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Believe those who are seeking the truth. Doubt those who find it. 

André Gide 
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ABSTRACT 

High arsenic level in natural waters, and in the ground, is nowadays a worldwide problem. Soil 

stabilization is a low-cost technology aiming to reduce the arsenic mobility in soil preventing the 

migration of the contaminant into the environment. 

Addition of iron oxides to arsenic contaminated soils has been proposed as an effective 

remediation technique. The aim of the present work was to re-use iron ore broken pellets, i.e. a 

waste from mining industry, to immobilize arsenic within soil. A treatment was developed to 

increase the surface area of the iron ore broken pellets and therefore increasing its adsorption 

efficiency. Four different iron oxides were evaluates: metallic iron grid, fine magnetite powder, 

iron ore broken pellets and broken pellets modified by the developed treatment. Spherical 

nanoparticle aggregates covering the surface of the broken pellets were observed upon the 

application of the developed treatment. 

The immobilization performance of the iron oxide materials was evaluates for soil with and 

without plants. Soil pore water samples were collected and analysed after 11, 30 and 54 days. At 

the end of the experiment, the trace-element content of the plant shoots was analysed and a 

sequential extraction was performed for bulk and rhizosphere samples. 

While the zerovalent iron significantly reduced the mobility of arsenic in the contaminates soil, 

both in the presence and absence of plants, the other three iron oxide amendments did not 

significantly reduced the mobility of arsenic in the soil. 
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1 INTRODUCTION 

1.1 Arsenic in the environment 

1.1.1 Arsenic occurrence and risk to human health 

Arsenic is a very toxic element which is widely distributed in the Earth Crust. High levels of arsenic 

in groundwater naturally occurs in several countries, such as Argentina, Bangladesh, China, Chile, 

Mexico and Nepal (Galetovic and de Fericola, 2003; WHO, 2012; Mohan and Pittman, 2007). The 

most common way for people exposure to inorganic arsenic is through drinking of contaminated 

water. The World Health Organization recommends a maximum value of 10 µg/l in drinking water 

(WHO, 2012; WHO, 2001; Mohan and Pittman, 2007). However, some of the countries showing 

high level of arsenic in their groundwater have set their guideline values for arsenic in drinking 

water at 50 µg/l due to economic and technical limitations associated with the purification of 

contaminated water (Galetovic and de Fericola, 2003; Mohan and Pittman, 2007). Hence, the 

development of efficient and cost-effective purification methods has crucial importance to 

overcome these limitations. Exposure to sufficiently high levels of arsenic by humans is lethal: the 

lethal dose of arsenic oxide is 100-200 mg, although people survived from larger quantities 

(Benramdane et al., 1999). On the other hand, long-term exposure to moderately high levels of 

arsenic by humans can cause skin lesions, cancer mainly affecting bladder, lung and kidney; as well 

as neurotoxicity, cardiovascular diseases and diabetes (Jain and Ali, 2000; Saha et al., 1999; 

Mohan and Pittman, 2007). In Taiwan arsenic exposure has been linked with “blackfoot disease”, 

but it has not been observed in other parts of the world (WHO, 2012; Chen et al., 1985). 

 

1.1.2 Arsenic contamination 

Arsenic contamination may occur due to a high natural abundance of this element in rocks and 

soils, but also as a result from human activities, such as mine tailings, coal combustion, CCA wood 

preservative or arsenic based pesticides (McAuley and Cabaniss, 2007; Stilwell and Gorny, 1996; 

Han et al., 2003; Nriagu et al., 2007). 

Arsenic is present in more than 200 minerals; being arsenopyrite (FeAsS) the most abundant 

phase. Nevertheless, other sulphide minerals, phosphate minerals and oxide minerals are also 

common (Garelick et al., 2008; Klein, 1999). Volcanic rocks containing high arsenic concentration 

are another important source of arsenic (Garelick et al., 2008; Smedley and Kinnburgh, 2002; 

Nriagu et al., 2007). 

Some of the main industrial processes that contribute to the arsenic contamination are mining, 

smelting of non-ferrous metals and combustion of fossil fuels (Garelick et al., 2008; ATSDR, 2009). 

Historically, arsenic pesticides have extensively polluted agricultural areas (Han et al., 2003; 
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Nriagu et al., 2007). Another potential contributing source of arsenic in soil is the use of the 

arsenic in the wood preventive treatments (Stilwell and Gorny, 1996; Nriagu et al., 2007). 

Chromate cooper arsenate (CCA) is a wood preservative that has been used since the 1930’s (Hunt 

and Garratt, 1953). A common composition of CCA is 47.4 % CrO3, 18.5 % CuO and 34 % As2O5. The 

soil contaminated by CCA can be found next to CCA-treated wood, near wood impregnation 

industries and at areas contaminated by accidental spillage of CCA (Dobran and Zagury, 2006). 

 

1.1.3 Arsenic contamination in Sweden 

About 83000 sites in Sweden show high levels of arsenic and the remediation of them is expected 

to cost about 60 billion SEK (Konjunktur institutet, 2008). Arsenic is defined as a very hazardous 

contaminant, therefore it can be found in the 26 % of the most prioritized sites. The arsenic 

contaminated soils in Sweden are mainly polluted for the CCA wood preservation industries and 

the mining activities (Konjunktur institutet, 2008; Bhattacharya et al., 2002; Gustafsson and 

Jacks, 1995). The arsenic concentration in the soil has a high variability, for example non-

contaminated soils in Sweden have a concentration of 0.2 - 40 mg/kg. A study in 14 countries of 

Sweden showed that the 5 % of the investigated wells contained an arsenic concentration above 

10 μg/l and a 2 % showed levels above 100 μg/l (Konjunktur institutet, 2008). 

 

1.2 Arsenic chemistry 

Arsenic is a metalloid element with symbol As and atomic number 33. It exists in several oxidation 

states, but it is known that can be mainly found in groundwater as As(V) and As(III) (Mohan and 

Pittman, 2007). Arsenic (V) dominates under oxidation environments, while the prevalent form 

under reducing conditions is arsenic (III). Arsenate (H3AsO4; As(V)) and arsenite (H3AsO3; As(III)) are 

the inorganic species of arsenic and are abundant in aqueous solutions; on the other hand, the 

organic methylated species, monomethylarsonic acid (MMAA) and dimethylarseninic acid (DMAA), 

are often found in lower concentrations in natural waters (Bhattacharya et al., 2010; Mohan and 

Pittman, 2007; Dobran and Zagury, 2006). 

There are two important factors controlling arsenic speciation: redox potential and pH 

(Bhattacharya et al., 2010). Under oxidizing conditions (top region of Figure 1), at pH 2.3 - 6.8 

H2AsO4
- is the species that dominates, while HAsO4

2- is present at more alkaline environments (pH 

6.98-11.6). H3AsO4 is present at extremely acid conditions (at pH less than 2.3) and AsO4
3- at basic 

conditions (pH upper than 11.6). The middle region of Figure 1 shows that H3AsO3 is the most 

common compound at pH below 9.2 in reducing conditions (Wang and Mulligan, 2006; Smedley 

and Kinnburgh, 2002; EPA, 2003; Henke, 2009; Massheleyn et al., 1991). The Eh-Ph diagram for 

arsenic is given in Figure 1 and the pH dependencies of arsenate and arsenite are depicted in 

Figure 2. 
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Figure 1.The Eh–pH diagram for arsenic at 25 °C and 101.3 kPa (Smedley and Kinnburgh, 2002). 

 

 

Figure 2. Dissociation of arsenite and arsenate as function of pH (ionic strength of about 0.01 M). Redox conditions have 
been chosen such that the indicated oxidation state dominates the speciation in both cases. (Smedley and Kinnburgh, 

2002). 
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The chemical speciation of arsenic will ultimately determine the removal extension of arsenic by 

adsorption onto minerals, such as iron oxide surfaces. As observed in Figure 1 and Figure 2, arsenic 

species can be neutrally charged (H3AsO4 and H3AsO3) and negatively charged (H2AsO4
-, HAsO4

2-; 

AsO4
3-, H2AsO3

- and HAsO3
2-). 

 

1.3 Soil remediation techniques 

Most of remediation techniques applied to trace-elements contaminated soils are based on the 

relocation of the soil from one place to another. The general approach is thus excavation of the 

contaminated soil followed by landfilling. However, this technique has negative effects on the 

environment and is very expensive (Schnoor, 1997; Lambert et al., 2004). The development of 

innovating techniques, such as stabilization, vitrification, soil washing, soil flushing, electrokinetics 

and phytoremediation, are thus prompted (Mulligan et al., 2001; Kumpiene et al., 2008; US EPA, 

2002).  

 

1.3.1 Soil stabilization technique 

Soil stabilization is the least expensive technology for the treatment of arsenic contaminated soils 

(Lambert et al., 2004). The stabilization technique aims to keep constant the total concentration 

of contaminant in the soil. Stabilization of trace-elements is generally performed by, in situ, adding 

amendments to the soil which can adsorb, complex and co-precipitate the contaminant element; 

converting it into a less soluble, mobile or toxic form (US EPA, 2002; Kumpiene et al., 2006). By 

reducing the mobility of the trace-elements, the migration of the contaminant to groundwater or 

taken by soil organisms would simultaneously be reduced (Kumpiene et al., 2006; US EPA, 2002; 

Mench et al., 2000). 

For a soil amendment is important to choose the appropriate additive to more effectively reduce 

the contaminant spreading into the environment. Arsenic mobility in soils is mainly controlled by 

adsorption/desorption process and precipitation with metal oxides: iron oxides, aluminium or 

manganese oxides (Fendorf et al., 2010; Kumpiene et al., 2008). Organic matter, alkaline 

materials, clay minerals and sulphides have also been evaluated as additives for special conditions 

(Kumpiene et al., 2008). 

 

1.3.2 Soil wash 

The soil washing procedure is an ex-situ technology and aims to wash contaminants out of soils or 

sediments with help of a solvent; usually water. The water performance may be improved by 

additives, such as acids. (Elgh-Dalgrena et al., 2009; Mulligan et al., 2001). The remaining soil 



 R. Segarra, Master Thesis, Development of iron oxide based sorbents for arsenic stabilization in contaminated soil 
  

11 
 

results in a sludge that after drying is treated in other processes or directly put at landfilling. The 

water is then reused for further washing (US EPA, 2002). 

Soil washing could also be applied in-situ and this technology is usually called as soil flushing in the 

literature (Mulligan et al., 2001). 

 

1.3.3 Vitrification 

Vitrification is a solidification/stabilization process that requires high temperature. By inserting 

electrodes into the ground, an electrical current is carried on and the heat is spread through 

microwaves. The mobility of the contaminants is reduced by incorporating them into leach 

resistant and vitreous mass. The contaminant may also be volatilized; hence, the toxic gases might 

be carefully monitored (Mulligan et al., 2001; Park et al., 2005). This treatment is a feasible 

alternative when soil stabilization is not further effective due to the combination of contaminants 

present in the soil (US EPA, 2002). 

 

1.3.4 Elektrokinetic treatment 

This method can be performed in-situ or ex-situ and it decreases the spreading of metals by 

assembling concentrations to certain areas (Yuan and Chiang, 2008). An electric field is created 

into the soil with two electrodes, one positively and one negatively charged. Particulates and ions 

start to move toward the electrode with opposite charge affected by the electrical field. 

Contaminants can be removed from the soil when they arrive to the electrodes (US EPA, 2002; 

Yuan and Chiang, 2008; Buchireddya et al., 2009). 

 

1.3.5 Phytoremediation 

This method takes advantage of the capability of the plants to accumulate trace-elements from 

the soil. Arsenic can either be up taken by plant roots or be immobilized by chemical compounds 

excreted by the roots (Mulligan et al., 2001; US EPA, 2002; Mench et al., 2006). 

Phytoremediation is only indicated for soils showing the contaminants located in the upper parts 

of the ground, where plants can grow. As treating highly contaminated soils the plants can be 

intoxicated; this treatment can be applied only on sites with low contaminant concentration 

(Wang and Mulligan, 2006). 
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1.4 Iron compounds as amendments for chemical stabilization of arsenic 

contaminated soils 

The leachability of arsenic into the environment can be reduced by adding an appropriate 

chemical amendment to the contaminated soil. The amendments that have been more extensively 

used are the iron compounds. They are abundant and cheap chemical additives and they show 

outstanding performance as arsenic adsorbents in natural environments (Carabante, 2012; 

Redman et al., 2002; Kumpiene et al., 2008; Vu et al., 2003). 

Divalent and trivalent states of iron can be found in the iron oxides, hydroxides and oxide 

hydroxides; all they referred as iron oxides in this project. Sixteen different iron oxide phases are 

known and presented in table Table 1. 

 

Table 1. The iron oxides (Cornell and Schwertmann, 1996) 

Oxide-hydroxides and hydroxides Oxides 

Geothite α-FeOOH 
Lepidoctrocite γ-FeOOH 

Akaganéite β-FeOOH 
Schwertmannite Fe16O16(OH)y(SO4)z·nH2O 

δ-FeOOH 
Feroxyhyre δ’-FeOOH 
High pressure FeOOH 

Ferrihydrite Fe5HO8·4H2O 
Bernalite Fe(OH)3 

Fe(OH)2 

Green Rusts 

Hematite α-Fe2O3 
Magnetite Fe3O4 

Maghemite γ-Fe2O3 

β-Fe2O3 

ε-Fe2O3 

Wüstite FeO 

 

Exclusively magnetite contains Fe(II) and Fe(III) in the structure; FeO and Fe(OH)2 are those that 

contain only Fe(II), and all the other iron oxides only contain Fe(III) in their structure (Cornell and 

Schwertmann, 1996). 

Besides their application as adsorbents, the most common applications of iron oxides are as 

pigments in paintings and varnishes, as starting materials in the production of ferrites, as catalysts, 

as cosmetics and as abrasives and polishing agents (Cornell and Schwertmann, 1996; Castaño and 

Arroyave, 1998). 

 

1.4.1 Iron oxides as chemical amendments 

The interaction between iron oxides and arsenic by adsorption will ultimately define the mobility 

of the arsenic in the soil (Cornell and Schwertmann, 1996). The adsorption of arsenic onto iron 

oxides mostly occurs via the hydroxyl group sites at the surface of the iron oxide (Cornell and 
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Schwertmann, 1996; Carabante, 2012; Kumpiene, 2005). However, arsenic could also co-

precipitate with iron (III) ions forming amorphous iron arsenates and secondary oxidation minerals 

(Sastre et al., 2004; Fendorf et al., 2010). 

The capacities of iron oxides to adsorb and attract arsenic compounds are greatly influenced by 

the pH, the redox conditions and the presence of other ions.  

The pH conditions vary the protonation of the hydroxyl groups at the surface of iron oxides. At low 

pH, the hydroxyl groups are mostly double protonated (≡FeOH2
+) which implies a positive net 

surface charge of the iron oxide surface. On the other hand, arsenate species are negative charged 

at pH values higher than 3 while under pH values below 3 the arsenate species are neutrally 

charged (H3AsO4). At pH values above 3 and below the point of zero charge (PZC) of the iron oxide, 

electrostatic attraction between the positive surface of the iron oxide and the negative charge of 

the arsenate species triggers the adsorption process (Cornell and Schwertmann, 1996). At the PZC 

the hydroxyl groups at the surface of the iron oxide are single protonated (≡FeOH), which turns 

into a neutral net surface charge of the iron oxide surface. Under this condition there is no 

interaction between the iron oxide surface and the still negatively charge arsenate species, which 

turns in a reduction of the arsenate adsorption on iron oxide at pH values close to the PZC of the 

iron oxide. (Cornell and Schwertmann, 1996; Gimenez et al., 2007; Al-Abed et al., 2004). At pH 

values above the PZC the hydroxyl groups will mostly be deported (≡FeO-) and the iron oxide thus 

has a negative net surface charge. Under this condition, the electrostatic repulsion between the 

negatively charged arsenate species and surface iron oxides will hinder the adsorption (Cornell 

and Schwertmann, 1996; Carabante, 2012). Summarizing, the maximum adsorption capacity of 

arsenic on iron oxides is reported at moderately low pH values, i.e. between 4 and 6 (Gimenez et 

al., 2007; Dixit and Hering, 2003).  

Competition between arsenic and other sorbates (such as phosphate, silicate and carbonate) has 

been studied. Phosphate concentration in groundwater can be higher than arsenic and is 

particularly efficient competing with arsenic for the sorption sites on iron oxides. While some 

articles report that phosphate adsorbs more strongly than arsenic, other disagree. Liu et al. 2001, 

found that the amount of arsenate and phosphate adsorbed in goethite at pH higher than 6 was 

similar, but at pH values below 6 more arsenate was adsorbed (Dixit and Hering, 2003; Liu et al., 

2001; Antelo et al.; 2005). Carbonate has a slight effect on the arsenic adsorption on iron oxides. 

However, bicarbonates compete with arsenic (V) for the adsorption sites at pH 8. Silicate 

significantly decreases arsenic (III) adsorption at pH greater than 5, whereas decrease arsenic (V) 

adsorption at pH values ranging between 7 and 10 (Meng et al., 2000; Su and Puls, 2001). 

Sulphate was reported to slightly decrease the arsenate adsorption on iron oxy-hydroxides at pH 

values ranging from 4 to 7, but not significantly when using zerovalent iron as adsorbent. On the 

other hand, in some studies no apparent change in arsenic adsorption was observed upon the 

presence of sulphate (Meng et al., 2000; Su and Puls, 2001). The extension of anions adsorption 

via the hydroxide sites on iron oxide surface decreases following this order: 

arsenate>phosphate>arsenite>silicate>bicarbonate (Meng et al., 2002). 
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Redox reactions can control aqueous arsenic concentrations by their effects on arsenic speciation, 

and hence, arsenic adsorption and desorption. The reduction of arsenate to arsenite can promote 

arsenic desorption because arsenite is generally less strongly adsorbed on metal oxides (Dixit and 

Hering, 2003; Massheleyn et al., 1991). The water saturation level of the soil has directly impact 

determining the oxidizing or reducing environment conditions. A soil saturated with water is 

correlated with a reductive environment (Kumpiene et al., 2009). 

Another important factor that influences the arsenate adsorption is the specific surface area and 

particle size of iron oxides. The greater specific surface area the particles of the adsorbent are, the 

greater their adsorption capacities are; and this can be achieved reducing the surface particles size 

to the nano-scale (Mohan and Pittman, 2007; Carabante, 2012; Lottermoser, 2007; Kanel et al., 

2007). Several studies try to develop strategies to increase the specific surface area of iron oxides 

by nanoparticles, normally with quick precipitation of iron (III) salts (Wu et al., 2008; Tavakoli et 

al., 2007).  Table 2 shows different iron adsorbents that have been developed. Another interesting 

alternative is to granulate the iron oxide with a high pressure treatment process (Jang et al., 

2008). 

 

Table 2. Iron adsorbents developed to have larger specific surface area 

Adsorbent References 

Iron oxide coated sand 
Joshi and Chaudhuri, 1996 

Benjamin et al., 1996 
Thirunavukkarasu et al., 2003 

Iron oxide coated cement 
Kundu and Gupta, 2006 
Kundu and Gupta, 2005 

Iron salt pre-heated activated carbon Mohan and Pittman, 2007 
Iron oxide coated glass fibre Kumar et al., 2008 

Anchorage of iron hydro(oxide) nanoparticles         
onto activated carbon 

Nieto-Delgado and Rangel-Mendez, 2012 

Sintered hematite particles Carabante, 2012 

 

The efficacy of zerovalent iron as a stabilization amendment for arsenic contaminated soils was 

reported previously (Leupin and Hug, 2005; Kumpiene et al., 2008; Lackovic et al., 2000). In 

contrast with other iron amendments, its oxidation caused less soil pH fluctuations. The metallic 

iron is oxidized into iron oxyhydroxides through oxidation steps in equations 1 to 3 (Kumpiene et 

al., 2008; Lackovic et al., 2000; Bang et al., 2005; Sastre et al., 2004): 
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Magnetite (Fe3O4) is a mineral that differs from other iron oxides because it contains iron in both 

trivalent and divalent state (Carabante, 2012; Cornell and Schwertmann, 1996). The possibility of 

having nanoparticles on the magnetite surface during its oxidation makes it interesting to study 

(Majewski and Thierry, 2007). Few studies can be found on the arsenic sorption in magnetite 

(Yang et al., 2010; Shipley et al., 2009). 

Hematite is usually the end transformation of other iron oxide, due to its high stability (Cornell 

and Schwertmann, 1996; Castaño and Arroyave, 1998). Hematite raw material adsorption is 

negligible; hence an increase of the specific surface area is important to increase the adsorption 

capacity (Carabate, 2012; Mamindy-Pajany et al., 2011). 

  



 R. Segarra, Master Thesis, Development of iron oxide based sorbents for arsenic stabilization in contaminated soil 
  

16 
 

2 SCOPE OF THE THESIS 

The scope of the present work was to assess the possibility to re-use iron ore broken pellets, a by-

product/waste from iron mining industries, as a means to reduce the mobility of arsenic in 

contaminated soil. The work also focused on the development of simple treatment to increase the 

efficiency of iron ore broken pellets as an iron oxide amendment to remediate an arsenic 

contaminated soil. The main objectives of the research are: 

1. Develop iron-oxide based sorbent from iron pellet waste to be used for arsenic 

stabilization in contaminated soil. 

2. Evaluate the impact of 4 different adsorbents on arsenic mobility in the amended soil. 

3. Complement the knowledge of the plant uptake influence in the amended soil. 
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3 MATERIALS AND METHODS 

3.1 Soil characterization 

The arsenic contaminated soil used in the experiments was collected from a waste storage facility 

in Boden, soil which was previously transported from Solgårdarna. Solgårdarna belongs to Boden’s 

municipally and was used since 1944 for sawmill operations, including impregnation activities until 

1954. The wood impregnation at this site was performed using CCA mixture (copper, chromium 

and arsenic) on the railway sleepers (Berthet, 2009). 

To characterize the soil the following analysis were done: total solids (TS), volatile solids (VS) and 

maximum water holding capacity (WHC). 

Before starting the analysis, the soil was air dried during 10 days and was mixed once a day to 

accelerate the process. The dried soil was subsequently sieved and homogenized using a concrete 

blender. The aim of the sieving is removing particles greater than 4 mm because the trace 

elements are expected to be attached to smaller size fractions (US EPA, 2002). 

For the determination of the soil total solidus and volatile solids the instructions from the Swedish 

standard SS 02 81 13 were followed. About 60 g of soil were placed into a previously heat treated 

and consequently dried crucible. The difference in weight before and after treating the soil at    

105 °C during 24 hours was measured. The remained mass residues in the crucible were assumed 

to correspond to the TS content. 

The soil samples still in the crucible were subsequently heat treated at 550 °C in a muffle furnace 

for two hours. The weight loss induced after this treatment was assumed to be due to calcination 

of organic matter of the contaminated soil. Then, the organic matter content was known. 

The water holding capacity (WHC) is the specific ability of a particular type of soil to hold water 

against the force of gravity. To determine the WHC, a known amount of soil was placed into a 

cylindrical beaker on top of a filter paper. The bottom of the cylindrical beaker was composed of a 

silica membrane through which water permeates. The pores of the soil were first covered with 

distilled water by immersing the beaker into a vessel filled with water at the same level that the 

top surface of the soil. Water was allowed to permeate through the soil for 1 hour. At that time, 

the cylindrical beaker was placed on top of wet sand for 3 hours, covering the beaker to prevent 

the water to evaporate. After three hours draining, the soil was assumed to be water saturated 

and the weight of the soil was measured. The beaker was placed into an oven at 105 °C during 20 

hours, time after which the weight of the dry soil could be measured. The water holding capacity 

was calculated using equation 4. 
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All the experiments performed to assess the TS, VS and WHC of the contaminated soil were 

performed using triplicates. 

 

3.2 Soil amendments 

The soil was treated with 4 different iron materials: Metallic iron grit produced in a steel 

processing industry in Sweden contained 97 % zerovalent iron (Fe0) with manganese (Mn) 

impurities.  

Fine powder magnetite (Magnachem 10, Minelco, >97.7 %) was also used as amendment. 

Broken iron ore pellets which are a fraction of iron ore pellets not used at the moment, were used 

as amendment. This material is mainly composed by hematite, unreacted magnetite, bentonite 

and dolomite. The broken pellets (BP) ranging between 0.5 mm and 1 mm size were used. 

The broken pellets ranging between 0.5 mm and 1 mm were treated, aiming to increase their 

surface area and their adsorption capacity towards arsenate. A cylinder was filled with BP and a    

6 M hydrochloric acid (HCl, Merck, fuming 37 %) solution was added covering all the particles 

without excess of solution. The iron material was left in contact with the solution during 3 hours 

and subsequently placed on a ceramic plate and dried at 50 ⁰C. Once dried, the BP were rinsed 

with a 12 M sodium hydroxide (NaOH, Sigm-Aldrich; p.a. > 98 %) solution. The NaOH solution 

added was just the necessary to keep the particles wet. Afterwards, the particles were dried again 

at 50 ⁰C. The cycle composed of rising with the NaOH solution followed by drying was repeated 5 

times. At last, the BP were washed with abundantly distilled water until the supernatant became 

clear. After being dried at 50 ⁰C the modified broken pellets (modified BP) were ready to be used 

as amendment (Carabante, 2012). 

Figure 3 shows pictures of the 4 iron materials that were used to remediate the arsenic 

contaminated soil. It can be observed the difference in colour and particle size between them. 
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Figure 3. Pictures of the iron material amendments used in this project: a) Metallic iron grit. b) Fine powder magnetite. c) 
Broken iron ore pellets ranging between 0.5 mm and 1 mm. d) Modified broken pellets 

 

3.3 Vegetation 

The grass seed mixture was supplied by Veg Tech AB (Vislanda, Sweden). The seed mixture was 

composed of 10 % herbs and 90 % grasses, see Table 3 for further composition information. This 

grass seeds are intended for the re-vegetation of sandy, nutrient-deficient soils.  

 

 

 

 

 

 

 

a) 

c) d) 

b) 
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Table 3. Composition of the mixture of plants species used for the vegetation of the soil 

Herbs (10 %)  Grasses (90 %) 

Achillea millefolium 
Campanula rotundifolia 

Dianthus deltoides 
Galium verum 

Hieracium pilosella 
Hieracium umbellatum 
Hypericum maculatum 
Hypochoeris radicata  

Jasione montana 
Knautia arvensis  

Leucanthemum vulgare  
Linaria vulgaris 

Lotus corniculatus 
Lychnis viscaria 

Pimpinella saxifraga  
Rumex acetosella  

Saxifraga granulata 
Solidago virgaurea 

Viola tricolor 

  Agrostis capillaris 
Anthoxanthum odoratum  

Bromus hordeaceus 
Deschampsia flexuosa  

Festuca ovina 
Festuca rubra 

Luzula campestris 

Proportions of the species of herbs and grasses in the mixture are given in parenthesis 

 

3.4 Soil stabilization 

The same amount of the air dried, sieved (<4 mm fraction) and homogenized soil was separated in 

5 plastic trays. With the aim of creating as representative samples as possible, the samples were 

split using a riffle splitter. Every soil sample was mixed with 1 dw% of each iron amendment as 

well as one control sample was left untreated. 

Samples of approximately 550 grams of soil were placed into the pots containing Rhizon soil 

moisture samplers. Triplicates of each amendment and control were performed. The soil was 

moistened at 60 % of the WHC with distilled water, moisture (50 % - 60 % of the WHC) which was 

held constant during the time the experiment was performed. The soil was manually irrigated with 

the proper amount of distilled water at least every two day. Half of the pots were sown with 1 

gram of grass seeds and the pots were kept at room temperature with artificial illumination 12 

hours on/off during the whole course of the experiment. The experimental design is summarized 

in table 4. 
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Table 4. Experimental design (the procedure was performed using triplicates) 

Sample Amendment (% of dw soil) 

1 
without plants 

- 
with plants 

2 
without plants 

Zerovalent iron 1 % 
with plants 

3 
without plants 

Magnetite 1 % 
with plants 

4 
without plants 

Broken pellets 1 % 
with plants 

5 
without plants 

Modified broken pellets 1 % 
with plants 

 

Two months after the beginning of the experiment, samples 3, 4 and 5 without plants were taken 

out of the pots, mixed with an extra 5 dw% of the corresponding amendment and placed again in 

the pot. Hereinafter, samples with magnetite, BP and modified BP had a 6 dw% of amendment in 

the pots. 

 

3.5 Evaluation methods 

3.5.1 Pore water analysis 

Soil pore water samples were collected using Rhizon soil moisture samplers which allows to 

representative samplings of all the soil moisture. The Rhizon soil moisture samplers used had a 

diameter of 2,5 mm, a length of 10 cm and the average pore size was 0,1 µm (Eijkelkamp, 

Giesbeek, The Netherlands). 

The day before doing the pore water collection, 20 ml of distilled water were extra added. The 

samples were collected into acid-washed and vacuumed 100 ml glass bottles day 11, 30 and 54 

after the experiment was started. 

10 days after increasing the amendments to 6 dw% another soil pore water sample was collected.  

Five millilitres of the pore water were placed into a test tube right after the collection to do the 

analysis of soil pH and electrical conductivity (EC). On the other hand, the remaining sample was 

acidified with 2 w% HNO3 and was stored at 4 ⁰C until carried out the analysis of the trace 

elements (Al, As, Ca, Cr, Cu, Fe, K, Na, P, S and Zn) by inductively coupled plasma - optical emission 

spectrometer (ICP-OES, Perkin Elmer Optima 2000 DV). 
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3.5.2 Plant shoots analysis 

The plant shoots were cut after 54 days experiment; cleaned with distilled water and dried at      

50 ⁰C during 3 days. The wet weight (just after cut down) and the dry weight (after 3 days in the 

oven) were controlled. The samples were subsequently sent to ALS Scandinavia AB to analyse the 

trace element (Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Mn, Mo, Na, Ni, P, Pb, Ti, V and Zn) content of 

the plant shoots by means of ICP-AES and ICP-SFMS. 

 

3.5.3 Sequential extraction 

While the total arsenic concentration in soil gives information regarding the contaminant 

concentration, the factor that control the mobility of arsenic in the soil are not fully described by 

this measurement. On the other hand, sequential extraction gives information about the total 

arsenic concentration in the chemistry of different arsenic fractions in the soil. 

The sequential extraction performed in this work followed the developed by Kumpiene et al. 2012. 

Briefly, bulk and rhizosphere samples were obtained from the pots with plants. After drying them, 

roots from the rhizosphere samples were manually removed. The bulk soil was assumed to show 

the same arsenic fractioning in the pots with and without plants. One gram of soil was placed in  

50 ml centrifugation tubes. Subsequently, the corresponding amount of chemical solution was 

added to start the sequential extraction procedure, show in Table 5. 
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Table 5. Sequential extraction scheme 

Step 
Fraction 

extracted 

Chemical 
agent 

added to 
residue 

Liquid to 
solid 
ratio 
(L/S) 

Extraction 
conditions 

Centrifugation 

1 
Exchangeable 

fraction 

1 M       
NH4-acetate 

pH 4,5 
1:25 

Shaking for 2 h at 
room temperature 

(RT) 

15 minutes at 
10000 rpm 

2 

Poorly crystalline 
Fe(III)-

oxyhydroxide 
fraction 

0,2 M    
NH4-oxalate 

pH 3,0 
1:25 

Shaking for 2 h at RT 
in darkness 

15 minutes at 
10000 rpm 

3 
Cristalline Fe(III)-

oxyhydroxide 
fraction 

0,04 M 
HONH3Cl in 
25% (v/v) 
acetic acid 

pH 2 

1:20 
Heated in water 

bath at 96 ⁰C for 6 h 
30 minutes at 

10000 rpm 

4 
Organic matter 
and secondary 

sulphide fraction 
30 % H2O2 1:25 

Heated in water 
bath at 85 ⁰C for 1 h 

15 minutes at 
10000 rpm 

5 Residual fraction 
Aqua regia 
(HNO3:HCl, 

1:3 v/v) 
1:15 

Microwave digester 
at 198 ⁰C for 10 

minutes 
 

 

Between steps 1-2, 3-4 and 4-5, the residue was rinsed with 10 ml of deionized water after 

centrifugation and filtration, and centrifuged again; then, the cleaning solution was discarded. 

Nevertheless, after the second step the same chemical agent was used at L/S 12.5, manually 

shook, centrifuged and combined with the previous extracted portion.  

All extracts were filtered through 0.45 μm cellulose acetate syringe filters and stored at 4 ⁰C prior 

to analyses. The analysis of trace elements (Ca, Fe, K, Mg, Na, S, Si, Al, As, Ba, Cd, Co, Cr, Cu, Hg, 

Mn, Mo, Ni, P, Pb, V ans Zn) was done by ALS Scandinavia AB. 
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4 RESULTS AND DISCUSSION 

4.1 Characterization of the iron amendments 

Figure 4, top-left image, shows an SEM image of half-cut particles of broken pellets (BP). Big 

microparticles, sintered together comprised the BP and not a single nanoparticle was observed to 

cover the surface of the material. On the other hand an SEM image of a half-cut particle of a 

modified BP is shown in the top-right image, showing that spherical nanoparticle aggregates 

covered the original BP. 

The amount of spherical nanoparticles aggregates in the outside of the modified broken pellets 

surface was substantially higher than in the inside of the modified broken pellets, as can be 

observed in both pictures in the bottom of Figure 4. 

 

 

Figure 4. Top: Cross-sectional SEM image of the half-cut particles of broken pellets raw material (left) and broken pellets 
after modification (right). Bottom: SEM image of the outside surface of the modified broken pellets particles 

 

Figure 5 shows SEM images of the zerovalent iron and magnetite adsorbent particles. The exterior 

of the adsorbent particles of the corroded zerovalent iron was completely covered by acicular 

nanoparticles as illustrated in the center image. Iron oxide-hydroxides, like Geothite(α-FeOOH), 
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Lepidoctrocite (γ-FeOOH) and Akaganéite (β-FeOOH,), may display particles with acicular habit 

(Cornell and Schwertmann, 1996). The image in the right of Figure 5 shows that the magnetite 

powder was comprised of irregular-shaped crystals and no aggregates were observed. 

 

  

Figure 5. SEM images of the exterior surface of the zerovalent iron raw material (left) and corroded zerovalent particles 
(center), and outside surface of the fine powder magnetite particles (right). 

 

All scanning electron microscopy (SEM) imaging in the present work were done using a Merlin SEM 

(Zeiss, Luleå, Sweden) by Ivan Carabante. 

 

4.2 Soil characterization 

Table 6 shows the estimated TS and VS of the contaminated soil for the triplicates measured. 

Doing the mean, the TS result was 994.211 g/kg and this result was reliable because the three 

measurements have a very similar value. While the TS value may appear to be considerably high, 

this value was expected since the soil was dried prior to the analysis. Assuming that all loss in 

ignition of the soil sample was due to organic matter, the concentration of organic matter in the 

soil can thus be estimated to be 1.5 wt%.  

 

Table 6. Experimental data and results of TS and VS of the contaminated soil for the triplicate measurements 

 Sample 1 Sample 2 Sample 3 

Crucible weight [grams] 24.745 26.958 26.698 
Crucible + wet sample weight [grams] 88.316 78.911 84.958 

Crucible + dried sample weight [grams] 87.948 78.624 84.629 
Crucible + ignited sample weight [grams] 86.954 77.881 83.763 

Total solids [g/kg] 994.211 994.476 994.353 
Volatile solidus [%] 1.5727 1.4381 1.4949 

 

Table 7 shows the experimental data obtained when the WHC analysis was done. The WHC result 

was 27.55 %, obtained doing the mean of the three samples. Typical values for the saturated 

water content of a soil are between 20 to 50 % (Hazelton and Murphy, 2007). 
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Table 7. Experimental data and results of the WHC of the contaminated soil for the triplicate measurements 

 Sample 1 Sample 2 Sample 3 

Beaker weight [grams] 29.975 29.945 30.112 
Beaker with water saturated soil weight [grams] 62.153 63.097 65.042 

Beaker with dried soil weight [grams] 55.025 56.207 57.408 
Water holding capacity [%] 28.455 26.236 27.968 

 

The initial element concentrations of the soil were calculated from the sum of the trace element 

content in the sequential extraction, pore water and plant shoots results, see Table 8. The value 

and the standard deviation come from the average of the 15 samples of soil with plants. 

 

Table 8. Initial element concentration of the soil (calculated from the sequential extraction, pore water and plant shoots 
result) 

Element Unit Total concentration 

As mg kg-1 dw 141  ± 17 

Fe g kg-1 dw 9 ± 3 

Zn mg kg-1 dw 121  ± 23 

Cr mg kg-1 dw 55  ± 9 

Cu mg kg-1 dw 37  ± 5 

Mn mg kg-1 dw 366  ± 73 
Mean values ± standard deviation (SD), n=15 

 

With an arsenic concentration of 141 mg kg-1 dw, the Swedish environmental protection agency 

considers this soil very serious contaminated with arsenic (Swedish EPA, 2002). 

 

4.3 Analysis of the soil stabilization 

4.3.1 pH, EC and total arsenic concentration in soil pore water 

The electrical conductivity (EC) in soil pore water at different remediation times for the soil 

remediated with the four different iron amendments can be observed in Figure 6 for the soils 

without plants and Figure 7 for the soil with plants. For both cases, the EC of the pore water with 

the same amendment decreased with time. However, the EC of the soil pore water extracted from 

the soil amended with Fe0 increased for the sample collected the day 30. The EC for the soil 

treated with Fe0 is slightly lower than the untreated one, whereas for the samples containing 

modified BP is slightly higher. 
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The EC of the soil pore water of the sample collected 10 days after adding the 5 dw% extra 

amendment shows a significant increase (3 times higher) in the soil containing modified broken 

pellets (orange colour in Figure 6). This change may be related to the increase in total 

concentration of ions in the pore water, although this increase was not observed for the samples 

treated with magnetite and BP. 

The pore water electrical conductivity was lower in the presence of plants, as can be observed 

from a direct comparison between Figure 6 and 7. This could be because the salt uptake by the 

plants decreases the soil salinity and subsequently the EC of the soil pore water decreases (Corwin 

and Lesch, 2005; Kirkham, 2005). Kumpiene et al. 2006 also reported that Fe0-treated soil 

containing plants reduce the electrical conductivity of the soil. 

 

 

Figure 6. Electrical conductivity (EC) in soil without plants pore water over time for: untreated, zerovalent iron (Fe(0)), 
magnetite, Broken pellets (BP) and modified BP. The error bars indicate the standard deviation of the means (n=3) 

 

 

Figure 7.Electrical conductivity (EC) in soil with plants pore water over time for: untreated, zerovalent iron (Fe(0)), 
magnetite, Broken pellets (BP) and modified BP. The error bars indicate the standard deviation of the means (n=3) 
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The variation of the pH over time was small for the soil pore water extracted for remediated soils 

(Figure 8 and 9). The pH variation of pore water was within a 1 pH unit; between 6.2 and 7.2. 

Interestingly, the pH of the pore water extracted of the soil treated with zerovalent iron showed a 

slight decrease after 30 days remediation time.  

The pH of the pore water samples extracted from the remediated soils with plants showed to be 

0.2 - 5.5 % higher than the pore water extracted from soils remediated without plants. The reason 

of this could be because the soil pH influences the element uptake and root growth of the plants, 

and the other way around. Li and Christie 2001 reported the same behaviour in soil with plants.  

The pH value of the sample collected after 10 days from the soil amended with 6 dw% of BP and 

modified BP (orange colour in Figure 8), increase by 10 % respect the value obtained before adding 

the extra amendment. The dissolution of other compounds (i.e. silicates) from the bentonite and 

dolomite of the BP could have gone to the pore water and increased the pH. The incident that 

increasing the amount of amendment increases the pH in pore water was observed in previous 

studies i.e. Kumpiene et al. 2008. 

 

 

Figure 8.pH in soil without plants pore water over time for: untreated, zerovalent iron (Fe(0)), magnetite, Broken pellets 
(BP) and modified BP. The error bars indicate the standard deviation of the means (n=3) 
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Figure 9. pH in soil with plants pore water over time for: untreated, zerovalent iron (Fe(0)), magnetite, Broken pellets 
(BP) and modified BP. The error bars indicate the standard deviation of the means (n=3) 

 

The arsenic content in the pore water samples extracted from the soil at different remediation 

times can be observed in Figure 10 for the soil without plants and Figure 11 for the soil with 

plants. For both cases, pore water samples collected exhibited an increase in arsenic solubility 

over time. This was probably due to the small increase of the pH. For example, two months from 

the beginning of the experiment the arsenic content in the untreated soil pore water increased a 

65 %. Kumpiene et al. 2009 did not observe this in their results; the As concentration at 50 % of 

the WHC was constant or decreasing. 

The pore water extracted from the amended soil containing plants showed slightly higher As 

concentrations than the samples from soils without plants. At the beginning of the experiment, 

the As solubility was similar with and without plants, but the difference became significant with 

the passage of time. The maximum difference can be observed form the soil treated with modified 

broken pellets the day 30, when the arsenic content was the double. 

Compared to the control, the only efficient amendment that decreases the dissolved 

concentration of As in the pore water was the zerovalent iron (minimum by 63 % on day 11 in the 

soil with plants). In the other hand, the differences in arsenic solubility between the untreated and 

all the other amended soils were insignificant. 

The soil without plants that was treated with modified broken pellets had lower arsenic content in 

the pore water than the treated with broken pellets. Nevertheless, this difference could not be 

observed in the soil with plants. 

Ten days after adding 5 dw% extra amendment (orange colour in Figure 10), the arsenic 

concentration in the pore water for the soils containing broken pellets and modified BP increased 

about 70 %. This result can be explained due to the increase of the pH value observed in Figure 8. 

The magnetite amended soil did not undergo any change. 
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Figure 10. As concentration in soil without plants pore water over time for: untreated, zerovalent iron (Fe(0)), magnetite, 
Broken pellets (BP) and modified BP. The error bars indicate the standard deviation of the means (n=3) 

 

 

Figure 11. As concentration in soil with plants pore water over time for: untreated, zerovalent iron (Fe(0)), magnetite, 
Broken pellets (BP) and modified BP. The error bars indicate the standard deviation of the means (n=3) 
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contaminated soils, previously reported by Kumpiene et al. 2006. Magnetite, broken pellets and 

modified BP amendments did not cause any decrease on the arsenic concentration in the pore 

water samples extracted as compared to the concentration in pore water extracted from 

untreated soil. However, for the experiment performed without plants a slight decrease of the 
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treated with BP and modified BP. The arsenic solubility increased approximately a 70 %. Under this 

conditions the pH value of the pore water increased to about 8, as described early, Figure 8. At this 
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the experiment was held under aerobic conditions, the assumption that most of the As was in 

state of arsenate was done. 

 

4.3.2 Total arsenic content in plant shoots 

The development of plant biomass was relatively equal for the untreated and amended soil, see 

Table 9. This contradicts with what Kumpiene et al. 2006 observed; where the plant biomass in 

treated soil was double that in the untreated soil. It was seen that 40 days after the plants some of 

the plants started dying, and subsequently when the samples were collected some of them 

contained dead shoots. However, for the soil treated with magnetite all the samples were alive 

when the plant shoots were cut. 

 

Table 9.Plant biomass that grow in the pots, kg dw·m
-2

 

untreated Fe0 Magnetite BP Modified BP 

0.018 ± 0.017 0.013 ± 0.002 0.022 ± 0.005 0.020 ± 0.010 0.017 ± 0.001 
Mean values ± standard deviation (SD), n=3 

 

Table 10 shows the arsenic and iron concentration in the plant shoots. Compared to control, no 

difference can be observed on the arsenic and iron uptake of the soils treated with Fe0, BP and 

modified BP. On the other hand, the magnetite amended soil showed a lower trace element 

uptake.  

However, previous studies reported that the iron grit reduce the arsenic uptake by plants 

(Kumpiene et al., 2006; Mench et al., 2006). 

 

Table 10. Concentration of arsenic and iron in plant shoots, mg·kg
-1

 dw 

Soil As Fe 

Untreated 11,73 ± 6.19 629.00 ± 333.75 

Fe(0) 9,29 ± 2,10 725,33 ± 202,69 

Magnetite 5,92 ± 1,33 353,00 ± 124,83 

BP 9.10 ± 5.90 543.33 ± 495.17 

Modified BP 9.28 ± 3.48 467.33 ± 117.01 
Mean values ± standard deviation (SD), n=3. 
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Analysing the results it was observed that those samples having more dead plant shoots were also 

showing a higher trace element uptake. As reported before, the higher concentration of trace 

elements in the shoots sometimes leads them to dead (Marin et al., 1992; Mehrag and Hartley-

Whitaker, 2002). Nevertheless, the reduced development of the plant roots could be another 

cause.  

The standard deviation values are too big to consider that the results are reliable. This is due to 

the presence of many dead shoots in the analysed samples. 

 

4.3.3 Total arsenic content and arsenic fractionation 

Figure 12 shows the total arsenic content in bulk and rhizosphere soils, and Figure 13 shows the 

fractioning of arsenic in bulk and rhizosphere soils. Comparing bulk and rhizosphere soils, no 

difference can be observed of the total arsenic content and the arsenic fractioning. The same 

behaviour was reported by Otte et al. 1995 studying wetland plants. 

The non-decrease in total arsenic content in the amended soils compared to the untreated one 

supports the idea that a slight amount of As was lost through pore water and plant uptake, see 

Figure 12. 

The addition of the iron amendments to the soil didn’t change the arsenic fractionation         

(Figure 13). This and the circumstance that the poorly crystalline Fe(III)-oxyhydroxide and 

crystalline Fe(III)-(oxyhydr)oxides bound As fraction by 90 % of the total arsenic suggest that the 

soil was stabilized before treating. 

Figure 13 shows that the soil treated with zerovalent iron had a lower exchangeable fraction than 

the others. This is the most mobile fraction and its lower presence concurs with the lower arsenic 

concentration in the pore water in the Fe0 treated soil. Kumpiene et al. 2006 reported the same 

behaviour. 

A significant low amount of As was recovered bound to the organic matter and secondary 

sulphides fraction and residual fraction. 
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Figure 12. Total As content in soil without plants from bulk and rhizosphere samples for: untreated, zerovalent iron 
(Fe(0)), magnetite, Broken pellets (BP) and modified BP. The error bars indicate the standard deviation of the means 

(n=3). 
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Figure 13. Fractional distribution of As in soil without plants from bulk and rhizosphere samples for: untreated, 
zerovalent iron (Fe(0)), magnetite, Broken pellets (BP) and modified BP. (Ex) Exchangable fraction, (PCFeOx) poorly 
crystalline Fe(III)-oxyhydroxides, (CFeOx) crystalline Fe(III)-(oxyhydr)oxides, (OM-S) organic matter and secondary 

sulphides, (Res) residual fraction. 
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5 CONCLUSIONS 

The developed method to improve the adsorption performance of iron oxide broken pellets 

increased the surface area of the material. Spherical nanoparticle aggregates covering the original 

broken pellets surface were observed upon the treatment. 

Stabilization of arsenic contaminated soil with zerovalent iron (Fe0) decreased the concentration of 

As in soil pore water under aerobic (oxidation) conditions, and consequently reduced the arsenic 

mobility in the soil. The results of this project verify that zerovalent iron can be considered a cost-

efficient amendment to the stabilization of arsenic contaminated soil. On the other hand, 

magnetite, broken iron ore pellets and modified broken pellets did not reduce the arsenic mobility 

in the soil and the potential of these materials as cost-effective chemical amendments for arsenic 

contaminates soils was this dismissed. 

The presence of plants slightly increased the As mobility in the soil. 

It was found that increasing the amount of broken pellets and modified BP amendments in the soil 

to 6 dw%, significantly increased the As mobility. However, no changes were observed when the 

same increase was tested with magnetite as amendment. 

The results from the sequential extraction showed no difference in the As fractionation between 

amended and untreated soil. This is due to the untreated soil already had the arsenic in the more 

stable fractions. 
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6 OUTLOOK 

It was concluded that the broken iron ore pellets and the modified broken pellets did not work for 

the arsenic stabilization in a contaminated soil, but as a future work the amendments could be 

directly applied to purify arsenic contaminated water. It could be interesting to do it at different 

temperatures, different pH and also with other iron oxide compounds. 
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