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ABSTRACT 

In a constructed treatment wetland applied to domestic wastewaters, long term 

studies and increased operational experience indicate that phosphorus removal is variable 

or inconsistent, especially in cold-climate applications. These inconsistencies can be 

attributed to the complexity of phosphorus removal mechanisms, and the lack of 

consideration of these complexities in the design, installation and operation of these 

treatment systems. Sorption of phosphorus to the wetland media is generally considered 

to be the major removal mechanism. The research described in this thesis was conducted 

to determine the most suitable material for application in a constructed wetland and a post 

wetland-filter to treat phosphorus in wastewater effluents, taking advantage of sorption 

processes. The present work was conducted at lab (bench) scale.  

Three potential sorptive media were studied in the research program, namely 

gravel, slag and clinker. Several methods for media analysis were investigated as 

potential screening tools for media selection.  To determine the various forms of 

phosphorus in the media, sequential extraction tests were considered to be most relevant 

and useful for this research. Batch testing and flow cell testing along with sequential 

extraction tests were conducted to predict the sorption capacity and performance of the 

media for the long term (10+ years) removal of phosphorus. The protocols developed in 

this thesis permitted a rigorous assessment of the media and should be applied in any 

assessment of sorptive media to select the best medium. 

Gravel showed some sorption of phosphorus although it was not sufficient to meet 

the regulatory limits for the effluent concentration. Clinker and slag showed high sorption 

capacity as compared to gravel and the observed effluent concentration was below the 
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regulatory limits. All three media showed the presence of background phosphorus, with 

clinker having the highest amount of background phosphorus. However, except gravel, 

clinker and slag did not show any significant amount of phosphorus being leached out 

during low phosphorus loading conditions. Taking all factors under consideration, slag 

and clinker were identified as good media for phosphorus removal. Media that have 

proven to have high sorption capacities and also retention capabilities should be 

considered for applications where phosphorus removal is the prime objective.   



 iv 

ACKNOWLEDGEMENTS 

I would like to thank Dr. Bruce Anderson, my supervisor, for his expertise and 

valuable guidance during this research. His support, optimism and encouragement were 

very much appreciated.   

I would like to thank Dr. Allison Rutter, Director, Analytical Services Unit 

(ASU), for granting me access to the laboratory equipment and providing with a 

workplace during the testing conducted at ASU. I would also like to thank all the staff at 

ASU for guiding and helping me with my tests at ASU.   

I would like to thank Stanley Prunster, for his technical advice, troubleshooting 

and showing me the ropes for using the automated flow injection analyzer.  

Thanks also to Bill Boulton for his invaluable computer help.  

To my family and friends, thank you for your support, encouragement and 

patience.  

 



 v 

TABLE OF CONTENTS 

   Page No. 

ABSTRACT          ii 

ACKNOWLEDGEMENTS        iv 

TABLE OF CONTENTS        v 

LIST OF FIGURES         x  

LIST OF TABLES         xiii 

LIST OF EQUATIONS        xv 

LIST OF ABBREVIATIONS AND SYMBOLS     xvii 

CHAPTER 1.0 INTRODUCTION      1 

1.1 Problem definition      3 
1.1.1 Sunny Creek Estates (SCE)    5 

1.2 Scope of the research      7 

1.3 Objectives       8 

1.4 Original contributions      9 

1.5 Layout of the thesis      9 

CHAPTER 2.0   LITERATURE REVIEW     11 

2.1  Sources of phosphorus in a wetland system    12 

2.2  Forms of phosphorus      12 
 2.2.1  Phosphorus discharge regulations   15 

2.3  Phosphorus removal mechanisms    17 
2.3.1 Biological removal mechanisms   17 
2.3.2  Physical removal mechanisms   19 
2.3.3  Chemical removal mechanisms   20 
 2.3.3.1 Precipitation     20 
 2.3.3.2 Sorption     22 



 vi 

2.4 Phosphorus sorptive media     23 
2.4.1 Presence of metals     24 
2.4.2 Particle size: Media matrix permeability  

and surface area     27 
2.4.3 Organic matter     28 

2.5   Other factors affecting phosphorus removal   29 
2.5.1 Phosphorus loading     29 
2.5.2 Hydraulic flow direction and depth    31 
2.5.3 Hydraulic loading rate    32 
2.5.4 Temperature effects     33 
2.5.5 Reaction Time      35 
2.5.6 Dissolved oxygen and pH    36 

2.6 Potential media      38 
2.6.1 Processed slag      39 
2.6.2 Cement clinker     40 
2.6.3 Zeolites      40 
2.6.4 Limestone and related media    40 
2.6.5 Others       42 

2.7 Modeling phosphorus removal in a SSF wetland  43 
2.7.1 First order areal models    43 
2.7.2 Sorption isotherms     46 
2.7.3 Breakthrough analysis     47 
2.7.4 Other models      48 

2.8 Sustainability of removal by sorption    49 
2.8.1 Source reduction     50 
2.8.2 Post wetland filter     50 

2.9 Summary       51 

CHAPTER 3.0 EXPERIMENTAL METHODS    53 

  3.1 Experimental procedures: General    53 
3.1.1 Sample preparation     54 

   3.1.2 Sorting       54 

3.2 Media characterization      55 
3.2.1 Particle size distribution analysis    

(ASTM D422, 1998)     56 
3.2.2 Bulk density determination    56 
3.2.3  Particle density determination (ASTM D854, 2002) 57  
3.2.4  Porosity calculations     58 
3.2.5  Hydraulic conductivity (ASTM D5856, 2002) 58 



 vii 

3.2.6  Soil activity (pH) (ASTM D4972, 2001)  60 
3.2.7  pH measurements     61 

3.2.7.1 Buffers for pH standardization  61 
3.2.7.2 Standardization    61 
3.2.7.3 Verifying pH measurement accuracy   62 
3.2.7.4 Measuring sample pH    62 

3.3 Kinetics study       62 
3.3.1  Data analysis       64 
3.3.2  Reaction order      66 
3.3.3  Reaction rate      66 

3.4  Isotherm experiments      67 
3.4.1  Langmuir isotherm analysis    68 
3.4.2  Freundlich isotherm analysis    69 
3.4.3  Predicting field performance    70 

3.5 Horizontal flow cell experiments    72 
3.5.1 Procedure      73 
3.5.2  Data analysis: Quality testing    76 
3.5.3 Treatment profiles     77 
3.5.4  Sorption capacity     77 

3.6  Sequential extractions of different forms of phosphorus 79 
3.6.1  Extraction procedure (Sparks, 1996; Page, 1982) 80 
3.6.2 Wash tests      82 
3.6.3 Background phosphorus determination  83 
3.6.4 Digestion procedure     83 
3.6.5  Analysis of phosphorus    86 
3.6.6 Statistical significance testing: Matched pair   

sign tests (Mandel, 1964)    86 
3.6.7  First section testing     87 

3.7  Hach system of digestion and analysis (Hach, 2002)  88 
3.7.1  Test procedure for total phosphorus  

using Hach DR/2400 Method 8190   89 
3.7.2 Test procedure for orthophosphate using Ascorbic  

Acid: Method 4500-PE    90 

3.8   Total phosphorus testing     91 
3.8.1   Test procedure for total phosphorus by ICP-AES   

(USEPA, 2001)     91 

CHAPTER  4.0 RESULTS AND DISCUSSIONS    93 

4.1 Layout        93 



 viii 

4.2 Media characterization     93 

4.3  Kinetics       99 
4.3.1 Reaction order and rate coefficients   100 
4.3.2 Modeling phosphorus removal using  

saturation kinetics     107 
4.3.3 Reaction time      110 

4.4 Isotherm Experiments      112 
   4.4.1 Predicting sorptive capacity    117 

4.5 Horizontal flow cell experiments    121 
 4.5.1 Hydraulic loading parameters    123 
 4.5.2 Phosphorus sorption profiles    125 
 4.5.3  Sorption capacity     131 

4.6 Sequential extractions from the media   137 
4.6.1 Wash tests      138 
4.6.2 Background phosphorus determination  139 
4.6.3 Extraction of phosphorus from the flow cell 

sections      142 
4.6.4 Statistical significance testing:  

Matched pair sign test     148 
4.6.5 Sectional phosphorus fractions   151 
4.6.6 Comparison of extracted and background fractions 165 
4.6.7 First section tests     168 
4.6.8 First section phosphorus fractions    173 

4.7 Total phosphorus testing     181 

4.8 Uncertainties       187 
4.8.1  Media       188 
4.8.2 Batch tests      189 
4.8.3  Flow cell tests      190 
4.8.4 Sequential extraction tests    193 
4.8.5  Total phosphorus tests (ICP-AES)   194 

  4.9 Summary       194 

CHAPTER  5.0  CONCLUSIONS AND RECOMMENDATIONS  198 

 5.1 Conclusions       198 

 5.2  Recommendations      200 
  5.2.1 Hydraulic retention time    200 
  5.2.2 Removal mechanisms     201 



 ix

  5.2.3 Replicate filters     201 
  5.2.4 Field trials      202 
  5.2.5 Effluent quality     202 
  5.2.6 Hydraulic loading     203 
  5.2.7 Regeneration of spent media    203 

REFERENCES       204 

APPENDICES       227 

A Methods to determine soil phosphorus  227 
  A1 X-Ray diffraction    227 
  A2 Neutron activation tests   231 
  A3 Microprobe analysis    233 
  A4 Analytical services unit   234 
  A5 Rietveld analysis    234 
  A6 Soil phosphorus    235 
   A6a Total phosphorus   235 
   A6b Organic phosphorus   236 
   A6c Inorganic phosphorus   238  
   A6d Availability indices   239 
  A7 Analysis procedure    241 

B Calibration of flow injection analyser (FIA)  242 

C Sample calculations      245 
  C1 Media characterization    245 

C2 Kinetics      248 
  C3 Isotherm experiments     251 
  C4 Flow cell experiments    254 
  C5 Sequential extraction experiments  257 

   D Experimental data sets    259 
    D1 Media characterization    259 

D2 Kinetics      267 
  D3 Isotherm experiments     276 
  D4 Flow cell experiments    279 
  D5 Sequential extraction experiments  290 
   D5a Sectional phosphorus sorption 290  
   D5b Sectional phosphorus fractions 300 
   D5c First section data in mg/kg  310 



 x

LIST OF FIGURES 

Figure 1.1: Surface flow wetlands (Kadlec and Knight, 1996)   2 

Figure 1.2: Subsurface flow wetland (Kadlec and Knight, 1996)   3 

Figure 2.1: Phosphorus storages and transfers in wetlands  

(Kadlec and Knight, 1996)         13 

Figure 2.2: Distribution of major species of inorganic phosphorus     

in water at 25oC (Freeze and Cherry, 1979)     15 

Figure 2.3: Phosphorus availability with pH (Brady and Neil, 1999)  37 

Figure 2.4: Breakthrough curve (Metcalf and Eddy, 2003)    47 

Figure 3.1: Constant head test apparatus and permeameter for      

hydraulic conductivity tests       59 

Figure 3.2: VWR orbital shaker       64 

Figure 3.3: Horizontal flow cell setup       73 

Figure 3.4: Horizontal flow filter cells (from left: slag, gravel and clinker)  74 

Figure 3.5: Details of the flow cell       75 

Figure 3.6: Aluminium block digestor      84 

Figure 3.7: Cold fingers used during digestion     85 

Figure 4.1: Plot of %-finer of gravel grain particles as a function of sieve size 94 

Figure 4.2: Plot of %-finer of slag grain particles as a function of sieve size 94 

Figure 4.3: Plot of %-finer of clinker grain particles as a function of sieve size 95 

Figure 4.4: First order reaction rate constants for gravel (Pinitial = 4 mg/L)  101 

Figure 4.5: First order reaction rate constants for gravel (Pinitial = 8 mg/L)  101 



 xi

Figure 4.6: Second order reaction rate constants for gravel (Pinitial = 4 mg/L) 102 

Figure 4.7: Second order reaction rate constants for gravel (Pinitial = 8 mg/L) 103 

Figure 4.8: Saturation order reaction rate constants for gravel (Pinitial = 4 mg/L) 104 

Figure 4.9: Saturation order reaction rate constants for gravel (Pinitial = 8 mg/L) 104 

Figure 4.10: Saturation model fit results for 5 gm of gravel media   108 

Figure 4.11: Saturation model fit results for 10 gm of gravel media   108 

Figure 4.12: Saturation model fit results for 15 gm of gravel media   108 

Figure 4.13: Saturation model fit results for 20 gm of gravel media   109 

Figure 4.14: Saturation model fit results for 30 gm of gravel media   109 

Figure 4.15: Plot of mass normalized experimental data for gravel   112 

Figure 4.16: Plot of Langmuir isotherm model for gravel    113 

Figure 4.17: Plot of Freundlich isotherm model for gravel    113 

Figure 4.18: Phosphorus sorbed by gravel flow cell      126 

Figure 4.19: Phosphorus sorbed by slag flow cell     127 

Figure 4.20: Phosphorus sorbed by clinker flow cell     128 

Figure 4.21: Phosphorus retained by gravel      131 

Figure 4.22: Phosphorus retained by slag      132 

Figure 4.23: Phosphorus retained by clinker      132 

Figure 4.24: Section-wise phosphorus sorption by, and extraction from, gravel 143 

Figure 4.25: Section-wise phosphorus sorption by, and extraction from, slag 145 

Figure 4.26: Section-wise phosphorus sorption by, and extraction from, clinker 146 

Figure 4.27: Extracted and averaged phosphorus fractions for gravel flow cell 153 

Figure 4.28a: Extracted and averaged phosphorus fractions for slag flow cell 156 



 xii

Figure 4.28b: Averaged loosely bound phosphorus fraction with and  

without last data set         158 

Figure 4.29: Extracted and averaged phosphorus fractions for clinker flow cell 160 

Figure 4.30: Total extracted phosphorus from first section for gravel flow cell 170 

Figure 4.31: Total extracted phosphorus from first section for slag flow cell 170 

Figure 4.32: Total extracted phosphorus from first section for clinker flow cell 171 

Figure 4.33: Phosphorus fractions in the first section for gravel flow cell  174 

Figure 4.34: Phosphorus fractions in the first section for slag flow cell  175 

Figure 4.35: Phosphorus fractions in the first section for clinker flow cell  177 

Figure 4.36: Total phosphorus present in gravel     183 

Figure 4.37: Total phosphorus present in slag     183 

Figure 4.38: Total phosphorus present in clinker     184 

Figure 4.39: Microbial growth in the clinker flow cell    192 

 
 
 

 



 xiii 

LIST OF TABLES 

Table 1.1: Typical reactions occurring in the wetlands (Berezowsky, 1996)  4 

Table 3.1: Standard forms of the first, second and saturation order  

rate equations (Metcalf and Eddy, 2003)     66  

Table 3.2:  Critical Q (Qc) values at the 90% confidence limit for a  

small number of data points, N (Camilli and Shepard, 1994)   77 

Table 3.3: Calibration of Hach system for Orthophosphate analysis   90 

Table 4.1: Physical characteristics of candidate media    96 

Table 4.2: Summary of first order model fit for gravel    102 

Table 4.3: Summary of second order model fit for gravel    103 

Table 4.4: Summary of saturation order model fit for gravel    105 

Table 4.5: Summary of isotherm model equations for gravel   114 

Table 4.6: Summary of isotherm model parameters from Rosolen (2000)  115 

Table 4.7: Theoretical ultimate phosphorus sorption capacities for gravel  118 

Table 4.8: Estimated mass and volume of gravel required for a year of  

 desired treatment 120  

Table 4.9: Estimated volume of media required for a year of treatment  

(Rosolen, 2000)        121 

Table 4.10: Hydraulic loading parameters and effluent pH for flow cells  124 

Table 4.11: Comparison of the sorption capacities calculated using different tests 133 

Table 4.12: Estimated filter volumes for one year of operation    135 

Table 4.13: Estimated filter volumes for one year of operation (Rosolen, 2000) 135 

Table 4.14: Extracted phosphorus during wash test (mg/kg)    138 

Table 4.15: Extracted fractions of background phosphorus (mg/kg)   140 



 xiv

Table 4.16: Matched-pair test summary for gravel sections    149 

Table 4.17: Matched-pair test summary for slag sections    149 

Table 4.18: Matched-pair test summary for clinker sections    150 

Table 4.19: Range of phosphorus in various fractions (%)    163 

Table 4.20: Averaged phosphorus fractions extracted from later sections (mg/kg) 166 

Table 4.21: Matched-pair test summary for media fractions    166 

Table 4.22: Total phosphorus present in the media (mg/kg)    182 



 xv

LIST OF EQUATIONS 

Equation 2.1: Dissociation of phosphoric acid     14 

Equation 2.2: Dissociation of di-hydrogen phosphate    14 

Equation 2.3: Dissociation of mono-hydrogen phosphate    14 

Equation 2.4: Reaction of alum with sodium phosphate giving  
aluminium phosphate         21 

Equation 2.5: Reaction of alum in aqueous phase giving aluminium hydroxide 21 

Equation 2.6: Reaction of ferric chloride with sodium phosphate  
giving ferric phosphate        21 

Equation 2.7: Reaction of ferric chloride in aqueous phase giving ferric hydroxide 21 

Equation 2.8: Reaction of lime with sodium phosphate giving calcium phosphate 21 

Equation 2.9: Reaction of lime with water giving calcium hydroxide  21 

Equation 2.10: Reaction of lime with carbon dioxide giving calcium carbonate 21 

Equation 2.11: Reaction of phosphate with aluminium giving hydroxyl phosphate 25 

Equation 2.12: Reaction of phosphate with aluminium hydrous oxide  
giving hydroxyl phosphate        25 

Equation 2.13: Reaction of phosphate with aluminium hydroxide giving hydroxyl 
phosphate          26 
 
Equation 2.14: Formation of mono-calcium phosphate    26 

Equation 2.15: Formation of di-calcium phosphate     26 

Equation 2.16: Formation of tri-calcium phosphate     26 

Equation 2.17: Empirical equation for phosphorus output based on  
90 SSF wetlands         29  

Equation 2.18: First order areal uptake model – Differential form   44 

Equation 2.19: First order areal uptake model – Integrated form   44 



 xvi

Equation 3.1: Bulk Density          57 

Equation 3.2: Particle Density       58 

Equation 3.3:  Porosity        58 

Equation 3.4:  Darcy’s law        60 

Equation 3.5:  % removal of phosphorus      65 

Equation 3.6: Net removal of phosphorus      65  

Equation 3.7: Langmuir sorption model      68 

Equation 3.8: Linearized Langmuir sorption model     68 

Equation 3.9: Freundlich sorption model       69 

Equation 3.10: Linearized Freundlich sorption model    69 

Equation 3.11: Amended Freundlich sorption Model     71 

Equation 3.12: Mass of media:  Amended Freundlich sorption Model  71 

Equation 3.13: Amended Langmuir sorption Model     71 

Equation 3.14: Mass of media: Amended Langmuir sorption Model   72 

Equation 3.15: Volume of media        72 

Equation 3.16:  Q-test          77 

Equation 3.17: Percent removal of phosphorus     77 

Equation 3.18:  Total phosphorus load      78 

Equation 3.19: Mass of section       78 

Equation 3.20: Removal of phosphorus per unit mass for a given interval of time  78 

Equation 4.1: Phosphorus removal using saturation kinetics    107 

Equation 4.2: Linear Fluid velocity       123 

Equation 4.3: Hydraulic Residence time      123 



 xvii

LIST OF ABBREVIATIONS AND SYMBOLS 

List of Abbreviations 

Al   aluminium 

BOD   biochemical oxygen demand 

Ca   calcium 

CaCO3   calcium carbonate 

CaO   lime 

CW     constructed wetland 

DO   dissolved oxygen 

d-H2O   distilled water 

dd-water  deionized and distilled water 

Fe   iron 

Fe3+   ferric ion 

Fe2+   ferrous ion 

FIA   flow injection analyser 

g   gram 

h   hour 

HCl   hydrochloric acid 

HLR   hydraulic loading rate 

HRT   hydraulic retention time 

KH2PO4  potassium phosphate monobasic 

kp   reaction rate constant in a planted filter  

ks   reaction rate constant in an unplanted filter  



 xviii 

L   litre 

LECA   lightweight expanded clay aggregate 

m   metre  

mg   milligram 

Mg   magnesium 

mL   millilitre 

mm   millimetre 

MOE   Ministry of Environment 

N   nitrogen 

NaCl   sodium chloride 

NaHCO3  sodium bicarbonate 

NaOH   sodium hydroxide 

Na2S2O4•2H2O sodium dithionite 

P   phosphorus 

PO4   orthophosphate  

RMC   Royal Military College 

s   seconds  

SF   surface flow 

SP   poorly sorted 

SSF   subsurface flow 

USCS   United soil classification system 

yr   year 

 



 xix

List of Symbols 

A   cross-section area of media sample 

aq   aqueous  

AT   total wetland surface area 

Ax   cross-sectional area in the direction of flow 

C   concentration at time t 

Cc   Coefficient of curvature 

Ce   equilibrium adsorbate concentration 

Ci   average phosphorus concentration of blank samples 

Cin   influent concentration/initial concentration  

cm   centimeter 

Co   effluent concentration 

D    diffusion coefficient 

DL   longitudinal coefficient of hydrodynamic dispersion 

d10   effective grain size 

h   head differential 

KD   distribution coefficient 

KF   Freundlich capacity factor 

KL   Langmuir empirical adsorption factor 

k   first-order removal rate constant 

kC*   zero-order rate constant 

krx   removal reaction rate constant 

K   saturation removal reaction shape factor 



 xx

K   hydraulic conductivity 

L   sample length 

LF   length of the total flow cell  

Ls   length of a section of the flow cell 

M   sample mass 

Mf   mass of empty flask 

MF   total mass of media in the flow cell 

Mf+w   mass of flask filled to volume with dd-H20 

Mgravel   bulk density of gravel 

Ms   mass of media in a section of the flow cell  

Ms+f   mass of oven dried sample and flask  

Ms+f+w   mass of oven dried sample, flask and dd-water 

Mt   oven-dried sample mass 

N   Freundlich intensity parameter 

n   number of samples 

P   phosphorus removed  

[P]   total phosphorus load 

pH   soil activity  

Q   volumetric flow rate 

Qsce   design flow rate for SCE 

q   Darcy velocity (flux) 

R   percentage removal of phosphorus 

r2   coefficient of determination 



 xxi

rc   rate of reaction  

rpm   rotation per minute 

t   time 

T   life span of filter 

tr   retention time 

UC   uniformity coefficient 

V   sample volume 

Vb   Bed volumes treated per day 

Vcb   Volume of water treated when breakthrough occurs 

Vfc   Volume of flow cell 

Vi   volume treated till date 

Vs(i-1)   volume treated at previous sampling date 

Vt   beaker volume 

vx   linear fluid velocity 

x   direction of flow 

Xi   removal of phosphorus per unit mass for a given time period 

Γmax   Langmuir monolayer capacity factor 

αL   dynamic dispersity 

µ   overall mean effect 

µg   microgram 

µm   micro metre 

η   porosity 

θ   volumetric moisture content 



 xxii

ρb   dry bulk density of solids 

ρgravel   bulk density of gravel 

ρs   particle density 

ρw   density of water 

ϕ   inner diameter 

τ   empirical constant 

dC/dx   concentration gradient 

x/m   mass of adsorbate adsorbed per unit mass of adsorbent 

(x/m)u   maximum mass of adsorbate adsorbed per unit mass of adsorbent 

 
 



 1 

1.0 INTRODUCTION 

Wetlands have been used to treat a variety of wastewaters over the years. 

Wetlands provide a natural treatment technology compared with conventional wastewater 

treatment technologies that are generally proposed and implemented. Each approach has 

its pros and cons (Kadlec and Knight, 1996). The natural process is land intensive but 

very energy efficient.  Constructed wetlands (CW) mimic the optimal treatment condition 

found in natural wetlands, but provide the flexibility of being constructible at any 

location.  

Depending on the need, CWs can be used for storage and treatment of different 

types of wastewater: from municipal wastewater to acid mine drainage, industrial process 

water, agricultural non-point discharges, stormwater treatment and for simple storage of 

stormwater (Miller, 1989). Carefully designed CWs can be especially useful for small 

communities, usually struggling with limited resources. Wetlands can be designed for 

simultaneous treatment of municipal wastewater and storm runoff (Leszczynska and 

Dzurik, 1993).  

  Constructed wetlands consist of soil filled beds planted with various aquatic 

plants (emergent macrophytes). In Europe the common reed (Phragmites) is found in 

most systems, whereas in Northern America bulrush (Scirpus) and cattail (Typha) are the 

most common plant species. Constructed wetlands are further categorized into surface 

flow (SF) and subsurface flow (SSF) systems (Steiner and Freeman, 1990; Hammer, 

1989). 

Surface flow wetlands are densely vegetated by a variety of plants species. The 

wetland contains standing water, with the roots of the plants rooted in the soil below. The 
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vegetation slows the flow velocity and causes settling to occur, and the stems, leaves and 

roots of the plants provide surface area for microbial populations. The substrate is usually 

a soil of low permeability that does not allow for significant flow through the root zone. 

The stalks provide a substrate for microbial growth, which is thought to be responsible 

for an important part of the treatment processes.  In addition, purification occurs by 

reactions in the waters and the upper sediment zone. The surface area available for the 

reactions is significantly less with surface flow wetlands than with subsurface flow 

systems (Kadlec and Knight, 1996). Figure 1.1 shows a typical surface flow wetland. The 

surface flow wetland has typical water depths less than 0.4 m. The actual role of 

macrophytes in the removal processes varies according to the system design. 

Investigations have shown that systems with plants do achieve better purification 

performance than systems without plants (Weng et al., 2006; Gersberg et al., 1986).  

 

 

Figure 1.1: Surface flow wetland (Kadlec and Knight, 1996) 

Subsurface flow wetlands use a bed of soil or gravel as a substrate for the wetland 

plants.  Pretreated wastewater flows by gravity under the ground surface, horizontally 

through the high hydraulic conductivity bed, where it contacts a mixture of facultative 

microbes living in the plant roots and on the rooting medium.  The porous medium is 
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usually chosen to provide high surface area for increased biofilm colonization. Bed depth 

in SSF wetlands is typically less than 0.6 m, and the bottom of the bed is sloped (Kadlec 

and Knight, 1996).  Oxygen enters the bed substrate by direct atmospheric oxygen 

diffusion and through the plant leaves and roots system.  The majority of the saturated 

bed is anaerobic under most wastewater design loadings.  SSF wetlands are more ‘cold 

resistant’ since the water does not freeze in the winter in the soil due to the insulation 

provided by the media (Yin, 1995). Also the roots are still active in the soil even if the 

top of the plant dies off in the winter. Hence in cold regions like Canada, they are more 

suitable. Figure 1.2 shows a typical subsurface flow wetland. Table 1.1 summarizes the 

typical reactions occurring in both the SF and SSF wetlands (Berezowsky, 1996) 

resulting in the removal of a wide range of pollutants.  

 

 

Figure 1.2: Subsurface flow wetland (Kadlec and Knight, 1996) 

1.1 Problem definition 

Eutrophication is a natural process in which biological productivity increases with 

the age of a body of water, but which can be accelerated by anthropogenic input of 

nutrients. Phosphorus is generally recognized as the limiting nutrient in freshwater 
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ecosystems and the major contributing nutrient to eutrophication in these environments 

(Kadlec and Knight, 1996). Eutrophication is one of the most significant and worldwide 

water quality problems (Henry and Heinke, 1989). Therefore, under the current source 

water legislation (Section 2.2.1), small municipal and agricultural waste producers alike 

are facing more stringent phosphorus discharge requirements. However, there are great 

concerns about the economic feasibility of implementing new treatment strategies or 

adding new highly mechanical treatment options especially in rural settings. Thus, there 

is a growing need for cost-effective, efficient strategies to treat domestic and agricultural 

wastewaters and to better protect drinking water sources from nutrient contamination.  

Table 1.1: Typical reactions occurring in SF and SSF wetlands (Berezowsky, 1996) 

Constituents Removal Mechanisms 

Suspended solids Sedimentation (SF), filtration (SSF) 

BOD Microbial degradation, sedimentation 

Nitrogen Ammonification, plant uptake 

Phosphorus Soil sorption, chemical precipitation, 

biological degradation, plant uptake 

Pathogens Sedimentation, filtration, UV radiation 

Trace metals Adsorption, plant uptake 

 

Subsurface flow constructed wetlands have been gaining in popularity as efficient 

and economical treatment alternatives. Although removal performance of conventional 

parameters has been generally promising in a constructed wetland, long term studies and 

increased operational experience indicate that phosphorus removal is variable or 

inconsistent (Reed and Brown, 1995; Richardson and Craft, 1993; Wood, 1995). These 
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inconsistencies can be attributed to the complexity of phosphorus removal mechanisms, 

and the lack of consideration of these complexities in design (Kadlec and Knight, 1996).  

1.1.1 Sunny Creek Estates (SCE) 

Sunny Creek Estates is a mobile home village which uses a combination lagoon-

CW system to treat its sewage. The effluent discharges directly into the Bay of Quinte, a 

100 km long Z-shaped bay on the north eastern shore of Lake Ontario. The shape of the 

Bay causes slow movement of water and a slow turnover rate, thus loadings of nutrients 

or contaminants have severely impaired the water quality of the Bay. The Bay has been 

listed as an Area of Concern by the International Joint Commission since 1975, as a result 

of eutrophication and algae growth (The Waterfront Trust 1997; Our Great Lakes 1999). 

With the goal of restoring water quality, the Bay of Quinte Remedial Action Plan 

(BQRAP) Team was formed in 1985 to begin delineating the problem (Stride et al. 1992; 

Our Great Lakes 1999).  

Sunny Creek Estates is located on White’s Road off Highway 2, just east of 

Trenton, ON. There are 170 units situated on a 20 hectare site, with 137 of them 

discharging wastewater to a two-stage lagoon treatment system. Since June 1998, the 

lagoon effluent has been pumped to a subsurface flow constructed wetland. The 

constructed wetland has a surface area of 600 m2, and a design based on biological 

removal of BOD to BQRAP objectives, using a design flow of 68.5 m3/ day. Currently, 

the system does not reach compliance with respect to effluent concentrations of 

phosphorus, and better treatment is needed. 

Sewage treatment plants, similar to SCE, pose a problem as most of the effluent 

phosphorus is in the dissolved form, readily available for algae growth. While not 
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enforceable, BQRAP set stringent guidelines for sewage treatment plant effluent quality, 

including an objective of 0.3 mg/L total phosphorus (TP). A more stringent objective of 

0.1 mg/L is being considered. The Ontario Ministry of the Environment (MOE) 

requirement is 1 mg/L TP, which applies to both centralized as well as unserviced sites 

like Sunny Creek Estates. Due to variable and insufficient performance data, wetlands are 

not normally approved as wastewater treatment facilities in Ontario. The SCE wetland is 

operating as a demonstration site with an interim Certificate of Approval, in an attempt to 

gain the operational data necessary for assessment of the applicability of constructed 

wetlands for wastewater treatment in Ontario.  

Since the wetland was brought online in June 1998, treatment has been quite 

effective for certain parameters. The average effluent BOD has been 17 mg/L where the 

MOE requirement is 25 mg/L and the BQRAP is 15 mg/L. The total suspended solids 

(TSS) is 25 mg/L over the MOE and BQRAP target of 15 mg/L. Phosphorus removal has 

been less effective, with an average effluent concentration of 2.2 mg/L. Considering the 

MOE limit of 1 mg/L and BQRAP target of 0.3 mg/L, release of this magnitude is not 

acceptable. Further work is needed to achieve the target removal and the current research 

program is addressing this issue.  

The mechanisms involved in the removal of phosphorus in constructed wetlands 

are not well understood; however, sorption of phosphorus to the wetland media is 

generally considered the major removal mechanism (Brix et al., 2001; Ayoub et al., 2001; 

Johansson and Gustafsson, 2000). The inconsistency of constructed wetlands in removing 

phosphorus has also been attributed to the variable capacities of different media to sorb 

phosphorus. The choice of media is therefore of primary importance when designing a 
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cold climate constructed wetland to sustainably remove phosphorus from a wastewater 

discharge.  

Various sorptive media have been studied with respect to phosphorus removal by 

a number of researchers (see Section 2.4), with varying degrees of success. It has been 

reported that phosphorus retention is highest in alkaline wetlands, containing large 

amounts of calcium carbonate and in acidic wetlands containing large amounts of 

aluminium and iron oxyhydroxide and hydroxide minerals (D’Angelo, 2005; Dunne et 

al., 2005; Pant and Reddy, 2003).  The purpose of this research program is to investigate 

an efficient, low maintenance and cost effective method of treating phosphorus in 

constructed wetlands. In the case where the wetland is already established and use of in-

situ sorptive media is not feasible, an additional post-wetland filter with the sorptive 

media can be a viable option (as an integrated approach to nutrient management). 

The information presented in this thesis will serve as important selection criteria 

for designing a constructed wetland and/or a post wetland filter with the most suitable 

media based on the wastewater medium characteristics.  

1.2   Scope of the research 

The scope of this research includes the following: 

• Develop and implement a program of experimental investigations into the 

behaviour of phosphorus sorption in the media surface under normal 

laboratory conditions representative of those occurring in the field.  

o Experimental investigations include: 

� The study of the physical and hydraulic properties of the 

selected media; 
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� The study of the treatment kinetics and isotherm testing for 

phosphorus removal during batch treatment operation; 

� The study of phosphorus retention by the sorptive media in 

a horizontal flow filter representative of field conditions; 

� Sequential extraction of various fractions of phosphorus 

from within the media, to study the phosphorus retention 

capabilities of the media. 

• Use the results of the experimental investigations to illustrate the forms 

that the phosphorus takes when it is sorbed onto the media surface. This is 

essential as it proves that chemical characteristics of the medium are an 

important factor in phosphorus removal from the wastewater, subsequent 

retention within the media, and the overall sustainability and effectiveness 

of this process. 

1.3 Objectives 

The main objective of this research is to quantify the complex phosphorus 

removal reactions occurring within wetland filtration treatment systems, leading to better 

designs of future constructed wetlands.  

Specifically the objectives include the following: 

• To study the sorption of phosphorus by the different chemicals present in 

the media. 

• To study the extractable fractions of phosphorus within the media. 
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1.4  Original contributions 

The purpose of the research was to comprehensively address the subject of 

quantification of the phosphorus fractions within the media, an area of study that had 

received only peripheral attention previously. The development of the flow cell 

experiments presented in Section 3.5, to study the sorption of phosphorus by the different 

chemicals present in the media represents the first such comprehensive assessment of the 

phosphorus fractions to the author’s knowledge. Similarly, the development of the 

experimental sequential extraction methodology presented in Section 3.6, to study the 

extractable fractions of phosphorus within the media is likewise unique in the 

implementation of the methodology. 

The extensive laboratory investigations allow insights to be gained into the 

complexity of phosphorus removal sorption reactions occurring within wetland systems. 

These insights will allow the selection of proper media leading to better designs of future 

constructed wetlands. 

1.5  Layout of the thesis 

The layout of the thesis follows the traditional thesis format. Each chapter 

addresses a specific aspect of the overall study.  After the Introduction chapter, Chapter 2 

gives a detailed literature review of phosphorus dynamics in wetlands, the different 

removal studies using various media and the factors associated with the phosphorus 

removal by the wetlands.  

Chapter 3 describes the experimental methodology developed and the laboratory 

procedures followed in detail. Chapter 4 describes the results of the laboratory 

investigations and also discusses the results, comparing them to other similar studies 
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which have been conducted elsewhere. Chapter 5 presents the conclusions from the 

present study and gives the recommendations for future work.  

Appendix A describes the different baseline assessments carried out for the 

media. Also comparisons of the various methods presently available for the assessments 

are presented. Appendix B describes the calibration of the flow injection analyzer 

conducted for the analysis of total phosphorus. Appendix C gives the sample calculations 

whereas Appendix D gives the data from the experimental investigations.  
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 2.0 LITERATURE REVIEW 

The adverse effects of eutrophication due to the presence of phosphorus in surface 

waters are well established. Conventional technologies for removal of phosphorus from 

wastewater are physical processes (settling, filtration), chemical precipitation (with 

aluminium, iron and calcium salts) and biological processes that rely on biomass growth 

(bacteria, algae, plants) or intracellular bacterial polyphosphates accumulation (Bashan 

and De-Bashan, 2004). Long term studies and increased operational experience indicate 

that phosphorus removal is variable or inconsistent (Reed and Brown, 1995; Wood, 1995; 

Richardson and Craft, 1993) in subsurface wetlands, although removal performance of 

conventional parameters has been generally promising. These inconsistencies can be 

attributed to the complexity of phosphorus removal mechanisms, and the lack of 

consideration of these complexities in design.  

The Ontario Ministry of Environment (MOE) is generally hesitant to approve 

wetlands because they are concerned about their phosphorus removal efficiency and 

subsequent apparent release of phosphorus by wetlands in the spring and fall (Pries, 

1994). Low cost, low maintenance extensive treatment processes based on phosphorus 

retention in filters containing reactive media have been developed and have shown 

promising results (Bellier et al., 2006).  

The purpose of this literature survey is to identify and summarize some of the 

published literature regarding phosphorus dynamics in constructed wetland systems and 

the improvement of the phosphorus removal performance.  
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2.1  Sources of phosphorus in a wetland system  

Phosphorus enters the wetland system through surface and subsurface inflows 

(also includes surface runoff) and atmospheric deposition. For constructed wetlands 

treating wastewater, the main input of phosphorus is from the wastewater itself. 

Phosphorus concentrations in rain, snow and runoff from forested land are normally very 

low (Nichols and Higgins, 2000). Within the wetland, physical, chemical and biological 

processes store and release phosphorus in the water column (Reed and Brown, 1995; 

Hammer, 1989; Moshiri, 1993; Cooper and Findlater, 1990). While BOD and nitrogen 

are treated by biological means (Moshiri, 1993), this is not the primary mechanism for 

phosphorus removal in constructed wetlands (Reed and Brown, 1995). Output of 

phosphorus occurs through surface and subsurface outflows and groundwater infiltration. 

Phosphorus is not generally lost from wetlands through metabolic processes (e.g. 

transformation to a gaseous form) (Hammer, 1989).  Although phosphorus is required by 

plants and microorganisms for growth, there is very little biological transformation to gas 

(phosphine) (Kadlec and Knight, 1996). Consequently, phosphorus will accumulate in the 

system over time (Moshiri, 1993). Figure 2.1 summarizes the phosphorus cycle in a 

wetland system (PO4: orthophosphate; PP: particulate phosphorus; DP: dissolved 

phosphorus; PH3: phosphine).  

2.2   Forms of phosphorus  

Phosphorus occurs in a variety of forms. The common forms of phosphorus 

entering and leaving a constructed wetland are inorganic and organic, and dissolved 

(soluble) and insoluble. Phosphorus forms are classified according to their chemical 

composition (organic versus inorganic) or physical properties (soluble versus insoluble). 



 13

Organic phosphorus refers to the phosphorus in living organisms, as well as the 

phosphorus associated with detrital particulate organic matter, including inorganic 

phosphorus compounds irreversibly sorbed onto organic matter. Inorganic phosphorus 

refers to the mineral phases of phosphorus in rock and soil. Soluble phosphorus refers to 

all orthophosphates, polyphosphates and phosphorus compounds associated with colloid 

particles that are capable of passing through a 0.45 μm pore diameter filter. Filtration 

through a 0.45 μm pore diameter filter does not necessarily provide true separation of 

suspended and dissolved forms of phosphorus (Clesceri et al., 1989). 

 

Figure 2.1: Phosphorus storages and transfers in wetlands (Kadlec and Knight, 1996) 

 Phosphate is the predominant form of phosphorus in natural waters and in 

wastewaters (Clesceri et al., 1989). In lake systems, 90% of all phosphorus is bound in 

the solid phase as organic phosphates, either as cellular constituents in the living biota, or 
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associated with dead particulate organic materials and detritus. The solid phase organic 

polyphosphates are not readily available; however, if they revert to more bioavailable 

orthophosphate forms then they can be taken up by the biomass in the lake without 

further conversion (Metcalf and Eddy, 2003). There are three main classifications of 

phosphates: 

1. orthophosphates:  PO4
3- , HPO4

2- , H2PO4
- , H3PO4 

2. polyphosphates:  complex molecules with multiple phosphorus atoms  

3. organic phosphates 

Total phosphorus is the measure of phosphorus in all its forms and is usually used 

in most regulatory guidelines. However, inorganic phosphorus is the most mobile form 

within a wetland; it readily moves from the soil or substrate to the water column and vice 

versa (WEF, 1998).  The inorganic orthophosphate is the most common of all forms and 

is easily measured in the laboratory. Dissolved inorganic phosphorus is commonly found 

in the ionic form of orthophosphate. Other forms of dissolved inorganic phosphorus 

include condensed phosphates such as pyro-, meta- and polyphosphates. 

In solution, the principle inorganic species are related by the pH-dependent 

dissociation series: 

H3PO4 ⇔ H2PO4
- + H+     (2.1) 

H2PO4
-⇔ HPO4

2- + H+     (2.2) 

HPO4
2-⇔ PO4

2-+ H+     (2.3) 

2.2 shows the different forms as distributed in water at 25oC (Freeze and Cherry, 

1979). The mobility of the phosphorus is thus controlled by the pH of the water (see 

Section 2.5.6). This in turn determines which of the mineral components in the soil will 
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finally absorb phosphorus. This pH dependency could lead to significant performance 

changes in a wetland system. 

 

 

Figure 2.2: Distribution of major species of inorganic phosphorus in water at 25oC 

                   (Freeze and Cherry, 1979). 

2.2.1  Phosphorus discharge regulations 

 In Ontario, the discharge of phosphorus and other nutrients into the environment 

is presently regulated according to three principal environmental statutes: 

• the Environmental Protection Act 1990; 

• the Ontario Water Resources Act 1990 and;  

• the Nutrient Management Act 2002. 

The Environmental Protection Act is the principal pollution control statute in 

Ontario and is used in conjunction with the Ontario Water Resources Act to address point 

sources of pollution. The statutes have been used to regulate the operation of domestic 

sewage systems; however, the discharge limits of phosphorus are not explicitly regulated.  



 16 

The Ontario Water Resources Act 1990 is a water management statute for both 

groundwater and surface water. The act prohibits or otherwise regulates the discharge of 

polluting material, including nutrients, in or near water (s.30; s.31), and mandates the 

requirement of regulatory approvals for all drinking water and sewage works (s.52; s.53). 

A companion document to the Ontario Water Resources Act titled Guideline F-5 (1994a) 

outlines the requirements for phosphorus treatment works for municipal and private 

sewage treatment systems. A second document titled Guideline F-8 (1994b) sets the total 

phosphorus limit of 1 mg/L for municipal and private sewage treatment systems 

discharging into a number of catchments basins (including the St. Lawrence River, the 

Ottawa River and the Great Lakes except Lake Michigan). Guideline F-8 allows for more 

stringent treatment requirements to be imposed, if justified by appropriate site-specific 

receiving water assessments or basin wide considerations.  

In Ontario, following the Walkerton events, the Inquiry committee 

recommendations addressed rural and agricultural non-point source nutrient discharges, 

amongst other things (O’Conner, 2002). The Nutrient Management Act 2002, S.O. 2002, 

c.4 (2002), was enacted to address non-point source nutrient pollution arising from 

agricultural sources and provides a framework for setting clear and consistent standards 

for phosphorus management on farms. Wetlands can be a cost effective and efficient 

treatment option for treating manure runoff and other agricultural wastewater while 

meeting the new nutrient control regulations (Hill et al., 2000; Jamieson et al., 2002; 

Serodes and Normand, 1999). 

Much of the research and monitoring that has been done in the area of constructed 

wetlands has concentrated on performance evaluations, for the purpose of compliance 
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monitoring. These performance evaluations usually only consider the influent and 

effluent and provide very little information about treatment dynamics. Albertson (1998) 

refers to this as the “black box” approach, meaning that measurements are only taken 

from outside the black box (wetland), with very little understanding of what actually goes 

on inside. In order to better understand constructed wetland systems, so that their 

advantages and limitations can be better defined and their designs can be improved, it is 

important to understand the biological, physical and chemical activities that take place 

within the black box. For this reason, process control monitoring is a crucial component 

of any monitoring program.  

2.3 Phosphorus removal mechanisms 

Based on the phosphorus cycle (see Figure 2.1), the only means of removing 

phosphorus from wastewater by a constructed wetland is through accumulation of 

phosphorus within the system. This accumulation of phosphorus can occur biologically, 

physically or chemically. 

2.3.1  Biological removal mechanisms 

Biological storage of phosphorus occurs through uptake by plants and microbes, 

though this quantity maybe small. During the start up phase, phosphorus is taken up by 

biomass as it becomes established (Mander and Jenssen, 2002). However, as wetlands 

mature to steady state, there is little net removal through uptake. By carefully managing 

the growing and harvesting of vegetation, bioretention of phosphorus can be controlled 

(Davis et al., 2006). Cooke (1992) found that 11% of the phosphorus in the wetland was 

taken up by the plants. Another study found that uptake by cattails was 40% of the total 
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phosphorus input (Weng et al., 2006). Davies and Cottingham (1993) suggested that 

plants may remove only up to 6% of the incoming phosphorus if they are harvested. On 

the other hand, phosphorus taken up during the growth in spring and summer is released 

back during fall when the plants die (Verhoeven and Meuleman, 1999). Richardson and 

Craft (1993) estimated that 35% of the phosphorus taken up by the macrophytes during 

the growing season is released back during the fall and winter months.   

Studies on surface flow wetland microcosms indicated that although 

microorganisms take up some phosphorus, it usually occurs in the early stages of wetland 

development. Once the population becomes saturated, it is not capable of removing 

significant amounts from a typical wastewater stream (Stober et al., 1997; Gray et al., 

2000). Ragusa et al. (2004) observed that, although the increase in biomass occurred 

linearly, there was no substantial decrease in the nutrient level. Nutrients are released 

when the microorganisms die and the phosphorus cycles back into the system and is 

available for new growth. Uptake by microorganisms occurred in less than 1 hour and 

90% of the absorbed phosphorus was released back within 6 hours (Kadlec and Knight, 

1996). As well, filtration of the suspended solids resulted in the biomass being 

concentrated at the inlet of a subsurface wetland (Ragusa et al., 2004). Sajn Slak et al. 

(2004) estimated that 80% of phosphorus contained within the algal cell is biodegradable 

and available for release back into the water column. 

One suggested approach to prevent the release of phosphorus back into the water 

column is to harvest the wetland plants. It was found that, if the harvesting is done twice 

a year, this substantially increases the amount of phosphorus removed due to uptake by 

plants (Hosoi et al., 1998). Harvesting the upper portions of the cattail plants in the early 
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portion of the growing season (approx 50-60 d of growth) and/or the whole cattail plants 

near the end of the growing season maximizes phosphorus removal (Weng et al., 2006).  

Vegetation harvesting and accumulation in the sediment accounted for the largest 

phosphorus removal in the front sections of some wetlands (Toet et al., 2005). However, 

harvesting may not be a feasible alternative for cold climate wetlands. Harvesting in the 

spring (the time for maximum removal) is clearly not possible as the plants are just 

becoming established, or reestablished after the dormant winter period. Harvesting is 

labour intensive and also reduces the rate of growth of plants, which may consequently 

require a long time to reestablish and mature. This may ultimately affect the treatment 

performance of a cold climate wetland.  

2.3.2  Physical removal mechanisms 

Physical processes function by removing phosphorus in suspended solids and in 

precipitates by filtration, with subsequent sedimentation in the substrate media within the 

wetland.  Suspended particles in the influent may combine with a number of soluble and 

insoluble phosphorus forms in the wetland. However, if the solid matter filtered from the 

wastewater is planktonic, its decomposition can release dissolved phosphorus into the 

water column (Kadlec and Knight, 1996). Filtration is primarily mechanical straining 

where the particles larger than the pore size of the strainer (filtering medium) are 

separated from the bulk of the liquid. Sedimentation is separation of suspended particles 

that are heavier than water by gravitational settling (Metcalf and Eddy, 2003).  

As many of the chemical mechanisms (see Section 2.3.3) follow equilibrium 

reactions, the mass of solid phase phosphorus retained through filtration and 

sedimentation is influenced by changes in the water column phosphorus concentration. 
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Dilution of the influent waste stream due to large precipitation events or runoff from 

snowmelt can lead to a reduction in influent phosphorus concentration, and a subsequent 

release of retained solid phase phosphorus into solution.  

2.3.3  Chemical removal mechanisms 

Phosphorus removal through chemical processes is the most important means of 

accumulating phosphorus in constructed wetlands (Kadlec and Knight, 1996). Chemical 

removal of phosphorus occurs through precipitation and sorption processes.  

2.3.3.1 Precipitation 

Precipitation is the formation of insoluble products from the combination of 

soluble reactants. The removal of phosphorus is ultimately achieved through physical 

storage of the phosphorus precipitates within the substrate media.  Naturally occurring 

soluble iron and aluminum or calcium can result in significant removal of phosphorus by 

precipitation (Cooke, 1992; Sakadevan and Bavor, 1998; Ayoub et al., 2001; Bashan and 

De-Bashan, 2004). To enhance the phosphorus precipitation within a wetland, at times 

chemical dosing is required, although this chemical dosing can be a great disadvantage as 

the operational simplicity inherent in the wetland system is lost and the potential for 

clogging increases (Brady and Weil, 1999). 

Alum [Al(SO4)2.12H20] and ferric chloride (FeCl2) are most commonly used in 

conventional wastewater treatment facilities to precipitate phosphorus, with subsequent 

physical removal from the system by co-settling with the organic suspended solids. 

Equations 2.4 through 2.7 give the simplified chemical reactions for alum and ferric 

chloride (Lind, 1998). 
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Alum 

Al2(SO4)3 + 2Na3PO4 � 2AlPO4 ↓ + 3Na2(SO4)    (2.4) 

Al2(SO4)3 + 6H2O � 2Al(OH)3 ↓ + 3H2SO4     (2.5) 

 

Ferric Chloride 

FeCl3 + Na3PO4  � FePO4 ↓ + 3NaCl     (2.6) 

FeCl3 + 3H2O � Fe(OH)3 ↓ +3HCl      (2.7)   

Lime (CaO) can also be used for phosphorus removal as shown in Equations 2.8 

through 2.10 (Lind, 1998):  

3CaO + 2Na3PO4 + 3H2O  � Ca3(PO4)2 ↓ + 6NaOH   (2.8) 

CaO + H2O � Ca(OH)2 ↓       (2.9) 

CaO + CO2 � CaCO3 ↓       (2.10) 

Reactions with lime are slower, as compared to those with metal salts, requiring a 

longer time to reach equilibrium. Excessive dosing is required while using lime as 

competing side products are formed (as shown by the reactions in Equations 2.9 and 

2.10). The most effective removal of phosphorus using lime occurs at a pH of 10.5 (Gray 

and Schwab, 1993), which further requires a lot of chemical to achieve that pH (i.e. to 

overcome the alkalinity buffering system). The pH of the effluent may in turn become an 

issue after the phosphorus is removed (Lind, 1998; Roques et al., 1991). 

Chemical dosing is usually done prior to the wetland. The operation and 

implementation of chemical dosing is simple but results in increased sludge and 

associated disposal costs, and increased operation and maintenance costs. The quality of 

effluent achieved can be as low as 0.1 mg/L of phosphorus using chemical dosing. 
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Chemical dosing can also be done directly into the wetland (Brix and Arias, 2005; Davies 

and Cottingham, 1993), although the precipitates formed present a high potential for 

clogging.  

2.3.3.2 Sorption  

Sorption is the process of a substance adhering to the surface of a wetland media 

and is considered to be the most significant phosphorus removal mechanism (Moshiri, 

1993). Sorption is a general term that encompasses both adsorption and absorption 

mechanisms and is a time-limited process based on the available surface area. Adsorption 

is the process of accumulating substances on the media surface while absorption refers to 

the accumulation within the pore structure of the media (Stumm and Morgan, 1996). 

Sorption reactions are based on an equilibrium condition where the rates of reaction are 

fast in relation to the physical processes of advection and dispersion (Kueper, 2003). The 

process occurs on two different levels: molecular and filter bed scales. 

 At the molecular level, there are two types of adsorption: chemical adsorption and 

physical adsorption. Chemical adsorption or chemisorption involves the formation of a 

chemical bond which can range from complete ionic to complete covalent between the 

substrate and adsorbate. Physical adsorption is due to the Van der Waals attractive and 

electrostatic forces. Chemisorption dominates at lower concentrations whereas as the 

concentration increases physical adsorption becomes more important (Nix, 1999). For 

sorption of phosphorus it needs to be transported to the surface of the media. Transport of 

the phosphorus to the macropores within the media matrix depends on advection and 

diffusion whereas transport to the micropores is governed solely by diffusion (Sanyel et 

al., 1993; Lopez et al., 1998).  
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At the filter bed level, sorption takes place in the mass transfer zone where the 

soil is unsaturated with phosphorus. As the first section becomes saturated, the zone 

moves down to the next section. Breakthrough occurs when the effluent concentration 

reaches the maximum acceptable level whereas the saturation point occurs when the mass 

transfer zone reaches the bed end resulting in zero net sorption.  

The theoretical sorption capacity of a sorbent is achieved when the rate of 

sorption equals the rate of desorption. Thus, sorption is an equilibrium reaction and the 

relationship is described in terms of sorption isotherms. The amount of material sorbed is 

expressed as a function of the equilibrium concentration in solution at a constant 

temperature and the resulting function is called the adsorption isotherm. Isotherm 

equations developed by Langmuir and Freundlich have been used traditionally to 

describe phosphorus sorption in soils and been used in constructed wetland design to 

estimate the theoretical maximum phosphorus sorption capacities of the media under 

specified conditions (Lin and Banin, 2006; Aries et al., 2001; Gray et al., 2000; 

Johansson and Gustafsson, 2000; Drizo et al., 1999). The sorption isotherms are 

described in more detail in Section 2.7.2. 

2.4 Phosphorus sorptive media 

A number of intrinsic and operational factors can affect the phosphorus retention 

capacity of a constructed wetland filter medium. The inconsistency of wetlands in 

removing phosphorus is frequently due to the variable capacities of different wetland 

media to adsorb phosphorus (Mann, 1990). According to Pries (1994), the average 

removal efficiency for total phosphorus is 55%, based on the operational data from 97 

sites in North America (including both surface and subsurface systems). Other 
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phosphorus removal efficiencies reported were as low as 30% (Schierup et al., 1990) and 

as high as 98% (Drizo et al., 2000). Maehlum et al. (1995) reported a total phosphorus 

removal efficiency of 98% for a cold climate subsurface in Norway, using LECA clay as 

a substrate because of its phosphorus sorption capabilities. In Northern Ontario a 

constructed wetland using gravel was only able to remove 57% (Miller, 1989) and for an 

Eastern Ontario wetland this value was only 46% (McCarey, 2001). Phosphorus removal 

capabilities of different media have been the focus of numerous studies (Baker et al., 

1998; Crolla et al., 2000; Drizo et al., 2000; Johansson, 1997; Sakadevan and Bavor, 

1998). However, due to the variations in experimental procedures and reporting, it is 

generally difficult to directly compare results between studies. 

The phosphorus sorption capability of a particular medium is dependent on its 

chemical properties (presence of metals and organic matter) and physical properties 

(medium permeability and particle size). These factors are detailed in subsections 2.4.1 to 

2.4.3. Other factors affecting the sorption processes (e.g. wetland loading conditions) are 

detailed in Section 2.5. 

2.4.1  Presence of metals 

It has been shown that the Fe, Al and Ca content correlates to the ability of a 

medium to remove phosphorus (Zhu et al., 1997). Sorption may be dependent on the 

composition of the material e.g. oxides of these minerals, while the availability of these 

minerals in the soluble form will direct precipitation reactions. In a study of 13 Danish 

sands, Arias et al. (2001) concluded that Ca content was the most important characteristic 

determining phosphorus retention. Molle et al. (2003) reported a negative correlation 

between carbonate concentration and phosphorus retention and a positive correlation 
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between the media Ca fraction and phosphorus retention. Millero et al. (2001) reported 

that calcareous sediments in shallow waters may represent an important sink for 

phosphorus. 

The medium’s capability for phosphorus retention is also attributed to the 

presence of aluminum, iron and calcium oxides. Dunne et al. (2005) found that the 

phosphorus sorption parameters were significantly related to the amorphous forms of 

aluminum and iron in the soils. Aluminum oxide is more capable of phosphorus sorption 

than iron oxide (Johansson, 1997; Sakadevan and Bavor, 1998; Baker et al., 1998). A 

combination of the two oxides has more removal capacity than either of them alone in 

low pH conditions (Owusu-Bennoh and Acquarye, 1989; Sakadevan and Bavor, 1998; 

Mann, 1990). Generally amorphous iron has greater sorption capacity than crystalline 

iron oxides (Sakadevan and Bavor, 1999).  At high pH conditions, calcium oxide is the 

dominant metal ion adsorber (Johansson and Gustafsson, 2000). 

Phosphate reacts with soluble aluminum and iron to form insoluble hydroxyl 

phosphates in reactions similar to the one shown in Equation 2.11 (Brady and Weil, 

1999): 

Al3+ + H2PO4
- + 2H2O ↔ Al(OH)2H2PO4↓ + 2H+    (2.11) 

Soluble  Insoluble 

Phosphates react with the insoluble hydrous oxides of these metals forming 

insoluble hydroxy phosphates (Brady and Weil, 1999) as shown in Equation 2.12: 

Al2 O3⋅3H2O + 2H2PO4
-  ↔ 2Al(OH)2H2PO4↓ + 2OH-   (2.12) 
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 Phosphates can also exchange anions with positively charged oxides on soil 

particles. This anion exchange is a reversible process and holds the phosphate loosely as 

shown in Equation 2.13 (Brady and Weil, 1999): 

Al(OH)2
+OH- + H2PO4

-  ↔ Al(OH)2H2PO4
-↓ + OH-    (2.13) 

Phosphate reacting with calcium produces a series of compounds of decreasing 

solubility. First, monocalcium phosphate is produced which is highly soluble (Equation 

2.14), followed by dicalcium phosphate and then tricalcium phosphate which is insoluble 

by nature (Equation 2.15 and Equation 2.16). These can still convert further to more 

insoluble products such as hydroxyapatite (Molle et al., 2003; Brady and Weil, 1999).   

Ca2+ + 2H2PO4
- +  H2O  ↔ Ca(H2PO4)2 ⋅H2O   (2.14) 

            Monocalcium phosphate 
(soluble)  

 
Ca(H2PO4)2 ⋅H2O + 2H2O  (+CaCO3) � 2(CaHPO4 ⋅2H2O) + CO2 ↑  (2.15) 
      Dicalcium phosphate 
      (slightly soluble) 
 
Ca(H2PO4)2 ⋅H2O + 2H2O  (+CaCO3) � Ca3(PO4)2 + CO2 ↑ + 5H2O (2.16) 

Tricalcium phosphate 
(hardly soluble) 

In general, for acid soils, phosphorus is fixed by available aluminum and iron and 

for alkaline soils by available calcium and magnesium (Reddy and D’Angelo, 1994; 

Mayer and Jarrell, 2000). On the other hand reducing conditions may lead to 

solubilization of iron minerals and subsequent release of phosphorus co-precipitates. Also 

if free sulfide is present due to sulfate reducing conditions, iron sulfide can form and 

preclude iron mineralization of phosphorus. 

Some commonly found mineral precipitates in the wetland environment are 

(Reddy and D’Angelo, 1994): 
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Apatite   Ca5(Cl)(PO4)3  

Hydroxylapatite Ca5(OH)(PO4)3 

Variscite  Al(PO4).2H2O 

Strengite  Fe(PO4).2H2O 

Vivianite  Fe3(PO4)2.8H2O 

Wavellite  Al 3(OH) 3(PO4) 2.5H2O 

    In addition to direct chemical reactions, phosphorus can co-precipitate with 

other minerals such as ferric oxy-hydroxide and carbonate minerals such as calcite 

(calcium carbonate), CaCO3 (Reddy and D’Angelo, 1994). The overall phosphorus 

mineral chemistry is very complex; consequently quantification of solubility is generally 

not possible. 

2.4.2 Particle size: Media matrix permeability and surface area 

A fine grained sample will adsorb more phosphorus than a coarse grained sample, 

due to the greater relative surface area available (Seo et al., 2005; Zhu et al., 2003; Reed 

and Brown, 1995; Netter, 1993). Fine grained materials also tend to be more suitable for 

plant growth. Some plant varieties will not easily establish in coarse or silty material 

(Geller et al., 1990). However, fine grained materials will have low permeability and 

therefore are more likely to clog and cause surface flooding/short circuiting.  

Coarse sand to fine gravel is best for conductivity although they have limited 

surface area for sorption (Davies and Cottingham, 1993). Particles that are porous will 

have a greater surface area and more exposed sorptive sites, so a large grain size class can 

still have good sorption and provide good hydraulic conductivity. For example, clay has a 

very large surface area and is high in Fe, Al and Ca and thus has a high potential for 
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fixation of phosphorus. However, Garcia et al. (2004) observed that media particle size 

did not significantly affect phosphorus retention, which is a dilemma for designers.  

2.4.3  Organic matter 

The influence of organic matter on phosphorus sorption is not well documented. 

A negative relationship develops due to physical blockages of sorption sites, or 

competition for sites by organic ions (Xu et al., 2006; Sakadevan and Bavor, 1998). Xu et 

al. (2006) noted that phosphorus sorption capacity decreased with increasing organic 

matter. Also, the pH of the substrates was influenced by organic matter, which in turn 

influences the sorption capacity. On the other hand, some retention of phosphorus has 

been observed in association with organic matter, although most likely due to its Fe, Al 

and Ca content (Sakadevan and Bavor, 1998; Tenney et al., 1995; Nichols, 1983; Reed 

and Brown, 1995).  

Agricultural soils with manure can be a source of organic matter affecting 

phosphorus removal. Cooperband and Good (2002) observed that soils amended with 

different types of manure showed different phosphorus removal capabilities, refuting the 

current assumption that all manure phosphorus behaves similarly in soils. There was a 

strong synergistic effect between dairy manure and the soil phosphorus, but poultry 

manure amended soil did not affect the soil phosphorus. Biogenic phosphate minerals are 

difficult to identify as they are poorly crystallized and have imperfect stoichiometries. 

Another study found that the presence of algae improved the phosphorus removal 

performance in laboratory studies (Shilton et al., 2006).   
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2.5  Other factors affecting phosphorus removal  

The sorption and desorption of phosphorus in constructed wetlands is impacted 

not only by the physical and/or chemical characteristics of the substrate media, but also 

by phosphorus loading, hydraulic conditions, temperature, time, dissolved oxygen and pH 

of the media.  

2.5.1  Phosphorus loading 

 High phosphorus loading results in phosphorus removal whereas low phosphorus 

loading may result in phosphorus release by soils (WEF, 1998; Patrick and Khalid, 1974; 

Holford and Patrick, 1979). In flow cell experiments using a calcite material, Arias et al. 

(2003) observed a negative correlation between surface loading rate and phosphorus 

retention. Phosphorus loading impacts both adsorption and precipitation processes. For 

adsorption, diffusion is required for phosphorus to reach micropores and be retained. 

High phosphorus loading results in a substantial concentration gradient between the soil 

pore concentration and the inflow, which ultimately leads to sorption by soil via 

diffusion. For precipitation, the solubility product (i.e. the concentration of phosphorus 

and the concentration of metal ions that will precipitate the phosphorus) controls the 

concentration of phosphorus in solution (Wood and Hensman, 1990). In both cases, high 

concentrations of phosphorus will facilitate its removal. 

An empirical equation was formulated to predict the output of phosphorus based 

on influent phosphorus in 90 SSF wetlands from U.S., Australia, U.K. and Denmark as 

given in Equation 2.17 (Kadlec and Knight, 1996): 

Ce= 0.51 Cin 1.10       (2.17) 

Cin = 0.5~20 mg/L,  Ce = 0.1~15 mg/L 
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where  Ce : outflow concentration  

Cin :  influent concentration  

The correlation coefficient was only 0.64 indicating that Equation 2.17 has a lot of 

uncertainty associated with it. Interestingly, the equation fits the data of an eastern 

Ontario wetland, suggesting that the operation in the wetland is similar to what was 

occurring in the other wetlands sites (McCarey, 2001).      

The method of dosing may also have some effect on the removal rates. It has been 

suggested that pulse dosing may be more effective in entraining oxygen in the system 

than continuous dosing, and consequently will affect the behaviour of media mineral 

oxides (Crites and Tchobanoglous, 1998).   

Internal loading is another main source of phosphorus if the wetland is 

constructed in an agricultural area (Pant and Reddy, 2003). Phosphorus has a very low 

solubility and is readily removed from solution by several sorption and precipitation 

reactions as previously described. Phosphorus levels in the water columns were found to 

be lower towards the inlet and increased towards the outlet of the wetland indicating the 

possibility of phosphorus leaching out from the wetland medium (McCarey, 2001). 

Dunne et al., (2005) observed phosphorus leaching out when soil columns were flooded 

with distilled water. The study indicated that highly soluble phosphorus may be released 

during the first month of flooding but the slow dissolution of relatively stable pools of 

phosphorus (iron, aluminium, calcium and magnesium bound phosphorus) could 

maintain a long term steady flux. 

Many SSF wetlands have experienced surface loadings. Flooding results in short 

circuiting and subsequently the phosphorus removal is poor. Reed and Brown (1995) 
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observed that surface flooding was due to poor hydraulic designs and not due to clogging 

from high solid loads. Batchelor and Loots (1997), however, observed surface flooding 

due to clogging from high solids loads (from raw sewage). Flooding may also result in a 

reverse concentration gradient leading to the previously sorbed phosphorus now being 

leached out. Flooding could be a result of poor design and operation of the pre-wetland 

settling system. Proper operation of the entire wastewater treatment system may be able 

to partially reduce the risk of internal loading.    

2.5.2  Hydraulic flow direction and depth  

 The direction of the hydraulic flow may result in preferential channeling on a 

large scale within a subsurface wetland. This may result in poor phosphorus removal due 

to decreased retention time. Hydraulic tracer studies by Breen and Chick (1995) on a 

subsurface flow system illustrated the existence of stratification, proving that the upper 

and lower layers exist in two distinct hydraulic regimes. Tracer studies by Drizo et al. 

(2000) found that the majority of the flow traveled along the bottom of the trench. This 

was true for both planted and unplanted wetlands. McCarey (2001) found that there were 

greater masses of phosphorus in the upper areas of the wetland than the lower areas, 

indicating stratification in the wetland system. The lower levels having lower phosphorus 

concentrations indicates that more treatment is occurring in the rootzone than in the upper 

layers of the subsurface wetlands. This could also indicate preferential flow paths that 

lead to the differential treatment with depth (Kadlec, 2000; McCarey, 2001). 

Conservative tracer experiments conducted by Munoz et al. (2006) demonstrated that 

vegetation reduced preferential flows in SSF treatment wetlands. Preferential flow paths 
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could be a result of improper design and operation, but the blending of the treated 

wastewater at the outlet of the wetland somewhat negates this effect.   

2.5.3  Hydraulic loading rate 

Longer retention times and low hydraulic loadings are considered to increase 

phosphorus removal (Garcia et al., 2004, 2005; Sakadevan and Bavor, 1999; Howard-

Williams, 1985). In a laboratory study of a horizontal flow reed bed system, Garcia et al. 

(2004) found negative correlations between hydraulic loading rate and phosphorus 

retention, and between filter depth and phosphorus retention. Longer retention times 

allow for increased diffusion, in turn increasing access to sorption sites in micropores.  

Low hydraulic loadings are associated with larger areas, which would increase the 

phosphorus retention capacity of the wetland based on volume alone.  

Hydraulic loading rate was also a very important factor in controlling the 

efficiency of a subsurface flow wetland (Garcia et al., 2005). However, Toet et al. (2005) 

found that although the other parameters (fecal coliform and nitrogen) removal efficiency 

increased with an increase in the retention time, phosphorus removal remained <5%. 

Another study noted that phosphorus concentrations under the higher flowrate and shorter 

duration were statistically identical to those of the control study, indicating no effect from 

the higher hydraulic loading (Davis et al., 2006).  

Adam et al. (2006) gives contradicting results with a material called Filtralite, a 

commercially available clay product with a high pH and high Ca and Mg content. 

Filtralite was observed to have a sorption capacity of 8030 mg/kg for a 5 L/day hydraulic 

loading rate whereas for a rate of 1.25 L/day, the medium gave a sorption capacity of 
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4990 mg/kg, which was probably due to the different scales of the experimental setups 

used for investigation (Adam et al., 2006).  

2.5.4 Temperature effects 

As solar radiation levels vary diurnally and annually, constructed wetland 

processes are driven by the effects of soil and water temperature that cause changes in 

microbial activity and hence, in microbially mediated water quality improvement. Higher 

temperatures have been identified to improve phosphorus removal performance by 

Shilton et al. (2006). In batch experiments using a calcium enriched light weight 

aggregate, Zhu et al. (2003) reported positive correlations between increasing 

temperature and phosphorus retention and decreasing particle size and phosphorus 

retention. Kadlec and Knight (1996) reported that no large differences in phosphorus 

removal are associated with temperature when viewed from the overall perspective. They 

reported finding seasonal variation in phosphorus reduction to be less than 10% of the 

seasonal mean. 

During springtime, large exports of phosphorus from wetland systems have been 

observed which can be attributed to the combined effect of decomposed plant material 

and ice melt (McCarey, 2001; Tanner et al., 1998; Reinelt and Horner, 1995; Howard-

Williams, 1985). Snow melt would cause a decrease in the phosphorus concentration (by 

dilution), initiating the release of phosphorus that had accumulated in the wetland. The 

amount released will depend on the age and solubility of the precipitate. It will be 

released mostly from the freshly precipitated crystals and adsorbed phosphorus that has 

not been yet penetrated particles (Brady and Weil, 1999). Also any amount that has been 

taken up by the plants that died over the winter will be released during decay of the plant 
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matter. McCarey et al. (2004) also found that the phosphorus levels are slightly higher for 

the fall season than the winter and summer seasons. Interestingly, most of the phosphorus 

removal also occurs during the fall season. 

Cold temperatures should adversely affect most reactions, especially biological 

and chemical reactions. However, several studies have noted that cold temperatures do 

not significantly affect phosphorus removal (Drizo et al., 1997; Wittgren and Maehlum, 

1997; Kadlec and Knight, 1996; Maehlum et al., 1995; Jenssen et al., 1993). The lowest 

recorded wastewater temperatures during different studies within subsurface wetlands 

during winter conditions were 0.9oC (Dahab and Vanier, 1998), 1.47oC (Smith et al., 

1997) and 1.2oC (Jenssen et al., 1994). Biological activity has also been shown to occur 

at water temperatures between 0oC and 5oC (Jenssen et al., 1993), indicating that 

biological mechanisms may continue to contribute to phosphorus removal even at very 

low temperatures. However, there is not enough information regarding the extent of 

contribution by biological mechanisms for phosphorus removal. Dahab and Vanier 

(1998) conducted a regression analysis of phosphorus removal with temperature which 

showed a decrease in performance during winter conditions; however, large scatter in the 

data prevented any definite conclusions.   

Phosphorus removal in cold temperatures is not affected if hydraulic or equipment 

failure due to cold temperatures is prevented (Jenssen et al. 1993). Insulation appears to 

be the main solution for preventing ice formation or freezing of equipment. Natural 

insulation from dead vegetation and snow can be effective. Conservative tracer 

experiments conducted by Munoz et al. (2006) demonstrated that vegetation contributed 

to thermal protection. Insulation materials in layers of 20 to 40 cm have also been 
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successfully used to insulate subsurface wetlands (Jenssen et al., 1993). Cold 

temperatures are insignificant for phosphorus removal if the wetlands themselves are 

insulated with straw, soil, thatch and polystyrene (Smith et al., 1997; Jenssen et al., 1993; 

Martin, 1998). The type of the insulating material used is insignificant as long as there is 

sufficient insulation.  

2.5.5  Reaction Time 

Time required for the phosphorus sorption reactions is another factor that affects 

the overall removal of phosphorus from the water column. Although the majority of 

sorption reactions occur quickly, slower reactions can continue for months. It has been 

observed that soils from septic tank drainfields were not completely saturated with 

respect to nutrients even after 15 years of operation (Sawney and Hill, 1975). Shilton et 

al. (2006) found that their slag filters performed well for the initial five years after which 

the performance remarkably declined. Slower phosphate fixation can be attributed to 

varying energetics of sorption sites, a shift from physically adsorbed phosphorus to 

chemically adsorbed forms, diffusion of phosphate inside the particle matrix, or slow 

recrystallization of adsorbed phosphorus into mineral phases. One such reaction may be 

the evolution of tricalcium phosphate to the thermodynamically more stable, and less 

soluble, hydroxyapatite (Ca10(PO4)6(OH)2) (Roques et al., 1991). Also, as the crystal 

precipitate ages and increases in size, the surface area decreases, leaving less phosphorus 

available at the surface for re-release (Brady and Weil, 1999).  Slower secondary 

processes are less readily reversible and in some cases may permanently immobilize 

phosphorus (Nichols, 1983; Robertson and Harman, 1999). 
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2.5.6  Dissolved oxygen and pH 

Dissolved oxygen (DO) may be an important factor in phosphorus removal in SSF 

constructed wetlands owing to the typically anaerobic environment and a lack of 

mechanisms for substantial reaeration. Plants can alter the microenvironment, which may 

indirectly influence removal. Wetland plants have adapted to low DO conditions by 

secreting oxygen from their roots, thus forming an aerobic area around the roots. This 

may be important in phosphorus retention, as suggested by Drizo et al. (1997) and Geller 

et al. (1990) who noted iron precipitation on roots. Hiley (1995) noted very fine roots that 

are only produced in low oxygen demand conditions and are likely to leak oxygen. 

Anaerobic (low redox) conditions have been associated with the release of 

phosphorus in wetlands (Mann, 1990; Reddy and D’Angelo, 1997) whereas aerobic 

conditions have decreased the phosphorus concentrations in the water column (Drizo et 

al., 1997). 

The relationship between redox conditions and phosphorus sorption is due to the 

transformations of the iron in the soil. Garcia et al. (2004) observed higher phosphorus 

removal efficiency in shallower beds related to their less reducing conditions. Low redox 

conditions reduce Fe+3 to Fe+2 which releases the phosphorus adsorbed to crystallized 

Fe+3 (WEF, 1998; Richardson and Craft, 1993; Faulkner and Richardson, 1990; Holford 

and Patrick, 1979). However, the net release of phosphorus will also depend on the pH of 

the soil and the concentration of phosphorus in the water column.  

The pH of water also controls the mobility of phosphorus and affects which 

mineral components sorb phosphorus. The pH of the wetland is not easily controlled. It is 

dependent on the wastewater source, media characteristics, redox conditions, algal 
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blooms, etc. Figure 2.3 show the phosphorus availability with pH. At low pH the 

precipitation of iron- and aluminum- complexes are active. At pH 5.5 to 8 and in 

anaerobic conditions, phosphorus is released when low concentrations of phosphorus are 

present in the water column (Holford and Patrick, 1979). 

High redox conditions will allow phosphorus sorption. The oxidation of Fe+2 in 

the presence of phosphorus and absence of silica will result in high initial phosphorus 

sorption. Subsequently, the release of phosphorus is likely due to coagulation and 

crystalline growth of iron oxide. The silica inhibits the natural growth of crystalline iron 

oxide causing the phosphorus to remain adsorbed (Mayer and Jarrell, 2000). 

 

Figure 2.3: Phosphorus availability with pH (Brady and Weil, 1999) 

The optimal pH range for phosphorus removal by aluminum components is pH 3-

6 (Zhu et al., 1997). The greater capacity of aluminum oxides relative to iron oxides is 
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due to its effectiveness under a wide range of pH and stability under redox changes 

(Johansson, 1997; Sakadevan and Bavor, 1998; Baker et al., 1998). 

For iron oxides, the optimal pH range is 5-7 for phosphorus removal. Under high 

acidic conditions, iron oxide is more effective than aluminum oxide for phosphorus 

removal (Zhu et al., 1997) 

For pH greater than 8 or 9, calcium is considered the main phosphorus removal 

component (Zhu et al., 1997; Jenssen et al., 1994; Richardson and Craft, 1993; 

Diamadopoulos and Benedek, 1984; Holford and Patrick, 1979). 

2.6  Potential media   

A potential media for a constructed wetland, if rich in Fe, Al and Ca ions, will be 

successful in removing phosphorus. The media would also be considered for application 

in a treatment process if it does not produce any toxic effect in the process. Potential 

media studied generally include soils, soil amendments and industrial byproducts 

(synthetic and manufactured materials). Some of the media mentioned in the literature as 

having been tested as wetland soils are blast furnace slag, light expandable clay 

aggregates, cement clinker, crushed brick, activated aluminum oxide, half burned 

dolomite, maerl, siliceous sedimentary rock opaka, peat amended with steel wool, red 

mud, mussel shells and shale.  

 For economic purposes, the media chosen is generally locally available. To 

determine the most suitable material for phosphorus removal in a post-wetland filter, 

research conducted at Queen’s University, Canada used several different media. These 

include gravel, zeolites, brick, blast furnace slag, limestone and zebra mussel shells 

(Rosolen, 2000; Van Weelden, 2002; Laska, 2005). Rosolen (2000) used batch shake 



 39 

tests to screen twenty-one potential filter media. Of these media, the four best were 

examined using more comprehensive batch shake tests and horizontal flow-through filter 

testing. The four media selected were local gravel, a zeolite, a blast furnace slag and a 

cement clinker. Of these, the blast furnace slag and cement clinker were investigated in 

the field for their capacity to remove phosphorus from a subsurface wetland effluent 

(Calder et al., 2006). Gravel was also investigated as the control system for the field 

trials. The slag and the cement clinker gave consistently low phosphorus output and were 

further investigated (Calder et al., 2006). Parallel studies using zebra mussel shells have 

indicated their potential for similar treatment application (Laska, 2005; Van Weelden, 

2002).  

2.6.1  Processed slag 

There have been many studies on the use of slag, a byproduct from the steel 

making industry, for phosphorus removal   (Xu et al., 2006; Shilton et al., 2006; Rosolen, 

2000; Calder, 2001; Baker et al., 1998; Bailey et al., 1999; Crolla et al., 2000; Drizo et 

al., 2000; Johansson and Gustafsson, 2000; Sakadevan and Bavor, 1998). Slag from 

different sources may be chemically different and will have varying sorption capacities 

(Bailey et al., 1999), and are discussed in Section 4.4. Slag is silica based with aluminium 

oxides (from iron ore) and calcium and magnesium oxides (from lime). They also contain 

traces of heavy metals, iron and sulfur, and therefore leachability and toxicity must be 

studied before application in the field (Mann and Bavor, 1993). Slag treated with water 

produces a lightweight porous medium having good hydraulic conductivity and numerous 

sites for sorption. Studies of the physicochemical properties of 57 different potential filter 

media found that electric arc furnace (EAF) slag had the highest phosphorus retention 
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capacity (Drizo et al., 2002, 2006). Rosolen (2000) observed that blast furnace slag and 

cement clinker were the best media for phosphorus removal from amongst the 21 media 

tested.   

2.6.2  Cement clinker 

Cement clinker is a silica based medium consisting primarily of lime (CaO) and is 

produced during the production of cement. It is porous in nature and also contains 

aluminum and iron oxides and some trace minerals. Ontario Hydro has been investigating 

alternative uses of coal clinker, a waste product in the production of electricity. A field 

trial to treat septic effluent showed good phosphorus removal (Water Technology 

International Corp., 1998). Calder (2001) observed during the field study that cement 

clinker was a very good medium for phosphorus removal even at high phosphorus 

loadings, although the clinker filter raised the pH of the effluent.  

2.6.3  Zeolites 

Zeolites are volcanic materials but can also be produced synthetically. They have 

a net negative charge (Bailey et al., 1999) and have a very large surface area. A surfactant 

can be used to change the negative charge to a positive charge thus enabling the sorption 

of phosphate anions. Modified zeolites have been shown to be a reasonable media for 

phosphorus removal whereas unmodified zeolites showed relatively poor sorption which 

is not unexpected (Drizo et al., 1999; Sakadevan and Bavor, 1998). 

2.6.4 Limestone and related media 

The phosphorus dynamics in calcareous soil systems have been extensively 

studied but the mechanisms governing phosphorus retention and release are not well 
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understood. It has been suggested that the initial uptake of phosphate on CaCO3 occurs 

by chemisorption, followed by a slow transformation of amorphous calcium phosphate to 

crystalline apatite (Stumm and Leckie, 1970). Amorphous apatite crystals have been 

observed to grow on seed calcite crystals, suggesting that phosphorus uptake on 

carbonate materials is a multistep process that may involve both surface precipitation and 

sorption mechanisms (Zoltek, 1974; Molle et al., 2003). Millero et al. (2001) observed 

that the equilibrium reactions governing phosphorus uptake on calcite and aragonite were 

rapid for the first 30 minutes, then proceeded at a much slower rate for more than one 

week.  

Due to a high calcium content and the ability to increase the pH, limestone and 

related materials have been candidates for studies conducted to estimate the phosphorus 

removal capacity (mg of phosphorus removed / kg of medium) of the media from 

wastewater. Ability to increase the pH is important as sorption of phosphorus by calcium 

rich material only occurs at high pH. Drizo et al. (1997, 1999, 2000) have studied shale 

(700 mg/kg), a highly fissile limestone medium. Crushed limestone or lime was used in a 

mixture with sand and slag by Baker et al. (1998). Crushed marble (5000 mg/kg) and 

calcite (25000 mg/kg) were studied by Brix (2001) and Arias et al. (2001). Calcite (4500 

mg/kg) was also studied by Molle et al. (2003) whereas maerl (1200 mg/kg) was studied 

by Gray et al. (2000). As mentioned previously, Filtralite, a commercially available clay 

product with a high pH and high Ca and Mg content was observed to have a sorption 

capacity of 8030 mg/kg for a 5 L/day hydraulic loading whereas for a 1.25 L/day loading 

the sorption capacity was 4990 mg/kg (Adam et al., 2006). Light weight aggregates 

(LWA) for phosphorus removal were studied in Europe with contradicting results. Zhu et 
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al. (1997) found a very high sorption capacity (3500 mg/kg) although another study 

argued that it was the CaCO3 in the medium which promoted the removal and not LWA 

added to the medium (Johansson, 1997). Mussel and snail shell (17000 mg/kg) and coral 

algae (15000 mg/kg) were studied by Roseth (2000). Studies using zebra mussel shells 

(2200 mg/kg) have indicated their potential for similar treatment application (Laska, 

2005; Van Weelden, 2002). The sorption capacities mentioned in these studies are for 

varied equilibrium phosphorus concentrations ranging from 3 to 460 mg/L, and so results 

are not directly comparable.   

2.6.5 Others 

Iron rich sand was reported to have good phosphorus sorption capacity (Zhu et al., 

1997). Peat was also used to study phosphorus sorption (Tenney et al., 1995; Nichols, 

1983; Reed and Brown, 1995). Addition of steel wool to the peat gave enhanced sorption 

(James et al., 1992). Sludge ceramic with iron electrolysis resulted in high treatment 

performances, achieving <1 mg/L concentration of effluent total phosphorus from an 

influent concentration of 5 mg/L (Yang et al., 2005). Diab et al. (1993) studied substrates 

with high carbon phosphorus ratios, such as straw, which can also support microbial 

growth. These media have large pores, high conductivity, low clogging and high reactive 

surface areas. The lifespan of the filter may be limited as it is related to the biofilm 

formation which will eventually slough off, cycling the phosphorus back into the system.  

As noted previously, a number of intrinsic and operational factors can affect the 

phosphorus retention capacity of a constructed wetland filter medium. However, due to 

variations in experimental procedures and reporting, it is generally difficult to compare 

results between studies. 
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2.7  Modeling phosphorus removal in a SSF wetland 

First order models, sorption isotherms, breakthrough analysis, sophisticated 

deterministic models and stochastic deterministic (probability) models have been applied 

to the modeling of phosphorus removal in a SSF wetland. These models have been used 

to assist in sizing (dimensional requirements) and design of constructed wetland filters. 

However, a large variation in results has been observed between the different models and 

even within the same model category (Rousseau et al., 2004). Although the first order 

model is traditionally used for modeling phosphorus treatment in constructed wetlands, 

there is some concern whether it can be applied to a subsurface flow constructed wetland 

(Kadlec, 2000; Rousseau et al., 2004). Based on material balances through the wetland, 

McCarey (2001) found that phosphorus removal does not follow the first order model but 

rather the empirical Equation 2.17 (a quasi first order equation) put forth by Kadlec and 

Knight (1996). Understanding the complex set of processes affecting constructed wetland 

treatment performance continues to push the recognition of the importance of non-

uniform (i.e. other than plug flow) flow processes (Grismer, 2005). This in turn leads to 

creation of more robust design models.  

2.7.1  First order areal models  

Models of treatment performance in wetlands are most often based on biological 

removal kinetics, describing an exponential decrease in pollutant concentration from inlet 

to outlet (Drizo et al., 2000). The same relationship has been suggested to model 

phosphorus removal (Rousseau et al., 2004; Kadlec and Knight, 1996; Kadlec, 1997; 

WEF, 1998; Drizo et al., 2000; Braskerud, 2002) by combining all removal mechanisms 
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into one rate of removal. This rate of removal is then calculated assuming a first order 

plug flow system (Kadlec and Knight, 1996). 

)( *CCk
dy
dC

q −−=                 (2.18) 

where q is the hydraulic loading, m/d 

C is the concentration, mg/L 

y is the fractional distance along the bed, x/L 

x is the distance along the bed  

L is the length of the bed  

k is the areal rate constant, m/d 

C* is the background concentration, mg/L 

If the background concentration is neglected, then Equation 2.18 can be 

represented by: 

y
q
k

C
C

in

−=)ln(                                            (2.19) 

where Cin is the input concentration. 

The first order model assumes that the concentration profile along the transect of 

the wetland decreases exponentially. It also assumes that the system is mature, i.e. the 

inflow is steady and the influent concentration of phosphorus is uniform (Kadlec and 

Knight, 1996). The model also assumes that no groundwater or surface water infiltrates 

into the wetland and that there is no atmospheric phosphorus deposition. The model 

further assumes a rectangular shaped wetland cell with no spatial variation in the time 

averaged flow. Conventionally, in constructed wetland modeling, the mass balance 
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equation is developed around the surface area and designs based on hydraulic surface-

loading are used (Kadlec and Knight, 1996). 

Insufficient and variable data have been a barrier to an accurate determination of 

k. Hydraulic loading information is rarely presented along with the performance data, 

making estimations of k difficult. Kadlec and Knight (1996) were able to do a 

comparison of several SSF constructed wetlands and determined k = 11.7 (± 4.2) m/yr. A 

study by Tanner et al. (1998) determined a k of 8.8 m/yr in a gravel based SSF wetland. 

Braskerud (2002) determined a k of 214 m/yr for treatment of agricultural wastes. Brix 

(2001) examined k for 67 subsurface wetlands and the mean k was 6.6 m/yr. Drizo et al. 

(2000) modified the model to differentiate between the removal by plants (kp) and from 

reactions occurring in the substrate (ks) where k = kp + ks and determined k = 30.7 m/yr in 

a planted filter and k = ks = 25.2 m/yr in an unplanted filter, indicating very little plant 

uptake.  

The variation of k demonstrates the problem associated with modeling 

phosphorus removal in wetlands. Variation stems from differences in design which 

includes sizing and media, environmental conditions, data presentation and dynamics of 

phosphorus transformations (Mitchell et al., 1995). The substrate at individual facilities is 

generally not well characterized and may also be different. Variations in hydraulic 

loading, affecting retention time, also affect removal. These factors were discussed in 

Section 2.5.  As phosphorus accumulates in the system, the ability of a wetland to remove 

phosphorus is finite. Therefore, the rate constant in Equation 2.19 is highly site specific 

and cannot be applied universally. However, constructed wetlands having similar 

operating conditions could be expected to have similar rate constants.  
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2.7.2  Sorption isotherms  

Sorption isotherms describe the relationships between the amount of phosphorus 

adsorbed per unit of adsorbent material and an equilibrium pore water phosphorus 

concentration at a constant temperature.  The two isotherms most commonly used are the 

Langmuir and the Freundlich isotherms. The latter is found to better describe the 

phosphorus removal for an influent concentration of <100 mg/L (Mann, 1990; Sakadevan 

and Bavor, 1998). This may be because the Freundlich equation, although empirical, 

implies that the affinity for sorption decreases exponentially with increasing saturation, 

which may be closer to reality than the assumption of constant binding energy inherent in 

the Langmuir equation (Kuo and McNeal, 1984). However, the Langmuir isotherm helps 

to calculate the theoretical maximum sorption capacity. Del Bubba et al. (2003) mention 

that the Langmuir model fitted the data when precipitation of phosphorus did not occur 

and thus is useful for describing sorption processes per se. The Freundlich model fitted 

the data where both precipitation and sorption of phosphorus were occurring. The 

Langmuir model was also found to be less useful when the pH values were higher than 

nine. This was probably due to phosphorus precipitating with calcium present in the 

media (Del Bubba et al., 2003). Although these isotherms are not able to predict the 

removal satisfactorily, they are useful to compare different materials (Drizo et al., 2006, 

2002; Rosolen, 2000). Also, isotherm (Langmuir) based sorption capacities of 

phosphorus predicted by bench scale studies were much lower than field based sorption 

capacities (Lin and Banin, 2006). Westholm (2006) gives a comprehensive review of the 

sorption capacities calculated by different studies conducted using these two isotherm 

equations and again indicates no universally perfect model. 
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2.7.3  Breakthrough analysis 

Breakthrough analysis examines the dynamic nature of sorption in addition to the 

spatial dimension described by sorption isotherms. The main assumptions are constant 

flows and constant influent and outflow concentrations. Breakthrough occurs at a time at 

which the outflow concentration reaches its maximum acceptable value. By plotting 

concentration with time, an s-shaped breakthrough curve can be established (see 

Figure 2.4).  

 
 

Figure 2.4: Breakthrough curve (Metcalf and Eddy, 2003) 
 
In Figure 2.4, Ci is the influent concentration, mg/L 

C2 is the intermediate concentration, mg/L 

Cb is the breakthrough concentration, mg/L 

Ce is the equilibrium concentration, mg/L 

Co is the outflow concentration, mg/L 

VB is the volume of water treated till breakthrough point, L 

VE is the volume of water treated till equilibrium point, L 

MTZ is the mass transfer zone 
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From the breakthrough curve, design parameters such as sorption capacity at 

breakthrough and the time to breakthrough can be determined. Baker et al. (1998) 

observed that the outflow concentrations remained below detection limit initially as all 

the phosphorus was being absorbed within the media; this indicated that the breakthrough 

curve will be achieved only after considerable time has passed. The sorption isotherms 

and the breakthrough curve do not explicitly consider environmental factors such as 

temperature, pH and DO. 

2.7.4  Other models 

Complicated models requiring large amounts of data have been formulated for 

estimating the performance of subsurface flow constructed wetlands (Grismer, 2005). 

They use first order reactions in conjunction with precipitation and evaporation terms. 

However, these models have not improved design or predictive capability (Kadlec and 

Knight, 1996). Shepard et al. (2001) evaluated a simple one parameter model, a two 

parameter Kadlec (2000) modified model (K-C*), and a retardation model (K-b). As 

expected, the two parameter models better fit the data compared to the single parameter 

model, but it was found to be dependent on the loading rates and inlet concentrations. 

Mitchell et al. (2001) proposed the Monod (i.e. saturation model) approach, which 

predicts first order behaviour at low concentrations and zero order at higher 

concentrations.  

Residence time distributions (RTDs) within a constructed wetland are assumed to 

be approximated as plug flow or as a series of continuously stirred reactors (CSTRs) as a 

first approximation in design, followed by application of a safety factor that accounts for 

the uncertainty in both the design model/parameters and the actual flow (Grismer, 2005). 
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Grismer (2005) developed a fractional flow and degradation model to account for 

possible non-uniform flows. Hydraulic non-uniform flow appears to be the factor of 

greatest impact in terms of constructed wetland design.  

The first order model predicts a static long term treatment profile, and the 

phosphorus concentration tends to follow an “S” curve with increasing phosphorus 

loadings (see Figure 2.4). This response is similar to the theoretical curve of a plug flow 

reactor receiving a continuous step input of contaminant as modeled by the standard 

advective-dispersive solute transport equation, which was used by Laska (2005) to 

estimate the sorption capacity of mussel shells. Kadlec (2000) underscores the 

inadequacy of first order models as they fail to incorporate a non-uniform or non-ideal 

flow pattern. 

2.8 Sustainability of removal by sorption 

Sizing a wetland for phosphorus removal using traditional gravel substrate is not 

generally cost effective given the variable efficiency found in constructed wetlands. 

Sorptive media may be a viable alternative and it has been suggested that sorptive media 

can be used in the construction of the wetland itself, i.e., incorporated into the rooting 

matrix during construction. Alternatively, a post-wetland filter with the sorptive media 

can be used where the wetland is already established.   

Sorptive media have limited capacities and need regeneration if they are to be 

used again. Drying and wetting at a certain pH for over eight weeks can fully regenerate 

the sorption sites for most of the sorptive material (Sawney and Hill, 1975). Also, 

alternating oxidizing and reducing conditions resulting from drying and wetting cycles 

can recharge sorption sites (Faulkner and Richardson, 1990). Reddy et al. (1998) found 
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that drying of soils can oxidize iron to amorphous iron oxides thereby significantly 

increasing surface area and phosphorus sorption capacity. The saturated media can also 

be regenerated by flushing with water although this may not be a viable option (Dunne et 

al., 2005). Hiley (1995) and Berezowsky (1996) noted that periodic drying of soils 

mineralizes some of the phosphorus and releases it upon flooding. These studies, 

however, do not describe the extent of regeneration of the media. Removal of plants and 

organic top sediments with re-vegetation were important to increasing the wetland 

phosphorus removal (Wang et al., 2006). 

2.8.1  Source reduction  

Small reductions in phosphorus loading to surface waters over time can have 

significant effects on a lake’s trophic status. The biological productivity rates of the 

majority of natural wetlands are also governed primarily by the rate of P loading into the 

wetland from external sources. Consequently, reducing phosphorus inputs to the naturally 

occurring wetland can result in an increase of the lifespan of the wetland (Wetzel, 1983).  

2.8.2  Post-wetland filter 

In the case where the wetland is already established and use of in-situ sorptive 

media is not feasible, an additional post-wetland filter with the sorptive media can be a 

viable option. Furthermore, the effective lifespan of the filter is finite (say 10 years) 

whereas a wetland can perform indefinitely. Replacing the media in the wetland would 

require excavation of the exhausted media and replanting. On the other hand, replacing a 

single unplanted filter would be a much easier task. Also, placement of the filter before 

the removal of other nutrients (i.e. before the wetland) will result in the formation of a 
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biofilm, which can inhibit sorption (Maehlum et al., 1995; Hiley, 1995). Therefore, 

placement of the sorptive filter after the wetland would be the most reasonable strategy; 

although biofilm could still ‘escape’ the wetland and colonize the filter (Calder, 2006). 

To offset disposal and filter replacement costs, the saturated media can be used as 

soil conditioner or a fertilizer or regenerated. However, phosphorus complexed with iron, 

aluminum and calcium tend to be biologically unavailable (Johansson, 1997). Further 

studies by Johnassen and Gustafsson (2000) showed that phosphorus retained by slag was 

available for uptake by barley plants.  Roques et al. (1991) attempted to use acid 

regeneration of half burned dolomite, which released the calcium fixed phosphate; 

however, significant quantities of half burned dolomite were lost during dissolution.  

2.9 Summary 

  In a SSF wetland where the water passes through a matrix of media, 

investigations on a variety of media reported in the literature state that the main 

mechanism for phosphorus removal is sorption on the media surfaces. It is well 

documented that phosphorus sorption and retention in fresh water wetland soil is 

controlled by the interaction of redox potential, pH, Fe, Al and Ca minerals, and the mass 

of native soil. Many of these processes are reversible and may release phosphorus back 

into the system during a particular time of the year.  

Varying results reported on the kinetics and mechanisms of phosphorus removal 

in constructed wetlands indicates that phosphorus dynamics inside the wetland are not 

well understood. First order models have been used to model phosphorus removal 

although there is some concern that these do not adequately represent a subsurface flow 
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wetland. A post wetland filter is thought to be a non-intrusive, integrated, cost effective 

solution for treating phosphorus removal problems at already established wetlands.  

The present work thus focuses on the kinetics and mechanisms of phosphorus 

removal leading to better understanding of the processes occurring within the media. In 

addition, factors that should be taken into account for the selection of the best medium for 

the constructed wetland are also evaluated. It has also been shown that simple 

performance evaluations using jar testing to select the medium may not be not enough. 

The characterization studies described in the present work have practical implications as 

they would help in the selection of the ‘best’ medium amongst the candidate media for 

the constructed wetland.   
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3.0  EXPERIMENTAL METHODS 

Laboratory scale experiments were conducted to examine the physical and 

hydraulic properties, and the phosphorus retention mechanisms, of three media samples, 

namely gravel, slag and clinker. Specifically, the experiments conducted were: 

• Media characterization tests to determine the physical and hydraulic 

properties of the different types of media. The physical properties that 

were determined were particle size distribution, bulk density, particle 

density, matrix porosity and soil activity or the pH of the media.  

• Batch studies to investigate the kinetics of phosphorus retention with 

respect to the gravel media.  

• Batch tests to develop phosphorus retention isotherms for the gravel media 

and also to investigate the sorption capacity of all media. 

• Horizontal flow cell tests to investigate the phosphorus retention by the 

three media under simulated field conditions.   

• Sequential extraction of different forms of phosphorus from the media to 

detect the form that the removed phosphorus has taken. 

• Total phosphorus tests to investigate the amount of phosphorus in each of 

the three media before (i.e. background phosphorus inherently present in 

the media) and after the flow cell experiments. 

3.1  Experimental procedures – General 

Throughout the laboratory tests, all glassware and sample bottles were washed in 

a 10% HCl solution, and triple-rinsed with distilled water prior to use. During batch 
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testing, all treatments and blank samples were tested in triplicate. Unless otherwise 

stated, all laboratory experiments were conducted at a nominal room temperature of 

20oC. For the batch tests, dissolved reactive inorganic phosphorus (orthophosphate-

phosphorus) was used as the relevant form of the nutrient, as this is the main form of 

phosphorus that is biologically available and the form that contributes most to 

eutrophication. For the rest of the experiments, i.e. the flow cell experiments and the 

sequential extraction experiments, total phosphorus (which also includes organic 

phosphorus) was also tested along with the orthophosphate form.  

3.1.1 Sample preparation  

Each of the media was washed, sorted and dried prior to commencing formal 

laboratory investigations. Each of the materials was washed through a 0.5 mm screen 

with tap water for the purpose of removing fines smaller than 0.5 mm. The smaller size 

fractions have the potential to cause clogging in filters and also have higher adsorption 

capacities. The washed media were dried in an industrial size drying oven to constant 

mass at 105oC. The washed media were sorted according to size as per the procedure 

detailed in Section 3.1.2. An unprocessed (unwashed and not sorted) fraction of each 

material was retained for subsequent media characterization studies. Unprocessed 

fractions were stored in a cold room at 5oC to ensure that there was no change to the 

medium properties during the storage period. 

3.1.2  Sorting 

Each of the media samples was sorted using a series of two sieves. The sieves 

used were 8 mm, 0.5 mm and <0.5 mm. The Roto-Tap Mechanical Shaker was used for 
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this purpose. The portion that passed through the 8 mm but was retained on the 0.5 mm 

sieve was selected for the tests. Thus the size of the media used for all tests was 

8 mm>particle>0.5 mm. This size range was selected based on the particle size 

distribution analysis (Section 3.2.1) tests which showed that more than 95% of the media 

were in this size range. The size ranges for the media reported in the literature are 2.5 -

10 mm for slag (Drizo et al., 2006), 2 – 10 mm for fine gravel (Seo et al., 2005), 8 – 

16 mm for gravel (Prochaska and Zoubilis, 2006), 2 – 5 mm for very fine gravel (Xu et 

al., 2006), 0.2 – 3.2 mm for sand (Arias et al., 2001) and 3.5 – 10 mm for gravel (Garcia 

et al., 2005).  

3.2  Media characterization 

Media characterization studies were performed since the hydraulic and geometric 

design of the wetland filter will be strongly influenced by the physical properties of the 

selected medium.  Media characterization was also necessary in order to provide 

reference for lab-scale and field filter design and performance assessments. Information 

on media particle size distribution, along with porosity and hydraulic conductivity, can be 

used to predict the movement of water through the filter.  

Standard laboratory tests were performed according to procedures outlined by 

Bowles (1992) and Black (1965) to determine the physical and hydraulic characteristics 

of the gravel, slag, and clinker samples. As stated earlier, the characterization tests 

included: 

• Particle size distribution analysis 

• Bulk density determination 

• Particle density determination 
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• Porosity calculations 

• Hydraulic conductivity determination, and  

• Soil alkalinity (pH) measurements 

3.2.1 Particle size distribution analysis (ASTM D422, 1998) 

A sieve analysis was performed on the unsorted, oven-dried gravel, slag and 

clinker media samples.  Each medium sample was sieved through a stack of 13.2, 9.5, 

6.3, 4.75, 2.00, 0.475, 0.250, 0.125, and 0.075 mm mesh screens.  A pan was used at the 

bottom to catch particles smaller than the 0.075 mm. To begin, the mesh screens were 

cleaned and weighed using a Mettler PM4000 balance, and assembled in order of 

decreasing mesh size.  Then, approximately 500 g of sample was placed in the top sieve 

and the entire stack was shaken in a Roto-Tap mechanical shaker for 10 min.  After 

shaking, each sieve size was weighed separately to determine the mass of material 

accumulated.   

3.2.2 Bulk density determination  

Bulk density is a measurement of the density of a unit of soil including air spaces 

(Blake, 1965a). Replicate samples were taken for all the To find the bulk density of the 

media according to the standard procedure, a 50.0 mL volumetric flask was tared using a 

Denver Instruments M-310 balance, then filled to volume with deionized and distilled 

water (henceforth referred as dd-water) at room temperature and re-weighed.  Next an 

empty, flat topped glass beaker was tared, filled with dd-water at room temperature, and 

re-weighed as described earlier.  The volume of the glass beaker was calculated by 

dividing the mass of dd-water in the beaker by the mass per unit volume of the dd-water 
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as determined through the volumetric flask measurements at room temperature.  The 

glass beaker was then emptied, dried, and tared as described previously, and filled to 

overflowing with media sample.  The sides of the beaker were tapped ten times with a 

glass rod, and the top of the sample was leveled off by gently rolling the rod across the 

top edge of the beaker six times.  The beaker was then reweighed, and the density of the 

media sample was determined through the following expression. 

t

t
b V

M
=ρ         (3.1)  

Where: 

ρb:  bulk density (g/cm³) 

Mt:  mass of oven dried media (g) 

Vt:  beaker volume (cm³) 

3.2.3 Particle density determination (ASTM D854, 2002) 

Particle density is a measurement of the density of the solid particles as a ratio of 

total mass of the solid particles to their total volume (Blake, 1965b). To find the particle 

density of the samples, a 100 mL volumetric flask and stopper were tared using a Denver 

Instruments M-310 balance.  Next, 50 g of oven-dried media were measured and added to 

the tared flask with 40 mL of dd-water.  The flask was sealed with a plastic stopper, and 

heated to boiling on a Fisher Scientific Stirring Hotplate (Model 310T).  The flask was 

boiled for 5 min, then cooled to room temperature, and filled to volume with pre-boiled, 

cooled dd-water.  The outside of the flask was cleaned, dried and the flask was 

reweighed.  Finally the flask was emptied, cleaned, dried, filled to volume with pre-
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boiled dd-water, and reweighed as earlier described.  The particle density of the media 

was calculated according to Equation 3.2 (Blake, 1965b): 
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Where: 

ρs:  particle density (g/cm³) 

ρw:  water density (g/cm³) 

Ms+f:  oven dried sample and flask mass (g) 

Mf:  mass of empty flask (g) 

Ms+f+w:  mass of oven dried sample, flask and dd-water (g) 

Mf+w:  mass of flask filled to volume with dd-water (g) 

3.2.4 Porosity calculations 

Porosity, η, is defined as the percentage of the bulk volume not occupied by 

solids (Vomicil, 1965). Following the bulk and particle density experiments the porosity 

values of the media were determined by the following expression (Vomicil, 1965): 

%1001 x
s

b
⎥
⎦

⎤
⎢
⎣

⎡
−=

ρ
ρ

η         (3.3) 

Where: 

η:  porosity (%) 

3.2.5 Hydraulic conductivity (ASTM D5856, 2002)  

Constant head tests were performed using an up-flow permeameter to find the 

hydraulic conductivity (K) values of the media, as shown in Figure 3.1. The hydraulic 
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conductivity characterization was carried out at Royal Military College (RMC), 

Kingston. Using a graduated cylinder, the volume of water collected from the outflow 

from the apparatus over a time period of 60 seconds was determined. The media was 

placed in the permeater and lightly compacted. The amount of media used for the tests is 

reported in Appendix D1 (Tables D7 – D10). The test was performed in triplicate, at four 

separate head differentials.   

 

Figure 3.1: Constant head test apparatus and permeameter for hydraulic conductivity tests 
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For each test, K was determined using Darcy’s Law for unconfined flow through 

a porous medium as outlined in Equation 3.4 (Reed and Brown, 1995): 

thA
LVK =          (3.4) 

Where: 

V:  fluid volume (m³) 

K:  hydraulic conductivity (m/s) 

h:  differential head across the sample (m) 

L:  sample length (m) 

A:  cross-sectional area of media sample (m²) 

t:  time (s) 

Equation 3.4 assumes a uniform hydraulic gradient and that the flow is uniformly 

distributed in cross-sectional area (regardless of flow orientation) and laminar. It was also 

necessary to construct a second apparatus that would be able to handle a relatively small 

sample volume. This was for clinker media which was of limited quantity. The same 

information was obtained from these tests despite the small scale of the apparatus. 

3.2.6 Soil activity (pH) (ASTM D4972, 2001) 

The final aspect of the media characterization was to measure the soil activity 

(pH) values for each sample.   For all of the tests, a soil to solution ratio of 1:5 was used 

as suggested by Standard Methods (Clesceri et al., 1989).  A 5.00 g of sample were 

placed in a 125 mL glass Erlenmeyer flask with 25.0 mL of dd-water.  Then, the flask 

was sealed and stirred at 125 rpm for 5 min on a Fisher Scientific Stirring Hotplate 

(Model 310T).  After stirring, the flask was unsealed and allowed to stand for 5 min.  
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Finally, the soil activity values were measured using a calibrated Accumet model 15 pH 

meter and glass electrode (Fisher Scientific).  

3.2.7 pH measurements 

To verify accurate pH measurements the following steps were conducted: 

  (i) standardization 

  (ii) check standard to verify the measurement system 

  (iii) measuring samples 

Steps (i) and (ii) constitute a procedure by which the accuracy of pH 

measurements was verified. 

3.2.7.1 Buffers for pH standardization 

Using accurate pH standards to calibrate the pH electrode and meter was essential 

for good measurements. Buffer solutions deteriorate over time, so for accurate work fresh 

buffers were used. The primary standard high accuracy buffers available from Fisher 

Scientific were potassium hydrogen phthalate (pH 4.005), equimolar phosphate 

(pH 6.863), and borax (pH 9.180).  

3.2.7.2 Standardization 

The electrode/meter was standardized using two buffers which bracketted the 

expected sample pH values. Generally, two buffers that were at least three pH units apart 

were used with one buffer near the pH expected for the samples. For the present 

applications, use of the pH 6.86/ pH 9.18 buffer pair was found to be suitable. The glass 

electrodes were hydrated by storing them in appropriate solutions. Between standards and 

samples, the electrode was rinsed with distilled or deionized water and blotted dry with a 
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tissue. Best results were obtained with stirred solutions. Sufficient time was allowed for 

the electrodes in each standard and sample to stop drifting.  

3.2.7.3 Verifying pH measurement accuracy 

After the two point calibration, the calibration was checked by placing the 

electrode in a check standard. The check standard used was a third buffer, also near the 

expected sample pH, or a tenfold diluted standard pH buffer. Diluted standard buffers are 

useful because they help detect changes in the solution ionic strength. The electrode was 

placed in the check standard and the pH value was read. If the pH value read was outside 

of the control limits, the calibration procedure was repeated and the check standard was 

repeated. The pH meter was calibrated by checking with the standards at least daily or 

every session whenever the pH of the samples was recorded. 

3.2.7.4 Measuring sample pH 

When the calibration and check standard criteria were met, the pH measurement 

system was calibrated and ready for measuring samples. The electrode well was rinsed 

with dd-water between samples and gently blotted dry with tissue. The electrode was then 

placed in the sample and stirred for sufficient time (~ 2 min) to allow the electrode to 

reach a steady potential.  

3.3  Kinetics study  

Kinetic studies were conducted to investigate the reaction mechanisms of 

phosphorus retention by the gravel media samples. The kinetic study was conducted only 

for the gravel medium as this medium was collected separately. The clinker and slag used 

here were the same media evaluated by Rosolen (2000) and those kinetic values were 
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deemed appropriate for use here, in comparison to the new gravel values obtained by the 

procedure described below (ASTM D4646, 2003).  

A 5.00 g of dry sample were weighed using a Denver Instruments M-310 balance, 

and then placed in a 125 mL Erlenmeyer flask with 100 mL of 4 mg/L phosphorus 

solution. The 4 mg/L solution was made by diluting the stock solution. The stock solution 

of 250.0 mg/L was made in a 1L volumetric flask by dissolving 1.099 g primary standard 

grade anhydrous potassium phosphate monobasic (KH2PO4), that has been dried for one 

hour at 105oC, in about 800 mL water. After dissolving, the solution was diluted to the 

100 mL mark with dd-water and inverted to mix. Subsequently, the 4 mg/L solution was 

made by taking 4 mL of the stock solution and diluting it with dd-water to 250 mL in a 

250 mL volumetric flask.  

The amount of medium and the phosphorus solution used were representative of 

the test values described in various studies in the literature (Baker et al., 1998; Sakadevan 

and Bavor, 1998; Mann and Bavor, 1993; Drizo et al., 1999). The flasks were sealed with 

ParaFilm M and shaken using a VWR S-500 orbital shaker (Figure 3.2).  

Samples were shaken for time periods of 30 min, 2 h, 4 h, 22 h, 46 h and 100h. 

Shake times of 10 h ( Baker et al., 1998), 20 h (Johansson and Gustafsson, 2000), 30 h 

(Mann and Bavor, 1993; Mann, 1990), and 48 h (Sakadevan and Bavor, 1998) have been 

used in similar shake test experiments. The shake studies were conducted for 100 h to 

ensure that a state of equilibrium was achieved in that time period. Duplicate samples 

were shaken for each time period.  

At the end of each time period the samples were filtered using Whatman 934-AH 

glass fiber filters (Fisher Scientific) that had been soaked in dd-water for 24 h to prevent 
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additional contribution of phosphorus to the samples (Clesceri et al., 1989). The whole 

procedure was then repeated using 8 mg/L phosphorus solution. The filtrate was analyzed 

in triplicate for orthophosphate using a QuickChem 8500 FIA system (Lachat 

Instruments) according to QuickChem Method 10-115-01-1-1A (Diamond, 2000). This 

entire procedure was repeated for four additional masses of gravel sample (i.e. 10.00 g, 

15.00 g, 20.00 g and 30.00 g). Blanks (dd-water) were also run to ensure that no change 

in the phosphorus concentration (~ zero) occurred during the shaking process.  

 

Figure 3.2: VWR orbital shaker 

3.3.1 Data analysis 

Phosphorus retention was determined as the net decrease in dissolved reactive 

phosphorus (orthophosphate) in solution. Results were expressed in terms of % removal 
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according to Equation 3.5, or in terms of normalized net removal, according to 

Equation 3.6.  
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m
x :  net removal of phosphorus per unit mass of media (mg/kg) 

Cin:  average initial P concentration of samples (mg/L)  

Ce:  average equilibrium P concentration of samples (mg/L)  

n:  number of samples 

M:  media sample mass (g) 

V:  sample volume (L) (100mL) 

  The cumulative mass of phosphorus removed per unit mass of media (mg/kg) 

was plotted over time. The decrease in concentration over time was also plotted. The 

reaction order and rate coefficients of the phosphorus removal reactions were determined 

for gravel by substituting experimental data into the integrated forms of the standard first, 

second and saturation order rate equations, according to the graphical procedure outlined 

by Metcalf and Eddy (2003). The standard rate equations for the first, second and 

saturation order reactions (Metcalf and Eddy, 2003) are shown in Table 3.1.  
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Table 3.1: Standard forms of the first, second and saturation order rate equations  

(Metcalf and Eddy, 2003) 

Reaction Order Rate Expression Integrated Form 

First Ck
dt
dCr rxc =−=  

in
rx C

Ctk ln−=  

Second 2Ck
dt
dCr rxc =−=  

in
rx CC

tk 11
−=  

Saturation 
CK
Ck

dt
dCr rx

c +
=−=  ( )CC

C
C

Ktk in
in

rx −+= ln  

 
Where: C is the concentration at time t 

 3.3.2 Reaction order  

Reaction order was determined by comparing the goodness of fit of linearized 

data with linear regression equations fit by Excel Software (Microsoft Corporation, 2003) 

using the least squares method. The linearized first order rate expressions were developed 

by plotting –ln(C/Cin) versus time, while the linearized second order rate expressions 

were developed by plotting (1/C) versus time. Linearized saturation order rate 

expressions were developed by plotting (1/t) ln(Cin/C) versus [(Cin-C)/t]. Appendix C2 

gives the details of the calculations. Fit was assessed using the coefficient of 

determination (r2) provided by Excel Software (Microsoft Corporation, 2003), where a 

high value of r2 indicated good conformity to the model (Metcalf and Eddy, 2003).  

3.3.3 Reaction rate 

 The reaction rate constants (krx) for the P removal were determined from the slope 

of the regression equation exhibiting the highest value of r2. A plot of the linearized first 
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order rate equation has a slope of krx; a plot of the linearized second order has a slope of 

krx and a y-intercept of 1/Cin; and a plot of the linearized saturation order rate equation 

has a slope of -1/K and a y-intercept of krx/K. The media were ranked according to krx. A 

high value of the reaction rate constant is an indication of higher capacity of the media to 

sorb the phosphorus.  

3.4  Isotherm experiments 

The sorption isotherm is an evaluation of the amount of adsorbate sorbed per unit 

of adsorbent as a function of the equilibrium concentration (Faust and Aly, 1987). In 

order to quantify batch sorption capacity, it was necessary to perform isotherm 

experiments. Isotherm models are a common characterization tool for the sorption 

capacity of different media. The term sorption used here describes the removal of 

phosphorus by absorption, adsorption and/or precipitation reactions. The samples were 

tested in standard batch sorption experiments by reacting sorbent samples of known mass 

with solutions of varying sorbate concentration. Equilibrium is reached when no change 

in solute concentration is observed (Faust and Aly, 1987).  

A 5.00 g of media sample were weighed using a Denver Instruments M-310 

balance, and then placed in a 125 mL Erlenmeyer flask with 50 mL of phosphorus 

solution. The phosphorus solution added to each flask was of 4 mg/L concentration. The 

flasks were sealed and shaken as outlined previously for time periods of 30 min, 1 h, 2 h, 

4 h, 22 h, 46 h and 100 h. Duplicate samples were shaken for each time period. Finally, at 

the end of each time period, the samples were filtered using Whatman 934-4H glass fiber 

filters (Fisher Scientific) that had been soaked in dd-water for 24 h. The whole procedure 

was then repeated using an 8 mg/L phosphorus solution. The filtrate was analyzed in 
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triplicate for orthophosphorus using a QuickChem 8500 FIA system (Lachat Instruments) 

according to QuickChem Method 10-115-01-1-1A (Diamond, 2000). This entire 

procedure was repeated for four additional masses of gravel sample i.e. 10.00, 15.00, 

20.00 and 30.00.  Rosolen (2000) had evaluated slag and clinker samples in her studies 

for their sorption capacity from the same batch and therefore, these media were not tested 

again here.  

3.4.1  Langmuir isotherm analysis 

The Langmuir isotherm is derived from the assumption that a fixed number of 

sorption sites are available on the adsorbent surface, all of which have the same binding 

energy (Stumm and Morgan, 1996).  Further, it also assumes monolayer adsorption and 

that adsorbed molecules do not migrate across the surface or interact with neighboring 

molecules (Faust and Aly, 1987). Generally, the rate of sorption is proportional to the 

change between the amount of sorbate sorbed at a specific concentration and the 

maximum amount of sorbate that can be sorbed at that concentration.  The following 

equations describe the linearized form of the Langmuir relationship (Stumm and Morgan, 

1996). 
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Where: 

m
x :  mass of adsorbate adsorbed per unit mass of adsorbent (mg/kg) 



 69

LK :  Langmuir empirical adsorption constant (mg/L)-1 

maxΓ :  Langmuir monolayer capacity factor (mg/kg) 

eC :  Equilibrium adsorbate concentration (mg/L) 

For this relationship, the Langmuir monolayer capacity factor ( maxΓ ) is a measure 

of the total sorptive capacity of the tested media while the Langmuir adsorption constant 

is related to the heat of adsorption (Faust and Aly, 1987).  Therefore, higher maxΓ  values 

imply that the medium is capable of greater sorption of a given solute, in comparison 

with other media. KL is the empirical adsorption constant associated with the 

experimental test conditions.  

3.4.2  Freundlich isotherm analysis 

The Freundlich isotherm was derived empirically and refers to a sorption model 

where the affinity term decreases exponentially as the sorption amount increases.  It also 

incorporates the heterogeneity of the surface and the distribution of adsorption sites and 

their energies. It is possible to determine the constants in the following Freundlich 

isotherm by log-transforming the equation or by directly fitting the equation to 

untransformed data (Faust and Aly, 1987).   
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Where  

m
x :  mass of adsorbate adsorbed per unit mass adsorbent (mg/kg) 



 70

FK :  Freundlich capacity factor (mg1-N.LN.kg-1) 

N:  Freundlich intensity parameter (unitless) 

eC :  Equilibrium adsorbate concentration (mg/L) 

For this expression, the Freundlich intensity parameter (N) is related to the ability 

of the media to sorb a given solute while the Freundlich capacity factor ( FK ) is related to 

the ultimate sorption capacity of the media (Fetter, 1992).  Therefore, a greater N value 

implies larger solute removal at high solution solute concentrations.  However, it should 

be noted that N does not allow for direct comparison between the sorptive capacities of 

different media.  In addition, a higher FK  implies a greater capacity of the media to sorb 

a given solute. 

To determine the best fit of the collected isotherm data, both the Langmuir and 

Freundlich isotherm models were fitted to each of the experimental data sets.  For the 

Langmuir model, this was accomplished by plotting [Ce/(x/m)] versus eC  and then fitting 

a linear regression line to the data using Excel Software (Microsoft Corporation, 2003).  

The appropriateness of the Langmuir isotherm was assessed by determining the r² values 

(coefficient of determination) of the linear regression lines.  Similarly, for the Freundlich 

model, log (x/m) was plotted against log eC  and a linear regression line was fitted.  As 

described previously, it was possible to determine the effectiveness of the model based on 

the r² value of the modeled results. 

3.4.3 Predicting field performance 

Batch tests are only indicative of performance under static test conditions and 

should not be extrapolated to field performance (Benefield et al., 1982). However, these 
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analyses can still provide information to compare the potential of different media for 

treatment application. A comparison of isotherm curves provides information on 

performance expectations of various media at different target effluent concentrations.  

The amount of phosphorus expected to be adsorbed by the media is determined 

for a time period, given a known flow rate, influent concentration, and desired effluent 

concentration, by substituting (Cin – Ce)*Q*t for x in either the Freundlich or Langmuir 

expressions, as described in Faust and Aly (1987), where: 

Cin: initial concentration (mg/L) 

Ce: final concentration (mg/L) 

Q: flowrate (L/day) 

t: time (days) 

The amount of media (kg) that will be required can be calculated by solving for 

m, as shown below: 
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Then solving for m: 
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The volume of media required for specific system is then calculated using: 

b

MV
ρ

=          (3.15) 

Where: 

V: volume of media required (m3) 

M: mass of media required (kg) 

ρb : bulk density of  media (kg/m3)  

3.5  Horizontal flow cell experiments 

Batch testing is a convenient procedure for comparing the performance potential 

of various sorbent materials; however, bench scale test results are only indicative of the 

performance under static test conditions, and should not be extrapolated to model field 

performance (Benefield et al., 1982). The constant contact and agitation do not represent 

field conditions, making it difficult to estimate field design or performance. In field 

applications, wastewater filters are required to treat effluents containing multiple 

contaminants of varying concentrations under dynamic loading conditions. To overcome 

some of the limitations in data interpretation and application inherent to batch shaker 

testing, flow cell experiments were conducted using horizontal flow filter cells to 

investigate phosphorus retention, in different chemicals forms, under simulated field 

conditions, by the gravel, slag and clinker media. 
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3.5.1 Procedure 

Figure 3.3 shows the testing apparatus used in the flow cell studies. 

Approximately 5100 cm3 of the media samples were individually placed in the middle 

chamber of a three chamber plexiglass horizontal flow cell. The media were compacted 

by raising and dropping (approximately 10 cm) one end of the cell five times in 

succession.  

 

Figure 3.3: Horizontal flow cell setup 

Figure 3.4 shows the three horizontal flow filter cells during testing. The three 

media were tested in a sequential manner with gravel medium being tested first followed 

by the slag and finally the clinker medium. Sampling wells were constructed using 

5.75 mm diameter rigid polyethylene tubing. The wells were screened over the entire 

depth of the filter bed to permit the collection of blended samples from the specific 
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sampling point thus minimizing any preferential flow effects (depth-integrated samples 

were obtained). In the case of the gravel, the samples were collected from four locations 

in the cell, whereas for slag and clinker samples were collected from three locations. 

These locations were close to the inlet, the middle of the cell and close to the outlet.  

During the gravel flow cell tests, it was observed that the difference in the concentration 

of phosphorus between adjacent sections was not substantial. Therefore, it was decided to 

reduce the number of sections from four to three during the slag and clinker flow cell 

tests. 

 

Figure 3.4: Horizontal flow filter cells (from left: slag, gravel and clinker) 

Figure 3.5 details the dimensions of a flow cell and the location of sampling wells 

used in this study. The width of the flow cell (not visible in the figure) was 10 cm. A 

4 mg/L phosphorus solution was prepared by dissolving KH2PO4 (Fisher Scientific) in 

tap water. The tap water was dechlorinated by letting it settle for a day before the influent 
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phosphorus solution was prepared. The solution was pumped continuously from a 

polyethylene reservoir (100 L) to a constant head tank, at a rate of 1.8 L/h (30 mL/min), 

using Teflon tubing and a Masterflex L/S digital console pump (Cole-Parmer). Each 

constant head tank was connected to the inlet chamber of a filter cell through 1.2 m of 

vinyl tubing (internal diameter = 12.5 mm); solution overflow from the constant head 

tanks was collected and returned to the polyethylene reservoir. The water level in the 

inlet chamber of each filter cell was set at the beginning of the experiment, and 

maintained at a constant level throughout the study using the constant head apparatus. 

Influent flow rate through the flow cell was determined by collecting and measuring the 

outflow from the flow cell using a graduated cylinder. Flow rates were measured at least 

three times daily and adjusted by adjusting the outflow as and when required to maintain 

a flow rate of 10 L/day. 

 

Figure 3.5: Details of the flow cell 

At every sampling interval, a 20 mL sample of the flow cell liquid was collected 

with a syringe from each sampling well and placed in an individual 30 mL culture (i.e. small 

plastic) tube. The liquid samples were analyzed in triplicate for orthophosphorus using a 

QuikChem 8500 FIA (Lachat Instruments), according to QuikChem Method 10-115-01-1-A 

150 mm 

monitoring well inlet basin outlet basin media

95 mm 

110 mm65 mm 
600 mm

150 mm 150 mm 150 mm



 76

(Diamond, 2000). Also, at every sampling interval, approximately 3 g of media were 

collected using a small scoop from the area surrounding the wells and placed in an 

individual 10 mL plastic culture tube. Care was taken to sample the media from below the 

media top surface so as to ensure that the media was in contact with the phosphorus solution 

all the time. Duplicate samples were taken to account for the heterogeneity of the media.  

Samples were collected at intervals of three days for gravel and four days for slag and 

clinker.  

 After a period of ten weeks, the flow cell study was terminated. After the 

termination of the flow cell experiments, based on the observed phosphorus sorption 

performance it was felt necessary, that to establish true performance of the media and to 

quantify it, the first section was required to be analyzed further. The first section was thus 

analyzed further, in order to establish the trend of the sorption of the phosphorus within 

that section itself. Media samples were taken across the flow cell in the direction of the 

flow and also through the depth of the flow cell. Samples were taken in triplicate for each 

sampling point. After the first section tests were completed, the used media were 

classified as ‘clean fill’ media and sent for disposal (Prunster, 2006).  

3.5.2 Data analysis : Quality testing 

Time series data from the flow cells were first analyzed using the Q test (Camilli and 

Shepard, 1994). The media were heterogenous by nature and therefore the experimental data 

had inherent variability. The Q-test is used to identify outlying (“bad”) data points in a data 

set for which there is no obvious gross error. The Q-test involves applying statistics to 

examine the overall scatter of the data. This is accomplished by comparing the gap between 

the suspect point (outlier) and its nearest neighbor within the range, as shown in Equation 



 77

3.16. The calculated Q is then compared to the critical Q values, Qc, at a given confidence 

level, as shown in Table 3.2. If the measured Q is greater than Qc, then that data point can be 

excluded on the basis of the Q-test. 

valuelowestvaluehighest
valueclosestvaluesuspect

Q
−

−
=       (3.16) 

 
Table 3.2: Critical Q (Qc) values at 90% confidence limit for a number of data points, N 

(Camilli and Shepard, 1994) 

N 3 4 5 6 7 8 9 10 

Qc 0.94 0.76 0.64 0.56 0.51 0.47 0.44 0.41 

 

3.5.3 Treatment profiles 

The phosphorus concentration profiles in the liquid phase were developed along the 

length of each filter cell, at the sampled time intervals ranging from 3 to 68 days from the 

beginning of the flow cell study.  The concentration profiles in the liquid phase represented 

the decrease in the concentration of phosphorus with respect to time. Thus, the concentration 

profiles represented the amount of phosphorus being sorbed within the media as time 

passed.  

3.5.4 Sorption capacity 

Orthophosphorus removal was calculated based on percent removal of the incoming 

concentration: 
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Where: 
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R: % removal of phosphorus  

Co: phosphorus concentration in the effluent (mg/L) 

Cin: phosphorus concentration in the influent (mg/L) 

The phosphorus removed during an individual time period was calculated based on 

the total load delivered to the filter since the last sampling period as follows: 

( ) inisi CVVRP **
100 )1( −−=        (3.18) 

Where: 

P: total phosphorus load (mg) 

Vi: volume treated to date (L) 

Vs(i-1): volume treated at previous sampling day (L) 

The mass of a section of media was calculated as a percentage of the total length of 

the filter in relation to the total mass of the filter, as follows: 
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Where: 

Ms: mass of the media in a section (kg) 

Ls: length of a section of the filter (cm) 

LF: length of total filter (cm) 

MF: mass of the total filter (kg) 

The removal of phosphorus per unit mass for a given time period (Xi) was calculated 

as follows: 

s
i M

PX =  (mg/kg)       (3.20) 



 79

The cumulative sorptive capacity of each filter cell with respect to phosphorus, 

expressed as (x/m) (mg/kg), was determined by calculating the amount of media in each 

section of the cell and plotted over time. A section of the flow cell is defined by the region in 

between the two adjacent sampling wells. The maximum sorptive capacity of each filter 

medium was determined for an equilibrium concentration of 4 mg/L. The mass of media 

removed for analysis at each sampling time was considered insignificant (<0.1%) when 

compared to the total amount of media present in each section of the flow cell. Therefore no 

correction factor was used while calculating the amount of media in the flow cell for any 

subsequent sampling time.    

3.6 Sequential extractions of different forms of phosphorus 

Sequential phosphorus extractions were conducted on the media samples 

according to the procedure detailed in Sparks (1996) and Page (1982). While 

investigating the different ways to determine the forms of soil phosphorus (see Appendix 

A), sequential extraction was considered to be most relevant and useful way for this 

research. The sequential extraction process was carried out at the Analytical Services 

Unit (ASU), Queen’s University, as it required the use of a large centrifuge (International 

Equipment Company, IEC – Centra MP4), which is presently available there. The 

extraction procedure was used to quantify changes in the amount of P retained in 

different forms in the media over time. Duplicate media samples were taken through the 

extraction procedure for each time interval from each section for each media. At the end 

of the extraction procedure, the four fractions obtained were: 

A:  NaOH fraction: Loosely bound P - Aluminum and Ferrous (non-occluded P) 

B:  NaCl, NaHCO3, Citrate fraction: Carbon-bound (soluble P) 
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C:  NaHCO3, Citrate, sodium dithionite, NaCl(s) fraction:  Ferrous (Occluded P)  

D:  HCl fraction: Calcium (P) 

The occluded and the non-occluded phosphorus have bonds that are not very 

strong, which implies that the extraction of these fractions is easier than the calcium 

phosphorus. Also, the extraction is easier for the non-occluded phosphorus than the 

occluded phosphorus, which implies further that first the non-occluded phosphorus will 

be extracted and then the occluded phosphorus can be extracted. 

3.6.1 Extraction procedure (Sparks, 1996; Page, 1982) 

First, the loosely-bound phosphorus fraction was extracted from the media 

residuals using a NaOH-NaCl solution. 50 mL of 0.1N NaOH – 1M NaCl solution was 

added to one gram of the media sample in a 100 mL centrifuge tube. The tubes were 

sealed with plastic lids, and shaken at 125 rpm for 17 h on VWR S-500 orbital shakers 

(Figure 3.2). After shaking, the tubes were centrifuged for 15 min at 2400 rpm. The 

centrifuged solution was then decanted to a plastic vial and later was digested using a 

BD-46 Block digestor (Lachat Instruments). The digestion procedure is described in 

Section 3.6.4. After digestion, the solution was then decanted and the extractants were 

filtered through a 0.45 μm membrane filter (Fisher Scientific). This filtered solution was 

analysed for phosphorus using a QuickChem 8500 FIA system (Lachat Instruments) as 

outlined previously. 

The Carbon- bound P fraction was then extracted from the same media residuals. 

The media residue was washed twice with 40 mL portions of 1M NaCl by centrifuging 

for 15 min at 2400 rpm. This solution was decanted into a plastic vial and was then 

combined with the subsequent Citrate extract. The media was washed twice with the 
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NaCl solution. Afterwards, 40 mL of 0.3M citrate solution and 5 mL of 1M NaHCO3 

solution was added to the soil residue. It was heated in a water bath (Fisher Scientific, 

Isotemp 110) to 85oC for 15 min and was then centrifuged for 15 min. This solution was 

then decanted and added to the previous NaCl washings. The extractants were filtered 

through a 0.45 μm membrane filter (Fisher Scientific). This filtered solution was 

analysed for phosphorus using a QuickChem 8500 FIA system (Lachat instruments) as 

outlined previously. 

The ferrous-bound P fraction was next extracted from the same media residuals.  

40 mL of 0.3M citrate solution and 5 mL of 1M NaHCO3 (sodium bicarbonate) solution 

were added to the soil residue. As before, it was heated in a water bath to 85oC for 

15 min. Once the temperature reached 85oC, 1 g of Na2S2O4.2H2O (sodium dithionite) 

was added with rapid stirring, and heating in a water bath at 85oC was continued for 

15 min. The suspension was then centrifuged for 15 min at 2400 rpm. The solution was 

decanted in a plastic vial and next combined with the subsequent NaCl extract. The soil 

residue was then washed once with 25 mL of saturated NaCl solution and the suspension 

was centrifuged for 15 min at 2400 rpm. The solution was then decanted and added to the 

earlier citrate solution. The extractants were filtered through a 0.45 μm membrane filter 

(Fisher Scientific). This filtrate solution was analysed for phosphorus using a QuickChem 

8500 FIA system (Lachat Instruments) as outlined previously. 

The Calcium-bound P fraction was then extracted from the same media residuals. 

50 mL of 1N HCl was added to the soil residue and shaken for one hour on an orbital 

shaker. After shaking, the tubes were centrifuged at 2400 rpm for 15 min. The 

centrifuged solution was transferred to a plastic vial and later was digested using a BD-46 
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Block digestor. This procedure is described in Section 3.6.4. After digestion, the solution 

was decanted and the extractants were filtered through a 0.45 μm membrane filter (Fisher 

Scientific). This filtered solution was analysed for phosphorus using a QuickChem 8500 

FIA system (Lachat Instruments) as outlined previously. 

3.6.2 Wash tests 

The media used in the flow cells was washed prior to being used for the sorption 

studies in the flow cells. To check the amount of phosphorus extracted from the media 

during the washing, wash tests were also conducted after the conclusion of the flow cells 

tests. The procedure of the wash tests was similar to the isotherm experiments except 

that, instead of the phosphorus solution, dd-water was used.   

A 33 g sample of gravel was weighed using a Denver Instruments M-310 balance, 

and placed in a 125 mL Erlenmeyer flask with 100 mL of distilled water to maintain the 

soil to water ratio of 1:3. The ratio was chosen to reflect the soil to water ratio that was 

present during the washing of the media. The flasks were sealed and shaken for time 

periods of 3 h, 6 h, 12 h and 30 days. Duplicate samples were shaken for each time 

period. Finally at the end of each time period the samples were filtered using Whatman 

934-4H glass fiber filters (Fisher Scientific) that had been soaked in dd-H20 for 24 h. The 

same procedure was repeated for the slag samples.  

There was not enough clinker left to conduct the wash test with 33 g of medium 

for each time period. Therefore, for the wash test study, 3 g of clinker sample was 

weighed and then placed in a 125 mL Erlenmeyer flask with 9 mL of distilled water to 

maintain the soil to water ratio of 1:3. The flasks were sealed and shaken for time periods 

of 3 h, 12 h and 48 h.   Duplicate samples were shaken for each time period. The filtrate 
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was analyzed in triplicate using Hach’s Test and tube vials method for orthophosphate 

(see Section 3.7.2). The entire procedure was repeated for gravel and slag with 3 g to see 

whether there was any change in the concentration with change in mass of media (for 3h, 

6h, 12h and 48 h). 

3.6.3 Background phosphorus determination 

Some phosphorus may have been present in the three media (gravel, slag and 

clinker) used for the flow cell studies prior to their use. Presence of large amounts of 

background phosphorus may lead to reduced sorption capacity of the media. Therefore, to 

determine the amount of background and fractions of phosphorus in all the three media, 

sequential extraction tests were carried out on the unused media. The procedure for the 

sequential extraction followed were the same as those followed for the samples taken 

during the flow cell studies (Section 3.6.1).  

The first set of runs was carried out with duplicate samples of each of the media. 

Once the analyses of the samples were completed, it was realised that the calcium 

fraction was beyond the calibrated limit of the FIA instrument. Therefore, a second set of 

runs with duplicate samples was carried out to get a better average for the background 

phosphorus content of the media.  

3.6.4  Digestion procedure 

The first and last fractions, loosely-bound phosphorus and calcium bound 

phosphorus, were digested in the Aluminium Digestor block (see Figure 3.6).  
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Figure 3.6: Aluminium block digestor 

The digestion of the extractants was necessary to convert the organic form of the 

phosphorus to the inorganic form which can be detected by the QuickChem 8500 FIA 

system (Lachat Instruments) as outlined previously.  

A 5 mL digestion solution was added to a 20.0 mL sample using an acid resistant 

5 mL repipet device and mixed using a vortex mixer. The digestion solution was made up 

of concentrated sulphuric acid, potassium sulfate and mercuric sulphate (Diamond, 

2000a). Two to four Hengar granules were added to each digestor tube. Hengar granules 

are effective for smooth boiling. These tubes were next placed in the preheated block 

digestor for one hour at 160°C. Water from the sample boils off during this period. Then, 

cold fingers (see Figure 3.7) were placed on top of the sample tubes. Cold fingers are 

placed for effective condensation of the vapours. The samples were further digested for 
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an additional 1.5 h with the controller set to 380°C. This time includes the ramp time for 

the block temperature to come up to 380°C. The typical ramp time is 50-60 min and 

380°C was maintained for 30 min. Total phosphorus is converted to orthophosphate by 

digesting it with sulphuric acid. Mercuric oxide is used as a catalyst and potassium 

sulfate is used to raise the temperature of digestion. Once digested, the samples were 

removed from the block and allowed to cool for about 10 min.  

After cooling, 20.0 mL water was added to each tube and mixed using a vortex 

mixer. The final volume was about 21 mL after the addition of water. The digested 

solution was then transferred into a clean labeled container. If the samples were not 

immediately analysed, they were sealed with parafilm and refrigerated overnight until 

analysis the next day. The maximum holding time that the samples can be refrigerated is 

seven days with the addition of two drops of concentrated sulphuric acid (Diamond, 

2000a).  The standard concentration solutions (standards) that were used for the 

calibration of the FIA system were also digested using the above procedure.  

 

Figure 3.7: Cold fingers used during digestion 
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3.6.5 Analysis of phosphorus 

Once the extraction of all four fractions and the digestion process on the first and 

the last fractions was completed, the fraction solutions were analysed. As mentioned 

before, for this analysis the Flow Injection Analysis (FIA) system was used. The fractions 

B (carbon bound phosphorus) and C (ferrous bound phosphorus) were analysed directly 

(no dilution was required) according to QuikChem Method 10-115-01-1-A (Diamond, 

2000). The fractions A (loosely bound phosphorus) and D (calcium bound phosphorus) 

were digested in the Aluminium Digestor block using the procedure detailed earlier. 

After the digestion process, the samples are then analysed by the FIA system according to 

QuikChem Method 10-115-01-1-C (Diamond, 2000a).  

3.6.6 Statistical significance testing: Matched pair sign tests (Mandel, 1964) 

A matched pair test was chosen to compare the extracted phosphorus from the 

different sections of each flow cell. Using a matched pair tests eliminates the noise in the 

data which could be due to temporal changes in input parameters and environmental 

factors. The type of matched pair test conducted depends on the characteristics of the 

data, specifically the normality and symmetry of the differences in concentration. In the 

present work, a matched pair test that does not require the data to be either normal or 

symmetrical, the sign test, was chosen.  

The sign test is a non-parametric test that does not assume a particular distribution 

of the data and is therefore, more generally applicable. The sign test null hypothesis states 

that about half of the differences will be positive, and half of the differences will be 

negative. The test statistic is the number of positive, non-zero differences (Di) between 
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data sets being examined. For sample sizes less than twenty-five this test statistic can be 

compared to tabulated p-values for the sign test statistic (Lehmann, 1975). 

In the present work, the sum of positive, non-zero differences in the extracted 

amounts of phosphorus for each sampling occasion were calculated and the test was 

conducted on these differences (Di). The test was carried out for the comparison of the 

following sets of data: 

(1) Gravel flow cell:  First section and second section 

     First section and third section 

    First section and fourth section 

    First section and average of later sections 

    Background and average of later sections 

(2) Slag flow cell:  First section and second section 

     First section and third section 

    First section and average of later sections 

    Background and average of later sections 

(3) Clinker flow cell:  First section and second section 

     First section and third section 

    First section and average of later sections 

    Background and average of later sections 

3.6.7 First section testing 

The flow cell testing of the three media gave very high removal rates of the 

phosphorus. Hence, it was felt necessary to further test the first section of the flow cell to 

investigate the phosphorus removal within that section. The first section, which extended 
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approximately 10 cm from the inlet of the flow cell, was further subdivided into three 

equal subsections. Duplicate media samples were taken from the top, middle and the 

bottom of each of the subsections for each of the flow cells. Sequential extraction of the 

samples, as described in Section 3.6.1, was carried out for these samples. As these tests 

were conducted after the completion of all three flow cell testing, the gravel and slag 

media samples had dried out. At the time that these subsequent tests were conducted, the 

gravel and slag flow cells had not been used for approximately 5 months and 2.5 months, 

respectively.  

3.7 Hach system of digestion and analysis (Hach, 2002) 

 During the slag flow cell testing, there were some technical difficulties 

encountered with the Aluminium digestor block used for the digestion of the total 

phosphorus media samples. As the maximum refrigeration time for the total phosphorus 

media samples was only one week, an alternative system was needed for digesting and 

analyzing the samples during the time the Aluminium digestor block was being repaired. 

Therefore, a COD reactor and the Hach DR/2400 system were used for the sample 

digestion and analysis. The Method 8190 Test and tube vials method was used (Hach, 

2002). The Hach system was also used for analyses of the phosphorus content of the 

samples during the wash tests. The Method 4500-PE Test and tube vials method was used 

to analyze orthophosphate (Hach, 2002). The details of these test procedures are given in 

the following sections.  
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3.7.1  Test procedure for total phosphorus using Hach DR/2400: Method 8190 

The COD reactor was turned on and preheated to 150oC. The safety shield was 

then placed in front of the reactor. From the menu of the Hach Programs, the Program 

536 P Total/AH PV TNT was selected and started. Using a Tensette pipet, 5.0 mL of 

sample were added to a Total and Acid Hydrolyzable test vial. Then using a funnel the 

contents of the digestion reagent (potassium persulfate) powder pillow was added to the 

vial. The vial was capped tightly and shaken to dissolve the powder completely. Next, the 

vial was placed into the COD reactor. 

The timer was started for a 30 min heating period. After the 30 min heating, the 

hot vials were removed carefully from the reactor and placed in a test tube rack. The vials 

were allowed to cool to room temperature. Using a Tensette pipet, 2 mL of 1.54 N 

sodium hydroxide standard solution was added to the vial. The vial was capped tightly 

and mixed. The outside of the vial was wiped with a damp cloth followed by a dry one, to 

remove fingerprints or other marks.  

The 16-mm adapter was installed inside the Hach spectrophotometer. Next the 

vial was placed inside the adapter. The display was adjusted to show 0.00 mg/L PO4
3-. 

Using a funnel, the contents of one PhosVer 3 Powder Pillow was added to the vial. The 

vial was capped tightly and shaken to mix for 10-15 sec. The powder does not dissolve 

completely. The timer was set for a two minute reaction period. The sample was read 

within 2-8 min after the timer beeps. After the timer beeped, the outside of the vial was 

wiped with a damp cloth followed by a dry one, to remove fingerprints or other marks. 

The prepared sample vial was then placed into the cell adapter and the results were read 

in mg/L PO4
3-. 



 90

3.7.2  Test procedure for orthophosphate using Ascorbic Acid: Method 4500-PE 

Stock solutions of Potassium Antimony Tartrate and Ammonium Molybdate were 

prepared in advance and refrigerated. The Potassium Antimony Tartrate solution was 

prepared by dissolving 1.3715 g of Antimony Tartrate into 400 mL of distilled water and 

diluting to 500 mL. The Ammonium Molybdate solution was prepared by dissolving 

20.0 g of Ammonium Molybdate into 400 mL of distilled water and diluting to 500 mL.  

The combined reagent was prepared in a series of steps. 50 mL of 5 N sulfuric 

acid was measured and poured into a clean beaker. 5 mL of stock Potassium Antimony 

Tartrate solution was then added to the beaker. Next, 15 mL of stock Ammonium 

Molybdate solution was added to the beaker. Lastly, 30 mL of Ascorbic acid was added 

to the beaker to complete the combined reagent solution. The reagent was always used 

within four hours from the time it was prepared as it was only stable for that period of 

time. 

From the menu of the Hach Programs, a wavelength setting of 880 nm was 

selected and started. Using a Tensette pipet, 5.0 mL of sample were added to each test 

vial. The Tensette pipet was used to create a calibration curve with phosphate standard 

and distilled water. The amounts of phosphorus standard solution and distilled water put 

in each vial are shown in the table below. 

Table 3.3: Calibration of Hach system for Orthophosphate analysis 

Conc.→  mg/L 0 0.02 0.05 0.1 0.2 0.3 0.5 1 3 4 6

P soln* mL 0 0.002 0.005 0.01 0.02 0.03 0.05 0.1 0.3 0.4 0.6

Water mL 5 4.998 4.995 4.99 4.98 4.97 4.95 4.9 4.7 4.6 4.4

 * Phosphorus standard solution 50 mg/L concentration 
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To each of the calibration curve vials and to each vial containing sample, 0.75 mL 

of combined reagent was added using the pipet. The vials were then capped tightly and 

shaken to thoroughly to mix the solution. The timer was set for 8 min to allow the 

reaction to be carried out. The outside of each vial was wiped with a damp cloth followed 

by a dry one, to remove fingerprints or other marks before being placed in the Hach 

spectrophotometer. The calibration curve absorbances were read first and recorded using 

the Hach spectrophotometer. Each of the vials containing samples was read and their 

absorbance recorded. The calibration curve vials were wiped again and re-read to ensure 

accurate results. 

 3.8  Total phosphorus testing 

To investigate the total phosphorus in the three media, the soils were tested using 

the inductively coupled plasma – atomic emission spectroscopy (ICP-AES). These tests 

were conducted at the Analytical Services Unit (ASU).  The tests were conducted to 

determine the amount of phosphorus contained in the original media samples (i.e. at 

initial time), then in the middle of the run (i.e. after 5 weeks), and after the termination of 

the experiments.  For the gravel media, only the initial and final samples were used. 

Duplicate samples were taken for each of the media.  

3.8.1 Test procedure for total phosphorus by ICP-AES (USEPA, 2001) 

One gram of dried sample was weighed, recorded to four decimal places, and 

placed in a labeled 100 mL beaker. The sample was placed in a programmable cold 

muffle furnace (Fisher Scientific Class A oven) and ashed for 12 h at 470°C. The ‘Ramp, 

Soak and End’ program option was used for this period. The increase in the temperature 
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was at the rate of 20°C per min. The ashed sample was removed after 12 h from the 

furnace and cooled. After cooling, 10 mL of 6 M aq HCl was added to the sample to 

moisten it. The sample was then dried on a hot plate to evaporate all the moisture. 

The dry residue was treated with 5 mL of 6M aq HCl and 20 mL distilled water. 

This solution was then heated at 60°C on an aluminum top hot plate (Thermolyne, 

Barnstead). During this heating, the mixture in the beaker was continuously stirred with a 

glass rod. This heating was carried on for 30 min to solubilize the orthophosphate. The 

temperature of the hot plate was monitored carefully using a beaker of water with a 

thermometer in it.  

After digestion, if the sample solution was clear, the solution was transferred to a 

100 mL volumetric flask and allowed to cool. Once the solution was cool, the volume 

was made up to 100 mL with dd-water and mixed well. The residue in the clear sample 

was allowed to settle and an aliquot of the clear sample solution was taken for analysis. If 

the sample solution was not clear, the hot solution was filtered through a coarse filter 

paper (Fisher, Q8, 20 – 25 μm) in a 100 mL volumetric flask. This residue of the solution 

was then washed with 1M HCl and was left to cool.  

Once the solution was cool, the volume was made up to 100 mL with dd-water 

and mixed well. An aliquot of 2.5 mL was taken of the clear sample solution and put into 

a 50 mL volumetric flask. 20 mL of dd-water was added and mixed by swirling. The 

samples were then transferred in ICP glass tubes and analysed using ICP-AES in the 

ASU. The absorbance was measured at 213.613 nm.  
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4.0 RESULTS AND DISCUSSIONS 

4.1  Layout  

In this chapter, the results of the experiments, performed in accordance with the 

procedures described in Chapter 3, are presented and discussed. Sample calculations are 

listed in Appendix C. Results for the media characterization (Section 3.2) are presented in 

Section 4.2. Results of the kinetic studies (Section 3.3) are presented in Section 4.3. 

Isotherm experimental results (Section 3.4) are presented in Section 4.4. The results of 

the flow cell experiments evaluations (Section 3.5) are presented in Section 4.5. Similarly 

the results of the sequential extraction (Section 3.6) are presented in Section 4.6. Finally, 

the results of the total phosphorus experiments (Section 3.7) are presented in Section 4.7. 

4.2 Media characterization 

The three media samples, gravel, slag and clinker, were characterized using 

standard tests in order to provide a reference for lab-scale and field filter design and 

performance. Triplicate samples were taken for all the tests. Representative values of 

particle density (ρs), bulk density (ρb), porosity (η), hydraulic conductivity (K) and soil 

activity (pH) for the three media as determined from the media characterization study are 

summarized in this section.  

Figures 4.1 – 4.3 show the grain size distribution of the three media plotted as %-

finer on a grain size distribution curve. From Figures 4.1 – 4.3 it can be observed that the 

majority (~ 70%) of the gravel was retained on the smaller sieves (<2 mm) whereas 

majority of the slag (~ 82%) and clinker (~77%) were retained on the larger size (>2 mm) 

sieves.   
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Figure 4.1: Plot of %-finer of gravel grain particles as a function of sieve size 

 

Grain Distribution Curve for Slag
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Figure 4.2: Plot of %-finer of slag grain particles as a function of sieve size 
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Grain Distribution Curve for Clinker
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Figure 4.3: Plot of %-finer of clinker grain particles as a function of sieve size 

Gravel had an effective grain size (d10) of 0.5 mm, coefficient of uniformity (Cu) 

of 3.40 and a coefficient of curvature (Cc) of 0.75. Clinker had an effective grain size of 

0.9 mm, coefficient of uniformity (Cu) of 4.44 and a coefficient of curvature (Cc) of 1.74. 

Slag had an effective grain size of 1.2 mm, coefficient of uniformity (Cu) of 2.92 and a 

coefficient of curvature (Cc) of 1.37. Coefficient of curvature (Cc) and coefficient of 

uniformity (Cu) are derived from effective grain sizes d10, d30 and d60. Sample 

calculations are given in Appendix C and the data is presented in Appendix D1.  

All three media are classified as poorly sorted sand (SP) under the Unified Soil 

Classification system according to ASTM D 2487 (1994) based on the values of Cc and 

Cu. In addition, recent Danish guidelines as mentioned in Arias et al. (2001) recommend 

a d10: 0.3–2 mm, d60: 0.5-8 mm and Cu < 4 to ensure adequate hydraulic conductivity. 

Except clinker (Cu = 4.44) all other criteria were satisfied by the media. All three media 

are expected to show good performance for phosphorus sorption.  
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Table 4.1 summarizes the media characterization results and gives the average 

values for the bulk density, particle density, porosity, pH and hydraulic conductivity for 

the three media tested according to the standard test procedures. Hydraulic conductivity 

values reported in Table 4.1 are the average of four runs conducted. Details are given in 

Appendix D1 and sample calculations are shown in Appendix C1.   

Table 4.1:  Physical characteristics of candidate media  

Sample 

Bulk 

Density 

(g/cm³) 

Particle 

Density 

(g/cm³) 

Porosity 

(%) 

pH Hydraulic  

Conductivity* (m/s) 

Gravel 1.603 2.6737 40.03 7.8 0.0056 (±0.001) 

Slag 1.163 2.5874 55.06 10.8 0.25(±0.07)  

Clinker 1.004 3.1460 68.08 11.4 0.19(±0.02) 

* average of four tests 

The results from the bulk density, particle density and porosity studies were 

consistent with values reported by Rosolen (2000).  Xu et al. (2006) noted that the 

phosphorus sorption capacity was influenced by the physico-chemical characteristics of 

the media, wherein finer grain size resulted in higher phosphorus sorption. It can be seen 

from Table 4.1 that the most porous material is the clinker.  Porosity affects the fluid 

flowrate through the media, and a higher porosity may correspond to a greater surface 

area and, therefore, more exposed sites for phosphorus adsorption. The design range for 

porosity recommended by Kadlec and Knight (1996) is 35% - 45%. The laboratory 

testing showed that only gravel had the recommended design porosity whereas clinker 
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and slag had greater porosity than recommended for use as a wetland medium, or (by 

extension as already noted in Chapter 3) as a filtration medium.  

Though the laboratory characterization study provided consistent and 

reproducible testing techniques, laboratory conditions seldom resemble field conditions 

in terms of the degree of compaction, sediments in unwashed media, material moisture 

content and the material placement techniques employed. In addition, as a wetland 

matures, biofilm growth, roots, organic sediments in the wetland and other biotic 

interactions might strongly influence a number of bulk medium properties, particularly 

porosity (η) and hydraulic conductivity (K). These factors may contribute to a reduction 

in the porosity of the media in the field. Hydraulic conductivities calculated in the 

laboratory could be reduced by as much as a factor of ten in the field (Kadlec and Knight, 

1996). Calder et al. (2006) reported that the hydraulic conductivities at their field site 

were reduced considerably, by greater than a factor of 10, from the laboratory derived 

design values. As is discussed in Section 4.5, the high porosity values reported above did 

not act in a detrimental way for the phosphorus removal; clinker and slag still proved to 

be good for this purpose.  

Hydraulic conductivity tests were performed at Royal Military College. From 

these tests (Table 4.1), it is concluded that slag had the highest conductivity, followed 

closely by clinker, and finally the gravel. It is important to have high hydraulic 

conductivities in a wetland or filter to process the wastewater as quickly as possible.  If 

the hydraulic conductivities of the media are too low, there would also be potential for 

clogging.  The flow in the flow cells was Darcian flow as confirmed by the calculated 

Reynolds number (see Appendix D1, Tables D7-D9). Sample calculations are given in 
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Appendix C1. However, an inverse relationship was observed between hydraulic 

conductivity and the flow rate at which the tests were conducted. It should be noted that 

the flow rates used during the flow cell tests were much lower than those used during the  

hydraulic conductivity tests resulting in Reynolds number <1 as discussed later in 

Section 4.5.1. 

The recommended design value range for the hydraulic conductivity for the 

constructed wetlands given by Reed and Brown (1995) is 0.0012 m/s to 0.12 m/s (100 - 

10000 m3/m2/day). Gravel had a hydraulic conductivity of 0.0056 m/s which is within the 

recommended design range given by Reed and Brown. Even though the hydraulic 

conductivities of clinker and slag were higher than the recommended range (by 

approximately twice the upper limit), they still proved to be good media for phosphorus 

removal (Section 4.5). This was probably due to the fast reaction times of the phosphorus 

removal reactions. This indicated they could be used as wetland media for the constructed 

wetland or as a post-wetland filter for phosphorus removal as long as the focus was 

primarily on phosphorus removal. Given the fast reaction times, it would be beneficial in 

downsizing the filter bed.    

The final parameter determined was the soil activity (pH) for each of the media. 

The results are summarized in Table 4.1.  From the table, it can be observed that although 

the effluent from the gravel flow cell was able to meet the regulatory pH requirement, the 

slag and the clinker flow cell effluent had high pH and did not meet the regulatory pH 

requirement of 6 - 9.5 (Environmental Protection Act –O. Reg. 560/94). As mentioned in 

Section 2.3.3, pH is an important factor for the phosphorus reactions as it controls the 

type of chemicals taking part in the reactions. The pH of the effluent also affects the 
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dissolved oxygen content of the receiving water body indirectly (see Section 2.5.6). Thus, 

it may be necessary to have a neutralization process (e.g. secondary filter with a low pH 

media like acidic peat) after the application of slag or clinker for sorption in order to 

regulate the pH, depending on a number of factors.  

The physical characteristics all influence the effectiveness of a medium for the 

removal of phosphorus (Prochaska and Zouboulis, 2006; Drizo et al., 1999). However, 

these effects are usually on a short term basis. For long term phosphorus removal to be 

enhanced, additional properties (e.g. chemical composition) of the medium and/or 

operational parameters of the wetland or filter become important (Arias et al., 2001). 

Physical characteristics of the media were only used here to obtain base information to be 

used in conjunction with performance information to help explain the author’s results. 

Next, for screening and the selection of potential media for phosphorus removal 

potential, kinetic and isotherm studies were performed. Although isotherm studies do not 

provide a direct estimate of the phosphorus removal capacity that could be obtained in a 

full scale system, they are a means of comparing the relative performance of different 

candidate media.  

4.3 Kinetics 

The kinetics study was conducted to investigate the time-based rate of the 

phosphorus retention reactions with respect to gravel media, as the gravel used in this 

work was different from that used by Rosolen (2000). The slag and clinker used for 

further studies were the same media collected by Rosolen (2000), and those results were 

therefore used as representative values here. The media was stored at room temperature 
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in a dry area in plastic sealed air tight bags and/or buckets during the interim period to 

prevent any change in the media during storage between the two studies.  

4.3.1 Reaction order and rate coefficients 

The kinetic tests were conducted with the initial phosphorus concentrations of 

4 mg/L and 8 mg/L. These concentrations of phosphorus are typical of the post-treated 

and pre-treated wastewater observed in the SCE data (Sweetnam, 2003) and also are 

representative of typical domestic wastewater (influent). The tests were conducted for 

five masses of the gravel i.e. 5.00 g, 10.00 g, 15.00 g, 20.00 g and 30.00 g. Samples were 

shaken for time periods of 30 min, 2 h, 4 h, 22 h, 46 h and 100 h. The amount of medium 

and the shake time periods were representative of the values described in the literature 

(Section 3.3), although the longer shake periods used here were deemed to provide more 

reliable kinetic data. 

Figures 4.4 through 4.9 show the results for the first order, second order and 

saturation order kinetic models, respectively. The sample calculations for the kinetic 

studies, including the calculations for the first, second and saturation order reactions, are 

given in Appendix C2. The experimental data are presented in Appendix D2.   

The phosphorus removal reactions for gravel were found to follow saturation 

order kinetics. At low phosphorus concentrations, the removal reactions were relatively 

slow, and followed first order removal kinetics. However, at high solution phosphorus 

concentrations, the removal reactions were much faster and followed zero order kinetics. 

First order and second order reactions are characteristically described by the reaction rate 

constant k (Levenspiel, 1999). Tables 4.2, Table 4.3 and Table 4.4 give the reaction rate 
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constants, regression equations and the r2 values for the first order, second order and 

saturation order reactions. 
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Figure 4.4: First order kinetic model for gravel (Pinitial = 4 mg/L) 
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Figure 4.5: First order kinetic model for gravel (Pinitial = 8 mg/L) 
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Table 4.2: Summary of first order model fit for gravel 

Initial P 
concentration 

Mass of 
gravel Regression Equation r2 krx (h-1) 

4 mg/L 5 g y = 0.0036x + 0.2332 0.4234 0.0036 

 10 g y = 0.0067x + 0.3792 0.7437 0.0067 

 15 g y = 0.0082x + 0.518 0.8467 0.0082 

 20 g y = 0.009x + 0.5394 0.7873 0.009 

 30 g y = 0.0134x + 0.8016 0.8039 0.0134 

8 mg/L 5 g y = 0.0022x + 0.1073 0.7259 0.0022 

 10 g y = 0.0037x + 0.2094 0.6163 0.0037 

 15 g y = 0.0064x + 0.3476 0.6141 0.0064 

 20 g y = 0.0074x + 0.3974 0.8594 0.0074 

 30 g y = 0.0136x + 0.5524 0.8972 0.0136 
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Figure 4.6: Second order kinetic model for gravel (Pinitial = 4 mg/L) 
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Figure 4.7: Second order kinetic model for gravel (Pinitial = 8 mg/L) 

Table 4.3: Summary of second order model fit for gravel 

Initial P 
concentration 

Mass of 
gravel Regression Equation r2 

krx 
(mg/L/h) 

4 mg/L 5 g y = 0.0013x + 0.3195 0.3621 0.0013 

 10 g y = 0.0032x + 0.3692 0.7969 0.0032 

 15 g y = 0.0049x + 0.4175 0.9306 0.0049 

 20 g y = 0.0055x + 0.4329 0.8706 0.0055 

 30 g y = 0.0135x + 0.5509 0.9447 0.0135 

8 mg/L 5 g y = 0.0003x + 0.1391 0.7648 0.0003 

 10 g y = 0.0006x + 0.1552 0.6742 0.0006 

 15 g y = 0.0014x + 0.1805 0.5633 0.0014 

 20 g y = 0.0019x + 0.1855 0.9208 0.0019 

 30 g y = 0.0057x + 0.2043 0.9650 0.0057 
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Figure 4.8: Saturation order kinetic model for gravel (Pinitial = 4 mg/L) 
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Figure 4.9: Saturation order kinetic model for gravel (Pinitial = 8 mg/L) 
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Table 4.4: Summary of saturation order model equations for gravel 

Initial P 
concentration 

Mass of 
gravel Regression Equation r2 krx mg/(L*h) K mg/L 

4 mg/L 5 g y = 0.2699x + 0.0017 1.000 -0.006 -3.71

 10 g y = 0.2718x + 0.0074 0.999 -0.027 -3.68

 15 g y = 0.2914x + 0.0105 0.999 -0.036 -3.43

 20 g y = 0.2873x + 0.0123 0.999 -0.043 -3.48

 30 g y = 0.3009x + 0.0303 0.993 -0.101 -3.32

8 mg/L 5 g y = 0.1343x + 0.0002 0.999 -0.001 -7.45

 10 g y = 0.1318x + 0.0021 0.991 -0.016 -7.59

 15 g y = 0.137x + 0.0054 0.999 -0.039 -7.30

 20 g y = 0.1396x + 0.0073 0.999 -0.052 -7.16

 30 g y = 0.1461x + 0.0144 0.999 -0.099 -6.84

 

The range of the first order reaction rate constants observed was 0.086–0.32 d-1 

(0.0022 – 0.0133 h-1), which agrees with the 0.083 – 0.575 d-1 range reported by Dunne et 

al. (2005). It can be seen from the data in Table 4.2 that, with an increase in the amount of 

media, the reaction rate constant increases. This indicates that the reaction is faster with 

more media present, as there are presumably more sites for sorption. The r2 value for the 

model fit indicates the goodness of fit of the linear model to the experimental data. As the 

r2 values are closest to unity for the saturation order reaction, this suggests that the 

phosphorus removal reactions are better described by saturation order kinetics. The 

saturation model is used here for the present study.   
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Saturation reactions are often described by two characteristic parameters: the 

reaction rate constant (krx) and a damping factor (K) (Metcalf and Eddy, 2003). Table 4.4 

summarizes the reaction rate constants (krx), damping factors (K), regression equations 

and the r2 values for the saturation order reactions. krx is proportional to the maximum 

rate of treatment, and is most influential at high solution phosphorus concentrations, 

while K is a damping factor, and primarily influences the rate of change of krx. For a 

given phosphorus concentration, a smaller value of K implies that the reaction will 

proceed at a faster rate. Consequently, reactions characterized by relatively large values 

of krx and relatively small values of K are preferred for treatment applications. For the 

present set of results, the reaction rate constant increases as the amount of media 

increases, similar to the first and second order kinetic assessment, and K decreases with 

an increase in the amount of media. This again indicates that the reaction is faster with 

more media present, as there are presumably more sites for sorption.  

Saturation reaction kinetics are commonly applied to modeling reactions between 

reactive compounds and surfaces such as a metal catalyst, a soil surface or an enzyme 

(Metcalf and Eddy, 2003; Rousseau et al., 2004; Shephard et al., 2001). Thus, the right 

amount of media for the given phosphorus concentration is required to maximize the 

reaction rate. Rousseau et al. (2004) reviewed design models for horizontal subsurface 

flow constructed treatment wetlands ranging from simple rules of thumb and regression 

equations, first order k-C* models, Monod (i.e.two parameter equation) and more 

complex dynamic compartmental models and suggested the use of the k-C* model if all 

the assumptions are fulfilled. This indicates the importance of the correct selection of 

kinetic information (as assessed here), to yield an appropriate wetland or filter design.  
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4.3.2 Modeling phosphorus removal using saturation kinetics 

Based on these observations, saturation kinetics was used to model the changes in 

solution phosphorus concentration observed during the kinetic study. Kinetic parameters 

specific to each treatment group were substituted into the integrated form of the 

saturation order rate equation (see Table 3.1), then phosphorus concentration values (C) 

were assumed in the range of 0 – 4 mg/L (and 0 – 8 mg/L) and the corresponding time 

was calculated in the range 0 – 100 h. Treatment groups stood for sets of influent 

phosphorus concentrations and masses of gravel (e.g. 5 g of gravel with influent 

concentration of 4 mg/L). Phosphorus removal was then modeled using the assumed C 

and calculated values of time according to Equation 4.1. Sample calculations 

representative of one treatment group with phosphorus concentration 4 mg/L, and media 

mass 5.0 g are given in Appendix C2.  

( ) kgg
g

LCLmg
m
x /1000

0.5
.05.0/0.4
×

×−
=      (4.1) 

Where  

x/m = net phosphorus removal per unit mass of media (mg/kg) 

C = phosphorus concentration at time t (mg/L) 

Figures 4.10 through 4.14 show the experimental data and the saturation model fit 

for the gravel media for 5.00 g, 10.00 g, 15.00 g, 20.00 g and 30.00 g, respectively. The 

modeled results for both tests with Pinitial of 4 mg/L and 8 mg/L are also shown in Figures 

4.10 through 4.14. 
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Figure 4.10: Saturation model fit results for 5 g of gravel media 
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Figure 4.11: Saturation model fit results for 10 g of gravel media 
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Figure 4.12: Saturation model fit results for 15 g of gravel media 
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Figure 4.13: Saturation model fit results for 20 g of gravel media 
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Figure 4.14: Saturation model fit results for 30 g of gravel media 

The saturation kinetics model can be expected to underestimate the observed 

treatment at early time periods, since at high phosphorus concentration, the rate of 

reaction is zero order and is independent of the phosphorus concentration (Metcalf and 

Eddy, 2003). Conversely, the model will likely overestimate the observed treatment at 

later times (as the reaction reduces to a first order model). Modeled results showed good 

agreement with the experimental data for most of the tests conducted. However, for the 

test conducted with the initial phosphorus concentration of 8 mg/L and 10 g of medium, 

the modeled results underestimated the sorption process till 20 h. Laska (2005) also 
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observed that the model underestimated the sorption process for his experimental data 

sets.  

The mass of media and the influent phosphorus concentration were very 

important in determining the kinetic model parameters. The model parameters 

determined (e.g. krx) is specific to the experimental conditions used. Therefore, the 

laboratory determined reaction rate constants can not be used for the full scale field 

system. However, for the relative performance of different potential media, the kinetic 

model parameters can be a good tool for comparative assessment.  The saturation model 

could be used as a predictive tool although the equilibrium tests are traditionally modeled 

using modified versions of the saturation model, namely the Langmuir and Freundlich 

isotherms. These are described in detail in Section 4.4. 

4.3.3 Reaction time 

Equilibrium should be evidenced by a plateau on the graph (concentration profile 

vs time), with no observed change in concentration over time beyond a certain point. 

However, slower reactions such as diffusion within the particle matrix, recrystallization 

of sorbed phosphorus into new mineral phases, and a shift of physically sorbed 

phosphorus to chemically sorbed forms can take place over an indefinite period (Nichols, 

1983; Robertson and Harman, 1999). These reactions can result in an increase in sorption 

capacity by making previously occupied sites available again and true equilibrium 

difficult to achieve. Although these slower secondary reactions may be significant in the 

ultimate phosphorus removal capacity of the media, for the purpose of this research, 

equilibrium was taken as the time required for each medium to reach 95% of its estimated 

capacity (Benefield et al., 1982). The duration of equilibrium tests reported in the 
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literature range from 10 h - 48 h (Baker et al., 1998; Sakadevan and Bavor, 1998). The 

residence time used for all the tests in this research was 100 h.  

The gravel used in these kinetic characterization tests exhibited continuing 

sorption, although not as much as slag or clinker, throughout the experiments. Laska 

(2005) mentioned that the reaction time was increased from 24 h to 96 h for his media 

(shell sand) to allow equilibrium to be reached. Rosolen (2000) noted that at the end of 

96 h, her gravel continued to sorb considerable amounts of phosphorus. The clinker 

(mass used was 2 g) and the slag (mass used was 20 g) tested by Rosolen (2000) did 

reach equilibrium, and the time required was 13 h for the slag and 10 h for clinker, both 

at an initial phosphorus concentration of 4 mg/L. The time to reach equilibrium was less 

when compared to the gravel (> 96 h) probably due to a much higher capacity for 

phosphorus sorption with these two media. With more sites available for sorption, free 

phosphorus binds more readily and a state of equilibrium can be reached more quickly. 

Rosolen (2000) noted that both the slag and the clinker had very low final effluent 

phosphorus concentrations (e.g. 0.23 mg/L and 0.11 mg/L, respectively), leaving little in 

solution for continued reactions. On the other hand, the gravel had lower sorption 

capacity and corresponding higher concentrations of phosphorus remaining in solution, 

which would in turn act as a driving force for continuing sorption reactions. It should be 

noted that a change in concentration or the amount of media used in the testing will 

change the time required for equilibrium to be achieved, as demonstrated by these results. 

Therefore, as mentioned earlier, although kinetic studies do not provide a direct estimate 

of the phosphorus removal capacity that could be obtained in a full scale system, they 

could be a means of comparing the relative performance of different potential media to 
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achieve the desired level of phosphorus removal in the sorptive media wetland or post-

wetland polishing filters.   

4.4 Isotherm experiments 

As detailed in Section 3.3, sorption isotherms were developed for the gravel 

media sample. Figure 4.15 shows the mass normalized experimental data from the kinetic 

testing presented as ⎟
⎠
⎞

⎜
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Figure 4.15: Plot of mass normalized experimental data for gravel 

Figures 4.16 and 4.17 show plots of the isotherm test data fitted to the Langmuir 

and the Freundlich sorption models described in Section 3.4. The regression equations for 

the Langmuir and Freundlich isotherm models, and the resulting model parameters KL 

and KF are listed in Table 4.5. Sample calculations are given in Appendix C3.  

For the Langmuir analysis, a linearized expression was derived by plotting 

e
e Cvs

m
x

C
. The slope of the Langmuir plot is 

max

1
Γ

where maxΓ relates to the ability of the 

medium to sorb phosphorus. Thus, the slope is inversely related to the sorption capacity. 
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A lower slope indicates a greater ability to remove phosphorus. The Langmuir 

constant, maxΓ , is determined from the slope and indicates the Langmuir monolayer 

capacity of the medium. The constant KL is related to the intercept and indicates the 

Langmuir empirical sorption constant (see Equation 3.8). 
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Figure 4.16: Plot of Langmuir isotherm model for gravel 
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Figure 4.17: Plot of Freundlich isotherm model for gravel 

For the Freundlich analysis, a linearized expression was derived by plotting 

eCvs
m
x loglog ⎟

⎠
⎞

⎜
⎝
⎛ . The slope of the line, ⎟

⎠
⎞

⎜
⎝
⎛ =− N

n
1 , is the Freundlich intensity factor, 

which is related to the ability of the medium to sorb phosphorus at different equilibrium 

concentrations. A steeper slope shows a greater ability to remove phosphorus at higher 
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phosphorus concentrations. However, it does not provide a means of directly comparing 

the sorptive capacity of different media.  

Table 4.5: Summary of isotherm model equations for gravel 

a) Langmuir model    b) Freundlich model 

a) [P] Regression Equation r2 Γmax mg/kg KL 

 4 mg/L y = 0.0345x + 0.086 0.75 28.98 0.40 

 8 mg/L y = 0.0483x + 0.025 0.82 20.70 1.92 

b) 

[P] Regression Equation r2 
KF 

kgL
mg n 1.

1
−

⎟
⎠
⎞

⎜
⎝
⎛  n

1  

 4 mg/L y = 0.6306x + 0.915 0.89 8.22 0.631 

 8 mg/L y = 0.4121x + 0.971 0.83 9.36 0.293 

 

The constant, KF, determined from the intercept (when Ce=1) is related to the 

sorption capacity. A higher value of KF indicates a greater capacity of the media to retain 

the phosphorus. Table 4.5 shows that KF is higher when the initial phosphorus 

concentration is higher, which is expected since the concentration gradient is higher, and 

thus the driving force is also increased, shifting the reactions towards completion. When 

the slope ⎟
⎠
⎞

⎜
⎝
⎛−

n
1 equals 1, the resulting isotherm would have KF equal to the distribution 

coefficient Kd that can be found in the literature (Fetter, 1992). 

The experimental results were found to follow the Freundlich model better than 

the Langmuir model, based on the r2 values. The Freundlich model fit was also better 

when the initial phosphorus concentration was 4 mg/L, as compared to when Pinitial was 

8 mg/L. However, the r2 values for both models’ fit were close to each other, indicating 
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that at higher concentrations, both models are equally good. Del Bubba et al. (2003), Kirk 

et al. (2003), Laska (2005) and Rosolen (2000) also found that the Freundlich isotherm 

model was the better fit for their data. Based on KF, a lower sorption capacity for the 

4 mg/L tests was found. Other studies have reported the Langmuir adsorption capacities, 

for different media tested, although comparison of the two isotherm fits was not reported 

(Prochaskca and Zouboulis, 2006; Xu et al., 2006; Sakadevan and Bavor, 1998; Arias et 

al., 2001; Dunne et al., 2005; Drizo et al., 1999). The sorption capacities reported by the 

different studies were not the same.   

Table 4.6 gives the isotherm capacity factors as determined by Rosolen (2000) for 

her gravel, and the same slag and clinker used here. Therefore, the current isotherm 

testing was conducted only for the gravel collected by the author.  

Table 4.6: Summary of isotherm model parameters from Rosolen (2000) 

Langmuir Gravel Slag Clinker 

 Γmax (mg/kg) 

4 mg/L 12 NA 191 

8 mg/L 19 NA 1070 

Freundlich 
KF 

kgL
mg n 1.

1
−

⎟
⎠
⎞

⎜
⎝
⎛  

4 mg/L 3.90 371 2280 

8 mg/L 6.86 502 4710 

 

In comparing Table 4.5 and Table 4.6, it is seen that the sorption capacities of the 

gravel estimated in the present work were higher than those of Rosolen (2000). Also, the 

Freundlich sorption capacities for both gravels were similar, whereas the Langmuir 
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sorption capacity was very high for the present gravel compared to the previous gravel 

for the case when Pinitial was 4 mg/L.  This reconfirms that the gravel used in the present 

work was different from the gravel used by Rosolen (2000). The intent of the tests here 

was to obtain a baseline for the gravel since it is the base media already present in the 

SCE wetland, and is therefore a candidate for use in a post-wetland filter.  

The sorption capacities mentioned in the literature (see section 2.6.4) for similar 

gravel media ranged from 700-15000 mg of phosphorus / kg of media. Those studies 

were conducted with different laboratory setups, and with varied influent concentrations 

ranging from 3 – 460 mg/L and thus, the results are not directly comparable.  

Prochaska and Zoubilis (2006) observed that their data fit both the Langmuir and 

the Freundlich isotherms for dolomite. Sakadevan and Bavor (1998) reported that blast 

furnace slag was the best amongst all the media tested and had a sorption capacity of 

44.2 g of phosphorus/kg of slag. Xu et al. (2006) observed that furnace slag (8.89 g /kg) 

was the best amongst all the media tested followed closely by fly ash (8.81 g/kg), while 

sand had the lowest sorption capacity (0.13 – 0.29 g/kg) using Langmuir isotherms. Drizo 

et al. (1999) observed in a study of several media that the best medium was fly ash 

(860 mg/kg) followed by shale (650 mg/kg). 

Influent concentrations are not constant in the field, and using a few isotherm tests 

to predict behaviour in the field may not provide all the information necessary for design 

purposes. As well, while isotherm tests can provide a good comparison of performance 

for different types of media under the same test conditions, it is difficult to compare these 

results with those published in the literature except for the Rosolen (2000) results. This is 

because materials tested here are not necessarily the same as those tested elsewhere. 
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Different sources may have different chemical composition or size distribution, which 

could account for varying results. This was shown by the varying sorption capacities of 

the gravel used by the author and that used by Rosolen (2000) even though they were 

collected from the same quarry although a different section. Also, the methods used in 

individual studies vary except for Rosolen (2000) and Laska (2005), and this may impact 

results. Nonetheless, for reference purposes, values reported in the literature are given in 

the following section, which illustrates the on-going problem of arriving at the ‘best’ 

medium for this purpose.  Thus, there is a need for comprehensive characterization and/or 

evaluation to ensure an appropriate and sustainable medium is selected for a particular 

application, as illustrated by the present work.  

4.4.1 Predicting sorptive capacity 

Both the Langmuir and Freundlich models were used to predict the theoretical 

ultimate adsorption capacities 
um

x
⎟
⎠
⎞

⎜
⎝
⎛ of the gravel media at an equilibrium phosphorus 

concentration (Ce) of 4 mg/L and 8 mg/L. Different studies have reported sorption 

capacities of tested media based on either Langmuir (Prochaskca and Zouboulis, 2006; 

Xu et al., 2006; Sakadevan and Bavor, 1998; Arias et al., 2001, Dunne et al., 2005) or 

Freundlich isotherm models (Del Bubba et al., 2003; Laska, 2005; Rosolen, 2000). To 

compare the ultimate sorption capacities estimated using both isotherms, Equations 3.7 

and 3.9 were used to determine 
um

x
⎟
⎠
⎞

⎜
⎝
⎛  by setting Ce = Cinitial, and then solving for ⎟

⎠
⎞

⎜
⎝
⎛

m
x . 

This parameter represents the amount of phosphorus sorbed per unit mass of media when 

the system is at equilibrium with the initial concentration (i.e. at saturation; Metcalf and 
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Eddy, 2003). The sample calculations are shown in Appendix C3, and the calculated 

sorption capacities for gravel media in equilibrium with 4 mg/L and 8 mg/L solutions are 

listed in Table 4. 7. 

Table 4.7: Theoretical ultimate phosphorus sorption capacities for gravel  

Model  P initial 
Sorption Capacity, 

um
x

⎟
⎠
⎞

⎜
⎝
⎛ (mg/kg) 

Langmuir 4 mg/L 17.86 

 8 mg/L 19.44 

   

Freundlich 4 mg/L 19.71 

 8 mg/L 22.06 

 

 Values of 
um

x
⎟
⎠
⎞

⎜
⎝
⎛ as determined from the isotherm data are within the range of 

values reported by Rosolen (2000) for gravel. Sorption theory states that the higher 

sorption capacities are achieved at higher Ce due to higher driving forces (Faust and Aly, 

1987). This can be seen in Table 4.7, which shows that the adsorption capacity is greater 

when the initial phosphorus concentration is higher (i.e. 8 mg/L). The gravel tested by 

Rosolen (2000) had ultimate sorption capacities of 15 mg/kg to 35 mg/kg. Mann and 

Bavor (1993) reported sorption capacities of 26 and 48 mg/kg for two gravels for 

equilibrium concentrations ranging from 4 - 9 mg/L of phosphorus.  

Sakadevan and Bavor (1998) tested several media (soils from existing wetlands, 

topsoil from nearby areas) for phosphorus sorption, and reported values from 934 to 

5200 mg/kg for equilibrium concentrations ranging from 200 – 10000 mg/L of 

phosphorus. It should be noted that the medium that has a smaller particle size and larger 
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surface area than the gravel tested here, will have a larger adsorption capacities would be 

expected. Arias et al. (2001) reported a range of 20-130 mg/kg for the sorption capacities 

for different sands. A range of adsorption capacities from 420 mg/kg (Mann and Bavor 

(1993) to 44000 mg/kg (Sakadevan and Bavor 1998) have been reported in the various 

isotherm studies of slag. Rosolen (2000) reported 9361 mg/kg to 48064 mg/kg for the 

slag used in her work; the same slag was used for flow cell tests in the present work. For 

the clinker, Rosolen (2000) reported the range to be from 321 mg/kg to 9298 mg/kg. 

Laska (2005) reported a range for the sorption capacities for zebra mussel shell sand 

(which is also calcium based) from 99 mg/kg to 269 mg/kg for the equilibrium 

concentration of <1 mg/L.  These values were slightly higher than those reported by Van 

Weelden (2002) for a similar zebra mussel shell medium.  

Although equilibrium isotherms are good indicators of the potential capacity of a 

medium to sorb phosphorus, the overall performance of a medium can vary significantly 

between laboratory batch studies and field applications (Calder et al., 2006; Arias and 

Brix, 2004). Isotherms only provide information in relation to static test conditions, and 

cannot be readily transferred to the constantly changing conditions of the open 

environment (Benefield et al., 1982).  

 To illustrate the potential use of isotherm information in the design of a CW for 

sorption, or a post-wetland filter for phosphorus removal, 8 mg/L isotherm models from 

the present work were used to determine the volume of media required for the reduction 

of total phosphorus concentration from 8 mg/L to 1 mg/L, which is the MOE regulatory 

guideline for generic treatment plant effluents. Similarly, 4 mg/L isotherms models were 

used to determine the volume of material required for reduction of phosphorus 
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concentration from 4 mg/L to 1 mg/L. A design flow of 68.5 m3/day was used, which is 

the design flow for the treatment operation at Sunny Creek Estates. Sample calculations 

are shown in Appendix C3. Table 4.8 gives the estimated mass and volume of gravel 

required for the desired concentration reduction of phosphorus in the effluent for one year 

of desired treatment.  

 Table 4.8: Estimated mass and volume of gravel required for a year of desired treatment 

Model  P initial mass (kg) volume (m3) 

Langmuir 4 mg/L 4200420 2620 

 8 mg/L 9004650 5617 

    

Freundlich 4 mg/L 3804921 2374 

 8 mg/L 7934473 4950 

 
All calculations show that a greater volume is required for a higher influent 

concentration of phosphorus. This is expected since a greater load of phosphorus is being 

accumulated. These values were considerably less than the volume (less than 22% - 34%) 

estimated by Rosolen (2000) indicating that the gravels were not the same, despite the 

fact that they both came from the same quarry. Table 4.9 shows the volume of media 

required for the post-wetland filter for a year’s operation calculated by Rosolen (2000). 

Similar to gravel, the calculated slag filter volumes show that a greater volume is 

required for a higher effluent concentration of phosphorus. However, the clinker volume 

shows a reverse trend, which appears to be either an experimental or a calculation error 

on part of the author. The differences in the required volumes due to influent 

concentrations have practical implications for design; if the influent concentration is 
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much different than anticipated, performance and lifespan of the medium in a wetland 

cell or a filter may be difficult to predict. 

Table 4.9: Estimated volume of media required for a year of treatment (Rosolen, 2000) 

Model  P initial Gravel (m3)  Slag (m3) Clinker (m3) 

Langmuir 4 mg/L 11900 NA 298* 

 8 mg/L 16600 NA 123 

     

Freundlich 4 mg/L 10800 162 240* 

 8 mg/L 14300 279 27 

* data appear to be in error 
 

While it is recognized that isotherm analysis of equilibrium flask test results are 

only indicative of the static conditions of the test, this form of testing provides a 

reasonable tool for comparison between potential candidate materials. To simulate field 

conditions and to model field performance, horizontal flow cells are needed. The flow 

cells were set up to receive constant loading but have variation in the residence times due 

to the inherent differences in the media porosities. The conditions are representative of 

the field (i.e. less than ideal with regard to process control, moving transfer zone, no 

shaking, etc.), and thus one would expect to see different but more realistic performances 

compared to the isotherm test results. The flow cells were set up with the present gravel 

and the same slag and clinker used by Rosolen (2000) in her work.  

4.5  Horizontal flow cell experiments 

Horizontal flow cell experiments were conducted using flow through filter cells to 

investigate the phosphorus retention properties of the three media (gravel, clinker and 
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slag). The experiments were first conducted for the present gravel, and then the slag and 

finally clinker flow cells were set up for testing. The flow cells could not be run 

concurrently due to the time limitations with respect to the analytical procedures. The 

time required for the complete analysis of each set of samples was four days. 

Furthermore, the centrifuge being used as part of the procedure had space for only four 

samples at a time, which, along with the duplicates required to be sampled, limited the 

number of samples that could be analysed at the same time. The slag and the clinker used 

for the present tests were the same as those used by Rosolen (2000) in her work.  

A phosphorus solution having a concentration of 4 mg/L (± 0.001) was passed 

continuously for approximately nine weeks through three flow cells each containing one 

medium. Liquid and media samples were taken at regular intervals from fixed locations 

in the flow cells during the test. The horizontal flow cells were used to model filter 

performance under simulated field conditions. Four mg/L phosphorus was used as the 

influent concentration based on observed wetland effluent concentrations. This value of 

influent concentration also agreed with those noted in the literature, which ranged from 

30 mg/L to 1 mg/L (Arias et al., 2001; Drizo et al., 2006, 2000, 1997; Johansson and 

Gustafsson, 2000; Metcalf and Eddy, 2003).  

For each sampling period, incremental treatment volumes were calculated by 

multiplying the flow rate with the length of the interval period. The sampling periods for 

all cells were not the same throughout the test duration and, therefore, the volume of 

water treated in the different cells was not the same during all time intervals. Sample 

calculations are shown in Appendix C4 and the experimental data are presented in 

Appendix D4.  
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4.5.1 Hydraulic loading parameters  

The linear fluid velocity, vx, is inversely proportional to the porosity and is 

calculated using Equation 4.2 (Budhu, 2000).  

( )( )ηA
Qvx =          (4.2) 

Where  

vx = linear fluid velocity (cm/h) 

Q = flow rate of phosphorus solution through the flow cell (cm3/h) 

A = cross-sectional area of the flow cell (cm2) 

η = porosity of the media 

Hydraulic residence time is directly proportional to the porosity of the media and 

is calculated using Equation 4.3 (Budhu, 2000). 

η⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

Q
VHRT         (4.3) 

Where  

HRT = hydraulic residence time (h) 

V = volume of medium in flow cell (cm3) 

Table 4.10 shows the hydraulic loading parameters i.e. hydraulic residence time, 

linear fluid velocity and the Reynolds number (Re) in the flow cells. Table 4.10 also 

shows the porosity of the media and the range of pH at the outlet of the flow cells.  

As shown in Table 4.10, the linear fluid velocity was not the same in the different 

flow cells due to the porosity being different for each medium. The same would be 

expected in the field. The flow cell tests were conducted using a flow rate of 10 L/day, 

which resulted in the hydraulic residence times of a few hours. The focus of this research 
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was to have comparable loading conditions (10 L/day), which would allow comparison of 

the tests results between the media. The flow rate of 10 L/day was selected to simulate 

field conditions after taking into consideration the importance of contact time on the 

phosphorus retention (as observed in the kinetics study and echoed in the literature, 

Section 2.5).  

Table 4.10: Hydraulic loading parameters and effluent pH for flow cells 

Medium Porosity 

(η) 

Linear fluid 

velocity, vx, 

(cm/h) 

Hydraulic 

residence time 

(h) 

Re* pH 

Gravel  0.40 12.30 4.88 0.05 7.4 – 7.6 

Slag 0.55 8.94 6.71 0.08 9.3 – 10.5 

Clinker 0.68 7.23 8.30 0.06 9.5 – 11.0 

* calculated using linear fluid velocity 

The low values of Reynolds number (Re<1) shows that the flow in the flow cells 

is Darcian by nature. Given that the hydraulic residence times used in the flow cell study 

were much less when compared to the shake time of 100 h used in the isotherm study, it 

is unlikely that comparable sorption equilibrium conditions were reached in the isotherm 

and flow cell study. The flow cells were set up to receive constant loading (a more easily 

controllable field parameter), with different residence times (resulting from differing 

media porosities); these conditions are representative of the field (i.e. less than ideal), and 

thus one would expect to see different performances compared to the isotherm test 

results. However, any field setup using residence times similar to that used in the present 

work (e.g. 10 h) should remove comparable amounts of phosphorus from the wastewater. 

Interestingly, Toet et al. (2005) reported that the increase of hydraulic retention times 
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from 0.3 days to 9.3 days did not increase the phosphorus removal, indicating initial 

speed of reaction is important.   

The pH observed in the present study for the flow cells shows that the outflow 

from the slag and clinker are somewhat alkaline in nature. As was discussed in Section 

2.5.6, a high pH favours phosphorus sorption in a medium which has high calcium 

content. The effect of high pH in the present study is discussed further in Section 4.6.5 

with regard to the media being studied.  

4.5.2 Phosphorus sorption profiles 

Soluble phosphorus concentration was monitored at discrete locations (see Figure 

3.5) along each filter. At each sampling interval, samples were systematically extracted 

from sampling point D, then C, B and finally A for the gravel flow cell. Sampling point A 

was at 10 cm, B was at 25 cm, C at 40 cm and D was at 50 cm from the inlet. Similarly, 

for the slag and clinker flow cells, the samples were systematically extracted from 

sampling point C (45 cm), then B (30 cm) and finally A (15 cm).  

Phosphorus sorption profiles (mg/L) were developed for each flow cell, and these 

are shown in Figures 4.18, 4.19 and 4.20. The experimental data are given in Appendix 

D4 (see Tables D32 –D34). 

The outflow phosphorus concentration for the gravel flow cell stabilized at 

approximately 1.75 mg/L after two weeks and is higher than the MOE requirement of 

1 mg/L. Thus, the concentration of sorbed phosphorus was 2.25 mg/L (Figure 4.18). The 

trend was the same for the samples taken from all four sampling points of the flow cell. 
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Figure 4.18: Phosphorus sorbed by gravel flow cell 
 

Figure 4.18 shows that the amount of sorbed phosphorus was higher closer to the 

inlet and was less in the later sections of the flow cell. This was expected as phosphorus 

was steadily being sorbed along the length of the flow cell, leaving less phosphorus in the 

solution. The gravel showed good initial performance till about 20 days after which all 

concentrations were similar, indicating equilibrium conditions were reached. After 

20 days, removal of phosphorus still occurred but on a minor scale. Although the gravel 

removed approximately 50% of the phosphorus, it was still not enough to meet the 

regulatory requirement. As discussed later, slag and clinker proved to be more effective 

in removing the phosphorus and in meeting the regulatory requirements. 

The gravel used by Rosolen (2000) in her work also showed good performance 

initially (until about 15 days) and this medium achieved equilibrium as indicated by a 

constant concentration of phosphorus in the effluent liquid phase. Near saturation 

(effluent values 90% of influent) was noted by 36 days (outflow concentration of 

7.1 mg/L), although saturation (95% of influent) was not achieved even after 120 days. 
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Saturation was finally achieved approximately 7 days after the influent dosage was 

increased from 8 mg/L to 22 mg/L (outflow concentration of ~ 21 mg/L) in a deliberate 

attempt to reach saturation conditions. 
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Figure 4.19: Phosphorus sorbed by slag flow cell 

In the case of slag, the concentration of sorbed phosphorus was more than 3.95 mg/L 

during the entire test period (as seen in Figure 4.19) indicating that the outflow phosphorus 

concentration was less than 0.05 mg/L. During the initial period, the concentration of sorbed 

phosphorus fluctuated a bit in the first section but, after 20 days, it was more than 3.5 mg/L 

consistently until the conclusion of the test. The sudden performance improvement in the 

first section, unlike anything mentioned in the literature, was unanticipated since the 

opposite would be expected with the sorption sites being filled up. This performance 

improvement would be significant, with the filter now being compliant in the first section as 

well. Although this initial high effluent concentration of phosphorus (approximately 

1.5 mg/L) is not a matter of concern as this happened only in the first section, it does 

warrant some discussion. This might become important if one would like to shorten the 
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length of the filter for other applications (e.g. to optimize capital costs). This may indicate 

that an acclimation period might be required for shorter slag filters in the field before they 

become compliant. Similar observations are not reported in the literature, where usually only 

the outflow concentrations are reported. It is important to note that the flow cell outflow 

concentration was not effected during the test period (<0.05 mg/L) and remained below the 

recommended limit of 0.3 mg/L (the Bay of Quinte objective) and 0.1 mg/L (the proposed 

Bay of Quinte objective). The system reached equilibrium conditions in the first section 

after 20 days whereas for the second and last sections, the equilibrium conditions were 

observed from the start of the test. As well, the slag filter did not reach saturation conditions 

before the test was concluded.  
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Figure 4.20: Phosphorus sorbed by clinker flow cell 

It can be seen from Figure 4.20 that the concentration of outflow phosphorus was 

less than 0.02 mg/L during the entire test period and in all sections, showing that the 

amount of phosphorus sorbed was more than 3.98 mg/L. There was a small discrepancy 

observed during the test at day 40, but given the high amounts of sorbed phosphorus 

observed, this was not considered of any consequence. The outflow phosphorus 
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concentration was even below 0.1 mg/L (the proposed Bay of Quinte objective) for 

clinker. The system achieved equilibrium from the start although saturation was never 

achieved during the test period. The effluent phosphorus concentration from the first 

section was very low, which indicates that most of the phosphorus was being sorbed in 

this section. The soluble phosphorus concentrations in all sections were similar, but the 

concentration of sorbed phosphorus in the later sections was different from the first 

section, as is discussed in Section 4.5.2. Clinker was the best medium of the three tested, 

as this flow cell had excellent overall performance. 

Saturation is said to occur when the effluent concentration reaches 95% of the 

influent concentration (Benefield et al., 1982). In the present study, saturation was never 

reached during the entire test period for all media, due to the high sorption capacity of the 

media. As noted earlier, Rosolen (2000) found that her gravel reached near saturation 

conditions (90% of the influent concentration) after 36 days for an influent concentration 

of 8 mg/L. Increasing the influent concentration from 8 mg/L to 22 mg/L finally achieved 

saturation (outflow concentrations of ~21 mg/L) within one week in her work. The slag 

and clinker used in that study did not reach saturation even at that high dosing (Rosolen, 

2000). Drizo et al. (2006) reported that steel slag was nearly 100% efficient in removal of 

phosphorus from an influent concentration of 20 mg/L for 114 days. After increasing the 

influent concentration to 400 mg/L for 21 days, the steel slag still did not reach 

saturation. Therefore, increasing the influent phosphorus concentration to achieve 

saturation of the media was not conducted in this research. Higher phosphorus 

concentrations such as 400 mg/L are not representative of the typical influent 
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concentrations in the field for domestic wastewater applications, and this level of dosing 

would not be useful for estimating filter performance.   

Referring back to Table 4.10, the hydraulic retention time does not appear to be a 

significant influential factor for sorption within the range found in the present work 

(4.88 h to 8.30 h). The poorest medium (based on removal performance) did have the 

shortest HRT, but again the focus in the present study was on field simulation and a 

control point like loading is most appropriate; in any case the range noted is small. The 

retention times of slag and clinker are greater than those of gravel, but even if the 

residence time was increased for gravel, the performance probably would not change due 

to inherent poorer sorption characteristics of the medium. Rosolen (2000) used a 

hydraulic retention time of approximately one day whereas Calder et al. (2006) had 

approximately six days for similar gravel; even then the gravel (comparable medium to 

the present study) performed poorly (% removal - 25%) as compared to the slag (% 

removal - 65%).      

The fact that none of the filters in the present work reached saturation leads to an 

inability to predict the ultimate capacity (e.g.
um

x
⎟
⎠
⎞

⎜
⎝
⎛ ) of the media. Calder et al. (2006) 

also observed that the field filters never reached saturation. It would therefore be difficult 

to predict the longevity of the filters and only an approximation could be made (see 

Section 4.5.2, Table 4.12). Regardless, slag and clinker have significant capacities (under 

typical field operating conditions) and routine monitoring of effluent phosphorus 

concentration would allow the operator to see when the bed was approaching saturation 

in the field.  



 131

4.5.3 Sorption capacity 

The cumulative amounts of phosphorus removed per unit mass (x/m, mg/kg) by 

the three media are plotted over time in Figures 4.21 – 4.23. Experimental data are 

presented in Appendix D4 (see Tables D35 – D37) and sample calculations in 

Appendix C4.  
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Figure 4.21: Phosphorus retained by gravel  

All three media show higher amounts of phosphorus sorbed in the first section. 

This leaves less phosphorus for subsequent removal in the later sections and reduced 

driving force for sorption. This resulted in reduced mass of phosphorus being retained in 

the later sections. In the gravel and clinker flow cells (Figures 4.21 and 4.23); there was 

no difference in the mass sorbed between the later sections whereas in the slag flow cell 

there was very little difference.  
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Figure 4.22: Phosphorus retained by slag 
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Figure 4.23: Phosphorus retained by clinker 

Figures 4.21 – 4.23 show that clinker was the best of the three as it retained the 

most phosphorus (maximum 1500 mg/kg) by the end of the test period, with slag 

following close behind (1200 mg/kg). Gravel sorbed a maximum of approximately 

700 mg/kg of the influent phosphorus (less than 50% compared to clinker) and as 

mentioned before this medium failed to meet the regulatory requirements for effluent 
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phosphorus. The final cumulative sorptive values can be compared to the ultimate 

sorption capacities calculated using the isotherm tests (see Section 4.4).  Table 4.11 gives 

a comparison of the ultimate sorption capacities calculated for the flow cell media and the 

values presented by Rosolen (2000). It is noted that the isotherm sorption capacities were 

calculated for an influent concentration of 8 mg/L (see Table 4.7).  

Table 4.11: Comparison of the sorption capacities calculated using different tests  

Media 

Flow cells tests 

(mg/kg) 

Isotherm tests 

(mg/kg) 

Gravel 700 

15 * 

22 (present study) 

Slag 1200 9361* 

Clinker 1500 14438* 

 
* (Rosolen, 2000) 

It should be stated that the sorption capacities shown in Table 4.11 for the flow 

cells are very conservative, since none of the flow cells reached saturation levels. Thus, 

the higher values estimated by the isotherm tests as compared to the flow cells for slag 

and clinker media are not considered as conclusive. The sorption capacity of gravel was 

observed to be higher than the estimated value using the isotherm tests, but gravel was 

still the poorest of the three media for phosphorus sorption performance. Therefore, the 

sorption capacity for slag and clinker would be expected to be very high compared to 

gravel and the isotherm sorption capacities. 

The choice of a sorptive medium based solely on its sorption capacity might not 

be a good design approach. The criteria to evaluate the system should also include the 
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effluent concentrations and the influent flowrates, or a combination of these operational 

factors.    

For slag and clinker, it was interesting to note that small amounts of phosphorus 

remaining in the later sections were still sorbed despite the seeming lack of driving force 

(low concentration of phosphorus in the influent). This might seem contrary to the theory 

of sorption which states that, for better performance to occur, a high concentration 

(higher driving force) is needed. One explanation that could be given is that there were 

still many sorption sites available for slag/clinker in the later sections, and removal still 

occurred probably by passive diffusion (i.e. a transport mechanism).  

Sorption saturation would be indicated by a plateau on the performance plot 

(Fig 4.21 – 4.23), with no subsequent change in sorption capacity. However, none of the 

media appeared to have reached saturation during the test period of 10 weeks (as 

previously observed in the discussion of phosphorus concentration, Section 4.5.1). As the 

flow cells did not achieve saturation, a reliable determination of the sorption capacity, of 

these media could not be attained. Table 4.12 gives a very conservative estimate of the 

volume of medium required to achieve treatment for a year, for the slag and clinker 

media based on the observed levels of treatment performance by the media. The amount 

of media needed to reach the desired concentration of 1 mg/L for a slag medium filter 

was assumed to be the mass present in the first two sections, whereas for clinker it was 

assumed to be the mass present in the first section only (again based on observed 

performance). The measured concentration of the effluent was below 1 mg/L for slag 

after the second section (< 0.23 mg/L) and for clinker after the first section (<0.02 mg/L). 

The observed effluent concentration from the gravel flow cell was ~ 2 mg/L gravel at the 
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conclusion of the test and the same was used for the calculation of the volume of the 

medium. Sample calculations are given in Appendix C4 and the data is presented in 

Appendix D4 (see Table D38).  

Table 4.12: Estimated filter volumes for one year of operation  

Media  P initial P effluent Volume of media (m3) 

Gravel 4 mg/L ~ 2 mg/L 193 

Slag 4 mg/L <1 mg/L 130 

Clinker 4 mg/L <1 mg/L 65 

 
Rosolen (2000) observed that only gravel reached equilibrium after four months 

of testing with an influent concentration of 8 mg/L. As her slag and clinker flow cells did 

not reach saturation, the sorption capacity was recorded as the highest value of sorption 

capacity achieved after the first section of the filter for the slag and the clinker (i.e. near 

saturation conditions), and was considered a conservative estimate of the sorption 

capacity. Table 4.13 gives the estimated filter volumes predicted by Rosolen (2000) using 

this approach. 

Table 4.13: Estimated filter volumes for one year of operation (Rosolen, 2000) 

Media  P initial P effluent Volume of media (m3) 

Gravel 8 mg/L 1 mg/L 8260 

Slag 8 mg/L 1 mg/L 54 

Clinker 8 mg/L 1 mg/L 8 

 
Tables 4.12 and 4.13 indicate that the slag and clinker were much better media 

with high sorption capacities, as compared to gravel, for phosphorus removal. As well, 

the values predicted by flow cell testing were smaller than those predicted by isotherm 
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testing (see Tables 4.8, 4.9, 4.12 and 4.13). Despite the conservative nature of these 

estimates, both slag and clinker demonstrated excellent potential for use in the design of a 

reasonably sized filter. The costs of filter replacement and spent filter disposal should be 

considered in any design exercise, and the smallest filter with the longest lifespan would 

be the most effective choice. Water quality considerations (e.g. pH of the effluent) would 

also need to be addressed for the overall impact assessment of the filters.  

The results of this study showed that the phosphorus sorption capacity of the 

different media varied considerably. Clinker proved to be the best whereas gravel failed 

to meet the regulatory requirement based on effluent concentration from the filters. In the 

first section, the removal efficiency of clinker was >99% whereas for gravel it was 

approximately 50-60%. Slag showed a removal efficiency of >98%. The data are 

presented in Appendix D4 (Tables D35 - D37). These results compare favorably with 

other studies in the literature.  

Prochaska and Zouboulis (2006) noted that gravel had low phosphorus sorption 

capacity whereas their slag, which was an industrial by-product, had an extremely high 

sorption capacity. Drizo et al. (1999) noted that their slag removed >99% of the influent 

phosphorus. There have not been many studies on cement clinker as a medium for 

phosphorus removal, although some studies using coal ash demonstrated high phosphorus 

removal efficiency (Kirk et al., 2003; Gray and Schwab, 1993). Interestingly, Arias et al. 

(2001) noted in a study of 13 Danish sands that the removal efficiency of sands all 

decreased significantly to levels <50% after 12 weeks. Other media used by researchers 

in the published literature are mentioned in Section 2.6.  
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4.6  Sequential extractions from the media  

The change in influent phosphorus concentration represented the total amount of 

phosphorus being sorbed by the media i.e. the treatment occurring within the filter bed. 

These observations did not differentiate the forms of the phosphorus sorbed within the 

media particles. Thus, for the full characterization of the phosphorus removal processes, 

the phosphorus was extracted from the media samples into the liquid phase and 

subsequently analyzed to provide important information about the strength of the sorption 

processes, their ability to retain the sorbed phosphorus and/or the reversibility of the 

sorption processes. The extractions were conducted in a sequential manner, with each 

fraction of phosphorus being extracted at one time by means of appropriate extracting 

reagent(s) (see Section 3.6). 

The phosphorus QuickChem Method 10-115-01-1-A and QuickChem Method 

10 -115-01-1-C were used to analyze the phosphorus fractions that are presented here. 

The calibration procedure according to the QuickChem Method 10-115-01-1-A for the 

analysis of ortho-phosphate (carbon bound and ferrous bound phosphorus) was already 

set up for the earlier tests conducted for the kinetic and isotherm examinations. The 

calibration procedure for the analysis of total phosphorus (loosely bound and calcium 

bound phosphorus) was not set up. Therefore, the FIA was first calibrated for the total 

phosphorus analysis according to QuickChem Method 10-115-01-1-C; the details of this 

calibration are given in Appendix B. For the analysis of all total phosphorus samples, the 

standards used for calibration were also digested in the same manner as the samples (see 

Section 3.6.2) as a quality control measure to reduce the inherent errors in the 

experimental procedure.  
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4.6.1 Wash Tests 

Wash tests were conducted to determine the amount of phosphorus extracted from 

the media during the washing with distilled water. The wash tests were conducted after 

the termination of the flow cell experiments. Table 4.14 shows the amount of phosphorus 

leached out from the medium for the various time intervals.  

Table 4.14: Extracted phosphorus during wash test (mg/kg) 

 Mass 3 h 12 h 48 h 1 month 

3 g 0.78 0.22 0.15 0.26 Gravel  

  33 g 0.52 0.43 0.13 0.35 

3 g 0.39 
Slag 

33 g < MDL 0.62 

Clinker 3 g < MDL 

 

As can be noted from Table 4.14, amount of phosphorus leached out from clinker 

is inconsequential. In case of slag, the amount of phosphorus in all the samples, except 

the one month sample, was below the minimum detection limit (MDL). The one month 

sample showed that a small amount of phosphorus was extracted out during the wash test. 

Since, the residence times observed in the field are of the order of days (Section 2.5.3) 

the amount extracted from slag could be considered negligible. Gravel was the only 

medium which showed any measurable amounts of phosphorus extracted during the wash 

tests. However, the amount of phosphorus leached out during the wash tests was 

<1 mg/kg (or ppm), which was considered negligible for all practical purposes.  
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Dunne et al., (2005) observed phosphorus leaching out when soil columns were 

flooded with distilled water. The media used in the study was from wetlands being used 

for treatment of waste water and was exposed to high phosphorus loadings. The study 

indicated that highly soluble phosphorus may be released during flooding conditions 

from the used wetland media. However, in the present study, all three media showed very 

low amounts of extracted phosphorus when washed with water. The observed low 

amounts of phosphorus extracted with water, along with the high sorption capacity noted 

(Section 4.4 and 4.5) confirms that slag and clinker are good media for phosphorus 

sorption, since either of the media would be expected not to leach out the sorbed 

phosphorus at low loading conditions. Gravel has the probability of leaching out the 

sorbed phosphorus under low loading conditions. Since, gravel was also noted to have a 

low sorption capacity (Section 4.4 and 4.5) as compared to slag and clinker; it could not 

be expected to perform well as a medium for phosphorus sorption.  

4.6.2 Background phosphorus determination 

Sequential extractions were conducted on the unused media to determine the 

amount of background and fractions of phosphorus present in the media prior to their use 

for the sorption studies. The sequential extraction and the analytical procedure followed 

were the same as those followed for the media samples from the flow cell studies 

(Section 3.6.1, 3.6.4 and 3.6.5). Table 4.15 presents the averaged amounts of background 

and fractions of phosphorus sequentially extracted from the unused media.  

As can be noted from Table 4.15, all three media showed the presence of 

background phosphorus prior to their use for the sorption studies. When compared to the 

other two media, clinker showed the maximum amount of phosphorus present 
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(~230 mg/kg) followed by gravel (140 mg/kg) and finally slag (95 mg/kg), which showed 

the minimum amount of phosphorus present. Clinker and gravel showed similar trends in 

the extracted four fractions of phosphorus. Calcium fraction was the largest fraction 

extracted from both clinker and gravel media, whereas the loosely bound (4 – 5.5 mg/kg) 

and the carbon bound fractions were the smaller fractions (~ 4mg/kg). The calcium 

fraction extracted from the clinker media (228 mg/kg) was larger than the calcium 

fraction extracted from gravel (140 mg/kg). Both clinker and gravel showed similar 

amounts of extracted ferrous fraction (~20 mg/kg).  

Table 4.15: Extracted fractions of background phosphorus (mg/kg) 

Fractions Gravel % of total Slag % of total Clinker % of total 

Loosely bound  5.5 3.9 41.3 43.7 8.8 3.9

 Carbon bound 4.3 3.0 19.9 21.1 8.8 3.8

Ferrous bound 19.3 13.8 17.6 18.7 20.9 9.2

 Calcium bound 110.7 79.3 15.6 16.5 189.5 83.1

Total  139.6 100 94.5 100 228.0 100

  

The slag medium showed a different trend than the clinker and gravel. The 

loosely bound phosphorus appeared to be the largest fraction (~41 mg/kg) out of all the 

four fractions. The other three fractions of phosphorus from slag were of similar amounts 

(16 – 20 mg/kg).  

All three media showed substantial amount of background phosphorus present in 

the media prior to their use in the sorption studies. As gravel was a naturally occurring 

medium, it might have accumulated phosphorus over time from dead plant tissues, 

agricultural surface runoff, etc. Slag used in the present study was a byproduct from the 
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steel making industry and the presence of background phosphorus could be attributed to 

the natural ores used in the industry. Clinker was noted to have high background 

phosphorus as it was from a cement industry, which uses limestone primarily. 

The background phosphorus could be detrimental for phosphorus removal under 

low loading conditions (Pant and Reddy, 2003). Instead of acting as a phosphorus sink, 

the same medium might act as a source for phosphorus, depending on the form and 

strength of binding, thereby enriching the overlying liquid concentrations. The reversible 

sorption mechanism i.e. desorption of phosphorus from the medium under low loading 

conditions might be an important factor for gravel but was not as important for slag and 

clinker as noted earlier (Section 4.6.1). In the present study, slag and clinker showed 

negligible amounts and gravel showed very low amount of extracted phosphorus during 

wash tests (Section 4.6.1). Therefore, only gravel has the probability of leaching a portion 

of the sorbed phosphorus during low loading conditions. 

Slag, with the lowest background phosphorus, high sorption capacity (Sections 

4.4 and 4.5) and negligible desorption during low loading conditions (Section 4.6.1) 

would be a good medium for use in a constructed wetland or a post-wetland filter. 

Although the clinker medium had a high amount of background phosphorus, it still 

showed high sorption capacity (Sections 4.4 and 4.5). Furthermore, as confirmed by the 

wash tests, the background phosphorus in clinker did not leach out during low loading 

conditions. Therefore, for all practical purposes, clinker would be considered a good 

medium for phosphorus sorption. Gravel showed high amount of background phosphorus 

and low sorption capacity compared to the other two medium. The wash tests showed 

that there is a probability that very low amounts of phosphorus (considered negligible 
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here) could leach out from gravel during low loading conditions. Considering all the 

above factors, gravel cannot be expected to provide sufficient removal of phosphorus.    

In the selection of wetland or post-wetland sorptive media, if a naturally available 

medium was to be used, it would be very important to quantify the background 

phosphorus concentration of the media and compare the medium performance to sorption 

capacities noted in the literature. This would also help to determine whether the media 

would prove to be good long term sorptive media for phosphorus removal, and not get 

saturated in the short term. It is also important to elucidate the chemical forms of 

phosphorus that might be accumulating during the sorption process to indicate whether 

there is the risk of the media acting as a source, by desorption of certain phosphorus 

fractions, during low or variable phosphorus loadings. This might also explain the 

observed variability between the field and lab performance. Simple flask tests don’t give 

enough information to make informed selection decisions, given the important factors 

that are examined in the present study. 

4.6.3 Extraction of phosphorus from the flow cell sections 

Phosphorus was extracted sequentially from the medium samples collected from 

the sections of the flow cells. The total extracted phosphorus is the sum of the amounts of 

phosphorus in the sequentially extracted fractions of phosphorus. To compare the amount 

of phosphorus extracted from the medium to the amount of phosphorus sorbed by the 

medium, the amount of sorbed phosphorus is also presented in the same figures.  

The total extracted phosphorus for the gravel flow cell for each section is shown 

in Figure 4.24. Figure 4.25 and Figure 4.26 show the phosphorus extracted from the slag 

and clinker, respectively. The data presented in the figures represents the average of 
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duplicate samples for each point.  Sample calculations are given in Appendix C5 and the 

experimental data are given in Appendix D5a (see Tables D39 – D41).   
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Figure 4.24: Section-wise phosphorus sorption by, and extraction from, gravel 

In the case of gravel, the amount of phosphorus that was extracted from the media 

was greater than the total amount of phosphorus that was sorbed by the media. The 

extraction process (in terms of amount recovered) depends on the form of the phosphorus 

in the gravel and the bonds it formed with the elements in the media. During the 

extraction procedure, these bonds could be broken and the phosphorus extractedinto the 

fluid phase. On the other hand, the amount of phosphorus sorbed depends on the 

phosphorus concentration in the fluid and the subsequent driving force, amongst other 

factors (see Section 2.5). Therefore, the amount of phosphorus sorbed on the media and 

the phosphorus extractedfrom the media are not directly related. If there was no 
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phosphorus present in the media, then the phosphorus extracted would only depend on 

the amount of phosphorus sorbed and the extracting reagent. However, the gravel 

medium was noted to have background phosphorus, which was also extracted during the 

extraction tests. 

The amount of phosphorus added to the filter at the inlet was 40 mg/day (influent 

concentration of 4 mg/L at the rate of 10 L /day). As seen in Figure 4.18, for gravel flow 

cell, the influent concentration decreased as it passed through the filter due to the 

phosphorus being sorbed by the gravel. Thus, the amount of phosphorus added to each 

section of the filter decreased significantly from the inlet. In the first section, the amount 

of phosphorus added for the first sampling interval (i.e., 3 days) decreased from 120 mg 

at inlet to 48 mg at the end of the section (i.e. at the first sampling location A). For the 

second section, the decrease was from 48 mg (A) to 41 mg (B); for the third section it 

was from 41 mg (B) to 37 mg (C) and for the last section it was from 37 mg (C) to 32 mg 

(D) (Appendix D, Table D35). The amounts of phosphorus sorbed in the later sections 

were very low compared to the first section, and thus the amounts of phosphorus 

extractedfrom the later sections could be considered to be mostly background 

phosphorus.    

Similar to the gravel flow cell, in the slag flow cell, the amount of phosphorus 

added to each section of the filter varies significantly. In the first section, the amount of 

phosphorus added for the first sampling interval decreased from 120 mg at inlet to 43 mg 

at the end of the section (i.e. at the first sampling location A). For the second section, the 

drop in the added phosphorus was from 43 mg (A) to 2 mg (B) and for the last section it 

was from 2 mg (B) to 1 mg (C) (Appendix D, Table D36). As was indicated earlier 
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(Section 4.5.2), the first section of the flow cell for each of the media sorbed the most 

amount of phosphorus, leaving little for the subsequent sections. Hence, the amounts 

sorbed in the second and last sections were very small when compared to the first section 

for any of the media. 
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Figure 4.25: Section-wise phosphorus sorption by, and extraction from, slag 

Figure 4.25 show that the amount of phosphorus sorbed in the first section was 

equal to the amount of phosphorus extracted from the medium. The second section and 

the last section results show that the amount of phosphorus that could be extracted was 

greater than the total amount sorbed during the test, as was seen for gravel. As stated 

earlier, results from the extraction procedure did not depend on the amount of phosphorus 

sorbed, but rather on the amount of phosphorus present in the media (i.e. a function of 

background and sorbed amounts). As the amounts of phosphorus sorbed in the later 
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sections were very small, the extracted phosphorus could be considered to be mostly the 

background phosphorus in slag. 
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Figure 4.26: Section-wise phosphorus sorption by, and extraction from, clinker 

Clinker (Figure 4.26) shows a similar trend to the gravel and to a lesser extent to 

slag. In the first section, the results show that the amount of phosphorus sorbed was 

substantially greater than the amounts sorbed by gravel and slag. Also, similar to the 

other flow cells, the amount of phosphorus sorbed in the first section was the highest as 

compared to the later sections. In the first section, the amount of phosphorus added for 

the first sampling interval decreased from 160 mg at the inlet to <1 mg at the first 

sampling location (A) only. Since the phosphorus available in the later sections was less 

the amounts of phosphorus sorbed was also less. 
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The extracted amount from clinker medium in the first section was greater than 

the sorbed amount as was observed for gravel but not for slag. The later two sections of 

the clinker flow cell show the same trend as seen for the other two media i.e. amount of 

phosphorus extracted was greater than the sorbed amount. As stated earlier, the later 

sections sorbed very little phosphorus and therefore, the extracted phosphorus was 

considered to be the background phosphorus present in the medium.  

It is important to note that the amount of phosphorus extracted was substantially 

different amongst the three media. Phosphorus extracted from clinker was similar to that 

extracted from gravel and higher than the amount extracted from slag. For example (see 

Appendix D5a, Tables D39 – D41 and Figures 4.24 – 4.26), the cumulative amount of 

phosphorus extracted from the medium for Day 60, in the first section, for gravel was 

2321 mg/kg, while for clinker it was 2460 mg/kg and for slag it was 1019 mg/kg. The 

sorbed amount of phosphorus was a portion of the total extracted amounts from clinker 

(~62%) and gravel (~31%).  

The amount of phosphorus sorbed in the first section of the slag flow cell was the 

same as the amount of phosphorus extracted from the first section. It can only be 

considered a coincidence, since, the sorbed amount would vary depending on the 

phosphorus loading conditions. To confirm this observation, further tests would be 

needed.   

The presence of background phosphorus was also observed in a few other studies 

(Graetz and Nair, 1995; Reddy et al., 1998) and the total amount of phosphorus sorbed by 

the media was represented as the sum of background phosphorus and the phosphorus 

sorbed by the media (Graetz and Nair, 1995). This (i.e. the medium performance) could 
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be misleading in terms of actual amount of phosphorus sorbed during the testing. Arias et 

al. (2001) reported that the phosphorus fractional analysis on sand showed that the sorbed 

phosphorus fraction constituted a very small fraction (<7%) of the total phosphorus 

content.  

The amount of total phosphorus extracted from the media showed that the amount 

extracted from the first section was slightly greater than the amounts extracted from the 

later sections. However, most of the phosphorus that was sorbed was in the first section 

(see Section 4.5). In the later sections, the sorbed phosphorus was very low, as compared 

to the amount sorbed in the first section, due to low amounts of phosphorus present in the 

influent solution. In the following section, statistical significance testing was carried out 

on the extracted amount of phosphorus from all the sections to ensure whether the 

difference between the first section and the rest of the sections is significant or not.  

4.6.4 Statistical significance testing: Matched pair sign test      

As shown earlier, the first section in each of the flow cell had sorbed the 

maximum amount of the influent phosphorus. However, the amount extracted from the 

first section of each flow cell was slightly higher than the amounts extracted from later 

sections. To determine whether these amounts were significantly different or not, the 

amount of phosphorus extracted from the first section was compared to the amounts 

extracted from the later sections of each of the flow cells. The extracted amounts of 

phosphorus from the later sections of each flow cell, considered to be background 

phosphorus (Section 4.6.3), were averaged to compare with the phosphorus extracted 

from the first sections of the flow cells.   
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The significance testing was conducted using the non-parametric Matched pair 

sign test. The confidence level of 99%, which sets the risk factor (α) at 0.01 was 

considered acceptable. The positive, non zero differences (Di) between the data sets was 

summed up and the one sided p value was noted from the binomial tables (Lowry, 2007). 

Table 4.16 – 4.18 presents the comparisons of the sections for gravel, slag and clinker, 

respectively.  Details are presented in Appendix D5a (Tables D42-D44). 

Table 4.16: Matched-pair test summary for gravel sections 

Confidence Level 99% 

Total data points → 20     

 Di ↓ one-sided p value Significance

Sections 1 and 2 16 0.005 significant 

Sections 1 and 3 12 0.120 insignificant

Sections 1 and 3 12 0.120 insignificant

Sections 1 and avg* 15 0.015 insignificant

* average of second, third and last section 
 

Table 4.17: Matched-pair test summary for slag sections 

Confidence Level 99% 

Total data points → 16     

 Di ↓ one-sided p value Significance

Sections 1 and 2 13 0.010 insignificant

Sections 1 and 3 13 0.010 insignificant

Sections 1 and avg* 13 0.010 insignificant

* average of second and last section 
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The statistical comparisons of the sections show that for clinker and slag (Tables 

4.17 and 4.18) the difference between the sections for the extracted amounts is 

insignificant. However, for gravel medium, only the difference between the first and the 

second section was statistically significant (Table 4.16). As mentioned earlier in Section 

4.6.3, the extracted phosphorus in the later sections was considered to be background 

phosphorus. Since, the difference between the first sections and the later sections is 

insignificant for slag and clinker media, the samples collected from the first section could 

also be considered to show background phosphorus of the media. This shows that the 

sorption of the phosphorus in the influent was immediately near the inlet of the flow cell 

and the mass transfer zone was yet to reach even the first sampling location.  

Table 4.18: Matched-pair test summary for clinker sections 

Confidence Level 99% 

Total data points → 15     

 Di ↓ one-sided p value Significance

Sections 1 and 2 6 0.153 insignificant

Sections 1 and 3 4 0.042 insignificant

Sections 1 and avg* 6 0.153 insignificant

* average of second and last section 

For gravel medium, the difference between the first section and the later sections 

was noted to be significant (Table 4.16) and also the extracted amounts in the first section 

were higher than the second section, shows that the mass transfer zone had reached the 

first sampling point. It should be noted that the first sampling point for gravel was at 

10 cm whereas for slag and clinker, the first sampling point was at 15 cm. The relatively 
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fast progress of the mass transfer zone also indicates that the gravel medium would get 

saturated earlier as compared to slag and clinker media.        

4.6.5 Sectional phosphorus fractions 

The sequential extraction process in the current study was conducted to elucidate 

the chemical form of phosphorus in the medium. According to the procedure described in 

Section 3.6, the media were tested for the different fractions of phosphorus present over 

the entire duration of the flow cell tests, at a sampling interval of three days for gravel 

and four days for slag and clinker. The fractions that were extracted sequentially out of 

the media were the loosely bound, carbon bound, ferrous bound and lastly, the calcium 

bound phosphorus. The first fraction, as the name suggests, was the loosely bound 

fraction of the phosphorus and this was easily extracted during the sequential extraction. 

The next two fractions (carbon bound and ferrous bound phosphorus) were more difficult 

to extract and required heating (Section 3.6.1). Lastly the calcium bound phosphorus was 

extracted. This fraction required more shake time than the other fractions. Figures 4.27, 

4.28 and 4.29 summarize the four fractions of the extracted phosphorus at different 

locations from the inlet in the flow cells for gravel, slag and clinker, respectively. Each 

point on the graph is the average of two duplicate sample analyses. The right hand figures 

show the average of the extracted phosphorus from all locations (i.e. the flow cell acting 

as a single section) which can be used for the overall performance assessment of the flow 

cell. The bars on the right hand figures show the spread in the values between the 

samples taken from the different sections. Experimental data are presented in Appendix 

D5b (see Tables D45 – D47).  
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Figure 4.27: Extracted and averaged phosphorus fractions for gravel flow cell 

 The gravel medium was more heterogeneous as compared to slag and clinker, 

which were processed media (Sakadevan and Bavor, 1998; Zhu et. al 1997). This 

heterogeneity was quite obvious when examining the loosely bound phosphorus and the 

calcium bound phosphorus fractions. The loosely bound phosphorus fraction consisted of 

easily leachable phosphorus since the bonds were not very strong. Therefore, during the 

sequential extraction process, this was the first fraction extracted back in the liquid phase. 

The loosely bound fraction was primarily the amorphous and poorly crystalline oxides of 

aluminium and ferrous iron which sorbed the phosphorus (Sakadevan and Bavor, 1998; 

Prochaska and Zouboulis, 2006). With the exception of the data from Day 33, the values 

from all sampling points are quite close to each other and appear to be converging 

towards the end of the test. As mentioned in Section 4.6.4, the mass transfer zone had 

probably just reached the first sampling point and therefore, there does not appear to be 

any real difference through the length of the flow cell. The first section was subsequently 

analyzed further as a representative section, to determine the sorption patterns of the 

different forms of the phosphorus in the flow cell in this most active section.  
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Similar to the loosely bound fraction, there was substantial variability noted in the 

values of the extracted calcium bound phosphorus. The range of loosely bound 

phosphorus was 2 – 26 mg/kg whereas for the calcium fraction the range was 20 – 

150 mg/kg. The amounts of phosphorus extracted from the individual sections were 

similar for each of the four fractions. The calcium bound phosphorus was also the largest 

fraction for gravel (as also seen by Drizo et al., 2000). This was expected since the gravel 

used was limestone gravel and was thus largely calcium based.  

The carbon bound and ferrous bound fractions of phosphorus appeared to be 

relatively similar throughout the flow cells (i.e. little change with distance) and there was 

relatively little difference in performance between individual sections. Thus, the entire 

flow cell acted as a single section for these fractions, and showed a slightly increasing 

trend through time (based on the slopes of the average lines). The carbon and the ferrous 

bound phosphorus fractions appeared to be sorbed slowly and steadily, as indicated by 

slopes of the averaged curves. The increase in the phosphorus could be due to the 

additional phosphorus being sorbed by the medium. When compared to the amount 

sorbed by the calcium fraction, these two fractions had much less phosphorus sorbed.  

 The calcium bound phosphorus was the largest fraction and would therefore be 

expected to remove the most phosphorus from the influent. This fraction also showed a 

decreasing trend over time (also seen for the loosely bound fraction). The decreasing 

trend is probably due to the outflow of phosphorus under low loading condition. 

However, further tests would be required to confirm the outflow of phosphorus. As 

calcium is the largest fraction the decrease is more evident for this fraction.  
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Based on the observations discussed in Section 4.6.3, it could be concluded that 

gravel might show some reasonable phosphorus sorption in the field, but, as discussed in 

the preceding sections (Section 4.6.1 – 4.6.3), it also could release the phosphorus easily 

under certain conditions. This leads to the suggestion that the bonds formed within gravel 

are weaker and thus the gravel could be considered to be a less desirable medium for 

sorption of phosphorus. 

Slag is a processed material containing an abundance of iron and calcium as 

verified by the characterization tests presented in Appendix A and reported in the 

literature (Sakadevan and Bavor, 1998; Bailey et al., 1999; Johannson and Gustafson, 

2000). Therefore, it was expected that phosphorus sorbed by these two fractions would 

account for the majority of the phosphorus sorbed in the flow cells containing slag. 

Regardless of the total amounts sorbed within the various fractions, it can be seen in 

Figure 4.28a (Figure 4.28b is discussed later in text), in a relative comparison that the 

ferrous bound fraction of phosphorus was the largest fraction for slag.  
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Figure 4.28a: Extracted and averaged phosphorus fractions for slag flow cell 

Interestingly, the calcium fraction values, despite the constant phosphorus 

loading, showed substantial variability in the data, although the results appeared to be 

converging toward the end of the test. This indicated that the system might achieve a 

steady state (i.e. equilibrium) with regard to the net rate of phosphorus being sorbed, if 
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given enough time. The amount of phosphorus extracted as the calcium fraction from the 

gravel medium (Figure 4.27), appeared to be greater than that extracted from the slag. 

The extracted calcium fraction represented the amount sorbed by the calcium fraction 

during the test and includes the background phosphorus in the media prior to the tests. In 

addition, the amount of background phosphorus in the slag was smaller than that in 

gravel, as showed by the smaller amount extracted by the reagents (Section 4.6.2). 

Background phosphorus is a matter of concern for any medium and therefore, there is a 

need for careful media characterization and proper field operational conditions so that 

there is minimal leaching of this background phosphorus. 

The loosely bound phosphorus showed some variability in the different sections 

throughout the slag flow cell.  The averaged values over the flow cell appeared to be 

increasing with time but were probably skewed due to the last day’s data. These data 

show a very rapid increase in this fraction, which was not observed for the other 

fractions. If the last day’s data are not included, the amount of extracted phosphorus 

remained constant as time passed (e.g. last 30 days of test; see Figure 4.28b). The reason 

for this sudden increase could not be explained since this was not observed in other 

fractions or other media. It is possible that it was an anomaly in the data set although this 

could was not confirmed. As the testing was terminated by then, further data were not 

available to confirm this anomaly in the data.   

The ferrous bound and the carbon bound phosphorus did not show much 

variability through the flow cell; in addition, the averaged values indicated that there was 

a slowly increasing sorption trend with time. As expected, the ferrous bound phosphorus 

was observed to be the largest fraction extracted from slag closely followed by the 
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calcium fraction. Based on the information present in Section 4.6.1 (>98% removal of 

influent phosphorus) and the observed trend where the extracted amount is a fraction of 

that observed for gravel (see Figures 4.24 and Figure 4.25), it can be concluded that slag 

is a better medium than gravel for both removal and retention of phosphorus. 
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Figure 4.28b: Averaged loosely bound phosphorus fraction with and without last data set 

The total amount of phosphorus sorbed by the slag medium was observed to be 

>98% during the testing period (see Appendix D4, Table D36), and the total extracted 

phosphorus was the same as the sorbed amount in the first section, which was considered 

a coincidence. Since, the amount sorbed depends on the loading conditions, the 

phosphorus content would change when the loading rate is changed. In the second and 

the last sections, the amount sorbed was very low, therefore, the amount extracted was 

the background phosphorus in the medium. As mentioned in the preceding section 

(4.6.4), the amounts of phosphorus extracted from all the sections was not significantly 

different, therefore, even from the first sampling point the phosphorus extracted was the 

background phosphorus. This showed that the phosphorus from the influent was sorbed 

immediately at the inlet due to the high sorption capacity of the medium.  

The amount of phosphorus extractedfrom the slag was less than 50% when 

compared to gravel. For example, on the last day, the cumulative amount extracted was 
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2500 mg/kg from gravel and from slag it was 1000 mg/kg (40%). Since, the extracted 

phosphorus was the background phosphorus, slag due to its low background content 

showed low extracted amounts. Slag consists of substantial amounts of amorphous 

materials which could not be fully characterized during the characterization study 

(Appendix A). These amorphous materials could be sorbing the phosphorus, making it 

unavailable for extraction. It is possible that when the medium is nearing saturation, the 

phosphorus could be extracted back, but during the present tests saturation was not 

approached in these test conditions (simulated field conditions). Any observations 

regarding background phosphorus in slag are not reported in the literature.         
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Figure 4.29: Extracted and averaged phosphorus fractions for clinker flow cell 

 Clinker showed the least variability between the sampled sections for the 

extracted phosphorus values (except for the loosely bound fraction), indicating that it is 

the most homogeneous of the three media. This was expected since the chemical 

composition of clinker is very controlled due to the stringent standards required to 

achieve desired cement properties. Clinker is also very porous, resulting in a high surface 

area and many potential sites for adsorption. Thus, the clinker flow cell typically behaved 

as one large section and there was generally little variability in the data along the cell. 

The only variability that was seen was in the loosely bound phosphorus fraction. The 

averaged values show a slightly increasing trend initially, which later plateau, indicating 

that there is no net change in phosphorus sorption. The plateau was also observed for the 
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carbon bound and the ferrous bound phosphorus, where the amount of phosphorus 

extracted was essentially the same during the entire test. As discussed in Section 4.6.4, 

the amount extracted from all the sections was considered background phosphorus, which 

was indicated by the plateau.    

For clinker, the loosely bound and the carbon bound phosphorus were the smaller 

fractions while the ferrous bound and calcium bound fractions were the larger fractions 

based on the extracted amounts of phosphorus. This was expected since clinker is 

processed limestone, which is mostly calcium with added coke, or coal. For this medium, 

the calcium bound fraction would be expected to be the largest fraction. Interestingly, the 

extracted calcium fraction phosphorus decreased with time and would probably approach 

an equilibrium state, as indicated by the decreasing slope of the trend line (see Figure 

4.29). The decrease in the calcium would only be explained if there was an outflow of 

phosphorus from the medium. The outflow phosphorus concentrations were very low 

(Section 4.5.1) from the clinker flow cell and therefore, the decrease in the calcium 

fraction could not be explained with the available data. It was also observed that there 

was a significant increase in the loosely bound phosphorus fraction over time (7 mg/kg to 

~14 mg/kg, see Appendix D5b, Table D47), but the calcium fraction was still the largest 

fraction. The main reason for the phosphorus being sorbed by calcium primarily was the 

fact that the clinker pH was ~10.0 (see Table 4.10), driving the sorption reactions in 

favour of calcium (Brady and Weil, 1999).   

 There was one disruption in the general trend of the data around Day 45 as the 

loosely bound and the calcium bound fractions showed a substantial increase in their 

values over the average values. For the carbon bound fraction, this appears to happen on 
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Day 37. For these sampling dates, there was a significant difference in the results taken 

from the different sections, which was not observed for the rest of the testing period. This 

was very obvious for the loosely bound phosphorus and less obvious but still evident for 

the ferrous bound and calcium bound phosphorus. The flow cell averaged values show 

that this single data point did not follow the general trend and could be taken as an 

outlier. Although there is no known reason for this apparent increase, it was probably due 

to some analytical error.   

In a study of marsh sediment, Reina et al. (2006) observed that the highest 

concentration (36% to 60%) of phosphorus was in the calcium fraction, whereas the 

ferrous bound phosphorus ranged from 10% to 27%. Seo et al. (2005) noted that the 

addition of calcium significantly improved the phosphorus sorption capacity of the filter 

medium, which was collected from an aggregate quarry. The largest amount of 

extractable phosphorus was bound to calcium followed by loosely (aluminium and 

ferrous) bound phosphorus in the media with oyster shell. Prochaska and Zoubilis (2006) 

attributed the sorption of phosphorus in their sand and dolomite to the calcium present in 

the media. Del Bubba et al. (2003) related the calcium content of their sand to the 

sorption of phosphorus onto the media. Arias et al. (2001) also reported that the most 

important characteristic of their sands, determining phosphorus removal capacity, was the 

calcium content, whereas aluminium and iron were of less importance. Del Bubba et al. 

(2003) observed that the phosphorus in the calcium fraction was generally two or three 

magnitude orders higher than the other fractions. 

The above studies mirrored the observations seen for gravel and clinker as they 

showed that the maximum amount of phosphorus was in the calcium fraction. However, 
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for slag in the present study, the phosphorus content was mostly present in the ferrous 

fraction (~35%) and the carbon fraction (~25%). However, since, the phosphorus 

fractions extracted from slag and clinker media were considered to be from the 

background phosphorus, sorption pools could not be confirmed at this stage. Table 4.19 

presents the range of phosphorus present (%) in the various fractions in the media. The 

details are presented in Appendix D5b (see Tables D45 - D47). 

Table 4.19: Range of phosphorus in various fractions (%) 

Fractions Gravel Slag Clinker 

Loosely bound  5-15 10-20 2-14 

 Carbon bound  5-20 15-30 5-10 

Ferrous bound 10-25 20-40 8-15 

 Calcium bound 50-75 10-30 60-80 

 

Xu et al. (2006) noted that the phosphorus sorption capacity of bentonite 

correlated with relatively high contents of calcium, iron and aluminum. Wang et al. 

(1991) observed that non-crystalline phosphorus was associated with aluminum and iron. 

D’Angelo (2005) noted that the maximum phosphorus was sorbed by the aluminum and 

the carbon in low pH (<6) soils. Dunne et al. (2005) noted that the phosphorus sorption 

parameters were significantly related to aluminium and iron content of low pH (5.5 – 6.7) 

soils. Sakadevan and Bavor (1998) observed that the phosphorus sorption related more 

closely to extractable aluminium than iron. However, these studies did not mention the 

amount of phosphorus in the other fractions.  

In the present study, slag was the only medium which showed that the main 

sorption pools were the ferrous and the carbon fractions. The average pH of the outflow 
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from the slag flow cell was ~10.0 (see Table 4.10), which is contrary and higher than the 

pH reported by the above studies where sorption by iron was noted to occur at pH<6 

(D’Angelo, 2005; Dunne et al., 2005). Gravel did show a substantial amount of 

phosphorus sorbed by the ferrous fraction but again the pH observed in the gravel flow 

cell was in the range of 7.2-7.6 (see Table 4.10) which is also higher than the pH reported 

in the above studies. The media studied by the other researchers were not the same as the 

present study and the results are mentioned here for reference purposes only. 

Adam et al. (2006) observed that the loosely bound, calcium bound and 

aluminium bound phosphorus were the primary sorption pools although the proportion of 

these fractions varied with time and change in pH. In the present study, the primary 

sorption pools varied depending on the type of media. A change in the proportion of the 

fractions was also observed with time. In the clinker medium, there was a substantial 

drop in the calcium bound fraction and a modest increase in the loosely bound fraction. 

This proportion change with time was also observed for slag and gravel but was not as 

substantial as that observed for clinker. In the present study, slag was the most robust 

medium, since sorption appeared to occur in more than just the calcium fraction, and also 

low background phosphorus as showed by the low amounts of extracted phosphorus. 

Although, clinker had high background phosphorus, it would still be considered a good 

medium based on the highest sorption capacity and low leachability under low loading 

conditions. Therefore, slag and clinker would be suggested for future phosphorus 

sorption applications.   

The studies described previously used different types of media. More importantly, 

the sequential extraction methods followed by each of these studies were different from 
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each other. The fractionation scheme followed in the present study was also different 

from the above studies. Some of the studies used sand as a medium (Del Bubba et al., 

2003; Prochaska and Zoubilis, 2006; Arias et al., 2001), which is similar to the gravel 

used in the present study. The media used in other studies are not well characterized and 

are also different from the media used in the present study (Reina et al., 2006; Seo et al., 

2005; D’Angelo, 2005; Dunne et al., 2005). The phosphorus fractions mentioned in these 

studies are for varied influent phosphorus concentrations ranging from 3 to 460 mg/L. 

Variations in pH and hydraulic loading (affecting retention time) also affect the sorption 

studies and results. These factors were discussed in detail in Section 2.5. Therefore, due 

to variations in experimental procedures (e.g. batch tests or filter/column tests) and 

reporting, it is generally difficult to compare results between studies. A number of 

intrinsic and operational factors can affect the retention capacity and subsequent 

extraction of phosphorus from a medium and so the results are not directly comparable. 

The results reported in the literature are presented here for reference purposes only. The 

results reported in the present study are for comparison purposes for future research work 

for a similar experimental setup. 

4.6.6 Comparison of extracted and background fractions   

As mentioned earlier in Section 4.6.3, the phosphorus extracted from the later 

sections fractions were considered as background phosphorus for all the media. The 

extracted amounts from the later sections were averaged and are shown in Table 4.20. 

Details are presented in Appendix D5b (Tables D48-D50) 

To confirm whether the extracted amounts of phosphorus fractions from the later 

sections were significantly different from the amounts extracted from the background 
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phosphorus or not, the fractions extracted from the later sections were averaged and 

compared to the background phosphorus fractions. Significance testing was conducted 

using the matched pair sign test (Section 4.6.4) and Table 4.21 shows the summary of the 

significance testing. Details are presented in Appendix D5b (Table D51). 

Table 4.20: Averaged phosphorus fractions extracted from later sections (mg/kg) 

Fractions Gravel Slag Clinker 

Loosely bound  10.0 13.9 10.7 

 Carbon bound 10.8 15.6 13.5 

Ferrous bound 19.4 23.5 20.1 

 Calcium bound 77.4 11.2 138.5 

Total 117.8 64.3 182.8 

 

Table 4.21: Matched-pair test summary for media fractions 

Confidence Level 99% 

Total data points 5     

  Positive Diff. one-sided p value Significance

Gravel 2 0.312 Insignificant

Slag 4 0.156 Insignificant

Clinker 3 0.312 Insignificant

 

As shown in Table 4.21, the difference in the averaged values and the background 

values are insignificant statistically confirming that the amount extracted from the later 

sections could be considered as background phosphorus. However, comparing the actual 

values (Table 4.20 and Table 4.15), it is observed that the averaged total extracted 
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amounts were less (20 - 30 %) than the total background amounts. This observation is 

important as it could indicate that phosphorus was being desorbed from the media in the 

later sections due to the low loading conditions. Therefore, the amount sorbed reported in 

Section 4.5 should be considered as the net amount of phosphorus sorbed. Furthermore, 

comparing the individual fractions, for gravel and clinker media, desorption of 

phosphorus is primarily from the calcium fraction whereas for slag, the loosely bound 

phosphorus shows the maximum decrease from the background amounts. The above 

results indicate that the very low phosphorus concentrations noted in the outflow from the 

slag and clinker flow cells could have been the desorbed phosphorus from the media. 

Similarly, outflow phosphorus concentration from the gravel flow cell could also be 

partially due to the desorbed phosphorus. However, the wash studies showed that slag 

and clinker had negligible desorption whereas gravel had very low amounts of 

phosphorus desorbed.  Therefore, desorbtion of the phosphorus under low loading 

conditions is very likely happening but could not be confirmed completely using the 

available data.    

The sequential extraction of the phosphorus fractions clearly indicated that it was 

possible to quantify the phosphorus fractions removed by the system and therefore have a 

tool for comparison, design and performance prediction of the phosphorus sorption filters 

and/or constructed wetlands with sorptive media. The background phosphorus is a 

confounding factor, and therefore, during the selection of the medium, this factor must 

also be taken into consideration. These comprehensive evaluation procedures were 

developed by using multiple media, comprehensive characterization and simulated field 
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operations. Therefore, the protocols developed here would enable the selection of an 

appropriate medium for sustainable use.  

As mentioned in Section 4.5.1, the total amount of phosphorus sorbed was 

greatest in the first section, leaving very little for the subsequent sections to sorb. 

Therefore, in the later sections for slag and clinker, the influent phosphorus concentration 

was less than 0.4 mg/L (see Appendix D4, Table D33) and 0.02 mg/L (see Appendix D4, 

Table D34), respectively. Thus, based on the observed performance, it was necessary, in 

order to establish true performance of the media, that the first section be analyzed further. 

The details of the first section tests are presented in Section 4.6.3. 

4.6.7 First section tests 

Based on the preceding discussion, the first section was further analyzed, in order 

to establish the sorption performance of phosphorus within that section. First section was 

defined as the portion from the inlet to the first sampling point (A) of the flow cell. For 

gravel, the first sampling point was at 10 cm whereas for slag and clinker it was at 15 cm 

from the influent end of the horizontal flow cell.  Media samples were taken along the 

flow cells in the direction of the flow and also through the depth of the flow cells. The 

direction of the hydraulic flow may result in preferential channeling (see Section 2.5.2). 

Therefore, the sampling through the depth was conducted to determine the presence of 

flow regimes and also whether there were any changes in the proportions of phosphorus 

in the different fractions.  

The length of the first section was further divided into three subsections. Thus, the 

first samples were collected from approximately 3, 6 and 9 cm from the inlet for the 

gravel flow cell and 5, 10 and 15 cm from the influent end of the horizontal flow cell for 
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the slag and clinker flow cells. Triplicate samples of one gram of each medium were 

taken in triplicate from each sampling point. Similarly, the depth of the flow cell (9.5 cm, 

see Figure 3.5) was divided into three layers and samples were taken at approximately 3, 

6 and 9 cm from the top of the flow cell. The media samples could be taken through the 

depth of the cell (i.e. a destructive test) as these analyses were conducted after the flow 

cell tests had been concluded. The media was carefully removed from the top to take the 

samples from the subsequent layer to prevent contamination of the lower layers.  

The flow cell studies were conducted in sequence, with gravel being tested first, 

followed by slag and then clinker. Therefore, when the first sections were studied in 

detail, the gravel flow cells had not been used for approximately five months, whereas the 

slag flow cell had not been used for two and half months. The gravel flow cell had 

completely dried whereas the slag flow cell was almost dry. The clinker flow cell was the 

only one which was still wet with the last of the phosphorus solution in it. Since 

phosphorus is not generally lost from media (Kadlec and Knight, 1996) through 

metabolic processes (e.g. transformation to a gaseous form), it was assumed that the 

phosphorus accumulated in the media during the sorption test would remain in the media. 

Further, it was assumed that the form of the phosphorus would not have changed 

substantially (e.g. through mineralization), so that the forms extracted were representative 

of an operating flow cell.   

Figures 4.30, 4.31 and 4.32 show the total extractable phosphorus for the three 

media i.e. gravel, slag and clinker, respectively, for samples from the top, middle and 

bottom of each flow cell. Experimental data are presented in Appendix D5c (see Tables 

D52 – D54).  
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Figure 4.30: Total extracted phosphorus from first section for gravel flow cell 
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Figure 4.31: Total extracted phosphorus from first section for slag flow cell 

Gravel did not show much variability along the length of the section, indicating 

that the amount of phosphorus sorbed was steady throughout the section. Significantly, 

from Figure 4.30, it can be seen that the amount of phosphorus sorbed was greater for the 

bottom section than for the other sections of that flow cell. This might indicate 
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preferential flow paths were formed in this flow cell (which would not be unexpected, 

given the heterogeneity of this medium, as previously discussed). 
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Figure 4.32: Total extracted phosphorus from first section for clinker flow cell 

 The slag flow cell also did not show much variability along the length of the 

section for the mid-depth (10 cm) samples. However, the bottom and the top sections did 

show some variability between the three sampling locations, with the maximum and 

minimum phosphorus respectively, being extracted from the 10 cm location, which was 

substantially different from the other sampling locations. The amounts of phosphorus 

sorbed through the depth were greater than for the gravel flow cell, as expected. 

However, unlike gravel, the largest fraction of phosphorus in the slag (and clinker) flow 

cell was extracted at the mid-depth point of the section, followed by the bottom point, 

and the least was extracted from the surface of the medium. This again could indicate that 

the solution flow was less at the surface than through the rest of the flow cell for slag and 

clinker. Finally, the clinker flow cell was the only one which showed substantially 

different amounts of phosphorus sorbed along the length and the depth of the section.  
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The first section analysis showed that the maximum phosphorus sorbed was by 

the slag media, closely followed by the clinker and finally the gravel media. For example, 

at the 5 cm location, the amount sorbed by slag was approximately 1100 mg of 

phosphorus/kg of slag (total amount sorbed through the depth) whereas for clinker it was 

approximately 900 mg/kg of clinker and for gravel it was 625 mg/kg of gravel (at 6 cm 

from the inlet). It could be concluded that different amounts of phosphorus were 

extracted through the depth of each cell, but the same could not be said conclusively 

about sorption along the length of the section (perhaps with the exception of the clinker 

cell). Increased number of samples would have confirmed the trends observed in the first 

section.   

Dunne et al. (2005) observed that the amount of phosphorus sorbed in their cells 

was greatest at a depth of 0-2 cm and 2-5 cm than in deeper soil layers (5-10 cm). This 

observation is in agreement with the present study where for slag and clinker the 

maximum sorption was observed at 4 cm sampling depth (midpoint through the depth of 

the flow cell) below the surface of the media. However, Reina et al. (2006) observed that 

the sum of all phosphorus fractions was significantly higher in the top sediment of the 

sites covered by plant material, than in the adjacent open-water sites, indicating that 

sorption of phosphorus differs in different sections of a wetland. Preferential flow paths 

could also be a reason for this observation. McCarey et al. (2004) observed that the upper 

areas of their SSF wetland had greater masses of phosphorus in the liquid than did the 

lower areas of the wetland, indicating that the phosphorus was sorbed more in the bottom 

layers. This was explained by the depth of the root zone of the planted reeds in the 

wetlands. Adam et al. (2006) observed that the sorbed phosphorus was heterogeneously 
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distributed in their medium Filtralite (commercially available expanded clay with high 

pH and high content of calcium and magnesium). Phosphorus was sorbed more in the 

inlet zone and the bottom layers than other locations for their small and medium scale 

unplanted laboratory models. Other studies have also confirmed the observed increase in 

the accumulation of phosphorus with wetland depth (Prochaska and Zoubilis, 2006; 

Davis et al. 2006). Garcia et al. (2004, 2005) observed that water depth was a very 

important parameter for the treatment efficiency of a subsurface flow wetland. Water 

depth caused differences in the redox status of the wetland which in turn influenced the 

biochemical reactions responsible for the degradation of organic matter. These studies, 

however, did not report the trend for the phosphorus fractions (except Reina et al., 2006), 

which for the present study are described in the following section. 

4.6.8 First section phosphorus fractions 

Samples from the first section were analysed for the amount of phosphorus sorbed 

by different fractions, using the procedure described in Section 3.6. The four phosphorus 

fractions for gravel are shown in Figure 4.33 and those for slag and clinker are shown in 

Figure 4.34 and 4.35 respectively. Experimental data are presented in Appendix D5c (see 

Tables D52 – D54).  

For the gravel medium, the amounts of phosphorus sorbed by the loosely bound 

and the calcium bound fractions showed some variability through depth in the section. 

These two fractions also showed some variability along the length of the section, 

although the variability was greater through depth, especially for the calcium bound 

phosphorus. 
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Figure 4.33: Phosphorus fractions in the first section for gravel flow cell 

The calcium bound phosphorus was also the largest extracted fraction 

(approximately 75% of the total) for gravel at any location in the section, reflecting the 

same trend seen in Figure 4.30 (and the previously discussed performance; Section 4.6.5). 

Figure 4.33 also shows that the calcium bound phosphorus fraction sorbed at the bottom 

was approximately 50% of the total sorbed at each flow cell location. As the calcium 

bound fraction dominates the extracted phosphorus from gravel, Figure 4.30 reflects the 

same trend.  

For the loosely bound phosphorus, the maximum amount (23 mg P /kg of gravel) 

was sorbed at the top, at the 6 cm location. However, this was not reflected in Figure 4.30 

since this fraction constituted <10% of the total phosphorus extracted at that location. 



 175

Similarly, the trend observed for the ferrous bound phosphorus in Figure 4.33 was not 

reflected in Figure 4.30, as this fraction constituted only 11% of the total phosphorus 

extracted at all locations. This fraction was sorbed slightly more in the middle layer than 

in the other layers, although this is probably not a significant difference. There was no 

variability in the amounts sorbed along the length of the section for this fraction. 

Similarly, the carbon bound fraction showed no variability along the length of the 

section, and only a slightly higher sorption (13%) in the bottom layer at all length-wise 

locations.  For the carbon bound and ferrous bound fractions of phosphorus, the 

differences in the amount sorbed were not considered to be substantial (<10% between 

the layers). With the exception of the calcium fraction, the other three fractions made a 

minor contribution to the overall performance of the medium.  
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Figure 4.34: Phosphorus fractions in the first section for slag flow cell 
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For the slag medium the carbon bound (< 20 mg/kg of slag) and the ferrous bound 

(approximately 20 mg/kg of slag) fractions did not show much variation along either the 

length or through the depth of the section. This indicated that these fractions were taking 

up phosphorus at a steady rate and making a minor contribution to the overall sorption. 

This finding was similar to the gravel medium and interestingly the amounts sorbed by 

these two fractions were also similar to the amounts sorbed by the gravel. The loosely 

bound fraction showed different amounts of phosphorus sorbed along the length and 

through the depth of the section. Phosphorus was sorbed mostly at the bottom and 

uniformly with position (~25 mg/kg of slag). However, the amount sorbed by this 

fraction was not that much different than the ferrous bound and carbon bound fractions, 

indicating that this fraction also made a minor contribution to the overall sorption by the 

medium. 

The maximum amount of phosphorus sorbed was by the calcium fraction midway 

through the depth of the section (~ 500 mg of P/ kg of slag). Phosphorus sorbed at the 

bottom of the section was approximately 300 mg/ kg of slag whereas at the surface it was 

approximately 200 mg/ kg of slag. This indicated that the phosphorus was being sorbed 

in a non-uniform way through the section. Figure 4.31 reflected this same trend since 

calcium bound phosphorus made up 85% of the total sorbed phosphorus. This 

observation is in agreement with the alkaline pH (~10) noted in the slag flow cell, which 

could not be explained earlier in Section 4.6.5.  

All of the phosphorus fractions in the clinker flow cell showed variation in the 

amount of phosphorus sorbed along the length and throughout the depth of the section, 

except the ferrous fraction which was uniform in both directions. All fractions except the 
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ferrous fraction showed a decreasing trend along the length of the flow cell. This 

decrease was most evident for the calcium fraction. As observed previously, the 

phosphorus sorbed by the calcium in the clinker occurred mostly near the inlet of the 

flow cell, leaving less to be sorbed by the rest of the section. It would be expected, that 

once the regions near the inlet are saturated, which was not observed in the present study, 

more phosphorus will be sorbed by the rest of the section. None of the media achieved 

saturation in the first section of the flow cells, which also illustrates the capacity of these 

media to sorb phosphorus. 
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Figure 4.35: Phosphorus fractions in the first section for clinker flow cell 

  Through the depth of the section for the clinker flow cell, the maximum sorption 

was observed to be at the top for the loosely bound fraction, whereas for the carbon 

bound and the calcium bound phosphorus the maximum retention was at mid-depth in the 
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section. The remainder of the phosphorus for the carbon bound and the calcium bound 

fractions was sorbed along the bottom, and the least was sorbed in the top layer. The 

ferrous bound fraction was uniformly sorbed at all locations of the section (23 mg/kg of 

clinker). The amounts of loosely bound, carbon bound and the ferrous bound phosphorus 

fractions ranged from 5 – 25 mg/kg of clinker, indicating that they made only a minor 

contribution to the overall sorption. The maximum phosphorus was sorbed by the 

calcium fraction and was approximately 75% of the overall sorbed amount. Similar to 

other media, the overall sorption (Figure 4.32) reflected the trend observed for the 

calcium fraction as this was the dominant fraction.  

The first section analysis for all media indicated that there was some preferential 

flow of the fluid which resulted in variable amounts of phosphorus being sorbed at 

different locations of the section. The findings of Dunne et al. (2005) are in agreement 

with the present study, where phosphorus was sorbed more in the middle layers (at a 

depth of 0-2 cm and 2-5 cm) than in deeper soil layers (5-10 cm) except for gravel. As 

mentioned earlier, other studies in the literature reported that phosphorus sorption 

increased with greater depth in wetlands or filters. However none of these studies 

reported the trend observed for the various phosphorus fractions.   

These tests show that the design of the field filter system should also consider the 

variation in the sorption occurring in the different layers of the medium. As observed, for 

gravel, the maximum sorption was in the bottom layers of the cell whereas for slag and 

clinker, it was in the middle layers of the filters. When designing a filter, it should be 

noted that layers where the phosphorus was primarily sorbed would be saturated first. As 

well, the primary fractions of sorbed phosphorus observed during the above tests were the 
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calcium fractions for all the three media. While designing a sorptive filter for phosphorus, 

one must take into account the primary fraction expected to sorb the phosphorus and also 

the layers in the flow cell where the phosphorus would be sorbed. The optimum operation 

period of the filter should be based on the primary sorption layers, since once these layers 

are saturated the filter would not be operating at optimum conditions.  

Based on these tests, an important point to be noted is the media sampling points. 

During the flow cell tests, slag media samples showed that the largest phosphorus 

fraction was the ferrous fraction unlike the gravel or the clinker. But, the first fraction 

tests (Sections 4.6.8) showed that the largest fraction for slag was also the calcium 

fraction, similar to gravel and clinker. This observation was not evident during the flow 

cell tests discussed in Section 4.6.5 due to the fact that even at the first sampling point, 

the extracted phosphorus was primarily the background phosphorus.  

During the operative period of the filters, samples taken through the depth of the 

filter would be indicative of the saturation level of the filter. Thus, incorporating 

sampling ports, to collect media samples through the depth, would allow for near-real 

time monitoring of filter performance. 

Based on the first section results only, deciding a best medium was not possible, 

since the amounts of extracted phosphorus were similar from all media. However, it 

should be noted that these results are based on a few data points and should not be 

considered as conclusive in nature. Multiple data points would be needed to effectively 

decide which medium is the best of the three. However, based on the first section results 

and sorption capacity (see Section 4.5), both slag and clinker could be considered to be 

good media for sorption, since both these media showed high sorption capacity and 



 180

appeared to have low extractable phosphorus under low loading conditions 

(Section 4.6.1).  

The sequential extraction from the media extracted various fractions of the 

phosphorus. As noted earlier, the extracted phosphorus also included background 

phosphorus in the media that was present prior to the medium being used for the 

experimental tests. This was indicated in the extracted phosphorus amount being greater 

than the sorbed amount in the same flow cell. Importantly, the bonding strength could be 

variable in different media, resulting in slow diffusion of phosphorus from soils with high 

bonding strength values (Dunne et al., 2005). For example, the total amount of 

phosphorus extracted from gravel and clinker was more than twice the amount extracted 

from slag, confirming the low background phosphorus and also potentially indicating that 

slag had higher bonding strength. Interestingly, the maximum amount of phosphorus 

sorbed was by clinker (>99%) closely followed by slag (>98%).  Therefore, 

characterization of the medium using sequential extraction tests would be very important 

to decide the best medium amongst the available media for a phosphorus filter and/or 

constructed wetland. Based on the sequential extraction tests (Section 4.6), it could be 

concluded that slag and clinker would be the better medium than gravel, even though 

clinker had a high amount of background phosphorus.     

In order to have an estimate of the total background phosphorus (i.e. including the 

non extracted fractions), the media were tested using ICP-AES (Inductively Coupled 

Plasma – Atomic Emission Spectroscopy) in the Analytical Services Unit at Queen’s 

University. These tests are destructive tests and give an estimate of the total phosphorus 

in the medium. The results of these tests are discussed in Section 4.7. 
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4.7 Total phosphorus testing 

The three media were each tested in the ASU using the ICP-AES. The detailed 

procedure for this analysis is given in Section 3.8. Triplicate samples were taken for each 

medium. As a quality control measure for the analytical procedure, the environmental soil 

(140-025-002, SS-2), which has a known phosphorus concentration, was also taken 

through the entire analytical procedure.  

The gravel was sampled at the beginning and end of the experiment, giving data 

for approximately two months duration. It was decided afterwards that monthly data 

would provide useful information and therefore, for the slag and clinker media, a third 

sample in the middle of the run, after approximately four weeks, was also taken for 

analysis. The samples were taken from three locations in the cells, with location A 

(15 cm from the inlet) being closest to the inlet, location B (30 cm from the inlet) being 

approximately in the middle of the flow cell and location C (45 cm from the inlet) being 

closer to the outlet. Samples could not be taken through the depth of the cell since the 

performance tests were still being conducted at those times, and destructive media 

sampling would have introduced another source of uncertainty to the results. Table 4.22 

presents the total phosphorus present in mg/kg of the media from the ICP analysis.  

The initial values represent the amount of phosphorus in the media before it was 

used for the tests i.e. the background phosphorus. It can be seen that the amount of 

background phosphorus in the media was very high for all three media, more so for 

clinker (1013 mg/kg) than in either gravel (533 mg/kg) or slag (611 mg/kg). These 

amounts reconfirm the presence of background phosphorus observed during the 

sequential extraction tests (Section 4.6.2). The observed background phosphorus in the 
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media in the present study is in agreement with the range of the background (native) 

phosphorus observed by Dunne et al. (2005) which was in the range of 100 – 1100 mg/kg 

for their wetland media. 

Table 4.22: Total phosphorus present in the media (mg/kg)     

Time  

Distance from 

inlet Gravel Slag Clinker 

Initial   533 611 1013 

  15 cm  66 677 

4 weeks 30 cm no sample 275 659 

  45 cm   295 635 

  15 cm 523 465 793 

Final  30 cm 522 298 789 

  45 cm 490 294 656 

 

Table 4.22 shows that the amounts of phosphorus present in the media initially 

were greater than in samples taken from the flow cell after the tests had started, which 

reflects the results shown in Tables 4.15 and 4.20. The lower values observed during the 

ICP tests after the start of the tests, could probably be due to desorption of phosphorus 

occurring at a very low scale. However, as was mentioned earlier in Section 4.6.6, the 

outflow of phosphorus from the flow cells could not be confirmed with the available data. 

       As noted in Table 4.22, the fact that slag had similar background amounts of 

phosphorus to gravel is a finding that was not indicated by the sequential extraction tests 

due to the relatively lower amounts extracted back from slag compared to gravel and 

clinker. This finding could probably be explained by the fact that not all fractions of 
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phosphorus were extracted during the present study. As mentioned earlier, media samples 

were also taken at the end of the tests for all the media and after 4 weeks from the start of 

the slag and clinker flow cell experiments. Figures 4.36, 4.37 and 4.38 show the 

phosphorus present in gravel, slag and clinker respectively with respect to time along the 

length of the flow cell.  
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Figure 4.36: Total phosphorus present in gravel  
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Figure 4.37: Total phosphorus present in slag 
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Figure 4.38: Total phosphorus present in clinker  

As observed during the sequential extraction tests (see Section 4.6), the extracted 

phosphorus from gravel and clinker media were of similar magnitude and greater than the 

amount extracted from slag. For gravel, at the conclusion of the tests, the amounts of 

phosphorus were approximately the same throughout the flow cell with a negligible 

decrease near the outlet. As mentioned earlier, in Section 4.6.3, the influent phosphorus 

was sorbed near the inlet (~ 10 cm) and therefore, the extracted amounts of phosphorus 

was primarily the background phosphorus of the media as indicated by the similar 

amounts of extracted phosphorus from all locations compared to the initial phosphorus 

content.  

Similar to gravel, clinker showed similar extracted amounts at all locations for 

both the four week and the final samples. However, there was a decrease in the amount 

extracted after the tests were started as compared to the initial background phosphorus. 

The decrease in the amount of extracted phosphorus was also observed earlier during the 

flow cell tests (Section 4.6.6) and was probably due to desorption of phosphorus 
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occurring at a very small scale. However, desorption of phosphorus under low loading 

condition could not be confirmed since, the observed concentrations of phosphorus in the 

outflow were very low (Section 4.5).  Further tests would be required to confirm this 

observation.  

In the later halves of the flow cells, the extracted phosphorus was primarily made 

up of the background phosphorus as indicated by the rapid decrease in the amounts 

present in the gravel and clinker. This is not unexpected, since, in later sections, the 

amount of phosphorus sorbed was less due to the low influent concentration in those 

sections.   

As seen in Fig. 4.37 and Table 4.22 for slag, after 9 weeks the amount of 

phosphorus was 465 mg/kg at 15 cm which was higher than the observed amounts 

(~300 mg/kg) at the 30 and 45 cm sampling points. This confirms the observation (as 

noted in Section 4.5) that most of the phosphorus was sorbed in the first section of the 

flow cell during the testing period. The same trend was observed for gravel and clinker 

(see Fig. 4.36 and Fig. 4.38) i.e. higher phosphorus amounts near the inlet than the later 

sections of the flow cells. Fig 4.37 also showed that the amounts of phosphorus at the 

30 cm and 45 cm locations were almost equal, indicating that the second half of the flow 

cell had the same amount of net sorbed phosphorus. As discussed earlier, since most of 

the phosphorus was sorbed near the inlet there was very little left to be sorbed later, and 

thus the extracted phosphorus was primarily the background phosphorus that was present 

in the media in the later sections of the flow cell (see Fig. 4.25).  

 The trend of the total phosphorus present in the media, as given by the ICP 

analysis, was concurrent with those seen during the sequential extraction tests (see 



 186

Section 4.6). The ICP-AES tests reconfirmed the presence of background phosphorus in 

all three media as also shown by the results obtained from the flow cell testing and the 

sequential extraction testing. Furthermore, the amounts of phosphorus extracted out of 

the system, especially in the later sections, were more than the amount sorbed by the 

media and was considered primarily the background phosphorus being extracted during 

the extraction process. The amounts of extracted phosphorus were lower after the start of 

the tests than the background phosphorus, which could probably be due to desorption of 

phosphorus occurring at a very low scale. However, as was mentioned earlier in Section 

4.6.6, the desorption of phosphorus from the flow cells could not be confirmed with the 

present available data. 

Background (native) phosphorus observed in the present study did not affect the 

sorption processes of slag and clinker as indicated by their high sorption capacity. 

Although clinker had the highest background phosphorus, it still sorbed the maximum 

amount of phosphorus, confirming its very high sorption capacity. Gravel had the least 

background phosphorus and still had the lowest sorption capacity as compared to slag 

and clinker.  Dunne et al. (2005) confirmed in their study that the presence of background 

phosphorus did not affect the sorption capacity of their wetland media.  

Sorption capacity is a function of the presence of available sorption sites in any 

medium. Thus, choice of the sorptive medium should take into account the presence of 

background phosphorus. If the medium has high background phosphorus (as seen in 

clinker), there is the possibility of the phosphorus being extracted in the presence of the 

extracting reagents (see Section 4.6). It should be noted that this might not truly relate to 

real filter operation (e.g. desorption of loosely held phosphorus), since it requires the 
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presence of extracting reagents that may not be present in the effluent. Therefore, even 

though clinker had the high background phosphorus, considering the high sorptive 

capacity and the low leachability under low loading conditions (Section 4.6.1), clinker 

would still be considered a good medium for phosphorus sorption application. Gravel, 

although it does not have high background phosphorus as compared to clinker, had less 

sorptive sites, and therefore the sorption capacity was poor. Slag would be considered a 

good medium due to its high sorption capacity with the added advantage of lowest 

background phosphorus.  

Design of phosphorus removal filters should take into account the presence of 

background phosphorus in the medium and more importantly whether this presence 

affects the sorptive capacity of the medium, as seen in gravel but not in clinker or slag. 

Background phosphorus could negatively affect the performance of the filters by 

desorbing from the medium in the presence of specific chemicals or operational 

conditions that may act as extracting reagents, and reversing the sorption reaction. 

Therefore, for the best design and performance of the phosphorus sorptive filters, 

background phosphorus is an important characteristic of the medium that should be 

checked.  There were some uncertainties associated with the testing procedure that could 

be reflected in the data and subsequent interpretation of the same; these are discussed in 

Section 4.8. 

4.8  Uncertainties 

There were inherent uncertainties associated with the tests conducted, due to some 

limitations in the experimental methods and the analytical techniques employed. These 

are discussed in the following section.  
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4.8.1 Media  

Physical characterization tests as well as chemical characterization tests were 

conducted for the media as part of the study. Variability was noted amongst the duplicate 

samples. The heterogeneity of the media in terms of grain size and shape, surface 

properties and mineral composition may have resulted in some variation observed during 

the tests conducted.  

The media were washed to remove fines (less than 500 μm) prior to sorption 

capacity testing. When they were dried, the presence of fines was noted in both the slag 

and clinker samples. The origin of these fines is not known, however it is possible that 

they could influence sorption capacity (increased surface area) and/or hydraulic 

conductivity (blocking/clogging). A method for washing media in the field has not yet 

been developed, however the potential influence of fines after washing should be 

recognized. 

Variability between replicates in the test results may be attributed to heterogeneity 

of the samples and the difficulty of achieving a representative sample. Duplicate testing 

was done for the batch (Sections 4.2 – 4.4) and the flow cell tests (Sections 4.5 – 4.6) to 

minimize the influence of individual sample variability whereas triplicate media samples 

were taken for the total phosphorus tests (Section 4.7). The number of replicate samples 

tested during the batch and flow cell studies was much smaller than the minimum sample 

size (n=30) recommended by Helsel and Hirsch (1997) to be able to statistically test for 

significance of differences. For small sample sizes (n<30), data may not follow the 

Central Limit Theorem. Thus, it was important not to reject apparent anomalies without a 

statistical basis for doing so.   
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4.8.2 Batch tests  

Batch testing procedures for the kinetic and isotherm studies were designed with 

reference to similar phosphorus retention studies as reported in the literature. Several 

studies have used isotherm testing to compare the performance of various media. While 

superior media can be identified this way, it is difficult to compare results with those 

published in the literature. The results gathered from isotherm tests are related to the 

conditions of the test and different laboratories may use different conditions (Aries et al., 

2001; Ayoub et al., 2001). To provide similar estimates, the concentration of phosphorus 

solution and the mass of the media used should be the same. Although some allowance 

must be given for differences because the materials tested between labs are not identical 

(size distributions, chemical composition, etc.), values for similar media do not seem 

comparable. The numbers generated from isotherm tests must also be used with caution 

for field studies as they represent adsorption properties from static test conditions 

(Benefield et al., 1982). The isotherm tests are only intended for comparison of media 

and not for design purposes.  

Significant fluctuations in ambient air temperatures were experienced in the 

laboratory during the study period. The temperature fluctuations were a result of 

increased solar exposure during the months of June, July and August and may have 

encouraged biological growth during batch or flow cell studies. As biological growth 

inhibitors were not used in either the batch or flow cell studies, biological uptake cannot 

be ruled out as a possible phosphorus removal mechanism. In fact, during the clinker 

flow cell study, there was some biological growth observed which was not observed in 

the gravel or slag flow cell (see Section 4.8.3). However, it would be expected that any 
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contribution to phosphorus removal would be small when compared to the phosphorus 

sorbed by the instantaneous chemical reactions. 

4.8.3 Flow cell tests  

A decrease in the flowrate will result in a decrease in liquid velocity and greater 

contact time in the filter, which could in turn affect the observed removal. Although 

measures were taken to ensure that the flow remained constant, a decrease in flow rates 

still occurred between the corrections. The flowrate was measured three times a day and 

adjusted accordingly using constant head tanks that had been adjusted to achieve a design 

flow rate. Because of the long term nature of the experiment, with only one flow cell for 

each media, it was not impossible to account for differences in removal due to changing 

flow rates. However, sorption capacity should be minimally affected by flow variations 

as the system reaches equilibrium. 

Variation in the influent concentration is known to affect the sorption dynamics. 

The effect of the influent concentration has been seen also in the isotherm tests conducted 

for different concentrations. Some precipitation was observed in the holding reservoir and 

may have affected the influent concentration, although testing confirmed that the influent 

concentration did not vary much.  

As with batch studies, replicates were needed to confirm and verify results. 

However, only one flow cell was used for each media. Although treatment performance 

data from individual flow cell tests can be used to develop generalized relationships (e.g. 

effect of hydraulic residence time on phosphorus retention), statistical variation is also 

important and is limited by lack of replication. It is also desirable to use lab-scale units as 

large as possible i.e. as close to field-scale as possible to better estimate the field 
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performance; obviously there would be a limit to this maximum size based on logistical 

or space issues.  

The liquid samples might have some sampling bias associated with them resulting 

from insufficient well screening. Also, if the zones around adjacent wells overlap, 

turbulent flow conditions, mixing and dilution may affect the quality and the reliability of 

the sample. To reduce this sampling bias, samples were taken from two adjacent wells at 

each sampling point to get a better averaged solution concentration. Samples were taken 

first from the sampling point closest to the outlet having the lowest influent concentration 

and so on, to ensure that the contamination of the syringe was kept to a minimum. 

Preferential flow of the influent through the flow cell was confirmed when the 

first sections were further analyzed. This resulted in variable sorptive data being observed 

in the different layers of the flow cells. The media being heterogenous in nature, the 

effect of this variability was considered to be a local one and, therefore, the samples were 

considered representative for the overall sorption process.     

In the discussion of porosity values (Section 4.2), it was mentioned that biofilm 

growth may reduce the porosity and hydraulic conductivity of the media. During the 

clinker flow cell testing, some white coloured growth was observed after four weeks of 

testing in the first half the flow cell (see Figure 4.39). This growth was studied using a 

microscope in the Department of Microbiology and was confirmed to be of a biological 

nature (Agnew, 2005). Further testing to determine the type of species was not conducted 

due to economic and time constraints.  
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Figure 4.39: Microbial growth in the clinker flow cell 

Adam et al. (2006) had also observed a white product precipitated in the outlet 

zone of their laboratory models and the on site constructed wetland, which was later 

identified as calcium carbonate. Calder et al. (2006) noted a black growth in their field 

filter which, they assumed to be of biological nature.  

To ensure that the biological growth did not affect the measured hydraulic 

conductivity, the clinker was tested again. Sample (B) was taken closer to the inlet where 

the biological growth was observed and a second sample (D) was taken further 

downstream where there was no growth; both samples were tested for hydraulic 

conductivity. The media did show some decrease in hydraulic conductivity from 0.19 m/s 

to 0.18 m/s. However, this decrease did not appear to have affected the overall 
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phosphorus removal. Calder et al. (2006) also reported that the hydraulic conductivities at 

their field site were reduced considerably, greater than a factor of 10, from the design 

values. It should be noted that clinker and slag have higher hydraulic conductivities 

(Table 4.1) than the optimum range suggested by Reed and Brown (1995). Thus, if there 

was any decrease in the hydraulic conductivity over time, it may actually bring them 

closer to the suggested optimum values. 

4.8.4 Sequential extraction tests 

Media samples were taken every 3 days for gravel and every 4 days for clinker 

and slag. These samples were taken near the surface of the flow cell just below the wetted 

surface. As was seen during the tests, most of the sorption occurred at the bottom of the 

flow cell for gravel and in the middle of the flow cell for clinker and slag media. 

However, since the media were heterogeneous in nature, the samples were considered 

representative of the sorption occurring through the depth in the flow cells.  

Duplicate media samples were taken for each sampling interval and also for each 

sampling point in the flow cell. To get a better statistical assessment, additional media 

samples might have been taken as the media were heterogeneous by nature. However, if 

significant amounts of media were taken out of the flow cell, the total amount of media 

left would decrease and this might in turn affect the system dynamics; additional samples 

were therefore not taken. The time needed for the complete analysis of each medium 

sample was approximately three days; this also prompted the decision not to take 

additional samples for analysis.  

The analysis procedure for the sequential extraction tests involved a set of 

experiments to be conducted in sequence. Each set of experiments involved a series of 
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steps to be carried out in a precise order.  The rather large number of steps might have 

introduced some analytical error which could not be avoided entirely. 

4.8.5 Total phosphorus tests (ICP-AES) 

Triplicate media samples were taken for the total phosphorus tests and some 

variability was observed in the results. As above, the procedure for the total phosphorus 

tests involved a large number of steps and the observed variability could be a result of the 

experimental procedure.   

4.9 Summary 

Three potential phosphorus sorptive media were studied in the present research, 

namely gravel, slag and clinker. Flow cell testing along with the sequential extraction 

tests are more realistic from the practical implications perspective and for future design 

purposes. These characterization tests are important to predict the sorption capacity of the 

medium for the long term removal of phosphorus. Simple jar testing (e.g. isotherm 

testing) is not enough to select the best medium, but can be used for comparative purpose 

(as was done here).  

Gravel showed substantial sorption of phosphorus although it was not sufficient to 

meet the regulatory limits for the effluent concentration. Slag and clinker both exhibited 

very high sorption capacities during the isotherm and flow cell testing, with clinker 

having the highest sorption capacity. Background phosphorus was observed in all three 

media with clinker having the highest and slag the lowest amount of inherent phosphorus. 

However, the high background phosphorus in clinker did not affect the sorptive capacity 

as noted from the highest sorptive capacity exhibited by clinker.  
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The chemical compositions of the three media are shown in Table A2 and A3 (see 

Appendix A). All three media show high calcium levels with gravel having the lowest 

(19.7%) followed by slag (25.1%) and clinker having the highest (44.4%). The sequential 

extraction tests conducted during the present study confirmed that the calcium sorbed 

phosphorus fraction was the largest fraction extracted from all media. As phosphorus is 

known to bind with calcium at high pH, formation of calcium phosphates is believed to 

be a major mechanism of phosphorus removal by these systems (Baker et al., 1998). 

However, Johansson and Gustafsson (2000) in their study of slag showed that the 

removal mechanism was precipitation of hydroxyapatite and not other calcium 

phosphates.  

The pH of the effluent can become an important issue when considering the 

potential application of slag as a filter medium (see Table 4.10). Slag mixed with a low 

pH buffering media (e.g. peat) may decrease the pH of the effluent (Calder et al., 2006). 

However, the buffering medium could also affect the sorption capacity of the medium 

mixture. Calder et al. (2006) observed that their field-scale clinker and slag filters mixed 

with gravel had lower effluent pH levels as compared to the present study. However, in 

their study, clinker showed unexpectedly poor phosphorus removal, which could have 

been the result of the low pH in the clinker filter. 

The present research demonstrated that gravels cannot be expected to provide 

sufficient removal of phosphorus. Clinker has a very high sorption capacity, but also high 

background phosphorus, which was not extracted during wash studies. Therefore, the 

probability of clinker acting as a source rather than a sink, during low loading conditions 

for phosphorus sorption is negligible. Taking all factors under consideration, both clinker 
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and slag would be considered good media for phosphorus sorption applications with slag 

having the added advantage of lower background phosphorus than clinker. Slag also 

showed low probability of releasing the sorbed and/or background phosphorus during 

wash studies.  

The present research demonstrates that selection of a medium for phosphorus 

sorption should be conducted based on the media characterization and the flow cell 

testing, which also includes the sequential extraction tests.  The media characterization 

should include the physical characterization (see Section 4.2) as well as the chemical 

characterization (see Appendix A2). The background phosphorus levels that can skew the 

performance analysis also need to be identified prior to using the medium in the sorptive 

filters (see Section 4.7). The sequential extraction tests can identify the problems 

associated with the presence of background phosphorus. Only through this 

comprehensive evaluation would one be able to select an appropriate medium for 

sustainable use.   

There is a wide array of test conditions that can be evaluated in the lab and may 

help to explain the substantial variability in performance seen in the published literature 

(e.g. different influent concentrations, hydraulic loading and retention time, temperature, 

variable loading, etc.). Nonetheless, the choice of operating conditions in the present 

work had provided important data and confirmed the conclusion that full characterization 

is critical for the selection of an appropriate medium for this application. Furthermore, 

the operating conditions were selected as being directly relevant to SCE’s wetlands.  

Constructed wetlands generally show poor performance with respect to 

phosphorus removal owing to the fact that they are not typically designed for treating this 
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particular nutrient. Media that have proven to have high sorption capacities (e.g. slag and 

clinker) and also retention capabilities (low probability of leaching under low loading 

conditions) should be considered for wetland applications, or in a post-wetland filter, 

where phosphorus removal is the prime objective. A post-wetland filter may be a cost 

effective solution for phosphorus removal for small scale operations (e.g. Sunny Creek 

Estates) and can be expected to effectively remove phosphorus to a desired level of 

effluent concentration.   

It is important to note that phosphorus sorption and/or release in constructed 

wetland systems, as opposed to media/water flow cell studies or phosphorus sorption 

isotherms, is a net result of complex processes, which cannot be easily simulated using 

small scale studies such as those undertaken. However, media characterization studies 

can provide useful and important baseline information that would be of benefit for future 

constructed wetland design.  
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5.0  CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

 The research described in this thesis stems from the need for improved design of 

constructed wetlands and/or post-wetland filters for phosphorus removal. A mobile home 

park located near Trenton, ON (SCE) showed consistent non-compliant phosphorus 

discharge and requires further treatment of the wetland effluent. In situations similar to 

the above site, a post-wetland filter, which is non-intrusive to the wetland and does not 

compromise the economics of a wetland sized to treat other wastewater constituents, is a 

technologically viable choice for phosphorus removal in small operations.  

 While its limitations are recognized, batch studies would still be an effective tool 

for screening potential media. The best media identified by batch testing can then be 

tested in horizontal flow through filters, providing better estimates for scale up design 

purpose. In the present study, batch shake tests were used to compare the phosphorus 

sorption capacity of the selected gravel to other media for potential application as filter 

media. Under batch testing conditions, phosphorus sorption by gravel followed the 

Freundlich isotherm model. The Langmuir isotherm did not adequately describe 

phosphorus sorption investigated in this study.  

 Ranking media based on a mass-normalized method of comparison (i.e. the ratio 

of mass of sorbate to the mass of sorbent, the �
�

�
�
�

�

m
x

 ratio) is biased toward materials 

exhibiting small bulk density ( bρ ) values. 

 The first order model is an inefficient tool for designing constructed wetlands for 

phosphorus removal. The model is too conservative for short life-cycle designs, and over-
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estimates phosphorus sorption in the long term. The saturation model was observed to fit 

the isotherm data better than either the first order or the second order models.  

For design purposes, flow cell studies provide better and more realistic estimates 

of ultimate �
�

�
�
�

�

m
x

 than do isotherm tests. Flow cell testing along with sequential extraction 

tests are more realistic from a practical implications perspective and for future design 

purposes since they simulate (in the small scale) field filter operation and performance. 

These characterization tests are important to predict the sorption capacity of the medium 

for the long term removal of phosphorus. Simple jar testing (e.g. isotherm testing) is not 

enough to select the best medium. An earlier study by Rosolen (2000) had identified slag 

and clinker as being promising filter media and these were tested in the flow cells along 

with the selected gravel, which is similar to the gravel used in the SCE’s constructed 

wetland.  

The present research demonstrated that gravels cannot be expected to provide 

sufficient removal of phosphorus. Slag and clinker exhibited high sorption capacities in 

the flow cell testing conducted but the outflow from these flow cells did not comply with 

the pH regulations. Furthermore, the background phosphorus in gravel is a matter of 

concern as this medium has the probability to act as a source during low phosphorus 

loading conditions. Clinker had the highest background phosphorus, even though, it 

showed low probability of desorption of phosphorus under low loading conditions. Slag 

had the least background phosphorus and also did not show any desorption of the same 

under low loading conditions. Taking all factors under consideration, slag and clinker 

were identified as good media for phosphorus removal primarily due to their high 
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sorption capacity and also due to the low probability of releasing the sorbed and/or 

background phosphorus.  

The chemical compositions of the three media show high calcium levels and the 

sequential extraction tests conducted confirmed that the calcium bound phosphorus 

fraction was the largest fraction extracted from all of the media.  

The present research demonstrated that the selection of a medium for phosphorus 

sorption should be conducted based on the comprehensive media characterization and the 

flow cell testing (which include the sequential extraction tests). The background 

phosphorus levels that can skew the performance analysis need to be identified prior to 

using the medium in the sorptive filters (see Section 4.7). The sequential extraction tests 

can identify the problems associated with the presence of background phosphorus.  

5.2  Recommendations   

This study has contributed pertinent knowledge toward the understanding of 

phosphorus dynamics in post-wetland filters and/or constructed wetland systems using a 

sorptive media. Specifically, it has contributed to the understanding of the characteristics 

of the sorptive media important for the phosphorus sorption tested under both batch 

reaction and plug-flow column conditions.  

Based on the results of this study, recommendations regarding changes to 

experimental procedures and possible extensions of the research are presented.  

5.2.1 Hydraulic retention time  

Reaction time is a significant factor affecting the phosphorus sorption capacities 

of selected media (see Section 2.5.5). In future studies, the hydraulic retention time 
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should be set as a constant throughout the experimental process, to provide an improved 

basis for comparison of results between the different experiments in a study. 

Furthermore, for the results of a media assessment study to have relevance at the field 

scale, laboratory tests should be conducted using variable hydraulic retention times, but 

similar to the expected values under field conditions.  

5.2.2  Removal mechanisms 

Del Bubba et al. (2003) noted that the Freundlich model fitted the data better 

where both precipitation and sorption of phosphorus were occurring. Furthermore, the 

Langmuir model was also found to be less useful when the pH values were higher than 

nine.  

The tests conducted in the present study did not determine whether removal was 

achieved by adsorption and/or precipitation reactions. Knowledge of the mechanisms 

involved in sorption could also be useful in predicting releases or ultimate sorption 

capacities. XRD (X-ray diffraction) and SEM (scanning electron microscopy) can be 

used to examine the fractions sorbing the phosphorus in the different media. However, it 

should be noted that XRD might prove to be ineffective in the presence of an amorphous 

medium as was noted for slag in the present study (see Appendix A). 

5.2.3 Replicate filters 

Replicates are necessary for the determination of variability in any experimental 

work. The long term nature of the present experimental tests and the required analysis of 

the samples prevented more than one filter being tested for each medium. The ultimate 

sorption capacity of the media could not be determined by the current method of filter 
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testing. A smaller filter requiring a smaller amount of medium is recommended for future 

tests. This will facilitate the saturation of the medium, and the ultimate sorption capacity 

could be determined after a relatively short period of time.  

5.2.4  Field trials  

Of the laboratory experiments conducted in this study, the flow cell tests hold the 

most promise for predicting the performance of a field filter for phosphorus sorption. 

While filter testing may be the most applicable laboratory testing procedure for scale up 

design purposes, field environmental conditions (for e.g. change in temperature) cannot 

be simulated in the laboratory testing. The impact of these environmental factors may be 

important in determining the life span of the filter media. Therefore, further testing in the 

field to ensure the applicability of the medium under field conditions is recommended.  

5.2.5  Effluent quality 

Due to uncertainties in effluent quality such as pH, monitoring of the effluent pH 

from a slag and clinker filter is recommended in field applications. The effect of pH on 

the removal mechanism also merits attention. It is known that phosphorus binds with 

calcium at high pH. Slag and clinker contain high amount of calcium and also produces 

effluents with high pH. The pH decreased during the course of the tests but it would be 

helpful to know if the decrease will have any influence on the effectiveness of the filter. 

The cause of the high effluent pH is not known. Further studies including chemical 

characterization of the effluent are recommended. Furthermore, addition of a buffering 

medium (e.g. peat which is acidic in nature) in the media may prove to be effective to 

reduce the effluent pH in field trials.   
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5.2.6  Hydraulic loading  

Systems that are exposed to natural weather cycles, including precipitation events, 

snow melts, and dry cycles need to be able to accommodate fluctuations in hydraulic 

loading. Controlled studies to examine the effects of different hydraulic loadings (and 

retention times) with variable influent phosphorus concentrations would be helpful for 

modeling phosphorus sorption and design of future systems.  

5.2.7  Regeneration of spent media 

Due to the high costs associated with filter replacement and disposal, the potential 

to regenerate spent media in-situ is appealing. Roques et al. (1991) examined the use of 

acid washing for regeneration of dolomite, but the media was found to disintegrate after 

the acid wash. Wetting and drying cycles is another option suggested in the literature 

although no studies have been conducted yet.  

Use of the spent media as fertilizer depends on the availability of the sorbed 

phosphorus for the plant uptake. Nichols (1983) showed that the medium which sorbs 

phosphorus readily is less likely to release it making it less suitable for use as a fertilizer. 

Preliminary studies using barley potted in slag showed that phosphorus retained by slag 

was available to some extent (Johannason and Gustafsson, 2000). Effluent pH and 

chemical composition are also considerations for the application of slag as a soil 

amendment and further studies are recommended in this direction.  
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APPENDICES 

Appendix A: Methods to determine media phosphorus 

A detailed baseline assessment of all three media used was carried out. This was 

necessary as the media oxides and silicate content, in combination with iron, aluminum 

and calcium, have significant impacts on phosphorus sorption (see Section 2.3 and 2.4). 

For this purpose numerous methods were investigated to determine the best procedure for 

the present project. These methods include X-Ray diffraction (XRD), Neutron Activation 

Tests, Microprobe Analysis, Rietveld Analysis and Analytical Services Units’ (ASU) 

elemental chemical analysis.  

A1     X-Ray diffraction (Grant, 2004) 

Analysis using X-Ray diffraction (XRD analysis) was carried out in the Queen’s 

Department of Geology laboratory. XRD analysis gives information regarding the 

quantity of minerals in the medium. Thus, individual elements in the medium are not 

quantified directly. This particular analysis does not take into account the materials in the 

amorphous phase.  

The time required for the X-Ray diffraction was approximately one hour, 

although the sample preparation, which included grinding the sample, required a 

considerable amount of time. Once the diffraction graph was developed, the next step 

was to match the peaks observed in the graph with the peaks observed of known 

materials. During the peak matching process, it was confirmed that this analytical method 

was not good for slag which contains a substantial amount of amorphous materials. Thus, 

slag did not give any conclusive quantification. Clinker also contained a substantial 
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amount of amorphous materials and therefore, the XRD analysis for clinker was not 

carried out. Figure A1 and Figure A2 show the results from the XRD analysis for the 

gravel and the slag respectively. The quantitative data are given in Table A1.  

Table A1: Quantitative amount of the elements in Gravel and Slag by XRD Analysis (%) 

 Gravel Slag 

Aluminum, Al 2.03 0.79 

Silica, Si 25.04 10.03 

Oxygen, O 51.19 27.87 

Calcium,  Ca 15.67 39.44 

Carbon, C 5.07 17.00 

Magnesium, Mg 0.56 - 

Iron, Fe 0.45 4.88 

Total 100.0 100.0 

 

Even though the analysis was not completed (i.e. it was not conducted for 

clinker), it was still interesting with regard to performance of the medium as seen during 

the present research. It can be seen from Table A1 that the total amount of active 

elements i.e. Ca, Fe and Al was less in gravel (18%) as compared to slag (45%), which 

explains why gravel is not a good medium.  The XRD tests as mentioned are not good for 

amorphous materials in the media. This reason, and the high costs of the tests, made XRD 

not suitable for the present project. 
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A2  Neutron activation tests (Neilson, 2004) 

Neutron Activation tests were carried out for all three samples. The tests were 

conducted using the Uranium nuclear SLOWPOKE-2 reactor located at Royal Military 

College (RMC). The tests were conducted in two steps. The first step quantified those 

elements whose half life was short. Aluminium, calcium, manganese, silicon, sodium, 

titanium and vanadium fell into this category. The time required to complete the first step 

was 24 hours. The second step was for quantifying the rest of the elements including 

arsenic, cerium, cobalt, cesium, europium, iron, scandium and zinc. The second step was 

carried out four days after Step 1 was completed, and the time required to obtain the 

readings was a month for Step 2.  The quantification for each element was calculated 

from the exact total of all the elements in the samples. Tables A2 and A3 gives the results 

from Step 1 and Step 2 for all media samples.  

Table A2: Neutron Activation Analysis: Step 1 

 Gravel Slag 

(Average for two samples) 

Clinker 

Aluminium (% by wt.) 2.96 3.70 2.70 

Calcium (% by wt.) 19.70 25.10 44.40 

Manganese (ppm, μg/g) 375 4050 505 

Silicon (% by wt.) 9 -10 13 – 14.50 20 – 22 

Sodium (ppm, μg/g) 1.10  2760 1000 

Titanium (ppm, μg/g) 1500 5150 1400 

Vanadium (ppm, μg/g) 33 16 33 
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Table A3: Neutron Activation Analysis: Step 2 

 Gravel Slag Clinker 

Arsenic (ppm, μg/g) 0.70 0.19 5.20 

Cerium (ppm, μg/g) 23 110 48 

Cobalt (ppm, μg/g) 4.80 0.44 9.10 

Cesium (ppm, μg/g) 1.60 0.39 1.40 

Europium (ppm, μg/g) 0.73 2.60 0.93 

Iron (% by wt.) 1.40 % 5.6 % 2.60 % 

Scandium (ppm, μg/g) 4.50 17 7.30 

Zinc Poor peak Poor peak 241 

 

Table A2 and A3 show that the amounts of active elements i.e. Ca, Fe and Al was 

more in clinker and slag than in gravel. The amounts of Al and Fe were similar in all the 

three media and thus as seen during the present work the amount of phosphorus bound to 

these elements were similar (see Section 4.6.2). The amount of Ca present in the medium 

is what really made the difference in the performance of the medium with clinker being 

the best medium (>44% Ca) followed by slag (>25% Ca) and finally the gravel 

(20% Ca). The Neutron activation test results support the findings of the present study, 

however, once the tests were completed, it was realized that although these tests reported 

accurate values, they were very complicated and too time-consuming to be used for the 

repeated analysis required for the present project. Table A4 gives the results for duplicate 

samples of slag tested whereas Table A5 gives the accuracy testing results.  
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Table A4: Results for duplicate sub-samples of slag 

 Sub-sample one Sub-sample two 

Aluminium (% by wt.) 4.17 3.24 

Calcium (% by wt.) 26.84 23.44 

Manganese (ppm, μg/g) 3550 4550 

Silicon (% by wt.) 10.70 – 12 15.30 – 17 

Sodium (ppm, μg/g) 2740 2780 

Titanium (ppm, μg/g) 5634 4667 

Vanadium (ppm, μg/g) 15.90 16.8 

 

Table A5: Control testing for laboratory accuracy 

 Al in μg/g Vin μg/g Ti in μg/g 

Control 970 1004 975 

Control Target 977 982 988 

   

A3  Microprobe analysis (Kempson, 2004) 

 The microprobe analysis gives elemental analysis on the surface of the soil 

material. The major limitation to this analytical procedure was that the concentration of 

the element being analysed has to be greater than 5000 ppm for the analyzer to be able to 

detect that element.  

Sample preparation requires the sample to be mounted for the microbe analysis. 

Mounting of the sample was of two types: mounting for the elemental analysis of the 

media and/or for the surface analysis of the media.  
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For the elemental analysis, the time for the mounting of the sample takes 

approximately 2-3 hours. The microprobe analysis takes another couple of hours. The 

elemental analysis gives an in-depth quantification of the elements in the media sample.  

The mounting for the surface analysis takes considerably less time than for the 

elemental analysis. The mounting takes 30 minutes and then 2-3 hours for the microprobe 

analysis as before.  

Taking into account the time required for the mounting and the analysis, the 

average costs for the microprobe analysis would be around $ 200.  The concentration of 

the phosphorus on the media surfaces was expected to be lower than 5000 ppm for all 

time periods. This reason and the high costs of the tests made the microprobe analytical 

tests impractical for the present project.   

A4  Analytical services unit: ASU (Poland, 2004) 

The ASU’s elemental analysis procedure analyses for thirty elements in the media 

sample. This procedure is good for those elements that can be extracted from the media. 

This procedure does not quantify any element which does not dissolve in aqua regia (for 

e.g. silica). The quantification reported was not a true total, but a percentage based on 

amounts of the elements extracted.  This reason and the high costs of the tests led to this 

method not being adopted for the present project.   

A5  Rietveld analysis (Peterson, 2004) 

 The accuracy of the Rietveld analysis was within tolerable limits for the mineral 

matter analysis of the media. Similar to the XRD analysis, this method was not good for 

amorphous media.  The time required for the whole analytical procedure including the 
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sample preparation was 3 – 6 hours. The Rietveld analysis was not adopted for the 

present project due to it being unsuitable for amorphous media. 

Once the background elemental analysis was conducted using the XRD analysis 

and the Neutron Activation Analysis, it was realized that these processes were too time 

consuming and expensive to be used repeatedly for further work during this research. It 

was thus realized that using the media samples to get the phosphorus content directly, in 

the different forms, was not possible with the present set of analytical methods. 

Therefore, an extensive literature survey was conducted to find other methods for 

determining the soil phosphorus (different forms) in the media, including extraction of 

the phosphorus into the liquid phase and subsequent analysis of the solution.  

A6  Soil phosphorus 

Most soil P determinations have two distinct phases – first, the preparation of a 

solution containing the soil P or fraction thereof (extraction of the soil P into the liquid 

phase) and second the quantitative determination of P concentration in this solution.   

 Determining the phosphorus concentration depends on: 

-  the phosphorus concentration in the solution 

- the concentration of interfering substances in the solution to be analyzed  

 (arsenates, acidity, silicates and substances influencing the redox reaction) 

- the type of acid involved in the analytical procedure.  

A6a Total phosphorus 

 Digestion with perchloric acid (HClO4) and subsequent fusion with sodium 

carbonate (Na2CO3) could be used to determine the total phosphorus in the media. This 
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method was not used, as this required a dedicated fume hood which was not available 

during the test duration of this project. An alternative method described in Section 3.6.2 

was used for this project. 

A6b Organic phosphorus  

Organic phosphorus can be determined using either the extraction method or the 

ignition method. These methods required the determination of the total phosphorus, 

followed by the determination of the inorganic phosphorus; the organic phosphorus was 

given by the difference of the two values. Thus: 

 Organic phosphorus = Total phosphorus in extract – Inorganic phosphorus in extract 

Extraction Method

This method involved treating the media with acids and/or bases, followed by 

determination of organic phosphorus in the extract before and after oxidation of organic 

matter.  

Extraction can be carried out using sequential treatment of a soil with 

concentrated HCl and NaOH at room temperature, and NaOH at 90oC.  Inorganic P can 

then be determined immediately after extraction, and total P can be determined after 

oxidation of extracted organic matter with HClO4. If an Aluminium Block digestion 

apparatus was not available then oxidation could also be carried out in glass beakers. If 

high amounts of organics were present, then to remove interferences, treatment with 

charcoal becomes necessary. But care should be taken to use proper charcoal as many 

commercially available charcoals contain P. The initial HCl treatment may result in 

hydrolysis of organic P if the soil contains appreciable amounts of esters and sugar P 
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which would be a source of error.  The other source of error could be the incomplete 

extraction of the phosphorus from the media. The acceptable tolerance limit for this 

method for the organic phosphorus is 20 μg P /g (Page, 1982). 

Ignition Method:  

This method included low and/or high temperature ashing to oxidize soil organic 

matter before acid extraction of total P. A non ignited sample was concurrently extracted 

with acid to determine inorganic P. 

Organic P was estimated from 1N H2SO4 extractable P in a soil sample ignited at 

550oC and an un-ignited sample. The organic P content of the soil was calculated by 

subtracting P in the non-ignited sample from P in the ignited sample. The ignition 

procedure was much simpler, less laborious and more precise than extraction methods for 

estimating organic P in soils, but it was subject to more errors, as noted below (Page, 

1982). 

Errors:  

1N is better than 0.2N H2SO4 (but removes a portion of apatite and Al and Fe 

bound P from soil and rock samples). Since the Al and the Fe bound fractions are present 

in substantial amounts in the media being studied for the present project, using the 

ignition method was questionable. Volatilization occurs in organic soils >400oC (this 

does not happen in mineral soils at 550oC). A commercially available low temperature 

ashing instrument was also not suitable for oxidizing soil organic matter for estimating 

organic P.  

  It is noted that extraction and ignition give comparable organic phosphorus data 

on weakly weathered soils. But for diverse soils, the ignition procedure should not be 
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used for the determination of the phosphorus content. It could be used for monitoring 

changes in organic P during field and laboratory studies with a control. 

 The extraction or the ignition method was not used for the present project as these 

methods reported the total phosphorus content and the organic and inorganic fractions of 

phosphorus. These methods did not report the individual fractions of phosphorus 

associated with different elements within the media. For this purpose, the sequential 

extraction method for phosphorus determination was used (see Section 3.6).  

A6c Inorganic phosphorus 

Fractionation schemes for inorganic phosphorus were based on the ability of 

certain reagents to solubilize phosphate present in such minerals as apatite, strengite and 

variscite (Al). The fractions include phosphorus bound to Al, Fe and Ca; some of them 

are occluded within a coating of iron oxides and hydrated oxides.  

    Phosphate extracted by NH4F originates predominantly from Al phosphates or 

from phosphates bound to Al rich compounds like allophane. There were some concerns 

that this fraction did not entirely come from Al but also could be from Fe. Also there are 

some problems when calcareous media is being used.  

Phosphate extracted by NaOH was believed to originate from Fe phosphates such 

as strengite or non-occluded phosphate bonded by sorption reactions to the surfaces of 

iron rich minerals. 

Phosphate extracted by a reductant originates from phosphate occluded within the 

matrices of hydrated iron oxides such as goethite (FeOOH). 

Phosphate extracted by acid (HCl) extractable (Ca-P) appeared to give a reliable 

estimate of apatite. 
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As there were numerous extraction procedures for the phosphorus present in the 

media, availability indices were developed to compare the phosphorus content between 

the different types of media. 

A6d Availability indices (Sparks, 1996) 

Phosphorus solubilized in dilute acid – fluoride 

Phosphorus extracted using dilute hydroflouric acid gives the available 

phosphorus in soil. This extraction procedure was good for acid soils but was not advised 

for calcareous media. 

Phosphorus solubilized in water  

These tests show the effect of P concentration in soil for plant growth. 

Phosphorus solubilized in mixed acid instead of HCl 

This phosphorus extraction procedure was a modification of the above extraction 

but can be used for calcareous media.   

Phosphorus solubilized in Sodium bicarbonate 

This phosphorus extraction was carried out with 0.5M NaHCO3 at a pH of 8.5. In 

calcareous, alkaline or neutral soils containing Ca phosphates, the extractant decreases 

the Ca concentration and hence the concentration of P increases. In acids soils containing 

Al and Fe, P concentration increases as the pH increases. 

Phosphorus solubilized in Ammonium Bicarbonate 

This phosphorus extracted P, NO3, K, Zn, Fe and Mn from alkaline soils. This test 

extracted half of the P as in the previous sodium bicarbonate method.  
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Phosphorus by Isotopic dilution of P32

A portion of the solid phase phosphorus in soils exists in equilibrium with the 

solution phase P. This amount present in soils in each phase may be measured by a 

method based on the isotopic dilution of the radioactive tracer with the stable isotope of 

the solid and solution phases. 

In experimental conditions where P32 may be changed from inorganic to organic 

forms, the isobutyl alcohol method allows a separation of the P into the inorganic form. 

Usually soil phosphate exchange may be resolved into two reactions: a fast reaction that 

is complete in about 24 hours, and a slow reaction that may continue for many days. Near 

isotopic equilibrium is reached in 24 hours in a calcareous soil.  

As mentioned earlier, availability indices were developed to evaluate the available 

soil phosphorus for plant uptake. Numerous soil tests were developed based on the 

various extracting reagents (as described briefly above) that extract varying amounts of 

phosphorus from the soils. Anion exchange resin, iron-oxide impregnated filter paper 

strips, and isotopic exchange methods are nondestructive on soil constituents in contrast 

to the chemical extractants. For the soil tests to adequately reflect soil phosphorus 

availability, the phosphorus tests should respond to soil characteristics in a similar 

manner as plants (Sparks, 1996; Page, 1982).  

While investigating the different ways to determine soil phosphorus, a sequential 

extraction procedure for the different forms of phosphorus was considered to be most 

relevant and useful for this research. Thus, a modified sequential extraction procedure 

was used for the media tested for the present project as given in Section 3.6. The decision 

to use sequential extraction was also based on the fact that the other analytical methods 
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were too time consuming and/or inexact and thus considered not suitable for the 

extensive amount of testing required for the project.  

A7 Analysis procedure  

Once the sample was extracted into the liquid phase, the analyses of the samples 

were carried out using the UV spectrophotometer. There were a number of methods 

available for the analysis, but Molybdenum (Mo) blue methods were the most sensitive 

for determination of phosphorus. These were the same set of reactions used by the Flow 

Injection Analysis (FIA) instrument (which are being used for the analysis of phosphorus 

in the solution). Therefore, the same method was incorporated in the present testing and 

analysis project as detailed in Section 3.6.3. 
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Appendix B: Calibration of the flow injection analyzer (FIA) 

The FIA was used for the orthophosphate and the total phosphorus analysis. The 

calibration process of the FIA for the orthophosphate analysis was already an established 

procedure (Diamond, 2000). However, the FIA also needed to be calibrated for the total 

phosphorus analysis.  The total phosphorus analysis cell was constructed in the lab for 

this purpose. For the total phosphorus analysis, the FIA could be calibrated using a set of 

standards called the simulated standards which were made from the stock phosphorus 

solution by diluting it with a reagent called the digestion solution (Diamond, 2000a). The 

samples for the total phosphorus analysis were required to be digested according to the 

procedure; it was recommended that the standards were also run through the same 

digestion procedure as mentioned in Section 3.6.2. The digested standards were made by 

diluting with dd-water. Thus, the calibration of the FIA instrument could be done either 

using the digested standards and/or the simulated standards.  

To determine which set of standards should be used for the calibration of the FIA, 

the calibration was carried out with both the sets of standards repeatedly. Figure B1 gives 

the calibration using both the digested and non-digested (simulated) standards. It was 

observed that the calibration curves using the non-digested standards gave higher values 

as compared to the digested standards for the same sample.  Table B1 shows some of the 

selected calibration data. The calibration was done using the undigested (und) and the 

digested (dig) standards. The same standards were then analyzed as samples. Table B2 

shows some other runs where the standards were run as samples.  
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Figure B1: Comparison of the digested and non-digested standards’ values 

T1d, T2d: digestion standards calibration;  

T1, T2: non-digested standards calibration 

 
Table B1: Standards used as samples 

standard Sample Run  Regression Equation r2

und und T1d y=1.0369x-0.0152 0.9996 

und dig T2 y=0.9747x+-0.0014 0.9993 

und und T1 y=1.006x+0.0091 0.9995 

dig dig T2d y=1.1797x-0.1731 0.9865 

 

Based on these experimental runs, the ratio for the calibration was obtained as low 

as 0.97 to as high as 1.58 and the average ratio was 1.22. In other words, when the 

simulated standards were used for the calibration, the observed value was 1.2 times 

higher than that observed when digested standards were used for calibration for the same 

sample.  
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Table B2: Selected calibration data  

Regression Equation  R2

y =1.0953x + 0.0279 1

y = 1.3722x - 0.1548 0.999

y = 1.1139x - 0.0634 0.999

y = 1.5825x - 0.2276 0.9966

y = 1.0866x - 0.0914 0.9998

y = 1.0897x + 0.0525 0.9998

 

Another significant observation was that the FIA gave good and reproducible 

results when the digested standards were used for the calibration. Although it was 

possible to use the simulated standards for the calibration, and then using the ratio for 

conforming to the actual values, the simulated standards were not used for the calibration 

of the FIA during the analysis of the total phosphorus for the sequential experiments. It 

was thought that using digested standards would lead to elimination of some errors which 

may occur during digestion.   
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Appendix C: Sample calculations  

Appendix C1: Media characterization (Budhu, 2000) 

Grain Size Analysis 

From Fig. 4.1, d60 is 1.7 mm, d30 is 0.8 mm and d10 is 0.5 mm 

 

Uniformity Coefficient, UC, is given by: 

5.0
7.1

10

60 ==
d
d

UC  

UC = 3.4 < 4 

 

Coefficient of Curvature, Cc, is given by: 

7.1*5.0
8.0

*

2

6010

2
30 ==
dd

d
Cc  

Cc = 0.75 <1 

Thus gravel is of SP class or poorly graded media.  

Bulk density determination 

According to Equation 3.1: 

t

t
b V

M
=ρ         (3.1) 

603.1
3.66

1699.284709.134
=

−
=bρ  g/cm3
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Particle density determination 

According to Equation 3.2: 

( )
( ) ( )wfwfsffs

ffsw
s MMMM

MM

++++

+

−−−

−
=

ρ
ρ     (3.2) 

( )
( ) ( )6207.1735052.2057828.743660.125

7828.743660.1259884.0
−−−

−
=sρ = 2.6737 g/cm3

Porosity calculations 

According to Equation 3.3: 

%1001 x
s

b
⎥
⎦

⎤
⎢
⎣

⎡
−=
ρ
ρ

η      (3.3) 

03.40%100
6737.2
603.11 =⎥⎦

⎤
⎢⎣
⎡ −= xη  

Hydraulic Conductivity Determination 

According to Equation 3.4: 

    
thA

LVK =       (3.4) 

sm
smm

mmK /0067.0
60*244.0*00811.0

2.0*004.0
2

3

==  

Reynolds Number Determination 

Case 1: Calculation of Reynolds number based on hydraulic conductivity tests  

For gravel medium: (see Appendix D1, Table D7).  

Volumetric flowrate, using the average of the three volumes, is calculated as:  
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 sm
smL

mQ /10*67.6
60
1*

1000000
1*

3
390410400 36

3
−=

++
=  

 

Flow velocity is calculated using above flowrate and the cross sectional area 

(A=0.00811m2) of the permeameter as: 

smvelocity /10*22.8
00811.0

10*67.6 4
6

−
−

==  

 

Reynolds number is calculated using water viscosity of 0.001 Pa.s, and density of 

1000 kg/m3 of water, d50 = 1.5 mm (Appendix D1, Table D1 and Figure 4.1) and above 

velocity: 

μ
ρ**

Re 50dv
=  

 23.1
//001.0

/1000*0015.0*/10*22.8Re
34

==
−

mskg
mkgmsm  

 

Flow is considered laminar and follow Darcy law if Re is between 1 and 10 (Bear, 1972) 

which is confirmed by the hydraulic conductivity tests conducted.  

 

Case 2: Calculation of Reynolds number using the flow cell velocity  

For gravel medium (see Table 4.10): fluid velocity in flow cell is 12.3 cm/hr  

smvelocityflowcell /10*42.3
360000

3.12 5−==  

051.0
//001.0

/1000*0015.0*/10*42.3Re
35

==
−

mskg
mkgmsm  
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Case 3: Using equation (Re = av + bv2)  and v =  sm /10*22.8 4−

msda /2.705.1*8.1358.135 627.1627.1
50 === −−  

22420.1420.1
50 /5025.1*62756275 msdb === −−  

058.010*22.8*10*22.8*50210*22.8*2.70Re 444 =+= −−−  

Appendix C2: Kinetics 

 Percentage Removal 

According to Equation 3.5: 

%1003%
1

3

11

x

n
C

C
n
C

removal n
in

e
n

in

∑

∑∑ −
=−    (3.5) 

M

V
C

n
C

m
x

e
n

in

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
−

=

∑∑
3

3

11

    (3.6) 

Order of the reactions (given in Table 3.1) 

First Order Reaction 

in
rx C

Ctk ln=  

From the plot of tvs
C
C

in

ln , for 5 gm of media,  

Linear regression equation: y = 0.0036x + 0.2332, 
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Coefficient of determination, r2 = 0.4234. 

 

Reaction rate constant, krx, is given by the slope of the plot.  

krx = 0.0036 h -1

Second Order Reaction 

in
rx CC

tk 11
−=  

From the plot of tvs
C
1 , for 5 gm of media,  

Linear regression equation: y = 0.0013x + 0.3195, 

Coefficient of determination, r2 = 0.3621. 

 

Reaction rate constant, krx, is given by the slope of the plot.  

krx = 0.0013 mg/(L.h) -1

Saturation Order Reaction  

( )CC
C

C
Ktk in

in
rx −+= ln  

From the plot (Figure 4.9) of 
( )

t
CC

vs
C

C
t

inin −
ln1 , for 5 gm of media,  

 

Linear regression equation: y = 0.2699x + 0.0017, 

Coefficient of determination, r2 = 1.0 

 

K is given by the slope, m, of the line: 
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K = 
2699.0
11

−=−
m

 

K = -3.71 mg/(L.h) -1

Reaction rate constant, krx, is given by the intercept: 

 0017.0=
K
krx  

krx = - 0.006 mg/L 

Modeling phosphorus removal using saturation kinetics 

Using the values of krx (=-0.006) and K (=-3.71) calculated earlier and according to the 

saturation equation given below, time (t) for the known solution concentration (C) is 

calculated.  

( )CC
C

C
Ktk in

in
rx −+= ln  

( )C
C

t −+−=− 44ln*71.3*006.0  

To determine time, t, for C in the range of 0 – 4 mg/L: 

For an assumed value of C = 3.4 mg/L, the value of t is: 

    ( )4.34
4.3

4ln*71.3*006.0 −+−=− t  

     t = 0.49 h 

And then according to Equation 4.1: 

( ) kggx
gm

LxCLmg
m
x /1000

0.5
05.0/0.4 −

=    (4.1) 

( ) kgmgkggx
gm

LxLmg
m
x /6/1000

0.5
05.04.3/0.4

=
−

=  
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Then the calculated 
m
x  values are plotted vs the time in Figures 4.10 through 4.14.  

Appendix C3: Isotherm experiments 

Langmuir Isotherm  

According to Equation 3.8: 

L

ee

K
C

m
x

C

maxmax

1
Γ

+
Γ

=        (3.8) 

 

From the plot of e
e Cvs

m
x

C
 and for 4ppm inlet phosphorus concentration:  

Linear regression equation: y = 0.0345x + 0.086 

Coefficient of determination, r2 = 0.7453. 

98.28
0345.0
11

max ===Γ
slope

 

y intercept = 086.01

max

=
Γ LK

 

Langmuir constant, KL = 0.40   

Freundlich Isotherm 

According to Equation 3.10: 

eF CNK
m
x logloglog +=      (3.10) 
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From the plot of eCvs
m
x loglog , 4ppm inlet phosphorus concentration:  

Linear regression equation: y = 0.6306x + 0.9151, 

Coefficient of determination, r2 =0.8912. 

 

59.1
6306.0
11

===
slope

n  

y intercept = 9151.0log =FK  

Freundlich Constant, KF = 8.2243   

Theoretical Sorption Capacity according to Langmuir Isotherm 

Insert Ce = 4 ppm in Equation 3.8: 

L

e

u

e

K
C

m
x
C

maxmax

1
Γ

+
Γ

=
⎟
⎠
⎞

⎜
⎝
⎛

      

40.0*98.28
1

98.28
44

+=
⎟
⎠
⎞

⎜
⎝
⎛

um
x

 

kgmg
m
x

u

/85.17=⎟
⎠
⎞

⎜
⎝
⎛  

 

According to amended Langmuir Equation 3.14:   

( )[ ] ( )
eL

eLein

CK
CKtQCC

m
max

1***
Γ

+−
=     (3.14) 

( )[ ] ( )[ ] ykg
kgmg

yydaysdayLLmg

m
x

tQCC
m

u

ein /10*2.4
/85.17

1*/365*/68500*/14** 6=
−

=
⎟
⎠
⎞

⎜
⎝
⎛
−

=  
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Then using Equation 3.15: 

b

MV
ρ

=      (3.15) 

3
3

6

2620
/1603

10*2.4 m
mkg
kgV ==      

Theoretical Sorption Capacity according to Freundlich Isotherm 

 

Insert Ce = 4 ppm in Equation 3.10 

eF CNK
m
x logloglog +=     (3.10) 

4log*63.09151.0log +=⎟
⎠
⎞

⎜
⎝
⎛

um
x  

kgmg
m
x

u

/71.19=⎟
⎠
⎞

⎜
⎝
⎛  

 

According to amended Freundlich Equation 3.12: 

( )
N

eF

ein

CK
tQCC

m
**−

=      (3.12) 

( ) ( ) kg
kgmg

yearydaydayLLmg

m
x

tQCC
m

u

ein 610*8.3
/71.19

1*/365*/68500*/14**
=

−
=

⎟
⎠
⎞

⎜
⎝
⎛
−

=  

 

Again using Equation 3.15: 

3
3

6

2373
/1603

10*8.3 m
mkg
kgV ==  
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Appendix C4: Flowcell experiments 

 

Porosity of gravel, η = 0.4 

Cross – sectional area of the flow cell, A = 84.72 cm2 

Flow rate, Q = 10 L/day 

Linear water velocity, vx

ηxA
Qvx =       (4.2)  

4.072.84
/10

2 xcm
dayLvx =    

    vx = 12.30 cm/h 

Hydraulic Retention Time, HRT  

ηx
Q
V

HRT fc=          (4.3) 

Volume of media in flow cell, Vfc = A * L 

4.0
/1000*/10

60*72.84
3

2

x
LcmdayL

cmcmHRT =  

     = 0.203 days = 4.88 hours 

Percentage Removal 

For gravel medium, at the end of first section, for the first data point (see Appendix D4, 

Table D32): Concentration of phosphorus in the solution: 1.604 mg/L 

Total volume of phosphorus solution passed during the sampling interval: 30 L  
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According to Equation 3.17: 

100*
in

oin

C
CC

R
−

=       (3.17) 

%95.59100*
4

602.14
=

−
=R  

Phosphorus removed (mg/kg) 

According to Equation 3.18: 

inisi CVVRP **
100 )1( −−=     (3.18) 

mgP 94.714*)030(*
100

95.59
=−=  

 

The mass of medium used in the gravel flow cell, Mgravel, is: 

kgLmmkgLVM gravelfcgravel 148.81000/1*/1603*08.5* 33 === ρ  

where bulk density of gravel medium, gravelρ  = 1603 kg/m3

 

Mass of the first section according to Equation 3.19: 

gravel
F

s
s M

L
L

M *=      (3.19) 

kgM s 037.2148.8*
60
15

==  

Mass of phosphorus sorbed according to Equation 3.20: 

s
i M

PX =       (3.20) 
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kgmgX i /317.35
037.2

94.71
==  

(see Appendix D4, Table D35) 

Estimated filter volume for one year operation 

Volumetric flow rate in the flow cells, Q = 10 L/day 

Volume of flow cell, Vfc = 5083.2 cm3 = 5.08 L 

Bed volumes treated per day, Vb
 (day -1): 

197.1
08.5
/10 −=== day

L
dayL

V
Q

V
fc

b  

Volume of media required in a field scale filter, Vf (m3), can be determined by using the 

design flow rate as follows: 

3
3

82.34
/97.1

/5.68 m
day

daym
V

Q
V

b

sce
f ===  

where design flow rate for SCE, Qsce = 68.50 m3/day 

 

The required mass of media in a field scale filter, MF (kg), is calculated as follows: 

kgmkgmVM gravelfF 55816/1603*82.34* 33 === ρ  

where bulk density of gravel medium, gravelρ  = 1603 kg/m3

 

The operating life of the field filter is the time required at a given flow rate to reach the 

maximum allowable breakthrough concentration was calculated as: 

cbgravelsce

F

VMQ
Mt

/*
=  
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where Vcb is the volume of water treated when breakthrough occurs. In case of gravel, 

breakthrough was assumed to occur at the conclusion of the test. Therefore, total volume 

of influent passed through the flow cell (Vcb = 0.66 m3) and outflow concentration of 

~ 2mg/L was used.  

days
mkgdaym

kg
VMQ

Mt
cbgravelsce

F 66
66.0/15.8*/5.68

55816
/* 33 ===  

The required volume for one year of operation was determined as: 

33 19282.34*
66

365* mm
days
daysV

t
TV fF ===  

where VF was volume of filter for one year operation 

T is the life span of filter (1 year) 

(see Appendix D4, Table D38) 

Appendix C5: Sequential extraction experiments 

Phosphorus adsorbed section wise 

For Gravel for the first section, as calculated in Appendix C4: 

Total Phosphorus removed = 35.317 mg/kg (see Appendix D4, Table D35) 

Total P extracted (all fractions) for one g of media (see Appendix D5, Table D39): 

=  0.011+0.009+0.017+0.128  

= 0.165 mg/gm 

= 165.44 mg/kg 

Thus, Phosphorus retained in the medium = Sorbed – Extracted  

      = 35.317 – 165.44 

      = -130.13 mg/kg 
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First Section Experiments: 

For the top layer of Gravel for the first section: 

Total P extracted (all fractions)  = 15.26+13.32+20.55+105.61 

      = 154.74 mg/kg  

(see Appendix D5, Table D47) 
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Appendix D: Experimental data sets 

Appendix D1: Media characterization 

Table D1: Grain size analysis for gravel (Fig. 4.1) 

 

Gravel mass sample = 499.65 grams 

Sieve Size 

(mm) 

Sieve 

Mass (g) 

Sieve + Sample 

Mass (g) 

sample 

mass (g) 

sample 

mass % 

cumulative 

%  

cumulative 

% finer 

13.20 581.33 581.33 0.00 0.00 0.00 100.00 

9.50 589.52 589.51 0.00 0.00 0.00 100.00 

6.30 571.19 574.75 3.56 0.72 0.72 99.28 

4.75 633.78 649.52 15.74 3.19 3.91 96.09 

2.00 453.12 587.36 134.24 27.19 31.10 68.90 

0.43 422.38 751.71 329.33 66.71 97.81 2.19 

0.25 389.03 396.30 7.27 1.47 99.28 0.72 

0.13 306.24 309.19 2.95 0.60 99.88 0.12 

0.08 515.37 515.96 0.59 0.12 100.00 0.00 

  TOTAL 493.68    

       

 

D60 1.7 
D50 1.5 
D30 0.8 
D10 0.5 
Cu 3.40 
CC 0.75 
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Table D2: Grain size analysis for slag (Fig. 4.2) 

 

Slag mass sample = 500.56 grams 

Sieve Size 

(mm) 

Sieve 

Mass (g) 

Sieve + Sample 

Mass (g) 

sample 

mass (g) 

sample 

mass % 

cumulative 

%  

cumulative 

% finer 

13.20 581.28 581.28 0.00 0.00 0.00 100.00 

9.50 589.50 592.46 2.96 0.59 0.59 99.41 

6.30 571.20 581.87 10.67 2.13 2.72 97.28 

4.75 633.81 688.91 55.10 11.01 13.73 86.27 

2.00 452.86 795.48 342.62 68.44 82.16 17.84 

0.43 421.80 509.66 87.86 17.55 99.71 0.29 

0.25 389.05 389.56 0.51 0.10 99.82 0.18 

0.13 306.30 306.90 0.60 0.12 99.94 0.06 

0.08 515.41 515.73 0.32 0.06 100.00 0.00 

  TOTAL 500.64    

 

D60 3.5 
D50 3.0 
D30 2.4 
D10 1.2 
Cu 2.92 
CC 1.37 
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Table D3: Grain size analysis for clinker (Fig. 4.3) 

 

Clinker mass sample = 499.91 grams 

Sieve Size 

(mm) 

Sieve 

Mass (g) 

Sieve + Sample 

Mass (g) 

sample 

mass (g) 

sample 

mass % 

cumulative 

%  

cumulative 

% finer 

13.20 581.32 581.32 0.00 0.00 0.00 100.00 

9.50 589.51 599.15 9.64 1.95 1.95 98.05 

6.30 571.20 620.74 49.54 10.01 11.96 88.04 

4.75 633.82 713.40 79.58 16.08 28.04 71.96 

2.00 452.88 698.28 245.40 49.58 77.62 22.38 

0.43 421.81 522.01 100.20 20.25 97.87 2.13 

0.25 389.05 391.98 2.93 0.59 98.46 1.54 

0.13 306.31 312.00 5.69 1.15 99.61 0.39 

0.08 515.43 517.37 1.94 0.39 100.00 0.00 

  TOTAL 494.92    

 
D60 4.0 
D50 3.0 
D30 2.5 
D10 0.9 
Cu 4.44 
CC 1.74 



 262 

Table D4: Data for bulk density calculations 

Sample 

mass 

flask (g) 

mass flask 

+ dd H20 

(g) 

mass 

beaker 

(g) 

mass 

beaker + 

ddH20 

(g) 

Mass beaker 

+ sample (g) 

Volume 

of beaker 

(cm3) 

Bulk 

Density 

(g/cm3) 

Gravel 36.9666 86.8434 28.1699 94.3068 134.4709 66.30 1.603 

Slag 36.9666 86.8434 28.1699 94.3068 105.2630 66.30 1.163 

Clinker 36.9666 86.8434 28.1699 94.3068 94.7502 66.30 1.004 

 

Table D5: Data for particle density calculations 

Sample 

mass flask 

(g) 

mass flask + 

sample (g) 

mass flask + 

sample + ddH20 

(g) 

mass flask + 

ddH20 (g) 

Water 

Density  

(g/ cm3) 

Particle 

Density 

(g/cm3) 

Gravel 74.7828 125.3660 205.5052 173.6207 0.9884 2.6737 

Slag 67.8333 118.6825 198.2656 166.8822 0.9905 2.5874 

Clinker 68.9742 119.6255 201.9943 167.1492 0.9818 3.1460 

 

Table D6: Porosity calculations 

Sample Bulk Density (g/cm3) Particle Density (g/cm3) Porosity 

Gravel 1.603 2.6737 40.03 

Slag 1.163 2.5874 55.06 

Clinker 1.004 3.1460 68.08 



 263 

Table D7: Data for gravel hydraulic conductivity calculations 

Nominal 

Head (m) 

Volume 

(mL) 

Time 

(s) 

Head dif 

(cm) 

Avg Head 

dif (m) 

K 

(m/s) 

Rea Reb 

0.65 400 60 25.0 0.244 0.0067 1.23 0.06 

 410 60 24.8     

 390 60 23.5     

0.85 445 60 32.0 0.320 0.0057 1.35 0.07 

 440 60 32.0     

 430 60 31.9     

0.97 475 60 36.7 0.368 0.0053 1.45 0.07 

 470 60 37.0     

 465 60 36.8     

1.10 500 60 42.0 0.426 0.0048 1.53 0.08 

 495 60 42.7     

 490 60 43.0     

a

µ
ρ**

Re 50dv
=  

bRe = av + bv2 (d50 = 1.5 mm) 
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Table D8:  Data for slag hydraulic conductivity calculations 

Nominal 

Head (m) 

Volume 

(mL) 

Time 

(s) 

Head dif 

(cm) 

Avg Head 

dif (m) 

K 

(m/s) 

Rea Reb 

0.63 600 60 1.1 0.011 0.33 3.69 0.03 

 595 60 1.1     

 600 60 1.1     

0.83 650 60 1.5 0.015 0.27 3.97 0.03 

 640 60 1.5     

 640 60 1.4     

0.95 715 60 2.1 0.021 0.21 4.36 0.04 

 705 60 2.1     

 700 60 2.0     

1.05 800 60 2.5 0.025 0.19 4.92 0.04 

 790 60 2.4     

 805 60 2.5     

a

µ
ρ**

Re 50dv
=  

bRe = av + bv2 (d50 = 3 mm) 
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Table D9: Data for clinker D hydraulic conductivity calculations 

 

Nominal 

Head (m) 

Volume 

(mL) 

Time 

(s) 

Head dif 

(cm) 

Avg Head 

dif (m) 

K 

(m/s) 

Rea Reb 

0.64 470 60 0.5 0.006 0.21 2.83 0.02 

 460 60 0.6     

 445 60 0.6     

0.80 555 60 0.7 0.007 0.20 3.40 0.03 

 550 60 0.8     

 550 60 0.7     

0.90 620 60 0.9 0.009 0.17 3.82 0.03 

 620 60 0.9     

 620 60 1.0     

1.08 770 60 1.2 0.012 0.17 4.74 0.04 

 770 60 1.2     

 765 60 1.2     

a

µ
ρ**

Re 50dv
=  

bRe = av + bv2 (d50 = 3 mm) 

 

Clinker D sample was taken further downstream in the flow cell where there was no 

microbial growth. 
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Table D10: Data for clinker B hydraulic conductivity calculations 

Nominal 

Head (m) 

Volume 

(Ml) 

Time 

(s) 

Head dif 

(cm) 

Avg Head 

dif (m) 

K 

(m/s) 

Rea Reb 

0.65 570 60 0.5 0.005 0.23 3.49 0.03 

 570 60 0.5     

 560 60 0.5     

0.83 680 60 0.7 0.007 0.20 4.18 0.03 

 680 60 0.7     

 675 60 0.6     

0.93 740 60 1.0 0.010 0.14 4.56 0.04 

 740 60 1.0     

 740 60 1.1     

1.08 850 60 1.2 0.012 0.14 5.22 0.04 

 845 60 1.2     

 845 60 1.2     

a

µ
ρ**

Re 50dv
=  

bRe = av + bv2 (d50 = 3 mm) 
 
 

Clinker B sample was taken closer to the inlet in the flow cell where the white microbial 

growth was observed. 
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Appendix D2: Kinetics 

Table D11: First order model for Cin of 4 mg/L (Fig. 4.4) 

Cin  Time, h ↓ -ln(C/Cin) 

 mass, g → 5 10 15 20 30 

 0.5 0.17 0.19 0.34 0.31 0.41 

4 mg/L 2 0.20 0.36 0.45 0.49 0.73 

 4 0.22 0.40 0.67 0.60 1.10 

 22 0.26 0.69 0.82 0.96 1.26 

 46 0.72 0.88 1.00 1.15 1.65 

 100 0.46 0.93 1.25 1.30 1.99 

       

Table D12: First order model for Cin of 8 mg/L (Fig. 4.5) 

Cin  Time, h ↓ -ln(C/Cin) 

 mass, g → 5 10 15 20 30 

 0.5 0.02 0.05 0.20 0.24 0.35 

 2 0.16 0.14 0.36 0.41 0.54 

8 mg/L 4 0.15 0.35 0.31 0.43 0.58 

 22 0.18 0.41 0.51 0.66 1.18 

 46 0.18 0.42 1.01 0.88 1.21 

 100 0.33 0.53 0.81 1.04 1.83 
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Table D13: Second order model for Cin of 4 mg/L (Fig. 4.6) 

Cin  Time, h ↓ 1/C 

  mass, g → 5 10 15 20 30 

  0.5 0.29 0.30 0.35 0.34 0.38 

4 mg/L 2 0.30 0.36 0.39 0.41 0.52 

  4 0.31 0.37 0.49 0.45 0.75 

  22 0.33 0.50 0.57 0.65 0.88 

  46 0.51 0.60 0.68 0.79 1.30 

  100 0.39 0.63 0.88 0.92 1.83 

 

Table D14: Second order model for Cin of 8 mg/L (Fig. 4.7) 

 Cin  Time, h ↓ 1/C 

  mass, g → 5 10 15 20 30 

 0.5 0.13 0.13 0.15 0.16 0.18 

 2 0.15 0.14 0.18 0.19 0.21 

8 mg/L 4 0.14 0.18 0.17 0.19 0.22 

 22 0.15 0.19 0.21 0.24 0.41 

  46 0.15 0.19 0.34 0.30 0.42 

 100 0.17 0.21 0.28 0.35 0.78 

 



 269 

Table D15: Saturation order model for Cin of 4 mg/L (Fig. 4.8) 

 Time, h ↓ Cin/C (Cin-C)/t 

mass, g → 5.000 10.000 15.000 20.000 30.00 5.000 10.000 15.000 20.000 30.000 

0.500 1.180 1.204 1.400 1.362 1.514 1.218 1.354 2.285 2.126 2.716 

2.000 1.217 1.440 1.561 1.639 2.068 0.357 0.611 0.719 0.780 1.033 

4.000 1.251 1.493 1.952 1.814 3.015 0.200 0.330 0.488 0.449 0.668 

22.000 1.301 1.987 2.282 2.601 3.523 0.042 0.090 0.102 0.112 0.130 

46.000 2.049 2.417 2.727 3.158 5.200 0.045 0.051 0.055 0.059 0.070 

100.000 1.576 2.533 3.504 3.676 7.323 0.015 0.024 0.029 0.029 0.035 

           

 Time, h ↓ ln(Cin/C) (1/t)*ln(Cin/C) 

mass, g → 5.000 10.000 15.000 20.000 30.000 5.000 10.000 15.000 20.000 30.000 

0.500 0.165 0.185 0.336 0.309 0.415 0.330 0.371 0.673 0.618 0.829 

2.000 0.197 0.364 0.445 0.494 0.727 0.098 0.182 0.223 0.247 0.363 

4.000 0.224 0.400 0.669 0.595 1.104 0.056 0.100 0.167 0.149 0.276 

22.000 0.263 0.687 0.825 0.956 1.259 0.012 0.031 0.037 0.043 0.057 

46.000 0.718 0.883 1.003 1.150 1.649 0.016 0.019 0.022 0.025 0.036 

100.000 0.455 0.929 1.254 1.302 1.991 0.005 0.009 0.013 0.013 0.020 
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Table D16: Saturation order model for Cin of 8 mg/L (Fig. 4.9) 

 Time, h ↓ Cin/C (Cin-C)/t 

mass, g → 5.000 10.000 15.000 20.000 30.000 5.000 10.000 15.000 20.000 30.000 

0.5 1.019 1.051 1.219 1.269 1.421 0.304 0.78 2.876 3.392 4.737 

2 1.179 1.155 1.429 1.509 1.71 0.607 0.537 1.201 1.35 1.661 

4 1.158 1.415 1.36 1.536 1.79 0.273 0.587 0.529 0.698 0.883 

22 1.203 1.508 1.671 1.943 3.253 0.061 0.122 0.146 0.176 0.252 

46 1.195 1.517 2.74 2.415 3.365 0.028 0.059 0.11 0.102 0.122 

100 1.39 1.705 2.256 2.84 6.247 0.022 0.033 0.045 0.052 0.067 

           

 Time, h ↓ ln(Cin/C) (1/t)*ln(Cin/C) 

mass, g → 5.000 10.000 15.000 20.000 30.000 5.000 10.000 15.000 20.000 30.000 

0.5 0.019 0.05 0.198 0.238 0.351 0.038 0.1 0.396 0.477 0.702 

2 0.165 0.144 0.357 0.412 0.536 0.082 0.072 0.178 0.206 0.268 

4 0.147 0.347 0.307 0.429 0.582 0.037 0.087 0.077 0.107 0.146 

22 0.185 0.41 0.513 0.664 1.179 0.008 0.019 0.023 0.03 0.054 

46 0.178 0.417 1.008 0.882 1.213 0.004 0.009 0.022 0.019 0.026 

100 0.329 0.533 0.814 1.044 1.832 0.003 0.005 0.008 0.01 0.018 
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Table D17: Saturation model fit for Cin of 4 mg/L and 5 gm of media (Fig. 4.10) 

4 mg/L/5 gm P final P removed P removed P  C time P  

Time, h mg/L mg/L mg mg/kg mg/L h mg/kg 

0.5 3.391 0.609 0.030 6.089 3.4 0.49 6 

2 3.286 0.714 0.036 7.138 3.1 7.61 9 

4 3.198 0.802 0.040 8.019 2.8 20.54 12 

22 3.076 0.924 0.046 9.245 2.5 40.62 15 

46 1.952 2.048 0.102 20.483 2.2 69.66 18 

100 2.538 1.462 0.073 14.623 1.9 110.31 21 

 

Table D18: Saturation model fit for Cin of 8 mg/L and 5 gm of media (Fig. 4.10) 

8 mg/L/5 gm P final P removed P removed P  C time P 

Time, h mg/L mg/L mg mg/kg mg/L h mg/kg 

0.5 7.85 0.15 0.01 1.5 6.9 2 11 

2 6.79 1.21 0.06 12.1 6.7 21.14 13 

4 6.91 1.09 0.06 10.9 6.5 46.91 15 

22 6.65 1.35 0.07 13.5 6.3 79.74 17 

46 6.69 1.31 0.07 13.1 6.1 120.09 19 

100 5.75 2.25 0.11 22.5 5.9 168.44 21 
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Table D19: Saturation model fit for Cin of 4 mg/L and 10 gm of media (Fig. 4.11) 

4 mg/L/10 

gm P final P removed P removed P  C time P  

Time, h mg/L mg/L mg mg/kg mg/L h mg/kg 

0.5 3.323 0.677 0.034 6.771 3.3 0.29 7 

2 2.778 1.222 0.061 12.218 3 2.17 10 

4 2.680 1.320 0.066 13.200 2.5 8.50 15 

22 2.013 1.987 0.099 19.868 2 20.40 20 

46 1.655 2.345 0.117 23.451 1.5 41.09 25 

100 1.579 2.421 0.121 24.209 0.8 100.84 32 

 

Table D20: Saturation model fit for Cin of 8 mg/L and 10 gm of media (Fig. 4.11) 

8 mg/L/10 gm P final P removed P removed P  C time P  

Time, h mg/L mg/L mg mg/kg mg/L h mg/kg 

0.5 7.6 0.4 0.019 3.9 7.1 0.37 7.2 

2 6.9 1.1 0.054 10.7 7 0.84 8 

4 5.7 2.3 0.117 23.5 6.3 7.07 13.6 

22 5.3 2.7 0.135 26.9 5.5 21.5 20 

46 5.3 2.7 0.136 27.3 4.5 54.19 28 

100 4.7 3.3 0.165 33.1 3.5 110.91 36 
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Table D21: Saturation model fit for Cin of 4 mg/L and 15 gm of media (Fig. 4.12) 

4 mg/L/15 gm P final P removed P removed P  C time P  

Time, h mg/L mg/L mg mg/kg mg/L h mg/kg 

0.5 2.857 1.143 0.057 11.427 2.8 0.65 10.40 

2 2.563 1.437 0.072 14.374 2.5 3.11 13.00 

4 2.049 1.951 0.098 19.506 2 10.49 17.33 

22 1.753 2.247 0.112 22.470 1.5 24.01 21.67 

46 1.467 2.533 0.127 25.334 1 48.75 26.00 

100 1.142 2.858 0.143 28.585 0.5 100.90 30.33 

 

Table D22: Saturation model fit for Cin of 8 mg/L and 15 gm of media (Fig. 4.12) 

8 mg/L/15 gm 

P 

final P removed P removed P  C time P  

Time, h mg/L mg/L mg mg/kg mg/L h mg/kg 

0.5 6.6 1.4 0.07 14.4 6.5 0.4 15 

2 5.6 2.4 0.12 24.0 6 2.57 20 

4 5.9 2.1 0.11 21.2 5 11.05 30 

22 4.8 3.2 0.16 32.1 4 27.18 40 

46 2.9 5.1 0.25 50.8 3 55.39 50 

100 3.5 4.5 0.22 44.5 2 105.64 60 
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Table D23: Saturation model fit for Cin of 4 mg/L and 20 gm of media (Fig. 4.13) 

4 mg/L/20 gm P final P removed P removed P  C time P  

Time, h mg/L mg/L mg mg/kg mg/L h mg/kg 

0.5 2.937 1.063 0.053 10.629 3 0.03 9 

2 2.441 1.559 0.078 15.593 2.5 3.15 13.5 

4 2.205 1.795 0.090 17.948 1.5 21.24 22.5 

22 1.538 2.462 0.123 24.619 1 42.43 27 

46 1.267 2.733 0.137 27.333 0.8 55.83 28.8 

100 1.088 2.912 0.146 29.119 0.4 102.63 32.4 

 

Table D24: Saturation model fit for Cin of 8 mg/L and 20 gm of media (Fig. 4.13) 

8 mg/L/20 gm P final P removed P removed P  C time P  

Time, h mg/L mg/L mg mg/kg mg/L h mg/kg 

0.5 6.3 1.7 0.09 17.0 6 1.15 18 

2 5.3 2.7 0.14 27.0 5.5 3.52 22.5 

4 5.2 2.8 0.14 27.9 5 7.02 27 

22 4.1 3.9 0.19 38.8 4.5 11.92 31.5 

46 3.3 4.7 0.23 46.9 3 38.9 45 

100 2.8 5.2 0.26 51.8 1.5 105.49 58.5 
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Table D25: Saturation model fit for Cin of 4 mg/L and 30 gm of media (Fig. 4.14) 

4 mg/L/30 gm P final P removed P removed P  C time P  

Time, h mg/L mg/L mg mg/kg mg/L h mg/kg 

0.5 2.642 1.358 0.068 13.578 2.7 0.05 12.1 

2 1.934 2.066 0.103 20.661 2.4 0.95 14.9 

4 1.327 2.673 0.134 26.735 2.3 1.36 15.9 

22 1.135 2.865 0.143 28.646 1.8 4.47 20.5 

46 0.769 3.231 0.162 32.308 0.7 24.62 30.8 

100 0.546 3.454 0.173 34.538 0.05 104.93 36.9 

 

Table D26: Saturation model fit for Cin of 8 mg/L and 30 gm of media (Fig. 4.14) 

8 mg/L/30 gm P final P removed P removed P  C time P  

Time, h mg/L mg/L mg mg/kg mg/L h mg/kg 

0.5 5.6 2.4 0.12 23.7 5.5 0.6 25 

2 4.7 3.3 0.17 33.2 5 2.2 30 

4 4.5 3.5 0.18 35.3 4.5 4.4 35 

22 2.5 5.5 0.28 55.4 3 17.3 50 

46 2.4 5.6 0.28 56.2 1.55 48.2 65 

100 1.3 6.7 0.34 67.2 0.6 104.2 74 
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Appendix D3: Isotherm experiments 

 

Table D27: Experimental data for the isotherm tests (Fig. 4.15) 

 

Cin → Cin = 4 mg/L Cin = 8 mg/L 

mass of  P adsorbed   P adsorbed 

Media (g) ↓ Ce (mg/L)  x/m (mg/kg) Ce (mg/L) x/m (mg/kg) 

5.00 2.54 14.62 5.75 22.46 

10.00 1.58 12.10 4.69 16.53 

15.00 1.09 9.53 3.55 14.85 

20.00 1.14 7.28 2.82 12.96 

30.00 0.55 5.76 1.28 11.20 
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Table D28: Langmuir isotherm for Cin of 8 mg/L (Fig. 4.16) 

P mg/L 

P 

removed 

P 

removed  

wt of 

media P removed  Ce/(x/m) 

Ce mg/L mg g x/m (mg/mg) kg/L 

5.754 2.246 0.112 5.000 2.24562E-05 0.256 

4.693 3.307 0.165 10.000 1.65327E-05 0.284 

3.546 4.454 0.223 15.000 1.48465E-05 0.239 

2.817 5.183 0.259 20.000 1.72758E-05 0.163 

1.281 6.719 0.336 30.000 2.23981E-05 0.057 

      

Table D29: Langmuir isotherm for Cin of 4 mg/L (Fig. 4.16) 

P mg/L 

P 

removed 

P 

removed  

wt of 

media P removed  Ce/(x/m) 

Ce mg/L mg g x/m (mg/mg) kg/L 

2.538 1.462 0.073 5.000 1.46232E-05 0.174 

1.579 2.421 0.121 10.000 1.21044E-05 0.130 

1.142 2.858 0.143 15.000 9.52822E-06 0.120 

1.088 2.912 0.146 20.000 7.27966E-06 0.149 

0.546 3.454 0.173 30.000 5.75628E-06 0.095 
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Table D30: Freundlich isotherm for Cin of 8 mg/L (Fig. 4.17) 

P mg/L 

wt of 

media 

P 

removed 

P 

removed  P removed  log Ce log (x/m) 

Ce G mg/L mg x/m (mg/kg) mg/L mg/kg 

5.754 5.000 2.246 0.112 22.456 0.760 1.351 

4.693 10.000 3.307 0.165 16.533 0.671 1.218 

3.546 15.000 4.454 0.223 14.847 0.550 1.172 

2.817 20.000 5.183 0.259 12.957 0.450 1.112 

1.281 30.000 6.719 0.336 11.199 0.107 1.049 

       

Table D31: Freundlich isotherm for Cin of 4 mg/L (Fig. 4.17) 

P mg/L 

P 

removed 

P 

removed  

wt of 

media P removed  log Ce log (x/m) 

Ce  mg/L mg g x/m (mg/kg) mg/L mg/kg 

2.538 1.462 0.073 5.000 14.623 0.404 1.165 

1.579 2.421 0.121 10.000 12.104 0.198 1.083 

1.142 2.858 0.143 15.000 9.528 0.037 0.979 

1.088 2.912 0.146 20.000 7.280 0.057 0.862 

0.546 3.454 0.173 30.000 5.756 -0.263 0.760 
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Appendix D4: Flow cell experiments  

Table D32: Phosphorus concentration profile for gravel data (Figure 4.18) 

 

No. of sample 1 2 3 4 5 6 7 

No. of days 3 6 9 12 15 18 21 

10 cm 1.602 1.503 1.581 1.772 1.706 1.771 1.698 

25 cm 1.369 1.263 1.371 1.610 1.659 1.718 1.625 

40 cm 1.228 1.162 1.280 1.450 1.599 1.667 1.647 

50 cm 1.074 0.989 1.107 1.278 1.338 1.581 1.580 

        

No. of sample 8 9 10 11 12 13 14 

No. of days 24 27 30 34 38 42 45 

10 cm 1.788 1.716 1.836 1.744 1.829 1.943 1.915 

25 cm 1.715 1.692 1.793 1.770 1.775 1.895 1.907 

40 cm 1.707 1.588 1.781 1.687 1.737 1.815 1.833 

50 cm 1.610 1.570 1.705 1.675 1.760 1.760 1.816 

        

No. of sample 15 16 17 18 19 20  

No. of days 48 51 55 59 62 66  

10 cm 1.987 2.014 1.861 1.673 1.849 1.804  

25 cm 1.893 1.912 1.822 1.649 1.788 1.785  

40 cm 1.886 1.923 1.772 1.633 1.757 1.689  

50 cm 1.874 1.877 1.764 1.580 1.677 1.692  
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Table D33: Phosphorus concentration profile for slag data (Figure 4.19) 

No. of sample 1 2 3 4 5 6 7 8 

No. of days 3 7 11 15 19 23 27 31 

15 cm 1.434 0.782 1.452 1.085 1.532 0.513 0.381 0.488 

30 cm 0.061 0.081 0.154 0.175 0.126 0.229 0.074 0.091 

45 cm 0.030 0.057 0.067 0.067 0.047 0.057 0.034 0.060 

         

         

No. of sample 9 10 11 12 13 14 15 16 

No. of days 35 39 43 48 53 57 61 65 

15 cm 0.338 0.093 0.242 0.191 0.475 0.273 0.304 0.458 

30 cm 0.087 0.019 0.151 0.024 0.029 0.047 0.045 0.074 

45 cm 0.047 0.019 0.024 0.034 0.028 0.025 0.017 0.021 
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Table D34: Phosphorus concentration profile for clinker data (Figure 4.20) 

No. of sample 1 2 3 4 5 6 7 8 

No. of days 4 8 12 16 20 24 28 32 

15 cm 0.016 0.013 0.011 0.006 0.008 0.007 0.008  0.009 

30 cm 0.015 0.014 0.013 0.007 0.007 0.007 0.007 0.008 

45 cm 0.017 0.010 0.012 0.007 0.007 0.007 0.007 0.006 

         

         

No. of sample 9 10 11 12 13 14 15  

No. of days 36 40 45 50 55 60 65  

15 cm 0.008 0.013 0.007 0.009 0.005 0.010 0.007  

30 cm 0.006 0.019 0.004 0.006 0.003 0.010 0.010  

45 cm 0.006 0.016 0.005 0.004 0.004 0.010 0.008  
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Table D35: Phosphorus sorbed over time by gravel (Figure 4.21) 

Day total  
volume 
since  station [p] along 

P % 
removed 

P 
removed cumulative P sorbed 

 volume last sample   length added    removal   

  litres litres   mg/L mg   mg mg mg/kg 

 0       120        

3 30 30 10 cm  1.602 48 59.953 71.943 71.943 35.32 

  30 30 25 cm 1.369 41 14.564 6.999 6.999 1.72 

  30 30 40 cm 1.228 37 10.302 4.230 4.230 0.69 

  30 30 50 cm 1.074 32 12.529 4.614 4.614 0.57 

                

6 60 30 10 cm  1.503  62.420 74.904 146.847 72.09 

  60 30 25 cm 1.263  15.959 7.197 14.196 3.48 

  60 30 40 cm 1.162  8.058 3.054 7.284 1.19 

  60 30 50 cm 0.989  14.826 5.166 9.780 1.20 

             

9 90 30 10 cm  1.581  60.470 72.564 219.411 107.71 

  90 30 25 cm 1.371  13.319 6.318 20.514 5.04 

  90 30 40 cm 1.280  6.632 2.727 10.011 1.64 

  90 30 50 cm 1.107  13.503 5.184 14.964 1.84 

             

12 120 30 10 cm  1.772  55.708 66.849 286.260 140.52 

  120 30 25 cm 1.610  9.155 4.866 25.380 6.23 

  120 30 40 cm 1.450  9.910 4.785 14.796 2.42 

  120 30 50 cm 1.278  11.897 5.175 20.139 2.47 

             

15 150 30 10 cm  1.706  57.350 68.820 355.080 174.31 

  150 30 25 cm 1.659  2.755 1.410 26.790 6.58 

  150 30 40 cm 1.599  3.647 1.815 16.611 2.72 

  150 30 50 cm 1.338  16.303 7.818 27.957 3.43 

                

18 180 30 10 cm  1.771  55.738 66.885 421.965 207.14 

  180 30 25 cm 1.718  2.994 1.590 28.380 6.97 

  180 30 40 cm 1.667  2.940 1.515 18.126 2.97 

  180 30 50 cm 1.581  5.177 2.589 30.546 3.75 

          

21 210 30 10 cm  1.698  57.553 69.063 491.028 241.04 

  210 30 25 cm 1.625  4.311 2.196 30.576 7.50 

  210 30 40 cm 1.647  -1.354 -0.660 17.466 2.86 

  210 30 50 cm 1.580  4.044 1.998 32.544 3.99 
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Day total  
volume 
since  station [p] along 

% 
removed 

P 
removed cumulative P sorbed 

 volume last sample   length    removal   

  litres litres   mg/L   mg mg mg/kg 

               

24 240 30 10 cm  1.788 55.293 66.351 557.379 273.61 

  240 30 25 cm 1.715 4.082 2.190 32.766 8.04 

  240 30 40 cm 1.707 0.507 0.261 17.727 2.90 

  240 30 50 cm 1.610 5.672 2.904 35.448 4.35 

               

27 270 30 10 cm  1.716 57.105 68.526 625.905 307.25 

  270 30 25 cm 1.692 1.416 0.729 33.495 8.22 

  270 30 40 cm 1.588 6.101 3.096 20.823 3.41 

  270 30 50 cm 1.570 1.184 0.564 36.012 4.42 

            

30 300 30 10 cm  1.836 54.105 64.926 690.831 339.13 

  300 30 25 cm 1.793 2.331 1.284 34.779 8.54 

  300 30 40 cm 1.781 0.664 0.357 21.180 3.47 

  300 30 50 cm 1.705 4.256 2.274 38.286 4.70 

            

34 340 40 10 cm  1.744 56.398 90.236 781.067 383.42 

  340 40 25 cm 1.770 -1.462 -1.020 33.759 8.29 

  340 40 40 cm 1.687 4.668 3.304 24.484 4.01 

  340 40 50 cm 1.675 0.705 0.476 38.762 4.76 

            

38 380 40 10 cm  1.829 54.275 86.840 867.907 426.05 

  380 40 25 cm 1.775 2.980 2.180 35.939 8.82 

  380 40 40 cm 1.737 2.113 1.500 25.984 4.25 

  380 40 50 cm 1.760 -1.330 -0.924 37.838 4.64 

            

42 420 40 10 cm  1.943 51.433 82.292 950.199 466.45 

  420 40 25 cm 1.895 2.481 1.928 37.867 9.29 

  420 40 40 cm 1.815 4.191 3.176 29.160 4.77 

  420 40 50 cm 1.760 3.030 2.200 40.038 4.91 

               

45 450 30 10 cm  1.915 52.118 62.541 1012.740 497.15 

  450 30 25 cm 1.907 0.459 0.264 38.131 9.36 

  450 30 40 cm 1.833 3.855 2.205 31.365 5.13 

  450 30 50 cm 1.816 0.955 0.525 40.563 4.98 
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Day total  
volume 
since  station [p] along 

% 
removed 

P 
removed cumulative P sorbed 

 volume last sample   length    removal   

  litres litres   mg/L   mg mg mg/kg 

         

48 480 30 10 cm  1.987 50.338 60.405 1073.145 526.80 

  480 30 25 cm 1.893 4.707 2.805 40.936 10.05 

  480 30 40 cm 1.886 0.365 0.207 31.572 5.17 

  480 30 50 cm 1.874 0.657 0.372 40.935 5.02 

               

51 510 30 10 cm  2.014 49.663 59.595 1132.740 556.06 

  510 30 25 cm 1.912 5.046 3.048 43.984 10.80 

  510 30 40 cm 1.923 -0.586 -0.336 31.236 5.11 

  510 30 50 cm 1.877 2.392 1.380 42.315 5.19 

            

55 550 40 10 cm  1.861 53.478 85.564 1218.304 598.06 

  550 40 25 cm 1.822 2.090 1.556 45.540 11.18 

  550 40 40 cm 1.772 2.761 2.012 33.248 5.44 

  550 40 50 cm 1.764 0.423 0.300 42.615 5.23 

            

59 590 40 10 cm  1.673 58.170 93.072 1311.376 643.75 

  590 40 25 cm 1.649 1.440 0.964 46.504 11.41 

  590 40 40 cm 1.633 0.964 0.636 33.884 5.54 

  590 40 50 cm 1.580 3.264 2.132 44.747 5.49 

            

62 620 30 10 cm  1.849 53.770 64.524 1375.900 675.42 

  620 30 25 cm 1.788 3.326 1.845 48.349 11.87 

  620 30 40 cm 1.757 1.723 0.924 34.808 5.70 

  620 30 50 cm 1.677 4.571 2.409 47.156 5.79 

            

66 660 40 10 cm  1.804 54.893 87.828 1463.728 718.54 

  660 40 25 cm 1.785 1.053 0.760 49.109 12.05 

  660 40 40 cm 1.689 5.372 3.836 38.644 6.32 

  660 40 50 cm 1.692 -0.148 -0.100 47.056 5.77 

         
 
Gravel: Mass of Section 1 is 2.037 kg 

Mass of Section 2 is 4.074 kg 
Mass of Section 3 is 6.111 kg 
Mass of Section 4 is 8.148 kg 
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Table D36: Phosphorus sorbed over time by slag (Figure 4.22) 

Day Station total  
volume 
since  

[p] 
along 

P % 
removed 

P 
removed cumulative P sorbed 

   volume last sample length added    removal   

    litres litres mg/L mg   mg mg mg/kg 

 0       120        

3 15 cm 30 30 1.434 43 64.140 76.968 76.968 39.06 
  30 cm 30 30 0.061 2 95.733 41.196 41.196 10.45 
  45 cm  30 30 0.030 1 51.634 0.948 0.948 0.16 
                
7 15 cm 70 40 0.782  80.440 128.704 205.672 104.37 
  30 cm 70 40 0.081  89.647 28.056 69.252 17.57 
  45 cm  70 40 0.057  29.877 0.968 1.916 0.32 
                

11 15 cm 110 40 1.452  63.690 101.904 307.576 156.08 
  30 cm 110 40 0.154  89.369 51.920 121.172 30.75 
  45 cm  110 40 0.067  56.671 3.500 5.416 0.92 
                

15 15 cm 150 40 1.085  72.870 116.592 424.168 215.25 
  30 cm 150 40 0.175  83.837 36.392 157.564 39.98 
  45 cm  150 40 0.067  61.973 4.348 9.764 1.65 
                

19 15 cm 190 40 1.532  61.695 98.712 522.880 265.34 
  30 cm 190 40 0.126  91.777 56.248 213.812 54.25 
  45 cm  190 40 0.047  63.016 3.176 12.940 2.19 
                

23 15 cm 230 40 0.513  87.180 139.488 662.368 336.13 
  30 cm 230 40 0.229  55.343 11.352 225.164 57.13 
  45 cm  230 40 0.057  75.022 6.872 19.812 3.35 
                

27 15 cm 270 40 0.381  90.485 144.776 807.144 409.60 
  30 cm 270 40 0.074  80.662 12.280 237.444 60.25 
  45 cm  270 40 0.034  53.397 1.572 21.384 3.62 
                

31 15 cm 310 40 0.488  87.805 140.488 947.632 480.89 
  30 cm 310 40 0.091  81.386 15.880 253.324 64.28 
  45 cm  310 40 0.060  33.480 1.216 22.600 3.82 
                

35 15 cm 350 40 0.338  91.550 146.480 1094.112 555.22 
  30 cm 350 40 0.087  74.320 10.048 263.372 66.83 
  45 cm  350 40 0.047  45.392 1.576 24.176 4.09 
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Day Station total  
volume 
since  [p] along % removed 

P 
removed cumulative P sorbed 

   volume last sample length    removal   

    litres litres mg/L   mg mg mg/kg 

         
39 15 cm 390 40 0.093 97.679 156.286 1250.398 634.53 
  30 cm 390 40 0.019 80.075 2.974 266.346 67.58 
  45 cm  390 40 0.019 -2.703 -0.020 24.156 4.09 
               

43 15 cm 430 40 0.242 93.956 150.330 1400.728 710.82 
  30 cm 430 40 0.151 37.456 3.622 269.968 68.50 
  45 cm  430 40 0.024 84.458 5.108 29.264 4.95 
               

48 15 cm 480 50 0.191 95.228 190.455 1591.183 807.47 
  30 cm 480 50 0.024 87.376 8.340 278.308 70.62 
  45 cm  480 50 0.034 -41.286 -0.498 28.767 4.87 
               

53 15 cm 530 50 0.475 88.131 176.263 1767.446 896.91 
  30 cm 530 50 0.029 93.986 22.310 300.618 76.28 
  45 cm  530 50 0.028 1.051 0.015 28.782 4.87 
               

57 15 cm 570 40 0.273 93.169 149.071 1916.517 972.56 
  30 cm 570 40 0.047 82.633 9.031 309.649 78.57 
  45 cm  570 40 0.025 47.840 0.908 29.690 5.02 
               

61 15 cm 610 40 0.304 92.411 147.857 2064.374 1047.59 
  30 cm 610 40 0.045 85.160 10.341 319.990 81.19 
  45 cm  610 40 0.017 61.709 1.112 30.802 5.21 
               

65 15 cm 650 40 0.458 88.541 141.665 2206.039 1119.48 
  30 cm 650 40 0.074 83.791 15.363 335.353 85.09 
  45 cm  650 40 0.021 71.198 2.116 32.918 5.57 
         

 
Slag: Mass of Section 1 is 1.971 kg 

Mass of Section 2 is 3.941 kg 
Mass of Section 3 is 5.912 kg 
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Table D37: Phosphorus sorbed over time by clinker (Figure 4.23) 

Day total  
volume 
since  Station 

[p] 
along 

P 
added 

% 
removed P removed cumulative P sorbed 

 volume  last sample    length     removal   

 L L  mg/L mg  mg mg mg/kg 

                

4 40 40 15 cm 0.016 0.6 99.608 159.372 159.372 93.68 
  40 40 30 cm 0.015 0.6 7.006 0.044 0.044 0.01 
  40 40 45 cm  0.017 0.7 -14.384 -0.084 -0.084 -0.02 
                
8 80 40 15 cm 0.013  99.685 159.496 318.868 187.44 
  80 40 30 cm 0.014  -9.524 -0.048 -0.004 0.00 
  80 40 45 cm  0.010  26.087 0.144 0.060 0.01 
                

12 120 40 15 cm 0.011  99.720 159.552 478.420 281.23 
  120 40 30 cm 0.013  -14.286 -0.064 -0.068 -0.02 
  120 40 45 cm  0.012  4.688 0.024 0.084 0.02 
                

16 160 40 15 cm 0.006  99.840 159.744 638.164 375.13 
  160 40 30 cm 0.007  -12.500 -0.032 -0.100 -0.03 
  160 40 45 cm  0.007  2.778 0.008 0.092 0.02 
                

20 200 40 15 cm 0.007  99.805 159.688 797.852 469.00 
  200 40 30 cm 0.007  16.667 0.052 -0.048 -0.01 
  200 40 45 cm  0.007  0.000 0.000 0.092 0.02 
                

24 240 40 15 cm 0.008  99.833 159.732 957.584 562.89 
  240 40 30 cm 0.007  1.493 0.004 -0.044 -0.01 
  240 40 45 cm  0.007  1.515 0.004 0.096 0.02 
                

28 280 40 15 cm 0.008  99.805 159.688 1117.272 656.76 
  280 40 30 cm 0.007  6.410 0.020 -0.024 -0.01 
  280 40 45 cm  0.007  6.849 0.020 0.116 0.02 
                

32 320 40 15 cm 0.009  99.775 159.640 1276.912 750.60 
  320 40 30 cm 0.008  10.556 0.038 0.014 0.00 
  320 40 45 cm  0.006  21.739 0.070 0.186 0.04 
                

36 360 40 15 cm 0.008  99.794 159.670 1436.582 844.46 
  360 40 30 cm 0.006  32.121 0.106 0.120 0.04 
  360 40 45 cm  0.006  -1.786 -0.004 0.182 0.04 
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Day total  
volume 
since  Station [p] along 

% 
removed 

P 
removed cumulative P sorbed 

 volume  last sample   length    removal  

 L L  mg/L  mg mg mg/kg 

         
40 400 40 15 cm 0.013 99.678 159.484 1596.066 938.21 
  400 40 30 cm 0.019 -49.612 -0.256 -0.136 -0.04 
  400 40 45 cm  0.016 19.171 0.148 0.330 0.06 
               

45 450 50 15 cm 0.007 99.834 199.668 1795.734 1055.58 
  450 50 30 cm 0.004 43.609 0.145 0.009 0.00 
  450 50 45 cm  0.005 -24.000 -0.045 0.285 0.06 
               

50 500 50 15 cm 0.009 99.780 199.560 1995.294 1172.89 
  500 50 30 cm 0.006 35.795 0.158 0.167 0.05 
  500 50 45 cm  0.004 31.858 0.090 0.375 0.07 
               

55 550 50 15 cm 0.005 99.870 199.740 2195.034 1290.30 
  550 50 30 cm 0.003 42.308 0.110 0.277 0.08 
  550 50 45 cm  0.004 -28.333 -0.043 0.333 0.07 
               

60 600 50 15 cm 0.010 99.749 199.498 2394.531 1407.57 
  600 50 30 cm 0.010 -1.990 -0.010 0.267 0.08 
  600 50 45 cm  0.010 5.854 0.030 0.363 0.07 
               

65 650 50 15 cm 0.007 99.836 199.673 2594.204 1524.95 
  650 50 30 cm 0.010 -52.672 -0.173 0.094 0.03 
  650 50 45 cm  0.008 17.000 0.085 0.448 0.09 
         

 
 

Clinker:Mass of Section 1 is 1.971 kg  
Mass of Section 2 is 3.402 kg 
Mass of Section 3 is 5.104 kg 
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Table D38: Estimated filter volumes for one year operation 

 

Volumetric flow rate Q 10.00 L/day 

Volume of cell  Vfc 5083.20 cm3 

Volume of cell  Vfc 5.08 L 

Bed volumes treated Vb 1.97  day-1 

Design flow rate for SCE Qsce 68.50 m3/day 

Volume of media in field scale filter Vf 34.82 m3 

 

 

   Units Gravel Slag Clinker 

 Bulk density of media ρ kg/m3 1603.00 1163.00 1004.00 

 Mass of media in field scale filter  MF kg 55816.33 40495.57 34959.20 

 Mass of media in cell used for treatment M kg 8.15 3.94 1.70 

 Volume of water treated for  

 Breakthrough concentration 

 

Vcb m3 0.66 0.65 0.65 

 Operating life of field filter   t days 66.00 97.53 195.14 

 Volume of filter for one year operation VF m3 192.56 130.31 65.13 

 



 290 

Appendix D5: Sequential extractions experiments 

Appendix D5a: Sectional phosphorus sorption  

Table D39: Sectional phosphorus sorption by gravel (Figure 4.24) 

(A-Loosely, B-Carbon, C-Ferrous and D-Calcium bound P) 

 Station Cumulative  Fractions of P Total P   cumulative P not 

Day   P sorbed per gm of media extracted extracted P  sorbed 

     mg/kg 
mg of 

A 
mg of 

B  
mg of 

C 
mg of 

D  mg/kg  mg/kg  mg/kg  

3 10 cm  35.32 0.011 0.009 0.017 0.128 165.44 165.44 -130.13 

  25 cm 1.72 0.009 0.009 0.017 0.091 126.04 126.04 -124.32 
  40 cm 0.69 0.008 0.009 0.017 0.110 144.95 144.95 -144.26 
  50 cm 0.57 0.009 0.009 0.017 0.104 138.33 138.33 -137.76 
                 
6 10 cm  72.09 0.006 0.009 0.017 0.026 56.99 222.43 -150.35 
  25 cm 3.48 0.002 0.009 0.017 0.024 51.58 177.61 -174.13 
  40 cm 1.19 0.003 0.009 0.018 0.018 47.30 192.25 -191.06 
  50 cm 1.20 0.003 0.009 0.017 0.051 80.46 218.79 -217.59 
                
9 10 cm  107.71 0.012 0.010 0.017 0.089 128.39 350.82 -243.11 
  25 cm 5.04 0.007 0.009 0.017 0.103 136.03 313.64 -308.61 
  40 cm 1.64 0.005 0.009 0.017 0.128 159.67 351.92 -350.28 
  50 cm 1.84 0.006 0.009 0.017  32.47 251.26 -249.42 
                

12 10 cm  140.52 0.008 0.006 0.017 0.103 133.48 484.30 -343.78 
  25 cm 6.23 0.003 0.006 0.016 0.087 112.77 426.41 -420.18 
  40 cm 2.42 0.005 0.006 0.016 0.121 147.66 499.59 -497.16 
  50 cm 2.47 0.004 0.006 0.016 0.090 116.17 367.42 -364.95 
                

15 10 cm  174.31   0.005 0.024 0.058 87.63 571.93 -397.62 
  25 cm 6.58 0.002 0.005 0.023 0.038 68.44 494.85 -488.27 
  40 cm 2.72   0.006 0.023 0.046 74.21 573.80 -571.08 
  50 cm 3.43   0.006 0.023 0.039 67.52 434.94 -431.51 
                 

18 10 cm  207.14 0.012 0.012 0.018 0.057 99.26 671.19 -464.05 
  25 cm 6.97 0.006 0.012 0.019 0.060 97.54 592.39 -585.43 
  40 cm 2.97 0.013 0.012 0.019 0.074 118.78 692.58 -689.61 
  50 cm 3.75 0.012 0.012 0.019 0.077 120.37 555.31 -551.56 
                

21 10 cm  241.04 0.010 0.012 0.020 0.059 100.80 772.00 -530.95 
  25 cm 7.50 0.010 0.012 0.020 0.057 99.77 692.16 -684.66 
  40 cm 2.86 0.009 0.012 0.019 0.053 93.18 785.76 -782.90 
  50 cm 3.99 0.006 0.012 0.019 0.053 90.00 645.31 -641.31 
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 Station Cumulative  Fractions of P Total P   cumulative P not 

Day   P sorbed per gm of media extracted P  sorbed 

     mg/kg 
mg of 

A 
mg of 

B  
mg of 

C 
mg of 

D  mg/kg  mg/kg  mg/kg  

          
24 10 cm  273.61 0.013 0.010 0.019 0.110 152.32 924.32 -650.70 
  25 cm 8.04 0.011 0.010 0.019 0.096 136.11 828.28 -820.23 
  40 cm 2.90 0.008 0.010 0.019 0.117 154.05 939.80 -936.90 
  50 cm 4.35 0.008 0.010 0.019 0.087 123.55 768.85 -764.50 
                 

27 10 cm  307.25 0.016 0.010 0.019 0.121 166.24 1090.56 -783.30 
  25 cm 8.22 0.006 0.010 0.019 0.094 129.06 957.33 -949.11 
  40 cm 3.41 0.006 0.010 0.019 0.090 125.05 1064.85 -1061.44 

  50 cm 4.42 0.012 0.010 0.018 0.151 191.75 960.60 -956.18 

                
30 10 cm  339.13 0.010 0.014 0.019 0.132 174.36 1264.92 -925.79 
  25 cm 8.54 0.011 0.013 0.020 0.111 154.05 1111.38 -1102.84 
  40 cm 3.47 0.009 0.013 0.020 0.099 141.46 1206.32 -1202.85 
  50 cm 4.70 0.012 0.013 0.019 0.119 162.76 1123.36 -1118.66 
                

34 10 cm  383.42 0.022 0.011 0.019 0.109 160.93 1425.85 -1042.43 
  25 cm 8.29 0.026 0.011 0.018 0.072 127.12 1238.50 -1230.22 
  40 cm 4.01 0.018 0.012 0.018 0.084 131.49 1337.80 -1333.80 
  50 cm 4.76 0.020 0.011 0.020 0.122 173.47 1296.83 -1292.07 
                

38 10 cm  426.05 0.012 0.012 0.021 0.132 176.75 1602.60 -1176.55 
  25 cm 8.82 0.018 0.013 0.020 0.112 163.82 1402.32 -1393.50 
  40 cm 4.25 0.012 0.013 0.020 0.138 182.46 1520.26 -1516.01 
  50 cm 4.64 0.007 0.012 0.020 0.106 145.23 1442.06 -1437.41 
                

42 10 cm  466.45 0.011 0.012 0.019 0.108 150.44 1753.04 -1286.60 
  25 cm 9.29 0.009 0.011 0.020 0.093 132.82 1535.14 -1525.84 
  40 cm 4.77 0.012 0.011 0.019 0.107 149.28 1669.54 -1664.77 
  50 cm 4.91 0.017 0.012 0.019 0.059 107.60 1549.66 -1544.74 
                 

45 10 cm  497.15 0.019 0.010 0.019 0.070 117.94 1870.98 -1373.83 
  25 cm 9.36 0.016 0.011 0.019 0.062 107.50 1642.64 -1633.28 
  40 cm 5.13 0.014 0.011 0.019 0.057 101.35 1770.89 -1765.76 
  50 cm 4.98 0.017 0.011 0.018 0.048 93.77 1643.43 -1638.45 
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 Station Cumulative  Fractions of P Total P   cumulative P not 

Day   P sorbed per gm of media extracted P  sorbed 

     mg/kg 
mg of 

A 
mg of 

B  
mg of 

C 
mg of 

D  mg/kg  mg/kg  mg/kg  

          
48 10 cm  526.80 0.015 0.007 0.016 0.124 161.77 2032.75 -1505.95 
  25 cm 10.05 0.013 0.008 0.016 0.074 111.00 1753.64 -1743.59 
  40 cm 5.17 0.014 0.007 0.016 0.068 104.91 1875.80 -1870.63 
  50 cm 5.02 0.019 0.007 0.017 0.064 106.64 1750.07 -1745.05 
                 

51 10 cm  556.06 0.012 0.015 0.024 0.059 109.94 2142.70 -1586.64 
  25 cm 10.80 0.015 0.015 0.024 0.037 91.75 1845.39 -1834.60 
  40 cm 5.11 0.011 0.015 0.024 0.047 96.97 1972.77 -1967.66 
  50 cm 5.19 0.013 0.015 0.024 0.043 95.28 1845.35 -1840.16 
                

55 10 cm  598.06 0.008 0.014 0.022 0.054 98.03 2240.73 -1642.67 
  25 cm 11.18 0.005 0.014 0.023 0.053 95.51 1940.91 -1929.73 
  40 cm 5.44 0.006 0.014 0.023 0.065 108.33 2081.10 -2075.66 
  50 cm 5.23 0.009 0.014 0.022 0.055 100.73 1946.08 -1940.85 
                

59 10 cm  643.75 0.011 0.013 0.021 0.036 81.14 2321.87 -1678.12 
  25 cm 11.41 0.009 0.013 0.021 0.043 87.10 2028.01 -2016.59 
  40 cm 5.54 0.007 0.013 0.021 0.019 59.99 2141.10 -2135.55 
  50 cm 5.49 0.009 0.013 0.021 0.041 83.87 2029.95 -2024.46 
                

62 10 cm  675.42 0.013 0.013 0.021 0.060 107.41 2429.28 -1753.86 
  25 cm 11.87 0.012 0.013 0.021 0.067 113.74 2141.74 -2129.88 
  40 cm 5.70 0.011 0.013 0.022 0.082 128.25 2269.34 -2263.65 
  50 cm 5.79 0.013 0.013 0.021 0.075 122.85 2152.80 -2147.01 
                

66 10 cm  718.54 0.012 0.011 0.020 0.068 110.51 2539.80 -1821.26 
  25 cm 12.05 0.012 0.011 0.019 0.100 141.70 2283.45 -2271.39 
  40 cm 6.32 0.012 0.011 0.020 0.079 122.06 2391.40 -2385.08 
  50 cm 5.77 0.011 0.011 0.019 0.082 123.66 2276.45 -2270.68 
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Table D40: Sectional phosphorus sorption by slag (Figure 4.25) 

(A-Loosely, B-Carbon, C-Ferrous and D-Calcium bound P) 

 Station Cumulative  Fractions of P Total P   cumulative P not 

Day   P sorbed per gm of media extracted P  sorbed 

     mg/kg 
mg of 

A 
mg of 

B  
mg of 

C 
mg of 

D  mg/kg  mg/kg  mg/kg  

                 

3 15 cm 39.06 0.006 0.013 0.022 0.008 49.04 49.04 -9.98 
  30 cm 10.45 0.004 0.013 0.022 0.005 44.81 44.81 -34.35 
  45 cm  0.16 0.005 0.013 0.022 0.005 44.46 44.46 -44.30 
                  
7 15 cm 104.37 0.007 0.016 0.024 0.016 62.54 111.57 -7.20 
  30 cm 17.57 0.002 0.016 0.024 0.019 61.44 106.24 -88.67 
  45 cm  0.32 0.004 0.016 0.024 0.016 59.63 104.09 -103.77 
                  

11 15 cm 156.08 0.006 0.016 0.022 0.011 54.80 166.37 -10.29 
  30 cm 30.75 0.005 0.015 0.022 0.006 48.55 154.80 -124.05 
  45 cm  0.92 0.007 0.015 0.022 0.006 50.88 154.97 -154.06 
                  

15 15 cm 215.25 0.008 0.015 0.022 0.008 52.45 218.82 -3.57 
  30 cm 39.98 0.005 0.015 0.023 0.007 49.52 204.32 -164.34 
  45 cm  1.65 0.032 0.015 0.022 0.009 78.14 233.11 -231.46 
                  

19 15 cm 265.34 0.010 0.015 0.022 0.008 56.05 274.88 -9.53 
  30 cm 54.25 0.005 0.015 0.022 0.010 51.83 256.15 -201.90 
  45 cm  2.19 0.009 0.015 0.022 0.008 54.85 287.96 -285.77 
                  

23 15 cm 336.13 0.024 0.015 0.022 0.017 77.86 352.74 -16.61 
  30 cm 57.13 0.027 0.015 0.023 0.014 78.06 334.21 -277.08 
  45 cm  3.35 0.023 0.015 0.022 0.009 69.22 357.18 -353.83 
                  

27 15 cm 409.60 0.006 0.015 0.022 0.015 58.96 411.70 -2.11 
  30 cm 60.25 0.013 0.015 0.022 0.018 68.53 402.75 -342.50 
  45 cm  3.62 0.030 0.015 0.022 0.012 79.92 437.10 -433.48 
                  

31 15 cm 480.89 0.003 0.015 0.022 0.026 67.00 478.71 2.18 
  30 cm 64.28 0.011 0.015 0.022 0.014 62.51 465.26 -400.98 
  45 cm  3.82 0.003 0.015 0.022 0.013 53.43 490.53 -486.70 
                  

35 15 cm 555.22 0.028 0.007 0.023 0.015 74.23 552.94 2.28 
  30 cm 66.83 0.006 0.014 0.023 0.011 53.62 518.88 -452.05 
  45 cm  4.09 0.008 0.014 0.023 0.011 55.70 546.23 -542.14 
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 Station Cumulative  Fractions of P  Total P   cumulative P not 

Day   P sorbed per gm of media extracted P  sorbed 

     mg/kg mg of A mg of B  mg of C mg of D  mg/kg  mg/kg  mg/kg  

                 

39 15 cm 634.53 0.013 0.014 0.022 0.018 66.82 619.76 14.77 
  30 cm 67.58 0.012 0.014 0.021 0.014 61.23 580.10 -512.52 
  45 cm  4.09 0.015 0.014 0.022 0.015 65.69 611.92 -607.83 
                  

43 15 cm 710.82 0.047 0.015 0.023 0.012 97.70 717.46 -6.64 
  30 cm 68.50 0.007 0.015 0.023 0.012 55.92 636.03 -567.53 
  45 cm  4.95 0.006 0.015 0.023 0.019 63.20 675.12 -670.17 
                  

48 15 cm 807.47 0.023 0.018 0.026 0.009 75.36 792.82 14.64 
  30 cm 70.62 0.009 0.018 0.025 0.008 60.57 696.59 -625.98 
  45 cm  4.87 0.013 0.018 0.025 0.013 69.10 744.22 -739.35 
                  

53 15 cm 896.91 0.024 0.018 0.027 0.014 82.78 875.60 21.31 
  30 cm 76.28 0.002 0.018 0.027 0.010 56.72 753.32 -677.04 
  45 cm  4.87 0.021 0.018 0.027 0.008 73.07 817.29 -812.42 
                  

57 15 cm 972.56 0.034 0.018 0.026 0.011 89.27 964.87 7.69 
  30 cm 78.57 0.001 0.018 0.025 0.010 53.78 807.10 -728.53 
  45 cm  5.02 0.022 0.018 0.025 0.009 73.81 891.10 -886.07 
                  

61 15 cm 1047.59 0.002 0.017 0.025 0.011 54.42 1019.29 28.30 
  30 cm 81.19 0.003 0.017 0.025 0.015 59.90 866.99 -785.80 
  45 cm  5.21 0.035 0.017 0.025 0.012 89.50 980.60 -975.39 
                  

65 15 cm 1119.48 0.085 0.018 0.026 0.009 137.86 1157.16 -37.67 
  30 cm 85.09 0.033 0.018 0.026 0.009 86.15 953.14 -868.05 

  45 cm  5.57 0.069 0.018 0.026 0.010 122.31 1102.91 
-

1097.34 
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Table D41: Sectional phosphorus sorption by clinker (Figure 4.26) 

(A-Loosely, B-Carbon, C-Ferrous and D-Calcium bound P) 

 Station Cumulative  Fractions of P Total P   cumulative P not 

Day   P sorbed per gm of media extracted P  sorbed 

     mg/kg 
mg of 

A 
mg of 

B  
mg of 

C 
mg of 

D  mg/kg  mg/kg  mg/kg  
                
4 15 cm 93.68 0.008 0.017 0.025 0.220 269.801 269.801 -176.12 
  30 cm 0.01 0.008 0.017 0.025 0.246 295.924 295.924 -295.91 
  45 cm  -0.02 0.005 0.017 0.024 0.232 277.603 277.603 -277.62 
                 
8 15 cm 187.44 0.007 0.013 0.021 0.193 234.145 503.9466 -316.51 
  30 cm 0.00 0.005 0.013 0.021 0.205 244.572 540.4959 -540.50 
  45 cm  0.01 0.010 0.013 0.021 0.208 252.074 529.6775 -529.67 
                 

12 15 cm 281.23 0.007 0.013 0.021 0.171 213.147 717.0933 -435.86 
  30 cm -0.02 0.009 0.013 0.021 0.178 221.197 761.6928 -761.71 
  45 cm  0.02 0.008 0.013 0.021 0.178 220.235 749.9123 -749.90 
                 

16 15 cm 375.13 0.011 0.013 0.020 0.154 197.457 914.5507 -539.42 
  30 cm -0.03 0.007 0.013 0.019 0.151 190.551 952.2442 -952.27 
  45 cm  0.02 0.007 0.013 0.020 0.156 195.756 945.6678 -945.65 
                 

20 15 cm 469.00 0.013 0.013 0.019 0.113 157.463 1072.013 -603.01 
  30 cm -0.01 0.012 0.012 0.019 0.126 169.584 1121.828 -1121.84 
  45 cm  0.02 0.009 0.012 0.019 0.129 168.830 1114.498 -1114.48 
                 

24 15 cm 562.89 0.009 0.012 0.020 0.133 174.558 1246.572 -683.68 
  30 cm -0.01 0.006 0.012 0.019 0.125 162.055 1283.884 -1283.90 
  45 cm  0.02 0.012 0.012 0.018 0.131 173.302 1287.8 -1287.78 
                 

28 15 cm 656.76 0.008 0.012 0.018 0.131 169.659 1416.23 -759.47 
  30 cm -0.01 0.009 0.012 0.018 0.134 172.989 1456.872 -1456.88 
  45 cm  0.02 0.008 0.012 0.018 0.128 165.809 1453.609 -1453.59 
                 

32 15 cm 750.60 0.008 0.013 0.019 0.132 172.100 1588.33 -837.72 
  30 cm 0.00 0.007 0.013 0.019 0.119 158.101 1614.973 -1614.97 
  45 cm  0.04 0.007 0.013 0.126 0.126 271.123 1724.732 -1724.70 
                 

36 15 cm 844.46 0.019 0.013 0.020 0.105 156.784 1745.114 -900.65 
 30 cm 0.04 0.008 0.015 0.020 0.123 165.992 1780.965 -1780.93 
  45 cm  0.04 0.017 0.017 0.020 0.119 172.784 1897.516 -1897.48 
                

 40 15 cm 938.21 0.021 0.013 0.020 0.111 165.500 1910.613 -972.40 
  30 cm -0.04 0.006 0.013 0.020 0.123 162.589 1943.554 -1943.59 
  45 cm  0.06 0.013 0.013 0.020 0.121 166.138 2063.654 -2063.59 
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 Station Cumulative  Fractions of P Total P   cumulative P not 

Day   P sorbed per gm of media extracted P  sorbed 

     mg/kg 
mg of 

A 
mg of 

B  
mg of 

C 
mg of 

D  mg/kg  mg/kg  mg/kg  
          

45 15 cm 1055.58   0.014 0.022 0.106 141.970 2052.583 -997.00 
  30 cm 0.00 0.032 0.014 0.018 0.169 232.766 2176.319 -2176.32 
  45 cm  0.06 0.017 0.014 0.021 0.139 191.760 2255.414 -2255.36 
                 

50 15 cm 1172.89 0.003 0.014 0.021 0.109 146.040 2198.623 -1025.73 
  30 cm 0.05 0.005 0.014 0.021 0.100 139.163 2315.483 -2315.43 
  45 cm  0.07 0.002 0.014 0.020 0.114 150.480 2405.894 -2405.82 
                 

55 15 cm 1290.30 0.014 0.014 0.020 0.090 138.789 2337.412 -1047.11 
  30 cm 0.08 0.014 0.014 0.020 0.111 158.608 2474.091 -2474.01 
  45 cm  0.07 0.014 0.014 0.021 0.106 154.275 2560.169 -2560.10 
                 

60 15 cm 1407.57 0.017 0.014 0.020 0.071 122.379 2459.791 -1052.22 
  30 cm 0.08 0.014 0.014 0.020 0.084 131.941 2606.031 -2605.95 
  45 cm  0.07 0.007 0.014 0.020 0.088 128.526 2688.694 -2688.62 
                 

65 15 cm 1524.95 0.021 0.014 0.021 0.092 148.068 2607.859 -1082.91 
  30 cm 0.03 0.017 0.014 0.021 0.093 144.689 2750.72 -2750.69 
  45 cm  0.09 0.009 0.014 0.021 0.095 138.176 2826.87 -2826.78 
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Table D42: Matched pair test for extracted P from gravel (Table 4.16) 
 

 Section 1 Section 2 Section 3  Section 4 Average (A) of 
Station  10 cm 25 cm 40 cm 50 cm Sections 2,3,4 
Data ↓      

1 165.4 126.0 145.0 138.3 136.4 
2 57.0 51.6 47.3 80.5 59.8 
3 128.4 136.0 159.7 32.5 109.4 
4 133.5 112.8 147.7 116.2 125.5 
5 87.6 68.4 74.2 67.5 70.1 
6 99.3 97.5 118.8 120.4 112.2 
7 100.8 99.8 93.2 90.0 94.3 
8 152.3 136.1 154.0 123.5 137.9 
9 166.2 129.1 125.0 191.8 148.6 

10 174.4 154.0 141.5 162.8 152.8 
11 160.9 127.1 131.5 173.5 144.0 
12 176.8 163.8 182.5 145.2 163.8 
13 150.4 132.8 149.3 107.6 129.9 
14 117.9 107.5 101.3 93.8 100.9 
15 161.8 111.0 104.9 106.6 107.5 
16 109.9 91.8 97.0 95.3 94.7 
17 98.0 95.5 108.3 100.7 101.5 
18 81.1 87.1 60.0 83.9 77.0 
19 107.4 113.7 128.2 122.8 121.6 
20 110.5 141.7 122.1 123.7 129.1 

 
Data↓ Diff. 1 -2 Diff 1 -3 Diff 1-3 Diff 1 - A 

1 39.4 20.5 27.1 29.0 
2 5.4 9.7 -23.5 -2.8 
3 -7.6 -31.3 95.9 19.0 
4 20.7 -14.2 17.3 7.9 
5 19.2 13.4 20.1 17.6 
6 1.7 -19.5 -21.1 -13.0 
7 1.0 7.6 10.8 6.5 
8 16.2 -1.7 28.8 14.4 
9 37.2 41.2 -25.5 17.6 

10 20.3 32.9 11.6 21.6 
11 33.8 29.4 -12.5 16.9 
12 12.9 -5.7 31.5 12.9 
13 17.6 1.2 42.8 20.5 
14 10.4 16.6 24.2 17.1 
15 50.8 56.9 55.1 54.3 
16 18.2 13.0 14.7 15.3 
17 2.5 -10.3 -2.7 -3.5 
18 -6.0 21.2 -2.7 4.2 
19 -6.3 -20.8 -15.4 -14.2 
20 -31.2 -11.5 -13.1 -18.6 

Number of positive diff. 16 12 12 15 
one sided p value 0.005 0.120 0.120 0.015 
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Table D43: Matched pair test for extracted P from slag (Table 4.17) 
 

 Section 1 Section 2 Section 3 Average (A) of 
Station  15 cm 30 cm 45 cm Sections 2,3 
Data ↓     

1 49.0 44.8 44.5 44.6 
2 62.5 61.4 59.6 60.5 
3 54.8 48.6 50.9 49.7 
4 52.5 49.5 78.1 63.8 
5 56.1 51.8 54.8 53.3 
6 77.9 78.1 69.2 73.6 
7 59.0 68.5 79.9 74.2 
8 67.0 62.5 53.4 58.0 
9 74.2 53.6 55.7 54.7 

10 66.8 61.2 65.7 63.5 
11 97.7 55.9 63.2 59.6 
12 75.4 60.6 69.1 64.8 
13 82.8 56.7 73.1 64.9 
14 89.3 53.8 73.8 63.8 
15 54.4 59.9 89.5 74.7 
16 137.9 86.1 122.3 104.2 

 
Data↓ Diff. 1 -2 Diff 1 -3 Diff 1 - A 

1 4.2 4.6 4.4 
2 1.1 2.9 2.0 
3 6.2 3.9 5.1 
4 2.9 -25.7 -11.4 
5 4.2 1.2 2.7 
6 -0.2 8.6 4.2 
7 -9.6 -21.0 -15.3 
8 4.5 13.6 9.0 
9 20.6 18.5 19.6 

10 5.6 1.1 3.4 
11 41.8 34.5 38.1 
12 14.8 6.3 10.5 
13 26.1 9.7 17.9 
14 35.5 15.5 25.5 
15 -5.5 -35.1 -20.3 
16 51.7 15.6 33.6 

Number of positive diff. 13 13 13 
one sided p value 0.010 0. 010 0. 010 
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Table D44: Matched pair test for extracted P from clinker (Table 4.18) 
 

 Section 1 Section 2 Section 3 Average (A) of 
Station  15 cm 30 cm 45 cm Sections 2,3 
Data ↓     

1 269.8 295.9 277.6 286.8 
2 234.1 244.6 252.1 248.3 
3 213.1 221.2 220.2 220.7 
4 197.5 190.6 195.8 193.2 
5 157.5 169.6 168.8 169.2 
6 174.6 162.1 173.3 167.7 
7 169.7 173.0 165.8 169.4 
8 172.1 158.1 271.1 214.6 
9 156.8 166.0 172.8 169.4 

10 165.5 162.6 166.1 164.4 
11 142.0 232.8 191.8 212.3 
12 146.0 139.2 150.5 144.8 
13 138.8 158.6 154.3 156.4 
14 122.4 131.9 128.5 130.2 
15 148.1 144.7 138.2 141.4 

 
Data↓ Diff. 1 -2 Diff 1 -3 Diff 1 - A 

1 -26.1 -7.8 -17.0 
2 -10.4 -17.9 -14.2 
3 -8.1 -7.1 -7.6 
4 6.9 1.7 4.3 
5 -12.1 -11.4 -11.7 
6 12.5 1.3 6.9 
7 -3.3 3.8 0.3 
8 14.0 -99.0 -42.5 
9 -9.2 -16.0 -12.6 

10 2.9 -0.6 1.1 
11 -90.8 -49.8 -70.3 
12 6.9 -4.4 1.2 
13 -19.8 -15.5 -17.7 
14 -9.6 -6.1 -7.9 
15 3.4 9.9 6.6 

Number of positive diff. 6 4 6 
one sided p value 0.153 0. 042 0. 153 
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Appendix D5b: Sectional phosphorus fractions 

Table D45: Sectional phosphorus fractions sorbed by gravel (Figure 4.27) 

 Station Fractions  Fractions 

Day  Per kg of media  

   mg of A mg of B  mg of C mg of D  % of A % of B  % of C % of D  

                

3 10 cm  11.235 9.069 17.091 128.048 6.8 5.5 10.3 77.4 

  25 cm 8.940 9.025 17.084 90.990 7.1 7.2 13.6 72.2 

  40 cm 8.355 9.000 17.185 110.413 5.8 6.2 11.9 76.2 

  50 cm 8.798 9.025 16.933 103.575 6.4 6.5 12.2 74.9 

                  

6 10 cm  5.560 8.963 16.898 25.573 9.8 15.7 29.6 44.9 

  25 cm 1.715 8.919 17.255 23.688 3.3 17.3 33.5 45.9 

  40 cm 3.105 8.994 17.514 17.688 6.6 19.0 37.0 37.4 

  50 cm 3.075 8.919 17.147 51.318 3.8 11.1 21.3 63.8 

                 

9 10 cm  12.020 9.588 17.385 89.395 9.4 7.5 13.5 69.6 

  25 cm 7.193 9.175 17.122 102.540 5.3 6.7 12.6 75.4 

  40 cm 4.993 9.256 17.252 128.170 3.1 5.8 10.8 80.3 

  50 cm 6.045 9.206 17.217 0.000 18.6 28.4 53.0 0.0 

                 

12 10 cm  8.288 6.013 16.513 102.668 6.2 4.5 12.4 76.9 

  25 cm 3.068 6.050 16.387 87.263 2.7 5.4 14.5 77.4 

  40 cm 4.668 5.988 16.485 120.523 3.2 4.1 11.2 81.6 

  50 cm 4.245 5.956 16.097 89.868 3.7 5.1 13.9 77.4 

                 

15 10 cm  0.000 5.381 24.245 58.000 0.0 6.1 27.7 66.2 

  25 cm 1.988 5.488 23.114 37.848 2.9 8.0 33.8 55.3 

  40 cm 0.000 5.544 22.530 46.138 0.0 7.5 30.4 62.2 

  50 cm 0.000 5.531 22.670 39.320 0.0 8.2 33.6 58.2 

                 

18 10 cm  11.793 12.219 18.484 56.770 11.9 12.3 18.6 57.2 

  25 cm 5.668 12.169 19.481 60.228 5.8 12.5 20.0 61.7 

  40 cm 13.443 11.994 18.855 74.490 11.3 10.1 15.9 62.7 

  50 cm 12.078 12.150 18.792 77.350 10.0 10.1 15.6 64.3 

                  

21 10 cm  9.998 11.888 19.705 59.213 9.9 11.8 19.5 58.7 

  25 cm 10.430 12.056 19.929 57.355 10.5 12.1 20.0 57.5 

  40 cm 8.655 12.056 19.103 53.365 9.3 12.9 20.5 57.3 

  50 cm 5.983 11.944 19.278 52.793 6.6 13.3 21.4 58.7 
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 Station Fractions Fractions 

Day  Per kg of media  
  mg of A mg of B  mg of C mg of D  % of A % of B  % of C % of D  
          

24 10 cm  13.108 10.031 19.114 110.068 8.6 6.6 12.5 72.3 
  25 cm 11.173 9.956 18.694 96.290 8.2 7.3 13.7 70.7 
  40 cm 8.063 10.113 18.694 117.180 5.2 6.6 12.1 76.1 
  50 cm 7.905 9.956 18.830 86.855 6.4 8.1 15.2 70.3 
                 

27 10 cm  16.298 9.950 18.505 121.490 9.8 6.0 11.1 73.1 
  25 cm 5.838 10.256 18.977 93.985 4.5 7.9 14.7 72.8 
  40 cm 5.558 10.188 19.061 90.240 4.4 8.1 15.2 72.2 
  50 cm 11.880 10.019 18.494 151.358 6.2 5.2 9.6 78.9 
                 

30 10 cm  9.670 13.650 18.578 132.463 5.5 7.8 10.7 76.0 
  25 cm 10.543 13.088 19.527 110.893 6.8 8.5 12.7 72.0 
  40 cm 9.313 13.181 19.873 99.098 6.6 9.3 14.0 70.1 
  50 cm 11.575 13.306 19.369 118.508 7.1 8.2 11.9 72.8 
                 

34 10 cm  22.125 10.656 18.865 109.288 13.7 6.6 11.7 67.9 
  25 cm 26.318 11.125 18.179 71.503 20.7 8.8 14.3 56.2 
  40 cm 17.648 11.519 18.319 84.003 13.4 8.8 13.9 63.9 
  50 cm 20.428 10.975 20.132 121.935 11.8 6.3 11.6 70.3 
                 

38 10 cm  11.695 12.088 20.685 132.283 6.6 6.8 11.7 74.8 
  25 cm 18.425 12.706 20.349 112.335 11.2 7.8 12.4 68.6 
  40 cm 12.073 12.900 19.688 137.795 6.6 7.1 10.8 75.5 
  50 cm 7.285 12.263 19.891 105.788 5.0 8.4 13.7 72.8 
                 

42 10 cm  11.485 11.856 19.485 107.618 7.6 7.9 13.0 71.5 
  25 cm 8.845 11.444 19.527 93.005 6.7 8.6 14.7 70.0 
  40 cm 12.173 11.256 19.264 106.590 8.2 7.5 12.9 71.4 
  50 cm 17.328 12.275 19.065 58.933 16.1 11.4 17.7 54.8 
                 

45 10 cm  18.853 10.363 18.505 70.218 16.0 8.8 15.7 59.5 
  25 cm 15.608 10.644 19.033 62.218 14.5 9.9 17.7 57.9 
  40 cm 14.410 10.500 19.128 57.310 14.2 10.4 18.9 56.5 
  50 cm 16.850 10.838 18.008 48.075 18.0 11.6 19.2 51.3 
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 Station Fractions Fractions 

Day  Per kg of media  
  mg of A mg of B  mg of C mg of D  % of A % of B  % of C % of D  
          

48 10 cm  14.965 7.056 15.831 123.920 9.3 4.4 9.8 76.6 
  25 cm 13.003 7.881 16.356 73.760 11.7 7.1 14.7 66.5 
  40 cm 13.573 7.438 15.705 68.195 12.9 7.1 15.0 65.0 
  50 cm 19.380 7.188 16.534 63.543 18.2 6.7 15.5 59.6 
                 

51 10 cm  11.650 14.994 24.014 59.288 10.6 13.6 21.8 53.9 
  25 cm 15.413 14.950 24.070 37.323 16.8 16.3 26.2 40.7 
  40 cm 11.058 14.825 23.769 47.323 11.4 15.3 24.5 48.8 
  50 cm 13.038 15.194 23.737 43.310 13.7 15.9 24.9 45.5 
                 

55 10 cm  8.350 13.938 22.141 53.605 8.5 14.2 22.6 54.7 
  25 cm 5.118 14.188 22.712 53.495 5.4 14.9 23.8 56.0 
  40 cm 6.490 14.244 22.715 64.885 6.0 13.1 21.0 59.9 
  50 cm 9.428 13.881 22.327 55.093 9.4 13.8 22.2 54.7 
                 

59 10 cm  10.963 13.369 20.773 36.038 13.5 16.5 25.6 44.4 
  25 cm 9.043 13.400 21.319 43.340 10.4 15.4 24.5 49.8 
  40 cm 6.943 13.238 21.046 18.765 11.6 22.1 35.1 31.3 
  50 cm 8.875 13.394 20.874 40.728 10.6 16.0 24.9 48.6 
                 

62 10 cm  12.595 13.131 21.417 60.268 11.7 12.2 19.9 56.1 
  25 cm 11.965 13.169 21.287 67.315 10.5 11.6 18.7 59.2 
  40 cm 11.368 13.388 21.739 81.755 8.9 10.4 17.0 63.7 
  50 cm 12.943 13.344 21.375 75.188 10.5 10.9 17.4 61.2 
                 

66 10 cm  11.608 11.000 19.747 68.160 10.5 10.0 17.9 61.7 
  25 cm 11.788 10.844 19.359 99.713 8.3 7.7 13.7 70.4 
  40 cm 12.053 10.963 19.670 79.370 9.9 9.0 16.1 65.0 
  50 cm 10.855 11.381 19.040 82.383 8.8 9.2 15.4 66.6 
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Table D46: Sectional phosphorus fractions sorbed by slag (Figure 4.28) 

 Station Fractions Fractions 

Day  per kg of media  

  
mg of 

A 
mg of 

B  
mg of 

C 
mg of 

D  % of A % of B  % of C % of D  

          
3 15 cm 6.148 13.466 21.875 7.550 12.54 27.46 44.61 15.40 
 30 cm 4.270 13.428 21.742 5.368 9.53 29.97 48.52 11.98 
 45 cm 4.600 13.256 21.658 4.950 10.35 29.81 48.71 11.13 
               

7 15 cm 6.663 15.738 23.735 16.400 10.65 25.17 37.95 26.23 
 30 cm 2.358 16.128 23.989 18.963 3.84 26.25 39.05 30.86 
 45 cm 4.100 15.581 23.907 16.041 6.88 26.13 40.09 26.90 
               

11 15 cm 6.003 15.581 21.917 11.295 10.95 28.44 40.00 20.61 
 30 cm 5.290 15.316 22.386 5.559 10.90 31.55 46.11 11.45 
 45 cm 7.334 15.484 22.358 5.702 14.41 30.43 43.94 11.21 
               

15 15 cm 7.517 14.919 22.484 7.534 14.33 28.44 42.86 14.36 
 30 cm 5.296 14.719 22.540 6.970 10.69 29.72 45.51 14.07 
 45 cm 31.655 14.794 22.313 9.379 40.51 18.93 28.55 12.00 
               

19 15 cm 10.250 15.250 22.201 8.354 18.29 27.21 39.61 14.90 
 30 cm 4.613 15.017 22.463 9.738 8.90 28.97 43.34 18.79 
 45 cm 9.020 15.139 22.335 8.354 16.45 27.60 40.72 15.23 
               

23 15 cm 23.729 15.084 22.342 16.708 30.48 19.37 28.69 21.46 
 30 cm 27.009 14.868 22.502 13.684 34.60 19.05 28.83 17.53 
 45 cm 23.216 14.966 22.324 8.713 33.54 21.62 32.25 12.59 
               

27 15 cm 6.458 15.167 22.271 15.068 10.95 25.72 37.77 25.55 
 30 cm 13.171 14.943 22.482 17.938 19.22 21.80 32.80 26.17 
 45 cm 30.238 15.053 22.330 12.300 37.83 18.83 27.94 15.39 
               

31 15 cm 3.434 15.126 22.307 26.138 5.12 22.57 33.29 39.01 
 30 cm 10.763 14.905 22.492 14.350 17.22 23.84 35.98 22.96 
 45 cm 2.921 15.010 22.327 13.171 5.47 28.09 41.79 24.65 
               

35 15 cm 28.495 7.250 23.114 15.375 38.39 9.77 31.14 20.71 
 30 cm 5.791 14.116 22.747 10.968 10.80 26.32 42.42 20.45 
 45 cm 7.841 14.278 22.971 10.609 14.08 25.63 41.24 19.05 
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 Station Fractions Fractions 

day  per kg of media  

  
mg of 

A 
mg of 

B  
mg of 

C 
mg of 

D  % of A % of B  % of C % of D  

          
39 15 cm 13.120 14.038 21.725 17.938 19.63 21.01 32.51 26.84 

 30 cm 11.634 13.925 21.317 14.350 19.00 22.74 34.82 23.44 
 45 cm 15.016 13.991 21.670 15.016 22.86 21.30 32.99 22.86 
               

43 15 cm 47.304 15.003 22.941 12.454 48.42 15.36 23.48 12.75 
 30 cm 6.509 14.691 22.579 12.146 11.64 26.27 40.37 21.72 
 45 cm 5.843 14.800 23.237 19.321 9.24 23.42 36.77 30.57 
               

48 15 cm 22.704 18.138 25.961 8.559 30.13 24.07 34.45 11.36 
 30 cm 9.071 17.956 25.186 8.354 14.98 29.65 41.58 13.79 
 45 cm 12.608 17.978 25.496 13.018 18.25 26.02 36.90 18.84 
               

53 15 cm 23.729 17.641 27.057 14.350 28.67 21.31 32.69 17.34 
 30 cm 1.538 17.772 27.011 10.404 2.71 31.33 47.62 18.34 
 45 cm 21.013 17.500 27.025 7.534 28.76 23.95 36.98 10.31 
               

57 15 cm 34.133 17.738 25.923 11.480 38.23 19.87 29.04 12.86 
 30 cm 1.025 17.594 25.422 9.738 1.91 32.72 47.27 18.11 
 45 cm 22.038 17.675 25.022 9.071 29.86 23.95 33.90 12.29 
               

61 15 cm 1.691 16.938 24.875 10.916 3.11 31.12 45.71 20.06 
 30 cm 2.563 17.050 25.267 15.016 4.28 28.47 42.18 25.07 
 45 cm 35.209 16.756 25.443 12.095 39.34 18.72 28.43 13.51 
               

65 15 cm 85.229 17.778 26.145 8.713 61.82 12.90 18.96 6.32 
 30 cm 33.313 17.634 25.974 9.225 38.67 20.47 30.15 10.71 
 45 cm 68.880 17.503 26.035 9.891 56.32 14.31 21.29 8.09 
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Table D47: Sectional phosphorus fractions sorbed by clinker (Figure 4.29) 

 Station   Fractions Fractions 

day   Per kg of media  

    
mg of 

A 
mg of 

B  
mg of 

C 
mg of 

D  % of A % of B  % of C % of D  

                
3 15 cm 8.111 16.797 24.603 220.290 3.01 6.23 9.12 81.65 
  30 cm 8.055 17.000 24.946 245.923 2.72 5.74 8.43 83.10 
  45 cm  4.909 16.716 23.867 232.113 1.77 6.02 8.60 83.61 
                 
7 15 cm 7.479 13.200 20.603 192.864 3.19 5.64 8.80 82.37 
  30 cm 5.190 13.266 21.093 205.024 2.12 5.42 8.62 83.83 
  45 cm  10.021 13.078 21.135 207.840 3.98 5.19 8.38 82.45 
                 

11 15 cm 7.189 13.297 21.371 171.290 3.37 6.24 10.03 80.36 
  30 cm 8.658 13.134 21.446 177.959 3.91 5.94 9.70 80.45 
  45 cm  8.310 13.156 21.240 177.529 3.77 5.97 9.64 80.61 
                 

15 15 cm 10.784 13.119 19.590 153.965 5.46 6.64 9.92 77.97 
  30 cm 7.468 12.934 19.408 150.741 3.92 6.79 10.18 79.11 
  45 cm  7.228 12.988 19.681 155.860 3.69 6.63 10.05 79.62 
                 

19 15 cm 12.765 12.541 18.960 113.198 8.11 7.96 12.04 71.89 
  30 cm 12.324 12.478 18.729 126.054 7.27 7.36 11.04 74.33 
  45 cm  8.863 12.197 18.846 128.925 5.25 7.22 11.16 76.36 
                 

23 15 cm 9.249 12.103 20.244 132.963 5.30 6.93 11.60 76.17 
  30 cm 6.075 12.003 18.580 125.398 3.75 7.41 11.47 77.38 
  45 cm  11.503 12.028 18.337 131.435 6.64 6.94 10.58 75.84 
                 

27 15 cm 8.223 11.944 18.169 131.324 4.85 7.04 10.71 77.40 
  30 cm 9.028 12.013 18.291 133.658 5.22 6.94 10.57 77.26 
  45 cm  7.853 11.797 18.379 127.781 4.74 7.11 11.08 77.07 
                 

31 15 cm 7.910 13.106 18.960 132.124 4.60 7.62 11.02 76.77 
  30 cm 7.384 12.863 19.044 118.811 4.67 8.14 12.05 75.15 
  45 cm  6.713 12.850 125.780 125.780 2.48 4.74 46.39 46.39 
                 

35 15 cm 18.656 13.481 19.703 104.943 11.90 8.60 12.57 66.93 
  30 cm 8.439 15.094 19.632 122.828 5.08 9.09 11.83 74.00 
  45 cm  17.466 16.588 19.961 118.770 10.11 9.60 11.55 68.74 
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 Station Fractions  Fractions 

Day  Per kg of media  

  
mg of 

A 
mg of 

B  
mg of 

C 
mg of 

D  % of A % of B  % of C % of D  

          
39 15 cm 20.998 13.234 20.060 111.208 12.69 8.00 12.12 67.20 
  30 cm 6.185 13.291 19.933 123.181 3.80 8.17 12.26 75.76 
  45 cm  12.818 12.972 19.794 120.554 7.71 7.81 11.91 72.56 
                 

43 15 cm 0.000 14.228 21.522 106.220 0.00 10.02 15.16 74.82 
  30 cm 32.488 13.806 17.892 168.580 13.96 5.93 7.69 72.42 
  45 cm  17.240 13.978 21.411 139.131 8.99 7.29 11.17 72.55 
                 

48 15 cm 3.114 13.734 20.617 108.575 2.13 9.40 14.12 74.35 
  30 cm 5.418 13.628 20.510 99.608 3.89 9.79 14.74 71.58 
  45 cm  2.330 13.641 20.232 114.278 1.55 9.06 13.44 75.94 
                 

53 15 cm 14.261 13.878 20.461 90.189 10.28 10.00 14.74 64.98 
  30 cm 14.133 13.672 20.011 110.793 8.91 8.62 12.62 69.85 
  45 cm  13.843 13.556 20.606 106.270 8.97 8.79 13.36 68.88 
                 

57 15 cm 16.981 13.700 20.221 71.476 13.88 11.19 16.52 58.41 
  30 cm 13.869 13.750 20.157 84.165 10.51 10.42 15.28 63.79 
  45 cm  7.403 13.616 20.003 87.505 5.76 10.59 15.56 68.08 
                 

61 15 cm 21.216 14.019 21.305 91.529 14.33 9.47 14.39 61.82 
  30 cm 16.835 13.819 21.004 93.031 11.64 9.55 14.52 64.30 
  45 cm  8.526 13.981 20.713 94.955 6.17 10.12 14.99 68.72 
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Table D48: Average amount of extracted phosphorus from later sections for gravel  
(Table 4.20) 

 

Data ↓ A B C D Total P 

1 8.70 9.02 17.07 101.66 137.44 
2 2.63 8.94 17.31 30.90 61.78 
3 6.08 9.21 17.20 115.36 150.84 
4 3.99 6.00 16.32 99.22 129.53 
5 1.99 5.52 22.77 41.10 76.38 
6 10.40 12.10 19.04 70.69 118.23 
7 8.36 12.02 19.44 54.50 101.32 
8 9.05 10.01 18.74 100.11 145.90 
9 7.76 10.15 18.84 111.86 157.62 

10 10.48 13.19 19.59 109.50 162.76 
11 21.46 11.21 18.88 92.48 155.03 
12 12.59 12.62 19.98 118.64 175.83 
13 12.78 11.66 19.29 86.18 142.90 
14 15.62 10.66 18.72 55.87 114.87 
15 15.32 7.50 16.20 68.50 122.52 
16 13.17 14.99 23.86 42.65 110.67 
17 7.01 14.10 22.58 57.82 118.52 
18 8.29 13.34 21.08 34.28 94.99 
19 12.09 13.30 21.47 74.75 140.61 
20 11.565 11.06 19.36 87.16 149.14 

average  10.0 10.8 19.4 77.7 117.8 
 

A: loosely bound P, B: carbon bound P, C: ferrous bound P, D: calcium bound P 
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Table D49: Average amount of extracted phosphorus from later sections for slag 
(Table 4.20) 

 
Data ↓ A B C D Total P 

1 4.44 13.34 21.70 5.16 44.64 
2 3.23 15.85 23.95 17.50 60.53 
3 6.31 15.40 22.37 5.63 49.71 
4 18.48 14.76 22.43 8.17 63.83 
5 6.82 15.08 22.40 9.05 53.34 
6 25.11 14.92 22.41 11.20 73.64 
7 21.70 15.00 22.41 15.12 74.23 
8 6.84 14.96 22.41 13.76 57.97 
9 6.82 14.20 22.86 10.79 54.66 

10 13.33 13.96 21.49 14.68 63.46 
11 6.18 14.75 22.91 15.73 59.56 
12 10.84 17.97 25.34 10.69 64.83 
13 11.28 17.64 27.02 8.97 64.90 
14 11.53 17.63 25.22 9.40 63.79 
15 18.89 16.90 25.35 13.56 74.70 
16 51.10 17.57 26.00 9.56 104.23 

average  13.9 15.6 23.5 11.2 64.3 
 

 
Table D50: Average amount of extracted phosphorus from later sections for clinker 

(Table 4.20) 
 

Data ↓ A B C D Total P 
1 6.48 16.90 24.41 239.02 286.80 
2 7.61 13.17 21.11 206.43 248.32 
3 8.48 13.15 21.34 177.74 220.72 
4 7.35 12.96 19.54 153.30 193.15 
5 10.59 12.34 18.79 127.49 169.21 
6 7.66 12.02 18.46 128.42 166.55 
7 8.44 11.90 18.33 130.72 169.40 
8 7.65 12.86 19.04 122.30 161.84 
9 12.95 15.84 19.80 120.80 169.39 

10 9.50 13.13 19.86 121.87 164.36 
11 32.49 13.89 19.65 153.86 219.89 
12 3.87 13.63 20.37 106.94 144.82 
13 13.99 13.61 20.31 108.53 156.44 
14 10.64 13.68 20.08 85.84 130.23 
15 12.68 13.90 20.86 93.99 141.43 

average 10.7 13.5 20.1 138.5 182.8 
 

A: loosely bound P, B: carbon bound P, C: ferrous bound P, D: calcium bound P 
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Table D51:  Comparison between extracted and background phosphorus fractions 

(Table 4.21) 
 

 Background P  Average of Extracted P Difference 

 gravel slag clinker gravel slag clinker gravel slag clinker 

A 5.5 41.3 8.8 10.0 13.9 10.7 -4.5 27.4 -1.9 

B 4.3 19.9 8.8 10.8 15.6 13.5 -6.6 4.3 -4.8 

C 19.3 17.6 20.9 19.4 23.5 20.1 -0.1 -5.9 0.8 

D 110.7 15.6 189.5 77.7 11.2 138.5 33.0 4.4 51.0 

Total 139.6 94.5 228.0 117.8 64.3 182.8 21.8 30.2 45.1 

Number of positive difference 2 3 4 

one sided p value 0.312 0.156 0.312 

 
A: loosely bound P 
B: carbon bound P  
C: ferrous bound P  
D: calcium bound P 
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Appendix D5c: First section data in mg/kg (Figures 4.30 - 4.35) 

Table D52: Total extracted phosphorus from top layer  

 Distance Loosely Carbon Ferrous Calcium Total 
  from inlet bound P bound P bound P bound P   
  5 15.26 13.32 20.55 105.61 154.74 

gravel 10 22.20 13.59 20.66 122.44 178.89 
  15 11.71 13.54 20.93 125.56 171.74 
            

slag 5 9.21 16.86 21.59 236.35 284.00 
  10 24.46 14.87 20.79 167.41 227.52 
  15 10.73 15.66 20.75 258.68 305.83 
            

clinker 5 23.98 22.08 23.19 66.01 135.26 
  10 10.77 15.73 20.85 32.82 80.17 
  15 9.96 13.73 20.32 20.27 64.27 
       

Table D53: Total extracted phosphorus from middle layer  

 Distance Loosely Carbon Ferrous Calcium Total 
  from inlet bound P bound P bound P bound P   
  5 11.36 12.87 22.87 142.88 189.97 

gravel 10 16.86 13.09 22.74 118.21 170.89 
  15 19.09 12.89 23.43 116.47 171.88 
            

slag 5 15.12 19.02 21.25 458.94 514.32 
  10 9.13 16.58 20.68 485.97 532.36 
  15 10.71 15.66 20.77 450.99 498.13 
            

clinker 5 10.25 25.79 22.83 345.09 403.96 
  10 6.39 25.82 22.34 264.90 319.45 
  15 3.54 21.43 22.20 229.93 277.08 
       

Table D54: Total extracted phosphorus from bottom layer 

 Distance Loosely Carbon Ferrous Calcium Total 
  from inlet bound P bound P bound P bound P   
  5 15.51 15.01 20.69 208.54 259.75 

gravel 10 16.28 14.86 20.40 177.01 228.54 
  15 14.10 14.84 20.91 219.73 269.58 
            

slag 5 23.87 17.01 21.59 287.62 350.08 
  10 23.69 18.54 22.18 335.69 400.10 
  15 23.99 16.36 21.23 169.82 231.39 
            

clinker 5 19.14 21.68 21.40 212.40 274.61 
  10 6.88 21.41 21.84 156.99 207.12 
  15 8.01 15.68 20.72 85.39 129.80 
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