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Abstract: To support the transformation to clean low carbon technologies, there is a demand for
critical metals such as nickel. Awaruite is a less common nickel-bearing mineral with unique prop-
erties and responses to mineral separation. This paper presents the findings of a flotation study to
recover awaruite from the Baptiste ultramafic deposit, located in central British Columbia, Canada.
Nickel recoveries of up to 65% at the rougher stage were obtained with xanthate as a collector at a
pH level of 4.5. Awaruite flotation was shown to be highly dependent on the slurry pH. At weakly
acidic conditions, the awaruite surface is activated through the dissolution of the passivation layer
formed during grinding in alkaline conditions. Desliming was shown to reduce the acid consumption
required to maintain the pH, probably by removing the highly reactive serpentine slimes generated
during grinding. Rougher, followed by cleaner stages of flotation, showed that a high-grade concen-
trate can be produced with up to 45% nickel, 1.3% cobalt, 0.7% copper and negligible concentrations
of penalty elements, such as arsenic, lead, and selenium, among others. A nickel flotation concentrate
from an awaruite deposit is a promising feedstock for not only stainless-steel production but also for
clean energy technologies.

Keywords: awaruite; nickel; flotation; serpentine; desliming

1. Introduction

Nickel has outstanding physical and chemical properties, which make it essential in
many products. Its main application is in alloying, particularly when producing stainless
and heat-resistant steels with chromium and other metals. There are two types of primary
nickel products: high-purity Class 1 products (containing 99.8% nickel or above) and lower-
purity Class 2 products (containing less than 99.8% nickel). Class 1 products are crucial
for the development of clean energy technologies since it is used as cathode material for
batteries or in the form of alloys for renewable energies and hydrogen. The demand for
nickel is projected to grow by around 19 times from 2020 to 2040 [1].

The nickel resources are classified into two types: sulfides and laterites. In general,
nickel sulfide ores are mined to supply Class 1 products since the concentrating and
refining process is cheaper than lateritic ores (oxide resources) [1,2]. Most of the production
growth in the future is expected to come from lateritic ores and not from sulfide ores. A
deficit in the nickel supply for Class 1 products is expected in the medium term, thus
increasing the interest on nickel deposits capable of producing Class 1 products using less
energy-intensive methods than those that are currently used for lateritic ores [3].

The Baptiste deposit, located in central British Columbia, Canada, hosts a nickel miner-
alization where most of the nickel occurs as awaruite [4]. Awaruite (Ni3Fe) is an intermetallic
compound of nickel and iron [5]. It has high density (8.6 g/cm3) and magnetic susceptibility
(χ = 14.4) [6]. In the Baptiste deposit, awaruite has an average composition of 77.3% nickel,
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21.0% iron, 1.1% cobalt, and 0.6% copper [6]. Occurrences of awaruite have been mainly
related to serpentinized ultramafic rocks, which is the case for the Baptiste deposit [7,8].

The main gangue material in the Baptiste deposit is serpentine [7]. Serpentine is a
group of minerals, including lizardite, antigorite, and chrysotile [9]. They all have the same
ideal composition, Mg3Si2O5(OH)4, but vary significantly in their crystal structure. The
serpentine minerals are made of a layer of magnesium hydroxide, commonly referred to as
the ‘brucite’ layer, stacked on a layer of silica [10].

The layered structure of serpentine, along with its low hardness, makes it prone to over-
grinding in mineral processing operations, which is reflected by the formation of slimes
(fine to ultrafine particles). Serpentine slimes have a deleterious effect on sulfide mineral
flotation [11,12]. Desliming is applied to reduce the deleterious effect of slimes [13–15].
Since slimes are composed of predominantly serpentine gangue minerals, the best technical
option to deal with the issue is to eliminate the slimes prior to flotation. The addition of
acid has also been proposed to minimize the effect of slimes [12,16]. The brucite layer that
forms the serpentine structure is readily soluble at neutral and acidic conditions; thus,
serpentine partially dissolves, leaving the silica layer with a porous structure. High acid
addition is required to have a meaningful impact on the flotation performance when slimes
are present [12]. Desliming is recommended to remove the slimes and to minimize the
acid consumption.

The available information concerning the recovery and concentration of awaruite is
scarce. Magnetic and gravity separation have been the focus of published work, along with
whole ore leaching [17–19]. Magnetic separation has been shown to efficiently concentrate
awaruite but not in a selective way since magnetite is recovered together with awaruite [20].
Flotation has been proposed to separate awaruite from magnetite [4,15]. However, limited
information is available on the flotation conditions required to effectively concentrate
awaruite. Single mineral experiments performed by the authors of this manuscript showed
that awaruite readily floats in acidic conditions in the presence of xanthate [21]. The surface
of awaruite passivates under neutral and alkaline conditions, thus impeding the interaction
between the xanthate collector and the metallic phase. Under acidic conditions, the oxide
coating is dissolved, exposing the metallic phase and thereby activating the interaction
between the surface and the collector [21].

The single mineral experimental results are aligned with metallurgical studies on mag-
netic concentrates, which have demonstrated the awaruite floatability in such conditions [4].
Nevertheless, there is no detailed study of the effect of pH conditioning on the flotation of
awaruite in fresh rock samples containing serpentine without pre-concentration. To the best
of the authors’ knowledge, this work is the first to investigate awaruite flotation at bench
scale at acidic conditions with actual rock samples. The understanding of the effect of pH on
the flotation of awaruite in the presence of serpentine minerals is fundamentally important
to the development of a reliable mineral processing flowsheet to recover awaruite.

The present paper builds off previous work performed by the authors on pure awaruite
samples that demonstrated that acid addition can remove an oxidation layer from awaruite,
allowing flotation with xanthate collectors. The goal is to identify conditions that allow the
achievement of high Ni recoveries and high-grade products through stages of rougher and
cleaner flotation for industrial practice. The main objective of the present study is to assess
the effect of acid addition on awaruite flotation in the presence of gangue minerals and,
specifically, serpentine. The study also assesses the “optimum” pH level, the impacts of
desliming on acid consumption, and the effect of cleaning flotation on concentrate grade.

2. Materials and Methods
2.1. Material

The raw material used in this work originated from the Baptiste deposit (FPX Nickel
Corp., Vancouver, BC, Canada) located in central British Columbia, Canada. The material
was provided as pieces of drill core representing the proposed life of mine mill feed and
the variations of mineralization present in the deposit.
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2.2. Material Preparation and Analysis

The sample preparation before grinding included mixing, crushing to −6 mesh
(3.35 mm), and riffle splitting into 1 kg subsamples. Grinding was then performed in
a lab-scale rod mill at 60 wt.% solids to prepare samples for flotation testing. The ground
ore was either sent straight to flotation or deslimed using a 51 mm diameter Mozley cyclone
(See Figure S1 for equipment photo and Table S1 for operating parameters). The whole and
deslimed samples were subjected to automated mineralogical analysis using QEMSCAN®

and to wet chemical assay.

2.3. Bench Flotation

Flotation tests were carried out using a Denver D12 lab-scale flotation cell operated
at 1200 rpm with a constant airflow of 5 L/min. The suspensions were mixed for 1 min,
and then the pH was adjusted by adding diluted 0.5 or 1 M sulfuric acid. The sulfuric acid
was of analytical quality, and the solutions were prepared with distilled water. The pH was
monitored continuously and maintained automatically. The oxidation-reduction potential
was also monitored and recorded with the same controller. A photo of the setup was added
to the Supplementary Material, Figure S2.

For the rougher flotation tests, the collector was added to the cell after 10 min of
conditioning at stable pH values, and the suspension with the collector was allowed
to condition for 2 min. The conditioning time was selected based on a previous work
carried out by the authors [21]. After collector conditioning time, the frother was added,
and the suspension was conditioned for 1 min more before starting the collection of the
first concentrate. A total of four concentrates were collected with pulp level re-adjustment
in between each of them, along with the collector and frother additions in an identical
regimen to the one described for the first concentrate collection (Figure 1). Each of the
four concentrates was collected during 2 min. For the rougher-cleaner flotation, three
cleaning steps were applied to increase the final product grade (Figure 1). Details about
regrinding and particle size distribution of the reground material are presented in the
Supplementary Material. The flotation products were filtered, dried, and analyzed for the
elements of interest: Ni, Fe, and S. Duplicate tests were carried out to ensure repeatability.
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Figure 1. Rougher and rougher-cleaner flotation flowsheets with and without desliming.

In all flotation tests, the collector reagent used was potassium amyl xanthate (KC6H11OS2)
of industrial grade. The collector was kept in petroleum ether in the fridge, and fresh solutions
were prepared daily. Fresh collector was added in all the flotation stages to overcome the
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losses due to decomposition in an acidic solution [22]. A total collector dosage of 140 g/ton
of flotation feed was used in the rougher stages and 20 g/ton in the cleaner flotation tests.
A poly glycol ether (DOWFROTHTM 200) was used as a flotation frother with dosages of
100 g/ton in the rougher stage and 50 g/ton in the cleaner tests.

3. Results and Discussion
3.1. Material Characteristics

Table 1 shows the head grade of the elements of interest: Ni, Fe, and S in the raw
material (identified as Feed). Normalized distribution of mineral composition for the
whole and deslimed samples, as obtained from QEMSCAN, is shown in Table 2. A more
detailed mineralogical characterization of the material, including x-ray diffraction and
chemical composition, is presented in a separate work of the same authors, carried out in
a representative subsample [6]. In terms of particle size distribution, the P80 of the feed
sample is 82 µm and has a considerable portion of fines; in all, 34 wt.% of the sample
is below 20 µm. Figure S3a shows the particle size distribution of the feed sample after
grinding, as well as that of the desliming products, overflow, and underflow. For the
Baptiste sample, hydrocyclone desliming was shown to also be effective at removing slimes
(Figure S3a). As a comparison, the fraction of sample below 20 µm in the underflow is
14 wt.%, and in the overflow is 90 wt.%. The mass split to underflow is 73.8%. The partition
curve of the size separation process is shown in Figure S3b. The corrected cut-point is
17 µm, and the imperfection index is 0.26, which is within the expected range of values for
this kind of separation [23].

Table 1. Metallurgical balance of the hydrocyclone desliming test.

Products Mass [%]
Element Content [%] Distribution [%]

Ni Fe S Ni Fe S

Underflow (deslimed
sample) 73.8 0.23 6.83 0.08 86.6 83.4 91.8

Overflow (slimes) 26.2 0.10 3.83 0.02 13.4 16.6 8.2

Feed 100.0 0.20 6.04 0.06 100.0 100.0 100.0

Table 2. Normalized distribution of mineral composition for the whole and deslimed samples as
obtained from QEMSCAN.

Mineral Whole Sample Deslimed Sample

nickel minerals

awaruite 0.31 0.32

nickel sulfides * 0.06 0.05

gangue minerals

serpentine 85.2 77.2

olivine 4.69 12.3

pyroxene/amphibole 3.99 3.56

magnetite 2.84 3.00

chromite 0.94 1.30

brucite/magnesite-siderite 0.56 0.48

others 1.42 1.84
* Includes pentlandite, cobalt pentlandite, and heazlewoodite/millerite/polydymite.
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The large content of fines can be explained by the rock type present in the Baptiste
deposit. As shown in Table 2, serpentine is the most abundant mineral in the rock (85.2%),
followed by olivine (4.7%), which is the unaltered mineral of the serpentinization process.
The presence of olivine is an indication that the serpentinization process was not com-
pleted, and some of the original rock is still present. The presence of slimes for this rock
type is reported in other similar mines and deposits, such as Mt Keith and the Dumont,
Crawford, and Pipe deposits [12,14,15,24]. In all these cases, desliming has been suggested
or implemented to remove the slimes or at least process the slimes separately from the
coarser particles.

Desliming for the Baptiste sample was shown to selectively remove gangue minerals,
mainly serpentine. The content of serpentine (Table 2) decreased from 85.2% in the whole
sample to 77.2% in the deslimed sample, and as a result, the content of olivine increased
from 4.7% in the whole sample to 12.3% in the deslimed sample. The selective separation
can also be observed in Table 1. The nickel recovery to the underflow (deslimed sample) is
86.6%, and the nickel grade of the underflow is 0.23%, which is higher than the grade of
the slimes (0.10%). Similar enrichment is observed for iron and sulfur, where the grade of
the underflow is higher than the grade of the overflow.

In the Baptiste sample, nickel is mainly hosted as awaruite (89.5%) and the rest as
nickel sulfides (Table 3). This nickel deportment is consistent with other studies carried
out on samples from the Baptiste deposit. Awaruite forms in a reducing environment,
at low sulfur and oxygen fugacities, during the breakdown of olivine or nickel-bearing
sulfides and is commonly associated with Ni-rich sulfides [25]. For the Baptiste sample, the
distribution of nickel sulfides between nickel-rich and nickel-poor is fairly even, and they
represent roughly 10% of the nickel present in the sample. Nickel-poor includes pentlandite
[(Ni,Fe)9S8] and cobaltpentlandite [(Co,Ni,Fe)9S8], and nickel-rich includes heazlewoodite
[Ni3S2] and millerite [NiS]. The desliming process does not alter the nickel deportment; the
fraction of nickel present as awaruite is similar between the whole sample and the deslimed
sample (Table 3). Furthermore, the nickel deportment does not considerably change over
different size fractions. However, the nickel deportment as sulfides is slightly higher in the
finer fractions for both the whole and deslimed samples.

Table 3. Normalized distribution by size range of nickel minerals.

Whole Sample

Size Fraction
[µm]

Mass
[%]

% Ni of Total Ni

Pe Haz Aw

>106 16 1.9 4.3 93.8

38–106 44 5.7 4.4 89.9

0–38 40 8.9 6.2 84.9

Total 100 5.7 4.8 89.5

Deslimed Sample

Size Fraction
[µm]

Mass
[%]

% Ni of Total Ni

Pe Haz Aw

>75 30 2.6 2.8 94.6

38–75 37 2.6 6.8 90.6

0–38 33 5.9 13.8 80.3

Total 100 3.4 6.6 90.0
Note: Pe-Pentlandite/Cobalt Pentlandite, Haz-Heazlewoodite/Millerite/Polydymite, Aw-Awaruite.

Awaruite in the Baptiste sample is found in fairly fine particle size. The automated
mineralogical analysis showed that 80% of the awaruite mineral grains are smaller than
27 µm and 50% are smaller than 9 µm. This particle size measurement is a rough estimation
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due to the elongated shape factor generally observed in awaruite samples [6]. For the
deslimed sample, the measured particle size distribution showed that 50% of the awaruite
is smaller than 49 µm, and 80% is smaller than 90 µm. The difference in the particle
size distribution between the whole and deslimed sample is an indication that in the
desliming process, awaruite is lost as fine to ultrafine particles (<10 µm). A more detailed
mineralogical characterization of the sample is available in another article published by the
same authors [6].

3.2. Rougher Flotation
3.2.1. Nickel Recoveries

Table 4 shows the final nickel recovery and grade values for the rougher flotation
tests at each pH value. The recoveries for each pH level show a strong dependence on
the flotation performance with the pH. At pH 6.5, the nickel recovery is poor, and the
enrichment ratio is low, i.e., the grade of the concentrate is fairly similar to the feed grade
(Table 1). The flotation performance improves at lower pH levels such that at pH 5.5, the
final nickel recovery increases considerably to about 50%.

Table 4. Final nickel recovery and grade values for the rougher flotation tests at each pH value.

Sample
Description

Rougher
Concentrate

Flotation pH

3.5 4.5 5 5.5 6.5

Whole

Final Ni recovery
[%] 60.7 64.7 -- 50.8 15.2

Final Ni
grade [%] 0.9 1.0 -- 0.8 0.2

Deslimed

Final Ni recovery
[%] 57.3 61.3 51.8 49.5 18.9

Final Ni
grade [%] 1.1 1.2 0.9 0.9 0.5

The largest change in flotation performance is observed when lowering the pH from
5.5 to 4.5. At pH 4.5, nickel recoveries of up to 64.7% and 61.3% with product grades of
1.0%–1.2% nickel were obtained for both the whole and deslimed samples, respectively.
There is no considerable difference in the nickel recovery between pH 4.5 and 3.5. However,
nickel grades and recoveries tend to be slightly higher at pH 4.5 than at pH 3.5, thus
indicating that decreasing the pH from 4.5 to 3.5 does not lead to an improvement in the
flotation performance.

Figure 2 shows the nickel grade vs. recovery (cumulative) for the flotation of the whole
and deslimed samples at different pH levels. The four points of each curve correspond to
the four concentrates sequentially collected in each test (1, 2, 3, and 4). As observed, the
flotation pH not only affects the final concentrate recovery and grade but also the flotation
kinetics. Recoveries higher than 50% are achieved after just 2 min of flotation. The faster
kinetic implies a possible scale-up of the process in terms of a reduced residence time
required to recover awaruite. These results support the selection of pH 4.5 as the suggested
flotation condition.

In general, the nickel recoveries for the whole sample were higher than the recoveries
of the deslimed sample at the same pH levels. A flotation test was performed on the
slimes at pH 4.5. The final nickel recovery was 38.1% for nickel at a grade of 0.13%. This
flotation recovery would represent an extra 4% nickel recovery when adjusted to the circuit
feed stream. This result aligns well with the difference observed in the nickel recovery
between the whole sample (64.7%) and the deslimed sample (61.3%) (See Table 4). A similar
analysis for sulfur recovery to the one presented here for nickel recovery is available in the
Supplementary Material.
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Error bars represent one standard deviation based on duplicate tests.

The flotation performance at pH 5 was evaluated for the deslimed sample to better
discriminate the inflection point between pH 4.5 and 5.5. The results showed that nickel
grades and recoveries at pH 5 are similar to values obtained for pH 5.5, such that the
inflection point with respect to flotation is within the pH 4.5 to 5 range (Table 4). The
identification of the higher pH level for an efficient nickel flotation is important since
the lower the pH level, the higher the acid consumption, which translates into higher
processing costs.

The effect of the acidic conditions on the awaruite flotation has been discussed in
a previous microflotation study by the same authors [21]. The results of single mineral
experiments and voltammograms showed that the surface of awaruite is activated in
weakly acidic conditions (buffer pH 4.6) by the dissolution of the passivation layer that
forms under neutral and alkaline conditions. The passivation layer formed in neutral and
alkaline solutions was shown to inhibit the interaction between xanthate and the awaruite
surface. The mechanism proposed to explain how xanthate ( X−) interacts with awaruite
to induce hydrophobicity is that xanthate chemisorbs onto awaruite ( Xads) (Equation (1))
and then it oxidizes to form dixanthogen (X 2(l)) (Equation (2)). The chemisorption of
xanthate leads to the formation of nickel xanthate on the active sites. The chemisorption
can be seen as an intermediate reaction on the oxidation of xanthate, where the adsorbed
xanthate species further oxidize into dixanthogen [21].

X− → Xads + e− (1)

Xads + X− → X2(l) + e− (2)

The results of the bench flotation tests conducted in the present study confirm that
similar results can be achieved at a larger scale in the presence of serpentine and other
gangue minerals.

The passivation layer on the awaruite surface is likely formed during grinding since
the natural pH of the Baptiste ground sample is about 9.8 (Figure 3). The alkalinity of the
sample is mainly linked with the presence of brucite in the rock, as a mineral produced
in the serpentinization process. The passivation layer in nickel-iron alloys of similar
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composition to the awaruite composition has been shown to have a thickness of 1 to 2.5 nm
at pH 9.2 [26]. The passive film consists mainly of nickel oxide, NiO, and readily dissolves
in acidic conditions [27]. Electrochemical studies showed that 10 min of conditioning was
sufficient to completely dissolve the passivation layer at pH 4.6 [21]. The pH conditioning
used in this work of 10 min prior to the addition of the collector showed to be sufficient
to have the same effect on the natural awaruite present in the rock. The presence of other
minerals in the sample does not interfere with the activation of awaruite.
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The NiO phase, which is the main component of the passivation layer, is thermody-
namically stable in neutral and alkaline conditions, and the NiO-Ni2+ stability boundary
resides at about pH 4.9 for the electrochemical potentials measured in the flotation cell [28].
The pH and potential measured in the flotation cell are shown with dots in Figure 3. Point 1
represents the natural slurry conditioning before the pH adjustment. The rest of the points,
2 to 5, represent the conditions after adjustment to pH 6.5, 5.5, 4.5, and 3.5, respectively.
The stability boundary for the NiO-Ni2+ couple resides in between points 3 and 4, which
correspond to the pH 5.5 and 4.5. The change observed in the results obtained at these
two pH levels aligns well with the reported phase diagram for the nickel-water system,
thus supporting the passivation layer as the main reason behind the poor flotation per-
formance of awaruite in neutral and alkaline conditions. Even though the stability lines
shown in the phase diagram are in equilibrium conditions, they serve as an indication of
the phase that is more likely to be found in each condition. The flotation tests take place
in a few minutes, a period that may not be sufficient to achieve equilibrium conditions.
However, in this case, the passivation is a process that only occurs on the surface and
within a few atomic layers on the awaruite surface. Thus, the removal of the passivation
layer can be considered a fast process in which, the equilibrium conditions may not be far
from reach.

3.2.2. Acid Consumption

The overall acid consumption for each flotation condition is presented in Figure 4. The
acid consumption considerably increases with decreasing pH levels. The Baptiste sample
contains acid soluble, or partially soluble minerals including brucite (reaction (3)), calcium
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and magnesium carbonates (reaction (4)), and serpentine (reaction (5)). The dissolution
reactions of these minerals can be expressed as follows:

Mg(OH)2 + H2SO4 → Mg2+ + SO2−
4 + 2H2O (3)

(Ca, Mg)CO3 + H2SO4 →
(

Ca2+, Mg2+
)
+ SO2−

4 + H2O + CO2 (4)

Mg3Si2O5(OH)4 + 3H2SO4 → 3Mg2+ + 3SO2−
4 + SiO2 + H2O (5)
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It is expected that the brucite and the carbonates dissolve faster than the rest of the
minerals present in the sample. Even though the conditioning took place for only 10 min,
and the whole flotation process in less than 40 min, it is very likely that the brucite will
dissolve almost completely. Brucite readily dissolves in less than 2 h when exposed to
slightly acidic conditions [29]. The acid consumption linked to the brucite dissolution
will be roughly 10 kg/ton if complete dissolution is assumed, accounting for a brucite
concentration in the sample of 0.5% (Table 2) and following the stoichiometry presented in
reaction (3). Similar dissolution kinetics have been measured for carbonates in ultramafic
samples [29]. Following the same calculation path for calcium carbonates (reaction (4)),
the acid consumption associated with carbonates would be 4 kg/ton. The dissolution
of calcium carbonates may lead to the precipitation of gypsum in the presence of sulfate
anions in the solution. The results collected in this work suggest that there is no significant
effect of this precipitation on the flotation performance.

The estimated values of acid consumption are of the same order of magnitude as
the values reported in Figure 4. Similar consumptions are reported for serpentinite ores;
for instance, measurements for the Hitura mine for rich-serpentine ores reported an acid
consumption of about 10 kg/ton of feed to flotation to lower the pH down to 6.5 from 8.
Furthermore, the estimated values confirmed that the acid is not only consumed by the
brucite or carbonates but also by the serpentine minerals. However, the actual consumption
is 1 to 2 orders of magnitude lower than expected for a complete reaction of serpentine.
Whole ore leaching experiments of serpentinite ores at room temperature and pressure
showed acid consumption in the order of hundreds or thousands of kilograms of sulfuric
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acid [30]. These acid consumptions aligned well with the theoretical stoichiometry de-
scribed in reaction (5). Desliming the sample prior to flotation considerably reduced the
acid consumption for the same pH condition. For example, at pH 4.5, the acid consumption
of the whole sample (31.7 kg/ton) is 148% higher than the consumption of the deslimed
sample (12.8 kg/ton). Acid consumption profiles are shown in the Supplementary Material.

The rougher flotation results suggest that the best conditions for the selective sep-
aration of awaruite are at pH 4.5. Even though the recoveries at pH 4.5 and 3.5 are not
considerably different, the acid consumption is lower for pH 4.5, which results in a more
attractive option from a cost perspective. Regarding the decision to include the desliming
or not, a detailed economic assessment has to be done, taking into account the difference in
nickel recoveries and acid consumption. The results show that an extra 3% nickel recovery
can be achieved by the flotation of the whole sample when compared to the deslimed
sample; however, the acid consumption for the whole sample is more than twice the
consumption of the deslimed sample.

3.3. Rougher-Cleaner Flotation

The results obtained in the rougher flotation assessment were further evaluated and
complemented in a circuit including rougher and cleaner flotation. The nickel recoveries
to the final concentrate in both cases were low when compared to the rougher flotation
recoveries. For the whole sample, the nickel recovery to final concentrate was 31.1%, and
for the deslimed sample, it was 26.8%. However, in these tests, the rougher nickel recoveries
were similar to those obtained in the rougher flotation section for the same pH levels. For
example, for the whole sample, the rougher recovery in this circuit was 64.8%, and in the
rougher-only circuit, the recovery was 64.7%. The metallurgical balances for the whole,
and deslimed samples are presented in the Supplementary Material, Tables S2 and S3, re-
spectively. The difference between the nickel recovery to the rougher and final concentrate
is mainly explained by losses in the cleaner stages. Only one cleaner test was carried out
for each sample; thus, the conditions are far from optimized. More testing is required
to optimize the cleaning stages, mainly by implementing locked-cycle flotation tests [31].
However, these rougher-cleaner tests provide an indication of the potential to produce a
high-grade saleable concentrate.

The results of the multielement analysis of the final concentrates are shown in Table 5.
The nickel grade of the final concentrates obtained for both samples is considerably higher
than the nickel grade expected for a typical nickel sulfide operation, with flotation as
the main separation method. The nickel content of sulfide concentrates is reported to
range from 5% to 15%, with an average grade of 10% [32–34]. For the Baptiste sample, the
nickel grade of the concentrates was 45.2% and 39.5% for the whole and deslimed samples,
respectively. The high nickel grade of the concentrates has implications on its downstream
processing; in this case, the cost of concentrate treatment is expected to be lower than the
cost of treatment for a sulfide concentrate. A less energy and carbon intensity process would
be required to refine the concentrate. Furthermore, studies have shown that the Baptiste
deposit has the potential to become a carbon neutral or negative operation because of the
carbon sequestration capacity of the magnesium silicates and hydroxide minerals present
in the rock. These minerals react with atmospheric CO2 through weathering processes to
form stable carbonate minerals [35,36].

In terms of refining options, it has been shown that awaruite readily dissolves in
acid in mild conditions; metallurgical studies have shown good nickel extraction rates in
pressure leach tests at 150 ◦C and 750 kPa [4]. The flotation concentrate has the potential
to be considered for the manufacture of Class 1 nickel products, including nickel sulfate
for electric vehicle batteries, in a similar way to the current approach for such products
from nickel sulfide deposits. Furthermore, if needed, the concentrate could be separated
into two streams using magnetic separation. This separation would allow us to produce
a concentrate for stainless steel production with low sulfur and another concentrate with
nickel sulfides to be used on the production of Class 1 products.
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Table 5. Elemental composition of rougher-cleaner concentrates for the whole and deslimed samples
as obtained by multi-element analysis.

Element Ni [%] Fe [%] Mg [%] S [%] Co [%] Cu [%]

Whole sample concentrate 45.2 16.1 8.02 3.13 1.03 0.52

Deslimed sample
concentrate 39.5 15.7 8.41 5.72 1.34 0.69

Element Al [ppm] Ca [ppm] Cr [ppm] Zn [ppm] Mn [ppm] Ti [ppm]

Whole sample concentrate 3140 1510 652 254 254 97

Deslimed sample
concentrate 2720 1870 771 665 297 146

Element As [ppm] Cd [ppm] Hg [ppm] Pb [ppm] Sb [ppm] Se [ppm]

Whole sample concentrate 82 <2 <0.3 <200 <60 <30

Deslimed sample
concentrate 170 <2 <0.3 <200 <60 <30

The minimum theoretical cobalt and copper grades to be considered in the concentrate
payment for sulfide operations are 0.5% for cobalt and 0.4% for copper [32]. Both cobalt and
copper contents are relevant since their values are higher than the theoretical minimum,
and they could generate an extra return. Currently, these two elements are not included in
the mineral resource estimation of the Baptiste deposit. However, the flotation results show
that an extra return may be generated without the addition of any other separation.

Usually, a concentrate purchase contract specifies not only minimum nickel, cobalt,
and copper content but also maximum levels of deleterious elements such as magnesium,
arsenic, mercury, lead, selenium, cadmium, and antimony. For example, an arsenic con-
centration of 400 ppm is considered the maximum acceptable value for nickel sulfide
concentrates, and penalties are applied when the concentrations are higher than 200 ppm.
The arsenic contents shown in Table 5 are below 200 ppm; thus, no deduction would be
applied to a Baptiste concentrate. Furthermore, the concentrations of cadmium, mercury,
lead, and antimony are low, which would contribute to considering the concentrates as
high-quality concentrates. The concentrates reported about 8% of magnesium content, but
the theoretical maximum limit for a sulfide concentrate is 4% to 5%. More flotation steps or
finer grinding would be required to reduce the magnesium content to even lower values to
improve the quality of the concentrate in terms of magnesium content.

4. Conclusions

As a nickel-bearing mineral with high nickel content, awaruite represents a promising
source of nickel for not only stainless-steel production but also for clean energy technologies.
Awaruite was selectively floated under weakly acidic conditions using a xanthate collector.
This is the first comprehensive research study to confirm that awaruite can be selectively
floated in acidic conditions at bench scale. Nickel recoveries of up to 65% in rougher stages
were obtained from a ground sample of the Baptiste deposit. The pH adjustment to values
below 4.5 was critical to obtain good nickel recoveries. Desliming was shown to be an
effective operation to considerably reduce the acid consumption in the flotation process.
Nickel sulfides, present in the sample in a minor quantity compared to awaruite, were also
recovered to the flotation concentrate. The final flotation concentrates from the Baptiste
sample showed unique characteristics in terms of the high nickel content and negligible
presence of penalty elements. The continuing development of clean energy technologies
requires a shift into sustainable sources of metals, where nickel production from awaruite
deposits could play an important role.



Minerals 2023, 13, 1147 12 of 13

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/min13091147/s1 ([37–41]), Figure S1: Photo of Mozley
C125 two-inch (5.1 cm) stub hydrocyclone mounted in a standard Mozley test rig; Figure S2: Bench
scale set-up including the pH-Eh control system and the flotation cell; Figure S3: (a) Particle size
distribution of the Baptiste sample after 15 min grinding (feed to the desliming process), and of the
underflow and overflow of the desliming process; (b) corrected and uncorrected partition curves
for the hydrocyclone desliming tests; Figure S4: Sulfur grade vs. recovery at different pH values:
(a) whole sample, (b) deslimed sample. Error bars represent one standard deviation based on du-
plicate tests; Figure S5: Time profiles of pH and acid consumption for the whole and deslimed
sample, and the slimes. The different stages during the flotation process are shown next to the x-axis,
the time associated to each conc (Conc. #) includes collector and frother conditioning (3 min) and
concentrate collection (2 min); Table S1: Operating parameters for the hydrocyclone desliming tests;
Table S2: Metallurgical balance of the rougher-cleaner circuit for the whole sample.
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