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Abstract: The pressure for saving water by closing the water loops in mineral processing is increasing
continuously. The drivers for higher recirculating rates include water scarcity in dry areas, envi-
ronmental legislation that is becoming stricter in most countries, limitations set for wet tailings
management and the increased demands for social licenses to operate. At the same time, to make
mineral processing sustainable, the recovery of valuable minerals should be maximized. This leads
for a need to close the process water circulation. To see the effect of closed water circulation on
metallurgical performance, flotation tests were carried out with nickel concentrate thickener overflow
water before and after the process of water purification by dissolved air flotation (DAF). Both total
nickel recovery and concentrate grade in laboratory scale flotation tests to the Ni rougher-scavenger
concentrate increased after DAF treatment. Chemical and mineralogical characterizations revealed
that after DAF treatment, the process water contained fewer metal hydroxides and less fine-grained
silicate mineral particles, which is most likely the reason for the improvement in the nickel flotation
performance. Based on the feasibility study, improved nickel recovery by DAF treatment of process
water can bring economic benefits at a concentrator plant.

Keywords: water quality; process water treatment; dissolved air flotation (DAF); froth flotation; pentlandite

1. Introduction

The amount of water used for mineral processing varies significantly within the
industry. Based on the data provided by mining companies, water used for mining and
mineral processing fluctuates between 0.3 and 6.3 m® per ton of ore processed [1]. The
make-up water consumption depends on factors such as the type ore being processed
and the geographical location, as in some cases water must be transported to site from
a long distance [2,3]. In some cases, the regulations for tailings management limit the
freshwater intake [4]. However, the freshwater consumption can be significantly decreased
by recirculating the process water.

When the water circulation rate at a concentrator plant is increased, impurities accu-
mulate in the process water and begin influencing on the metallurgical performance. For
instance, the Kevitsa Ni-Cu-PGE concentrator plant in northern Finland has been experi-
encing a measurable impact of water quality on the flotation process. At Kevitsa, more
than 95% of the process water is recycled and over time the effect of recycled water has
become more noticeable. According to the plant experience, the quality of the process water
in copper flotation circuit does not impact much on copper recovery, but for the nickel
flotation circuit, the increase in impurities in the nickel circuit process water decreases the
nickel recoveries. Recycled water from nickel thickener overflow accounts for less than
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10% of the water added to the process, but its quality still has a negative impact on the
nickel recovery in flotation and it needs to be cleaned before adding it back to the circuit to
minimize the nickel recovery losses. [5,6]

The successful separation of pentlandite from silicate minerals depends on several fac-
tors that are already discussed in literature. Firstly, the serpentine group minerals, generally
described by the formula (Mg, Fe)35i205(OH)4, have been found to affect nickel recovery
negatively by forming a hydrophilic slime coating on the pentlandite grain surfaces because
of opposite surface potentials so that serpentine group minerals are positively charged, and
surfaces of pentlandite grains are negatively charged [7-11]. Micrographs from scanning
electron microscopy study have revealed that fine serpentine fibers coat pentlandite mineral
surfaces and interfere with the collector adsorption [12]. Secondly, Cu, Ni and Fe metal ions
form metal hydroxides at alkaline pH in process water that may adsorb on the surfaces
of valuable minerals, make them less hydrophobic and decrease the recovery [9,13,14].
Thirdly, thiosulphate ions have been found to affect negatively on collector adsorption
on sulphide minerals which may lead to decreased pentlandite recovery [5,6]. All these
forms of impurities and harmful solids have been identified in Kevitsa nickel concentrate
thickener overflow water.

Dissolved air flotation (DAF) has been widely used in industrial scale water treatment
since the mid-1990s, with the main applications being at drinking water plants [15]. The
separation of impurities in a DAF unit is based on microbubbles with a diameter less than
100 pm. The bubbles are generated by dissolving air into water under pressure, and the
dissolution of air into water follows Henry’s law. The pressurized water is then released
into a flotation basin. The impurities in the water attach to the air bubbles that raise to
the top of the DAF reactor, while the clarified water is recovered from the bottom of the
basin. DAF treatment can remove various type of impurities from water, including colloids
(between 1 nm and 0.1 pm), fine (2.5 um or less) and ultrafine (0.1 um or less) particles,
precipitates, and certain ions. Coagulant and flocculant are needed to collect the particles
into flocs that can attach to the air bubbles. In earlier studies, the optimal particle floc size
for removal has been on average between 15 and 30 um [16,17]. However, the weight of
the floc also has an impact on the recovery rate and the floc weight varies depending on
the application and on the impurities being removed. At mineral processing plants, the
impurities accumulating in the process water originate mainly from the ore [18-20]. Some
water treatment trials have shown that DAF can remove more than 90% of suspended
solids [21]. The advantage of DAF compared to other treatment methods, such as filtration,
is that it can handle varying loads of solids in the water stream being treated. Therefore,
DAF is a viable option for treating the internal streams at mineral processing plants where
disturbances in process conditions often take place.

To implement DAF, water treatment test work on site is needed to avoid any changes
in the composition of process water samples during transportation. It has previously been
shown that the water composition may change rapidly [22]. In earlier studies, the use
of DAF-treated processed water has improved the flotation performance for apatite [23].
Microflotation together with microfiltration has also been used for the removal of copper
from mine effluent water [24]. The challenges in pentlandite recovery can be overcome to
some extent by optimizing the collector and depressant reagent dosages in flotation [25,26].
However, treatment of the process water can also help to improve the recovery of valuable
minerals. To be cost efficient it is often more practical to selectively treat internal water
streams instead of combining all process water streams before treatment. In this study,
the effect of purifying the nickel concentrate thickener overflow water with DAF on the
metallurgical performance of nickel flotation was investigated. The target was to find
out whether investing in DAF treatment would be technically and economically feasible.
The economical calculations show that even a slight improvement in the metallurgical
performance pays back the investment.
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2. Materials and Methods

The flotation and DAF treatment tests were carried out at Boliden’s Kevitsa concen-
trator plant. Kevitsa is a low-grade Ni-Cu-PGE deposit, where nickel is carried mainly by
pentlandite and copper by chalcopyrite. Platinum group metals are mainly associated with
nickel minerals, while gold reports to the copper concentrate. Pyroxene group minerals
are the main non-sulphide gangue in the ore. The grade of nickel carried by sulphide
minerals is on average 0.22%. The average mineral composition of the Kevitsa ore is shown
in Table 1 [27].

Table 1. Average mineral composition of the Kevitsa ore.

Mineral Amount (wt%)
Pentlandite 0.64
Violarite 0.01
Ni Silicate/Ni Oxide 0.01
Total Ni-Fe Sulphide 0.66
Chalcopyrite 0.87
Cubanite 0.20
Total Cu-Fe Sulphide 1.07
Pyrrhotite 2.20
Pyrite 0.05
Total Fe Sulphide 2.25
Quartz 0.09
Feldspar 1.36
Mica 1.03
Amphibole 47.3
Diopside 18.5
Orthopyroxene 3.05
Olivine 8.16
Talc 0.29
Serpentine 7.66
Chlorite 4.19
Carbonate 1.29
Fe-Oxide 2.42
Fe-Cr-Oxide 0.57
Other 0.58
Total non-sulphide gangue 96.01

The flowsheet of the Kevitsa flotation circuit is shown in Figure 1. Copper and nickel
minerals are separated by sequential flotation. Copper is floated first, and the copper
scavenger tails is the feed to nickel flotation. Finally, pyrrhotite and other remaining
sulphur-bearing minerals are floated and sent to the high sulphur tailings pond. The water
samples used in the test work were taken from the plant nickel concentrate thickener
overflow. Currently the overflow water is circulated in the process as such. [27]

2.1. Laboratory Flotation Tests

The Kevitsa Cu-Ni ore was used as feed material in the flotation tests carried out
at the site laboratory. The sample was collected from the products of secondary and
tertiary crushers in the concentrator process. The original sample size was less than 10mm,
and it was screened at the site laboratory using a 4 mm screen. The 4 mm material was
homogenized and split into 1 kg plastic bags using rotary splitter. Each flotation feed batch
was ground in a laboratory grinding mill right before flotation to avoid excess oxidation
of mineral surfaces. The target grind size was 75% passing 75 pm. The particle size
distribution after grinding is shown in Table 2 and Figure 2.
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Figure 1. Overall flowsheet of Kevitsa concentrator plant with the sampling point for the process water.

Table 2. Particle size distribution for the ground flotation feed.

Sieve opening (um) Material passing (%)
106 87.7
90 80.8
75 72.3
63 64.2
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Figure 2. Particle size distribution for the ground flotation feed on a logarithmic scale.
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The flotation tests were carried out shortly after taking the water sample. The labora-
tory flotation test flowsheet is shown in Figure 3.

Cu Flotation Conditioning Cu Rougher flotation Cu Scavenger flotation Ni Rougher Conditioning Ni Rougher flotation Ni Sc ger Conditioni Ni S ger flotation

2 min. 5 min. 5 min. 2 min. 7.5 min. 2 min. 7.5 min.

=| curr = cuser NLRT = Tails
L S > \ - —.
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1

Cu_RC Cu_ScC Ni_RC NiScC

-CMC 35 git - SIPX 50 git
- Aerophine 3418A5 git - Nasfroth 240 10 git
- Nasfroth 240 20 git

Figure 3. Laboratory flotation test flowsheet. The abbreviations for the test products shown in the
flowsheet are Cu_RC: copper rougher concentrate, Cu_RT: copper rougher tailings, Cu_ScC: copper
scavenger concentrate, Cu_ScT: copper scavenger tailings, Ni_RC: nickel rougher concentrate, Ni_RT:
nickel rougher tailings and NiScC: nickel scavenger concentrate.

Before starting the laboratory flotation test, process water pH was adjusted to 9.5
by lime addition. All tests were carried out at a temperature of 20 °C. Prior to flotation,
the test feed batch was ground in a laboratory mill at 70% solids for 27 min. The tests
were performed using an Outotec GTK LabCell flotation machine with a 2 L flotation cell.
The rotor mixing speed was 1300 rpm and air feed rate 5 NL/min. The slurry was first
conditioned for two minutes with 35 g/t CMC, 5 g/t Aerophine 3418A and 20 g/t Nasfroth
240 reagents. After that, copper rougher-scavenger flotation was carried out for 10 min.
Copper scavenger tailings were conditioned again with 15 g/t CMC, 50 g/t SIPX and 10 g/t
Nasfroth 240 reagents for two minutes before recovering the nickel rougher concentrate
during 7.5 min of flotation. After another conditioning of slurry with 30 g/t SIPX for two
minutes, nickel scavenger flotation was performed for 7.5 min.

2.2. DAF Treatment

The DAF treatment was conducted in a FlooDaf B5 container test unit. The pilot
test system was equipped with a chemical dosing system, a compressor, and a local PLC
(programmable logic control) with online monitoring manufactured by Metso Outotec.
The air to generate bubbles in the size range of 50-100 pum was fed to the system at 6 bar
pressure. The surface area of the rectangular flotation tank was 5 m2. An inclined baffle was
fixed 60° to the horizontal between the contact and separation zones to reduce turbulence
and to elevate the bubble-floc agglomerates towards the surface of the tank. The capacity
of the standard FlooDaf B5 unit is up to 35 m3/h.

After optimizing the test conditions, the chemical dosages used were 90 ppm for
cationic coagulant PAX XL-100 and 1.3 ppm for anionic flocculant Superfloc A120 for the
nickel concentrate thickener overflow. pH was raised to 9 by using Ca(OH), at a dosing rate
of 10 L/h as 20% milk of lime. The water feed flow rate to DAF treatment was 6.6 m>/h.

2.3. Analysis Methods

The non-treated and purified water samples were analysed after sampling on site, and
for certain components at Metso Outotec Research Center, as specified in Table 3. ICP-OES
(inductively coupled plasma optical emission spectrometer) was applied. The analyses
were carried out both after filtration with a 0.45 um filter and after microwave assisted
dissolving. The analysis after filtration gives the amount of concentration of the impurity
dissolved in the water sample. The microwave assisted dissolving shows both colloidal and
dissolved forms of the analysed element. The concentrations of dissolved Cu, Ni, Fe and
SO42~ were determined on-site by UV-Vis (ultraviolet-visible) spectrophotometry utilizing
cuvette tests specific for each component and concentration range from the Hach company.
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Table 3. Process water sample composition before (01) and after (02) DAF treatment.
Component . Test
(Analysis Method) Unit Analysed at Sep 8_01 Sep8.02  Sep10_01  Sep10_02 Sep11 01  Sep11_02
Al mg/1 Onsite nm 0.436 0.087 0.908 0.085 1.269
Ca (ICP) mg/1 MORC * 200 213 211 220 204 208
Cu (dissolved) (UV-Vis) mg/1 Onsite 0.222 <0.1 <0.1 0.164 0.105 <0.1
Fe (dissolved) (UV-Vis) mg/1 Onsite <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
Fe (dissolved-+colloids) (ICP) mg/1 MORC 28 1 4 2 9 1
K (ICP) mg/1 MORC 62 62 59 60 60 61
Mg (dissolved) (ICP) mg/1 MORC 76 75 80 77 76 77
Mg (dissolved+colloids) (ICP) mg/1 MORC 99 87 920 82 82 81
Na (ICP) mg/1 MORC 141 139 134 133 135 137
Ni (dissolved) (UV-Vis) mg/1 Onsite 0.338 0.144 0.308 0.195 0.222 0.197
S (ICP) mg/1 MORC 251 251 261 263 260 255
Si (dissolved) (ICP) mg/1 MORC 56 3.8 7.2 4 5.6 27
Si (dissolved+colloids) (ICP) mg/1 MORC 60 60 60 60 60 60
NO;~ mg/1 MORC 20 20 15 15 15 20
5042~ (dissolved) (UV-Vis) mg/1 Onsite 706 685 679 594 686 616
COD mg/1 Onsite 53 10 89 81 83 46
DO (dissolved oxygen) % Onsite 97 103 95 103 95 103
DOC mg/1 MORC 11 12 16 16 15 14
TOC mg/1 Onsite 10 12 15 15 13 11
ORP mV Onsite 3.3 74 18 12 18 21
pH Onsite 9.5 9.5 9.5 9.5 9.5 9.5
Temperature °C Onsite 14.5 15.3 15.7 16.5 15.7 15.3
Sp. conductivity uS/cm Onsite 2300 2336 2319 2319 2262 2329
Turbidity NTU Onsite 96 20 nm ** nm nm nm

* MORC = Metso Outotec Research Center, ** nm = not measured.

The solids removed by the DAF treatment from the Ni concentrate thickener overflow
water were characterized at Metso Outotec Research Center. The main elements of the
sample were analysed using ICP-OES after total dissolution. Nickel and iron content
after bromine-methanol dissolution were analysed using ICP-OES to differentiate between
Ni and Fe content in sulphide and silicate minerals. Sulphur and carbon contents were
measured using an Eltra CS-2000 automatic analyser. The quantity of silica was analysed
colorimetrically using a Hach DR 5000 UV-Vis spectrophotometer. The ferromagnetic
material was analyzed by using Satmagan analyser. Polished resin section was prepared for
mineralogical studies using a JEOL JSM-6490LV and 7000F scanning electron microscopes
(SEM) equipped with an Oxford Instruments energy dispersive spectrometer (EDS). The
imaging and EDS analyses were performed under routine conditions using 20 kV acceler-
ation voltage and 1 nA beam current. Mineral quantification was performed using HSC
Chemistry® software.

Student’s t-test was used to compare the mean values of the flotation test results. The
analysis was performed with Microsoft Excel.

3. Results and Discussion
3.1. Flotation Test Results with and without DAF Treatment

The chemical analyses carried out for the water samples used in the flotation tests are
given in Table 3. The tests coded as 01 were carried out with nickel concentrate thickener
overflow water taken from the concentrator process, while the tests coded as 02 were carried
out with the same thickener overflow water that had gone through the DAF treatment. The
water samples were taken from the process on September 8, 10 and 11, 2020.

As Table 3 shows, despite the variations in the feed to the DAF treatment, it substan-
tially decreased Cu, Ni, and SO42~ content in the water. The amount of dissolved Si is
lower after DAF treatment. The concentration of dissolved iron is low in each water sample,
but the amount of colloidal Fe decreased significantly after DAF. Also, the chemical oxygen
demand of the water (COD) that correlates with amount of thiosulphate ions, decreased
in the water after DAF treatment. The amount of dissolved oxygen (DO) in the water
increased after DAF treatment, but it most likely does not correlate with the froth flotation
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performance, because the stage of oxidation will change again in grinding and conditioning
with froth flotation reagents. Aluminum content in the water increased because of the use
of Al-based coagulant.

Figures 4 and 5 illustrate that when using DAF treated water both nickel grade and
recovery to the combined rougher scavenger nickel concentrate increased in each test pair.
Flotation conditions and ore batches were similar in each test, and only the water quality
varied due to the sampling date and fluctuating process conditions. Detailed mass balances
for each flotation test are given in Appendix A.
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Figure 4. Total nickel recovery to Ni rougher-scavenger concentrate using process water without (01)
and with (02) DAF treatment.

1.4

1.2

o o =
o o =]

Ttoal Nickel Grade (wt%)

1
»

0.2

0.0

Figure 5. Total nickel grade in Ni rougher-scavenger concentrate using process water without (01)
and with (02) DAF treatment.
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A t-test assuming equal variances was performed to check if DAF treatment did
improve nickel recovery significantly compared to the tests with the thickener overflow
water without the treatment (Table 4). The one-tail P value of the test is 0.08, so there is
a 92% probability that DAF treatment has a positive effect on the nickel recovery. When
working with true plant water and the varying plant conditions, 92% probability is a good
value. Based on the test data it cannot be concluded which individual impurities in the
process water had the most significant effect on the nickel recovery, but the overall removal
of fine solids and colloids was clearly beneficial for the nickel flotation.

Table 4. Two-sample ¢-test.

Parameter Ni Recovery without DAF Ni Recovery with DAF
Treatment Treated Water
Mean 12.9 16
Variance 5.7 8.3
Observations 4 4
Pooled Variance 7
Hypothesized Mean Difference 0
df 6
t Stat —1.64
P(T < t) one-tail 0.08
t Critical one-tail 1.94
P(T < t) two-tail 0.15
t Critical two-tail 2.45

3.2. Chemical and Mineralogical Characterization of the DAF Overflow Solids

The solids removed from the Ni concentrate thickener overflow water from DAF were
analyzed chemically and mineralogically. The results of the chemical analysis are provided
in Table 5.

Table 5. Elemental composition of the solids removed from the thickener overflow water.

Element/Oxide Amount (%)
Na,O 0.53
MgO 21.22
Al,O3 4.08

K>,O 0.2
CaO 13.02

Fe tot 5

Fe sulf 0.67
Co 0.01
Ni tot 0.278
Ni sulf 0.22
Cu 0.031
C 0.4

S 0.54
SiO, 46.6
Ferromagnetic 0.5

The scanning electron microscope observations showed that the sample consists
mainly of silicate minerals. The most typical mineral is diopside (Di), followed by tremolite
(Tr) and hornblende with accessory. The cumulative amount of those minerals together
with chlorite and plagioclase (P1) is 74.3 wt% of the sample. Magnesium-rich silicates (18.2
wt%) present in the sample are olivine (Ol), serpentine, orthopyroxenes (Opx), such as
enstatite and talc. Disseminated pyrrhotite, pentlandite (Pn) and chalcopyrite (Ccp) grains
were observed (Table 6 and Figure 6).



Minerals 2023, 13, 319 9 of 14

Table 6. Chemical composition of the minerals in the DAF overflow solids.

Mineral Formula Amount (Wt%)
Ca- and/or Al-containing silicates: 74.27
Diopside CaMgSiyOg
Amphiboles: Tremolite Cap(Mg,Fe)5S5isOn (OH),

Hornblende Ca2 (Fe,Mg)4A1(Si7A1)022 (OH,F)Z

. (Fe’*Mg, Al,

Chlorite Fe3*)(Si,Al)4°10(OH,0)g
Plagioclase (Na,Ca)(Si,Al)4°g
Mg silicates: 18.2
Olivine (Mg,Fe),Si0O4
Serpentine Mg3(5i;05)(OH)4
Enstatite Mg, SirOg
Talc Mg3Si4010(OH)2
Biotite K(Mg,Fe)s(ALFe)SizO10(OH,F), 24
Carbonates (calcite + dolomite) Ca(COs3),, CaMg(CO3), 3.19
Pyrrhotite Feq.S 0.73
Pentlandite (Fe,Ni)9Sg 0.61
Chalcopyrite CuFeS, 0.09
Magnetite Fe3*,Fe?*Q, <0.5

— o
50um 50um

Figure 6. Minerals found in the DAF overflow solids and distribution of elements. (A) Backscatter
electron image; EDS maps of (B) Si, (C) Mg and (D) Ca distribution.
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3.3. Mechanism of Impurity Remouval from Process Water by Using DAF Technology

Water impurities, such as fine silicate mineral particles, metal hydroxides and thiosul-
phate ions that are known to have a negative impact on pentlandite flotation performance
were removed from the thickener overflow water by the DAF treatment. After process
water purification, xanthate adsorption on the mineral surfaces is improved in froth flota-
tion. The fine silicate minerals can attach to the air microbubbles in the DAF process
when their surface potential becomes close to neutral after the dosing of the lime, coag-
ulant, and flocculant chemicals. Metal ions react with the hydroxides formed after the
aluminum based coagulant addition and can raise to the top of the DAF flotation tank with
the microbubbles. In general, any particles having a specific gravity close to the specific
gravity of water, low charge and hydrophobic surfaces could be removed using the DAF
technique. Hydrodynamic and surface forces, i.e., ion-electrostatic, London-van der Waals
and hydrophobic forces determine the probability of adhesion of a particle or floc on a
bubble. These forces form the basis for the extended DLVO (Derjaguin, Landau, Verwey,
and Overbeek) theory. In addition, the surface roughness of particles plays a role in the
particle-bubble interactions in solid-liquid-solid systems, such as DAF [28-33].

As DAF treatment is not selective towards specific impurities in the process water,
some other water treatment method could also be suitable and lead to similar improvements
in froth flotation as DAF. However, DAF has been found to be a versatile purifying method
for critical components, while for example ion-exchange treatment is unable to remove
colloids. DAF does not have similar clogging issues as filters. In addition, it has been
shown that the DAF process remains in a state of control even when the quality of the
process water changes continuously, which is often the case at concentrator plants [34].
DATF has been found to be an industrially reliable technology, as it has been used, e.g., in the
pulp and paper industry for decades. It must be noted that impurity removal from process
water does not need to be complete but an increase in froth flotation nickel recovery is seen
also after partial removal of impurities from the water. Therefore, DAF can be seen as a
viable stand-alone option for purifying the internal water streams at a concentrator plant.

3.4. Net Present Value Calculation

A net present value calculation was carried out based on the test results. It must
be noted that the calculation is applicable only for the studied case of Kevitsa. The cold
weather conditions, i.e., the need of locating the equipment indoors in a heated building
and insulation of outdoor piping, have been considered in the calculation. For a plant
located in warmer climate, the construction costs would be lower.

The following initial data was used in for the net present value calculation:

Industrial size DAF capacity 30 m?/h water feed
Discount rate 10%
DAF investment cost including equipment, engineering, piping, EIA, construction,
procurement, and logistics with safety margin 3.6 M€. The figure considers that the
solids removed at DAF from water have no commercial value and would be pumped
to the plant tailings area.
e Additional Ni concentrate tonnages recovered are estimated at 230 t/y. The figure
is based on a conservative estimation that an increase of 2.6 percentage points in Ni
rougher scavenger concentrate Ni recovery in laboratory scale could correspond to
1 percentage point recovery increase in plant scale to the final nickel concentrate.
Price of Nickel 13,000 €/t with 60% of the revenue for the concentrator
PAX XL-100 coagulant 300 €/t
Superfloc A120 flocculant 4000 €/t
Ca(OH); 200 €/t
Estimated labor cost 50,000 €/a for the first year, 25,000 €/a for the following years
Estimated cost of electricity and other utilities, such as pressurized air 70,000 €/a
The net present value calculated over 10 years based on the data above is 5.0 M€.
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The sensitivity of the net present value calculation was tested by changing the price of
nickel, additional produced nickel tonnages, DAF investment cost and the total reagent
costs using the calculation above as the base case. The price of nickel and additional
tonnages have the same proportional effect on the NPV calculation. Figure 7 shows that
the additional revenue for the concentrator is the key parameter defining the feasibility
of the additional DAF water treatment in the process. It can be also seen that even with
much lower water treatment and/or flotation performance and thereby at lower additional
produced nickel tonnages, the investment would be profitable.

9.0
8.0
7.0
6.0
50

4.0

NPV (M€)

3.0 —@— Nickel price or additional tonnages
20 Total reagent cost

1.0 Investment cost

0:0
-40 -30 -20 -10 0 10 20 30 40

Change (%)
Figure 7. Sensitivity of the NPV calculation.

4. Conclusions

It is known that pentlandite flotation is sensitive to fine solids. The target of the study
was to reduce the overall solids load in the circulating thickener overflow process water.
The results indicate that DAF treatment efficiently improves Ni concentrate thickener
OF quality and thereby the nickel recovery in flotation. DAF removes silicate minerals,
metal hydroxides and thiosulphate ions, each of them being individually harmful for
nickel recovery based on earlier studies [7-14]. The total nickel recovery to the Kevitsa Ni
rougher-scavenger concentrate in laboratory scale increased by 2.6 percentage points at
0.06 percentage points increase in Ni grade when carrying out DAF treatment at optimized
conditions compared to non-treated water. This is a significant improvement in the metal-
lurgical performance of the flotation circuit. Improved nickel recovery was seen also with
other corresponding test pairs of the same campaign. Statistical testing indicates that there
is a 92% probability that the observed increase in Ni recovery is due to DAF treatment.

Economic calculations indicate that even with conservative assumptions on the nickel
price and additional concentrate tonnages the net present value over ten years is positive.
Consequently, DAF would be a feasible and profitable investment for the concentrator plant.
It aids the closing of the plant water circuits and the saving of fresh water. As the nickel
thickener overflow comprises less than 10% of the water added to the Kevitsa process, it
would be worth studying if treating other process water streams could bring additional
improvements on the flotation performance. The results can be seen to be encouraging
also for other nickel concentrators to test improving flotation performance by treating the
circulating water streams using DAF, as the harmful effects of impure process water on
pentlandite recovery have been shown widely.

To further improve the reliability of the results, and to investigate the effect of each
impurity in the process water on the nickel recovery in flotation, a pilot campaign of several
months with automated flocculant and coagulant dosing system would be needed.
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Appendix A

Table A1. Mass balance for flotation test Sep 08_01.

Mass (g) Mass (g) Total Solids Cu % Cu % o Ni % Ni % . o
Stream Measur%d Balancegd Rec % Measured Balanced CuRec % Measured Balanced Ni Rec %
Feed 1000 100.0 0.40 100.0 0.2579 100.0
Cu_RC 36.8 36.8 3.68 9.07 9.07 84.1 3.64 3.64 52.0
Cu_RT 963 96.3 0.0655 15.88 0.1285 48.0
Cu_ScC 9.27 9.27 0.927 1.280 1.280 2.988 1.680 1.680 6.04
Cu_ScT 953 95.4 0.0537 12.89 0.1134 419
Ni_RC 18.01 18.01 1.802 0.541 0.541 2.454 1.090 1.090 7.62
Ni_RT 935 93.6 0.0443 10.44 0.0946 34.3
NiScC 14.05 14.05 1.406 0.327 0.327 1.157 0.526 0.526 2.867
Tails 921 921 92.2 0.040 0.040 9.28 0.088 0.088 31.46
Cu_RC+Cu_ScC 46.1 4.61 7.50 87.1 3.25 58.1
Ni_RC+Ni_ScC 32.1 3.21 0.447 3.61 0.843 10.48
Table A2. Mass balance for flotation test Sep 08_02.
Mass (g) Mass (g) Total Solids Cu % Cu % o Ni % Ni % . o
Stream Measur%:d Balancegd Rec % Measured Balanced CuRec % Measured Balanced Ni Rec %
Feed 1002 100.0 0.400 100.0 0.2553 100.0
Cu_RC 344 344 3.43 9.75 9.75 83.6 3.78 3.78 50.8
Cu_RT 967 96.6 0.0677 16.35 0.1301 49.2
Cu_ScC 10.24 10.24 1.022 1.330 1.330 3.40 1.760 1.760 7.05
Cu_ScT 957 95.5 0.0542 12.95 0.1126 422
Ni_RC 18.25 18.25 1.822 0.521 0.521 2.375 1.130 1.130 8.07
Ni_RT 939 93.7 0.0451 10.57 0.0929 34.1
NiScC 13.40 13.40 1.338 0.328 0.328 1.098 0.498 0.498 2.610
Tails 925 925 924 0.041 0.041 9.48 0.087 0.087 31.49
Cu_RC+Cu_ScC 44.6 4.45 7.82 87.1 3.32 57.8
Ni_RC+Ni_ScC 31.7 3.160 0.439 347 0.862 10.68
Table A3. Mass balance for flotation test Sep 10_01.
Mass (g) Mass (g) Total Solids Cu % Cu % o Ni % Ni % . o
Stream Measur%d Balancegd Rec % Measured Balanced CuRec % Measured Balanced Ni Rec %
Feed 1003 100.0 0.37 100.0 0.2705 100.0
Cu_RC 31.12 31.12 3.101 9.66 9.66 80.1 447 447 51.3
Cu_RT 972 96.9 0.0767 19.87 0.1360 48.7
Cu_ScC 13.14 13.14 1.310 1.570 1.570 5.50 1.900 1.900 9.20
Cu_ScT 959 95.6 0.0562 14.37 0.1119 39.5
Ni_RC 14.80 14.80 1.475 0.613 0.613 2418 1.140 1.140 6.22
Ni_RT 944 94.1 0.0475 11.96 0.0958 33.3
NiScC 13.36 13.36 1.331 0.361 0.361 1.286 0.637 0.637 3.136
Tails 931 931 92.8 0.043 0.043 10.67 0.088 0.088 30.19
Cu_RC+Cu_ScC 44.3 441 7.26 85.6 3.71 60.5

Ni_RC+Ni_ScC 28.16 2.806 0.493 3.70 0.901 9.35
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Table A4. Mass balance for flotation test Sep 10_02.

Mass (g) Mass (g) Total Solids Cu % Cu % o Ni % Ni % . o
Stream Measur%d Balancegd Rec % Measured Balanced CuRec % Measured Balanced Ni Rec %
Feed 1000 100.0 0.367 100.0 0.2498 100.0
Cu_RC 31.14 31.14 3.113 9.74 9.74 82.7 4.49 4.49 56.0
Cu_RT 969 96.9 0.0654 17.29 0.1135 440
Cu_ScC 9.86 9.86 0.986 1.720 1.720 4.62 2.200 2.200 8.68
Cu_ScT 959 95.9 0.0484 12.66 0.0921 354
Ni_RC 13.29 13.29 1.329 0.893 0.893 3.24 1.530 1.530 8.14
Ni_RT 946 94.6 0.0365 9.43 0.0719 27.22
NiScC 13.98 13.98 1.398 0.406 0.406 1.548 0.665 0.665 3.72
Tails 932 932 93.2 0.031 0.031 7.88 0.063 0.063 23.50
Cu_RC+Cu_ScC 41.0 4.10 7.81 87.3 3.94 64.6
Ni_RC+Ni_ScC 27.27 2.726 0.643 4.78 1.087 11.86
Table A5. Mass balance for flotation test Sep 11_01.
Mass (g) Mass (g) Total Solids Cu % Cu % o Ni % Ni % . o
Stream Measur%:d Balancegd Rec % Measured Balanced CuRec % Measured Balanced Ni Rec %
Feed 998 100.0 0.36 100.0 0.2797 100.0
Cu_RC 32.1 32.1 3.21 8.64 8.64 77.3 4.13 4.13 475
Cu_RT 966 96.8 0.0841 22.66 0.1518 52.5
Cu_ScC 9.50 9.50 0.952 2.150 2.150 5.70 2.600 2.600 8.85
Cu_ScT 956 95.8 0.0635 16.96 0.13 43.7
Ni_RC 18.18 18.18 1.822 0.853 0.853 4.33 1.590 1.590 10.36
Ni_RT 938 94.0 0.0482 12.63 0.0991 33.3
NiScC 13.78 13.78 1.381 0.533 0.533 2.050 0.711 0.711 3.51
Tails 924 924 92.6 0.041 0.041 10.58 0.090 0.090 29.81
Cu_RC+Cu_ScC 41.6 4.17 7.16 83.0 3.78 56.3
Ni_RC+Ni_ScC 32.0 3.20 0.715 6.38 1.211 13.87
Table A6. Mass balance for flotation test Sep 11_02.
Mass (g) Mass (g) Total Solids Cu % Cu % o Ni % Ni % . o
Stream Measur%d Balancegd Rec % Measured Balanced CuRec % Measured Balanced Ni Rec %
Feed 1002 100.0 0.379 100.0 0.2715 100.0
Cu_RC 29.12 29.12 2.906 9.82 9.82 75.3 3.81 3.81 40.8
Cu_RT 973 97.1 0.0965 24.72 0.1656 59.2
Cu_ScC 12.05 12.05 1.203 2.480 2.480 7.87 2.650 2.650 11.74
Cu_ScT 961 95.9 0.0666 16.85 0.1344 475
Ni_RC 21.53 21.53 2.149 0.895 0.895 5.07 1.620 1.620 12.82
Ni_RT 939 93.7 0.0476 11.78 0.1004 34.7
NiScC 13.95 13.95 1.392 0.553 0.553 2.031 0.723 0.723 3.71
Tails 925 925 924 0.040 0.040 9.75 0.091 0.091 30.95
Cu_RC+Cu_ScC 41.2 4.11 7.67 83.2 347 52.5
Ni_RC+Ni_ScC 35.5 3.54 0.761 7.10 1.267 16.53
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