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Abstract 
 
CCA (chromated copper arsenate) is a chemical used to protect wood from fungal, 
bacterial and insect attack. Soil contamination by CCA is common in the surroundings of 
wood preservation. Nowadays, conventional techniques as landfilling and excavation are 
commonly used in order to remediate this contamination. New and cheaper techniques as 
In situ stabilization of the contaminated soil are being studied lately, it consist on adding 
an additive to the soil in order to reduce ,by changing the speciation of the element, the 
mobility of the elements which are contaminating the soil and thus reduce its availability. 
The additive that has been used in this thesis is zeronvalent iron. This thesis investigates 
how environmental factors such as pH, redox potential, liquid to solid ratio, microbial 
activity and organic matter affect the stability of the zerovalent iron treated soil in order 
to predict the behavior of the treated soil under different environmental conditions. Also 
this thesis is aimed to make an attempt to predict a long-term behavior of the stabilized 
soil.  
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Introduction 
 
 
In many countries an increased amount of chromated copper arsenate-treated wood 
(CCA) waste is expected in the years to come. CCA has been widely used for wood 
preservation since the early 1950s and because the fixation of CCA in the wood is good, 
the concentration of CCA is still high, when the wood is at the end of service.  
 
Nowadays the most used techniques in order to remediate the CCA contaminated soil are 
landfilling and excavation, but new techniques are being studied. Among these 
techniques stabilization or in situ immobilization of metals is lately considered as a 
possible alternative. In situ metal immobilization is a technique whereby an additive 
(amendment) is incorporated and mixed with a contaminated soil. Toxic metals bind to 
the additive, which reduces their mobility in the soil. 
 
Environmental conditions such as rain, changes in the pH, changes in the redox 
conditions, amount of organic matter present in the soil and microbial activity of the soil 
affect the behavior of the stabilized soil. This Master thesis is aimed to answer how 
environmental factors could affect the mobility of trace elements such arsenic (As), 
chromium (Cr) and copper (Cu) in the Fe0 stabilized soil and make an attempt to predict a 
long-term behavior of the stabilized soil.  A preliminary literature study was made in 
order to determinate which factors affect the stability of the treated soil; pH, redox 
potential, liquid to solid ratio, microbial activity and organic matter were found as the 
main factors affecting the stability of the treated soil. A factorial design was made in 
order to test all the possible combinations of the factors. The factors were tested with a 
pH-stat leaching test. 
  
It was found that pH was the most important factor affecting the stability of the soil. The 
best pH conditions in order to immobilize As were found at pH 5. Microbial activity and 
liquid to solid ratio were also important factors affecting the leaching of As. High liquid 
to solid ratio led to a high leaching of As whereas the presence of microbial activity in 
the soil decrease noticeably the leaching of As. The leaching of Cr and Cu was mainly 
influenced by pH. Alkaline conditions led to a low leaching of Cr,Cu. 
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Methods and materials. 
 
1 Material 
 
1.1 Soil characterization 
 
The soil for the experiment was collected at the former wood preservation site at 
Robertsfors works. The soil was collected at two places, one where the soil material was 
sand and one where the majority of the soil fraction was coarse gravel and pooled into 
one composite sample of approx 200 kg 
 
Following it is shown the total element concentrations in the collected soil. 
 
Table1. Total element concentrations of the soil (mg/kg dw) 
 

Al 9081 
As 4673 
Ca 1894 
Cd 5.34 
Cr 2180.85 
Cu 1378.67 
Fe 12411.58
K 1557.79 
Mg 2644.93 
Mn 164.42 
Na 748.23 
Ni 7.15 
Pb 14.59 
Zn 562.18 

 
 
1.2 Amendment 
 
The amendment used has been zerovalent iron grit Fe0 . 
 
1.3 Literature study 
 
A literature study was done in order to understand trace metal contamination and its 
consequences in the environment, animals and humans. Also it was aimed to identify 
which chemical, physical and biological factors affect the stability of the iron amended 
soil in order to define a proper experimental design. 
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1.4 Statistic Analysis 
 
In order to analyze the results of the experiment MODDE 7.0.0.1 software has been used. 
This software is used for design experiments and its optimization. MODDE is applicable 
in research and development as well as product and process optimization. 
 
2 Methods 
 
2.1 Stabilization of the soil  
 
For the stabilization of the soil an iron-As ratio 2.5 was chosen according to the literature 
review. The iron was added directly to the soil and mixed during 15 min. The mixture 
was stored at 25°C during two weeks before starting the experiment add about humidity 
regime during soil storage. 
 
2.2 Factorial design 

 
According to the literature study, five factors seemed to affect the stability of As in Fe-
treated soil, which are: pH, redox, liquid-solid ratio, organic matter and microbial 
activity. A factorial design is a method used to study the effect of two or more factors, i.e. 
in our case five different factors affecting the stability of the soil. A factorial design 
means that in each complete trial or replication of the experiment all combinations of the 
levels of factors are investigated. The levels of the factors were two, high level and low 
level. Also four middle points were defined, two for pH and two for L/S ratio. The whole 
experimental design is shown in appendix 1. 
 
2.2.1 Microbial activity 
 
For low microbial activity soil was sterilized in autoclave at 120 ºC and 1.4 bar pressure. 
The microbial activity of the soil was measured using viable (plate) count method. The 
soil was suspended in sterile water (1w:2v) and spread over plates containing agar and 
agar-nutrient bros mixture. The microbial colonies were observed on the plates 
containing agar-nutrient bros mixture. Since no colonies were observed on the plates 
containing only agar, the decision was made to activate bacterial growth in the treated 
soil. The soil bacteria were activated adding methane and carbon dioxide gas to the 
bottles containing soil-water mixture.   
 
2.2.2 Organic Matter 
 
Humic acids and fulvic acids were extracted from peat following a procedure described 
by Anderson & Schoenau (2000).  The extract contained 11250 mg/l DOC.  
 
2.3 Preparation of the samples 
 
Samples with no microbial activity and no organic matter: the required amount of soil 
and water were added directly in the beaker. 
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Samples with organic matter and without microbial activity: the same way as before. 
Organic matter was added directly to the beaker and at the same time than soil and water. 

 
Samples with microbial activity and no organic matter: in order to stimulate the microbial 
activity the required amount of soil (non sterilized) and water was first added to a bottle. 
The bottle was closed and vacuumed. Next, the bottle was filled with methane as a source 
of carbon for microorganisms. For those samples with low redox value (N2 atmosphere) 
the bottle was filled with 160ml of biogas ( 50%CH4 and 50% CO2) in order to reach the 
lowest possible redox value, while the samples with high redox value (air) the bottle was 
filled with 100 ml of CH4 and 40 ml of O2. Finally the samples were stored at 35 °C 
during two days before the experiment in order to improve the growth of microorganism. 
 
Samples with microbial activity and organic matter: for those samples with high redox 
value, the organic matter was added just before running the experiment, while for the low 
redox value samples organic matter was added at the same time than the soil and the 
water. 
 
2.4 Experiments with low redox potential 
 
These experiments were carried out with a special design in order to keep a nitrogen 
atmosphere during the whole experiment (Appendix 2). 
 
2.5 Leaching test 
 
The pH stat- leaching was carried out at room temperature with a completely automatic 
and continuous multi-titration system (´Radiometer Cpenhaguen ABU901 Autoburette). 
The required amount of soil was mixed with the necessary amount of water in a 150 ml 
beaker. A pH-electrode and an automatic titration dispenser were attached to the beaker 
before shaking was started. A vertical mixer was used to shake the mixture with the 
necessary speed which kept all the soil in suspension. The predefined pH values were 
obtained by a 23 h computer-controlled titration of the suspensions with a continuous pH 
registration. Either acid (1M or 0.1M HCl) or base (1M or 0.1M NaOH) was added 
depending on the set end-point pH in order to control pH. The leaching tests lasted for 23 
h.  After the test the samples were filtered through a membranfilter (0.45µm and Ø47 
mm). After filtration the solution was separated for elemental and dissolved organic 
carbon (DOC) analyses and stored at 4 ºC. The samples for element analyses were 
conserved with 2% ultrapure HNO3. Multi-element analysis (As, Cr, Cu, Fe and Zn) was 
carried out within a week after the end of the experiments using inductively coupled 
plasma optical emission spectroscopy (ICP-OES).   
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3 Analytical methods 
 
3.1 pH, redox potential and conductivity measurement 
 
For each sample pH, redox potential and conductivity measurements were done before 
filtering. pH measurement was done with a pH electrode (KCl 3M). Redox potential was 
measured with a Pt-electrode with 3M KCl reference system. Often, the correct 
functioning of the redox electrodes was checked in a redox buffer solution (with UK/KCl = 
220mV ± 5 (pH 7) at 25°C). Electrical conductivity was measured with a standard-
conductivity cell (TetraCon® 325. Aplication range :1µS/cm – 2 S/cm, at 5°C – 80°C)..  
 
 
3.2 ICP analysis 
 
Metal analysis was carried out was analyzed with inductively couples plasma optical 
emission spectroscopy (ICP-OES) at Lueå University of Techonology. 
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Results and discussion 
 
1. Main affecting factors including all responses 
 
Evaluation of data was done using statistical software Modde7 (Umetrics). The values of 
Lack of fit, Q2 and R2 (R2 and Q2 provide the best summary of the fit of the model. R2 is 
an overestimated and Q2 an underestimated measure of the goodness of fit of the model) 
are following shown: 
 

- As:  R2 =0.684  Q2 =0.579  
- Cr:   R2 =0.571  Q2 =0.407 
- Cu:  R2 =0.874  Q2 =0.788 
- Fe:   R2 = 0.880  Q2 =0.841 
- Zn:  R2 =0.919  Q2 =0.848 

  
The model is best for Zn and Cu .The average values are good enough although Cr values 
are not satisfactory.  
 
The following plot show the importance of each variable controlling the leaching of all 
the metals that has been analyzed (As, Cr, CU, Fe and Zn). 
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Figure 1   V.I.P : variable important plot of factors including all responses. 
 
In average, pH is by far the most important factor. Microbial activity is the second most 
important factor, while liquid to solid ratio (L/S) is the third one. OM and Eh value are 
not among the most significant factors. In the case of Eh it was not not reach as low Eh 
values as it was wanted for reducing conditions, as a consequence both oxidizing and 
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reducing conditions are quite similar. In future works it would be worth to improve it. An 
evaluation for each element is following showing that element behave differently. 
 
2 Factors affecting the leaching of As 
 
2.1 Effect of pH on As removal 
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Figure 2  Plot of factors affecting As leaching from the stabilised soil 
 
Figure 2 gives the significance of the factors affecting the leaching of As. Liquid to solid 
ratio is the main factor affecting the stability while microbial activity is the second one. 
As it can be seen pH is the least significant factor. However, there are several important 
interactions as pH and microbial activity, pH and liquid to solid ratio or pH and organic 
matter that show that within this interactions pH is an important factor. The conclusion is 
that pH is an important factor but cannot be interpreted individually.  
 
The main effect plot (figure 3) gives a more detailed information about the leaching of As 
all along  the pH range 3-8.  
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Figure 3  Main effect plot of pH for the As leaching. 
 
As it was mentioned above, pH cannot be interpreted individually because it is one of the 
most important interacting factors that affect As mobility. In figure 3 it can be seen that 
the difference between the As leached at high pH and low pH is insignificant. 
 
As(V) species and Fe(II) are the main species involved in the adsorption mechanism. 
Below it is showed the behavior of Fe with pH. 
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Figure 4 Main effect plot of pH for the Fe leaching. 
 
It can be seen in figure 4 that Fe is strongly affected by pH. The leaching of Fe in acidic 
conditions is significantly higher than in basic conditions. According to figure 5, in acidic 
conditions (pH range 1-4) and oxidation conditions (350 mV) the predominant species of 
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Fe is Fe(II) which is a mobile species, while for basic conditions the predominant species 
is Fe(OH)3(s), which is a solid species having a low mobility. The main effect plot 
coincides with the Eh-pH diagram for iron in water at 25°C. 

 
Figure 5 Eh-pH diagram for iron in water at 25°C 
 
 
Lackovic et al. (2000) suggested a mechanism for the stabilization of As with iron in 
which the presence of As(V) and Fe(II)(for adsorption) and Fe(III) (for co-precipitation) 
in the solution is needed in order to obtain a good effective As removal. Based on the 
figures 5 and 6 the following statements can be made: 
 

- Acidic conditions (in oxidizing conditions): under these conditions Fe(II) is a 
stable species for iron which is favorable for the removal of As. However, the 
stable species for As(III) is H3AsO3  

- Basic conditions (in oxidizing conditions): under these conditions Fe(OH)3(s) 
(Fe(III))  is a stable species . As(V) as HAsO4

2- is the predominant species and 
according to Lackovic et al. (2004) stabilization mechanism is the most favorable 
species in order to reach an efficient removal. 

   
In acidic conditions the presence of H3AsO3 which is a non-ionic specie and thus a bad 
ligand (Lackovic et al. 2000) is impeding an efficient removal. The same is happening in 
basic conditions for Fe(OH)3(s), which is a solid specie and thus not good for the removal 
of As. This might be the explanation of why pH is not an important factor affecting the 
stability of the treated soil interpreted individually. 
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 Figure 6 Eh-pH diagram for As in water at 25°C 
 
The important interactions between pH and other factors are discussed in the following 
chapters. 
 
2.2 Effect of liquid to solid ratio on As removal 
 
As it can be seen in figure 2, the most important factor affecting the solubility of As is the 
liquid to solid ratio. In figure 7 is shown with more detail the behavior of As regarding to 
liquid to solid ratio (L/S). 
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Figure 7 Main effect plot of L/S for the As leaching. 
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The concentration of leached As at L/S 20 is around 3 times higher than at L/S 2 
indicating that the leaching of As with time is going to be higher. Seeing that more water 
is going to percolate the soil with time probability for As to get dissolved increases. The 
reason why L/S ratio is important might be that the most of the removed As is just 
adsorbed in iron instead of being co-precipitated. Co-precipitation presents a stronger 
retention of As in the soil and the amount of water percolated should not be as important 
for the leaching of As. 
 
2.3 Effect of organic matter (OM) on As removal 
 
The results shown in figure 8 demonstrate that the presence of organic matter leads to an 
increase of As leaching.  
.  
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Figure 8  Main effect plot of OM for the As leaching 
 
The plot shows the increase of As leaching with the presence of OM in the solution but 
the difference is not statistically significant. Without organic matter leached As 
concentration is around 120 mg/kg while at the presence of organic matter it is 155 
mg/kg. It is in agreement with Redman et al. (2002) findings, where authors concluded 
that the presence of organic matter (as competing ions) in the soil led to the increased 
solubility of As.  
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2.4 Effect of microbial activity (MA) on As removal 
 

Figure 2 shows that microbial activity is the second most important factor controlling the 
removal of As. The results illustrate that the presence of microbial activity in the soil 
decreases the leaching of As in average 120 mg/kg.  
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Figure 9 Main effect plot of MA for the As leaching. 
 
According to the literature study, microbial activity in the soil could effect both As and 
Fe. It is obvious that the presence of microorganism in our case, have changed the 
conditions of the soil, changing the speciation of As and Fe. According to the mechanism 
suggested by Lackovic et al. (2000) an improvement of the removal of As involve an 
increase of the concentration of As(V) and Fe(II) in the case of adsorption mechanism.  
 
The effect of microbial activity on Fe leaching is presented in figure 10. 
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Figure 10 Effect of MA on Fe. 
 
Microbial activity has the opposite effect on iron than on As, release of iron increases 
with the presence of microbial activity Since the mobile species of iron is Fe2+, reduction 
of Fe(III) to Fe(II) might be the cause of the increased leaching of iron.  
 
Interaction between pH and microbial activity is the third significant factor affecting the 
stability of the treated soil. A comprehension of the results regarding this interaction 
could help to understand the behavior of As, Fe and microbial activity. 
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Figure 11 Interaction plot of pH and MA on As and Fe leaching 
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At high pH (pH 8) the presence of microbial activity was not affecting the leaching of As 
and Fe. While at the acidic conditions the situation is different. For iron the presence of 
microbial activity increases the leaching of it while for As it decreases. The possible 
cause of why iron leaching increases has been explained above. In the case of As, at pH 3 
and oxidizing conditions the predominant species is H3AsO3 which is not a good ligand. 
As a consequence just the reduction of Fe(III) to Fe(II) would not be enough to remove 
H3AsO3 due to its poorly ligand capacity. Thus an oxidation of As(III) to As(V) might be 
an explanation of the improvement of the removal of As at low pH. 
 
2.5 Effect of the interaction between OM and MA on As removal 
 
The interaction of organic matter and microbial activity significantly affected the stability 
of the treated soil. It is not one of the main factors but it has relevance as well. 
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Figure 12  Interaction plot of OM and MA on As leaching  
 
At the presence of organic matter the leaching of As is different depending on whether 
there is microbial activity or not. For sterilized soil (no microbial activity) the leaching of 
As increases while with microbial activity in the soil it decreases. It is known that organic 
matter compounds can serve as an electron shuttle (Lovley et al. 1998) and thus giving 
optimum conditions for microbial oxidation or reduction. It might be the explanation of 
why with organic matter and microbial activity the leaching of As decreases noticeably. 
According to chapter 2.4 an oxidation of As and a reduction of iron might take place in 
presence of microbial activity. Therefore organic matter could have been used as an 
electron shuttle serving to the microbial activity to reduce iron. 
 
 
2.6 Effect of the interaction between pH and L/S on As removal 
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In figure 2 it was showed that interaction is the fourth important factor affecting the 
stability of the treated soil, even though it is not a main factor.  
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Figure 13. Interaction plot of pH and L/S on As leaching 
 
At pH 8 the leaching of As is slightly higher at L/S 20 but there is not a significant 
difference between As leaching at L/S 20 and L/S 2. At pH 3 the difference is 
remarkable, the leaching of As is significantly higher at L/S 20 than L/S 2. 
 
 
 
3 Factors affecting the leaching of Cr 
 
It can be seen in figure 14 that the main factor affecting the leaching of Cr in the 
stabilized soil is pH. Also, microbial activity and its interaction with organic matter and 
pH are important factors. 
.  
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Figure 14 Plot of factors affecting Cr leaching from the stabilised soil 
 
3.1 Effect of pH on Cr removal 
 
As it can be seen in figure 15, Cr leaching is higher in acidic conditions than in alkaline 
conditions. It agrees with the Eh-pH diagram of Cr water at 25°C. For low acidic 
conditions the predominant species are Cr(III) and Cr(OH)3 which are strongly mobile. 
On the other hand for alkaline conditions Cr occurs mainly as Cr(III) but in its oxides 
form Cr2O3(s) which is a solid specie in consequently less mobile 
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Figure 15. Main effect plot of pH for the Cr leaching. 
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4. Factors affecting the leaching of Cu 
 
According to this study, pH is the essential factor affecting Cu solubility. 
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Figure 16 Plot of factors affecting Cu leaching from the stabilised soil  
 
4.1 Effect of pH on Cu solubility 
 
At high pH the leaching of Cu is almost negligible (figure 17) while at acidic conditions 
Cu leaching drastically increases. These findings correspond to the general behavior of 
Cu under the influence of pH. The explanation of this behavior might be that according to 
the Eh-pH diagram of Cu in water, at 25°C and pH 3 Cu occurs as Cu(II) which is 
strongly mobile while at pH 8 Cu occurs as Cu2O(s) , which is a solid species and thus 
less mobile.  
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Figure 17. Main effect plot for pH respect Cu 
 
5. Method discussion 
 
Limitations of the method: 
 

- It was not reached a redox  low enough redox potential value in order to compare 
oxidizing conditions with reducing conditions. The design with N2 atmosphere 
did not reduce the redox value less than 100mV. The consequence has been that 
no comparation between oxidizing and reducing conditions could be made 

- The agitation of the samples in order to keep all the soil in suspension was too 
high. High agitation caused abrasion and mechanical destruction of soil particles 
and consequent increase in element leaching. 

- In nature, water is percolating through the soil with a laminar flux. High agitation 
produced a turbulent flux which is not representative of the environmental 
conditions. 

 
It is concluded that the method used in order to reach low redox potential values should 
be modified. Redox potential is an important factor affecting the stability of the soil as it 
can be seen in the literature study (Apendix 4), thus it would be worth to reach values 
lower than 0mV in order to analyze the behavior of the soil under both oxidizing and 
reducing conditions. 
 
The agitation that has been used during the tests is not in agreement with the real 
‘agitation’ that can be found in the nature. Agitation physically affects the sample 
through abrasion and mechanical destruction of soil particles and consequent increase in 
element leaching  It would be worth to reduce agitation in order to make a closely 
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simulation of the nature conditions. Vertical mixers are not recommended to reach this 
goal. 
 
 
Conclusion 
 
For As, liquid to solid ratio and microbial activity has been found as the main factors 
affecting its leaching, while pH interpreted individually did not have a significant effect. 
However, pH interacting with L/S ratio and microbial activity significantly affected As 
stability. For the L/S ratio and pH interaction it was observed a high leaching of As for 
pH 3 and L/S ratio 20 while it did not occur for L/S ratio 2. At pH 8 for both ratios the 
leaching was similar. Regarding to the pH and microbial activity interaction it was found 
that microbial activity was changing the speciation of As and Fe only at low pH, at high 
pH there is almost no difference between the samples with microbial activity or sterilized 
samples. At low pH  and microbial activity As leaching was found to be decreased .The 
best conditions for the removal of As has been found at low L/S ratio, microbial activity 
,no organic matter, and pH 5. The reason of the considerably high As leaching might be 
high agitation and a predominance of the adsorption mechanism instead of co-
precipitation. 
 
Leaching of both Cr and Cu depended strongly on pH. The best conditions for the 
stabilization of Cu and Cr were found at high pH.   
 
Future works 
 
In future works it would be worth to: 
 

- Improve the experimental conditions: it was not reach a low enough redox value 
in order to compare with oxidizing values. In future works would be worth to find 
a proper way to reach low redox values. 

 
- In this study the results gave an idea of the behavior of the stabilized soil under a 

certain conditions. However in order to get a more closely results to what is 
happening in the nature it would be worth to improve the leaching test. Agitation 
physically affects the sample through abrasion and mechanical destruction of soil 
particles and consequent increase in element leaching. The strong agitation that 
has been used during the experiments is not comparable with the agitation created 
by the water that is percolating through the soil.  

 
- Microbial activity has been found as an important factor affecting the leaching of 

As, according to this, future studies might focus on microbial activity in order to 
improve the comprehension of the microbial activity effect.  
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Apendix (I) 
 
Factorial design: 
 

pH redox L/S OM MA
8 Air 2 no no 
5 Air 11 no no 
3 Air 2 yes no 
3 Air 2 yes no 
8 Air 2 yes no 
3 Air 20 yes no 
8 Air 2 yes no 
3 Air 20 yes no 
8 Air 20 yes no 
8 Air 20 yes no 
3 N2 20 no no 
3 Air 2 no no 
8 N2 20 no no 
3 N2 20 no no 
8 N2 20 no no 
3 N2 20 yes no 
8 N2 20 yes no 
3 N2 20 yes no 
8 N2 20 yes no 
3 N2 2 no no 
8 N2 2 no no 
3 N2 2 no no 
8 Air 2 no no 
8 N2 2 no no 
3 N2 2 yes no 
8 N2 2 yes no 
3 N2 2 yes no 
8 N2 2 yes no 
5 N2 11 no no 
3 Air 2 no yes 
8 Air 2 no yes 
8 Air 2 no yes 
3 Air 2 no no 
3 Air 2 no yes 
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3 Air 2 yes yes 
3 Air 2 yes yes 
8 Air 2 yes yes 
8 Air 2 yes yes 
8 Air 20 no no 
8 Air 20 no yes 
8 Air 20 no yes 
3 Air 20 no yes 
3 Air 20 no yes 
3 Air 20 yes yes 
8 Air 20 yes yes 
3 Air 20 yes yes 
8 Air 20 yes yes 
5 Air 11 yes yes 
5 Air 11 yes yes 
8 Air 20 no no 
3 N2 2 yes yes 
8 N2 2 yes yes 
3 N2 2 yes yes 
8 N2 2 yes yes 
3 N2 2 no yes 
8 N2 2 no yes 
3 N2 2 no yes 
8 N2 2 no yes 
3 N2 20 yes yes 
8 N2 20 yes yes 
3 Air 20 no no 
3 N2 20 yes yes 
8 N2 20 yes yes 
3 N2 20 no yes 
8 N2 20 no yes 
3 N2 20 no yes 
8 N2 20 no yes 
5 N2 11 yes yes 
5 N2 11 yes yes 
3 Air 20 no no 
5 Air 11 no no 
5 N2 11 no no 

Legend: 
 
L/S: liquid to solid ratio 
OM: organic matter 
MA: microbial activity 
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 72 experiments were run:  25 (two levels and 5 factors) = 32  
    4 central points. 
    2 replicates 
 
 
Appendix (II) 
 

 
 
 
This is the design that was used in order to keep an nitrogen atmosphere inside the 
beaker.  
 
A 20 liters N2 bag was connected to the pump. The pump was programmed at 100rpm. N2 
was pumped into a bottle filled with distilled water in order to saturate it with N2. The 
outgoing N2 was conduced into the beaker. The beaker was sealed with parafilm in order 
to avoid as much as possible the entrance of air. Just a minimal gap for the mixer was 
kept open. 
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Apendix (III): 
 
Results  
 
Metals concentration in mg/Kg dried soil. 
 

pH redox L/S OM MA As Cr Cu Fe Zn 
8 Air 2 no no 152.25 7.99 9.98 17.66 4.86
3 Air 2 no no 31.42 4.78 443.51 506.23 268.90
8 Air 2 no no 178.72 7.49 9.70 17.02 4.19
3 Air 2 no no 24.88 4.96 395.33 477.79 230.05
8 Air 20 no no 161.77 2.45 4.03 8.00 0.60
8 Air 20 no no 145.89 3.75 4.29 10.54 0.98
3 Air 20 no no 236.25 13.38 513.91 277.40 190.37
3 Air 20 no no 244.26 14.14 519.13 308.58 203.51
5 Air 11 no no 12.86 0.00 19.40 13.14 35.65
5 Air 11 no no 10.69 0.00 23.46 7.11 37.69
3 Air 2 yes no 50.67 71.47 465.11 365.70 240.53
3 Air 2 yes no 49.66 84.65 487.80 357.39 268.41
8 Air 2 yes no 132.90 5.45 14.56 16.52 2.58
3 Air 20 yes no 505.51 26.47 631.98 418.16 273.52
8 Air 2 yes no 126.41 6.81 15.10 19.81 3.27
3 Air 20 yes no 538.87 29.73 668.12 319.02 270.63
8 Air 20 yes no 243.79 0.00 66.71 18.68 0.00
8 Air 20 yes no 200.20 0.00 57.93 12.24 0.00
3 N2 20 no no 310.69 18.72 556.26 224.03 220.82
8 N2 20 no no 131.43 3.39 4.50 9.88 1.45
3 N2 20 no no 416.67 27.91 589.37 296.43 238.06
8 N2 20 no no 136.91 2.49 3.64 8.78 1.32
3 N2 20 yes no 656.29 31.26 737.74 214.75 319.08
8 N2 20 yes no 181.76 0.00 59.07 17.20 0.00
3 N2 20 yes no 650.72 39.66 658.90 374.18 306.14
8 N2 20 yes no 227.97 0.00 64.88 35.55 0.00
3 N2 2 no no 94.04 11.87 470.93 382.71 251.99
8 N2 2 no no 147.04 10.44 12.44 26.42 5.91
3 N2 2 no no 71.24 11.47 439.49 246.89 226.26
8 N2 2 no no 168.99 6.51 8.20 16.27 3.96
3 N2 2 yes no 107.56 16.87 512.49 257.10 266.87
8 N2 2 yes no 136.71 6.65 14.99 20.46 3.73
3 N2 2 yes no 147.46 23.87 525.41 375.73 268.53
8 N2 2 yes no 147.67 8.22 18.70 25.22 4.40
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5 N2 11 no no 27.62 5.64 37.29 42.47 50.71
3 Air 2 no yes 6.00 13.05 559.13 1547.14 286.06
8 Air 2 no yes 79.21 1.69 2.52 8.17 0.70
8 Air 2 no yes 95.94 6.23 7.62 32.65 3.13
3 Air 2 no yes 6.86 14.46 585.02 1634.00 291.96
3 Air 2 yes yes 3.29 8.54 533.99 1426.15 280.04
3 Air 2 yes yes 3.65 10.94 539.76 1570.86 258.44
8 Air 2 yes yes 43.43 3.40 10.23 27.59 1.04
8 Air 2 yes yes 41.60 2.51 15.25 19.06 3.03
8 Air 20 no yes 117.66 3.59 5.10 26.92 2.00
8 Air 20 no yes 149.64 4.34 5.00 30.34 3.31
3 Air 20 no yes 66.54 19.56 654.35 1271.79 232.74
3 Air 20 no yes 31.96 11.05 534.54 854.78 217.60
3 Air 20 yes yes 182.96 18.28 545.34 1030.88 233.41
8 Air 20 yes yes 165.60 0.00 72.13 53.13 0.00
3 Air 20 yes yes 130.02 14.32 584.58 911.18 257.81
8 Air 20 yes yes 20.66 0.00 6.83 6.27 0.00
5 Air 11 yes yes 1.22 0.00 76.87 79.84 62.92
5 Air 11 yes yes 4.40 0.21 30.80 55.44 39.55
3 N2 2 yes yes 6.98 8.56 461.17 1533.07 232.07
8 N2 2 yes yes 100.41 4.64 11.17 35.83 1.41
3 N2 2 yes yes 1.74 5.67 496.62 1244.00 271.37
8 N2 2 yes yes 68.25 4.31 10.39 31.49 3.41
3 N2 2 no yes 4.68 5.39 401.20 1452.10 215.00
8 N2 2 no yes 187.34 31.38 33.15 196.68 15.96
3 N2 2 no yes 5.43 5.90 400.21 1445.78 205.98
8 N2 2 no yes 130.78 22.93 25.26 146.72 11.85
3 N2 20 yes yes 6.64 0.00 230.42 936.49 123.71
8 N2 20 yes yes 251.61 2.31 48.68 108.50 0.00
3 N2 20 yes yes 66.86 8.91 458.37 1129.64 173.85
8 N2 20 yes yes 225.71 0.00 49.51 71.54 0.00
3 N2 20 no yes 33.33 10.96 463.97 1099.68 182.49
8 N2 20 no yes 256.71 5.52 6.77 38.60 3.29
3 N2 20 no yes 46.16 12.00 498.57 1175.39 197.42
8 N2 20 no yes 170.37 4.22 5.95 38.70 18.13
5 N2 11 yes yes 12.80 0.00 56.48 76.08 65.90
5 N2 11 yes yes 17.78 0.00 45.45 101.00 49.05
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1 Introduction 

 
The use of CCA and other As-based chemicals as a wood preservatives in Sweden have 
caused widespread metal contamination in soils around the preservation sides due to raw 
material handling, spills, deposition of sludge and dripping from freshly impregnated 
wood or due to leaching from piles of impregnated wood at the sites by rain. 

 
Wood preservation industries have been operating in Sweden since the middle of the 19th 
century to protect wood from bacterial, fungal and insect attack (Jacks and Bhattacharya, 
1998). Chemicals such as copper sulfate, Boliden salt (BIS-salt) mixed with zinc sulfate 
and chromated Copper arsenate (CCA) have been used as common wood preservatives 
for more than 50 years (Jacks and Bhattacharya, 1998). However, pressure treatment with 
CCA has grown drastically over the past 20 years and has remained as the most preferred 
industrial method of wood preservation in Sweden. It has replaced the conventional use 
of pentachlorophenol (PCP) and creosote, which are complex and variable mixture 
produced from coal. However, among the 130 wood preservation industries presently 
operating in Sweden, only three units are using creosote as a preservative, 24 units use 
artificial oils and the rest use different water soluble inorganic salts approved by the 
Nordic Council for Wood Preservation, based on As, Cu, Cr and zinc. 

 
Nowadays the most used techniques in order to remediate the CCA contaminated soil are 
landfilling and excavation, but new techniques are being studied. Among these 
techniques stabilization or in situ immobilization of metals is lately considered as a 
possible alternative. In situ metal immobilization is a technique whereby an additive 
(amendment) is incorporated and mixed with a contaminated soil. Toxic metals bind to 
the additive, which reduces their mobility in the soil. The main objective is to change the 
speciation of trace metals, thus reducing leaching and bioavailability. The more common 
additives used for in situ stabilization are iron oxides, activated alumina, coal fly ash, 
peat, etc. 

 
Predictions of stability or long term effect of the stabilized metals in soil is not well 
estimated. 

 
The goal of this Master thesis was to estimate effects of environmental factors on the 
mobility of trace elements in the zerovalent iron (Fe0) stabilized soil, making an attempt 
to predict a long-term behavior of the stabilized soil. 

 
The literature study aimed at: 

 
- Understand trace element contamination and its consequences. 
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- Identifying the factors which affect the stability of the treated soil in order 
to properly design a laboratory experiment. 

 
This literature study is divided into five sections: 
 

 
- a review of the toxicity of As, Cu and Cr; 
- review of the different treatment methods of contaminated soil; 
- the element adsorption mechanism in Fe0 treated soil; 
- description of the factors affecting the stability of the treated soil; 
- a discussion focused on the experimental design. 

 
2 Toxicity of As, Cu and Cr 

 
Humans, animals and plants are exposed to naturally occurring sources of As, Cu 

and Cr, and it is known that exposure to high concentrations levels of different species of 
these metals can be dangerous.  

 
Below are described toxicity properties of each element 
 

2.1 As toxicity 
 

As toxicity to water organisms 
 

For most aquatic animal species, the acute toxicity of inorganic As compounds is 
moderate to low (LC50 10-100 mg/l). However, long-term exposure of immature fish 
populations to sublethal doses may result in toxic effects at about 4 mg/l, and exposure of 
Daphnia may lead to slightly impaired reproduction at 0.5 mg/l. In aquatic ecosystems, 
algal communities seem to suffer most from exposure to As. The growth of some species 
of unicellular algae is inhibited at arsenate concentrations as low as 75 µg/l. Communities 
of some species of marine macro algae (seaweed) may be eliminated at exposures of 
about 10 µg/l  (internet site [1]). 

 
As toxicity to plants 

The extent of As uptake into plants not only depends on the degree of As contamination 
in the soil but also on soil properties. In general, the sandier or wetter the soil, the greater 
the potential for As toxicity. Toxicity symptoms in plants include stunted, blackened 
roots and blackened leaf margins. Edible portions of plants seldom accumulate high 
concentrations of As due to that most backyard vegetable plants are sensitive to As in soil 
and will either be killed or severely stunted long before the As concentrations in their 
tissues reach concentrations that pose a health risk.  

The highest As concentrations tend to be in root crops, particularly beets and radishes. 
Fruit crops, such as tomatoes, berries and apples, present a much lower risk because they 
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take up and store very little As. The main problem of accumulation of As in plants is the 
health risk for humans and animals that ingest these plants (internet site [2]). 

 
 
 
 
As toxicity to animals 

In general, the toxic action of As in experimental animals resembles that seen in man.  
The oral LD50 of As ranges from15 to 293 mg/kg body weight (bw) in rats, and from 11 
to 150 mg/kg body weight in other experimental animals. Trivalent As is, in general, 
more toxic than pentavalent As. With long-term oral administration, liver lesions, 
anaemia, and pathological skin changes have been produced in animal models. Studies on 
experimental animals have demonstrated the development of tolerance towards the acute 
effects of As compounds (internet site [1]). 

As toxicity to humans 

The acute toxicity of the various forms and valences of As in humans is predominantly a 
function of their rate of removal from the body. Metallic As (0 valence) is not absorbed 
from the stomach and as such does not have any adverse effect. Some As compounds, 
such as the volatile arsenine (AsH3), are not present in food or water. Additionally some 
organic As compounds have little or no toxicity or are rapidly eliminated from the body 
in the urine. Lethal doses for the most common As compounds (AsH3, As2O3, As2O5, 
MMAV, and DMAV) in humans range from 1.5 mg/kg bw (As2O3) to 500 mg/kg bw 
(DMAV) (Buchet and Lauwerys, 1982).  

 
Symptoms of acute As intoxication associated with the ingestion of well water containing 
As at 1.2 and 21.0 mg/l have been reported (Feinglass, 1973; Wagner et al.,1979). Early 
clinical symptoms of acute As intoxication include abdominal pain and vomiting, 
diarrhea, pain to the extremities and muscles, and weakness with flushing of the skin. 
These symptoms are often followed by numbness and tingling of the extremities, 
muscular cramping, and the appearance of a papular erythematous rash 2 weeks later. 

 
Signs of chronic Asalism, including pigmentation and development of keratoses, 
peripheral neuropathy, skin cancer, peripheral vascular disease, hypertensive heart 
disease, cancers of internal organs (bladder, kidney, liver, and lung), alterations in 
gastrointestinal function (non-cirrhotic hypertension), and an increased risk of mortality 
resulting from diabetes, have been observed in populations ingesting As-contaminated 
drinking water in southwestern Taiwan (Chen et al., 1985, 1992; Wu et al., 1989). 

 
Dermal lesions, such as hyperpigmentation, warts, and hyperkeratosis of the palms and 
soles, are the most commonly observed symptoms in 70-kg adults after 5–15 years of 
exposure equivalent to 700 µg/day or within 6 months to 3 years at exposures equivalent 
to 2800 µg/day (U.S. EPA, 2001a). 
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2.1 Cr toxicity 
 
Cr toxicity to plants 
 
Whereas Cr(VI) has been demonstrated to produce serious damage to living cells, it is 
considered that Cr(III) is less toxic because of its extremely low solubility, which 
prevents its leaching into ground water or its uptake by plants. However, studies in plants 
have shown that Cr(III) also produces serious problems in living tissues although at 
higher concentrations than Cr(VI) (Cervantes et al. 1998). Barley plants exposed to 50 
ppm Cr(VI) remained vital although with altered appearance; further exposure to 100 
ppm caused a stressed appearance after 2 days, and after 7-10 days all barley plants died. 
Toxic symptoms produced by Cr(VI) are stronger than those caused by Cr(III), and occur 
earlier and at lower concentrations (Cervantes et al.1998).  

 
Cr toxicity to humans 

 
Major factors governing the toxicity of Cr compounds are oxidation state and solubility. 
Cr(VI) compounds, which are powerful oxidizing agents and thus tend to be irritating and 
corrosive, appear to be much more toxic systemically than Cr(III) compounds, given 
similar amounts and solubilities. Although mechanisms of biological interaction are 
uncertain, this variation in toxicity may be related to the ease with which Cr(VI) can pass 
through cell membranes and its subsequent intracellular reduction to reactive 
intermediates. Below are described the main toxic effects of Cr: (internet site [3]). 

 
Skin effects: severe dermatitis and skin ulcers can result from contact with Cr(VI) 
salts. Cr compounds can be sensitizers as well as irritants. 
 
Respiratory tract effects: when inhaled, Cr(VI) is a respiratory tract irritant and can 
cause pulmonary sensitization. Chronic Cr inhalation increases the risk of lung 
cancer. 
 
Renal effects: low-dose, chronic Cr exposures generally cause only transient renal 
effects. Acute Cr(VI) exposure can result in renal tubular necrosis. 
 
Hepatic effects: Cr(VI) can cause mild to moderate liver abnormalities. 
 
Carcinogenic effects: occupational exposure to Cr(VI) has long been associated 
with increased lung cancer mortality. Latency for Cr-induced lung cancer is greater 
than 20 years; exposure duration can be as short as 2 years. 
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Cr toxicity to animals 
 

Though many reports on local effects in humans have been presented, few experiments 
have verified these effects in animals. 

 
Samitz and Epstein (1962) induced ulcers in guinea pigs through application of various 
hexavalent Cr compounds to the skin. Authors demonstrated that a local skin defect can 
be considered as a perquisite for the development of chrome ulcers. Mosinger and 
Fiorentini (1954) induced skin ulcers in different animal species through application of 
potassium chromate to the skin. 
 
Carcionogenic effects of Cr in animals have not been successfully identified. Baetjer et 
al. (1959) could not induce bronchiogenic cancers in mice and rats by daily exposure to 2 
mg/m3 mixed chromate dust in dust chambers.  

 
After intratracheal administration of calcium chromate to 218 rats, Hueper and Payne 
(1962) found three fibrosarcomas at the end of the second year of observation, the 
individual chromated dose being 10-12.5 mg. Conclusive evidence for dose-response 
relationships for the different carcinogenic Cr compounds in animals can not be given 
from the existing literature 

 
2.3  Cu toxicity  

 
Cu toxicity in humans 
 
Ingestion of a large amount of Cu salts, usually at least 15-75 mg of Cu, causes 
gastrointestinal disturbances (Friberg et al 1980). Chronic Cu poisoning has not been 
described in normal human beings. Systemic effects, especially hemolysis, liver and 
kidney damage, have been reported after ingestion of large amounts of Cu salts. 

 
Mainly, the liver and brain contain the largest amounts of Cu in the body; other organs 
contain smaller amounts. As with mercury and lead, high levels of Cu are also associated 
with mental and emotional disorders. The main signs and symptoms are: (internet site 
[4]). 

 
- Diarrhea.  
- High systolic and diastolic blood pressure. 
- Nausea.  
- Eczema. 
- Tender calf muscles. Join pain, swelling and stiffness.  
- Kidney disease.  
- Premenstrual syndrome.  
- Sickle cell anemia.  
- Stomach pain.  
- Hemolytic anemia.  
- Weakness.  
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- Severe damage to the central nervous system.  
- Constant fatigue.  
- Insomnia (frequent difficulty falling asleep, unsound sleep. 
- Hair loss  

 
Cu toxicity to animals 

 
Ionic Cu concentration up to 40 µg/L has been found dangerous (Friberg et al 1980). An 
excess of Cu effects on the gills (epithelial necrosis, epithelial lifting and proliferation of 
chloride cells), liver (cloudy swelling) and kidneys (necrosis) (Friberg et al 1980). 

 
3. Different kind of contaminated soil treatments  

 
The choice of a remediation method is governed by the type of pollutant, the objective of 
the remediation, the time perspective, the costs, the restrictions due to the soil and the 
climatic conditions. The remediation could be in situ (both when the soil is not moved 
and when the soil is excavated but not transported) or ex situ (the soil is excavated and 
transported to treatment facility). 

 
The main remediation strategies available to take care of polluted soil are: 
 

- Concentration: the pollutant concentration is increased before further 
treatment. 

- Destruction: the pollutant is transformed into less toxic compound. 
- Immobilization: the environmental conditions are changed in order to 

avoid pollutant dispersion in the recipient. Immobilization can both consist 
on all contaminated soil isolation or changes in the contaminant metal 
speciation. 

 
Concentration methods 

 
Soil washing (ex situ): soil washing is accomplished by contacting soil with a wash 
solution, separating the soil and solution, and treating the solution. The solution is 
contacted with the soil and vigorously agitated to transfer contaminants into the wash 
solution. The process removes contaminants from soils by dissolving or suspending them 
in the wash solution (which is later treated by conventional wastewater treatment 
methods. 

 
Thermal desorption (ex situ): is implemented by heating and agitating soil while it is 
exposed to a carrier gas or vacuum that transports volatilized water and organic 
contaminants to the gas treatment system. The bed temperatures and residence times 
designed into these systems will volatilize selected contaminants but typically will not 
oxidize or destroy them. Thermal desorption is a full-scale technology that has been 
proven successful for remediating all types of soil.  
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Electrokinetic extraction (in situ): is performed by applying a low voltage direct current 
across electrode pairs that have been implanted in the ground on each side of the 
contaminated soil mass. The electrical current causes electroosmosis and ion migration. 
The aqueous phase or contaminants desorbed from the soil surface are transported 
towards respective electrodes depending on their charge. The contaminants may then be 
extracted to a recovery system or deposited at the electrode 

Destruction methods 

Incineration (ex situ): is performed by supplying heat from fuel combustion or electrical 
input to cause thermal decomposition of organic contaminants through cracking and 
oxidation reactions at high temperatures (usually between 760 – 1.550°C). The organic 
contaminants primarily are converted into carbon dioxide and water vapor. Other 
products of incineration can include nitrite oxides, nitrates, and ammonia (for nitrogen-
containing wastes); sulfur oxides and sulfate (for sulfur-containing wastes); and halogen 
acids (for halogenated wastes). Contaminated soils typically are treated in a rotary kiln or 
a fluidized bed incinerator. 

Biological degradation: is done by microorganism. In situ degradation and ex situ 
composting are the two main methods. To facilitate the degradation, xygen, nutrients and 
sometimes microorganism are added to the soil. 

Glycolate dehalogenation: is implemented by mixing contaminated soil and the reagent in 
a heated treatment vessel. Potassium polyethylene glycol (KPEG) is the most common 
APEG treatment reagent. In the APEG process, the reaction causes the polyethylene 
glycol to replace halogen molecules and render the compound nonhazardous or less toxic. 
For example, the reaction between chlorinated organics and KPEG causes replacement of 
a chlorine molecule and results in a reduction in toxicity. 

In situ chemical oxidation (ISCO): involves injecting chemical oxidants into the vadose 
zone and/or ground water to oxidize contaminants. This is an emerging technology that 
can be applied at highly contaminated sites or source areas to reduce contaminant 
concentrations. The common oxidants are hydrogen peroxide-based Fenton’s reagent, 
and potassium permanganate. 

Immobilization methods 

Ex situ vitrification: is performed using a plasma torch, an electrical current, or other heat 
source to melt soil or other contaminated matrices at extremely high temperatures (1,600 
- 2,000°C). Organics are pyrolyzed and vaporized by the high temperatures. Water vapor 
and pyrolysis products are captured by an off-gas treatment system for additional 
processing prior to discharge. The melt exits the vitrification unit where it cools to form a 
glassy solid that immobilizes inorganics. 

Ex situ vitrification is effective in reducing the mobility of the contaminated wastes 
within a media. The vitrified mass has high strength and resistance to leaching. 



 41

Solidification/stabilization in situ treatment is designed to immobilize contaminants 
within the contaminated matrix, instead of removing them through chemical or physical 
treatment. Soil is mixed with a binder, (such as portland cement) to reduce contaminant 
mobility by a combination of physical entrapment (e.g., encapsulation or porosity 
reduction) and chemical reaction (e.g., hydroxide precipitation). 

Landfilling: is defined as the disposal of solid waste at engineered facilities in a series of 
compacted layers on land and the frequent daily covering of the waste with soil. Fill areas 
are carefully prepared to prevent nuisances or public health hazards, and clay and/or 
synthetic liners are used to prevent releases to ground water. 

 
Asphalt capping: it consist on place a hard-surface cap in order to maintain a high-
strength, low-permeability cover over the waste to stabilize surface soil and reduce 
infiltration of surface water 

 
Application of inorganic or organic amendments: in situ metal inactivation is a technique 
whereby an additive (amendment) is incorporated and mixed with a contaminated soil. 
Toxic metals bind to the additive, which reduces their mobility in the soil. The main 
objective is to change the speciation of trace metals, thus reducing leaching and 
bioavailability. However, the use of in situ remediation (immobilization) for metal 
contaminated soils is not popular because it still requires validation of long-term stability 
data. The most common amendments used are: 

 
- Fe oxides, Fe0. 
- Coal fly ash. 
- Organic matter. 
- Lime 
- Phosphates 
- Aluminosilicates 
 

Phytoremediation methods 
 

Phytoextraction: is the uptake of contaminants by plant roots and movement of the 
contaminants from the roots to aboveground parts of the plant. Contaminants are 
generally removed from the site by harvesting the plants. Phytoextraction accumulates 
the contaminants in a much smaller amount of material to be disposed of (the 
contaminated plants) than does excavation of soil or sediment. The technique is mostly 
applied to heavy metals and radionuclides in soil, sediment, and sludges.  

 
Phytovolatilization: is the uptake and transpiration of a contaminant by a plant. Either the 
contaminant or a modified form of the contaminant is released into the atmosphere (EPA, 
1998). It has been mainly applied to groundwater, but it can also be applied to sludge, 
soil and sediments. Mostly used to remove chlorinated solvents, it has also shown 
promise in removing selenium, mercury and As (EPA, 2000) (internet site [5]). 

 
4. Mechanism of the stabilization of As 
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In general, the removal of As with zerovalent iron may involve many complicated 
processes.  
 
 
 
 

 
Table 1. Possible As removal processes in zerovalent iron systems (Lackovic et al. 
(2000). 

 
 

Removal processes Description Examples References 
Surface adsorption Immobilization of 

metals involves the 
binding species onto 
the iron surface 
through surface 
complexation 

Adsorption onto 
Fe0 
Fe0Corrosion 
products e.g. iron 
(oxyhydr)oxides to 
form bound As such 
as inner-sphere, 
bidentate complexes 

Lackovic et al. 
(2000) 
Manning et al(2002) 
Melitas et al. 
(2002b) 
Dixit and Hering 
(2003) 

Precipitation Nucleation and 
growth of a solid 
phase with repeating 
molecular unit in 
three dimensions 

Symplesite 
Fe3(AsO4)·8H2O, 
Realgar As4S4 

Nikolaidis et al. 
(2003) 

Co-precipitation Incorporation of 
element as minor 
constituent in a 
mineral structure as 
it forms 

As co-precipitation 
with: carbonate , 
sulfides 
 

Nikolaidis et al. 
(2003) 

 
 

Lackovic et al. (2000) suggested the following adsorption mechanism. 
 

- zerovalent iron oxidation 
 

2Fe(0) + O2 + 2H2O → 2Fe2+ + 4OH- 
 

 
- As sorption  reaction 

 
R−--- + Fe(OH)+ + HAsO4

2- + H+↔ R−---+Fe2HAsO4- +  H2O 
 
where R: positively surface charged. 
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- As co-precipitation reaction 
 

Fe(OH)3 + H2AsO4- + H+ → FeAsO4.2H2O + H2O 
 

Mayenkar (1986) and Lackovic et al. (2000) noted that since an oxide layer is usually 
formed on the surface of iron, it is problematic to determine the mechanism(s) controlling 
the removal of As by zerovalent iron. After some experiments mixing iron with a solution 
containing both arsenite and arsenate they conclude that the responsible for the removal 
was the adsorption process. The experimental results suggested that mainly As(V) was 
adsorbed on the iron hydroxide. They did two experiments, first one was mixing iron 
with a solution containing As in an atmosphere without oxygen and the second was with 
oxygen. In the presence of dissolved oxygen, iron hydroxides were formed readily as 
suspended particles as well as on the surface of the iron filings. Adsorption was 
suggested as the predominant reactions for the removal of As(V) and As(III) (Mayenkar, 
1986; Lackovic et al., 2000). 
Lien and Wilkin (2004) did similar experiments, and conclude that adsorption or co-
precipitation onto the iron surfaces should be the majority mechanism describing the 
removal of As from the solution. 
 
 
5 Effect of media characteristics in metal adsorption 
 
Adsorbents function by attracting and adsorbing or binding (reversibly or irreversibly) 
contaminants on active sites on the surfaces of their particles. These surfaces may simply 
exist on the exterior of the particle or may also be within a pore structure throughout the 
media particle.  

 
The more surface area a particle has, the more active sites are exposed and the higher its 
adsorptive capacity. Finer grain size fractions possess a greater surface area, and thereby 
adsorb the bulk of the heavy metals on their surfaces. Since the fine grained fraction 
comprises, to a major extent, clay minerals, non-crystalline aluminosilicates phases and 
amorphous Fe-oxides and hydroxides, it sorbs the anionic contaminants such as AsO4

2-. 
 
Bhattacharya et al. (2002) studied the distribution of contaminants (As, Zn, Cr and Cu) 
bounded to two different grain sizes. The average grain distribution based on 36 analyses 
of the soils from the contaminated site at Konsterud (in Kristinehamn Community in central 
Sweden) indicates that the fraction <2 mm comprises 65% by weight. The fine grained 
fraction (<0.125 mm) constitutes on an average 10% while the content of organic matter 
was estimated by the percent weight loss on ignition LOI and varied between 9 and 13%. 
After their experiments they found that the fined grained fraction (<0.125 mm), in 
general, revealed a higher metal concentration as compared to the coarser (<2 mm) 
fraction of the soils. 
 
6 Factors affecting the stability of the treated soil 
 
6.1 Introduction 
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A comprehensive thermodynamic model including all chemical equilibria is important for 
predicting the distribution of As species in soils.  
 
Pe-pH diagrams are used for predicting the stability fields of various oxidized and 
reduced species. In the diagram (Figure 1), the organic As species is not considered 
because we are dealing with a system that has minimal organic contents and microbial 
activity. 
 
 

 
 
Figure 1  Simplified pe-pH diagram for As-H2O diagram system at 25°C 
 
According to the pe-pH diagram for As- H2O at 25°C, As(V) (dominant species are 
H3AsO4, H2AsO4

-, HAsO4
- and AsO4

-) occurs  in the following conditions.  
 
Acid conditions: 
 

- pH 2 (strong acid conditions) with Eh (mV) value higher than 400.   
- pH 3 (acid conditions) with Eh higher than 350mV 
- pH 4 with Eh  higher than 300.mV 
- pH 5 with Eh higher than 200mV 
- pH 6 with Eh higher than 100mV 

 
Neutral conditions: 
 

- pH 7 with Eh higher than 0mV 
  

Basic conditions: 
 

- pH8 with Eh higher than -100mV 
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- Range of pH 8.5 to 10 Eh higher than -200mV 
 
As (III) (H3AsO3, HAsO3

2- and AsO3
3-) is predicted to be the thermodynamically stable 

valence with values below the pentavalent As ones. 
 
6.2 Effect of oxidation state and pH on As mobility 
 
Sorption to or co-precipitation of As with iron oxides is more effective if As(V) species 
are dominant due to the adsorption and co-precipitation mechanism. Consequently, pH 
and Eh ranges in which As(V) is supposed to be the stable valence would show a more 
effective removal of As. 
 
Frankenberger (2002) confirms that As removal has been observed to be much more 
efficient for As(V) than As(III). Figure 2 shows As(V) and As(III) removals as a function 
of pH. As(V) removal is strongly dependent on the pH. The best result is found at pH  5.5 
while no removal occurred at pH > 10. As(III) removal is extremely low at pH 5.5 and 
change very little in the pH range 7.5 – 10. This is because As(III) exists predominately 
as the neutral species H3AsO3 when the pH of the soil is below 9.5 and is a poor ligand 
when compared with As(V). However, as the pH increases, the greater concentration of 
hydroxide, which is a good ligand, outcompetes the H2AsO3

- anion for complexation 
sites. As(V) occurs in the anionic form over the pH range mentioned, and thus is removed 
far more efficiently that As(III). However, at pH 10 hydroxide competition is significant, 
and both As(V) and As(III) are adversely affected. 
 

 

 
 

Figure 2  As removed respect  Fe(III) dosage (Frankenberger (2002). 
 
 
Katsoyaninis and Zouboulis (2004) also found that As(V) was easier to be removed by 
methods as adsorption and precipitation. The experiment was run at fixed pH 4 and redox 
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values adjusted to 270-280 mV and they found that the removal of As was 65%. To 
enhance the removal of trivalent As, oxygen content in the leaching test was further 
increased, this caused an increase of the redox potential to values over 320 mV which 
affected As(III) removal, increasing it until 95%. For a combination of pH 4 and Eh value 
of 320 mV, As was present in the form of pentavalent anionic form, whereas for lower 
redox values arsenite species were also present, resulting in less efficient removal. 
Authors conclude that the oxidation of As(III) to the respective As(V) was considered as 
the cause of the enhanced As removal. 
 
6.3 Effect of the Fe Dosage on As mobility (Fe:As ratio) 
 
Numerous studies (Frankenberger, 2002) have shown that both As(III) and As(V) 
removals increase with increasing adsorbent dose. The increased removal is consistent 
with the expected linear increase in surface area and the concentration of surface sites for 
adsorption. However, these studies show that adsorbent dose is secondary in importance 
to pH in the range of 5.0 – 8.0. During pilot studies performed in Alburquerque (Spain) at 
pH 7.4 with  As(V) concentration of 34 µg/l, an increase in the adsorbent from 1.9 to 5.8 
mg Fe (II)/L resulted in only a slight decrease in filtrate As(V). Under similar conditions 
at pH 6.4, filtrate As(V) concentrations were virtually unchanged.  

 
Moore et al. (2000) found similar conclusion as above in their studies. The authors found 
that solution concentrations of As in the soil decreased from 554 to 15.4 µg/l as the Fe:As 
molar ratio increased from 0 to 2, whereas the solution As concentration increased at the 
Fe:As molar ratio > 2. The decrease in As solution concentration was attributed to the pH 
decrease with increasing Fe:As molar ratios due to the protons generated by iron 
oxidation and hydrolysis. According to these problems with decreasing of pH, authors 
carried out the same experiment adding a certain amount of CaCO3 to the solution in 
order to control pH around the neutral point. Neutral point was found in the first 
experiment as the best pH in order to immobilizing As. Both results are shown below in 
two different plots.  
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Figure 3  As concentration and pH of treatment solutions for the soil without 
CaCO3 (Moore et al 2000) 

 
 
Figure 4 As concentration and pH of treatment solutions for the soil with CaCO3 

(Moore et al 2000) . 
 
In both plots As concentration in solution decrease drastically when Fe:As molar ratio is 
2. The main difference between the experiments is that after Fe:As molar ratio 2, for the 
experiment without CaCO3, As in solution increases due to the strong decrease of pH. In 
the CaCO3 treated experiment, pH remains approximately constant and As in solution is 
getting lower while increasing Fe:As molar ratio until 50. It is worth to mention that in 
the CaCO3 treated experiment, for Fe:As molar ratio >2 the decrease of As in solution is 
low. 
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Papassiopi et al. (1995) studied the influence of Fe:As molar ratio on the adsorption of As 
to iron oxides and its precipitation as ferric arsenate (FeAsO4·2H2O). The experimental 
results showed that the effectiveness of As(V) removal is mainly controlled by the Fe:As 
molar ratio in solution. Furthermore, the pH value of precipitation was also found to 
influence removal of As. Also, authors found that the optimum pH for As removal 
depended on the Fe:As molar ratio. 

 
The picture below shows the As concentration in solution depending on pH and Fe:As 
ratios.  
 

 
Figure 5. Remaining concentration of As as a function of the precipitation pH 
(Papassiopi et al., 1995). 
 
The residual As concentration obtained from the solution with Fe:As = 2 is high 
compared with other experimental results at the same Fe:As ratio. 
 
Another experiment was done changing Fe:As ratios with a controlled pH around 5. The 
results confirmed the fact that increasing the Fe:As ratio molar ratio in the range 2-8 
results in the improved stability of the precipitates. 
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Figure 6. Effect of Fe/As molar ratio on the solubility of precipitates at pH = 5. 
(Papassiopi et al., 1995). 
 
 
 
 
Papassiopi et al. (1995) demonstrated that the effectiveness of As removal from solution 
was strongly affected by the Fe:As molar ratio. The stability of ferric arsenates 
precipitates is improved when the Fe:As molar ratio increases. Taking into account all 
available data, the precipitates with Fe:As molar ratio above 3 can be considered suitable 
for usage up to neutral pH values, while Fe:As > 6 can be safely used of even at alkaline 
pH values. 
 
6.4 Effect of interfering anions in As mobility 
 
The selectivity of As adsorption in presence of several anions that can be encountered in 
some As-bearing industrial effluents such as Cl-, NO3

-, SO4
2-, PO4

3- has been investigated 
by several authors. Rau et al. (2003) found in their experiments that phosphate provokes 
an important interference in all pH range studied. For the other anions, this interference is 
only noticed for pH lower than 3-4. At pH 1.3, chloride and nitrate provoke a 22% 
decrease of As adsorption, a 50% decrease in sulphate, while phosphate inhibits the As 
adsorption process. Thus, the order of interference of the studied anions follows the 
affinity pattern of these anions for Fe(III): phosphate>sulpahte>nitrate≈chloride. This 
behavior is usually observed when considering iron-based adsorbents such as ferric 
hydroxide (Peng, 1994). Concerning to Fe(III) as adsorbent, the presence of sulphate and 
especially phosphate favors the release of As. This behavior can be assigned to the 
formation of sulphate and phosphate complexes with iron such as [Fe(SO4)2

-, 
[FeHSO4]2+, [FeSO4]+, [FeH2PO4]2+, [FeHPO4]+]  which are relatively stable. Contrarily 
chloride complexes with iron are relatively weak and complexation of iron by nitrate is 
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negligible (Puigdomenech, 1997), for this reasons the interference of these anions is 
weak. 
 
On the other hand, the selectivity showed by this adsorbent is better than others anionic 
exchangers. The presence of Fe(III) enhances selectivity for As over anions with lower 
affinities for this metal ion. The following table shows the As adsorption in presence of 
different concentration of interfering anions (the decrease of As(V) adsorption shown in 
this table has been calculated with respect to the capacity obtained at the same pH when 
no anion was present in the solution): 
 
 
 
 
 
 
 
 
 
 
 
  
Table 2 Effect of competing ions respect As adsorption (Frankenberger 2002) 
 
 

  
 
 
Silicate has also been found to have a significant compteing effect (Frankenberger 2002). 
 
Swedlund and Webster (1999) determined that adsorption of silica onto ferrihydroxide 
was the predominant factor in the inhibition of As adsorption of their experiments. In 
addition to adsorption, silica may also interact with Fe(III) to form soluble polymers and 
highly dispersed colloids. Tong (1996) reported that the adverse effect of silica on As(V) 
adsorption was almost completely attenuated at a pH of 6.5. The effect of silica can be 
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clearly seen in figure 9: as the pH and the concentration of silica increased, the adsorption 
density of As on ferric hydroxide was sharply reduced 
 

 
 
Figure 7 Effect of silica on As removal (Tong 1996) 
 
Interfering cations such as Ca(II) and Mg(II) have been reported to have a slightly 
beneficial effect on As adsorption onto ferric hydroxide (Swedlund and Webster 1999).  

 
Natural organic matter (NOM) generally had not effect on As(V) adsorption at pH values 
less than 7 although the adsorption was significantly decreased at pH 9 (Hering and 
Elimelech, 1996). This study also indicated that the effect of NOM was more significant 
for As(III) adsorption with As removals lower in the presence of NOM in the pH range of 
4-9. 
 
6.5 Effect of liquid solid ratio on As mobility 
 
The liquid to solid ratio is a major parameter influencing the leaching behavior of waste. 
The L/S ratio is calculated as the ratio of the mass of liquid in contact with the waste 
divided by the dry mass: 

   
)(drywaste

liquid

mass
mass

ratio
S
L

=  

 
When a flow of water (or other liquid) is going through the waste, the L/S ratio can be 
correlated with the time. At certain time, a certain amount of water has percolated 
through the waste, corresponding to a certain L/S ratio. 
 
6.6 Effect of Organic Matter on As mobility 
 



 52

Natural organic matter (NOM) is that fraction of the water or soil composed of anything 
that once lived. It includes plant and animal remains in various stages of decomposition, 
cells and tissues of soil organisms, and substances from plant roots and soil microbes. 
As mobility in natural environments is controlled primarily by sorption onto metal oxide 
surfaces, and the extent of this sorption may be influenced strongly by the presence of 
other dissolved substances that interact with surfaces or with As itself. Natural organic 
matter (NOM), a prevalent constituent of natural waters and soils, is highly reactive 
toward both metals and surfaces and is thus a clear candidate to influence As mobility 
(Redman et al. 2002). 

 
Redman et al (2002) tested the effect of NOM in As sorption onto metal oxides surfaces. 
Of the six NOM samples tested, four formed aqueous complexes with arsenate and 
arsenite. The extent of complexation varied with the NOM origin and, in particular, 
increased with the cationic metal (primarily Fe) content of the NOM sample. In addition, 
every NOM sample showed active redox behavior toward As species, indicating that 
NOM may greatly influence redox as well as complexation speciation of As in freshwater 
environments. When NOM and As were incubated together with hematite, NOM 
dramatically delayed the attainment of sorption equilibrium and diminished the extent of 
sorption of both arsenate and arsenite. Consistent with this result, when NOM and As 
were introduced sequentially, all NOM samples displaced sorbed arsenate and arsenite 
from hematite surfaces, and As species similarly displaced sorbed NOM from hematite in 
significant quantities. Competition between NOM and As for sorption thus appears to be 
a potentially important process in natural waters and soils, suggesting that NOM may 
play a greater role in As mobility than previously recognized. In addition, in all sorption 
experiments, arsenite was consistently desorbed or prevented from sorbing to a greater 
extent than arsenate, indicating that interactions with NOM may also partially explain the 
generally greater mobility of arsenite in natural environments. 

 
Organic matter in soils also provides a carbon and energy source for soil microbes 
meaning that organic matter (as an energy source) could have also an important role on 
As adsorption if microbial activity effect on As removal by iron was important. 
 
6.7 Effect of microbial activity on As mobility 
 
One of the more important factor controlling the oxidation and reduction of inorganic As 
species is microbial activity. Microbial reduction of As(V) via dissimilatory or 
detoxification processes and microbial oxidation of As(III) not coupled to microbial 
growth are explained below. 
 
6.7.1 Microbial pathways for the reduction of As(V) 
 
Microbial reduction of arsenate to arsenite may occur by at least two principal 
mechanisms: dissimilatory reduction where As(V) is utilized as a terminal electron 
accepting during anaerobic respiration (Ahman et al. 1994), and detoxification activity 
which involves an arsenate reductase and arsenite efflux pump ( Macur et al. 2001). 
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It is important to note that As(V) reduction via detoxification will occur under both 
anaerobic and aerobic conditions and that, in soils and natural waters, the role of the 
detoxification pathway relative to dissimilatory reduction may be underestimated for 
several reasons. First, the concentration of As(V) in many As-contaminated soils is 
generally not high enough to represent a dominant electron acceptor capable of 
supporting significant growth of As(V)-respiring organisms (Silver et al. 1993). Second, 
disimilatory reduction of As(V) may require strict anaerobic conditions where organic 
acids are the primary electron donors. However, As(III) has been repeatedly observed in 
highly oxidized environments (Macur et al.2001) suggesting that reduction processes 
other than anaerobic respiration are responsible for the reduction of As(V). 

 
In one recent study Macur et al.(2001), the solubilization and speciation of aqueous As 
from acidic (pH 3) mine tailings (containing 20% Fe and 0.3% As) was studied after 
liming amendments. In sterilized columns, increases in mine tailing pH to 7.8 after liming 
resulted in significant solubilization of As primarily as As(V), consistent with the pH 
dependence of As(V) sorption reactions on Fe(III)-oxide minerals. The results verified 
those obtained by Jones et al. (2000) who used similar tailings materials and 
demonstrated the potential for As mobilization after increasing the pH. However in non 
sterile columns, the solubilization of As after liming was threefold greater than that 
observed under sterile conditions. Moreover, the speciation of As in the column effluent 
showed that the majority of As in the non sterile column was As(III) despite the fact that 
the columns were maintained under aerobic conditions and oxidizing conditions (above 
400 mV), and there was no evidence of reductive dissolution of the Fe solid phase. Due 
to that tailings samples from these columns were used for molecular analysis and also for 
cultivation of As(V)-reducing organisms. The only As(V)-reducing microorganism that 
could be cultivated were obtained under aerobic conditions. Experiments with these 
isolates (Caulobacter, Sphingomonas, and Rhizobium) demonstrated that all could reduce 
As(V) under well aerated conditions. They also realized that reduction of As(V) was 
coincident with microbial growth under aerobic conditions, These results suggest that 
growth was not coupled to reduction of As(V), and also that the growth was not inhibited 
by the presence of As(V) at these levels.  It is suggested that the ability to reduce As(V) 
to As(III) via detoxification pathway may be widely distributed trait in microbes 
inhabiting soil and aquatic environments. 
 
6.7.2. Microbial pathways for the oxidation of As(III) 
 
The oxidation of As(III) by microorganisms has been studied for many years but only 
recently have definitive mechanisms of oxidation been elucidated. For example the work 
by Santini et al. (2000) clearly documents an organism capable of chemolithoautotrophic 
growth on As(III). The half life of As(III) oxidation under optimal laboratory growth 
conditions was reported to be approximately 1.8 h. Another potential mechanism of 
As(III) oxidation is also referred top as ‘As detoxification’, wherein little to no energy 
appears to be acquired by the cell and often the oxidation does not occur until cultures 
have reached stationary phase (Osborne and Ehrlich, 1976). The oxidation mechanism 
characterized in Alcaligenes is due to an inducible aresnite oxidase found on the outer 
surface of the cytoplasmic membrane (Anderson et al., 1992) 
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Maccur et al. (2001) have been studying the oxidation of As(III) to As(V) in an As-
contaminated soil from Madison River basin in Montana. This soil contains elevated 
levels of total and soluble As. They conducted the experiments utilizing carefully 
designed, aseptic transport columns as enrichment vessels to characterize rates of As 
transformation that potentially can be linked to specific microbial populations. The 
column received influent containing 75 µM As(III) and the effluent was monitored for 
several weeks under unsaturated flow conditions and aerobic conditions. Characterization 
of the effluent showed that As(III) oxidation occurred rapidly and continued for 15 days. 
After isolation of the microorganism responsible of the oxidation, two where found to 
oxidize As(III) ( P. fluorescens, agrobacterium).  

 
In summary, the capability to oxidize or reduce As appear widely distributed among soil 
microorganisms. Consequently, it is easy to conceive how transient environmental 
conditions may select or favor specific members of the microbial community, with 
resulting consequences in the ‘equilibrium’ cycling of As, an in turn, the solubility, 
mobility, and subsequent bioavailability of it. 
 
 
 
 
 
 
6.7.3.- Microbial oxidation of iron 
 
Iron oxidation can be catalyzed by several microorganisms which are indigenous in most 
ground waters and soils, such as Gallionella ferrufinea and Leptothrix achracea. The 
main product of biological oxidation of iron is usually a mixture of poorly ordered iron 
oxides. The intermixing of iron oxides and bacterial presence produces complex multiple 
sorbing solids, which exhibit optimum metal retention properties (Ferris et al., 2000). As 
a consequence of the iron oxidation As can be removed more effectively by adsorption 
and co-precipitation on the preformed biogenic iron oxides. 

 
Katsoyiannis and Zouboulis (2004) examined the effect of the biological iron oxidation 
on As removal. The removal of As was examined simultaneously to biological iron 
oxidation. The treatment process was based on a fixed-bed up-flow filtration unit. They 
did the experiments both with active microorganisms and death microorganism. With 
death microorganisms the removal of both Fe(II) and As(III) was not efficient. With the 
presence of active microorganisms the removal was improved. 
 
The authors conclude that the biotic oxidation of iron by the microorganisms Gallionella 
ferrufinea and Leptothrix achracea was found to be the responsible of the optimum 
removal of As. During this process, iron oxides were deposited in the filter medium, 
along with the microorganisms, which offer a favorable environment for As to be 
adsorbed and removed from the aqueous streams. Below is shown a micrograph of both 
microorganisms in which surface are entrapped the iron sludge. 
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Figure 8  Picture of the entrapped iron oxides on gallionella and leptothrix 

(Katsoyannis and Zouboulis 2004). 
 

Elevated As concentrations in aquifers are commonly attributed to reducing conditions. 
Naturally occurring As sorbs strongly to mineral surfaces such as Fe(III) oxides. Under 
anaerobic conditions, Fe(III)-reducing microorganisms can couple the reduction of solid 
phase Fe(III) with the oxidation of organic matter, potentially releasing As to 
groundwater 
 
 
6.7.4.  Microbial reduction of iron 
 
Microbial Fe(III) reduction has been established as an important process catalyzing a 
large number of natural and contaminant biogeochemical cycles. Of the organisms 
currently available in pure culture which are known to conserve energy for growth from 
the reduction of Fe(III) minerals, members of the shewanellae and of the Geobacteraceae 
have been characterized in the most detail (Nealson and Saffarini, 1994). A small but 
expanding database has been collected which shows that microorganisms from both of 
these families catalyze the reduction of clay-bound Fe(III) (Kostka et al. 1999). Microbial 
clay reduction has been demonstrated at temperatures and pHs common to soils and 
sediments (Kostka et al. 1996).  

 
Kostka et al. (2002) found that aerobic conditions support the growth of FeRB (iron 
reducing bacteria) in pure culture and in enrichment cultures. A rapid reduction of soluble 
and solid Fe(III) forms was observed in cultures of Shewanella oneidensis over 3 days. 
Nearly all of the Fe(III) citrate was reduced, compared to half of the Fe(III) oxyhydroxide 
(FeOOH) and approximately one-third of the structural Fe(III) bound in clay.  

 
Organic compounds such as humic acids are believed to facilitate the reduction of Fe(III) 
minerals by serving as an electron shuttle or by chelating and solubilizing Fe(III), thereby 
making the Fe more available for reduction (Lovley et al., 1998). Their results concur 
with past studies to show that the reduction of smectite (Lovley et al., 1998) or Fe(III) 
oxyhydroxide (Lovley, 2000) is enhanced in the presence of the humic acid. Geochemical 
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evidence has shown that Fe(III) in clay minerals is rapidly reduced and may constitute a 
significant fraction of the redox-active Fe from terrestrial environment and also suggests 
that Fe-rich smectites comprise an important electron acceptor available for dissimilatory 
metal reducing metabolism in some terrestrial surface (Kostka and Luther, 1994). In 
some contaminated subsurface sediments iron-rich clay minerals are the primary electron 
acceptor available for microbial Fe(III) reduction (Zachara et al., 1995). Thus, the 
microbial reduction of Fe-rich clay minerals is thought to have a significant impact on 
nutrient cycles, agricultural productivity, and the environmental fate of contaminants. 
 
7 Factors affecting the stabilization of Cr 
 
Two possible oxidation states for Cr, Cr(III) and Cr(VI), exist in the environment. Cr(VI) 
is more mobile in soils and aquifers, while Cr(III) is less water soluble and associated 
with soils (Nriagu and Nieboer, 1988).  
 
Below it is shown the Pourbaix diagram for Cr at 25°C. 

 
 
 Figure 9 Simplified pe-pH diagram for Cr-H2O diagram system at 25°C 
 
According to figure 9. 
 

- Strongly Acidic conditions (range of pH between 1 and 3): Cr exist in its 
trivalent form for Eh values of 1000mV, and above this value Cr(VI) exist 
as HCrO4

-. 
- Acid conditions (range of pH between 3 and 7): Cr(III) exist as Cr3+, 

Cr(OH)3+ and  Cr2O3 for Eh under 1000mV (for pH 3) and 600mV (for pH 
7). Above this values Cr(VI) occurs as HCrO4

- and CrO4
2-. 
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- Alkaline conditions (range of pH between 7 and 10): Cr(III) exist as Cr2O3 
for Eh values under 500mV. Above this value Cr(VI) exists as CrO4

2-. 
- Strongly alkaline conditions (range of pH between 10 and 14): Cr(III) 

exists as Cr2O3 for Eh values under 500mV(for pH 10) and 100mV (for 
pH 14) 

 
8 Factors affecting the stabilization of Cu 
 
Two possible oxidation states for Cu, Cu(I) and Cr(II), exist in the environment. Also 
Cu(0) can be found in reduced environments. Below it is shown the Pourbaix diagram for 
Cu at 25°C. 
 

 
 
Figure 12 Simplified pe-pH diagram for Cu-H2O diagram system at 25°C  
 
 
According to figure 12 
 

- Acidic conditions (range of pH between 1 and 5: Cu exists in its 
Cu2+ form for Eh values above 100 mV. Under this value Cu can 
be found as Cu(0).  

- Low acidic conditions (pH between 5 and 7). Cu(II) exist as Cu2+ 
for Eh values higher than 150 mV. Cu(I) exist as Cu2O(s) for Eh 
values in between 100 mV and 150 mV. Under 100mV Cu exists 
as Cu(0). 

- Alkaline conditions (range of pH between 7 and 14): CuO(s) exist 
at pH 7 for Eh values above 150 mV and at pH 14 for Eh values 
above 0 mV. Cu2O(s) exist at pH 7 between Eh values 150-100 mV 
and between 0-100 mV for pH 14. Below this values Cu exists as 
Cu(0). 

 
Solubility of Cu is strongly dependent of pH. The species CuO(s) and Cu2O(s) are stable 
precipitated species with a very low mobility. Harley et al.(2004) found that at high pH 
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and oxidizing conditions the solubility of Cu in solution decreased dramatically 
compared with the one for low pH.  
 
9 Leaching test 

Leaching is the process by which inorganic or organic contaminants are released from the 
solid phase into the water phase under the influence of mineral dissolution, desorption, 
complexation processes as affected by pH, redox, dissolved organic matter and 
(micro)biological activity. 

The conditions that are simulated may be specific reference conditions or conditions that 
may simulate (the more closely possible) the field situation considered (where the waste 
may be disposed for example). A variety of test procedures is worldwide used to 
characterize materials with respect to their leaching behavior. Some of the these tests will 
be presented in the following chapters in order to underline the differences between each 
other and understand which types of data are provided from each test. 

9.1. Classification of leaching tests 

Depending on the point of view, many classifications of the different types of leaching 
test can be done.  The European Committee for Standardization (ECN) makes a 
distinction between leaching test in relation to practice, depending on why we would like 
to use them (van der Sloot et al. 1993): 

-  Waste characterization: when knowledge of phenomena and processes that 
occur under specific conditions is looked for, a rigorous approach is 
required. The experimental conditions may be different from the 
environmental in-situ conditions. 

-  Compliance: for a daily practice in waste management, relatively simple 
and fast compliance test or acceptance procedure  is needed (van der Sloot 
et al. 1993). The tests should be quite easy to perform and the results 
obtained quickly 

-  On-site verification: a judgement of short and long term environmental 
effect is required( and compared with the evaluations which may have 
been done) in order to ensure an environmental and human health-
protection. 

Below are presented the most common leaching test and their purpose. 

- pH static test: 

The information that is obtained can be used for geochemical speciation modeling, to 
evaluate high sensitivity (steep concentration-pH slopes) and to provide information on 
the sensitivity of leaching under externally imposed changes in pH (natural or caused by 
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treatment) in specific field scenarios. In addition, the test provides a measure of acid/base 
neutralization capacity. 

- Columns test: 

This test aimed at simulating the leaching behavior of waste at short, medium and a long 
term. The pH is not controlled, so the waste is allowed to dictate the chemicals condition 
in the pore-solution. Very slow changes in mineral composition cannot be addressed with 
this test. Other factors such as temperature, channeling, degree and duration of water 
contact are not considered in this test. 

 

- Toxicity Characteristic Leaching Procedure (TCPL)  

The TCLP analysis simulates landfill conditions. Over time, water and other liquids 
percolate through landfills. The percolating liquid often reacts with the solid, and may 
pose public and environmental health risks because of the contaminants it absorbs. The 
TCLP analysis determines which of the contaminants identified by the United States 
Environmental Protection Agency (EPA) are present in the leachate and their 
concentrations [6]. 

- German leach test procedure: 

This test was developed to assess the leaching behavior of sludge and sediments from 
water and wastewater treatment but the method can be also applicable to solids and 
pastes. This test is not considered as a representing conditions in a disposal site. The pH 
is not controlled in this test. 

- French leach test: 

This test is close to the German one but restricted to solid residues. The goal is the same. 

- Swiss leach test: 

The extraction is made under CO2 saturated conditions in order to asses the leaching 
behavior of the waste in short-term and longer time scales (continuous CO2 injection 
represents a time-scale reduction) 

- Availability test: 

To determine the maximum amount of elements available for leaching under adjusted pH 
conditions.  

- Compacted granular leach test: 
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This test has been developed to asses the measurement of the released from materials by 
diffusion. 

- Single and sequential chemical extraction: 

These tests have been developed to asses the degree to which element is retained in 
specific fractions of the soil (mineral or organic). 

9.2. pH-static leaching test with automatic titrators 

Conventional leaching procedures such as Toxicity Characterization Leaching Procedures 
(TCLP, US-EPA, 1992) only assess a rather momentarily mobilization and environmental 
risk of harmful species. This contrasts with results obtained by pHstat leaching 
experiments where automatic tritators are used to keep pH constant, pHstat experiments 
can efficiently assess the long-term effects of pH (and redox potential) variations on the 
leaching characteristics of metals (Förstner and Haase 1998). 

Cremer and Oberman (1992) introduced a computer-based tritation system allowing 
continuous registration and fine-tuning of pH during leaching experiments. 
Consequently, leaching behavior at different pH-values can be studied and potential 
release of pollutants can be assessed. During such a pHstat, three experimental steps can 
be differentiated. In the beginning, the pH of the suspension is usually different from the 
user-defined value and the titration system tries to approximate the fixed pH-set-point at 
maximum velocity. In step 2, the pH is close to the predefined value, but the system still 
has to compensate from time to time because ongoing buffer reactions affect the pH. This 
compensation will asymptotically decline until almost no buffering takes place anymore 
and the system is in pseudo-equilibrium (step 3). With ‘pseudo’ equilibrium is meant that 
only extremely slow acid neutralization reactions may further occur. The time-span of 
every step depends on both the buffer capacity of the suspension and the difference 
between user-defined pH and soil pH. The most important boundary conditions in pH stat 
experiments are solid/liquid ratio, duration of the experiments, shaking intensity and 
grain size (Paschke et al. 1999). 

Differences exist between laboratory leaching tests like pHstat experiments and ‘in situ’ 
conditions (Cremer and Obermann, 1992). These are related to physical, hydrological and 
biological characteristics. The following table shows the main differences: 

Table  3  Main differences between natural and pH stat – laboratory conditions 
 

Natural situation pH stat 
Undisturbed soil has a rather close 

´packing´ 
All solid matter in suspension 

Wet dry cycles Continuously wet 
Mainly laminar liquid flow Turbulent flow 
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Nevertheless, valuable information can be deduced from pH stat leaching experiments as 
contaminant release with changing pH-conditions can be followed for different pH 
values. The major advantage of pH stat experiments with a continuous set-point titration in 
comparison with the use of buffer solutions or manual titrations is that no pre-knowledge 
of the sample buffer capacity is required.  
 
10. Discussion 
 
Experimental design: 
 
pH range: 
 
According to the simplified pe-pH diagram for As-H2O system at 25°C, As speciation is 
strongly dependent on pH. On the other hand sorption or co-precipitation of As with iron 
oxides is more effective if As(V) species are dominant due to the sorption and co-
precipitation mechanism (Frankerberger 2002, and Katsoyaninis and Zouboulis, 2004). 
As a combination of these two facts we can conclude that pH is going to be an important 
factor controlling the removal of As with zerovalent iron.  

 
In order to properly define which range of pH we are going to test, we should think about 
which range of pH is usually found in nature. In the soil there are different buffer 
reactions, which do not allow pH to increase or decrease dramatically. Acidic rain might 
decrease soil pH until values around 3 while strong alkaline conditions might increase pH 
to around 8. Thus, testing pH values out of 3-8 range would not be relevant because the 
probability of being out of this range is slight. 
 
Redox range: 
 
The pe-pH diagram for As-H2O at 25 °C shows that depending on the redox conditions it 
can be found As as As(III) or As(V). It has been said before that adsorption is more 
efficient with As(V), as a consequence it can be conclude that removal of As depends 
strongly on redox conditions. 
 
In the environment, groundwater present reducing conditions due to deficiency of 
oxygen. Depending on the soil condition both reducing and oxidizing conditions can 
occur. According to this both reduced and oxidizing conditions are going to be tested. For 
oxidizing conditions, an opened atmosphere during the experiment is enough, because the 
tested soil is already in oxidizing conditions (350 mV). For reduced conditions, the 
lowest value as possible was attempted to be reached. A 0 mV value would be 
appropriate but it was difficult to reach this value without using substances that can 
interfere (competing anions) in the stabilization reactions. 
 
Zero valent iron dosage: 
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Several authors (Moore et al., 2002 and Papassiopi et al., 1995), mentioned in the ‘effect 
of the zerovalent iron dosage on As removal’, concluded that zerovalent iron-As ratio 
was a critical factor affecting the stability of As. 
 
According to Moore at al. (2002) a zerovalent iron – As ratio between 2 and 3 lead to an 
optimum As decrease in soluiton. For a ratio above 3 authors found that the decrease is 
slight compared with the 2-3 range so they concluded that being between this range was 
the best choice. 
 
However, Papassiopi et al. (1995) reach a different conclusion. In their experiments they 
found that a zerovalent iron-As ratio 2 was not the optimum one. Their results confirmed 
the fact that increasing the ratio in the range 2-8 results in the improvement of the 
stability of the precipitates. 
 
 
 
In order to decided which ratio to choose we focused the decision on two points: 

 
- Minimize costs. The lower the amount of zerovalent iron we add the lower the 

cost of the stabilization.  
- Moore et al (2000) did their experiments adding the amendment directly to the 

soil while Papassiopi et al.(1995) did it for a As contaminated groundwater. In 
our case we want to add zerovalent iron directly to the soil. 

 
Both arguments guided us to choose a Fe0- As ratio of 2.5. 
 
Liquid soil ratio: 
 
One of the goals of this project is to study the long-term behavior of the stabilized soil. 
The liquid solid ratio can be correlated with the amount of water that has percolated 
through the waste and as a consequence can be correlated with time. The higher the 
liquid-solid ratio is the longer the time is.  
 
The following study has been done in order to determine which is in average the liquid-
solid ratio per year of Robertsfor. 
 

- Minimum and maximum amount of rain/year the last 20 years in Robertsfors: 
 Max = 800 mm, Min = 300 mm 

 It is selected the maximum 800 mm because represent the worst conditions. 
800 mm = 800 l/m2 
Average density of the soil= 1.4 kg/m3 
Depth of the leached soil = approx 1 m 
L/S ratio in one year: 800/1400 = 0.57 

 
Knowing that the amount of the water which is not percolated is about 30% the liquid-
solid ratio per year of percolated water is 0.4.   
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For simulating short term behavior it was selected a liquid solid ratio 2 (equivalent to 5 
years) while for the long term behavior we selected a liquid solid ratio 20 (equivalent to 
50 years). Liquid solid ratio 2 was selected instead of 1 or les than one because it would 
have been difficult to mix it properly during the test and also because after the test it was 
needed to collect enough filtered solution (around 50 ml) for further analysis. Liquid to 
solid ratio 20 was selected as long term test because the beaker was not big enough to do 
the experiments with more than 150 ml. The amount of soil that was selected for liquid to 
solid ratio 20 was 7 g, it required 140 ml of water approximately. 
 
Organic matter:  
 
Redman et al. (2002) concluded after their experiments that NOM displaced sorbed 
arsenate and arsenite from iron oxides surfaces. Thus, organic matter is a competitive 
substance for the sorption of As into iron oxides.  
 
Organic matter is present in the environment despite of high As contaminated soils does 
not allow to grow up vegetation due to its toxicity. However, after soil stabilization, the 
phytotoxicity of soil decreases. It establish vegetation and recover microorganisms due to 
accumulation of organic matter. According to this it was tested organic matter effect 
adding 200 mg/l DOC to increase the organic matter concentration of the sample. On the 
other hand for those samples ‘without’ organic matter, the soil was tested as it was. The 
amount of organic matter in the soil was small. 
 
Microbial activity: 
 
The effect of the microbial activity on the stability of the treated soil mainly depends on 
what kind of microorganism inhabit it. Macur et al. (2001) found that Caulobacter, 
Sphingomonas, and Ribozium are three microorganism which can reduced As(V) to 
As(III) in oxidizing environments comparable to the one in Robertsfors (Eh of the 
sampled soil was in the range of 250-500 mV). On the other hand, Anderson et al. (1992) 
and Macur et al. (2001) found three different microorganism which can oxidize As(III) to 
As(V) (Alcaligenes, P.fluorescens and agrobacterium). Also there are microorganisms 
able to oxidize iron. Gallionella ferrufinea and Leptothrix achracea were found by 
Katsoyiannis and Zouboulis (2004) as the responsible for Fe(II) oxidation to Fe(III) 
which at the same time was found as the cause of the improvement of the As removal. 

 
In conclusion, microbial activity might be an important factor affecting the stability of the 
zerovalent iron treated soil. In order to test the effect of microbial activity in the 
zerovalent iron treated soil it was decided to test it both with microbial activity and 
without microbial activity. The soil of the samples without microbial activity was 
sterilized while the soil of the samples with microbial activity was mixed with methane 
several days before the test in order to make the colonies of microorganisms grow (also 
see the experiment description). 
 
11 Conclusions 
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According to the literature study the following factors has been selected in order to be 
tested: pH, Eh, liquid to solid ratio (L/S), organic matter (OM) and microbial activity 
(MA). 
 

- pH: pH 3 and pH 8 were decided to be the tested values. Also a central 
point (pH 5) was to be tested. 

- Eh: for oxidizing conditions the experiment was to be run with an open 
atmosphere. For the reduced conditions, a N2 atmosphere was to be used. 

- OM: 200mg/l DOC of organic matter (humic acids) will be added to the 
samples. For those experiments with no organic matter, soil will be kept as 
it is. 

- MA: the growth of microorganisms was to be stimulated with methane as 
a source of carbon for two days before running the sample. The soil which 
was going to be used in those samples without microbial activity was 
going to be sterilized. 

- L/S: L/S 20 and L/S 2, as well as a central point at L/S 11, were going to 
be tested.  
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