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Summary 

Urban surfaces such as streets, parking lots and roofs are regarded as critical channels 
for contaminant transport from stormwater to nearby rivers. Various pollutants such as 
nitrate (N), phosphate (P), and heavy metals are carried by stormwater runoff to enter 
nearby rivers during the rainy season. Among these pollutants, P is one of the main 
pollutants from farmland, industry, domestic sewage and atmospheric pollution 
sediments, that cause eutrophication and algae blooms in water bodies. Recently, 
conventional pervious concrete has gained increasing attention for pollutant removal 
from stormwater runoff. However, the application of coarse aggregates without any 
adsorption capacity in pervious concrete is one of the major reasons for poor pollutant 
removal performance. Furthermore, the mechanical strength of the pervious concrete is 
rather low because of the single-graded aggregate structure. Besides, pervious concrete 
frequently comes into contact with polluted water, resulting in poor durability. 
Motivated by the above issues, this work aims to develop a bio-based adsorptive 
concrete that can reduce accelerated runoff, simultaneously remove pollutants and 
improve the quality of underlying soil water, focusing on its mechanical properties, 
adsorption performance and durability. This work can be condensed into the following 
three main sections:  

In the first section, the selection and modification of highly adsorptive cementitious 
composites are investigated. Miscanthus (x giganteus) is modified using physical 
treatment (ball milling) and heat treatment methods. Heat-treated miscanthus has a 
positive influence on the compressive strength of miscanthus mortar. Powdery and 
long-fibre miscanthus are the recommended forms for using miscanthus in bio-based 
mortar in terms of low drying shrinkage, good thermal conductivity and mechanical 
strength. Furthermore, P-adsorption experiments are carried out to evaluate the P-
removal capacity of several granular aggregates for potential application in highly 
adsorptive concrete, including industrial by-product (basic oxygen furnace steel slag), 
lightweight aggregate (expanded silicate), and bio-based material (miscanthus). 
Furthermore, basic oxygen furnace steel slag is combined with porous expanded silicate 
using a non-sintered pelletizing method to produce sustainable highly adsorptive 
aggregates, and miscanthus is added to further increase its porosity. The manufactured 
adsorptive aggregate has good mechanical strengths, high P-removal capacity, and 
excellent resistance to salt and freeze-thaw cycles, making it suitable for use as a highly 
adsorptive aggregate in adsorptive concrete.  

In the second section, the structure optimization, mix design and adsorption 
performance of bio-based adsorptive concrete are investigated to enhance the 
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mechanical properties and adsorption performance of adsorptive concrete. A porous 
adsorptive paste is created by combining chemisorption and physisorption mechanisms 
to improve the adsorption performance. The adsorptive cement paste has an adsorption 
amount of 30.4-74.2 mg/g, at a corresponding P-concentration of 1215-2967 mg/L. This 
is attributed to the Ca2+ leached from the adsorptive cement paste reacting with the 
phosphate in solution to form Ca-P precipitates. A two-sized aggregate skeleton 
structure is proposed to improve the mechanical strength, adsorption performance and 
freeze-thaw resistance of adsorptive concrete. This is achieved by the small-sized steel 
slag filling the pores between the aggregates, reducing the porosity and permeability of 
adsorptive concrete. The Langmuir model and Elovich model can be used to fit the 
adsorption isotherm and kinetic results. Furthermore, the developed adsorptive concrete 
has a low P-releasing capacity, indicating that there is no secondary environmental risk. 

In the third section, the long-term performance of bio-based miscanthus mortar is 
investigated. The major factor that limits the durability of miscanthus mortar is the 
natural degradation behaviour of miscanthus fibre. The mechanical strength 
degradation of miscanthus mortar mainly takes place in the first month after being 
soaked in water. Heat-treated miscanthus fibre can improve compressive and flexural 
strengths by 83% and 27%, respectively, as well as reduce the drying shrinkage, with a 
reduction of up to 25% at 90 days, compared to untreated miscanthus, because of the 
increased degree of cement hydration, reduced porosity and enhanced compatibility 
with the cement paste. Furthermore, heat-treated miscanthus fibre can promote cement 
hydration and strength development, improve the dimensional stability of miscanthus 
mortar and make it more durable in mortar.  
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Chapter 1 Introduction 

1.1 Background 

Human activities have a growing negative impact on the aqueous environment as 
industrialization and urbanization process [1]. Approximately 80% of the world’s 
population is facing water scarcity [2], poor water quality and water pollution, which 
eventually becomes one of the world`s major environmental issues [3]. Urban surfaces 
such as streets, parking lots, and roofs are regarded as critical channels for contaminant 
transport [4,5]. Pollutants are usually transferred by three stages before causing water 
pollution: pollutant formation, runoff transfer, and pollutant accumulation (Fig. 1.1). 
Various pollutants such as fertilizers, pesticides, and heavy metals, enter directly into 
nearby rivers transferred by stormwater runoff during the rainy season, [6], posing a 
threat to ecological safety and public health [7].  

 

Fig. 1.1 Pollutant transfer process from the road surface to a nearby water body. 

Stormwater runoff from urban catchment areas is the primary pathway for pollutants to 
be transferred from the pavement surface to a water body. Phosphate (P) is one of the 
main pollutants from farmland, industry, domestic sewage and atmospheric pollution 
sediments, etc. [8]. When the concentration of P in the water exceeds 0.03 mg/L, algae 
and aquatic plants grow at an abnormally fast rate, reducing the quality of the water [9]. 
Previous research indicates that stormwater runoff transports 75-90 % of P [10]. 
Therefore, avoiding accelerated stormwater runoff and removing P from stormwater 
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runoff is critical for providing underlying soil water and improving its water quality in 
ecological city construction.  

Adsorption performance of traditional pervious concrete has recently gained attention 
for removing pollutants from stormwater runoff, [11–13]. Stormwater runoff is filtered 
from the road surface to the underlying soil layer and reused for urban flood 
management when pervious concrete is used. The pollution level of the water body 
caused by stormwater runoff will be significantly reduced if pollutants from stormwater 
runoff can be effectively removed by adsorption and physical filtration of pervious 
pavement. Previous research has shown that pervious concrete can adsorb a variety of 
pollutants during the rainwater infiltration process, including P [11], heavy metals (Mn, 
Co and Ni, etc.) [13], and fecal coliforms [14]. Therefore, pervious concrete has a high 
potential for removing pollutants from stormwater runoff. 

Crushed rock (basalt, limestone, etc.) is commonly used as coarse aggregates in 
pervious concrete. Because crushed gravel lacks adsorption ability, traditional pervious 
concrete has poor adsorption performance, with a long reaction time and low adsorption 
capacity [15]. The poor reaction between the mortar matrix and the pollutants is 
responsible for low adsorption capacity. Furthermore, the strength of single-graded 
pervious concrete is very low, usually less than 15 MPa. Moreover, long-term contact 
with polluted water reduces the durability of pervious concrete. More importantly, the 
original purpose of pervious concrete is not to remove pollutants, rather, it is designed 
to allow stormwater runoff to pass through it, reducing urban flooding and reusing 
stormwater. In the face of rising stormwater pollution, traditional pervious concrete no 
longer meets the requirements of sustainable development of ecological cities for 
pollutant removal from stormwater. It is hypothesized that replacing conventional 
aggregates with highly adsorptive aggregates will potentially improve the adsorption 
capacity of concrete and meet pollutant removal requirements.  

Miscanthus (x giganteus) (M) is a perennial biomass energy crop that is widely grown 
in Europe due to its being highly efficient in using water, nitrogen and sunlight [16,17]. 
In comparison to other natural fibres such as straw and hemp, the M fibre is considered 
strong and has adequate firmness and thermal insulating properties. Furthermore, M is 
a high-yielding renewable material with environmentally friendly properties. M is 
commonly used as a natural fibre for bio-based concrete due to its lightweight and 
porous properties [18]. Furthermore, M is a natural and porous material that can be used 
as an adsorbent material. Heat-treated bio-based material (biochar) is a charcoal-like 
product that results from the thermochemical conversion of organic materials or 
biomass in an oxygen-limited environment. The porosity of the biochar gives it a high 
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specific surface area, which allows it to remove contaminants from aqueous solutions 
such as heavy metals, organics, and total suspended solids. Therefore, it is reasonable 
to expect the application of these porous bio-based materials will improve the 
adsorption performance of concrete.  

1.1.1 Waste materials applied as adsorbents for wastewater treatment 

▪ Bio-based materials applied as an adsorbent for pollutant removal 

Currently, various bio-based materials have been investigated as low-cost adsorbents 
for pollutant removal [19–21], including the shells and stones of fruits such as nuts, 
peanuts, olive wastes, almonds, apricot kernel shells, and cherries, also cereal wastes 
such as rice, maize and corn, as well as sugar cane bagasse and coir pith. These bio-
based materials are typically used in their natural form or after some physical or 
chemical modification [22]. Previous research has shown that bio-based material has 
an adsorption capacity and can absorb nitrate, phosphate, heavy metals, suspended 
solids and other containments, etc. This is due to the well-developed micropores of 
these bio-based adsorbents for the physical adsorption of pollutants from an aqueous 
solution [23,24]. Bio-based materials are viable options for wastewater purification 
because of their unique chemical composition [25,26], availability in abundance, 
renewable nature, and low cost. 

The adsorption capacity of pyrolyzed bio-based materials has been investigated in the 
last decades to improve the adsorption capacity of bio-based materials. Heat-treated 
bio-materials are carbon-rich, porous, with oxygen functional groups and aromatic 
surfaces, and have a good capacity for adsorption. Large specific surface area, porous 
structure, and surface functional groups of heat-treated bio-materials are the important 
features promising high contaminant removal efficiencies, with a wide application in 
constructed wetlands. Heat-treated bio-materials with micropore structure and high 
surface area can provide active sites for redox reactions, adsorption, and support 
microbial activities, resulting in overall greater wastewater treatment efficiency. 
However, very few studies have been conducted to investigate the use of heat-treated 
bio-materials in concrete for the production of porous adsorptive concrete. 

▪ Industrial waste materials applied as an adsorbent for pollutant removal 

In recent years, the adsorption properties of industrial by-products such as Basic 
Oxygen Furnace (BOF) steel slag (SS), fly ash and expanded clay have been 
investigated [27–29]. Among these materials, SS has a high adsorption capacity for 
pollutants and has been used as a water purification filter [30–32]. Basic Oxygen 
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Furnace (BOF)-steel slag is the main metallurgical by-product during the steelmaking 
process [33,34], which contains a high content of CaO, Fe2O3, SiO2 and a minor amount 
of MgO, MnO, Al2O3, and other elements [35,36]. The main mineral components of SS 
are C3S, C2S, C4AF, C2F, RO phase (CaO-FeO-MnO-MgO solid solution), and free-
CaO, which gives the SS cementitious properties [37,38]. Because the metal ions 
released by SS have an affinity for some anions in pollutants, the SS has been used as 
an adsorbent for pollutant removal. For example, 22.4 tons of P were removed in field 
wetlands during an 11-year experiment and the maximum adsorption capacity is 1.23 
kg of P (per ton of steel slag) [39]. Furthermore, constructed wetlands made of SS 
achieve high P removal efficiency with near-neutral pH, which meets water discharge 
standards [40].  

Chemical reactions between metal cations (e.g. Ca2+, Fe3+ and Al3+) and phosphate 
anion species (HPO4

2- and PO4
3-) are mainly removal mechanisms for P-removal [41]. 

Among these cations, Ca2+ is the most reactive ion with phosphate anion species, 
making it available for P-removal [42]. Ca2+ leached from the SS can react with 
phosphate in two steps [43]: first, the ion concentration of Ca2+ and OH- increases due 
to SS dissolution, and then the Ca2+ and OH- ions react with phosphate to form 
amorphous calcium-phosphate (Ca-P) and/or octacalcium phosphate precipitates. The 
driving mechanism during the P-crystallization adsorption process is primarily 
nucleation by precipitation of hydroxyapatite (Ca10(PO4)6(OH)2) [44], which has low 
solubility [30,43] and does not cause secondary pollution. Therefore, SS has a high 
potential for application as an ingredient to enhance the P-removal of concrete. 

▪ Influencing parameters of adsorption performance  

The adsorption capacity of bio-based materials is determined by microporous structure, 
which includes micropore volume, pore size and distribution characteristics [58]. The 
most important parameters that affect the total surface area of bio-based materials are 
absorption capability, pyrolysis temperature, and pyrolysis rate [59]. The well-
developed micropore structure and high specific surface area of pyrolyzed bio-based 
materials allow them to absorb a variety of compounds, including heavy metals, 
nutrients, and other contaminants. The adsorption efficiency of heat-treated bio-
materials is influenced by raw material properties, deashing treatment, pH, adsorbent 
dosage, competitive anions, and temperature. Furthermore, the adsorption behaviour of 
heat-treated bio-materials for various contaminants (e.g., heavy metals, organic matter, 
and other contaminants) differs and is well correlated with the properties of the 
contaminants. The adsorption mechanism may be affected by bio-based material 
properties such as surface functional groups, specific surface area, pore structure, and 
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mineral components. 

Chemical adsorption, which is effective for specific pollutants, is attributed to the 
adsorption capacity of the SS [45]. Organic pollutants, nitrate, phosphate and heavy 
metals, for example, are commonly found in aqueous solutions. However, because of 
the dense structure of the SS, Ca2+ release from the SS is not always sufficient during 
P-removal [43]. Physical adsorption also plays an important role in the removal of 
pollutants for adsorptive aggregates in case of well-developed micropores for pollutant 
removal. Therefore, combining highly adsorptive SS powder with porous bio-based 
materials to produce artificial adsorptive aggregates with both chemical and physical 
adsorption capacity, not only reduces concrete cost but also improves the adsorption 
capacity of concrete.  

1.1.2 Porous concrete applied for pollutant removal from stormwater  

▪ Adsorption performance of conventional porous concrete 

Previous studies have been conducted on the potential of using pervious concrete to 
adsorb pollutants such as P [20], heavy metals (Mn, Co and Ni, etc.) [13], and fecal 
coliform [21], for urban stormwater purification [19]. Furthermore, crushed concrete 
granules [24] and cementitious materials [25] have the potential to remove P from an 
aqueous solution. Titanium dioxide (TiO2) is also applied to remove air pollutants from 
pervious concrete [22]. The adsorption capacity of conventional porous concrete for 
pollutant removal is summarized in Table 1.1. It is concluded that pervious concrete 
can be used for pollution removal. However, the adsorption capacity of traditional 
pervious concrete is very limited due to the lack of adsorption in gravel or sand. 
Moreover, even at a low initial pollutant concentration, a long reaction time is 
frequently required, [46]. To improve the adsorption performance of concrete, it is 
critical to select an adsorptive material with adequate strength and adsorption capacity. 

Table 1.1 Adsorption capacity of conventional porous concrete for pollutants removal. 

Types of concrete Pollutants Initial concentration 
Removal 
capacity 

Reaction 
time 

Pervious concrete [13] Cu, Co, Ni 0.1-1.3 mg/L >75% 6 months 

Fly ash pervious concrete [47] P 2.58-3.4 mg/L 25-85% 0.5-8 hours 

Iron oxide pervious concrete [11] P 10 mg/L >90% 72 hours 

Pervious concrete [46] Cu, Zn 20 μm/L, 100 μm/L 87%, 90% 10 cycles 

Portland cement [12] P 400 mg/L 20.75% - 
Aluminium hydroxide sand [48] P 25 mg/L 0.239mg/g 24 hours 
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▪ Improvement of adsorption performance of conventional porous concrete 

To improve the adsorption performance of pervious concrete, various materials with 
high adsorption capacity were used as concrete composites. For example, calcium 
sulfoaluminate cement and coal bottom ash aggregates are used to improve N and P 
removal of porous concrete [49]. Red mud is used in geopolymer-based porous concrete 
to improve heavy metal ions removal [50]. Chitosan is used to modify alkali-activated 
slag before it is used in porous concrete to increase the adsorption capacity for Pb 
removal [51]. Furthermore, because of its propensity to stimulate microbial degradation 
and its mechanical retention adsorption, biochar is added to porous concrete to increase 
the removal efficiency of N and P [52]. Mineral adsorbents (e.g. pumice, zeolite and 
perlite) are used as fine aggregates in porous concrete to improve water quality [53]. 
Generally, the adsorption capacity of concrete increases with the increase in adsorbent 
content used in concrete.  

To achieve a porous structure and high permeability for rapid water penetration, 
pervious concrete is typically designed with no sand or a very small amount of sand 
[54]. Porous adsorptive concrete, unlike traditional pervious concrete, does not require 
a fast permeable function. Under saturated conditions, it only needs to allow water to 
slowly penetrate the concrete. Therefore, it must have some porosity, but the void is not 
as large as in pervious concrete. Furthermore, porous adsorptive concrete can not be 
completely sealed because stormwater runoff must flow into the concrete and contact 
the adsorbent material in order for contaminants to be removed. It is crucial to find an 
optimum of mechanical and adsorption properties in order to maintain good mechanical 
strength and high adsorption capacity. Moreover, a porous adsorption mortar should be 
designed using modified bio-material materials and adsorptive materials to improve the 
water permeability passage of the mortar and maximize its adsorption capacity. 

1.1.3 Long-term performance of bio-based concrete  

▪ Biodegradability of bio-based materials 

The primary components of bio-based materials are cellulose, hemicelluloses and lignin. 
Biomass is a highly porous and water-absorption material, and extractive compounds 
such as starch, sugar, some phenols, and occasionally hemicelluloses and lignin can 
cause a delay in cement setting time [31]. The disadvantages of using bio-based 
materials in cementitious materials are self-evident: 1) Dimensional instability and high 
water absorption of bio-based materials due to the sensitivity of cellulose to ambient 
moisture; 2) Cellulose degradation after long-term application; 3) Weak bond between 
natural fibre and cementitious matrix. Therefore, pretreatment is critical to reducing the 
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degradation potential of bio-based materials and improving their performance prior to 
application in building materials.  

Various treatment methods have been investigated to improve the compatibility of bio-
based materials with cement matrix [22], such as physical treatment (milling [55], 
rolling compression [56], cutting [57]), chemical treatment (alkali, silane [58]), and 
heat treatment [59], etc. Treatment with an alkaline solution (e.g. lime, sodium 
hydroxide [33] and calcium hydroxide [36]) is an important step in the chemical 
treatment of natural fibre because it removes some lignins, hemicelluloses, pectins, and 
other minor components such as wax. However, chemical treatment continues to limit 
the biodegradability of bio-based materials. The alkalinity of the matrix and the 
volumetric instability of the bio-based materials are the primary causes for poor 
durability of the bio-based concrete [37]. Pyrolysis methods are used to treat bio-based 
materials to completely decompose organic matter [38, 39], which is the most effective 
method to remove soluble sugar and hemicellulose, to improve dimensional stability, 
and to reduce biological degeneration.  

▪ Durability of porous bio-based adsorptive concrete 

Porous adsorptive concrete is frequently applied in a saturated water environment to 
adsorb pollutants from stormwater runoff, cellulose degradation of bio-based materials 
in a long-term humid environment is an important limiting factor for the durability of 
bio-based concrete [59]. Bio-based materials are sensitive to moisture changes in the 
environment, and drying shrinkage and wet swelling of bio-based materials may 
jeopardize the durability of bio-based concrete. Therefore, the long-term physical and 
mechanical properties of bio-based mortar in aqueous conditions must be evaluated. 
Furthermore, the freeze-thaw resistance properties of concrete should be evaluated 
when used in northern European countries, such as the Netherlands, Denmark and 
Finland.  

1.2 Motivation and objective 

Motivated by the aforementioned issues, this research aims to develop bio-based 
adsorptive concretes that can reduce accelerated stormwater runoff while providing 
underlying soil water, simultaneously removing P to improve the quality of underlying 
water. The adopted research idea is to replace conventional cementitious composites 
with highly adsorptive materials to produce porous bio-based adsorptive concrete, and 
the investigated characteristics focus on adsorptive cementitious composites, 
performance evaluation and durability of bio-based adsorptive concrete. The primary 
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issue that must be addressed is the selection and modification of highly adsorptive 
materials. Secondly, the structure optimization and mix design of bio-based adsorptive 
concrete is an important factor that should be investigated. Finally, the durability of bio-
based mortar must be evaluated. The following are the specific objectives of this work: 

▪ Selection and modification of highly adsorptive materials 

The application of conventional aggregates with no adsorption capacity is the major 
reason for the low adsorption performance of traditional pervious concrete. It is 
hypothesized that using highly adsorptive materials as adsorptive aggregates and mortar, 
as well as optimizing the micropores of skeleton structure will improve the adsorption 
performance of concrete. Therefore, the adsorption performance and adsorption 
mechanism of various potential adsorptive materials for highly adsorptive concrete are 
firstly evaluated, and then the facile pelletizing method is used to produce sustainable 
highly adsorptive aggregates with good mechanical properties. 

▪ Mix design and optimization of bio-based adsorptive concrete 

A dense paste layer will reduce the penetration potential of pollutants into the adsorptive 
aggregate, resulting in a significant reduction in the adsorption performance of concrete. 
A porous adsorptive cement paste is developed to reduce the effects of a dense paste 
layer on the adsorption performance of the paste-coasted aggregate by combining 
chemical and physical methods. Furthermore, a two-sized aggregate skeleton structure 
is designed for porous adsorptive concrete, and the optimum mix design is obtained 
using the orthogonal method. 

▪ Long-term performance of bio-based mortar 

The major factor limiting the durability of bio-based mortar is the long-term 
degradation characteristics of natural fibres. The physical and mechanical properties, 
long-term degradation characteristics, and dimensional stability of treated miscanthus 
mortar are investigated to reduce the negative impact of miscanthus fibre on the service 
life of bio-based mortar.  

1.3 Outline of the thesis 

The framework of this thesis is shown in Fig. 1.2. The following paragraphs briefly 
introduce the thesis chapters: 

In Chapter 1, the motivation and background, problem statement, and methodology of 
the research topic of this thesis are discussed. 
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In Chapter 2, the physical treatment (ball milling) and heat treatment methods are used 
to modify miscanthus (x giganteus), the effects of heat-treated duration (2-hour, 3-hour, 
and 4-hour), size and shape of miscanthus fibre (long fibre, short fibre, and powder) on 
bio-based miscanthus mortar are investigated. 

 

Fig. 1.2 The framework of this thesis. 

In Chapter 3, the P-removal performance of various granular adsorptive aggregates is 
evaluated for potential applications in highly adsorptive concrete. The effects of 
material types, adsorption isotherms, adsorption kinetics, and different pH values on P-
removal capacity are investigated. Potential adsorptive materials for the manufacture 
of adsorptive aggregates are obtained. 

In Chapter 4, a porous and sustainable adsorptive aggregate combining both chemical 
and physical adsorption capacities is developed. Physical and mechanical properties, 
salt attack resistance, freeze-thaw resistance, and adsorption characteristics of highly 
adsorptive aggregates are investigated. 

In Chapter 5, a porous adsorptive cement paste is developed using miscanthus powder 
and steel slag powder to increase the water passage of the cement paste and improve 

Section 1 

Treatment and 
modification of adsorptive 
cementitious composites 

Section 2 

Performance evaluation of 
adsorptive concrete 

Section 3 

Durability of adsorptive 
concrete 

Bio-based adsorptive 
concrete for 

improving P-
removal from 
stormwater 

Chapter 2 
Treatment of bio-fibre 

Chapter 5 
Porous adsorptive paste 

Chapter 4 
Manufacture of bio-aggregate 

Chapter 3 
Aggregate for P-removal 

Chapter 6 
structure optimization 

Chapter 8 
Degradation of bio-mortar 

Chapter 7 
Performance of P-removal 



 

10 

 

the adsorption characteristics of the paste-coated aggregate. 

In Chapter 6, a two-sized aggregate structure is proposed to optimize micropore 
skeleton structures of adsorptive pervious concrete. The effects of cement, sand, w/c 
and adsorptive aggregate content on physical and mechanical properties, adsorption 
performance, and freeze-thaw cycles of adsorptive pervious concrete are investigated. 

In Chapter 7, the manufactured adsorptive aggregate is used to make adsorptive 
concrete with a higher P-removal capacity. Physico-mechanical properties, cyclic 
adsorption characteristics, P-removal mechanism and environmental impacts of 
concrete are investigated.  

In Chapter 8, in order to reduce the negative impact of natural fibre on the service life 
of bio-based concrete. The effects of raw miscanthus, heat-treated miscanthus, and 
miscanthus powder on physical and mechanical properties, long-term degradation 
characteristics, and dimensional stability of bio-based miscanthus mortar are 
investigated. 

In Chapter 9, the main conclusions of this work are presented, along with 
recommendations for future work. 
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Chapter 2 Effects of treated miscanthus on performance of 

bio-based cement mortar 

 

 

 

Bio-based miscanthus cementitious composites as a sustainable building material have 
attracted more attention recently. The organic matter and physical properties (size, 
shape, etc.) of the miscanthus have a negative influence on the performance of 
cementitious composites. In this chapter, physical treatment (ball milling) and heat 
treatment methods are applied to modify miscanthus (x giganteus), the effects of heat-
treated duration (2-hour, 3-hour and 4-hour), the size and shape of miscanthus on bio-
based concrete are investigated. The results show that the heat-treated miscanthus has 
a positive influence on compressive strength. The irregular cavities of the parenchyma 
structure of the miscanthus are easily filled with fresh mortar and tightly embedded in 
the mortar, resulting in an enhanced bonding interface. Besides, the long-fibre 
miscanthus (2-3 cm) has a better fibre-bridging effect than other forms of the 
miscanthus, with an improvement in flexural strength of 24%. Physically treated 
miscanthus exhibits excellent heat-insulating performance, which is recommended for 
heat-insulating bio-concrete. The treated miscanthus significantly reduces the drying 
shrinkage, with a decrease of up to 25% at 90 days, compared to the untreated 
miscanthus. It is concluded that the physically treated miscanthus (e.g. long-fibre and 
powdery miscanthus) are recommended forms for application in sustainable bio-based 
cement mortar. 

 

 

 

This chapter is partially reproduced from: 

F. Wu, Q.L. Yu, H.J.H. Brouwers, F. Gauvin. Effects of treated miscanthus on performance of bio-based 

cement mortar. Journal of Sustainable Cement-Based Materials, 4, 12, 2022.  
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2.1. Introduction 

Miscanthus (x giganteus) is a perennial energy crop in Europe because of its high 
biomass yield and adaptation to the European climate [60]. The utilization of 
miscanthus as a fibre or an aggregate has gained great attention in Europe [61–63], for 
example, lightweight fiberboards, plant pots and packaging materials made of 
miscanthus fibre have been investigated in previous studies [16]. The advantages of 
using miscanthus for the manufacture of bio-based cement mortar are that the 
miscanthus is renewable crop, abundant, with widespread availability and rapid growth 
[63]. The research on bio-based miscanthus mortar aims to develop sustainable building 
materials, reduce the environmental impact and recycle wastes from agricultural 
factories [64]. 

The organic matter and physical properties (e.g. size, shape, etc.) of miscanthus show 
a negative influence on the performance of bio-based miscanthus mortar. Due to the 
high porosity of miscanthus fibre, it is sensitive to changes in humidity in the ambient 
environment. As a result, the drying shrinkage and wet swelling of miscanthus fibre 
will affect the performance of the miscanthus mortar. The drying shrinkage of bio-based 
mortar is usually higher than that of inorganic mass-based mortar [65]. Moreover, 
during ageing, the degradation of miscanthus fibre may occur as a consequence of the 
dissolution of the hemicellulose, cellulose and lignin [66]. The extractive compounds 
from miscanthus fibre such as polysaccarides, phenols and starch, are known to delay 
cement hydration [67]. The weak bond between the bio-based fibre and the mortar 
interface is a key factor restricting the ultimate strength of bio-based mortar. Therefore, 
to reduce the drying shrinkage and improve the mechanical strength of miscanthus 
mortar, miscanthus fibre should be treated prior to use in bio-based cement mortar. 

In this chapter, two methods are used to modify miscanthus fibre: heat treatment and 
physical treatment (ball milling). The raw miscanthus fibre is treated under nitrogen 
conditions at 250 ℃ for 2, 3 and 4 hours of exposure, and the ball milling is also used 
for the physical treatment of the miscanthus fibre. After ball milling, 2-3 cm, 0.4-1.5 
cm and <0.05 cm miscanthus are used as long fibre, short fibre, and powdery fibre, 
respectively. The physical properties, morphology and mineralogical phase of 
miscanthus fibre before and after treatment are evaluated. The effects of different forms 
of miscanthus fibre on the physic-mechanical properties, microstructure and drying 
shrinkage of bio-based cement mortar are investigated. The recommended miscanthus 
treatment method is obtained based on the present results.  
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2.2. Materials and methods 

2.2.1 Raw materials 

The CEM Ⅰ 52.5 R Portland cement is used as a binder (ENCI, the Netherlands). 
Commercial expanded silicate (ES) is used as coarse aggregate. To obtain a good 
particle packing, four sizes of the ES are used with the size of 0.09-0.3 mm, 0.5-1 mm, 
1-2 mm and 2-4 mm in this study. The specific density and crushing strength of the ES 
are 2.26 g/cm3 and 12-22 MPa [68], respectively. The raw miscanthus fibre with a 
length of 1-3 cm is supplied by NNRGY Company (The Netherlands). The external 
surface is stiff and smooth epidermis texture with round micropores, which provides 
the strength and toughness for the miscanthus fibre. The internal surface of the 
miscanthus is a parenchyma structure, which provides good thermal and sound 
absorption properties [62]. Fly ash and silica fume are used as supplementary 
cementitious materials. CEN-NORM sand satisfying European standards (EN 196-1) is 
used as fine aggregate. The polycarboxylate ether superplasticizer is used to improve 
the workability of the fresh mixture. 

2.2.2 Treatment of miscanthus 

The schematic diagram of the treatment methods of the miscanthus fibre is presented 
in Fig. 2.1. Generally, the pyrolysis temperature of miscanthus biomass varies from 
200 °C to 400 °C [69]. The miscanthus easily turns to ash under high-temperature 
conditions, the low-temperature pyrolysis is selected in the present study. The raw 
miscanthus is placed in a vacuum furnace under nitrogen conditions at 250 ℃ for 2 
hours, 3 hours and 4 hours, respectively. 

 
Fig. 2.1 Schematic diagram of the treatment of miscanthus. 

In ball milling, the external surface of the miscanthus provides the long fibre and short 
fibre, while the porous internal surface becomes the powdery miscanthus. The detailed 
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process of ball milling is as follows: 10 porcelain milling balls of a total of 805.4 g mass 
with a diameter of 30 mm are placed in each porcelain ball mill pot of 50 ml bowl 
volume, and then 40 g miscanthus is added to per ball mill pot. The ball milling is run 
with a milling speed of 300 rpm for 10 minutes. After ball milling, the long fibres (2-3 
cm), short fibres (0.4-1.5 cm) and powdery (<0.05 cm) miscanthus are obtained by a 
sieving machine, as shown in Fig. 2.2.  

 

Fig. 2.2 Miscanthus fibre after treatment. 

2.2.3 Mix proportion and specimen preparation 

The treated miscanthus, including heat-treated 2 hours (M-2), 3 hours (M-3) and 4 hours 
(M-4), long fibre (M-LF), short fibre (M-SF) and powdery miscanthus (M-P) are used 
to replace the untreated miscanthus (M-0) by volume. A 1.5% V/V of the miscanthus is 
added to the mortar. The gradation distribution of the ES aggregate refers to the 
literature [68], and the contents of cement, fly ash and silica fume refer to the 
lightweight aggregate concrete [70]. The powdery miscanthus can not be submerged in 
water for the pre-wetting treatment, the same volume water of 24-h water absorption of 
the powdery miscanthus is added to the fresh mixture. The fresh mixture is compacted 
by a striking shaker. After that, all mixtures are covered with a plastic film and 
demoulded after 24 hours and then stored in the laboratory at a temperature of 20±2 ℃ 
and relative humidity of ≥95%. The mix proportions of concrete are shown in Table 
2.1. 
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2.2.4 Test methods 

The density of 100×100×100 mm3 sample at 28 days is measured following EN 1015-
6. The water absorption and porosity of 100×100×100 mm3 sample at 28 days are 
determined according to ASTM C642-13. The compressive strength and flexural 
strength of 40×40×160 mm3 sample at 28 days are determined according to EN 196-1, 
with a loading rate of 2400 N/s and 50 N/s, respectively. The average value of three 
samples is recorded as the final result. The specific density of the miscanthus fibre is 
determined by using an AccuPyc II 1340 gas pycnometer. The microscopic images of 
the miscanthus fibre before and after treatment are observed with SEM (Phenom ProX). 
The 100×100×100 mm3 sample at 28 days is oven-dried at 105 °C for 24 hours to a 
constant mass, and then the surface midpoint position of the sample is used for the 
thermal conductivity measurement by ISOMET 2104, three surfaces are determined for 
each sample. The 40×40×160 mm3 sample after demoulding is stored in the laboratory 
at a temperature of 20±2 ℃ and relative humidity of 65±3%, and then the drying 
shrinkage is determined by using a digital micrometer gauge with a resolution of 0.001 
mm according to DIN 52450. 

Table 2.1 The mix proportions of mortar (kg/m3). 

Materials M-0 M-2 M-3 M-4 M-LF M-SF M-P 

CEM I 52.5R  440 440 440 440 440 440 440 

Fly ash  66 66 66 66 66 66 66 

Silica fume  44 44 44 44 44 44 44 

ES 0.09-0.3 mm 119.2 119.2 119.2 119.2 119.2 119.2 119.2 

ES 0.5-1 mm 74.2 74.2 74.2 74.2 74.2 74.2 74.2 

ES 1-2 mm 83.4 83.4 83.4 83.4 83.4 83.4 83.4 

ES 2-4 mm 96.7 96.7 96.7 96.7 96.7 96.7 96.7 

Sand  692 692 692 692 692 692 692 

Water 192.5 192.5 192.5 192.5 192.5 192.5 192.5 

Superplasticizer 6.1 6.1 6.1 6.1 6.1 6.1 6.1 

Miscanthus fibre  24.6 21.5 18.8 15 22.1 24.3 23.6 

2.3. Results and discussion 

2.3.1 Characterization of the miscanthus after treatment 

▪ Physical properties of the treated miscanthus  

The physical properties of the treated miscanthus fibre are shown in Table 2.2. As 
expected, heat treatment reduces the density of the miscanthus, whereas, the ball milling 
treatment has a negligible effect on the density. The densities of heat-treated miscanthus 
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at 2-hour, 3-hour and 4-hour are reduced by 13%, 24% and 39%, respectively, as 
compared to the untreated miscanthus (M-0). This may be attributed to the organic 
matter being pyrolyzed and a carbon skeleton and microporous structure formed during 
the process, which leads to a reduction in the mass of the bio-materials [71]. The results 
also show that the powdery miscanthus and heat-treated miscanthus have a higher water 
absorption than other forms of the miscanthus. However, the long-fibre and the short-
fibre miscanthus possess lower water absorption because the parenchyma structure with 
high water absorption is separated from the miscanthus surface.  

Table 2.2 Properties of treated miscanthus fibre. 

Sample 
code 

Treatment 
method 

Specific density 
(g/cm3) 

Relative change 
from M-0 (%) 

24-h water 
absorption (%) 

Relative change 
from M-0 (%) 

M-0 - 1.64  - 269 ± 15 - 
M-2 Heat 1.43  -13 287 ± 18 +7 

M-3 Heat 1.25  -24 350 ± 21 +30 

M-4 Heat 1.00  -39 398 ± 20 +48 

M-LF Physical 1.47  -10 190 ± 11 -29 

M-SF Physical 1.62  -1 230 ± 13 -15 

M-P Physical 1.57  -4 525 ± 23 +95 

▪ Morphology  

The SEM micrographs of the miscanthus fibre after 4-hour heat treatment are shown in 
Fig. 2.3. The surface colour of the heat-treated miscanthus turns from yellow to black, 
which indicates that the volatile components in the organic matter have been expelled 
and relatively carbon remains [72]. Cracks appear along the longitudinal direction of 
the stem due to the dehydration of the miscanthus (Fig. 2.3a). Moreover, surface 
peeling is observed on the external surface of the miscanthus. Similar to the external 
surface, cracks also occur on the surface of the parenchyma structure and the fragment 
of the cavity is peeled off from the parenchyma, and a dispersed laminated structure is 
formed on the internal surface (Fig. 2.3b). The increase in surface cracks by heat 
treatment provides a path for the flowing mortar to penetrate the interior of the cavity 
of the miscanthus [73], making the miscanthus more tightly embedded in the mortar 
achieving a better bonding interface. 

▪ Mineralogical phase analysis  

The cellulose chain molecule in the amorphous area is irregularly arranged, resulting in 
a diffuse reflection and no peaks are generated in XRD [74]. The XRD patterns of the 
untreated and heat-treated miscanthus fibre are presented in Fig. 2.4. The results show 
that both untreated and heat-treated miscanthus are amorphous because of the presence 
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of graphite. Bio-materials such as peanut, walnut and chestnut, etc. have typical peaks 
at 22.6° due to the presence of crystalline cellulose [74]. Previous studies show that the 
crystalline cellulose of peach and apricot shells decreases after heat treatment and that 
a broad wide graphitic peak at the diffraction angle of 26.7° [59]. The reduction in the 
crystallinity of cellulose is mainly caused by the loss of oxygen from the heat-treated 
bio-materials.  

 

Fig. 2.3 SEM micrographs of (a) external surface (b) internal surface of 4-hour heat-treated miscanthus 

fibre. 
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Fig. 2.4 XRD patterns of the untreated and heat-treated miscanthus fibre. 
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2.3.2 Physical properties of miscanthus mortar 

▪ Density  

As shown in Fig. 2.5a, as the duration of heat treatment increases, the density of the 
mortars gradually decreases, because the heat treatment increases the closed pores of 
the miscanthus over time [69]. The oven-dry density of the reference mortar (M-0) is 
1498 kg/m3, and the M-4 mixture obtains the lowest oven-dry density of 1439 kg/m3, 
which is 4% less than the M-0 mixture. For physical treatment, the M-SF results in 
more reduction in the density of mortar, compared to the M-LF and the M-P, with a 
decrease of 2.3%. This may be attributed to the weak bond between the smooth external 
surface of miscanthus fibre and the mortar resulting in more micropores in the 
interfacial transition zone (ITZ) [75].  

 
Fig. 2.5 (a) density and (b) water absorption and porosity of mortar. 

▪ Water absorption and porosity  

As shown in Fig. 2.5b, the 24-hour water absorption of miscanthus mortar varies from 
8% to 11%, and the porosity is between 17% and 22%. The treated miscanthus 
significantly decreases the water absorption and porosity of the mortar. The water 
absorption and porosity of the M-P mixture decreased by 26% and 24%, respectively, 
compared to the M-0 mixture. After ball milling, the small particles of the miscanthus 
are more tightly wrapped by the mortar, which results in a decrease in porosity and 
water absorption [76]. For the heat treatment, with the increase in the pyrolysis duration, 
the volatile components gradually are lost, causing the carbon content to increase 
relatively with the decomposition of organic matter, affecting the bonding ability at the 
mortar interface [59,77], and consequently, reducing the porosity and water absorption 
of mortar. 

M-0 M-2 M-3 M-4 M-LF M-SF M-P
1200

1300

1400

1500

1600

1700

D
en

si
ty

 (
k

g
/m

3
)

Mix code

 Demoulding density
 Oven dry density

(a)

M-0 M-2 M-3 M-4 M-LF M-SF M-P
0

3

6

9

12

15

W
a

te
r 

a
b

so
rp

ti
o

n
 (

%
)

Mix code

 1-hour    2-hour
 24-hour  Porosity

(b)

5

10

15

20

25

P
o

ro
si

ty
 (

%
)



 

19 

 

▪ Thermal conductivity  

The thermal conductivity of the mortars varies from 0.56 W/(m·K) to 0.73 W/(m·K), 
as shown in Table 2.3. The treated miscanthus significantly reduces the thermal 
conductivity, volume heat capacity and thermal diffusivity of mortar. The thermal 
conductivity of the M-4 and M-LF mixtures is reduced by 19% and 23%, respectively, 
as compared to the M-0 mixture. After ball milling, the particle size of the miscanthus 
becomes smaller, they are more tightly and uniformly dispersed into the mortar and 
form tiny closed voids, resulting in an improvement in the heat absorption capacity of 
the miscanthus mortar. It can be concluded that the physically treated miscanthus (M-
LF and M-SL series) is recommended for the manufacture of heat-insulating bio-based 
mortar. 

Table 2.3 Thermal properties of mortar. 

Mix code 
Thermal conductivity 
λ (W/m·K) 

Volume heat capacity 
Cρ (M J/m3·K) 

Thermal diffusivity  

a (10-6 m2/s) 
M-0 0.73 1.7 0.44 

M-2 0.59 1.6 0.38 

M-3 0.59 1.6 0.38 

M-4 0.59 1.5 0.37 

M-LF 0.56 1.6 0.35 

M-SL 0.56 1.6 0.34 

M-P 0.62 1.7 0.38 

2.3.3 Mechanical properties  

▪ Compressive strength and flexural strength  

The compressive strength and flexural strength of the mortars are shown in Fig. 2.6. 
The results show that the treated miscanthus significantly increases the compressive 
strength of the mortar. Moreover, the compressive strength of mortar containing heat-
treated miscanthus improves as the heat treatment duration increases. However, 
considering the energy consumption and exhaust emissions caused by heat treatment, 
it is not preferred for treating miscanthus.  

The 28-day compressive strengths of the M-LF and M-P mixtures are increased by 17% 
and 26%, respectively, compared to the M-0 mixture. The results also show that the M-
LF and M-P significantly improve the 28-day flexural strength of the mortar, with an 
increase of 24% and 12%, respectively, as compared to the M-0 mixture. The large 
particle size and waxy surface of the untreated miscanthus results in weak bonding with 
the mortar [62]. The untreated miscanthus increases the air voids of mortar, resulting in 
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a reduction in mechanical strength.  
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Fig. 2.6 (a) compressive strength and (b) flexural strength of mortar. 

▪ Microstructure  

The SEM micrographs of miscanthus mortar are shown in Fig. 2.7, the mortar is present 
on the untreated miscanthus and a small amount of mortar is observed on the surface 
(M-0) along the fibre. Some surfaces of heat-treated miscanthus are covered with 
mortar (M-4). The crack development process of bio-based miscanthus mortar (M-0) is 
shown in Fig. 2.8. The failure of mortar depends on the characteristics of the miscanthus, 
lightweight aggregate strength, as well as interfacial adhesion between the miscanthus 
and the mortar. The microscopic pores easily develop on the surface of the mortar 
around the miscanthus. The crack is developed along with the weak bonding interface 
under external load and the low-strength miscanthus is also penetrated by the crack. 
When the crack passes through the lightweight aggregate, the failure of mortar occurs. 
Therefore, an effective method to improve the mechanical strength of the miscanthus 
mortar is to increase the bonding ability between the miscanthus and the mortar through 
heat treatment and physical treatment. 

2.3.4 Drying shrinkage  

▪ Drying shrinkage and mass loss 

As shown in Fig. 2.9, the treated miscanthus significantly decreases the drying 
shrinkage and mass loss of mortar. Moreover, most of the drying shrinkage and mass 
loss of the miscanthus mortar happen within the first two weeks due to the high porosity 
of miscanthus mortar. At 90 days, the drying shrinkage of the M-LF and M-P mixtures 
are 831 με and 788 με, respectively, which are reduced by 21% and 25%, respectively, 
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compared to the M-0 mixture. Previous studies show that the drying shrinkage of oil 
palm shell concrete [78] and wood sand concrete [79] at 90 days are about 450-550 με 
and 1200-1900 με, respectively. Therefore, the drying shrinkage of the miscanthus 
mortar in this study is acceptable compared to those bio-based concretes. 

 

Fig. 2.7 SEM micrographs of miscanthus mortar. 

 

Fig. 2.8 SEM micrographs of crack development of miscanthus mortar. 
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The drying shrinkage is generally caused by the loss of water in the capillary from the 
interior of concrete [80–82], which is related to relative humidity [83,84] and porosity 
[85,86]. Under the same conditions, low-porosity concrete usually has less drying 
shrinkage [87]. Large particle aggregates are more prone to dry shrinkage than small 
particle aggregates [88]. Since mortar containing powdery miscanthus has a smaller 
particle size and less porosity than mortar containing untreated miscanthus, this results 
in a significant reduction in the drying shrinkage. 

 
Fig. 2.9 (a) drying shrinkage and (b) mass loss of miscanthus mortar. 

 

Fig. 2.10 Relationship between mass loss and drying shrinkage of miscanthus mortar. 

▪ Relationship between mass loss and drying shrinkage  

The relative humidity inside the concrete may affect the drying shrinkage [85]. The 
mass loss of concrete can be used to evaluate relative humidity [80], especially for the 
high water absorption aggregate [89]. As shown in Fig. 2.10, the relationship between 
drying shrinkage and mass loss can be divided into three stages. In the first stage, the 
mass loss increases significantly with a small drying shrinkage due to the rapid loss of 
free water from the larger pores of the miscanthus mortar. The treated miscanthus 
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reduces the mass loss of the miscanthus mortar in this stage because of the reduction in 
the porosity of the mortar. In the second stage, a good linear relationship is observed 
between drying shrinkage and mass loss. A similar trend is observed in other previous 
studies [80,83,87]. In the third stage, the mass loss of concrete is maintained at a steady 
state, while the dry shrinkage rate is gradually reduced [85]. 

2.4. Conclusions 

(1) Heat treatment significantly reduces the density of the miscanthus fibre and 
increases water absorption, which is not recommended for miscanthus treatment. The 
crack appears on the surface of the miscanthus after heat treatment, and the fragment is 
peeled off the surface. Water absorption of the miscanthus is lower for the short fibre 
(0.4-1.5 cm) and long fibre (2-3 cm).  

(2) Milling miscanthus reduces the density, water absorption, porosity and thermal 
conductivity of the mortar significantly. The small particle of the miscanthus is more 
easily enclosed by the mortar after ball milling, resulting in a decrease in water 
absorption and porosity of the M-P mixture.  

(3) Using milled miscanthus improves the compressive strength of the mortar 
significantly. The irregular cavities of the parenchyma structure of the powdery 
miscanthus are easily filled with fresh mortar and tightly embedded in the mortar, 
resulting in an enhanced bonding interface. Moreover, long fibres of miscanthus have 
a better fibre-bridging effect than other forms of miscanthus. 

(4) Powdery miscanthus and long-fibre miscanthus are superior in terms of reducing 
drying shrinkage, thermal conductivity, and improving the mechanical strength of the 
miscanthus mortar, and are the preferred forms for using miscanthus in sustainable bio-
based cement mortar. 
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Chapter 3 Phosphorus removal from aqueous solutions by 

adsorptive concrete aggregates   

 

 

 

 

The purpose of this chapter is to investigate the adsorption characteristics of granular 
aggregates under identical experimental conditions for potential applications in highly 
adsorptive concrete. The industrial by-products (steel slag), lightweight aggregates 
(expanded silicate) and bio-based materials (peach shell and miscanthus) are used for 
phosphate (P) removal from aqueous solutions. The effects of several parameters such 
as the initial P-concentrations, reaction time and pH value on adsorption capacity and 
removal efficiency of P are investigated using an IC analyzer. Results show that the P-
adsorption of all absorbents follows the adsorption isotherms with a varying P-
concentration from 5 mg/L to 700 mg/L, and the adsorption isotherms data is fitted well 
by the Langmuir model. The steel slag exhibits a higher P-adsorption capacity and 
adsorption efficiency compared to lightweight aggregates and bio-based materials, with 
an estimated maximum adsorption capacity by steel slag of 20.4 mg/g. Heat treatment 
is used to increase the adsorption capacity of the miscanthus by making use of the 
change in pore structure characteristics determined by BET. The adsorption kinetic data 
of the steel slag follows a pseudo-second-order model. The ICP-AES, XRD and SEM-
EDS analyses show that the P-adsorption of the bio-based material follows physical 
adsorption, whereas the adsorption mechanism of the steel slag can be attributed to the 
Ca2+ released from the steel slag, which can react with phosphate and form a stable Ca-
P precipitate. It is suggested that steel slag can function as an effective adsorptive 
aggregate for the manufacture of highly adsorptive concrete. 

 

 

This chapter has been published as: 

F. Wu, Q.L. Yu, F. Gauvin, H.J.H. Brouwers, C.W. Liu. Phosphorus removal from aqueous solutions by 

adsorptive concrete aggregates. Journal of Cleaner Production, 278, 123933, 2021.  
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3.1 Introduction 

Phosphate is one of the main pollutants from stormwater runoff [90]. In extreme 
conditions, the excess supply of P causes eutrophication and excessive algal blooms 
[91]. With the requirements of sustainable development, different low-cost and high-
adsorption materials are gradually employed for water purification, such as fly ash [12], 
pumice [92], steel slag [43], porous lightweight materials [93], peach shell (PS) [94], 
miscanthus (M) [95], plantage ovata [96], etc. The P-adsorption mechanism of these 
materials is attributed to ion exchange, chemical precipitation, biological processes and 
physical adsorption, etc. [97]. Although most of these materials have good adsorption 
characteristics, not all of them are suitable as adsorptive aggregates considering size 
and strength requirements. Besides, most of the current studies mainly focus on the 
adsorption capacity of powdery materials. The adsorption performance of the low-cost, 
available and highly adsorptive aggregates for highly adsorptive concrete should be 
evaluated by granular aggregate rather than powder.  

BOF steel slag (SS) is a by-product of the steel industry, which is mainly used for road-
base or sand replacement, or otherwise landfilled or stockpiled. The main dominant 
components of the SS are calcium oxide (CaO) and iron oxide (Fe2O3), which are the 
result of the addition of the fluxing agent during the steelmaking process [43]. The high 
content of metal oxide makes it a potential adsorbent, and it has attracted more attention 
for phosphate removal from wastewater [5]. The release of calcium ions (Ca2+) from 
the SS can be combined with phosphate (PO4

3-) by Ca-P precipitation-coagulation 
mechanism [27]. More than 70% of the BOF-SS is composed of calcium-containing 
minerals [98], indicating sufficient calcium ions can be supplied for the precipitation-
coagulation process.  

Adsorptive aggregates should be low-cost, eco-friendly and available, thus bio-based 
aggregates may be feasible for recyclable adsorptive materials for pollutant removal 
due to the well-developed pore structure. However, the different experimental 
conditions affect physico-chemical properties of adsorbent materials, and the same 
material exhibits different adsorption capacities with varying conditions such as initial 
concentration, reaction time, pH, temperature and agitation mode, etc [43]. The 
adsorption properties of different adsorptive aggregates under identical experimental 
conditions should be investigated and the optimized aggregates for potential application 
in highly adsorptive concrete should be obtained.  

The purpose of this chapter is to investigate the adsorption characteristics of granular 
aggregates under identical experimental conditions for potential applications in highly 
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adsorptive concrete. The industrial by-product (BOF steel slag), lightweight aggregate 
(expanded silicate) and bio-materials (peach shell and miscanthus) are used for P-
removal from aqueous solutions. The effects of the initial P-concentration, reaction time 
and pH on the adsorption capacity and efficiency of P are investigated with ion 
chromatography (IC). The adsorption isotherms and adsorption kinetics models of P-
absorption are derived. The pore structural properties of the materials are analyzed 
using Brunauer Emmett Teller (BET) method. The removal mechanism of phosphate is 
discussed based on the results from inductively coupled plasma atomic emission 
spectroscopy (ICP-AES), X-ray diffraction (XRD) and scanning electron microscope 
combined with an energy dispersive spectrometer (SEM-EDS).  

3.2 Materials and methods 

3.2.1 Materials 

The BOF steel slag (SS) (TATA Steel, The Netherlands), commercial expanded silicate 
material (ES), miscanthus (M) (NNRGY, The Netherlands) and commercial peach shell 
biochar (PS) are used as absorptive materials in this study. The heat-treated miscanthus 
(M-3hour) under nitrogen conditions at 250 ℃ for 3 hours is also used as an absorbent 
for comparison [69]. All raw materials selected for the investigations of the adsorption 
performance have a particle size of 1-2 mm. They are washed twice with distilled water 
to remove any contaminations, and then oven-dried at 105 ℃ for 24 hours and stored 
in air-tight containers until the test.  

Table 3.1 Chemical composition of raw materials (wt.%). 

Oxides Cement Steel slag[34] Expanded silicate 

CaO 64.6 40.3 2.0 

SiO2 20.1 14.1 55.0 

Al2O3 5.0 2.0 22.0 

Fe2O3 3.2 26.7 3.0 

SO3 3.1 - - 
MgO 2.0 7.8 1.0 

MnO 0.1 4.7 - 
TiO2 0.3 1.4 0.5 

V2O5 - 1.0 - 
P2O5 0.4 1.6 - 
K2O+Na2O 0.8 - 14.0 

LOI 0.4 0.6 4.0 

The high content of metal oxides contributes to a strong affinity for P-adsorption [99]. 
The chemical compositions of raw materials are determined by X-ray fluorescence 
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spectroscopy (XRF), as presented in Table 3.1. The main chemical components of the 
SS are CaO (40.3%), Fe2O3 (26.7%) and SiO2 (14.1%). The ES is mainly composed of 
SiO2 (55.0%), Al2O3 (22.0%), K2O and Na2O (14.0%). The PS and M are organic matter, 
and their chemical compositions are mainly composed of C, H, O and N [59]. The SEM 
images of the adsorbents are shown in Fig. 3.1. Many micropores are observed on the 
surface of the PS, ES and M-3hour (Fig. 3.1a, 3.1c and 3.1e). The SS displays a 
densified surface, but microscopic cracks with a width of smaller than 5 μm are 
observed on the surface (Fig. 3.1b). The internal surface of the M is parenchyma-like a 
cavity structure (Fig. 3.1d). 

 

Fig. 3.1 SEM images of topography of (a) PS, (b) SS, (c) ES, (d) M and (e) M-3hour. 

3.2.2 P-adsorption experiments 

An artificial P solution is prepared for the adsorption test in this study. A stock P solution 
of 1000 mg/L is prepared by dissolving the chemically pure potassium dihydrogen 
phosphorus (KH2PO4) in distilled water, i.e., 4.394 g of KH2PO4 is weighed and placed 
in a 200 mL beaker with distilled water, the solution is transferred to a 1000 mL 
volumetric flask, dilute with distilled water to the mark line and the 1000 mg/L P 
solution is obtained. 1 mL of this solution contains 1 mg of phosphorus. All standard P 
solutions with the desired concentration are prepared by diluting the stock P solution 
with distilled water.  

(b) 
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▪ Effect of different adsorbents on adsorption 

A preliminary experiment is conducted to evaluate the adsorption capacity of different 
raw materials. 1 g of the adsorbent material is added to a 25 ml P solution with a 
concentration of 50 mg/L. The mixture is stirred at 225 rpm in the thermostatic shaker 
for 24 h and then filtered by a 0.45 μm membrane. The extracted supernatant is used 
for the P concentration test. 

The P-adsorption amount (q, mg/g) and P-removal fraction (PR, %) are calculated as 
follows: 

q = 𝐶0−𝐶𝑒𝑀 × 𝑉                                                     (3.1) 

𝑃𝑅 = 𝐶0−𝐶𝑒𝐶0 × 100%                                                (3.2) 

Where C0 is the initial P concentration (mg/L), Ce is the P concentration in the solution 
at equilibrium (mg/L), M is the mass of sample (g), and V is the volume of solution (L). 

▪ Adsorption isotherms 

The adsorption isotherms of P are evaluated with batch experiments. For the sorption 
isotherms, 1g of the adsorbent is loaded in a 50 ml polyethene centrifuge tube and 
mixed with 25 ml of various P solutions (5-700 mg/L). The flask is covered and stirred 
at 225 rpm for 24 h to ensure approximate equilibrium. After P adsorption, the solution 
is filtered through a 0.45 μm membrane filter and then analyzed for P concentration.  

The Langmuir and Freundlich equations are used for analyzing the adsorption 
isotherms of adsorbents, as described below: 

Langmuir equation: 

 A𝑒 = 𝑄𝑚𝐾𝐿𝐶𝑒1+𝐾𝐿𝐶𝑒                                                       (3.3) 

Freundlich equation: 

 A𝑒 = K𝐹𝐶𝑒1𝑛                                                       (3.4) 

Where Ae is the adsorption removal capacity (mg/g), Ce is the P concentration in the 
solution at equilibrium (mg/L), Qm is maximum adsorption capacity in Langmuir 
isotherm, KL is adsorption constant in Langmuir isotherm, KF is the constant of 
Freundlich isotherm, n is heterogeneity factor of Freundlich isotherm. 
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▪ Adsorption kinetics 

The adsorption kinetics experiments are performed using a procedure similar to the one 
used for the adsorption isotherm test. A series of bottles with 1g of adsorbent and 100 
ml of solution with a set P concentration of 100 mg/L, then mixed and shaken for 
different contact times (0.25, 0.5, 1, 2, 4, 6, 8, 12, 16 and 24 h). The solution is filtered 
and determined for residual concentration. 

The Lagergren pseudo-first-order equation, pseudo-second-order equation and simple 
Elovich equation are used for describing the adsorption kinetics of adsorbents in this 
study: 

Pseudo-first-order equation: 

dA𝑡𝑑𝑡 = k1(𝐴𝑒 − 𝐴𝑡)                                                 (3.5) 

Pseudo-second-order equation: 

dA𝑡𝑑𝑡 = k2(𝐴𝑒 − 𝐴𝑡)2                                                (3.6) 

Simple Elovich equation: 𝑞 = 𝛼 + 𝛽 lnt                                                     (3.7) 

Where At is the amount of P adsorbed by the adsorbent at any time (mg/L), Ae is the 
adsorption removal capacity (mg/g), K1 and K2 are the rate constant of Lagergren 
pseudo-first-order and pseudo-second-order kinetic models. 

▪ Effect of pH on adsorption capacity 

The effects of pH on P-adsorption are determined by a series of experiments with 
constant initial P concentration (100 mg/L) and adsorbent dosage (1g) and various pH 
values (3, 5, 7, 9 and 11). 1M NaOH and 0.5 M HCl are used to adjust the pH value of 
the tested P solution. 

3.2.3 P-desorption experiments 

In this study, an artificial P solution is prepared for the adsorption test. A stock P solution 
of 1000 mg/L is prepared by dissolving the chemically pure potassium dihydrogen 
phosphorus (KH2PO4) in distilled water. All standard P solutions with the desired 
concentration are prepared by diluting the stock P solution with distilled water.  

P-saturated adsorbent (1g) with 50 mg/L P-solution is placed in a 50 ml tube with 25 
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ml distilled water. After that, the tube is continuously shaken in a shaker at 225 rpm for 
24 h. The mixture is centrifuged and filtered, and the P is determined by the same 
method described above.  

P-desorption amount (qd, mg/g) is calculated: 

q𝑑 = 𝐶𝑉𝑀                                                           (3.8) 

The P-desorption fraction (Pd) is calculated: 

P𝑑 = 𝐶𝑉𝑇𝑃 × 100%                                                   (3.9) 

where C is the P concentration in the solution (mg/L), M is the mass of sample(g), V is 
the volume of the solution(L), and TP is the P content in the P-saturated sample. 

3.2.4 Analytical methods 

The microstructural properties of all samples including BET-surface area, pore volume 
and pore size are determined by the nitrogen adsorption/desorption test. The 
mineralogical composition of all samples before and after absorption of P is determined 
by XRD. The microstructure of all samples before and after the test is observed by 
SEM-EDS. Before SEM-EDS analysis, all samples are Au-coated to observe the sample 
surface. Metal ions such as calcium (Ca2+), iron (Fe2+), magnesium (Mg2+), etc. are 
measured through ICP-AES. The concentration of P is analyzed by IC. 

3.3 Results and discussion 

3.3.1 Pore structure of materials 

The P-adsorption capacity depends on the differences in chemical composition, 
microstructure, and pore characteristics [100]. Most powders or aggregates such as clay, 
pigment, and cement exhibited Type Ⅱ isotherms, and the narrow hysteresis loop is 
generated by inter-particle capillary condensation [101]. As shown in Fig. 3.2, the 
adsorption-desorption isotherm curves of all materials belonged to the Type Ⅱ 
isotherms based on the International Union of Pure and Applied Chemistry (IUPAC) 
classification [101]. Moreover, a narrow hysteresis loop is observed in the adsorption-
desorption isotherms curve, which indicates that the micropores and mesopores are 
well-developed [102,103]. The results also show that the PS adsorbed more nitrogen 
than other materials under the same relative pressure conditions, which indicates that 
the PS has more developed pore structures. 
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The pore size of adsorbents can be divided into micropores (<2nm), mesopores (2-
50nm) and macropores (>50nm) [104]. The pore size distribution of the material is 
estimated by the Barrett-Joyner-Halenda (BJH) method from the desorption data of the 
BET test, as shown in Fig. 3.3. The pore structure properties of the material are shown 
in Table 3.2. As shown in Fig. 3.3, most of the pores of the PS and SS are less than 10 
nm, which indicates that they may have better adsorption capacity compared to the ES 
and the M. Generally, the mesopores mainly play the role of the channel for the solution 
to enter the interior of the PS. Most of the pore volume of the ES and M is less than 50 
nm, and they are in the range of mesopores. Heat treatment reduces the pore volume 
and pore size of the M, consequently increasing the specific surface area, as shown in 
Table 3.2. Therefore, the M-3hour may have better uptake of pollutants because of the 
well-developed mesoporous structure and high specific surface area compared to the 
untreated M [69]. 
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Fig. 3.2 The nitrogen adsorption-desorption isotherms of the material. 
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Fig. 3.3 The Barrett-Joyner-Halenda (BJH) pore size distribution of the material. 
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3.3.2 P-adsorption 

▪ Effect of different materials on adsorption 

The P-adsorption amount and removal fraction of the material after 24 h in a P solution 
of 50 mg/L are shown in Fig. 3.4. The results show that the SS and ES have a higher 
amount for P removal compared with other bio-materials. The P-removal fraction of P 
with the SS is 100%, while the adsorption capacity of other materials for P removal is 
very limited, with a range of 8%-19%. The high P adsorption capacity of the SS is 
attributed to the calcium ions leached from the SS surface, which can be bound with P 
ions in the solution to form a stable precipitate [100,105].  

Table 3.2 Physical properties of materials. 

Materials 
BET surface area 
(m2/g) 

Micropore area 
(m2/g) 

Pore size 
(nm) 

Pore volume 
(cm3/g) 

PS 297 237 2.0 0.15 

SS 5.1 0.6 13.2 0.002 

ES 1.0 0.1 14.5 0.004 

M 0.1 0.5 30.7 0.007 

M-3hour 2.0 1.4 12.8 0.006 
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Fig. 3.4 P-removal capacity and rate of the material in the P solution of 50mg/L. (Adsorbent: 1g, P 

solution volume: 25 ml, Revolution per minute: 225, Time: 24 hours). 

Some metals ions such as K, Na and Mg ions do not significantly affect the P-adsorption 
capacity [106,107], whereas metal ions (i.e. Ca, Fe, Al) released from the materials have 
a strong affinity with P. Previous studies have reported that the relative effects of the 
different cations on P-adsorption capacity [106], with the order of Ca > Mg > K > Na 
[108]. Hence, among the metal ions, the Ca2+ concentration is one of the key parameters 
for the Ca-P precipitation [43]. Although sodium ions are also leached from the solution 
of the SS, the sodium ions have no significant effect on the adsorption of P, as reported 
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by Bowden et al. [27] and Yin et al. [105]. For the SS, the P-removal capacity is 
dominated by a chemical process, a large amount of calcium ions leach from the SS 
surface to supply enough dissolved calcium ions to the solution and react with 
phosphate and precipitate in the form of hydroxyapatite following the chemical 
reactions [43]:  

CaO + H2O → Ca2+ + 2OH−                                        (3.10) 5Ca2+ + 3PO43− + OH− → Ca5(PO4)3(OH) ↓                           (3.11) 

However, the PS and M are organic matter, which is mainly composed of C, N and O 
elements, indicating that the P-removal is achieved by pore-filling and electrostatic 
attraction [109]. The high specific surface area and more mesoporous structure are 
crucial for improving the uptake capacity of P [102]. The results confirm that the M-
3hour increases the adsorption capacity compared to the M. Previous research shows 
that the bio-materials made from bamboo, maize residue and soybean stover have a low 
P-removal rate with a range of 2-9% [102]. The results also indicate that the SS has 
better P-adsorption capacity and adsorption efficiency compared to lightweight 
aggregates and bio-materials. 

▪ Adsorption isotherms 

The adsorption isotherms of the materials are presented in Fig. 3.5. The results show 
that the P-adsorption amount increases as the initial P concentration increases. However, 
the P-removal fraction decreases with the increase in P concentration. At the initial P 
concentration of 700 mg/L, the maximum adsorption amount of the SS is 9.8 mg/g, 
while the adsorption amount of other materials varies from 1.5 mg/g to 1.8 mg/g. When 
the initial P concentration is less than 200 mg/L, the P-removal fraction of the SS 
reaches 100%. When the initial P concentration further increases, the P-removal 
fraction of the SS decreases. For instance, the removal fraction of the SS slows down 
to about 55% at the initial P concentration of 700 mg/L.  

The P-adsorption isotherms are analyzed by Langmuir and Freundlich equations, 
respectively, as shown in Fig. 3.6. The Langmuir and Freundlich isotherm parameters 
for P-adsorption are presented in Table 3.3. The results show that both Langmuir and 
Freundlich models fitted the experimental data well with a very high correlation 
coefficient (R2). The estimated maximum adsorption amount of the SS is 20.4 mg/g 
according to the Langmuir model. The maximum adsorption capacity of the M-3hour 
is very close to that of the PS. The extraction of P from the M and the M-3hour may 
more easily occur than other materials because of the low holding capacity [102].  
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Fig. 3.5 The adsorption isotherms of the materials (a) P-removal amount and (b) P-removal fraction 

(Adsorbent: 1g, P solution volume: 25 ml, Revolution per minute: 225, Time: 24 hours). 
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Fig. 3.6 The Langmuir and Freundlich isotherms of the materials. 

Table 3.3 Langmuir and Freundlich isotherm parameters of the materials. 

Materials 
Langmuir model Freundlich model 

Qm  KL R2 KF n R2 

PS 3.7 0.0013 0.99 0.02 1.39 0.99 

SS 20.4 0.0014 0.98 0.10 1.40 0.97 

ES 4.1 0.0013 0.99 0.02 1.39 0.99 

M 3.4 0.0010 0.98 0.01 1.30 0.98 

M-3hour 3.7 0.0011 0.99 0.01 1.33 0.99 

▪ Adsorption kinetics 

Kinetic studies are usually used to evaluate the relationship between reaction time and 
the maximum adsorption amount [102]. The adsorption fraction of the adsorbent 
usually increases rapidly during the initial reaction time and then slowly reaches 
equilibrium [110]. As shown in Fig. 3.7, the adsorption amount of all materials 
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increases as the reaction time increases. At the end of 2 hours, the adsorption amount 
of the SS only reaches 52% of the adsorption equilibrium amount. The results also show 
that the adsorption fraction of the SS gradually reduces with contact time increases until 
reaching the equilibrium after 16 hours. The equilibrium time of the SS and ES are 
significantly longer than that of bio-materials. The varying equilibrium time may be 
attributed to the distinguishing characteristics of the materials, which leads to different 
adsorption processes and adsorption mechanisms [105].  

However, the adsorption amount of the M rapidly increases in the first 2 hours, which 
reaches 92% of the adsorption equilibrium amount. Previous research reported that the 
adsorption amount of the peanut shell biochar exceeds 80% of its maximum adsorption 
amount within the first 4 hours [102]. This is attributed to a large amount of mesopores 
available for adsorption at the first contact time [110]. Moreover, the high water 
absorption of the M results in the mesopores being rapidly filled by the P solution in 
the first 2 hours, and then the adsorption fraction rapidly decreases until reaching 
equilibrium. However, the use of the SS to remove P is a slow and continuous process, 
indicating sufficient calcium ions gradually leach from the SS surface and then react 
with P for the precipitation-coagulation process. Besides, the precipitation also needs 
time to finish the reaction [111]. Therefore, as long as calcium ions are continuously 
released from the SS surface, the P-removal process will keep proceeding.  
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Fig. 3.7 Adsorption kinetics of the materials. 

The experimental data are matched by the pseudo-first-order, pseudo-second-order and 
simple Elovich kinetic models. As shown in Fig. 3.7, the experimental data of P-
adsorption in this study can be described well by the pseudo-second-order kinetic model. 
The evaluated kinetic parameters are presented in Table 3.4. The values of the 
calculated adsorption amount are close to the experimental data according to the 
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pseudo-second-order model. Although the Elovich model also can fit the adsorption 
kinetic data of the SS and the ES, the fitting quality for the M and PS is poor.  

Table 3.4 Kinetic parameters of the materials. 

Materials 
Pseudo-first-order Pseudo-second-order Elovich 

Q K1 R2 Q K2 R2 α β R2 

PS 0.44 2.7 0.95 0.46 9.2 0.93 0.35 0.05 0.72 

SS 2.35 0.4 0.92 2.67 0.2 0.97 1.02 0.50 0.99 

ES 0.41 1.1 0.74 0.46 3.0 0.89 0.26 0.07 0.99 

M 0.35 2.9 0.94 0.37 12.9 0.99 0.29 0.03 0.79 

M-3hour 0.37 3.0 0.94 0.39 13.3 0.99 0.30 0.03 0.81 

▪ Effect of pH on adsorption capacity 

The high pH causes the adsorbent surface to carry a more negative charge, which 
significantly repulses negatively charged solutes, consequently, a high pH generally 
reduces the adsorption amount of P due to the presence of repulsive forces [112]. As 
shown in Fig. 3.8, the adsorption amount of all materials decreases by 11%-19% when 
the pH value increases from 3 to 11. This result is consistent with previous studies 
reported by Yin et al. [105] and Bolan et al. [113], with a maximum P-adsorption 
amount appearing at a pH value of around 3-4. When the pH value of the solution is 
less than 2, the species of the P predominantly exist in H3PO4, which is difficult to 
attach to exchange sites for anion exchange. When the pH value varies from 3 to 5, the 
H2PO4

-, HPO4
2- and PO4

3- are major species for the P solution, which are available for 
ion exchange, especially H2PO4

-. When the pH value is more than 8, the more OH— ion 
exists in solution, which may compete with the species of the P for ion exchange, 
resulting in the reduction in the P-adsorption [114]. 
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Fig. 3.8 Effects of pH values on the adsorption amount (Adsorbent: 1g, P solution: 25 ml, Initial P 

concentration: 100 mg/L). 
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The results also show that the adsorption amount of the SS reduces sharply when the 
pH values of the P solution change from acidic to alkaline. Previous studies indicate 
that the amount of Ca2+ ions leaching from the adsorbent decreases with an increase in 
the pH value of the initial solution [105,115]. Moreover, when the pH value of the 
solution decreased, the positively charged surface sites formed on the adsorbent 
promote P-adsorption because of the electrostatic attraction [115]. An approximate 20% 
reduction in P adsorption amount is observed in the calcium-rich sepiolite adsorbent 
[105]. This is because the positive charge surface of the adsorbents is more easily 
combined with P in an acidic solution due to electrostatic attraction [115]. Besides, the 
types of P ions in the solution are affected by the pH value of the solution. When the 
pH value varies between 3 and 7, the predominant species of P are negatively charged 
H2PO4

-, which could react with the dissolved Ca2+ to form the precipitation.  

3.3.3 P-desorption 

The P-desorption amount and desorption fraction of the material are shown in Fig. 3.9. 
The results show that the P-desorption fraction of the M and the M-3hour is 
significantly higher than that of other materials, which are more than 60%. This 
phenomenon indicates that the M is an unstable physical absorption, and the adsorbed 
P could easily be desorbed from the M, which is a reversible adsorption process, 
resulting in secondary pollution in the aquatic environment. It should be noted that no 
desorbed P is detected in the SS solution, which confirms that the combination of Ca-P 
is a stable precipitation process and barely desorption occurs once bonding is formed 
[105,116]. Therefore, the SS can be safely used as adsorptive aggregates in concrete for 
P-removal from water and no secondary pollution occurs.  
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Fig. 3.9 The P-desorption amount and desorption fraction of the material (Adsorbent: 1g, Distilled 

water: 25 ml, Revolution per minute: 225, Time: 24 hours).  
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Fig. 3.10 The XRD patterns of the material before and after the test (a) SS, (b) ES, (c) PS, (d) M and 

(e) M-3 hour. 

3.3.4 Characterization of the adsorbents after P-adsorption 

▪ Mineralogical phase analysis 

The main mineral components of the SS are brownmillerite, larnite, wustite and 
magnetite, as shown in Fig. 3.10a. The adsorption effect of the SS on P can be explained 
by the hydrolysis of calcium-containing oxides [117]. The calcium-containing oxides 
are involved in the P-removal by chemical bonding on the surface or chemical reaction 
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with the surface, which leads to a better adsorption capacity of the SS than other 
materials. The crystalline compounds of the ES are quartz, zeolite and albite, but the 
ES is predominantly amorphous. Metal elements such as sodium, potassium and 
aluminium also contributed to the P-adsorption [118]. 

Similar to other bio-materials such as wood, soybean, bamboo, etc., the structure of the 
PS is crystalline cellulose and a distinct peak appears near the diffraction between 25° 
and 30°. The shape of the diffraction curve of the M and M-3hour is similar to that of 
the PS. The M-3hour shows a wide diffraction peak compared to the M due to the heat 
treatment effect [59,119]. PS and M are mainly composed of C and O, which account 
for about 90% of the total dry weight [120,121]. They cannot react with P to form a 
new crystal structure. Therefore, the changes in the peaks of the M and the M-3hour 
after P-adsorption near the diffraction angle of 18° and 40° are caused by the amorphous 
P on the surface or micropores of the material [117].  

 

Fig. 3.11 The SEM images and EDS analysis of the material after adsorption test (a) SS and (b) M-

3hour. 

▪ SEM-EDS analyses 

The SEM images and the EDS analyses of the material after P adsorption are shown in 
Fig. 3.11. Several small spots are selected and analyzed on the surface of the materials 
and a crystalline substance appears distributed on the M-3hour surface. The finely 
distributed P crystals are observed on the surface of the SS by EDS analysis, which is 
the precipitate of Ca/P/O. The same phenomenon is also observed by other researchers 
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in other materials, such as furnace slag [111], oil-shale ash [99], and sepiolite [105], 
namely suspended Ca-P precipitation formed on the surface of the adsorbent after P-
adsorption. In this study, the strong peak of P is observed in all EDS spectra and the P 
is detected on the surface of all materials. The surface structure of the SS has no 
significant effect on the P-adsorption, the chemical adsorption is predominant to the SS 
for P adsorption due to the dissolution of calcium and precipitation of hydroxyapatite 
[43].  

3.3.5 Low-cost materials used for P-adsorption 

Table 3.5 Low-cost materials used for P-adsorption. 

Materials 

Particle 
size 
(mm) 

Adsorption 
capacity 

(mg/g) 

Initial 
concentration 
(mg/L) 

Agitation 
mode 

(rpm) 

Contact 
time 

(h) 

P-
removal 
(%) 

Industrial materials       

Steel slag this study 1-2 9.8 700 225 24 55 

Furnace slag [111] 0.8-2.3 2.8 - 4000 24 - 
Steel slag [43] 5-10 2.5 100 125 24 >90 

Furnace slag [122] <5 8.9 400-600 200 24 - 
Fly ash [12] <0.3 32 400 120 16 - 
Coal ash [29] <2.8 0.9 35-45 - 12 - 
Synthetic materials       

Fe-Cu binary oxide [9] Powder 35.2 30 160 24 - 
Aluminium oxide [123] Powder 35 8 600 4 - 
Iron hydroxide [8] Powder 28.8 - - 24 - 
Natural materials       

Palygorskite [115] <0.15 42 1000 200 24 - 
Modified sepiolite [105] <0.15 32 100 160 24 86 

Quartz sand [48] 0.5-2 0.3 25 140 24 87.7 

Bio-based materials        

Peanut shell [102] Powder 3.8 5 200 48 61.3 

Bamboo [124] Powder <2.5 6.5 200 24 42.15 

Juniper fiber [125] Powder <0.5 10 150 24 - 
Date palm fiber [126] Powder 1.8 50 200 2 - 

The low-cost materials used for P-adsorption including industrial by-products, 
synthetic materials, natural and bio-based materials are presented in Table 3.5. The 
results indicate that the SS generally has better P adsorption capacity than most of the 
bio-materials and unmodified natural materials, but lower than synthetic materials and 
modified natural materials. SS is known for its volume instability by hydration reaction 
of free-lime phase and also has issues with leaching. The same negative properties as 
the synthetic and modified aggregates. Although synthetic materials have higher 
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adsorption capacity, they are powdery and are not suitable for application as aggregates 
in concrete. Similar to the modified natural aggregates coated with chemical solvents, 
the use of synthetic materials in concrete may lead to secondary pollution of the water 
environment [119].          

Bio-based activated carbon such as bamboo, juniper fibre and date palm fibre has been 
widely used as adsorbents in water treatment, but the adsorption capacity of bio-
materials is relatively limited compared to the SS. Besides, they are generally elongated 
and flaky particles, and their application as aggregates results in a weak interfacial 
transition zone and low mechanical properties of concrete [59]. However, the granular 
SS has a much higher strength than other biological materials, which is feasible to be 
directly used as aggregates in concrete. Therefore, SS can be considered as an effective 
adsorptive aggregate to replace the non-adsorptive aggregate for increasing the P-
removal of adsorptive concrete because of its excellent mechanical and adsorption 
properties.  

3.4 Conclusions 

(1) BOF steel slag exhibits a high P-adsorption capacity and adsorption efficiency, 
compared to lightweight aggregates and bio-based materials. Adsorption kinetics are 
fitted well by the pseudo-second-order kinetic model. Steel slag has very low P-
desorption, indicating that it can be used safely as adsorptive aggregates in concrete for 
P-removal. 

(2) The steel slag adsorption mechanism is attributed to Ca2+ leached from the SS 
surface, which can react with phosphate to form Ca-P precipitate. Moreover, the 
chemisorption process is continuous and stable, indicating that enough calcium ions 
gradually leach from the steel slag surface and then react with phosphate for the 
precipitation-coagulation process. It is proposed that steel slag can serve as effective 
adsorptive aggregates in the production of highly adsorptive concrete. 

(3) Heat treatment can be used to increase the adsorption capacity of the miscanthus. 
The adsorption amount of the miscanthus after a 3-hour heat treatment increases from 
3.4 mg/g to 3.7 mg/g due to the change in pore structure characteristics. P-adsorption 
of bio-based materials follows a physical adsorption mechanism because of the well-
developed mesoporous structure and high specific surface area. However, high water 
absorption of the miscanthus results in rapid P-adsorption in the initial reaction time, 
as well as high P-desorption.   
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Chapter 4 A facile manufacture of highly adsorptive 

aggregates using steel slag and porous expanded silica for 

phosphorus removal 

 

 

 

 

Natural adsorptive materials are mainly based on physical adsorption and have limited 
adsorption capacity. Artificial adsorptive aggregates possess great potential in 
improving water quality for pollutant removal from stormwater. This chapter aims to 
develop a porous and sustainable adsorptive aggregate combining both chemical and 
physical adsorption capacities. Industrial by-product steel slag (SS) powder is used in 
conjunction with porous expanded silicate (ES) powder applying a non-sintered 
pelletizing method for producing sustainable highly adsorptive aggregates, and bio-
based miscanthus (M) is applied to further increase its permeability and porosity. The 
results show that the bulk density of the resulting adsorptive aggregates varies from 570 
kg/m3 to 882 kg/m3, with a bulk crushing strength of up to 5.1 MPa. Moreover, all 
adsorptive aggregates have outstanding resistance to salt and freeze-thaw cycles. 
Phosphate adsorption tests show that the adsorptive aggregates remove the P in an 
aqueous solution. The present result demonstrates that sustainable highly adsorptive 
aggregates with good mechanical properties can be produced by applying the facile 
pelletizing method, suitable for the application in adsorptive concrete. 
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4.1 Introduction 

To recycle industrial wastes and develop sustainable adsorbent materials, the adsorption 
characteristics of industrial by-products, such as steel slag (SS), fly ash and expanded 
clay, have been investigated in recent years [27–29]. Among these materials, the SS 
exhibits an excellent adsorption capacity for pollutants and has been used as a filter for 
water purification in the field of wastewater treatment [30–32]. However, calcium ions 
for the hydroxyapatite precipitation are mainly released from the surface of the SS. The 
release of Ca2+ from the SS is not always sufficient during P-removal [43] because of 
the dense structure of the SS. Moreover, the adsorption capacity of the material usually 
increases as the particle size decreases, because of the increase in specific surface area 
[127]. The adsorption capacity of the SS is attributed to chemical adsorption, which is 
effective for specific pollutants, such as phosphate [45]. The aqueous solution usually 
contains a variety of pollutants, such as organic pollutants, nitrate, phosphate and heavy 
metals. Physical adsorption also plays an important role in adsorptive aggregates 
because it utilizes well-developed micropores for pollutant removal. Therefore, a 
combination of high-adsorption SS powder and porous materials produces artificial 
adsorptive aggregates with both chemical and physical adsorption capacity, which not 
only significantly reduces the density of the adsorptive aggregates for easy 
transportation but also makes the polluted water more easily in contact with the SS, will 
result in more calcium precipitated for the formation of Ca-P precipitation. 

High permeability and porosity are essential for adsorptive aggregates because the 
pollutants can more easily penetrate inside the adsorptive aggregate, and then the 
pollutants in the water can be quickly absorbed by the adsorbent material within the 
adsorptive aggregate. Moreover, the increase in micropores of adsorptive aggregates 
can adsorb contaminants through pore-filling and electrostatic attraction [109]. Bio-
based materials can significantly increase the permeability and porosity of the cement 
paste due to the well-developed micropores [59,128]. Previous studies show that 
ground miscanthus (M) exhibits high porosity and lightweight properties due to the 
high content of porous parenchyma with a pore size of approximately 50 μm [62]. 
Besides, the M powder can absorb about 5 times water of its weight, indicating high 
adsorption potential for pollutant removal from wastewater. The adsorption capacity of 
the M for Cd can reach 13.2 mg/g after slow pyrolysis with a temperature of more than 
500 ℃ [129]. Besides, the M has a better adsorption capacity for heavy metals removal 
and rapidly reaches equilibrium within 5 minutes [19]. Therefore, the M can be used to 
further increase the permeability of the adsorptive aggregate, making pollutants easily 
penetrate the adsorptive aggregate and be adsorbed and precipitated by the adsorptive 
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aggregate. 

This chapter aims to develop a porous and sustainable adsorptive aggregate combining 
both chemical and physical adsorption capacity for the improvement of the P-removal 
performance of adsorptive concrete. Basic Oxygen Furnace (BOF) steel slag (SS) 
powder is used in conjunction with porous expanded silicate (ES) powder by non-
sintered pelletizing for the manufacture of high adsorptive aggregates and the 
miscanthus (M) is used to further increase its permeability and porosity. The physical 
properties, mechanical strength, durability characteristics, and P-removal capacity of 
adsorptive aggregates are investigated. The mineralogical phase and microstructure of 
adsorptive aggregates are analysed by XRD and SEM, respectively. The present 
research provides a high adsorptive aggregate with good mechanical properties and 
high P-removal performance, which is suitable for application in the field of stormwater 
purification such as adsorptive concrete, constructed wetlands or rainwater gardens. 

4.2 Materials and methods 

4.2.1 Materials 

BOF steel slag (SS) (supplied by TATA Steel, The Netherlands) powder, a commercial 
lightweight expanded silicate (ES) powder and miscanthus (M) (supplied by Vibers, 
The Netherlands) are used as main components for the manufacture of adsorptive 
aggregates in this study. CEM Ⅰ 52.5 R Portland cement (supplied by ENCI, The 
Netherlands) is used as the binder. The SS is mainly composed of calcium and iron 
oxides, while the ES mainly contains silicon and aluminium oxides. However, the 
interior of the ES and the M is porous, so it may be feasible to use them to reduce the 
density of the adsorptive aggregates and increase the permeability. 

4.2.2 Adsorptive aggregates preparation 

The specific density of the SS and ES are 3.9 g/cm3 and 2.3 g/cm3, respectively. To 
reduce the density of the adsorptive aggregate, three mixing proportions including 
different SS and ES content are investigated. Considering the total content of raw 
materials by weight is 100% when the SS content are 25% (SS25), 50% (SS50) and 75% 
(SS75) and the corresponding ES content are 75%, 50%, and 25%, respectively. To 
increase the permeability of the adsorptive aggregate, the raw miscanthus (M) and heat-
treated miscanthus (HM) under nitrogen conditions at 250℃ for 3 hours are added to 
the mixture. The dosage of miscanthus in most mixtures is 3% of raw materials by 
weight (designated M3 in all Mix), except for the SS75M5 with 5% miscanthus. All 
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mixtures contain 15 wt.% added cement as binder. The mixture without any miscanthus 
(Mix No. with M0) is used as a control, including SS25M0, SS50M0 and SS75M0. The 
mix compositions of adsorptive aggregate are presented in Table 4.1. 

Table 4.1 Mix compositions of adsorptive aggregates.  

Mix No. 
Composition (by weight) 

RMa Mb/RM Wc/RM Cement/RM M Type 

SS25M0 

25%SSd+75%ESe 

0% 15% 15% - 
SS25M3 3% 15% 15% Raw  

SS25HM3 3% 15% 15% Heat-treated 

SS50M0 

50%SS+50%ES 

0% 15% 15% - 
SS50M3 3% 15% 15% Raw  

SS50HM3 3% 15% 15% Heat-treated 

SS75M0 

75%SS+25%ES 

 

0% 15% 15% - 
SS75M3 3% 15% 15% Raw  

SS75HM3 3% 15% 15% Heat-treated 

SS75M5 5% 15% 15% Raw 
a Raw material, the mixture of steel slag and expanded silicate, b Miscanthus, c Water, d Steel slag 
e Expanded silicate. 
e.g. for SS25M3, SS25 indicates that the steel slag (SS) content in the mixture is 25%, and M3 means 
that the miscanthus (M) content is 3%. In other mixtures, HM3 indicates that the content of heat-treated 
miscanthus (HM) is 3%. 

 

Fig. 4.1 The manufacturing process of the adsorptive aggregate. 

The manufacturing process of adsorptive aggregates is shown in Fig. 4.1. Firstly, all 
raw materials are evenly mixed in a mixer for 3 minutes. Then, the disc pelletizer is 
turned on at a speed of 200 rpm and a small amount of water is sprayed on the surface 
of the rotating disc. When the mixture powder is added to the disc, water is immediately 
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sprayed on the dried powder surface to form spherical particles. After about 5 minutes, 
the particles are removed from the disc. After that, the mixture is added to the disc again 
and sprayed with water, and repeat the previous steps until enough particles are obtained. 

4.2.3 Test methods 

▪ Physical properties test 

The particle size distribution of adsorptive aggregates is determined by the sieving 
method according to EN 933-1:2012, and the mesh size is 16 mm, 8 mm, 5 mm, 3 mm 
and 1 mm, respectively. The particle density is determined by using an AccuPyc II 1340 
gas pycnometer. The bulk density and water absorption are determined according to EN 
1097-6. Besides, the mineralogical phase of adsorptive aggregates is measured by XRD, 
and the microstructure is analysed by SEM.  

▪ Mechanical strength test 

The bulk crushing strength of adsorptive aggregates is determined according to 
EN13055:2016. When the adsorptive aggregate is used for adsorptive concrete, it may 
be prone to damage during mixing with other course or fine aggregates. The shearing 
strength is determined to evaluate the resistance to abrasion. The test process is as 
follows: firstly, 8 g of the adsorptive particles with a particle size of 3-5 mm is placed 
in the porcelain ball mill pot. Then, 20 g of porcelain is added to the ball mill pot. The 
ball milling is turned on with a milling speed of 140 rpm. The mass loss of the 
adsorptive particles is recorded at 1 min, 2 min, 4 min, 8 min, 12 min and 16 min, 
respectively.   

▪ Durability test 

When applied to adsorptive concrete, adsorptive aggregates will frequently contact 
water, especially polluted water, which would potentially lead to the disintegration of 
the adsorptive aggregate. In this study, a NaCl solution with a 5% concentration by 
weight is used to evaluate the durability of the adsorptive aggregate in the aqueous 
solution. The adsorptive aggregate with a size of 5-8 mm is used for the salt resistance 
test. The change in mass of the adsorptive aggregate is measured at 1, 3, 7, 10, 15, 20, 
25 and 30 days. 

When the adsorptive aggregate is applied in cold regions, the expansion of the water 
inside the saturated adsorptive aggregate during the freezing stage will generate 
expansion force, which will potentially damage the aggregate. Therefore, freeze-thaw 
resistance is an important index for evaluating the durability of adsorptive aggregates. 
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In this study, the resistance to freezing and thawing is determined according to EN 
1367-1. The temperature of the freeze-thaw test is set from -17.5 ℃ to 20 ℃ and 24 
hours for each cycle. The change in mass of adsorptive aggregates is measured at 1, 3, 
7, 10, 15, 20, 25 and 30 freeze-thaw cycles, respectively. 

▪ Adsorption test 

Phosphate is a major pollutant in an aqueous solution, and it is used to simulate polluted 
water in this study. 1g of the adsorptive aggregate is added to a 25 ml P solution with 
an initial concentration of 168 mg/L. The mixture is stirred at 225 rpm in the 
thermostatic shaker for 24 hours and then filtered by a 0.45 μm membrane. The 
extracted supernatant is used for analysing the P concentration by using IC. The 
mineralogical phase and microstructure of SS50M3 after the adsorption test is 
measured by XRD and SEM-EDS, respectively, for analysing the adsorption 
mechanism. The P-adsorption amount (q, mg/g) and P-removal fraction (PR, %) are 
calculated by Eqs. (3.1) and (3.2), respectively. 

The ions leached from adsorptive aggregates are determined according to EN 12457-2 
by ICP-AES. The adsorptive aggregates and deionized water are mixed with a liquid-
solid ratio of 10, using a dynamic shaker with a speed of 250 rpm for 24 hours. The 
leachates are filtered by the 0.22 µm filter and acidified with concentrated HNO3 for 
the leaching test.  

4.3 Results and discussion 

4.3.1 Physical properties of adsorptive aggregates 

▪ Particle size distribution 

According to the EN standard (EN12620:2002), aggregates with a particle size of less 
than 4 mm are defined as fine aggregates, and larger than 4 mm are coarse aggregates. 
As shown in Fig. 4.2, the diameter of most adsorptive particles mainly distributes from 
1 mm to 4 mm, which accounts for 56%-80% of the total particle size distribution. 
Adsorptive particles with a size of 4 mm-16 mm account for 20%-41%, while 
adsorptive particles with a size of more than 16 mm account for only 1%-7%. Moreover, 
when the adsorptive particle size is less than 8 mm, the shape of the adsorptive particles 
is mainly spherical, while the particles are larger than 8mm, the flatness of the 
adsorptive particles increases, as shown in Fig. 4.3. 
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Fig. 4.2 The particle size distribution of adsorptive aggregates. 

 

Fig. 4.3 SS50NoM adsorptive particle.  

▪ Mineralogical phase analysis 

The X-ray diffraction patterns are shown in Fig. 4.4. The results show that the 
mineralogical phase of all materials contains calcium silicate hydrate (C-S-H) and 
calcium hydrate (CH) as cement is used as a binder for all mixtures. However, there are 
significant differences in diffraction peaks at diffraction angles of 13°, 22°, 32°, 55°, 
67° and 72°. When the steel slag content increases from 25% (SS25) to 75% (SS75), 
the diffraction peaks at 13° and 32° are significantly reduced, and the diffraction peaks 
at 22°, 55°, 67° and 72° are increased. This is because when the steel slag content is 
25%, the composition of the material is mainly expanded silicate (75%), which is 
predominantly amorphous with minor quartz, zeolite and albite, so more obvious 
diffraction peaks at 13° and 32°. However, the main components of steel slag are oxides 
of calcium and iron. When the content of steel slag is 75%, more larnite, magnetite, 
brownmillerite and wustite are observed at a diffraction angle of 22°, 55°, 67° and 72°.  

▪ Densities 

The density of the adsorptive aggregates is shown in Fig. 4.5. As expected, the addition 
of miscanthus reduces the density of the adsorptive aggregates, especially the heat-
treated miscanthus (HM3). Because the heat treatment decomposes organic matter and 
increases the microporous structure of miscanthus [130]. Moreover, the density of the 

1-2mm 2-4mm 4-8mm 8-16mm >16mm 
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adsorptive aggregates increases significantly with the increase of the steel slag content 
because the density of steel slag (SS) is much higher than that of lightweight expanded 
silicate (ES). The apparent density of the adsorptive aggregates varies from 1933 kg/m3 
to 2633 kg/m3, and bulk density ranges from 570 kg/m3 to 882 kg/m3. EN 13055 
stipulates that materials with a particle density lower than 2000 kg/m3 or a loose bulk 
density lower than 1200 kg/m3 can be used as lightweight aggregates. Although most 
of the adsorptive aggregates have a density of more than 2000 kg/m3, the bulk densities 
are within the range of lightweight aggregates, therefore they may be used to produce 
lightweight aggregate concrete (LWAC). 
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Fig. 4.4 XRD patterns of adsorptive aggregates. 
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Fig. 4.5 Density of adsorptive aggregates.  

▪ Water absorption 

For ordinary aggregates, high water absorption generally reduces the workability and 
mechanical properties of concrete, as well as increases the micropores inside the 
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concrete. However, for adsorptive aggregates, high water absorption means that the 
polluted water can quickly penetrate the interior of the adsorptive aggregate and react 
with the adsorbent materials for pollutant removal. As shown in Fig. 4.6, all adsorptive 
aggregates have high initial water absorption, and the water absorption gradually 
increases with time. Nevertheless, after 8 hours, the increase in water absorption 
becomes insignificant. This phenomenon indicates that all adsorptive aggregates have 
a microporous structure, which can quickly absorb polluted water during the initial 
contact with the aqueous solution. The same phenomenon is observed in artificial 
dredged sediment aggregates [131]. Moreover, with the increase of steel slag content, 
the water absorption gradually decreases. This may be due to the dense structure of the 
steel slag, which leads to the low water absorption of the steel slag. Hoff [132] reported 
that the 24-h water absorption of structural-grade lightweight aggregates varies from 5% 
to 25%. In this study, except for SS25M3 and SS25HM3, the water absorption of other 
adsorptive aggregates is similar to the Hoff range for lightweight aggregates. 
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Fig. 4.6 Water absorption of adsorptive aggregates. 

▪ Microstructure 

As shown in Fig. 4.7, a lot of micropores exist inside the adsorptive aggregates, which 
is the reason for the high water absorption. These micropores are mainly formed by the 
porous structure of lightweight expanded silicate and the weak bonding between steel 
slag or miscanthus and cement paste. For most adsorption materials, the chemical 
composition, microporous structure and pore characteristics are critical for the 
adsorption capacity [100]. Compared to ordinary aggregates, the micropores can be 
used as a channel for polluted water to enter the interior of the adsorptive aggregates. 
Once polluted water is in contact with steel slag, porous expanded silicate and 
miscanthus, it can be adsorbed by chemical or physical adsorption.  
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Fig. 4.7 SEM micrographs of adsorptive aggregates. 

4.3.2 Mechanical properties of adsorptive aggregates 

▪ Bulk crushing strength  

As shown in Fig. 4.8, the bulk crushing strength of all adsorptive aggregates varies 
from 1.9 MPa to 5.1 MPa. When steel slag content increases, the bulk crushing strength 
increases significantly due to the high strength of steel slag. Steel slag contributes to 
the high bulk crushing strength of adsorptive aggregates and the addition of miscanthus 
significantly weakens the bulk crushing strength. When the content of miscanthus is 
5%, SS75M5 has a minimum bulk crushing strength of 1.9 MPa, which is 63% lower 
than the adsorptive aggregate without any miscanthus (SS75M0).  

Generally, sintered artificial lightweight aggregates have better mechanical strength 
than non-sintered aggregates. Lau et al. [133] showed that the lightweight aggregate 
made of palm oil fuel ash and lime-treated sewage sludge possesses a crushing strength 
of 8.1 MPa. Lo et al. [134] reported that the high-calcium fly ash aggregates sintered at 
the temperature of 1150℃ have a crushing strength of 6.3 MPa. Although sintered 
artificial aggregates usually possess high mechanical strength, fossil fuels are 
consumed for providing high temperatures, accompanied by high carbon emissions. 
Peng et al. [131] manufactured non-sintered dredged sediment aggregates with a 
crushing strength varying from 0.3 MPa to 2.5 MPa. Therefore, the mechanical strength 
of the adsorptive aggregates manufactured in this study is significantly better than 
ordinary non-sintered artificial aggregates. 
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Fig. 4.8 Bulk crushing strength of adsorptive aggregates. 

▪ Shearing strength 

The percentage of damage of adsorptive aggregates is shown in Fig. 4.9. The results 
show that the percentage of damage of all adsorptive aggregates increases with time. 
When steel slag content is 25%, the abrasion of adsorptive aggregates increases rapidly 
within the first 4 minutes and further increases slowly till 16 minutes. This may be 
because high-density steel slag plays a core role in the process of particle formation, 
and low-density expanded silicate is wrapped on the surface of the steel slag during the 
disc rotation. Therefore, low-strength expanded silicate on the outer surface of 
adsorptive aggregates is more likely to be damaged first, leading to a rapid decrease in 
mass during the first 4 minutes. For the adsorptive aggregates containing 75% steel slag, 
the percentage of damage increases more linearly with time, which indicates that they 
have better abrasion resistance.  

4.3.3 Durability of adsorptive aggregates 

▪ Salt resistance 

The mass losses of adsorptive aggregates during the salt resistance test are shown in 
Fig. 4.10. The results show that the increase in steel slag content improves the resistance 
of the adsorptive aggregate to salt attack. This may be because the high content of 
porous expanded silicate significantly increases the porosity of adsorptive aggregates, 
and NaCl penetrates the adsorptive aggregate easily, resulting in severe erosion of the 
adsorptive aggregate. In addition, the addition of 5% miscanthus significantly reduces 
salt resistance. SS75M5 has a maximum mass loss of 9% when exposed to a 5% NaCl 
solution for 30 days, while the mass loss of other mixtures ranges from 2% to 5%. This 
indicates that high miscanthus content significantly reduces the salt resistance of 
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adsorptive aggregates. 
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Fig. 4.9 Percentage of damage of adsorptive aggregates. 
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Fig. 4.10 Mass loss of adsorptive aggregates during salt resistance test. 

▪ Freeze-thaw resistance 

As shown in Fig. 4.11, the addition of 3% miscanthus slightly increases the mass loss 
during the freeze-thaw test. The resistance to freeze-thaw of SS75M5 is significantly 
lower than other adsorptive aggregates because 5% miscanthus significantly increases 
the porosity of the adsorptive aggregate, resulting in an increase in water absorption 
and a reduction in mechanical strength [128]. However, heat-treated miscanthus has no 
significant effect on mass loss compared to the adsorptive aggregate without any 
miscanthus (M0).  

Generally, freeze-thaw resistance depends on the content of micropores, the degree of 
connectivity, and the pore characteristics [135]. Connected micro-cracks act as a path 
for water to transport inside of adsorptive aggregates. When the water in the micro-
cracks is frozen and turns to ice, the expansion force causes freeze-thaw damage. 
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Compared to lightweight expanded silicate, the adhesion between steel slag and paste 
is weak, and obvious cracks exist in the interfacial transition zone (ITZ) between steel 
slag and mortar (Fig. 4.7). Due to the freeze-thaw expansion force, more micro-cracks 
are formed in the ITZ, which results in the adsorptive aggregate containing high content 
of steel slag being more easily damaged. 
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Fig. 4.11 Mass loss of adsorptive aggregates during freeze-thaw resistance test. 

4.3.4 Adsorption of adsorptive aggregates 

▪ Adsorption capacity 

The results show that no P is detected in the solution after the adsorption test, and all 
P-solutions with an initial concentration of 168 mg/L are adsorbed by the adsorptive 
aggregate. The excellent adsorption capacity of the adsorptive aggregate is attributed to 
the calcium leached from the steel slag and cement paste, which can combine with the 
P to form Ca-P precipitates [27]. Moreover, the microporous structure of lightweight 
expanded silicate and miscanthus adsorb P through physical adsorption [136,137]. The 
adsorption capacity of bio-based materials is usually lower than that of industrial or 
synthetic materials, and the adsorption capacity for P-removal is generally 0.5-3.8 mg/g 
[124–126]. The adsorption amount of adsorptive aggregates in this study is 4.2 mg/g 
with an initial concentration of 168 mg/L P-solution, which is greatly higher than that 
of ordinary sand and bio-based materials, especially compared to the common concrete 
materials, indicating that it is possible to improve the P-adsorption capacity of concrete 
applying the developed adsorptive aggregates. 

▪ Adsorption mechanism  

The hydration products of cement are mainly hydrated calcium silicate (C-S-H) and 
calcium hydroxide (CH). After adsorption, the pH of the solution varies from 11.5-11.6, 
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11.6-11.7 and 11.8-11.9 for the SS25 series, SS50 series and SS75 series, respectively, 
while the initial pH of the phosphate solution is 5.2. Previous studies have shown that 
not all metal ions (i.e. K+, Na+ and Mg2+) have significant effects on the adsorption of 
P, but some metal ions such as Ca2+, Fe2+ and Al3+ have a strong affinity with phosphate 
ions [106,107], and the order of the binding ability to phosphate ion is 
Ca2+>Mg2+>K+>Na+ [108]. Therefore, when the P solution contacts the adsorptive 
aggregate, the phosphate ion can react with metal ions (Mg2+, Al3+, Fe3+) [138,139], 
mainly calcium ions (Ca2+) by chemical reactions as follows [43,111]: 

CaO + H2O → Ca2+ + 2OH−                                         (4.1)  5Ca2+ + 3PO43− + OH− → Ca5(PO4)3(OH) ↓                            (4.2)  

Calcium ions leached from the adsorptive aggregate are more than 1000 mg/kg, and the 
sodium and potassium ions are 100-200 mg/kg. Besides, aluminium, iron and 
magnesium and other leaching ions are also detected in the solution, as shown in Table 
4.2. Previous studies [138] showed a simultaneous decrease in PO4

3-, calcium, 
magnesium and aluminium when a chemical reaction of phosphate removal occurs. The 
results also show that the more expanded silicate in adsorptive aggregates, the more 
aluminium ions are detected in SS25M0, SS25M3 and SS25HM3 because the expanded 
silicate mainly contains aluminium oxide. The potential environmental hazards of the 
heavy metals leached from the adsorptive aggregate are analyzed in the following 
section 4.3.5. 

The ultimate goal of the manufactured adsorptive aggregate is to replace the normal 
aggregate without any adsorption properties and significantly improve the adsorption 
capacity of porous concrete for pollutant removal from stormwater. The adsorption 
process and mechanism of different aggregates for P-removal are shown in Fig. 4.12. 
Since normal aggregates (basalt, limestone, etc.) do not have high permeability and 
adsorption, the P solution cannot be adsorbed when it contacts with such kind of 
aggregate. Porous lightweight aggregates such as expanded lightweight silica and bio-
based aggregates generally possess a lot of micropores, and thus, a small amount of P 
solution can be adsorbed by a pore-filling effect, but the P-bonding of physical 
adsorption is usually weak, and as a result, the P solution absorbed by micropores exists 
only on the surface of porous lightweight aggregates [15]. However, for adsorptive 
aggregate, the porous M mainly provides porosity and permeability of the adsorptive 
aggregate for wastewater penetration, and then more P solution is prone to penetrate 
inside the aggregate, and the SS and cement paste contribute good adsorption because 
the P reacts with calcium ions leached from the SS and cement paste to form Ca-P 
precipitation [100]. Besides, the ES provides lightweight and adsorption. Therefore, 
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compared to normal aggregate or porous lightweight aggregate, the designed adsorptive 
aggregate has significantly superior adsorption characteristics, which can possibly 
improve the adsorption capacity of porous concrete. 

Table 4.2 Ions leached from adsorptive aggregates (mg/kg). 

Element 

Samples 
Limit 

values a 
SS25

M0 

SS25

M3 

SS25H

M3 

SS50

M0 

SS50

M3 

SS50H

M3 

SS75

M0 

SS75

M3 

SS75H

M3 

SS75

M5 

Al >155 >130 >134 79 32 42 15 8 10 12 - 

Fe 0.2 0.7 0.3 0.1 ≤0.3 ≤0.3 ≤0.4 ≤0.4 ≤0.4 ≤0.4 - 

Mg 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 - 

As ≤0.2 ≤0.2 ≤0.2 ≤0.2 ≤0.2 ≤0.2 ≤0.2 ≤0.2 ≤0.2 ≤0.2 0.9 

Ba - 0.3 0.9 1.8 6.6 3.2 6.5 10.7 10.4 5.3 22 

Co ≤0.4 ≤0.4 ≤0.4 ≤0.4 ≤0.4 ≤0.4 ≤0.4 ≤0.4 ≤0.4 ≤0.4 0.54 

Cr 1.4 2.7 1.1 0.4 - - 0.2 0.1 - - 0.63 

Cu ≤0.3 0.4 ≤0.2 ≤0.4 ≤0.3 ≤0.3 ≤0.4 ≤0.2 ≤0.4 ≤0.1 0.9 

Pb ≤0.6 ≤0.5 ≤0.5 ≤0.6 ≤0.5 ≤0.6 ≤0.6 ≤0.5 ≤0.5 ≤0.5 2.3 

Zn ≤0.4 ≤0.3 ≤0.3 ≤0.4 ≤0.4 ≤0.4 ≤0.4 ≤0.4 ≤0.4 ≤0.4 4.5 

Mn ≤0.6 ≤0.6 ≤0.6 ≤0.6 ≤0.6 ≤0.6 ≤0.6 ≤0.6 ≤0.6 ≤0.6 - 

Mo 0.4 1.2 0.5 0.1 0.1 0.1 ≤0.1 - - - 1 

Se ≤0.1 - ≤0.1 ≤0.1 ≤0.1 ≤0.1 ≤0.1 ≤0.1 ≤0.1 ≤0.1 0.15 

V 4.4 1.7 0.7 0.5 ≤0.1 ≤0.1 - ≤0.1 ≤0.1 - 1.8 

a Limit values refer to the maximum emission values for building materials according to the Dutch Soil 
Quality Decree (2015). 

 

Fig. 4.12 Hypothesized adsorption process and mechanism of different aggregates for P-removal. 

▪ Mineralogical phase analysis 

After the adsorption test, the diffraction peaks at 22° are significantly lower than the 
diffraction peaks before adsorption, as shown in Fig. 4.13. The peak at 22° is related to 
calcium hydroxide. This phenomenon confirms that calcium ions participate in the 
reaction process of Ca-P precipitation. However, no obvious peaks related to Ca-P 
precipitate are observed in the XRD pattern, and the same phenomenon is reported by 
Han et al. [117], the precipitation of Ca-P is below the detection limit of XRD. 
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Fig. 4.13 X-ray diffraction patterns of the SS50M3 after adsorption. 

 

Fig. 4.14 SEM-EDS analysis of the SS50M3 after adsorption. 

▪ SEM-EDS analysis 

After adsorption, the surface of the adsorptive aggregate is analyzed by SEM-EDS, as 
shown in Fig. 4.14, and some small white spots are observed on the surface of the 
adsorptive aggregate. Its components are mainly O, Ca, Si and P, which indicate that 
suspended Ca-P precipitation is formed on the adsorptive aggregate surface. The same 
finely distributed P crystals are reported in previous studies [99,105,111]. Compared to 
the adsorptive aggregate containing 25% steel slag, the adsorptive aggregate containing 
75% steel slag is more suitable as an adsorptive aggregate due to the presence of more 
calcium hydroxide based on mineralogical phase analysis. 
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4.3.5 Environmental and economic assessment 

▪ Environmental analysis 

In order to evaluate the potential environmental problems of the synthesized adsorptive 
aggregates, the leaching results of all samples are analyzed through a series of chemical 
tests. The ions leached from adsorptive aggregates are presented in Table 4.2. The 
emission limit values for building materials in unshaped materials according to the 
Dutch Soil Quality Decree (2015) are also shown in Table 4.2. The results show that 
most of the analyzed leaching elements (As, Ba, Co, Cu, Pb, Zn and Se) released from 
the synthesized adsorptive aggregate are far below the maximum emission limit values, 
except for Cr (all SS25 series), V (SS25M0 and SS25M3) and Mo (only SS25M3). The 
limit values of Cr, V and Mo in unshaped materials should be lower than 0.6 mg/kg, 
1.8 mg/kg and 1 mg/kg, respectively. In this study, the leaching values of Cr, V and Mo 
released from the SS25 series are 1.1-2.7 mg/kg, 0.7-4.4 mg/kg and 0.4-1.2 mg/kg, 
respectively. This may be attributed to the fact that the heavy metals such as Cr, V and 
Mo leached from the SS are prone to be immobilized in the alkaline matrix. The pH 
values of the SS75 series are slightly higher than the SS25 series, which further 
contributes to a better immobilization capacity. Moreover, the water absorption of the 
SS25 series (25%-28%) is significantly higher than that of the SS75 series (13%-17%), 
resulting in much higher porosity and permeability, i.e. an easier leaching potential of 
Cr, V and Mo. Therefore, the SS50 and SS75 series can be used as artificial adsorptive 
aggregates without any environmental risk. Nevertheless, it should be noted the 
analyzed results here are only valid for the steel slag used in this study and for wider 
applicability, more investigation is still needed.  

Due to the fact that the production of synthetic aggregates usually consumes energy, 
the carbon footprints of the manufactured adsorptive aggregates in this study have been 
evaluated [141], as shown in Table 4.3. Compared to the carbon emissions of normal 
aggregates without adsorption capacity (0.041 kg CO2-e/kg) [142], adsorptive 
aggregates have a high carbon emission. This is because ordinary Portland cement with 
an additional amount of 15% of the SS and ES by weight is used as a binder for the 
manufacturing of adsorptive aggregates. Cement accounts for approximately 38 %, 40 % 
and 43 % of the total CO2 emissions of the SS25 series, SS50 series and SS75 series 
respectively. Therefore, future work on reducing the cement content can significantly 
decrease the carbon footprint of the adsorptive aggregate, for example, by using alkali-
activated materials to manufacture adsorptive aggregates because it shows an advantage 
in carbon dioxide emission (CO2-e) towards Portland cement [143]. Moreover, the 
SS75 series have lower carbon emissions than the SS25 series due to their lower content 
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of artificial lightweight aggregates. Currently, the SS has been used for CO2 storage 
through carbonization [144]. Firstly, the hydration and dissolution of CO2 form 
carbonic acid (H2CO3), and then the Ca2+ and Mg2+ ions leach from the SS and finally 
the precipitation of carbonates containing calcium and magnesium. Studies have 
estimated up to 17 % of CO2 uptake by carbonating steel slag wastes [145]. Therefore, 
the application of the SS as an ingredient in adsorptive aggregates not only increases 
adsorption capacity but also shows a potential application to reduce CO2 emission by 
carbonation. 

Table 4.3 Carbon footprints of adsorptive aggregates by calculation (kg CO2-e/ kg). 

Samples proportion 
Steel 
slag 

Expanded 
silicate 

Heat-treated 
miscanthus 

Cement 
Total CO2 
emissions 

SS25M0 25%SS+75%ES 0.04 0.17 - 0.12 0.32 

SS25M3 25%SS+75%ES+3% M 0.04 0.17 - 0.12 0.32 

SS25HM3 25%SS+75%ES+3% HM 0.04 0.17 0.002 0.12 0.33 

SS50M0 50%SS+50%ES 0.07 0.11 - 0.12 0.30 

SS50M3 50%SS+50%ES+3% M 0.07 0.11 - 0.12 0.30 

SS50HM3 50%SS+50%ES+3% HM 0.07 0.11 0.002 0.12 0.31 

SS75M0 75%SS+25%ES 0.11 0.06 - 0.12 0.29 

SS75M3 75%SS+25%ES+3% M 0.11 0.06 - 0.12 0.29 

SS75HM3 75%SS+25%ES+3% HM 0.11 0.06 0.002 0.12 0.29 

SS75M5 75%SS+25%ES+5% M 0.11 0.06 - 0.12 0.29 

The estimated CO2 emission values of raw materials refer to previous literature. The 
CO2 emission value of cement is 0.816 kg CO2-e per kg reported by Barcelo et al. [146] 
and slag is 0.143 kg CO2-e per kg reported by Gao and Yu [143], and the heat-treated 
miscanthus is 0.052 kg CO2-e per kg refer to the biochar pellet carbon footprint [147]. 
The CO2 emissions value of expanded lightweight silicate is assumed to be 0.220 kg 
CO2-e per kg refers to a commercial-scale lightweight aggregate [148]. 

▪ Economic analysis 

The economic analysis of adsorptive materials is estimated according to the price of the 
local building market, as shown in Table 4.4. The prices per ton of cement and 
lightweight expanded silicate are about 100 €/t and 1800 €/t, respectively, following the 
local building market. The price of steel slag is assumed to be 8 €/t [149]. Miscanthus 
is considered as agricultural waste at no cost, but considering energy consumption for 
heat treatment, the price of heat-treated miscanthus is assumed to be 2 €/t. 

The results show that with the increase of the SS content, adsorptive aggregate has a 
better price advantage in the construction market, because the market price of porous 
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lightweight ES is much higher than the price of the SS and cement. The main purpose 
of adding ES is to reduce the density of the adsorptive aggregate, especially for the 
aggregate containing high SS content. Because the high content of the SS will 
significantly increase the constant weight of the building structure. Therefore, in future 
research, low-cost porous aggregates can be used instead of ES to reduce the cost of 
adsorptive aggregates. Based on the analysis results, considering environmental and 
economic benefits, as well as good mechanical properties and adsorption characteristics, 
the SS75 series is recommended as an adsorptive aggregate to replace normal 
aggregates for highly adsorptive concrete design. 

Table 4.4 Economic estimations of the manufacture of adsorptive aggregates (€/t). 

Samples Proportion 
Steel 
slag 

Expanded 
silicate 

Miscanthus Cement 
Total 
price 

SS25M0 25%SS+75%ES 2 1350 - 15 1367 

SS25M3 25%SS+75%ES+3% M 2 1350 -- 15 1367 

SS25HM3 25%SS+75%ES+3% HM 2 1350 0.06 15 1367.06 

SS50M0 50%SS+50%ES 4 900 - 15 919 

SS50M3 50%SS+50%ES+3% M 4 900 - 15 919 

SS50HM3 50%SS+50%ES+3% HM 4 900 0.06 15 919.06 

SS75M0 75%SS+25%ES 6 450 - 15 471 

SS75M3 75%SS+25%ES+3% M 6 450 - 15 471 

SS75HM3 75%SS+25%ES+3% HM 6 450 0.06 15 471.06 

SS75M5 75%SS+25%ES+5% M 6 450 - 15 471 

4.4 Conclusions 

(1) The content of steel slag in the adsorptive aggregate has a significant impact on its 
physical and mechanical properties, as well as its durability. When the adsorptive 
aggregate contains 75 wt.% steel slag, it shows excellent mechanical properties and salt 
resistance. Moreover, as steel slag content increases, more calcium ion (Ca2+) is 
released, which benefits the chemical adsorption capacity of the adsorptive aggregate. 

(2) The addition of porous materials (expanded silicate and miscanthus) significantly 
reduces the density of the adsorptive aggregate while increasing its permeability, 
providing enough micropores for physical adsorption capacity. The high dosage of raw 
miscanthus (5 wt.%), on the other hand, has negative effects on mechanical properties 
and durability, whereas heat-treated miscanthus with a dosage of no more than 3 wt.% 
is recommended for the adsorptive aggregate. 

(3) The resulting adsorptive aggregates have a bulk density ranging from 570 kg/m3 to 
882 kg/m3 and a bulk crushing strength of up to 5.1 MPa. Moreover, all adsorptive 
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aggregates have good resistance to salt and freeze-thaw cycles.  

(4) The developed adsorptive aggregates have a high P-binding capacity. This is 
attributed to the Ca-P precipitation formed by the chemical reaction of calcium ion 
(Ca2+) leached from steel slag and cement paste with phosphate (PO4

3-), together with 
the physical adsorption provided by the micropores of expanded silicate and miscanthus. 

(5) SS75 series is recommended as an adsorptive aggregate to replace conventional 
aggregates in highly adsorptive concrete due to its environmental and economic 
benefits, as well as its good mechanical properties and adsorption characteristics. 
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Chapter 5 Phosphorus removal enhancement by porous 

adsorptive paste using miscanthus and steel slag for highly 

adsorptive concrete 

 

 

 

 

The low permeability and low adsorption capacity of conventional cement paste are the 
decisive reasons for the poor adsorption performance of the adsorptive aggregates 
applied to adsorptive concrete. In this chapter, a porous adsorptive paste is developed 
by combining chemical and physical methods to enhance 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 
investigated in this new adsorptive paste. Results show the excellent adsorption 
capacity of the adsorptive paste of 30.4-74.2 mg/g, with a corresponding initial P-
concentration of 1215-2968 mg/L. The leaching result, ICP-AES, XRD, FTIR, TG-
DTG and SEM-EDS analyses confirm the Ca2+ leached from the adsorptive paste 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 paste. 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 the highly adsorptive paste to improve P-removal capacity 
from stormwater, without obvious sacrifices on other properties. 

 

 

 

 

This chapter has been published as: 
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5.1 Introduction 

The adsorption capacity of porous adsorptive materials usually depends on the 
microstructure and pore characteristics [100]. In particular, the increase in well-
developed micropores (< 2 nm) and specific surface area can improve the physisorption 
capacity of adsorptive materials [104]. The porous miscanthus (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. 

The 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-) 

[41]. The driving mechanism during the adsorption process of P-crystallization consists 
essentially of nucleation by precipitation of hydroxyapatite (Ca10(PO4)6(OH)2) [44]. 
However, crushed rock (basalt, limestone, etc.) is usually used as coarse aggregates in 
conventional pervious concrete. However, the lack of adsorption ability of crushed rock 
results in a poor adsorption performance of conventional 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 (Chapter 3) [15].  

The manufacture of a highly adsorptive aggregate made from the SS and the heat-
treated M with physical and chemical adsorption is reported in previous work (Chapter 
3) [55]. Similar to conventional aggregates, when highly adsorptive aggregates are 
applied to the concrete matrix, their surface will be coated with mortar. The P-removal 
potential of adsorptive aggregate pellets is generally controlled by their permeability, 
which is related to the ability to release Ca2+ into the solution. A 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 with good permeability and adsorption is developed in this 
chapter to improve the adsorption performance of mortar-coated aggregates. 

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 physical, mechanical properties, and adsorption characteristics of adsorptive mortar 
are investigated. The effects of the adsorptive mortar on the adsorption capacity of the 
aggregate are also analyzed. Moreover, the leaching test results (ICP-AES), 
mineralogical phase (XRD), microstructure (SEM-EDS), Fourier transform infrared 
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spectra (FTIR) and thermal gravimetric results (TGA-DTG) of adsorptive mortar before 
and after P-removal test are analyzed for a better understanding of Ca-P precipitate 
mechanism. 

5.2 Materials and methods 

5.2.1 Materials 

Miscanthus (M) powder (Vibers, The Netherlands) and BOF 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. 5.1. 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 hours at a temperature of 250 ℃ under nitrogen gas to improve its 
adsorption characteristics by increasing the microporous structure [15]. The specific 
density of the heat-treated miscanthus (HM) and the SS is 1.3 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 5.1 m2/g and 2.0 m2/g, respectively.  

 

Fig. 5.1 Heat-treated miscanthus powder and steel slag powder and their microscopic images. 

5.2.2 Preparation of adsorptive mortar 

The schematic diagram of the improvement of permeability and adsorption 
performance of cement mortar is shown in Fig. 5.2. When the adsorptive aggregate is 
coated by conventional mortar, it is difficult 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. To improve the permeability of the 
mortar-coated aggregates, the HM is adopted in the present study to form a porous 
structure inside the mortar for the improvement of adsorption performance by physical 

Miscanthus Steel slag 
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method. When the permeability of the mortar is increased by the HM, more pollutants 
can penetrate the paste, then contact the adsorptive aggregate, and subsequently be 
absorbed by the highly adsorptive aggregate. The SS is applied as a chemisorbing 
material to improve the P-adsorption capacity of the mortar. The P in the solution can 
be removed by the SS while passing through the adsorptive mortar [55].  

A paste containing 400 g cement and 200 g 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). The high content of miscanthus [75] and steel slag [150] will 
significantly reduce the mechanical strength and durability of mortar. An HM content 
of 0.5 wt.%, 1 wt.% and 5 wt.%, 10 wt.% of SS with respect to cement are added to the 
other four batches of paste, which are labelled as HM0.5, HM1, SS5 and SS10, 
respectively. The mix proportions of cement pastes are shown in Table 5.1. 

 

Fig. 5.2 Schematic diagram of the improvement of permeability and adsorption performance of 

adsorptive mortar. 

Table 5.1 Mix proportions of cement pastes. 

Mix code Cement (g) Water (g) HM (g) SS (g) 
C0 400 200 - - 
HM0.5 400 200 2 - 
HM1 400 200 4 - 
SS5 400 200 - 20 

SS10 400 200 - 40 

5.2.3 Effects of adsorptive mortar on adsorption performance of aggregates 

When the adsorptive aggregate is coated with paste, its adsorption characteristics will 
be affected by factors such as the permeability and adsorption capacity of the cement 
mortar. 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. 
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The adsorptive aggregate is produced through 75 wt.% steel slag and 25 wt.% 
lightweight expanded silicate, which shows high adsorption and good mechanical 
properties. The P-adsorption amount and removal fraction of the adsorptive aggregate 
are 4.2 mg/g and 100%, respectively, with an initial P-concentration of 168 mg/L and 
P-solution to aggregate of L/S = 25. The detailed manufacturing process and 
characteristics of this adsorptive aggregate are shown in our previous research [55]. The 
properties of adsorptive aggregates are shown in Table 5.2.  

Table 5.2 Properties of adsorptive aggregates. 

Adsorptive 
aggregate 

Size (mm) 
Apparent density 
(kg/m3) 

24-h water absorption 

(%) 

Crushing 
strength 
(MPa) 

SS75 2-5 2633 13 5.1 

The preparation process of coating aggregates with adsorptive mortar is presented in 
Fig. 5.3. Firstly, the adsorptive aggregate is poured into the prepared fresh paste (Fig. 
5.3a, 5.3b), and then the adsorptive aggregate and the mortar are mixed until the 
adsorptive aggregate is evenly coated by the mortar (Fig. 5.3c). After that, the mortar 
on the surface of the aggregate is rounded manually, and the resulting thickness of the 
mortar layer is about 0.5-1 mm (Fig. 5.3d). Finally, the aggregates coated with the 
mortar are stored in a standard curing room until the adsorption test. 

5.2.4 Test methods 

▪ Cement hydration test 

Generally, bio-based materials have an adverse effect on cement hydration due to the 
presence of organic matter [57]. The influence of the M and the SS on the hydration 
characteristics of cement is measured using a TAM air isothermal calorimeter at a 
constant temperature of 20 ℃. Using the same mix proportions as in the cement paste 
for the mortars. After mixing, all samples are placed in the calorimeter to determine the 
hydration behavior of the cement. 

▪ Physical and mechanical test 

The density, water absorption and permeable pore of all samples are determined 
according to ASTM C642-13. Samples with dimensions of 40×40×40 mm3 and 
40×40×160 mm3 at 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. 
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The microscopic image of the sample is observed by a scanning electron microscope 
(SEM).  

 

Fig. 5.3 Preparation process of coating adsorptive aggregates with adsorptive mortar. 

▪ Adsorption test 

In this study, a phosphate solution is used to simulate the polluted water for the 
adsorption test. Because of the good adsorption characteristics of our aggregates, three 
high-concentration P solutions (1215 mg/L, 1849 mg/L and 2968 mg/L) are used for 
mortar adsorption testing and for the mortar-coated aggregate testing in this study. 
Firstly, 1g of mortar (or mortar-coated aggregate) is added to a small plastic bottle with 
a 25 ml P solution. Secondly, the plastic bottle with mortar and P solution is stirred at 
225 rpm in the shaker for 24 hours and then filtered using a 0.45 μm membrane to 
obtain the extracted supernatant. The change in the P-concentration of the solution is 
determined using IC (Thermo Dionex Aquion). The P-adsorption amount (q, mg/g) and 
P-removal fraction (PR, %) are calculated by Eqs (3.1) and (3.2), respectively. 

To investigate the adsorption mechanism of the 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 liquid-solid 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 hours. Finally, the leachates are filtered by a 0.22 µm 
filter and acidified with concentrated HNO3 for the leaching test by ICP-AES 
(SPECTROBLUE). The mineralogical phase and microstructure of samples before and 
after the adsorption test are measured by XRD and SEM-EDS, respectively, and the 

(a) 
Adsorptive paste and 
aggregate preparation 

(b) 
Mixing aggregate and 

adsorptive mortar 

(c) 
Coating aggregate with 

adsorptive mortar 

(d) 
Aggregate particle 

after coating mortar 
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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. 

5.3 Results and discussion 

5.3.1 Hydration behavior of adsorptive mortar 

As shown in Fig. 5.4, at 80 hours, the total released heat of HM1 is only reduced by  
2% (Table 5.3), compared to the control mortar (C0). 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 eliminates their effects on cement hydration [130,151]. Boix 
et al. [58] reported that the alkali-treated miscanthus accelerates the hydration of cement 
compared to the untreated miscanthus, and a direct inverse relationship is found 
between the sugar content extracted from the fibre and the mechanical strength of 
miscanthus concrete. Therefore, the HM works better to increase the porosity of 
adsorptive mortar because it will have little negative impacts on the cement hydration 
and mechanical strength of the mortar. From other studies, it is known that the total 
released heat of cement hydration decreases with increasing dosage of the SS [152]. 
However, for the heat flow curve, no obvious delay is observed in the SS5 and SS10 
curves. It is concluded that adding the SS up to 10 wt.% in this study does not 
significantly alter the hydration of cement.  

5.3.2 Physical and mechanical properties of adsorptive mortar 

▪ Density, water absorption and porosity 

The density of adsorptive mortar is shown in Fig. 5.5a. As expected, the addition of the 
HM slightly decreases the density of adsorptive mortar, while the SS significantly 
increases the density. The changes in the oven-dry density of HM0.5, HM1, SS5 and 
SS10 are -2%, -3%, +3% and +8%, respectively, compared to the control mortar (C0). 
These results are consistent with the previous studies [62,153], i.e. the addition of the 
bio-based miscanthus reduces the density of concrete due to its porosity and lightweight 
properties, and the SS significantly increases the density of concrete structure [144].  

Water absorption is a very important indicator of the adsorption performance of 
adsorptive concrete. 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. 5.5b, both the M and the SS increase the water 
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absorption and permeable pore of the adsorptive mortar. The water absorption of the 
HM0.5, HM1, SS5 and SS10 increases by 3%, 10%, 4% and 8%, respectively, and the 
corresponding permeable pore increases by 6%, 13%, 4% and 10%, respectively, 
compared to the control mortar (C0). Due to the highly porous structure of the HM, it 
can generally absorb several times water higher than 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, 
as reported by Chen et al. [62].  
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Fig. 5.4 Effects of miscanthus and steel slag powders on (a) released heat and (b) heat flow of cement 

hydration. 

Table 5.3 Released heat comparison of adsorptive mortar (80 hours). 

Items C0 HM0.5 HM1 SS5 SS10 

Total heat (J/g) 241 241 237 233 225 

Heat deviation (J/g) - -0.4 -4.4 -8.3 -16.4 

Reduction (%) - - 2 3 7 

▪ Compressive strength and flexural strength 

The mechanical properties of adsorptive mortar are the decisive factors in the 
mechanical strength of adsorptive concrete. The compressive strength and flexural 
strength of adsorptive mortar are shown in Fig. 5.6. The results show that the M reduces 
the compressive strength of adsorptive mortar and the SS does not significantly affect 
the compressive strength. Moreover, the mechanical strength of the adsorptive mortar 
decreases with the increasing dosage of the M and the SS. This may be because the 
addition of the M and the SS increases 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.  
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Fig. 5.5 (a) density and (b) water absorption and permeable pore of adsorptive mortar. 

Generally, the addition of waste has a significant impact on the mechanical properties 
of concrete [154,155]. 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 [156]. The same phenomenon is observed in bio-based 
lightweight concrete, such as miscanthus concrete [62], oil palm shell concrete [157], 
apricot shell concrete [128], and wood concrete [158]. However, the heat-treated bio-
based material has better dimensional stability and less organic content, resulting in a 
less negative effect on the mechanical strength of concrete compared to untreated bio-
based materials [59].  
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Fig. 5.6 Compressive and flexural strengths of adsorptive mortar at the age of 28 days. 

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. Based on the results, the high content of the HM powder (e.g. more than 
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1.0 wt.%) is not recommended for adsorptive mortar due to the significant decrease in 
mechanical strength.  

 

Fig. 5.7 SEM micrographs of adsorptive mortar. 

▪ Microstructure 

The SEM micrographs of adsorptive mortar (HM1 and SS10) are shown in Fig. 5.7. 
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 phenomenon has 
also been reported in bio-based lightweight concrete such as oil palm shell concrete 
[159], wood sand concrete [79] and bamboo-reinforced concrete [160]. These 
microcracks and micropores 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 reasons for the mechanical strength reduction 
of the adsorptive mortar. 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. [69] reported that the average pore size of the miscanthus after 
heat treatment at 300 °C is 1.03 μm, which can provide 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 
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BET specific surface area of the HM after pyrolysis endow it with an adsorption 
capacity for pollutant removal from wastewater [15]. 

5.3.3 Adsorption performance of adsorptive mortar 

▪ Adsorption capacity 

The results show that no phosphate is detected in the solution 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 [15] and the L/S. When the initial 
P-concentration is 1215 mg/L, 1849 mg/L and 2968 mg/L, the adsorption capacity of 
most adsorptive mortars (except for HM0.5) is 30 mg/g, 46 mg/g and 74 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 
precipitates [18]. Besides, the porous miscanthus can also adsorb P through physical 
adsorption [15] and increase the permeability of the adsorptive mortar, which helps the 
leaching of Ca2+ from the adsorptive mortar surface.  

The adsorption capacity of the developed adsorptive mortar is significantly higher than 
most of the adsorptive materials, including industrial by-products (fly ash [12], coal ash 
[29] and furnace slag [111]), natural material (sepiolite [105], palygorskite [115]) and 
bio-based material (peanut shell [102], bamboo [124] and juniper fibre [125]). More 
importantly, other adsorptive materials usually focus on P-removal with a low P-
concentration (i.e. less than 1000 mg/L) [11,12]. The adsorptive mortar in this study 
completely removes all P from the P-solution with a high concentration of up to 2968 
mg/L, showing an outstanding adsorption capacity. Therefore, it can be concluded that 
the developed adsorptive mortar can be applied to significantly improve the P-
adsorption performance of porous adsorptive concrete. 

▪ Adsorption mechanism of adsorptive mortar 

The adsorption of materials can generally be divided into physical adsorption and 
chemical adsorption. The adsorption of adsorptive mortar for P-removal is mainly 
dominated by chemical adsorption supplied by the mortar and the SS. The microporous 
structure formed by the HM contributes to physical adsorption by pore-filling and 
electrostatic attraction [109]. P-removal rate by hydroxyapatite crystallization is 
affected by pH, temperature and concentration of PO4

3- and Ca2+ [41]. The Ca2+, K+ and 
Na+ ions are the main ions leached from the adsorptive mortar. The Ca2+ ion has a strong 
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affinity with phosphate, whereas other metal ions such as K+, Na+ and Mg2+ ions do not 
significantly affect the P-adsorption capacity [106,107]. The hydration products of 
mortar are mainly hydrated calcium silicate and calcium hydroxide.  

As presented in Table 5.4, the content of calcium oxide (CaO) is slightly reduced after 
the adsorption test, which indicates that it keeps dissolving in the 25 ml+1g mortar 
shaking experiment. 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 phosphate-loaded mortar in the solution are 
shown in Fig. 5.8. When leaching the mortars exposed to different P-solutions (1215 
mg/L, 1849 mg/L and 2968 mg/L), the concentration of the Ca2+ after adsorption 
decreases, compared to the initial concentration of the Ca2+ before adsorption.  

Table 5.4 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 60.9 60.9 60.6 60.0 60.8 59.8 59.3 59.0 57.6 55.1 

SiO2 16.0 15.9 15.9 15.5 15.9 15.4 15.6 15.3 15.3 14.3 

Al2O3 6.7 6.8 7.1 7.0 6.9 7.1 6.7 6.5 6.8 6.8 

Fe2O3 3.6 3.6 3.6 3.6 3.6 3.7 5.1 5.3 6.3 6.3 

SO3 2.8 2.8 2.8 2.6 2.8 2.6 2.5 2.5 2.4 2.2 

MgO 1.4 1.3 1.4 1.3 1.4 1.2 1.7 1.6 1.9 1.7 

P2O5 - - - 0.1 - 0.5 - 0.6 0.2 - 
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Fig. 5.8 Changes in the concentration of calcium ion released from adsorptive mortar. 

▪ FTIR analysis 

The infrared spectra of the SS5 before and after adsorption are presented in Fig. 5.9a. 
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 
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is formed in the cement hydration [161]. The hydroxyl group with an 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 [162]. Moreover, an absorption 
band (H-O-H) at the wavelength of 1639 cm-1 shows the deformation vibration of water 
molecules [163,164]. 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 
the SO4

2- group, supporting the presence of sulfate ettringite [165]. The hydrated 
products of cement show the typical characteristic of the Si-O asymmetric stretching 
vibration with a peak for the C-S-H at 970 cm-1 [166]. Calcium carbonate (CaCO3) is 
originally present 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 appearing at 713 cm-1, 872 cm-1 and 1417 cm-1 [162,166].  
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Fig. 5.9 (a) Infrared spectra and (b) TG-DTG of the SS5 before and after adsorption.  

▪ TG-DTG analysis 

The thermal gravimetric results of the SS5 are illustrated in Fig. 5.9b. Generally, a 
distinct mass loss for cementitious materials at a temperature of 130-200 ℃, 400-500 ℃ 
and 500-800 ℃, indicates the dehydration, the dihydroxylation or calcination of 
ettringite, the decomposition of Ca(OH)2 and the decarbonation of CaCO3, respectively 
[152]. The TG curves show that 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 [152]. A mass-loss peak appears at around 100 ℃ in the DTG 
curve related to the free moisture loss [167]. Besides, the dehydration of C-S-H appears 
below 200 ℃, which also matches the weight loss description in the mass loss curve 
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[168,169]. A sharp decline of mass is observed at a temperature range of 450-500 ℃ 
for all adsorptive mortar, which corresponds to the decomposition of Ca(OH)2 
[144,170]. The result is consistent with the XRD analysis. A significant mass loss is 
observed at the temperature of 550-800 ℃, which is related to the thermal 
decomposition of CaCO3 [171].  

▪ SEM-EDS analysis 

The mortars HM1 and SS10 after adsorption are analyzed by SEM-EDS, as shown in 
Fig. 5.10, the C-S-H gel has a dense network structure, which indicates that enough 
hydration products are formed. 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 [99,105]. 
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 increasing 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. 

5.3.4 Effects of adsorptive mortar on the performance of aggregates 

▪ Adsorption capacity of aggregates coated with adsorptive mortar 

For the adsorptive aggregate (SS75), coated with different adsorptive mortars, the 
adsorption capacity is presented for different initial P concentrations (Fig. 5.11). The 
adsorptive aggregate is immersed in P-solution with an initial concentration of 1215 
mg/L, 1849 mg/L and 2968 mg/L, the adsorption capacity of the aggregate pellets 
coated with normal mortar (P-C0) decreases by 18%, 25% and 48%, respectively, 
compared to the aggregate (SS75) without coating. The results also show that the 
porous adsorptive mortar significantly improves the adsorption capacity of the 
aggregate, compared to the P-C0. When the P-concentration is 1215 mg/L, 1849 mg/L 
and 2968 mg/L, the P-adsorption capacity of the adsorptive mortar is 11.0-13.5 mg/g, 
12.8-18.0 mg/g and 11.5-16.5 mg/g, respectively, and the P-removal rate is 36-44%, 
39-28%, 22-15%, respectively. Compared to previous studies, the adsorption capacity 
is significantly higher than that of most porous 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%, 24% and 35%, respectively, with an initial P-concentration 
of 1215 mg/L, 1849 mg/L and 2968 mg/L, compared to the P-C0. The increase in the 
adsorption capacity of the mortar-coated adsorptive aggregate is mainly attributed to 
the increase in the micropores and permeability. Considering a balance between 



 

77 

 

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 adsorptive mortar. 

 

Fig. 5.10 SEM-EDS analysis of adsorptive mortar after adsorption. 

▪ Adsorption mechanism of adsorptive aggregates 

Both physisorption and chemisorption mechanisms can be used to increase the 
adsorption capacity of adsorptive materials. Physical modifications such as increasing 
the amount of micropores, connectivity or specific surface area [100], and chemical 
modifications such as increasing the leaching of Ca2+ ion for promoting its binding to 
phosphate and the formation of P-Ca precipitation are often utilized [15]. In this study, 
both physical and chemical modification is applied to improve the adsorption 
performance of cement-coated adsorptive aggregates. The porous HM is applied to 
physically modify the porosity and permeability of mortar to increase the leaching of 
Ca2+ ions. The SS is applied to further increase the chemisorption capacity of the 
mortar-coated aggregate.  

The schematic diagram of the adsorption process and mechanism of mortar-coated 
adsorptive aggregates for P-removal is shown in Fig. 5.12. When a conventional 
aggregate is coated by conventional mortar, most of the phosphate can not be in contact 
with the conventional aggregate (Fig. 5.12a). More importantly, conventional 
aggregates do not have the adsorption capacity, thereby a small amount of the phosphate 
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can be adsorbed by the Ca2+ ion leached from the mortar itself, which explains the low 
P-removal capacity of conventional porous concrete.  

In contrast, for adsorptive aggregate coated with conventional mortar, due to the high 
adsorption capacity of the adsorptive aggregate (SS75), as shown in Fig. 5.11, as long 
as the phosphate can penetrate the coating layer of the conventional mortar, it can be 
adsorbed by the adsorptive aggregate and mortar. It has to be noted that only a small 
amount of phosphate can reach the adsorptive aggregate because of the restrictive 
permeability of the conventional mortar (Fig. 5.12b).  
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Fig. 5.11 P-adsorption amount and removal fraction of adsorptive aggregates with an initial P 

concentration (a) 1215.3 mg/L, (b) 1849.3 mg/L and (c) 2967.5 mg/L. 

However, when the adsorptive aggregate is coated by a porous adsorptive mortar, due 
to the increase in the permeability of the adsorptive mortar, more phosphate can 
penetrate the coating layer and reach the adsorptive aggregate, and finally, be absorbed 
by the internal adsorptive aggregate and the external adsorptive mortar layer (Fig. 
5.12c). In addition, the adsorptive mortar itself contributes to phosphate removal with 
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its own improved adsorptive properties. 

 

Fig. 5.12 Schematic diagrams of the adsorption process and mechanism of adsorptive aggregates 

coated with porous adsorptive mortar for P-removal. 

5.4 Conclusions 

(1) Heat-treated miscanthus (HM) (0.5 wt.% and 1 wt.%) shows an insignificant effect 
on cement hydration thanks to the pyrolysis of oxygen-containing saccharides. The 
addition of steel slag (SS) (5 wt.% and 10 wt.%) slightly reduces the total heat of cement 
hydration by 3-7%. 

(2) HM slightly decreases the density of adsorptive paste (up to 3%), whereas the SS 
significantly increases it (up to 8%). The HM can be applied to improve the 
permeability of adsorptive paste (up to 10%). However, the high content of the HM (≥1 
wt.%) would result in a significant decrease in mechanical strength. 

(3) The adsorptive paste has a high adsorption capacity, namely 30.4 mg/g, 46.2 mg/g 
and 74.2 mg/g, with corresponding initial P-concentrations of 1215 mg/L, 1849 mg/L 
and 2968 mg/L. The mortar-coated aggregate (P-HM1) has the highest adsorption 
capacity and removal rate for P-removal, with an increase of 20-35%, compared to the 
P-C0. Ca2+ leached from the paste and the SS is one of the main metal ions for the 
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formation of Ca-P precipitates in the solution. Besides, the porous HM contributes to 
physical adsorption by increasing the micropores of the adsorptive paste. 

(4) Porous HM and the SS can significantly improve the adsorption performance of the 
mortar-coated aggregate by increasing permeability and Ca2+ ion release. The HM with 
a dosage of 0.5 wt.% and the SS with a dosage of 10.0 wt.% are recommended for the 
adsorptive paste, without obvious sacrifices in other properties. 
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Chapter 6 Mechanical, absorptive and freeze-thaw properties 

of pervious concrete applying a bimodal aggregate packing 

model 

 

 

To optimize the pore skeleton structure of pervious concrete to enhance its phosphate 
(P) removal from stormwater, small-sized adsorptive aggregate (1-2 mm steel slag) and 
large-sized natural aggregate (2-5 mm basalt), are applied for the manufacture of two-
sized aggregate pervious concrete. Physico-mechanical properties, adsorption 
performance and freeze-thaw resistance are investigated. The results show that the 
small-sized steel slag aggregate fills the pores between the large-sized natural 
aggregates and reduces the porosity and permeability of pervious concrete, significantly 
improving the mechanical strength and freeze-thaw resistance. Pervious concrete in this 
study shows an excellent P-adsorption capacity, all P is removed from the aqueous 
solution with an initial concentration of 168 mg/L and 307 mg/L. The harmful elements 
(Cr, Sr and V, etc.) leached from the concrete are lower than the maximum limit value. 
The orthogonal results show that cement and steel slag are the main factors affecting 
the P-adsorption performance of pervious concrete. Based on the current results, sample 
3 (cement: 350 kg/m3, sand: 500 kg/m3, w/c: 0.37, 1-2 mm steel slag: 1385.8 kg/m3 and 
2-5 mm basalt: 361.3 kg/m3) shows good P-removal capacity, which is an optimal mix 
for pervious concrete to remove P from stormwater, with suitable strength and durability. 

 

 

 

This chapter is partially reproduced from: 

F. Wu, Q.L. Yu, H.J.H. Brouwers. Mechanical, absorptive and freeze-thaw properties of pervious 

concrete applying a bimodal aggregate packing model. Construction and Building Materials, 333, 

127445, 2022.  



 

82 

 

6.1 Introduction 

Conventional pervious concrete is typically composed of single-sized coarse aggregates, 
cement and water or a small amount of fine aggregate [54], which has many advantages, 
including good drainage properties, noise absorption and urban heat island reduction 
[172,173]. In recent years, for removing pollutants from stormwater, such as phosphate 
(P), nitrate (N) and heavy metals etc., more and more attention has been paid to the 
adsorption performance of pervious concrete. For example, the expanded shale 
aggregate is used for permeable pavement for the P and N removal [174]. Besides, 
pervious concrete is applied to remove heavy metals such as zine, lead [175,176] and 
cesium [177] and excess nutrients in the water body [178]. However, single-sized 
aggregates without adsorption capacity are currently the primary aggregates for 
conventional pervious concrete, consequently, the adsorption capacity and removal rate 
of conventional pervious concrete is low and usually require a long reaction time. 
Therefore, it is hypothetically to improve the P-removal performance of pervious 
concrete by using materials with adsorption capacity as aggregates and optimizing the 
micropores of the skeleton structure between the aggregates. 

The behavior of concrete is related to aggregate characteristics [179]. The adsorptive 
materials have been applied to conventional pervious concrete to improve the pollutants 
removal from stormwater recently. For example, nano-titanium dioxide (TiO2) is used 
in pervious concrete to improve the purification efficiency of pollutants (N, P and 
methylene blue), with an efficiency of 60%-90% [180]. The use of 0.6-1.2 mm mineral 
adsorbents (zeolite and pumice) improves the compressive strength of pervious 
concrete and decrease the suspended solids by 40% [53]. Red mud in geopolymer 
pervious concrete for heavy metal removal with a removal rate of 53-77% because the 
geo-polymeric gel and red mud have good adsorption for heavy metals, but red mud 
shows a negative effect on mechanical strength [50]. In addition, a porous bio-based 
material, biochar is also added to pervious concrete for N and P removal [52]. Therefore, 
it is of significance to choose an adsorptive material with appropriate strength and 
adsorption capacity to improve the adsorption performance of pervious concrete. 

In this chapter, steel slag is applied as adsorptive aggregates to replace conventional 
aggregates, a two-sized aggregate structure is firstly proposed for improving the 
adsorption performance, mechanical properties and durability of pervious concrete, and 
then the effects of cement, sand, water-cement ratio (w/c) and steel slag content on 
adsorption performance are investigated based on an orthogonal test result. The present 
work resulted in an optimal mix design of two-sized aggregate pervious concrete with 
excellent adsorption capacity together with desired mechanical properties and 
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durability for engineering applications. 

6.2 Two-sized aggregate structure for pollutants removal 

Natural aggregate is here modelled to be a spherical particle, the structure comparison 
of conventional pervious concrete and two-sized aggregate pervious concrete is shown 
in Fig. 6.1. Conventional pervious concrete often contains a single-sized aggregate for 
high permeability and good anti-clogging properties. However, for two-sized aggregate 
pervious concrete, low permeability is desirable as long as the pollutants can penetrate 
the concrete matrix with water flow and be absorbed by adsorptive ingredients. Besides, 
the low void can lead to an improvement in mechanical properties [181]. Therefore, the 
two-sized aggregate structure is applied to improve the adsorption and purification 
function of pervious concrete in this study. Natural aggregates with larger particle sizes 
are used as the skeleton, and the small-sized adsorptive particles are filled into the 
skeleton voids as the main body for pollutant removal by physical and chemical 
adsorption. The large-sized natural aggregates and small-sized adsorptive aggregates 
form a two-sized structure. Furthermore, the large-sized aggregates can also be replaced 
with adsorptive aggregates to further improve the adsorption capacity of pervious 
concrete.  

 

Fig. 6.1 Structure comparison of conventional pervious concrete and two-sized aggregate pervious 

concrete. 

The mathematical relationship of the particle size between the natural aggregate and 
the adsorptive aggregate is shown in Fig. 6.2. The optimized particle packing can 
enhance the mechanical properties and durability of pervious concrete [182,183]. When 
the natural aggregate is single-sized, usually two arrangements (triangular array and 
square array) exist between aggregates from a two-dimensional perspective. There are 
three types of holes formed by two aggregate arrangements, including cube pore, 
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octahedral pore and tetrahedral pore. For example, when using natural aggregates as a 
skeleton with a particle size of R1=5 mm, the maximum particle size of the adsorptive 
aggregate is R2=1.15 mm, 2.05 mm or 3.65 mm based on three packing modes. Due to 
the angular effect of natural aggregates, most natural aggregates belong to a close-
packed array structure, thus the formed pores are mainly tetrahedral and octahedral 
holes. When the particle size of the natural aggregate is selected as 5 mm, the adsorptive 
aggregate size should not exceed 2.05 mm to make small-sized adsorptive aggregate 
smoothly fill the pore structure for a good micropore structure of pervious concrete. 
The small-sized adsorptive aggregate can fit into these holes, theoretically, the particle 
size of the adsorptive aggregate can be estimated for good packing modes using: 

𝑅2 = (√3 − 1)𝑅1                                                 (6.1) 𝑅2 = (√2 − 1)𝑅1                                                 (6.2) 𝑅2 = (√62 − 1) 𝑅1                                                 (6.3) 

 
Fig. 6.2 Three packing forms of two-sized aggregates (R1: normal aggregate size; R2: adsorptive 

aggregate size). 
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6.3 Materials and Methods 

6.3.1 Materials 

Basalt with a particle size of 2-5 mm is used as coarse aggregates. BOF steel slag (TATA 
Steel, The Netherlands) with 1-2 mm particle size is used as an alternative for the fine 
aggregates (Fig. 6.3). The specific densities of the basalt and the steel slag are 3.1 g/cm3 
and 3.9 g/cm3, respectively. Portland cement CEM I 52.5 R (ENCI, The Netherlands) 
is used as the binder. CEN-NORM sand satisfied with European standards (EN 196-1) 
is used as fine aggregates. 

 

Fig. 6.3 (a) BOF steel slag and (b) Basalt. 

6.3.2 Mix proportion and specimen preparation 

▪ Effects of the steel slag on the performance of pervious concrete  

Firstly, the effects of the small-sized steel slag on the physical and mechanical 
properties, adsorption performance and freeze-thaw resistance of pervious concrete are 
evaluated. A mixture containing 301 kg/m3 cement, 110 kg/m3 sand, 111.4 kg/m3 water 
and 1574 kg/m3 basalt is used as the control mix, which refers to the mix proportion of 
pervious concrete as reported by Nguyen et al [184]. The 2-5 mm basalt is replaced by 
1-2 mm steel slag to form a two-sized skeleton structure in the other four batches, and 
other parameters are kept constant. The alternative volume ratios are set as 12.5%, 25%, 
37.5% and 50%, respectively. The mix proportions of pervious concrete are presented 
in Table 6.1. 

▪ Mix proportion of orthogonal test  

The orthogonal test is used to investigate the optimal mixing ratio of two-sized 
aggregate pervious concrete. The effects of four factors (including cement, sand, w/c 
and the volumetric content of steel slag in total aggregates) on physical and mechanical 

(a) (b) 
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properties, adsorption performance and freeze-thaw resistance of pervious concrete are 
investigated, and each factor is designed as three levels, as shown in Table 6.2. The 
orthogonal table L9(34) is applied in the orthogonal test, the mix proportions of pervious 
concrete are shown in Table 6.3. 

Table 6.1 Mix proportions of pervious concrete. 

Samples 
Cement 

(kg/m3) 

Sand 

(kg/m3) 

Water 

(kg/m3) 

Aggregates 
Steel slag /total 

aggregates (Vol.%) 
1-2 mm Steel 

slag (kg/m3) 

2-5 mm Basalt 

(kg/m3) 

Control 301 110 111.4 0 1574 0 

SS12.5 301 110 111.4 251.6 1377.3 12.5 

SS25 301 110 111.4 503.2 1180.5 25 

SS37.5 301 110 111.4 754.7 983.8 37.5 

SS50 301 110 111.4 1006.3 787 50 

Table 6.2 Factors and levels of the orthogonal test. 

Three levels 

Four factors 

Cement 
(kg/m3) 

Sand 

(kg/m3) 
W/C 

1-2 mm steel slag/ total 
aggregate (Vol.%) 

1 350 400 0.33 25 

2 400 450 0.35 50 

3 450 500 0.37 75 

6.3.3 Test methods 

▪ Physical and mechanical properties  

The density of the sample is measured following EN 12390-7. The porosity of the 
samples is determined according to ASTM C1754/C1754M-12. The cross-section of 
the sample after the flexural test is captured by a high-definition camera for evaluation 
of internal pore properties including pore area fraction and average pore size, etc. are 
analyzed based on the image analysis method by the Image J software [185]. A random 
location of 40×40 mm2 on the casting surface of the sample is used as the surface pore 
analysis. Considering the apparent differences in the casting surface of the sample, the 
change in porosity of the entire casting surface along with the length of the sample is 
analyzed. 

The 28-day compressive strength and flexural strength of the sample are determined 
according to EN 196-1. Fragments of the sample are collected after the compression 
test for microstructure analysis using SEM. 

The porosity can be calculated according to: 
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𝑃 = [1 − (M𝑑𝑟𝑦−M𝑠𝑢𝑏𝜌𝑤𝑎𝑡𝑒𝑟×𝑉𝑠 )] × 100%                                      (6.4) 

where P is the total porosity of the sample (%); Mdry is the dry mass of the sample (kg); 
Msub is the submerged mass of the sample in water (kg); Vs is the volume of the sample 
(m3); ρwater is the density of water (kg/m3). 

The water permeability of the sample is determined using the falling head method, and 
the coefficient of water permeability is calculated based on Darcy`s Law as shown by: 

𝑘 = 𝑎×𝐿𝐴×𝑡 𝑙𝑛 (ℎ1ℎ2)                                                    (6.5) 

where k is the water permeability coefficient (mm/s); a is the cross-sectional area of 
pipe (mm2); A is the cross-sectional area of the cylindrical sample (mm2); L is the length 
of the sample (mm); t is the time when the water head varies from h1 to h2; h1is the 
initial water head (mm); h2 is the final water head (mm).  

Table 6.3 Mix proportions of the orthogonal test. 

Samples 
No. 

Cement 
(kg/m3) 

Sand 

(kg/m3) 
w/c 

 

Water 
(kg/m3) 

Aggregates 

1-2 mm 
Steel 
slag 
(kg/m3) 

Steel slag 
/total 
aggregate 
(Vol.%) 

2-5 mm 
Basalt 
(kg/m3) 

Basalt/total 
aggregate 
(Vol.%) 

1 350 400 0.33 115.5 511.4 25 1199.9 75 

2 350 450 0.35 122.5 973.4 50 761.2 50 

3 350 500 0.37 129.5 1385.8 75 361.3 25 

4 400 400 0.35 140 1415.4 75 369.0 25 

5 400 450 0.37 148 446.1 25 1046.6 75 

6 400 500 0.33 132 887.5 50 694.1 50 

7 450 400 0.37 166.5 860.5 50 673.0 50 

8 450 450 0.33 148.5 1289.6 75 336.2 25 

9 450 500 0.35 157.5 403.2 25 945.9 75 

▪ Adsorption performance  

The adsorption performance of pervious concrete is evaluated by the P-solution 
removal test in this study. Considering the high P-removal performance of steel slag 
aggregates [15], different initial concentrations of P-solution, including low-
concentration (168 mg/L and 307 mg/L) and high-concentration (1869 mg/L and 2898 
mg/L) P-solutions are prepared for the P-adsorption test by dissolving the chemically 
pure potassium dihydrogen phosphorus (KH2PO4) in distilled water. After that, the P-
solution is stirred at 225 rpm in a thermostatic shaker for 24 hours for the dissolution 
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of the solid P-particle before the adsorption test. 

The P-adsorption test of pervious concrete in this study refers to the laboratory setup 
method for the removal of stormwater pollutants reported by Haselbach et al. [46], as 
shown in Fig. 6.4. The 40×40×160 mm3 sample is cut into a small cube block 
(approximately 4×4×4.5 mm3) for the P-adsorption test. Firstly, 100 ml of P-solution is 
poured into a glass container, and then the control valve is opened, the P-solution is 
slowly dripped onto the surface of the concrete block with a flow rate of 3-5 ml/min, 
and a beaker at the bottom is used to collect the filtrate. When the P-solution is 
completely filtered by the concrete block, the collected filtrate is immediately poured 
into the upper glass container to continue the next cyclic P-adsorption test. After P-
solution is adsorbed by the concrete block for 1, 3 and 5 times, about 3 ml of filtrate is 
collected by an injecter and then filtered by a 0.45 μm membrane filter and the P-
concentration of the filtrate is determined using an IC analyzer. The mass of the small 
cube block for the cyclic adsorption test is shown in Table 6.4. The P-adsorption 
amount (q, mg/g) and P-removal fraction (PR, %) are calculated according to Eqs. (3.1) 
and (3.2), respectively.  

 

Fig. 6.4 Laboratory setup for P-adsorption test. 

▪ Freeze-thaw test  

The resistance to freeze-thaw cycles of pervious concrete is evaluated according to EN 
1338. The temperature of the freeze-thaw test varies from -18 ℃ to 20 ℃ for 24 h. The 
prism samples of 40×40×160 mm3 are completely immersed in the water, and the water 
surface is 5±2 mm above the surface of the sample. The mass loss and apparent change 
of the sample after each freeze-thaw cycle is evaluated. 

Flow rate controller 

P-solution 

Sample 
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Table 6.4 Mass of the small cube block for cyclic adsorption test. 

P-concentration 
(mg/L) 

Sample mass (g) 
1 2 3 4 5 6 7 8 9 

1869 144 147 140 151 144 154 169 167 176 

2898 153 154 148 156 137 159 171 167 179 

6.4 Results and discussion 

6.4.1 Effects of steel slag content on the performance of pervious concrete 

▪ Density, porosity and permeability   

The aggregate size and shape have a significant effect on the porosity and permeability 
of pervious concrete [179]. As shown in Fig. 6.5, the replacement of basalt aggregate 
with small-sized steel slag aggregate increases the density of pervious concrete and 
reduces the porosity and permeability coefficient. When 50% basalt (2-5 mm) is 
replaced by 1-2 mm steel slag, the density increases by 26% and the porosity and 
permeability coefficient reduce by 36% and 63%, respectively. The phenomenon of 
smaller aggregate size leading to a lower permeability of pervious concrete is reported 
in previous studies [186]. The tendency of an increase in pore sizes of pervious concrete 
with the increase of aggregate particle sizes can be easily noticed [185]. 

The pores have a relatively uniform distribution as the pores are smaller and regular 
[187]. In this study, the pores of the SS50 concrete are more uniform than that of the 
control concrete. Besides, it can be observed that the small-sized steel slag fills the large 
pores between aggregates, resulting in a significant decrease in porosity. The 
mechanical strength and permeability of pervious concrete mainly depend on 
micropores, cement paste and aggregate characteristics [188]. The reduced porosity 
through the small-sized aggregate can contribute to the strength enhancement of 
pervious concrete. 

▪ Compressive strength and flexural strength  

The relationship between 28-day mechanical strength and porosity of pervious concrete 
is shown in Fig. 6.6. As the content of small-sized steel slag increases, the 28-day 
compressive strength and flexural strength of pervious concrete gradually increase. 
When the coarse aggregate is replaced by 50% steel slag, the compressive and flexural 
strengths are 14.3 MPa and 5.19 MPa, respectively, with an increase of 151% and 131%, 
compared to the control concrete. This may be attributed to the good packing, low 
porosity and particle interlock formed by the two-sized aggregates [189]. It can be 
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concluded that the mixing of 1-2 mm steel slag aggregate and 2-5 mm natural aggregate 
results in an increased aggregate packing density, contributing to the improvement of 
the mechanical strength. 
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Fig. 6.5 Density, volumetric porosity and permeability coefficient of pervious concrete. 
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Fig. 6.6 Relationship between 28-day compressive strength and flexural strength and porosity of 

pervious concrete. 

Generally, the interfacial transition zone (ITZ) is the weakest part of conventional 
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concrete, which dominates the performance of the concrete [190]. However, the 
designed porosity is the weakest part of pervious concrete. In this study, small-sized 
steel slag fills the pores between the aggregates and decreases the porosity of pervious 
concrete, thus improving the mechanical strength. Moreover, steel slag has a higher 
density and strength than basalt aggregate. The application of high-strength waste 
aggregates (e.g. copper slag [179], steel slag [191], etc.) can enhance the mechanical 
strength due to the strong interlocking effect [190]. The use of cement, fine aggregates, 
polymeric materials, fibres, etc. will further improve the mechanical properties of 
pervious concrete [192–195]. 

Microscope images of the ITZ of pervious concrete are shown in Fig. 6.7. A good bond 
between basalt and mortar is observed, however, a small number of microcracks is 
produced between the ITZ and the surface of basalt aggregate during the compression 
test (Fig. 6.7a). The micro-cracks are observed in the ITZ between steel slag and mortar, 
but no steel slag cracking (Fig. 6.7b), indicating that the ITZ between steel slag and 
mortar is the weakest part of pervious concrete, which needs to be strengthened in future 
work. 

▪ P-adsorption performance  

The initial concentration of the P-solution is 168 mg/L and 307 mg/L, respectively. The 
results show that no P is detected in the filtrate, indicating that all P in the solution is 
adsorbed by pervious concrete. This may be attributed to the calcium ions (Ca2+) and 
hydroxide ions (OH-) released from the pervious concrete reacting with the phosphate 
to form Ca-P precipitates. Moreover, when the pervious concrete is immersed in water 
for a long time, the aquatic microbes attached to the porous structures also contribute 
to biological adsorption [196], and the internal micropores have physical adsorption for 
the suspended substances from stormwater [197]. Therefore, the P-removal 
performance of pervious concrete depends on the connected pore structure of pervious 
concrete, in addition to the adsorption capacity of the adsorptive aggregate and the 
mortar matrix. 

The comparison of pollutant removal of different concretes from stormwater runoff is 
shown in Fig. 6.8. For conventional concrete, stormwater containing pollutants can not 
penetrate the conventional concrete, only the surface contact with pollutants, and the 
pollutant removal of the conventional concrete can be ignored (Fig. 6.8a). During the 
infiltration of stormwater into the pervious concrete, the ions (calcium, iron, aluminium 
and hydroxide ions, etc.) leached from the cement paste of pervious concrete can react 
with a small amount of pollutants (methylene blue, phosphate, nitrate and heavy metals, 
etc.) through surface complexation, ion exchange and precipitation [180,198]. 
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Conventional single-sized pervious concrete exhibits a certain adsorption capacity for 
pollutants (Fig. 6.8b), however, it usually has a low adsorption capacity and a long 
contact time [15]. Due to the high adsorption capacity of the adsorptive aggregate, more 
pollutants can be combined with the adsorptive aggregate and cement matrix, 
significantly improving the pollutant removal capacity of pervious concrete by a two-
sized aggregate structure (Fig. 6.8c). Moreover, when the large-sized natural aggregate 
is completely replaced by the adsorptive aggregates, the adsorption capacity of pervious 
concrete would be further improved.  

 

Fig. 6.7 Microscope images of the ITZ (a) Basalt and (b) Steel slag. 

 

Fig. 6.8 Comparison of pollutant removal from stormwater runoff by (a) conventional concrete, (b) 

single-sized pervious concrete and (c) two-sized pervious concrete. 
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During the rainy season, the stormwater penetrates the voids of pervious concrete, 
which then dissolves the hydration products of cement paste [199]. The dissolved ions 
are then washed out from the pervious concrete by stormwater. Therefore, when steel 
slag is used as aggregates for pervious concrete, the leaching behavior should be 
evaluated in this study, and the leaching results are shown in Table 6.5. The amount of 
sodium and potassium is 50-100 mg/kg and the calcium ion is above 500 mg/kg. Some 
harmful metal ions such as As, Cr, V, etc. leached from the steel slag particle and 
pervious concrete are far below the maximum limit values for building materials 
according to the Dutch Soil Quality Decree [140]. The results confirm that the pervious 
concrete produced in this study can be used for P-removal without any environmental 
risk.  

Table 6.5 Leaching results of steel slag and two-sized pervious concrete (mg/kg). 

Elements Al As Ba Cr Fe Mg Sr V 

Steel slag 3.49 ≤0.18 0.004 0.13 ≤0.25 0.55 0.37 ≤0.95 

Control 1.41 ≤0.18 3.44 0.05 ≤0.15 0.04 21.2 ≤0.22 

SS12.5 0.06 ≤0.18 3.80 0.05 ≤0.22 0.04 21.3 ≤0.22 

SS25 ≤0.02 ≤0.18 3.12 0.04 ≤0.23 0.04 21.0 ≤0.22 

SS37.5 ≤0.31 ≤0.18 3.32 0.05 ≤0.22 0.04 21.1 ≤0.21 

SS50 ≤0.28 ≤0.18 3.54 0.07 ≤0.25 0.02 21.0 ≤0.22 

Limit value - 0.90 22 0.63 - - - 1.80 
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Fig. 6.9 Mass loss of pervious concrete during the freeze-thaw test. 

▪ Freeze-thaw resistance  

Pervious concrete is applied to remove pollutants from stormwater runoff and is often 
in contact with an aqueous solution, the resistance to freeze-thaw cycles of pervious 
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concrete should be evaluated when it is applied in a cold region. As shown in Fig. 6.9, 
the SS50 concrete has the best resistance to freeze-thaw cycles, compared to the control 
concrete. The use of small-sized steel slag instead of basalt significantly improves the 
freeze-thaw resistance of pervious concrete. After 28 freeze-thaw cycles, the mass loss 
of the control, SS12.5, SS25, SS37.5 and SS50 concrete are 4%, 3%, 3%, 2% and 1%, 
respectively. The mass loss of the SS50 concrete decreases by 74%, compared to the 
control concrete. The spalling of aggregates from the concrete surface may lead to an 
increase in mass loss, for example, a significant increase in mass loss of the SS12.5 
concrete is observed at 21 freeze-thaw cycles. Therefore, freeze-thaw characteristics of 
pervious concrete can be improved by using a two-sized aggregate structure composed 
of fine steel slag and normal coarse aggregate. 

 

Fig. 6.10 Schematic diagrams of the freeze-thaw failure mechanism of two-sized aggregate pervious 

concrete. 

The main degradation form of freeze-thaw damage is the cracking and spalling of the 
concrete surface [65,200]. The effects of pore pressures on the micropores of two-sized 
aggregate pervious concrete during freeze-thaw cycles are illustrated in Fig. 6.10, the 
freeze-thaw damage is mainly caused by the pore pressure due to the ice formation 
[200,201]. The pore pressure is composed of hydraulic pressure (ice volume expansion), 
cryosuction pressure (surface tension of the water) and crystallization pressure (shape 
of ice crystals), depending on the thermodynamics between ice crystal and unfrozen 
water [202–204]. The hydraulic pressure mainly relies on the increased ice volume due 
to expansion, while the cryosuction pressure and crystallization pressure depend on 
pore size and temperature [202]. In this study, when the basalt is replaced by small-
sized steel slag, the internal defects or micropores of the pervious concrete are reduced, 
and the hydraulic pressure generated by the ice expansion also significantly decreases, 

(a) Concrete containing micropores (b) Ice formation in micropores (c) Pore pressure in micropores
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which contributes to the good freeze-thaw resistance of two-sized aggregate pervious 
concrete.  

The effects of freeze-thaw cycles on the mechanical strength of pervious concrete are 
analyzed, as shown in Table 6.6. The results show that the compressive strength and 
flexural strength significantly decrease after freeze-thaw cycles. However, when the 
basalt is replaced by small-sized steel slag, the reduction in mechanical strength is 
rather limited. After 15 freeze-thaw cycles, the reduction in the compressive strength 
and flexural strength of the SS50 concrete is only 4% and 7%, respectively, which is 
significantly lower than the reduction in the strength of the control concrete.  

The degrading effect of freeze-thaw cycles on the mechanical properties of concrete 
has been observed in previous studies [205]. The cracks caused by freeze-thaw damage 
are the main reasons for strength reduction [206]. According to the degradation model 
of strength as reported by Sun et al. [205], the relative compressive strength of 
conventional concrete after 15 freeze-thaw cycles is approximately 0.96, with a 
compressive strength loss of about 4%. It is noted that SS50 developed in this work 
shows a comparable compressive strength loss with conventional concrete, indicating 
its excellent durability performance. 

Table 6.6 Mechanical strength loss of pervious concrete after 15 freeze-thaw cycles. 

Samples 
Compressive strength (MPa) Flexural strength (MPa) 
Before After Reduction in % Before After Reduction in % 

Control 5.7 4.5 21 2.25 2.06 8 

SS12.5 8.9 8.0 10 4.02 3.68 9 

SS25 10.9 9.5 13 4.14 3.64 12 

SS37.5 13.6 11.0 19 4.49 4.32 4 

SS50 14.3 13.8 4 5.19 4.81 7 

6.4.2 Orthogonal results of two-sized aggregate pervious concrete 

▪ Physical properties  

The surface texture of pervious concrete is shown in Fig. 6.11. The results show that 
samples 2, 3, and 4 have a perfect surface, the small-sized steel slag is tightly embedded 
between the basalt aggregates, and the overall surface is relatively smooth compared to 
samples 1 and 5. The surfaces of samples 8 and 9 are covered by mortar, most of the 
micropores are filled with mortar and the porosity is lower. No micropores are observed 
on the surface of sample 9 and all micropores are blocked by mortar, which will 
significantly affect the penetration of pollutants into the pervious concrete and reduce 
its adsorption performance.  

javascript:;
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Fig. 6.11 Surface texture of pervious concrete (top values: cement content, below values: LA:SA). 

The target grading line is calculated by the modified Andreasen and Andersen model 
using [207]: 

𝑃(𝐷) = 𝐷𝑞−𝐷𝑚𝑖𝑛𝑞𝐷𝑚𝑎𝑥𝑞 −𝐷𝑚𝑖𝑛𝑞                                 (6. 6) 

Where D is the particle size of the materials; Dmin and Dmax are the minimum and 
maximum particle size of the materials, and their values are 0.3 μm and 5000 μm in this 
study, respectively; P(D) is the cumulative fraction of the total solids being smaller than 
the particle size of D; q is the distribution modulus, and 0.30 is used in this study.  

  

Fig. 6.12 Cumulative curves of particle size distribution of pervious concrete. 

Generally, different types of concrete can be designed using Eq. (6.6) by applying 
various distribution modulus values (q), which determine the proportion between the 
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fine and coarse aggregates in the mixture. Higher distribution modulus values (q>0.5) 
are leading to coarse mixtures whereas smaller values (q<0.25) are resulting in mixtures 
which are rich in fine particles [208]. The distribution modulus of 0.23 is recommended 
for ultra-high-performance concrete [209]. An optimum range of the distribution 
modulus of 0.22-0.25 and 0.35-0.40 for self-compacting concrete and earth-moist 
concrete, respectively [208,210,211]. The distribution modulus values of 0.25 and 0.32 
are used for cement-based lightweight composites [212]. The distribution modulus 
values of 0.30 and 0.35 are designed for pumpable low-shrinkage flowing concrete 
[213]. Due to higher coarse particles in pervious concrete, a distribution modulus value 
of 0.30 is used for the target line based on the particle packing method. 

The cumulative curves of the particle size distribution of pervious concrete are shown 
in Fig. 6.12. The results show that the volume ratio of large-sized aggregate (LA) to 
small-sized aggregate (SA) has a significant effect on the cumulative curves of particle 
size distribution. When the volume ratio of large-sized aggregate to small-sized 
aggregate is 1:3, which is close to the target line, and the surface texture of the sample 
is suitable for permeable adsorptive concrete. 

Table 6.7 Porosity, water absorption and density of concrete. 

Samples 

Internal pore obtained 
by image analysis 

Surface pore obtained by 
image analysis 

Volumetric 
porosity 
obtained by 
test (%) 

24-hour 
water 
absorption 
(%) 

Oven-
dry 
density 
(kg/m3) 

Area 
fraction of 
pores (%) 

Average 
pore size 
(mm) 

Area 
fraction of 
pores (%) 

Average 
pore size 
(mm) 

1 10 0.06 12 0.06 14 6 2081 

2 9 0.04 11 0.04 16 7 2084 

3 6 0.03 11 0.05 17 7 2013 

4 9 0.04 16 0.07 17 7 2132 

5 2 0.03 12 0.10 13 6 2048 

6 5 0.04 12 0.05 14 6 2198 

7 4 0.04 3 0.02 11 5 2390 

8 10 0.02 4 0.03 12 5 2325 

9 1 0.04 0.1 0.01 9 4 2484 

The porosity, water absorption and density of pervious concrete are shown in Table 6.7. 
The results show that the area fraction and the average pore size of the surface pore of 
the most pervious concrete are higher than that of the internal pore. The calculated area 
fraction of surface pores of samples 7, 8, and 9 are very low because these three samples 
have more cement content (450 kg/m3), resulting in the blockage of the pores of the 
concrete by the excessive cement paste, consequently showing lower water absorption 
and higher density compared to other sample series. Generally, the target porosity of 
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pervious concrete should be 15-35% considering the requirements of the anti-clogging 
characteristic [214]. The low-porosity pervious concrete may have a clogging problem, 
and further research is needed in future work. 

  
Fig. 6.13 Changes in porosity of the entire casting surface of pervious concrete with its length (black 

areas are pores). 

The change in porosity of the entire casting surface along with the length of samples 3, 
6 and 9 is analyzed by Image J software, as shown in Fig. 6.13. The porosity of the 
entire casting surface of samples 3, 6 and 9 are unevenly distributed along with the 
length, with a range of 16-27%, 8-20% and 1-4%, respectively. In the length range, the 
average porosity of the entire casting surface of samples 3, 6 and 9 is 20%, 15% and 
2%, respectively. The porosity of the entire casting surface of sample 3 more evenly 
distributes along with the length compared with samples 6 and 9, which is helpful for 
pollutant removal by pervious concrete. 

▪ Mechanical properties  

The compressive strength and flexural strength of samples 1, 2, and 3 series with a 

(c) Sample 9, Vr=2% 

(b) Sample 6, Vr=15% 

 
(a) Sample 3, Vr=20% 
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cement content of 350 kg/m3, are significantly different from those of sample 4, 5, and 
6 series (cement: 400 kg/m3) and sample 7, 8, and 9 series (cement: 450 kg/m3), as 
shown in Fig. 6.14. These results are consistent with the porosity results, that is, samples 
1, 2, and 3 series with a high porosity result in a low compressive strength (27.0-31.3 
MPa), while samples 7, 8, and 9 series with a low porosity show a higher compressive 
strength (45.7-71.7 MPa). The compressive strengths of samples 4, 5 and 6 series vary 
from 31.5 MPa to 39.4 MPa. Similar to the compressive strength, the flexural strength 
in this study shows a similar trend. The flexural strengths of sample 1-3, 4-6 and 7-9 
series vary between 6.21-6.25 MPa, 6.91-7.20 MPa and 8.08-8.47 MPa, respectively, 
indicating sample 1-3 series in this study have relatively good strength for structural 
applications including sidewalks, parking lots and parkways, etc., compared to 
conventional pervious concrete. 

 
Fig. 6.14 28-day compressive strength and flexural strength of pervious concrete. 

▪ P-adsorption capacity and removal rate  

Considering the low-concentration P solution (168 mg/L and 307 mg/L) is totally 
adsorbed by pervious concrete in the first part, a much higher concentration of P 
solution (1869 mg/L and 2898 mg/L) is applied to the present adsorption test. As shown 
in Fig. 6.15, the P-adsorption amount and P-removal fraction of different pervious 
concrete have a significant difference. The P-adsorption amount and removal fraction 
of samples 1, 2, and 3 series are better than other samples series. When the P-
concentration is 1869 mg/L, the P-adsorption amount of sample 1-3, 4-6 and 7-9 series 
varies between 0.15-0.30 mg/g, 0.06-0.29 mg/g and 0.01-0.04 mg/g, respectively, the 
corresponding P-removal fractions are 11-22%, 5-23% and 1-4%, respectively. The 
high P-removal rate of samples 1, 2, and 3 series may be attributed to the relatively high 
porosity and water absorption, therefore, phosphate in the solution can easily contact 
calcium ions for Ca-P precipitates. Although samples 7, 8, and 9 series have high 
mechanical strength, the adsorption capacity is very low, compared to other sample 
series.  
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Fig. 6.15 P-adsorption amount and removal fraction of pervious concrete in P- solution of (a) 1869 

mg/L and (b) 2898 mg/L. 

The significance of cement, sand, w/c and small-sized steel slag content on the 
adsorption capacity are analyzed through the variance analysis. The calculated results 
are shown in Table 6.8. The deviation analysis of the orthogonal test results of P-
adsorption capacity is calculated based on [215]: 

𝐾 = ∑ 𝐾𝑗𝑙𝑟𝑙=1                                                       (6.7) 𝑃 = 1𝑛 𝐾2                                                         (6.8) 𝑄 = ∑ 𝑝𝑖2𝑛𝑖=1                                                       (6.9) 𝑄𝑗 = 1𝑚 ∑ 𝐾𝑗𝑙2𝑟𝑙=1                                                    (6.10) 𝑆𝑗2 = 𝑄𝑗 − 𝑃                                                     (6.11) 𝑆𝑇2 = ∑ 𝑆𝑗2𝑗                                                       (6.12) 

where, n is the number of experiments; r is the level of each factor; m is the number of 
occurrences of each level; the values of the n, r and m in this study are 9, 3 and 3, 
respectively; Kjl is the sum of the test results (Pi in Table 6.8) of the corresponding 
factor level l (l=1,2,3,···,r) in the column j; P and Q are an intermediate value to 
facilitate calculation of Sj

2 and ST
2; Sj

2 is the sum of squares for each factor in the 
column j; ST

2 is the sum of squares for total deviations. 

Considering the orthogonal table L9 (34) is completely filled in this study, the sand has 
no significant effect on the P-adsorption capacity, with the smallest sum of squares (Sj

2) 
than other factors (cement, W/C and steel slag), thereby it is used as the error group for 
the further variance analysis. The variance analysis results are shown in Table 6.9. As 
expected, cement and steel slag content have significant effects on the P-adsorption 
capacity, especially the cement, the water-cement ratio has no significant effect on the 
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adsorption capacity. According to the deviation calculation results (Table 6.8) and the 
P-adsorption results, sample No. 3 shows excellent P-removal ability, which is 
recommended as the optimum mix for pervious concrete. 

Table 6.8 Deviation calculation of the orthogonal results of P-adsorption capacity. 

Sample 
No. 
(n) 

Cement 
(kg/m3) 

Sand 

(kg/m3) 
W/C 

1-2 mm steel slag/ total 
aggregate (Vol.%) 

Adsorption capacity in 1869 
mg/L P-solution (mg/g) (pi) 

j=1 j=2 j=3 j=4 

1 350 400 0.33 25 0.15 

2 350 450 0.35 50 0.22 

3 350 500 0.37 75 0.30 

4 400 400 0.35 75 0.29 

5 400 450 0.37 25 0.11 

6 400 500 0.33 50 0.06 

7 450 400 0.37 50 0.02 

8 450 450 0.33 75 0.04 

9 450 500 0.35 25 0.01 

Kj1 0.67 0.46 0.25 0.27 
K=1.2 

P=0.16 

Q=0.263 

Kj2 0.46 0.37 0.52 0.30 

Kj3 0.07 0.37 0.43 0.63 

Qj 0.222 0.162 0.173 0.187 

Sj
2 0.062 0.002 0.013 0.027 ST

2=0.103 

Table 6. 9 Variance analysis of dependent variable of P-adsorption capacity.  

Source of variance Sum of squares Degree of free Mean square F value Significance 

Cement 0.062 2 0.031 34.3 * 

W/C 0.013 2 0.006 7.0  

Steel slag 0.027 2 0.013 14.8 (*) 
Error 0.002 2 0.001   

Total (ST
2) 0.103 8    

The symbols * and (*) represent the significance results under the condition of the significance level of 

α=0.10 and 0.05, respectively, and the corresponding critical F values are 9.0 and 19.0, respectively. 

The particle size has a significant effect on P-removal efficiency, smaller particle size 
will release more calcium ions and hydroxide ions to combine with phosphate [216]. 
The pervious concrete with high void and small-sized aggregates has superior P-
removal ability due to the large specific surface area [196]. The permeable pavement 
made of expanded shale aggregate can reduce the P-concentration from 0.2 mg/L to 
0.04 mg/L by simulated storm test [174]. The pervious concrete treated with TiO2 has 
a P removal of nearly 90%, with an initial concentration of 1000 mg/L [180]. In this 
study, the high-concentration P solution (1869 mg/L and 2898 mg/L) and the concrete 
blocks with a particle mass of 144-179 g are used for the P-adsorption test, thereby the 
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P-removal ability of pervious concrete blocks is acceptable.  

▪ Effects of cycles on P-adsorption performance  

The effects of adsorption cycles on P-adsorption amount and P-removal fraction are 
evaluated and the results are presented in Fig. 6.16. With the increase in the adsorption 
cycles, the P-adsorption amount and P-removal fraction of all pervious concrete 
increases, especially for samples 3 and 4. When the adsorption cycles increase from 1 
to 5, the P-adsorption amount of sample 3 increases from 0.3 mg/g to 0.6 mg/g, and the 
P-removal fraction increases from 15% to 31%. This indicates that enough calcium ions 
are released from the pervious concrete for the chemisorption process of Ca-P 
precipitates, and the adsorption cycles do not reduce the adsorption capacity.  

  
Fig. 6.16 Effects of cycles on P-adsorption amount and P-removal fraction of pervious concrete. 

All adsorptive materials will reach saturation at a certain moment. Because only 5 
cycles are used for the adsorption test, no saturation point is observed in this study, 
more adsorptive cycles need to be carried out for determining the saturation cycles. 
Moreover, the methods for extending the service life of the pervious concrete after 
pollutant saturation should be considered in future work, for example, to collect 
absorbed phosphate used as fertilizer for plants [217,218] or cultivate microbial 
communities in the micropores structure of pervious concrete to decompose absorbed 
organic matter [178]. 

▪ Durability  

The mass loss of pervious concrete during the freeze-thaw cycles is presented in Fig. 
6.17a. The mass loss of all concretes is relatively low, except for sample 1. At the 42 
freeze-thaw cycles, the mass loss of sample 1 is 3%, and the mass loss of other sample 
series varies from 1% to 2%. The freeze-thaw damage mainly occurs on the surface of 
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the concrete and the four corners, which is manifested by the peeling of aggregate 
particles from the concrete surface (Fig. 6.17b). Compared to the freeze-thaw resistance 
results of the first part of this study, the freeze-thaw characteristics of pervious concrete 
have been significantly improved through the optimized mix design. Although samples 
5 and 6 show the best freeze-thaw resistance, the P-adsorption amount and removal 
faction are relatively low compared to sample 3 (Fig. 6.15). Considering the high P-
adsorption capacity and suitable strength and durability of sample 3, it is recommended 
as the optimum mix for pervious concrete.   
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Fig. 6.17 (a) Mass loss of pervious concrete and (b) Changes in the concrete surface after 42 freeze-

thaw cycles. 

6.5 Conclusions 

(1) When pervious concrete contains 50% steel slag (1-2 mm), compressive strength 
and flexural strength increase by 151% and 131%, respectively, and mass loss caused 
by freeze-thaw cycles decrease by 74%, compared to control concrete. This is attributed 
to the fact that small-sized steel slag fills the pores between the aggregates and 
gradually reduces porosity and permeability, which is beneficial for improving the 
mechanical strength and freeze-thaw resistance of pervious concrete. 

(2) Two-sized aggregate pervious concrete has an excellent P-adsorption capacity, all P 
is removed from the aqueous solution because the calcium (Ca2+) ion and hydroxide 
(OH-) ion released by the pervious concrete react with the phosphate to form Ca-P 
precipitates. Moreover, the harmful elements (Cr, Sr and V, etc.) leached from pervious 
concrete are much lower than the maximum limit value for building materials, 
confirming no environmental risk. 

(b) 
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(3) According to the results of orthogonal testing, cement and steel slag are the main 
factors affecting the adsorption performance of pervious concrete. Sample 3 (cement: 
350 kg/m3, sand: 500 kg/m3, w/c: 0.37, 1-2 mm steel slag: 1385.8 kg/m3 and 2-5 mm 
basalt: 361.3 kg/m3) shows excellent adsorption capacity for high-concentration P-
removal and can be used as the optimum mix for two-sized aggregate pervious concrete. 
Moreover, when the cycle number increases from 1 to 5, the P-adsorption capacity of 
sample 3 increases from 0.3 mg/g to 0.6 mg/g, and the P-removal rate increases from 
15% to 31%. 
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Chapter 7 Improvement of phosphorus removal capacity of 

pervious concrete using highly adsorptive aggregates  

 

 

 

 

 

Pervious concrete has been widely used in building engineering such as pavements, 
parking lots and rain gardens for urban runoff management. However, the low 
adsorption capacity of conventional aggregates greatly limits the pollutant removal 
capacity of pervious concrete. To improve the phosphate adsorption capacity of 
pervious concrete from stormwater runoff, BOF steel slag and manufactured aggregates 
are applied to improve the P-removal capacity. The physico-mechanical properties, 
adsorption performance, adsorption mechanism and environmental impacts of highly 
adsorptive pervious concrete are investigated. Results show that the adsorptive concrete 
and steel slag concrete exhibit excellent P-adsorption capacity, increasing by 31% and 
52%, respectively, compared to the conventional aggregate concrete. The Ca2+ released 
from concrete is the dominant ion for the chemisorption of Ca-P precipitation. The P-
adsorption amount and removal faction of adsorptive pervious concrete increase with 
P-concentration and reaction time. Langmuir model and Elovich model provide 
appropriate fitting for the adsorption isotherm of adsorptive pervious concrete. 
Moreover, the developed adsorptive pervious concretes show a low P-releasing capacity, 
indicating that they can be safely used for P-removal from stormwater runoff in building 
engineering, without potentially negative environmental impact. 

 

 

 

 

This chapter is partially reproduced from: 

F. Wu, Q.L. Yu, H.J.H. Brouwers. Improvement of phosphorus removal capacity of pervious concrete 

using highly adsorptive aggregates. Manuscript.  
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7.1 Introduction 

Concrete slurry [219] or mortar powder [220] shows excellent adsorption capacity for 
P-removal due to the dissolved Ca2+ from CaOH2, CaCO3 and other phases in the 
hydrated cement matrix. The hydration product of Portland cement is a calcium-rich 
product, and the dissolved Ca2+ has a good adsorption capacity for P-removal [176]. 
The adsorption capacity of conventional aggregates such as crushed limestone, basalt 
and river gravel, etc. is limited since they do not exhibit any adsorption performance 
during the adsorption process [48]. Current research aims to improve the adsorption 
capacity of pervious concrete from the perspective of improving the adsorption capacity 
of mortar, for example, by adding aluminium hydroxide [48], fly ash and iron oxide 
[11], etc., however, the role of adsorptive aggregate in the adsorption process is ignored. 
Moreover, since the adsorption material usually reaches saturation after long-term 
service, the adsorption performance and environmental influence of pervious concrete 
after the cyclic adsorption test should be evaluated. 

Industrial wastes such as steel slag (SS), furnace slag, fly ash, etc., are potential 
absorbents for P-removal [15,39]. Previous studies show that concrete blocks after heat 
treatment can be applied to remove boron and fluorine from an aqueous solution [221] 
because the ettringite phase (Ca6Al2(SO4)3(OH)12·26H2O) is dehydrated to form the 
meta-ettringite phase under the high temperature. Moreover, the dissolved portlandite 
reacts with SO4

2- to form expansive gypsum for sulphate removal [13]. To improve the 
adsorption performance of pervious concrete by replacing conventional aggregates with 
highly adsorptive aggregates, an absorptive aggregate with physical and chemical 
adsorption capacity, good mechanical properties and durability are developed in 
Chapter 4 [55]. In this chapter, the adsorption capacity after the cyclic adsorption test 
and the adsorption mechanism of adsorptive pervious concrete is investigated. 

The steel slag (SS) and manufactured adsorptive aggregate (AD) are applied as 
adsorptive aggregates for adsorptive pervious concrete in this chapter, and basalt (B) is 
used as the reference aggregate for comparison. The physical characteristics, 
mechanical properties and P-removal performance of adsorptive pervious concrete are 
investigated. The cyclic adsorption characteristics, precipitate mechanism and 
environmental impacts of adsorptive pervious concrete are analyzed. The adsorption 
results are analyzed by adsorption isotherms and kinetics models. The developed 
adsorptive pervious concretes show excellent low P-releasing capacity and can be 
safely applied for P-removal from stormwater runoff. 
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7.2 Materials and methods 

7.2.1 Materials 

CEM I 52.5 R Portland cement (ENCI, The Netherlands) is used as a binder in this 
study. Commercial basalt (B), BOF steel slag (SS) (TATA Steel, The Netherlands) and 
manufactured adsorptive aggregate (AD) are applied as coarse aggregates, with a 
particle size of 1-2 mm and 2-5 mm, as shown in Fig. 7.1. The specific density of the 
B, SS and AD aggregates are 3.1 g/cm3, 3.9 g/cm3 and 2.6 g/cm3, respectively. The AD 
is produced using 75 wt.% SS and 25 wt.% expanded silicate, with a crushing strength 
of 5.1 MPa. The detailed manufacturing process is presented in Chapter 4 [55]. CEN-
NORM standard sand is used as the fine aggregate, which meets the requirement of the 
EN196-1 Standard. 

 

Fig. 7.1 (a) Basalt aggregate, (b) Steel slag aggregate and (c) Adsorptive aggregate. 

Table 7.1 Mix proportions of adsorptive pervious concrete and their densities (kg/m3). 

Sample Cement Sand Water 
Aggregates 

Density 
1-2 mm 2-5 mm 

B 350 500 129.5 1083.8 361.3 1843 

SS 350 500 129.5 1385.8 461.9 1970 

AD 350 500 129.5 934.5 311.5 1467 

7.2.2 Mix proportion and sample preparation 

Two-sized aggregates (1-2 mm and 2-5 mm) are used in this study for the manufacture 
of adsorptive pervious concrete, on the consideration of enhancing its mechanical 
properties from the improved packing perspective [207]. The volume ratios of large-
sized aggregate and small-sized aggregate in the mix proportion are chosen at 25% and 
75%, respectively, based on the preliminary tests concerning both the mechanical 
properties and durability [55]. The mix proportions of the adsorptive pervious concrete 
are shown in Table 7.1.  

(a) (c) (b) 

1-2 mm 2-5 mm 1-2 mm 2-5 mm 1-2 mm 2-5 mm 
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7.2.3 Test methods 

▪ Physical and mechanical properties  

The water absorption of concrete is determined according to ASTM C642-13, at the age 
of 28 days. The water permeability of concrete is determined using the Falling Head 
Method [179], and the coefficient of permeability known as saturated hydraulic 
conductivity, can be calculated based on Darcy`s Law as described in [222]. The 
porosity test is performed based on ASTM C1754/C1754M-12. 

 

Fig. 7.2 Schematic diagram of sample preparation process for P-adsorption test. 

Cutting for cyclic adsorption 
test 

Sample preparation 

Crushing for adsorption 
isotherms and kinetics test 

Samples for P-concentration analysis 
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The compressive and flexural strengths of concrete at a curing age of 28 days are 
determined in accordance with EN 196-1, with a corresponding loading rate of 2400 
N/s and 50 N/s, respectively. The average value of the three samples is reported as the 
test result.  

▪ Cyclic adsorption performance 

The adsorption performance of the adsorptive material will be gradually decreased after 
a long-term application, eventually, the materials will reach saturation. In the present 
study, the effects of the number of cycles on the adsorption performance of adsorptive 
pervious concrete are investigated. 40×40×160 mm3 sample is cut into three small cubes, 
labelled as No.1, No.2 and No.3, respectively, as shown in Fig. 7.2. To prevent the 
leakage of P-solution from the surroundings of the sample, melted wax is used to seal 
the surrounding surfaces of the small cube sample, and then a plastic film and a rubber 
ring are wrapped around the sample to make sure that the water flow only passes in 
vertical direction. The laboratory setup for the cyclic adsorption test of the adsorptive 
concrete block is presented in Fig. 7.3. During the cyclic adsorption test, 100 ml of the 
prepared P-solution is poured into the upper opening of the glass container, and then 
the flow rate controller is opened to assure the P-solution drips slowly with a rate of 3-
5 ml/min. After each cycle, the filtrate is filtered and collected for pH value and P-
concentration measurement. 

  

Fig. 7.3 Laboratory setup for cyclic adsorption test of adsorptive pervious concrete. 

P-solutions with three designed high-concentration of 600 mg/L, 1000 mg/L and 2000 
mg/L, respectively, are applied for the cyclic adsorption test. To ensure the accuracy of 

Flow rate controller 

Plastic film 
Rubber ring 

P-solution 

Sample 

Filtrate 
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the concentration of the P-solution for the adsorption test, the actual P-concentration is 
measured using IC, as described in Table 7.2. After 1, 3 and 5 cycles, 2 ml of the filtrate 
of sample No.1 and sample No. 2 is collected for P-concentration analysis.  

The P-concentration of sample No. 3 is determined after 1, 3, 5 and 7 cycles. After each 
cyclic adsorption test, the pH value of the filtrate is measured by a pH meter. The 
microscopic image of the sample is observed by a scanning electron microscope (SEM). 
The released Ca2+ ion from cementitious materials is one of the main ions reacting with 
phosphate for Ca-P precipitates, and the concentrations of Na+, K+ and Ca2+ ions 
released from adsorptive pervious concretes are determined by an IC analyzer. The P-
adsorption amount (mg/g) and P-removal fraction (%) are calculated using the formula 
described in our previous study [15]. The environmental risk of metal ions released 
from concrete components is evaluated according to EN 12457-2 through ICP-AES.  

Table 7.2 Parameters of adsorptive pervious concrete block for cyclic adsorption test. 

Samples No. Length (cm) With (cm) Height (cm) Mass (g) P-concentration (mg/L) 

B 

B1 4 4 4.3 123 649 

B2 4 4 4.3 126 944 

B3 4 4 6.5 199 2268 

SS 

SS1 4 4 4.3 99 486 

SS2 4 4 4.2 99 891 

SS3 4 4 6.5 155 1531 

AD 

AD1 4 4 4.2 134 664 

AD2 4 4 4.3 139 1086 

AD3 4 4 6.4 194 2147 

▪ Adsorption isotherms and kinetics  

The adsorption isotherms of adsorptive pervious concrete for P-removal are evaluated 
by the batch experiment. Firstly, concrete samples after the compressive test are 
collected and oven-dried for the adsorption test. Then, approximately 1 g of the sample 
is placed in a 50 ml plastic bottle and then mixed with 25 mL of P-solution with different 
concentrations (13-392 mg/L) (Table 7.3). After that, the plastic bottle with concrete 
particles and P-solution is stirred in a shaker at 225 rpm for 24 hours to reach 
equilibrium. The solution is filtered using a 0.45 μm membrane filter for P-solution 
concentration analysis using an IC analyzer. The Langmuir and Freundlich models are 
selected for the adsorption isotherms analysis of concrete. 

Similar to the adsorption isotherm procedure, the adsorption kinetics of P-adsorption 
of the adsorptive pervious concrete is carried out. A series of samples with a mass of 
about 20 g and 25 mL of P-solution (L/S of 25/20) with a constant concentration of 
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2921 mg/L (measured using the IC analyzer) are prepared and shaken for different 
reaction times (1 day, 7 days, 14 days and 35 days). After that, the solution is collected 
for residual P-concentration measurement. The Lagergren pseudo-first-order, pseudo-
second-order and Elovich models are used for the adsorption kinetics analysis. 

Table 7.3 Parameters of adsorptive pervious concrete for adsorption isotherms and kinetics test. 

Adsorption isotherms test Adsorption kinetics test 

P-concentration (mg/L) 
Sample mass (g) 

P-concentration (mg/L) 
Sample mass (g) 

B SS AD B SS AD 

13 0.8 1.0 0.8 

2921 21.2 16.3 16.0 

34 1.3 2.1 0.9 

70 1.6 1.7 0.7 

131 1.8 1.1 1.0 

260 2.0 1.6 1.2 

392 2.9 2.4 2.2 

▪ P-releasing test  

If the adsorbed P is leached from the concrete, it will result in a negative effect on the 
environment and even cause secondary pollution. Therefore, the P-releasing properties 
of adsorptive pervious concrete are investigated. After adsorption saturation, the 
concrete particle samples with a mass of 1 g in the three different P-concentrations of 
260 mg/L, 392 mg/L and 2921 mg/L are oven-dried and placed in a plastic bottle with 
25 mL of distilled water (L/S of 25/1). The bottle is shaken at 225 rpm for 24 hours 
using a shaker. The solution is filtered and collected to determine P-concentration, and 
the P-releasing amount (mg/g) and fraction (%) are calculated based on the testing 
results. 

7.3 Results and discussion 

7.3.1 Physical and mechanical properties 

▪ Density and water absorption  

The physical properties of adsorptive pervious concrete are shown in Table 7.4. The 
adsorptive aggregate (AD) concrete has a low density and high water absorption 
compared to the basalt aggregate (B) concrete and steel slag aggregate (SS) concrete, 
owing to the porous structure of the AD aggregate. Compared to the B concrete, the 
water absorption of the SS concrete does not change significantly, only with an increase 
of 3%. The adsorption performance of the SS aggregate mainly relies on the released 
Ca2+ for precipitation of Ca-P by chemical adsorption, as physical adsorption does not 
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contribute significantly to the adsorption of the SS aggregate [15]. Therefore, high 
water absorption of the AD concrete means the pollutants can penetrate the concrete 
surface and be absorbed by the adsorptive aggregate, which also contributes to physical 
adsorption by micropores [55]. 

Table 7.4 Physical properties of adsorptive pervious concrete. 

Samples Oven-dry density 
(kg/m3) 

24-h water absorption 
(%) 

Permeability 
(mm/s) 

Porosity 
(%) 

B 1843±40 6.5±1 1.1±0.1 15±2 

SS 1970±35 6.7±1 1.3±0.2 17±1 

AD 1467±21 12.8±1 1.5±0.1 20±1 

▪ Permeability and porosity  

As shown in Table 7.4, the porosity and permeability of the SS and the AD concrete 
are higher than that of the B concrete, the porosity increases by 13% and 28%, 
respectively, and the corresponding permeability has an increase of 18% and 36%. 
Generally, conventional pervious concrete has a porosity of 15-30% [223] and water 
permeability of 2-12 mm/s [172] for rapid water permeability, anti-clogging properties 
and suitable mechanical strength. The relationship between porosity and permeability 
of pervious concrete is shown in Fig. 7.4. The water permeability and porosity of 
adsorptive pervious concrete in this study are significantly lower than that of 
conventional pervious concrete, such as municipal waste concrete [224], polymer-
modified concrete [225], and recycled aggregate concrete [226] and other aggregates 
concrete [227,228]. This is attributed to the small-sized aggregate added to the mixture, 
which leads to a lower permeability of pervious concrete [53,186]. The main function 
of adsorptive pervious concrete is to reduce pollutants from stormwater runoff, and thus 
as long as the pollutants can penetrate the concrete and contact the adsorptive aggregate, 
relatively low permeability and porosity are acceptable for adsorptive pervious concrete. 

 
Fig. 7.4 Relationship between porosity and permeability of pervious concrete. 
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▪ Mechanical properties  

The compressive and flexural strengths of adsorptive pervious concrete are shown in 
Fig. 7.5. The SS and AD concrete have lower compressive strength and flexural 
strength compared to the B concrete. In this study, the 28-day compressive strengths of 
the B, SS and AD concretes are 19.8 MPa, 14.7 MPa and 12.9 MPa, and the 
corresponding flexural strengths are 5.58 MPa, 3.59 MPa and 2.72 MPa, respectively. 
Because the manufactured adsorptive aggregate has a low crushing strength (5.1 MPa) 
compared to the conventional aggregate.  

Conventional pervious concrete has a typical low compressive strength of less than 20 
MPa [223]. The geopolymer-based pervious concrete containing 30 wt.% red mud for 
the removal of heavy metals has a compressive strength of 18.5 MPa, which also can 
be used in pavement [50]; Biochar pervious concrete has a compressive strength of 
15.5-21.7 MPa [52]; Hardened geopolymer pastes used for fecal coliforms and P-
removal after 7 days curing has a compressive strength of 3.9-15.8 MPa [14]. Therefore, 
the mechanical strength of adsorptive pervious concrete in this study is acceptable for 
application in some building engineering, such as sidewalks, parking lots and parkways 
etc. The mechanical strength of adsorptive pervious concrete can be improved by 
adding natural sand [225], admixture (silane, latex) [192,225] and fibre [227], and using 
ultra-high-performance paste [229], etc. 

 

Fig. 7.5 Compressive strength and flexural strength of adsorptive pervious concrete (28 days). 

From the SEM micrographs of concrete (Fig. 7.6), micropores exist on the surface of 
the SS and the AD series. The SS aggregate is not tightly bound with the cement paste 
interface, and obvious micropores are shown in the interfacial transition zone (ITZ), 
which is one of the reasons for the low compressive strength of the SS concrete. The 
micropores of the AD concrete are mainly from the porous structure of the expanded 
silicate because the adsorptive aggregate is made of 25 wt.% expanded silicate. These 
micropores can make the pollutants easily penetrate the cement paste layer and be 
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adsorbed by well-developed micropores and adsorptive materials [55].  

 

Fig. 7.6 SEM micrographs of concrete. 

7.3.2 Cyclic adsorption performance 

▪ Adsorption capacity  

The effects of cycles on the adsorption capacity of concrete in different P-solution are 
shown in Fig. 7.7. The P-adsorption capacity of all concretes increases with the increase 
of the number of cycles. The adsorption capacity is generally evaluated by the 
adsorption capacity of the unit mass of the adsorbent. The AD concrete exhibits the 
highest adsorption capacity. When the initial P-concentrations are 600 mg/L, 1000 
mg/L, and 2000 mg/L, the adsorption capacity of the AD concrete at the fifth cycle 
increases by 13%, 13% and 33%, respectively, compared to the B concrete. Even after 
7 cycles, all concrete blocks still have a high adsorption capacity. The adsorption 
capacity of the B, the SS and the AD concrete is 0.38 mg/g, 0.36 mg/g and 0.49 mg/g, 
respectively, as the P-concentration of 2000 mg/L.  

The Ca2+ and OH- released from the cement paste and the SS and AD aggregates, 
combined with phosphate is the main reason for the formation of Ca-P precipitation 
[219,230]. Previous studies show that the P-removal capacity of fine particles of 
concrete waste increases as its particle size decreases because the concrete waste with 
smaller particle size has more Ca-rich and porous hardened cement paste powder [216]. 
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This is attributed to the smaller particles with a higher specific surface area that can 
release more calcium ions. Since a concrete block is used for P-removal in this study, 
its P-adsorption capacity is lower than that of pure cement paste [220] and adsorptive 
aggregates [55]. However, the adsorptive pervious concrete in this study has a higher 
P-removal at high-concentration P-solution conditions, with a short reaction time, and 
it is possible to be applied as permeable pavements to improve the P-removal capacity 
from stormwater runoff.  
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Fig. 7.7 Effects of cycles on the adsorption amount of concrete with three designed P-concentration of 

(a) 600 mg/L, (b) 1000 mg/L and (c) 2000 mg/L.  

▪ Precipitate mechanism  

The Ca2+ has a strong affinity with the PO4
3- compared to other metal ions such as Mg2+, 

Na+ and K+ [106,107], which is the dominant ion for the chemical reaction of Ca-P 
precipitation [43]. The hydrated cement products are mainly calcium hydroxide (CH) 
and hydrated calcium silicate (C-S-H). The excellent adsorption capacity of the 
adsorptive aggregate is mainly attributed to the Ca2+ released from the aggregates [55], 
which can combine with the PO4

3- for Ca-P is bound by chemisorption [18] (Fig. 7.8). 
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Moreover, the microporous structure adsorbs P through physical adsorption by 
electrostatic attraction and pore-filling [109].  

 

Fig. 7.8 Schematic diagrams of the adsorption mechanism between concrete and phosphate solution. 

 

Fig. 7.9 Released sodium, potassium and calcium ions of adsorptive pervious concrete (2.5 g sample, 

25 ml distilled water). 

The released Na+, K+ and Ca2+ of the adsorptive pervious concrete block are shown in 
Fig. 7.9. The results show that the AD and the SS concrete release more ions (Na+, K+ 
and Ca2+) than the B concrete. The concentration of Ca2+ released from the SS and the 
AD concrete increases by 3% and 6%, respectively, compared to the B concrete.  

7.3.3 Adsorption isotherms and kinetics  

▪ Adsorption isotherms  

The P-adsorption capacity of concrete increases with the increase of P-concentration, 
while the P-removal rate has a decreasing trend, as shown in Fig. 7.10a. All the P in the 
solution is almost removed as the initial P-concentration is lower than 50 mg/L. As the 
P-concentration further increases the P-removal rate of concrete decreases. When the 
P-concentration is 392 mg/L, the P-adsorption capacities of the B, SS and AD concretes 
are 2.25 mg/g, 2.94 mg/g and 3.41 mg/g, respectively, and the corresponding P-removal 
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rates are 67%, 72% and 76%. The AD and SS concrete exhibit better P-removal 
performance than the B concrete, and the adsorption capacity increases by 31% and 
52%, respectively. In addition, the adsorption performance of the concrete particles 
during the adsorption isotherm test is significantly higher than that of the concrete 
blocks during the cyclic adsorption test. This phenomenon indicates that concrete with 
sufficient surface to contact with P-solution would be beneficial to improve the P-
adsorption capacity.  

The adsorption isotherms are fitted by Langmuir and Freundlich models [111], 
respectively, as shown in Fig. 7.10b. The Langmuir and Freundlich isotherm 
parameters are shown in Table 7.5. The results indicate that both models can well 
describe the adsorption, nevertheless, the Langmuir model fits the experimental results 
better than the Freundlich model, with a higher correlation coefficient (R2).  

   

Fig. 7.10 (a) Adsorption isotherms of concrete (solid line: P-adsorption amount; Dotted line: P-removal 

fraction) and (b) Fitting results of adsorption isotherms by Langmuir and Freundlich models. 

Table 7.5 Langmuir and Freundlich isotherm parameters of concrete. 

Samples 
Langmuir model Freundlich model 
Qm KL R2 KF n R2 

B 2.82 0.009 0.99 0.15 2.17 0.98 

SS 4.43 0.006 0.93 0.11 1.77 0.87 

AD 4.18 0.010 0.98 0.21 2.12 0.95 

▪ Adsorption kinetics  

The adsorption kinetics of adsorptive pervious concrete are shown in Fig. 7.11. The P-
adsorption capacity and P-removal rate of concrete increase with the reaction time. The 
P-adsorption capacity and removal rate of concrete continues to increase, even after a 
35-day reaction time. The P-adsorption capacities of the B, SS and AD concrete at 35-
day are 2.40 mg/g, 3.88 mg/g and 4.13 mg/g, respectively, and the corresponding P-
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removal rates are 70%, 87% and 90%, respectively. This indicates that adsorptive 
pervious concrete can release enough Ca2+ for the precipitation-coagulation process of 
Ca-P, with a potential ability for long service life.  

The experimental results are fitted by Lagergren pseudo-first-order model, pseudo-
second-order model and Elovich kinetic model, as shown in Fig. 7.11c. The kinetic 
parameters are presented in Table 7.6. The results show that the experimental data can 
be fitted well by the Elovich model with a good correlation coefficient (R2). The 
Lagergren pseudo-first-order and pseudo-second-order are not suitable for fitting the 
kinetic curves of P-adsorption of concrete.  

  

 

Fig. 7.11 Adsorption kinetics of concrete (a) P-adsorption amount, (b) P-removal fraction and (c) 

Fitting results of adsorption kinetics. 
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7.3.4 Environmental evaluation 

▪ P-releasing capacity  

A stable precipitation process for adsorption is essential to reduce the environmental 
secondary pollution caused by releasing adsorbed pollutants. The P-releasing results of 
adsorptive pervious concrete are shown in Table 7.7. When the P-concentration is 260 
mg/L, all concretes have no P-releasing behaviour. As the concentration increases, the 
P-releasing of the B concrete appears. When the P-concentration is very high with a 
value of 2921 mg/L, the AD concrete has a low P-releasing capacity. However, no 
adsorbed P is desorbed from the SS concrete because the SS aggregate has a lower P-
releasing fraction due to the stable adsorption process [15]. The P-releasing fraction of 
AD concrete is 20%, which is relatively low compared to B concrete. The developed 
SS and AD concrete in this study shows a low P-releasing capacity, indicating that they 
can be safely used for P-removal from stormwater runoff, and the most of adsorbed P 
will not release from the adsorptive pervious concrete to cause environmental 
secondary pollution. 

Table 7.6 Kinetic parameters of concrete. 

Samples 
Pseudo-first-order Pseudo-second-order Elovich 

Q K1 R2 Q K2 R2 α β R2 

B 2.17 0.91 0.79 2.32 0.51 0.92 1.32 0.31 0.99 

SS 3.28 0.76 0.55 3.65 0.21 0.78 1.71 0.58 0.97 

AD 3.37 0.85 0.35 3.76 0.22 0.62 1.80 0.60 0.89 

▪ Leaching results  

The potential environmental impacts of the components of adsorptive pervious concrete 
are evaluated by the leaching test, as shown in Table 7.8. The results show that all 
elements including heavy metals (Cr, Mo and V etc.) leached from the SS and AD 
aggregates are far below the limit values according to the Dutch Soil Quality Decree 
[140]. This is in agreement with previous research as cementitious materials have 
shown excellent in immobilizing heavy metals [55]. Therefore, the developed 
adsorptive pervious concrete (AD and SS) can be used to remove P from stormwater 
without any leaching hazards. 

Table 7.7 P-releasing results for adsorptive pervious concrete. 

Samples B SS AD 

Initial P-concentration (mg/L) 260 392 2921 260 392 2921 260 392 2921 

P-releasing amount (mg/g) - 0.6 0.3 - - - - - 0.4 

P-releasing fraction (%) - 27 23 - - - - - 20 
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Table 7.8 Ions leached from adsorptive pervious concrete components (mg/kg). 

Elements Al Fe Mg As Ba Cr Pb Zn Mo Se V 

Steel slag 0.1 ≤0.6 0.3 ≤0.5 0.8 0.2 - - - - ≤0.4 

Adsorptive 
aggregate 

15.2 ≤0.4 0.1 ≤0.2 6.5 0.2 ≤0.6 ≤0.4 ≤0.1 ≤0.1 - 

Limit 
values a 

- - - 0.9 22 0.63 2.3 4.5 1 0.15 1.8 

a Limit values refer to the maximum emission values for building materials according to the Dutch Soil 

Quality Decree (2015). 

7.4 Conclusions 

(1) Adsorption performance of adsorptive pervious concrete is significantly influenced 
by the type of adsorptive aggregate used. Concretes containing adsorptive aggregate 
and steel slag aggregate exhibit excellent P-adsorption capacity, compared to basalt 
aggregate concrete, with an increase of 31% and 52%, respectively. P-adsorption 
capacities of adsorptive aggregate concrete and steel slag concrete at 35 days are 4.13 
mg/g and 3.88 mg/g, respectively, with corresponding P-removal fractions of 87% and 
90%. The Langmuir model and Elovich models fit the adsorption isotherm and kinetic 
results of adsorptive pervious concrete well, with a good correlation coefficient. 

(2) P-adsorption capacity of adsorptive pervious concrete enhances as P-concentration 
and reaction time increase. The adsorptive aggregate concrete has a high adsorption 
capacity. At an initial P-concentration of 2000 mg/L, the adsorption capacity of 
adsorptive aggregate concrete increases by 32% over basalt aggregate concrete after 5 
cycles. Moreover, the concentration of Ca2+ released from adsorptive pervious concrete 
exceeds that of K+ and Na+, which is the dominant ion for the chemisorption of Ca-P 
precipitation. 

(3) Adsorptive aggregate concrete and steel slag aggregate concrete exhibit excellent 
low P-releasing capacity, indicating that they can be used for P-removal from 
stormwater runoff, with minimal environmental impact. Moreover, the adsorptive 
pervious concrete releases enough Ca2+ for the precipitation-coagulation process of Ca-
P, with the potential for long-term service life. 
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Chapter 8 Long-term performance of bio-based miscanthus 

mortar  

 

 

 

The long-term degradation characteristics of embedded natural fibres are one of the key 
factors restricting the durability of bio-based mortars and concretes. In this chapter, to 
reduce the negative impact of miscanthus fibre on the service life of bio-based 
adsorptive concrete, the effects of the raw miscanthus (RM), heat-treated miscanthus 
(HM) and miscanthus powder (MP) on the physical and mechanical properties, long-
term degradation characteristics and dimensional stability of bio-based miscanthus 
mortar are investigated. The results show that the HM fibres improve the compressive 
strength and flexural strength by 83% and 27%, respectively, compared to the RM fibre, 
thanks to the increased degree of cement hydration, reduced porosity and better 
compatibility with mortar. The mechanical strength degradation of miscanthus mortar 
mainly occurs in the first month after being soaked in water due to the saturation of 
mortar. The alkaline environment of mortar will cause the dissolution of some cellulosic 
components, resulting in the degradation of the miscanthus fibre. The removal of sugar 
from the miscanthus fibre by heat treatment is conducive to cement hydration, strength 
development and durability of miscanthus mortar. It is concluded that heat-treated 
miscanthus fibres can be applied to reduce the dimensional stability and degradation 
characteristics of bio-based miscanthus mortar. 

 

 

 

This chapter is partially reproduced from: 

F. Wu, Q.L. Yu, H. J. H. Brouwers. Long-term performance of bio-based miscanthus mortar. Construction 

and Building Materials, 324, 126703, 2022.   
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8.1 Introduction 

Natural fibres are mainly composed of cellulose, hemicellulose and lignin, etc., the 
drawbacks of applying bio-based materials in cementitious materials include 
hygroscopicity, incompatibility and degradability, etc. [231]. The low affinity between 
bio-based materials and cement paste is one of the main reasons for poor mechanical 
strength [232]. In addition, the alkaline solution in the concrete pore will dissolve the 
cellulose of the natural fibre, resulting in a strong degradation of the natural fibre, and 
eventually reducing the service life of bio-based concrete. The sugar released from 
natural fibre has a significantly negative effect on cement hydration and delays the 
setting and hardening of concrete matrix [153] because the extractives from natural 
fibre affect the production of calcium-silicate-hydrate (C-S-H) and portlandite. 

Compared to other natural fibres such as straw, hemp, etc., miscanthus is considered a 
strong fibre, and possesses enough firmness and thermal insulating properties. Besides, 
miscanthus is a high-yield renewable material with environmentally friendly 
characteristics. Thanks to its lightweight and porous properties, miscanthus is 
commonly used as a natural fibre for bio-based lightweight concrete [18]. Although 
miscanthus fibre is covered in a closed environment after being applied to concrete, the 
alkaline environment has a dissolving effect on the cellulosic components of 
miscanthus fibre, which will affect the mechanical properties, long-term degradation 
and durability of cementitious miscanthus materials. Previous studies show that many 
sugars are released from the miscanthus under the alkali condition as the miscanthus is 
exposed to the concrete formation [58]. Besides, miscanthus fibre has a strong affinity 
with water and possesses a high water absorption capacity, and the shrinkage and 
swelling of miscanthus have strong negative effects on the durability of miscanthus 
concrete. Compared to normal-weight concrete, miscanthus concrete generally has a 
higher porosity and water absorption, however, the mechanical strength, degradation 
characteristics and dimensional stability will be affected by the humidity of the ambient 
environment. Therefore, the long-term degradation behavior, drying shrinkage and wet 
swelling characteristics of miscanthus mortar should be investigated systematically.  

This chapter focuses on investigating the physical and mechanical properties, long-term 
degradation and dimensional stability of miscanthus mortar. The effects of the raw 
miscanthus (RM), heat-treated miscanthus (HM) and miscanthus powder (MP) on the 
degradation characteristics of miscanthus mortar are investigated systematically. The 
degradation mechanism of miscanthus fibre in water and cement solution is evaluated 
by FTIR, XRD and SEM analyses. The hydration behavior, physical and mechanical 
properties of miscanthus mortar, as well as strength degradation after being submerged 
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in water for 90 days are analyzed. The dimensional stability of miscanthus mortar 
including drying shrinkage and wet swelling are investigated. Based on the present 
results, the HM fibre shows outstanding performance in improving the dimensional 
stability and degradation resistance characteristics, which can be applied to improve the 
service life of miscanthus mortar. 

8.2 Materials and methods 

8.2.1 Materials 

Raw miscanthus (RM) and miscanthus powder (MP) supplied by Vibers (The 
Netherlands) are used in this study, as shown in Fig. 8.1. The RM is heat-treated using 
a vacuum furnace under nitrogen gas at 250℃ for 3 hours, and then the heat-treated 
miscanthus (HM) is milled using a ball milling machine to obtain the HM powder. The 
purpose of heat treatment is to chemically alter the biomass (destroy the sugars) of the 
RM and investigate the effects of the HM on the physical mechanics and degradation 
characteristics of miscanthus mortar. The specific densities of the RM, HM and MP are 
determined by using an AccuPyc II 1340 gas pycnometer, which are 1.64 g/cm3, 1.25 
g/cm3 and 1.57 g/cm3, respectively. CEM I 52.5R Portland cement (ENCI, The 
Netherlands) and CEN-NORM standard sand are used as the binder and fine aggregates, 
respectively. 

 

Fig. 8.1 Miscanthus used in this study (a) Raw miscanthus (RM), (b) Miscanthus powder (MP) and (c) 

Heat-treated miscanthus (HM). 

8.2.2 Mix proportion and sample preparation 

The mixing ratio of cement, sand and water of the miscanthus mortar refers to the mix 
proportion and preparation process of standard mortar (EN 196-1:2005). A high content 
of miscanthus fibre has a negative effect on the mechanical strength [62], and thus the 
RM and the HM in the amount of 1.0 vol.% of cement is added to the mixture as the 
references. Also investigated in this study are the effects of MP at different levels of 

(a) (c) (b) 
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addition of 1.0 vol.%, 1.5 vol.% and 2.0 vol.% on the physical and mechanical 
properties of miscanthus mortar. The mix proportions of miscanthus mortar are shown 
in Table 8.1. 

Table 8.1 Mix proportions of miscanthus mortar. 

Sample Cement (g) Sand (g) Water (g) Miscanthus (Vol.%) 
RM1 450 1350 225 1 

HM1 450 1350 225 1 

MP1 450 1350 225 1 

MP1.5 450 1350 225 1.5 

MP2 450 1350 225 2.0 

8.2.3 Test methods 

▪ Effects of miscanthus on the hydration of cement 

The hydration kinetics test is performed using a TAM Air Isothermal calorimeter under 
a constant temperature of 20 ℃ to analyze the hydration degree of the miscanthus 
mortar. The RM, HM and HM are mixed with cement and water, and the water-to-
cement ratio is kept as constant for all mixtures (w/c=0.5). The amount of miscanthus 
added to the mixture is 1 wt.% of the cement, and the MP of 2 wt.% is also added to the 
mixture to investigate the effects of the miscanthus content on the hydration of cement. 
After mixing, the fresh mixture is measured in the calorimeter for released heat and 
heat flow, the values are used for calculation of the hydration degree of cement. 

▪ Physical and mechanical properties 

The density, water absorption and porosity of the sample at the age of 28 days are 
determined according to ASTM C642-13. The thermal conductivity and ultrasonic 
pulse velocity (UPV) of the miscanthus mortar with a size of 100×100×100 mm3 are 
determined using a thermal conductivity meter (ISOMET 2104) and ultrasonic 
instrument (Proceq 200), respectively. The compressive and flexural strengths of the 
sample at the age of 28 days are determined by EN 196-1. The microstructures of the 
interfacial transition zone between the miscanthus and the mortar are analyzed using an 
SEM analyzer (Phenom ProX). 

▪ Strength degradation of miscanthus mortar 

Bio-based concrete usually has high porosity due to the high water absorption of bio-
based materials and low compatibility with the mortar interface. The mechanical 
strength degradation characteristics of miscanthus mortar are investigated in this study. 
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The samples (RM1, HM1 and MP1) with a curing age of 90 days are submerged in 
water for 30, 60 and 90 days, and then removed from the water for compressive strength 
and flexural strength test (Fig. 8.2a). The changes in mechanical strength of the 
miscanthus mortar before and after the submersion test are analyzed. 

 

Fig. 8.2 Miscanthus mortar samples submerged in water for (a) Submersion test and (b) Leaching test. 

The ion concentration leached from the miscanthus mortar during the degradation 
process is also investigated (Fig. 8.2b). The samples RM1, HM1 and MP1 and the 
deionized water are mixed with a liquid-to-solid ratio of 10 according to EN 12457-2, 
and then leachates are periodically collected and filtered using a 0.22 µm filter for 
leaching analysis. The potassium (K+), calcium (Ca2+) and sodium (Na+) ions leached 
from the sample are measured with ion chromatography (IC, Thermo Dionex Aquion), 
and other metal ions (Al, Fe, Mg, Cr, Sr, Zn, etc.) are measured with inductively coupled 
plasma atomic emission spectroscopy (ICP-AES, SPECTROBLUE). 

▪ Long-term degradation of miscanthus fibre 

The mixture of cement and water is applied to simulate the cementitious environment 
in that the miscanthus fibre stays in cementitious materials. The degradation 
characteristics of miscanthus fibre in an aqueous solution and cement solution are 
investigated. The mixing ratio of miscanthus and water refers to the leaching test 
method (EN 12457-2) with a liquid-to-solid ratio of 10. The mix proportions of 
miscanthus and solution are presented in Table 8.2.  

After mixing, the mixtures are shaken using a dynamic shaker with a constant speed of 
250 rpm for 24 hours and then the mixture is kept in the plastic bottle (Fig. 8.3). After 
being soaked for 20, 40, 60, 80 and 100 days, the samples are taken out from the plastic 
bottle and then oven-dried at 38 ℃ for no less than 48 hours following the drying 
method in ASTM C1754/C1754M-12. The degradation characteristics of the 
miscanthus before and after submersion, using FTIR in the range from 4000 to 500 
cm−1 with a 4 cm−1 resolution. The XRD (Bruker AXS D4 endeavor) and SEM (Phenom 

(a) (b) 
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ProX) are applied to analyze the crystal structure and micromorphology of miscanthus 
fibre during the degradation test. The change in the pH value of the solution with time 
is periodically measured using a pH meter.  

Table 8.2 Mix proportions of miscanthus fibre for degradation test. 

Sample Cement (g) Miscanthus (g) Water (g) Miscanthus type 

MP - 10 100 Raw 

CMP 10 10 100 Raw 

HM - 10 100 Heat-treated 

CHM 10 10 100 Heat-treated 

 

Fig. 8.3 Miscanthus fibre used for degradation test.  

▪ Drying shrinkage of miscanthus mortar 

Miscanthus fibre is sensitive to the humidity in the environment, which will affect the 
dimensional stability of bio-based miscanthus concrete. The drying shrinkage and wet 
swelling characteristics of miscanthus mortar are investigated in this study. The drying 
shrinkage test is performed with a prism of 40×40×160 mm3 according to DIN 52450 
(at RH of 50% ±5% and 23°C). As the drying shrinkage of concrete generally changes 
significantly after demolding, the drying shrinkage and mass loss are recorded every 
two days in the first month after demolding. One month later, the drying shrinkage and 
mass loss are measured once a week. The microscopic morphology of the miscanthus 
mortar after the drying shrinkage test is analyzed by SEM.  

▪ Wet swelling of miscanthus mortar 

The dimensional stability of miscanthus mortar under a saturated environment is 
investigated. The prismatic samples of 40×40×160 mm3 after demolding are stored in 
water with a temperature of 20±2 ℃ and a water cover of at least 10 mm. Similar to 
the drying shrinkage test method, the axial wet swelling and changes in the mass of the 
samples are measured periodically. The wet swelling characteristics of miscanthus 

CMP 

HM CHM 

MP 
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mortar in the water environment are evaluated according to the test results. 

8.3 Results and discussion 

8.3.1 Hydration behavior of miscanthus mortar 

The released heat and heat flow of miscanthus mortar are shown in Fig. 8.4. The results 
show that the type and content of miscanthus have a significant effect on the hydration 
of cement. As shown in Table 3, the HM1 and the MP1 significantly increase the 
released heat by 5% and 2%, respectively, compared to the RM1. When the content of 
the miscanthus increases from 1% to 2%, the released heat of the MP2 decreases by 
3.8%. Moreover, the heat flow curve (Fig. 8.4b) shows that the HM1 slightly 
accelerates the hydration process due to the pyrolysis of oxygen-containing saccharides 
[130,151], compared to the RM1, the MP1 has no obvious effect on the hydration 
process, but the MP2 significantly delays the cement hydration. 

Previous studies have shown that glucose and xylose are the main released sugars from 
miscanthus stems, which increases the setting time of cement hydration and decreases 
the amounts of hydrates such as calcium-silicate-hydrate (C-S-H) and portlandite [58]. 
The released sugars from bio-based materials have a negative effect on the mechanical 
strengths of bio-based concrete [233]. Based on the results, compared to untreated 
miscanthus, the heat-treated miscanthus and low-content miscanthus powder (1 vol.%) 
have an insignificant effect on the cement hydration, which may be conducive to the 
enhancement of mechanical strength and resistance to degradation of bio-based 
miscanthus concrete. 

0 10 20 30 40 50 60 70
0

50

100

150

200

250

300
(a)

R
el

ea
se

d
 h

ea
t 

(J
/g

)

Time (hour)

 RM1
 HM1
 MP1
 MP2

0 10 20 30 40 50 60 70
0

1

2

3

4

H
ea

t 
fl

o
w

 (
m

W
/g

)

Time (hour)

 RM1
 HM1
 MP1
 MP2

(b)

 

Fig. 8.4 (a) Released heat and (b) Heat flow of miscanthus mortar. 
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Table 8.3 Released heat comparison of miscanthus mortar (65 hours). 

Samples RM1 HM1 MP1 MP2 

Total heat (J/g) 215 226 220 207 

Heat deviation (J/g) - +11 +5 -8 

Heat change in (%) - +5 +2 -4 

8.3.2 Physical and mechanical properties of miscanthus mortar 

▪ Density, porosity and water absorption  

As shown in Table 8.4, the mortar HM1 slightly increases the oven-dry density of the 
miscanthus mortar and significantly reduces the porosity and water absorption, with a 
reduction of 10% and 15%, respectively, compared to the mortar RM1. This may be 
attributed to the good compatibility between the heat-treated materials and the mortar 
[59], which leads to the decrease of the microporous structure in the interfacial 
transition zone. The low porosity and water absorption can reduce the passage for the 
ion exchange between the interior of the mortar and the external environment, which is 
helpful to improve the bio-degradation resistance of bio-based concrete. 

The results show that the high content of miscanthus powder (MP1.5 and MP2) 
significantly reduces the oven-dry density of miscanthus mortar and increases the 
porosity and water absorption of miscanthus mortar. When the miscanthus powder 
content is 2% (MP2), the oven-dry density of miscanthus mortar reduces by 13%, 
compared to the mortar RM1. Therefore, the miscanthus powder is more effective than 
raw miscanthus when the miscanthus fibre is applied for the manufacture of lightweight, 
acoustic absorption and heat-insulating building materials.  

Table 8.4 Density, porosity and water absorption of miscanthus mortar. 

Sample 
Oven-dry 
density (kg/m3) 

Changes 
in % 

Porosity 
(%) 

Changes 
in % 

24-h water 
absorption (%) 

Changes 
in % 

RM1 1932±19 - 17 - 9 - 
HM1 2006±26 +4 15 -10 7 -15 

MP1 1893±23 -2 18 +5 9 +6 

MP1.5 1809±18 -6 19 +11 10 +17 

MP2 1688±28 -13 19 +14 11 +26 

▪ Thermal insulating properties and UPV 

The thermal insulating characteristics of bio-based miscanthus concrete have a strong 
relationship with porosity [75]. Generally, the higher the porosity, the lower the thermal 
conductivity [65]. As shown in Table 8.5, the heat-treated miscanthus (HM1) shows an 
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insignificant effect on the thermal insulating characteristics. The mortars MP1, MP1.5 
and MP2 reduce the thermal conductivity, volumetric heat capacity and thermal 
diffusivity, compared to the mortar RM1, with a decreasing trend as the MP content 
increases. Therefore, miscanthus powder shows great potential for application in bio-
based thermal insulating concrete. 

Table 8.5 Thermal insulating properties and UPV of miscanthus mortar. 

Sample 
Thermal conductivity  

λ (W/m·K) 
Volumetric heat capacity 
Cρ (M J/m3·K) 

Thermal diffusivity 
a (10-6 m2/s) 

UPV 
(m/s) 

RM1 1.77 1.93 0.92 3846 

HM1 1.91 1.88 1.01 3831 

MP1 1.55 1.89 0.82 3719 

MP1.5 1.26 1.42 0.89 3165 

MP2 1.15 1.59 0.73 2937 

The defects and pores in the miscanthus mortar are evaluated by the UPV test, the 
results are shown in Table 8.5. Generally, when the ultrasonic pulse velocity is 3.66-
4.58 km/s, indicating no obvious defects and cracks in the concrete [234]. Similar to 
the results of porosity and thermal conductivity, the mortars MP1, MP1.5 and MP2 
significantly reduce the ultrasonic pulse velocity, indicating that more defects and 
micropores exist in the miscanthus powder mortars. The mortar HM1 has fewer defects 
and micropores, with good integrality, compared to the mortar MP series. 

▪ Compressive strength and flexural strength 

The mechanical strengths of miscanthus mortar are shown in Fig. 8.5. The mortar HM1 
significantly improves the compressive strength and flexural strength of the miscanthus 
mortar. The 28-day compressive strength and flexural strength of the mortar HM1 are 
52.8 MPa and 8.86 MPa, respectively, with an increase of 83% and 27%, respectively, 
compared to the mortar RM1. This may be attributed to the sugar removal of miscanthus 
after pyrolysis increasing the adhesion to the mortar, and the HM1 has a better degree 
of cement hydration and lower porosity. There is an inverse relationship between 
miscanthus sugar content and mechanical strength [58]. The use of heat-treated bio-
based materials to improve mechanical strength has been reported in previous studies, 
for apricot kernel shell [65], oil palm shell [235] and biochar [236], prior to blending in 
a mortar. The removal of sugar from bio-based materials by heat treatment and alkali 
treatment methods etc. is the key to enhancing the mechanical strength of bio-based 
concrete.  

The raw miscanthus has a large size and flat shape, the pores formed inside the mortar 
are larger than that of the miscanthus powder. Compared to the RM, the MP1 series 
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shows a significant increase in compressive strength, with an increase of 17%. However, 
the increase in flexural strength is not obvious due to the reduced fibre-bridging effect 
caused by miscanthus powder compared to untreated miscanthus fibre. The content of 
miscanthus has a significant effect on mechanical strength. When the miscanthus 
powder content is 2%, the compressive strength and flexural strength of the mortar MP2 
reduce by 35% and 40%, respectively, compared to the mortar RM1. The added 
miscanthus content should be considered with caution for the application of bio-based 
miscanthus concrete in the structural elements. 
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Fig. 8.5 Mechanical strengths of miscanthus mortar (a) 28-day mechanical strength, (b) compressive 

strength and (c) flexural strength. 

As the curing time increases, the compressive strength and flexural strength of the 
miscanthus mortar increase, especially for the mortar HM1. This may be due to the fact 
that bio-based materials delay the hydration of cement in the early stage of curing. As 
the curing time increases, unhydrated cement gradually hydrates, resulting in an 
enhancement in the strength in the later curing stage. Therefore, a long curing time is 
needed for the ultimate strength development of bio-based miscanthus concrete. 
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▪ Microstructure analysis 

The compatibility between bio-based materials and mortar is one of the main factors 
restricting the mechanical strength of bio-based concrete. As shown in Fig. 8.6, weak 
adhesion between miscanthus fibre and mortar is observed on the surface of the RM 
and MP. The HM shows good compatibility with mortar, which is also one of the main 
reasons for the better mechanical strength of the mortar HM1. Due to the shrinkage and 
swelling characteristics of the miscanthus fibre, the changes in humidity of the 
environment will have a significant impact on the dimensional stability of bio-based 
miscanthus concrete.  

 

Fig. 8.6 Microscopic images of miscanthus mortar.  
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▪ Strength degradation of miscanthus mortar 

As shown in Fig. 8.7, the compressive strength and flexural strength of all miscanthus 
mortars decrease in the initial soaking stage of 30 days, and then the reduction in 
mechanical strengths becomes unobvious. The compressive strength of the mortars 
RM1, HM1 and MP1 decreases by 18%, 24%, and 17%, respectively, and the 
corresponding flexural strength decreases by 30%, 38%, and 17%, respectively, after 
being submerged in water for 30 days. This may be because miscanthus mortar 
gradually absorbs water until saturation, the saturated miscanthus mortar has a negative 
effect on the mechanical strength. The wet swelling test results (Section 8.3.4) confirm 
that the mass and wet swelling values of miscanthus mortar gradually increase within 
the first month. The slight deformation of the miscanthus mortar may be the main 
reason for the rapid decrease in mechanical strength in the first month.  
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Fig. 8.7 Changes in mechanical strength of miscanthus mortar after being submerged in water. 

8.3.3 Degradation characteristics of miscanthus mortar and miscanthus fibre 

The results also show that the mechanical strength of the saturated miscanthus mortars 
at the 30-day and the 90-day have no obvious difference, indicating that the degradation 
of the miscanthus fibre has limited influence on the strength degradation of miscanthus 
mortar, and the saturation of miscanthus mortar may be the main reason for the strength 
degradation. Moreover, when miscanthus fibre is soaked in an alkaline solution, it will 
produce a more fibrillated surface [231], which is conducive to the strength stability of 
the miscanthus mortar. 

The ions leached from miscanthus mortar are presented in Table 8.6. The results show 
that calcium, potassium and sodium ions are the main ions leached from miscanthus 
mortar, much higher than the concentration of other ions. All ions released from the 
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miscanthus mortar increase with the immersion time. Most of the ions leached from the 
mortar HM1 are less than that of the mortars RM1 and MP1 due to the low porosity of 
the mortar HM1. The high content of calcium ions leached from miscanthus mortar 
creates an alkaline environment, and some sugars or other cellulosic components can 
dissolve in the alkaline solution [231]. The sugar removal from miscanthus fibre is 
beneficial to the cement hydration, strength development and durability of miscanthus 
mortar. In addition, the airtight alkaline environment also delays the degradation of 
miscanthus fibre. 

Table 8.6 Metal ions leached from the miscanthus mortar. 

Ions Sample 
Changes in the ion concentration with soaking time (mg/L) 
30 days 60 days 70 days 90 days 

 RM1 31 278 353 403 

Ca HM1 114 251 306 348 

 MP1 125 297 384 438 

 RM1 82 104 107 112 

K HM1 69 84 89 95 

 MP1 73 97 99 105 

 RM1 22 35 37 40 

Na HM1 21 28 32 35 

 MP1 16 29 32 35 

Al 
RM1 0.6 0.9 1.0 1.1 

HM1 0.6 0.6 1.1 1.4 

MP1 0.2 0.2 0.5 0.7 

B 

RM1 0.007 0.007 0.008 0.007 

HM1 0.005 0.006 0.007 0.007 

MP1 0.004 0.005 0.006 0.006 

Ba 

RM1 0.3 0.7 0.8 1.0 

HM1 0.5 0.6 0.8 0.9 

MP1 0.4 0.7 0.9 1.0 

Cr 
RM1 0.005 0.01 0.01 0.02 

HM1 0.004 0.006 0.01 0.01 

MP1 0.003 0.009 0.01 0.02 

Li 
RM1 0.2 0.3 0.4 0.4 

HM1 0.2 0.2 0.3 0.3 

MP1 0.1 0.3 0.3 0.3 

Mg 

RM1 0.01 0.01 0.009 0.008 

HM1 0.009 0.01 0.008 0.007 

MP1 0.02 0.007 0.006 0.004 

Sr 
RM1 1.3 3.9 4.6 5.4 

HM1 2.6 3.5 4.1 4.7 

MP1 2.0 3.8 4.7 5.3 
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▪ Degradation characteristics of miscanthus fibre 

The FTIR results of miscanthus fibre after being submerged in solution are shown in 
Fig. 8.8. A broad band for the hydroxyl group (O-H) of cellulose and hemicellulose is 
observed in the range between 3600 and 3000 cm-1. The O-H bond of the hydrated 
products usually appears at 3434 cm-1 [162]. When miscanthus is immersed in cement 
solution, more obvious peaks appear in the range of the O-H group for the CMP and 
CHM series. The increase in soaking time has no obvious effect on the O-H group.  
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Fig. 8.8 FTIR data of miscanthus fibre after being submerged in the solution. 

The C-H or CH2 stretching of cellulose and hemicellulose are in the range between 
2850 to 2920 cm-1. The CM and CHM series show an insignificant vibration peak at 
2850-2920 cm-1. Boix et al. [58] reported that a small amount of hemicellulose can be 
extracted by water but not for cellulose, while the cellulose and xylose of miscanthus 
are significantly reduced after being soaked in a cement-water-sand mixture. This is 
because some cellulosic components are dissolved in an alkaline environment. As 
shown in Table 8.7, the leachates of the CMP and CHM series are a high alkaline 
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solution with pH values of 11.4-12.5, while the MP and HM series are weakly acidic 
environments with pH values of 5.1-6.3.  

The MP shows an obvious band at 1730 cm-1, corresponding to carboxyl groups (C=O), 
while after being heat-treated (HM) or soaked in cement solution (CMP and CHM), the 
CM and the CHM show a disappearance of the C=O band. These results are consistent 
with the results of alkali-treated miscanthus, which is attributed to the removal of some 
hemicellulose and lignin in carboxyl groups (C=O) [231]. The C-O stretching band in 
the range of 1240 and 1250 cm-1 also shows a similar trend, a decreased intensity almost 
to disappearance. This may be because of the alkali hydrogen bonding dissociation of 
hemicellulose and cellulose, as well as the hydrolysis of the hemicellulosic ester bonds 
[237]. 

The C=C aromatic symmetrical stretching of lignin at 1515 cm-1 does not show obvious 
changes for the MP and the HM because of the low pyrolysis temperature (250 ℃) 
applied in this study. The degradation temperature for cellulose, hemicellulose and 
lignin are 200-260 ℃, 240-350 ℃ and 280-500 ℃, respectively [238]. The low 
pyrolysis temperature in this study does not reach the level for lignin decomposition. 
Only the CMP and the CHM show the disappearance of some C=C group, possibly 
because part of the lignin is decomposed in a highly alkaline solution. 

Different from the miscanthus soaked in water (MP and HM), an obvious C-O 
stretching band is also observed at 713 cm-1, 872 cm-1 and 1417 cm-1 for the CMP and 
CHM. This may be because of the chemical reaction between portlandite (Ca(OH)2) 
from the hydrated product of cement and atmospheric carbon dioxide(CO2) [162]. An 
obvious peak at 1043 cm-1 is attributed to C-C, C-O stretching or C-OH bending of 
cellulose and hemicellulose [231,232]. 

Table 8.7 pH value of the leachates of the miscanthus fibre. 

Sample 
Duration of miscanthus fibre submerged in the solution 

10 days 20 days 30 days 60 days 100 days 

MP 5.3 5.1 6.3 5.7 5.2 

CMP 11.4 11.6 11.6 11.6 11.6 

HM 5.8 5.8 5.7 5.5 5.7 

CHM 12.0 12.2 12.4 12.5 12.5 

Generally, among the cellulose, hemicellulose, lignin, waxes, pectin, etc. only cellulose 
possesses a crystalline structure. The XRD results of miscanthus fibre before and after 
water immersion are shown in Fig. 8.9a, all miscanthus fibres are amorphous because 
of the irregular distribution of the cellulose chain molecule in the amorphous area, 
resulting in a diffuse reflection and no peaks [74]. However, a distinct peak occurs at 
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the diffraction angle (2θ) of 25-30 because of the crystalline cellulose. The HM series 
has a wider peak than the RM series owing to the destruction of some cellulose crystals 
during the pyrolysis process. Similar phenomena are observed in heat-treated bio-based 
materials [59]. Besides, the RM and the HM after being soaked in water for 60 days 
show a higher crystallinity because some non-crystalline compounds such as waxes, 
pectin, etc. are removed. The same phenomenon has also been observed in the alkali-
treated miscanthus [231]. 

Compared to miscanthus soaked in water (MP and HM), the surface of miscanthus 
soaked in cement solution (CMP and CHM) is covered with cement paste. The XRD 
pattern of the CMP and CHM includes some hydration products such as calcium silicate 
hydrate and calcium hydroxide, and calcium carbonate from hydrated products reacts 
with carbon dioxide in the atmosphere (Fig. 8.9b). An obvious C-O stretching band 
from the calcium carbonate is observed (Fig. 8.8b, 8.8d). In this study, for samples 
CMP and CHM, the hydration products on their surfaces are difficult to completely 
remove before the FTIR test due to the precipitation effect. Therefore, the changes in 
the crystal structure of the miscanthus soaked in the cement solution should be further 
determined in future work. 
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Fig. 8.9 XRD results of miscanthus fibre before and after water immersion. 

The microscopic images of the miscanthus fibre after being submerged in the solution 
for 100 days are shown in Fig. 8.10. The results show that small miscanthus fragments 
appear on the surface of the MP and the HM, and an obvious fibrillated surface is 
observed. This may be because part of non-cellulosic compounds is extracted by an 
aqueous solution. Previous studies show that more rough and fibrillated surfaces are 
observed in alkali-treated miscanthus due to the removal of some lignocellulosic 
components [231]. For miscanthus soaked in cement solution (CMP and CHM), some 
hydrated cement products are observed on the miscanthus surface, especially for the 
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CHM. This may be due to heat treatment leading to better bonding between the CHM 
and the cement paste. Moreover, some cellulose and xylose leached from miscanthus 
can be absorbed by cement paste particles [58] to further improve the compatibility of 
miscanthus fibre and cement paste. 

 
Fig. 8.10 Microscopic images of the miscanthus fibre after being submerged in the solution for 100 

days. 

The element calcium is detected on the surface of the CMP and the CHM by SEM-EDS 
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analysis. Moreover, the heat-treated miscanthus (HM and CHM) have a higher content 
of carbon (C) and less oxygen (O) elements, compared to the raw miscanthus (MP and 
CMP). Silica is also observed on the surface of the CMP and the CHM fibre indicating 
the presence of hydrated cement products. 

8.3.4 Dimensional stability of miscanthus mortar 

▪ Drying shrinkage 

The bio-based materials are quite sensitive to humidity in the environment, and the 
shrinkage and swelling of bio-based materials have a negative impact on the 
performance of bio-based concrete. As shown in Fig. 8.11a, the drying shrinkage of 
miscanthus mortar increases rapidly within the first month after demolding, the drying 
shrinkages of the mortars RM1, HM1 and MP1 at 30 days account for 86%, 83% and 
87% of the total drying shrinkage value. Besides, mortar HM1 significantly reduces the 
drying shrinkage by 8% at 114 days, mortar MP1 has no obvious effect on the drying 
shrinkage, with an increase of 1%, compared to mortar RM1. However, as the content 
of miscanthus powder increases from 1% to 2%, the drying shrinkage of the mortars 
MP1.5 and MP2 increases.  

Previous studies show that the miscanthus ash obtained by heat treatment exhibits high 
efficiency in reducing the autogenous shrinkage of cementitious materials [17]. This 
may contribute to the good compatibility with the mortar, resulting in a decrease in 
micropores between the miscanthus fibre and the mortar matrix interface. In addition, 
pyrolysis can improve the dimensional stability of bio-based materials and significantly 
reduce the drying shrinkage of bio-based concrete [65]. 

The drying shrinkage of concrete is mainly caused by the water loss in the capillary 
pores, depending on the relative humidity [28] and porosity [29]. As shown in Fig. 
8.11b, the mass loss of miscanthus mortar shows a trend similar to drying shrinkage, 
which significantly reduces within the first month. The mass loss of the mortars RM1, 
HM1 and MP1 at 30 days corresponds to 97%, 98% and 99% of the total mass loss 
value at 114 days. 

The SEM images of miscanthus mortar after the drying shrinkage test are shown in Fig. 
8.12, the shrinkage cracks between miscanthus and cement paste are observed in the 
mortars RM1 and MP1. The interface bonding between heat-treated miscanthus and 
cement paste is relatively good. Therefore, the heat treatment of miscanthus fibre 
appears to be an effective method to reduce the drying shrinkage of miscanthus mortar. 
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Fig. 8.11 (a) Drying shrinkage, (b) Mass loss and (c) Relationship between mass loss and drying 

shrinkage of miscanthus mortar. 

 

Fig. 8.12 SEM images of miscanthus mortar after drying shrinkage test. 

After the miscanthus mortar is cast, cement paste and miscanthus fibre are close to the 
saturated state. For miscanthus mortar, the drying shrinkage is mainly caused by the 
moisture loss from the C-S-H matrix and the porous miscanthus fibre, which will affect 
the volumetric stability. The relationship between mass loss and drying shrinkage of 
miscanthus mortar can be fitted as: 
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   𝑦 = 𝑒𝑥+𝐴                                                   (8.1) 

where y is the drying shrinkage of miscanthus mortar (in με); x is the mass loss of 
miscanthus mortar (%); A is the empirical constant obtained by the experiment, the 
larger the value of A in Eq. (8.1), indicating that the miscanthus mortar has less mass 
loss when reaching the same drying shrinkage.  

▪ Wet swelling 

The wet swelling and mass increase of miscanthus mortar are shown in Fig. 8.13. The 
wet swelling of the mortars HM1 and RM1 shows the same trend, and the wet swelling 
of the mortar MP1 is higher than that of the mortars HM1 and RM1 due to the high 
porosity of the mortar MP1. The wet swelling of miscanthus mortar is mainly the 
volume change caused by the water gradually entering the miscanthus mortar from the 
microporous channels. The mass increase of the mortar HM1 is significantly lower than 
that of the mortars RM1 and MP1. The water entering the miscanthus mortar is one of 
the main reasons for the strength degradation of the miscanthus mortar and the 
dissolution of some cellulosic components. Therefore, increasing the dimensional 
stability of miscanthus by heat treatment has a positive effect on reducing the wet 
swelling characteristics of miscanthus mortar. 
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Fig. 8.13 (a) Wet swelling and (b) Mass increase of miscanthus mortar 

8.4 Conclusions 

(1) The mortar containing heat-treated miscanthus of 1 vol.% (HM1) shows an 
outstanding compressive strength and flexural strength, with an increase of 83% and 
27%, respectively, compared to the control mortar containing raw miscanthus (RM1), 
thanks to the increased degree of cement hydration, lower porosity and enhanced 
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compatibility between fibres and mortar matrix.  

(2) The mechanical strength degradation of bio-based miscanthus mortar after being 
soaked in an aqueous solution mainly takes place in the first month. The pyrolysed 
miscanthus fibre is beneficial for the strength development, resistance to degradation 
and dimensional stability of bio-based miscanthus mortar.  

(3) The higher crystallinity of miscanthus fibre after being soaked in water for 60 days 
is attributed to the removal of some non-crystalline compounds (waxes, pectin, etc.). 
Microscopic image analysis detects miscanthus fibre degradation, such as small 
miscanthus fragments and a fibrillated surface on the miscanthus fibre surface. 

(4) The morphology and content of miscanthus fibre have an obvious influence on the 
dimensional stability of miscanthus mortar. Drying shrinkage and wet swelling of 
miscanthus mortar increase rapidly within the first month because of moisture loss from 
the mortar matrix and the porous miscanthus fibre. Heat-treated miscanthus fibre 
improves the dimensional stability of bio-based miscanthus mortar and makes it more 
durable in mortar.  
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Chapter 9 Conclusions and recommendations 

9.1 Conclusions 

The goal of this work is to develop bio-based adsorptive concrete that can remove 
phosphate and improve the quality of underlying soil water. The treatment and 
modification of adsorptive cementitious composites, mix design and optimization of 
bio-based adsorptive concrete, and the long-term performance of bio-based adsorptive 
concrete are investigated from the standpoint of adsorptive aggregate, adsorptive 
cement paste, and porous structure. The following are the innovative conclusions of this 
work: 

9.1.1 Miscanthus and steel slag as ingredients for highly adsorptive composites 

The adsorption characteristics of several granular aggregates, including industrial by-
product (basic oxygen furnace steel slag), lightweight aggregate (expanded silicate), 
and bio-material (miscanthus) are investigated to obtain potential highly adsorptive 
composites that can be applied to improve the adsorption performance of porous 
concrete. Basic oxygen furnace steel slag can be used as an effective adsorptive 
ingredient in the production of highly adsorptive concrete. The P-removal mechanism 
can be attributed to Ca2+ released from cement paste and steel slag, which can react 
with phosphate and form a stable Ca-P precipitate. Heat treatment can be used to 
increase the adsorption capacity of miscanthus because of the increase in specific 
surface area. Furthermore, steel slag is used in conjunction with porous expanded 
silicate by applying a non-sintered pelletizing method to produce sustainable highly 
adsorptive aggregates. Heat-treated miscanthus can be used to increase the porosity of 
adsorptive aggregates. The highly adsorptive aggregate with good mechanical strength, 
salt and freeze-thaw resistance can be produced by applying the non-sintered pelletizing 
method. 

A porous adsorptive paste is created by combining chemisorption and physisorption 
mechanisms to enhance the adsorption performance of the paste-coated aggregate. The 
porous adsorptive cement paste has an adsorption capacity of 30.4-74.2 mg/g, at a 
corresponding initial P-concentration of 1215-2968 mg/L. The results confirm that Ca2+ 
leached from the adsorptive cement paste reacts with phosphate in solution to form Ca-
P precipitates. Moreover, porous miscanthus improves the adsorption performance of 
the paste-coated aggregate thanks to the increase in porosity. Heat-treated miscanthus 
with a dosage of 0.5 wt.% and steel slag with a dosage of 10.0 wt.% can be 
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recommended for the highly adsorptive paste to improve P-removal capacity without 
sacrificing other properties. 

9.1.2 Two-sized aggregate skeleton structure for porous adsorptive concrete  

To improve the mechanical strengths and P-removal performance of porous adsorptive 
concrete by optimizing the porous skeleton structure, a two-sized aggregate containing 
1-2 mm steel slag and 2-5 mm basalt is applied for the adsorptive concrete structure. 
Small-sized aggregates fill the pores between the large-sized aggregates, gradually 
reducing porosity and permeability and improving the mechanical strength and freeze-
thaw resistance of adsorptive concrete. The optimum mix for adsorptive concrete is 
obtained based on orthogonal test results. The adsorptive concrete exhibits excellent P-
removal capacity, with adequate mechanical strength and durability. The P-removal 
amount of adsorptive concrete increases with the increase of P-concentration and 
reaction time, indicating has enough Ca2+ can be released from concrete for Ca-P 
precipitate reaction. Hazardous elements (Cr, Sr, V, etc.) leached from adsorptive 
concrete are far below the maximum limit value, indicating no environmental risk.  

The physico-mechanical properties, long-term adsorption characteristics, P-precipitate 
mechanism, and environmental impacts demonstrate that adsorptive concrete exhibits 
excellent P-removal capacity, with an adsorption amount increasing by 31-52%, 
compared to traditional pervious concrete. The P-adsorption amount and removal 
fraction of adsorptive concrete increase as the number of cycles increases. The 
Langmuir model and Elovich model are suitable for fitting adsorption isotherm and 
kinetic results of adsorptive concrete. Moreover, the adsorptive concrete exhibits a low 
P-releasing capacity, indicating that it can be safely used for P-removal from 
stormwater runoff. 

9.1.3 Improvement of long-term performance of bio-based miscanthus mortar 

The effects of organic matter and physical properties (size, shape, etc.) on the 
performance of bio-based miscanthus mortar are evaluated. Miscanthus (x giganteus) 
is modified using physical treatment (ball milling) and heat treatment methods, and 
heat-treated miscanthus has a positive impact on compressive strength. However, a high 
dosage of raw miscanthus (e.g. 5 wt.%) has a negative effect on the mechanical 
properties and durability of the mortar. The heat-treated miscanthus with a dosage of 
no more than 3 wt.% is recommended for adsorptive cement paste. Treated miscanthus 
significantly reduces drying shrinkage, with a reduction of up to 25% at 90 days, 
compared to untreated miscanthus. Powdery and long fibre of miscanthus are the 
recommended forms for application in sustainable bio-based mortar, in terms of 
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reducing drying shrinkage and thermal conductivity, as well as improving the 
mechanical strength of miscanthus mortar. 

The effects of raw miscanthus, heat-treated and powdery miscanthus on the physical 
and mechanical properties, long-term degradation characteristics and dimensional 
stability of the miscanthus mortar are investigated. Thanks to an increased degree of 
cement hydration, reduced porosity and enhanced compatibility with the mortar matrix, 
heat-treated miscanthus increases the compressive and flexural strengths by 83% and 
27%, respectively, compared to untreated miscanthus. The mechanical strength of the 
miscanthus mortar degrades primarily during the first month after being soaked in water. 
Heat-treated miscanthus fibre improves cement hydration, strength development and 
dimensional stability of miscanthus mortar. Therefore, heat-treated miscanthus fibre 
can be used to improve the dimensional stability and degradability resistance of bio-
based miscanthus mortar.  

9.2 Recommendations  

This work investigates the physical and mechanical properties, adsorption performance 
and durability of bio-based adsorptive concrete with the goal of improving P-removal 
capacity from stormwater runoff. The selection and manufacture of highly adsorptive 
aggregate, the modification of adsorptive cement paste, the structure optimization of 
adsorptive concrete and the degradation of bio-based mortar are analyzed and discussed 
in this work. The presented findings can be used to improve the P-removal capacity and 
service life of sustainable bio-based adsorptive concrete. Nonetheless, the following are 
some relevant open questions for future research: 

1. The effects of a weakly acidic phosphate solution on the long-term performance of 
adsorptive concrete should be investigated in future work. Moreover, porous adsorptive 
concrete is frequently in contact with contaminated water, and the effects of wastewater 
on the durability of adsorptive concrete should be considered. Besides, due to the 
porous structure and nutrient capture capacity, the potential of adsorptive concrete to 
foster lush plant growth for low-carbon ecological city development or to refresh the 
air temperature during the hot season should be explored. 

2. Stormwater runoff contains a variety of pollutants, including N, P and heavy metals, 
etc. Precipitate mechanisms for various pollutions may be different in adsorptive 
concrete, and thus, other pollutant removal experiments such as nitrate, organic matter 
and heavy metals should be performed in future work to gain a better understanding of 
the adsorption performance and pollutant removal mechanism of porous adsorptive 
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concrete. 

3. All adsorbent materials will reach saturation after a certain service life. Therefore, it 
is necessary to consider how to extend the service life of porous adsorptive concrete 
after saturation. The recovery of absorbed nutrients (N, P, K) should be considered in 
future work, for example, to collect absorbed P for using it as fertilizer for plant growth 
in vegetal (ecological) concrete, or to cultivate microbial communities in micropores to 
decompose absorbed organic matter.  
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K1 Rate constant of Lagergren pseudo-first-order kinetic models 
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KF Constant of Freundlich isotherm 
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M Miscanthus (x giganteus) 
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M-3 Heat-treated miscanthus for 3 hours 

M-4 Heat-treated miscanthus for 4 hours 

M-LF Miscanthus with 2-3 cm long fibre 

M-SF Miscanthus with 0.4-1.5 cm short fibre 

M-P Miscanthus powder 

N Nitrogen 

n Heterogeneity factor of Freundlich isotherm 

Qm Maximum adsorption capacity in Langmuir isotherm 

P Phosphate 

Pd P-desorption fraction (%) 

PR P-removal fraction (%) 

PS Peach shell 

q P-adsorption amount (mg/g) 

qd P-desorption amount (mg/g) 

RM Raw miscanthus 

SS Steel slag 

SS5 Steel slag with 5 wt.% 



 

165 

 

SS10 Steel slag with 10 wt.% 

SS25 Steel slag with 25 wt.% 

SS50 Steel slag with 50 wt.% 

SS75 Steel slag with 75 wt.% 

SEM Scanning Electron Microscope 

SEM-EDS Scanning Electron Microscope Energy Dispersive Spectrometer 

TP P content in the P-saturated sample 

TG Thermal gravimetric 

V Volume  

Vol.% Volume fraction 

Wt.% Weight fraction 

w/c Water-to-cement ratio 

XRD X-ray diffraction 

XRF X-ray fluorescence 
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S   

DEPARTMENT OF THE BUILT ENVIRONMENT

Urban surfaces such as streets, parking lots and roofs are 

regarded as critical channels of aqueous contaminant transport. 

Various pollutants such as nitrate, phosphate, and heavy metals 

are carried by stormwater runoff to enter nearby rivers during 

the rainy season. Phosphorus (P) is one of the main pollutants in 

stormwater runoff from farmland, industry, domestic sewage 

and atmospheric pollution sediments, etc. The pollution level of 

the water body will be reduced if pollutants from stormwater 

runoff can be effectively removed by adsorption and physical 

filtration by pervious pavements. Conventional pervious 
concrete needs improvements to meet the requirements of 

sustainable  and ecological cities. This work aims to develop 

bio-based adsorptive concretes that can reduce accelerated 

stormwater runoff and remove P from stormwater runoff to 

improve underlying water quality. The adopted research idea is 

to replace conventional cementitious composites with highly 

adsorptive materials to produce porous bio-based adsorptive 

concrete, and the investigated characteristics focus on 

adsorptive cementitious composites, performance evaluation 

and durability of bio-based adsorptive concrete.
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