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1. Introduction
Remediation of contaminated soils is one of the most important environmental issues. Chemical soil degradation affects 12% of all degraded soils in the world, totalling 2Mld hectares (Adriano et al., 1995). Soil contamination is not only a social and sanitary issue, but has also an economic concern, since it implies major costs related to decreasing productivity, product quality and monetary evaluation of the contaminated sites. Costs related to remediation of contaminated soils (particularly with heavy metals), moreover, are very high. Therefore, only few developed countries (USA, G.B., The Netherlands, Germany, Australia) have started remediation actions, whereas  many developing countries do not have yet started remediation projects, although they are affected by high environmental hazards (e.g. As in soils and groundwater in Bangladesh; U in soils of Bosnia, as a consequence of the recent civil war).
In the USA, the remediation of the sites listed in the National priority List in 1986 (40% of the whole) would account for 7 billions $ (Salt et al., 1995), and more than 35 billions $ are accounted for the remediation of the over 1000 sites which have been identified as hazardous.

In Switzerland, 10000 ha of arable land have Zn concentration above the target value, and  300000 ha present high levels of Cd, Pb and Cu (Vollmer et al.,1995).

A research carried out in five European Union countries (Table 1) allowed identification of more than 22000 contaminated industrial sites in critical conditions (totally 0.2% of the land), for which an immediate intervention is required to safeguard public health, or have severe limitations in their utilization, and more than 50000 sites need further investigation in order to assess their actual hazard.
Table 1 – Number of contaminated sites in selected European Union countries (Adriano et al. 1995)

	Country
	Contaminated

Sites (total)
	Sites in crytical 

conditions

	Germany
	32000
	10000

	Belgium
	  8300
	  2000

	Italy
	  5600
	  2600

	Netherland
	  5000
	  4000

	Denmark
	  3600
	  3600


The Italian Environmental Agency estimates that at present (2005) contaminated areas which need remediation overcome 10000 sites. Of these, areas previously settled by highly contaminating factories (e.g. chemicals at Porto Marghera, Venice; metallurgy at Bagnoli, Naples; tannery factories at Arzignano, Vicenza and S. Croce, Pisa) present very high contamination levels by organic as well as inorganic substances.

Many of the organic substances (PCB, PAH, etc.) contribute to contaminate ecosystems and are very poisonous to living organisms and to human health. Correspondingly, many metals, when present at high concentration in the environment, are critical or toxic to plants and animals (Salomons, 1995), and may enter the food chain and therefore affect humans. The risk assessment for human health, therefore, is assuming more and more importance in the solution of problems connected with soil remediation. Indeed, the risk assessment criteria are applied to identify and classify the various sites on the basis of intervention priority, to establish objectives and standard of decontamination, to select the technology more appropriate and site-specific.
In areas affected by high contamination, direct and indirect health hazards require urgent restoration and acceptable costs, regardless of the remediation technology selected for the site. In other cases, such as land with non-hazardous contaminant levels, or excessive costs compared to the expected benefits, remediation may eliminate or reduce the environmental hazard and contribute to the valorisation of green areas, public services, and arable land otherwise not utilizable.

Decision makers should evaluate the selection of the remediation technologies also in relation to the effects that it may have on the soil quality. Many processes, indeed, determine significant changes in soil characteristics (e.g. pH variation, red-ox conditions, fertility, structure loosening, sterilization and decline of biological activity). Action for restoration of degraded areas, therefore, should take care of both costs for remediation and management of the site to secure, of the hazards derived from the site itself, and of the benefits derived from site restoration.

Metal contamination persistence and little knowledge of mechanisms regulating the interaction soil-metal and the sorption of contaminants by living organisms make soil remediation particularly difficult and expensive. Any of the current technologies are actually effective and applicable at wide scale. The most utilized technical solutions are clearly inadequate for cleaning large areas of moderately contaminated land, where soft and (environmental) friendly technologies are needed to restore soil fertility, in such a way that they could be utilized for agriculture or public/residential green areas. Therefore, in recent years the interest of both public Authorities and private Companies (e.g. Dupont, Monsanto) towards innovative methodologies for decontamination and restoration of contaminated sites is ever increasing.
2.  Background and legislative soil reference values 

A soil is contaminated
 when its concentration of contaminants exceeds the background level. Background level corresponds to the total content of metals in soils not affected by human activities. These values are available in a number of publications (Alloway, 1995; Adriano, 2001). 

Background values may vary as a function of the locality from which a given soil is sampled. For example, metal concentrations in serpentine-derived soils can be highly toxic to animals and plants as a result of the naturally elevated metal contents of the parent rock from which the soil is derived. Metal concentrations in soils are known to be affected by the clay content of soils and increase almost linearly as a function of it. Because of the spatial variability of metals in soils, background values will not serve as good reference values for legislative purposes. Therefore, it is not possible to arrive at a single background value for any of the metals. In an effort to expedite remediation of hazardous waste sites in the absence of a national soil cleanup standard, many National Agencies have developed their own clean-up standards. In general, cleanup levels promulgated for industrial sites tend to be up to one order of magnitude less stringent than those for residential sites. On the other hand, soil clean-up levels established to protect groundwater quality tend to be more stringent than those established based on direct human exposure to contaminated soils. In addition, carcinogens tend to be assigned more stringent levels than non-carcinogens. Although no U.S.A. federal levels have been developed for hazardous constituents in soil, health risk-based soil screening levels were drafted by the US​EPA in autumn of 1993 (Bryda and Sellman, 1994).  These levels are used to assist in the assessment of contaminated soils at sites that pose potential concern, as well as screen out those soils that do not request additional actions. Cleanup levels developed for metals in the U.S. are based on average background concentrations found in soils or standard risk assessment methods (Bryda and Sellman, 1994).
Some other countries, notably Canada, Great Britain, Belgium and the Netherlands have progressed further in setting soil standards for soil remediation. In the Netherlands, the discovery of a contaminated residential area created a major public outcry that led to a legislative mandate for soil restoration in this country. Metals, inorganics, and a wide range of organic compounds were involved. 
For each contaminant, three different values were initially adopted: 

A. Mean reference value
B. Threshold value for pollution, above which no biological or ecological damage is yet observed; soils with this level of pollution, however, should be further monitored. 
C. Threshold value above which restoration is recommended. 

These criteria were recently revised. Table 2 presents the values for metals adopted by the Dutch Legislature. The intervention values for soil remediation will be used to assess whether contaminated land poses serious threat to public health. These values indicate the concentration levels of the metals in soil above which the functionality of the soil for human, plant, and/or animal life is seriously compromised or impaired. Concentrations in excess of the intervention values correspond to serious contamination. The intervention values replace the old C values in the soil protection guidelines. 
Table 2. Dutch  target values (also referred to as A-value or reference value) and intervention values (also referred to as C-value) for selected metals for soil (mg/kg dry matter).(Source: Dutch Ministry of Housing, Spatial Planning and Environment. The Hague, The Netherlands)
	Metal
	target value                    
	intervention value

	Arsenic
	 29
	 55 

	Barium 
	200 
	625 

	Cadmium
	 0.8
	 12 

	Chromium 
	100 
	380 

	Cobalt
	  20 
	240 

	Copper
	  36 
	190 

	Mercury
	 0.3
	  10 

	Lead
	  85 
	530 

	Molybdenum
	  10 
	200 

	Nickel
	  35 
	210 

	Zinc 
	140 
	720 


The present values, 

· are based not only on considerations of the natural concentrations of the contaminants which indicate the degree of contamination and its possible effects but also of the local circumstances, which are important with regard to the extent and scope for spreading or contact; 
· are related to spatial parameters. The soil is regarded as being seriously contaminated, if the metal mean concentration in at least 25 cubic meters of soil volume exceeds the intervention values;
· are dependent on soil type, since they are related to the content of organic matter and clay in the soil. 

The target values (Table 2) are important for remedial as well as for preventive policy.  They indicate the soil quality levels ultimately aimed for a given utilization. These values are derived from the analysis of field data from relatively pollution-free rural areas regarded as non contaminated, and take into account both human toxicological and ecotoxicological considerations. 

In other European countries, the public has asked for a similar legislation for soil restoration. Tolerable metal concentrations for agriculture and horticulture were published in Germany (Kloke, 1980) and in Switzerland (Vollmer et al., 1995). In the U.K., soil use after restoration was proposed as a criterion for determining the threshold value for redevelopment of contaminated sites (guidance 59/83, Department of the Environment, London, 1987).  In Germany, Eikmann and Kloke (1993) introduced threshold values for playgrounds, parks, parking areas, and industrial sites. In agricultural and horticultural soils, lower threshold values were proposed when growing leafy vegetables than for fruit production or for the cultivation of grain or ornamental plants (Eikmann and Kloke, 1995). A similar approach has been proposed in Poland where agricultural and horticultural uses vary according to the severity of soil contamination (Kabata-Pendias, 1997). 

In the recent environmental legislation of Belgium, the threshold values for restoration that are somewhat corresponding to the intervention values vary with the intended land use for the remediated site. These threshold values were defined using the “Human Exposure to Soil Pollution Model” by Stringer (1990) which estimates the transfer of contaminants from soil to man by different pathways (i.e., by inhalation, ingestion, drinking water, animal or plant food, etc.).  It was recently improved and several other models are proposed to assess the human risk of soil pollution. 
In Italy, the Legislation Act n° 471/99  proposes the criteria for identifying contaminated sites, suggesting soil remediation and environmental restoration, determining the threshold value and the possible intervention to clean-up permanently a contaminated site. Practically, a site is contaminated when the concentration of just one of the contaminants overpasses the threshold values reported in the national contaminant list for green areas, residential and industrial sites (Table3).

Table 3 Maximum concentration values recordable in soil and subsoil of contaminated sites, with reference to specific land utilization (D.M. 471/99, annexe 1)
	
	Green and residential areas
	Commercial and industrial  areas

	Inorganic compounds 
	
	mg/kg d.m.
	mg/kg d.m.

	
	Antimony
	10
	30

	
	Arsenic
	20
	50

	
	Berillium
	2
	10

	
	Cadmium
	2
	15

	
	Cobalt
	20
	250

	
	Chromium (total)
	150
	800

	
	Chromium VI
	2
	15

	
	Mercury
	1
	5

	
	Nickel
	120
	500

	
	Lead
	100
	1000

	
	Copper
	120
	600

	
	Selenium
	3
	15

	
	Tin
	1
	350

	
	Thallium
	1
	10

	
	Vanadium
	90
	250

	
	Zinc
	150
	1500

	
	Cianides
	1
	100

	
	Fluorides
	100
	2000

	Organic compounds 
	
	
	

	
	Benzene
	0.1
	2

	
	Ethylbenzene
	0.5
	50

	
	Styrene
	0.5
	50

	
	Toluene
	0.5
	50

	
	Xylene
	0.5
	50

	
	Benzo(a)antracene
	0.5
	10

	
	Benzo(a)pyrene
	0.1
	10

	
	Benzo(b)fluorantene
	0.5
	10

	
	Benzo(k) fluorantene
	0.5
	10

	
	Crisene
	0.5
	50

	
	Dibenzo(a)pyrene
	0.1
	10

	
	Dibenzo(a,h)anthracene
	0.1
	10

	
	Indenopyrene
	0.1
	50

	
	Pyrene
	5
	10


3.  Soil remediation and risk assessment 

The risks associated with polluted soils vary from site to site according to scientific database, public perception, political perception, national priority, etc. While severely contaminated soils may require some form of remediation there may be instances where remediation is not desirable (Adriano et al., 1995). These include:

1 - the cost of clean-up far exceeds the expected benefits of clean-up in terms of human health and ecological sustainability;

2 - the contaminated soil is not being used and has a low potential to be used in the future;

3 - there are inexpensive substitutes for the contaminated soil in question;
4 - the site will not be used after remediation because users will take some averting action, and 
5 - the contamination does not degrade soil and/or water quality to an unsafe or unhealthy level (NRC, 1993). 

In the U.S. a systematic procedure for remedial action is referred to the following items:
(1) reporting and identification;

(2)  selection of response action;

(3) preliminary assessment/site investigation;

(4) remedial investigation/feasibility study;

(5) remedial design/remedial action;
(6) operation and maintenance/post closure monitoring. 
 In arriving at a remedial decision, there are three categories of criteria that must be considered according to the National Contingency Plan (Grasso, 1993): 

· Threshold criteria:
            Overall protection of human health and the environment;
             Compliance with applicable or relevant and appropriate requirements;
· Primary balancing criteria:
              Long-term effectiveness and permanence;
              Reduction of toxicity, mobility, or volume through treatment;
              Short-term effectiveness;
               Implement ability;
               Cost;

· Modifying criteria: 

                 State acceptance;
                 Population consensus.


Risk assessment is playing an increasingly important role in the remediation of hazardous waste sites.  Regulations call for the use of risk assessment techniques to help in identifying and prioritizing sites requiring remediation, developing remedial objectives and cleanup standards, and selecting the most appropriate remedy for a particular location.  Protection of human health may not ensure adequate environmental protection thus, there has been an emphasis on the development of ecological risk assessment methods. The final choice of remedial technology largely depends on the nature and degree of contamination, the intended function or usage of the remediated site and the availability of innovative and cost-effective techniques.  The choice is further complicated by environmental, legal, geographical, and social factors.  More often the choice is site-specific. For example, home gardens and agricultural fields in large rural areas that are contaminated may require a remedial approach different from that for smaller but heavily contaminated areas. Similarly, large areas around old mining and smelter sites need an approach which differs from that of a heavily polluted spot. 

 3.1  Methods of soil remediation
The methods and techniques for  remediating contaminated soils may be subdivided into two strategies:

· confination;

· treatment. 

Confination technologies include (civil) engineering techniques that have the objective of removing or isolating the source of contamination, or of modifying migration ways or percourses. Such techniques comprehend:

· excavation and landfilling both inside and outside the site;

· barriers created in the contaminated soil;

· soil incapsulation; soil solidification;
· hydraulic intervention (pumping, washing).
Important factors driving the selection of such techniques are:

· large space available within the contaminated land;
· available geological and hydrogeological background studies;
· availability of natural/seminatural materials (geomembranes, geotextiles) to dress the excavated materials and to cover the contaminated material;
· the possible impact derived from excavation and /or disturbance;
· sterilization of the whole area devoted to infrastructures and building constructions.
None of these techniques are entirely satisfactory (Exner, 1995). Landfilling is a temporary solution that delays remediation. Furthermore, it has been discontinued in most countries. Incapsulation/solidification does not remove the contaminant from the soil thereby greatly limiting the value of the soil. Soil washing and flushing have been used extensively in Europe but only had limited use in the U.S. The process entails excavation of the contaminated soil, mechanical screening to remove various oversized materials, separation processes to generate coarse- and fine-grained fractions, treatment of those fractions, and management of the generated residuals. Soil washing performance is closely tied to three key physical soil characteristics: particle size distribution, contaminant distribution among the different size particles, and how strongly the soil binds the contaminant.  In general, soil washing is most appropriate for soils that contain at least 50% sand and gravel, such as coastal sandy soils and soils with glacial deposits (Westinghouse Hanford Co., 1994). 

Treatment technologies are based on processes addressed to removal, stabilization or destruction of contaminants. 
· Removal may be attained by contaminant mobilization and/or accumulation processes (leaching, sorption), contaminant concentration and recovery processes (physical separation) or a combination of processes (accumulator plants).

· In-situ stabilization  consists of the contaminant being made less mobile and therefore less toxic by a combination of physical, chemical and biological processes.

· Contaminant destruction by physical, chemical or biological degradation (e.g. thermic or microbiological treatments).

Treatment processes may be operated according to their application, namely:

· ex-situ, when operated in the area of the contaminated site;

· in-situ, when they are operated without removing the contaminated soil;

· on-site, when treatment is operated in the area of the contaminated site, by moving and removing the contaminated material;

· off-site, when contaminate material is moved from the site, and transported to the treatment plants or to landfill.
Chemical treatments involve contaminants destruction or removal by
a) oxidation (change to higher chemical valence): many organic compounds, for instance, are oxidized to CO2;

b) reduction (change to lower chemical valence): CrVI may be reduced to CrIII, which is less mobile and less toxic than CrVI;

c) immobilization: contaminant mobility is reduced through precipitation as an insoluble complex, or adsorption on solid matrices, etc.;

d) extraction: contaminant is extracted from soil material by application of different extractants (organic compounds, acids, tensioactives, etc); percolating liquid may be collected and treated for more degradation, or sent to landfill;

e) substitution: some chemical groups of the contaminant may be substituted with other groups, that make the contaminant less toxic (e.g. dealogenation of chloride solvents).
Physical treatments are aimed at separating contaminants from the soil matrix, taking into account the differences between contaminant and soil characteristics (e.g. volatility, magnetic properties, density, etc). They include several processes like electrokinetic, electrolysis, electroosmosis, electrophoresis, stripping extraction, etc.
Thermic treatments utilize elevated temperatures to prime physical and chemical processes like volatilization, ash flying, pyrolysis, etc, thus allowing contaminant removal or destruction, or immobilization in the soil matrix. Two main thermic treatments are available:
· desorption (working temperature is in the range 100°C – 800°C), and

· incineration (working temperature is in the range 800°C – 2500°C; contaminant is destroyed).
When contaminants are volatilized from the soil, it may be successively removed from the gas-phase through condensation or combustion. High-temperature incineration is the most common method of dealing with metal-contaminated soils because it has been proven to be the most reliable destruction method for the broadest range of wastes (Lee et al., 1990). However, it is costly and is often difficult to obtain a legal permit for it.
Biological treatments are known also as “bioremediation”, i.e. “utilization of living organisms to reduce or eliminate environmental contaminants” (Adriano et al., 1999). Biological treatments include one or more of the following processes:
a) degradation: contaminant biochemical degradation by soil microorganisms (bacteria, fungi, actinomycetes);

b) transformation: contaminant biochemical conversion to make it less toxic and /or less mobile;

c) accumulation: organic and inorganic contaminants may accumulate in tissues of living organisms (particularly plants);

d) mobilization: a contaminant-bearing solution may be separated form the contaminated soil.

Microorganisms are potentially able to detoxify several contaminated sites, and to bring them back to the original state. Higher plants are utilized to stabilize or remove contaminants (especially heavy metals) from soil and waters. This technology, known as phytoremediation,  is potentially little destructive, environmental friendly and cost-effective, and is applicable to large contaminated land.

     Phytoremediation is a technique which utilizes plants to remove, eliminate, or decrease environmental contaminants (heavy metals, organics, radionuclides, explosives), attenuating the related risk (Barbafieri, 2001; Li et al., 2002). It is based on several natural processes which involve plants:

· direct sorption of metals or moderately hydrophobic organic compounds;
· accumulation or transformation of chemicals by lignification, metabolization, volatilization;

· catalysis and degradation of organic compounds by enzymes released by plants;

· exudates release in the rhizosphere, with pH modification, carbon and microbial activity increase, and contaminant degradation.

Below are some techniques utilized in phytoremediation for removing inorganic contaminants from soils based on the above processes,  that the clean-up industry is already utilizing or seriously considering to adopt.
Phytostabilization

Phytostabilization is a process in which plants tolerant to contaminant metals are used to reduce the mobility of contaminant metals, thereby reducing the risk of further environmental degradation by leaching into the groundwater or by airborne spread (Smith and Bradshaw, 1979; Losi et al., 1994; Vangronsveld et al., 1995a). In in situ metal stabilization, soil amendments can be combined with the use of metal-tolerant plants to enhance plant growth and stabilizing effect of the treatment (Vangronsveld et al., 1995a; 1995b; 1996).  Metal-tolerant plants immobilize contaminants at the interface root-soil by absorption, precipitation or complexation, thus reducing mobility and migration to groundwater, or to the food chain.
Stabilization may occur:

· in the root zone: proteins are released (by roots) in the rhizosphere, and determine precipitation of contaminants;

· on cell walls: proteins associated with root cell walls may stabilize contaminant outside the root cell, thus impeding contaminant to be transported inside the plant (barrier effect); 

· in root cells: proteins present on root membranes may enhance contaminant transport inside the cell, where it is sequestered in vacuoles (Fig. 1).  
Arboreal and shrubby plants plants seem to be more prone than herbaceous ones to apply phytostabilization, owing to different sorption ways and metal mobility in the plant organs. Some ornamentals, like bay (Laurus nobilis), pitosphor (Pitosphorum tobira), oleander (Nerium oleander) proved effective in metal stabilization (Carratù et al., 2001). Among the herbaceous plants, monocotyledons, both native (e.g. Lolium perenne) and cultivated (e.g. Zea mays, Avena sativa) are more suitable than dicotyledons (Argese et al., 2001).
Phytostabilization is particularly suitable at sites where it is important to keep metals in non-mobile form, in order to impede dispersion, like it happens for chromium (Bini et al., 2000a; 2007). Moreover, when metal concentration is very high, phytoextraction would require long time to achieve the objectives of land restoration.
Rhizofiltration is a process in which plant roots absorb, precipitate and concentrate heavy metals from polluted wastewater streams (Dushenkov et al., 1995). It proved particularly effective in taking up As from wetland areas (Sette et al., 2001). 
Phytostimulation

This technique concerns stimulation of microbial or fungal degradation by means of exudates and enzymes in the rhyzosphere (Schnoor et al., 1995). Root exudates (organic acids, alcohols, sugars) have a stimulating effect on microbial activity, thus increasing the biodegradation capacity of bacteria and fungi, as observed by Mehmannavaz et al. (2001) with Sinorhizobium meliloti on PCB in the rhizosphere. 
Phytostimulation is a symbiontic relation between plants and soil microorganisms. The former provide nutrients to microorganisms, and the latter determine soil decontamination and favour root development.

Phytoextraction

Several plants show a marked ability to accumulate contaminants (heavy metals, radiactives) in their aerial parts, and for this reason are known as “hyperaccumulator plants” (Wenzel et al., 1993; Baker et al., 2000). At the end of the phoenological cycle (or when the metal sorption is concluded), the plant may be harvested, and contaminant recovered by distillation. Hyperaccumulator plants are able to accumulate metals up to 500 times higher than metal concentration in non-accumulator plants (Lasat, 2002), with metal concentration in leaves even higher than 5% dry weight (Mc Grath, 1998). Hyperaccumulator plants may accumulate more than 10 mg/kg Hg, 100 mg/kg Cd, 1000 mg/kg Cu, Cr, Pb, and 10000 mg/kg Zn. More than 400 species of hyperaccumulator plants are known at present (Baker et al. 2000), and are subdivided in 45 families, of which the most represented is Brassicaceae (Marchiol et al., 2004). Not all the metals are accumulated in plants in the same way and to the same extent: some plants absorb only one metal, some others more metals; for some metals, like thallium, there are not yet known accumulator plants; for some other metals, like arsenic, some species, like fern (Pterix vittata) have been discovered recently (Ma et al., 2001; Tu et al., 2004).
As a general rule, metals like Cu, Cd, Zn, Ni, Pb, Se are easily accumulated, whilst As, Co, Cr, Mn, Fe, U are difficult to accumulate.

Phytoextraction efficiency depends upon several factors:

· the nature and concentration of contaminant (red-ox status, binding, bioavailability, etc.);

· soil/sediment chemical-physical characteristics (pH, texture, CEC, etc);

· morphological and physiological plant characteristics (root pattern, absorption capacity, metal synergism or antagonism, etc).

A coefficient currently utilized to evaluate phytoextraction efficiency is the Biological Absorption Coefficient (BAC = (metal)plant/(metal)soil; Ferguson, 1992). The total amount of removed contaminants results from the harvested plant biomass multiplied by the metal concentration in plant.
As already stated, once ceased the absorption and translocation of metal from roots to the aerial parts (phenological cycle,  maximum metal concentration allowed, more metal unavailability, etc), plants may be harvested and transported to landfill; the contaminated site may be subjected to repeated cultivation cycles, in order to decrease metal concentration to acceptable levels, or at the best to eliminate it at all. Quite recently, has been explored the opportunity of recovering metals sorbed by plants by distillation (Cunningham and Berti, 1997). This technique proved interesting in an economic perspective: in the U.S., Canada, Australia and possibly in some more countries, some private Companies have bee established to economically utilize these low cost “ore outcrops” (Chaney et al., 1997). One of the most experimented plants is the known Zn-Cd hyperaccumulator Thlaspi caerulescens. However, the reduced plant biomass (which is common to many hyperaccumulator plants) does not allow recovery of relevant metal amounts. To overcome this important limiting factor, that would diminish the economic relevance of this technique, research in genetic engineering is in progress (Raskin, 1996; Mc Nair, 1997; Prasad, 2003), in order to produce plants with higher biomass, and therefore with major ability to remove metal from soil.
Assisted Phytoremediation

One of the major limits in soil decontamination with plants, as already stated, is the little biomass of most plants, especially those which grow in fresh to temperate climate. A second factor limiting the phytoextraction effectiveness is the soil metal bioavailability, i.e. the ability of plants to take up a metal from the soil. Bioavailability depends upon chemical and physical conditions, bacteria, fungi and plants that may influence such conditions (Ernst, 1996), upon organic complexes be formed, inorganic compounds precipitation, etc.. The assisted phytoextraction increases metal bioavailability by applying to soil syntetic chelatants like EDTA, HEDT, DTPA. The EDTA results the most effective in increasing Ni and Pb extraction by several plants (Kramer, 1996; Blaylock et al., 1997). This technique, however, presents high environmental impact, since chelatants may be leached to subsoil and groundwater. Moreover, chelatant treatment may influence plant growth, if the phytotoxicity threshold is overpassed (McGrath, 1998). Recent alternatives to chelatants application are increasing microflora in the rhizosphere with microrganisms (Whiting, 2001) and amendants application (e.g. zeolites: Zaccheo et al., 2001), that make the soil more suitable, thus enhancing plant growth.
3. 2 Current Status and Perspectives in Phytoremediation
Phytoremediation is an emerging technique to clean up contaminated sites. It allows both organic and inorganic contaminants to be removed from soil and water, and physical stabilization of contaminated soils. It presents numerous advantages in comparison to other treatment techniques:

· improvement of chemical, physical and biological soil properties;

· erosion rate reduction;

· waste production reduction;

· potential metal recovery;

· land aesthetic improvement;

· high population consensus;

· reduced costs in comparison to other remediation technologies (40% reduction in respect to other in-situ technologies, and up to 90 % reduction in respect to ex-situ technologies).
Some disadvantages, however, affect this technology:

· it is strongly depending upon environmental and climatic conditions;

· strongly depending upon contaminant concentration and bioavailability;

· it depends on the contamination area extent and depth (it should be less than 5 m under the ground level);

· it needs longer time for land restoration, with respect to other technologies.

Although current literature on phytoremediation is rather abundant, the physiological mechanisms that control and regulate the above processes are not yet elucidated, also because many of these are site-specific. The specificity depends first of all upon the kind of contaminant, its composition and possible transformation (evolution), and, consequently, upon the vegetal species to be utilized for remediating a contaminated site. Further investigation, therefore, is needed in order to elucidate both the mechanisms involved and selection of plants, possibly applying genetic engineering to increase plant biomass.

Phytoremediation is particularly suitable at sites where contamination is rather low and diffused over large areas, its depth is limited to the rhizosphere or the root zone, and when there are no temporal limits to the intervention. It has been calculated, indeed, that with present accumulator plants, at least 3-5 years are needed to have appreciable results in clean up a moderately contaminated soil (McGrath, 1998). McGrath (1995) calculated that nine harvesting of Thlaspi caerulescens are necessary to decrease Zn concentration in soil from 444 to 300 mg/kg; conversely, a non-accumulator plant, like radish, needs 2046 harvesting cycles to attain similar results. The same Thlaspi caerulescens and the hyperaccumulator Cardaminopsis halleri may remove, within only one harvest, Cd accumulated in decades of years of phosphate fertilizer application, with a removal rate of 150 g/ha/y, and 34 g/ha/y, respectively (McGrath and Dunham, 1997).
One of the peculiar properties of phytoremediation is the economic aspect, since it presents costs much lower relative to the other technologies. Black (1995) estimated costs of only 80 $/m3  of soil cleaned with phytoextraction, and 250 $/m3 with soil washing. According to Cunningham and Berti (1997), costs for phytodepuration would be 100000 $/ha, and excavation and landfilling would amount 500000 $/ha, while costs for traditional technologies of in-situ treatment would range between 500000 and 1000000 $/ha. However, actual costs for phytoremediation are still highly variable, and will be better estimated when this innovative technology will be really effective. Presently, indeed, the paucity of full scale application makes difficult to obtain reliable indication on remediation time and costs. A comparison of costs for different remediation technologies is reported in Table 4. It is noteworthy to point out that many ex-situ treatments require the combined use of different items reported in the table, and therefore the whole cost would be higher than the single item.
Table   4   -  Comparative costs of different remediation technologies per soil unit
	In-situ treatment
	Costs (U.S. $/m3)

	Soil flushing
	50-80

	Bioremediation
	50-100

	Phytoremediation
	10-35

	Ex-situ treatment
	

	Exavation and transport to landfill
	30-50

	Disposal in sanitary landfill
	100-500

	Incineration or pyrolysis
	200-1500

	Soil washing
	150-200

	Bioremediation
	150-500

	Solidification
	100-150

	Vetrification
	Up to 250


4. Applications
The assessment of phytoremediation suitability to remediate contaminated sites is in progress since the ‘80s, and allowed identification of the fundamental items for its application, namely:

· laboratory research aimed at a better knowledge of processes regulating metal sorption by plants;

· field and laboratory research for new plant species with high metal sorption capacity, also with genetic engineering techniques;

· laboratory trials and pilot scale experiments to find out the best conditions for application of different phytoremediation technologies;

· full scale experiments, to assess the concrete possibility of applying such technologies to contaminated soils remediation at environmentally and economically sustainable rates.
Metal bioavailability is the metal availability towards a specific living organism (plant, animal, man) in specific environmental conditions (Adriano et al., 1995); therefore, the soil characteristics and the plant (living organism) behaviour control the actual metal availability. The mechanisms involved in such control are not yet fully elucidated, and often, in bioavailability evaluation, the physiological factors, including metal transport through cell membranes, are neglected. Generally, metal concentration is much more elevated in roots than in the aerial parts, but in some instances the opposite happens. Metal accumulation occurs as a consequence of compartmentalization and vacuole complexation, as it was observed in vacuoles isolated from protoplasts of tobacco cells accumulating elevated levels of Cd and Zn (Barbafieri, 2001).
Metal assimilation, both essential and critical or toxic, is a typical and diffused plant feature (Streit and Strumm, 1993). According to Baker (1981), plants may be subdivided into three categories:

· excluder plants: these species may limit metal sorption or translocation to the aerial parts, irrespective of the metal concentration in the substrate, until toxicity symptoms appear. In many cases, the metal is concentrated in roots that create a barrier-effect against translocation;
· indicator plants: in these species, metal concentration in aerial tissues is proportional to that in soil;

· accumulator plants: these species may absorb and actively concentrate metals in the aerial parts at levels higher than in soil.

Among the plants that tolerate high metal concentration, those which present a natural tendency to accumulate very high metal concentrations (up to 500 times more than normal concentration) are considered hyperaccumulator plants (Baker and Brooks, 1989; Baker et al., 1994). More than 400 species are presently known as accumulator plants, and a large quantity are indicator plants, useful in environmental quality evaluation. In current literature, information  on new indicator/accumulator plants, in  particular species with high biomass, like Fragmites australis (Massacci et al., 2001) and Cannabis sativa (Kos and Lestan, 2004) is given almost daily, thus contributing to enhance the green technology potentiality.
A provisional list of accumulator plants, with indication of the metal(s) accumulated, is reported in Table 5.
Tab. 5 -  Provisional list of the main metal accumulator plants 

	Plant species
	Metal accumulated
	Reference

	Aeollanthus biformifolius
	Co, Cu
	8

	Agrostis capillaris, A. tenuis
	Pb, Cr
	7,8,12

	Altermathera sessilis
	Al
	1

	Alyssum bertoloni, A.murale
	Ni
	2,3,14

	Arenaria patula
	Zn
	8

	Armeria maritima
	Cu
	2,7

	Astragalus sp.
	Se
	2,8,11

	Atriplex sp.
	Se
	8,11

	Becium homblei
	Cu
	2,7

	Berkeyia coddii
	Ni
	8

	Bonmullera sp.
	Ni
	8

	Brassica jucea, B. napus
	Pb,Se
	11

	Buxus sp.
	Ni
	8

	Calendula arvensis, C. officinalis
	Cr
	15

	Cardaminopsis halleri
	Zn
	8,11

	Eichornia crassipes
	Cr, As, Cd, Hg, Pb
	1,8

	Elodea canadensis
	As, Co, Cu, Ni
	8

	Equisetum arvense
	Cu, Zn
	8

	Festuca arundinacea, F. ovina
	Se, Cu, Zn, Cr, Ni, Pb
	7,11,13

	Haumaniastrum robertii
	Co, Cu
	8

	Hordeum vulgaris
	Hg
	5

	Hybanthus floribundus
	Ni
	8

	Ipomea alpina, I. carnea
	Cr, Zn, Cu, Pb, Cd
	1,8

	Lemna minor
	Cr, Cd, Cu, Ni, Pb, Se
	1,12

	Lolium perenne
	Cu, Zn, Cr, Ni, Pb
	13

	Minuartia verna
	Cu, Co
	2,7,8

	Myriophyllum verticillatum
	As, Co, Cu, Mn
	8

	Phyllantus sp.
	Ni
	8

	Picea abies
	U, Hg
	4,9

	Pinus Nigra, P. silvestris
	U, Hg (Pb, Zn)
	4,9,10

	Plantago lanceolata
	Cu, Cd, Pb, Zn
	16

	Populus nigra
	Pb, Zn, Cu, Cr, Cd
	4

	Potamogeton ricardsonii
	Co, Cu, Pb, Zn
	8

	Raphanus sativus
	Cd, Zn
	14

	Salix viminalis
	Cd, Zn
	14

	Sambucus nigra
	U
	4,9

	Saxifraga sp.
	Ni
	8

	Senecio coronatus
	Ni
	8

	Silene vulgaris, S. cobalticola
	Cu, Co
	2,7

	Taraxacum officinale
	Cu, Cd, Pb, Cr
	17

	Thlapsi alpestre
	Cu, Co, Zn
	8

	Thlapsi caerulescens
	Zn, Cd
	3,8,11,14

	Thlaspi calaminare
	Zn
	3,8

	Thlaspi rotundifolium
	Zn, Pb
	7

	Typha angustata
	Cr
	1

	Trifolium pratense
	Cd, Zn
	6

	Viola calaminaria
	Zn
	3,8

	Viscaria alpina
	Cu
	2

	Zea mays
	Cd, Zn
	14


1 - Mhatre and Pankhurst (1997); 2 – Pandolfini et al. (1997); 3 – Baker and Brooks (1989); 4 – Wagner (1993); 5 – Panda et al. (1992); 6 – Kabata-Pendias  et al. (1993); 7 – Ernst (1996); 8 – Brooks (1998); 9 – Steubing and Haneke (1993); 10 – Bargagli (1993); 11 – Mc Grath (1998); 12 – Zayed et al. (1998); 13 – Pichtel and Salt (1998); 14 – Felix (1998) ; 15 – Bini et al. (2000a); 16 – Zupan et al (1995); 17 - Bini et al. (2000b)

4.1 Phytoextraction of Zinc and Cadmium
Zinc and Cd are chemical elements that present high affinity; it is argued, therefore, that they could be accumulated by the same vegetal species, although with different mechanisms, considering that Zn is an essential micronutrient, while Cd is toxic to plants and animals (Brooks, 1998). Many plants are known as capable to accumulate Zn; most of them belong to the genus Thlaspi, with T. calaminare accumulating Zn up to 3.96% dry weight. Also Cardaminopsis halleri, Viola calaminari, Haumaniastrum katangense present Zn concentration higher than 10000 mg/kg, while Thlaspi caerulescens only is considered a Cd hyperaccumulator plant, since it may accumulate over 100 mg/kg  dry weight (McGrath, 1998). Other plants, like Brassica juncea, proved effective to remove Cd from the soil, although not  at hyperaccumulator level (Kumar et al., 1995). Many other plants, however, are likely to  accumulate Cd; better knowledge and more research would enhance identification of new Cd accumulator species.

Thlaspi caerulescens requires a minimum concentration of micronutrient Zn much higher than the mean Zn concentration in non-accumulator plants, presumably 1000 mg/kg in the soil (McGrath, 1998). Mean Zn concentration in tissues of Thlaspi caerulescens is much higher than in “normal” plants (300-500 mg/kg vs 15-20 mg/kg). It is likely the mechanisms responsible for the high metal tolerance to be effective even at low metal concentration in the substrate; this may impede or limit the casual diffusion of this species in the surroundings of the contaminated area, assuring in the meantime adequate Zn level for growing “normal” plants.
4.2 Phytoextraction of Lead
Lead phytoextraction is difficult because of the strong binding of the metal to the organic matter and the soil mineral fraction, which limits translocation to the aerial parts. At present, moreover, a few species are known to be able to accumulate Pb; among them, Thlaspi rotundifolium may accumulate up to 8200 mg/kg d.w.. High Pb levels in plant tissues could also derive from foliar adsorption of aerial input, a common way related to vehicular traffic until the ‘90s; this Pb source, of course,  should not be accounted for in terms of phytoextraction.

To attain effective decontamination in a relatively short time, plants having Pb concentration up to 10000mg/kg, and with a biomass higher than 20t/ha/y (dry weight) should be necessary (McGrath, 1998). The highest Pb levels (up to 3.5% d.w.) have been found by Kumar et al. (1995) in an experimental trial on different species of Brassicaceae, with Brassica juncea producing 18t/ha biomass. These results suggest that Brassicaceae are likely to remove Pb from contaminated soils at a rate of 630kg/ha/y. Phytoextraction coefficients at full scale level, however, are less likely than those obtained with controlled conditions, as shown by Huang and Cunningham (1996), and reported in Table 6.
Table 6 – Lead concentration (μg/g) in shoots of various species, both native and cultivated 
( Huang & Cunningham, 1996)

	Species (cultivar)
	Hydroponic Culture 
	Soil Culture 

	Zea mays
	375
	225

	Brassica juncea (211000)
	347
	129

	Brassica juncea (531268)
	241
	97

	Thlaspi rutundifolium
	226
	79

	Triticum aestivum
	139
	12

	Ambrosia artemisiifolia
	96
	75

	Brassica juncea Cern.
	65
	45

	Thlaspi caerulenses
	64
	58


The most promising method of Pb phytoextracting is to utilize syntetic chelatants  to enhance metal assimilation by plants (assisted phytoextraction). Huang and Cunningham (1996) experimented different chelatants on several plants, and in their experiment EDTA proved the most effective. Phytoextraction coefficients up to 1000 times higher than in absence of chelatants were assessed, also with native non-accumulator plants. In such case, plants present early toxic symptoms, and therefore they should be harvested before senescence or death. According to the same Authors, two harvests of Zea mays  yielding 25 t/ha/y , with Pb concentration up to 10500 mg/kg,  would decrease Pb level in soil to 600 mg/kg in only seven years.
In case of chelatant application, the decontamination project should pay attention to percolating waters, in order to avoid groundwater contamination. Moreover, foliar fertilization with phosphate would be necessary to  preserve nutritional levels.
4.3 Phytoextraction of Copper and Cobalt
A few examples of plants accumulating copper are known at present, all coming from Cu-Co mine areas of Zaire (Brooks, 1998). In the mineralized area, indeed, many endemic species, characterized by very high tolerance towards these two metals, do exist, and accumulate up to 1% of the two metals. Twentysix plants are Co-hyperccumulator, and 24 are Cu-hyperaccumulator; of these, 9 hyperaccumulate both Co and Cu (Table 7). 

Table 7 – Vegetal species hyperaccumulating Cu and Co (μg/g) (Brooks 1998)
	Species 
	Cu
	Co

	Aeollanthus biformifolius
	3920
	2820

	Anisopappus davyi
	2889
	2650

	Buchnera henriquesii
	3520
	2435

	Bulbostylis mucronata
	7783
	2130

	Gutembergia cupricola
	5095
	2309

	Haumaniastrum katangense
	8356
	2240

	Haumaniastrum robertii
	2070
	10200

	Lindernia perennis
	9322
	2300

	Pandiaka metallorum
	6260
	2139


The highest Cu concentration in a phanerogame (1.37% d.w.) has been recorded in Aolleantus biformifolius and in A. subacaulis var. linearis. However, evidence for a possible utilization of such plants in soil cleaning up is lacking (McGrath, 1998). Brooks and Robinson (1998) carried out  a study on the opportunity to utilize hyperaccumulator plants as phytomining,  and estimated a recovery potential of 0,015 t/ha Cu and Co, with H. katangense, assuming to achieve a biomass of 7,5 t/ha after fertilization.

5. Some case study

Numerous experimental works have been carried out in last years, both in laboratory, in batch and at full scale, aimed at assessing phytoremediation effectiveness, and implementing its potentiality, with the perspective of taking economical advantage, besides the environmental restoration of contaminated land. Blaylock et al. (1997) developed a technology which combines the ability of a Pb-accumulator plant,  Brassica juncea, with fertilization of a large, densely inhabited district, where several cases of Pb poisoning in children were recorded. After the first cultivation cycle, the most contaminated zone (originally up to 1000mg/kg Pb), was reduced by 25 %, and Pb concentration was 800 mg/kg.
Similar results are reported by Shen et al. (2001) after EDTA application to a mine soil cultivated with Brassica napus. Among herbaceous native plants, Plantago lanceolata and Taraxacum officinale have been long tested as metal indicator/accumulator plants, in soils with different contamination levels (Zupan et al., 1995, 2003; Bini et al., 2000b; 2007). 

 Some plants, like mint (Mentha acquatica), fern (Pteris vittata) and cane (Phragmites australis), owing to their high biomass, proved particularly effective in heavy metal  rhizofiltration, in particular As, in hydromorphic conditions (wetland areas, submerged soils). Sette et al. (2001) carried out a research project in a wetland area close to an abandoned Sb-As mine, and found that Mentha aquatica may accumulate in roots up to 8900 mg/kg As; instead, translocation to shoots and leaves is very little (13 and 177 mg/kg, respectively). The fern too, in particular Pteris vittata, proved effective (Table 8) to accumulate high amounts (up to 4300 mg/kg) of As (Blaylock e al, 2003; Caille et al., 2003), with high transfer coefficient (As plant/As soil = 9).

Table 8 – As accumulation in three species of  fern (after Blaylock, 2003) 

	Species
	As concentration
       mg/kg
	Yield
kg/ha
	Recovery
  mg/kg

	Pteris vittata
	900
	13050
	5.9

	Pteris mayii
	2013
	6100
	6.1

	Pteris parerii
	1416
	5050
	3.6


Phragmites australis proved effective metal accumulator in numerous experimental trials (Yez et al., 1997; Massacci et al., 2001), besides being currently utilized in domestic and industrial waste water phytodepuration  plants, for removing nitrate and phosphate. A peculiar character of this plant is the genetic similarity to cereal plants currently cultivated, like maize and wheat, which could be utilized in phytoremediation.
Experimental research on accumulator plants with cultivated species is by far below the expected, although it is more and more increasing in progress. One of the most investigated plants, togheter with maize, is sunflower (Heliantus annuus). This plant, grown on a highly metal-contaminated soil and treated with EDTA (assisted phytoextraction), showed noteworthy ability to accumulate metals in its tissues (Quartacci et al., 2001). Thirty days after seedling, it accumulated 2500 µg Zn, 500 µg Cu, Cd e Pb, 100 µg Cr. Most of metals (over 50%) were concentrated in roots: only Zn proved good metal transfer capacity to aerial parts (50% in shoots,  25% in leaves). Further investigations with sunflower (Sacchi et al., 2001), however, showed important limitations in Pb-assisted phytoextraction: the application of the maximum rate of chelatant determined Pb increases not proportional  to the lower rate, and a concentration of 600 mg/kg Pb in leaves. According to the authors, given a biomass yield of 10 t/ha, lead would be removed from the contaminated soil at a rate of 6 kg/ha, in more than 100 years, a not cost-effective time; moreover, chelatant application would be too expensive and pose serious environmental hazard because of the possible leaching of chelatant to subsoil and groundwater. 
Arboreal plants, until  now, received little attention in comparison to the herbaceous ones, due to their different physiology; however, their high biomass would constitute an important item to their use in phytoremediation. In last years, indeed, experimental research on arboreal plants has progressed quickly, and interesting results have been attained, especially with short-term coppices. One of the most experimented plant is willow (Salix viminalis, S. caprea, S. rubens, S. fragilis). Greger e Landberg (2003) recorded a strong correlation between Salix viminalis biomass and metal uptake from soil (Fig.2), and Wieshammer et al. (2003) found  high metal concentrations  (326 mg/kg Cd, 2413 mg/kg Zn,  70 mg/kg Pb) in willow leaves, with increments up to 54% Zn, 39% Cd, 21% Pb, in mycorrhized plants inoculated with metal-tolerant bacteria.  
A survey carried out in an urban park of Great Britain (Lepp e Dickinson, 2003) showed tha 50 years after birch (Betula sp.), maple (Acer pseudoplatanus) and willow (Salix caprea) plantation on a strongly degraded and contaminated area, the vegetation cover had been naturally reconstructed, suggesting the potential resilience of natural vegetation to be effective in remediation of contaminated soils.
6. Summary and Conclusions 
Phytoremediation is an emerging technology that holds great potential in cleaning up contaminants that: 1) are near the surface, 2) are relatively non-leachable, 3) pose little imminent risk to human health or the environment, and 4) cover large surface areas. Moreover, it is cost-effective in comparison to current technologies, and environmental friendly.
However, phytoremediation is not yet ready for full scale application, despite favourable initial cost projections, which indicate expansion of clean-up market to be likely in next years (Table 9).

Table 9 – Phytoremediation market projection for past and future years in U.S. (millions U.S. $) (adapted from Glass et al., 1997)
	Site categories 
	2000
	2005
	2010

	Groundwater polluted with organic compounds
	2-3
	10-15
	20-45

	Heavy metal contaminated soils
	1-2
	15-22
	40-80

	Radionuclide contaminated soils
	0.1-0.5
	2-  5
	25-30

	Waste water polluted with heavy metals
	0.1-1.5
	1- 3
	3- 5

	Other sources
	0-1
	2- 5
	12- 20

	Whole U.S. phytoremediation market
	3-8
	30-50
	100-180


        Most of the available data, until now, has come from microcosm experiments; full scale experiments could help in assessing the feasibility of phytoremediation , and its effective contribution to clean-up contaminated soils. Research should be addressed to find out new highly efficient accumulator plants, and related cultivation technologies. Moreover, basic research is necessary to advance our scientific understanding of physical, biological, and chemical processes important for natural accelerated remediation. More research is needed in many disciplines such as microbiology, molecular biology, geochemistry, hydrology, and transport processes. Finally, basic research should be focused on the behaviour of complex systems that include mixtures of contaminants and multiple organisms, and this research must account for the natural spatial and temporal variability of such systems. 
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Caption to figures

Fig. 1 – SEM-EDS observations of wild plants of Taraxacum officinale from the tannery district in Italy (adapted from Bini et al., 2007). 

a) Root cross section of Taraxacum; b) Leaf cross section of Taraxacum;

c,d) Elemental spectra of Taraxacum roots; e) Elemental spectrum of Taraxacum leaf. 

Fig.2 – Relationships between  Salix viminalis biomass and  metal removal from soil (adapted from  Greger & Landberg, 2003).
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Fig. 1
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Fig.  2 – 
� Contamination occurs when the soil composition deviates from the normal composition. In its natural state contaminants may not be classified as pollutants unless they have some detrimental effects to the organisms.  Pollution occurs when a substance is present in greater than natural concentration as a result of human activities and having a net detrimental effect upon the environment and its components (Adriano et al. 1995). 





