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Let no one say that I have said nothing new… 
 the arrangement of the subject is new. 

Blaise Pascal 
PREFACE   

In the search for cost effective soil remediation methods, stabilization can provide a 
suitable solution for trace element-contaminated soil. Although a number of laboratory and 
field experiments have been performed in various countries, the method is still in its 
developmental stage. Literature concerning stabilization applications published over the 
past five years were summarized in Paper I, which focuses on the types of soil amendments 
tested for immobilization of five soil contaminants: As, Cr, Cu, Zn and Pb. A pilot scale 
field experiment was set at LTU to assess the method efficiency for in situ remediation of 
Cu and Pb contaminated soil (Paper II). The efficiency of Fe0-treatment of Cr, Cu, As and 
Zn contaminated soil was assessed using chemical, biochemical and biotoxicity tests (Paper 
III and IV). The impact of soil properties on the retention of Cr, Cu, Pb and Zn leached 
from municipal solid waste incineration bottom ashes was evaluated in Paper V. 
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SUMMARY 

Stabilization is a soil remediation method used to reduce the mobile and bioavailable 
contaminant fraction in soil by trace element-immobilizing amendments. It has recently 
been considered as a possible alternative to conventional soil remediation techniques (e.g.
excavation and disposal at landfills), since the risk to human health and the environment 
arises from the contaminant bioavailability and not from its total concentration in soil.  

Three types of amendments were tested for their abilities to reduce contaminant mobility in 
soil: zerovalet iron (Fe0) in the form of iron grit, coal fly ash (CFA) from wood and coal 
combustion, and natural organic matter – peat (OM). The stabilization of the soils 
contaminated with Pb and Cu (soil S) and wood impregnation chemical CCA (soil R), as 
assessed by batch leaching tests and the pilot scale field (lysimeter) experiment, 
significantly reduced the leaching of all analyzed elements. Treatment efficiency decreased 
in the following order (%): Pb(>99)>Cu(98) in soil S and As(99) Zn(99)>Cu(93)>Cr(57) 
in soil R. 

Critical factors controlling element mobility in the Fe0-treated soil R were identified by a 
factorial design of experiment. Five factors were selected, namely pH, liquid-to-solid ratio 
(L/S), redox potential (Eh), microbial activity (MA) and organic matter (OM) content. 
Among these, pH was the most important factor controlling the mobility of Cr, Cu and Zn 
in the treated soil. Low pH caused remobilization of these elements. L/S and MA were the 
most influential for As stability. The mobility of As in the treated soil was low at low L/S 
and the presence of MA but considerably increased at the opposite levels of these factors.  

The results on As leaching obtained by the standard compliance batch leaching test may 
not be reliable if the As-contaminated soil, even after stabilization with Fe, is disposed of at 
an anaerobic landfill. Limited air access interferes with the stability of Fe oxides and 
substantially increases the risk of As release. 

The stabilization method of the CCA-contaminated soil with Fe needs further 
improvements despite the future utilization of treated soil. Neither in situ application (due 
to the high bioaccessibility and potential mobility of Cu along with access of percolating 
water) nor disposal at traditional anaerobic landfills (due to remobilization of As) are yet a 
safe option for handling Fe-treated soil. By contrast, the amendment of Cu and Pb-
contaminated soil with CFA-OM reduced the metal mobility, as estimated by different 
physico-chemical methods, facilitated the soil revegetation with grass, and reduced the soil 
toxicity to plants and bacteria, thereby showing that this can be a suitable method for in situ
soil remediation of Cu and Pb contaminated soil, even at high total concentrations of the 
metals.  

Further development of the stabilization technique may help to achieve the environmental 
goal of a Non-Toxic Environment, since stabilization can reduce the risk that contaminants 
pose to human health and the environment by modifying their mobility and availability in 
soil.
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1. INTRODUCTION 

Trace element contaminated soil is a common problem faced by many countries. In 
Sweden alone, soil remediation using conventional techniques (excavation and landfilling) 
is estimated to cost billions of SEK.  

It has been recognized that the risk of a contaminated site to the environment and humans 
is not proportional to the total trace element concentrations in soil. Bioavailability of the 
elements is the main risk-defining factor, meaning that a trace element becomes harmful 
only if an organism assimilates its elevated concentrations. However, there are no simple 
analysis methods to quantify a bioavailable element fraction that could provide results 
extrapolative to all living organisms. Instead, assuming that an element bioavailability is 
correlative to its solubility and consequent mobility, various leaching tests, chemical 
extractions and bioaccessibility determinations are being used to predict risks related to the 
contaminant behavior under specific environmental conditions.  

Certain legislation has already been adapted as a result of this knowledge, e.g. Council 
Directive (1999/31/EC) on the landfill of waste, according to which waste before 
landfilling is characterized by the leachable, not the total, trace element concentration. This 
also prompted a development of innovative soil remediation techniques, such as a 
stabilization of contaminated soil.  

Stabilization is a soil remediation method used to reduce the mobility and bioavailability of 
a contaminant by changing its chemical state using soil amendments, e.g. iron oxides, 
alkaline materials, organic matter, etc. The method is therefore called chemical 
stabilization or immobilization of trace elements in soil. It is a mild remediation technique 
based on the naturally occurring processes in soil; hence, also called assisted natural 
remediation (Adriano et al., 2004). 

Contrary to most soil remediation techniques, stabilization aims to keep the total 
contaminant concentration in soil constant. Any significant increase or decrease of the total 
contaminant concentration would be due to an inappropriate choice of amendments when, 
for example, the amendments themselves are a source of contamination or a leaching of 
trace elements is actually increased by the soil additives.  

The prediction of soil stability and contaminant mobility in a long-term perspective is a 
critical point for method acceptance. Selected tests should be relevant to estimate 
contaminant mobility under particular field scenarios that the stabilized soil would be 
exposed to. However, no common methodology has yet been developed to assess the 
chemical stabilization efficiency.  
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2. THE SCOPE OF THE THESIS 

This study deals with the remediation of trace element contaminated soil by the chemical 
stabilization technique. The objective is to complement the knowledge about possibilities 
of applying soil stabilization as either (1) an alternate soil remediation method to 
excavation and landfilling or (2) for a pre-treatment of contaminated soil before landfilling.  

The following questions cover the focus of the thesis: 

1. How efficient is the stabilization in a multi-element contaminated soil amended 
with iron and a combination of coal fly ash and natural organic matter? 

2. What are the main factors controlling trace element leaching and what methods are 
relevant for estimating their effects in the treated soil? 

3. What hinders the use of the stabilization technique in large scale applications? 

3. MATERIAL AND METHODS 

3.1. Soil 

Soil samples for the laboratory and pilot scale field experiments were collected at two 
contaminated sites in Sweden. The first sample, contaminated with copper (Cu) and lead 
(Pb), was collected at a Cu ore transshipment station in Slagnäs (thereafter called soil S). 
The other four samples, containing elevated concentrations of arsenic (As), Cu, chromium 
(Cr) and zinc (Zn), were taken from a former wood impregnation industrial site in 
Robertsfors (thereafter called RI, RII, RIII and RIV). The main soil properties are 
summarized in Table 1. 

Table 1 Main properties of the soil samples used in laboratory and pilot scale field 
experiments. 

  Amount   Soil properties Unit S RI RII RIII RIV 
 pH (1:2 H2O) - 4.1 4.9 5.6 6.3 6.2 
 EC  S/cm 83 74 7.0 59.5 53.8 
 OM % 1.4 3.9 1.9 1.6 5.2 
Elements (total) mg/kg dw    ±SD, n=3   
  As “ 12±5 5904±194 4673±194 1400±350 130±32 
  Cr “ 11±1 3829±161 2181±74 670±167 94±23 
  Cu “ 248±8 1509±90 1379±36 690±172 80±20 
  Zn “ 181±2 79±6 562±21 210±52 41±10 
  Pb “ 2557±366 - 15±1 11±3 13±3 

  EC = electrical conductivity; OM = organic matter; - = not determined. 



Assessment of trace element stabilization in soil 

Jurate Kumpiene, Division of Waste Science & Technology, LTU, 2005 

3

3.2. Soil amendments 

The soil amendments tested were natural organic matter – peat (OM), obtained from 
Norrlandsjord, Sweden; unweathered coal fly ash (CFA), an industrial by-product from 
wood and coal combustion at Öresundskraft, Sweden (for chemical analyses refer to Paper 
II); and metallic or zerovalent iron (Fe0), an angular cast steel abrasive obtained from 
Wheelabrator Allevard Enterprise, France (Table 2).  

Table 2 Main particle fractions and percent of metallic iron in the materials. 
Main fraction Material  Supplier 

Size, mm Weight% 
Amount  

of Fe0, %
A Wheelabrator Allevard Enterprise, France <0.1 93 97 
B SSAB Merox AB, Sweden <1 98 97 
C Höganäs AB, Sweden <0.045 82 91 

Additional screening tests were made using Fe0 from several suppliers in Sweden (Table 
2), as well as Fe oxides, a by-product (oxygen scarfing granulate, OSG) from the steel 
production industry (Ovako Steel AB, Sweden), Table 3. 

Table 3 Particle size distribution and chemical composition of oxygen scarfing granulate. 
Oxygen scarfing granulate (OSG) Fraction, weight% 
Particle size, mm  Coarse Fine 

> 5.6 15 0 
1-5.6 55 11 
   < 1 30 89 

Chemical composition  
Fe2O3 35 
FeO 34 
Fe0 28 
Cr2O3, Cr0 1.2 
MnO 0.5 

3.3. Soil stabilization  

Air-dried, homogenized soil samples were mixed with amendments. The soil S was mixed 
with 5% (by dry weight) CFA and OM separately and in combination. The soil R was 
blended with Fe0 (A) as follows: RI – 1% (Fe/As=2), RII – 0.75% (Fe/As=2), RIII - 0.5% 
(Fe/As=5) and RIV – 0.5% (Fe/As=50). The mixed samples and untreated soils were 
moistened at 50-70% of the soil water holding capacity and left at room temperature for 
two weeks.  
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3.4. Evaluation methods 

The methods used to estimate the soil stabilization efficiency are summarized in the 
following paragraphs. Detailed descriptions of each test are given in the respective papers. 

Batch leaching test. A standard compliance batch leaching test (NT ENVIR 005) was 
applied in all experiments. A two-step leaching test at liquid-to-solid ratio (L/S) 2 and 10 
was used for soils S and RI (Papers II and III). One step leaching tests were applied for RII 
(L/S 2) and for soils RIII and RIV (L/S 10) (paper IV). For the last two samples, an 
additional batch test was applied by modifying the agitation and atmosphere in the bottles.  

Sequential extraction. Developed by Tessier et al. (1979), the sequential chemical 
extraction method with a modified extraction of the residual fraction was applied to obtain 
information on the element fraction distribution in the soil before and after the soil 
treatments (Papers II and III). 

Field lysimeters. The soil S was used for a pilot scale field experiment. Polyethylene 
lysimeters (4 x 100 l) were filled with the untreated and treated soils. The lysimeters were 
placed outside and exposed to natural precipitation and temperature. Leachate samples 
were collected on 10 occasions over a 500-day period (Paper II).  

pHstat leaching tests. The untreated soil S and the soil treated with CFA-OM were leached 
for 24 h at L/S 10 in a pHstat mode by adding acid (1 M HNO3) to maintain pH 3 or base (1 
M NaOH) to maintain pH 7 (Paper II). Leaching of the treated soil RII was carried out 
according to the factorial design (Paper IV). The predefined pH-values (3, 5, and 8) were 
maintained during 24±1 h of leaching by adding acid (1 M or 0.1 M HCl) or base (1 M or 
0.1 M NaOH).

Pore water analysis. Rhizon soil moisture samplers (Eijkelkamp, The Netherlands) were 
used to collect soil pore water from the columns containing treated and untreated soil RI 
(Paper III).

Physiologically based extraction test (PBET). The one-step PBET was adopted from 
Geebelen et al. (2002) to simulate gastric conditions of a human stomach: 0.35 g soil was 
shaken (30 rpm) with 35 ml 0.4 M glycine (pH 2.2) for 1 h at 37 ºC in a water bath. The 
test was used to quantify the bioaccessible contaminant fraction in case of direct soil 
ingestion by humans (Paper III).  

Geochemical equilibrium modeling. Mineral saturation indexes (SI) were calculated using 
the equilibrium geochemical speciation modeling (PHREEQC) and MinteQ database. The 
data for the calculations were based on the composition of leachates collected from the 
lysimeters with soil S and included pH, Eh, t°C, and the concentrations of Cu, Pb, Al, Ca, 
Cd, Cr, Fe, K, Mg, Mn, Na, Zn, Cl, S and inorganic carbon (IC) (Paper II). For soil RI, the 
composition of the pore water was used for calculations including pH, Eh, t°C and the 
concentrations of Cr, Cu, Ni, Al, As, Fe, K, Mg, Mn, Na, Pb and Zn (Paper III). 



Assessment of trace element stabilization in soil 

Jurate Kumpiene, Division of Waste Science & Technology, LTU, 2005 

5

3.5. Statistical analyses  

A two-sample t-test procedure (p<0.05) (Montgomery, 2001) was applied to discriminate 
among the sample means using the software Statgraphics Plus 5.0.

The software Modde 7 developed by Umetrics AB (Sweden) was used to create and 
analyze the factorial design of the experiment with the soils S and RII (Papers II and IV). 
Multivariate data analysis was used applying a projection to latent structures by means of 
partial least squares method (PLS) (p<0.05) (Eriksson et al., 2001) to simultaneously 
connect all the factors (pH, L/S, Eh, OM, MA) and their interactions with responses 
(leaching of As, Cu, Cr, Zn). 

4. RESULTS AND DISCUSSION 

4.1. Soil amendments and stabilization efficiency (case studies) 

For the soil stabilization to be successful, amendments that can adsorb, complex, 
(co)precipitate contaminants, or a combination thereof, should be selected. Soil treatment 
application in situ also requires that chosen amendments have no reverse effects on soil 
properties and biota. Soil amelioration with materials similar to natural soil constituents 
(e.g. oxides, organic matter) can reduce metal mobility, while contributing to the recovery 
of soil quality.  

Three types of soil amendments were tested for their abilities to reduce contaminant 
mobility in soil:  

- Zerovalet iron (Fe0). Additional tests were made using Fe oxides; 
- Coal fly ash (CFA) from wood and coal combustion; 
- Natural organic matter – peat (OM). 

4.1.1. Iron amendments  

Many trace elements in soil can strongly bind to Fe, Mn, Al oxides (Kabata-Pendias and 
Pendias, 2000). The Fe-Mn oxide bound element fraction dominated in sandy, acidic, OM 
deficient soil (Paper III). Hence, an increasing amount of these oxides would presumably 
enhance the sorption capacity of soil and reduce the mobile contaminant fraction. Various 
kinds of iron amendments were tested for soil stabilization purposes (Paper I). Metallic Fe 
has certain advantages over other Fe-containing compounds. It is a widely available 
material containing up to three times more iron per weight compared to most common iron 
salts and the oxidation of Fe0 causes minor changes in soil pH. In contrast, Fe sulfides can 
considerably reduce soil pH and cause mobilization of cationic elements. The added Fe0

corrodes in soil forming amorphous ferric hydroxides of high surface area (Shwertmann 
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and Cornell, 2000; Leupin and Hug, 2005). The surface of Fe hydroxide particles can be 
positively or negatively charged depending on pH, making them amphoteric (Cornell and 
Schwertmann, 2003), i.e. capable of sorbing both anions and cations. The application of 
Fe0 to the chromated copper arsenate (CCA)-contaminated soil RI was observed to 
significantly reduce leaching of all studied elements: As and Zn by 99%, Cu by 93%, and 
Cr by 57% (Figure 1; Paper III).  

Comparing element leaching with the limit values for waste acceptance at EU landfills, the 
soil RI did not fulfil the criteria even to be accepted at landfills for hazardous waste due to 
the high leaching of As (61 mg/kg at L/S 10). Soil stabilization made it suitable for disposal 
at landfills for non-hazardous waste (Figure 1). 

L/S 2

0.0

0.1

1.0

10.0

100.0

As Cr Cu Zn

m
g/

kg
 

L/S 10

0.0

0.1

1.0

10.0

100.0

As Cr Cu Zn

Figure 1 Leached concentrations of As, Cr, Cu and Zn (log scale) from ( ) untreated and 
( ) Fe0-treated soil RI in comparison to ( ) non hazardous waste. Error bars 
represent the standard deviation of means (n = 3). 

The retention of Zn, usually lessened by the presence of competing ions such as Cu, was 
unexpectedly high. This could be due to the relatively low initial Zn concentrations in soil, 
but also because the presence of several contaminants does not always decrease the 
stabilization efficiency. Ions of opposite charge can have a synergistic effect on each other 
through formation of mixed element complexes and co-precipitates on mineral surfaces 
(Gräfe et al., 2004). The presence of As anions was observed to increase Zn sorption to 
goethite by an order of magnitude (Gräfe et al., 2004), possibly explaining the high Zn 
retention in the soil RI. Even the presence of the positive charge having Cr3+ was 
demonstrated to enhance the adsorption of Zn on ferrihydrite (Crawford et al., 1993).  

The proportion of retained Cr was the lowest among the studied elements, even though Fe 
oxides are capable of sorbing both Cr species, i.e. Cr3+ and Cr6+ (Cornell and Schwertmann, 
2003). Despite the very high concentration of total Cr in the soil RI (Table 1), which by an 
order of magnitude exceeded the guideline value for contaminated soils in Sweden (SNV, 
1994), Cr was the least mobile element with a very low concentration leached even from 
the untreated soil (0.68 mg/kg). This corresponded to 0.02% of the total soil Cr and was 
very close to the value defined in the Landfill Directive for inert waste (0.5 mg/kg at L/S 
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10). Cr is added to the CCA-chemical as a mobile hexavalent Cr (CrO3), but the reduction 
to Cr3+ occurs directly after the wood impregnation (Solo-Gabriele et al., 2003). Once Cr is 
transformed to its trivalent oxide or co-precipitated with Fe hydrous oxide in soil (Fendorf, 
1995), it is likely to remain stable for a long time due to its low mobility and bioavailability 
(James, 1996).  

As anticipated, a high affinity of As for Fe oxides substantially reduced As mobility. The 
adsorption of As on Fe oxides occurs through replacement of the surface hydroxyl groups 
by the As ions and is more effective for arsenate than arsenite (Cornell and Schwertmann, 
2003; Sherman and Randalls, 2003). Also, As can co-precipitate with Fe3+ forming 
amorphous iron arsenates and secondary oxidation minerals (Carlson et al., 2002; Sastre et 
al., 2004).  

Material reactivity generally depends on its specific surface area, i.e. particle size and 
shape. Several types of metallic iron, originally used as surface abrasives or raw material 
for manufacture of steel products, were tested for As immobilization in soil (Paper III, 
Lundberg, 2004; Nordmark, 2005). The iron powder C was the finest among the tested Fe0

products (Table 2; Figure 3c) and was expected to sorb more As than coarser Fe particles 
(A and B). Instead, a relatively high data variability of As leaching and no As 
immobilization improvement were achieved (Figure 2).  

0.0

0.5

1.0

1.5

2.0

2.5

A B C
material type

le
ac

he
d 

A
s,

 %
 

Figure 2 Percentage of leached As calculated as a fraction of the As concentration in the 
leachate from the untreated soil. Soil stabilized with 1% Fe0 obtained from 
different suppliers (Table 2). Error bars represent the standard deviation of means 
for iron A (n=8) and for iron B and C (n=4).  

A problem may have arisen homogenizing the sandy soil with iron powder. A large 
difference in particle size and density can lead to a granulometric segregation and chemical 
heterogeneity in the soil (Miserque and Pirard, 2004); hence, large data variability and 
lower average stabilization efficiency. 
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Figure 3 Examples of metallic iron used for As stabilization. For the material description 
refer to Table 2. 

Although Fe oxides can be excellent scavengers for As, the oxidation of Fe prior to its use 
in soil stabilization can limit its adsorptive capacity. An addition of already oxidized Fe 
(OSG, Table 3) to a CCA-contaminated soil reduced the amount of leached As, though in 
even higher doses Fe oxides were not as effective as Fe0 (Figure 4, Maurice et al., 2005). 
Efficiency was inversely proportional to the particle size and “age” of the oxide-containing 
material. Coarse OSG particles were less reactive in small doses than fine particles. Fresh 
oxides obtained directly from steel processing were more efficient than six months old 
material stored outside. 
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Figure 4 Leaching of As as affected by the soil treatment with Fe materials. Fe0 used as a 
reference material; FeOx A = six month old Fe oxides; FeOx F = fresh oxides. 
Error bars represent the standard deviation of means for fresh Fe oxides and 
untreated soil (n=3) and the lower and higher values for the old oxides and 
reference material (n=2).  
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4.1.2. Natural organic matter and coal fly ash 

Organic matter (OM) is an important soil constituent that influences physical properties, 
nutrient status and biological activity of soil. High content of functional groups, primarily 
carboxyl COOH, renders OM capable of forming strong complexes with elements 
(Stevenson, 1994). Soil rich in OM has a high water holding capacity and was observed to 
sustain vegetation establishment during dry summers, while soil with significantly less OM 
failed to do so (Kumpiene et al., 2005). Loss of OM is characteristic for contaminated soils 
(Viventsova et al., 2005), as toxic levels of metals hinder soil biological activity, vegetation 
development and generation of OM. Hence, soil amendment with OM would help to 
restore soil properties and retaining metals bound within soil. A high affinity of Pb and Cu 
for OM can also comprise a risk of metal leaching if the dominant fraction of OM in soil is 
composed of soluble low molecular weight acids. Cu can be easily mobilized as when 
bound to dissolved OM. Experiments made on Cu and Pb retention by peat showed that 6% 
of Cu passed through the peat columns, while >99% of Pb was retained (Paper V). Thus, by 
choosing OM as a soil additive, supplementary soil amendments might be necessary to 
increase the retention of Cu in soil.   

Several studies have demonstrated coal fly ash (CFA) to efficiently reduce trace element 
mobility in soil (Paper II; Gorman et al., 2000; Ciccu et al., 2002). Although an exact 
mechanism of element retention by CFA is unclear, the main reasons are believed to be (I) 
an increase in pH causing the precipitation of insoluble phases and (II) an increase in a 
specific surface area, promoting metal sorption via surface complexation, cation exchange 
reactions or both. 

Significant reductions in the leaching of Cu by 91% and Pb by 87% were observed in the 
soil S treated with CFA alone (Paper II). A co-mixture of CFA with OM (peat) increased 
the beneficial effects of both amendments and the stabilization efficiency reached 98.2% 
for Cu and 99.9% for Pb (Figure 5). Organic ligands can enhance metal sorption to mineral 
surfaces through formation of ternary complexes (Arias et al., 2002) and was the likely 
reason of the highest metal retention attained by the combined application of CFA-OM. 
The CFA-OM treated soil fulfilled the criteria for waste acceptance at landfills for inert 
waste (Figure 5).    
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Figure 5 Leached concentrations of Cu and Pb (log scale) from ( ) untreated and ( )
treated with CFA and OM soil S in comparison to ( ) inert waste. Error bars 
represent the standard deviation of means (n = 3). 

Taking pH as a rough indicator of soil quality, an addition of 5% CFA to a soil S raised its 
pH to >11, whereas adding only peat decreased pH to 3.9. Even if both amendments 
significantly reduced Cu and Pb leaching (Paper II), none of the pH conditions would suit 
common vegetation. The combination of both amendments neutralized each other’s pH and 
the final soil pH became 7.5. Such pH renders most cationic contaminants less mobile and 
the amendments complemented each other to improve soil quality.  

In situ soil treatment by manipulating pH might have only a short-term effect on metal 
stabilization (so called liming effect). The reactions can be reversible with an eventual soil 
acidification and annual measures to keep pH and trace elements stable would be required 
(Seoane and Leiros, 2001). However, the soil treatment with CFA-OM substantially 
decreased the metal leaching in the acidic environment (pH 3) by 38% for Cu and 76% for 
Pb compared to the untreated soil (Paper II). A time span of the simulated soil acidification 
corresponded to >50 years and was calculated by converting L/S ratio into time scale based 
on an average 200 mm/year water infiltration rate. Hence, CFA can increase soil resistance 
to acidification for a longer period, while peat would keep the metals bound even in 
acidified soil (Ledin, 1996). 

4.1.3. Treatment efficiency 

The stabilization of the CCA-contaminated soil R using Fe0 and immobilization of Pb and 
Cu in soil S by the combination of CFA and OM showed to be highly efficient. The 
mobility of all studied elements was significantly reduced and the hazard level of soil, 
according to the waste acceptance criteria, decreased. The treatment efficiency, assessed by 
the batch leaching test at cumulative L/S 10, decreased in the following order (%): 
Pb(>99)>Cu(98) in soil S and As(99) Zn(99)>Cu(93)>Cr(57) in soil RI.  
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However, the results obtained from the single study could be biased, therefore a validation 
of the technique with other soil types and several stability evaluation methods are 
necessary.  

4.2. Assessment of the element mobility in the treated soil 

How to estimate the stabilization effectiveness mainly depends on the future utilization of 
the soil. If the method is used for soil pre-treatment prior to its disposal at a landfill, the soil 
characterization should be performed following the Landfill Directive for waste. If the 
treatment is applied in situ, the ecosystem with bio-targets and especially humans are of a 
primary importance. The usefulness of a test is restricted by its ability to simulate 
environmental conditions that are relevant for the leaching of a specific element or group of 
elements in a particular scenario.  

The efficiency of soil stabilization was assessed by the batch test (chapter 4.1.), which is 
one of the most common leaching tests for granular waste. The test is used in EU countries 
to characterize waste prior to its landfilling. It is also one of the most simplified tests, by 
considering only the amount of water being in contact with contaminated soil. However, 
other factors, e.g. pH or redox, and their interactions may be more influential for 
contaminant remobilization in soil.    

The identification of critical factors that control element mobility in the Fe0-treated soil RII 
was made by a factorial design of experiment (Montgomery, 2001). Five factors were 
selected, viz. pH, liquid-to-solid ratio (L/S), redox potential (Eh), microbial activity (MA) 
and organic matter (OM) content (Paper IV). The estimated significance of the factors for 
element remobilization is illustrated by their distribution in a PLS loading scatter plot 
(Figure 6). The further a factor is from the origin, the stronger its effect on the responses 
(leaching of As, Cr, Cu, Zn).  
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Figure 6 Multivariate data analysis PLS loading scatter plot simultaneously relating all 
factors ( ) and their interactions ( ) with responses ( ). L/S = liquid-to-solid 
ratio, Eh = redox potential, OM = organic matter, MA = microbial activity.  

4.2.1. Leaching of Cu, Cr, Pb and Zn  

The most significant factor for the leaching of Cu, Cr and Zn from the treated soil was 
solution pH (Figure 6). The leaching of the metals increased with decreasing pH. The 
negative correlation of metal solubility with the solution pH is illustrated by the opposite 
location of the factor and responses from the origin (Figure 6). Such results were not 
unexpected when it is known that the metal adsorption by soil is strongly pH dependant.  

The influence of L/S on the leaching of Cu, Cr and Zn was considerably less significant 
than pH. In the batch leaching test, L/S is the only controlled factor; therefore, the soil 
stabilization as assessed by the batch test showed very satisfactory results (Figures 1 and 
5).

Applying the stabilization technique in situ requires selecting tests relevant for biotargets. 
Exchangeable elements correlate better with the uptake by plants than water-soluble 
elements, and selective extraction techniques can therefore be useful to monitor the 
stabilization process. The exchangeable fraction can give information about the potential 
risk related to a contaminant spread under the slight changes in environmental conditions, 
e.g. induced by plant root exudates. Also, elements in this fraction are not specifically 
bound to soil particles and can be easily exchanged by incoming ions or molecules (Tessier 
et al., 1979).  
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The treatment of the soil S with CFA-OM substantially reduced the exchangeable Pb from 
55% to 19% of the total Pb after two weeks of equilibration time and further to 7% after 
500 days of outside exposure (Paper II). Soil amendment with Fe0 significantly reduced the 
exchangeable fraction of all studied elements in the soil RI (Paper III) coinciding with the 
reduced element leaching assessed by the batch test. However, the remaining exchangeable 
fractions of Pb (189 mg/kg) and Cu (100 mg/kg or 7% of total Cu) were still large, and 
therefore comprising a risk of being released from soil.  

Although the sequential extraction technique is extensively used for studying soils, it is 
also criticized (Mulligan et al., 2001; Scheckel et al., 2005). The concern is expressed 
regarding the tendency to overestimate a residual fraction and underestimate more mobile 
element forms (Scheckel et al., 2003). However, the element concentration in the 
exchangeable fraction is usually higher than that assessed by the batch test (Figure 7) and 
may give more realistic information on a potential element release from soil under field 
conditions.  
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Figure 7 Leaching of Cu from the soil RI and Pb from the soil S (log scale), as assessed by 
total decomposition, PBET = physiologically based extraction test, exchangeable 
element fraction (1 M MgCl, pH 7.0) and BT = batch leaching test at cumulative 
L/S 10.  Error bars represent the standard deviation of means (n=3). 

Although Cu leaching assessed by the batch test satisfied the criteria for inert waste (i.e. <2 
mg/kg at L/S 10, Figure 5), no significant reduction in the bioaccessible (PBET-
extractable) Cu fraction occurred. Furthermore, Cu uptake by plants following the soil 
treatment even increased (Paper II), showing that the batch test used to illustrate reduced 
element leaching and consequent availability may not be sufficient for predicting the 
remaining risks of contaminant spread to the environment.   
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4.2.2. Leaching of As 

Based on the factor-designed leaching test (Figure 6), nearly all the factors (i.e. L/S, MA, 
Eh, and OM, in decreasing order of their significance) affected As leaching from the Fe0–
treated soil. Only the single effect of pH was not significant, i.e. by removing all the other 
factors, leaching of As varied as much at low pH as at high. 

The impact of L/S on the As leaching can be estimated by the batch leaching test, but in 
such a case, changes in the redox potential are not considered. This is the main limitation of 
the standard batch test procedure for estimating the leaching of redox sensitive elements 
such as As. Although low redox was not reached during the factor evaluation experiment, 
the leaching of As significantly increased already at moderately oxidizing conditions (~70 
mV) (Paper IV).  

Simulating an anoxic environment under a CH4–CO2 atmosphere and not shaking the soil-
water suspensions (conditions likely to appear at landfills) gave considerably different 
results on As leaching compared to those achieved by following the standard leaching 
procedure (Paper IV). The anaerobically stored samples, not agitated and filtered using 
syringe filters (limited air access during the entire procedure), released more As to a 
solution than those analyzed the standard way (Figure 8). Leaching of As from sandy soil 
RIII that was stored at anaerobic conditions also increased, though not significantly. Redox 
reactions may take much longer in sandy than organic soils where OM acts as a reducing 
agent. Hence, the treated soil, especially rich in OM, stored in anaerobic landfills will 
presumably leach more As than estimated by the batch test. 
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Figure 8 Leaching of As (log scale) from soils RIII and RIV at aerobic and anaerobic 
conditions assessed by the modified batch leaching test at L/S 10: ( ) without 
agitation and using syringe filtration and ( ) with 24 h agitation and vacuum 
filtration. Columns represent an average As release (n=2), error bars indicate the 
lower and higher As concentrations.  
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When analyzing As leaching at low redox, avoiding access of air during the entire sample 
handling procedure is critical. Filtration of the anaerobically stored samples using an open-
air system (vacuum filtration) seemed to cause As oxidation and re-adsorption, leading to 
an underestimated As concentration in the filtrate (Figure 8, Paper IV).  

The impact of the environmental factors on As leaching was modified by their interaction. 
By itself, pH was not significant for the remobilization of As, but its interaction with MA 
and L/S substantially altered the leaching of As from Fe-treated soil. The leaching of As at 
pH 3 considerably decreased with decreasing L/S and the presence of MA (Paper IV). It is 
more likely that microorganisms occur in the environment making low pH more favorable 
for As retention. However, low pH was the main cause of increased mobility of the other 
analyzed trace elements, i.e. Cu, Cr and Zn (Paper IV).  

A matter of concern when applying the stabilization of As contaminated soil in situ is 
human, and especially children, exposure to As. A potential risk to public health arises 
from an incidental ingestion of As together with contaminated soil. Changes in the 
bioaccessible As concentration, resulting from the soil treatment, can be estimated by the 
physiologically based extraction test (PBET), which simulates the gastrointestinal tract of a 
human stomach (Ruby et al., 1996). By applying a simplified PBET procedure, and 
simulating only gastric phase (pH 2.2), nearly four times less As was dissolved from the 
Fe-amended soil than from the untreated soil (Figure 9, Paper III).  
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Figure 9 PBET extractable elements ( ) before and ( ) after stabilization of soil RI with 
Fe0. Error bars represent the standard deviation of means (n=3). 

Secondary As-Fe minerals, such as scorodite, are stable under strongly acidic conditions, 
but can dissolve at higher pH (Porter et al., 2004), e.g. corresponding to the intestinal 
conditions of humans. However, the PBET gastric phase was observed by Rodriguez et al.
(1999) to be an accurate estimator of bioavailable As and extending the in vitro method 
further to the intestinal phase caused no improvement of the method accuracy. 
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4.2.3. Supplementary to leaching test techniques 

Predicting the long-term stability of the treated soil can be facilitated with geochemical 
equilibrium calculations to identify the element mobility controlling phases. Based on such 
calculations, cerrusite (PbCO3) formation was identified in soil S amended with CFA-OM 
(Paper II). Cerrusite had a SI close to 0 showing a possible equilibrium of the leachate with 
this mineral that is assumed to control the leaching of Pb from treated soil. The dominance 
of carbonate fraction was also evident from the sequential extraction. Leachate from the 
treated soil was close to equilibrium with secondary Cu minerals tenorite (CuO) and 
malachite (Cu2(OH)2CO3). Malachite is more stable under neutral pH conditions than 
tenorite (Meima et al., 2002) and could be the Cu mobility controlling species in the treated 
soil. However, Cu readily bounds to dissolved organic matter, and forms binary newly 
formed minerals-metal and ternary mineral-metal-organic ligand complexes (Meima et al., 
1999; Arias et al., 2002; Meima et al., 2002). This complicates estimations of formed 
secondary Cu minerals by equilibrium calculations.  

Direct analyses of mineral phases like X-ray diffraction (XRD) could support data on 
formed complexes in treated soil. Knowing the solubility of such compounds, predicting 
the long-term stability is possible. However, XRD is not sensitive enough to detect 
compounds of concentrations below 5 wt%, considered very high even for contaminated 
soils. Although a precipitation of iron arsenate was expected in Fe0-amended soil, 
containing an As concentration of 0.5%, no such compounds were detected by XRD (Paper 
III). Besides the insufficient concentration of minerals, the degree of mineralization is also 
important. The newly built compounds can be amorphous or of low mineralization, thereby 
reducing the possibility of being detected by XRD. X-ray absorption spectroscopy (XAS) 
may, therefore, be more useful for analyzing soils. The spectroscopic techniques are highly 
valuable for analysis at the molecular level providing information on chemical oxidation 
state and coordination geometry of elements in complexes and are recommended to 
identify element species without physicochemical alteration that occur during chemical 
extractions (Scheckel et al., 2003).  

Static outcome of the stabilization processes (i.e. identification of element species in soil at 
a particular time moment), however, may also be a source of erroneous conclusions on the 
long-term stability of the complexes. Relatively stable minerals that would expectedly 
belong to the residual fraction and be quantified by the spectroscopic techniques were 
observed to undergo desorption/dissolution reactions in the milder solutions of the 
sequential extraction (Scheckel et al., 2003). Hence, an unexpected dissolution of built 
compounds due to changes in environmental conditions is presumable. On the other hand, 
mineralization can continue to occur with more stable compounds being gradually built. 
Therefore direct analysis methods combined with leaching tests and chemical equilibrium 
calculations could provide information about newly built mineral phases as well as their 
solubility under various environmental scenarios.  
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4.2.4. Pilot scale field stabilization experiment 

Pilot scale stabilization experiments performed in the field, e.g. using lysimeters, are 
generally preferred over laboratory tests. Although the treatment efficiency reached in pilot 
scale tests is generally lower than that achieved under well-controlled laboratory 
conditions, it may be closer to results expected in full-scale method applications. 
Lysimeters are designed to measure water and its chemical composition that percolates 
through a certain depth of soil and function as a transitive stage between laboratory and 
full-scale field experiments. 

The stabilization efficiency of the soil S assessed by the pilot scale lysimeter experiment 
was nearly as high as that achieved by the batch test (Paper II). During the 2-year field 
observation period, the leaching of Cu was reduced on average by 96% and for Pb by 97%. 
This might raise a question about the usefulness of performing lysimeter tests over the 
laboratory batch tests. However, the outdoor lysimeter experiments have an important 
advantage of being subject to climatic variations like intermittent wet-dry and freeze-thaw 
cycles, as opposed to the saturated conditions usually maintained during the laboratory 
leaching tests. Also, it allows the contaminant release at low L/S ratios to be estimated. 
This is important for quantifying a primary contaminant flux from soil that relates to acute 
effects of leached contaminants on the environment.  

4.2.5. Relevance of the batch leaching test for estimating element mobility in soil 

Soil is a specific category of waste and its characterization might necessitate some 
modifications of the standard procedures. Characterizing waste prior to its landfilling, a 
standard compliance batch leaching test is used to estimate the release of soluble 
constituents upon contact with water, which can also be converted into a time span of water 
infiltration. However, soil is subject to the general limitations of most leaching tests, such 
as the uncontrolled redox potential, which may lead to great uncertainty of the results on 
the leaching of the redox sensitive elements like As, for example, in anaerobic landfills (see 
4.2.2. Leaching of As).

Underestimating the leaching of other contaminants, e.g. metals, can be due to the required 
sample preparation of sieving and crushing a fraction larger than 4 mm. The standard 
leaching procedure is based on an assumption that the whole waste matrix contains the 
contaminant. Therefore, crushing is needed to expose all fractions to the leachant. This 
assumption is not relevant for soils. Most soil contaminants are sorbed to small size 
particles having a high specific surface area and high surface charge, while large particles 
usually have only a minor contribution to the contamination level of the soil. The soil 
fractions larger than 4 mm are mainly stones. Crushing and including them in the sample 
would therefore increase the mass of clean soil and reduce the concentration of leached 
contaminant (so called dilution effect). However, crushing must be applied for soil 
characterization, since the excavated soil is classified as waste.
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Since pH was the most significant factor influencing the leaching of Cu, Cr and Zn from 
the treated soil, the remobilization of these elements could be more precisely evaluated by 
standard pHstat leaching tests (e.g. prEN 14429; prEN 1499) in a full pH range. However, 
predicting As remobilization requires tests that consider at least such factors as L/S, pH and 
especially redox potential. Nevertheless, leaching limit values listed in the Landfill 
Directive and used to regulate the waste acceptance at different classes of landfills are 
established only for the compliance batch (EN 12457/1-4) and percolation (prEN 14405) 
leaching tests. No modifications of these tests or alternatives are foreseen for soil or a 
particular type of contaminant, e.g. As.  

4.3. Management of the treated soil 

4.3.1. Environmental considerations 

Soil stabilization can be suitable for both ex situ and in situ treatment of contaminated soil. 
However, the absence of a common and validated procedure of stability evaluation slows 
down an acceptance of the method.  

Management of the treated soil relies on understanding the critical factors controlling 
element leaching under various environmental conditions. To assure a low mobility of As, 
it is important to keep an access of air to the Fe0-treated soil to maintain the stability of As-
Fe complexes along with minimizing the amount of percolating water. The latter condition 
is difficult to fulfill if the treated soil is left in situ, especially as soil aggregation and water 
infiltration are enhanced by the increasing amount of ferrihydrite (Rhoton et al., 2003). 

The amount of percolating water can be minimized by landfilling the stabilized soil. The 
concept of a traditional dry landfill includes nearly impermeable caps and bottom liners 
with anaerobic conditions being built up in the waste layers. However, limited access of air 
in the anaerobic landfills interferes with the stability of Fe oxides and substantially 
increases the risk of As release. An admixture of materials that contain elements capable of 
binding As under anaerobic conditions, e.g. sulfur-containing materials, may need to be 
considered prior to the landfilling of soil. At low redox, insoluble sulfides can form either 
with iron (AsFeS, arsenopyrite; at strongly reducing conditions) or without iron (As2S3,
orpiment; at moderately reducing conditions) (Porter et al., 2004). 

Alternatively, semi-aerobic or aerated landfills (Hanashima, 1999) can be an option for 
disposal of soil contaminated with redox sensitive elements. An air-feed pipe structure is 
installed at the bottom of the aerobic landfill and air is blown through the waste layer to 
assure its diffusion into waste. By doing so, Fe-As complexes would remain stable as the 
impermeable cover layer of the landfill would prevent water infiltration.    

The stabilization of CCA-contaminated soil with high As concentrations may seem to be a
more attractive option for waste pre-treatment prior to its disposal at landfills rather than 
for in situ applications. From a technical point of view, highly As contaminated soil with 
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concentrations reaching up to 0.5% can be successfully stabilized (Paper III). However, the 
remediation of “hot spots” is often driven by public opinion due to the high toxicity of As 
to humans, regardless of its mobility and bioaccessibility. Furthermore, by leaving 
stabilized soil on site, elements other than As can become of concern. The small and not 
significant decrease in bioaccessible Cu (Figure 9), followed by the soil treatment with Fe, 
may not be critical for humans, but it is an indication that Cu immobilization is not 
sufficient to protect other living organisms or plants. Remaining high soil biotoxicity and 
phytotoxic levels of Cu in plant shoots (Paper III) necessitate an improvement of the 
method for in situ treatment of CCA-contaminated soil. Landfilling the stabilized soil can 
otherwise halt an exposure to biota. 

Stabilization can be applied as a provisional measure, a final (polishing) treatment step 
after the removal of “hot spots” or as a main remediation method at moderately 
contaminated sites (Figure 10). At such sites, the bioavailability of Cu may not be a 
problem, since the lower soil contamination level with As also implies the lower 
concentrations of other elements, i.e. Cr, Cu and Zn (Maurice et al., 2005). By doing so, 
the size of the mobile and bioavailable contaminant fraction can be reduced to levels no 
longer causing an acute toxicity or hindering an ecosystem recovery.   

The amendment of Cu and Pb-contaminated soil with CFA-OM, in contrast, can be a 
suitable method for in situ soil remediation, even at high total concentrations of Pb. 
Recovery of soil properties, e.g. improved the soil structure, increased the seed germination 
rate, reduced the metal uptake into plant shoots and decreased the toxicity to plants and 
bacteria (Paper II), show a rapid integration of the treated soil to the adjacent environment.  

Contrary to the soil treatment with Fe0, CFA not only reduced the mobility of the 
contaminants, but was also a source of available nutrients that together with OM sustained 
vegetation development. An increase of a plant biomass resulting from the Fe-treatment 
was half of that observed in the CFA-OM treated soil (Paper II and III). Reduced mobility 
of major cations (Ca, K, Mg) is detrimental for vegetation establishment and can be 
considered as a side effect of the Fe treatment in on site applications.  

4.3.2. Regulatory and economic considerations  

The Swedish Environmental Quality Objective of a Non-Toxic Environment (Giftfri Miljö) 
states that “The environment must be free from man-made substances and metals that 
represent a threat to human health or biological diversity”. To reach this objective, an 
inventory of contaminated sites using the Swedish MIFO model and classification is made 
according to the degree of hazard that a site poses to human health and the environment. 
The four aspects are used deciding on the risk class of a site, namely 1) contamination level 
(total contaminant concentration in soil), 2) hazard of contaminant (defined by its chemical 
and physical properties), 3) migration potential (defined by chemical and physical 
properties of soil and contaminant) and 4) human sensitivity and protection value (defined 
by the risk of human, animal and plant exposure to contaminated soil and uniqueness of a 
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part of the ecosystem at a site). The inventoried sites are prioritized for eventual 
remediation.  

The handling of contaminated soil is regulated by several guidelines and directives. The 
generic guideline values for contaminated soils established by the Swedish EPA (SNV, 
1994) are the total permissible element concentrations in soil. The total contaminant 
concentration is one of four factors defining a need for a site remediation and is used to 
control the remediation progress. The permissible concentration of a contaminant increases 
gradually according to its depth in the soil since human exposure to deeper soil layers is 
limited. Site specific risk assessment can be made to adjust the generic limit values to the 
local conditions (usually to increase them). 

Since the dominant remediation measures involve soil excavation and disposal at a landfill, 
waste acceptance criteria are applied to the excavated contaminated masses that are the 
leachable concentrations of elements estimated by the batch or percolation leaching tests. 
Before sending contaminated soil to a landfill, the soil is classified by comparing leached 
concentrations with the leaching limit values listed in the Landfill Directive. The decision 
is then made whether the soil should be disposed of at a landfill for inert, non-hazardous or 
hazardous waste.  

The problem of establishing the stabilization method for in situ soil treatment arises from 
assigning the contaminated soil to waste and from the “total contaminant concentration” 
rule. If the total concentration of a contaminant in soil exceeds the guideline values but the 
soil fulfills the requirement to be accepted at a landfill for inert waste, the risk of the soil 
leaching dangerous amounts of the contaminant is low. Such soil could be left on site 
followed by stabilization to ensure a further decrease of the element mobility. However, all 
soil excavated during a site remediation is classified as waste and should, therefore, be 
disposed of at a landfill. Waste cannot be relocated within the site or replaced even if the 
soil contains contaminant levels permissible for the deeper layers. This means that the 
stabilization technique is useless if the soil is treated after excavation, as long as 
contaminated soil is classified as waste. However, soil treatment by directly incorporating 
amendments into soil without digging it up may not be acceptable regarding the guideline 
values for contaminated sites that are the total permissible element concentrations.  

By applying the soil stabilization ex situ, waste “re-classification” prior to its disposal at a 
landfill can be achieved, thereby cutting back some landfilling costs. But transportation of 
the contaminated masses and replacing them with clean soil implies extensive consumption 
of limited recourses. Taking a CCA-contaminated site remediation as an example, 40% of 
the total remediation cost totaling 16.3 million Swedish crowns went to transporting 13,000 
tones of contaminated masses and another 40% for landfilling charge (Eriksson and 
Nårman, 2002). Applying the stabilization technique could, therefore, save considerable 
costs by leaving the stabilized masses on site.  

Cost-effectiveness of a site remediation is a term introduced by the Swedish EPA (SNV, 
2003) to describe the socio-economic consequences of site remediation. However, no 
guidelines are as yet prepared on how to calculate it. One could only argue whether more 
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drastic socio-economic consequences are taken by reducing contaminant spread and 
availability on site or by digging out thousands of tones of contaminated masses, 
transporting them long distances (relocating the problem) and replacing the excavated with 
clean soil. 

Even if stabilization does not alter the contamination level of soil, it reduces the risk 
contaminants pose to human health and the environment by modifying the element 
mobility and availability, and thus allowing a step towards a non-toxic environment. By 
reducing contaminant mobility (migration potential) the risk class of a site is also reduced 
(Figure 10). The stabilization method applied at moderately contaminated sites offers a 
considerably lower cost alternative to conventional remediation techniques while delivering 
environmentally acceptable results and should therefore be more appealing to the public. 

Figure 10 Schematic diagram of a comprehensive risk classification of contaminated sites 
according to the Swedish MIFO model (SNV, 2002). The arrows indicate the 
possible reduction of the risk class by the soil stabilization and several method 
application scenarios. 
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5. CONCLUSIONS 

The stabilization of soils contaminated with Pb and Cu (soil S) and wood impregnation 
chemical CCA (soil R), as assessed by the batch leaching test and the pilot scale field 
(lysimeter) experiment, significantly reduced the leaching of all analyzed elements. The 
treatment efficiency decreased in the following order (%): Pb(>99)>Cu(98) in soil S and 
As(99) Zn(99)>Cu(93)>Cr(57) in soil RI.  

Among the five studied environmental factors (L/S, pH, Eh, OM, MA), pH was the most 
important factor controlling the mobility of Cr, Cu and Zn in the Fe0-stabilized soil. Low 
pH caused remobilization of these elements. Liquid-to-solid ratio and microbial activity 
were the most influential for As stability. The lowest As mobility was achieved at pH 3 and 
5 in an oxidizing environment at low L/S and the presence of MA.  

The standard compliance batch leaching test may be not reliable to simulate As leaching in 
an anaerobic environment (e.g. traditional anaerobic landfills) and may underestimate the 
potential mobility of Cu in Fe0-treated soil.  

Leaching tests combined with direct analysis methods (XRD; XAS) and geochemical 
modeling would be an ideal option to predict the long-term behavior of stabilized soil. 
However, the stabilization efficiency is mostly case-specific and such a resource-extensive 
combination of methods can hardly be commercialized.  

Stabilization of the CCA-contaminated soil with Fe needs further method improvements 
regardless of the future utilization of the treated soil. Neither in situ application (due to 
high bioaccessibility and potential mobility of Cu along with access of percolating water) 
nor disposal at traditional anaerobic landfills (due to remobilization of As) are yet a safe 
option for handling Fe-treated soil.  

Due to the satisfactory results obtained in the laboratory and the pilot scale field 
experiments, the stabilization of Pb and Cu contaminated soil using CFA-OM can be used 
in large-scale field applications. Nevertheless, the treatment efficiency is soil specific and 
the comparable effectiveness of the technique can be expected only in soils having similar 
properties. 

Contradictions between different regulations and guidelines applied for contaminated soils 
and absence of a validated testing methodology for treated soil complicates the 
establishment of the stabilization technique. However, further development of the method 
may help to achieve the environmental goal of a Non-Toxic Environment, since 
stabilization can reduce the risk that contaminants pose to human health and the 
environment by modifying their mobility and availability in soil.  
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6. OUTLOOK 

Soil stabilization using iron products is a promising way of handling CCA-contaminated 
soil. However, to become commercially available, the method needs further development. 
For safe landfilling of As contaminated soil, the selection and evaluation of additional 
amendments that render As immobile under anaerobic conditions, e.g. sulfur containing 
materials, are necessary. For the method application in situ, additional soil amendments are 
needed to reduce the bioaccessibility and the remaining potential mobility of Cu, as well as 
overcome side effects of Fe amendments by improving the nutrient status of soil. 

Even if the stabilized soil can be classified as inert, it can still cause environmental 
problems if not managed with caution. Besides the physical and chemical processes 
influencing contaminant release, biological factors (e.g. microbial activities and soil-plant 
systems) can also affect and be affected by the stabilized soil left on site. A sufficient 
combination of available methods for characterization of stabilized soil should be selected 
and validated. This is a crucial point to determine the safety of the material and, hence, 
acceptance of the method for in situ applications.  
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7. LIST OF ABBREVIATIONS 

CCA Chromated copper arsenate (wood impregnation chemical) 

CFA Coal fly ash 

Eh Oxidation-reduction potential (redox) 

EPA  Environmental Protection Agency 

ICP-OES Inductively coupled plasma optical emission spectroscopy 

L/S  Liquid-to-solid ratio 

MA Microbial activity 

MIFO  Methods for inventories of contaminated sites (metodik för 
inventering av förorenade områden) 

OM  Organic matter 

OSG  Oxygen scarfing granulate 

PBET Physiologically based extraction test  

PLS Projection to latent structures by means of partial least squares 

SI Saturation index (for a given mineral) 

XAS  X-ray absorption spectroscopy 

XRD X-ray diffraction  
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Abstract 

The spread of contaminants in soil can be hindered by the soil stabilization technique. 
Contaminant immobilizing amendments decrease trace element leaching and their 
bioavailability by inducing various sorption processes: adsorption to mineral surfaces, 
formation of stable complexes with organic ligands, surface precipitation, ion exchange, as 
well as precipitation as salts and co-precipitation. This study is an overview of data published 
during the last 5 years on the immobilization of four heavy metals: Cu, Cr, Pb and Zn and one 
semi-metal As in soils. The most extensively studied amendments for As immobilization are 
Fe containing materials. The immobilization of As occurs through adsorption on Fe oxides by 
replacing the surface hydroxyl groups with the As ions, as well as by the formation of 
amorphous iron(III) arsenates and/or insoluble secondary oxidation minerals. Most of the 
studies on Pb stabilization were performed using various phosphorus-containing amendments 
which reduce the Pb mobility by ionic exchange and precipitation of pyromorphite-type 
minerals. Cr stabilization mainly deals with Cr reduction from its toxic and mobile hexavalent 
form Cr(VI) to stable in natural environments Cr(III). The reduction is accelerated in soil by 
the presence of organic matter and divalent iron. Clays, carbonates, phosphates and Fe oxides 
were the common amendments tested for Cu immobilization. The suggested mechanisms of 
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Cu retention were precipitation of Cu carbonates and oxy-hydroxides, ion exchange and 
formation of ternary cation-anion (SO4, PO4) complexes on the surface of Fe and Al oxy-
hydroxides. Zn can be successfully immobilized in soil by phosphorus amendments and clays. 
Three elements, Cu, Zn and Pb, had similar responses to the same amendments. All three of 
these elements could be retained in soil amended with phosphorus, iron or clay materials. 
However, when adding phosphoric acid or iron sulfate to soil, additional pH-controlling 
measures (e.g. liming) are necessary. Some similarities are also seen in the responses of As 
and Cr to the amendments. Alkaline materials clearly should be avoided as the mobility of 
these elements usually increases in the alkaline pH range. Organic matter had the most varying 
impact on the element mobility. 

Key words: soil remediation; immobilization; CCA; iron oxides; phosphorus; clay; lime.

1. Introduction 

The concentration of trace elements in the Earth’s crust is constant and their enrichment in one 
place causes depletion in the other. In the soil remediation context, trace elements cannot be 
destroyed like organic contaminants but only be relocated from one place, e.g. contaminated 
site, to another, e.g. landfill. The high cost of traditional soil remediation techniques 
(excavation and landfilling) and limited resources allocated to remediate contaminated sites 
prompted a development of alternative techniques, such as soil stabilization, which are cost-
effective and less disruptive to the environment.   

In this review, the term stabilization describes the chemical stabilization of trace elements 
induced by immobilizing soil additives (amendments). The paper is an overview of data 
published during 2000-2005 on immobilization of four heavy metals: Cu, Cr, Pb and Zn and 
one semi-metal (metalloid) As in soils. These elements are of environmental relevance as they 
are common soil contaminants. Cu, Cr, As and Zn can be found all together in soil 
contaminated with a wood impregnation chemical CCA, while Pb is a contaminant usually 
related to the mining industry.   

The critical elements in contaminated soil set a baseline for the choice of amendments. 
Therefore, the main question to be answered by this review is: what amendments have been 
used lately to stabilize soil contaminated with one of the above named elements or their 
combinations? Particular attention is given to As due to its high toxicity to humans. The 
review includes a brief introduction to the stabilization technique and general application 
scenarios.  

1.1. Stabilization technique  

The stabilization of trace element-contaminated soils is a remediation technique applied to 
reduce element mobility in soils using contaminant immobilizing additives. The method aims 
at element fractions that, due to slight changes in environmental conditions, can be released 
and leached to ground/surface water or taken up by soil organisms. Stabilization can be 
considered a part of the solidification/stabilization (S/S) method. The S/S is conventionally 
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used to describe the soil remediation method when soil is physico-chemically stabilized using 
cement based materials, through solid covers, barriers or vitrification. As described in the 
Remediation Technologies Screening Matrix and Reference Guide (FRTR, 2002), 
“solidification/stabilization reduces the mobility of hazardous substances and contaminants in 
the environment through both physical and chemical means”. By this, the method part that 
involves the reduction of contaminant mobility only by chemical means can be called 
chemical stabilization.  

The term “assisted natural remediation” was suggested by Adriano et al. (2004) to describe 
natural biogeochemical processes regulating metal mobility in highly contaminated sites. 
These processes are facilitated by soil amendments promoting a reduction of the bioavailable 
element fraction.  

Stabilization of contaminants in soil can be achieved by amendments able to adsorb, complex 
or (co)precipitate trace elements. By this, the method is not a novelty as soil amelioration 
adding e.g. lime has been used for many years with the aim to improve plant growth, reverse a 
depletion of nutrients (e.g. Ca and Mg) and reduce soil pyhotoxicity to crops by decreasing 
mobility and bioavailability of toxic elements (Bolan et al., 2003). Hence the method seems to 
originate from the field of agriculture with crops and food stuffs being in focus. Application of 
soil improvement or amelioration to reduce contaminant mobility through soil-plant path 
(phytoavailability) was initiated in a field of soil remediation naming the technique 
phytostabilization. Although by definition “phytostabilization is the phenomenon of the 
production of chemical compounds by plants to immobilize contaminants at the interface of 
roots and soil” (FRTR, 2002), little of the research (Caille et al., 2005; Panfili et al., 2005) 
was done on such plant properties in the context of soil remediation. Instead, focus is laid on 
the contaminant immobilization in soil due to amendments and effects of the treatment are 
then observed on vegetation and using bioassays (Morgan et al., 2002; Rautary et al. 2003; 
Tripathi et al., 2004; Chiu et al, 2005; Mora et al., 2005). In such cases the term 
phytostabilization would not be accurate as the contaminant immobilization initially is caused 
by the soil amendments. Therefore terms as “in situ” stabilization, chemical immobilization or 
reclamation using amendments are often used in the literature. 

1.2. Stabilization scenarios  

The immobilization of trace elements in soil usually has three approaches:  

1. improvement of plant growth (usually crops and animal feed), 
2. improvement of soil quality and revegetation of site by a beneficial use of industrial 

by-products (Clark et al., 2001; Merrington et al., 2003; Sajwan et al., 2003; Garrido et
al., 2005), or 

3. reclamation of industrially devastated areas and mine spoils (Gorman et al., 2000; 
Tordoff et al., 2000; Seoane and Leiros, 2001; Bleeker et al., 2002; Mench et al.,
2003). 

In the first case, the stabilization technique is applied in situ and the quality of plants (e.g.
yields, chemical composition) that will be consumed by animals or humans is in focus. 
Therefore, “clean” amendments, e.g. zeolites, iron oxides, including traditional agricultural 
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materials like organic matter, lime, and phosphates used as fertilizers, are preferred to reduce 
mobility and bioavailability of contaminants in soils. Also, soil quality and toxicity 
elimination is considered.   

In the second case, the method can be applied both in situ and ex situ. However, in this case, 
besides the reduction of contaminant mobility, beneficial use of an industrial waste or bio-
product is of an interest. The aim is to reduce the amount of industrial waste, which would 
otherwise need to be landfilled, by re-using it. Coal or bio-fuel fly ashes, sewage and paper 
mill sludge, by-products from iron and aluminum industry (e.g. furnace slag, red mud), are 
tested for their ability to immobilize trace elements in soils. This approach can be especially 
successful when contaminated soil needs to be disposed of at landfills for hazardous waste. 
Admixtures of appropriate industrial by-product can reduce the leachable concentrations of 
contaminants. Consequently, the treated soil can be disposed of at landfills designed for waste 
of lower hazard level. In such cases, a soil quality and toxicity is generally of no interest.  

A reuse of sewage sludge through land applications, which can be considered as a 
combination of the first two approaches, has drawn a lot of attention among scientists and 
regulators. Sewage sludge is recourse of potential agricultural value, however often pursued 
by a concern of contaminant release and increased availability of heavy metals in amended 
soils. Despite extensive studies on a sewage sludge reuse (Albiach et al., 2001; Guerrero et al., 
2001; Debosz et al. 2002; Kizilkaya, 2004; Garcia-Orenes et al., 2005), conclusions presented 
in the literature whether it is a “beneficial” practice or not are still controversial (Merrington et 
al., 2003; McBride, 2003).   

The third scenario appears at large areas devastated by near-by running industrial activities, 
e.g. around mining and smelting areas, mine-spoils and tailings. In such cases, amendments 
are spread over the sites or mixed into the spoils and vegetated in order to reduce contaminant 
spread and create an aesthetic environment. Establishment of the vegetation, site colonization 
with ambient plant species and recovery of the ecosystem is considered an indication of 
remediation success. The largest example of such an approach is Sudbury, Canada, where 
more than 30 km2 of devastated land around a mining and smelting region was successfully re-
vegetated after liming and fertilizing the soil (Winterhalder, 1996).    

2. Immobilization of trace elements in soil 

The hazard of inorganic contaminants arises from their bioavailable concentrations and 
necessity for organisms. Cu, Cr, and Zn are essential micronutrients and are required in small 
quantities by living organisms, while As and Pb have not any known physiological function 
for plants or humans and even the smallest quantities can have adverse effects on organisms. 
Arsenic however is classed together with elements that are essential in animal nutrition 
(Adriano et al., 2004).  
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2.1. Element mobility controlling mechanisms 

The mobility and bioavailability of elements in soil are affected by various sorption processes: 
adsorption to mineral surfaces, formation of stable complexes with organic ligands, surface 
precipitation, ion exchange, as well as precipitation as salts and co-precipitation. Different 
sorption/dissolution processes are influenced by many factors: pH, redox potential, type of soil 
constituents, cation exchange capacity, etc. and a single mechanism rarely accounts for the 
immobilization of elements in soil.  

A practical way to choose the appropriate amendment for respective contaminant is to look at 
its affinity for element-bearing soil fractions, such as metal oxides, phosphates, sulfides, etc. 
Since the choice of an appropriate amendment for soil treatment depends on the type of 
contaminant, the following review is divided into the sections summarizing treatment 
possibilities of the individual elements.   

2.2. Arsenic 

The mobility of As in soil is mainly controlled by adsorption/desorption processes and co-
precipitation with metal oxides. Therefore the most extensively studied amendments for As 
immobilization are oxides of Fe and to a lesser extent Al and Mn.  

Iron compounds 
Iron salts are commonly used for As stabilization purposes. Ferrous sulfate was demonstrated 
to effectively reduce As mobility (Moore et al., 2000; Kim et al., 2003; Hartley et al., 2004) 
and phytoavailability (Warren et al., 2003; Warren and Alloway, 2003). Precipitation of Fe 
oxides, followed by the Fe sulfate application, causes acid (H2SO4) release. Co-mixing of lime 
is usually used to avoid soil acidification. Iron (II)/(III) sulfates with simultaneous applications 
of lime were reported to be the most efficient in reducing labile As concentrations compared 
to zerovalent iron (Fe(0)) and goethite (Hartley et al., 2004) with ferric sulfate being more 
efficient than ferrous sulfate (Kim et al., 2003; Hartley et al., 2004). However, such treatment 
significantly increased the leaching of metals e.g. Cu and Zn (Hartley et al., 2004). Warren 
and co-workers (2003) and Warren and Alloway (2003) observed increased plant uptake of 
other contaminants including Cu, Zn and Pb in soil amended with ferrous sulfate and lime. 
The authors explained that there was an insufficient amount of lime added and suggested a 
ratio of lime/Fe oxide necessary for maintaining soil pH should be higher than 1:1. In contrast, 
oxidation of Fe(0) is expected to have a minor influence on soil pH. Fe(0) oxidizes in soil 
forming poorly crystalline Fe hydroxides (Leupin and Hug, 2005):  

Fe(0)+2H2O+1/2O2 Fe(II)+H2O+2OH , (1) 

Fe(II)+ H2O+1/4O2 Fe(III)+1/2 H2O+OH , (2) 

Fe(III)+3H2O Fe(OH)3+3H+. (3) 
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The mobility of As can be reduced by the formation of amorphous iron(III) arsenate 
(FeAsO4·H2O) (Carlson et al., 2002) and/or insoluble secondary oxidation minerals, e.g.
scorodite (FeAsO4·2H2O) (Sastre et al., 2004). At low pH and highly oxidizing conditions 
precipitation of scorodite has been observed (Magalhães, 2002; Porter et al., 2004), while at 
pH around 5 and moderately oxidizing conditions, highly insoluble Fe3(AsO4)2 can possibly 
be formed (Porter et al., 2004). 

Possible reactions of adsorption of arsenite and arsenate by ferrihydrite are summarized by 
Jain et al. (1999). According to the authors, adsorption occurs by ligand exchange of As 
species for OH2 and OH- groups on Fe oxide hydroxide surface. Sherman and Randall (2003) 
explained the exact mechanism of the adsorption of arsenate onto goethite, lepidocrocite, 
hematite and ferrihydrite to be the formation of inner-sphere surface complexes resulting from 
bidentate corner-sharing between AsO4 and FeO6 polyhedra. 

The main advantage of using Fe(0) over Fe salts is that the former contains three times more 
iron by weight than the most common Fe salts. Even if oxidation reactions of Fe(0) in soil are 
not as fast as those of salts it might be beneficial in a long-term perspective. Leupin and Hug 
(2005) observed that slow and continuous release of Fe(II) by iron corrosion provides ideal 
conditions for the oxidation of As(III) to As(V), which is easily adsorbed to further formed 
iron hydroxides. In contrast, adding high concentration of easily soluble Fe salts to soil can 
have a reverse effect on As retention as Fe(II) can adsorb to newly formed Fe hydroxides and 
inactivate them (Tamura et al., 1980; Hacherl et al., 2001). Nano-sized Fe(0) is a highly 
reactive material mainly due to its large surface area. However, surface area-normalized 
reaction rate constants are similar to micro-sized Fe(0) (Nurmi et al., 2005). 

The reported application rates of Fe compounds vary. Generally, efficiency of As retention 
increases with increasing amount of Fe oxides. Application rates of Fe(0) greater than 5% by 
weight can lead to problems with soil structure such as aggregate cementation and changes in 
porosity and rates grater than 1% can negatively effect vegetation (Mench et al., 2000). 
Warren at al. (2003) and Warren and Alloway (2003), based on pot and field experiments, 
concluded that Fe oxide rates >0.5% had no beneficial results on the reduction of As 
phytoavailability.  

Application rates based on As/Fe molar ratio can be more informative seeing as different soils 
have different contamination levels requiring different amount of reactive Fe. Moore et al.
(2000) tested a range of Fe addition based on As/Fe molar ratio. According to their results the 
most efficient ratio was 2 and higher, depending on the soil type. Based on hydrometallurgical 
studies on As removal from process wastewaters, reviewed by Carlson el al. (2002) and Ritcey 
(2005), As-Fe precipitates of increasing stability at pH range 3-8 were formed when the Fe/As 
molar ratio exceeded 2 and increased to 16. 

Aluminum oxides  
Synthetic Al(OH)3 can be as highly efficient for As stabilization in soil as synthetic FeOOH 
(reaching nearly 100% efficiency) and give better results than natural Fe oxy-hydroxides and 
clay minerals (Garcia-Sanchez et al., 2002).  
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Manganese oxides  
The applications of Mn oxides for As immobilization are less extensively studied compared to 
Fe oxides. Mn oxides can adsorb high amounts of As (Chiu and Hering, 2000) and applied 
alone or in combination with Fe oxides significantly reduce As mobility and toxicity in 
contaminated soils (Mench, et al. 2000). Mn oxides can bind As as bidentate corner-sharing 
(bridging) complexes similar to As(V) sorption on ferric hydroxides (Manning et al., 2002; 
Foster et al. 2003). Also, Mn oxides can effectively oxidize As(III) to As(V) (Tournassat et
al., 2002) and contribute to the toxicity reduction. However, Mn oxides can be reduced at 
higher Eh values compared to Fe oxides and therefore can release adsorbed As before Fe 
oxides get dissolved (Stüben et al, 2003). Mn can immobilize As through co-precipitation as 
MnHAsO4·8H2O (Tournassat et al., 2002) or a highly insoluble mineral Mn3(AsO4)2·8H2O
with lowest solubility around pH 6 and pe 6 (Porter et al., 2004).  

Organic matter  
Research of the influence of organic matter (OM) on As mobility present controversial results. 
Dissolved organic matter can compete with As for sorption sites and displace both arsenate 
and arsenite from iron oxides (hematite) (Redman et al., 2002). Cao and Ma (in press) used 
compost to remediate CCA-contaminated soils and observed As adsorption by organic matter 
and reduced accumulation by vegetables. The authors concluded that compost amendment can 
significantly reduce risk of human exposure to toxic As concentrations. Fitz and Wenzel 
(2002), however, concluded that there is no evidence of OM contribution to the sorption of 
significant amounts of As in soils. While Mench et al. (2003) observed a drastic increase in As 
leaching from a compost amended soil. Shiralipour and co-workers (2002) concluded that the 
effect of compost on As leaching and uptake by vegetables was pH dependent. At slightly 
acidic (pH 5.5) soil conditions, the As leaching and uptake was low due to its adsorption to 
OM. While at neutral soil pH, reduction of As(V) to As(III) and consequent leaching was 
induced by the compost. 

Beside the pH, the type of OM might play a role in its varying effect on As mobility. Grafe et 
al. (2002) studied adsorption of As on synthetic ferrihydrite under the influence of three types 
of OM: peat humic acid (HA), Suwannee River fulvic acid (FA) and citric acid (CA). 
According to their results, FA and CA adsorption to ferrihydrite out-competed As(III) 
adsorption at low pH, while only CA was able to reduce As(V) adsorption on ferrihydrite. HA 
and As sorption were not interfering and was suggested to be independent of each other. The 
authors also observed that goethite had a higher affinity for DOC with a higher surface 
coverage and stronger bonds than ferrihydrite.  

Organic matter can change As speciation by reducing As(V) to more toxic and mobile As(III). 
Studies on nine artificially CCA-contaminated soils revealed that in mineral soils on average 
92% of total As was As(V), while in highly organic soils the proportion of As(III) 
significantly increased to one third of the total soil As (Balasoiu et al., 2001).   

Alkaline materials 
The effect of alkaline materials on the As mobility is not less contradicting than that of OM. 
Generally it is believed that alkaline materials, e.g. lime, fly ashes, hydroxyapatites, are 
undesirable in As contaminated soil as they increase As leaching (Seaman et al., 2003; Hartley 
et al., 2004) due to the higher mobility of As at higher pH range. Application of liming 



8

materials was shown to increase As mobility in soil (Mench et al., 2003). In contrast, Hartley 
et al. (2004) observed that lime actually reduced As leaching in soil by 8%. The authors 
suggested this could be explained by the possible formation of As-Ca complexes. In the 
presence of Ca under highly oxidizing and moderate pH conditions, calcium hydrogen 
arsenate (CaHAsO4) and calcium arsenate (Ca3(AsO4)2) can precipitate (Porter et al. 2004). 
However, the total As concentrations in aqueous solutions in equilibrium with calcium 
arsenates at the pH range 4.5-8.5 are too high to consider this as a feasible remediation 
measure (Magalhães, 2002). According to Wenzel et al. (2001), Ca has insignificant effect on 
As binding, even in calcareous soils.  

Alkaline materials usually are used to stabilize/solidify As contaminated soils (Jing et al., 
2003; Leist et al., 2003; Dermatas et al., 2004; Moon et al., 2004). Solidified monoliths are 
created, where the mobility of As is a diffusion controlled process. Although the leaching of 
As is significantly reduced, such a soil treatment is rather disruptive and considered only when 
the material is disposed of at a landfill.  

Clay minerals 
The stronger As binding is the reason of the lower As toxicity in clayey soils compared to 
sandy soils. The sorption of As to clays depends on the clay type. Garcia-Sanchez et al. (2002) 
studied As retention in two soils amended with bentonite (composed of 99% montmorillonite) 
and limonite. The highest reported efficiency was 80% reduction in As leaching in one of the 
soils (pH 4.6) achieved by limonite at 10% application rate, while the same amount of 
bentonite accounted for 50% of the retained As. The sorption capacity of limonite was much 
smaller in the more acidic soil (pH 3.8) and accounted for less than 50% of the retained As. 
Bentonite in that case was not effective at all.     

Arsenic sulfides 
In cases of a disposal of non-solidified As contaminated soil at landfills, where anaerobic 
conditions are expected to dominate, admixture of sulfur-containing materials might be 
considered. At lower redox, insoluble sulfides can be formed either with iron (AsFeS, 
arsenopyrite; at strongly reducing conditions) or without iron (As2S3, orpiment; at moderately 
reducing conditions) (Porter et al., 2004).  

The immobilization of As in soil can be lessened at the presence of competing anions, e.g.
phosphates and silicates, that form complexes with Fe oxides (Seaman et al., 2001). In 
contrast, cations might not necessary decrease As sorption. It was observed that the presence 
of Zn increased As sorption on goethite by five-fold at pH 7 through surface precipitation of 
Zn-AsO4 complexes (Gräfe et al., 2004). 

2.3. Chromium  

The mobility of Cr in soil depends on its oxidation state. Therefore, Cr stabilization mainly 
deals with Cr reduction from its toxic and mobile hexavalent form Cr(VI) to a rather stable in 
natural environments Cr(III). In the recent studies, Cr was not a contaminant in focus and the 
effects of soil amendments on the Cr stabilization were observed in a context of the other 
contaminants. Less research done on the Cr stabilization is likely due to a low reactivity of its 
usual species found in soil - hydrous chromium oxide. Even if Cr added to soil is in its mobile 
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form Cr(VI) it tends to be converted to the trivalent oxide when in contact with the natural 
environment (Barnhart, 1997).  

The reduction of Cr in soils is accelerated by the presence of organic matter and divalent iron. 
If Cr in soil is converted to trivalent oxide or co-precipitated with Fe hydrous oxide that have 
low mobility and bioavailability in soils (Fendorf, 1995), it is likely to remain stable for a long 
time. However, the use of certain amendments should be avoided in Cr contaminated sites. 
Manganese oxides can negatively affect a Cr valence by oxidizing Cr(III) to Cr(VI) in soil 
(Guha et al., 2001; Pantsar-Kallio et al., 2001; Kim and Dixon, 2002). Also, alkaline materials 
like fly ash, hydroxyapatite, CaCO3 that increase soil pH above neutral favors the oxidation of 
Cr(III) to Cr(VI) (Pantsar-Kallio et al., 2001; Seaman et al., 2001). This can cause a higher Cr 
mobility and uptake by vegetation (Rai et al., 2004).  

2.4. Copper  

Stability of Cu in soil is strongly pH dependent – the mobility increases with decreasing pH. 
Carbonates, phosphates and clays can keep Cu mobility in soil low by chemisorption (Kabata-
Pendias and Pendias, 2000). Application of coal fly ash to soil, that usually increases soil pH 
and an amount of carbonates, is an efficient measure controlling Cu mobility (Jackson and 
Miller, 2000). However, increasing of soil pH to above 8 by applied coal fly ash (15% by 
weight) and red mud-gypsum (15% by weight) showed less than 50% and 10% efficiency, 
respectively. While a combination of these amendments even increased Cu leaching by 170% 
over the untreated soil (Ciccu et al., 2003). The mobility of Cu is usually the lowest at slightly 
alkaline pH but can increase in highly alkaline conditions (>10) due to the formation of OH-

complexes (van der Sloot et al., 1997). 

An increased amount of clay minerals (palygorskite) in soil by 4% decreased Cu mobility by 
77% (Alvarez-Ayuso and Garcia-Sanchez, 2003a). By-products like sugar foam, dolomitic 
residue and to a lesser extent gypsum and phosphogypsum, can also reduce the mobility and 
availability of Cu in soil (Garrido et al., 2005). The suggested mechanisms of Cu retention 
were precipitation of Cu carbonates and oxy-hygroxides, ion exchange and formation of 
ternary cation-anion (SO4, PO4) complexes on the surface of Fe and Al oxy-hydroxides.  

Although Fe, Al, Mn oxides are generally good sinks for Cu (Kabata-Pendias and Pendias, 
2000), their application to soil may not always lead to a success. Hartley et al. (2004) tested 
several iron amendments: goethite, iron grit (Fe(0)), iron(II)/(III) sulfates plus lime, but non of 
the treatments were efficient for the Cu stabilization.  

The well known high affinity of Cu for organic matter has two-sided consequences. In the 
presence of dissolved OM, Cu mobility increases as Cu-HA and Cu-FA complexes are formed 
(Hsu and Lo, 2000). Higher Cu mobility and availability to earthworms was reported in soil 
amended with sewage sludge (Kizilkaya, 2004). On the other hand, non soluble high 
molecular weight organic acids can retain significant concentrations of Cu in soil upon soil 
acidification (Chirenje and Ma, 1999). Peat and highly organic soils can bind significant 
amounts of Cu. The OM-bound Cu fraction was reported to account for 96% of the total Cu in 
CCA contaminated soil (Balasoiu et al., 2001).  
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Recent studies show that the mobility and availability of Cu can be reduced by OM 
applications. Acid extractable Cu fraction decreased in soils amended with four different 
mixtures of sewage sludge and cotton waste, though composting of sewage sludge prior to the 
application was recommended (Sanchez-Monedero et al., 2004). Application of fly ash-
stabilized sewage sludge also reduced Cu leaching and availability to corn (Su and Wong, 
2004). Mixing organic matter and fly ash can be beneficial for offsetting a decrease in soil pH 
due to the decomposition of OM (Jackson and Miller, 2000) and enhancing Cu sorption on 
clay mineral surfaces through ternary Cu-mineral-humic acids complexes (Arias et al., 2002; 
Hizal and Apak, 2005). 

2.5. Lead  

Most of the studies on the Pb stabilization were performed using various phosphorus-
containing amendments, such as synthetic and natural apatites and hydroxyapatites (Shi and 
Erickson, 2001; Raicevic et al., 2005), phosphate rock (Geebelen et al., 2002; Cao et al., 
2004; Brown et al. 2005; Ownby et al., 2005), phosphate-based salts (Cao et al., 2003; Ownby 
et al., 2005), diammonium phosphate (McGowen et al., 2001), phosphoric acid (Melamed et
al., 2003, Chen et al., 2003; Brown et al., 2005; Impellitteri, 2005; Scheckel et al., 2005) and 
their combinations.  

The phosphate amendments added to contaminated soils reduce the Pb mobility by ionic 
exchange and precipitation of pyromorphite-type minerals [Pb5(PO4)3X; X=F, Cl, B or OH]. 
The newly formed minerals have a very low solubility and bioaccessibility (Hettiarachchi et
al., 2001; Scheckel and Ryan, 2003) and, as demonstrated by Arnich et al. (2003), are not 
bioavailable. Ownby et al. (2005) reported reduced Pb bioavailability to earthworms as a 
result of phosphate rock addition to a Pb contaminated soil. Cao et al. (2004) found that 
insoluble fluoropyromorphite [Pb10(PO4)6F2] was formed in soil amended with phosphate rock 
containing F. The precipitation of fluoropyromorphite was the main mechanism responsible 
for Pb retention (78%) that dominated over surface sorption/complexation reactions. This 
mineral showed to be highly stable under a wide range of pH (3 to 9). Geebelen and co-
workers (2002) observed a significant reduction of 1 M CH3COOH acid extractable Pb 
followed by phosphate rock (1%) application to 8 contaminated soils from 4 countries.  

The formation of pyromorphite in soil requires dissolution of Pb and P amendments. The rate 
and effectiveness of the Pb immobilization depend on the solubility of Pb and P compounds. 
Phosphate-based salts and phosphoric acid are more soluble compared to phosphate rock and 
therefore more efficient (Brown et al. 2005). Easily soluble phosphoric amendments lower soil 
pH and increase the concentration of Pb in solution (available for reactions) leading to an 
instantaneous formation of pyromorphite-type minerals (Chen et al., 2003; Melamed et al., 
2003). To dissolve other P amendments, e.g. phosphate rock, soil acidification may be needed. 
The increased soil acidity, however, may affect the leaching of other trace elements and 
increase soil toxicity (Ownby et al., 2005). To avoid the negative effects of soil acidification, 
admixture of more soluble P amendments followed by the application of phosphate rock and 
calcium phosphates were recommended (Melamed et al., 2003). Traditional means, such as 
liming, are also suggested (McGowen et al., 2001).  



11

The amount of amendment used is one of the key factors controlling remediation efficiency. 
However, the use of differing amendment rates and differing ways of presenting them, makes 
direct efficiency comparisons between various studies difficult. The amount of added material 
is expressed as (1) a percent of amendment added to soil (weight ratio), (2) a concentration of 
P per kg soil or t per ha, or as (3) a molar ratio of P/Pb.     

In general, the treatment efficiency of soil contaminated with Pb by phosphorus compounds is 
very high. The leaching of Pb in field can be reduced to >99% (Wang et al. 2001). Melamed et 
al. (2005) suggested the sufficient molar ratio of P/Pb to be 4.0 even for the soil contaminated 
with  Pb concentration as high as 11.6 g kg-1.   

Despite the reported high treatment efficiencies, some doubts about stabilization of Pb 
contaminated soil by P are expressed (Porter et al., 2004, Brown et al., 2004). According to 
Porter and co-authors (2004), P added to soil can easily form other minerals e.g. apatite and 
manganese hydrogen phosphate (MnHPO4) rather than pyromorphites. The authors suggested 
that the only way to avoid this is to increase the amount of added phosphorus. Based on their 
thermodynamic calculations, the amount of P in soil needs to be increased to the levels that are 
20 times the normal P concentration in soil. Brown et al. (2004) cautions that the high rates of 
P needed to immobilize Pb remain questionable seeing as an excess of soil P is a potential 
source of the eutrophication of surface waters.  

Presence of competing ions usually reduces the treatment efficiency. Competition of Zn for 
phosphorus amendments was suggested to be responsible for remaining Pb bioavailability in 
treated soils (Ownby et al., 2005). By contrast, Pb removal by phosphate rock was least 
affected by the presence of competing metals compared to Cu and Zn (Cao et al., 2004). 
According to Porter at al. (2004), stable pyromorphites in soil can be formed only after all 
soluble Ca and Mn are excluded. As such, besides the very high concentrations of needed P, 
precipitated high amounts of apatite-like minerals can adversely change the soil structure.   

A number of other soil amendments have been tested for their ability to immobilize Pb in soils 
showing a varying degree of their efficiency: 

- alkaline compounds: calcium hydroxide (Ca(OH)2), calcium carbonate, limestone 
(CaCO3), lime (CaO) (Chen et al., 2000; Geebelen et al., 2002; Lombi et al., 2002a; 
2002b; Basta and McGowen, 2004; Garcia et al., 2004; Brown et al., 2005; Castaldi et 
al., 2005), cyclonic ashes (Lombi et al., 2002a; 2002b; Brown et al., 2005), coal fly ash 
(Ciccu et al., 2003); 

- biosolids, compost (Chen et al., 2000; Brown, et al., 2004; Castaldi et al., 2005); 
- zeolites (Chen et al., 2000; Castaldi et al., 2005); 
- red gypsum and phosphogypsum (Garrido et al., 2005), red mud (Zao et al., 2005; Lombi 

et al., 2002a; 2002b; Ciccu et al., 2003; Brown et al., 2005); 
- iron and manganese oxides (Chen et al., 2000; Sauve et al., 2000; Garcia et al., 2004), 

steel shots (Brown et al., 2005). 

Ca compounds are generally efficient for the Pb immobilization, which is mainly caused by an 
increase in soil pH. Since soil pH might not be stable and acidification would lead to Pb 
release, application of Ca compounds alone might not be sufficient for a long-term Pb 
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immobilization. Alkaline compounds are more useful if used as supplements to neutralize soil 
acidity caused by other amendments, e.g. phosphoric acid. Highly alkaline conditions can have 
a reverse effect on Pb stability due to the amphoteric nature of Pb and at pH >11-12 formed 
soluble hydroxide complexes can increase Pb mobility (van der Sloot et al., 1997; Garcia et
al., 2004). However, such high pH values are unusual for soils. Application of 1% lime to 10 
contaminated soils showed no significant effect on the acid extractable Pb fraction or even 
increased the Pb leaching at soil pH=8.1 and below (Geebelen et al., 2002). 

Brown and co-workers (2005) performed a comparative study on a row of soil amendments, 
such as rock phosphate, triple super phosphate, H3PO4, limestone, a range of biosolids, 
cyclonic ashes, steel shots and red muds, and concluded that application of P as triple super 
phosphate and H3PO4 were the most effective over all the amendments tested. Phosphorus 
addition significantly reduced soil solution, bioavailable and NH4NO3 extractable Pb and its 
concentration in plant tissue. 

2.6. Zinc  

The high diversity of Zn compounds in soils (Manceau et al., 2004) may seem to facilitate the 
choice of stabilizing amendments. The mobility of Zn is modified by the presence of P, Ca, 
Al, Mn and Fe oxides, and organic matter. Zn can precipitate with hydroxides, carbonates, 
phosphates, sulfides, molybdates and several other anions as well as form complexes with 
organic ligands (Kiekens, 1995). Cation exchange and complexation by organic ligands were 
suggested to be the main Zn mobility controlling mechanisms in acidic soils, while Al, Mn 
and Fe oxides were of less importance (Kabata-Pendias and Pendias, 2000). Based on 
extended X-ray absorption fine structure (EXAFS) spectroscopic analysis of inorganic 
fractions of a clayey soil, Zn was predominantly associated with phyllosilicates (layer 
silicates) and all other fractions, including Zn-phosphate and Zn sorbed to ferrihydrite, 
contained less than 10-20% of the total Zn (Manceau et al., 2004). 

However, Zn is a rather mobile element (Kiikkilä, 2003) and easily out-competed by other 
cations (e.g. Pb, Cu) for adsorption sites (Cao et al., 2004). Impellitteri (2005) observed only a 
slightly reduced Zn solution concentration after an application of phosphoric acid, at the same 
time as Pb, Cd and Cu concentrations were decreased five to ten-fold. By contrast, the 
presence of As anions were observed to increase Zn sorption to goethite by an order of 
magnitude (Gräfe et al., 2004). 

A number of studies have been done attempting to stabilize Zn in soil by phosphorus 
amendments (Basta et al., 2001; McGowen et al., 2001; Hamon et al., 2002; Brown et al., 
2004; 2005; Panfili et al., 2005). Results indicated that Zn was immobilized as metal-
phosphate precipitates with low solubility and high resistance to soil acidification.  

Magnesium aluminum silicate clays, like palygorskite (attapulgite) 
(Mg,Al)2Si4O10(OH)·4H2O) (Alvarez-Ayuso and Garcia-Sanchez, 2003a) and sepiolite
(Mg4Si6O15(OH)2·6H2O) (Alvarez-Ayuso and Garcia-Sanchez, 2003b) were shown to be very 
efficient for Zn retention. The treatment efficiency using a 4% clay dose reduced the readily 
extractable (water soluble+exchangeable) Zn fraction by 76% (palygorskite) and 99% 
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(sepiolite) from highly polluted mining soils. Alkaline materials like coal fly ash and red mud 
also decreased Zn leaching by 99.7% and 99.6%, respectively (Ciccu et al., 2003). 

Other studied amendments seemed to provide less promising results. Although a number of 
soil additives (limestone, a range of biosolids, cyclonic ashes, steel shots and red muds) tested 
by Brown and co-workers (2005) reduced the extractable Zn in amended soils, no 
improvement in plant uptake and bioavailability over the non amended soil was observed. 
Hartley and co-workers (2004) reported a five-fold increase in Zn mobility when treated with 
iron sulfate and lime. The application of different organic mixtures to soil also considerably 
increased the fraction of available Zn (Sanchez-Monedero et al., 2004; Kizilkaya, 2004). But 
when sewage sludge was mixed with fly ash, leaching of Zn and uptake by corn was 
significantly reduced (Su and Wong, 2004). However, Basta and co-workers (2001) observed 
that the reduced Zn extractability in soil treated with lime stabilized biosolids was lost when 
soil was acidified to pH<6. 

2.7. Stabilization of multi-element contaminated soil 

Most contaminated sites have elevated concentrations of more than one element making the 
solution to the problem more complex. The remediation of soils contaminated with several 
elements at different concentrations requires solutions effective for all target elements. The 
different properties of the contaminants restrict the choice of possible amendments in order to 
avoid, for example, large pH fluctuations and consequent mobilization of one or more of the 
elements. The presence of one contaminant (e.g. Cu or Pb) can decrease the stabilization 
efficiency of the other (e.g. Zn) due to competition for sorption sites. Contrary to that, several 
contaminants of an opposite charge can have a synergistic effect on each other and 
significantly increase the retention capacity by, for example, forming complex As-Zn 
precipitates on Fe oxy-hydroxides (Gräfe at al., 2004).  

Lime can effectively reduce the mobility of Cu and Pb in contaminated soils by raising the soil 
pH. Alkaline industrial by-products like fly ashes can neutralize soil acidity arising from acid 
mine drainage generation in sulfide-rich waste and prevent contaminant spread (Iyer and 
Scott, 2001; Xenidis et al., 2002). Fly ashes have a more sustained neutralizing effect than 
lime (Seoane and Leiros, 2001), but increasing soil pH to alkaline region can increase the risk 
of Cr(III) transformation to Cr(VI) and As(V) to As(III). Both transformed species are much 
more mobile and toxic, and therefore undesirable.  

Amorphous ferric hydroxide (ferrihydrite) can be an effective sorbent for both anions and 
cations. The surface of Fe hydroxide particles can be positively or negatively charged 
depending on pH making the Fe hydroxides amphoteric (Cornell and Schwertmann, 2003). 
The Fe sulfate application can successfully immobilize As, but due to acid liberation is not 
recommended in soils containing high concentrations of metal contaminants (Warren et al.,
2003). Treatment with zerovalent iron significantly reduces concentrations of contaminants 
accompanied by the immobilization of macro elements, such as Ca, Mg, P. Undesirable 
reduction of available quantities of nutrients in the Fe amended soil requires additional soil 
amelioration. Grasses like Holcus lanatus and Agrostis castellana, considered as As tolerant 
plants, did not grow on As contaminated spoils amended with 1% steel shot (Fe(0)) without 
fertilization (Bleeker et al., 2002).  
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It is possible to improve the treatment efficiency of multi-element contaminated sites by 
applying a combination of amendments. For example, acid liberated in iron sulfate amended 
soils can be neutralized applying appropriate amounts of lime and leaching of metals could be 
avoided (Warren et al., 2003). Soil acidification due to phosphoric acid can also be managed 
by the following application of phosphate rock and calcium phosphates (Melamed et al., 2003) 
as well as lime (McGowen et al., 2001). Fly ash stabilized sewage sludge can prevent the 
leaching of trace elements and their uptake by plants (Su and Wong, 2004). In most studies, 
recommendations for future monitoring are given as the effects of the amendments are 
observed only for the first few years after the soil treatment.  

3. Concluding remarks 

The above reviewed soil amendments and their efficiencies for trace element immobilization 
in soils are summarized in Table 1. The successful stabilization of multi-element contaminated 
sites depends on the combination of critical elements in soil and the choice of amendments. 

Table 1 Summary of the reported efficiencies of the amendments.  
Amendment As Cu Cr Zn Pb 
Phosphorus materials - +  + ++ 
Organic matter +/- +/- ++ +/- +/- 
Clays + +  ++ + 
Alkaline materials - + - ++ +/- 
Fe Oxides ++ +/- ++ + + 
Mn oxides ++  -   

(++) = very good, (+) = satisfactory to good, (+/-) = varying results showing week improvements or 
both positive and negative effects on the element mobility, (-) = avoidable due to obvious negative 
effects on the element leaching, ( ) = not found in the reviewed literature.  

Clays and Fe oxides seems to be efficient for all of the elements. However, the type of 
amendments is important. Clay-type materials can also be alkaline, e.g. fly ashes, and have a 
reverse effect on the retention of As, while Fe added to soil in form of sulfides can lower soil 
pH and have a reverse effect on the leaching of cationic elements.  

Organic matter had the most varying impact on the element mobility. The trace element 
retention by OM depends on several factors, such as soil pH and degree of OM humification, 
i.e. dominance of low solubility having high molecular weight organic acids versus highly 
soluble low molecular weight acids. For example, fresh biosolids usually have low degree of 
humification therefore contribute to the element mobilization rather than to their retention. 
Other soil constituents, e.g. clay, can increase the element retention capacity of OM by 
forming ternary clay-metal-organic matter complexes (Arias et al., 2002). Hence, the impact of 
OM on the element retention is case specific and any generalizations are difficult to make.   

Three elements, Cu, Zn and Pb, have similar response to the same amendments. All of these 
elements could be retained in soil amended with phosphorus, iron or clay materials. However, 
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adding phosphoric acid or iron sulfate to soil, additional pH-controlling measures (e.g. liming) 
are necessary. Leaching of Cu, Zn and Pb is strongly pH-dependant with lowest mobility 
being around neutral to slightly alkaline conditions, therefore particular attention should be 
paid to changes in soil pH induced by the amendments. Some similarities are also seen in the 
response of As and Cr to the amendments. Alkaline materials clearly should be avoided as the 
mobility of these elements usually increases in the alkaline pH range. This element grouping is 
mainly determined by the dominant trace element charge: Cu, Zn and Pb appear as cations, 
while As and mobile Cr(VI) as oxyanions, therefore their reaction to pH changes generally has 
a reverse pattern. This confirms that pH is one of the most important factors having a very 
strong impact on the element mobility in soil. Other factors, like redox potential, can greatly 
modify element mobility, especially of redox sensitive elements like As and Cr.   

Although most studies are concluded with the expressed necessity for a long-term stability 
assessment of the immobilized elements, no suggestions for how to do this are given. It is 
difficult to make long-term stability predictions based on short-term laboratory tests. 
Standardized leaching test do not cover all scenarios appearing in the field. Redox reactions 
and microbial processes are usually omitted. But field experiments, where processes occurring 
in stabilized soil can be observed for several decades, are impractical. Instead, some answers 
could be found in nature. Natural remediation (attenuation) occurs in moderately contaminated 
sites and ecosystem recovery slowly takes place despite of remaining elevated trace element 
concentrations (Lepp and Dickinson, 2003). Analyzing soil samples taken from such sites that 
were contaminated several decades ago for chemical, physical, mineralogical and biological 
development in comparison to adjacent clean soil might give an approximation of what could 
be expected in the future of the stabilized soil. 
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“Capsule”: Copper and lead mobility and the bioavailability in soil can be effectively 
reduced by using a combination of coal fly ash and peat as soil amendments. 

Abstract

The stabilization of metal contaminated soil is being tested as an alternative 
remediation method to landfilling. An evaluation of the changes in Cu and Pb mobility and 
bioavailability in soil induced by the addition of coal fly ash and natural organic matter 
(peat) revealed that the amount of leached Cu decreased by 98.2% and Pb by 99.9%, as 
assessed by a batch test. Metal leaching from the treated soil was lower by two orders of 
magnitude compared to the untreated soil in the field lysimeters. A possible formation of 
mineral Cu- and Pb-bearing phases and active surface with oxides were identified by 
chemical equilibrium calculations. Low metal leaching during a two-year observation 
period increased the seed germination rate, reduced metal accumulation in plant shoots, 
and decreased toxicity to plants and bacteria, thereby demonstrating this stabilization 
method to be a promising technique for in situ remediation of Cu and Pb contaminated soil. 

Keywords: leaching, sequential extraction, phytoaccumulation, toxicity, organic matter 

1. Introduction 

Toxic metal levels adversely affect soil quality by hindering its biological activity 
and vegetation establishment, leading to a loss of organic matter and, hence, changes in 
soil structure (Viventsova et al., 2005). A high metal mobility is also characteristic of sites 
contaminated with high levels of metal that pose a threat to human health and the 
environment. The mining industry is a major source of soil contamination with trace 
elements, e.g. Cu and Pb. The metals are spread through ore transshipment, mine waste 
storage, acid drainage generation from sulfide containing mine wastes that cause soil 
acidification, and contaminant leaching.  

Soil amendment with metal immobilizing materials similar to natural soil 
constituents (e.g. Fe oxides, organic matter, alkaline materials) can reduce metal mobility 
and availability in soil by adsorption, complexation, (co)precipitation or a combination 
thereof, and help to restore soil properties (Basta et al., 2005). Iron oxides (FeOx) have a 
high sorptive capacity for metals and have been extensively studied for in situ contaminant 
immobilization (Chen et al., 2000; Lombi et al., 2002; Brown et al., 2005). Numerous 
studies have demonstrated the successful immobilization of metals, especially Pb, by 
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phosphorus containing materials due to the precipitation of pyromorphite-type minerals 
(McGowen et al., 2001; Cao et al., 2003; Chen et al., 2003; Melamed et al., 2003; Cao et 
al., 2004; Brown et al., 2005). Industrial by-products, like red mud, fly ashes, berringite, 
biosolids, dolomitic residues, have been shown to a varying extent contribute to metal 
immobilization in soil (Mench et al., 2000; Basta and McGowen, 2004; Brown et al., 2004; 
Garrido et al., 2005).

However, an application of soil amendments may not always sufficiently reduce Cu 
and Pb mobility or improve soil quality and vegetation establishment. Hartley et al. (2004) 
tested several iron amendments (goethite, metallic Fe, iron(II)/(III) sulfates plus lime), but 
non of the treatments were efficient for Cu stabilization. The surface charge of FeOx is pH 
dependent and metal adsorption decreases with decreasing pH (Cornell and Schwertmann, 
2003). Therefore, by using FeOx in acidic soils, additional pH adjusting materials as well 
as fertilizers are needed to increase the sorptive capacity of FeOx and facilitate 
revegetation of the soil (Bleeker et al., 2002).

Despite the reported high treatment efficiencies, P added to soil can easily form other 
minerals, e.g. apatite and manganese hydrogen phosphate MnHPO4 rather than 
pyromorphites, which could be avoided by increasing the amount of P to levels 20 times 
the normal P concentration in soil (Porter et al., 2004). Such high rates can cause an excess 
of soil P and be a potential source of the eutrophication of surface waters (Brown et al., 
2004), while precipitated high amounts of apatite-like minerals can adversely change the 
soil structure (Porter et al., 2004). 

Industrial by-products, like coal and biofuel combustion fly ashes (CFA), are alkaline 
materials with high sorptive capacity, mainly composed of ferroaluminosilicates, and can 
be used as ameliorants for acidic soils. Fly ashes are suggested to solve problems related to 
acid mine drainage and metal solubility (Misra et al., 1996; Iyer and Scott, 2001; Xenidis 
et al., 2002). Fly ashes increase the surface area available for element adsorption, improve 
the physical properties of soil (Gorman et al., 2000), neutralize the pH of acidic soils and 
render most cationic metals less mobile (Ciccu et al., 2002). CFA contains alkaline (K) and 
alkaline earth (Ca, Mg) metals that are important plant nutrients. A mixture of CFA with 
organic matter (OM) is expected to further enhance biological activity in the soil (Jala and 
Goyal, 2004), reduce leaching of major nutrients (Sajwan et al., 2003) and be beneficial for 
vegetation (Rautaray et al. 2003; Tripathi, et al. 2004).

The use of fly ashes as soil amendments would solve several problems by reducing 
the amount of landfilled soil and ashes, reduce the consumption of soil ameliorants 
(fertilisers, lime) and clean soil to replace the excavated, and decrease the metal mobility 
and availability in soil (Ciccu et al., 2003; Mittra et al., 2005).  

The aims of this study were to determine whether a combined addition of CFA and 
natural OM (peat) to an acidic soil contaminated with sulfidic ore deposits can reduce Cu 
and Pb mobility, change their distribution between metal-bearing soil fractions, as well as 
reduce the metal toxicity to microorganisms and uptake by plants.   

2. Material and methods

2.1. Soil 

The soil used was sampled from a Cu ore transshipment station in Slagnäs, Sweden. 
A 400 kg composite soil sample of similar texture was excavated from the surface and to a 
depth of 20 cm. The soil was air dried, homogenized and sieved to a <4 mm fraction for 
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the batch leaching tests and to <2 mm for pHstat leaching tests, sequential extractions and 
toxicity assessment.   

2.2. Amendments 

The tested coal fly ash was generated by wood and coal combustion at Öresundskraft, 
Sweden. The pH was 12.4 and the electrical conductivity (EC) of the CFA was 20 mS cm-

1. Total solids were 999 g kg-1, the loss of ignition was 6%, and the average particle size 
was 6.9 μm. Metal concentrations were (±SD, n=3): Ca 15.3±0.8; Fe 6.0±0.7; Al 4.1±0.5; 
Mg 2.8±0.2; K 1.9±0.2; Na 1.4±0.2; Mn 0.5±0.1 %, and Zn 425±34; Cu 71±3; Pb 32±3; Ni 
31±3; Cr 19±4; Cd 2.4±0.4 mg kg-1.

Peat was obtained from Norrlandsjord, Luleå, Sweden. According to the von Post 
peat decomposition classification (Wiklander, 1976), the peat is defined as “almost 
completely unhumified, containing plenty of fibers”. The peat pH was 3.9 and the EC was 
0.1 mS cm-1. The percentage of ash after combustion at 550°C was 17%. 

About 200 kg of the air dried, non-sieved soil was manually mixed with 10 kg dw 
CFA and 10 kg dw peat.

2.3. Lysimeters 

Of 4 polyethylene (PE) lysimeters (100 L), 2 were filled with the treated soil and 2 
with the untreated soil. One lysimeter from each pair was sowed with a seed mixture 
supplied by Veg Tech AB, Vislanda, Sweden. The plant seed mixture, typically used for 
re-vegetation of sandy, nutrient deficient soils, was composed of 90% grass and 10% herb 
species (Table 1). A porous PE plate was placed 10 cm from the lysimeter bottom, thereby 
forming an empty space for the leachate accumulation. The plate was covered with a 
geotextile filter to prevent wash out of small particles. The lysimeters were placed in holes 
to a depth of 0.5 m and exposed to natural precipitation and temperature. Leachate samples 
were pumped from the bottom of the lysimeters. 

Table 1  
The seed mixture of plants used for soil revegetation. Proportion of the species of herbs and grasses in the 
mixture are given in parenthesis  

Herbs (10%) Grasses (90%) 
Achillea millefolium Agrostis capillaris 
Anthyllis vulneraria Anthoxanthum odoratum 
Campanula rotundifolia Bromus hordeaceus 
Hieracium pilosella Deschampsia flexuosa 
Hieracium umbellatum Festuca rubra 
Hypericum maculatum Festuca ovina  
Leucanthemum vulgare 
Lotus corniculatus  
Linaria vulgaris  
Rumex acetosa  
Silene dioica  
Thlaspi cearulescens  
Vicia cracca  

The experiment was conducted from July 2003 to November 2004. Leachate samples 
were collected on 10 occasions over a 500-day period. Collections took place after 
considerable rain events and snow melting, excluding five months of winter when the soil 
was frozen.
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2.4. Leaching tests 

A batch leaching test was used to estimate the water soluble fraction of metals prior to 
and after the soil treatment following two weeks of equilibration time. A randomized 
triplicate 22 full factorial design (Montgomery, 2001) was applied. The low levels of the 
factors CFA and OM were set to 0% to examine if any leaching of contaminants was due 
to the single factors or to their interactions. The high levels of the factors were set to 5%, 
(i.e. the amount of amendments).  

The air-dried soil was mixed with the two amendments according to the factorial 
design and left at room temperature for two weeks to equilibrate at a humidity level 
corresponding to 50% of the soil water holding capacity. The samples were then filled into 
1.5 L PE bottles and mixed with water acidified to pH 4 using HNO3 at a liquid-to-solid 
ratio (L/S) 10 L kg-1. The samples were shaken for 24 h using a rotating device. pH and EC 
were measured in unfiltered samples.  

The untreated soil and the soil treated with both amendments were leached for 24 h at 
L/S 10 in a pHstat mode by adding 1 M HNO3 or 1 M NaOH solutions to maintain pH 3 or 
pH 7 conditions, respectively.

A sequential chemical extraction method developed by Tessier et al. (1979) was used 
to operationally define the following four metal fractions: exchangeable, bound to 
carbonates (acido-soluble), bound to Fe-Mn oxides (reducible), and bound to organic 
matter (oxidizable) The residual fraction was extracted in HNO3 (65%) at 120°C for 2 h. 
The treated and untreated soils were analyzed before being placed in the lysimeters and 
after 500 days of outdoor exposure. In the latter case, the samples were collected from the 
0-5 cm surface layer. 

2.5. Soil and leachate analysis 

Total soil metal concentrations were calculated by the sum of the concentrations of 
the five fractions determined by the sequential extraction. 

Soil leachates were filtered through 0.45 m nitrocellulose membrane filters and 
extracts were filtered through syringe filters, acidified with HNO3 and stored at 4oC until 
analysis. Leachates from the lysimeters were analyzed within one week after sampling. 
Metal concentrations were measured using ICP-OES (Perkin Elmer Optima 2000 DV). The 
chloride (Cl) concentrations were determined through spectrophotometry (AACE Quaatro, 
Bran+Luebbe).

Soil pH and EC-values were measured in 1:2 soil-water (w/v) suspensions. Soil 
texture was determined using a hydrometer method. Total cation exchange capacity (CEC) 
was determined by ammonium acetate method (Lavkulich, 1981).    

Dissolved organic carbon (DOC) in leachates, total carbon (TC) and inorganic carbon 
(IC) of the bulk soil were determined using a TOC analyzer (TOC-V CSH Shimadzu).  

2.6. Plant analysis 

The plant shoots were sampled annually at the end of the vegetation period 
(November). Three spots of ø=14 cm were randomly selected in the lysimeters and all 
plant species and cultivars grown within the spots were collected for biomass 
measurements and metal concentration analysis. The plants were washed with double 
distilled water, dried for 72 h at 55°C, ground using a stainless steel grinder and digested 
for 2 h at 125°C in HNO3 (65%). The digestates were filtered through 0.45 m syringe 
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filters and analyzed for elements by ICP-OES. Detection limits for Cu and Pb were 2 g L-

1.

2.7. Toxicity measurements 

Biological toxicity of metals in both treated and untreated soils was assessed by a 
Flash method based on the luminescence inhibition in Vibrio fischeri using a BioToxTM

test system (Aboatox Oy, Turku, Finland). The bioluminescence was measured directly 
after inserting the soil-water suspensions into a high performance Sirius Luminometer and 
after 15 minutes (Lappalainen et al., 1999). The light output was automatically recorded 
using FB12 Software (Berthold Detection Systems, Pforzheim, Germany). If a soil-water 
suspension at the lowest dilution (1:1) gave <20% luminescence inhibition, the sample was 
considered as non toxic.

2.8. Statistical evaluation and modeling   

A two-sample t-test procedure (p<0.05) (Montgomery, 2001) was used to 
discriminate among the sample means using the software Statgraphics Plus 5.0. 

Mineral saturation indexes (SI) were calculated using the equilibrium geochemical 
speciation modeling (PHREEQC) and MinteQ database. The data for calculations were 
based on the composition of the leachate collected from the lysimeters and included pH, 
Eh, t°C, and the concentrations of Cu, Pb, Al, Ca, Cd, Cr, Fe, K, Mg, Mn, Na, Zn, Cl, S 
and inorganic carbon (IC). 

3. Results 

The collected soil contained high concentrations of Cu and Pb (Table 2), exceeding 
the generic guideline values for contaminated soils in Sweden. Maximum permissible 
concentrations of metals for land with the less sensitive use (e.g. industrial areas) are 200 
mg kg-1 Cu and 300 mg kg-1 Pb (SNV, 1994). Soil amendments did not cause dilution or 
enrichment in Cu and Pb.  

The added mixture of CFA+OM neutralized the soil pH and increased the EC, the 
water holding capacity, and the amount of TC and OC (Table 2).  

Table 2  
Main characteristics of the untreated and treated soils  

Soil Unit Untreated Treated 
pH (1:2 H2O) - 4.1 6.8 
Electrical conductivity (EC) S cm -1 83 914 
Total carbon (TC) % 0.4 2.1 
Organic carbon (OC)  “ 0.03 0.35 
Cation exchange capacity (CEC) cmol kg -1 2.9 ND 
Water holding capacity (WHC) % 28 45 

Texture  %   
Sand “ 85.5 ND 
Silt “ 12.5 ND 
Clay “ 2.0 ND 

Elements (total concentration) mg kg -1 dw  ±SD, n=3 
    Cu “ 248±8 248±97 
    Pb “ 2557±366 2692±55 

  ND - not determined 
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3.1. Batch and pHstat leaching tests 

The leaching of metals was significantly reduced by all soil treatments as assessed by 
the batch test. The highest efficiency was achieved by combining both amendments, and 
the amount of leached Cu and Pb was reduced by 98.2% and 99.9% respectively (Table 3).   

Table 3  
Leaching of Cu and Pb from the untreated and treated soils as assessed by the batch test according to the 22

factorial design. ±SD, n=3  
leachate  Cu Pb 

pH EC Efficiency Efficiency
S cm-1 mg kg-1 % mg kg-1 % 

Untreated soil 4.1 75 26.6±0.2  152.0±1.5  
Soil+organic matter (OM) 3.9 145 6.8±0.1 74.5 59.3±0.6 61.0 
Soil+coal fly ash (CFA) 11.6 1488 2.4±0.0 91.1 19.6±0.0 87.1 
Soil+OM+CFA 7.5 541 0.5±0.0 98.2 0.2±0.0 99.9 

Both the untreated and treated soils were exposed to the same acidic and neutral 
conditions during the pHstat leaching test, but released different amounts of metals (Fig. 1). 
Soil stabilization reduced the leaching of the metals at pH 3 by 38% for Cu and 76% for 
Pb, compared to the untreated soil.  
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Fig. 1. Cu and Pb concentrations in eluates obtained by leaching the (  U) = untreated and (  T) = treated 
with CFA+OM soils in a pHstat mode at pH 3 and pH 7.   

3.2. Field lysimeters 

Leaching of Cu and Pb occurred from all lysimeters, but the metal flux from the 
treated soil was considerably lower than that from the untreated soil. Leaching of Cu and 
Pb from the treated soil was relatively constant during the two-year observation period and 
varied between 0.11-0.36 mg L-1 Cu and 0.07-0.69 mg L-1 Pb. A slightly elevated Cu 
concentration was detected at the end of the experiment (Fig. 2). Leachates from the 
untreated soil had metal concentration peaks at the beginning of the experiment, then 
decreased from 14.7 to 2.4 mg L-1 for Pb and from 17.3 to 8.8 mg L-1 for Cu (Fig. 2).
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Fig. 2. Cu and Pb emissions from the lysimeters with the untreated and treated soils: ( ) without sowed grass, 
( ) with sowed grass. 

A significant increase in the leaching of major cations, such as Ca, Mg, K, and Na, 
was observed resulting from the soil treatment (Fig. 3). At the end of the experiment 
concentrations of K and Na in the leachate from the treated soil exceeded those from the 
untreated soil by one order and Ca and Mg by two orders of magnitude. Also, a slight 
increase of Mn leaching (on average by 18%) following the soil treatment was observed.  

Elevated DOC concentrations (140 mg L-1) were detected at the beginning of the 
experiment in the leachates from the treated soil, and then gradually decreased over time 
(Fig. 3). No correlation was observed between Cu and Pb leaching and the amount of DOC 
in the leachates. The concentration of inorganic carbon (IC) in the leachates from the 
treated soil was lowest at the beginning of the experiment (8 mg L-1) and gradually 
increased to 193 mg L-1 at the end. The untreated soil increasingly leached IC during the 
experiment from 0.3 to 7 mg L-1. Washout of Cl occurred very rapidly and by the end of 
the second season, Cl emissions from the treated soil were close to those from the 
untreated soil (Fig. 3). Sulfur leaching increased during the observation period from 36 to 
47 mg L-1 from the untreated soil and decreased from 750 to 420 mg L-1 from the treated 
soil.
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Fig. 3. Emissions of major ions (Ca, K, Na, Mg,) chlorides (Cl) and dissolved organic carbon (DOC) from 
the lysimeters. Soil: (  U) = untreated, (  U+V) = untreated with vegetation, (  T) = treated, (  T+V) = 
treated with vegetation.

Leachates were screened for 16 elements that can be grouped regarding the range of 
their average concentrations: 0.1 g kg-1 range V; 1 g kg-1 As, Cd, Cr, Ni, Co; 0.5 mg kg-1

Zn and 10 mg kg-1 Al and Fe. Concentrations of Cd, Cr, Al, and Zn in the leachates were 
also reduced (>90%) by the amendments since the beginning of the experiment. 

The soil treatment with CFA+OM led to the neutralization of soil pH and the leachate 
remained around neutral during the entire observation period (Fig. 4). The pH of leachate 
from the untreated soil decreased from 4.1 at the beginning to 3.3 at the end of experiment.  
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Fig. 4. Development of pH in the leachate from the lysimeters. Soil: (  U) = untreated, (  U+V) = untreated 
with vegetation, (  T) = treated, (  T+V) = treated with vegetation.  

3.3. Sequential extraction 

The main Pb fraction in the untreated soil determined by sequential extraction was 
the exchangeable Pb (55% of total Pb) (Fig. 5). Soil treatment reduced the exchangeable 
Pb to 19% and increased the concentration of Pb in the acido-soluble fraction 
(operationally defined as the carbonate fraction) from 8% to 30%. The dominant Cu 
fraction in the untreated soil was that bound to Fe-Mn oxides (reducible fraction), and the 
treatment led to an equal distribution between Cu fractions bound to Fe-Mn oxides and 
those to OM. The residual metal fractions determined in the soil before placing it outdoors 
were increased by the soil treatment, though after two seasons of field exposure returned to 
the values observed in the untreated soil. The exchangeable metal fractions measured after 
500 days decreased in both the treated and untreated soils. A further decrease of the 
exchangeable Pb (to 7%) and increase of carbonate bound Pb occurred in the treated soil 
exposed to field conditions.
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Fig. 5. Fractional distributions of Cu and Pb in the untreated and treated soils before and after the exposure to 
field conditions. Fractions: I = exchangeable, II = bound to carbonates (acido-soluble), III = bound to Fe-Mn 
oxides (reducible), IV = bound to organic matter (oxidizable), V = residual.

3.4. Geochemical modeling and equilibrium calculations

Table 4 contains calculated saturation indices (SI) for some minerals that can affect 
the Cu and Pb mobility in the untreated and treated soils. Tenorite, malachite and cerrusite 
had an SI close to 0, indicating a possible equilibrium between the leachate from the 
treated soil and these minerals. The leachate was strongly oversaturated with respect to 
cupric and cuprous ferrites. The simulations indicated the soil amendment to have induced 
the precipitation of several Fe, Al and Ca minerals. Dissolution of hercynite (FeAl2O4) was 
determined by comparing the mineral phases in the treated soil at the beginning (SI = 1.3) 
and at the end of sampling period (SI = -5.8). 
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Table 4
Saturation indices (SI) for metal carbonates, sulfates, oxides and hydroxides in leachates from the treated and 
untreated soil after 500 days of field exposure  

SIElement Solubility controlling phases Untreated Treaded 
Cu CuFe2O4, cupric ferrite -3.9 14.9 
 CuFeO2, cuprous ferrite 1.9 13.0 
 CuCO3 -9.0 -3.0 
 Cu(OH)2 -7.0 -1.5 
 Cu3(OH)2(CO3)2, azurite -19.0 -1.5 
 CuO, tenorite -6.0 -0.6 
 Cu2(OH)2CO3, malachite -11.8 -0.4 
Pb PbSO4, anglesite -1.0 -2.7 
 Pb(OH)2 -7.6 -2.2 
 PbCO3, cerrusite -6.5 -0.5 
Fe Fe2O3, hematite 4.1 17.5 
 Fe3O4, magnetite -2.6 16.6 
 Fe2O3, maghemite -5.4 8.0 
 FeOOH, goethite -0.4 6.3 
 FeOOH, lepidocrocite -0.9 5.8 
 Fe(OH)3 ferrihydrite -4.4 2.3 
 Fe3(OH)8 -17.6 1.6 
Al AlOOH, diaspore -1.4 0.5 
 AlOHSO4 -0.5 -5.5 
Ca CaCO3, calcite -10.4 0.2 
 CaCO3, aragonite -10.5 0.02 
 CaSO4, anhydrite -3.4 -0.5 

3.5. Vegetation

The seeds in the treated soil germinated within one week, whereas it took twice as 
long in the untreated soil. Three months after the germination, the plant biomass from the 
treated soil was 220 g dw m-2, versus 60 g dw m-2 in the untreated soil. In the second year, 
the plants in the lysimeter with untreated soil did not recover, while the vegetation 
developed in both lysimeters with treated soil. Plants colonized the treated soil without 
sowed grass and the biomass reached 280 g dw m-2. The plant biomass of the treated soil 
previously sowed with grass increased up to 520 g dw m-2.

The highest metal concentrations were observed during the first year in plant shoots 
grown on the untreated soil and were higher for Pb than Cu. The concentrations of both 
metals were at their toxic levels to plants (Kabata-Pendias and Pendias, 2000). The soil 
treatment significantly reduced the concentration of Cu in shoots by 71% and Pb by 94%, 
and further decreased during the second year of the experiment (Table 5). 

Table 5  
Cu and Pb concentrations in plant shoots, mg kg-1 dw. ±SD, n=3 

U U+V T T+V U U+V T T+V 
2003 2004 

Cu NV 47.1±0.9 NV 13.5±0.7  NV NV 2.0±0.1 1.3±0.0 
Pb NV 221.5±10.7 NV 13.8±0.7  NV NV 17.3±1.1 12.8±0.9 

NV – no vegetation. Soil: U = untreated, U+V = untreated with sowed grass, T = treated, T+V = treated with 
sowed grass.  
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3.6. Soil toxicity 

Toxicity data are reported as EC50 values, i.e. the effective concentration of soil that 
caused 50% luminescence inhibition. The EC50 of the untreated soil was 13.8 g L-1 after 15 
minutes of sample exposure to luminescent bacteria V. fischeri. The EC values of the 
treated soil could not be calculated because the soil had no effect on the V. fischeri
bioluminescence. However, the test revealed that soil treatment with CFA+OM reduced 
the soil toxicity by 97%.

4. Discussion 

4.1. The metal solubility in the treated soil

The combined application of CFA and OM to the contaminated soil was highly 
efficient in reducing Cu and Pb leaching in laboratory tests, as well as in the field lysimeter 
experiment. Of the two amendments applied individually, OM was less effective than 
CFA. Neutralization of soil pH upon gradual weathering of aluminosilicates from fly ashes 
(Seoane and Leiros, 2001) may be a primary cause of the reduced metal mobility in soil. 
Although pH induced reactions can be reversible with an eventual soil acidification, 
leaching from the CFA+OM amended soil acidified to pH 3 was substantially lower than 
from the untreated soil (Fig. 1). Low pH causes loss of adsorptive capacity of most oxides 
for cations (Hlavay and Polyák, 2005) and dissolution of precipitates, increasing the 
importance of OM for metal binding upon soil acidification. Reduced solubility of organic 
acids followed by soil acidification was suggested to be the main reason for metal retention 
in a paper mill ash amended soil (Chirenje and Ma, 1999). Cu and Pb can form rather 
stable complexes with OM at lower pH (Brown et al., 2000), which was likely the reason 
of the substantially reduced metal leaching from the peat amended soil at pH 3.9 (Table 3).  

The dissolution of hercynite commonly found in fly ashes (Twardowska and 
Szczepanska, 2002), and the precipitation of new Al and Fe (hydro)oxides that have 
adsorptive properties for metals were evident from the equilibrium calculations (Table 4). 
The metal sorption to newly formed mineral surfaces likely occurred in CFA amended soil 
and was further increased by the co-added peat. Humic acids were found to enhance the 
metal adsorption capacity of mineral surfaces through the formation of ternary mineral 
surface-metal-organic ligand complexes (Arias et al., 2002). This could explain the highest 
treatment efficiently achieved by the combined application of CFA and OM in our 
experiment. 

As determined by the sequential extraction, metal oxide and hydroxide solubility as 
well as OM oxidation would control the leaching of Cu, since these two Cu fractions 
dominated in the treated soil (Fig. 5). The possible contribution of newly formed mineral 
phases (malachite) to Cu retention in the treated soil was estimated by the chemical 
equilibrium calculations. Cerrusite (PbCO3) was identified as the only Pb-containing 
mineral that was close to equilibrium with the leachate from treated soil. The carbonate-
bound Pb fraction substantially increased over time and accounted for 43% of the total soil 
Pb (Fig. 5). Hence, Pb carbonate was the main Pb solubility controlling phase in the treated 
soil. The sorption of Pb to Fe oxides likely contributed to the Pb retention as the significant 
increase in Fe-Mn oxide-bound Pb was evident from the sequential extraction. Several 
authors suggested the precipitation of Pb carbonates as well as Pb adsorption to Al and Fe 
oxides resulting from ash weathering as the reason for the low mobility of Pb (Freyssinet et 
al., 2002; Meima and Comans, 1999). 
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Based on these observations, the precipitation of new mineral phases, adsorption to 
newly formed mineral surfaces, and complexation reactions with OM-mineral surfaces 
may have accounted for Cu and Pb retention in the CFA+OM treated soil.

Although the average contaminant emissions from the treated soil were low, a slight 
increase in Cu leaching was observed during the second year (Fig. 2). It was unlikely that 
Cu-organic ligand complexes were responsible for this increase, as no correlation between 
Cu and DOC leaching was identified. An oxidation of the remaining sulfides in the soil can 
liberate acids that gradually dissolve some of carbonates in the treated soil and likely 
contribute to the leaching of Ca, Cu and IC. The increased sulfur leaching from the 
untreated soil and the pH drop observed in the second year (Fig. 4) indicates sulfide 
oxidation. Seoane and Leiros (2001) reported similar observations where the acidification 
of untreated mine spoils due to oxidation of sulfides, though not of fly ash treated samples 
was identified. The pH of the treated soil remained unchanged due to a consumption of 
protons for neutralization reactions, while the leaching of sulfur decreased due to its 
participation in other reactions, e.g. the formation of hydroxysulfates (Seoane and Leiros, 
2001).

4.2. Method suitability for in situ treatment of Cu and Pb contaminated soil 

The colonization of the treated soil with adjacent plant species coincided with 
reduced soil toxicity. The sowed seeds even germinated in the untreated soil, probably due 
to nutrients available in cotyledon starters. However, the plants developed insufficient root 
systems and did not recover the second year. Hindered root elongation was observed to be 
a consequence of an oxidative stress and fast lignification of the plant cells caused by high 
Cu concentrations in a nutrient solution (Ouzounidou et al., 1995; Mocquot et al., 1996). 
The metal concentrations in plant shoots, following the soil treatment, decreased to the non 
toxic levels (Kabata-Pendias and Pendias, 2000). Applying the same amount of fly ashes 
(i.e. 5%) to sludge was also reported to significantly reduce the phytoavailability of Cu (Su 
and Wong, 2004).  

If the metal stabilization is to be applied in situ, increased soil salinity due to the 
added CFA can be of concern. High rates of CFA amendment and consequent elevation of 
salt concentrations were observed to increase mobility of trace elements (Vangronsveld 
and Cunningham, 1998), their translocation from roots to shoots (Fitzgerald et al., 2003), 
phytotoxicity (Schumann and Sumner, 1999; Redfield et al., 2004) and decreased plant 
growth (Singh and Siddiqui, 2003). Because the amendment of soil with low CFA rates 
(5%) and peat had none of the above-mentioned consequences, this practice may be 
suitable for the stabilization of Cu and Pb contaminated soils.  

5. Conclusions 

Soil amendment with coal fly ash and peat reduced the leaching of Cu and Pb from 
contaminated soil by an average of 96% and 99.9% in laboratory batch experiments and by 
96% and 97% during the two-year field observation period. The amendments reduced the 
exchangeable metal forms, as estimated by different physico-chemical methods, likely 
resulting from the formation of new mineral Cu- and Pb-bearing phases and the enhanced 
metal sorption due to increased amount of sorptive sites.  

The rise of soil pH along with the lowered metal mobility have allowed the soil to 
revegetate with grass, reduced the metal uptake into plant shoots and reduced the soil 
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toxicity to microorganisms, thereby showing that this stabilization method is a promising 
technique for in situ remediation of Cu and Pb contaminated soil. 
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“Capsule”: Zerovalent iron effectively reduces mobility and bioavailability of As and Cr, 
but does not adequately stabilize Cu.

Abstract

Stabilization of soil contaminated by trace elements is a remediation practice that 
does not reduce the total content of contaminants, but lowers the amounts of mobile and 
bioavailable fractions. This study evaluated the efficiency of Fe0 to reduce the mobility and 
bioavilability of Cr, Cu, As and Zn in a chromated copper arsenate (CCA)-contaminated 
soil using chemical, biochemical and biotoxicity tests. Contaminated soil was stabilized 
with 1% iron grit. This treatment decreased As and Cr concentrations in leachates (by 98% 
and 45%, respectively), in soil pore water (by 99% and 94%, respectively) and in plant 
shoots (by 84% and 95%, respectively). The stabilization technique also restored most of 
analyzed soil enzyme activities and reduced microbial toxicity, as evaluated by the 
BioToxTM test. After stabilization, exchangeable and bioaccessible fractions of Cu 
remained high, causing some residual toxicity in the treated soil.

Keywords: Leaching; Sequential extraction; Toxicity; CCA; Soil enzyme activity  

1. Introduction 

Stabilization of contaminated soil is a remediation technique that reduces the mobile 
fraction of trace elements, which could contaminate groundwater or be taken up by soil 
organisms (Mench et al., 2000). Stabilization of trace elements in soil can be achieved by 
soil amendments that can adsorb, bind or co-precipitate the contaminating trace elements. 
Remediation of soils contaminated with varying concentrations of several elements (e.g. 
Cr, Cu, As) that originate from chromated copper arsenate (CCA) wood impregnation 
chemicals, requires solutions that are effective for all of the target elements. The differing 
properties of the contaminants restrict the choice of possible amendments that could avoid 
such problems as large pH fluctuations and subsequent mobilization of elements. 

Zerovalent iron (Fe0) could potentially stabilize several elements in contaminated 
soil, because its oxidation would cause minor changes in pH, and provide effective 
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surfaces for sorption of both cations and anions. Moreover, the mobility of sorbed elements 
is reduced through surface precipitation or by formation of insoluble secondary oxidation 
minerals (Sastre et al., 2004).  

Because stabilization of contaminated soil does not reduce the total content of trace 
elements, the effectiveness of the remediation should be monitored by measuring the 
amounts of mobile and bioavailable fractions. Identification and quantification of element 
pools in soil, which could be released with changes in pH, redox conditions and 
complexation with organic ligands, can be achieved by chemical fractionation through 
sequential extraction (Ure and Davidson, 2002). Additionally, the potential transfer of trace 
elements from soil to groundwater can be quantified by leaching tests (NT 005). Although 
still loosely defined, the bioavailable fraction of trace elements, i.e. the fraction that is 
easily taken up by an organism, is a better predictor of the exposure level, as opposed to 
the total element content in soil. Chemical methods can only estimate the element 
bioaccessibility, i.e. the release of trace elements from the soil to solution during a 
digestion-like process. But it is difficult to use chemical methods to assess element 
bioavailability and potential risks for biological organisms at different trophic levels, and 
therefore biochemical, microbiological and plant-based tests are increasingly used for soil 
toxicity assessment (Adriano et al., 2004). For example, soil contamination leads to 
reduction in enzyme activity in soil (Tyler et al., 1989), and therefore enzyme activity may 
be useful as a biochemical indicator of soil toxicity (Nannipieri, 1995).

This study evaluated the efficiency of Fe0 to reduce the mobility and bioavailability 
of Cr, Cu, As, and Zn in a CCA-contaminated soil using chemical, biochemical and 
biotoxicity tests. A two-step compliance batch leaching test, sequential chemical 
extraction, and an analysis of the soil pore water were performed. The influence of the soil 
treatment on microbial toxicity, enzyme activities and element concentrations in plant 
shoots were evaluated to measure the efficiency of the stabilization procedure. 

2. Material and methods

2.1. Soil, iron grit and stabilization 

Soil was collected from a former wood impregnation industrial site in Robertsfors, 
Sweden. The site was used from 1942 to 1968 for wood impregnation with CCA chemical 
K33 containing 34% pentavalent As (as As2O5), 17% bivalent Cu (as CuO), and 27% 
hexavalent Cr as (CrO3), by weight. At the beginning of activities, Boliden Impregnation 
Salt (BIS) containing Zn, instead of Cu, was used (Elert et al., 2003). Four soil samples 
were taken from the 0-10 cm top layer and pooled into one composite sample of 
approximately 10 kg. The soil was air dried, homogenized and sieved to <4 mm fraction 
prior to the experiment.  

The iron grit used for element stabilization was an industrial product, angular cast 
steel abrasive of <0.1 mm size, containing 97% Fe0, with Mn as impurity (Mench et al., 
2000).

For stabilization, a half of the soil sample (5 kg) was mixed with 1% iron grit by air-
dried soil weight, moistened at 70% of the soil water holding capacity (WHC) with double 
distilled water (ddH2O) and left at room temperature for two weeks. Untreated soil, 
moistened and left under the same conditions, was used as control sample.  
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2.2. Leaching tests and XRD analysis 

A standard two-step (liquid-to-solid ratio (L/S) 2 and 10) compliance batch leaching 
test (NT 005) was performed in triplicates with both treated and untreated soils. This test
assesses the release of soluble constituents upon contact with water, which is considered to 
be a major transfer mechanism of elements in the soil-water system (NT 005).  

Five operationally defined element fractions were extracted from treated and 
untreated soils. A sequential chemical extraction (Tessier et al., 1979) was used to define 
four element fractions in soil: (I) exchangeable, (II) carbonate bound (acido-soluble), (III) 
bound to Fe-Mn oxides (reducible), and (IV) bound to organic matter (oxidisable). The 
residual fraction (V) was determined by mineralization of the residue from fraction (IV) 
with concentrated HNO3 at 120 °C for 2 h. The total elemental concentration was 
calculated by the sum of concentrations of the five fractions.  

The physiologically based extraction test (PBET) was adopted from Geebelen et al. 
(2002) to quantify the bioaccessible fraction, in case of direct soil ingestion by humans. 
0.35 g soil was shaken (30 rpm) with 35 ml 0.4 M glycine (pH 2.2) for 1 h at 37 ºC in a 
water bath. The samples were filtered and analyzed for elements.  

X-ray diffraction (XRD) analyses of treated and untreated soils were conducted using 
Cu K  radiation and a Bruker D8 Advance instrument. Diffraction patterns were analysed 
with DIFFRACplus Basic software and PDF database. 

2.3. Vegetation and pore water analyzes 

Samples of treated and untreated soil (4.5 kg dw of each) were packed into two 20 
cm diameter columns containing Rhizon soil moisture samplers and sown with a grass seed 
mixture (6 g) supplied by Veg Tech AB, Fagerås, Vislanda, Sweden. The seed mixture 
composed of 90% of grass and 10% of herb species (Table 1) is generally used for re-
vegetation of sandy, nutrient deficient soils. The columns were placed next to a window in 
the laboratory (no artificial illumination was used) holding 20% soil moisture level by 
manual irrigation with ddH2O. No fertilizers were applied.

The plant shoots were harvested one month after seed germination for biomass 
measurements and element concentration analyses. All collected plants (i.e., 3.3 g fresh 
weight (FW) from the untreated column, and 6.9 g FW from the treated column) were 
washed with ddH2O, oven dried for 72 h at 55 °C, ground using a stainless steel grinder 
and digested for 2 h at 125 °C in HNO3 (65%). The digested samples were then filtered 
through 0.45 m syringe filters and analyzed for elements. Soil pore water from the 
columns was also collected using the Rhizon soil moisture samplers into sterile vacuum 
tubes and later used for elemental analyses and toxicity tests.
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Table 1  
The composition of the mixture of plant species used for the vegetation of the treated soil. Proportion of the 
species of herbs and grasses in the mixture are given in parenthesis  

Herbs (10%) Grasses (90%) 
Achillea millefolium Agrostis capillaris 
Anthyllis vulneraria Anthoxanthum odoratum 
Campanula rotundifolia Bromus hordeaceus 
Hieracium pilosella Deschampsia flexuosa 
Hieracium umbellatum Festuca rubra 
Hypericum maculatum Festuca ovina  
Leucanthemum vulgare 
Lotus corniculatus  
Linaria vulgaris  
Rumex acetosa  
Silene dioica  
Thlaspi cearulescens  
Vicia cracca  

2.4. Soil and solution analysis 

Soil leachates and extracts for elemental analysis were filtered through 0.45 m
nitrocellulose membrane filters, acidified with nitric acid and stored at 4 oC until analysis. 
Concentrations of trace elements were measured by ICP-OES (Perkin Elmer Optima 2000 
DV). Soil pH and electrical conductivity (EC) were measured in 1:2 soil-ddH2O
suspensions.   

2.5. Toxicity measurements 

Biological toxicity of soil and pore water samples was assessed by methods based on 
the luminescence inhibition in Vibrio fischeri. The toxicity of the soil pore water was 
assayed with the BioToxTM test (Aboatox Oy, Turku, Finland) according to the ISO 
standard method (ISO 11348-3). Analyses of soil samples were carried out with the 
advanced Flash method designed for measuring the toxicity of solid samples and coloured 
water samples in a kinetic mode, where the colour and turbidity were automatically 
corrected in each sample (Lappalainen et al., 1999). Luminescence measurements were 
performed with a high performance Sirius Luminometer and the light output was recorded 
automatically by FB12 Software (Berthold Detection Systems, Pforzheim, Germany). 

Samples, each containing 2 g of sieved (<2 mm) treated or untreated soil, were 
suspended with 8 ml of 2% NaCl in 20 ml polyethylene test tubes. The soil suspensions 
were shaken for 5 min by hand and left to settle for 30 min. After pH adjustments to 7.0 
0.2 with 0.1 M NaOH, 1 ml of each soil suspension was thoroughly mixed and transferred 

into new plastic tubes (Sarstedt 68.752) for serial dilutions (1:1, 1:2, 1:4, 1:8, 1:16, 1:32, 
1:64). Freeze-dried V. fischeri cells were reconstituted with reagent diluent at 4 °C for 40 
min, following 15 min at 15 °C in a dry cooling block Grant Boekel PCB2 (Grant 
Instruments, UK) before the measurements. For toxicity tests, 300 μl of the diluted 
samples were pipetted into measurement cuvettes (Sarstedt 55.476) and 300 μl of the 
bacterial suspension were automatically injected into the sample, mixed, and the 
bioluminescence was measured. The second and third measurements of luminescence for 
the toxicity calculation were performed after 15 and 30 min, respectively.  

Toxicity data are reported as the effective concentrations of soil and soil pore water 
samples that caused 50% luminescence inhibition (EC50). Concentration in this case was 
the amount of soil and pore water in the test-medium (bacteria in 2% NaCl solution).  
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The largest amount of soil and pore water that could be assessed was 50 g l -1 and 500 
ml l -1, respectively. If the solution containing these amounts of soil or pore water gave 
<20% light inhibition, the sample was considered to be non toxic. 

2.6. Enzyme assays

Activities of eight hydrolytic enzymes were measured in both treated and untreated 
soils. Acid and alkaline phosphomonoesterase activities were assayed according to 
Tabatabai and Bremner (1969); phosphodiesterase activity, according to Browman and 
Tabatabai (1978); and arylsuphatase activity, as reported by Tabatabai and Bremner 
(1972). The -glucosidase and -galactosidase activities were assayed according to 
Tabatabai (1982); urease activity, as described by Nannipieri et al. (1974) by using 0.1 M 
phosphate buffer. Protease activity was determined by hydrolysis of N-
benzoylargininamide (BAA) (Ladd and Butler, 1972). All enzyme activities were 
measured at 37 °C during 1 h, with subsequent centrifugation of soil slurries at 6000 g at 4 
°C.

Concentrations of p-nitrophenol (p-NP) in the assays of -glucosidase and -
galactosidase, arylsulphatase, acid and alkaline phosphomonoesterase activities were 
calculated from a p-NP calibration curve, after subtraction of the absorbance of the 
controls at 400 nm wavelength. 

NH4
+ catalysed by urease and BAA-hydrolysing activities was determined with a 

Flow Injection Analyzer (FIA Star, Tecator, Sweden). NH4
+-fixing capability of both 

treated and untreated soils were evaluated by measuring the recovery of NH4
+ solutions

shaken with soils for 1 h at 37 °C and then extracted with 2 M KCl. A NH4
+ concentration 

range compatible with product concentrations of both urease and protease activities were 
used with the recovery of >90% (data not shown). Soil hydrolase activity measurements 
were conducted in triplicates. 

2.7. Statistics and modelling 

Mineral saturation indexes (SI) were calculated using the equilibrium geochemical 
speciation modelling (PHREEQC) and MinteQ database. Positive SI values indicated 
supersaturation of the solutions with solid phase and a potential precipitation of a solid 
species. The data used for calculations was based on the soil pore water composition, 
including pH, Eh and the concentrations of Cr, Cu, Ni, Al, As, Fe, K, Mg, Mn, Na, Pb, and 
Zn.

Statgraphics Plus 5.0. was used for statistical analyses. A two-sample t-test (p<0.05) 
(Montgomery, 2001) and the Tukey-Kramer test (for enzyme activities) (Sokal and Rohlf, 
1995) were applied to discriminate among the sample means. 

3. Results 

3.1. Total soil elemental concentration and speciation 

The soil contained extremely high concentrations of As, Cr and Cu, while the 
concentration of Zn was relatively low (Table 2). The total Fe and Mn concentrations of 
soil were doubled after iron grit application.
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Table  2  
Main characteristics of untreated and Fe0-treated soils from Robertsfors wood impregnation site 

Soil properties Unit Untreated Treated 
pH (1:2 H2O) - 4.9 5.4 
pH (pore water) - 4.6 5.2 
Electrical conductivity (EC) S cm -1 74 55
Organic carbon (OC)  % 0.15 ND 
Cation exchange capacity (CEC) cmol kg -1 15 ND 
Water holding capacity (WHC) % 27 ND 

Texture  %   
Sand “ 92 ND 
Silt “ 7 ND 
Clay “ <1 ND 

Elements (total concentration) mg kg -1 dw  ±SD, n=3 
    As “ 5904±194 5052±268 
    Cr “ 3829±161 3539±262 
    Cu “ 1509±90 1419±104 
    Zn “ 79±6 76±6 
    Mn “ 86±7 141±10 
    Fe g kg -1 dw  10±0.5 20±1 

  ND - not determined 

Similar iron corrosion products were defined by SI calculations in both treated and 
untreated soil: goethite, hematite, lepidocrocite and magnetite. The addition of Fe0 to the 
soil increased the cumulative amount of Fe oxides from 3571 to 8993 mg kg-1 as
determined by the sequential extraction.  

Soil amendment with Fe0 changed the fractionation of all studied elements by 
significantly reducing the exchangeable fraction (I) (Figure 1). The most pronounced 
reduction was observed for As (i.e., from 6.7 mg kg -1 to below the detectable level of 
<0.02 mg kg -1), while a large concentration of exchangeable Cu (i.e., 100 mg kg -1 or 7% 
of total Cu) was still present after the treatment. The exchangeable fraction of Cr was the 
smallest among the analysed elements (0.2 mg kg -1) and further decreased below the 
detectable level of <1 g kg -1 after the treatment.  

A significantly lower amount of As was recovered in the fraction bound to Fe-Mn 
oxides (fraction III), after the treatment, but no indications of Fe-As complexes were found 
in X-ray diffractograms, and none were identified by SI calculations. The total As 
concentration in the treated soil decreased by 14%. 

The elemental fraction associated with organic matter (fraction IV) was less affected 
by soil stabilization, while the residual fraction (V) significantly increased for all studied 
elements, except for Cr. 
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Fig. 1. Elemental speciation in the untreated (U) and Fe0-treated (T) soils (average values of n=3). Fractions: 
I = exchangeable, II = bound to carbonates (acido-soluble), III = bound to Fe-Mn oxides (reducible), IV = 
bound to organic matter (oxidisable), and V = residual. 

3.2. Elemental leaching and pore water concentration 

Addition of Fe0 reduced leaching of all trace elements studied, as follows: As by 
99%, Cu, 93%, and Cr, 57%, in the cumulative L/S 10 (Table 3).   

Table 3 
Concentrations of trace elements in leachates from batch tests of untreated and Fe0-treated soils. ±SD, n=3 

 Soil 
Element Untreated Treated Liquid-to-solid ratio (L/S) 

l kg -1 

 mg kg -1 dw 
2 As 10.3±0.3 0.4±0.1 
 Cu 2.4±0.3 0.2±0.0 
 Cr 0.1±0.0 0.1±0.0 
 Zn 0.3±0.1 0.001±0.001 
 Fe 0.2±0.1 0.9±0.2 

10 As 61.6±0.4 0.9±0.1 
 Cu 6.9±0.4 0.5±0.0 
 Cr 0.7±0.1 0.3±0.1 
 Zn 0.6±0.1 0.001±0.001 
 Fe 1.3±0.1 2.5±1.0 

Addition of iron grit significantly reduced elemental concentrations in soil pore water 
(Table 4). The greatest decrease was observed for As (i.e., by 99.5%).



8

Table 4  
Concentrations of trace elements in soil pore water, mg l -1. ±SD, n=4 

Soil As Cr Cu Zn Fe 
Untreated 6.26±0.82 0.18±0.02 7.93±2.00 0.90±1.01 <0.02 
Treated 0.03±0.01 0.01±0.00 1.03±1.07 0.01±0.01 <0.02 

3.3. Elemental bioaccessibility and concentration in plants 

Two elements, As and Cu, had high bioaccessible concentrations prior to Fe0

treatment of the soil (i.e., 219±10 and 581±30 mg kg -1, respectively). The iron grit 
significantly reduced bioaccessible As by 74%, while it was not effective for Cu (Figure 
2). PBET extractable Cu after treatment of the soil was not significantly different from that 
before the treatment.   
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Fig. 2. PBET extractable elements from untreated and Fe0-treated soils. The error bars represent the standard 
deviation of the means (n=3). 

Soil treatment with Fe0 reduced trace element concentrations in plant shoots and 
resulted in nearly doubling the plant biomass (i.e., 0.015 in untreated soil and 0.025 kg dw 
m -2 in treated soil). However, development of plant roots was relatively poor in both cases. 
Plants growing in untreated soil developed only 1-2 mm roots, while in treated soil roots 
grew up to 2-3 cm.   

Plants grown in treated soil accumulated significantly less As and Cr in their aerial 
parts, but contained more Cu and Zn, than plants in untreated soil (Table 5).  

Table 5  
Concentrations of trace elements in plant shoots, mg kg -1 dw. ±SD, n=3 

Soil As Cr Cu Zn Fe 
Untreated 78.6±0.3 7.4±0.1 48.5±0.2 45.3±0.4 63.1±0.2 
Treated 12.9±0.1 4.8±0.0 85.8±0.3 55.0±0.4 105.9±0.3 

3.4. Toxicity assessment using V. fischeri 

Both Flash and luminescent bacteria standard tests revealed that soil treatment with 
Fe0 reduced soil and pore water toxicity by 69 and 64%, respectively (Table 6).  
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Table 6  
EC50 values of the untreated and Fe0-treated soils and soil pore water obtained from luminescent bacteria V. 
fischeri tests. ±SD, n=3. 

Exposure 
time 

Untreated soil  
(g l -1)

Treated soil  
(g l -1)

Untreated soil pore 
water (ml l -1)

Treated soil pore  
water (ml l -1)

15 min 3.48±0.01 11.30±0.48 180a 499a

30 min 1.62±0.00 3.17±0.07 123a 528a

a Average of two values. 

3.5. Enzyme activities 

Analyzed enzyme activities in the soil recovered with Fe0 treatment; however, the 
amplitude of such recovery differed between the various enzymes (Figure 3). -glucosidase 
and -galactosidase, acid and alkaline posphomonoesterase, arylsulfatase and urease 
showed significantly greater activities in Fe0-treated soil than in untreated soil. 
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Fig. 3. Enzyme activities of untreated and Fe0-treated soils. Alk and Ac phosphatase represent the alkaline 
and acid phosphomonoesterase activities, respectively. The error bars represent the standard deviation of the 
means (n=3), symbols *, ** and *** represent significant differences at P levels of 0.05, 0.01 and 0.001, 
respectively.

4. Discussion 

4.1. Zerovalent Fe as stabilizing additive 

Soil stabilization with Fe0 reduced the amount of leachable trace elements, their 
concentrations in soil pore water, and the exchangeable fractions of As, Cu, Cr and Zn, as 
observed from the sequential extraction tests. These results confirm the effectiveness of 
Fe0 in stabilizing trace elements in contaminated soils, as previously reported by Mench et
al. (2003). Hartley et al. (2004) reported that iron grit was efficient in reducing labile As 
concentrations without increasing the mobility of Cu and Zn, which occurred with other Fe 
compounds (e.g. sulphates). In our study, Fe0 treatment could be considered effective 
because there was no mobilization of other studied elements, and no substantial increase of 
Fe in either the leachate or the soil pore water (Tables 3 and 4).   

4.2. Chemical estimation of stabilization efficiency

Addition of Fe0 reduced the As concentration by 99.5% in soil pore water and by 
98.5% in leachate, and nearly doubled the As residual fraction, indicating the formation of 
stable geochemical species. Usually, the main mechanism for As stabilization is its 
adsorption on the Fe reactive surfaces during corrosion in moist soil. Moreover, oxidized 
forms of As (e.g. H2 AsO4

-) can co-precipitate with Fe3+ as ferric arsenates (FeAsO4.2H2O)
that generally have low solubility (Doyle et al., 1994; Ritcey, 2005). However, only very 
weak peaks of crystalline Fe-As compounds were detected in XRD analysis, most likely 
due to low concentrations of these newly formed mineral phases (Sastre et al. 2004). The 
reason for decreased total As concentration in the treated soil is unclear. Volatilization of 
As due to biotic reactions or more likely sampling error may be suggested. Formation of 
very strong As-Fe complexes that were not dissolved even after the last extraction step is 
not likely because the total amount of added Fe was recovered during the extraction.

Despite its large total concentration, Cr was the least mobile of the analyzed 
elements. Cr in the wood impregnation chemical was originally present as hexavalent Cr 
(CrO3); this form is highly toxic and mobile, but the predominant species in the solution of 
both treated and untreated soils was trivalent Cr as defined by the geochemical equilibrium 
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calculations. Conversion of Cr6+ to Cr3+ occurs in the natural environment (Barnhart, 1997) 
through reactions with organic matter and Fe2+-containing minerals. In addition, neutral to 
slightly acidic pH and moderately oxidizing conditions of the soil will favour dominance 
of Cr3+.

Mobility of Cu decreased after stabilization, but to a lesser extent than of other 
elements. Only minor amounts of Cu were detected in the eluates from the batch test, but 
the mobile metal fractions, determined by sequential extraction, contained a large 
concentration of Cu (310 mg kg -1). Changes in solution ionic strength and soil 
acidification can cause mobilization of Cu in these fractions. Therefore, Cu became the 
most critical contaminant after the soil stabilization Fe0. Lower stabilization of Cu, as 
compared to As, using Fe-containing amendments was also reported by Hartley et al. 
(2004). Despite Fe oxides being able to sorb both anions and cations, it was not sufficiently 
effective for Cu retention.  

4.3. Element bioavailability 

Plant biomass in the treated soil was nearly double that in the untreated soil, 
indicating an overall decrease of soil phytotoxicity. Root uptake of trace elements is 
generally correlated with the exchangeable fractions in soil (Krishnamurti et al., 1995; 
Swift and McLaren, 1991); however, in our study, absorption of Cu and Zn by plants did 
not correspond with the decrease in exchangeable fractions. Also, shoot concentrations of 
Cu were above the toxicity threshold for most plant species. Only As and Cr 
concentrations were significantly lower in plant shoots after soil treatment, likely resulting 
from the reduction of dissolved As and Cr.  

Concentrations of Cu and Zn were higher in plant shoots grown in treated soil. The 
improved development of the root system could have enhanced Cu and Zn root uptake and 
their transfer to the shoots. Soil stabilisation also reduced leaching and hence availability 
of major nutrients (e.g., Ca) that might also have increased the uptake of competing Cu 
ions, as the potentially leachable fraction of Cu remained high. Large Cu concentrations 
varying from 35 to 1528 mg kg -1 dw were also determined in shoots of the plants  
collected from the Robertsfors contaminated site at the same time as soil sampling 
(unpublished data).

4.4. Toxicity assessment of soil and pore water 

Although Fe0 stabilization decreased the toxicity by a factor of three, the soil was still 
toxic to bacteria. Soil used for toxicity evaluations can contain additional sources of 
toxicity, as bacteria directly interact with soil particles and get in contact not only with the 
dissolved elements (as in pore water), but also with other elemental fractions. These 
considerations are strengthened by the observation that toxicity in bulk soil increased with 
exposure time (Table 6).  

4.5. Enzyme assays 

Recovery of enzyme activities generally corresponded with element stabilization, 
BioToxTM test responses and increase of plant biomass in the treated soil. Such recovery 
was probably due to a lower ionic competition, as enzymes generally require trace amounts 
of specific divalent metal ions such as Mn2+ for glycosylhydrolase (Bouma et al., 1997), 
Zn2+ for phosphohydrolase (Coleman, 1992), and Ni2+ for amidohydrolase enzymes (Holm 
and Sander, 1997) as functional cofactors, which can be substituted by elements with 
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similar ionic properties when present in excessive concentrations. For example, inhibition 
of phosphatase by Cd can be suppressed by the addition of Zn (Blum and Schwedt, 1998). 
Furthermore, iron grit might have produced new protective surfaces during corrosion for 
extracellular soil enzymes. For example, acid phosphatase that had been adsorbed onto Fe-
oxides could not be inhibited by Zn2+ ions (Huang and Shindo, 2000). 

The high Cu concentration in soil pore water and remaining large exchangeable 
fraction after stabilization with Fe0 needs attention. Enzyme inhibition by Cu occurs 
through its interaction with –SH groups of amino acids at the active site of the enzyme 
(Acosta-Martinez and Tabatabai, 2001), and it is known that Cu can bind to both the 
enzyme molecule and the enzyme–substrate complex leading to a decrease in the enzyme 
activity (Huang and Shindo, 2000). In soils experimentally contaminated with different 
metals, Cu reduced soil enzyme activity more than other metals, even if present at lower 
total concentration and less mobile than other metals (Renella et al., 2003). In addition, Cu 
can undergo direct redox reactions with biomolecules and can cause oxidative stress in 
bacterial and plant cells via the production of hydroxyl radicals (Solioz and Stoyanov, 
2003).

5. Conclusions 

Stabilization of a CCA-contaminated soil with Fe0 led to a decrease of dissolved 
forms of As and Cr in soil, and lower concentrations of these elements in leachate, soil 
pore water and plant shoots. Arsenic bioaccessibility was significantly reduced. Soil 
stabilization also reduced microbial toxicity, while increasing recovery of soil 
functionality. Nevertheless, after stabilization exchangeable and bioaccessible fractions of 
Cu remained at high concentrations, possibly causing some residual toxicity in the treated 
soil. The results of the batch leaching test underestimated the mobile Cu fraction. Although 
soil stabilization with Fe0 proved to be effective for As, it is critical that improvements are 
made to reduce Cu bioavailability in such CCA-contaminated soils. Also, the long-term 
stability of the treated soil is of paramount importance and further observations are being 
carried out to estimate changes in element mobility with time.    
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Abstract

The stabilization of trace element contaminated soil has been considered lately as a 
possible remediation alternative to excavation and landfilling. Zerovalent iron (Fe0) is 
being used for the stabilization of several elements in contaminated soil, as its oxidation 
provides effective surfaces for sorption of both cations and anions. Environmental factors 
can substantially affect the element stability in the treated soil. The aim of this study was to 
evaluate the effects of environmental factors, such as pH, oxidizing-reducing potential 
(Eh), liquid-to-solid ratio (L/S), presence of organic matter (OM) and microbial activity 
(MA), on the mobility of chromium, copper, arsenic and zinc in Fe0-stabilized soil. The 
contaminants originate from a wood impregnation chemical - chromated copper arsenate 
(CCA). A 25 full factorial design was applied to the leaching tests with the Fe0-stabilized 
soil. pH showed to be the most important factor controlling the mobility of Cr, Cu and Zn 
in the stabilized soil; low pH led to the release of these elements. L/S and MA were the 
most influential factors for As remobilization. The small volume of water in contact with 
the stabilized soil and the presence of microorganisms ensured the low leaching of As. Eh 
showed to be significant, but a less important factor than L/S and MA for the 
remobilization of As, likely due to the small differences achieved between the low and 
high levels of this factor. The studied environmental factors mostly affected the mobility of 
Zn, followed by Cu, As and Cr. To achieve long-term stability of all target elements in 
CCA-contaminated soil amended with Fe, it may be necessary to improve the method for 
on site as well as off site applications. 

Keywords: zerovalent iron, chromated copper arsenate (CCA), stabilization, leaching, 
factorial design. 

Introduction 

Trace element contaminated sites are common in Sweden and their remediation using 
conventional techniques would cost billions of Swedish crowns. Stabilization of 
contaminated soil has been considered lately as a possible remediation alternative to 
excavation and landfilling and can be applied as a soil pretreatment prior to reutilization or 
disposal at landfills. The method is designed to reduce the size of the mobile element 
fraction in soil using immobilizing soil additives, e.g. iron oxides, alkaline materials, 
organic matter. Numerous experiments have been performed lately to look at the 
stabilizing properties of various iron amendments (Mench et al., 2000; Kim et al., 2003; 
Warren et al., 2003; Warren and Alloway, 2003; Hartley et al., 2004). Zerovalent iron (Fe0)
has several advantages over other Fe containing compounds. It is a largely available 
material containing several times more Fe per weigh than most common Fe salts. Fe0 can 
be used for stabilization of several elements in contaminated soil as its oxidation has a 
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minor effect on soil pH and provides effective surfaces for sorption of both cations and 
anions (Cornell and Schwertmann, 2003).  

Although predicting the stability or long-term behavior of immobilized elements in soil is 
essential for method acceptance, little is done in this area. The efficiency of iron oxides for 
element immobilization could be estimated by a long-term column leaching test (Hartley et 
al., 2004). However, the amount of percolated water, i.e. the only controlled factor in the 
column tests, might not be sufficient to predict element release from a treated soil. Other 
factors, such as pH or redox, and their interactions might be more influential for 
contaminant remobilization in the field.    

The aim of this study was to evaluate the effects of environmental factors, such as pH, 
oxidizing-reducing potential (Eh), liquid-to-solid ratio (L/S), presence of organic matter 
(OM) and microbial activity (MA), on the mobility of chromium, copper, arsenic, and zinc 
in Fe0-stabilized soil applying a factorial design of experiment. The contaminants originate 
from a wood impregnation chemical - chromated copper arsenate (CCA). The study 
focused on identifying the significant factors and their interactions on the leaching of each 
element, by quantifying fractions of the elements leached from the stabilized soil as 
affected by the chosen factors, as well as on complications encountered during element 
mobility evaluation procedures.   

Material and methods 

Soil and stabilizing material 

Soil was collected from a former wood impregnation industrial site in Robertsfors, 
Sweden. The site was used from 1942 to 1968 to impregnate wood with CCA chemical 
K33 containing 34% pentavalent As (as As2O5), 17% bivalent Cu (as CuO), and 27% 
hexavalent Cr as (CrO3), by weight. At the beginning of the impregnation activities, 
Boliden Impregnation Salt (BIS) containing Zn instead of Cu was used (Elert et al., 2003). 
Three soil samples were collected from different locations at the site, here referred to as 
soil RA, RB and RC (Table 1). The soil was shuffled from a 0-15 cm top layer and pooled 
into three composite samples of approximately 200 kg of soil RA and 10 kg each of soil RB
and RC. The samples were air dried, homogenized and sieved to <4 mm fraction prior to 
the experiment.

Table 1 Main characteristics of the soil from Robertsfors wood impregnation site.  
Soil properties Unit Soil RA Soil RB Soil RC

pH (1:2 H2O) - 5.6 6.3 6.2 
Electrical conductivity 
(EC) S cm -1 7.0 59.5 53.8 

Total solids (TS) g kg -1 968.4 995.4 991.3 
Loss on ignition (LOI)  % 1.9 1.6 5.2 

Elements  
(total concentration) mg kg -1 dw ±SD, n=3 

   As “ 4673±194 1400±350 130±32 
   Cr “ 2181±74 670±167 94±23 
   Cu “ 1379±36 690±172 80±20 
   Zn “ 562±21 210±52 41±10 
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To determine the total element concentration, 1 g of sieved to <2 mm soil was decomposed 
in 10 ml aqua regia solution using a microwave digester (Mars 5).  

The iron grit used for the trace element stabilization was an industrial product (angular cast 
steel abrasive, <0.1 mm size) containing 97% Fe0 and Mn as impurity (Mench et al., 2000).

Stabilization

Soil RA was mixed with 0.75% (by weight) iron grit, moistened and left to equilibrate at 
room temperature for two weeks. The moisture level was maintained at 60% of the soil 
water holding capacity.

Factorial design 

A totally randomized duplicate 25 full factorial design with 2 central points was applied for 
the leaching tests with the Fe0-stabilized soil making 68 runs in total. The levels of the 
factors are presented in Table 2. 

Table 2 The factors and their levels of the experimental design. 
LevelFactor Low High Central point 

pH 3 8 5 
Redox potential, Eh (mV) ~70 ~300 - 
Liquid-to-solid ratio, L/S (l kg-1) 2 20 - 
Organic matter, OM (mg DOC l-1) 0 200 - 
Microbial activity, MA no yes - 

Leaching tests 

A batch leaching test was performed with the treated and untreated soils. Air dried soil RA
was mixed with water acidified to pH=4 (with 1 M HNO3) at L/S 2 and shaken for 24 h 
using a rotating device. The samples were filtered through a 0.45 μm nitrocellulose 
membrane filter and immediately analyzed for trace elements by ICP-OES (Perkin Elmer 
Otima 2000 DV). 

Leaching of the treated soil RA was also carried out in a pHstat-mode with a computer-
controlled automatic titrator (Radiometer ABU 901), as per the factorial design. The 
treated soil was mixed with water in 150 ml glass beakers to reach the required L/S ratio. A 
pH-electrode and an automatic titration dispenser were attached to the beaker and a vertical 
mixer was used to keep the soil in suspension. The predefined pH-values were maintained 
during 24±1 h of leaching adding acid (1 M or 0.1 M HCl) or base (1 M or 0.1 M NaOH).

The redox potential (Eh) and electrical conductivity (EC) of the suspensions were 
immediately measured at the end of each run in unfiltered samples. The samples were then 
filtered through 0.45 μm nitrocellulose membrane filters and stored at 4 ºC before analysis. 
The eluates for the trace element analysis were acidified with 2% of conc. HNO3.

The batch leaching procedure was modified regarding sample shaking and filtration. Soils 
RB and BC were placed into glass bottles and filled with water to reach L/S 10. Half of the 
bottles were left open, while the other half was tightly closed, vacuumed and filled with 
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CH4-CO2 gas mixture (1v:1v). The bottles were placed in a room at 30ºC for 4 weeks, after 
when the air-tight bottles were opened and 10 ml of solution from each bottle was drawn 
with a syringe without disturbing the sunken soil, filtered using 0.45 m syringe filters and 
immediately analyzed for elements (hereafter called sample I). All the bottles were then 
closed, placed on a rotating device and shaken for 24 h. Eluates were separated by vacuum 
filtration through 0.45 μm filters (hereafter called sample II).  

Organic matter

Organic matter used in the experiment was in a form of dissolved humic (HA) and fulvic 
acids (FA) extracted from peat, following the procedure described by Anderson and 
Schoenau (1993). For the runs with high levels of OM and Eh, the dissolved HA and FA 
were added to the leachant immediately before the leaching test began to reach a DOC 
concentration of 200 mg l-1. For the runs where Eh had to be at low level, dissolved OM 
was added to the soil-water suspensions two days before leaching.  

Dissolved organic carbon (DOC) of the leachates was measured using a TOC analyzer 
(TOC-V CSH Shimadzu). 

Microbial activity and redox control 

For low microbial activity (MA), the soil was sterilized in an autoclave at 120ºC and 1.4 
bar pressure. The MA of the soil was checked before the experiment using a viable (plate) 
count method. The soil was suspended in sterile water (1w:2v) and spread over plates 
containing an agar-nutrient bros mixture.  

For non-sterilized soil (MA factor at high and Eh at low levels), the soil bacteria were 
activated by adding a methane (CH4)-carbon dioxide (CO2) gas mixture (1v:1v) to the 
vacuumed air-tight bottles. The bottles contained soil-water suspensions prepared at 
required L/S and were stored at 30ºC for 2 days before the leaching test. The MA was 
checked by measuring the redox potential of the suspensions. For the samples to be run 
under air atmosphere (both MA and Eh factors at high levels), the bottles containing non-
sterilized soil-water suspensions were filled with a 60% CH4-CO2 gas mixture and 40% O2
and stored in the same manner as described above.  

For those runs to be performed under an airtight atmosphere (Eh factor at low level), N2
gas was used to fill the headspace of the beakers during the leaching. The gas was pumped 
through the liquid into the beaker using a peristaltic pump at a rate of 9 l day-1.

Statistical evaluation 

The software Modde 7, developed by Umetrics AB (Sweden), was used to create the 
factorial design. Multivariate data analysis projection to latent structures by means of 
partial least squares method (PLS) (p<0.05) was applied to simultaneously connect all the 
factors (pH, L/S, redox, OM, MA) and their interactions with responses (leaching of trace 
elements) (Eriksson et al., 2000). A two-sample t-test (p<0.05) (Montgomery, 2001) was 
applied to compare the sample means using Statgraphics Plus 5.0.  
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Results

Leaching of the elements 

Treatment of the soil RA, as assessed by the batch leaching test, significantly decreased 
leaching of the analyzed elements and was the most efficient for As (Table 3). The leached 
concentration of As was reduced by 95%.

Table 3 Leaching of the analyzed elements form the treated and untreated soil RA as 
assessed by a batch leaching test at L/S 2. ±SD, n=3. 

As Cr Cu Zn  Soil  (mg kg-1)   
  Untreated   10.7±0.4 0.011±0.001 0.89±0.04 1.75±0.1 
  Treated      0.56±0.04 0.003±0.001 0.07±0.02 0.39±0.02 
 Treatment efficiency (%) 
 94.7 71.9 92.6 77.4 

Leaching of the trace elements at the selected factor levels varied significantly. The 
contaminants, according to their average and maximum leached concentrations (as a 
fraction of the total concentration in soil), can be ranked in the following sequence: 
Zn>Cu>As>Cr, with Zn being the most and Cr the least mobile elements in the treated soil 
(Table 4).

Table 4 Summary statistics of the data obtained by leaching the treated soil RA according 
to the factorial design (mg kg-1), n=68. 

Element Average value 
(% of total concentration)

Standard
deviation

Minimum 
value

Maximum value  
(% of total concentration)

As 134.5 (2.9) 142.8 1.2 656.3 (14) 
Cr 10.9 (0.5) 14.7 < 84.6 (4) 
Cu 247.0 (18) 255.8 2.5 737.7 (53) 
Zn 114.8 (20) 119.0 < 319.1 (57) 

< - below instrument detection limit 

Factors affecting the leaching of all analyzed elements

Variable importance plot (VIP) summarizes the importance of all factors and their 
interactions for the total model, which describes the leaching of all analyzed elements (As, 
Cr, Cu, Zn, and Fe) from the treated soil RA. The factors are normalized and sorted by 
order importance (Fig. 1). Several factors and their interactions have a VIP >0.8, indicating 
their importance for the total model with pH being by far the most significant. The other 
terms could be considered as unimportant for the general model, though they are 
significant for the leaching predictions of individual elements analyzed separately. 
Therefore, only the interaction terms of Eh with other factors were excluded from the 
model, as they had no significant effect on any of the responses.
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Fig. 1 Variable importance plot summarizing the importance of all factors and their 
interactions for the leaching of all analyzed elements (As, Cr, Cu, and Zn) from the treated 
soil RA. Eh = redox potential; L/S = liquid-to-solid ratio; OM = organic matter; MA = 
microbial activity. 

The response of Cu was log-transformed to improve the model. The R2 value was 0.8 and 
Q2 was 0.7 indicating a good fit of the model. Scaled and centered multiple linear 
regression coefficients are summarized in Table 5. The coefficients are sorted by an order 
of their significance for the model. The size and sign of the regression coefficients indicate 
a relationship to the response factor. Positive values mean that the factor increases the 
element leaching and vice versa.  

Table 5 Multiple linear regression coefficients of the single factors and factor interactions 
sorted in descending order of their significance for the model. 
As RC Cr RC Cu RC Zn RC 
Constant 144 Constant 9.6 Constant 1.9 Constant 120 
L/S 67 pH -4.5 pH -0.8 pH -116 
MA(yes) -65 pH-L/S -3.3 OM 0.12 OM-MA(yes) -13 
pH-MA(yes) 47 pH-MA(yes) 2.5 pH-OM 0.09 L/S -9.0 
pH-L/S -43 pH-OM -2.3 L/S-OM* 0.06 L/S-MA(yes)* -7.3 
L/S-MA(yes) -38 OM-MA(yes) -1.9 pH-L/S* 0.06 pH-MA(yes)* 6.4 
OM-MA(yes) -30 L/S-MA(yes) -1.9 OM-MA(yes)* -0.05 OM* 5.7 
L/S-OM 23 MA(yes) -1.9 MA(yes)* -0.05 L/S-OM* 3.6 
Eh(high) -22 Eh(high)* -1.2 L/S-MA(yes)* -0.04 pH-OM* 2.5 
OM 21 OM* -0.5 L/S* 0.04 Eh(high)* -2.4 
pH-OM -21 L/S* 0.4 pH-MA(yes)* 0.03 MA(yes)* -1.9 
pH* 0.7 L/S-OM* 0.3 Eh(high)* -0.003 pH-L/S* -1.6 
* not significant term (P<0.05); RC = regression coefficient; Eh = redox potential; L/S = 
liquid-to-solid ratio; OM = organic matter; MA = microbial activity. 
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Factors affecting the leaching of the individual elements

Solution pH was the most significant factor in the leaching of Cu and Zn from the treated 
soil RA under the analyzed conditions. The leaching of these elements increased with 
decreasing pH (Fig. 2). Several other factors and factor interactions also affected Cu and 
Zn leaching. OM and an interaction of OM with pH significantly impacted the leaching of 
Cu, while L/S and an interaction of MA with OM were significant for Zn leaching. 
However, these terms were several-fold less important than that of pH (Table 5). The 
distance of the factors and their interactions from the origin in Figure 2 illustrates their 
significance to the responses. The further the factor from the origin, the stronger its effect 
on the responses.  
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Fig. 2 PLS loading scatter plot simultaneously relating all the factors (triangles) and their 
interactions (diamonds) with the responses (dots). L/S = liquid-to-solid ratio, Eh = redox 
potential, OM = organic matter, MA = microbial activity.  

The lowest leaching of Cu (ranging several mg kg-1) was achieved at high pH and a low 
concentration of OM in the solution, whereas the opposite levels of these factors caused 
the Cu leaching to reach as high as 0.6-0.7 g kg-1.

The model describing As leaching from the treated soil contained all the main effects and 
their interactions except for pH. The most significant single factors were L/S and MA. 
Leaching of As increased with an increase in leachant and decreased with the presence of 
MA (Fig. 2). Interactions of these main effects with pH were nearly as important as the 
single factors. The effect of L/S at pH 8 was much smaller than at pH 3, where the leaching 
of As increased considerably with increasing L/S. At low pH, the MA substantially 
reduced the leaching of As, while at pH 8, similar concentrations of As leached from both 
sterilized and non-sterilized soils (Fig. 3).
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Fig. 3 Interaction effects of pH-L/S (left) and pH-MA (right) on the leaching of As from 
the treated soil RA. L/S= liquid-to-solid ratio, MA= microbial activity.  

The DOC concentration and Eh of the solution also influenced the As release. Mobilization 
of As from the treated soil positively correlated with OM and negatively with Eh. 
However, their effects were several-fold less significant than those of L/S and MA (Table 
5).

The lowest As leaching (1.2 – 6.9 mg kg-1) was observed at a combination of the following 
factors and their levels: pH 3 and 5, high MA, and low L/S. A high L/S ratio and low MA 
caused As leaching to reach as high as 311 – 656 mg kg-1. The lower values in this range 
were obtained when no OM was added to the solution; the highest values were reached 
after adding DOC. 

Leaching of Cr in the PLS plot appeared between two components, the first representing 
leaching of Cu and Zn and the second representing As. Such placement of Cr was due to 
the significance of pH for Cr leaching, pulling the response towards the first component, 
and due to a significant interaction effect of pH-L/S, pulling the response towards the 
second component (Fig. 2). The main effect of an MA interaction of pH with OM and MA, 
and that of MA with L/S and OM were also important for Cr leaching, though to a much 
lesser extent than pH and pH-L/S (Table 5).

The main effect of pH on Cr leaching was weaker than that on Cu and Zn, but with a 
similar pattern, i.e. decreasing pH increased Cr leaching. Since there is a significant 
interaction term of pH with L/S, the single factor cannot be interpreted separately. At low 
L/S, Cr leaching was relatively constant throughout all measured pH points, while at high 
L/S, a significantly lower concentration of Cr leached at pH 8 than at pH 3. High MA and 
the presence of OM in the solution decreased Cr leaching from the treated soil. Contrary to 
that, MA negatively affected Cr leaching when no OM was present in the solution (Fig. 4).
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Leaching of As from soil RB and RC

Leaching of As from the sandy and OM deficient soil RB, as assessed by the modified 
batch leaching test, was not greatly affected by the sample storage conditions (aerobic vs 
anaerobic), agitation and type of filtration (Fig. 5). Further, a considerably higher 
concentration of As was mobilized from the soil containing a higher amount of OM, i.e. 
soil RC, when samples were stored under anaerobic conditions and filtered using syringe 
filters (limited access of air).  
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Fig. 5 Leaching of As from soils RB and RC at aerobic and anaerobic conditions, as 
assessed by the modified batch leaching test at L/S 10 without agitation and using syringe 
filtration (I), and with 24 h agitation and vacuum filtration (II). Columns represent an 
average As release (n=2), error bars indicate the lower and higher As concentrations.

Discussion

Factor significance for the element leaching

Large data variability of the element leaching shows that the stabilized soil was highly 
influenced by the studied environmental factors. The highest values exceeded the lowest 
by two orders of magnitude, showing certain levels of factors or their combinations 
substantially increasing or decreasing element leaching.  



10

L/S was the most important factor for As release (Table 5). Leaching of As increased as a 
larger volume of water contacted the treated soil. This suggests that the main As mobility 
controlling mechanism was sorption to the iron oxides and possibly precipitation of 
amorphous iron arsenate, rather than the formation of crystalline Fe-As compounds (e.g. 
scorodite). In the latter case, As leaching would be less dependent on L/S due to the low 
solubility of such compounds at low pH (Vink, 1996; Welham et al., 2000).  

A negative correlation of As mobility with MA, i.e. the leaching of As was low at high 
MA, demonstrates the importance of bacterial activity for As stability in the soil. Other 
studies on microbial mobilization of As indicate, however, the opposite results, where 
mobilization of As from iron arsenate (Ahmann et al., 1997) and CCA-contaminated soil 
(Turpeinen et al., 1999) was prevented by the sterilization of sediments and soil. In our 
experiment, soil was sterilized before mixing it with Fe0, causing an increased As leaching 
likely due to a diminished Fe oxidation and As adsorption in the sterilized soil.  

Although As is a redox sensitive element, Eh was not as a significant factor in our 
experiment as expected. The difference between the low and high levels of the Eh factor 
was relatively little. Both levels were in a region of moderately oxidizing conditions. The 
Eh values lower than 70 mV were not attained despite the water-saturated soil being kept 
in the airtight atmosphere filled with CH4-CO2 gases. Only slightly lower Eh values were 
attained by adding DOC. However, redox reactions can take longer, especially in sandy 
soils, and the significance of Eh for As release should not be underestimated.

Dissolved OM increased As leaching due to the probable displacement of already adsorbed 
As from iron oxides (Redman et al., 2002). In contrast, Grafe et al. (2002) observed no 
competitive behavior between peat HA and As for adsorption on ferrihydrite. Although 
OM in our experiment significantly affected As leaching, it was more than three-fold less 
important for As release than L/S and MA (Table 5). The significance of OM on As 
leaching was substantially smaller than on Cu. Enhanced Cu leaching from soil is a well 
documented Cu behavior in the presence of dissolved OM, when Cu mobility increases as 
Cu-HA and FA complexes are formed (Chirenje and Ma, 1999; Hsu and Lo, 2000). By 
contrast, the presence of OM and high MA kept Cr mobility very low (Fig. 4).  

In our study, the single effect of the pH factor on the mobility of As was insignificant, i.e. 
by removing all the other factors, the leaching of As varied similarly at low and high pH. 
At low pH (3) and moderately oxidizing conditions, the large fraction of As is in its 
uncharged H3AsO3 form (Vink, 1996; Lackovic et al., 2000; Inskeep et al., 2002; 
Kinniburgh and Cooper, 2004) that has low reactivity with iron oxides. At higher pH, 
above the zero point charge of iron oxides when their surface become negatively charged, 
e.g. >pH 7, As removal becomes low. However, pH rarely appears as a single factor in 
nature and interactions with other factors might modify its effect on As leaching. The 
interaction of pH with MA caused lower As leaching at low pH and high MA than when 
both factors were at their high levels. It is more likely that micro-organisms exist in nature 
making low pH more favorable for As retention. However, low pH was the main cause of 
increased mobility of the other analyzed trace elements. 

The environmental conditions where all contaminants are stable may be difficult to 
establish, if at all possible. Based on our observations, the stability of all studied elements 
in the Fe0-trated soil could be optimized if the following soil conditions were sustained: pH 
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 5, high redox potential, and the presence of microbial activity. The amount of percolating 
water should also be minimized. However, if the soil is left in situ to be well aerated it may 
be difficult to reduce the percolation of water, especially as an increasing amount of 
ferrihydrite in the soil enhances soil aggregation and water infiltration (Rhoton et al., 
2003). However, landfilling the treated soil at a traditional anaerobic landfill would 
increase the risk of As release due to its reduction to more mobile As species and 
instability of Fe oxides.

Impact of experimental design on the element leaching 

On average, element mobility estimated by the factorial experiment was relatively high, 
especially for As and Cu (Table 4). Up to 14% As and 53% Cu of the total soil element 
concentrations may be released from the Fe0-treated soil during the identified worst case 
scenarios for As and Cu leaching. However, converting L/S 20 to a time scale of water 
infiltration at an average rate of 200 mm per year, the release of the estimated 
concentrations of these elements would take approximately 100 years. Although Zn could 
also be considered here as highly mobile, its concentration in soil and leachates has higher 
permissible levels because of its toxic effects to humans and the environment appear at 
higher concentrations than As and Cu (SNV, 1994; Kabata-Pendias and Pendias, 2000).  

During the leaching for the factor evaluation, soil RA was kept in suspension by a very 
intensive agitation using a mixer. The mechanical abrasion of particles and disintegration 
to colloids could have increased contaminant release into the solution and lead to an 
overestimated element mobility. Intensive agitation during the test could have contributed 
to the leaching of OM-bound elements, especially Cu.  

The significance of Eh and OM on As leaching, however, was expected to be higher than 
those of L/S and MA. In the case of soil RA, all samples were filtered using a vacuum 
system. An access of air during filtration can change the redox conditions in the sample 
and might have overweighed the influence of redox on the element mobility.  

The batch leaching procedure was modified to estimate the effects of OM and Eh on As 
leaching as affected by the sample shaking and filtration. As a result, the storage conditions 
of soil RC, containing relatively a high concentration of OM, considerably affected As 
leaching. A distinct difference was observed between the As concentration in the solution 
depending on how it was sampled, before (I) or after (II) shaking the bottles (Fig. 5). 
Samples stored under anaerobic conditions, later shaken and filtered using a vacuum 
filtration (open system) had low leaching of As, whereas the solution filtered by syringe 
filters (limited access of air) contained by far higher concentration of As. It is possible that 
access of air into the anaerobically stored bottles before the shaking test and vacuum 
filtration caused oxidation and re-adsorption of As, and hence lower mobility. In contrast, 
the storing conditions of soil RB containing a low concentration of OM, as well as 
filtration, caused little variation in As mobility. By this, anaerobic conditions affected As 
leaching only during the presence of OM, likely due to the slow redox reactions in sandy 
soil.
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Conclusions

Among the five studied environmental factors (L/S, pH, Eh, OM, MA), pH was by far the 
most significant for the mobility of Cr, Cu and Zn in the Fe0-stabilized soil. Low pH 
increased the leaching of these elements, while liquid-to-solid ratio and microbial activity 
were the most influential factors for As stability. The small volume of water in contact 
with the treated soil and the presence of microorganisms ensured low leaching of As. The 
redox potential showed to be less important for the remobilization of As and insignificant 
for the other studied elements, likely due to the small differences achieved between the low 
and high levels of this factor. The leaching procedure concerning sample agitation and a 
type of filtration showed to substantially affect the results of As leaching, especially in OM 
rich soil.  

The studied environmental factors mostly affected the mobility of Zn, followed by Cu, As 
and Cr. In the identified worst-case scenarios, more than half of the total soil Zn and Cu 
and 14% of As can be expected to remobilize from the treated soil. 

Since pH was the most significant factor influencing the leaching of Cu, Cr and Zn from 
the treated soil, the remobilization of these elements could be more precisely evaluated by 
the standard pHstat leaching tests in a full pH range. Whereas predicting As remobilization 
requires tests that consider such factors as L/S, pH and especially redox potential.

Optimal conditions suitable to keep all contaminants stable in the Fe0-trated soil might be 
difficult to establish in the natural environment, if at all possible, while the limited access 
of air in traditional anaerobic landfills might substantially increases the risk of As release. 
To achieve long-term stability of the elements in CCA-contaminated soil amended with Fe, 
it may be necessary to improve the method for on site as well as off site applications.
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Abstract 

Utilization of bottom ash in road constructions may lead to a release of contaminants that can 
affect the soil of the swales constructed along these roads. Column tests were performed to 
evaluate the retention behavior of Cu, Cr, Zn, and Pb, originating from municipal solid waste 
incineration (MSWI) bottom ash leachate, in two substrates: peat and mould (a cultural soil). 
A chemical sequential extraction method was used to predict the risk associated with the 
release of the retained elements with modifications of environmental conditions. Apart from 
the dissolution of organic matter (OM), ash leachate properties hindered the metal transport 
from peat. Mould was efficient only in removing Zn, making it a less favorable substrate for 
the leachate control along the roads. Readily soluble forms made up a minor fraction of the 
retained metals in peat, reducing the risk of metal release due to ion exchange and pH drop. 
Changes in redox potential might be the main cause of Zn desorption from peat as the Fe-Mn 
oxides were the main scavengers for this metal. Oxidation of OM would be the primary reason 
of Cu and Cr release, while for Pb, both fractions (Fe-Mn oxides and OM) might equally 
contribute to the metal discharge.   

Keywords: pollutants, peat, roadside swales, sequential extraction, dissolved organic carbon.

Introduction

In urban construction, the utilization of bottom ash from municipal solid waste 
incineration (MSWI) is increasing in European countries such as Sweden, the Netherlands, 
Denmark, Germany, France (RVF 2002; van der Sloot et al., 2001), though its usage may pose 
a risk to the environment if pollutants such as heavy metals are leached out. A test road was 
built in Northern Sweden during the summer of 2001 using bottom ash from MSWI as a 
substitute for gravel (Aberg et al., 2005). The road passes through a peat bog, i.e. is in a 
vicinity of the organic soil. The soil of grassed swales constructed along the road is the 
recipient that can modify the mobility of the leached contaminants.  

Ash leachate formed by the percolation of rainwater trough the road has high alkalinity 
and solution ionic strength. The former can lead to the dissolution of soil organic matter (OM) 
present in the swales, and thus mobilization of metals in the form of soluble metal-OM 
complexes. The high solution ionic strength, on the other hand, could result in flocculation of 
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Ca-humic acids-metal complexes (ionic strength effect) (Impellitteri et al., 2002) and therefore 
prevent metal transport from the swales. 

The main objective of this study was to evaluate the retention behaviors of Cu, Cr, Zn 
and Pb, originating from the MSWI bottom ash leachate, in two substrates: peat and mould. A 
chemical sequential extraction method was used to predict the risk associated with the release 
of the retained elements with modifications of environmental conditions e.g. soil acidification, 
dominance of oxidizing or reducing conditions.  

Materials and Methods  

A column test using leachate from bottom ashes was performed in a laboratory to 
investigate the retention capacity of two substrates for Cu, Cr, Zn and Pb. These metals were 
included into the investigation due to their high concentrations in ash leachate collected from 
the experimental road. The leachate used in the laboratory experiment was generated from the 
MSWI bottom ashes according to the standard leaching test (NT ENVIR 002) at liquid to solid 
ratio (L/S) of 1 l/kg using double distilled water (ddH2O, the first distillation by Seradest RO-
25 Compact, Seral, Germany, the second by Fistreem Cyclon, Sanyo Gallenkamp PLC, 
England) acidified with HNO3 (pro analysis, 65%, MERCK, Germany) to pH 4 to simulate 
rain-water. The bottom ash was of the same origin as the one used for the road.  

Five operationally defined metal fractions were extracted from the substrates before and 
after the column test. The sequential chemical extraction method developed by Tessier et al.
(1979) was adopted to define four fractions of the metals in the substrates: (I) exchangeable (1 
M MgCl, pH 7.0, for 1 h), (II) bound to carbonates (acido-soluble) (1 M NaOAc adjusted to 
pH 5.0 with acetic acid, for 5 h), (III) bound to Fe-Mn oxides (reducible) (0.04 M NH2OH-
HCl in 25% (v/v) HOAc (pH~2), for 6 h at 96°C) and (IV) bound to organic matter 
(oxidizable) (0.02 M HNO3+30% H2O2 adjusted to pH 2 with HNO3 at 85°C for 2 h and at 
65°C for 3 h). The residual fraction (V) was determined by dissolving the residue from IV 
fraction in HNO3 (65%) at 120°C for 2 h. The total metal concentration of mould and peat was 
calculated by the sum of the concentrations of the five fractions.  

The leachates and extracts were analyzed for metals by inductively coupled plasma 
optical emission spectroscopy (ICP-OES, Perkin Elmer Otima 2000 DV). Loss on ignition of 
the substrates was determined by dry combustion at 550°C for 2 h. 

The ionic strength of the leachate was calculated from the electrical conductivity (EC) 
using the Marion-Babcock equation adopted from Chirenje et al. (2002): log I = 1.159 + 1.009 
log , where  is EC (dS/m).  

Dissolved organic carbon (DOC) content was determined according to the European 
Standard (EN 1484); organic carbon in solution was oxidized to carbon dioxide through 
boiling and the amount of CO2 was measured by infrared spectroscopy. Inorganic carbon (IC) 
of the bulk substrates was determined after the pre-treatment with HCl to eliminate carbonates 
using a TOC analyzer (TOC-V CSH Shimadzu). Texture of mould was estimated by the 
hydrometer sedimentation method (SIS, 1992).  

pH, redox potential (Eh) and electrical conductivity (EC) of the substrates were 
measured in solid-ddH2O (1:2 w/v) suspensions using a 3M KCl liquid-filled electrode, a Pt-
electrode with 3M KCl reference system and a standard-conductivity cell (TetraCon 325), 
respectively. 
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The computer software Statgraphics Plus 5.0 and SIMCA-P 9.0 (Umetrics) were used 
respectively for the analysis of variance (ANOVA) and multivariate data analysis (MVDA). In 
the latter case, projections to the latent structures by means of partial least squares (PLS) 
method was used to simultaneously relate several factors to several responses by a linear 
multivariate model (Eriksson et al., 2001).   

Soil substrates 

Two soil substrates, peat and mould, obtained from Norrlandsjord, Sweden were studied 
(Table 1). Several sections of the swales along the experimental road were covered with 
mould (a commercially available substrate) and the remaining fractions with peat taken from 
the adjacent peat bog. According to the von Post peat decomposition classification (Day et al.,
1979), the analyzed peat was “almost completely unhumified, containing plenty of fibers”. 
Mould, or a cultural soil, is an upper layer of podsol enriched in organic matter by the addition 
of peat and compost. The column test was run using a soil fraction <4 mm. The analyses were 
performed after sieving and splitting of the air-dried samples. Larger than 4 mm particles 
made up 2% in mould and 15% in peat and were excluded from the samples. 

Table 1  
Main properties of the analyzed substrates   

 Substrate Unit 
Peat Mould 

pH (H2O) - 3.9 6.3 
Electrical conductivity (EC) μS/cm 100 32 
Redox potential (Eh) mV 404 243 
Loss on ignition (LOI) % 94.9 6.4 
Organic carbon (OC) " 74.8 6.2 
Texture " 79*  

Sand " ND 38.5 
Silt " ND 42.0 
Clay " ND 19.5 

Metals   
Cr  mg/kg dw 6.0 22.4 
Cu " 17.3 22.1 
Pb " 8.0 9.8 
Zn " 21.5 50 

   * total fraction <2 mm.  ND – not determined. 

Column test  

The column test aimed at analyzing the retention capacity of the substrates with the 
continuous addition of leachate to the columns. The polyethylene columns (bed height was 4 
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times the internal diameter of the column) were filled with peat and mould and simultaneously 
run in triplicates (Figure 1).  

Substrate

Geotextile
filter

Peristaltic pump

Geotextile
filter

2.5 cm

10
 c

m

EluateAsh
leachate

Figure 1 The lay-out of the column leaching test used in the experiment.

The ash leachate generated in the laboratory and used as a leachant in the column test 
contained considerably lower concentration of Cr than that from the field experiment (Douard, 
2002). Therefore the leachant was spiked with hexavalent chromium (CrO3 GR for analysis, 
MERCK, Germany) up to 0.4 mg Cr/l to mimic the concentration and speciation of Cr in the 
first leachate collected from the road. The metal concentrations in the ash leachate are 
presented in Table 2. 

Table 2  
Characteristics of the ash leachate used in the column test  

Ash leachate (L/S 1) Unit Amount 
pH - 12.7 
Electrical Conductivity (EC)  mS/m 29.9 
Ionic strength (I) mol/dm3 0.42 

Metals*   
K mg/l 1100 
Na " 3740 
Ca " 661 
Mg " 0.3 
Cr** " 0.4 
Cu " 3.8 
Pb " 1.4 
Zn " 0.8 
Ni " 0.06 
Cd " 0.001 

* Permissible levels for Cu and Cr in drinking water in Sweden are <0.05 mg/l;  
Pb <0.01 mg/; Zn <0.3 mg/l (SNV, 1994).  
** Cr concentration after spiking with CrO3.
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The ash leachate was added with inflow through the bottom of the column (saturated 
flow) by means of a peristaltic pump (Alitea-XV, Sweden) at the flow rate of L/S 10/day on 
the dry substrate basis (i.e. 10 volumes of the leachant (l) per one mass of dry soil (kg) per 
day). The columns were operated for 72 h of continuous flow. Geotextile filters (Naue 
Fasertechnik, Secutex 301 GRK5, Germany) were placed inside the tops and bottoms of the 
columns to prevent particle washout. Eluates were collected every 12 h, filtrated through a 
0.45 μm nitrocellulose membrane filters (Schleicher & Schuell, Germany) and analyzed with 
ICP-OES. In total, 140 ml of eluates were collected from each peat column and 1190 ml from 
each mould column. The amounts of metals retained by substrates were computed by mass 
balance in mg/kg of dry weight substrate.  

Results  

Column test using ash leachate of L/S 1 

A continuous load of the ash leachate to the columns did not decrease the metal retention 
of peat, except for Cu (Figure 2). The retention of Cu reached its lowest point (91%) after 48 
h, and increased by a 1% unit at the end of the experiment. In average, 6% of the total added 
Cu was transported through the columns during the experiment. Pb and Cr concentrations in 
the eluates were just above the instrument detection limits (4 and 0.4 g/l, respectively) 
indicating that retention of these metals was close to maximum. Zn behaved somehow 
differently from the other metals. It had the lowest retention capacity, which continuously 
increased during the experiment from 24% to 84%. Mould, in turn, showed a decreasing 
retention capacity for all analyzed metals (Figure 2). 
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Figure 2 Metal retention efficiency of mould and peat, expressed in percent of the metal 
concentration added to the columns. Average metal load per 12 h in mg/kg dw was: 
Cr = 4.8; Cu = 45.6; Pb = 16.3; Zn = 9.2 to the peat columns and Cr = 2.6; Cu = 
24.3; Pb = 8.7; Zn = 4.9 to the mould columns. Note: Zn retention in peat after 12 h 
was 23.4%. Error bars represent the standard deviation of means (n = 3). 

The cumulative concentration of the metals loaded to the columns in all cases had a 
linear relationship to the cumulative metal retention. The coefficients of the linear regression 
equations were calculated by a best-fit line method and presented in Table 3.  

Table 3
Regression equation coefficients (linear model: Y = a + b*X) describing the relationship 
among the total concentration of the metals added to the columns and the retained amount of 
the metals (mg/kg dw) 
Substrate  Cr Cu Pb Zn  
Peat Intercept (a) -0.15 2.4 0.01 -3.83
 Slope (b) 0.98 0.92 0.99 0.97
 R2 0.99 0.99 1 0.99

Mould Intercept (a) 0.55 6.26 0.34 0.69
 Slope (b) 0.70 0.60 0.98 0.91
 R2 0.99 0.99 0.99 0.99

The eluates from the peat columns had low pH (2.9) at the beginning of the experiment 
and increased to 11.7 with continuous additions of ash leachate (Figure 3). Despite the 
changes in pH, the retention of the metals was rather constant. Among the studied metals, only 
Zn had a positive correlation between the metal retention and the pH (correlation coefficient = 
0.8).  
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Figure 3 The pH and electrical conductivity (EC) of the eluates from the analyzed substrates: 
( ) mould and ( ) peat. Initial ash leachate EC = 29.9 mS/cm and pH = 12. Error 
bars represent the standard deviation of means (n = 3). 

The lowered electrical conductivity (EC) in the column eluates compared to the initial 
EC of the ash leachate indicates the removal of salt ions from the solution. Peat showed 
relatively constant capacity for salt removal, while mould retained salts poorly (Figure 3). 
Concentration of Ca in the leachates from peat and mould had a reverse pattern, i.e. the 
leaching of Ca from peat decreased from 406 to 157 mg/l and was the lowest after 36 h of 
leaching (50 mg/l), while Ca leaching from mould gradually increased throughout the 
experiment from 184 to 729 mg/l. 

The leaching of DOC depended on the organic matter content of the substrates, i.e. 
higher OM yielded higher DOC in the column eluates (Figure 4). Mould was, however, more 
depleted in OM than peat; 15.8% of the initial OC was washed-out in the form of DOC from 
mould, while only 3.6% from peat. 
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Figure 4 Leaching of dissolved organic carbon (DOC) from the columns filled with ( ) mould 
and ( ) peat.
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Chemical sequential extraction 

The fractional distribution of the metals in peat prior to the column test was quite similar 
for all the metals (Figure 5). The dominating fraction was reducible (bound to Fe-Mn oxides). 
After the column test, considerable changes in the metal fraction distribution occurred. The 
fraction of Cu, Cr, and Pb bound to organic matter significantly increased, especially for Cu, 
while for Zn it changed insignificantly. The largest fraction of Zn remained the same as prior 
to the column test, i.e. bound to Fe-Mn oxides. The acido-soluble (operationally defined as 
carbonate) fraction was more significant for Zn and Pb than for Cu and Cr.  
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Figure 5 The metal distribution between the operationally defined fractions in the substrates 
prior to (ref) and after the column test.  

After the column test with mould, the largest concentrations of Cu, Pb, and Zn were 
bound to Fe-Mn oxides. Cr occurred mainly in the residual fraction both prior to and after the 
ash leachate percolation through the columns. The increase of the fraction bound to OM was 
most considerable for Cu, while carbonate fraction was significant for the retention of all the 
metals passing through the mould columns.  

Lead was the only metal undetected in the exchangeable fraction of both substrates after 
the column test.  



9

Discussion 

Metal retention in the substrates 

Metal retention in the roadside swales depends on the properties of the soil covering 
them. Since the road passes a peat bog, the interaction of the metal ions with OM are of 
particular importance. Pb and Cr has just as high an affinity for OM as Cu, therefore 
considerable portions of Pb, Cr and Cu were retained by peat even at pH 3 (Figures 2 and 3). 
The sequential extraction confirms the importance of OM for Pb, Cr and Cu binding in peat 
(Figure 5). Solid metal-organic complexes of Zn are reported to be unstable below pH 5 
(Brümmer et al., 1986) explaining the lowest Zn retention in peat during the first 24 h of the 
experiment when pH of the eluates was <5 (Figures 2 and 3). According to Kabata-Pendias 
and Pendias (2001), the adsorption of Zn can be reduced at pH <7 by competing cations, 
resulting in the mobilization and leaching of Zn from acid soils (e.g. peat). Besides, the higher 
peat selectivity for Pb and Cu could weaken the Zn retention, especially when Zn 
concentrations in the ash leachate were exceeded by that of Cu 6 and by Pb 2 times (Table 2). 
The order of the Pb, Cu and Zn retention was in agreement with that observed by Jang et al.
(2005) in an organic substrate tested as a filter material for urban stormwater runoff.  

Contrary to peat, mould was most efficient in Zn retention (Figure 6). Carbonates and 
Fe-Mn oxides were the main scavengers of Zn from the solution. The order of the metal 
retention strength in mould was as follows: Pb>Zn>Cr>Cu (Figure 6). Usually, the stability of 
metal-humic complexes reverses the order of Cu and Zn, confirming that inorganic 
constituents of the mould were more active in the Zn retention.  
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Figure 6 Comparison of average metal retention in mould and peat. Symbol * represents a 
significant difference between two substrates in the metal retention (  = 0.05). Error 
bars represent the standard deviation of means (n = 3). 

Leaching of elements from the road decreases with time as their available fraction in 
ashes becomes depleted (Aberg et al., 2005). The time period simulated by the column test, 
which was calculated by converting L/S into time scale of average water infiltration (200 
mm/y), would correspond to approximately 150 years of the swale operation time. In this 
experiment, the columns were overloaded with regard to the expected contaminant discharge 
from the road by continuously adding the ash leachate highly concentrated with heavy metals. 
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However, a point of breakthrough of peat was not reached.  By the end of the experiment, in 
contrast to mould, the retention of Cr and Pb by peat was at its maximum and for Zn and Cu 
continued to increase. Therefore, peat exhibited better properties than mould as filling material 
for roadside swales when considering the retention of the investigated metals in a long-term 
perspective.  

Dissolved organic carbon (DOC) and metal transport 

Although alkaline conditions can lead to the dissolution of soluble organics and thus 
increase the mobility of metals by the formation of soluble metal-OM complexes, this was not 
observed in our study. By contrast, the increasing Cu and Cr retention with more organic 
carbon being dissolved was observed. The DOC as a factor and the retained Cu and Cr as 
responses are distant to the same direction from the origin indicating a positive correlation 
between them (Figure 7). Such a pattern contradicts the results obtained by other authors (Hsu 
and Lo, 2000; Chirenje and Ma, 1999), who observed that the increase in DOC resulted in 
higher Cu leaching.  

Figure 7 Loading scatter plot of PLS analysis of ( ) retained metals in relation to ( ) the 
factors. OM – initial organic matter content of the substrate; DOC – dissolved 
organic carbon and EC – electrical conductivity of the column eluates. 

The high ionic strength of ash leachate can modify the metal mobility in the presence of 
elevated concentrations of DOC. High content of the major cations and especially Ca in 
solution might result in flocculation of humic acids-metal complexes and their precipitation 
(ionic strength effect) thus preventing metal transport (Chirenje et al., 2002; Impellitteri et al.,
2002). Addition of Ca to the DOC extracts can flocculate up to 50% of the DOC originally 
present in the samples (Romkens and Dolfing, 1998). The observed positive correlation 
between the retention of Ca and the metals (Figure 7) may support the assumption of the ionic 
strength effect. Conversely, the retention of Ca at such a high pH range (11-12) as it was 
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observed at the end of the column test (Figure 3) can be due to the precipitation of calcium 
carbonates. However, the Ca leaching from mould was the highest at the end of the 
experiment (reaching 406 mg/l or 61% of the total loaded Ca) suggesting that Ca retention at a 
similar pH in peat was due to other mechanisms, possibly the above mentioned precipitation 
of Ca-DOM-metal complexes.  

The retention of the metals at high pH can also be due to their precipitation. Cu and Pb 
can precipitate from the bottom ash leachates by forming hydroxides and low solubility (at pH 
> 7.5) having secondary minerals (e.g. tenorite CuO) (Meima et al., 1999). The leaching of Cu 
and Pb usually reaches their lowest point at pH 9-10 and then increases again due to the 
formation of OH- complexes (van der Sloot et al., 1997). Since the leaching of Pb from peat 
was lower at pH 11.7 (9 g/l, or 0.7 % of the total loaded Pb) than at pH 9.7 (18 g/l), the 
formation of mixed metal-ligand complexes and co-sorption reactions in the substrate matrix 
may have accounted for the metal retention at high pH.  

If the ionic strength effect was a mechanism responsible for the metal retention in our 
study, then it is possible that the increase in DOC of the peat eluates was only due to the 
increase in the lower molecular weight FA fraction that was not engaged in metal binding 
(except for Cu) and/or precipitation. Otherwise, much higher metal concentrations, e.g. of Pb, 
which is more readily bound to humic (HA) than fulvic acids (FA) (Jordan et al., 1997), could 
be expected in the eluates. Since Cu has a high affinity for both humic substances and the only 
forms of dissolved Cu at high pH (pH>8) are HA and FA complexes (Wu et al., 2002), the 
transport of dissolved Cu (6% of total added Cu) at the high electrolyte concentrations likely 
occurred as complexes with FA. High molecular weight HA can coagulate easier and be 
expected to precipitate from the solution as Ca-DOM-metal complexes (Stevenson, 1994).  

According to this investigation, potential negative effects on the release of metals due to 
the increase in DOC caused by the alkaline properties of the ash leachate were attenuated 
possibly through the leachate ionic strength. Precipitation of new mineral phases may have 
contributed to the metal retention at high pH.  

Predictions of the metal desorption  

Conditions in the swales may change over time, varying between dry and flooded, acidic 
(due to rain) and alkaline (due to ash leachate). De-icing salts or a new portion of ash leachate 
after a dry season can affect the ionic strength of the soil solution. As a result, the 
exchangeable fraction of the metals that made up 2-10% in the analyzed substrates (Figure 5) 
can be released.  

Weathering of ashes and interaction with atmospheric CO2 lowers pH of the leachate 
(Ecke, 2001). Consequently, the soil solution pH is also expected to decline. If pH gets below 
5, e.g. due to extended period of acid rain, the fraction bound to carbonates may be released. 
In such a case, a relatively large fraction of Pb (31%) could remobilize from mould. In 
general, Pb and Zn would be more sensitive to the pH drop than Cr and Cu.  

The main risk for release of the retained metals is related to changes of oxidizing-
reducing conditions. Although the significant fractions of the metals in mould are associated 
with Fe-Mn oxides, it would take more than just soil saturation with water to release the bound 
metals. Redox potential in peat can more readily decrease than in mould due to higher OM 
content and microbial activity. In the case of redox drop when Fe and Mn oxides cannot be 
stable any longer due to the lack of oxygen, a release of the major Zn fraction would occur 
from both substrates. By contrast, the oxidation and decomposition of soil OM would be the 
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main cause of the large quantities of Cu (73%), Cr (43%), and Pb (37%) to be released from 
peat. If a vegetation cover is established in the swales, the content of soil OM is likely to be 
maintained. An accumulation of OM is more likely in this geographical region due to 
relatively low temperatures, water excess and slow mineralization.  

The residual fraction that was larger for Cr and Zn than for Cu and Pb (Figure 5) is 
usually considered as not available for leaching and therefore bears no risk for release of the 
metals defined in this fraction (Tessier et al., 1979).  

The highest retention of metals in roadside swales would be achieved using peat as a 
filling material. To maintain the filtering function of the swales, the establishment of 
vegetation cover promoting the accumulation of OM and prevention of strongly oxidizing 
conditions is recommended.  

Conclusions 

Although the substrates were not absolutely effective in the metal retention, the 
concentrations of the metals leached through the columns (in a range of μg/l) were much 
lower compared to those in the ash leachate. Apart from the dissolution of OM, ash leachate 
properties hindered the metal transport from peat. The decrease of the metal concentrations in 
solution could be due to the flocculation of metal-humic acid complexes, caused by the 
presence of a high concentration of Ca (ionic strength effect) in the ash leachate. Mould, 
however, is a less favorable substrate for the leachate control along the roads since it was only 
efficient in the removal of Zn, considered least toxic among the analyzed metals. Peat in turn 
was capable of reducing the concentrations of Cr, Pb, and Zn to permissible drinking water 
levels in Sweden; Cu concentrations though were not sufficiently low. High Cu affinity for 
OM still poses some risk of Cu leaching as complexed with DOC even under the effect of the 
ionic strength. Using peat as a cover substrate of the swales, additional Cu stabilizing material 
would be recommended.  

Readily soluble forms composed a minor fraction of the retained metals in peat reducing 
the risk of metal release due to ion exchange and pH drop. A decrease in redox potential might 
be the main cause of Zn desorption from peat as the Fe-Mn oxides were the main scavengers 
for this metal. For Cu and Cr, the oxidation of OM would be a primary reason for the metal 
release, while for Pb, both fractions (Fe-Mn oxides and OM) would equally contribute to the 
metal discharge. 
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