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Abstract 

Ferrochromium slag is a byproduct of ferrochromium production via the smelting of chromite ores. 

Every year 12-16 million tonnes of ferrochromium slag are produced, a majority of which is 

dumped in landfills. The mechanical properties of this slag make it a potential material to be used 

as an inexpensive construction material, the utilization of which can reduce the use of natural 

resources. Despite its potential use, ferrochromium slag is treated as a waste due to environmental 

and health concerns regarding the leaching of its heavy metal content, the most concerning of 

which is carcinogenic chromium (VI). Research has shown that the spinel phase in ferrochromium 

slag stabilizes chromium by trapping it in the spinel structure and preventing its leaching to the 

environment. This study investigates the effect of heat treatment and composition change on spinel 

formation in ferrochromium slag and subsequently on the stabilization of chromium. 

Slag samples of the MgO-Al2O3-SiO2-CaO-FeO-Cr2O3 system were synthesized at 1650°C for 10 

h in a vertical tube furnace. Samples were heat treated after synthesis by holding them at 1400, 

1475, 1550°C for 12 h before quenching. Leaching tests on heat treated slag samples reveal that 

samples held at 1400°C have the lowest chromium leachability. With a holding temperature of 

1400°C, slag samples were prepared with variations in Al2O3 content in the range of 0-20%. Higher 

Cr leaching is observed from samples as the Al2O3 content increases. Similar heat-treated samples 

were prepared with constant Al2O3 content and basicity (CaO/SiO2) varying from 0.3 to 0.7. An 

increase in basicity increases the amount of Cr released from the samples during leaching 

experiments. 
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Lay Summary 

Ferrochromium which is composed of iron and chromium is an essential alloy for the production 

of stainless steel. Ferrochromium is commonly produced by smelting chromite ores in submerged 

arc furnaces. A by-product of this smelting process is ferrochromium slag which contains various 

metal oxides including chromium oxide. The slag has excellent properties that make it a viable 

replacement for construction material. However, the utilization of this slag is halted due to 

environmental concerns regarding the release of harmful heavy metals to the environment. 

Chromium is the most notable of these heavy metals due to its carcinogenic nature. The current 

study aims to stabilize chromium in the slag structure and prevent its release into the environment.  



v 

 

Preface 

The original idea of this research was proposed by Dr. Leili Tafaghodi in collaboration with Dr. 

Dogan Paktunc. The objectives were identified by the supervisor in discussion with the author, 

Tahmeed Bin Tasnim. The author was responsible for designing and performing the lab 

experiments, preparing and analyzing the results, and writing the thesis. Dr. Tafaghodi supervised 

all aspects of the research work.  



vi 

 

Table of Contents 

Abstract .......................................................................................................................................... iii 

Lay Summary ................................................................................................................................. iv 

Preface............................................................................................................................................. v 

Table of Contents ........................................................................................................................... vi 

List of Tables ................................................................................................................................. ix 

List of Figures ................................................................................................................................. x 

List of Symbols ............................................................................................................................ xiii 

List of Abbreviations ................................................................................................................... xiv 

Acknowledgements ....................................................................................................................... xv 

1. Introduction ............................................................................................................................. 1 

2. Literature Review.................................................................................................................... 3 

2.1. Ring of Fire Deposit ......................................................................................................... 3 

2.2. Ferrochromium Production .............................................................................................. 4 

2.3. Estimation of the Slag Properties ..................................................................................... 7 

2.3.1. Liquidus Temperature ............................................................................................... 7 

2.3.2. Viscosity ................................................................................................................... 8 

2.4. Slag Composition ............................................................................................................. 9 

2.4.1. MgO Content .......................................................................................................... 10 

2.4.2. Slag Basicity ........................................................................................................... 14 

2.4.3. Al2O3 Content ......................................................................................................... 18 

2.4.4. FeO Content ............................................................................................................ 24 

2.4.5. Factor Sp ................................................................................................................. 26 

2.5. Effect of the Cooling Rate on Cr Leaching .................................................................... 28 

2.6. Effect of the Heat Treatment on Cr Stability ................................................................. 34 



vii 

 

2.7. Effect of Oxygen Partial Pressure on Cr Release ........................................................... 38 

2.8. Leaching Method............................................................................................................ 39 

2.9. Scope and Objective ....................................................................................................... 41 

3. Materials and Methods .......................................................................................................... 42 

3.1. Materials ......................................................................................................................... 42 

3.1.1. Liquidus temperature and viscosity of the synthetic slag ....................................... 44 

3.2. Heat Treatment ............................................................................................................... 44 

3.3. Slag Extraction and Processing ...................................................................................... 48 

3.4. Leaching Experiment ..................................................................................................... 49 

3.5. Chemical Analysis.......................................................................................................... 50 

3.5.1. X-Ray Diffraction ................................................................................................... 50 

3.5.2. Scanning Electron Microscopy ............................................................................... 51 

3.5.3. Inductively Coupled Plasma Spectroscopy ............................................................. 51 

4. Results and Discussion ......................................................................................................... 52 

4.1. Cr Stabilization by Heat Treatment ................................................................................ 52 

4.1.1. XRD Analysis ......................................................................................................... 54 

4.1.2. SEM Analysis ......................................................................................................... 56 

4.1.3. ICP Analysis of Leachate ........................................................................................ 61 

4.2. Influence of Al2O3 Content on Cr Stability .................................................................... 62 

4.2.1. XRD and SEM Analysis ......................................................................................... 63 

4.2.2. ICP Analysis of the Leachate .................................................................................. 66 

4.3. Influence of the Slag Basicity on Cr Release ................................................................. 67 

4.3.1. XRD and SEM Analysis ......................................................................................... 67 

4.3.2. ICP Analysis of the Leachate .................................................................................. 70 

4.4. XRF Analysis ................................................................................................................. 71 



viii 

 

4.5. Repeatability of the Experiments ................................................................................... 71 

5. Conclusion ............................................................................................................................ 72 

6. Future Work .......................................................................................................................... 73 

References ..................................................................................................................................... 74 

 

  



ix 

 

List of Tables 

Table 2.1: Chemical composition of chromite ore in mass%. __________________________ 4 

Table 2.2: Cr and C content (in Wt%) of different grades of FeCr [18]. __________________ 5 

Table 2.3: Chemical composition of CaO-MgO-SiO2-Cr2O3 slag in mass percent [14]. _____ 16 

Table 2.4: Chemical composition of SiO2-MgO-Al2O3-FeO-Cr2O3 synthetic slag in Mass% 

[39]. _____________________________________________________________ 22 

Table 2.5: Chemical composition of the materials used for promoting spinel formation in the 

slag [41].__________________________________________________________ 28 

Table 2.6: Chemical composition (in Wt%, Cr content represented in ppm.) of ladle, basic 

oxygen furnace, and two electric arc furnace slags [42]. _____________________ 29 

Table 2.7: Total chemical composition (in Wt%) of four types of EAF slag along with their total 

Cr release on leaching [45]. ___________________________________________ 31 

Table 2.8: Chemical composition of EAF and BOF slag [46]. _________________________ 32 

Table 2.9: Major constituents (mass%) of FeCr slag determined by XRF analysis [53]. ____ 40 

Table 3.1: Chemical composition (mass%) of synthetic slag with varying Al2O3 content. ___ 43 

Table 3.2: Chemical composition (mass%) of synthetic slag with varying Basicity. ________ 43 

Table 3.3: Estimated values for liquidus temperature and viscosity of slag with varying Al2O3 

content. ___________________________________________________________ 44 

Table 3.4: Estimated values for liquidus temperature and viscosity of slag with varying 

CaO/SiO2. _________________________________________________________ 44 

Table 4.1: Mass balance calculation (in wt%) of phases in A1 slag (FeO excluded). _______ 56 

Table 4.2: The range of the elemental composition (wt%) of 5-7 spinel crystals in slag samples 

with holding temperatures of 1400, 1475 and 1550ºC. ______________________ 61 

Table 4.3: Mass balance calculation (in wt%) of phases in varying Al2O3 slag (FeO excluded) 65 

Table 4.4: SEM-EDX area analysis of spinel crystals in sample A1, A4 and A7 in wt%. ____ 65 

Table 4.5: Mass balance calculation (in wt%) of phases in slags with varying basicity (FeO 

excluded). _________________________________________________________ 69 

Table 4.6: SEM-EDX area analysis of spinel crystals in sample B1, A1 and B5 in wt%. ____ 69 

Table 4.7: Sample A1 composition based on XRF analysis. __________________________ 71 

  



x 

 

List of Figures 

Figure 2.1: Chromite ore beneficiation and pelletizing process [18]. _____________________ 5 

Figure 2.2: Schematic of ferrochrome production using a submerged arc furnace. __________ 6 

Figure 2.3: X-ray diffraction patterns for SiO2-CaO-MgO-Cr2O3 slags with basicity of 1.0 [35].

 ________________________________________________________________ 11 

Figure 2.4: X-ray diffraction patterns for SiO2-CaO-MgO-Cr2O3 slags with basicity of 1.5 [35].

 ________________________________________________________________ 12 

Figure 2.5: XRD patterns of CaO-CaF2-SiO2-Cr203 slags at CaO/SiO2 = 1 with  (a) 0% MgO 

and (b) 6% MgO [6]. _______________________________________________ 13 

Figure 2.6: XRD patterns of CaO-CaF2-SiO2-Cr2O3 slags at CaO/SiO2 = 2 with (a) 0% MgO 

and b) 6% MgO [6]. ________________________________________________ 15 

Figure 2.7: Activity of Cr2O3 in CaO-MgO-SiO2-Cr2O3 slag system at 1653 K as a function of 

basicity [14]. ______________________________________________________ 17 

Figure 2.8: Activity of MgO in CaO-MgO-SiO2-Cr2O3 slag system at 1653 K as a function of 

basicity [14]. ______________________________________________________ 17 

Figure 2.9: XRD patterns of CaO-CaF2-SiO2-Cr2O3 slag with 0% Al2O3, 10 % Cr2O3 and 

CaO/SiO2=2 [36]. __________________________________________________ 18 

Figure 2.10: XRD patterns of CaO-CaF2-SiO2-Cr2O3 slag with 15% Al2O3, 10 % Cr2O3 and 

CaO/SiO2=2 [36]. __________________________________________________ 19 

Figure 2.11: Effect of the CaO/SiO2 and Al2O3 content on the Cr leaching behaviour of CaO-

CaF2-SiO2-Cr2O3 slag with 10% Cr2O3 [36]. _____________________________ 20 

Figure 2.12: Effect of MgO, Al2O3 and Cr2O3 on the Cr leaching behaviour of CaO-CaF2-SiO2-

Cr2O3 slag with CaO/SiO2 = 1 [36]. ____________________________________ 20 

Figure 2.13: XRD analysis of CaO-MgO-SiO2-Cr2O3-Al2O3 synthetic slag with varying Al2O3 

content at PO2 =10-4 Pa and 1400°C holding temperature [14]. _______________ 21 

Figure 2.14: Cr partition in CaO-MgO-SiO2-Cr2O3-Al2O3 synthetic slag at  PO2 =10 -4 Pa as a 

function of Al2O3 content and 1400°C holding temperature [14]. _____________ 22 

Figure 2.15: Predicted composition of the matrix phase at various temperatures for 8% FeO 

system calculated using Factsage 7.0 [40]. ______________________________ 25 



xi 

 

Figure 2.16: Predicted composition of the spinel phase at various temperatures for 8% FeO 

system calculated using Factsage 7.0 [40]. ______________________________ 25 

Figure 2.17: Schematic diagram of the formation of the spinel structure in the presence of FeO 

during cooling process [40]. __________________________________________ 26 

Figure 2.18: Schematic of slag melting and subsequent cooling via slag granulation [42]. ___ 29 

Figure 2.19: XRD analysis of the rapidly cooled and semi-rapidly cooled BOF slag [46]. ___ 32 

Figure 2.20: XRD analysis of rapidly cooled and semi-rapidly cooled EAF slag [46]. ______ 33 

Figure 2.21: Heating sequences and oxygen partial pressures in the case of CaO-MgO-SiO2-

Cr2O3-(Al2O3) synthetic slags [14]. ____________________________________ 35 

Figure 2.22: Nucleation, growth, and crystallization rates of MgCr2O4 crystals [47]. _______ 36 

Figure 2.23: Distribution of chromium in samples at different quenching temperatures [47]. 37 

Figure 3.1: Muffle furnace used for calcining the reagents. ___________________________ 42 

Figure 3.2: XRD pattern of synthesized FeO. ______________________________________ 43 

Figure 3.3: Front view of the vertical tube furnace with an image of the MgO crucible placed 

inside the Al2O3 crucible. ____________________________________________ 45 

Figure 3.4: Schematic view of the vertical tube furnace with the loaded crucibles hung from a 

Mo wire. _________________________________________________________ 46 

Figure 3.5: Melting and heat treatment cycle for the slag samples. _____________________ 47 

Figure 3.6: (a) The diamond cutter and (b) samples extracted using diamond cutter. _______ 48 

Figure 3.7: Front Image of the ball mill with container and milling balls. ________________ 49 

Figure 3.8: The makeshift rotary tumbler for leaching experiment. _____________________ 50 

Figure 4.1: Liquidus surface in the CaO-MgO-SiO2-Al2O3 system containing 20% Al2O3 with 

the approximate composition of A1 sample [54]. _________________________ 53 

Figure 4.2: Liquidus surface in the CaO-MgO-SiO2 system with estimate composition for A1 

sample after complete spinel crystallization [54]. _________________________ 54 

Figure 4.3: XRD analysis of the slag samples with a holding temperature of 1400ºC, 1475ºC 

and 1550ºC. ______________________________________________________ 55 

Figure 4.4: SEM micrograph (1000X) and elemental mapping of A1 Slag. ______________ 57 

Figure 4.5: (a) SEM micrograph (500X) and (b) crystal size distribution of A1 slag held at 

1400ºC measured using ImageJ. ______________________________________ 58 



xii 

 

Figure 4.6: (a) SEM micrograph (500X) and (b) crystal size distribution of A1 slag held at 

1475ºC measured using ImageJ. ______________________________________ 59 

Figure 4.7: (a) SEM micrograph (500X) and (b) crystal size distribution of A1 slag held at 

1550ºC measured using ImageJ. ______________________________________ 60 

Figure 4.8: Cr concentration of the leachate obtained using AV002.1 availability test vs. 

holding temperature of slag. __________________________________________ 62 

Figure 4.9: XRD analysis of slag samples with varying Al2O3 content. _________________ 64 

Figure 4.10: Cr concentration of leachate vs. Al2O3 content of slag using AV002.1 availability 

test. _____________________________________________________________ 66 

Figure 4.11: XRD analysis of the slag samples with varying basicity. __________________ 68 

Figure 4.12: Cr concentration of the leachate vs. basicity of the slag using AV002.1 availability 

test. _____________________________________________________________ 70 

 

  



xiii 

 

List of Symbols 

η Viscosity 

I Nucleation Rate 

µm Micron/Micrometer 

PO2
 Oxygen Partial Pressure 

r Crystallization Rate 

Tliq Liquidus Temperature 

U Growth Rate 

wt% Weight Percentage 

X Mole Fraction 

  

  

  

  

 

  



xiv 

 

List of Abbreviations 

AOD Argon Oxygen Decarburization 

AAS Atomic Absorption Spectrometer 

AES Atomic Emission Spectroscopy 

BOF Basic Oxygen Furnace 

DCF Direct Current Arc Furnace 

EAF Electric Arc Furnace 

EDS Energy Dispersive X-Ray Spectroscopy 

EDTA Ethylenediamine Tetra Acetic Acid 

ICP Inductively Coupled Plasma 

MAC Maximum Acceptable Concentration 

ppm Parts Per Million 

SEM Scanning Electron Microscopy 

SAF Submerged Arc Furnace 

TCLP  Toxicity Characteristic Leaching Procedure 

USEPA United States Environmental Protection Agency 

VOD Vacuum Oxygen Decarburization 

WDS Wavelength Dispersive X-Ray Spectroscopy 

XRD X-Ray Diffraction 

XRF X-Ray Fluorescence 

  

  

 

  



xv 

 

Acknowledgements 

I would like to express my deepest gratitude to my supervisor Dr. Leili Tafaghodi, whose 

continuous guidance, encouragement and support has helped me throughout every step of my 

research and thesis writing. I am thankful for your dedication and understanding over the past few 

years. Furthermore, I am thankful to NRCan for providing the financial support necessary for the 

project. 

Besides my supervisor, I would like to thank my co-supervisor, Dr. Dogan Paktunc as well as Dr. 

Eleanor J. Berryman from NRCan for providing their valuable insight for the research. 

I am grateful to my fellow researchers, Muhammad Haziq Uddin, Rishu Kumar, Golam Ismot Ara 

Taposhe and Sahand Sarbishei for listening to, and at times, having to tolerate me throughout the 

years.  

Most importantly, I am forever indebted to my family, without whom, none of this would be 

possible. My mother, who provided emotional strength through countless calls, during the many 

ups and downs in my life. My father, who taught me perseverance and the importance of pursuing 

my dreams. My wife, who pushed me forward every time I was ready to give up. This dissertation 

stands as a testament to your unconditional love and support.  



1 

 

1. Introduction 

Ferrochromium (FeCr) is a crude alloy obtained from chromite ore and is regularly used in 

stainless steel production. Due to the strategic importance of stainless steel production in North 

America, the discovery of the so-called Ring of Fire chromite reserves in Northern Ontario has 

presented a remarkable opportunity for the Canadian mining industry. Chromite ore is applied 

mostly in metallurgical processes after being converted to ferrochromium, with over 90% of all 

ores being used for steelmaking [1]. Chromite mineral is found in spinel form with the general 

formula of (Fe2+, Mg+2)O.(AI3+, Cr3+, Fe3+)2O3 [2].  The spinels are minerals with general formula 

of AB2X, where the X anions (typically oxygen and sulfur) are arranged in a cubic close-packed 

lattice and the cations A and B occupy some or all of the octahedral and tetrahedral sites.  

The composition of the chromite ore can significantly vary depending on its origin. The average 

composition for the chromite ore from the Ring of Fire area in Northern Ontario can be represented 

as (Mg0.5Fe0.5) (Cr1.4Fe0.1Al0.5)O4 [3]. Ferrochromium is produced by carbothermic reduction of 

chromite ore in an electric arc furnace (EAF). Ferrochromium slag which is the by-product of the 

extraction process is produced at a rate of 1.1 to 1.5 times of the ferrochromium metal itself, 

resulting in a global ferrochromium slag production of 12 to 16 million tonnes annually [4]. The 

majority of the slag is discarded in landfills with the possibility of creating environmental impacts 

in the future. These slags have excellent properties that make them an attractive choice for cheap 

construction materials in road building and as an aggregate substitute in concrete. If properly 

utilized, ferrochromium slag can help save natural resources while removing the cost of its 

transportation and disposal in landfills. Slag reutilization is a common practice in developed 

countries; however, it is generally applicable to low alloy slags with negligible or no heavy metal 

content. In 2010, over 80% of all low‐alloy EAF slag produced in Sweden was used as construction 

material, while less than 10% of high‐alloyed EAF slag was utilized [5]. Ferrochromium slag is 

generally treated as a waste material since concerns have been raised regarding the leachability of 

heavy metals from the slag, the most concerning of which is chromium [6].  

Amongst the different oxidation states of chromium, three are the most common. Metallic 

chromium Cr(0) is produced by human interventions while trivalent chromium Cr(III) and 

hexavalent chromium Cr(VI) are naturally found near the earth’s surface [7][8]. Cr(III) causes no 
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health concerns, is necessary for a balanced nutritional diet, and is specified in dietary supplements 

in some circumstances [9]. However, Cr(VI) compounds are known as carcinogens and cause 

several human respiratory ailments including lung tumors, fibrosis, perforation of the nasal 

septum, lung fibrosarcoma, adenocarcinomas, and nasal polyp development [10][11][12]. If not 

stabilized, chromium in slag can oxidize to its hexavalent form and leach out when exposed to an 

acidic and oxygen rich environment [13]. Chromium present in some ferrochromium slag 

components such as wustite (FeO), spinel, and glass, can resist dissolution in water. In other phases 

like periclase (MgO), merwinite (Ca3MgSi2O8), dicalcium silicate (Ca2SiO4), and lime (CaO), 

chromium is easily released in water [14]. Trapping chromium in a spinel phase stabilizes it and 

prevents the leaching of harmful Cr(VI) from the slag. It is believed that the formation of the spinel 

phase depends on the melting temperature, chemical composition, and cooling cycle of the slag 

[14].  

This study aims to examine the chemical composition of a synthetic ferrochromium slag for its 

utilization as a replacement for construction materials. The slag was synthesized to mimic the 

possible composition of the Ring of Fire’s ferrochromium slag. The main concern with the 

utilization of ferrochromium slag as a construction material is the leachability of carcinogenic and 

environmentally hazardous chromium (VI). Canadian and Ontario criteria requires a maximum 

2.77 mg/L of total chromium in aqueous waste leachate using TCLP (Toxicity Characteristic 

Leaching Procedure) method [15]. This limit is lower than the US environmental protection agency 

(US EPA) standard of 5 mg/L [7] but significantly more than the German limit of 0.5 mg/L [16]. 

In addition, many other countries have set specific limits for Cr(VI) which range from 0.02 to 1.5 

mg/L [17].  

This work investigates the effect of the slag chemical composition and the phases formed after 

solidification on the leaching of Cr(VI) from the slag. Critical slag composition factors influencing 

the stability of Cr(VI) are the MgO content and the CaO/SiO2 ratio responsible for the formation 

of the spinel phase that traps Cr in its structure. The volume fraction of the spinel phase also 

benefits from the increase in Al2O3 content in the slag, but its effect on Cr stability is debatable 

due to Al taking up Cr space in the spinel structure. While the effect of MgO in promoting spinel 

formation has been widely accepted, the effect of other factors is studied in the present 

investigation to obtain a better understanding of their influence on the leachability of Cr(VI).   
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2. Literature Review 

The literature study includes an introduction to the Ring of Fire deposits, an overview of 

ferrochromium (FeCr) production, FeCr slag properties crucial to its synthesis, slag chemical 

composition and other factors such as heat treatment and the furnace environment that influence 

Cr leaching behaviour of the slag. 

2.1. Ring of Fire Deposit 

While Cr can occur in several types of ores, chromite is the only commercially significant ore for 

stainless steel production. Chromite is largely available from deposits in South Africa and 

Zimbabwe (90% of the world reserves), and partly from several other countries including India 

and Kazakhstan [18]. Out of the 24 million tons of chromite ore produced globally in 2008, 70% 

was obtained from South Africa, India and Kazakhstan [19]. In 2012, only 0.13% of the global 

24.5 million ton chromite production was produced in North America [18]. In 2008, a very large 

chromite reserve was discovered in the Ring of Fire area in northern Ontario. The deposit can 

potentially meet North America’s needs for several centuries [20]. It contains billions worth of 

chromite and is considered the most significant mineral discovery in Canada since the Timmins 

gold camp in 1909. 

The Ring of Fire area is located far north of Ontario in the remote James Bay Lowlands. This 5000 

km2 area is located about 1000 km from Toronto and near 500 km from Thunder Bay. Despite the 

large surface area most of the mineral deposits are located within a 20 km strip of land [20]. The 

area is also within the Hudson Bay Lowlands which is part of the world’s largest peatland 

(wetland). The peatland act as an important carbon store and careful planning will be required to 

manage the tailings and waste rock in the naturally saturated environment. This poses 

environmental and logistical challenges in developing mining operations and infrastructure in the 

area. In addition, the Ring of Fire area is located within the traditional territories of Matawa First 

Nation communities. The developments are expected to influence their lives significantly, and the 

stakeholders are required to negotiate and implement an Impact Benefit Agreement with these 

communities.  

The typical composition of ferrochromium slag consists of 19-33% Al2O3, 13-25% MgO, 15-30% 

SiO2, 1-5% CaO, 1-18% Cr and 1-12% Fe [2]. Cr and Fe are present as unreduced CrO/Cr2O3 and 
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FeO respectively or entrapped as ferrochromium alloy. For the sake of comparison, the 

composition of typical chromite ores from different countries and the ore obtained from the Ring 

of Fire area are shown in Table 2.1. 

Table 2.1: Chemical composition of chromite ore in mass%. 

Country/Region Cr2O3 Al2O3 MgO CaO SiO2 FeO* Others 

Ring of Fire [3] 44.36 10.84 14.07 0.08 4.54 19.71 6.40 

South Africa [21] 44.50 15.00 10.00 0.31 3.90 12.23 14.06 

Kazakhstan [22] 61.90 8.60 14.70 - - 14.20 0.60 

India [23] 36.49 11.40 15.35 - 7.39 21.35 8.02 

*FeO is calculated from total Fe or from Cr/Fe ratio 

2.2. Ferrochromium Production 

Chromium alloys and compounds are essential to meet the growing demand for stainless steel 

production worldwide. The source of this Cr is usually ferrochromium alloys obtained from 

carbothermic reduction of chromite ores. During the production of ferrochromium, a large amount 

of slag (1.1 to 1.5 times the alloy) is produced [4]. Ferrochromium slag is generated while reducing 

chromite ore using carbonaceous material with the addition of silica and lime/dolomite to adjust 

the chemistry.  

Four different grades of ferrochromium are produced commercially with compositions shown in 

Table 2.2 [18]. Since the high carbon and charge grade FeCr have similar composition, they are 

commonly referred together as high carbon charge grade FeCr. Development of processes like 

argon oxygen decarburization (AOD) and vacuum oxygen decarburization (VOD) that allow easier 

carbon removal from stainless steel, have significantly decreased the demand for low and medium 

carbon grade FeCr. We will thus focus on the more relevant high carbon charge grade FeCr 

production. 

Mined chromite ore generally goes through a beneficiation and pelletizing process before FeCr 

extraction (Figure 2.1). Common beneficiation processes include primary and secondary crushing, 

screening, milling, dense media separation and gravity separation methods [19]. The only 
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beneficiation step that has been proven to generate Cr(VI) is milling, specifically dry milling 

[24][25]. 

Table 2.2: Cr and C content (in Wt%) of different grades of FeCr  [18]. 

Grade Chromium Carbon 

High carbon >60 6-9 

Charge grade 50-60 6-9 

Medium carbon 56-70 1-4 

Low carbon 56-70 0.015-1.0 

 

Extreme pressure applied on Cr(III) contained in the ores can produce enough heat to oxidize 

Cr(III) to Cr(VI). Wet milling on the other hand has shown no tendencies for Cr(VI) formation 

since the ore is not in contact with oxygen in the air. Dissolved oxygen in the wet milling would 

allow oxidation of Cr(III) species via the following reaction. 

2Cr 3+ (aq) + 7H2O (l) → Cr2O7 
2- (aq) + 14H + (aq) + 6e-  

Milling is a necessary step for ore agglomeration during the subsequent pelletizing process. The 

product of the pelletizing stage called green pellets are then cured by sintering in a furnace to form 

evenly sized, hard and porous feed material for EAF [18]. 

 

Figure 2.1: Chromite ore beneficiation and pelletizing process [18]. 

Coarse and fine raw ore with or without the sintered, pre-reduced or green pellets are charged to 

the furnace, along with carbonaceous reductants and appropriate flux materials (Figure 2.2). The 

type of raw ore and pellet depends on the type of furnace and subsequently the process applied 

using that furnace. For example, when using closed submerged arc furnaces (SAF), oxidative 

sintered feed pellets are used for the Outotec process, whereas pre-reduced feed pellets are used 

for the Premus process. On the other hand, conventional open SAF are employed using exclusively 
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coarse chromite feed. Higher content of the coarse ore helps the gases produced during smelting 

to easily permeate to the surface and prevent the top from sintering. This could be beneficial in 

processes where there is a risk of blowouts or bed turnovers if too many fines are present in the 

feed. The type of feed material (coarse/fine chromite, pre-treated/green pellet) will rely heavily on 

the process as different countries use feeds unique to their operation. 

The production of high carbon charge FeCr is typically carried out in an EAF. The most common 

furnaces for FeCr production are listed below [18]: 

(1) Open, Semi-closed submerged arc furnace (SAF) - Worldwide 

(2) Closed submerged arc furnace - South Africa 

(3) Direct current arc furnace (DCF) - Kazakhstan  

 

 

Figure 2.2: Schematic of ferrochrome production using a submerged arc furnace. 

The open, semi-closed submerged arc furnace is the oldest and the most conventional furnace for 

FeCr production. These furnaces are not provided with a gas tight seal and as such, combustion of 

the process carbon monoxide (CO) rich gas occurs on top of the furnace bed. Generally, coarse 

chromite ore is smelted along with coarse reductants and coarse fluxes so that the processed CO 

gas can easily permeate to the top of the furnace and prevent the bed from sintering.  
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During the smelting process both FeCr alloy and the slag are produced. The alloy is heavier than 

the slag and settles through the slag and collects at the bottom of the furnace. Both the alloy and 

slag are tapped out of the same tapping hole into two ladles in series. The slag having a lower 

density floats at the top and overflows from the first ladle to the second one. The FeCr metal 

remains in the first ladle while the slag is separated into the second ladle. Inside the furnace the 

temperature of the alloy phase is typically around 1600ºC and the slag on top is around 1650-

1700ºC. The composition of the slag and its melting point depends on the composition of the 

chromite ore and the fluxing agents. Generally, FeCr slag consists of SiO2, MgO, Al2O3, in 

different proportion along with minor amounts of CaO, chromium and iron oxides. While the 

extracted FeCr is sent to stainless steel production plants, the FeCr slag is usually dumped in 

landfills and is not used as construction material due to concerns regarding Cr(VI) leaching from 

the slag.  

The current study will examine the stability of Cr in FeCr slag with different compositions. Since, 

Cr(III) can oxidize to form the more harmful Cr(VI), our goal is to reduce the total Cr leaching 

from the slag to an acceptable level for its utilization. 

2.3.  Estimation of the Slag Properties 

The study will involve characterization of synthetic slag samples with various compositions 

including those we expect to get from smelting chromite ores from the Ring of Fire deposits [26]. 

The compositions were to be adjusted to maintain certain properties of the slag, such that the 

samples can be synthesized using the available equipment. The melting point of the slag had to be 

below the upper threshold of the vertical furnace (1700ºC) while maintaining low viscosity (<5 

Poise) values typical in FeCr slag [27]. Turbulence in the furnace during smelting and tapping can 

cause droplets of metal to get physically trapped in high viscosity slags. Other operational 

difficulties, such as slow tapping speed can occur due to excessively viscous slag. Reaction 

kinetics of low viscosity slags would allow the process to reach equilibrium in a shorter time 

through diffusion interactions at the slag/metal interface. 

2.3.1. Liquidus Temperature 

To analyze the properties of a synthetic slag, it is essential to determine its liquidus temperature. 

While there are models for calculating the liquidus temperature for SiO2-Al2O3-MgO-CaO slags 



8 

 

[28][29] they would not account for the presence of Cr2O3 and FeO in the synthetic slag. A more 

accurate estimate of the liquidus temperature is obtained using Eq ( 1 ) [30]. 

Tliq(K) = 656.9XSiO2 + 1040.7XCaO + 1343.2XAl2O3 + 1090.5XMgO

+ 137XNa2O– 668XK2O + 408.7XLi2O + 522XFeO + 760.9XMnO

+ 1022XCrO + 794XFe2O3 + 2198XCr2O3– 532XCaF2

+ 844XTiO2– 12.6XB2O3 + 1207XBaO + 1768XSrO

+ 2234XZrO2 

Eq ( 1 ) 

 

Here Tliq represents the liquidus temperature of the slag based on the mole fractions (represented 

by X) of its components. The equation was formulated from the regression analysis of 124 Tliq 

values taken from several sources [30]. The liquidus surface has several deviations at compositions 

corresponding to compound formations. The mean uncertainty of this estimated liquidus 

temperature value is estimated to be ±130K at these deviations in the database, whereas the 

uncertainty is ˂ ±100K for the rest of the database. 

2.3.2. Viscosity 

Viscosity of the slag plays an important role in pyrometallurgical extraction of metals and alloys, 

since lower viscosity ensures better mixing of the slag and facilitates the formation of a 

homogenous slag composition. Slags with lower viscosity typically require less holding time in 

the furnace for melting or heat treatment. Several models have been proposed for calculating the 

viscosity of slags. Most prominent of these are the Riboud [31], Urbain [32], Iida [33] and KTH 

[34] models.  

We will use the Urbain model due to its simplicity and ability to account for the chemical 

composition as well as the temperature of the slag. In this model, the slag components are classified 

into the following categories. 

Glass Formers XG = XSiO2 + XP2O5 

Modifiers XM = XCaO + XMgO + XFeO + XMnO + XCrO + XNiO + XNa2O + XK2O 

+ XLi2O + 2XTiO2 + 2XZrO2 + 3XCaF2 

Amphoterics XA = XAl2O3 + XFe2O3 + XB2O3 + XCr2O3 



9 

 

Here, X represents the mole fraction of the slag components. To calculate the viscosity, the model 

assumes Weymann - Frenkel Relation presented in Eq ( 2 ) 

Viscosity, η = ATexp (
1000B

𝑇
) Eq ( 2 ) 

Here A and B are compositionally dependant parameters and T is the temperature in Kelvin (K). 

Viscosity (µ) is calculated in Poise (P). 

Urbain found out that Eq ( 3 ) represents the correlation between A and B. 

   - ln A = 0.29B + 11.57 Eq ( 3 ) 

B can be calculated using Eq ( 4 ) 

B = Bo + B1XG + B2(XG)2 + B3(XG)3 Eq ( 4 ) 

Where, Bo  = 13.8 + 39.9355a - 44.049a2 

 B1  =  30.481 - 117.1505a + 139.9978a2 

 B2  = - 40.9429 + 234.0486a - 300.04a2 

 B3  = 60.7619 - 153.9276a + 211.1616a2 

and a  = XM / (XM +XA) 

After calculating B using Eq ( 4 ), A is calculated from Eq ( 3 ) and finally the viscosity is 

calculated by substituting both parameters in Eq ( 2 ). The estimated values for the viscosity of the 

slag compositions examined in the current investigation are presented in section 3.1.1. 

2.4. Slag Composition 

The composition of the slag will be integral in determining the Cr leachability of the slag. Most 

notably the MgO content, basicity (defined as CaO/SiO2), Al2O3 and FeO content are expected to 

influence Cr resistance to leaching. While the effects of the MgO content and the basicity of FeCr 

slag on Cr stabilization have been observed in numerous studies, there is still lack of information 

on the effects of Al2O3. The previous studies on the effect of the slag composition are examined 

to understand the effect of each of the oxides on the Cr stability of the slag. 
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2.4.1. MgO Content 

The presence of MgO is necessary for the formation of magnesium chromite/ Cr spinel, MgCr2O4, 

and subsequently, for the stabilization of chromium in ferrochromium slag. The previous studies 

on the effect of MgO on chromium stabilization agree on its benefits in reducing chromium 

leaching. 

A study conducted on SiO2-CaO-MgO-Cr2O3 slags observed the effects of MgO content on the 

stability of various mineralogical species, especially MgCr2O4 spinel in the slag [35]. MgCr2O4 

spinel is a key phase in Cr stabilization in FeCr slag. The slag was prepared synthetically using 

laboratory reagent grade oxides with 0-12 wt% MgO , 10 wt% Cr2O3 and a slag basicity of 1 and 

1.5. The samples were prepared at 1600°C in argon atmosphere using a horizontal electric 

resistance furnace. 

The XRD results presented in Figure 2.3 show that low crystallization of the slag samples occurred 

for MgO content of 0-6 wt% and slag basicity of 1. The slag samples were amorphous and showed 

very few peaks of mainly Ca2SiO4 and CaSiO3. This shows that the slag samples with low MgO 

and slag basicity of 1 consist of glassy phases after being cooled by argon gas. In case of high, i.e. 

9-12% MgO, clear peaks are observed, mostly from calcium silicates and MgCr2O4 spinel with 

faint peaks of free Cr2O3 and CrO phases.  

Figure 2.4 shows that the samples with higher basicity of 1.5 have higher degree of crystallinity 

and more phases that are complex. The main species are calcium silicates including Ca2SiO4, 

CaSiO3 and Ca3SiO5, free Cr2O3 and the MgCr2O4 spinel. At higher MgO content the ternary 

compound, merwinite Ca3Mg(SiO4)2 is also observed. For both cases, Cr2O3 is found to be bound 

to the MgCr2O4 spinel phase with increasing MgO content. 
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Figure 2.3: X-ray diffraction patterns for SiO2-CaO-MgO-Cr2O3 slags with basicity 

of 1.0 [35]. 

In another investigation, the effect of MgO was examined using synthetic slag with 10% CaF2, 10 

and 20 % Cr2O3, 0-15% MgO and a slag basicity of 1 and 2 [36]. The XRD results of MgO 

containing slag showed the presence of cuspidine (Ca4Si2O7F2) and calcium silicate (CaSi2O5) 

along with free MgO in case of high MgO content. The only chromium containing species found 

was Cr spinel, even in cases with low MgO content. The presence of MgO lowered the leachability 

of chromium in all cases regardless of the MgO content or the slag basicity. 

It is worth noting that in another study on CaO-CaF2-SiO2-Cr203 synthetic slags, other chromium 

bearing phases were observed in samples with low MgO content [6] as shown in the XRD spectra 

presented in Figure 2.5.  
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Figure 2.4: X-ray diffraction patterns for SiO2-CaO-MgO-Cr2O3 slags with basicity 

of 1.5 [35]. 

The spectra confirm the presence of calcium chromite (CaCr2O4) and calcium chromate (CaCrO4) 

in samples with 0% and 3% MgO, 10% Cr2O3 and 10% CaF2 regardless of the basicity value. This 

is due to the presence of CaO in the slag that was not present in the previous study. When 

increasing the MgO content to 6% and 9%, the only Cr bearing phase is Cr spinel which is more 

stable than CaCr2O4 and CaCrO4. 
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Figure 2.5: XRD patterns of CaO-CaF2-SiO2-Cr203 slags at CaO/SiO 2  = 1 with  

(a) 0% MgO and (b) 6% MgO [6]. 

(a) 0% MgO 

(b) 6% MgO 
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2.4.2. Slag Basicity 

Slag basicity is linked to the level of networking in a slag typically caused by the 3D structure of 

silica. The acidic slags show high and basic slags show low networking structure respectively [37]. 

Quantitatively, basicity has been explained in several methods with the most common and simplest 

one being the ratio of the mass percentage of CaO to that of SiO2 in the slag, which will be shown 

as CaO/SiO2 hereafter. 

Research work done on slag chemistry has indicated that increasing CaO/SiO2 increases the 

leaching of Cr from it. An investigation on the chemical and mineralogical properties of CaO-

CaF2-SiO2-Cr2O3 synthetic slags observed the effect of slag basicity and MgO content on the 

immobilization of chromium in the slag [6]. The slag composition consisted of 10% Cr2O3, 10% 

CaF2, 0-9% MgO and a slag basicity of 1 and 2. To ensure that the slag was completely molten in 

the furnace, XRD tests were conducted on the cooled samples and the absence of free Cr2O3 was 

taken as an evidence for the system to have completely melted.  

In the slag with CaO/SiO2 of 1 and MgO content at 0% and 3%, readily leachable calcium chromite 

(CaCr2O4) and calcium chromate (CaCrO4) phases were the only Cr bearing phases present. These 

phases were replaced by the more stable magnesium chromite/Cr spinel (MgCr2O4) at higher MgO 

content of 6% and 9% as shown previously in Figure 2.5. However, at a slag basicity of 2, CaCr2O4 

content would increase along with the formation of a chromium(V) containing complex 

Ca5(CrO4)3F, regardless of the MgO content (Figure 2.6). Chromium leaching behaviour was 

shown to be the lowest, i.e. 29-40 µg/l Cr, in case of slags with a basicity of 1 compared to those 

with a basicity of 2 and 68-98 µg/l Cr. The study concludes that regardless of the MgO content of 

the slag, high basicity can increase Cr leaching from the slag. 

A comprehensive study conducted on multiple sets of slag samples consisting of CaO-MgO-SiO2-

Cr2O3 slag and EAF synthetic slag came to similar conclusions in terms of the effect of slag 

basicity on Cr leaching [5][14]. 
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Figure 2.6: XRD patterns of CaO-CaF2-SiO2-Cr2O3 slags at CaO/SiO 2  = 2 with 

(a) 0% MgO and b) 6% MgO [6]. 

(a) 0% MgO 

(b) 6% MgO 
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All CaO-MgO-SiO2-Cr2O3 slag samples had fixed MgO (8%) and Cr2O3 (6%) content but varied 

in basicity (Table 2.3). The study focused on the distribution of Cr in spinel and the water-soluble 

matrix phases such as merwinite, wollastonite, periclase, and dicalcium silicate.  

Table 2.3: Chemical composition of CaO-MgO-SiO2-Cr2O3 slag in mass percent 

[14]. 

Sample Basicity (CaO/SiO2) CaO SiO2 MgO Cr2O3 

1 1.0 43.0 43.0 8.0 6.0 

2 1.2 46.9 39.1 8.0 6.0 

3 1.4 50.2 35.8 8.0 6.0 

4 1.6 52.9 33.1 8.0 6.0 

5 1.8 55.3 30.7 8.0 6.0 

6 2.0 57.3 28.7 8.0 6.0 

 

An increase in the mean Cr content of the water-soluble matrix phase was observed due to increase 

in basicity. As shown in Figure 2.7 and Figure 2.8, thermodynamic calculations predict a decrease 

in Cr2O3 activity and an increase in MgO activity in the slag due to a basicity change from 1.4 to 

1.6. Experimental results show that chromium was incorporated into periclase and merwinite 

instead of spinel. The study concluded that at CaO/SiO2 of 1.4-1.6, the driving force for the 

increase in Cr partition in the slag was not spinel formation, rather Cr forming solid solutions with 

periclase and merwinite due to increased MgO activity at higher basicity. There was also an 

increased tendency to form calcium chromate (CaCr2O4) instead of magnesium chromite/Cr spinel 

(MgCr2O4) at higher basicity. 

Basicity also seems to increase the extent of crystallization in the slag [35]. Slags with high basicity 

show a much more complicated array of peaks on XRD spectra compared to low basicity slags 

due to the formation of various mineral species (Figure 2.3 and Figure 2.4). Although 

crystallization in slag should increase Cr stability as the water-soluble amorphous phase decreases, 

the crystalline phases that are formed due to basicity increase are not Cr stable. 
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Figure 2.7: Activity of Cr2O3  in CaO-MgO-SiO2-Cr2O3  slag system at 1653 K as a 

function of basicity [14]. 

 

Figure 2.8: Activity of MgO  in CaO-MgO-SiO2-Cr2O3  slag system at 1653 K as a 

function of basicity [14]. 
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2.4.3. Al2O3 Content 

Amongst the spinel forming oxides, Al2O3 is expected to have a negative effect on chromium 

stabilization due to its tendency to replace chromium in the spinel structure. In some studies, 

however, increasing Al2O3 has decreased Cr leaching from the slag despite its expected drawback, 

thus demanding further investigation of its effect on chromium leaching behaviour. 

A previously mentioned research on CaO-CaF2-SiO2-Cr2O3 system investigated the effects of 

Al2O3 addition on the Cr leaching behaviour of the slag [36]. The slag composed of 10% CaF2, 

10% and 20% Cr2O3, 0-15% Al2O3 with CaO/SiO2 of 1 or 2. Each slag system was prepared using 

oxide reagents melted at 50°C above their melting temperature for 30 min and allowed to cool 

down in the furnace.  

The XRD results in Figure 2.9 show that for slags with no Al2O3 addition and 10% Cr2O3, 

cuspidine (Ca4Si2O7F2), calcium chromite (CaCr2O4) and calcium silicate (CaSi2O5) formed. In 

case of Al2O3 containing slags, as shown in Figure 2.10, the main species were gehlenite 

(Ca2Al2SiO7) and cuspidine (Ca4Si2O7F2).  

 

Figure 2.9: XRD patterns of CaO-CaF2-SiO2-Cr2O3 slag with 0% Al2O3, 10 % Cr2O3 

and CaO/SiO2=2 [36]. 
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Figure 2.10: XRD patterns of CaO-CaF2-SiO2-Cr2O3 slag with 15% Al2O3, 10 % 

Cr2O3 and CaO/SiO2=2 [36].  

The presence of Al2O3 results in the formation of gehlenite instead of CaCrO4, thus reducing the 

amount of leachable chromium (VI) compounds in the slag. However, at CaO/SiO2 of 2, 

Ca4Al6CrO16 was observed which in acidic environments could leach chromium (VI).  

Figure 2.11 shows the Cr leached from the synthetic slag using acetic acid as per Mexican 

environmental regulations [38] with 10% Cr2O3 decreases with the addition of Al2O3. It should be 

noted that the above results were obtained in the absence of MgO in the slag. As presented in 

Figure 2.12, MgO is more effective in reducing the Cr leachability of the slag compared to Al2O3. 

Further studies are necessary to determine the effect of Al2O3 in slags containing MgO.  
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Figure 2.11: Effect of the CaO/SiO2 and Al2O3 content on the Cr leaching behaviour of CaO-

CaF2-SiO2-Cr2O3 slag with 10% Cr2O3 [36]. 

 

Figure 2.12: Effect of MgO, Al2O3 and Cr2O3 on the Cr leaching behaviour of CaO-

CaF2-SiO2-Cr2O3 slag with CaO/SiO2 = 1 [36]. 

Further clarity on the effect of Al2O3 addition in slags containing MgO was observed in a study on 

CaO-MgO-SiO2-Cr2O3-Al2O3 synthetic slags prepared at oxygen partial pressure (PO2
) of 10-4 Pa 

melted at 1600°C followed by a 1400°C holding temperature [14]. The MgO content was kept 

constant at 8% while the alumina content was changed from 3% to 12%. Basicity was kept constant 

at 1.6 but the wt% of CaO and SiO2 was changed to compensate for the change in Al2O3 content. 

The research observed that Al2O3 addition increased the amount of spinel phase in the slag, as 
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intensities of the spinel peaks in XRD pattern was seen to increase (Figure 2.13). This was due to 

the formation of alumina spinel MgAl2O4 phase. 

Closer inspection of the slag samples revealed that while the Cr content in the matrix phase of the 

slag remained constant, the Cr content in the spinel phase decreased on Al2O3 addition (Figure 

2.14). The Al3+ ions replaced the Cr3+ ions in the spinel phase. Al2O3 addition was in fact reducing 

Cr stability provided by the MgO content by removing Cr from the spinel phase. It is worth noting 

that the Cr content in the present phases was analyzed by wavelength dispersive spectrometry 

(WDS) which is a semi quantitative technique. However, it is not clear if the researcher obtained 

the average Cr content from point analyses or area analysis. In addition, the number of WDS 

analysis for each sample is not mentioned.  

              

Figure 2.13: XRD analysis of CaO-MgO-SiO2-Cr2O3-Al2O3 synthetic slag with 

varying Al2O3 content at PO2 =10 -4 Pa and 1400°C holding temperature [14]. 

1. Merwinite 

2. Calcium Silicate 

3. Mg(Al,Cr)2O4 
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Figure 2.14: Cr partition in CaO-MgO-SiO2-Cr2O3-Al2O3 synthetic slag at  

PO2 =10 -4
 Pa as a function of Al2O3 content and 1400°C holding temperature [14]. 

Another investigation on CaO-SiO2-MgO-Al2O3-FeO-Cr2O3 synthetic slags provides a theoretical 

basis for the effect of Al2O3 on the spinel enrichment and stabilization of chromium [39]. This 

study is particularly beneficial for us because of the presence of similar components in the slag 

composition, notably FeO which was missing in the previous studies. Table 2.4 shows the 

compositions of the CaO-SiO2-MgO-Al2O3-FeO-Cr2O3 synthetic slags in this research. Samples 

were melted at 1600°C and either directly quenched or cooled to 1300°C before quenching. 

Table 2.4: Chemical composition of SiO2-MgO-Al2O3-FeO-Cr2O3 synthetic slag in 

Mass% [39]. 

No CaO SiO2 MgO FeO Al2O3 Cr2O3 Others Basicity 

1 38.0 38.0 9.0 3.0 4.0 5.0 3.0 1.0 

2 36.0 36.0 9.0 3.0 8.0 5.0 3.0 1.0 

3 45.6 30.4 9.0 3.0 4.0 5.0 3.0 1.5 

4 43.2 28.8 9.0 3.0 8.0 5.0 3.0 1.5 

5 40.8 27.2 9.0 3.0 12.0 5.0 3.0 1.5 

6 50.6 25.4 9.0 3.0 4.0 5.0 3.0 2.0 

7 48.0 24.0 9.0 3.0 8.0 5.0 3.0 2.0 

8 42.7 21.3 9.0 3.0 16.0 5.0 3.0 2.0 
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Samples 1 and 2 with a basicity of 1 show a completely glass phase when quenching from 1600°C. 

When quenched from 1300°C, melilite and spinel phases were also observed in the samples. 

Sample 2 with a higher Al2O3 content showed a lower chromium content in the spinel phase on 

EDS (Energy Dispersive X-Ray Spectroscopy) analysis compared to sample 1. 

For samples with a basicity of 1.5 a significant increase in the amount of the spinel phase as well 

as the formation of calcium silicate was reported after quenching from 1600°C. The formation of 

spinel phases might have to do with the increase in solidification temperature due to increase in 

basicity. In the study, the calcium silicate phase was differentiated from the glass phase based on 

small visual differences, although the EDS analysis showed similar compositions for both. At 12% 

Al2O3 no calcium silicate is detected and only spinel precipitated. As the Al2O3 content increases 

from 4% to 12%, the chromium content in both the glass and the spinel phase decrease while it 

increases in the calcium silicate phase. When quenched from 1300°C, no Cr was detected in the 

glass phase and the Cr content in the spinel decreased with the increase in Al2O3. Both the amount 

of spinel crystals with regular polygonal shape and the grain size are increased significantly when 

increasing the Al2O3 content of the slag. 

When increasing the basicity to 2, periclase along with spinel and calcium silicate forms in samples 

quenched from both 1600°C and 1300°C, but no periclase is observed in sample 8 with 16% Al2O3. 

At 1300°C, the presence of periclase shifts some of the chromium content to the periclase phase 

instead of glass with 4.31 at.% at 4% Al2O3 which is reduced to 0.6% at.% at 8% Al2O3. At 16% 

Al2O3 as the periclase phase was absent, a small amount of chromium (0.17at.%) moved to the 

glass. 

While the chromium content of spinel decreased due to Al2O3 addition, a significant increase in 

the spinel phase was visually observed in the slag due to the formation of MgAl2O4. Increasing 

Al2O3 content also reduced the amount of water soluble periclase phase and subsequently the 

dissolution of Cr in periclase. Thus, Al2O3 addition can reduce Cr percentage in the spinel phase 

however it increases the total amount of Cr in spinel by increasing the spinel mass fraction while 

decreasing the amount of the water-soluble periclase phases. 
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2.4.4. FeO Content 

Since the objective of chromite ore processing is to extract ferrochromium for stainless steel 

production, ferrochromium slag is expected to have low FeO and Cr2O3 contents. Our research is 

not focused on examining the effect of FeO content on chromium stabilization; however, it is 

beneficial to study the effect of FeO content on spinel formation in order to further understand the 

chemistry of the ferrochromium slag. Research done on the effect of FeO content on the stability 

of chromium in a CaO-SiO2-MgO-Al2O3-Cr2O3 slag system can be insightful in this regard. The 

slag samples were synthesized with a chemical composition of 46.67% CaO, 33.33% SiO2, 8% 

MgO, 6% Al2O3, and 6% Cr2O3. FeO was added as a single component to the slag at 0, 2, 5, 8, 12, 

16 and 20 wt% to create 7 samples with different compositions [40].  

Increasing the FeO content from 0 to 20 wt% decreases the concentration of Cr(VI) in the leachate 

from 0.1434 to 0.0021 mg/L which is substantially lower than the standard limits of 0.5 mg/L 

Cr(VI) according to the Environmental Protection Industry Standard HJ/T301-2007 of the People’s 

Republic of China [40]. Increasing FeO content of the slag decreases the chromium content in the 

matrix phase. At 12 wt% FeO and higher, the chromium content is too low to be detected by EDS.  

FactSage simulations for the slag with 8% FeO show that the matrix phase mainly consisted of all 

water-soluble phases like calcium silicate, merwinite (Ca3MgSi2O8) and melilite (mixture of 

akermanite Ca2MgSi2O7 and gehlenite (Ca2Al2SiO7) while the spinel solid solution consists of 

MgCr2O4, FeCr2O4 and a small amount of MgAl2O4 as shown in Figure 2.15 and Figure 2.16.  

During the initial stages of spinel precipitation, the main component in spinel is chromium. As the 

temperature drops, there is an increase in the content of other elements such as Fe, Mg and Al. 

FeO starts replacing MgO in the spinel structure. FeO also converts to Fe3O4 and precipitates out 

of the residual slag and promotes spinel solid solution precipitation by virtue of its own spinel 

structure. 
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Figure 2.15: Predicted composition of the matrix phase at various temperatures  for 

8% FeO system calculated using Factsage 7.0  [40]. 

 

Figure 2.16: Predicted composition of the spinel phase at various temperatures for 

8% FeO system calculated using Factsage 7.0 [40]. 
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FeO promotes a three-layered structure in spinel called a core-shell heterostructure as shown in 

Figure 2.17, with the inner core rich in Cr and the outer layer containing Fe. The transition layer 

in between the core and the outer shell consists of Mg, Cr and Fe oxides. MgCr2O4 precipitates 

first and forms the core of the spinel phase. As the temperature decreases, Mg1-xFexCryFe2-yO4 

transition layer is formed as Fe(II) starts to replace Mg(II) in the core. Finally, at even lower 

temperature, Fe replaces more of the Mg to form the Mg1-xFexFe2O4 outer layer. 

 

 

Figure 2.17: Schematic diagram of the formation of the spinel structure in the 

presence of FeO during cooling process  [40]. 

Since chromium leaching is a liquid-solid interface reaction, the newly formed three-layered 

structure further strengthens the spinel stability by increasing the spinel size. This is observable, 

as increase in FeO content from 2 to 20 wt.% increases the spinel crystal size from 5.77 to 8.4 μm 

as FeO further replaces the MgO in spinel. As the Cr rich core is encased with more layers of 

spinel, it reduces the possibility of CaO from the matrix to form unstable calcium chromate. This 

proves that FeO in the above slag composition increases the spinel size and helps with stabilizing 

chromium. 

2.4.5. Factor Sp 

The leachability of Cr from ferrochromium slag is influenced by the slag composition; hence, it is 

useful to introduce a parameter that encompasses the effect of the main components of the slag. 

The effects of different spinel forming compounds on Cr leaching are described in a parameter 

called factor sp. Eq ( 5 ) which was originally developed for EAF slag shows the correlation 

between factor sp and the slag composition [41]. 

 

(a) MgCr2O4         (b) Mg1-xFexCryFe2-yO4        (c) Mg1-xFexFe2O4  
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Factor sp  = 0.2WMgO + 1.0WAl2O3
+ xWFeOn

 – 0.5WCr2O3
 Eq ( 5 ) 

In the above equation, W represents the wt% of oxides, x is a constant that depends on the oxidation 

state of the EAF slag with a value between 1 and 4, and n has a value between 1 and 1.5 based on 

the FeO and Fe2O3 content [41]. 

The leaching of chromium depends on the value of factor sp of the slag. Low values of factor sp, 

i.e. < 5 wt%, indicate high leaching of chromium while high values of factor sp, i.e. > 25 wt%, 

indicate negligible leaching of chromium. The research was intended to recover valuable 

chromium from EAF slag during stainless steel production and stabilize the remaining chromium 

in the slag in spinel phase to make the slag suitable for use as a construction material.  

Various materials listed in Table 2.5 were added to the original slag in the transfer ladle during 

tapping to induce spinel formation. Initial experiments on the slag conducted separately with the 

addition of pure oxides of Al2O3 and/or MgO and/or FeOn show an increase in the amount of 

chromium stabilizing spinel in the slag and thus a decrease in the amount of leachable chromium. 

Addition of Cr2O3 has an opposite effect. In the following tests, rather than pure oxides, different 

industrial materials containing MgO, Al2O3 and FeOn were used for economical purposes. The 

agents are divided into four categories: 

• Natural Raw Materials (Bauxite) 

• Residues from industrial production (Mill scale, Residue 1 and 2) 

• Fluxes for secondary metallurgical slags 

• Secondary metallurgical slags (S.Slag) 

The results of XRD analysis of both residue materials show MgAl2O4 and Al2O3 as the main 

components. Addition of residues 1, 2 and mill scale promotes the stability of chromium in the 

slag. The addition of materials containing high FeOn content such as bauxite and mill scale reduced 

the concentration of the leached chromium to below the equipment detection limit of <0.01 mg/l. 

Failure of treatment was seen in case of secondary metallurgical slags due to their high CaO and 

low Al2O3 content. The application of the secondary metallurgical flux was unsuccessful due to its 

insufficient solubility in the liquid slag. In both cases, the chromium content of the leachate was 

unchanged. 
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Table 2.5: Chemical composition of the materials used for promoting spinel 

formation in the slag [41]. 

Material Bauxite Mill Scale Residue 1 Residue 2 Flux S.Slag 

CaO wt% 0.37 - 3.96 3.72 51.10 23.17 

SiO2 wt% 2.85 - 22.10 10.80 1.93 3.29 

MgO wt% 0.24 <0.10 7.30 11.00 11.50 6.18 

Al2O3 wt% 54.20 0.21 62.5 70.60 35.90 60.87 

FeO wt% 0.67 58.18 - - - - 

Fe2O3 wt% 25.89 37.21 - - - 1.04 

 

2.5. Effect of the Cooling Rate on Cr Leaching 

The cooling rate of slag during post-smelting operations in ferrochromium production has a 

significant effect on the crystallization of different phases in the slag. Several studies have been 

conducted to identify the required cooling rate for different steelmaking slags to promote a desired 

phase structure. While there are variations in the results obtained from these studies, their work 

could be used to obtain a better understanding of the phases formed due to different cooling rates 

and their effect on the leachability of chromium from the slag. 

Modification of the structure of four different types of steelmaking slags was done by rapid cooling 

using water granulation and semi-rapid cooling in the crucible [42]. The formation of glassy slag 

under different cooling conditions and its effect on the leachability of heavy metals from the slag 

was investigated. It is worth noting that although the compositions of these slags are not the same 

as the ferrochromium slag, some of the phases such as calcium silicates and spinel are common 

between these slags. Therefore, examining the effect of the cooling rate on these different slags 

can provide insightful information on the leachability Cr from ferrochromium slag. The 

compositions of these slags were determined using ICP and XRF (Table 2.6).  
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Table 2.6: Chemical composition (in Wt%, Cr content represented in ppm.) of ladle, 

basic oxygen furnace, and two electric arc furnace slags [42]. 

Slag Sample Fe2O3 FeO Fe Met. Al2O3 CaO MgO MnO SiO2 Cr(ppm) 

Ladle 1.1 0.5 0.4 22.9 42.5 12.6 0.2 14.2 2700 

BOF 10.9 10.7 2.3 1.9 45.0 9.6 3.1 11.1 506 

EAF 1 1.0 3.3 0.1 3.7 45.5 5.2 2.0 32.2 32700 

EAF 2 20.3 5.6 0.6 6.7 38.8 3.9 5.0 14.1 26800 

*Negligible amounts of other heavy metals (Mo, Zn, Ni, Cu, etc.) are ignored due to their lack of 

relevance in the review. 

 

All samples were re-melted at 1600°C using an induction furnace. The structure of all the slags 

were modified by water granulation cooling or semi-rapid cooling in the crucible except the ladle 

slag which was modified only by water granulation.  

For granulation, as shown in Figure 2.18, each sample was poured into the granulation head where 

water jets hit the pouring slag to generate slag granules that were collected at the bottom of the 

water tank. For semi-rapid cooling, the molten slags were left to cool in the crucible from 1600°C 

to room temperature, which took around 5 hours. Unmodified original samples were used 

alongside the modified ones for comparison in the leaching tests. 

 

Figure 2.18: Schematic of slag melting and subsequent cooling via slag granulation 

[42]. 
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Samples were crushed to <4mm before leaching. Ladle and EAF 1 slag samples were leached 

using two-stage batch test prEN 12457-3 [43] while BOF and EAF 2 slag samples one-stage batch 

test prEN 12457-2 [44]. 

The ladle slag is the only sample that became almost completely amorphous by granulation and 

showed signs of physical disintegration. The major mineral in the slag is mayenite (Ca12Al14O33) 

along with two forms of dicalcium silicate (β-Ca2SiO4 and γ-Ca2SiO4), gehlenite (Ca2Al2SiO7) and 

well distributed free MgO. The rapid cooled slag showed lower Cr content in the leachate, 0.08 

ppm, compared to the unmodified slag (0.5 ppm). 

Original BOF slag shows β-Ca2SiO4 as one of the main phases which changes to tricalcium silicate 

(Ca3SiO5) after granulation. This transformation did not occur in the original or slow cooled slag 

as the phase exists only at high temperature and persists due to rapid cooling. Leaching tests 

showed that Cr leaching decreased for the semi-rapidly cooled sample, from 0.03 ppm to 0.01 

ppm. 

For the EAF 1 slag, a large amount of crystalline merwinite (Ca3MgSi2O8) is present in the original 

and two modified slags. γ-Ca2SiO4 was only found in the original and semi-rapidly cooled samples. 

Complex spinel phase of (Mg, Mn)(Cr, Al, Fe)2O4 was also observed in both the original and 

modified slag. The solubility of Cr for all 3 samples was below 1 ppm with the semi rapidly cooled 

sample being slightly lower (0.82 ppm) than the rapidly cooled sample (0.93 ppm). 

The main compound in EAF 2 slag in all cases was β-Ca2SiO4 along with a wustite-type solid 

solution of (Fe, Mg, Mn)O, Ca2(Al, Fe)2O5 and Fe2O3. The semi-rapidly cooled samples had the 

lowest Cr content in the leachate (0.008 ppm) compared to the unmodified (5.8 ppm) and rapidly 

cooled (3.8 ppm) samples. 

The BOF and EAF 2 samples show lower Cr content in the leachate of the semi-rapid cooled 

samples while EAF 1 samples do not show a significant change. The Cr leaching from both EAF 

slag samples were also higher than the BOF and ladle slag. The reason behind this might have to 

do with the composition of the slags, since the Cr leaching behaviour of the samples appears to be 

influenced by their initial Cr content. The EAF slags with higher Cr content showed higher Cr 

leaching compared to the BOF and ladle slags. Similarly, BOF slag with lower Cr content 

compared to the ladle slag, had lower Cr leachability. An exception is seen when comparing the 
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two EAF slags, as EAF 1 slag with the higher Cr content showed significantly lower Cr leaching 

compared to the EAF 2 slag. This behaviour is associated with the complex (Mg,Mn)(Cr,Al,Fe)2O4 

spinel phase formation in EAF 1 slag which did not form in the EAF 2 slag. The low Cr leaching 

(0.008 ppm) for the semi-rapidly cooled EAF 2 slag is probably an experimental error as it is 

significantly lower than its original or rapidly cooled counterparts. 

A similar study investigated the effect of the cooling process of stainless steel EAF slag on its 

leaching behaviour [45]. The composition of four electric arc furnace slags from four different 

stainless steel grades are shown in Table 2.7. Two sets of samples were prepared for each slag 

composition denoted by A, B, C, and D by either slow or rapid cooling denoted by 1 and 2 

respectively. 

In case of slag sample B, instead of water jetting, the sample was immersed in a bucket of cold 

water. The slag samples were also enriched in metals like Mo, Ba and Cu which are ignored in this 

literature review. 

Table 2.7: Total chemical composition (in Wt%) of four types of EAF slag along 

with their total Cr release on leaching [45].  

Sample CaO SiO2 Al2O3 MgO Cr2O3 MnO Fe Cr (ppm) 

A1 37.46 20.24 6.59 8.69 12.00 3.54 6.70 0.07 

A2 35.40 19.50 6.65 9.10 12.70 3.63 7.30 0.39 

B1 41.43 18.82 8.86 9.55 9.18 3.03 4.40 0.01 

B2 38.20 18.52 8.08 9.59 10.61 3.58 5.30 0.30 

C1 36.40 22.40 7.47 13.80 5.91 3.29 8.00 0.42 

C2 37.34 22.95 7.85 13.60 5.24 3.23 6.00 0.35 

D1 43.60 10.78 15.55 10.73 1.54 1.45 10.60 0.01 

D2 35.40 18.83 11.13 8.70 3.04 1.76 10.50 0.03 

* 1 and 2 after the symbol represent air and water cooled samples respectively. 

As shown in table 6, the concentration of Cr in the leachate for all EAF slags are exceptionally 

low, indicating a tightly bound matrix holding Cr in place. All slag samples except C show a 

noticeably lower Cr content for the air-cooled samples. This observation seems to be in agreement 

with the previous study [42] as sample C having the highest SiO2 content showed a minor change 

in the leachate Cr content while the rest showed low Cr concentration on the slower cooling rate. 

MgO content in these samples are higher than those in the previous tests [42], however the lack of 
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XRD analysis in this study leaves questions about the possibility of spinel formation. Al2O3 content 

of the samples are also high, which could reduce the stability of MgCr2O4 if they formed.  

In another study, phase composition of an EAF and a BOF slag are examined under different 

cooling rates [46]. Similar to the study by M. Tossavainen [42], these samples were modified by 

re-melting followed by cooling in crucible (semi-rapid cooling) or water granulation (rapid 

cooling). The compositions of the slag samples are shown in Table 2.8. 

Table 2.8: Chemical composition of EAF and BOF slag  [46]. 

Sample FeO Fe2O3 Fe Met. CaO MgO MnO SiO2 Al2O3 Cr2O3 P2O5 

BOF 3.3 1.0 0.1 45.7 5.2 2.0 32.3 3.7 4.8 - 

EAF 10.7 10.9 2.3 42.2 9.6 3.2 11.1 1.9 0.1 0.5 

 

Figure 2.19 shows the crystalline phases in the semi-rapidly cooled BOF slag. The major phases 

are a wustite-type solid solution ((Mg, Fe, Mn)O), β-dicalcium silicate (β-Ca2SiO4), calcium ferrite 

(Ca2Fe2O5) and a calcium manganese oxide ((Ca, Mn)O) phase. 

 

Figure 2.19: XRD analysis of the rapidly cooled and semi-rapidly cooled BOF slag 

[46]. 
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The wustite like phase is enclosed in the calcium silicate phase indicating an early crystallization 

of wustite. The rapidly cooled BOF slag show three crystalline phases: the wustite-like phase seen 

before (Mg, Fe, Mn)O, tricalcium silicate (Ca3SiO5) and α-Ca2SiO4. Fast cooling is responsible 

for the formation of the metastable phases such as Ca3SiO5 and α-Ca2SiO4. The rapidly cooled 

BOF slag has much smaller crystal size compared to the semi-rapidly cooled sample as the crystals 

do not have enough time to grow during cooling. 

The XRD pattern of the semi-rapidly cooled EAF slag in Figure 2.20 shows three crystalline 

phases: magnesium chromite/Cr spinel (MgCr2O4), merwinite (Ca3Mg(SiO4)2) and γ-dicalcium 

silicate (γ-Ca2SiO4). SEM analyses show the presence of another phase consisting of Ca, Al and 

Si which through thermodynamic analysis using FactSage was identified to be gehlenite 

(Ca2Al2SiO7). Crystal growth shows that the spinel and merwinite phase crystallized earlier than 

gehlenite. The rapidly cooled EAF slag show two crystalline phases: merwinite and the spinel as 

seen before. This was foreshadowed by the semi-rapidly cooled EAF slag as both of these phases 

crystallize before gehlenite, based on phase diagrams. 

 

Figure 2.20: XRD analysis of rapidly cooled and semi-rapidly cooled EAF slag 

[46]. 
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Rapid cooling is seen to increase the spinel formation in the EAF slag as observed from XRD 

analysis. SEM analysis shows that rapid cooling also promotes a smaller crystal size. The lack of 

leaching tests in this study makes it difficult to prove the benefit of rapid cooling as other studies 

with no spinel formation have favoured slow cooling to reduce Cr leaching.  

We have chosen to cool down the samples rapidly by quenching the slag containing crucible in 

water. This was done to preserve the phase composition at the desired temperatures.  

2.6. Effect of the Heat Treatment on Cr Stability 

Heat treatment is expected to influence the phase transformation in the slag and hence the 

leachability of Cr(VI). Fast cooling (quenching) from high temperature (1300-1500°C) will 

prevent the crystallization of non-spinel phases, that are generally Cr unstable. On the other hand, 

slow cooling at these temperatures would allow more time for spinel to nucleate and grow. An 

appropriate heat treatment regime should encapsulate the benefits of the different cooling rates in 

a single cycle. 

The impact of heat treatment on the stabilization of chromium involves understanding the phase 

distribution and chromium partition in chromium-containing slags. With the purpose of stabilizing 

chromium in the spinel phase, CaO-MgO-SiO2-Cr2O3–(Al2O3) slag samples with 8% MgO, 6% 

Cr3O3, 0% Al2O3 and basicity of 1.8 were prepared using the heat treatment regimes shown in 

Figure 2.21 [5][14].  

The WDS analysis of samples directly quenched from 1873K (I.a) showed a Cr content of 5.6 at% 

in the water soluble periclase phase. The Cr content of the periclase phase in samples that were re-

annealed at 1673K after quenching (I.b) was reduced to 2.0 at%. Re-annealing released the Cr 

from the periclase phase, allowing it to form water insoluble spinel phase. Samples after heat 

treatment I.a also had higher Cr content (2.4 at%) in the silicate and merwinite matrix compared 

to the samples treated through I.b (1.7 at%). The slow cooling allows Cr that is dissolved in water 

soluble phases like periclase, merwinite, and dicalcium silicate to transfer to the dissolution 

resistant spinel phase. Slow cooling also increases the size of spinel phase in the slag. The effect 

of partial pressure of oxygen as shown with heat treatment cycles II.a and II.b is described in 

section 2.7. 
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Figure 2.21: Heating sequences and oxygen partial pressures in the case of CaO -

MgO-SiO2-Cr2O3-(Al2O3) synthetic slags [14]. 

Based on the results obtained from various cooling regimes, it is concluded that slow cooling of 

the slag samples to spinel forming temperatures followed by rapid cooling (quenching) would lead 

to Cr stabilizing by spinel formation in slag. Quenching the samples after sufficient spinel is 

formed can prevent spinel transformation to other phases. 

To determine the best temperature range for spinel formation, we investigated the work done on 

analyzing the crystallization behaviour of spinel in stainless steel slag during cooling. Previous 

researchers have used the crystallization kinetic model [47][48][49] to understand the relative 

importance of the nucleation and growth in the formation of MgCr2O4 crystals. The nucleation rate 

denoted by I (m-3s-1) and calculated using Eq ( 6 ). 

         I =  
N0kT

3πa3η
 exp[

−bα3β

∆Tr
2Tr

]  Eq ( 6 ) 
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Here, N0 is the number of molecules or atoms per unit volume defined by 1/a3; where a is the 

lattice parameter of crystal (denoted by m), k is the Boltzmann’s constant in JK-1, T is the absolute 

temperature, η is the viscosity of slag in Pa sec; b is a constant determined by the nucleus shape 

and is equal to 16π/3 for spherical nucleus, α is the crystal liquid interfacial tension in Jm-2, β is 

the molar heat of fusion in Jmol-1, Tr is the reduced temperature defined by T/Tm, and ∆Tr = 1-Tr, 

Tm is the melting point of spinel,  

The growth rate is denoted by U (ms-1) and calculated using Eq ( 7 ). 

         𝑈 =  
𝐷𝑓

𝑎
(1 − 𝑒𝑥𝑝[

−∆H𝑚∆T𝑟

𝑅𝑇
]) Eq ( 7 ) 

Here, ∆Hm is the molar heat of fusion in Jmol-1, D is the diffusion coefficient in m2s-1, R is the gas 

constant in Jmol-1K-1, f is the fraction of acceptor sites on the crystal surface. When ∆Hm<2RTm, f 

is equal to 1, when ∆Hm>4RTm, f is equal to 0.2∆Tr. 

The values of I and U were calculated as functions of temperature as shown in Figure 2.22. The 

crystallization rate denoted by r (s-4) was then calculated using Eq ( 8 ). 

       r =  
π

3
IU3 Eq ( 8 ) 

 

Figure 2.22: Nucleation, growth, and crystallization rates of MgCr2O4 crystals [47]. 



37 

 

The optimum temperature for spinel crystallization was determined to be around 1553K with a 

suitable temperature range of 1523-1623K. To verify the results of the theoretical calculation, high 

temperature experiments were performed on stainless steel slags with 40.8% CaO, 27.2% SiO2, 

9% MgO, 3% FeO, 12% Al2O3, 5% Cr2O3, and 3% CaF2. The samples were heated to 1873K and 

held for 30min to ensure complete melting. The slags were then cooled at a rate of 5K/min to 1423, 

1473, 1523, 1573, 1623, 1673, and 1773K before water quenching.  

The results of XRD and SEM-EDS analyses show that the main phases present for the samples 

quenched from 1773K are spinel, merwinite and dicalcium silicate (Figure 2.23). The glass phase 

has as high as 0.38 at.% Cr while merwinite phase contains 0.21 at% Cr. At 1673K and 1623K the 

Cr content in the glass phase declined to 0.3 and 0.19 at.% respectively. Further decrease in 

temperature to 1573K reduces all the Cr in the glass phase to an undetectable range with almost 

all the Cr enriched in the spinel. Melilite also precipitates at this temperature. Further reduction in 

temperature has no detectable change in the Cr distribution. The results of the study are in excellent 

agreement with the theoretical findings as spinel formation is expected to be the highest below the 

1623K threshold with maximum formation at 1553K. Samples at 1773K are also expected to have 

the highest Cr leaching due to the lack of spinel nucleation according to the theoretical analysis. 

 

Figure 2.23: Distribution of chromium in samples at different quenching 

temperatures [47]. 
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The mean diameter of spinel crystals is 6.5µm at 1773K and it slightly increases at 1623K. The 

most significant growth of spinel is observed when cooling from 1623K to 1523K where the mean 

diameter increases from 10.8 to 24.8µm. The growth rate is much lower when cooling to 

temperatures below 1523K. This observation is consistent with the theoretical calculations. 

The research was further verified using leaching tests on the samples quenched from 1873K and 

1573K [50]. The study determined that glass dicalcium silicate and merwinite are the main source 

of chromium release in acidic systems. These phases disappear when the samples are quenched 

from 1573K. Leaching tests show that Cr content in a standard acid solution with 2:1 mass ratio 

of sulfuric acid and nitric acid and pH of 3.2 is less than 0.01mg/L for slag quenched from 1573K. 

This sample has almost all of its chromium in the spinel phase. The research was able to conclude 

that quenching slags from 1573K can significantly reduce Cr leaching from stainless steel slag 

compared to those quenched from 1873K. 

2.7. Effect of Oxygen Partial Pressure on Cr Release 

Heat treatment can be crucial to the formation of spinel and the subsequent stabilization of Cr in 

slag. However, the same heat treatment regime can produce different results based on the 

atmosphere in which it is conducted. The oxygen partial pressure of the atmosphere is critical 

during the heat treatment process. While our research will not observe the effect of oxygen partial 

pressure, it will employ the results of the previous studies to choose a proper atmosphere for the 

furnace. 

As shown in Figure 2.21, the effect of heat treatment under different oxygen partial pressure was 

examined using CaO-MgO-SiO2-Cr2O3-(Al2O3) slags [14]. The chromium content in leachate 

solution is lower in case of heat treatment cycle with lower oxygen partial pressure compared to 

the heat treatment conducted in air. In samples soaked in the air, the magnesium spinel solid 

solution phase contained foreign ions such as Ca2+ and Si4+. These ions create point defects in the 

spinel phase, disturbing its growth and making the phase less thermodynamically stable. In 

addition, chromium (III) easily oxidizes to chromium (VI) at high temperature in presence of 

oxygen.  

Partial pressure of oxygen in CO atmosphere has a similar effect on Cr release from the 

ferrochromium slag in equilibrium with ferrochromium [51]. Decreasing the CO partial pressure 
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(increasing the oxygen partial pressure) seems to increase the Cr leachability of the slag. It is 

concluded that the oxygen partial pressure of the furnace atmosphere should be kept at a minimum 

to reduce Cr leaching. 

2.8. Leaching Method 

The largest environmental concern relating to FeCr slag reuse and disposal is the release of Cr 

from it. While most of the Cr in slag remains stabilized inside spinel crystals, a small amount might 

be released from the slag through prolonged exposure and leaching. Appropriate leaching tests 

need to be conducted on FeCr slag to determine its suitability to be reutilized as a construction 

material.  

The AV002.1 availability test was designed to measure the maximum mobile faction of inorganic 

constituents that can be released into a solution from a solid matrix in the presence of a strong 

chelating agent such as EDTA (ethylenediamine tetra acetic acid) [52]. The test was developed in 

collaboration with the United States Environmental Protection Agency (USEPA) to determine the 

potentially extractable content of chromium under environmental conditions and to overcome the 

limitations of the more commonly used US based toxicity characteristic leaching procedure 

(TCLP). The over-broad application of the TCLP test was criticized as concerns were raised 

regarding its technical considerations. The AV002.1 availability test more accurately estimates 

leaching behaviour of wastes over several parameters including pH, liquid-solid (L/S) ratio and 

waste form compared to the more commonly used tests [52]. 

 The AV002.1 test employs 50 mM EDTA in DI (de-ionized) water as a chelating agent to extract 

metals of interest at near-neutral pH (7.5). The test is a batch extraction process where pH remains 

between 7-8 after extraction, as it is used for materials that may be heterogenous in acid 

neutralization capacity. A L/S ratio of 100 ml extractant to 1 g sample is maintained with a contact 

time of 48 hours to reduce limitations of mass transfer. The slurry/solution is tumbled in an end-

over-end fashion at 28 ± 2 rpm at room temperature. pH value of the leachate is measured after 48 

hours. The procedure is repeated if necessary, by changing the starting pH until the end pH is close 

to 7.5. The final solution is filtered to remove solid residue and the solution is used for subsequent 

analysis. 
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The effectiveness of the AV002.1 availability test was compared with a more commonly used 

NEN 7341 availability test using concrete samples containing FeCr slag [53]. NEN 7341 is a 

double extraction process where the solid is leached using DI water at two different pH values of 

4 and 7. The L/S ratio is maintained at 50 ml/g for both extractions and the end solutions are mixed 

and then filtered to obtain the final solution. Concrete samples were prepared by replacing parts of 

the fine aggregate with water cooled FeCr slag and parts of the coarse aggregate with air cooled 

FeCr slag. The composition of the two different FeCr slag are presented in Table 2.9. 

Table 2.9: Major constituents (mass%) of FeCr slag determined by XRF analysis [53]. 

FeCr Slag Cr2O3 Al2O3 SiO2 MgO CaO Fe2O3 

Water cooled 10.37 19.57 27.33 32.28 2.49 4.12 

Air Cooled 8.32 22.84 28.87 30.32 2.96 2.85 

 

Using Atomic Absorption Spectrometer (AAS) analysis the total Cr content of the concrete 

samples were measured to be 2.85-3.55 mass%. Cr(VI) concentration was also measured to be 6.5-

12.8 ppm, using a UV/Vis Spectrophotometer. This showed that majority of the Cr was present as 

Cr(III) in the samples. The low concentrations of Cr(VI) was expected, since the slag was obtained 

from the highly reducing environment of a submerged arc furnace process. Samples leached using 

the NEN 7341 availability test had a leachate total Cr concentration of 24.7-26.8 mg/kg sample 

and a Cr(VI) concentration of 1.66-2.13 mg/kg sample. In comparison, the AV002.1 availability 

test produced a leachate total Cr concentration of 27.8-31.4 mg/kg sample and a Cr(VI) 

concentration of 1.88-2.58 mg/kg sample. The US EPA TCLP method, on the other hand, had a 

leachate total Cr concentration of 11-17.6 mg/kg sample and a Cr(VI) concentration of 0.96-1.68 

mg/kg sample  The AV002.1 availability test was able to extract more Cr from the concrete 

samples than the NEN 7241 test as well as the US EPA TCLP test. The study showed that only 

0.022-0.046% of the Cr(III) was released in the solution. However significantly higher percentages 

of Cr(VI), i.e. 35-38% was dissolved in the solution. This is because Cr(VI) compounds are 

generally more soluble than the Cr(III) compounds. 

Since Cr concentrations in the leachate of the AV002.1 availability test is higher than the US TCLP 

or the NEN 7341, we conclude that the AV002.1 is a more conservative method for examining Cr 



41 

 

leaching from FeCr slag.   The total Cr release from the slag will be compared to the Ontario’s 

aqueous waste leachate limit of 2.77 mg/L total Cr from TCLP test [15] to determine its 

environmental compatibility and subsequent reutilization. 

2.9. Scope and Objective 

Chromium is a highly carcinogenic element that causes significant harm if it’s allowed to leach 

into the environment. While the importance of ferrochromium production is undeniable in meeting 

the demands for the stainless steel production around the world, careful precautions should be 

taken to prevent potential environmental damage from the production process. The slag produced 

during FeCr production poses a probable threat of leaching Cr from it, whether the slag is dumped 

in landfills or utilized elsewhere. Spinel phase formed in the slag has been proven to prevent Cr 

from leaching. The spinel crystals trap Cr ions in its structure and prevent its dissolution in water.  

The current work is part of an extensive research conducted by NRCan (Natural Resources 

Canada) to investigate the properties of the ferrochromium slag as a byproduct of chromium 

extraction from the Ring of Fire deposits. The objective of this research is to stabilize Cr in 

synthetic Al2O3-MgO-SiO2-CaO-FeO-Cr2O3 slag system through spinel formation. 

The scope of this research includes the following: 

1. Examining the effect of temperature on the formation of the spinel phase. 

2. Investigating the effect of Al2O3 content on Cr leachability of the slag. 

3. Examining the effect of basicity on Cr leachability of the slag. 

A base composition of the synthetic slag has been provided by NRCan. The heat treatment profile 

will be determined based on the calculated liquidus temperature, complex pseudo-quaternary 

phase diagrams and studies on spinel crystallization. The Al2O3 and basicity of the slag will be 

varied in a reasonable range to observe their effect on the Cr stability in the slag. The degree of 

the stabilization of Cr will be determined using leaching experiments to obtain leachable Cr in the 

slag. Chemical analysis of the samples will be conducted to determine changes in mineralogy and 

structure of the slag due to changes in composition. 
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3. Materials and Methods 

The chapter will elaborate on the methodology used to prepare, heat treat, and leach synthetic slag 

samples and the equipment used in each process. We will also discuss the different chemical 

analysis and characterization processes used for the synthetic slag and their leachates. 

3.1. Materials 

Slag samples were synthesized using reagent grade oxides. Pure Al2O3 (99%), MgO (99%+), SiO2 

(99%), Cr2O3 (99.6%) were obtained from Alfa Aesar and CaO (99.9%+) was obtained from Fisher 

Scientific. The MgO and CaO powders were calcined at 1000ºC in a muffle furnace (Figure 3.1) 

to decompose any possible hydroxides and carbonates in them. The SiO2, Cr2O3 and Al2O3 were 

dried at 110ºC in a muffle furnace to get rid of moisture.  

 

Figure 3.1: Muffle furnace used for calcining the reagents.  

FeO was synthesized from metallic Fe (95.3% purity, 0.6% Mn, 0.012% P, 0.02% sulfide) chips 

from Fisher Chemical and reagent grade Fe2O3 (99%+) from Sigma Aldrich. Fe chips and Fe2O3 

were mixed in a 1:1 molar ratio inside an agate mortar and pressed into an alumina crucible. The 

crucible was then placed inside a vertical tube furnace and heated at 1000ºC for 24 hours in argon 
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atmosphere to synthesize FeO. The synthesized FeO was analyzed using XRD to confirm the 

complete reaction between Fe metal and Fe2O3 and the formation of FeO. The XRD pattern of 

synthesized FeO is presented in Figure 3.2. The chemical composition of the synthesized samples 

with variations in Al2O3 content and basicity (CaO/SiO2) are shown in Table 3.2 and Table 3.2 

respectively. 

 

Figure 3.2: XRD pattern of synthesized FeO.  

Table 3.1: Chemical composition (mass%) of synthetic slag with varying Al 2O3 

content.  

Series Basicity Al2O3 MgO SiO2 FeO CaO Cr2O3 Total 

A1 0.5 20.00 25.00 30.00 4.00 15.00 6.00 100 

A2 0.5 15.00 25.00 33.33 4.00 16.67 6.00 100 

A3 0.5 12.00 25.00 35.33 4.00 17.67 6.00 100 

A4 0.5 9.00 25.00 37.33 4.00 18.67 6.00 100 

A5 0.5 6.00 25.00 39.33 4.00 19.67 6.00 100 

A6 0.5 3.00 25.00 41.33 4.00 20.67 6.00 100 

A7 0.5 0.00 25.00 43.33 4.00 21.67 6.00 100 

Table 3.2: Chemical composition (mass%) of synthetic slag with varying Basicity . 

Series  Basicity Al2O3 MgO SiO2 FeO CaO Cr2O3 Total 

B1 0.3 20.00 25.00 34.61 4.00 10.39 6.00 100 

B2 0.4 20.00 25.00 32.14 4.00 12.86 6.00 100 

A1 0.5 20.00 25.00 30.00 4.00 15.00 6.00 100 

B4 0.6 20.00 25.00 28.13 4.00 16.88 6.00 100 

B5 0.7 20.00 25.00 26.47 4.00 18.53 6.00 100 
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Sample A1 was used in both series as a representative of 20% Al2O3 content in Table 3.2 and 0.5 

basicity in Table 3.2. 

3.1.1. Liquidus temperature and viscosity of the synthetic slag 

Theoretical values for the liquidus temperature and viscosity of the slag compositions were 

calculated before synthesis and heat treatment (Table 3.4 and  

Table 3.3). The liquidus temperature was confirmed to be around 1650ºC and below 1700ºC which 

is the maximum operating temperature for the vertical tube furnace for prolonged use. The liquidus 

temperature was calculated using Eq ( 1 ) and the viscosity was calculated using Eq ( 2 ) presented 

is sections 2.3.1 and 2.3.2 respectively. 

Table 3.3: Estimated values for liquidus temperature and viscosity of slag  with 

varying Al2O3 content. 

Series Al2O3 CaO/SiO2 Liquidus (°C) Viscosity(P) 

A1 20 0.5 1674.18 3.8 

A2 15 0.5 1654.19 3.7 

A3 12 0.5 1642.58 3.6 

A4 9 0.5 1631.26 3.5 

A5 6 0.5 1620.22 3.3 

A6 3 0.5 1609.45 3.2 

A7 0 0.5 1598.93 3.0 

Table 3.4: Estimated values for liquidus temperature and viscosity of slag with 

varying CaO/SiO2. 

Series Al2O3 CaO/SiO2 Liquidus (°C) Viscosity(P) 

B1 20 0.3 1656.40 3.2 

B2 20 0.4 1665.94 3.5 

A1 20 0.5 1674.18 3.8 

B4 20 0.6 1681.38 4.3 

B5 20 0.7 1687.72 5.0 

 

3.2. Heat Treatment 

Predetermined amounts of reagent grade oxides were measured to make different compositions of 

slag. The slag constituents were mixed in an agate mortar before being pressed inside an MgO 

crucible (15ml). The total mass of the slag for all the samples was constant and equal to 10g. The 
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sample loaded MgO crucible was then placed inside an Al2O3 crucible (50ml) and hung inside a 

vertical tube furnace (model# STTV-1700C-3.5-12) using 1mm dia, 99.95% pure Molybdenum 

(Mo) wire (Figure 3.3).  

 

Figure 3.3: Front view of the vertical tube furnace with an image of the MgO 

crucible placed inside the Al2O3 crucible. 
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The furnace is fitted with an Al2O3 tube (90 mm inner dia x 900 mm height x 3.5 mm thickness) 

with two removable Al2O3 plugs (85 mm outer dia x 100 mm height) on both ends of the tube. The 

plugs have 300mm long alumina tubes in the middle to allow gas to enter and exit the furnace. The 

Mo wire is fed through the top plug pipe until the crucible is positioned in the middle of the tube 

and then fastened using a rubber cork as shown in Figure 3.4.  

  

Figure 3.4: Schematic view of the vertical tube furnace with the loaded crucibles 

hung from a Mo wire.  
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The furnace is kept in an inert atmosphere with high purity (99.997%) argon gas (supplied by 

Praxair) at a flow rate of 4 lit/h. After placing the sample, the furnace temperature was raised to 

1000ºC at 4ºC/min and then to 1650ºC at 3ºC/min where it was kept for 10 hours to melt the 

sample. The temperature profile of the furnace is shown in Figure 3.5. The 10 h holding time was 

determined through preliminary melting experiments by observing the cross sections of melted 

slag and confirming the absence of undissolved reagents visually. Note that the 1650ºC melting 

temperature was sufficient despite being lower that some of the calculated liquidus temperature of 

the slag samples. 

Following melting, the temperature was reduced to the holding temperature (1400, 1475, 1550ºC) 

at 3ºC/min and held for 12 h. After the holding time, the bottom cap is removed and the sample is 

dropped in a bucket of cold tap water for quenching, by cutting the Mo wire.  

 

Figure 3.5: Melting and heat treatment cycle for the slag samples.  
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3.3. Slag Extraction and Processing 

Quenched slag samples were allowed to dry in air and weighed to observe any weight loss of the 

samples. MgO crucibles were initially heated at 1650ºC before being used for slag synthesis to 

account for mass loss of the crucible during heating. The slag was fused with the crucible and 

could only be separated physically by using a diamond cutter (Figure 3.6). Half of the sample was 

extracted to be used for leaching and chemical analysis. Extracted samples were milled using a 

ball mill (Figure 3.7) inside a 50ml stainless steel container loaded with tungsten carbide milling 

balls.  

 

Figure 3.6: (a) The diamond cutter and (b) samples extracted using diamond cutter.  

(a) 

(b) 
Sample inside 

crucible before 

extraction Extracted 

sample 

Discarded 

crucible parts  

Sample fused 
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Extracted samples were milled and sieved to <106 µm for leaching and chemical analysis. Sample 

sized was determined based on preliminary leaching tests on larger size factions showing no 

detectable Cr in ICP-AES analysis.  

 

Figure 3.7: Front Image of the ball mill with container and milling balls. 

3.4. Leaching Experiment 

Leaching experiments were conducted on slag samples with particle size of <106 µm using 

AV002.1 availability test [52]. Extraction liquid of 50mM EDTA was prepared by dissolving 

18.61 g of 99+% purity ethylenediaminetetraacetic acid disodium salt dihydrate salt 

(C10H14N2O8Na2.2H2O) from Alfa Aesar in 1L of DI water. The pH of the solution was adjusted 

to 7.5 before leaching by using 2N nitric acid (HNO3) solution and 1N potassium hydroxide (KOH) 
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solution. 1 g of <106 µm slag with 100ml of EDTA extraction liquid were placed in 150 ml high 

density polypropylene (HDPP) containers. The extraction containers were tightly sealed and 

attached to a makeshift rotary tumbler using a clamp (Figure 3.8) and set to rotate in an end-over-

end fashion for 48 h at 35 rpm using a worm geared motor. The leachate was then filtered using a 

Whatman no.1 filter paper to remove the solid residue. The leachate was stored for analysis with 

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES). 

 

Figure 3.8: The makeshift rotary tumbler for leaching experiment .  

3.5. Chemical Analysis 

The slag samples were characterized using X-Ray Diffraction (XRD) and Scanning Electron 

Microscopy with Energy Dispersive X-Ray Spectroscopy (SEM-EDX)) before leaching. The 

leachate obtained from the leaching experiments were analyzed using ICP-AES.  

3.5.1. X-Ray Diffraction 

XRD is an analytical technique where crystals are placed in the path of an X-ray beam. The 

diffracted beam is then processed for intensity and diffraction angle to determine the crystal 
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structure of molecules. The minerology of slag samples was determined using XRD analysis of 

>40µ size slag using a Bruker D9 Focus Bragg-Bentano diffractometer with a CoKα radiation 

source operated at 35kV and 40mA. The equipment collects continuous data of diffracted X-ray 

with a 2θ range of 3-80º for 30 minutes per sample. The International Centre for Diffraction 

Database was used to determine the mineralogy of the samples using the diffractogram data. 

3.5.2. Scanning Electron Microscopy 

In SEM analysis, the interaction of a focused electron beam with the atoms of a sample is used to 

produce microscopic images of the sample. This can produce different signals using secondary 

electrons (SE) or back scattered electrons (BSE). Moreover, the electron beam displaces the 

electrons in the sample atom and the energy released from the atom can then be used for elemental 

analysis using EDX. For SEM-EDX analysis, slag samples were prepared using small pieces of 

slag. The pieces were resin mounted and then polished using 240-1200 size polishing paper and 

1-6µ polishing cloth. The polished surface was coated with Palladium (Pd) for better imaging using 

a Denton Vacuum Desk -II sputterer. Hitachi S3000N scanning electron microscope was used for 

SEM-EDX analysis of the slag samples to determine the crystal size and elemental composition of 

different phases present in each sample. 

3.5.3. Inductively Coupled Plasma Spectroscopy  

Elemental compositions of aqueous samples are analyzed using ICP-AES using ionized argon gas. 

The argon gas flows through a 6000-10000K torch to get rapidly ionized and collides with aqueous 

samples to break them down to charged ions. The characteristic radiation emitted from different 

molecule breakdowns in the sample are detected and analyzed for intensity and wavelength. The 

data obtained from the samples are compared to the data obtained from solutions with known 

concentration (standards) to determine the elemental concentrations of the samples. For ICP-AES 

analysis of the leachate obtained from the slag leaching experiments, 9 standards were prepared 

with Cr concentration ranging from 0 to 1 ppm. Standards were prepared with a 1000 ppm Cr in 

2% HNO3 standard solution and the 50 mM EDTA extraction liquid using a 5000 µL Sartorius 

mechanical pipette for accuracy. Varian 725-ES ICP spectrometer was used for ICP-AES analysis 

of the leachates and standards.  
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4. Results and Discussion 

The stabilization of Cr in the current slag system was achieved through variation in holding 

temperature and changes in chemical composition. The holding temperature that yielded the least 

Cr leachability of the slag was used to prepare the subsequent samples to observe the effect of 

chemical composition. Two sets of synthesized samples, with varying Al2O3 content and basicity, 

were analyzed using XRD to observe their mineralogy. SEM analysis was also conducted on select 

samples to note the changes in phase composition and grain size. Each sample underwent leaching 

experiments, and the Cr concentrations of the leachates were analyzed using ICP-OES to 

investigate the Cr stability of the slag samples. 

4.1. Cr Stabilization by Heat Treatment 

Slag samples with A1 composition were synthesized at dwelling temperatures of 1400ºC, 1475ºC, 

and 1550ºC followed by quenching. Since the phase diagram for the CaO-MgO-SiO2-Al2O3-

Cr2O3-FeO system is not available due to its complexity, a simpler pseudo-ternary CaO-MgO-

SiO2-Al2O3 phase diagram was used to predict phase formations in the slag. Due to the low 

composition of Cr2O3 (6%) and FeO (4%) in the slag, they were ignored to simplify the initial 

phase analysis. A pseudo-ternary phase diagram for the CaO-MgO-SiO2-Al2O3 system with fixed 

20% Al2O3 content was used as shown in Figure 4.1. An estimated composition range for A1 slag 

is marked for reference. While previous studies have estimated that a temperature range of 1250-

1350ºC is ideal for spinel crystallization [47], the solidus temperature of the CaO-MgO-SiO2-

Al2O3 phase diagram suggests the formation of other phases such as melilite, merwinite and 

monticellite besides spinel [54]. Based on the phase diagram in Figure 4.1 holding temperatures 

1400ºC, 1475ºC, and 1550ºC were selected to ensure that only spinel crystallizes before other 

phases. All the Al2O3 content of slag samples is expected to be consumed upon the completion of 

spinel crystallization.  
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Figure 4.1: Liquidus surface in the CaO-MgO-SiO2-Al2O3 system containing 20% 

Al2O3 with the approximate composition of A1 sample  [54]. 

After the Al2O3 content had crystallized, the liquid slag can be essentially treated as a CaO-MgO-

SiO2 system. Incorporation of all the Al2O3 (20 wt% of the total slag) in the spinel, would involve 

removing 8 wt% MgO from the liquid slag. The estimated composition for the liquid portion of 

the A1 slag in the CaO-MgO-SiO2 system, after complete spinel crystallization is shown in Figure 

4.2. Based on the phase diagram we assumed that spinel crystallization will be followed by 

forsterite (Mg2SiO4) formation and subsequently monticellite (CaMgSiO4) or akermanite 

(Ca2MgSi2O7) formation. 
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Figure 4.2: Liquidus surface in the CaO-MgO-SiO2 system with estimate 

composition for A1 sample after complete spinel crystallization  [54]. 

4.1.1. XRD Analysis 

The heat-treated samples with different holding temperatures were analyzed using XRD to 

determine their minerology. Figure 4.3 shows that the majority phases in all three slag samples are 

spinel, ringwoodite and akermanite. We also observe minor phases of Cr bearing 

magnesiochromite complex, (Mg,Fe)(Al,Cr)2O4, and quartz. There is also a visible amorphous 

phase present in the slag, shown by the broad non-crystalline peak in the XRD spectrum.  
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Figure 4.3: XRD analysis of the slag samples with a holding temperature of 1400ºC, 

1475ºC and 1550ºC. 

The major phases are in agreement with the estimates made through phase diagram analysis of the 

slag. Spinel and ringwoodite (polymorph of forsterite) are expected to crystallize first, followed 

my akermanite formation. The Cr bearing spinel complex was not estimated from the phase 

diagram analysis since Cr and Fe bearing oxides were not considered for simplicity. However, the 

presence of a complex spinel phase is expected based on the previous studies on characterisation 

of FeCr slag.  

Due to the overlap among the spectra of these major phases, it is difficult to quantify them using 

XRD analysis. A simple mass balance of the different phases as shown in Table 4.1 is used to find 

an approximation of the quantity of the different phases. Since spinel is the only Al bearing phase, 



56 

 

its wt% was calculated based on the Al2O3 content. Similarly, the akermanite wt% was calculated 

based on the CaO content. The remaining MgO content after spinel and akermanite calculation 

was used to determine the ringwoodite wt%. Finally, quartz wt% was determined based on the 

remaining SiO2 after ringwoodite calculation. Akermanite is observed to be lower in the XRD 

spectra compared to the mass balance calculation. This is possibly because akermanite crystallized 

during the quenching process and not during the holding time. The quenching period being 

significantly short, it did not provide enough time for most of the akermanite phase to crystallize. 

Table 4.1: Mass balance calculation (in wt%) of phases in A1 slag (FeO excluded). 

Sample Spinel Cr.Spinel Akermanite Ringwoodite Quartz 

A1 27.90 7.59 36.46 17.65 6.42 

 

There are slight differences in the XRD spectra of the slag samples held at varying temperatures. 

The slag held at 1550ºC has a smaller spinel peak in the spectra compared to the slags held at 

1400ºC and 1475ºC. This is due to the holding temperature at 1550ºC being too high for spinel 

crystallization. In other words, holding temperature of 1550ºC prevents the formation of spinel 

during the dwelling period. High temperature would allow better growth of the spinel crystals but 

reduce the nucleation rate of new crystals [47]. Crystalline quartz was only present in the slag held 

at 1400ºC and absent in the slags held at 1475ºC and 1550ºC. Since the crystallization temperature 

of quartz is 870ºC, it would only crystallize during the quenching period. Since the slag held at 

1400ºC possibly had more crystallized phases before quenching, it was easier for quartz to nucleate 

on those phases. 

4.1.2. SEM Analysis 

Initial SEM-EDX analysis of the samples was conducted to identify the different phases in the 

micrograph. Elemental mapping with BSE signal was used on sample A1 as a reference to 

differentiate between the phases based on their chemical composition (Figure 4.4). The majority 

of the Al content in the slag is expected to be inside the spinel phase along with Cr. Si and Ca are 

expected to be outside the spinel phase in the silicate matrix. Mg will be present in both the spinel 

and the matrix phase. Fe being in low concentration and possibly present in both phases can be 

ignored for the phase identification. Based on these assumptions the spinel phase was identified as 
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a polygonal crystal phase shown in the micrograph in Figure 4.4. The spinel has a rough surface 

while the matrix has a uniform smooth appearance. 

 

Figure 4.4: SEM micrograph (1000X) and elemental mapping of A1 Slag. 
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SEM micrographs of A1 slag held at 1400, 1475 and 1550ºC are presented in Figure 4.7, Figure 

4.6, and Figure 4.7 respectively, to observe the changes in spinel crystals due to the variation in 

holding temperature. The area of each spinel crystal in the micrograph were measured using 

ImageJ software by manually tracing the crystal perimeters. The term A80 was used to define the 

apparent cross-sectional area under which 80% of spinel crystals would fall under.  

 

 

Figure 4.5: (a) SEM micrograph (500X) and (b) crystal size distribution of A1 slag 

held at 1400ºC measured using ImageJ. 
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Figure 4.6: (a) SEM micrograph (500X) and (b) crystal size distribution of A1 slag 

held at 1475ºC measured using ImageJ. 

The number of particles measured for spinel size analysis in each sample is in the range of 56-92 

based on all the observable crystals in two separate SEM micrographs for each sample. The slag 

held at 1550ºC was observed to have smaller spinel crystals present with a A80 of 241 µm2, 

compared to the slag held at 1400ºC with a A80 of 620 µm2. Considering the previous findings 

[47], these smaller spinel crystals possibly nucleated during the quenching phase since spinel 
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growth is optimum at 1500ºC. In addition, samples at 1400ºC had more time for spinel growth as 

it cooled down from 1650ºC.  

 

 

Figure 4.7: (a) SEM micrograph (500X) and (b) crystal size distribution of A1 slag 

held at 1550ºC measured using ImageJ. 
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crystallized during quenching did not undergo such drastic thermal change. Slag held at 1475ºC 

appears to have a combination of spinel crystallized before and during quenching with a A80 of 

515 µm2. The slag has both large and small spinel crystals, with the larger crystals showing a 

rougher surface.  

To better understand the Cr partition in the slag, SEM-EDX analysis of samples held at 1400, 1475 

and 1550ºC were conducted. Lack of detectable Cr in the matrix phase indicate that most of the Cr 

is present in the spinel phase. The elemental composition range of the spinel crystals in the samples 

were determined using area analysis on 5-7 spinel crystals on each sample (Table 4.2). For samples 

held at 1400ºC and 1475ºC the composition range of the spinel crystals is mostly similar, except 

the Si and Ca concentration range being wider for the sample held at 1475ºC. The sample held at 

1550ºC however, has a much wider range of compositions. Some spinel crystals have a higher Cr 

content (~24 wt%) than those held at lower temperatures (<20%). This would indicate higher Cr 

partition in the spinel phase of the 1550ºC sample, but XRD analysis of the sample also indicates 

a relatively lower total spinel content. Si and Ca inclusions in the spinel crystals are also 

significantly higher in some spinel crystals at 1550ºC, which would create a more unstable spinel 

structure [5]. Further clarification on Cr stabilization due to differences in holding temperature, 

are obtained through leaching experiments. 

Table 4.2: The range of the elemental composition (wt%)  of 5-7 spinel crystals in 

slag samples with holding temperatures of  1400, 1475 and 1550ºC. 

Temperature Mg Al Si Ca Cr Fe 

1400°C 11.61-11.98 9.45-14.17 3.21-7.55 1.30-4.43 10.25-19.68 2.34-2.94 

1475°C 11.37-12.20 10.87-15.15 2.86-8.08 1.81-5.22 10.28-18.27 1.89-2.33 

1550°C 11.48-13.27 8.87-18.93 2.25-16.9 0.99-10.32 8.25-23.79 1.28-2.16 

  

4.1.3. ICP Analysis of Leachate 

Slag samples with the particle size of <106 µm were leached using AV002.1 availability test [52] 

and the Cr concentration of the leachate was determined using ICP using two aliquots for each 

leachate and the average of triplicates for each aliquot. The maximum difference in the Cr 

concentration obtained from the two aliquots of the samples is 0.01 ppm. The Cr concentration of 
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the leachate for slags with different holding temperature are shown in Figure 4.8. There is a notable 

increase in Cr concentration of the leachate for samples held at higher temperatures. Slag held at 

1550ºC showed visibly lower spinel content for Al bearing spinel in the XRD analysis. At higher 

holding temperature, spinel would nucleate at a lower rate (no nucleation around 1600ºC) and only 

precipitate from the liquid slag during quenching. The spinel formed during quenching would not 

be allowed the same time to absorb Cr into its structure as the spinel formed before quenching 

[41]. Slag sample held at 1550ºC had a significantly higher Cr concentration in the leachate (0.28 

ppm) than sample held at 1400ºC (0.18 ppm). Samples held at 1475ºC had a leachate Cr 

concentration in between the other two (0.20 ppm) but closer to the sample held at 1400ºC. We 

can observe from the XRD results that samples held at 1400ºC and 1475ºC had similar spinel 

content despite the difference in holding temperature. For the samples held at 1475ºC the samples 

possibly had lower spinel content before quenching with the rest of the spinel crystallizing during 

quenching, as observed from the SEM images.  

 

Figure 4.8: Cr concentration of the leachate obtained using AV002.1 availability test vs. 

holding temperature of slag.  
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samples in this series of experiments. The phases present in sample A1 are discussed in section 

4.1.1.  The results of the aforementioned phase analysis will be used to explain the mineralogy of 

slags A2-A7. 

4.2.1. XRD and SEM Analysis 

XRD analysis of Slag A1 shows the presence of spinel, ringwoodite, and akermanite along with 

minor amounts of quartz and Cr bearing spinel. A comparative study of the XRD spectrum for all 

the varying alumina content series of slag shown in Figure 4.9 was used to determine the changes 

in minerology with Al2O3 content. 

There is a noticeable drop in spinel content of the slag with the decrease in Al2O3 content, notably 

slag A7 with 0% Al2O3 showing no spinel phase. The drop in spinel, although expected, was also 

supposed to be accompanied with and increase in ringwoodite and akermanite. This is because the 

decrease in Al2O3 content was compensated by an increase in CaO and SiO2 content in the slag. 

According to the mass balance for slags A1-A7 shown in Table 4.3, the slag samples should have 

a small increase in ringwoodite (~10%), a moderate increase in akermanite (~16%), and a large 

decrease in spinel (~28%), as the Al2O3 content decreased from 0 to 20%.  

Since the spinel and ringwoodite XRD peaks superimpose there should be a net decrease in the 

peaks according to the mass balance which can be confirmed in the XRD analysis. However, the 

akermanite peaks do not show any noticeable increase with Al2O3 reduction as the mass balance 

suggests. This is possibly due to the crystallization of akermanite during the quenching phase and 

not the holding period of the heat treatment cycle. In addition, the volume of the crystallized phases 

in the slag before quenching is smaller for samples with lower Al2O3 content. Hence, there are less 

regions for nucleation of new akermanite crystals during quenching. This would also explain the 

decrease in quartz phase in the slag on Al2O3 reduction, despite the mass balance showing higher 

free SiO2. Quartz having the lowest crystallization temperature of all the phases would have the 

shortest time to crystallize during quenching.  
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Figure 4.9: XRD analysis of slag samples with varying Al 2O3 content. 
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Table 4.3: Mass balance calculation (in wt%) of phases in varying Al2O3 slag (FeO 

excluded) 

Sample Al2O3 Spinel Cr.Spinel Akermanite Ringwoodite Quartz 

A1 20.00 27.90 7.59 36.46 17.65 6.42 

A2 15.00 20.93 7.59 40.52 20.05 6.94 

A3 12.00 16.74 7.59 42.95 21.50 7.25 

A4 9.00 12.56 7.59 45.38 22.94 7.57 

A5 6.00 8.37 7.59 47.81 24.38 7.88 

A6 3.00 4.19 7.59 50.25 25.82 8.20 

A7 0.00 0.00 7.59 52.68 27.26 8.51 

 

EDX analysis of samples A1, A4 and A7 were conducted to clarify the Cr partition in the slag. 

Since EDX is semi quantitative in nature, only samples with large differences in chemical 

composition were selected to avoid confusions caused by overlapping of data. No detectable Cr is 

observed in the silicate matrix, indicating that almost all of the Cr is in the spinel phase. EDX area 

analysis was performed for samples A1, A4 and A7 on 5-7 spinel crystals on each sample. Analysis 

of the spinel crystals confirm a high Cr content with variations in Al content (Table 4.4). Sample 

A1 with the highest Al2O3 content (20%) has more Al% in the spinel crystals than Sample A4 with 

9%. The Cr content in the spinel crystals is also lower in Sample A1 compared to samples A4 and 

A7 with lower Al2O3 contents (9% and 0% respectively).  

Table 4.4: SEM-EDX area analysis of spinel crystals in sample A1, A4 and A7 in 

wt%. 

Slag Mg Al Si Ca Cr Fe 

A1 11.61-11.98 9.45-14.17 3.21-7.55 1.30-4.43 10.25-19.68 2.34-2.94 

A4 11.56-12.72 6.21-10.49 1.35-6.65 0.87-5.29 16.03-34.86 2.34-3.14 

A7 11.71-13.34 0 1.48-9.04 0.00-4.64 16.63-35.85 0-4.04 
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4.2.2. ICP Analysis of the Leachate 

The Cr concentration of the leachate obtained from slag samples A1-A7 with particle size <106 

µm using two aliquots of each leachate and average of triplicates for each aliquot are shown in  

Figure 4.10. The maximum difference in the Cr concentration of the leachate obtained from the 

two aliquots of the samples is 0.01 ppm. The Cr concentration increases from 0.10 to 0.18 ppm as 

the Al2O3 content increased from 0% to 20%. 

 

Figure 4.10: Cr concentration of leachate vs. Al2O3 content of slag using AV002.1 availability 

test. 

The increase in Al2O3 content of the slag promotes Cr leaching out of it. It is proposed that Al3+ 

ions replace the Cr3+
 ions in the stable spinel phase that resists Cr dissolution in water. The Cr 

present in silicate phases (akermanite, ringwoodite, quartz) of the matrix would not be able to 

completely resist water dissolution and thus leach out of the slag.  

The results of the current study are in agreement with the literature claims on Al2O3 destabilizing 

the Cr present in spinel [14]. However, it does not clarify the claims in the previous research 

regarding the benefits of Al2O3 in stabilizing Cr by removing water-soluble periclase (MgO) [40]. 

It should be noted that periclase or free MgO was not detected in our samples since the MgO that 

was left after spinel crystallization was consumed in the formation of silicates. Further verification 
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on the stabilizing effect of Al2O3 on Cr stabilization can be achieved in future research with 

samples with free MgO. This can be done by using slags with higher MgO content or less SiO2 to 

bond with MgO. 

4.3. Influence of the Slag Basicity on Cr Release 

We synthesized slag samples B1-B5 with basicity ranging from 0.3 to 0.7 to determine its effect 

on Cr leachability of FeCr slag. The effect of basicity on Cr leaching has been widely observed to 

be detrimental on Cr stability in slag. Since the concentration of Cr in the leachate has been low in 

all previous samples of the current experiment, it was necessary to determine if changes in basicity 

would have any noticeable effect on the Cr release. 

4.3.1. XRD and SEM Analysis 

A comparative XRD spectrum of samples B1-B5 is shown in Figure 4.11. The spectra of samples 

show peaks for spinel, ringwoodite, akermanite and Cr bearing spinel with similar intensities. 

Quartz peaks can be observed in slag with 0.3, 0.4 and 0.5 basicity and are absent in the other slags 

with higher basicity. The mass balance of phases in slag B1-B5 shown in Table 4.5 is used to better 

understand the XRD spectra. Mass balance indicates that increase in basicity from 0.3 to 0.7 would 

result in small decrease in ringwoodite phase (~5%), moderate decrease in quartz phase (~15%) 

and a large increase in akermanite phase (~20%). The spinel phase remains unchanged as the 

amount of Al2O3 in all five slag samples is kept constant. The calculated increase in akermanite is 

not readily observed in the XRD spectra since the decrease might be too small to be noted, 

especially since it shares peaks with spinel. The reason for relatively constant akermanite peak 

intensity in all slag samples might be the dominance of the crystallisation of akermanite during the 

quenching phase rather than the holding time.  

Despite the difference in CaO and SiO2 content of the slag, the amount of akermanite crystallized 

in each slag sample remains the same due to the short time for nucleation and growth of new 

crystals during quenching. Quartz crystallized only in samples B1, B2 and A1 (basicity ≤0.5) since 

samples with higher basicity have lower SiO2 content and thus lower free SiO2 according to the 

mass balance. The amount of crystallized quartz in B1, B2 and A1 slag is similar despite the 

difference in SiO2 content because, much like akermanite, quartz crystallizes only during the 

quenching phase.  
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Figure 4.11: XRD analysis of the slag samples with varying basicity. 
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Table 4.5: Mass balance calculation (in wt%) of phases in slags with varying 

basicity (FeO excluded).  

Sample Basicity Spinel Cr.Spinel Akermanite Ringwoodite Quartz 

B1 0.3 27.90 7.59 25.26 20.54 14.74 

B2 0.4 27.90 7.59 31.26 18.99 10.28 

A1 0.5 27.90 7.59 36.46 17.65 6.42 

B4 0.6 27.90 7.59 41.02 16.48 3.04 

B5 0.7 27.90 7.59 45.04 15.44 0.05 

 

Samples B1, A1 and B5 were analyzed using EDX to observe elemental partition in the different 

phases. Similar to the A series experiments, only samples with large difference in chemical 

composition (0.2 Basicity) were used to avoid the misinterpretations that might be caused by the 

semi-quantitative nature of EDX analysis. The matrix phase of the samples contains no detectable 

Cr. The spinel crystals in the samples, however, show a noticeable difference in Cr content (Table 

4.6). Analysis of samples B1, A1 and B5 were performed via EDX area analysis of 5-7 spinel 

crystal on each sample.  

Table 4.6: SEM-EDX area analysis of spinel crystals in sample B1, A1 and B5 in 

wt%. 

Slag Mg Al Si Ca Cr Fe 

B1 10.28-12.47 6.22-10.65 1.12-2.82 0.00-0.52 17.84-33.79 2.56-3.74 

A1 11.61-11.98 9.45-14.17 3.21-7.55 1.30-4.43 10.25-19.68 2.34-2.94 

B5 11.37-11.87 9.47-14.16 3.68-10.65 1.78-6.32 7.02-23.97 2.57-3.09 

 

The spinel phase in sample B1 with the lowest basicity (0.3) has a higher Cr content than sample 

B5 with the highest (0.7) basicity. The Ca and Si content of sample B1 is higher than the other 

samples and could possibly lead to higher Cr leachability due to the destabilizing effect of Ca and 

Si ions on the spinel structure [14]. Ca and Si can create point defects in the spinel crystal which 

can lead to Cr partitioning out of it.  
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4.3.2. ICP Analysis of the Leachate 

Similar to the previous samples, ICP analysis was conducted on the leachates obtained from slag 

samples B1-B5 with particle size <106 µm using two aliquots of the leachate and average of 

triplicates for each aliquot, to determine their Cr concentration (Figure 4.12). The maximum 

difference in the Cr concentration of the leachate obtained from the two aliquots of the samples is 

0.01 pm. A noticeable Cr concentration difference in the leachates is observed by increasing 

basicity. The leachate of slag B1 with basicity of 0.3 has 0.15 ppm Cr. The Cr concentration 

increases to 0.25 ppm for the leachate of sample B5 with the basicity of 0.7. Cr concentrations in 

the third decimal values are below the lower limit (0.01 ppm) of the instrument and were thus 

ignored for the analysis. The increase in basicity has a noticeable increase in Cr leaching. Increase 

in basicity was achieved by an increase in CaO content and a decrease in SiO2 content of the slag. 

As the CaO content of the slag increases it also increases the probability of the formation of water-

soluble CaCr2O4 and CaCrO4 [6]. Silicate phases, while not as effective as spinel in reducing Cr 

dissolution in water, are more Cr stable than CaCr2O4 and CaCrO4 phases since they themselves 

do not dissolve in water [6][14]. The decrease in SiO2 content in addition to the increase in CaO 

content result in higher Cr dissolution as the basicity increases. 

 

Figure 4.12: Cr concentration of the leachate vs. basicity of the slag using AV002.1 

availability test. 
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4.4. XRF Analysis 

Changes in Al2O3 content and basicity show meaningful differences in Cr leachability, however, 

the leached Cr content is below 0.3 ppm in all cases despite significant composition changes. To 

verify that the samples contain similar Cr content before and after synthesis, we used XRF (X-Ray 

Fluorescence) analysis on the A1 sample. The elemental concentration (in ppm) based on the 

average of three separate runs of the slag was used to calculate the oxide composition shown in 

(Table 4.7). 

Table 4.7: Sample A1 composition based on XRF analysis.  

MgO Al2O3 SiO2 CaO Cr2O3 FeO Total 

40 22 17 8 8 5 100 

 

The analysis confirms the presence of Cr2O3 in the sample with a content close to the one used for 

synthesis. There is a noticeable difference in for the percentage of some oxides. MgO content of 

the sample is significantly higher than the initial percentage. This is due to the use of an MgO 

crucibles for slag synthesis. The high MgO content in the samples is associated with the 

contamination of the sample by the crucible. Moreover, SiO2 and CaO percentages of the slag are 

lower than the initial amount. This is possibly due to higher amount of MgO, which dilutes the 

concentration of SiO2 and CaO in the slag.  

4.5. Repeatability of the Experiments 

Due to the time-consuming nature of the high temperature experiments (~40 hours per sample), it 

is not conventional to repeat all the experiment. Sample A1 was prepared twice and analyzed to 

confirm the repeatability of the experiments. Samples were synthesized using the same amount of 

reagents and identical procedures and were analyzed for leaching behaviour using ICP-AES.  

ICP results of Cr content of leachate obtained from both sets for sample A1 were the same up to 

the 2nd decimal point (0.18 ppm).  
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5. Conclusion 

Leaching experiments on slag samples at holding temperatures of 1400, 1475 and 1550°C reveal 

that the highest Cr stabilization occurs at 1400°C.  The Cr concentrations of the leachate for the 

slag sample held at 1550ºC was 0.28 ppm, significantly higher than the sample held at 1400ºC 

(0.18 ppm). The slag held at 1475ºC had a leachate Cr concentration of 0.20 ppm, relatively close 

to the value obtained for the sample held at 1400ºC. XRD and SEM analysis show high spinel 

crystallization at 1400°C and 1475°C with larger spinel size at 1400°C. The slag held at 1550ºC 

was observed to have smaller spinel crystals with A80 of 241 µm2, compared to the slag held at 

1400ºC with A80 of 620 µm2. The sample held at 1475ºC has a combination of spinel crystals that 

formed before and during quenching with A80 of 515 µm2. 

Al2O3 content of slag samples are observed to increase Cr leachability in slag, with the highest 

Al2O3 content (20%) slag releasing 0.18 ppm Cr in the leachate. XRD spectrum of slag samples 

have visibly higher Al spinel peaks as the Al2O3 content increases, while the Cr spinel peaks 

remain relatively unchanged. This indicates that, despite the observable increase in total spinel 

content, Al is destabilizing the Cr trapped in spinel. SEM-EDX analysis of spinel crystals indicate 

higher Cr content in spinel at lower Al2O3 content.  

Increase in slag basicity in samples with a fixed Al2O3 and MgO content show further 

destabilization of Cr during leaching experiments. The Cr concentration of the leachates are as 

high as 0.25 ppm for the slag samples with the basicity of 0.7. The Cr concentration of the  leachate 

drops to 0.15 ppm when the basicity is lowered to 0.3. XRD analysis of samples show no distinct 

change in spinel content with changes in basicity. SEM-EDX analysis show higher Ca content in 

spinel crystals of slags with higher basicity. 

The Cr content of the leachate of all the slag samples examined in this work are below the Canadian 

and Ontario criteria of maximum 2.77 mg/L of Cr in waste leachate using TCLP test [15]. The Cr 

content of the leachates are also lower than the non-potable ground water limit of 0.81 ppm total 

Cr but higher than Ontario’s total Cr content standard limit of 0.05 ppm for drinking water [55]. 
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6. Future Work 

The Cr release from the samples examined in this work were below 0.3 ppm in all the leachates. 

Small differences in the Cr content of the leachate were observed despite significant variation in 

chemical composition and heat treatment. The high stability of Cr in samples is associated with 

high MgO content of the slag (25 wt%) and is possibly influenced by the use of MgO crucibles 

during synthesis. Decreasing the MgO content of the slag may clarify the effect of Al2O3 content 

and basicity on Cr release from the slag. 

XRF analysis of samples revealed higher MgO content than intended during synthesis. The MgO 

crucible used for synthesis is the likely source of the higher MgO content. In the future, the MgO 

contamination can be avoided by replacing the MgO crucible with an inert replacement. SiO2 and 

CaO content for slag samples were also lower than intended for synthesis. The loss of these oxides 

might have occurred during milling or due to reaction of the oxides with the MgO crucible during 

synthesis. The changes in SiO2 and CaO content can be investigated by analysing non-milled 

samples synthesized in an inert crucible, possibly with a more accurate quantitative analysis such 

as acid digestion/salt fusion followed by ICP-OES. 
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