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Particle sorting allows partially liberated minerals to be separated prior to energy intensive fine
grinding. Sensors select particles feeparation and airwater or mechanical ejectorsr@ used to
physicallydeflectthose selected. To achieve effective separation there has toffieient liberation,
accurate detectiorand presentation of a separated monolayer of particles. These tipfegsical
constraintsdetermine the partia size limitsthe sorting technology utilised, the separation efficiency,
and the throughput that can be achieve@he combination of all these factors contrtie effective

limits on the degree to which sorting can reduce the $fieacanminution requirements and
increasing energy efficiency. This paper will explore two case studies: the application of sorting in
base metal mining and precious metal mining.

Introduction

Comminution is the most energy intensive process in themginialue chain, consuming on average
36% of onsite energiBallantyne et al., 2012a)The most effective way to save comminution energy

is to avoidgrinding low value materialParticle sorting is a separation technique used inrtieerals
industry to remove low grade particles prior to the energy intensive milling sta§egting devices
utilise a range of different sensors to assess the composition of individual rocks and then eject those
containing low valueninerals using aityater or mechanical ejectorsThis technique takes advantage

of particle heterogeneity to avoidonductingenergy inteng&ve processing methods on material that
would be more economically treated as either waste, deferred to later in the mine life oresmbv
using low intensity methods such as heap leaching.

One advantage of sorting is to reduce the comminution energy intensity, visually presenting this
reductionwill assist in increasing the confidence of industry to apply this new techndiofgynily of
Comminution Energy Curves have been developedoresent the benefits oftechniques and
technologies that help to reduce comminution energy efficie(@gllantyne and Powell, 2014pne
version of the curves,he grade intensity energy cugvcan be used to show the benefit of pre
concentration strategies such as sorting ($8gurel). The grade intensity energy curve plots the
copper equivalent specifienergy. The use of copper equivalent production reflects the wide range
of commodities present in the energy curve database. Production of other minerals/metals are
converted by caldlating the equivalent copper production that would obtain the same revenue.
Commodity prices in 2013 were used as they best follow current trends for the mix of commodities in
the energy curve database.
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Figurel - Grade intensy comminution energy curve. Each bar represents an individual mine, the height of which represents
the metal specific energy, and the width represents the mine's armatdl productionexpressed as copper equivalent
production.
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All oorting systemgontan four maincomponentgseeFigure2):

1 feeding system

I sensors

9 computer analyser
1 ejector.

The feeding system arranges the particles in a monolayer with ensejgdrationbetween particles
to enable detection and ejection of individual particldglany sensorsre available for sorting and
the choice depends on the minerassemblags particle size and required resolutiom computer
algorithm decideswhich paticles to ejectdepending onthe detector measuremenand selection
criteria. Thesystemcan utilise air, water or mechanicejectorsto apply a separation force to the
selected particles.
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Figure2 - Schenatic of a typical sorting uniustralian Mining Monthly.

Steinert produces sensaorting systems thatcan incorporate a wide range aensor typesor
combinations of those.This paper will concentrate on resultsf using a Dual Energy -Ray
Transmission system. @&lsensormeasures thex-ray attenuation of individual particlesvhichis
greater forparticlescontaining minerals with higher atomic number, but also greateentheXr ay ' s
travel the further through the particlesAlthough a narrow size distribution is still required, ussing

a dual energy Xay detector system, thaegative effect of variable particle thickness can be reduced
Figure3 is a schematic describing the response of a sample to both low and high erengy. XThe
thickness of the sample will move the response up or down this response curve, but no matter what
the thickness, particles withigherdensityparticles will follow the top curveHowever, a close feed

size distribution is still required@his process is n@ensitive to surface conditions (e.g. presence of
dustor water) and can therefore be uti#td dryor wet and washing of material is mostly unnecessary.
Relative atomic numbers form the basis of separation thus allowing this technology to be utilized in
applications where other mineral procesgitechniques have been deemeaddasible.
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Figure3 - Dual energy xay transmission system schematic

The mass throughput of a particle sorter is dependen{Ballantyne et al., 2012b)
91 belt coverage
1 Dbelt speed
1 particle size
1 patrticle density.

The belt coverage is constrained by the requirement that the particles are arrangedisolaad
monolayer. The belt speed can benstrained by theparticle size, theletection and the computing
speed. However, data processing capabilities are sufficiently advanced that they do not restrict
maximum capacity and can allow rates in exces®000 particles per seconde Jong and Harbeck,
2005) The average particle size haslage influence on theachievable material throughput
Throughput is directly proportional to the particle simven with dl particles toubing, forming a
geometric maximum monolayesee Figure4). This is due coarse particles having larger particle
volume (or mass) in relation to thetrosssectional areaFigure4 also showsthe reduction in
achievable throughput when realistic belt coverages of 10, 15 and 20% are chosen. In this example
the percent occupancy is defined as the fraction of the belt area covered by rocks.
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Figure4 - Maximum throughput calculated for spheres with a density of 3g/cm3 on a 1m wide corfBajlentyne et al.,
2012h)

Another constraint for particle sorting is the energy consumed by the ejector system. Compressed air
is most commonly used fagparticle ejection because of the high speed of the actuators and the
minimal impact on surrounding particles. The energy required for compressed air systems is
proportional to the required pressure and the air flowrate. The data available from one compressor
equipment spplier (Sullair, 2012)showed the following relationship: T Ob iOx A&Q

EA T x OO0 At ¢ ¢ w0 OA O GA\O\GA® X . The required air flowrate is a function of

the size of the ejector nozzleir pressureandthe required frequency and duration of ejection events.
Although the size of the nozzle is fixed for a particular device, the duration of ejection events is
dependent on the position, speed and size of the particle and the frequency is largely a factor of the
number of particles that contain the mineral of interesAlthoughthe air blast required for a small

rock is less than that required for a large rocle thassjected per blast is much smaller. Therefore,

the power required to eject a tonne of rodkcreases exponentially for smaller particle sizes
(Ballanyne et al., 2012hb)

Particle liberation can be used as a measurement of proportion of particles that contain minerals of
interest. Because most mineral deposits have low concentrations of valuable minerals, the waste (or
gangue) minerals begin to likete at a much coarser sizédilden and Powell (201Thodel particle
liberation using computealgorithms that apply random breakage to an assemblage of mingrals
example, ore can be modelled as a binary material containing grains of mineral A within a matrix of
mineral B, or as clusters of higinade rock surrounded by legrade rock. The asswlage represents

a mineral texture containing grains of different sizes, reflecting the properties of the ore; and the
random breakage of which produces particles that when appropriately calibrated have a liberation
distribution comparable to that of anre sample.Using this method, the fraction of particles that
contain only a small concentration of valuable minerals can be estimatedr{gers5). This fraction
constrains the maximum rejection rate that can be achieved without severely impacting recovery.
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Figure5 - Maximum rejection rate based on liberation

The combination of throughput, air consumption and particle liberation caissrthe operation of
particle sorters. Although patrticle liberation increases for fine particles, the increased air consumption
and reduced throughput lead to a disadvantageous operating regime. Therefore, coarser particle
separation is preferred in mosorting applications.

Mine 1(gold) case study
Mine 1 is a gold mine produci®® koz gold per annum (2013The comminution circuit consists of a
singlestage run of mine (ROM) ball ngHinding from a P80 of 14hm to 84em at a throughput of
152t/h. To investigate thesuitability of the ore to dual xay sorting,a 500kg sample was sento
Steinert to conduct a comprehensive sorting progrdrhe ore contained two goldearing rock types;
sulphides and quartzite (sdéigure6) and three typical waste rocks; marble, pegmatite and schist.
The gold was fingrained and predominately associated with pyrrhotite, and minor to trace ansoun
of pyrite, chalcopyrite, maldonite and bismuthinite.

Figure6 - Goldbearing ore samples: Sulphides (left), Quartzite (right)

Each rockype wasscanned using dual energyray transmission to obtain the range of measurement
from the detector. Each rockype sample was scanndide times to obtain enough measured points
to generate a reliable and representation scatf#ot for each rockype. The low energy transmission
was plotted on the saxis and the high energy transmsiign on the yaxis as peFigure3. The resulting



scatter plots are presented as heaaps inFigure/. The location of the major waste rotkpe (schist)

was used as the basis for sorting and a white polygon was drawn around it. One of the other main
waste rock typs, marble was also found within the schist polygon, howegegmatite lay outside

the sorting regime which may add to dilution of the product grade. Most of the sulphide and quartzite
particles fell outside of the demarcated schist polygon suggesting that a good separation may be
possible.

Figure? - Dual energy Xay transmission scattetotsfor different rock typesA) Schist, B) Marble, C) Pegmatite, D)
Sulphides, E) Quartzité white polygon has been drawn to demarcate the location of the majority of the Schisypeck
As perFigure3, the xaxis is the low energy and theayis is the high energyray transmission readings. The colour scale
represents a frequency plot of accence; blue/white represents high and green low frequency.

Five pilotscale(55-100kg)sortingtests were conducted on two size fractions +25mm and +25
50mm. Themass yield to the concentrate was higher for the finer particles and so was tbe go
recovery Figure8). The improved reoverywas related to the improved liberation that can be
expected for the finer particle size distributioithe variability in recovery seen in the fine fractions is
thought to bedue tothe gold nugget sampling effect. The coarse gangue rejection model developed
by Carrasco et al. (2018)as used to givan indication of the expected overall trend.
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Figure8 - Yeld-Recovery graphs for Mine 1

The results irTablel show the machine constints that were applicable for sorting the fine and
coarse samples. The achievable throughput was approximately four times larger for the coarse
particles than the fine particles due to the monolayer constraints. The energy consumption of the fine
particle sorter was also six times higher than the coarse patrticle sorter. Thisred@minatelydue

to the larger particle ejection rate and thus increased air consumption that was required for the finer
particles. The high energy consumption of the fine fiele sorting actually led to an increase in the
total specific energy requirements of the sorting, comminution systdinerefore, if the decision to
install the sorter was based solely on energy reduction, the fine particles would not be sorted, or a
lower reject rate would be targeted to reduce energy consumption and increase gold recovery.

Tablel - Throughput, air consumption, reject rate and energy savings achievable for the two samples tested.

Fine  Coarse Total
Bottom size(mm) 9.5 25 9.5
Top size (mm) 25 60 60
Throughput (/h) 22 81 103
Rejectrate (t/h) 11 49 61
Mass yield to concentrate (%) 49% 41% 42%
Gold recovery to concentrate (%) 89% 73% 76%
Sorting specific energy (kWh/t) 12 2 4
Net mass specific energgduction (KWh/t) -4 9 6
Net gold specific energy reduction (kwWh/oz -6 23 12

The reduction in coppeequivalentspecific energy due to the afipation of sorting for Mine is

presented inFigure9. The reduction in overall recovery due to losses through sorting is not explicitly
evaluated with the energy curves, the change in energy intensity is due to the interplay between
mineral recovery and mass yielfihe base case energy intensity assumed that the mill was fed directly

with the average feed from the sortingtest:he ‘ gr os s s dakds into actoartthe s cen a
reduced comminution energy intensity due to tlupgradedsorted total (coarse plusrfe) product

being sentto the mill. The t hr ee ' inckide’ the spedion energyocensumed by air
compression anélectrical power used bihe sorterin calculatinghe total energy consumptionkor

ore sorting, the energy consumption of scremmi conveying, dust collection and additional materials

handling of the bulk streams has not been included; for comminution the embedded energy in balls



and pumping and tailings placement energy for the extra waste has not been inclWdeak can be
seenis that sorting the fines by themselves increased the copper equivalent specific energy, but since

the sorting of the coarse particles was less energy intensive, the net energy reductiGnl s
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Figure9 - Reduction in grade intensity due to sortiiog Mine 1 displayed using the comminution energy curve.
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Mine 2 (Ferbasa case study

Chromite ore sorting test work was conducteg Steinetat Fer basa’'s chromite
Ligas da Bahia Miner&he objective othe test workwas to test the viability of sorting the fine fraction

-32 +12mm to produce a higirade lump ordor the export market and a lower grade disseminated
ore for its own chrome smeltergurther test work o coarse {75 +25mm low-gradewastematerial
wasalso conducted. This case study shows the application of sorting to improve product,quality
separate ore in high grade and rgdade and reject waste materialOne other major benefit of
sorting in this casenay be achievethrough water savings bihe future replacement ofthe jigging

plant.

The flowsheet in

FigurelOshows how twestage sorting can be used to create a waste streacitawo product streams.
In this case the two product streams have different values and the testwork was aimed at maximising
the recovery of chromite to the lump concentrate. The Chromite was easily identifiable in the dual



energy xray system(Figure1l) and asuccessful separation was achievetihe waste material is
stockpiled, the disseminated ore requires further concentration (including magnetic separation)
before smelting, and the high value lump product is exported directly as final product.
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Figurell- Dual energy xay results for Ferbasa showing the difference between the chromite product and the waste
signaturesAs perfFigure3, the xaxis is the low energyna the yaxis is the high energyray transmission readings. The
colour scale represents a frequency plot of occurrence; blue/white represents high and green low frequency.



Large samples were tested in a pikitale sorter to obtain realistic estimatesr fore recovery and
chromite grade. Two samples were tested: the run of mine (ROM) fines and thgrdol® dump
material. The samples were tested at five and three different machine settings respectively, to
determine the optimum operating point (sdggurel?). Sorting the ROM fines resulted in reasonable
ore recoveries at product grades above the required targdtecently, experiments have been
conducted on lowgrade dumpsamples whiclproduced betterore recoveries, but the product grade
was below the required target. The energy consumed by the air compressor for the currébt
+20mm material is 4.&Wh per tonne rejected. Recently, adjustments were madaltaw the sorter

to operate on a coarser size fractiotZ25 +75mm) and the energy consumption per tonne rejected

reduced to 1.XWh/trejected
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Figurel2- Recovery of lump from disseminated chromite for both samples: ROM fines amiddaadump.

Conclusions

Particle sorting can provide effective separation of liberated waste rocks from partially liberated ore
at a coarse size. This technology can ffecévely applied tovariousdifferent commaodities this

paper has reviewed the application to a gold and a chromite ore. The go&tbieved recoveries of

73 to 89% of gold in less than half the ma3he net energy savings were in the order ef14

moving the operation from the 78to the 70" percentile on the Grade Intensity Energy Curve. A
significant reduction in comminution energy (as
by energy required for air ejection. An overall value €f186 is still an important reduction and has

the potential to increase ore reserves and enable lower grade deposits. The energy saving has to justify
capital expenditure, increase in the number of unit processes on site and some loss of metal recovery;
butis accompanied by reduction in water usage and reduced fine tailings storage. The balance of these
factors needs to be assessed for each potential applicafibe. value of sorting is in both energy
reduction andn increasingre reservedy accessing lger grade deposits.
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