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ABSTRACT 

Surface treatment processes of stainless steel, such as pickling, produces acidic waste water 

consisting of Na+, Cl−, F−, NO3
−, SO4

2−, PO4
3−, Fe3+, Cr6+ and Ni2+. At Sandvik ABs steel works 

in Sandviken, this waste water is treated and neutralized using slaked lime before being released 

into the lake Storsjön. 

The aim of this report was to make a literary review of previous work in using slag as a 

neutralizing agent for acidic waste water. Furthermore, to see if it’s possible to replace some or all 

of the slaked lime in the neutralization process with slag and to study what slag that might be 

suitable to use. 

Since the waste water contains HF acid, the focus of this report was on different materials used for 

fluoride adsorptions. The literary study showed that the fluoride adsorption process with BOF slag, 

quick lime and magnesium oxide as adsorbents were endothermic. Therefore, it benefitted from an 

increased temperature. Furthermore, the literature study showed that many materials follow a 

pseudo-second-order kinetic model as well as a Langmuir or Freundlich isotherm for a fluoride 

adsorption. A previous experiment showed that a mixture of BF slag and slaked lime had the best 

HF acid neutralization among the tested materials. 

A fluoride adsorption experiment was made at different temperatures (25 – 55 °C) by using a slag 

from an aluminium reduced steel melt and a slag from a silicon reduced steel melt from the AOD 

converter in Sandviken. The silicon reduced steel melt slag showed an increase of fluorides in the 

solution, due to the presence of calcium fluoride in the slag. This was observed for all 

temperatures. The aluminium reduced steel melt slag also increased the fluoride content in the 

solution at 25 and 30 °C. At higher temperatures the fluoride content in the solution decreased with 

93.6 to 94.9 %.  
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ABBREVIATIONS 

ANC  acid neutralizing capacity 

AOD  argon oxygen decarburization 

BF  blast furnace 

BOF  basic oxygen furnace 

CAS-OB Composition Adjustment by Sealed argon bubbling - Oxygen Blowing 

EAF  electric arc furnace 

HF  Hydrogen Fluoride 

XRF  X-ray fluorescence 
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1. INTRODUCTION 

Slag is a waste product that is generated from all steel manufacturing, whether it’s from iron ore or 

steel scrap. Some types of slag can be recirculated in the process or used in other applications such 

as cement or asphalt [1], while some slags have no other apparent use and are deposited in a 

landfill. For these types of slags there is a need to find a sustainable solution.  

The basis for this report has been a laboratory scaled experiment performed at Sandvik ABs steel 

works in Sandviken. The experiment investigated if it’s possible to replace some, or all, of the 

slaked lime that is being used to neutralize the acid waste water with slag from the landfill. 

The aim of this report was to make a literary review of previous studies focusing on acid 

neutralizations using slags. Furthermore, to see whether it’s possible to use slag to replace some of 

the slaked lime that are used for the acid neutralization. Also, to determine which type of slag that 

might be most suitable to use for this treatment. The main focus has been on hydrofluoric (HF) acid 

and therefore an experiment on fluoride removal was made. 

1.1 Technical background 

1.1.1 Stainless steel slag 

Sandvik ABs steel works in Sandviken produce stainless steel from a scrap based Electric Arc 

Furnace (EAF), which melts the scrap before it’s transported to an Argon Oxygen Decarburization 

(AOD) converter. Here, carbon and sulphur are removed from the steel melt. After the treatment in 

the converter, the steel melt is processed in a ladle furnace where the last adjustments are made 

before casting. 

All these processes when the steel is molten produce slags with different chemical compositions. 

Depending on what steel grades that are being made six different slags are generated in the EAF, 

four in the AOD and two in the ladle furnace [2].  

The slags from the steel works are treated for metal recovery on site by the company Harsco Metals 

Sweden AB. The slags are sorted in four different groups, depending on the alloying elements of 

the steel melt that the slag originated from, before crushing and metal separation are performed [3]. 

The remaining slag, which amounts to over 50 000 tonnes annually, are then deposited in a landfill 

[2].   

1.1.2 The AOD converter process and its slag 

The AOD converter accounts for over 75 % of the world production of stainless steel [4]. The 

process is typically divided into three different steps; decarburization, reduction and 

desulphurization [5]. In the decarburization step the carbon content of the steel melt is reduced 

from 2 wt% to <0.02 wt% [4], by blowing oxygen and argon in different ratios which will oxidize 

both carbon and chromium according to eqs. (1) and (2). 
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 C + 1
2⁄ O2(g) → CO(g) (1) 

 2Cr + 3
2⁄ O2(g) → Cr2O3(slag) (2) 

To avoid the loss of chromium from the steel melt to the slag, the reduction step follows the 

decarburization. Silicon or aluminium, which has a higher affinity to oxygen than chromium, is 

added in the reduction step to reduce the chromium oxides in the slag [6], according to eq. (3) or 

(4). 

 Cr2O3(slag) +
3
2⁄ Si → 2Cr + 3

2⁄ SiO2(slag) (3) 

 Cr2O3(slag) + 2Al → 2Cr + Al2O3(slag) (4) 

After the chromium has been reduced back to the steel melt, the last step in the AOD is the 

desulphurization. Sulphur is removed from the steel melt to the slag by reacting with burnt lime [6], 

according to eq. (5). 

 CaO(slag) + S → CaS(slag) + O (5) 

A low oxygen activity in the steel melt is achieved in the reduction step and it’s beneficial for the 

desulphurization, since it increases the efficiency of the lime in the slag to desulphurize the steel 

melt [7]. In silicon reduced steel melts the lime will react with silicon to form the high melting 

intermediate phase Ca2SiO4 and fluorspar are therefore added to increase the solubility of the slag 

[8]. In aluminium reduced steel melts the aluminium and lime can only react and form the 

intermediate phase Ca3Al2O6. Since that phase melts at 1535 °C, the addition of fluorspar are 

generally not needed.  

The focus of the experiment in this report has been on the fluoride adsorption capacity of AOD slag 

from an aluminium reduced steel melt and a silicon reduced steel melt, henceforth denoted as Al-

slag and Si-slag. 

1.1.3 Acidic waste water 

Surface treatment processes such as degreasing, pickling and washing are performed at many 

different sections during cold working in Sandviken. Also, degreasing is done in different ways that 

involves the use of sodium hydroxide, sodium carbonate, phosphoric acid, acetone and ethanol [9]. 

In the pickling process nitric -, sulphuric -, hydrochloric - and HF acid are used to dissolve a thin 

oxide layer on the steel [10]. 

All of these acids are collected in one drain that leads to a sewage treatment plant where it’s treated 

before being released into the nearby lake Storsjön. The waste water that enters the treatment plant 

therefore contains a varying mixture of Na+, Cl−, F−, NO3
−, SO4

2−, PO4
3−, Fe3+, Cr6+ and Ni2+ [9]. 
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1.1.4 Treatment of the acidic waste water 

The treatment of the acidic waste water are carried out in five different steps; a small neutralization 

step, a chromium reduction, an additional neutralization, a flocculation and a sedimentation. The 

first neutralization step is carried out by adding slaked lime to the waste water until a pH of 5 is 

reached [11]. Because of the dangerous effects that Cr6+ poses to humans [10], FeSO4 is added to 

reduce the chromium to the less dangerous Cr3+. After the chromium reduction has taken place, the 

final neutralization are performed by adding slaked lime that has been mixed with water until a pH 

of 10 is reached [11]. The reaction for HF neutralization is presented in eq. (6).  

 Ca(OH)2(aq) + 2HF(aq) → CaF2(s) + 2H2O(l) (6) 

When the pH value increases during the neutralization, the solubility of metal hydroxides in water 

will be low and the calcium fluoride and metal ions will precipitate [10], se eqs. (7) - (9).  

 2Fe3+ + 3Ca(OH)2 → 2Fe(OH)3(s) + 3Ca2+ (7) 

 2Cr3+ + 3Ca(OH)2 → 2Cr(OH)3(s) + 3Ca2+ (8) 

 Ni2+ + Ca(OH)2 → Ni(OH)2(s) + Ca2+ (9) 

The chromium hydroxide has an optimum pH value between eight and nine, where its solubility is 

at its lowest and for nickel hydroxide the pH optimum is between ten and eleven [10]. Since the pH 

for the lowest solubility varies between the metals a compromise have to be made for what pH the 

neutralization process should aim for. 

In the flocculation step a polymer is added to increase the settling speed of the colloid particles due 

to an increase in size of the particles. After the flocculation the sludge is separated, further 

processed and finally gets deposited on a landfill. In year 2013 the amount of slaked lime used for 

the neutralization of the acid waste water was 1 292 tonnes [9]. 

1.2 Scientific background 

Fan et al. [12] concluded that the fluoride adsorption onto solid particles follows three steps: 

(a) diffusion or transport of fluoride ions to the external surface of the adsorbent 

from bulk solution across the boundary layer surrounding the adsorbent 

particle, called external mass transfer; 

(b) adsorption of fluoride ions onto particle surfaces; 

(c) the adsorbed fluoride ions probably exchange with the structural elements 

inside adsorbent particles depending on the chemistry of solids, or the 

adsorbed fluoride ions are transferred to the internal surfaces for porous 

materials (intraparticle diffusion). 

Table 1 shows a summary of previous studies of using different slags for an acid neutralization. 

Many different slags have been analysed in these reports, but only a few might be applicable to the 
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slags from stainless steel production. The acid solutions also varies from specific solutions to 

general acid mine drainage.  

Table 1. Previous studies of acid neutralization using slag from steel production. 
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J. Yan, L. Moreno & I. Neretnieks [13] 1999   x             x   

P.E. Osborne, G.D. Del Cul, C.H. Mattus & A.S. Icenhour [14] 2000 x           x       

P. Bodurtha & P. Brassard [15] 2000     x         x   x 

C.S. Gahan, M.L. Cunha, Å. Sandström [16] 2008   x x x x           

M. Mohapatra, S. Anand, B.K. Mishra, D.E. Giles & P. Singh [17] 2009           x x       

C.S. Sundaram, N. Viswanathan & S. Meenakshi [18] 2009      x x    

A. Bhatnagar, E. Kumar & M. Sillanpää [19] 2011           x x       

M. Islam & R. Patel [20] 2011     x       x       

 

1.2.1 Slags and metal oxides as neutralizing agents 

Yan et al. [13] studied the long-term Acid Neutralizing Capacity (ANC) of EAF slag using nitric 

acid for up to 4000 hours. Their results from reaction path modelling showed that the main 

contribution to the ANC came from calcium and to some extent from magnesium elements. 

Furthermore, that aluminium and silicon elements contributed more to the ANC over longer times.  

Osborne et al. [14] studied the fluoride removal for 37 materials using a column filled with the 

material and a metered flow of a 6 and 33 wt % HF solution through the column. A mixture of 80 

% slaked lime and 20 % Blast Furnace (BF) slag at a 18-30 mesh was found to have the best 

fluoride removal for the low concentrated HF solutions. The same experiment with the higher HF 

concentration and using the same slaked lime and BF slag mixture led to a formation of a slurry 

which plugged the column during their experiments.  

Bodurtha and Brassard [15] examined the long term ANC of Basic Oxygen Furnace (BOF) slag 

using batch titration of sulphuric acid and they divided the oxides in the dissolving slag into three 

classes and simplified the kinetics into two models. Class 1 consisted of free lime, magnesium and 

silicon oxides and were surface saturation driven and dissolved within one day. Class 2, consisting 

of weakly bound lime and magnesium oxides, dissolved within 10 to 80 days and were driven by a 

pH gradient. The class 3 oxides of tightly bound lime and magnesium and wüstite did not dissolve 

at all, probably due to armouring of the grain surface by the iron oxides. 

Gahan et al. [16] investigated the ability of slags, from scrap based stainless steel production and 

from ore based steel production, to control pH in bioleaching and compared the results with slaked 
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lime. The study showed that all of the tested slags had high neutralizing abilities and could be 

effective alternatives to slaked lime for a pH control during bioleaching operations.  

Mohapatra et al. [17] made a literary review of different materials used for fluoride adsorption in 

drinking water. Their study showed that aluminium oxide has to be thermally activated to be an 

efficient fluoride adsorbent. Furthermore, the sequence of an anion adsorption for activated 

aluminium oxide in the pH range of 5.5 – 8.5 is:  

OH− >H2AsO4
− >Si(OH)3O

− >HSeO3
− >F− >SO4

2− >CrO4
2− >HCO3

− >Cl− >NO3
− >Br− >I− 

Sundaram et al. [18] studied the fluoride removal from water using magnesium oxide as an 

adsorbent. Their study showed that magnesium oxide reached an equilibrium with respect to a 

fluoride adsorption at 2175 mgF−/kg after 60 minutes. Furthermore, that the adsorption process 

followed Freundlich isotherm, pseudo-second-order kinetics and it was endothermic. 

Islam and Patel [20] used thermally activated BOF slag to investigate the fluoride adsorption for 

different temperatures, contact times, pH values and initial fluoride concentrations. By thermally 

activating the BOF slag, an increase in porosity and surface area and a decrease in density was 

achieved. Their studies showed that an equilibrium with respect to a fluoride adsorption was 

achieved within 35 minutes and that the fluoride removal rate increased with an increasing 

temperature, see Fig. 1. Furthermore, that the adsorption of fluoride was hindered by the presence 

of 𝑃𝑂4
3−, followed by 𝑆𝑂4

2− and 𝑁𝑂3
− in the solution. 

 

Fig. 1: Effect of contact time on fluoride adsorption on thermally activated BOF slag (initial fluoride concentration = 10 mg/L, 

adsorbent dosage = 5 g/L). [20] 
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Table 2 shows a summary of fluoride adsorption capacity for different materials that has been 

tested under different conditions in some of the previously mentioned studies.  

Table 2: Summary of fluoride adsorption capacity for different materials. 

Adsorbent T [°C] q [mg/g] Concentration range [mg/L] Contact time [min] Reference 

BOF slag 25-45 4.58-8.07 1-50 35 [20] 

MgO Room temperature 2.175 10-23 60 [18] 

Metallurgical 

grade Al2O3 
20 12.57 - - [21] 

Quick lime 25±2 16.67 10-50 75 [22] 

 

1.2.2 Adsorption isotherm and kinetic models 

The amount of adsorbate on the adsorbent can mathematically be described as a function of its 

concentration at constant temperature, i.e. isotherms [23]. Bhatnagar et al. [19] made a literary 

review of adsorbents that have been used to remove fluoride from water. Their study showed that 

fluoride adsorption of many materials fits well to Langmuir or Freundlich isotherm models, which 

are presented in eqs. (10) and (11).  

 1

𝑞𝑒
=

1

𝑞0𝑏𝐶𝑒
+

1

𝑞𝑜
 (10) 

 
ln 𝑞𝑒 = ln𝐾𝑓 +

1

𝑛
ln𝐶𝑒 (11) 

where 𝑞𝑒 is the adsorbed amount on the adsorbent at equilibrium (mg/g), 𝑞0 is the maximum 

adsorption capacity (mg/g), 𝑏 is a temperature- and Gibbs free energy dependant Langmuir 

constant (L/mg), 𝐶𝑒 is the equilibrium concentration in the solution (mg/L), 𝐾𝑓 is the adsorption 

capacity of the adsorbent and is a Freundlich constant ((mg/g)(L/mg)n) and 𝑛 is the adsorption 

intensity parameter [20]. Furthermore, their study showed that a pseudo-second-order kinetic 

model, see eq. (12), matched the experimental data for many fluoride adsorbents [19]. 

 𝑡

𝑞𝑡
= (

1

𝑘2𝑞𝑒
2) + (

𝑡

𝑞𝑒
) (12) 

where 𝑞𝑡 and 𝑞𝑒 (g/kg) is the amount adsorbed at the time 𝑡 and at equilibrium and 𝑘2 is a pseudo-

second-order rate constant (kg/(g min)) [24]. 

The appropriate isotherm and kinetic model can be determined from experimental data. Table 3 

shows a summary of different materials used for fluoride adsorption and their most fitting 

isotherms and kinetic models. 
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Table 3: Previous studies of isotherm- and kinetic models for different fluoride adsorbents.  

Adsorbent Isotherm model Kinetic model Reference 

BOF-slag Langmuir Pseudo-first-order [20] 

Quick lime Langmuir First-order [22] 

Magnesium oxide/chitosan composite Freundlich Pseudo-second-order [18] 

Activated aluminium oxide Freundlich & Langmuir Second-order [25] 

 

2. METHOD AND MATERIALS 

2.1 Experiment 

2.1.1 Collection and preparation of the slag 

When the Si-slag is cooled to room temperature the volume increases, which causes it to 

disintegrate to a porous form [2]. Due to this the Si-slag was used in the experiments, since it didn’t 

require any additional milling. The Al-slag had a solid form and had to be milled to a powder, 

which can be seen in Fig. 2. The slags were taken directly from the AOD converter.  

 

Fig. 2: Unprocessed slag from a Si reduced stainless steel melt (left) and an Al reduced stainless steel melt (middle) which then 

has been milled (right).  

 

2.1.2 Preparation of the solution 

The stock solution was prepared by dissolving sodium fluoride in distilled water to reach a fluoride 

concentration of 4.7 mg/l. 

2.1.3 Temperature dependency of fluoride adsorption 

To study the removal of fluoride from solution an experiment where made at different 

temperatures. 100 ml of stock solution where treated in a beaker by adding 0.5 g of the slag. The 
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beaker was placed on a temperature controlled heating plate with magnetic stirring at 25, 30, 35, 45 

and 55°C. See Fig. 3 for the setup of the experiment.  

 

Fig. 3: The glass beaker, with 100 ml fluoride solution and 0.5 g slag, placed on the heating plate with magnetic stirring.  

 

M. Islam and R.K. Patel showed that thermally activated BOF slags reached an equilibrium value 

with respect to the fluoride adsorption after 35 minutes [20]. Therefore, a treatment time of 40 

minutes where chosen for this experiment. The beaker was then removed from the stirrer for 30 

minutes to separate the slag from the solution, before decanting the solution to a separate container. 

2.1.4 Fluoride analysis method 

Ion chromatography was used to analyse the amount of remaining dissolved fluorides in the 

supernatant liquids, as well as the original fluoride concentration in the stock solution. 

3. RESULTS AND DISCUSSION 

3.1 Experiment 

3.1.1 Slag composition 

The composition of the slags was analysed using X-Ray Fluorescence (XRF) spectrometry and the 

results are presented in Table 4. Both of the slags consisted almost entirely of CaO, MgO, Al2O3 

and SiO2. The Si-slag had higher amounts of FeO, MnO, Cr2O3 and S than the Al-slag. This is due 

to the fact that silicon has a lower affinity to oxygen than what aluminium has, which results in a 

higher amount of other oxides [1]. The Si-slag also contained CaF2 due to the addition of fluorspar 

during the desulphurization step in the AOD converter. However, the Al-slag where not analysed 

for the CaF2 content since it’s generally not added when aluminium is used as a reducing agent.  
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Table 4: Chemical composition of the Si- and Al reduced steel melt slag from the AOD converter. 

Slag SiO2 Al2O3 FeO MnO CaO MgO Cr2O3 S CaF2 

Si-slag 24 % 2.6 % 0.9 % 0.31 % 56 % 7.2 % 1.4 % 0.39 % 4.2 % 

Al-slag 7.7 % 25 % <0.5 % 0.17 % 55 % 9.4 % 0.5 % 0.23 % - 

 

3.1.2 Fluoride adsorption 

Table 5 shows the results of the fluoride adsorption experiment. The Si-slag has increased the 

fluoride content between 23 and 30 % for all temperatures, which is most likely due to the high 

CaF2 content that was already present in the slag. The temperature seem to have a small impact on 

desorption of the fluoride from the Si-slag to the solution, but this could also be due to variations in 

the composition of the slag.  

The first adsorption experiment for the Al-slag at 25 °C showed an increase of fluorides in the 

solution by 36 %. Since this was unexpected, a second experiment at 25 °C, as well as a test at 30 

°C, was performed that showed an even greater desorption of fluorides to the solution.  

Table 5: Fluoride reduction for both slags at different temperatures presented in percentage and in amount of fluoride adsorbed 

per slag after a contact time of 40 minutes (initial fluoride concentration = 4.7 mg/L, amount of slag = 5 g/L).  

Slag T [°C] 𝐅− reduction q [mg/g] 

Si-slag 

25 -23.40 % -0.220 

35 -29.79 % -0.280 

45 -29.79 % -0.280 

55 -27.66 % -0.259 

Al-slag 

25 -36.17 % -0.340 

25 -138.10 % -1.158 

30 -100.00 % -0.838 

35 93.62 % 0.878 

45 94.89 % 0.890 

55 94.68 % 0.890 

 

At higher temperatures the fluoride removal for the Al-slag increased greatly to 93 – 94 % of the 

original fluoride content and it didn’t vary much with temperature. Fig. 4 shows the fluoride 

removal for both slags at the tested temperatures. For the Al-slag, a great increase of the fluoride 

removal is achieved by raising the temperature slightly. Since the Al-slag was not tested for its 

initial fluoride content, it’s difficult to deny the possibility that it contained some CaF2 initially and 

that composition variations might have caused some errors in the adsorption experiments.  

The result of an increase in fluoride adsorption with an increasing temperature does however match 

previous studies of quick lime [22], BOF slag [20] and magnesium oxide [18] that has concluded 
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that the fluoride adsorption process is endothermic. Therefore, it increases the fluoride adsorption 

capacity of the slag with an increasing temperature. 

 

Fig. 4: Fluoride adsorption for the Al- and Si-slag after a contact time of 40 minutes at different temperatures with a second 

degree polynomial as well as trend lines with standard deviation for the Al-slag. 

 

The lack of previous studies in using slag from stainless steel as a neutralizing agent for acids or as 

a fluoride adsorbent complicates the assessment of which type of slag that might be appropriate. 

It’s nevertheless clear that in two previous studies it has been shown that the high calcium oxide 

content in BOF slag (46.5 %) [20] and BF slag (37 %) [26] are beneficial for fluoride adsorption 

from water [14]. Materials that are used today for fluoride adsorption from ground water are 

calcium, iron (III) oxide and activated aluminium oxide [27]. All this would point to the potential 

usage of slags with high contents in 1) calcium oxide, 2) aluminium oxide and 3) magnesium 

oxide. 

4. CONCLUSIONS 

Because of the absence of previous studies focusing on an acid neutralization using slags from 

stainless steel production, the focus of this report has been on fluoride adsorption. This is due to 

that this is a main factor in acid waste water neutralization. AOD converter slags from an 

aluminium reduced steel melt and from a silicon reduced steel melt were used for a fluoride 

adsorption experiment. The main conclusions may be summarized as follows: 

 Most materials that have been tested for fluoride adsorption follows a pseudo-second-order 

kinetic model and a Langmuir or Freundlich adsorption isotherm. 

 A mixture of BF slag and slaked lime has, in a previous study, showed a greater HF 

neutralization than only using slaked lime. 
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 Slag from an aluminium reduced steel melt in the AOD could be used as a neutralizing 

agent for HF acids. Also, the slag showed an increase in fluoride adsorption from the 

solution with an increased temperature due to an endothermic process. 

 Slags from silicon reduced steel melts in the AOD should not be used as a fluoride 

adsorbent because calcium fluoride is already present in the slag. 

5. RECOMMENDATIONS 

Further studies of the Al-slag should be performed to test the capacity of the slag to replace slaked 

lime as a neutralizing agent, using liquid from the acidic waste water plant in Sandviken. These 

tests could also be made at different temperatures to see if the same pattern is observed as for 

fluoride adsorption. 
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