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ABSTRACT 
 
Phosphorus pollution is a serious concern in Europe including Belgium. Water drained from 
agriculture field contains high phosphorus concentration and pollutes streams, rivers or lakes. By 
consequence, algae and other plant flourish rapidly in the natural aquatic ecosystem provoking 
eutrophication that kills various species of fish. Different methods have been launched in order to 
cope with this problem; however few of them were found effective in terms of P removal. The 
University of Ghent found promising results in terms of P removal by using olivine as amendment. 
The current study aimed at reducing phosphorus losses from artificially drained agricultural fields by 
using filter materials. A number of filter materials were investigated such as bauxite, biotite, Fe-
sludge, glauconite and olivine. Biotite, glauconite and olivine were pre-treated using HCl 1M in 
order to increase their adsorption capacity. P adsorption isotherm using batch and column 
experiments were adopted in this study. The batch experiment intended to study the maximum 
absorption capacity of each filter materials at increasing P-concentrations (5, 15, 30, 40, 50, 70 and 
100 ppm); at various contact times (0.1, 5, 10, 20, 40 and 60mn); and at different pH (from 2.5 to11). 
The column experiment was conducted under different hydraulic conductivity using P concentration 
of about 2ppm of pure P and P extracted from soil. A mixture sand+filter materials of 14cm was 
utilised under CEC-tubes of 21cm height and 2.1cm diameter.  
 
The batch experiments revealed that Fe-sludge was the best filter in terms of P-adsorption (215-
15520 mg P per kg of filter material) followed by treated-glauconite (60-800 mg P kg-1), at low and 
high P concentration, respectively. Bauxite (53-731mg kg-1) was better than glauconite (47-400mg 
kg-1), treated-olivine (46-152mg kg-1), olivine (41-140mg kg-1), treated-biotite (18-113mg kg-1) and 
biotite (10-68mg kg-1). Adsorption data at various P concentrations were found to fit successfully 
Langmuir compared to Freundlich isotherm models.  Phosphorus adsorption was high at lower pH 
and started to decrease from pH 5 for Fe-sludge, bauxite and treated-glauconite while it kept 
increasing for non treated glauconite, treated-biotite and treated-olivine. In the contrary P adsorption 
decreased with increasing pH for olivine while biotite showed P adsorption only between pH 5 and 
10. From the fastest contact time of 6s to 10mn, Fe-sludge (726-1936mg kg-1), treated-glauconite 
(99-262mg kg-1), treated-olivine (94-112mg kg-1), and bauxite (57-132mg kg-1) seemed to be the best 
at adsorbing phosphorus compared to the rest of the filters (≤67mg kg-1). All the pre-treated filter 
materials along with Fe-sludge and bauxite were chosen after the results from the pre-screening 
experiment. At the beginning of the column experiments, almost all P ions in the solution has been 
taken up by treated-glauconite 25 and 12.5% while it was around 60% for Fe-sludge 50%, treated-
olivine 12.5% and treated-biotite 25%, and below 40% for bauxite 50%. Phosphorus removal was 
progressively decreasing over time except for treated-olivine and treated-biotite which presented 
drastic decrease from around 70% to less than 20% after 300ml of leaching. Results from the column 
experiments using P-soil-extracted solution illustrated a visible decrease in P adsorption from 10% to 
20% compared to a use of pure P- solution. All the chosen filter materials presented the minimum Ks 
requirement (around 100mm mn-1) in order to evacuate effectively water from drained agricultural 
field.  
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CHAPTER 1. INTRODUCTION 
 
1.1 Background information and justification 

In Europe, including Belgium, due to the explosive demand in terms of food production since 
60’s, and the Green Revolution in the mid 20th century, agricultural production systems have 
been intensified especially as a result of the intensification of livestock farming. By 
consequence, excessive fertilization both with mineral fertilizers and organic manures especially 
between the 1970’s and 1990’s has been recorded. Currently, it has been reported that the main 
source of phosphorus pollution in the European Member States is manure fertilizer (Bomans et 
al., 2005). Since only a small part of the total phosphorus of the soil is available for plants, 
phosphorus can accumulate in large amounts in the soil. This occurs especially when the balance 
between applied phosphorus and the one removed from the agricultural land during crop 
harvesting is not proportionate (Bomans et al., 2005). When the soils eventually become 
phosphate saturated, then P-leaching through drainage systems and P loss through erosion (run-
off) are increasing. Phosphorus discharge can be severe from an agricultural land dominated by 
sandy soil, highly organic soils (e.g. peat), poor drainage, high water table, low pH and low 
content of sesquioxides and/or soluble salts due to low phosphorus retention (Bomans et al., 
2005; Science for Environment Policy, 2009).  
 
By consequence, discharge of Phosphorus (P) from agricultural lands polluting surface water 
quality is a major concern in Europe, including Belgium. Phosphorus continues to accumulate 
into river and lake sediments. It has been reported that the European agriculture contributes for 
20 to 50% of the total phosphorus contamination both from point sources (waste water from 
farms and seepage from manure stores) and diffuse contamination (agricultural land) according 
to EEA. This increases to more than 50 % in intensive agricultural areas due mainly to the 
decrease of the discharge from household and industry sources (Bomans et al., 2005). 
Phosphorus is then entering into surface waters, causing water quality problems such as 
eutrophication. And, as it is a growth-limiting nutrient in surface waters, excessive amounts of 
phosphorus accelerate the growth of some aquatic plants and algae which in turn lower the 
dissolved oxygen concentration in the water during decay. It leads to a drastic change of the 
aquatic environment and ultimately reducing fish species and diversity along with destruction of 
the natural ecosystem (Andersson et al., 2013). 
 
In order to cope with the pollution problem, Water Framework Directive 2000/60/EC included 
various ways to find direct and indirect measures to control the use of phosphorus in agriculture 
and to reduce phosphorus pollution from agricultural land to surface and ground waters (Water 
Framework Directive, 2000). Different measures and important changes in terms of policy and 
management strategies had been introduced for the use of both organic and inorganic P-fertilisers 
in order to meet the Water Framework Directive 2000/60/EC (Carpenter, 2008). 
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Regardless of the wide variety of methods and the efforts to reduce water degradation, the 
damages in the European water bodies are still quite significant especially those loaded from 
agricultural land characterized as nonpoint pollution at the source (Esteban and Albiac, 2012). In 
spite of progress in achieving a mass balance of phosphorus over 25 years of environmental 
regulations, loss of phosphorus from agriculture continues to be significant in lakes and estuaries 
(Andersson et al., 2013). The use of inorganic phosphorous fertilisers has fallen, but the overall 
inputs of phosphorus to intensive agricultural systems are still higher than the amount removed 
by plants due to high manure pressure in many areas (Science for environment policy, 2009). 
There is a need for efficient tools to intercept P from fertilizers and manure to runoff waters 
(Preedy et al., 2001), and from high P soils (i.e. legacy P) to surface water (Kleinman et al., 
2007) and groundwater (Koopmans et al., 2007).  
 
Different methods have been adopted in the past in order to reduce phosphorus pollution 
originated from agricultural field. Among the methods, researchers attempted to reduce P inputs 
and soil P solubility, increase soil P adsorption, or trap P from run-off before entering water 
bodies (O’Connor et al., 2005). Phosphor adsorption techniques, using amendments or filter 
materials, are among the widely adopted methods when dealing with P pollution (Baral et al., 
2007; Hoseini and Taleshmikaiel, 2013). Various substrates have been used to try to trap P by 
different authors including natural materials, synthetic filtration products, waste materials, and 
by-products from industries (Douglas et al., 2004, Ballantine and Tanner, 2010; Vohla et al., 
2011). The use of silicate minerals is largely advocated because of its availability, its low cost 
and its high adsorption capacity even under water (Yuhua et al., 2008).  
 
Recent research at Ghent University has shown that Fe-bearing silicates such as olivine, which 
are available in near endless quantities and are cheap, have the potential to drastically reduce P 
discharged from agricultural fields because of its high phosphorus sorption capacity. This thesis 
will try to find out in the first time the potential of these minerals along with biotite, bauxite, Fe-
sludge, glauconite to reduce P concentrations in drainage water specifically from artificially 
drained fields.  
 
1.2 Objectives 

1.2.1 Overall objective 

The overall objective of the study was to measure the potential of different filtering materials for 
reducing phosphorus losses from artificially drained agricultural fields in Belgium. 
 
1.2.2 Specific objectives 

1- To determine the P removal efficiency of non-treated and treated materials including biotite, 
bauxite, Fe-sludge, glauconite, and olivine under batch experiment using pure P-solution. 
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2- To monitor their effectiveness at different pH of the P containing solution and at different 
contact time. 
 

3- To evaluate the most efficient filter set-up under column experiments using pure P solution 
as well as a solution extracted from soils from real agricultural fields which simulate the 
drainage water.  
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CHAPTER 2. LITERATURE REVIEW 
 
2.1 Importance of phosphorus in plant  

Phosphorus is a nutrient which is essential for plant metabolism, plant growth and development. 
It is the key element in the formation of macromolecules such as nucleic acids. It assures the 
accumulation, transfer and release of energy in different cellular metabolic processes of 
biosynthesis and degradation such as during flowering, seed and root formation, maturation of 
crops, crop quality and strength of straw (in cereals). Phosphorus is mainly absorbed by plants as 
monovalent (H2PO4) and divalent (HPO4) orthophosphate anions. Phosphorus is absorbed mainly 
during the vegetative growth and, thereafter, most of the absorbed P is re-translocated into fruits 
and seeds during reproductive stages (Marchner, 1993). 
 
Phosphorus deficiency during the early stage of plant growth becomes apparent in stunted 
growth. This is due to slow growth of leaves and then reduces photosynthesis (Sato, 2003). Some 
plants such as corn, barley, and some mustard crops present some distinct purple or reddish tints 
on their leaf and vegetative tissues due to concentration of chlorophyll along with formation of 
anthocyane. Due to the ability of phosphorus compounds to move from older leaves to younger 
leaves and developing buds, the symptoms of P deficiency start from the older leaves then 
progress toward the youngest ones. Severe phosphorus deficiency leads to an inhibition of root 
growth. It will affect the yield, the quality of fruit, and the formation of seeds and it will delay 
the time of harvest. Phosphorus must be stored in seeds and grains in order to develop the first 
roots and shoots during seedling (Bomans et al., 2005). 
 
2.2 Importance of phosphate for animal 

Phosphorus is an essential element needed for animal growth and milk production. It contributes 
to many vital functions in metabolic processes of soft tissues; maintenance of stable conditions 
for biological reactions; maintenance of appetite, optimal growth, fertility and bone 
development; and prevention of bone disease such as rachitis. The average daily nutritional 
requirements for animals in terms of phosphorus are about 85-95 g day-1 for dairy cattle, and 35-
40 g day-1 for beef cattle. Feeds, which contain high amounts of phosphorus, include rape seed 
meal, by-products from the milling industry and especially animal products like fish and bone 
meal. Animals digest only a small part of the phosphorus in this material and the rest will be lost 
through dejection leading to concentration of P in manure as compared to the fodders (Sibbesen 
and Runge-Metzger, 1995). 
 
2.3 Water pollution (Eutrophication) and its consequences on loss of biodiversity 

N and P are the two major elements that cause eutrophication in saline and freshwater (Vohla et 
al., 2011). The main diffuse P source in catchment areas is agriculture (Andersson et al., 2013). 
Agricultural fertilizer mismanagement, such as excess use of organic amendments, leads to P 
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accumulation in surface water through runoff, overland flows, and ground water. This situation 
augments when the time of application of the organic amendment is done before an intensive 
rainfall (Hoseini and Taleshmikaiel, 2013). 
 
Eutrophication causes tremendous problems in aquatic ecosystems. First, P promotes fast growth 
of algae which will start to cover the overall surface of water. By consequence, the water 
becomes murkier and the living algae consume huge amounts of oxygen during the night. This 
oxygen depletion (hypoxia and anoxia) is enhanced as the algae die and decompose. Due to 
changes in nutrients, light and oxygen scarcity, some species take advantage of the new 
condition and there is some shift in species diversity of phytoplankton, zooplankton, and bottom-
dwelling (benthic) communities (Andersson et al., 2013). Phosphate is not directly toxic to 
aquatic organisms, but eutrophication and toxic algal blooms such as pfisteria, do kill fish. Some 
harmful algae such as red and brown tide organisms start to occupy the ecosystem causing 
poisoning and extinction of endangered species such as human shellfish and even marine 
mammals. The change in the plankton community and other ecological factors may reduce 
abundance of certain species of fish which will lower fishery production. Many coral reefs and 
submerged plant communities such as sea grass beds can be affected by reduction of light or by 
nutrient competition with fast growing-seaweeds.  
 
In nature, even a very small P-concentration (20 µg L-1) which is considered as insignificant for 
agriculture may lead to eutrophication. Minor increases of phosphate, from ~0.07 µM L -1 to ~16 
µM L -1, shift the environment to a more eutrophic state resulting in the replacement of 
cyanobacterial diatom populations by a filamentous green algae, the advance of cattails into 
areas that were once strictly sawgrass, and endemic periphyton replaced by algal species 
normally found in more eutrophic areas (DeBusk et al., 2001).  
 
Azevedo et al. (2013) tried to determine the effect a total phosphorus gradient (TP) on species 
richness in freshwater ecosystems. Less species richness indicates the beginning of 
eutrophication, since only few species can flourish under such conditions. The authors found that 
the relative species richness (RSR) reaches 50% of the maximum species richness (SRmax) at a 
total P concentration of 0.04–0.22 mg P L-1 in cold regions and 0.28–1.29 mg P L-1 in warmer 
regions (Figure 1). The slope on the graph indicates the sensitivity of the species to increasing 
nutrient levels. Figure 1 shows that Heterotrophic species were more sensitive to increases in P 
compared with autotrophic species, except in temperate streams.  
 



 

6 

 

 
 

 
Figure 1: Empirical (eRSR, circles) and the calculated (cRSR, lines) relative species 

richness of autotrophs along a total phosphorus (TP) gradient in lakes (a) 
and in streams (b) and of heterotrophs in lakes (c) and in streams (d). 
Green, orange, rose, and blue represent the (sub)tropical, xeric, temperate, 
and cold regions, respectively (Source: Azevedo et al., 2013) 

 
2.4 Different types of phosphorus and their fate in Soil  

2.4.1 Different forms of P in soil  

Phosphorus is present in soil in either dissolved (i.e. solution) or fixed form. It is classified in 
different categories: phosphate inorganic including soluble P, labile or non-labile sorbed phases, 
and organic phosphate ( 
Figure 2). The inorganic P is bound to Al, Fe, Ca, Mg etc. while the organic P is associated with 
organic material such as dead/living plant material and micro-organisms, soil organic matter etc. 
Generally, the inorganic forms can reach up to 90% of the total P in agricultural land. The total P 
in soil depends on the available P fraction and the plant uptake. It ranges generally between 0.20 
to 2.0 g kg-1 in agricultural land (McGrath, 1994). Only 0.1 percent of the total soil P is available 
for plants usually as orthophosphate ions, inorganic polyphosphates and organic P (Magette and 
Carton, 1996).  
 
The soluble P can be readily extracted by water or salt solutions. Labile P is the fraction of P 
which is taken up by the crop and is chemically mobile, exchangeable and reactive in soil and 
water. The labile or more bio-available phosphate is adsorbed to the surface of silica, calcium 
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carbonate, or other soil minerals. The non-labile part corresponds to a fraction of P which is not 
available for plants due to complexation with metal oxides and hydroxides or bound within 
mineral compounds (e.g. apatite) (Daly, 2000). Non-labile and labile soil phosphates react to 
form calcium bound phosphate and iron or aluminium bound phosphate. Non-labile phosphorus 
is usually incorporated within the matrices of Fe and Al minerals and is usually quite insoluble.  
 

 
 
Figure 2:  Phosphorus cycle in soil (Source: Filippelli, 2002) 

 
The organic-P is falling into three groups. The first group is the inositol phosphates which 
constitutes 10 to 50 percent of the total organic-P in soils. It is composed of the phosphate esters 
including all sugar-like molecules which are mostly very stable in alkaline conditions and are 
likely to react with higher molecular weight compounds. The second group is constituted of 
phosphate found within nucleic acids (Schefe and Tymms, 2013). This can be sorbed by silicate 
clays and humic acids. Most organic phosphate is associated with the fulvic acid fraction of soil 
organic matter. Organic P compounds can be mineralized to mineral form and immobilized by 
soil-microorganisms or by plants (Magette and Carton, 1996).  
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2.4.2 Mechanism of P-fixation in soil 

P fixation is a process where phosphorus is held by various components of the soil. Phosphorus 
can be adsorbed at the solid-water interface or precipitate with the oxides-hydroxides (Barber, 
2002). Different studies show that more than 75% of the total annual P fertiliser applied on the 
agricultural fields is absorbed by the soil and only 25 percent or less is used for plant growth 
(Morgan, 1997). There are three different mechanisms of adsorption in soil systems which are 
inner-sphere complexation, outer-sphere complexation, and retention in the diffuse swarm. The 
inner-sphere complexation comes from highly specific and strong chemical reactions. The outer-
sphere complexes are not specific and are coming from localized charge imbalances (Sparks, 
1995). The adsorption can also change the electrostatic properties of particles and affect 
flocculation and adhesion (Stumm, 1992).  
 
Oxide and silicate minerals along with iron or aluminium adsorb mainly anions; or they act as a 
bridging ion. The functional groups on mineral surfaces allow the chemisorption of anions which 
form bounds by displacing H2O or OH-. The sorption is occurring mainly at lower pH because 
H2O is a more mobile bound than OH-. After adsorption, the surface charge becomes more 
negative and there is a release of hydroxyls which have high specificity toward binding sites and 
have apparent hysteresis (Barber, 2002). 
 
2.4.3 Effect of oxides and Ca-carbonates on P fixation in the soil systems 

Phosphorus fixation process is controlled mainly by the reactions with Fe-Al oxides and Ca-
carbonates. Phosphate adsorption onto ferric oxides is dominated by an exchanged bound 
reaction in which two coordinated hydroxyls or water molecules are replaced by a single 
phosphate anion resulting in the formation of a bidentate, binuclear complex (Reddy et al., 
1999). The most commonly studied related to ferric minerals have been on hematite and goethite. 
The reason for this is that they are more abundant although not necessarily the most reactive iron 
minerals found in soils. Normally, the common ranges of surface areas are: goethite 8-80 m2 g-1, 
lepidocrocite 15-100 m2 g-1, ferrihydrite 100-400 m2 g-1, hematite 2-90 m2 g-1, and magnetite 4-
100 m2 g-1 (Sparks and Hunger, 2002). Goethite (α-FeOOH) is the most widespread Fe oxide in 
soils and sediments in temperate climates while Hematite (α-Fe2O3) is a common weathering 
and oxidation product of ferrous silicates and may be formed as a result of ferrihydrite 
conversion.  
 
P-sorption with Al and Fe oxides and hydroxides is a combination of fast and slow reactions. 
They determine the stability of the products formed which mainly affect the bioavailability of P. 
The initial adsorption is a fast reaction in which the phosphate surface hydroxyl groups’ change 
into external exchanging bound and form the inner-sphere surface complexes. The slower P-
sorption reaction is not well understood and it can take over months (Sparks and Hunger, 2002). 
However, some hypotheses have been suggested such as the slow diffusion of phosphate into 
micropores or through a metal phosphate coating and adsorption to internal surfaces; also the 
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slower weathering of the surface due to the presence of phosphate and the surface precipitation 
of metal phosphate (van Riemsdijk et al., 1984). 
 
Due to the predominance of Al and Fe in acidic soils, Fe and Al phosphate minerals and 
complexes are dominant in that environment while in alkaline environments calcium phosphates 
are likely to be found. Several common soil phosphate minerals are apatite 
[Ca5(PO4)3(OH,F,Cl)], hydroxyapatite [Ca5(PO4)3OH], fluorapatite [Ca5(PO4)3F], octocalcium 
phosphate [Ca8H2(PO4)2·5H2O], strengite [FePO4·2H2O], vivianite [Fe3(PO4)2·8H2O], variscite 
[AlPO4·2H2O], and wavellite [Al3(PO4)2(OH)3·5H2O] (Reddy et al., 1999). 
 
2.4.4 Effect of pH on P fixation in soil 

The reaction of P fixation in soil is pH dependent. In acid soil, the reaction between P on reactive 
surface of Fe and Al oxides is very important. It is governed mainly by the clay mineralogy of 
soils along with the degree of crystallinity and the surface area of the oxides present in soils. 
Organically bound P can precipitate and be fixed by Fe and Al. The adsorbed P can reversibly be 
taken up by plant or released to the subsoil after short or long time (Parfitt et al., 1989). In 
alkaline soil, the mechanism of P sorption is dominated by the reaction with CaCO3 by forming 
Ca-P minerals under aquatic and terrestrial ecosystems (Lajtha and Bloomer, 1988). Griffith 
(2001) discovered that Ca-P is only available around neutral pH by forming mono and dicalcium 
phosphate. 
 
However, in calcareous soils, there can be significant levels of Fe and Al oxides, either as 
discrete components or as coatings on other soil particles which enhance the process of 
phosphate sorption (Lajtha and Harrisson, 1995). In high pH environments, the strength of P 
sorption-desorption is significant but not as serious as in acid conditions. Reddy et al. (1999) 
found that at pH greater than 7.5, the mechanism of P adsorption on ferrihydrite was found a 
non-protonated, binuclear complex. There were slow exchange rates and an apparent 
irreversibility of the adsorbed phosphorus. This can lead to long-term phosphorus storage in 
soils, sediments, and wetlands (Reddy et al., 1999). Despite the fact that the P formed mono- and 
binuclear complexes on goethite at low pH, binuclear complexes were only predominant near 
neutral or higher pH where phosphorus can form a very stable surface complexes on iron 
(hydr)oxide solids (Torrent, 1997). 
 
Black (1968) found that at nearly neutral pH (pH 6-7), 50 percent of total P is present as 
Monovalent (H2PO4) and 50% divalent (HPO4) orthophosphate anions (Figure 3) (Black, 1968; 
Brady and Weil, 1999). 
 



 

Figure 3 :  Speciation of ions orthophosphate (mole/P total) in function to pH (Source: 
Black, 1968) 

 
2.5 Effect of water infiltration, runoff, drainage and water discharge 

Infiltration is defined as the passage of water from the soil surface through the soil profile via 
voids, pores or cracks (Ward and Trimble, 2003). It depends on soil characteristics such as soil 
bulk density, soil texture/structure, hydraulic conductivity of the soil but also on the r
pattern and soil water balance (Arias 
precipitation rate, the excess water is first stored in micro
flow over the land (runoff) till it reaches the str
and Trimble (2003), runoff can be described as water that flows over and through the soil and 
generally passes to the surface water systems. It is coming from precipitation, snowmelt and 
irrigation water.  
 
The runoff and some infiltrated water from the agricultural field pass through 
systems where water is collected, transported, and evacuated to outfall or outlet (
field drainage systems can be composed of surface or subsurface field drainage systems. This 
study will focus more on the water coming from subsurface drainage systems. 
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The subsurface field drainage systems consist of channels made with wood, concrete, clay and 
bituminized fibre pipe or of buried, corrugated, flexible, and perforated plastic (PE or PVC) pipe 
lines. The subsurface field drainage systems evacuate excess water from the agricultural field but 
also control the groundwater level at the same time (Ward and Trimble 2003). Water discharged 
from the subsurface drainage systems may contain phosphorus (P) coming from runoff as well as 
P leached through the agricultural soil (Figure 4).  
 
Phosphorus leaching from subsurface drainage systems depends both on the physical and 
chemical characteristics of the soil. It is faster in highly organic soils (e.g. peat, podzol) and 
sandy soils where the soil water retention is low. This is due to a shorter contact time between 
the soluble P and the soil systems resulting into quicker removal of P (Sharpley et al., 1995). In 
“heavy” soils, the lower infiltration capacities permit higher losses of P in runoff compared to 
“light” soils (with high sand contents). In poorly drained soils, P losses follow lateral movement 
of water (Andersson et al., 2013). Phosphorus lost through runoff is not only triggered by low 
infiltration but also by some agricultural mismanagement. For example, regular muddy floods 
were recurrent in some regions in the Belgian loess belt because of a massive increase of farm 
size, or an expansion of summer crops at the expense of winter cereals, and/or some agricultural 
conversion from grassland to cropland (Le Bissonnais et al., 2005). Although grassed areas have 
a lower infiltration rate (16-23 mm h-1) compared to croplands (25-52mm h-1), erosion was more 
intense on croplands because the soil was exposed to splash after harvest and compacted by 
heavy mechanization during plowing (Evrard, 2008).  
 
Study done by De Gryse et al. (1997) in Flanders revealed that the phosphorus concentrations 
leached out from drained maize-field varied from about 0.5 to 3.5mgP L-1 between 1994-1997 
(Figure 5). 

 

Figure 5:  P-concentrations in the drainage water under an artificially drained sandy 
soil under maize, in Flanders between 1994-1997 (Source: Chardon et al., 
2008) 
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2.6 Different techniques and reactive materials to bind phosphorus 

Most of the techniques used for reducing P pollution from surface water are mimicking the P 
sorption reaction in the soil. Of course, the best and ideal management practices to remove P 
from agricultural land rely upon a ‘mass balance’ approach which is the balance between the 
amount of phosphorus inputs (from fertilisers, feeds and animals) and phosphorus removal (for 
example, in crops, animals, manure, animal products) (Science for environment policy, 2009). 
Some technique such as Phytomining consists of applying no or less phosphorus to soil. 
However, according to van der Salm et al. (2009), this technique is a time-consuming process 
and not very effective in reducing P leaching to the ground water in the short term. The most 
common and current techniques are based upon use of low-cost P sorbing materials (PSMs) 
which are preferentially highly reactive, stable, not containing polluting substances such as 
heavy metals, having low toxicity to soil and water resources, easily available, and can be 
recycled after saturation with P (Ballantine and Tanner, 2010). The materials should contain 
external positive ions (e.g. metal cation) in order to bind the mobile ion phosphate by adsorption 
and/or precipitation and form insoluble (or less soluble) compounds. As elaborated before, this 
reaction is pH dependant and is relying upon the concentration of ion competitors, Ca 
concentration and the quantity of natural organic matter in the influent water (Miller et al., 2011; 
Weng et al., 2012). Various substrates were found fit to those criteria including natural materials 
(silicate rich material, gypsum, lime), synthetic filtration products (ironhydroxides, allophane, 
and wollastonite), waste materials and/or by-products from industries (Fe-humates, coal), and 
man-made products (expanded clay aggregates or lanthanum modified clays) (Douglas et al., 
2004; Ballantine and Tanner, 2010; Vohla et al., 2011).  
 
Two major categories can be made among the wide arrays of P sorbing technologies. Distinction 
should be made between preventive measures that try to immobilize the phosphorus at source (in 
soils and in manures) i.e. by increasing soil P retention and reducing P solubility; while the 
remedial measures consist of removing dissolved P or trapping it from runoff waters (or 
subsurface drained water) by using filter media (Buda et al., 2010; Brennan et al., 2011). 
Concerning the preventive measures, previous researches found positive results on P sorption 
capacity by using various amendment materials including alum, water treatment residuals, and 
coal-fired combustion by-products (Buda et al., 2010; Brennan et al., 2011). The use of the 
amendment was not limited to pasture or agricultural land but also expanded to barnyards and 
cattle loafing areas (Penn and Bryant, 2006). The remedial measures consist of using PSMs to 
treat P-concentrated flow from agricultural drainage water. This technique needs to consider the 
efficiency of the filter materials at high water flow and in some set-up the water flow rate should 
be lower than the hydraulic conductivity of the filter (Bryant et al., 2012; Chardon et al., 2012; 
Penn et al., 2012). Different material has been used for this purpose such as silica sand, crushed 
limestone, and iron oxides such as goethite (Kronvang et al. 2005; McDowell et al. 2008). 
Chardon et al. (2008) conducted a research on P fixation from agricultural drained water by 
installing some channels enveloped with Fe-sand (Figure 6). The systems managed to capture 
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leaching out from the agricultural field however, there was a need for 
new drainage system and a need for about 200 tons of Fe-sand per ha. 
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agricultural field (Source: Chardon et al., 2008) 
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lime and spent lime filters along the riparian zones of small streams were a very successful 
strategy to eliminate dissolved P (Kirkkala et al., 2012). 
 
2.7 Pre-treatment and its effect on the filter properties 

Pre-treatment consists of treating the filter materials in order to have artificial release of iron or 
other active ions. Acid pre-treatment is a process similar to that of mineral weathering but at a 
speeding rate. This consists of releasing certain elements out of the material in order to increase 
the adsorption capacity of the material (Martinez et al., 2014).  Different authors discovered that 
the weathering of silicate mineral can release different cations (Ca2+, Mg2+ and Fe2+) and/or 
expose them in the upper surface of the material to trap anions (Kelemen et al., 2011). Conyers 
et al. (1969) showed that chemical weathering results in diagenic alteration and partial 
dissolution of micaceous clay minerals with the liberation of Fe, Al and Mg from octahedral and 
tetrahedral layers of clay lattice structures. Wilson (2013) found that acid pre-treatment with HCl 
was better than that of H2SO4 because there was more cation released from HCl pre-treatment. 
Adhikari and Majumdar (1974) found that acid pre-treatment with 10% HCl could release 21% 
of the total Al content of illite, 52% and 40% of total Mg from clay lattice of vermiculite and 
chlorite, respectively. Baral et al. (2007) managed to increase P adsorption of bauxite by mixing 
25 g of the material with 60 mL of 0.5N HCl, for 1 h. Föllmi et al. (2009) found that the 
biogeochemical weathering processes on biotite determined the release of its chemical elemental 
components before transforming into vermiculite. The authors also found that the strongly 
weathered surface horizons contained some smectite and sand gibbsite which were all rich in 
iron. Acid treatment of olivine resulted to a formation of SiO2(aq) species, some hydrated Mg–O 
on the surface complexes of the mineral and some secondary mineral such as serpentine 
(Mg3Si2O5(OH)4 )(Martinez et al., 2014).  
 
2.8 Effect of hydraulic conductivity on the effectiveness of filter materials in removing 

phosphorus  

The amount of P adsorbed by the filter materials depends on the properties of the filter materials 
but also on their hydraulic conductivity (Ks) (Ayoob et al., 2007). Some studies showed that 
amendments or filter materials should have high P-adsorption capacity and sufficient or adequate 
Ks or hydraulic loading (Johansson, 1999). Most of the successful materials in previous studies, 
which dealt with N and P pollution from non-point source, took into consideration hydraulic 
conductivity. For example, sand filter material was found better compared to compact biofilm 
systems or reed beds construction, because of its high hydraulic conductivity. Ks is influenced by 
the structural properties of the filter materials such as aggregation and macroporosity which are 
in turn related to the textural properties, bulk density, and organic matter content of the filter 
media (Weynants et al., 2006). Various studies were conducted to find the best materials in 
adsorbing and immobilizing phosphate anions at sufficient Ks. Many adsorbents have been used 
such as oxides or hydroxides of iron, aluminium, manganese, activated carbons, claystones, coals 
and peats (Bajda, and Kłapyta, 2013).  
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2.9 Importance of isotherm techniques in P adsorption studies 

Isotherms techniques for phosphor adsorption are used to check the P fixation performance of 
soils, amendments as well as filter materials (Hoseini and Taleshmikaiel, 2013). Onweremdu 
(2007) stated that this method can predict the phosphorus concentration in soil, the energy of 
phosphorus adsorption by soil, the buffer strength of soil against phosphorus concentration 
variations in solution, and the equilibrium state between phosphorus in aqueous and solid phases. 
This technique helps therefore to estimate the available nutrients for crops, to identify the 
optimum fertilizer application rate and to improve fertilizer use efficiency on soils (or plants). 
Different models have been used to characterize the P-adsorption on mineral surfaces. Most of 
those models were prepared under isotherm condition. Among those models were Langmuir, 
Freundlich, two-surface Langmuir, Langmuir-Freundlich, Van Huay, the diffuse double-layer 
and the Stern models (Hoseini and Taleshmikaiel, 2013).  Generally, Langmuir and Freundlich 
models are used because they permit to determine different parameters that are related to the 
adsorption performance. For example, the Langmuir equation has been found to show significant 
correlation between P adsorption and soil properties (clay, OC, Fe, Al). However, according to 
Cornell and Schwertmann (1996), the isotherm does not specifically indicate the type of sorption 
mechanism responsible for adsorption, nor do they provide the speciation of surface complexes. 
 
Under laboratory conditions, isotherm techniques are generally performed as batch or column 
experiments. They are the best known techniques which can simulate P retention and removal. 
For example, batch and several series of column experiments have been performed by Nilsson 
(1990) using sand as adsorbent material and pure P-solution. Hylander et al. (2006) conducted 
the same experiment using amorphous and crystalline blast furnace slags, Polonite and sand for 
filtering domestic wastewater through column experiments. Different materials such as blast 
furnace and limestone have been used by Johansson (1999) for on-site wastewater treatment 
systems.  
 
2.10 Characteristics of filtering materials 

2.10.1 Bauxite 

Bauxite is an abundantly available mineral, mainly consisting of oxides of alumina, iron, silica 
and titania (Sujana and Anand, 2011). It contains boehmite, kaolinite, smectite and hematite. It 
contains some amounts of gibbsite, illite, goethite, pyrite, anatase, zircon, quartz and feldspar 
(Gu et al., 2013). The elemental composition of the bauxite is dominated by SiO2, TiO2, Al2O3, 
and Fe2O3 (Mongelli et al., 2014).  Some elements such as Al, Ti, Zr, Cr, Hf, Nb, Ni, Ta and Th 
can be enriched during bauxitization (Gu et al., 2013). Bauxite can have authigenic origin but 
can also be transportated and re-deposited (Mongelli et al., 2014). Bauxite was used for its acid 
neutralizing and metal binding capacity. It can remove harmful contaminants, anionic pollutants, 
trace metals and nutrients such as trace metals, arsenic, chromium and phosphate from water 
(Collins et al., 2014). The pHPZC, at which the net charge on the surface is zero, was about 6.2 
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for bauxite while its surface area, at an average grain size of about 10 µm, was 38 m2 g−1as 
described by Sujana and Anand (2011) in Orissa, India.  
 
2.10.2 Biotite 

Biotite is a phyllosilicate mineral within the mica group presenting series of flexible sheets 
which flake off easily. It is also sometimes called "black mica" as opposed to "white mica" 
(muscovite). Biotite, with chemical formula K(Mg,Fe)3AlSi3O10(F,OH)2, is widely found in 
igneous and metamorphic rocks. Varieties of biotite can be found such as the iron-endmember 
annite, the magnesium-endmember phlogopite and the aluminous endmembers including 
siderophyllite. The sheets of biotite are form from Iron, magnesium, aluminium, silicon, oxygen, 
and hydrogen that are weakly bound together by potassium ions (Rickwood, 1981; Brigatti and 
Davoli, 1990).  
 
2.10.3 Glauconite 

Glauconite is an iron potassium alumino-phyllosilicate mineral in the group of dioctahedral iron 
illite (Smith et al., 1995). Some authors qualify it as a hydrated iron-rich micaceous clay mineral 
(McRae, 1972). It is very friable and weakly resistant against weathering. It is characterized by 
the green colour with cation exchange capacity of about 25 cmol kg-1. The majority of the 
octahedral sheets are occupied with Fe(II) but some interlayer cations such as K, Na and Ca can 
also be found (Srasra and  Trabelsi-Ayedi, 2000). The general formula of glauconite is: 
 (K,Na)(Fe3+,Al,Mg)2(Si,Al)4O10(OH)2 
 
During the weathering process, glauconite may lose some of the K+ and form a montmorillonitic 
or vermiculitic product. Further release or oxidation of the structural iron forms limonite 
(McRae, 1972).  Glauconite has been found to have metal adsorbing ability especially for 
copper, zinc, cadmium and lead (Smith et al., 1995).   
 
2.10.4 Iron-sludge  

Iron sludge is a by-product obtained when pumping drinking water from groundwater. When the 
anaerobic groundwater is taken from a deep aquifer, ferrous ion (Fe2+) in the raw water is 
removed via aeration. Meanwhile, the oxidation of Fe2+ leads to a formation of a sludge of 
Fe(OH)3 which in turn will be filtered and backwashed. The sludge undergoes a process of 
dewatering and is sold as a by-product (Chardon et al., 2012). Sludge can also be a waste product 
from the pyrometallurgical processing of various ores. Because of its characteristics, ferrous slag 
is commonly used for construction and environmental applications such as capturing H2S 
(Chardon et al., 2012).  
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2.10.5  Olivine 

Olivines are orthosilicate minerals which are abundant in the Earth's subsurface. Olivine 
[(Mg,Fe)2SiO4] is commonly found in basalts and form the major elements of peridotites. Its 
structure presents tetrahedral silica bound to 4 atoms of oxygen. The divalent metal cations (M2+) 
are octahedrally coordinated by the atoms of oxygen.  
 
Due to the difference in electronegativity, the bond between Si-O is stronger than M2+-O which 
leeds to weak resistance to weathering (Kerisit et al., 2013). Moreover, olivine is in the class of 
non polymerized nesosilicates (SiO4)

4- thus is highly susceptible to dissolution. The weathering 
makes the outer surface octahedral cations exposed to further reactions. Due to this property, 
olivine has been used for long-term carbon sequestration via carbonation reactions. There are 
different types of olivine based on their mineral content: forsterite (Mg2SiO4), calcio-olivine 
(Ca2SiO4), tephroite (Mn2SiO4), fayalite (Fe2SiO4), and Co-olivine (Co2SiO4) (Kerisit et al., 
2013).   
 
Phosphorus is an important element both for animals and plants. Due to agricultural 
intensification, abundant phosphorus fertiliser has been applied to agricultural fields since the 
70’s causing pollution of ground water, estuaries, water bodies etc. and destroying aquatic 
ecosystem. The European commission wants to reduce discharge of phosphorus from agricultural 
and various sources. However, phosphorus is still polluting the surface waters, causing water 
quality problems such as eutrophication. Previous P removal techniques were not very 
successful, so effective methods in removing P from artificially drainage systems deem to be 
important. This study tries to evaluate the effectiveness, in terms of P removal capacity, of 
bauxite, biotite, Fe-sludge, glauconite and olivine.  
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CHAPTER 3.  MATERIALS AND METHODS 

determine the potential of different filtering materials 
phosphorus losses from drained agricultural fields in Belgium. The study was conducted mainly 
in the laboratory of Ghent University. Batch and column experiment

ermine the P removal efficiency of treated and non-treated filter materials including biotite, 
sludge, glauconite, and olivine (Figure 7). Most of the filter materials were taken 

done by De Bolle (2013) while glauconite was obtained from Prof. 
Director of the International Centre for Physical Land Resources and of the 

Laboratory of Soil Science (Department of Geology and Soil Science) at Ghent University 

A) and B) indicate the major process of the experiments and C) the output, similar processes are placed on the same 
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Pure P-solutions have been utilised for the batch experiments and for the first part of the column 
experiment while a P-solution coming from a soil-water-extract has been used for the last part of 
the column experiment. Different parameters have been considered to check the P-adsorption of 
the filter materials such as the effect of an increase in P concentration and the pH of the P-
solution, contact time between the filter media and the P-solution, and hydraulic conductivity 
(Ks) of the filters. The filter materials were mixed with sand of various sizes to increase the Ks. 
Different pre-screening experiments were done during the column experiments to find the right 
proportion of sand/filter materials and to select the best filter materials used for the last 
experiment. The best filter media were those having high adsorption capacity whilst presenting 
sufficient hydraulic conductivity. 
 
3.1 Particle size distribution  

The so called filter materials used in the column experiments were actually a mixture of sand and 
filter material based on a given weight or on a volume percentage. Filter materials, presenting the 
same weight proportion as the one used for the column experiments, were oven dried for 24h at 
105°C, then sieved on a 0.1mm, 0.3mm, 0.5mm, 1mm, 2mm, 3mm, 4.75mm sieve and weighted 
on a precision balance (Arias et al., 2001). The amount of particles per different size classes gave 
the graph of particle size distribution. After the column experiments, the filter materials were 
collected from beaker of 50ml, oven dried for 24h at 105°C, sieved and weighted in the same 
way as before. The stability of the filter materials was obtained from the cumulative difference 
between the weight before and after the column experiments for every size class. Since the 
column study was done in duplicate, the particle size distribution was averaged from two 
replicates.  
 
3.2 Cleaning of the sand  

Two different types of sand were used during the column experiments. The first one was a fine 
sand of less than 0.3mm used for CEC analysis, while the second one was a clean construction 
sand with various sizes from 0 to 4.75mm. The sand still needed to be cleaned to avoid addition 
or fixation of phosphorus by the sand itself. Therefore, before the start of the column experiment, 
700g of sand was washed by 750ml of 5% HCl solution through percolation tube to remove all 
precipitated salts and some impurities. To remove the acidity, the sand was washed with 750 ml 
of tap water. Then, around 750ml solution of 0.5% NaOH was passed through the tube followed 
by 750ml of tap water. The sand was placed in a pyrex and washed at least 5 times with tap 
water and 3 times with distilled water. This process was repeated several times until the 
supernatant became clear. Finally, the sand was oven-dried at 105 °C for 24 h before use.  
 
3.3 Batch adsorption experiments 

Laboratory batch experiments were carried out to determine the adsorption capacity of the filter 
materials under sorption isotherm experiments and kinetic studies. The sorption isotherm and the 
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been done by varying parameters like concentration
and varying the contact time as also described by Martinez et al

processes used in batch adsorption experiments are illustrated in Figure 8:  

General process in conducting batch adsorption experiments using 
rotational shaker, centrifuge, filter paper and tubes for colorimetric 
analysis procedure 

ion isotherm experiments at increasing phosphorus concentration

consisted of adding adsorbents (filtering materials) to solution
phosphate ion concentrations. The P containing solution was prepared from 
potassium dihydrogen phosphate (KH2PO4). One litre of 1000ppm P was used to prepare the 
required phosphorus concentrations. One gram of the filt er materials was placed in 50ml tube
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quantified colorimetrically using the molybdenum blue-ascorbic acid method (Hoseini and 
Taleshmikaiel, 2013). The remaining aliquot was used for pH measurements.   
 
Table 1:  P solution in ppm P and their corresponding value in mgP kg-1 filter considering 

1g filter (or 0.1g for Fe-sludge) and 20ml of P-solution 

ppm Filter (mgP kg-1) Fe-sludge (mgP kg-1) 
2 40 400 
5 100 1000 
15 300 3000 
30 600 6000 
40 800 8000 
50 1000 10000 
70 1400 14000 
100 2000 20000 
 
3.3.2 Phosphorus measurement in mg kg-1 of filter materials 

During the batch experiment, the amount of phosphorus adsorbed by the filter materials was 
obtained from the difference between the initial phosphorus (Ci) and the final phosphorus 
concentrations (Ce) in solution at equilibrium (24h). To determine the amount of phosphorus 
absorbed by the filter media in mg per kg of filter materials (qe), the resulting difference between 
the amounts of phosphorus in the initial and final solutions was multiplied by the volume of 
phosphate solution (V in mL) and divided by the mass of filter material (m) (Yuhua et al., 2008; 
Song et al., 2011). The result was calculated by using the following expression: 
 

��	(��	kg−1) = 		 (���)	�	
�

    ........................................................................................................ (a) 

 
Where:  
qe is the uptake capacity of phosphate adsorbed on unit mass of the filter material (mg kg-1) at 
equilibrium; Ci and Ce are the initial and the equilibrium adsorbed phosphate concentration (g 
mL-1), respectively; V is the volume of the phosphate solution (mL); and m is the mass of the 
filter (g) which is the adsorbent. 
 
3.3.3 Langmuir and Freundlich isotherm models for phosphorus adsorption 

3.3.3.1 Langmuir isotherm 

The Langmuir isotherm describes the adsorption of molecules or a solute from a liquid solution 
of different concentration, on the solid surface at a fixed temperature (Langmuir, 1916). The 
theoretical Langmuir isotherm is described by the following equation:  
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   ............................................................................................................................ (b) 

 
Where: 
qe is the adsorption capacity at equilibrium (g kg-1); qm is the maximum adsorption capacity of 
the filter (g kg-1), Ka is the adsorption constant at equilibrium (mL g-1) which is related to the 
binding strength of P i.e. the value will increase with an increase in the binding energy of 
adsorption, Ce is the concentration of the solution at equilibrium (g mL-1).  
 
In order to get the constants in the equation, the linear transformation of the Langmuir equation 
has been used as shown in the following equation: 
Ce
qe
= 1

qm
Ce+

1

Kaqm
  ....................................................................................................................... (c) 

 
The two constants were extrapolated from a linear regression analysis where the inverse of the 
slope as well as the intercept of the regression line correspond to the qm and to Ka, respectively 
(Zhang et al., 2011).  
 
3.3.3.2 The Freundlich isotherm  

The Freundlich adsorption isotherm is an empirical equation which represents the isothermal 
variation of adsorption, of a different concentration of a solute, on the surface of an adsorbent 
(Freundlich, 1906). The equation is mathematically expressed as: 
 

�� = !"#�
�/%

  ............................................................................................................................. (d) 

 
Where: 
Ce is the concentration of the solution at equilibrium (g mL-1); qe is the equilibrium adsorption 
capacity (g kg-1); Kf and 1/n are empirical constants. Kf is the adsorption value, the amount 
adsorbed at unit concentration (1g mL-1). 
 
To resolve the Freundlich equation, log transformation was undertaken in order to get a linear 
curve (Kleiv and Sandvik, 2002). The value of constants was extracted from linear regression 
analysis relating log qe and log Ce: 
 

log(��) = log(!") +	 �
%
log(#�)  .................................................................................................. (e) 
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3.3.4 Sorption kinetics or batch kinetic tests for determining phosphorus adsorption 
related to contact time  

Sorption kinetic determines how fast the filter media could adsorb P ion in the solution. It shows 
also the contact time at which the filter materials were saturated. For this study, the kinetic of P-
adsorption has been investigated at different contact times from 0.1, 5, 10, 20, 40, and 60 mn. 
The time was monitored using cell-phone’s stopwatch. One gram of the filters (or 0.1g for Fe-
sludge) was mixed with 20ml of a 30ppm P-inorganic solution following the same procedure as 
in the batch sorption isotherm. Generally, the mixture filter materials+P solution were shook on 
the rotational shaker prior to a centrifugation of about 5mn.  In order to appreciate the effect of 
short contact time (of about 0.1mn) on P adsorption, direct pumping of the mixture filter 
materials+P solution through Whatman glass micro filter of 1.6µ (90mm diameter) was done 
within 3s after a short stirring of about 3s.  The samples passing through the glass fibre filters 
were almost clear, so no further shaking or filtering were needed. All tests were run in triplicate 
and were done at room temperature (21°C). 
 
3.3.5 P-adsorption measurement in relation to pH at equilibrium 

Based on the literature review (section 2.4.4), pH can affect P adsorption capacity of soil as well 
as of the filter materials. To check the effect of pH on phosphorus adsorption, a P-solution of 
30ppm was used. The pH varied from 2.5 to 11 as suggested by Ayoob (2007) and Zhong-liang 
et al. (2011). The pH was regulated using 0.1-1 M and pure HCl (37%), and 0.1-1 M NaOH 
(Sengupta and Pandit, 2011). The objective of the experiment was not to change too much the 
volume of the solution while adjusting the pH. Pre-screening analysis was made before the 
current experiment to minimize the volume of acid/base added. The pH was measured by a 
combined electrode pH-meter (Thermo, orion model 420). Prior to any measurement, the 
instrument was calibrated using two buffer solutions of pH 7 and 3.  
 
3.4 Column experiments  

3.4.1 First screen experiment for checking the best filter media 

There is no standard method widely adapted for column experiments as stated by Sengupta and 
Pandit (2011) and Song et al. (2011). Researchers need to prepare their own set-up according to 
the study of interest and based on the available materials. The pre-screening was a quick method 
which aimed at checking the most performing media before further analysis was done on the 
most potential ones (Arias et al., 2001). 
 
3.4.2 Phosphorus retention through column study  

Mixtures of filter materials and acid-washed (nonreactive) quartz sand were prepared to 
determine P-adsorption under variable hydraulic conductivity (Ks). In order to increase the 
hydraulic conductivity of the experiment and to obtain optimum P-adsorption, bigger sand size 
has been used.  



 

For the column experiments, we
The glass tubes were about 22cm long and 2.1cm diameter
placed at the bottom of the tubes 
L-1) was prepared by dissolving 1.0984g of KH
2ppm, which was used throughout the column experiments, was prepared from the 50ppm. 
Similar concentration was used by Ayoob 
bauxite. The solution was supplied at constant rate using a constant
bottle of 500ml (Figure 9). The discharge rate was measured at steady state by measuring the 
volume of effluent (with a graduated
(Arias et al., 2001). All the measurement
 

Figure 9:  General setup for column study using CEC tube
 
The saturated hydraulic conductivity Ks was 
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Where: 
Ks: Hydraulic conductivity of the soil (m
t: time (s), l: length of the soil sample (m), 
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, we used glass (CEC) tubes and construction 
22cm long and 2.1cm diameter (Figure 9). Cotton wool or sand was 
tubes to avoid lost of filter material. A stock solution of 50ppm (mg

dissolving 1.0984g of KH2PO4 in 5L of distilled water. 
2ppm, which was used throughout the column experiments, was prepared from the 50ppm. 
Similar concentration was used by Ayoob et al. (2007) when studying adsorption capacity 

The solution was supplied at constant rate using a constant-head feeding method from 
. The discharge rate was measured at steady state by measuring the 
graduated cylinder) per unit of time (per one minute or 30 

All the measurements were performed in duplicate (Chardon 

etup for column study using CEC tube 

d hydraulic conductivity Ks was calculated according to Darcy’s equation:

................................................................................................

Ks: Hydraulic conductivity of the soil (m s-1), V: Volume of water passing the soil in time t (m
t: time (s), l: length of the soil sample (m), ∆H: Hydraulic head difference (m), A: Cross

soil sample (m2). 
 

s were used during this screening experiment while only the best filters 
following experiments. The columns were kept saturated during the entire 
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30mn) or chosen volume (100, 300, 500, 750, and 1000ml). The phosphorus
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3.4.3 Phosphorus extraction under column experiment and using soil-water-extract  

The column study was conducted during summer time; therefore, it was difficult to obtain real 
drainage water. In order to get a solution resembling to that from agricultural drainage water, 
leachates were produced artificially from high phosphorus content soils. The soil was taken from 
an agricultural field in Flanders. Visually, the soil was characterized by high clay content with 
strong-to-week aggregates of different size. Phosphorus content of the soil was measured before 
the start of the experiment. To get the P extracted solution, 100g of the soil mixed with 400ml of 
distilled water was shaken for 24hour on an orbital shaker. The sample (soil +distilled water) was 
left for 15mn for decantation and then the solution was taken to 50 ml tubes for centrifugation at 
3000tours mn-1 for 20mn. The result of the pre-analysis yielded a solution with concentration of 
about 6ppmP, therefore, the same soil/water ratio was used and 2.5 times dilution was made in 
order to obtain the needed P-concentration of about 2 ppm P according to Figure 5. The method 
of Murphy and Riley was used for phosphorus analysis as described by Schindler et al. (2009) 
and Mardamootoo et al. (2013). 
 
In order to be able to make comparisons between a pure P-solution and P-soil-extracted solution, 
the column study was done under the same techniques as before and used the same filter 
materials. Ks and pH were also analysed during and after the experiment, respectively.  
 
3.4.4 Phosphorus analysis based on Murphy and Riley 

The phosphorus analyses were performed according to method of Murphy and Riley. The 
method consists of using a mixed reagent composed of sulphuric acid, ammonium molybdate, 
ascorbic acid, and antimony potassium tartrate. The orthophosphate ion reacts with ammonium 
molybdate in acidic solution to form phosphomolybdic acid in the presence of H2SO4 which 
form an intensely blue complex upon reduction with ascorbic acid. The rate of reduction is 
enhanced by adding antimony potassium tartrate (Mihajlović et al., 2007). The method is used to 
analyse samples from natural waters or soil-water extracts with a concentration between 0.01 to 
3mgP L-1. Any concentrations more than 3mgP L-1 were diluted prior analysis. The absorbance 
was measured at 880nm using a Spectrophotometer, after 30mn of reaction with the reagents 
(Varian, cary 50) (Murphy and Riley, 1962).  
 
3.4.5 Statistical analysis 

For the batch experiment, the statistical analysis was performed, at different phosphorus 
concentration, using Completely Randomised Design (CRD) in which the different filter 
materials were considered as the treatments and the adsorbed P as dependent variable. The same 
analysis has been performed for checking the effect of contact time on P absorption, however; 
the data were split at different contact time. For the column study, Completely Randomised 
Block Design (CRDB) was performed where all the pre-treated filters together with bauxite, Fe-
sludge and the volume added (100, 300, 500, 750, and 1000ml) were the main treatments. 
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However, to check the effect of the type of filter materials and the volume of P-solution added on 
pH, the added volumes were taken as block while the filter materials remained the treatments. 
Summary statistic was performed under Microsoft-Excel 2007 and XLSTAT Pro 7.5 version 
while the statistical analysis was done by using CoStat version 6.4 software.  
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CHAPTER 4.  RESULTS AND DISCUSSIONS 
 
4.1 Mineral composition of the filter materials 

The mineral content of the filters differed distinctly as shown in Table 2. The filter materials 
were mainly characterised based on their amount of potential P fixating elements such as Fe, Al, 
and Ca generally presented in the form of Fe2O3, Al2O3 and CaO. Some elements like Ni, S, Pb 
have been considered because of their negative impact on the environment (Wang et al., 2008; 
De Bolle, 2013). For example, sulphate can be harmful to the environment when it is 
transformed to sulphide in reducing environment and eventually increase acidity through 
oxidation of sulphide (Costagliola et al., 2008). Piatak and Seal (2010) found that high 
concentrations of some potentially toxic elements as As, Ba, Cd, Cu, Pb, and Zn could be found 
in certain Ferrous-sludge.   
 
Table 2: Mineral composition of the used filter materials from total elemental analysis 
% Olivine Biotite Bauxite Fe-sludge 
SiO2 42 38.6 7 5.3 
Al2O3 0.4 8.7 23.1 0.3 
Fe2O3 7.9 8.7 41.1 62.5 
MnO 0.1 0.1 0.1 0.9 
MgO 48.1 19.1 0.3 0.2 
CaO 0.2 9.4 10.4 6.8 
K2O 0 7.5 0.1 0.1 
TiO2 0 0.3 4.2 0 
P2O5 0 0.4 0.1 4.2 
mg.kg-1 
Cd <15 <15 <15 <15 
Cu 7 9 52 21 
La 115 28 134 25 
Ni 3053 8 826 123 
Pb 14 <10 187 115 
S 212 180 181 1064 
Zn 59 72 75 281 
Source: (De Bolle, 2013) 
 
According to Table 2, olivine presents the lowest Fe content among the filter materials (~8%) but 
rather high in Mg (48%) and also in terms of Ni, S and La. The presence of Ni in olivine might 
be dangerous for the environment. This olivine was dominated by forsterite (Mg2SiO4). Biotite 
contains an average proportion of Al, Fe, and Ca between 8-9%. The highest Al content was 
found in bauxite (23%) along with large proportion of Fe (41%), Ca (10%) and La (134mg kg-1). 
However, it contains high content of harmful elements such as Ni and Pb. The Fe content in the 



 

28 

 

material was almost two times the Al.  Similar results on mineral content of bauxite were also 
reported by Baral et al. (2007), Ayoob et al. (2007) and Sujana and Anand (2011) except that Al 
(52%) was found two times higher than Fe (20%). Gu et al. (2013) explained that increase in Al 
content in bauxite indicated high weathering and leaching process related to bauxitisation. 
Among the filter materials, Fe-sludge presents the highest Fe content (62%) but is also the 
highest in S and P2O5 content.  
 
There was no result from laboratory analysis available for glauconite at the time of the thesis 
writing. However, some data obtained by Porrenga (1968) in Aardebrug, Belgium could give 
some indication of the chemical composition of the glauconite. The author found that glauconite 
was composed of different compounds as shown below:  
 

SiO Al2O3 Fe2O3 FeO MgO TiO3 K2O CaO H2O at 1000°C 
54.18 14.20 12.11 2.03 4.01 0.22 6.07 0.68 6.56 

 
4.2 Phosphorus adsorption potential based on batch experiments 

4.2.1 P fixation by different filter media at different P-solution concentrations 

According to the Anova table in Appendix 1, there was a strong significant effect of the filter 
materials on the P adsorption (P-value=0.0001). Figure 10 shows that Fe-sludge was the best 
filter in terms of P-adsorption (215-15520 mg kg-1), generally three times higher compared to the 
other filter materials at lower P-concentration, to more than 10 times higher at higher P-
concentration. The high amount of iron oxides gave this ability of high phosphorus sorption. 
Ballaux and Peaslee (1975) found strong adsorption at wide range of P-concentrations (2–150 
ppm) by soil. The authors also found that Ferrous iron (Fe2+) played a major role in phosphorus 
adsorption by forming Fe3(PO4)2.  
 
In general, treated-glauconite was the following best filter with P adsorption from 60 to 800 mg 
P kg-1 filter, at low and high P concentration, respectively. The strength of glauconite relies upon 
the presence on its constituents of significant amounts of oxides such as Fe2O3/FeO, A12O3 and 
MgO (Arias et al., 2001). Therefore, when there are enough exchange sites on the mineral 
surface, there is strong interaction between sorbate-sorbent because of strongly ionized sites and 
possible complexation with the sorbent. At high ratio between sorbate-to-sorbent, most of the 
high energy sites with strong affinity are occupied leaving some weak energy sites for the excess 
sorbate (Smith et al., 1995).  
 
In descending order of P adsorption, bauxite (53- 731mg kg-1) was better compared to glauconite 
(47-400mgP kg-1), treated-olivine (46-152mgP kg-1), olivine (41-140mgP kg-1), treated-biotite 
(18-113mgP kg-1) and biotite (10-68mgP kg-1). Similar amount of adsorbed P was found by 
Alundogan and Tumen (2002) on bauxite. This result shows again that the higher the Al and Fe 
content of the filter materials, the greater their P adsorption capacity. Ayoub and Semerjian 
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(2006) found that non treated olivine could adsorb P from 15 to 34mgP kg-1 which is far lower 
compared to our results. Apart from bauxite and glauconite, treated-olivine was found to have 
great anion adsorption capacity due to its high content of Mg2+ and its high specific area which is 
between 100 and 300 m2g-1 for fine grained size (10-25 nm) (Guyot et al., 2011; Lazaro et al., 
2012; Saldi et al., 2013). Biotite and olivine have low adsorption because of the difference in 
hydratation energy. Potassium and magnesium adsorb more water compared to Fe and Al. By 
consequence, the distribution of the surface positive charge is lower for potassium and 
magnesium compared to Fe and Al (Srasra and Trabelsi-Ayedi, 2000; Kerisit et al., 2013). 
However, olivine can have great phosphorus removal but at low phosphorus dosages from 0.30 
to 0.60 mg L-1 PO4

3- (Ayoub, 2006). 
 
According to Figure 10, the significant difference between the filter materials became more 
important with increasing initial concentration. At 5ppm P, the significant differences were only 
found between Fe-sludge and the rest of the filter materials while from 15ppm onward, more 
distinction have been observed between filters. The results also showed that the process of pre-
treatment with 1h HCl on glauconite, olivine and biotite has been effective because they manage 
to absorb more phosphorus than their corresponding non-pre-treated ones, although, the change 
was not always very significant. The results show that the treatment resulted in a significant 
change in the properties of the filter materials. Similar results have been found by Srasra and 
Trabelsi-Ayedi (2000). They discovered that pre-treatment of glauconite of Gafsa (Tunisia) with 
3M HCl increased the adsorption capacity of the mineral because of an increase of surface area 
and decrease in macroporosity. Adsorption capacity of biotite has been found improved due to 
acid pre-treatment with HCl (Lee et al., 2009). Lazaro et al. (2012) found that acid pre-treatment 
of olivine may increase its P adsorption capacity from 53 to 80%.  
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* Where: Fe=Iron-sludge, Bx=bauxite, GT,OT,BT=pretreated (glauconite, olivine, biotite), GN,ON,BN=Non-
treated (glauconite, olivine, biotite); the number indicates the phoshorus concentration in ppm. The maximum 

adsorption of each filter materials at different concentrations can be observed on Table 1. The error bars represent 

the standard deviation of the measurements.  

 
Figure 10:  Phosphorus removal of different filter materials at increasing P-

concentrations.  
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4.2.2 Phosphorus adsorption at different dose of phosphorus concentration according to 
Langmuir model 

Figure 11a,b,c shows the phosphate ion adsorption isotherms obtained from the various filter 
materials according to Langmuir model. These isotherm curves portray the adsorption capacity 
of different adsorbents at increasing phosphate concentration for a period of 24h.  
 
Based on Figure 11, Fe-sludge presents the maximum adsorption capacity of more than 15000 
mg kg-1 at a concentration of around 25mg P L-1 of aqueous phosphate concentration. This was 
followed by the pre-treated-glauconite with about 800mg kg-1 at 23mg L-1 of the P-solution. The 
adsorption of the phosphate ion decreases to 733mg kg-1 at 66mg L-1 for bauxite, and 400mg kg-1 
at 82mg L-1 for non-treated olivine. 

  

 
 
* Treated indicated the pre-treatment while the rest of the filters were not pre-treated. The maximum adsorption of 
each filter materials at different concentrations can be observed on Table 1 
 

Figure 11 a,b,c: Phosphorus adsorption based on Langmuir equation 
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The lowest phosphorus adsorption was found with pre-treated-olivine (152mg kg-1 at 95mg L-1), 
non-treated olivine (140mg kg-1at 95mg L-1), pre-treated-biotite (113mg kg-1at 97mg L-1) and 
non-treated biotite (68mg kg-1at 99mg L-1). Similar order of magnitude had been illustrated by 
the maximum adsorption capacity (qm) of the Langmuir model (Table 3). Moreover, the 
goodness-of-fit of the Langmuir isotherm were relatively high (≥80%). Langmuir was therefore a 
good model to demonstrate the phosphorus adsorption isotherm of the filter materials. This result 
fits with the finding of Smith et al. (1995) and Wang et al. (2008) who proposed that Langmuir 
model was the best model for excessive sorbent where exchange sites with great affinity were 
occupied. According to Arias et al. (2001), the higher the maximum P-sorption capacity, the 
better the filter material was. This was because the best material presented a longer term of the P-
removal.   
 
Table 3:  Langmuir constants and goodness-of-fit on phosphorus adsorption isotherm  
 

  1/qm qm 1/bqm b R² 
Fe8 5.00E-05 2.00E+04 0.0004 1.25E-01 0.9117 
GT8 0.0016 6.25E+02 0.0094 1.70E-01 1 
Bx8 0.0019 5.26E+02 0.0425 4.47E-02 0.7783 
G8 0.002 5.00E+02 0.0501 3.99E-02 0.9488 
OT8 0.0059 1.69E+02 0.0582 1.01E-01 0.9751 
O8 0.0063 1.59E+02 0.1448 4.35E-02 0.8812 
BT8 0.0149 6.71E+01 0.073 2.04E-01 0.9284 
B8 0.0104 9.62E+01 0.4278 2.43E-02 1 
 
4.2.3 Phosphorus adsorption at different dose of phosphorus concentration according to 

the Freundlich isotherm 

The Freundlich model used in this work was done with log10 transformation (Figure 12a,b).  
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* Treated indicated the pre-treatment. The rest of the filters were not pre-treated 

 
Figure 12a,b: Phosphorus adsorption based on Freundlich model 

Table 4 presents all the constants as well as the corresponding P-value at 95% confidence limits 
based on linear regression. The Table shows a goodness-of-fit between 0.75 and 0.93 which 
indicates a good fit with the model. Kf was obtained at a value of Ce=1 i.e. log (Ce)=0. Since Kf 
and n represent the adsorption density and adsorption intensity of the filter (Wang et al., 2008); 
the results show that Fe-sludge has very high adsorption density while most of all filters present 
high adsorption intensity as n falls between 1 and 10 (Tahir and Naseem, 2007; Wang et al., 
2008). The ranking of the filter based on Kf value did not change very much compared to 
Langmuir model. However, the amount of Phosphorus removed by each material was not well 
represented by the Kf value except for Fe-sludge. This may indicate that this model was not well 
fitted for the experiment. Therefore, the Langmuir model can be considered as superior for this 
experiment. Similar results were observed by Ayoob et al. (2007) on bauxite. Smith et al. (1995) 
found that the Freundlich model coefficients cannot be reliable when there is excess of sorbate 
compared to sorbent surface sites. The authors conducted a research on glauconite. This means 
that this model would have worked well at lower P-concentration.  
 
Table 4:  Freundlich constants and goodness-of-fit on phosphorus adsorption isotherm  
 

Categories Categories 1/n n log (Kf) Kf R2 
Fe-sludge Fe 0.6058 1.65071 3.4393 2749.793 0.844 
Bauxite Bx 0.6983 1.432049 1.482 30.33891 0.8821 
Treated-glauconite GT 0.9224 1.084128 1.6658 46.32335 0.7593 
Non treated-glauconite GN 0.5876 1.701838 1.5336 34.16646 0.9349 
Treated-olivine OT 0.3427 2.918004 1.5614 36.42504 0.8874 
Non treated-olivine ON 0.343 2.915452 1.4225 26.45453 0.9121 
Treated-biotite BT 0.4704 2.12585 1.0659 11.63858 0.7278 
Non treated-biotite BN 2.4956 0.400705 -3.2048 0.000624 0.9321 
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4.2.4 Effect of pH on phosphorus adsorption 

The experiment on phosphorus adsorption versus pH has been a difficult process due to the high 
buffering capacity of the different materials. The pH recorded during the experiment changed 
tremendously towards the end of the experiment (Figure 13). Therefore, the pH mentioned in this 
work illustrated the pH at the end of experiment (Smith et al., 1995). 
 
Figure 13-a shows that Fe-sludge, bauxite and treated-glauconite have the highest P adsorption 
(600mg kg-1) at pH below 5. The P-sorption decreased rapidly between pH 5 to around 10. 
Similar trends were observed by Wang et al. (2008) and Bajda and Kłapyta (2013) on adsorption 
of chromate by bauxite and glauconite, respectively. Their study revealed that the removal 
capacity of the material decreased with pH. The amount adsorbed decreased continuously with 
increasing pH from 1.3 to 10. 

  
* Treated indicated the pre-treatment and the rest of the filters were not pre-treated. The maximum adsorption at 
30ppmP was 6000 mgP kg-1for Fe-sludge and 600mgP kg-1 for the rest of the of each filter materials (Table 1) 

 
Figure 13a,b: P adsorption according to pH at 30ppm (around 600-700 mgP kg-1filter) 
 
Bajda and Kłapyta (2013) also illustrated that the highest P-adsorption occurred below pH 6 and 
decreased rapidly above pH 6. The plausible explanation was lying on the speciation of 
phosphorus relative to pH. At lower pH (<7), the dominant species was ion H2PO4

- while in the 
above pH the HPO4

2- become significant. The capacity of the filter to get more ion phosphates 
was high because the monovalent phosphate can easily exist in water and there was only need of 
one exchange site to attract one phosphate molecule. In alkaline condition, there was dominance 
of bivalent anions which require two exchange sites on the surface of silicate mineral for only 
one molecule of phosphate (Bajda and Kłapyta, 2013).  
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Wang et al. (2008) suggested that the decrease in adsorption was linked to the competition with 
OH- on the available exchange sites of minerals. Since there were various amounts of oxides in 
bauxite, Fe-sludge and glauconite (Al, Fe and Si), in contact with solution, the charge of the 
hydroxylated surfaces of the oxides vary through amphoteric dissociation. Therefore, at low pH, 
the protonation of the surface of the hydroxyl groups reduces the amount of negative charges 
found on the surface mineral. The positive charges found at lower pH enhance the adsorption of 
anions on the surface. Some authors found that glauconite has a strong buffering capacity around 
pHzpc 6.1-6.3 (zero point of charge). Therefore, at pH lower than pHzpc, glauconite will start 
take up protons from the solution to raise the pH. At higher pH, there was an increase release of 
protons creating more complexation at the mineral surface and increase the sorption mechanism 
(Smith et al., 1995). 
 
The amount of phosphorus removed from the solution by bauxite increased from pH 9 onward.  
For treated-biotite and treated-olivine, the P adsorption capacity has increased with increasing 
pH while in contrast it has decreased with pH for olivine (Figure 13-b). Biotite shows adsorption 
only between pH 4 and 9, and reach its peak at pH 5. The results show that the adsorption 
capacity of Fe-sludge, bauxite, treated-olivine and treated-biotite was high enough to remove all 
the phosphorus ions present in the solution at a pH below 5 and above 9.   
 
The results can be explained by the fact that under alkaline condition phosphorus adsorption was 
mainly determined by calcium (Ca) or magnesium (Mg) which was dominant in olivine and 
biotite (Sugimori et al., 2012). At lower pH, aluminium (Al) and iron (Fe) become the most 
important elements in binding phosphorus. Those cations were abundant in bauxite, Fe-sludge 
and treated-glauconite. Zhang et al. (2013) illustrated that pH was linked to the hydrolysis of 
ferrous salt leading to a tremendous decline of phosphorus removal rate ranging from 4 to 90%. 
It was found that there was high competition between Fe3(PO4)2 precipitation and Fe(OH)2 
precipitation. The authors found an optimal pH range between 7 and 8, but the same authors 
suggested that the adsorption can vary according to the concentration of P-solution. Arias et al. 
(2001) and Zhang et al. (2013) also found that pH can affect the adsorption of phosphorus as a 
consequence of adsorption and precipitation reactions. Therefore, in acidic condition, an increase 
of precipitation to iron and aluminium phosphates (strengite, variscite) was important while at 
higher pH, precipitation formed soluble calcium phosphates (Martinez et al., 2014). However, 
precipitation reactions could be negligible during batch isotherm techniques due to short contact 
time between P-solution and the filter materials (24h) (Bajda and Kłapyta, 2013).   
 
There were no plausible explanations for the high P-adsorption by Non-treated glauconite, 
treated-biotite and treated-olivine at alkaline condition. Since K, Fe, Al and Mg are normally 
released from the silicate minerals in acidic condition; therefore, the P-adsorption should be 
higher at lower pH and decrease with increasing pH (Wilson, 2013).  
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4.2.5 Effect of contact time on phosphorus adsorption  

Phosphorus adsorption was plotted against the contact time in Figure 14a,b,c. Results show that 
the removal of phosphorus increased with increasing contact time for most of the filter materials. 
Baral et al. (2007) demonstrated in his study that increase in adsorption with contact time was an 
indication that there were still available active sites on the mineral surface. Fe-sludge presents 
the highest adsorption throughout the entire experiment followed by treated-glauconite, bauxite, 
treated-olivine, glauconite, treated-olivine, olivine, treated-biotite and biotite.  Iron and 
aluminium oxides have been found to have strong and fast phosphorus retention (Baral et al., 
2007).  
 

 
 

* Treated indicated the pre-treatment and the rest of the filters were not pre-treated. The maximum adsorption at 

30ppmP was 6000 mgP kg-1
for Fe-sludge and 600mgP kg-1

for the rest of the filter materials (Table 1). 

 
Figure 14-a,b,c: Effect of contact time on the amount of phosphorus removal 
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After 6s of contact between the filter materials and P-solution, more than 15% of phosphorus 
was removed by Fe-sludge, glauconite, treated-olivine and bauxite. This indicated that even after 
a very short contact time, at least for the same material, significant removal rates were obtained. 
Similar results have been found by Ayoob et al. (2007) and Baral et al. (2007). This fast P-
removal could be attributed to the presence of Al and Fe oxides and hydroxides as stated by 
Sparks and Hunger (2002).   
 
Both treated and untreated biotite present very small increase of P removal with time, indicating 
that they have reached their maximum adsorption within the 60mn lapse time, while the 
remaining filter media show slight increase in term of phosphorus adsorption. Figure 14-a,b,c 
present a rapid increase of adsorption within the first 20mn and change gradually until it reaches 
the equilibrium. Wang et al. (2008) also found fast adsorption within 20mn and reach the 
equilibrium after 60mn on bauxite.  
 
Figure 15 shows the comparison of P adsorption by each filter material at given contact time. For 
the sake of presentation, the histogram presenting the Fe-sludge has been divided by 3 from 6 to 
10mn and by 10 from 20mn onward. It indicated that the adsorption for that filter material was at 
least 3 to 10 times higher than the other filters. From 6s to 10mn of contact time, there was 
almost significant difference between treated-glauconite (99-262mg kg-1), treated-olivine (94-
112mg kg-1), bauxite (57-132mg kg-1) and the rest of the filters (≤67mg kg-1). The great variation 
between the filter materials were found from 20mn onward. This indicates that Fe-sludge, 
treated-glauconite, treated-olivine and bauxite were faster to absorb phosphorus compared to the 
rest of the filters which behaved similarly. This result is in accordance with the finding of Sujana 
and Anand (2011) who indicated that some filters as bauxite had great removal from the initial 
contact time until it reached its optimum adsorption at around 120 min. 
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* Where: Fe=Iron-sludge, Bx=bauxite, GT,OT,BT=pre-treated (glauconite, olivine, biotite), GN,ON,BN=Non-
treated (glauconite, olivine, biotite); the numbers indicate the contact time. The error bars represent the standard 
deviation of the measurements.  

 
Figure 15: Comparison of P adsorption of each filter material at different contact time 
 
4.3 Column experiment 

4.3.1 Pre- screening experiment 

The pre-screening experiment was done in order to check the most performing media before 
installing the final set-up using pure P-solution and P solution extracted from soil. The hydraulic 
conductivity (Ks) was improved by increasing the sand size and by reducing the proportion of 
the filter materials in the mixture sand+filter materials. The P adsorbed by each filter materials 
was monitored along with the increasing of Ks.  
 

4.3.1.1 First experiment: P adsorption and Ks from a ratio of 10g filters and 10g sand  

Primarily, fine sand which is used for CEC analysis in the lab was utilised. The water infiltration 
was very slow because the white sand was very fine (< 0.3mm) which left very small pore 
between sand particles (Figure 16b). The experiment was done on equal weight sand and filters 
materials (about 10g). The result shows very slow Ks (< 9mm mn-1) for most of the filter except 
for the Fe-sludge (22mm mn-1) (Figure 16b). Despite the high hydraulic conductivity recorded 
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with Fe-sludge, it managed to adsorb almost 95% of the P from the solution even after 30mn of 
leaching (Figure 16a). It was followed by olivine which presented a drastic decrease in terms P 
adsorption after 30mn, the next filter materials was bauxite, then glauconite and the last one was 
biotite. Based on this result, the effectiveness of Fe-sludge was hypothesized to be linked to its 
large volume compared to the other filter materials at equal weight. This result can be explained 
by its low bulk density as shown in Appendix 6. Therefore, the setup was changed based on 
equal volume occupied by the mixed sand+filter materials rather than equal weight. Sand of 
bigger size was also introduced. At the same time, volume of the P solution passing through the 
filter materials has been considered rather than the time of infiltration of the P solution since 
there were huge differences between the filter materials in terms of hydraulic conductivity 
(Figure 16b). 
 

  
Figure 16 a,b:  P adsorption and Ks under 50% filter material and 50% fine sand 
 
4.3.1.2 Second experiment: Ks and P adsorption from 7cm filter and 7cm sand ratio 

The ratio 50% sand and 50% filter was tested to improve the Ks of the mixture (Figure 17a). 
Since the tube was about 21cm long, the soil length of 14 cm has been considered in order to 
give enough time for the P-solution to be in contact with the filter materials and to give a certain 
constant head (pressure head of 5cm) to the column. This set-up was similar to that of Ayoob et 
al. (2007) on bauxite using a similar initial concentration of 2 mg L-1.  
 
The Ks for Fe-sludge (41mm mn-1) and bauxite (36mm mn-1) was largely improved compared to 
the previous experiment (Figure 17b). Despite the improvement in Ks, the water discharge 
seemed not enough to allow water output from a given field, for all filter materials (see section 
4.4). The result on P adsorption was improved especially for olivine (from 100% to 40% after 
1000ml), bauxite (85-49%), and glauconite (90-41%). The result on bauxite adsorption seems to 
be consistent with the one of Ayoob et al. (2007) varying from 99% to 49%. 
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Figure 17:  Adsorbed P and hydraulic conductivity (Ks) under 50% filter materials and 

50% new sand in volume percentage 
 
4.3.1.3 Third experiment: Ks and P adsorption (from 7cm filter and 7cm) from 0.5 - 4.75 

mm sand 

We sieve the sand in order to get a sand size between 0.5mm to 4.75mm. The reason for the 
interval was because finer sand (<0.5mm) would reduce the Ks while coarser sand (>4.75mm) 
would occupy too much space in the tube of 2.1 cm diameter (Figure 18).  
 

* The number indicated the percentage of the filter media in the mixture filter materials+sand  

 
Figure 18:  Adsorbed P and Ks under 50%, 25%, 12.5% filter materials + sand size: 0.5 

- 4.75 mm sand 
 
Coarser sand (>4.75mm) would allow high Ks but reduce the contact time between the filter 
materials and the P solution. Olivine proportion has been reduced from 25% (i.e. with 75% sand) 
to 12.5% (with 87.5% sand). Glauconite proportion has been decreased from 50% (50% sand) to 
25% (75% sand). The result on hydraulic conductivity shows that Ks for glauconite 25% and 
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olivine 12.5% doubled to about 30mm mn-1 compared to the previous experiment. However, 
their capacity to absorb phosphorus was reduced by 2 to 3 times less (20-30%). The Ks for 
olivine 25% and glauconite 50% remains as slow as before and their P adsorption was also quite 
similar as before. Coarser sand was needed for the next experiment.   
 
4.3.1.4 Fourth experiment: Ks and P adsorption from 1 - 4.75 mm sand 

The sand size less than 1mm has been removed in order to get higher hydraulic conductivity. 
From the 4th experiment onward, the pre-treaded filters have been added and their Ks have been 
evaluated as their corresponding non-pre-treated ones. Fe-sludge 25% (75% sand), and Fe-sludge 
50% (50% sand) present the highest Ks with value of 404 to 863mm mn-1, respectively (Figure 
19 b,d). Their capacity to absorb P was reduced rapidly from 90% to 26% (Figure 19 a,c). 
Treated-glauconite 25% (75% sand) presents the highest P-adsorption because its Ks remains 
almost as the previous experiment (25mm mn-1).   

  
 

  
* Treated indicated the pre-treatment and the rest of the filters were not pre-treated. The number indicated the 
percentage of the filter media in the mixture filter materials+sand 

 
Figure 19 a, b,c,d:  Adsorbed P and Ks under 50%, 25%, 12.5%  filter materials + sand 

size: 1-4.75mm 
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Bauxite 50% has the highest infiltration (Ks~ 340mm mn -1) but with an average P adsorption 
from 50 to 20%. Despite the sand selection, the Ks of biotite, olivine and glauconite remain 
almost the same as before. However, their P adsorption reduces at high speed except for 
glauconite which was almost unchanged during the time of experiment. Since the change in sand 
size and in filter material proportions did not give the expected results on Ks, the use of glass 
wool at the bottom of the glass tube has been suspected as the reason for the low Ks.  
 
4.3.1.5 Fifth experiment: Ks and P adsorption from 1 - 4.75 mm sand without wool 

The glass wool used during the experimentation was found clogging the entire experiment 
especially for olivine, biotite and glauconite. Therefore, it has been replaced by sand in order to 
increase the hydraulic conductivity (Ks). The Ks has been improved tremendously for treated-
olivine 12.5% (438mm mn-1), treated-biotite 25% (167mm mn-1) and treated-glauconite 25% 
(129mm mn-1) (Figure 20a,b). However, their adsorption capacity has been reduced as well, from 
82-7%, 20-2%, and 82-45%, respectively.  
 

  
* Treated indicated the pre-treatment and the rest of the filters were not pre-treated. The number indicated the 
percentage of the filter media in the mixture filter+sand. 

 
Figure 20a,b:  Adsorbed P and Ks under 25%, 12.5% filter materials + sand size: 1-

4.75mm where the wool is replaced by sand 
 
4.3.2 Result from comparison of pure P solution-soil extracts based on P adsorption 

capacity of the filter materials 

Based on the results from the pre-screening experiment, all pre-treated filters along with Fe-
sludge and bauxite have been chosen as the best filter materials and they were used throughout 
the following column experiments. 
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4.3.2.1 Size distribution of the mixture sand+filter materials  

Figure 21 shows that bauxite 50% and Fe-sludge 50% contain very low amount of small size 
particles less than 1 mm. This illustrates that those filter materials were coarser than the sand 
itself because the sand size was between 1-4.75mm. Around 60% of their particles fall between 
the sizes of 1 to 2mm. Treated olivine 12.5%, treated-glauconite 25% and treated-biotite 25% 
presented high amount of smaller particles ≤ 1mm (around 20%) although glauconite-50% 
contained the highest amount of smaller particle less than 1mm (≥25%). However, treated 
olivine 12.5% had the smallest particle size of less than 0.1mm (~3%). Kerisit et al. (2013) 
explained that olivine has very low porosity and permeability. The biggest particles (>3.35mm) 
were predominantly found with bauxite and Fe-sludge. 
 

 
* Treated indicated the pre-treatment while the rest of the filters were not pre-treated. The number indicated the 
percentage of the filter media in the mixture filter materials+sand 

 
Figure 21:  Size distribution of the filter materials (including sand) based on masse 

percentage 
 
4.3.2.2 Filter stability after the column experiment 

The stability refers to the change of the filter materials size distribution before and after the 
column experiments. Figure 22 shows that there was little change found with bauxite, while 
slight variation were found with treated-olivine 12.5%, Fe-sludge 50% and treated biotite 25%. 
However, treated-glauconite presented a large variation in terms of particle less than 1mm. 
Generally, most of the filters were almost stable because theirs change in size distribution was 
minimum. This was in accordance with the finding of Wang et al. (2008) who demonstrated that 
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mineral silicates were chemically and mechanically stable and present high surface area and 
special structure property. 
 

 

 

  
 
Figure 22:  Stability of different filters based on value before and after the treatments 
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4.3.2.3 Comparison of P adsorption between pure P-solution and soil-P extracted solution 
for the chosen filter materials  

The comparison in P adsorption between pure P-solution and P-extracted solution by the chosen 
filters shows that initially, all phosphate ions were absorbed by treated-glauconite 25 and 12.5%, 
more than 60% for Fe-sludge 50%, treated-olivine 12.5% and treated-biotite 25%, while bauxite 
50% presents the lowest adsorption (30%) (Figure 23-a). The removal capacity of Fe-sludge has 
been reduced tremendously because its Ks has been increased after removing the glass wool as 
shown in Appendix 5. Phosphorus removal decreased progressively over time for most of the 
filter materials except for treated-olivine and treated-biotite which presented a drastic decrease 
from 70% to less than 20% only after 300ml of leaching.  
 
According to Figure 23-b, there was visible reduction on phosphorus adsorption for soil-water-
extract compared to a pure orthophosphate-solution made in the lab. This trend remained visible 
throughout the entire length of the experiment. Treated-glauconite removed 20% less phosphorus 
with P solution extracted from soil while the rest of the filter materials recorded only 10% less in 
terms of P removal (Figure 23-b). 

 

* Treated indicated the pre-treatment while the rest of the filters were not pre-treated. The number indicated the 
percentage of the filter media in the mixture filter material +sand 
 

Figure 23a,b:  Comparison of Phosphorus removal, by each chosen filters, under pure P-
solution and P solution extracted from soil  
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The fast reduction of phosphorus removal noticed in Figure 23a, started from a volume of 300ml, 
could also be found in Figure 23b especially for treated-olivine 12.5% and treated-biotite 25%. 
This can be explained by the fact that olivine was an easily dissolved mineral which can remove 
easily its divalent cations such as Mg2+ during the column experiments (Kelemen et al., 2011; 
Hellmann et al., 2012). The magnesium depletion increased the silica content and meanwhile 
decreased the overall P-adsorption capacity of the mineral (Oelkers et al., 2009; Wilson, 2013). 
However, the olivine used during this study was slightly enriched with Fe-content (Table 2). 
Srasra and Trabelsi-Ayedi (2000) found that Fe2+ and Al3+ were more resistant to extraction 
compared to Mg2+. Therefore, these ions were not removed easily from the filter materials during 
the experiments (Wilson, 2013). The reason for this can be explain by the effect of the 
interaction between cation and oxygen, since Al presented the highest energy of attraction 
(E(Al–O)=507.5 kJ mol−1, E(Fe–O)=408.8 kJ mol−1, E(Mg–O)=362.3 kJ mol−1). Smith et al. 
(1995) illustrated that the adsorption capacity increases with the molecular weight of the metal. 
 
Slight reduction, in terms of P-adsorption by Fe-sludge and bauxite, could also be visualized in 
the figure. Sujana and Anand (2011), based on their experiment on untreated-bauxite, explained 
this as the result of the competition between different anions such as CO3

2-, F-, NO3
- , SO4

2- and 
PO4

3- for surface sites during the mechanism of adsorption. They emphasised that the 
competition occurred mostly on iron and aluminium based materials. The anions affinity by 
bauxite followed the order of PO4

3->SO4
2->NO3

 - >CO3
2-.  

 
Figure 23a,b show that Fe-sludge and treated-glauconite presented the best P-adsorption while 
treated-biotite has the lowest P-removal among the filter materials. However, the difference in 
terms of performance of each filter material was not as obvious as in pure P-adsorption study.  
 
4.3.2.4 General phosphorus adsorption by each filter material at increasing volume of 

pure P-solution and of P from soil-water-extract 
 
The Anova table (Appendix 2) shows that both the type of filter materials and the volume 
leached from the column experiment affected significantly, at 5% level of significance, the 
phosphorus adsorption capacity of each filter. Figure 24 illustrates that treated-glauconite 12.5 
and 25 % presented the highest P-adsorption (62-72%), followed by Fe-sludge 50% (40%), 
treated-olivine (21%), bauxite (17%), and treated-biotite (15%). P adsorption reached the top 
(averaged at 71%) at 100ml of leaching of P-solution, then decreased drastically to 38% at 300ml 
till 23% at the end of 1000ml. The reduction of P-adsorption capacity of the Fe-sludge 50% may 
be the result of higher Ks as shown in Appendix 1. The errors due to the manipulation of the data 
were negligible as shown by the error bars of the standard deviation. 
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* Where: Fe=Iron-sludge, Bx=bauxite, GT,OT, BT=pre-treated (glauconite, olivine, biotite). The number indicated 
the percentage of the filter media in the mixture filter materials+sand. The error bars represented the standard 
deviation of the measurements.  

 
Figure 24:  Percentage of phosphorus adsorbed by each filter and based on the volume 

of solution added 

Anova table in Appendix 3 shows that there is high significant effect of filter materials and 
volume added on P-adsorption during the column study, at 5% of level of significance. Since Fe-
sludge 50% had almost 100% adsorption with sand from 0.5-4.75mm (Figure 17), the adsorption 
was reduced up to 46% adsorption in average, for the second experiment. Treated-glauconite 
12.5% diminished from >60% to < 40%. However, there was small change with the bauxite 
50%, treated-olivine 12.5% and biotite 25% (Figure 25). The same trend was noticed on the P-
adsorption based on volume of the leaching solution. However, great change was noticed at the 
beginning of the experiment and more P adsorption can be found at the end of the leaching 
experiment for the pure P-solution experiment (Figure 24).  
 

  
* where: Fe=Iron-sludge, Bx=bauxite, GT,OT,BT=pre-treated (glauconite, olivine, biotite). The number indicated 
the percentage of the filter media in the mixture filter materials+sand. The error bars represented the standard 
deviation of the measurements.  
 

Figure 25:  P adsorbed by each filter expressed in percentage of P-concentration added 
and on volume of P-soil-extracted solution added 
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4.3.2.5 Correlation between time and pH variation (pH change and dilution) 

The variation of pH shown in Figure 26a illustrates that each filter presented a value around the 
neutral pH (~7) except for treated-glauconite 12.5 and 25% (pH 3.7-5).  The pH however follows 
almost a constant line despite the change in volume leached throughout each filter material. 
Similar result has been found by Collins et al. (2014). They found that this was related to the 
buffering capacity of the mineral.   
 
Quasi-similar pH pattern was observed between Figure 26a under pure P-solution and Figure 26-
b with the extracted P-solution. The overall pH varies around the neutral pH starting from 6.8 for 
treated-glauconite 12.5% to 7.9 for Fe-sludge 50% (Figure 26-b). The reason for it may be due to 
the fact that the soil-P- extracted solution has been diluted with distilled water in order to obtain 
the required P-concentration. However, treated-glauconite presented the lowest pH (4.8) after 
100ml leaching process but suddenly increased closed to 7 just after 300ml.  

 

 
* Treated indicated the pretreatement and the rest of the filters were not pretreated. The number indicated the 
percentage of the filter media in the mixture filter+sand 

 
Figure 26:  Comparison of pH variation between pure P-solution and P-extracted 

solution on different filters and with volume of P-solution added 
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Based on the Anova table in Appendix 4, there was no significant difference between pH of the P 
solution taken at different volume of leached P-solution at 5%. The pH was almost stable along 
the experiment (Figure 27-a). Anova table in Appendix 4 shows that there was highly significant 
effect (p-value < 0.001) of the treatments on the pH of leachates, at 5% level of significance. 
However, slight increase was observed for treated glauconite 25%, bauxite 50%, biotite25% and 
decrease for treated olivine12.5% and Fe-sludge 50% at the beginning of the experiment. Same 
results were observed by Arias et al. (2001) on sand used for P removal.  
 
Figure 27-b shows that pH at equilibrium was the highest for bauxite 50% (7.8), followed by 
treated-olivine 12.5% (7.5), and Fe-sludge 50% (7.2), respectively. Treated glauconite reduces 
the pH from the average P-solution of 6.4 (shown as a line in Figure 27-b) to 4.7.  
 

* Where: Fe=Iron-sludge, Bx=bauxite, GT,OT, BT=pretreated (glauconite, olivine, biotite). The number indicated 
the percentage of the filter media in the mixture filter+sand. The line on the second graph indicated the average 
mean. The error bars represent the standard deviation of the measurements.  
 

Figure 27:  Change in pH with increasing volume of P-solution and at different 
treatments averaged from each treatment  

 
4.3.2.6 Effect of Ks on P adsorption  

Figure 28 summarises the correlation between P adsorption and Ks at three different leaching 
volumes of 100ml, 500ml and 1000ml. Fe-sludge 50% presents the highest P removal capacity at 
low Ks (36mm mn-1) then decreases slowly to 24-67% at the highest infiltration. Bauxite 50% 
and treated-glauconite 12.5% also present high P adsorption. The percentage of P removal 
diminishes slightly at different leaching volumes for Fe-sludge 50%, bauxite 50% and treated-
glauconite 12.5%. However, the adsorption capacity started to have huge differences between the 
leaching-volumes (100 to 1000ml) and Ks values for glauconite 25% and olivine 12.5%. These 
differences were more obvious for treated-olivine 12.5%, treated-biotite 25% and biotite 25% 
which have more than 50% P-adsorption at the 100 first ml volume and at low Ks, then decreases 
up to less than 10% just after 500ml volume and at high Ks. Johansson (1999) found that this 
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pattern was an indication of fast saturation of the substrate at the beginning of the experiment. 
Zhang et al. (2013) discovered that phosphorus removal was not always a balanced reaction 
whereby the chemical stoichiometric factor remained constant. Therefore, large amount of the 
materials was always required to remove the residual phosphorus concentration. 
 
Ks vary from around 50 to 1200mm mn-1. The water infiltration decreases from Fe-sludge 50% 
(1200mm mn-1), treated-olivine 12.5% (460mm mn-1), olivine 12.5% (450mm mn-1), bauxite 
50% (350mm mn-1), treated-biotite (170mm mn-1), treated-glauconite 25% (130mm mn-1), biotite 
(60mm mn-1) and glauconite 25% (50mm mn-1). Johansson (1999) found similar range of Ks on 
Bauxite. However, we notice that the Ks found in this study were much higher than any previous 
study because only few studies were done as far as P removal from artificial drainage system is 
concerned. Most of the studies were attempting to remove P from wastewater, so the setup of 
their column experiments did not need higher Ks as elaborated by Johansson (2006).  
 

 

0
10
20
30
40
50
60
70
80
90

100

0 400 800 1200

P
 a

d
so

rb
e

d
 (

%
)

Ks (mm/mn)

Fe-sludge 50%

100 500 1000

0
10
20
30
40
50
60
70
80
90

100

0 100 200 300 400

P
 a

d
so

rb
e

d
 (

%
)

Ks (mm/mn)

Bauxite 50%

100 500 1000

0
10
20
30
40
50
60
70
80
90

100

0 50 100 150

P
 a

d
so

rb
e

d
 (

%
)

Ks (mm/mn)

Treated-Glauconite 25%

100 500 1000

0

10

20

30

40

50

60

70

80

90

100

20 30 40 50

P
 a

d
so

rb
e

d
 (

%
)

Ks (mm/mn)

Glauconite 25%

100 500 1000



 

51 

 

 

  
* Treated indicated the pre-treatment and the rest of the filters were not pre-treated. The number indicated the 
percentage of the filter media in the mixture filter materials+sand. 

 
Figure 28:  Plot summary correlating P adsorption and Ks for all filters at three 

different leaching volumes of 100ml, 500ml and 1000ml 
 
4.4 Extrapolation to an artificial drainage system and the choice of the best materials 

Generally, a real field experiment could have been better to simulate the drainage system and to 
evaluate the adsorption capacity of the field materials under the field conditions (Turtola et al., 
2010; Buda et al., 2012; Kirkkala et al., 2012). Since this study was only conducted in the 
laboratory framework using batch and column experiments, therefore, we can only simulate a 
field set up based on the data obtained from the lab. The simulation will give only an insight of 
the dimension of the set up in the field without considering the various conditions which may 
occur under field conditions as described by Westholm (2006) and Bryant et al. (2012).  
 
In this extrapolation, we consider an artificial drainage from agricultural field with drains of 
about 100m each, and spaced 12m apart. Based on this set up, each drain has to discharge the 
water coming from an area of approximately 1200m2. If we consider that during a heavy rainfall, 
there is a high water discharge rate of 20mm day-1, the drain has to evacuate an amount of water 
equal to: 
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20mmday-1 x 1200m2 x (10m3

 
If we consider a random Ks of 20mm mn
diameter, we need to have a surface of about 0.8m
large because we need to install 
reduce the size of the discharge area, it will be more applicable 
higher Ks, i.e. around 100mm mn
29. 

1), 2) and 3) indicate three different drain
 

Figure 29:  Schematic plan of an artificial drain
0.2*0.4m 

 
The minimum Ks required for this study is then around 
Appendix 5 and section 4.3.2.6
more than 100mm mn-1. Therefore, the choice of the best filter materials should only remains on 
their capacity to absorb phosphorus rather than on Ks since they all have the required 
Therefore, the best filter materials are treated
and treated-olivine 12.5% according to 
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3 x mm-1 x 10000m-2) = 24 m3 d-1, or 0.27L s-

Ks of 20mm mn-1 or 28.8m d-1 obtained from a CEC tube 
, we need to have a surface of about 0.8m2 to evacuate 24m3 d

because we need to install a discharge area of about 2*0.4m in the 
reduce the size of the discharge area, it will be more applicable if we consider

100mm mn-1. The schematic plan of the artificial field is shown in 

 
) and 3) indicate three different drains of 12*100m 

plan of an artificial drainage system based on discharge outlet of 

for this study is then around 100mm mn-1, however, results from 
4.3.2.6 show that most of the chosen filter materials were presenting Ks 

. Therefore, the choice of the best filter materials should only remains on 
their capacity to absorb phosphorus rather than on Ks since they all have the required 

best filter materials are treated-glauconite 12.5%, Fe-sludge 50%, Bauxite 50% 
olivine 12.5% according to Figure 23a,b; Figure 24 and Figure 

-1. 

obtained from a CEC tube of 2.1cm 
d-1. This value is quite 

in the drain of 100*12m. To 
we consider 5 to 10 times 

The schematic plan of the artificial field is shown in Figure 

 

based on discharge outlet of 

, however, results from 
most of the chosen filter materials were presenting Ks 

. Therefore, the choice of the best filter materials should only remains on 
their capacity to absorb phosphorus rather than on Ks since they all have the required Ks. 

sludge 50%, Bauxite 50% 
Figure 25.   
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CHAPTER 5. CONCLUSION AND RECOMMENDATIONS 
 
5.1 Conclusion 

Water eutrophication has been a serious concern in Belgium, and is mainly caused by P 
discharge from drained agricultural field. Different studies on P removal from drained 
agricultural fields have been conducted using different techniques and various filter materials. 
However, few of them could be applicable to the existing condition in Flanders. More studies 
still needed to be done especially those related to the direct input of phosphorus from agricultural 
drainage systems. Promising findings from the University of Ghent on olivine generated the 
interest on this study. Fe-sludge and bauxite were investigated along with olivine, glauconite, 
and biotite. Pre-treatment using HCl 1M was done on some of the filters as to increase their 
phosphorus adsorption capacity. Results from batch experiment showed that Fe-sludge presented 
the highest P-adsorption compared to treated-glauconite. In decreasing order bauxite was better 
than glauconite, treated-olivine, olivine, treated-biotite and biotite. The Langmuir and Freundlich 
model agreed on the same results.  
 
Finding from this study showed that phosphorus removal was optimum at lower pH and decrease 
drastically around pH 5 for Fe-sludge, bauxite and treated-glauconite. The P adsorption increased 
with pH for non treated glauconite, treated-biotite and treated-olivine while it decreased for 
olivine. The best adsorption for biotite was around pH 5 and 10.  
 
Results also showed that at fast contact time (around 6s to 10mn), the best filter materials were 
Fe-sludge, treated-glauconite, treated-olivine, bauxite compared to the rest of the filters.  
 
Results from the column experiments showed that P-removal was better with treated-glauconite 
25 and 12.5% compared to Fe-sludge 50%, treated-olivine 12.5%, treated-biotite 25%, and 
bauxite 50%. Phosphorus adsorption presented slow decrease trends over time except for treated-
olivine and treated-biotite 12.5%.  
 
Result showed a decrease of P removal from 10% to 20% when using a P- solution coming from 
soil-water-extract instead of a pure P-solution made in the lab.  
 
An extrapolation of a drainage field showed that a Ks ≥ 100mm mn-1 can be acceptable in order 
to evacuate effectively water from agricultural field.  
 
5.2 Recommendations 

The following recommendations are made in the light of gaps revealed from the findings of this 
study in order to provide further insights into the phosphorus adsorption: 
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- Glauconite could be a very promising filter material in terms of P removal process, therefore 
further research has to be done on this filter media.  
 
- Since some of the filter materials such as biotite, glauconite and olivine could not give 
sufficient hydraulic conductivity, those filter materials could be very efficient under different set 
up such as installation within buffer zone between agriculture land and river, fin layer along 
discharged channel or within landfills or waste deposits. 
 
- Further analysis on biotite and olivine needed to be done since they gave a very low 
phosphorus adsorption compared to any previous studies. 
 
- Phosphorus-sorbing materials with additional phosphorus adsorption capacity may be used 
instead of inert sand in order to increase the phosphorus removal efficiency, in practice.  
 
- In order to increase the adsorption capacity of bauxite and avoid its slacking during the 
experiment, process of calcinations has been proven efficient because of water removal and 
increase in surface area (Baral et al., 2007). 
 
- It is possible to wash the residue of the filter after acid treatment in order to remove the acidity 
as proposed by Baral et al. (2007). However, cares should be taken account during the process 
because some easily removed active metal may be removed within the cleaning process. It was 
even advisable to add alkaline solution to remove the acidity.  
 
- Longer term study and field experiment need to be considered taking account of different 
parameters on soil, crop, microorganism, fertilizer, slope and rainfall pattern as described by 
Aldous et al. (2007).  
 
- For further research on characterization of the filters before and after P adsorption need to be 
studied by XRD, FTIR and SEM–EDX to get a better insight into the mechanism of adsorption 
as Sujana, and Anand (2011) portrayed in their experimental study.  
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Appendices 

Appendix 1:  Effect of P fixation by different filter media at different dose of P-solution 
application  

Anova table at a dose of 5ppm 
Source DF Sum of squares Mean square Fisher's F Pr > F 

Model 7 827158.154 118165.451 39.209 < 0,0001 
Residuals 13 39178.934 3013.764 
Total 20 866337.088       

 

Anova table at a dose of 15ppm 
Source DF Sum of squares Mean square Fisher's F Pr > F 

Model 7 10777658.637 1539665.520 139.352 < 0,0001 
Residuals 17 187828.981 11048.764 
Total 24 10965487.617       

 

Anova table at a dose of 30ppm 
Source DF Sum of squares Mean square Fisher's F Pr > F 

Model 7 52443645.310 7491949.330 2692.154 < 0,0001 
Residuals 13 36177.472 2782.882 
Total 20 52479822.782       

 

Anova table at a dose of 40ppm 
Source DF Sum of squares Mean square Fisher's F Pr > F 

Model 7 91667721.057 13095388.722 4899.972 < 0,0001 
Residuals 15 40088.152 2672.543 
Total 22 91707809.208       

 

Anova table at a dose of 50ppm 
Source DF Sum of squares Mean square Fisher's F Pr > F 

Model 7 128129195.160 18304170.737 892.016 < 0,0001 
Residuals 12 246240.150 20520.013 
Total 19 128375435.310       

 

Anova table at a dose of 70ppm 
Source DF Sum of squares Mean square Fisher's F Pr > F 

Model 7 214782218.298 30683174.043 17013.257 < 0,0001 
Residuals 8 14427.890 1803.486 
Total 15 214796646.188       

 

Anova table at a dose of 100ppm 
Source DF Sum of squares Mean square Fisher's F Pr > F 

Model 7 400433437.101 57204776.729 2064.014 < 0,0001 
Residuals 8 221722.423 27715.303 
Total 15 400655159.525       
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Appendix 2: Anova table presenting the effect of different type of filter materials and 
volume added on P adsorption under pure P solution (coefficient of 
variation = 6.10 %) 

Source df Type III SS MS F P-value 
Blocks: Volume 4 17205.03 4301.26 41.40 .0000 *** 
Main Effects 
Filters 5 30096.52 6019.30 57.94 .0000 *** 
Error 50 5194.18 103.88 
Total 59 52495.72977 
Model 9 47301.55 5255.73 50.59 .0000 *** 
*** indicates significance at p-value  <0.001 
 
Appendix 3:  Anova table presenting the of different filter and volume added to 

phosphorus adsorption under soil extracted phosphorus solution made from 
lab (coefficient of variation = 35.11%) 

Source df Type III SS MS F P 
Blocks 4 12435.5 3108.874 27.28007 .0000 *** 
Main Effects 
Treatment 4 5020.348 1255.087 11.01326 .0000 *** 
Error 40 4558.456 113.9614<- 
Total 48 21956.27 
Model 8 17397.82 2174.727 19.08301 .0000 *** 
 
Appendix 4:  Anova table presenting the effect of volume added and type of filter on pH   
Source df Type III SS MS F P 
Blocks 4 0.443717 0.110929 0.730644 .5753 ns 
Main Effects           
Filter 5 103.1423 20.62847 135.8711 .0000 *** 
Error 50 7.591193 0.151824     
Total 59 111.1773       
Model 9 103.5861 11.50956 75.80865 .0000 *** 
ns indicates no statistical difference at 5% of level of significance while *** means significance 
at p-value  <0.001 
 
 
 
 
 
 
 
 
 



 

67 

 

Appendix 5 :  Comparison of hydraulic conductivity under pure P-solution and P-solution 
extracted from soil 

 

 
Appendix 6:  Characteristics of the mixture sand+filter materials used during the column 

experiments 

Sand + 
Filter 
materials 

Sand 
Length 
(cm) 

Sand 
Weight  

(g) 

Filter 
Length 
(cm) 

filter 
Weight 

(g) 

Total 
length 
(cm) 

Total 
weight

(g) 

Hydrauli
c Head 
(cm) 

Tube 
area  
(cm2) 

Bulk 
density 
(g cm-3) 

Bx 50% 7.00 38.70 7.00 25.72 14 64.42 6 3.5 1.33 
Fe 50% 7.00 36.68 7.00 10.08 14 46.76 6 3.5 0.96 
BT 25% 10.50 62.39 3.50 15.32 14 77.71 6 3.5 1.60 
GT 25% 12.25 71.80 1.75 10.08 14 81.88 6 3.5 1.69 
GT 50% 10.50 61.55 3.50 20.15 14 81.70 6 3.5 1.68 
OT 
12.5% 12.25 69.14 1.75 9.17 14 78.31 6 3.5 1.61 
* Where: Fe=Iron-sludge, Bx=bauxite, GT,OT, BT=pre-treated (glauconite, olivine, biotite). The number indicated 
the percentage of the filter media in the mixture sand + filter materials. 
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