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a b s t r a c t
The increase in urbanization has caused a deterioration of the quality of water bodies and ecosystems 
such as rivers, streams and lakes. Urban hydrology, which reflects the anthropogenic impact on 
water balance, results in an excess of phosphorus (P) and their eutrophication in urban water bod-
ies. Nature-based solutions (NBS) are a measure for the restorations of green areas and the mitiga-
tion of urban stormwater problems. Despite many advantages, in some specific cases (e.g., green 
roofs), NBS may be a source of water pollution. The way to decrease P release from NBS construc-
tion is by using P-binding mineral materials (P-BMM). The aim of the study is: (1) to assess the 
sorption abilities of five different P-BMMs: autoclaved aerated concrete (AAC), Filtralite® Nature P 
(FNP) (Norway), limestone, Opoka and zeolite, (2) to determinate of the equilibrium contact time 
with P solution, and (3) to dimension the P-BMM filter mass needed to enhance P-removal from 
green roof run-off before it reaches the receiver. Based on the Langmuir isotherm equation, P-BMM 
maximum sorption capacity (Smax) and equilibrium sorption capacity (Smax_Eq) follow the sequence: 
FNP > Opoka > AAC > zeolite > limestone. The most suitable P-BMM for filling up the filter for 
green roof runoff seems to be AAC. This is because it took the shortest time to achieve equilib-
rium (300 min) and had high Smax_Eq value (66.28 mg g–1). The mass of AAC P-BMM needed to pro-
vide the P retention from 100 m2 of a green roof ranges from 2.4 to 11.2 kg. The P-BMM filter, with 
a discharge to rain garden, was proposed as a P-removal enhancing system for green roof runoff.
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1. Introduction

Cities are becoming a living environment for an increas-
ing number of people. Roughly more than 72% of the total 
EU-28 population lives in cities, towns and suburbs [1] and 
it is estimated to reach more than 80% by 2050 [2]. Globally, 
cities are major socioeconomic entities where more than 
50% of the global population lives and where the popula-
tion is forecast to double by 2050. This will pose a range 
of challenges for the natural resources and ecosystems, 

including the rivers, streams and lakes which are a part of 
the landscape of many cities.

Phosphorus (P) in the environment is often related to 
agricultural areas and to untreated sewage. However, P in 
the surface water is increasingly coming from urbanized 
areas with sealed surfaces that generate significant surface 
runoff. Urban ecosystems are known to be P-rich environ-
ments where P originates from pet waste, fertilizers, grass 
litter, soil microbial communities, vegetative detritus and 
soil particles [3–5].
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In this regard, nature-based solutions (NBS) are the 
solutions for suitable P-removal from urban water bodies 
given limited space. NBS are solutions based on nature that 
have many functions simultaneously. The most important 
functions are: rainwater harvesting, storing and purifica-
tion, regulating air temperature and softening the urban 
heat island effect [6]. NBS facilitate the efficient use of natu-
ral resources and respect human well-being. They promote 
socially inclusive green growth by replicating the natu-
ral processes and integrating ecosystem services into the 
human environment [6,7].

Urban areas rainwater harvesting is often based on 
systems of green roofs. The leachate receivers are usually 
in the form of water retention ponds, constructed wet-
lands, bio-retention basins, rain gardens, bioswales, etc. 
All the NBS are used to support rainwater management 
and purification, overgrowing with vegetation adapted 
to variable water conditions. Such small freshwater eco-
systems play a significant role in biogeochemical cycles 
due to their global abundance and their high rate of bio-
logical activity. In addition, they tend to be hotspots of 
contaminations (suspended soils, sediments, biodegrad-
able organics, nutrients, heavy metals and hazardous sub-
stances, dissolved organic carbon, etc.) [5,8,9]. The choice 
of NBS water receiver depends mainly on the availability 
of space, soil and water conditions, the system functions, 
the need to amount of precipitation and snowmelt, solution 
durability, operational requirements and costs [10].

However, it must be remembered that constructions 
such as green roofs are often a source of P. The P concen-
trations from green roof runoff may vary from 0.003 mg P–
PO4 dm–3 [11] to above 1.0 mg P–PO4 dm–3 [12–14]. The 
factors influencing the P runoff from green roofs are green 
roof type (intensive or extensive), amount of rainfall, local 
pollution sources, type and age of substrate, plants, phys-
ical and chemical properties of pollutants, fertilization 
and maintenance practice, and local air quality [15]. In all 
types of NBS, P accumulation is rather low, but it should 
not be considered as the main treatment target [8,16]. For 
example, in the case of stormwater ponds, despite the high 
removal efficiency of suspended solids, the P-removal rate 
is variable, low or even lacking [8,17,18]. For this reason, 
the implementation of phosphorus-binding mineral mate-
rial (P-BMM) at such systems seems to be essential for 
keeping P concentration under control.

P-BMMs consisting of metals oxides or hydroxides 
have been the most successful for the uptake of different 
oxyanions from water. P-binding materials should be syn-
thesized from various metals, such as Al, Ca, Ce, Fe, La, 
Mg, Zn and Zr. Among the rare earth elements, lanthanum 
and cerium have been used to remove phosphorus due 
to their high sorption capacity and more reasonable cost 
compared to other elements [19,20]. The excess P may be 
removed from water by various treatment processes such 
as physiochemical methods, biological treatment processes, 
ion exchange, electro-coagulation and sorption. Of these 
methods, sorption is most often used due to low initial cost, 
flexibility, and simplicity of design, and ease of operation 
and maintenance [21].

The aim of the study is: (1) to assess the sorption 
ability of five different P-BMMs; (2) to determine the 

equilibrium contact time of P-BMMs with P solution 
and (3) to dimension the P-BMM filter mass as an additional 
step to enhance P-removal from green roof run-off.

2. Materials and methods

2.1. P-binding mineral materials

Five different P-BMM were used in this study: auto-
claved aerated concrete (AAC), Filtralite® Nature P (FNP) 
(Norway), limestone, Opoka and zeolite. AAC is a light-
weight popular material used in civil engineering. Quartz 
sand, lime or cement and water are used as binding agents. 
Filtralite® Nature P (Norway) is a high-quality filter media, 
manufactured from expanded clay material heated over 
1,000°C. It is used for filtration and purification with an 
active surface of dolomite added for P-binding. However, 
dolomite enrichment is not listed in the basic composition 
of the material (Table 1) (www.filtralite.com). Limestone is 
a sedimentary rock, composed mainly of the skeletal frag-
ments of marine organisms. Calcined Opoka calcium sil-
icate sedimentary rock, heated at a temperature of 900°C. 
Zeolite is a hydrated aluminosilicate mineral that contains 
alkali and alkaline earth metals. The mineral composition 
and scanning electron microscopy (SEM) microphotographs 
of the P-BMMs are shown in Table 1 and Fig. 1, respec-
tively. The physical properties of RMs were determined in 
accordance with the following standards: particle size dis-
tribution PN EN 933-1:2012 and PN-ISO 11277:2005, bulk 
density PN EN 1097-3:2000, porosity PN-EN 1936:2010 
and water absorption PN EN 1097-6:2013-11. The physical 
properties of the tested P-BMMs are presented in Table 2.

2.2. Batch tests

Different concentration of the artificial P solution pre-
pared using KH2PO4, were used in all batch tests for assess-
ing P sorption. The triplicate samples of material were 
mixed in Erlenmeyer glass flasks, each contained 1.0 g of 
material and 100 mL of the various P solutions. The kinetic 
tests were performed at various contact times (5–2,880 min) 
and at a constant average solution concentration of 
4.5 mg P–PO4 dm–3. The sorption equilibrium tests were 
performed at various solution concentrations (1–1,000 mg 
P–PO4 dm–3) and for a constant time (24 h). The calculation 
of the P-removal ratio R (%) was based on Eq. (1):

R
C C
C

e% %  =
−

×0

0

100  (1)

where C0 and Cs are the initial and equilibrium P concentra-
tion (mg L–1).

The sorption capacity (qe) was calculated from Eq. (2):

q
C C V

me
e=

−( )×0  (2)

where qe is the sorption capacity (mg g–1); V is the volume 
of solution (dm3); m is the mass of material (g), and C0 and 
Cs are the initial and final (equilibrium) concentrations 
(mg dm–3).
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Description of the sorption process between solid phase 
and solution was made based on mathematical equations 
given by Langmuir Eq. (3) [22]:

1 1 1
q C K

a
Ks s L

L

L

= ⋅ +  (3)

where KL is a constant parameter reflecting the solute 
adsorptivity (dm3 g–1), aL is a constant parameter related 
to the energy of adsorption (dm3 mg–1), the KL/aL ratio is 
defined as an adsorption capacity, qs is sorption (mg g–1), 
Cs is the solute concentration at equilibrium (mg dm–3), 
and Freundlich equation [22]:

log log logq b C as F s F= × +  (4)

where aF is a constant which expresses the adsorbent capac-
ity (dm3 g–1) (the larger the value, the higher the capacity), 
bF is the heterogeneity factor (–), qs is sorption (mg g–1), 
Cs is the solute concentration at equilibrium (mg dm–3).

The obtained results from kinetic batch experiments 
were fitted to two of the most widely used non-linear 
kinetic models: the pseudo-first-order (PFO) kinetic model 
(Eq. (5)) and the pseudo-second-order (PSO) kinetic model 
(Eq. (6)) [23]:

log logq q q kte t e−( ) = −  (5)

1 1
2

2q q k
t
qt e e

= +  (6)

where qt (mg g–1) represents the amount adsorbed at any time 
t, k1 (min–1) and k2 (g mg–1 min–1) are rates of sorption of the 
PFO and PSO and qe is the amount adsorbed at equilibrium 
(mg g–1).

The P equilibrium concentrations were measured by flow 
injection analyses using FIAstar 5000 at the ranges of (0.005–
1.000 mg P–PO4 dm–3) and (0.500–5.000 mg P–PO4 dm–3). 
All samples were filtered by a syringe filter of 0.45 µm pore size.

2.3. Dimensioning of the P-BMM filter

The data for the dimensioning of P-BMMs were taken 
from a previous study [24] with columns filled with five 
different intensives (3) and extensive (2) green roof sub-
strates collected from a local market (Table 3). The experi-
ment lasted 90 d and during this time 470 mm of tap water 
was supplied to each column which corresponds to the 
amount of rainfall observed in the vegetation season in 
central Poland. For the dimensioning of the P-BMM filter, 
a load of P–PO4 leached out from each substrate was used.

Table 1
Main mineral compounds of tested P-BMMs (%)

AAC

SiO2 – 57.24; CaO – 24.62; Al2O3 – 1.96; SO3 – 1.35; Fe2O3 – 1.03; MgO – 0.52; K2O – 0.48

FNPa

SiO2 – 63.00; Al2O3 – 17.00; CaO – 2.00; Fe2O3 – 7.00; Na2O –2.00; K2O – 4.00

Limestone

CaO – 29.30; MgO – 6.79; SiO2 – 0.61; P2O5 – 0.31; Fe – 0.14; Cl – 0.10

Opoka

SiO2 – 55.11; CaO – 23.86; Al2O3 – 5.65; Fe2O3 – 2.10; K2O – 1.04

Zeolite

SiO2 – 47.80; Al2O3 – 6.07; CaO – 2.84; K2O – 2.19; Fe – 1.07; P2O5 – 0.18; Ti – 0.14
aProducent information; Filtralite® Nature P (Norway) is enriched with natural dolomite (https://filtralite.com/en/node/104).

Fig. 1. Scanning electron microscopy (SEM) micrographs of (a) AAC, (b) FNP, (c) Opoka, (d) limestone and (e) zeolite (all enlarged to 
400 µm).
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Further calculations were performed for the green roof 
with an area of 100 m2 and a thickness of 0.2 m. The thick-
ness value corresponds to substrate thickness recom-
mended both for intensive and extensive roofs [25].

The dimensioning of P-BMM mass followed the steps:

•	 Conversion of the P–PO4 unit load to a roof with an 
assumed area (100 m2) and substrate thickness (0.2 m) 
base on the bulk density.

•	 Calculation of the equilibrium sorption capacity (Smax_Eq) 
base on Smax value and P–PO4 reduction in equilibrium 
time.

•	 Estimation of P-BMM filters mass (kg) base on P–PO4 
load (i) and Smax_Eq value (ii) according to Eq. (7):

M Y L
SP BMM

Eq
− =

⋅

max_

 (7)

where Y is the number of years of operation (year), L is the 
seasonal load of P–PO4 (g y–1) and Smax_Eq is an equilibrium 
sorption capacity (g kg–1).

3. Results and discussion

3.1. Kinetic studies

The PFO and PSO kinetic studies are important in order 
to evaluate the mechanism and efficiency of the sorption 
process. Adsorption kinetics expresses the physical and/
or chemical nature of adsorption interaction dependence 
of the P-BMM with phosphates. Sorption dynamics of the 
tested mineral materials as a function of time were fit-
ted to the PFO and PSO kinetic models to obtain the data 
presented in Fig. 2. The most rapid P–PO4 removal is seen 
with Opoka and AAC. After 5 min of contact time 32% and 
16% of P–PO4, respectively was removed from the solution.  
After 5 min of contact time, other tested P-BMM after 
5 min of contact time removed between 1%–2% of P–PO4. 
However, none of the tested P-BMMs removed 100% of P–
PO4 after 4,880 min. The best results were 96%, 90% and 89% 
for AAC, FNP and Opoka, respectively. The equilibrium was 
reached the fastest with AAC (300 min). Opoka, limestone 
and zeolite needed 720 min and FNP as long as 1,440 min. 
This statement is confirmed by the k value (Table 4) which 
follow the sequence: AAC > Opoka > limestone > zeo-
lite > FNP. The parameters of PFO and PSO are set out 
in Table 4. Based on the calculations (Table 4), the removal 
of phosphates onto tested P-BMMs follows the PSO kinetic 

models. The reaction described by the PSO kinetic model 
suggests that chemisorption is the rate-limiting step [26–28]. 
Riahi et al. [28] speculated that the adsorption of phosphate 
species can be reasonably presumed to occur in the follow-
ing steps: transfer of phosphate from the aqueous solution 
to the sites on the P-BMM and chemical complexation or ion 
exchange at the active sites and precipitation on the P-BMM 
surface. It is well known that the process of phosphate 
uptake onto tested P-BMMs appears to occur over three 
stages as observed Zhang et al. [29]: (1) a first sharper reac-
tion stage which is clearly seen during the first minute of 
contact time, (2) a low reaction stage at 60–300 min, and (3) at 
equilibrium stage with strong and stable adsorption (Fig. 2).

3.2. Isotherm studies

The two most common isotherm models (Langmuir 
and Freundlich) were used to investigate and describe the 
removal process between phosphate solution and solid 
phase. The Langmuir isotherm model assumes a com-
pletely homogenous surface where the sorption onto the 
surface has the same activation energy. The Freundlich iso-
therm model, however, is suitable for highly heterogeneous 
surfaces [30]. It is noted from R2 values that adsorption iso-
therms of phosphate in tested P-BMMs could be described 
by both the Langmuir and the Freundlich isotherm mod-
els. However, the Langmuir model fits better for all tested 
P-BMMs (R2 > 95.75%) and the coefficients for the plots were 
higher than those obtained using the Freundlich model 
(Table 5). Smax and KF factor in Langmuir and Freundlich 
isotherm models are usually used to evaluate the adsorp-
tion capacity of phosphate. The higher obtained values 
implied a larger phosphate adsorption capacity of the 
tested P-BMMs [31]. In all tested P-BMMs the adsorption 
reactions follow the Langmuir isotherm model. According 
to Chen et al. [21] and Guo et al. [31], good compliance 
with the Langmuir model suggests that phosphate adsorp-
tion is mainly controlled by the chemisorption process. 
This statement is confirmed by kinetics studies.

Maximum sorption capacity values (Smax) calculated 
according to the Langmuir isotherm parameters are set out 
in Table 6. The values ranged from 4.95 to 116.28 mg g–1. 
Than the Smax sequence follows: FNP > Opoka > AAC > zeo-
lite > limestone. Then, the values of Smax were reduced by 
phosphate reduction noted at equilibrium. In this way, the 
equilibrium sorption capacities Smax_Eq were recalculated for 
the reduction rate at equilibrium that equaled: 0.93, 0.89, 
0.72, 0.82 and 0.72 for AAC, FNP, limestone, Opoka and 

Table 2
Physical properties of tested P-BMMs

AAC FNPa Limestone Opoka Zeolite

Grain size (mm) 2–6 0.5–4.0 1–2 2–6 1–2
pH (–) 9.0 ≈12.0 8.8 10.8 8.5
Porosity (%) 83.7 60.0 40.0 38.0 50.0
Bulk density (g cm–3) 0.30 0.37 1.50 0.78 0.90
Water adsorption (%) 70.0 60.0 4.0 5.3 9.0

aProducent information (https://filtralite.com/en/node/104).
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Table 3
Data from column leaching experiment [24]. Column area 0.144 m2; substrate thickness 0.04 m

Substrate S1 S2 S3 S4 S5

Type Intensive Intensive Intensive Extensive Extensive
Composition mineral-organic mineral-organic mineral-organic no data mineral
Bulk density (kg m–3) 1,054.8 1,051.1 983.4 1,145.6 1,498.7
Precipitation (mm) 470
Volume of leachate (mm) 330.7 308.3 323.9 308.8 346.5
Mean leachate P–PO4 concentration (mg dm–3) 0.116 0.242 0.286 0.050 0.060
Unite load of P–PO4 (kg m–3) 0.908 1.773 2.351 0.337 0.346

(a) (b)

(c) (d)

(e)

Fig. 2. Effect of contact time of the experimental data and results of PFO and PSO for tested P-BMM (a) AAC, (b) FNP, (c) limestone, 
(d) Opoka and (e) zeolite.
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zeolite, respectively. The Smax_Eq values are lower than the 
Smax values of 7%, 11%, 28%, 18% and 28% for AAC, FNP, 
limestone, Opoka and zeolite, respectively. The results 
for calculated Smax and Smax_Eq are set out in Table 6. To the 
best of our knowledge, there has been no attempt to revise 
the Smax value by reduction rate at equilibrium based on 
kinetic studies, but in this way, the time needed to reach 
equilibrium is taken into account.

3.3. pH vs. potential P-removal mechanism

The high pH of P-BMMs (Table 2) is a result of the 
release of Ca2+ that occurs in all the tested materials in 
various contents (Table 1). P-BMMs rich in Ca2+ are char-
acterized by high pH (10–12) due to the Ca2+ precipita-
tion as CaCO3 in the presence of CO2 and oxygen [32,33]. 
Calcium carbonates and hydroxides have the ability to 
remove P from water. The mechanisms of P-removal are 
generally considered to be sorption followed by precipita-
tion of calcium phosphates. Several forms may be formed 
such as calcium phosphate dihydrate (CaHPO4·2H2O), 
octacalcium phosphate (Ca8H2(PO4)6·5H2O) and hydroxy-
apatite (Ca5(PO4)3OH) [7,34,35]. What is more, their 
dissolution causes an increase in pH [34]. For this reason, 

hydroxyapatite (HAP) is the most common Ca-P precipi-
tate, which is normally formed at high pH values (above 
10). Calcium phosphate dihydrate and octacalcium phos-
phate are expected at lower pH values [35]. At pH values 
ranged from 7 to 12, HPO4

–2, is the dominant species, prob-
ably formed as a result of increasing pH [36]. It has been 
claimed that the chemical precipitation process is dom-
inant when the pH has values above 8 [37,38]. At a pH 
lower than 8, the precipitation of Ca-P is likely to be an 
intermediate process [7]. The relationship between data 
obtained using the Langmuir isotherm model maximum 
sorption capacity and the pH of tested P-BMMs is pre-
sented in Fig. 3. High values of R2 confirm the statement 
that P sorption is pH-dependent.

The affinity to bind P may also be increased by the cal-
cination process. The thermal treatment at a temperature 
of 900°C–1,200°C promotes the decomposition of CaCO3 to 
CaO and also increases the pH value [39]. The calcination 
process and appearance of CaCO3 takes place with Opoka 
(pH	=	10.8)	and	also	with	FNP	(pH	≈	12.0),	a	kind	of	 light-
weight aggregate [35] enriched by dolomite. Apart from Ca, 
the main P-removal mechanism for FNP is precipitation 
to aluminum and iron oxides [40]. In the case of Opoka 
and possibly FNP, the most active phase responsible for 
P-removal is CaO. The high pH value of the material is 
evidence of decomposition of CaCO3 to CaO. The presence 
of CaO is the reason that these materials are more reac-
tive to phosphorus than, for example, limestone (pH = 8.8) 
and zeolite (pH = 8.5). In the case of limestone, the active 
phase responsible for P-removal is also dependent on the 
content of calcium, mainly in the form of CaCO3. The main 
P-removal mechanisms by limestone were suggested to be 
the formation of Ca-complexes and precipitation mecha-
nisms [41]. For AAC, the P-removal mechanism includes 

Table 4
Calculated parameters of the pseudo-first and pseudo-second-kinetic order

P-BMM Pseudo-first-order model Pseudo-second-order model

k1 (min–1) qe (mg g–1) R2 (%) k2 (g mg–1 min–1) qe (mg g–1) R2 (%)

AAC 0.04394 4.1994 99.48 0.06426 4.4760 99.65
FNP 0.00266 4.0735 97.36 0.00475 4.3759 97.88
Limestone 0.00864 3.1407 99.73 0.01064 3.4371 99.81
Opoka 0.01022 4.2875 94.64 0.01647 4.4933 95.70
Zeolite 0.00594 3.1927 99.77 0.00731 3.5509 99.95

Table 5
Langmuir and Freundlich isotherm parameters

P-BMM Langmuir isotherm Freundlich isotherm

KL (dm3 g–1) aL (dm3 mg–1) R2 (%) aF (dm3 g–1) bF (–) R2 (%)

AAC 0.6129 0.0086 99.98 0.6073 0.2893 93.90
FNP 126.11 1.0836 97.70 0.8454 3.9121 93.76
Limestone 0.6624 0.1337 96.20 0.4186 0.1760 83.88
Opoka 41.549 0.4144 98.47 0.6229 2.0996 73.33
Zeolite 0.7095 0.1200 98.75 0.4189 0.1160 83.01

Table 6
Maximum sorption capacity Smax and equilibrium sorption 
capacity Smax_Eq (mg g–1) for tested P-BMMs

AAC FNP Limestone Opoka Zeolite

Smax 71.27 116.28 4.95 100.26 5.91
Smax_Eq 66.28 103.49 3.56 82.21 4.26
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physical adsorption and crystalline precipitation. The crys-
talline phases present in CAAC responsible for P-removal 
are tobermorite (Ca5Si6O16(OH)2·4H2O), gypsum (CaSO4), 
and limestone (CaCO3) [37]. Zeolites are characteristically 
contained many oxides and have a three-dimensional 
structure with channels and pores. In addition, zeolites 
possess a high ion exchange capacity. These properties 
make them interesting as potential filter materials [41]. 
Wang et al. [42] claim that the adsorption of P onto zeolites 
relies on electrostatic attraction or ion-exchange.

3.4. Comparison of P-BMMs sorption capacities

The literature describing experiments to determine 
the sorption capacity of P-BMMs is rich [7,19–21,23,27–
30,32–39,40,43–50]. Selected materials are listed in Table 7 
from lowest to highest values of Smax obtained from the 
Langmuir isotherm model. In addition to the Smax value, 
the conditions for conducting the experiment are also 
presented, for example, the mass of material to solution 
ratio, ranges of P concentration and pH. The highest value 
of Smax has thermal treated Opoka (158.7 mg g–1) [43] that 
is 58% higher than obtained during this study. However, 
the mass to solution ratio is very high compared to other 
materials. The higher ratio (100 g L–1) [50], does not guar-
antee high sorption and in this case, is limited by a low 
range of initial concentrations. With a different kind of 
aerated concrete, the tested waste concrete [44] had the 
sorption on a similar level to that obtained in this study. 
On the other hand, the thermal treatment aerated concrete 
[45] is characterized by a sorption 30% lower.

3.5. P-BMMs for enhancing NBS

Data concerning loads of phosphorus in green roof 
runoff for the dimensioning of P-BMM were taken from a 
previous study [24] (Table 3). Calculated P–PO4 loads from 

a green roof with an area of 100 m2 and substrate thickness 
of 0.2 m are within the range 7,721 to 46,239 mg P–PO4. 
The mass of the P-BMM filters calculated using Eq. (7) are 
set out in Table 8.

From tested P-BMMs, the most promising sorption 
results were obtained for FNP, Opoka and AAC (Table 6). 
Limestone and zeolite were not considered for further 
calculations because of their low Smax_Eq values. The most 
suitable P-BMM for the filter seems to be AAC because of 
the shortest time need to achieve equilibrium (300 min) and 
the relatively high Smax_Eq value (66.28 mg g–1). The import-
ant issue for rainwater treatment is retention time. The 
shorter the time needed to reach equilibrium, the more effi-
cient is the sorption. This is a desirable factor, important in 
the case of rain duration and intensity [8] that influences 
retention time [19]. Based on the calculations (Table 8), the 
mass of AAC as a result of the filter exploration time was 
estimated. According to Fig. 4, the mass of P-BMM needed 
to provide the P retention for 20 y, ranged from 2.4 kg (S4) 
to 11.2 kg (S3). However, it should be noted that this is 
an estimated value and is based on the assumption that 
in the following seasons the outflow of phosphorus from 
the green roof will be the same as that based on the results 
from the first season. Different studies report that leaching 
of phosphorus may be attributed to a variety of factors, 

Table 7
Phosphorus sorption properties Smax comparisons of different P-BMMs with the experimental condition: mass to solution ratio; 
isotherm ranges concentrations and pH

Sorption (mg g–1) P-BMM Experimental conditions Reference

116.28 FNP 10 g L–1; 1–1,000 mg dm–3; pH = 12 This study
100.26 Opoka 10 g L–1; 1–1,000 mg dm–3; pH = 10.8
71.21 AAC 10 g L–1; 1–1,000 mg dm–3; pH = 9.0
5.91 Zeolite 10 g L–1; 1–1,000 mg dm–3; pH = 8.5
4.95 Limestone 10 g L–1; 1–1,000 mg dm–3; pH = 8.8
158.7 Thermal treatment Opoka 66.7g L–1; 5–100 mg dm–3; pH = 11–12 [43]
107.53 Synthesized lanthanum hydroxide 2.5 g L–1; 5–500 mg dm–3; pH = 11.3 [46]
75.8 Waste concrete 10g L–1; 0–1,600 mg dm–3; pH = 11.0 [44]
72.87 Calcined eggshells 10 g L–1; 6–978 mg dm–3; pH = 12.5 [39]
55.56 Commercial lanthanum hydroxide 2.5 g L–1; 5–500 mg dm–3; pH = 9.6 [46]
38.8 Fly ash 20 g L–1; 100–1,600 mg dm–3; pH = 8.0 [47]
33.20 Fe–Mn binary oxide 0.2 g L–1; 2–40 mg dm–3; pH = 10.0 [48]
21.55 Thermal treatment aerated concrete 33 g L–1; 10–1,200 mg dm–3; pH = 8.3 [45]
15.99 Zeolite 1 g L–1; 12.5–200 mg dm–3; pH = 5.3 [49]
0.017 Light-expanded clay aggregate 100 g L–1; 0.1–2.0 mg dm–3; pH = 8.2 [50]

Table 8
Mass of P-BMMs (kg) (calculated for one vegetation season)

P-BMM S1 S2 S3 S4 S5

AAC 0.29 0.56 0.70 0.12 0.16
FNP 0.19 0.36 0.45 0.07 0.10
Opoka 0.23 0.45 0.56 0.09 0.13
Limestone 5.38 10.47 12.99 2.17 2.91
Zeolite 4.50 8.75 10.85 1.81 2.43
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including the composition of growing media, the type and 
extent of vegetative cover, fertilizer use, and the age of the 
roof. One previous study [24] confirmed the impact of the 
substrate age in the case of volume-weighted mean con-
centrations and unit area loads, but not in the observed 
P–PO4 concentrations range. Mitchell et al. [51] stated that 
roof age, followed by the summer and winter seasonal 
dynamics, had the greatest effect on phosphate concen-
trations in runoff from green roofs. There have not been 
enough long-term green roof studies have been carried 
out to clearly determine if and how long green roof will 
be a source of phosphorus in the runoff.

By applying the filter, it will be possible to reduce the 
P concentration in green roof runoff, and this could be an 
alternative to underlying the substrate with P-BMM layers 
[52]. It was found that 0.02 m of P-BMM is able to protect the 
water environment against P pollution. For such a solution, 
the considered green roof area of 100 m2 should be supported 
by 600 kg of AAC.

The AAC was previously tested as an enhancement for 
the treatment of wastewater at constructed wetlands (CW) 
[7]. The authors mainly focused on the physical and chemical 

characterization of the material to better understand the 
removal process in relation to the dependence of P concen-
tration, grain size and contact time. However, there is no 
recommendation for practical use. Also, AAC supported 
the P-removal in the case of CW designed for heavily P pol-
luted surface water [53]. The CW of 3.0 ha area should be 
supported by 5,000 kg AAC to reduce the P–PO4 concen-
tration to the level of 0.01 mg dm–3. Other usages of AAC 
as a NBS enhancement has been shown [54].

In the case considered, the runoff receiver from a green 
roof is a P-BMM filter. Water then infiltrates through the rain 
garden which is designed to retain and distribute water in the 
soil (Fig. 5). Rain gardens are landscape sites that reduce the 
flow rate, total quantity and pollutant load from urban areas 
[55]. The rain garden retention capacity ranges from 150 to 
250 dm3 m–2 [10]. Assuming the average retention capacity of 
the rain garden of 200 dm3 m–2 and substrate runoff, the rain 
garden area is 1.65, 1.54, 1.62, 1.54 and 1.73 m2 for S1, S2, S3, 
S4 and S5, respectively. These calculations confirm the gen-
eral statement that the rain garden area should correspond to 
2% of a catchment area [56]. The obtained results enable the 
design of a rain garden located in the native soil. A required 
area of 2 m2 is acceptable even in that limited space of an 
urban environment.

In this paper, we did not discuss the treatment efficiency 
of the rain garden. The rain garden is only the part of the 
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Fig. 3. The relationship between Smax and pH of P-BMM.

Fig. 4. P-BMM filter mass (kg) estimated for P-removal from 
runoff from substrates S1–S5. 
Note: y-axis on a logarithmic scale.

Fig. 5. NBS system enhancing P-removal by P-BMM.
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system, focusing on the infiltration of the green roof and 
filter runoff. However, the rain garden can be also a part 
of the treatment system. Such constructions rely on plants 
and natural or engineered soil medium to retain stormwater 
and increase the lag time of infiltration while remediating 
and filtering pollutants carried by urban runoff [51]. Jiang 
et al. [8] rated the removal efficiency of the rain garden and 
bioswale with respect to total phosphorus (TP). The tested 
NBS were characterized by 43% and 54% of TP-removal, 
with initial concentrations of 0.33 and 0.42 mg L–1, for the 
rain garden and bioswale, respectively. The higher removal 
rate was a result of using a 0.2 m layer of blast furnace slag. 
Weiss et al. [57] compare two types of rain gardens with 
and without a layer of sand mixed with iron shavings at 5% 
w/w. In the case of iron shavings, they noted the ability to 
remove over 90% of dissolved phosphorus from stormwa-
ter runoff. In contrast, Dietz and Clausen [16] found that for 
the first year of operating the rain garden located in native 
soil,	the	retention	for	TP	−110.6%	which	indicates	that	more	
phosphorus left the system than entered. AAC and other 
P-BMMs tested in this study could be applied as a com-
ponent of the rain garden substrate to enhance the overall 
efficiency of system treatment. However, if implemented 
in a separate filter, replacement of saturated material is 
easy and does not interfere with the NBS construction.

4. Conclusions

P-BMMs are one of the options for enhancing NBS in 
P-removal. Based on our results, three of the tested P-BMMs 
(AAC, Opoka, FNP) can be characterized by good P sorption 
ability from an aquatic solution that is confirmed by both 
Smax and Smax_Eq values. The P-BMM most suitable as an addi-
tional step to enhance P-removal from green roof runoff is 
AAC. This is because it needs the shortest time to achieve 
equilibrium and has a high Smax_Eq value. However, it must be 
remembered that laboratory experiments, even those based 
on real substrate leakages, do not give completely represen-
tative results. Implementation should be preceded by a pilot-
scale experiment.
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Data Curation, A.B.; Writing – Original Draft Preparation, 
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Symbols

aL —  Constant parameter related to the energy of 
adsorption

aF —  Constant which expresses the adsorbent 
capacity

bF — Heterogeneity factor
CW — Constructed wetland
C0 — Initial P concentration
Cs — Final (equilibrium) P concentration
HAP — Hydroxyapatite
KL —  Constant parameter reflects the solute 

adsorptivity
k1 —  Rate of sorption of the pseudo-first-order 

kinetic model

k2 —  Rate of sorption of the pseudo-second-order 
kinetic model

L — Season load of phosphate
m — Mass of phosphorus binding mineral material
MP-BMM —  Phosphorus binding mineral material filters 

mass
NBS — Nature-based solutions
P — Phosphorus
P-BMM — Phosphorus binding mineral material
PFO — Pseudo-first-order kinetic model
PSO — Pseudo-second-order kinetic model
qe — P amount adsorbed at equilibrium
qt — P amount adsorbed at any time t
R — Phosphorus-removal ratio
Smax — Maximum sorption capacity
Smax_Eq — Equilibrium sorption capacity
S1–S5 — Green roof substrates from 1 to 5
V — Volume of solution
Y — Number of exploration years
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