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Abstract: The optimization of processing plants is one of the main concerns in the mining industry,
since the comminution stage, a fundamental operation, accounts for up to 70% of total energy
consumption. The aim of this study was to determine the effects that ball size and mill speed exert
on the milling kinetics over a wide range of particle sizes. This was done through dry milling and
batch grinding tests performed on two samples from the Penouta Sn—Ta-Nb mine (Galicia, Spain),
and following Austin methodology. In addition, the relationships amongst Sn, Ta and Nb content,
as metals of interest, the specific rate of breakage S;, the kinetic parameters, and the operational
conditions were studied through X-Ray fluorescence (XRF) techniques. The results show that, overall,
the specific rate of breakage S; decreases with decreasing feed particle size and increasing ball size for
most of the tested conditions. A selection function, at, was formulated on the basis of the ball size for
both Penouta mine samples. Finally, it was found that there does exist a direct relationship amongst
Sn, Ta and Nb content, as metals of interest, in the milling product, the specific rate of breakage S;
and the operational-mineralogical variables of ball size, mill speed and feed particle size.

Keywords: ball mill; kinetic grinding; specific grinding rate; Sn—Ta—Nb; Penouta Mine

1. Introduction

In the mining industry, the comminution stage can represent up to 70% of the energy consumed
in a mineral processing plant [1-5]. With ball-mill grinding being one of the most energy-consuming
techniques, setting the optimal values of the operational and mineralogical parameters for efficient
grinding is a key target in mineral processing plants [6-10]. Ball size is one of the key factors of ball-mill
efficiency [11,12], and may have a significant financial impact [13]. The population balance model
(PBM) has been widely used in ball mills [14]. This model is a simple mass balance to reduce size
being used in fragmentation models [15]. Several methods have been implemented to determine those
functions. Some were based on simple laboratory-scale grinding essays [16-21], whereas others were
based on industry-scale works [22-26]. This paper focuses on studying the specific rate of breakage S;
and its kinetic parameters based on the Austin methodology [27], which assumes that the specific rate
of breakage (S;) is a constant of proportionality that may or may not behave as a first-order function,
whereas the function of fracture (B;;) does not change with grinding time.

Tantalum and Niobium are considered critical raw material in the EU, due to their features and
applications in a wide range of industrial sectors, and the strong EU import dependence [28]. This makes
it of paramount importance to increase the research in the mineral deposits that contain them, and to
optimize the processing plants to increase their efficiency and to minimize their energy consumption.
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One of those processing plants lies in the Penouta Sn—Ta—Nb mine. Currently, it is the only
working mine in Europe producing Ta and Nb concentrates as its main product. This is done by
reprocessing the tailing ponds generated by the mining works up to the 1980s, and it is pending
authorizations to start mining the source rock. Due to that, two types of sample have been studied:
(i) unaltered rock from the Sn-, Ta- and Nb-enriched albite leucogranite (Bedrock); and (ii) material
from the tailing ponds (Tailings Pond).

The aim of this work was to study the effects of ball size on milling kinetics, operating at different
mill speeds and with a wide range of feed particle size. This was done through dry milling and
batch grinding tests, following the methodology proposed by Austin et al. [7] and developed in [9,29].
In addition, it studied the relationships amongst the evolution of Sn, Ta and Nb content, as metals of
interest, determined by XRF, the specific rate of breakage S;, and the operational conditions for both
samples, Bedrock and Tailings Pond, from the Penouta mine.

2. Theoretical Background

The population balance model (PBM) has been widely used in ball mills. This model is based on
determining the particle size distribution grouped in size classes. A mass balance for the classiin a
well-mixed grinding process is done by means of Equation (1), where comminution is linear, and a
first-order kinetic fragmentation is assumed [19].

dw: i—1
— = =Siwilt) + ) bijkjuo; (1) ()

=1

where wi (t) is the particle mass fraction of size class i at grinding time t. The first term of the right-hand
side is the mass fraction of particles of the monosize i that break and, thus, no longer belong to that
monosize. S; is the specific rate of breakage. The second term represents the contribution of all
monosizes coarser than i that at breaking produce particles of monosize i. The fracture rate or fracture
velocity of a monosize material can be expressed by Equation (2):

—dwi

TR Siw;(t) )

where §; is a constant of proportionality called the specific rate of breakage or probability of fracture,
whose unit is t 1. Assuming that S; does not change with time, the integral results in Equation (3).

log(wi(1)) ~ log(wi(0)) = =5 ©

where w; (t) and w;(0) are the mass fractions for size class i, at grinding times t and 0, respectively. S; is
the specific rate of breakage. Following the methodology proposed by Austin et al. [7] once S; values
have been obtained through slope determination, they are plotted to the particle size, and Equation (4)
is proposed to study the behavior of the specific rate of breakage S;.

Si = arX$-Q; 4)

where X; is the upper size limit of the interval (in mm), and ar, is a parameter that depends on milling
conditions and, is the breakage rate for size x; = 1 mm, while « is a characteristic parameter depending
on material properties; Q; is a correction factor, which is 1 for small particles (normal breakage, which
was assumed in this case) and less than 1 for large particles that need to be nipped and fractured by
the grinding media (abnormal breakage); S; increases up to a specified size x,, (optimum feed size),
but above this size breakage rates decrease sharply [9].
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Rotating critical speed of the mill, Nc, is calculated with Equation (5).

42.3
D-d

Nc =

©)

where D is the mill diameter and d is the ball diameter (in m). Ball mill filling volume is calculated
using Equation (6), assuming that the bed porosity of balls is 40%.

mass of balls ) x 1.0
ball density x mill volume’ 0.6

J=(

(6)

On the other hand, Austin and Brame [25] calculated the selection function ar in a general way
through Equation (7).
vc - O.].

ar =7  o[157(0c-094)]

@)
where v, is the mill speed expressed as the fraction of critical speed.
3. Methodology

3.1. Sample Characterization

First, a representative sample of a metric tonne from each of both areas of interest of the Penouta
mine, Bedrock and Tailings Pond, was crushed at a size of —4 mm using a jaw crusher. Working
samples were obtained after homogenization and quartering using a Jones splitter. Feed monosizes of
3350/2000, 2000/1000, 1000/500, 500/250, 250/125, 125/75 and 75/45 um were obtained in a sieve shaker
using a series of sieves with the openings of above.

Next, feed was characterized by means of grain-size analysis of the above-mentioned size
fractions and by means of XRF analysis of fused bead samples using a 4 kW BRUKER spectrometer
(Leipzig, Germany), specifically calibrated for this mineralogy, installed in the ALS laboratory at the
Penouta mine.

3.2. Calculation of the Critical Speed and Initial Conditions for the Grinding Kinetics Tests

Critical speed was calculated using Equation (5). Table 1 displays mill rotational speeds as a
function of ball monosizes for each test.

Table 1. Working speeds for the grinding kinetic tests.

d, Balls Size (mm) Nc, Mill Critical Speed Work Speed/75% Nc Work Speed/85% Nc
(rpm) (rpm) (rpm)
19.1 105.9 79.4 90.0
22.3 106.9 80.2 90.1
31.8 110.3 82.8 93.8

Dry batch milling kinetics tests were done in a lab-scale mill, 17.8 cm in diameter and 4.5 L in
capacity, on a 600 cm? representative volume of each Penouta mine sample. The mill charge consisted
of 5.0 kg of steel balls, of 19.0 mm, 22.0 mm and 31.0 mm monosizes. Fill fraction was calculated
from Equation (6). Seven feed size fractions (3350/2000, 2000/1000, 1000/500, 500/250, 250/125, 125/75,
75/45 um) were used to evaluate the influence of this mineralogical variable in the kinetic parameters.
Mill discharges were marked through 5 grinding times (0.5; 1; 1.5; 3.5; 7.5 min). This way, each
sample was dumped from the mill, and then it went through a grain size analysis by means of dry
sieving. In addition, after completing the grinding time, Sn, Ta and Nb content was determined for
the undersize to grid i in order to evaluate the evolution of Sn, Ta and Nb grades, with respect to the
specific rate of breakage.
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3.3. Determination of the Specific Rate of Breakage (S;) and the Kinetic Parameters (ar, a)

Following the BII methodology introduced in [27], after measuring the oversize weight for each
grinding time, the graph log (w;(t)/w;(0)) vs. time is plotted for each monosize. The equation of each
curve and thus the S; value are obtained through linear fitting using Equation (3). Then, the S; values
for each monosize are plotted and using Equation (4) the parameters (@7 and «) are calculated for
each condition of mill speed and ball size. This allows studying the influence of these two operational
variables on the specific rate of breakage and the kinetic parameters at and . The selection function
a1 was formulated by means of Equation (9). Nevertheless, this is a general equation, so a specific
formula was generated to characterize the samples Bedrock and Tailings Pond from Penouta mine.

4. Results and Discussion

4.1. Chemical Characterisation of the Feed

Both the Tailings Pond and Bedrock head samples display the grain size distribution shown in
Figure 1.

100%
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70%
60%
50%

40%

Cummulative passing (%)

30%

=0=PSD - Penouta Bedrock
20%

—%-PSD - Penouta Tailings Pond
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0%
10 100 1000 10,000

Size (microns)

Figure 1. Grain size distribution curves for the Penouta mine head samples.

Bedrock and Tailings Pond samples display an Fgy of 2110 um and 1369 pm, respectively.
The smaller Fg) value of Tailings Pond sample results from this material having been previously
processed during the mining activities throughout the 20th century, until the 1980s.

The representative chemical composition for both the Tailings Pond and Bedrock head samples is
shown in Table 2 and has been obtained through XRF analysis in the ALS-Penouta lab.

Table 2. Chemical composition of Bedrock and Tailings Pond head samples obtained through XRF.

Sample Sn (ppm) Ta (ppm) Nb (ppm)

Penouta-Bedrock 392+5 114 £ 10 31«2
Penouta-Tailings Pond 334 +5 60 + 10 64 +2
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The obtained values are consistent with Polonio [30], taking into account that the tailings pond
contains 4,815,307 metric tonnes of material, which, as occurs in this kind of deposits, displays a
highly heterogeneous distribution of the metals of interest, in contrast to the homogeneous distribution
displayed by the source rock. Furthermore, Sn, Ta and Nb values obtained for the Bedrock sample are
within the range reported by [30-32].

4.2. Obtaining the Specific Rate of Breakage (S;)

Figures 2-5 display the relationship between log (w;(t)/w;(0)) and time for 75% and 85% critical
speed and ball size d = 1.9 cm, for Bedrock and Tailings Pond samples.
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Figure 2. (a) Plot of log (w;(t)/w;(0)) vs. time for 75% critical speed and d = 1.9 cm (Penouta-Bedrock),

(b) linear least square fitting

performed.
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Figure 3. (a) Plot of log (w;(t)/w;(0)) vs. time; for 75% critical speed and d = 1.9 cm (Penouta-Tailings
Pond), (b) linear least square fitting performed.
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Figure 4. (a) Plot of log (w;(t)/w;(0)) vs. time for 85% critical speed and d = 1.9 cm (Penouta Bedrock),
(b) linear least square fitting performed.
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Figure 5. (a) Plot of log (w;(t)/w;(0)) vs. time for 85% critical speed and d = 1.9 cm (Penouta Tailings
Pond), (b) linear least square fitting performed.

Figures 2-5 show a deviation from the straight lines at initial grinding stages. This is probably
due to abnormal breakage and, according to [8], it should be performed a pre-grinding stage in the mill
for about 2 min in order to avoid abnormal breakage behavior, which was not considered in this study.

Overall, fracture velocity of the feed monosizes fits a first order kinetic behavior, thus, being
independent from time. S; was obtained for each sample using Equation (3), and the slope calculated
from Figures 2-5 for each ball-size and mill-speed condition. The relation between the specific rate of
breakage S;, and feed grain size was plotted in Figures 6-9 for each condition to visualize the behavior
of S;, as operating parameters varied for each sample.
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Figure 6. The specific rate of breakage vs. particle size for selected ball sizes at 75% of working speed
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Figure 7. The specific rate of breakage vs. particle size for selected ball sizes at 85% of working speed

(Penouta Bedrock).
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Figure 8. The specific rate of breakage vs. particle size for selected ball sizes at 75% of working speed
(Penouta Tailings Pond).
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Figure 9. The specific rate of breakage vs. particle size for selected ball sizes at 85% of working speed
(Penouta Tailings Pond).

In Figures 6-9, the specific rate of breakage S; in the usual operational range increases as ball size
diminishes [8,10,11,26,33-35], as happens for most of the feed grain sizes at 75% of critical mill speed.
Nevertheless, at 85% critical speed, the opposite seems to happen for the Tailings Pond sample shown
in Figure 9. This is probably due to better behavior under a greater influence of mill speed and ball
size, mainly for the coarse feed particles size as a consequence of a greater influence of the impact
breakdown and the cascading effect [36,37]. In addition, the harder ores, such as Tailings Pond samples
and the coarser feeds, require high impact energy and large grinding media, and, on the other hand,
very fine grind sizes require substantial grinding media surface area and small grinding media [38-40].
As a consequence, medium size balls (d = 2.23 cm) seem to have a better performance for most feed
sizes, mill speeds, and samples tested [10,34,41,42].



Metals 2020, 10, 1687 11 of 19

4.3. Kinetic Parameters (a, at)

The grinding kinetic parameters for Bedrock and Tailings Pond samples from Penouta mine are
shown in Table 3 to study the influence of ball size and mill speed in those parameters.

Table 3. Kinetic parameters for several ball sizes and mil speed (Penouta Bedrock and Tailings Pond).

Kinetic 75% Nc 85% Nc
Parameters d=19cm d=223cm d=3.175cm d=19cm d=223cm d=3.175cm
o (Bedrock) 0.5531 0.6345 0.4121 0.0885 0.3764 0.1482
ot (Bedrock) 0.0083 0.0049 0.0132 0.1451 0.0225 0.0839
« (Tailings) 0.7432 1.0414 0.6280 0.4533 0.6474 0.6320
o (Tailings) 0.0024 0.0003 0.0019 0.0100 0.0043 0.0053

It can be seen that « values fall within the reported normal values [26], and that the selection
function ar varies little with mill speed. From this data, the graph of Figure 10 was constructed. It plots
the selection function, ar, vs. the ball size, at constant working speed, for the studied samples.

0.12

oT =-0.071In(d) + 0.1453
o \\
008 \

0.06

oT (1/min)

0.04

oT =-0.007In(d) + 0.0128
0.02

0.00

Size balls (cm)

-+-Penouta- Tailings Pond -&-Penouta- Bedrock

Figure 10. Graph showing the selection function vs. ball size for Penouta Bedrock and Tailings Pond.

From Table 3, the Bedrock sample yields higher ot values than Tailings Pond sample, thus, being
ground more rapidly than the latter. It must be highlighted that the Bedrock sample was taken from a
slightly altered leucogranite, which results in low hardness and fracture strength. On the other hand,
and due to its origin, the sandy Tailings Pond sample is heterogeneous, with a higher quartz content.
It is a previously processed material and, consequently, with a higher fracture strength. In his study
focused on the parameter o, Teke et al. [33] found a linear trend between that parameter and the
ball size, characterizing the mineral calcite in this way. A good approach to determine the selection
function from ball diameter in the studied samples is shown in Figure 10 with the Bedrock and Tailings
Pond samples characterized through Equations (8) and (9), respectively.

QAT=d,+0.1453 (8)

QAT—=d,+0.0128 )

where a7 is the selection function and dj, is ball size in cm.
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In this sense, the results shown in Figure 10 are sound and agree with the Bond index trends
previously reported for the same samples [43]. Other authors [9,44] also compared the features of other

rocks like quartzite and metasandstone through the selection function, ar.

4.4. Chemical Characterisation of the Grinding Products

The results depicted in Figures 11-14 show the relationship between the Sn yield trends and the
specific rate of breakage, S;, for each mill-speed and ball-size condition employed. Tables 4-7 include
the Pearson coefficient in each case, showing a better correlation in the case of medium size balls in

all cases.
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Figure 11. Plot of Sn yield and the specific rate of breakage, S;, vs. feed size at 75% N, for several ball
sizes (Penouta Bedrock).
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Figure 12. Plot of Sn yield and the specific rate of breakage, S;, vs. feed size at 85% N, for several ball
sizes (Penouta Bedrock).
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Figure 13. Plot of Sn yield and the specific rate of breakage, S;, vs. feed size at 75% N, for several ball
sizes (Penouta Tailings Pond).
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Figure 14. Plot of Sn yield and the specific rate of breakage, S;, vs. feed size at 85% N for several ball
sizes (Penouta Tailings Pond).
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Table 4. Correlation between the specific rate of breakage S; and Sn, Ta, Nb yields (%) for each ball size
(Penouta Bedrock, 75% Nc).

Ball Diameter (cm)

Size 1.9 2.23 3.175

(um) Si Sn Tay. Nby. Si Sny. Tay. Nby. S; Sny. Tay. Nby.
H (min~1)  y.(%) (%) (%) (min~—1) (%) (%) (%) (min~1) (%) (%) (%)
75 0.044 28% 33% 27% 0.055 33% 42% 36% 0.043 27% 29% 28%
125 0.125 56% 57% 52% 0.107 47% 46% 41% 0.124 53% 50% 50%

250 0.145 64% 45% 70% 0.163 48% 55% 49% 0.176 48% 56% 51%
500 0.153 48% 76% 63% 0.158 51% 75% 78% 0.131 41% 66% 66%
1000 0.267 80% 89% 84% 0.287 81% 88% 85% 0.164 57% 72% 66%

2000 0.413 98% 99% 93% 0.504 99% 97% 93% 0.24 94% 93% 84%
3350 0.677 91% 68% 92% 0.761 100% 100% 100% 0.365 91% 71% 90%
Pearson c. (r) 0.83 0.51 0.80 0.92 0.87 0.84 0.89 0.68 0.89

Table 5. Correlation between the specific rate of breakage S; and Sn, Ta, Nb yields (%) for each ball size
(Penouta Bedrock, 85% Nc).

Ball Diameter (cm)
Size 1.9 2.23 3.175

S; Sny. Tay. Nby. S; Sny. Tay. Nby. S; Sny. Tay. Nby.
(min~1) (%) (%) (%)  (min™1) (%) (%) (%)  (min™1) (%) (%) (%)

75 0.125 18% 19% 18% 0.1 23% 23% 23% 0.138 24% 30% 23%
125 0.217 43% 45% 45% 0.163 33% 37% 34% 0.206 36% 41% 38%
250 0.229 68% 70% 71% 0.157 43% 50% 46% 0.214 49% 52% 52%
500 0.128 43% 65% 62% 0.155 48% 68% 58% 0.153 51% 72% 66%
1000 0.186 55% 75% 67% 0.252 76% 87% 81% 0.197 16% 29% 23%
2000 0.225 89% 89% 79% 0.297 95% 93% 86% 0.211 84% 83% 75%
3350 0.458 91% 74% 93% 0.559 91% 70% 91% 0.348 90% 61% 88%

Pearson c. (1) 0.75 0.41 0.70 0.81 0.52 081 0.68 0.25 0.64

(um)

Table 6. Correlation between the specific rate of breakage S; and Sn, Ta, Nb yields (%) for each ball size
(Penouta Tailings Pond, 75% Nc).

Ball Diameter (cm)
Size 1.9 2.23 3.175

S; Sny. Tay. Nby. S; Sny. Tay. Nby. S; Sny. Tay. Nby.
(min~1) (%) (%) (%) (min71) (%) (%) (%) (min71) (%) (%) (%)

75 0.057 23% 35% 28% 0.041 15% 21% 16% 0.043 11% 17% 13%
125 0.036 23% 33% 26% 0.022 21% 31% 21% 0.024 15% 15% 15%
250 0.141 73% 60% 60% 0.118 73% 60% 56% 0.070 87% 83% 82%
500 0.323 82% 96% 90% 0.108 58% 76% 71% 0.099 44% 70% 58%
1000 0.461 95% 81% 90% 0.216 90% 78% 84% 0.101 64% 63% 64%
2000 0.487 53% 70% 67% 0.786 99% 93% 97% 0.103 70% 58% 44%
3350 0.520 93% 70% 79% 0.800 100%  100%  100% 0.370 90% 89% 89%

Pearson c. (r) 0.75 0.75 0.83 0.78 0.80 0.80 0.64 0.65 0.68

(um)
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Table 7. Correlation between the specific rate of breakage S; and Sn, Ta, Nb yields (%) for each ball size
(Penouta Tailings Pond, 85% Nc).

Ball Diameter (cm)

Size 1.9 2.23 3.175
(um) S; Sny. Tay. Nby. S; Sny. Tay. Nby. S; Sny. Tay. Nby.
. (min~1) (%) (%) (%) (min71) (%) (%) (%) (min71) (%) (%) (%)
75 0.331 28%  31%  30% 0.100 43%  58%  48% 0.138 46%  64%  51%
125 0.077 25%  27%  23% 0.078 18%  27%  20% 0.069 56%  71%  62%
250 0.100 90%  85%  83% 0.130 2%  61%  56% 0.210 86%  82%  78%
500 0.160 78%  82%  75% 0.176 79%  90%  67% 0.241 86%  98%  90%
1000 0.228 84%  81%  84% 0.323 93%  92%  90% 0.284 9%  92%  90%
2000 0.199 91%  75%  75% 0.548 98%  95%  91% 0.557  100% 100%  100%
3350 0.395 93%  89% 8% 0.601  100% 100% 100%  0.721  100% 100%  100%
Pearson c. (r) 0.13 0.13 0.19 0.80 0.79 0.88 0.76 0.77 0.81

Finally, Figures 15 and 16 depict the plot of Sn, Ta and Nb yield in the undersize product, vs. the
specific rate of breakage S;, at 75% mill critical speed and ball size of 2.23 cm for both studied samples.

The results depicted in Figures 11-16 demonstrate that direct relationships exist amongst Sn,
Ta and Nb yield in the undersize product, as elements of interest in the product, the specific rate of
breakage and the operational variables mill speed, ball size and feed size. Consequently, it can be
stated that, at 75% of critical speed, grinding is more efficient with medium to small ball sizes, whereas,
at 85% of critical speed, better results occur with larger ball sizes. These conditions would represent
the optimal working parameters to enhance the specific rate of breakage, thus, guaranteeing a proper

mineral liberation and concomitantly a higher mineral recovery and product grade.

75% Nc - Penouta- Bedrock

100% 1
° Sn:y =0.1209x+0.1704 PP
90% R?=0.9151 e oo
a0 Ta:y = 0.1093x+0.2825 __oFIE N
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R?=0.9504 Tl
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Figure 15. Plot of Sn, Ta and Nb yield in the undersize product and the specific rate of breakage, S;,
vs. feed size for 75% N and ball size = 2.23 cm (Penouta Bedrock).



Metals 2020, 10, 1687 16 of 19

Sn, Ta, Nb yield in the undersize(%)
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Figure 16. Plot of Sn, Ta and Nb yield in the undersize product and the specific rate of breakage, S;,
vs. feed size for 75% N, and ball size = 2.23 cm (Penouta Tailings Pond).

5. Conclusions

The experimental work done and its further analysis permit to draw the following conclusions:

Austin’s methodology has allowed studying the effects of ball size in the kinetics of dry and batch
grinding over a wide range of feed particle size feed for the samples Bedrock and Tailings Pond
(Penouta mine). The mineralogical and operational parameters studied in this investigation, mill
speed, ball size and feed size, also influenced the grinding kinetics.

S; decreases as feed particle size decreases and ball size increases. This is due to a reduction of the
effective grinding area over most conditions considered, and to the fact that the finer the particle
size the higher the fracture strength, owing to the lesser crack and microcrack concentration in
the particles.

A direct relation exists amongst Sn, Ta and Nb yield in the undersize product, the S; and the studied
mineralogical and operational variables. Optimal mineralogical and operational conditions will
increase the grinding efficiency to obtain the best liberation degree and the highest grade of
minerals of interest, such as Sn, Ta and Nb, thus impacting positively the recovery scores of
the plant.

Use of medium-diameter balls is recommended, since they yield a steadier behavior over a wide
range of feed particle sizes and studied conditions.

Using ball size, a selection function, at, was formulated for the Bedrock and Tailings Pond samples
from the Penouta mine. This demonstrated that at values are higher for Bedrock sample than
for Tailings Pond sample, resulting in the former being ground more rapidly than the latter, as a
consequence of their respective mineralogy and origin.
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