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Abstract

Soil contamination by trace elements is caused by several processes. The biogeochemical cycles of inor-
ganic pollutants have been gradually accelerated by human activities for several centuries, the Industrial
Revolution marked a dramatic increase in the emissions of trace elements to the biosphere. Moreover,
locally large concentrations of contaminants may be related to natural phenomena. The public welfare con-
cern over the hazards of soil pollution has led to legislative action aimed at controlling the major pathways
of contamination. Land application of sewage sludge, combustion of fossil fuel, smelter activities, etc.
have been strictly regulated during recent decades. This paper describes, for some countries, the legislative
aspects that regulate the land application of sewage sludge. Particular emphasis is given to the comparison
of the legislation in EU and USA The second part of the paper reviews the legislative aspects related to soil
remediation and the remediation technologies currently employed. The formulation of legislative guide-
lines for soil remediation are based on the definition of threshold limits specific to the element and related
to land use. Examples of limits based on total and extractable concentrations of trace elements are
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reported. A general description of the most common reclamation techniques is given.

INTRODUCTION

Soil and environmental contamination as a result of
human activity is not a recent phenomenon. About 100
BC, Cicero first related structural damage of buildings
and statues in Rome to smoky rains from wood and char-
coal burning (Eney and Petzold 1987). Some of the dele-
terious effects on human health due to mining activities
have been recognized for a long time. The Romans used
slaves to extract cinnabar (an ore containing Hg) at the
Almadén mine (Spain). Due to mercurialism the miners’
life expectancy was only three working years (Wren et al.
1995).

The public welfare concern over the effects of environ-
mental pollution has increased substantially in the last
century with the Industrial Revolution and as a conse-
quence of an enhanced understanding of the risk to human
health. The Industrial Revolution started in the mid-1800s
and the extensive use of coal to produce energy caused the
release of considerable amounts of gases (CO,, SO,,
NO,) and fly ashes into the atmosphere (the term ‘acid
rain” was introduced in 1872 by R. A. Smith). Since then
the biogeochemical cycle of potential inorganic pollutants
(e.g. heavy metals) naturally present in the environment
has been largely accelerated by human activities. The con-
version of the world economy from coal to oil, initiated
between the two world wars, enlarged the range of pollut-
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ants released in the environment to organic compounds
(e.g. PAHs). The development of the organic chemistry
industry in this century lead to the commercialization of a
large number of new substances, some of which were
found to be toxic for the environment and animal life
(PCBs entered the market in the late 1920s and DDT in
the 1940s). In recent decades many xenobiotics have been
discovered, produced and released into the biosphere. It
has been calculated that about 1000 new compounds are
synthetized every year and 60-90 000 chemicals are cur-
rently commercialized (Alloway and Ayres 1997). The
discovery and utilization of nuclear energy has introduced
a large number of radionuclides of potential concern into
the environment. After the nuclear detonations that took
place from 1945 to 1960s, more recent nuclear testing and
three reactor accidents (Windscale — UK, 1957; Three
Mile Island Unit — USA 1979; and Chernobyl — Ukraine
1986) are the main sources of radionuclide emission. In
recent decades, urbanization and higher standards of liv-
ing in western countries have led to the production of
increasing amounts of waste in urban areas. Today, the
pollution problems arising from poor waste disposal prac-
tices have become crucial in discussions on environmental
sustainability.

The soil is a key component of natural ecosystems
because environmental sustainability depends largely on a
sustainable soil ecosystem (Adriano et al. 1998). Unlike
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Table 1. Suspected contaminated sites and estimated treatment costs in selected countries

Country Suspected Estimated treatment costs Source*
contaminated sites (1993, in billions US$)
Austria 3300 0.8 a
Belgium 8300 - b
Denmark 20 000 - a
Germany 100 000-200 000 6-110 a
Italy 5600 - b
Norway 25000 0.2 a
The Netherlands 110 000 28 a
UK 50 000-100 000 14-32 a
USA 35000 10 a

*Source: (a) Overcash (1996); (b) Eijsackers and Hamers (1993).

other environmental compartments (e.g. atmosphere,
water) pollutants have long residence times in soil. There-
fore, soil acts as a sink or a filter in which pollutants are
accumulated rapidly but depleted slowly. Purves (1972)
stated that ‘Contamination of soil with respect to copper,
lead and zinc appears to be virtually permanent.’

The decontamination of polluted soils is going to
become a social problem because of its importance for
environmental protection and human health and for its
economical relevance; an estimation of contaminated sites
and clean-up costs in some countries is presented in Table
1. There are strong indications that the number of contam-
inated sites, and therefore the treatment costs reported,
may be underestimated for some countries.

Public concern related to environmental and soil con-
tamination has led to the promulgation of national and
international regulation to reduce pollution and to remedi-
ate polluted sites. New technologies based on physical,
chemical, and biological processes to reclaim polluted
soils have been developed in recent decades.

This paper describes some legislative, scientific, and
technological aspects of soil contamination and remedia-
tion in relation to inorganic pollutants (i.e. trace elements)
in Europe and North America.

SOIL CONTAMINATION

Processes of contamination

Trace elements are ubiquitous in the environment and, in
normal condition, they are present in small amounts. Typ-
ically, the principal reservoir of trace elements is the geo-
logical substrate followed by the oceans, soil, biota and
atmosphere (Figure 1). An example of the relative distri-
bution among the environmental compartments is
reported for As in Table 2.
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Anomalously large concentrations of trace elements in
soils are caused by either anthropogenic or natural sources
(Figure 1). Natural inputs of trace elements to soil are due
to weathering processes, volcanic activities and wood/
plant burning. Anthropogenic sources of trace elements of
possible environmental concern are a consequence of the
Industrial Revolution and urbanization (Adriano et al.
1995). These sources are related to human activities such
as mining and smelter activities, fossil fuel combustion,
waste incineration and disposal, and agricultural practices
(fertilizers and pesticides).

The biogeochemical cycles of heavy metals have been
greatly accelerated by human activities. Sposito and Page
(1984) have calculated that anthropogenic emissions to
the atmosphere, for several heavy metals, are one to three
orders of magnitude larger than natural fluxes. Shotyk et
al. (1996) studied peat cores from a Swiss bog and found
that As, Sb, and Pb fluxes due to anthropogenic activity
have been exceeding natural fluxes for more than 2000
years. They determined present enrichment factors of the
order of 20 times for As, 70 for Sb, and 130 for Pb. The
modification of the natural cycle of heavy metals has led
to a situation in which the inputs of heavy metals in soils
generally exceed the removal due to harvests of agricul-
tural crops and the losses by leaching, volatilization, etc.
(Van Driel and Smilde 1990; Jones 1991).

Sources of pollutants are also commonly divided in
two categories: point sources and nonpoint sources
(Hemond and Fechner 1994). Point sources refer to dis-
crete and localized contamination processes. For example,
natural point sources are represented by particular pedog-
enic substrates rich in specific trace elements (i.e. metal-
liferous soils developed on serpentinitic rocks). Local
accumulations of pollutants may also originate from
human activities such as mining and smelter processes.
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Figure 1. A general biogeochemical cycle of trace elements

Table 2. As distribution among environmental
compartments (Mackenzie et al. 1979)

Reservoir Relative amount
to soil

Rocks 25000

Oceans 4

Soil 1

Biota (plants, animals, microorganisms) 0.0005

Atmosphere 0.000001

Nonpoint sources are related to diffuse processes or
human activities that cover large areas. Atmospheric
transport of volcanic emissions and fossil fuel combustion
are among the most common processes that disseminate
pollutants in the environment. Agricultural practices rep-
resent another example of nonpoint sources of contamina-
tion that involve large areas.

Point sources are generally responsible for large pollut-
ant concentrations in small areas, whereas nonpoint
sources are influenced by dilution effects. Until the
mid-1980s the more serious problems of pollution
occurred in developed countries with high population den-
sities (Barth and L’Hermite 1987; Merian 1991; Tolba and
El-Kholy 1992). Effects of emissions from nonpoint
sources in Europe and the USA have been detected even
in remote areas such as Antarctica. Bartnicki (1996) has
pointed out that, at a European level, the atmospheric
transport of heavy metals is a significant process: 30-90%
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of the metals emitted from each European country are
deposited in other states.

Since the mid-1980s, pollution levels have been dimin-
ishing in highly developed countries. For instance, As and
Pb deposition in forests in NW Germany, an area which
previously had been heavily impacted by emissions from
the Ruhr area, has decreased considerably since 1984
(Figure 2; Schulte et al. 1996; Schulte and Gehrmann
1996).
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Figure 2. Deposition rate of As and Pb in NW Germany
(modified from Schulte et al. 1996, Schulte and Gehr-
mann 1996).

Legislative aspects

Increasing public concern about the deleterious effects of
pollution on environmental and human health has led to
legislative actions aimed at controlling and regulating the
emission of potential pollutants into the environment. Par-
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Table 3. Summary of the EU directive 278/86 relative to the regulation of sewage sludge application in agriculture

Maximum permitted concentra-
tion in soil treated with sludge

Maximum permitted
concentration in sewage sludge

Maximum annual loading
(kg ha™l year'l)

(mg kg-1) (mg kg™

Cd 1-3 2040 0.15
Cu 50-140 1000-1750 12
Ni 30-75 300400 3
Pb 50-300 750-1200 15
Zn 150-300 25004000 30
Hg 1-1.5 16-25 0.1
Cr 100-150 - -

ticular attention has been directed to the sustainability of
agricultural ecosystems. The conservation of a healthy
agricultural ecosystem is a prerequisite for protecting the
foodchain from bioaccumulation of hazardous substances,
e.g. heavy metals. Inputs of heavy metals into agricultural
soils have been gradually raised over past decades due to
the increased use of fertilizers and pesticides, the disposal
of sewage sludge and augmented atmospheric deposition
(Berrow 1986; Sposito and Page 1984; Adriano 1986). On
the other hand, there is evidence that during the past 10—
15 years, the agricultural input of heavy metals has been
reduced in developed countries. The annual production of
sewage sludge is increasing as a consequence of the fast
growing world population and of stricter regulation of
wastewater treatments. A survey by the US EPA revealed
that in 1990 the US generated 8.5 million tons per year of
sewage sludge and by the year 2000 this amount will have
increased to 12 million tons (Hue 1995). The disposal of
sewage sludge to agricultural land has been the object of
intense discussion. Sewage sludges are potential fertiliz-
ers due to their content of N, P, and micronutrients and
may be used as a soil conditioner due to their high content
of organic matter. Moreover, the increasing cost of sludge
incineration and concern over the dumping of sludge in
the sea have made the agricultural use of sewage sludge
an economically viable option for its disposal. On the
other hand, the presence of potential pollutants in sewage
sludge has raised concerns over its repeated application on
agricultural land. There is evidence that heavy metal con-
centrations in plants can increase with the addition of
large amounts of sewage sludge (e.g. Keefer et al. 1986;
Chang ef al. 1987; Liibben and Sauerbeck 1991; Mench e?
al. 1994c¢).

In order to regulate the land application of sewage
sludge the EU, in the directive 278/86, has fixed limit val-
ues for concentrations of metals allowed in agricultural
soils treated with sewage sludge, the maximum permitted
heavy metal concentration in sewage sludge, and the max-
imum annual loading of heavy metals on agricultural
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soils. This directive regulates the maximum values per-
mitted by the EU but member states may adopt more
restrictive values (Art. 12 of the directive). As a result, the
limits in national legislation regulating the use of sewage
sludge in agriculture are inconsistent among EU coun-
tries.

The amount of sewage sludge applied to agricultural
land should be based on crop nutrient requirements (agro-
nomic rate) and must not endanger soil and water quality
(Art. 12 of the directive EEC 278/86). Different European
countries have regulated the maximum amount applicable
to land; for instance Italy has based its legislation on the
pH and CEC of the soil on which sewage sludge is applied
(Table 4).

Table 4. Soil parameters and maximum annual amount of
sewage sludge applicable to soil (Decreto legislativo 99/92)

pH <5 56 6-75  >1.5
C.E.C. (meq/100g) <8 8-15  >15 >15
tof dmha'y! 0 2.5 5 7.5

In the USA, upper limits for the concentration of trace
elements in sewage sludge and the maximum pollutant
loading of the soil are established in the Standards for the
Use or Disposal of Sewage Sludge (US Federal Register,
Feb. 1993). The basic principle for the application of sew-
age sludge on land is, as in the European perspective, the
‘agronomic rate’. The sewage sludges are divided into
two types (Class A and Class B) that relate to pathogen
standards, pollutant limits and vector reduction require-
ments. The maximum concentration of pollutants for
Class A and Class B sludge must be below the ‘concentra-
tion limit” and ‘ceiling limit’ respectively (limits listed in
Table 5). Both classes of sludge can be applied to land but
the use of Class B sludge must follow stricter rules. In any
case loading limits for given pollutants must not be
exceeded.
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Table 5. Summary of pollutant limit values from US EPA 40 CFR Part 503

Concentration Ceiling Maximum annual Maximum Maximum permit-

limit Class A concentration loading cumulative ted concentration

sludge Class B sludge (kg ha! y'l) loading (kg ha'l) in soil treated with

(mg kg™ (mgkg™) sludge (a) (mg kg™
As 41 75 2.0 41 20
Cd 39 85 1.9 39 20
Cr 1200 3000 150 3000 1500
Cu 1500 4300 75 1500 750
Pb 300 840 15 300 150
Hg 17 57 0.85 17 8
Mo(b) 18 75 0.90 18 9
Ni 420 420 21 420 210
Se 36 100 5.0 100 50
Zn 2800 7500 140 2800 1400

(a) Calculated from maximum cumulative pollutant loading limits without taking into account background concentration of the ele-

ments in soils (McGrath et al. 1994).

(b) Mo limits deleted on February 18, 1994 — Reproposal anticipated in 1997 (Forste 1995).

A comparison of Tables 3 and 5 indicates that the lim-
its imposed by EU and US legislation on the concentration
of pollutants in sewage sludge (Class A in the case of US)
fall in the same range. The European legislation is gener-
ally much stricter regarding the maximum annual loading
of pollutants and their concentrations in sludge-treated
soils. For example, the maximum permitted concentration
of Cd in sludge is similar in Europe and the USA (40 and
39 mg kg'1 respectively), but the maximum Cd concentra-
tion in soils for sludge application is 3 mg kg'1 in the EU
directive and 20 mg kg'1 according to the US rules. Maxi-
mum cumulative loadings for Cd are 0.15 and 1.9 kg ha’!
year'1 in the EU and US, respectively. In the case of Pb
the values fixed in the US are close to the generally
stricter values defined in Europe. The strict values fixed in
the US for Pb go back to several studies in the late 1980s
and early 1990s conducted in the USA that identified
childhood exposure to Pb as the cause of adverse effects,
including deficits in growth and stature, subtle learning
disabilities, and hearing impairment (ATSDR 1988;
Needleman et al. 1990). The differences between US and
European legislation can be explained by taking into
account the different approaches used to define the limits
for heavy metals in soil. The pollutant limits fixed in Part
503 of the US regulations are based on a multi-pathway
risk assessment. Each pathway protects a highly exposed
individual against a toxicity endpoint and the numerical
limit for a pollutant is derived from its most limiting path-
way. Therefore, the US regulation is primarily based on
human exposure to pollutants (Ryan and Chaney 1997). In
the EU and Canada, the zero to minimal risk-oriented pol-
icy approach is intended to protect all aspects of the eco-
systems.
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SOIL REMEDIATION

Legislative aspects

The formulation of legislative guidelines for soil remedia-
tion should be based on clear and unequivocal definitions
of contamination and pollution, and correct determination
of parameters, such as baseline and background levels.

A soil is contaminated when the concentration of one
or more contaminants exceeds the baseline level. Essen-
tial to this definition is the determination of reliable base-
line and background concentrations of contaminants.
Baseline concentrations for a contaminant can be defined
as the upper limit of the normal range of concentration, in
soils unaffected by human activity, on a global scale.
These values have been reported in several publications
(Adriano 1986; Kabata-Pendias and Pendias 1992; Tem-
merman et al. 1984). Background concentrations refer to
the common concentrations of contaminants in soil not
affected by anthropogenic contamination, in a defined
area. Therefore, background concentrations are related to
the parent material and the soil profile. These definitions
imply that if the background concentration of a contami-
nant is higher than the baseline concentration, a soil can
be contaminated due to natural sources. For instance, soils
developed on serpentinitic parent material display concen-
trations of Ni and Cr well above the baseline concentra-
tion. These soils are therefore contaminated as a result of
natural conditions. On the other hand, human activities
have generated widespread contamination and, also in
pristine areas, the contaminant contents are not necessar-
ily ‘natural’ (Davies 1992). An example in accordance
with the above definition of uncontaminated and contami-
nated soils is given for As in Figure 3. The geogenically
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Figure 3. Arsenic concentrations in
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Figure 4. Conceptual description of the threshold limits proposed by Eikmann and Kloke (1991)

contaminated soil is shown as an even As distribution
along the profile whereas in the anthropogenically con-
taminated soil As concentrations exceed the baseline con-
centration only in the top layers.

A generally accepted definition of pollution can be
related to a situation in which the level of contamination
as a result of human activity is detrimental to organisms
(Adriano et al. 1995; Davies 1992). However, this defini-
tion may not be satisfactory in specific cases. In fact, soil
heavily contaminated by natural sources cannot be classi-
fied as polluted, even in the case in which detrimental
effects on organisms are evident. Moreover, the response
to specific contaminants can vary considerably among dif-
ferent organisms. In accordance with the above definition
the soil geogenically enriched in As shown in Figure 3
would be considered contaminated but not polluted even
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though leaching of As to fresh water is evident. Arsenic
concentration in surface water exceeded the Austrian
drinking water standard (30 pg 1'1) by over ten times.

In recent years environmental legislation has had to
deal with the problem of contaminated or polluted soils
and their remediation. The need for soil remediation
depends primarily on the nature of the contaminant (toxi-
cology and ecotoxicology) and the land use. However,
public perceptions and political considerations can play a
key role in the decision-making process in relation to soil
remediation. In the absence of national legislation on
clean-up levels (remediation levels), many states in the
USA have promulgated their own standards. The concep-
tual backgrounds used to identify such standards are based
on different assumptions. Consequently, the clean-up lev-
els for contaminants may vary (Bryda and Sellman 1994).
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The situation in Europe is similar: in the absence of con-
certed recommendations at EU level, individual countries
have adopted different clean-up values. One of the most
comprehensive collections of threshold values for trace
elements in soil was published in Germany by Eikmann
and Kloke (1991). The authors define reference, tolerable,
and remediation values of trace element concentrations in
soil as related to land use (Figure 4). These values can be
defined as follows:

maximum soil concentration of a
specific contaminant that allows
non-limited multifunctional use of
the land. It can be assimilated to
baseline level.

Reference values:

maximum soil concentration of a
specific contaminant in relation to
specific site- and endpoint-related
land use. Above this value remedi-
ation is not immediately required
but monitoring or changing the
land use is demanded.

Tolerated values:

Remediation values: threshold values, related to land
use, above which risk assessment
and subsequent remediation is nec-

essary.

The threshold values proposed by Eikmann and Kloke
(1991) are based on the total concentration of trace ele-
ments in soil (Table 6).

These values are based on the total content of trace ele-
ments and therefore do not take into account the differen-
tial mobility and bioavailability of the elements in
different soils. Soil characteristics such as pH, CEC, redox
potential, texture, the content and type of clays, oxides
and organic matter have strong influence on the fate of
trace elements in soil. For instance, a soil which is rich in
clays, oxides and with a pH over seven will be able to
immobilize heavy metals more efficiently than a sandy,
acidic soil.

In other legislation the effect of soil type on the mobil-
ity of trace elements was considered in determining the
threshold values for remediation. In Dutch legislation
adopted in 1994, for example, the target and intervention
values are dependent on soil type. This is achieved by
means of a so-called ‘soil type correction formula’ that
considers soil organic matter and clay content.

In Germany, Pruess (1994, 1997) proposed reference,
intervention and threshold values for agricultural soils
based on the 1 M NH4NO; — extractable fraction instead
of the total amount (Table 7). This recommendation has
been accepted as a Deutsche Industrie Norm (DIN
19730). Different endpoints are considered: quality of
food and fodder crops, plant growth, microbial activity
and water quality (Table 7). The concept here is that pol-
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lution can be linked to water quality and not just to detri-
mental effects on organisms.

Remediation technologies

Increasing public (and political) concern about environ-
mental pollution and the new findings on pollutant effects
on environmental and human health have led to the devel-
opment of remediation technologies. In the USA, since
the Superfund Amendments and Reauthorization Act
(SARA) was enacted in 1986, soil remediation technolo-
gies have been improved and intensively tested (Iskandar
and Adriano 1997; Houthoofd et al. 1991; US EPA
1992a). Once a soil has to be remediated the key issue is
‘which is the most appropriate technology to be used?’
The US National Contingency Plan (NCP) proposed nine
possible criteria to select a remedy (Lafornara 1991):

the overall protection of human health and the envi-
ronment;

compliance with applicable or relevant and appropri-
ate requirements;

long-term effectiveness and permanence;

reduction of toxicity, mobility, and volume through
treatment;

short-term effectiveness;

implementability;

cost;

state acceptance;

community acceptance.

In the UK, three criteria that influence the choice of
remediation techniques are considered (Beckett and Cair-
ney 1993):

cost-effectiveness;
speed of reclamation;
flexibility.

These criteria limit the use of technologies such as bio-
and phytoremediation that, though well accepted by the
community, require more time than well-established engi-
neering technologies.

A general description of the most common reclamation
technique follows below. The technologies presented will
be grouped according to the underlying processes.

Physico-chemical processes

Physical barriers

Physical processes include containment technologies
based on the use of physical barriers to prevent contami-
nant migration due to groundwater flow. Containment
technologies include both surface capping or subsurface
barriers (vertical and horizontal) that limit infiltration of
uncontaminated surface water, or reduce lateral or vertical
migration of contaminated groundwater (Smith et al
1995). These technologies are used when subsurface con-
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Table 6. Land use and endpoint-related orientation value (mg kg'l) for trace elements in soils (Eikmann and Kloke 1991)

Land use Value As Be Cd Cr Cu Hg Ni Pb Se Tl Zn
Multifunctional land use ~ Ref.V. 20 1 1 50 50 0.5 40 100 1 0,5 150
Children’s playgrounds Tol.V. 20 1 2 50 50 0.5 40 200 5 0,5 300
Rem.V 50 5 10 250 250 10 200 1000 20 10 2000
Backyards Tol.V. 40 2 2 100 50 2 80 300 5 5 300
Rem.V 80 5 5 350 200 20 200 2000 10 20 600
Sports grounds Tol.V. 35 1 2 150 100 0.5 100 200 5 2 300
Rem.V |90 2.5 5 350 350 10 250 1000 20 20 2000
Parks and recreational Tol.V. 40 5 4 150 200 5 100 500 10 5 1000
areas; unconsolidated, Rem.V 80 15 15 600 600 15 250 2000 50 30 3000
nonvegetated soils
Industrial sites and staple Tol.V. 50 5 10 200 300 10 200 1000 15 10 1000
grounds (non-paved) Rem.V 150 20 20 800 1000 20 500 2000 70 30 3000
Agricultural soils Tol.V. 40 10 2 200 50 10 100 500 5 2 300
Rem.V 50 20 5 500 200 50 200 1000 10 20 600
Non-agricultural ecosys-  Tol.V. 40 10 5 200 50 10 100 1000 5 2 300
tems Rem.V 60 20 10 500 200 50 200 2000 10 20 600
Table 7. Proposed values after Pruess (1994). Data in pg kg‘l
Element | Reference Intervention value? / Threshold value’
value!
Quality of Quality of Plant growth Activity of Water quality
food crops fodder crops micro-
organisms
topsoil subsoil
<30cm >30cm
Ag 1.5/1.5 . . . 5 5 1.5
As 40/ 60 100 100 600 . 100 50
Be 0.4 /60 . . . . 60 15
Bi 1/3 . . . . . .
Cd 3/80 20/300r90  20/300r90 . . 80 25
Co 20/ 500 . 150 500 . 500 150
Cr 10/50 . . 50 100 100 15
Cu 250/ 400 . 800 /2500 2000 1000 1000 400
Hg 1/1 5 5 . 5 5 1
Mn 3000/ 30 000 . . 30 000 . . .
Mo 10/110 . 500 2 . . .
Ni 200/ 1000 . . 1000 . 1000 600
Pb 3/3000 300/ 10 000 300/ 10 000 . . 3000 200
Sb 5/40 . . . . 1000 40
Sn 1/1 . . . . . .
Tl 10/50 30/100 30/100 . . . 30
U 3/5 . . . . 25 5
v 15/40 . . . 100 100 30
Zn 100 / 5000 . 5000 10 000 . 5000 1500

1. pH-dependent, only the concentration for the smallest and largest pH value is presented.

2. Limit above which risk assessment is required.

3. Limit above which the concentration in plant products exceeds threshold limits according to the German legislation.

» Impact on specific soil function is not known or is evident only above the largest intervention value.
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tamination precludes excavation and removal of the soil.

Separation/concentration processes

These methods aim to concentrate the pollutant in a
smaller amount of material that can be eventually treated
with other processes to reduce the hazard related to the
pollutant or can be reused to recover valuable contami-
nants. These processes can be classified according to
Smith et al. (1995) as in situ and ex situ technologies.

Ex situ technologies

After soil excavation, separation can be achieved by tech-
niques based on the physical properties of the particles.
These systems are useful in two situations: (a) when the
pollutant is present in the form of discrete particles in soil;
(b) when the pollutant is concentrated in specific parti-
cle-size fractions, as is common for trace elements in the
fine fraction of soil (Helmke et al. 1977; Lombi et al.
1998).

The costs range between $27 to 180/t according to the
technology used (Iskandar and Adriano 1997).

The pollutant-rich fraction physically separated can be
processed to recover valuable metals using pyrometallur-
gical or hydrometallurgical separation techniques. The
first is based on high-temperature processes that volatilize
elements such as As, Cd, and Pb which can be recovered
by filtration. Nonvolatile metals (Ni, Cr) remain in the
furnace and are recovered by slagging. Hydrometallurgi-
cal processes involve the use of leaching solutions to
recover metals.

In situ technologies
These technologies include soil flushing and electroki-
netic treatment.

Soil flushing is based on leaching with water, acid or
basic aqueous solution, chelating, reducing or complexing
agents, and surfactants. The choice of the washing solu-
tion has to address the pollutant present in the soil and the
possible environmental side effects. The contaminated
fluid is collected and pumped to the surface where it can
be recirculated, removed, or treated and reinjected. Sub-
surface barriers may be used to simplify fluid collection
and avoid deep percolation. This technique may be
employed in in situ treatment of soils polluted with organ-

ics, metals and radionuclides. Estimated costs range from
$100 to 260 m> (US EPA and US Air Force 1993).

Electrokinetic technology is based on the movement of
ions due to the application of an electric field. This field is
generated by anodes and cathodes placed in the soil. As a
consequence, anions migrate to the anodes and cations to
the cathodes. The cathode and anode can be equipped
with different circulation solution systems in order to
maximize the recovery of specific ions. Undesirable
effects are associated with the electrolysis of water (Acar
and Alshawabkeh 1993). This may lead to the formation
of an acid front in the vicinity of the anode due to evolu-
tion of oxygen and the production of hydrogen ions. Simi-
larly, the formation of hydrogen gas (which escapes) and
hydroxide ions may increase the pH in the cathode zone to
above 13 (US EPA 19905).

Soil amendments

Contaminated soils have classically been ameliorated
using amendments such as lime, phosphate, and organic
matter (Kabata-Pendias and Pendias 1992). The addition
of lime generally reduces the bioavailability of heavy met-
als (Benninger-Traux and Taylor 1993; Marschner et al.
1995). In some cases, however, depression of crop yields
due to overliming and a long-term increase in the
exchangeable amount of Zn were observed (Han and Lee
1996; Chlopecka and Adriano 1996).

Zeolites are hydrated aluminosilicates that have been
used as a molecular sieves for water treatment. Zeolites
possess a high CEC (Gworek 1992a,b; Loizidou et al.
1992) and a selective sorption for several heavy metals
(Cd, Cu, Pb, Zn). These materials were found able to
reduce the amount of heavy metals in plant tissues
(Gworek 1992a,b; Rebedea and Lepp 1994; Chlopecka
and Adriano 1996). Similar effects were achieved with
oxy/hydroxides of Al, Mn and Fe (McKenzie 1980; Fu et
al. 1991; Mench et al. 1994a,b). Recently, byproducts of
industrial processes such as beringite and steel shots have
attracted attention for their affordable cost and ability to
immobilize heavy metals (Vangronsveld et al. 1990,
1995a,b; Mench et al. 1994a,b; Sappin-Didier 1997).
Field applications of these materials have already demon-
strated their usefulness in reclaiming soil contaminated
with heavy metals as a consequence of smelting activities

Table 8. Physical separation techniques based on particle characteristics (modified from Smith ez al. 1995)

Particle characteristic Technique

Basic principle

Particle size Screening
Particle density

Surface properties Froth flotation

Magnetic properties Magnetic separation

Sedimentation/thickening

Sieving of the material
Gravity separation

Particles are attracted to bubbles due to
their surface properties

Magnetic susceptibility
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(Vangronsveld et al. 1995a,b, 1996) and massive applica-
tions of sewage sludge (Boisson ef al. 1998).

Chemical treatments

Chemical treatments aim to reduce the bioavailability/
mobility of contaminants upon reaction with specific rea-
gents. The reactions include chemical oxidation, reduction
and neutralization. Oxidation treatment can reduce the
toxicity of As by transformation of As (III) to the less sol-
uble (Deuel and Swoboda 1972) and toxic (Ferguson and
Gavis 1972) As (V). Reduction treatments can target the
transformation of Cr (VI) to Cr (II); in this case it is the
reduced species that is less toxic and mobile (Peterson and
Girling 1981). Neutralization treatments reduce the toxic-
ity of pollutants by adjusting soil pH. This technique is
based on the different bioavailability/mobility of pollut-
ants depending on pH condition. For instance, heavy met-
als are in general more mobile in acidic than in alkaline
conditions (Adriano 1986). The choice of the chemical
reagents has to take into consideration all possible side
effects on the environment (Smith ez al. 1995).

Solidification/stabilization (S/S) technologies
Polymer microencapsulation

This technology is based on the physical encapsulation of
polluted soil in water-insoluble organic resins or asphalt.
It involves the mixing of the waste material with the resin
at an elevated temperature. The presence of excessive
organic pollutants may limit the use of this method. Poly-
mer microencapsulation is particularly suitable for water
soluble salts (chlorides, sulphates), As and Cr that are
generally difficult to immobilize in cement-based proc-
esses (Kalb et al. 1993). The costs are in the range of
$45-91/t which does not include excavation and backfill-
ing (US EPA 1977; Brenner and Rugg 1982).

Cement-based stabilization technologies

These methods are based on the treatment of contami-
nated soils with inorganic materials such as cements and
siliceous pozzolans. This technology can be employed in
situ or to excavated material. As a result, the mobility of
the contaminant is reduced by physical and chemical
processes. Solidification of the polluted substrate with
cement restricts its contact with groundwater and air.
Cement and siliceous pozzolans react with metals and
cause the formation of hydroxides, carbonates, and sili-
cates of very low solubility. This treatment is not efficient
for metals that form soluble hydroxides (e.g. Hg) or for
anions (US EPA 1990q). It should be noticed that the mix-
ing process and the heat generated by cement hydration
reaction can increase the vaporization of organic pollut-
ants (Ponder and Schmitt 1991; Shukla ef al. 1992; Weitz-
man and Hamel 1990). Depending on the technology
considered, the treatment costs may range from $66 to
186/t (Smith et al. 1995).
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Vitrification technologies

These technologies are appropriate for in situ treatment or
for vitrification of excavated materials. In either case, the
soil is melted and the pollutants are incorporated in a sta-
ble vitreous mass. The large amount of glass-forming
materials, such as silica, in soil make this substrate ideal
for this technology without pre-treatment. In the case of in
situ processes it is achieved by electric melter technology.
Resistance heaters are placed in the soil to initiate the
melting process. In ex situ treatments the soil is first exca-
vated and then the process of vitrification takes place in a
glass melter, heated for example by fossil fuels, or in
plasma centrifugal furnaces. Arsenic, lead, selenium, and
chlorides are incorporated less efficiently than other inor-
ganic pollutants. The costs in case of vitrification of exca-
vated materials are reported to be in the range of
$425-545/t (US EPA 1992b); in situ vitrification can be
expected to cost $325-350/t (US EPA 1992b).

Biological processes

Bioremediation

Biological technologies for remediation take advantage of
the pathways developed by microorganisms to protect
themselves from metals. Common protection mechanisms
include oxidation/reduction, sorption and methylation.
Biotechnologies that incorporate these mechanisms are in
an advanced state of development for the remediation of
organic compounds but experience is limited for inorganic
contaminants. Processes such as bioleaching, biosorption,
biovolatilization, and biological oxidation and reduction
may provide in situ treatments without the use of environ-
mentally aggressive chemicals. In the case of Se-contami-
nated soils, Terry and Zayed (1994) showed that
volatilisation of Se was primarily localized in the rhizo-
sphere. This process is probably enhanced by bacteria liv-
ing in the rhizosphere or in the intercellular space inside
the roots. A better understanding of the processes
involved may open new opportunities for remediation of
Se contaminated soils.

Phytoremediation

Based on traditional terminology (Baker et al. 1991;
Raskin et al. 1994), phytoremediation refers to technolo-
gies that use green or higher terrestrial plants for treating
chemically or radioactively polluted soils.

Basically, there are four fundamental processes by
which plants can be used to remediate soil contaminated
with trace elements (Salt ef al. 1995). These processes
result in the plant-based containment or removal of the
soil pollutant (Wenzel et al. in press).

Containment processes:

» Phytoimmobilization processes prevent the movement
and transport of dissolved contaminants using plants to
decrease the mobility of pollutants in soils. This is a
modified view of the definition of phytostabilization as
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proposed by Raskin et al. (1994) and Cunningham et
al. (1995).-

Phytostabilization, as defined here, uses pollutant-tol-
erant plants to mechanically stabilize polluted soils to
prevent bulk erosion and airborne transport to other
environments. In addition, leachability of pollutants
may be reduced due to higher evapotranspiration rates
relative to bare soils.

Removal processes:

Phytoextraction processes extract both metallic and
organic constituents from soil by direct uptake into
plants and translocation to above-ground biomass (Salt
et al. 1995);

Phytovolatilization processes involve specialized
enzymes that can transform and volatilize contami-
nants in the plant — microbe — soil system (Meagher
and Rugh 1996; Schnoor et al. 1995).

Because of the plant-microbe interactions involved,
such as the association of fungi and bacteria with plant
roots, i.e., in the rhizosphere, plant-based clean-up tech-
nology has been referred to as a plant-microbe treatment
system.

Enhancement of phytoremediation processes may be
achieved by improving plant properties, soil conditioning
and management practices. Depending on the phytoreme-
diation process and pollutants involved, enhancement of
plant properties can focus on modification of the
above-ground biomass (e.g. increasing it for phytoextrac-
tion) and/or modification of the root/rhizosphere system
(e.g. morphology, surface area, microbe associations, root
exudates). Plant properties may be improved using breed-
ing or genetic manipulation. The transfer of hyperaccu-
mulating genes from endemic hyperaccumulating species
into high biomass plants may be achieved by using
somatic hybridization of high biomass / hyperaccumulat-
ing plants, or by single gene transfer using modern genetic
manipulations. Somatic hybridization between the high
biomass crop Brassica napus and Thlaspi perfoliatum, a
close relative of several hyperaccumulating species, has
already been demonstrated (Fahleson et al. 1994). This
infers the feasibility of this approach and indicates that it
may be possible to hybridize other high biomass /
metal-accumulating species, such as Brassica juncea
(Kumar et al. 1995), with T. caerulescens, a known hyper-
accumulator of Zn and Ni (Baker and Brooks 1989; Baker
et al. 1994), to develop effective phytoextractors.

Hyperaccumulator plants generally need elevated lev-
els of essential metals to grow well. This can be due to the
fact that their exceptional mechanisms of tolerance are
active even at low concentration. Therefore, natural
hyperaccumulator plants or genetically engineered plants
will be probably confined to the contaminated site and
will not become a weed problem (McGrath 1998).
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The soil bioavailability of chemical elements, and
therefore also pollutants such as heavy metals, is strongly
related to pH. Plant roots are able to markedly change the
pH in the rhizosphere. Moreover, the rhizosphere pH can
be, to some extent, controlled using different N fertilizers.
Neng-Chang and Huai-Man (1992) pointed out that Cd
extractability in the rhizosphere was controlled by pH,
and changes in pH in the rhizosphere were closely related
to the balance between the uptake of anions and cations.
They suggested the use of alkaline fertilizer to reduce the
mobility of toxic metals in the soil. Another important
aspect of the rhizosphere is the interaction between myc-
orrhizal fungi and plant roots. Mycorrhizal plants are of
great interest in phytoimmobilization since mycorrhizae
can bind metals and limit their translocation to shoots
(Leyval et al. 1997). Since the management of soil micro-
organisms, including mycorrhizal fungi, is a prerequisite
for the success of future restoration programmes (Hasel-
wandter 1997), more in-depth studies of the relationships
between roots and microorganisms in the rhizosphere are
urgently required. Release of chelating substances, such
as organic acids, is another mechanism that plants use to
enhance mobility of elements in the rhizosphere.

Chemical conditioning by adding acids, lime, or
organic matter directly alters the soil chemical milieu, e.g.
pH, redox and the concentration of complexing / chelating
agents in solution and in the soil solid phase. As men-
tioned, this may influence nutrient bioavailability to
plants and microorganisms, but equally important, may
directly change the mobility / bioavailability of the pollut-
ants. Materials commonly used for soil conditioning /
amelioration are organic matter (peat, sewage sludge,
composts of biowaste, etc.), lime, gypsum, clay minerals
and occasionally oxides. In addition, inorganic by-prod-
ucts from industrial processes such as from olive oil pro-
duction (Madrid and Diaz-Barrientos 1994) or flue dust
may be considered, although these materials may contain
considerable amounts of metals (Carlson and Adriano
1993). Synthetic chelators, e.g. EDTA and DTPA have
been applied in micronutrient fertilization and were
recently found to increase Cd uptake in Brassica juncea, a
strong candidate for phytoremediation (Salt et al. 1995).
Application of 10 mmoles kg'1 of EDTA to soil contain-
ing 1200 mg kg'l Pb resulted in the accumulation of
16 000 mg kg'1 Pb, on a dry weight basis, in Brassica jun-
cea shoots (Baylock et al. 1997). Lead accumulation in
shoots of Zea mays L. cv. Fiesta was increased from
40 mg kg'1 for the control to 10 600 mg kg'1 for the soil
treated with 2 g kg HEDTA (Huang et al. 1997).

One of the main problems related to phytoremediation
is the long time required by this technology. McGrath et
al. (1993) calculated that it would take nine years to
reduce Zn concentration in soil from 440 pg g'1 to 300 pg
g'l using Thalspi caerulescens. On the other hand, this
technology is well accepted by the public and the costs are
deemed to be low (in the range of $80/m?).
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