperaccumulation in plants: A review focusing on phy-
toremediation technology. Journal of Environmental Science and Technology 
4, 118-138 

Semple KT, Reid BJ, Fermor TR (2001) Impact of composting strategies on 
the treatment of soils contaminated with organic pollutants. Environmental 
Pollution 112, 269-283 

Shcherbov BL, Strakhovenko VD, Sukhorukov FV (2008) The ecogeochemi-
cal role of forest fires in the Baikal region. Geography and Natural Resour-
ces 29, 150-155 

Shi W, Shao H, Li H, Shao M, Su S (2009) Progress in the remediation of 
hazardous heavy metal-polluted soils by natural zeolite. Journal of Hazar-
dous Materials 170, 1-6 

Shilev S, Kuzmanova I, Sancho E (2009) Phytotechnologies: How plants and 
bacteria work together. In: Baveye P, Myslak J, Laba M (Eds) Uncertainties 
in Environmental Modelling and Consequences for Policy Making, Series C: 
Environmental Security, Springer, Dordrecht, pp 385-397 

Singh RP, Agrawal M (2008) Potential benefits and risks of land application of 
sewage sludge. Waste Management 28, 347-358 

Singh A, Agrawal M, Marshall FM (2010) The role of organic fertilizers vs. 
inorganic fertilizers in reducing phytoavailability of heavy metals in a waste-
water-irrigated area. Ecological Engineering 36, 1733-1740 

Sinicropi MS, Amantea D, Caruso A, Saturnino C (2010) Chemical and bio-
logical properties of toxic metals and use of chelating agents for the pharma-
cological treatment of metal poisoning. Archives of Toxicology 84, 501-520 

Sipos P, Németh T, Kovács Kis V, Mohai I (2009) Association of individual 
soil mineral constituents and heavy metals as studied by sorption experiments 
and analytical electron microscope analyses. Journal of Hazardous Materials 
168, 1512-1520 

Smith SS, Reyes JR, Arbon KS, Harvey WA, Hunt LM, Heggland SJ (2009) 
Cadmiun-induced decrease in RUNX" mRNA expression and recovery by the 
antioxidant N-acetylcysteine (NAC) in the human osteoblast-like cell line, 
Saos-2. Toxicology in Vitro 23, 60-66 

Soderland P, Lovekar S, Weiner DE, Brooks DR, Kaufman JS (2010) Chro-
nic kidney disease associated with environmental toxins and exposure. Ad-
vances in Chronic Kidney Disease 17, 254-264 

Tandy S, Healey JR, Nason MA, Williamson JC, Jones DL (2009) Remedia-
tion of metal polluted mine soil with compost: Co-composting versus incor-
poration. Environmental Pollution 157, 690-697 

Tejada M, Moreno JL, Hernández MT, García C (2008) Soil amendments 
with organic wastes reduce the toxicity of nickel to soil enzyme activities. 
European Journal of Soil Biology 44, 129-140 

Udeigwe TK, Eze PN, Teboh JM, Stietiya MH (2010) Application, chemistry, 
and environmental implications of contaminant-immobilization amendments 
on agricultural soil and water quality. Environment International 37, 258-267 

Van Ginneken L, Meers E, Guisson R, Ruttens A, Elst K, Tack FMG, Van-
gronsveld J, Diels L, Dejonghe W (2007) Phytoremediation for heavy 
metal-contaminated soils combined with bioenergy production. Journal of 
Environmental Engineering and Landscape Management 15, 227-236 

Van Herwijnen R, Hutchings TR, Al-Tabbaa A, Moffat AJ, Johns ML, 
Ouki SK (2007) Remediation of metal contaminated soil with mineral-amen-
ded composts. Environmental Pollution 150, 347-354 

Van Laer L, Degryse F, Leynen K, Smolders E (2010) Mobilization of Zn 
upon waterlogging riparian Spodosols is related to reductive dissolution of Fe 
minerals. European Journal of Soil Science 61, 1014-1024 

Van Roy S, Vanbroekhoven K, Dejonghe W, Diels L (2006) Immobilization 
of heavy metals in the saturated zone by sorption and in situ bioprecipitation 
processes. Hydrometallurgy 83, 195-203 

Vega FA, Andrade ML, Covelo EF (2010) Influence of soil properties on the 
sorption and retention of cadmium, copper and lead, separately and together, 
by 20 soil horizons: Comparison of linear regression and tree regression ana-
lysis. Journal of Hazardous Materials 174, 522-533 

Virkutyte J, Sillanpää M, Latostenmaa P (2002) Electrokinetic soil remedia-
tion – critical overview. The Science of the Total Environment 289, 97-121 

Walker DJ, Clemente R, Bernal MP (2004) Contrasting effects of manure and 
compost on soil pH, heavy metal availability and growth of Chenopodium 
album L. in a soil contamianted by piritic mine waste. Chemosphere 57, 215-
224 

Walker DJ, Clemente R, Roig A, Bernal MP (2003) The effects of soil 
amendments on heavy metal bioavailability in two contaminated Mediter-
ranean soils. Environmental Pollution 122, 303-312 

Wang XJ, Chen L, Xia SQ, Chovelon JM, Jaffrezic-Renault N (2007) Speci-
ation of heavy metals in sewage sludge co-composted with sodium sulfide 
and lime. In: Proceedings from the International Conference Moving For-
ward, Wastewater Biosolids Sustainability: Technical, Managerial, and Pub-

23



Compost for the decontamination of heavy metals. Vargas-García et al. 

 

lic Sinergy, 24-27 June, 2007, Moncton, Canada, pp 669-675 
Wang S, Mulligan CN (2009) Enhanced mobilization of arsenic and heavy 

metals from mine tailings by humic acids. Chemosphere 74, 274-279 
Wei SH, Zhou QX, Wang X, Cao W, Ren LP, Song YF (2004) Potential of 

weed species applied to remediation of soils contaminated with heavy metals. 
Journal of Environmental Sciences 16, 868-873 

Wiatrowski H, Barkay T (2005) Monitoring of microbial metal transforma-
tions in the environment. Current Opinion in Biotechnology 16, 261-268 

Wu G, Kang H, Zhang X, Shao H, Chu L, Ruan C (2010) A critical review 
on the bio-removal of hazardous heavy metals from contaminated soils: 
Issues, progress, eco-environmental concerns and opportunities. Journal of 
Hazardous Materials 174, 1-8 

Yip TCM, Yan DYS, Yui MMT, Tsang DCW, Lo IMC (2010) Heavy metal 
extraction from an artificially contaminated sandy soil under EDDS defici-
ency: Significance of humic acid and chelant mixture. Chemosphere 80, 416-
421 

Yobouet YA, Adouby K, Trokourey A, Yao B (2010) Cadmium, copper, lead 

and zinc speciation in contaminated soils. International Journal of Engineer-
ing Science and Technology 2, 802-812 

Yu G, Lei H, Bai T, Li Z, Yu Q, Song X (2009) In-situ stabilisation followed 
by ex-situ composting for treatment and disposal of heavy metals polluted 
sediments. Journal of Environmental Sciences 21, 877-883 

Zeng F, Ali S, Zhang H, Ouyan Y, Qiu B, Wu F, Zhang G (2011) The influ-
ence of pH and organic matter content in paddy soil on heavy metal availa-
bility and their uptake by rice plants. Environmental Pollution 159, 84-91 

Zeng GM, Huang DL, Huang GH, Hu TJ, Jiang XY, Feng CH, Chen YN, 
Tang L, Liu HL (2007) Composting of lead-contaminated solid waste with 
inocula of white-fungus. Bioresource Technology 98, 320-326 

Zhou LX, Wong JWC (2001) Effect of dissolved organic matter from sludge 
and sludge compost on soil copper sorption. Journal of Environmental Qual-
ity 30, 878-883 

Zubillaga MS, Lavado RS (2006) Phytotoxicity of biosolids compost at dif-
ferent degrees of maturity compared to biosolids and animal manures. Com-
post Science and Utilization 14, 267-270 

 
 

24


