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ABSTRACT: Stabilization technique was applied to treat contaminated soils in laboratory and pilot scale field (lysimeter) experiments. Three 
types of amendments were tested for their abilities to reduce contaminant mobility in soil: zerovalet iron, coal fly ash from wood and coal 
combustion, and natural organic matter – peat. The stabilization of the soils contaminated with Pb and Cu (soil S) and wood impregnation 
chemical cremated copper arsenate (CCA) (soil R), as assessed by batch leaching tests, 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. 
The results obtained from the lysimeter experiments over a three-year observation period showed nearly as high treatment efficiency as that 
achieved in the laboratory experiments.  
 
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. 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 trace element concentration (Annex II). 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. (Mench et al., 2000) 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). 
 
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.  
 
The study comprises estimations of the stabilization efficiency in a 
multi-element contaminated soil amended with iron and a 
combination of coal fly ash and natural organic matter. The 
objective was to investigate 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.  

 

2. MATERIALS AND METHODS 
 
2.1. Soil 
Soil samples for the laboratory and pilot scale field experiments 
were collected at three 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 three 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 and RII) and Forsmo (thereafter 
called soil F). 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 S RI RII F 

 pH  
(1:2 H2O) 4.1 4.9 5.6 6.02 

 EC, 
µS/cm 83 74 7.0 439 

 LOI, % 1.4 3.9 1.9 1.2 
Elements, 
mg/kg dw ±SD, n=3 

  As 12±5 5904±194 4673±194 310.1±17.4 
  Cr 11±1 3829±161 2181±74 62.8±10.8 
  Cu 248±8 1509±90 1379±36 15.5±0.2 
  Zn 181±2 79±6 562±21 132.6±6.7 
  Pb 2557±366 - 15±1 - 

EC = electrical conductivity; LOI = loss on ignition;   
- = not determined. 

2.2. Soil amendments 
The soil amendments tested were natural organic matter – peat 
(OM); unweathered coal fly ash (CFA), an industrial by-product from 
wood and coal combustion (Kumpiene et al., 2006a); and three 
types of iron materials: (A) an angular cast steel abrasive, (B) round 
steel shot, and (C) iron powder (Table 2). 
 
Table 2 : Main particle fractions and percent of metallic iron in the 
materials. 

Main fraction 
Material 

Size, mm Weight% 
Amount  

of Fe0,  % 

A <0.1 93 97 
B <1 98 97 
C <0.045 82 91 

 
Additional tests were made using Fe oxides (FeOx), a by-product, 
oxygen scarfing granulate, from a steel production industry (Table 
3). 
 
Table 3 : Particle size distribution and chemical composition of Fe 
oxides (oxygen scarfing granulate). 
 

FeOx (Oxygen scarfing granulate) 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 
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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). 
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2.3. Soil stabilization  
 

The soil S was mixed with 5% (by dry weight) CFA and OM. The 
soil RI was blended with 1 wt% and RII with 0.75 wt% Fe0 (A) so 
that in both cases Fe/As=2. The iron B and C were added to the soil 
RII at 1 wt% rate. The soil F was used in a screening test with 
mixing rates of 5, 10, 15, 20 and 25 wt% FeOx. 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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2.4. Evaluation methods 
 
A two-step batch leaching test at liquid-to-solid ratios (L/S) 2 and 10 
was used for soils S and RI. One step leaching test (L/S 10) was 
applied for soil F. Air dried soils were mixed with water acidified to 
pH=4 (with 1 M HNO3) at required L/S and shaken for 24 h using a 
rotating device according to the standard procedure (NT ENVIR 
005, 1998). The samples were filtered through a 0.45 µm 
nitrocellulose membrane filter and immediately analyzed for trace 
elements.  
 
The soils S and RII were used in a pilot scale field experiments. 
About 200 kg of the air dried, non-sieved homogenized soils S and 
RII were manually mixed with amendments. Polyethylene (PE) 
lysimeters (100 l) were filled with the untreated and treated soils. 
Porous PE plates were placed 10 cm from bottoms of the lysimeters 
filled with soil S forming an empty space for the leachate 
accumulation. The plates were covered with geotextile membranes 
to prevent wash out of small particles. Leachate samples were 
pumped from the bottom of the lysimeters. The lysimeters 
containing soil RII had an acid-washed gravel layer and a geotextile 
membrane at the bottoms. Percolated water was accumulating in 
PE containers connected to the lysimeters. All lysimeters were 
placed outside and exposed to natural precipitation and 
temperature. Leachate samples were collected over three-year 
period.  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).  

 
All leachates and extracts were filtered through 0.45 µm 
nitrocellulose filters and analyzed for elements using ICP-OES 
(Perkin Elmer Optima 2000 DV).  

2.5. 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 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  (SEPA, 1996), 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 10). Chromium 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).  

3. RESULTS AND DISCUSSION 
 
3.1. Soil amendments and stabilization efficiency  
 
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.  
 
3.1.1. Leaching of elements in iron amended soil  
 
Many trace elements in soil can strongly bind to Fe, Mn, Al oxides 
(Kabata-Pendias and Pendias, 2000). An increasing amount of 
these and especially Fe oxides would presumably enhance the 
sorption capacity of soil and reduce the mobile contaminant fraction. 
Therefore 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).  

 
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).   
 Comparing element leaching with the limit values for waste 

acceptance at EU landfills, the soil RI did not fulfill 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).  

Material reactivity generally depends on its specific surface area, 
i.e. particle size and shape. The iron powder C was the finest 
among the tested Fe0 products (Table 2; Figure 2c) 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 3).  
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Figure 2 : Metallic iron used for stabilization of CCA-contaminated 
soil. For the material description refer to Table 2. 

Efficiency was inversely proportional to the particle size and age of 
the oxide-containing material. Coarse FeOx particles were less 
reactive in small doses than fine particles. Fresh oxides obtained 
directly from steel processing were more efficient than six months 
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3.1.2. Leaching of metals in natural organic matter and coal fly ash 
amended soil 
 
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). Therefore soil amendment with OM would help 
to restore soil properties and retaining metals bound within soil. 
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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 (Kumpiene et al., 2006b). 
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 (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.  sandy soil with iron 
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Significant reductions in the leaching of Cu by 91% and Pb by 87% 
were observed in the soil S treated with CFA alone (Kumpiene et 
al., 2006a). 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). 

3.1.4. Assessment of the element mobility by field lysimeter 
experiments 
 
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. 
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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. During the 3-year field observation period, the leaching 
of Cu was reduced on average by 98% and for Pb by 97% (Figure 
6).  
 
 
Figure 6: Leached concentrations of Cu and Pb from (U) untreated 
and (T) treated soil S-containing lysimeters. 
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3.1.3. Relevance of batch leaching tests for estimating element 
mobility in soil 
 
The batch test is one of the most common leaching tests for 
granular waste and 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. 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 (CEN/TS 14405) leaching 
tests. No modifications of these tests or alternatives are foreseen 
for soil or a particular type of contaminant, e.g. redox sensitive 
elements such as As. 

 
The combination of CFA-OM neutralized and maintained soil pH 
between 6.7 and 7.1 during the 3-year testing period. Such pH 
renders most cationic contaminants less mobile. This demonstrates 
that soil treatment increased its resistance to acidification for a 
longer period. The leachate pH from the untreated soil dropped 
during this time from 4.3 to 3.0. 

 
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. 

 
The iron treatment of the soil RII reduced contaminant leaching 
from lysimeters by 98% for As, 96% for Cr, 95% for Cu and 79% for 
Zn (Figure 7). The treatment efficiency achieved in the lysimeter 
experiments was remarkably close to the laboratory results.  
 
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. 

 
Underestimating the leaching of contaminants can also 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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Figure 7: Leached concentrations of As, Cr, Cu and Zn from (U) 
untreated and (T) treated soil RII-containing lysimeters. 
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3.2. Environmental considerations managing the treated soil 
 
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 concentrations reaching up to 0.5% can be 
successfully stabilized (Kumpiene et al., 2006c). 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.  
 
Stabilization of CCA-contaminated soil 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. 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 
phytotoxicity (Kumpiene et al., 2006a), show a rapid integration of 
the treated soil to the adjacent environment.  
 
 
4. CONCLUSIONS 
 
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.  
 
The results achieved in the pilot scale field (lysimeter) experiments 
were nearly as high as those obtained in the laboratory 
experiments.  
 
Due to the satisfactory results obtained in the laboratory and the 
pilot scale field experiments, the stabilization technique could be 
tested 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. 
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