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� Porous adsorptive mortar is designed
and developed for improving P-
removal.

� Heat-treated miscanthus improves P-
adsorption capacity of mortar-coated
aggregate.

� The adsorption capacity of the
adsorptive mortar is 30.4–74.2 mg/g.

� Adsorption mechanism is analyzed by
ICP-AES, XRD, FTIR, TG-DTG and SEM-
EDS.
g r a p h i c a l a b s t r a c t

Schematic diagram of the adsorption process and mechanism of aggregates coated with porous adsorp-
tive mortar for P-removal.
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The low permeability and low adsorption capacity of conventional cement mortar are one of the decisive
reasons for the poor adsorption performance of the adsorptive aggregates applied to adsorptive concrete.
In this study, a porous adsorptive mortar is developed by combining chemical and physical methods to
enhance the permeability and adsorption performance. Porous heat-treated miscanthus (HM) (0.5 wt%
and 1.0 wt%) powder and steel slag (SS) (5.0 wt% and 10.0 wt%) powder with different dosages are inves-
tigated in this new adsorptive mortar. Results show that the excellent adsorption capacity of the adsorp-
tive mortar of 30.4–74.2 mg/g, with a corresponding initial P-concentration of 1215.3–2967.5 mg/L. The
leaching result, ICP-AES, XRD, FTIR, TG-DTG and SEM-EDS analyses confirm the Ca2+ leached from the
adsorptive mortar and the SS, reacting with the PO4

3� to form Ca-P precipitates in solution. Moreover,
the porous HM significantly improves the permeability of the developed mortar. It is can be concluded
that the HM with a dosage of 0.5 wt% and the SS with a dosage of 10.0 wt% can be recommended for
highly adsorptive mortar to improve phosphorus (P) removal capacity from stormwater, without obvious
sacrifices on other properties.

� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The rapid development of civilization results in an increasing
impact on the aquatic environment [1]. The urban surface, such
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as street, parking lot, roof, etc. is usually considered as a critical
source area for the production of contaminants [2,3]. In the rainy
season, stormwater runoff carries various contaminants including
phosphorus (P), nitrogen, heavy metals, etc. generated by urban
surface directly into the nearby water body, increasing the pollu-
tion degree of water body. Among these contaminants, P is the
main element that causes algae bloom and eutrophication [3,4].
Once the concentration of P in water body exceeds 0.03 mg/L,
the algae and aquatic plant will experience an accelerated growth
with an abnormal rate, reducing the quality of the water body [4].
Previous studies show 75–90% of P that is transported with
stormwater runoff is in the particulate form [5]. Therefore, the P-
removal from stormwater runoff is of great significance for reduc-
ing water pollutants and improving water quality during the trans-
fer of pollutants with the stormwater runoff.

Considering the reduction of contaminants from stormwater
runoff during pollutant solution passing through pervious con-
crete, the adsorption characteristics of ordinary porous pervious
concrete have begun to attract more and more attention recently.
Previous studies have shown that in the process of rainwater infil-
tration, porous pervious concrete can adsorb water pollutants,
such as P [6], heavy metals (Mn, Co and Ni, etc.) [7], and fecal col-
iforms [8]. However, the current pervious concrete usually has a
low adsorption capacity and needs a very long reaction time for
pollutant removal from stormwater runoff. Vázquez-Rivera et al.
[6] investigated the P-adsorption capacity of pervious concrete
containing iron oxide and fly ash with an initial P-concentration
of 10 mg/L, indicating that P-removal is attributed to the Ca2+ lea-
ched from mortar bonds with PO4

3� to precipitate in forms of
hydroxyapatite (Ca10(PO4)6(OH)2) and amorphous calcium phos-
phate (Ca3(PO4)2). Shabalala et al. [7] reported that the pervious
concrete successfully removes more than 75% of heavy metals,
but 6 months are needed for the Ca2+ to react with SO4

2� for sul-
phate removal. Jot et al. [8] reported that the pervious concrete
containing fly ash can remove fecal coliforms and P, and the P-
removal rate is 25–85%, with an initial P-concentration of 2.58–
3.4 mg/L. Okano et al. [9] investigated that the P-removal capacity
of the autoclaved lightweight concrete particles is only 6–10%,
while amorphous calcium silicate hydrate can remove approxi-
mately 69–73% of the P from wastewater with an initial P-
concentration of 89 mg/L. It is concluded that porous pervious con-
crete can be used for pollution removal, but the removal rate of
current pervious concrete is very low. More importantly, a long
reaction time and a low initial concentration of the pollutant are
required. Therefore, the adsorption performance of pervious con-
crete should be improved prior to application for the P-removal
from stormwater runoff.

Previous studies have shown that industrial by-products such
as steel slag (SS) [10], blast furnace slag [11], fly ash [12] and light-
weight sludge particle [13], etc. can be used in water treatment for
P-removal from wastewater. Agyei et al. [12] reported that the P
adsorption capacity of cement, SS, and fly ash are 83 mg/g,
60 mg/g and 32 mg/g, respectively, and the removal efficiency
and capacity of P-removal depend on the percentage of CaO and
the amount of Ca2+ ion released into solution by dissolution and
hydration. One of the main components of SS is calcium oxide
[14], and usually the calcium-containing mineral exceeds 50%
[15], indicating that sufficient Ca2+ can be provided by SS for
calcium-phosphorus precipitation [16]. Besides, SS can participate
in the hydration of cement [17–19] and can be potentially used to
replace cement to reduce the negative impact of cement on the
environment, such as high carbon footprint [20]. More impor-
tantly, our previous study has confirmed that the heavy metals
(As, Co, Cr, Mn, Se, V, etc.) leached from the SS are well below
the limit values for building materials [21]. Therefore, SS can be
used as sustainable building materials potentially to improve the
2

adsorption characteristics of adsorptive mortar by increasing
chemical adsorption.

The adsorption capacity of porous adsorptive materials usually
depends on the microstructure and pore characteristics [22]. In
particular, the increase in well-developed micropores (<2 nm)
and specific surface area can improve the adsorption capacity of
adsorptive materials by physical method [23]. Miscanthus (M) is
a leading perennial energy grass in Europe [24], which has gained
an increasing attention for the manufacture of bio-based light-
weight concrete [25]. Compared to normal weight concrete, bio-
based miscanthus concrete has lightweight characteristics and
associated better thermal and sound insulation, attributed to the
developed micropores [26]. Furthermore, considering the sustain-
ability and environmental friendliness of the adsorptive mortar,
the M is renewable and possesses great potential in saving natural
materials and decreasing the cost of building materials. Therefore,
the porous M may be used to improve the micropores of the
adsorptive mortar and promote the penetration of pollutants into
the mortar layer that will be then absorbed by the adsorptive
aggregate for improving the pollutant removal capacity.

P-removal mechanism is generally based on chemical reactions
between metal cations (e.g. Ca2+, Fe3+ and Al3+) and the phosphate
anion species (HPO4

2� and PO4
3�) [9]. Among these cations, Ca2+ is

the main reactive ion with phosphate anion species, which can
be available for P recovery [27]. The driving mechanism during
the adsorption process of P-crystallization consists essentially of
nucleation by precipitation of hydroxyapatite (Ca10(PO4)6(OH)2)
[28]. However, crushed rock (basalt, limestone, etc.) is usually used
as coarse aggregates in ordinary pervious concrete. But the lack of
adsorption ability of crushed rock results in a poor adsorption per-
formance of ordinary pervious concrete. The adsorption capacity is
only attributed to the reaction of mortar and P in the solution. The
adsorption performance of potentially adsorptive aggregates is
analyzed in our previous work [29], the predicted P-adsorption
capacities of SS and heat-treated M by Langmuir isotherm model
are 20.4 mg/g and 3.68 mg/g, respectively. It is hypothesized that
the replacement of normal weight aggregate without any adsorp-
tion capacity by highly adsorptive aggregates will significantly
enhance the adsorption capacity of porous adsorptive concrete.

The manufacture of a highly adsorptive aggregate made from
the SS and the heat-treated M with physical and chemical adsorp-
tion is reported in our previous work [21]. Similar to normal
weight aggregates, when highly adsorptive aggregates are applied
to the concrete matrix, its surface will be coated with normal mor-
tar. The P-removal potential of adsorptive aggregate particles is
generally controlled by its permeability, which is related to the
ability to release Ca2+ into solution. Highly dense mortar layer will
significantly reduce the penetration potential of pollutants into the
adsorptive aggregate, resulting in a significant reduction in the
adsorption performance. Therefore, a porous permeable mortar is
developed in this study to improve the adsorption performance
of mortar-coated aggregates.

In order to improve the adsorption performance of the adsorp-
tive concrete, a porous permeable mortar with good permeability
and adsorption is proposed in this study. The chemical method
by adding adsorptive materials (SS) and the physical method by
adding porous materials (heat-treated miscanthus (HM)) are used
to increase the adsorption capacity of the cement mortar. Firstly,
the effects of the SS and the HM powder on cement hydration
are analyzed by a TAM air isothermal calorimeter. Then the phys-
ical, mechanical properties and adsorption characteristics of
adsorptive mortar are investigated. Moreover, the effects of the
adsorptive mortar on the adsorption capacity of the aggregate
are also analyzed. The leaching test results (ICP-AES), mineralogical
phase (XRD), microstructure (SEM-EDS) infrared spectra (FTIR) and
thermal gravimetric results (TGA-DTG) of adsorptive mortar before
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and after adsorption test are analyzed for the understanding of
adsorption mechanism.
2. Materials and methods

2.1. Materials

Miscanthus (M) powder (Vibers, The Netherlands) and con-
verter steel slag (SS) powder (TATA Steel, The Netherlands) are
used as porous materials and adsorption materials, respectively,
to improve the permeability and adsorption characteristics of the
adsorptive mortar in the present study, as shown in Fig. 1. Portland
CEM I 52.5 R cement is used as the binder, provided by ENCI (The
Netherlands). The raw M is heat-treated for 3 h at a temperature of
250 ℃ under nitrogen gas to increase its adsorption characteristics
by increasing the microporous structure [29]. The specific density
of the heat-treated miscanthus (HM) and the SS is 1.25 g/cm3

and 3.9 g/cm3, respectively. The 24-h water absorption of the HM
is 350 ± 21%. The BET specific surface areas of the HM and the SS
are 5.14 m2/g and 1.98 m2/g, respectively. The chemical composi-
tion of the cement and the SS are determined by X-ray fluores-
cence, as shown in Table 1.

The microscopic images of the HM and the SS are analyzed
using a scanning electron microscope (SEM) (Phenom ProX). As
presented in Fig. 1, many longitudinal bundle-like micropores exist
inside the stalk of the HM, which can significantly improve the
porosity and permeability of cement paste. The surface of the SS
is a dense structure with some microscopic cracks.

The mineralogical phases of the HM and the SS are determined
by X-ray diffraction (XRD) (Bruker AXS) analysis, as given in Fig. 2.
The M is mainly a plant fibre composed of C, H and O elements
[30], therefore only an obvious diffraction peak is observed at the
diffraction angle of about 25� due to the presence of crystalline cel-
lulose. The main mineral components of the SS are 3CaO�SiO2 (C3S),
Micropore

Stalk

Miscanthus

Fig. 1. Heat-treated miscanthus powder and stee
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2CaO�SiO2 (C2S) and RO (Fe2O3, MgO and MnO) [31]. These metal
mineral components, especially calcium-containing crystal compo-
nents, contribute to P-removal from wastewater [29,32].
2.2. Preparation of adsorptive mortar

The schematic diagram of the improvement of permeability and
adsorption performance of cement mortar is shown in Fig. 3. When
the adsorptive aggregate is coated by conventional mortar, it is dif-
ficult for pollutants to reach the highly adsorptive aggregate or
only a small amount of pollutants could penetrate the adsorptive
aggregate due to the low permeability of normal mortar. In order
to improve the permeability of the mortar-coated aggregates, the
HM is adopted in the present study to form porous structure inside
the mortar for the improvement of adsorption performance by
physical method. When the permeability of the mortar is increased
by the HM, more pollutants can penetrate the paste, and then con-
tact with the adsorptive aggregate, and subsequently be absorbed
by the highly adsorptive aggregate. The SS is applied as an adsor-
bent material to improve the P-adsorption capacity of the adsorp-
tive mortar by chemical method. The P from pollutants can be
absorbed by the SS during the pollutants pass through the adsorp-
tive mortar process [21].

A paste containing 400 kg/m3 cement and 200 kg/m3 water is
used as the control mix (C0) with a water to cement (W/C) of 0.5
referring to the preparation method of standard mortar (EN 196-
1:2005). Due to high content of miscanthus [25] and steel slag
[33] will significantly reduce the performance of mortar, the HM
with a content of 0.5 wt% and 1 wt% of cement and the SS of
5 wt% and 10 wt% of cement are added to the other four batches
of paste, which are labelled as HM0.5, HM1, SS5and SS10,
respectively.
Steel slag

Microcrack

l slag powder and their microscopic images.



Table 1
Chemical composition of cement and steel slag (wt.%).

Oxides CaO SiO2 Al2O3 Fe2O3 SO3 MgO K2O Na2O LOI

Cement 64.60 20.08 4.98 3.24 3.13 1.98 0.53 0.27 0.40
Steel

slag
37.97 10.37 1.61 31.48 0.43 4.92 – – 3.25
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2.3. Effects of adsorptive mortar on adsorption performance of
aggregates

When the adsorptive aggregate is coated with different types of
paste, its adsorption characteristics will be affected by factors such
as the permeability and adsorption capacity of the cement mortar.
In order to investigate the effects of the mortar containing the M
and the SS on the actual adsorption performance of the adsorptive
aggregate, the previously manufactured adsorptive aggregates
(SS75) with a size of 2–5 mm are applied in the present study.
The adsorptive aggregate is produced through 75 wt% steel slag
and 25 wt% lightweight expanded silica, which has high adsorption
characteristics and good mechanical properties. The P-adsorption
capacity and removal rate of the adsorptive aggregate are
4.2 mg/g and 100%, respectively, with an initial P-concentration
of 168 mg/L. The detailed manufacturing process and characteris-
tics of this adsorptive aggregate are shown in our previous
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research [21]. The properties of adsorptive aggregates are shown
in Table 2.

The preparation process of coating aggregates with adsorptive
mortar is presented in Fig. 4. Firstly, the adsorptive aggregate is
poured into the prepared fresh paste (Fig. 4a, b), and then the
adsorptive aggregate and the mortar is mixed until the adsorptive
aggregate is evenly coated by the mortar (Fig. 4c). After that, the
mortar on the surface of the aggregate is rounded manually, and
the thickness of the mortar layer is controlled of about 0.5–1 mm
(Fig. 4d). Finally, the aggregates coated with the mortar are stored
in a standard curing room until the adsorption test.
2.4. Testing methods

2.4.1. Cement hydration test
Generally, bio-based materials have an adverse effect on

cement hydration due to the presence of organic matter [34]. The
influence of the M and the SS on the hydration characteristics of
cement is measured using a TAM air isothermal calorimeter at
the constant temperature of 20℃. The M and the SS are mixed with
cement and water, respectively, with a water-cement ratio of 0.5.
The percentage of the M mixed with cement is chosen as 0.5 wt%
and 1 wt% of cement, the amount of the SS is 5 wt% and 10 wt%
of cement, respectively. The mortar without any M and SS is used
for the control mix (C0). After mixing, all samples are placed in the
calorimeter to determine the hydration behavior of cement.
10 20 30 40 50 60 70
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Table 2
Properties of adsorptive aggregates (SS75).

Adsorptive
aggregate

Size
(mm)

Particle
density
(kg/m3)

Bulk
density
(kg/m3)

24-hour
water
absorption
(%)

Crushing
strength
(MPa)

SS75 2–5 2633.3 882.5 12.7 5.13
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2.4.2. Physical and mechanical test
The density, water absorption and porosity of all samples are

determined according to ASTM C642-13. 40 � 40 � 40 mm3 and
40 � 40 � 160 mm3 samples with a curing age of 28 days are used
for determining the compressive strength and flexural strength,
respectively, according to EN 196–1. The constant loading rates
of compressive strength and flexural strength test are 2400 N/s
and 0.05 MPa/s, respectively. The average value of three samples
is reported as the test result. The microscopic image of the sample
is observed by a scanning electron microscope (SEM).

2.4.3. Adsorption test
Phosphorus (P) is one of the main pollutants in water pollution,

leading to eutrophication of water bodies [35]. In this study, P is
used to simulate the polluted water for the adsorption test. The
current adsorption studies mainly focus on the low P-
concentration adsorption test [16,29]. Because of the high adsorp-
tion characteristics of adsorptive aggregates, three high-
concentration P solutions (1215.3 mg/L, 1849.3 mg/L and
2967.5 mg/L) are used for adsorptive mortar adsorption test and
mortar-coated aggregate adsorption test in this study. Firstly, 1 g
of adsorptive mortar (or mortar-coated adsorptive aggregate) is
added to a small plastic bottle with 25 ml P solution. Secondly,
the plastic bottle with adsorptive mortar and P solution is stirred
at 225 rpm in the shaker for 24 h and then is filtered by a
0.45 lm membrane to obtain the extracted supernatant. The
change in the P-concentration of the solution is determined using
an ion chromatography (IC) analyzer (Thermo Dionex Aquion).

The P-adsorption capacity (q, mg/g) and P-removal rate (PR, %)
are calculated by:

q ¼ C0 � Ce

M
� V ð1Þ
Adsorptive paste and 
aggregate preparation

(b
Mixing aggregate and 

adsorptive mortar  

C

Fig. 4. Preparation process of coating adsorp
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PR ¼ C0 � Ce

C0
� 100% ð2Þ

Where C0 is the initial P concentration (mg/L), Ce is the P concentra-
tion in the solution after adsorption test (mg/L), M is the mass of
sample (g), and V is the volume of solution (L).

To investigate the adsorption mechanism of adsorption mortar,
ions leached from the adsorptive mortar are determined according
to EN 12457–2. Firstly, adsorptive mortar and distilled water are
mixed with a solid–liquid ratio of 10, i.e. 10 g adsorptive mortar
is mixed with 100 ml of distilled water, and then shaken using a
dynamic shaker with a speed of 250 rpm for 24 h. Finally, the lea-
chates are filtered by a 0.22 mm filter and acidified with concen-
trated HNO3 for the leaching test by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) (SPECTROBLUE). The min-
eralogical phase and microstructure of samples before and after
adsorption test are measured by XRD and SEM-EDS, respectively,
and the sample is further analyzed by Fourier transform infrared
spectroscopy (FTIR) (PerkinElmer) and thermogravimetry (TG-
DTG) (STA 449 F1 Jupiter) for better understanding of adsorption
mechanism of adsorptive mortar.

3. Results and discussion

3.1. Hydration behavior of adsorptive mortar

The saccharides leached from the bio-based material such as
hemp, coir, bagasse and oil palm shell, etc. have a negative effect
on cement hydration [34]. The organic acids show strong calcium
chelating groups that can reduce the concentration of Ca2+ and pre-
vent the formation of calcium-silicate-hydrate (C-S-H) and port-
landite [36], resulting in a decrease of mechanical strength,
crystallinity and hydration of cement [34,37] and an increasing
setting time [38].

In this study, the addition of 0.5 wt% and 1 wt% HM shows an
insignificant influence on cement hydration (Fig. 5). At 80 h, the
total released heat of HM0.5 and HM1 is only reduced by 0.2%
and 1.8% (Table 4), respectively, compared to the control mortar
(C0). This may be attributed to that heat treatment changes the
biomass content (cellulose, hemicellulose and lignin) of the HM,
and oxygen-containing saccharides are pyrolyzed and more carbon
is formed during the pyrolysis process, which ultimately leads to a
oating aggregate with 
adsorptive mortar 

Aggregate particle 
after coating mortar  

tive aggregates with adsorptive mortar.



Table 3
Released heat comparison of adsorptive mortar (80 h).

Items C0 HM0.5 HM1 SS5 SS10

Total heat (J/g) 241.0 240.6 236.6 232.7 224.6
Heat deviation (J/g) – �0.4 �4.4 �8.3 �16.4
Reduction (%) – 0.2 1.8 3.4 6.8
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lessened effect on cement hydration [30,39]. Boix et al. [36]
reported that the alkali-treated miscanthus accelerates the hydra-
tion of cement compared to the untreated miscanthus, and a direct
inverse relationship is found between the sugar content extracted
from miscanthus and the mechanical strength of bio-based mis-
canthus concrete. Therefore, the HM is more advantageous to
increase the porosity of adsorptive mortar while minimizing its
negative impacts on the cement hydration and mechanical
strength of adsorptive mortar.

As shown in Table 3, the addition of 5 wt% and 10 wt% SS
reduces the total heat of cement hydration by 3.4% and 6.8%,
respectively. The total released heat of cement hydration decreases
with an increasing dosage of the SS, because the low calcium sili-
cates content and the C2S in the SS slow down the cement hydra-
tion [17]. Because the large-sized SS particles can not act as
nucleation sites for the deposition and crystal growth of hydration
products [18], thus the total heat and hydration rate are reduced
with the increasing dosage of the SS. However, for the heat flow
curve (Fig. 5b), no obvious delay is observed in the SS5 and SS10
curve. It is concluded that adding of the SS up to 10 wt% in this
study does not significantly alter the hydration of cement.

3.2. Physical and mechanical properties of adsorptive mortar

3.2.1. Density, water absorption and porosity
The density of adsorptive mortar is shown in Fig. 6a. As

expected, the addition of the HM slightly decreases the density
of adsorptive mortar, while the SS significantly increases the den-
sity. The changes in oven-dry density of HM0.5, HM1, SS5 and SS10
are �2.1%, �3.1%, +3.4% and + 8.0%, respectively, compared to the
control mortar (C0). These results are consistent with the previous
studies [26,38], i.e. the addition of the bio-based miscanthus
reduces the density of concrete due to its porosity and lightweight
properties, the SS significantly increases the density of concrete
structure [40].

Water absorption is a very important indicator of the adsorp-
tion performance of adsorptive concrete. High water absorption
means that the pollutants can be quickly absorbed by adsorptive
concrete, which is usually related to the amount and size of the
micropores, as well as the connectivity. As shown in Fig. 6b, both
the M and the SS increase the water absorption and permeable
porosity of the adsorptive mortar. The water absorption of the
HM0.5, HM1, SS5 and SS10 increases by 2.7%, 10.0%, 3.6% and
8.2%, respectively, and the corresponding permeable porosity
increases by 6.0%, 13.3%, 4.0% and 10.0%, respectively, compared
to the control mortar (C0). Due to the high porous structure of
the HM, it can generally absorb several times water higher than
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its mass. The water absorption of the miscanthus is related to
the particle size and the 48-hour water absorption of 2–4 mm,
0–2 mm and powdery miscanthus is about 290%, 400% and 525%,
respectively, reported by Chen et al. [26]. Therefore, the HM is a
practical bio-based material that can be used to improve the per-
meability of the adsorptive mortar for a better pollutant removal
capacity.

3.2.2. Compressive strength and flexural strength
The mechanical properties of adsorptive mortar are the decisive

factors of the mechanical strength of adsorptive concrete. The com-
pressive strength and flexural strength of adsorptive mortar are
shown in Fig. 7. The results show that the M reduces the compres-
sive strength of adsorptive mortar and the SS does not significantly
affect the compressive strength. Moreover, the mechanical
strength of the adsorptive mortar decreases with an increasing
dosage of the M and the SS. This may be because the addition of
the M and the SS increase the porosity of the adsorptive mortar,
resulting in a decrease in mechanical strength. The 28-day
compressive strengths of the HM0.5, HM1, SS5 and SS10 are
59.7 MPa, 57.8 MPa, 63.2 MPa and 60.5 MPa, respectively.

Generally, the addition of waste has a significant impact on the
mechanical properties of concrete [41,42]. The addition of bio-
based materials significantly reduces the mechanical strength of
concrete because of the low strength, high porosity and organic
matter of bio-based materials [43]. The same phenomenon is
observed in bio-based lightweight concrete, such as miscanthus
concrete [26], oil palm shell concrete [44], apricot shell concrete
[10], and wood concrete [45]. However, the heat-treated bio-
based material has better dimensional stability and less organic
content, resulting in a positive effect on the mechanical strength
of concrete compared to untreated bio-based materials [46].

The results also show that the addition of the M and the SS
results in a more significant reduction in flexural strength than
compressive strength. The 28-day flexural strengths of the
HM0.5, HM1, SS5 and SS10 are 2.89 MPa, 1.99 MPa, 3.20 MPa
and 2.65 MPa, respectively. The decrease in mechanical strength
is mainly because the addition of the M and the SS reduces cement
hydration of the mortar. Based on the results, a high content of the
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HM powder (e.g. more than 1.0 wt%) is not recommended for
adsorptive mortar due to the significant decrease in mechanical
strength.

3.2.3. Microstructure
The SEM micrographs of adsorptive mortar (HM1 and SS10) are

shown in Fig. 8. Micropores are observed on the surface of the HM1
and the SS10 sample. Moreover, the surface of the M and the SS
does not closely bond with the mortar interface, and obvious
microcracks exist in the interfacial transition zone. The same phe-
nomenon has also been reported in bio-based lightweight concrete
such as oil palm shell concrete [47], wood sand concrete [48] and
bamboo reinforced concrete [49]. These microcracks and microp-
ores increase the water absorption of the adsorptive mortar,
increasing the easiness for the pollutants to penetrate the mortar
layer. However, these microcracks are also one of the primary rea-
sons for the mechanical strength reduction of the adsorptive mor-
tar. Enough transport channels for the number of cracks are also
observed on the HM surface because of the increase in brittleness
of the HM after heat treatment. Luo et al. [50] reported that the
average pore size of the miscanthus after heat treatment at
300 �C is 1.03 lm, which can provide a physical adsorption. Heat
treatment not only reduces the pore size of the HM but also
increases its specific surface area and ion exchange capacity.
Therefore, the well-developed micropores and high specific surface
area of the HM after pyrolysis endow it with an adsorption capac-
ity for pollutant removal from wastewater [29].
7

3.3. Adsorption performance of adsorptive mortar

3.3.1. Adsorption capacity
The results show that no phosphorus (P) is detected in the solu-

tion after the adsorption test, except for the HM0.5 under a high
initial P-concentration of 2697.5 mg/L condition, which indicates
that the P is completely removed by the adsorptive mortar even
at a high initial P-concentration. The P-adsorption capacity of the
adsorptive materials depends on the initial concentration of the P
solution [29]. When the initial P-concentration is 1215.3 mg/L,
1849.3 mg/L and 2967.5 mg/L, the adsorption capacity of the most
adsorptive mortars (except for HM0.5) is 30.4 mg/g, 46.2 mg/g and
74.2 mg/g, respectively. The excellent adsorption capacity of the
adsorptive mortar is attributed to the Ca2+ leached from the SS
and mortar, which can react with the PO4

3� to form Ca-P precipi-
tates [18]. Besides, the porous miscanthus can also adsorb P
through physical adsorption [29] and increase the permeability
of the adsorptive mortar, which helps the leaching of Ca2+ from
the adsorptive mortar surface.

The adsorption capacity of different materials for P-removal is
presented in Table 4. The results show that the adsorption capacity
of the developed adsorptive mortar is significantly higher than
most of the adsorptive materials, including industrial by-
products, natural material and bio-based material. More impor-
tantly, other adsorptive materials usually focus on the P-removal
with a low P-concentration (i.e. <1000 mg/L). The adsorptive mor-
tar in this study completely removes all P from P-solution with a
high concentration of up to 2967.5 mg/L, showing an outstanding
adsorption capacity. Therefore, it can be concluded that the devel-
oped adsorptive mortar can be applied to significantly improve the
P-adsorption performance of porous adsorptive concrete.
3.3.2. Adsorption mechanism of adsorptive mortar
The adsorption of materials can generally be divided into phys-

ical adsorption and chemical adsorption. The adsorption of adsorp-
tive mortar for P-removal is mainly dominated by chemical
adsorption supplied by the mortar and the SS. The microporous
structure formed by the HM also contributes to physical adsorption
by pore-filling and electrostatic attraction [58]. P-removal rate by
hydroxyapatite crystallization is usually affected by pH, tempera-
ture and concentration of PO4

3� and Ca2+ [9]. The Ca2+, K+ and Na+

ions are the main ions leached from the adsorptive mortar. The
Ca2+ ion has a strong affinity with P, whereas other metal ions such
as K+, Na+ andMg2+ ions do not significantly affect the P-adsorption
capacity [59,60]. The hydration products of mortar are mainly
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Table 4
Adsorption capacity of different materials for P-removal.

Type Materials Initial concentration
(mg/L)

Contact time
(h)

Adsorption capacity
(mg/g)

P-removal rate
(%)

Reference

Concrete Adsorptive mortar 1215.3–2967.5 24 30.4–74.2 100 In this study
Portland cement 400 – 83 – Agyei et al. [12]
Quartz sand 25 24 0.3 87.7 Han et al. [51]
Fly ash concrete 2.58–3.4 0.5–8 – 25–85 Jo et al. [8]
Pervious concrete 10 72 – >90 Vázquez-Rivera et al. [6]

Industrial by-product Steel slag 700 24 9.76 55 Wu et al. [29]
Furnace slag – 24 2.81 – Park et al. [52]
Fly ash 400 16 32 – Agyei et al. [12]
Coal ash 35–45 12 0.86 – Drizo et al. [53]

Natural material Sepiolite 100 24 32 86 Yin et al. [35]
Palygorskite 1000 24 42 – Gan et al. [54]

Bio-based material Peanut shell 5 48 3.8 61.3 Jung et al. [55]
Miscanthus 50 24 0.12–0.22 8–14.7 Wu et al. [29]
Bamboo 6.5 24 <2.5 42.15 Ramola et al. [56]
Juniper fiber 10 24 <0.5 – Han et al. [57]

Table 5
Chemical compositions of adsorptive mortar before and after adsorption (wt.%).

Oxides C0 HM0.5 HM1 SS5 SS10

Before After Before After Before After Before After Before After

CaO 60.94 60.85 60.61 60.01 60.82 59.79 59.32 58.97 57.55 55.07
SiO2 15.95 15.94 15.86 15.48 15.92 15.38 15.63 15.33 15.26 14.31
Al2O3 6.72 6.79 7.06 7.03 6.92 7.09 6.71 6.52 6.76 6.75
Fe2O3 3.60 3.62 3.59 3.55 3.62 3.69 5.07 5.28 6.27 6.27
SO3 2.80 2.76 2.77 2.63 2.76 2.60 2.51 2.48 2.42 2.21
MgO 1.39 1.34 1.38 1.29 1.38 1.23 1.70 1.61 1.91 1.71
P2O5 – – – 0.07 – 0.50 – 0.55 – –
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hydrated calcium silicate and calcium hydroxide. Therefore, the
Ca2+ ion leached from the mortar and the SS is one of the main ions
for P-adsorption of adsorptive mortar.

The chemical compositions of adsorptive mortar before and
after adsorption are presented in Table 5. The results showed that
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the content of calcium oxide (CaO) is slightly reduced after the
adsorption test, which indicates that it participates in the reaction
of Ca-P precipitation. In addition, P2O5 is found in the HM0.5, HM1
and SS5, which proves that P has a chemical reaction with the
adsorptive mortar. The changes in the concentration of Ca2+ ion
released from adsorptive mortar in the solution are shown in
Fig. 9. The concentration of the Ca2+ ion after adsorption decreases
in different P-solutions (1215.3 mg/L, 1849.3 mg/L and 2967.5 mg/
L), compared to the initial concentration of the Ca2+ before absorp-
tion. Therefore, the adsorptive mortar containing high calcium
content has a high P-adsorption capacity.

3.3.3. Mineralogical phase analysis
The XRD patterns are not significantly different before and after

adsorption for all adsorptive mortars, taking sample SS5 as an
example for explanation, as shown in Fig. 10a. Previous studies
show that the direct reaction between the SS and cement is not
obvious from this work or has a low reaction degree by RO phase
and Fe2O3 [61]. The adsorptive mortar is mainly composed of cal-
cium hydroxide (Ca(OH)2) and modified alite phases (Ca54MgAl2-
Si16O90) before adsorption [62]. High concentration P-solution
(1215.3 mg/L, 1849.3 mg/L and 2967.5 mg/L) is a weak acidic solu-
tion with a pH value of 4.64–4.83. After adsorption test, calcium
aluminum sulfate hydroxide known as sulfate ettringite (Ca6Al2(-
SO4)3(OH)12�26H2O) (AFt) is observed at the diffraction angles of
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18-30� and around 41�, which is usually formed in the early stages
of cement hydration by calcium sulfate (CaSO4�2H2O and CaSO4-
�0.5H2O) reacting with Ca3Al2O6 (C3A) at room temperature [63].

3.3.4. FTIR analysis
The infrared spectra of the SS5 before and after adsorption are

presented in Fig. 10b. The spectrum presents an intense narrow
band at 3635 cm�1, which is a stretching vibration generated
by the hydrogen bonds (O–H) bonds in portlandite (Ca(OH)2) that
is formed in the cement hydration [64]. The hydroxyl group with
O–H bond usually appears at the wavelength of 3434 cm�1 due to
symmetric and antisymmetric stretching vibration of water
bounding from the hydrated products [65]. Moreover, an absorp-
tion band (H-O–H) at the wavelength of 1639 cm�1 shows defor-
mation vibration of water molecules [19,66]. The adsorptive
mortar after adsorption has an obvious peak at 3434 cm�1 and
1639 cm�1, which may be due to the influence of the bound
water in the sulfate ettringite (Ca₆Al2 (SO4)3 (OH)12�26H2O) (Aft
phase). Furthermore, a narrow sharp band appears at
1112 cm�1, which is associated with the stretching vibration of
SO4

2� group, supporting the presence of sulfate ettringite [67].
This result is consistent with the previous researches. The
hydrated products of cement are typically characteristic by the
Si-O asymmetric stretching vibration with a peak for the C-S-H
at 970 cm�1 [68]. Calcium carbonate (CaCO3) is originally present
10
in mortar because of the chemical reaction between portlandite
and atmospheric carbon dioxide (CO2), resulting in C-O bending
vibration and stretching with a peak appear at 713 cm�1,
872 cm�1 and 1417 cm�1 [36,65,68].

3.3.5. TG-DTG analysis
The thermal gravimetric results of the SS5 are illustrated in

Fig. 10c. Generally, a distinct mass loss for cementitious materials
at a temperature of 130–200 ℃, 400–500 ℃ and 500–800 ℃, indi-
cating the dehydration, the dihydroxylation or calcination of
ettringite, the decomposition of Ca(OH)2 and the decarbonation
of CaCO3, respectively [17]. The TG curves show that the all
adsorptive mortars have a similar endothermic peak within
1000 ℃ before or after adsorption. The SS5 has a lower mass loss
than C0 and HM0.5, indicating that fewer hydration products are
generated due to the retardation of cement hydration by SS [17].
An endothermic peak appears at around 100 ℃ in the DTG curve
related to the free moisture loss [69]. Besides, the dehydration of
C-S-H appears below 200 ℃, which also matches with the weight
loss description in mass loss curve [70,71]. A sharp decline of
mass is observed at a temperature range of 450–500 ℃ for all
adsorptive mortar, which is corresponding to the decomposition
of crystalline Ca(OH)2 [40,61]. The result is consistent with the
XRD analysis. A significant mass loss is observed at the tempera-
ture of 550–800 ℃, which is related to the thermal decomposition



SS75
P-C0

P-HM0.5
P-HM1

P-SS5
P-SS10

0

5

10

15

20

25

30
P-

ad
so

rp
tio

n 
ca

pa
ci

ty
 (m

g/
g)

Sample code

 P-adsorption capacity  P-removal rate

(a)

10

20

30

40

50

P-
re

m
ov

al
 r

at
e 

(%
)

SS75
P-C0

P-HM0.5
P-HM1

P-SS5
P-SS10

0

5

10

15

20

25

30

P-
ad

so
rp

tio
n 

ca
pa

ci
ty

 (m
g/

g)

Sample code

 P-adsorption capacity  P-removal rate

(b)

0

10

20

30

40

50

P-
re

m
ov

al
 r

at
e 

(%
)

SS75
P-C0

P-HM0.5
P-HM1

P-SS5
P-SS10

0

5

10

15

20

25

30

P-
ad

so
rp

tio
n 

ca
pa

ci
ty

 (m
g/

g)

Sample code

 P-adsorption capacity 

 P-removal rate

0

5

10

15

20

25

30

35

P-
re

m
ov

al
 r

at
e 

(%
)

(c)

Fig. 12. P-adsorption capacity and removal rate of adsorptive aggregates with an initial P concentration (a) 1215.3 mg/L, (b) 1849.3 mg/L and (c) 2967.5 mg/L.
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of CaCO3 [72]. The result shows that the weight loss of the SS5 is
lower than that of the C0 and HM0.5, indicating that the lower
cement hydration product incorporating the SS. This result is con-
sistent with the hydration heat result analysis as reported in sec-
tion 3.1.
3.3.6. SEM-EDS analysis
The adsorptive mortar after adsorption is analyzed by SEM-EDS,

as shown in Fig. 11, the C-S-H gel has a dense network structure,
which indicates that enough hydration products are formed. More-
over, the crystallized needle-like ettringite is presented in microp-
ores [17]. A strong peak of P appears in the EDS spectra and P is
detected on the adsorptive mortar surface. Previous studies have
reported that the small white crystalline substance on the surface
is the suspended Ca-P precipitation [35,73]. The results also show
that many micropores are observed on the surface of the HM1 and
SS5. This may be due to the addition of the HM and the SS increases
the porosity of the adsorptive mortar, causing more P-solution to
penetrate the mortar layer and favor the combination with Ca2+

to form Ca-P precipitation.
11
3.4. Effects of adsorptive mortar on performance of aggregates

3.4.1. Adsorption capacity of aggregates coated with adsorptive mortar
When the adsorptive aggregate is coated with different adsorp-

tive mortar, the adsorption capacity with different initial P concen-
tration is presented in Fig. 12. The adsorptive aggregate is
immersed in P-solution with an initial concentration of
1215.3 mg/L, 1849.3 mg/L and 2967.5 mg/L, the adsorption capac-
ity of the adsorptive aggregate particle coated with normal mortar
(P-C0) is decreased by 18.2%, 24.7% and 48.4%, respectively, com-
pared to the adsorptive aggregate (SS75) without coating.

The results also show that the porous adsorptive mortar signif-
icantly improves the adsorption capacity of the adsorptive aggre-
gate, compared to the P-C0. When the P-concentration is
1215.3 mg/L, 1849.3 mg/L and 2967.5 mg/L, the P-adsorption
capacity of the adsorptive mortar is 11.0–13.5 mg/g, 12.75–
18.0 mg/g and 11.5–16.5 mg/g, respectively, and the P-removal
rate is 35.9–44.4%, 39.3–27.6%, 22.1–15.4%, respectively. Compared
to previous studies, the adsorption capacity is significantly higher
than that of most pervious concrete, bio-based materials and
industrial by-products. In this study, the P-HM1 shows the highest
adsorption capacity and removal rate for the mortar-coated
adsorptive aggregates, and its adsorption capacity increases by
20.0%, 24.1% and 34.7%, respectively, with an initial P-
concentration of 1215.3 mg/L, 1849.3 mg/L and 2967.5 mg/L, com-
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pared to the P-C0. The increase in the adsorption capacity of the
mortar-coated adsorptive aggregate is mainly attributed to the
increase of the micropores and permeability. In addition, when
the addition of the SS is 10%, the mortar-coated adsorptive aggre-
gate shows good adsorption capacity regardless of the initial con-
centration. Considering a balance between mechanical strength
and adsorption capacity, the HM with a dosage of 0.5 wt% and
the SS with a dosage of 10 wt% are recommended for the adsorp-
tive mortar.
3.4.2. Adsorption mechanism of adsorptive aggregates
Previous studies have shown that physical and chemical meth-

ods can usually be used to increase the adsorption capacity of
adsorptive materials. Physical methods such as increasing the
amount of micropores, connectivity or specific surface area [22],
and chemical methods such as to increase the leaching of Ca2+

ion for promoting its binding to phosphate and the formation of
P-Ca precipitation are often utilized [29]. In this study, the physical
and chemical methods are applied for improving the adsorption
performance of cement-coasted adsorptive aggregates, respec-
tively. The porous HM is applied to improve the porosity and per-
meability of adsorptive mortar for increasing the leaching of Ca2+

ion by the physical method. The SS is applied to further increase
the adsorption capacity of the mortar-coated adsorptive aggregate
by the chemical adsorption.

The schematic diagram of the adsorption process and mecha-
nism of mortar-coated adsorptive aggregates for P-removal is
shown in Fig. 13. The conventional aggregate is coated by the con-
ventional mortar, most of the PO4-P can not be in contact with the
conventional aggregate (Fig. 13a). More importantly, conventional
aggregates do not have the adsorption capacity, thereby a small
amount of the PO4-P can be adsorbed by the Ca2+ ion leached from
the conventional mortar, which explains the low P-removal capac-
ity of conventional porous concrete.
Fig. 13. Schematic diagram of the adsorption process and mechanism of ads
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However, for adsorptive aggregate coated with conventional
mortar, due to the high adsorption capacity of the adsorptive
aggregate (SS75), as shown in Fig. 12, as long as the PO4-P can pen-
etrate the coating layer of the conventional mortar, it can be
adsorbed by the adsorptive aggregate and mortar. It has to be
noted that still only a small amount of PO4-P can be in contact with
the adsorptive aggregate because of the highly dense structure of
the conventional mortar (Fig. 13b).

When the adsorptive aggregate is coated by the porous adsorp-
tive mortar, due to the increase in the adsorption capacity and per-
meability of the adsorptive mortar, more PO4-P can penetrate the
coating layer and contact with the adsorptive aggregate, and
finally, be absorbed by the internal adsorptive aggregate and the
external adsorptive mortar layer (Fig. 13c).

4. Conclusions

In this study, to improve the adsorption performance of the
adsorptive concrete for phosphorus (P) removal from stormwater
runoff, a porous permeable mortar with good permeability and
adsorption is proposed. The chemical and physical methods by
adding adsorptive materials (steel slag (SS)) and porous materials
(heat-treated miscanthus (HM)), respectively, are used to increase
the adsorption capacity of the cement mortar. The effects of the SS
and the HM powder on cement hydration are analyzed. The phys-
ical, mechanical properties and adsorption characteristics of
adsorptive mortar and its effects on adsorption performance of
the aggregate are investigated. The following conclusions can be
drawn based on the acquired results:

(1) The HM (0.5 wt% and 1 wt%) shows an insignificant effect on
cement hydration thanks to the pyrolysis of oxygen-
containing saccharides. The SS (5 wt% and 10 wt%) slightly
reduces the total heat of cement hydration by 3.4–6.8%.
orptive aggregates coated with porous adsorptive mortar for P-removal.
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(2) The HM slightly decreases the density of adsorptive mortar
(up to 3.1%), while the SS significantly increases the density
(up to 8.0%). The HM can be applied to improve the perme-
ability of the adsorptive mortar (up to 10.0%). However, a
high content of the HM (�1 wt%) would result in significant
decrease in mechanical strength.

(3) High adsorption capacity of the adsorptive mortar is
observed, namely 30.4 mg/g, 46.2 mg/g and 74.2 mg/g, with
a corresponding initial P-concentration of 1215.3 mg/L,
1849.3 mg/L and 2967.5 mg/L. The mortar-coated aggregate
(P-HM1) shows the highest adsorption capacity and removal
rate for P-removal, with an increase of 20.0–34.7%, com-
pared to the P-C0. The Ca2+ leached from the mortar and
the SS is one of the main metal ions for the formation of
Ca-P precipitates in solution. Besides, the increase in the
micropores of the adsorptive mortar by the porous HM con-
tributes to the physical adsorption.

(4) The porous HM and the SS can significantly improve the
adsorption performance of the mortar-coated aggregate by
increasing the permeability and the release of Ca2+ ion. The
HM with a dosage of 0.5 wt% and the SS with a dosage of
10.0 wt% are recommended for the adsorptive mortar, with-
out obvious sacrifices on other properties.
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