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Abstract
The amount of plastic-containing materials, such as shredder residue material, which is generated after the processing of 
electronic equipment waste, is increasing. One interesting option for the sustainable management of these materials, instead 
of incineration or landfilling, is recycling through injection in a bath smelting process, such as zinc fuming. In this way, the 
plastic material could partially substitute coal as a reductant in the process. In such processes, shredder residue material 
is injected alongside air into the furnace at temperatures up to 1250 °C. Once the material is injected, it undergoes several 
conversion steps, including ignition, devolatilization, and char oxidation. In this study, the conversions of shredder residue 
material and other pure plastic materials were investigated using a drop tube furnace and an optical single-particle burner. 
The effect of particle size on the conversion time of each material was studied. The conversion time of the particles increases 
as the particle size increases, although the relationship is not linear. The results indicate that plastic materials with a particle 
size range of 1–7 mm have a considerably longer conversion time than that of coal used in the conventional processes.

Keywords Shredder residue materials · Thermal conversion · Oxidizing conditions · Drop tube furnace · Optical single-
particle burner

Introduction

The production of electric and electronic equipment (EEE) 
is a fast-growing area. This development has resulted in an 
increase of waste electric and electronic equipment (WEEE) 
[1]. Shredder residue material (SRM), which is a residue 
generated during the shredding of WEEE, contains met-
als, metal oxides, and a high fraction of plastic material. 
Recycling of these residue materials is challenging, as it is 
heterogeneous; just the plastic fraction could consist of more 

than 15 different plastic types [2]. Instead of the current 
available options of landfilling and incineration, utilization 
as a reductant in the smelting processes is a more promising 
option [3].

Utilization of SRM in the smelting process provides a 
promising route for their recycling, since both the organic 
and nonorganic parts can be recycled. One example of the 
smelting processes is zinc fuming, which involves the reduc-
tion of zinc oxide from zinc-containing slag by the injection 
of a reducing agent and air. Traditionally, coal is used as a 
reducing agent in this process. However, the utilization of 
plastic-containing materials such as shredder residue mate-
rial is possible [4]. There are several studies available on the 
behavior of coal in the zinc fuming process. G. G. Richard 
et al.[5] extensively studied the zinc fuming process and 
the behavior of coal in the furnace. The result of the tuyere 
back-pressure measurement indicates that the coal and air 
injected will be discharged into the furnace as a continuous 
series of bubbles. This series of bubbles can directly rise 
up the furnace wall, which is called a tuyere gas stream. 
A fraction of the injected coal will combust in the tuyere 
gas stream. Another fraction of coal that did not fully com-
bust in the tuyere gas stream can be entrained in the slag. 
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The entrained coal particles will devolatilize and generate a 
bubble containing CO,  CO2,  H2, and  H2O. CO and  H2 will 
reduce the oxides in the slag and produce  CO2 and  H2O, 
which will react with the fixed carbon in char through the 
Boudouard reaction. The formed bubble will rise with the 
slag flow, and the extent of reduction in the process depends 
on the residence time of the formed bubble in the slag. Thus, 
for a reductant that is entrained in the slag to be efficient, the 
time needed for a particle to totally convert shall be shorter 
than the residence time of the formed bubble.

In another study, Huda et al.[6] made a computational 
fluid dynamic model of one of the zinc fuming furnaces 
that Richard used in his study. In contrast to Richard, their 
findings showed that the entrained coal particles seem to 
have less influence on the overall fuming. The results of the 
simulation predict that the major portion of the injected coal 
is combusted in the tuyere gas column. Furthermore, the 
products of combustion (CO,  CO2, and  H2O) are predicted 
to be present in the tuyere gas column and the gas–liquid 
emulsion zone around the column. The presence of CO at 
the gas–liquid interface reduces the ZnO present in the slag 
phase. Regardless of which phenomenon is controlling the 
process, both studies show the importance of the conver-
sion characteristics of the reductant in the process. There 
are several experimental data on the conversion time of coal 
particles under oxidizing conditions, which are similar to the 
conditions in the fuming process. However, there is a lack of 
similar studies in the literature for plastic material and SRM. 
In order to consider these materials as alternative reducing 
agents, the ignition and combustion times need to be studied, 
as only limited literature studies are available.

The conversion time of coal with a particle size of 74 µm 
injected into a heated enclosure indicates that the igni-
tion times for the particles is in the order of 30 ms [7]. In 
another study, McLean et al.[8] studied the conversion of 
single coal particles with a size of 65 µm in a particle burner 
with rapid heating. Ignition of the particle starts at 10 ms, 
and 25 ms after ignition, the particle was totally converted. 
Previous studies on the conversion characteristics of plas-
tic-containing materials [9–13] including SRM [14, 15] are 
more related to the compositions of released volatiles, rather 
than conversion times. Therefore, the aim of this study is to 
determine the conversion time with rapid heating rates under 
oxidizing conditions. The conversion time is studied using 
two methods: an optical single-particle burner and a drop 
tube furnace. In the first method, the effect of particle size 
on conversion at two residence times is studied by measur-
ing the solid residue yield. In the other method, continuous 
recording using a high-speed camera is used to identify the 
conversion characteristics and the conversion times under 
the studied conditions.

Materials and Methods

In this study, two pure plastic materials—polyethylene (PE), 
polyurethane (PUR)—and one SRM were evaluated in addi-
tion to the bituminous coal. Two different colors of PE parti-
cles were tested: one PE is from a recycling fraction defined 
as black in color, and the other is from a production fraction 
and defined as transparent. PUR samples were in extruded 
form. Plastic materials were crushed using a rotary knife 
mill to different particle sizes of 1, 3, 5, and 7 mm. Experi-
ments were repeated 20 times for the SRM to determine the 
average conversion time of the particles, as the material is 
heterogeneous. The coal sample particle size used in this 
study was 38 µm, which is similar to the particle size of coal 
that is used in conventional fuming processes. The ultimate 
and proximate analyses1 of samples were determined by the 
certified laboratory, ALS Scandinavia AB, Sweden and are 
presented in Table 1.

Drop Tube Furnace (DTF)

The first set of conversion experiments were carried out in 
a laminar-flow drop tube furnace at 1250 °C under atmos-
pheres of  N2 and  O2 at a flow rate of 3 l/min (80%  N2, 20% 
 O2). The reactor consisted of an alumina tube (inner diam-
eter: 54 mm) heated by six heating compartments with inde-
pendent temperature controls, and is shown in Fig. 1. The 
detailed description of the furnace is reported elsewhere 
[16]. The gas-flow rate into the reactor was regulated by 
mass flow controllers (Bronkhorst: EL-FLOW series). The 
feeding system is based on a syringe pump that displaces 
a bed of particles upward, which eventually falls into the 
reactor through a hole in its middle. Vibration was applied 
to the feeding unit in order to improve the consistency of 
the feeding rate. The details of the injection system are 
found elsewhere [17]. Plastic particles fell directly into the 
high-temperature zone of the reactor through a water-cooled 
nozzle.

Primary gas (0.8 l/min of  N2 and  O2) carried the plastic 
particles into the reactor while a secondary gas (2.2 l/min) 
was concentrically supplied to set the gas composition of the 
reactor. Both primary and secondary gases were at stand-
ard pressure and temperature. The ratio of  N2 to  O2 was 
80/20 for both the primary and secondary gases. To study 
the effect of the particle’s residence time on the extent of 

1 Standards for proximate analysis of coal: Moisture SS 187,155, ash 
SS 185,157, volatile SS-ISO 562:2010. Standards for proximate anal-
ysis of SRM: Moisture SS-EN 14,774:2009, ash SS-EN 14,775:2009, 
and volatile SS-EN 15,148:2009. Fixed carbon was calculated. Ulti-
mate analysis standards for coal: CHN ASTM D5373, sulfur SS 
187,177, and oxygen were calculated. Ultimate analysis standards for 
SRM: CHN SS-EN 15,104:2011, and oxygen were calculated.
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conversion, two different furnace heights were used. One set 
of experiments was completed using the furnace with three 
compartments, and another set with six compartments. The 
total heated length of the furnace with six compartments 
was 2.3 m. To simplify the calculation, it is assumed that 
drag force and gas velocity do not affect the velocity of the 
falling particles. Thus, the residence time of the particles is 
calculated assuming free fall, using the following formula:

where h (m) is the height of the furnace, and g (m/s2) is 
the gravitational constant. Therefore, the residence time is 
dependent on the height of the furnace, not the particle size. 
The calculated residence times were 0.47 and 0.65 s for the 
furnace with three and six compartments, respectively. The 
product of combustion consists of a solid residue, which falls 
into a water-cooled char bin.

Optical Single‑Particle Burner (OSB)

Another set of conversion experiments was carried out 
with an optical single-particle burner. A stable flame at 
the bottom was provided by a premixed combustion of 
 CH4 in a small diameter McKenna burner (Holthuis & 
Associates). The temperature of the flame was controlled 
by the ratio of  CH4,  CO2, and  O2. Flow rates of  CH4, 
 O2,  CO2, and  N2 were controlled and measured by ther-
mal mass-flow meters (MASS-VIEW series, Bronkhorst 
high-tech B.V.). The temperature of the combustion gas, 
which was measured a few mm from the particles, was 
set to 1250 °C. An  N2 stream was supplied surround-
ing the flame at the same gas velocity as the  CH4/O2 
mixture at standard state (200 mm/s). The flow rates of 
 CH4,  O2, and  N2 were 1.60, 3.21, and 5.79 l/min, respec-
tively, and the ratio of  CO2/N2 was set to 1. A cylindri-
cal tube with quartz windows and a sample-inserted port 
was used to stabilize the flow of combustion gas and  N2. 
Gas temperatures were measured by a thin wire ther-
mocouple (diameter: 100 μm). Prior to the experiment, 
samples were placed on a platinum-wire mesh plate. The 
flame was ignited and stabilized before the sample was 
inserted at the center of the flame. In some experiments, 

t =

√

h × 2

g

Table 1  Ultimate and proximate analyses of coal and plastic materials

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

Ultimate analysis
 Coal 84.0 4.8 1.3 0.30 5.2
 SRM 57.3 6.1 1.4 0.16 12.9
 PE 78.5 11.6 – 0.06 1.6
 PUR 61.7 6.2 6.0 0.03 15.3

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

Proximate analysis
 Coal 0.8 26.5 68.3 4.4
 SRM 8.0 67.3 2.6 22.1
 PE 0.3 89.1 2.3 8.3
 PUR 1.6 80.8 7.1 10.5

Fig. 1  Schematic illustration of the laminar DTF, adapted from [16] 
(Color figure online)
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the thermocouple was removed after the temperature 
remained stable, to avoid damaging the thermocouple due 
to the excessive heat produced during volatile combus-
tion. The chamber was at atmospheric pressure. A 3CCD 
camera (CV-M9 GE JAI) at a frequency of 30 Hz recorded 
the morphological change in the sample (Fig. 2).

Results

Effect of Particle Size on Conversion at Different 
Residence Times

The combustion of particles at the two residence times 
of 0.47 and 0.65 s were studied in the DTF. The products 
after the test included soot, tar, solid residue, and gas. 
PUR, transparent PE, and SRM were tested. The only 
material that reacted during the tests was SRM. Figure 3 
shows the solid residue yield for SRM at each particle 
size for the two residence times. Solid residue was calcu-
lated based on the ratio of the mass of the solid residue 
after the test to the mass of the original particle. The 
weight loss of the particles in the furnace corresponds to 
the extent of particle conversion. No significant amount 
of tar or soot was observed during these experiments. 
At the particle size of 7 mm, there was no weight loss at 
either of the two residence times. At the shorter residence 
time, the solid residue yield was higher, which indicates 
that less conversion took place.

No significant change in the weight of the particles was 
observed at both residence times for PUR and PE at all 
particle sizes. The residence time of particles in this fur-
nace is not long enough to start the conversion. To study 
the conversion of these plastic materials with respect to 
time, the optical single-particle burner was used.

Visual Observations During Particle Conversion

Figure 4 shows an example of the phenomenon that was 
observed during conversion of the samples in the optical sin-
gle-particle burner. Particles went through ignition, devola-
tilization, and char combustion steps. To identify each of 
these steps during the conversion in the OSB, the following 
definitions are used:

• Ignition time: the duration between the moment when 
the sample is inserted into the center of the chamber and 
the moment of the first appearance of a visible flame. In 
the case where samples start to ignite before reaching the 
center, the ignition time is reported as negative.

• Devolatilization time: the duration between the igni-
tion time and the moment with the last visible flame. 

Fig. 2  Schematic of an optical 
single-particle burner, adapted 
from [18] (Color figure online)

Fig. 3  Solid residue yields at two residences times for SRM of differ-
ent particle sizes at 1250 °C (Color figure online)
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The remaining material is char and/or ash. Particles may 
swell or shrink during devolatilization

• Char combustion time: the duration after the extinc-
tion of the visible flame and the termination of the char 
particle combustion process. The existence of the char 
combustion process was judged by light emission from 
the particle. The remaining particle after devolatiliza-
tion (char) can continue to shrink until it stops react-
ing and only ash remains. The ash could remain or fly 
away.

• Total conversion time: the sum of ignition, devolatiliza-
tion, and char burnout times. By the end of this time, the 
particle is fully converted.

Figure 4 shows the change in morphology of both trans-
parent and black PE during conversion. During devolatiliza-
tion, the transparent PE particles appeared to have melted 
and transformed into a spherical shape, with bubbles form-
ing inside the particle (Fig. 5a). However, due to signal 
interference from the flame, it was difficult to determine the 
change in the diameter of the particle. During the devola-
tilization of transparent PE, some particles were observed to 
have flown through the flame, which suggests that the parti-
cle transforms to fragments during conversion (Fig. 5b). The 
particle completely disappears once devolatilization stops 
and the flame also disappears. In other words, the particle 
was converted by devolatilization alone, and no char oxida-
tion was observed.

The black PE particles showed similar behavior to that of 
the transparent PE particles (Fig. 4, PE black), except that 

after devolatilization stops, a small solid residue remained 
that flew away. This suggests that the particle produces a 
light char that is carried away by the gas flow. The black PE 
particles melted during conversion; however, fragmentation 
was not observed.

Figure 6 shows that the PUR particle was ignited as soon 
as it was inserted into the chamber. During the PUR devol-
atilization, a fume was observed within the flame, which 
is probably suggestive of the detachment of material from 
the particle (Fig. 7a). PUR swelled during the devolatiliza-
tion. At the end of devolatilization, material deposition was 
observed at top of the particle (Fig. 7b). Unlike PE, PUR 
produced char after devolatilization, which continued to 
glow and shrink. Finally, the particle stopped glowing, and 

Fig. 4  Example of recorded images during conversions of transparent PE and black PE (3 mm); the temperature was set to 1250 °C (Color figure 
online)

Fig. 5  a Bubble formation inside transparent PE, b soot formation 
observed in the flame (Color figure online)
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the particle size remained the same. The ash that remained 
after combustion had the same cylindrical shape as the origi-
nal PUR, though with a smaller diameter.

SRM consists of different types of plastic materials, 
and thus, its conversion characteristics are varied. Figure 8 
shows three examples of SRM particles with different con-
version characteristics. Particle 1 in Fig. 8 shows that the 
particle swelled until the end of devolatilization (t = 4.98 s). 
Once the devolatilization was complete, the particle contin-
ued to shrink due to char combustion. No visible flame was 
observed during the conversion of particle 2 (Fig. 8). The 
particle shrank rather than swelled during the combustion 
until it disappeared.

The flame that was observed during the devolatilization 
of the third particle did not show a uniform shape, which 
could be due to a different pore opening of the particle. The 
particle size was smaller than the initial size upon completion 
of the devolatilization (t = 7.14 s). The particle continued to 
shrink until it stopped glowing. These are just a few examples 
of some of the conversion characteristics observed for SRM, 
and a variety of other conversion characteristics were also 
observed. Some particles only converted by devolatilization, 

while some produced char and went through char combustion 
as well.

The coal sample was in the pulverized form as it is nor-
mally used in the fuming process. Thus, it was not possible 
to perform the experiment with the platinum wire that was 
used for the single plastic particles. Instead, the wire was 
inserted into the coal powder, and as a result, a pack of parti-
cles was collected on the wire. Thus, the conversion charac-
teristics were not measured for single coal particles, rather, 
for a cluster of more particles as shown in Fig. 9. A flame 
was observed during devolatilization. After char combustion, 
a light ash remained, which flew away. The conversion of coal 
was mainly determined by the char combustion time, while 
for plastic materials, devolatilization was the main conversion 
stage. The devolatilization time of coal was 1.83 s, and the 
total conversion time was 16 s.

Effect of Particle Size on Conversion Time 
of Different Samples

Figure 10 shows the ignition, devolatilization, and char com-
bustion times for all tested materials with different particle 
sizes. The standard deviation was insignificant for all the 
plastic materials studied except for SRM, and only the mean 
values are presented. The devolatilization times of trans-
parent PE and black PE particles were similar. The devola-
tilization times of both PE particles, black and transparent, 
increased as the particle size increased, though not linearly. 
In the case of PUR (Fig. 10c), the devolatilization and the 
char combustion time also increased with the increasing par-
ticle size, while the ignition time remained approximately 
the same. The increase in devolatilization time was not lin-
ear. The devolatilization time of PUR was longer than that of 
PE with the corresponding particle size. The average devola-
tilization and char combustion times, and the standard devia-
tions for the SRM are presented in Fig. 10d. As the particle 
size increased, the devolatilization time also increased.

Another important parameter, apart from the time 
required for each phenomenon occurring during conversion, 
is the total time needed for conversion. Figure 11 shows 

Fig. 6  Examples of recorded images during conversion of PUR (2 mm); the temperature was set to 1250 °C (Color figure online)

Fig. 7  a Particle fragmentation during PUR devolatilization, b mate-
rial deposition formed on top of particle (Color figure online)
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the total conversion times for all tested materials with dif-
ferent particle sizes. PE had the shortest total conversion 
time, and PUR had the longest total conversion time among 
the plastic-containing materials. As SRM showed a variety 
of conversion times, the average total conversion time is 
reported. At each particle size, the conversion time of SRM 
was longer than that for PE.

Discussion

Injection of the reductant with air to the furnace leads to a 
plume formation in front of the tuyeres. Reductant particles 
are subject to oxidizing conversion as they pass through the 
plume. Conversion process includes ignition, devolatiliza-
tion, volatile combustion, and char combustion. The extent 
of conversion depends on the residence time of the parti-
cles in the plume, which in turn is dependent on the plume 

Fig. 8  Examples of images recorded during conversion of different SRMs of different particle sizes; the temperature was set to 1250 °C (Color 
figure online)

Fig. 9  Observations during the conversion of packed coal particles; the temperature was set to 1250 °C (Color figure online)
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diameter and the velocity of the particles. Determination of 
the change in the plume size or the velocity of the particles 
due to change of the reductant to plastic materials, is beyond 
the scope of this article. Thus, the only parameter considered 
and measured is the conversion characteristics of the parti-
cles. Both black and transparent PE particles have shorter 
conversion times compared with PUR; thus, under similar 
residence times in the plume, PE will convert more than 
PUR. The difference in conversion characteristics of these 
two plastic materials is due to differences in their structure. 
PE consists of ethylene chains, which break down by random 
session without producing char. PUR, on the other hand, 
consists of aromatic rings, which can recombine and produce 
char [19]. As a result, char combustion elongates the total 
conversion time of PUR. SRM consists of a variety of plastic 
materials, such as polypropylene (PP), which, similar to PE, 
do not produce char during conversion. SRM also consists of 
plastics, such as polyvinyl chloride (PVC), which do produce 
char during conversion [20]. For this reason, SRM demon-
strates numerous conversion times; therefore, the extent of 
SRM conversion in the plume varies.

The total conversion time of the plastic materials studied 
here, at the smallest particle size, is in the order of sec-
onds, while the conversion time of the currently used reduc-
ing agent, pulverized coal, is reported to be in the order of 

milliseconds. Timothy et al.[21] studied the total combustion 
time for single coal particles with particle size of 38–45 µm 
and reported that the total combustion time is between 20 
and 40 ms. Thus, the studied plastic materials would be con-
verted less in the plume compared with coal. However, for 
all plastic materials with a smaller particle size, a shorter 
conversion time was observed. Thus, the decrease in particle 

Fig. 10  Ignition, devolatilization, and char combustion times for tested samples of different particle size at 1250 °C. The standard deviation is 
only demonstrated for SRM, as the standard deviation was negligible for the remaining materials (Color figure online)

Fig. 11  Total conversion times for the tested materials with different 
particle sizes (Color figure online)
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size would possibly improve the conversion rate of plastic 
materials.

In this study, the conversion time of packed coal parti-
cles was studied, which showed a total conversion time of 
16 s. Other researchers [5] mentioned the tendency of coal 
particles to agglomerate during injection. The agglomerated 
coal particles would be similar to the packed coal particles. 
The packed particles required a considerably longer time to 
convert compared with single particles; hence, it is possible 
that the fraction of coal that would agglomerate does not 
fully convert during the process.

Zinc fuming is controlled by the contact between ZnO 
and the reducing gases in the slag bath. Reducing gases can 
be produced by combustion of the reductant in the tuyere, 
and they can be further detached from the plume in bubble 
form. In addition, reductant particles can penetrate and be 
converted in the slag bath. In this case, the reductant will 
probably be surrounded by volatiles forming a bubble, and 
the efficiency of the reducing agent would be dependent on 
the residence time of the formed bubble. For an alternative 
reducing agent to be efficient, its conversion time should be 
shorter than the residence time of the formed bubble. The 
residence time of the bubble is dependent on the bubble’s 
diameter and its motion in the fuming bath. Plastic materi-
als contain a higher concentration of volatiles and a larger 
particle size; thus, they are expected to generate a larger 
bubble. Larger bubbles have a lower residence time in the 
slag, which decreases the reduction efficiency. Although the 
relationship between the plastic particle size and the bubble 
size is not clear, at these particle sizes, the plastic materials 
tested will probably create larger bubbles compared with 
coal, which could possibly reduce their efficiency.

Another parameter to consider is the composition of gases 
within the bubble. The gases generated through conversion 
are more likely to consist of CO and  CO2, while the gases 
produced through the devolatilization of the plastic materials 
are mainly hydrocarbons. The hydrocarbons formed need 
to break into C and  H2 in order to be able to participate in 
reduction, which is known to be a slow process [22]. Thus, 
it is possible that with the slow decomposition of hydrocar-
bons, the residence time of the bubble is not long enough to 
complete the hydrocarbon cracking.

Finally, no significant conversion was observed for PE 
and PUR in the DTF, while devolatilization of the particles 
was started in the OSB burner at corresponding residence 
times. This could be due to the different dominant heat-
transfer mechanisms between these methods. Radiation is 
the dominant heat-transfer mechanism in the DTF test, while 
convection is the main mechanism of heat transfer in the 
OSB. Correspondingly, the dominant heat-transfer mecha-
nisms in the plume and slag bath could be different, which 
could lead to a difference in the conversion time.

In conclusion, to select a possible alternative reducing 
agent, the conversion characteristics of particle and bubble 
residence times are important. Both these parameters are 
dependent upon the operational conditions in the furnace, 
such as slag chemistry and the injection system.

Conclusions

Conversion characteristics of plastic-containing materials 
under oxidizing conditions as possible alternative reducing 
agents were studied, and were compared with the currently 
used reducing agents. The effect of particle size on conver-
sion characteristics was studied using a single-particle opti-
cal burner and a drop tube furnace. The following conclu-
sions have been drawn:

• PE has the shortest conversion time among the studied 
materials. PE conversion occurs mainly by devolatiliza-
tion.

• PUR has the longest conversion time, and during con-
version, both devolatilization and char combustion take 
place. SRM shows a variety of conversion characteristics, 
and thus, various conversion times.

• For all plastic materials tested, for a smaller particle size, 
a shorter conversion time was observed.

• No conversion was observed for transparent PE and PUR 
tested in the drop tube furnace. The extent of conversion 
for SRM was different in the DTF from the one for the 
OSB at similar residence times. This is probably due to 
the different heat-transfer mechanisms in these two fur-
naces.

• The conversion times for all plastic materials tested with 
the studied particle sizes are longer than the reported 
conversion time for coal when used as a reductant in the 
fuming processes.
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