
EXAMENSARBETE
2004:303 CIV

MASTER OF SCIENCE PROGRAMME

Luleå University of  Technology
Department of Civil and Environmental Engineering

Division of  Waste Science and Technology

2004:303 CIV • ISSN: 1402 - 1617 • ISRN: LTU - EX - - 04/303 - - SE

Stabilisation of CCA-contaminated Soil
Assessment of Amendments for Immobilization

of Chromate Cupper Arsenate (CCA)

ELEONOR LUNDBERG



 

 

 
Stabilisation of CCA-

contaminated soil 
  

Assessment of amendments for 
immobilization of chromate cupper 

arsenate (CCA) 
 

 

 
 
 
 
 

Eleonor Lundberg 



 

 

Acknowledgements 
 
This report is a Master thesis project carried out at the department of Civil and Environmental 
Engineering at Luleå University of Technology (LTU) in Luleå, Sweden. It has been produced at the 
division of Waste science and Technology. 
 
I would like to gratefully thank all who have helped me and encourage me throughout this work. I 
would like to thank my examiner Dr Christian Maurice for making this work possible, for ideas and 
tips throughout the work and for his support. I am thankful to Jurate Kumpiene, my supervisor, for 
good discussions, valuable support, good advice and encouragement. I would also like to thank Ulla-
Britt Uvemo for her assistance in the laboratory and for help with all practical questions. 
 
At last I would like to thank my friends and family for nice coffee breaks, good discussions and 
support throughout the work.    
 
I am also very grateful for the financial support by European Union Structural Funds and New 
Objective 1, North Sweden Soil Remediation Center, Contract no 113-12534-00. Analyses were 
performed in the Biolab at LTU, financed by the Kempe Foundation.  
 
 

          
 
 
 
 
Luleå, December 2004 
 
 
_____________________________________ 
 
Eleonor Lundberg 



 

 

Abstract 
 
 Stabilisation of trace element contaminated soil is a soil remediation method used to reduce the 
mobile fraction of critical elements in the soil using soil additives (amendments). The stabilisation of 
trace elements occurs through i.e. sorption, co-precipitation or complex formation. In this work, 
different amendments and combinations of amendments have been added to chromate cupper 
arsenate (CCA) contaminated soil collected at a former wood preservation site at Robertsfors works, 
Sweden. The amendments used in the experiments were blast furnace slag (BFS), zerovalent iron 
(Fe0), blaster sand (BS), coal fly ash (CFA) and peat. The changes in the element mobility were 
tested performing standard compliance batch leaching tests at L/S (liquid to solid ratio) 2 and 10.  
  
The purpose of the investigation was to increase knowledge about the behavior of the trace elements 
occurring in CCA contaminated soil when adding different amendments. One goal was to identify an 
amendment or combination of amendments that effectively stabilized the contaminants (reducing the 
mobility of the contaminants). A second goal was to test how the effectiveness of the selected 
amendment changed in different geochemical environments. To vary the geochemical environment 
the parameters pH, amount of water added to the soil and redox potential were controlled. The 
evaluation of the results was based on the leaching of As, but the behavior of the other trace 
elements e.g. chromium, copper was also considered. 
 
All amendments added alone decreased the mobility of As, except for peat which increased the 
amount of As in the leachate about 4 times. The most effective amendment to decrease the leaching 
of As was Fe0 alone. Fe0 also decreased the leaching of Cr, Cu and Zn. A combination of 
amendments that effectively reduced the mobility of the trace elements was Fe0 and BFS together. 
When more water was added to the soil (L/S 10) it was observed that Fe0 alone worked more 
effectively than the combination of BFS and Fe0.  
 
Further investigations were made for the soil treated with Fe0. The effect of redox could not be 
evaluated because the treatment with nitrogen gas of the samples during the leaching did not permit 
to reach low redox potential, i.e. to reach oxygen free conditions.  
The amount of water that was in contact with the soil had less effect on the mobility of As than the 
pH in the leachant. The pH was kept constant at pH 3, 5 and 8. The least amount of As was leached 
from the soil when pH was kept at 5. 
  
For remediation of contaminated soil using the stabilization method, it is important to consider the 
effect of pH on the mobility of trace elements. The geochemical conditions are not static and pH in 
the soil can change with time e.g. a pH variation can again increase the mobility and toxicity of the 
contaminants.  



 

 

Sammanfattning 
 
Stabilisering av föroreningar är en metod där syftet är att försöka minska rörligheten och toxiciteten 
hos föroreningar i jord genom att blanda den förorenade jorden med olika tillsatser. Stabilisering av 
föroreningarna kan ske t ex genom sorption, utfällning eller komplexbildning. I det här arbetet har 
olika tillsatsmedel blandats med krom, koppar och arsenik (CCA) förorenad jord, från den forna 
träimpregneringsanläggningen i Robertsfors. Tillsatsmedlen som har använts är hyttsten (BFS), 
nollvärt järn (Fe0), blästersand (BS), kolflygaska (CFA) och torv. Förändringar i elementens 
rörlighet testades genom att utföra ett laktest, Batch test vid L/S (andel vätska i förhållande till andel 
fast material) 2 och 10. 
 
Syftet med arbetet var att öka kunskapen om vad som händer med elementen i CCA förorenad jord 
när den blandas med olika tillsatser. Ett av målen var att hitta ett tillsatsmedel som fungerade 
effektivt för att stabilisera föroreningarna och göra dem mindre rörliga. Ytterligare ett mål var att 
testa hur effektivt det mest stabiliserande tillsatsmedlet var om de geokemiska förhållandena 
förändrades. Utvärderingen gjordes i första hand utifrån rörligheten hos arsenik (As), men hänsyn 
togs också till de andra förorenande spårelementen dvs. krom och koppar. 
 
Utlakning av As ökade 4 ggr när torv blandades med den förorenade jorden. För resterande 
tillsatsmedel minskade rörligheten av As när de tillsattes var för sig. Det mest effektiva tillsatsmedlet 
för att minska utlakningen av As var Fe0, vilket också gjorde så att utlakningen av Cr, Cu och Zn 
minskade. Att tillsätta en blandning av BFS och Fe0 till den CCA förorenade jorden minskade också 
rörligheten, men när jorden späddes med mer vätska (L/S 10) fungerade Fe0 mest effektivt att 
minska rörligheten av spårelementen. 
 
Ytterligare tester gjordes för den jord där Fe0 hade tillsatts. Parametrarna, pH, andel vatten som 
tillsattes i förhållande till jorden och redox varierades. I försöken lyckades det inte att få en syrefri 
miljö varför effekten av redox inte gick att utvärdera. Utlakningen och rörligheten av spårmetallerna 
i jorden påverkade i högre grad av pH än andelen vatten som tillsattes till jorden. Under ett dygn 
hölls pH konstant i proverna vid pH 3, 5 och 8. Av dessa prover minskade rörligheten av As mest 
vid pH 5. 
 
För förorenad jord (också när den behandlats med en stabiliseringsmetod) är det viktigt att komma 
ihåg att förändring av pH också kan förändra rörlighet av spårelement. T ex är det inte ovanligt att 
pH i jord förändras med tiden. Detta skulle åter kunna göra att föroreningar som blivit fastlagda 
genom en stabiliseringsmetod åter blir rörliga och mer toxiska. 
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1 Introduction 

1.1 Background 
The occurrence of contaminated sites, also called brownfields, mostly due to different industrial 
activities is today a problem at many places in Sweden as well as in the rest of the world. 
Brownfields can present risks to human health and/or to ecological systems. Wood preservation is 
one of the industry types that have caused the contamination of the soil at large areas in Sweden.  
 
In Sweden preservation of wood is performed since the middle of the 19th century in the wood 
industry. The purpose is to protect the wood from bacterial, fungal and insect attacks (Bhattacharya 
et al, 2001). A common preservation method which has been used for more than 50 years is 
impregnation with chromate cupper arsenate (CCA). Pressure treatment with CCA has increased 
over the past 20 years and has remained as the most popular method to preserve wood in Sweden 
(Bhattacharya et al, 2001). Approximately 3% of the sawn timber in Sweden is treated with CCA 
preservative, which is 50% of the total timber treated (Estberg and Westin, 2002). 
 
A negative consequence of the earlier use of CCA is widespread contamination of soil around wood 
preservation sites caused by leaching from piles of impregnated wood, raw material handling, spills 
and deposition of sludge generated during the process (Bhattacharya et al, 2001).  
 
Today in Sweden there are ongoing projects regarding investigation and remediation of 
contaminated brownfields. Remediation of contaminated soil often implies high costs because of the 
extended analytical needs and high cost of most remediation methods used today. A common and 
expensive way to clean a brownfield is to excavate the contaminated soil and to dispose it in an 
appropriate landfill that can be located far from the brownfield Therefore it is a need to optimize 
already existing methods and to develop new methods for the treatment of brownfields. Lowering 
the cost for brownfields remediation could enable to clean more areas for a given amount of money 
e.g. the Swedish Environmental Agency fund for soil remediation. 
 

1.2 Phytostabilisation 
Presently, different techniques are used to remediate contaminated areas. Those techniques are often 
expensive and also often lead to large disturbance of the remediated area. An alternative remediation 
method could be phytostabilisation. Phytostabilisation is a relatively cheap method and does not 
disturb the contaminated area to a large extent i.e. the soil is not moved away from the site. The aim 
of phytostabilisation is to reduce the bioavailability and toxicity of contaminant to ecological 
systems and humans using soil amendments1 and vegetation. In this work, focus was held in the 
choice and efficiency of potential amendments to be added to soil. Amendments are mixed with the 
contaminated soil in order to decrease the mobility of the contaminants, e.g. through sorption, co-
precipitation or complex formation. It is important to decrease the mobility of a contaminant in order 
to avoid a spread of the contaminants to nearby soil and recipients, decrease the bioavailability of 
contaminants, and decrease the health risk for humans. 
 
 There are still many questions which need to be answered to enable the use of amendments as a 
remediation technique in a safe way. Some of the questions that are important to answer to are:  
 

• What type of amendment is suitable for different contaminants?  
• How do the mixtures of different amendments affect the mobility of trace elements2 in the 

contaminated soil? 
• In what geochemical environment and soil can this amendment be successfully used?  
 

                                                 
1 Amendment – a substance added to the soil with the purpose to change the chemical properties of the soil to 
increase immobilisation of contaminating trace elements 
2 trace element - an element that usually occurs in low concentrations in a sample, usually in a concentration <0.01 
%. High amounts of the trace elements can mean a risk to human health and to ecological systems. 
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An interesting aspect is to test different amendments both separately and in various combinations to 
estimate their possible interactions to be able to determine different amendments potential for 
remediation of brownfields contaminated with CCA. It is also of interest to examine how changes in 
environmental conditions can influence the stability of the treated soil. Redox, pH and amount of 
water percolating through the soil are examples of important factors that can affect the mobility of 
elements.  
 
Presently, phytostabilisation is not used at large scale brownfield remediation. More experiments 
and field research are needed prior the remediation technique can be safely used commercially. 
Further, laws and regulations in Sweden, in the filed of soil remediation are not adapted to the 
method of phytostabilisation and makes it difficult to implement the method commercially 
(Appendix V). 
 

1.3 Aims and goal 
The aim of this investigation was to see if it is possible to stabilize trace elements in CCA 
contaminated soil when mixing the soil with one or several amendments. A second aim was to test if 
the most stabilizing amendment for CCA contamination works also in different chemical and 
physical environmental conditions.  
 
The final goal of this work is to select the best amendment for CCA-remediation and to increase 
knowledge about the behavior of CCA contaminants when adding different amendments to CCA 
contaminated soil. 
 

1.4 Delimitations 
Contaminated soils and the behaviour of mixtures of contaminants are complex issues to deal with 
and all aspects are not brought up in this report. This pertains to for example the influence of micro 
organisms and plants on the stabilised soil as well as the time aspect i.e. reaction occurring in a 
timescale superior to month. More concrete delimitations for the experiment are brought up in 
chapter 2.7 “Delimitation of the method”. 
 
All factors are not investigated and focus was laid on pH, redox, and L/S-ratio. The simplifications 
done can mean a significant influence on the result in conditions outside the range of investigation. 
Much work remains to answer non investigated questions before it is safe to use phytostabilisation as 
a remediation technique. The results give an indication of which amendments are promising to 
remediate areas with CCA contaminated soil and also in which geochemical environments. This 
knowledge is useful for further studies. 

2 Material and method 

2.1 Soil from Robertsfors 
For the experiment, chromate cupper arsenate (CCA) contaminated soil was collected at the former 
wood preservation site at Robertsfors works. At the site, fine sediment is over layered by fine to 
middle grain sand in some areas and a peat layer in other areas (Eriksson et al, 2002). The soil was 
collected at two places, one where the soil material was sandy and one where the soil fraction was a 
mix between coarse gravel and fine grains. An ocular investigation indicates that one of the areas 
showed signs of high contamination. At that place, the vegetation was weak, presenting damages on 
the foliage, or there no vegetation at all and some of the stones and wood pieces left had a greenish 
colour (Figure 1).  
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Figure 1. Greenish wood pieces and stones at the former wood preservation industrial site at 

Robertsfors works. 

 
The other place where soil was collected had a lower level of contamination. The soil was collected 
from the top layer (0-20 cm) with a garden spade in May 2004.  

2.2 Literature study  
A literature study was made to compile knowledge about CCA contaminated soil and different 
amendments used to immobilise Cr, Cu and As. The focus was mostly laid on geochemical reactions 
and environmental conditions affecting those trace elements and the amendments planed to be used. 
The literature study also focused on earlier tests made on phytostabilisation and standardised test 
methods, e.g. to determine soil properties and leaching of elements. A short literature review of the 
behaviour of the different trace elements in CCA is given in Appendix IV. 

 

2.3 Amendments 
The used amendments were zerovalent iron (Fe0), blaster sand (BS), peat, coal fly ash (CFA) and 
blast furnace slag (BFS). The amendments chosen for the tests are cheap and easily available.  
 
The amendments chosen were both industrial by-products and natural material. The use of by-
products in purpose of remediation is attractive as it would solve two problems. First, it could 
decrease the amount of waste disposed while finding new areas for use of it i.e. recycling. Secondly, 
if the by-product is efficient in decreasing leaching of the element the technique becomes 
economically attractive. 
 
BFS, CFA and BS were analysed with X-ray fluorescence (XRF) multi-elemental analyser (Niton 
700) to estimate the original trace element content of the amendments. The BS was characterized at 
SSAB HardTech at Luleå (Andersson, 2000). Analyses of the amendments were done to avoid using 
amendments that could themselves increase the risks of contamination. The composition of Fe0 is 
described by Mench et al. (2002) who was using the same material for trace element stabilisation 
purposes (chapter 2.3.1; Characteristics of the amendments ).  
 
The BFS added to the soil was first milled to pass through a 0.25 mm sieve to increase the active 
surface area of the amendment particles and facilitate spreading and even distribution in the soil. 
Peat was also passed through a 4 mm sieve for the same reason.  
 
In the experiment amendments were added in a range of 1-5% of the dry weight of the soil. The 
reasons not to put more than 5% of amendment to the soil were (1) a treatment requiring too high 
concentrations of amendment would not be economically competitive, (2)  high concentrations of 
amendment may alter the soil structure e.g. cementation, aggregation etc. If the amendment does not 
work in relatively low concentration it was not considered effective enough to be use for 
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stabilization of contaminated soil. The amount (percentage) of amendment used varied for each 
amendment. Middle points of amendment amount were included (Error! Reference source not 
found.). 
 
Table 1:  Amendments added to the dry weight of soil.  

 CFA BFS Fe0 BS Peat 
 % % % % % 

Amendment 3 5 1 1 5 

Middelpoint 1.5 2.5 0.5 0.5 2.5 

CFA = Coal fly ash 
BFS = Blast furnace slag 
Fe0 = Zerovalent iron 
BS = Blaster sand 
 
The concentration of the amendments was decided based on the literature study (e.g. iron products) 
(Norman et al, 2000) or arbitrary set to the levels mimicking nature (e.g. organic matter in form of 
peat). Very little in this context is written about CFA and BFS, so the levels for those were set 
arbitrary not to affect the soil characteristics in an unwanted way, (e.g. through cementing 
properties).  
 

2.3.1  Characteristics of the amendments 
• Blaster sand (BS)  
BS is a steal product used for blasting in steal manufacturing and came from SSAB Hard Tech 
in Luleå, Sweden. The BS contained mostly Fe but also amounts of C, Si, Mn, S and P. Except 
for Mn, with an amount of 1.1%, all other elements were in amounts under 1%. Cr, Ni, Cu and 
Mo were also found at very low concentrations (Andersson, 2000).  
 
Norman et al (2000) varied the amount of BS, also called steel shot, in contaminated soil in 
purpose to immobilise Cd and Zn. When the amount of steel shot was increased from 0.01% to 
1% the exchangeable fraction of Cd sharply decreased (Norman et al, 2000). When increasing 
the amount of steel shot from 2% to 5% no significant difference in Cd mobility was observed. 
Based on that, 1% of BS was used to amend the CCA contaminated soil. 
 
• Blast furnace slag (BFS)   
BFS is a by-product generated during reduction and melting of iron ore (SSAB). Some of the 
characteristics of BFS are low density, high friction, high isolating and cementing properties 
(SSAB Merox). BFS is also mildly alkaline and exhibits a pH in solution in the range of 8 to 10. 
In stagnant or slow moving water sulphide is leached from BFS (FWHA). Leaching of aged 
BFS has showed a smaller increase of the pH value than leaching from the fresh product (Office 
of material management).  
 
• Peat 
The peat used in the experiment was almost completely unhumified, containing plenty of fibers 
with 94.9% of organic material and a pH at 3.9 (Kumpiene, 2003). 
 
Peat has a good ion exchange capacity and acts as a natural filter in soil (Fredriksson et al, 
2002). Lignin and humic acids in the material contain polar functional groups that can be 
involved in chemical bindings. Because of the polar characteristics of peat the specific 
adsorption potential for dissolved solids, i.e. trace elements, is high (Brown et al, 2000).  
Arsenic has low or no affinity for organic matter due to the negative charge surface of organic 
matter and anionic form of As.   
 
• Coal fly ash (CFA) 
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The CFA used in this experiment was from combustion of wood and coal, at Öresundskraft in 
Skåne, Southern Sweden. The primary effects of CFA were increasing the soil pH and salinity. 
A concern with coal fly ash was the increase of salinity which may increase the risk for higher 
concentrations of toxic trace elements in the pore water (Vangronsveld et al, 1998). Ciccu et al 
(2002) showed that amounts of about 13% CFA (by weight) added to contaminated soil, 
drastically reduces concentrations of  Pb, Zn, Cd and Cu in leachate from column tests.  
 
• Zerovalent iron (Fe0) 
Fe-hydroxide has a high capacity to bind trace elements, for example arsenic (Raskins, 2000). 
1% steel shot was used as amendment in other studies (Mench et al, 2002; Norman et al, 2000).  

 

2.4 Factorial design 

Factorial design is a method used to study the effect of two or more factors, i.e. in our case 
combination of different amendments. A factorial design means that in each complete trial or 
replication of the experiment all combinations of the levels of factors were investigated 
(Montgomery, 2001). Because some of the amendments had similar characteristics not all factorial 
combinations were used. It was decided not to use Fe0 and BS together which were amendments 
both containing high percentage of iron, and CFA and BFS, which were both alkaline. When 
excluding those, four full 32 (three factors at two levels) factorial designs were done for the rest of 
the combinations (appendix I).  

Four middle points, where half of the amount of amendment was added, were done. This can show if 
adding less amendment change the mobility of the contaminants compared to adding the full 
percentage.  

One test was also made for waste BS (used in the blasting process) to compare with the results for 
the unused BS. The experiment with waste BS was not a part of the factorial design. The same 
amount of waste BS as for the BS was added, i.e. 1%. The factorial designs of the experiment are 
shown in Table 2 .  
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Table 2:  The combinations of amendments that were used for the factorial designs. The 
amounts of the amendments are given in weight-% of the dry soil. -1 means that 
nothing of the amendment was added, 0 means that half of the amendment was 
added, 1 means that the full percentage was added. 

Nr. of sample Coal fly ash, 
CFA (g) 

Blast furnace slag 
<0,25 mm (g)  Fe 0 (g) Blaster sand 

 (g)  
Peat <4 mm 

(g) 

  3% 5% 1% 1% 5% 

1 1 -1 1 -1 1 
2 -1 1 -1 1 1 
3 1 -1 -1 1 1 
4 -1 1 1 -1 1 
5 1 -1 1 -1 -1 
6 -1 1 -1 1 -1 
7 1 -1 -1 1 -1 
8 -1 1 1 -1 -1 
9 1 -1 -1 -1 1 

10 -1 1 -1 -1 1 
11 -1 -1 1 -1 1 
12 -1 -1 -1 1 1 
13 1 -1 -1 -1 -1 
14 -1 1 -1 -1 -1 
15 -1 -1 1 -1 -1 
16 -1 -1 -1 1 -1 
17 -1 -1 -1 -1 1 
18 -1 -1 -1 -1 -1 

      

  1.50% 2.50% 0.50% 0.50% 2.50% 

19 0 -1 0 -1 0 
20 -1 0 -1 0 0 
21 -1 0 0 -1 0 
22 0 -1 -1 0 0 

      
23 waste blaster sand 1% 

 
 

2.5 Batch leaching test 
To determine the trace element content of the leachate, standard compliance batch leaching tests (NT 
ENVIR 005, 1998) were used. The two-step procedure was chosen applying liquid to solid ratios 
(L/S) of 2 l/kg and 8 l/kg to reach an accumulated L/S of 10 l/kg (NT ENVIR 005, 1998). The 
leachant added was double distilled water acidified with HNO3 to reach a pH of 4.  
 
Redox, conductivity and pH were measured in the unfiltered samples. In the experiment performed a 
divergence from the standard was done. Instead of using 100 g of dried soil 50 g of dried soil were 
used. Duplicates (replicates) were done for all samples. The samples were filtrated through 0.45 µm 
membrane filters. Between the runs the filtrating equipment was flushed with distilled water. 
 



 

7  7

The eluates were preserved adding concentrated HNO3 with sample-to-acid ratio 50:1. All samples 
and duplicates were stored at 4˚C until analyse. The trace element content of the filtrated eluates was 
analysed with inductively coupled plasma optical emission spectroscopy (ICP-OES) at Luleå 
University of Technology. 
 
All plastics and glassware were acid washed before use to eliminate trace elements on the equipment 
which can contaminate the samples. 
  

2.6 Preparations of soil 
The collected soil (~200 kg) was well mixed to get homogeneous samples. The homogeneity of soil 
was tested measuring element concentrations with XRF at various points of the sample.  
 
 
To avoid gravel and stones which can mislead the result the air dried soil was passed through a sieve 
with a diameter of 4 mm. A maximum diameter of 4 mm is given in the standard for batch test (NT 
ENVIR 005, 1998).  
 
Dry weight of the soil was determined according to the Swedish standard (Svensk Standard, 1981). 
The organic content of the soil was determined by loss of ignition at 550° C for 2 h (Svensk 
Standard, 1981). 
 
For geochemical reactions to occur water was added to the mixes of soil and amendments. 70% of 
the water holding capacity was used. To determine the maximum water holding capacity of the soil, 
three cups with permeable bottom were filled with the contaminated soil, saturated with water and 
left for 3 h for the surplus of water to leave the soil. After measuring the mass of the soil, the cups 
were put in 105° C for 20 h. The soil was left in a desiccator to cool down and weighted again. The 
maximum water holding capacity (WHC) of the soil was calculated. Soil properties are shown in 
Table 3.  
  

Table 3 Properties of the Robertsfors soil 

pH 
Electrical 

Conductivity
(EC), uS/cm 

Redox 
(Eh), 
 mV 

Maximum  
water holding 

capacity  
(WHC), (%) 

Organic 
content of 

dry soil, (%) 

5.6 7 410 27 14.4 
 
 
 
The contaminated soil was mixed with the amendments. The samples were left for two weeks for 
geochemical reactions to take place. The water content was checked using a gravimetric method and 
the loss of humidity was compensated by addition of double distilled water during the period of 
investigation. When adding water, the samples were stirred to get the soil oxidised.  
 

2.7 Varying environmental conditions (step 2) 
The results from the leaching tests showed which amendment or combination of amendments 
provides the best results, i.e. most efficiently reduced the leaching of elements. This amendment or 
amendments were further tested changing the surrounding geochemical conditions (step 2). This was 
done to investigate if there were geochemical environments where this amendment was not suitable, 
and where leaching of trace elements would increase. The opposite could also be observed i.e. if 
there are geochemical environments where the mobility and leaching of trace elements decrease. The 
parameters varied were pH, redox and L/S ratio.  
 
The pH was varied in a range which covered the conditions that can occur for the contaminated soil 
in nature. The upper limit, pH 8, was chosen due to the increase in soil pH caused by the 
amendment. The low pH value 3 characterised an acidified environment. For redox two factorial 
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levels were chosen, high and low. The high value was oxidising conditions i.e. at the presence of air. 
To obtain reduced conditions, the soil was put in a closed box, saturated with distilled water and 
filled with N2-gas. The box was left for two weeks before starting the experiments. The L/S ratio 
was chosen to estimate short and long term behaviour of the contaminant. Table 4 shows the 
different factors and rates used in the experiment. 
 

Table 4 The factors and their levels used in the experiment when chemical and physical 
properties were altered. 

 Low value Middle point value High value 
pH 3 5 8 
Eh N2 - gas - Air 
L/S 2 - 20 
  
A duplicated full 32 factorial design was run to estimate the changes in leaching of the different 
elements due to changing geochemical conditions (appendix I). 
 

The samples were stirred and pH was kept constant over a time period of 23 hours. The samples 
saturated with air had open beakers whereas N2 gas samples had an air tight cover during the run and 
N2 gas was added with an average speed of 3.5 ml/h (Figure 2). 
 

 
Figure 2. Leaching under reduced condition at constant pH. N2-gas was pumped into the 

sample via the beaker in the front of the picture. The beaker with water was used to 
control that the pumping system works.   

 
The pH, Eh and EC of the solutions were measured immediately after the leaching tests were 
finished. Then the samples were filtrated through a 0.45 µm membrane filter. The eluate was 
preserved adding concentrated HNO3 with sample-to-acid ratio 100:1. All samples and duplicates 
were stored at 4˚C until the trace element content of the filtrated eluate was analysed with ICP-OES. 
 

2.8 Delimitations of the method  
The tests were made with soil from the former wood preservation industrial site in Robertsfors. The 
soil in the area is of a varied texture. The dominant texture is sand but spots of clay were found. In 
this experiment soil with a diameter less than 4 mm was used. This experiment was only made on 
the sandy soil and there is no result for different types of soil. 
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This experiment has not examined geochemical effects caused by the amendments on the 
surrounding recipients. Only the effect of the amendments on the contaminant mobility has been 
investigated. 
 
When varying the environmental conditions (step 2) two different levels of each parameter were 
tested. For pH a middle point was also included. The design does not give information about what is 
happening outside the investigated ranges e.g. at extreme pH values or redox conditions. There are 
other factors that can influence the behaviour of the contaminant in nature. For example, the effects 
of microorganisms, plants, and root exudate were not taken under consideration in this experiment. 
 

3 Results and discussion 

3.1 Analysis of amendments 
Before using an amendment it is of great importance to know that the amendment itself can be a 
source of pollution for the site. BFS, CFA and peat were analyzed with XRF. Results of the XRF 
analysis are shown in Table 5. 
 

Table 5 Result of XRF analysis. The < sign before the value indicate that the concentration 
of the element was below the detection limit. The values are given in mg/kg air 
dried substance. 

Trace element Amendment   
Generic guideline 

 BFS Peat CFA (average) 
Land with less 
sensitive use 

Mo   <8.9 <2.9 23.1  
Zr  190.8 <2.1 189.8  
Sr   302.6 13.6 9577  
Rb   50.8 9.6 <64.7  
Pb   34.6 7.6 55.3 300 
Se   21.3 <5.3 24.7  
As   <17.9 <6.6 <27 40 
Hg   <11.0 <4.4 <17.6 10 
Zn  50.2 <17.7 685.4 700 
Cu   <84.2 74.1 <144.7 200 
Ni   <330 <123.8 <637.5 200 
Co   <195 <79.1 <645 250 
Fe   6217 3280 63795  
Mn   3318 <138.8 3603  
Cr   <450 <103.5 <687.5 250 

 

The content of trace elements in the amendments was compared to the values in Generic guideline 
values for the contaminated soil in Sweden (SNV Report 4638, 1999). The Generic guideline values 
for the contaminated soil in Sweden are the limiting values for “Land with less sensitive use” 
(Mindre känslig markanvändning). The comparison is not quite correct as the threshold values given 
in Generic guideline values for the contaminated soil in Sweden are not a limit up to which it is 
acceptable to pollute (it is never acceptable to pollute). Those are recommended limit values to 
which a contaminated area should be remediated. However this kind of comparison can still be 
useful to determine the amount of the amendments to be used. For every trace element measured in 
the amendments the concentrations were below the limit value for “Land with less sensitive use” or 
below the detection limit. 
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3.2 Evaluation of the addition of the different amendments to the soil
  

The evaluation of data was done using statistical software Modde 7 (Umetrics). The intention with 
the evaluation was to get an overview of which amendments could be used in a CCA contaminated 
area to decrease the mobility of the trace elements. The evaluation of the treatment is based on the 
results obtained for As; as As is the most toxic element in CCA. What happens to the other trace 
elements is also discussed but the priority was given to the immobilisation of As. The evaluation 
presented in this chapter was primarily done from the results obtained at L/S 2, but if different trends 
were observed at L/S 10, they are also mentioned. 

3.2.1 Arsenic 
 
When Fe0 was added to the soil the greatest decrease in leached As could be observed at L/S 20, 
representing leaching in a long time perspective. The amendment was chosen for further research 
and more about adding Fe0 to the soil and the result is presented in chapter 3.3; Addition of Fe0 to 
soil and effect of varying pH, redox and L/S-ratio. 
 
Adding peat to the contaminated soil increased about four times the amount of As leached from the 
soil (appendix II). One explanation could be that negative charged functional groups (soluble 
organic matter) from the peat started to compete for sorption sites on Fe and Al-oxides with arsenate 
(H2AsO4

- or HAsO4
2-). Compost added to soil showed the same tendencies with increased leaching 

of As, explained partly by soluble organic matter competing for sorption sites (Mench et al, 2002). 

Even though no iron product was added to the soil, leaching of Fe increased when peat was added. 
The increased leaching of Fe imply that Fe oxides dissolve at the lower pH level and that As 
adsorbed to Fe oxides get mobile. The leaching of phosphor (P) from peat increased under aerated 
conditions and low pH in the experiments of Mårtensson et al (1998). The similar ionic radii for As 
and P explain why they compete for the same adsorption sites. It is likely that the same geochemical 
environmental conditions influence their mobility and in our case an increase of As leaching 
occurred. 

Usually peat is a strong reducing agent, which should lead to low redox-values; the opposite from 
the results observed in this study (appendix II). The short time interval for the experiment might not 
have been enough to decrease the oxygen content in the sample and in the beaker. According to 
Mårtensson et al (1998) the cation exchange capacity in aerated peat at low pH increases while the 
ability to bind trace elements decreases. The lowering of pH in aerated peat could be explained by 
the oxidation of peat generating carbon dioxide which could decrease the pH. More than twice as 
much of Cd, Cu and P were found in the leachate generated by oxidised peat compared to the 
anaerobic peat in an experiment done by Mårtensson et al, (1998). In our experiment increased 
leaching of Cr, Cu and Zn was observed when adding peat. According to Mårtensson et al (1998) 
also an increase of leached Fe was observed, corresponding to our observations. . A difference 
between the experiment of Mårtensson et al (1998) and our experiment was that the peat in their 
experiment was aerated, our peat was not. Still it may have been enough oxygen in the surrounding 
environment to give similar result.  
 
Peat was together with e.g. BFS and Fe0 effective to reduce the mobility of As. But the combination 
did not reduce the mobility of trace elements more than adding e.g. Fe0 alone at L/S 10. This means 
that peat should not be added to CCA contaminated soil. Another situation occurs if the 
contamination is in an area with peat or high content of organic matter. Then the best effect to 
immobilize As is to add BFS and Fe0 together or Fe0 alone (Figure 3 and appendix II). The same 
tendencies were observed for Cr, Cu and Zn. 
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Figure 3 The influence of Fe and BFS on As leaching (L/S 2) with added peat. The Z axis 

shows the amount of As leached from the soil in mg/kg. The X and Y axes show 
different amounts of the amendment added; -1 means nothing added, 0 means 
middle point value added, 1 means full percentage added.  

 
The different iron products behaved very differently from each other. A mixture of Fe0 and peat 
decreased the amount of As leached from the soil while a mixture of BS and peat increased leaching 
of As compared to the not treated soil. But addition of peat alone increased the leaching of As to a 
greater extent (appendix II). This was interpreted as BS was not effective enough to reduce an ability 
of peat to increase the mobility of As.  
 
In combination with peat, Fe0 gave a higher immobilisation than BS in our experiments. This was 
also the situation if only BS or Fe0 was added to the CCA contaminated soil. One interpretation is 
that Fe0 had a smaller grain size than the BS and therefore a larger active surface area.  
 
Comparing BS and waste BS the latter was more effective at L/S 2 to reduce the mobile fraction of 
As (appendix II). This was probably also due to the size fraction, waste BS had much smaller grain 
size (like powder) than unused BS. At L/S 10 it was the opposite and BS was more effective than the 
waste BS.  
 
At L/S 2 no difference could be observed when adding only Fe0 or both Fe0 and CFA to soil with 
peat (appendix II). At L/S 10 the mixture of Fe0 and peat together was more effective than adding 
also CFA. Therefore, the option of adding only Fe0 was judged superior than adding both CFA and 
Fe0 to soil with peat as it seemed to work better in a long time perspective. 
 
When adding CFA to the soil a minor decrease of As concentration in the leachate could be detected. 
In our study CFA had a negligible effect on As mobility. CFA increased the pH of the soil more than 
BFS (appendix II). Because different amounts of the amendments were added to the soil, CFA (3 % 
added) was raising the pH of the soil even more than BFS (5 % added) as visible in the raw data 
(appendix II).  
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Figure 4 The influence of Fe and BFS on As leaching (L/S 2). The Z axis shows the amount 
of log As leached from the soil in mg/kg. The X and Y axis shows different 
amounts of the amendment added; -1 means nothing added, 0 means middle point 
value added, 1 means full percentage added.  

 

Fe0 alone was the most effective to reduce the amount of soluble As but one exception was 
observed, i.e. the combination of BFS and Fe0 in the soil at L/S 2 (appendix II and Figure 4). 
However, at L/S 10 the amendment with only Fe0 showed the best results for decreasing As leaching 
(Figure 5). This means that even if BFS and Fe0 worked best in the beginning, Fe0 alone had a 
stronger effect in the long time perspective (L/S 10).  
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Figure 5 The influence of Fe and BFS on As leaching (L/S 10). The Z axis shows the 
amount of log As leached from the soil in mg/kg. The X and Y axis shows different 
amounts of the amendment added; -1 means nothing added, 0 means middle point 
value added, 1 means full percentage added.  

 

Middle points, where half of the amounts of amendments were added, were included in the model. 
Differences were observed for different combinations of amendments. For example, there was a 
small difference in leaching for As between adding full amount of CFA, Fe0 and peat and the middle 
point where half of the amounts of amendments were added (appendix II). This can be interpreted as 
when adding all three amendments to the soil it is enough to add half of the amount to still get the 
same effect in immobilisation of As at both L/S 2 and L/S 10.  
 
Comparing other combinations of amendments, i.e. when full percentage of BFS, BS and peat was 
added and the middle point value for these three amendments the same amount of As was leaching 
from the mixtures at L/S 2 (appendix II). Doing the same comparison for L/S 10 the effect of the 
amendments when full percentage was added seemed to last longer time. It is not enough to identify 
which amendments to add to contaminated soil, also the amount to add is of interest as the cost for 
remediation are related to the amount of amendments to be used.  
 

3.2.2 Chromium, Cupper and Zinc 
The best way to reduce the mobility of Cr, Cu and Zn was to use BFS alone or together with one of 
the iron products. According to Bhattacharya et al (2001) Cu is distinctly more soluble under 
oxidised conditions than under reduced in the pH range of 5.4-6.5. This could explain why the 
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mobility of Cu decreased more when adding BS and BFS together which raised the pH to 7.8 than 
when adding the two amendments separately. BFS and BS reduced the redox potential of the soil 
and a higher pH was reached than if only BS was added (appendix II). According to Iskander (2001), 
Cr is redox sensitive and more mobile under oxidised conditions than under reduced. BFS reducing 
properties decreased the mobility of both Cr and Cu.  
 
For the Cr, Cu and Zn a decrease in mobility could be seen also when adding CFA. The decreased 
mobilisation of Cr can be due to lower redox in combination with raising pH, which favours the 
formation of Cr2O3(s). 
 
When adding Fe0 a decrease in mobility of Cr, Cu and Zn could also be observed. For Cr an 
explanation is proposed by Davis and Olsen (1995) who found that Cr can substitute with Fe in the 
hydrous oxide structure, due to the similar ionic radii. This result confirms that the use of Fe0 to 
remediate areas contaminated with CCA is worth to be developed and investigated. From the soil 
amended with peat an increased leaching of Cr, Cu and Zn was observed.  
 

3.3 Addition of Fe0 to soil and effect of varying pH, redox and L/S-ratio 
(step 2) 

In this section an evaluation was done for a 23 factorial design with the factors L/S, pH and redox. 
The experiments were done with the contaminated soil where Fe0 was added at the amount of 1% 
dry weight.  
 
In appendix III raw data from the factorial design are shown. The results for the measured pH-values 
are not presented, while it was always close to the expected value from the factorial design (  0.17 
units). The redox given is the values measured directly after performing the experiment and before 
the samples were filtrated. The redox of the samples where N2-gas was added had similar values 
compared to the samples let in air. This means that we failed to create reduced conditions in this part 
of the experiment. Reasons for this are discussed in chapter 3.3.1, Evaluating test and 
delimitations of the experiment. Because of the failure to get reduced conditions the factor redox 
was not a significant factor in the factorial design and the experiments with N2-gas are not included 
in the evaluations.  
 
The pH was the most influencing factor on the mobility of Fe. An increase in pH decreased the 
mobility of Fe (Figure 6).  
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Figure 6 Log leached Fe as a function of pH. L/S 2 and L/S 20 are differentiated in the 

figure. The y-axis gives the concentration of Fe in solution per kg of contaminated 
soil. 
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None of the factors was statistically significant for the mobility of As and both the R2 and the Q2 
values were low. Even if the differences were not statistical significant tendencies at the different pH 
and L/S ratios could be evaluated. At pH 5 the mobility of As decreased to <0.04 mg/kg dry soil 
independently of the L/S ratio in the experiment. For both pH 3 and pH 8 an L/S ratio of 20 
increased the leaching of As compared to L/S 2. The largest increase of As was detected at pH 8 
(Figure 7). 
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Figure 7 The influence of pH and L/S-ratio on the mobility of As. The y-axis shows the 

concentration of As in solution (the leached amount) per kg of contaminated soil. 

 
The high concentrations of As and low concentrations of Fe in the solution at pH 8 are likely 
explained by As desorption from the Fe-As precipitate. In a study by Daus et al (1997) a similar 
pattern was noticed, when increasing pH in a sample with Fe precipitate, the As in the solution 
increased but not the Fe. 
 
At pH 3 the concentration of As increased in the solution. The concentration of dissolved As and Fe 
in the solution increased more at L/S 20 than at L/S 2. A hypothesis was that amorphous Fe-
hydroxide dissolved faster in presence of a more acidic solution. As adsorbed to the Fe-hydroxide 
decreased the dissolution of the As-Fe hydroxide (Paige et al, 1997). This might explain why the 
increase of As in solution was smaller for L/S 2 than for L/S 20. At L/S 2 Fe-hydroxide without As 
adsorbed to the structure was dissolved first. L/S 20 increased the speed of dissolution of Fe-
hydroxide which resulted in an increased amount of the Fe-hydroxide to be dissolved and 
consequently a release of the adsorbed As. 
 
At pH 5 increasing the amount of water added to the mixture did not increase the mobility of As. 
Krause and Ettel (1988) found that at pH around 5 the solubility of Fe-As precipitates did not 
increase during 3.7 years long experiment. In their study the concentration of As in the solution was 
<0.02 mg/l. Our result at pH 5 (with L/S 20 mimicking a longer time period) agree with the result of 
Krause and Ettel (1988). This means that the amount of water added to the soil at pH 5 did not 
increase the mobility of As.  
 
The result of several studies showed that As has its lowest solubility at a pH level around 4 
(compiled by Virčíková et al, 1994). The study by Krause and Ettel (1998) has also concluded that 
the stability range of Fe-As precipitates became greater with increased Fe/As ratio. A hypothesis 
from this was that the solubility also at pH 3 could decrease with higher concentrations of Fe added 
to the soil.  
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The mobility of Cr was lowest at pH 5 as well as at pH 8 (Figure 8). Both at pH 5 and 8 Cr occur as 
Cr2O3 under oxidised conditions, a solid stable form of Cr. 
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Figure 8 Cr concentration in leachate vs solution pH. 

 
The pH played an important role also on mobility of the Zn and Cu (Figure 9). An increase of pH of 
the soil decreased the mobility of Cu and Zn. A pH around 8 implied the largest decrease of 
solubility of Cu, Zn and also as discussed earlier of Fe. 
 
The influence of the amount of water mixed with the soil also affected mobility of Cu and Zn but not 
as much as the change in pH. The positive coefficient for L/S imply that if more water was used for 
leaching higher amounts of Cu, Fe and Zn were leached per kg of dry soil (Figure 9).  
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Figure 9 The coefficients for Cu and their significance. If the line in the bar cross zero, the 
factor has no statistical significance. The bars above zero means increased leaching 
of Cu, bars below zero means decreased leaching of Cu. R2 =0.978 Q2 = 0.932 
Similar pattern was seen for Zn. 

 
The effect of the amount of leachant was small compared to the influence of pH on Cu and Zn. The 
different levels of pH have also changed the mobility of Cr and As. It confirms the importance of 
pH, especially in situations where pH can change with time. With aging processes both pH and 
redox can change with time as for example in landfills (Mårtensson et al, 1999). From 2005, the 
two-step leaching test will be used in EU countries to determine the acceptability of waste at 
landfills for inert, non hazardous and hazardous waste. According to the result presented in this 
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report and similar considerations in the report by Estberg and Westin (2002), pH is a factor that 
affects the mobility of elements more than the amount of water percolating through the waste. 
Therefore pH also should be considered when characterizing waste i.e. through acidified leachant.  
 

3.3.1 Evaluating test and delimitations of the experiment 
 
When mixing the samples the amount of water added was only calculated from water holding 
capacity of soil in the samples. The results may have been slightly different if the water holding 
capacity was calculated for each mixture. A difference in result was especially noticed for samples 
where peat was added. Peat has a low density compared with the other amendments. Peat also has 
high affinity for water (Brown et al, 2000). As a consequence the samples containing peat seemed 
dry compared to the samples without. The samples with peat were fluffier and air came more easily 
in contact with most of the material. This difference in saturation of the samples can have an 
influence on the result. 
 
In our experiment we did not succeed to create reduced conditions. The N2 gas was added in the 
water just under the surface at an average speed of 3.5 ml N2/min. This might have been a too low 
flow or it was not enough with 23 h for the sample to be saturated with N2-gas. Another likely 
explanation was that we did not manage to get the samples airtight and or that N2 is not suitable as a 
reducing agent in water soil mixtures. 
 
The model could have been improved making more replicates. However, a compromise was made 
between the number of replicates and a practical implementation of the experiment (e.g. cost of 
analyses etc.). This model showed the general trends for this particular soil and which amendments 
and combinations of amendments that are relevant for continuing research. 
  
The concentrations of Fe and the other trace elements in dissolved phase might have been 
overestimated. Kennedy et al (1974) observed that a lot of the Fe in colloidal3 and particulate form 
passed through a 0.45 µm membrane filter and it could then be interpreted as higher amounts of 
dissolved Fe than it really was. Kennedy et al (1974) detected that the amount of Fe in the water 
decreased drastically with the amount of filtrated water, the filter were clogging decreasing the pore 
size in the filter which made less Fe in particulate form to pass. This means that it is not possible to 
conclude in which form the Fe analysed in the eluate was in our experiment, dissolved or particulate. 
The Fe can occur as small Fe oxides or adsorbed to colloidal organic compounds (Ingri and 
Vännman, 2000). This means further that it is not known if trace elements analysed in the eluates 
were dissolved or attached to small colloidals or particles that passed trough the filter. Dissolved 
organic matter on which i.e. Cu adsorb might for example pass the filter. This might also be a further 
explanation to increased leaching of all trace elements when peat was added.  
 
At pH 7 Fe is preferably in particulate phase and very little of Fe is in suspended or colloidal phase 
(Ingri and Vännman, 2000). Comparing the pH of the samples with the concentration of Fe in 
solution it was observed that a majority of the samples with a pH around 7 was containing relatively 
low amounts of Fe with few exceptions (appendix II). This means that most of the particulate Fe 
stays on the filter. An explanation for this might be that the samples filtrated in this test was a mix of 
soil and water. This made the fine soil particles clog the filter reducing the pore size of the filter. 
 

4 Conclusions 
Of the evaluated amendments and combinations of amendments the most effective to decrease the 
mobility of the contaminants in a CCA contaminated soil was Fe0. In this study Fe0 decreased the 
leaching amount of all tested trace elements i.e. Cr, Cu, Zn and As. The evaluation was mainly based 
on the reduction of the mobility of As, but also the mobility of the other analyzed elements is taken 
into account, i.e. Cu, Cr, and Zn. This means that if a soil is contaminated with only one of the 
mentioned contaminants, other amendments are possibly more effective in reducing the mobility of 
that specific element.  
  
                                                 
3 Colloids - small particles that stay in suspended phase 
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Peat increased the mobility of all evaluated trace elements. If the soil contaminated of CCA is a peat 
moss or contain high amounts of organic material then Fe0 together with BFS is the best amendment 
to decrease the mobility of the trace elements. The addition of Fe0 alone can also provide a 
satisfactory result.  
 
The most effective pH to stabilise As in this study was pH 5. At pH 8 the As desorbed from the Fe-
hydroxide without Fe-hydroxide itself to be dissolved. At pH 3 the Fe-hydroxide dissolved and the 
As adsorbed to the Fe-hydroxide got mobilised  
 
Varying the pH seemed to have a greater effect on the mobility of the evaluated trace elements than 
the amount of water percolating through the soil. This makes it important to work for regulations 
where considerations also regarding pH and future changes in pH are taken under consideration. 
 

4.1 Future Works 
Phytostabilisation is a relatively new technique and through experiments and field studies it is 
possible to learn how to use the technique in a safe way and in what kind of situations it is suitable. 
The work done here is a part of finding out which amendments that are suitable for areas 
contaminated with CCA and in what kind of geochemical environment the method would work 
successfully. The result from this study can be used for further studies and field experiments 
regarding the behavior of Fe0 added to CCA contaminated soil.  
 
The behavior of CCA when peat or organic material is added could be one field of study. Another 
unanswered question is whether phytostabilisation is suitable, and in what way, as a remediation 
technique in areas contaminated with CCA and with high amounts of organic material in soil.  
 
Future work is also needed to test other waste products to try to find use for them. For example, do 
BFS and CFA, with their alkaline characteristics, reduce the mobility of for example Cr, Cu and Zn? 
To use industrial by-products is attractive both in aspect of decreasing the amount of material going 
to landfill and to decrease the costs for soil remediation.  
 
For BS and Fe0 in our experiment there was a difference in reducing the mobility of As, especially if 
the iron products were combined with peat. It makes it interesting and important to look at different 
kind of iron products and the differences in how effective they are in different conditions, e.g. in 
presence of high amount of organic matter. The optimal amount of amendment to different types of 
soils and levels of contamination needs also to be examined. Further, it is of interest to see if iron 
products added to soil have any side effects that could make them unsuitable to use as amendments 
in contaminated soil. 
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Appendix I 

 

 
The four factorial design from which the evaluation in Modde 7.0 was done.  
 
-1: nothing of the amendment is added to the contaminated soil 
0: the middelpoint value is added to the contaminated soil 
1: full percentage of the amendment is added to the contaminated soil 
 

CFA Fe 0 P  BFS Fe 0 P 
-1 -1 -1  -1 -1 -1 
1 -1 -1  1 -1 -1 
-1 1 -1  -1 1 -1 
1 1 -1  1 1 -1 
-1 -1 1  -1 -1 1 
1 -1 1  1 -1 1 
-1 1 1  -1 1 1 
1 1 1  1 1 1 
0 0 0  0 0 0 
        

        

BFS Blaster 
sand P 

 
CFA Blaster 

sand P 

-1 -1 -1  -1 -1 -1 
1 -1 -1  1 -1 -1 
-1 1 -1  -1 1 -1 
1 1 -1  1 1 -1 
-1 -1 1  -1 -1 1 
1 -1 1  1 -1 1 
-1 1 1  -1 1 1 
1 1 1  1 1 1 
0 0 0  0 0 0 

 
The factorial design for the soil with Fe0 added. Here the geochemical parameters were varied 
according to the table below. 
 

L/S pH Redox 

2 3 N2 
20 3 N2 
2 8 N2 

20 8 N2 
2 3 Air 

20 3 Air 
2 8 Air 

20 8 Air 
2 5 N2 

20 5 N2 
2 5 Air 

20 5 Air 



Appendix II 

 

The amounts of the different trace elements in the soil are shown in mg/kg dry soil. This means that the effect of dilution when adding the different amendments is 
eliminated. The sign < means that the concentration is under the detection limit. In those cases the detection limit is used when evaluating the data. Both the samples 
and the duplicates are shown in tables consecutively. 

 

L/S 2 As 
(mg/kg) 

Cr 
(mg/kg) 

Cu 
(mg/kg) 

Fe 
(mg/kg) 

Zn 
(mg/kg) pH Redox 

(mV) 
Conductivity 

(mS/cm) 

         
CFA + Fe 0 + Peat 4.482 0.010 0.272 0.032 0.005 8.6 216.0 1206.0 
BFS + BS + Peat 1.811 0.006 0.152 0.019 0.102 7.0 266.8 1319.0 
CFA + BS + Peat 7.778 0.026 0.393 0.038 0.005 8.7 181.0 1488.0 
BFS + Fe 0 +Peat 0.282 0.000 0.058 0.006 0.025 7.2 261.4 1184.0 

CFA + Fe 0 4.514 0.016 0.228 0.004 0.011 9.1 160.9 1169.0 
BFS + BS 1.294 0.002 0.037 0.006 < 0.004 7.8 222.7 1122.0 
CFA + BS 8.323 0.026 0.263 < 0.002 0.011 9.1 162.9 1406.0 

BFS + Fe 0 0.131 0.002 0.020 0.002 < 0.004 7.8 206.4 1064.0 
CFA + Peat 12.178 0.034 0.513 0.021 0.002 8.6 258.7 1543.0 
BFS + Peat 7.293 0.009 0.214 < 0.002 0.137 6.7 279.6 1490.0 
Fe 0 + Peat 4.554 0.275 0.504 0.966 0.237 6.1 287.7 26.0 
BS + Peat 38.142 0.113 0.543 0.128 0.379 5.3 341.8 56.3 

CFA 9.630 0.218 0.354 < 0.002 0.004 9.0 203.8 1541.0 
BFS 6.747 0.006 0.073 < 0.002 < 0.004 7.8 235.1 1402.0 
Fe 0 0.308 0.016 0.040 0.099 0.066 6.2 280.5 12.0 
BS 0.914 0.023 0.089 0.088 0.420 6.2 262.6 14.9 

Peat 108.773 0.277 1.905 0.148 2.979 4.8 407.4 97.8 
 22.634 0.054 0.899 0.018 1.995 5.4 483.6 33.3 

CFA + Fe 0 + Peat (middelpoint) 4.720 0.006 0.071 < 0.002 0.008 8.2 288.8 785.0 
BFS + BS + Peat (middelpoint) 1.835 0.003 0.136 < 0.002 0.149 5.7 340.7 726.0 
BFS + Fe 0 +Peat (middelpoint) 0.592 < 0.000 0.038 < 0.002 0.064 6.7 323.8 711.0 
CFA + BS + Peat (middelpoint) 8.608 0.010 0.138 < 0.002 0.006 8.1 310.6 868.0 

Waste BS 0.795 0.016 0.129 0.042 0.406 5.8 341.7 17.1 
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L/S 2 As 
(mg/kg) 

Cr 
(mg/kg) 

Cu 
(mg/kg) 

Fe 
(mg/kg) 

Zn 
(mg/kg) pH Redox 

(mV) 
Conductivity 

(mS/cm) 

         
CFA + Fe 0 + Peat 4.845 0.015 0.299 0.036 0.006 8.7 160.0 1211.0 

BFS + BS + Peat 2.039 0.005 0.142 0.008 0.091 6.9 238.8 1339.0 

CFA + BS + Peat 7.925 0.021 0.372 0.023 0.010 8.6 172.9 1495.0 

BFS + Fe 0 +Peat 0.305 0.002 0.066 0.008 0.034 7.3 227.2 1202.0 

CFA + Fe 0 4.443 0.021 0.238 0.023 0.008 9.0 125.5 1281.0 
BFS + BS 1.383 0.005 0.055 0.011 < 0.004 7.8 193.7 1131.0 

CFA + BS 8.702 0.028 0.274 0.003 0.011 9.1 132.1 1434.0 

BFS + Fe 0 0.170 0.001 0.023 0.008 < 0.004 7.9 184.6 1052.0 

CFA + Peat 12.128 0.038 0.640 0.027 0.050 8.6 172.6 1534.0 

BFS + Peat 7.083 0.008 0.225 < 0.002 0.133 7.0 239.5 1363.0 

Fe 0 + Peat 4.128 0.055 0.163 0.151 0.040 6.2 248.0 27.3 
BS + Peat 38.189 0.117 0.559 0.161 0.366 5.3 303.5 55.9 

CFA 9.491 0.213 0.329 < 0.002 0.004 8.9 170.5 1545.0 

BFS 6.592 0.004 0.072 < 0.002 < 0.004 7.7 209.2 1.4 

Fe 0 0.321 0.013 0.047 0.083 0.114 6.5 268.8 12.2 

BS 0.907 0.013 0.127 0.048 0.399 6.0 269.3 15.4 

Peat 72.173 0.176 1.090 0.075 1.480 4.9 393.0 97.9 
 23.996 0.055 1.054 0.016 2.241 5.4 388.3 32.9 

CFA + Fe 0 + Peat (middelpoint) 4.417 0.004 0.104 < 0.002 < 0.004 8.1 238.0 745.0 

BFS + BS + Peat (middelpoint) 1.891 0.002 0.112 < 0.002 0.145 6.8 290.5 723.0 

BFS + Fe 0 +Peat (middelpoint) 0.576 < 0.000 0.079 < 0.002 0.092 6.8 289.8 676.0 

CFA + BS + Peat (middelpoint) 10.541 0.013 0.166 0.008 < 0.004 8.1 288.4 727.0 

Waste BS 0.799 0.014 0.099 0.037 0.377 6.0 354.7 17.4 
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L/S 10 As 
(mg/kg) 

Cr 
(mg/kg) 

Cu 
(mg/kg) 

Fe 
(mg/kg) 

Zn 
(mg/kg) pH Redox 

(mV) 
Conductivity 

(mS/cm) 

         
CFA + Fe 0 + Peat 36.443 0.094 0.860 0.243 < 0.019 8.98 253.9 259.1 
BFS + BS + Peat 16.276 0.049 0.457 0.229 < 0.084 7.53 293.8 195.1 
CFA + BS + Peat 50.883 0.244 1.061 0.539 < 0.019 8.97 219.5 280.6 
BFS + Fe 0 +Peat 3.055 < 0.001 0.219 0.099 < 0.033 7.57 252.9 195.7 

CFA + Fe 0 39.727 0.155 0.472 0.028 0.027 9.35 191.9 215.2 
BFS + BS 17.867 0.017 0.141 0.141 < 0.019 8.26 245.6 164.8 
CFA + BS 63.160 0.082 0.505 < 0.011 0.031 9.44 179.6 228.8 

BFS + Fe 0 3.292 < 0.003 0.073 < 0.010 0.015 8.47 210.7 170.3 
CFA + Peat 56.142 0.086 0.799 0.080 < 0.017 8.95 247.4 283.6 
BFS + Peat 52.133 0.077 0.605 0.086 < 0.111 7.41 293.3 194.5 
Fe 0 + Peat 7.115 0.259 0.589 1.082 0.354 6.12 231.8 21.77 
BS + Peat 92.356 0.303 1.446 0.592 2.308 5.43 331.7 28.78 

CFA 63.850 0.262 0.566 < 0.011 0.024 9.28 131 237.7 
BFS 54.317 0.018 0.181 < 0.010 < 0.019 8.34 190.3 174.5 
Fe 0 1.503 0.023 0.201 0.212 1.097 6.95 263 13.86 
BS 5.011 0.049 0.692 0.270 3.021 6.09 267.6 15.84 

Peat 202.666 0.528 3.127 0.277 7.679 4.95 530.8 39.5 
 72.835 0.185 4.672 0.111 10.309 5.35 506.6 21.53 

CFA + Fe 0 + Peat (middelpoint) 37.144 0.075 0.268 0.107 < 0.023 8.52 350.7 161.2 
BFS + BS + Peat (middelpoint) 19.909 0.118 0.511 0.261 0.163 7.32 346.9 92.1 
BFS + Fe 0 +Peat (middelpoint) 7.793 0.084 0.227 0.272 < 0.066 7.24 331.2 93.8 
CFA + BS + Peat (middelpoint) 52.533 0.084 0.417 0.111 < 0.021 8.4 275.1 148 

Waste BS 7.286 0.079 0.873 0.197 3.438 5.95 389.6 15.93 
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L/S 10 As 
(mg/kg) 

Cr 
(mg/kg) 

Cu 
(mg/kg) 

Fe 
(mg/kg) 

Zn 
(mg/kg) pH Redox 

(mV) 
Conductivity 

(mS/cm) 

         
CFA + Fe 0 + Peat 35.350 0.101 0.828 0.207 < 0.020 9.07 192.8 248.2 

BFS + BS + Peat 16.335 0.068 0.505 0.209 < 0.079 7.62 257.4 186.1 

CFA + BS + Peat 49.326 0.071 0.852 0.107 < 0.023 9.02 202.5 277.3 

BFS + Fe 0 +Peat 2.944 < 0.002 0.250 0.187 < 0.039 7.68 248 190 

CFA + Fe 0 39.831 0.165 0.493 0.043 0.023 9.35 168.4 220.3 

BFS + BS 17.291 0.013 0.167 0.067 0.015 8.37 205.5 138.9 

CFA + BS 61.077 0.085 0.560 0.020 0.028 9.4 167.7 232.5 

BFS + Fe 0 3.151 < 0.002 0.097 < 0.015 0.018 8.47 210.8 163.7 

CFA + Peat 54.458 0.098 0.894 0.117 < 0.042 8.94 210.2 283.2 

BFS + Peat 50.016 0.066 0.596 0.041 < 0.109 7.41 272.2 193.9 

Fe 0 + Peat 6.341 0.166 0.389 0.782 0.315 6.05 260 20.45 

BS + Peat 77.989 0.274 0.982 0.484 1.258 5.42 307.2 27.1 

CFA 63.787 0.262 0.560 < 0.011 0.023 9.32 189.1 240.4 

BFS 53.609 0.007 0.168 < 0.010 0.018 8.25 228.8 180.4 

Fe 0 1.718 0.037 0.216 0.237 1.004 6.37 236.6 13.2 

BS 5.273 0.060 0.725 0.305 3.004 6.1 271.4 14.36 

Peat 190.644 0.538 3.080 0.354 6.364 4.96 387.9 38.4 

 74.901 0.181 4.746 0.082 10.429 5.43 427.1 22.29 

CFA + Fe 0 + Peat (middelpoint) 35.604 0.115 0.373 0.228 < 0.019 8.41 268.2 145.9 

BFS + BS + Peat (middelpoint) 19.152 0.148 0.617 0.349 0.251 7.32 312.7 94.9 

BFS + Fe 0 +Peat (middelpoint) 7.462 0.080 0.299 0.301 < 0.082 7.08 313.7 90.5 

CFA + BS + Peat (middelpoint) 64.410 0.100 0.607 0.142 < 0.019 8.4 337.5 136.8 

Waste BS 6.935 0.089 0.856 0.220 3.428 5.81 360.8 15.25 
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The amounts of the different trace elements are shown in mg/kg dry soil. The dilution caused by different amounts of titrant added to the sample is eliminated. 
 

The factorial design        

L/S pH Redox As 
(mg/kg) 

Cr 
(mg/kg) 

Cu 
(mg/kg) 

Fe 
(mg/kg) 

Zn 
(mg/kg) 

Redox 
(mV) 

measured 
Conductivity 

(mS/cm) 

2 3 N2 11.19 14.82 514.59 1996.09 148.70 372.9 7.22 
20 3 N2 70.20 26.39 573.71 1556.17 160.02 429.5 1.168 
2 8 N2 12.84 0.91 1.59 5.90 0.33 260.7 0.2628 

20 8 N2 112.91 2.67 4.80 17.31 1.63 288.6 0.1296 
2 3 Air 6.10 14.85 512.98 1405.11 155.94 339.2 6.3 

20 3 Air 79.16 31.43 713.00 1755.98 216.06 382.6 1.61 
2 8 Air 53.45 1.69 2.61 8.06 0.68 333.5 0.288 

20 8 Air 130.15 2.58 3.70 12.70 1.12 312.9 0.1932 
2 5 N2 0.02 0.03 26.00 133.52 33.01 366.6 0.832 

20 5 N2 0.51 0.08 58.12 408.98 48.53 319 0.2411 
2 5 Air 0.02 0.01 13.63 59.77 29.00 275.9 0.578 

20 5 Air 0.87 0.04 56.98 86.56 48.90 408.9 0.184 
2 3 N2 102.41 23.38 409.63 3294.13 175.80 211.9 10.49 

20 3 N2 381.38 61.41 854.69 3227.08 262.08 323.9 2.067 
2 8 N2 12.96 0.87 1.50 5.88 0.34 252.2 0.2183 

20 8 N2 73.17 2.94 4.26 18.44 1.47 295.1 0.1183 
2 3 Air 5.44 13.52 508.27 1461.50 148.01 339.2 6.23 

20 3 Air 78.66 31.66 645.00 1732.46 212.38 371.4 1.453 
2 8 Air 59.93 1.77 2.71 8.37 0.72 308.1 0.347 

20 8 Air 128.12 2.90 3.87 14.95 1.15 317.4 0.1839 
2 5 N2 0.02 0.01 9.15 89.63 23.73 327.3 0.616 

20 5 N2 0.24 0.02 35.89 339.27 43.14 356.6 0.1989 
2 5 Air 0.03 0.01 19.16 58.56 40.22 232.6 0.633 

20 5 Air 0.55 0.02 47.65 164.02 46.07 399.5 0.1593 
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Literature review about the trace elements in chromate cupper arsenate (CCA) 
 
Many factors control the chemical form and mobility of trace elements. Many trace elements for 
example precipitate and become less soluble and less mobile in alkaline environments, i.e. at high 
pH. Trace elements usually show high affinity with organic matter (e.g. Cu), which may help to 
reduce the mobility of these elements (Raskins, 2000). A trace element’s adsorption to solids is 
mostly dependant on the nature of the solid, pH and the concentration between the ligand and the 
sorbent area (Vangronsveld et al, 1998). Some short background information is given about the 
complexity of the trace elements in CCA. 
 

• Chromium 
Chromium exists in oxidation states ranging from +6 to -2 but only the +6 and +3 are commonly 
encountered in the environment (Palmer and Puls, 1994). Chromium is a redox sensitive trace 
element where sorption reactions alter both mobility and relative toxicity (Iskander, 2001). 
Chromium is in the toxic form Cr (VI) occurring as chromate CrO4

2- and dichromate Cr2O7
2-, 

species considered to be more mobile in the environment. Cr (VI) is dominating in oxidised 
environments while the relatively immobile form Cr (III) is restricted to reduced environments 
(Davis and Olsen, 1995).  
 
Davis and Olsen (2001) describe two ways to manipulate Cr (VI) to be in the less toxic form Cr 
(III). One way is to enhance recovery of a contaminated soil through the use of oxidizing agents. 
The other way is to use in situ stabilisation using chemical reduction of Cr (VI) to form Cr (III). 
One conceivable way can be to use Fe. According to Davis and Olsen (1995), Cr can substitute 
with Fe in the hydrous oxide structure, due to the similar ionic radii. Also the following reaction 
can occur in presence of Fe (II) (Iskander, 2001): 
 
Cr (VI) + 3 Fe (II) →Cr (III) + 3Fe (III) 
 
• Copper 
Generally Cu has a tendency to adsorb strongly to organic matter (Hingston, 2001). With 
increasing pH, solubility of organic matter increases, which can result in dissociation of 
bindings between organic matter and Cu. In the pH range of 5.4-6.5 Cu is distinctly more 
soluble under oxidised conditions then under reduced (Bhattacharya et al, 2001). 
 
• Arsenic 
Arsenic in soil normally occurs in oxidation state +3 and +5. Under reduced conditions As (III), 
H3AsO3

0 and H2AsO3
- dominate. These forms are more toxic and more mobile compared to As 

(V), H2AsO4
- or HAsO4

2- (Bhattacharya, 2001).  
 
The geochemical behaviour of As (V) and phosphate are similar and As can adsorb on oxides of 
Al, Fe and under specific conditions even on Mn (Bhattacharya, 2001). The similar geochemical 
behaviour also means that As competes with P in phosphate uptake by plants (Weihua et al, 
2001). Studies on As adsorption on oxides and hydroxide suggested a sorption maximum at 
around pH 7 for As (III) and pH 4-7 for As (V) (Goh and Lim, 2003).
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7  

Laws in Sweden 
 
Depending on how contaminated soil is handled it can be considered either as contaminated soil or 
as waste in the regulations and laws in Sweden today. Both law categories for contaminated soil are 
described below. 
 
Guidelines for work with contaminated soil are developed by the Swedish Environmental Protection 
Agency. In Generic guideline values for the contaminated soil in Sweden (1997) recommended 
threshold values are given for remediation of contaminated soil. These threshold values are based on 
the total amount of trace elements in the soil, i.e. elements in the solid phase. If phytostabilisation is 
used in an area the amount of total elements in the soil will not change, only the chemical form of 
the contaminant. This means, if phytostabilisation is accepted as a method for remediation it is 
important to evaluate the contamination levels not only according to the threshold values, but also 
make a risk assessment. In the risk assessment, when planning to use phytostabilisation, important 
factors to consider are i.e. mobility, chemical form of the contaminant and risk to humans and 
ecological systems.  
 
Waste is another category under which contaminated soil can be classified. As soon as the 
contaminated soil is dug out it is considered as waste. What type of landfill the waste will be put at is 
regulated by the Council of European Union (2003). In a report by the Council of European union 
(2003) characterisation or batch test on the waste need to be done to classify waste according to their 
hazard level and regulate how it should be further handled. The compliance batch leaching test limit 
values L/S 2 and L/S 10 for total element release are given by the Council of European Union 
(2003).  




