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 ABSTRACT 
Argon oxygen decarburization slag (AOD) was tested in batch and column 
experiments to investigate its phosphorus (P) removal performance. The 
effects of factors such as AOD dose, initial P concentration of the feeding 
solution, and aging on the P removal ability of the slags were analyzed. In a 
column experiment, electric arc furnace slag (EAF), blast furnace slag (BFS) 
and AOD were combined in five different ways to determine optimal 
conditions for P removal. Columns packed with dual filters were fed real 
wastewater for 24 days at a hydraulic retention time (HRT) of 3-4 h.  In 
another column experiment, the three types of slag were modified with 
polyethylene glycol (PEG) and NaOH to adjust their dissolution properties 
and the effect on P removal performance was examined. Those nine columns 
were fed real wastewater for 35 days with an HRT of 2.5 h. In the batch 
experiments, AOD exhibited very promising P removal ability. It removed 
94.8% of P from 6.5 mg P L-1 synthetic solution in 4 hours with a dose of 5 g 
L-1. Maximum P removal capacity of 27.5 mg P g-1 was achieved by AOD when 
a high-P concentration synthetic solution was used. In the dual-filter column 
experiment, the column packed with only EAF had the best P removal 
performance (consistently above 93%). The P removal mechanism changed as 
wastewater travelled from the inlet chamber to the outlet chamber. 
Amorphous calcium phosphate (ACP) was identified as the main P species in 
the five slag samples collected from the outlet chambers. The contributions 
from crystalline calcium phosphate (Ca-P) and P adsorbed on iron/aluminum 
(hydr)oxides were greater in samples from the inlet chambers. The P speciation 
results revealed that P was predominantly removed by the slags through 
formation of ACP. The second column experiment showed that modification 
with PEG and NaOH solution only enhanced short-term P removal by the 
slags. The EAF and AOD modified with PEG and NaOH had 100% of P 
removal until pore volumes 60 and 84 respectively, which was 20 and 24 pore 
volumes more than with unmodified EAF and AOD, respectively. However, 
exhaustion of the modified slags occurred much earlier, indicating that the 
modification process had shortened the lifespan of the slags. The untreated 
EAF and AOD slags both achieved a P removal efficiency above 90% during 
the first 280 pore volumes. Untreated AOD showed better P removal than 
untreated EAF until pore volume 244, probably due to faster dissolution rate 
of gamma dicalcium silicate (dominating in AOD according to the XRD results) 
than of beta dicalcium silicate (dominating in EAF).  

Key words: AOD, EAF, BFS, calcium phosphate, XANES, slag 
mineralogy 

1. INTRODUCTION 
Sweden is a country known for its high quality iron ore and its iron 
and steel products. However, this major industry also produces a 
large amount of metallurgical slag of various types, including blast 
furnace slag (BFS), electric arc furnace slag (EAF), argon oxygen 
decarburization slag (AOD), and so on. According to a recent 
report, the total slag production in Sweden was 1-1.5 million 
tonnes in 2010 (Jernkontoret, 2017). The main external use of this 
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slag is for construction purposes, such as replacing crushed rock 
and gravel in road constructions, or as landfill cover liner material 
(Diener et al., 2007). 
In the European Union, around 25% of the iron and steelmaking 
slag produced is used in cement and concrete production. For 
example, EAF is used as aggregate in concrete due to its hydraulic 
characteristics and cement properties. Concrete made with EAF 
exhibits good mechanical properties and satisfactory durability 
(Manso et al., 2004, 2006; Pellegrino et al., 2009, 2013; Abu-Eishah 
et al., 2012).  
However, using slag as a construction material does not completely 
consume the huge production volume. Alternative uses of slag are 
therefore being investigated.  
Phosphorus (P) removal from wastewater has been a great concern 
for decades, because of the severe eutrophication of waters 
worldwide. The P concentrations in effluent from municipal 
wastewater treatment plants usually meet the discharge standards. 
However, inadequate P removal by small-scale wastewater 
treatment systems (SSWTs) has been widely reported in Sweden 
and in other developed countries such as Japan, and in developing 
countries including China (Liang et al., 2010; Naturvårdsverket, 
2014; Mizuochi et al.;). The primary SSWT unit in rural areas is the 
septic tank, which has a P removal rate fluctuating around 10% 
(Abeggen et al., 2008; Mizuochi et al; Liang et al., 2010). Therefore 
developing feasible P removal technologies with high P removal 
performance could prevent further eutrophication of receiving 
water bodies.  
The BFS and EAF slag types have been investigated by many 
researchers worldwide in recent years. These slags are proven to be 
satisfactory P-removing materials due to their high content of 
alkaline silicates, free lime, and iron and aluminum oxides 
(Eveborn et al., 2009; Claveau-Mallet et al., 2013; Han et al., 2016). 
To my knowledge, there have been no published studies on using 
AOD as a P removal material before this thesis work. However, 
AOD has high alkalinity and contains more than 35% calcium in 
the form of readily soluble calcium silicate (Kriskova et al., 2012; 
Santos et al., 2013a, 2013b), which might make it a promising P-
removing material. Therefore, AOD was studied in this thesis with 
the aim of using this metallurgical by-product as a wastewater 
treatment material. 
Due to the high calcium content and alkalinity of slags, the main P 
removal mechanism is reported to be precipitation of calcium 
phosphate (Barca et al., 2012). Many slags have an alkaline reaction 
in water due to the dissolution of gehlenite (Ca2Al2SiO7) and other 
silicate minerals (Kostura et al., 2005; Gustafsson et al., 2008), 
which creates favorable conditions for calcium phosphate (Ca-P) 
precipitation. The Ca-P precipitates formed on the slag can be 
hydroxyapatite (HAP; Ca5(PO4)3OH), octacalcium phosphate 
(OCP; Ca8H2(PO4)6·5H2O), dicalcium phosphate dihydrate 
(DCPD; CaHPO4·2H2O), or amorphous calcium phosphate (ACP; 
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Ca3(PO4)2), depending on the experimental parameters. Apatite has 
been found to be the main Ca-P phase on EAF surfaces after two 
years of filter operation using synthetic wastewater (Claveau-Mallet 
et al., 2012). In line with this result, HAP is proposed to be the 
main Ca-P precipitation product when EAF and basic oxygen steel 
slag (BOF) are used as P removal materials. After reviewing a 
number of papers on the complex precipitation mineralogy of 
calcium phosphates, Valsami-Jones (2001) concluded that the 
initially formed amorphous Ca-P phase would transform into a 
more crystalline form such as HAP with time. Bowden et al. (2009) 
monitored the P species change on the surface of BOF slag over a 
period of two years using energy dispersive X-ray spectroscopy 
(EDX) and X-ray powder diffraction (XRD) and found that the P 
precipitates evolved from brushite to OCP and eventually to a 
mixture of OCP and HAP after one year. These discrepancies in 
reported P speciation indicate a need to further investigate the 
mechanisms governing the formation of different P phases in the 
slag material.  
Therefore in this thesis work, P K-edge X-ray absorption near-
edge structure spectroscopy (XANES) was conducted to speciate 
the P formed on the slag surface. This was done to cast light on 
the P removal mechanisms of AOD, EAF and BFS. The 
dissolution of minerals was analyzed by XRD and scanning 
electron microscopy-energy dispersive spectrometry (SEM-EDS) 
in an attempt to identify the relationship between the dominant 
mineral phase composition of a slag and its P removal 
performance. 

2. OBJECTIVES 
The overall aim of this thesis was to investigate the metallurgical 
slags as phosphorus purification materials for wastewater 
treatment. Specific objectives of the work were to: 
• Examine the P removal performance of AOD through batch 
and column experiments  
• Investigate the effect of initial P concentration, slag dose, 
modification by polyethylene glycol and sodium hydroxide, and 
aging on the P removal performance of AOD  
• Investigate the relationship between the final supernatant 
pH and the P removal performance 
• Determine the speciation of the retained P on the slag by P 
K-edge XANES spectroscopy, to obtain a more detailed 
understanding of the P removal mechanisms 
• Compare the P removal performance of AOD, BFS, and 
EAF and combine the three types of slags to determine an optimal 
set-up for achieving a long lifespan  
• Identify the P removal mechanisms of the slags under 
different conditions to predict their longevity  
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• Identify the relationship between the dominant mineral 
phase of a specific slag and its P removal performance. 

3. BACKGROUND  
This chapter reviews the current knowledge on on-site P removal 
techniques, the three types of slags investigated, and the P 
speciation methods used in this research. 

3.1.  Phosphorus removal techniques for on-site wastewater treatment 
As the P discharge regulations for SSWTs become increasingly 
strict, more research aimed at developing P removal techniques 
suitable for SSWTs has been undertaken in recent years. This 
section exemplifies several types of P removal technology that are 
used for on-site wastewater treatment. 
Septic tank systems with soil infiltration  
Septic tank systems with soil infiltration are conventional on-site 
wastewater treatment systems that are used on a worldwide basis 
(Cheung & Venkitachalam, 2006; Gill et al., 2009; Eveborn et al., 
2012). The septic tank itself is inefficient in removing P from 
wastewater (Gill et al., 2009), and therefore a secondary treatment 
system such as soil infiltration is needed. Gill et al. (2009) 
investigated the P attenuation effects of subsoils from three sites 
fed with septic tank effluent (P loading 1.2-13.2 g P d-1) and three 
sites fed with secondary-treated effluent. The results showed that 
the P load declined to less than 1 g d-1 when the wastewater 
reached a soil depth of 0.6 m for the three sites fed with septic 
tank effluent. Eveborn et al. (2012) examined the long-term P 
removal of four soil beds that had served for between 14 and 22 
years. It was estimated that these systems only removed 12% of 
the long-term P load, probably through aluminum phosphate 
(AlPO4) precipitation and adsorption to Al (hydr)oxides.  
On-site wastewater treatment package plants 
More than 1600 prefabricated on-site wastewater treatment 
package plants are used in the Morsa watershed in Norway. These 
package plants usually consist of a septic tank for pre-treatment 
and a fixed film bioreactor for secondary clarification. Aluminum-
based chemicals are used for P removal via precipitation in these 
systems. The phosphate-P (PO4-P) concentrations of the effluent 
from six different plant models are reported to be below 1 mg L-1 
over 24-h intervals, indicating that these systems are robustly 
designed for highly variable P loads (Johannessen et al., 2012). 
Urine treatment reactor  
Since urine is an excellent nutrient source, separate urine collection 
and treatment has been used to reduce the P discharge from 
domestic wastewater to water bodies (Udert et al., 2003). A urine 
treatment reactor combined with a membrane bioreactor had good 
wastewater treatment performance for serving a four-person 
household (Udert et al., 2003). The urine treatment reactor can 
remove 62.5% of the P from influent with a P concentration of 32 
mg L-1 via struvite precipitation after the addition of magnesium 
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oxide (MgO) (Abegglen & Siegrist, 2006). One major maintenance 
problem with this system is blockages caused by chemical 
precipitation, which occur in traps, connecting pipes, and storage 
tanks (Udert et al., 2003). Therefore flushing with rainwater or 
fresh water is necessary to reduce the risk of blockages. 
Wetland plants 
Constructed wetlands have been widely studied and used for on-
site wastewater treatment. Apart from aesthetic values, wetland 
plants can make significant contributions to nutrient removal from 
domestic wastewater (Lim et al., 2001). Mei et al. (2014) 
investigated the nutrient removal rate and tolerance to domestic 
wastewater for six commonly used wetland plant species in 
tropical and subtropical regions. The results showed that the 
species Cyperus flabelliformis and Canna indica had a P removal rate of 
between 50 and 65% when artificial wastewater with a P 
concentration of 2.5 mg L-1 was used. In another study by 
Korboulewsky et al. (2012), planted and unplanted wetland 
systems were investigated to compare their performance in 
removal of organic compounds and nutrients from liquid waste 
activated sludge generated in a soft drink factory. The results 
showed that the planted wetland systems had better overall 
performance than the unplanted systems and that the wetland 
plant Phragmites australis was responsible for 17% of P removal 
from the sludge (Korboulewsky et al., 2012).  
Constructed wetlands with P removal filter substrates 
Research has been conducted on the use of filter substrates to 
boost the P removal performance of constructed wetlands 
(Cucarella Cabanas, 2009; Yang et al., 2012; Barca et al., 2013; Ge 
et al., 2016; Yin et al., 2017). These filters/substrates include 
natural materials such as sand, limestone, shale, zeolite, and 
serpentinite; manufactured products such as Polonite, Filtralite, 
etc., and by-products such as metallurgical slags, fly ash, etc. 
(Cucarella Cabanas, 2009). Many of these filters have very strong P 
removal ability. For instance, serpentinite and EAF are reported to 
be able to retain 1 mg P g-1 and 2.2 mg P g1 in 114 days and 180 
days, respectively (Drizo et al., 2006). Calcium-rich hydrated oil 
shale ash can achieve a median phosphate removal of 99% 
regardless of the presence of variable concentrations of several 
inhibitors (Koiv et al., 2010). 

        3.2 Slags: Characteristics and usage 
Blast furnace slag is generated during the production of iron 
products, while EAF and AOD are generated in the process of 
producing stainless steel (Shen et al., 2004; Salman et al., 2015). Of 
the iron and steel manufacturing slags, BFS is produced in the 
largest amounts.  

3.2.1 Blast furnace slag 
Blast furnace slag is produced during the separation of iron from 
ore (Santos et al., 2013). In a blast furnace, iron ore, iron pellets, 
coke, and limestone or dolomite are added and melted together. 
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The molten iron accumulates in the bottom of the blast furnace, 
while the impurities such as silicate minerals of the ore combine 
with the lime, generating the non-metallic product called BFS 
floating at the top of the furnace (Lewis, 1982). As indicated 
above, BFS is produced in relatively large amounts (300 kg per ton 
of pig iron) compared with EAF and AOD (Proctor et al., 2000). 
Depending on the cooling procedure, two types of BFS can be 
produced. Granulated BFS is cooled by large amounts of water to 
produce a sand-like granule, whereas air-cooled slag is cooled 
slowly by ambient air, which also usually results in larger slag 
particles. The air-cooled BFS is usually more crystalline than the 
water-cooled form, as the rapid chilling by water results in the 
predominance of an amorphous or glassy phase in the slag 
(Akbarnejad & Houben, 2010). 
Apart from hydrogen and oxygen, the main elements in BFS are 
calcium, silicon, aluminum, magnesium, and iron (Lewis, 1982; 
Scott et al., 1986; Nicolae et al., 2007). The main mineral phases in 
BFS include melilite-structure crystals such as åkermanite 
(Ca2MgSi2O7) and gehlenite, as well as quartz (SiO2) and calcite 
(CaCO3) (Scott et al., 1986; Akbanejad & Houben, 2010). Because 
of its cementitious and mechanical properties, BFS has a long 
history of being used as road-base material and as a concrete 
aggregate in the construction industry (Lewis, 1982; Akbanejad & 
Houben, 2010; Miyamoto & Akahane, 2015). The mineral 
composition of aged BFS used as road-base material for about 10 
years differs from that of the fresh BFS, because hydration 
products such as ettringite and calcium silicate hydrate (C-S-H) 
may be found in aged BFS (Akbanejad &Houben, 2010). 
 The alkaline calcium and magnesium oxides/silicates contained in 
BFS can contribute to high calcium and magnesium 
concentrations, and to high pH, when in contact with water. This 
makes BFS a good candidate as a P removal material. BFS has 
been studied for P removal for more than 20 years (Mann & Bavor, 
1993; Johansson, 1999). As the most widely studied slag, BFS has 
been found to have a P removal efficiency higher than 95% in 
laboratory experiments with both synthetic P solution and real 
wastewater (Oguz, 2004; Kostura et al., 2005; Rastas, 2006; 
Johansson, 2010; Johansson Westholm, 2010). However, its 
performance in pilot and field trials has been less satisfactory, with 
the P removal rate reported to range from 40% to 77% (Shilton et 
al., 2006; Asuman et al., 2007). Amorphous (water-cooled) BFS is 
suggested to be able to retain more P than crystalline (air-cooled) 
BFS, due to their different surface and crystalline properties 
(Johansson Westholm, 2010).  
In this thesis work, BFS was investigated in a dual-filter column 
experiment aimed at achieving better P removal from real waste 
water without the use of any pre-treatment. The P speciation of 
the used BFS under different conditions was determined, to reveal 
the P removal mechanism and to predict the lifespan of BFS. 
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3.2.2 Electric arc furnace slag 
Electric arc furnace slag is generated in the process of making 
crude steel. Steel scrap and fluxes such as limestone or dolomite 
are added to a furnace heated by an electric current. Under high 
temperature, the molten fluxes react with the undesired 
components in molten scrap to form liquid EAF (Euroslag, 2017). 
In the process of producing one ton of steel, 15% of the slag 
generated is EAF (Rastovcan-Mioc et al., 2009). Two types of steel, 
carbon steel and stainless/high alloy steel, can be produced in the 
electric arc furnace. Depending on the steel type and quality, 
different types and amounts of steel scrap are added to the furnace, 
resulting in differing chemical composition and different 
characteristics of EAF. For instance, EAF carbon steel slag is 
different from EAF stainless steel slag because the latter contains 
the ferrochrome or nickel required for producing stainless steel 
(Hosseini et al., 2016). Chazarenc et al. (2008) concluded that the 
composition of EAF can change from one production batch to 
another depending on the nature and amount of scrap metal 
recycled. 
Apart from hydrogen and oxygen, the main elements in EAF 
stainless steel slag are calcium, silicon, magnesium, and aluminum. 
When converted to calcium oxide (CaO) and silicon dioxide (SiO2), 
these constituents account for nearly 80% of EAF stainless steel 
slag (Shen et al., 2004). Alloy elements such as nickel, chromium, 
vanadium, titanium, and manganese are also found in small 
amounts in EAF stainless steel slag. In low alloy steel EAF, the 
iron (III) oxide (Fe2O3) and iron (II) oxide (FeO) content is much 
higher, composing nearly 20% of the total mass (Tossavainen et al., 
2007). Its main chemical components are calcium- and silicon-
containing minerals and iron oxides. Minerals commonly found in 
EAF are bredigite (Ca14Mg2(SiO4)8), merwinite (Ca3Mg(SiO4)2), 
åkermanite (Ca2MgSi2O7), gehlenite (Ca2Al(AlSi)O7), larnite (beta 
dicalcium silicate, β-C2S), quartz, calcite, and free CaO (Shen et al., 
2004; Tossavainen et al., 2007; Adegoloye et al., 2016). 
The chemical composition of EAF makes it an efficient P removal 
material. Complete P removal from synthetic solutions with a P 
concentration below 10 mg L-1 can be achieved within 24 hours, 
and the P removal ability of EAF has been determined to be 1.458 
mg g-1 in a laboratory study (Kumar et al., 2010). Drizo et al. (2006) 
conducted column experiments to investigate the P removal 
performance of EAF and obtained consistently high P removal 
efficiency for 114 days. In another study, the Fort Smith EAF slag 
removed 99.9% of the P from synthetic wastewater containing 
between 11 and 107 mg L-1 P with a hydraulic retention time (HRT) 
of 34 h over a period of 179 days (Claveau-Mallet et al., 2013). In a 
two-year field experiment, an EAF-filled filter bed with an HRT of 
between 1 and 3 days removed 37% of the total P from the 
effluent of a constructed wetland (Barca et al., 2013). The 
maximum P removal capacity of EAF is reported to range from 
0.13 to 0.28 mg P g-1 depending on the feeding solution (Barca et 
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al., 2012). However, in some cases the maximum P removal rate of 
EAF is higher than 2.2 mg P g-1 (Drizo et al., 2006). 
In this thesis work, the P removal capacity of EAF was tested in 
column experiments with shorter HRT than the experiments 
mentioned above. Real wastewater without pre-treatment (except 
for the removal of large particles) was used to mimic real-world 
conditions.  
The pozzolanic properties of EAF, together with the coagulation 
of organic matter with the precipitates, could result in preferential 
flow and bypass in the columns, leading to inferior P removal 
performance (Drizo et al., 2006). In order to prolong the lifespan, 
a dual-filter column system with BFS packed before EAF was 
designed in the present work to eliminate the influence of 
incoming organic matter. 
Leaching of chromium from EAF stainless steel slag to water was 
observed by Shen et al. (2004). Therefore the leaching of metals 
from EAF stainless steel slag into wastewater during the column 
experiment was also investigated.  

3.2.3 Argon oxygen decarburization slag 
Argon oxygen decarburization slag is produced in the argon 
oxygen decarburization converter when refining stainless steel to 
reduce the carbon content to less than 0.05% (Salman et al., 2015; 
Praxair, 2017). More than 75% of the world’s stainless steel is 
produced using the argon oxygen decarburization process. First, 
the scrap or virgin raw materials are melted in an electric arc 
furnace or an induction furnace. The molten metal is then 
transferred to the argon oxygen decarburization vessel. Depending 
on the carbon and chromium content in the molten metal, oxygen 
mixed with argon or nitrogen at different ratios is injected into the 
argon oxygen decarburization vessel to oxidize the carbon to CO 
(Odenthal et al., 2010). After the decarburization process, alloys 
are added to the molten metal to produce steel with the desired 
properties. Later, lime is added to remove non-essential elements 
such as silicon from the molten metal to the slag. Around 270 kg 
AOD is generated for every ton of stainless steel produced (Zhao 
et al., 2013). AOD comprises 60% of the slag generated during the 
manufacture of stainless steel (Adegoloye et al., 2016).  
The main chemical components of AOD are the same as those of 
EAF stainless steel slag. However, compared with EAF stainless 
steel slag, AOD has a higher CaO content, but a lower SiO2 
content. AOD also contains small amounts of manganese, 
chromium, vanadium, titanium, nickel, zinc, and lead, depending 
on the steel properties (Shen et al., 2004). The main minerals in 
AOD are gamma dicalcium silicate (γ-C2S), larnite (β-C2S), 
bredigite (Ca14Mg2(SiO4)8), and periclase (Shen et al., 2004; 
Kriskova et al., 2012; Salman et al., 2015; Adegoloye et al., 2016; Li 
et al., 2017). 
Research to date on the re-use of AOD has mainly focused on 
using it as a construction material or as a sustainable binder to 
replace and save raw materials (Salman et al., 2015; Adegoloye et 
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al., 2016). Baciocchi et al. (2010) assessed the carbon dioxide (CO2) 
storage ability of several types of slag, including EAF and AOD, 
and found AOD to be the material that reacted most readily with 
CO2 among the slag types tested. 
The relatively high calcium content and high alkalinity of AOD 
may make it a promising P removal material. In the present 
research, AOD was tested in both batch and column experiments 
to examine its P removal ability. Because of the relatively high 
content of metals such as chromium, there is a risk of metal 
leaching during contact with wastewater. Therefore the leaching 
characteristics of AOD were monitored. 

3.3 Factors affecting the phosphorus removal performance of slags: 
Alkalinity 
Different types of slag have pH values in the range from 8 to 13, 
depending on their chemical composition and morphology. A slag 
with high alkalinity could increase the pH value of the contacting 
wastewater in a short time, which may facilitate complete P 
precipitation from wastewater (Blanco et al., 2016). With increased 
exposure time to aqueous solution, the alkaline materials in the 
slag will dissolve, resulting in decreasing capacity of the slag to 
maintain a high pH in the dissolved phase. As the aqueous pH 
decreases to below 9, a significant decrease in P removal 
performance can be observed for alkaline slag (Claveau-Mallet et 
al., 2014; Blanco et al., 2016). Steel slag with enhanced alkalinity 
through coating with sodium hydroxide has been found to be able 
to maintain higher pH for a longer time than uncoated slags, and is 
therefore able to achieve higher P removal until 150 bed volumes 
(Park et al., 2017).   
Porosity and particle size 
Slags with higher porosity and smaller particle size have a relatively 
large contact area with aqueous solution. This could accelerate the 
release of alkaline materials and thus enable an increase in the 
aqueous pH value. This is beneficial for achieving high P removal 
in the short term. Due to the settling of precipitates and particles 
in the wastewater and also to the pozzalanic properties of slags, 
the slag particles tend to clump, leading to the formation of by-
pass in the packed bed with time and eventually leading to clogging 
(Drizo et al., 2006; Hedström & Rastas, 2006; Nehrenheim et al., 
2009). Therefore, a particle size between 4 and 7 mm is suggested 
for practical use (Johansson Westholm, 2010). 
Hydraulic retention time 
The hydraulic retention time has a significant effect on P removal 
performance, because it influences the pH and the concentration 
of calcium in the dissolved phase. The P removal of weathered 
iron slag declines logarithmically with respect to the retention time 
(Shilton et al., 2013). The P removal capacity of EAF has been 
reported to be 1.4 mg P g-1 at an HRT of 8.3 h and 2.4 mg P g-1 
when the HRT increases to 24 h, still without reaching the 
maximum P removal potential (Drizo et al., 2002, 2006). In a study 
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by Li et al. (2013), the P removal performance of a vertical-flow 
wetland packed with water-cooled slag was examined using a HRT 
of 2 days, 1 day, and 0.5 day, and the results suggested that an 
HRT of 1 day favored P removal. As a certain amount of time is 
required for the slag to dissolve and to elevate the aqueous pH to a 
point that is beneficial for P precipitation, higher P removal 
efficiency could be achieved with longer retention times. However, 
the overall P binding capacity of another alkaline material, calcium-
rich hydrated oil shale ash, has been reported to decrease to 41% 
at longer retention times, probably due to reduced calcium 
availability as a result of carbonate precipitation (Liira et al., 2008).  
Aging 
The age of a slag can affect its P removal capacity. A possible 
reason might be the depletion of calcium from the slag due to 
hydration and carbonation of the alkaline minerals with increasing 
exposure time to moisture and CO2. Fresh BFS briefly exposed to 
rainfall has been found to achieve higher P removal than 
weathered BFS (Hedström &Rastas, 2006).                                 

3.4 Phosphorus removal mechanisms by slags 
There is no consistency as regards the reported or hypothesized P 
removal mechanisms in different types of slag. Precipitation of 
calcium phosphates (Ca-P) has been reported as the main P-
removal mechanism of slags such as BOF steel slag and EAF, 
owing to their high calcium content and alkalinity (Bowden et al., 
2009; Barca et al., 2012; Barca et al., 2014; Claveau-Mallet et al., 
2014;  Blanco et al., 2016). Many slags have an alkaline reaction in 
water due to the dissolution of gehlenite and other silicate minerals 
(Kostura et al., 2005; Gustafsson et al., 2008), which creates 
favorable conditions for Ca-P precipitation. The P removal 
performance of EAF and BOF is improved with increasing CaO 
content in the slag (Barca et al., 2014). Bowden et al. (2009) 
obtained evidence of evolution of Ca-P precipitates from brushite 
to more crystalline OCP and HAP with time in a column 
experiment that lasted for 406 days. 
Results from other studies suggest that P adsorbed onto 
aluminum/iron (hydr)oxides is the main P removal mechanism by 
slags (Pratt et al., 2007; Shilton et al., 2013). Exhausted melter slag 
from a filter bed for removing P from waste stabilization pond 
effluent for a decade has been found to be covered by a film 
containing metal oxides/oxyhydroxides, organic resin and iron-
phosphate precipitates. Chemical extraction speciation results 
indicated that the P was adsorbed onto metal (hydr)oxides in the 
porous matrix and onto the melter slag surface film (Pratt et al., 
2007). 
Other evidence suggests that the P removal mechanism by a 
specific slag could vary under different hydraulic conditions. In 
studies by Drizo and co-workers, the P removal by EAF was 
attributed to adsorption processes when a short HRT of 8.3 h was 
used. By increasing the HRT to around 24 h, the P retention 
capacity of EAF increased by 42% and precipitation of calcium 
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phosphate was found to the major P removal mechanism that 
accounted for this increase (Drizo et al., 2002, 2006). 

3.5 Phosphorus K-edge XANES speciation  
Possible Ca-P precipitates include hydroxyapatite (Ca5(PO4)3OH; 
HAP), octacalcium phosphate (Ca8H2(PO4)6·5H2O; OCP), 
dicalcium phosphate dihydrate (CaHPO4·2H2O; DCPD) and 
amorphous calcium phosphate (Ca3(PO4)2; ACP). Conventional 
speciation methods such as XRD analysis can only distinguish 
between crystalline minerals. One advantage of XANES 
spectroscopy is that it can provide information on amorphous 
compounds (Newville, 2004). As shown in Figure 1, XANES 
spectra of different P species vary in one or more spectral features, 
such as their white-line intensity and edge-energy position, the 
presence of any pre-edge, or the presence of a post-edge shoulder 
(Franke & Hormes, 1995; Ingall et al., 2011; Werner & Prietzel, 
2015).  
Ingall et al. (2011) collected XANES spectra of a number of P 
minerals and used a red phosphorus standard to calibrate the 
monchromator energy. They found that the XANES spectra of 
apatite minerals showed lower peak energies (2153.0 ± 0.1 eV) 
than those of aluminum (2153.6±0.2 eV) and other oxidized metal 
phosphates. Apatite minerals have a distinctive shoulder on the 
high-energy side of the main absorption edge peak and two 
secondary peaks, as shown in Figure 1. The less crystalline apatite 
minerals usually exhibit less distinctive secondary peaks. The post-
white line shoulder is characteristic of Ca phosphates and it is 
distinctive in the order: ACP<TCP<OCP<HAP (Luo et al., 2014). 
The average white-line peak height of calcium phosphate increases 
in the following order: ACP< DCPD< OCP< HAP< carbonated 
apatites< FAP. The XANES spectra of OCP and HAP are quite 
similar, and therefore another method such as XRD analysis is 
required to distinguish these two minerals. The secondary peak 
height of OCP is higher than that of ACP (Eveborn et al., 2009). 
Phosphorus adsorbed on CaCO3 is characterized by broadened 
peaks, particularly in terms of the oxygen oscillations (the second 
post-white line peak) (Oxmann, 2014). 
Aluminum phosphate minerals have a characteristic narrow K-
edge peak and lack the shoulder exhibited in the calcium 
phosphate minerals (Ingall et al., 2011). Oxidized iron and 
manganese phosphate possess a unique pre-edge feature, which 
distinguishes these phosphates from others (Kruse & Leinweber, 
2008; Ingall et al., 2011). However, the differences between 
different organic P species are less distinct (Kruse & Leinweber, 
2008). 
Using these differences to distinguish P species has proven to be a 
solid basis for estimating P speciation (Sato et al., 2005; Kruse & 
Leinweber, 2008; Eveborn et al., 2009; Prietzel et al., 2016). The 
merged and normalized P K-edge XANES spectra of 
environmental samples can be fitted using a linear combination  
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Figure 1. Phosphorus XANES spectra for some of the P 
standards included in the library for linear combination 
fitting and for the used slag samples investigated in this 
thesis. 

fitting (LCF) approach. The spectra of certain known standards are 
combined to yield a spectrum that fits the unknown sample 
spectrum. The P speciation can thus be estimated from the LCF 
results.  

4. METHODOLOGY 
4.1.  Materials 

Around 40 slag samples produced by different companies in 
Sweden were tested to examine their P removal abilities. After a 
preliminary test, three types of slag (AOD, BSF, and EAF) were 
chosen for further study. The AOD was obtained from 
Outokumpu Stainless AB in Avesta, Sweden. This slag is porous 
and has a grey and greenish color. The pH, determined by 
immersing the AOD in distilled water with a volume ratio of 1:2.5 
for 24 hours, was found to be 12.0. Chemical analysis and EDS 
results revealed that the AOD contained mainly calcium silicates 
(Table 1, Fig. 2). The AOD was crushed by hand in a mortar and 
sieved to get particle size fractions of 1-2 mm. This particle size 
was used in the batch experiment. 
For the two column experiments, three types of slags produced in 
Sweden were used: BFS from SSAB Merox AB in Oxelösund, 
AOD from Outokumpu Stainless AB in Avesta, and EAF from 
Höganäs Sweden AB in Höganäs. The SEM images and EDX 
results showed that the surface of the EAF was rich in calcium 
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silicates (Fig. 3). 
For the dual-filter column experiment (Paper II), slag samples with 
particle size ranging from 1 to 2.36 mm were activated by heating 
at 1000 °C for 15 min before packing to remove the effect of aging 
on the P removal performance, as they had been stored in the 
laboratory for more than 10 months. Three months old slags with 
particle size between 2 to 4 mm were used for the column 
experiment in Paper III. The chemical composition of the AOD 
and EAF slags is given in Table 1. The chemical composition of 
BFS had been determined in an earlier study (Johansson 
Westholm, 2010). 

 

                        

                       
Figure 2. Calcium (red image) and silicon (blue image) distribution in virgin 
AOD and SEM image of virgin AOD. 

Table 1. Chemical composition (mg g-1) of the slags 
 Si Mn P Cr Ni Al Ca Fe Mg 

AOD 149.8 3.9 0.04 10.3 0.47 9 380 3 33 
BFS 158.6 4.6 Nv* Nv Nv 68.8 214.3 3.7 100.8 
EAF 162.4 11.6 0.04 33 0.39 21.7 325 3 50.1 

          *Nv, no value available 
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Figure 3. Calcium (red image) and silicon (blue image) distribution in virgin 
EAF and SEM image of virgin EAF. Red circled are calcium silicates 

4.2. Batch experiments (Paper I) 
The P removal efficiency of AOD was initially investigated in a 
series of batch experiments with synthetic P solution prepared by 
dissolving KH2PO4 in distilled water. An experimental 
concentration of 6.5 mg P L-1 was used, which is similar to the P 
concentration in real wastewater. A background of 0.001 mol L-1 
NaNO3 was used by addition of 0.1 mol L-1 NaNO3. Finally, the 
pH of the working solution was adjusted to 7.0±0.1 by drop-wise 
addition of 0.1 mol L-1 NaOH. 
The wastewater used in this experiment was a septic tank effluent 
(design flow: 1.6 m3 d-1), which was used without any further 
treatment except that coarse particles were removed using filter 
cotton. It had a pH of 7.42 and the P concentration was 8.2± 0.4 
mg L-1. The wastewater was stored in plastic containers at room 
temperature for several days.  
Triplicate samples of 0.5 g AOD were suspended in 100 mL 
synthetic solution or in real wastewater using a series of plastic 
bottles (Fig. 4). The suspensions were shaken at 50 rpm in an end-
over-end shaker at room temperature (22 oC). Supernatant samples 
were taken from synthetic solutions after the following agitation 
periods: 0.33, 0.66, 1, 1.5, 2, 2.5, 3.33, 4, and 10 h, and from real 
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wastewater after: 0.17, 0.5, 1, 3, 5, 8, 10, 14, 18, 22, and 48 h. The 
P removal efficiency (PRE) was expressed as a percentage and 
calculated using the following equation: 
               PRE= 100× (P0-P)/P0                                                                (1) 
where (P0-P) is the difference between the initial (P0) and measured 
(P) concentration in the supernatant. 
The P removal capacity (PRC) of AOD was tested under different 
initial P concentrations on a batch basis. Triplicate samples of 0.5 g 
AOD were suspended in 100 mL of a synthetic solution with eight 
different initial P concentrations (6.7, 12, 17.5, 23.3, 30, 60, 105, 
and 308 mg L-1). These synthetic solutions were prepared in the 
same way as in the kinetic experiments. The bottles were shaken at 
50 rpm at 22 oC on an end-over-end shaker for 24 hours and then 
kept still for another 24 hours before sampling. The P removal 
capacity of AOD under these different scenarios was calculated 
using the following equation (Barca et al., 2012): 
                   PRC= (P0-P) V/m                                      (2) 
where P0 is the initial P concentration of the synthetic solution, P 
is the P concentration of the supernatant sample, V is the volume 
of the synthetic solution in each bottle, m is the mass of AOD in 
each bottle, and PRC is expressed in mg P g-1. 
The AOD, EAF, and BFS were examined at an age of 0, 10, 13, 
and 19 months in order to investigate the effect of ageing on P 
removal rate. The slag samples of different ages were tested by 
adding a dose of 0.5 g slag to a 100 mL working solution with a P 
concentration of 6.5 mg L-1 or 20 mg L-1 in plastic bottles, placing 
the bottles in an end-over-end shaker, and shaking for 24 h at 50 
rpm and room temperature. The plastic bottles were then kept still 
for 2 minutes to allow particle settling, and supernatant samples 
were collected for pH and P analysis in all cases. 
 
 

 
                          Figure 4. AOD dosed in synthetic P solution with varied initial P concentration. 
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Table 2. Composition and loading of columns  
Column Chamber 1 Chamber 2 Received water (L) Pore volumes 

BB BFS BFS 29.1 117 
BA BFS AOD 22 95 
BE BFS EAF 28 135 
AA AOD AOD 28 135 
EE EAF EAF 21.7 116 

BB, column filled with only BFS; BA, column filled with BFS in the first chamber 
and AOD in the second chamber; BE, column filled with BFS in the first chamber 
and EAF in the second chamber; AA, column filled with only AOD; EE, column 
filled with only EAF. 

4.3. Dual-filter column experiment (Paper II) 
In this column experiment, columns with two chambers were used. 
The inlet chamber was packed with pre-treatment filter and the 
outlet chamber was packed with polishing filter. The slag packed in 
the inlet chamber partly removed the organic matter contained in 
the wastewater and increased the pH and calcium concentration of 
the wastewater. The material in the outlet chamber was expected 
to retain the calcium and P from the wastewater through 
precipitation. 
The experiment was conducted at room temperature (21±2 oC). 
Five vertical transparent plastic columns (20 cm long and 5 cm in 
diameter) were used (Fig. 5). Each column was divided into two 
identical chambers by a vertical plate that had five small holes in 
the bottom (Fig. 5). The inlet and outlet were located in the center 
of the top caps of the first and second chamber, respectively.  
The slags were combined in five different ways, as shown in Table 
2.  Every chamber was packed with 150 mL slag in the same way 
(Table 2). The weights were 195.5 g, 124.5 g, and 253.5 g for AOD, 
BFS and EAF, respectively. The bottom and top of the columns 
were covered with rubber caps and then sealed with silicone to 
prevent leakage of water and air. 
Wastewater was pumped into the first chambers of the columns by 
two peristaltic pumps at a rate of 4.15 mL min-1. Wastewater 
flowed down the first chamber, passed through the holes at the 
bottom of the separating plate, and then flowed upwards through 
the second chamber and reached the outlet (Fig. 5). The outlet 
water was collected in five Pyrex media bottles. Effluent from each 
column was sampled once a day to measure pH, P, dissolved 
organic carbon (DOC), inorganic carbon (IC), and calcium, 
chromium, zinc, and lead concentrations. Therefore, these samples 
were a mixture of several pore volumes of effluent in a day. After 
sampling, the bottles were emptied and cleaned before being 
connected to the columns again. 

A pumping duration of 45 minutes was chosen for every feed, so 
that the wastewater in all five columns could be in contact with the 
slag material until the next feed. The columns were fed six times a 
day for the first eight days, and then eight times a day until the end 
of the experiment to accelerate the exhaustion of the slag. The 
experiment lasted for 24 days, including two breaks (day 3-4, day 7)  
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Figure 5. Schematic diagram of (left) a dual-slag filter column and 
(right) the filter bed surface at the end of the experiment.  

Table 3. Chemical characteristics of the wastewater used in dual-column experiments 
Collection day Ca2+ (mg L-1) DOC IC P-PO43- (mg L-1) pH 

1st 39.5 44.28 74.62 18.36 7.52 
4th 25.6 48.12 86.42 10.6 7.81 
9th 42.5 13.95 75.19 7.44 7.57 
12th 23.8 27.16 81.57 8.8 8.13 
16th 37.5 28 84.6 17.07 7.72 
19th 20.04 28.85  8.47 8.04 

due to a shortage of wastewater. Column BA (BFS in the first 
chamber, AOD in the second chamber) was not in operation 
between days 11 and 15 because of a leak at the bottom of this 
column. Column EE (EAF in both chambers) was ended four 
days earlier than the other columns, also because of leakage. 
After the experiment, the slag was removed from the columns and 
mixed thoroughly, chamber by chamber, before sampling. The slag 
samples were then air-dried for 48 hours in the fume hood and 
ground to a fine powder with a mortar prior to XANES analysis. 
Six batches of real wastewater were used during this experiment, 
starting on days 1, 4, 9, 12, 16, and 19, respectively. Sampling and 
analysis of each batch of wastewater were performed before and 
after feeding, as the water quality varied from one batch to another 
(Table 3). 

4.4. Column experiment (Paper III) 
Ladle slag coated with sodium hydroxide (NaOH) according to a 
process suggested by Zhang and Itoh (2005) exhibits higher P 
removal and longer lifespan (Park et al., 2017). Polyethylene glycol 
(PEG) and NaOH solutions were therefore used to modify the pH 
and the dissolution properties of the slags to achieve better P 
removal performance. A wax-like PEG manufactured by Merck, 
with a molecular weight ranging from 950 to 1050 g mol-1 and a 
melting point at 33-40 oC, was used. The PEG solution is acidic, 
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which could accelerate the dissolution of minerals, leading to a 
rougher slag surface.  
The modification process used in Paper III was as follows:  
Duplicate 300 mL samples of AOD, BFS, and EAF (with a mass 
of 358 g, 225 g, and 540 g, respectively) were immersed in PEG 
solution at a volume ratio of 1:1.5 and the mixtures were placed in 
a water bath at 80 oC and shaken at 120 rpm for 24 hours. The 
PEG-treated slags were then removed from the PEG solution. 
One set of duplicate samples was rinsed with distilled water for 
three times, dried at 105 oC for 24 hours, and labeled Ap, Bp, and 
Ep, respectively. The other set was immersed in NaOH solution at 
a volume ratio of 1:1.5 and placed in the water bath again under 
the above-mentioned conditions for 24 hours. This group was 
then removed from the NaOH solution, rinsed, and dried in the 
same way as the other group, and labeled Apn, Bpn, and Epn, 
respectively. Original AOD, EAF, and BFS without any 
modification were also tested in the columns and labeled Aor, Eor, 
and Bor, respectively. They were dried at 105 oC for 24 hours prior 
to packing into the columns.  
This column experiment was carried out in the laboratory at room 
temperature (21±2 oC). Nine vertical plastic columns with a 
diameter of 5 cm and length of 35 cm were used. Plastic lids with 
inlet tubes located in the center were used to seal the bottom of 
the columns (Fig. 6). The top of the columns was sealed with 
rubber lids with an outlet tube situated in the center. Silicone was 
used on both lids to seal the columns and prevent leakage of water 
and air. Columns 1-9 were packed with 300 mL of Eor, Ep, Epn, 
Aor, Ap, Apn, Bor, Bp, and Bpn, respectively, in the same way and 
named according to the slag they contained.  
Wastewater was pumped into the columns by an eight-channel 
peristaltic pump and a two-channel peristaltic pump. Upflow was 
used in the columns. Effluent from each column was collected in 
Pyrex media bottles and sampled every day to determine the 
effluent water quality. The effluent collection bottles were emptied 
immediately after sampling and rinsed with tap water three times 
before being connected to the effluent again. 
 The columns were fed for 30 minutes every three hours at 6 mL 
min-1 during the first 16 days. Since the pore volume of the slags 
was around 50%, the hydraulic retention time was 2.5 h. From day 
17, the feeding frequency was adjusted to 30 minutes every 2.5 
hours to keep the HRT stable. The feeding was stopped for two 
days (days 12 and 13) because of wastewater shortage. These two 
days were not counted in the experimental duration.  
The wastewater used to feed the columns was fresh effluent from 
a filtration bed for organic matter removal without any further 
treatment. Five batches of wastewater were used throughout the 
experiment, starting on days 1, 5, 7, 12, and 20, respectively. Each 
batch of wastewater was stored in plastic containers at room 
temperature and sampled before and after feeding. The analytical 
results did not show any great differences in the water parameters 
between batches. 
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Figure 6. Set-up of the column experiment. 
 

  
        Figure 7.  Used AOD (left) and EAF (right) after air-drying for 24 h. 

Immediately after the end of the column experiment, slag samples 
(Fig. 7) were collected from the columns and dried in a fume hood 
at room temperature for 24 hours prior to XRD, SEM-EDS, and 
XANES analysis. 

4.5. Analytical method 
The P-PO4 concentration in the aqueous samples was determined 
by the molybdate blue method, using a Seal Analytical AA3 
Autoanalyzer. A Hach pH meter (Sension TM pH 31) equipped 
with a combination electrode was used to measure the pH. 
Dissolved concentrations of metals such as calcium, silicon, zinc, 
and chromium were determined using inductively coupled plasma 
optical emission spectrometry (ICP-OES; Thermo Scientific Icap 
6000) with a detection limit of ≤1 ppb. Dissolved organic carbon 
and IC were analyzed using a TOC-L Analyzer (Shimadzu, Japan). 
The specific surface area of the fresh slag was determined by 
Brunauer-Emmett-Teller (BET) analysis with a FlowSorb II 2300 
(Micromeritics, UK). The morphology and structure of surfaces of 
samples Aor and Eor before and after the column experiment 
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(Paper III) were observed using a JEOL JSM-6490LV SEM 
equipped with EDS.  
Before XRD and XANES analysis, the slag samples were manually 
ground gently to a fine powder using a mortar. The powder 
samples were then pressed into pellets in a steel sample holder. 
The XRD analysis was conducted using a PANalytical X’pert PRO 
Powder diffractometer equipped with Cu Kα radiation of 45 KV 
and 45 mA. The XRD pattern was recorded from 10 to 70゜ (2 ɵ) 
at 0.01/step and 0.5 s/step. Six scans were collected for each 
sample to minimize the noise and merged into one scan using the 
software High Score Plus. MDI Jade 5.0 was used to interpret the 
merged scan and match the spectrum with the standards from its 
library. 
The P K-edge XANES spectra were collected at beam line BL8 at 
the Synchrotron Light Research Institute (SLRI), Nakhon 
Ratchasima, Thailand (Klysubun et al., 2012). A number of 
stainless steel sample holders with a window of 0.5 cm x 1 cm x 
0.2 cm were used to pack the powder. The powder samples were 
mounted on P-free Kapton tape, and the surface was pressed and 
smoothed with a spatula and covered with polypropylene X-ray 
film (Fig. 8). Fluorescence data were collected using a 13-channel 
Ge-fluorescence detector (Fig. 9). The beam current ranged from 
80 to 150 mA. The beamline gives a beam flux of 1.3×109 to 6 
×1010 photons s-1 (100 mA)-1 in a 17.7 ×0.9 mm2 beam (Eriksson 
et al., 2016). An InSb (111) double crystal monochromator with an 
energy resolution (ΔE/E) of 3 ×10-4 and a dwell time of 3 s was 
used. To minimize X-ray absorption by air, the sample 
compartment was filled with helium gas. The scans ranged from 
2100 to 2320 eV, with a smaller energy step near the absorption 
edge (down to 0.2 eV between 2144-2153 eV). Between 3 and 7 
scans per sample were collected, depending on the level of noise in 
the data.  

 
Figure 8. Slag powder packed in sample holders ready for XANES 
analysis. 
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Figure 9. XANES analysis set-up. The arrow indicates the sample 
chamber. 

The XANES data were processed using the Athena program in the 
Demeter Software Package (v 0.9.20) (Ravel & Newville, 2005). 
Poor scans were discarded. The energy was established by setting 
the maximum of the first derivative of the spectrum for elemental 
P powder (E0) to 2146 eV (±0.11 eV). Correction of any shifts on 
the energy scale caused by monochromator drift could be 
performed since validation data for variscite were collected 
periodically. Merged spectra were normalized using a consistent 
procedure. A linear baseline function was subtracted from the 
spectral region below the edge (between -30 to -10 eV relative to 
E0), and spectra were normalized to a unit edge step and 
quadrature removed across the post-white line region (between 30 
and 50 eV relative to E0) to obtain normalized XANES spectra. 
   Using a linear combination fitting (LCF) approach (Tannazi & 
Bunker, 2005), spectra of 31 known standards were combined and 
fitted to the sample spectra (Eriksson et al., 2016). All standards 
used in the evaluation had been confirmed previously by X-ray 
powder diffraction, while XANES data were collected at the same 
beamline as the samples. The standard compounds included 
amorphous calcium phosphate (ACP), octacalcium phosphate 
(OCP), natural apatite (HAP), brushite (DCPD), monetite (DCP), 
amorphous aluminum phosphate, phosphate adsorbed to 
aluminum hydroxide, phosphate adsorbed to gibbsite, variscite, 
amorphous iron phosphate, phosphate adsorbed to ferrihydrite, 
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phosphate adsorbed to goethite, strengite, struvite, lecithin, and 
phytate. In the fitting procedure, no energy shifts were permitted 
and the sum of the weighting factors was not forced to one. At 
most three standards were accepted in each fit and the fitting range 
was constrained to between -10 to 30 eV relative to E0.  

5. RESULTS AND DISCUSSION 
5.1. Phosphorus removal performance of AOD slag (Paper I) 

In this section, the P removal performance of AOD examined in 
batch experiments with both synthetic P solution and real 
wastewater is described. The effect of factors such as the initial P 
concentration and slag dose on the P removal performance is also 
reported. 

5.1.1. Kinetics of  P removal by AOD slag 
The AOD removed 94.8% of P from a 6.5 mg P L-1 synthetic 
solution after 4 h and the PRE reached 50.6% in the first 1.5 h 
(Fig.10, upper diagram), indicating that AOD is an efficient P 
removal material. The pH increase in the supernatant of synthetic 
solution was very fast in the first 1 h, from 7 to 10.03 (Fig. 10). 
After that the pH increase became slower, and reached 11.06 after 
10 h. 
The P removal process with real wastewater was much slower (Fig 
10, lower diagram). The PRE increased to 82.7% after 22 h and to 
88.16% after 48 h, giving a PRC of 1.54 mg P g-1. The wastewater 
had an initial P concentration of 8.65 mg P L-1. After equilibration 
with AOD for 48 h, the P concentration decreased to 1.02 mg L-1. 
Under Swedish regulations, an effluent with a P concentration of 
less than 1 mg L-1 can be discharged to water-receiving bodies such 
as rivers. Hence, the wastewater treated by AOD met this 
standard.  
The slower increase in pH and PRE in experiments with real 
wastewater might have been caused by dissolved organic matter in 
the wastewater, as it was not pre-treated except for removal of 
coarse particles. The biological oxygen demand (BOD5) of the 
wastewater was determined to be 120 mg L-1 and the total 
inorganic nitrogen content was 78.82 mg L-1. Nilsson et al. (2013) 
suggest that extensive pre-treatment of wastewater is essential to 
achieve satisfactory P removal by BFS. Sindelar et al. (2015) found 
that the inhibitory effect of organic matter on Ca-P precipitation is 
much lower at high pH. 
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Figure 10. Kinetics of P removal and pH change in the synthetic 
solution (upper diagram) and in real wastewater (lower diagram). 

5.1.2. Effect of  initial phosphate concentration on P removal by AOD slag 
The PRE decreased with increasing initial P concentration, 
whereas the PRC increased (Fig. 11, upper diagram). A P removal 
capacity of 27.47 mg P g-1 was achieved when the initial P 
concentration was 308 mg L-1. However, the highest PRC was 
accompanied by a PRE of only 44.6% under this high P load. The 
PRE values were above 97.5% when the initial P concentration 
was between 6.7 and 30 mg P L-1. A sharp decrease in PRE from 
80.4% to 44.6% was observed when the initial P concentration was 
increased from 60 to 308 mg L-1.  
A decrease in the dissolved Ca2+ concentration in the supernatant 
was observed with increasing initial P concentration (Fig. 11, lower 
diagram), which might be a factor contributing to the PRE 
decrease. At the same time, however, the pH of the supernatant 
dropped from around 11 to below 9 in this region, and this was 
probably the main reason for the drastic PRE decrease. The above 
observations are consistent with findings made by Johansson and 
Gustafsson (2000), which led them to conclude that Ca-P 
precipitation was most likely responsible for the observed P 
removal. 
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Figure 11. Effect of initial P concentration on P removal capacity 
(upper diagram) and change in Ca2+ concentration in the solution 
(lower diagram). 
 
 
 

  
Figure 12. (Left) White precipitate in the bottom of the plastic bottle 
and (right) AOD with white precipitate formed on the surface. The 
initial concentration of the synthetic solution in the bottle was 100 mg 
P L-1. 
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Figure 13. Cementing effect of AOD particles.  

White precipitate suspended in the supernatant was evident in all 
plastic bottles (Fig. 12, left). The number of white precipitate 
clumps in the supernatant increased when a higher initial P 
concentration was used. An increased number of white precipitate 
clumps on the surface of the AOD (Fig. 12, right) was observed 
with higher initial P concentration. This partly confirms that P 
precipitation was one of the main mechanisms for P removal. The 
used slag particles exhibited no tendency for clogging and slag 
aggregation when initial P concentrations lower than 100 mg P L-1 
were used. However, a cementing effect was observed with initial 
P concentrations higher than 100 mg P L-1, where the slag particles 
tended to clump together and aggregate into larger particles 
(Figure 13). 

5.1.3. Effect of  AOD dose on P removal from wastewater 
After contact with wastewater for 8 h, the achieved P removal 
efficiency of AOD ranged from 36.1% to 90.8% as the dose 
increased from 5 to 30 g L-1. The P removal rate was significantly 
accelerated on increasing the AOD dose (Fig. 14). In the kinetics 
study, a contact time of 22 hours was needed for removing 88% of 
P from 100 mL wastewater by 0.5 g AOD. However, a dose of 2.5 
g AOD was able to remove 90.6% of P from 100 mL wastewater 
after 8 h in this experiment. 
A significant increase in the PRE from 36.1% to 71.9%, was 
observed as the AOD dosage was raised from 5 to 10 g L-1. For 
doses ranging from 10 to 25 g L-1 the increase in PRE became 
slower. As the dose increased from 25 to 30 g L-1, the difference 
between the two corresponding PRE was negligible, only 0.2%. 
According to previous research (Song et al., 2002; Ali & Schneider,  
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Figure 14. Effect of AOD dose on P removal from wastewater.   

2006), this slight increase in PRE might have been caused by the 
onset of critical supersaturation with respect to calcium phosphate 
in the supernatants with these two doses. To achieve complete P 
removal from these two supernatants, an addition of suitable seed 
materials would be needed.  
Based on the results presented in Paper I, it was concluded that 
AOD is a very promising P removal material. The optimal 
conditions for applying AOD as a P removal material in batch-
operated systems can be summarized as follows:  
1) The AOD slag particle size should be larger than 2 mm to 

avoid cementing effects for wastewater with dissolved P 
concentrations higher than 100 mg P L-1. 

2) The optimal dosage is 25 g L-1 with an HRT of 8 h for 
wastewater with dissolved P concentrations around 10 mg L-1. 

5.2. Effect of aging on phosphorus removal and activation of aged 
slags (Paper IV) 

In the study reported in Paper IV, it was noted that AOD 
exhibited inconsistent P removal performance after being stored in 
the laboratory for several months, although the slag was tested in 
exactly the same way, without changing any experimental 
parameters. Moreover, the EAF and BFS tested in two previous 
studies showed very promising P removal performance (Drizo et 
al., 2006; Johansson Westholm, 2010), but the EAF and BFS 
tested in Paper IV were not very efficient as P removal materials. 
Therefore, slags of different ages were tested to examine the aging 
effect on P removal with synthetic solution with a P concentration 
of 6.5 or 20 mg L-1. 
The P removal ability of AOD and BFS was significantly reduced 
with increasing age in experiments with 6.5 mg P L-1 synthetic 
solution (Fig. 15, upper diagram). No significant P removal 
difference was observed between fresh EAF and 10-month-old 
EAF in experiments with the low P concentration solution (Fig. 
15). 



Enhanced phosphorus removal from wastewater using virgin and modified slags: 
performance, speciation and mechanisms 

 

27 
 

The AOD showed a greater decline than EAF in P removal 
capacity over 10 months of aging under high P concentration. 
After that the reduction in P removal capacity became slower. The 
EAF was less susceptible to aging than AOD and BFS. Ten-
month-old EAF achieved a P removal of 49.3% from 20 mg P L-1 
synthetic solution, while AOD after the same ageing period had a 
P removal of 36%. Thirteen-month-old EAF also showed superior 
P removal to 13-month-old AOD.  
Spontaneous hydration and carbonation of Ca phases such as the 
portlandite present in EAF and ladle furnace slag is reported to be 
an important mechanism when using EAF and other calcium-rich 
slags as CO2 sequestration materials (Huijgen et al. 2005, 2006; 
Bonenfant et al., 2008). Carbonation of steel slags reduces the 
leaching of alkaline metals such as Ca2+, leading to a decline in P 
removal capacity of these slags.  
During the carbonation process, calcite is formed on aged slag 
surfaces (Akbarnejad et al., 2012). Calcite decomposes and releases 
the sequestered CO2 between 500 and 1000 °C (Huijgen et al. 
2005). Therefore, triplicate 10-month-old slag samples were heated 
at 600 °C for 1 h, 700 °C for 30 min, and 1000 °C for 15 min to 
restore their P removal ability. 
After being heated, the aged AOD turned from grey to greenish, a 
color similar to that of the fresh slag (Fig. 16). Aged EAF had a 
grey-black color, which changed to black after reactivation. 
After being heated at 1000 °C for 15 min, the EAF and AOD 
removed 96.5% and 99.6%, respectively, of P from 20 mg P L-1 

solution (Fig. 17), a pronounced increase in P removal compared 
with the unactivated aged slags. However, this heating procedure 
was not as effective for BFS, only restoring its P removal capacity 
to 69%. The highest P removal by BFS was achieved by the slag 
heated at 600 °C, which removed 97.8% of P from the 20 mg P L-1 
synthetic solution within 24 h. 
The above results prove that the P removal performance of slags 
was significantly affected by the ageing effect. Of the three types 
of slag, EAF is least susceptible to aging. Nevertheless, 19-month-
old EAF could only remove 12.4% of P from 20 mg P L-1 
synthetic solution. The AOD lost more than half of its P removal 
ability over 10 months of ageing. The most susceptible material to 
ageing, 13-month-BFS, achieved P removal of 13.8% from 6.5 mg 
P L-1 synthetic solution. The optimal reactivation process for AOD 
and EAF was heating at 1000 °C for 15 min, while for BFS it was 
heating at 600 °C for 1 h. 
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Figure 15.  Phosphorus removal by slags of different ages when using (upper 
diagram) a 6.5 mg P L-1 solution and (lower diagram) a 20 mg P L-1 solution.  

 
 
 
 

               
Figure 16. (Left) Aged slags and (right) their thermally activated counterparts. Activated 
AOD recovered its greenish color, while activated EAF  developed a darker brown color. 
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Figure 17. Phosphorus removal rate of thermally reactivated slag. The slag samples 
were reactivated at 600 °C for 1 h, 700 °C for 30 min, and 1000 °C for 15 min. 

5.3. Dual-slag filter column experiment (Paper II) 
The batch experiments showed that AOD was a promising P 
removal material for wastewater treatment. However, the batch 
experiments only examined its short-term P removal performance 
and the long-term P removal ability of AOD needs to be 
investigated before practical use. This section summarizes the 
results presented in Paper II in two subsections, the first of which 
concerns the P removal performance of the columns packed with 
dual filters and the second reveals the P removal mechanisms of 
these types of slag, which could give further insight into the factors 
affecting the lifespan. The P speciation was studied by XANES 
spectroscopic analysis of the used slag material and linear 
combination fitting (LCF) of the XANES spectra. 

5.3.1. Phosphorus removal performance and pH change 
Column AA (containing only AOD) and column EE (containing 
only EAF) had higher effluent pH and better P removal 
performance than the other three columns (Fig. 18).  
Column EE had the best long-term P removal performance of the 
five columns. It achieved a P removal of 100% for the first 28 
pore volumes. After that, the P removal fluctuated between 93.7% 
and 98%. A total of 248.9 mg P was added to column EE over the 
whole experiment period, and around 240 mg of the added P was 
captured in this column. This high P removal in column EE was 
accompanied by high effluent pH, which was 12.9 at the beginning 
and decreased to 10.1 after 52 pore volumes.  
Column AA achieved P removal above 95% for the first 48 pore 
volumes, and then the P removal fluctuated between 60.9% and 
95% until the end of the experiment. The AOD had better P 
removal performance than the EAF in batch experiments when 
the same dosage was used (data not shown). In the dual-column 
experiment, the bulk density of EAF in column EE was much 
higher than that of AOD in column AA, as 507 g EAF was packed 
into column EE, whereas 391 g AOD was packed into column 
AA. The higher weight of EAF in column EE might have 
contributed partly to the better P removal.  
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Figure 18. (Upper diagram) pH of the effluents and (lower diagram) P 
removal percentage of the columns. BB: containing only BFS; BA: 
BFS in the first chamber and AOD in the second chamber; BE: BFS 
in the first chamber and EAF in the second chamber; AA: containing 
only AOD; EE: containing only EAF. 

The effluent pH of column AA was much lower than that of 
column EE after pore volume 24 (Fig. 18, upper diagram), which 
might be another reason for the inferior P removal in column AA. 
The high pH value in column EE effluent suggests that the 
dissolution of alkaline silicates was greater, creating more favorable 
conditions for Ca-P precipitation. 
The P removal of column BA (with BFS in the first chamber and 
AOD in the second) was above 97.4% for the first 44 pore 
volumes, which was higher than that of column BE (BFS in the 
first chamber and EAF in the second) during this period. After 
that, a leakage occurred at the bottom of column BA and it was 
stopped for four days. The wastewater in column BA was drained 
out immediately when the leakage was noticed, and then the 
column was put upside down for sealing the leakage. After this 
break, the P removal of column BA dropped very quickly to below 
80% and then to below 30% after pore volume 72. The drastic 
decrease in P removal of column BA after the four-day break 
might be attributable to the enhanced aging effect caused by 
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carbonation of the alkaline minerals on the wet slag surface. Air 
could enter the column through the place where leakage occurred. 
According to Akbarnejad et al. (2012, 2014), atmospheric CO2 can 
react with the wet calcium-rich slag material and accelerate the 
aging process. Moreover, the carbonation product calcium 
carbonate (CaCO3) forms a coating on the slag surface, preventing 
the dissolution of alkaline minerals from the slag to the solution 
when the column is fed with wastewater again (Huijgen et al., 
2005, 2006). In line with this, Salman et al. (2014) reported that the 
carbonation process reduced the basicity of AOD. 
Column BB (containing only BFS) had the poorest P removal 
performance of the five columns. Its P removal efficiency dropped 
rapidly from 100% to 6.6% during the first 45 pore volumes. 
Dissolution of the captured P started to be observed after pore 
volume 99. The main reason for the poor P removal of column BB 
might be the low basicity of BFS. The pH of the effluent from 
column BB was below 8.5 after pore volume 39. According to 
Sindelar et al. (2015), Ca-P precipitation will cease after the 
addition of 0.5 mg DOC L-1 at a pH of 8.5.  

5.3.2. Phosphorus speciation and removal mechanisms 
All 10 samples were dominated by Ca-P species, indicating that the 
main P removal mechanism for the three slags was Ca-P 
precipitation. The dominant mineral in each sample differed. The 
main mineral in the five samples collected from the outlet 
chambers was ACP, with a weight ranging from 54% to 81%, as 
indicated in Table 4. Except for sample BFS_iBA, the other four 
samples collected from the inlet chambers had OCP as the 
common main Ca-P species.  
The weight of P adsorbed to gibbsite and ferrihydrite for samples 
collected from the inlet chamber was much higher, with the weight 
ranging from 18% to 52%. However, the contribution of Fe/Al 
(hydr)oxides to P removal was weaker in the outlet chambers, as 
the weight was between 12 and 41%. In samples EAF_oBE and 
EAF_oEE, no P was suggested to be adsorbed on the Fe/Al 
(hydr)oxides. The P removal mechanism shifts from adsorption 
onto Fe and Al (hydr)oxides to Ca-P precipitation as the pH 
increases from 7 to 8 and even higher (Eriksson et al., 2016). As 
the results presented in Fig. 18 upper diagram show, the pH of the 
effluent from all outlet chambers was above 8. The original pH of 
the feeding wastewater fluctuated between 7.5 and 8.1 (Table 3). 
As the wastewater travelled from the inlet chamber to the outlet 
chamber, its pH was raised by the dissolution of alkaline minerals 
from the slag particles to the solution. It is reasonable to assume 
that the pH of the wastewater was higher in the outlet chamber. 
Therefore the P removal mechanism changed from a mixture of 
adsorption and precipitation in the inlet chamber to mainly 
precipitation in the outlet chamber.  



Minyu Zuo                                                          TRITA-SEED-PHD 2017:01 
 

32 
 

       
Figure 19. Normalized stacked P K-edge XANES spectra of slag samples collected from 
(left) the inlet chambers and (right) the outlet chambers, and spectra of standards of 
importance in LCF fitting. The dashed lines show the post-white line peaks of apatite at 
2164.7 and 2171.3 eV.  

HAP and OCP were suggested to be major Ca-P species in 
samples EAF_oEE and EAF_oBE. However, the post–edge 
features of these two samples were not well fitted (Figure 20b &c). 
The first post-edge peaks (at 2164.7 eV) of these two samples were 
much lower than in the fits, indicating that the P species contained 
in these two samples were less crystalline than HAP and OCP.  
Compared with the three EAF samples and the four BFS samples, 
the three AOD samples had a higher percentage of P adsorbed on 
Fe/Al (hydr)oxides according to the LCF results (Table 4), 
although the Fe/Al content in AOD was much lower than in BFS 
and EAF (see Table 1). 
As regards the BFS samples, samples BFS_oBB and BFS_iBA had 
similar P speciation. Both contained mostly ACP (81% and 80%, 
respectively) and P adsorbed to gibbsite (12% and 19%, 
respectively), plus a small additional contribution of lecithin (both 
8%). It was noted that these two samples were very similar to 
sample AOD_oBA. Both sample BFS_iBA and sample 
AOD_oBA were collected from the column for which leakage 
occurred after pore volume 44, leading to a four-day break. 
Therefore column BA was that fed with the least amount of 
wastewater, only 95 pore volumes. The shorter operating time of 
column BA might have contributed to the similar P speciation of 
its two chambers. 
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Table 4. Phosphorus speciation as evidenced from linear combination fitting (LCF) of 
XANES spectra 

  
Samples collected from outlet chamber 

  ACP Slag Gibbsite P_Al(OH)3 Lecithi
n 

HAP ACP_syn R 

AOD
_oBA 

W 69±3% 23±1%  14±2%   0.003 
P 1,2,3,4,5 1,3 2,3,4,5 1,2    

EAF_
oBE 

W 81±1%     13±1% 0.0008 
P 1,2,3,4,5    2,4 1,3  

AOD
_oAA 

W 62±1% 16±3% 25±4%    0.0020 
P 1,2,3,4,5 1 1,2,3,4,5     

EAF_
oEE 

W 54±5%    40±7%  0.0037 
P 1,2,3,4,5   2,4 1,2,3,5   

BFS_
oBB 

W 81±1% 12%±1%  8±1%   0.001 
P 1,2,3,4,5 1,2,3,4,5  1    

 Samples collected from inlet chamber 
  ACP Slag Gibbsite OCP Lecithi

n 
Ferrihydrite R 

BFS_iBA W 80±2% 19±1%  8±2%  0.0016 
P 1,2,3,4,5 1,2,3,4,5  1   

BFS_iBE W 10±4% 34±1% 58±5%   0.0026 
P 1 1,2,3,4,5 1,2,3,4,5    

AOD_iAA W  20±3% 52±1%  32±4% 0.0024 
P 2, 3, 5 1, 4 1, 2  1,2,3,4,5  

EAF_iEE W 17±4%  70±5%  18±1% 0.0028 
P 1, 4 2, 3, 4, 5 1,2,3,4,5  1,2  

BFS_iBB W 11±4% 33±1% 57±5%   0.0022 
P 1 1,2,3,4,5 1,2,3,4,5    

Phosphorus species with estimated amounts below 5% were excluded because the LCF results may 
not be reliable (Werner & Prietzel, 2015). A total weight of 100±10% was accepted. 
AOD_oBA: AOD from outlet chamber of column BA.  
BFS_iBA: BFS from inlet chamber of column BA 
W: weight(%) in the best fit;            P: Presence in the five best fits 

Samples BFS_iBB and BFS_iBE were very similar (Fig. 21a & d), 
containing OCP as a major mineral phase (57% and 58%, 
respectively), a significant amount of P adsorbed onto gibbsite 
(33% and 34%, respectively), and a small amount of ACP (11 and 
10 %, respectively). It is reasonable to assume that the ACP was 
formed initially on all four BFS samples. As wastewater travelled 
from the inlet chamber to the outlet chamber, its pH increased. In 
other words, the pH in the outlet chamber became much higher 
than that in the inlet chamber. With an increasing number of pore 
volumes, the pH of the inlet chamber decreased towards the pH of 
the influent wastewater. At the end of the experiment (probably 
after pore volume 95), the pH was likely to have become low 
enough for ACP (which was formed initially on the slag surface) to 
dissolve, leaving mostly OCP and Al-bound P on the slag samples. 
Some of the dissolved P may have been re-precipitated as less 
soluble Ca-P minerals such as OCP. The dominance of OCP and 
P adsorbed on Al/Fe oxides in sample AOD_iAA and sample 
EAF_iEE also supported this assumption. A large amount of the 
dissolved P probably traveled with the wastewater to the outlet 
chamber and re-precipitated as ACP when the pH was high 
enough. If the pH became sufficiently low, as in column BB after 
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pore volume 99, release of P could be observed. This process 
suggests that the stability of ACP is highly related to the P removal 
performance and lifespan of the slag material. 

5.4. Column experiment (Paper III) 
The second column experiment examined the P removal 
performance of virgin and modified AOD, BFS and EAF. The 
morphology and mineralogy of virgin AOD and EAF before and 
after the column experiment was investigated by XRD and SEM-
EDS, to cast light on the identity and dissolution properties of the 
minerals of interest. XANES speciation was conducted to reveal 
the P removal mechanism by these slags. 

 

 

 

 
Figure 20. Linear combinations and normalized sample data for (a-c) EAF samples and 
(d-f) AOD samples.  
 
 
 

a b 

c d 

e f 
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Figure 21. Linear combinations and normalized sample data for BFS samples. 

5.4.1. Phosphorus removal performance 
The modified slags had higher P removal only at the beginning of 
the experiment (Fig. 22). Complete P removal was achieved by 
columns Epn, Ep, and Eor for the first 60, 50, and 40 pore 
volumes, respectively. Columns Apn, Ap, and Aor maintained 
100% P removal until pore volume 84, 70, and 60, respectively. 
Column Bpn had higher P removal than column Bor and Bp for 
the first 64 pore volumes. Therefore it can be concluded that slags 
modified first with PEG solution and then with NaOH solution 
exhibited better P removal at the beginning of the experiment. 
This enhanced P removal was accompanied by elevated pH, as the 
pH of the effluent from these columns decreased in the order: 
Apn>Ap>Apn>Epn>Ep>Eor>Bpn>Bor>Bp. The modification 
could have contributed to enhancement of P removal in two ways: 
First, the acidic PEG solution could have helped to dissolve some 
of the minerals on the slag surface, to create a rougher surface that 
is beneficial to the release of Ca2+. Second, the NaOH coating on 
the slag surface could have dissolved slowly with time (Park et al., 
2017), giving rise to an elevated pH that is favorable for Ca-P 
precipitation. 
The three columns packed with BFS had the poorest P removal of 
all the columns, with P removal fluctuating between 40% and -
20% after pore volume 64. They were not fed after pore volume 
200 to save wastewater, almost 100 pore volumes before the other 
six columns.  

b a 

c d 
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Figure 22. (Upper diagram) P removal percentage of the columns and (lower diagram) 
pH change in column effluent as a function of pore volumes. Eor, Aor, Bor = columns 
packed with virgin EAF, AOD, and BFS, respectively; Ep, Ap, Bp = columns packed 
with PEG solution-modified EAF, AOD, and BFS, respectively; Epn, Apn, Bpn = 
columns packed with PEG solution- and NaOH solution-modified EAF, AOD, and BFS, 
respectively.  

Column Eor started to exhibit superior P removal compared with 
columns Ep and Epn after pore volume 90. Column Aor had 
higher P removal than column Ap and Apn after pore volume 120. 
From pore volume 120 to pore volume 244, column Aor 
maintained the highest P removal of all the columns, although the 
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weight of the AOD packed in column Aor was much lower than 
that of the EAF in column Eor. After pore volume 244, the P 
removal of column Aor decreased at a greater rate than that of 
column Eor. Simultaneously, the pH value of the effluent from 
column Aor became lower than that of the effluent from column 
Eor. 
After pore volume 200, the P removal of column Apn and column 
Epn started to decrease rapidly. The two columns reached almost 
complete exhaustion at pore volume 300, as the P removal of both 
columns was below 10%. This rapid decrease in P removal 
occurred after pore volume 230 for columns Ap and Ep. For 
column Aor, an accelerated decline in P removal was observed 
after pore volume 298. Obviously, the modification process 
accelerated the exhaustion rate of the slags, leading to inferior 
long-term P removal. 
 The P removal of column Aor was much stronger than in the 
dual-filter experiment (column AA, see section 5.3) although the 
particle size of AOD packed in column Aor was larger and the 
HRT was shorter in the column experiment in Paper III. One 
reason is probably that the AOD used in Paper II was more than 
ten months old, whereas the AOD used in Paper III was only 
three months old. Although the old slag was reactivated before 
packing, its P removal capacity might not have been completely 
restored. 
Compared with column BB in Paper II (see section 5.3), column 
Bor in Paper III had slightly better long-term P removal. The P 
removal of BB dropped to below 20% after pore volume 40, and 
continuous release of P was observed after pore volume 100. 
However, the P removal of column Bor fluctuated between 40% 
and -20% after pore volume 50. 

5.4.2.  XANES speciation  
Except for samples Bor and Bp, the dominant P species of the 
other seven samples was ACP (Table 5), with a substantial 
contribution from apatite. Visual inspection of the three AOD 
samples and of the three EAF samples indicated that the spectra 
were quite similar, but this was inconsistent with the LCF results.  
One-third of the P in sample Aor was suggested to be carbonate 
apatite and this is in line with the EDS results, which showed that 
part of the P was co-precipitated with C. The three EAF samples 
were suggested to be composed of ACP and fluorapatite. However, 
the post-white line features of these three samples were not very 
well described by the LCF results, as the first post-white line peaks 
of these samples were apparently weaker than those of the given 
fits. It is clear that the first post-white line peak of fluorapatite was 
stronger than that of carbonate apatite. On the other hand, the 
EDS results did not suggest the existence of fluorine on the EAF 
slag surface, and instead a substantial amount of C was detected on 
the EAF slag surface. Therefore, it is more reasonable that 
carbonate apatite, rather than fluorapatite, was present in the three 
EAF slag samples.  
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The main P species in the Bor and Bp samples was suggested to be 
HAP, while for sample Bpn the dominant P species was ACP. The 
contribution of P adsorbed to Fe/Al oxides was much greater in 
sample Bor and sample Bp than in Bpn and in the four BFS 
samples studied in Paper II. More than half of the P in samples 
Bor and Bp was bound to Fe/Al (hydr)oxides. The pH value in the 
effluents from column Bor and column Bp was below 7.5 after 
pore volume 130 and approached 7 at pore volume 150 (Fig. 22, 
lower diagram), whereas the pH value of the effluents from the 
columns in the dual-filter experiment (Paper II) had pH values 
above 8 all the time. This relatively lower pH might have 
contributed to the observed P adsorption onto Fe/Al (hydr)oxides, 
but it also accelerated the dissolution of soluble Ca-P precipitates. 

Table 5. Phosphorus speciation in the slag samples as evidenced from 
linear combination fitting of XANES spectra 

  
Samples collected from outlet chamber 

  ACP AlOH3 Ferrihydrite Gibbsite Fluor 
apatite 

Carbonate 
apatite 

R 

Aor W 
P 

57±0.6 
1,2,3,4,5 

3,4 2,5 9.2±0.3 
1 

4,5 33.3±0.6 
1,2,3 

0.0004 

Ap W 
P 

54±1 
1,2,3,4,5 

3 14±0.5 
1,5 

2 5 34.3±0.7 
1,2,3,4 

0.0006 

Apn W 
P 

68±1 
1,2,3,4,5 

12±1 
1,2,4 

5 3 2 20.5±0.5 
1,3,5 

0.0003 

Eor W 
P 

58±1.5 
1,2,3,4,5 

3 2 3.1±0.5 
1 

37±1 
1,2,3,4,5 

 0.0012 

Ep W 
P 

62.6±1 
1,2,3,4,5 

5 2 3 27.6±1 
1,2,3,4,5 

 0.0007 

Epn W 
P 

60.2±1 
1,2,3,4,5 

5 2 4 31±1 
1,2,3,4,5 

 0.0007 

Samples collected from inlet chamber 
  ACP AlOH3 Ferrihydrite Gibbsite HAP Lecithin R 

Bor W 
P 

 
2, 4 

35±2 
1,2,3,4,

5 

 
2 

27±2 
1,3,4,5 

34±2 
1 

 0.0013 

Bp W 
P 

 
2 

29±3 
1,2,3,4 

 
2,5 

23±2 
1,3,4,5 

41±1 
1,5 

 0.0014 

Bpn W 
P 

53±2 
1,2,3,4,5 

 
2,3,5 

 31±2 
1,3,4 

2 16±2 
1,2 

0.003 

The five best fits are numbered 1 to 5 in italics. 
R factor calculated according to Ravel (2009). 
Phosphorus species with estimated amounts below 5% were excluded because the LCR results may 
not be reliable (Werner & Prietzel, 2015), a total weight between 100±10% was accepted. 
W: weight(%) in the best fit;            P: Presence in the five best fits 
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In Paper II, a substantial part of the retained P (20-40%) was 
suggested to be adsorbed on Al (hydr)oxides, especially for the 
AOD samples (see section 5.3). The relative proportion of the Al-
bound P was much lower (9-13%) for the AOD samples in Paper 
III. One possible reason might be that the pH values of the 
columns were higher in the latter experiment, which favored Ca-P 
precipitation, but inhibited the P adsorption.  Another possible 
reason might be the aging effect, as mentioned earlier. As the slags 
used in Paper II were older than the slags used in Paper III, the 
reactive dicalcium silicates on the surface of the older slags could 
be expected to have been partly consumed by spontaneous 
carbonation. Consequently, a smaller amount of calcium 
phosphates would be generated on the older slags, leading to 
higher relative proportions of Fe/Al-bound P in Paper II.  

5.4.3. Morphological changes in AOD and EAF slags  
As the P speciation of the three EAF slag samples and the three 
AOD samples was quite similar, only samples Aor and Eor were 
chosen for further study of morphological changes. The BFS was 
not investigated, as it had poorer P removal properties. 
 The SEM images showed that the virgin AOD and EAF consisted 
of abundant irregular polygon aggregates and of a small amount of 
rounded aggregates, both of which had smooth surfaces (Fig. 23). 
These amorphous aggregates were probably generated due to aging 
effects, as can be seen in part in Fig. 23d. After the experiment, the 
surface of the used slag became rougher and was characterized by 
a cloudy texture (Fig. 24 & 25). The irregular polygonal aggregates 
disappeared and were replaced by a substantial number of variably 
sized spheroidal aggregates that had a rougher surface. These 
spheroidal aggregates were composed of flake and plate-like 
crystallites, as shown in Fig. 24a & b (captured at higher voltage). 
As confirmed by the EDS analysis (Fig. 26), these flake-like 
crystallites were Ca-P precipitates (see also Liira et al., 2009). 
Calcite crystallites are usually acicular, scalenohedral, or 
rombohedral (Liira et al., 2009), while the aggregates observed on 
Aor and Eor were mostly spherical. Thus the calcite crystals 
probably co-precipitated with phosphate and exhibited a rounded 
shape.   
The surface of Aor was compactly covered with spheroidal 
aggregates. Although the surface of Eor was flatter, the appearance 
of quite deep cracks on the surface of Eor (Fig. 25) helped to 
create new surfaces for contact with wastewater and for the 
dissolution of reactive minerals, which contributed to the 
maintenance of high P removal in the long term. The appearance 
of cracks on the surface of Eor was probably a result of the 
hydration of magnesium oxides (Pratt et al., 2007). Periclase (free 
MgO) hydrates at a rather low rate, causing significant volume 
change after months or ever years (Yildrim & Prezzi, 2011). 
Dolomite (CaMg(CO3)2) can also cause volumetric expansion due 
to MgO hydration (Yildrim & Prezzi, 2011). 
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As might be expected, the EDS analysis showed a significant 
increase in the P concentration in the slag after contact with 
wastewater (Table 6). No P was detected in the virgin AOD and 
EOF samples. The P concentration of Aor and Eor was 3.4% and 
7.6%, respectively. For both samples, the EDS images showed that 
the spatial P and Ca distributions were similar (Fig. 26 & Fig. 27), 
confirming that the P removal mechanism for both slags was Ca-P 
precipitation. For sample Aor, areas with high P concentrations 
overlapped the C-rich areas, suggesting the existence of minerals 
containing calcium, carbon, phosphorus, and oxygen, which could 
be carbonate apatite.  
 

  
 

                
 

                         
Figure 23. SEM images of (a-d) virgin AOD and (e,f) virgin EAF. Images a, b and e were 
produced at high beam energy (15 kV), giving a translucent appearance of the sample 
and showing the irregular polygon minerals on the slag surface. Images c, d and f were 
produced at a low current (1 kV).  

 

a) b) 

c) d) 

e) f) 
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Figure 24 (a-d). SEM images of Aor after contact with wastewater. Images a and b were 
produced at high energy.  Images c and d were produced at low energy. 

  
 

  
 

Figure 25 (a-d). SEM images of Eor after contact with wastewater. Images a and b were 
produced at high energy, c and d were produced at low energy. The red circles are cracks 
that appeared on Eor during the experiment. 

a) b) 

c) d) 

a) b) 

c) d) 
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Figure 26. Elemental mapping (Ca = calcium, P = phosphorus, C = carbon) and (lower 
right) SEM image of Aor.  

                                                                                    

                                                                 
Figure 27. Elemental mapping (Ca = calcium, P = phosphorus, C = carbon) and (lower 
right) SEM image of Eor.  

                Table 6. Element concentrations in slag samples as determined by EDS 
 Element concentration (Wt%) 

O Ca P C Fe Mg Al Si Cl 
AOD 46.7 32.4 n.d 2.6 n.d 1.1 8.9 3.9 2.0 
EAF 37.2 28.1 n.d 10.9 6.9 1.2 2.3 5.8 6.4 
Aor 50.1 20.0 3.4 9.35 n.d 2.7 6.0 8.3 n.d 
Eor 40.3 30.0 7.6 16.3 2.1 1.1 0.6 1.5 n.d 

                        (n.d not detected) 

Ca P 

C 

Ca P 

C 
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The increase in carbon concentrations as presented in Table 6 
provides evidence of carbonation of the slag and of competition of 
carbonate with phosphate for calcium, as was also suggested by the 
P removal results and by the XRD analysis. Both the P and carbon 
content in the Eor (7.6%, 16%) were much higher than in the Aor 
(3.4%, 9.4%), which might be a result of the smaller surface area of 
Eor.  

5.4.4. Mineralogical changes in AOD and EAF slags after contact with wastewater 
The EAF and AOD slags were analyzed with XRD to identify the 
mineralogical changes before and after contact with wastewater. 
The virgin EAF and AOD samples are labeled EAF and AOD in 
Fig. 28. The used samples were collected from columns Eor and 
Aor, and are labeled Eor and Aor in Fig. 28. A general observation 
concerning the XRD patterns of the four samples was the 
significantly higher level of noise in the background of sample 
EAF and Eor compared with AOD and Aor (Fig. 28), indicating 
simpler mineralogical composition of AOD. EAF contains a large 
proportion of amorphous material that is not detectable by XRD 
(Bernier, 2001), but the dominating mineral phases of EAF used in 
this experiment were found to include beta dicalcium silicate (β-
C2S), larnite (Ca2SiO4), magnetite (Fe3O4), lizardite 
(Mg3Si2(OH)4O5), and periclase (MgO). The AOD contained 
mainly gamma dicalcium silicate (γ-C2S), beta dicalcium silicate, 
calcium aluminum oxide hydrate, and periclase, as shown in Fig. 
28.  
The mineral composition of the slags was noticeably affected 
during the P removal process. Significant lower peak intensities 
and peak broadening were observed for peaks attributed to the 
main mineral phases of the used slag samples, indicating decreased 
contents of these minerals caused by dissolution upon contact with 
wastewater. The XRD patterns of the used slag samples indicated 
the dissolution of mineral phases such as β-C2S and γ-C2S, as a 
reduction in peak intensities of these minerals could be clearly 
observed.  
The dominant mineral in sample AOD was γ-C2S, whereas the 
main mineral for sample Aor was β-C2S, which meant that the 
dissolution rate of β-C2S was lower than that of γ-C2S. This is 
evidenced by the relatively higher Ca concentration and pH value 
of the effluent from column Aor compared with that from column 
Eor between pore volumes 50 and 200.  
There was a noteworthy increase in calcite at 2θ=29.404, indicating 
the formation of calcite during contact with wastewater. The 
increased peak intensity of Cr-Mg oxides in the used slags might 
be due to enrichment of these phases resulting from the 
dissolution of other minerals. Periclase has been reported to 
dissolve during contact with wastewater (Windt et al., 2011; Zhen 
et al., 2012; Liu et al., 2016), but it had an unexpected significant 
peak intensity increase at 42.9 (2 ɵ) in Aor compared with AOD. 
This might have been caused by overlap with the peaks of the 
newly formed calcite.  
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 Figure 28. XRD patterns of the unmodified AOD and EAF before and after contact with 
wastewater. The black patterns represent EAF (a), Eor (b), AOD (c), and Aor (d), 
respectively. The red patterns represent the predominant minerals present in each slag 
sample. The dominant mineral in samples EAF, Eor, and Aor was beta dicalcium silicate 
(a, b, d), while in sample AOD the main mineral was gamma dicalcium silicate (c). The 
peaks are labeled with numbers representing the following minerals: 1 beta dicalcium 
silicate, 2 larnite, 3 lizardite, 4 calcite, 5 magnesioferrite, 6 periclase, 7 chromium-
magnesium oxides, 8 gamma dicalcium silicate, 9 calcium aluminum oxide hydrate. 
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6. CONCLUSIONS 
• Batch experiments and two column experiments proved that 
AOD is a potentially good P removal material. It removed >97% 
of P from a synthetic solution in 4 hours with a dose of 5 g L-1. 
AOD suspended in synthetic P solution achieved a maximum P 
removal capacity of 27.47 mg P g-1. Three-month-old AOD with a 
weight of 358 g managed to maintain P removal above 85% for 
290 pore volumes of wastewater with a P concentration around 20 
mg P L-1.  
• Three-month-old EAF had very strong P removal ability. It 
had a P removal above 87% for 308 pore volumes when fed with 
20 mg P L-1 real wastewater using a HRT of 3 h.  
• BFS had the poorest P removal performance of the three 
types of slag tested. 
• The batch experiment showed that the P removal ability of 
EAF was the least susceptible to ageing effects among the three 
types of slags investigated. The long-term P removal can be greatly 
reduced by aging effects. The P removal of reactivated ten-month-
old AOD started to decrease greatly (below 80%) after pore 
volume 100, although a longer HRT was used, whereas 3-month-
old Aor had P removal above 85% for 290 pore volumes.  
• The P removal by the slag materials tested was mainly 
achieved through the precipitation of calcium phosphates. The 
Fe/Al (hydr)oxides contained in the slag materials made a minor 
contribution, through adsorption under low-pH conditions. 
• The predominant Ca-P species formed on the slag surface 
was amorphous calcium phosphate (ACP), according to the LCF 
results. Initially, ACP formed on the slag surface when the pH was 
high enough. As the slag materials were continuously fed with 
wastewater, their pH dropped with time towards that of the 
wastewater. When the pH declined, the ACP formed was partly 
dissolved, while a smaller amount was re-precipitated into less 
soluble forms such as octacalcium phosphate (OCP) and apatite.  
This process is highly important for the lifespan of the slag 
material.  
• The dominant mineral in AOD and EAF was gamma 
dicalcium silicate and beta dicalcium silicate, respectively. AOD 
exhibited better P removal than EAF in the second column 
experiment for the first 244 pore volumes, although the mass of 
AOD was lower. This superior P removal was attributed to the 
faster dissolution rate of gamma dicalcium silicate compared with 
beta dicalcium silicate.  
• Slags modified with PEG solution and NaOH solution 
exhibited enhanced P removal only for a short time. In the long 
run, the modification process accelerated the exhaustion process 
of the slags and reduced their P removal capacity due to the loss of 
reactive minerals during the modification process. 
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7. FUTURE WORK 
In this thesis, AOD was identified as a promising P removal 
material in batch and column experiments. Both EAF and AOD 
were shown to be safe and efficient materials for use in wastewater 
treatment. The P removal mechanisms of AOD, EAF, BFS were 
also revealed. Suggested future work includes: 
• Field experiments with AOD to examine its lifespan before 
it is brought into commercial use 
• Cementing effects of AOD and EAF were observed at high 
P concentration and/or after long service. Therefore a 
modification method should be developed to postpone the 
cementing effect of AOD and EAF until the slag is exhausted 
• Analysis is needed of the economic aspects of using AOD 
and EAF in small-scale wastewater treatment systems and 
municipal wastewater treatment plants 
• The relationship between the dominant mineral and the P 
removal performance should be verified by testing the P removal 
performance of industrial by-products with similar mineral 
composition 
• Surface analysis is required to investigate the distribution of 
captured P on the exhausted slag 
• A feasible way to recycle the captured P and the exhausted 
slag should be developed. 
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