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ABSTRACT 

 

 The recycling of metals from waste streams is important since natural resources could be 

conserved by recovering metals from secondary sources. Moreover, environmental problems due 

to the waste disposal also could be alleviated by removing volatile and toxic materials from the 

wastes. In general, high-temperature materials processing generated off-gases contain a large 

amount of dust. Therefore, dust collection systems, such as baghouse and cyclones, are usually 

installed in these facilities to control the emission of air pollutants. Dust collected from various 

facilities usually contains some metal values; however, most fine wastes are landfilled currently.  

 In this study, recovery of valuable metals from fine wastes is investigated by 

hydrometallurgical and pyrometallurgical processes from bottom ash from the municipal solid 

waste incinerator (MSWI), fly ashes from coal/oil fired power station, light fluff from end-of-life 

vehicle shredder, and baghouse dust from the secondary aluminum smelter and steel foundry. 

The elemental and mineralogical compositions of wastes are different depending on the industry 

where they come from. Therefore, these waste streams are initially analyzed by the inductively 

coupled plasma atomic emission spectroscopy (ICP-AES). Several wastes, which contain a 

relatively large amount of aluminum, silicon, calcium, and iron, could be used as a source of 

construction material since these elements are the major components of concrete. On the other 

hand, oil fly ash and aluminum smelter baghouse dust show a high concentration of vanadium 

and aluminum, respectively. For these reasons, this study mainly focuses on the recovery of 

vanadium and aluminum from these waste streams by hydrometallurgical and pyrometallurgical 

processes.  

 In this research, aluminum smelter baghouse dust is treated by alkaline leaching followed 

by Al(OH)3 precipitation to extract aluminum selectively, and vanadium extraction from oil fly 

ash is investigated by salt-roasting followed by hot water leaching. Thermodynamic and kinetic 

modeling of the results also has been studied for a deeper understanding of experimental 

phenomena.  
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CHAPTER 1 INTRODUCTION 

 

1.1. Benefits of Materials Recycling 

 The amount of metals on Earth is limited; therefore, producing metals only from the 

primary production which uses ores as metal sources is not sustainable. Recycling of waste 

materials has numerous advantages over the primary metal production, such as environmental 

benefits, energy conservation, ore conservation, and economic benefits [1]. Regarding the 

environmental aspect, metal recycling releases fewer amounts of greenhouse gas and mining 

waste. For the metal recycling, scrap metals from manufacturing or end of life product are the 

metal sources. Therefore, ores containing various metals can be conserved for future generations. 

Additionally, huge amounts of energy also can be saved by metal recycling. For example, 

secondary aluminum production requires 5% of energy compared to the primary aluminum 

production. For these reasons, approximately 150 million tons of scrap metals including iron and 

steel, aluminum, copper, stainless steel, lead, and zinc were recycled in the United States in 2008, 

according to the ISRI.  

 
1.2. Literature Review of Mineral Processing  

In general, primary metal production comprises exploration, mining, mineral processing, 

and extractive metallurgy as shown in Figure 1.1. Recycling of waste materials could share 

similar processes with metal production. In this case, initial analysis of waste streams, such as 

mineral liberation analyzer including mineral liberation analysis (MLA) and quantitative 

evaluation of minerals by scanning electron microscopy (QEMSCAN), as well as 

chemical/physical analysis of waste streams, would be the first step. Mineral processing and 

extractive metallurgy are the fundamental techniques which are used in both recycling 

applications and primary metal production; however, process selection for the metal recovery 

from wastes is varied since the physical and chemical properties of wastes are different. 

Therefore, application of proper techniques during mineral processing and extractive metallurgy 

is the key to extracting valuable metals efficiently. In this section, various mineral processing 

techniques from comminution to separation are reviewed.   
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Figure 1.1: Basic unit processes of primary metal production 

 

1.2.1. Comminution 

Comminution is the process to reduce the size of the raw material to obtain valuable 

constituents from the gangue components. In general, most minerals are finely dispersed in the 

gangue, so they must be liberated before the separation process. Comminution processes are 

usually carried out by blasting, crushing, and grinding. Liberation of valuable minerals and size 

reduction of particles for processing or to meet market requirements are the major roles of 

comminution processes, and these are listed in Table 1.1 [2]. The first mechanical process of 

comminution is crushing, and basic crusher plants usually comprise primary, secondary, and 

tertiary crushers with screens as shown in Figure 1.2. During the primary crushing stage, large 

rocks after the grizzly are reduced by primary crushers. Washing plants after the primary 

crushing can handle sticky ores containing clay to prevent problems of the following 

comminution stages. Further crushing from the primary crusher can be achieved by secondary 

and tertiary stages based on the ore characteristics and its size requirements [3]. Since the energy 

consumption during comminution processes took about half of the operating cost of mineral 

processing, efficient design of comminution is one of the greatest challenges in mineral 

processing. In Table 1.2, several devices of comminution for grinding shows very low energy 

efficiencies. Thus, an optimal arrangement of these devices is required to reduce the operating 

costs for mineral processing [4].   



 3 

Table 1.1: Major purposes of comminution [2] 

1. Liberation of one or more economically important minerals from the gangue components 

in ore matrix. 

2. Exposure of a large surface area per unit mass of material to facilitate some specific 

chemical reaction, such as leaching. 

3. Reduction of the raw material to the desired size for subsequent processing or handling. 

4. Satisfaction of market requirements concerning particle size specifications. 

 

 

Figure 1.2: Flowsheet of basic crushing plant [3] 
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Table 1.2: Normal size range and approximate energy efficiencies of various devices [4] 

Device Normal size range, mm 

Approximate energy 

efficiency, % 

Explosive ∞ - 1,000 70 

Gyratory crusher 1,000 - 200 80 

Cone crusher 200 - 20 60 

Autogenous/semiautogenous 200 - 2 3 

High pressure grinding rolls 20 - 1 20 – 30 

Rod mill 20 - 5 7 

Ball mill 5 – 0.2 5 

Stirred mills 0.2 – 0.001 1.5 

 

1.2.2. Basic Methods of Mechanical Size Reduction 

In general, particle breakage during comminution processes is mainly achieved by four 

methods: compression, impact, attrition, and shear. Most crushers and grinders utilize a 

combination of size reduction methods [3]. In Figure 1.3, four basic mechanical reduction 

methods are illustrated. Crushing by compression is done by two different surfaces and this 

mechanism usually is used for coarse reduction of solids. Particle breakage by compression 

could be utilized for the following material characteristics: hard, tough, abrasive, and non-sticky.  

Particle breakage by impact is done by impingement of a moving object against another. 

Gravitational force and dynamic motion of an object are the two variations of impact. Impact 

breakage has several advantages over other methods. Particle breakage by impact usually occurs 

along natural cleavage lines. Thus, separating valuable minerals from gangue is possible. 

Additionally, the products after the impact breakage are often similar in size and shape. 

Shear breakage is a size reduction method by trimming action as shown in Figure 1.3 (c). 

This method could yield a specific size of products with few fines. When materials have low 

silica content and friable, shear force can be used for particle breakage.  

Particle breakage by attrition is mainly achieved by particle-particle interaction as shown 

in Figure 1.3 (d). Attrition breakage usually yields very fine products, and this breakage method 

can be used for friable and non-abrasive material. In general, particle breakage by attrition 
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requires more power consumption than other breakage methods, and steel wear during breakage 

is also high [2]. 

 

 

Figure 1.3: Basic mechanical reduction methods: (a) compression; (b) impact; (c) shear; (d) 
attrition [5] 
 

1.2.3. Crushers  

Primary crusher 

The size reduction of ores is achieved by several stages. The first stage is called the 

primary crushing which handles run-of-mine ores to reduce their size suitable for the secondary 

crusher feeding. Jaw crushers and Gyratory crushers are the two main types of primary crusher.  

Jaw crushers have two plates with different pivoting methods of the movable jaw [3]. Depending 

on the pivoting methods, the jaw crusher can be classified as Blake, Dodge, and Universal as 

shown in Figure 1.4. When the movable jaw is pivoted at the top, this is called Blake. Based on 

the pivoted position, the Blake crusher has a fixed area of receiving and a variable area of 

discharge. In this case, the motion of the movable jaw at the bottom is the greatest, and it 

produces fewer fines than the Dodge crusher. The Dodge crusher, which is pivoted at the bottom, 

has a fixed discharge opening and a variable receiving area. With this apparatus, the motion of 

the movable jaw at the top is the greatest, and it yields little oversize product and many fines. 

Lastly, the universal crusher is pivoted at an intermediate position. Thus, it has a variable area of 
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receiving and discharge [2]. In general, jaw crushers are widely used for the primary crushing 

stage due to their simplicity of operation and repair.  

 

 

Figure 1.4: Schematic diagram of jaw crushers: (a) Blake type; (b) Dodge type; (c) Universal 
type [3] 
 

Gyratory crusher is one of the main types of primary crusher, and it occasionally is used 

as a secondary crusher. Gyratory crusher mainly comprises a spindle with crushing head, a fixed 

shell, and an eccentric sleeve as shown in Figure 1.5. The conical motion of the spindle due to 

the eccentric sleeve generates the greatest movement of the crushing head at the bottom of the 

crusher. The size reduction of the material is achieved by compression between the crushing 

head and the shell as shown in Figure 1.5 [3]. The material is loaded at the top of the gyratory 

crusher, and it is moved to the bottom by gravitational force during size reduction. In general, the 

gyratory crusher has higher capacity compared to other crushers since the particle breakage 

occurs on full cycles. The gyratory crusher can be used for direct dump and requires a smaller 

footprint than that of jaw crushers. Usually, installation of gyratory crusher requires the highest 

cost; however, it requires the lowest maintenance cost per ton of any crusher.  

 

Secondary crushers  

Secondary crushers which take the primaril y crushed ores usually have maximum feed 

size less than 15cm in diameter. A vibratory type screen usually is installed to screen out the fine 

materials before the secondary crushing stage to increase the capacity of the secondary crusher. 

In general, the power consumption during the secondary crushing stage is much higher than that 
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of the primary crushing stage since the secondary crushers handle relatively finer materials than 

the primary crushers do [3]. Secondary crushers are used for dry feed to reduce its size to be 

suitable for the grinding stage. There are three main types of secondary crushers: cone crusher, 

roll crusher, and impact crusher.  

 

 

Figure 1.5: Schematic diagram of gyratory crusher [3] 

 

Cone crushers share a lot of similar features with gyratory crushers. Therefore, these are 

considered the modified gyratory crushers. The main difference between the cone crusher and 

the gyratory crusher is the spindle. The spindle of the cone crusher is shorter than that of the 

gyratory crusher [3]. Additionally, it is not suspended like the spindle of the gyratory crusher; 

however, the spindle of the cone crusher is supported by a universal bearing below the cone. 

Depending on the shape of crushing chambers, the cone crushers can be classified as the standard 

type and the short-head type. As shown in Figure 1.6, the standard type cone crusher can handle 

a coarser material than the short-head type cone crusher does, since the standard type cone has 

stepped liners which allow a coarser material in the crushing chamber. The cone crushers usually 

show high reduction ratios and low wear rates. Thus, it is a preferred type of secondary crusher 

[3]. 
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Figure 1.6: Schematic diagram of cone crushers: (a) standard; (b) short-head [3] 

 

Roll crushers are one of the secondary crushers which utilize spring-loaded horizontal 

rolls revolving towards each other. Roll crushers usually have two horizontal rolls; whereas, 

there are different types of roll crushers which have only one roll, three rolls, four rolls, or six 

rolls. The surfaces of the roll could have a smooth surface or protruding teeth as shown in Figure 

1.7, and the roll crusher having protruding teeth is usually used for coarse crushing. Since the 

roll crusher has advantages when it handles friable, sticky, and less abrasive materials, it is still 

used in some applications. However, it often requires large rolls to obtain a reasonable reduction 

ratio based on the feed materials. Thus, it requires the highest capital cost compared to other 

crushers. Additionally, wear on the roll surface is very high, so they usually have a manganese 

steel tire which needs to be replaced periodically [3].  

Impact crushers are one of the secondary crushers which utilize impact for particle 

breakage rather than compression. The hammer mill is an example of the impact crushers, and a 

schematic diagram of the hammer mill is shown in Figure 1.8. The hammer mill mainly 

comprises a pivoted hammer rotating within the breaker plate. The feed material could be 

shattered either on impact with a rotating hammer or a collision of particles with the breaker 

plate. Particle breakage by impact has a different characteristic when compared to particle 
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breakage by pressure. The impact causes immediate fracture without leaving residual stress on 

the sample. Therefore, the quarry industry prefers to use the impact crusher since a stress-free 

condition is valuable in stone used for brick making, building, and road construction [2, 3].  

 

 

Figure 1.7: Schematic diagram of roll crushers: (a) smooth surface; (b) protruding teeth 

 

 

Figure 1.8: Schematic diagram of hammer mill [3] 
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1.2.4. Grinding Mills  

Grinding is usually the last stage of the comminution process, and it utilizes a 

combination of impact and abrasion for size reduction. When the material crushed from the 

primary and secondary crushing stages requires further size reduction, grinding mills can be used 

in either dry or wet conditions. In general, tumbling mills and stirred mills are the two main 

types of grinding mills. 

Tumbling mills mainly consist of rotating cylinder vessels, known as tumbling mills, feed 

material, and grinding media as shown in Figure 1.9 (a). The grinding media can be steel balls, 

rods, or feed material itself. In tumbling mills, particle breakage is achieved by loosely charged 

grinding media which are free to move in the tumbling mills. Due to the rotational motion and 

the friction of the mill  shell, grinding media are lifted up and fall to the feed material for particle 

breakage. Additionally, particle-particle interaction within the tumbling mills is another reason 

of particle breakage. Therefore, the size of the tumbling mill, quantity of media, type of motion, 

and the space between grinding media possibly affect grinding characteristics. There are various 

types of tumbling mills including rod mills, ball mills, and AG/SAG mills. In general, rod mills 

are used for the primary grinding to produce feed material for secondary ball mills. Ball mills are 

often considered the final stages of comminution. They utilize steel balls in the tumbling mills as 

grinding media. Since the steel balls have a greater surface area when compared to steel rods per 

unit mass of grinding media, ball mills are usually a better choice for fine grinding. AG/SAG 

mills, which refer to autogenous mills and semi-autogenous mills, use the feed material as 

grinding media. One of the differences between AG mills and SAG mills is that SAG mills 

utilize steel balls in addition to the feed material; however, AG mills do not use any grinding 

media other than feed material itself. In general, the AG/SAG mills are utilized for primarily 

crushed materials and produce about 0.1mm product. The main advantages of AG/SAG mills are 

their lower capital cost and lower expense for grinding media. When compared to the stirred 

mills, the tumbling mills are usually used for coarse grinding processes in which the product size 

is in the range of 40 to 300microns [3].  

Stirred mills mainly comprise a stationary cylinder, feed materials, grinding media, and 

an internal stirrer as shown in Figure 1.9 (b). A distinctive feature of the stirred mills is the 

internal stirrer which is rotated in the cylinder to agitate the feed materials and grinding media. 

The stirrer consists of a shaft with pins or discs. In general, when the required product size 
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decreases, the optimum ball size for the ball mill also decreases. At some point, small balls 

cannot have enough impact force for particle breakage. Therefore, tumbling mills usually are not 

very effective in fine grinding. However, stirred mills can be used for fine grinding since they 

have a larger power intensity than that of tumbling mills due to the relatively high rotational 

speed of the stirrer. The range of the rotational speed of the stirrer is from 20rpm to 2,000rpm 

depending on the devices. The stirred mills are classified by the orientation of their cylinders, 

such as vertical type and horizontal type, and their applications are usually fine grinding 

(15~40m) and ultrafine grinding (<15m) [3, 4]. 

 

 

Figure 1.9: Schematic diagram of grinding mills: (a) tumbling mills; (b) stirred mills 

 

1.2.5. Separations  

Liberation and separation are the two most important steps in mineral processing. In 

general, liberation can be achieved by the comminution processes. After then, separation 

processes are required to yield concentrated products from the processed ore and other materials. 

The main purposes of the mechanical separation are shown in Table 1.3. Most separation 

processes do not change the chemical nature of the minerals, and they utilize different 

characteristics of the materials, such as particle shape, size, density, magnetic susceptibility, 

electrical conductivity, color, and surface chemistry as shown in Table 1.4. Usually, separation 

processes cannot guarantee a perfect separation between the valuable mineral and gangue 

mineral. Therefore, a term “recovery” is often used to qualify the separation methods in mineral 

processing, and the related Equation (1.1) is as follows [2]: 
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R = W × cWf × f ×           .  

R: recovery W : weight of concentrate c: assay of concentrate Wf: weight of feed f: assay of feed  

 
Table 1.3: Major purposes of mechanical separation [2] 

1. Purification of a crude product by removing from it any contaminating impurities. 

2. Separation of a mixture of two or more products into the pure individual products. 

3. The stream discharged from a process step may consist of a mixture of product and 

unconverted raw material, which must be separated and the unchanged raw material recycled 

to the reaction zone for further processing. 

4. A valuable substance, such as a metallic ore, dispersed in a mass of inert material must be 

liberated for recovery and the inert material discarded. 

 

Table 1.4: Separation processes depending on materials properties [2] 

Materials properties Separation processes 

Shape and size Screening and classification 

Specific gravity Wet or dry gravity separation 

Electrical charge Electrostatic separation 

Magnetic susceptibility Wet or dry magnetic separation 

Surface properties Flotation 

Color Sorting 

Radioactivity Radiometric sorting 

 

1.2.6. Gravity Concentration  

Gravity concentration is a part of physical separation processes which mainly utilize the 

differences in the specific gravity of minerals. Other characteristics, such as the size and shape of 

the minerals, also affect the gravity concentration due to their relative movement in response to 

the gravitational force. In general, the gravity concentration processes are relatively simple and 

produce little environmental pollution. Therefore, this method is still used for some minerals, 

such as non-sulfide ores which cannot be economically separated by the flotation process. The 

possibility of gravity concentration can be estimated by the Equation (1.2) as follows [3]: 
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C = ρh − ρfρl − ρf           .  

C: concentration criterion ρh: specific gravity of the heavy mineral ρl: specific gravity of the light mineral ρf: specific gravity of the fluid medium 

 

In general, if C > 2.5 then gravity concentration is relatively easy. However, gravity 

concentration is not commercially feasible if C < 1.25 [2]. There are four major types of gravity 

separators which are still used in mineral processing: jigs, spirals, shaking tables, and heavy 

medium separators.  

Jigs are one of the gravity separators which are used for relatively coarse materials 

having a closed size range. The jig mainly comprises a tank filled with fluid, feed materials, and 

a screen oscillating up and down under the fluid as shown in Figure 1.10. During the oscillation 

of the screen, a denser and larger material usually forms the lower layer; however, a lighter and 

finer material forms the upper layer. The particle separation by the jig is achieved by hindered-

settling, differential acceleration, and consolidating tricking [3, 4].   

 

 

Figure 1.10: Schematic diagram of jig [3] 

 



 14 

Spirals are one of the gravity separators which mainly comprise a helical channel, feed 

pulp, and product box with a splitter. The slurry from the top of the spirals flows downwards, 

and the feed materials can be sorted based on the size, shape, and specific gravity as shown in 

Figure 1.11. In general, the feed materials which have lower specific gravity tend to be collected 

outside the walls of the helical channel. However, materials having a larger specific gravity tend 

to be collected inside the walls of the helical channel. Therefore, a uniform distribution of the 

feed materials is critical for separation efficiency of the spirals. The main advantages of the 

spirals are the easy operation, simple maintenance, and low capital cost [2, 6]. 

 

 

Figure 1.11: Cross-sectional view of spiral concentrator [6] 

 

Shaking tables are one of the gravity separators which utilize a flowing film of water. 

Shaking tables mainly consist of an inclined deck with riffles, feed materials, wash water, and 

differential movement of the deck. In a flowing film of water, the velocity of the water near the 

deck surface is slower than that of the water surface due to the frictional force between the water 

and the deck surface. Therefore, when the feed materials are introduced in the flowing film, 

smaller size particles are usually submerged in a slow velocity zone and move slowly. However, 

larger size particles have a tendency to be affected by the fast velocity zone and move quicker 

than the smaller particles. Additionally, if the size and shape of the particles are the same, the 

particles having a higher specific gravity are less affected by the flowing water. Therefore, the 

particles having a lower specific gravity move relatively faster. In addition to the flowing film 



 15 

effect, the differential movement of the deck also affects the separation efficiency. By the 

differential movement of the deck, the particles crawl along the deck parallel to the direction of 

the motion [3, 4]. Therefore, the feed materials move diagonally from the feed position and are 

collected separately by their shape, size, and specific gravity as shown in Figure 1.12. 

 

 

Figure 1.12: Schematic diagram of shaking table [7] 

 

Heavy medium separators, also known as dense medium separators, utilize the different 

specific gravity of materials to separate one from the other as shown in Figure 1.13. The heavy 

medium separators mainly comprise vessels, heavy liquids, and the feed materials. The feed 

materials which have different specific gravities between the valuable material and gangue 

material can be separated by the heavy liquids which have an intermediate specific gravity of 

these minerals. There are three types of heavy media: salt solutions, organic liquids, and 

suspension of solids in water. In general, the suspension of solids in water is preferred in 

industrial applications since most liquids for the heavy media are expensive or toxic. Based on 

the required specific gravity of heavy liquids, different solids, such as finely ground magnetite 

(specific gravity = 5.2), ferrosilicon (specific gravity = 6.8 at 15% Si), and others can be used to 

obtain the heavy liquids. In general, a sharp separation from the near-density material is possible 

by the heavy medium separators; however, the heavy medium separation is a relatively 
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expensive technique due to the ancillary equipment required for washing the media from the 

product and cleaning the media for reuse [8].  

 

 

Figure 1.13: Schematic diagram of heavy medium separation 

 

1.2.7. Flotation  

Flotation is a dominant mineral concentration method which utilizes an interfacial 

chemistry of mineral particles in solution, and a schematic diagram of flotation is shown in 

Figure 1.14. It is an important separation method to treat complex ores, such as sulfide ores 

containing copper, lead, and zinc. In general, the attachment of mineral particles to air bubbles is 

the most important mechanism of flotation. Hydrophobic mineral particles can be attached to air 

bubbles; however, most minerals are naturally hydrophilic. Therefore, a flotation reagent, 

especially a collector, is used to produce hydrophobic characteristics of selected minerals [4]. 

During the conditioning period, collectors are selectively adsorbed onto the mineral surface and 

impart the hydrophobicity to mineral particles to be floated. Another flotation reagent, such as a 

frother, also can be used to produce the desired stability of bubbles to obtain stable froth. 

Additionally, regulators including an activator, depressant, and pH modifier can be added to 

modify the action of the collector to obtain the desired flotation characteristics [9].  
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Figure 1.14: Schematic diagram of flotation [7] 

 

1.2.8. Sortation  

Manual sorting, also known as hand sorting, is one of the oldest concentration methods. 

At some mines, hand sorting is still used to remove the large size wastes from the run-of-mine 

ore; however, its importance has declined since the manual sorting cannot handle large quantities 

of low-grade materials. Therefore, the electronic sorting based on the materials’ characteristics is 

introduced for the pre-concentration [3]. In general, the materials are fed in a monolayer and 

conveyed on the belt. After that, the feed materials are scanned by a sensor which can recognize 

the different materials’ characteristics and are sorted by the air jets as shown in Figure 1.15. This 

pre-concentration process reduces the comminution circuit size and the energy consumption 

during mineral processing. Thus, the electronic sorting can affect the economic feasibility of the 

subsequent unit operations. For the electronic sorting, various characteristics of the materials can 

be used, and commercially developed systems are based on the following sensors: photometric, 

color, radiometric, X-ray transmission/fluorescence, electromagnetic, light transmission, and 

conductivity [10]. 
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Figure 1.15: Schematic diagram of sensor-based sorting [10] 

 

1.2.9. Magnetic Separation  

Magnetic separators mainly utilize the differences in the magnetic properties of valuable 

minerals and gangue minerals. In general, materials are classified into three categories: 

diamagnetic materials, paramagnetic materials, and ferromagnetic materials. Diamagnetic 

materials have a weak, negative susceptibility to a magnetic field, and are slightly repelled by a 

magnetic field. Paramagnetic materials have a small, positive susceptibility to a magnetic field, 

and are slightly attracted by a magnetic field. Ferromagnetic materials have a large, positive 

susceptibility to a magnetic field, and are strongly attracted by the magnetic field. Additionally, 

ferromagnetic materials can retain their magnetic properties after the removal of an external 

magnetic field [2]. Therefore, magnetic separators utilize these different magnetic properties of 

materials. In general, paramagnetic materials can be concentrated by high-intensity magnetic 

separators, and ferromagnetic materials can be concentrated by low-intensity magnetic separators. 

The applications of magnetic separation with a different intensity are listed in Table 1.5, and a 

schematic diagram of magnetic separation is shown in Figure 1.16. In the last decade, rare-earth 

magnets and superconducting alloys were developed and utilized for the high-gradient magnetic 

separators. Since the force on the particle is related to the field intensity as well as the field 

gradient as shown in the Equation (1.3), the production of high field gradient and field intensity 

is important factors of magnetic separator designs [3]. 
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F ∝ H dHDl           .  

F: force on the particle H: field intensity 
Hl : field gradient 

   

 

Figure 1.16: Schematic diagram of magnetic separation 

 
Table 1.5: Applications of magnetic separation with different intensities [11] 

Low-intensity Medium-intensity High-intensity 

Heavy media  

Magnetite ores 

Scalping 

High-susceptible chromite 

removal 

Non-magnetite iron ores 

Non-iron metal ores 

Industrial minerals 

Coal 

Recycling 

Water treatment 

 

1.2.10. Electrostatic Separation  

Electrostatic separation utilizes the difference of the electrical conductivity and the 

surface charge of the materials since most minerals show some degree of conductivity. Based on 

their electrical conductivity, the materials accumulate charges on their surface area, and the 

degree of the surface charge is different depending on the materials. Therefore, the feed materials 
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can be separated by differential attraction or repulsion force against various configurations of 

electrodes [4]. In general, electrostatic separators mainly rely on three different particle charging 

mechanisms, such as corona charging, induction charging, and triboelectric charging. A 

schematic diagram of the particle charging mechanisms is shown in Figure 1.17. Previously, 

electrostatic separation is usually applied for the heavy mineral separation from the beach sand 

deposits; however, electrostatic separation is also used in secondary materials recovery due to its 

ability of plastic separation [13]. 

 

 

Figure 1.17: Schematic diagram of charging methods: (a) corona charging; (b) induction 
charging; (c) triboelectric charging (N: non-conductor, C: conductor) [12] 
 

1.3. Literature Review of Extractive Metallurgy 

Extractive metallurgical processes including pyrometallurgy, hydrometallurgy, and 

electrometallurgy are often used after mineral processing step for the separation and 
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concentration of valuable materials from the pre-concentrated raw materials. In brief, 

pyrometallurgical processes rely on the application of heat, and hydrometallurgical processes 

rely on the use of a solvent to obtain the desired chemical reaction. Electrometallurgy is often 

considered a sub-category of the hydrometallurgy, and it utilizes electric current to produce 

metals from their ions in solution. In general, the same metal is often produced by different unit 

processes. The selection of the unit processes mainly depends on the economic considerations 

[14]. Based on the ore types and their complexity, different metal extraction methods can be used, 

and a comparison chart between the pyro- and hydrometallurgical processes is shown in Table 

1.6. 

 

Table 1.6: Comparison between pyrometallurgy and hydrometallurgy [15] 

 
Terms of reference 

Description 
Pyrometallurgy Hydrometallurgy 

Treatment of high-grade 
ores 

More economical Less economical 

Treatment of low-grade 
ores 

Unsuitable because large amounts 
of energy are required to melt 
associated gangues 

Suitable provided a selective 
leaching can be used 

Treatment of complex ores Unsuitable because separation is 
difficult 

Possesses the flexibility for 
treatment of complex ores and 
production of a variety of by-
products 

Process economics Best suited for large-scale 
operations requiring a large 
capital investment 

Can be used for small -scale 
operations; it has a lower capital 
investment sensitivity to plant size 
in lower plant capacity ranges 

Treatment of secondary 
resources 

Unsuitable in most cases Suitable 

Separation of chemically 
similar metals 

Not possible Possible 

Reaction rate Rapid as high temperature is 
involved 

Slow as all operations are carried 
out at relatively low temperature 

Throughput Very high unit throughput Small throughput for production 
unit 

Materials handling Handling of molten metals, slags, 
mattes, etc. appears problematical 

Solutions and slurries can be 
easily transferred to closed 
pipelines 
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Table 1.6: Comparison between pyrometallurgy and hydrometallurgy (continued) [15] 

 
Terms of reference 

Description 
Pyrometallurgy Hydrometallurgy 

Environmental pollution Problems of waste gas and noise; 
many processes emit large 
amounts of dust which must be 
recovered to abate pollution or 
because the dust itself contains 
valuable metals 

No atmospheric pollution 
problems. 
Problems of waste disposal, 
problems of waste water; no dust 
problem because materials 
handled usually are wet 

Solid residues Many residues, such as slags, are 
coarse and harmless so that they 
can be stored in exposed piles 
without danger of dissolution; 
piles may be unsightly and 
esthetically unacceptable 

Most solid residues are in finely 
divided states: in their dried 
conditions create dust problems, 
in their wet conditions release 
metal ions in solutions; this may 
contaminate the environment 

Toxic gases Many processes generate toxic 
gasses; expensive systems are 
required to combat their non-
release to the atmosphere 

Many processes do not generate 
gasses, and if they do, reactors can 
be made gas-tight easily 

Process feed Suitability for inhomogeneous 
feed 

Sensitivity to major variations 
instead; the process feed, in 
general, has to be more uniform, 
and more attention to composition 
and mineralogy is required 

Operational feature Represents uniquely metallurgical 
plant features; engineering is not 
considered complex 

In general, more sophisticated 
control schemes are required to 
maintain satisfactory operation; 
plants operate more like chemical 
plants with control philosophy 
associated with chemical plants; 
plant engineering is more complex 

 

1.3.1. Pyrometallurgy 

Pyrometallurgy uses high-temperature processes to obtain the desired chemical reactions 

among gasses, solids, and molten materials. As shown in Table 1.6, pyrometallurgical processes 

are often more suitable to handle high-grade ore, and their reaction rates are relatively fast due to 

their high-temperature processes. In general, pyrometallurgy includes drying, calcination, 

roasting, smelting, and refining. A flowsheet of the copper production plant can be an example of 

pyrometallurgical processes as shown in Figure 1.18. Copper concentrates containing about 
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20~30% of the copper can be concentrated up to 99.5% copper after roasting, smelting, 

converting, and refining processes. 

 

Figure 1.18: Typical flowsheet for the copper production from copper concentrates [14] 

 

Drying and Calcination 

 Drying is a process related to the removal of water from materials by evaporation. For 

drying processes, hot combustion gasses are usually passed through materials in a rotary kiln, in 

a fixed bed, or in a fluidized bed. There are several important reasons of drying processes. The 

total weight of the materials can be reduced by the elimination of water in the materials, and 

drying processes also can save the operating cost of the entire processes. Additionally, the drying 

process can prevent a sudden release of water during the process, especially using the high 

temperature, and prevent charge blow off. The vapor pressure of water should be higher than the 
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partial pressure of water in the surrounding atmosphere for evaporation. Therefore, drying 

processes can be achieved at the atmospheric pressure by increasing the temperature greater than 

the boiling point of water, or under reduced pressure to reduce the atmospheric pressure below 

the vapor pressure of water at a certain temperature. Calcination is a process related to the 

removal of water, carbon dioxide, or other gasses which are chemically bound as hydroxides and 

carbonates. In general, calcination is more endothermic reaction than drying as shown in 

following equations [14]: 

H2O(l) = H2O(g) ΔH298 = 43.9 kJ 

CaCO3 = CaO + CO2(g) ΔH298 = 177.8 kJ 

 

In general, three different types of furnaces are used for calcination. For calcining the 

coarse limestone, shaft furnace is the most suitable. For the materials with a uniform particle size, 

a fluidized bed is used for calcination. Finally, rotary kiln can be used for the materials having 

mixed size particles. 

 

Roasting 

 Roasting is a process which converts ores to their oxides. In general, roasting processes 

consist of gas-solid reaction including oxidation, reduction, chlorination, sulfation, and pyro-

hydrolysis. Roasting processes are mostly used for metal sulfides, such as copper sulfide, zinc 

sulfide, and lead sulfide, to produce metal oxide and sulfur dioxide as shown in the following 

equations [14]: 

2Cu2S + 3O2 = 2Cu2O + 2SO2 

2ZnS + 3O2 = 2ZnO + 2SO2 

 

Sulfur in the materials can be partially or fully removed by the roasting processes. The 

necessary conditions for roasting processes can be illustrated based on the thermodynamic 

properties of the metal, sulfur, and oxygen system, and this diagram is called Kellogg diagram as 

shown in Figure 1.19 [2]. From the diagram, the lines from 1 to 5 describe the equilibrium 

between any two condensed phases: (1) M/MS, (2) M/MO, (3) MS/MO, (4) MS/MSO4, and (5) 

MO/MSO4. The position of the equilibrium lines can be changed, and the areas between the lines 
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are called the predominance area for the particular phases. At the fixed roasting temperature, the 

final product can be controlled by the partial pressures of SO2 and O2. 

 

 

Figure 1.19: Equilibria and predominance areas at constant temperature (Kellogg diagram) for 
the metal-sulfur-oxygen system [2] 
 

Smelting and Refining 

 Smelting is a process related to the production of base metals from its ore by melting 

operation. In general, fluxes are often added to purge impurity metals and to facilitate the 

formation of a low-melting slag phase. During smelting, slag composition, oxygen potential, and 

temperature are controlled to remove the undesirable materials from the metallic phases. 

Smelting can be categorized as reduction smelting, matte smelting, and flash smelting. The 

reactants of the reduction smelting mainly comprise oxidic sources of metals, flux, and a 

reducing agent. The blast furnace is the most popular furnace for the reduction smelting. During 

matte smelting, sulfidic sources of metals and fluxes are used to produce a molten mixture of 

sulfides, also known as matte. Finally, flash smelting is a combined process of the flash roasting 

and the smelting operation. In flash smelting, fine sulfide concentrates react with hot air, and its 

oxidation process releases a sufficient heat for smelting processes [2].  
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 Refining is a process related to the removal of impurities from the materials. In a 

pyrometallurgical process, it is often called a fire refining due to its use of thermal processes. In 

general, reduced metals may contain impurities, and most impurities need to be removed from 

the metals to guarantee their useful properties. Also, the impurities including platinum group 

metals should be removed since these metals are valuable. Fire refining can be achieved by 

utilizing the difference in affinity for oxygen and the chemical activities of elements which are 

dissolved in the metallic or slag phase. Based on these differences, selective oxidation can be 

obtained using air, oxygen, and some metal oxides during fire refining [2]. 

 

1.3.2. Hydrometallurgy 

 Hydrometallurgical processes rely on the application of suitable solvents to obtain the 

desired chemical reactions. As shown in Table 1.6, hydrometallurgical processes are often more 

appropriate to handle low grade and complex ores due to their selective leaching characteristics. 

In general, metal extraction by hydrometallurgical processes is carried out at a relatively lower 

temperature range than that of pyrometallurgical processes. Therefore, the reaction rate of 

hydrometallurgical processes is slow. In general, unit operations of hydrometallurgical processes 

can be simplified as leaching of the desired metal into solution, concentration and purification of 

the pregnant solution, and recovery of the metal as shown in Figure 1.20. The first step of 

hydrometallurgical processes is leaching which is a selective dissolution of metals from their 

feed; however, many impurities also can be dissolved along with the valuable constituents. 

Therefore, in most cases, solution concentration and purification usually follow leaching. Finally, 

valuable metals dissolved in the leach solution can be recovered at the last step [2]. 

 

Leaching 

 Leaching is a process related to the dissolution of metals from its ore or concentrates by a 

suitable aqueous solution. Several factors, such as chemical and physical properties, cost, and 

selectivity affect the choice of leaching reagents. Additionally, thermodynamic data presented in 

the form of Pourbaix diagram can be a good guideline of leaching conditions. In general, 

leaching reagents can be categorized as an acid and a base as shown in Table 1.7. Sulfuric acid is 

one of the acidic reagents, and it is widely used in the copper industry. Sulfuric acid is often 

readily available at most smelting facilities as a by-product, and it could be regenerated during 
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electrolysis. Nitric acid also has an excellent reactivity, but its cost is relatively high. In basic 

reagents, sodium hydroxide and ammonium hydroxide are the most common reagents. Sodium 

hydroxide is mainly used for leaching of bauxite in the Bayer process. Leaching with ammonium 

hydroxide usually forms metal complexes with its radical of ammonium. Additionally, the 

aqueous salt solution also can be used as a leaching reagent due to their complexing abilities [16]. 

For dissolution of valuable metals, various leaching techniques can be applied, and these 

techniques can be broadly categorized as percolation leaching and agitation leaching. 

 

 

Figure 1.20: Basic unit processes in hydrometallurgy [2] 

 

Table 1.7: Classification of leaching reagents [15] 

Category Reagent Example 
Acid Sulfuric acid Copper oxide, zinc oxide 

Sulfuric acid + oxidant Sulfides of Cu, Ni, and Zn; uranium oxide ore 
Concentrated sulfuric acid Copper sulfide concentrate, laterites 
Nitric acid Sulfides of Cu, Ni, and Mo, Mo scrap, uranium 

concentrates, zirconium oxide 
Base Sodium hydroxide Bauxite 

Ammonium hydroxide + air Nickel sulfide, copper sulfide, reduced laterite 
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Percolation Leaching 

 The main characteristic of percolation leaching is a stationary ore body. Dissolution of 

valuable metals can be carried out by percolation of leaching reagent into ore body. Percolation 

leaching techniques include in-situ leaching, heap leaching, dump leaching, and vat leaching. In-

situ leaching, also known as a solution mining, is a process related to the dissolution of metal 

values from ores in place. In general, in-situ leaching is used for the low-grade ores, and leaching 

solutions are injected into ore body to dissolve metal values. The main advantage of in-situ 

leaching is its low treatment cost compared to other leaching methods. Heap leaching is similar 

to in-situ leaching; however, ores are removed from a mine and piled on an impermeable ground 

having a slight slope. Leaching reagents are sprayed over the piled ores, and the solution is 

allowed to drain through the heap to dissolve metal values as shown in Figure 1.21 (a). Dump 

leaching is also very similar to heap leaching; however, dump leaching usually uses waste rock 

dumps after the mining and milling operations. In general, ores for dump leaching mainly 

comprise sulfide-bearing minerals; however, ores for heap leaching is usually oxide-bearing 

minerals. Heap and dump leaching have been applied to the low-grade copper ores and mine 

wastes extensively. Vat leaching is an efficient method of contacting between ores and leaching 

solution. The main characteristic of vat leaching is the countercurrent schemes during leaching. 

Vat leaching comprises several vats loaded with ores, and these vats are successively treated 

with an increasing concentration of leach solution [2].  

 

Agitation Leaching 

 The main characteristic of agitation leaching is a finely grounded ore body in suspension 

by agitation of the slurry as shown in Figure 1.21 (b). During leaching, particle size affects the 

overall reaction rate since a smaller size of particles guarantees a larger surface area to be 

attacked by leaching reagents. Additionally, turbulent flow condition and higher leaching 

temperature generate more aggressive leaching conditions. Thus, agitation leaching shows a 

higher metal recovery compared to percolation leaching in a short time. Agitation leaching can 

be done either by mechanical agitation or by pneumatic agitation. Pneumatic agitation is carried 

out by compressed air introduced by tubes at the lower end of a tank. The air bubbles which rise 

from the bottom of the tank mix the slurry. Mechanical agitation utilizes a rotating paddle, 

propeller, or a turbine mixer to mix the slurry.  
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 Pressure leaching is a process which utilizes an elevated pressure during leaching to 

accelerate the dissolution of ores or concentrates. Autoclaves which are usually made of mild 

steel, stainless steel, or titanium are used during high-temperature pressure leaching. In general, 

agitation during pressure leaching can be done either by mechanical agitators or by rotating the 

autoclave. The main advantage of pressure leaching is its ability to handle a higher pressure 

during leaching. In this case, leaching can be done at a higher temperature than that of 

atmospheric leaching, and this feature guarantees a faster leaching rate. However, pressure 

leaching methods require the most expensive capital and operating costs [2]. 

 

 

Figure 1.21: Schematic diagram of leaching processes: (a) percolation leaching; (b) mechanically 
agitated leaching 
 

Concentration and Purification 

 The main advantage of the hydrometallurgical process is their flexibility to handle 

complex and low-grade ores. During leaching, valuable metals can be dissolved into solution 

selectively with suitable leaching reagents. However, in most cases, various impurities also can 

be found in pregnant solution. Therefore, purification is often required to remove the undesirable 

metal ions from pregnant solution. Additionally, valuable metal ions are typically concentrated 

before metal recovery. Various techniques including adsorption on activated carbon, solvent 

extraction, and ion extraction are used for concentration and purification.  

 Adsorption on activated carbon is primarily used for concentrating gold or silver from a 

cyanide solution. A schematic diagram of adsorption on activated carbon is shown in Figure 1.22. 

For solution concentration and purification, this process involves contacting a pregnant solution 
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with the activated carbon and stripping the adsorbed species. The adsorption process using the 

activated carbon is an anion-exchange process, and the adsorption only occurs on the surface of 

the activated carbon. Therefore, the porous structure of the activated carbon is an important 

factor for industrial applications [16]. 

 Solvent extraction (liquid-liquid extraction) is a technique for solution concentration and 

purification which utilizes organic solvents. A schematic diagram of solvent extraction is shown 

in Figure 1.23. During solvent extraction, certain ionic species in leach solution are selectively 

transferred to organic solvents. After that, these ionic species are released in a concentrated and 

purified solution during stripping for the following recovery. Once the ionic species are released, 

organic solvents also can be recycled back to extraction processes.  

 

 

Figure 1.22: Schematic diagram of adsorption on activated carbon 

 

 

Figure 1.23: Schematic diagram of solvent extraction  
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Ion exchange (solid-liquid extraction) is a similar process to solvent extraction; however, 

ion exchange utilizes a solid phase resin as shown in Figure 1.24 to transfer ionic species 

selectively rather than using organic solvents. There are two main stages of ion exchange 

reaction: adsorption and elution. During adsorption, anionic or cationic resin selectively removes 

certain ionic species from leach solution, and recovery of these species in a concentrated and 

purified solution is achieved during elution [17]. 

 

Figure 1.24: Schematic diagram of ion exchange 

 

Metal Recovery 

 Metal recovery from leach solution is the final stage of hydrometallurgical processes. In 

general, metal recovery is achieved by several different methods including crystallization, ionic 

precipitation, reduction with gas, cementation, and electrowinning of metal. 

Crystallization is the simplest method to recover metals from an aqueous solution as 

metal compounds. The crystallization process mainly utilizes the solubility of the metal 

compounds with different temperature and pressure conditions. As the temperature and pressure 

are changed, the amount of metal salt in solution may exceed the solubility limit, and metal salt 
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crystallizes in solution by nucleation and growth. However, ionic precipitation is achieved by 

adding a reagent to a pregnant solution which has metal ions. During the reaction between the 

metal ion and reagent, metal compounds, such as hydroxides, sulfides, carbonates, oxalates are 

precipitated rapidly due to their low solubility. Metals in aqueous solution are also can be 

precipitated by introducing a reducing gas, such as hydrogen, carbon monoxide, or sulfur dioxide 

into the solution. Hydrogen is the most common reducing gas since the production of hydrogen 

gas for a large scale operation requires a relatively low cost. Additionally, hydrogen does not 

generate any by-product having disposal problem after the gas reduction process. Cementation is 

also one of the most common methods to precipitate metals from solution by adding another 

metal. The principle of cementation is the electrochemical reduction. By introducing more active 

metal into the solution, more noble metal in the pregnant solution is precipitated out. For 

example, as shown in Table 1.8, different metals have different electrode potentials, and the 

metal positioned at higher standard potential is more noble metal. Therefore, copper in leach 

solution can be precipitated out by adding iron. Electrowinning is the most widely used metal 

recovery method based on the production tonnage. It utilizes electrical energy to produce metal 

precipitates on the cathode surface from their ionic form in leach solution [15]. 

 

Table 1.8: Metal recovery methods and their applications [15] 

Recovery methods Solution types Applications Products 
Cementation Dilute Au, Ag, Cu, Cd Metal (impure) 
Ionic precipitation Dilute/concentrated Fe, U, Th, Be, Cu, Co Metal compounds 
Crystallization Concentrated Al, Cu, Ni, Mo, W Metal compounds 
Reduction with gas Concentrated Cu, Ni, Ag, Mo, U Metal/metal 

compounds 
Electrolysis Concentrated Au, Ag, Cu, Ni, Co, Zn Metal (pure) 
 

1.3.3. Electrometallurgy 

Mechanism of Electrodeposition 

Electrowinning and electrorefining processes are the main processes of metal recovery in 

hydrometallurgy. One of the differences between electrowinning and electrorefining is the anode. 

Electrowinning process comprises a cathode, inert anode, electrolyte, and external electric 

current; however, electrorefining process is conducted with a soluble anode. Therefore, they 

have different energy requirements for electrolysis. In general, electrowinning process is used for 

metal recovery from solution, and electrorefining process is often used to obtain high purity 
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metals. A schematic diagram of electrodeposition is shown in Figure 1.25. For electrolysis, two 

equivalent oxidation and reduction reactions are required, and the reaction equations are as 

follows: 

 

Cathodic reaction: Mn+ + ne- = M  

Anodic reaction: M = Mn+ + ne- 

2H2O = O2 + 4H+ + 4e- 

with soluble anode  

with inert anode      

  

Cathodic reaction during both electrowinning and electrorefining is identical as shown in 

the reaction equations. Metal ions in solution are transferred to the cathode surface and reduced 

as metals by external electrical energy as a driving force. However, anodic reaction is different 

due to their anode materials. The formation of oxygen occurs during the electrowinning 

processes; whereas, an anode which is the metal to be refined is dissolved into the solution 

during electrorefining. As shown in Table 1.9, different anodic reactions have different electrode 

potentials, and they also affect the decomposition potential. The cell voltage required for the 

electrolysis includes decomposition potential, overpotential, a voltage drop in electrolytes, and 

electrical resistance of the circuits. Since electrowinning requires a considerable amount of the 

decomposition potential compared to electrorefining, energy requirements in electrowinning is 

much larger than those of electrorefining [17]. 

 There are two distinct deposition processes: nucleation and growth. The first step of 

electrodeposition is the nuclei formation, and their growth is the second step. In general, 

nucleation is achieved at an electrode surface by the application of large overpotential, and the 

nucleation density is related to the electrolyte and electrode potential. After that, the growth of 

the nuclei can be achieved from the previously formed nuclei, and it requires a relatively lower 

overpotential than that of nucleation. Growth of deposited metals can be achieved by at least 

three steps [18, 19]:  

 

 (1) mass transport of the metal ions to the electrode surface  

 (2) electron transfer to form an adatom  

 (3) surface diffusion of the adatom position into a step or kink position 
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 Morphology of electrodeposited metal will be determined by the relative rate of (2) and 

(3). In general, at a lower current density, the surface diffusion is relatively faster than that of 

electron transfer to form an adatom. Thus, the adatom will be positioned into a step or kink 

position. Whereas, at a higher current density, electron transfer to form an adatom is relatively 

faster than that of surface diffusion. Therefore, a formation of further nuclei occurs in this 

condition. In this case, the layer will be less ordered [19, 20]. The structure of the 

electrodeposited metals with different current densities is shown in Figure 1.26. In general, 

current density range for the polycrystalline structure growth guarantees most durable deposits in 

many applications. 

 

Limiting Current Density 

 When the overall rate of deposition is controlled by the mass transport of metal ions, 

there is a maximum value of current density due to the diffusion rate of metal ions as shown in 

Figure 1.26. This is called limiting current density, and the related equation (1.4) of the limiting 

current density is as follows [20]: iL = nFDδ C           .  iL: limiting current density n: number of electrons F: Faraday constant D: diffusion coefficient of the depositing species C : bulk concentration δ: diffusion layer thickness  

 

 

 

Figure 1.25: Schematic diagram of electrodeposition 
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Table 1.9: Standard reduction potentials of selected reactions [21] 

 Electrode Reaction Standard Potential (V vs. SHE) 
Noble Au3+ + 3e- ↔ Au +1.498 

 Cl2 + 2e- ↔ 2Cl- +1.358 
O2 + 4H+ + 4e- ↔ 2H2O (pH 0) +1.229 

Pt3+ + 3e- ↔ Pt +1.2 
O2 + 2H2O + 4e- ↔ 4OH- (pH 7) +0.82 

Ag+ + e- ↔ Ag +0.799 
Fe3+ + e- ↔ Fe2+ +0.771 

O2 + 2H2O + 4e- ↔ 4OH- (pH 14) +0.401 
Cu2+ + 2e- ↔ Cu +0.342 
2H+ + 2e- ↔ H2 0.000 
Pb2+ + 2e- ↔ Pb -0.126 
Ni2+ + 2e- ↔ Ni -0.257 
Fe2+ + 2e- ↔ Fe -0.447 
Cr3+ + 3e- ↔ Cr -0.744 
Zn2+ + 2e- ↔ Zn -0.762 

2H2O + 2e- = H2 + 2OH- -0.828 
Al 3+ + 3e- ↔ Al  -1.662 

Mg2+ + 2e- ↔ Mg -2.372 
Na+ + e- ↔ Na -2.714 

Active K+ + e- ↔ K -2.931 

 

 

Figure 1.26: Schematic diagram of current-overpotential relationship [19, 20] 
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 Based on the equation, limiting current density is proportional to the diffusion coefficient 

and bulk concentration of the depositing species; however, it is inversely proportional to the 

diffusion layer thickness. In a metal deposition, type and quality of metal deposits are related to 

the relative values of the deposition current and limiting current density. Additionally, the 

current density is related to the deposition rate. Therefore, controlling limiting current density is 

a major factor during electrodeposition. By changing temperature, concentration, and agitation 

speed, limiting current density also can be controlled. 

 

Faraday’s laws of electrolysis and current efficiency 

 Based on the Faraday’s laws of electrolysis, the amount of metal deposited during 

electrolysis is proportional to the amount of current passed through an electrode. One of the 

important industrial applications of the Faraday’s law is the electrodeposition, and the equations 

are as follows [20]: 

Q = It = zFn 

n = (It)/(zF) 

m = Mn = ItM/(zF) 

δ = m/Aρ = itM(zFρ) 

Q: total charge I: current (Ampere) t: time (sec) 

z: valence (equivalent/mole) F: Faraday constant(96500C/equivalent) 

n: number of moles m: mass of deposit M: molecular weight 

δ: thickness of the deposit A: area of deposit ρ: density of the material 

i: current density   

  

Based on these equations, the mass or the thickness of deposited metal can be calculated. 

During electrowinning for metal recovery, the amount of deposited metal is always smaller than 

the calculated value due to various factors, such as hydrogen gas evolution, a voltage drop in 

electrolytes, and electrical resistance of the electrowinning circuit. For this reason, the actual 

amount of deposited metal can be calculated by multiplying current efficiency on the above 

equations. In other words, current efficiency as shown in Equation 1.5 also can be defined as the 

weight of metal deposited, w, divided by the weight of metal if all the current is used for metal 

deposition, wtotal [20]:  
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CE =  wwt t l           .  

CE: current efficiency w: weight of metal actually deposited 

 wt t l : weight of metal if all the current is used for metal 

deposition 

 

 Current efficiency of an electrolytic process is closely related to the productivity of metal 

recovery and the energy consumption. Therefore, controlling the condition of electrolytic 

processes, such as current density, additives or impurities in the electrolytes, temperature, and 

the electrode, is important. 

 

1.4. Fine Wastes from Various Sources 

 The elemental and mineralogical compositions, as well as characteristics of wastes, are 

varied depending on the origin of wastes, and these factors affect process selection for metal 

recovery. For this reason, getting background information of wastes is an important step of metal 

recycling. This section describes various wastes, such as MSWI bottom ash, shredded light fluff, 

baghouse dust, and fly ashes which are used in this research. 

 

1.4.1. Bottom Ash from Municipal Solid Waste Incinerator 

 MSWI (Municipal Solid Waste Incinerator) is a facility for the reduction of waste and 

production of energy. Bottom ashes of MSWI are obtained under the furnace, and approximately 

80% of incineration residue is bottom ash as shown in Figure 1.27. The main components of the 

bottom ashes are glass, magnetic metals, minerals, synthetic ceramics, paramagnetic metals, and 

unburned organic matter. Moreover, MSWI bottom ashes are considerably enriched in 

potentially toxic trace elements compared with average soils. Therefore, disposal of MSWI 

bottom ash has a potential risk to the environments [22]. In general, bottom ash contains 

relatively a large amount of Al, C, Ca, Cu, Fe, K, Mg, Na, Pb, Si, Ti, and Zn. Additionally, 

bottom ashes from MSWI have a wide particle size range, and this characteristic could be used to 

recover materials more efficiently after the size classification of waste samples [23]. In this case, 

processing steps for metal recovery can be reduced effectively, and the cost of entire processes 

for metal recovery can be minimized as well. 
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Figure 1.27: Schematic diagram of municipal solid waste incinerator [24] 

 

1.4.2. Shredded Light Fluff from End-of-Life Vehicle  

 The automobile industry has grown very rapidly in the last 100 years. The number of 

vehicles in use is expected to triple in the next 50 years, and approximately 6 % of automobiles 

reach the end of their useful life annually [25]. The automobile industry is one of the most 

resource-consuming sectors of the industrial production. Automobiles have a high content of 

materials, such as steel, non-ferrous metals, plastics, and rubbers. Currently, about 75 % of 

ELV(End-of-Life Vehicle) is recycled in EU, and remaining 25 % is ASR(Auto Shredder 

Residue) or car fluff [26]. Flow diagram of typical shredding plant is shown in Figure 1.28. At 

the shredding plant, car hulks and other materials, such as consumer durables, scrap iron, and 

steel are processed. At the hammer mill, car hulks and other metal-bearing materials are torn into 

fist-size chunks of materials. Before the separation of metals from the shredder products, light 

fluff materials are removed by the cyclone. After that, ferrous metals are recovered by the 

magnetic drum, and non-ferrous metals are typically recovered by eddy-current separators [25]. 

During shredding process, the amount of light fluff is about 20 wt% of shredder residues, and it 

has a large amount of textile, plastic, and soil. In general, metal contents in the light fluff are 

relatively low; however, it has relatively high contents of copper and iron [27]. For this reason, 

metal recovery from shredded light fluff could be valuable. 
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Figure 1.28: Several steps of end-of-life vehicle recycling [28] 

 

1.4.3. Baghouse Dust from Steel Foundry and Secondary Aluminum Smelter 

 Most metal production plants utilizing pyrometallurgical processes generate air pollutants 

including particulate matters and harmful gasses. Thus, these plants often installed dust 

collecting systems, such as cyclone and baghouse, to control the emission of air pollutants as 

shown in Figure 1.29. In general, dust collected from a metal production plant also has some 

metal values. Therefore, metal recycling from the collected dust can be valuable by saving metal 

resources as well as reducing environmental issues. One example of fine industrial wastes is 

aluminum smelter baghouse dust which is generated during shredding or smelting from 

secondary aluminum production facilities [29~32]. Typically, dust from aluminum industry 

which size is larger than 20 meshes has a large amount of aluminum. Thus this particular size 

fraction is usually re-melted. However, the undersize fraction (smaller than 20 meshes) is 

landfilled. About one million tons of the secondary aluminum production wastes including salt 

cake and baghouse dust are being generated annually and landfilled in the US according to the 

DOE. Therefore, a disposal of aluminum industry dust will be an issue in the near future due to 
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its flammable and irritant nature when the size of dust is smaller than 420 microns according to 

the Aluminum Association [33]. In EU countries, baghouse dust from aluminum production 

facilities is recognized as a hazardous waste.  

 In this research, baghouse dust from steel foundry is also investigated for metal recovery. 

Since steel production by re-melting of recycled steel can save about 75% of energy compared to 

the primary production of steel, it is the most recycled material worldwide. Pre-consumer and 

post-consumer steel scraps are 100% recyclable, and 650Mt of steel are recycled annually 

according to the World Steel Association [34]. There are several types of steel scraps including 

old scrap, new scrap, and home scrap. New scrap is generated from the manufacturing steps, and 

it is usually transported back to steel plant for re-melting. Home scrap is generated from steel 

mills and foundries during the production of steel and cast iron. This scrap is also recycled by 

remelting the scraps. Old scrap which comes from the various sources, such as automobiles, 

structures, railroad, and other sources at the end of their useful life show a wide variety of 

physical and chemical properties. Therefore, old scrap usually requires pre-treatment stages, such 

as shredding and sorting, before re-melting the scrap. These pre-treated scraps are also re-melted 

after the shredding or sorting [29, 35, 36]. In this research, baghouse dust from steel foundry and 

secondary aluminum smelter are investigated due to their relatively high contents of iron and 

aluminum, respectively.  

 

Figure 1.29: Schematic diagram of dust collecting system and its application [37] 

 

1.4.4. Fly Ash from Power Plants 

Fly ash, also known as flue-ash, is a dust-like material which came from the combustion 

of fuels, such as coal and oil. Fly ashes are fine particles which can rise with the flue gasses. In 
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general, most fly ash is captured by flue gas cleaning systems, such as mechanical separators and 

electrostatic precipitators, as shown in Figure 1.30. Since these residues contain potentially 

hazardous materials, disposal can cause significant economic and environmental problems [38].  

The components of fly ash from the coal-fired power station are mainly silica, alumina, 

and iron oxides with varying amounts of carbon, lime, and sulfur. Coal fly ash can be divided 

into two classes by the contents of lime. Fly ash which has more than 15% lime content is called 

“class c fly ash” and it has self-hardening characteristics. On the other hand, “class f fly ash” 

which has less than 15% lime content has a relatively large amount of silica, alumina, and iron. 

Fly ash is widely reused as a construction material since it has suitable mechanical and chemical 

properties of the concrete products [39]. 

Similar to the coal-fired power station, oil-fired power plant also generates fly ash from 

the heavy oil. These ashes contain a huge amount of unburned carbon and a low concentration of 

vanadium. Vanadium is widely distributed as minerals, fossil fuel deposits. For this reason, 

burning fossil fuels can produce ashes containing a relatively large amount of vanadium with 

unburned carbon. The concentration of vanadium in the previously burned oil fly ash is low; 

however, extraction of vanadium can be economically feasible after carbon burning step to 

concentrate vanadium in the ashes [40~43].  

 

 

Figure 1.30: Schematic diagram of coal power station [44] 
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CHAPTER 2 GENERAL EXPERIMENTAL PROCEDURES 

 

2.1. Wastes Characterization 

The elemental and mineralogical compositions of wastes are critical parameters for 

selection of metal extraction process. In this research, several analytical and experimental 

methods are used to characterize fine wastes. The elemental compositions of the samples are 

analyzed by the inductively coupled plasma atomic emission spectroscopy (ICP-AES), and the 

chemical phases of these elements are analyzed by X-ray diffraction (XRD). In addition to the 

ICP results, loss on ignition (LOI) is measured to check the amount of moisture, carbon, and 

sulfur. Oxygen bomb calorimetry is also used to determine the heat of combustion of each 

sample since the heat release from a waste also can be recovered as a fuel source.  

 

2.1.1. Inductively Coupled Plasma Atomic Emission Spectroscopy 

 Inductively coupled plasma (ICP) spectroscopy is an analytical technique to measure the 

elemental contents of a sample quantitatively. As shown in Figure 2.1, inductively coupled 

plasma which has a high energy produces the excited atoms and ions. Then, these excited atoms 

return to the stable state and emit electromagnetic radiation. Since different elements have a 

different wavelength of radiation, a detector can analyze the elemental content of a sample [45]. 

For the ICP analysis, solid sample should be dissolved in a liquid. In this research, lithium borate 

fusion method is used to make the ICP sample since the borate fusion process helps to dissolve 

minor refractory minerals [46]. For the ICP sample preparation, 0.1g of fine waste samples are 

fused with 1g of lithium borate mixture (40 wt% lithium tetraborate - 60 wt% lithium metaborate) 

in a graphite crucible at 1000oC for one hour. After the borate fusion process, the molten melt is 

dissolved in a 25 vol% nitric acid. In general, dilution of ICP sample is required to meet a 

detection limit of the equipment; therefore, 2 vol% of the nitric acid is used for the sample 

dilution.  

 

2.1.2. Oxygen Bomb Calorimetry 

Heat release from waste streams could be a valuable source of energy. For example, 

municipal solid wastes incineration is an energy recovery process while reducing the volume of 

wastes. During solid waste incineration, wastes are reused as fuel for energy production. 
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Depending on the local energy market, energy is recovered as power, heat, or stream. Several 

factors including heat value, waste composition, and the annual amount of waste affect the 

feasibility of reusing the waste as a fuel source. According to the World Bank technical guidance 

report about municipal solid waste incineration, the average lower calorific value of the waste 

should be higher than 7MJ/kg, and the annual amount of waste for incineration should be larger 

than 50,000metric tons [47].  

 

 

Figure 2.1: Schematic diagram of ICP analysis (source: Viaduct) 

 

In this research, heat values of as-received wastes are measured to check the feasibility of 

energy recovery from the wastes. Oxygen bomb calorimeter which uses pressurized oxygen 

bomb to ignite and burn the sample measures the amount of heat release during the experiments. 

During the heat value measurement, the equipment automatically calculates the gross heat of 

combustion based on the sample weight and the temperature change after the sample ignition. 

For the oxygen bomb calorimetry tests, less than 1 g of a sample is weighed and placed in the 

crucible. The sample is touched by ignition thread for the ignition. After that, 30 atm of oxygen 

gas is filled into the bomb, and this bomb is placed into the 2 liters of DI water chamber. Finally, 

the sample is ignited through the ignition threads, and the released heat from the sample 
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increases the temperature of DI water. For this research, Parr 6100 oxygen bomb calorimeter is 

used and the general calculations to measure the gross heat of combustion is shown in Equation 

(2.1) as follows [48]: 

 H = WT − e − e − em           .  

Hc = Gross heat of combustion 

T = Observed temperature rise 

W = Energy equivalent of the calorimeter being used 

e1 = Heat produced by burning the nitrogen portion of the air trapped in the bomb to 

form nitric acid 

e2 = Heat produced by the formation of sulfuric acid from the reaction of sulfur dioxide, 

water, and oxygen 

e3 = Heat produced by the heating wire and cotton thread 

m = Mass of the sample  

 

 

Figure 2.2: Oxygen bomb calorimeter and its accessories 



 45 

 

Figure 2.3: Schematic diagram of bomb calorimeter (Source: Science Media Group) 

 

2.1.3. Loss on Ignition 

ICP sample analysis can determine the amount of metal elements of samples; however, 

this method cannot determine the number of noble gasses, oxygen, nitrogen, and carbon. Also, 

ICP sample analysis requires special set-up to analyze the fluorine, chlorine, and others. 

Therefore, loss on ignition (LOI) of samples is also measured based on the ASTM D7348 to 

check the total amount of carbon, moisture, sulfur, and other volatile matters. For LOI tests, 1g 

of the sample is placed into a pre-conditioned porcelain crucible and heated in a muffle furnace 

at 750oC until the sample reaches a constant mass. After that, LOI percentage is calculated based 

on initial mass and mass of sample after heating at 750oC, and the related Equation (2.2) for LOI 

calculation is as follows [49]: 

LOI = [(W-B)/W] x 100         (2.2) 

W = mass of test specimen used, g 

B = mass of test specimen after heating at 750oC, g 
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2.1.4. X-ray Diffraction 

 X-ray diffraction is a method to analyze the crystal structure and chemical phase of 

materials. In X-ray diffraction, x-rays are produced by the ionization and relaxation of the 

electrons at a metal target. After that, x-rays are filtered and collimated to produce the 

concentrated monochromatic radiation, and it is directed onto the sample. During the XRD 

analysis, the angle of the X-ray incidence changes with time, and it generates unique diffraction 

patterns depending on the constructive and destructive interference. Several conditions, such as 

wavelength, the spacing between atom layers, the angle of the X-ray incidence determines the 

type of interference [50]. When these conditions satisfy the Bragg’s equation as shown in 

Equation (2.3), constructive interference occurs and intensifies the diffraction patterns as shown 

in Figure 2.4.  

 

Bragg’s equation: nλ = dsinθ          (2.3) 

n: integer λ: wavelength 

d: the spacing between atom layers θ: angle of incidence of the X-ray 

 

In extractive metallurgy, getting the mineral phases of samples is an important step to 

choosing proper extraction techniques. Therefore, as-received sample and precipitates after the 

metal recovery process are analyzed by X-ray diffraction.  

 

Figure 2.4: Schematic diagram of Bragg’s Law (Source: Development of X-ray Crystallography, 
publish.illinois.edu) 
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2.2. Metal Recovery Procedures  

 In this research, metal recovery from fine wastes is conducted by several steps. For 

aluminum smelter baghouse dust, size classification, leaching, and crystallization methods are 

applied to recover aluminum selectively. For oil fly ash, vanadium is concentrated by carbon 

burning, and the carbon burned sample is pre-treated by the salt-roasting process to convert 

vanadium oxide to sodium metavanadate. Since sodium metavanadate is readily water soluble, 

hot water leaching can selectively dissolve vanadium from the wastes. For steel foundry 

baghouse dust, acid leaching followed by electrowinning is investigated to recover iron from the 

sample.   

 

2.2.1. Size Classification 

The distribution of metal elements and the rate of metal extraction are closely related to 

the size of waste particles. In some cases, valuable metals could be concentrated within a specific 

size range depending on the waste sources. Additionally, non-valuable materials could be 

separated from the valuable metals depending on its size and shape. In terms of rate of metal 

extraction, when the size of the particle decreases, the surface area exposed to the solvent is 

increased, and it provides greater opportunity for the samples to be reacted with the solvent 

during hydrometallurgical processes [16]. Similar to hydrometallurgical processes, smaller 

particles also have a better chance to react with gasses in pyrometallurgical processes. Therefore, 

size classification of the as-received sample is an important step of the metal extraction. In this 

research, three different sizes of sieves (45m, 150m, 250m) are used to classify the size 

distribution of as-received fine wastes, and a schematic diagram of dry sieving is shown in 

Figure 2.5. 

 

2.2.2. Leaching 

Leaching is a metal dissolution process from its ore or concentrate. Selective leaching 

which is the main advantage of the hydrometallurgical process could be achieved by a proper 

selecting of reagents. In general, the hydrometallurgical process is more suitable to handle 

secondary sources which have a low grade of metal elements [15]. Therefore, metal recovery 

from fine wastes is investigated by hydrometallurgical processes. 
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Figure 2.5: Schematic diagram of dry sieving 

 

In this research, batch leaching tests were conducted with variations of experimental 

conditions, and the experimental parameters are as follows: 

1. Reagents (types, concentrations) 

2. Leaching temperature 

3. Solution mixing 

4. Leaching time 

5. Solid to liquid ratio (S/L ratio) 

For leaching tests, a hot plate which has a magnetic stirrer is used to heat the solution to 

the desired temperature. A thermocouple probe is also used to control the bath temperature 

accurately. During leaching, the mixture of fine wastes and solution is agitated by rotating 

magnetic stir bar. The effect of other leaching parameters, such as S/L ratio, reagents, and 

leaching time, are also investigated in this research.    

 

2.2.3. Crystallization 

 Crystallization is one of metal recovery processes from leach solution. In this research, 

aluminum hydroxide (Al(OH)3) is crystallized from sodium aluminate solution which is 
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generated by leaching of aluminum smelter baghouse dust. In general, crystallization is the 

simplest metal recovery process from an aqueous solution, and it utilizes the solubility of metal 

compounds with different conditions [2]. For aluminum hydroxide precipitation, 0.5M of nitric 

acid is added to the sodium aluminate solution since the pH of solution greatly affects the 

solubility of aluminum hydroxide. During crystallization, the solution is agitated by a magnetic 

stir bar to homogenize solution, and the temperature of the solution is fixed at room temperature. 

After that, crystallized aluminum hydroxide is filtered by a vacuum filtration system as shown in 

Figure 2.6. Concentrations of metal elements in the leach solution before crystallization and after 

crystallization are compared by ICP results to measure the percentage of aluminum recovery by 

the crystallization process. 

 

 

Figure 2.6: Schematic diagram of vacuum filtration (Source: Chemwiki) 

 

2.2.4. Carbon Burning 

Fly ash from previously burned heavy oil contains a large amount of unburned carbon. 

Therefore, carbon burning from the fly ash sample is often considered the first step to obtaining 

vanadium enriched product as shown in Figure 2.7. Vanadium recovery from oil fly ash is 

achieved by several steps. First, enriched vanadium product is obtained before leaching or salt 
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roasting process. Second, vanadium in the sample is selectively dissolved into an aqueous 

solution by salt roasting followed by leaching. After that, purification and concentration of the 

solution are done if needed. With pure vanadium solution, vanadium is precipitated out from 

leach solution, and vanadium pentoxide is obtained as the final product [51]. For carbon burning 

experiments, as-received oil fly ash is placed into a porcelain crucible and burned in a muffle 

furnace. Experimental parameters of carbon burning are as follows: 

1. Initial sample weight 

2. Carbon burning temperature 

3. Carbon burning time 

 

2.2.5. Salt Roasting 

After carbon burning process, concentrated vanadium product is generated. After that, 

vanadium from concentrated product is extracted by salt-roasting followed by hot water leaching. 

During salt-roasting process, vanadium oxides are roasted with sodium carbonate or sodium 

chloride, and vanadium oxides in the sample is converted to sodium metavanadate [52]. Several 

examples of reaction equations between sodium sources and vanadium oxide are as follows: 

 

2NaCl + V2O5 + 1/2O2(g) = 2NaVO3 + Cl2(g) 

2NaCl + V2O5 + H2O(l) = 2NaVO3 + 2HCl(g) 

2NaCl + V2O5 + O2(g) = Na2V2O7 + Cl2(g) 

2NaCl + V2O5 + 2H2O(l) = Na2V2O7 + 2HCl(g) + H2(g) 

Na2CO3 + V2O5 = 2NaVO3 + CO2(g) 

Na2CO3 + V2O5 = Na2V2O7 + CO(g) 

Na2CO3 + V2O5 + H2O(l) = Na2V2O7 + CO2(g) + H2(g) 

 

Since sodium metavanadate is readily water soluble, it can be separated from gangue 

materials by hot water leaching. In this research, sodium carbonate or sodium chloride is mixed 

with carbon burned oil fly ash, and it is roasted in a muffle furnace. Experimental parameters of 

salt roasting process are as follows: 

1. Reagent 

2. Roasting temperature 
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3. Roasting time  

 

 

Figure 2.7: Flowsheet of vanadium extraction [51] 

 

2.2.6. Electrowinning 

 Electrowinning is one of metal recovery processes in hydrometallurgy. During 

electrowinning, metal ions in aqueous solution are reduced onto the cathode surface by passing a 

current. Several examples of electrowon metals are copper, zinc, aluminum, and nickel. In this 

research, electrowinning of iron from the leach solution of foundry baghouse dust is investigated. 

As shown in Figure 1.25, the experimental setup for electrowinning comprises electrolyte, an 

anode, cathode, and external power supply. For preliminary electrowinning tests, a platinized 

titanium anode is used as an inert anode, and a stainless steel sheet is used as a cathode. During 

electrowinning, the current density is one of the factors affecting the quality and quantity of 

electrodeposition [20]. Therefore, stainless steel cathode is masked by polyimide tape as shown 
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in Figure 2.8 to control the exact open area (1cm x 1cm) for iron electrowinning. During tests, 

the solution is agitated by a rotating magnetic stir bar, and the electrowinning of iron is achieved 

with variations of applied voltage. Experimental setup of iron electrowinning is shown in Figure 

2.9. 

 

 

Figure 2.8: Cathode preparation for iron electrowinning  
 

 

Figure 2.9: Sample image of electrowinning setup  
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CHAPTER 3 RESULTS AND DISCUSSION 

 

3.1. ICP Analysis of As-received Samples 

Initial analysis of waste materials is one of the most important steps for efficient 

materials recovery due to the various compositions of as-received samples. For the initial 

analysis, as-received samples are fused in a graphite crucible with the mixture of lithium borates. 

The process of fusion has several advantages over other methods. It can prevent melted metals 

from sticking to the crucible surface, and ICP samples from very refractory samples can also be 

analyzed by lithium borate fusion [46]. In this research, six specimens, such as MSWI bottom 

ash, shredded light fluff, oil fly ash, coal fly ash, aluminum smelter baghouse dust, and steel 

foundry baghouse dust, were analyzed with ICP-AES, and the result is shown in Table 3.1. For 

the MSWI bottom ash and shredded light fluff, size classification is conducted, and the 

composition change is observed with different size ranges. Typically, when the size of the 

particle is increased, relatively large amount of iron and silicon is observed in the MSWI bottom 

ash. In the shredded light fluff, iron concentration is increased with sample size; however, the 

amount of calcium and aluminum is decreased. From the ICP results, four major elements in 

MSWI bottom ash, shredded light fluff, and coal fly ash are Al, Ca, Fe, and Si. These samples 

which have high concentrations of alumina, lime, silica, and iron oxides can be reused as a 

construction material. However, the elemental compositions of oil fly ash and aluminum smelter 

baghouse dust show different characteristics. In the oil fly ash, it contains about 2% of vanadium 

which is economically valuable. Also, aluminum contents in the aluminum smelter baghouse 

dust are 13 ~ 20% depending on the particle size. In the steel foundry baghouse dust, it shows a 

relatively large amount of iron and silicon. For these reasons, recovery of vanadium, aluminum, 

and iron from these three wastes is investigated based on mineral processing as well as extractive 

metallurgical techniques.  

 

3.2. Heat Values of As-received Samples 

Heat recovery from wastes could be a possible way to utilize materials which do not have 

any metal values. Based on the initial tests with the standard benzoic acid sample, the error range 
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of this equipment is less than 0.05%. The summarized heat values of as-received samples are 

shown in Figure 3.1. 

 

Table 3.1: ICP analysis of as-received samples 

Element MSWI bottom ash Shredded light fluff 

<50m 51~151m 151~212m <50m 51~151m 151~212m 

Al  4.2 3.7 4.5 3.2 2.7 2.3 

Ca 13.6 11.8 14.5 3.2 2.2 1.9 

Cu 0.2 0.2 0.3 0.2 0.2 0.2 

Fe 4.1 4.8 7.0 12.9 16.8 16.5 

Mg 0.7 0.7 0.9 0.8 0.8 0.8 

Ni 0 0 0 0 0 0 

Si 5.3 5.7 8.6 11.3 11.2 10.8 

V 0 0 0 0 0 0 

Zn 0.8 0.7 0.7 2.5 2.7 2.6 

Ti 0 0 0 0 0 0 

 

Table 3.1: ICP analysis of as-received samples (continued) 

Element Oil fly ash Coal fly ash Al SBD Steel FBD 

as-received as-received <45m 45~150m 150~250m as-received 

Al  0 10.0 13.0 15.0 20.3 3.8 

Ca 0 0.9 2.3 1.0 1.1 0.6 

Cu 0 0 0.2 0.2 0.5 0 

Fe 1.9 12.0 2.5 2.5 2.8 12.9 

Mg 0 0.4 1.0 0.8 0.8 1.4 

Ni 0.4 0 0 0 0 0 

Si 0 14.3 5.2 8.6 10.4 14.9 

V 2.2 0 0 0 0 0 

Zn 0 0 0.4 0.3 0.4 1.6 

Ti 0 0.6 0.2 0.2 0.4 0 
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Shredded light fluff with a size larger than 250m shows heat values of 12,200 kJ/kg, and 

this value is equivalent to the heat values of lignite grade coal as shown in Table 3.2. Oil fly ash 

which has 85 wt% carbon contents shows heat values of 25,900 kJ/kg, and this value is 

equivalent to the heat values of bituminous coal. However, other samples, such as steel foundry 

baghouse dust, aluminum smelter baghouse dust, and a small size of shredded light fluff, only 

have heat values about 5,000 kJ/kg. The heat of combustion of the fuel could be estimated by the 

Equation (3.1) [14]: 

 

Dulong formula:   NCP = 338C + 1423(H-O/8) + 92S -24.4(9H + M)          (3.1) 

 

NCP: net calorific power, kJ/kg 

C: weight percentage of carbon in the fuel 

H: weight percentage of hydrogen in the fuel 

O: weight percentage of oxygen in the fuel 

S: weight percentage of sulfur in the fuel 

M: weight percentage of moisture in the fuel 

 

Based on the Dulong formula, the theoretical heat of combustion of the oil fly ash which 

contains 85% carbon and 4% moisture is 28,632kJ/kg. This value shows similar value to the 

oxygen bomb calorimetry results. The main factor affecting the heat value is the carbon and 

hydrogen in the sample, and moisture contents in the sample reduce the heat value of the sample. 

According to the World Bank technical guidance report about municipal solid waste incineration, 

heat values of wastes should be higher than 7MJ/kg to be used as fuel sources [47]. For this 

reason, heat recovery from oil fly ash and shredded light fluff where size is larger than 250m 

could be feasible in terms of heat values. These two wastes have heat values equivalent to the 

lignite and bituminous grade coal, and their average sales prices were $19.44/ton and $55.99/ton 

in 2014. Among these waste streams, heat recovery from oil fly ash is valuable, and the 

vanadium in oil fly ash can be concentrated after the burning of unburned carbon portion.  
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Figure 3.1: Heat values of as-received samples 

 

Table 3.2: Heat values of different grade coals and their prices (Source: U.S. Energy Information 
Administration Form EIA-7A, 'Annual Survey of Coal Production and Preparation, 2014) 
Coal Grade Heat value, kJ/kg Average sales price, $/ton 

Anthracite 30238 ~ 34890 90.98 

Bituminous 24423 ~ 34890 55.99 

Sub-bituminous 19771 ~ 30238 14.72 

Lignite 9304 ~ 19306 19.44 

 

3.3. Aluminum Smelter Baghouse Dust 

 Recovery of aluminum from the aluminum smelter baghouse dust is investigated by 

alkaline leaching followed by Al(OH)3 precipitation. For initial sample analysis, loss on ignition 

and X-ray diffraction methods are used, and extractive metallurgical experiments, as well as 

theoretical modeling about the empirical results, are described in this section. 
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3.3.1. Loss on Ignition of Aluminum Smelter Baghouse Dust 

ICP sample analysis can determine the amount of metal elements of samples; however, 

this method cannot determine the number of noble gasses, oxygen, nitrogen, and carbon. Also, 

ICP sample analysis requires special set-up to analyze the fluorine, chlorine, and others. Based 

on the initial analysis of aluminum smelter baghouse dust, the total amount of metallic elements 

in the sample was about 30 wt% of the waste due to the previously mentioned limitations of ICP 

analysis. Thus, loss on ignition (LOI) of samples with different particle size is measured to check 

the other portion of the sample based on the ASTM D7348 [49]. For LOI tests, 1g of the sample 

is placed into a pre-conditioned porcelain crucible and heated in a muffle furnace at 750oC until 

the sample reaches a constant mass. LOI percentage is calculated based on initial mass and mass 

of sample after heating at 750oC as shown in Equation (3.2): 

 

LOI = [(W-B)/W] x 100          (3.2) 

W = mass of test specimen used, g 

B = mass of test specimen after heating at 750oC, g 

 

As shown in Table 3.3, the LOI percentage is not changed after 2 hours of tests and 

reaches a constant mass. Based on these data, the LOI percentage of the aluminum smelter 

baghouse dust is in the range between 23% and 37% depending on the particle size. The LOI 

percentage in the aluminum smelter baghouse dust decreases with increasing particle size.  

 

Table 3.3: Loss on ignition of aluminum smelter baghouse dust at 750oC 

Time <45m 45 ~ 150 m 150 ~ 250 m 

Initial Final LOI% Initial Final LOI% Initial Final LOI% 

2hrs 1.001g 0.637g 36.36 1.000g 0.663g 33.7 1.000g 0.767g 23.3 

3hrs 1.001g 0.640g 36.06 1.001g 0.666g 33.47 1.000g 0.767g 23.3 

4hrs 1.002g 0.627g 37.46 1.000g 0.659g 34.1 1.000g 0.735g 26.5 

 

3.3.2. XRD Analysis of Aluminum Smelter Baghouse Dust 

 Based on the ICP results of the aluminum smelter baghouse dust, the waste contains 

about 13wt% of aluminum, 5% of silicon, and 2% of calcium. In this research, X-ray diffraction 
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is used to analyze the chemical phases of these elements in the aluminum smelter baghouse dust. 

During the XRD analysis, the angle of the X-ray incidence changes with time, and it generates 

unique diffraction patterns depending on the constructive and destructive interference [50]. After 

that, the XRD results are compared with possible phases of aluminum, calcium, and silicon as 

shown in Figure 3.2. The XRD results indicate that the major phase of the aluminum smelter 

baghouse dust is the aluminum metal, and the waste also contains quartz and calcite [30].   

 

Figure 3.2: XRD analysis of aluminum smelter baghouse dust (<45m) [30] 

 

3.3.3. Effect of Reagent and Temperature on Al SBD Leaching 

In general, different reagents and bath temperatures affect the overall leaching 

characteristics. Therefore, the effect of reagent and bath temperature on aluminum smelter 

baghouse dust leaching is investigated with sodium hydroxide and sodium carbonate as reagents. 

The bath temperature of leaching tests is fixed at 45oC, 60oC, and the leaching is conducted 
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during 4 hours. During leaching, the bath is mechanically agitated by rotating magnetic stirrer at 

250 rpm. After leaching, solid residue is separated from the leach solution by vacuum filtering, 

and the leach solution is analyzed with ICP-AES. The percentage of aluminum dissolution after 

4 hours of leaching is shown in Figure 3.3. With 1M of sodium carbonate condition, the 

percentage of aluminum dissolution is about 26 % at 45oC, and this value is not changed by bath 

temperature. With 1M of sodium hydroxide leaching condition, the percentage of aluminum 

dissolution is higher than 80 % when the bath temperature is greater than 45oC. Based on these 

results, the leaching efficiency of aluminum with sodium hydroxide as a reagent is greater than 

that of sodium carbonates [30].  

 

 

Figure 3.3: Effect of reagent and bath temperature on aluminum smelter baghouse dust leaching 
[30] 
 

 From preliminary leaching tests, bath temperature affects the percentage of aluminum 

dissolution. Both sodium hydroxide and sodium carbonate leaching show better aluminum 

dissolution at a higher bath temperature. For this reason, aluminum smelter baghouse dust 

leaching with different leaching duration is tested with 1M of sodium hydroxide at 80oC. As 
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shown in Figure 3.4, the percentage of aluminum dissolution is higher than 80% when the 

leaching time is longer than 40 minutes.   

 

Figure 3.4: NaOH leaching with different leaching time 

 

3.3.4. Effect of Solids Content on Al SBD Leaching 

From the previous results, aluminum leaching efficiency with sodium carbonate is only 

about 32wt% at 60oC, and this indicates that sodium carbonate is not a proper reagent for the 

aluminum smelter baghouse dust leaching due to poor aluminum recovery. Therefore, the effect 

of bath temperature and solids content on aluminum smelter baghouse dust leaching is 

investigated with 1M sodium hydroxide as shown in Figure 3.5. From the results, higher 

leaching temperature and longer leaching time guarantee better aluminum dissolution in both 

10g/L and 50g/L conditions. Also, the reaction rate is relatively fast at the beginning of the 

reaction, and it gradually decreases with time. In terms of the percentage of aluminum 

dissolution, 1M NaOH leaching with 10g/L solids content shows relatively higher aluminum 

dissolution than that of 50g/L. Additionally, higher bath temperature guarantees better aluminum 

dissolution from the aluminum smelter baghouse dust [30].  
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Figure 3.5: Effect of solids content on aluminum smelter baghouse dust leaching: (a) 10g/L; (b) 
50g/L (1M NaOH, 250rpm) [30] 
 

 The main advantage of the hydrometallurgical process is its selective leaching 

characteristic [2]. As shown in Figure 3.6, sodium hydroxide selectively dissolves aluminum and 

zinc from the waste. In the aluminum smelter baghouse dust, it contains about 13 wt% of 

aluminum and 0.4wt% of zinc based on the ICP analysis. Therefore, the actual amount of zinc in 

the leach solution is relatively small compared to the aluminum due to its low concentration in 

the as-received sample. In general, solution purification and concentration steps are required 

before the metal recovery step as shown in Figure 1.20 since the low concentration of metal ions 

in leach solution, and impurities affect the quality of the final product. However, aluminum is 

selectively concentrated in the sodium hydroxide solution in this research, and it does not require 

further solution treatments for metal recovery. 

 

3.3.5. Effect of Particle Size on Al SBD Leaching 

In hydrometallurgical processes, particle size affects the overall processing rates. When 

the size of the particle decreases, the surface area exposed to the solvent greatly increases, and it 

provides a greater opportunity for the samples to be attacked by the solvent [16]. For this 

research, size classification of the as-received samples is conducted, and four different size 

ranges of aluminum smelter baghouse dust (<45µm, 45~150µm, 150~250µm, >250µm) are 

prepared as shown in Table 3.4. 
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Figure 3.6: Percentage of major elements dissolution (1M NaOH, 60oC, 10g/L) 

 

About 6% of the sample shows particle size smaller than 45m, and about 84% of the 

sample is larger than 150m. The effect of particle size on aluminum smelter baghouse dust 

leaching with different particle sizes is investigated at 50g/L solids content, and the results are 

shown in Figure 3.7. Based on these diagrams, samples having a larger particle size show a 

relatively faster reaction rate compared to a smaller size particle, and these phenomena show 

opposite results compared to the aforementioned general thoughts of leaching kinetics. When the 

particle size is getting smaller, the surface area of particles is getting bigger. Therefore, particles 

having a larger surface area tend to agglomerate each other to reduce the surface energy, and it 

could form a large particle having porous layers. In this case, samples having a larger particle 

size could have a higher porosity than that of a smaller size sample, and it guarantees a faster 

reaction rate compared to a smaller size sample. Based on Figure 3.7, the percentages of 

aluminum dissolution are about 72% after 10 minutes of leaching at 60oC, and this value is not 

changed by the size of samples. 
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Table 3.4: Size classification of as-received aluminum smelter baghouse dust [30] 

Aluminum smelter baghouse dust 

Size (m) Weight Percent (%) 

< 45 6.3 

45 ~ 150 9.5 

150 ~ 250 32.1 

> 250  52.1 

 

 

 

Figure 3.7: Effect of particle size on aluminum smelter baghouse dust leaching: (a) -45m; (b) 
45~150m; (c) 150~250m (1M NaOH, 250rpm) 
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3.3.6. Kinetic Study of Al SBD Leaching 

Based on the previous leaching results, a kinetic study of the NaOH leaching of 

aluminum smelter baghouse dust is conducted based on the shrinking core model. For the fluid 

particle reactions, two simple idealized models, the progressive conversion model, and the 

shrinking core model, have been proposed. For particles having a high porosity and a low 

reaction rate, the solid phase is converted continuously and progressively throughout the particle, 

and this type of reaction mechanism is called the progressive conversion model. However, for 

the particles having limited porosity, the reaction is primarily at the outer surface of the particle 

[17]. The reaction occurs only at the solid product-unreacted core interface as shown in Figure 

3.8, and the unreacted core shrinks in size during the reaction. This type of reaction mechanism 

is called the shrinking core model. For this research, three different reaction mechanisms which 

are chemical reaction, pore diffusion, and fluid film diffusion are applied to the previously 

obtained aluminum leaching results, and the equations for each reaction mechanism are as 

follows: 

Chemical Reaction Control:     1-(1-E)1/3 = kt 

Pore Diffusion Control:     1-3(1-E)2/3 + 2(1-E) = kt 

Fluid Film Diffusion Control:   E = kt 

E = conversion 

k = rate constant 

t = time   

 

 

Figure 3.8: Schematic diagram of shrinking core model and its equations 
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Schematic diagram of the rate determining step during the solid-fluid reaction is shown in 

Figure 3.9. In general, the solid-fluid reaction occurs by diffusion of solvent and chemical 

reaction at the surface of solid. During a chemical reaction, the concentration of solvent at the 

surface of the object is decreased by the reaction. Therefore, the overall reaction rate is 

determined by the rate of diffusion and the rate of chemical reaction. When the diffusion is fast, 

and the chemical reaction is slow, the surface chemical reaction is the rate determining step. On 

the other hand, when the diffusion is slow, and the chemical reaction is fast, solvent diffusion is 

the rate determining step as shown in Figure 3.9 [53~55]. 

 

 

Figure 3.9: Schematic diagram of rate determining step [53~55] 
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Figure 3.10: Arrhenius plot and its equation [56] 

 

In Figure 3.11 and 3.12, shrinking core model as well as the Arrhenius plot with different 

solids content and temperature is drawn based on the previous leaching data as shown in Figure 

3.5. In Figure 3.11, these diagrams are drawn at 10g/L solids content. The R2 value from the 

linear regression indicates that the overall reaction is controlled by pore diffusion control since 

the R2 value of the pore diffusion control model shows the closest value to 1 as shown in Figure 

3.11 (a). Based on the pore diffusion control model, the calculated activation energy of 

aluminum smelter baghouse dust leaching with 1M NaOH at 10g/L solids content is about 

4.8kcal/mol. However, when the solids content is increased to 50g/L, the calculated activation 

energy from the slope as shown in Figure 3.12 (d) is about 8.1kcal/mol. From the calculated 

activation energy, aluminum smelter baghouse dust leaching at 50g/L solids content shows a 

higher activation energy barrier for the reaction compared to the value of the 10g/L solids 

content as shown in Figure 3.13. In general, reaction with lower activation energy shows a faster 

reaction rate, and this phenomenon also can be observed in Figure 3.5. On the other hand, 

reaction with higher activation energy shows more temperature sensitivity based on the 

Arrhenius equation. Therefore, the temperature dependence of reaction with 50g/L solids content 

is larger than that of 10g/L solids content. This result also corresponds to the results as shown in 

Figure 3.5 since 50g/L leaching condition shows a larger gap of aluminum dissolution between 

25oC and 60oC [30]. 
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Figure 3.11: Application of shrinking core model and Arrhenius plot (10g/L solids content): 
(a) pore diffusion control; (b) chemical reaction control; (c) fluid film control; (d) Arrhenius plot 
based on pore diffusion control [30] 
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Figure 3.12: Application of shrinking core model and Arrhenius plot (50g/L solids content): 
(a) pore diffusion control; (b) chemical reaction control; (c) fluid film control; (d) Arrhenius plot 
based on pore diffusion control [30] 
 



 69 

 

Figure 3.13: Activation energies of NaOH leaching (10g/L and 50g/L conditions) 

 

3.3.7. Thermodynamic Study of Al SBD Leaching 

Thermodynamic modeling of the aluminum smelter baghouse dust leaching is studied for 

compatibility test of this process with Bayer process. From the XRD analysis results shown in 

Figure 3.2, major phases of aluminum smelter baghouse dust are aluminum metal, calcite, and 

silica. Based on the results as shown in Figure 3.6, aluminum in the aluminum smelter baghouse 

dust is selectively dissolved in the leach solution. Therefore, several reaction equations during 

sodium hydroxide leaching are proposed for the equilibrium composition diagram, and the 

proposed reaction equations as follows [30]:  

 

Al + 3H2O(l) + NaOH(l) = Na[Al(OH)4] + 1.5H2(g)     

2Al + 2H2O(l) + 2NaOH(l) = 2NaAlO2 + 3H2(g)         

2Al + 3H2O(l) = Al2O3 + 3H2(g)   
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Al + 3H2O(l) = Al(OH)3 + 1.5H2(g)      

 

Since the amount of the aluminum in the sample is about 13wt%, the total aluminum 

content in the leachate is about 0.1mole at 20g/100mL solids content based on 100% aluminum 

recovery. 1M of sodium hydroxide solution consists of 5.5moles H2O and 1mole NaOH, and this 

amount of solution is enough to promote the reactions forwards based on Le Chatelier’s principle. 

In Table 3.5, several reaction equations during leaching and their Gibbs free energy of reaction at 

standard state are listed. Based on these thermodynamic data, the formation of Na[Al(OH)4] 

shows the largest negative value compared to other reaction equations at the same molarity of 

aluminum at 100oC. Therefore, Na[Al(OH)4] is the most stable product at this temperature range,  

and this result also corresponds to the equilibrium composition diagram as shown in Figure 3.14. 

However, the formation of alumina and sodium aluminate is gradually increased with bath 

temperature, and these are the stable products at a higher temperature above 700oC after 

dissociation of water [30].  

The Bayer process which is the primary production method of aluminum produces 

alumina from the bauxite ore. In the commercial processes, caustic leaching is used for the 

bauxite because titanium and iron minerals are soluble in acids. Therefore, in the Bayer process, 

aluminum hydroxide is extracted by sodium hydroxide leaching in autoclaves, and the main 

leach reactions are as follows [17]:  

 

Gibbsite: Al(OH)3 + NaOH = Na[Al(OH)4] 

Boehmite and Diaspore: AlOOH + NaOH + H2O = Na[Al(OH)4] 

 

Based on the main leach reactions for the bauxite ore, the final product after the leaching 

of gibbsite, boehmite, and diaspore is also sodium aluminate which is identical to the product 

obtained in aluminum smelter baghouse dust leaching. Therefore, aluminum smelter baghouse 

dust could share the similar process with the Bayer process to extract aluminum, and the sample 

also could be used as a viable secondary source of aluminum industry.  
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Table 3.5: Proposed reaction equations during Al SBD leaching with NaOH [30] 

Reaction equations ΔGo (kcal) 

100 oC 1000 oC 

Al + 3H2O(l) + NaOH(l) = Na[Al(OH)4] + 1.5H2(g) -116.350 -89.673 

2Al + 2H2O(l) + 2NaOH(l) = 2NaAlO2 + 3H2(g) -221.893 -229.821 

2Al + 3H2O(l) = Al2O3 + 3H2(g) -211.080 -217.644 

Al + 3H2O(l) = Al(OH)3 + 1.5H2(g) -102.415 -83.343 

 

 

Figure 3.14: Equilibrium composition diagram of aluminum smelter baghouse dust leaching [30] 

 

3.3.8. Leach Solution Preparation for Al(OH)3 Precipitation 

For the Al(OH)3 precipitation study, a supersaturated sodium aluminate solution is 

prepared by scaling up the sodium hydroxide leaching. Based on previous leaching data as 
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shown in Figure 3.7, the percentage of aluminum dissolution is not changed by the size of 

samples during 10 minutes of leaching at 60oC. Therefore, as-received aluminum smelter 

baghouse dust is used to prepare a supersaturated sodium aluminate solution. In this study, 25g 

of the as-received sample is leached with 250mL of 1M NaOH for one hour. The initial 

temperature of the solution is room temperature, and the bath is agitated by a rotating magnetic 

stir-bar at 500 rpm.  

Several phenomena, such as hydrogen gas evolution and temperature rise, are observed 

during leaching as shown in Figure 3.15. Based on reaction equation as shown in Table 3.6, the 

reaction of aluminum in sodium hydroxide solution produces sodium aluminate and hydrogen 

gas. Therefore, bubbles in Figure 3.15 are the hydrogen gas evolution during the reaction, and 

the temperature rise is due to the exothermic reaction as shown in Table 3.6. Bath temperature 

during leaching with 10 ~ 50g/L solids content is not changed; however, at 100g/L solids content, 

bath temperature changes by leaching time as shown in Figure 3.16. The bath temperature 

increases until 25 minutes of leaching and gradually decreases by natural cooling after 25 

minutes. Based on the previous kinetic study as shown in Figure 3.5, the rate of aluminum 

dissolution is relatively fast at the beginning of the reaction, and this result corresponds to the 

temperature changes during leaching as shown in Figure 3.16. Due to the exothermic reaction 

between aluminum and sodium hydroxide, bath temperature spontaneously increases, and it 

could affect the overall leaching kinetics since the percentage of aluminum dissolution is higher 

at a higher bath temperature.  

For the precipitation study, 2L of leach solution, which contains about 20g/L of 

aluminum concentration, is prepared based on the same experimental condition; however, 

precipitates are formed on the bottom of flask after two days of storing as shown in Figure 3.17. 

After 1hr of leaching, the temperature of leach solution is about 40oC as illustrated in Figure 3.16, 

and it cools down during storing. In general, the solubility of solids increases with the 

temperature of the solvent. Therefore, a maximum solubility of Al(OH)3 is decreased at a lower 

temperature during storing the leach solution, and it causes precipitation. Once precipitates are 

formed at the beaker surface, heating and stirring of the solution cannot dissolve the precipitates 

into the leach solution. Therefore, further precipitation experiments are tested immediately after 

the aluminum smelter baghouse dust leaching. 
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Figure 3.15: Scale-up the aluminum smelter baghouse dust leaching (solids content: 100g/L, 
temperature: room temperature, agitation: 500rpm) 
 

Table 3.6: Proposed reaction equation and its standard enthalpy of formation 

Reaction equation Temperature ΔH 

Al + 3H2O(l) + NaOH(l) = Na[Al(OH)4] + 1.5H2(g) 

0oC -108.015 kcal 

25oC -108.961 kcal 

50oC -109.914 kcal 

75oC -110.875 kcal 

100oC -111.842 kcal 

 

 

Figure 3.16: Temperature changes during aluminum smelter baghouse dust leaching (solids 
content: 100g/L, temperature: room temperature, agitation: 500rpm) 
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Figure 3.17: Precipitates formed on the bottom of flask 

 

3.3.9. Thermodynamic Study of Al(OH)3 Precipitation 

Metal recovery from leach solution is the final stage of hydrometallurgical processes. In 

general, metal recovery is achieved by several different methods including crystallization, ionic 

precipitation, reduction with gas, cementation, and electrowinning of metal. In this research, 

crystallization method is considered for the Al(OH)3 precipitation from the sodium aluminate 

solution since crystallization is the simplest method to recover metals from an aqueous solution 

as metal compounds. The crystallization process mainly utilizes the solubility of the metal 

compounds with different temperature and pressure conditions. As the temperature and pressure 

are changed, the amount of metal salt in solution may exceed the solubility limit, and metal salt 

crystallizes in solution by nucleation and growth. Therefore, fundamental thermodynamic 

modeling of Al(OH)3 precipitation is investigated by the MEDUSA chemical equilibrium 

software, and the related thermodynamic diagrams are shown in Figure 3.18 ~ 3.21.  

In Figure 3.18, various aluminum species have different stable regions. Many ionic 

species of aluminum hydroxide are stable around pH 3, and the formation of Al(OH)3 is 

dominant when the pH of the solution is above pH 3.3. From the speciation diagram as shown in 
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Figure 3.19, Al(OH)3 is the stable form between pH 3.3 and pH 13.2, and this stable region is 

narrowed when the concentration of aluminum is decreased as shown in Figure 3.20. Therefore, 

pH control is an important parameter during Al(OH)3 precipitation. Since the crystallization 

process utilizes the solubility of metal compounds, pH vs. log[solubility] diagram is also drawn 

in Figure 3.21. The minimum solubility of aluminum ion is observed around pH 6; therefore, an 

optimum pH value for the Al(OH)3 precipitation is around pH 6 to maximize the amount of 

precipitates from the sodium aluminate solution. However, changing the pH of leach solution 

also requires reagent cost due to the addition of acidic reagent. Thus, further Al(OH)3 

precipitation are investigated by adjusting the pH of the solution to obtain the optimum pH value 

for 90% of aluminum recovery from the leach solution.  

 

 

Figure 3.18: pH vs. log[Conc.] diagram of aluminum phases 
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Figure 3.19: Speciation diagram of aluminum 

 

 

Figure 3.20: Predominance diagram of aluminum phases (assumption: Al3+ = 0.1M) 
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Figure 3.21: pH vs. log[solubility] diagram of aluminum (assumption: Al3+ = 0.1M) 

 

3.3.10. Al(OH)3 Precipitation by pH Adjustment 

Based on the preliminary thermodynamic study as shown in Figure 3.18 ~ 3.21, Al(OH)3 

can be precipitated out from leach solution by changing the pH of the solution. Therefore, 

Al(OH)3 precipitation tests are conducted by adding 1M of nitric acid to control the pH of the 

solution. The pH of leach solution after leaching was 12.6, and it had no precipitates before pH 

adjustment as shown in Figure 3.22 (a). However, when the pH of the solution is decreased to 12, 

precipitates start forming, and agglomerated precipitates can be observed in Figure 3.22 (d). 

When the pH of leach solution is further decreased, the amount of precipitates is also increased 

in Figure 3.22 (e). Since the solubility of aluminum decreases at a lower pH as shown in Figure 

3.21, the formation of Al(OH)3 precipitates increases with the addition of HNO3. For the phase 

analysis of precipitates, solution after precipitation at pH 11.5 is vacuum filtered, and the filtered 

precipitates are dried at 75oC for 12 hrs as shown in Figure 3.23 (a). The XRD analysis of the 

filtered precipitates as illustrated in Figure 3.23 (b) indicates that the major phase of the 

precipitates is Al(OH)3, and this result corresponds to the results of preliminary thermodynamic 

studies.  
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Figure 3.22: Al(OH)3 precipitation by pH adjustment: (a) leach solution pH 12.6; (b) pH 12; (c) 
pH 11.5; (d) top view of (b); (e) top view of (c) 
 

 

Figure 3.23: Al(OH)3 precipitation: (a) filtered precipitates after drying; (b) XRD analysis of 
precipitates 
 

During precipitation, both nucleation and crystal growth are required for the Al(OH)3 

precipitation from the leach solution. In general, nucleation can be classified as primary and 

secondary. Primary nucleation is the initial crystal formation process without pre-existing 
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crystals in the system; however, secondary nucleation is the nuclei formation process with pre-

existing crystals in the system. Related equations of primary and secondary nucleation are as 

follows [58]: 

 

Primary Nucleation: B =  
Nt =  k c − c∗  

Secondary Nucleation: B =  
Nt =  k1MTj c − c∗  

B: number of nuclei formed per unit volume per unit time 

N: number of nuclei per unit volume 

Kn, K1: rate constant 

MT
j: suspension density 

(c-c*): degree of supersaturation 

n: empirical exponent, generally ranges between 3 and 4 

j: empirical exponent generally 1 

b: empirical exponent generally 2 

  

Based the equations of nucleation, one of the parameters affecting nucleation rate is the 

degree of supersaturation. As shown in Figure 3.21, the degree of supersaturation is increased 

with decreasing the pH of the solution. Therefore, nucleation rate at a lower pH is much faster 

than the nucleation rate at a higher pH. In this research, Al(OH)3 precipitation is conducted for 

30 minutes with different pH values (10.5, 11.0, 11.5, 12) as shown in Figure 3.24. The 

percentage of aluminum recovery is higher at a lower pH condition since the degree of 

supersaturation is increased at a lower pH value. Additionally, nucleation rate also affects the 

amount of Al(OH)3 precipitates at a fixed precipitation period.  

Five major elements in the leach solution are Al, K, Si, S, and Ca, and the amount of 

elements other than aluminum is relatively small due to the selective leaching characteristic as 

shown in Table 3.7. After precipitation test at pH 10.5, about 94% of aluminum in the leach 

solution is recovered as Al(OH)3. 
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Figure 3.24: Percentage of aluminum recovery with different pH conditions 

 

Table 3.7: Mass balance of Al(OH)3 precipitation 

Five major elements 
in leach solution 

Leach solution 
(pH 12.6, 50mL) 

Leach solution after 
precipitates filtering 
(pH 10.5, 50mL) 

Recovered as 
precipitates per 50mL 
of leach solution 

Al  1.011g 0.056g 0.955g 
K 0.022g 0.016g 0.006g 
Si 0.011g 0.000g 0.011g 
S 0.003g 0.002g 0.001g 
Ca 0.001g 0.000g 0.001g 
 

3.3.11. Proposed Flowsheet of Aluminum Recovery 

 Based on the preliminary results, a flowsheet for the recovery of aluminum from the 

aluminum smelter baghouse dust is proposed in Figure 3.25. 1M NaOH leaching of the sample 

shows selective leaching characteristic, and the percentage of aluminum dissolution is higher 
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than 80%. Based on the thermodynamic modeling, the product after the NaOH leaching of the 

aluminum smelter baghouse dust was sodium aluminate solution, and Al(OH)3 precipitates could 

be precipitated out by adding HNO3. During leaching, the percentage of aluminum dissolution is 

higher than 80%, and the percentage of aluminum recovery during precipitation is about 94% at 

pH 10.5. Therefore, about 75% of aluminum in the aluminum smelter baghouse dust can be 

recovered based on this proposed flowsheet. 

 

 

Figure 3.25: Proposed flowsheet of aluminum recovery from aluminum smelter baghouse dust 

 

3.4. Oil Fly Ash 

 In this research, recovery of vanadium from the oil fly ash is investigated by two different 

processes. The first process is leaching followed by precipitation, and the second process is salt-

roasting followed by hot water leaching. For initial sample analysis, loss on ignition and TGA-

DTA analysis are used. During carbon burning step, unburned carbon in the oil fly ash is 

removed, and vanadium is concentrated in the ashes. After that, extractive metallurgical 

processes are used to extract vanadium. This section describes the results of each process and 

theoretical modeling of the processes.   
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3.4.1. Loss on Ignition of Oil Fly Ash 

 Based on the ICP analysis as shown in Table 3.1, oil fly ash contains 2.2% of vanadium, 

1.9% of iron, and 0.4% of nickel. The total amount of metal elements in the sample is only 4.5% 

due to a large amount of unburned carbon in the sample. For this reason, loss on ignition is 

measured to check the total amount of carbon, sulfur, moisture, and other volatile matter [49]. 

The same experimental procedures in Chapter 3.3.1 are used to measure the loss on ignition of 

the oil fly ash. As shown in Table 3.8, the LOI percentage is not changed after 2 hours of tests 

and reached a constant mass. Based on the results, the LOI percentage of the oil fly ash is in the 

range between 88.7% and 90.15%. Therefore, the total amount of carbon, sulfur, moisture, and 

other volatile matters is about 89% of the oil fly ash.  

 

Table 3.8: Loss on ignition of as-received oil fly ash at 750oC 

Time As-received oil fly ash 

Initial mass Final mass LOI% 

2hrs 1.005g 0.099g 90.15 

3hrs 1.001g 0.113g 88.71 

4hrs 1.002g 0.106g 89.42 

 

3.4.2. TGA-DTA Analysis 

In the previous loss on ignition analysis data, as-received oil fly ash sample has a 

relatively large amount of carbon. During leaching of as-received oil fly ash, the carbon content 

in the sample can adversely affect the leaching efficiency of vanadium. Moreover, vanadium 

concentration can be increased by removing the unburned carbon. From the point of view, 

carbon burning is an essential step for the efficient vanadium recovery. In this research, TGA-

DTA analysis is used for the oil fly ash to check the weight changes during sample burning as 

shown in Figure 3.26.  The total weight reduction of the oil fly ash is 89% which is identical to 

the previous loss on ignition results. As the sample temperature increases, carbon burning starts 

about 450oC, and the weight reduction is completed about 950oC. During the sample heating, 

moisture in the sample is removed first, and it causes about 4% of weight reduction until 450oC. 

After that, carbon, sulfur and other volatile matters are removed above 450oC, and the weight 

reduction due to these materials is about 85%. Additionally, exothermic reaction during sample 
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heating is observed due to the heat released mainly from the unburned carbon in Figure 3.26, and 

the heat value of the oil fly ash is about 25,900kJ/kg according to the bomb calorimetry results as 

shown in Figure 3.1. Based on these results, the amount of carbon in the oil fly ash is about 85%, 

and it can be used as a fuel source due to its highly exothermic reaction. 

 

 

Figure 3.26: TGA-DTA analysis of as-received oil fly ash 

 

3.4.3. Effect of Carbon Burning Temperature 

Before acid leaching tests, preliminary carbon burning is conducted with different 

burning temperature. Carbon burning from the oil fly ash is performed with 5g of as-received oil 

fly ash. The samples are placed into a porcelain crucible and burned in a muffle furnace with 

different burning temperature for 3hrs. The weight changes after the carbon burning process are 

shown in Figure 3.27. The percentage of weight reduction is increased with burning temperature, 

and the percentage of weight reduction at 1000oC is about 70%. ICP results of as-received and 

carbon burned oil fly ash are compared in Table 3.9. Based on the results, vanadium contents in 

the sample are increased from 2.2% to 10.2%, and the concentrations of other metallic elements, 

such as iron, aluminum, and nickel, are also increased after the carbon burning. However, sulfur 

in the as-received oil fly ash is completely removed during this process.   
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Figure 3.27: Weight changes of oil fly ash with different burning temperature (3hrs burning) 

 
Table 3.9: Concentrations of five major elements after carbon burning for 3hrs 

Five major 

elements 

Carbon burning temperature 

as-received 600oC 800oC 1000oC 

V 2.2% 6.3% 5.9% 10.2% 

Fe 1.9% 5.3% 3.6% 7.2% 

S 0.6% 0.9% 0.0% 0.0% 

Ni 0.4% 1.2% 1.2% 2.0% 

Al  0.1% 0.4% 0.3% 0.5% 

 

 As shown in Figure 3.26, the percentage of weight reduction during TGA-DTA analysis 

is about 89%; however, 3hrs of carbon burning at 1000oC removes 78% of the carbon, sulfur, 

moisture, and other volatile matters from the oil fly ash. Therefore, carbon burning with different 

time is also tested as shown in Figure 3.28. Based on the results, the percentage of weight 
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reduction after the carbon burning is increased with burning time, and reached 89% of weight 

reduction after 5hrs of carbon burning at 1000oC  

 

 

Figure 3.28: Weight changes of oil fly ash with different burning time (1000oC) 

 

3.4.4. Effect of Reagent on Oil Fly Ash Leaching 

One of the main parameters affecting the leaching efficiency is the solids content in the 

leaching condition. The amount of unburned carbon in the oil fly ash can adversely effect on the 

leaching efficiency since it can hinder the reaction between vanadium and reagent. Additionally, 

the concentration of vanadium in the fixed amount of solids is closely related to the amount of 

unburned carbon. Therefore, carbon burning from the as-received oil fly ash is conducted before 

the oil fly ash leaching. After the carbon burning process, leaching tests with different reagents 

are performed to find a better reagent for vanadium extraction.  

Experimental conditions, such as temperature and agitation, are fixed at room 

temperature and 250 rpm, respectively. As shown in Figure 3.29, 1M of sodium hydroxide 

condition shows the highest vanadium extraction among the reagents, and this condition 

guarantees better selectivity compared to the acidic reagents. In the case of selective leaching 
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characteristic, 1M of ammonium hydroxide condition shows the most selectivity; however, the 

percentage of vanadium extraction is lower than that of sodium hydroxide condition. Therefore, 

further leaching tests are conducted with sodium hydroxide in the following section.  

 

 

Figure 3.29: Effect of reagent on oil fly ash leaching 

 

3.4.5. Effect of NaOH Concentration on Oil Fly Ash Leaching 

Based on the results from Chapter 3.4.4, sodium hydroxide leaching shows a better 

vanadium extraction and selectivity compared to the acidic reagents. Therefore, the effect of 

sodium hydroxide concentration on oil fly ash leaching is investigated in this chapter.  For this 

research, four different concentrations of sodium hydroxide (0.5, 1, 1.5, 2M) are used to extract 

vanadium, and the results are shown in Figure 3.30. Vanadium extraction from the carbon 

burned oil fly ash is similar with different sodium hydroxide concentrations. When the 

concentration of sodium hydroxide is higher than 1.0M, vanadium extraction is decreased. 

Additionally, the effect of solids content on oil fly ash leaching is tested, and the results 

are shown in Figure 3.31. Based on Figure 3.30 and 3.31, vanadium extraction from the oil fly 

ash is closely related to the solids contents. When the solids content is increased from 1g/100mL 
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to 3g/100mL, vanadium extraction is decreased from 37mg/g to 22.5mg/g with 0.5M of sodium 

hydroxide. For these reasons, oil fly ash leaching with a lower solids content and 1M of sodium 

hydroxide condition shows the best result for vanadium extraction; therefore, leach solution is 

prepared based on this leaching condition for vanadium oxide precipitation.  

 

 

Figure 3.30: Effect of NaOH concentration on oil fly ash leaching (S/L ratio: 1g/100mL) 

 

Figure 3.31: Effect of NaOH concentration on oil fly ash leaching (S/L ratio: 3g/100mL) 
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3.4.6. Precipitation of Vanadium Oxide 

 Based on the leaching tests, 1M of sodium hydroxide is the best leaching condition for 

the vanadium extraction. Therefore, precipitation of vanadium oxide is tested with the leach 

solution of this condition. For the vanadium oxides precipitation, fundamental thermodynamic 

study about various oxidation states and ionic forms of vanadium is investigated with the 

Pourbaix diagram [59]. As shown in Figure 3.32, the Pourbaix diagram shows possible stable 

phases of vanadium in an aqueous condition. When the pH of leach solution is between 1.8 and 

2.3, V2O5 is the stable phase above 0.8V. Compared to the stable region of V2O5, V2O3 and V2O4 

have relatively a wide stable range from pH 3 to pH 10 at 0V of potential. In this research, 

vanadium oxides precipitation is investigated by adjusting the pH of leach solution with sulfuric 

acid. After that, the solvent is evaporated by heating at 95oC to obtain vanadium oxide 

precipitates. During vanadium oxides precipitation tests, the solution is agitated by a rotating 

magnetic stir bar at 300 rpm.   

 

 

Figure 3.32: Eh-pH diagram of vanadium at 0.01M of vanadium concentration [59] 
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 As shown in Figure 3.33, white colored precipitates are formed on the bottom of the 

beaker. Based on the XRD analysis, major phase of the precipitates were sodium sulfate (Na2SO4) 

which is generated by the reaction between sulfuric acid and sodium hydroxide, and the reaction 

equations as well as their Gibbs free energy of formation is as follows: 

 

 2NaOH(l) + H2SO4(l) = Na2SO4 + 2H2O(l) ΔGo = -71.169 kcal @ 25oC 

 NaOH(l) + HNO3(l) = NaNO3 + H2O(l) ΔGo = -35.593 kcal @ 25oC 

  

Based on the reaction equations, both sulfuric acid and nitric acid react with sodium 

hydroxide, and they produce sodium sulfate (Na2SO4) and sodium nitrate (NaNO3), respectively. 

Since the amount of Na2SO4 is predominant in the precipitates, vanadium oxides cannot be 

precipitated out selectively from leach solution. Therefore, another hydrometallurgical process, 

salt-roasting followed by hot water leaching, is tested to extract vanadium selectively from the 

oil fly ash.  

 

 
 

Figure 3.33: XRD analysis of precipitates: (a) precipitates image; (b) XRD analysis 
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3.4.7. Thermodynamic Study of Salt-Roasting 

A roast-leach process is one of the ways to produce vanadium oxides. Various ores, 

petroleum residues, and metallurgical slags produced during Ferro-vanadate production are 

crushed, dried, and finely milled. After that, the samples are mixed with sodium salt and roasted 

[51]. The V2O5 in these materials can be extracted by roasting with sodium salts to produce 

sodium vanadate, and the proposed equations of the salt-roasting process are shown in Table 

3.10. Based on the HSC chemistry data, the Gibbs free energy of formation of Na2V2O7 shows 

more negative values compared to the NaVO3 formation at the same roasting temperature. For 

this reason, the formation of Na2V2O7 after the salt-roasting process is thermodynamically 

favorable. In terms of solubility, both NaVO3 and NaV2O7 are readily water soluble; therefore, 

vanadium can be separated from gangue materials by hot water leaching. After the roast-leach 

process, ammonium meta-vanadate can be precipitated from the leach solution. During 

precipitation, ammonium sulfate is added to precipitate ammonium meta-vanadate from the 

solution, and the reaction equation is as follows: 

 

 2NaVO3 + (NH4)2SO4 = 2NH4VO3 + Na2SO4 

 

Once ammonium meta-vanadate is precipitated, the precipitates are filtered, dried, and 

calcined to produce vanadium pentoxide [60].  

 

Table 3.10: Proposed reaction equations of salt-roasting process 

Reaction equations ΔGo (kcal) 

500oC 700oC 900oC 

2NaCl + V2O5 + 1/2O2(g) = 2NaVO3 + Cl2(g) 5.489 1.536 -0.062 

2NaCl + V2O5 + H2O(l) = 2NaVO3 + 2HCl(g) -1.394 -11.268 -18.052 

2NaCl + V2O5 + O2(g) = Na2V2O7 + Cl2(g) -143.271 -146.516 -145.214 

2NaCl + V2O5 + 2H2O(l) = Na2V2O7 + 2HCl(g) + H2(g) -109.566 -124.000 -132.461 

Na2CO3 + V2O5 = 2NaVO3 + CO2(g) -32.807 -40.950 -47.538 

Na2CO3 + V2O5 = Na2V2O7 + CO(g) -130.084 -141.702 -149.539 

Na2CO3 + V2O5 + H2O(l) = Na2V2O7 + CO2(g) + H2(g) -140.979 -153.681 -161.948 
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3.4.8. Effect of Reagent on Salt-Roasting Followed by Hot Water Leaching 

Based on the results in chapter 3.4.7, Na2V2O7 is thermodynamically more stable phase 

after salt-roasting process compared to the NaVO3 formation. Therefore, theoretical calculation 

of Na2V2O7 formation during salt roasting is studied as shown in Figure 3.34 and 3.35. Before 

the salt roasting process, as-received oil fly ash is burned at 800oC for 14 hrs to remove the 

unburned carbon and concentrate the vanadium in the sample. Based on the ICP results, 

vanadium contents in the carbon burned oil fly ash is about 8 wt%; therefore, 0.9175 g of NaCl 

and 0.2829 g of H2O are required for the reaction stoichiometry as shown in Figure 3.34. In this 

research, 10g of carbon burned oil fly ash is mixed with 10mL of 6M NaCl solution in a 

porcelain crucible and roasted at 750oC. Based on Le Chatelier’s principle, a larger amount of 

NaCl and H2O promotes the reaction goes in a forward direction, and it promotes the Na2V2O7 

formation.  

Additionally, carbon burned oil fly ash is mixed with Na2CO3 for the salt roasting process, 

and the fundamental calculation of Na2V2O7 formation is shown in Figure 3.35. In this research, 

10mL of 1.5M Na2CO3 is mixed with 10g of carbon burned oil fly ash and roasted at 750oC. The 

summarized flowsheet of the different salt roasting condition is shown in Figure 3.36.  

 

 

Figure 3.34: Fundamental calculation of salt-roasting with NaCl 
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Figure 3.35: Fundamental calculation of salt-roasting with Na2CO3 

 

 

Figure 3.36: Flowsheet of vanadium extraction through several routes 

 

After the salt roasting process, color changes of samples are observed after 4hrs and 8hrs 

of roasting in Figure 3.37, and the roasted samples show yellow color which is the same color of 

sodium metavanadate. After the salt roasting process, hot water leaching is conducted with 50mL 

of DI water at 60oC in the crucibles, and the ICP results are shown in Figure 3.38.  

Based on the ICP results, hot water leaching cannot dissolve vanadium effectively 

without salt roasting process. However, vanadium extraction from the oil fly ash is 5 to 7 times 
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higher than the initial vanadium contents in the as-received oil fly ash after the carbon burning 

followed by roast-leach processes. Additionally, hot water leaching selectively dissolves 

vanadium and aluminum; therefore, iron and nickel in the oil fly ash can be separated during hot 

water leaching. In this case, solution purification step is not required for the vanadium recovery. 

In terms of vanadium extraction, salt roasting with NaCl shows better vanadium extraction value 

than that of Na2CO3. However, roasting with NaCl generates HCl gas which is highly corrosive. 

Therefore, alternative sodium salt, Na2CO3, is used for further experiments in this research. 

During salt roasting at 750oC, salt roasted product is sticking to the crucible surface as shown in 

Figure 3.37 (c). In this case, this experimental condition for vanadium extraction cannot be used 

in the vanadium industry; therefore, optimization of carbon burning temperature and salt roasting 

temperature is investigated in the following chapter.  

 

 

Figure 3.37: Color changes after salt-roasting process: (a) as-received; (b) 4hrs roasted; (c) 8hrs 
roasted 

 

Figure 3.38: Effect of salt roasting reagents on vanadium extraction 
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3.4.9. Optimization of Carbon Burning Temperature 

Based on the initial analysis, as-received oil fly ash contains about 85 wt% of carbon and 

2 wt% of vanadium. Therefore, carbon burning followed by the salt roasting process is essential 

to upgrade vanadium content as well as vanadium leaching efficiency. From the results of 

chapter 3.4.8, carbon burning and roast-leach processes can extract vanadium selectively from 

the oil fly ash; however, the roasted product is sticking to the crucible surface, and this 

phenomenon hinders the feasibility of this process for vanadium recovery.  

Therefore, finding an optimum temperature for the carbon burning and salt roasting 

process is important. For optimizing the carbon burning temperature, loss on ignition of the oil 

fly ash with different burning temperature is measured as shown in Table 3.11. For the LOI test, 

1g of the sample is placed into a pre-conditioned porcelain crucible and heated in a muffle 

furnace until the sample reaches a constant mass. Based on the sample images after 4hrs of LOI 

tests, the amount of powder sample is decreased with increasing temperature as shown in Figure 

3.39. However, carbon burned sample is sticking to the crucible surface above 700oC. Based on 

the LOI results as shown in Table 3.11, the percentage of loss on ignition shows the same value 

with different temperature. Therefore, carbon burning ability with 1g of oil fly ash sample is not 

affected by temperature above 550oC; however, burning temperature should be fixed around 

650oC to prevent the product melting. In Figure 3.40, a schematic diagram of V-O phase diagram 

is shown, and the melting point of V2O5 is 690oC [61]. From the point of view, the previous 

melting problem could be caused by V2O5 melting, and it also affects the following processes for 

vanadium extraction.  

 

Table 3.11: Loss on ignition measurement with different temperature  

Temperature Initial mass Final mass LOI % 

550oC 1.007g 0.122g 87.88 

600oC 1.001g 0.127g 87.31 

650oC 1g 0.117g 88.3 

700oC 1.003g 0.128g 87.24 

750oC 1.002g 0.106g 89.42 
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Figure 3.39: Oil fly ash after 4hrs of carbon burning with different temperature: (a) as-received; 
(b) 550oC; (c) 600oC; (d) 650oC; (e) 700oC; (f) 750oC 
 

 

Figure 3.40: Schematic V-O phase diagram with different oxygen atomic fraction [61] 
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Based on the preliminary LOI tests of oil fly ash and the sample images in Figure 3.39, 

the optimum carbon burning temperature is about 650oC to prevent product melting. However, 

1g of sample burning produces about 0.12 g of vanadium concentrated sample; therefore, loss on 

ignition with 10g of oil fly ash is also investigated as shown in Table 3.12. With 10g of oil fly 

ash, the average LOI percentage is higher than 85.9% after 2 hours of tests, and this value is 2.4% 

lower than that of 1g of sample burning. For this reason, further carbon burning tests are 

conducted with 10g of the sample at 650oC, and the burning time is fixed for 2 hrs.  

 

Table 3.12: Loss on ignition measurement with different burning time at 650oC 

Time Initial mass Final mass LOI % 

1hr 10.046g 3.089g 69.25 

2hrs 10.149g 1.354g 86.66 

3hrs 10.012g 1.634g 83.68 

4hrs 10.392g 1.322g 87.28 

 

3.4.10. Effect of Na2CO3 Concentration and Roasting Temperature on Vanadium Recovery 

 From the results of chapter 3.4.9, carbon burning at 650oC for 2hrs is the optimum 

condition to prevent melting of the roasted product. In this chapter, the effect of sodium 

carbonate concentration and roasting temperature on vanadium recovery is investigated. In this 

research, 1g of carbon burned oil fly ash is mixed with different concentrations of sodium 

carbonate, and the samples are roasted in a muffle furnace at 650oC and 950oC. After that, the 

roasted product is leached with 50mL of DI water at 60oC for 4hrs. 

The sample images after salt roasting with different temperature are shown in Figure 3.41. 

When the roasting temperature is 950oC, the roasted product is stuck to the crucible surface. 

However, when the roasting temperature is 650oC, which is the same temperature of carbon 

burning temperature, the roasted product is not stuck to the crucible surface. With these samples, 

hot water leaching is also conducted for 4hrs at 60oC. 

As shown in Figure 3.42, hot water leaching after salt roasting at 650oC could dissolve 

vanadium selectively from the oil fly ash. Three different concentrations of sodium carbonate 

(0.2, 0.4, 0.6M) are used to extract vanadium, and the results show about 90% of vanadium 

extraction. Additionally, this leaching condition could separate iron and nickel; therefore, 
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solution purification step is not required for vanadium recovery. The same leaching condition is 

applied to the samples which are roasted at 950oC, and the results are shown in Figure 3.43. 

When the roasting temperature is increased from 650oC to 950oC, the percentage of vanadium 

extraction is decreased from 92% to 36% with 0.2M sodium carbonate condition. The samples 

roasted at 950oC causes sample melting and sticking; therefore, the efficiency of vanadium 

extraction is decreased. For these reasons, vanadium extraction using carbon burning followed 

by salt roasting should be conducted at 650oC to maximize the vanadium extraction. 

 

 

Figure 3.41: Sample images after 4hrs of salt roasting with different temperature: (a) 650oC; (b) 
950oC 

 

Figure 3.42: Effect of Na2CO3 concentration on vanadium recovery (650oC roasting)   
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Figure 3.43: Effect of Na2CO3 concentration on vanadium recovery (950oC roasting) 

 
3.5. Steel Foundry Baghouse Dust 

 One of waste streams of this research is baghouse dust from steel foundry which is 

melting the ferrous scrap for iron recycling. Based on the ICP results of steel foundry baghouse 

dust, this sample contains relatively a large amount of iron and silicon. Additionally, it contains 

about 2% of zinc in the sample. Therefore, this chapter describes iron recovery through several 

extractive metallurgical processes, such as size classification, leaching, and iron electrowinning. 

 

3.5.1. Size Classification of Steel Foundry Baghouse Dust 

For the size classification of steel foundry baghouse dust, three different meshes of sieves 

(45m, 150m, 250m) are used, and size classification is conducted during 30minutes with a 

shaker. Based on the results as shown in Table 3.13, about 44% of steel foundry baghouse dust is 

smaller than 45m, and more than 93% of samples are smaller than 150m. For these reasons, 

as-received steel foundry baghouse dust is used without size classification for further iron 

recovery processes since this sample shows relatively narrow particle size ranges compared to 

the aluminum smelter baghouse dust.  
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Table 3.13: Size classification of as-received steel foundry baghouse dust 

Foundry baghouse dust 

Size (m) Weight Percent (%) 

< 45 44.1 

45 ~ 150 49.6 

150 ~ 250 3.7 

> 250  2.6 

 

3.5.2. Effect of Reagent on Steel Foundry Baghouse Dust Leaching 

Major elements of steel foundry baghouse dust are Fe, Si, Al, and Zn based on the ICP 

analysis as shown in Table 3.1. In general, acidic reagents show better Fe and Zn extraction than 

that of alkaline reagents [15]. Additionally, leaching efficiency of silicon with acidic reagents is 

relatively low. For these reasons, leaching of steel foundry baghouse dust is conducted with 

sulfuric acid and nitric acid. In this research, the effect of reagent on steel foundry baghouse dust 

leaching is investigated during 4 hrs of leaching at room temperature. Solid to liquid ratio is 

fixed at 1g/100mL, and the solution is agitated by a rotating magnetic stir bar at 250 rpm.  

As shown in Figure 3.44, 31% of iron is extracted by 1M of sulfuric acid, and other 

elements are also dissolved into the leach solution. With 1M of nitric acid, the percentage of iron 

extraction is lower than that of sulfuric acid; however, extraction of other elements is similar to 

the results of sulfuric acid. Regarding iron extraction, sulfuric acid shows better results than 

nitric acid; therefore, further leaching tests of steel foundry baghouse dust are conducted with 

sulfuric acid. 

 

3.5.3. Effect of Temperature and Solids Content on Steel FBD Leaching 

From the previous results, iron extraction from the steel foundry baghouse dust by 

sulfuric acid shows better leaching efficiency than that of nitric acid at room temperature. For 

this reason, sulfuric acid leaching with different solids content and temperature is conducted on 

steel foundry baghouse dust. The bath temperature is changed from 25oC to 60oC during 4 hrs of 

leaching. The solids content is changed from 1g/100mL to 5g/100mL, and the solution is agitated 

by a rotating magnetic stir bar at 250 rpm. 
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Figure 3.44: Foundry baghouse dust leaching with different acidic reagents (leaching time: 4hrs, 

temperature: room temperature) 

 

From the ICP analysis of leach solution as shown in Figure 3.45, the percentage of iron 

extraction is increased from 32% to 49% at 1g/100mL solids content when the bath temperature 

is increased from 25oC to 60oC. Additionally, most zinc other elements in the steel foundry 

baghouse dust are also dissolved into the leach solution with 1M of sulfuric acid. However, 

aluminum and silicon in the sample are not dissolved with H2SO4 leaching. For these reasons, 

sulfuric acid leaching of steel foundry baghouse dust can separate aluminum and silicon during 

leaching; however, it cannot guarantee selective leaching characteristic due to the dissolution of 

magnesium and zinc. The percentage of iron extraction is increased with bath temperature 

regardless of solids content during sulfuric acid leaching. Additionally, the leaching 

characteristics of other elements show similar results compared to the results of a 1g/100mL 

condition. However, the percentage of iron extraction is gradually decreased with increasing 

solids content based on Figure 3.45 ~ 3.47. 

For these reasons, bath temperature and solids content affect the percentage of iron 

dissolution; however, sulfuric acid leaching cannot guarantee selective leaching. After leaching 

of steel foundry baghouse dust, the leach solution has a relatively large amount of magnesium 

and zinc as impurities.  
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Figure 3.45: Foundry baghouse dust leaching with different bath temperature (leaching time: 
4hrs, S/L ratio: 1g/100mL) 
 

 

Figure 3.46: Foundry baghouse dust leaching with different bath temperature (leaching time: 
4hrs, S/L ratio: 3g/100mL) 
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Figure 3.47: Foundry baghouse dust leaching with different bath temperature (leaching time: 
4hrs, S/L ratio: 5g/100mL) 
 
3.5.4. Effect of H2SO4 concentration on Foundry Baghouse Dust Leaching 

From the Chapter 3.5.3, sulfuric acid leaching with different solids content and 

temperature is conducted on steel foundry baghouse dust. From the results, higher bath 

temperature and lower solids content guarantee a better iron dissolution. In this research, 

optimization of steel foundry baghouse dust leaching with different H2SO4 concentrations is 

studied to prepare a leach solution for iron electrowinning. Three different concentrations of 

H2SO4 (0.2, 0.5, 1M) are used for leaching during 4 hrs at 70oC bath temperature. For the iron 

electrowinning, the leach solution should contain enough Fe ions for electrolysis. Therefore, 

solids content during leaching is fixed at 10g/100mL. As shown in Figure 3.48, the percentage of 

iron dissolution is gradually increased with H2SO4 concentrations, and the value reaches at 62.1 

wt% with 1M of the H2SO4 condition. However, leaching characteristics of other elements are 

the same regardless of H2SO4 concentrations. Therefore, steel foundry baghouse dust leaching at 

1M of H2SO4 concentration is used to prepare the leach solution for the following iron 

electrowinning tests. Based on the mass calculation, 0.801g of Fe is dissolved into 100mL of 1M 

H2SO4 solution at 70oC, and this value corresponds to 0.143M of Fe2+ ions. In general, 

theoretical lower limit of concentration for the electrolysis is known about 10-4g/L. Therefore, 

the leach solution containing 8g/L of Fe ions can be used for iron electrowinning.  
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Figure 3.48: Foundry baghouse dust leaching with different concentration of sulfuric acid 

(leaching time: 4hrs, S/L ratio: 10g/100mL, temperature: 70oC) 

 

3.5.5. Iron Recovery by Electrowinning  

 From the results of previous Chapters, steel foundry baghouse dust contains relatively a 

large amount of iron and silicon. During H2SO4 leaching, silicon in the sample is not dissolved 

into the leach solution; however, the percentage of iron extraction is 62% with 1M H2SO4 at 

70oC. Based on the ICP results, the leach solution contains relatively a large amount of iron and 

a small amount of zinc and magnesium. In general, iron is precipitated as a form of hematite, 

jarosite, and goethite to purify the leach solution for the following zinc electrowinning; however, 

zinc content in the leach solution is very low in this research. For these reasons, iron recovery by 

electrowinning is investigated in this research.  

The schematic diagram and reactions of iron electrowinning are described in Figure 3.49. 

In this research, platinized Ti anode is used as an inert anode, and 304 Stainless Steel is used as a 

cathode. Cathode surface is covered by polyimide film to control the open area as 1cm x 1cm for 

the electrolysis. During iron electrowinning, both cathode and anode are directly installed into 

the leach solution, and an external DC power supply is used to apply the potential between these 

two electrodes. Based on the standard electrode potential, the minimum voltage requirement for 

the Fe reduction is about 1.67V. Therefore, initial iron electrowinning tests are conducted with 

different applied voltages, and the surface images after the electrowinning tests are shown in 
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Figure 3.50. Iron electrowinning is carried out for 6hr at room temperature without pH 

modification. As shown in Figure 3.50, dark colored deposits are observed when the applied 

voltage is larger than 1.9V. Resistance from electrical circuit and solution also affects the 

minimum voltage requirement for the electrowinning. For these reasons, iron electrowinning is 

achieved at a voltage higher than 1.9V, and this value is 0.23V higher than the theoretical value 

for the iron electrolysis as shown in Figure 3.50.  

During iron electrowinning, hydrogen gas evolution is observed at the cathode surface. In 

general, hydrogen gas evolution consumes current for the metal reduction and reduces overall 

current efficiency [17, 20]. Several data during electrowinning, such as current density and 

weight changes of the cathode, are listed with different applied voltages as shown in Table 3.14. 

From the results, iron electrowinning is started at 1.9V based on the current density and weight 

changes data. However, 0.03g of iron is deposited onto the cathode surface after the 

electrowinning due to the poor adhesion of iron and the hydrogen gas evolution. For these 

reasons, iron electrowinning is not an economically feasible way to recover iron from the leach 

solution. 

 

 

Figure 3.49: Schematic diagram of iron electrowinning and its reactions 
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Figure 3.50: Surface images after iron electrowinning with different applied potential: (a) 1.5V; 

(b) 1.8V; (c) 1.9V; (d) 2.0V 

 

Table 3.14: Electrowinning data with different applied voltage 

Voltage, V Current density, mA/cm2 Weight changes, g 

1.5 0 0 

1.8 0 ~ 30 0 

1.9 0 ~ 100 0.03 

2.0 30 ~ 120 0.03 

2.5 30 ~ 170 0.03 
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CHAPTER 4 PRELIMINARY ECONOMIC ASSESSMENT 

 

4.1. Aluminum Smelter Baghouse Dust 

 In this research, preliminary economic assessment of aluminum recovery from aluminum 

smelter baghouse dust is investigated based on the previous results. From the Chapter 3.3.8, the 

leach solution contains about 20g of aluminum in 1 liter of sodium hydroxide solution. Therefore, 

200kg of aluminum could be dissolved in 10,000 liters of sodium hydroxide solution. After that, 

the solid residue is separated from the leach solution by vacuum filtration, and the aluminum in 

the leach solution is recovered by crystallization. For the aluminum hydroxide precipitation 

about 25 liters of nitric acid will be added to adjust the pH of leach solution. Based on the 

previous results, the percentage of aluminum recovery was 94 % at pH 10.5, and the amount of 

aluminum hydroxide after the precipitation will be about 540kg. As shown in Figure 4.1, the cost 

of aluminum hydroxide and reagents are obtained from Alibaba, and the overall value of these 

aluminum recovery processes will be about $30 for handling a ton of aluminum smelter 

baghouse dust. Based on the results, solution recovery after the aluminum recovery processes is 

required since the cost of reagents for a ton of aluminum smelter baghouse dust is about $133. 

Thus, the economic feasibility of aluminum recovery processes will be closely related to the 

solution recovery. 

 

 

Figure 4.1: Preliminary economic assessment of aluminum recovery 
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4.2. Oil Fly Ash 

 Similar to the Chapter 4.1, the preliminary economic assessment of vanadium recovery 

from oil fly ash is also investigated. As-received oil fly ash contains about 2.2% of vanadium 

based on the initial analysis as shown in Table 3.1. Therefore, a ton of oil fly ash has 22kg of 

vanadium in the sample as vanadium oxides. During carbon burning, the unburned carbon in the 

oil fly ash is removed, and the concentration of vanadium is increased from 2.2% to 18%. 

Additionally, oil fly ash could be recovered as a secondary fuel due to the heat release during 

carbon burning. As shown in Figure 4.2, 130kg of sodium carbonate is required for the salt 

roasting process, and it is mixed with 122kg of carbon burned oil fly ash. After salt roasting 

followed by hot water leaching, 90% of vanadium is dissolved in the leach solution, and the 

amount of vanadium in the leach solution will be about 20kg. By assuming 80% vanadium 

recovery after ammonium metavanadate precipitation followed by calcination, the amount of 

vanadium pentoxide recovery will be about 28.6kg. Based on this assumption, the overall value 

of the proposed vanadium recovery processes will be about $251 for handling a ton of oil fly ash. 

However, further researches about ammonium metavanadate precipitation and calcination are 

required to ensure the percentage of vanadium recovery from the leach solution.  

 

 

Figure 4.2: Preliminary economic assessment of vanadium recovery 
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CHAPTER 5 CONCLUSIONS 

 

 In this research, recovery of valuable metals from fine industrial wastes is investigated by 

pyrometallurgical and hydrometallurgical processes. Several wastes, such as bottom ash from the 

municipal solid waste incinerator, fly ashes from coal/oil fired power station, light fluff from 

end-of-life vehicle shredder, and baghouse dust from the secondary aluminum smelter and steel 

foundry, are used for metal recovery.  

Based on the ICP analysis, four major elements in MSWI bottom ash, shredded light fluff, 

and coal fly ash are Al, Ca, Fe, and Si, which are the main components of cement. Therefore, 

these materials could be reused as a construction material. However, oil fly ash contains about 2% 

of vanadium, and aluminum contents in the aluminum smelter baghouse dust are 13 ~ 20% 

depending on the particle size. Additionally, steel foundry baghouse dust contains about 15% of 

silicon and 13% of iron. For these reasons, this research is focused on recovery of vanadium, 

aluminum, and iron from these wastes.  

Before the metal recovery experiments, heat values of as-received samples are measured 

to check the feasibility of materials recycling as secondary fuel sources. From the oxygen bomb 

calorimeter results, oil fly ash shows heat value of 25,900 kJ/kg, which is equivalent to the heat 

value of bituminous coal. Additionally, shredded light fluff with a particle size larger than 250 

m has heat values of 12,200 kJ/kg, which is equivalent to the heat value of lignite coal.  

For aluminum recovery from aluminum smelter baghouse dust, the waste is treated by 

sodium hydroxide leaching followed by Al(OH)3 precipitation to extract aluminum selectively. 

During sodium hydroxide leaching, aluminum in the wastes selectively dissolved into the leach 

solution, and it produces sodium aluminate according to the thermodynamic modeling. Based on 

the kinetic study of aluminum smelter baghouse dust leaching, the dissolution rate of aluminum 

is controlled by pore diffusion control since agglomeration of small particles in aqueous solution 

forms a porous product. The percentage of aluminum dissolution is higher than 80% when the 

leaching time is longer than 20 minutes, and the leach solution contains aluminum predominantly 

due to the selective leaching characteristic. After leaching of aluminum smelter baghouse dust, 

Al(OH)3 precipitation is conducted from the leach solution by pH adjustment. Based on the 

thermodynamic modeling of precipitation, the degree of supersaturation is the main factor of 
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primary and secondary nucleation. Therefore, the degree of pH adjustment affects the overall 

aluminum recovery at a fixed time. During 30 minutes of Al(OH)3 precipitation, the percentage 

of aluminum recovery from the leach solution is about 94% at pH 10.5; therefore, 75% of 

aluminum in aluminum smelter baghouse dust can be recovered by these processes.  

For vanadium recovery from oil fly ash, several recycling steps, including carbon burning, 

salt-roasting, and leaching, are investigated to extract vanadium selectively. Based on the initial 

analysis, oil fly ash contains about 85% of unburned carbon and 2% of vanadium. Therefore, 

carbon burning is conducted to concentrate vanadium with variations of temperature, time, and 

sample weight. When the carbon burning temperature is higher than 700oC, the carbon burned 

sample is sticking to the crucible surface, and this phenomenon adversely affects the following 

vanadium extraction processes. Therefore, carbon burning is conducted at 650oC for 2hrs, and 

the loss on ignition results show 85% of weight reduction during carbon burning process. After 

that, vanadium concentrated sample is mixed with sodium carbonate and roasted to produce 

water soluble sodium vanadate. From thermodynamic modeling of salt-roasting reaction, the 

formation of Na2V2O7 is thermodynamically more favorable than that of NaVO3. Finally, water 

soluble sodium vanadate is dissolved into DI water during 4hrs at 60oC. Similar to the carbon 

burning results, salt-roasting at 950oC also has sample melting and sticking problem. For 

minimizing this issue, the salt roasting temperature is also fixed at 650oC; therefore, the 

vanadium extraction during hot water leaching shows better results compared to the vanadium 

extraction based on the former condition. During hot water leaching, water soluble Na2V2O7 is 

selectively dissolved into the leach solution. For this reason, vanadium concentrated leach 

solution is prepared by these processes. To precipitate vanadium from the leach solution, further 

experiments about ammonium meta-vanadate precipitation is required for vanadium recovery. 

For iron recovery from the steel foundry baghouse dust, the waste is treated by sulfuric 

acid leaching followed by electrowinning. Based on the initial analysis of the as-received sample, 

steel foundry baghouse dust contains 15% of silicon, 13% of iron, and 4% of aluminum. During 

sulfuric acid leaching, the percentage of iron extraction is about 62% after 4hrs of leaching at 

70oC. However, aluminum and silicon extraction from the sample are relatively low compared to 

the extraction of iron. Therefore, iron concentrated leach solution is prepared after sulfuric acid 

leaching. After that, iron recovery from the leach solution is attempted by electrowinning. When 

the applied potential is higher than 1.9V, dark colored deposits are observed after 6hrs of 
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electrowinning; however, the weight of deposits is only 0.03g due to the adhesion problem of 

iron. Moreover, hydrogen gas evolution during iron recovery consumes lots of current for iron 

reduction. For these reasons, further optimization experiments are required for iron recovery 

from the leach solution.  
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