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Abstract

The aim of this paper is to assess the effect of microwave treatment on copper sulfide ore for ball milling and bed breakage.
Liberation analysis of ground products in eight size fractions showed that microwave pretreatment liberated more chalcopyrite
particles from the bed breakage product than the ball mill product. In bed breakage, microwave pretreatment caused a 2%
increase in chalcopyrite liberation on average. Microwave pretreatment produces more elongated particles in ball milling
and more rounded particles in bed breakage, respectively. Microwave pretreatment produces coarser chalcopyrite particles
with a wide range of sizes. This effect is more significant in bed breakage compared with ball milling. Micro-flotation test
results showed that in ball milling, treated and untreated materials have similar metallurgical performance and there is a lit-
tle difference (1%) between the average Cu recovery values. However, in bed breakage, the average recovery for the treated

materials is about 5% higher than the untreated materials.
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1 Introduction

The mechanism of breakage in a tumbling mill is a com-
bination of impact, abrasion, and attrition. Each breakage
mechanism produces a powder of different particle size
distributions and shapes [1]. In equipment such as High-
Pressure Grinding Roller mills (HPGR) and Vertical Roller
mills (VRM), particles are ground by compression in a bed
of particles. This type of breakage is called bed breakage [2].
The effects of microwave treatment have been investi-
gated on the strength reduction of rocks, the results show
that selective heating induces microcracks on the grain
boundaries within the rock structure. This is favorable for
application in excavation and comminution [3-7].
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The effect of microwave radiation upon grinding in
tumbling mills such as rod mills and ball mills has been
studied by many researchers, which show the grindability
and minerals liberation increase after microwave pretreat-
ment. However, a small initial increase or adverse effects
on the recovery of the subsequent separation process were
reported [8—18]. Also, the potential industrial application
of microwave pre-treatment processes for beneficiation of
ores was investigated at The University of Nottingham. A
pilot-scale microwave treatment system was designed, con-
structed, and commissioned for treating porphyry copper
ores at throughputs of up to 150 tph. The materials were
treated by a single applicator (1 X 100 kW, 100 tph) or a
Dual applicator (2x 100 kW, 150 tph). The results showed
that two single-mode applicators in series yielded equivalent
or better power consumption and metallurgical performance
compare to a single mode applicator. They claimed that by
fully integrating the applicator with a materials handling
system, a reliable and continuous process can be achieved
and the system can be used to treat a range of porphyry cop-
per ores [19, 20].

Many researchers studied the bed breakage mechanism
and concluded that it can increase the liberation of minerals
as a result of the preferred fracture occurring at the grain
boundary [21-26]. However, some studies have shown that
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bed breakage did not improve the liberation of minerals
compared to impact breakage [27].

To the authors’ knowledge, there are only two published
papers that presented the effects of microwave pretreatment
on bed breakage [28, 29]. Ali and Bradshaw examined the
effect of microwave treatment on mineral liberation through
the simulation of single-particle and confined particle bed
breakage of bonded-particle models. Their results showed
that microwave treatment altered the fracture pattern and
the degree of liberation. In these researches, the bed break-
age and microwave treatment were simulated by the discrete
element method using the commercially available software
PFC2D. However, verification experiments with ore samples
were not carried out as part of these studies.

The aim of the current research is to conduct experi-
mental studies to compare the effect of microwave
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pretreatment and its influence on ball mill grinding and
bed breakage for the fist time. This is performed on copper
sulfide ore in terms of mineral liberation, particle shape,
and floatability.

2 Exprimental
2.1 Materials

Copper ore samples were collected from the Qaleh-Zari
vein copper mine which is located in Southern Khorasan
Province, Iran. The samples were crushed to 100% passing
3.36 mm. Figure 1 shows the particle size distribution of
the crushing product. The crushing product was riffled into
two samples for bed breakage and ball milling.

A representative sample was identified by X-ray dif-
fraction analysis (XRD, Stoe company, model STADIP),
as shown in Fig. 2. The results indicate that chalcopy-
rite, galena, and quartz are the main minerals in the sam-
ple. Also, the chemical composition was determined by
total x-ray fluorescence (TXRF, GNR company, model
TX2000). Table 1 shows the chemical composition of the
sample.

Table 1 The chemical composition of the sample

Element Pb Cu Fe S Si

% 5.92 7.71 10.83 25.50 50.04

Fig.2 XRD pattern of the 7
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2.2 Microwave Treatment

For each grinding mechanism (bed breakage and ball mill-
ing), one sample with 800 g weight was treated in a domestic
multi-mode microwave oven for 10 min (Samsung, model
ST656W, 2.45-GHz, 900 W rated power). In this study, the
effect of the microwave heating was investigated and the
type of oven and its economic feasibility were not consid-
ered. Sample geometry factors such as volume, surface area,
and location in the oven are important in the magnitude and
uniformity of power absorption [30]. To minimize these
effects, in all radiation experiments, the surface area and
thickness of the powder spread on the tray were kept con-
stant, and the tray was located in the same central position.

2.3 Bed Breakage Tests

The bed breakage tests were carried out in a piston-die cell
with a cylindrical diameter of 100 mm, a piston diameter of
90 mm, and a height of 200 mm (Fig. 3). In this test, a small
sample of materials was placed in a cylindrical chamber and
then the piston was forced on the materials. This test was
extensively used in the literature to model the bed-breakage
grinding [21, 22, 26, 31, 32]. A 2000-kN hydraulic press is
used in this project. For each test, 350 g of the sample was
poured into a cylinder and pressed to 1950 kN. The pressed
cake was collected from the cylinder and passed through a
250-um sieve. The remaining materials on the sieve back to
the cylinder and pressed again, this was repeated until the
entire materials passed through a 250-um sieve.

2.4 Ball Mill Grinding Tests

Ball mill grinding tests were performed in a 20 cmx 20 cm
stainless steel laboratory rotary mill. It was operated at a

Fig.3 The piston-die cell under pressure

constant speed of 85 rpm (84 % of the critical speed). The
diameter of stainless-steel balls is 16—42 mm with a total
weight of 8.79 kg and ball voids of 43.33%, which is 25%
of the total volume of the mill. The fraction of the ball
charge filled by powder was 0.27. The ground product was
passed through a 250-um sieve. The remaining materials
on the sieve back to the mill and ground again, this was
repeated until the entire materials passed through a 250-
um sieve.

2.5 Mineral Liberation

The bed breakage and ball mill products were dry sieved into
eight size fractions (—250+4 177 pm,— 1774150 pm, — 15
0+106 pm,— 106+ 75 pm, — 75+ 63 pm, — 63 +44 pm, —
44 437 pm, — 37 pm). Figures 4 and 5 show the particle
size distributions of the bed breakage and ball mill prod-
ucts, respectively. Polished sections were prepared from the
eight-size fractions and the liberation degree of chalcopyrite
was determined for each size fraction by a Zeiss Axioplan 2
optical microscope. The procedure was based on counting
all liberated and locked chalcopyrite particles.
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Fig. 4 Particle size distribution of bed breakage
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2.6 Particles Shape

The particle shape is known to affect the flotation behavior sig-
nificantly as indicated in fairly recent qualitative studies [33].
Polished sections were prepared from the breakage products
and backscatter images were taken by SEM (TESCAN, model
FESEM). In each polished section, approximately 80 chalco-
pyrite particles were manually (for more accuracy) recognized
by EDS analysis (Fig. 6). Given the abundance and distribution
of chalcopyrite, this is a statistically significant population.
The shape properties of particles such as circularity, round-
ness, and aspect ratio were determined with sufficient accu-
racy using the microscopic image analysis software (MIP4,
Nahamin Pardazan Asia).

The shape parameters, namely circularity, roundness and
aspect ratio can be defined as follows [34]:

AN
P2

Circularity =

ey

=

MIRA3 TESCAN

100 pm

SEM HV: 20.0 kV
View field: 319 pm
SEM MAG: 650 x

WD: 21.21 mm
Det: BSE

Date(m/dly): 05/16/18 Lorestan University

&

SEM HV: 20.0 kV WD: 17.89 mm
View field: 319 pm Det: BSE
SEM MAG: 650 x | Date(m/d/y): 06/03/18

MIRA3 TESCAN

100 pm

Lorestan University

Fig.6 SEM images: ball mill product (a) and bed breakage product
(b) products. Chalcopyrite particle are marked with blue border
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Roundness = % )
. L
Aspect Ratio = W (3

where L is length, W is width, and S is cross-section area.
L and W are the long and short sides of the smallest rectan-
gle that surrounds the particle, respectively. The diameter
(D) is the longest segment inscribed in the particle. S and P
are the area and perimeter of the particle, respectively (see
Fig. 7).

The factor of circularity is a combination of geometric
shape and surface smoothness. Assuming a circularity value
of 1 for a sphere with surface asperities below the level of
detection, circularity values > 1 are considered for a sphere
with rough surfaces and particles of any other shapes. The
aspect ratio depends on the particle orientation. Given their
orientations, particles of arbitrary shapes may exhibit aspect
ratios smaller or higher than unity (reserved for spheres that
have an aspect ratio of 1). Both low and high values of the
aspect ratio indicate irregularity in particle shape. Round-
ness describes the sharpness of particle corners and edges,
which corresponds to the ratio of the mean curvatures at the
corners of the particle to the diameter of the largest circle
surrounding the particle. The maximum roundness of 1 can
be reached in the case of perfectly circular shapes [34].

2.7 Micro Flotation Experiments

The micro flotation tests were carried out in a 150 cm® Hal-
limond tube (Fig. 8). In each test, 3 g of each size fraction

Fig. 7 Parameters of particle shape
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and conditioning the mixture for 5 min. After this period,
the collector (potassium amyl xanthate) and frother (methyl
isobutyl carbinol (MIBC) with a concentration of 10 mg/L
were added to the suspension. The pH was adjusted around
10 and a second conditioning stage of 15 min was given
to the suspension. The prepared pulp was then transferred
to the Hallimond tube, where flotation was carried out for
4 min. Each experiment was repeated three times. At the
end of the experiment, the concentrate and tailings were
collected, dried and, analyzed by atomic absorption spec-
trometry (Agilent model AA240FS) to estimate the amount
of copper.

3 Results and Discussion

Figure 9 shows the effect of microwave treatment on chalco-
pyrite processing. It is shown that in ball milling, microwave
pretreatment has a little negative impact on chalcopyrite
liberation at all size fractions. However, in bed breakage,
microwave pretreatment increased chalcopyrite liberation,
especially at coarse size fractions. In bed breakage, micro-
wave pretreatment on average caused a 2% increasing in
chalcopyrite liberation. This is a significant improvement
in grinding. Microwave heating causes thermal stress frac-
turing along grain boundaries and this could increase grind-
ability of ores and mineral liberation as well [12].

Figure 10 shows the average particle shape factors. The
data in Fig. 10 shows that in ball milling, microwave pre-
treatment has no significant effect on circularity and round-
ness of particles, but the aspect ratio relatively increased by
about 3.6%. It means that in ball milling, microwave pre-
treatment causes the production of elongated particles. As in

size fractions

Fig.9 Effect of microwave treatment on chalcopyrite liberation: ball
milling (a), bed breakage (b)

bed breakage, microwave pretreatment increased circularity
by 1.4% and roundness by 5.06%, this decreased aspect ratio.
It can be concluded that in bed breakage, microwave pre-
treatment causes the production of more rounded particles.

For each breakage condition, more than 160 particles
were counted in the SEM images and their circular diameters
were measured. Figure 11 shows the numerical percentage
of particles and Fig. 12 indicates the corresponding aver-
age size and the standard deviation. The figure also reveals
the similarity (R?=0.91) between the microwave treated
and untreated materials processed in ball milling. The

25 4

O ball mill

microwave+ball mill

0.5 @ Bed breakage

B microwave+bed breakage

roundness

circularity

aspect ratio

Fig. 10 Comparison of the shape properties of chalcopyrite particles
for different breakage (Error bars show the standard deviation)
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Fig. 11 Numerical percentage of chalcopyrite particles in ball milling
(a) and bed breakage
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Fig. 12 The average particle size and standard deviation of chalco-
pyrite particles for different breakage (Error bars show the standard
deviation)

measurements also show that bed breakage offers a lower
similarity (R?=0.68). Figure 11 and the data presented in
Fig. 12 show that microwave pretreatment produces coarser
chalcopyrite particles with a wide range of sizes (by consid-
ering standard deviation values). The chalcopyrite mineral
grains have most likely been shielded from the fracture by
the inter-granular cracking due to microwave pretreatment,
resulting in a larger product. It is in close accordance with
the results presented in earlier studies [12, 35]. This effect is
more significant in bed breakage compared to ball milling.
Likewise, Fig. 4 shows that bed breakage with and without

@ Springer

microwave treatment produces ds, of 85 pm and 75 pm,
respectively, although both were ground to 100% passing
250 pm.

Figure 13a shows the copper recovery of micro-flotation
experiments for ball mill products. It is shown that treated
and untreated materials have similar metallurgical perfor-
mance and there is a little difference (1%) between the aver-
age Cu recovery values. This difference can be attributed to
the greater liberation of chalcopyrite grains in the untreated
material (see Fig. 9a).

Figure 13b shows the copper recovery of micro-flotation
experiments for bed breakage products. It is shown that
treated materials produce higher recoveries than untreated
materials in the case of fine fractions and lower recover-
ies in the case of coarse size fractions. However, the aver-
age recovery for the treated is about 5% higher than the
untreated materials. The better metallurgical performance
of the treated material compared to the untreated material
can be attributed to two reasons. Firstly, chalcopyrite par-
ticles were more exposed in the treated materials than in
untreated materials (see Fig. 9b). Secondly, untreated mate-
rials were finer than the treated materials (see Figs. 4 and
11b). The percentage of particles of —37 pm and — 20 pm
in the untreated material was higher than their treated coun-
terparts. The particle shape properties can also explain the
different recoveries. The particles of the treated materials
have higher circularity and roundness than untreated materi-
als. Schmidt and Berg (1996) investigated the role of particle
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Fig. 13 Cu flotation recovery for the ball mill (a) and bed breakage
(b), (Error bars show the standard deviation)
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shape on flotation using model particles of spherical and
the disc shapes. Their results revealed that spherical par-
ticles float better than the disc or platy particles. Although
flow defects spheres away from bubbles, they still attach to
the bubble surface. Normally, due to the very short contact
time discs colloid with the bubble edge-on, immediately skip
off, and rarely attach to bubbles. Alternatively, discs turn to
the side as they approach the bubble but seldom attach due
to the large thin film drainage area [36]. It was also found
that large discs have always a lower probability of attach-
ment than equivalent spheres due to the higher tendency of
discs to bounce off the bubble surface after the collision.
For smaller discs, the differences in attachment efficiency
and flotation behavior between discs and spheres decrease,
and collision efficiency becomes the predominant step [37].
This result may slightly differ from the results presented by
other researchers that the flotation recoveries of non-spher-
ical particles are higher than those of spherical particles. A
possible explanation can be attributed to the increase of the
specific surfaces of non-spherical particles, which leads to
more adsorption of surfactant and hence increasing flotation
recovery. Angular shape particles have much higher bubble
attachment efficiency than spheres, which can be explained
by the easier rupture of the ‘‘wetting film’’ [38—42].

4 Conclusion

A copper sulfide ore was crushed to 100% passing 3.36 mm,
then the crushed product was ground by bed breakage or
ball milling. The effect of microwave pretreatment on ball
mill grinding and bed breakage was investigated in terms of
mineral liberation, particle shape, and floatability.

In ball milling, microwave pretreatment has a little nega-
tive impact on chalcopyrite liberation at all size fractions,
while in bed breakage, microwave pretreatment increased
chalcopyrite liberation, especially at coarse size fractions. In
bed breakage, microwave pretreatment caused a 2% increase
in chalcopyrite liberation on average.

In ball milling, microwave pretreatment produces elon-
gated particles, whereas in bed breakage microwave pretreat-
ment produces more rounded particles. Microwave pretreat-
ment yields coarser chalcopyrite particles with a wider size
range (by considering standard deviation values). This effect
is more significant in bed breakage compared to ball milling.

In ball milling, treated and untreated materials have
similar metallurgical performance and there is a little dif-
ference (1%) between the average Cu recovery values. This
difference can be attributed to the greater liberation of chal-
copyrite grains in the untreated material. In bed breakage,
treated materials exhibit a 5% higher recovery than untreated
materials. This better metallurgical performance can be due
to three reasons; chalcopyrite particles were more liberated

in the treated materials compared to untreated materials,
untreated materials were finer than treated materials, and
treated particles have higher circularity and roundness (i.e.
less aspect ratio) than untreated particles.

It can be concluded that microwave pretreatment has
much more influence on bed breakage than on ball milling.
In ball milling, the materials were ground in twenty minutes;
much energy is available and applied to the materials, which
limits the effectiveness of microwave pretreatment. How-
ever, bed breakage is a low energy process and the materials
were crushed 3—4 times by the hydraulic pressure, which
makes microwave treatment effective especially for coarser
grains. Therefore, it can be concluded that increasing irra-
diation time or microwave power does not lead to a greater
impact of microwave treatment on the ball milling.
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