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SUMMARY IN SWEDISH 

Detta examensarbete analyserar och tolkar beteendet hos arsenik och fosfor när de 
släpps ut i miljön. Båda element kan förekomma naturligt men har också tillförts 
genom mänskliga aktiviteter, t.ex. som bekämpningsmedel och handelsgödsel, eller på 
annat sätt. I höga halter kan arsenik vara toxiskt för växter och organismer i jorden, 
och när arsenik lakas ut till grundvattnet eller transporteras till ytvatten kan akvatiska 
organismer ta skada. Utlakning av fosfor kan resultera i övergödning av ytvatten, och 
detta är ett stort problem i bla Östersjön. För att kunna förutsäga arseniks och fosfors 
rörlighet är det viktigt att studera ämnenas kemiska och fysiska egenskaper under olika 
förhållanden. Markmineralogisk sammansättning är en viktig aspekt eftersom en del 
mineral, framför allt hydr(oxider) av aluminium och järn, kan lagra upp både arsenik 
och fosfor, i jorden, medan växtupptag följt av skörd fungerar motsatt genom att 
bortföra ämnena från jorden. Fosfor tas upp av växter som ortofosfat, som antingen 
är H2PO4-eller HPO4 2-, medan arsenat finns i lösning som dissocierade anjoner av 
arseniksyra (H2AsO4-, HAsO42-och AsO43-). De relativa koncentrationerna av dessa 
joner i marklösningen varierar beroende på förändringar i markens pH. Denna studie 
behandlade lerjord från svensk jordbruksmark och jordprover samlades in från två 
lokaler. Den ena var Broknäs från Bogesundslandet, NO om Stockholm (59° 24'N, 
18° 18'E) där tre prover togs från olika horisonter, A 0-30 cm, C 60-90 cm och C 47-
67 cm. Den andra lokalen var E21: 2 från Östergötland (58° 27N, 14° 57'E), södra 
Sverige, inte långt från sjön Vättern, varifrån A-horisonten analyserades. Skakförsök 
utfördes för att kontrollera pH-och koncentrationsberoendet för löslighet och 
sorption av fosfat och arsenat i jordproverna. Två varianter av Freundlichekvationen 
användes för att modellera de uppnådda resultaten, där en av dem beaktade 
konkurrens mellan arsenat och fosfat. Det har konstaterats att pH-beroendet för 
arsenat- och fosfat sorption uppvisar en liknande men inte identisk trend. Dock 
överensstämmer inte pH-beroendet för upplösning av fosfat med det för sorption av 
arsenat vid lågt pH. Möjligen kan detta förklaras med närvaron av ett förråd av 
svårlösligt fosfat som löses vid lågt pH, t.ex. från sorptionsplatser som blockerats av 
aluminium och/eller järnutfällningar. Resultaten visade att det finns direkt konkurrens 
mellan arsenat och fosfat i A-horisonterna, och konkurrensvarianten av 
Freundlichekvationen stämde relativt väl med uppmätta data. I djupare horisonter var 
dock överensstämmelsen sämre, vilket kan tyda på en viss skillnad i mekanismerna för 
P- och As-sorption. Dock rekommenderas fler och mer systematiska studier göras för 
att dra säkrare slutsatser.  
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ABSTRACT 

This thesis is an attempt to analyze and interpret the behavior of the two elements 
arsenic and phosphorus when released into the environment. Both of them may occur 
naturally in the environment but also may be added to the environment for certain 
purposes e.g. as pesticides and fertilizers respectively or through anthropogenic 
sources. When in excess, arsenic can be toxic to plants and organisms in the soil and 
some of it when leaches to groundwater or transported to surface water bodies 
through runoffs may pose a threat to aquatic organisms. Likewise, phosphorus when 
in excess result into eutrophication of surface water bodies and groundwater as well 
which has been a major problem in the Baltic Sea. In order to be able to predict their 
mobility a study on their chemical and physical characteristics under different 
conditions is important. The soil composition is an important aspect of nutrient 
management because some of the minerals present i.e. hydr(oxides) of aluminium and 
iron tend to hold and store both arsenic and phosphorus in the soil, while plant 
uptake and harvest may remove them (especially phosphorus) from the soil. This 
study was focused on Swedish agricultural soils and the samples for investigation were 
collected from two locations, one is Broknäs from which samples were collected from 
different horizons i.e. A 0-30 cm, C 60-90 cm and C 47-67 cm samples from an area 
known as Bogesundslandet, NE of Stockholm (59°24’N, 18°18’E) and E21:2 was 
collected from the county of Östergötland (58°27’N,14°57’E), southern Sweden not 
far from Lake Vättern, from where the A horizon was collected. Batch experiments 
were performed to check pH and concentration dependence of the 
sorption/desorption of As and P. Two varieties of the Freundlich equation (Basic and 
Competitive) were used to model the results obtained. It was observed that the 
dependence of arsenate and phosphate sorption/desorption on pH show a similar but 
not identical trend for both anions. At low pH, the dependence of dissolved P and As 
did not agree, for unknown reasons. Possibly, the low pH value may mobilize 
otherwise un-reactive P that at higher pH are blocked by some aluminium/iron 
precipitate. The Freundlich modeling results showed that there is direct competitive 
adsorption between As and P ions, at least in the A horizon. However use of the 
competitive Freundlich equation did not result in meaningful results in the C horizon, 
which may indicate different As and P sorption mechanisms. However, further studies 
on this are recommended. 

Key words: Freundlich modeling; Arsenic (V); Phosphate; Adsorption; Swedish 
clay soil. 

1. INTRODUCTION  
1.1. Background 
This thesis is an attempt to analyze and interpret 
the behavior of the two elements arsenic and 
phosphorus when released into the 
environment. Both of them may occur naturally 
in the environment but also may be added to the 
environment for certain purposes or through 
anthropogenic sources. In specified amount 
arsenic and phosphorus may be added in 
agricultural soil to serve as pesticides and 
fertilizers respectively. But due to its toxicity 
arsenic has been banned from pesticide use in 
many countries. 
Generally, arsenic is released into the 
environment through erosion of rocks and soil, 

volcanic emissions, the release of soil gases as 
well as anthropogenic sources such as smelter 
emissions, fossil fuel consumption and use of 
arsenical pesticides in agricultural land. When in 
excess, arsenic can be very toxic to plants and 
organisms in the soil and some of it when 
leaches to groundwater or transported to surface 
water bodies through runoffs endangers the 
living organism depending on it. Contaminated 
drinking water is the most common cause of 
chronic arsenic (As) poisoning in people. 
Groundwater contamination is a major risk for 
soils contaminated with As resulting from 
Leaching of As from top soils which its rate is 
strongly determined by the chemical properties 
of the soil and by the form of As. The use of 
water contaminated by arsenic can cause serious 
skin conditions, when drunk can result to 
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respiratory problems, tumors and breathing 
difficulties, which eventually can lead to death. 
Bangladesh and India are major victims of 
Arsenic groundwater contamination and 
according to BBC (http://news.bbc.co.uk/2/-
hi/south_asia/252308.stm) the results of tests 
on 50,000 wells in Bangladesh have shown that 
around 40% are too contaminated with arsenic 
to provide drinking water, according to a World 
Bank official and it was estimated that 
Bangladesh would eventually require 
$275 million in the next 10 to 12 years to Fight 
the problem.  
Likewise, phosphorus when in excess result into 
eutrophication of surface water bodies when it 
reaches it through runoffs and groundwater 
through leaching. Eutrophication is a major 
problem in the Baltic Sea (Ferreira et al., 2011). 
Since the 1900s, the Baltic Sea has changed from 
an oligotrophic clear-water sea into a eutrophic 
marine environment. Source of phosphorus 
release to the environment has been researched 
to be through weathering of rocks containing 
phosphorus, through anthropogenic sources 
such as mining activities, industrial, use of 
detergents in homes and use of phosphate 
containing fertilizers in agriculture. However, 
eutrophication can also be caused naturally in 
depositional environments where nutrients 
accumulate. The visible part of the 
eutrophication is the increase in algae and the 
disadvantage of this is a decrease in dissolved 
oxygen and the spreading of dead zones in 
coastal marine waters. (Ferreira et al., 2011).  
Phosphorus is often regarded as the main 
nutrient in cases of eutrophication in lakes 
subjected to "point source" pollution from 
sewage pipes (STE, 2007). Although some 
researchers focus more on phosphorus, there is 
today, according to The Swedish Environmental 
Advisory Council (2005), “broad agreement that 
both phosphorus and nitrogen inputs should be 
reduced to alleviate eutrophication” (Larsson et 
al., 2010).  
As for arsenic, the use of pesticides in 
agriculture plays a major part in the occurrence 
of these undesirable residues (SUAS, 2010) in 
soils, water bodies and air. According to (SUAS, 
2010) farmers and public authorities have put 
effort in working to reduce the environmental 
risks associated with pesticide use and have even 
prepared the monitoring program for pesticides 
is to follow long-term changes of environmental 
concentrations. The monitoring programs are 
carried out in collaboration with the Dept. of 

Aquatic Sciences and Assessment at SLU and 
are mostly financed by the Swedish EPA. 
(Lindau, 1977) has summarized review from 
recent findings which show that there is an 
increase in lung cancer mortality to the 
communities surrounding Swedish industries 
emitting arsenic and that more scientist are 
showing special interest to metals like arsenic in 
the brackish water of the Baltic sea. 
In order to come up with ways of controlling 
environmental pollution of these elements, one 
has to study deeply their chemical and physical 
characteristics in order to be able to predict their 
mobility. By studying their behavior once they 
are released into the environment and their 
effects under different environmental 
conditions. Equally, knowing the type of soil and 
its characteristic is one way to help predict and 
understand how the contaminant would behave 
on the environment. 
Soils could be defined as a mixture of different 
rocks, minerals, dead, decaying plants and 
animals. This may vary from one location to 
another, but all in all it must consist of organic, 
inorganic materials, water and air. The inorganic 
materials are the rocks that have been broken 
down into smaller pieces while the organic 
material is decaying living matter. These are in 
most cases plants or animals that have died and 
decay until they become part of the soil (Agri-
solution). 
The soil composition is an important aspect of 
nutrient management because some of the 
minerals present and organic matter tend to hold 
and store nutrients, while water content in soil 
function oppositely by providing nutrients for 
plant uptake. Generally, soil consists of 
approximately 45% mineral, 5% organic matter, 
20-30% water, and 20-30% air. As mentioned 
above that minerals surface may function as sites 
for nutrients, this property controls the fertility 
of the soil. However this varies from one soil 
mineral to another and different types of soil 
minerals hold and retain different amounts of 
nutrients. Therefore, it is helpful to know the 
types of minerals that make up the soil so it can 
easily be predicted of the degree to which the 
soil can retain, supply nutrients to plants or 
allow leaching through to the groundwater. 
There are numerous types of minerals found in 
the soil. These minerals vary greatly in size and 
chemical composition (Agri-solution).  
The processes which take place in soil that affect 
the mobility of organic and inorganic substances 
include precipitation and adsorption which are 
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classified as chemical processes and electrostatic 
force of attraction which is more of a physical 
process. Adsorption is the most common 
process for anions such as sulphate, phosphate, 
arsenite/arsenate and molybdate anions. 
Adsorption is the process which involves the 
reaction between a solute and the surface of a 
solid particle and this is done by involving Van 
der Waals interactions, electrostatic forces and 
chemical affinity (Gustafsson et al., 2007). Van 
der Waals interaction is very weak compared to 
the other two when in operation, while chemical 
affinity is the strongest one and involves 
formation of surface complexes. Ions in this 
mechanism form complexes with the oxygen 
ligand from hydroxyl and carboxylic acid groups 
of the humic substances (Gustafsson et al., 
2007). The resulting compounds, in most cases 
formed with cations easily adsorbed to many 
different solid surfaces. Electrostatic forces 
involve the attraction between opposite charged 
surfaces and the solutes. For instance; Anions 
are easily adsorbed to Iron/Aluminium oxide 
surfaces at low pH when the oxides contains 
many positively charged –OH+1/2 groups, this is 
the effect of electrostatic force. But this does not 
apply for arsenite as it occurs as a non 
dissociated H3AsO3, Arsenious acid at pH <9 
hence the pH dependence is very small. (Foley, 
1999). 
The most common minerals which play part in 
retaining arsenic and phosphorus in soil include 
iron oxides (hematite, magnetite, ferrihydride, 
goethite), aluminium oxides (gibbsite) and clay 
minerals (kaolinite, smectite, vermiculite, illite, 

humus) the latter on found in clay soil. Clay and 
silt components adsorb metal ions much better 
than sand soil which due to its larger size (2-
0.5mm) it lets metal go through easily while clay 
is of very small sized particles (<0.002mm), silt 
is in between the two i.e 0.05 mm - 0.002 mm. 
Clay has the largest surface area available for 
adsorption (CTAHR, 2007). 
Many studies on adsorption of arsenic and 
phosphorus separately have been performed and 
several models describing the adsorption on 
soils have been reported. Below are some 
examples; 
(Nohra et al., 2006) performed investigations on 
the ability of the non-ideal competitive 
adsorption (NICA) model to describe phosphate 
(PO4) adsorption for soils in southern Quebec 
(Canada) and found that the variable surface 
charge was distributed over the two binding sites 
with the low pH sites demonstrating a stronger 
binding energy for hydroxyl and PO4 ions. The 
NICA model was established to be able to 
describe P adsorption for the soils considered in 
this study. (Borggaard et al., 2003) estimated the 
soil phosphate adsorption capacity (PAC) by 
means of a pedotransfer function. A set of 
noncalcareous soil samples from Denmark, 
Ghana, and Tanzania was used in developing 
this pedotransfer function, while another set of 
soils from Canada and Tanzania was used in 
testing the function. While close relationships 
between experimentally determined and 
predicted PACs were obtained with these soils, 
the function failed, however, to predict PAC of 
two Tanzanian Andisols. 

Fig. 1. Possible surface complexes of AsO4 tetrahedra on goethite (Sherman and Randall, 2003). 
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(Igor et al., 2010) performed a study which aimed 
at evaluating the As adsorption in soils with 
different mineralogical composition in order to 
assess its mobility in the environment. Five soils 
were selected; the results suggested a tendency 
for adsorption capacity of the different soil 
minerals in the following decreasing order: 
gibbsite> hematite> goethite. Also it was 
observed that the sum of minerals e.g aluminium 
and iron (hydr)oxides (hematite + goethite + 
gibbsite) showed significant correlation with 
maximum adsorption capacity of As, than when 
its hematite alone or goethite or gibbsite. 
In all of the above studies, it was also observed 
that the adsorption of arsenic is affected by the 
presence of phosphorus in the soil and also 
adsorption of phosphorus is affected by Arsenic 
when is added while other anions such as 
sulphates, nitrates do not affect them. This is 
due to the similarity in chemical properties 
between phosphorus and arsenic. 

1.1.1. Chemistry of  phosphorus and 
arsenic 

Phosphorus is absorbed by plants in the 
orthophosphate form, which is either H2PO4- or 
HPO42- and the amounts of these ions in the soil 
solution vary according to the changes in soil 
pH. In the environment Arsenic occurs as a 
solid form as an element but very often as an 
inorganic Arsenic compound combined with 
oxygen, chlorine and sulphur or the organic 
form in the combination with carbon and 
hydrogen and it comes from animals and plants. 
Arsenic (As) exists in the soil environment as 

arsenate, As(V), or as arsenite, As(III). Both are 
toxic; however, arsenite is the more toxic form 
and arsenate is the most common form. 
Arsenate exists in solution as a pH -dependent 
deprotonated oxyanions of arsenic acid 
(H2AsO4-, HAsO42- and AsO43-). In soils As (V) 
is retained by adsorption, the magnitude of 
which is dependent upon several factors 
including pH (Manning and Goldberg, 1996). 

1.1.2. Chemical similarities between 
arsenic and phosphorus 

As mentioned earlier for Phosphorus, Arsenic 
also is removed from solution by biological plant 
uptake, adsorption and precipitation and thus 
slowing down the transportation through soil 
than compared to the water molecules to which 
they are dissolved in. Both of these elements 
have considerable importance to agriculture; 
Phosphorus as an energy provider nutrient for 
plant growth and arsenic as a pesticide. 
According to previous studies, Arsenic toxicity 
in plants was found to decrease with increasing 
clay and iron oxides content which is due to 
slowing down of movement of arsenic caused by 
adsorption to iron oxides. The behavior of 
arsenate in soil seems very similar to that of 
phosphate because of their similarity in chemical 
behavior. Like phosphate, arsenate is fixed to 
soil, and thus is relatively immobile. Iron (Fe), 
aluminum (Al), and calcium (Ca) influence this 
fixation by forming insoluble complexes with 
both arsenate and phosphate (V). The presence 
of iron in soil is most effective in controlling 
mobility. Arsenite compounds are 4 to 10 times 

Fig. 2. Likely structures for the arsenate surface complex on the 110 plane of goethite (Loring et 
al., 2009). 
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more soluble than arsenate compounds. Under 
anaerobic conditions, arsenate may be reduced 
to arsenite. Arsenite is more subject to leaching 
because of its higher solubility. The adsorption 
of arsenite is also strongly pH-dependent. One 
study found increased adsorption of As(III) by 
two clays over the pH range of 3 to 9 while 
another study found the maximum adsorption 
of As(III) by iron oxide occurred at pH 7 (Zeng, 
2004) . 
Previous studies have shown that both arsenate 
and phosphate can form surface complexes by 
inner sphere complexation of the anionic ligand 
to iron/aluminium atoms on the 
iron/aluminium oxide surfaces. Inner sphere 
surface complexes contain no water molecules 
between the adsorbing ion and the surface 
functional group. These complexes are strong 
complexes involving ionic and/or covalent 
bonding. Outer-sphere surface complexes 
contain at least one water molecule between the 
adsorbing ion and the surface functional group. 
These complexes involve electrostatic bonding 
and are less stable than inner-sphere surface 
complexes, a good example is sulphates 
(Gustafsson et al., 2007). 
Anions with large affinity for iron and 
aluminium oxides surfaces are easily adsorbed in 
many soils where as other anions are poorly 
adsorbed. Arsenic and phosphorus are known to 
have a large chemical affinity for aluminium and 
iron and this is what brings about their 
competition when they are both present in the 
same soil. The two ions have similar ability to 
form strong inner sphere complexes (Gustafsson 
et al., 2007). 

1.1.3.  Surface complex configurations for 
arsenic and phosphorus  

Both phosphorus and arsenic are capable of 
forming different configurations. They can form 
three possible arrangements when adsorbed to 
iron/aluminium oxide, that is bidentate 
binuclear, bidentate mononuclear and 
monodentate. However, today’s characterization 
methods are rather insensitive to the exact 
configuration, and therefore it is uncertain in 
many cases what complexes that predominate. 
For example, the dominant configuration for 
phosphate and arsenate on goethite is subject to 
some controversy. While some researchers have 
found evidence for a dominant role of binuclear 
bidentate complexes (e.g., Sherman and Randall, 
2003) others maintain that arsenate and 
phosphate are predominantly bound as 

monodentate complexes (Loring et al., 2009), 
(Sherman et al., 2003). 
Sherman concluded that there are three possible 
surface complexes formed between PO4-P, 
AsO4 tetrahedra and surface FeO6 polyhedra 
which include bidentate corner-sharing (2C), 
bidentate edge-sharing (2E) and monodentate 
corner-sharing (1V). However the bidentate 
corner-sharing complex is predicted to be 
substantially (55 kJ/mol) more favored 
energetically over the hypothetical edge-sharing 
bidentate complex and that the monodentate 
corner-sharing (1V) complex is very unstable. 
(Fig. 1) the possible surface complexes of AsO4 
tetrahedra on goethite (Sherman and Randall, 
2003) 
Meanwhile Loring et al. (2009) showed that 
arsenate and phosphate coordinate at the water–
goethite interface in a predominately 
monodentate fashion. His studies found no 
evidence for bridging-bidentate coordination. 
Loring et al. (2009) further stated that, 
‘‘Hydrogen bonding to neighboring surface sites 
undoubtedly contributes significantly to the 
stability of this complex, and the strongest 
hydrogen bonds will likely be with waters and 
hydroxyls at neighboring surface sites, which 
carry a charge, rather than to waters that extends 
into the bulk. Indeed, the ability of arsenate to 
act as both a hydrogen-bond acceptor and donor 
could explain why it adsorbs strongly over a 
broad pH range, including above the point of 
zero charge of goethite’’ (Loring et al., 2009). In 
Fig. 2, bright red atoms represent the oxygen of 
arsenate to make the ligand easier to visualize. 

1.2. Problem 
The presence of phosphorus in the agricultural 
soil is good in one way as it acts as a source of 
energy for plant growth. But an increased 
amount of it in soil leads to high losses to 
surface water bodies through run offs by 
dissolving in it as it passes over the surface of 
the field and also some of it leaching to ground 
water causing eutrophication. Due to the 
presence of soil particles such as clay minerals, 
organic matter and other metal oxides this all 
process may be affected depending on the pH 
condition of the soil. At low pH most of the P 
in soil end up been attached to these particles 
leading to reduction of plant uptake thus 
affecting the plant growth. However soil 
particles strip soluble phosphorus from the 
water as it leaches through the soil profile so 
leaching of P is usually not a significant concern. 
The major concern here is with the plant uptake 
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reduction which results into the need for more 
application of phosphorus containing fertilizers 
thus increasing in cost. And also the P attached 
to the particle and transported through runoff to 
the surface water bodies may later on desorb and 
dissolve in water due to pH changes thus leading 
to eutrophication.  
As for arsenic it’s good as a pesticide in 
agriculture but its excess presence in soil is toxic 
to the plant and also when transported via 
runoff to water bodies has a bad effect to 
organisms in water and not good in water that is 
used for drinking purposes. However, similarly 
to P above its ability to sorb in soil particle may 
change all this. The more arsenic in soil is 
adsorbed on these particles the less of it will be 
taken by plants and thus reducing the toxicity 
risk. But also there is a certain amount is needed 
for killing agricultural pests.  
Moreover, when both arsenic and phosphorus 
are present in the same soil, they tend to 
compete for binding sites this affect the 
availability of P for plant uptake positively, at the 
same time may also increase the amount of loose 
P which eventually ends up dissolving in runoffs 
and leaching to ground water. 

1.3. Importance of this study 
This study is important because it analyzes the 
behavior of arsenic and phosphorus in Swedish 
agricultural soil under different conditions. This 
knowledge will result in improved sorption 
models which assist in coming up with ways of 
controlling the all adsorption process, increasing 
P plant uptake, decreasing toxicity effect of 
arsenic to plant, ways of solving eutrophication 
and risk of contaminating water with arsenic 
dissolving from soil. It will also help in 
understanding the competitive behavior of  
arsenic and phosphorus when in soil and bring 
out ideas on how to use this property in a 
positive way. 

2. MATERIALS AND METHODS 

2.1. Site and Soil Description  
The soils used in this investigation were from 
two locations, one (Broknäs) near Stockholm 
and the other in southern Sweden not far from 
Lake Vättern. The Broknäs A 0-30cm, Broknäs 
C 60-90cm, Broknäs C 47-67cm samples were 
collected from Bogesundslandet, NE of 
Stockholm (59°24’N, 18°18’E) and E21:2 was 
collected from the county of Östergötland 
(58°27’N, 14°57’E) (Fig. 3). 

2.1.1. Soil description 
The field survey for this site was made in 2009-
09-16 and the location was in a field with loamy 
soils. A pit was dug in a cubic meter and a 
sample was taken from each horizon for further 
analysis. Properties of the collected soils at the 
site to be used for analysis are listed in 
Table 1 & 2.  

2.1.2. Description of  the Broknäs site 
The test site is located in a valley, in the so-called 
Bogesundslandet in Vaxholm north-east of 
Stockholm (Fig.3). The area is currently used for 
farming activities. It can be described as plain 
containing bedrocks which are composed of 
granite, about 2 billion years old.  
The Broknäs soil is very young. The soil samples 
were collected from the bottom of a slope and 
the soil was developed in postglacial clay. This 
reflects the fact that the area is below the highest 
coastline and close to the present sea level.  
The mean annual temperature in the area is 
approximately 5.5 degrees Celsius and the mean 
annual rainfall is 550 mm, with a relatively large 
annual evaporation of approximately 380 mm 
and the agricultural runoff is not greater than 
170 mm / year. 

Fig. 3. Map showing the location of the site 
where Broknäs soil samples were collected. 

Bogesundsl
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At the site where the soil profile is examined, the 
micro-topography is flat with a slope of 
approximately 0-2 %. The vegetation at the site 
consists of grass and some larger shrubs and 
thistles. The groundwater level was not reached 
in the investigation of the soil profile but it 
should be between 1 and 1.5 meters. Close to 
the pit there was a rock outcrop. This may 
indicate that the soil layer is thin.  
The soil structure was granular in the A horizon 
and blocky in the C horizon. The topsoil (A 
horizon) extended from 0 to 30 cm, the B 
horizon from 30 to 60 cm, and the C horizon 
was below 60 cm. At 90 cm the soil changed 
radically and below 90 cm the soil was silty and 
the color was much brighter. The soil is 
classified as an Entisol, i.e. a relatively 
undeveloped soil.  
A soil description for E21:2 is missing but it 
contains an A horizon and the general soil 
chemical characteristics are provided (Table 1). 

2.2. Sample Preparations 

2.2.1. Batch experiments 
Series A: Isotherms, equilibration of soils 
Solutions required for the experiment were 
prepared according to a recipe and they include 
0.03 M NaNO3, 0.03 M HNO3, 0.03 M NaOH, 3 
mM Na2HAsO4, 0.3 mM Na2HASO4, 3 mM 
NaH2PO4 and 0.3 mM NaH2PO4 of which their 
bottles were labeled as A,B,E,AS,ASL,P and PL 
respectively, see Appendix 1-3. Next, 48 
centrifuge bottles were prepared and marked 
accordingly. The suspensions were prepared by 
adding 2 g of the specific soil to each bottle, and 
then adding sodium nitrate as a background 
electrolyte (NaNO3 was preferred to NaCl for 
this purpose as the former is weakly oxidizing). 
Then phosphate or arsenate was added at the 
amount according to the recipe and lastly water 
was added to reach the volume of 30ml in each 
bottle. See Appendix1 for the recipe used. After 
that the lids were attached to all 48 bottles and  

 
inserted in the end over-end-shaker. The bottles 
were left to shake for 5 days at a speed of 4mps. 
After 5 days the bottles were removed from the 
shaking machine and placed in the centrifuge for 
25 min at 3000 rpm.  
From the centrifuge, the bottles were transferred 
to a pH meter for measurement of each solution 
(supernatant). Only 5ml of the supernatant was 
taken for pH measurement while 15 to 20 ml 
was filtered and stored in scintillation bottles. 
This was done carefully to avoid stirring up of 
any particulate material from the bottom (pH 
results in Appendix 4). The pH values in the P 
isotherm samples of series A and series C 
(samples 33 to 48) did not differ more than 0.15 
units. The isotherm samples were the ones used 
in calibration of Freundlich equation (single and 
the competitive systems); therefore their small 
pH difference indicated that the data set was 
suitable for this purpose. 
Series B: equilibration of soils; As additions, pH-
dependence 
The amount of arsenic added to all samples in 
this series was the same i.e 0.5 ml (0.75mmol/kg 
As); Apart from As addition the same 
procedures were used as in series A except here 
sodium hydroxide (0.03M NaOH) or nitric acid 
(0.03M HNO3) was used and also there were 
some other minor changes in the recipe 
(Appendix 2). 48 bottles of solutions were 
prepared and placed in a shaking machine and 
left to shake for 6 days. 

 
Table 1. General soil properties of the study sites. 

Site pH Clay 
(%) 

Organic C 
(%) 

CaCO3 
(mmol/kg) 

Fe (Oxalate 
Etraction) 
(mmol/kg) 

PO4-P 
(Oxalate 

extraction) 
(mmol/kg) 

Al (Oxalate 
extraction) 
(mmol/kg) 

P (Lactate 
extraction) 
(mmol/kg) 

Broknäs  6.7 46 2.1 0 100 9.4 49 Not 
Determined 

E21:2 6.9 44 6.7 0.2 127 15.6 55 1.8 

         

Table 2. Properties of Broknäs soil in 
different horizons. 

Broknäs Depth Horizon pH Total C 

0-30 A 6.09 2.08 

60-90 C 6.93 0.3 
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The procedure for centrifugation and pH 
measurement was the same as for series A. 
Detailed pH results are shown in Appendix 4. 

2.3. Series C: 6d equilibration of soils; 
pH dependence of P, As and 
isotherms 

The procedures used is quite the same as the 
previous except here the soil used was from 
Broknas C horizon 47 – 67 cm, 2 g of soil was 
added to each bottle. 3 mM Na2HASO4, 0.3 m 
M Na2HASO4, 3 mM NaH2PO4 and 0.3 mM 
NaH2PO4 were also added to some of the 
solutions following the recipe prepared. See the 
recipe used in (Appendix 3). The bottles were 
then placed in shaking machine and left to shake 
for six days, after which centrifugation and pH 
measurement was carried out as detailed above 
for series A. The pH results (Appendix 4) 
Note: for all soils there were some samples to 
which neither phosphates nor arsenate was 
added, instead only 0.03 M of HNO3 or NaOH 
were added. This was done in order to observe 
the pH dependence of dissolution of phosphate 
that was already sorbed in the soil. 

2.3.1. Phosphate Measurement 
All stored samples in scintillation bottles in 
refrigerators containing phosphates addition and 
those for pH dependence were taken for 
phosphate measurement. Dissolved phosphate 
was determined with a spectrometer (Flow 
Injection Analyzer Aquatec) by using the 
molybdate blue method at a wavelength of 690 
nanometers. 
Calculation for the added phosphates in Moles 
per Kilogram is as shown in Appendix 11. This 
calculation was done for all samples that 
phosphates were added to in series A and 
Series C. 
Calculation of dissolved phosphate: 
All the measurement results for phosphate were 
given in micro-grams per liter (µg/l) and 
therefore required to be converted to mol/liter 
and mol/kg so they can be used for further 
calculations as will be discussed in later pages. 
To convert to µg/l to mol/l, the dissolved 
phosphates was first multiplied by 10-6 to change 
the units to g/l then divided by molecular weight 
of phosphorus which is 30.97 g/mol, this will 
give a value in mol per liter. To convert to 
mol/kg the same calculation as the above 
phosphate addition equation was used 
(Appendix 11). The same Appendix 11 provides 
calculation for total P bound in mol/kg. 

(Appendix 6) for the results of the above 
analysis. 

2.3.2. Determination of  arsenic and total 
phosphorus 

This measurement was done using ICP-OES 
which required acidic conditions to enable the 
process, so 30 % of HNO3 was added to all 
samples that arsenic has been added to reach a 
1concentration of 1 % HNO3. Then the values 
for the dissolved As and P were analyzed for 
each sample in µmol per liter. Result for this in 
Appendix 7. For 1 ml of 30 % HNO3 added to 
30 ml Sample; Recalculation of added arsenic 
to mol per liter and mol per kilogram was done 
in the same way as explained above for 
phosphate. Also the dissolved results for the 
above compounds were converted to mol/liter 
and mol/kilogram for later calculations in the 
models. 

2.4. Modeling of phosphate and 
arsenate sorption 

Since adsorption is a key chemical process that 
affects the movement of a solute through the 
soil, it is necessary to estimate the extent of it 
when predicting the movement. Several 
adsorption equations have been developed by 
scientist/engineers for this purpose. The 
equations involve the use of parameters which 
are estimated by batch experiments in the 
laboratory. The commonly used models include 
the Langmuir adsorption isotherm equation, the 
Freundlich isotherm and Linear KD of which 
their use is affected by changing conditions of 
solution concentration, ionic strength, pH and 
competition between ions therefore making the 
prediction impossible. (Limousin et al., 2006).  

2.4.1. The Linear KD Model 
This is known to be the simplest method of 
estimating contaminant travelling time delay and 
uses Kd as the distribution coefficient which is 
related to the way the contaminant behaves 
between the solid and liquid phases (Gustafsson 
et al., 2007). 
One of the assumptions while using this model 
is that the relationship between the amount of 
solute dissolved and that bound is linear and that 
its graph will give a slope of approximately equal 
to one. Therefore this assumption has brought 
its limitation of use when there is adsorption of 
inorganic compounds under variable pH, the 
presence of more than one sites used for 
adsorption of which may have different affinity, 
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variable concentration of competing ions etc. 
These factors will affect the slope of graph and 
therefore will not agree with the assumption. 
(Limousin et al., 2006).  
The equation is expressed as  
ni = KD x CTOT,i…………………………….....(i) 
Where ni is the amount of solute 
adsorbed/bound on a particle surface, CTOT,i is 
concentration of competing ions and which is 
defined as the ratio of the quantity of the solute 
adsorbed per mass of solid to the amount of the 
solute remaining in solution at equilibrium.  

2.4.2. The Langmuir Adsorption Isotherm 
The Langmuir equation works under 
consideration that the adsorption of molecules 
on a solid surface is affected by the changes 
in gas pressure or concentration of a medium 
above the solid surface at a fixed temperature. 
This method also works well for the adsorption 
of the uncharged solute to a solid particle 
surface (Gustafsson et al., 2007). 
This method is said to be developed from the 
KD method and the big difference is that in this 
model, in the equation the solid is assumed to 
have a limited adsorption capacity. Therefore it 
can also be observed from the Langmuir and KD 
equations and graphs only display similarities 
when the solution activity of the solute is low 
and becomes different when saturation point is 
approached. Hence the two equations share 
most of their weaknesses (Gustafsson et al., 
2007). 
The Langmuir can be extended to be used for 
prediction of competitive ions adsorption and 

this is done by adding more parameters/terms to 
the equation.(Limousin et al., 2006). However 
the extended equations are rarely used due to the 
difficulty in optimizing all adjustable parameters 
in these equations. 
The Langmuir equation is stated as: 

n=Qmax L

L(1 )
K c

K c
⎛ ⎞×
⎜ ⎟+ ×⎝ ⎠

…………………...(ii) 

Where n = the amount adsorbed PO4-P (here 
stated in the unit mmol kg-1 soil), c is the 
dissolved concentration PO4-P (in mmol/l), 
whereas Qmax and KL are coefficients that need to 
be optimized for each studied system. Normally 
Qmax is interpreted as the”sorption capacity” (in 
mmol kg-1 soil), (Fig.4) the sorption capacity 
represented in a graph. And the total amount 
adsorbed (n) is the sum of nsorb which is the 
amount of the added PO4-P that has been 
adsorbed calculated as the difference between 
added PO4-P and dissolved PO4-P and ninit 
which is the initial amount of adsorbed PO4-P 
that is in equilibrium with the dissolved PO4-P 
in the absence of added P. 
Therefore: n = ninit +nsorb………………..…...(iii) 
Holford et al 1974 showed that the Langmuir 
equation, in its original form, was able to 
provide satisfactory fits only for small ranges of 
n, and therefore they suggested an extended 
version of the equation for two surfaces: 

n= max L max L

L L

' ' '' ''
(1 ' ) (1 '' )
Q K c Q K c

K c K c
× ×

+
+ × + ×

……….....(iv)

    
Where the total sorption capacity Qmax = Qmax’ + 
Qmax’’. This equation has been used mainly for 
soils with very small values of initially sorbed 
PO4-P. 

2.4.3. The Freundlich isotherm  
This isotherm relates the concentration of 
adsorbed solute to that of the dissolved solute. 
And just like the Langmuir equation, it is 
developed from the KD model to allow non 
linear relationship between the adsorbed and 
dissolved solutes. Unlike the Langmuir, this 
model does not have a saturation point. 
However, it can be extended in various ways. 
Here I used the simple basic one and one (to be 
described later) that is used for prediction of 
competitive adsorption. 
The basic Freundlich equation has two 
adjustable parameters, the Freundlich coefficient 
KF and the non ideality parameter m, m is always 

Fig. 4. Langmuir isotherm, value of 
adsorption capacity ‘‘Qmax’’ increases from 
blue, red, green and brown. 
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less than 1. It is based on the following relation 
between the adsorbed quantity n and the 
remained solute concentration C (Limousin et al., 
2006) (Fig.5). 
n = KF X Cm………...………....……………..(v) 
The basic Freundlich equation is easy to 
optimize; when equation (v) is logarithimized to 
get: 
log n = log KF + m x log c…………………..(vi) 
Where n = nsorb + ninit as in Langmuir above. 
This means that the Freundlich equation implies 
a linear relationship between log n and log c, 
where the slope is m and the intercept is log KF. 
A problem when all three parameters KF, m and 
ninit are optimized at the same time, is that the fit 
is quite sensitive to very small differences in the 
data (Peltovuori, 2007). To prevent this it is an 
advantage if ninit can be determined through 
extraction, or if m can be fixed at some realistic 
value.  
With the basic equation it is impossible to 
account for the effect of pH and competing 
ions. And it is well known that adsorption is 
dependent both on pH and subject to 
competition between several species. This is the 
reason why there are extended versions of 
Freundlich equation that try to address one or 
both of these aspects. Over the years, several 
authors have preferred the Freundlich equation 
over Langmuir, as the Freundlich equation often 
produces better fits to measured data (see, e.g., 
Fitter & Sutton, 1974).  
Limitations 
When the Langmuir or basic Freundlich 
equations are being used, it is important to 

remember the following limitations: 
The fits are valid only at constant pH. To handle 
pH variations the equations need extra terms, 
e.g. {H+}. This also means that it is important to 
ensure that the pH value is constant when 
sorption experiments are being used to derive 
model parameters. We have found that the pH 
value is reasonably constant when P is added as 
H2PO4- up to about c. 4.5 mmol P kg-1 soil. If 
higher additions are made, P sorption itself will 
affect the pH value. (Limousin et al., 2006). 
The fits are valid only for a constant 
concentration of competing ions. The 
concentration of organic acids (i.e. fulvic acid) is 
probably the most critical parameter; this means 
that previously optimized models may not hold 
if the soil management is changed through, e.g., 
afforestation. (Limousin et al., 2006). 
Choice of Equation to be used 
In this study, the basic Freundlich equation was 
used.  
Advantage of the Freundlich equations over Langmuir 
The Freundlich equation can consider binding-
site heterogeneity, i.e. that the soil contains 
surfaces with different affinity for binding 
arsenate and phosphate. This is manifested in 
the value of the exponent m being smaller 
than 1. The Langmuir equation cannot consider 
heterogeneity. Often it has been observed that 
binding-site heterogeneity is important in soils. 
(Gustafsson et al., 2007) 
Advantage of the Langmuir equation over Freundlichs 
The Langmuir equation defines a site with a 
given adsorption maximum which makes it 
possible to simulate competition effects at 
different degrees of site saturation. This is not 
possible in case of the Freundlich equation, 
which lacks a defined sorption maximum. 
(Gustafsson et al., 2007) 
Procedures followed in modeling P and As sorption in 
Swedish agricultural clay soil 
The Freundlich parameter n and m were 
optimized for systems containing phosphates 
alone i.e without addition of arsenic. The single 
component Freundlich equation was used. 

m
Fn K C= × ……………….....…………...(vii) 

Where n is the amount bound which was 
calculated in all samples by subtracting the 
concentration of dissolved P by that of the 
added P in mol/kg. C is the concentration at 
equilibrium, in this case the dissolved 
concentration of P was used here but in mol/l. 
The Freundlich coefficient KF and the non-

Fig. 5. Example of a Freundlich isotherm, 
showing the amount adsorbed, n in mol/kg 
as a function of equilibrium concentration in 
the solution, C in mol/L. 
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ideality coefficient m are fitting parameters and 
were determined from a series of data, after 
logarithmic transformation of the equation (v) 
above:  
The logarithmic equation was used to plot a 
graph of logn vs logc, but before that it was 
important to know the real value of n is strictly 
not known i.e the total amount of solute bound 
is not known. Before the addition of P in the 
soil samples there was a certain amount of P 
which was initially bound to the surface. 
To account for this contribution of P, n was first 
broken down into the following expression; 

init add dissn n n n= + −  ………….……...(viii)  

where n is total P bound, ninit is the initial 
amount of the reactive P in soil, nadd is the 
amount of P added in the experiment (mol/kg), 
ndiss is the dissolved concentration of PO4-P in 
the experiment, also in mol/kg soil.  
ninit needed to be calculated and there are 
different ways of doing this. In the following 
three different methods are described, (i) a 
method referred to here as the Perfect 
Freundlich method (Fitter and Sutton, 1974), (ii) 
the arsenate sorption method and (iii) the 
extraction of reactive P on the laboratory. All 
methods were used separately so that their 
results can be compared later on. 
Perfect Freundlich Method 
This method was used first by Fitter and Sutton 
(1974) and has ever since been used extensively 
to derive Freundlich parameters for P sorption 
to soils. In using this method, it was assumed 
that P sorption behaves exactly as the 
Freundlich equation in the concentration range 
of interest, i.e between 1 µM and 1 mM of 
dissolved P.  
The value of ninit was calculated by investigating 
the goodness-of-fit of the Freundlich equation. 
More specifically ninit was optimized by trial-and-
error until the best fit was observed. This was 
done by first guessing a value of ninit for instance 
0.001mol/kg. Then n was calculated of which 
logn was found and a graph of log n as a 
function of log C was plotted in Excel. By the 
use of the trendline tool, the slope m and the 
intercept log KF was calculated from the linear 
regression and the r2 displayed. A new value of 
ninit was guessed again and the same procedure 
was followed to obtain new values for KF, m and 
r2. The new r2 value was compared with the old 
one. This was repeated over again until the 
highest r2 which was the closest to 1 was 

obtained and it was regarded as the best ninit. The 
graph with the best ninit was the one printed and 
be used for discussion later. This procedure was 
done for all soils i.e from Broknäs A 0-30 cm, 
Broknäs C 60-90 cm, E21:2 and Broknäs C 47-
67 cm with P only. 
Two component Freundlich equation  
In using this equation data from both phosphate 
and arsenate adsorption analysis were used. 
Because arsenate and phosphate behave very 
similarly when they sorb to (hydr)oxides, the key 
assumption made here was that the two ions 
have the same Freundlich exponent m and 
Freundlich coefficient KF. If this is the case, the 
following two-component Freundlich equation 
can be defined: 

( )
1

11 1

1 2

m
F i

i m
m m

F F

K Cn
K C K C

−

×
=

× + ×
…......….(ix) 

where i is 1 or 2, i.e arsenate or phosphate. This 
equation enables the prediction of As sorption 
for certain values of As and P concentrations in 
the water. The Freundlich parameters m and KF 
were determined in the system with P only and 
applied also for As. This equation was basically 
used in the calculation of ninit according to the 
arsenate sorption method. 
Arsenate sorption method 
As mentioned above, the assumptions when 
using this method were that arsenate and 
phosphate behave exactly similarly and that 
phosphate initially was the dominating ion that 
was bound to the (hydr) oxide surfaces of the 
soil. 
• Firstly, a value of ninit was guessed e.g 0.001 
mol/kg and by using the single Freundlich 
equation n was calculated and a graph of log n as 
a function of log C was plotted in Excel for the 
P only system as in Perfect Freundlich method.  
• By the use of the trendline tool in Excel, the 
slope m and intercept log KF were calculated 
from linear regression.  
• The expected dissolved P concentration at 
different As additions was calculated and this 
was done by calculating what C in the single 
component Freundlich equation obtained when 
P and As were bulk together i.e n = np+nAs .  
• Then the dissolved P from the Freundlich 
equation Cp as Cp = C -CAs was calculated, where 
CAs was the measured dissolved As 
concentration at a particular As addition.  
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• The information obtained were then applied 
in equation (ix) and used to calculate the 
expected nAs for given values of CAs.  
• The calculated nAs was then compared with 
the As additions – As dissolved.  
• Lastly a measure of the goodness of fit was 
calculated by using root mean square errors.  
The expression used for RMS error was: 
 

..…...(x) 

Where Xi=1,2,3,….n is the difference between the 
calculated nAs (Xi) and the known nAs (Yi) (see 
Appendix 8) which was calculated to be very low 
(not higher than 0.011638) for all soil thus 
implying that the model is good , nAs is the 
amount of arsenate sorbed.  
This was repeated over again from guessing ninit 
to calculating RMS error until the best value is 
obtained. The smallest value of RMS error 
calculated was considered to give the best ninit 
value.  
The graphs with chosen best ninit will be 
presented in the result chapter. This procedure 
was done for all soils samples i.e Broknäs A 0-30 
cm, Broknäs C 60-90 cm, E21:2 and Broknäs C 
47-67 cm. 

Fig. 6. Results for pH dependence of phosphate and arsenate sorption in soils containing both ions. 
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3. RESULTS AND DISCUSSION 

3.1. Results 
This chapter presents all the results and 
interpretations for the experiments and 
measurements explained in the Methods’ 
section. Appendix 1, 2 and 3 are the summaries 
of the recipes used for preparation of solution 
samples used for series A, Series B and Series C 
respectively.  

3.1.1.  pH dependence results 
Appendix 4 shows the results for the pH 
measurements taken for all the three series. For 
Series B (all samples) and C (sample 1 to 30) 
there was some addition of varying amount of 
sodium hydroxide or nitric acid according to the 
recipe in order to vary the pH values between 
samples and later on be used to check the pH 
dependence of arsenate and phosphates. See the 
results presented in the graphs in Fig. 6 and 7.  
The results of the pH measurements of the soils 
in series B and series C to which either NaOH  
 

 
 
or HNO3 was added to bring about the pH 
variations is shown in Fig. 6.  
The results from a similar experiment when As 
was not added (Fig. 7). In the competitive 
systems (Fig. 6) phosphorus was measured only 
as total dissolved P, as it was not possible to 
measure phosphate in these systems (due to 
interference of arsenate in the molybdate blue 
method). Figures 6a and 7 display the results for 
Broknäs A, 0-30 cm. The pH-dependence trend 
of the two ions, especially at pH >5, was rather 
similar. However, contrary to the case for total P 
and phosphate, dissolved arsenate did not 
increase with decreasing pH below pH 5. This 
indicates that the sorption/desorption processes 
of the two ions are not exactly the same. 
Possibly, the different behavior at low pH could 
somehow be related to the fact that all dissolved 
P was initial P, whereas the dissolved As was 
dominated by As from the As addition. 
Figures 6b and 7 display the results for Broknäs 
C, 60-90 cm. Again there was a slight difference 
in behavior of the two ions with As sorbing 

Fig. 7. The results of pH dependence of initial phosphate bound on the three soils. 
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increasingly with decreasing pH down to pH 4.5, 
whereas for P a sorption maximum was found at 
pH 5.5. There was also a remarkably sharp 
increase of dissolved As concentration from pH 
8.6 to 10.6. It cannot be excluded that there was 
a bit of As(III) present in these extracts, which is 
known to sorb less efficiently than As(V) (De 
Brouwere et al., 2004). Fig. 6c and 7 present the 
results of pH dependence of dissolved P and As 
in E21:2. For this sample, the pH dependence 
trend was quite similar for As and total P 
(Fig. 6c), but was considerably different for PO4-
P (Fig. 7) for which a sorption maximum at pH 
6.5 occurred. Possibly the close agreement 
between As and total P is not ‘‘real’’, since total 
P may include a large concentration of organic 
P. Therefore also for this soil there seems to be 
slightly different mechanisms that affect As 
adsorption as compared to P desorption. Fig. 6d 
and 7 show the pH dependence of dissolved P 
and As in Broknäs C, 47-67 cm. Again the 
general trend is the same for both ions for As 
and total P; however no results were available 
for dissolved PO4-P.  

As mentioned above, it is not easy to explain 
why the pH dependence of dissolved P and As 
do not agree. One possibility could be that at 
low pH, dissolved P is mobilized from an 
otherwise un-reactive pool. This pool might be 
crystalline calcium phosphates that are dissolved 
by weathering. However, kinetic dissolution 
experiments for these soils show that this is not 
likely (Gustafsson, in prep). It could also be 
mobilization of occluded (i.e. adsorbed but 
physically isolated) forms of P at low pH 
because of, e.g. dissolution of aluminium or iron 
that may ‘‘block’’ these sites. Whatever the 
reason, this difference is clearly worth 
investigating in the future to arrive at a better 
understanding of the processes affecting P and 
As adsorption/desorption. 

3.1.2. Modelling results 
This section includes the results obtained from 
the single and the two-component Freundlich 
equations.  
The samples used to produce the results shown 
in Fig. 8 were from series A (sample 1-8, 17-24, 

Fig. 8. Results of isotherms obtained by use of Perfect Freundlich method for soils with no As 
added. 
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33-40) and series C (samples 33-40) and the pH 
difference in these samples did not exceed 0.11. 
The difference in P sorption between the soils 
was most probably caused by the amount of 
phosphates that already present in these soils. It 
is obvious that the soil with highest initial P will 
have fewer sites to accommodate the added 
phosphate therefore resulting to more 
phosphate dissolving. This could also be caused 
by presence of other competing ions such 
organic matter. From the graph it seems that 
E21:2 has the lowest sorption capacity followed 
by Broknäs C, 60-90 cm and Broknäs A, 0-30 
cm with m i.e. (P adsorption to P dissolved) ratio 
of 0.1748, 0.2499 and 0.3199 respectively. See 
Table 3 showing the concentration of initial P 
bound estimated from this graph. 
The samples used to produce Fig. 9 were from 
series A (sample 9-16, 25-32, 41-48) and series C 
(samples 41-48) and the pH difference in these 

samples did not exceed 0.15 which is too low to 
cause any difficultness in using the method.  
See Appendix 8 for the full description of how 
the sorption method was applied to solve this 
hypothesis and its results. Part of the results is 
also presented in the Table 3 below to show the 
lowest rmse achieved for each soil with respect 
to the KF, m and initial P bound.  
The initial P bounds obtained from this method 
were used to construct the graph in Fig. 9. From 
the graph it can be observed that in Broknäs C, 
60-90 cm there was more arsenate sorbed than 
dissolved and actually the ratio was very high, in 
fact the highest. From Table 3 below, the initial 
P bound for these soils can be observed and 
thus it can be explained that the soil with 
increase initial P bound in the soil decreases the 
sorption due to more sites been occupied by the 
initial P.  

Fig. 9. Fit of a competitive Freundlich equation for the sum of arsenate and phosphate 
dissolved/sorbed.  
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3.2. Discussion 
This study managed to analyze the competitive 
behavior between arsenate and phosphates 
sorption in soil minerals and how their behavior 
varies with changing pH. Several experiments 
and measurements have been performed to 
analyze the behavior of the two anions and the 
Freundlich equations have been used to model 
the results obtained from the experiments, this 
model was checked and proved to be good for 
the use, according to the results of Appendix 8 
(comparing nAs known with the calculated one 
from the model) which gave matching results. 
Models for single component (P only) and for 
competitive system (both As and P) have been 
constructed assisting to understand the behavior.  
It has been observed that the dependence of 
arsenate and phosphate sorption on pH show a 
similar but not identical trend for both anions. 
Meanwhile at low pH, the dependence of 
dissolved P and As do not agree. This indicates 
that the sorption/desorption processes of the 
two ions are not exactly the same. 
However this may be due to the fact that the low 
pH values influence the mobility of dissolved P 
from an un-reactive pool; maybe sorption sites 
are blocked by some aluminium/iron precipitate, 
which is dissolved at lower pH. Fig. 6 shows 
clearly how the adsorption of arsenate is affected 
by pH increase as it can be observed more 
arsenate tend to dissolved with pH increase and 
it can be well observed at pH 5.6 and above. The 
explanation for this is because at higher pH, 
HAsO42- which is present as a dominant species 
of As (V) is less favorable because the oxides are 
less positively charged. And the same reason is 
given for P sorption if it decrease with increase 

in pH i.e anions are easily adsorbed to 
iron/aluminium oxide surfaces at low pH when 
the oxides contains many positively charged –
OH+1/2 groups, this is the effect of electrostatic 
force. The results for sorption dependence on 
As/P additions for the two ions has shown 
similar results/trends as with increase in As or P 
additions more ions will end up dissolving as 
availability of sites become less therefore 
sorption capacity decreases. This can be 
observed in Appendix 6 and 9, Tables showing 
the calculations of additions and adsorbed P/As 
ions.  
As for the competition between ions, the 
competitive modeling system with both ions 
gave evidence for direct competitive adsorption 
between As and P ions. As it can be observed 
from Appendix 8 showing results of arsenate 
sorption method, in all soils increase in As 
additions lead to more initial P dissolving. This 
is due to sites preference for some new ions so 
As will tend to replace some of P which 
therefore end up dissolving.  
Moreover as another evidence of competition 
between As and P, it has been observed in both 
P only Freundlich isotherm and the competitive 
Freundlich that soil with high amount of initial P 
bound leads to more P and As dissolving 
respectively. This is because initial P is attached 
to the same sites that P and As added have 
affinity for. In Table 2 it can be seen that higher 
initial P leads to low non-ideality coefficient m, 
which is the ratio of adsorbed to dissolved ions 
of As/P.  
More competition evidence between As and P 
can observed when comparing Fig. 6 and Fig. 7, 
where Fig. 7 shows the results for P sorption at 

 
 
Fig. 10. The lowest 
value of P dissolved in 
the absence of As and 
in the presence of As 
in three soils.  
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different pH in the soils when no arsenic was 
present while Fig. 6 shows the result of P 
sorption with varying pH in the same soils but 
with presence of As in them. The competition 
effects are summarized in Fig. 10 and Fig. 11. 
The point of lowest dissolved P means there is 
more P sorbed. As it can be observed less P is 
been dissolved in the absence of As and more is 
dissolved in the presence of As in the soils this 
means P sorption is lowered by the presence of 
As as they compete for same sites. 
Table 3 presents the results of the initial P 
bound estimated the P only Freundlich and for 
the two component Freundlich equations. In the 
P only Freundlich the samples containing only 
phosphate were used for analysis as explained in 
the method chapter. While for the two 
component Freundlich, samples containing both 
phosphates and arsenate were used for analysis 
and the arsenate sorption method was used to 
estimate the initial P bound. The initial arsenate 
was assumed to be very small therefore was 
ignored. From the Table it can be observed that 
the results for Broknäs A, 0-30 cm were 
excellent as the initial P bound estimated by P 
only Freundlich was similar to that estimated by 
the two components Freundlich. This confirmed 
that phosphates and arsenate behave the same  
 

and tend to compete for sorption site in soil. For 
Broknäs C, 60-90 cm the initial bound estimated 
by the two methods were very different, this 
may be due to errors or the results are 
suggesting that phosphates and arsenate do not 
behave the same in this particular soil. 
Appendix 8 showing results for sorption method 
used to estimate the initial P bound in a 
competitive system displays a major error in 
Broknäs C, 60-90 cm where it gave negative 
values for the calculated dissolved P in As 
additions. So this may explain the difference 
observed in Table 3. 
Moreover, the optimized competitive model is 
used to make scenarios of how P fertilization 
(Pstatus in soil) will affect arsenic binding 
properties. The equation that was used here is 
the two components Freundlich equation (ix) 
described in the method chapter. The equation 
includes terms for competing species and thus 
will help predicting how As sorption would be 
for certain values of As and P concentration in 
water.  
As stated earlier, since As and P behave similarly 
when sorbing to soil hydroxides and oxides then 
the KF and m values used where those analyzed 
from the Perfect Freundlich graph with P as the 
only specie whereas ni is the term used for the 
calculated amount of arsenate bound from the 

 
Table 3. Initial P bound estimated by Freundlich method (mmol/kg). 
Soil P only  Competitive 

Initial 
P 

m value r2 Initial P m value KF Rmse 

Broknäs A, 0-
30cm 

1.75 0.3199 0.9986 1.6 0.3412 1.54x10-1 2.57127x10-4 

Broknäs C, 60-
90cm 

2.4 0.2499 0.9611 0.21 0.612 5.448789 4.2711x10-3 

E21:2 5.89 0.1748 0.9919 1.9 0.3647 0.32352 2.12372x10-4 

 

 
Table 4. Data used to check the effect of As sorption with increase in P in Broknäs A, 0-30cm. 
Broknäs A, 0-30cm 
Dissolved As (C1=Ci) 
(umoles/l) Dissolved P (C2) (umoles/l) KF M nAs=ni (umoles/kg) 

0.5 0.3 0.13357 0.3199 0.078 
0.5 0.6 0.13357 0.3199 0.063 
0.5 0.8 0.13357 0.3199 0.056 
0.5 1.4 0.13357 0.3199 0.043 
0.5 1.7 0.13357 0.3199 0.039 
0.5 2.4 0.13357 0.3199 0.032 
0.5 2.8 0.13357 0.3199 0.030 
0.5 3.5 0.13357 0.3199 0.026 
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equation, C1 is amount of arsenate dissolved in 
water of which is kept constant implying that no 
more arsenate is been added to the soil, C2 is the 
amount of phosphate dissolved in water of 
which is increasing as a result of more P 
fertilization, Ci is equal to C1.  
With every increase in C2, ni is also been 
monitored to check how it’s affected by change 
in C2. The As dissolving is kept constant so that 
the effect of As binding with increase in P can 
easily be observed (Table 4). 
Table 4 is just a summary of what has been 
done, see Appendix 10 for more data. The data 
were then used to draw a graph of which the 
calculated bound arsenate was the y-axis and a 
dissolved phosphate was the x-axis. The graph 
below display the results obtained. 
From Fig. 11 it can be observed how the 
amount of arsenate bound is constantly falling 
with every little increase of phosphate dissolving. 
The more increase in P the more competition 
will be between As and bound P on the sorbing 
sites. This show a clear picture how the continue 
application of phosphate fertilizer would affect 
the amount of arsenate that is bound in the soil 
leading to it becoming loose and end up being 
taken up by plant or leaching to groundwater or 

transported by runoffs to surface water bodies. 
This effect is similar for all the three soils despite 
their property differences.  

4. CONCLUSION AND 

RECOMMENDATIONS 

4.1. Conclusions 
To conclude from the model, the results 
achieved have given proof that arsenate and 
phosphates behave the same and have same 
sorption capacity so the presence of both ions in 
the soil will result in competition on the 
available sites. However the competitive 
behavior between the two ions can be used 
positively to control the nutrients plant uptake 
and reducing the toxicity effect of arsenic to the 
plant. In a soil that is suffering from high arsenic 
contamination that may affect the plant, the 
problem may be mitigated by reducing the 
phosphate application to the soil so that more 
binding sites are left free for arsenate to be 
attached and thus reducing the intake for plants. 
And also will reduce the risk of more arsenate 
from leaching the soil to go and contaminate the 
groundwater. Likewise for the soil to which the 
plants are unhealthy due to more phosphate 
being adsorbed to soil minerals and less is 

Fig. 11 Competition of As and P in soil. 
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available for plant uptake, arsenate can be added 
so it can compete for binding sites with the 
phosphates leading to more free phosphate that 
can be absorbed by plants for growth. This will 
also lead to more phosphate leaching to the 
groundwater or transported through runoffs. 
However other methods of preventing 
groundwater and surface water contamination 
from arsenate and phosphate can be applied to 
control effects of the free phosphates/arsenate 
resulting from above measures.  
Chemical stabilization or chemical washing 
techniques is one of the remediation methods 
that can done by application of chemical 
amendments to decrease the mobility or 
solubility of extra phosphates/arsenate in the 
contaminated soil and thus decrease the amount 
leaching or transported through runoffs. Phyto-
remediation is another method which is done by 
depolluting contaminated soils with plants able 
to contain, degrade or eliminate metals, 
pesticides, solvents, explosives, crude oil and its 
derivatives, and various other contaminants, 
from the media that contain them. (Khan etal., 
2004). 
Moreover, the results obtained for analysis of 
initial P bound of Broknäs C, 60-90 cm by single 
and competitive Freundlich did not match at all 
i.e showed very big difference (Table 3). The 

value estimated by Single Freundlich was 
2.4 mmol/kg and by competitive was 
0.21 mmol/kg, interpreting this would mean that 
As and P do not behave the same in deeper 
horizon. Also see Appendix 8 which displays 
major error for the arsenate sorption results 
obtained for this particular soil giving negative 
results for the estimated P dissolved in As 
additions. 

4.2. Recommendations 
More studies required to check the behavior of 
As and P in deeper soil horizons whether differs 
from top soils. And also as mentioned above, it 
is not easy to explain why the pH dependence of 
dissolved P and As do not agree. One possibility 
could be that at low pH, dissolved P is mobilized 
from an otherwise un-reactive pool. This pool 
might be crystalline calcium phosphates that are 
dissolved by weathering. It could also be due to 
mobilization of occluded (i.e. adsorbed but 
physically isolated) forms of P at low pH 
because of, e.g. dissolution of aluminium or iron 
that may ‘‘block’’ these sites. Whatever the 
reason, this difference is clearly worth 
investigating in the future to arrive at a better 
understanding of the processes affecting P and 
As adsorption/desorption.  
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Appendix 2 Series B recipe 
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Appendix 3 Series C recipe 
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Appendix 4 pH measurements 

 



Luhuvilo Mwamila  TRITA-LWR Degree Project 12:02 
 

VI 

Appendix 5 Measurements for pH dependence of initial Phosphate  
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Appendix 6: Data used for Perfect Freundlich graph 
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Appendix 7: Result from ICP-OES 

Sample 
no. As (uM) P (uM) 

  
pH 

Series A 
2g of Broknäs A 0-30   
9 0.18 2.45 6.13 
10 0.35 2.7 6.13 
11 0.81 2.9 6.11 
12 1.85 3.53 6.12 
13 4 4.3 6.19 
14 6.5 5.19 6.22 
15 17.31 7.25 6.23 
16 35 9.68 6.24 
2g of Broknäs C 60-90   

25 0.09 0.56 6.92 
26 0.19 0.45 7.04 
27 0.37 0.63 7 
28 1.15 0.6 7.07 
29 2.75 0.59 7.1 
30 7.25 0.8 7.04 
31 14.3 0.59 7.06 
32 45 1.13 7.2 
2g of E21:2   

41 2.1 2.75 6.6 
42 0.28 2.36 6.6 
43 0.45 2.42 6.59 
44 1.06 2.7 6.63 
45 1.56 2.95 6.65 
46 4.95 4 6.61 
47 7.85 4.83 6.64 
48 17.95 6.3 6.68 
Series B   

2g of Broknäs A 0-30    
1 1.99 3.07 4.1 
2 0.46 2.78 4.06 
3 0.46 2.34 4.42 
4 0.48 2.21 4.36 
5 0.47 1.93 4.79 
6 0.48 1.85 4.81 
7 0.62 1.77 5.34 
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8 0.6 1.71 5.28 
9 0.68 1.94 5.73 
10 0.59 1.55 5.76 
11 0.76 1.64 6.13 
12 0.84 1.95 6.14 
13 0.88 2.24 6.36 
14 0.93 2.37 6.42 
15 0.94 2.87 6.68 
16 0.92 2.59 6.65 
2g of Broknäs C 60-90   
17 0.23 1.45 4.24 
18 0.2 1.45 4.18 
19 0.22 1.07 4.44 
20 0.24 1.01 4.45 
21 0.23 0.71 4.79 
22 0.17 0.54 4.85 
23 0.15 0.16 5.34 
24 0.17 0.18 5.2 
25 0.28 0.09 5.98 
26 0.34 0.12 6.02 
27 0.88 0.3 6.94 
28 0.69 0.3 6.95 
29 2.7 0.66 8.08 
30 8.5 0.77 8.87 
31 18.5 1.94 10.62 
32 13.9 1.91 10.06 
2g of E21:2   
33 1.44 2.37 5.55 
34 0.4 1.93 5.62 
35 0.49 2.4 5.68 
36 0.45 2.28 5.73 
37 0.59 2.49 5.9 
38 0.59 2.6 5.9 
39 0.58 2.35 6.15 
40 0.63 2.45 6.14 
41 0.65 2.5 6.36 
42 0.64 2.46 6.35 
43 0.52 2.3 6.61 
44 0.73 2.62 6.57 
45 0.73 2.7 6.75 
46 0.74 2.71 6.76 
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47 0.82 2.98 6.93 
48 0.76 2.7 6.84 
Series C   
2g of Broknäs C 2010, 47-67 
  
17 0.22 1.19 3.98 
18 0.16 0.94 3.99 
19 0.14 0.91 4.18 
20 0.14 0.82 4.17 
21 0.16 0.72 4.4 
22 0.13 0.6 4.41 
23 0.15 0.74 4.49 
24 0.12 0.61 4.88 
25 0.14 0.75 5.52 
26 0.14 0.7 5.47 
27 0.18 0.92 6.11 
28 0.18 1.04 6.14 
29 0.27 1.98 6.45 
30 0.34 2.6 6.56 
2g of Broknäs C 2010, 47-67 
  
41 0.06 1.85 6.09 
42 0.07 1.31 6.08 
43 0.23 1.77 6.09 
44 0.33 1.45 6.12 
45 0.71 1.93 6.11 
46 1.9 2.1 6.13 
47 3.16 2.38 6.18 
48 9.4 2.89 6.19 
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Appendix 8 Results for Arsenate Sorption Method 

 
 
 
The yellow highlighted values are the considered best estimated rmse* 
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Appendix 9 Calculation for Arsenic Addition and Sorption 
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Appendix 10 Data for competitive Freundlich model 
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Appendix 11 Data used to check the effect of As sorption with increase in P  
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Appendix 12 Calculation for Phosphate/Arsenate measurements 

Calculation for the added phosphates in Moles per Kilogram was as shown in Appendix 11 for all 2g of 
soil: 
Cpl (moles/liter) = 0.3M of NaH2PO4 concentration x Volume of 0.3M of NaH2PO4 added ÷ Total Volume, which 
give the results in moles per liter……………………………………………(i) 
Then to convert to moles per kilogram 
Cpl (moles/kilogram) = Cpl (moles/liter) x Total volume in liter ÷ Weight of Soil in 
kilogram………………………………………………………………(ii) 
 
For example: Sample 1 with 1ml PL added 

3 10.3 10 30
0.00001

mlCpl M ml
mCpl l

−= × ×

=
 

Conversion to Moles per kilogram 
300.00001 2

0.00015

m lCpl l kg
mCpl kg

= ×

∴ =
 

Note: Cpl is the concentration for a 0.3M of NaH2PO4 while for concentration of 3M NaH2PO4 Cp is 
used, see below; 
 
Sample 3 with 0.4ml P added 

3 0.43 10 30
0.00004

mlCp M ml
mCp l

−= × ×

=
 

Conversion to moles per kilogram 

300.00004 2

0.0006

m lCp l kg
mCp kg

= ×

=
 

This calculation was done for all samples that phosphates were added to in series A and Series C. 
Calculation of dissolved phosphate: 
All the measurement results for phosphate were given in micro-grams per liter (µg/l) and therefore 
required to be converted to mol/liter and mol/kg so they can be used for further calculations as will be 
discussed in later pages. 
To convert to µg/l to mol/l, the dissolved phosphates was first multiplied by 10-6 to change the units to 
g/l then divided by molecular weight of phosphorus which is 30.97g/mol, this will give a value in mol per 
liter. To convert to mol/kg the same calculation as the above phosphate addition equation was used. 
For example: For sample 1, measured dissolved P was 49.3µg/l 

Dissolved P (mol/l) = ( )649.3 10 0.000001591930.97
−× =  

Dissolved P (mol/kg) = ( )300.0000015919 0.0000238782
L

Kg× =  

Bound phosphate (mol/kg) = Added P (mol/kg) – Dissolved P (mol/kg)………………...(iii)  
Total Bound = Bound Phosphate (mol/kg) – Initially bound phosphate……………………(iv) 
See Appendix 6, for the results of the above analysis 
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XVI 

Appendix 13 Source of Errors 

1) Mixing of soils from different horizon when collecting them, this is possible for Broknäs C, 47-67cm 
and Broknäs C 60-90cm leading for them to have much similar results. 
2) Contamination of the soil sample during sampling and testing stage, the equipment that are used or 
hands should be well cleaned with distilled water. 
3) Measurement errors during preparation of solutions and during their addition to sample suspension. 
4) Exceeding of the total volume i.e. 30ml or less due to measurement errors during addition of different 
solutions to form suspensions which affect the later calculations and conversions. 
5) Mixing of solution while preparing the suspensions or exchanging lids of the different solutions. 
6) Accidentally skipping the addition of NaNO3 allowing As(V) to convert to As(III). 
7) Taking pH measurement before the suspensions from centrifuge has attained the room temperature 
8) The used of contaminated filter during filtration or when not well rinsed especially when it’s used for 
more than one supernatants. 
9) Mixing of the supernatants and the bottom solids when sucking of the supernatants after 
centrifugation. 
10) Calculation errors or conversions of the additions and the dissolved to the required units. 
11) Error in estimating the initial P bound, this is very likely for the trial and error method used. 
12) Error due to some wrong assumption made e.g. the assumption that phosphorus was initially 
dominating in the ‘‘Arsenate sorption method’’, what if this was not the case for one particular soil used. 
Or the assumption that the initially bound Arsenic is too small can be ignored. 
13) Errors in approximating the most correct Root Mean Square error or r2 for the competitive system. 
 

 


