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PREFACE 
 

This master thesis work is the last part of my master´s degree in Environmental Engineering 

at Luleå University of Technology. The thesis deals with arsenic in soils and how the element 

is affected by the presence of fly ash. Today, arsenic contaminated sites constitute worldwide 

health problems and require therefore measures of remediation. Efficient technologies for 

remediation are of great importance. Research about how fly ash influences arsenic in soils is 

limited. Because of the research limitation this subject became interesting and joyful to study.   

This master thesis work was performed at the research group of Waste Science and 

Technology at Luleå University of Technology (LTU) within the project financed by the 

Swedish Research Council FORMAS, SGI and RagnSells AB.  I would like to thank all 

members of the research group and especially my supervisor Jurate Kumpiene at LTU for 

providing me with valuable help and feedback. I would also like to thank Anders Lagerkvist 

(LTU), Anders Kihl (RagnSells AB) and Dan Berggren Kleja (SGI) for competent and clever 

information and response.  

Jingying Xu, Carles Belmonte, Tommy Wikström and Evelina Brännvall and the rest of the 

research group of Waste Science and Technology at LTU I thank for making my thesis work 

such a pleasant experience. Finally, I also like to thank Malin Nilsson and the rest of my 

fellow students for all the support during the project time. 

 

  



3 

 

A.Bäckström, Master thesis, Division of Geoscience and Environmental Engineering. 

SUMMARY  
 

The highly toxic element, arsenic, creates worldwide health problem. In Sweden, arsenic is 

the single most common contaminant among the country´s worse risk classified sites. Billions 

of Swedish crowns will therefore in future be used for site remediation measures. To prevent 

increasing remediation costs, cost-efficient methods are highly favorable. 

Fly ash is a waste product arriving from combustion of fuel. Landfilling of fly ash from 

municipal solid waste incineration is today restricted in Sweden and since 2005 tons of the 

material are exported to Norway. New field of application for the material is needed within 

Sweden. Fly ash has properties that effects arsenic and could be useful for remediation 

techniques. The aim of this report is to investigate the mobilization effects fly ash has on 

arsenic and if the effects could be enhanced and used for arsenic remediation. The research is 

based on two practical experiments and a literature review about the chemistry of arsenic. 

The aim of the first experiment was to immobilize arsenic within soil by utilization of fly ash. 

The tests were performed with addition of ash, ash + peat or zerovalent iron to the soil 

samples. Soil pore water sampling and analysis were performed after 2, 4 and 7 weeks. 

In the second experiment, soil containing arsenic was washed with water and ash, for the 

purpose of washing arsenic out from the soil. The experiment was performed with addition of 

0%, 10% or 20% ash at the liquid to solid (L/S) ratios of 2, 10 and 100. The washing at L/S 2 

was also performed at two different temperatures of 60°C and 28°C. 

The results from the stabilization test, where the aim was to immobilize the arsenic, showed 

that fly ash highly mobilizes the element. The soil pore water from the tests containing ash 

had higher concentration of arsenic, dissolved species and increasing pH. The arsenic 

mobilization was probably due to the elevated pH, which increases the mobility of especially 

the pentavalent arsenic, arsenate. The results from addition of peat showed a small decline of 

arsenic within the pore water. The addition of fly ash did therefore not stabilize the arsenic 

within the soil, but mobilized the element and increased the concentration in the soil pore 

water during the whole 7 weeks of experiment. 

The soil wash, however, showed that fly ash also have an immobilizing effect on arsenic. The 

leachate from the samples where ash was used contained lower arsenic concentrations than 

the leachate from samples without any ash addition. The inhibition of arsenic release could be 

explained by formation of precipitating products especially between arsenic and manganese 

and calcium. Due to the addition of ash the available surface sites for arsenic adsorption did 

also increase, which might have contributed to the immobilization of the element. The highest 

arsenic concentration was found in the leachate from the highest L/S ratio, L/S 100. The 

samples containing ash that were washed at the higher temperature of 60°C had lower arsenic 

concentrations in the leachate.  

The cost-efficient amendment, fly ash, would be beneficial for soil remediation. However, the 

effects ash causes to arsenic and its surrounding environment require further research.  
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SAMMANFATTNING 
 

Det mycket giftiga ämnet, arsenik, skapar idag hälsoproblem över hela världen. I Sverige 

utgör arsenik den enskilt vanligaste föroreningen representerat bland de värst klassificerade 

föroreningsområdena. I framtiden kommer därför miljarder av kronor gå till saneringsprojekt 

för att åtgärda arsenikföroreningarna. För att minska de höga kostnaderna behövs 

kostnadseffektiva åtgärder.   

Flygaska är en avfallsprodukt som uppkommer i samband med förbränning. Sedan 2005 finns 

restriktioner för att deponera flygaska från avfallsförbränning, varpå flertalet ton flygaska 

varje år exporteras till Norge. Flygaskan har egenskaper som påverkar arsenik och som skulle 

kunna vara användbara inom saneringsteknik. Syftet med denna rapport är att undersöka 

vilken effekt flygaska har på arsenik och om effekterna kan förstärkas. Undersökningen är 

gjord utifrån två praktiska experiment samt en teoretisk litteraturstudie om kemin bakom 

arsenik.      

Syftet med det första experimentet var att immobilisera arsenik i en jord med hjälp av 

flygaska. De olika testen var genomförda med tillskott av antingen flygaska, flygaska + torv 

eller nollvärt järn. Efter 2, 4 och 7 veckor utfördes provtagning sant analys av jordprovens 

porvatten.  

I det andra experimentet var syftet att tvätta bort arseniken från jord, med hjälp av vatten och 

flygaska. Experimentet utfördes med olika halter av flygaska, 0%, 10% och 20%, samt med 

olika liquid/solid (L/S) förhållanden på 2, 10 och 100. Ytterligare jordtvättest genomfördes i 

två olika temperaturer, nämligen 28°C och 60°C.  

Resultatet av det första experimentet visade att flygaska mobiliserar arsenik. Porvattentesterna 

från jord innehållandes flygaska visade höga koncentrationer av arsenik, andra upplösta 

ämnen samt högt pH. Orsaken till den ökade arsenikkoncentrationen beror till största 

sannolikhet på det höga pH, vilket speciellt påverkar femvärd arsenik, arsenat. Att använda 

torv i jordproven med flygaska hade en liten hämmande effekt på arsenik mobiliseringen. 

Flygaskan hade därmed ingen stabiliserande effekt på arsenik, utan arsenikhalten i porvattnet 

från jordproverna med aska höll sig hög genom hela 7 veckors experimentell period.  

Jordtvätten däremot visade att flygaska har en hämmande effekt på arsenikens mobilisering. 

Lakvattnet från proverna innehållandes flygaska visade lägre arsenikhalter än de lakvatten 

som kom från prover utan flygaskeinnehåll. Anledningen till att flygaska hade en hämmande 

effekt på arsenik mobiliseringen är antagligen att arsenik utfällts med hjälp av ämnen såsom 

magnesium och kalcium. Med ökad flygaskemängd ökar även ytplatserna där arsenik kan 

adsorberas, vilket ytterligare kan reducera arsenikmobiliseringen. De högsta 

arsenikkoncentrationerna hittades i lakvattnet från L/S 100. De prover som innehöll aska samt 

tvättades med 60°C visade lägre koncentrationer av arsenik i lakvattnet. 

Att använda aska som tillsats vid jordsanering skulle vara en kostnadseffektiv åtgärd. 

Emellertid krävs ytterligare granskning om hur flygaskan påverkar arsenik och dess 

omgivning, innan flygaska praktiskt kan användas. 
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1. INTRODUCTION 
 

In the past decade arsenic has been recognized as a worldwide health problem. Elevated 

arsenic concentrations in groundwater have been found in several countries such as Taiwan, 

West Bengal, India, Bangladesh, Chile, North Mexico, Argentina, China, USA, and in the 

western parts of Finland (WHO, 2001). The Swedish ground water shows low concentrations 

of the element, but approximately 5% of the private drilled wells are contaminated (SE EPA, 

2008a). Arsenic occurs as a contaminant in Swedish soils, caused by former anthropogenic 

activity, and has in worse case a potential of leaching into groundwater (SE EPA, 2006b). The 

element is highly toxic for several organisms, from plants to humans. The effect the element 

causes to humans can both lead to acute lethality and more chronic diseases, such as cancer 

(WHO, 2001). Arsenic constitutes the single most common contaminant in the sites, which 

are classified composing the worse risk for humans and animals in Sweden 

(Konjunkturinstitutet, 2008).    

Site remediation is an expensive activity. The remediation of the most contaminated sites in 

Sweden is expected to cost about 60 billion Swedish crowns (Konjunkturinstitutet, 2008). Fly 

ash is a waste product arriving from combustion of different kinds of fuel, such as coal, waste 

and peat. The fly ash has properties that influence the mobility of both organic and inorganic 

compounds (Ahmaruzzaman, 2010). If fly ash could be utilized in the process of arsenic site 

remediation, it would follow the Swedish environmental law chapter 1 §1, about material 

recycling and reuse. Ashes are also inexpensive materials (SEA, 2012) that would reduce 

remediation costs in comparison with utilization of raw material.    
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2. RESEARCH TOPIC AND PURPOSE 
 

The purpose of the research is to evaluate the affect that fly ash has on arsenic in soils. The 

topic is divided into the three following questions: 

 

1. How does fly ash influence the mobility of arsenic in soil? 

2. Are there any possibilities to enhance the mobility effects? 

3. Can fly ash be utilized for remediation of arsenic contaminated soil? 

 

The question will be discussed based on the results from two experimental performances. The 

aim of the first experiment was to stabilize arsenic in the soil with addition of ash. In the 

second performance the arsenic soil was washed with water and ash, with the aim of making 

it soluble in the water. The theory behind the discussion is explained in the literature review, 

in appendix 1.     

 

2.1 Delimitations 
Fly ashes are highly variable materials depending on the type of fuel, incinerator, air 

purification system etc. In this work only one type of ash was considered, namely fly ash from 

wood and coal combustion. 
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3. THEORY 
 

3.1 Stabilization 
Stabilization is an immobilization method, which can be used alone (also called chemical 

stabilization) or together with solidification, which is then called stabilization/solidification 

(S/S). The aim with the method is to reduce the mobility of the contaminant and force it to 

stay inert within the soil. The contaminants are either physically trapped within a mass (S/S) 

or chemical converted to form complexes with the added amendment (chemical stabilization). 

The method does not remove the contaminants from the soil, but reduces the spreading and 

inhibits contaminants to reach water, taken up by soil organisms and humans (SE EPA, 2007). 

More about stabilization is explained in the literature review.  

3.2 Soil wash 
The soil wash method is frequently used for remediation of soil. The aim of the method is to 

wash away the contaminants from the soil together with water. To focus the cleaning part on 

the specific contaminant, different amendments have to be added to the water, such as pH 

adjusting compounds or surfactants (SE EPA, 2006a). The amendment is chosen after the 

properties of the contaminant. More about soil wash can be found in the literature review. 

3.3 Literature review 
The literature review of this report is found in appendix 1. The main part of the review 

focuses on arsenic chemistry and environmental factors that influence the behavior of the 

element. The geochemical cycle, occurrence and remediation techniques of arsenic are also 

explained. The literature review ends with a chapter concerning ash.  

  



9 

 

A.Bäckström, Master thesis, Division of Geoscience and Environmental Engineering. 

4. MATERIALS 
 

4.1 The Soil 
The soil, used in the experiments, was obtained from waste management facility where it was 

stored prior to disposal at a landfill. The soil was mainly contaminated with arsenic and PAH 

and had in advanced been analyzed in an accredited laboratory. The main soil properties are 

summarized in table 1 and figure 1.  

 

Table 1. Properties of the utilized soil. ± standard deviation, n=3 

Soil properties Values 

Dry weight 99.5 ± 0.1 % 

Water holding 

capacity 

26.7 ± 8.5 % 

Element 

concentration: 

 

As 1836.7 ± 77.7 mg/kg 

Cr 832.3 ± 85.8 mg/kg 

Cu 117.3 ± 17.6 mg/kg 

PAH-16 3233.3 ± 723.4 mg/kg 

PAH light molecular 

weight 

166.7 ± 40.4 mg/kg 

PAH medium 

molecular weight 

2500.0 ± 529.1 mg/kg 

PAH high molecular 

weight 

563.3 ± 115.5 mg/kg 
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Figure 1. Sieving curve of the utilized soil. Particles greater than 4mm are excluded from both the experiment 

and the sieving curve. 

 

4.2 The fly ash 
The fly ash was taken from a wood and coal combustion plant at Öresundskraft. Table 2 

summarizes the ash properties.  

 

Table 2. Properties of the utilized fly ash (Kumpiene et.al., 2007). 

Properties Values 

pH 12.4 

EC 20 mS/cm 

Loss of ignition 6 % 

Average particle size 6.9 μm 

Elemental 

concentration: 

% 

Ca 15.3 ± 0.8 

Fe 6.0 ± 0.7 

Al 4.1 ± 0.5 

Mg 2.8 ± 0.2 

K 1.9 ± 0.2 

Na 1.4 ± 0.2 

Mn 0.5 ± 0.1 

Metal concentration:  mg/kg 
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Cu 71 ± 3 

As 35 ± 5 

Pb 32 ± 3 

Ni 31 ± 3 

Cr 19 ± 4 

Cd 2.4 ± 0.4 

  

4.3 The peat 
The peat was a commercial available product acquired at a local store. The basic properties of 

the peat are given in table 3.  

Table 3. Properties of the utilized peat. 

Properties Values 

Dry weight 95.73% 

pH 4.5 ± 0.3 

Loss of ignition (LOI) 29.7 ± 12.7 % 

 

4.4 The zerovalent iron 
The zerovalent iron was obtained from SSAB Merox AB, Sweden and consisted of spherical 

particles. The particles contained 97% of Fe
0
 and had a particle size smaller than 1 mm.  
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5. METHODS 
 

In order to evaluate the mobility of arsenic under the influence of fly ash, two experiments 

were performed. The aim of the first experiment was to stabilize arsenic within the soil by 

utilization of ash. In the second experiment the purpose was to wash the soil free from the 

element by usage of different L/S (liquid to solid ratio), temperatures and addition of ash. To 

ease the explanation of the experiments the soil wash procedure has been parted into two 

different steps, step 1 and 2.  

 

5.1 Stabilization- experimental design 
The stabilization experiment was carried out in 12 different plastic bottles, each with a 

volume of 1 liter. Arsenic contaminated soil of 500 grams were placed in the bottles and 

mixed with different amendments. The amendments utilized in the experiment were fly ash, 

fly ash + peat and zerovalent iron. Zerovalent iron has been proved as a well-functioning 

stabilizer for arsenic (Kumpiene et al., 2006) while the usage of peat, as organic matter, can 

have a varying influence on the arsenic mobility (Kumpiene et al., 2008). The quantities of 

the amendments were decided based on previous experiments and calculated from the dry 

weight of the soil. 3 samples were left without any addition of amendments and their results 

act therefore as reference values. 

For an enhancement of the reactions between the contaminants and the amendments, water 

was added to the samples. The amount of water added equaled to 70% of the water holding 

capacity of the soil. For the samples where peat and fly ash were used, an extra amount of 

water was supplementary added, though both ash (Sarkar & Rano, 2007) and peat (Hu et al., 

2010) adsorbs water. The amount of water was kept constant through the experimental 

performance by weighing of the samples and compensating for the water loss. Experimental 

design is summarized in table 4.  

Table 4.Stabilization test - experimental design 

Sample Soil (g) Amendment (% of 

DW soil) 

Water (g) 

1-3  500  Fly ash 3% 70 + 30 

4-6 500 Fly ash 3% 

Peat 3% 

70 + 30 + 20 

7-9 500 Zerovalent iron 1% 70 + 30 

10-12 500 - 70 

     

For evaluation of the arsenic stabilization in the samples, tests on the soils pore water were 

performed. The pore water was taken by Rhizon soil moisture samplers (Eijkelkamp, the 

Netherlands). Pore water tests were carried out after 2, 4 and 7 weeks. Longer contact time 

between the adsorbate and adsorbent do improve the stabilization, although generally arsenic 

reaches its stabilization equilibrium after only a few days (Lackovic et al., 2000; Gimenez, 

2007). Electrical conductivity, pH and redox potential were tested in the pore water samples. 
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The samples were afterwards stored at +4°C for further analyzes of the inorganic content 

through an ICP-OES.  

5.2 Soil wash step 1- experimental design  
In the soil wash step 1 experiment, the soil samples were washed with different L/S ratios and 

with diverse amount of ash. The procedure of washing the soil was performed according to 

the Swedish standard for leaching test of one stage batch test, SS-EN1245-4. At the 

experimental start, polyethylene bottles were filled with different amounts of soil, water and 

ash, presented in table 5, and left for 24 hours in a rotation device at room temperature. After 

that the samples were filtered through 0.45 μm membrane filter. After the filtering electrical 

conductivity and pH were immediately measured in the filtered eluate. The metal content was 

analyzed with an ICP-OES.     

 

Table 5. Experimental design - soil wash step 1 

Sample nr L/S Ash (% of DW of 

the soil) 

Temperature 

1-3 2 0 Room temperature 

4-6 2 10 Room temperature 

7-9 2 20 Room temperature 

10-12 10 0 Room temperature 

13-15 10 10 Room temperature 

16-18 10 20 Room temperature 

19-21 100 0 Room temperature 

22-24 100 10 Room temperature 

25-27 100 20 Room temperature 

 

5.3 Soil wash step 2 –experimental design 
For the second step of the soil wash the tested variables interesting for the arsenic leaching 

were two different temperatures and changing ash content, shown in table 6. The L/S was 

during this test kept constant at a value of 2. The experiment was accomplished with 

polyethylene bottles filled with soil, water and ash. The bottles were put in a water bath with 

adjustable thermostat and two dimensional vertical rotations, instead of the rotation device. 

Because of the difference in rotations from the rotation device and in the water bath, the 

results obtained from the first part of the soil wash are not compared with the results from the 

second part. As in the first part, the bottles were left in the water bath for 24 hours and 

afterwards filtered through a 0.45μm membrane filter. Electrical conductivity and pH were 

tested in the filtered eluate. The eluate was after the experiment stored at +4°C for further 

analyzes on the metal content with an ICP-OES.    

Table 6. Soil wash step 2 -experimental design 

Sample nr L/S Ash (% of DW) Temperature 

1-3 2 0 60 
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4-6 2 10 60 

7-9 2 20 60 

10-12 2 0 28 

13-15 2 10 28 

16-18 2 20 28 

 

5.4 Soil wash calculations 
Though different amounts of soil and water were used in the experiments, recalculations of 

the arsenic and metal content had to be performed for evaluation and comparison of the 

obtained results. The calculations used are to be found in the Swedish standardized one step 

batch test description and based on formula 5.1.    

    [(
 

  
)  (

  

   
)]     (5.1) 

Where 

A is the release of constituent (in mg/kg of dry matter) 

C is the concentration of constituent in the eluate ( in mg/l) 

L is the volume of used leachant (in l) 

MC is the moisture content ratio of the soil (in % of dry mass) 

MD is the dry mass of the test portion (in kg) 

 

5.5 Soil preparations 
Before utilization of the soil, sample preparations in form of drying, sieving and 

homogenizing were made. Because most of the contaminants are expected to be attached to 

smaller size fractions (US EPA, 2002) the sieving was made to exclude particles greater than 

4 mm. With the aim of creating as representative samples as possible, the size reduction of the 

sieved soil was done with a riffle splitter.  

 

5.6 Water holding capacity of the soil 
The water holding capacity is the amount of water that the soil can hold against gravity. If the 

water holding capacity reaches 100 % the soil is able to retain as much water as its own 

weight, without leaching. 

For determination of the water holding capacity glass filter based crucibles were used. The 

crucibles were filled with soil and placed in a water filled vessel. The water level in the vessel 

had to be equally high to the amount of soil within the crucibles. After one hour the soils were 

water saturated and the crucibles were placed and kept in a sand filled and moistened bowl for 

three hours, during which time the redundant water could leach into the bowl. After three 

hours the crucibles were weighed. For comparison of soil weight of water saturated and dried 

soil the crucibles were placed in an oven for 20 hours at 105°C.  After the soil drying the 
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crucibles were once again weighed and the ratio between the saturated and the dried soil could 

be determined. The procedure was performed using triplicates.  

 

5.7 Dry weight of the soil 
For determination of the soils dry weight the instructions from the Swedish standard SS 02 81 

13 was followed. Crucibles containing the soil were dried for 20h at a temperature of 105 °C. 

The samples weights were scaled and the different weights before and after the drying were 

noted. The soils dry weight was expressed as the percentage weight of the total soil weight.    
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6. RESULTS 
 

6.1 Stabilization test 
For evaluation of arsenic stabilization within the samples, the pore water of the soils with the 

different amendments was tested after 2, 4 and 7 weeks (table 7). The pH measurements in the 

pore water showed that utilization of ash increased the pH markedly. The electrical 

conductivity, EC, for the samples containing ash is also distinctly higher than from soils 

without any ash content. The redox tests showed aerobic conditions in all soil samples.   

Table 7. Average (n=3) pH, EC and redox for pore water in samples utilized with ash, ash and peat,  

zerovalent iron and zero test, after 2, 4 and 7 weeks.    

week 2 pH 
Stdev 
pH 

EC 
(mS/cm) 

Stdev 
EC 

redox 
(mV) 

Stdev 
Redox 

Ash 8.81 ±0.04 6.62 ±1.7 125 ±4.6 

ash + peat 8.50 ±0.04 4.73 ±0.5 160 ±13.2 

zerovalent iron 7.13 ±0.01 1.43 ±0.1 226 ±6.2 

0-test 7.46 ±0.03 1.39 ±0.1 140 ±18.5 

       

week 4 pH 
Stdev 
pH 

EC 
(mS/cm) 

Stdev 
EC 

redox 
(mV) 

Stdev 
Redox 

Ash 8.45 ±0.11 8.95 ±0.9 190 ±64.4 

ash + peat 8.38 ±0.09 8.91 ±1.6 193 ±77.2 

zerovalent iron 7.49 ±0.19 1.15 ±0.1 165 ±8.0 

0-test 7.40 ±0.09 1.40 ±0.2 178 ±0.6 

       

week 7 pH 
Stdev 
pH 

EC 
(mS/cm) 

Stdev 
EC 

redox 
(mV) 

Stdev 
Redox 

Ash 8.49 ±0.13 8.34 ±0.9 178 ±3.4 

ash + peat 8.23 ±0.11 7.51 ±0.6 179 ±4.1 

zerovalent iron 7.28 ±0.19 0.92 ±0.2 196 ±3.1 

0-test 7.20 ±0.20 1.28 ±0.3 202 ±7.5 
 

The results of the arsenic content in the pore water (figure 2, 3 and 4) follow the same trend as 

the results from the electrical conductivity, with the highest arsenic concentration where ash 

were used. The pore water from the samples with ash showed higher arsenic concentrations 

than the pore water from the zero tests, which implies that ash increase arsenic mobilization. 

The utilization of zerovalent iron showed a clear inhibition of arsenic solubility, by reducing 

the arsenic concentrations with more than 80% in the soil pore water. 
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Figure 2. Arsenic concentration in the soil pore water, taken from the samples after 2 weeks. 

 
Figure 3. Arsenic concentration in the soil pore water, taken from the samples after 4 weeks. 

 
Figure 4. Arsenic concentration in the pore water, taken from the samples after 7 weeks. 
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Figure 5. Average arsenic concentration in the soil pore water during the experimental time. 

 

6.2 Soil wash step 1 
Even the soil wash experiment showed that ash had a strong influence on the pH in the 

samples, by heavily increasing it. An increased amount of ash in the soil wash sample resulted 

also in higher concentrations of dissolved ions according to the EC (table 8).  

Table 8. The average pH and electrical conductivity (n=3) for different amount of ash  

and L/S ratio. 

L/S 2 pH Stdev pH  EC (mS/cm) 
Stdev EC 
(mS/cm) 

0% ash 7.81 ±0.49 0.34 ±0.02 

10% ash 13.02 ±0.21 11.27 ±0.45 

20% ash 13.17 ±0.10 15.94 ±0.37 

L/S 10 pH Stdev pH  EC (mS/cm) 
Stdev EC 
(mS/cm) 

0% ash 7.4 ±0.13 0.11 ±0.00 

10% ash 12.9 ±0.05 4.76 ±0.03 

20% ash 12.6 ±0.09 9.55 ±0.14 

L/S 100 pH Stdev pH  EC (μS/cm) 
Stdev EC 
(μS/cm) 

0% ash 8.0 ±0.6 35.8 ±18.3 

10% ash 11.9 ±0.2 812.0 ±94.6 

20% ash 12.2 ±0.1 1492.0 ±35.0 
 

The ICP results revealed that the highest arsenic concentrations were to be found in leachate 

from samples without any addition of ash (figure 6). The lowest arsenic concentrations 

existed in the leachate from the samples with the highest ash content. After calculations, using 
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formula 5.1., comparison of the most beneficial L/S ratio for soil washing were made (figure 

6). The results of the arsenic leachates showed that the greater L/S ratio, with which the 

experiments were made, the higher arsenic concentrations were to be found in the leachate.    

 
Figure 6. Amount of arsenic in solution, at the L/S ratio of 2, 10 and 100 and with different amount of ash. 

 

Further ICP results showed an increase in cation concentration, especially Na, Ca and K, in 

the analyzed eluate with the increasing amount of added ash (figure 7). An increased 

concentration of S could also be noticed with higher ash utilization rates. No clear 

relationship could be determined between the elements of Mn and Fe and the used amount of 

ash. 

 
Figure 7.Concentrations of cations in the leachate depending on the addition of ash. 
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Figure 8.Concentrations of S and Fe in the leachate depending on the addition of ash. 

 

 
Figure 9. Mn concentrations in the leachate depending on the addition of ash. 
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Table 9. Average (n=3) pH and EC in the solution, performed at 28C. 

28°C pH Stdev pH EC (mS/cm) 
Stdev 
EC 

0% ash 7.7 ±0.37 0.171 ±0.01 

10% ash 12.6 ±0.11 11.730 ±0.50 

20% ash 12.7 ±0.17 16.010 ±1.93 
 

Table 10. Average (n=3) pH and EC in the solution, performed at 60C 

60°C pH Stdev pH EC (mS/cm) 
Stdev 
EC 

0% ash 7.04 ±0.02 0.321 ±0.01 

10% ash 12.15 ±0.09 13.523 ±0.16 

20% ash 12.26 ±0.13 17.343 ±1.56 
 

The highest arsenic concentrations were found in the leachates where no amendments were 

used. The leachates with the lowest values of arsenic were measured in the leachates with the 

highest amount of ash content (figure 10, 11, 12). 

Washing with a higher temperature had a limiting effect on dissolving the arsenic in the 

samples washed with addition of ash (figure 11, 12) 

 

 
Figure 10. Arsenic concentration in solution with no addition of ash. 

 

0

2

4

6

8

10

12

0% ash

A
s 

co
n

ce
n

tr
at

io
n

 in
 le

ac
h

at
e

 
(m

g/
kg

 d
ry

 m
at

te
r)

 

28 C

60 C



22 

 

A.Bäckström, Master thesis, Division of Geoscience and Environmental Engineering. 

 
Figure 11. Arsenic concentration in solution with addition of 10% ash 

 

 
Figure 12. Arsenic concentration in solution with addition of 20% ash. 
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7. DISCUSSION 
 

 

Arsenic in the stabilization tests clearly became mobilized by the influence of fly ash, which 

resulted in increased concentrations of the element in the soil pore water. The mobility was 

probably due to the increased pH caused by the ash. Though hydrogen is consumed at 

increasing pH, the hydrogen bridges that make arsenic to stay in outer sphere complexes with 

the soil solids break (Spiro et al., 1967). With less hydrogen bridges the arsenic becomes 

mobile. Although the pH in the stabilization tests only increased from about 7.5 to 8.5 it still 

causes mobility changes, especially for arsenate. Since all tests showed aerobic conditions in 

the tested soils, an assumption that most of the arsenic would be in the state of arsenate can be 

drawn. Figure 2 in the literature review (Inskeep et al., 2002) shows how fast the adsorption 

of arsenate decrease with increasing pH, clearing a difference between pH 7.5 and 8.5. Ash 

contains competing ions, such as phosphates, sulfates and silicates that might increase arsenic 

mobility (Kumpiene et al., 2012). 

 

The stabilization experiment was also performed by addition of peat to some of the soil 

samples containing ash. The peat content slightly decreased the arsenic concentration in the 

soil pore water. The utilizations of organic matter have shown diverse effects in the literature, 

because the organic matter can serve both as a competing agent (Grafe et al, 2002) and a 

poorly adsorptive media (Xu et al., 1991). The organic matter can also reduce arsenate turning 

it into arsenite (Wang & Mulligan, 2006b), however no difference of the experimental redox 

potential created by the peat is noticed after 4 and 7 weeks. Even though organic matter 

creates reductive environment by submission of electrons, the addition of peat aerated the 

samples by lessen the hard packing, created by the small particle size of the soil. In the 

samples where peat was used a small decrease in pH was noticeable, in comparison to the 

samples where only ash was utilized. The small pH inhibition could be caused by the humic 

and fluvic acids present in the peat. The small pH decrease might be the reason for the small 

inhibition of arsenic leaching.  

 

The fly ash had a different influence on the arsenic in the soil wash experiment than it had in 

the stabilization test. Even though the pH of the soil wash experiments was as high as 12 to 

13, the utilization of ash immobilized the element. A larger addition of ash in the sample 

resulted in a smaller concentration of arsenic in the solution. The inhibition of dissolved 

arsenic could be due to formation of complexes, so called precipitation products, between 

arsenic and elevated concentrations of calcium, iron, sulfur or manganese. Figure 3 in the 

literature review (Porter, 2010) shows that arsenate in alkaline and not too anaerobic 

conditions forms precipitation product preferably with calcium and manganese. Figure 9 in 

the results shows the decrease of manganese concentration as a result of addition of ash, even 

though the ash contained about 0.5% manganese. That would imply formation of complex 

between manganese and arsenic, inhibiting both elements to dissolve in the leachate. Li et al. 

(2012) showed that synthesized magnesia and manganese loaded fly ash particle spheres act 

as great adsorbents for arsenate. The adsorption behavior was not that sensitive to either pH or 
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ionic strength. Arsenate can also precipitate together with calcium, which probably happened 

in the samples. However, no calcium decrease in the leachate can be seen in figure 7, though 

calcium content in ash is very high and its reaction with arsenics might not give an obvious 

reduction in its own concentration in the leachate.  

 

For evaluations of actions that could affect the mobility of arsenic in presence of ash, soil 

washing with different L/S ratio and temperature were performed. The results from both tests 

showed decreased mobilization of arsenic due to addition of ash. However, a higher L/S ratio 

resulted in larger concentrations of the element in the leachate in relation to the original soil 

mass in the samples. To obtain different L/S ratios for the tests, different quantities of soil and 

water masses were used in the samples. For comparison of the different results the arsenic 

concentrations in the leachates were recalculated by the formula 5.1. and expressed in mg/kg 

dried matter. The highest concentrations after the calculations were found in L/S 100, which 

was the highest ratio. Langmuir and Freundlich isotherm are two equations that explain the 

adsorption kinetic behind arsenic (Payne, 2005; Giminez 2006). Both equations show 

equilibrium between the concentration of elements adsorbed on solids and dissolved in solute. 

Since higher L/S contains large volumes of water, larger amounts of adsorbed elements would 

dissolve before equilibrium in the samples were reached. Higher amounts of arsenic, 

expressed in mg/kg dried matter, would therefore theoretically be found in samples with 

greater water volumes. Arsenic however, is an element highly affected by pH and redox 

conditions. Having higher water volumes in the samples could affect parameters for the 

elemental mobilization that would have had greater importance than L/S ratio. Increased 

water volumes could for example dilute the concentrations of hydrogen in the samples 

(Hesbach, 2010). However, in spite of the greater water volumes pH was kept high in the 

samples and the arsenic mobilization did therefore increase the most at L/S 100.  

 

The washing with the higher temperature together with ash in the samples inhibited arsenic to 

dissolve. Higher arsenic concentrations were however found in the leachate from the samples 

washed at the high temperatures without any ash addition. By increasing the temperature both 

the isoelectric point of the adsorbent and the pKa values of the equilibrium reactions of the 

acids decrease (Kersten & Vlasova, 2009). Decreased values for the isoelectric point would 

mean that the adsorptive sites become neutral at lower pH conditions. Since the arsenic anions 

are negatively charged, they adsorb onto positively charged surface sites. With lower 

isoelectric point of the adsorbents the pH range of positive surface site decreases and the sites, 

which bond arsenic with hydrogen bridges, decrease. The outcome of lower isoelectric point 

would be an enhancement of arsenic mobilization. Decreased pKa values for the arsenic ions 

would instead increase the sorption. With lower pKa values the ions would have a higher 

charge at lower pH. Arsenic adsorbs rather in the state of a highly charged than an uncharged 

compound. Therefore larger amounts of the charged species would be beneficial for arsenic 

immobilization. 
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Fly ash has interesting effects on arsenic, which could be used to improve remediation 

techniques. Arsenic mobilization would be beneficial for soil wash, while immobilization of 

the element is preferable when stabilization treatment is used. However, the fly ash did 

contribute to the opposite effect and mobilized arsenic in the soil stabilization test and 

immobilized of the element in the soil wash. Researches on arsenic immobilization have been 

performed in aqueous media (Yi et al., 2009; Li et al., 2012) which might affect the 

precipitation, mixing of the samples or formation of hydroxides to a higher extent. Higher 

percentage of ash was used in the soil wash than in the stabilization test, which also might 

have influenced the outcome. For increased knowledge of the results, the mineralogy 

composition of the solid samples and leachate would be interesting for further evaluation. 

More research has to be performed before utilization of fly ash for arsenic site remediation is 

needed. 
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8. CONCLUSIONS 
 

The fly ash has both mobilizing and immobilizing effects on arsenic. The mobilizing effect 

took place in soils, with small amounts of added ash and water. The elevated pH, caused by 

the ash, is probably the main reason for the arsenic mobilization. Arsenic immobilization 

occurred when higher water and ash content were present in the samples. The immobilization 

can be explained by the precipitation of arsenic together with manganese and calcium that 

were present in ash. Elevated amounts of sorption sites, due to the ash addition, might also 

contribute to the reduced dissolution of arsenic. 

The mobility effects of arsenic can be enhanced by washing with higher L/S ratio, as long as 

important factors, such as pH, stay unaffected. The experiment showed best result by soil 

washing at L/S 100.  

The cost-efficient amendment, fly ash, would be beneficial for soil remediation. However, the 

effects ash causes to arsenic and its surrounding environment, demand further research.  
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1. INTRODUCTION 
 

The Swedish EPA has identified about 80 000 contaminated sites in Sweden. 1 500 sites have 

the highest risk classification and are of instant need for remediation. Out of the most 

prioritized sites, arsenic constitutes the single most common contaminant 

(Konjunkturinstitutet, 2008).  

To constitute a site risk the contaminants in the soil have to be hazardous for organisms, be of 

extensive concentrations and require migration potential (SE EPA, 2008b). For prediction and 

understanding of the contaminants behavior and environmental fate, theoretical knowledge 

about the compounds is of great importance. The aim of this literature review is to clear the 

arsenic chemistry and behavior, to constitute a ground for discussion of the results in this 

master thesis work.   

 

1.1 Health effects on humans 
Arsenic is toxic for living organism, such as microorganisms, plants, animals and humans. No 

safe thresholds for consumption of the elements are assumed to exist though any exposure has 

potentials of adverse effects (WHO, 2003). However, an intake over 10 µg/l of arsenic 

contaminated water is considering a risk for the human health. The element arrives usually to 

the body through food and drinking water (WHO, 2001).  

The adverse effect of arsenic intake can either lead to acute or chronicle toxicity (Jack et al., 

2003). The acute effects lead to lethality. A dose of 100 ppm of the volatile compound arsine, 

in less than 30 minutes, has lethal out come on humans (Planer-Firedrich, 2006).  The 

chronicle effects of exposure of arsenic compounds are different kinds of cancer in skin, liver, 

bladder, kidney and lungs (WHO, 2001). The effects can also be non-cancer related, such as 

hyper pigmentation, diabetes and other diseases. Developments of embryos and reproduction 

rate have also shown negative effects of arsenic exposure (Ruan et al., 2000). Chronicle 

poisoning of the element is called Arsenicosis (Jack et al., 2003). If the elements is not 

excreted by the urine it can often be found and collected in skin, hair and nails (WHO, 2001; 

SE EPA, 2008a).  

 

1.2 Arsenic occurrence  
Arsenicosis have mostly been observed among people living in areas with high arsenic 

concentration in the drinking water system (Jack et al., 2003). High concentrations have been 

found in ground waters in parts of Taiwan, West Bengal, India and Bangladesh. WHO (2001) 

estimated that 4-10 millions of tube wells in Bangladesh are contaminated. 92.5% of the 

population being exposed of 0.2-2.0 mg/l in the country has shown symptoms of arsenicosis 

(Bhattacharya et al., 2007). Between 16% and 29% of Bangladesh population will carry the 

disease (WHO, 2003) which makes Bangladesh the region with the most notably arsenical 

problems (Ruan et al., 2000). Other countries where elevated levels of arsenic in the drinking 

water have been found are Chile, North Mexico, Argentina, China, USA and the south 

western parts of Finland (WHO, 2001; Bhattacharya et al., 2007). 
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The bedrock and drinking water wells of Sweden are relatively low in arsenic concentration 

(SSI, 2008). A study showed that approximately 5% of the private drilled wells in Sweden 

were contaminated (SE EPA, 2008a). The highest arsenic occurrence is found in 

Skelleftefältet, alongside the Skelleffteå river in the northern part of Sweden. The area is rich 

in sulfide minerals and since the start of the mining activities in the 1930s has arsenic been 

mobilized in the region (Hallberg, 2007). Other areas in Sweden containing higher arsenic 

concentration in drinking water wells are Stockholm, Jämtland and Öland. Arsenic 

contamination in Sweden is mostly related to sulfuric rich bedrock, however can 

anthropogenic activity such as wood impregnation, smelting activity and waste combustion 

cause pollution (SE EPA, 2008a). More about anthropogenic effects can read in chapter 2.  

 

1.3 Legislation 
The EU-directives join the legislation of the member countries together and creates results for 

which the member countries should reach. The directive 2004/35/EG is about prevention and 

remediation of environmental damages. The directive explains that the objectives and 

principles for the preventing and remedying of environmental damages should be 

implemented in policies. The polluters pay principle, meaning that the operator whose activity 

caused the damages should financially pay for the recovery, is clarified in the directive. The 

local community of the member states should freely decide which remediation strategies suit 

the sites best (EU, 2004).  

 

The national environmental code of Sweden, Miljöbalken, came into power the 1 of January 

1999. It tenth chapter explains how Sweden should power the issues of contaminated sites. 

The first ordinance clears for example the definitions of environmental damages, the 

benchmarks for decision making of remediation techniques and reporting to regulatory 

agency (SFS, 2007). The second ordinance is about financial allowance from the state (SFS, 

2004) and the third and final about the classification of sites concerning environmental risks 

(SFS, 1998).  

 

The Swedish government has set up 16 environmental goals, which should lead and aim to 

symbol the environmental work of the country. The fourth goal is called a non toxic 

environment and explains that no man made substance must make a threat to human health or 

biological diversity. Contaminated soils act as an indicator for the goal. According to the 

Swedish EPA (2012b) the remediation process of the country’s contaminated sites is to slow 

for succeeding the nontoxic environmental goal. 

 

2. REVIEW OBJECTIVE 
 

The objective of this literature review is to clear the chemistry behind arsenic, which 

influences the mobilization and occurrence of the element in different environments.  The 
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review focuses also on the remediation techniques and how ash can be used for the 

remediating processes. 

  



34 

 

A.Bäckström, Master thesis, Division of Geoscience and Environmental Engineering. 

3. GEOCHEMICAL CYCLE AND TRANSPORTATION OF ARSENIC 
 

3.1 Lithosphere 
Arsenic is a naturally occurring component and the 20

th
 most abundant element in the Earth´s 

crust. The average arsenic concentration in the crust is 2 mg/kg (WHO, 2001) and 99% of the 

total amount of the metalloid is present in rocks and minerals (Francesconi & Kuehnelt, 

2002). Altogether, more than 300 minerals containing the element have been found. Arsenic 

is mostly present in different types of sulfides, preferably together with bivalent metals, such 

as iron, nickel and cobalt (Matschullat, 2011).  

  

Table 11. The most common arsenic minerals, modified after: Drahota (2009). 

Mineral Formula 

Arsenopyrite FeAsS 

Cobaltite CoAsS 

Enargite Cu3AsS4 

Loellingite FeAs2 

Realgar As4S4 

Annabergite Ni3(AsO4)*8H2O 

Olivenite Cu2(AsO4)OH 

Clinoclase Cu3(AsO4)(OH)3 

 

Arsenic minerals are produced in all types of rock forming processes, however sedimentary 

rocks have been found containing more arsenic than igneous rocks (Francesconi & Kuehnelt, 

2011). The metalloid has a high affinity towards iron oxide, clay and organic matter. These 

compounds store the element, through high pressures and temperatures during the 

sedimentary rock forming process (Appelo & Postma, 2005; Henke, 2011).  Coal and 

petroleum are two products from that process and might therefore contain large amounts of 

arsenic (Yudovich & Ketris, 2004; Henke, 2011).    

There are several natural ways for arsenic to escape the lithosphere. The largest output of the 

metalloid is through volcanic eruptions. Both terrestrial and submarine volcanoes spread the 

element, which further ends up in air or ocean (Matschullat, 2011). Another natural way of 

spreading is through weathering of minerals. Oxidation of the abundant arsenopyrite can 

leach arsenic with rain water for further contamination of ground water (Anawar et al., 2003).    

 

3.2 Anthroposphere 
Once burning of fuels and exploration of rocks and minerals takes place, the spreading of 

arsenic into the environment increases. Because of copper smelting processes humans have 

been involved in the elemental pollution since the 15 000 BC (Nriagu, 1989). Today, smelting 

of copper and combustion of fossil fuel constitutes to approximately 60% of the total 

anthropogenic release (Matschullat, 2011). Mining activities and creation of geological 
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deposits do also increase the mobility of arsenic and other elements as well. It is mainly 

through water distribution that arsenic is leached and spread from mine sites (Slowey et al., 

2007; Drahota, 2009; Henke, 2011).  

. Arsenic can also be found in several products. The element is utilized in wood preservatives, 

pyro techniques, dyes, colors, pesticides, fertilizers and herbicides. It is also present in 

electronic industries, glass wear productions and metal treatments. The direct effect that 

arsenic has on the human health has long been known. Today the element is therefore to be 

found in chemical weapons as well as medication (Matschullat, 2000).  

 

3.3 Atmosphere  
Arsenic can be found in all types of air. It is present inside of buildings, in soils and sediment 

as well as freely open air (Henke, 2011). A larger amount of arsenic is present in the northern 

hemisphere than in the southern, which is due to heavier industries in the northern part 

(Matschullat, 2000). The element is mostly present as an inorganic compound in the air. 

However, especially in the air over farmlands where pesticides are used, the majority of 

arsenic is present in organic form (Mandal & Suzuki, 2002).         

The retention time of the element in the atmosphere is expected to be between 7 to 10 days 

(Matschullat, 2000). The majority of the airborne arsenic is adsorbed to particles that 

transport with the wind. Loads of arsenic can therefore be found in dust clouds. About 25% of 

the airborne arsenic that exists over the USA originates from African dust (Holmes & Miller, 

2004).  

Even though the transportation of arsenic mostly is associated with particles in the air, the 

element can also vaporize. Most of the vapors consist of the compound As4O6. As4O6 arrives 

naturally from volcanic eruptions, however the anthropogenic combustion of sulfides in coal 

and smelting processes increase the atmospheric load heavily (Wang & Mulligan, 2006). 

Volatile vapors of arsenic are also produced from microorganisms. Under reducing 

conditions, fungi and bacteria form gaseous and methylated arsines (Frankenberger & Arshad, 

2002). 

The atmospheric arsenic returns to the earth by precipitation or as dry fallout when the winds 

stop to blow (Joseph, 1987; Cullen and Reimer, 1988; Henke, 2011).       

 

3.4 Pedosphere  
Though the composition of soils heavily varies the medium is much heterogeneous and 

provides several different environments. Numerous of arsenic contaminated hot spots exist 

around the world. The hot spots originate from natural geochemical enrichments or 

anthropogenic usage of the element (Bhattacharya et al., 2007).  In moderate climates, the 

retention time in soil is several thousand years. However, in tropical regions the retention time 

is considerably shorter (Matschullat, 2011). 

The largest soil input of anthropogenic arsenic arrives from contaminants in the atmosphere. 

Other inputs originate from agriculture as pesticides or in manure. Waste water and sludge put 
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on farmland contain the element. Soils where anthropogenic activities have been performed, 

such as mining and smelting, can be highly contaminated (Reimann et al., 2009). Illegal waste 

dumps and sites are also expected to elevate the elemental amounts in soils (Matschullat, 

2011).  

At low temperature, arsenic becomes volatile and is transported from soil and surface into the 

atmosphere. Other arsenical outputs from the soil are erosion and degradation of matter that 

transports with surface and groundwater (Matschullat, 2011). In the creation of sedimentary 

rock, through deposit of sediment and some cases soil, the element will once again be trapped 

in rocks (Henke, 2009). 

 

3.5 Hydrosphere 
Numerous of arsenic compounds dissolves relative well in both sea and stream water 

(Yudovich & Ketris, 2004). Water is useful for transportation and works as a pathway for 

many trace elements (Kavacar et. al., 2007). Arsenic can dissolve, leach and transport through 

surface and groundwater. The different waters often end up reaching lakes, where the 

contaminations alters (Arai, 2010).  

In open oceans the majority of arsenic arrives from submarine volcanism, atmospheric 

deposition and water from rivers (Matschullat, 2000). The arsenic retention time in sea water 

is about 100 000 years. Within the sea sediment the element has a possibility of being 

recycled to sedimentary rock. It can also be reduced by bacteria and phytoplankton (Henke, 

2011).   

Sediment in streams contains larger amounts of arsenic than the overlying water. The 

transportation of the element is more often performed by sorption onto particles than 

dissolution within the water (Wang & Mulligan, 2006) The arsenic reaches the streams 

through groundwater, windblown dust and drainage from weathering sulfides and other 

arsenic bearing minerals (Henke, 2011).         

Though groundwater percolates soils and sediment it might contain high amounts of the 

element. The concentration highly depends on the type of bedrock the water passes, grain size 

and surface of the soil particles (Ahmed et. al., 2004; Matschullat, 2011), which is further 

explained in chapter 5. Particulate arsenic, within groundwater, is transported with the 

groundwater flow and spreads through diffusion (Matschullat, 2011). The consumption of 

water is the most relevant pathway for the element to reach humans. Tens of millions of 

people are affected by ingestion of arsenic through the drinking water. The most spread 

problem is globally found in Southeast Asia (Bhattacharya et al., 2007; Chakraborti et.al., 

2010).    

 

3.6 Biosphere  
Microorganisms have an impact on the speciation and mobilization of arsenic in soils 

(Frankenberger & Arshad, 2002; Bhattacharya et al., 2007). The organisms can through 

methylation, demethylation, oxidation and reduction transform the element into different 
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compounds (Frankenberger & Arshad, 2002) Laboratory studies have shown that biological 

reduction and mobilization of arsenic is many times faster than chemical transformations of 

the same speciation (Ahmann et al., 1997).  

Arsenic reaches the biosphere naturally through erosion of geological material (Rosen, 2002). 

In contaminated waters and soils the element reaches the organic tissues by the uptake of 

plant roots. The rate of uptake varies largely between different species. Generally, the 

concentrations of arsenic in terrestrial plants do not exceed the concentrations of the element 

in the surrounding soils (O´Neill, 1995). The highest concentration is centered to the roots of 

the plants and the lowest in fruits and seeds (Matschullat, 2000). 

Some plants have the ability to accumulate the element up to certain concentration, without 

suffering any toxic effect. The first known hyperaccumulator for arsenic is Petris vittata, 

which has been proved as an efficient adsorbent and can therefore be useful for remediation of 

the metalloid (Ma et al., 2000). Other hyperaccumulators are certain types of grass, alfa alfa 

and ferns (Vasconcelos et al., 2010).   

Earthworms are of big importance for the health of soil (Brady & Weil, 1996). Some species 

of earthworms are highly tolerant to the metalloid (Geiszinger, 1998). Since earthworms are 

on the bottom of the food chain they have many predators such as birds and small mammals. 

Feeding on earthworms from contaminated areas increases the amount of arsenic within the 

animal tissues (Erry, 1999).    

Concentrations of arsenic are much higher in marine organisms than organism living on land. 

Marine algae, which constitute the base of the food chain, accumulate arsenic. Within the 

organism the arsenic compounds turn into organic form making the element more 

bioavailable. The highest concentration of the element has been found at the top of the food 

chain in the liver of a pilot whale (Kubota et al., 2001). 

  



38 

 

A.Bäckström, Master thesis, Division of Geoscience and Environmental Engineering. 

4. ARSENIC CHEMISTRY 
The element, arsenic, belongs together with nitrogen, phosphor, antimony and bismuth to 

group number 15 in the periodic table.  It has 33 protons and only one stable isotope, which 

contains 42 neutrons and has the mass number 75 (Henke & Hutchison, 2011).  

Arsenic shares preferably its valence electrons with other atoms, creating covalent bonds. The 

element is therefore often charged and consists in different valence states. The possible states 

are -3, 0,+3 and +5, with +3 and + 5 being the most common. Both of the most common states 

are present as oxyanions and are highly toxic for humans (Cullen, 1989; Wang & Mulligan, 

2006a; Henke & Hutchison, 2011). 

 

4.1 Arsenite and arsenate 
Arsenite and arsenate, the two most common states of arsenic, are two inorganic oxyanion 

widely spread in the environment (Francesconi & Kuehnelt, 2002). As for all oxyanions, the 

compounds consist of chemical element bonded to oxygen atoms. The anions can be 

described as AxOy
z-

 , where A represents the chemical element and O the oxygen atom 

(Crittenden, 2005).  

Arsenite is the oxyanion containing As(III). It mostly exists in reducing environment with low 

amounts of oxygen, such as ground and hydrothermal waters (Cullen, 1988; Masscheleyn et 

al., 1991). The anion occurs generally in the form of acids. Depending on pH the acids consist 

of H3AsO3
0
, H2AsO3

-
, HAsO3

2-
 or AsO3

3-
. Arsenous acid, H3AsO3, is the most predominant 

compound of arsenite in the environment, though it is stable between the large pH range of 

pH 4 to 9 (Lafferty & Loeppert, 2005; Porter et al., 2010).     

Arsenate has a similar chemical composition as arsenite, except from the arsenic atom that is 

present as As(V). The arsenate ion is mostly occuring as arsenic acid and exists in oxidized 

environment, such as surface water or oxygen rich groundwater. As for arsenous acid, the 

form of arsenic acid is highly depending on pH and do mostly occur as H3AsO4
0
, H2AsO4

-
, 

HAsO4
2-

 and AsO4
3-

 (Henke & Hutchison, 2009). At pH 2-7 H2AsO4
- 
is the most common 

compound and at more alkaline environments HAsO4
2-

 is present (Lafferty & Loeppert, 2005; 

Wang & Mulligan, 2006a). 

Arsenite is more common in reductive environments and arsenate at oxidizing conditions. 

However, both of the compounds do often coexists and have been observed in all types of 

redox conditions. The ions work as redox pair and converts, at changing redox conditions, 

into each other (Cullen & Reimer,1988). Generally, As(V) reduces faster into As(III), than 

As(III) oxidizes to As(V) (Henke & Hutchison, 2009). ). As(III) is expected to be more toxic 

for organisms than As(V) (Wang & Mulligan, 2006a). Some organisms have therefore the 

ability to oxidize As(III) into As(V) for detoxification of the compound (Santini et al., 2002). 
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Figure 13. Eh-pH diagram of arsenic. Modified after: Wang & Mulligan (2006) 

 

Table 12. The equilibrium reactions of arsenic acids and its pKa values. Modified after: Goldberg & 

Johnston (2001).  

Arsenic acid, As(V) pKa 

             
     2.3 

      
       

      6.8 

     
       

      11.6 

 

Table 13. The equilibrium reactions of arsenous acidc and its pKa values. Modfied after Pierce & Moore 

(1982). 

Arsenous acid, As(III) pKa 

             
      9.2 

      
       

         12.1 

     
       

         12.7 

    

4.2 Arsenic methylation  
Although, the inorganic species of arsenic are predominant in the environment a large part of 

arsenic exists in methylated form. The most common methylated species are 

monomethylarsonate (MMA) and dimethylarsinate (DMA) (Zhang et al. 2006). The main 

difference between a methylated and an unmethylated species is the addition of one or several 

methyl groups (Cullen, 1988; Henke & Hutchison, 2009). Methylation, as well as 

demethylation, can be performed by microorganism (Holm et. al. 1980), such as fungi and 
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bacteria (Cullen & Reimer, 1988). The process takes place in plants, algae, animals and 

humans and the products consist of compounds both volatile and nonvolatile (Guo et.al., 

2005). Methylation is biotic (Frankenberger & Arshad, 2002) but experiments have shown 

that it can be chemically performed in laboratory (Guo et.al., 2005). Since the methylated 

species are less reactive and more easily excreted, they are generally considered as less toxic 

(Kaise et al., 1985). However, the methylated species can still be very toxic and carcinogenic 

and create tumors in organisms (Kenyon & Huges, 2001).  

 

4.3 Arsine and other volatile As-compounds 
The volatile arsenic compounds have a boiling point below 150°C in atmospheric pressure 

and are therefore highly mobile as gas forms in the natural environment. Out of those volatile 

compounds arsine is the most unstable with a boiling point of -62.5 °C (Planer-Friedrich et 

al., 2006). Arsine has been found in gases from landfills, anaerobic wastewater treatments and 

hot springs (Francesconi & Kuehnelt, 2002). Both arsenite and arsenate can during the 

influences of microorganisms and in extremely reducing conditions transform into arsine 

(Cullen & Reimer, 1988; Wang & Mulligan, 2006a). The volatile arsenic gases are listed in 

table 4.  

Table 14. Volatile arsenic gases. Modified after Henke & Hutchinson (2009) 

Compound Form 

Arsine AsH3 

As(III) chloride AsCl3 

As(III) fluoride AsF3 

As(V)fluoride AsF5 

Monomethylarsonous 

acid 

MMA(III), 

(CH3)3As(OH)2 

Dimethylarsinous acid DMA(III), (CH3)2As(OH) 

Trimethylarsine (CH3)3As 

Trimethylarsine oxide CH3 
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5. FACTORS INFLUENCING MOBILIZATION OF ARSENIC 

5.1 Sorption 

The largest factor inhibiting arsenic mobility in soils is the sorption capacity. Arsenic sorbs 

preferably to metal oxides, carbonates and other clay minerals (Wang & Mulligan, 2006a). 

Soil particles, especially colloids, are mostly carrying a positive or negative charge. The 

opposite charges attract each other and results in bonds between the particles. When an ion is 

attracted and adsorbed to a solid particle, the chance of leach ability decrease and the ion will 

for a longer time remain in the soil (Eriksson et al., 2005). The sorption capacity is therefore 

depending on the soil content and its chemical, physical and biological environment, as well 

as the specie of the adsorptive ions (Pierzynski et al., 1994; Al-Abed et al., 2007; Fendorf et 

al., 2010). 

Most soils contain negatively charged silicate minerals, which preferably adsorbs positively 

charged cations. However, the composition of soil changes due to erosion and weathering of 

the minerals. The primary minerals are by ageing transformed into secondary minerals and 

weathering products. Metal oxides, such as Fe- and Al- oxides, are formed from such 

weathering products and are therefore more common in old soils. The metal oxides have a 

positive surface charge and are therefore able to attract negative ions such as ions of arsenate 

and arsenite (Eriksson et al., 2005; Brady & Weil, 2008 ).      

The strength of the ion adsorption is highly depending on the charge difference between the 

particle and the ion. Ca
2+

 is therefore more strongly bound than K
+
 to an adsorbent because its 

charge is twice as much. Therefore bounds As(V) generally stronger than As(III) to 

adsorbents (Eriksson et al., 2005; Al-Abed et al., 2007; Fendorf et al., 2010).  

 

5.2 Inner and outer sphere complexes 
Ions bond to soil colloids in two ways, namely by forming inner or outer sphere complexes. In 

outer sphere complexes the ions are hydrated and surrounded by water molecules. These 

water molecules act as bridges between the charged colloid surface and the ions, resulting in a 

non-contact of the two. Sometimes several water molecules are involved, forming layers 

between the ions and the colloids. The affinity will be based on weakly electrostatic attraction 

and the ions are easily replaced by similarly charged ions (Spiro et al., 1967; Brady & Weil, 

2008).    

For formation of inner sphere complexes, neither the ions nor the colloidal surfaces are 

hydrated. Instead the ions form one or several direct bonds to the atoms on the colloid surface. 

These types of bonds are stronger than the hydrated bonds and the ions within complexes are 

therefore not as easily replaced by other ions (Brady & Weil, 2008).   

 

5.3 Ion exchange  
Ions being involved in outer sphere complex and can easily be exchange by other ions. For a 

moment as short as a microsecond, the adsorbed anion might be located a bit further away 

than the rest of the adsorbed ions. During this microsecond, other hydrated ions from the soil 
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solution have the opportunity to replace the adsorbed ion. The ions existing in outer sphere 

complexes are therefore often mentioned as exchangeable ions (Pierzynski et al., 1994; Brady 

& Weil, 2008).    

An arsenic ion present in soil can both adsorb and desorb through anion exchange. The 

reaction of anion exchange goes fast and will embrace equilibrium between the anions held 

adsorbed on particles and the anions being dissolved in solute. If more arsenic is added into 

the soil solution, a larger amount of the element will be adsorbed by the colloids in the soil. 

As opposite, when less arsenic exists in soil solution, desorption of the element will take place 

(Brady & Weil, 2008). Further explanations can be read in the parts of sorption isotherm and 

competing elements in the report.     

 

5.4 Specific surface area and particle size 

Clay-sized particles are smaller than 2 μm and are of great importance for the chemical and 

physical properties of soils because of their large specific surface areas. The clay sized 

mineral group is the smallest particle size fraction and consists of both primary and secondary 

minerals. The greater specific surface area the minerals have, the greater are their adsorption 

capacities (Nagaraj et al., 1994; Pierzynski et al., 1994; Lottermoser 2010). For that reason 

the majority of contaminants are present among the clay sized particles (US EPA 2002; SE 

EPA, 2006). The specific surface area and the small sized particles affects other physical 

properties as well, such as the water holding capacity, plasticity and swelling of the material 

(Yukselen-Aksoy, 2010).   

 

5.5 Crystallinity 
Due to changing chemical and physical conditions in a soil, the structural orders of the 

minerals change. Unstable structures are usually formed into more stable and crystalline 

arrangements, especially when oxygen is present. More crystalline forms of minerals are 

therefore present in the upper parts of a soil profile, close to the surface. The crystallinity of 

the minerals decreases with increasing depth and reaches the most amorphous state close to 

the bedrock in the lowest parts of a soil profile. Poorly and non-crystalline minerals are, due 

to their charge imbalance, attractive adsorbent for elements and water. The non-crystalline or 

amorphous minerals have also a greater specific surface area in comparison with the more 

structural organized minerals (Kühnel et al., 1975; Fuller et al., 1993; Pedersen et al., 2006; 

Ingri, 2012).  

 

5.6 pH and redox 
The capacities of minerals to adsorb and attract compounds are greatly depending on pH 

(Eriksson et al., 2005). When pH decreases, the amount of hydrogen ions increase and attracts 

the negative surfaces of the minerals. As a result, the number of the negatively charged sites 

decreases. The majority of sites will therefore be positive in acidic conditions and more 

negative in alkaline environments (Xu et al., 1991; O´Neill, 1995; Wang & Mulligan, 2006a). 
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In aquatic systems, the mineral surfaces are surrounded by groups of hydroxides. These OH 

groups can both bind and release hydrogen atoms. The net charge of the particles is, at certain 

pH, zero and uncharged. That pH is called the isoelectric point or the point of zero charge, 

pzc. When the pH in the solution is below the isoelectric point, the surface of the adsorbent is 

positively charged. Opposite happens when pH is above the isoelectric point then the surface 

will, due to desorption of hydrogen ions, be negative (Anderson et al., 1975; Pierce & Moore, 

1982). 

The redox conditions of the environments are affecting the arsenical states. At high redox 

conditions, between 500 and 200 mV, As(V) is overrepresented. At reductive environments, 

at around -200 mV, As(III) is more common in the soil (Masscheleyn et al., 2001). 

Different pH and redox conditions change the sorption behavior and state of the arsenic, 

nonetheless they also change the stability of the adsorbents. Oxides of iron, aluminum and 

manganese dissolve in low pH resulting in a release of adsorbed compounds. Aluminum 

oxides dissolve also in environments with high pH. The states of the metals in the metal 

oxides are also affected by the influence of oxygen. For example Fe(II) changes into Fe(III) in 

higher redox conditions (Ingri, 2012).   

 

5.7 Presence of oxides 
As an anion, arsenic is attracted to positively charge surface areas. Positively charged oxides 

of iron, aluminum and manganese seem to be the most important adsorbents for arsenic in 

natural environments (Redman et al., 2002; Lottermoser 2010).  

Iron oxides 

Iron oxides are minerals composed by one or several atoms of iron and oxygen. They are 

secondary minerals, produced by dissolution of primary minerals or precipitation of ions 

(Lottermoser, 2010). The secondary iron minerals have generally a large surface area and act 

therefore preferably as an adsorbent for elements. In the environment the oxides work as a 

natural geochemical barrier for several contaminants (Ingri, 2012).  

Iron hydroxide forms both inner and outer sphere complexes with arsenate (Waychunas et al., 

1993; Manning et al., 1998; Pedersen et al., 2006). Arsenite on the other hand, has mostly 

been shown forming outer sphere complexes with the secondary minerals (Manning et al., 

1998; Dixit and Herring, 2003) although inner sphere attachments have been noticed between 

arsenite and amorphous iron oxide (Goldberg & Johnston, 2001).  

The most common minerals of the iron oxides are ferrihydrite, lepidocrocite, goethite and 

hematite, with goethite and hematite being the most stable (Larsen & Postma, 2001; Miretzky 

& Fernandez, 2010). However, during time more unstable oxides, such as ferrihydrite, will 

recrystallize into more stable oxides. Through the transformation, which is rather slow, the 

surface areas of the minerals decrease and result in an increase of arsenic desorption (Fuller et 

al., 1993; Pedersen et al., 2006).    

 

Table 15. Common iron oxides and their isoelectric point. 

Mineral Chemical formula Isoelectric point Source 
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Ferrihydrite 5FeOOH*2H2O 7.0 Green-Pedersen & 

Pind, 2002   

Lepidocrocite γ-FeO(OH) 6.9 Green-Pedersen & 

Pind, 2002   

Goethite α-FeO(OH) 6.8 

6.9 

Giminez et al. 2006 

Mamindy-Pajany 

et al., 2011 

Hematite Fe2O3 6.7 

8.1 

Giminez et al. 2006 

Mamindy-Pajany 

et al., 2011 

 

 

The adsorbents of arsenic should preferably have a high isoelectric point. If the surrounding 

pH value is lower than the isoelectric point, the mineral surfaces are covered with positively 

charged hydrogen. The mineral surfaces turn positive through the hydrogen atoms and attract 

negative oxyanions, such as arsenate and arsenite. At pH values above the isoelectric point the 

adsorption rate of arsenic decreases due to the increase of negative surface charges 

(Kosmuluski, 2001; Mamindy-Pajany et al., 2011).     

 

Several studies of arsenic adsorption on different iron hydroxides during shifting pH 

conditions have been performed. Even though the results might vary in some aspects, all test 

showed univocally that the adsorption maximum of arsenate is at a lower pH than the 

adsorption maximum for arsenite. The adsorption maximum of arsenate on iron oxides and 

hydroxides take place at pH between 4 and 5. Arsenite on the other hand adsorbs preferably in 

the pH range of 7 to 8 (Pierce & Moore, 1982; Xu et al., 1991; Manning et al., 1998; Raven et 

al.,1998 ; Dixit & Hering, 2003; Giminez 2006 et al.; Mamindy-Pajany et al., 2011)  

 

 
Figure 14. Adsorbed arsenic onto Goethite depending on the pH. Modified after:  Inskeep et al. (2002) 

Remediation of arsenic can be efficient using zerovalent iron, Fe
0
. Through oxidation steps in 

equations 1-3, the zerovalent iron turns into iron oxyhydroxides (Bang et al., 2004) The 

poorly crystalline structure attracts ions, both positively and negatively charged. The ions 
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either adsorbs to the surface or gets trapped forming secondary minerals (Lackovic et al., 

2000; Bang et al., 2005; Kumpiene et al., 2006)  

 

 

               
            (1) 

                
           (2) 

            (  )    
      (3) 

  

 

Aluminum oxide 

Arsenic sorbs generally better to iron oxides than to aluminum oxides (Youngran et al., 2007). 

Especially arsenite is somewhat selective in the sorption behavior and adsorbs rather onto iron 

than aluminum oxide (Lenoble et al., 2002; Inskeep et al., 2002). Arsenate forms both inner 

and outer sphere complexes with Al-oxides, meanwhile arsenite only forms outer sphere 

complexes with the al-minerals (Goldberg and Johnston, 2000). The highest affinity between 

arsenite and aluminum hydroxides takes place in neutral conditions with a maximum 

adsorption capacity at pH 7. Arsenate adsorbs preferably in more acidic conditions, with a 

maximum when pH is close to 5 (Xu et al., 1991).  

        

Table 16. Common aluminum oxides and their isoelectric point. 

Mineral Chemical formula Isoelectric point Source 

Aluminum oxide 

(Alumina) 

Al2O3 8.8 Kosmulski, 2003 

Aluminum 

hydroxide 

(Gibbsite) 

Al(OH)3 9.1 Jepson et al., 2003 

 

Manganese oxide 

Oxides of manganese do also attract arsenic ions and reduce the mobility of the metalloid. It 

can also oxidize arsenite into arsenate and therefore reduce the toxic level of the ions 

(Tournassat et al., 2002; Lafferty et al., 2011). The big advantage for the manganese oxide 

working as a stabilizer for elements is its narrow Eh-pH field. The oxides are in comparison 

with iron oxides, rather instable in the environment. They can in presence of organics dissolve 

(Stone & Morgan, 1984).  

 

5.8 Clay minerals    

Clay minerals work as good adsorption media for heavy metals, bacteria and organic 

contaminants, and are therefore frequently used in remediation technologies. The matter has a 

preferably high and charged surface area, due to its structure containing sheets of silicon and 

oxygen (Pierzynski et al., 1994). Some clay minerals have the ability to expand, which 

increases the surface area even further (Yukselen-Aksoy, 2010).  Since the clay minerals have 
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a negative charge, they do not adsorb anions as well as hydroxides do, however, in 

comparison with sand and loam, clay showed to have the largest affinity for arsenic (Hua & 

Selim, 2005).  

 

5.9 Sorption isotherm  
For modeling and predicting the spreading of contaminants, it is important to understand the 

adsorption processes inhibiting the elemental mobility (Coles, 2006). The adsorption of 

arsenic onto particles can be described through two equations, namely Langmuir and 

Freundlich isotherm. The two equations are based on an equilibrium relation between the 

elemental concentration adsorbed and dissolved, at a constant temperature (Payne, 2005; 

Giminez 2006; Mamindy-Pajany et al., 2011)  

 

Freundlich isotherm: 

       
 
 ⁄  

Where 

qA = concentration adsorbed in solid phase (mg adsorbate/g adsorbent) 

CA= Concentration in liquid phase (mg/l) 

KA = Freundlich adsorption capacity parameter (mg/g)(l/mg)
1/n

 

1/n = Freundlich adsorption intensity parameters (-) 

 

 

Langmuir equation: 

   
      
      

 

Where: 

qi = concentration adsorbed in solid phase (mg adsorbate/g adsorbent) 

ci = concentration in liquid phase (mg/l) 

K = Langmuir adsorption constant (l/mg) 

Q = maximum amount of sorption sites (mg adsorbate/g adsorbent) 

 

The equations are based on several assumptions. For example is there no limitation of 

adsorption site in the Freundlich equation. The Langmuir equation considers all available sites 

being identical, binding to at most one molecule, which means that only molecular 

monolayers exist. In reality there are numerous of other factors influencing the adsorption, 

such as precipitation, dissolution, microbial activity etc. (Crittenden et al., 2005). However, in 

fixed laboratory conditions, both the equations have been useful explaining the adsorption of 

arsenic onto minerals (Giminez 2006; Payne 2005; Mamindy-Pajany et al., 2011). For the 

usage of different LS ratio, when trying to desorb the contaminants, the equations show 

univocally that a smaller elemental concentration in the solute would increase desorption. So 

higher LS ratio would be beneficial for desorption if all the other variables, such as pH, 



47 

 

A.Bäckström, Master thesis, Division of Geoscience and Environmental Engineering. 

adsorbent, temperature etc. were kept constant. Hesbach et al. (2010) showed that the fly ash 

leachate of arsenic increased with increasing LS ratio. Even if the arsenic release was limited, 

the highest value in the solution was found at L/S 100.  

 

5.10 Desorption 
Arsenic adsorbed to minerals and organic matter can through several factors be mobilized 

once again. Ion displacement, alkalinity over pH 8.5, reduction of arsenate to arsenite and 

mineral dissolution are examples of influencing desorption factors (Fendorf et al., 2010).   

 

5.11 Competing elements 
Other anions, as well as arsenic, do also adsorb onto particles and minerals, and can therefore 

depress the arsenic sorption by competing for the surface sites of the minerals. Elements, such 

as vanadium and phosphate, acts as competitors for especially As(V) and have the ability to 

desorb and replace the ion (Dixit & Hering, 2003; Smedley, 2005; Mamindy-Pajany et al., 

2011). Phosphate and As(V) is similar to both size and charge, which makes the two 

oxyanions act as substitutes (Fendorf et al., 2010). According to Youngran et al. (2007) 

vanadium and selenium create larger complexes with iron(III) oxides than aluminum(III) 

oxides and depresses therefore the As(V) adsorption to iron oxide to a larger extent than to 

aluminum oxide. The presence of phosphate and silica solutes hindered the adsorption of 

As(V) to both of the metal oxides (Youngran et al., 2007). Species of carbonate that arrives 

from biodegradation of organic matter can also inhibit arsenic sorption. Bicarbonate interferes 

especially with As(III) (Anawar et al., 2004).   

 

5.12 NOM –natural organic matter 
Natural organic matter, NOM, influences the mobility of arsenic in the environment. The 

organic matter derives from decomposition of animals and plants, which can either result in 

an insoluble matter or a dissolved solution. The majority of the dissolved organic matter is 

present as humic and fulvic acids (Ko et al., 2006; Wang & Mulligan, 2006b). Since NOM 

originates from decomposed biomass, it is a heterogeneous and complex material. NOM 

consists of several functional groups with the majority having a negative charge. In 

environments with natural pH, the functional groups form complexes with positively charged 

cations and metal oxides (Redman et al., 2002). NOM competes therefore for available 

surface sites with arsenic, mobilizing the metalloid (Xu et al., 1991; Redman et al., 2002; 

Wang & Mulligan, 2006b) Grafe et al. (2002) showed however, that the competition depends 

on the type of dissolved organic matter and the pH. Arsenite was out-competed by fulvic acid 

at low pH when trying to adsorb onto ferrihydrite. Arsenate on the other hand was only 

affected at a high pH and the humic acid did not, according to the author, have any effect on 

the arsenic adsorption.     

NOM can also serve as a binding material that attracts arsenics. The positively charged 

metals, that exist in organic complexes in the matter, can attracted the arsenic anions and 

create bridges that immobilize the element. However, arsenate has shown a weaker 
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complexation than arsenite onto humic acids, and the kinetic is relatively slow (Ko et al., 

1991). 

 NOM has an ability of submitting electrons, resulting in reductive environment. The matter 

can reduce iron and manganese oxide, leading to an increase of the arsenic leaching. NOM 

can also reduce arsenic itself, making arsenate turn into the more toxic and mobile arsenite 

(Wang & Mulligan, 2006b).    

 

5.13 Precipitation 
Both As(V) and As(III) precipitates in soils and sediment and reforms from dissolved phase to 

solid states in minerals. Arsenate precipitates together with multivalent cations, such as 

Fe(III)/Fe(II), Mn(II) and Ca(II). In acidic conditions is ferric ion the favored metal for 

precipitation and reforms scrodite, FeAsO4*2H2O, at high redox.  In alkaline environments 

are instead calcium and magnesium best suited for precipitation with arsenate (Fendorf et al., 

2010; Porter et al., 2010) Salts of Ca3(AsO4)2 and Mn3(AsO4)2*8H2O have been noticed at 

alkaline conditions (Porter et al., 2010). Lime, CaO, is often used for control of acid drainage 

from mines and treatment of industrial waste. Because of the addition of lime, which 

increases the pH and raises the amount of calcium in the solute, arsenate might precipitate 

(Bothe and Brown, 1999). However, several precipitation products are easily soluble at 

neutral conditions (Inskeep,et al., 2002) and limning can therefore not guarantee a long time 

stable solution.  

Arsenite precipitates together with sulfides and create the minerals orpiment, As2S3, 

arsenopyrite, A FeAsS, and realgar, As4S4 (Fendorf et al., 2010; Porter et al., 2010). However, 

realgar can only be obtained at strongly reductive conditions and is therefore an unlike 

precipitate product (Porter et al., 2010).    
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Figure 15. pe-pH diagram of precipitation products (Porter et al., 2010) 

 

  

5.14 Alkaline materials 
Alkaline materials, such as sodium sulfide or sodium hydroxide, are utilized in metallurgic 

processes to separate arsenic from ores (Anderson & Twidwell, 2008). It is therefore widely 

accepted that arsenic becomes mobile at higher pH. An addition of alkaline material, which 

for example often takes place in mine tailings, may not therefore be beneficial for retention of 

the arsenic (Lottermoser, 2010).  However, studies have shown that arsenic might form 

complexes with the additional alkaline matter, which reduce the mobility of the metalloid 

(Paktunc et al., 2003; Davis et al., 2007).   

 

5.15 Temperature 
Temperature has been noted to diversely affect the mobilization of arsenic. The maximum 

load capacity of the element on goethite decrease with increasing temperatures, mobilizing the 
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arsenic (Matis et al., 1999; Zakaznova-Herzog et al., 2006).Meanwhile, using iron treated 

active carbon as an adsorbent in elevated temperatures, from 23°C to 35°C, increased the 

adsorption of arsenic, immobilizing the metalloid (Payne, 2005).  

Two measurable variables that changes due to shifting temperatures are the minerals 

isoelectric point and the equilibrium constant, pKa, of the arsenic acids (Kersten & Vlasova, 

2009). Zakaznova-Herzog et al.(2006) showed that the pKa value for arsenious acid decreased 

from 9.25 to 7.11 when the temperature rose from 25 to 300°C. That means the ratio of 

H3AsO3/H2AsO3
-
 will, due to higher temperatures, be equal to 1 at lower pH.  The isoelectric 

point for minerals will also be affected at higher temperatures. The isoelectric point for 

goethite decreased form 9,45 to 8,20 when the temperature increased with 65°C. Assemble of 

the two variables gave the chemical formula 4 and the shifting pKa values in table 7 (Kersten 

& Vlasova, 2009). 

                 (   )   (  )
        (4) 

 

Table 17. pKa values for equation 4 at different temperatures. 

 Modified after Kersten & Vlasova (2009) 

T pKa 

10°C 6.18 

25°C 5.90 

50°C 5.55 

75°C 5.26 

 

The pK value becomes lower at higher temperatures, meaning that more arsenious acid will 

be present in the leachate at higher temperatures.  

Rastas Amofah et al. (2011) tried different amendments for soil washing, showing that the 

temperature effects the used amendments differently. The elevated temperature of 40°C 

showed increased mobilization for As, however the temperature had bigger influences on the 

mobilization where NaOH and dithionite-citrate-oxalate were used as amendments, and a 

slightly less effect on the oxalate-citrate.  

Das and Anand (1999) showed that the amount precipitation products of arsenic and iron 

increased with increasing temperature. At 70 °C approximately 83% of the original arsenic 

content did stay in a precipitation product. At 100 °C had 97% of the arsenic precipitated 

together with the iron. Nishimura and Umetsu (2001) noted a decrease in precipitation 

products between arsenic and manganese in presence of ozone with increasing temperatures. 

Steady increase of dissolved arsenic took place between the temperatures of 20-55°C. After 

55°C greater concentrations of arsenic remained in the precipitating products, which was 

explained due to increased crystallinity of the formations between arsenic and manganese.    
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6. ARSENIC SITE REMEDIATION TECHNIQUES   

Between 1994 and 2005, 20 arsenic contaminated sites were remediated in Sweden. The most 

common remediation technique for handling the soils was landfilling through excavation. 

70% of the arsenic contaminated sites ended up on a landfill, either as construction material or 

waste. The used techniques for the rest of the sites concerned either thermal treatment or soil 

washing (SE EPA, 2006).   

The United States has been more progressive in full scale tests concerning different 

decontaminating techniques for arsenic soils. Solidification/stabilization, vitrification, soil 

washing, electrokinetics, phytoremediation and biological treatment are measures with 

positive results (US EPA, 2002).  

All the technologies mentioned above can roughly be categorized into concentration or 

immobilization methods. The concentration methods aim to collect the contaminants and 

increased the concentrations in certain areas. The loads of contaminated soils decrease 

through the separation achieved by the method. Soil washing and electrokinetics are two 

examples in this report of concentration methods concerning arsenic. The rest of the measures 

further explained in the report are for arsenic immobilization methods. The immobilization 

methods aim to reduce the spreading and bioavailability of the contaminants from the source. 

The contaminants will therefore remain in the soils, although the environmental risk is 

reduced (SE EPA, 2006). Thermal treatment is considered a method of destruction for organic 

compounds and not an immobilization method. However, the treatment has an effect of 

vitrification on arsenic and is therefore presented as an immobilization method in this report. 

Table 8 summarizes roughly the arsenic remediation technologies presented by the United 

States and the Swedish Environmental Protection agencies, US EPA (2002) and SE EPA 

(2006). The table presents the best suited soil and the preferable contaminants for each 

technology. It also clears the advantages and reported costs of the measures. The costs are 

more an indication than an absolute value of the operating costs. The capital costs, the price of 

the equipment, and maintenance are not included. The costs were collected from the 10 year 

time period, during the 1990´s. The cost results do not regard any inflation that took place 

during that time. The US EPA (2002) do also point out that costs are highly depending on the 

type of contaminated waste, the site and possible co-contaminants. The costs in this report 

should therefore not be a foundation for comparison, but more pass a hint of operating price. 

The table 8 follows by short presentations of mentioned technologies.
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Table 18.Summarized facts from US EPA (2002) and SE EPA (2006) about arsenic remediation techniques – suited soil, contaminant, advantages and cost range. 

 Preferable soils Best sited 

contaminants 

Disadvantages Cost ranges 

Concentration methods     

Soil wash 

Off-site/On-site 

Homogenous soil, low in carbon 

content, low amount of the 

smallest size fraction.  

Metals, PAH, PCB  Addition of acids increases the mobilization of 

some elements after washing. 

 Added wash chemicals remain in the soil after 

cleaning. 

$30 -$400 /ton 

Electrokinetics 

In situ 

Saturated homogenous soil with 

small particle size. Sufficient in 

soils low in salinity.  

Metals  Limited depth for the reach of electrodes. 

 Only tried in pilot scale for arsenic. 

 Addition of extraction fluids. 

$50-$270 /m
3 

Immobilization methods     

Stabilization/Solidification 

In situ 

Mineralogical soils, low in 

carbon content. Homogenous 

sand soils.    

Inorganic 

contaminants. 
 Increases soil volume with 20-50%. 

 Stability can be affected by frost formation, org 

material, ground water, inhibition by compounds 

and already formed metal complexes.  

$60 - $290 /ton 

 

Vitrification 

In situ 

Surface soil not deeper than 6 

meter.  

Not contain too high 

concentrations of metals and 

organics. 

Metals, 

radionuclides and 

organics 

 Increased gas formations, mobilizing elements 

(As, Hg, Cd).  

 Increased density of treated material. 

 Content of Cl
-
, F

-
,S and SO4

2-
 inhibits the glass 

formation, pretreatment needed.  

< $400 /ton   

Thermal treatment 

Off-site 

Soils high in organic. Only small 

soil volumes, due to high costs.   

Organic 

contaminants, PCB 

and dioxins.  

 Creation of volatile dioxins in insufficient 

combustion.  

 A sterile rest product.   

High costs and 

unsuited for metals, 

not a firsthand 

choice.  

Phytoremediation 

In situ 

Growable soil. Small 

concentrations of contaminants.  

Bioavailable and 

shallow 

contaminants. 

 Fragile method for climate, weeds, pests and 

affected by seasonal changes. 

  Arsenic introduction to the food chain    

$0,02 - $1,0 /m
3
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Biological treatment 

On-site 

Small concentrations of 

contaminants 

Organic bioavailable 

contaminants. 
 Adjustments of temperature, pH, oxygen, 

watercontent and available nutrients must be 

performed. 

 Limited effect on arsenic. 

$0,1-$0,4 /m
3 
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6.1 Soil wash 

The aim of the soil wash method is to wash soils and sediments clean from contaminants. So 

far the method has mostly been used for soils and sediments contaminated with metals, but it 

has also shown positive results for organic contaminants, for example PAH and PCB. 

Together with water often enhanced with chemical additives such as leaching agents or acids, 

the contaminants dissolves into the water phase (Elgh-Dahlgrena, 2009). The procedure 

results therefore in a metal sludge that after dewatering further is treated in other processes or 

directly put at landfill. The water used in the procedure is then reused for further washing. 

The soil washing procedure is an off-site method for fixed washing stations or an on-site 

procedure when mobile washing facilities are used. When the method is used in-situ it is 

called soil flushing (SE EPA, 2006).  

Contaminants are mostly attached to smaller particles thus the wash procedure starts with 

separation of the bigger units for minimizing the soil volume. For a positive wash result, the 

soils are preferably homogenous, contain a smaller amount of the fine fractions such as clay 

and silt and are low in carbon content (US EPA, 2000; SE EPA, 2006).  

  

6.2 Elektrokinetics 
Utilization of elektrokinetics has preferably been used for dissolved metals in soils. The 

method can both perform in-situ and off-site and decreases the spreading of metals by 

assembling concentrations to certain areas (Yuan & Chiang, 2008). Two electrodes, one 

positively and one negatively charged, are put into the soil to create an electric field. Charged 

ions, particulates and water are affected by the electrical field and start to move towards the 

electrode with the opposite charge. Arriving contaminants can be removed from the soil by 

deposition of electrodes, precipitation, adsorption or pumping of water close to the electrodes 

(US EPA, 2002; SE EPA 2006; Yuan & Chiang, 2008; Buchireddy et al., 2009).  

Remediation with electrokinetics works best in homogenous soils with small particulate size, 

such as clay. To obtain positive results, the ground should be saturated and relative low in 

salinity. Addition of water can therefore be necessary before utilization of the method. For 

minimizing precipitation of metals, that clogs pore spaces and further reduce of the soil 

permeability, the pH adjustments must be performed (US EPA, 2002). Arsenic is often tightly 

held to soil particles, which inhibits the mobilization of the metalloid. An addition of 

chemical reagents is therefore desirable for a satisfied remediation with electrokinetics (Yuan 

& Chiang, 2008). 

 

6.3 Stabilization and Solidification treatment 

The aim of the stabilization/solidification, S/S, technology is to reduce the mobility of arsenic 

within the soil by adding immobilizing binders. The technique is applicable on both inorganic 

and organic substrate and can be performed both in situ and ex situ (US EPA, 1997). Since 
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arsenic preferably adsorb onto metal oxides, it is favorable if the soil of stabilization contains 

such minerals (Kumpiene et al., 2008).     

Together with binders such as cement, lime or fly ash the contaminated soils are mixed to 

slurry, paste or semi liquid state. With time this liquid state will be formed into a solid 

material and trapping the elements inside to inhibiting movements. When liquid is present in 

the soil or waste the procedure has to start with a soil pre-treatment, so called solidification. 

The contaminant is then encapsulated or adsorbed to the amendment forming a solid material. 

For enhancement of the material strength, curing time or capsulation of the contaminants, pH 

adjustments have to be performed (US EPA, 2002).   

Since the technology is based on the remains of the contaminants within the soil, arsenic 

should preferably be in its most immobile state, As(V). Arsenic contaminated soils are 

therefore often pretreated, for example with chemical oxidation, before enrolment of the S/S 

technology (SE EPA, 2006). Several factors such as pH, redox potential, presence of organic 

material, waste characteristics and loads of fine particulate matter affect the S/S performance. 

The presence of organics can reduce the strength and durability of the solid material and 

weaken the bonds between particles and contaminants. Some substances, such as halides, 

cyanide, sulfate and calcium, or salts of manganese, zinc, copper or lead, affects the 

stabilization in the same way as the organic material.  It is therefore of importance that the 

containment of those substances are limited in the treated soil or waste (US EPA, 2002; SE 

EPA, 2006). Fine particulate matter is often coated, which inhibits and weakens the bonds 

within the solid material. Through the mixing procedure it is necessary to ensure that the 

contaminants are attached to the solid particles and not being restrained by the coatings (US 

EPA, 1997). After S/S treatment the soil volume increases with 20-50%, due to addition of 

amendments and the volume of the stabilization products. In-situ performance results 

therefore in a raise of the ground.  

 

6.4 Vitrification 
Through the vitrification technology the contaminants are encapsulated and surrounded by 

glass material that inhibits the movements of the elements (Park et al., 2005). Arsenate may 

for example be transform during the treatment into silicoarsenates, which is less reactive to 

surrounding environments. Vitrification is a high temperature treatment, which takes place at 

1600-2000°C. By addition of electrodes into the ground, the heat is spread through 

microwaves. Because of the high temperatures arsenic, as well as other metals such as 

mercury and cadmium, might volatilize and spread to the air above the soil. An air pollution 

control device is therefore often attached during the usage of the method (SE EPA, 2006).  

The in situ vitrification method can be used in all types off soil and wastes, however, the 

depth of usage should not exceed 6 meters or be used close to ground water. The in situ 

performance might be inhibited by the surface air pockets. Soils containing high amounts of 

metals and organics are not favorable for vitrification, though it can cause excessive heating 

that causes damage to equipment and increases gas release (US EPA, 2002).   

 



56 

 

A.Bäckström, Master thesis, Division of Geoscience and Environmental Engineering. 

6.5 Thermal treatment 
Thermal treatment is mostly used for treatment of organic contaminants. Through elevated 

temperatures and with addition of oxygen organic contaminants transform into inorganic rest 

products (Pina et al., 2002).The combustion takes either place in a rotation device or at a 

horizontal bed. The burning in the rotation device needs temperatures around 1200-1400 °C. 

The combustion on a bed does not require as high temperatures as in the rotation device, 

however, the air in a bed has to be added through blowing procedures (SE EPA, 2006).    

Although extinguish of arsenic will not take place with thermal treatment, hot spots in 

Sweden have been treated with the method. The arsenic rest products left after the combustion 

were vitrified and trapped in glass phase. The rest products turned consequently inert and 

arsenic stayed uneager to leach. Thermal treatment is a rather expensive method and is 

therefore not held as the first choice for arsenic remediation among Swedish stakeholders. 

Because of the high costs has only small amounts of metal contaminated soils been 

remediated by this treatment (SE EPA, 2006).    

 

6.6 Phytoremediation 
Phytoremediation is applied as a common name for all biological, chemical and physical 

processes that are influenced by plants and rhizosphere to immobilize and clean up the 

contaminants form surrounding area. Arsenic can either be up taken by plant roots and 

accumulate in shoots and leaves, or immobilized by chemical compounds excreted from roots 

(US EPA, 2002; Mench et al., 2006).  

For utilization of phytoremediation the contaminants must be located in the upper parts of the 

soil where plant roots can reach. Petris Vittata is a hyperaccumulating fern that can adsorb 

greater arsenic concentrations than the content of the surrounding soil and is known to be the 

most efficient arsenic accumulator. The best hyperaccumulators are assumed to be able to 

adsorb 3% of their total weight. Therefore are the remediation results highly dependant on the 

plants speed of growth.    Sunflowers, Indian mustard, corn and different types of grasses are 

examples of plants that can be used for phytoremediation (Wang & Mulligan, 2006b).  

Phytoremediation is best used on sites with small to medium concentrations of contaminants. 

If the soils are heavily contaminated it can be toxic for the plants and inhibit their growth. 

Factors that normally influence plant growth, such as climate, seasons, weeds and pests, will 

influence the remediation and affect the length of the treatment time (Wang & Mulligan, 

2006b). There is a chance that phytoremediated arsenic will be introduced to the food chain, if 

animals consume the plants. Investigations of the bioavailability and toxicity for different 

animals might be needed.  

 

6.7 Biological treatment 

Biological treatment is via microorganism generally used to degrade organic contaminants. 

However, arsenic is influenced by some organism, especially sulfate and arsenic reducing 

bacteria. The bacteria can either act directly on the arsenic species or its surroundings 

resulting in a precipitation of the metalloid, which immobilizes the element (US EPA, 2002).  
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For positive results of the biological treatment the surrounding environment has to be 

beneficial for the growth of the organism. Favorable temperature, pH conditions and available 

nutrients are therefore important factors. The contaminant concentrations are not allowed 

being too high, because of the toxicity it might cause to the organism. Since arsenic easily 

coprecipitates with iron, the soil has also to contain high concentrations of that metal 

(Mulligan & Yong, 2004).  

 

6.8 Amendments 
To either increase or decrease the elemental mobility, most of the remediation technology use 

different kinds of amendments. The amendments affect often the pH, for example soil 

washing with acids (Elgh-Dahlgrena, 2009) or stabilization with lime (SE EPA, 2006). 

Though big volumes of amendments sometimes are demanded, it is important to utilized 

substrates that are cost-efficient (Jovanovic et al., 2011) Ash is a waste product in the society 

that in Sweden increases to its amount (SEA, 2010). Ash has properties that influence arsenic 

behavior and is a low cost product (Ahmaruzzaman, 2010). Utilization of ash for remediation 

of arsenic would be beneficial for the measuring costs and the spreading of application field 

for ash.     
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7. ASH 
Ash is produced during combustion of fuel, either in a volcano or a manmade power plant 

(Joshi & Lohita, 1997). During combustion of different fuels several decay products are 

formed, such as bottom ash, cyclone ash and fly ash. Bottom ash is normally the biggest 

fraction of the produced ash. It is collected from the bottom of the power plant and contains 

mostly stones and scrap metals. Fly ash is a generic term for all ashes that transport with the 

combustion gases. The fly ash contains the finest particles of the ashes and heaviest load of 

contaminants. Cyclone ashes are aches separated by a cyclone and may in broad terms also be 

referred to as fly ash (Joshi & Lohita, 1997; Avfall Sverige, 2009). 

In year 2010 Sweden produced approximately 1,5 million tons of ashes. The production had 

in four years increased with about 20%. Out of those 1,5 million tons, approximately 40 % 

were fly ashes. The biggest part of the ashes in Sweden is created through combustion of 

industry and household waste. Combustion of paper mill sludge and biofuel are other 

important sources. Only 4% of the total amount of ashes arrives from the burning of coal 

(SEA, 2010) 

Cover material for landfills is the most common usage for ashes in Sweden (Figure 4, SEA, 

2010). It is also rather common to use the substance as construction material in roads. A 

larger part of the ashes ended in landfills in 2010 in comparison with 2006. In 2006 ended 

52% of ashes in landfills, mostly as landfill cover material. 

  
Figure 16. Utilization of ash in Sweden 2010. Modified after Svenska Energi Askor (2010) 



59 

 

A.Bäckström, Master thesis, Division of Geoscience and Environmental Engineering. 

 

7.1 Fly ash 
The physical, chemical and mineralogical properties of fly ash are highly dependent on the 

original source of burning and the combustion conditions during the incineration. How the ash 

is handled and stored may also affect the content. For those reasons the ash content varies 

heavily between power plants (Joshi & Lohita, 1997; Jala & Goyal, 2006). Fly ash contains 

very fine particles with an average diameter of less than 10 μm. The particles are often hollow 

with an outer layer consisting of a sphere. These thin spheres are important for the air rides of 

the particles and ease the transportation. Inside of the sphere both amorphous and crystalline 

substances with high surface areas are present (Jala & Goyal, 2006). When the fly ash 

originates from combustion of coal, the inside of the particles contain unburned carbon, which 

strongly attracts ions (Sivapullaiah & Lakschmikantha, 2010). The major constituents of fly 

ash are normally silica, alumina and oxides of iron and calcium (Joshi & Lohita, 1997). 

Elements usually present are Al, P, Fe, Ca, K, Si, Mg, Na and Al. The content of toxic metals 

varies, but the elements of Hg, Cd, Cu, Pb, and As can be found (Svensson et al., 2005). 

Fly ash is an alkaline material, which increases the pH for the surrounding environment. The 

pH for the initial leaching of fly ash is often between 10,5 to 12,5 (Avfall Sverige, 2009). The 

alkalinity of fly ash can be correlated with its Ca concentration (Kim, 2006), which after 

ageing is present as secondary minerals as calcium oxides or hydroxide (Brännvall et al., 

2010). Because of the alkaline environment, the cations in both the ash and surrounding area 

are less eager to leach (Kim, 2006).  

The major chemical component in the ash content, forming different oxides and hydroxides, 

and their great surface area, particle size distribution and porosity, make the ash work as a 

great adsorbent for both organic and metal compounds (Ahmaruzzaman, 2010). The fly ash 

can therefore be stabilizer for other wastes, such as sewage sludge (Mácsik et al., 2006).   

Since fly ashes contain high amounts of elements and ions, the assumption that it would be 

harmful to use them in the environment might be considered. Fly ash leachate studies have 

been performed (Kim, 2003; Avfall Sverige, 2009; Hesbach 2010). The tests show that the 

ash elements are rather insoluble. Several elements precipitate as secondary minerals, such as 

hydroxides, sulfates and carbonates. In alkaline environments the secondary minerals are 

stable and possess a high affinity for cations. If pH decreases to acidic conditions the cations 

of Be, Cr, Mg, Mn, Zn, Al, Co, Cu, K and Ni would dissolve into the solution (Hesbach, 

2010). Ca and Na have shown being slightly mobilized during almost all conditions (Kim, 

2003). Since arsenic is present as an anion, the test on the fly ash leachate showed increased 

amount of arsenic at alkaline conditions above pH 8 (Kim & Kazonich, 2004; Hesbach, 

2010).  

 

In spite the rather insoluble state of fly ash, the ash materials arriving from combustion of 

waste are in most cases not allowed in Swedish landfills. The fly ash sometime contains too 

high concentrations of chloride, which since 2005 is a restricted element in the country’s 

landfills. Since 2005 have the exports of fly ash to Norway therefore increased (SE EPA, 

2012).   
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