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A B S T R A C T

Wet processing after crushing is common practice in mineral processing circuits involving flotation but the need
for more efficient water management has increased interest towards dry processing. In this study the effects of
both wet and dry grinding on flotation of one sulphidic and one non-sulphidic ore were compared. Bench scale
flotation tests were carried out and various microscopic and spectroscopic methods such as FESEM and XPS were
used in characterization of flotation feeds and products. Bulk surface charge properties were tested with mass
titration.

Clear differences in surface properties and flotation results were observed from the wet and dry grinding
methods, which encourages further research. Wet grinding was beneficial for the energy efficiency for both ores
and promoted the selectivity of flotation particularly with sulphidic ore. The wear of the mill and grinding media
seemed more extensive in wet grinding. Dry grinding produced more fine particles tightly attached to the sur-
faces, caused by the higher surface charge of the dry ground ore especially with non-sulphidic ore.

1. Introduction

Comminution of the ore can take up to 30–50% of the total oper-
ating costs of mining (Aldrich, 2013, Jeswiet and Szekeres, 2016). The
most energy intensive process in the comminution is grinding, for
which the operation cost increases with the fineness of the product
(Wang and Forssberg, 2007, Jeswiet and Szekeres, 2016). Generally wet
grinding is favoured over dry grinding since it is more energy-efficient,
downstream processes have a requirement for water, dry ground pro-
ducts tend to form agglomerates, and fine sulphides oxidize when ex-
posed to air (Bruckard et al., 2011). The increased energy consumption
of dry grinding is caused by the increased grinding time to achieve a
product with a certain particle size distribution, while most of the en-
ergy is wasted to heat production (Wills and Napier-Munn, 2006). It has
been estimated that the differences in the energy consumption between
dry and wet grinding can be even 30–50% (Niitti, 1970).

The dry grinding procedure and its impact on the results of flotation
has been investigated for several different types of minerals with con-
tradicting results. Dry grinding prior to flotation has shown a negative
impact on the grade and recovery of pyrophyllite as a function of
grinding time due to the altered surface structures during grinding,
although the grade and recovery increase with very long grinding times
(Erdemoğlu and Sarikaya, 2002). On the other hand, dry grinding has

been reported to improve the flotation kinetics of sulphide minerals,
which has been attributed to rougher surface topography of the mi-
nerals produced by dry grinding, thus increasing the adsorption sites on
the particle surfaces and producing a positive impact on the attachment
of collectors (Feng and Aldrich, 2000). Also, in the case of longer wet
grinding procedures, it has been shown that the roughness of the par-
ticle surfaces increases (Little et al., 2017). Another explanation for the
improved flotation results exhibited by dry grinding could be the re-
duced wear of the grinding media during the dry grinding which re-
duces the negative impact of the galvanic interactions in the flotation
process (Yuan et al., 1996, Deshpande and Natarajan, 1999, Gu et al.,
2004, Huang and Grano, 2005, Lin et al., 2008, Aldrich, 2013, Lin et al.,
2013, Rabieh et al., 2016).

A study by Palm et al. (2010) showed that dry grinding caused the
formation of a passivating layer of ions on the sulphide mineral surfaces
and also an increased amount of very fine material, which were ex-
pected to cause a negative impact on the flotation of sphalerite. Despite
this, the findings showed an increase in the recovery of sphalerite from
the ore (Palm et al., 2010). The wet and dry grinding methods for a
sulphide ore have been compared by (Koleini et al., 2012), and their
investigations suggested that the slurry made from the dry ground ore
had a remarkably higher electric potential than the wet ground slurry.
They also concluded that dry grinding increased the recovery of both
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sphalerite and chalcopyrite, but the grades of the concentrates were
reduced (Koleini et al., 2012).

Despite these positive indications produced by the utilization of dry
grinding, the most commonly used method is still wet grinding, since
dry grinding produces more fines and agglomerates and the energy
consumption of dry grinding is remarkably higher than for the wet
grinding (Ogonowski et al., 2018). In this study, the differences be-
tween wet and dry grinding procedures and in the initial rougher flo-
tation performance for two different ore types are compared in terms of
surface chemical properties characterized with X-ray photoelectron
spectroscopy (XPS), mineralogical features with field emission sec-
ondary electron microscopy (FESEM), as well as particle size distribu-
tions and surface area measurements. The two ores included in this
study are Pyhäsalmi Cu-Zn-pyrite sulphide ore and Keliber Oy’s Syvä-
järvi spodumene ore.

1.1. Syväjärvi spodumene ore processing

Spodumene is a lithium-containing silicate mineral that has been
subject to high interest in the mining industry due to the increasing
demand for raw materials for the battery production (Grad, 2014).
According to the updated Definite Feasibility Study (Keliber Oy, 2019),
Keliber Oy intends to produce annually over 12,000 t lithium hydroxide
from the albite spodumene pegmatites in the Kaustinen region. The
spodumene pegmatites of this area are petrographically, miner-
alogically and chemically similar with albite (37–41 wt%), quartz
(26–28 wt%), K-feldspar (10–16 wt%), spodumene (10–15 wt%) and
muscovite (6–7 wt%) as the main minerals. Currently, spodumene
(LiAlSi2O6) is the only economic mineral identified in the pegmatite
veins. Variation in the grindability between the deposits is small and
geometallurgical studies have shown that the hard component in the
ores is spodumene, therefore showing a positive correlation with the
lithium grade and specific grinding energy (Keliber Oy, 2019).

In the suggested industrial scale processing of Keliber Oy’s spodu-
mene pegmatite ore (Fig. 1), the ore is first subjected to grinding with a
rod mill and the classifier overflow is then further ground in a ball mill
(Keliber Oy, 2019). The ground ore is deslimed and conditioned in basic
solution adjusted by NaOH prior to the pre-flotation stage which is used
to remove apatite from the feed to improve the grade and recovery of
spodumene flotation in the following stage. After the removal of apatite
via flotation, where rapeseed fatty acid (PRIFAC 8944) is used as a
collector and Berol 050 as an emulsifier, the magnetic minerals and
wear products from the mills are removed with Low Intensity Magnetic
Separation (LIMS). The rest of the processing schematics consists of the
flotation of spodumene using the same reagents as with apatite flotation
in larger amounts and at a different pH, and cleaning of the resulting
concentrate. There is a predicted amount of loss for the valuable mi-
nerals in the desliming, pre-flotation, and to the final tailings during the
process.

1.2. Pyhäsalmi sulphide ore processing

The Pyhäsalmi mine located in Finland is the deepest mine in
Europe and is currently owned by First Quantum Minerals Ltd (First
Quantum Minerals Ltd, 2018). The Pyhäsalmi ore consists of mainly
sulphide minerals, and the valuable minerals collected by flotation in-
clude chalcopyrite, sphalerite, and pyrite. Quartz is the main gangue
mineral, and barite and some carbonates are also considered gangue
minerals. Silicate minerals such as amphibole and plagioclase are also
common in Pyhäsalmi ore deposits (Helovuori, 1979). The Pyhäsalmi
deposit is hosted by rhyolitic and basaltic volcanic rocks, containing
75.7 Mt of pyritic mineralization grading 0.9% Cu, 1.9% Zn, 0.4 g/t Au,
and 14.1 g/t Ag (Mäki et al., 2015).

In the industrial process flowsheet for Pyhäsalmi sulphide ore
(generalized flowsheet presented in Fig. 2), the grinding is executed as a
wet grinding process in two-stage milling, where the grinding starts

with a rod mill and the overflow from the screw classifier is further
ground in a ball mill to a suitable particle size before feeding to the
conditioner. A small amount of NaCN is used to depress other sulphide
minerals in the flotation of chalcopyrite and sphalerite. Sodium iso-
buthyl xanthate (SIBX) is used as a collector during the whole process
and the pH is adjusted to 12 by the addition of lime which has addi-
tional depressing qualities. Zinc sulphate is used to depress sphalerite in
the initial flotation process that separates chalcopyrite from the ore,
and after cleaning stages the resulting tailings are processed in a se-
parate flotation circuit to separate sphalerite from the ore. Copper
sulphate is used as an activator in the sphalerite flotation. The Pyhä-
salmi process is highly automated and has many on-line analysers in
several stages of the process including an on-line XRF analyser
(Luukkanen et al., 2003, Wills and Napier-Munn, 2006).

2. Experimental

2.1. Comminution of the samples

The spodumene ore samples from the Syväjärvi deposit provided by
Keliber Oy were subjected to initial crushing by impact drill and sub-
sequent crushing by Metso Minerals Marcy jaw crusher and Metso
Minerals Marcy cone crusher at Oulu Mining School. The Pyhäsalmi
sulphide ore samples were crushed in a similar manner.

The spodumene ore was ground to a final p80-value of 190 µm with
a Wedag rod mill (H × D = 30.5 cm × 15 cm) using a constant ro-
tation frequency of 100 RPM and 11 stainless steel rods (7 pcs
30 cm × 1.9 cm and 4 pcs 30 cm × 1.4 cm) which had a total mass of
7.046 kg. For the wet grinding procedure, similar conditions were used,
with the addition of 6 dl of tap water. The ore mass for the mill load was
approximately 1000 g per batch. Similarly, the Pyhäsalmi sulphide ore
was ground to a final p80-value of 75 µm with a Wedag rod mill using
the same parameters as with the Syväjärvi spodumene ore.

2.2. Determination of the particle size distribution and the surface area

The particle size distribution of both ore types after crushing and
grinding was determined by the dry sieving method (Table 1) and by
laser diffraction analysis with the Cilas 1190 instrument (Anton Paar).
The ore batches which were subjected to a wet grinding procedure were
dried in an oven at 100 ˚C overnight prior to the dry sieving procedure.
The sieving procedure was conducted with the Fritsch Analysette 3
instrument using an amplitude of 1.0 mm and sieving time of 10 min.
The dry sieving method is susceptible to reduced sieving efficiency with
samples containing lots of fines which may attach on the surfaces of the
larger particles when compared to the regular combined wet and dry
sieving method, where the fines are removed by wet sieving prior to
drying and dry sieving. The particle size analysis with the Cilas 1190
was performed from the samples divided equally into small fractions by
a rotating sample splitter, and the particle size was determined from a
slurry that contained 1:10 ore in distilled water. The slurry was in-
cubated overnight in water on a shaker for both ore types. The mea-
surements were performed with 60 s ultrasound treatment with an
obscuration level of 14–18% for each sample. The particle size dis-
tributions were obtained using the Fraunhofer diffraction theory.

The Brunauer-Emmett-Teller (BET) and the Barrett-Joyner-Halenda
(BJH) surface areas of both ores after wet and dry grinding were de-
termined with the Micromeritics ASAP 2020 at the unit of
Environmental and Chemical Engineering, University of Oulu. The
surface areas of both wet and dry ground Syväjärvi and Pyhäsalmi ores
were measured with the BET-method. The BJH-method was used to
assess the pore size distribution of the same samples.

2.3. Liberation analysis and modal mineralogy

Liberation analyses were performed at the Center of Microscopy and
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Nanotechnology at the University of Oulu (CMNT), utilizing
INCAMineral integrated with a Zeiss ULTRA Plus Field Emission
Scanning Electron Microscope (FESEM) and a X-Max detector. Each

sieved fraction from both ores and after both dry and wet grinding were
prepared into polished blocks and analysed with the setup of 15 kV
acceleration voltage, 2.3 nA current and 8.3 mm working distance. The

Fig. 1. The suggested ore processing flowsheet of Keliber Oy’s spodumene pegmatite ore (Keliber Oy, 2019).

Fig. 2. The generalized process flowsheet for Pyhäsalmi sulphide ore processing.
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results were post-processed with GrainAlyzer software to obtain also
modal compositions for each fraction.

2.4. Flotation experiments

The flotation experiments for both ore types were conducted with
the Outotec GTK LabCell flotation device using a 2 L flotation cell
(Fig. 3). Since the primary impact of different grinding methods on
flotation will occur in the first stage of the flotation scheme, only the
flotation of apatite was performed on the Syväjärvi spodumene ore and
the flotation of chalcopyrite was performed on the Pyhäsalmi sulphide
ore.

The flotation procedure of the Syväjärvi spodumene ore was con-
ducted according to Fig. 4 after the freshly ground ore was placed into
the flotation cell. The apatite concentrate was collected for 4 min. The
tailings were collected in a separate container, and both products were
dried in an oven overnight at 100 ˚C before gravimetric measurements
and further sampling for the other experiments.

The freshly ground Pyhäsalmi sulphide ore was treated in a similar
manner as with Syväjärvi ore, and the chalcopyrite was recovered from

the ore as presented in Fig. 5. The chalcopyrite concentrate was col-
lected for 8 min. The tailings were collected in a separate container, and
both products were dried in an oven overnight at 100 °C before
gravimetric measurements and further sampling for the other experi-
ments.

2.5. Chemical analysis of the samples with X-ray fluorescence method

For the determination of the efficiency and reproducibility of the
flotation, experiments were performed in triplicates for both ores, the
elemental composition of the concentrates and tailings produced were
measured at Oulu Mining School by using a handheld Oxford
Instruments X-MET 8000 instrument. Furthermore, the feed as well as
combined concentrates and tailings of each triplicate were divided by a
two-way sample splitter to a smaller sample size for more accurate
elemental composition measurements by a Bruker AXS S4 XRF instru-
ment. These analyses were performed from pressed pellets at the CMNT.

2.6. Characterization of mineral surface topography and elemental
composition

The characterization of the mineral surface topography and map-
ping of the sample elemental composition was performed with a Zeiss
Gemini Ultra Plus instrument using varying conditions depending on
the sample at the CMNT. The samples of various fractions from both dry
ground and dried, wet ground Syväjärvi spodumene ore and Pyhäsalmi
sulphide ore were spread evenly on the double-sided carbon-coated
tape fixed on a sample stand. The samples were sputtered with a pla-
tinum coating prior to the examination with a Zeiss Gemini Ultra Plus
instrument. Also, another set of similar samples was prepared, but
sputtered with carbon prior to the measurements to determine the
elemental composition of the samples by EDS.

The XPS measurements on both the feed and flotation products of
both ores were conducted at the CMNT using the Thermo Scientific
ESCALAB 250Xi instrument to determine the elemental composition of
the mineral surfaces at the maximum depth of 10 nm. The spectra were
interpreted using Avantage software (Thermo Fisher).

2.7. Determination of the zero point of charge

The zero points of charge of the investigated ores were determined
by using mass titration. Prior to the titrations, 1 kg batches of the
crushed Syväjärvi spodumene ore and Pyhäsalmi sulphide ore were
ground with the established procedures. After the grinding procedure,
the dry ground samples were stored under a nitrogen atmosphere. The
wet ground samples were filtered to remove excess water, after which
the wet ore was treated similarly to the dry ground ore. The amount of
each wet ground ore weighed for the experiments was adjusted to re-
semble the amount of the dry ground ore.

Mass titrations were performed for all sample types by adding ap-
proximately 2–3 g portions of ore to a solution containing a constant
amount of 0.001 M NaCl and a varying starting pH adjusted by the
addition of either NaOH solution or HCl solution. The volume of the
solution was approximately 50 ml. The starting pH was registered after

Table 1
Sieves used for the determination of the particle size distribution of crushed and
ground Syväjärvi and Pyhäsalmi ores.

Sample type Sieve size (µm)

Crushed 4000 2000 500 250 125 90 45 32
Ground – – 500 250 125 90 45 32

Fig. 3. The Outotec GTK LabCell flotation device used in the flotation experi-
ments.

Fig. 4. Procedure for Syväjärvi apatite flotation.
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mixing the sample vigorously with a magnetic stirrer for 10 min. After
each addition of solid material, the pH was allowed to reach equili-
brium for a minimum of 15 min before registering the pH value. The
additions were continued until the pH stabilized as a sign of having
reached the point of zero charge.

3. Results and discussion

3.1. Particle size distributions and surface area characteristics

The dry sieving analyses of the crushed Syväjärvi (SJ) and
Pyhäsalmi (PS) ores are presented in Fig. 6, which represents the
starting point for the wet and dry grinding experiments.

Several grinding times were tested to obtain the desired p80-values
for both ores; 190 µm for the Syväjärvi spodumene and 75 µm for the
Pyhäsalmi sulphide ore. The optimal grinding times for both ores were
assessed with dry sieving and laser diffraction analyses. Regarding the
spodumene ore, optimal grinding times appeared to be 95 min for the
dry grinding and 35 min for the wet grinding (Fig. 7). The Fig. 7A shows
the cumulative passing weight % against the particle size in microns
after several grinding times for both dry and wet grinding. The Fig. 7B
shows the differential distributions of the spodumene ore particle size
with two different grinding times for both wet and dry grinding ex-
periments. These results appear to indicate that there is a high increase
in the amount of − 32 µm particles after wet grinding when compared
to dry grinding.

For sulphide ore, the optimal grinding times were 115 min for the
dry grinding and 40 min for the wet grinding (Fig. 8). The Fig. 8A shows
the cumulative passing weight % against the particle size in microns
after several grinding times for the both wet and dry grinding. Fig. 8B

shows the differential distributions of the Pyhäsalmi ore particle size
with two grinding times after both wet and dry grinding experiments.
Unlike with spodumene ore, there seems to be no significant difference
in the amount of −32 µm particles or in any other particle size classes
after wet grinding when compared to dry grinding.

The results from the laser diffraction-based particle size analysis
differed from the results obtained by dry sieving analysis of both ores.
Such differences were expected, since the particle size analysis by
sieving is based on the ore weight % and the analysis by laser diffrac-
tion is based on volume %. Also, the mineralogical studies and the study
on the surface topography of the ores showed that the fine material had
strongly attached to the larger mineral particles via electrostatic in-
teractions. This indicates that the dry sieving procedure was not suffi-
cient to separate the fines from the other size classes, therefore causing
some error in the sieve analysis. Therefore, the results obtained by laser
diffraction are deemed more reliable in this study. The results of the
laser diffraction-based particle size analyses are presented in Fig. 9 for
the Syväjärvi spodumene ore and in Fig. 10 for the Pyhäsalmi sulphide
ore. The differences in the determined p80 values for both ore types by
the two different methods are highlighted in Table 2.

According to the BET and BHJ surface area measurement results,
tested materials exhibited Type IIB N2 adsorption isotherms which have
the shape of a typical Type II adsorption isotherm with a H3-type
hysteresis loop based on the extended IUPAC classification (Sing, 1982,
Rouquerol et al., 1999). This type of adsorption isotherm is common
with powders and aggregates. Type II adsorption isotherms indicate
that the material has a nonporous or microporous characteristic,
whereas the presence of the narrow H3-type hysteresis loop indicates
inter-particle capillary condensation within the sample (Rouquerol
et al., 1999). All adsorption isotherms were determined for both ore

Fig. 5. Procedure for Pyhäsalmi chalcopyrite flotation.

Fig. 6. The particle size distribution of crushed Syväjärvi (SJ) and Pyhäsalmi (PS) ores determined by dry sieving in duplicate.
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types after wet and dry grinding, but they did not exhibit any particular
differences between different grinding methods or even between dif-
ferent types of ores.

The analyses of the total surface area by BET and the total pore
volume and average pore diameter of the four different sample types
are listed in Table 3. The results show that the Syväjärvi spodumene ore
has a larger total surface area than the Pyhäsalmi sulphide ore in-
dicating a larger amount of fines, despite the p80 of the particle size
distribution being more than double the value for the Pyhäsalmi ore.
The total pore volumes and the average pore diameters are higher with
the Syväjärvi spodumene ore than with the Pyhäsalmi sulphide ore. For
both ores, the wet ground ore has a slightly smaller total surface area
than the dry ground ore. This indicates that wet grinding produces less
fines in contrast to the results from the particle size distribution analysis
by dry sieving. On the other hand, the total pore volume and the pore
diameter are smaller with the wet ground ores in comparison to the dry
ground ores, which may account for the smaller surface area for the wet
ground ores. These results suggest that wet grinding produces smoother
surfaces than dry grinding. This also suggests that dry grinding pro-
duces larger surface areas than wet grinding where the flotation che-
micals may adhere by adsorption.

3.2. Modal mineralogy and liberation characteristics

The modal mineralogy results from the INCAMineral runs on
Syväjärvi fractions as well as total modal compositions are presented in
Fig. 11. As can be seen, spodumene dominates the coarsest fraction, and
particularly with dry grinding (DG). Towards the finer fractions there
are no significant differences between dry and wet grinding in respect
of the main minerals, although spodumene content is slightly higher in

the finest fraction of the wet ground sample. The FESEM analyses in-
dicate a larger amount of fine particles derived from the rod mill after
wet grinding when compared to the dry grinding (0.28 wt% for wet vs.
0.19 wt% for dry grinding), therefore indicating more intensive mill
and grinding media wear despite a significantly shorter grinding time.

As can be concluded, the sampling from Syväjärvi ore pile in the
beginning of the study resulted in samples with very high amount of
spodumene and only a negligible amount of waste rock in the samples.
Since the aim was to continue processing after grinding only until the
preflotation stage with reverse flotation of apatite, the liberation results
for apatite in various fractions are presented in Fig. 12 for the wet and
the dry ground ore. The degree of liberation for apatite in dry ground
Syväjärvi spodumene ore reaches about 45% while for wet ground only
14%.

Pyhäsalmi sulphide ore modal mineralogy for various fractions is
presented in Fig. 13. Interpreting and classifying EDS data provided
challenges due to increasing amounts of suggested oxygen contents for
sulphidic particles particularly in finer fractions. This is presented in
Fig. 13 with sulphide results and mixed sulphide results (indicated with
an asterisk) which appeared to increase towards finer fractions. Ac-
cording to these results, the weight % of pyrite mixed particles is higher
in dry ground than in wet ground ore. The weight % of Fe-Cr-Ni par-
ticles from the rod mill was higher in the wet ground ore (0.51 wt% for
wet vs. 0.21 wt% for dry grinding). The particle size distribution for Fe-
Cr-Ni particles in both dry and wet ground ores is mainly < 10 µm.

The liberation characteristics for chalcopyrite (Ccp) are presented in
Fig. 14 for the dry and the wet ground ore. According to these figures,
dry grinding produces a higher cumulative liberation yield with chal-
copyrite contents up to 84–95%, although for both dry and wet ground
ores the liberation of grains containing 95–100% chalcopyrite is

Fig. 7. (A) The cumulative passing vs particle size graphs for the Syväjärvi spodumene ore after several grinding times with both wet and dry grinding procedures.
(B) The differential distributions of the Syväjärvi spodumene ore for two grinding times after wet and dry grinding of the ore.

Fig. 8. (A) The cumulative passing vs particle size graphs for the Pyhäsalmi sulphide ore after several grinding times with both wet and dry grinding procedures. (B)
The differential distributions of the Pyhäsalmi sulphide ore for two grinding times after wet and dry grinding of the ore.
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significantly lower. However, the main association for chalcopyrite
grains is with grains representing mixed analysis of chalcopyrite with
suggested oxygen according to EDS data. Therefore, the degree of lib-
eration appears low when the results are processed with the described
problematic type of classification, which takes suggested oxygen into
account. This effect was particularly prominent in the −32 µm size
fraction for both dry and wet grinding.

3.3. Flotation results and elemental compositions

The reproducibility and the separation efficiency of the flotation
experiments for wet and dry ground Syväjärvi spodumene and

Fig. 9. The laser diffraction-based analysis with the Cilas 1190 instrument of the Syväjärvi spodumene ore after (A) dry grinding for 95 min and (B) wet grinding for
35 min.

Fig. 10. The laser diffraction-based analysis with the Cilas 1190 instrument of the Pyhäsalmi sulphide ore after (A) dry grinding for 115 min and (B) wet grinding for
40 min.

Table 2
Comparison of the approximate p80 values for dry and wet ground Syväjärvi
spodumene ore and Pyhäsalmi sulphide ore determined by dry sieving and laser
diffraction methods.

Ore type Sieve analysis (p80) Laser diffraction analysis (p80)

Syväjärvi dry ground 190 µm 200 µm
Syväjärvi wet ground 190 µm 200 µm
Pyhäsalmi dry ground 75 µm 95 µm
Pyhäsalmi wet ground 75 µm 90 µm
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Pyhäsalmi sulphide ores were initially assessed with XRF analysis by a
portable Oxford Instruments X-MET 8000 device. Flotation results for
Syväjärvi apatite after both dry and wet grinding are presented in
Table 4.

The Syväjärvi spodumene ore showed a statistically significant ef-
fect in the flotation process when wet and dry grinding procedures were
compared. The masses of the apatite concentrate after the flotation
were smaller in the case of dry grinding, as seen in Table 4. The re-
covery of apatite was significantly better after wet grinding based on
the amounts of phosphorus left in the tailings. There is, however, no
statistical significance between the grades of the concentrates from the
flotation of the wet and dry ground ore based on portable XRF device
results. The higher mass of the concentrate after wet grinding implies
that the loss of spodumene was higher after the wet grinding procedure
and subsequent flotation, especially since the modal mineralogy ana-
lysis shows that the amount of spodumene is increased in the fines after
wet grinding.

The results for Pyhäsalmi chalcopyrite flotation presented in Table 5
show that in the case of Pyhäsalmi sulphide ore, the efficiency of the
flotation was clearly better when wet grinding was used as a grinding
method, as seen from the results of the statistical analysis. The mass of
the concentrate was significantly smaller with wet grinding, and the

grade and recovery of the resulting copper concentrate were sig-
nificantly higher than with dry grinding. In the dry grinding procedure,
the masses of the concentrates in all triplicate flotation experiments
were almost 40% of the total feed mass, which clearly shows that the
selectivity in the flotation process after dry grinding was extremely
poor, although the results presented in Table 5 show that there was
some enrichment of chalcopyrite in the concentrate with a decent re-
covery rate. The depression of sphalerite during the chalcopyrite flo-
tation process was better with the wet ground ore. There are no dis-
cernible differences between wet and dry ground ores in terms of the
mass of fines in the product according to particle size distributions. This
might indicate that the dry grinding procedure releases more copper
ions to the slurry which is known to decrease the depression of spha-
lerite (Palm et al., 2010). Furthermore, the significantly higher Fe and S
contents of concentrates after dry grinding implies increased pyrite
activation and flotation thus decreasing the quality of chalcopyrite
concentrate.

More accurate composition measurements were performed on
composite samples from the triplicates with a Bruker AXS S4 XRF in-
strument for the crushed ores and both dry and wet ground ores
(Table 6), as well as feed, concentrate and tailings after flotation ex-
periments (Table 7). According to the analysis results presented in

Table 3
The total surface area, total pore volume and the average pore diameter of dry and wet ground Syväjärvi and Pyhäsalmi ores.

Sample name Total surface area (m2/g) Total pore volume (mm3/g) Average pore diameter (nm)

Syväjärvi dry ground 0.74 1.70 9.16
Syväjärvi wet ground 0.68 1.36 8.01
Pyhäsalmi dry ground 0.51 0.96 7.43
Pyhäsalmi wet ground 0.49 0.81 6.68

Fig. 11. Modal mineralogy for both dry (DG) and wet ground (WG) Syväjärvi pegmatite ore fractions and total modal compositions.
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Table 6, it is also possible to evaluate the amount of mill and grinding
media wear experienced during wet and dry grinding procedures. With
both Syväjärvi spodumene and Pyhäsalmi sulphide ore, the Cr2O3 and
Ni contents indicate that the mill and the rods experience more wear
during wet grinding compared with dry grinding. These results are
supported by the results of the mineralogical analysis. This is an im-
portant discovery, since the wear of the mills and the grinding media
have a significant economic impact in the processing costs in industrial
processes (Aldrich, 2013).

In the case of sulphide ores, such results could be explained by the
galvanic interactions taking place between the ore and the grinding
media during wet grinding (Yuan et al., 1996, Deshpande and
Natarajan, 1999, Gu et al., 2004, Huang and Grano, 2005, Lin et al.,
2008, Aldrich, 2013, Lin et al., 2013, Rabieh et al., 2016). Furthermore,
the results in Table 7 also show that in the case of Syväjärvi spodumene
ore, most of the removed mill material is concentrated in the apatite
concentrate during the flotation process, since there was a significantly
reduced Cr2O3 amount in the tailings. However, the mill wear products

Fig. 12. Cumulative liberation yield for apatite in (A) dry ground and (B) wet ground Syväjärvi spodumene ore in various fractions.

Fig. 13. Modal mineralogy for both dry (DG) and wet (WG) ground Pyhäsalmi ore fractions and total modal compositions.
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seem to be evenly distributed in the wet ground Pyhäsalmi sulphide ore
while the products seem to be enriched in the tailings in the case of dry
ground Pyhäsalmi sulphide ore samples.

These results of composite samples in Table 7 confirm the results
achieved by a portable Oxford Instruments X-MET 8000 device and are
in good agreement for Pyhäsalmi samples. However, the analysed CaO
and P2O5 contents by the two analysis methods differ for the Syväjärvi
ore; when converted from oxide to weight % elements, the Bruker AXS
S4 XRF instrument gives values of 5.93% Ca and 3.25% P for the dry
ground flotation concentrate and 0.16% Ca and 0.05% P for the tailings
respectively. For the wet ground concentrates the values are 5.26% Ca
and 3.21% P and for the tailings 0.14% Ca and 0.03% P. When calcu-
lated with these results and average masses of the triplicates, the per-
cent recovery for P reaches 54.9% for dry and 73.2% for wet ground
ore. These values are significantly different from the values calculated
with the results from portable device (Table 4) and should be evaluated
in more detail in future studies. The factors including spectral inter-
ferences with energy dispersive detectors, such as the Si escape peaks of
Ca Kα lines are known to overlap with P Kα line (Gallhofer and
Lottermoser, 2018), limited possibilities to overcome such problems
through matrix correction or other measures due to the fixed pro-
gramming of the X-MET 8000 device, sampling errors, and the nugget
effect due to the coarse particle size distribution of the Syväjärvi ore
explain these observed differences. Therefore, although a portable XRF
instrument provides a fast initial estimate on the chemical composition
of the samples, the results should be confirmed with more reliable
measurements to overcome aforementioned effects.

3.4. Surface topography and chemistry

3.4.1. FESEM imaging
The surface topography of both ore types exhibits no easily dis-

cernible differences in any of the analysed size fractions. This is partly
due to the magnification limit of 10000X which is limited by the re-
solution of the FESEM instrument used for these investigations. This
leaves open the possibility of differences at nanometer scale which
could not be examined by this instrument. Although according to the
sieving results and polished block investigations, there were less finer
particles in the coarser fractions after wet grinding and subsequent
drying/sieving, larger particles still contained attached very fine ma-
terial. An example of Syväjärvi dry ground fraction 250–500 µm with a
large quartz grain and a close-up on the surface is presented in Fig. 15,
and wet ground fraction 125–250 µm with a close-up on a muscovite
surface in Fig. 16.

As can be seen in Fig. 17 from dry ground and Fig. 18 from wet
ground Pyhäsalmi sulphide ore concentrates, there was a substantial
amount of very fine material attached to the surfaces of the larger
particles in both cases, although by visual inspection dry ground con-
centrates seem to have more attached fine material on larger particles,
and particles in general appear more rounded. Figs. 17 and 18 also
show element maps on the samples, which indicate that the number of
chalcopyrite particles is significantly less in dry ground concentrate
than in wet ground concentrate, as was expected by the XRF results.

Fig. 14. Cumulative liberation yield for chalcopyrite in (A) dry ground and (B) wet ground Pyhäsalmi ore.

Table 4
Apatite flotation results for Syväjärvi ore after both dry and wet grinding assessed with portable XRF. The results are shown as an average of the triplicate
experiments with the corresponding standard deviations. A Student’s two-tailed t-test for two samples of unequal variance was employed in the assessment of the
statistical significance of the difference between the dry grinding result and the wet grinding result on each column in the table. *P < 0.05, **P < 0.01,
***P < 0.001.

Concentrate Calculated feed

Sample name Ca % P % Ca (g) P (g) Mass (g) Ca (g) P (g) Recovery % Ca Recovery % P

SJ DG average 4.7 ± 0.5 1.9 ± 0.2 0.85 ± 0.01 0.35 ± 0.01* 18.3 ± 1.8 3.8 ± 0.2 1.4 ± 0.2 22.5 ± 0.8* 24.2 ± 2.7*
SJ WG average 4.6 ± 1.7 2.0 ± 0.6 1.1 ± 0.2 0.47 ± 0.05* 24.7 ± 5.0 3.7 ± 0.3 1.4 ± 0.1 28.9 ± 1.8* 33.0 ± 1.4*

Tailings
SJ DG average 0.3 ± 0.02 0.1 ± 0.02 2.9 ± 0.2 1.1 ± 0.2 975.0 ± 4.7 77.5 ± 0.8* 75.7 ± 2.7*
SJ WG average 0.3 ± 0.02 0.1 ± 0.01 2.6 ± 0.2 1.0 ± 0.1 968.9 ± 8.2 71.1 ± 1.8* 67.0 ± 1.4*
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Table 5
Chalcopyrite flotation results for Pyhäsalmi ore after both dry and wet grinding. The results are shown as an average of the triplicate experiments with the
corresponding standard deviations. A Student’s two-tailed t-test for two samples of unequal variance was employed in the assessment of the statistical significance of
the difference between the dry grinding result and the wet grinding result on each column in the table. *P < 0.05, **P < 0.01, ***P < 0.001.

Concentrate Calculated feed

Sample name Cu % Zn % Cu (g) Zn (g) Mass (g) Cu (g) Zn (g) Recovery % Cu Recovery % Zn

PS DG average 2.5 ± 0.3** 0.7 ± 0.1** 9.8 ± 1.1 2.8 ± 0.7* 397.9 ± 31.5** 13.0 ± 0.7 17.0 ± 1.5 75.4 ± 4.3** 16.5 ± 3.3*
PS WG average 16.0 ± 2.1** 1.4 ± 0.05** 11.8 ± 1.0 1.0 ± 0.1* 74.6 ± 9.7** 12.5 ± 0.8 23.0 ± 2.4 94.6 ± 1.6** 4.6 ± 1.0*

Tailings
PS DG average 0.5 ± 0.08** 3.3 ± 0.4* 3.2 ± 0.4** 14.2 ± 1.2* 600.9 ± 32.1*** 24.6 ± 4.3** 83.5 ± 3.3*
PS WG average 0.07 ± 0.02** 2.4 ± 0.2* 0.7 ± 0.2** 21.9 ± 2.5* 926.1 ± 15.4*** 5.5 ± 1.6** 95.5 ± 1.0*

Table 6
The selected analysis results of Syväjärvi and Pyhäsalmi ores’ chemical composition after crushing and grinding, samples were analysed with Bruker AXS S4 XRF
instrument.

Syväjärvi Crushed ore Dry ground Wet ground Pyhäsalmi Crushed ore Dry ground Wet ground

Na2O (%) 3.33 2.63 2.60 Na2O (%) 0.76 0.76 0.74
MgO (%) – – – MgO (%) 1.87 2.09 2.18
Al2O3 (%) 15.54 15.38 15.35 Al2O3 (%) 3.79 3.72 3.80
SiO2 (%) 72.25 72.74 73.35 SiO2 (%) 5.70 6.17 6.51
P2O5 (%) 0.22 0.22 0.23 P2O5 (%) – – –
S (%) 0.05 0.07 0.10 S (%) 38.63 37.93 37.55
K2O (%) 1.78 1.63 1.58 K2O (%) 0.09 0.13 0.12
CaO (%) 0.32 0.30 0.30 CaO (%) 2.34 2.50 2.59
TiO2 (%) – – – TiO2 (%) 0.18 0.17 0.17
Cr2O3 (%) 0.00 0.06 0.07 Cr2O3 (%) 0.01 0.10 0.15
FeO (%) 0.57 0.75 0.82 Fe (%) 37.22 37.02 36.85
V (PPM) 15.00 15.00 15.00 V (PPM) 47.00 53.00 52.00
Ni (PPM) – 187 233 Ni (PPM) 50 402 614
Cu (PPM) – – – Cu (PPM) 16,311 16,193 16,181
Zn (PPM) 86 80 81 Zn (PPM) 26,236 25,157 25,178
As (PPM) 42 91 90 As (PPM) 434 466 458
Rb (PPM) 363 320 312 Rb (PPM) 17 19 16
Ba (PPM) 18 26 32 Ba (PPM) 23,898 21,558 22,183
Pb (PPM) 13 13 12 Pb (PPM) 367 354 370

Table 7
The selected analysis results of Syväjärvi and Pyhäsalmi ores’ chemical composition after flotation of the dry (DG) and wet ground (WG) ores from the concentrate
and tailings, samples were analysed with Bruker AXS S4 XRF instrument.

Syväjärvi Concentrate Tailings Pyhäsalmi Concentrate Tailings

DG WG DG WG DG WG DG WG

Na2O (%) 3.80 2.82 3.72 3.68 Na2O (%) 0.48 0.78 2.28 1.63
MgO (%) 0.21 0.21 0.11 0.10 MgO (%) 0.45 0.78 3.43 2.24
Al2O3 (%) 14.55 15.80 15.86 15.84 Al2O3 (%) 1.09 1.00 4.34 3.22
SiO2 (%) 58.62 56.09 75.22 74.90 SiO2 (%) 1.22 2.51 8.96 5.64
P2O5 (%) 7.44 7.35 0.12 0.08 P2O5 (%) – – – –
S (%) 0.12 0.18 – – S (%) 45.04 34.63 34.94 39.72
K2O (%) 2.11 1.42 1.89 1.89 K2O (%) 0.03 0.04 0.18 0.11
CaO (%) 8.29 7.86 0.22 0.19 CaO (%) 0.79 1.55 4.02 2.85
TiO2 (%) 0.01 0.01 0.01 0.01 TiO2 (%) – – – –
Cr2O3 (%) 0.08 0.09 0.05 0.06 Cr2O3 (%) 0.04 0.12 0.14 0.15
FeO (%) 1.13 1.35 0.52 0.55 Fe (%) 43.78 34.07 34.02 38.50
V (PPM) 13 13 13 13 V (PPM) 35 34 94 73
Ni (PPM) 331 363 151 202 Ni (PPM) 193 554 536 578
Cu (PPM) 187 162 – – Cu (PPM) 31,112 207,368 6961 953
Zn (PPM) 411 705 56 44 Zn (PPM) 8824 23,040 39,811 28,460
As (PPM) 15 25 38 32 As (PPM) 442 348 476 477
Rb (PPM) 410 273 366 366 Rb (PPM) – – 2 –
Ba (PPM) 233 233 1 3 Ba (PPM) 10,757 8122 30,402 24,470
Pb (PPM) 46 37 14 12 Pb (PPM) 662 3322 196 158
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3.4.2. XPS results
The wet and dry ground Syväjärvi spodumene ores were in-

vestigated with XPS along with the samples from the concentrates and
the tailings after the flotation of both grinding methods. The purpose of
the measurements was to investigate the differences between the wet
and dry ground ores and their flotation products in terms of surface
chemical composition, which can be affected depending on the used
grinding method. The results showed no significant differences re-
garding the surface composition of the investigated elements (C, O, Al,
Si, P, Li, Cr, In) or the overall spectra except for the iron spectra pre-
sented in Fig. 19. The spectra of all samples were interpreted in natural
form, and the charge correction via shifting the C1s peak was not
performed.

The iron spectrum of the dry ground Syväjärvi spodumene ore
shows an indication for the presence of Fe/SiO2 composite at 709.9 eV.
According to the study by (Lopez et al., 2014), these compounds are
produced by excessive dry grinding of quartz and iron oxides. Although
the study (Lopez et al., 2014) suggests that formation of these

compounds will require hundreds of hours of dry grinding, the results of
this study seem to suggest that very small amounts of these compounds
can be formed by dry grinding ores with relatively low quartz content
for a relatively short period of time. The Fe/SiO2 composite amount
formed in this study might not be high, but the localization on the
mineral surfaces changes the surface chemical properties of the mineral
surfaces which likely causes an effect on the flotation. A similar peak
was not observed with wet grinding as seen in Fig. 19. The spectra
obtained for wet and dry ground samples were almost identical, in-
dicating that the amount of formed Fe/SiO2 composite was very small.
The differences between the spectra are not caused by sample charging
phenomena since the C1s peaks of both wet and dry ground samples
have the same binding energy. The observed Fe/SiO2 composite likely
exists as tightly bound extremely fine material on the mineral particle
surfaces, which is supported by the observation of Lopez et al. (2014)
on the extremely fine particle size of the synthesized product.

There were no observed differences in the spectra of the studied
elements between the concentrates and tailings samples of dry and wet

Fig. 15. Syväjärvi dry ground fraction 250–500 µm with a close-up on quartz grain surface.

Fig. 16. A FESEM image from dried, wet ground Syväjärvi spodumene ore 125–250 µm size fraction, with a close-up on a muscovite surface.
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ground Syväjärvi spodumene ore after the flotation (Fig. 20). The only
discernible difference was the amount of phosphorus that originated
from the apatite mineral (data not shown). The amount of phosphorus
is high in the apatite concentrate whereas in the feed and tailings the
amount is so low that the presence of phosphorus in the samples cannot
be confirmed. Also, the carbon spectra of concentrate and tailings differ
from the feed as seen in Fig. 20 due to the adhesion of the collector
reagent on the mineral surfaces.

The XPS data from the analysis of dry and wet ground ores show no
significant differences for any of the investigated elements (C, O, S, Zn,

Cu, Cr, Fe and In) or the whole spectrum for the Pyhäsalmi ore
(Fig. 21). It should be noticed that the surfaces are highly oxidized, and
almost 50% of the observed elemental mass on the surfaces consisted of
oxygen.

The spectra of all samples were interpreted in natural form, and the
charge correction via shifting the C1s peak was not performed. Since
the samples were not ground further after the initial grinding in the rod
mill or classified by sieving prior to sample preparation, there are some
quantitative differences on the observed peaks, but the composition of
the samples stays consistent showing no indications of altered chemical

Fig. 17. A FESEM image from dry ground Pyhäsalmi sulphide concentrate.

Fig. 18. A FESEM image from dried, wet ground Pyhäsalmi sulphide concentrate.
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environments for the wet and dry ground Pyhäsalmi sulphide ores. The
added xanthate collector is clearly discernible in the C and S spectra
from the concentrate and tailings of the Pyhäsalmi sulphide ore when
compared to the feed, as seen in Fig. 21 presenting the S spectra. By
comparing the S spectra of the wet ground Pyhäsalmi sulphide ore from
the feed, concentrate and tailings, the enrichment of chalcopyrite in the
concentrate, and also the enrichment of sphalerite to the tailings be-
come apparent as seen in Fig. 21.

It is clear, however, based on the surface chemical analyses by XPS
as well as the XRF analyses that the selectivity of the flotation was lost
during the dry grinding for the Pyhäsalmi sulphide ore, when the Cu, Zn
and S spectra from the feed, concentrate and tailings are compared
between the wet and dry grinding products. The comparison of the S
spectra of wet and dry ground ores’ flotation products presented in
Fig. 21 show that the chalcopyrite signal is more apparent in the case of
wet ground ore concentrate, and also the enrichment of sphalerite to
the tailings becomes more apparent in the case of wet ground ore. The
XPS analysis does not provide any clues for the loss of selectivity during
the dry grinding since the spectra show almost identical chemical en-
vironments for the investigated elements after wet and dry grinding and
therefore it can be deduced that the observed differences are most likely
caused by the differences in the electrochemical properties of the mi-
neral surfaces, namely the zeta potential.

3.5. Surface charge characteristics

The mass titration procedure has been previously applied mainly to
samples containing pure minerals (Preocanin and Kallay, 1998,
Bourikas et al., 2003). This means that these methods have never been
used to our knowledge to assess the zero point of charge (pzc) for any
ores containing multiple different minerals. The aim of the experiments
was to determine whether there are any differences between the zero
points of charge for the dry and wet ground ores. The results of the mass
titration of dry and wet ground Syväjärvi spodumene ore are shown in
Fig. 22 and similarly the results from the Pyhäsalmi sulphide ore mass
titrations are shown in Fig. 23. Each experiment has a different amount
of measurements, since too high or too low starting pH causes the pH
not being able to stabilize at the pzc value within the measured slurry
density range, which can be seen in Figs. 22 and 23. Furthermore, there
are differences at the starting pH of each described measurement, since
this is not a critical issue as the curves should stabilize at the pzc value
if the starting points are close to the pzc value. The results indicate that
there is a clear difference between the zero points of charge for the
Syväjärvi spodumene ore after wet and dry grinding, showing zero
point of charge at pH 7.5 and 8.5 respectively. There is no particular
difference between the zero points of charge for the wet and dry ground
Pyhäsalmi sulphide ore, although if a difference exists, it is remarkably

Fig. 19. The XPS iron spectra for the wet (A) and dry (B) ground Syväjärvi spodumene ore and the overlap (C) and the differential spectrum of the overlap (D)
between them.

M. Peltoniemi, et al. Minerals Engineering 156 (2020) 106500

14



Fig. 20. The XPS spectra of carbon from the feed (1), concentrate (2), and tailings (3) of the dry (A) and wet (B) ground Syväjärvi spodumene ore.

Fig. 21. The S XPS spectra of dry (A) and wet (B) ground Pyhäsalmi sulphide ore elements from the feed (1), concentrate (2) and tailings (3).
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smaller than with the Syväjärvi spodumene ore. The cases with wet and
dry ground Pyhäsalmi sulphide ore reach the zero point of charge at pH
7.8.

The results from the mass titration of both ores are in good ac-
cordance to the previously published articles on this methodology re-
garding pure mineral samples (Preocanin and Kallay, 1998, Bourikas
et al., 2003). The mass titration technique is therefore not so prone to
errors which is the case with potentiometric titrations, and therefore
mass titration is a well applicable method in approximate determina-
tion of the surface charge of complex samples such as ores or soils.

4. Conclusions

In this study, a repertoire of methods providing information on the
bulk and surface characteristics of the minerals was used. The aim was
to compare and characterize mineral mixture properties for two dif-
ferent types of ore processed with dry and wet grinding. The methods
included particle size distributions with sieving and the laser diffraction
method, surface area and pore volume determinations, process miner-
alogical characterization with FESEM/EDS/INCAMineral, topography
characterization and documenting with FESEM, bulk chemical analyses
with XRF, behavior of ores in flotation experiments, analysis of surface
chemistry with XPS, and mass titration experiments for surface charge
estimations after grinding.

Adhesion of very fine particles particularly in the case of dry
grinding, on to the surfaces of bigger particles, affected the sieving
result in the first place but particularly the flotation performance,

especially in the case of sulphidic ore. Very fine particles produced in
grinding also introduced challenges to FESEM/INCAMineral classifica-
tion; EDS data suggested the appearance of partly oxidized sulphide
particles or, as an alternative explanation, mixed analysis of sulphide
particles and possibly their oxidation products, which was a particu-
larly prominent feature in −32 µm fraction for sulphidic ore. These
findings need to be confirmed with further qualitative or quantitative
analysis in future studies. The mill and grinding media wear were ob-
served to be more intensive in wet grinding for both types of ores: in
addition to this, the observations of mill particles at FESEM-scale sug-
gest that the mill and grinding media wear is also mechanical and in-
tensified with water. In respect of grinding time, wet grinding was
much more time- and therefore energy-efficient for both ores. Wet
grinding enabled more selective flotation of chalcopyrite and improved
the recovery of apatite. The flotation of apatite is, however, a minor
part in the industrial processing of the spodumene ore. The loss of
spodumene in the apatite concentrate during the apatite flotation
would be more interesting information from the economic point of view
but was not assessed in this study. The Fe spectrum from the XPS
analysis of the dry ground spodumene ore indicated a presence of Fe/
SiO2 composite, which is an interesting observation since it has not
been previously reported that such a compound could be produced in
mineral processing.

The results of mass titration experiments showed that the point of
zero charge was at much higher pH for dry ground spodumene ore than
the wet ground case, indicating that the dry ground ore has a sig-
nificantly more negative zeta potential value, and during flotation the

Fig. 22. The results of the mass titration for the dry (A) and wet (B) ground Syväjärvi spodumene ore.

Fig. 23. The results of the mass titration for the dry (A) and wet (B) ground Pyhäsalmi sulphide ore.
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minerals are more dispersed than after wet grinding. There were no
discernible differences in the case of Pyhäsalmi sulphide ore after wet
and dry grinding which could be explained by hydroxylation of the
mineral surfaces despite storing the samples under a nitrogen atmo-
sphere after grinding.

For future research, aspects such as conditioning of the ore during
the grinding stage and its impact on the results of subsequent flotation
could be investigated. The removal of very fine particles and its effect
on flotation performance could also be investigated further. The re-
pertoire of methods in order to characterize the properties of mixture of
minerals should also be considered keeping in mind the limitations and
benefits of methods such as XRF, FESEM, EPMA and XRD, which pro-
vide information on the bulk properties. Many of the surface-specific
characterization methods provide probably the best information on
single mineral surface structure and/or chemistry; therefore, their
suitability in characterizing a mixture of minerals should be considered.
Since the results of this study indicate that the dry grinding procedure
significantly reduces the wear of the mill and the grinding media, the
next step is to determine the exact differences in the energy con-
sumption by determining the Bond indices of the ores with both dry and
wet methods to determine, whether dry grinding is more economically
sound. The reduced flotation performance of the dry ground ores in the
light of the results of this study is an issue that should be countered in
the further studies by using dry conditioning with the flotation che-
micals during grinding. Galvanic interactions taking place between the
ore and the grinding media could also be further investigated in future
studies with methods such as EDTA-complexation.
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