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ABSTRACT 

The landfilling of slag obtained from the high alloyed Electric Arc Furnace (EAF) steel 

making process, constitutes an environmental treat for society as well as an economical 

problem for the companies producing it, due to the costs related to waste management 

practices. Conventional methods of slag recycling are abundantly used among the 

steelmaking business, but due to their particular physical properties, high- alloyed EAF slags 

cannot be properly valorized. Moreover, the pickling process that high-alloyed EAF steels 

undergo to, generates acidic wastewaters, that need to be collected and neutralized, before 

they can be recirculated into the natural water streams. For such a task, steel mills currently 

utilize slaked lime (a Ca rich mineral) to raise the pH and to remove any metal particles 

dissolved into the wastewaters. Slag contains high amount of Ca; therefore, it has already 

been tested as a slaked lime replacement. In fact, previous studies conducted at the Material 

Science and Engineering department at KTH Royal Institute of Technology showed, on a 

laboratory scale, that slag has the potential to replace lime for the neutralization and 

purification of the acidic wastewaters. This Master’s thesis project aims at upscaling the 

volumes of wastewaters to be tested, about 70 to 90 folds of the one from previous research, 

bridging the gap between laboratory tests and the industrial scale. 

The thesis is divided into three tranches, a first part where a water-salt solution conductivity 

trials were carried out, to model the behavior or slag dispersion in the acidic wastewaters. 

After the results obtained from the conductivity trials, neutralization trials with slag and the 

lime product currently in use by the company, were carried out at the neutralization plant in 

Outokumpu Stainless, Avesta (Sweden). The neutralization trials were carried out with 70 

and 90 liters of acidic wastewaters and in order to perform the trials on site, the slag sample 

was dried and later sieved to a particle size of less than 350μm. Moreover, data was analyzed 

and compared to previous studies in order to have a clearer understanding regarding the 

neutralization efficiency of the slag, especially whether or not the technology would had 

worked on upscaled volumes. Additionally, the project checked if it was possible to find a 

generalized relationship between the mass of slag and volume of wastewaters required for 

the neutralization process. Slag demonstrated to be able to buffer the pH to the target values 

of 9, while also showing an almost linear trend compared to previous studies. The reaction 

progress between slag lime, and the acidic wastewaters was also analyzed. 

Keywords: Landfilled High-alloyed EAF slag, Slag neutralization potential, Slag recycling. 
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SAMMANFATTNING 

Deponering av slagg som erhållits från den höglegerade ljusbågsugn (EAF) 

stålframställningsprocessen utgör en miljömässig behandling för samhället och ett 

ekonomiskt problem för de företag som producerar den på grund av kostnaderna för 

avfallshantering. Konventionella metoder för återvinning av slagg används i stor 

utsträckning bland stålindustrin, men på grund av deras speciella fysiska egenskaper kan 

höglegerade EAF-slaggen inte värderas ordentligt. Dessutom produceras sura avloppsvatten 

av betningsprocessen som höglegerade EAF-stål genomgår som sedan måste samlas in och 

neutraliseras innan de kan återcirkuleras i det naturliga vattnet. För en sådan uppgift 

använder stålfabriker för närvarande släckt kalk (ett Ca-rikt mineral) för att höja pH-värdet 

och för att avlägsna alla metallpartiklar som löses upp i avloppsvattnet. Slaggen innehåller 

hög mängd Ca och därför har den testats som en ersättning till släckt kalk. Tidigare studier 

utförda vid avdelningen materialvetenskap och teknik vid Kungliga Tekniska Högskola 

visade på laboratorieskala att slagg har potential att ersätta kalk för neutralisering och rening 

av sura avloppsvatten. Detta examensarbete syftar till att skala upp volymerna av 

avloppsvattnet som ska testas till cirka 70–90 gånger av den från tidigare forskning, och 

därav fylla ut bryggan mellan laboratorietester och industriell skala. 

Avhandlingen är uppdelad i tre delar, Första delen innehåller försök på ledningsförmåga i 

en vatten-saltlösning som genomfördes för att modellera beteende eller slaggspridning i sura 

avloppsvatten. Efter de resultat som erhållits från konduktivitetsmätningarna genomfördes 

neutraliseringsförsök med slagg och kalk som för närvarande används av företaget vid 

neutraliseringsanläggningen i Outokumpu Stainless, Avesta (Sverige). 

Neutraliseringsförsöken genomfördes med 70 och 90 liter sura avloppsvatten och för att 

utföra experimenten på plats torkades slagg provet och siktades senare till en partikelstorlek 

på mindre än 350 µm. Dessutom analyserades data och jämfördes med tidigare studier för 

att få en tydligare förståelse för slaggens neutraliseringseffektivitet, särskilt huruvida 

tekniken skulle ha fungerat på större volymer, och även om det också var möjligt att hitta ett 

generaliserat samband mellan mängden slagg och volym avloppsvatten som krävs för 

neutraliseringsprocessen. Slagget visade sig kunna buffra pH till målvärdena 9, samtidigt 

som den visade en nästan linjär trend jämfört med tidigare studier. Reaktionsförloppet 

mellan slaggkalk och de sura avloppsvattnen analyserades också. 
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1 INTRODUCTION 

Steel-making slag has been long viewed as a valuable by-product [1]. The conventional 

recycling methods for these slags include cement incorporation, construction of roads and 

materials, as well as an additive for improvement in soil fertility [1]. In Sweden, 

approximately 1.4 million tons of steelmaking slags are produced annually [2]. Most of 

them, are successfully repurposed or recycled efficiently, although approximately 18% of 

these materials, such as the high alloyed stainless-steel slag, get landfilled due to a substantial 

lack of proper recycling techniques available. These types of slag present a high metal 

content, which impedes the use of conventional recycling methods commonly used 

nowadays. Henceforth, this by-product gets often landfilled, and such accumulation 

translates into an ecological and economic liability. 

With the conventional recycling methods, the slags have their use in cement & asphalt 

applications or as fertilizers. Due to the high metal content present in the high-alloyed 

stainless slag, the conventional methods of recycling the slag is not suitable and hence the 

need to find a proper solution for the recycling of high-alloyed stainless-steel slag is the 

primary objective of this thesis. Hence, this research focuses on finding a proper solution to 

recycle or reuse high-alloyed stainless-steel slag in order to avoid its accumulation in 

landfills. The reason as to why conventional recycling methods is not suitable is as stated 

below: 

Due to weathering, there causes a problem in leaching of the metal ions which are hazardous. 

Hence, the use of high-alloyed stainless-steel slag in the cement and asphalt applications is 

not suitable. High-alloyed stainless-steel slag contains Dicalcium silicate, which is 

approximately 90% of the total mass [3], formed from the chemical compounds lime and 

silicon dioxide. One of the essential components of “cement clinker” is Belite which is a 

form of the di-calcium silicate. During the cooling of the high-alloyed slag, the minerals 

present in the slag is prone to physical decay [3]. This results in the non-suitability of the 

slag in the cement applications because the di-calcium silicate changes its form due to 

cooling and does not exhibit the properties required for cement applications [3]. 

In the case of fertilizers, due to the contact of the high-alloyed stainless-steel slag with the 

soil over time, the minerals present in the slag gets decayed and thus, making it not suitable 

for use as fertilizers. 

Previous laboratory and field studies, carried out by P. Ziemkiewicz at the National Mine Land 

Reclamation Center (West Virginia University) on the properties of these steel slags, have shown 

that these slags produce remarkably high levels of alkalinity over time [4]. This shows that these 

slags have high potentials for neutralization because of their high alkalinity levels and could be 

used as alkaline amendments to acidic materials [4]. Most of the compounds present in the steel 

slags, which have low boiling point, tend to be driven off from the glassy matrix (slag) [4]. This 

is because the glassy matrix, containing compounds, is formed at temperatures near the melting 

point of iron, while the rest of the residuals present are in the form of oxides or a calcium  
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alumina-silicate glassy matrix [4]. The elements which are driven off are sulfur, cadmium, lead, 

copper, and mercury. The presence of these elements makes the slag capable of being soluble in 

aqueous solutions with a pH value greater than 9 [4]. Moreover, studies also show that these slags 

tend to have an increase in their alkalinity levels over time when stored in an open environment 

[4]. The reason why slags show an increase in their alkalinity levels, is because the slags do not 

possess the capability of absorbing the CO2 from the surrounding air when exposed to natural 

decaying, and converts it back in the form of relatively insoluble limestone, thus making it more 

alkaline [4]. 

Moreover, high-alloyed stainless production often includes pickling processes as superficial 

treatment of the product before its final state is achieved. If the pickling includes the use of acids 

baths, there’s a formation of acidic wastewaters when the steel is rinsed with water of. Currently, 

virgin limestone, a common and cheap commodity is used to neutralize and purify the acidic 

wastewaters before they can be released in the municipal water streams. Previous studies, carried 

out at the Material Science and Engineering department at KTH Royal Institute of Technology, 

have shown positive results by using slag as a lime replacement for the neutralization of acidic 

wastewaters. If slag is proven as a suitable replacement for limestone, the substitution 

simultaneously works on reducing the amount of materials approaching the landfills and the need 

of natural resources, thus decreasing the environmental footprint of this kind of steel production. 

Henceforth, this study primarily focusses on the neutralization of the acidic wastewaters using 

the High alloyed EAF slag, designing an experimental setup with upscaled volumes compared to 

the previous studies. 

 

1.1 Aims and Deliverables 

Previous studies, conducted at the Material Science and Engineering department at KTH Royal 

Institute of Technology, showed, on a laboratory scale, that high-alloyed stainless-steel slag can 

neutralize the acidic wastewaters obtained by the rinsing of steel during the pickling process [5]. 

This research project continues previous work done, by upscaling the volumes used in laboratory 

conditions, in order to obtain a more in-depth understanding of the use of slag to neutralize the 

acidic waters. This research primarily focuses on two objectives: 

To check if the high-alloyed stainless-steel slag can be used for neutralizing the acidic 

wastewaters from the pickling process, even when previous laboratory conditions are not met. 

The objective is to check whether slag can be used for the neutralization of acidic waste wasters 

in different experimental setups. 

To find a generalized relationship between the mass of slag and the volume of acidic wastewaters 

needed to obtain a successful neutralization. This generalized relationship would be of great 

benefit for future research, since it could be easier to carry out experimentation in the future with 

different experimental setups and different volumes of acidic wastewaters. 
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1.2 Methods 

All the materials used for the experiments came from the steel factory Outokumpu Stainless AB 

located in Avesta (Sweden). The experiments were carried out with slag samples taken from the 

company’s landfill, while the acidic wastewaters were extracted directly from the collection tanks 

in the neutralization plant. 

The research project was divided in two parts. The first was the construction of a water model 

trials using conductivity probes, which was carried out using water and salt solution at the 

Material Science and Engineering department at KTH Royal Institute of Technology. This 

approach was chosen as a suitable method to create an objective kinetic parameter so it could be 

kept constant when other variables (such as volume of wastewaters and the stirring speed of the 

impeller mixing the tanks) were changing. The water-salt solution conductivity trials were carried 

out on 70 and 90 liters with several stirring speeds (RPM). The objective was to define a 

parameter called “mixing time”, in order to make sure the kinetics remains constant between all 

the neutralization trials. 

Once the water model trials were done, the neutralization of acidic wastewater using slag was 

carried out, and the results were analyzed to discuss its effectiveness when compared to virgin 

limestone, and previous laboratory results. The neutralization trials were carried out by 

conducting batch tests on 70 and 90 liters of wastewaters. For this purpose, the same methods 

used in previous studies, namely “Equilibrium trials” and “All-in-one trials,” have been used on 

up-scaled volumes of wastewaters and quantities of slag [5]. These batch tests were subjected to 

the same setup used during the water model. Finally, neutralization trials using lime were 

conducted to have a comparison on the neutralization efficiency when compared to the landfilled 

slag. Moreover, neutralization trials with reference lime concentrates were also carried out on 90 

liters of wastewaters only, due to a limited time frame. Flocculants were added to all the trials to 

separate the clean waters from the sediments after the neutralization process. 

 

1.3 Limitations 

The cost of closing the landfills along with the cost reduction of not purchasing lime, helped 

by the ecological threat, are the driving forces that motivate the investigation of using slags 

with high Ca content as neutralizing agents. Moreover, if slags prove to be successful in 

neutralizing the acidic wastewaters on industrial scale, it would have a drastic impact on 

stainless-steel productions ecological footprint. Also, the sediments which get landfilled are 

a considerable threat to the environment, hence the need to find a solution to recirculate them 

back into the process. 

Although, despite the substitution of lime with slag is believed to be a step forward both in 

terms of economic and environment, this research is limited to just investigating the 

technological aspect of such application. With various variables influencing the economic 

and sustainable aspects of this research, much higher expertise on various topics is needed 
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to give a good estimation on those two factors; hence they will not be treated by this research 

project. Proper tools, for instance life cycle analysis (LCA), are needed to properly depict 

the environmental gains of the substitution of lime with slag, while process analysis can 

estimate the increased cost/gains of such a change. For these reasons, it is beyond the scope 

of this project to dig further in those areas. 
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2 BACKGROUND 

A brief description of the high-alloyed stainless-steel by-products obtained during the processes 

is discussed in this section. 

 

2.1 High-alloyed stainless-steel slag 

Slag is a by-product that is generated in all kinds of steelmaking processes both scrap and ore-

based [6]. There are various types of slags produced during the different processes that show 

different proprieties between one another, depending on the type of steel grade manufactured 

[6]. Most of the slags are either internally/externally recycled or reused back in the steel making 

process as a substitute for fluorspar [1]. However, in Sweden, approximately 18% of the 1.4 

million tons of steelmaking slags produced annually are landfilled [2], hence the need to find 

new possibilities to valorize these by-products. 

These slags, (such the high alloyed EAF slags which this project focuses on) contain high metal 

content that impedes its common use as construction or road materials end up getting landfilled. 

Hence, the need to find an ecological solution for these landfilled slags is the primary concern 

of this research. Moreover, slags contain free lime, which is in lower magnitude causing 

problems concerning its hydraulic properties, making it a challenge to be externally recycled 

and reused [7]. This means that there is an increased interest in the investigation of new methods 

to recycle these by-products. High alloyed EAF slag contains approximately 90% of Di-

Calcium silicate that changes its phases during cooling due to physical decay of its reaction 

with soil, making it not suitable for the cement and road base applications [3]. 

 

2.2 Pickling 

Processing steel at high temperatures forms an oxide scale on its surface, due to the reaction 

between the alloying elements and oxygen [8]. Diffusion of atoms takes place and metal atoms 

such as Cr and Fe diffuse outward, while carbon atoms diffuse inward along the metallic 

nanonetworks present in the oxide scales [9]. Also, due to the diffusion of atoms, a Cr depleted 

layer is formed beneath this oxide scale with weak mechanical strength and less resistance to 

corrosion when compared to the bulk metal [8]. Hence, the Cr layer must be removed before 

the final product is delivered due to its poor mechanical and corrosion properties. 

The oxide scale and the Cr-depleted layer can be removed by several different techniques, 

including mechanical scraping, electrolysis, and acidic pickling. The choice of the most 

appropriate technique depends on various factors, such as the type of product, quality of steel, 

and specifications of the final product. To enhance the efficiency of the pickling process, 

mechanical scraping and electrolysis are usually performed to remove the oxide scale before 
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the execution of acidic pickling [10], because it facilitates the diffusion of the scale by the acid 

[11]. 

The illustration of an acidic pickling process is shown in Figure 1. The steel sheets are either 

dipped into several acidic baths or passed through different sections in a long bath [11]. 

Different steelmaking companies use different chemicals in the pickling process, depending on 

the type of steel they produce. Commonly used chemicals are sulfuric acid (H2SO4) in mixture 

with a mix of nitric acid (HNO3) and hydrofluoric acid (HF) [11]. Nitric acid, being a strong 

oxidant, plays a significant role in the removal of the oxide scale and Cr-depleted layer [8]. 

 

 

Figure 1: Illustration of the acidic pickling process [12]. 

 

 

2.3 Treatment of acidic wastewaters and management of 

sludge 

Acidic wastewaters are a by-product formed during the rinsing of the pickling liquor from the 

steel surface. Due to the low pH of these rinsing waters and the high concentration of metal 

elements in them, a neutralization process is needed before the waters are released in the 

municipal water streams. Neutralization is a chemical reaction in which an acid and a base react 

with each other to form a precipitate. The development of a coordinate covalent bond is called 

neutralization in the best universally agreed-upon definition [13]. At Outokumpu Stainless 

(OTKS), the neutralization plants collect the acidic wastewaters and treat them with natural 

lime to produce clean waters. To date, all the steel mills use natural lime as the neutralizing 

agent to produce pure water and absorb hazardous elements such as Cr and Ni [14] [15]. 

The first step of the neutralization process is to add lime concentrate to raise the pH to target 

values thus allowing several chemical reactions to happen. At steps, the pH is measured during 

the entire neutralization process. Further lime addition can be used, if deemed necessary, to 

fine-tune the pH value. Consequently, the sedimentation process begins. In order to facilitate 

the separation between solid particles and clean waters, flocculants are added to the solution. 
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When the acid and base react, a precipitate called metal hydroxide sludge (further on called 

“sediment”) is formed and then collected operating a mechanical separation. The sediments, 

after being separated from the waters using flocculants, a polymer which favors the clustering 

of the solid particles, is further pressed, dried and eventually gets landfilled. Conclusively, the 

residual water is then released into the local water supply. Figure 2 depicts the different stages 

involved in the neutralization process [14] [15]. 

 

 

Figure 2: Schematic illustration of the processes in a neutralization plant [16]. 

 

The reuse of the metals from the sediments has risen interest in many researchers and 

organizations [17]. So far, it has been highly difficult to come up with an effective solution for 

the reuse of the sediments. These sediments contain precious metals in it, such chromium and 

nickel, which are valuable elements if properly extracted. One strategy, created inside 

Outokumpu, includes the sediments being dried and afterward reintroduced to the generation 

procedure. Also, the significant advantage of this method is the use of the sludge with the metal 

contents after drying could be a massive benefit for the steel mill use which could replace the 

use of fluorspar, a pure mineral which is currently being imported from China [17]. 

 

2.4 Slag as a neutralizing agent 

Research analysis states that approximately two thousand tons of lime concentrate per year is 

being purchased by both Sandvik Materials Technology and Outokumpu to neutralize the acidic 

wastewater, for a total of about 2,5 million SEK [18] [19]. The characteristics and compositions 

of different slags change depending on the steel grade and type of production process [18]. 

Hence, to reuse and recycle these different kinds of products, they must be treated differently 

depending on their properties [6]. Conventionally, the use of slags in the cement or asphalt can 
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be one method of reusability. Although, the presence of high metal content in the high-alloyed 

EAF steel slags impedes their use as filler materials. Also, the use of landfilled slag shows an 

increase in its alkalinity levels when treated with acidic wastewaters. This is because of the 

presence of Calcium in various minerals contained in slag [19]. Hence, the primary focus of 

this thesis is to find a solution for recycling the high-alloyed EAF slag with the understanding 

that calcium content present in the slag (approx. 30 ~ 40%) plays an important role in 

neutralizing the acidic wastewaters. In addition, valuable metals could also be reutilized by 

developing new methodologies to extract metals from these slags, leading to an increase in the 

retained value of the by-products obtained from the steel making process. Previous research 

carried out at the Material Science and Engineering department at KTH Royal Institute of 

Technology, has already demonstrated that the slag can neutralize the acidic wastewater, 

meaning it could be a replacement for the limestone currently used in the industries [5]. Since 

the experiments so far are only being conducted on a laboratory scale the need to investigate 

the use of the landfilled slags, which has already been proved to have the same alkalinity 

behavior when compared to limestone when treated with acidic wastewaters, is the foremost 

reason to carry out the trials on upscaled volumes. The project aims to check if, with a different 

setup, it will show the same alkalinity behavior when compared to the previous results. 
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3 MIXING TIME TRIALS 

The motives behind the design of a water model that could mimic the behavior of the dispersion 

of slag in the wastewaters are numerous. The first is to estimate how long does it take for the 

slag to equally disperse in the wastewaters, so it is possible to estimate the minimum time 

required for the first pH measurements. In fact, it is not hard to imagine that in a large batch of 

wastewaters, if slag does not disperse evenly, the reaction between it and the wastewaters might 

different from area to area of the tank, hence affecting the measurement of the pH level. 

Furthermore, since different volumes of wastewaters are tested, while the geometry of the tank 

and the stirring apparatus are kept constant, the time before achieve a homogenous dispersion 

may vary depending on the variation of the volume. Modelling the kinetic between trials, and 

adjusting the stirring speed accordingly, could help relate the results of the neutralization trials 

between different volumes of wastewaters. Additionally, this water model method was designed 

in order to not carry out a lot of experimental trials using slag and acidic wastewaters at the 

neutralization plant site, due to limited materials supply and time constraint. Hence, a method 

designed for physical water models previously adopted to top blown converter was applied to 

the current case as well. A variable called Mixing Time, used in the past for similar applications 

[20], was used to measures the complete dissolution of a small quantity of water-salt solution 

in the tank used for the neutralization trials, filled with different volumes of water. To calculate 

the mixing time, the electric conductivity measured by conductivity probes is plotted over time. 

The conductivity probes were placed at different positions of the tank (A-B, C-D & A-F), to 

find the maximum time taken for homogenous dissolution of the small quantity of the water-

salt solution added to the big tank filled with water. The setup of the mixing time trials can be 

seen from below Figure 3. 

3.1 Methods 

3.1.1 Experimental Setup 

The following setup, shown below in Figure 3, was used during the mixing time trials: 

 

 

Figure 3:Experimental setup on a laboratory scale for mixing time trials. 
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A. An aluminum profile frame was built to lock the tank inside and prevent it from 

wobbling, when subjected to continuous stirring using the overhead stirrer. The use of 

the aluminum profile built was also to hold the engine on the top of the frame to support 

the 3-blade propeller stirrer. 

B. A plastic tank that was used for carrying out the trials with 70, 80, and 90 liters of water 

filled in the tank. 

C. An overhead stirrer motor was used for the continuous stirring of waterfilled in the tank 

during the trials. 

D. A 3-blade propeller stirrer was connected to the engine and placed in position “3⁄4th of 

tank depth” in the tank. 

E. A conductivity meter connected with two probes was used to measure the variation of 

the conductivity during the complete dissolution of the water and salt solution in the 

tank. 

F. A beaker which was used to prepare 20% wt. of salt solution to be added to the 

remaining volume of water during the start of the conductivity trials. 

3.1.2 Experimental Procedure 

Before the start of the conductivity trials, 20 wt.% distilled water-ionized salt solution was 

prepared in a beaker. The tank was filled with different volumes of water (70, 80 & 90 liters) 

before the addition of 20 wt% of water-salt solution. The mixing time trials were carried out by 

placing the conductivity probes at different position of the tank such as A-B, C-D and A-F 

which can be seen from Figure 4. The conductivity probes were placed at different positions to 

find the maximum time required for homogeneous dissolution of the water-salt solution in the 

tank filled with water. Three repetitive trials were carried out for each set with different probes 

position (A- B, C-D, A-F) and at different stirring speeds (175, 200, 225 RPM). The 

conductivity values for each trial was measured using the conductivity meter. The conductivity 

values were then plotted over time and hence the mixing time was calculated from the plot. 

 

Figure 4:Experimental Setup used during mixing time trials. 
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3.1.3 Mixing time calculation 

Mixing time trials are a method of investigation designed to calculate the maximum time taken 

to achieve a complete dissolution of a small quantity of water-salt solution in a big tank filled 

with water. To do so a variable called “mixing time” has been used in previous research to 

approximate the moment of complete dissolution [20]. This method aims at measuring the 

maximum time taken for complete homogenization of the water-salt solution in the tank filled 

with water. To measure the mixing time, the electric conductivity measured by probes is plotted 

over time. Figure 5 illustrates how the mixing time was calculated from the time vs. 

conductivity plot. The same methodology was used for determining the mixing time for all the 

batch trials. The red dotted lines represent the 5% tolerance deviation of complete 

homogenization of the water-salt solution concentration in the tank filled with water. The 

mixing time is determined as the time where the latest intersection point of time and 

conductivity between the curve and the red dotted lines occur and where the variation of the 

curve does not surpass the 5% tolerance limit. 

 

 

Figure 5: Illustration of method to calculate the mixing time, red dotted line perpendicular which dictates the 

mixing time. 
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3.2 Results 

The mixing time calculated for all the batch trials is represented in Table 1, which shows all the 

trials carried out using different stirring speeds, different volumes of water and different 

position of probes. Results from Table 1are interpreted based on 5 sets of trials depending on 

probe position, volume of water and stirring speed. The results are as follows:  

• Probe position (A-B): 90, 80 and 70 liters of water when stirred at 225, 200 and 175 rpm 

respectively during the trials from 1 to 9 results a mixing time of 10 ±2 seconds.  

• Probe position (C-D): 90, 80 and 70 liters of water when stirred at 225, 200 and 175 rpm 

respectively during the trials from 10 to 18 results a mixing time of 10 ±2 seconds.  

• Probe position (A-B): 80 and 70 liters of water when stirred at 225 rpm during the trials 

numbered 19 to 24 also results a mixing time of 10 ± 2 seconds. 

• Probe position (A-B): 90 liters of water when stirred at 175 rpm during the trials numbered 

25 to 27 also results a mixing time of 10 ± 2 seconds. 

• Probe position (A-F): 90, 80 and 70 liters of water when stirred at 225 rpm during the trials 

numbered 28 to 30 results a mixing time of 10 ± 3 seconds.  

 

Table 1: Results of mixing time trials. 

 
Trial 

 
Probe Position 

 
Volume [L] 

 
Stirring Speed [RPM] 

 
Mixing Time [s] 

1 (A-B) 90 225 11 

2 (A-B) 90 225 10 

3 (A-B) 90 225 10 

4 (A-B) 80 200 10 

5 (A-B) 80 200 12 

6 (A-B) 80 200 9 

7 (A-B) 70 175 11 

8 (A-B) 70 175 10 

9 (A-B) 70 175 10 

10 (C-D) 90 225 10 

11 (C-D) 90 225 9 

12 (C-D) 90 225 9 

13 (C-D) 80 200 9 
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14 (C-D) 80 200 9 

15 (C-D) 80 200 10 

16 (C-D) 70 175 10 

17 (C-D) 70 175 9 

18 (C-D) 70 175 10 

19 (A-B) 80 225 10 

20 (A-B) 80 225 9 

21 (A-B) 80 225 10 

22 (A-B) 70 225 9 

23 (A-B) 70 225 10 

24 (A-B) 70 225 9 

25 (A-B) 90 175 10 

26 (A-B) 90 175 11 

27 (A-B) 90 175 10 

28 (A-F) 90 225 10 

29 (A-F) 80 225 8 

30 (A-F) 70 225 7 

 

3.3 Discussion 

The design of this methodology for calculating the mixing time was performed to model the 

dissolution of slag during the neutralization trials, and find an appropriate stirring speed at the 

variation of the volume of wastewaters neutralized. In order to relate the stirring speed and 

volume of wastewaters for the neutralization trials, the mixing time is calculated to maintain it 

constant while variating the stirring speed. As discussed in the earlier parts, mixing time is the 

time taken or the moment at which there is a complete dissolution of the water-salt solution in 

the big tank filled with water upon continuous stirring. Hence, to maintain the same kinetics 

between all the trials with different volumes of water and stirring speeds, if the mixing time is 

resulted to be the same with a difference of ±2 seconds, which can be considered an acceptable 

approximation, then it can be said that the kinetics is maintained to be the same when that 

volume of water is stirred at that respective stirring speed. The reason why 2 seconds difference 

results in an acceptable approximation, it is because the neutralization trials are performed in a 

time spam that varies between 30 to 60 minutes. 

Before performing the trials, it was assumed that the kinetics was dependent on the volume of 

water and the stirring speed. The mixing time was assumed to change when different volumes 
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of water were stirred at the same stirring speed, and an increase in the RPMs was necessary to 

ensure the same mixing time, when the volume was increased. The mixing times of all the trials 

were calculated and later analyzed to find a relationship between the stirring speed and volume. 

In order to test the assumption that different volumes require a different stirring speed to obtain 

the same mixing time, 90, 80 and 70 liters of water were stirred at 225, 200 and 175 rpm 

respectively during the trials from 1 to 9 which can be seen from Table 1. At first glance the 

results seem to corroborate the assumption, since all the mixing times are equal to 10 ± 2 

seconds. However, the results happened to be a false positive, as it is possible to notice by the 

trials numbered 19 to 24 where 80 and 70 liters were stirred at 225 rpm also providing a mixing 

time of 10 ± 2. Additionally, 90 liters has been stirred at 175 rpm yielding the same mixing 

time. This contradicts our first assumption, namely the kinetics proved to be independent of the 

volume and stirring speed that were chosen for this trial. Hence, to remove as many variables 

as possible, a constant stirring speed was chosen for different volumes to be further used during 

the neutralization trials. Moreover, the mixing time was calculated by placing the probes first 

in the positions A-B and then C-D as it can be seen from Table 1. Since the mixing time resulted 

to be approximately the same it can be inferred that the tank is radially symmetric. Furthermore, 

regarding the trials conducted with probe positioned in A and F, the mixing time resulted 

different for different volumes when stirred at the same stirring speed. The conductivity probe 

placed at position F showed that the time required for complete homogenization of the water-

salt solution in the tank with water was around 7 seconds, which was faster when compared to 

the probe placed at position A, that resulted in 10 seconds. Hence, from this result, it can be 

inferred that at the bottom of the tank it takes longer time for a complete dissolution of the 

water-salt solution.  

Since the mixing time with the selected setup is speed invariant, a constant stirring speed of 175 

RPM was chosen through all the neutralization trials. The choice of picking a lower speed from 

the maximum available was taken in order to reduce the wear and tear of the equipment used. 

Overall, the design of this methodology was considered successful in relating the stirring speed 

and volume for the neutralization trials. 
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4 OUTOKUMPU TRIALS (OTK TRIALS) 

The results from the mixing time trials was related to the experimental setup for the 

neutralization trials of acidic wastewaters of volume 70 and 90 liters using the landfilled high-

alloyed EAF slag. Thanks to the mixing time trials a constant stirring speed of 175 rpm was 

chosen for stirring 70 and 90 liters of acidic wastewaters. The same equipment (tank and 3-

blade propeller stirrer) are used for the neutralization trials, as used earlier in the mixing time 

trials. The neutralization trials are carried out at the plant site using the two slag addition 

methods (Equilibrium trials & All-in-one trials) used in previous studies on the subject [5]. 

Both the methods aim at raising the pH of the wastewaters to a threshold pH of 9 ± 0.2. Lime 

concentrate is also tested to have a comparison with slag as a neutralizing agent. Results from 

these trials are analyzed and are later compared with the ones from previous research studies. 

Detailed description of the experimental setup, sample preparation, methodology and results 

are discussed in the upcoming parts. 

4.1 Methods 

4.1.1 Sample Preparation 

The slag sample was chosen based on previous studies carried out at the Material Science and 

Engineering department at KTH Royal Institute of Technology. Due to the positive results 

obtained, the same sample was tested on up-scaled volumes to check if similar results could be 

obtained. The slag sample which was analyzed was acquired from one of the landfills at 

Outokumpu Stainless AB, Avesta. Before its addition to the acidic wastewaters for the 

neutralization trials, the slag sample needed some preparation to ensure a proper estimation of 

the mass needed. More specifically, the slag presented a high wetness and a high presence of 

impurities. Firstly, the slag sample was dried to remove the excess water content for 22 hours 

and later cooled down at room temperature for 2 hours. Figure 6 shows the oven used for drying 

the slag sample. Table 2 below shows the percentage of water content calculated. 

 

 

Figure 6: Oven used for drying the slag sample. 
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Table 2: Percentage of water content calculated when slag was subjected to drying. 

 Beaker 1 2 3 4 5 6 7 

 Weight (grams) 135,8 151,9 253,1 187,3 127,7 131 274,9 

 

Day 1 

W wet (g) 605 625,7 1180,9 727 493,9 490,5 1458,2 

W dry (g) 442,4 460,4 841,1 518,6 350,8 347,2 995,7 
% w H2O 34,7 37,2 32,5 35,3 40,0 40,4 35,0 

 

Day 2 

W wet (g) 616,8 535,4 1288,8 820,9 552,1 532,9 1384,6 

W dry (g) 420,2 392,2 947,1 614,9 416,4 401,3 1026,5 
% w H2O 40,9 37,3 33 32,5 32 32,7 32,3 

 

Day 3 

W wet (g) 527,7 594,5 1339 793,1 507 516,8 1279,8 

W dry (g) 422,1 448,3 984,3 589,4 375 387,4 938,6 
% w H2O 26,9 33 32,7 33,6 34,8 33,5 34 

 

Day 4 

W wet (g) 578,2 637,5 1413,9 860,5 565,7 568,3 1444,5 

W dry (g) 433,6 473,7 1035,6 639,7 424,1 427,3 1065,5 
% w H2O 32,7 33,7 32,6 32,8 32,3 32,2 32,4 

 

Day 5 

W wet (g) 574,4 582,9 1351,1 818,6 542 519,9 1293 

W dry (g) 425,2 432,4 972,1 608,2 399,6 390 930,3 
% w H2O 34 34,9 34,5 33,3 34,4 33,4 35,6 

 

Day 6 

W wet (g) 618,1 669,4 1407,8 782,9 565,6 540,7 1355,1 

W dry (g) 460 503,9 1020,1 584,5 422,5 400,4 996,5 

% w H2O 32,8 32 33,6 33,3 32,7 34,2 33,2 

 
 

As a second step, in order to remove the impurities, present in the slag and to disgregate the 

chunks of slag that coalesced together when the slag was dried, the slag powders were subjected 

to sieving. The slag sample were subjected to a sieving process for 15 minutes per each batch 

with a mesh size of 350 μm, as shown in Figure 7 below. 

 

 

Figure 7: Sieving process using the analytical tap sieve shaker. 

 
 

 
 



17 
 

4.1.2 Experimental Setup 

The following experimental setup at the neutralization plant site, as shown below Figure 8, was 

used during the experimentation of all the neutralization trials using slag and lime concentrate: 

 

 

Figure 8: Experimental setup at neutralization plant, Outokumpu Stainless (Avesta) for neutralization of acidic 

wastewaters. 

 
 

A. An Erlenmeyer flask of volume 2000 ml which was used to weigh the wt.% slag sample 

before the addition of the slag sample into the acidic wastewaters for neutralization. 

B. A scale which is used to weigh the mass of slag. 

C. A beaker of volume 100 ml, which was used to collect the acidic wastewaters during 

the neutralization trials to test the pH value. 

D. A pH meter is used to determine the pH value of the solution during various time 

intervals during the entire experiment. 

E. An aluminum profile frame was built to lock the plastic tank inside and prevent it from 

wobbling when subjected to continuous stirring using the overhead stirrer. 

F. An overhead stirrer motor was used for the continuous stirring of the acidic wastewaters 

in the tank when the slag was added to the wastewaters during the trials. 

G. A 3- blade propeller stirrer was used to transfer the energy provided by the stirrer motor 

to the acidic wastewaters in the tank for continuous mixing of the slag when added to 

the acidic wastewaters to achieve the desired result (neutralizing the acidic wastewaters) 

in minimum time. 
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Before the start of the neutralization trials, the tank was filled with 70 and 90 liters of acidic 

wastewaters which were extracted directly from the neutralization plant site. The stirring motor 

with the 3-blade propeller was secured using adhesive tapes as shown in below Figure 9. Before 

pouring a weighted amount of reactant, the engine was turned on until the mixing in the 

wastewaters was stable. During the trial, depending of the method of addition chosen, pH 

measurement was carried out. Once the trial was completed, flocculants were added in minimal 

quantities to the water to separate the solid particles (sediments) from the clean waters. Samples 

of clean water and sediments were collected for future ICP and SEM, XRD analysis. Finally, 

the water in the tank was poured into a nearby wastewater discharge line and the tank was rinsed 

with clean waters before the start of next trial. Table 3 below shows the quantity (ml) of 

flocculants added to the waters for the separation of sediments from the clean waters after 

neutralization of the acidic wastewaters. 

 

 

Figure 9: Setup of the tank with the acidic wastewaters filled before start of the neutralization trial. 

 
 

Table 3: Sample properties used for toxicity analysis. 

 

Trial 

 

Volume 

(liters) 

 

  Mass of slag 

 (grams) 

 

Mass of lime 

(g) 

 

  Flocculants 

(ml) 

 

Stirring speed 

(RPM) 

1 90 4000 0 50 175 

2 90 4000 0 40 175 

3 90 4000 0 33 175 
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4 70 2000 0 20 175 

5 70 3000 0 10 175 

6 70 3000 0 10 175 

7 90 0 800 20 175 

8 90 0 750 20 175 

9 90 0 650 20 175 

 

4.1.3 Equilibrium trials 

Equilibrium trial is a step dozing process of reagent aimed at understanding the minimum 

amount of slag that is needed to be added for raising the pH to a target value of a chosen volume 

of acidic wastewaters. This method is designed to progressively raise the pH of the solution, by 

small additions of reagent, waiting for the reaction to reach an equilibrium, before adding more 

reagent until the target value is reached. 

Figure 10 below summarizes the experimental procedure. As it is possible to notice from figure 

below Figure 10, an arbitrary small quantity of the neutralizing reagent is first added, and pH 

measurements are recorded every 10 minutes. At minute 30, after the pH is measured, it is 

checked if the difference between the pH measured at minute 30 and the previous measurement 

is less than 0,3. If not the process is looped until there a difference of maximum 0,3 between 

the last and the second to last measurement. When the condition is met, then it is checked if a 

pH value of 9 ± 0,2 is reached. If yes, the trial is considered complete with a successful 

neutralization of the acidic wastewaters. Otherwise, another small quantity of reagent is added 

and tested the similar way from the start. 
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Figure 10: Schematic representation of the neutralization process for the solution to reach an equilibrium as 

close pH 9 or greater. 

 
 

4.1.4 All-in-one trials 

All-in-one trial is a trial and error method where the entire amount of reagent is added at the 

start of the trial (t = 0 s), and it measures the variation of the pH levels of the wastewaters 

measuring it at t=10,20,30,40,50 and 60 min. The quantity of reagent tested derives from the 

equilibrium trials, and it is adjusted by a trial and error procedure until the pH value at t=30min 

is 9 ± 0,2. Figure 11 below summarizes the experimental procedure of all-in-one trials. At 

minute 30, it is checked if a pH value of 9 ± 0,2 is reached. If yes, the trial is considered 

complete with a successful neutralization of the acidic wastewaters. Otherwise, another small 

quantity of reagent is added and tested the similar way from the start. When the trial is a 

considered a successful neutralization, the flocculants are then added to the waters to separate 

the clean waters from the sediments. Samples of clean waters and sediments are then collected 

for ICP and XRD, SEM analysis respectively. 
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Figure 11: Schematic representation of the neutralization process using the all-in-one trial method for the 

neutralizing reagent to reach a threshold pH = 9 or greater within 30 minutes. 

 

4.2 Results 

4.2.1 Methods 1: Equilibrium trials 

Equilibrium trials show that both the slag and lime could raise its pH of the wastewaters to a 

value to 9 ± 0,2 as shown in Table 4. It can be seen that 3000 grams of slag were required to 

neutralize 90 liters of acidic wastewaters when stirred at 175 RPM. Also, 70 liters of acidic 

wastewaters when stirred at 175 RPM required 2000 grams of slag to raise the pH to 9 ± 0,2. 

800 grams of lime concentrate were required to neutralize 90 liters of acidic wastewaters. 

Although, considering that the trial with lime obtained a pH>10, the reagent was likely 

overdosed and fewer grams were needed. 

Table 4: Total amount of neutralizing sample required to reach a pH value of 9 or greater. 

Reactant Trial Volume (l) Initial pH Final pH Mass (g) 

Slag EQ1 90 1,157 8,834 3000 

Slag EQ2 90 1,236 8,925 3000 

Slag EQ3 70 1,415 8,796 2000 

Lime LEQ1 90 1,561 10,094 800 
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4.2.2 Method 2: All-in-one trials 

At least two successful trials were carried out with 90 and 70 liters of acidic wastewaters. Both 

90 and 70 liters of acidic wastewaters were stirred at 175 RPM, and the quantity of slag required 

to neutralize the wastewaters was chosen based on the results of equilibrium trials which 

required 3000g and 2000g of slag for neutralizing 90 L and 70 L of acidic wastewaters 

respectively. The results from the all-in-one trials for 90 and 70 liters of acidic wastewaters 

using slag as a reagent are shown in Figure 12 and Figure 13, while Figure 14 shows the all-in-

one trials carried out with 90 liters of wastewaters and different quantities of lime concentrate 

sample. 

It can be seen from the Figure 12 and Figure 13 that two trials each graph reached pH of 9 ± 

0,2 within 30 minutes from start of the trail while a third proved unsuccessful despite reaching 

similar pH value to the other two by the end of the trial, at minute 60. Both the graphs from 

Figure 12 and Figure 13 show that the slag was able to neutralize the acidic wastewaters. 

 

Figure 12: All-in-one trials where 4000g of slag was added at the beginning of the trial to 90 liters of wastewaters -175 

RPM. 
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Figure 13:All-in-one trials where 3000g of slag was added at the beginning of the trial to 70 liters of 

wastewaters-175 RPM. 

 
 

 
Figure 14: All-in-one trials where 750g & 650g of lime concentrate was added at the beginning of the trial to 90 

liters of wastewaters- 175 RPM. 
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Figure 14 shows a relatively quick reaction between lime and acidic wastewaters when 

compared to slag which can be from Figure 12 and Figure 13. From Figure 14, considering that 

the first trial with 750 grams of lime concentrate achieved pH > 11 within 10 minutes from start 

of the trial, the quantity of lime was overdosed and was experimented again with lesser quantity 

(650g), which resulted in meeting the target of threshold pH = 9 ± 0,2 at minute 30. 

Figure 15 displays a comparison between previous research and current thesis work. Previous 

experiment found that approximately 39 grams of slag were required for neutralizing 1 liter of 

acidic wastewater, while the current research shows the 3000g and 4000g of slag were required 

to neutralize 70 and 90 liters of acidic wastewaters on up-scaled trials. This translates 

respectively in 43 and 44 g per liter respectively. It can be seen from Figure 15 that a linear 

interpolation can be found with a very high R2 factor.  

 

 

Figure 15: Linear trend of slag potential: 1, 70 & 90 liters of acidic wastewaters. 

 

4.3 Discussion 

4.3.1 Use of slag to neutralize the acidic wastewaters 

From Table 4, it is evident that the slag sample used in all the equilibrium trials reached pH 

value of 9 ± 0,2, which infers that slag can neutralize the acidic wastewaters.  
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Both the graphs from Figure 12 and Figure 13 show that slag was able to neutralize the acidic 

wastewaters, also with a time constraint of 30 min. Figure 14 shows the same trend as the other 

two graphs in Figure 12 and Figure 13. The trend remains the same for both the trials with 650g 

and 750g of lime concentrate with a sudden rise in the pH in the initial time and then a stable 

pH for some time. Sadly, due to insufficient time, lime concentrate sample on 70 liters of acidic 

wastewaters could not be investigated, and it is assumed to show the same results in relative to 

the quantity used in equilibrium trials. 

The first objective of this thesis research is successful, investigating if slag works with 

neutralizing the acidic wastewaters on upscaled volumes. Hence, it can be said that the upscaled 

trial of the NEUTRALSYRA project have proved its potential in utilizing slag instead of lime 

to neutralize the acidic wastewaters. 

4.3.2 Comparison with previous results 

Previous research studied required approximately the same or a little less quantity of slag to 

neutralize the acidic wastewaters when compared to the current study. According to previous 

studies, using the method of equilibrium trials, approximately 23 grams of slag was required to 

neutralize 1 liter of acidic wastewaters. From Table 4, it can be seen that 3000g and 2000g of 

slag were required to neutralize 90 and 70 liters of acidic wastewaters respectively. This 

corresponds to approximately 28~33 grams of slag that was required to neutralize 1 liter of 

acidic wastewater. 

For the all-in-one trials, previous research studied that approximately 39 grams of slag were 

required to neutralize 1 liter of acidic wastewaters. However, from Figure 12 and Figure 13 it 

can be seen that this study required approximately 42~44 grams of slag to neutralize 1 liter of 

acidic wastewater to raise the pH of the wastewater to 9 ± 0,2 within 30 minutes from the start 

of the trial. 

Thus, results from the all-in-one trials of the current up-scaled volumes and from previous 

laboratory research have been plotted between mass of slag and volume of wastewaters which 

can been seen from Figure 15. The plot can be seen from Figure 15 and can be called as an 

approximately linear trend comparing the results from both the studies given the number of 

uncertainties. Hence, the results from this up-scaled trial research can be said to be in linear 

trend with previous research and proves the potential of the slag to be a replacement for lime to 

neutralize the acidic wastewaters. 

When comparing the quantity of lime required to neutralize the wastewaters with slag, it can be 

seen from Figure 14 that approximately 7 grams of lime per liter were required to neutralize 

1liter of acidic wastewaters. In contrast, ~ 43 grams of slag was required to neutralize the same 

quantity of acidic wastewaters, which corresponds to approximately 6 time the amount, again 

in line with previous studies [5]. 
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5 ECONOMIC AND ENVIRONMENTAL ASPECTS 

Due to the complexity of the matter at hand, it is beyond the scope of this research to test the 

economic aspect. In fact, the economic feasibility of this process is rather difficult to evaluate. 

On one hand, using slag as a reagent instead of slaked lime cuts the cost for the company of 

acquiring the raw material. Furthermore, reducing the material input in the process, should 

theoretically yield to a decrease in the material output to the landfill. Although, how much the 

decreased output constitutes an economical gain is hard to estimate. Moreover, slag needs to 

undergo some operations before being able to be used efficiently as a neutralization reagent and 

its route within the company needs to be redesigned, translating in extra costs for the company 

that are also hard to estimate. 

From an environmental point of view, purity trials on the clean water produced by the 

neutralization with slag were planned to further investigate the possible substitution of 

reactants. However, the results of these tests have not been included in this thesis due to a 

restricted time frame. Equilibrium trials and All-in-one trials just demonstrated that slag has the 

potential to neutralize the acidic wastewaters rising the pH to the target value of 9, yet they do 

not confirm that the purity levels of the clean waters produced are similar to the one utilizing 

lime as reactant. Although, previous studies already proved that slag absorbs as well as lime the 

metal particles, and it is believed that since the up-scaled test showed a very similar behavior 

in neutralization efficiency, so should happen with the purity levels. 
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6 CONCLUSIONS 

The up-scaled trial of the NEUTRALSYRA project has shown the potential of high alloyed 

stainless-steel landfilled slag to replace the use of limestone for neutralizing the acidic 

wastewaters. First, the design of mixing time method was successful in relating the stirring 

speed to the volume of wastewaters, by maintaining the same kinetics for the latter 

neutralization trials. The results from the mixing time trials was related to the experimental 

setup for the neutralization trials of acidic wastewaters of volume 70 and 90 liters using the 

landfilled high-alloyed EAF slag. Thanks to the mixing time trials a constant stirring speed of 

175 rpm was chosen for stirring 70 and 90 liters of acidic wastewaters during the neutralization 

trials. Also, the results indicated that the kinetics proved to be independent of the volume and 

stirring speed with the chosen setup. 

Moving on to the second method: neutralization trials, both the methods designed for 

investigating the neutralization potential of the slag, show the ability of the slag to raise the pH 

of the wastewaters to the desired threshold value. Also, with formulating a generalized 

relationship between the mass of slag and volume of acidic wastewaters, it can be of immense 

benefit for the industries as well as for research purposes to have a clear understanding if it is 

effective in industrial basis for future implementation of a pilot plant. 

From an efficient perspective, several questions develop concerning the likelihood of using the 

landfilled slag. When it is looked from a higher perspective, the mass progression of materials 

prompting landfills is diminished by reusing the landfilled slag. This is because when the 

landfilled slag can replace the limestone in the neutralization process, making a net decrease in 

the measure of waste created. Although, when the landfilled slag is reused as a neutralizing 

agent and the sediments extracted after the neutralization process are landfilled, it is essential 

to see how that impacts the general equalization. 
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7 EMPLOYMENT OF THE RESULTS AND 

FORTHCOMING WORK IN NEUTRALSYRA 

Considering the scope of this NEUTRALSYRA project, there are branches of problems that 

needs to be carried out and researched in the future to have a clear understanding and outcome. 

Problems such as handling of slag, slag processing before its addition to the acidic wastewaters, 

recirculation of the sediments back to use, are some of the major concerns that needs to be 

studied in the future. Since the results from these trials were based on batch tests, it would be 

interesting to understand the neutralizing potential of slag when treated with the acidic 

wastewaters on continuous flow. 

Further investigation should be done on investigating the purity levels of the clean waters 

produced after neutralizing the wastewaters with slag and comparing it when neutralized with 

lime, which could not be performed due to the shortage of time. Also, further investigation on 

the mineralogy of the slag sample must be done for connecting with their neutralization 

efficiency/potential. Carrying out analysis on the sediments using SEM, XRD etc. in the future 

is also important to have a better understanding to find a proper solution to recirculate the 

sediments back into the process creating a zero-waste production. Once a complete 

investigation is done on examining the neutralization ability and efficiency of the landfilled 

slag, the economic aspect of this study could be taken into consideration. However, it is 

challenging to study the economic aspect related to this due to various unknown factors and 

variable quantities, but it will be of great benefit as a driving force to the companies to change 

their production processes. 
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