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Abstract: In order to examine the effect of ageing on P removal capacity, the phosphorus (P) removal 
capacity of three types of slag, argon oxygen decarburisation slag (AOD), blast furnace slag (BFS) and 
electric arc furnace slag (EAF), was examined after 0, 10, 13 and 19 months in batch experiments. The 
results showed that ageing reduced P removal capacity, e.g. by 78.4% for 19-month-old AOD slag. For 
BFS, the P removal rate decreased from 57.4% to 13.8% in 13 months; while EAF slag was found to be 
less affected by ageing. The decline in P removal capacity with age was probably caused by hydration 
and carbonation of alkaline minerals on the surface of the slag material during storage. In an attempt to 
restore the P removal capacity of aged slag, 10-month-old slag samples were heated to an end 
temperature of 600-1000 °C. It was found that heating at 600 °C for 1 hour increased the P removal 
capacity of BFS to 97.8% in experiments with 20 mg P L-1 synthetic solution, while heating at 1000 °C 
for 15 min completely restored the P removal capacity of AOD and EAF.    
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Introduction  
Phosphorus (P) removal from wastewater using metallurgical slag has been widely 
reported as an effective wastewater purification technology. Slag materials such as 
electric arc furnace slag (EAF), basic oxygen steel slag (BOS) and blast furnace slag 
(BFS) have been shown to be promising wastewater treatment materials, with 
satisfactory P removal performance (Drizo et al. 2006, Bowden et al. 2009, Johansson 
Westholm 2010). However, the P removal performance of slags varies considerably 
between studies. For example, Drizo et al. (2006) reported that EAF removed nearly 
100% of P from a 20 mg P L-1 synthetic solution in a column experiment lasting about 
114 days, whereas Barca et al. (2012) found that a total P removal rate >80% was 
only achieved in the first month of a two-year field experiment (using wastewater 
with an influent P concentration <12 mg L-1) and the overall average P removal rate 
was 37%. In a study by Nilsson et al. (2013) on BFS in columns fed wastewater with 
a low or high concentration of BOD, P removal rates ranging from -27% to 77% were 
observed over 7 months, with a mean total P removal rate of around 20%. However, 
Camargo Valero et al. (2009) found that when the BFS in a waste stabilisation pond 
system was fed continuously for eight days with a high (100 000-5000 mg P L-1) or 
low (19.5-5.1 mg P L-1) concentration synthetic solution, the P removal rate range was 
99.8-98.1% and 79.5-76.4%, respectively. 

The variation in P removal between different studies is generally attributed to the 
crystallinity or varying particle size of the slag, the characteristics of the aqueous 
solution and other hydraulic parameters (Kostura et al. 2005, Johansson Westholm 
2010, Nilsson 2012). However, the effects of slag ageing on P removal capacity are 
rarely mentioned (Kostura et al. 2005, Bowden et al. 2009, Nilsson et al. 2013). In 
one exception, Hedström and Rastas (2006) reported that fresh BFS has higher P 
sorption capacity than weathered BFS.  
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The main P removal mechanism in slag is suggested to be precipitation of Ca-P 
phases through the reaction of calcium released from free lime and portlandite with 
phosphate (Drizo et al. 2006, Johansson Westholm 2010, Nilsson 2012). According to 
Bonenfant et al. (2008), EAF and ladle furnace slag can sequester CO2 at ambient 
pressure and temperature through the hydration and carbonation of Ca phases such as 
portlandite present in the slag. Huijing et al. (2005, 2006) proposed a two-step 
carbonation mechanism of the calcium in a slag, including leaching of calcium and 
precipitation of calcite at the surface of slag particles. Therefore, it is reasonable to 
assume that ageing could be one of the reasons for varying P removal performance, as 
the P removal ability of a slag might be inhibited by spontaneous carbonation of the 
active compounds on the slag surface.  

Akbarnejad et al. (2014) found that the heat and moisture in steam speeded up the 
hydration reaction in BFS used as road base construction material and provided 
hydration for the unreacted slag material, thus accelerating the BFS ageing process. 
The hydration products are mainly formed at the rims of slag particles and in the 
spaces between them (Akbarnejad et al. 2012). Inspired by these findings, in the 
present study thermal treatment under high temperature in a muffle oven was applied 
in an attempt to activate aged slag materials and restore their P removal capacity by 
evaporating any moisture present in the slag material and decomposing any heat-
sensitive ageing products. 

The overall aim of this study was to investigate the effect of ageing on the P removal 
capacity of three types of slag and develop a process to restore their P removal 
capacity after ageing. Thermal treatment under different temperatures and heating 
times (duration) was used to eliminate the ageing effect on P removal, with activated 
slag tested in batch experiments to determine the optimal activation process. To our 
knowledge, this is the first study to examine the effect of ageing on P removal and re-
activation of aged slag. 

Material and Methods 
Three types of slag with similar particle size (1-2 mm) were obtained from three 
Swedish companies: BFS slag from Merox AB, Oxelösund; AOD slag from 
Outokumpu Stainless AB; and EAF slag from Höganäs AB. The fresh slag was 
sampled immediately after cooling and the samples were sent directly to the 
laboratory. On arrival, the slag samples were packed in plastic bags or plastic buckets 
and stored at room temperature. The bags and buckets were not tightly sealed, so the 
slag samples had some contact with the atmosphere during storage. 

The chemical composition of the slag samples is shown in Table 1 (data on BFS taken 
from Johansson Westholm (2010)). The ratio of the mass of CaO plus MgO to the 
mass of SiO2 was 1.81, 1.37 and 1.54 for AOD, BFS and EAF respectively. 
According to Neville (1996), a ratio greater than 1 indicates a hydraulically active 
slag. 

Table 1 Chemical composition (mg g-1) of the slag samples used 
 SiO2 MnO Al2O3 CaO FeO MgO 

AOD 323.6 5.0 17.0 532.0 3.9 55.1 
BFS 342.6 5.9 130.0 300.0 4.8 168.3 
EAF 350.8 15.0 41.0 455 3.9 83.7 
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A stock P solution of 1000 mg L-1 was prepared by dissolving KH2PO4 in deionised 
water and stored in a refrigerator at 4 °C. A working solution with a concentration of 
6.5 or 20 mg P L-1 was used, for two reasons: 1) These two P concentrations were 
identified as very commonly occurring low and high values in septic tank wastewater 
in our previous studies; and 2) the P removal capacity of a slag material varies 
significantly for test solutions with different initial P concentrations (Drizo et al. 
2006). The working solution was prepared fresh daily by diluting the stock solution. 
An ionic background of 0.001 mol L-1 NaNO3 was used for the working solution by 
adding a fixed volume of 0.1 mol L-1 NaNO3. The pH was 5.1 for 20 mg P L-1 and 5.6 
for 6.5 mg P L-1. No pH adjustment was made to the working solution, as high pH 
was expected to be reached once the highly alkaline slag samples were added.     

The three types of slag 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 min to allow particle settling and supernatant 
samples were collected for pH and P analysis in all cases.  

Three thermal treatments with an ultimate temperature of 600 °C, 700 °C and 1000 °C 
and with a heating time of 45 min, 45 min and 1 h, respectively, were applied to 10-
month-old slag. The slag samples were maintained isothermally at these temperatures 
for 1 h, 30 min and 15 min, respectively. The oven was then switched off and the 
heated slag samples were allowed to cool in the oven until they reached room 
temperature. The P removal capacity of the cooled slag samples was determined as 
described above for the original samples. 

The pH of the supernatant samples was measured immediately after sampling using a 
Hach pH meter (SensionTM pH31) with a typical combination electrode. The samples 
were then stored in a freezer until P analysis. Filtration with a 0.45 µm syringe filter 
was conducted prior to P (PO4-P) analysis with a Seal Analytical AA3 Autoanalyzer. 
The specific surface area of the fresh slag was determined by Brunauer-Emmett-
Teller (BET) analysis with a FlowSorb II 2300 (Micromeritics, UK). 

The difference in mass between slag samples before and after activation was 
determined. The original slag samples were placed in an oven at 105 ℃ for 24 h to 
remove moisture prior to weighing (m105). The activated slag (mA) was weighed 
immediately after being removed from the oven following activation treatment. The 
weight difference (Dw) was expressed as: 

 𝐷𝐷𝑤𝑤(𝑤𝑤𝑤𝑤%) =  𝑚𝑚105−𝑚𝑚𝐴𝐴
𝑚𝑚105

∗ 100 

Results and Discussion  
A reduction in P removal capacity with increasing age was observed for all three slag 
types, but with a greater decline in AOD and BFS than in EAF (Figs. 1 and 2). In 
experiments with the low P concentration solution, the P removal by fresh EAF and 
10-month-old EAF was 99.4% and 99.0%, respectively, showing no significant 
decrease in P removal capacity over 10 months of ageing. However, with the high P 
concentration solution, the P removal of EAF decreased gradually from 49.3% to 
31.3% at 10 months and eventually 12.4% at 19 months.  
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Fresh AOD showed very satisfactory P removal performance with both the low (6.5 
mg P L-1) and high (20 mg P L-1) concentration synthetic solution, achieving P 
removal of 99.5% and 95.7%, respectively. The effect of ageing on the P removal 
capacity of AOD also differed with the low and high P concentrations. With 6.5 mg P 
L-1 solution, the P removal decreased from 99.5% in the fresh slag to 84% at 10 
months and 54.1% at 13 months. Thus the ageing effect appeared to accelerate after 
10 months with the low P concentration solution. However, with the high P 
concentration solution the P removal rate dropped from 95.7% for the fresh AOD 
material to 36% at 10 months, 26.2% at 13 months and 17.3% at 19 months. A 
pronounced decrease was observed in the first 10 months, with more than half the P 
removal capacity of AOD being lost in experiments with the high P concentration 
solution.    

The effect of ageing on P removal of BFS was very significant in experiments with 
low P concentration solution. Fresh BFS removed 57.4% of P from 6.5 mg P L-1 
solution, but as the slag reached 10 months and 13 months of age the P removal rate 
decreased to 33.0% and 13.8%, respectively.  

   
Figure 1. Effect of slag age on P removal capacity and the final pH of the supernatant when using 
a 6.5 mg P L-1 solution. 

 
Figure 2. Effect of slag age on P removal capacity and the final pH of the supernatant when using 
a 20 mg P L-1 solution. 

The final pH of the synthetic solution exhibited the same trend as the P removal rate, 
decreasing with increasing age of the slag material. For example, as the P removal 
rate of AOD with the 20 mg P L-1 solution decreased from 95.7% to 36%, the final pH 
of the solution dropped from 10.54 to 9.57, confirming previous findings (Huijing et 
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al. 2006, Lea et al. 1970). Huijing et al. (2006) concluded that carbonation of the steel 
slag reduces the leaching of alkaline earth metals such as Ca2+ by conversion of Ca 
phases, such as portlandite, ettringite and Ca-silicate, into calcite. Akbarnejad et al. 
(2012) examined the minerals formed on the aged BFS slag used as road base 
construction material and detected calcite as a product of the hydration and 
carbonation of free lime. Therefore it is reasonable to conclude that the slag materials 
in the present study lost their P removal capacity with age because the alkaline 
activators used to precipitate with P were consumed by hydration and carbonation 
with ambient moisture and CO2 during storage.    

The temperature required for the carbonation product CaCO3 in the slag particles to 
decompose and release the sequestered CO2 is 500-1000 °C (Huijing et al. 2005). 
Therefore in the second part of this study three thermal procedures with an ultimate 
temperature in this range were used to re-activate 10-month-old slag samples. The 
three types of slag showed great variations under the different heating processes in 
terms of reactivation of their P removal capacity (Fig. 3). After reactivation at 600 °C, 
the BFS achieved a P removal rate of 97.8% for the high (20 mg P L-1) concentration 
synthetic solution within 24 h. Interestingly, this reactivation effect for BFS slag 
decreased with increasing reactivation temperature, with a P removal rate of 93.5% 
when heated at 700 °C and only 69.0% when heated at 1000 °C. 

The heating procedure with an ultimate temperature at 600 °C was not as effective for 
AOD, only restoring its P removal capacity to 54.4%, an increase of 18.4% compared 
with the untreated 10-month-old sample. However, a pronounced increase in P 
removal rate occurred for both AOD and EAF when heated at 1000 °C for 15 min. 
Compared with the fresh material, the P removal of these two types of slag was 
completely restored, as P removal of 99.6% and 96.5% was achieved for AOD and 
EAF, respectively, with the 20 mg P L-1 solution.  

With the P removal of the slag restored, the final pH of the solution also increased. 
This is in consistent with previous findings that the more basic the slag, the greater its 
hydraulic activity in the presence of alkaline activators (Lea et al. 1970).  

 
Figure 3. Phosphorus removal rate of thermally reactivated slag and final pH of the supernatant. 
The slag samples were reactivated at 600 °C for 1 h, 700 °C for 30 min and 1000 °C for 15 min. 

The weight loss for BFS was larger than for AOD, irrespective of the thermal 
treatment temperature. The weight difference after heating at 600 °C, 700 °C  and 
1000 °C was 4.53%, 4.50% and 3.96%, respectively, for BFS. For AOD, it was 
0.68%, 0.89% and 0.54%, respectively, only 15% of the difference seen for BFS. For 
BFS, the greater the mass loss, the better the reactivation effect. Fresh BFS had the 
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largest specific surface area among the three slag types, 9.72 m2 g-1, while for EAF 
and AOD it was 0.07 and 0.25 m2 g-1, respectively. It is highly possible that the larger 
specific surface area of BFS contributed to hydration and carbonation of the alkaline 
materials on the slag surface, making it more vulnerable to ageing. On the other hand, 
the larger specific surface area might also have facilitated the reactivation process, as 
moisture and CO2 could be more easily expelled from this more porous material.    

Conclusions 
The P removal capacity of AOD, BFS and EAF was significantly affected by ageing, 
decreasing by 78.4% for AOD in 19 months, 43.6% for BFS in 13 months and 36.9% 
for EAF between 10 and 19 months. Thus EAF was least vulnerable to ageing effects. 
This reduction in P removal capacity with age was accompanied by a drop in final pH 
in the synthetic test solution. 

The ageing mechanism possibly involves ambient moisture and CO2 reacting with 
alkaline minerals in the slag, such as free lime and portlandite, inhibiting the release 
of Ca2+ to the aqueous solution and consequently impairing P removal by the slag. 

The optimal reactivation process for BFS was heating at 600 °C for 1 h, which 
increased the P removal rate to 97.8% when in contact with 20 mg P L-1 synthetic 
solution for 24 h. For AOD and EAF, heating at 1000 °C for 15 min was enough to 
completely restore the P removal capacity. 
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