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Abstract: The treatment of Wastes of Electrical and Electronic Equipment (WEEE) is a significant
source of secondary raw materials. Ferrous and non-ferrous metals, electronic equipment, and
plastics are among these materials. One of the most common metals sourced out of WEEE is stainless
steel. Dishwashers are common sources of stainless steel, so large amounts of stainless steel can be
recovered from them. In this project, dishwashers were submitted to size reduction via shredding,
and the shredded products went through a magnetic separator (which separates all the magnetic
ferrous components), an eddy current sensor (which separates all the non-ferrous components)
and an induction sorting sensor (which removed all the metallic fractions). This procedure led to
the following two streams: one with stainless steel, boards, and cables and another stream mainly
including plastic. In the next stage, the stainless-steel stream passed through a high-intensity magnetic
separator, leading to a magnetic and a non-magnetic stream. Thereafter, hand sorting was applied to
both streams which aimed to increase the recovery from each stream.
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1. Introduction

The Wastes of Electrical and Electronic Equipment (WEEE) make up one of the most
complex waste-streams that includes a wide variety of products, from mechanical devices
to hi-tech systems [1]. WEEE contain recyclable materials of high added value, such as
ferrous and non-ferrous metals, plastics, electronic components, and others. The target of
the recyclers is to increase the recovery rate and the purity of each recoverable product [2,3].
This work aimed toward the separation and recovery of stainless steel from dishwashers.
It is very important to determine a proper processing method for the separation and
characterization of stainless-steel components that will result in the recovery of a large
quantity of stainless steel with minimum, or even being free from, impurities.

2. Experimental Procedure

An efficient method for stainless steel separation and recovery requires complete
characterization of the dishwashers” components. As a result, different types of sensors
and separators were used in this project. Furthermore, hand sorting is absolutely necessary
whenever the stainless-steel pieces are folded and twisted. As a result of folding and
twisting, impurities are held inside the folds, decreasing the purity of the stainless-steel
stream.

Preparation of Samples

The preparation of the samples consisted of distinct steps (Figure 1). To begin with,
the dishwashers were submitted to manual removal of their external, large components.
Afterwards, size reduction occurred, using shredding machines. The shredded products
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successively went through a magnetic separator, eddy current sensor, and induction sorting
sensor. The magnetic separator removed any ferrous pieces. The eddy current sensor
detected and separated pieces consisting of copper, aluminum, and brass. The induction
sorting sensor identified metal pieces that could not be detected before. Two outcome
streams were created from this separation line. The first one consisted of stainless-steel
pieces and a low percentage of impurities, such as copper cables and printed circuit boards
(PCBs). The second one consisted of any other material existing in dishwashers, such
as plastics.

Shredded
Dishwashers . Eddy Induction
Magnetic .
-—) =) Current - Sorting
Separator
Sensor Sensor

Figure 1. Flowsheet of samples’ preparation.

Even though copper cables should be removed by induction sorting sensors, their size
does not permit their detection.

3. Experimental Results

The samples’ preparation was followed by separation of the stainless-steel stream
through a high-intensity magnetic separator, resulting in two products, magnetic and
non-magnetic. The magnetic product contained stainless-steel pieces and any impurities
entrapped. Meanwhile, the non-magnetic product contained other materials that could
not be removed during samples’ preparation. The magnetic and non-magnetic products
were separated by adjusting the tilt of the product separation blade. Each one of the
samples was tested three times, with the tilt of the blade being set at 30, 50, and 70 degrees,
correspondingly. As the tilt of the blade increased, the opening of the magnetic product
receptor decreased.

3.1. High Intensity Magnetic Separator

The following Table 1 describes the % weight of magnetic stream of each sample.
Furthermore, Tables 2—4 provide details concerning the % weight of stainless steel that was
contained in each magnetic product.

Table 1. % Weight of magnetic product of Sample 1 and Sample 2 according to blade tilt.

Tilt of Blade 30° 50° 70°
% Magnetic Stream

Sample 1 81.7 50.8 21.8

Sample 2 56.8 474 20.9

Table 2. Composition of magnetic and non-magnetic products of Sample 1 and Sample 2 with the
blade being set at 30°.

Magnetic Non-Magnetic
Stainless Steel (%) Other (%) Stainless Steel (%) Other (%)
Sample 1 98.4 1.6 33.3 66.7

Sample 2 91.8 8.2 16.2 83.8
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Table 3. Composition of magnetic and non-magnetic products of Sample 1 and Sample 2 with the
blade being set at 50°.

Magnetic Non-Magnetic
Stainless Steel (%) Other (%) Stainless Steel (%) Other (%)
Sample 1 97.5 2.5 71.5 28.5
Sample 2 97.5 2.5 8.7 91.3

Table 4. Composition of magnetic and non-magnetic products of Sample 1 and Sample 2 with the
blade being set at 70°.

Magnetic Non-Magnetic
Stainless Steel (%) Other (%) Stainless Steel (%) Other (%)
Sample 1 96.9 3.1 85.1 14.3
Sample 2 99.6 0.4 7.6 92.4

The magnetic stream of Samples 1 and 2 is characterized as being of high purity. The
non-metallic portion of the magnetic product is really low. From these tables, it is shown
that the procedure of separation and recovery is very efficient.

3.2. Hand Sorting

When the magnetic separation was completed, hand sorting was applied to the non-
magnetic product. The magnetic product was not submitted to hand sorting due to its low
content in impurities. The results of hand sorting are described in Tables 5 and 6.

Table 5. Characterization of the non-magnetic product of Sample 1.

Blade Tilt Plastic (%) Copper Cables (%) PCBs (%) Other (%)
30° 71.7 26.2 2.0 0.0
50° 39.6 52.3 52 1.2
70° 71.0 26.9 1.7 0.4

Table 6. Characterization of the non-magnetic product of Sample 2.

Blade Tilt Plastic (%) Copper Cables (%) PCBs (%) Other (%)
30° 91.9 0.8 1.8 0.5
50° 86.5 0.5 5.0 0.3
70° 94.2 0.7 4.7 0.3

4. Chemical Analysis

After the separation and characterization of the samples, they were submitted to
Scanning Electron Microscopy. Through the EDS analysis of the samples, an attempt was
made to define the elements composing each sample.

The results of SEM analysis show that Sample 1 is y-Fe stainless steel, containing
approximately 18% Chromium (Cr) and 9% Nickel (Ni). Concerning Sample 2, it is o-Fe
stainless steel containing approximately 17% Chromium (Cr) and 1% Manganese (Mn).
The results are provided in the following Table 7 and in the following Figures 2 and 3.
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Table 7. Chemical analysis of Samples 1 and 2.

Element Sample 1 Sample 2
% Weight
Si 0.85 0.34
Cr 17.90 16.40
Mn 1.40 0.83
Fe 70.46 81.76
Ni 8.60 0.0
Mo 0.71 0.57
Al 0.08 0.10
Total 100.00 100.00
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Figure 2. SEM analysis of Sample 1.
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Figure 3. SEM analysis of Sample 2.

5. Discussion

Observing Tables 1 and 2, it is concluded that, as the tilt increases, the weight of the
magnetic stream decreases, because larger or twisted stainless steel pieces cannot pass
through the opening of magnetic receptor and, eventually, are rejected as a non-magnetic
product. Further size reduction of stainless-steel pieces could lead to an increase in the
weight of the magnetic stream, as long as the pieces are able to pass the opening of the
magnetic receptor.
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Additionally, from Tables 2—4, it is derived that the stainless-steel stream’s impu-
rities content is low. It would be interesting to ascertain if this finding applies to the
industrial scale.

The results of Tables 5 and 6 reveal that plastic impurities make up the highest impurity
content for both samples.

Concerning the results from SEM analyses (Table 7), it is derived that Sample 1 is
v-Fe stainless steel, and Sample 2 is -Fe stainless steel, as Nickel (Ni) was not detected in
this sample.
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