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Abstract

The automatic sensor-based sorting is a developing branch of non-contact

technologies, which can be utilized in the sorting of material streams. Different
technologies and applications are overviewed in the literature part. The technologies
differ from each other in the used wavelength range of the electromagnetic radiation
or on the measured physical variable. X-Ray fluorescence technology (XRF) is
introduced in more detail both in the theory and in the experimental part. XRF is
based on the differences in the characteristic fluorescence emissions of materials
when exposed to X-radiation. The measurable elements range from sodium to
uranium.
In the experimental part, the objective was to test the functionality of a XRF sorting
device with selected metal samples. The device was built and designed together with
VTT Technical Research Centre of Finland Ltd. The objectives were the sorting of two
different steel grades, the sorting of brass from more pure copper and analysing the
gold coated copper-nickel circuit board. The results were examined by comparing the
actual recovery with different variables.

The results showed that the consistency between the detectors is very good.
Furthermore, it was found that the actual recovery of materials differs from the
theoretical recovery. The factors limiting the final sorting result in practice are the
functionality of the camera and the success of the ejection. In addition, the shape and
size of the samples affect both the measurement and the sorting results. The
measured pulse values of the small sized samples showed more deviation than the
larger samples. The sample width and the relation of sample width and mass affect
the ejection. Both the sorting of the steel samples and the sorting of copper and brass
showed promising results. The examination of the gold coated circuit board sample
was stopped due to the limitations of the camera since the sorting of flat shaped
particles is not possible on this equipment. The tested XRF equipment was found
suitable for sorting multiform particles sized over 40 mm.

Keywords Sensor-Based Sorting, X-Ray Fluorescence, Metal Recycling, Kuusakoski Oy
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Tiivistelma

Automaattinen sensoripohjainen lajittelu on kehittyva teknologiahaara, jota voidaan
hyodyntaa kierratysmateriaalivirtojen lajittelussa ja rikastamisessa. Tyon kirjallisessa
osiossa esitellaan yleisesti erilaisia sensoripohjaisia erotteluteknologioita ja niiden
kayttokohteita. Teknologiat eroavat toisistaan kaytettdvan elektromagneettisen
sateilyn aallonpituuden tai mitattavan fysikaalisen suureen perusteella.
Rontgenfluoresenssiteknologiaan (XRF) tutustutaan tarkemmin niin teoriassa kuin XRF
-laitteiston kautta.  Rontgenfluoresenssi  perustuu  eroihin materiaalien
karakteristisessa fluoresenssisateilyssda, kun ne altistetaan rontgensateilylle.
Mitattavat alkuaineet vaihtelevat jaksollisessa jarjestelmassa natriumista uraaniin.

Tyon tarkoituksen oli tutkia kokeellisesti XRF -laitteiston toiminnallisuutta seka
soveltuvuutta kolmelle eri metallindytteelle. Laitteisto on suunniteltu ja kehitetty
yhdessa VTT:n kanssa. Tarkoituksena oli kahden eri teraslaadun lajittelu
molybdeenipitoisuuden perusteella, kuparin ja messingin erottelu seka
kultapinnoitetun kupari-nikkelipiirilevyn analysointi. Materiaalien lajittelutulosta
tarkasteltiin vertailemalla toteutunutta talteenottoa eri muuttujiin.

Tulokset osoittivat, ettd detektorien toimivuuden valilld esiintyy hyvin vdhan eroja.
Lisaksi huomattiin, ettd materiaalien toteutunut talteenotto eroaa teoreettisesta.
Kaytdnnossa lopullista lajittelutulosta rajoittavat eniten kameran nakokyky seka
puhallustapahtuman onnistuminen. Kappaleen muoto ja koko vaikuttavat seka
mittaus- ettd lajittelutulokseen. Pienten kappaleiden mittaustuloksissa esiintyi
enemman hajontaa kuin suuremmilla kappaleilla. Kappaleen leveys seka leveyden ja
massan suhde vaikuttavat puhallustapahtuman onnistumiseen. Teraslaatujen lajittelu
toisistaan sekd kuparin ja messingin erottaminen osoittivat lupaavia tuloksia.
Kultapinnoitetun piirilevyn analysointi keskeytettiin, koska litteiden levymaisten
kappaleiden lajittelu ei ole mahdollista talld laitteistolla. Tutkittu XRF laitteisto
soveltuu hyvin yli 40 mm monimuotoisten kappaleiden lajitteluun.

Avainsanat Sensoripohjainen lajittelu, Rontgenfluoresenssi, Metallien kierratys,
Kuusakoski oy
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Abbreviations

Poly-XRF Multi-Channel X-Ray Fluorescence Device Used in the

Master’s Thesis at Kuusakoski Oy

XRF X-Ray Fluorescence

EDXRF Energy Dispersive X-Ray Fluorescence
WDXRF Wavelength Dispersive X-Ray Fluorescence
HMS Heavy Media Separation

DE-XRT Dual Energy X-Ray Transmission

EMS Electromagnetic Sensor

CCD Charge-Coupled Device

CMOS Complementary Metal-Oxide-Semiconductor
VIS Visual Light Spectroscopy

NIR Near-Infrared Spectroscopy

MIR Middle-Infrared Spectroscopy

HIS Hyper Spectral Imaging

LIBS Laser-Induced Breakdown Spectroscopy
PLC Programmable Logic Controller

TH Threshold Value
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1 Introduction

The Earth's natural resources are decreasing while the material use is growing rapidly.
There are several ways the resource efficiency can be improved and one is to recycle
the resources and materials. [1] This means that a well-functioning recycling system
producing pure products is needed. As well as improvement of new technologies, such
as sensor-based sorting is essential in achieving this target. [2] The use of sensor
technologies may replace manual sorting and lead to higher levels of automation and
increasing recovery and purity. In addition to sorting based on material-specific
characteristics and analysis, sensors can be applied in the process control and selective
extraction of materials. [3, 4] The sensor-based sorting methods can also replace
conventional unit processes, such as heavy media separation (HMS), which consumes

large quantities of water and expensive additives [5].

X-Ray fluorescence technology (XRF) may be utilized in sensor-based sorting [6]. The
method is based on the characteristic fluorescence radiation emitted by the material,
when it is first exposed to primary X-radiation. All elements in the periodic table have
different energies and they may be separated based on it. The measurable elements
range from sodium to uranium [7]. The most important advantage of the method is its
applicability to metals of all colours. For example, grey metals with different chemical

composition may be distinguished. [5]

Kuusakoski Oy processes different waste materials in an industrial scale and it has
been necessary to develop new efficient recycling solutions. The XRF sorting device
was built and designed together with VTT Technical Research Centre of Finland Ltd and

there was a need for the technical testing of the device.

The main objective of the thesis was to test the functionality and applicability of a XRF

sorting device for metal sorting. The consistency between the detectors was set as an



indicator of the device functionality. In addition, the factors affecting the ejection of
the particles were observed. Three different process samples were chosen for the
performing of tests. The objectives were to sort two different steel grades from each
other, brass from more pure copper and to analyse the gold coated copper-nickel
circuit board. Larger scale pilot tests as well as the study of the economic potential of
the device for the enrichment of material streams were excluded from this work. The
sorting results were analysed by comparing the actual recovery with different
variables. The conclusions on the applicability of the device for metal sorting are

drawn on the basis of the sorting results.



| Literature part

2 Sensor-Based Sorting Technologies

The following chapters provide literature review concerning sensor-based technologies
used in recycling industry. X-Ray Fluorescence technology is reviewed a little more
carefully, since the sorting equipment used in the thesis experimental part is based on
it. Furthermore, other technologies and equipment on the market are presented. A

summary of the different methods is presented at the end of Chapter 2.

2.1 Different Sensor-Based Sorting Technologies in General

The term sensor-based sorting refers to contact-free detection used for individual
particle separation, where the input material is fed as a monolayer. [8] It is a
developing and growing technology branch, which utilizes different sensing
technologies; for example colour analysis, X-Ray transmission, X-Ray fluorescence and
other spectroscopic methods. The technologies differ from each other on the basis of
the used wavelength of the electromagnetic radiation or on the measured physical
properties such as conductivity, atomic density, elemental composition, colour or
shape [8, 9]. The suitable size range is estimated to be from millimetre size up to
several hundred millimetres, depending on the equipment configuration, the
manufacturer and the detected variable [10, 11]. In addition to recycling industry, also
mining and food industries utilize separation methods based on sensor technology
[11]. By automating the process stages, a high and more constant degree of purity can
be guaranteed to the product. Furthermore, automatic sorting can substitute hand
sorting and reduce labour costs and improve safety at work. [12, 13] It is important to

realize that manual sorting may have negative impact on human health [13].

There are several motivations to use sensor-based technologies for recycled materials.

First of all, the use of secondary materials instead of primary sources is sustainable and



environmentally friendly. [9] In addition, it can lower the total energy costs. For
example, in the case of Aluminium, the production of secondary raw materials uses
only approximately 10 per cent of the energy consumed in the primary production. A
growing problem in the use of recycled materials is the accumulation of impurities
(tramp elements), which apply to all material streams in recycling. At the moment the
most common ways to use recycled materials are dilution with primary material and
downcycling, where materials are transformed into lower value products. Thus,
sensor-based technologies can be used for upgrading the product quality by physically

separating impurity elements. [14]

The accumulation of copper (Cu) and tin (Sn) in the steel structure is a good example,
because they have negative impact on the mechanical properties of steel. Their
solubility in steel is very high and they cannot be removed with common
pyrometallurgical processes. The main sources of copper are the shredder scrap from
the End of Life Vehicles (ELV) and large household appliances. The copper parts are
attached to steel components, e.g. small electric motors. The other major source is
scrap from higher Cu-containing steels, where copper is in solid solution with steel. The
main sources for tin are tin plate scrap from packages, cans and coatings. [9, 14] This
harmful accumulation could be reduced with the pre-enrichment of shredder scrap

with appropriate sensor-based sorting technologies [14, 15].

In addition to metals, the sensor technology is well suited for sorting recycled wood
and plastics. NIR-technology, for example, can be used for separating different types of
plastics from each other and thus give more opportunities for further processing
stages. Alternatively, components containing harmful compounds, such as flame-
retardants in plastics and impregnated wood can be removed. [11, 16] The flame-
retardants and chemicals used in the wood pressure treatment have been classified as

hazardous wastes [17].



2.2 Equipment Used in Sensor-Based Sorting

Sensor-based sorting equipment commonly consists of a feeder, conveyor belt, the
selected detector or a combination of detectors and the material collection [9]. A
general equipment configuration is shown in Figure 1. Usually, it is possible to divide
the input material into two product fractions (drop and eject). [11] The detected
materials that meet certain criterion (e.g. right colour) are separated by compressed
air jets, controlled through the computer-based automation system. Either the
valuable particles or the waste can be selected for ejection. [18] The block of air valves
can be placed either above or below the material stream depending on the equipment
configuration [11, 19]. Other separation methods are mechanical flaps and robot arms,
which are more suitable for large and heavy particles [13, 18]. A summary of sensor-

based technologies used in recycling industry is presented in Table 1.

r"{
=~
- :

Feeding of unsorted material

Spectrometer Scanner
Separation chamber

Figure 1. General working principle of a sensor-based sorting device [11].

It is impossible to create completely pure material fractions with any commercial
sorting method; they just improve the quality of the product. At the moment of
separation, the behaviour of the particle can be predicted with the help of the
probability distribution. If a particle consists of several different materials, separation
based on physical properties will be still more problematic. It is possible to get closer
to the desired purity level by combining different methods. Often a compromise is

made between the quality of the product and the recovery. If one wants to maximize



the quality, the recovery will remain small. Usually, only a small part of the input feed

is clean and liberated. If lower quality is accepted, a larger part of the wanted material

will be recovered. The liberation behaviour of materials in recycling processes may be

complex. The liberation has a major effect on the quality of the product. If a large part

of the material is poorly liberated, only weak quality can be attained. [9]

Table 1. Summary of sensor-based technologies used in recycling industry

Sensor Technology

Detected Property

Applications

X-Ray Fluorescence (XRF)
[7]

Characteristic fluorescence

radiation

Heavy metals, stainless, steel

and copper

X-Ray Transmission (XRT)
[20]

Atomic density

Al, precious and heavy metals
(Cu, Brass, Zn etc.). Flame

retardants in plastics

Electromagnetic Sensor

(EMS) [11, 21]

Electromagnetic properties
(conductivity and

permeability)

Separation of metals from non-

metals

Colour Line Camera

[11]

Colour properties

(green, red and blue)

Sorting materials by colour

Visual Spectroscopy (VIS)
[11]

Visible spectrum

Transparent and opaque

materials

Near Infra-Red (NIR) [11]

Reflection, absorption

Sorting of plastics by type

Middle Infra-Red (MIR)

MIR spectrum

Sorting of polymers and wood,

[22] also black coloured
Laser The reflected laser beam Material size, shape, structure,
[23] location

Laser induced breakdown

spectroscopy (LIBS) [24]

Atomic emission

Metals and plastics

Terahertz technology

(THz) [25]

Reflection, absorption

Plastics, also black




3 X-Ray Fluorescence Technology (XRF)

XRF technology is studied in more detail throughout this Chapter. At first, in Chapter
3.1, general principles and theory are presented. Chapter 3.2 tells about the
differences between the analytical methods and introduces the main components of
XRF spectrometers. Eventually the material requirements and applications in recycling

industry are presented in Chapters 3.3 and 3.4.

3.1 General Principles

The X-Ray fluorescence is a quick measuring method and it does not destroy the
sample. For this reason, it is suitable for a qualitative or semi-quantitative
determination of the elemental composition of a wide range of different materials. It is
utilized in various industrial applications, e.g. in metal and mining industries as well as
in the fields of environment and recycling. [7, 26] The method is particularly suitable
for the analysis of metals and alloys, because of their high atomic number and density.
These material properties affect the way that response of high intensity fluorescence is

obtained even if a low energy source was used. [27]

The X-Ray fluorescence analysis is based on the electromagnetic radiation having a
wavelength range about 0.1 - 10 nm. This wavelength range corresponds to energies
between 0.125 - 125 keV. The wavelength of the X-radiation is inversely proportional

to its energy according to Equation 1:

E=— (1)

Where E is the energy [keV]
A is the wavelength [nm]
H is Planck's constant, 6.6262x107>* [Js]

c is the speed of light [m/s].



In other words the shorter the wavelength, the higher energy of the radiation. In
practice, the measurable elements range from Sodium' to Uranium®. The

electromagnetic radiation in different wavelength regions is shown in Figure 2. [7, 28]

Energy (keV) 125 0.125

yrays | X-rays | uv | ual

Wavelength (nm) 0.001 0.01 0.1 1.0 10.0 100 200

Figure 2. Electromagnetic radiation [7].

The X-Ray fluorescence in the material is achieved by directing primary X-radiation to
the examined sample. All elements in the periodic table produce fluorescence
radiation with characteristic wavelengths. When the atom is exposed to X-radiation,
the electron on its inner shell is released (Figure 3a). Thus a new electron from outer

shell will fill the resulting vacant position (Figure 3b). [29]

Figure 3. Formation of the fluorescence radiation. a) Primary X-radiation releases an
electron. b) Filling of vacant electron position and formation of fluorescence radiation.

[29]



The element and the transition of a specific electron, for example Fey,, are presented
according to a certain way. For example, the K, line originates from the energy that is
generated when an electron from L-shell is transferred to K-shell. Correspondingly, the
Kg line comes from the energy of the electron, which has been transferred from M-
shell to K-shell. The L, and Lg lines come from the displacements of electrons from
shells M and N, to L-shell. The transitions of the electrons are illustrated in Figure 4.
[29]. Furthermore, the atom shell has several orbitals, which can be labelled with a4, a,

or B; and B, and so on. [26]

Figure 4. The transitions of electrons [29].

The energy of resulting fluorescence radiation depends on the energy difference
between the atomic shells. An electron from outer shell has higher energy than an
electron from inner shell. In case the electron moves from L-shell to K-shell, excess
energy is released as fluorescence radiation. Usually more than one type of energy is
released from an atom since several electron vacancies are released and replaced. This

resulting collection of energy lines (fingerprint) is characteristic of every element. [7]

An example of XRF-spectrum is presented in Figure 5. The x-axis indicates the energy
and the y-axis the number of pulses or counts per energy channel. First the spectra of
pure elements, here Copper, Lead and Zinc, are analysed. Then these results can be
used for the qualitative analysis of metal alloy, here Brass, which mainly consists of

these three elements. Both copper and zinc give strong K, lines. The intensities of the



lines give information about the quantities of the elements. The spectrum of Brass is

given in the logarithmic scale so that the small peaks can be observed better. [30]

CuKa
N, 20K

=Y {:HK’. --‘--l H

'f’ Pbl. Pbls

Brass (log plot)

Counts

Pure Lead 3
Pura Zinc T
Pure Copper H
0 2 4 5] 8 10 12 14 16 18 20

Energy (keV)

Figure 5. The spectra of Copper, Zinc, Lead and Brass [30].

3.2 Analytical Methods

In this paragraph, the structure of XRF spectrometers and main components as well as
functional differences between the main detection systems, energy dispersive and
wavelength dispersive, are briefly described. Energy dispersive analysers are normally

used in the online sorting devices.

First of all, two fundamentally different spectrometer types appear. The difference of
energy dispersive XRF (EDXRF) and wavelength dispersive XRF (WDXRF) is in their
measuring geometric arrangement, which has been illustrated in Figure 6 [31]. In the
EDXRF system, the sample is excited with an X-Ray tube [32]. The characteristic

radiation of all the elements in the sample is measured by the detector [7, 32].
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The radiation is dispersed and sorted qualitatively according to the energies that
correspond to different elements. Also quantitative or semi-quantitative analysis is
done when the number of X-Ray photons per second for each energies are
determined. [7, 21, 32] The advantages of EDXRF technique are its possibility to
simultaneously analyse a wide area of elements and to obtain the results in short time

[6, 7, 31].

Detector

Collimators -

X-ray tube X-ray tube
Crystal

Semiconductor
Detector

Sample Sample

a) b)

Figure 6. Two different spectrometer types a) EDXRF and b) WDXRF [31].

The working principle of wavelength dispersive XRF (WDXRF) technique is very similar
to EDXRF, only the analysis of the characteristic radiation from the sample is done with
the help of a crystal. When the radiation from the sample hits the crystal, it separates
the wavelengths with different energies from each other. Then the detector analyses
individually only the radiation which is directed to it. [7, 32] Different wavelengths are
measured as sequences, with a movable detector or with a set of fixed detectors. The
concentrations of different elements in the sample can be determined with the help of
the intensities of the radiation. The advantages of WDXRF technique are the very
accurate analysis of the radiation and the suitability to analyse lighter elements. The

measurable elements range from Be to U, [6, 7]
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A simple arrangement of EDXRF system is shown in Figure 7. A general measuring
system, spectrometer, always consists of a radiation source (1), a sample (2), a
dispersion device and detector (3). But also signal processing electronics (4), a
microprocessor and computer with analysis software (5) are needed. [32, 33] The

principle and the components are described throughout this chapter.

X-ray tube
221 keV Detector Signal
Si diode Processing
Electronics
K (3)/
S /
NS / (@)
.\'-. \"-‘ r/’
\ . . //
. /
\\\ . ,»"! /
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\_\ . K Xty / ?hK_ Xray
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Element | Linc | Concentration | U i Intensi
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3 s 21% % 24+
Fe atom Mo atom T Ka 18.05% % 162+02
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Figure 7. Simple ED-XRF arrangement [33].

3.2.1 Radiation Sources

The radiation source can be an X-Ray tube, a radioactive source or a synchrotron [5]. In
this work, only the X-Ray tubes are discussed. Figure 8 illustrates the working principle
of an X-Ray tube in general and Figure 9 shows a radiation shielded side window X-Ray
tube from Oxford Instruments. Inside the X-Ray tube, in vacuum environment, there is
a filament which works as a cathode and certain target material working as an anode.
The filament is usually made of tungsten. The electric current heats the filament, from
where electrons are released. [6, 7] The energy range of 35 — 50 keV is applied [21].
The electrons are accelerated with high voltage, after which they hit the target

material and generate decelerating radiation, so called "Bremsstrahlung" [7, 31].
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Furthermore, part of the electrons hit the atoms of the target material and release
some electrons from it. This results in radiation that is characteristic to the target
material and can be seen in the background spectrum. [7, 31] There are a wide range
of target materials to choose, e.g. Ag, Au, Co, Cr, Cu, Fe, Mo, Pd, Rh, Ti, W [34]. The

anode material defines the X-Ray tube’s characteristic spectrum [35].

High voltage

E 5
>

Electrons

(¥ (W Y ‘ Anode
¢ %Y

Filament ‘
L
E €< »

Be window

S

‘ X-ray photons
¢

Figure 8. Working principle of a general X-Ray tube [7].

The X-Ray photons that have high enough energy pass through the tube’s Beryllium
window. The energy of the photons is determined by the high voltage. Depending on
the equipment configuration, a secondary target or a filter can be used between the
source and the sample. The filters reduce the intensity of the disturbing lines and

background at the energies of interest. Also the signal to noise ratio is improved. [7]

Figure 9. A radiation shielded side window X-Ray tube [34].
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3.2.2 Detectors

The use of different detector types between EDXRF and WDXRF can be divided
roughly. EDXRF systems typically utilise solid-state detectors, as they are able to
measure a wide range of elements with high efficiency. WDXRF systems utilise gas-
filled detectors, with analysis area roughly from Beryllium to Copper and scintillation

detectors that measure elements from Copper to Uranium. [7, 36]

The basic working principle is that when a photon arrives at the detector, it causes an
electrical pulse. The pulse height is proportional to its energy. Furthermore, the
voltage signal is amplified and the multi-channel analyser (MCA) calculates the number
of pulses formed in each height interval and provides the corresponding energy

intensity. [7, 36]

The most important features of the detector are resolution, sensitivity and dispersion.
Resolution indicates how well the detector is able to distinguish between different
levels of energy from each other. The sensitivity, in turn, is the relation between
calculated pulses and the incoming photons. Finally, the dispersion ability is linked to
the detector's ability to distinguish between the different energetic X-Rays from each

other. [7]

The solid state detectors are most commonly produced of silicon, germanium or other
semiconducting material. Also, compound semiconductors are manufactured [6, 36].
For example, Amptek Inc. provides XRF spectrometers with different semiconductor
detectors, such as Silicon Drift Detectors (SDD) and Si-PIN or CdTe detectors. [37] The
general working principle of a detector is illustrated in Figure 10 below. The detector
has a Beryllium window which allows the X-Ray photons to enter the detector where
they form electron-hole pairs. The number of incoming photons determines the
number of formed electrons i.e. the higher the energy more electrons are produced.
Due to the high voltage, the electrons are transported to the back of the detector and
when they reach it, the potential drops which occur as a negative pulse. The height of
the pulse is dependent on the number of electrons. [7] In addition to the detector's

ability to simultaneously analyse a wide range of X-Rays, the main advantages are the
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insensitivity of the measuring geometry. The energy analysis is not dependent on the
diffraction or the orientation of the radiation. This means that the setting between the

sample and the detector does not have that much impact on the measurement. [36]

Be Window Dead layer

+! II MCA
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e l'e "
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Time —

Figure 10. Working principle of a general solid-state detector [7].

3.3 Material Requirements and Factors Affecting the Analysis

The qualitative XRF analysis does not set great demands for the analysed material, e.g.
in sample preparation, also no chemicals are needed. In addition to solid particles, the
laboratory analysers also make the analysing of powders and fluids possible. [38] XRF is
a surface measurement method; therefore the surface must represent the whole
examined material. The qualitative analysis means that the element composition of
the sample is determined, in which case the locations of the peak tops indicate the
occurrence of a certain element in the sample. The peak areas, however, correspond
to their intensity. If the analysed material is an alloy, some overlapping of peaks may
be found in the EDXRF spectrum. Then, if the strongest peak of the searched element
is overlapped by another peak, then the peak with a weaker signal is used in the

analysis. [7]

The intensity of the X-Ray signal depends on the amount of the elements, but also on
the quality and amount of primary radiation. In other words, the power of the X-Ray

tubes, their distance to the sample, amount of collimation and filtration, affect the
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accuracy of the XRF-analysis. The intensity of the radiation decreases in relation to the
square of distance. Also the interactions of the different elements in the sample affect
each other and the accuracy of the measurement. For example, if the emission
energies of different elements are very near to each other. Furthermore, the

measurement time and distance affect the accuracy. [39]

The XRF analysis is a surface measurement technique, in which case the cleanness of
the surface has a great effect on the validity of the result. The average measuring
depth is about 100 um. The surface properties such as roughness or contaminations
like paint and dust are the most common sources of errors and they have greater
impact on light elements like magnesium [39]. Generally, light elements require a

longer measurement time and higher concentrations to be detected [6].

The overall error that affects the results is caused by several issues including the
repeatability of the measurements. The repeatability is proportional to the measuring
time and it weakens when the time is shortened. In automatic measurement of moving
scrap particles, further sources of errors are the settling of the particle with respect to
primary X-radiation and detectors, the heterogeneity and particle size of material and

furthermore, the calibration error. [39]

3.4 Applications of XRF in Recycling Industry

In online measurement, the particle is moving either on a conveyor or in free fall when
it is measured. Therefore it stays a very short time under the X-Rays and detectors. The
commercial sorting devices often operate with 2 - 3 m/s belt speed, which means that
the measurement time is very short, less than a second. [6] This sets high demands for

the sensitivity and resolution of the detectors.

XRF technology has a lot of potential and possibilities in the sorting of recycled
materials. [6] Traditional separation methods are often based on the differences in the
physical properties of materials. For example, the sink-and-float process which is based
on differences in the densities, and in addition consumes a lot of water and additives.

[9, 12] Also, more traditional sensor-based devices such as metal detector and the
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camera have their own limitations. If the equipment for example has a combination of
these sensors, most of the grey metals will end up in the same fraction, because the
sorting criterions are metal or non-metal and the colour. Thus XRF technology has its
advantages compared with these more traditional sensors and technologies, including
manual sorting. The XRF technology is based on the differences in the chemical
composition of the samples and thus there are no restrictions with the colour, for

example and the grey metals can be separated from each other. [5]

A good example of sorting grey metals is the sorting of different stainless steels by
their quality. The material streams can be enriched and better commercial value
obtained for them. For example, in Kuusakoski Works Heinola, the stainless steel
material stream is sorted for acid proof (EN 1.4432; AISI 316) and common stainless
steel (EN 1.4301; AISI 304) fractions with a self-built XRF-system, similar to the
equipment used in the experimental part of this thesis. The materials can be separated
on the basis of their molybdenum content. Figure 11 shows a typical XRF spectrum of
AISI 316 steel [40]. The sorting of this material was also tested in the thesis

experimental part.

Fe
SDD: 25 mm?*/500 um Silicon Drift Detector
XRF of SS316
(]
<
3
]
o4 Cr
ALFE Mo
Ni Mo
I T AJ lA -IA Ll T T T j\ T ,LI
0 2 4 6 8 10 12 14 16 18 20

Energy (keV)

Figure 11. XRF spectrum of stainless steel EN 1.4432 (AlSI 316) [40].
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There are several sorting equipment manufacturers on the market, for example Tomra
Sorting Recycling, STEINERT Elektromagnetbau GmbH and Redwave. They all have their
own versions of XRF sorting devices which can be modified to suit the customer's
process keeping in mind e.g. the capacity demands and particle sizes. RedWave, for
example has originally developed XRF technology for sorting of the recycled glass;
more precisely separation of heat-resistant and leaded glass from recyclable glass
cullet. Later they have also expanded their XRF portfolio to the sorting of minerals and

recycled metals. [5]

One application with great potential is the reducing of impurities from recycled steel.
Tomra Recycling, for example, offers XRF technology for this purpose. Steel is one of
the most recycled metal alloys and it must answer certain quality requirements e.g.
the copper content should be less than 0.25%. Copper often appears as clean copper
or copper alloys but it is entangled with a piece of steel e.g. copper coils and electric
motors; called meatballs. The removal of impurities increases the purity and economic

value of the product. [15, 41]

Another important area of XRF technology is the handheld analysers. They are widely
used in the scrap yards for on-site alloy identification for both incoming and outgoing
scrap, also at Kuusakoski Oy. They are easy to use and the key elements analysis is
performed in a simple point-and-shoot method. [42] The element compositions of the
test samples used in the theses experimental part were measured with a handheld XRF

analyser more specifically the Oxford Instruments X-MET 7500.

The different sensing technologies can be combined with each other to increase the
using possibilities and add the versatility of the sorting device. XRF technology can be
combined, for example, with an electromagnetic sensor as in Tomra X-Tract sorting
device, to help determine the positions and sizes of the particles before the XRF
analysis. [20] Combining with other sensors is not necessary, since XRF is usually used
for such material streams that have gone through several treatment stages. Thus the

feed material is quite clean and not too heterogeneous. [43]
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4 Other Sensor-Based Technologies Used in Recycling

Chapter 4 introduces other sensor-based sorting technologies used in recycling
industry processes. Also few technologies that may have potential as online sorting

method in the future are presented.

4.1 X-Ray Transmission Spectroscopy (XRT)

X-Ray transmission technology can be used for identifying differences between the
specific atomic densities of materials [20]. It is the only sensor, which provides
information on the internal material compositions, not just the surface. The principle
of XRT is that X-radiation with certain initial intensity penetrates the material; part of
the radiation is absorbed and part goes through. The passed radiation with reduced
intensity is measured. Materials with different densities and thicknesses absorb
different amounts of radiation. [44] The energy range of used X-Rays is between 90

and 200 keV [21].

In the Dual Energy X-Ray Transmission (DE-XRT), the detectors combine information
from two different energy levels that have different spectral sensitivities (high and

low) [20]. This is illustrated in Figure 12.

Figure 12. Working principle of the X-Ray camera [20].
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The intensity from each pixel is converted to electrical signals and thus into grey scale
pictures. Different grey scale intervals correspond to certain colour classes and false

colour pictures are created with the help of the software. [44]

The advantage of DE-XRT is that the measurement is not affected by surface
contaminations e.g. dust, moisture etc. since the measurement is independent of the
surface [20]. Problems may occur if objects with different densities and thicknesses are
measured. This means that thin particle with high density and thick particle with lower
density may have similar results. The appearance of the problem can be reduced using

two different wavelengths. [44]

The applications vary from aluminium and magnesium removal from heavy metals to
removal of brominated flame retardants containing plastics or PVC from mixed
plastics. [20, 45] In addition, one interesting application is found in minerals

processing, where diamonds are recovered from gangue with the help of XRT [46].

4.2 Electromagnetic Sensor (EMS)

Electromagnetic Sensor (EMS) detects materials through their conductivity and
permeability [11]. The metal detectors are widely used for sorting metals from non-
metals or from heterogeneous feed. It is a relatively low cost and effective technology.
[11, 47] The electromagnetic sensors utilize the Eddy-current principle [21]. It detects
the differences between the electrical properties of metals and an alternating
magnetic field [47]. The EMS contains two main parts, transmitter and receiver coils. In
the transmitter coil, an electrical current is achieved by inducing conductive material.
This produces the magnetic field around the current and interacts with metal particles.
The receiver coil measures this interaction. [21, 47] The sensors utilize three different
principles: a beat frequency oscillator, induction balance, and pulse induction [21].

Usually, the metal detectors are placed under the conveyor belt [48].

Two different types of receiver coils exist; a sensor that recognizes all metals from the
input material and produces conductive and non-conductive product fractions. The

other type is a selective detector. It can identify, if the measured signal is originated

20



from weakly conductive metal e.g. stainless steel or lead or from metals with higher
conductivity, non-ferrous metals for example. [48] Coatings or other surface
contaminations do not disturb the identification [47]. The main applications of the
inductive sensors are the recovery of metals from shedder residues that have already

gone through magnetic and eddy current separation [48].

4.3 Visual Sensor Technology

Visual sensing technology includes all the detection systems applied in the visual range
of electromagnetic radiation (390 - 780 nm). Both the colour camera and VIS
spectroscopy belong to this group. [49] This Chapter deals only the colour cameras. VIS
spectroscopy is a special application of visual sensors [49]. According to discussion with
Hinterseer the VIS spectroscopy is not utilized in sensor-based sorting devices. The
colour cameras are commonly used. [43] Although, Tomra utilizes VIS spectroscopy in

recognizing transparent and opaque objects, such as PET bottles [11].

The colour camera technology is applied when materials are sorted based on their
colour. In addition to visual light, cameras may utilize infrared and ultraviolet
wavelengths. The colour line scan cameras have high resolution and colour selectivity.
The information from the camera can be processed digitally to achieve precise location
at pixel level. At present the used light sources are light emitting diodes (LED). The

detected material properties include colour, shape, brightness and size. [11, 50]

The conventional line scan cameras utilize Charged-Coupled Devices (CCD) [21].
However, the Complementary Metal-Oxide-Semiconductor (CMQS) sensors have been
replacing CCD sensors, because they are faster, cheaper and have lower power
consumption [48, 51]. The readers are requested to look more detailed information on
the operating principle, the components and colour models in the proceedings Sensor
Technologies: Impulses for the Raw Materials Industry by Nienhaus et al. (2014) in

more detail in Chapter 4.5 Principles of VIS by Berwanger & Maul [49].
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The colour based sorting can be applied for cleaning mixed metals into cleaner mono
fractions, electronic scrap e.g. recovering copper or together with EM sensor, for
example recovering cables. [50]. One common application is the sorting of recycled
shredded metals, which have first gone through magnetic separation, eddy current
and HMS stages. The output stream is very mixed and can be sorted by the colour;

Copper as red colour metal, brass as yellow metal and zinc, lead etc. as grey metals. [5]

Limitations of the technology are for example that grey metals cannot be sorted from
each other based only on the colour. As already talked in Chapter 3.4, the grey metals
can be further processed with XRF, for example. In addition all the surface
contaminants such as paint or rust cause measuring errors, since the colour sorting

purely analyses the surface characteristics. [5]

4.4 Infrared Spectroscopy (IR)

Infrared light is part of the electromagnetic spectrum and the wavelength ranges
approximately from 0.7 um to 1000 um. The sorting devices usually utilize near
infrared (NIR) region that is closest to the visible light. [52] The sensors are
furthermore divided into NIR1 and NIR2 regions that correspond roughly to the areas

of 700 — 1098 nm and 1100 — 2498 nm [53, 54].

In the NIR spectroscopy, materials can be recognized based on their specific spectral
properties of reflected or transmitted light [52, 54]. The radiation hits the material
surface causing the vibrational transitions of components such as C-0, O-H, N-H or C-H
[52, 55]. Furthermore a characteristic spectrum of absorption bands is created. An
example of NIR spectra (700 — 2500 nm) of different common plastics are given in

Figure 13. [55]
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Figure 13. NIR spectra of different polymer types [55].

The latest NIR camera technology utilizes Hyper Spectral Imaging (HSI), which provides
images that contain a full spectrum on each pixel [21, 56]. The advantage of HSI over
common NIR technology is that the data from the spectroscopic analysis is detected
simultaneously, not from a single spot and then processed with a high-resolution line
camera [57]. A generated image shows different components by giving colours to
different pixels based on the characteristic wavelengths [52]. The sensors usually
contain a two dimensional array, thus one dimension provides the spectral resolution
and the other gives information on the spatial resolution [21]. The disadvantage of NIR
technology is that black materials that are coloured with carbon black pigments cannot

be analysed. All radiation is totally absorbed by the material. [22, 52]

In the recycling industry, NIR technology can be applied in plastic sorting by different
polymer type. Other applications vary from removing paper from a mixed stream to
waste wood sorting. [16, 54] A study on waste wood purification with NIR imaging
technique was performed by Pigorsch et al. They found that it suits this purpose
extremely well and most of the organic chemical contaminations paint, coatings and

glues etc. could be detected. [16]
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In addition to recycling applications, a very interesting example of HSI technology used
in food industry was investigated by Schenker et al in automatic wine grape sorting.
They applied two HSI cameras; one with visual/NIR spectrum (400 — 1000 nm) and
another with short wave IR (1000 — 2500 nm) to acquire images from berries. In wine
production, the qualitative sorting of valuable grapes from rotten grapes and other
impurities such as rocks, beetles and other bugs play an important role. HSI imaging
was used for analysing the differences in sweetness. The analysed grape varieties were

Pinot Noir, Pinot Blanc and Riesling. [58]

4.5 Laser Detection

Laser detection can be used when information on the material size, shape, structure or
location is needed [11]. The Laser Detection and Ranging known as LADAR technology
operates within infrared spectrum. A laser light beam is emitted towards the object,
and then the reflected laser beam is detected by a CCD element. The distance between

the source and object can be calculated, using the position of the light point. [23, 59]

2D and 3D images can be produced when the process is repeated in sequences in
multiple angles. Two analysing principles appear; the first measures the time for the
laser pulse to travel from the light source to the sample and back. The second utilizes a
continuous wave and the phase difference of the emitted and received wave is
measured. A laser scanner includes four main parts; a laser light source, optics, mirrors
and a photodiode receptor. In addition to the measured distance of the object, the
returned pulse contains information on the material. Different elements reflect the
infrared light in different quantities and therefore it can be identified. [23] The readers
are requested to look up more detailed information about the subject in the
proceedings Sensor Technologies: Impulses for the Raw Materials Industry by
Nienhaus et al. (2014) in more detail in Chapter 4.10 Principles of Laser Detection and
Ranging by Neumann and Hahn [23] or directly from the web pages of the sensor

manufacturer, such as Micro-Epsilon [59].
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4.6 Technologies under Research

This Chapter introduces some technologies under research, which may be expected to
be commercialized in the near future. The first technology (LIBS) is suitable also for the
identification of metals and the second example concentrates on the identification

problem of black plastics.

Laser-Induced Breakdown Spectroscopy (LIBS) utilizes atomic emissions spectroscopy.
The principle of the measurement is introduced in Figure 14 [24]. Very powerful lasers
are used as excitation sources. The radiation pulse is aimed at the sample surface,
where plasma is generated having temperature of 10000 — 25000 K. A small amount of
surface atoms vaporize. The temperature of the plasma decreases between the pulses.
The emission spectrum of the material is measured and the result is a qualitative
elemental composition. The LIBS technology is suitable for all elements in the periodic

table as well as solids, gases or liquids. [24, 60]
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Figure 14. The principle of LIBS analysis [24].

The advantages of the method are that no sample preparation is needed and it is
suitable for materials of all kind. Chemical or physical factors such as varying moisture
content may limit the analysis. The applications areas of LIBS have been increasing
recently. [60] In recycling industry, the applications include for example scrap metal
analyses. Furthermore, it can replace the hand-held XRF analysers since there is no risk

of X-radiation exposure. [24]
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The fast development of the technology is well described when according to Gaastra
and Kiich (2014) LIBS technology does not yet exist as a reliable and efficient online
analysis method [60]. But according to Feierabend (2014), Secopta GmbH has
developed an online LIBS analyser, which may have potential in analysing and sorting
of recycled materials e.g. aluminium as well as quality assurance and process

monitoring applications in the manufacturing industry. [61, 62]

One problem area of sorting processes has been the identification of black objects,
such as black plastics and wet wood. The NIR technology that has usually been used in
the sorting of plastics, is not suitable for analysing black particles since all radiation is
absorbed into the material, as it has been discussed already in Chapter 4.4. The
suitability of several technologies has been studied in recent years and two of them

are mentioned in this context; middle-Infrared (MIR) and terahertz technologies.

Kassouf et al. had examined successfully the use of MIR (4000 — 600 cm) in the
identification of packaging plastics where some of the samples were black. The study
was conducted in laboratory conditions. The used IR method utilizes an ATR crystal,
where the sample is clamped to the crystal. A non-contact detection method is needed

in order to apply MIR technology in online sorting. [22]

Another technology under an active study is the Terahertz technology (THz). The
wavelength area of THz is between the infrared waves and the microwaves. The
wavelength is from 30 um to 3 mm which means that its energy content is very low.
[63] The restrictions of the technology have been the difficulty of detecting the

radiation and the high cost of full spectroscopic sensors [63, 64].

THz technology has several applications ranging from the medical sector where it has
been used for detection and imaging of mutated tissues like cancer to safety sector,
where the most common use is the full-body scanners. There are not so many

examples of the use of THz in the raw materials industry. [63] However Hein et al. from
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the Fraunhofer Institut have utilized THz technology in identifying different polymers,
also black coloured. [25] As a conclusion both of these techniques, MIR and THz, may

have potential in solving the identification problem of the black polymers in the future.
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5 Sensor-Based Equipment on the Market

This Chapter introduces some of the equipment suppliers that make sorting machines
for the needs of the recycling industry. A summary of equipment suppliers and sorting
machines is given in Table 2 at the end of the Chapter. The readers are requested to
look at more exact information and more examples directly from the manufacturers'

websites.

Usually, the sorting equipment contains a feeder system, a conveyor belt, material
detection and separation with the help of compressed air jets into two product
fractions. An example of this type of equipment was given in Chapter 2.2 in Figure 1.
[11] The devices can also be built in a way that more than two output streams are
produced, as for example the Eriez/TORATEC EcoTowerSort machine (Figure 15). More

decks can be added when needed and this way repeated material feeding can be

prevented. [65]

Figure 15. Eriez / TORATEC EcoTowerSort® [65].

In addition to other sorting technologies, a Finnish company called ZenRobotics Ltd,
represents a different philosophical approach to material sorting. The beauty of their
technology is that it utilizes machine learning. Also the sorting takes place with the

help of robotic arms and this way the number of product fractions is not limited. [13]
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Table 2. Sensor-based equipment on the market

Supplier

Sorting Equipment

Additional information

TOMRA, Sorting
Solutions,

Recycling [11]

TITECH autosort

Sensor options NIR1, NIR2, VIS

TITECH combisense

Sensor options colour line scan camera (CRGB),

EM

TITECH finder

Sensor options EM, NIR1

TITECH x-tract

Sensor options XRT or XRF (with EM)

STEINERT Elektromagnetbau
GmbH [10]

STEINERT ISS

Induction based sorting (EM)

STEINERT KSS

Combined sorting system; EM, XRT, Colour

STEINERT XSS F

XRF sensor

STEINERT XSS T

XRT sensor

UNISORT C

Colour camera

UNISORT Flake

Colour camera, NIR

UNISORT PR

NIR-HSI

IMRO Discoveryline

Sensor options / combination EM, NIR,

£
8 s = VIS/Camera, X-Ray
= § é IMRO DSS Sensor options / combination EM, NIR,
g © VIS/Colour, X-Ray
= Redwave C Colour camera
% Redwave NIR & NIR/ C NIR sensor and NIR with colour camera
§ Redwave M Induction based sorting (EM)
E REDWAVE XRF-M EDXRF
N o Eriez / TORATEC A vertical-stack design. EM or NIR combined with
5 2 EcoTowerSort rare earth and eddy current separators
Mistral Technologies : NIR, VIS Color
5 — Fine sort Technologies: NIR, VIS color. For small sized
E E- materials, 4mm — 15mm
= Xpert Technologies : XRT

29




VARISORT C/M /N /CMN | Single sensors: Colour / Metal detection / NIR /

-rgu E& . / COMPACT All sensors combined / For fractions 5 — 40 mm
-% % .8;_:, WEEE-SORTC/M /N For E-Scrap Recycling.
§ ';n -g /CM /CMN Colour / Metal detection / NIR / Combinations
; '§ © ['FLAKE PURIFIER C/M/N | For purifying plastic flake fractions.
@@ Colour / Metal detection / NIR
5 x = BLUBOX Plug & Recycle Mixed lamp and flat panel display recycling
s 2 8

. — ZenRobotics Recycler Advanced machine learning technology with
E E E. (ZRR) multiple sensors VIS spectrum cameras / NIR / 3D

& g laser scanners / haptic sensors etc.
= CIRRUS™ Combined NIR, Colour & Metal sorting systems
5' L-VIS™ Colour sorting system for small particles
E MetalSort™ Induction base true all-metal sensor
g Sapphire™ Full spectrum near infrared (NIR) sensor
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Il Experimental Part

The main objectives of the experimental part were testing of the Poly-XRF sorting
equipment with selected samples. Information was obtained from the parallel
measurements of one spectrometer, as well as between all six spectrometers. The
sorting was not necessarily intended to produce 100% pure fractions, but rather to
enrich material streams, or alternatively, to reduce the concentration of undesired

substances.

Chapter 6 introduces the Poly-XRF sorting device with its main components and
adjustments as well as its working principle. Chapter 7 presents the test materials.
Preparation and performance of experiments are described in Chapter 8 and results in
Chapter 9. At the end of the thesis, the results are analysed and discussed together
with conclusions and recommendations for further study in Chapters 10, 11 and 12,

respectively.

6 Poly-XRF Sorting Equipment

The equipment used in the experimental part of the master’s thesis, Poly-XRF, is a
result of long research collaboration between Kuusakoski Oy and VTT Technical
Research Centre of Finland Ltd. The physical structure of the device was built by
Kuusakoski’s own metal workshop RecTec and the software was designed by VTT. The
Poly-XRF is a prototype sorting equipment for metal recyclates with estimated
throughput around 1 ton an hour. It is designed for sorting materials that contain the
following elements; iron (Fe), chromium (Cr), manganese (Mn), copper (Cu), zinc (Zn),
molybdenum (Mo), nickel (Ni), lead (Pb), gold (Au) and bromine (Br). One type of

material can be ejected at the time from the feed material.
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The Poly-XRF device is presented in the Figure 16. The whole sorting system can be
divided into three main units marked in the figure; the Feeding unit, the Detection unit
and the Separation unit. The Feeding unit consists of a Transport belt, a Vibratory
feeder and a Detector belt. The Detection unit consists of a Camera, Laser line
projector, X-Ray Tubes (3 pieces) and Detectors (6 pieces), which are placed under
protective lead cover. The Separation unit consists of a block of Air Valves and

collection bins for both dropped and ejected materials.

" X-RayTubes : " Camera

( Vibrator
__and Detectors _ and Laser < L

— Feader Transport

Compressed | ; ~ Belt
— Air Lg" ' Detector

Separation Unit Detection Unit Feeding Unit

Figure 16. Poly-XRF test system.

6.1 General Working Principle

The functional principle of Poly-XRF is presented in the Figure 17. At first, in the
Feeding unit, unsorted metal recyclates are fed onto the Transport belt, which drops
the material on the Vibratory feeder. It divides the material into six fractions and
creates a so called queuing system for the particles. This makes the particles to form
an even feed when they are dropped onto the Detector belt with the working width of
1400 mm. The purpose of the queuing system is to prevent too many particles from

entering the Detection unit at the same time. When particles reach the Laser line and
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3D-camera, information of their location and size is transmitted to the automation
system. Based on this positional information, particles are exposed to the primary X-

Ray radiation coming from three X-Ray Tubes. [71]

Separation Unit Detection Unit Feeding Unit

Figure 17. Functional principle of Poly-XRF.

The particles emit fluorescent X-Rays that are detected by the spectrometers using
Silicon Drift Detectors (SDD) [72]. The X-Rays are converted to voltage pulses in the
detectors. The amplitudes of the pulses correspond to the energies of the X-Ray
photons and the spectrometer has the facility to discriminate the pulses at selected
energy regions. If the energy of a pulse falls within a desired region, then one digital
counting pulse is sent to the programmable logic controller (later PLC). Three such
regions can be defined for each spectrometer for the comparative analysis of XRF

spectral features. [71]

The actual classification decision is executed via PLC, where the information on
classification limits is transmitted from recipes. The classification of a passing particle is
based on the counts per second value in a specific energy interval, which is compared

with a threshold value pre-defined by the operator. At the beginning of the tests, a
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sophisticated guess of the threshold value is set and it may be changed later according
to the actual Pulse Value Results. If the set threshold value is exceeded, a command
from the PLC is sent to activate appropriate air valves from the ejection unit.
Therefore, the particle is ejected with the jet of compressed air. In the Separation unit,

the feed material is divided into two fractions, eject and drop. [72]

6.2 Equipment Specifications and Main Adjustments

The equipment consists of a variety of adjustable settings that need to be separately
optimized for each input material. Some of the adjustments are mechanical and they
are adjusted around the device. While others, are programmed in the software and
can be modified in the user interface. The equipment also contains some fixed

components. The main specifications and adjustments are briefly presented both in

Table 3 and in the text below.

Table 3. Poly-XRF equipment specifications [72]

Parameters Values
Working width 1400 mm
Detector Belt Speed 0-2m/s

X-Ray Sources (3 pieces)

50 kV, 1.0 mA, Ag target

Collimator slit width

1.4; 2.0; 3.1; 4.7 mm

Thickness of the X-Ray tube Al-filter

0.29 mMmor1 mm

Detector distance from the conveyor

~70 -200 mm

Resolution of detectors

140 eV

Air valve nozzles

104 pcs, @ 2.5 mm

Nozzle distance 12.5 mm
Compressed air pressure 7 bar
Gap size of divider 0.05-0.8m
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The speed range of the detector conveyor belt is from 0 - 2 m/s, while the estimated
operating speed ranges from 0.2 — 1.2 m/s. The speed can be adjusted from the user
interface and it can be higher for larger particles, since they provide larger amount of
pulses for the detectors. In addition to this, the speed of the transport belt and the

power of the vibrating feeder can be adjusted. [72]

The X-Ray sources of the Poly-XRF are situated perpendicularly towards the detector
belt and the distance is 0.8 m [72]. Silver (Ag) had been selected as target material for
the X-Ray tubes. The anode material determines the pattern of the characteristic
background radiation created from the X-Ray tubes. The characteristic line which is
created from silver does not disturb the analysis of iron, molybdenum, copper or zinc

for example because it is placed on a higher energy region. [35]

The width of the X-Ray beam can be adjusted by changing the width of the collimator
slit. There is a mechanical control with four different widths and two different
aluminium filtering thicknesses. The size of the X-Ray beam is selected to correspond
to the particle size of the input. [72] The width must not be too large, since then the
detectors can observe the fluorescence radiation from more than one specimen. Also
the amount of background scattering can get too high causing measuring errors. On
the other hand, a too narrow X-Ray beam can reduce the pulse frequency and thus

requires the use of a slower conveyor speed. [71]

Usually, a filter is put in front of the X-Ray tube to reduce the backscatter in the most
interesting energy areas [33]. The thicker aluminium filtering is chosen if there is a
strong, dominating line in the low-energy region of the spectrum. [72] For example, if
the input contains plenty of iron; its signal strength can be reduced with the help of

the thicker Al filtration. This may help to identify weaker lines from the spectrum. [71]

All six detectors have been set inside a movable protection case, which is set at 55
degree angle with respect to the conveyor [72]. The measuring geometry of the

equipment is illustrated in Figure 18.
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Figure 18. The measuring geometry.

The distance of the Detectors from the conveyor is mainly selected according to the
particle size and content of the input material. In order to provide sufficient amount of
pulses from small-sized particles, detectors must be set as close to the belt as possible.
[71] Then one must, however, keep in mind that when the detectors are closer to the
conveyor, their area of vision will narrow. In that case the good functionality of the

gueuing system will be more critical and more important.

Inside the Separation unit, there is a divider, between the two product fractions. The
Gap size corresponds to the width of the opening between the air valve block and the
divider. Both the speed of the Detector belt and the particle size of the input affect the

selection of the width. [72]

Some of the equipment components are fixed, for example the line laser and camera,
and the operator cannot make any adjustments related to these. In addition, the
compressed air pressure and valve type are fixed. The operator is able to modify the
timing of the air jets, but neither on the number of active valves nor the time how long

one exhaust takes place. Information is received from the camera and PLC. [72]
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6.3 Classification Principles

The classification principle can be either absolute or relative. Absolute classification is
chosen in situations in which there is no relevant reference spectrum, or
concentrations of different elements vary. The absolute classification principle is
suitable when the particle size distribution of the input is very narrow. It favors large
particles and may neglect small pieces completely. In absolute classification, the range

of emission energy values is set only for the searched element in the Channel 1. [72]

In relative classification, pulses from two different channels (Channel 1 and Channel 2)
are compared with each other. The counts are presented in the user interface as Pulse
Ratio Values, which change in the range of 0 — 100%. The emission energy range for
the searched element is set to Channel 1, similar to absolute classification. The
reference region of the spectrum, including the emission area of Channel 1, is set in

the Channel 2. [72]

An emission line chart [73] can be used as help when choosing emission values. In
addition, known reference samples can be measured with the software of the
spectrometer manufacturer (Amptek), where the emission limits can be checked from
the spectrum. At the same time, appropriate minimum measurement time may be
evaluated. The relative classification is suitable and recommended for most situations

and it also fits sorting particles with varying sizes [71].
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7 Test Materials

The Poly-XRF sorting equipment was tested with three test materials, which are shortly
presented in Table 4. The selection criteria and composition of the test materials are
discussed in the following chapter. All of the samples were characterized by weighing
with a laboratory scale (METTLER TOLEDO, NewClassicMS) and analysing their element
composition with a handheld XRF analyser (OXFORD INSTRUMENTS, X-MET 7500). The

characterization results are presented in the Appendices |, Il and X.

Table 4. Test materials used in the thesis experimental part

Test material no. Detected element Things to consider

Test material 1 Molybdenum (Mo) Mo-concentration is easy to identify
Test material 2 Zinc (Zn) Identifying zinc-alloys from copper
Test material 3 Gold (Au) The shape of the specimens

7.1 Test Material 1

Material 1 contains altogether ten samples (Figures 19 & 20), seven pieces of acid
proof (EN 1.4432; AISI 316) steel having approximately 2 % of molybdenum (Mo) and
three pieces of common stainless steel (EN 1.4301; AISI 304). The material is originated
from the Kuusakoski Oy Heinola Works, where the End of Life Vehicles (ELV) and large
household appliances are crushed and processed. The material undergoes several unit
processes, for example washing, screening, magnetic separation and specific weight
based separation, also known as sink-and-float. In addition, copper, brass, zinc and
lead are removed by Titech Combisense and hand sorting stages. At the moment, the
remaining stainless steel fraction is sorted for acid proof stainless steel separation with
an older, similar type XRF-system, with smaller expected capacity that of the Poly-XRF.
In the thesis experimental part, this same material stream is used for testing the Poly-
XRF. The motivation for sorting is that a better commercial value is gained for higher

Mo-concentration. Both product fractions are sold to steel smelters for the production
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of new steel. An identification criterion for material 1 is the high enough concentration

of molybdenum, which is easy to characterize from the spectrum.
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Figure 20. Test material 1, samples 6 - 10.
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The iron (Fe) and molybdenum (Mo) contents of test material 1 samples are presented
in Table 5. The wider characterization results of element composition are presented in

Appendix I.

Table 5. Iron and Molybdenum content in test material 1

No. Stainless Steel Type Fe [%] Mo [%]
Sample 1 1.4432; AISI 316 68 2.0
Sample 2 1.4432; AISI 316 69 1.9
Sample 3 1.4432; AISI 316 68 2.1
Sample 4 1.4432; AISI 316 69 2.5
Sample 5 1.4432; AISI 316 64 2.4
Sample 6 1.4432; AISI 316 71 2.0
Sample 7 1.4432; AISI 316 68 2.6
Sample 8 EN 1.4301; AlSI 304 70 0.26
Sample 9 EN 1.4301; AlSI 304 71 0.17
Sample 10 EN 1.4301; AlSI 304 71 0.05

7.2 Test Material 2

The second material (Figure 21) is originated from the same process as material 1. It is
the remaining fraction of the Titech Combisense sorting process. In addition to copper
and brass, the material stream contains lead and zinc etc. In this experiment, 3 pieces
of brass and 3 pieces of copper were taken from the real process stream that has
particle sizes ranging from 40 to 120 mm. In addition, one sample of pure zinc (> 95 %)
was included as a reference sample. The objective was to separate brass from more
pure copper. This would result in better commercial terms of the cleaned fractions. An
identification criterion is the high enough concentration of zinc. The characterization
from the spectrum may not be easy, because the energy emission lines of copper and

zinc are very close to each other. The removal of other metals is not studied here.
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Figure 21. Test material 2.

The copper (Cu) and zinc (Zn) contents of test material 2 samples are presented in

Table 6. The wider characterization results of element composition are presented in

Appendix II.

Table 6. Copper and Zinc content in test material 2

No. Cu [%] Zn [%]
Sample 1 85 10
Sample 2 56 38
Sample 3 61 35
Sample 4 50 50
Sample 5 0.17 99
Sample 6 95 0.47
Sample 7 95 0.61
Sample 8 96 0.50
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7.3 Test Material 3

The third material is a radio frequency (RF) circuit board from a GSM base station
(Figure 22). It was chosen due to its economic significance. The copper nickel circuit
board is coated with a very thin gold layer (< 0.1 um). A big RF-board was cut into eight
parts, which were marked with numbers and arrows similar to materials one and two.
The objective was to examine if the Poly-XRF is able to identify the energy that gold
emits, when the measurement time in on-line measurement is rather short. Copper

and nickel may interfere in the detection of gold.
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Figure 22. Test material 3.
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8 Experiments

8.1 Preparation for Experiments

All three test materials were prepared for actual experiments. The samples were

weighed and the contents were measured with a handheld XRF analyser (Chapter 7

and Appendices |, Il and X). In addition, they were marked with numbers and arrows to

present their feeding order and direction in the tests. All three chosen test materials

differ from each other and their analysis criteria are very different. Thus, before the

actual experiments, the suitable measuring parameters had to be chosen and the

recipes for the user interface created. The used test systems are presented in Table 7.

Choosing of the adjustments is discussed in Chapter 6, where Poly-XRF, its operating

principle, main specifications and classification principles were introduced (cf.

Chapters 6.1, 6.2 and 6.3).

Table 7. Test systems used during the experiments

Parameters

Test material 1

Test material 2

Test material 3

Detector distance from the

conveyor [mm] 140 100 70
Detector Belt Speed [m/s] 0.4 0.2 0.2
Collimator slit width [mm)] 3.1 2.0 2.0
Thickness of the X-Ray

tube Al-filter [mm] 1 0.29 0.29
Classification principle Relative Relative Absolute
Channel 1 [keV] 17.12-17.82 8.30-8.75 9.59-11.72
Channel 2 [keV] 6.17-17.82 7.75-9.2 -
Threshold value 8/11 5 -
Belt length offset [mm] -45 -50 -
Gap size of divider [m] 0.17 0.14 -

43




Since the performance of Poly-XRF was not tested earlier, the maximum operating
speed is not known. In the thesis, the emphasis was on studying the measuring
reliability and consistency. Therefore, relatively low speed of the Detector belt was
used in the experiments. The emission energy literature values for the elements dealt

in the experiments are presented in Table 8. The values marked with brackets were

not needed.

Table 8. Literature values for emission lines [73]

Element \ Emission Line Ko [keV] Kg [keV] Ly [keV] Lg [keV]
Iron (Fe) 6.40 (7.06) (0.70) (0.72)
Molybdenum (Mo) 17.48 (19.61) (2.29) (2.40)
Copper (Cu) 8.05 8.9 (0.93) (0.95)
Zinc (Zn) 8.64 9.57 (1.01) (1.03)
Gold (Au) (68.79) (77.97) 9.71 11.44
Nickel (Ni) 7.48 8.26 (0.85) (0.87)

8.2 Experimental Procedures

The actual experiments were performed with the same principle to all tested
materials. The samples were fed on the detector belt by hand in numbered order, with
varying distances (15 - 100 cm). With every six detectors, 30 repetitions were
measured and their measuring order was chosen randomly. Before the experiments,
the energy scale of spectrometers were calibrated using a stainless steel plate that
contains molybdenum and the background was measured with an empty detector belt.

An example of the calibration result is presented in Appendix IlI.

Pulse values [counts/s] or Pulse Ratio Values [%] depending on the chosen
classification principle, are registered in the user interface. From there, they can be
copied to Excel worksheet for example, for analysing the results. The purpose is that
the variation of measurement results can be compared within one detector and with

all detectors.
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The success of the ejection was monitored in the cases of test materials 1 and 2. A
statistical note is not registered in the user interface, thus the data is based on the
operator's observations. Furthermore, the samples were collected and calculated

manually from two product fractions, eject and drop.
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9 Results

All the measurement results are presented in Chapter 9. First the consistency between
detectors was evaluated with the help of the results of materials 1 and 2, since the
same sample population was measured with each six detector. Furthermore, the effect
of different variables on the recovery and the differences in particle sizes and shapes
on the pulse frequency distributions were observed. In addition, an estimate for the
product grade is given to the materials 1 and 2. The test material 3 was studied in a

little different way than materials 1 and 2.

9.1 Detector Consistency

The functionality was tested by comparing the detectors with the help of test materials
1 and 2. The consistency has been illustrated in Figures 23 - 24 where the results are
from the detectors 1 and 2. Each detector measured the same sample population. The
x-axis indicates the Pulse Ratio Values [%] and the y-axis their frequency. Furthermore,
due to simplification all samples with similar chemical composition where marked with
the same colour; samples of AISI 316 (7 pcs) with violet and AISI 304 (3 pcs) with green.

The results from detectors 3 - 6 can be found in Appendix IV, in Figures 47 - 50.
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Figure 24. The pulse frequencies of test material 1 on detector 2.

The detector consistency was also tested with test material 2, as can be seen in Figures
25 and 26. All the copper alloys with less than 0.7 % of zinc were marked with light
green (3 pcs), zinc (more than 95 % of Zn) with light blue (1 pcs), brass sample with

app. 10 % of zinc with black (1 pcs) and the rest of the brass samples, that had zinc
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content ranging from ~35 — 50 %, with fuchsia (3 pcs). The results from detectors 3 - 6

can be found in Appendix V, Figures 51 - 54.

70

60 :,

wu

(=]
Ll
I

~
o
-
!

w
o
R
I

Frequency (Cu samples)

N
o
T
1]

o Hae

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Pulse Ratio Value [%)]

T T T T T T T llllw"\lelwwwwwl - 0

20

18

16

14

12

10

Cu (< 0.7% Zn)
u2Zn(>95%)
M Brass (35 - 50 % Zn)

M Brass (10 % Zn)

Frequency (Brass and Zn samples)

Figure 25. The pulse frequencies of test material 2 on detector 1.

Cu (<0.7% Zn)

70 - 20
] r W Zn(>95%)
1 18
60 ] r M Brass (35 - 50 % Zn)
[ 16
K M Brass (10 % Zn)
50 |
=50 ] [ 14
o
s LI
. f 12 2
340 2
<} L 10 @
] (=]
330 ]! L] ;
g ] Fr8 =
= 1 (1]
T ] "
Q i [%]
& 20 F6 O
1 >
Fa 2
E L o
10 4 I .-
2 @
-
ol L | | 1| I L o
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Pulse Ratio Value [%)]
Figure 26. The pulse frequencies of test material 2 on detector 2.

48



9.2 Sorting Results of Test Material 1

The measurement data of test material 1 is presented in Appendix VI. There the results
have been divided in six parts according to the number of the detector. Altogether 30
similar series were measured with every detector. The numerical values in the tables
are Pulse Ratio Values [%] and it has been marked either under Drop or Eject,
depending on which product fraction the sample ended up in. On the basis of the first

ten measurement results, the threshold value was increased from eight to eleven.

By changing the operating parameters of the sorting device for each material, the
desired fraction can be separated out, optimising either the total yield or the quality of
the product. The terms recovery and grade are used as they are described. These
terms are commonly used when the concentration of metallic ores is described and
they are also suitable for describing the enrichment process of recycled metals. In ore-
dressing, the recovery is the percentage of the total metal contained in the ore, which
is recovered into the concentrate. For example a recovery of 90 % means that 90 % of
all metals in the ore is recovered into the concentrate (here eject) and 10% is lost in
the tailings (here drop). [18] In the case of processing recycled metals, recovery is the
percentage of the total metal content of the feed that is recovered in the concentrate

(eject).

The grade usually refers to quality, i.e. the content of the marketable product in the
material, e.g. in metallic ores it refers to the per cent of metals. The grade can also be
given as parts per million (ppm) or grams per ton (g/t). [18] In the case of recycled
metals, the grade illustrates the per cent of the metals which define the market price
of the saleable product. In this work, the grade was only calculated for molybdenum to

make it simpler.
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9.2.1 Recovery Rates

The result of the actual recovery of each sample was compared with theoretical
recoveries, at threshold values eight and eleven. This is shown in Figure 27 below. The
possible reasons for the difference between actual and theoretical values are

examined throughout this Chapter.
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Figure 27. Actual and theoretical recovery at threshold values 8 and 11.
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The actual separation was examined by comparing the effect of different variables on

the actual recovery. These variables were molybdenum content of a sample, mass,

sample width, and sample width — mass ratio. These are presented in Figures 28 — 31.
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Figure 28. Effect of Mo-content on Recovery.
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Figure 31. Effect of sample width over mass ratio on Recovery.
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The effect of shape and size of the samples with constant chemical composition were
studied with comparing the variation of pulse frequencies between different samples.
As an example, frequency distributions of Pulse Ratio Values of samples 1 and 2 are
given in Figures 32 - 35. The results for the rest of the samples are given in Appendix

VII.
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Figure 32. The pulse frequencies of test material 1, Sample 1 on Figure 33. Test material 1,
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9.2.2 Recovery and Grade

The result of the actual grade and recovery was compared with theoretical values. This
has been plotted in Figure 36. The grade-recovery curve was calculated with different
threshold values; the numbers are given in Table 9. In addition, the effect of threshold

value on theoretical recovery was illustrated in Figure 37.
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Figure 36. Theoretical Grade-Recovery Curve and actual Grade and Recovery.

Table 9. Calculated Grade and Recovery values

Threshold value | Grade of Molybdenum [m-%)] Recovery [%]

Feed 1.7 100.0

5 2.0 99.8

7 2.0 99.6

8 2.0 99.3

11 2.0 97.0

15 2.2 88.5

17 2.2 73.0
Actual 2.0 79.0
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9.3 Sorting Results of Test Material 2

The measurement data of test material 2 is presented in Appendix VIII, similar to test
material 1. With test material 2, attention was not paid to the effect of the different

threshold values on the separation results, because its choice was very clear.

9.3.1 Recovery

The result of the actual recovery of each sample was compared with theoretical

recovery, at threshold value five. This is shown in Figure 38 below.
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Figure 38. Actual and theoretical recovery at threshold value 5.

56



The effect of shape and size of the samples with similar chemical composition were
studied with comparing the variation of pulse frequencies between different samples.
Test material 2 included four different types of materials by chemical composition
(Table 6; Samples 2 — 4 are considered very similar to each other). This pulse frequency
variation between different sized samples is illustrated in Figures 39 and 42, where
pulse distributions of samples 3 and 4 are given as an example. The results for the rest

of the samples are given in Appendix IX.

Sample no. 4 also served as a good indicator when the vision of the camera was tested.
The sample was placed at every detector line 30 times and it was noticed that the
vision of the camera decreases from the central part of the conveyor towards the
edges. The Recognition degree [%] of the camera on each detector line is shown in

Table 10. The detectors measure only the samples that camera has first recognized.
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Figure 39. The pulse frequencies of test material 2, Sample 3 Figure 40. Test material 2,
on all detectors. Sample 3.
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Figure 41. The pulse frequencies of test material 2, Sample 4
on all detectors.

Table 10. Recognition degree of the camera on each detector line

Detector line Line 1 Line 2 Line 3 Line 4 Line 5 Line 6
Sample 3 100 % 100 % 100 % 100 % 100 % 100 %
Sample 4 50 % 70 % 100 % 100 % 70 % 37 %
9.3.2 Grade

The objective was to separate brass from more pure copper. Therefore zinc and

copper grades for both product fractions were calculated and they are presented in

Tables 11 and 12 below. Theoretical separation result was calculated from the

measured pulse values (Appendix VIII). Threshold value was set at 5.

Table 11. Zinc and copper grade of Eject

Grade Cu [%]

Grade Zn [%]

Feed 79 17
Theoretical Grade at TH 5 57 39
Actual Grade 60 37
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Table 12. Zinc and copper grade of Drop

Grade Cu [%] Grade Zn [%]

Feed 79 17
Theoretical Grade at TH 5 95 <1
Actual Grade 90 6

9.4 Sorting Results of Test Material 3

The characterization results of element composition of test material 3, Au-coated RF-
circuit board, are presented in Appendix X. The samples were all cut from one larger
circuit board, so therefore only sample 1 was measured. The resolution of the
handheld XRF analyser was not enough to identify gold at all. The coating thickness is

app. 0.05 um.

Test material 3 was not studied in the same way as materials 1 and 2. The examining
was stopped when it was noticed that the camera does not identify the flattest parts.
The results of pre-tests are shown in Appendix XI; two measurements with each
detector were made. The spectra of a few samples were analysed with the software of
the spectrometer manufacturer (Amptek), with measuring times of 5s and 0.3s. One
measurement of each was included here in Figures 43 and 44, as an example. The L,
and Lg emission lines for gold are marked in figures. The peak data can be found in
Appendix XIl. The spectra were measured with detector 1. Note: The y-axis is on a
logarithmic scale. In addition, in Figure 45 is shown three samples of test material 3,
illustrating the measurement problem. The camera does not see the rightmost type of

the pieces.
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10 Discussion

The main aim of the experimental part was testing of the Poly-XRF sorting equipment
with selected samples. Therefore not only the separation results of three test
materials are important but also the found errors and defects either on the
functionality of mechanics or software. As the work proceeded, these faults that were
preventing the testing were repaired several times. One of the biggest challenges was

the slowness of data processing.

Examining the consistency between detectors was also one of the main objectives of
the work (see Chapter 9.1). It was found that very little differences occur between the
detectors; this was studied with test materials 1 and 2. The results of individual
samples give consistent results with all detectors and the distributions followed the

same trend fairly well.

During the experiments, it was found that factors limiting the final separation result
the most, are the functionality of the camera and the success of the ejection. The
performance of the camera decreases from the central part of the conveyor towards
the edges. The camera is placed in the middle of the conveyor belt in the crosswise
direction. Another problem is in the image processing algorithm that combines two
separate particles into one piece according to a specific rule. Here the limit distance is
about 23 mm. In other words, if the particles are too close to each other they are
recognized as one. This condition causes problems also in the identification of small or

flat shaped particles from which the camera sees only their edges.

In the Separation unit, a particle that contains the searched element is ejected in the
product fraction called Eject. In the case of Poly-XRF, only one element can be search
at a time. Re-circulation of the material is of course possible. A positive decision about
the ejection is made when the measured pulse values are greater than the set

threshold value.
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An individual particle may still fall in the wrong product fraction caused by several
factors, e.g.:
- The camera misreads the size or the place of a particle.
- Samples are fed too frequently. In this work it was found that with belt speed
of 0.2 m/s the distance has to be at least 10 cm.
- The air blow event does not happen even though sufficient threshold value was
exceeded. This happened in about 6 % of all single measurements in this work.
This is one of the signal processing errors that still remained uncorrected.
- The shape or size of the sample is unfavourable.
- The object might hit the divider and fall into the wrong product fraction.
- Finally, the timing of the air jet is not correct. In the case of Poly-XRF, this may

be adjusted on the basis of operator's visual observations.

The final separation degree differs from the theoretical separation degree. This can be
seen from the results of test materials 1 and 2 in Figures 27 and 38. Thus it may be
assumed that some of the factors affecting the final recovery are originated from the
material characteristics. The effects of these variables on recovery were studied with
test material 1, in Figures 28 - 31. The variables were the molybdenum content of a
sample, mass, sample width, and the sample width — mass ratio. It is seen from the
results that the elemental content (here molybdenum content) does not affect the
recovery, when a certain material group is considered. The groups were acid proof
steel (AISI 316) and common stainless steel (AISI 304). Furthermore, it can be seen
from Figure 28 that the separation degree is low, when the Mo content is less than

0.5m-%.

Next it was studied if the deviation is caused by the sample mass. Figure 29 shows that
there is no correlation between the pure mass and recovery. The samples were always
placed on the conveyor in the same position. Thus the effect of the apparent sample
width on the separation degree was examined next (Figure 30). It was found that the
width of the sample affects the separation degree significantly. Also some correlation

exists between the sample width-mass ratio and the recovery (Figure 31).
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In addition, the effect of shape and size between samples with similar chemical
composition on the form of the pulse frequency distribution was examined with test
materials 1 and 2. Examples are given both in Figures 32 - 35 and 39 - 42. It was
noticed that the size and shape affect the form of the distribution. On small or narrow
samples more deviation appeared than with larger samples. This is probably due to the

fact there is more back scattering, which interferes with the analysis.

The other sources of errors were dealt in Chapter 3.3; the results are influenced for
example by time-dependent repeatability and the settling of the particle towards X-
Rays and the detectors. In the experiments of the diploma work an attempt was made
to minimize these sources of errors by feeding the individual samples manually. The
samples were always placed in the same position on the conveyor and to certain lines,
so that they would pass under the detectors as near as possible. Also an attempt was
made to avoid possible calibration errors by calibrating the equipment every time just

before the beginning of measurements.

Sorting Result of Test Material 1

The successful calibration is one of the key parameters when operating the Poly-XRF
sorting equipment. This was noticed during the measurements of test material 1. The
spectrometers were calibrated after first ten repetitions when the threshold value was
also increased from 8 to 11. It can be seen from the results that small change in level
of Pulse Ratio Values happened with AISI 304 samples. In other words, a possible

calibration error may have occurred.

The actual recovery was compared with the theoretical recovery. The actual recovery
was calculated by manually collecting the samples which had ended up in both output
fractions and the theoretical recovery by counting the number of the pulse values

which were either over or below the set threshold value.
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The recovery, as well as the quality of the end product can be estimated from the
theoretical Grade-Recovery curve (Figure 36 and Table 9), where threshold value has
been used as a variable. Here the quality refers to the Molybdenum content of the
final product. It is seen from the graph that the best recovery is achieved when the
threshold value is set between 5 and 8. In that case the quality of the end product also
remains homogeneous. The actual recovery rate remained at a lower level than the
theoretical, but the quality of the end product was at the same level with the
theoretical. The effect of the threshold value on the theoretical recovery was also
observed with the help of Figure 37 from which it is seen that in theory the recovery
decreases when threshold value is increased. It is seen also from this graph that
suitable threshold value will be around 7-8, if the purpose is to maximise the final

recovery.

It can be concluded that with test material 1, it is not possible to make a sharp cut due
to large amount of deviation in the results. One option to reduce this error is the pre-
treatment of the material e.g. with screening, in order to narrow the size distribution
of the feed. The right threshold value is one of the key parameters in sorting, since the
operator makes the final decision on which value is used. Thus the choice has big

significance to the final results, at least in theory.

The obtained results can be roughly compared with an older XRF sorting device, which
is in use at Kuusakoski Works Heinola. There this same material i.e. stainless steel is
sorted for acid proof (EN 1.4432; AISI 316) and common stainless steel (EN 1.4301; AlSI
304) fractions. An example of AISI 316 spectrum can be found in Chapter 3.4, Figure
11. This sorting device has only one X-Ray tube and detector and the expected capacity
is around 1 ton an hour. The average results for recovery and grade in the years 2013
and 2014 are presented in Table 13 below. Thus it can be concluded that the Poly-XRF
device has potential as a challenger of the old sorting device. In this work, capacity was

not studied.
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Table 13. Comparison of Poly-XRF and Kuusakoski Works Heinola XRF

Average Recovery [%] Average Mo [%]
Heinola 2013 75 2.2
Heinola 2014 69 2.0
Poly-XRF Sorting Equipment 79 2.0

Sorting Result of Test Material 2

Brass is an alloy of copper and zinc and both concentrations may vary a lot. Brass
contains relatively large amount of zinc and this results as quite high Ka emission line
in the spectrum. A typical spectrum of Brass was presented in Chapter 3.1, Figure 5.
The brass samples used in the experiments contain zinc from around 10 % up to 50 %.
If the concentration was lower, the emission lines might get behind the lines of copper
and therefore stay unidentified. The success of the calibration as well as setting of
accurate limits to the searched fluorescence emission energies in Channels 1 and 2
becomes very important when copper and zinc are separated with this technique. If
calibration error occurs it results in failed identification of elements and mixed product

fractions.

The experiments for separation between copper and brass gave very promising results.
However, it must be kept in mind that in reality the input would also contain other
metals e.g. iron, lead and aluminium, which might disturb the analysis. For example,
the emission lines of iron usually appear very strong and might disturb the separation.

In that case recirculation of the material with more cleaning stages would be needed.

As a curiosity, interesting observations were made with Sample no. 4, which was
rather small and flat shaped particle. It worked as a good indicator for testing the
vision ability of the camera, which turned out to be the limiting factor of the whole

system (discussed earlier). The sample was unnoticed in app. 30 % of times. When the
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sample was measured, the Pulse Ratio Values were good. However in some cases, it

still ended in the drop fraction due to failed ejection.

According to literature [5, 11] usually colour separation is used for separating brass
and copper from each other into red and yellow metals. However, a lot of measuring
errors occur and only a small part of the fraction correspond the colour requirements
due to surface contamination, such as paint and dust. Often prewashing is needed. As
XRF is an element-specific detection method, it does not give significance to the colour
of the metal. Also the surface contaminations don’t have that major effect on the
results as with colour separation. Therefore, XRF sorting technique gives a promising

option for colour sorting.

The comparison of actual and theoretical recovery has been given in Figure 38. It can
be seen that samples number 2 and 4 differ the most from the theoretical values. This
is due to the shape and size of the samples as already discussed earlier. The grade and
recovery were calculated for both product fractions since both are interesting (Tables
11 and 12). In this context, the zinc containing samples were ejected. Only one
element at a time can be identified. Thus it could also be thought as a reverse cleaning

of the copper fraction.

The final results of grade and recovery for both fractions are excellent and the
contents are fairly near the theoretical values. Thus it can be concluded that the Poly-

XRF sorting device has potential for sorting this type of material.

Sorting Result of Test Material 3

Reason, that test material 3 was included in these experiments was its potential
economic significance if the particles of this kind were detected and separated from
heterogeneous input. However, examination of this material had to be stopped due to
the malfunctioning of the camera. The sorting logic of Poly-XRF is that if camera
detects the particle, then the measurement result from the spectrometers is recorded.
The camera is unable to detect plate-like samples and in this case the shape of all the

samples was flat. If these particles are settled in a small angle, then there is a greater
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probability that they are detected. The differences in the angle are illustrated in the
Figure 45, in Chapter 9.4.

However, the effect of the measurement time for the identification of gold was
observed by measuring the spectrum of the sample in two different measurement
times 5 s and 0.3 s (Figures 43 and 44). With the measurement time of five seconds
both emission lines of gold, Ly, and Lg, stand out quite well. With a shorter
measurement time, the accuracy of the identification decreases significantly. The lines
could mix with the baseline. In order to obtain a sufficient accuracy, the measuring
time should be longer than 0.3 seconds. In this case, the overall capacity would be very

low.
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11 Conclusions

The main objectives of the thesis were to perform technical testing of XRF sorting
equipment and to test the applicability of the sorter on selected process samples. The
number of the test materials had to be limited to three, since the commissioning of the
equipment and software testing took quite a lot of time. The aim was to separate two
different steel grades from each other based on the differences in molybdenum
content (test material 1), brass samples from more pure copper based on the zinc
content (test material 2) and to analyse the gold coated copper-nickel circuit board

having very thin coating (test material 3).

The consistency between the detectors was set as an indicator of the device
functionality and it was examined through the results of test materials 1 and 2. The
pulse value results from each detector were compared with each other and it was
found that very little differences occur between the detectors and the distributions
followed the same trend fairly well. The most limiting factors of the whole system are
the functionality of the camera and the success of the ejection. The performance of
the camera decreases from the central part of the conveyor towards the edges. The
ejection of a particle may fail for several reasons, e.g. small or thin shape of the

particle or the timing of the air jet is not correct.

The results of test materials 1 and 2 showed that the final separation degree differs
from the theoretical separation degree. Therefore, different material based
characteristics were compared with the actual recovery. The effects of these variables
on recovery were studied mainly with test material 1. The variables were the
molybdenum content of a sample, mass, sample width, and the sample width — mass
ratio. It was found that mainly the sample width and sample width — mass ratio, affect

the final recovery.

The sorting results of test materials 1 and 2 showed positive signs. The sorting of steel

grades was a bit more difficult, since lot of variation occurred in the measured pulse
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values. It was not easy to set the threshold value, because the pulse distributions were
overlapping. The separation of brass from copper based on zinc content gave very
good results. The difference between the actual sorting result and the theoretical was
mainly due to the varying sample shape. With the gold coated circuit board sample
(test material 3), the objective was to examine the capability of Poly-XRF to identify
the energy that gold emits. The measurement time in on-line measurement is rather
short and the coating is very thin. The examination was stopped due to the limitations

of the camera.

The applicability of Poly-XRF sorting equipment on small or flat shaped particles was
not found suitable on its present configuration. For example, this leaves out the
printed circuit boards (BCPs) from WEEE, which usually goes through a crushing stage
before sensor-based sorting process. The ideal feed material for Poly-XRF is multiple
shaped and relatively large (> 4 cm) particles, e.g. metal scrap. Materials of this kind
are easier to identify and eject. If Poly-XRF was moved to a suitable place in the
production site e.g. at the Kuusakoski Heinola Works, it would at least require a better

functioning feeding unit.

The further development of the device and testing the sorting of other process
samples is recommended, also as pilot size tests. For instance, the test material 2,
separation between copper and brass gave very promising results. In reality, this
material fraction contains various amounts of other components such as zing,
aluminium, lead, electrical cables, as well as some non-metallic components. It would
be interesting to examine if the other metals interfere the separation event and which
of the product fractions they will end up. Additional cleaning stages could be needed.
The purpose of using sorting technologies for recycled material is not producing too

high quality material fractions if it is at the expense of economic aspects.
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12 Suggestions for Further Research

Already at the beginning of this work, it has been taken into consideration that Poly-
XRF is a prototype sorting equipment with unpredictable challenges; both in hardware
set up and the functionality of the software. After all, the Poly-XRF was put into
operation and the main errors of the software were corrected. Functionality still needs

to be further improved in the future. Few suggestions are given in this chapter.

Two matters which restrict efficient and reliable separation the most were: the
identification ability of the camera and optimization of the feeding system. In several
cases, the camera proved to be the most limiting factor of the whole separation event.
In that case re-adjustment of the camera and software optimization might help with
the problem. The extreme case is to replace the camera to a totally new one with
proven functionalities. When recycled material is in question, it may take any form one
can imagine. Therefore, it is very important that all shaped particles are detected, also
the thin plate-shaped ones. The correction need also depends on which application the

equipment will be placed in the future.

The response time, i.e. how quickly a new particle can be measured on the same
detector, also proved to be a very important issue. Therefore, it is essential to optimize
the feeding system. With the current vibratory feeder and queuing system, the input
material cannot be fed evenly enough. There needs to be a monolayer of material and
sufficient distances between particles. In addition, different type or longer liners might
help to direct the particles straight under a certain detector. The better use of liners
might also stabilize the motion of objects that move easily on the conveyor due to

their shape, e.g. round pieces.
Another option to prevent the small or round shaped particles from ending up in the

drop fraction could be adding a second measurement point for the location, for

example just before the air valve module. At the moment, the distance between the
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camera and air valve block is 2.2 m and when the conveyor is on motion the particles
may move from their original place resulting in failed ejection. In addition, if the focus
was on ejecting small sized particles, it would be good to have a changeable air valve

block with other type of valves.

The purpose of the current feeding system is to divide the input material into six
fractions and transport the particles directly under the detectors. It would be good to
check if the detectors cover the whole width of the conveyor, or if there is a blind area
between the detector pares. The distance between the detectors and the conveyor
affects the coverage area. If there are blind areas between the detector pares, then
the improvement of the feeder system is essential. The test could be done using the
thesis test materials, since there is already statistical information on the pulse values.
These results could also show if the intensity of the pulses lower when distance
between a particle and a detector increases. Also information on the coverage area is
provided. There is a possibility to adjust the detector collimators that are at the

moment set fixed.

The Poly-XRF device was commissioned and tested with a few recipes and test
materials in the master’s thesis. Further research suggestion includes finalizing the rest
of the recipes that were originally agreed with VTT, but also finding proper process
samples where these recipes can be utilized and optimized. When suitable materials
are found, the applicability of Poly-XRF device to enrich these materials and possibly

increase their economic value could be tested; also with larger material volumes.
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Appendix | - Test Material 1 Data Sheet

All of the samples were characterized by weighing with a laboratory scale (METTLER

TOLEDO, NewClassicMS) and analysing their element composition with a handheld XRF

analyser (OXFORD INSTRUMENTS, X-MET 7500). These are shown in Tables 14 — 16.

Table 14. The masses of test material 1 samples

- ~ ) < n © ~ ) o =
) ) ) ) @ ) ) ) ) )
a a a a a a a ° ° °
€ € € £ £ £ £ € € €
] ] ] ® ® ® ® ] ] [
w w w w w w w w w w
Mass [g] | 173.7 | 112.1 | 88.0 | 206.3 | 273.1 | 220.3 | 81.9 [ 280.5| 73.5 | 59.9

Table 15. Test material 1, element composition analysis, part 1

SS Type | Fe [%] Cr [%] Ni [%] | Mo [%]
Sample 1 316 68 17 9.5 2.0
Sample 2 316 69 17 10 1.9
Sample 3 316 68 17 10 2.1
Sample 4 316 69 17 10 2.5
Sample 5 316 64 17 12 2.4
Sample 6 316 71 16 8.1 2.0
Sample 7 316 68 16 9.6 2.6
Sample 8 304 70 18 9.0 0.26
Sample 9 304 71 18 8.7 0.17
Sample 10 304 71 18 8.6 0.05
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Appendix | - Test Material 1 Data Sheet

Table 16. Test material 1, element composition analysis, part 2

Si[%] | Mn[%] | Zn[%] | Co[%] | Cu%] | Ti[%]

Sample 1 1.6 1.2 0.36 0.34 0.14 -

Sample 2 1.0 0.91 0.00 0.00 0.23 -

Sample 3 1.4 1.3 0.06 0.28 0.15 -
Sample 4 2.2 1.7 0.10 0.32 0.16 0.10
Sample 5 1.7 1.6 0.18 0.44 0.46 0.33
Sample 6 1.3 1.9 0.23 0.18 0.25 -
Sample 7 14 1.4 0.39 0.33 0.24 -

Sample 8 0.57 1.4 0.00 0.15 0.11 -

Sample 9 0.56 1.1 0.00 0.34 0.08 -

Sample 10 1.1 0.96 0.10 0.29 0.13 -




Appendix Il - Test Material 2 Data Sheet

All of the samples were characterized by weighing with a laboratory scale (METTLER

TOLEDO. NewClassicMS) and analysing their element composition with a handheld XRF

analyser (OXFORD INSTRUMENTS. X-MET 7500). These are shown in Tables 17 — 19.

Table 17. The masses of test material 2 samples

i (o] on < n o N o0
[} (<)) [} [} (<)) [} )] [}
° o ° ° o ° ° °
£ £ £ £ £ £ £ S
© © © © © © © ©
wv (%) wv wv (%) (%) v w

Mass [g] | 54.24 | 64.09 | 160.6 | 26.60 | 34.35 | 23.74 | 355.5 | 87.41

Table 18. Test material 2, element composition analysis, part 1
Cu [%] Zn [%] Al [%] Si [%] P [%]

Sample 1 85 10 1.1 0.67 0.03

Sample 2 56 38 2.0 2.3 0.11

Sample 3 61 35 1.6 1.9 0.06

Sample 4 50 50 1.9 2.18 0.15

Sample 5 0.17 99 - - -

Sample 6 95 0.47 1.2 3.0 0.11

Sample 7 95 0.61 1.2 2.8 0.05

Sample 8 96 0.50 0.38 13 0.04
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Appendix Il - Test Material 2 Data Sheet

Table 19. Test material 2, element composition analysis, part 2

Mn [%] Fe [%] Ni [%] Pb [%] Sn [%] W [%]
Sample 1 0.01 0.24 0.01 0.03 0.0 -
Sample 2 0.01 0.90 0.21 4,54 1.8 -
Sample 3 0.01 0.65 0.0 0.01 0.03 -
Sample 4 0.02 0.32 0.21 0.25 0.35 -
Sample 5 - - 0.01 0.0 0.0 0.67
Sample 6 0.01 0.68 0.0 0.0 0.0 -
Sample 7 0.02 0.90 0.03 0.0 0.0 -
Sample 8 0.01 0.57 0.01 0.0 0.0 -
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Appendix Il = Calibration of Poly-XRF Sorting Equipment

An example of a successful calibration of Poly-XRF is presented below in Figure 46. The
figure is taken from the user interface made by VTT, the Technical Research Centre of

Finland.

Calibration results

Device status: Calibration completed :) !

008802 (242)  pogg27 008759

L | 1 . Wl

Fe: 299 Mo: 814 Fe: 303 Mo: 829 Fe: 306 Mo: 834

009544 (244) 008816 012198

Wl | . 10 . 1 | .

Fe: 298 Mo: 811 Fe: 306 Mo: Fe: 293 Mo: 796

Figure 46. A calibration result of Poly-XRF sorting equipment.
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Appendix IV — Consistency Between Detectors, Test Material 1
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Figure 47. The pulse frequencies of test material 1 on detector 3.
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Figure 48. The pulse frequencies of test material 1 on detector 4.
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Appendix IV — Consistency Between Detectors, Test Material 1
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Figure 49. The pulse frequencies of test material 1 on detector 5.
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Figure 50. The pulse frequencies of test material 1 on detector 6.
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Appendix V - Consistency between Detectors, Test Material 2
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Figure 51. The pulse frequencies of test material 2 on detector 3.
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Figure 52. The pulse frequencies of test material 2 on detector 4.
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Appendix V - Consistency between Detectors, Test Material 2
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Figure 53. The pulse frequencies of test material 2 on detector 5.
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Figure 54. The pulse frequencies of test material 2 on detector 6.

L o

20

18

16

14

12

10

0

- 20

18

16

14
12

10

Cu (< 0.7 % Zn)

mZn (> 95%)

M Brass (35 - 50 % Zn)

M Brass (10 % Zn)

Frequency (Brass and Zn samples)

Cu (< 0.7 % Zn)

B Zn (> 95 %)

M Brass (35 - 50 % Zn)

M Brass (10 % Zn)

Frequency (Brass and Zn samples)

91



Appendix VI — Measurement Data of Test material 1 on Detector 1
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Appendix VI — Measurement Data of Test material 1 on Detector 2
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Appendix VI — Measurement Data of Test material 1 on Detector 3
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Appendix VI — Measurement Data of Test material 1 on Detector 4
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Appendix VI — Measurement Data of Test material 1 on Detector 5
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Appendix VI — Measurement Data of Test material 1 on Detector 6
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Appendix VIl — Frequency Distributions for Test Material 1
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Figure 55. The pulse frequencies of test material 1, Sample 3 on

all detectors.
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Figure 57. The pulse frequencies of test material 1, Sample 4 on

all detectors.
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Figure 58. Test material 1,
Sample 4.
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Appendix VIl — Frequency Distributions for Test Material 1
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Figure 59. The pulse frequencies of Sample 5 on all detectors. Figure 60. Test material 1,
Sample 5.
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Figure 62. Test material 1,

Figure 61. The pulse frequencies of Sample 6 on all detectors.
Sample 6.
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Appendix VIl — Frequency Distributions for Test Material 1
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Figure 63. The pulse frequencies of test material 1, Sample 7 on
all detectors.
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Figure 65. The pulse frequencies of test material 1, Sample 8 on
all detectors.
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Appendix VIl — Frequency Distributions for Test Material 1
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Figure 67. The pulse frequencies of test material 1, Sample 9 on
all detectors.
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Figure 69. The pulse frequencies of test material 1, Sample 10
on all detectors.
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Figure 68. Test material 1,
Sample 9.
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Figure 70. Test material 1,
Sample 10.
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Appendix VIIl - Measurement Data of Test Material 2 on Detector 1
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No air jet, even though TH value was exceeded
Pulse Ratio Max Value 100 % was exceeded

Otherwise false Pulse Ratio Value
Camera did not see the sample

Drop [1.Sample Fraction

2. Sample Fraction

X

Eject




Appendix VIII - Measurement Data of Test Material 2 on Detector 2
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No air jet, even though TH value was exceeded

Pulse Ratio Max Value 100 % was exceeded

Otherwise false Pulse Ratio Value
Camera did not see the sample

Drop [1.Sample Fraction

2. Sample Fraction

X

Eject
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Appendix VIIl - Measurement Data of Test Material 2 on Detector 3
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No air jet, even though TH value was exceeded
Pulse Ratio Max Value 100 % was exceeded

Otherwise false Pulse Ratio Value
Camera did not see the sample

Drop [1.Sample Fraction

2. Sample Fraction

X

Eject
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Appendix VIII - Measurement Data of Test Material 2 on Detector 4
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No air jet, even though TH value was exceeded
Pulse Ratio Max Value 100 % was exceeded

Otherwise false Pulse Ratio Value
Camera did not see the sample

Drop [1.Sample Fraction

2. Sample Fraction

X

Eject
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Appendix VIIl - Measurement Data of Test Material 2 on Detector 5
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No air jet, even though TH value was exceeded
Pulse Ratio Max Value 100 % was exceeded

Otherwise false Pulse Ratio Value
Camera did not see the sample

Drop [1.Sample Fraction

2. Sample Fraction

X

Eject
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Appendix VIII - Measurement Data of Test Material 2 on Detector 6
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No air jet, even though TH value was exceeded
Pulse Ratio Max Value 100 % was exceeded

Otherwise false Pulse Ratio Value
Camera did not see the sample

Drop [1.Sample Fraction

2. Sample Fraction

X

Eject




Appendix IX — Frequency Distributions for Test Material 2
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Figure 71. The pulse frequencies of test material 2, Sample 1 on
all detectors.
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Figure 73. The pulse frequencies of test material 2, Sample 2 on
all detectors.
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Figure 72. Test material 2,
Sample 1.
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Figure 74. Test material 2,
Sample 2.
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Appendix IX — Frequency Distributions for Test Material 2

Samples
35
30 WZn(>95%) '
Sample 5
25 |
z20
g 20
g
o
s
10 1 |
I L LERE
5] &WFFWWW» W
1 { \‘!/F:!‘A‘L Bl s ]
1 | O S O SR ) R R R
'S T N S S - e R P14 Tyl . 510320008
48 53 58 63 68 73 78 83 88 93 98 | T X W O SR W R E OF R S e s 3

Pulse Ratio Value [%)]

Figure 75. The pulse frequencies of test material 2, Sample 50on  Figure 76. Test material 2,
all detectors. Sample 5.
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Figure 77. The pulse frequencies of test material 2, Sample 6 on ~ Figure 78. Test material 2,
all detectors. Sample 6.
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Appendix IX — Frequency Distributions for Test Material 2
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Figure 79. The pulse frequencies of test material 2, Sample 7 on
all detectors.
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Figure 81. The pulse frequencies of test material 2, Sample 8 on
all detectors.
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Figure 80. Test material 2,
Sample 7.

Figure 82. Test material 2,
Sample 8.
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Appendix X — Test Material 3 Data Sheet

The samples of test material 3 were all cut from one larger circuit board. Therefore
only one sample was measured and the results are presented in Table 20 below. The

handheld XRF analyser did not identify gold at all. The coating thickness is app. 0.05

pum.

Table 20. Test material 3, element composition analysis

Element [%]

Cu 69.61
Ni 28.48
Zn 0.76
Al 0.52
Si 0.83
P 5.39
Se 0.21
Pb 0.01
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Appendix XI — Measurement Data of Test Material 3

The results of test material 3 pre-tests are shown in Table 21 below. Two

measurements with each detector were made.

Table 21. The results of pre-tests of test material 3

- - ~N ~N )] )] < < n n © ©

sample | & | & | X | B |8 X |E |8 X |& & |&
1 12 25 17 23 28 33 15 10 16 33 24 36
2 X X X X X X X X X X X
3 X X X X X X X X X X X X
4 X 16 X 5 5 8 20 3 6 2 X 8
5 8 9 4 4 14 12 13 11 8 10 29 X
6 X X X X X X X X X X X X
7 13 19 11 30 26 23 15 21 12 X 15 21
8 X X X X X X X X X X X X

IE Camera did not identify the sample
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Appendix XIl — The Peak Data of Test Material 3 Measurements

Two spectra were measured from test material 3 with measuring times of 5 s and 0.3s.

These were presented in Chapter 9.4, in Figures 43 and 44. The peak data from these

spectra is given below in Tables 22 and 23.

Table 22. The peak data of test material 3, sample 1 spectrum (5 s)

Start End Net Area Gross Area Centroid (N) Status
7.31 7.67 5003 5379 7.47 GOOD
7.75 8.4 22648 23128 8.05 GOOD
8.53 8.66 0 308 -0.06 BAD
8.76 9.12 1510 1886 8.91 GOOD
9.54 9.84 201 363 9.72 GOOD
11.25 11.72 248 363 115 GOOD
Table 23. The peak data of test material 3, sample 1 spectrum (0.3 s)

Start End Net Area Gross Area Centroid (N) Status
7.31 7.67 289 337 7.48 GOOD
7.75 8.4 1283 1388 8.05 GOOD
8.53 8.66 0 14 -0.06 BAD
8.76 9 55 110 8.91 MARGINAL
9.65 9.84 0 19 -0.06 BAD
11.38 11.57 0 13 -0.06 BAD
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