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Abstract: The combined microwave-assisted sorting and microwave-assisted comminution of min-
erals has been proposed to reduce the huge grinding energy consumption in mineral processing.
However, gangue minerals would be discarded after the sorting process despite the microwave
energy absorbed during their treatment. Therefore, this paper investigates the effect of microwave
pretreatment on the Bond work index (BWI) of quartz and calcite samples, as they represent the
dominant gangues in many ores and are key inputs in the cement industry, which requires intensive
grinding. The samples were characterized using a scanning electron microscope coupled with energy
dispersive X-ray (SEM-EDX), and Fourier transform infrared (FTIR) and X-ray diffraction (XRD)
methods. The BWIs of the two samples were determined before and after the microwave treatment
(2.45 GHz, 1.7 kW) at 2, 4 and 6 minutes. SEM image analyses of the untreated and microwave-
treated samples were performed using ImageJ software. The results showed that after 4 minutes of
radiation treatment, the BWI of the studied quartz was reduced by 13.83%, while that of the calcite
increased by 15.59%. The results of the SEM image analysis indicated that the quartz developed more
cracks than the calcite under the same microwave treatment conditions. Based on these findings,
microwave pretreatment is suitable to reduce the grinding energy of the studied quartz, but offers no
energy-saving benefit to the studied calcite.

Keywords: comminution; grindability; work index; energy; minerals; cement

1. Introduction

In the mineral industry, grinding is used to liberate valuable minerals from their associ-
ated gangues, and to obtain the suitable particle size required for subsequent beneficiation
unit operations [1]. The process is an energy-intensive operation that accounts for 50–70%
of the total energy consumption in the mining and cement industries, equivalent to about
5% of the global energy consumption [2]. Despite the huge electrical energy input into
grinding machines, only approximately 1% of this energy is used for mineral size reduction,
and the rest is dissipated into heat and noise [2,3]. For the mining industry, declining ore
grades and fine mineral-gangue dissemination increases the energy consumption during
the grinding process [4], making mineral characterization and separation difficult [5,6],
and consequently increase tailing [7]. Meanwhile, for the cement industry, the increasing
global demand for cement leads to greater energy requirements in grinding [8,9]. In addi-
tion, there is high pressure on industries to reduce their energy consumption to curb the
increasing greenhouse gas emissions from energy-generating plants [10].

In order to reduce comminution energy consumption, different pretreatment tech-
niques have been studied, e.g., chemical additives [11,12], magnetic pulses [13], high volt-
age electrical pulses [14,15], bio-milling [16], ultrasonic [17,18], thermal via furnace [19,20],
radio-frequency [21] and microwave [22,23]. A review of these techniques has been pre-
sented in the literature, where it was concluded that microwave pretreatment could be
targeted for mining industrial applications [2]. Microwave pretreatment has been studied
in two ways: microwave-assisted sorting and microwave-assisted grinding [24]. The for-
mer has been demonstrated to reduce the rock to be comminuted by about 30%, by sorting
the gangues from the targeted minerals after microwave treatment [25], while some of
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the previous studies on the latter approach are presented in Table 1. It can be observed
that microwave-assisted grinding improves the grindability of all minerals/ores, with the
exception of the copper ore selected from Turkey [22]. Apart from this, Bobicki et al. (2018)
discussed that microwave pretreatment of the ultramafic nickel ore selected from Canada
caused adverse effect on its grinding behaviour [26]. Their findings showed that 80%
passing size of product increased from 19 µm (without microwave treatment) to 148 µm
after microwave treatment (100 g, −2+1 mm, 2.45 GHz, 1000 W, 4 min) of the ore [26].

Table 1. Mineral/ore studies for microwave-assisted grinding (2.45 GHz).

Mineral/
Ore Country Mass

(kg)
Feed Size

(mm)
MW Power

(kW)
t

(min)
Measured
Property

(%) Impact on
Measured Property Ref.

Magnetite USA 0.35 −3.36 3.0 3.5 RWI +21.4 [23]
Taconite USA 0.35 −3.36 3.0 3.5 RWI +18.2 [23]
Hematite USA 0.35 −3.36 3.0 3.5 RWI +23.7 [23]
Hematite Egypt 0.10 - 0.9 1.0 −125 µm +13.2 [27]

Hematite India 0.50 −19.05
+12.70 0.9 2.0 −253 µm +47.9 [28]

Hematite Egypt 0.05 −0.125 0.9 1.0 −125 µm +13.2 [29]
Sulphide * Portugal 0.50 −22.50 2.6 1.5 RWI +68.0 [30]
Sulphide Canada 0.25 3.36 3.0 1.5 RWI +41.5 [31]

Gold * Guinea 0.50 22.50 2.6 4.0 RWI +2.9 [30]
Copper * Portugal 0.50 - 2.6 1.5 RWI +70.0 [32]
Copper Chile 1.25 −53.00 + 9.50 14.1 - RWI +8.0 [33]

Sphalerite * India 3.00 −19.00 + 2.00 4.0 5.0 RWI +30.0 [34]
Nickel USA 0.10 −2.00 + 1.00 1.0 15.0 RWI +3.6 [26]

Copper (1) Turkey 1.00 −3.40 6.0 10.0 BWI −7.0 [22]
Copper (2) Turkey 1.00 −3.40 6.0 2.0 BWI +13.2 [22]

* Water quenching after microwave treatment. USA—United States of America, Ref.—reference, RWI—relative work index, t—sample
exposure time.

Recently, researchers have suggested that both microwave-assisted sorting and
microwave-assisted grinding can be combined to form a single operation for mining
industrial applications [35]. In such a case, only one microwave set-up will be incorporated
into the existing mining beneficiation circuits (Figure 1); hence, this is referred to as “com-
bined microwave-assisted comminution and sorting” [35]. After the ore excavation and
crushing operations to a pre-determined size distribution (which may be studied prior to
beneficiation), the crushed ore will be subjected to microwave radiation, so that gangue
minerals can be separated from the targeted minerals on the basis of their response to
microwave treatment, using the microwave-assisted sorting technique (Figure 1) [24]. The
gangues and targeted minerals are labelled “Reject” and “Accept”, respectively (Figure 1).
The latter will be ground for further processing using ball mills, while the former is waste.
These operations may reduce the energy requirement in comminution by up to 70% [24].
However, the gangue minerals (“Reject”, mining wastes; Figure 1) would be discarded
despite the energy absorbed during the microwave treatment [24]. Some gangue miner-
als in the mining industry, such as calcite and quartz, are targeted for other industrial
applications—for example, cement and construction industries—that also required huge
energy for raw material grinding. If the microwave energy absorbed by quartz and calcite
improve their grinding behaviour, they may be used for cement production without further
microwave treatment (Figure 1). This may lead to future collaboration between the mining
and cement industries for better resource sustainability.
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Figure 1. Microwave-assisted sorting and grinding; mineral processing (modified after [24]) and microwave-assisted
grinding; cement production (modified after [36]).

The application of microwave technology in the cement industry has been performed
for the calcination of limestone [37] and flyash (with about 51% quartz content) [38]. It was
found that microwave calcination required lower temperatures, takes less processing time
to produce the same quality product compared to the convectional approach, and may
therefore reduce the overall energy required for cement production [9,37]. Hartlied and
Grafe (2017) studied the effect of microwave pretreatment (2.45 GHz, 24 kW, 30 s) on the
cutting behaviour of granite (27% quartz content) [39]. It was found that the cutting force
was reduced by 10% after microwave treatment [39]. It was not known whether the cutting
force of granite may be reduced further after 30 s microwave treatment, and the energy
consumption of the microwave was not considered in the understanding of whether an
improvement in the cutting force translates to a reduction in the cutting energy [39]. Wang
et al. (2000) studied the microwave-assisted comminution of quartz (−9.50 + 4.74 mm)
and limestone (−9.50 + 4.74 mm) by comparing the untreated and microwave-treated
(2.45 GHz, 7 kW, 10 min) samples using the breakage function approach [40]. Their
findings showed that the specific rate of breakage of quartz increased from 0.3804 to
0.5069 min−1 after microwave treatment (7 kW, 10 min), while that of limestone increased
from 0.2989 to 0.3331 min−1 under the same microwave treatment and grinding condi-
tions [40]. However, the grinding energy saving due to the microwave radiation treatment
was not estimated [40]. Recently, the effect of microwave radiation on the grinding be-
haviour of limestone was performed [41]. The results indicated that microwave-treated
(2.45 GHz, 180 W, 5 min) limestone samples (−2.36 + 1.18 mm) showed an improvement in
their grinding behaviour, adjudged based on the particle size distribution of the untreated
and microwave-treated samples [41]. Nothwithstanding, neither author considered the
effect of microwave radiation treatment time on the grinding behaviour of the studied
samples, nor was the effect of microwave energy on the mineral phases in the studied
limestone samples studied. To the best of our knowledge, the influence of microwave
radiation on the grinding behaviour of quartz and calcite is limited in the literature. The
grinding behaviour of minerals and their energy requirements are usually estimated using
the industrial standard Bond work index (BWI) method. Hence, this paper aims to investi-
gate the effect of microwave radiation on the Bond work index of quartz and calcite rocks
as an indicator of their amenability to grinding.
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2. Materials and Methods
2.1. Sample Collection, Preparation and Characterization

Two rock samples were used in this study. The first one (labelled S1) was collected from
the Al Masane Al Kobra (AMAK, Nejran, Saudi Arabia) mining company, while the second
(labelled S2) was collected from the Yanbu cement company (Ras Baridi, Saudi Arabia).
Both samples consisted of a mixture of cobbles (8–29 cm) and boulders (30–40 cm). The
average moisture content of the samples were 0.07% and 0.13%, with standard deviations
of 0.0277 and 0.0075 for S1 and S2, respectively.

In order to perform the Bond ball mill grindability tests, samples S1 and S2 were
prepared using the same approach. The primary and secondary crushing operations
were performed using a laboratory jaw crusher (BB300 Mangan Retsch, Retsch-Allee
Haan, Germany) and a roll crusher (Sew-Eurodrive GmbH & Co KG, Bruchsal, Germany),
respectively, until 100% passed a size 3.35 mm sieve [22]. The coning and quartering
method was used to divide the homogenous product into sub-samples of 5 kg each. A
mechanical riffle splitter (KHD Humboldt Wedag AG, Cologne, Germany) was used to
obtain appropriate samples for the particle size analysis. Eight sieve sizes of 3150, 2500,
2000, 1400, 1000, 600, 106 and 75 µm were selected for this analysis, as the particle size of
the samples were distributed within these sieve sizes. The sample was placed on the upper
sieve (3150 µm) and dry screened using a laboratory electric sieve shaker (AS 200, Retsch,
Retsch-Allee Haan, Germany). The mass retained on each sieve was recorded against the
sieve size, and the cumulative passing was calculated and recorded. Graphs of the particle
size against the cumulative percentage weight passing were plotted to determine the 80%
passing size (F80).

For the sample characterizations, field emission scanning electron microscope (FESEM)
coupled with an energy dispersive X-ray (EDX), Fourier transform infrared spectroscopy
(FTIR), and X-ray diffraction (XRD) methods were employed. The FESEM-EDX was used to
determine the elemental compositions in the untreated samples. Meanwhile, FTIR and XRD
were employed to identify the molecular compositions and mineral phases in the samples,
respectively, before and after microwave treatment. In order to achieve these, the sample
obtained by a mechanical riffle splitter (KHD Humboldt Wedag AG, Cologne, Germany)
was ground in a laboratory ball mill using a roller machine (Sew-Eurodrive GmbH & Co
KG, Germany) until 100% of the sample was below an 80 µm sieve size. The powder sample
was thoroughly mixed, and a specimen was taken for characterization purposes. For the
elemental composition, a powder sample (without coating) was placed on the carbon
tape fixed on the stub [42]. The stub was then placed into the sample chamber where
the electron beam from the FESEM (JSM-7600F, JEOL Ltd., Musashino, Akishima, Tokyo,
Japan) illuminated the sample to capture the image (taken at a low voltage of 5 kV to avoid
over charging of the sample), and the peak intensities corresponding to different elements
at specific energy levels were recorded by the EDX spectrometer (EDX, Oxford instruments,
Abingdon, United Kingdom) [42]. The average value of each element was calculated and
recorded based on four iterated values obtained the using normalized processing option.
The FTIR spectrometer (Nicolet iS50 FTIR, Thermo Fisher Scientific, USA) was used to
generate the FTIR spectra of the samples (powder form, without coating) between 4000
and 400 cm−1 in the transmittance mode. For the XRD analysis of both samples (S1 and S2),
an X-ray diffractometer (Regaku, Ultima 1V, Japan) with Cu kα radiation (40 kV, 40 mA)
was employed to scan the samples in continuous mode, and the XRD results were recorded
at a scattering angle of 2θ in the range of 5◦ to 80◦ at a step of 0.05◦. The ASCII PDF-2 card
published by the International Centre for Diffraction Data (ICDD, Campus Blvd, Newtown
Square, PA, USA) was used to match and confirm the diffraction peaks with the minerals
present in the samples [43].

2.2. Microwave Treatment

The microwave treatment of the prepared representative samples (−3.35 mm) was
performed using a commercial multimode microwave oven (Amana RC17S2, 2.45 GHz,
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power output up to 1.7 kW, 553 Benson Road, Benton Harbor, MI 49022, USA). The oven
has a variable power level from 10% to 100% (at 10% increments), such that at 100%, the
oven generates power continuously, while at the other microwave power levels the power
is delivered in pulses, depending on the preset value [44]. The representative samples
were placed on the floor of the microwave cavity, forming beds of 331 × 330 × 35 mm and
331 × 330 × 37 mm dimensions for S1 and S2, respectively (by leaving 50 mm from the
oven door). The difference in the samples’ height between S1 and S2 was due to the lower
pack density of sample S2. The sample was separately exposed to microwave radiation
(at 100% power level, 1.7 kW) at different residence times (2, 4 and 6 min). After the
required radiation exposure time was reached for each sample, the microwave oven was
turned off and an infrared thermometer (Habotest HT650B, 0–550 ◦C, accuracy: ±3 ◦C,
Dongguan, China) was used to promptly measure the final bulk temperature of the sample.
The sample was then cooled to room temperature [22]. The microwave treatment test was
repeated three times using other representative samples, and the average temperature was
calculated. This procedure was repeated for the second sample (S2). Further microwave
treatments of the samples after 6 minutes showed no significant changes in temperature;
therefore, the effect of microwave pretreatment on the grinding behaviour of samples S1
and S2 was studied at 2, 4 and 6 minutes radiation exposure times. In order to observe the
effect of microwave radiation on the mineralogy and microstructure of the studied samples,
FTIR, XRD and SEM analyses of untreated (UT) and microwave treated (MWT) samples
were performed.

2.3. Bond Ball Mill Grindability Test

The Bond ball mill grindability test is usually conducted to determine the Bond work
index of ores. The method is considered to be the industrial standard to estimate the
comminution energy requirement. The index is widely used in the mineral industry for the
comparison of a material’s resistance to ball milling. It is also used for the determination of
the energy required for ball milling and for the scaling up of comminution operations [45].
Hence, the method was considered for the two studied samples. A mechanical riffle splitter
was used to subdivide a 5 kg homogeneous sample until a mass equivalent to 700 cm3 was
obtained for the sample’s pack density. The average masses of five repeated experiments
for S1 and S2 were 1282.5 g and 1114.43 g, respectively, with standard deviations of 0.2160
and 0.1670, respectively.

The mass of the representative sample equivalent to 700 cm3 was fed together with the
285 steel balls (having a total mass of 20, 125 g) [46] into the Bond ball mill (model 395-51,
Bico Braun International, 116 Valhalla Drive, Burbank, California, USA) [46]. The ball mill
was set to run for 100 revolutions, after which the balls and the product were discharged
into the screen container. The steel balls were screened and properly cleaned before being
fed into the mill for another run. The product was dry screened using a sieve test size of
106 µm and a number of grams per revolution; the grindability (Gbp) was calculated. A
mass equivalent to that of the undersize product was added to the recirculating load to
form a feed for the next grinding cycle [47]. The number of revolutions for the next grinding
cycle that was expected to give a 250% recirculating load was determined [22,47,48]. The
procedure was repeated until the Gbp was constant after at least five grinding rounds [49].
The Bond work index (Wi) was then calculated using equation 1 after the particle size
distributions of the products were obtained [22,47]. The reproducibility of the results was
investigated for untreated samples S1 and S2. A grindability test was also performed for
each of the microwave-treated representative samples, S1 and S2.

Wi =
44.5

P0.23
1 G0.82

bp

(
10√
P80
− 10√

F80

) (1)
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where Wi is the Bond work index (kWh/ton), P1 is the sieve test size (µm), Gbp is the ideal
grindability (g/rev), P80 is the 80% passing size (µm) of the undersize product and F80 is
the 80% passing size (µm) of the prepared feed (−3.35 mm).

Once the Wi is determined, the comminution energy of the rock can be estimated
using Equation (2).

W = 10Wi

(
1√
Y80
− 1√

X80

)
(2)

where W is the comminution energy consumption (kWh/ton), Y80 is the 80% passing size
(µm) of the required product, and X80 is the 80% passing size (µm) of the as-received feed.

3. Results and Discussions
3.1. FESEM-EDX Characterization

Figure 2 presents the results of the FESEM-EDX characterization of the studied sam-
ples. The results show that the abundant elements in S1 are oxygen and silicon, with 56.68
and 25.04%, respectively, which suggests quartz (Figure 2c,e). The results also indicate that
sample S2 may be pure calcite, as it contains carbon, oxygen, and calcium (Figure 2d,e).
Meanwhile, Figure 2a,b presents the SEM images of samples S1 and S2, respectively. It can
be observed that the two samples have different morphologies. This suggests that their
grinding behaviour and response to microwave treatment may be differ.

Figure 2. FESEM-EDX analysis of the studied samples: (a) SEM image of S1, (b) SEM image of S2, (c) EDX image of S1,
(d) EDX image of S2, and (e) elemental composition of S1 and S2.

3.2. Grindability

The results of the Bond Ball mill grindability test for the untreated and microwave-
treated samples S1 and S2 are presented in Tables 2 and 3, respectively. The results show
that variation between the grindability values (Gbp), obtained using the last three steady
state values of test 1 and test 2 for the as-received (untreated) samples S1 and S2 were
approximately 0.07% and 0.50%, respectively. It was noted that the grindability of S1
increases as the microwave irradiation time increases (using the steady state values, along
the rows) (Table 2). For the sample S2, the grindability decreases with the increasing
microwave radiation exposure (using the steady state values, along the rows) (Table 3). The
average temperatures (obtained using three repeated tests, variation ±3 ◦C) of sample S1
after microwave treatment at 2, 4 and 6 minutes were 55.8, 88.5 and 114.6 ◦C, respectively.
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The earlier study on the heating of quartz under microwave radiation (2.45 GHz, 1 kW)
resulted in 79 ◦C after 7 minutes of microwave radiation time [50]. In a related study,
quartz mineral (20 g, −0.5 + 0.2 mm) selected from Slovakia was reported to have reached
175 ◦C after 5 minutes of microwave radiation (900 W, 2.45 GHz) [51]. The variation in the
morphology of the minerals and the electric field strength of the microwave oven used
may have influenced their heating response when subjected to microwave radiation. For
sample S2, the obtained temperatures at 2, 4 and 6 minutes of radiation time were 67.3, 95.0
and 117.5 ◦C, respectively.

Table 2. Bond Ball mill grindability test results for different runs of sample S1 (sieve test size = 106 µm; average pack density
= 1.8321 g/cm3).

Sample Status Time (min) Parameter
Run Number

1 2 3 4 5 6 7 8

Untreated (UT)

0 (test 1)
No. Rev. 100 229 231 216 199 190 191 -

Gbp 1.4836 1.4389 1.5198 1.6494 1.7349 1.7348 1.7352 -

0 (test 2)
No. Rev. 100 200 227 214 199 197 190 191

Gbp 1.5402 1.4623 1.5395 1.6496 1.6776 1.7363 1.7327 1.7320

Microwave-
treated (MWT)

2
No. Rev. 100 288 234 209 192 185 185 185

Gbp 1.19 1.3885 1.5612 1.7052 1.7839 1.7884 1.7882 1.7868

4
No. Rev. 100 238 224 200 190 187 180 181

Gbp 1.428 1.4743 1.6333 1.7359 1.7634 1.8335 1.8313 1.8307

6
No. Rev. 100 235 228 201 184 179 180 -

Gbp 1.446 1.449 1.6287 1.7798 1.839 1.8388 1.8374 -

No. of Rev.—number of revolutions used for the run, Gbp—grindability after run completion, expressed as grams generated below the test
size per revolution (g/revolution).

Table 3. Bond Ball mill grindability test results for different runs of sample S2 (sieve test size = 106 µm, average pack density
= 1.5920 g/cm3).

Sample Status Time (min) Parameter
Run Number

1 2 3 4 5 6 7

Untreated (UT)

0 (test 1)
No. of Rev. 100 95 87 88 75 61 63

Gbp 2.9121 3.2373 3.2378 3.7526 4.5372 4.5351 4.5357

0 (test2)
No. of Rev. 100 95 86 85 73 62 63

Gbp 2.9001 3.2786 3.3476 3.8405 4.5085 4.5169 4.5146

Microwave-
treated (MWT)

2
No. of Rev. 100 78 71 71 74 71 71

Gbp 3.4421 3.9409 3.9946 3.8559 4.0159 4.0152 4.0128

4
No. of Rev. 100 83 75 75 74 73 73

Gbp 3.2591 3.7616 3.7829 3.8377 3.9123 3.9114 3.9127

6
No. of Rev. 100 87 79 76 76 75 75

Gbp 3.1391 3.5754 3.7211 3.7339 3.8161 3.8148 3.8155

Figure 3a,b presents the results of the size distribution analysis of the untreated and
microwave-treated representative samples (a—S1, b—S2). For S1, the 80% passing size
of microwave-treated products was lower than that of the untreated product (Figure 3a)
while for S2, the reverse was the case (Figure 3b), indicating that microwave pretreatment
changed the grinding behaviour of S2 to have fewer fine particles. This may not necessarily



Energies 2021, 14, 3991 8 of 16

mean that the microwave-treated particles of sample S2 are fused together, but may suggest
a change in their breakage characteristics after radiation exposure.

Figure 3. (a,b) Particle size distribution of the feeds and standard Bond ball mill grindability test of steady-state products,
(c,d); work indices of the studied samples (microwave treatment conditions: 2.45 GHz, 1.7 kW).

Bond Work Index

Table 4 presents the Bond work index results for both untreated samples (S1 and S2)
using the standard Bond grindability test procedure. The results show that sample S1 has a
high resistance to grinding (with a Bond work index around 11.49 kWh/ton) compared to
sample S2 (with a Bond work index around 5.21 kWh/ton); see Table 4. The results also
indicate that repeated tests for both untreated samples (S1 and S2) showed variation within
±0.4% (Table 4). This variation is within the industrial acceptable error of ±3.4% [49]. The
results of the Bond work indices for both the untreated and microwave-treated samples at
different residence times are presented in Figure 3c,d. It can be observed that the Bond work
index of sample S1 decreases as the microwave treatment time increases up until 4 minutes,
when no significant changes occur up to 6 minutes (Figure 3c). Conversely, the Bond
work index of sample S2 increases with the increasing microwave radiation exposure time
(Figure 3d). This shows that microwave radiation caused an adverse effect on the grinding
behaviour of S2. Similar results have been reported for ultramafic nickel ore [26]. Two
ultramafic nickel ore samples were studied; however, microwave pretreatment improved
the grindability of one and caused an adverse effect on the grinding behaviour of the
other [26]. The grinding energies of untreated and microwave-treated samples were
compared using the largest as-received sample size of 40 cm (feed) and a product size of
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75 µm (calculated using Bond’s equation 2). The results indicate that the grinding energy
of studied sample S1 was reduced by 9.4% (1.23 kWh/ton), 13.83% (1.81 kWh/ton) and
13.98% (1.83 kWh/ton) at 2, 4 and 6 minutes of microwave treatment (2.45 GHz, 1.7 kW),
respectively. On the other hand, the microwave pretreatment increased the grinding energy
of studied sample S2 by 13.66% (0.81 kWh/ton), 15.59% (0.93 kWh/ton), and 19.06%
(1.13 kWh/ton) at 2, 4 and 6 min, respectively.

Table 4. Test repeatability of the Bond work index for untreated samples S1 and S2.

Sample Test P1 (µm) Gbp (g/rev) P80 (µm) F80 (µm) Wi (kWh/ton) Variation (%)

S1
1 106 1.7350 91.52 2444 11.49

0.0872 106 1.7337 91.30 2444 11.48

S2
1 106 4.5360 90.55 2365 5.21

0.3842 106 4.5133 89.40 2365 5.19

The hitherto discussed results showed that microwave treatment affects the studied
samples’ Bond work indices. In order to understand the change in the grinding behaviour
and consequent change in the Bond work index of the studied samples after microwave
treatment (2.45 GHz, 1.7 kW, 4 min), FTIR, XRD and SEM analyses of the untreated and
microwave-treated representative ground samples (below 80 µm sieve) S1 and S2 were
compared. FTIR and XRD were used to investigate the effect of the microwave radiation on
the mineralogy of the studied samples. Meanwhile, SEM was used to study the morphology
and crack propagation after the microwave treatment of the samples.

3.3. Mineralogy Analysis
3.3.1. FTIR Analysis

Figure 4 presents the FTIR spectra of samples S1 and S2, before and after microwave
treatment (2.45 GHz, 1.7 kW, 4 min). It can be observed that the FTIR bands of microwave
treatment sample S1 remain the same as those of the untreated sample (Figure 4a). How-
ever, the percentage transmittance of S1 decreased throughout the FTIR bands after the
microwave treatment, leading to bigger peaks (Figure 4a, right hand side image). The
results indicate that the FTIR spectra’s bands occurred at 1400, 1000, 780 and 669 cm−1

for sample S1 (Figure 4a). The peak band at 1400 cm−1 represents the C-O vibration, indi-
cating a carbonate mineral [52–54]. The frequency band 1000 cm−1 is associated with the
asymmetrical stretching vibration of Si-O, while that at 780 cm−1 indicates the symmetric
stretching vibration of Si-O, indicating a quartz mineral. [55] The frequency band 669 cm−1

indicates the vibration of Al-O [56], which may be attributed to the presence of clinochlore
ferroan, glycolated and oriented. For sample S2, its FTIR spectra is presented in Figure 4b.
The results show three transmittance peaks at 1400, 878 and 715 cm−1 that are all attributed
to C-O vibrations, symmetric in-plane bending, and the stretching of CO3

−2, indicating
the presence of a carbonate mineral in the sample, which agrees with the results obtained
using the FESEM-EDX method [52–54]. Like S1, the FTIR bands of sample S2 remain the
same after the microwave treatment; however, the percentage of transmittance is increased,
leading to shorter peaks (Figure 4b, right hand side image). Because the two samples
show different transmittance behaviour after microwave treatment, this may be responsible
for the different breakage behaviors exhibited by the two samples (S1 and S2) after the
radiation treatments.
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Figure 4. FTIR spectra of the untreated (UT) and microwave-treated (MWT) samples. (a) S1); (b) S2.

3.3.2. XRD Analysis

The results of the mineralogy of the untreated and microwave-treated (2.45 GHz,
1.7 kW, 4 min) samples (S1 and S2) using the XRD method are presented in Figure 5. The
quantitative analysis of the XRD spectra of sample S1 showed that it contains 95% by
weight quartz (SiO2, card number: 01-070-7344), with the rest identified as Clinochlore,
ferroan, glycolated and oriented ((Mg, Fe, Al)6 (Si, Al)4 O10 (O H)8, 4.0%, card number—
00-060-0322), and calcite (CaCO3, 1%, card number: 000471743) (Figure 5a; UT). For sample
S2, only one mineral was indexed according to the XRD spectra (Figure 5b; UT), i.e., calcite
(100% by weight), which agrees well with the results obtained using both the SEM-EDX
and FTIR methods.

The XRD spectra of the UT and MWT samples S1 and S2 were separately compared.
The results show that the x-ray intensities of sample S1 significantly increased after the
microwave treatment (Figure 5c). The increased intensities of the XRD spectra after the
microwave treatment have been reported for iron ore [27]. For sample S2, the X-ray in-
tensities nearly remain the same after microwave treatment (Figure 5d). The results also
indicate that both samples exhibit slight phase shifts (Figure 5a,b). For this reason, some
minerals changed phases, which led to their slight change in crystallographic directions;
some peaks disappeared and new peaks emerged (Figure 5a,b). For sample S1, quartz
changed to quartz syn (SiO2, card number: 010861629), while clinochlore, ferroan, glyco-
lated and oriented ((Mg, Fe, Al)6 (Si, Al)4 O10 (O H)8) remained the same. Furthermore,
some peaks were developed that cannot be identified by XRD (Figure 5a). For sample S2,
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calcite changed to calcite syn (card number; 010713699) and some unknown phases also
emerged (Figure 5b). From this analysis, one may conclude that the change in some of the
crystallographic directions of quartz after the microwave treatment of sample S1 caused
the recrystallization of the grains and consequently changed the breakage behaviour of the
sample, which led to the reduction in its Bond work index. On the other hand, the change
in the mineral phase and the new peaks with some wider crystallographic directions (such
as 0, 0, 12 and 0, 2, 10) after the microwave treatment of sample S2 may be responsible for
the change in the particle breakage behaviour that caused the adverse effect on its grinding
(Figure 5b) [26].

Figure 5. XRD results of the untreated and microwave-treated (2.45 GHz, 1.7 kW, 4 min) representative samples (a) S1 and
(b) S2; (c) comparison of the peak intensities of untreated and microwave-treated S1; (d) comparison of the peak intensities
of untreated and microwave-treated S2.

3.4. Morphology Analysis

Figure 6 (a–d, untreated; e–h, microwave-treated) presents the results of the SEM
micrographs of the untreated and microwave-treated sample S1. It can be seen that sample
S1 has particles with smooth surfaces, coarse and fine textures (Figure 6a–d), whereas
sample S2 consists of particles with smooth and rough surfaces and a mostly fine texture
(Figure 7a–d). Furthermore, it can be observed that intragranular (yellow arrow) and
intergranular (red arrow) cracks were developed after the microwave treatment of sample
S1; see Figure 6e–h. For the second sample (S2), the results of multiple SEM micrographs
of the untreated and microwave-treated representative samples are presented in Figure 7.
Comparing the SEM microstructures of the untreated (Figure 7a–d) and microwave-treated
sample S2 (Figure 7e–h), it can be seen that, unlike sample S1, most of the developed cracks
after the microwave treatment are intragranular (Figure 7e–h). Researchers have earlier
suggested that intragranular cracks may be developed in calcite grains when they are
subjected to microwave treatment [57]. This was demonstrated by placing a galena grain in
a calcite matrix, and the effect of microwave treatment on crack propagation was studied
computationally, through a simulation approach. The findings showed that intergranular
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cracks were developed between galena and calcite’s boundaries, and intragranular cracks
were developed within the calcite matrix despite its low dielectric properties [57].

Figure 6. SEM images (×15,000, 5 kV) of the untreated and microwave-treated (2.45 GHz, 1.7 kW, 4 min) sample S1:
(a–d) untreated, (e–h) microwave-treated.

Figure 7. SEM images (×15,000, 5 kV) of the untreated and microwave treated (2.45 GHz, 1.7 kW, 4 min) sample S2: (a–d):
untreated, (e–h): microwave-treated.

In order to determine the extent of the cracks developed after the microwave treatment
of the studied samples, a quantitative SEM image analysis of the untreated and microwave-
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treated samples (S1 and S2) was performed [26] using ImageJ (Fiji, 64 bit version, open-
source software, National Institutes of Health, 9,000 Rockville Pike, Bethesda, Maryland,
USA) [58,59]. The results for the two studied samples are presented in Figure 8. The
results indicate that in both the crack length per unit area and the crack wideness per unit
area, sample S1 developed slightly more cracks (Figure 8a,c) than sample S2 (Figure 8b,d)
under the same microwave treatment conditions. It is important to note that most of
the cracks which developed in sample S1 are within the grain boundary (Figure 6e–h),
which improved the grinding behaviour and consequently reduced its BWI. However,
for sample S2, most of the developed cracks are transgranular, meaning that the particle
breakage may firstly take place within the sample’s matrix, rather than between the grain
boundaries (Figure 7e–h). This may be responsible for the differential particle breakage
behaviour that changed the particle size distribution of the sample after grinding. This
can be observed as presented in Table 3, where the Gbp decreases with the microwave
treatment time. Furthermore, the 80% passing size of the products (after grinding) of the
microwave-treated sample almost remained the same (Figure 3b); this led to the increased
BWI of sample S2, as the Gbp also decreased (Table 3).

Figure 8. (a,b) Crack length per unit area of the untreated and microwave-treated S1 and S2. (c,d) Crack wideness per unit
area of the untreated and microwave-treated S1 and S2 samples.

4. Conclusions

This paper investigated the amenability of microwave irradiated mining waste (rocks)
to grinding using the standard Bond ball mill grindability test procedure. The selected
samples (labelled S1 and S2) were characterized using FESEM-EDX, XRD, FTIR and SEM
spectroscopy analyses. The results showed that S1 and S2 are predominantly quartz
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and calcite, respectively. The Bond ball mill grindability tests were conducted for the
untreated and microwave-treated (2.45 GHz, 1.7 kW) quartz and calcite representative
samples. The findings showed that the Bond work indices of the untreated quartz and
calcite are 11.49 kWh/ton and 5.21 kWh/ton, respectively. The results also indicated that
the BWI of the studied quartz improved, which led to a reduction in grinding energy by
13.83% (equivalent to 1.81 kWh/ton) at 4 minutes of microwave radiation. Meanwhile,
at the same microwave treatment conditions, the grinding energy of the studied calcite
increased by 15.59% (equivalent to 0.93 kWh/ton). The FTIR, XRD and SEM analyses of the
untreated and microwave-treated (2.45 GHz, 1.7 kW, 4 min) representative samples (S1 and
S2) were compared. The findings showed that percentage transmittance of S1 decreased
throughout the FTIR bands; meanwhile, that of S2 increased under the same microwave
treatment conditions. The XRD results showed that the XRD intensities of the mineral
phases increased for sample S1 after the microwave treatment. However, that of the second
sample (S2) remained nearly the same after the microwave treatment. The image analysis
of multiple SEM micrographs of the two studied samples clearly revealed that more cracks
were developed in sample S1 than sample S2 after the microwave treatment. Based on these
findings, microwave pretreatment improved the grinding behaviour of the studied quartz,
but caused an adverse effect on the grinding behaviour of the studied calcite. Due to the
change in the crystallographic directions of some mineral phases in the studied samples
after microwave pretreatment, future research may be tailored towards determining the
effect of microwave pretreatment on the binding and cementation properties of cement,
as the two samples were being used for cement production. Furthermore, research may
be conducted to investigate whether microwave pretreatment can reduce the grinding
additives used for cement production.
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The Netherlands, 2000; p. 753. ISBN 90 5809 172 4.

41. Bilen, C. Microwave Assisted Limestone Grinding. Part. Sci. Technol. 2021, 1–14. [CrossRef]
42. Akhtar, K.; Khan, S.A.; Khan, S.B.; Asiri, A.M. Scanning Electron Microscopy: Principle and Applications in Nanomaterials

Characterization. In Handbook of Materials Characterization; Sharma, S.K., Verma, D.S., Khan, L.U., Kumar, S., Khan, S.B., Eds.;
Springer International Publishing AG: Basel, Switzerland, 2018; pp. 113–145. ISBN 97833199295452.

43. Milinovic, J.; Dias, Á.A.; Janeiro, A.I.; Pereira, M.F.; Martins, S.; Petersen, S.; Barriga, F.J. XRD Identification of Ore Minerals
during Cruises: Refinement of Extraction Procedure with Sodium Acetate Buffer. Minerals 2020, 10, 160. [CrossRef]

44. Amana. Amana Commercial Microwave Oven Owner’s Manual; Amana: Benton Harbor, MI, USA, 2001.
45. Man, Y.T. Why is the Bond Ball Mill Grindability Test Done the Way It Is done? Eur. J. Miner. Process. Environ. Prot. 2002, 2, 34–39.
46. Bico, F.C. Bond Bico Ball Mill Manual; Bico Braun International: Burbank, CA, USA, 2009.
47. Bond, F.C. Crushing and Grinding Calculations—Part I. Br. Chem. Eng. 1961, 6, 378–385.
48. Batchelor, A.R.; Buttress, A.J.; Jones, D.A.; Katrib, J.; Way, D.; Chenje, T.; Stoll, D.; Dodds, C.; Kingman, S.W. Towards Large Scale

Microwave Treatment of Ores: Part 2-Metallurgical Testing. Miner. Eng. 2017, 111, 5–24. [CrossRef]
49. Mosher, J.B.; Tague, C.B. Conduct and Precision of Bond Grindability Testing. Miner. Eng. 2001, 14, 1187–1197. [CrossRef]
50. Walkiewicz, J.W.; Kazonich, G.; McGill, S.L. Microwave Heating Characteristics of Minerals and Compounds. Miner. Metall.

Process. 1988, 39, 39–42.
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