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1. Introduction 

Subsurface flow constructed wetlands are 
constructed worldwide as the most green tech-
nology for recovering nutrients and improving 
wastewater quality in a natural way from the 
domestic, industrial and storm water sewage 
effluents. Generally, they are classified into two 
groups: horizontal subsurface flow constructed 
wetlands (HSSF-CWs) and vertical subsurface 
flow constructed wetlands (VSSF-CWs) depend-
ing on the pathway of wastewater flux, types of 
the filter media, hydraulic loading regime and 
wastewater constituents (Kadlec et al., 2000; 
Vohla et al., 2011). Research results indicate that 
treatment of wastewater in the VF-CWs is the 
most cost-effective and sustainable eco-
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technology for nutrients recycling and pathogens 
removal for on-site wastewater systems and 
sewage effluents (Cooper et al., 2009; Vymazal et 
al., 1998; Brix and Arias, 2005). Cooper et al., 
(2009) reported that VF-CWs with intermittent 
flow provides 5- to 10-fold higher treatment 
efficiency than the HSSF-CWs, mostly due to 
their capacity of oxidising organic matter and 
transfer oxygen to the deep bed, thus resulting in 
low risks of clogging and preferential flow. 
Jenssen et al., (2010) and Pandey et al., (2013) 
reported that VF-CWs are economically and 
operationally suitable for total phosphorus re-
moval in cold regions. However, VF-CWs are not 
very common in Sweden compared to the UK, 
France, German, Denmark and Austria, as those 
using a natural sand filter have been undermined 
due to frequent risk of nutrient leaching and poor 
sorption efficiency (Eveborn et al., 2014) not 
meeting water quality guidelines of 70% phos-
phorus (P) and 90% BOD7 removal. 

Needs of upgrading P removal efficiency in 
the constructed wetlands facilities and replacing 
sand filters in the Nordic countries have become 
the leading mitigation priority to curb P-losses 
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Phosphorus removal efficiencies by four low - costs reactive adsorbent media were 
evaluated in the long - time period using the three - dimensional model of the 
vertical subsurface flow constructed wetlands in the COMSOL Multiphysics® 
software. Evaluations were made for Polonite, Filtralite P, Sorbulite and Wollas-
tonite adsorbent media with the aims of predicting their long - term sorption 
capacity and describing the phenomena of sorption mechanisms when applied in 
the vertical subsurface flow constructed wetlands for wastewater purification. The 
3D model of the vertical flow constructed wetlands were dimensioned to Swedish 
EPA guidelines for small scale wastewater treatment, and calibrated at saturated 
media using the breakthrough data derived from the column experiments of similar 
adsorbent media application, and the local sensitivity analysis were performed for 
water quality and hydraulic loading parameters. It was observed that the break-
through curves developed by model were significantly correlated to the experi-
mental data. The overall findings showed that Polonite® could be the potential 
reactive adsorbent for phosphorus removal in the VF-CWs application, and its 
removal efficiency was discovered to last for 5 years. The large variation of media 
sorption capacities discovered to be affected more by factor of pH and hydraulic 
loading rates than the particle size. High degree of prediction accuracy which is 
demonstrated by this model suggest that the proposed model is a useful tool for 
predicting pollutants removal in various reactive porous media. 
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from on-site treatment systems, thus, protecting 
the Baltic Sea from the risks of Eutrophication. 
In this concerns, the reactive media appears to be 

the appropriate strategic option for maximizing 
P-sorption  from the small-scale wastewater 
treatment systems (Shilton et al., 2006; Ádám et 

Fig. 1. The conceptual layout of the subsurface vertical flow constructed wetlands (VFCWs) 
with different packing order of reactive media (a). The system includes the wastewater 
collector tank from household effluent (1), septic tank (2), biofilter tank (3), sand soil, 
(4), gravel media (5), reactive filter bed (6), aeration pipes (7), effluent collector wells 
(8). and perforated distribution pipes (9). (b) Inside view of the constructed wetland is 
designed with the perforated collector pipes. Figure (b) illustrate the packing order for 
wetland 1 which start with sand on the top domain, reactive media in the middle domain 
and sorted gravel in the bottom domain and (c) is the packing order for wetland 2, 
where the reactive media are filled on the top domain, sand filter in the middle and 
gravel in the bottom domain. 
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al., 2007; Renman and Renman, 2010). However, 
the lifetime sorption efficiency and underlying 
processes in these reactive filter media are major 
issues that are addressed by this study for an 
effective design and sustainable operations man-
agement of VF-CWs (Drizo et al., 2002; Brovelli 
et al., 2009; García et al., 2010; Giraldi et al., 
2010). The process-based modelling approach to 
predicting the function of the system, sorption 
performance of the filter media and complex 
processes in the wetlands that occurs simultane-
ously and goes beyond the black box concept and 
field experiments are recommended as a promis-
ing tool for providing a useful information (Ku-
mar and Zhao, 2011; Meyer et al., 2015). 

The phosphorus (P) removal in the reactive 
filters is due to process of microbial degradation, 
chemical precipitation and adsorption. Of which 
chemical sorption is the pioneering mechanism 
for phosphorus removal in the reactive filters. 
The term sorption refers to adsorption and 
chemical precipitation of pollutants on the 
charged surface of the sorbent matrix, primarily 
caused by change of adsorption energy and 
chemical reaction kinetics (McBride, 1994). 
Phosphorus sorption in reactive filter media 
occurs at pH > 9 due to dissolution of calcium 
(Ca), aluminium (Al) and iron (Fe) hydroxide and 
oxide. As reported by Brogowski and Renman 
(2004), Gustafsson et al., (2008) and Nilsson et 
al., (2013), biological degradation appears to have 
less pronounced impacts on P removal in reactive 
media because most of the bacteria are inactive or 
died offs at higher pH. This means, the P remov-
al in reactive media is attributed by chemical 
processes - precipitation and dissolution of P-
species on the mineral compositions (Ádám et al., 
2006; Heistad et al., 2006).  

A large number of numerical models have 
been developed at a saturated and unsaturated 
water flow conditions to predict mobility, func-
tioning of the system and evaluate  the sorption 
capacity of the adsorbent media (Meyer et al., 
2015). The applications of the numerical models 
are not only attributed by their strength of de-
scribing the mechanisms of pollutants removal, 
but also for their high capacity of predicting the 
long-term treatment performance of the CWs. 
For example, BIO-PORE model was implement-
ed in the COMSOL Multiphysics® software using 
the Constructed Wetland Model 1 (CWM1) to 
simulate the bacteria distribution dynamics and 
removal of ammonia and organic matter in the 
fine granitic gravel media (Samsó and García, 
2013). Moreover, Claveau-Mallet et al., (2014) 
applied the PHREEQC model to predict the P 

removal efficiency of active blast furnace slag 
industrial by-product reactive media by consider-
ing the kinetic rate of slag dissolution and P 
precipitation. 2 - D mechanistic model intro-
duced by Ranieri et al., (2013) has reported a 
shorter hydraulic retention time and higher risks 
of clogging and preferential flow in the planted 
wetland compared to the unplanted wetland. The 
clogging effects on the planted wetlands was 
attributed by the root growth. Scientists believe 
the process-based models which, coupled many 
processes provide useful information for in-depth 
understanding of underlying mechanisms and 
science to support research activities, facilitate 
managements and design recommendations of 
effective CWs systems. Although many models of 
different complexity and purposes have been 
developed over past two decades, the models that 
linked the diffuse interaction effects of the water 
flow, heat transfer and solute transport in the 
reactive media are very limited for supporting 
design and future applications of reactive media 
in the CWs (Meyer et al., 2015). 

This study aimed to strengthen understanding 
of the long-term sorption capacity and mecha-
nisms of various reactive media for applications 
in the VSSF-CW uses the COMSOL Multiphys-
ics® software. The modelling approaches were to 
integrate the effects of hydraulic flow, reaction 
kinetics, heat transfer and species transport on 
the analysis of the sorption performance of the 
reactive media. The specific aims were to develop 
the 3D reactive transport model in order to 
evaluate the long-term phosphorus removal 
efficiency and hydraulic performance of three 
commercial filter products (Filtralite P®, Polo-
nite®, and Sorbulite®) and one natural occurring 
mineral (Wollastonite) for application in the 
VSSF-CW. Three main questions were investigat-
ed: (i) 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 pro-
cesses? (ii) Could the physicochemical properties 
of the reactive adsorbent media, layering order of 
the adsorbent bed domains and uniform water 
flow in the constructed wetlands affect DRP 
mobility and removal efficiencies of reactive 
media? (ii) What are the main hydraulic flow 
pathways and biogeochemical parameters con-
trolling DRP retention in porous reactive media? 
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2. Materials and methods 

2.1.  Wetland description  

In Sweden, constructed wetlands are tradi-
tionally dimensioned based on the prescriptive 
criteria of full-time population equivalents, cli-
mate and soil conditions, and chemistry of influ-
ent wastewater. The actual VSSF-CW system on 
which the model is based is trapezoidal (surface 
area 40 m2) and dimensioned according to Swe-
dish EPA guidelines, with 5 m2 p.e.-1 and 0.8 m 
maximum wetted depth. This wetland serves as 
an on-site wastewater treatment system for re-
moving phosphorus from five households (25 
p.e.) and agricultural losses from the Oxundasjön 
basin, located at 57 m above sea level in the 
Norrström River Basin water district in Sweden. 
The thematic layout of the three-dimensional 
VSSF-CW model developed are presented in Fig. 
1A. The specific model component includes one 
unplanted (Fig. 1A, item i) and one planted wet-
land (Fig. 1A).  

Both VF-CWs operate under vertical fluid 
flow and each contains three domains: an inlet 
layers and filter domain (D1), a reactive filter bed 
(D2) and a gravel drainage domain (D3). Our 
modelling approaches focused on the intermittent 
injection of wastewater to compare the perfor-
mance of reactive media in the unplanted and 
unplanted VSSF-CW at a time variable HRT of 
water flow, reversible equilibrium reaction of 
mineral compounds and initial concentration of 
influent wastewater concentrations. The planted 
wetland was simulated with common reed that 
was planted at a spacing of 0.25 m. The upper 
domain in the both wetlands was treated as un-
saturated to allow oxygenation over the entire 
bed of the reactive filter media. In winter season, 
the aeration pipes were designed to be used for 
oxygen circulation to the deep reactive bed do-
main.  

The raw wastewater from the collector tank 
(Fig. 1a, 1) is discharged into a sedimentation 
tank and on a solid-free sewer (Fig. 1a, 2) through 
a v-notch weir before pumping to the construct-
ed wetland by vacuum pump (Fig. 1a, 3). All 
untreated water is retained in the solid-free sewer 
tank for approximately 4 days before being 
pumped into the wetland. The collection tank 
and sedimentation tank have a total storage ca-
pacity of 2.37m3: width 1.3 m, length 1.3 m and 
an operational depth of 1.4 m. The dimensions of 
the effluent tank are:0.7m diameter,1.4m depth. 
The average HLR in each wetland was set to 0.03 
m day-1to give an active wetland volume of 89.6L.  

Plug injection flow was applied in this case 
to feed homogeneously the wetlands with the raw 
wastewater of 7.14mgL-1P to the inlet sand filter 
domain every 4 hours. A free board of 0.2 m 
wood walls was designed around the upper sur-
face of wetland domain to impede water inflow 
from surface run-off. The side-walls of the mid-
dle domain (D2) were inclined to 300 and en-
closed by a plastic liner of 0.5 mm thickness to 
prevent wastewater infiltration to the groundwa-
ter. The treated wastewater was discharged by 
means of gravity by setting the bottom bed slope 
of 1% to the outlet domain (D3) located at 1.2 m 
hydraulic heads. The water is then stored tempo-
rarily in the effluent tank (Fig. 1a, 8) for further 
reuse. 

Unlike other VSSF-CW models, our model 
also accounts for input from agricultural runoff 
(Q), precipitation (Pi) falling directly on the 
wetland and evapotranspiration (ET) losses. The 
climate at the study site is temperate, with mean 
annual precipitation of 827 mm, of which 
550 mm year-1 is lost as evapotranspiration. Reac-
tion kinetics are affected by a large change of 
temperature from the reference temperature of 
20 oC (Gross et al., 2010). The highest  annual 
temperature (27 oC) was used to represent hot 
summers and the lowest value (-25 oC) to severe 
winters. Each VSSF-CW can be fed with raw 
water of a similar concentration at a HLR of 15-
100 mmd-1. The influent wastewater is uniformly 
distributed on the inlet sand filter bed through a 
pressurised nozzle pipe with 10 mm diameter 
(Fig.1A). The wastewater trickles vertically down 
to the middle filter domain (D2). The P sorption 
efficiency of the reactive filter media was tested 
here over a hydraulic conductivity ranged of 
2.05∙10-4 to 8∙10-3 ms-1 (Table. 1). Due to similar 
climate and soil conditions, the majority of the 
hydraulic values used in the modelling were taken 
from Renman and Renman (2010), Vohla et al., 
(2011) and Ranieri et al., (2013). The mean P 
concentration for on-site treatment systems and 
arable land was set at 7.14 mgL-1 and there was 
assumed to be 4.48 m3 active water volume in the 
wetland. The effect of clogging was simulated by 
increasing the hydraulic water head in the inlet 
sand filter domain to its saturated condition.  

2.2. Media characteristics  

Four reactive media based on their availabil-
ity, potential for P removal and manufacturing 
techniques were chosen for modelling in this 
study. These media were; Filtralite P®, Polonite®, 
Sorbulite® and Wollastonite. Filtralite® P is a 
man-made reactive by-product with a composi-
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tion dominated by Ca (312 g kg-1 ) and silicon (Si, 
14.6 g kg-1). It is widely produced by Weber in 
Norway as the filter substrate for P sorption in 
low-cost wastewater treatment systems. Itis high-
ly alkaline in nature (pH > 12) with a particle size 
range of 0-4 mm and an effective porosity of 
40%.  

Polonite® is a man-made by-product which 
is highly porous and rich in Ca (245 gkg-1), Si (241 
g kg-1) and Al (27 g kg-1). It is manufactured 
commercially from the cretaceous rock Opoka, 
belonging to silica-calcite sedimentary rocks, and 
is differentiated into either heavy or light material 
depending on the content of CaCO3 and SiO2, 
respectively. In Sweden, Polonite® is commercial-
ly supplied by Ecofiltration Nordic AB with a 
particle size between 2-6 mm, an effective porosi-
ty of less than 40% and a hydraulic conductivity 
of 8∙ 10 - 4 m s-1. Pilot experiments performed by 
Renman and Renman (2010) showed that the 
optimal P sorption recovery is achieved at an 
HRT of 5.5 hours and a low loading BOD con-
centration of less than 120 mg L-1. 

Sorbulite® is most recently identified as a 
suitable reactive filter medium for P and patho-
gen removal (Renman and Renman, 2012; Nils-
son et al., 2013). The P removal efficiency of 
Sorbulite®, as one of the other three materials 
used in this experiment, was assumed to be 70%, 
but for Sorbulite® this value remains to be uncon-
firmed. Wollastonite is a white porous material 
that is commercially produced by heating silicate 
hydrate and poly-methyl-methacrylate micro 
beds. It is a crystallised calcium macrocellular 
silicate (CaSiO3), which belongs to the pyrox-
enoid group of the inosilicates (Robinson and 
Xanthos, 2010). Its elemental composition con-
sists of 40 % feldspar, 30 % calcium metasilicate, 
11% diopside and 11% quartz (Hedström, 2006).  

The high affinity of Wollastonite to P and 
some other alkaline compounds has widened its 
applicability to recovery of nutrients from sec-
ondary wastewater. However, its P removal 
efficiency for raw wastewater is still unclear. The 
particle size is relatively small (1-3 mm) and 
porosity is 32 %. 

Table 1. Physical and chemical properties  of Polonite®,, Filtralite P®, Sorbulite and Wollaston-
ite used in the COMSOL Multiphysics modelling 

Parameter Polonite a Sorbulite b Filtralite P c Wollastonite 

 
Unit 

Si 241 232 14.6 276 g kg-1 
Al 27 10 11.1 54.6 g kg-1 
Ca 245 194 312 151 g kg-1 
Fe 16.5 8.2 41.3 21.5 g kg-1 
K 9.15 - 4.89 26.2 g kg-1 
Mg 4.4 - 4.68 13.3 g kg-1 
Mn 0.12 - 0.317 0.894 g kg-1 
Na 1.46 - 1.46 12.3 g kg-1 
P 0.34 - 1.44 <0.1 g kg-1 
pH at saturated conditions 9.5 - 11.7 11.6 - 13 9.7 - 10 10 - 13 - 
Porosity 0.43 0.56 0.65 0.36 - 
Specific surface area  14 30 - 105 m2 g-1 
Diffusion coefficient 1.25*10-9 1.25*10-9 1.25*10-9 1.25*10-9 - 
Tortuosity factor 1.45 1.45 1.45 1.45 - 
Bulk density  730 500 950 2910 kg m-3 
Transversal dispersivity ( αT ) 3.3*10-4 3.3*10-4 3.3*10-4 3.3*10-4 - 
Longitudinal dispersivity ( αL ) 2.2*10-4 2.5*10-4 2.5*10-4 2.5*10-4 - 
Coefficient of uniformity 

(d /d ) 
1.7 1.4 3.5 1.5 - 

Hydraulic Loading Rate  1050 850 280 850 L m-2  d-1 
Hydraulic conductivity  9.25*10-3 8.95*10-4 2.89*10-4 2.199*10-4 m s-1 
Particle size  2 - 4 2 - 6 0 - 4 1 - 3 mm 
Sources: Unless otherwise stated, the values of the mineral elemental contents and physical properties 

are from the product data sheet, a,bNilsson et al. 2013a, 2013b);  bMaxit Leca Rælingen product 
data sheet; dGustafsson et al., 2008. 
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 2.3. COMSOL Multiphysics ®   

The chemical reaction engineering module 
in the COMSOL Multiphysics (version 5.2a) 
software was used to predict the P sorption 
efficiency and hydrodynamic performance of the 
reactive substrates. For purpose of this study, the 
module was linked to other three sets of physical 
interfaces, water flow, heat transfer and transport 
of diluted species. The adsorption of the mobile 
solute in the immobile filter medium was mod-
elled in the transport of diluted species interface 
based on the convective, adsorption and disper-
sion transport mechanisms. Our model was built 
using two components in the COMSOL Mul-
tiphysics model builder. The first component 
composed of reaction kinetics, whereas the reac-
tion kinetics rates of four reversible equilibrium 
reaction equations of calcium phosphorus com-
pounds were formulated (Gustafsson et al., 2008, 
Claveau-Mallet et al., 2014). The calcium phos-
phorus mineral compounds applied in our study 
were diabasic calcium phosphate dihydrate 
(DCPD), amorphous calcium phosphate (ACP2), 
hydroxyapatite (HAP) and monetite (MON). 
While component 2 composed of physics inter-
faces of Darcy's water flow, heat transfer and 
transport of diluted species in the porous media. 
Both components were coupled together by 
generate space dependence model. Following 
steps were used to initiate the model: defining 
parameters and input variables in both compo-
nents and then creating a trapezoidal three-
dimensional geometry of the constructed wet-
lands and the properties of the materials in each 
domain. The lifetime of the reactive filter media 
was evaluated by accounting for the time effluent 
P concentration to achieve a value of 1 mgL-1.  

2.3.1 Hydraulic water f low sub-model  

The linear flow pathways and water velocity 
gradient in the homogeneous reactive media were 
estimated using the Darcy's law differential equa-
tion (Eqn. 1) further derived by substituting the 
Darcy velocity field (Eqn. 2) to form (Eqn. 3). 
Darcy's Law relies on the independent parameters 
of fluid velocity, intrinsic permeability and water 
viscosity to solve the fluid movements in the 
saturated porous media. It is a simplified ap-
proach for describing relationship of water flow 
with the change of hydraulic conductivity (Ranieri 
et al., 2013; Samso and Garcia, 2013) due to a 
lower number of parameters and computational 
memory required for problem-solving. However, 
the Darcy's Law may not be valid when applied 
to simulate water flow of high fluid velocity and 
unsaturated heterogeneous media, in which, the 

inertia force is larger than the viscous force. The 
water flow in the heterogeneous and variably - 
saturated water flow is alternatively simulated 
either by Brinkman or Richard's equation (Lang-
ergraber and Simunek, 2005; Rajabzadeh et al., 
2015). The rate of wastewater volume treated in 
the CFB was modulated by factors of hydraulic 
loading rates, particle porosity and climate varia-
bility (evapotranspiration and precipitation).  

 𝜕(𝜌𝜀 )𝜕 + 𝛻 ∙ [𝜌𝒖] = 𝑚                                                 𝒖 = − 𝑘𝜇 𝛻 + 𝜌 ∇                                                     𝜕 𝜌𝜀𝜕 + 𝛻 ∙ [𝜌 − 𝑘𝜇 𝛻 + 𝜌 𝛻  ] = 𝑚             

 

Where 𝜌 is the fluid density (kg m-3),  is the 
time (s), u is the fluid velocity (ms-1), ∇ ∙ is the 
divergence vector, k is the intrinsic permeability 
(m2), 𝜇 is the dynamic water viscosity (kg m-1 s-1), 

 is the pressure (Pa), g is the acceleration of 
gravity (m s-2), and D is the wetted depth of the 
wetland bed (m). 

2.3.2.  Solute transport sub-model  

The solute transport of P species in the VF-
CWs was simulated using Eqn. 4. This equation 
has three components, for P advection, disper-
sion and diffusion. The advection component, 
which is the last term on the left-hand side, rep-
resents an advection process as given by the 
directional change in the superficial fluid velocity 
( ) in the porous reactive substrate. The first 
component on the left-hand side is the dispersion 
term, which stands for molecular mixing due to 
changes in the porosity (ε) fluid velocity. The next 
component on the same side stands for the rate 
of P sorbed on the solid surface of the reactive 
substrate. The diffusion is the first component on 
the right-hand side and this is highly influenced 
by changes in concentration.  

The hydraulic retention referred to time in 
which wastewater is retained in the system. It is 
evaluated based on the centroid area under the 
residence time distribution breakthrough curve 
(Zahraeifard and Deng, 2011). For saturated 
porous media, solute transport was solved using 
the general coupled reactive transport Eqn 4. 

 [(𝜀 + 𝜌 𝑘𝑃,𝑖) 𝜕 𝑖𝜕 ] + [( 𝑖 − 𝜌 𝑃,𝑖) 𝜕𝜀𝜕 ] =  ∇ ∙ [( ,𝑖+𝜃𝜏 ,𝑖 ,𝑖) ∇ 𝑖] − [𝛁 ∙ 𝑖]  ±  ∑ 𝑖 + 𝑖                               
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Where 𝑖 = species concentration in the liq-
uid phase (kg m-3), 𝑃,𝑖  = concentration of solid 
species adsorbed on the solid (Mol kg-1), ε = 

medium porosity (unit-less), 𝑘𝑃,𝑖 = 𝜕 𝑝,𝑖𝜕 𝑖  = ad-

sorption isotherm for Langmuir and Freundlich 
isotherm equation, 𝜌  = media bulk density (kg 
m-3), ,𝑖 = dispersion tensor (m2 s-1),   = load-
ing rate of wastewater into system (m3 m-2.d-1), 𝜏 ,𝑖 = species tortuosity factor, 𝜃 = volumetric 
water content, 𝑖 = chemical reaction kinetic rate 
(kg m-3 s -1), 𝑖 = sink /source term (kg-3 s -1). 

2.3.3. Adsorption sub - model 

Two mechanistic isotherm model equations, 
linearlized from the original Langmuir and 
Freundlich equations (Eqns.5 and 6, respectively) 
were used to simulate behaviour of phosphate 
sorption in the reactive media (Xu et al., 2006). 
However, the Langmuir equation should be used 
only with great caution, as it can sometimes 
underestimate the sorption efficiency at low 
solute concentrations.  = 𝑏 𝑚 𝑥 + 𝑚 𝑥                                          

 
The linear plot of the specific sorption 

(Ce/qe) was constructed against the equilibrium 
concentration (Ce). The graph helps to thoroughly 
understand the sorption slope (1/b) and the 
maximum sorption capacity (qmax). The equili-
brated sorbed phosphorus (qe.) was obtained 
from the model itself. 

 

𝑛 = 𝑛𝐾 − 𝑛 𝑛                                       

 
The P sorption capacity of the reactive filter 

media was studied by adjusting two influential 
parameters, the Freundlich sorption constant (Kf) 
and the sorption intensity (n). It was assumed that 
the strongest sorption is obtained at an "n" value 
close to unity, which in other words corresponds 
to a homogeneous distribution of the binding 
surface. The sorption removal efficiency (SRE, 
%) of the reactive filter media was evaluated 
using Eqn. 7 by considering the difference be-
tween the influent and effluent concentration. = [ − 𝑖 ] ∗                     

Where, SRE is the removal efficiency (%); Ci 
is the concentration of the influent (mol/m3); Ce 
is the effluent concentration (kg m-3). 

2.3.4 Reaction kinetics sub - model 

The chemical precipitation and dissolution 
reaction rates were simulated using the second-
order reversible reaction equations of two ele-
mentary species (Eqn. 8). The precipitation pro-
cess was described by forward reaction and the 
dissolution process by reverse reaction. Table 2 
lists the reversible reactions of precipitation and 
dissolution  

Processes that were developed based on the 
general reaction rate principle Eqn 9. Substituting 
the differential rate equation (Eqn. 9) for species 
concentration [ ] =  [ ] − 𝑋 and [ ] = [ ] − 𝑋 and [ ] =  [𝑋] yield Eqn. 11 which is 

Table 2. 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 Allison et al., 1991. 
Calcite: CaCO3+2H+<=>Ca2++CO2+H2O −8.48 -5.43 3.1 −9.6 Dissolution Parkhurst and Appe-

lo.,2011 
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 0 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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solved at equilibrium conditions 𝑖. . [𝑋]𝑡 =   
to produce the monod type of Michaelis - Men-
ten equation. +    𝑘⇌𝑘                                                  

𝑖 = [ ] = 𝑘 [ ][ ] − 𝑘 [ ]               [ ] = 𝑘 [ ]𝑘 +  𝑘                                       

Where [ ]  is the initial concentration of 
reactant A, [ ]  is the initial concentration of 
reactant B (M L-3), X is the amounts of reactant [ ] and [ ] that has reacted to the product (P) at 
time of reaction (s), 𝑘  is the forward reaction 
constant (M-1 s-1) and 𝑘  is the reverse reaction 
constant (M-1 s-1). 

2.3.5. Plant root uptake sub-model  

The reaction rate equation for simulating the 
phosphorus plant uptakes were simulated using 
the differential equation modified from (Marois 
and Mitsch, 2016)(Eqn. 11). It was assumed that 
plant uptake phosphorus which is in dissolved 
forms from the water and fraction of phosphorus 
released from organic matter and adsorbent 
media.  

 

𝑖 = 𝜕 𝑖𝜕 = 𝑖 . 𝑖. [ + 𝑀+ 𝑦 ]−  𝑏 . 𝑀𝐴  . 𝑖   
 
Where 𝑖  = species generated within the 

system (mole/time), 𝑖    = species concentration 
(mole/m3), bH = decay rate constant for biomass 
(1/day), fPO4Het = fraction from heterotrophic 
bacteria (mg/mg), fHydCI = fraction from hy-
drolysis (mg/mg), fBMCR = fraction readily 
biodegradable materials (mg/mg) and 𝑀𝐴 = 
biomass decay above the ground (g). 

2.3.6.Geochemical modelling  

The speciation of minerals and their pollu-
tant retention capacity were simulated using the 
concept of mineral solubility. The dissolution of 
Ca2+ from the reactive media and subsequent 
reaction with DIP have previously been shown to 
be the responsible mechanism for DIP removal 
in the filter (Gustafsson et al., 2008; Renman and 
Renman, 2010). Solubility constants of calcium 
phosphate compounds were calculated based on 
the Minteq. v4 database in the PHREEQC soft-

ware version 3.3.7 (Parkhurst and Appelo, 2013). 
Table 2 lists the mineral phases which were simu-
lated in the PHREEQCI software using the 
wastewater solution with the multiple elements, 
varying pH and equillibrium mineral phases. 

The extent of mineral dissolution was simu-
lated by varying pH, redox potential, hydraulic 
loading rates and initial DIP concentration. The 
ideal condition for effective phosphate removal 
in the reactive media at super saturated condi-
tions, in which the rates of calcium phosphate 
precipitation increase with increasing Ca2+ con-
centration. The mineral solubility of hydroxyap-
atite (HAP), Dicalcium phosphate (DCP), Oc-
tacalcium phosphate (OCP), Amorphous calcium 
phosphate and Dibasic calcium phosphate dihy-
drate (DCPD) was evaluated using the saturation 
index (SI) of these compounds where super 
saturation (SI > 0) favour the precipitation of the 
compounds and under-saturated conditions (SI < 
-1) favour the dissolution of Ca(OH)2 and thus an 
increase of Ca2+ in the solution. 

2.3.7. Boundary condition  

To solve the linear water flow using the 
Darcy differential equation (Eqn.1), the solid 
media in the constructed wetlands filter bed were 
kept saturated by specifying high Dirichlet 
boundary condition above the water level in the 
inlet boundary. The volume of wastewater loaded 
into the filter bed domains were controlled by 
hydraulic loading rate, in which precipitation and 
evapotranspiration was accounted during estima-
tion of volumetric flow rate. It was assumed that 
all species were perfectly mixed and infiltrated 
continuously to the deep bed by the advection 
water flow, diffusion process and reaction kinet-
ics. Modelling of these transport process were 
carried in the ideal plug flow reactor, whereas the 
water movements during the resting time were 
forced by change of permeability and effective 
diffusion (concentration gradients).  

No water flux was set across the supporting 
walls and the bottom slope (1%), because of 
limiting wastewater interaction with the ground-
water. The solute transport equation (Eqn. 4) was 
solved by specifying the advection, dispersion 
and adsorption as the main transport mechanisms 
of diluted species in the filter bed. It was assumed 
that adsorption, which is a net retention of spe-
cies onto the solid surface of the reactive media 
was formed during the multiple reaction of bio-
logical and chemical components. The adsorption 
capacity of the filter media were solved using 
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Langmuir equation (Eqn.8) by considering the 
spherical boundary condition of the particle size.  

The calculation were carried out by assigning 
the 2310 mg kg-1 as the adsorption maximum and 
0.138 L kg1 Langmuir adsorption constant from 
experiments (Zhang et al., 2012). We assumed 
that the filter media are the sink source of the 
phosphorus species. 

2.3.8. Experimental Analysis 

Polonite® and Filtralite P® were tested in la-
boratory-scale column experiments as described 
in detail by Herrmann et al., (2013, 2014b). Four 
filter columns filled with Polonite®were tested at 
two different temperatures: Two columns were 
placed in a cooling container at a low temperature 
(4.3 ± 0.4°C, resembling winter conditions for 
full scale filters) while the other two were kept at 
room temperature (16.5 ± 2.9°C, resembling 
conditions during laboratory tests). The influent 
was wastewater sampled from the surface of an 
activated sludge basin at a nearby municipal 
wastewater treatment plant. 

Filtralite P® was tested using a 22 full factori-
al design with replicates (n = 2) and 3 centre 
points (one with wastewater and two with phos-
phate solution as influent), to investigate the 
effect of influent source and hydraulic loading 
rate on the P binding capacity. In total, 11 filters 
were tested. The influents used were urine-spiked 
wastewater and synthetic phosphate solution 
(Filtralite P®). The low, medium and high levels 
of hydraulic loading rates and the corresponding 
flows, residence times and filter velocities have 
been reported by Herrmann et al., 2013. 

Twice weekly, the effluents from the filter 

columns were sampled and their amounts record-
ed. High and medium flow columns (Filtralite P®) 
were sampled more frequently at the beginning. 
The samples were analyzed with respect to total 
and dissolved P, and TSS. Total and dissolved 
(filtered through a 0.45 μm filter) organic carbon 
(TOC and DOC) was only analysed in samples 
from the wastewater-fed filters. pH and redox 
potential were measured from grab samples of 
the outflow taken at the same time as the effluent 
samples. The properties of the influents and 
effluents of the columns filled with Polonite® and 
Filtralite P® were reported by Herrmann et al., 
(2014) and Herrmann et al., (2013), respectively. 

3. Results and discussion 

3.1.  Effects of hydraulic f low  

There was considerable variation in modelled 
HRT between the four reactive filter substrates 
when using an HLR of 850 L m-2 d-1 (Fig. 2), due 
to differences in particle porosity. The HRT 
found for Polonite® closely resembled that re-
ported by Renman and Renman, (2010), i.e. 5.5 
hours (maximum error 0.24 h).  

In order to achieve a significant correlation 
(R2=0.93) between the simulated results and 
those used by Keefe et al., (2005), three reaction 
terms of P concentration were added as described 
in Eqn. 4. Simulation results in Fig. 2 showed that 
adsorption of phosphorus increases toward the 
outlets. That means the concentration of phos-
phorus in the solution decreases toward the 
outlet. Meanwhile, the amounts of phosphorus 
accumulated to the adsorbent media were found 

Table 3. Sorption performance between the Langmuir and Freundlich equation for various me-
dia 

Isotherm Filter Material Conc 
(mol m-3) 

Sorbed P 
(g P kg-1) 

Sorption 
Capacity 

Kd(L/kg) R2 

 
Filtralite P 2.9*10-5 44.54 87.76 0.343 0.86 

Langmuir Polonite 3.5*10-5 43.95 85.45 1.37 0.99 

 
Wollastonite 3.6*10-5 41.97 82.09 1.05 0.97 

 
Sorbulite 3.8*10-5 39.97 84.01 2.00 0.95 

 
Filtralite P 3.62*10-5 86.04 81.53 2.00 0.92 

Freundlich Polonite 3.03*10-5 86.79 87.69 1.37 0.99 

 
Wollastonite 3.07*10-5 85.25 63.67 0.34 0.94 

 Sorbulite 3.15*10-5 44.43 40.04 1.05 0.98 
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to increase toward the outlet. Moreover, these 
results demonstrated that the active zone for 
phosphorus removal is the top layer with the 
capacity of retaining 3.76 g P kg-1 in the small 
particle size (1.60 mm) and 3.50 g P kg-1 in the 
large particle size (4.30 mm). Considering the 
phosphorus sorption by the depth, the results in 
Fig. 2 also described the low sorption of less than 
3.25 g P kg-1 to the deep bed depth (below 0.75m 
depth). 

Table 3 provides the variation of phosphorus 
adsorption on the Polonite, Filtralite P, Wollas-
tonite and Sorbulite as simulated by Langmuir 
and Freundlich isotherm method. The results 
showed that 88 % of the phosphorus was pre-
dicted for Filtralite P using the Langmuir equa-
tion and 82 % was predicted using the Freundlich 
isotherm equation. Overall, the Langmuir iso-
therm equation observed to predict more remov-
al efficiency of the adsorbent media. In Freun-
dlich model, the removal efficiency was around to 
88% with distribution value of 1.37 (L kg-1). 

The P sorption differed significantly with sub-
strate type, mainly owing to grain size and porosi-
ty. The highest P sorption capacity for all sub-
strates was 86.79 gPkg-1 and was observed for 
Polonite® because of its fine grain size and low 

porosity. The unsatisfactory sorption capacity in 
Wollastonite was due to the hardness of the 
material and the structural formation, with large 
particles, whereas fine particles have a larger 
surface area for P sorption. The P sorption ca-
pacity was in the order: 45, 44, 42 and 40 g P kg-1 
for Filtralite P®, Polonite®, Wollastonite and 
Sorbulite®, respectively (Table 2). The P sorption 
simulated by the Langmuir isotherm for Sorbu-
lite® was not significantly different from the 
maximum sorption capacity of 40 g P kg-1 report-
ed by Renman and Renman (2012) for an HRT 
of 30 hours. Overall, the results showed that the 
P sorption capacity with the Langmuir isotherm 
was only half that obtained with the Freundlich 
isotherm. These results are consistent with those 
of Sakadevan and Bavor (1998), who obtained a 
value of 44 g P kg-1for blast furnace slag, and 
Brogowski and Renman (2004), who obtained a 
value of 119 g P kg-1 for Polonite®. The break-
through curve in Fig.3, simulated at an HLR of 
600 and 850 L m-2 d-1 at phosphorus concentra-
tion (7, 9, 11 mg l-1), shows similar magnitude and 
pattern of P concentration. This reflects the fact 
that the plug flow responsible for P sorption lies 
in the pure advection range with the velocity used 
for the porous substrate. Problems with preferen-

Fig. 2. Effects of particle size on the sorbed phosphorus simulated using 850 L m-2 d-1 for 
Polonite media at 0.25 m, 0.50 m, 0.75 m and 1.00 m depth. 
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tial flow and clogging in the constructed wetland 
did not cause noticeable changes in this. The 
maximum turnover time in the Polonite® filter 
media was very variable, between 6.8 hours and 
6.5 hours, depending on the influent P concentra-
tion and low porosity.  

The porosity values used during the simula-
tion were 0.2 for Polonite®, 0.3 for Filtralite P®, 
0.56 for Sorbulite® and 0.36 for Wollastonite. In 
Sweden, a volume of 700 L m2 d-1 is required to 
treat wastewater from a single house for around 2 
years. The observed HRT at loading rate 600 L 
m2 d-1 was ranked in the following order: Polo-
nite® (6.8 hours), Filtralite P® (6.5 hour), Wollas-
tonite (16 hours) and Sorbulite® (14 hours) (Fig. 
3). It is clear that a minor difference in the poros-
ity of the substrate leads to a shift of the HRT 
curve to the lower left. This implies that the HRT 
of the substrate is governed by the hydraulic 
conductivity, mostly due to pore size distribution 
and changes in this over time. 

A lower peak concentration was found for 
Wollastonite and Sorbulite® when the wetland 
was loaded with 100 mmd-1. This indicates that 

the wetland is at a high risk of clogging when 
operated at a high HLR, leading to poor sorption 
performances. In this case, clogging is a funda-
mental factor which should be investigated in 
future studies because it appears to be significant 
in an overloaded wetland or with formation of 
calcite precipitate at an outlet structure. There 
was a significant drop in peak concentration at 
the highest loading rate tested (100mmd-1).  

However, the ranking order data for HRT 
obtained in this study are not entirely reliable, 
mainly owing to incomplete understanding of the 
uncertainty in the CREM model. The longevity of 
the reactive filter media was 1508 days for Polo-
nite®, 898 days for Filtralite P®, 1060 days for 
Sorbulite® and 691 days for Wollastonite. Such 
variation is probably attributable to the inlet P 
concentration, HLR and the sorbed amounts of P 
species. The slope of the P concentration break-
through curve from the inlet to the outlet of the 
VF-CWs domain indicates pore space reduction 
(Fig. 3). 

Fig. 3. 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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3.2. Effects of particle size  

The degree of P sorption and hydraulic fluid 
patterns in the VF-CWs proved to be crucial for 
the sorption performance of the wetland under 
saturation conditions. Fig. 3, shows the Darcy’s 
fluid flow velocity in the constructed wetland and 
Fig. 3, the degree of P sorption in10, 30 and 50 
days of wetland operation. Considering the sorp-
tion variability of these reactive filter media, the 
sorption results suggest that the VF-CWs can 
work efficiently for up to 50 days before the 
maximum clogging is reached (i.e. amounts of 
sorbed solid particles leading to pore space reduc-
tion). Thus, strategies to restore the performance 

of the reactive filter media, such as backwashing 
or excavating the clogged media, should be per-
formed within this time interval (Dotro et al., 
2012). The P sorption simulated using the Lang-
muir isotherm gave a significant correlation 
coefficient for Polonite®(R2=0. 98), Wollastonite 
and Sorbulite® (R2=0. 99) and Filtralite P® (R2=0. 
86). The promising results from this study indi-
cate that Polonite® and Filtralite P® are suitable 
substrates for use in VSSF-CWs. However, P 
sorption efficiency declines with age (Jenssen et 
al., 2010; Nilsson et al., 2013), so the P sorption 
efficiency of these substrates is affected by the 
length of simulation period used. 

Fig. 4. Mineral saturation index to describe the process of mineral solubility and precipitation 
simulated in the PHREEQCI based on the effects of pH (top figure) and ratio between 
Ca and PO4 - P bottom figure. 
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Comparison of the amounts of P sorbed 
along the wetland length and width showed 
considerable amounts of P sorption for Polo-

nite®, which occurred at both a low loading rate 
and fine particle size (Fig. 4). For example, the 
amount was 3.375 mol kg-1for a fine particle size 

Fig. 5. Relationship between pH and water volume flow rate treated in the Polonite and 
Filtralite P. The Modelling results were fitted to the pH of wastewater measured from 
the Laboratory. 
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of 1.6 mm and at a low loading rate of 15 mmd-

1.The P sorption was higher at the inlet end and 
decreased towards the outlet, which indicates that 
a significant amount of P was removed from the 
liquid phase before reaching the effluent end 
(Heistad et al., 2006).  

However, regeneration of CO2 gas or an in-
creased total suspended solids in the filter bed 
may also lead to such a decline. Phosphorus 
sorption increased with fine particle size and low 
loading rate, contradicting our initial hypothesis. 

3.3. Effects of mineral solubility  

Mineral solubility and precipitation are the 
two most important mechanisms of pollutant 
transport in the environment. The greater the 
solubility, the more the pollutants movements in 
the environment. Mineral solubility of the adsor-
bent reactive media was modelled in the 
PHREEQCI software using the Minteq. v4 
adsorption database. The mineral solubility was 
evaluated using the saturation index (SI). The 
lower the SI index, the lower the adsorption of 
pollutants, and the higher the SI index the higher 
the adsorption. Fig. 4 describe the amount satura-
tion index of various calcium phosphorus com-
pounds: ACP, DCPD, OCP and HAP. Fig. 4 
(top) reported the adsorption behaviour of phos-
phorus on the different phase of mineral surface. 
Results showed that at low pH ≤ 5 most of the 
mineral were dissolving phosphorus to the aque-
ous solution. At high pH ≥ 9 many mineral phase 
were precipitated with phosphorus. This means 
that the phosphorus can easily sorbed by the 
reactive adsorbent media at pH greater than 10. 
Fig. 4 (bottom) presented the saturated index (SI) 
value of the HAP (SI = 22), OCP (SI = 5), DCP 
(SI = 5), ACP (SI = 7), Calcite (SI = 3), Lime (SI 
= -12) and DCPD (SI = - 2). 

3.4. Effects of pH  

Fig. 5 showed the pH variation of treated 
wastewater in the Filtralite P and Polonite media. 
It showed that the range of pH was extremely 
high for the Polonite (8 ≤ pH 11.5) as compared 
to the Filtralite P (8≤ pH 10.5). Both media have 
indicated that the pH decreased with volume of 
treated wastewater. This means that, more phos-
phorus is removed at the highest pH and sorp-
tion decrease with the increase of the water bed 
volume. The reason which can explain this pro-
cess is the large volume of water that increase 
water flow in the system. Modelling results pH 
change against the bed volume has also indicated 
a good agreements with the measured pH from 
the column experiments.  

The P sorption efficiency of Filtralite P®, 
Polonite®, Sorbulite® and Wollastonite was posi-
tively correlated with pH. For example, all four 
substrates had substantially enhanced P sorption 
performance at high pH (12.6). The Polonite® 

removal of 96.5% of P at this high pH, while the 
mean P sorption removal efficiency was 91% for 
Filtralite P®, 86% for Wollastonite and 78% for 
Sorbulite®. The higher P sorption efficiency in 
the Polonite® is probably due to its porous struc-
ture, which allows Ca to rapidly dissolve to pre-
cipitate P. A comparison between the P sorption 
efficiency at pH values of 8.6, 10.6 and 
12.6indicatedstrong performance of Filtralite P® 
at lower pH. Profile of the phosphorus sorbed at 
the different depth of the Polonite medium in the 
two tested constructed wetlands are given in 
Fig.6. These results showed that the mass of 
sorbed species decreases with depth.  

The results in the right panel represent the 
mass of phosphorus sorbed in the constructed 
wetlands filled with the sand filter on top, reac-
tive media at the middle and gravel at the bottom. 
The result in Fig. 6 showed lower effluent con-
centrations of phosphorus for VF CWs with the 
sand soil layer on top. This implies that, large 
amounts of phosphorus are retained on the sand 
filter layer, varying from (0.2*10-7 mol m-3 to 1.5-7 
mol m-3).  

The low effluent phosphorus in the con-
structed land with the sand filter layer on top 
gives the indication of risk of clogging. The high 
porosity (4.3 mm) in the second wetland with the 
Polonite reactive media at the top have increased 
the effluent phosphorus concentration, which 
varied from (0.2*10-7 mol m-3 to 1.7-7 mol m-3). 
This means that, the large particle could increase 
flow rate and dispersion, and thus mobility of 
phosphorus in the wetland. Similarly, Gustafsson 
et al., (2008) reported that substantial P removal 
occurs at pH10, while Heistad et al., (2006) re-
ported an excellent P removal rate at pH greater 
than 12.5 that suddenly drops for pH below 9. 
According to Xu et al., (2006), the decline in pH 
in constructed wetlands is probably caused by 
OM accumulation. Our results suggest that, as 
reported previously, for an effective constructed 
wetland the pH should exceed 12.6.  

The results we obtained using the CREM 
model agree well with experimental data for 
Polonite® sorption efficiency obtained by Ren-
man and Renman (2010) in column experiments. 
Patterns of phosphorus sorbed on the solid 
surface of Polonite and Filtralite P are shown in 
Fig. 7 and 8. Overall results showed that the 
phosphorus retained for a longer period of time 
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in the Polonite than in the Filtralite P. Fig.8 gives 
the evidence that there is no more sorption of 
phosphorus after 365 days with the sorbed mass 
of 90 g P kg-1. Meanwhile, the Polonite has 
shown a longe sorption capacity of up to 1000 
days with the sorbed mass of 120 g P kg-1. Based 
on these results, the maximum lifetime of all four 
reactive media studied could be obtained at 1508 
days for Polonite®, 898 days for Filtralite P®, 

1060 days for Sorbulite® and 691 days for Wollas-
tonite. Such variation is probably attributable to 
calcium content, pH and inlet P concentration. 

3.5. Applications and limitations  

Results in (Fig. 3 and 5) showed that the re-
active transport model developed by this study, 
fitted the kinetic breakthrough data of effluent 
phosphorus and pH measured from the experi-

Fig. 6. Breakthrough profile of effluent PO4 - P concentration simulated at different wetted 
depth of the constructed wetlands (top depth (0.25m), middle depth (0.50m), intermedi-
ate depth (0.75 m) and deep depth (1.0 m) for Polonite filter media. 
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ments. As it can be seen from these figures, the 
model managed to capture the kinetics of phos-
phorus mobility from the constructed wetlands 
fed intermittently with the varying concentration 
of influent phosphorus (7, 9, 11 mg/l) and pH (7 

- 12). This confirms the strength of the model 
that it can be used to model the multiple process-
es in the constructed wetlands system under 
varying condition of wastewater constituents and 
by integrating many processes: water flow dynam-

Fig. 7. Concentration of sorbed  PO4-P on the Polonite solid media as simulated at 1, 10, 100 

and 1000 days. 
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ic, solute transport, reaction kinetics and heat 
transfer. The strong agreement between the 
simulated results and experimental data proved 
that the model was able to capture process of 
phosphorus mobility and visualize sorption pat-
tern of reactive adsorbent media application in 
the constructed wetland. It was identified that 
application of sand layer on top of the construct-

ed wetland domains reduced concentration of 
effluent phosphorus. The results showed that 
more phosphorus is accumulated in the system 
with sand media. This would seem to highlight 
that the system with sand soil is more plausible to 
clogging problem, and perhaps reduce the mobile 
water volume to infiltrate to the deep layer. In 
addition, the most active layer in both systems of 

Fig. 8. Concentration of sorbed PO4-P on the solid surface of Filtralite P solid media as simu-
lated for 1, 10, 100 and 365 days. 
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the constructed wetlands observed to be between 
the 0.25m and 0.5m. The modelling results indi-
cated to capture the variation of phosphorus 
sorption behaviour in the media for a long period 
of time. This study found that there is a minor 
difference of mass of phosphorus sorbed be-
tween the layer of the filter bed domains. This 
implies that there is a sorption difference be-
tween sand and reactive adsorbent media. How-
ever, the difference was not much larger. The 
behaviour of the phosphorus sorption in the 
both systems occurs in the form of monolayer, 
whereas the layer thickness was large in the inlet 
surface (Fig. 2). This means that, the physisorp-
tion process due to the rapid settlement of parti-
cle was observed to be the main mechanisms of 
phosphorus retention in the sand filter.  

Meanwhile, the sharp horizontal layer 
formed in the middle domain of the constructed 
wetlands would seem to indicate the crystal of the 
calcium phosphate precipitate. This study has 
also observed that, by designing the system with 
the sand on top might increase the longevity of 
the media sorption capacity. The results shown in 
Fig. 7 and 8 described that the Polonite media 
took longer time to reach its saturation condi-
tions, 1508 days for Polonite® and 898 days for 
Filtralite P®. The limitation of the present model 
for simulating the fate and transport of pollutant 
in the constructed wetlands varies with the gov-
erning parameters in the physics equations used 
to solve processes. For example, the results for 
phosphorus breakthrough kinetics in the Filtralite 
P (Fig. 3) appeared to confirm that the more 
accurate prediction of the phosphorus transport 
in the wetland was achieved at the low concentra-
tion and low loading rate (600 L m-2 d-1). These 
are two main assumptions required for modelling 
the media saturated water flow and adsorption 
process in the Langmuir equation. At the same 
results in (Fig. 3), the prediction was inaccurate at 
the high loading rate (850 L m-2 d-1) and high 
concentration (≥9 mg/l). 

4. Conclusion  

P sorption removal capacity of four reactive 
filter substrates, Filtralite P®, Polonite®, Sorbu-
lite® and Wollastonite, were predicted using the 
COMSOL Multiphysics software for application 
in the constructed wetlands with intermittent 
loading condition. Modelling results have indicat-
ed good agreement to the breakthrough data 
from the column experiments of the similar 
media application. These modelling results con-
firm that the present model has the capacity to 

model the fate and transport of dissolved pollu-
tants in the system of multiple interactions of 
processes. The model which developed by this 
study helps to identify that the constructed wet-
lands with the sand soil on the top filter bed 
domain were significantly accumulated the multi-
ple layers of phosphorus. However, the accurate 
prediction of phosphorus transport dynamic in 
the constructed wetlands was achieved at the low 
loading rates (600 L m-2 d-1) and low concentra-
tion (≤9 mg/l). The modeling results have shown 
various evidence that the model has high strength 
of describing and predicting the sorption perfor-
mance and behaviour of phosphorus sorption in 
the constructed wetland. For long term applica-
tion of the reactive adsorbent media in the sub-
surface vertical flow constructed wetland, this 
study recommends that use of homogeneous 
sand media on the top of the constructed wet-
lands may increase the sorption lifetime of reac-
tive adsorbent media filled in the subsequent 
domain. However, it may require frequent 
maintenance due to the rapid growth of biomass. 
Based on the intermittent loading, the model was 
successfully identified Polonite as the potential 
adsorbent media for application in the construct-
ed wetlands, whose efficiency was more than 
88%. The good fit of this model to the measured 
data provides the future possibilities of calibrating 
this model to the data from the full -scale con-
structed wetlands. 

Considering the model robustness and pre-
diction accuracy, the model developed here can 
also be used to predict the sorption performance 
of filter substrates for a wide range of dissolved 
pollutants, including toxic heavy metals in the 
urban environment. In future studies, the model 
must be refined to allow the impacts of bioclog-
ging on the sorption efficiency of reactive media 
to be determined. 

Acknowledgements 

The authors would like to acknowledge the 
financial support from J. Gust. Richert, Lars Erik 
Lundberg Foundation and the Ecopool research 
project for a smart and sustainable environment 
in the Baltic Sea Region. The authors also thanks 
Dr. Inga Herrmann for supplying experimental 
data.  

References  

Ádám, K., Kristine Søvik, A., Krogstad, T., 2006. 
Sorption of phosphorous to Filtralite-P--the 
effect of different scales. Water Research, 



Reactive transport modelling of long-term phosphorus dynamic in the compact constructed wetland 

 

40(6), 1143–54. 
doi:10.1016/j.watres.2006.01.009. 

Ádám, K., Krogstad, T., Vråle, L., Søvik, A.K., 
Jenssen, P.D., 2007. Phosphorus retention in 
the filter materials shellsand and Filtralite 
Ps—batch and column experiment with syn-
thetic P solution and secondary wastewater. 
Ecol. Eng. 29 (2), 200–208. 

Brogowski, Z., Renman, G., 2004. Characteriza-
tion of opoka as a basis for its use in 
wastewater treatment. Polish J. Environ.Stud. 
13 (1), 15–20. 

Brovelli, A., Malaguerra, F., Barry, D.A., 2009. 
Bioclogging in porous media: model devel-
opment and sensitivity to initial conditions. 
Environ. Model. Softw. 24 (5), 511–525. 

Brix, H and Arias, C.A. 2005.The use of vertical 
flow constructed wetlands for on-site treat-
ment of domestic wastewater:New Danish 
guidelines. Ecological Engineering, 
25(2005),491-500, 
doi:10.1016/j.ecoleng.2005.07.009.  

Claveau-Mallet, D., Courcelles, B., Comeau, Y., 
2014. Phosphorus removal by slag filters: 
modelling dissolution and precipitation ki-
netics to predict longevity. (submitted to 
Environmental Science & Technology in 
February 2014). 

Cooper, P., 2009. What can we learn from old 
wetlands? Lessonsthat have been learned 
and some that may have been forgottenover 
the past 20 years. Desalination 24 (2009) 1 –
26. 

Drizo, A., Comeau, Y., Forget, C., Chapuis, R. P., 
2002. Phosphorus saturation potential: a pa-
rameter for estimating the longevity of con-
structed wetland systems. Environmental Sci-
ence & Technology, 36(21), 4642–4648. 

Dotro, G., Knowles, P., Nivala,J., Garcıá, J., 
Wallace, S., 2012. Clogging in subsurface-
flow treatment wetlands: Measurement, 
modeling and management. Water Res. 46 
(2012) 1625 e1640 
doi:10.1016/j.watres.2011.12.051. 

García, J., Rousseau, D. P. L., Morató, J., Lesage, 
E., Matamoros, V., Bayona, J. M., 2010. 
Contaminant Removal Processes in Subsur-
face-Flow Constructed Wetlands: A Review. 
Critical Reviews in Environmental Science and 
Technology, 40(7), 561–661. 
doi:10.1080/10643380802471076 

Giraldi, D., de’Michieli Vitturi, M., Zaramella, M., 
Marion, A., Iannelli, R., 
2009.Hydrodynamics of vertical subsurface 
flow constructed wetlands: tracer tests with 

rhodamine WT and numerical modelling. 
Ecol. Eng. 35 (2), 265–273. 

Gustafsson, J. P., Renman, A., Renman, G., Poll, 
K., 2008. Phosphate removal by mineral-
based sorbents used in filters for small-scale 
wastewater treatment. Water Research, 42(1-
2), 189–97. 
doi:10.1016/j.watres.2007.06.058. 

Hedström, A., 2006. Wollastonite as reactive filter 
medium for sorption of wastewater ammo-
nium and phosphorus. Environmental Technol-
ogy, 27(7), 801–9. 
doi:10.1080/09593332708618693. 

Heistad, A., Paruch, A.M., Vråle, L., Ádám, K., 
Jenssen, P.D., 2006. A high performance 
compact filter system treating domestic 
wastewater. Ecological Engineering, 28(4), 
pp.374-379. 
doi:10.1016/j.ecoleng.2006.01.011. 

Jenssen, P. D., Krogstad, T., Paruch, A. M., 
Mæhlum, T., Adam, K., Arias, C. A.,Valve, 
M., 2010. Filter bed systems treating domes-
tic wastewater in the Nordic countries – Per-
formance and reuse of filter media. Ecological 
Engineering, 36(12), 1651–1659. 
doi:10.1016/j.ecoleng.2010.07.004. 

Kadlec, R.H., Knight, R.L., Vymazal, J., Brix, H., 
Cooper, P., Haberl, R., 2000. Constructed 
Wetlands for Pollution Control. IWA Scien-
tific and Technical Report 8. IWA Publishing, 
London, UK. 

Langergraber, G., Šim, J., 2011. Reactive 
transport modeling of subsurface flow CWs 
using the HYDRUS wetland module, 1. 

McBride, M. B.,1994. Environmental Chemistry 
of Soils, Oxford University Press, New 
York. 

Meyer,D., Chazarenc, F., Claveau-Mallet,D., 
Dittmer, Forquet, N., Molle, P., Morvan-
nou,A., Pálfy, T., Petitjean, A,R., Campá, 
S.R., Scholz, M., Soric,A.,Langergraber, 
G.,2015. Modelling constructed wetland: 
Scopes and aims - a comparative review. 
Ecol. Eng. 3317, 
http://dx.doi.org/10.1016/j.ecoleng.2014.1
0.031. 

Nilsson, C., Renman, G., Westholm, L. J., Ren-
man, A.,Drizo, A., 2013. Effect of organic 
load on phosphorus and bacteria removal 
from wastewater using alkaline filter materi-
als. Water Research, 47(16), 6289–97. 
doi:10.1016/j.watres.2013.08.001. 

Pandey, M. K., Jenssen, P. D., Krogstad, 
T.,Jonasson, S., 2013. Comparison of verti-
cal and horizontal flow planted and unplant-
ed subsurface flow wetlands treating munic-



Hamisi et al./Submitted to the Water, Air and Soil Pollution Journal 

 

ipal wastewater. Water Science and Technology : 
A Journal of the International Association on Wa-
ter Pollution Research, 68(1), 117–23. 
doi:10.2166/wst.2013.220. 

Pálfy, T.G., Langergraber, G., 2014. The verifica-
tion of the Constructed Wetland Model No. 
1 implementation in HYDRUS using col-
umn experiment data. Ecol. Eng. 68, 105–
115. 

Ranieri, E., Gorgoglione, A., Solimeno, A., 2013. 
A comparison between model and experi-
mental hydraulic performances in a pilot-
scale horizontal subsurface flow constructed 
wetland. Ecological Engineering, 60, 45–49. 
doi:10.1016/j.ecoleng.2013.07.037. 

Renman, A., Renman, G., 2010. Long-term 
phosphate removal by the calcium-silicate 
material polonite in wastewater filtration sys-
tems. Chemosphere 79 (6), 659-664. 

Renman, G., Renman, A.,2012. Sustainable use of 
crushed autoclaved aerated concrete 
(CAAC) as a filter medium in wastewater 
purification. In: Arm, M., Vandecasteele, 
C.,Heynen, J., Suer, P., Lind, B. (Eds.), 
WASCON 2012 Conference Proceedings. 
Goteborg, Sweden. 

Rousseau, D.P.L., Vanrolleghem, P.A., De Pauw, 
N.,2004. Model-based design of horizontal 
subsurface flow constructed treatment wet-
lands: a review. Water Res. 38 (6), 1484–1493.  

Samsó, R., García, J., 2013a. BIO_PORE, a 
mathematical model to simulate biofilm 
growth and water quality improvement in 
porous media: application and calibration 
for constructed wetlands. Ecol. Eng. 54, 116–
127. 

Sakadevan, K., Bavor, H.J., 1998. Phosphate 
adsorption characteristics of soils, slags and 
zeolite to be used as substrates in construct-
ed wetland systems. Water Res. 32, 393–399. 

Shilton, A.N., Elmetri, I., Drizo, A., Pratt, S., 
Haverkamp, R.G., Bilby, S.C.,2006. Phos-
phorus removal by an ‘active’ slag filter-a 
decade of full scale experience. Water Res. 40 
(1), 113–118. 

Saeed, T., Sun, G.,2011. Kinetic modelling of 
nitrogen and organics removal in vertical 
and horizontal flow wetlands. Water Research, 
45(10), 3137–52. 
doi:10.1016/j.watres.2011.03.031 

Vohla, C., Köiv, M., Bavor, J.H., Chazarenc, F., 
Mander, U., 2011. Filter materials for phos-
phorus removal from wastewater in treat-
ment wetlands e a review. Ecological Engineer-
ing 37 (1), 70-89. 

Vymazal, J., Brix, H., Cooper, P.F., Green, M.B., 
Haberl, R., 1998. Constructed Wetlands for 
Wastewater Treatment in Europe. Backhuys 
Publishers, Leiden.  

Zahraeifard, V., Zhiqiang, D., 2011. Hydraulic 
residence time computation for constructed 
wetlands design. Ecological Engineering 37, 
2087–2091. 

Zeng, M., Soric, A., Roche, N., 2013. Calibration 
of hydrodynamic behavior and biokinetics 
for TOC removal modelling in biofilm reac-
tors under different hydraulic conditions. Bi-
ores. Tech. 144, 202–209. 

Xu, D., Xu, J., Wu, J., & Muhammad, A. 2006. 
Studies on the phosphorus sorption capacity 
of substrates used in constructed wetland 
systems. Chemosphere, 63(2), 344–52. 
doi:10.1016/j.chemosphere.2005.08.036. 

 


	1. Introduction
	2. Materials and methods
	2.1. Wetland description
	2.2. Media characteristics
	2.3. COMSOL Multiphysics®
	2.3.1 Hydraulic water flow sub-model
	2.3.2. Solute transport sub-model

	2.3.3. Adsorption sub - model
	2.3.4 Reaction kinetics sub - model
	2.3.5. Plant root uptake sub-model
	2.3.6.Geochemical modelling
	2.3.7. Boundary condition
	2.3.8. Experimental Analysis
	3. Results and discussion
	3.1. Effects of hydraulic flow
	3.2. Effects of particle size
	3.3. Effects of mineral solubility
	3.4. Effects of pH
	3.5. Applications and limitations

	4. Conclusion
	Acknowledgements
	References

