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SUMMARY 
 
Metal contaminated soil is usually treated by applying the so-called dig-and-dump strategy. 
Disadvantages of such a treatment method (e.g. high cost, transportation, loss of large masses 
of soil) have opened an arena for the application of innovative and less disruptive techniques, 
e.g. immobilisation of metals in soil using soil additives.   
 
This thesis focuses on the ability of natural organic matter (OM) to serve as a metal stabilising 
agent. The investigated metal contaminants arise from MSWI bottom ash leachate. Besides 
the high content of metals, elevated pH and salinity are characteristics of ash leachate that, in 
turn, can alter the functionality of OM.  
 
Batch and column leaching tests were used to study the retention capacity of substrates with 
different amounts of OM. The leaching solutions were prepared (1) by dissolving metal salts 
and (2) by leaching bottom ashes. Also, field observations of how ash leachate influenced soil 
and plants were made. In this case, ash leachate was generated under field conditions from an 
experimental road built on municipal solid waste incineration (MSWI) bottom ashes.  
 
It has been shown that copper, chromium, and lead retention is proportional to the OM 
content of the substrates. Zinc retention showed to have the least dependence on OM. The 
metals were not leached in proportion to dissolved OM. Several mechanisms were most 
probably responsible for the retention of metals: (i) a high concentration of Ca in ash leachate 
could lead to the formation of Ca-dissolved organic carbon (DOC) complexes that have the 
ability to precipitate some metals (ionic strength effect) and prevent metal transport; (ii) high 
solution pH could favour hydroxide formation, and (iii) surface adsorption could contribute to 
metal retention. 
 
Despite the good metal retention capacity of OM, a continuous metal load will occupy 
binding sites of OM, therefore reducing its retention capacity. The metal retention capacity of 
a rich in OM substrate could be improved by additional soil amendments and vegetation. 
Tolerant plant species capable of growing at high soil metal concentrations and immobilising 
pollutants within the root zone have the potential to be used for phytostabilisation of metal 
contaminated soil. Such plants are also associated with a low risk of contaminant 
translocation from soil through plant roots to shoots, i.e. from one environmental media to 
another.  
 
Immobilisation is not a technology for the removal of contaminants from soil, but for the 
stabilisation (inactivation) of potentially toxic metals. The aim of soil remediation is to reduce 
the exposure and spread of contaminants. The reduced leaching, bioavailability, and 
ecotoxicity of metals that result from phytostabilisation might then be a proper solution.
Development of suitable soil and amendment mixtures capable of retaining a broad range of 
metals, and the interaction of plants with a stabilised matrix are questions to be answered in 
future research.  



Role of soil organic matter in the immobilisation of metals 

Jurate Kumpiene, Div. of Waste Science & Technology, LTU, 2003 



Role of soil organic matter in the immobilisation of metals 

Jurate Kumpiene, Div. of Waste Science & Technology, LTU, 2003 

1

1. INTRODUCTION 
 
 
In 2003, the Swedish Environmental Protection Agency (SNV) estimated the total number of 
potentially contaminated sites in Sweden at approximately 40,000 (SNV, 2003). Among the 
already identified sites those polluted with metals and complex mixtures of metals and 
persistent organic compounds are in the majority (SNV, 1995a). Contaminant distribution is 
mainly determined by the industrial structure of the country. The use of alternative materials 
in urban constructions, e.g. the utilisation of ashes from municipal solid waste incineration 
(MSWI) in road constructions as a substitute for gravel, can be an additional source of soil 
contamination with metals. At high levels, metals are toxic for wildlife and humans. Metals 
are non degradable and their toxicity can be reduced by binding, i.e. changing one oxidation 
state or complex to another.  
 
The Remediation Technologies Screening Matrix and Reference Guide (2002) lists 28 soil 
treatment technologies, 13 of which are applicable for the remediation of metal contaminated 
soil. Despite the variety of available techniques used for soil remediation, traditional methods 
such as landfilling and encapsulation are still dominant in Sweden (SNV, 1995b). The high 
costs associated with the removal of metals from soils or landfilling is an incentive to apply 
the alternative remediation techniques. Development of in situ (on site) soil treatment 
methods, e.g. stabilisation using natural and synthetic soil amendments (organic matter, 
aluminosilicates, Fe and Mn (hydro)oxides, etc.) is gaining popularity as techniques that are 
less disruptive to natural ecosystems and less expensive compared with conventional soil 
remediation methods (Berti and Cunningham, 2000; Knox et al., 2001).  
 
Lately, the significance of natural tools (e.g. bacteria, fungus, and vegetation) has been 
actively considered as having a large potential for the decontamination of soil. Plants, together 
with metal immobilising soil additives, can be employed for in situ stabilisation of metal 
contaminated soil and reduction of the contaminant bioavailability in the environment. This 
method is referred to as phytostabilisation. Plants also contribute to the turnover of soil 
organic matter and therefore facilitate maintaining the metal retention capacity of soil. 
 
The objective of this thesis is to study the potential of natural organic matter (OM) for the 
stabilisation of metal contaminated soil. The metal contaminants investigated in the study 
arise from the MSWI bottom ash leachate. Paper I is based on a literature study and reviews 
biological soil remediation methods with an emphasis on the phytostabilisation of metal-
contaminated soil using soil amendments. The work also includes a lab-scale evaluation of the 
natural OM (peat) for metal retention (Papers II and III) and a pilot-scale study of metal 
retention in the soil of grassed swales (Paper IV). The latter study is part of a project that uses 
a test road built on MSWI bottom ashes.  
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2. RESEARCH QUESTIONS 
 
 
The questions to be answered are divided into two groups. The first question is related to the 
appropriateness of organic matter as a metal stabilising agent: 
 

- How do the properties of the MSWI bottom ash leachate (high pH, ionic strength) 
influence the ability of soil organic matter to immobilise Cu, Cr, Zn, and Pb? 

 
The following question deals with the ash leachate effect on soil-plant systems:  
 

- How does the ash leachate affect the establishment of the vegetation in soil containing 
different amount of organic matter and the metal translocation from soil to plants?  

 
 
 
3. METHODS 
 
The methods used in the experiments are based on established and commonly used 
techniques.  
 
 
3.1. Batch and column leaching tests 

The metal retention of substrates was studied using batch and column tests. In both tests, a 
liquid to solid ratio (L/S) 10 l/kg was used.  
 
In the batch test procedure, the substrate was mixed with the leachant in closed polyethylene 
bottles and agitated for 24 hours by use of a rotating drum. The eluate was separated from the 
solid phase by filtration through a 0.45 µm nitrocellulose membrane filter and stored 
refrigerated for subsequent analysis. 
 
In the column test, polyethylene columns (bed height is 4 times the internal diameter of the 
column) were filled with substrate material. Leachant was pumped from the bottom up to the 
top of the column where the eluates were collected. A geotextile filter was placed inside at the 
top and bottom of the columns to prevent particle washout (Figure 1). Eluates were 
additionally filtrated through a 0.45 µm nitrocellulose membrane filter and stored refrigerated 
for subsequent analysis.  
 
In both tests, a local equilibrium or near-equilibrium is assumed to be achieved between the 
liquid and solid phase during the test period (24 h).  
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Figure 1 A column test lay-out.  
 
 
3.2. Multiple sample comparison and MVDA 

Statistical analyses were performed using Statgraphics Plus 5.0 and  Simca-P 9.0 (Umetrics).  
 
The Fisher least significant difference (LSD) method was used in a multiple sample 
comparison to compare the observed differences between the sample means, as described by 
Montgomery (2001). Within this method, there is a 5.0% risk of being incorrect, i.e. saying 
that there is a significant difference when the actual difference equals 0. Box-and-whisker 
plots are usually used to display a graphical summary of the data and the presence of outliers. 
A box encloses the middle 50 percent of the data, where the median is drawn as a horizontal 
line inside the box and a cross represents the average value (see Figure 2).  
 
Multivariate data analysis (MVDA) helps to solve three basic problems: 1) overview of a data 
table, 2) classification and/or discrimination among groups of observations (principle 
component analysis, PCA), and 3) regression modelling between two blocks of data (X and 
Y) (Eriksson et al., 2001). Modelling is accomplished with the PLS method (projection to 
latent structures by means of partial least squares) and was applied to simultaneously connect 
several factors (X) and several responses (Y).   
 
 
3.3. ICP-OES and XRF for element analyses 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) was used for metal 
analysis in liquid; while X-ray florescence (XRF) spectroscopy was used for metal analysis in 
solid phases. Sample preparation for ICP-OES analyses was accomplished through acid 
(HNO3) digestion. For the XRF analyses, the substrate samples were dried at 150°C and 
ground to pass a 0.25 mm sieve so as to obtain a homogeneous sample.  
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3.4. Substrate characterisation  

Organic matter 
 
The organic matter content of the substrates was determined by dry combustion at 550°C for 
2 h. A qualitative analysis of the soil OM’s functional groups was performed using the 
infrared (IR) spectroscopy (Perkin Elmer System 2000 FT-IR spectrometer). The samples 
were prepared according to the KBr-disc method (2.0 mg soil + 300 mg KBr) and spectra 
were recorded in the wave number range of 370 to 4000 cm-1. The relative transmittance peak 
area of functional groups was calculated using a program SprectrumLite (1.45b Lite, Perkin-
Elmer). 
 
Other characteristics 
 
Soil texture characterisation was made using the hydrometer sedimentation method (SIS, 
1992). The pH, electrical conductivity, and redox potential were measured in the substrate-
water suspension at liquid to solid ratio 2.   
 
 
3.5. Materials  

3.5.1. Substrates 
 
The experiments were carried out with four types of substrates: peat, mould, forest soil, and 
sand (Table 1), all obtained from a private Swedish company. The quantitative analysis of 
OM functional groups of the substrates is further presented in Paper II. 
 
Table 1 Initial characteristics of the analysed substrates.   

Substrate 
(<4 mm fraction) El. conductivity 

  (µS/cm) 
pH H2O 

 
  Redox  
(mV) 

Clay 
content 

(%) 

SOM  
(%) 

Forest soil  14 5.8 265 11.2 6.0 
Peat  100 3.9 404 n 94.9 
Mould  32 6.3 243 19.5 6.4 
Sand  16 8.8 183 9.2 0.2 

n – not analysed.  
 
3.5.2. Leachate 
 
Three types of leaching solutions were used in the experiments: 
 

- Prepared metal mixtures. Cu(II) and Cr(VI) solutions were prepared dissolving 
CuCl2⋅2H2O and CrO3 in double distilled water and used in batch as well as column 
tests described in Paper II. Metal concentrations were chosen according to observed 
metal levels in MSWI ash leachate. 

 
- Ash leachate was generated in the laboratory from the MSWI bottom ashes according 

to the standard leaching test (NT ENVIR 002) at three liquid to solid ratios (L/S) 1, 
10, and 100 l/kg. From this, information was provided about the short as well as long 
term leaching behaviour of ashes, and used in the column test described in Paper III. 
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- Leachate was generated under field conditions from the road built with MSWI bottom 

ashes. The effect of the naturally generated leachate on soil and plants during one year 
was observed in the field experiment described in Paper IV.  

 
The compositions of the leaching solutions are summarised in Table 2. 
 
Table 2 Characteristics of the leaching solutions used in the experiments  

L/S 
Ionic 

strength  
Electrical 
Conduc- 

tivity 
pH K Na Ca Cr(VI) Cu Pb Zn Leaching 

solution 
 (mol/m) (mS/cm)  mg/l 

Prepared 
metal 
mixture 

  0.01 5.2 - - - 0.35 4.0 - - 

Ash leachate 1 0.42 29.9 12.6 1100 3740 661 < 4.67 1.54 0.74 
generated in 10 0.32 8.61 12.6 116 378 585 < 0.71 1.76 0.49 
laboratory 100 0.07 1.04 11.7 13.7 45.0 63.6 0.01 0.07 < 0.01 
Ash leachate 
from the 
road1 

 0.29 
± 0.27 

6.3 
± 5 

10.8 
±1 

318 
±228 

2034 
±1871

44.9± 
18 

0.03 
±0.01 

1.39 
±0.9 < 0.01 

±0.0 
1 average values of the year 2002 with standard deviation of 14 measurements 
< - below detection limit 
 
 
3.6. Field experiment 

3.6.1. Roadside swales 
 
A 10 m long, 1.5 m wide, and 0.75 m deep swale was constructed along a road built on 
MSWI bottom ashes. The reference area with three swales of the dimensions given above, as 
well as the experimental swale, was designed and covered with mould (topsoil-peat mixture). 
A polyethylene membrane was placed under the soil cover to retain surface runoff water from 
the road within the swale soil. The remaining roadside swales were covered with peat taken 
from the road surroundings. 
 
3.6.2. Vegetation 
 
Seven plant species common in Northern Sweden were used:  

- Phalaris arundinacea (reed canary grass),  
- Potentilla anserine (silverweed),  
- Typha latifolla (broadleaf cattail),  
- Plantago maritima (sea plantain/goose tongue greens),  
- Aster tripolium (sea aster),  
- Linaria vulgaris (yellow toadflax/butter and eggs),  
- Leymus arenarius (Lyme-grass)  
 

These species were planted and a grass mixture (detailed species composition is presented in 
Appendix 1) was sowed in the swales to create a system that acts as a physical barrier to 
pollutants, retarding their translocation from the swales. Aerial plant parts were analysed for 
Cu, Cr, Zn, and Pb content to indicate the scope of the metal translocation from soil through 
plant roots to shoots. 
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4. RESULTS AND DISCUSSION 
 
 
4.1. Method discussion 

4.1.1. Batch and column leaching tests 
 
In the batch test designed to study the adsorption of contaminants on soil, the full surface area 
of the soil particles come in to contact with the leachant. Such conditions rarely appear in 
nature, if ever at all. Hence, the actual contaminant adsorption capacity of soil determined in a 
batch test might be considered as overestimated.  
 
In the column test, the leachant passes through a stationary soil sample. The flow of water 
down through a soil profile is often referred to as being "preferential", i.e. it does not move as 
a horizontal wetting front. As much as 80% of the water percolating through the soil profile 
actually passes through only 20% of the cross-sectional area of the profile (Bowman et al., 
1994). To avoid the formation of preferential flow, the leachant inlet was set at the bottom of 
the column.  
 
A comparison of the mean Cu and Cr retention capacity of the two analysed substrates (peat 
and mould) indicated no significant difference between the data obtained in the batch and 
column tests (Figure 2). When the contaminant adsorption was evaluated during the column 
test with the leachant up-flow, it seemed to yield the maximal retention that can be achieved 
in optimal conditions just as in the batch test. 
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Figure 2 Box-and-Whisker plot for the comparison of the retention of metals between batch 
and column tests. B – batch test; C – column test; M – mould; P – peat. 
 
 
The down-flow inlet of the leachant to the column under unsaturated conditions would most 
resemble the natural environment, even if some of the total surface area of the soil particles 
comes in direct contact with the permeating solution (due to the pore geometry and 
continuity). Also, it is noted that the column test with down-flow inlet provides information 
about the adsorption as well as diffusion of contaminants through the soil column (Yong et 
al., 1992). 
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4.1.2. Characterisation of organic matter 
 
Infrared spectroscopy (IR) has a diagnostic value for the functional groups (COOH, phenolic-
OH, etc.) of OM as well as for identification of its molecular structures (i.e. aliphatic and 
aromatic compounds, etc.) (Stevenson, 1994); together, these play an important role in metal 
binding. The IR spectra of humic and fulvic acids for all four studied substrates is illustrated 
in Paper II. Despite some uncertainties expressed in the literature about the usefulness of IR 
spectra (Tan, 1993), it is a practical method for identification and characterisation of humic 
and fulvic acids. 
  
 
4.2. Metal immobilisation using natural organic matter as a stabilising agent   

Organic matter has the potential to be used as a soil additive as it is known to improve soil 
fertility by modifying the physical, chemical, and biological conditions in soil. Also, the metal 
binding capacity of OM through ion exchange, complexation, and surface adsorption can 
reduce contaminant availability, toxicity, and leachability through the soil. Adsorption and/or 
ion exchange by particulate media such as peat might be used to remove colloidal and 
dissolved metals and can provide long-term storage of contaminants (Jones and Chapman, 
1995).  
 
4.2.1. Leachability of metals in respect to the dissolution of OM  
 
The influence of OM on metal mobility depends on whether it occurs as a solid or in the 
solution as a dissolved organic matter (DOM). While OM positively correlates with the metal 
immobilisation capacity of soil, dissolved organic matter (DOM) generally has the opposite 
behaviour. Alkaline conditions can lead to dissolution of organics, thus increasing the 
mobility of metals by forming metal-OM complexes. At high pH (> 9), both carboxylic and 
phenolic-OH groups dissociate their protons, and the humic molecule attains a high negative 
charge (Tan, 1993). Complexation of metals can then occur through electrostatic attraction to 
a charged COO- group, formation of a coordinate linkages with a single donor group, and 
formation of a chelate (ring) structure, such as with a COO--phenolic-OH site combination 
(Stevenson, 1994). Nevertheless, DOM can also have no or little effect on soluble 
concentrations of some metals like Zn (Paper III) and Mn (Wu et al., 2002, Hsu and Lo, 
2000), which usually form weak complexes with OM and occur mostly in free form or as 
inorganic complexes (Stevenson, 1994).  
 
The mobility of the metals as complexes with OM cannot be attributed only to the amount of 
DOM present in the solution. The following chapters describe the metal retention capacity in 
peat at the different solution compositions (salinity, alkalinity), i.e. using a prepared metal 
solution mixture and using bottom ash leachate. Similar results were obtained for some metal 
retention (e.g. Cu, Cr(VI)) with different amounts of DOM present in the peat eluates.  
 
Leaching with prepared metal solution 
 
High Cu and Cr(VI) retention in peat was observed in the batch leaching test using prepared 
metal solutions. The solution contained 4.0 mg/l of Cu and 0.35 mg/l of Cr(VI), was slightly 
acidic (pH = 5.2 ± 0.3), and had a low salinity (EC = 12.7 ± 8.6 µS/cm). At such conditions, 
peat was capable of removing 96.8% of Cu and 96.2% of Cr(VI) from the solution (Figure 3). 
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The retention of Cr(VI) was directly proportional to the soil OM content, whereas a high Cu 
retention capacity observed in other analysed substrates excluded OM as a significant factor 
for Cu retention. This does not indicate that OM is unimportant for Cu retention, but only 
confirms that other factors (e.g. pH) besides the OM are significant in metal mobility control 
(high pH of sand (8.8) could reduce Cu mobility, e.g. through formation of hydroxides). 
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Figure 3. Retention of Cu and Cr(VI) by analysed substrates. Cu – metal solution contained 
only 4.0 mg/l Cu; Cr - metal solution contained only 0.35 mg/l Cr; Cu+Cr - metal solution 
contained both, 4.0 mg/l Cu and 0.35 mg/l Cr.  
 
 
Organic matter can efficiently reduce the mobility of hexavalent chromium Cr(VI) by 
changing the metal speciation. The dominant form of Cr in the ash leachate is Cr(VI), which 
far exceeds the trivalent Cr(III) form in toxicity and solubility (Sulzbacher et al., 1997). Only 
a minor fraction of Cr was detected in the peat column eluate (3.8% of added concentration), 
while the form of that fraction was shown to be trivalent (determined by geochemical 
modelling using PHREEQC) (Paper II). 
 
Leaching with the bottom ash leachate 
 
Peat columns run with the leachate generated from the MSWI bottom ashes at L/S 1 were 
subject to the high pH and load of salts (Table 2). A high alkalinity of the ash leachate led to 
the dissolution of OM; 5.7% of OM was washed-out from peat in the form of dissolved 
organic carbon (DOC). However, Pb and Cr concentrations of the eluates were only a few 
percent (1 - 2.8%) of the loaded concentration, indicating that retention of these metals was 
close to maximum (Figure 4). Cu mobility was higher than Pb and Cr; 8% of total added Cu 
was transported through the peat columns.  
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Figure 4 Comparison of average metal retention in peat and mould. Statistically, no 
significant difference between the retention of Pb by analysed substrates at the 95.0% 
confidence level was observed, while the substrates differed significantly for the retention of 
Cr, Cu, and Zn, i.e. peat retained higher amounts of Cr and Cu, but less Zn than mould. 
 
 
According to the PLS analysis, substrate OM content and solution ionic strength (overlapping 
in the picture) had the strongest effect on Cu, Cr, and Pb retention in peat, even in the 
presence of a high amount of DOC (Figure 5).  
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Figure 5 Loading scatter plot (left) and score scatter plot (right) of PLS analysis of retained 
metals (bold squares) in relation to the several factors (triangles). I – ionic strength of the ash 
leachate, OM – substrate organic matter content.  
 
 
Metal retention mechanism 
 
Based on the exceptionally high Ca salt coagulating power of humic acids as compared with 
monovalent K and Na salts (Stevenson, 1994), a decreased DOC in solution with an increased 
amount of Ca added is expected. The formed Ca-DOC complexes have the ability to 
precipitate some metals, e.g. Cu (ionic strength effect), and thus prevent metal transport 
(Chirenje et al., 2002; Impellitteri et al., 2002). A positive correlation was observed between 
the ionic strength of the leaching solution and the metal (Cu and Pb) retention of soil (Paper 
III). Besides the reduced metal leaching, the Ca concentration in the solution greatly 
decreased in peat column eluates. Ca participation in the coagulation of humic acids could 
probably contribute to this reduction of Ca concentration in the peat eluates.   
 
Hydroxide formation may overcome metal complexation with DOC and could explain the 
minor effect of DOC on the metal mobility at high pH (pH >10), as the ash leachate was 
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filtered through the peat columns. However, it did not hinder metal leaching through the 
mould columns (Paper III). Still, a DOC increase in the peat column eluates could be due to 
an increase in only the low 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 that is more readily bound to HA than FA (Jordan et al., 1997), could have also 
been expected in the eluates. As Cu has a high affinity for both humic substances and the only 
forms of dissolved Cu at high pH (pH>8) are humic (HA) and fulvic acid (FA) complexes 
(Wu et al., 2002), it could be expected that the transport of dissolved Cu at high electrolyte 
concentrations occurred mainly as complexes with FA.  
 
It is believed that ion exchange is the most common mechanism of metal binding to OM. A 
decrease in pH is the expected result of an ion exchange process, where protons in the active 
functional groups of OM are displaced by metal ions. Contrarily, an increase in pH was 
observed in the peat column eluates (Paper III). It suggests that: (1) either metal ions to a 
considerable extent are forming complexes with OM without ion exchange (Ruth et al., article 
in press), or (2) it is due to the incomplete adsorption and metal precipitation. The former 
assumption is strengthened by the observed insignificant decrease in the relative transmittance 
peak area for COOH groups of the soil OM after being contaminated with Ni and Cu (Figure 
6).  
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Figure 6. Comparison of IR spectra (relative transmittance peak area) between functional 
groups of organic matter in the reference soil and the same soil after artificial contamination 
with Cu/Ni solution: OH, C-H, COOH, and arom – functional groups in the reference soil; 
OH_c, C-H_c, COOH_c, and arom_c – functional groups in the contaminated soil. Black bars 
indicate statistically significant difference between the reference and contaminated sample 
means at 95% confidence level.  
 
 
The shoulder of the band in the IR spectra of organic matter measured at 1714 - 1732 cm-1 
describes the vibrations of carboxylic functional groups and was anticipated to strongly 
decrease as a result of a reaction with metal ions (Orlov, 1985; Stevenson, 1994). However, 
the size of the shoulder remained unaltered after soil contamination with the metals (Figure 
7). In this case, metal binding could appear through the surface adsorption reaction, i.e. by 
attraction between the negatively charged surface (e.g. on the dissociated carboxylic ions 
COO-) and a positively charged metal ion.  
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Figure 7 IR spectra of soil samples from the batch test; 1.1, 1.2, 1.3 – replications of the 
reference soil; 1.1 c, 1.2 c, 1.3 c – replications of the artificially contaminated soil. 
 
 
A combination of several metal retention mechanisms probably occur: (i) high concentration 
of Ca in ash leachate could lead to the formation of Ca-dissolved organic carbon (DOC)-metal 
complexes; (ii) high solution pH could favour hydroxide formation and prevent metal 
transport; and (iii) surface adsorption could contribute to the metal retention. 
 
OM-metal interaction depends on the metal load. Metals consume binding sites of soil OM 
(causing a decrease in relative transmittance peak of OM functional groups, Figure 7). When 
metals are fixed to sites that form the strongest complexes (formation of coordinate linkages 
and COO--phenolic OH ring structures), they are expected to be strongly incorporated into 
OM resulting in a long-term retention. At a continuous input of metals, those sites become 
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saturated, and metal fixation at the weaker sites (through water bridging and electrostatic 
attraction) becomes important (Stevenson, 1994). However, in the latter case metal retention 
is weak; metals are more easily exchangeable and bioavailable, and therefore potentially more 
toxic. Phytotoxic levels of metals can inhibit vegetation growth and hinder organic matter 
turnover in soil. As a result, the soil retention capacity is expected to drop further due to a 
decrease in the amount and functionality of soil OM.   
 
 
4.3. The effect of peat for the vegetation establishment 

The establishment of vegetation in the roadside swales during a field experiment was 
observed to be dissimilar in different roadside sections. In the swales covered with mould 
(6.4% OM; pH = 6.6 ± 0.4), vegetation was established less than compared with that growing 
on peat (94% OM; pH = 4.8 ± 1.0). According to the Braun-Blanquet scale (Causon, 1988) 
used for visual evaluation of the relative surface cover by sawed grass mixture, swale sections 
with mould can be placed into the class “+”, corresponding to less than 1% surface cover by 
grass; while swale sections with peat can be placed into the class 4, i.e. the surface covering 
between 50 and 75%.  
 
As the concentrations of the toxic metals and salts were similar in all swales, the good 
vegetation establishment in the peat could be due to its higher humidity holding capability 
than that of mould (Paper VI). The peat’s acidity did not limit plant establishment in the 
swales, though the pH of natural peat (around 4) can be too low for non-peatbog vegetation. 
The pH values for most terrestrial plant growth are optimal in the range 6.5-6.9 (Thien and 
Graveel, 1997).  
 
Despite the high metal retention capacity of natural peat, poor chemical stability and a 
tendency to shrink and/or swell is also characteristic (Brown et al., 2000). However, if used as 
a soil conditioner, peat may increase the water holding capacity of soil and improve 
vegetation establishment, e.g. 5% addition of peat was observed to double the water holding 
capacity of the sandy soil.  
 
The OM stores carbon and energy and acts as a source of other macronutrients such as 
nitrogen, phosphorus, and sulphur. Therefore, a supplement of contaminated soil with OM 
would improve establishment conditions for microbial populations and vegetation. Here, 
compost could be a better option than peat.  

 
 

4.4. Phytostabilisation of metals  

Based on the homeostasis of nature, i.e. a tendency towards a state of equilibrium, some 
plants gradually invade contaminated areas (if the phytotoxicity of a contaminated soil is not 
overdriving the plant establishment). Although the vegetative cover reduces the exposure of 
the contaminated masses, the ecological consequences of spontaneous re-vegetation can be 
related to the risk of a contaminant spread via a trophic chain (soil → plant → animal). 
Tolerant to high metal concentrations, plants can both fix metals within a root zone or uptake 
and translocate them into harvestable parts. Only plants that are capable of immobilising 
metals within the rhizosphere and/or roots, but fail to translocate them to the aerial plant parts 
are of interest in phytostabilisation. Most research in the field of phytoremediation uses crop 
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species due to its significance for the human health. Studies of common plants and grasses 
that can be a part of animal nutrition are rare.   
 
In Northern Sweden, an attempt to evaluate metal accumulation in the widespread plant 
species growing under various irrigation conditions was made (Paper IV). The PCA of the 
metal accumulation in the aerial parts of seven plant species and a grass mixture had no clear 
pattern (Figure 6), indicating that all analysed plants had similar metal translocation 
probability, i.e. none of the species distinguished from others for the exceptionally high or 
low metal concentrations in the aerial plant parts. Instead, a clustering as per the swales was 
noticed, demonstrating that the metal accumulation in the aerial plant parts related more to the 
metal concentration in the soil rather than to the plant species. 
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Figure 6 Principle component analysis (PCA) for metal accumulation in the aerial plant parts 
collected from the roadside swales. The first component (t[1]) represents Zn, Pb, and Cu, the 
second one (t[2]) - Cr. 1, 2 - the swale number, exp – experimental swale, ref – reference 
swale, followed by plant species.  
 
 
Figure 7 illustrates metal accumulation in the plants expressed as a bioaccumulation factor 
(BAF), i.e. the relative concentration of a component in the live tissue of the plants as 
compared to the soil concentration (Paper IV). Such a metal uptake pattern, when the higher 
soil concentration of metals does not cause a higher metal uptake by plants, is favourable for 
the plants to be used in phytostabilisation. However, such a pattern can be characteristic for 
metal uptake under micronutrient deficiency, primarily of Fe, Zn, and Mn, when plant roots 
increase metal bioavailability by additionally extruding protons, phytosiderophores, and 
organic acids to acidify the soil and mobilise the metals and nutrients (Marschener, 1998; 
Rengel, 1999; Garbisu and Alkorta, 2001).  
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Figure 7 The BAF for the seven plant species and a grass mixture with respect to the 1 M 
HNO3 extractable metal concentrations determined in the soil where the plants grew.  
 
 
Samecka-Cymerman and Kempers (2001) observed that a P. arundinacea accumulation of 
metals was negatively correlated to the nutritional element content (Na, K, Ca, etc.) in all 
compartments, indicating that a high concentration of major cations in the solution may 
prevent metal uptake by plants. Metals such as Fe, Mn, Cd, and Zn, and elements As and P 
compete for transporters from soil to roots, and when Fe, Mn, or P are deficient a higher 
uptake of contaminants can occur. Most ion transporters have a broad-range that allows 
nonessential elements to enter root cells (Korshunova et al., 1999). The bottom ash leachate 
rich in major cations (primarily Ca) may actually reduce the risk for metal biotranslocation 
and be favourable for the vegetation to withstand the metal stress at plant cellular and genetic 
levels.  
 
Conversely, leachate salinity may alter the distribution of metals between plant parts, and was 
reported to increase the translocation of Pb from roots to shoots in A. tripolium (Fitzgerald et 
al., 2003). Therefore, the observed increase of Zn accumulation by L. vulgaris could be 
associated with the high salinity of the soil where the plants grew (Paper IV).  
 
Metal uptake by vegetation and metal concentration in soil seems to have a nonlinear 
relationship, i.e. metal translocation to shoots can increase at low metal concentrations in the 
soil (e.g. due to a deficiency of nutrients or high salinity), by decreasing at slightly elevated 
metal concentrations (at normal growth conditions) and increasing again with an abundance 
of metals in the soil (e.g. due to competition with nutrients). Thus, metal translocation from 
plant roots to shoots can be modified not only by the metal concentration of the growing 
media, but also by the amount of nutrients, salinity, or irrigation conditions. This probably 
explains why various authors observed different metal uptake patterns by the same plant 
species. For example, in some cases (Leendertse et al., 1996; Fitzgerald et al., 2003), 
including ours (Paper IV), metal uptake by A. tripolium negatively correlated with soil metal 
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concentrations. While in other cases (Szymanowska, et al., 1999), metal accumulation in A. 
tripolium increased with increasing metal concentrations of the growing media. 
 
Tolerant plant species with low affinity metal transporters capable of growing at high soil 
metal concentrations and immobilising pollutants within a root zone are associated with the 
low risk for the biotranslocation of contaminants from one media to another. Such plants can 
immobilise metals by absorption and compartmentalisation into cell vacuoles, adsorption, or 
precipitation of contaminants within a root zone, e.g. coatings of Fe and Mn (hydro)oxides 
deposited on roots would immobilise metal ions in the rhizosphere (Ye et al., 1998).  
 
Although phytostabilisation is an attractive technique due to its relatively low cost (Paper I), 
establishing this method can be problematic. Immobilisation is not a technology for the clean 
up of contaminated soil, but for the stabilisation (inactivation) of potentially toxic trace 
elements (Mench et al., 2000). Evaluation of soil contamination level in Sweden is based on 
the total metal content in the soil, while soil treatment efficiency is usually assessed by the 
total concentration of the contaminants remaining in the soil after treatment. However, the 
stabilisation of metal contaminated soil does not reduce the total amount of present metals. If 
the aim of soil remediation is to reduce the contaminant exposure and spread, then the 
reduced leaching, bioavailability, and ecotoxicity of metals as a result of phytostabilisation 
might be a proper solution.  
 
 
5. CONCLUSIONS 
 
As in the batch test, metal adsorption during the column test with the leachant up-flow 
appeared to yield the retention that can be achieved in optimal conditions. Unsaturated 
conditions conducted during the column test might better resemble the natural environment.  
 
Although soil organic matter can immobilise Cu, Pb, and Cr well, it alone might not provide 
the expected results for all target metals. As peat was less effective for Zn retention than the 
loamy substrate (mould), a mixture of peat and a larger clay fraction containing substrate 
could increase the range of bound metals. 
 
The leaching of metals from peat was not proportional to dissolved OM at pH>10. Hydroxide 
formation was not the only mechanism of metal retention since it did not hinder metal 
leaching from mould.   
 
A high content of major cations (primarily Ca) in the bottom ash leachate seems to enhance 
metal retention. This could be due to the precipitation of Ca-DOC-metal complexes (ionic 
strength effect) as the immobilisation of Cu and Pb was positively correlated to the ash 
leachate ionic strength. The Cu retention of peat was slightly lower than that of Pb and Cr and 
might be attributed to the Cu affinity for humic acids as well as easily soluble fulvic acids. 
 
Peat, which has good water holding capacity, had 50 to 75 times better surface cover with the 
sowed grass compared with mould, and is therefore a better environment for the establishment 
of vegetation. All analysed plants had low metal accumulation in the aerial plant parts (the 
bioaccumulation factor varied between 0.0 and 8.1); consequently the contaminant spread 
from grassed swales through the trophic chain (soil → plant → animal) is not likely under the 
studied conditions. But ash leachate may change environmental conditions and modify metal 
uptake by vegetation. An increase in soil solution salinity can increase the risk of metal 
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translocation from plant roots to shoots even if metal concentrations of the soil do not change. 
On the contrary, major cations, especially Ca, abundantly appearing in ash leachate can 
reduce metal uptake by vegetation due to ion competition. In any case, soil OM can act as a 
protective barrier and equalise the chemical fluctuations of the soil solution.  
 
 
6. FUTURE RESEARCH  
 
Several questions about the long-term stability of immobilised metals and the effect of plants 
on a stabilised matrix are still to be answered. Some aspects of further research on in situ 
metal immobilisation are presented in the following paragraphs.   
 
 
6.1. Soil amendments for a long-term metal immobilisation 
 
The aim of stabilisation of metal contaminated soil is to reduce metal mobility and 
availability. To reach this aim and evaluate the consequences, several measures can be taken:   
 

- Since pure OM is not efficient in retaining all target metals, additions to the soil 
matrix are needed. Suitable soil mixtures should be developed and tested. 

 
- Changes in metal mobility and availability resulting from the used amendments can be 

evaluated by applying leaching tests and sequential extraction methods. However, 
metal bioavailability differs for different organisms. Seeing humans as the focus, 
physiologically based extraction tests (PBET) imitating a gastro-intestinal tract could 
be applied to evaluate metal bioavailability.  

 
 
6.2. Vegetation and ecosystem recovery 
 
Successful metal phytostabilisation, associated with established healthy vegetation, is needed 
for ecosystem recovery. Therefore: 
 

- Plant seed germination tests can be applied as a screening tool to estimate the quality 
of amended soils.  

 
- A further evaluation of a toxicity level of amended soil and state of vegetation can be 

done estimating the activity of plant enzymes that participate in the antioxidative 
stress metabolism.  
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7. LIST OF ABBREVIATIONS 

 
 

BAF  Bioaccumulation factor 
COOH  Carboxylic (functional group) 
COO-  Carboxylate ion 
Cr(VI)  Hexavalent chromium 
Cu   Copper 
DOC  Dissolved organic matter 
FA   Fulvic acids 
HA   Humic acids 
ICP-OES  Inductively coupled plasma optical emission spectroscopy 
IR   Infrared 
L/S   Liquid to solid ratio 
LSD  Least significant difference 
MSWI  Municipal solid waste incineration 
MVDA  Multivariate data analysis 
OH   Phenolic (functional group) 
OM   Organic matter 
Pb   Lead 
PCA  Principal component analysis 
PLS Projection to latent structures by means of partial least squares 
XRF  X-ray fluorescence 
Zn   Zink 
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APPENDIX 1 
 
 
Mixture of the plant species used for the vegetation of the roadside swales  
 
 

Achillea millefolium 
Anthyllus vulneraria 
Campanula rotundifolia 
Hieracium pilosella 
Hieracium umballatum 
Hypericum maculatum 
Leucanthemum vulgare 
Lotus corniculatus 
Linaria vilgaris 
Rumex acetosia 
Silene dioica 
Thlaspi cearulescense 
Vicia cracca 
 

Sum species: 10% 
 
 
Agrostis capillaris 
Anthoxanthum odoratum 
Bromus hordeaceus 
Deschampsia flexuosa 
Festuca rubra 
Festuca olivina  
 

Sum species: 90% 
 




