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SAMMANFATTNING 

Att utveckla billiga och effektiva teknologier för att optimera återvinningen av 
fosfor (P) från jordbruksmarkens avrinningsvatten och 
avloppsvattenreningsanläggningar är en av de viktigaste forskningsagendorna 
för att rädda Östersjön från eutrofiering. Eutrofiering är den viktigaste 
utmaningen för vattenkvaliteten i Östersjöländerna. Dess främsta orsaker finns 
i överanrikning av näringsämnen från nämnda diffusa källor och punktkällor. 
Nya vetenskapliga resultat rekommenderar användningen av reaktiva sorbent 
som användbar teknik för att optimera avlägsnandet av upplöst reaktivt fosfor 
(DRP) i småskaliga behandlingsanläggningar. DRP är den viktigaste källan till 
eutrofiering i kustmiljöer vilket beror påatt det knappast hålls kvar i 
infiltrationssystem med sand, bottensediment och vattendragens buffertzoner. 
Förståelse av processerna för DRP-sorption, vattenflödesvägar och 
avskiljningskapacitet för reaktiva sorbent är nödvändiga för en hållbar 
minskning av fosforförlusterna. För att förbättra förståelsen för dessa fenomen 
bidrar denna avhandling med ett systematiskt modelleringsramverk för att 
utvärdera fosformobilitet och sorptionsdynamikinom skalan avrinningsområdet 
och i konstruerade våtmarker med vertikalt flöde. 

Modelleringsmetodiken för denna avhandling är indelad i två sektioner. Det 
första avsnittet fokuserar på modellering av fosformobilitet i Oxundaån-
avrinningen med hjälp av GIS-baserad mjukvara (SWAT). Den andra sektionen 
utvecklar den tredimensionella numeriska Reactive Transport-modellen för 
fosfor (RETRAP-3D) i COMSOL Multiphysics®-plattformen genom att koppla 
ihop de multipla processerna, med sikte på att förutsäga 
fosforsorptionseffektivitet och mekanismer för DRP-rörlighet i enkonstruerat 
våtmark . Den senare modelleringen utfördes för tre kommersiella reaktiva 
filter material: Polonite®, Filtralite P® och hyttsand (BFS). Modellen 
kalibrerades med användning av data härrörande från kolonnförsök . 

De starka sambanden mellan simulerade data och uppmätta data bekräftade att 
båda modellerna har fångat dynamiken i fosformobilitet och sorption i 
Oxundaåns avrinningsområde och i konstruerat våtmark. De kritiska källorna 
till fosforförlust identifierades, vilket möjliggjorde anvisning av lämpliga platser 
för konstruerade våtmarker. Resultaten från den numeriska modelleringen 
avslöjade att Polonite är det mest effektiva reaktiva mediet för applicering i 
konstruerade våtmarker. Avskiljningsförmågan för fosfor rangordnades som: 
Polonite® (88%), Filtralite P® (85%) och BFS (62%). Dessa resultat stödde 
hypotesen att det finns signifikanta skillnader mellan de analyserade mediernas 
sorptionseffektivitet. De faktiska skillnaderna i sorptionskapacitetvar positivt 
korrelerade med ökningen av pH och mineralinnehåll i mediet. Den föreslagna 
modelleringsramen som utvecklats av denna studie har exakt förutsagt 
sorptionsförmågan och beskrivit processer för fosformobilitet vid 
avrinningsskalan och i konstruerade våtmarker. Insikten som härrör från denna 
studie kan styra utformningen av effektivare konstruerade våtmarker och stödja 
beslutsfattande när det gäller vattenkvalitetshantering. Ytterligare studier krävs 
för att generera och validera mer erfarenhetsdata för att utvärdera känsligheten 
hos lokala parametrar. 
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SUMMARY 

Developing low-cost and effective technologies to optimize the recovery of 
phosphorus (P) from field runoffs and wastewater treatment facilities is one of 
the main research agendas to save the Baltic Sea from eutrophication. Eutroph-
ication is the most significant challenge for water quality in the Baltic Sea coun-
tries. Its main causes are nutrient over-enrichment from diffuse and point 
sources. Recent scientific findings recommend the use of reactive adsorbents as 
viable technology for optimizing the removal of dissolved reactive phosphorus 
(DRP) in small-scale treatment facilities. Because DRP is the main source of eu-
trophication in coastal marine environments and it is hardly retained in the sand 
infiltration system, sediment and riparian buffer zones. Understanding the pro-
cesses of DRP sorption, water flow pathways and the removal capacity of reac-
tive adsorbents is necessary for the sustainable mitigation of phosphorus loss. 
To improve the understanding of these phenomena, this thesis provides a sys-
tematic modelling framework to evaluate phosphorus mobility and sorption 
dynamic at the catchment scale and in subsurface vertical flow constructed wet-
lands.  

The modelling methodology for this thesis is folded into two sections. The first 
section focuses on modelling phosphorus mobility in the Oxundaån catchment 
using the GIS-based Soil and Water Assessment Tool (SWAT) software. The 
second section develops the three-dimensional numerical Reactive TRAnsport 
Model for Phosphorus (RETRAP - 3D) in the COMSOL Multiphysics® plat-
form by coupling the multiple processes, with the aim to predict phosphorus 
sorption efficiencies and mechanisms of DRP mobility in the subsurface flow 
constructed wetland. The latter modelling was performed for three commercial 
reactive adsorbent filter media: Polonite®, Filtralite P® and Blast Furnace Slag 
(BFS). The model was calibrated using data derived from the column experi-
ments of similar reactive adsorbent media application. 

The strong agreements between the simulated outputs and measured data con-
firmed that both models have captured the dynamics of phosphorus mobility 
and sorption processes in the Oxundaån catchment and subsurface flow con-
structed wetland. The critical sources of phosphorus loss were identified, which 
enabled to suggest suitable sites for constructed wetlands. The results from the 
numerical modelling revealed that Polonite is the most effective reactive media 
for application in constructed wetlands. The order of the phosphorus removal 
efficiencies ranked as: Polonite® (88 %), Filtralite P® (85%), BFS (62%), Wol-
lastonite (57 %). These results supported the hypothesis that there are signifi-
cant differences between the analyzed media’s sorption efficiencies. The actual 
differences in the media sorption capacity are positively correlated with the in-
crease of pH and mineral content in the adsorbent media. The proposed mod-
elling framework developed by this study accurately predicted sorption efficien-
cies and described processes of phosphorus mobility at the catchment scale and 
in the subsurface constructed wetlands. The insights resulting from this study 
can guide the design of more effective subsurface constructed wetlands, and 
support decision-making regarding water quality management. Further study is 
required to generate and validate more experimental data to evaluate the sensi-
tivity of local parameters. 
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LIST OF SELECTED PARAMETERS 

A. Hydrology and hydraulic parameters 

Parameter Description Expression Unit 

P Precipitation 827 [mm/year] 
ET Evapotranspiration 550 [mm/year] 
T Ambient temperature 293.15 [K] 
HLR Hydraulic loading rate ( ) 850 L m-2 d-1 

Q Volumetric flow rate  
∗ + 𝑖 ∗  − ∗ ∗  − ℎ𝑖 − ℎ ∗ 𝑃 𝑃  

[m3/s] 

HRT Hydraulic retention time (ε p*D*A)/Q [ s ] 
rp Particle size of spherical media 1.6 - 5.6 [mm] 
μ Viscosity of water liquid 8.51*10-3 [m2] 
k Permeability of the filter medium (K* μ)/(𝜌*g) [m2] 

αL Longitudinal dispersivity 0.00025 [m] 
αT Transverse dispersivity 0.00033 [m] 
τ Tortuosity factor 1.45 [ - ] 
Dej Effective diffusion 1.25*10-9 [m2/s] 
Kwo Hydraulic conductivity of Wollastonite 20 [m/d] 
Kpo Hydraulic conductivity of Polonite® 800 [m/d] 
Kso Hydraulic conductivity of Sorbulite 773 [m/d] 
Kfi Hydraulic conductivity of Filtralite P® 100 [m/d] 
Kbfs Hydraulic conductivity of BFS 255 [m/d] 𝜌p Polonite particle density, dry particle 781 [kg/m3] 𝜌bp Polonite bulk density, dry filter particle 416 [kg/m3] 𝜌f Filtralite particle density, dry particle 500 [kg/m3] 𝜌bf Filtralite bulk density dry particle, dry 333 [kg/m3] 𝜌s Sorbulite particle density, dry particle 500 [kg/m3] 𝜌bs Sorbulite bulk density, dry particle 220 [kg/m3] 𝜌w Wollastonite particle density, dry particle 2910 [kg/m3] 𝜌bw Wollastonite bulk density of dry particle 1862.4 [kg/m3] 𝜌bfs Blast furnace slag density , dry particle 2910 [kg/m3] 𝜌bbfs Bulk density dry BFS particle, dry 1862 [kg/m3] 
εw Porosity in the Wollastonite (1-𝜌bw/𝜌w) [ - ] 
εp Porosity of Polonite (1-𝜌bp/𝜌p) [ - ] 
εf Porosity in the Filtralite P (1-𝜌bf/𝜌f) [ - ] 
εbfs Porosity in the Blast Furnace Slag (1-𝜌bbfs/𝜌bfs) [ - ] 
εnsa Porosity of sand soil (1-𝜌bsa/𝜌sa) [ - ] 
εns Porosity in the Sorbulite (1-𝜌bs/𝜌s) [ - ] 

 
B. Hydrogeochemical parameters 

Parameter Description Expression Unit 

Ci Concentration of species 11.7 [mg/L] 
Fi Mass flow rate of species Ci*q*A [mol/s] 
mCi Molar mass concentration 1/molar mass [mol/g] 
R Reaction rate 

 
[mol/m3.s] 

k Reaction rate constant 
 

[m3/s.mol] 
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Aa Activated adsorption constant 8.1 [m^3/mol] 
Ea Activation adsorption energy 1430 [J/mol] 

KL Langmuir adsorption constant 0.5553 [L/kg] 
b Maximum adsorption capacity 68.325 [g/kg] 
KF Freundlich adsorption constant 0.5315 [L/kg] 
NF Freundlich adsorption intensity 0.85 [ - ] 
KL Langmuir adsorption constant 0.5553 [L/kg] 
Cp,max,j Max adsorption capacity 68.325 [g/kg] 
Ce Species equilibrium concentration - [mg/L] 
Kd Distribution coefficient of solid in soln. q/Ce [m3/g] 
q Adsorption isotherm - [mol/kg] 

 
C. Biological parameters 

Parameter Description Expression Unit 

CR Readily organic matter (COD) 1 [mg/l] 
XH Heterotrophic Bacteria 10 [mg/l] 
CS Slowly biodegradable soluble (COD) 126 [mg/l] 
CI Inert soluble COD 26 [mg/l] 
XANs Concentration of aerobic nitrobacter 10 [mg/l] 
XAMB Acetrophic methanogenic bacteria 10 [mg/l] 
YoHo Yield coefficient for heterotrophic 0.63 [mg/mg] 
YANs Yield coefficient for N. somonas bacteria 0.24 [mg/mg] 
YANb Yield coefficient for N. bacter 0.24 [mg/mg] 
KhetO2 Saturation coefficient for dissolved O2 0.2 [mg/l] 
KhetCR Saturation coefficient for COD substrate 2 [mg/l] 
KhetPO4 Saturation coefficient for PO43 nutrients 0.01 [mg/l] 
KCS Half saturation coefficient for bacteria 0.01 [mg/l] 
KDnCR Half saturation coefficient denitrifying CR 0.01 [mg/l] 
PrtPO43 Root uptake of orthophosphate  7.14*10-2 [mg/m3] 
Kh Hydrolysis rate constant 3 [1/day] 
Kx Saturation coefficient for hydrolysis  0.1 [mg/mg] 
uXH Maximum aerobic growth rate on CR 6 [1/day] 
bH Lysis rate constant heterotrophic bacteria 0.4 [1/day] 
fHydCI Fraction of inert COD in Hydrolysis 0.01 [mg/mg] 
fBMCR Fraction of CR generated in biomass lysis 0.05 [mg/mg] 
fBMCI Fraction of CI generated in biomass lysis 0.1 [mg/mg] 

fNDN 
Fraction of heterotrophs generated on 
readily biodegradable COD 

0.05 [mg/mg] 

Λatt First order attachment coefficient 0.4 [1/day] 
Λdet First order detachment coefficient 0.4 [1/day] 
Ratt Attachment rate of heterotrophic bacteria Ratt=Λatt*XH [mol/m3.s] 
Rdet Detachment rate of heterotrophic bacteria Ratt=-Λdet*XH [mol/m3.s] 
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ABSTRACT 

Mechanisms underlying the process of phosphorus mobility and retention were 
evaluated using the SWAT model at a catchment scale and 3D Reactive 
TRransport model for Phosphorus (RETRAP – 3D) removal in the COMSOL 
Multiphysics. The aims of the thesis were to: i) improve understanding of 
phosphorus mobility in the Oxundaån catchment; ii) identify suitable sites for 
constructing wetlands; iii) develop the numerical reactive transport model in 
order to identify key parameters which affects sorption efficiencies of the reac-
tive adsorbent media; iv) predict the media's sorption efficiencies; and v) evalu-
ate the viable reactive adsorbent media for mitigating eutrophication in the Bal-
tic Sea. To predict phosphorus removal efficiencies of the adsorbent media and 
visualize the sorption process within the constructed wetlands, a three-
dimensional model was developed within the COMSOL Multiphysics®. The re-
active transport model was developed by coupling four physics interfaces to 
simulate the processes of water flow dynamics, transport of diluted phosphorus 
species, reaction kinetics and heat transfer in the porous media. The SWAT 
modelling results showed that arable land with the less background phosphorus 
retention, lower soil permeability and lower land slope could provide suitable 
sites for constructing wetlands. The simulated phosphorus sorption efficiency 
of the reactive filter media was ranked: 88 % (113 g P kg-1) for Polonite®, 85 % 
(81gP kg-1) for Filtralite P®, 62 % (61 gPkg-1) for Blast furnace slag, 57 % (44gP 
kg-1) for Wollastonite. In comparison to other media, Polonite® was observed 
to be a suitable reactive adsorbent media for wetland applications under differ-
ent hydraulic loading rates and pH change, whose P-removal efficiency last for 
six years. The modelling results showed less significant effects of particle size 
on the phosphorus removal efficiency as compared to solution pH and Ca min-
eral content. Precipitation was identified to be the dominant mechanisms for 
phosphorus removal in these media with the positive correlation to increase of 
pH and Calcium content. The satisfactory agreements observed between the 
simulated outputs and experimental data accurately captured the processes of 
phosphorus mobility and removal. The results suggest that the reactive 
transport models are valuable tools for providing insight into sorption process-
es in subsurface systems and improving design criteria for constructed wet-
lands. More experimental data are needed to calibrate the sensitivity of local pa-
rameters in order to better assess the performance of subsurface flow 
constructed wetlands. 

Keywords: Constructed wetlands; COMSOL; Hydraulic Residence Time; Adsorption Isotherm; 
Retention Times; Reaction Kinetics; Reactive Adsorbent. 

1. INTRODUCTION 

Eutrophication is a global threat associated with 
water quality impairments, degradation of aquatic 
ecosystems and human health risks. It has also 
accelerated economic challenges for the societies 
living along coastal areas (WRI, 2009; Smith and 
Schindler, 2009). A recent report from the Hel-
sinki Commission initial holistic assessment 
report showed the unsatisfactory status of water 
quality in the Baltic Sea and its inland basins 
(Backer et al., 2010). The results of water quality 
indicators from the HELCOM identified eu-
trophication and hazardous toxic metals as the 

critical water quality issues in the entire Baltic Sea 
Region. The analysis from the HELCOM report 
showed that the cumulative impacts of eutrophi-
cation are complex and linked to various envi-
ronmental challenges such as hazardous heavy 
metals contaminations, toxic organic matter, 
pathogens, acid rainfall and climate change 
(Destouni et al., 2008). The main sources of 
eutrophication are nutrient enrichments from 
domestic and industrial wastewater treatment 
facilities, as well as aquaculture and agricultural 
fields. Runoff from the agricultural fields is the 
largest single source of nutrients loss. This is due 
to the increase of land-use conversion and con-
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sumption of mineral phosphorus fertilizers to 
maximize food production for feeding the global 
population, which is projected to 9.2 billion 
people by 2050. 
Based on the diversity and complexity of eu-
trophication, the strategies to mitigate the adverse 
impacts of eutrophication for the Baltic Sea 
require a holistic approach that builds on the 
following: (i) knowledge to engage and inform 
public, (ii) research and innovative techniques to 
optimise nutrients recovery and re-use of sewage 
sludge from the wastewaters and (iii) funding for 
implementation of management actions, fiscal 
incentives and policies development.  
The subsurface constructed wetland is one of the 
most accepted techniques for nutrients recovery 
from the domestic, industries and storm 
wastewaters. The low sorption capacity of sand 
or gravel media used for the traditional design of 
constructed have shown to be less effective for 
phosphorus removal, and to some extent has 
downscaled the reliability of constructed wetland 
for wastewater treatment in small scale communi-
ties. In Sweden, the use of constructed wetland 
application for wastewater treatment in small 
scale communities is still rare due to low sorption 
performance. Recent study carried by Arheimer 
and Pers (2016) suggested that more constructing 
wetlands are needed in order to improve water 
quality and save the Baltic Sea. This study is also 
based on the premise that the best way to save 
the Baltic Sea is by constructing effective wet-
lands with upgraded reactive adsorbent media. 
The appropriate approaches to investigate per-
formance of the filter media and identify suitable 
localities for constructing wetlands are through 
mechanistic or process–based models. Many 
research efforts are searching for adsorbent 
media to maximize phosphorus removal from the 
wastewater. 
The main focus of thesis was to apply SWAT 
model to predict phosphorus mobility and reten-
tion in the catchments and propose suitable sites 
for constructing wetlands. Then, developed the 
multi-component reactive transport model 
(RETRAP - 3D) for predicting performance and 
sorption efficiency of the adsorbent media for 
usage in the constructed wetlands. The evaluation 
were performed to the three commercial reactive 
adsorbent media (Polonite®, Filtralite P®, Blast 
Furnace Slag®) and one natural reactive media 
(Wollastonite).  

1.1 Current challenges and opportunities 

The impact of eutrophication has attributed 
challenge to provision of safe water, clean soil for 

recreational activities and death of aquatic ecosys-
tems. However, the scale of eutrophication varies 
over the entire Baltic Sea region. The most sensi-
tive eutrophic are located along the Baltic proper, 
the Sound and the Kattegatt coastal marine areas. 
While the Bothnia bay are less affected area by 
eutrophication. Among other impacts, eutrophi-
cation has promoted growth of microalgae; mac-
rophyte and phytoplankton, that in turns depleted 
oxygen to the deep zones to degree that afflicted 
survival of aquatic species and benthic fauna. It is 
eutrophication which has dramatically put human 
health at risks, especially when cyanobacteria get 
into contact with human body may cause eyes or 
skin irritations or reduce oxygen circulation in the 
blood. The cumulative impacts of eutrophication 
have increased costs of pricing ecosystem ser-
vices and implementing the BSAP commitments. 
Swedish needs 15 million Euros from the tax 
payer to implements the BSAP per year (Swedish 
EPA, 2009). 
Eutrophication causes a number of challenges 
that affect water quality sustainability in the Baltic 
Sea. Robust strategies for reducing nutrients loss 
from wastewater treatment facilities and agricul-
tural runoffs should be taken as an opportunity 
for mainstreaming institutional capacity and 
technological development to support ecological 
healthy status by 2021. These measures would 
provide niche employment opportunities, recov-
ery of lost phosphorus, re-use of wastewater 
sludge and enriched phosphorus (P) adsorbent 
media as the substitutes of mined P fertilizer in 
agriculture (Tarayre et al., 2016). The wastewater 
treatment sector is the main sector which is 
expected to provide these opportunities. It is 
estimated that 500000 households in Sweden uses 
on-site wastewater treatment facilities, of which 
125 000 households are not connected to the 
municipal sewer systems. The effect of 
wastewater sector to maximize phosphorus re-
covery may depend on the technology efficiency 
and excretion rate. Swedish EPA (2006) report 
for small-scale wastewater treatment systems 
NFS 2006: 7 section 19 § FMH indicated that a 
single person in Sweden can generate a 170 liter 
of wastewater per day, typically composed of 2 g 
of total phosphorus, 48 g of BOD5 and 14 g of 
total nitrogen.  

1.2 Mitigation measures and future plans 

To reverse the adverse impacts of eutrophication, 
a range of mitigation actions and monitoring 
programmes have been proposed and imple-
mented under the BSAP and EU Water Frame-
work Directives. Sweden has committed to re-
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duce 8100 tonnes of nitrogen and 290 tonnes of 
phosphorus loading to the Baltic Proper before 
2021 (Swedish EPA, 2009). The mitigation 
measures which are implemented today involves 
the HELCOM joint action plan for Baltic Sea, 
research programme for water quality monitor-
ing, assessment of water quality status, enacting 
regulations and policies from various European 
union water framework directives. Sweden has 
been protecting and restoring water resources, 
surface and groundwater resources by engaging 
public into actions of water managements and 
enforcing legislations, adapting standards and 
policies from the EU Water Framework Direc-
tives (2000/60/EC), Groundwater Directive 
(2006/118/EC), EU Bathing Water Directives 
(76/160/EEC), Marine Strategic Framework 
Directive (2008/56/EC) and Urban Wastewater 
Treatment Directive (91/271/EEC) and Sewage 
Sludge Directive (86/278/EEC). Sweden has also 
mapped and identified the sensitive eutrophic 
areas to phosphorus and nitrogen loadings and 
enforced the EU water framework directives in 
these areas for regulating wastewater discharge 
standard that is acceptable for the good ecologi-
cal health of the Baltic Sea. 

1.3 Alternative mitigation measures 

Manyalternative mitigation measures have been 
proposed at the local and national scale to reme-
dy significant impacts of eutrophication. Exam-
ples of these alternative measures include: 

 developing innovative techniques for 
optimizing phosphorus treatment on 
sites. 

 developing process-based model with 
multiple components to understand 
processes and performance of media.  

  increasing institutional capacity, tech-
nical commitments. 

 building human capacity, public aware-
ness and encourage knowledge sharing. 

 controlling the nutrients by recycling 
and wastewater treating on site. 

 establishing Best Management Practices 
(BMP)e.g. the use of strip and buffer 
zone in the agricultural fields.  

 rehabilitating and restoring ineffective 
constructed wetland. 

 providing incentives and substitute re-
sources to people residing in the most 
eutrophic environment.  

 taking no actions to most affected 
coastal marine environments. 

 enforcing new standards for wastewater 
discharge to the Lakes and stream. 

 establish monitoring check if the dis-
charged limit of 1 and 2 mg P l-1 is 
achieved to large scale WWTPs sys-
tem(i.e. 10 000 ≥ 100 000 PE) . 

Despite these efforts, still there is growing trends 
of phosphorus enrichments at the Baltic Sea 
Proper and West-coast border to Norway(Backer 
et al., 2010). This effects have precipitated scien-
tific interests to search for more new technology 
in order to optimize P removal efficiency in on-
sites treatment systems(Renman and Renman, 
2010). The environmental geochemistry group at 
the Land and Water Resource Engineering Divi-
sion at the Royal Institute of Technology 
(KTH)has recently discovered Sorbulite and 
Argon Oxygen Decarburisation (AOD) slag as 
the new potential candidates for phosphorus 
removal (Nilsson et al.,2013; Zuo et al., 
2015).Therefore, in order to achieve sustainable 
reduction of nutrient loss in the Baltic Sea, it is 
quite clear that the holistic measures are needed 
to mitigate nutrients loading and protect water 
quality. 

1.4 Rational motivation for the thesis 

This study was motivated by current concern 
about the need to investigate low-cost and viable 
adsorbent media for optimizing phosphorus 
removal in the subsurface vertical flow construct-
ed wetlands (VF CWs). The main interests of this 
thesis was to use mechanistic or process - based 
models to describing phenomena of phosphorus 
sorption dynamic processes based on the interac-
tion of multiple processes to enhance the detailed 
understanding of media's sorption efficiency and 
functions of constructed wetlands. This research 
follows the fact that conducting the long-term 
field experiments are very expensive and time 
consuming.  

1.5 Mechanistic models for predicting 
phosphorus removal and water flow dy-
namics 

For the past two decades, mechanistic models 
with different purposes, complexity and struc-
tures have been developed and used for a number 
of reasons. Some of these reasons are: predicting 
sorption efficiency of the media, comparing 
performances of system under different condi-
tions, improving design criteria, evaluating the 
functions of the system and describing processes 
within the system (Langergraber et al., 2009).  

The major strength of the mechanistic models 
compared to empirical models (analytical or black 
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- box) is that, they can simulate many processes 
simultaneously and ensure good tractability of 
theory (Meyer et al., 2015). Moreover, mechanis-
tic model do not rely on the experimental data to 
derive any governing equation for simulating 
processes.  

Many computing software platform are available 
today which has been used as the platform for 
developing mechanistic models. The most popu-
lar and widely applicable software are HYDRUS - 
CW® (1D/2D/3D) (Simunek et al.,2008)and 
COMSOL Multiphysics® (COMSOL Inc., 2017). 
This study chose COSMOL Multiphysics® soft-
ware for number of reasons. First, the structure 
of the COMSOL software is flexible and user 
friendly for formulating any mathematical equa-
tions to describe any processes. Second, flexibility 
of the model to integrates physics interfaces that 
encourage many creativity, innovation and learn-
ing environment to the user to develop models of 
varying complexity. Third, it can connect other 
software as well (e.g. PHREEQCI and 
MATLAB®). The COMSOL Multiphysics® was 
applied by (Samso and Garcia, 2013) to develop 
BIO_PORE model, (Rajabzadeh et al., 2015) to 
describe phenomena of biofilm developments 
and functions of subsurface flow CWs using 
Computational Fluid Dynamic (CFD). 

Other popular mechanistic models that includes 
features of hydrology, substrate clogging and 
change of hydraulic conductivity are FITOVERT 
- FITO depurazione VERTicale (Giraldi et al., 
2010), CWM1 – RETRASO (Llorens et al., 2011), 
STELLA software (Marois and Mitsch, 2016)and 
PHWAT (Brovelli et al., 2009). None of these 
models have simulated the effects of interaction 
of multiple reaction kinetics, fluid flow, solute 
transport and heat transfer on the pollutant 
removal efficiency.  

1.6 Modelling uncertainties 

Uncertainty analysis is the critical modelling step 
that helps to identify and provide reliable 
knowledge, increase transparency, enhance com-
munication between scientists, policymakers and 
stakeholders. Moreover, uncertainty analysis can 
also help to prioritize actions, allocation of re-
sources and reduce risks of making wrong deci-
sions (Hamel and Bryant, 2017).The complexity 
of the mechanistic model is the key issue which 
can lead to modelling uncertainties. Walker et al., 
(2003) classified uncertainties into three dimen-
sions: location, level and nature. The location 
accounts for sources of uncertainty from driving 
variables such as observation data and parame-
ters. The nature represents uncertainties inherited 

from improper understanding of the context: and 
scenarios that causes variability of processes or 
functioning of the system. The level of uncertain-
ty represents the magnitude of uncertainty, which 
is manifested from the total ignorance and de-
terministic knowledge caused by lack of sufficient 
understanding of the system.  

1.7 Aims of the study 

The overall aim of this thesis was to improve 
understanding of long-term mechanisms of 
phosphorus mobility and sorption processes in 
the catchment soils and various reactive adsor-
bent filter media used for wastewater treatments 
in the subsurface vertical flow constructed wet-
lands (VF CWs). To achieve these goals, this 
study has process based model (SWAT 10.2) to 
applied the Geographical Information System 
(GIS) predict phosphorus transports and reten-
tion in the catchment soils based on the impacts 
of land use changes and water management 
practices. Then, used the COMSOL Multiphys-
ics® platform to develop a three - dimensional 
coupled Reactive TRAnsport model for Phos-
phorus (RETRAP - 3D), with the aims of evalu-
ating the long-term mechanisms of phosphorus 
sorption dynamic processes in adsorbent media 
in the VF CWs. The detailed research questions 
are grouped into three papers as follows: 
PAPER I 

 Could the coupled topography and hy-
drologic process based model capture 
seasonal variations of DRP transports? 

 How the critical contributing diffuse and 
point sources vary spatially and tempo-
rally with the land use and best manage-
ment practices? 

 How the modelling uncertainties of the 
phosphorus transport and sorption pro-
cesses change with land use scenarios 
and management practices?  

PAPER II 

 How the 3D - VF CWs coupled reactive 
transport model of multiple processes 
describe the phenomena of water flow 
pathways and mechanisms underlying the 
DRP removal processes? 

 Could the physicochemical properties of 
the reactive adsorbent media, layering 
order of the adsorbent media domains 
and uniform water flow in the construct-
ed wetlands affect the mobility and DRP 
removal efficiencies of reactive filter me-
dia VF CWs? 
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PAPER III 

 How the modes of hydraulic loading re-
gime, wetland operations and biogeo-
chemical parameters affect mobility and 
sorption efficiency of reactive adsorbent? 

 How the non - uniform water flow pro-
cesses affect the DRP removal in the VF 
CWs? 

 What could be the viable reactive adsor-
bent and design recommendations for 
sustainable optimizing DRP removal in 
the VF CWs? 

The specific objectives of this thesis were to: 
 Map the spatial - temporal apportioned 

sources of phosphorus loading from dif-
ferent land use and BMP (Paper I). 

 Identify the critical sensitive areas based 
on the scenarios of land use changes and 
water management practices (Paper I). 

 Develop and calibrate the three - dimen-
sional multicomponents reactive 
transport model (RETRAP - 3D (Paper 
II). 

 Compare the DRP removal capacity of 
various reactive adsorbent under differ-
ent hydraulic loading regime and influent 
concentration (Paper II). 

 Evaluate the sensitivity of the hydraulic 
water flow and adsorption isotherm pa-
rameters over capturing efficiency of re-
active adsorbent (Paper II and III). 

 Propose the design recommendations, 
management operations and mainte-
nance for the effective functioning con-
structed wetlands (Paper III). 

1.8 Scope of the study 

The structure of this thesis is divided into three 
sections (Fig. 1). First section describes the status 
of the apportioned phosphorus transport in the 
Oxundaån catchment, where the driving observa-
tion data for developing the mechanistic model-
ling was gathered from this site. The parameter of 
water quality were calibrated and validated using 
the Sequential Uncertainty Fitting (SUFI2) pro-
gram in the SWAT-CUP (Abbaspour et al., 2015). 

Second section was dedicated to the RETRAP -
3Ddevelopment in the COMSOL Multiphysics 
by coupling four physics interfaces to predict 
performance of the adsorbent media and describ-
ing sorption processes. Third section was advo-
cated to geochemical modelling using the 
PHREEQCI software for evaluating solubility 
and precipitation process of reactive adsorbent 
media. The leading hypothesis of this thesis was 
that there is difference in the sorption efficiency 
of the adsorbent media due to the variation of 
mineral compositions. The significant contribu-
tion of this thesis was to provide long-term in-
formation of phosphorus mobility and retention 
in the catchment, and performance of the reac-
tive adsorbent media for application in the sub-
surface VF CWs. This information is required to 
inform the public and support decision making 
on selecting the viable reactive media and im-
proving the design criteria of the most effective 
constructed wetlands.  

2.  BACKGROUND  

2.1 Reactive adsorbent media 

The mineral reactive adsorbent referred to media 

Fig. 1. Scope of the thesis and specific objectives from each paper. 
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are characterized by high contents of reactive 
elements (e.g. Ca2+, Fe3+, Mg2+, Al3+ and K+, 
hydroxyl or hydroxide ions).The classifications of 
these media depend on the availability, manufac-
turing and treatment techniques. Vohla et al., 
(2011) have summarized reactive media into three 
groups: natural, industrial and man-made by - 
products. The assessment of their potentiality 
showed that the by - product reactive media: 
coated, calcinated and mixed with the metallic 
cations have higher P removal capacity at alkaline 
conditions (Blanco et al., 2016). The main ad-
vantage of using adsorbent reactive media is 
linked to their ability to recycle P-rich media and 
sewage sludge as soil conditioners in agriculture. 
Due to the concern that sewage sludge is highly 
contaminated with toxic metals and pathogens, 
the European Commission has banned direct 
usage of sewage sludge in agricultural soils.  
The literature reviews showed that steel slag is the 
most researched reactive media. Examples of the 
steel slag media and their sorption efficiency 
include: Blast furnace slag (BFS), Electric arc 
furnace (EA) and Basic oxygen furnace (BOF) 
(Blanco et al., 2016).On going scientific investiga-
tion into these media is motivated by the fact that 
physicochemical sorption is the dominant mech-
anism for phosphorus removal. 

2.2 Alternative adsorbent media 

Biochar (black charcoal) is an alternative adsor-
bent filter media which can be considered as a 
cheap medium for P removal from wastewater. 
Biochar normally offers many benefits as com-
pared to mineral adsorbent media. Biochar is not 
only a medium for wastewater purification, it also 
a suitable for carbon sequestration, soil condi-
tioning and soil moisture improvements 
(Dalahmeh et al., 2014). Compared to other 
media, biochar also seems to perform best in 
terms of climate change mitigation. However, few 
studies have investigated the potential applica-
tions of biochar for wastewater treatments. As 
yet, no studies have compared the adsorption 
capacity between biochar and the forms of steel 
slag mentioned above. Although under-
researched, biochar has been the object of some 
studies. The results from (Shepherd et al., 2016) 
reveal that ochre (hydrated oxide ion) enhanced 
higher adsorption capacity (1.73 ± 8.93 *10 -3 mg 
P g-1) compared to the bared biochar (1.26 ± 4.66 
*10 -3 mg P g-1) and activated carbon (0.88 ± 1.69 
*10 -2 mg P g-1). The biochar performance for 
bacteria removal is still unknown.  
Biochar remains the simplest medium for 
wastewater purification and suitable for carbon 

sequestration and soil conditioners. The biochar 
media is tested now in Stockholm city under the 
Stockholm Biochar Project 
(www.stockholm.se/biokol). Biochar media, the 
Wollastonite, shell sand, oil share sediments from 
coastal marine environments, zeolite, coal ash can 
also be the suitable filter media for P removal. 

2.3 Definition and terminology 

The terms applied in this thesis are grouped 
according to common, scientific or intersubjec-
tive terms. “Constructed wetland" refers to an 
engineered system of cleansed wastewater in its 
natural way through biological, chemical and 
physical processes (Vymazal, 2014). “Mechanis-
tic model” is the approach for describing the 
extent and intensity of sorption processes per-
formance of the system or quantify the mass of 
pollutants retained or transported in the porous 
media.“Hydraulic retention time” denotes the 
time which the wastewater spent in the filter bed 
system during the treatment process."Porosity” 
is the fraction of the bulk volume of porous 
media which is occupied by pore or void space. 
“Breakthrough” is the graph which represents 
the concentration of effluents measured at a 
specific time interval. Breakthrough curve is often 
used to describe the behaviour of adsorption sites 
and solute distribution as influenced by advection 
and dispersion processes.“Sorption” is the 
mechanism which restricts the movements and 
bioavailability of pollutant species, either into the 
structure or at the surface of porous media. 
Sorption combines two processes: absorption 
and adsorption. “Absorption” is defined as the 
retention of pollutant species (adsorbate) into the 
porous structure of adsorbent media. “Adsorp-
tion” is chemical mechanism responsible for net 
retention or accumulations of pollutant (adsorb-
ate) on the surface of the soil media (adsorbent). 
“Precipitation" is the chemical sorption process 
formed during the complexation reaction of 
chemical ions. 

2.4 Forms of phosphorus in wastewater 

Phosphorus is an essential nutrient to plant 
growth. It contains (Adenosine Tri - Phosphate - 
ATP) which is an important source of energy for 
cell growth. Phosphorus is a limited, non-
renewable resource that requires a careful man-
agement. 93% of global phosphorus mineral 
reservoirs are located in Morocco, China, South 
Africa, Algeria, Syria and Jordan. These reservoirs 
are estimated to last between 30 and 300 years 
(WRI, 2009).  
A large portion of phosphorus in wastewater 
occurs in dissolved forms and low concentration. 
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Orthophosphate (PO4-P) is the major form of 
phosphorus in wastewater which has been meas-
ured to be the most mobile and reactive species 
(Vymazal, 2014). It dominates at the high pH 
condition (pH ≥ 12.35). Other forms of phos-
phorus are mono phosphate (HPO4) and dibasic 
phosphate species (H2PO4) which dominate at a 
low pH between (4 < pH < 9) (Kadlec et al., 
2009). Moreover, Phosphorus may also occurs in 
form of suspended solid particulate phosphorus 
(PP), Total phosphorus (TP), Total organic 
phosphorus (TOP), Dissolved organic phospho-
rus (DOP) and Dissolved reactive phosphorus 
(DRP). Phosphorus in the environment is mostly 
controlled by factors of pH, hydraulic flow be-
haviour, characteristics of the filter media and 
land use managements. The pH is an important 
factor to explain mobility and adsorption process.  
At the alkaline condition (pH >9), orthophos-
phate co-precipitates with metallic cations (e.g. 
Ca2+, Fe2+, Al3+, K+ or Na+) to form strong and 
stable aqueous complex. At extremely alkaline 
conditions, orthophosphate (PO4-P) becomes 
free, mobile, readily soluble and reactive for plant 
uptake. At extremely acidic conditions (pH < 4), 
phosphorus is never adsorbed to any solid medi-
um due to the change of its form to weak inor-
ganic acid (polyprotic phosphoric acid - H3PO4) which 
dissociates or donates more protons in the solu-
tion. At the near neutral pH (pH < 7.2), phos-
phorus exists as dibasic phosphate (H2PO4). 

2.5 Applications of subsurface flow con-
structed wetlands for phosphorus removal 

The timeline of the constructed wetland research 
and development technology began in Germany 
in 1950s by Käthe Seidel. At that time, Seidel 
investigated the effects of various macrophyte for 
treating phenol and dairy wastewater in her hy-
dro-botanical pond (Vymazal, 2005; Cooper, 
2009). The performance of the system was not 
very successful because she used the large hy-
draulic conductive media. Two decades later in 
1970s, another Germany scientist Reinhold 
Kickuth from Göttingen University came-up with 
method called Root Zone Method.  

Between 1980s and 1990s, the revolution of 
horizontal subsurface flow constructed wetlands 
spread all over the Europe, especially in Germa-
ny, Denmark and UK. The first European guide-
lines on the design and operation of the con-
structed wetlands were formulated in 1990s and 
nine years later the constructed wetland associa-
tion (CWA) was formed in the UK with members 
from construction companies, wetland design 

engineers, researchers, material suppliers and 
wetlands operators (Cooper, 2009). 

Since then, constructed wetlands have been 
greatly accepted as a cost-effective and sustaina-
ble alternative solution to conventional systems 
for treating domestic, industrial, landfill leachates, 
mined sewage, storm water runoffs and agricul-
tural wastewater (Vymazal, 2014). The key fea-
tures of the subsurface flow constructed wetland 
are wastewater which is treated by flowing 
through the substrates (filter media) and anaero-
bically or aerobically digested with microbial 
organisms and plant uptakes.  

Typologies of the subsurface flow constructed 
wetlands are classified into subsurface horizontal 
flow constructed wetlands (HF CWs), vertical 
flow constructed wetlands (VF CWs) and hybrid 
constructed wetlands. These classifications de-
pend on the loading regime, degree of media 
saturations, physicochemical characteristics of 
substrates and aeration mechanisms. Results from 
Cooper (2009) indicated 5 to 10 performance 
folds efficiency of the VF CWs compared to HF 
CWs. 

2.5.1 Limitations of constructed wetlands 
application in Sweden 

Although constructed wetland is one of the 
environmental objectives in Sweden, but its usage 
has not been very popular for wastewater treat-
ment. The reasons for such low acceptance could 
be because of their low contribution for nutrient 
retentions of less than 0.2 % (110 tones of nitro-
gen per year and 0.5 % (9 tones of total phospho-
rus per year) (Arheimer and Pers, 2016). A study 
conducted by Eveborn et al., (2012) has found 
the low sorption efficiency (12 %). of sand soil 
infiltration system in southern Sweden. However, 
this study can't be used to generalize sorption 
capacity of the sand soil infiltration system in 
Sweden. Because the low sorption capacity which 
observed in the Everborn's study was connected 
to site characteristic and background concentra-
tion, which was influenced by intensive manure 
and P mineral fertilizers application. In addition, 
constructed wetlands require large land that is 
very expensive in Sweden. The ineffective per-
formance of the constructed wetlands in winter 
seasons and sensitivity of microorganisms to the 
wetlands loaded with toxic wastewater have also 
contributed to the decline of wetlands popularity 
in Sweden.  
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2.6 Mechanisms of phosphorus removal 
in subsurface flow constructed wetlands 

Phosphorus is removed in the subsurface flow 
constructed wetlands through combination pro-
cesses: biological, chemisorption and physisorp-
tion (Langergraber et al., 2009). The summary of 
all processes involved for phosphorus removal 
are presented in (Fig. 2). The biological process is 
the most cheapest and sustainable technique for 
treating wastewater, because of removing pollu-
tants in it natural way by microbial consumption 
or natural degradation of pollutant. 

2.6.1 Biological processes 

Phosphorus is removed by heterotrophic bacteria 
to consume the organic carbon as source of 
energy at aerobic condition to produce CO2 and 
nutrients (PO4

3-, NH4
+ or NO3

-). The pace of 
organic matter decomposition by microbial de-
pends on the availability of oxygen, which for VF 
CWs oxygen is supplied during intermittent 
loading. Then the microalgae consumed CO2 and 
PO4 - P produced from the organic decomposi-
tion process at anaerobic condition for generating 
new cell growth. The biological process in the 
CWs is greatly affected by the parameters of 
climatic conditions, fluid flow velocity and satura-
tion time of the filter media (Stefanakis et al., 
2014). 

2.6.2 Physisorption processes 

Physisorption is the sorption process of retaining 
suspended solid (TSS) and particulate solid phos-
phorus (PP) on the porous media. It is regarded 
to be the fastest removal process of solid pollu-
tant at the equilibrium condition. Examples of 
physisorption processes are filtration and sedi-
mentation. It occurs when the large solid pollu-
tant particles are constrained or settled onto the 
small pore space or attracted by the charged 
surface as the wastewater infiltrates through the 
media. The hydraulic retention time (HRT), 
porosity and water flow velocity are the most 
governing parameters for physisorption. The 
physical binding force which may influence phy-
sisorption processes can be Van Der Waals forc-
es2 and electrostatic force3. However, these bonds 
are very weak and might be disturbed by fluid 
velocity. 

2.6.3 Chemisorption processes 

Chemisorption is the mechanism which is con-
sidered to play a great role in the removal of 
dissolved phosphorus (Stefanakis et al., 2014). 
Examples of chemisorption process are adsorp-
tion, precipitation, hydrolysis, hydration, oxida-
tion or reduction processes (Fig. 2). Precipitation 
process of phosphorus removal occurs when 
PO4-P in the wastewater reacts with the metallic 
cations which are released from the adsorbent to 
form a new complex compound. The chemical 

                                                      
2Force due to the interaction of closely approaching 
particles. 
3Force of attraction between the opposite charge of 
ions in the aqueous phase and adsorbent solid media 
phase. 

Fig. 2. Schematic layout of phosphorus removal and recovery processes from wastewater and 
sewage sludge. 
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bond formed by chemisorption process is usually 
a strong bond and cannot return to its original 
form. The factors which predominantly regulate 
the adsorption processes are pH, contact time 
and specific surface area of the filter media.  

2.7 Design principles for subsurface ver-
tical flow constructed wetland system 

The basic design principles for various configura-
tions of subsurface flow constructed wetlands are 
mainly influenced by: climatic conditions; dis-
charge limits of treated effluents imposed by the 
environmental regulatory authority; land availabil-
ity; geological conditions and hydraulic loading 
regime.  

The prescriptive method is widely used to size 
the area of constructed wetlands in Europe. The 
method calculates the unit area of the constructed 
wetland based on the number of person equiva-
lents (PE) residing in the households so as to 
estimate volume of wastewater produced per day. 
To further improve the quality of wastewater 
treated by constructed wetlands, some countries 
have been using pre-treatment facilities (e.g 
imhoff tank and septic tank) and a number of 
filter bed layers as components of the prescriptive 
method for sizing wetland size. Considering the 
factors of hydraulic loading regime, filter bed 
domains and saturation of media, the subsurface 
constructed wetlands have been classified as 
horizontal flow constructed wetlands (HF CWs) 
and vertical flow constructed wetlands (VF CWs). 

In vertical flow constructed wetlands, the 
wastewater is loaded vertically on the top surface 
of inlet domain and allowed to infiltrate vertically 
downward to the deep layer domain. While in HF 
CWs the wastewater is loaded horizontally be-
tween the parallel layers of filter beds. The con-
ceptual model of the VF CWs design for Swedish 
application is presented in (Fig. 3). 

Most of the VF CWs in Europe are operated with 
intermittent loading (i.e. dosing one at a time in 
the rotation and then followed by resting period) 
to allow bed oxygenation and optimize organic 
matter removal. Different values of unit surface 
area per PE have been proposed based on pre-
vailing climatic condition. For example, high unit 
area values between (3 - 5 m2/PE) are recom-
mended in the colder climate region (Nordic 
countries) and low value of less than (2 m2/PE) 
in warmer regions (Stefanakis et al., 2014). 

In Sweden, the average number of people in 
single households is estimated to be 5 people. 
The unit area requirements for sizing VF CWs in 
Sweden ranges between 3.5 - 4 m2 /PE for bed 
volume of 35m3 (Jenssen et al., 2010). In other 
European countries, the unit area per PE are as 
follows: Denmark (3.2 m2/PE) (Brix and Arias, 
2001); France (2 - 2.5 m2/PE); UK (0.85 - 
2.6m2/PE) (Cooper, 2009) and Belgium (3.8 
m2/PE) (Rousseau et al., 2004). VF CWs are the 
most popular system of constructed wetlands in 
Austria, France, Danish and Germany system.  

Fig. 3. Conceptual model process of subsurface vertical flow constructed wetland systems 
used for on- site wastewater treatment system in Sweden. 
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The Austrian VF CW systems consist of pre-
treatment unit and the bed depth (0.75 m) which 
is filled with sand grain size (1 - 4 mm) for HLR 
of (120 L m-2d-1) in every 3 hours dosing circle. 
The French system is designed according to two 
stages and several bed layers. The raw wastewater 
was applied on top of the first stages without pre 
- treated. A loading rate was applied at (800 L m-2 

d-1) with a feeding rotation of 3 - 8 days. The first 
three units of VF CWs system contains three 
beds, fine sand grain bed on top bed (0.3 m, 2 - 8 
mm grain size) followed by transition bed in the 
middle bed (0.2 m, 5 - 8 mm grain size) and 
gravel bed in the bottom bed (0. 2 m, 20 - 40 mm 
grain size). The treated effluents from the first 
stage are loaded to the second stage for removing 
organic matter and nitrogen. The VF CW systems 
in Denmark are designed by maximum three 
number of filter bed layers, with the 140 cm bed 
depth and feeding regime of 8 - 12 times per day 
(Brix and Aria, 2001). The VF CW systems in the 
UK are designed at the continuous dosing of 
HLR 119 (L/m2/day) and oxygen transfer rates 
of 28 - 36 g O2/(m2/day), oxygenated to the 
compacted bed of 70 - 100 cm depth (Cooper, 
2005). 

3. MATERIALS AND METHODS 

3.1 Overview 

This thesis consists of three studies which have 
been designed to model phosphorus transports, 
identify the critical sources of phosphorus loss in 
the catchment and propose suitable locations for 

constructing wetlands (PAPER I). PAPER II and 
III were focused on developing RETRAP-3D 
model for evaluating the long-term sorption 
efficiency and mechanisms of the reactive adsor-
bent media under different operations and media 
properties in the VF CWs and Compact Bed 
Filter (CFB) system. PHREEQCI software was 
used to supplement information of mineral solu-
bility and precipitation process (PAPER II).  

3.2 Study area 

Oxundaån basin is located at latitude (59037'30''N 
- 59025'0''N) and longitude (17047'30''E - 
1807'30''E) in the vicinity of Norrström Swedish 
water district in the north of Stockholm County 
(Fig.4). The basin area is 29253 ha, in which 41 % 
is covered by agricultural fields, 18 % by settle-
ments, 8 % by water bodies and 20 % by forests. 
The elevation of the landscape ranges between 25 
- 99 m characterized by high slope of up to 30 %. 
The basin has three contributing inlet streams. 
First stream is Verkaån located in the northeast 
of the basin that contributes a mean flow of (0.33 
m3 s-1). The second stream is Oxundaån located 
in the southern part of the basin that contributes 
about (0.83m3 s-1). The third monitored stream is 
located at Vallentuna with annual runoffs are 0.37 
m3s-1. All streams drain water to the Oxundasjön 
and subsequently to the Lake Mälaren, the largest 
source of drinking water in Stockholm. The 
climate is temperate with cumulative mean annual 
precipitation of 827 mm and maximum tempera-
ture of 10.3oC. 

Table 1. Data source used in modelling the nutrient transports in the catchment. 

Data Type Resolution Sources 

Digital Elevation Model (DEM) Raster format of 2 m *2 m 
Swedish University of Agriculture (SLU) Geodata Portal 
(https://zeus.slu.se/get) 

Land cover 
Raster format of  
25 m *25 m 

Swedish University of Agriculture (SLU) Geodata Portal 
(http://lantmateriet.se/Kartor-och-geografisk-
information/Kartor/Geografiska-teman/GSD-Marktackedata/ ) 

Soil type Shape format of scale 1:25000 - 1:100000 Geological Survey of Sweden (SGU) (https://www.sgu.se/en/) 

Climate and River discharge Daily observed data 
Meteorological and Hydrological Institute Vattenwebb 
(SMHI)(https://vattenwebb.smhi.se/) 

Nutrients and water quality 
parameters 

Monthly observation for 3 stations 
(OxundaånEdsan, Verkaånand Sollentuna) 

Swedish University of Agriculture (SLU) - Institutionen for Vatten-
ochmiljo 
(https://www.slu.se/institutioner/vatten-miljo/) 

Water quality status - Vatteninformationssystem Sverige (https://viss.lansstyrelsen.se). 

Best management practices 
(BMPs) 

- 
Swedish board of agriculture (http://www.jordbruksverket.se) and  
Statistic Sweden (www.scb.se) 

Water quality management 
plans (WQMP) 

- Swedish water authority (http://www.vattenmyndigheterna.se) 

Point sources pollution - 

SMED - Swedish Environmental Emission (http://www.smed.se),  
HELCOM - Helsinki commission (http://www.helcom.fi/action-
areas/industrial-municipal-releases/helcom-hot-spots/) and  
Swedish Environmental Protection Agency 
(https://www.naturvardsverket.se). 
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The evapotranspiration is around 550 mm per 
year. Runoffs in the Verkaån stream had low Tot-

P (0.07 mg/l), Tot-N (1.03 mg l-1) and TOC (10.6 
mg l-1) concentration and nearly neutral pH 

Fig. 4. Location of study area in the (a) Norrström basin-third water district in Sweden (b) 
land use distribution (c) geological condition and (d) sub-catchment in the Oxundaån 
basin. 

(c) 

(b) (a) 

(d) 
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(7.72). Runoffs from Oxundaån stream portrayed 
high Tot - P (0.09 mg/l) concentration and low 
concentration of Tot - N (0.09 mg/l) and TOC 
(9.20 mg/l), and low pH (6.5). The dominant 
soils in the northern part of the basin are postgla-
cial fine clay and swelling sediments mixed with 
silt soils. The southern part of the basin is largely 
occupied by bedrocks, sand moraines and post 
glacial clay soils. Approximately (62 %) and (33 
%) of phosphorus is transported from the diffuse 
source-field runoffs at Verkaån and Oxundaån. 

3.3. PAPER I 

3.3.1. A new modelling approach of phos-
phorus mobility and retention processes 
in the Oxundaån catchment, Sweden 

3.3.1.1 SWAT modelling processes and structure 

The main objective of (PAPER I) was to use the 
process-based model to identify the critical 
sources of nutrient pollutions, mobility and sorp-
tion process in the Oxundaån catchment. The 
approach in (PAPER I) was to apply and parame-
terize SWAT for modelling water quality by 
coupling the input variable for weather, land use, 
soils and information for best management prac-
tices. The SWAT (Soil and Water Assessment 
Tool) version 10.2 is the hydrologic process 
based and spatially semi-distributed model that 
can predict various processes of water runoffs, 
sediments yields, nutrients transports, retentions, 
organic matter mineralization and bacteria trans-
ports in a complex, gauged, large-scale watershed 
and for a long period of time. The model has also 
been performing well in simulating the watershed 
with ungauged stations (Ekstrand et al., 2010). 
The SWAT model uses the data of land use 
management operations, weather data and spatial 
distributed data to simulate various processes of 
water flow, sediment and bacteria transports in 
the large scale watershed. 
Different to other process based models such as 
HYPE (Hydrological Predictions for the Envi-
ronments from Swedish Meteorological and 
Hydrological Institute) and HBV - NP (Arheimer 
et al., 2007), the SWAT served as the most robust 
tool for water quality assessment in the watershed 
of large complexity and in identifying the local 
sensitive parameters in the large gauged catch-
ments. The SWAT model has a limitation of 
requiring more data mining from different 
sources, pre-assumptions and modellers’ prelimi-
nary understanding of the local processes in the 
study area. 

3.3.1.2 Input data 

A raster data of digital elevation model (DEM) 
with fine resolution of 2 m * 2 m (Table.1) from 
SLU Geodata Portal was used to delineate 
Oxundaån basin (29253 ha) of 34 sub-catchments 
(Fig.4). The land covers of 25 m* 25m resolu-
tions; soils datasets were requested from geologi-
cal survey of Sweden and DEM were used to 
define 284 hydrological response units (HRUs). 
Each HRU represented similar properties of land 
use, soil types and slope. The water runoffs and 
sediment erosion from each HRUs were routed 
together to obtain the total runoffs and sediments 
transports for the particular watershed. The daily 
climatic data and stream flow observed from 
three weather stations and streams gauge stations 
in the basin were accessed from SMHI. These 
climatic data were daily measurements of rainfall, 
maximum and minimum temperature, humidity, 
solar radiation and wind speed. The nutrients and 
water quality historical records for pH, Tot-P, 
Tot-N, TOC and bacteria recorded in monthly 
basis for period of 44 years (1968 - 2012) were 
from SLU. The information regarding best man-
agement practices (BMPs) for crop growing 
seasons, biomass yields, sowing and harvesting 
periods, tillage operations, filter and riparian 
strips and timing of fertilizer applications were 
gathered from the Swedish board of agriculture 
and Statistic Sweden.  
Sweden has set a limit of supplying 22 kg of 
phosphorus and 170 kg of nitrogen from manure 
and inorganic fertilizer per hectare in the top 10 
mm soil layer. The average amounts of nitrogen 
leached from field was estimated at 19 kg N ha-1 

(Swedish EPA (2009). Mean phosphorus losses in 
the Norrström basin were applied as 0.3 kg P/ha 
from arable land and 0.03 kg P/ha from forest 
(Ekstrand et al., 2010).  
The value for nitrogen and phosphorus leaching 
were taken by this study as a limit for SWAT 
calibrating nutrient leakages from Oxundaån 
catchment. Data for phosphorus losses from the 
point pollution sources, mainly from the septic 
tank, wastewater treatment plants and recreation-
al sites were searched from the Swedish Envi-
ronmental Emission (SMED) and Swedish EPA 
(Table 1). 

3.3.1.3 SWAT calibration and uncertainty analysis 

The SWAT model was run for 42 years to pa-
rameterize the influence parameters range to 
describe processes of various phosphorus pools 
in the surface water, groundwater, plant and soils. 
The SWAT - CUP software were used to cali-
brate the model by selecting the parameters from 
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the literatures and adjust them one at a time to 
investigate their sensitivity. A total of 38 parame-
ters were calibrated in the SUFI-2 program in the 
SWAT - CUP.  
To calibrate these parameters, the nutrients and 
stream flow from Verkaån station to fit the re-
sponse of the simulated results. Table 5 summa-
rized the parameters which were calibrated in the 
SUFI2 program. Selected of these parameters 
were screened from the previous studies of simi-

lar weather condition to Oxundaån. The SWAT 
model use Modified Universal Loss Equation 
(MUSLE) approach (Eqn. 1) to calculate the 
amounts of sediments generated from each HRU. 
 = . ∗ ( ∗ ∗ ℎ ) . ∗ 𝐿∗ 𝐿 ∗ 𝐿 ∗ 𝐿∗                                                   
 

Where Sed= sediment yield on a given day (metric 
tons), Qsurf= volume of surface runoffs (mm 

Fig. 5. Conceptual layout of the subsurface VF CWs (left panel) and compact bed filter (right 
panel) with different packing order of filter media. Left panel: The VF CWs system in-
cludes the septic tank (1), biofilter reactor (2), pumping well (3), perforated distribution 
pipes (4), sand media domain (5), reactive filter domain (6), effluent collector wells (7), 
gravel sand domain (8), effluent pipes (9) and aeration pipes (10). The wastewater was 
loaded vertically at the upper domain through the perforated pipes. Right panel: The 
compacted filter bed system also has three domains, sand domain (11), reactive domain 
(12), gravel domain (13), influent (14), effluent pipe (15) and aeration pipes (16). 
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H2O/ha), qpeak= peak runoffs rate (m3s-1), areahru= 
area of HRU (ha), KUSLE= USLE soil erodibility 
factor (0.013 metric ton m2 hr/(m3-metric ton 
cm)), CUSLE= USLE cover and management 
factor, PUSLE= USLE support practice factor, 
LSUSLE=USLE topographic factor and CFRG= 
coarse fragment factor. The statistical value, 
relative variance of the 95% confidence interval 
(CI) and significant level of 5% were used to 
evaluate the performance of simulated outputs. 
The nutrients that leached to the deep aquifer 
were assessed using the percolation coefficient 
parameters for phosphorus (PPERCO) and nitro-
gen (NPERCO). The sediments contributed from 
dissolution of sink or source term via lateral and 
groundwater was simulated using (Eqn.2). 
 =  ( + ) ∗ ℎ ∗              

 
Where Sedlat= sediment yield on a given day based 
on the lateral water flow (metric tons), Qlat= 
lateral flow (mm H2O/ha), Qgw= groundwater 
flow for a given day (mm H2O/ha), Consed= Con-
centration of sediment in lateral flow (mgl-1). 

3.3.1.4 Model validation and parameter sensitivity 

Prediction accuracy and robustness of the SWAT 
model were evaluated through a cross validation 
of a statistical performance indexes such as coef-
ficient of determination (R2), (Nash and Sutcliffe, 
1970) (NSE, Eqn.3), percent bias (Betrie et al., 
2011) (PBIAS) = − [ ∑ −𝑖=∑ ( ,𝑖 − ̅ )𝑖= ]                                                   

3.4. PAPER II and III 

3.4.1. Numerical model development of 
reactive phosphorus sorption dynamic in 
the constructed wetland using COMSOL 
Multiphysics 

3.4.1.1 Protocol for numerical model development 
The steps for developing RETRAP - 3D numeri-
cal model were to:  

 Examine the theory and define problem 
in the system that needed to be solved or 
predicted. 

 Develop a conceptual model. 
 Build geometry, define parameters, input 

variables and materials properties. 
 Select the governing physics equations to 

solve the problem based on the set of in-
itial and boundary conditions. 

 Run the model and validate if the results 
were accurate or strongly fitted the data 

from the fields - trial or laboratory exper-
iments. 

 Use the models if they generated results 
close to real situation in nature or reject 
them if they deviated excessively from 
reality. 

3.4.1.2 3D geometry of subsurface model 

Three-dimensional (3D) geometries (32 m3) of 
two wetted constructed wetlands systems were 
designed in the COMSOL Multiphysics® as a 
pilot plant for wastewater purification in 
Oxundaån Basin (Fig. 5). This constructed wet-
land system consists of pre-treatment units (e.g. 
wastewater collector tank, septic/sedimentation 
tank, bio filter), plants and three domains of filter 
media in the subsurface VF CWs. The focus of 
this study was to model sorption processes of 
filter adsorbent media in the constructed wetland 
domains. Two design configurations of trapezoi-
dal subsurface VF CWs with different layering 
order of bed domain were modelled. The two 
systems differs each other in the arrangement 
order of the filter bed domain. The first configu-
ration of VF CWs was filled with the coarse 
granular sand (0.1 m depth, 8 - 10 mm) on the 
top domain and subsequently filled with the 
reactive adsorbent media (0.8 m depth, 0 - 6 mm) 
in the middle domain and coarse gravel (0.15 m 
depth, 20 - 30 mm) at the bottom domain. In the 
second configuration of VF CWs, the top domain 
was filled with reactive filter media, then sand 
media and subsequently gravel in the bottom 
layer domain (Fig. 5). To stabilize the particle 
grains distribution in the bed domains and reduce 
movements of small particles, the uniformity 
coefficient (UC) defined by ratio (d60 /d10) was 
used. This UC value represents the grain particle 
of large particles (60 %) and small particle (10%) 
that sieved through the mesh was used to fill the 
filter domain. 

3.4.1.3 Materials 
Modelling of solute transport and adsorption 
processes were investigated in the four reactive 
media, two of them are commercial reactive 
media (Polonite®, Filtralite P®; BFS) and one is 
natural occurring media (Wollastonite). The 
physico-chemical properties of these media are 
given in (Table 2).¨ 

3.4.1.4 Modelling rationale and model components 

The specific objective of paper II was to develop 
a robust and flexible multi-components reactive 
transport model for evaluating the long-term 
processes of solute mobility and sorption pro-
cesses in the reactive adsorbent filter media  
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 under uniform water flow condition.  

The RETRAP - 3D model was built in the 
COMSOL Multiphysics 5.2a software by cou-
pling two components. The first component built 
with physics interface of chemical reaction engi-
neering kinetics for describing attenuations of 
chemical species and organic matter in the solid 
and aqueous solution phase. The second compo-
nent comprised the physics interface of Darcy's 
water flow, advection - dispersion of diluted 
species transports and heat transfer. Both com-
ponents were coupled together using the generate 
space dependent model. 

The COMSOL Multiphysics 5.2a uses the finite 
element method, and set of initial and boundary 
condition to solve numerically the governing 
physics equations. To simulate the uniform water 
flow in the VF CWs, the adsorbent filter media in 
the wetlands were assumed homogeneously 

saturated and miscible solution of wastewater. A 
free tetrahedral mesh system was chosen to 
generate 351912 total domain elements, 19909 
boundary elements, and 50603 nodal elements. 
The model ran for 5000 days at a time step of 1 
day, and constant temperature (20oC). The 
RETRAP - 3D model requires a physical memory 
of 2.82 GB and minimum 2hrs computation time. 

3.4.2. Governing equations 

3.4.2.1 Hydrology and hydraulic flow sub-model 

A volumetric water content loaded into the VF 
CWs was calculated using the differential equa-
tion (Eqn. 4).  

 𝜕𝑉𝜕𝑡 = ∗ + 𝑖 ∗ − ∗ ∗ − ℎ𝑖 − ℎ ∗ 𝑃 𝑃       

 

Table 2. Input parameters of physical and chemical properties used to model hydraulic and 
solute transport in Polonite®, Filtralite P®, Wollastonite, Blast Furnace Slag. 

Element Polonite®a Filtralite P®b Wollastonite BFS®c Unit 

Hydraulic loading rate (q)  1050 850 560 280 Lm-2d-1 

Transversal dispersivity(αT) 3.3*10-4 3.3*10-4 3.3*10-4 3.3*10-4 m 

Longitudinal dispersivity (αL) 2.5*10-4 2.5*10-4 2.5*10-4 2.5*10-4 m 

Porosity (𝜀  0.43 0.65 d 0.36 0.28  

Pore volume  14.951 10.72 11.52 11.52 m3 

Specific surface area 1.4 g, 9 1.5 0.42 m2 g-1 

Bulk density  781 500 d 2910 1800f kg m-3 

Uniformity coefficient (d60 > 1.7 < 3.5 1.5 < 3.6  

Hydraulic conductivity 800 100 d 20 255 m d-1 

Particle size 2 - 6 2- 4 d 1 - 3 2.5 - 4d,f mm 

Tortuosity  coefficient factor 1.45 1.45 1.45 1.45  

Si  241 269 276 155 g kg-1 

Al  27 86.1 54.6 69.7 g kg-1 

Ca  245 35.7 151 216 g kg-1 

Fe  16.5 56.5 21.5 3.11 g kg-1 

K  9.15 29.2 26.2 6.18 g kg-1 

Mg  4.4 28.3 13.3 797.6 g kg-1 

Mn 0.12 - 0.894 4.69 g kg-1 

Na  1.46 - 12.3 4.28 g kg-1 

PO4 - P 0.34 - <0.1 <0.1 g kg-1 

pH at equilibrium sorption 9.5 - 11.7 11.6 - 13 9.5 - 12 9.7 - 10  

Sources: Unless otherwise stated, the values of the mineral elemental contents and physical properties are 
from the product data sheet ,a,b,g,cNilsson et al., 2013); dMaxitLecaRælingen product data sheet;;fBarca et al., 
(2013).  
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The equation (4) takes into account the inputs of 
hydraulic loading rates from the domestic 
wastewater (qe, L m-2 d-1), the top surface area of 
VF CWs perpendicular to the wastewater distri-
bution direction (A, m2), rainfall or snow (Pi,m d-

1),  

evapotranspiration (PET, m d-1), specific coeffi-
cient for plant transpiration (IET), hydraulic water 
level in the inlet surface (hi, m) and outlet water 
head (ho, m) and hydraulic coefficient loss of the 
pipe (KPIPE, m2d-1).  

The actual hydraulic retention time of wastewater 
which takes to be treated in the porous media 
was calculated using (Eqn. 5). 

 = (𝜀 ∗ 𝑉 )                                                                    

 

3.4.2.2 Darcy'swater flow sub-model 

In PAPER II, the linear (Newtonian) water mo-
bility within the porous adsorbent media was 
solved using Darcy's law. Darcy's law solved 
water flow using the parameter of fluid properties 
and fluid viscosity. The intrinsic permeability (k), 
mainly described by medium porosity (𝜀  and 
shape were the most dominant parameters for 
describing water mobility and permeability. High 
permeability was assumed to exist when there is 
voids pores connectivity, and less permeability to 
unconnected or isolated voids. The conductivity 
of the medium is mathematically measured by 

hydraulic conductivity ( = 𝜌𝜀𝑝 ) (ms-1). Darcy's 

applications (Eqn.6) are favoured by less number 
of parameters which makes the method to be 
simple and less computation intensive. Darcy's 
law is applied under assumption that the media 
should be fully saturated, homogeneous distribut-
ed, isotropic and low inertial flow rates. 

 𝜕(𝜌𝜀 )𝜕𝑡 + 𝛻 ∙ [𝜌 − 𝑘 𝛻 + 𝜌 𝛻  ] =                      

 

Where𝜀 = porosity, 𝑡= time (s),u= Darcy veloci-
ty (ms-1), 𝑡= time (s), ∇ ∙= divergence vector, k= 
intrinsic permeability (m2), = pressure (Pa),  = 
dynamic water viscosity (kgm-1s-1), 𝜌 = fluid 
density (kg m-3) and  = mass source term 
(kgm-3s-1). 

3.4.2.3 Brinkman hydraulic water flow sub-model 

The nonlinear water mobility (PAPER III) was 
solved using the Brinkman equation (Eqn.7). The 
Brinkman equation is an extension of the Darcy's 

law for describing the dissipation of the kinetic 
energy viscous shear, similar to the Navier - 
Stokes equations (COMSOL Inc, 2017). Compar-
ison to Darcy's law, the Brinkman equation  

has an advantage of solving water flow with 
varying density, viscosity and non-Newtonian 
fluids. It is used for simulating transitional water 
mobility between linear and turbulent water flows 
when the Reynolds is less than 1.The equation 
uses the input state variables of fluid velocity, 
pressure, temperature and influence forces (e.g. 
gravity) and intrinsic permeability functions to 
solve water mobility. The disadvantage of this 
equation is related to computational demand due 
to large number of input parameters. The mo-
mentum is the main driver of water mobility. Due 
to computation demands, the RETRAP - 3D 
model with Brinkman equation was simulated for 
time - dependent of 400 days. 

 𝜌𝜀 𝒖𝜕𝑡 + 𝒖 ∙ 𝛻 𝒖𝜀 = −𝛻 + 

𝛻 ∙ [𝜀 { 𝛻𝒖 + 𝛻𝒖 − 𝛻 ∙ 𝒖 }] 

− 𝑘− +   𝜀 𝒖 + 𝑭                                                       
 

Where = mass source or mass sink term 
created or deposited in the domain kg m-3s-1), k = 
permeability of the porous medium (m2), = 
dynamic viscosity of fluid (kg m-1 s-1), = pres-
sure (Pa), T = temperature (K) and I = wetted 
depth of the wetland bed (m), F = force term 
accounting for water movements due to gravity 
and volume forces (kgm-2s-2). 

3.4.2.4 Solute transport and adsorption sub - model 

Reactive transports of species in the saturated 
porous media were solved using the coupled 
differential Eqn8. This equation combines the 
process of solute advection dispersion and reac-
tion kinetics. The adsorption isotherm is also 
considered as the transport process of diluted  

species between the aqueous phase and the solid 
phase.  [(𝜀 + 𝜌 𝑘𝑃,𝑖) 𝜕 𝑖𝜕𝑡 ] + [( 𝑖 − 𝜌 𝑃,𝑖) 𝜕𝜀𝜕𝑡 ]=  ∇ ∙ [( ,𝑖+𝜃𝜏 ,𝑖 ,𝑖)∇ 𝑖] −[𝛁 ∙ 𝑖] ± ∑ 𝑖 − + + 𝑖                     

Where 𝑖= species concentration in the liquid 
phase (kg m-3), 𝑃,𝑖 = concentration of solid 
species adsorbed on the solid (mol kg-1), ε= 

media porosity, 𝑘𝑃,𝑖 = 𝜕 𝑝,𝑖𝜕 𝑖 =adsorption isotherm 

for Langmuir and Freundlich isotherm 
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tion,𝜌 = media bulk density (kg m-3), ,𝑖= 
dispersion (m2 s-1),  = loading rate of wastewater  

 into system (m3 m-2.d-1), 𝜏 ,𝑖= tortuosity factor, 𝜃= volumetric water content, 𝑖=species reac-
tion rate(kg m-3 s -1),  and =attachment 
and detachment biokinetic rate (kgm-3s -1),  𝑖= 
sink /source term (kg-3 s -1). 

 

3.4.2.5 Adsorption in porous media sub - model 

The quantities of species sorbed on the surface of 
reactive filter media in forms of monolayer were 
solved using the Langmuir isotherm (Eqn. 9). To 
apply the Langmuir isotherm equation, it was 
assumed that there is no interaction of adsorbed 

species at the binding sites. The Langmuir equa-
tion was simulated in the transport of diluted 
species interface using the input parameters of 
maximum adsorption capacity and Langmuir 
adsorption constant. The behaviour of species 

adsorption rates is evaluated by slope ( 𝑃,𝑚𝑎𝑥) of 

linear isotherm (Eqn. 10).  

 = ,𝑖 = 𝑃, 𝐿 𝑖+ 𝐿 𝑖                                                          

 𝑖  =  𝑖𝑃,  + 𝑃, 𝐿                                                  

 

Table 3A: Biokinetic process used for simulating the biodegradation and transformation of organic 
matter in the reactive media. 

Process Component Phase Biokinetic expression rate equation 

Hydrolysis  Conversion of C  into C  

Aqueous d Cdt = Kh ∗ [ cC /cXKX + cC /cX ] ∗ cX  

Mineralization of 

organic matter 

Heterotrophic (X ) 

growth on C  

Aqueous d Xdt = μX ∗ cOK + cO cC(K t, +  cC ) cC(K t, +  cC ) ∗ cX+ [ Ratt − R t cX ] 
Bacteria growth C  consumed by X  Solid  d Cdt = − YX ∗ μX ,max ∗ cC(K t, +  cC ) cOK + cO ∗ cX  

Lysis Heterotrophic bacteria  Solid d Xdt = −bX CX  

Biokinetic expression rate of organic matter mineralization was modified from the original equation from CW2D (Langergraber and Simunek, 2005). 
Modification were done by adding supplementary function to describe  process of biomass attachment and detachment  
(i.e. = 𝑋  and = − 𝑋 ) 

Table 3B: Biokinetic parameters used to model transformation and degradation of biomass in the CFB 
growth. The data were adapted from the constructed wetlands module manual version 2 (CW2D) 
(Langergraber and Simunek, 2011) 

Parameter Value Unit 

Readily biodegradable TOC (CR) 22.1 - 126  [mg L-1] 

Slowly biodegradable TOC (Cs) 30 - 76 [mg L-1] 

Heterotrophic bacteria (XH) 10 [mg L-1] 

Bacteria growth rate (μXH)  0.9 [d-1] 

Hydrolysis rate constant (Kh) 3 [d-1] 

Hydrolysis saturation coefficient (Kx) 0.22 [ g g-1] 

Half saturation coefficient for CR (Khet,CR) 2 [mg L-1] 

Half saturation coefficient for IP (Khet,DIP) 0.01 [mg L-1] 

Biomass yield (YXH) a 0.63 - 

Molecular diffusion coefficient (DPO4-P) 1.5*10-9 [ m-2 s-1] 

Detachment rate of biomass (Rdett)  0.04 [d-1] 

Attachment rate of biomass(Ratt)  0.04 [d-1] 
Reference: Unless otherwise stated, the reference of biokinetics value were taken from the HYDRUS Wetland Module Manual Version 2 (CW2D) 

(Langergraber  and Šimůnek, 2012).  a From (Rajabzadeh et al., 2015), bFrom (Murphy et al., 2016). 
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Where q= mass adsorbed species per unit mass 
of filter media (g kg-1), 𝑃, = maximum ad-
sorption (g kg-1), 𝑖= species concentration in the 
solution at the equilibrium (mg L-1), 𝐿= Lang-
muir adsorption constant for measuring the 
media adsorption capacity (L kg-1). 

3.4.2.6 Biological reaction kinetic sub-model 

The chemical reaction engineering interface in the 
COMSOL Monod approach was used to formu-
late the reaction rate equation of biological com-
ponents based on the stoichiometric and kinetic 
parameters from Activated Sludge Models No.1 
(ASM1) (Henze et al., 2006) and HYDRUS con-
structed wetland Module 2 (CW2D) (Langergra-
ber et al., 2009). The biological processes mod-
eled using biokinetic rate equation were 
hydrolysis, mineralization, organic matter growth 
and decay (Lysis). The biokinetic processes used 
to simulate the biological degradation and trans-
formation of organic matters are provided in 
(Table 3). The reversible chemical reactions of 
the mineral phase simulated in the PHREEQCI 
for analysis of mineral dissolution and precipita-
tion of calcium-phosphate compounds are sum-
marized in (Table 4). 

3.4.2.7 Energy transport sub-model 
Energy from the sun, mainly temperature was 

considered to be the main source of heat in the 
VF CWs system. The conduction and convective 
heat transport equation (Eqn.11) was applied to 
model the effects of temperature on the sorption 
capacity of porous reactive media. 
 (𝜌 ) 𝜕𝜕𝑡 + 𝜌 𝒖 ∙ 𝛁 = ∇ ∙ (𝑘 ∇ ) +                           

 

Where 𝜌= density (kg m-3), = specific heat 
capacity at constant stress (J kg-1 K-1), T = abso-
lute temperature (K), 𝒖 = velocity vector of 
flowing water,𝑘 = effective thermal conductivi-
ty (W m-1 K-1), = heat sources or sink (W m-3). 
The convective volumetric heat transfer in the 
solid phase and fluid velocity is described by the 
first and second term in the left hand side.  
 
Heat conductivity is represented by first term on 
the right hand side, and the last term represents 
the heat source or sinks term.  

3.4.2.8 Plant root uptake sub-model 
The phosphorus plant uptake were simulated 
using the differential equation modified from 
(Marois and Mitsch, 2016)(Eqn. 12). It was as-
sumed that plants absorb phosphorus in multiple 
forms, mainly in its dissolved form (from water) 

Table 4. Mineral phase and input variable of solubility constant (Ksp), Ion Activity Product 
(IAP), saturated index (SI) and heat of reaction (ΔHr) used for phosphate precipitation 
and dissolution in the geochemical modelling. 

A: Mineral solubility process logKsp logIAP SI ΔHr 
kJ mol−1] 

Process Reference 

HAP:5Ca2++3PO4
3-+ OH-<=>Ca5(PO4)3OH -44.3 -43 1.3 0 Precipitation Smith et al., 2003. 

DCPD:Ca2++PO4
3-+H++2H2O<=>CaHPO4(2H2O) -28.25 -19.9 8.3 -87 Precipitation Smith et al., 2003. 

OCP: 4Ca2++3PO43-+H+<=>Ca4H(PO4)3 -47.95 -40.5 7.5 -105 Precipitation Christoffersen et al., 1990 

ACP: 3Ca2++2PO4
3-<=>Ca3(PO4)2 -25.5 -25.3 0.2 -94 Precipitation Christoffersen et al., 1990 

DCP: Ca2++HPO4
2-<=>CaHPO4 -19.28 -11.9 7.4 31 Precipitation Smith et al., 2003. 

Wollastonite: CaSiO3+2H+<=>Ca2++SiO2+2H2O 13 11.9 -1.1 -81.6 Dissolution Parkhurst Appelo.,2013. 

Calcite: CaCO3+2H+<=>Ca2++CO2+H2O −8.48 -5.43 3.1 −9.6 Dissolution Parkhurst Appelo.,2013 

Lime: Ca2++ H2O <=>CaO + 2H+ 33.28 21.58 -11.70 -194 Dissolution This study 

Brucite:Mg(OH)2 + 2H+<=>Mg2+ + 2H2O 17.18 19.59 2.40 -114 Dissolution This study 

3Cd2+ + 2PO4
3-<=>Cd3(PO4)2 -32.60 -38.97 -6.37 -7 Precipitation This study 

3Zn2+ + 2PO4
3+ 4H2O<=>Zn3(PO4)2:4H2O -35.42 -51.05 -15.63 0 Precipitation This study 

Pb2+ + H+ + PO4
3<=>PbHPO4 -23.81 -32.50 -8.70 0 Precipitation This study 

Hydroxylpyromorphite: 
5Pb2+ + 3PO4

3+ H2O<=>Pb5(PO4)3OH + H+ 
-62.79 -75.54 -12.75 0 Precipitation This study 

3Cu2+ + 2PO4
3<=>Cu3(PO4)2 -36.85 -54.17 -17.32 0 Precipitation This study 

Mn2+ + PO4
3+ H+ <=> MnHPO4 -25.40 -36.90 -11.50 0 Precipitation This study 

3Mg2+ + 2PO4
3<=> Mg3(PO4)2 -23.28 -28.20 -4.92 0 Precipitation This study 

Mg2+ + H+ + PO4
3+ 3H2O <=>MgHPO4:3H2O -18.18 -23.90 -5.72 0 Precipitation This study 

3Ni2+ + 2PO4
3<=>Ni3(PO4)2 -31.3 -44.62 -13.32 0 Precipitation This study 

Vivianite: 3Fe2+ + 2PO4
3 + 

8H2O<=>Fe3(PO4)2:8H2O 
-36   0 Precipitation This study 
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as well as fractions of phosphorus released from 
organic matter and adsorbent media.  

𝑖 = 𝜕 𝑖𝜕𝑡 = 𝑖 . 𝑖 . [ 𝑡 + + 𝑦 ]− . 𝐴  . 𝑖                                         

Where 𝑖= species generated within the system 
(mol s-1), 𝑖= species concentration (molm-3),bH 
= decay rate constant for biomass (1/day), 
fPO4Het = fraction from heterotrophic bacteria  

(mg/mg), fHydCI = fraction from hydrolysis 
(mg/mg), fBMCR = fraction readily biodegrada-
ble materials (mg/mg) and 𝐴 = biomass 
decay above the ground (g). 

3.4.2.9 Initial and boundary conditions 
The initial conditions for solving reactive solute 
transport, water flow dynamic and heat transfer 
equations (Eqn. 11) were defined according to 
the characteristics of influent wastewater as 
measured from the (Herrmann et al., 2013 and 
2014) experiments. The influent DRP concentra-
tion of 11.8 mg/l, TOC (22 mg/l), TSS (22 mg/l) 
and temperature of 20 oC were used as the forc-
ing variables of the model. To solve the Darcy 
law, the adsorbent media were kept saturated by 
defining the Dirichletboundary condition (Ho = 
0.1m) above the water level in the inlet boundary 
and use the constant loading rate of (850 L m-2 d-

1) to control water volume. 

It was assumed that the wastewater at the inlet 
boundary condition was in direct contact with the 
atmospheric Oxygen (O2) and carbon dioxide 
(CO2, 10-3.4atms). At resting time, the two gases 
diffused to the deep bed. Of which, the CO2 
reacted with the dissolved Ca(OH)2 and Co - 
precipitate to Calcite (CaCO3). Continuity water 
flow in the domain was governed by change of 
media porosity and hydraulic head between the 
inlet and outlet boundary condition.  

The effluent water flux was discharged continu-
ously through the outlet pipe at the Dirichlet-
boundary condition (Ho = - 1m). To limit interac-
tion of wastewater with the groundwater, the 
material properties of all supporting walls were 
defined as plastic layer. Brinkman equation was 
solved by assigning all the supporting walls as a 
slip4 walls boundary. 

                                                      
4The slip wall boundary condition is an option for 
prescribing the no - water permeability condition. It is 
applied when solving the non-linear water flow condi-
tion in the Brinkman equation. When slip walls are 
applied, it is implicitly considered that there is no 
viscous effect at the slip walls. 

3.4.2.10 Sensitivity analysis 
Parameter sensitivity analysis was evaluated by 
considering the influence of individual parameter 
in predicting the state of the measured variable 
close to the measured value (Eqn. 13).  

 The parameter sensitivity analysis was performed 
sequentially for HLR from (600 to 850 L m-2 d-1), 
particle size from (1.6 to 4.6 mm), influent DRP 
(7, 9 and 11 mg l-1) concentration and pH (7 to 
12). Sensitivity was calculated as the ratio be-
tween the relative change of model simulated 
outputs from calibrated variables and relative of 
change of the measured parameter (Møller et al., 
2016). 

 = [ − ⁄ ][ − ⁄ ]                                                                       

 

Where Ys = simulated output variable, Yc = 
calibrated output variable, Ps = simulated param-
eter value, Pm = measured parameter value. 

3.4.2.11 Sorption removal efficiency 
Sorption removal efficiency (SRE) of adsorbent 
filter media was calculated using (Eqn. 14) ac-
cording to the difference between the influent 
and effluent concentration. 

  = [ − 𝑖 ] ∗                                                                

 

Where SRE=sorption removal efficiency (%), 
Ci=influent concentration (molm-3); Ce= efflu-
ents concentration (molm-3). 

3.4.2.12 Statistical analysis 
The IBM - SPSS statistical software version 24 of 
highly advanced statistical analysis was used to 
analyse the descriptive statistics of simulated 
results against experimental data, correlation 
between parameters and standard deviation. 
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4. RESULTS AND DISCUSSION 

PAPER I 

4.1 Model calibration and validation 

The cross-validation analysis was carried out to 
identify the influence parameters and the simula-
tion accuracy of the SWAT and RETRAP mod-
els. For the SWAT model, the sensitive parame-
ters for phosphorus mobility in the Oxundaån 
catchment are presented in Table 5. Simulations 
with the SWAT model with the calibrated param-
eter ranges in Table 5 fitted the measured nutri-
ent loadings data well.  

The parameters were calibrated one-at-a-time in 
the SWAT-CUP, and calibration was terminated 
after achieving a strong agreement between the 
simulated outputs and measured variables.  

The agreements between the measured data and 
simulated outputs for pH and loading of total 
phosphorus, total nitrogen and total organic 
carbon are shown in (Fig. 8). 

Very few studies have simulated the water quality 
in this area using the SWAT platform. The proto-
cols for calibrating the parameters were per-
formed in the SUFI2 program within the SWAT - 
CUP. The approach adapted by this study was to 
test a small number of the parameters first and 
move stepwise to a large number of parameters. 
Evaluation of the model performance was based 
on the physical observation of the statistical 
performance indices. The acceptance and accura-
cy of the good model behavioral were obtained 
by selecting the best performance indices. Moriasi 
et al., (2007) recommended a coefficient of de-
termination R2 ( ≥ 0.8), NSE ( ≥ 0.8) and PBIAS 
(≤0.5) for a perfect fitting model. The results in 
(Fig. 6) showed the decreasing trend of the phos-
phorus loading in this basin and stabilized nitro-
gen loading and TOC loading after the beginning 
of 1990s. The water quality of this study area has 
near neutral pH (between 8 and 7). The results 
demonstrated high relative variance for low 
frequency observed data. The low standard devia-
tion for phosphorus (SD = 0.029), nitrogen (SD 
= 0.49) and pH (SD = 0.45) was a good perfor-
mance indicator for using the model to identify 
the critical loading source in this catchment. The 
results in (Fig. 7) showed that the settlements in 
the south of the Oxundaån basin are the main 
source of phosphorus loading in the area, where-
as the contribution is around 43 % for phospho-
rus and 29 % for nitrogen loading. 

4.2 Parameter sensitivity and uncertainty 

For the SWAT model calibration in (Paper I), the 
relative significance of each parameter was identi-
fied using the t-stat and p-value. The identifica-
tion of the most sensitive parameters was based 
on the large absolute value of the t-stat and small  

p-value. The results from the SWAT-CUP cali-
bration revealed that the most sensitive parame-
ters for modelling water quality using the SWAT 
model in the Oxundaån catchment were CH-
K2.rte, SOL_AWC.sol, AI2.wwq and R_BC2.swq. A 
detailed description of these parameters is pre-
sented in Paper I. The long term assessment of 
the phosphorus loading in the Oxundaån basin 
indicated high P-loadings are during the spring - 
wet seasons when the hydrological loading is 
quite high as well.  

These results demonstrate the need to strengthen 
mitigation measures and pay more attention to 
wetland design, in order to maximize pollutants 
removal in the constructed wetland. pH and 
electrical conductivity are the most important 
factors which governs the transport of nutrients 
in the catchment. For example, high phosphorus 
transport occurs at low pH. The correlation 
between the measured variable of total phospho-
rus (Tot-P), total nitrogen (Tot-N) and total 
organic carbon (Tot- TOC) against the pH and 
electric conductivity (EC) are presented in (Fig. 
8). The results in (Fig. 8) showed a poor and 
decreasing correlation between the nutrients 
loading (Tot-P and Tot-N) to the pH, but a small 
increasing correlation between the nutrients 
loadings and electrical conductivity. This could be 
due to the extensive efforts of lake liming in 
Sweden that started in the early 1970s. 

This program has increased coagulations of 
nutrients and alkalinity in the lake by raising 
metallic cations (Ca2+, K+, Mg2+) that to some 
extent has increased EC. 

PAPER II 

4.3 Speciation and complexation of calci-
um phosphate crystals 

Geochemical modelling is an important technique 
for describing the process of pollutant adsorption 
on the mineral surface phase. In this study, the 
geochemical modelling was performed in 
PHREEQCI software using the Minteq. v4 
adsorption database. The adsorption capacity of 
the surface mineral phase was evaluated on the 
weak and strong surface sites based on the effects 
of change of pH and ratio between the calcium 
and phosphorus concentration.  
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Saturation indices (SI) of the mineral phase re-
ported in Table 5 were evaluated to understand 
the condition in which they are precipitated and 
dissolved with phosphorus.  

Fig. 9(A) reported the adsorption behaviour of 
phosphorus on the different phases of the miner-
al surfaces. Results showed that at low pH ≤ 5 
most of the mineral were dissolving phosphorus 

Fig. 6. Long-term model simulation response evaluated from the measured water quality 
parameters for pH, Tot - P, Tot - N and TOC loadings at Verkaän stream. 
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to the aqueous solution. At high pH ≥9 many 
mineral phase were  

precipitated with phosphorus. This means that 
the phosphorus can easily be adsorbed by the 

Table 5. Water quality parameter used in the SWAT model calibration. 
Parameter_Name Process Description Fitted Min Max Units 

CN2.mgt Surface flow Curve number - soil permeability -0.47 -0.65 -0.45  

USLE_P.mgt Sediment USLE support practice factor 0.91 0.10 1  

SOL_K(1).sol Infiltration Saturated hydraulic conductivity 0.72 0.70 0.85 mm/hr 

SOL_ZMX.sol Plant uptake Maximum rooting depth in soil 0.36 0.03 0.50 mm 

USLE_K(1).sol Sediment  USLE soil erodibility factor 0.01 0.01 0.02 hr/(m
3
 - ton 

cm)) 

SOL_AWC(1).sol Infiltration Soil available water capacity 0.30 0.25 0.30  

PSP.bsn Phosphorus ransport Phosphorus availability index 0.70 0.00 1.00  

PPERCO.bsn Phosphorus leaching Phosphorus percolation coefficient 10.75 10 17.50 m
3
/mg 

NPERCO.bsn Nitrate leaching Nitrate percolation coefficient 16.75 10 17.50 m
3
/mg 

RSDCO.bsn OM  decomposition Rate constant for OM decomposition 0.01 0.01 0.05  

SOL_NO3().chm Nitrate transport Initial NO3 conc. in the top soil layer 2.00 0.00 20.0 mg/kg or 
ppm 

SOL_ORGN().ch
m 

Nitrogen transport Initial organic nitrogen conc. in soil 
layer 

85.00 0.00 170. mg/kg or 
ppm 

SOL_ORGP().chm Phosphorus 
transport 

Initial organic P conc. in soil layer 11.00 0.00 22.00 mg/kg or 
ppm 

RS1.swq Algae settling Local algal settling rate at 20 
o
C 1.80 0.00 2.00 m/day 

RS2.swq Phosphorus source Benthic source rate for dissolved P 0.07 0.00 0.10 mg/m
2
.day 

RS5.swq Phosphorus source Benthic (sediment) source rate for 
organic phosphorus at 20 Oc 

0.07 0.00 0.10 1/day 

MUMAX.wwq Algae growth rate Maximum specific algal growth rate  1.60 1.00 3.00 1/day 

CH_N2.rte Surface water flow Manning's value for tributary channel 0.29 0.20 0.50  

CH_K2.rte Infiltration Effective hydraulic conductivity of 
channel 

81.00 75 95 mm/hr 

CH_COV1.rte Sediment erosion Channel cover factor 0.10 0 1.00  

ALPHA_BF.gw Base flow in shallow 
aquifer 

Base flow recession constant  -0.61 -0.65 -0.57  

GW_DELAY.gw Groundwater flow Delay time for aquifer recharge 0.00 0.00 0.00 day 

GWQMN.gw Groundwater flow Threshold water level in shallow 
aquifer for base flow 

1467 1300 1857 mm H2O 

REVAPMN.gw Groundwater flow Threshold water level revap from 
shallow aquifer 

21.90 17 24.00 mm H2O 

RCHRG_DP.gw Groundwater flow Aquifer percolation coefficient 0.02 0.02 0.04  

GW_REVAP.gw Groundwater flow Revap coefficient for groundwater 0.54 0.37 0.61  

HRU_SLP.hru Surface water flow Average slope of the sub-basin 0.78 0.67 0.79 (% or m/m) 

ESCO.hru Evaporation Soil evaporation compensation factor 0.61 0.44 0.68  

OV_N.hru Surface water flow Manning's value for overland flow 0.25 0.02 0.35  

SLSUBBSN.hru Surface water flow Average slope length 23.23 20.2 30.30 m 

EPCO.hru Plant uptake Plant uptake compensation factor 0.82 0.80 0.85  

RS5.swq Algae settling Algal settling rate for organic phos-
phorus at 20 

o
C 

0.07 0.00 0.10 1/day 

BC2.swq Nitrogen nitrification Rate constant for biological oxidation 
of NO2 to NO3 at 20 

o 
C 

0.38 0.20 2.00 1/day or 
1/hr 

BC4.swq P mineralization Rate constant organic phosphorus 
mineralization to dissolved 20 

o 
C 

0.63 0.01 0.70  

AI1.wwq Nitrogen in algae Fraction of algal that is nitrogen 0.06 0.02 0.09 mgN/mgal
g 

AI2.wwq Phosphorus in algae Fraction of algal that is Phosphorus 0.01 0.01 0.02 mgP/mg 
alg 

MGT_OP{[],6}.mgt Nutrient sink/sources Management operations in the fields  1.70 1.00 2.00  

CH_S1.sub Rate transports Average slope of tributary channels 15.00 0.00 30.00 m/m 
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reactive adsorbent media at pH greater than 10. 
Figure 9 (B) showed the results of mineral phase 
saturation index. The results indicated the posi-
tive saturation index of HAP (SI =17.06), ACP 
(SI = 5.4), OCP (SI = 3.50), DCPD (SI = -2.50), 
Calcite (SI =-0.94) and Lime (SI =-14.48). These 
results showed high co-precipitate of calcium 
phosphate compounds in the solution for HAP, 

ACP and OCD. This is probably attributed by 
the increase of influent phosphate concentration. 
However, the results showed that the good ratio 
(Ca2+/PO43-) to enhance high HAP co-
precipitation should range between 5 and 13. 
Beyond this range the mineral phase become 
ineffective for co-precipitation calcium and 
phosphate. The analysis revealed that HAP was 

Fig. 7. Total phosphorus and Total nitrogen of source apportionment modeled in the SWAT 
model for four sub - catchments. 
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the most active mineral phase to precipitate 
phosphorus and Calcite observed to supply calci-
um ion to the solution. Results in (Fig. 9 C) 
showed the affinity of weak and strong mineral 
surface reactions to adsorb phosphorus. By using 
the results from (Fig. 9 A,B,C), the description of 
the phosphorus adsorption process can be under-
stood, especially to identify the mineral phase 
which could supply calcium for precipitating with 
phosphorus to the system. 

4.4 Phosphorus removal mechanisms 

As shown in (Fig. 9), precipitation is the main 
removal mechanism for phosphorus. The clear 

outlook of the phosphate precipitation presented 
in Figures 9 for Polonite and Wollastonite 
showed that phosphorus removal depends on the 
Ca2+ ions availability. These results showed that 
the main sources of Ca2+ ions are from the solu-
bility of reactive adsorbent mineral achieved 
when the mineral are oversaturation (SI > 1). It 
was indicated that the amount of phosphorus 
species continues to increase due to the contribu-
tion of Ca2+ ions from other sources. The source 
of Ca2+ could be suspected to be from the back-
ground concentration of influent wastewater.  

Fig. 8. Correlations between the measured total phosphorus (Tot-P), total nitrogen (Tot-N) 
and total organic carbon (TOC) estimated against the pH and electrical conductivity 
(EC). 
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Fig.9. Saturation index of mineral phase to describe the process of mineral solubility and 
precipitation simulated in the PHREEQCI based on the effects of pH (Fig. A) and ra-
tio between Ca and PO4 - P (Fig. B), Surface complexation model of the moles of ad-
sorbed species at strong and weak binding sites (Fig. C). 

 

(C) 

(A) 

(B) 
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4.5 Kinetics of phosphorus removal 

Results in (Fig. 10) reported the behaviour of 
phosphorus reaction kinetics at different influent 
concentrations of wastewater. The breakthrough 
curves were fitted to the measured data published 
in the (Herrmann et al., 2013 and 2014) for Polo-
nite® and Filtralite P®filter media. Reaction kinet-
ics has been the most classical approach for 
describing fate of species attenuation in the 
environment, speed and time of reactions, disso-
lution and sorption processes. Reaction kinetics 
also tells information about the rate of change of 
mass, structure or identity of chemical species 
after decomposing or combining with other 
species during chemical reaction process. There 
are three main processes which the chemical or 
organic matter can change its mass or identity by 
decomposed (break down during weathering or 
consumed by microorganisms), combined with 
another elements (precipitation) or isomerisation 
(reaction between species). Recent study per-
formed by Kumar and Zhao, (2011) has applied 
this technique to evaluate the rate of ion ex-
change during sorption process. In that study, the 
major factors which controlled rate of reaction 
kinetics were pH, physico - chemical characteris-
tics of reactive filter media, HLR, concentration 
of influent wastewater, temperature and ionic 
strength and organic compound. The organic 
compound is mainly considered as the inhibitor 
of the reaction kinetic processes. Different ap-
proaches have been used to formulate the reac-
tion kinetics expression rate equation for model-
ling the behaviour of the species attenuation in 
the reactor.  

The kinetic results in (Fig. 10) revealed two im-
portant things. First, the rapid and slow kinetic 
transports of dissolved species in the water flow. 
Second, the long tail and slope of the break-
through curve tells the retention process due to 
the sorption of the phosphorus species in the 
pores media. The results in (Fig. 10) showed that 
the similar pattern of the reaction kinetics of 
phosphorus species in the Polonite® and Filtralite 
P®. The difference is on the magnitude and slope 
of the breakthrough curve. The phosphorus 
kinetics in the Polonite indicated that the model 
strongly fits the measured experimental data 
when the VF CWs was loaded with the PO4 - P 
concentration of 9 mg l-1.  

High slope of the reaction was high when the 
system was loaded with the high concentration of 
wastewater featuring high PO4-P concentration. 
At the low concentration (7 mg l-1), the behaviour 
of kinetic breakthrough curve has indicated dual 

sorption process, meaning that there is fast sorp-
tion for 200 days and desorbed afterward for 100 
days. After 500 days again the media regenerated 
and begin adsorbing PO4 - P for a longer time 
period of more than 800 days. In terms of magni-
tude, Filtralite P® media has indicated to be not 
very sensitive to the hydraulic loading rate. Be-
cause, the breakthrough curve of reaction kinetics 
at the high loading rate (850 L m-2 d-1) indicated 
to be low and shift to the right. Shift of the 
breakthrough curve to the right and low magni-
tude is explained as due to increase of sorption in 
the pore space. The increase of phosphorus 
precipitation in the Filtralite P cemented void 
space and reduces the hydraulic conductivity of 
the media. This is not the case for Polonite® 
media. The quick interpretation of high break-
through magnitude for Polonite media is proba-
bly due to void interconnectivity in the Polonite 
media.  

4.6 Evaluating phosphorus removal effi-
ciency of reactive adsorbent media 

4.6.1. Phosphorus removal efficiency 

The patterns of phosphorus sorption behaviour 
in the Polonite media are presented in Fig. 11. 
These results were simulated using the Langmuir 
isotherm equation. They showed that the 
amounts of retained phosphorus varied exten-
sively with time and wetted depth of the con-
structed wetlands. The amount of phosphorus 
which sorbed on the reactive media after one day 
was between (2 - 4 g P kg-1). This value is close to 
the results from previous studies (Nilsson et al., 
2013). At this time period, the sorption has been 
observed to be active in the upper domain of the 
constructed wetlands (0 - 2 m). Afterward, the 
sorption extended to the deep layer, whereas the 
maximum sorption of (120 g P kg-1) reached after 
1000 days. After 1000 days, desorption began on 
the saturated adsorbent sites.  

The study performed by (Herrmann et al., 2014) 
on the effects of temperature to the sorption 
efficiency of the Polonite has also discovered the 
sorption value close to findings from this study (5 
g P kg-1). Phosphorus sorption processes in the 
compacted filter bed system were simulated using 
the Brinkman equation for solving the non - 
linear water flow equation. In this approach, the 
phosphorus sorption was in the same range as 
reported by the previous studies for Polonite.  

Sensitivity analysis of Polonite, Filtralite P and 
BFS were tested for different model input pa-
rameter. The simulated phosphorus sorption 
efficiency of the reactive filter media was ranked: 
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88 % (113 g P kg-1) for Polonite®, 85 % (81 g P 
kg-1) for Filtralite P®, 62 % (61 g P kg-1) for Blast 
furnace slag, 57 % (44g P kg-1) for Wollastonite. 
The experimental results from (Nilsson et al., 
2013) observed phosphorus removal of 93 % for 
Polonite and 18 % for BFS when was loaded with 
low BOD loading rate.  

When loaded with the high BOD, the sorption 
efficiency of the filter media drops to 76 % for 
Polonite and increase to 22 % for BFS. A study 
from (Barca et al., 2013) discovered the maxi-
mum phosphorus removal capacity of the blast 
furnace steel slag filter was greater than 99 % for 
horizontal constructed wetlands. Bowden et al., 
(2009) has observed 62 % phosphorus removal 
efficiency of the blast oxygen furnace slag. 

4.6.2. Effect of media characteristics 

Phosphorus sorption results in (Fig. 11) highlight 
the linkage between the reaction kinetics of the 
reactive media and their physico-chemical prop-
erties. The most important properties are grain 
particle size and mineral content, mostly metallic 
cations. The kinetics results in (Fig.11) clearly 
showed that the performance of Polonite and 
Filtralite P depends on the calcium content. The 

high calcium content in the Polonite medium is 
the most efficient medium for phosphorus re-
moval. Consequently, the longer period of the 
reaction kinetic provided an indication that the 
Polonite can last longer when applied in the 
constructed wetlands. The physico-chemical 
characteristics of the reactive medium provided 
in Table 3 showed that Polonite is the only media 
which has high content of Ca2+ (245 g kg-1), close-
ly followed by BFS (216 g kg-1) and lastly Filtralite 
P (35.7 g kg-1). The order of porosity is BFS 
(0.28), Polonite (0.43) and Filtralite P (0.65). In 
the RETRAP-3D model the particle size which 
used for modelling was 4.3 mm for Polonite, 5.6 
mm for Filtralite P and 2.8 mm for BFS. Based 
on this information and results from the reaction 
kinetic (Fig.11). The sensitivity analysis results are 
found in Table 5. It can be deduced that the small 
particle size are suitable media for application in 
the constructed wetlands. The high SRE for 
Polonite (88 %) and BFS (85%) justify this argu-
ment. The kinetics results also showed that all 
reactive filter media were active during the first 
two years of operation in the constructed wet-

Fig. 10. Kinetics of PO4-P as fitted to experimental breakthrough data for Polonite, Filtralite P, 
Sorbulite and Wollastonite porous media simulated for different concentration (7, 9, 11 
mg/l) and hydraulic loading rate (600 and 850 L m-2 d-1). 
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lands. However, it appears that they can regener-
ate when loaded with low hydraulic loading rates. 

4.6.3. Effect of hydraulic loading rates 

There are numbers of useful information for 
informing public about the viability of their active 

adsorbent media for phosphorus removal in the 
VF CWs. The results in (Fig.11 and 12) showed 
that Polonite is very sensitive at high loading rates 
and high influent concentration, which is not the 
case with Filtralite P. This is because at high 

Fig. 11. Concentration of sorbed PO4-P on the Polonite solid media as simulated at 1, 10, 100 
and 1000 day. 
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loading rates (850 L m-2 d-1) the reaction kinetics 
of the Filtralite P shifted to the right, of which 
the peak was low but widely distributed. The 
longer tail of the breakthrough curve in the Fil-
tralite P gives an indication of retardation due to 
phosphorus sorption imposed by kinetics reac-
tion of the Ca - phosphorus precipitation. The 
optimum hydraulic loading rate which is recom-
mended by this study for efficient performance 
of this media is (1050 L m-2 d-1) for Polonite; (850 
L m-2 d-1) for Filtralite P; (560 L m-2 d-1) for Wol-
lastonite and (280 L m-2 d-1) for BFS.  

The present study suggests that the better design 
of the subsurface flow constructed wetlands 
should consider covering the wetlands on top 

with impermeable sheet of polyethylene. This 
approach may however entail a pumping cost and 
would probably reduce the role of plants in the 
constructed wetlands. 

4.7 RETRAP- 3D model applications 

Based on the complexity of constructed wetlands, 
the RETRAP -3D model has demonstrated a 
high capacity to predict many processes, which 
are mutually influenced by each other in the 
constructed wetland. The models have shown the 
ability to evaluate biological processes of organic 
matter transformation, chemical adsorption and 
precipitation process. The processes of phospho-
rus dynamics in the constructed wetland have 
been predicted by coupling many processes for 

Fig. 12. Behaviour of DRP concentration retained in the Polonite reactive media simulated 
using the plug flow feeding system as a function of time from 0, 20 and 100 day in the 
constructed filter bed system. 
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linear and non-linear water flow processes. The 
strong agreement and correlation demonstrate 
the applicability of this model in predicting many 
processes which coupled to the chemical reaction 
engineering processes.  

The practical limitations for this model are that it 
requires more data (e.g. water quality parameters, 
volumetric water, media properties, biokinetic 
constant, plant root uptake and adsorption iso-
therms parameters) and does not converge at low 
hydraulic loading rates of less than 10 L m2 d-1. 
The large amount of data and parameters incur 
extended simulation time and more computation-
al space. The advantage of the RETRAP-3D 
model is that it can produce robust information 
about the filter media performance for capturing 
contaminants, which can support decision mak-
ing and the design of effective systems. The 
model’s robustness and accuracy were shown to 
be effective for predicting phosphorus removal 
and mechanisms of phosphorus sorption.  

4.8 Sustainable design and optimizing 
performance of constructed wetlands 
To achieve the sustainable design of constructed 
wetlands, it is essential to assess the sorption 

performance of the adsorbent media. The present 
study suggests that loading rates should be ap-
plied based on the physico-chemical properties of 
filter media. For example, the loading rate which 
is recommended is (1050 L m-2 d-1) for Polonite, 
(850 L m-2 d-1) for Filtralite P, (560 L m-2 d-1) for 
Wollastonite and (280 L m-2 d-1) for BFS are 
favourable for the effective operation of the 
constructed wetland. Therefore filter media 
possessing different porosity and chemical com-
positions require specific feeding rates. 

The analysis from this study showed that, by 
adapting these loading rates, the constructed 
wetlands can function for up to 5 years without 
any detrimental effects of hydraulic failure. This 
evidence overlaps with that of previous studies, 
namely that well functioning wetlands should be 
able to operate for at least 5.2 years before reach-
ing their equilibrium(Nivala et al., 2013). The 
results in (Fig. 13) revealed a sorption efficiency 
of the Polonite in the two configurations of the 
VF CWs. The results showed that the VF CWs 
with the sand filter bed on the top surface offers 
high phosphorus removal efficiency of more than 
92 % at low loading rate (600 L m-2 d-1). While 

Fig. 13. Phosphorus removal efficiency (%) of Polonite media simulated for 10000 days 
using the influent concentration ranged between (3 - 35 mg/l) and hydraulic 
loading rate (600 - 850 L m-2 d-1). VF CWs 1 refers to wetland structure without 
the sand soil on the top and VF CWs 2 refers to the wetlands with the sand soil 
bed on the top. 
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less phosphorus removal efficiency of 84% pre-
dicted to the VF CWs with the sand soil bed. 
Both wetlands configuration has shown low 
phosphorus removal efficiency at high loading 
rate (850 L m-2 d-1). Results in Fig. 13 provide 
also the useful data regarding the longevity of the 
Polonite media for application in the constructed 
wetlands.  

4.9 Lesson learned from SWAT modelling 
and RETRAP- 3D model applications 

In Sweden, the acceptance of subsurface flow 
constructed wetland has been lagging due to low 
nutrients retention caused by poor sorption 
performance. Two main reasons may account for 
such low acceptance: poor design, and the type of 
filter media used for wastewater treatment. The 
recent study from (Arheimer and Pers, 2016) 
suggests that more constructed wetlands need to 
be constructed in Sweden, but also highlights 
knowledge gaps as to where and how. This study 
identifies such suitable localization criteria and 
design considerations for more effective con-
structed wetlands. The SWAT modelling results 
showed that arable land with less background 
phosphorus retention, lower soil permeability and 
lower land slope could provide suitable sites for 
constructing wetlands.  

The successful applications of the SWAT model 
in the Oxundaån basin indicate that the places 
which could be given priority for constructing 
wetland are those located in sub-catchments no. 
22 and 14 in the southern part of the catchment. 
These sites have been selected due to their prox-
imity to the inlets of Oxunda Lake, and are char-
acterized by low soil hydraulic conductivity.  

Results from the reactive transport model 
showed less significant effects of particle size on 
the phosphorus removal as compared to solution 
pH and Ca mineral content. The simulated re-
moval efficiencies of adsorbent media are ranked 
as: Polonite® (88 %), Filtralite P® (85%), BFS 
(62%), Wollastonite (57 %). Precipitation was 
identified to be the dominant mechanisms for 
phosphorus removal in these media with the 
positive correlation to pH increase (R2 = 0.94, P 
= 0.002) and calcium content (R2 = 0.73, P = 
0.004). Polonite was observed to be the most 
viable adsorbent media for maximizing phospho-
rus removal in the constructed wetlands whose 
lifetime last for six years. The good agreement 
between the simulated outputs and experimental 
data accurately captured the processes of phos-
phorus mobility and removal. 

The results from RETRAP-3D model show that 
the effective design of the subsurface flow con-

structed wetland begins with selection of the 
appropriate filter media. The selection of these 
media depends on the following factors: the 
standard for wastewater treatment required by 
state regulation; the application of pre -treatment 
systems, and the number of filter layer domains. 
However, some media may be less sensitive to 
high loading rates. Therefore, a parameter sensi-
tivity analysis should be considered seriously. 

5. CONCLUSIONS 

This thesis sought to improve the understanding 
of phosphorus dynamics and mobility in the 
Oxundaån Catchment and subsurface flow verti-
cal flow constructed wetlands upgraded with 
reactive adsorbent. To achieve this goal, two 
models were developed: i) the GIS based process 
SWAT model was used to model phosphorous 
mobility and identify the critical sources of phos-
phorous loss; and ii) the three-dimensional multi-
ple reactive transport model (RETRAP-3D) 
within the COMSOL Multiphysics® platform, to 
evaluate the mechanism underlying the phospho-
rous removal efficiency in the reactive adsorbent 
media. Both models were successfully calibrated 
and validated using the measured data from the 
field and laboratory experiment data. The model-
ling results and statistical performance indices 
have shown satisfactory agreements with the 
measured data. The results thereby suggest that 
mechanistic models considering multiple process-
es provide more accurate descriptions of phos-
phorous dynamic processes. However, such 
mechanistic models demand extensive data and 
computational time.  

Results from this study also show that the reac-
tive filter media are potential candidates for 
upgrading phosphorus removal processes in the 
constructed wetlands. Polonite was observed to 
be the most efficient media (88 %) for phospho-
rus removal. Its phosphorous removal efficiency 
was positively correlated with an increase in pH 
and calcium content. The sensitivity analysis for 
all the reactive filter media showed thatlow load-
ing rates, high pH and small particle size of are 
the most sensitive parameters to be considered 
when designing a robust and effective subsurface 
flow constructed wetlands. Based on the design 
recommendations supported by the results, up-
graded constructed wetlands with reactive media 
may last for at least 5 years without facing any 
detrimental effects from hydraulic failure. Addi-
tionally, the models could potentially be used to 
simulate mobility and dynamics of other dis-
solved pollutants. 
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6. RECOMMENDATIONS AND 

FURTHER STUDY 

This thesis provides the modelling framework of 
using process-based models that couple multiple 
processes. The development of such models 
requires a critical understanding of theory, data of 
good quality and extensive calibration and valida-
tion processes.The main recommendations from 
this thesis are:  

 Experimental data are required to calibrate 
and validate more input parameters and 
boundary conditions for a better understand-
ing of mechanisms and functioning of CWs. 

 Future study should investigate the effects of 
oxygenation and combining different layers 

of reactive media for optimizing perfor-
mance. 

 The strengths of the SWAT and RETRAP - 
3D models applied by this study have justi-
fied that the models are robust and reliable 
tools to describe the phenomena of phos-
phorus sorption and transport dynamic in the 
large scale catchment and in the subsurface 
vertical flow constructed wetlands. The 
RETRAP - 3D proves to be very useful for 
evaluating retention and pathways of dis-
solved pollutants in the filter media. In this 
regard, the RETRAP - 3D can also be rec-
ommended for predicting fertilizer applica-
tion in the subsurface irrigation system and 
other dissolved pollutants. 
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