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Abstract Shredder residue material (SRM) contains plas-

tic material, which has a potential to replace metallurgical

coal for reduction during bath-smelting processes. Among

the important parameters affecting its implementation are

the gasification and the reactivity of char. Therefore, prior

to considering its application in metallurgical processes,

the gasification characteristics of the produced char need to

be studied. Although the char produced from SRM contains

lower fixed carbon compared with 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 con-

tent of SRM char is attributed to its higher reactivity and

lower activation energy compared with coal char. Fur-

thermore, the effect of devolatilization heating rate on the

gasification characteristics of produced char is investigated.

It was found that the devolatilization heating rate during

char production has a considerable effect on morphological

properties of the char product. Moreover, the gasification

reactivity of char produced at a fast devolatilization heating

rate was the highest, due to the less crystalline structure of

the produced char.

Keywords Shredder residue material � Char �
Gasification � Reducing agent � Bath smelting

List of Symbols

X Char conversion

w0 Initial weight of char

w? Saturation value of the weight-loss curve

w(t) Sample weight at a time t

r Gasification rate of the isothermal gasification

q Gasification rate of the nonisothermal gasification

Ea Activation energy

A Preexponential factor

RS Reactivity index

s50 Time (in minute) required to reach the carbon

conversion of 50 %

wC Weight of carbon in the sample remaining unreacted

at the time t

Introduction

Shredder residue material (SRM) is the residue from

shredding of end-of-life equipment, after removal of the

main metallic content. SRM is an inhomogeneous material

consisting of metals and ceramics, in addition to organic

materials such as different types of plastics [1]. The

amount of SRM is ever increasing, and the material is

currently mainly landfilled or incinerated. The proper

management of this complex residue material is a growing

concern. Although SRM does not contain enough metals to

The contributing editor for this article was Veena Sahajwalla.

& Samira Lotfian

samira.lotfian@ltu.se

Hesham Ahmed

hesham.ahmed@ltu.se

Abdel-Hady A. El-Geassy

caisa.samuelsson@ltu.se

Caisa Samuelsson

elgeassy@yahoo.com
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be economically feasible as a secondary raw material in

metallurgical processes, it contains considerable quantities

of plastic materials. Plastic materials contain carbon and

hydrogen, which makes them a possible alternative

reducing agent [2]. Injection of plastic material in blast

furnace has been reported in the literature and implemented

in several industrial plants [2–4]. One limitation in using

plastic-containing residue material for iron making is the

content of metals such as zinc and copper which are not

desirable in iron-making processes [5]. Therefore, utilizing

plastic-containing residue material in nonferrous processes

is more feasible and has no detrimental effect on final

product quality. Therefore, SRM has the potential to

replace part of the fossil coal used for reduction of oxides

in bath-smelting processes.

Thermal decomposition of coal and its interaction with

the melt in bath-smelting processes are studied [6]. In these

processes, pulverized coal is injected alongside air into

molten slag. The coal particles that are entrained in the

melt release moisture and devolatilize instantaneously,

forming a gaseous envelop, which surrounds the remaining

char [7]. At the interface of the gaseous envelop with the

molten slag, oxides are reduced by CO and H2 [8]. The

CO2 produced from the reduction reaction diffuses inside

the bubble and reacts with carbon in char, generating CO

via the Boudouard reaction with carbon in char, as illus-

trated in Fig. 1. The hydrogen content of volatiles also

participates in the reduction through an equivalent reaction

to produce H2O [7]. Carbon in char can react with CO2,

H2O, or O2, where reaction of O2 is very fast and reaction

with H2O is insignificant. Therefore, the rate of CO2

gasification of chars is the lowest and the most significant,

and consequently, it is considered as the rate-determining

step during thermal decomposition [9].

Gasification of plastic materials has been reported in the

literature [10, 11]; however, in these studies, the material is

heated up under CO2 atmosphere. In this way, simultane-

ous devolatilization and gasification as well as volatile

interaction with CO2 will occur. Consequently, char gasi-

fication characteristics are very 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. In addition, in the literature, there is a lack of

study of a complex material such as SRM, which is a

mixture of plastics alongside inorganic materials. Most

studies deal with the gasification of char produced from

individual plastics [9, 12, 13]. As an example, Wu et al. [9]

studied the effect of physiochemical properties and gasifi-

cation temperature on the conversion rate of char derived

from three common plastics in electronic scrap at 873 K.

Results showed that as the gasification temperature

increases, the conversion time decreases, and the

gasification reactivity was the highest for char with the

highest surface area and the lowest carbon crystalline

degree.

In the present investigation, the aim is to study and

compare the gasification of SRM as an alternative reducing

agent with the current reducing agent, coal. Gasification

reaction and char reactivity are influenced not only by the

nature of material but also by the conditions during the

devolatilization stage. One of the devolatilization parame-

ters is the heating rate, which greatly differs between lab

scale and real operation conditions. Therefore, the effect of

devolatilization heating rate on the produced char is

studied.

Materials and Methods

SRM and coal samples as reference material for compar-

ison purposes were used to produce char samples. Ultimate

analysis based on standard1 was carried out for all samples

by the certified laboratory ALS Scandinavia AB, Sweden.

Proximate analyses of original samples and char samples

were performed using thermogravimetric analyzer (TGA,

Netzsch Thermal Analyzer STA 409); the results are pre-

sented in Table 1. Proximate analysis involves heating the

sample in Argon (99.999 % purity) at a heating rate of

10 K/min from room temperature to 383 K with a holding

time of 10 min to remove moisture. In the next step, the

samples were heated up to 1223 K. The weight loss in this

stage is associated with the volatile content. After the

sample reached a constant weight loss (i.e., devolatilization

is completed), argon was replaced by air to oxidize the

residual char; the observed weight loss corresponds to the

fixed carbon content. During this stage, the metals in SRM

can also be oxidized affecting weight change. The

remaining residue represents the ash content of the material

[14].

Char Preparation

Pulverized coal with particle size of less than 38 lm (as

received) and SRM with particle size of less than 0.5 mm,

with average weight of 5 g were devolatilized in a vertical

tube furnace. A schematic representation of the furnace is

shown in Fig. 2. 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

1 Ultimate analysis standard for coal: CHN ASTM D5373, Sulfur SS

187,177, Oxygen calculated, Ultimate analysis standard for SRM:

CHN SS-EN 15104:2011, Oxygen calculated.
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furnace. Nitrogen (99.996 % purity) at flow rate of 10 l/

min enters from the bottom passing through alumina beads

to be heated up before it reaches the evenly heated zone.

Nitrogen and volatiles released leave the furnace from the

outlet at the top. Weight loss was continuously monitored

with a balance at the top of the furnace. A K-type ther-

mocouple is positioned at the evenly heated zone of the

furnace to measure the furnace temperature. The sample is

introduced close to the thermocouple, in the alumina

crucible.

Char Samples Produced at Slow and Medium

Devolatilization Heating Rates

The sample was placed in an alumina crucible (height of

63 mm and thickness of 0.7 mm) and introduced to the

furnace, suspended from the balance. Initially, N2 was

introduced to the furnace for 15 min 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 min. The

sample placed in the alumina crucible was then introduced

to the heated zone of the furnace and held until the weight

loss stabilized. To estimate the heating rate during fast

devolatilization and ensure a uniform heating of the sam-

ple, two thermocouples were inserted: one inside the

sample, and one next to the alumina crucible, and it was

shown that the temperature rose to 1173 K in 5 min, 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 tem-

perature decreased from 1173 K to about 333 K, in 10 min.

This cooling rate is valid during slow and medium

devolatilizations as well. The heating cycles for all three

char samples are presented in Fig. 3.

Char Characterization

Proximate analysis of char samples was determined using

thermogravimetric analyzer, with the same procedure as for

the original samples. Porosity and pore size distribution of

Fig. 1 Representation of role of

coal as a reducing agent in slag

fuming process, and parameters

affecting the gasification

reaction (adopted from [7])

Table 1 Ultimate and

proximate analyses of original

SRM and coal samples

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

Ultimate analysis by standard

Coal 4.8 5.2 1.3 0.3 84.0

Shredder residue material 6.1 12.0 1.8 0.08 56.9

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

Proximate analysis by thermogravimetric analyzer

Coal 0.4 ± 0.3 22.7 ± 0.4 66.7 ± 1.6 9.2 ± 2.4

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

J. Sustain. Metall.

123



char samples were measured using a mercury porosimeter

(Pore sizer 9320, micrometrics, USA). Mercury

porosimetry is based on the gradual injection of liquid

mercury into an evacuated pore at different applied pres-

sures [15]. The surface area of char samples was measured

using Micromeritics’ flowsorb II 2300 and calculated by

applying the Brunauer–Emmett–Teller (BET) equation to

the adsorption/desorption isotherm (N2–He, 77 K). Mor-

phology of produced char samples was studied using Zeiss

Gemin Merlin scanning electron microscopy (SEM). A

PANalytical Empyrean X-ray diffractometer equipped with

copper Ka radiation was used to record the X-ray diffrac-

tion spectra of SRM char samples. The chemical analysis

of SRM ash was performed in Boliden’s-Rönnskär labo-

ratory. Cr, Al, and Mg contents of SRM ash were deter-

mined 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 using inductively coupled plasma

(ICP). The chemical analysis of coal ash was measured by

the certified laboratory ALS Scandinavia AB, Sweden. The

sample was fussed with LiBO2 and dissolved in HNO3.

Finally, the elements were measured by ICP.

Gasification Experiment

Initial gasification experiments were performed isother-

mally using TGA. Char samples were manually crushed and

sieved to a particle size of less than 100 lm. For this particle

size range, it has been reported that the chemical reaction

controls the kinetic of reaction and the effect of reactant

diffusion is negligible [16]. In order to further minimize the

interference of mass and heat transfer on gasification reac-

tion, an initial set of experiments was performed. The con-

ditions were selected to ensure the easy escape of locally

produced CO and easy access of CO2 to the reaction sites.

Based on these experiments, sample weights of 10 mg and

20 mg were selected for coal and SRM char, respectively.

The char samples produced at medium devolatilization

heating rate were heated up to different temperatures 1073–

1473 K with an interval of 50 K, under Argon (99.999 %

purity) atmosphere at heating rate of 10 �C/min. Once the

Fig. 2 Schematic of tube furnace

Fig. 3 Heating cycles of char

samples produced at slow,

medium, and fast heating rates
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sample temperature stabilized at the desired temperature, the

atmosphere was switched to CO2 (99.998 % purity) at a flow

of 200 ml/min and maintained for one hour. The char con-

version is computed as a function of time [17]:

X ¼ w0 � w tð Þ
w0 � w1

ð1Þ

Gasification rate is defined as differential of carbon

conversion to gasification time:

r ¼ � 1

w0 � w1

dw

dt
¼ dX

dt
ð2Þ

Gasification of char is a heterogeneous gas–solid reac-

tion; as CO2 is in excess, its partial pressure remains

constant during the reaction. Therefore, the reaction rate

constant is dependent on temperature and the kinetic

parameters such as activation energy and preexponential

factor can be calculated using the Arrhenius equation [18]:

r ¼ Ae�Ea= RTð Þ ð3Þ

In general, to evaluate the overall gasification reactivity of

char, reactivity index is used, which is defined by Eq. 4 [19]:

RS ¼ 0:5

s50
ð4Þ

Furthermore, to study the effect of devolatilization

heating rate on gasification of char samples, the slow and

fast devolatilized char were tested under nonisothermal

condition, which has the advantage of studying the reaction

in one experiment [20]. The kinetic parameters were cal-

culated based on the assumption that the nonisothermal

heating cycle consists of an infinite number of discrete

isothermal sections, which are a first order reaction. The

previously mentioned Arrhenius equation can be applied to

those isothermal sections, with the modification of consid-

ering the weight of remaining carbon in the sample for each

isothermal section [21]. 10 mg of char samples were heated

up to 623 K under argon at a flow rate of 100 ml/min at a

heating rate of 20 K/min. Afterward, 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 Eq. 5.

q ¼ 1

wC

dwC

dt
¼ Ae�E=RT ð5Þ

Results and Discussion

Characterization of Char Samples

Proximate Analysis

The proximate analyses of char samples produced at dif-

ferent devolatilization heating rates are presented in

Table 2. Comparison of the proximate analyses of coal and

SRM char shows that SRM contains lower fixed carbon

compared to that of coal. Coal char contain up to 80 %

fixed carbon, while SRM char has 20 % fixed carbon. The

proximate analyses of both SRM and coal char samples do

not significantly change at different devolatilization rates.

Higher amounts of volatiles are present in SRM char

compared with coal char. Mass spectroscopy analysis

during proximate analysis of char 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 [22]. Release of H2 during proximate

analysis of char suggests the continuation of these reac-

tions. H2O is probably produced from reduction reaction of

oxides in ash with produced hydrogen. Finally, SRM has

higher content of ash compared with coal, due to its content

of metals and ceramic materials. A summary of elemental

analysis of ash for coal and SRM is presented in Tables 3

and 4.

SRM char contains a lower amount of fixed carbon than

coal char, which is due to the fact that SRM consists of

plastics, which are known to produce lower amounts of

fixed carbon compared with coal. Crosslinking and

cyclization reactions are the important reactions that

determine the amount of char produced during plastic

thermal decomposition. Thus, some plastics such as poly-

ethylene are decomposed mainly by release of volatiles

(98 %), generating a low amount of char, while a plastic

like polyvinylchloride produce a higher amount of char

[23].

Pore Size Distribution and Surface Area of Char Samples

The characteristics of char samples prepared at slow and

medium heating rates are similar; therefore the character-

ization results from the slow devolatilized char are pre-

sented and compared with the fast devolatilized char.

Figure 4a shows the variation between cumulative intru-

sion measurements of the intruded Hg in coal and coal char

samples versus the corresponding pore diameter. Cumula-

tive intrusion volume is a plot of the volume of mercury

intruded into each gram of samples as a function of pore

diameter [24].

Figure 4 shows that the cumulative intrusion in original

the coal sample differs from the char samples produced at

slow and fast devolatilization heating rates. In the original

sample, the total intrusion volume of Hg gradually

increases for a pore size range of 5–200 lm, then sharply

increases at pore diameters in the range of 0.3–3 lm, fol-

lowed by a gradual increase. The cumulative intrusion

volume observed for both the treated char samples were

higher than the original coal sample in the pore size range
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of 5–200 lm, while in the pore diameters in the range of

0.3–3 lm, the original sample was higher than that in the

coal char samples. The latter pore size range almost dis-

appeared for char samples. The population of pore size in

the size range of 5–200 lm increased in the order of, fast

devolatilized char[ slow devolatilized char[ original

sample. This indicates that at the higher devolatilization

heating rate, a larger number of macropores is formed at

the expense of smaller pores.

Figure 4b 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 lm for all samples; afterward, the slopes

decrease slightly. The original sample shows an increase in

the cumulative pore volume for the 0.03–0.001 lm, indi-

cating the presence of micropores, which disappear 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 the coal sample, at a slow devolatilization rate

a larger number of pores are formed.

The effect of heating rate during the devolatilization

step on the surface area of the corresponding produced coal

and SRM char samples is shown in Table 5. For both SRM

and coal char samples, the surface area is not significantly

affected by the devolatilization heating rate; however, char

samples produced at fast heating show a slight increase in

surface area, compared to that produced at a slow

devolatilization heating rate. This could be due to the slight

sintering at slow and medium devolatilization. At any

devolatilization heating rate, the surface area of the pro-

duced SRM char samples is higher than that of coal chars.

Morphology of Char Samples

The morphology of the char samples produced at fast and

slow devolatilization heating rates was studied using

scanning electron microscopy (SEM). Coal char produced

by fast devolatilization (Fig. 5) shows a more porous

structure compared with char produced at a slow heating

rate. This is in agreement with the result of mercury

porosimetry indicating higher population of macropores

observed in char produced at a fast heating (Fig. 4a). A

closer examination of the morphology shows that char

produced at a slow devolatilization rate consists of indi-

vidual particles in the size range of the original coal sample

(Fig. 6). Comparison of the morphology of char produced

at slow devolatilization in Fig. 5c and the original sample

(Fig. 6) suggests that the sample sintered. The structure of

char at fast devolatilization heating indicates melting and

plastic deformation with ash particles appearing as bright

spots. Original coal porosity decreases during

devolatilization by either sintering of sample (slow heating

rate) or melting of structure (fast heating rate).

The effect of devolatilization heating rate on the struc-

ture of coal char can be explained by the thermoplastic

properties of coal. At a slow devolatilization heating rate,

Table 2 Proximate analyses of

coal and SRM char
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 84.8 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

Table 3 The elemental

composition of SRM ash
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

composition of coal ash
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
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coal does not show much fluidity, while at a fast

devolatilization heating rate, the fluidity is more pro-

nounced. At a high heating rate, coal becomes soft, and

pore opening is blocked by the onset of plastic stages. At

this stage, volatiles are trapped in the coal and diffuse to

form bubbles rather than exiting the coal directly. When a

bubble reaches the surface, it releases the volatile matter

[25]. Hence, the coal char produced at a fast devolatiliza-

tion rate, as shown in Fig. 5d, presents a molten structure

and contains larger macropores, while the char produced at

a slow devolatilization rate appears as sintered.

SEM images of the original SRM sample (Fig. 7a, b)

show diversity in the morphology of this material. Differ-

ences in the colors of the observed phases in the back-

scattered image (Fig. 7b) suggest the presence of different

phases. The effect of devolatilization heating rate on

structure of char is less clear for SRM char compared with

coal char, as, in both SRM char samples, the compact

plastic structure is changed by the release of high amount

of volatiles (Fig. 8a, b). The volatile that is released opens

some new pores, and the particles consequently develop

more macropores compared with the original sample,

which is in agreement with the result from mercury

porosimetry (Fig. 4b). Investigation of the structure of

Fig. 4 Cumulative pore

volumes for a original coal and

coal chars, b original SRM and

SRM char samples produced at

slow and fast devolatilization

heating rates

Table 5 Effect of devolatilization heating rate on BET Surface area

(m2/g) of SRM char, after crushing to less than 100 lm

Sample Devolatilization heating rate (K/min)

Slow Medium Fast

SRM char 17.5 16.9 18.3

Coal char 13.2 13.6 15.5
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SRM char in Fig. 8 shows that wire-shaped particles still

remain after devolatilization, while the rest of structure

changed. This result suggests that the mentioned wire-

shaped particles are inorganic parts, which are embedded in

the plastic parts.

SRM char produced at fast devolatilization heating rate

shows evidence of bubble formation during devolatiliza-

tion. Figure 9a shows formation of a cenoshpere particle,

which is probably formed by the internal pressure caused

by release of volatiles inside the formed liquid film. A

small hole is observed on top of the particle, which is

probably caused by release of volatile. In the other char

sample observed in Fig. 9b, the release of volatiles through

the melt would lead to an eruption, as can be observed in

the SEM image.

Other researchers have also reported formation of a

liquid film on the outside layer of high volatiles containing

materials [2]. Such a liquid film might be responsible for

the formation of some closed pores in the char particles,

which could be the reason for decrease in porosity of SRM

char produced at a fast devolatilization rate, as observed in

mercury porosimetry results.

Fig. 5 Morphology of the coal char produced at a, c slow devolatilization; b, d fast devolatilization, arrow in d shows the ash particles

Fig. 6 Morphology of original coal sample
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For both SRM and coal char samples, the open and

interconnected porous structure in the char sample pro-

duced during devolatilization offers an increased number

of paths for the gas phase to access carbon sites. A

summary of the phenomena occurring during SRM

devolatilization is illustrated in Fig. 10. During

devolatilization, irrespective of the heating rate, inorganic

species do not show any significant changes, while organic

Fig. 7 Morphology of original SRM sample. a Secondary electron image. b Back-scattered scan

Fig. 8 Morphology of SRM chars. a produced at slow devolatilization; and b fast devolatilization rate

Fig. 9 SEM images of SRM char produced at fast devolatilization heating rate. a Formation of bubble. b Erupted bubble
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species change completely. The structure of carbon formed

by devolatilization of organic parts is affected by the

thermal profile that SRM is exposed to.

Gasification Experiments

The effect of temperature on the carbon gasification of char

produced at medium devolatilization heating rate was

studied, the results are shown in Fig. 11. For both char

samples, the time to complete carbon conversion decreased

as the gasification temperature increased. At any given

temperature and time, the conversion degree of SRM is

always higher than that of coal char. Carbon conversion for

coal char approaches completion only at temperatures

higher than 1273 K, while SRM char reaches complete

conversion at temperatures higher than 1173 K.

Fig. 10 Schematic illustration of behaviors of the mixture of different plastics as they are heated (inspired from [26])

Fig. 11 Carbon conversions at

different temperatures for a coal

char and b SRM char during

isothermal gasification
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The reactivity index of char gasification is calculated

based on Eq. 4, and the result is plotted in Fig. 12. The

reactivity index of both char samples increased with the

gasification temperature. At each temperature, SRM char

shows higher reactivity than coal char.

The gasification kinetic of SRM and coal char during

isothermal gasification at the initial stage of reaction is

calculated using an Arrhenius plot, which is shown in

Fig. 13. The calculated activation energy for coal char is

135.6 kJ/mol, while it is 116.4 kJ/mol for SRM char. At

temperatures higher than 1273 K, the activation energy of

coal char drops to 74.2 kJ/mol; similarly, the activation

energy of SRM char drops to 53.8 kJ/mol at 1273 K. The

decrease in the activation energies at these temperatures

can be interpreted as a change in the rate-determining

mechanism from chemical control to a mixed control,

where the reaction occurs under the influence of pore

diffusion.

The gasification rate of SRM char was higher than that

of coal char; and the estimated activation energy for its

gasification was lower than coal char. This difference could

be due to different physical properties of material, such as

surface area, morphology of char, and the pore distribution,

which are known to play a vital role on gasification reac-

tivity [9]. In addition, the ash content, especially alkali and

alkaline earth metals (AAEM) and iron, are known to act as

catalysts 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 potas-

sium 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 as inactive in the catalytic carbon gasifica-

tion. The complicated effects of various ash components

are often expressed by alkali index [19, 27]. The alkali

index (A value) is calculated by Eq. 6. [28] 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

inorganic content, which leads to higher gasification rate

and lower activation energy observed for SRM char.

Considering utilizing this material in nonferrous metal-

lurgy, after the gasification is completed, the inorganic

compound in ash will dissolve in the slag. The process can

be designed in such a way that the inorganic compound can

be recycled.

A ¼ Ash� Fe2O3 þ Na2Oþ K2Oþ CaOþMgO

Al2O3 þ SiO2

ð6Þ

The effects of devolatilization heating rate on the gasi-

fication kinetics of char samples are compared using non-

isothermal gasification tests. Figures 14 and 15 show the

gasification rates versus reciprocals of temperature (Ar-

rhenius plot) during nonisothermal gasification of SRM and

coal char.

Table 6 shows the estimated kinetic parameters based

on nonisothermal gasification in the temperature range for

gasification. Gasification of SRM starts and finishes at

lower temperatures, compared with coal char. The activa-

tion energies for both SRM char are lower than those of

coal char, which is probably due to the mentioned catalytic

effect of ash constituents.

The char samples produced at a slow heating rate show

lower activation energy compared with char produced at

Fig. 12 Reactivity indices of coal and SRM char measured at

different temperatures

Fig. 13 Arrhenius plots of isothermal gasification at different

temperatures. a Coal char. b SRM char
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Fig. 14 The weight losses during nonisothermal gasification of char produced at a slow devolatilization, b fast devolatilization; and Arrhenius

plots of c at slow, d fast devolatilization for coal char samples

Fig. 15 The weight losses during nonisothermal gasification of char produced: a at slow devolatilization, b fast devolatilization; and Arrhenius

plots: c at slow, d at fast devolatilizations for SRM char samples
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fast heating rate. In addition, the reactivity of SRM char

produced at slow heating rate is lower than char made at a

fast heating rate. 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 more ordered

crystalline structure has lower ordered gasification reac-

tivity [28]. To examine the effect of devolatilization heat-

ing rate on the crystallinity of chars, X-ray diffraction

technique was used.

Figure 16 shows the X-ray diffraction spectra of SRM

char samples produced at slow and fast devolatilization

rate. The position of the peak in the angle region of 27–29�,
corresponds to the (002) peak of graphite, which is gen-

erally attributed to the stacking of the graphitic basal plans

of chars [29]. The disordering of carbon crystalline struc-

ture results in the broadening of the (002) diffraction peak:

the more disordering of carbon crystalline structure, the

wider the diffraction peak of (002) [9]. 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 with the char

produced at fast devolatilization heating rate, which

explains the lower reactivity observed for the this char.

Conclusion

• The structure of SRM char and gasification of char are

studied to gain a better understanding of its possible

application in metallurgical processes. It was found

that, although SRM produces a lower amount of char

compared with coal char, the SRM char is more reac-

tive than coal char; therefore, the gasification rate is

higher.

• Proximate analysis of char shows a higher amount of

ash present in SRM char. SRM char contains elements

such as copper which has the potential to be extracted

during the process; this indicates that utilizing this

material in nonferrous metallurgy has the advantage of

recycling of the inorganic component.

• SRM char has different physiochemical properties

compared with coal char, which would result in

different gasification behavior. In addition, the inor-

ganic material present in both char samples has a

catalytic effect on gasification rate and activation

energy. The isothermal and nonisothermal gasification

experiments with char samples show that the gasifica-

tion of SRM char starts and finishes at a lower

temperature compared with coal char. It was also

observed that the calculated activation energy is lower

for SRM char gasification. Furthermore, the higher

gasification rate implies less chance of the unreacted

char remaining in the process.

• The effects of devolatilization heating rate on the

structure of char samples and their consequent gasifi-

cation are studied. It was observed that, although the

composition of char does not show considerable

change, the morphology of char samples differs. Char

samples produced at a faster heating rate, which is

closer to devolatilization conditions in metallurgical

processes, have more disordered crystalline carbon

which leads to higher reactivity and, consequently, the

gasification rate is higher.
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Fast 973–1123 166 5.41 9 103

Fig. 16 XRD spectra of SRM chars produced at different heating

rates
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