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Abstract 

Coal used in metallurgical processes can participate in reduction reactions to produce metals and 

alloys from oxides. Base metals production leads to generation of slag, which contains valuable metals 

that can be recovered and recycled. There are several options to treat the slag, depending on the 

metal content in the slag. One is slag fuming, which is a well-established process that is traditionally 

used to vaporize zinc from zinc containing slags, mainly lead blast furnace slag, but is applied in a 

few plants for copper smelting slags. In this process reduction is achieved using pulverized coal, lump 

coal or natural gas. Conventionally pulverized coal injected to the furnace is utilized both to 

participate in reduction reactions and also to supply heat.  

On the other hand, the amount of possible alternative reducing agents such as residue plastic material 

is increasing steadily and the issue of sustainable disposal management of these materials has arisen. 

As carbon and hydrogen are major constituents of the residue plastic-containing materials, they have 

the potential to be an auxiliary source of reducing agents, to partially replace conventional sources 

such as coal. Shredder Residue Material (SRM) is a plastic-containing residue material after 

separation of main metals. Utilization of SRM as an alternative reducing agent, would lead to not 

only decreased dependency on primary sources such as coal but also to an increase in the efficiency 

of utilization of secondary sources. This calls for systematic scientific investigations, wherein these 

secondary sources are compared with primary sources with respect to e.g., devolatilization 

characteristics, gasification characteristics and reactivity.   

As a first step, devolatilization characteristics of SRM are compared with those of coal using 

thermogravimetric analysis. To study the reduction potential of the evolved materials, composition 

of evolved off-gas was continuously monitored using quadrupole mass spectroscopy. To gain a better 

understanding of possible interaction of plastics in a mixture, the devolatilization mechanisms and 

the volatile composition of three common plastics; polyethylene, polyurethane and 

polyvinylchloride and their mixture have been studied. Furthermore, gasification characteristics and 

reactivity of char produced from SRM is compared with coal char. The effect of devolatilization 

heating rate on gasification rate of char was investigated.  

Proximate analysis has shown that SRM mainly decomposes by release of volatiles, while coal shows 

high fixed carbon content, which is reported to contribute to reduction reactions. The composition 
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of volatiles shows H2, CO and hydrocarbons which are known to have reduction potential. 

Therefore, it is essential that SRM be used in a process that could utilize the evolved volatiles for 

reduction. The results confirm the interaction between the plastics within the binary and ternary 

mixtures, which suggests that similar phenomenon may occur during devolatilization of SRM. 

Although the char produced from SRM contains lower amounts of fixed carbon compared to coal 

char, it has a porous structure and high surface area, which makes it highly reactive during 

gasification experiments. In addition to physiochemical properties, the catalytic effect of ash content 

of SRM char contributes to its higher reactivity and lower activation energy value compared to coal 

char. Moreover, the gasification reactivity of char produced at fast devolatilization heating rate was 

highest, due to less crystalline structure of produced char. 
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1. Introduction 
 

Process metallurgy is usually defined as the technology to produce metals and alloys out of different 

raw materials. The raw materials used for metal and alloy production can either be primary or 

secondary raw materials. Primary raw materials are ores and concentrates, while secondary raw 

materials are scrap and other metal-bearing materials such as ash, dust and slag. The production of 

metals can be divided into two main routes: Pyrometallurgy and hydrometallurgy. The 

hydrometallurgy route consists of leaching, solution treatment and metals deposition, and the minor 

elements are removed through chemical deposition. In pyrometallurgy metals are produced at high 

temperatures through routes such as smelting, converting and refining. Minor elements are removed 

in the form of slag, dust and dross.  

Ores are usually either sulphidic or oxidic. Fe, Mn, Cr, etc. are usually oxidic ore, while Cu, Zn, Pb 

and Ni are produced mainly from sulphidic ore. To produce metals from oxidic ore, oxygen together 

with minor elements should be removed. As an example in iron-making, the oxygen is removed 

through reaction with carbon, supplied either from coke charged at the top of the furnace, or through 

injection of coal through the tuyeres near the bottom of furnace. The air reacts with carbon in injected 

coal or in coke, generating CO which can react and reduce the iron oxides.1  

As for the sulphidic ore, copper production can be considered. About 70 - 80 % of the world copper 

production is from primary raw materials, of which 85 % are sulphidic ores, such as CuFeS2 

(chalcopyrite). The prime objective of copper production is to remove sulfur, iron and other minor 

elements. In the pyrometallurgical route of copper production, sulfur is removed by reaction with 

oxygen, forming SO2. Iron is oxidized and dissolved in the slag, and the other minor elements are also 

removed by oxides in slag or via vaporization.2 Afterwards, the copper is electrochemically refined to 

high-purity cathode copper. 

1.1 Slag fuming  

Slag is the by-product of several metallurgical processes. Slag usually contains of significant amount of 

valuable metal oxides. There are several ways to treat slag. One method to recover metal value, is slag-

fuming, which involves treating the slag in molten state by injection of a reducing agent into the slag 

bath. Slag-fuming has become operative since 1930s to recover zinc from zinc containing slags. During 

the slag-fuming process, the oxides of zinc and lead are reduced by injection of coal-air mixture into 

the bath and removed by forming metal vapors.3,4 Slag-fuming is commonly used to recover zinc from 

lead blast furnace slag. 5 However, at the Boliden Mineral AB Rönnskär plant, slag from the electric 
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smelting furnace is treated to recover zinc by means of slag fuming. Figure 1 shows the flow sheet of 

the electric, fuming and settling furnace at the Rönnskär smelter. 

 

Figure 1. The flow sheet of the electric, fuming and settling furnaces at the Rönnskär smelter, 

Boliden Mineral AB, Sweden 6 

1.2  Rönnskär smelter 

At the Rönnskär smelter of Boliden Mineral AB, copper concentrate is treated in electric smelting 

furnace. A major part of the smelter’s raw material comes from Boliden’s own mines; however, 

different recycling and scrap materials such as metal residues from brass foundries, steel mill dust and 

electronic scrap are also used as secondary raw materials. Most of the recycled electronic scrap contains 

mixtures of various metals and ceramics which can affect the composition and properties of the 

generated slag considerably.7 Therefore, the slag from the electric smelting furnace, which is mainly a 

silicate based fayalite slag, contains high amounts of zinc which can be recycled. The main input in the 

slag fuming furnace is the slag from the electric smelting furnace, in addition to the zinc-containing 

steel-making dust. The reducing agent used is pulverized coal which is supplied with air to the fuming 

furnace through submerged tuyeres placed below the molten slag surface. Pulverized coal injected to 

the furnace is utilized for reduction and to supply heat for the process. 8 

1.3 Alternative reducing agent 

The amount of possible alternative reducing agents such as plastic-containing residue material is 

increasing steadily. As carbon and hydrogen are major constituents of the residue plastic-containing 

materials, they have the potential to be an auxiliary source of reducing agent that could partially replace 

conventional sources such as coal.9 One example of plastic-containing residue material is Shredder 

Residue Material (SRM), which is a complex mixture of plastics with metals and oxides generated 
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from shredding end-of-life equipment after separation of metals.10 The amount of SRM is increasing, 

and is currently mainly landfilled or incinerated. The proper management of this complex residue 

material is a growing concern. 11 

In recent decades there has been a joint effort between the iron and steel making plants and researchers 

to utilize of plastic in the ferrous industry. The use of plastic materials in the blast furnace is being 

practiced in Japan in JFE and NI Steel Corporation and also in Germany by Bremer Stahlwerke, where 

more than 50,000 tonnes of plastic is injected in blast furnace annually.9 In addition to industrial 

practices, there have been several studies on utilization of plastic in the ferrous industry.9,12-15 Although, 

most of these studies concern, the combustion and gasification characteristics of plastic material, which 

are important parameters in iron and steel-making, the role of released volatiles is also investigated. 

Kim et al. 14 and Asanuma et al.16  studied the effect of plastic particle size on the combustibility of plastic 

material in a simulated blast furnace. A concentration of C1-C4 hydrocarbon, H2 and CO in the center 

of blast furnace was observed. Sahajwalla et al.9 studied the combustion efficiency of polyethylene and 

polypropylene and blend of coke with theses plastics for utilization in electric arc furnace steelmaking 

and reported higher combustion efficiency compared to coke. This is due to release of volatiles from 

the plastic materials and the subsequent effect on structural transformation of particles which affect the 

combustion reaction. However, injection of an inhomogeneous material such as SRM in the blast 

furnace is restricted by inorganic content such as copper and zinc.17 Mirabile et al 15 have mentioned 

that the high ash content could lead to some operational problems in terms of permeability loss or 

problems in the raceway due to the abrasive effect of unburnt material on the coke wall. Due to these 

restrictions, utilization of SRM material in non-ferrous metallurgy, where the ash content can be 

recycled through the processes is more attractive.  

SRM can potentially be used as a reducing agent in bath smelting processes. However, there is a lack 

of information in the literature on utilization of plastic-containing residue material in non-ferrous 

metallurgy. The behavior of coal in bath smelting processes has been studied, and it has been reported 

that upon injection it goes through thermal decomposition. Thermal decomposition of coal and most 

other solid fuel consists of several stages. Among those stages devolatilization and gasification of char 

are the most important. It has been reported that coal participates in reduction mainly through reaction 

of fixed carbon in char, while studies on utilization of plastic material have shown that the 

decomposition is accompanied by release of high amounts of volatiles which can also contribute to 

reduction reactions. Therefore, studying thermal decomposition of SRM, helps in understanding the 

way it would participate in reduction. Therefore, before this material can be utilized in bath smelting 

processes a deep understanding of the thermal characteristic of SRM is required to be able to adjust 

the process parameters. Most of the existing literature concerns either utilization in iron and steel-
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making, which emphasizes on combustion and gasification efficiency, or towards energy application, 

where the thermal decomposition is studied under an inert or CO2 atmosphere. In this way, 

simultaneous devolatilization and gasification as well as volatile interaction with CO2 will occur. 

Consequently, devolatilization or char gasification characteristics are difficult to determine. Since in 

metallurgical applications, the reducing agent could participate in reactions through volatiles or fixed 

carbon in char, it is important to study these two stages separately. Moreover, thermal decomposition 

of a complex material such as SRM, which is a mixture of plastics alongside inorganic materials, has 

not been studied satisfactorily. Most studies deal with the thermal decomposition of individual plastics.  

1.4 Aim and scope 

 

The aim of the current study is to evaluate the potential of SRM to be utilized as an alternative 

reducing agent in bath smelting processes. 

In order to achieve this aim the scope of this study is: 

� To determine the thermal characteristics of SRM in comparison with coal, including the 

devolatilization and volatile composition 

� To compare the gasification of char samples produced from SRM and coal 

� To determine the effect of devolatilization heating rate on the structure of char and its 

consequent gasification 
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2. Theoretical background 
 

2.1 Coal  

Coal is a complex organic polymer consisting of large polycyclic aromatic clusters of several fused rings 

looped together by various hydrocarbon chains of varying lengths and other heteroatom (O, N, S) 

linkages. A systematic description of the coal structure is difficult because of the variety of coal types, 

the heterogeneity of a single coal and the complexity of the individual coal constituents. The organic 

matter in coal consists primarily of carbon, hydrogen, oxygen, nitrogen and sulfur, although trace 

quantities of other elements are also found.18 The coal composition is specified by proximate and 

ultimate analyses. The former includes the determination of total moisture, volatile matter, fixed 

carbon and ash. In the latter, the quantitative estimates of the individual elements which are present in 

the coal are given. 

22.1.1 Thermal decomposition of coal 

As coal is heated up, depending on type and devolatilization condition, it can go through several stages, 

namely: softening, devolatilization, swelling, ignition of volatiles and soot formation, and the final step 

is the reaction of char.19 Devolatilization reactions commence with the rupture of bonds. Since a 

minimum amount of energy is required to overcome the C-C bond energy, pyrolysis reactions do not 

commence until the temperature is close to 673 K. The C-C bonds at the bridges between the aromatic 

rings systems are much weaker than other C-C bonds, particularly the ones in the aromatic ring 

structures. The pyrolysis begins with the cracking of bridges between the ring systems resulting in the 

formation of free radical groups (such as -CH2, -O-, and other larger radicals). These free radicals are 

highly reactive and combine in the gas phase to produce aliphatics (mainly methane) and water which 

diffuse out of the coal particle. Since polynuclear aromatic compounds diffuse slowly, even at high 

temperatures, and they start to condense with the elimination of hydrogen.  

� � ��� � � � �� � ��� � �� ������ Equation 1 

� � �� � � � ��� � ��� � ��� � �� Equation 2 

The R radical is obtained from benzene, naphthalene and phenanthrene. In addition, at high 

temperatures, CO is also produced by the cracking of heterocyclic oxygen groups. 18  
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2.2 The role of coal in metallurgical processes 

In metallurgical processes coal is utilized as either fuel to produce energy through combustion of carbon 

in excess of oxygen according to Equation 3 or as reducing agent. Solid carbon can react directly with 

metal oxides to form metals (direct reduction, Equation 4) or it reacts with CO2 and produce CO 

which further reduces the oxides (indirect reduction, Equation 5). 

� ���� � ���� Equation 3 

� � ������������ � ������� � ���!��� Equation 4 

�� � ������������ � ������� � ���� Equation 5 

It has been reported that in bath-smelting processes, as coal comes into contact with hot slag, the 

moisture and volatile content present in coal is released. Large coal particles can be subjected to thermal 

shock, which can lead to cracking. Researchers have observed the formation of a gas film around 

remaining char, which separates it from slag. 20,21 The overall reaction involves: mass transfer of oxides 

from slag to the interface of slag-gas phase, chemical reduction reaction, diffusion of produced gases 

to the remaining carbon in char, the Boudouard reaction and production of CO, CO diffusion to the 

interface. The first study on the thermodynamics of the zinc fuming furnace was done by Bell et al. 22 

in 1955, who assumed that thermodynamic equilibrium was achieved between the bath and the gases 

leaving it. Kellogg 23 in 1958 conducted some short-term oxidation experiments, which established 

that the rate of reaction was limited by oxygen supply to the gas-slag interface rather than diffusion of 

FeO to the reaction surfaces. Kellogg concluded that factors other than liquid phase diffusion 

contributed to rate control of the process, possibly the chemical equilibrium considered by Bell. A 

comprehensive industrial study of the zinc fuming process was completed by Richards et al. 24 in 1985 

from a combination of in-plant measurements and mathematical analysis of the process. It was reported 

that upon injection coal can participate in either combustion or reduction reaction. 

Figure 2 shows a schematic representation of the injection process in zinc fuming described by Richards 

et al.24 The fuming furnace consists of two reaction regions, created by the division of coal between 

slag and tuyeres gas stream. (a) an “oxidation region”, in which the coal remaining in the tuyeres gas 

stream combusts, which supplies heat to the endothermic reactions and heat losses. This region is 

characterized by coal combustion and slag oxidation. (b) a “reduction region” in which coal entrained 

in the slag reduces ZnO and other oxides.  
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Figure 2. Schematic diagram showing the sequence of reactions between slag and entrained coal 

in zinc fuming 24 

In the reduction region, coal particles become entrained in the slag and are heated rapidly so that 

devolatilization is instantaneous. The released volatiles forms a gaseous envelope, which surrounds the 

remaining char. Following devolatilization, the char particle-gas envelope, or 'secondary' bubble, 

commences reaction with the slag. The reaction system which develops is illustrated schematically in 

Figure 3. At the interface of the gaseous envelop with the molten slag, oxides are reduced by CO and 

H2.  

"�#�$ � � � %"�� � ��� Equation 6 

&'� � � � &' � ��� Equation 7 

 

Figure 3. Slag-char reaction system 24 
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The CO2 produced by the reduction reactions diffuses through the gas phase to the surface of the char 

particle where it reacts via the Boudouard Reaction to generate CO: 

� � ��� � �(��� Equation 8 

Hydrogen from the volatiles also participates in the reduction. The evolved volatiles as well as the 

produced gases lead to foaming of slag. Based on the fact that carbon is not wetted by the slag, it has 

been assumed that the char particle generally remains near the center of the bubble and does not remain 

for any significant time at the gas-slag interface. Carbon in char can react with CO2, H2O or O2. 

Among them, the rate of CO2 gasification of chars is lowest and consequently, it is considered as the 

rate-determing step in the process.   

2.3 SRM, a possible substitute for coal 

22.3.1 Production of SRM 

Figure 4 shows the basic schematic of the shredding process. End-of-life equipment is fed into hammer 

mills (fragmentizers); which reduce all of the components into fist-sized pieces or smaller. These are 

then separated using an array of processes such as air classification, magnetic and eddy current separation 

into three major material streams: ferrous scrap, non-ferrous scrap and shredder residue. Magnetic 

separation is used to recover iron and steel, while the eddy current and heavy media separation plants 

are used to recover non-ferrous metals. The remaining residue from end-of-life equipment is termed 

Shredder Residue Material (SRM) and is generally landfilled. Although SRM has insufficient metal 

content to be considered a secondary source in metal production, in contains high amounts of plastic 

material, which makes it a possible candidate as a reducing agent in metallurgical processes.10  

 
Figure 4. Schematic of diagram processing of end-of-life equipment, adopted from 10 
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22.3.2 Thermal decomposition of plastic materials 

Thermal decomposition is defined as extensive chemical change by heat and, involves both chemical 

and physical processes. The chemical processes include break down of the molecules and formation of 

volatiles, while physical changes such as melting can alter the decomposition characteristics of material. 

The nature of volatiles produced during thermal decomposition is dictated by the chemical and physical 

properties of plastic material. As an example, plastic material can be divided into thermoset and 

thermoplastic materials. Thermoplastics can melt without chemical reaction to form a viscous state 

(plastic melt). This plastic melt can then decompose into smaller liquid or gaseous fragments. The 

liquid fragments will then decompose further until they are sufficiently volatile to vaporize. Thermoset 

materials do not have a fluid state. Due to their structure, it is not possible for the original material to 

change state at temperatures below that at which thermal decomposition occurs. 25 Four general 

mechanisms common in plastic decomposition are illustrated in Figure 5. 

 

Figure 5. Summary of the phenomena occurs during plastics devolatilization adopted from 25 

These reactions can be divided into those involving atoms in the main plastic chain and those involving 

principally side chains or groups. Among simple thermoplastics, the most common reaction mechanism 

involves the breaking of bonds in the main plastic chain. These chain scissions may occur at the chain 

end or at random locations in the chain. Cross-linking is another reaction involving the main chain. 

It generally occurs after some stripping of substituents and involves the creation of bonds between two 

adjacent polymer chains. This process is important in the formation of chars, since it generates a 

structure with a higher molecular weight that is less easily volatilized.   

The main reaction types involving side chains or groups are elimination reactions and cyclization 

reactions. In elimination reactions, the bonds connecting side groups of the polymer chain to the chain 

itself are broken, with the sides groups reacting with other eliminated side groups. The products of 

these reactions are generally small enough to be volatiles. In cyclization reactions, two adjacent side 

groups react to form a bond between them, resulting in the production of a cyclic structure. This 

process is also important in char formation because, as the reaction scheme shows, the residue is much 

richer in carbon than original polymer, for example, for polyvinylchloride (PVC): 

•Chain scission (volatiles formation)
•Cross-linking

Main chain reactions

•Side chain elimination (volatiles formation)
•Side chain cyclization

Side chain reactions
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���� � �������) ���� � �� � ����  Equation 9 

Which leads to dehydrogenated char for PVC: 

���� � �������) ��� * � � ��(���  Equation 10 

Which yields a purely carbonaceous char. These chars will tend to continue breaking by chain scission, 

but only at high temperatures. 25 

2.4 Thermal decomposition of Individual plastics 

SRM consists of different plastic materials, such as polyethylene and polyvinylchloride which are 

excellent insulators and used for cable coatings, and polyurethane can be produced in the form of foam, 

which is used as insulator for refrigerators.26 To gain a better understanding of thermal decomposition 

of plastic materials, in this study, thermal decomposition of these three materials is studied as well.  

22.4.1 Polyethylene 

Polyethylene (PE) is the most common plastic in the world. Properties and consequently applications 

of PE are varied by changing its density. There are two types of PE; Low density (LDPE) and High 

density (HDPE) PE. Aboulkas et al.27 studied the thermal decomposition of LDPE using a thermal 

gravimetric analyzer and reported a volatile content of 99.6% for LDPE. The thermal decomposition 

starts at 653 K and is almost completed at 823 K, which occurs in one step. Chin et al. 28 observed 

similar results for thermal degradation of HDPE. 

2.4.2 Polyvinylchloride 

Thermal decomposition of polyvinylchloride (PVC) has been shown by most investigators to proceed 

in two distinct stages. Up to around 633 K, the degradation almost exclusively involves de-hydro 

chlorination to a polyene structure accompanied by the evolution of large quantities of HCl and small 

amounts of hydrocarbons especially aromatics such as benzene, naphthalene. Above 633 K, structural 

degradation of the backbone occurs, leading to the formation of toluene together with a small quantity 

of other alkyl aromatics, yielding a residual char. 29 

2.4.3 Polyurethane 

Thermal decomposition of polyurethane is more complex compared to the two other previously 

mentioned plastics. Foams can be categorized into two main types, flexible and rigid foams. Distinction 

may be drawn between polyurethane foams on the basis of the raw materials used in their production. 

They may be based on polyether or polyester with polyol initiator; in other words, tolylene 

diisocyanate (TDI) or diphenylmethane diisocyanate (MDI) may have been used. The major 

breakdown mechanism in PU is the scission of the polyol isocyanate bond. The isocyanate vaporizes 
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and the polyol remains to decompose further, which is common among polyurethanes; however, the 

rest could be different.30 As an example, Lefebvre et al. 31 reported that the thermal degradation of PU 

may be represented by the following reaction sequences: 

� Scission of the urethane linkages to obtain the initial polyol and isocyanate 

� Dimerization of the isocyanate to give carbondioxide and carbodiimide, along with 

degradation of the polyol to give ether, ester and water 

� Trimerization to give isocyanurate (formation of a carbonaceous residue) 

� Reaction with water to give aromatic amines and carbon dioxide 

� Reaction between aromatic amines and residual MDI to give urea 

It can be concluded that different plastics decompose in different ways. Thermal decomposition of 

individual plastics is reported to be complicated in some cases, and so, thermal decomposition of 

multiple plastic-containing material is more complex. Moreover, the existence of high amounts of 

inorganic content will further complicate the thermal decomposition.   
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3. Materials and methods 
 

3.1 Materials 

A carbon containing Shredder Residue Material (SRM) and a coal sample as reference material for 

comparison were selected. In addition, three individual plastics were selected, namely PE, PU and 

PVC. SRM and individual plastics were crushed to less than 0.5 mm and the coal sample was 

pulverized to less than 38 μm. Decreasing the SRM particles to less than 0.5 mm leads to segregation 

using the current method, due to the different grindability of contained materials. Thermal 

decomposition of coal samples with particle sizes in the range of 38 μm up to 0.5 mm has been studied 

and no difference was observed. Proximate and ultimate analyses based on standard methods* were 

carried out for all samples by the certified laboratory, ALS Scandinavia AB, Sweden.  

Thermal analysis experiments were performed using a Netzsch thermal analyzer STA 409 instrument 

with sensitivity +1 μg. The device is coupled with a quadruple mass spectrometer (QMS) to analyze 

the evolved gases. A schematic diagram of the thermal analysis instrument is given in Figure 6. In the 

mass spectrometer compounds are ionized and separated based on mass/charge ratio. The number of 

ions representing each mass/charge ratio is recorded.32 During devolatilization experiments mass 

spectroscopy monitors the off-gas composition online for the mass/charge ratio numbers in the range 

of 1 to 100. 

To assure representative results, especially for SRM, which is a heterogeneous material, proximate 

analysis was also performed using a thermal gravimetric analyzer (TGA). This involves heating the 

samples in inert atmosphere, Argon, at a heating rate of 10 K/min from room temperature to 383 K. 

The samples were kept at this temperature for 10 minutes to remove moisture. Afterwards, the samples 

were heated up to 1223 K still under inert atmosphere of Argon; the weight loss observed in this stage 

is associated with volatile content. Finally, the sample was kept at a temperature of 1223 K for 150 

minutes, while the atmosphere was changed from Argon to air.  Since this stage involves oxidation of 

carbon, the weight loss observed is associated with the fixed carbon content of the material and 

                                            
* Standards for proximate analysis of coal: Moisture SS 187155, ash SS 185157, volatile SS-ISO 562:2010. Standards for 

proximate analysis of SRM: Moisture SS-EN 14774:2009, ash SS-EN 14775:2009, volatile SS-EN 15148:2009. Fixed 

carbon was calculated. Ultimate analysis standard for coal: CHN ASTM D5373, Sulfur SS 187177, Oxygen calculated, 

Ultimate analysis standard for SRM: CHN SS-EN 15104:2011, Oxygen calculated 
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remaining material represents ash.33 The experiment was repeated five times, ensuring the 

reproducibility of results. 

 

Figure 6. Schematic diagram of TGA/QMS 

 

Figure 7. Heating cycle during proximate analysis 

 



 
 

14 
 

3.2 Devolatilization 

Devolatilization experiments were performed in TGA, at a heating rate of 10 K/min up to final 

temperature of 1173 K under argon at flow rate of 100 ml/min to avoid oxidation of char or evolved 

volatiles. A quadruple mass spectrometer coupled to the thermobalance was used for the evolved gas 

analysis. To assure that diffusion does not influence devolatilization, a monolayer bed of fine particle 

should be formed in a shallow crucible. To obtain this monolayer, devolatilizing was carried out for 

different sample weights of 50, 30, 20 and 10 mg until weight loss was no longer affected by weight. 

Based on these experiments, small samples (20 mg) and a shallow crucible (height: 3 mm) were used 

to ensure uniform heating.  

3.3 Gasification 

33.3.1 Char production 

Pulverized coal with less than 38 μm (as received) particle size and SRM with particle size of less than 

0.5 mm were devolatilized in a vertical tube furnace. The schematic diagram of the furnace is shown 

in Figure 8. The furnace consisted of a kanthal wire-wound tube furnace (length: 100 cm, diameter: 

12.5 cm). A stainless steel tube (length: 135 cm, outer diameter: 6.5 cm) closed at the bottom end was 

placed inside the furnace. Nitrogen at a flow rate of 10 l/min enters from the bottom passing through 

the alumina beads to be heated up before it reaches the evenly heated zone of the furnace and exits 

the furnace from an outlet at the top. Weight loss was continuously monitored with a balance at the 

top of the furnace. A K-type thermocouple is positioned at the evenly heated zone of furnace, to 

measure the furnace temperature. Samples are introduced close to the thermocouple, in a cylindrical 

alumina crucible. 

Char samples produced at slow and medium devolatilization heating rates: The sample was placed in an 

alumina crucible and introduced to the furnace, suspended from a balance. N2 was introduced to the 

furnace for 15 minutes to ensure inert atmosphere, then the sample was heated up to 1173 K at a 

heating rate of 2 K/min (slow devolatilization). Another sample was heated up at an average heating 

rate of 8 K/min (medium devolatilization). Once the sample reached the desired temperature, it was 

removed from the heated zone and placed in the water-cooled zone, where the char sample was cooled 

to room temperature in N2 atmosphere.  

Char samples produced at fast devolatilization heating rate: The furnace was heated to 1173 K, and N2 at a 

flow rate of 10 l/min was introduced and maintained for 15 minutes. The sample placed in a alumina 

crucible and was then introduced to the heated zone of the furnace and kept there until the weight 

loss stabilized. To estimate the heating rate during fast devolatilization and ensure a uniform heating 

of the sample, two thermocouples were inserted, one inside the sample, and one next to the alumina 
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crucible, which showed that the temperature rose to 1173 K in 5 minutes, i.e. the average heating rate 

is 180 K/min. The temperature drop in the water cooled zone was also monitored using the 

thermocouple inside the sample. It showed that the temperature decreased from 1173 K to about 333 

K, in 10 minutes. This cooling rate is valid during slow and medium devolatilization as well. The 

devolatilization heating cycle is presented in Figure 9. 

 

Figure 8. Schematic diagram of tube furnace 

 

Figure 9. Heating cycle of char sample production at slow and fast heating rate 
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33.3.2 Char characterization 

Char samples were characterized for proximate analysis using TGA with the same procedure as the 

original samples. Pore characteristics (porosity, pore size distribution) of char samples were determined 

in a “Pore sizer 9320, micrometrics, USA”. Mercury porosimetry is based on the gradual injection of 

liquid mercury into an evacuated pore system with external pressure.34 Cumulative intrusion volume 

is a plot of volume of mercury intruded into each gram of samples as function of pore diameter, 

indicating how the sample takes up mercury during intrusion and how much mercury is trapped during 

the extrusion process. Incremental intrusion volume versus pore diameter shows for each pore 

diameter, pore volume concentration and the overall distribution characteristic.35 The surface areas of 

char samples was measured using “flowsorb II 2300” and calculated by applying the Brunauer-Emmett-

Teller (BET) equation to the adsorption/desorption isotherm (N2- He, 77 K). Morphology of 

produced char is studied using “Zeiss Gemin Merlin” scanning electron microscopy (SEM). A 

“PANalytical Empyrean” X-ray diffractometer equipped with copper ,-�radiation was used to record 

the X-Ray diffraction spectra of SRM char samples. The chemical analysis of SRM ash was performed 

in the Boliden-Rönnskär laboratory. Cr, Al, Mg of SRM ash was determined by Atomic Absorption 

Spectroscopy (AAS), where the samples were prepared by dissolving in Na2O2. The other elements 

were measured by dissolving in HCl and HNO3 and analyzed with Inductively Coupled Plasma (ICP). 

The chemical analysis of coal ash was measured by the certified laboratory, ALS Scandinavia AB, 

Sweden. The samples were fused with LiBO2 and dissolved in HNO3. Finally the elements were 

measured by ICP. 

3.3.3 Gasification experiment 

The initial set of gasification experiments was performed isothermally using a thermal gravimetric 

analyzer (Netzsch STA 409). Char samples produced at a medium devolatilization heating rate were 

manually crushed and sieved to a particle size of less than 100 μm. For this particle size range, it has 

been reported that the chemical reaction controls the kinetics of reaction and the effect of reactant 

diffusion is negligible. 36 In order to further minimize the interference of mass and heat transfer on 

gasification reaction, preliminary experiments were performed. The conditions were selected to ensure 

the escape of locally produced CO and access of CO2 to the reaction sites. Based on these experiments, 

sample weights of 10 mg and 20 mg was selected for coal and SRM char, respectively. The char 

samples produced at a medium devolatilization heating rate were heated up to different temperatures 

1073 -1473 K with intervals of 50 K, under argon atmosphere at heating rate of 10 K/min. Once the 

sample reached the desired temperature, the atmosphere was switched to CO2 at a flow rate of 200 

ml/min and maintained for one hour. 

The char conversion is computed as a function of time 37: 



 
 

17 
 

                                       . � �
/01/�2�

/01/3
   Equation 11 

Gasification rate is defined as differential of carbon conversion to gasification time: 
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The char gasification is assumed to be a first order reaction, as reported by several researchers. Hence, 

the kinetic parameters such as activation energy and pre-exponential factor7�can be calculated using the 

Arrhenius equation: 
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Equation 13 

Generally, to evaluate the overall gasification reactivity of char, reactivity index is used, which is 

defined as  Equation 14 38:  
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   Equation 14 

The gasification reactivity is mainly influenced by char morphology, surface area and ash content.39 

The char morphology is affected by the heating rate during the devolatilization step. Therefore, to 

study the effect of devolatilization heating rate on gasification of char samples, the slow and fast 

devolatilized chars were tested under non-isothermal condition, the advantage being that the reaction 

can be studied in one run. 40 The kinetic parameters were calculated based on the assumption that the 

non-isothermal heating cycle consists of an infinite number of discrete isothermal sections, which is a 

first order reactions. The previously mentioned Arrhenius equation can be applied to those isothermal 

sections, with the modification of considering the weight of remaining carbon in the sample. 41 10 mg 

char samples were heated up to 623 K under argon at flow rate of 100 ml/min, at a heating rate of 20 

K/min. Afterwards, the heating rate was changed to 2 k/min, while CO2 at a flow of 200 ml/min was 

introduced. The samples were heated up to 1173 K. The kinetic parameters are calculated based on 

Equation 15. 
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4. Results and discussion 
 

4.1 Characterization of original material 

Table 1 summarizes the ultimate and proximate analysis of coal and SRM samples. SRM and coal 

indicate the presence of elements with reduction potential, namely carbon and hydrogen. However, 

proximate analysis shows SRM and coal decompose in different ways. Coal mainly decomposes with 

high amounts of fixed carbon; in contrast, the fixed carbon content of SRM char is low. SRM 

decomposes with significantly higher amounts of volatiles compared to coal. Furthermore, SRM has a 

higher content of ash compared to coal, due to its content of metals and ceramic materials. Due to the 

heterogeneous nature of SRM, proximate analysis was performed using TG for comparison with the 

standard method analysis. The results are shown in Table 1.  

Table 1. Results from ultimate and proximate analysis, for coal and shredder residue material 

Ultimate analysis   

 H (wt %) O (wt %) N (wt %) S (wt %) C (wt %) 

coal 4.8 5.2 1.3 0.3 84.0 

Shredder residue material 6.1 12.0 1.7 0.1 56.9 

Proximate analysis according to standards    

 Moisture (wt %) Volatile (wt %) Fixed carbon (wt %) Ash (wt %) 

coal 0.8 26.5 66.4 6.3 

Shredder residue material 0.7 71.5 3.3 24.5 

Proximate analysis using TGA 

coal 0.4 ± 0.3 22.7 ± 0.4 66.7 ± 1.6 9.5 ± 2.4 

Shredder residue material 0.6 ± 0.3 66.9 ± 5.2 9.3 ± 1.9 23.2 ± 6.3 

 

Proximate and ultimate analyses of the three studied plastics (PE, PVC and PU) are summarized in 

Table 2. These plastics show differences both in proximate and ultimate analysis. PE has a higher 

content of hydrogen compared to two other plastics; PU is a nitrogen-containing plastic and PVC is 

plastic material with chlorine content. Proximate analysis shows that PE mainly decomposes by release 
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of volatiles, while the other two plastics decompose by production of higher amounts of fixed carbon. 

It can also be observed that all three plastics released high amounts of volatiles similar to SRM, which 

explains the high volatile content of SRM, as it contains a high fraction of plastics. 

The composition of ash in both SRM and coal sample has been analyzed using AAS and ICP. The 

results are presented in Table 3 and Table 4, respectively. As expected, elements such as Cu and Al are 

abundant in SRM ash, as these elements are the main metals in for wires and printed circuit boards 26 

which are common in electrical equipment. 

Table 2. Results from Ultimate and proximate analysis of individual plastics 

Ultimate analysis according to standards    

 H (wt %) O (wt %) N (wt %) S (wt %) C (wt %) Cl (wt %) 

PE 14.0 Less than 1 Less than 0.1 0.01 84.4 - 

PU 6.7 16.9 5.8 0.03 62.9 - 

PVC 4.8 20.2 Less than 0.1 0.03 38.5 13.3 

Proximate analysis using TGA    

 Moisture (wt %) Volatile (wt %) Fixed carbon (wt %) Ash (wt %) 

PE 1.0 94.3 2.6 2.1 

PU 1.6 73.6 14.5 10.3 

PVC 1.2 62.9 12.6 23.3 

 

Furthermore, XRD analysis was performed on both original and ash samples; however, only the more 

abundant elements, such as Ca, Si, Cu and Al have been detected. In the original sample Cu is present 

as metal, while the other elements are detected in oxide form. The XRD analysis of ash sample has 

shown the formation of Cu2O, and no change in other elements. 
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Table 3. The elemental analysis of SRM ash content 

Element in ash Ca Si Cu Al Mg Ti Cr Fe Zn Na 

Wt % 12.9 12.6 11.5 11.0 2.6 2.3 0.6 0.4 0.3 0.1 

Other elements detected in ash in ppm level Pb, Mo, Se, V, Co, Cd, As, Be, Sb, Ni, Mn 

 

Table 4. The elemental analysis of coal ash content 

Elements in ash Si Al Ca Fe Mg  

Wt % 0.5 0.2 0.5 0.5 0.2  

Other elements detected in ash in ppm level K, Na, P, Mn, Ti, Ba, be, Cr, Nb, W, Sc, Sr, Zr 

 

4.2 Devolatilization and volatile released 

Figure 10 (a) and Figure 11 (a) show the weight loss curve and the first derivative of weight loss (DTG) 

curve during coal and SRM devolatilization. The DTG curve shows the stages involved during the 

devolatilization, in addition to the rate of devolatilization. SRM devolatilizes at a lower temperature 

than coal, SRM starts to devolatilize at 523 K, while coal begins to react at a higher temperature of 

723 K. Devolatilization of SRM also finishes at a lower temperature of 723 K, compared to 1073 K 

for coal. DTG curves indicate that SRM devolatilization consists of two stages, while coal devolatilizes 

in one stage. This is probably due to the presence of different types of plastic and, consequently, 

different bonds present in SRM. In addition, to the mixing effect between the different plastic materials 

present in SRM, the inorganic elements can also affect the devolatilization rate. Alkali elements such 

as Na and K, present in the sample are known to have a catalytic effect during devolatilization.26 The 

higher devolatilization rate observed for SRM samples could be due to the catalytic effect of inorganic 

parts present in its ash. 

Figure 10 (b) and (c) show the composition of volatiles released during coal devolatilization. In the 

temperature range 723 – 973 K, the decomposition of the coal substance begins, resulting in the 

evolution of methane and higher molecular weight hydrocarbons such as C2H5 to C7H11. The 

combined oxygen is also eliminated, and appears in the gases evolved mainly as water and oxides of 

carbon. The evolution of hydrogen usually begins at around 773 K, followed by a sharp and rapid 

evolution at 1073 K.18 The rate of hydrogen generation increased significantly at 773 K when the C-

C and C-H bonds breaking reactions become thermally activated.  
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Figure 10 (a) TGA, DTG curves of coal devolatilization under argon, at heating rate of 10 

K/min and (b) composition of volatiles released detected by MS (c) a closer examination of 

volatiles released excluding hydrogen (H2) 
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Figure 11. (a) TGA, DTG curves of SRM devolatilization under argon, at heating rate of 10 

K/min and (b) composition of volatiles released detected by MS 

Figure 11 (b) shows the composition of volatiles released during SRM devolatilization. Devolatilization 

of SRM commence at 523 K with the release of HCl and H2O. CO2 is also released at this temperature, 

followed by a rapid increase at 623 K. Release of CO also begins at 523 K, and increases by increasing 

temperature and continues up to 723 K. In the temperature range of 623 K, release of hydrocarbons 

such as C5, C6 and C7 is observed. At temperatures higher than 773 K, H2, CO and CH4 are released, 

probably due to thermal cracking of hydrocarbon or secondary reaction related to tar. 
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4.3 The devolatilization of individual plastics 

Figure 12 – 14 show the weight loss and first derivative of weight loss, in addition to the composition 

of volatiles for the devolatilization of PE, PVC and PU, respectively. PE devolatilization occurs in one 

stage, starting at 673 K. Different hydrocarbons, in addition to carbon oxides and water vapor, are 

released in the temperature range of 673 – 773 K, with the peaks reaching maximum at 723 K.  

 

Figure 12. (a) TGA, DTG curves of PE devolatilization under argon, at heating rate of 10 K/min 

and (b) composition of volatiles released detected by MS 
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Devolatilization of PVC shows two stages. At 523 K, release of HCl, with other hydrocarbons and 

CO, CO2 and H2O is observed. At the temperature range of 673 – 773 K, evolution of similar volatiles 

except for HCl is observed. Devolatilization of PU involves two DTG peaks, while the first peak is 

the overlapping of two peaks. The first peak is accompanied by the release of CO2 at 573 K, while the 

second is related to the release of CH4 and H2O. At temperatures higher than 573 K, release of H2O 

and hydrocarbons is observed. 

 

Figure 13 (a) TGA, DTG curves of PVC devolatilization under argon, at heating rate of 10 

K/min and (b) composition of volatiles released detected by MS 
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Figure 14. (a) TGA, DTG curves of PU devolatilization under argon, at heating rate of 10 

K/min and (b) composition of volatiles released detected by MS 

4.4 Mixed plastics 

Devolatilization of individual plastics were studied; however, SRM is a mixture of different types of 

plastics and therefore understanding its behavior requires investigation of mixtures of different plastics. 

Thus, binary mixtures of PE/PU, PE/PVC and PU/PVC with the weight proportion of 1:1 were 

studied. To investigate the possible interaction between the plastics in the mixture, a calculated curve 

was constructed with the assumption that the two plastics do not interact with each other during 

devolatilization. Agreement between the calculated curve and experimental results indicates that the 

assumption was correct and the two plastics devolatilize without affecting each other. For the PE/PVC 

and PE/PU (Figure 15) the experimental devolatilization curve is in good agreement with the 

calculated curve, suggesting that these plastics devolatilize without interaction. Miranda et al.42 studied 
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the vacuum devolatilization of PE/PVC mixture and also observed no interaction between these 

plastics. Devolatilization of PVC/PU binary mixture shows two stages, indicated by the DTG curve. 

During the first stage, experimental and calculated curves are in agreement. However, the second stage 

shows higher amounts of char produced compared to the calculated curve, which indicates the possible 

interaction between two plastics. At the second stage the binary mixture shows similar devolatilization 

behavior to that of PVC.   

 

Figure 15. Calculated and experimental curves of binary mixture of plastics, devolatilization 

under argon at heating rate of 10 K/min, (a) PE/PVC, (b) PE/PU, (c) PU/PVC, experimental 

DTG curve is plotted showing different stages of devolatilization 
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Furthermore, the devolatilization of the ternary mixture of PE, PU and PVC with a weight ratio of 

1:1:1 was studied. To investigate the interaction between the three mixed plastics, a calculated curve 

was constructed, with a similar assumption as the binary mixture. However, considering that PU and 

PVC interact with each other during devolatilization, their experimental binary curve was used instead 

of individual devolatilization curves. It is assumed that no further interaction would occur between 

the plastics. 

 

Figure 16. Calculated and experimental curves of ternary mixture of plastics, devolatilization 

under argon at heating rate of 10 K/min, PE/PU/PVC, experimental DTG curve is plotted 

showing different stages of devolatilization 

The devolatilization curve of ternary mixture shows two stages of devolatilization (Figure 16). The 

first stage of devolatilization shows that a higher amount of volatile was released during the experiment 

than the calculated amount. It has been reported that the nitrogen-containing compounds in PU can 

attribute to acceleration of PVC dehydrochlorization43, this can explain the higher rate of 

devolatilization observed in the initial stage of devolatilization. Once the HCl evolution stops the 

devolatilization deviates towards higher char production. During the second stage however, less 

volatile was released compared to the calculated one and therefore, a higher amount of char compared 

to calculated curve was produced.  
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Figure 17 shows a schematic summary of the phenomenon occurring during devolatilization of the 

three studied plastic, which are possibly present in SRM. Once these plastics and other plastics present 

in SRM are heated, bonds in each plastic first start to break and form free radicals. The formed free 

radicals could recombine and contribute to char formation, or attack the remaining structure. In 

addition, metals present, such as Fe, Co, Ni, Zn, etc. could act as catalysts, promoting cracking and 

hydrogenation.  

 

Figure 17. Schematic summary of the phenomenon occurring during devolatilization of the 

three studied plastics 
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4.5 Characterization of char produced at different devolatilization heating 

rates 

44.5.1 Proximate analysis of char samples 

Proximate analysis of SRM and coal char samples produced at different devolatilization heating rates 

is presented in Table 5. Coal char samples contain higher amounts of fixed carbon compared to that 

of SRM char. SRM char consist of a higher amount of ash. In addition, SRM char shows a higher 

amount of residual volatiles in all char samples. To investigate the composition of remaining volatiles, 

the devolatilization step was studied separately coupled with mass spectroscopy. The result shows the 

evolution of H2 and H2O, which implies incomplete reactions during char production. It is known 

that, at the final stage of devolatilization, H2 is produced by the recombination of aromatic 

compounds.18 Release of H2 during proximate analysis of char suggests the continuation of these 

reactions. H2O is probably produced from reduction reaction of oxides in ash with produced hydrogen. 

Table 5. Proximate analysis of coal and SRM char sample studied analyzed with TG 

 Heating rate (K/min) Moisture (%) Volatile (%) Fixed carbon (%) Ash (%) 

Coal char Slow 0.5 2.5 83.1 13.9 

Medium 0.6 2.7 84.6 12.1 

Fast 0.8 1.6 84.3 13.3 

SRM char Slow 1.6 10.2 23.6 64.0 

Medium 1.8 9.0 23.2 66.0 

Fast 2.3 9.4 23.1 65.2 

 

SRM char has up to 20 % fixed carbon, as compared to 80 % fixed carbon in coal char. Studies have 

shown that the char forming tendency depends on the chemical structure of the plastic material; this 

tendency increases with the aromaticity of the plastic, with the substitution of hydrogen atoms of the 

aromatic units by non-aliphatic chains. 26 This explains the low amount of fixed carbon for SRM char, 

as some plastic such as PE has aliphatic structure and has low potential to form cyclic carbon bonds. 

4.5.2 Mercury porosimetry and surface area  

Figure 18 shows the mercury porosimetry result of the coal and SRM original samples, in addition to 

char samples produced at different heating rates. The original coal sample shows a higher cumulative 
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and incremental intrusion volume compared to the SRM sample, which is probably due to higher 

porous nature of the coal sample, compared to the mixture of plastics and inorganic parts. 

The characteristics of char samples prepared at slow and medium heating rates are similar; therefore, 

from now on, the characterization results from the slow devolatilized char are presented and compared 

with the fast devolatilized char. Figure 18  shows the variation between cumulative intrusion 

measurements of the intruded Hg in coal and coal char samples versus the corresponding pore diameter. 

Cumulative intrusion volume is a plot of the volume of mercury intruded into each gram of sample as 

a function of pore diameter. 35  

Figure 18 shows that the cumulative intrusion in the original coal samples differs from that of the char 

samples produced at slow and fast devolatilization rates.  In the original samples, the total intrusion 

volume of Hg gradually increases for pore size range of 5 - 200 μm, then sharply increases at pore 

diameters in the range of 0.3 - 3 μm, followed by a gradual increase.  The cumulative intrusion volume 

observed for both the produced char samples was higher than the original coal sample in the pore size 

range of 5 - 200 μm, while in the pore diameters in the range of 0.3 - 3 μm, the original sample was 

higher than that in the coal char samples. The later pore size range almost disappeared for char samples. 

The number of pores in the size range of 5 - 200 μm increased in the order of; fast devolatilized char 

> slow devolatilized char > original sample. This indicated that at the higher devolatilization rate, a 

larger number of macropores is formed at the expense of smaller pores.   

Figure 18 (b) shows the variation between the cumulative intrusion of Hg versus the pore diameter in 

the original SRM and the SRM char samples. There is a gradual increase in the total intruded volume 

of Hg for the pore size range of 5 - 200 μm for all samples, for smaller pore size the slops slightly 

decrease. The original sample shows an increase in the cumulative pore volume for the 0.03 - 0.001 

μm, indicating the presence of micro-pores, which disappears in the char samples. The cumulative 

intrusion volume decreases with the increase in the devolatilization heating rate as compared with the 

original SRM sample. This indicates that unlike coal samples, at a slow devolatilization rate more pores 

are formed. 
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Figure 18: Pore density distribution for original (a) coal and coal char samples, (b) original SRM 

and SRM char samples produced at different devolatilization heating rates 

Table 6 shows the effect of devolatilization heating rate on the surface area of coal and SRM char 

samples. For both SRM and coal char samples the surface area doesn’t seem to be affected by the 

devolatilization heating rate. In general, for all heating rates, the BET surface area of SRM char is 

slightly higher than that of coal char. In addition, char samples produced at a fast heating, show a slight 

increase in surface area compared to the char produced at a slow devolatilization heating rate.  
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Table 6. Effect of devolatilization heating rate on BET Surface area of SRM char, after crushing 

to less than 100 μm 

             Devolatilization heating rate (K/min) 

sample  Slow Medium Fast  

SRM char 17.5 16.9 18.3 

Coal char 13.2 13.6 15.5 

 

44.5.3 Morphology of char samples 

The morphology of original coal samples and the coal char samples produced at slow and fast heating 

rates is presented in Figure 19 and Figure 20. Original sample show irregularly shaped particles. A 

closer examination of the morphology of char produced at a slow devolatilization heating rate shows 

particles similar to the original sample. This observation suggests that the particles have been sintered 

during slow devolatilization without going through much change. Char samples produced at a fast 

devolatilization heating rate contain more interconnected pores compared to the char produced at a 

slow devolatilization heating rate. This is in agreement with the result of mercury porosimetry, 

indicating a higher population of macro-pores observed in char produced in fast heating (Figure 18). 

The structure of char at fast devolatilization heating indicates melting and plastic deformation, with 

ash particles appearing as bright spots. 

During devolatilization, the pore openings of a softening coal will be blocked at the onset of the plastic 

stage due to the high fluidity contributed by the metaplast. Therefore, the volatile matter will be 

trapped in the coal particles to form bubbles. The release of volatile matter and the ultimate structure 

of a char will be largely determined by the behavior of the bubbles. The volatile matter is transported 

through the movements of bubbles during the plastic stage. When a large number of bubbles exist in 

the coal fluid, the volatile matter diffuses into bubbles instead of diffusing directly out of the particle's 

surface. This causes the growth of bubbles and swelling of the coal particle. When bubbles reach the 

surface of the particle, they overcome the force balance to burst and release the volatile matter. Heating 

rate has a crucial impact on the coal fluidity. At slow heating rates (<10 K/min), both the maximum 

fluidity and the temperature range of the plastic region increase with increasing heating rate. A similar 

result was observed for coal devolatilization under rapid heating conditions (40–800 K/s).44 Therefore, 

at fast devolatilization coal swells more and produces a more porous structure.  
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The cumulative pore volume of coal char samples is lower than in original coal samples, with the order 

of char produced at a fast devolatilization heating rate < slow devolatilization (Figure 18). Investigation 

of the char morphologies shows that the sintering of samples and melting of structures could be the 

possible reason for decrease in pore volume.  

 

Figure 19: morphology of the coal char produced at (a, c) slow devolatilization, (b, d) fast 

devolatilization, arrow in (d) shows the ash particles 

Figure 20. Morphology of original coal sample 
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Investigation of the original SRM sample morphology (Figure 21) indicates the diversity in the 

morphology of this material. Difference in the colors of the observed phases in back-scatter image 

(Figure 21 (b)) suggest the presence of different phases. SRM char produced at both slow and fast 

devolatilization shows a different structure compared to the original SRM (Figure 22 (a) and (b)). Char 

produced at fast devolatilization shows a melted structure. It has been reported that when material with 

high volatile content is rapidly heated, it might lead to formation of a liquid film. Such a behavior is 

often observed for thermoplastic polymers as they soften and take on new shapes by the application of 

heat and pressure.45 The morphology of SRM char produced at fast heating shows cenosphere particles, 

which were probably formed by volatiles released during molten stage in devolatilization. Furthermore, 

a small hole on top of some cenophere particle was observed, which is probably formed by release of 

volatiles from particles. The released volatiles open some new pores, and the particles consequently 

develop more meso- and macropores. That is probably the reason that the cumulative pore volume of 

the SRM char sample increases compared to the original SRM sample.  

 

Figure 21. Morphology of original SRM sample, a) secondary electron image and b) back scatter 

scan 

   

Figure 22. Morphology of SRM chars, a) produced at a slow devolatilization and b) a fast 

devolatilization rate 
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In the other char sample depicted in Figure 23 (b), the release of volatile through the melt would lead 

to an eruption, as can be observed in the SEM image. Investigation of the structure of SRM char in 

Figure 22 has shown that wire-shaped particles are still remaining after devolatilization, while the rest 

of the structure has changed. This result suggests that the mentioned wire-shaped particles are inorganic 

parts, which are embedded in the plastic parts. This inorganic material could block the pores from 

expansion, thus leading to lower porosity of the sample. In addition, formation of the liquid film could 

be the reason for the decrease in cumulative pore volume of the SRM char produced at fast 

devolatilization compared to the slow devolatilized char. 

Figure 23. SEM images of SRM char, (a) formation of bubble, (b) erupted bubble 

For both SRM and coal char, specially produced at fast devolatilization, the open and interconnected 

porous structure in the char is observed, offering an increased number of paths for the gas phase to go 

through and get easy access to carbon surfaces. A summary of the phenomena occurring during SRM 

devolatilization is illustrated in Figure 24. During devolatilization, irrespective of the heating rate, 

inorganic species undergo insignificant changes, while organic species change completely (Figure 24). 

The structure of carbon formed by devolatilization of organic parts is affected by the thermal profile 

that SRM is exposed to.  

 

Figure 24. Schematic illustration of behavior of a mixture of different plastics as it is heated 46 
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4.6 Gasification experiments 

Figure 25 (a) and (b) show the carbon conversion versus time, at different temperatures, during 

gasification of coal and SRM chars produced at medium devolatilization heating rate, respectively. It 

can be observed that for both char samples, the reaction time decreases as the gasification temperature 

increases. At any given temperature and time the conversion degree of SRM is always higher than coal 

char. Carbon conversion for coal char approaches completion only at temperatures higher than 1273 

K, while this temperature is 1223 K for SRM char.  

 

Figure 25. Carbon conversion at different temperatures for (a) coal char, (b) SRM char during 

isothermal gasification 
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The reactivity index of char gasification is calculated based on  Equation 14, and the result is plotted 

in Figure 26. The reactivity index of both char samples increased with the gasification temperature. At 

each temperature SRM char shows higher reactivity than coal char.  

 

Figure 26. Reactivity index of coal and SRM char measured at different temperatures 

Although high temperature, leads to improved char reactivity, there is speculation as to whether, at all 

temperatures, chemical reaction is the controlling mechanism. To investigate that the gasification 

kinetics of SRM and coal char during isothermal gasification is estimated using an Arrhenius plot, 

which is reported in Figure 27. The calculated activation energy for coal char is 135.6 kJ/mole, while 

it is 116.4 kJ/mole for SRM char. At temperatures higher than 1273 K, the activation energy of coal 

char dropes to 74.2 kJ/mole, while the activation energy of SRM char dropes to 53.8 kJ/mole at 1223 

K. The decrease in the activation energies at these temperatures is probably due to change in the rate-

determining mechanism from chemical control to pore diffusion control.  
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Figure 27. Arrhenius plot at temperature range of 1073 – 1473 K for (a) coal char, (b) SRM char 

SRM char has higher reactivity compared to coal char, with lower activation energy required for its 

gasification than coal char.  This is probably due to the higher surface area of the SRM char, which is 

known to play an important role for chemically controlled reactions such as char gasification.39 In 

addition, ash content, especially alkali and alkaline earth metals (AAEM) and iron, is known to act as 

catalyst in the gasification reactions. Other inorganic substances such as silica, alumina and phosphates, 

on the other hand, lower the reactivity of char. Silica has been observed to reduce the reactivity by 

reacting with potassium to form silicate, blocking the catalytic effect of potassium. Alumina has also 

been shown to deactivate the catalytic activity of potassium. Potassium phosphate has been observed 

inactive in the catalytic carbon gasification. The complicated effects of various ash components are 

often expressed by alkali index. 38,47 The alkali index (A value) is calculated by the equation: 48 
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Equation 16 

The alkali index calculated for coal char is 0.1, while it is 0.4 for SRM char, indicating the higher 

catalytic effect of SRM char, which leads to higher gasification rate and lower activation energy 

observed for SRM char. 
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Gasification of the two other char samples produced at slow and fast devolatilization heating rates was 

studied using non-isothermal gasification; Figure 28 and Figure 29 shows the gasification rate versus 

inverse of temperature (Arrhenius plot), during non-isothermal gasification of SRM and coal char. A 

linear correlation was found for coal char gasification, which suggests that at this temperature range 

the reaction is chemically controlled. The change in the slope for the Arrhenius plot at 1123 K of 

SRM char gasification, implies a transition between chemically controlled and diffusion controlled 

regime. 

  

Figure 28. The weight loss during non-isothermal gasification of char produced (a) at slow 

devolatilization (b) fast devolatilization and Arrhenius plots of (a) at slow devolatilization (b) fast 

devolatilization for coal char sample  
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 Figure 29. The weight loss during non-isothermal gasification of char produced (a) at slow 

devolatilization (b) fast devolatilization and Arrhenius plots of (a) at slow devolatilization (b) fast 

devolatilization for SRM char sample 

 Table 7 summarizes the gasification temperature range of coal and SRM char, in addition to the 

kinetic parameters such as activation energy and pre-exponential factor. The char samples produced at 

slow devolatilization heating rate show lower activation energy compared to char produced at a fast 

devolatilization heating rate. Gasification of SRM starts and finishes at lower temperatures, compared 

to coal char. The activation energy for SRM char is lower than coal char, which is probably due to 

the mentioned catalytic effect of ash. The char samples produced at slow heating rate show lower 

activation energy compared to char produced at a fast heating rate. In addition, the reactivity of SRM 

char produced at a slow heating rate is lower than char made at fast devolatilization. Moreover, the 

structure of carbon in the char is reported to play an important role in char gasification reactivity. It 

has been reported that char with a more ordered crystalline structure has lower gasification reactivity.48 

To examine the effect of devolatilization heating rate on the crystallinity of chars, X-Ray diffraction 

technique was used.  
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Table 7. Gasification temperature and kinetic parameters of char samples produced at different 

heating rates during non-isothermal gasification experiments 

 Devolatilization 

heating rate  

Gasification 

temperature (K) 

Activation energy 

(kJ/mol) 

Pre-exponential factor 

(1/s) 

Coal char Slow 1123 - 1223 281 7.31 ×108 

Fast 1123 - 1223 238 8.31 ×106 

SRM char Slow 973 - 1123 179 5.54 ×104 

Fast 973 - 1123 166 5.41 ×103 

 

Figure 30 shows the X-ray diffraction spectra of SRM char samples produced at slow and fast 

devolatilization. The position of the peak in the angle region of 27- 29 º corresponds to the (002) peak 

of graphite, which is generally attributed to the stacking of the graphitic basal plans of chars. 49 The 

disordering of carbon crystalline structure results in the broadening of the (002) diffraction peak: the 

more disordering of carbon crystalline structure, the wider the diffraction peak of (002).39 The char 

produced at slow devolatilization heating rate shows more order in the structure, indicated by carbon 

(002) peak accompanied by an overlapping peak of silica, compared to the char produced at fast 

devolatilization heating rate, which explains the lower reactivity observed for the this char. 

 

Figure 30. XRD spectrum of SRM chars produced at different heating rate 
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5. Application in metallurgical processes 
 

Bath-smelting processes such as zinc fuming, operate with coal as reducing agent. As shown in Figure 

2 upon injection into the furnace, coal particles can either combust in the oxidation zone, or penetrate 

into slag and devolatilize. The remaining char and the volatiles surrounding it (secondary bubble), will 

ascend in the bath. For coal the main reduction occurs by the CO and H2, produced through the 

gasification reaction of fixed carbon in char. The proximate analysis of coal char has shown high fixed 

carbon, while SRM char has a low amount of fixed carbon and high ash content. However, the 

proximate analysis of SRM has shown that this material decomposes by release of more volatiles 

compared to coal. As the rate of SRM devolatilization is higher than coal, the injection process and 

the characteristics of SRM, such as particle size, should be adjusted to minimize the combustion of 

SRM in the oxidation zone. Thus, a higher portion would penetrate into slag and contribute to 

reduction reactions. The extent of reduction reaction is determined by the residence time of the 

secondary bubble in the bath, which is dependent on the height of the bath and the properties of slag 

such as viscosity. Figure 11 shows that SRM volatiles consist of H2, CO, CO2 and hydrocarbons. 

Higher molecular weight hydrocarbons will break into smaller molecular weight hydrocarbons and 

eventually break to hydrogen and carbon at the high temperatures used in the process. The fixed 

carbon in char will also be gasified and participate in reduction by production of CO and H2. 

Therefore, the released volatiles, especially higher molecular weight hydrocarbons, have limited time 

to further break down and participate in reduction.  

 

Figure 31. Schematic diagram of reducing agent behavior in bath smelting process inspired from 
24 
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Although the char produced from SRM contains a lower amount of fixed carbon compared to char 

produced from coal, it has a porous structure and high surface area. Consequently, as the gasification 

experiments show, SRM char is more reactive compared to coal char. In addition to the 

physiochemical properties, the catalytic effect of inorganic elements in the ash contributes to higher 

gasification rate. 

As Figure 25 shows, the carbon conversion completes at 12 – 20 minutes at 1423 – 1473 K, which is 

close to the operating temperature of the zinc fuming furnace, while approximately 10 minutes is 

required for complete gasification of SRM char at the same temperature. As the gasification rate is 

higher, the chance of complete reaction of char is higher, which means higher efficiency in utilization 

of the reducing agent. 

Upon injection into the furnace, the particles are heated up rapidly, thus devolatilization at a fast 

heating rate is closer to the condition in the furnace. As Figure 28 and Figure 29 shows, gasification 

of SRM char starts and finishes at lower temperatures compared to coal char. In addition, it was 

observed that devolatilization of SRM, starts and finishes at lower temperature compared to coal. 

Therefore, the process can be adjusted to operate at lower temperature ranges.  

Additionally, the proximate analysis of SRM shows up to 24 % ash (Table 1), which contains elements 

such as Cu and Zn, alkaline elements. After the thermal decomposition is completed, the ash content 

will dissolve in the slag and thus affect the composition of the slag. While presence of such elements 

restricts the utilization of these SRM in ferrous metallurgy, the non-ferrous processes can be designed 

in such a way that the inorganic compound can be recycled. This indicates the advantage of utilization 

of such a complex and inhomogeneous material in bath smelting processes. 
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6. Conclusion 
 

The potential of SRM as an alternative reducing agent in bath smelting processes has been studied by 

comparative study of thermal decomposition of SRM and coal. In addition to observed higher volatile 

content, lower fixed carbon and higher ash content compared to coal, the following conclusions can 

be drawn:  

1. SRM devolatilizes in two stages, at the temperature range of 553 – 723 K, while devolatilization of 

coal occurs in one stage and at a higher temperature range of 723 - 1073 K. Devolatilization of SRM 

is accompanied by release of H2, CO, CO2 and hydrocarbons ranging from C1-C7.  

2. Plastics in a mixture interact with each other during devolatilization. As SRM is a mixture of 

different plastics, it can be concluded that the volatiles released from individual plastics in SRM, could 

either recombine with each other to participate in char production, or could further break down the 

structure.  

3. Although proximate analysis had shown that SRM char has lower fixed carbon compared to coal 

char, the gasification experiments had shown that carbon in SRM char has a higher reactivity, due to 

the difference in physicochemical properties such as higher surface area. In addition, the catalytic effect 

of ash on gasification rate of SRM char is stronger than that of coal char. The calculated activation 

energy value are lower for SRM char gasification. Furthermore, the higher gasification rate implies 

less chance of unreacted char remaining in the process. 

4. Although the composition of char does not show considerable change at different devolatilization 

heating rates, the morphology of produced chars differs significantly. Char produced at a fast heating 

rate, which is closer to devolatilization conditions in metallurgical processes, has more disordering of 

carbon crystalline, which leads to higher reactivity and, consequently, the gasification rate is higher. 

The physiochemical properties of char, such as pore density and connectivity of pore also contribute 

to a higher gasification rate.   

The findings of this study show that as the main product during the decomposition of SRM is volatiles, 

it is crucial that the evolved volatiles would participate in the reduction reactions. Volatiles released, 

such as hydrocarbons, can further break down to C and H2 at the high temperatures used often used 

in metallurgical processes and contribute to reduction. It can be concluded that although SRM has the 

potential to be used as reducing agent, its thermal decomposition characteristics are different from that 

of coal; hence, for an efficient utilization, adjustments in process parameters are required.  
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7. Future work 
 

Within this work the thermal characteristics of SRM have been studied and compared with those of 

coal, with the ultimate aim of determining the potential of SRM as an alternative reducing agent. For 

further development, the following is recommended: 

� Determining combustion characteristics of SRM 

� Including influence of particle size 

� Effect of inorganic compounds in ash content 

� Kinetic studies of thermal decomposition including devolatilization and gasification 

� Influence of SRM ash on slag properties  

� Experimental determination of reduction of SRM in slag bath 
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