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Saturation point: A point on a sorption curve when there is no further increase in the 

amount of 1’ sorbed.

Durability: 1 he duration the filler can treat water before releasing 0.1 nig P.l. in filtrate. It 

is measured in terms of the amount of P sorbed until a breakthrough point w hen 0.1 mg P.l ' 

is in filtrate.

Sorption capacity at breakthrough point - represents the cumulative amount of P 

sorbed from the start of the filtration to breakthrough point.

Sorption capacity at saturation point • represents the cumulative P sorbed from the 

start of nitration until saturation point.

Efficiency: The proportion of P removed by the filler in relation to P supplied in the inlet 

solution. Mathematical^. efiicicncv (%) (Inlet P coneentration'oullel P

Sorption capacity: Is the total amount of P that can be removed (sorbed) by a 

tv pcs of sorption capacity are distinguished.

Definition of terms

Breakthrough point: Is a point on a sorption curve when 0.1 mg P.l. ' is released in the 

filtrate.
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iiumuiih

I-landers (Belgium) is confronted with reactive phosphorus concentrations in streams and 

lakes which are three to four times higher than the 0.1 mg.I. ; environment limit set by the 

Water f ramework Directive. Much of the excessive P input in surface walers is derived from 

agriculture. Specifically, direct P input from artificial!} installed subsoil drainage pipes which 

shun-circuits the buffering capacil} of the subsoil is suspected to be one of the major sources, 

hi this stud}, we aim to develop simple and cheap fillers that can be directly installed in the 

field to reduce P concentration from farm drain water. To achieve this, our specific objectives 

included; (1) determining the link between physical size distribution, bulk densil} and initial 

saturated hydraulic conductivity (Ksal) of tiller materials. (2) evaluating P removal eflkienc} 

and durability of the filler materials. (3) determining the cumulative P sorption until 

saturation point and subsequently test P desorption efficiency and (4) assessing the 

performance of the fillers under a pilot field trial. I lie filter materials used were made of iron 

coaled sand and mixtures of iron coaled sand w ith glauconite. We determined Ksal using the 

constant head method and Darcy's equation, particle size distribution by sieving the materials 

through sieves of 0-5 mm mesh size and bulk density by measuring dry mass per volume. 

I lie method of Murph}' and Kiley was employed to analyse P using a spectrophotometer. We 

found that Ksal is linked to particle size distribution and bulk density by the equation; Ksal 

0.00-1 ■ 0.004*1)20 :0.010*1)10 - 3.013*TXP-06*BD. We also found that the filter with

the highest P removal efficiency was Grobbendonk 90/10% with 98.84% P removal 

efficiency but had a lower saturated sorption capacity of 538.9 mg.kg1. The most durable 

filler was Grobbendonk 100% with P sorption capacil} at breakthrough point of 942.2 mg 

P kg . We estimated that Grobbendonk 100% was able to realise 62% of its total sorption 

capacil} in the laboratory experiment (942.2 mg P.kg ' out of 1500 mg P.kg1). Therefore, our 

best filler in terms of both efficiency and durability was Grobbendonk 100%. Similarl}. our 

field trial identified Grobbendonk 100% as the best filler with estimated sorption capacil} al 

breakthrough point of 985 mg P.kg ‘. P removal efficiency of 74% and achiev ing (>5.7% of its 

estimated saturated sorption capacity. Based on these findings, we suggested that the 

experiment to determine the maximum sorption capacil} of the filters be concluded so that 

we can compare lhe capacity of the fillers used in relation to their total capacil} al saturation. 

W e also suggested that a comprehensive large scale field trial be conducted for best 

performing filters to validate both the laboralorv and pilot trial results.



Chapter 1: Introduction

1

P accumulation in farmlands enabled increased agricultural productivity; however it also 

permitted build-up of P in soil profile above amounts sufficient for optimal crop yields 

subsequently escalated the potential for P losses in runoff as well as in leachate (llaygarth et 

al.. 1998; I leckralh et al., 1995; Sharpley ct al., 1996). Unfortunately, P losses from 

farmlands through surface and subsurface transport culminate into fresh water eutrophication 

(Csatho ct al.. 2011: Odum. (1997)).

1 irosion is a mechanism of P transport that preferentially removes finer-sized soil particles 

(llaygarth and Sharpley. 2000). Run-off is caused by water flowing over the soil and P loss 

through runoff is initiated by the release of P from soil, plant material, and suspended

1.1 Background information and justification

Phosphorus (P) is the most important macro-nutrient required for plant growth and 

productivity next to nitrogen. Though P may be abundant in soils, it is a major limiting 

nutrient as it is mainly in unavailable form for plant uptake (Kumar ct al., 2014). This is 

because P in soils is highly fixed. Therefore, despite the high dosage of P that may be 

applied, only small quantities are removed by crops and most becomes unavailable to 

growing plants (Derau ct al.. 2010: Shen ct al., 201 1; Buda ct al.. 2012).

Surface and subsurface transport of P from fertilised agricultural fields to open waters arc 

common through surface erosion and subsurface percolations (leaching and sub surface 

artificial drainage) (Azevedo ct al.. 2015). These arc major causes of non-point (diffuse) P 

losses to the environment (Ballantine and fanner 2010).

Io ensure optimum productivity of crops, farmers make use of mineral fertilizers and manure 

to replenish plant available P and increase crop productivity. Surplus P inputs in farmlands 

have recently been exacerbated by intensification of agriculture which took place due to 

industrial revolution and growing populations (Buda ct al., 2012). Agriculture intensification 

consequently led to more mineral P fertilizer being used, more animal feeds and manure 

being produced. As animals inefficiently utilize P in feeds (only 30% is retained), most of the 

P consumed ends up in manure, which is usually applied locally over the fields (Sharpley el 

al 2001 ). T his led to accumulation of P in the soil profile in North and west Europe due to 

higher P inputs than outputs (Lcmcrcicr cl al.. 2008).
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sediments (Sharpley. 1985). Leaching involves 1’ loss through subsurface water How 

percolating through the soil (Sharpie). 2001). Subsurface How includes artificial and natural 

drainage, where artificial drainage includes percolating water intercepted b) installed 

drainage systems, such as pipe drains.

I here is usually low potential of P losses through subsurface drainage (Sharpley. 2001): 

however, subsurface P losses can be high in organic, sand) or in soils with structure prone to 

preferential drainage (Sims and Sharpie).. 1998). furthermore. subsurface P loss is 

exacerbated through installation of subsoil artificial drainage which short-circuits the 

buffering capacit) of the soil profile (Bengslon et al.. 1992: Sims and Sharpie) .. 1998).

Due to the undcsired effects of eutrophication, attempts have been made to mitigate 

eutrophic walers in Lurope through legislations like Waler framework Directive (2000) and 

proper household or industrial wastes management (Harrison 2001). However, despite the 

efforts, the water quality is still not good and non-point (diffuse) pollution has been 

■■earmarked” as a major cause (Ballanite and fanner, 2010; Sharpley el al.. 2003). Io reach 

the goal of “good” waler quality defined in the Waler frame Directive (WfD. article 2) or 

attain a P concentration below 0 1 mg.I.’1 (Environmental Protection Agency (EPA). 1986; 

Srnil. 2000. WfD. 2000) requires a substantial reduction of diffuse P losses from farmlands 

in man) parts of Lurope (Kaasik cl al.. 2008).

Currently, recommendations have been made to reduce use of P fertilizers on crop lands with 

highest P supply which covers regions most!) in Belgium and Netherlands ( l oth et al.. 2013; 

1 lermann. 2013). following these recommendations. Belgium's, current application standards 

of P are restricted between 65 and 95 kg P?Os/ha. year. The limits depend on the type of crop 

and it's calculated to achieve P mining of soils. Maximum phosphorus application standards 

are approximate!) 5 kg P?O.s/ha/year smaller than the general phosphorus export b\ the crop.

In l landers. sandy soils with low P sorption capacity are common and their bullering 

capacit) is short-circuited by installation of artificial drainage pipes in the subsoil. I his 

increases P losses through subsurface drainage (Harrison et al.. 2010). 1 he pipe drains 

practice effectively connects farmland waler to open waters, streams, lakes and seas (l.'le’n 

el al.. 2007). P losses cause eutrophication which subsequently creates undesired effect like 

reduced biodiversity and fish mortality in water bodies (Ballantine and Tanner 2010. 

Azevedo el al.. 2015).



A number of P filter materials have been tested to reduce P concentrations in surface runoff

was
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resulting in a small negative phosphorus input into the soil (Manure Action Plan (MAP). 

2012: Amery and Schoumans. 2014).

waler using P sorbing materials may be 

al.. 2007: Ballantine and Tanner 2010).

However, the efficacy of these filters in retaining P under low P concentrations (below 0.5 

mg P.I.'1) as in farmland drainage water is unclear because filters arc known to behave 

differently at high and low P concentrations (Adam ct al., 2007; Andriamanantcna. 2014). 

fortunately. an attempt has been made at University of Ghent laboratory to screen potential P 

filler materials under different solution concentrations.

Promising P filler materials found at small scale laboratory level includes iron sludge and 

acid pre-treated glauconite (Andriamanantcna. 2014). However the usability and efficacy of 

these potential P filters is untested under actual large scale laboratory and field conditions. 

The aim of this Master thesis is therefore to evaluate the efficacy and stability of these filters 

under large scale laboratory and field conditions in artificially drained farmland in Belgium.

Whereas this is a good gesture to mitigate eutrophic waters in the long run. it’s mandatory 

that Handers urgently complies with Water framework Directive (WTD) required b\ 

European Union, lest Belgian agriculture may have to take the consequence. Therefore 

reduction of P fertilisation alone is not sufficient but also an immediate improvement of w ater 

quality is needed (WED. 2000). Reduction of P losses from farmland via pipe drains to open 

one wax to urgently improve water quality (Penn et

(Hoffman ct al.. 2009). Similar studies have shown reduction of P in subsurface transport by 

installing P filters al the outlet of drainage pipes (Penn ct al.. 2007). This approach 

suggested to be carried out in connection with small scale constructed wetland (Reinhardt ct 

al.. 2005) or flow through filter structures in ditches (Penn cl al.. 2007). Additional!}, some 

filter materials for P retention have been described for retention of P for high concentrations 

(above 40 mg P.I/1) in waste water (Penn cl al.. 2007: Vohla ct al.. 20) 1).



1.2 Objectives of the study

1.2.1 General objective

1.2.2 .Specific Objectives

1.

3.

4.

1.

3.

P desorption is dependent on ionic interaction, contact lime and pl 1 of the solution4.

4

Io measure the usability, effectiveness and durability of I’ sorbing materials in filler systems 

to reduce I’ losses from artificially drained agricultural fields in Belgium.

To determine the link between physical size distribution, bulk density and initial 

hydraulic conductivity of filler materials

(i) I o evaluate I’ removal efficiency of the filler materials

(ii) To evaluate the amount of 1’ that can be sorbed by the fillers al breakthrough point 

To determine the cumulative P sorption until saturation point and subsequently test 

P desorption efficiency

To assess the performance of the filters under a pilot field trial

1.3 Research hypothesis

Initial saturated hydraulic conductivity of the filter materials is dependent on particle size 

distributions because oflhe inllucncc of particle sizes on distribution of the pores

2 initial saturated hydraulic conductivity is negatively related to Ksal because an increase in 

bulk density reduces porosity.

The amount of P that can be sorbed by a filler material is dependent on the surface area 

available for P sorption and contact lime. The more contact time and/or the total surface­

area available the more P is sorbed.



Chapter 2: Literature Review

2.1 Importance and fixations of P in soil

5

I hough I’ may be abundant in soils both in organic and inorganic forms, it is a major limiting 

nutrient for plant growth because it is mainly in unavailable form for plant uptake (Kumar cl 

al.. 2014). 1 his is due to P fixation in soils which results in removal of available P from soil

2.2 Soil Phosphorus cy cle and dy namics

As already mentioned, plant available P is a limiting factor for plant productivity. This is 

because P is highly fixed and has slow diffusion in soils (Shen ct al.. 201 1). A continuous 

input of P in soil is thus inevitable to counter the fixations. A summary of P cycle in soils in 

figure 1.1 highlights some of these soil processes for organic and inorganic P as well as the 

rhizosphere and plant processes.

solution into the soil solid phase. These fixations involves two reactions; phosphate sorption 

on the surface of soil minerals and phosphate precipitation by free Ca2'. AH' and 1c in soil 

solution (Buda ct al.. 2012).

P is the most important element in the nutrition of plants next to nitrogen (Kumar ct al. 

2014). Il plays an important role in plant metabolism like photosynthesis, energy transfer, 

signal transduction, macromolecular biosynthesis and respiration and nitrogen fixation in 

legumes (Khan et al.. 2010). It is a component of key molecules such as nucleic acids, 

phospholipids, and A I P. and. consequently, plants cannot grow without a reliable P supply 

(Schachtman etal.. 1998). P deficiencies in plants results in stunted growth, slower ripening, 

delayed harvest, lower yields.

In acidic soils inorganic P occurs predominantly as insoluble complexes of aluminium and 

iron while in calcareous soils it occurs as insoluble complexes of calcium. These insoluble I’ 

forms cannot be directly absorbed by plants (Reinhardt ct al.. 2005). further, organic matter 

also immobilises 20% to 80% of P in soils (Harrison. 1987). Due to these various forms of P 

fixations in soils, only 0.1% of total soil P exists in a form available for plants uptake (Parfitt. 

1989).

W ithin soils. P can cycle between different forms depending on several processes. Two P 

forms are Inorganic and organic P each with different cycle. The organic and inorganic (Pi)



forms of P differ in their behaviour in soils (Turner el al.. 2007) and Pi contributes up to

35% to 70“ o of total P in soil (Harrison. 1987).
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phosphate rocks (apatite) has proxen to be relatively efficient for crop growth in acidic soils 

(Shen ct al.. 201 1). P can be released through desorption reactions that yields soluble and 

labile P which are available for plant uptake. Similarly, these labile and soluble P can also be 

fixed x ia desorption or precipitation reactions by silicates. Al. be oxides and hydroxides.

P immobilised in organic form mineralises from organic matter due to microbial activities. 

I his yields both active and stabilised Po from which P can be realised by mineralisation and 

removed by immobilisation processes (’funner, ct al 2007).

1 here can be a high potential for P losses in surface runoff arising from transport of dissolved 

P. This is initiated by the release of P from soil, plant material and suspended sediments

2.3 Intensification of agriculture and its consequences

To overcome this problem of P fixation in soils, farmers make use of P fertilizers and manure 

to increase lewis of available P and achieve high crop productivity (Buda el al.. 2012). 

.Although raising P lex els in soils is beneficial for crop yield, continuous P inputs in 

agricultural fields alloxvs for build-up of soil P beyond crop requirements. This increases 

potential for P losses to the environment (Harrison ct al.. 2010). P losses to environment can 

occur through erosion, surface runoff, leaching and subsurface artificial drains (Sharpie) ct al 

2001).

In addition, the secondary P minerals formed from weathering as well as sorbed P forms like 

Ca. le and Al phosphate varj in their dissolution rales depending on size of the mineral 

particles and soil pH (Oelkers and Valsami-Joncs. 2008). The solubility of l e and Al 

Phosphates increases xvith increase in soil pH but Ca phosphate decreases except for pH 

values abox c 8 (Hinsingcr. 2001).

In acidic soils. P is dominantly adsorbed by Al Pc oxides and hydroxides such as gibbsite, 

haematite and goethite (Parfitt. 1989). in neutral to calcareous soils. P retention is dominated 

by precipitation reactions (I.indsag ct al.. 1989) although P can also be adsorbed on surface of 

CaCO?. tis well as clay minerals (IDerau ct al.. 2010). Phosphate can precipitate with Ca 

generating dicalcium phosphate (DCP) xvhich is available for plant uptake. I Itimatcly. DCP 

can be transformed into more stable forms such as octocalcium phosphate and hydroxx apatite 

(HAP) which arc less available to plants at alkaline pH (Arai and Sparks, 2007). The P 

adsorbed on surfaces of clay minerals and Al/l-'c oxides can be released by desorption 

reactions (Shen ct al.. 201 1).



2.4 Eutrophication control legislations

2.4.1 European legislations
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Xotablj. other soils that arc susceptible to subsurface drainage P losses include waterlogged 

soils where Ee (III) has been reduced to Ec (11). and well structured soils prone to preferential 

flow through macro-pores and earthworm burrows and finally sandy soils with low P sorption 

capacities (Bengston el al.. 1992: Sims and Sharpley.. 1998).

factors controlling P loss in subsurface How arc more complex than for surface runoff due to 

variable paths and lime of waler How through a soil with subsurface drainage, for instance 

subsurface P losses in sandy soils arc exacerbated when buffering capacity of lhe soil is 

short-circuited by installing subsoil artificial drains (Csatho el al.. 201 1. Penn el al.. 2009).

lhe issue of increasing lhe efficient use of phosphorus was lately tackled by the I European 

Commission (Anon.. 2013). European Member Slates address lhe agricultural phosphorus 

losses via national or regional legislation restricting lhe application of phosphorus. Most of 

inis legislation concerns implementations of the Nitrates Directive (91 '676’EEC) in terms of 

National Action Plans, lhe Water framework Directive (2000/60 IEC) in terms of l<ixer 

Basin Management Plans and lhe Industrial Emissions Directive (2010/75'1 I ).

P loss from soil to water is responsible for eutrophication of fresh waters which poses a risk 

to fresh waler biota (Azevedo cl al.. 2015). P concentration of 0.1 mg P.I. 1 in water is 

sufficient to trigger eutrophication of surface waler (WED. 2000: EPA. 1998).

(Sharpley el al.. 2001). I his process occurs when rainfall interacts w ith a thin laser of surface 

soil i 1 5 cm) before leasing the field as surface runoff (Sharpies. 1985). lhe potential of P 

losses m water percolating through lhe soil profile by leaching is generalls small due to 

sorption of P bs P-deficicnl sub-soils, llosvevcr, there are exceptions in organic soils, svherc 

the adsorption affinity and capacity for P sorption are low due to the predominance of 

negatively charged surfaces (Duxbury and Pcvcrly. 1978: Miller. 1979: White anil Thomas. 

1981).



Ihe European Commission took action to reduce nutrient losses to surface waters with the

In 2000. with the Water Framework

a

Bathing Water Directive 76/160/EEC amended by 2006/7/EC

76/464/EEC = 2006/11/EC

91/271/EEC

Nitrates Directive 91/676/EEC

Water framework Directive 2000/60/1 :c

of 2006/118/ECGroundwater Directive

2008/56/1 /C

2008/98/EC

2010/75/I/CIndustrial Directive (replaces ll’PCEmissions

Directive 96/61/EC)
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implementation of the Nitrates Directive (Directive 91/676/EEC) which was targeted on 

diffuse pollution from agriculture. There is also the Urban Waste Water 'Treatment Directive 

(Directive 91 '271 EEC), aiming at reducing nutrients in urban waste waler discharges.

Table 1: European Directives in relation to phosphorus aspects (extracted from .Imerv and 
Schouman. 2014)

Directive on Dangerous Substances

Urban Waste Waler Directive

(daughter directive

Water Framework Directive

Marine Strategy Framework Directive

Wasle Framework Directive

"good" 

ecological status for all European fresh and coastal walers by 2015. and requires the 

development of river basin plans including strategics to reduce nutrient losses, finally, the 

Marine Strategy Directive (Directive 2008/56/1/C) was enacted in 2008 to protect the marine 

environment (Amery and Schouman. 2014).

Policies to reduce nutrient losses to fresh and coastal waters have been developed lw the 

European Union and international conventions since the beginning of the 1990s. Table 1. 

highlights legislation related to eutrophication which was enacted by the European 

commission to abate water pollution.

Directive (WED. Directive 2000 60/T.C) a 

comprehensive regulation for water was enforced. The WED aims to achieve



2.4.2 Flanders Legislations

use

Application liniilsfkg PzO.s/ha/ycatj( rop

2017-2018*2011-2012 2015-2016*2013-2014

95 95 9095
90 90 9090
95 95 95 90
80 80 75 70

Wimer w heal-iriticale 75 75 70 70

Other cereals 75 70 7070
Other crops 75 65 55 55

10

hi Flanders. the Water Framework Directive to ensure good water quality is enforced through 

manure decree and implemented through Manure Action Plan (MAP) which restricts on the 

maximum total phosphorus application standards as listed in the Manure Decree ( Fable 3).

Grassland (only mowing)

Grassland (not only mowing) 

1 cut grass'ryc i maize 

Maize

Table 3. Maximum total phosphorus application standards in Tlanders (* limits /or 2015- 
2018 are indicative) extracted from Manure Action Plan (MAP). 2012.

In .1014. the permitted application standard ranges between 65 and 95 kg P 4) . 'ha'year 

depending on the crops P demand. Fhc Indicative limits for the current Manure Decree 

(2015-2018) are mentioned (5- 10 kg P.?()v ha/year and set lower than the standards ol 2014) 

(MAP. (2012).These maximum phosphorus application standards are approximate!) 5 kg 

P.’O' iia year lower than the general phosphorus export by the crop, resulting in a small 

negative phosphorus input into the soil. Phosphorus can be applied in the form of manure, 

organic materials or chemical fertilisers (only derogation farms cannot use chemical P 

fertilisers).



2.5 Impacts of eutrophication control legislation and remaining problems

11

f.utrophicalion is the enrichment of natural waler bodies by nutrients particularly nitrogen 

and phosphorus and the undesirable changes in water quality which accompany the process. 

Dangers of eutrophication includes: increase in biomass of phytoplankton and macroplwlc. 

depiction of oxygen, change in species composition and diversity: and the shift to bloom­

forming algal species, some of which arc toxic: as well as the increase of fish kill, problems 

for drinking waler and aesthetic of the water body (Smith & Schindler. 2009).

I he prevention of pollution at source, the precautionary principle and the prior licensing of 

wastewater discharges by competent authorities have become key elements of successful 

policies for presenting, controlling and reducing inputs of hazardous substances, nutrients 

and other water pollutants from point sources into aquatic ecosystems (Harrison cl al.. 2010). 

l or instance, in Handers in the year 2003. it was estimated that households contributed 49% 

to the lolal-P load to surface water in Handers, agriculture 39%. and industry 12%. for 2004 

it was calculated that, compared to 1992. the contribution of households decreased by 35%. 

agriculture by 4%. and industry b\ 78% (MIRA. 2005).

figure 4 shows that the orthophosphate concentration in surface water in Handers is higher 

than the limits for surface waters (MIRA. 2012). Despite efforts to reduce P pollution, 

orthophosphate concentration in surface waler in Handers is still three to four times above the 

0.1 mg P.l.’! environment limit (Ballantine and fanner: 2010 and non-point (diffuse) P losses 

is now the major cause.

following the interventions to control P losses to waler bodies, there was improvement in the 

ecological status of surface waters in the last decades, though water quality is still poor in 

mam European lakes and waterways (Kristensen. 2012). I he improvement of waler quality 

resulted from reduction of P inputs from point sources and scattered dwellings. 1 his was due 

to increasing proportions of the population connected to urban wastewater treatment plants 

and improved waste water treatment with more tertiary treatment (Anon. 2013: Buda et a> . 

2012).
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I
■ I

/■'igure -I: Evolution of orthophosphate concentration and percentage of measuring /mints in 
surface water that meet their specific basic quality norm in llanders (adapted from MIR. I 

2012i

Due to the reduction in point sources (industry and waste waler treatment plains; agriculture 

is now often the main contributor of phosphorus losses to surface walers (Harrison et al.. 

2010). This fact has been highlighted in 1'igure 5. which is a map of Belgium show ing large 

parts of Plunders with phosphorous saturation degree above the 25% limit (Van Mcirvennc el 

al.. 2008). A high P saturation degree poses a threat for a high potential of P losses which is 

undesirable because of eutrophication and also the fact that P is a finite resource (Ballantine 

and I anner. (2010). 1 hough P leaching from soil is not entirely a function of phosphorus 

saturation degree (PSD) in soils but also hydrological conditions (Schoumans el al.. 201 3). its 

commonly accepted that for acidic sandy soils (common in 1’landcrs). PSD correlates w ith P 

leaching to shallow ground waler and seepage into surface waler (Chardon and Schoumans. 

2007).

OpVf.ibMf’.. J 
m. jti.b >rmp 
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2.6 Potential of P filter materials

2. 6.1 Cost, Capacity, reactivity and stability

relevant for field

13

Hgure 5. Classification of Phosphorus saturation degree (PSD) of soils in Handers with a 
probability of 95%> (source: Pan Meirvenne el al. 2008)

Proposed filter materials must be readily available and cheap so that it is easily accessible and 

affordable to farmers who may not have sufficient profits from agriculture to invest (Ballanile 

and fanner. 2010: Cucarclla and Penman. 2009).

Innovative measures that can reduce losses of P from farmlands through surface erosion and 

subsurface discharge arc needed (Penn et al.. 2007). The potential of P filters in reducing P 

losses from farmlands drainage is still unclear yet it may be one way to improve water quality 

(Penn cl al.. 2007; Ballantine and Tanner 2010). This study therefore attempts to address this 

gap so as to reduce the input of P from farmland pipe drains to open water by using P sorbing 

materials.

I.vngsic. (2013) study observed that, the technique of using filters to sorb P is dependent on 

the (liters' costs, effectiveness (capacity), and stability. Materials proposed as efficient 

drainage water fillers must be cheap, possess high capacity, reactivity and stability to retain ’’ 

from rather low (0.3-0.5 mg P.l. ') concentrations.

Materials with high reactivity allows for sorbing P al a fast rate. This is 

application especially in a Bow through system design or during fast leaching events 

(l.yngsie. 2013: Penn cl al.. 2007). Similarly, a stable material is able to consistency maintain 

its P sorption over lime. This is relevant in determining the usability in Held application in 

terms of durability and possibility of recycling when saturated with P (Ballanile and fanner. 

2010: Shen et al.. 201 1).



to
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I'hvre is .1 consensus among authors about the variability of sorption capacity of I’ filters 

(Andriamananlcna. 201-4; l.yngsie. 2013; Vohla el al.. 2011: Ballanite and fanner. 2010: 

Cucarella and Renman, 2009). In his study. Cucarclla and Renman (2009) documented 

numerous materials for P removal. 1 he P sorption capacity of the materials he documented 

ranged from 30 mg.kg’1 lol 13*10' mg.kg 1 (table 4). Boujclben ct al.. 2008. found a sorption 

capacity of iron coated sand and iron coaled brick at 1500 and 1750 mg P.kg’1 tiller material 

respectively (table 4).

1 he sorption capacity is a function of the total surface area available for P sorption. 

Therefore, numerous studies agree that P sorption increases with decrease in particle size of 

the filter material (Ballanite and fanner. 2010; Vohla el al.. 2011; l.yngsie. 2013). The 

mechanism of P sorption was found to rely on metal ion competitors. C'a concentration and 

also pl 1 dependent (Weng ct al.. 2012). The metal cations bind mobile ion phosphate by 

adsorption and/or precipitation, a reaction which is dependent on concentration of the metal 

cations. pH and concentration of calcium ions (Weng cl al.. 2012).

In addition, filler materials with high capacity and efficiency is preferred so that it is capable 

sorb high P concentration before saturation point while reducing P concentrations in 

llltralc io below the environmental limit (Ballanite and fanner. 2010; l.yngsie. 2013). I his is 

important to allow' for usability of the material in terms of increasing its durability and 

efficiency in field applications. High capacity of a material is a function of number of 

available cations to fix P and the total surface area available for P fixations (Weng el al.. 

2012). Such higher surface area is a function of particle size distribution of the material; liner 

materials have higher the surface area (.Xair el al.. 1984; Mann. 1996; Zhu el al.. 1997). 

Generally, proposed fillers must reduce inorganic P (Pi) concentrations in drainage water as 

Pi concentrations higher than 0.1 mg P.l.': may cause eutrophication (Smil. 2000; Wil). 

2000; IIPA. 1998).



Table -I Sorption capacity o f some P filters compiled by Cucarella and Penman. (2009)

Material 1* sorption

420

260

160

Cheung el al 1994

1430

Drizo et al.. 1999

1 imestone

Shale 650

Adam et al.. 20072500

She!' sand

lc-coated sand

1 750I’e-coated brick

2.6.2 Ksat of filter materials

15

■ Sakadcvan and Bavor, 1998

Johansson. 1999

: 9600

'T500

Granulated slag

Black oxide

Opoka

Spodosol

■ l;illrailie P

100

; 1000

' 507 
—;---------

44250

Red mud gypsum

Blasi furnace slag

Steel furnace slag

Zeolite
i

Bauxite

Blast furnace slag

!• I v ash

2150

7 610

680

I Reference

Mann and Bavor. 1993

It is noted that under field conditions, filters must he able to process large volume of water 

durinc peak flow. hcaw leaching events such as rainstorms or when transition between frost 

and thaw is verv short (I.yngsic. 2013). I hcrclorc. the study of P filters for field application 

requires understanding of its saturated hydraulic conductivity (Ksat). A high Ksat is 

important lo permit processing of large volumes of water (( anga el al. 2013). l or instance, in 

Manders, there is an estimated peak flow of 8000 1, of water per dax: appropriate filters must 

be able to process this volume within a small area. Additionally, in the study of 1’ filter 

media, it’s known that Ksat influences P sorption (I.yngsic, 2013).

capacity (mg P.kg'1)

’ 890

Boujelbcn et al.. 2008



2.6.3 Pollution free and recycling through P desorption

16

However, direel measurement ol Ksal in the lab or in the field is often very costly and lime 

consuming. Il is therefore convenient io find simple and reliable functions lo predict Ksal 

(Canga el al. 2013). In soii science. Ksal has always been predicted from using functions that 

relate to physical size distribution, bulk densily or particle density of the soil (Iversen et al.. 

201 I. Arya cl al.. 2010). Unfortunately, these functions cannot be used for our coarse filler 

materials as the particle sizes arc different from the ranges found in soil. To address this, we 

need to develop predictive function that link> Ksal to particle size distribution and bulk 

densily of the filler malerials.

Il's also mandatory that P filler materials should not contain pollutants otherwise its 

unacceptable to cause other environmental problems. In addition. lhe fillers arc preferred if 

they are easily recycled after saturation with sorbed P (Ballanile and Tanner. 2010). 

Recycling of P fillers can be done through desorption reactions (l.yngsie. 2013). P sorption 

reaction can be reversible and knowledge ol' lhe degree of reversibility of lhe adsorption of 

phosphate by P fillers is of great significance for the recycling of fillers (Cabrera el al.. 1981 ).

Desorption can be done by altering equilibrium between phosphate ions in solution and solid 

surfaces. 1 his can be done by changing: (1) the concentration of phosphate ions in solution: 

(2) lhe pH of lhe suspension; (3) other variables of less influence (c.g.. ionic strength, 

temperature, etc.). (Kingston el al.. 1972. 197-1: Barrow and Shaw. 1975; Cabrera et al.. 

1977). Cabrera cl al. (1981) conducted P desorption from iron oxide using a strong base 

(\a()ll) and NaCl salt al pH 3 and 7 to alter ionic strength in the solution. Up to 96% of the 

sorbed P was desorbed from iron oxide. Desorption, using \a()ll solution, was found to be 

predominantly a surface reaction, al which hydroxyl ions replace lhe adsorbed phosphate ions 

only at the surface outer biding sites (Zack-Moar cl al.. 201 1).

1 here is a consensus among authors that Ksal has a relation with bulk densily and particle 

sizes. Researchers found that Ksal decreases with increase in bulk densily (Richard el al.. 

2001). Other authors also agree that P sorption increases with decrease in particle size of 

filler materials (Ballanile and fanner, 2010: Vohla cl al.. 201 1; l.yngsie. 2013). Ksal also 

inllucnccs the sorption efficiency of the fillers, the lower the Ksal the more the contact lime 

for P sorption (Andriamananlcna. 201-1). therefore we need to strike a balance between 

sorption efficiency and capacity lo process large volumes.
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In addition, synthetic filtration products like iron hydroxide, allophane and wollastonite haxc 

been used in I’ retention studies. In addition, waste materials and/or by-products from 

industries (Iron hurnalcs. coal) and man-made products (expanded clay aggregates and 

lanthanum modified clay (Ballanitc and fanner 2010; Vohla cl al.. 201 1).

A Master thesis laboratory study at Ghent University by Andriamanantena (2014) also found 

that P sorption caries for different filter materials but generally increases with increasing 

contact lime. The study highlighted iron sludge as best filler material with P sorption of 550 

and 15520 mg P.kg 1 for 30 mg P.I/1 and 100 mg P.I/1 solution respectively. The sorption 

reduces to 215 mg P.kg 1 for 2 mg P.I/1 solution. Generally P sorption was three times higher 

in iron sludge compared to other fillers for 30 mg P.I/1 solution concentration and ten times 

higher for 100 mg P.I/1 solution (Andriamanantena. 2014). Though iron sludge need to be 

mixed with sand to improve its usually low hydraulic conductivity in order to be used under 

field conditions to process large volumes of water. Under field application, a higher Ksat 

represents capacity of the filter to process large volumes of water in a small area (Canga cl at. 

2013). fherefore in this study we addressed the challenge of low Ksat of iron sludge be using 

iron coated sand materials.

2.7 Types of filters materials

Natural potential filter materials which meet standard P sorption filter criteria includes: silica 

rich materials, gypsum and lime and some have been commonly used in studies to remove 1’ 

from wastewater (Vohla et al.. 2011) (table 2 and 3 describes some of the fillers used to retain 

P in wastewater and P solutions studies under laboratory experiments respectively).
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Chapter?: Materials and methods

Grobbendonk le coaled

20

3.1.1 Particle size distribution of the materials
We determined the particle size distributions by preparing different filler material mixtures 

1 hese mixtures consisted of iron coated sand and 0.1 M 11C1 pre-treated glauconite. 1 he ratios 

(on weight basis) in which the} were mixed are given in table 3.1.

’ - '■ ••

■ '

3.1 Checking the link between physical size distribution, bulk density initial 

hydraulic conductivity of the filter materials

We checked the link between physical size distribution, bulk density and hydraulic 

conductivity of the filler materials. In this study , the filler materials used were two types of 

iron coaled sand and glauconite (figure 3.1). These materials are non-pollulants. cheap and 

readily available, fhe filler materials used were all rich in iron because of lhe reported high P 

sorption capacity of iron (Andriamananlena. 201-1: Caurclla. 2009: Arias cl al.. 2001. Ballaux 

and Peaslee. 1975). 1 he iron coaled sand is a brownish iron-rich waste material acquired from 

drinking waler processing companies. Glauconite is a greenish iron-rich micaceous clay 

mineral (McRae. 1972). Il is very friable, weakly resistant against weathering and is a readily 

available soil mineral commonly formed under reduced soil conditions. In this study, 

glauconite was pre-treated with acid in order to speed up weathering and release iron for P 

fixation (Martinez el al.. 2014). 11CI was used in lhe prc-lreaimenl because il results into 

more iron being released than treatment with I hSOi (Wilson 2013).

Acid pre-treated glauconite

I'ignit. o’ / iron coaled sand from Halen, Grobbendonk and acid pre-lrealed glauconite

f-i' '

' — .1_ 4. * . » • . • - »’ .

< - - .'7 .- :
-• ■■■■■

■■■ 4

- '/.'-A
■ :.a: •

Balen l'c coaled sand



Filter material mixture Percentage of glauconite

Baler. 100% 0%

90-10% 90% 10%

80/20% 80% 20%

70/30% 70% 30%

60'40% 60% 40%

Grobhendonk 100% 100% 0%

90/10% 90% 10%

80/20% 80% 20%

70/30% 70% 30%

60/40% 60% 40%

3.1.2 Bulk density of the filter mixtures

Bulk density (kg.m ’)

Table 3. / Mixing ratio of filter materials consisting of iron coated sand and acid pre-treated 

glam onitc

Percentage of iron coated sand 

100%—————

mass of dry filter material (kg)/Volumc (m’)

To determine the bulk density of each filter material. 100 g of dry material mixture was 

mixed and shaken manually in a plastic beaker to homogenous the particle distributions. I he 

100 g mixtures were filled successively in a graduated tube until a height of 20 cm was 

reached. Bulk density was determined as the mass of the dry material divided by the volume 

it occupied.

Panicle size distribution of the filter materials w as determined by sieving 100 g of each filler 

material mixture through sieves with mesh sizes varying from 0.05 to 5.00 mm. l or each 

filter material, the experiment was replicated three times and the average weight percentage 

of the particles passing each sieve was considered. Cumulative particle size distributions of 

each 'liter material were then determined. From the graphs of the cumulative particle size 

distribution of the filter materials. "I)x“ values were calculated by linear interpolation 

ranging from 1)10 to 1)90 (Dx is the mesh size of the sieve which allows x% of the particles 

to pass).



3.1.3 Determination of initial saturated hydraulic conductivity (Ksat)

D—-

H = Constant water head

Ks (_•> c, (K.s i)-rj t) g (2o”c )

22

I
[.“Length of filter material

I he final Ksat was calculated at a standard temperature for conductivity determinations 

(2()‘’C) by taking into consideration effect of viscosity (Keslin el al.. 1978)

W here. Ks^o'ci is saturated hydraulic conductixity al 20*’C
Ks is saturated hydraulic conductivity al a measured temperature (°C) 
ij (.> is viscosity al measured temperature and g . is x iscosily at 2O’’C.

I.
T
Ml
A

Water supply ■■-‘Li'

W here Ksat Saturated hydraulic conductivity (m/s) 
discharge volume (nr’)
Length of the filler column (m)
lime taken for discharge V (s)

the head difference between inlet and outlet (m) 
cross sectional area occupied by the filler material (in3)

Saturated hydraulic conductivity (Ksal) xvas determined using the constant head, method 

(Klute. 19(>S) and calculated using Darcy equation. In this method a constant waler head was 

kept on lop of the filter material by ponding water. In the simplest form, the constant head 

method is illustrated in figure 3.2. In the set up waler is supplied from a rcserxoir to the 

plastic tube whose length 1. was filled with, filler material to a height of 20 cm. Above the 

filler material, a constant waler head 11 of about -I cm is maintained

■ D diameter of the tube

l-'igure 3.2: Schematic sketch of a constant head method used io determine initial Ksat

Discharge per minute (V) was then determined and Ksal calculated using Darcy s equation.

Ksal (V*1.)/(A*T*AH)



between the reservoir and the filter material tube is established. Once the communication is

I he flow system is how ever turned off al the end of each day and only rc-statcd the follow ing 

day. Such intermittent break periods though inevitable in practice arc undcsircd since they 

mav result in fluctuations of Ksat and/or P sorption curve.

The system works by pumping water from the main supplier to the reservoir. The reservoir 

has an outlet to allow excess water to llow back into the main supplier and to keep constant 

water head on top of the filter materials. I’rom the reservoir, water is supplied to several filter 

material tubes via communicating vessels. To initiate the flow', a small pump is switched on 

for a few seconds to allow water to fill the tube with filter materials so that communication

In order to achieve this, we used a system where ponding water was maintained by a 

continuous flow which was designed through a system of communicating vessels. This was 

also vital to allow several filter materials to be run concurrently. The adapted system as 

illustrated in a schematic sketch, figure 3.3 (a) and figure 3.3 (b) consists of a main water 

supplier container, a reservoir, filter material lube and filtrate collector. All the compartments 

arc connected through plastic tubes.

I lowevcr. in our experiment the system used to determine Ksat was slightly adjusted (though 

the main principles remained the same). The adjustment was necessary because the same 

system had to be used to assess P removal efficiency and durability of the filters.

evacuated by vertical 

done by slowly supplying drops of water from outlet of the tube 

connected to the filter material. Initial discharges of filtrate through the filter materials per 

minute were recorded and the temperature of water noted as well. Ksat at a measured 

temperature was calculated using Darcy equation.

established the pump is turned off and the continuous water llow is sustained voluntarily. 

I his maintains constant w ater head on top of the filter materials.

Prior to the start of the experiment, as much air as possible was 

displacement. This was
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3.1.4 Link between physical size distribution, bulk density and hydraulic conductivity 

of l"dter materials
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Figure 3.3 (a) (h): A schematic sketch oj the set up adapted to measure Ksat (big 3.3 a)

and a picture o/ the actual set up (Jig 3.3 b). A continuous /low sc/ up designed by a system oj 

communicating vessels with a main supplier tor supplying solution into a reservoir which 

distributes the solution to the different lubes containing /iher materials.

I he obtained Dx values and bulk densities were subjected lo normality lest in SPSS soilware. 

1 lav mg satisfied the normality assumption, a step w ise forw ard and backward regression 

analysis were used io seleel predictors of Ksai. I lovvever. stepwise forward regression was 

preferred in order lo select a simple model which includes only the most important variables.
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3.2 I’ removal efficiency and durability of (he filter materials

3.2.1 1’ removal (sorption) efficiency

1 he fitted logistic regression equation is; Y

Where Y is the residual P concentration in filtrate

25

P concentration in filtrate was used to calculate P removal efficiency of filter material until 

the environmental limit breakthrough point of 0.1 mg P.I/1.

a and b are coefficients that best describes changes in Y in relation to x 

x is the volume of P solution filtered

However, concentration of P in filtrate for some filters did not reach the 0.1 nig P.I 

environment limit even after processing up to 870 I. of P solution. Therefore we had to 

predict evolution of P sorption efficiency for larger volumes by fitting a logistic regression in 

R software to generate P sorption curve for the filters, from the sorption curve. P sorption 

efficiency of each filter was calculated from the start of the experiment until the 0.1 mg P.I/ 

environment breakthrough point.

In order to test how efficient P is removed by the filters and how P removal changes over 

time when filters arc used continuously at maximum rate, wc designed a continuous P 

solution flow system in the laboratory. I he continuous How set up was designed by a system 

of communicating vessels as described in Ksat determination above (fig 3.3 (a) & (bl), in the 

same system used for Ksat determination, a 0.5 mg P.I/1 in 0.01 M CaC'b. solution was 

supplied continuously to maintain constant flow. We used 0.5 mg P.I/1 P solution in order to 

mimic the concentration of P in Held drain water. P solution was prepared in 0.01 M CaCbto 

account for dissolved ions in field drain water. Samples of filtrate passing through the filters 

were collected right from the start of the flow and every 10 litres of filtrate. Standard P 

solutions of 0, 0.04. 0.1. 0.2. 0.4. 0.6 and 0.8 mg P.I/1 were also prepared. P in filtrate 

samples and standards were determined using the method of Murphy and Riley (1963). The 

colour intensity of the standards and the samples were measured with Cary 50 CV-visibic 

spectrophotometer al 880 nm wavelength.

0.5 * |EXP(a t b*x)|/|l< EXP (a ’ b*x)|



3.2.3 Checking for Stability of Ksat

3.3.1 Determining cumulative maximum Phosphorus sorption capacity until saturation

26

r

3.2.2 Durability of the filter material (cumulative amount of P sorbed until 0.1 mg P.L 1 

is in the filtrate)

Sorption capacity al breakthrough point (wb.cn 0.1 mg P.l.'1 is in filtrate) was estimated from 

the sorption curve fitted in 3.2.1 above, from the filled sorplion curve, cumulative amount of 

P sorbed was calculated from the start of the experiment until the environment limit point.

This study was to determine maximum sorption capacity of filter materials at saturation point. 

This allows for comparison with sorplion capacity realised when the fillers are lunclioning at 

maximum rale. In previous study. Andriamananlena. (2014) noted that sorplion is positively 

related with contact time.

In this experiment we used filler materials consisting of 100%. 90/10% and 80 2.0% iron 

coaled sand/acid pre-treated glauconite on weight basis, lor each filler material, two 

treatments consisting of 0.4 mg P.l.'1 0.5 mg P.l. 1 solution were used and replicated twice. 

We used 0.5 and 0.4 mg P.l.'1 solution because they arc w ithin the range of P concentrations 

in drainage waler from agricultural fields.

Ksat of the niter material was continuously followed up after every 10 I. ol filtrate. Al the 

end of experiments, the filler materials w ere removed from the plastic tube and oven dried for 

24 hours, fhc materials were sieved for the second lime to determine their panicle size 

distributions. This was done to check whether there were changes in particle sizes and 

whether it has an effect on Ksat.

in this experiment. 5 g of filler materials were filled in a porous bag (figure 3.4 (a)) and 

immersed in 50 ml of the 0.5 and 0.4 mg P.l. ‘ solution (figure 3.4 (b)). The set up was 

shaken al 100 rotations per minute for 24 hours. The 24 hours shaking period was to give 

sufficient contact lime for P sorption reaction. Remaining P concentration in the solution was 

determined using the method of Murphy and Riley (1962) and analysed w ith a Cary 50 I \ 

visible spectrophotometer at 880nm wavelength. The experiment was repealed by adding 

fresh P solutions for subsequent analy sis until P saturation point is attained.
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3.3.2 Theoretical approach for 1’ removal (desorption)
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/'7g 3.4 (h )

X.
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As no saturation point has been reached yet by any filter material, desorption test that \\a> 

supposed to be done couldn't be performed. Therefore we proposed a theoretical approach for 

1’ removal. In this proposal, we intend to desorb the adsorbed P from iron coated sand using 

desorption solution of 0.1 XI NaCI and 0.1 M NaOI I at pl I 4 and 7. After the saturation point is 

reached from the previous maximum sorption experiment, the 5g of filter material will be 

immersed in 50ml of 0.1X4 NaOH and 0.1X4 NaCI. P concentration will be equilibrated by 

preparing NaOI I and NaCI in the same amount of P solution as the one that saturated the 

fillers. 1 he pl I is adjusted by adding required amount of IIC1 or Naol I to keep it al pl 1 4 and 

7. All the experiments will be done in duplicate. The set up will be shaken for 24hours al 100 

rotations per minute. P concentration in the solution will be measured using the method of 

Murphy and Riley (1062) and analysed with a Cary 50 UV-visible spectrophotometer al 

SXOnm wavelength. Desorbed P will be determined as the difference in P concentration in the 

resultant solution from an initial P in the extraction solution. The experiment is repealed by 

refreshing extraction solutions (0.1X4 NaCI and 0.1X4 NaOH) and correcting pH to 4 and 7. 

This will be done continuously until no more desorption is feasible.

/•7g 3. I (a)

l-'igure 3.6: Porous hag designed to contain 5g of filter materials (fig 3.6 (a)) and l-'illering of 

50ml of 0.5 mgP.I. 1 solution after 24 hours of shaking to determine /’ (fig 3.2 (h))
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3.4 Field trial
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lo form reactive barrier, thirty kilograms of each tiller material mixture on weight basis were 

filled in a plastic container of diameter 0.53 m (0.2206 nr) through a height of 0.2 m. 1 he set 

up was installed in the field lo allow drainage water from agricultural field lo How through 

the tillers (figure 3.5). Samples were taken after every week al the inlet and outlet of the 

fillers to analyse P concentrations. P concentrations were determined by the method of 

Murphy and Kiley (1962) using Cary 50 TV-visible spectrophotometer at X80nm wavelength.

Anzegem. Grobbendonk 75/25% al Schriek A and Balen 100% at Schriek B. 1 wo designs of 

the fillers container were used. Balen 100% and Grobbendonk 100% containers were

Ai installation. P concentration was 0.31 mg.I : at Anzegem. 0.09 mg.I. at Schrick A and 

0.12 mg P.I. 1 al Schriek.

Field trials were conducted al three sites. Anzegem. Shriek A and Shriek B. Anzegem is a 

municipality located in the Belgian province of West Flanders al 50"5(F North. 03'28'lasl 

and. Schriek is situated in Antwerpen. Vlaanderen at 51 °2’ North. 41’41' Fast.

Our intention was lo assess amounts P can be removed by the filler when P concentration is 

3-4 times above the environment limit and also lest whether P concentrations can still be 

reduced when it's slightly above or below the 0.1 mg P.I.’1 environment limit.

designed such that the head difference between the waler surface in the container and the 

outlet of filtrate is small, only about 5 cm (figure 3.5). 1 his is important to reduce the Ksal so 

that more P is sorbed. However, with this design, there was no outflow for filler 

Grobbendonk 75/25%. Therefore we adapted the design such that the head difference is 

increased lo about 25 cm.

All the pilot field trials were conducted concurrently al the lime of running the laboratory 

experiments, fhey were therefore not based on laboratory results but only intended for 

preliminary comparison of the performance of the fillers in the field.

I'hree different filter materials were installed. Filler Grobbendonk 100% was used al site

was no
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figure J.7. field installed filter at site Anzagem Io allow drainage water from the field io 

flow through the filter before being released into the drainage channels.

■ ■



Chapter 4: Results and discussion

4.1.1 Particle size distribution of the filters

0.6% above 2 mm.

100

80

60

•10

20

0.5 4.51 4 5

b'igure -/ /; Particle size distributions o/ the /Uler materials /or (. irobhendonk it Paten tillers
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4.1 Link between physical size distribution, bulk density and hydraulic conductivity of 
the filler materials

/// •

•V'

.1 
o

o

1

Grobbendonk 100%
Grobbendonk 90 10%
Grobbendonk 80 20% 
(.irobhendonk 70 30% 
(irobhendonk 60/40%
Halen 100%
Halen 90'10%
Halen 80 20%
Halen 70'30%
Halen 60/40%

I)x values calculated from the cumulaiixe panicle size distribution curve (Appendix 1 ) shows 

that Halen 100% has the largest 1)50 value (the median panicle size) of 1.82 mm and 

(irobhendonk 60/40% has the smallest size (0.08mm). It is further rescaled that l)x values 

decrease with increase in glauconite in the mixture. (l)x is the mesh, size diameter of the sieve 

which allows x% of the panicles to pass), (see appendix 1 for the calculated l).x values from 
1)10 to 1)90).

Analysis of particle size distribution as shown in figure 4.1 revealed that, iron coaled sand 

from Halen has coarser panicles (diameter between 0 - 5.0 mm) and is less homogenous than 

(irobhendonk materials. The Halen material has 98.4% oi the particles within a diameter of 

4mm and only 1.6% above 4 mm. On the other hand. Grobbendonk have particles ranging 

between 0-3.00 mm of which 99.4% of the particles have a diameter below 2 mm and only

\\ e also noted that pure (100%) filler materials ha\ e on axerage coarser panicles compared to 

filler materials mixed with glauconite, The particle size distribution is found to shift lo the 

finer diameter sizes with increasing percentage of glauconite in the mixture since glauconite 

has finer particles between 0.05-0.5 mm.

0 •
0 1.5 2 2.5 3 3.5

Diameter (mm)



4.1.2 Bulk density of the filter materials

Filter Material

Grobbendonk 100%

1176

1294Grobbendonk 80 20%

137!

1432Grobbendonk 60 40%

Baier. '%%
1260Baler 90 10%
1372Baler. 80 20° :■
1485Baler. 70 30%
1 534
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fable 4.1: Bulk density of the filter materials and the weight that filled up to 20 cm of a 

plastic tube

While sorting coefficient calculated from Trask 1932 equation (SQRT (1075/225) gives a 

\ a'uc ot for Balen and 1 ,?2 lor Grobbendonk. Using this equation both values arc bclov. 

2.5 implying '.veil sorted particles. However. Grobbendonk is still showing a lower \ab.:c 

meaning it is belter sorted than Balen 100% material.

I he sorting coefficient ol Balen 100% calculated using equation by Stuart and lilliot (2Q(.G, 

as (1)84-1)16)2 is 1.22 which is higher than Grobbendonk 100% of 0.62 (value below fL’ 

implies belter sorting and above 1 implies poor sorting)

Bulk density (kg.m3)

7138

Ba -.er. ' -

< •re.'bend.'r k “0 30%

Grobbendonk 90 10%

Bulk density of the filters shown in table 4.1 was found to be between 1138 kg.it. 

(Grobncndonk iOO’-o) and 1534 kg.m ' (Balen 60/40%). Bulk density of Balen filters an  

between 79 to 1 14 kg.m" higher than their corresponding mixture of Grobbendonk filter. % 

•s because Balen materials arc coarser and less homogenous (arc poorly sorted).

1 he poor sorting ol Balen material allows for higher packing density than Grobbendonk 

filters. Consequently. a higher bulk density is associated with decreased porosity (high 

packing density ; and shifts of pore shape and size distributions (Richard cl a!.. 2001).
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4.1.3 Initial Ksat of filter materials

l-'ii’iire 4..? Initial Ksat (in.. s) of the jiher materials
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0.0070 
 0.0060 

g 0.0050 
« 0.0040 
Z 0.0030 
'■Z 0.0020 
“ 0.0010

0.0000

In addition, the result also shows that initial Ksat increases with increase in particle sizes. 

Ksat is mainly influenced by smaller D.x values: liner materials have lower initial Ksat than 

coarser materials, t his finding agrees with Canga el al. (2013). studs which found that Ksat 

of the fillers increased positively w ith increasing mean particle diameter (1)50).

However, the only exception is the Ksat of Balen 60/40% (Ksat 0.000023 m/s) and 

Grobbendonk 60/40% (Ksat 0.0001 m.s'1). W here the finer material of Grobbendonk 60'40% 

(1)50 value of 0.08 mm) has a higher Ksat. four limes that of the coarser material of Balen 

60.'40% (1)50 value o! 1.14 mm (Appendix 1). in this case, the effect of packing density on 

Ksat appears to be dominant than effect of particle size. 1 he lower Ksat of Balen 60-40% 

could possibly be explained by its higher bulk density of 102 kg.m ' more than Grobbendonk

Initial Ksat of the filler materials is shown in figure 4.2. and ranges from 0.000023 to 0.006.3 

m.s :. Initial Ksat of Balen 100% is about twice higher than that of their corresponding 

Grobbendonk 100%. 1 he initial Ksat of Balen is in most cases higher than of corresponding 

Grobbendonk mixture. This is due to Balen materials being coarser; hence have more macro­

pores tor w aler conduction than the finer Grobbendonk materials.

uni inhyin

Cv o'



4.1.4 Link between physical size distribution, bulk density and Ksat of the filters

I hc equation of the multivariate regression model fitted is:

0.004 * 0.004*1)20 ‘ 0.010*1)10 - 3.013*l-XP-06*BDY

33

Several authors indeed associated increased bulk density with decreased porosity 

and shifts of pore shape and size distributions (Richard et al.. 2001).

A forward step wise multiple regression analysis in SPPS software used to link initial Ksat. 

bulk density and particle size distribution (Ox) revealed that, the best predictors of Ksat are 

D20. OI0 and bulk density (Appendix 4.1). This suggests that the initial Ksat is greatly 

controlled by the finest particles (OK) and 020) and bulk density.

fhe fitted equation accurately predicts Ksat of the filters with a R squared value of 0.053 (see 

Appendix 2 for the SPSS multiple regression output). Previous study by C'anga cl al (2013) 

predicted Ksat using the equation log Ksat 4.66 0.63* log (020) • ().94*log (050). Ibis 

predictive model also indicates that Ksat depends on narrow grain size (020) and medium 

grain-size (050). However our model included both 010 and 020 further emphasizing the 

importance of small-sized grain in determining Ksat. 'Ihc difference in the predictive 

equation is probably due to differences in particle sizes and bulk densities. C'anga et al. 

(2013) particle sizes ranges from 0.5 -15 mm compared to ours which is between 0-5 nun and 

the bulk density was between 230 - 1420 kg.m’'' compared to ours, which is between 1138- 

1534 kg.m”. Possibly since we had a narrow range of particle sizes and bulk density as well, 

we arc probably in a linear range of effect of particle size distribution and bulk density on 

Ksat.

60'40%.

Where Y the predicted Ksat (m.s1)
1)20 and 1)10 is the sieve diameter (mm) when 20 % and 10% of the particles arc finer 
respectively
BI) is the bulk density (kg.m’’)
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4.2 P sorption efficiency anti durabilty of the filters

4.2.1 P sorption efficiency

comparison.

34

Generally, as demonstrated in(lig 4.4 (a)-(i')): P removal was high initially with more or less 

no P in the filtrate This is the region when the fillers were still effective due to availability of 

free P binding surfaces. Grobbendonk filters maintained higher P removal efficiency. P 

concentrations in filtrate were below 0.1 mg P.L 1 throughout the experiment. However for 

Balen filters P concentration in filtrate exceeded 0.1 mg P.l. ’. I his point was reached aflei 

3501 . 2001.. and 901. for Balen 100%. 90/10% and 80/20% respectively.

In our laboratory experiments, the tillers processed different volumes ol P solution. (920 I., 

740 1. and 580 1. for Balen 100%. 90/10% and 80/20% respectively and 870 1.. 680 1.. 400 I 

for Grobbendonk 100%. 90/10% and 80/20% respectively) (fig 4.4 (a)-(l')). Hus was 

dependent on their own hydraulic conductivity, filter materials ol 30-40% glauconite 

mixtures were not used in the conlinous flow experiemenl because of their very low hydraulic 

conductivities. Within the lime of data collection for this thesis, they could not process a 

reasonable volume of solution to generate sufficient P sorption data for any realistic

We noticed that there arc fluctuations in P sorptions through the experiments possibly due to 

changes in Ksat and intermitlen break periods when the supposedly "continously" flow 

system is turned off. The break period or lower Ksat increases contact time for P sorption 

reactions. Similar studies have shown that P sorption increases positively with increase in 

contact time (Andriamanantena. 2014, I.yngsie. 2013). Nonetheless, there is a general trend 

of increasing P in filtrate w ith increasing volumes of filtered P solution. As more P solution 

volumes arc processed, the worked zone increases and unworked zone reduces, hence 

sorption efficiency is reduced.



0.5
0.4
0.3

0
0 100 200 300 400 500 600 700 SOO

Volume of solution (I.)

Ksat ' ' Grobbcndonk 100%-P in filtrate Environment limit forP

1(a)

0.3

0.1
0

0 100 200 300 400 500 600
Volume of solution (1.)

Grobbcndonk 90'10% - Pin filtrateKsat Environment limit for!’

/'/p /. lib)

0.3 =
5

0.1

0

300200 4000 100

Volume of solution (L)

---- Environment limit forP~~ Grobbcndonk S0'20% - P in filtrateKsat

l-'iil-l. -I'c)

35

el
E

=
5

0.00’’ 
0.006 
0.005 
0.004 
0.003 
0.002 
0.001 
0

0.007
0.006
0.005 2
0.004
0.003
0.002 2
0.001
0

r 
.=

o
2 0.2
E
.=

0.4
0.007
0.006
0.00' 7
0.001 =
0.003 j
0.002 *

A 0.001

I

 0 5
0.4 

E

0.2
E 0.1 
= 
a.



0
700 800 900500 600200 300 ■1001000

Volume of solution (I.)

' Environment limit for I*~ Balen 100%- I’ in filtrateKsat

lig-l. -Ihl)

Vu
700500200 300 600100 1000

Volume of solution (L)

"Environment limit fori*— 'Balen90 10%- P in nitrateKsat

1‘igl l(e/

=

300 500•JOO

Volume of solution (1.)

Ksat -----Balen 80 20%-P in filtrate — Environment limit fur P

/■'/.t! I. KJ)

ligure 7.7 (a)-(J): P concentration in filtrate in relation to Ksat and volume oj the P solution

h c) and Halen filler materials (Jig 7.7

(d. e f). the residuals P were compared against the environment limit.

36

■

g
=

0.007
0.006
0.005
0.004
0.00.3

0.007 
0 006 
0.005 
0.001
0.003
0.002 
0.001 
0

z

E

5

1

E

-Jt.

/"' 0.002
0 001
0

0.007
0.006
0.005
0.00-1
0.003
0 002
0.001
0

tillered for (irohhendonk filler materials (fig 7. / a.

i 0.4
- 0.3 •_.
£ 0.2
E 0.1

0 —

 0.5 

ex 0.4 
0.3 

r- o 2 
E 0.1

~ 0.5
i 0.4
7 0.3 

£ 0.2 

0.1



37

1'hc fitted sorption curve displayed in figure 4.5 and summarised in table 4.2 shows the most 

efficient filter was Grobbendonk 90/10% with sorption efficiency of 98.84%. followed by 

Grobbendonk 80'20% with 96.58% and Grobbendonk 100% with 94.04%. On the other hand.

Balen 90 10% had a sorption efficiency of 89.92%. Balcn 100% had 87.91% and Balen 

80/20% with 81.88% (figure 4.6).

However, we noted that residual I’ concentration of Balen 80/20% filter material is heavily 

fluctuating between high and low values (figure 4.4 (f)). More surprisingly for Balen 80/20 

filter, residual I’ in filtrate exceeded the 0.1 mg P.I.’1 just after processing only 90 1. of 

treating the 0.5 mg P.I, 1 P solution. There after residual P concentration drops low again at 

even high volume of 500 I,.

flic highly inconsistent P concentration in filtrate could be due to preferential flow that 

evades filtration through the whole filler material volume. Such preferential flow has been 

blamed for the escape of pollutants well below the buffering capacity' of the soil into ground 

water (Stone & Wilson. 2006; Lindahl & Bockstaller. 2012). I his can arise due to non 

homogenous mixing of the line glauconite materials with the coarser iron coated sand Xor 

uniform mixing may allow formation of layered structure of liner and coarser materials 

which permits preferential How (Zhang Jian-feng et al. 2003).

Generally, sorption efficiency was negatively related to particle size of the filter materials. 

1 he high sorption efficiency of Grobbendonk filters is due to their liner particles and hence a 

higher total surface area available for P sorption reactions than the coarser particles (Ballanilc 

and Tanner. 2010; Vohla et al.. 2011: I.yngsic. 2013). The particle sizess define the specific 

surface area, the smaller the particle size, the larger the surface area to undergo P sorption 

(Nair et al.. 1984: Mann. 1996). In addition, due to their finer particle size. Grobbendonk 

fillers had lower Ksat than Balen fillers. This allows for more contact time for P sorption 

reactions hence improving their sorption efficiency compared to coarser Balcn fillers.
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Kilter material Volume (L)

Grobbcndonk 100% 1292 94.04 0.521
Grobbcndonk 90/10% 727 98.84 0.190

Grobbcndonk 80/20% 753 96.58 0.301
Balen 100% 615 87.91 0.789

Balen 80/20% 532 81.86 0.650
Balen 90/10% 438 89.92 0.105
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fable 4.2: Summary of the predicted break through points showing volume of solution 

processed to this point, average P sorption efficiency and the mode! correlation

4.2.2 Durability of filter materials (cumulative P sorbed until 0.1 mg P.L'1 breakthrough 

point)

P sorption efficiency R squared value 

(%)

I he maximum volume of P solution filtered when the fillers arc

'I he fitted sorption curve for each filler demonstrated in figure 4.5 rcavcalcd variations in 

maximum volumes of P solution processed to break through points and hence the amount of 

P sorbed. The volume of P solution filtered to breakthrough point ranges from 438 I. to 1292 

1.. this translates into amount of sorbed I’ between 613 to 942.2 mg P.kg'1 of filter material 

depending on the average P sorption efficiency of a filter. Therefore, more durable filters arc 

those that filtered the largest volumes before breakthrough point with high P removal 

percentage hence translating into higher amount of P sorbed.

functioning at maximum rale 

until breakthrough point gives information about the durability of the filler. The breakthrough 

point is that point when 0.1 mg P.l.'1 is realised in the sorption curve. By determining the 

maximum volume of' solution filtered to breakthrough point, we can predict the 

longevity durability of the filters. This is can be realised by converting the volume of P 

solution processed into amounts of P sorbed and taking into account the average efficiency. 

Since we used a solution of a uniform P concentration, the more the volume treated to 

breakthrough point, the more the P sorbed and the more durable is the filter. Since some 

filters had not yet reached the brcakthcough point of 0.1 mg P.l.'1 in filtrate (figure 4.5 a-f). 

vvc estimated this point by fitting sorption curve in R software using our observed data to 

predict sorptions al larger volumes (figure 4.5 and table 4.3).



Table -1.3: ('uinulative P sot plion until breakthrough point to determine durability o/ Tillers

Model R2P sorbedfilter material Weight Volume (1.)

(nig.kg ‘)(kg)

0.52104.04Grobbendonk 100% 0.6450 942.21292

Grobbendonk 90/10% 0.1900.6667 538.9 98.84727

0.301Grobbendonk 80/20% 96.580.7334 495.8753

Balen 100% 0.7890.7000 386.2 87.91615

Balen 80/20% 0.7143 81.86 0.523279.9532

Balen 90/10% 0.7778 438 275.7 89.92 0.105

4.2.2.2 Effect Ksat fluctuation on durability of Biters

mtn.
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As demonstrated in figure 4.5 (a-f). Ksat of the filler materials showed continuous up and 

down fluctuations throughout the continuous How experiment. Pure Balen 100% and 

Grobbendonk 100% filters generally have higher Ksat up to twice that of their corresponding 

90'10% filter. 1'he Ksat decreases with increase in glauconite percentage in '.he mixture. Ibis 

is due to decrease in particle size distribution since glauconite is a fine material between 0-0.5

Sorption 

cfficieiic) (%)

Balen fillers have higher Ksat than corresponding Grobbendonk filter, for instance Ksat of 

Balen 100% is twice that ol Grobbendonk 100%. 1 his is due to Baler: tiller being coarser and

We found that Grobbendonk 100% is the best filler, its 0.645 kg filtered 1292 1. of P 

solution with 94.04% elTiccincy translating into 942.2 mg P.kg'1. 1 his was followed b\ 

Grobbendonk 90/10% with 538.9 mg P.kg'1) and the least is Balen 90-10 with sorption 

capacity of 275.7 mg P.kg'1 table (4.3). Similarly, maximum sorption is a function of 

availabel surface for P sorption. The more liner Grobbendonk materials thus have higher total 

surface area for P sorption than the coarser Balen materials. Sorption capacity is found to 

generail) decrease w ith increase in percentage of glauconite in the mixture. This reveals that 

the iron coaled sand has higher sorption capacity than glauconite.



I'hc Ksat values obtained are within the magnitude of those found as adequate for processing 

large volumes of water (Canga cl al.. 2013). However, upper limits of those of Canga ct al. 

2013). of 38x10' to 2.643x10' cm.day ’) and .Arias. 2001 (2.2x10'to 1 12x10’) appear to he 

higher. 1 he differences arise due to higher l)x values for the materials used in these studio 

compared to ours. For instance. ID 10 value of Canga ct al., 2013) range between 0.5 mm and 

1 1.6 mm. The 1)50 ranged between 1.1 mm to 16.5 mm compared to our study that has 1)10 

ranging from 0.01 mm to 0.09 mm and 1)50 ranging from 0.08 mm to 1.82 mm.

Another reason could be due to a recurring clogging and clearance of pores. This results from 

transportation of the 1’incst dusty particles within and out of the column. Analysis of particle 

size distribution after the experiment demonstrated in Figure 4.7 (a) & (b) revealed evidence 

of particle movement. We found that, such transportation resulted into a decrease of particles 

( 0-0.5mm) at the end of the experiment.

1 he fluctuations in Ksal throughout the experiment could be due to a number of reasons 

including the effect of entrapped air that forms bubbles in the pores and the narrow 

conducting tubes. We observed that when the air bubbles arc ejected, the flow improves and 

Ksal increases. In addition, surface sealing by dust sized particles combined with standing 

water head on top of the material creates some surface compaction which hinders infiltration 

rates (Moore. 1 981).

hence has more conducting pores. Over all. the Ksal of all our filters ranged between 0.0009 

m s (7.8x 1 O' cm.day'1) and 0.0063 (54.41 O' cm.day'1).
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4.3 Cumulative P sorption capacity until saturation for 24 hour contact time of filters

At the lime of writing this thesis, the experiments to determine the maximum P sorption 

capacity of the filter materials al saturation point had been running for 85 days. However al! 

the filler materials have not yet reached saturation point.

Grobbendonk 80 20%

Balen 100%

40 50
'l ime (days) 
Balen 90 10%

40 50
Time (days) 

Grobbendonk 90 10°

As demonstrated, cumulative sorption in figure 4.9 (a)-(d). has reached 417 mg P.kg’1 filter 

materials for 0.5 mg P.I/1 filters and 331 mg P.kg"1 for 0.4 mg P.I.’1 treatment. The 

cumulative sorption curve of each filler still shows a steady increase in P sorbed with time.

4 50
400

si' -' s°- 300
2'250
3 200|150
L 100

50
0

0

450
Zl, 
i 400
^350
3 300
i 250•z
- 200
> 150

100I 50
0

0



90SO7060302010

Grobbendonk So 20%

/•7g /• 9 (c)

60 70 90SO3010 20

44

Though saturation point has not yet been attained, the sorption capacity of all the filters is 

already higher or within the range of some filters reported in literature. Andriamananlena 

(2014) reported P sorption between 10 - 215 nig P.kg 1 using 2 mg P l. concentrations, lie 

found that iron sludge has the highest sorption capacity of 21 5 mg P.kg and acid pre-treated 

glauconite has a sorption capacity of 60 mg P.kg1.

■
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40 50
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SaturatedKilter material

62.81500Grobbendonk 100%
35.9538.9Grobbendonk 90'1 0% 1500
33.1495.8Grobbendonk 80/20?/o 1500
25.7386.21500Balcn 100%
18.7279.91500Balen 80 '20%
18.4275.71500Balen 9010%
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fillers show high inefficiency, they attained only between 18 to 25.7% of the estimated 

potential saturation sorption capacity. These differences could also be attributed to the higher 

total surface area of the liner Grobbendonk filters as well as its lower Ksal which allows for

sorption capacity 

(mg.kg ')

Therefore. using the maximum sorption capacity of 1500 mg P.kg1 reported, we compared 

the proportion of the sorption surface used by our filters al the point of breakthrough in 

relation to their potential sorption capacity to saturation when sufficient contact time > 

allowed (table 4.4).

more contact time for I’ sorption than Balcn. However, these comparisons have assumed the 

same potential sorption to saturation point for all the filters at 1500 mg.kg'1. Although this 

max not be the case, therefore a precise cumulative sorption capacity to saturation point of 

each filter will be known after the experiment is completed and belter comparisons will be 

performed.

Cucarclla (2009) documented numerous materials for P removal and their P sorption capacity 

ranged from 30 mg P.kg'1 to 1 13*10’ mg P.kg'1. Interestingly. Boujclbcn cl al. (2008) found a 

sorption capacity of iron coated sand and iron coated brick al 1 500 and 1 750 mg P.kg filter 

material respectively. Given that Boujclbcn el al. (2008) study used iron coated sand, we 1 

would expect the maximum sorption capacity of our similar iron coated sand materia! lobe i 

within the 1500 mg P.kg"' reported.

Table 4.4 I' sorption capacity at breakthrough point when the filters are functioning at 

maximum rate in comparison to the assumed saturation sorption capacity of 1500 mg I’.kg

Breakthrough Sorption capacity

sorption capacity realised (%)

(mg. kg'1) 

942.2

The comparison in table 4.4 rcwealcd that Grobbendonk 100% is most efficient. it realised 

62.8% of the estimated potential saturated (maximum) sorption capacity followed by 

Grobbendonk 90-10% which attained 35.9% and Grobbendonk 80/20% with 33.1%. Balen



4.4 Pilot field trial of the filters
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1

Cumulative sorption capacity was estimated to be 985 mg P.kg'1 (table 4.6.). The high 

sorption capacity and efficiency of the Grobbendonk 100% filler is explained by high 

sorption capacity of iron, high total surface area due to its finer particle sizes and lower Ksat.

In comparison with our laborators experiment, the sorption efficiency of Grobbendonk 100% 

in laboratory was experiment (94.04%) is higher than in the field trial (74%). 1'his could 

possibly be attributed to the lower average P concentration in the field (0.22 mg.l.) 

compared to 0.5 mg.l.'1 in the laboratory experiment. P sorption is known to behave 

differently depending on P concentration of the solution (Andriamananlcna 2014: Ballantine 

and 1 urner 2010; Penn el al.. 2007). Another possible reason is the larger out How volume in 

the field trial.

1 here was no outllow from the drain from 26/04/2016 until first week of July when he had a 

sample on 07/07/2016. Al this point P concentration exceeded 0.1 mg P.l. . therefore. to 

estimate P sorption capacity, we used average cumulative P sorption from 164)2'2016 until 

2(> 06'2016 when the Dow was continuous. Cumulative P sorption for Grobbendonk 100%) 

filler was estimated al 985 mg P.kg ! on 26 04 2016; this is fairly within the predicted 

capacity in the laboratory (942 mg P.kg'1). However, it's important to note that we only had 

weekly data for the field experiments, therefore we cannot account for any daily changes in 

outllow volumes. P concentrations or P sorption efficiency . I his makes the comparison w ith 

lite laboratory results only a rough estimation.

i he filter was able to reduce this concentration to 0.05 achieving an efficiency of 83%. I he P 

removal effieiencs increased to 91%> when the outllow reduced to 2274 1. per day 1 he 

highest efficiency of 95% was attained when the outflow was al 480 I. per day. It s therefore 

clear that sorption efficiency is negatively related with outllow volumes, fhe average outllow 

throughout the trial was 2596 I. per day and average sorption efficiency was al 74%>.

1 he pilot field trial included three fillers; Grobbendonk 100% at site An/.egem. Grobbendonk 

75 25% al site Schriek A and Balcn 100% al site Schrick B. Al filed An/.egem. filter 

Grobbendonk 100%) was installed on 16/02/2016. The trial was run throughout the water 

outllow season for a period of about 70 days. As demonstrated in figure 4.2.1 and table 4.6. 

the volume of waler flowing from the outlet was 6048 1. per day in the first two weeks. I he 

initial inlet P concentration was 0.31 mg.l.'1.
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I’or filter Grobbcndonk 75/25% that was installed at Schrick A field, the trial run for about 64 

days. As demonstrated in figure 4.2.2 (a), and table 4.6. the average outflow rale was at 233.1 

I. per day. average P concentration in the inlet was 0.122 mg.I.'1 and 0.056 mg.I : in the 

outlet with average P sorption efficiency of 51%. However, this mixture was not used in our 

laboratory experiment because of lower Ksat of mixtures having more than 20% glauconite

fi 
cj

rj

7rj
—-a

C )

Date

fl c\ri
5c£,

I'ilter Halen 100% was installed at Schrick B on 16/02/2016 and also run for 70 days. As 

shown in figure 4.2.2 (b) and table 4.5, the average water outflow was 5939 1, per day. 

axerage P concentration in inlet was 0.09 mg.I/1 and in the outlet it was 0.05 mg.!/ . The 

average sorption efficiency was 4 1%. It's observed that the concentration of 1’ in filtrate fust 

exceeded 0.1 mg P.l/1 on 28/03/2016 after about 41 days of running. At this point the 

estimated cumulative sorption realised was 351 mg P.kg'1. l;or the same filter, our laboratory 

continuous flow experiment predicted a sorption capacity of 387 mg P.kg'1. I he predicted 

sorption capacity is quite close to the realised capacity in the field trial. Nonetheless, we 

would not expect to get a very precise value because this was an estimate since field samples 

were collected weekly and we cannot tell the exact time breakthrough occurred, the daily 

changes in outflow volumes, inlet and outlet P concentrations, or P sorption efficiency.
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Filter

inlet (mg/L)

Grobbendonk 100% 2594.6 0.22 74 985

Halen 100% 5939 0.1 41 511

Grobbendonk 75/25% 2332.8 0.12 51 315

General discussion

<19

Average outflow 

volume (I.)

In table 4.6 we calculated area required to treat an estimated 8000I. of’water at peak flow for 

each filter. I his resulted in elimination of filters having 30% and 40% of glauconite because 

of its low Ksat of 0.000023 and 0.0001 m.s'1. With such low Ksat, they would not be 

conviniently used in the field. This is because they would require a container of surface area 

of upto 1.16 to 4.63 nr to conduct an estimated 8000 L.day-1 of water during peak flow

Table •/.1 summary of average outflow volume. P sorption efficiency and ciiinuhilive /> 

sorption capacity throughout the field trial for each filler

It is therefore consistent that Grobbendonk 100% always outperformed other filler material 

mixture both in laboratory and field trial. It’s high sorption capacity and efficiency is 

explained by high sorption capacity of oxidised iron, high total surface area due to its liner 

particle sizes and lower Ksat.

Average P in Average P sorbed 

efficiency (%) (mg/kg’1)

In actual field application of P filters, there is a need to strike a balance among parameters 

such as Ksat. sorption efficiency and sorption capacity (durability). For instance, a high Ksat 

allows for processing large volumes of water within a small area (Canga cl al. 2013). We 

found that Ksat is link with Dx and bulk density and its the finer particles that arc more 

important in determining Ksat than coarser particle; Ksat - 0.004 < 0.004*1)20 40.010*1)10 

- 3.013*FXP-06*BI).

It’s also clear that the filters were able to reduce P concentrations to below the ciwironment 

limit ofO.l mg.I/1 enshrined in the Water Framework Directive. It's noted that the fillers can 

still reduce I’ concentration even when P concentration in inlet were lower than 0.1 mg.l. . 

Generally, the results depict a promising potential of this innovation to reduce !’ 

concentration in drainage water and abate eutrophication.
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Weight (kg)Ksat (ni/s) Diameter (m)Filter

12960.0001 2.4Grobbendonk 60/40

6670.00019 1.76Grobbendonk 70 30

1330.810.0009Grobbendonk 80/20%

600.57Grobbendonk 90/10% 0.0018

330.43Grobbendonk 100% 0.0032
61690.000023 5.06Balen 60/40%

3350.0004 1.2Balen 70/30%

1280.770.0010Balen 80 20%

520.0023 0.51Balen 90/ 10%

19Balen 100% 0.0063 0.3 1
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n mi

A higher Ksat therefore represents the capacity of the filler to contact large volume of waler 

within a small area.

In addition. P sorption efficiency of a filter should be high enough to reduce 1’ concentration 

in filtrate below the environment limit of 0.1 rng.l.1. Otherwise it cannot be employed to 

control environmental P pollution (Wl'l), 2000; Ballanile and fanner. 2010; l.yngsie. 2013).

An/.cgem site with average daily P in inlet of 0.22 mg P.l. 1 and an axerage daily outflow 

volume oi 2595 1.. each kilogram of Grobbendonk filler material would Iasi for 1.65 days 

before breakthrough point. I hereforc the 30 kg of materials used in the field trial would last

Another important parameter is the maximum amount of P that can be sorbed before 

breakthrough point (sorption capacity and durability); a filler with high sorption capacity can 

be used for a longer period of lime before saturation.

Table -/. 6 Diameter of the container each filler would require in order lo process lhe 

eslimaled peak waler flow of 8000 L.day' in the field {calculations are based on Darcy 

equation, with H m. I. 0.2 in)

In term of highest amount of P sorbed, our laboratory experiment revealed that our most 

durable filter is Grobbendonk 100%. it treated 1292 I. of0.5 mg P.l. 1 solution. Given that lhe 

weight used in making the filler was 0.645 kg. and it's average sorption efficiency was 

94.045: this means that lhe amount of P that can be sorbed by 1 kg is 942 mg P.kg : ((1292 1. 

*0.5 rng.l. 1 )/(0.645)*94.04/l00.
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Given our results, ideal filters that can be installed in the field to reduce P losses to open 

walers should be Grobbcndonk filters (100% and 90/10%) since increasing glauconite 

amounts lowers sorption capacity, Ksat. and increases area of filters' container

Given the lack of sufficient space for installation in the field, filters should be preferably 

small: a surface area may not exceed 0.51 nT or 0.81 m diameter, fortunately, this may not 

be a major bottleneck since several filters can be installed within one hectare, this will also 

help to improve P sorption efficiency of the filters by controlling the volume of waler flowing 

through the filler. Sub-dividing the flow could be very benefiting in terms of P sorption 

efficiency. durability and processing larger total volumes.

In our Anzcgcm field trial. P sorbed was 985 mg P.kg’1 on 26/04/2016; this is fairly within 

the predicted capacity in the laboratory (942 mg P.kg’1). Note that on 07/07/2016. when the 

Anzcgcm drain had an outflow again. P concentration in the outlet exceeded the breakthrough 

point. P in inlet was 0.385 and 0.202 in outlet which is above the environment limit and the 

efficiency reduced from the average of 74% before breakthrough point to only 47.5%. 

Therefore our logistic regression fit is a good guide of the expected sorption capacity to 

breakthrough point of the filter materials.

The design of the filter should be such that the head difference between the outlet and the 

inlet is small (about 5 cm). This helps to reduce flow' rate and increase contact lime for 

reaction.

The total weight needed to form a reactive barrier should be at least 45-50 kg so that it can he 

used for a whole year without saturation.

Similarly, durable filters should be stable and capable to maintain flow at a rate sufficient to 

process an estimated volume of waler at peak flow. It's preferable that such fillers can be 

easily recy cled after saturation and be re-used (Lyngsic, 2009).

for approximately 50 day s. Although the number of days it lasted in the field trial exceeded 

50. it could be due to cither a lower average P in inlet or a lower volume of treated water than 

the estimated average.
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billers consisting of iron coaled sand and acid pre-lrealed glauconite in ratios of 100'0 to 

80 20 % on weight basis has sufficient Ksal to process the estimated volume of water al peak 

flow within a suitably small area.

We found that Ksal is linked to particle size distribution and bulk densilv bv the equation;

Ksal 0.004 I 0.004*1)20 - 0.010*1)10 - 3.013*i:XP-06*BD.

We suggest that experiment to determine the sorption capacity until be run until saturation 

point is attained for the filters. After saturation of’ the fillers, desorption assessment should 

also be done to answer the question of recyclability of the fillers.

I’ sorption efficiency is positively related to the amount of iron in the filler material mixture 

and negatively related to Ksal.

1' sorption capacity is positively related to amount of iron in the mixture and negative!} 

related to panicle size distribution. It is also negatively related to outflow volume of water 

treated.

Based on results both from the large scale laboratory experiment and pilot field trial, we 

recommend that a comprehensive large scale field trial be conducted using fillers of 

Grobbendonk 100%. 90/10%, 80/20%. This would generate adequate data to validate and 

confirm the potential of the fillers for field applications.

Flanders is confronted with high I’ concentration in surface walers of up to 3-4 times above 

the 0.1 mg.If1 environment limit. Xon-poinl pollution from agriculture has been earmarked 

as a major cause. Particularly, direct P input from artificial!) drained fields has been 

identified as one important contributor. Our research was intended to develop cheap easilv 

available P filters made of P sorbing materials that can easily be installed in the field. From 

the results we obtained, the following conclusions can be drawn.
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Grobbendonk 70'30% 0.01 0.0.3 0.04 0.20 0.57 . 56

Grobbendonk 80'20% 0.02 0.03 0.05 0.05 0.760.61 1.16

Grobbendonk 90/10% 0.03 0.44 0.44 0.860.06 0.99 1.32 . 67

Grobbendonk 100% 0.05 0.41 0.58 0.58 0.80 1.06 1.38 1.70

0.01 0.02 0.04 0.92 2.00 2.58 3.25

Balen 70 30% 0.01 0.0.3 0.04 1.70 2.67

Balen 80/20% 0.02 0.09 0.64 0.64 1.59 2.83

Balen 90 10% 0.03 0.49 0.91 0.91 1.67 2.79 3.36

Balen 100% 0.19 1.14 1.14 2.54 2.90 3.46
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Appendix 1: 1'able of calculated l)x values (mm) of the filter materials ranj»iii}» from 
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Appendix 2: Stepwise forward regression in SPSS to determine the link between Ksat, 
particle size distribution (Dx) and bulk density

I

2
3

Forward (Criterion: Probability-of-F-to-enter <= 
Forward (Criterion Probability of-F-to-enter <= 
Forward (Criterion: Probability-of-F to-enter <=

D20
D10
BD_______________

a. Dependent Variable Ksat



Model Summary''

RModel

b Predictors: (Constant), D20 D10

c Predictors: (Constant), D20 D10, BO

a Dependent Variable: Ksat

ANOVA"

fdfSum of SquaresModel

212 912,000 11

28 000.000
■

Total .000 29

.000 166 844.000 22

27 .000000 I

I oral 29000

.000 175.4443 .000 3

000.000 26

Total .000 29

a Predictors: (Constant), D20

o Predictors (Constant), D20. D10

c Predictors (Constant), 020. D10, BD

o Dependent Variable: Ksat

Coefficients3

Correia", c •<

I Par. a .B Std. ErrorModel Beta Sigt

1 (Constant) 000 .000 1 851 075

94;;D20 007 000 .940 14.592 000
2 (Constant) .000 .000 1 311 201

.005 .001D20 .715 9.098 000
DIO 010 003 303 3.863 001

3 (Constant) 004 001 4 054 000

D20 004 .001 598 8 514 000
D1C 010 .002 305 4 804 000 834 •333

-3 013E-6 000 203 -3.917 001
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rr

.

Regression

Residual

Regression

Residual

Regression

Residual

Unstandardized
Coefficients

Std (nor of 
the I stnnate

000652505
000533270
.000430937

Standardized
Coefficients

2
3

8341

Zero­
order

I Clilirit)'-

212 912
14 921
15 340

R Square

884
925 
.953

Adjusted R 
Square

880
920
947

Mean Square

.000

R Squam
Change

884 
041 
028

■

BO
a Dependent Variable: 
Ksat

940;

940"
962°
976c

a Predictors (Constant). D20



Excluded Variables'1

Mode! Beta In «

DIO 303 ■1 3 863 597 449

D30 120J .830 .414 .158 200
D40 028- .256 .800 .049 359
D50 ■ 072= -.901 375 -.171 656
D60 - 096" -1.252 221 -.234 691
D70 .106- -1.468 .154 -272 .766
D80 ■ 098“ -1 394 .175 -.259 810

D90 ■ 105" -1.542 .135 - 284 846
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2 1 922

D50

D60 683
070 080” 756
080 228
090 157

- 203= -3 917 -.609

3 .113=
117' .109 345
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458
246 .440

464

D90 1.308 439

b. Predictors in the Model (Constant). D20. D10

c Predictors in the Model (Constant), D20, D10. BD

d. Dependent Variable' Ksat
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030
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065
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084=

-1 340
-1 236
-1.456
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1.365
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.459
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Partial 
Correlation
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.216
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082=
799
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050
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1.014
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-1.091
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Collinearity Statistics

Tolerance
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Balen 80/20% model prediction (P sorption curve); P in filtrate versus volume
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Grobbendonk 90/10% model prediction (P sorption curve); P in filtrate versus volume
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i Predictions for large volume, 4000L
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