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Abstract

Globally, millions of waste electrical sockets (WES) are generated annually. This category of waste material is
difficult to recycle because they are thermosetting polymers which cannot be remoulded after setting. In this
work, the reduction of medium grade Agbaja iron ore from Nigeria, by carbonaceous materials generated from
WES was investigated through experiments conducted in a domestic microwave oven. Composite pellets of
medium grade Agbaja iron ore (assaying ~74 % Fe,Os) with WES were irradiated in a domestic microwave
oven (Pioneer, Model PM-25 L, 2450 MHz and 1000 W). The reduced mass was characterised by XRD and
SEM/EDS analyses and the extent of reduction after 40 min was determined. SEM/EDS analysis revealed a
highly reduced mass with distinct peaks of elemental iron and this was corroborated by XRD analyses that
confirmed the formation of metallic iron. The extent of reduction obtained after using WES as reductant was
over 80%. Accordingly, carbonaceous materials generated from waste electrical sockets are effective reductants
for producing metallic iron from the Agbaja iron ore.
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1 Introduction the existing research in this area involves the use of
thermoplastic polymers and or their blends with
metallurgical coke, graphite, or biomass as
reductants for the production of metallic iron from
reagent grade iron oxides or electric arc furnace
(EAF) slags containing iron oxide. For
thermosetting plastics, Dankwah et al., 2012,
Mansuri et al., 2013, Rajarao et al., 2014a, Rajarao
et al., 2014b, Nath et al., 2012, Dhunna et al., 2014
and Dankwah and Baawuah, 2015 have used end-
of-life rubber tyres, waste compact discs, end-of-
life melamine and waste bakelite as reductants or
for carbon dissolution studies. Rajarao et al.,
(2014b) for instance studied the structural changes
in the chars produced during the rapid pyrolysis of
waste compact discs (CDs) in the temperature
range 550-1550 °C. They observed that the
porosity and C/O ratios of the chars increased with
an increase in the pyrolysis temperature up to 850
°C. Maximum porosity was achieved at 850 °C
with char surface area of 334 m%g. Using the chars
produced at 1550 °C as reductants, they were able
to achieve about 90% iron oxide reduction.

Globally, millions of waste electrical sockets
(WES) are generated annually. This category of
waste is difficult to recycle because they are
produced from thermosetting polymers which
cannot be remoulded after setting. As a result,
incineration at landfills sites is the major mode for
destruction of WES. Unfortunately, uncontrolled
incineration of WES in the open could be harmful
because electrical sockets are produced from
melamine or urea formaldehyde.

Waste polymer reduction technology is an
emerging area in Metallurgy where carbonaceous
materials generated from waste polymers are used
in place of or in combination with other
carbonaceous materials as reductants for metal
oxides reduction. For countries like Ghana where
commercial quantities of iron ores are available,
but without the relevant source of carbonaceous
materials, waste polymers offer a readily available
alternative to high grade metallurgical coke as
reductant for iron making. In the metallurgical
field, the use of postconsumer plastics as reductants
or as a source of energy is currently gaining the
attention of various researchers (Matsuda et al.,
2006; Nishioka et al., 2007; Matsuda et al., 2008;
Ueki et al., 2008; Dankwah et al., 2011; Kongkarat

Little or no information exists in the literature on
the use of these waste polymers as reductants for
the production of metallic iron from naturally
occurring iron ores. Besides, the use of WES as
reductants for metal production is not well studied.

et al., 2011; Murakami et al., 2009; Murakami and The Agbaja iron deposit is located in Kogi State,
Kasai, 2011; Dankwah et al., 2012; Dankwah et al., Nigeria and is believed to be the largest deposit in
2013; Dankwah and Koshy, 2014; Dankwah et al., Nigeria with an estimated reserve of about 1.2
2015a; Dankwah et al., 2015b). However, most of billion metric tonnes (Obot and Anyakwo, 2012;
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Uwadiale, 1991). It has long been abandoned
owing to its very high phosphorus content,
variously estimated as 0.76 — 2.13% (Anyakwo and
Obot, 2011; Uwadiale, 1991).

Accordingly, in this work, the feasibility of using
WES as reductant for the production of metallic
iron from the Agbaja iron ore is investigated
through the microwave approach.

2 Resources and Methods Used

2.1 Materials

A quantified amount of WES was collected from
the surroundings of the University of Mines and
Technology (UMaT), Tarkwa. These were broken
into pieces and rinsed with water in a plastic
container to remove most of its associated debris.
The cleaned thermosets were thereafter air dried for
two days. Charring was done under controlled
temperature conditions to upgrade the carbon
content by expelling the volatile components of the
material. The residence time of the charring
process was 45 min using a gas fired furnace. The
charred thermoset was ground using a ball mill for
10 minutes. The ground thermoset was screened for
15 minutes at amplitude of 20 using standard sieve
sizes of 106pum, 90um, 75um and 53um. Medium
grade Agbaja iron ore (73.748 wt % Fe,O3) was
used as the source of iron oxide (Table 1). The
morphology of the Agbaja iron ore was observed
by Scanning Electron Microscopy (SEM). The
pulverised samples were characterised by XRD
using an EMPYREAN Diffractometer.

&
Fig. 1 Charred Thermosetting WES

Table 1: Chemical Composition (XRF) of

Agbaja Iron Ore

Component Composition (wt.%)
Fezog 73.748

SiO, 3.820

CaO 0.141
Mn;0, 0.469

Al,O; 5.433

TiO, 0.192

Na,O 0.162

MgO 0.748

P,0s 1.403

LOI 13.678
TOTAL 99.794
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Fig. 2 a) Photo and b) SEM Photomicrograph of
Pulverised Agbaja Iron Ore utilised for
the Investigation

For pellet formation, about 14 g of iron ore and 6 g
of the charred thermoset of the -53um were used.
Weighing was done using an electronic balance and
about 1 g of wheat flour was added to the mixture
as a binding agent in all the pellets formation.
Pellets were prepared into paste for moulding by
adding water and stirring with plastic spoon to
homogenise the mixtures. Pellets were cured and
dried at atmospheric temperature for four days to
remove physically held water in the pellets. The
dry weights of the pellets were taken after curing
using the electronic balance.

Fig. 3 Iron Ore-WES Composite Pellet

2.2 Experimental Procedure

The dried pellets were placed into a fireclay
crucible and positioned at the central location of
the microwave (Fig. 4) to ensure maximum
concentration of the radiation emitted. After 40
minutes of firing, the crucible was taken out and
quenched in air to stop any further reactions. The
weights of the reduced iron pellets were recorded.

Fig. 4 Reduction Process in a Domestic
Microwave Oven
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3 Results and Discussion

3.1 Charred WES

Fig. 5 shows SEM/EDS analysis of the solid
product obtained after charring WES. Elemental
analysis of region 1 shows a carbon content (of
67.4 wt %) reasonably above those of various
forms of coals (~60 wt %) and polyethylene
terephthalate (PET) (~62.5 wt %).
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Fig. 5 SEM/EDX Analysis of Region 1 from
Charred WES

It should therefore be possible to reduce iron oxide
with charred WES. However, the efficiency of
reduction will depend on the nature of ash obtained
after the charring process.

The morphology of the ash obtained after the
charring process is shown in the SEM of Fig 6
whilst the XRD is shown in Fig 7. The ash particles
appear to be irregularly shaped as indicated in Fig 6
and consist of several crystalline peaks of calcite,
quartz, corundum, halite, silicon and bornite.
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Fig. 6 SEM Photomicrograph of Ash obtained
after Charring of WES
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Fig. 7 XRD Patterns of Ash obtained after the
Charring Process

3.2 The Nature of the Agbaja Iron Ore

The SEM/EDS analyses of the Agbaja iron ore
before reduction are illustrated in Figs 8 and 9 for
two regions 1 and 2. Region 1 shows an iron
content of 55.12 wt %, with Region 2 not very
different at 53.32 wt %. These values agree with
the 54.17 wt % Fe observed by Adedeji and Sale
(1984) and are just around the minimum 55 wt %
Fe required for economic extraction of the
apparently non self-fluxing Agbaja iron ore. The
phosphorus content (1.403 wt % P,0s) of the ore
was observed to be slightly lower than the 2.69 wt
% P reported by Adedeji and Sale (1984) but
within the 0.76-2.13% range estimated by previous
researchers (Anyakwo and Obot, 2011; Uwadiale,
1991).

b
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MAG: 100 x HV- 150 kV.
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Element (K-series)  Weight % Atomic %
Fe 55.12 26.77
0 40.85 69.24
Al 2.54 2.55
Si 1.49 1.44
SUM 100 100

Fig. 8 SEM/EDS Analysis of Agbaja Iron Ore
(Region 1)
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Element (K-series)  Weight % Atomic %
Fe 53.32 25.33
0] 42.69 70.80
Al 2.68 2.64

Si 1.31 1.24

SUM 100 100

Fig. 9 SEM/EDS Analysis of Agbaja Iron Ore
(Region 2)

The ore was also characterised by XRD. The
diffraction patterns are shown in Fig 10. The
diffraction patterns correspond to those of Fe,Os.
The product obtained after the reduction in the
microwave is shown in Fig. 11.
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Fig. 10 XRD of Agbaja Iron Ore
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Fig. 11 Reduced Agbaja Ore along with Slag

The SEM of the reduced metal is shown in Fig 12
and SEM/EDS of three regions are shown in Figs
13, 14 and 15. The content of iron improved from
an average of 54 wt % to 83.05, 79.51 and 84.67 in
regions 1, 2 and 3, respectively. In these three
regions, the O/Fe atomic ratio (0.70, 0.87 and 0.61
for regions 1, 2 and 3, respectively) is significantly
lower than 1.0, suggesting that reduction went far
beyond the wustite stage.

o ¢ ;
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Fig. 12 SEM Photomicrograph of Reduced
Agbaja Iron Ore
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Fig. 13 SEM/EDS Analysis of Reduced Agbaja
Iron Ore (Region 1)

Element (K-series) Weight % Atomic %

Fe 79.51 52.97
o} 19.88 46.22
Si 0.61 0.81
SUM 100 100

Fig. 14 SEM/EDS Analysis of Reduced Agbaja
Iron Ore (Region 2)
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Fig. 15 SEM/EDS Analysis of Reduced Agbaja
Iron Ore (Region 3)

The reduced metal was also characterised by XRD
and the result is shown in Fig 16. Three sharp and
distinct peaks corresponding to metallic iron occur
at 20 degree values of approximately 45, 65 and
82.3. All other peaks corresponding to Fe,QOj3 in the
original ore disappear completely. At this stage, the
metal does not show any traces of phosphorus.
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Fig. 16 XRD of Reduced Mass showing Peaks of
Metallic Iron

3.4 Extent of Reduction of Agbaja Iron Ore
by WES

The extent of reduction of the ore by WES was
measured for five different experiments. The
results are shown in Table 2.
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Table 2 Observed Extent of Reduction for
various Experiments

Expt. Initial Mass Final Mass % Wit. Extent of
No. of Pellet (g) of Pellet (g) Loss Reduction
(%)
1 18.71 10.03 46.39 84.64
2 20.51 11.42 44.32 80.86
3 19.87 10.42 47.56 86.77
4 20.09 11.08 44.85 81.82
5 21.93 12.09 44.87 81.86

The average extent of reduction is about 83.2 %,
which agrees with the average Fe content of 82.4
wt % for the SEM/EDS analyses for regions 1, 2
and 3. Charred WES can therefore perform
satisfactorily as reductant.

4 Conclusions

The reduction of the Agbaja iron ore has been
investigated using carbonaceous material prepared
from waste electrical sockets. Major findings of the
investigation are:

(i) Waste electrical sockets (WES) are a
potential source of carbonaceous materials
for iron oxide reduction

(i) The Agbaja iron ore can be successfully
reduced using carbonaceous materials
generated from WES.

(iii) Extent of reduction in excess of over 80%
was observed.
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