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on the flotation of base metal sulphides and
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The effect of using conventional crushing and HPGR in combination
with dry or wet milling was investigated using a base metal
sulphide (sphalerite), and a PGM (platinum group minerals) ore in
order to determine how these different processes affect the flotation
performance. In the case of sphalerite, irrespective of the crushing
procedure (HPGR or conventional), dry milling resulted in the
highest grades and recoveries of zinc. Conversely, in the case of
PGMs, a similar treatment produced the poorest results. The results
were investigated further by comparing the relative effects of
factors such as percentage liberation, particle size, and surface
properties of the samples produced by the different milling
procedures as well as the concentrates and tailings obtained from
the flotation tests.
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Introduction
In the preparation of ore for flotation, various
grinding procedures can be applied which have
the possibility of influencing the flotation
performance of the valuable minerals by
changing the degree of liberation, the particle
size distribution, or other particle characteristics such as morphology. With respect to
liberation it has been proposed in a study of a
copper/lead/zinc ore, using an MLA (Mineral
Liberation Analyser) to analyse the mineralogy
of the samples, that the composition distribution of a given size fraction from a
comminution circuit is constant for that
mineral in that ore. This is regardless of
whether the particle has been crushed, ground,
or subjected to impact breakage or compressive
breakage, and also regardless of the overall
size distribution of the comminution product
(Wightman et al., 2008). It has also been
proposed that HPGR as a comminution device
not only improves energy efficiency but may
also lead to preferential liberation of valuables
due to micro-cracking along grain boundaries
and finer grinding (Bearman, 2006; Daniel,
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Experimental
A bulk sample of each of the ores studied was
prepared for the experimental test work by
jaw-crushing to obtain a representative sample
of material sized 8 mm. This bulk sample was
then blended and split into two samples of 100
kg and 50 kg. The 50 kg sample was further
crushed to obtain a sample sized 3.3 mm using
a cone crusher. This sample was then split into
2 kg and 10 kg aliquots to be used as the feed
to the wet and dry rod mills, respectively. The
100 kg sample was fed through the HPGR at
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2007; Dunne, Goulsbra, and Dunlop, 1996;
Klymowsky et al., 2006; Morley, 2006). Finer
grinding may of course produce slimes and
also result in the poor flotation recovery often
associated with fine particles.
Apart from the comminution device, the
grinding media (e.g. stainless vs mild steel) or
the grinding environment (wet vs dry) can also
affect the surface properties of the ore particles
and hence their floatability. The present paper
presents results obtained in a study of the
flotation of a sphalerite-bearing ore and a
platinum group mineral (PGM) ore that were
subjected to various comminution procedures,
viz. HPGR and conventional crushing followed
by either wet or dry milling using different
media. Not all of these combinations were used
for both ores. The relationship between the
comminution processes and the flotation
behaviour were analysed and attempts were
made to relate these to the surface properties
of the ore. An important aspect of the research
was to investigate to what extent the effect of
such comminution treatments on flotation
were generic or ore-specific.

Comparative study of the use of HPGR and conventional wet and dry grinding methods
60 bar and then the entire sample again at 90 bar, also to
obtain a sample sized <3.3 mm. This sample was also split
into 2 kg and 10 kg aliquots to be used as the feed to the wet
and dry rod mills respectively. Samples of 10 kg were
required for the dry milling in order to produce a final
reconstituted sample of the size indicated below.
In the case of the sphalerite ore, before the ore was fed to
the rod mill the sample was screened at 90 µm and the
+90 µm size fraction was fed to the mill. The milling time was
determined to ensure that the reconstituted feed to float of
the milled product and the -90 µm size fraction had a P80 of
90 µm. In the case of the PGM ore the sample was screened at
75 µm and the +75 µm size fraction was fed to the mill. The
milling time was determined to ensure that the reconstituted
feed to float of the milled product and the -75 µm size
fraction had a P70 of 75 µm. The wet milling was carried out
in batches of 2 kg and the reconstituted feed was fed to the
flotation cell. The dry milling was carried out on10 kg
samples, and the reconstituted product was blended and split
into 2 kg batches for flotation. Table I summarizes the
various comminution procedures used in this investigation. A
schematic of the milling procedure is shown in Figure 1.
It should be noted that the results (Figures 2 and 3) will
reflect that the sphalerite ore was treated using combinations
of cone crushing or HPGR on their own, and then followed by
wet milling using stainless steel media (WM-SS) and dry

milling using mild steel media (DM-MS). Naturally it would
have been of value to investigate both of the latter
combinations with mild steel or stainless steel media respectively. Unfortunately, due to problems associated with access
to equipment this was not possible. In the case of the PGM
ore, wet milling was carried out using mild and stainless
steel, but only mild steel was used in the case of dry milling.
Batch flotation tests of the mill product were carried out
using synthetic plant water (I=2.0E-02; TDS=1030)
(Shackleton, Malysiak, and O’Connor, 2007). For sphalerite
flotation, in the first stage, or pre-float step, carbon/graphite
was removed in the presence of 100 g/t sodium cyanide and
300 g/t of zinc sulphate. The second stage removed galena
and the third stage was aimed at sphalerite flotation. The pH
was maintained at 9.5 for the carbon and lead concentrates
and increased to 10.5 for the duration of the zinc concentrates. Lime was used as the pH modifier. For the lead and
zinc floats, Dow 200 and SEX were used at 10 g/t and 25 g/t,
respectively. For sphalerite flotation, 600 g/t of copper
sulphate was added as an activator. For the PGM flotation
tests, 90 g/t of SIBX were used as collector together with 70
g/t of DTP. A guar depressant (120 g/t) and frother (15 g/t)
were used. The natural pH of 9 was used. Table II gives
details of the flotation procedure used in the treatment of the
sphalerite ore. Table III presents details of the procedure used
in the flotation of the PGM ore.

Table I

Summary of preparation procedures for the feed to
feed to float
Crushing
Cone
Cone
Cone
HPGR
HPGR
HPGR

Milling

Media

Nomenclature

Wet
Wet
Dry
Wet
Wet
Dry

Mild steel
Stainless steel
Mild steel
Mild steel
Stainless steel
Mild steel

CC-WM-MS
CC-WM-SS
CC-DM-MS
HPGR-WM-MS
HPGR-WM-SS
HPGR-DM-MS

<6 mm C sample

Figure 2—Particle size distribution of the mill feed and mill product
sphalerite ore after various pretreatments

<8 mm D sample

HPGR

Screen

<3.3 mm C sample

<3.3 mm D sample

Sample D split into
10kg samples

Sample C split into
2kg samples

Figure 1—Schematic of the first stage milling procedure using the
HPGR. A similar configuration was used for the cone crusher
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Figure 3—Particle size distribution of the mill feed and mill product
PGM ore after various pretreatments
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Table II

Flotation procedure for sphaleriteore
Stage

Float min

Grind
Carbon

Cond. min

1
1

pH

Ca(OH)2

9.5
9.5

As req
As req

NaCN (g/t)

ZnSO4 (g/t)

100

300

CuSO4 (g/t)

Dow 200 (g/t)

SEX (g/t) AF211 (g/t)

2
Lead

1

10

25

1
Zinc
4
1
1
2
3
5

1

10.5

10.5

As req

As req
600
15

25

1

15

10

Table III

Flotation procedure for PGM ore

Grind
Condition 1
Condition 2
Concentrate 1
Concentrate 2
Concentrate 3
Condition 3
Condition 4
Concentrate 4
Concentrate 5

Float min

Con. min

2
2

pH

SIBX (g/t)

Senkol 3 (g/t)

Natural
Natural

60

40

Sendep 369 (g/t)

Betafroth 206 (g/t)

100

10

20

5

2
6
12
2
2

Natural

30

30

10
10

In order to determine the reproducibility of the results
and the reliability of the experimental procedures used, all
particle size distribution determinations and all batch
flotation tests were carried out in triplicate. In order to
determine the standard deviation and the reproducibility of
the particle size distribution data, the cone crusher sample
followed by dry milling (CC-DM-MS) was selected and
processed three times. The standard deviation and the
percentage relative standard deviation for each of the four
concentrates collected for a set of triplicate tests are shown in
Table IV for the sphalerite flotation tests. Table V shows a
similar set of results for the PGMs in which the HPGR-WMSS sample was used to determine reproducibility.
The flotation feed, the first concentrate, and the tails for
each condition were analysed using ToF-SIMS and XPS
(Shackleton, 2006). The samples collected for analysis were
screened to obtain a 38 µm to 106 µm size fraction. The
surface analysis of the minerals was carried out using a PHI
TRIFT IV ToF-SIMS (time-of flight-secondary ion mass
spectrometry) instrument operating in the static SIMS regime.
The handpicked grains of interest were analysed and imaged
for Ca, Mg, Al, Si, Na, Mn, Fe, Cu, Ni, Zn, and Pb during
positive ion analysis and O, OH, S, and xanthate during
negative ion analysis. Mineralogical analyses were carried
out using a Mineral Liberation Analyser (MLA).
The Journal of The Southern African Institute of Mining and Metallurgy

Table IV

Zinc grades and standard deviations for the CC-DMMS sample
Run1

Run 2

Run 3

Av.

Std Dev.

Rel.Std.Dev.(%)

53.1

53.4

52.8

53.1

0.30

0.56

49.1

52.2

51.0

50.8

1.52

2.99

44.7

47.9

46.0

46.2

1.62

3.50

37.8

40.4

39.4

39.2

1.31

3.34

Table V

Platinum grades and standard deviations for the
HPGR-DM-SS sample
Run1

Run 2

Run 3

Av.

Std Dev.

Rel.Std.Dev.(%)

45.5

49.8

50.9

48.7

2.86

5.88

27.3

28.7

29.3

28.4

1.03

3.62

18.4

18.0

19.4

18.6

0.75

4.01

14.8

14.5

16.2

15.2

0.86

5.66

12.6

12.6

13.9

13.0

0.74

5.70
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Results and discussion
Comminution
The particle size distribution for the cone crusher and the
HPGR were almost identical for both ores, with the HPGR
producing a finer grind than the cone crusher. The particle
size distribution for the sphalerite is shown in Figure 2 and
for the PGM ore in Figure 3. In both cases the HPGR product
was significantly finer than the cone crushed product.
However, in both cases essentially no difference was
observed between wet and dry milling or for different milling
media. The reason for the absence of a full suite of
combinations has been referred to above but, given the
results that were obtained, it is unlikely that any significant
differences would have been observed.

Mineralogy
The mineralogical results of the sulphide ore showed that all
four mill product samples had very similar mineralogical
compositions, containing approximately 40% pyrite, 20%
quartz, 12% sphalerite, 9% mica, and 6% FeMn silicates. The
liberation characteristics were also similar for all four samples
with approximately 90% liberation of sphalerite being
achieved. With respect to particle size distribution, the d50
values of the bulk milled products were between 30.7 µm and
37.9 µm. The liberation data for sphalerite indicated a finer
d50 for the dry milled samples in the case of both the cone
crusher and the HPGR (Table VI).
Figure 4 shows the zinc distribution in each size fraction
of the sulphide ore and Table VI shows the d50 values of the
bulk sample and of sphalerite in the mill product samples.

Table VII shows the mineralogy data for sphalerite ores after
various milling procedures. Figure 5 and Table VIII show the
equivalent results for the PGM ore. In both cases dry milling
resulted in a significantly higher percentage of the valuables
(zinc or platinum) reporting to the -25 µm fraction. In the
case of sphalerite ore there did not appear to be any preferential liberation of valuables when the HPGR was used
(Tables VI and VII). Table VI shows that the d50 values of the
bulk milled products, under the various conditions
investigated, were between 30.7 µm and 37.9 µm. However,
the liberation versus size data indicated that the d50 of the
bulk sample was always coarser than was the case for the
liberated sphalerite. The zinc grade in each size fraction was
similar for the cone crusher and HPGR products, irrespective
of whether the sample was dry or wet milled.
In the case of the PGM ore, the head grade of the
combined feed was approx. 4 g/t platinum group elements
(PGE). The base metal sulphide content of this ore was 2%
and was predominantly pyrrhotite (approx. 39%) and
pentlandite (approx. 37%). The PGM distribution of the ore
sample showed that the main PGMs were PGE-tellurides
(approx. 46%) with lesser PGE-alloys (approx. 15%), PGEarsenides (approx. 13%) and PGE-sulphides (approx.13%).
Table VIII summarizes the mineralogical data for the PGMs.
As in the case of sphalerite, the dry milled samples had the
finest d50 values for both the cone crushed product and the
HPGR. Again, as in the case of sphalerite, the liberation of
the base metal sulphides contained in the PGM ore was
similar for all treatments, viz. approx. 80%, even though the
grain size was finer in the case of dry milling. For the PGMs,
in the case of cone crushing the liberation was significantly
greater in the case of dry milling than wet milling. In the case

Table VI

Table VII

Summary of liberation data of bulk sample and
sphalerite

Summary of mineralogy data for sphalerite ores
(CC=cone crushed; WM=wet milled; DM=dry milled)

d50 of bulk sample (µm)

d50 of sphalerite(µm)

37.9
31.9
30.7
33.2

27
12
23
14

CC-WM
CC-DM
HPGR-WM
HPGR-DM

Figure 4—Zinc distribution versus particle size based on a screen
analysis (sphalerite ore)
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CC-WM-SS
CC-DM-MS
HPGR-WM-SS
HPGR-DM-MS

LOCKED

MGM

HGM

LIBERATED

3.5
2.7
2.7
2.6

2.0
1.6
1.4
1.3

5.1
3.1
4.2
3.6

89.4
92.7
91.7
92.5

Figure 5—Platinum distribution versus particle size based on a screen
analysis (PGM ore)
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Table VIII

Summary of mineralogy data for PGM ores (CC=cone crushed; WM=wet milled; DM=dry milled)
CC-WM-MS

CC-WM-SS

CC-DM-MS

HPGR-WM-MS

HPGR-WM-SS

HPGR-DM-MS

PSD d50 (um)

39

38

27

37

35

31

BMS liberation (%)
BMS grain size (µm)
PGM liberation (%)
PGM grain size (µm)

78
18
59
7.2

81
17
56
6.9

84
10
75
4.5

80
18
79
6.8

80
18
70
7.5

80
13
80
5.6

of HPGR, the liberation was consistently greater than the
equivalent treatment using cone crushing, providing strong
evidence that the HPGR did indeed increase the liberation of
the base metal sulphides in the PGMs. This was done using
MLA analyses. However, the mineralogical results indicate
that the HPGR does not appear to improve liberation
compared to cone crushing in the case of the base metal
sulphides. The high degree of liberation of the base metal
sulphides compared to the PGMs is probably related to their
innate hardness. Base metal sulphides typically have a
hardness of 4 on the Mohs scale compared, for example, to
sperrylite (PtAs2), which has a hardness of 7. For the PGMs
the particle size distribution of the bulk sample showed a
smaller d50 grain size for the dry milled samples. The
crushing technique, however, made no difference to the
average grain size for base metal sulphides. There was little
difference in liberation and grain size between the samples
milled using mild steel and stainless steel. In general,
therefore, these results show that the comminution
procedures used did not appear to be ore-specific and yielded
similar particle size distributions. There were, however,
differences in degree of liberation.

the finer size fraction. Table VI has shown that the d50 for the
dry milled samples of sphalerite was approx. 13 µm (at 90%
liberation), and yet these samples yielded the highest
recoveries and grades. Hence the poor recoveries often
associated with the flotation of fine particles did not appear to
be a limiting factor. In the case of the PGM material the
poorly floating dry milled material was slightly finer than the
wet milled material, but not significantly so. The cone
crushed wet milled material yielded higher grades and
recoveries than the HPGR equivalent, even though the HPGR
wet milled samples had significantly greater liberation than
the cone crushed equivalents. The poor flotation results with
dry milling in the case of PGMs may be due to problems
associated with slimes coating of the PGMs by fine gangue
material. This problem would not be as significant in the case
of sphalerite. It is also possible that the very fine liberated
PGMs have exposed Pt compounds such as arsenides, which
are known to be difficult to float (Shackleton et al., 2007).

Flotation tests
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Figure 6—Grade versus recovery curve for zinc (sphalerite) flotation

Figure 7—Grade versus recovery curve for platinum (PGM) flotation
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With respect to the flotation behaviour of the mill product
samples, Figure 6 shows that in the case of sphalerite, the
dry milled samples (both cone crushing and HPGR) produced
the highest final grades and recoveries. In the case of wet
milling, the cone crusher product yielded a lower final
recovery but significantly higher grade compared to the
HPGR. These results were similar to those obtained by Seke
(2005), who proposed that the higher recoveries in the case
of dry grinding were a result of more positive pulp potentials
in the flotation process. The redox potentials were not
measured, and so this proposition cannot be confirmed in the
present study.
The flotation grade-recovery results for the PGM ore are
shown in Figure 7. Of significant interest is the observation
that quite the opposite results were obtained in this case
compared to the sphalerite. The highest platinum graderecovery relationship was obtained for cone crushing
followed by wet milling (CC-WM-MS and CC-WM-SS),
followed by the equivalent treatment using HPGR. The lowest
grades and recoveries were obtained for the dry milled
samples for both cone crushing and HPGR even though, as
shown in Table VIII, these samples had the highest liberation
of PGMs.
It is interesting to note that in the case of both ores a
significant amount of the valuable mineral had reported to

Comparative study of the use of HPGR and conventional wet and dry grinding methods
These results indicate that although HPGR produced ore with
a greater degree of liberation at equivalent grain size, this did
not result in an improved flotation performance. For the
sulphides in both ores the percentage liberation was similar
for different comminution treatments. However, the recovery
of base metal sulphides in the PGM ore was lowest for dry
milled samples, as opposed to the case of sphalerite, again
suggesting that factors such as slime coating during dry
milling may be playing a role.
In the case of the cone crushed sample, flotation following
dry milling resulted in a much greater water recovery (410 g
compared to 205 g) without a similar increase in mass pull
(220 g and 215 g respectively), indicating a selective increase
in mass pull of valuables which is consistent with the
increased Zn recovery at equivalent grade. The high water
recovery, and hence more stable froth, is also consistent with
the presence of a finer size fraction in the case of the dry
milled sample. It should also be noted that in this case the
higher Zn recovery and similar grades compared to wet
milling indicate a more selective separation of sphalerite and
gangue material in the froth phase. In the case of the HPGR,
dry milling resulted in lower mass pulls, equivalent water
recoveries, and significantly higher Zn recoveries and grades
compared to wet milling, which produced a non-selective
increased mass pull. The similar water recoveries and hence
froth stabilities are consistent with this observation. The
results do, however, indicate a greater selectivity in the mass
recovery in the case of dry milling, since for the wet milled
sample there was a much greater mass pull but this was
accompanied by a much lower Zn recovery and grade.
Figure 8 shows the normalized yield percentage for
Fe(OH)2 and SEX respectively on the surface of sphalerite as
determined by ToF-SIMS. The HPGR wet milled sample had
the highest levels of Fe(OH)2 on the surface, with
correspondingly lower levels of xanthate compared to the
other three conditions. High Fe(OH)2 levels on the surface
result in a hydrophilic surface and can lead to lower xanthate
adsorption, as was observed. Excess xanthate levels on the

surface can destabilize the froth due the high degree of
hydrophobicity, which may explain the fact that the HPGR
wet milled sample, which had lower xanthate levels on the
surface, produced higher mass pull at similar water
recoveries, which is an indication of a more stable froth. The
XPS results showed that the copper on the sphalerite surface
was predominantly Cu(I), which promotes xanthate
adsorption and therefore flotation.
ToF-SIMS was also used to investigate the presence of
xanthate and dithiophosphate ions as well as calcium,
magnesium, silicon, and aluminium ions on feed,
concentrate, and tails samples from the flotation of sphalerite.
The latter ions may be able to passivate the surface of
minerals, thus reducing the number of sites available for
collector adsorption. It was found that dry milling produced
higher levels of passivation on the concentrate surface than
wet milling. A possible reason for this is that, when the dry
milled sample was repulped, the [Ca+Al+Mg+Si] ions present
in the water would have been attracted to these ‘high energy’
active centres formed during dry milling. This may play a role
in reducing the grades and recoveries of PGMs in the flotation
process. It is also possible that the increased liberation
occurring after dry milling may have exposed a greater
amount of ‘difficult to float’ PGMs.

Conclusion
The aim of this investigation was to study the effect of using
different comminution procedures such as cone crushing and
HPGR followed by wet or dry milling on flotation of the mill
product. Two different ores were studied, viz. a sulphide ore
containing 12% sphalerite and a PGM ore that contained 2%
base metal sulphides, in order to investigate the extent to
which such differences are generic or ore-specific. In the first
instance it was shown that the effect of the different
procedures on the particle size distribution was similar for
both ore types, although HPGR alone produced a finer
product than was the case for cone crushing. Mineralogy
studies showed that, for the sphalerite ore, the HPGR

Figure 8—Fe(OH)2 and SEX ions normalized yield percentage for sphalerite
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treatment yielded percentage liberation values similar to
those produced by the cone crusher. In the case of PGM ore,
the HPGR and cone crushing treatments produced similar
percentage liberation of the sulphides, but the HPGR
treatment significantly improved the percentage liberation of
PGMs. The effect of these different milling procedures on
flotation showed that, in the case of sphalerite, dry milling,
after HPGR or cone crushing, produced an improved grade
and recovery even though the feed had a significantly lower
d50, but an equivalent liberation to the wet milled sample. In
the case of the PGMs the opposite was observed, viz. reduced
grade and recovery of Pt for the dry milled sample even
though the percentage liberation was greater. This is not due
to a problem associated with the finer particle size, but may
be a result of either passivation of sites by alkali earth ions
or the exposure in these more liberated particles of difficultto-float material such as tellurides or arsenides. or slime
coating.
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