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ARTICLE INFO ABSTRACT

Keywords: Due to environmental reasons and water shortage, concentrators have to increase water recirculation in the
Multivariate analysis of variance plant. The water originates from different sources, and depending on their origins, the water chemistry varies
Flotation

from stream to stream. Water chemistry has many significant impacts on flotation, beneficial or non-beneficial.
X Flotation tests have been conducted using process water (originates from tailings treatment facilities and is clean

Thickener tank overflow water ! R R

Recycling water that can be released to the environment) and thickener tank overflow water obtained from a North

Nickel American concentrator. The concentrator would like to increase the recirculation of the thickener tank overflow

Process water

Copper water and reduce process water consumption. In this work, the flotation results between process water (PW) and
Recovery thickener tank overflow water recirculated at various degrees were compared. Reverse osmosis (RO) at different
Grade degrees of recirculation (0%, 20%, 40%, 60% and 80% RO) was used to simulate water thickener tank overflow
ToF-SIMS water recirculation. The results showed that higher pyrrhotite recoveries were obtained when thickener tank
)S(llz);{/EDX overflow water recirculated (0%, 20%, 40%, 60%, and 80% RO) was used compared to that obtained with

process water. However, the pyrrhotite recovery did not increase between 0% and 20%, 40%, 60% and 80% RO.
Relative to the process water, the higher pyrrhotite recovery using thickener tank overflow water at various
degrees of recirculation did not appear to have been caused by a higher relative proportion of activating species
on grain surfaces. Most likely, the higher pyrrhotite recovery in the thickener tank overflow water (0%, 20%,
40%, 60%, and 80% RO) relative to that of process water was due to higher bubble surface area flux (smaller air
bubbles) caused by the higher total dissolved solids (TDS) relative to that of process water. Non-sulphide gangue
(Ga) recovery was similar for all tests and was mainly due to water entrainment. The nickel and copper re-
coveries increased at 60% and 80% RO relative to that of process water, probably due to the higher bubble
surface area flux generated by the higher total dissolved solids (TDS) in the recycled thickener tank overflow
water. Pentlandite (nickel-bearing mineral) grains from the 80% RO and process water samples showed similar
proportions of gangue species (e.g. calcium and magnesium) on their surfaces. However, nickel and iron oxide
species were slightly higher on pentlandite from the 80% RO sample relative to the process water. The
marginally higher amount of hydrophilic oxidative species on pentlandite from the 80% RO could perhaps ac-
count in part for the difference in flotation kinetics observed between the samples.

1. Introduction a long period has to be conducted to understand the chemistry of the

streams (pH, ORP, ions in solution, etc.) (Di Feo et al., 2020). Equally,

Water is an essential component in mineral processing. Water is used
as a method of transporting the mineral solids in grinding, flotation, and
thickening. Managing water resources is essential because it affects the
environment. In some countries, water is recycled due to water scarcity
(Liu et al., 2013), and in other countries to prevent environmental
pollution (Carlson et al., 2002).

Before water at a mine site is recycled, a strategy should be put in
place. To establish this strategy, a study that includes samples taken over
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flotation testing to understand the impact of recycled water on metal-
lurgy must be undertaken and replicated flotation tests for a rigorous
statistical analysis (Di Feo et al., 2020; Le et al., 2020; Levay et al., 2001;
Levay and Schumann, 2006). Surface analysis, for example ToF-SIMS
and/or XPS, should explain the causes of paymetal recovery loss and
accidental activation, if any, of gangue minerals. All this test work is to
be compared to flotation tests done with clean water (Levay et al.,
2001). If there is an improvement using clean water, then using water
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treatment technologies should be considered. In this case, an economic
study has to be performed to determine if it is economically feasible to
implement water treatment technology. One of the advantages of water
treatment technology is that it will provide consistent water chemistry
to avoid complicating operating conditions and compromise flotation
performance (Rao and Finch, 1989).

Tonic species in solution have an impact on flotation performance.
The effect of recycled water will be different for every concentrator. The
reason is that not all recycled water is the same, and concentrators treat
different ore types. Depending on the ions in solution, these will have
different impacts on flotation (Bicak et al., 2012; Muzenda, 2010; Liu
et al., 2013). Therefore, the effect of recycled water has to be investi-
gated on a case-by-case basis. When a copper/zinc ore from Kidd Creek
was floated in recycled water, tap and distilled water, recycling water
was not detrimental and pyrite depression was enhanced in copper
flotation due to the presence of thiosalts and calcium ions (Liu et al.,
1993). Researchers have shown that the recovery of galena was
marginally lower in the presence of calcium and sulphate ions using
potassium amyl xanthate as a collector (Ikumapayi et al., 2012). These
researchers also stated that calcium carbonate and calcium sulphate in
the process water were adsorbed on the galena surfaces, which affected
xanthate adsorption (Ikumapayi et al., 2012).

The thickener tank overflow water stream of the concentrator is
currently recycled to the grinding circuit. The remainder of the water
balance is made up of process water; this stream comes from the tailings
treatment process and is clean enough to be discharged to the envi-
ronment. For the concentrator in question, it is desirable that the
quantity of process water is minimized and the thickener tank overflow
water maximized has to be investigated. The thickener tank overflow
water had a much higher total dissolved solids (TDS). It has been shown
in laboratory tests that the nickel + copper grade versus nickel recovery
curve decreased when this water was used. More precisely, the nickel +
copper grade of the primary rougher concentrates (primary Cu/Ni
rougher concentrates 1 and 2) decreased relative to that obtained with
process water. The diluents consisted of pyrrhotite and gangue (non-
sulphide gangue) minerals. Therefore, in this article, the results of ToF-
SIMS, XPS, and SEM/EDX analyses on pyrrhotite, gangue (non-sulphide
gangue-Ga) and pentlandite minerals from the primary rougher con-
centrates (combined concentrates 1 and 2) obtained from flotation tests
with process water and recycled thickener tank overflow water (0%,
20%, 40%, 60% and 80% RO) will be presented. The objective was to
determine the causes of increased pyrrhotite and gangue (non-sulphide
gangue) recoveries when process water and thickener tank overflow
water were used, in addition to investigating the link with pentlandite,
pyrrhotite, and gangue flotation kinetics.

2. Experimental

A nickel-copper ore was obtained from a North American concen-
trator. This ore was crushed to minus 2 mm (10 mesh), blended, and split
into 1 kg lots. Table 1 shows the external reference distribution for the
ore. All the relative standard distributions (RSD) were less than 5%,
which means that the sample was well blended. Nickel is in pentlandite
((Fe,Ni)9Sg) and copper is in chalcopyrite (CuFeSs,). There is also 0.73%
nickel in pyrrhotite (determined using the EPMA technique). In addition
to pentlandite and chalcopyrite, this ore also contained pyrrhotite (Fe(.
xS (x=0to 0.2)) and gangue minerals. The main gangue minerals (>2%
by mass) determined by MLA consisted of anorthite, quartz, actinolite,

Table 1
External reference distribution.

Ni (%) Cu (%) Fe (%) Leco S (%)
Average 1.85 1.24 24.34 12.95
St. Dev. 0.05 0.02 0.45 0.25
RSD (%) 2.74 1.65 1.83 1.93
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albite, plagioclase, orthoclase, biotite, and ankerite + clay (Fe).

The 1 kg lots were ground to 56% passing 75 pm using a laboratory
rod mill. The grinding media mass was 10.5 kg consisting of a mixture of
mild steel and stainless-steel rods (30% 316 stainless steel and 70% mild
steel). The percent solids used in grinding was 60% using the same water
as that of flotation. 3.2 g of lime was added to the mill to keep the pH at
~9.2.

2.1. Reverse osmosis (RO)

The reverse osmosis apparatus by Seprotech was used to simulate
thickener tank overflow water recirculation. Reverse osmosis is a pro-
cess driven by the pressure that purifies water using a partially perme-
able membrane to separate ions in solution and larger suspended
particles in water. Pressure is applied to the feed stream to overcome
osmotic pressure, and the stream is passed through a membrane (Malaeb
and Ayoub, 2011). There are two products obtained using reverse
osmosis. These products are the permeate (clean water or lower quantity
of ions in solution) and the concentrate (higher quantity of ions in so-
lution relative to the feed). The various degrees of recirculation was the
following: 0% RO or no recirculation, 20% RO (ions concentrated in
80% of the original volume of the tote), 40% RO (ions concentrated in
60% of the original volume of the tote), 60% RO (ions concentrated in
40% of the original volume of the tote), 80% RO (ions concentrated in
20% of the original volume of the tote). The flotation tests performed at
20%, 40%, 60%, and 80% RO were done using the concentrate product
from reverse osmosis treatment. Fig. 1 illustrates the reverse osmosis
flowsheet used to simulate water recycling.

Table 2 shows the chemistries, total dissolved solids (TDS), total
inorganic carbon (TIC), total organic carbon (TOC), and total carbon
(TC) for all the RO and process water types. The process water and RO
concentrates (one of the reverse osmosis products with the concentrated
ions) at 0%, 20%, 40%, 60%, and 80% RO were assayed. The total
dissolved solids (TDS) increased as a function of reverse osmosis water
recycling, and the highest TDS, sulphate, calcium, copper, potassium,
sodium, sulphite, total organic carbon (TOC), and total carbon (TC)
concentrations were obtained for 80% RO and the lowest concentrations
of these species were obtained for process water. As the thickener tank
overflow water was recirculated the ionic species increased due to the
accumulation of ions in solution.

2.2. Flotation

The laboratory flotation tests were done at room temperature using
process water and thickener tank overflow water obtained from a North
American concentrator. Flotation tests were conducted at: (a) 100%
process water, (b) thickener tank overflow water at 0% RO (no recir-
culation), and (c) thickener tank overflow water passed in reverse
osmosis (RO) apparatus at various degrees (20%, 40%, 60% and 80%
RO) of recirculation.

A Denver flotation machine and a 2-litre cell were used. Fig. 2 shows
the laboratory flotation diagram (pyrrhotite roughers are considered to
be scavengers). The products of the flotation tests were the following:
primary copper (Cu)/nickel (Ni) rougher concentrates 1 and 2, sec-
ondary Cu/Ni rougher concentrates 3 and 4, pyrrhotite rougher con-
centrates 1 and 2, and tailings. The flotation times for the consecutive
concentrates were 1, 1, 2, 2, 4, and 4 min, respectively, for a total of 14
min. In the primary and secondary Cu/Ni rougher concentrates, the
objective was to float pentlandite ((Fe,Ni)gSg) and chalcopyrite
(CuFeSy), followed by pyrrhotite (Fe(;.x)S (x = 0 to 0.2)) flotation in the
scavengers (pyrrhotite roughers 1 and 2).

The rpm and air flowrate (compressed air) used were 1100 and 5 L/
min, respectively. The froth depth was kept at 1 to 1.5 in., and the froth
removal rate was 1 stroke for every 5 s. The pH for Cu/Ni flotation
circuit (primary and secondary roughers) was adjusted to 9.2 using lime.
Pyrrhotite was floated at pH 8.0 (pH was adjusted using sulphuric acid
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Concentrate water (20%, 40%, 60% and 80% RO) used for flotation

Concentrate water

Thickener tank overflow

water tote Pump

Reverse

osmosis .~
Permeate

V\ water tote

Diaphram

Fig. 1. Reverse osmosis (RO) setup.

Table 2
Water chemistry for process water and thickener tank overflow water (0% RO, 20% RO, 40% RO, 60% RO and 80% RO).
TDS (mg/L) SO% (mg/L) Ca (mg/L) Cu (mg/L) K (mg/L) Mg (mg/L) Na (mg/L) S (mg/L) TIC (mg/L) TOC (mg/L) TC (mg/L)

Process Water 1138 627 263 0.019 22 16 80 210 9 3 12
0%RO 2268 6335 656 0.023 47 0.035 106 743 12 9 21
20%RO 2598 706 808 0.039 53 0.034 124 1011 14 14 28
40%RO 3388 945 979 0.056 60 0.031 147 1254 9 16 25
60%RO 4120 1153 1261 0.084 69 0.040 180 1568 9 24 33
80%RO 4760 1363 1754 0.092 91 0.037 252 2155 4 44 48

Py Rougher 2 Tails

} Pyrrhotite

\ Pyrrhotite
Y Concentrate 1 Concentrate 2
Primary Cu/Ni Secondary Cu/Ni
Concentrates Concentrates

Fig. 2. Laboratory flotation diagram (rougher-scavenger flowsheet).

(10% dilution by mass with water)). The reagents used were potassium
isobutyl xanthate as a collector (81.11% xanthate by weight) from
Prospec chemicals and Polyfroth W31 as a frother (with a maximum of
0.5% water) from Quadra Chemicals. The dosage of potassium isobutyl
xanthate and Polyfroth W31 were 86.5 g/t and 40 g/t, respectively. The
concentrates and tails were assayed for nickel, copper, iron, and sulphur.
Nickel, copper, and iron were assayed using the microwave digestion
method followed by inductively coupled plasma-optical emission spec-
troscopy (Agilent Technologies, Model 5110 VDV), and sulphur was
assayed using the Leco method. The flotation tests were done in
triplicate.

2.3. ToF-SIMS

The Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)
technique is a comparative study that provides a comprehensive survey
of surface species, including reagents, potential activators, and oxidative
species, on the top monolayer of mineral grains of interest in the sam-
ples. For the ToF-SIMS analysis, samples of the flotation streams were
collected in situ during testing and frozen immediately using dry ice,
then shipped to Surface Science Western for analysis. A minimum of 25
grains of interest per sample was examined. The samples were prepared
one at a time by rinsing a portion of the frozen sample into a clean glass
vial. The collected material was rinsed repeatedly with deionized water,

shaken, and decanted to remove fine-grained material that may interfere
with the analysis. Grains were selected using an optical microscope and
mounted on indium foil for analysis.

To identify potential surface chemical factors related to the flotation
performance of the recirculated water samples, a ToF-SIMS surface
analysis was undertaken on the combined primary Cu/Ni rougher con-
centrates 1 and 2. The IONTOF ToF-SIMS IV™ secondary ion mass
spectrometer was used to analyze pyrrhotite, gangue (non-sulphide
gangue), and pentlandite grains from primary Cu/Ni rougher concen-
trate samples (combined primary concentrates 1 and 2). For each sam-
ple, a minimum of 25 regions of interest (ROI) representing grains of
each pyrrhotite, gangue (non-sulphide gangue), and pentlandite were
examined. The data were collected using a 25 kV clustered Bi®* primary
ion beam over a raster area of approximately 300 x 300 um. It should be
noted that the corresponding tailings samples were not available for
analysis. So the cause for the overall reduction in grade can only be
inferred from the observed surface chemical factors identified from the
primary rougher concentrate samples.

2.4. SEM/EDX analysis
The scanning electron microscopy coupled with energy-dispersive x-

ray spectroscopy (SEM/EDX) analysis was carried out on pyrrhotite
grains from the process water (PW), 0%, 40%, and 80% RO samples and
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pentlandite from the process water, 40% RO and 80% RO samples to
investigate the potential presence of physical precipitates on the surface
of the grains. A minimum of 20 Fe-sulphide and pentlandite grains from
each sample were mounted on carbon adhesive disks and preliminary
analyses using EDX were completed to confirm their composition.
Selected grains were further imaged using a Hitachi SU8230 Regulus
field emission scanning electron microscope (FE-SEM) combined with a
Bruker FlatQuad SDD Energy Dispersive X-ray (EDX). A 5 kV electron
accelerating voltage was used for the analyses.

2.5. XPS analysis

The x-ray photoelectron spectroscopy (XPS) analyses were carried
out on pyrrhotite from the process water (PW), 0%, 40%, and 80% RO
samples, and on pentlandite from the PW, 40% RO, and 80% RO samples
to identify surface oxidation species on the grains. A Kratos AXIS Supra
X-ray photoelectron spectrometer was used to conduct the analyses.
Survey spectra were obtained from approximately 300 x 700 um area
using a pass energy of 160 eV. XPS high-resolution spectra were ob-
tained from approximately 300 x 700 um area using a pass energy of 40
eV. Note that carbon and oxygen associated with the adhesive used to
mount the grains for analysis were detected in the survey spectra.
However, this should not pose a problem as we are concerned with iron,
nickel, and sulphur oxidation.

3. Statistical analysis

A multivariate analysis of variance (MANOVA) using blocking was
performed to establish which of the water types possibly affect the
nickel, copper, pyrrhotite, and gangue recoveries in primary rougher
concentrate 1 and cumulative nickel and copper recoveries for the
rougher-scavenger test (Fig. 2). Multivariate analysis of variance
(MANOVA) is an extension of the analysis of variance (ANOVA).
MANOVA helps us evaluate whether multiple levels of independent
variables affect the response variables on their own or in combination
with one another. Whereas, in ANOVA, differences among various group
means on a single-response variable are studied, in MANOVA, the
number of response variables can be increased to two or more. For this
study, the MANOVA analysis results were obtained using SAS software.

The family-wide error used was 5% (family confidence of 95%). The
Bonferroni adjustment was used in testing the significance of the effects.
The Bonferroni correction was required to adjust the probability (o)
values because of the increased risk of a type 1 error when making
multiple statistical tests, as we did in this case. In the Bonferroni
adjustment, the intent is to reduce the likelihood of finding an erroneous
statistically significant effect (purely by random chance); the family-
wide confidence level can be represented as 1-Xa; where o; represents
the confidence for every variable. Let us suppose that o = 0.05 and two
comparisons are considered in the statistical analysis. Hence, we test the
significance at 0.05/2 = 0.025 (o/m) where m is the number of com-
parisons because of the Bonferroni adjustment. The a/m (0.05/m) ratio
was compared to the probability > F statistic (Pr > F, which is equiva-
lent to p-value) in the SAS output. If Pr > F (SAS output) was less than
0.05/m, then the factor in question was statistically significant at the
95% level. The methodology is described in Johnson and Wichern
(2019).

The requirements for MANOVA are the following: The data from the
group has a common mean vector (no sub-populations), the observa-
tions have to be independent, the data distribution has to be normal, and
the variance has to be constant. These conditions were verified before
performing the MANOVA analysis and are not shown in this article.
These conditions were met for all the tests (nickel, copper, pyrrhotite,
and gangue recoveries in primary rougher concentrate 1 and cumulative
recoveries of nickel and copper for a rougher-scavenger test). Unfortu-
nately, the variance was not constant for the cumulative nickel, copper,
pyrrhotite, and gangue recoveries in primary rougher concentrate 2, so
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the MANOVA could not be done for this concentrate. Thus, the Kruskal-
Wallis test (non-parametric test) was used for the cumulative nickel,
copper, pyrrhotite, and gangue recoveries in primary rougher concen-
trate 2. The SAS software was used for the Kruskal-Wallis testing (He,
2013). The null and alternate hypothesis tests used in the analysis of the
test work results are shown in the Appendix A.

4. Flotation parameters

The method described by Napier-Munn (2012) was used to establish
the maximum recovery (Ry, (%)), the first-order rate constant (k
(min’l)), and the significance of these parameters between process
water and the percentage thickener tank overflow water recycled
(simulated using reverse osmosis-0%, 20%, 40%, 60% and 80% RO for
flotation tests).

R =R,(1—e™) @

where R; is the recovery (%) at time t (minutes), Ry, is the maximum
recovery (%), and k is the first-order rate constant (min™1). The signif-
icance of the maximum recovery (Ry,) and flotation rate constant (k)
between the process water and the percent thickener overflow tank
water (%RO) recycled was done using the method proposed by Napier-
Munn (2012), with the exception that 100 simulations were used in
MCSimsolver.

5. Process description

Fig. 3 illustrates the block flow diagram of the process. The flowsheet
consists of two grinding lines (lines A and B) in parallel and two rougher
flotation lines in parallel (Side A and Side B). The concentrator would
like to increase the recirculation of the thickener tank overflow water
stream (the % solids are <0.5%) and decrease process water utilization.
Thus, if the recirculation of the thickener tank overflow water is
increased, the ionic species concentration will increase, which can affect
flotation performance.

6. Results
6.1. Flotation

Fig. 4 shows the nickel + copper grade versus nickel recovery for the
various types of water tested. The results are the average of three tests.
The nickel + copper grade versus nickel recovery curve for process
water was higher than those obtained with the thickener tank overflow
water at various degrees of recirculation due to lower pyrrhotite re-
covery (Fig. 5). In addition, the nickel recoveries for the primary Cu/Ni
rougher 1 at 0% RO, 20% RO, 40% RO, 60% RO and 80% RO were lower
than those obtained with process water (statistical testing will be dis-
cussed shortly). The surface analyses showed that there were gangue
surface species present on the pentlandite surfaces, which will be dis-
cussed later, in the combined primary Cu/Ni rougher concentrates 1 and
2 causing the lower nickel recoveries.

Fig. 5 illustrates the pyrrhotite recovery versus pentlandite recovery.
The cause for the lower nickel + copper grade (Fig. 4) for the thickener
tank overflow water at various degrees of recirculation was due to
higher pyrrhotite recovery.

Fig. 6 shows the non-sulphide gangue (Ga) recovery versus pent-
landite recovery. All the curves overlap; thus, there is no statistically
significant difference for the non-sulphide gangue (Ga) versus pent-
landite (Pn) recoveries. This was confirmed using a MANOVA analysis
which is discussed later.

Table 3 illustrates the results of the maximum recoveries (R, (%))
and the flotation rate constants (k (min_l)) for the flotation results using
process water (PW), thickener tank overflow water (0%, 20%, 40%, 60%
and 80% RO). For pentlandite, the flotation rate constant for process
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Fig. 4. Cumulative nickel + copper grade versus cumulative nickel recovery for
process water and thickener tank overflow RO tests.
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Fig. 5. Cumulative pyrrhotite recovery versus cumulative pentlandite recovery
for process water and thickener tank overflow RO tests.

water (PW) was the highest. The recycled thickener overflow water (0%,
20%, 40%, 60%, and 80% RO) had a negative impact, lower flotation
rate constant, on flotation kinetics. The flotation test conducted with
80% RO had the highest flotation rate constant relative to the other tests
done with recycled thickener tank overflow water. For pyrrhotite, the
opposite was observed. The flotation rate constants for the flotation tests

Fig. 6. Cumulative non-sulphide gangue recovery versus cumulative pent-
landite recovery for process water and thickener tank overflow RO tests.

performed with thickener tank overflow water (0%, 20%, 40%, 60%,
and 80% RO) were higher than that obtained with process water. For
non-sulphide gangue (Ga) the flotation rate constants were similar for
the tests done with process water and thickener tank overflow water
(0%, 20%, 40%, 60%, and 80% RO). The significance of the differences
of the maximum recovery and flotation rate constants obtained with
process water and thickener tank overflow water (0%, 20%, 40%, 60%,
and 80% RO) will be discussed shortly.

Table 4 shows the significance of the difference of maximum re-
coveries (Rp) and flotation rate constants (k) between process water
(PW) and thickener tank overflow water (0%, 20%, 40%, 60%, and 80%
RO). The symbol A means the difference. Since we are looking for an
increase between the maximum recovery (Rm) and flotation rate con-
stant (k), a 1-sided test was used. For pentlandite, the difference in
maximum recoveries between PW and 40% RO and 60% RO were sta-
tistically significant (P(z) < 0.05). Thus, we can reject the null hy-
pothesis (Egs. (6) and (8) in the Appendix A). Since the differences were
negative, the maximum recovery of pentlandite using PW was lower
than those obtained with 40% RO and 60% RO. For pentlandite, the
differences of the flotation rate constants between PW and those for the
thickener tank overflow water (0%, 20%, 40%, 60%, and 80% RO) were
positive and significant (P(z) < 0.05). Therefore, we can reject the null
hypothesis (Egs. (32), (34), (36), (38) and (40) in the Appendix A). This



A. Di Feo et al.

Table 3
Maximum recovery and flotation rate constants for pentlandite, pyrrhotite and
gangue.

Pentlandite (Pn)

Run (%) k (min~?)
PW 88.69 0.700
0% RO 89.19 0.555
20% RO 91.08 0.480
40% RO 91.48 0.509
60% RO 91.85 0.516
80% RO 90.66 0.621
Pyrrhotite (Po)

Run (%) k (min~?)
PW 99.56 0.260
0% RO 99.65 0.321
20% RO 100.00 0.310
40% RO 100.00 0.307
60% RO 100.00 0.295
80% RO 98.51 0.381
Non-sulphide gangue (Ga)

Run (%) k (min™?)
PW 23.76 0.109
0% RO 22.96 0.132
20% RO 22.25 0.108
40% RO 23.57 0.117
60% RO 25.58 0.116
80% RO 23.95 0.118

implied that recycling of the thickener tank overflow water reduced the
flotation kinetics of pentlandite.

For pyrrhotite, the difference of the maximum recoveries between
PW and thickener tank overflow water (0%, 20%, 40%, 60%, and 80%
RO) was not statistically significant (P(z) > 0.05). Thus, we cannot reject
the null hypothesis (Egs. (12), (14), (16), (18) and (20) in the Appendix
A). However, the difference of the flotation rate constants between PW
and thickener tank overflow water (0%, 20%, 40%, and 80% RO) was
negative and statistically significant (P(z)<0.05). Thus, we reject the
null hypothesis (Egs. (42), (44), (46), and (50) in the Appendix A). This
implied that the flotation rate constants for pyrrhotite obtained with
thickener tank overflow water (0%, 20%, 40%, and 80% RO) were
statistically significant higher than that obtained with PW. For non-
sulphide gangue (Ga), the differences of the maximum recoveries and
flotation rate constants between PW and thickener tank overflow water
(0%, 20%, 40%, 60%, and 80% RO) were not statistically significant (P
(z) > 0.05), which implied that recycled water did not affect the flota-
tion of non-sulphide gangue (Ga). So we cannot reject the null hypoth-
esis (Egs. (22), (24), (26), (28), (30), (52), (54), (56), (58) and (60) in
the Appendix A).

Water chemistry can have a significant impact on paymetal recovery
(Liu et al., 2013). Therefore, a detailed MANOVA analysis was per-
formed on the testwork. The results of the MANOVA analysis are shown
below.

6.2. MANOVA

Two MANOVA analyses were done. The first MANOVA was per-
formed on the nickel, copper, pyrrhotite (Po), and non-sulphide gangue
(Ga) recoveries for the primary rougher concentrate 1 (first point on the
nickel + copper grade versus nickel recovery curves in Fig. 4). The
second MANOVA was done on the cumulative nickel and copper re-
coveries for the rougher-scavenger test (last point on the nickel + copper
grade versus nickel recovery curves in Fig. 4).

Table 5 shows the results of the MANOVA on the effect of water type
on nickel, copper, pyrrhotite and non-sulphide gangue recoveries for
primary rougher concentrate 1 (Eq. (62) and alternate hypothesis in the
Appendix A). The p-values were less than 0.05; thus, the nickel, copper,
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pyrrhotite, and/or non-sulphide gangue recoveries in primary rougher
concentrate 1 were significantly (statistical) different between one or
more water types. Table 6 illustrates the results of the MANOVA
(orthogonal contrasts) for the effects of process water (PW) versus
thickener tank overflow (0%, 20%, 40%, 60%, and 80% RO) for primary
concentrate 1 (Egs. (63)-(72) in the Appendix A). There were a total of
five comparisons (process water versus thickener tank overflow at 0%,
20%, 40%, 60%, and 80% RO), so the Bonferroni adjustment used was
five. The p-values in these tables were compared to o = 0.05/5 = 0.01.
All of the p-values in Table 6 were <0.01, thus, the nickel, copper,
pyrrhotite, and/or non-sulphide gangue recoveries were significantly
(statistical) affected between process water and thickener tank overflow
water (0%, 20%, 40%, 60% and 80% RO). The analysis of variance
(ANOVA) was used to determine whether nickel, copper, pyrrhotite,
and/or gangue recoveries were significantly affected (statistical). The
results of the ANOVA are shown in Table 7.

6.3. ANOVA

Table 7 shows the results of the ANOVA analysis for nickel, copper,
pyrrhotite, and gangue (non-sulphide) recoveries. There were five
comparisons; therefore, the Bonferroni adjustment used was five. The p-
values were compared to a = 0.05/5 = 0.01. For nickel recovery, the
conditions process water (PW) versus 0% RO, process water (PW) versus
60% RO and process water (PW) versus 80% RO were not statistically
significant (p > 0.01), so the null hypothesis was not rejected or there
was not enough evidence to reject the null hypothesis (Egs. (73), (79)
and (81) in the Appendix A). For copper recovery, all the p-values were
higher than 0.01, thus, the null hypothesis (Egs. (83), (85), (87), (89),
and (91) in the Appendix A) were not rejected or there was not enough
evidence to reject the null hypothesis. For pyrrhotite recovery, the only
statistically significant comparison was process water (PW) versus 80%
RO (p-value < 0.01). For the other comparisons, the null hypothesis was
not rejected (Egs. (93), (95), (97), and (99)) or there was not enough
evidence to reject the null hypothesis. The gangue recoveries between
process water and thickener tank overflow (0%, 20%, 40%, 60%, and
80% RO) were not statistically significant (p-value > 0.01). The null
hypothesis (Egs. (103), (105), (107), (109), and (111)) were not rejected
or there was not enough evidence to reject the null hypothesis.

As mentioned in the statistical analysis section, the variance for the
primary rougher concentrate 2 (second point on Ni 4+ Cu grade versus Ni
recovery in Fig. 4) cumulative nickel, copper, pyrrhotite, and non-
sulphide gangue was not constant. Therefore, one of the requirements
of the MANOVA was not met. In this case, the Kruskal-Wallis test (non-
parametric test) can be used for multivariate analysis. Table 8 shows the
results of the Kruskal-Wallis test for primary rougher concentrate 2 for
cumulative recoveries of nickel, copper, pyrrhotite, and non-sulphide
gangue. The p-values were <0.05 for all test statistics. Hence, we can
reject the null hypothesis (Eq. (144) in the Appendix A). This implied
that at least one recovery for a water type was significantly (statistically
at 95%) different from another recovery for another water type.

The Kruskal-Wallis analysis also computes the results for the effect of
water type on each of the recoveries (nickel, copper, pyrrhotite, and
gangue); the results are shown in Table 9. The p-values for nickel and
pyrrhotite were statistically significant (p-value < 0.05). This implied
that for at least one water type, the nickel and pyrrhotite cumulative
recoveries in primary rougher concentrate 2 were significantly different.
Unfortunately, the Kruskal-Wallis test cannot determine which water
types caused significant differences (statistical) in recoveries. However,
referring to Fig. 4, the primary rougher concentrate 2 nickel recoveries
for thickener tank overflow water (0%, 20%, 40%, and 60% RO) tended
to be lower than that for process water. Thus, most likely, the nickel
recovery obtained with process water was higher than those obtained
with thickener tank overflow (0%, 20%, 40%, and 60% RO). The nickel
recovery obtained with 80% RO was similar to that obtained with pro-
cess water, so most likely, these were not statistically different. Similar
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Significance results of maximum recovery and flotation rate constants for pentlandite, pyrrhotite, and gangue.

Pentlandite (Pn)

Mean A in k (min™1)
between PW and %RO

Mean A in Ry, (%)

between PW and %RO PW and %RO

z-test for R, between

z-test for k between
PW and %RO

1-sided P(z) for Ry,
between PW and %RO

1-sided P(z) for k
between PW and %RO

PW - - -

0% —0.69 0.15 0.56
RO

20% —2.20 0.22 1.32
RO

40% —2.69 0.19 1.98
RO

60% -3.28 0.19 2.64
RO

80% -1.39 0.08 1.52
RO

Pyrrhotite (Po)

4.18 0.288 0.000
5.60 0.094 0.000
5.06 0.024 0.000
5.07 0.004 0.000
1.98 0.065 0.024

Mean A in Ry, (%) Mean A in k (min™%)

z-test for R, between

z-test for k between 1-sided P(z) for Ry, 1-sided P(z) for k

between PW and %RO between PW and %RO PW and %RO PW and %RO between PW and %RO between PW and %RO

PW - - - - - -

0% 0.04 —-0.07 0.01 2.55 0.494 0.005
RO

20% 0.02 —0.05 0.01 1.87 0.497 0.031
RO

40% —-0.01 —0.05 0.00 1.86 0.499 0.031
RO

60% -0.35 —0.04 0.14 1.39 0.444 0.082
RO

80% 0.12 -0.12 0.05 6.23 0.480 0.000
RO

Gangue (Ga)

Mean A in k (min~1)
between PW and %RO

Mean A in Ry, (%)

between PW and %RO PW and %RO

z-test for R, between

1-sided P(z) for Ry,
between PW and %RO

1-sided P(z) for k
between PW and %RO

z-test for k between
PW and %RO

PW - - - - - -

0% 0.84 —0.02 0.49 1.53 0.630 0.130
RO

20% 0.83 0.00 0.27 0.19 0.394 0.426
RO

40% -0.15 -0.01 0.08 0.33 0.470 0.371
RO

60% —-2.85 0.00 0.66 0.16 0.255 0.437
RO

80% -0.11 -0.01 0.06 0.66 0.476 0.256
RO

Table 5 Table 6

MANOVA output for the effect of water type on nickel, copper, pyrrhotite, and
gangue recoveries for primary rougher concentrate 1.

Statistic p-value (Pr > F)
Wilks’ Lambda 0.0024

Pillai’s Trace 0.0197
Hotelling-Lawley Trace 0.0030

Roy’s Greatest Root <0.0001

observations can be made with pyrrhotite (Fig. 5). The pyrrhotite re-
coveries in primary rougher concentrate 2 for thickener tank overflow
water (0%, 20%, 40%, 60% and 80% RO) tended to be higher than that
for process water; thus, it is most probable that the pyrrhotite recovery
obtained with process water was lower (statistically significant) than
those obtained with thickener tank overflow water (0%, 20%, 40%, 60%
and 80% RO). For copper and gangue recoveries in primary rougher
concentrate 2 were not statistically different between the water types.
Tables 10 and 11 illustrate the MANOVA for water type and contrast
analysis, respectively, for the rougher-scavenger test (last points on the
flotation curves in Fig. 4). In this MANOVA analysis, only the cumulative
nickel and copper recoveries were considered because we wanted to
determine whether there were paymetal losses in the rougher-scavenger
tails. Table 10 illustrates the results of the MANOVA for water type. All

MANOVA output (contrast) for the effect of process water versus 0%, 20%, 40%,
60%, and 80% RO on nickel, copper, pyrrhotite, and gangue recoveries for
primary rougher concentrate 1.

Statistic PW PWversus PWversus PWversus PW versus
versus0%  20% RO 40% RO 60% RO 80% RO
RO p-value p-value p-value p-value
p-value (Pr > F) (Pr > F) (Pr>F) (Pr>F)
(Pr>F)
Wilks® 0.0031 0.0006 0.0043 0.0007 0.0006
Lambda
Pillai’s Trace 0.0031 0.0006 0.0043 0.0007 0.0006
Hotelling- 0.0031 0.0006 0.0043 0.0007 0.0006
Lawley
Trace
Roy’s 0.0031 0.0006 0.0043 0.0007 0.0006
Greatest
Root

the p-values were < 0.05; thus, the nickel and/or copper recoveries in
the rougher-scavenger test were statistically different between one or
more water types. The null hypothesis (Eq. (113) in the Appendix A) was
rejected. A contrast analysis in MANOVA (Table 11) was done to
establish which water type had a statistically significant impact on
nickel and/or copper recoveries.
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Table 7
ANOVA analysis for nickel, copper, pyrrhotite, and gangue recoveries for pri-
mary rougher concentrate 1.

Contrast Nickel Copper Pyrrhotite Gangue
recovery recovery recovery recovery
p-value (Pr p-value (Pr p-value (Pr > p-value (Pr
>F) >F) F) >F)

Process water 0.0241 0.3010 0.7636 0.4905

versus 0%RO

Process water 0.0020 0.4075 0.9615 0.9869

versus 20%RO

Process water 0.0075 0.6770 0.7521 0.2980

versus 40%RO

Process water 0.0140 0.0522 0.6764 0.8828

versus 60%RO

Process water 0.5583 0.0238 0.0048 0.3199

versus 80%RO

Table 8
Kruskal-Wallis test for water type for primary rougher concentrate 2 for cumu-
lative nickel, copper, pyrrhotite, and gangue recoveries.

Statistic p-value (Pr > F)
Wilks’ Lambda 0.0038

Pillai’s Trace 0.0135
Hotelling-Lawley Trace 0.0104

Roy’s Greatest Root <0.0001

Table 9
Kruskal-Wallis test for primary rougher concentrate 2 for cumulative nickel,
copper, pyrrhotite, and gangue recoveries.

Element/Mineral p-value (Pr > F)
Nickel 0.0040
Copper 0.1324
Pyrrhotite 0.0131
Gangue 0.8077

Table 10

MANOVA output for the effect of water type on cumulative nickel and copper
recoveries (rougher-scavenger test).

Statistic p-value (Pr > F)
Wilks’ Lambda 0.0002

Pillai’s Trace 0.0049
Hotelling-Lawley Trace <0.0001

Roy’s Greatest Root <0.0001

Table 11

MANOVA output (contrast) for the effect of process water versus 0%, 20%, 40%,
60% and 80% RO on cumulative nickel and copper recoveries for the rougher-
scavenger test.

Statistic PW PW versus PW versus PW versus PW versus
versus0%  20% RO 40% RO 60% RO 80% RO
RO p-value p-value p-value p-value
p-value (Pr > F) (Pr>F (Pr>F (Pr>F
(Pr>F)
Wilks’ 0.5519 0.2469 0.0129 0.0001 0.0002
Lambda
Pillai’s Trace 0.5519 0.2469 0.0129 0.0001 0.0002
Hotelling- 0.5519 0.2469 0.0129 0.0001 0.0002
Lawley
Trace
Roy’s 0.5519 0.2469 0.0129 0.0001 0.0002
Greatest
Root
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There were a total of five comparisons (process water versus thick-
ener tank overflow water (0%, 20%, 40%, 60, and 80% RO)), so the
Bonferroni adjustment used was five. The p-values in Table 11 were
compared to a = 0.05/5 = 0.01. The p-values for the comparisons
process water versus 0% RO, process water versus 20% RO and process
water versus 40% RO were >0.01. Therefore, the null hypothesis (Eqgs.
(114), (116) and (118)) cannot be rejected or we do not have enough
evidence to reject it. So 0% and 20% and 40% RO did not significantly
affect the nickel and copper recoveries compared to those of process
water. The comparisons between process water and 60% and 80% RO
were statistically significant. Thus, for the comparisons between process
water and 60% and 80% RO the null hypothesis can be rejected (Egs.
(120), and (122) in the Appendix A), so 60%, and 80% RO had a sig-
nificant impact on nickel and/or copper recoveries in comparison to
those of process water. In order to determine whether nickel and/or
copper recoveries were affected (60% and 80% RO), an ANOVA was
done (the ANOVA is part of the SAS program output when conducting a
MANOVA contrast analysis).

6.4. ANOVA

Table 12 shows the results of the ANOVA analysis for cumulative
nickel and copper recoveries for the rougher-scavenger test. There were
five comparisons; therefore, the Bonferroni adjustment used was five.
The p-values were compared to a = 0.05/5 = 0.01.Appendix A In the
MANOVA analysis the process water versus 40% RO was not significant;
thus, in the ANOVA it will not be considered significant even though the
p-value is <0.01. The nickel and copper recoveries for 60% and 80% RO
were significant.So we reject the null hypothesis (Egs. (130), (132),
(140) and (142) in the Appendix A) and conclude that there was a sta-
tistically significant difference in nickel and copper recoveries between
these water types.

Fig. 7 shows the profile plot for the rougher-scavenger test condi-
tions. For nickel recovery, the only statistically significant conditions
were process water versus 60%, and 80% RO as discussed previously.
There was about a 1.5% improvement in nickel recovery for 60% RO and
80% RO compared to that for process water.

For copper recovery, the conditions that resulted in statistically
significant improvements in recovery were process water versus 60%,
and 80% RO. The improvements in copper recovery were not as big as
those obtained for nickel recovery. There was about a 1%, and 1.25%
increase in copper recovery for 60% RO, and 80% RO, respectively,
compared to that for process water.

To explain the higher pyrrhotite (Po) and possibly gangue (non-
sulphide) recoveries in the concentrates, the recoveries of these minerals
were plotted against water recovery.

Figs. 8 and 9 illustrate the pyrrhotite recovery versus water recovery
and non-sulphide gangue (Ga) recovery versus water recovery, respec-
tively, for the rougher-scavenger test. The pyrrhotite recovery versus
water recovery did not follow a straight line; thus, the recovery of this

Table 12
ANOVA analysis for cumulative nickel and copper recoveries for rougher-
scavenger test.

Contrast Nickel recovery p- Copper recovery p-value (Pr
value > F)
(Pr>F)
Process water versus 0% 0.2964 0.9479
RO
Process water versus 20% 0.1517 0.1353
RO
Process water versus 40% 0.0071 0.0083
RO
Process water versus 60% <0.0001 <0.0001
RO
Process water versus 80% <0.0001 0.0016

RO
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Fig. 7. Mean cumulative copper and nickel recoveries for rougher-scavenger test. 1 = process water, 2 = 0%RO, 3 = 20%RO, 4 = 40%RO, 5 = 60%RO and 6 = 80%

RO (rougher-scavenger test).
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Fig. 8. Pyrrhotite recovery versus water recovery (rougher-scavenger test).
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Fig. 9. Non-sulphide gangue recovery versus water recovery (rougher-scav-
enger test).

mineral was mainly due to true flotation. The pyrrhotite recovery versus
water recovery was similar for all the water types. However, for the
gangue (non-sulphide gangue-Ga) versus water recovery, the relation-
ship between the two was reasonably linear for all water types. There-
fore, the main recovery mechanism for gangue (non-sulphide gangue),
for all water types, may be linked to an increase in water recovery; the
mineral phases likely reporting to the concentrate as a result of
entrainment.

7. Surface analysis
7.1. ToF-SIMS analysis

The ToF-SIMS analysis is non-quantitative because ion yields and the
resultant intensities measured for the elements of interest are very
different and dependent on the chemical environment in which the el-
ements exist (matrix effect). The data is best used to demonstrate the
presence or absence and relative proportion of species on a sample
surface for comparative analysis. In regard to the data distribution, the
discussion refers to a relative increase or decrease in measured species
intensity between grains in the samples. Differences are subtle and
typically fall over large ranges, commonly overlapping with comparison
samples. Nonetheless, the differences are significant in that they illus-
trate potential factors linking the observed recoveries.

7.1.1. ToF-SIMS surface chemistry data presentation

The intensity of selected species, detected on the grain surfaces (also
referred to as a region of interest ROI), as positive and negative ions are
presented in vertical box plots (Figs. 10 and 11). All ToF-SIMS data
presented (counts) are normalized by the total ion intensity (counts of
the recorded total mass spectrum) for the region of interest. The
normalization allows for comparison of different sized grain surface
areas (ROIs).

As the data reflects the surface analysis from >25 grains, the data is
typically highly variable. Therefore, for the comparative analysis be-
tween test samples, the normalized intensity data, plotted as vertical box
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Fig. 10. Box plots showing normalized intensity of Cu, Ni, collector PIBX, Fe, Ca, CaOH, FeO and FeOH on pyrrhotite (Py) and gangue (Ga - non-sulphide gangue)
surfaces from the process water and recycle water (thickener tank overflow water at 0%, 20%, 40%, 60% and 80% RO) samples.

plots, illustrates the relative changes in surface species abundance for
the mineral grain examined in the sample. Relative differences in the
discussion are based on the median values indicated in the figures we
think better reflect the data. The mean tends to show significant influ-
ence by data set outliers. In the vertical box plots, the median is plotted
as the solid line across the box whereas the mean is plotted as the dashed
line.

7.1.2. Pyrrhotite and Non-sulphide gangue (Ga)

The data in Fig. 10 shows slightly higher relative intensities for Ni
and Cu on the surface of pyrrhotite grains in the process water (PW)
sample. But it shows higher relative intensity for Fe on the surface of
pyrrhotite (Py) grains from the process water and 80% RO samples. The
Fe distribution would suggest that the pyrrhotite grains from the process
water and 80% RO samples have cleaner surfaces relative to the other
samples. However, the process water and 80% RO samples show greater
relative intensities for Ca and, in the 80% RO sample, CaOH (Fig. 10).
Curiously, the intensity distribution of PIBX specie is slightly lower on
grains from the process water and 80% RO samples relative to the
others. However, variability between the test samples does not appear to
be significant (Fig. 10).

Except for the 40% RO sample, the intensities of FeO and FeOH were
higher on pyrrhotite in the recycled water samples relative to the process
water sample (Fig. 10). Pyrrhotite oxidizes easily (Becker et al., 2010;
Ekmekci et al., 2010), and typically the presence of oxidative species on
the surface of grains would promote depression. However, incomplete

10

surface oxidation and development of hydrophobic species, such as
metal deficient sulphides, polysulphides, and elemental S species, can
potentially enhance pyrrhotite recovery (Kelebek et al., 2007; Multani
and Waters, 2018).

The relevant species Cu and PIBX, which could promote non-
sulphide gangue (Ga) flotation, are shown in Fig. 10. The data show
no significant discriminating intensity for either species on the surface of
the non-sulphide gangue (Ga) grains analysed between the various test
samples.

It should be pointed out that the corresponding tailings samples were
not available to compare the relative proportion of activator, collector,
and oxidation species on the grains of interest; so we do not know
whether the pyrrhotite or non-sulphide gangue grains reporting to the
tailings have a greater or lesser proportion of these species on their
surfaces. Overall, the data reveal that both sulphide and non-sulphide
gangue grains reporting to the rougher concentrates had copper,
nickel, and collector (PIBX) on their surfaces; suggesting that inadver-
tent flotation of both the pyrrhotite and non-sulphide gangue flotation is
at least partly in response to activator and collector attachment.

7.1.3. Pentlandite

The surface analysis data from pentlandite grains (Pn) (Fig. 11)
shows that the reported intensity of Ni and Fe are highest on grains from
the 60% and 80% RO samples and lowest on grains from the 40% RO
sample. The highest S surface intensity was seen on grains from the 80%
RO sample. However, S intensity discrimination between samples does
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Fig. 11. Box plot showing the normalized intensity of Ni, Fe, S, collector PIBX, Ca, NiO, SO,, and FeO, on pentlandite surfaces from the process water and recycle
water (thickener tank overflow water at 0%, 20%, 40%, 60% and 80% RO) samples.

not appear to be significant overall. The highest reported surface in-
tensities of the collector species were reported from the 0% and 40% RO
samples, whereas the other samples showed similar levels of collector
intensities. The hydrophilic species, Ca shown here but similar distri-
butions were noted for Mg, Na, K, and Al, are slightly higher on pent-
landite grains from all RO samples, but most notably from the 20%,
40%, and 60% RO samples. Nickel (Ni) and iron (Fe) oxide species are
marginally higher on pentlandite grains from the 60% and 80% RO
samples, whereas for the 40% RO sample, the intensity is significantly
lower. The relative intensity of sulph-oxy species, represented here by
SO,, is highest on pentlandite grains from the 40% RO sample compared
to the other samples.

Keeping in mind that tailings samples for pentlandite surface analysis
comparison were not available, the current data suggest that the flota-
tion of pentlandite is facilitated by collector adsorption. The high rela-
tive proportion of nickel (Ni), iron (Fe), and sulphur (S) on pentlandite,
in addition to the higher relative proportion of both Ni and Fe oxide
species from the 60% RO and 80% RO samples may suggest that re-
covery, as with pyrrhotite, is facilitated by partial oxidation and
development of hydrophobic polysulphides and elemental S species on
the surface of the grains. The overall increase in the relative proportion
of inorganic species, such as Ca, Na, and K, likely reflects the increased
proportion of these species in the concentrated recycled thickener
overflow water (Table 2).

Additional analyses of selected samples by XPS and high-resolution
SEM/EDX were performed to identify oxidation species and investi-
gate the potential presence of physical precipitates on the surface of the
grains, which may be linked to their flotation performance.

7.2. XPS analysis

For pyrrhotite, initial attempts to use XPS imaging to select grains for
analysis were unsuccessful, so larger areas centered on specific grains
were used. The survey spectra of grains from the 40% RO and process
water samples showed a poor Fe resolution, which made discrimination
between pyrrhotite and pyrite grains difficult in these samples. How-
ever, we believe that the surface processes affecting these mineral
phases would be similar. For pentlandite, groupings of 10 to 12 pent-
landite grains were analyzed from each of the selected samples.

7.2.1. Pyrrhotite

Survey spectra results for pyrrhotite in atomic percent are presented
in Table 13. The lack of Ni and Cu identified in the XPS analysis of
pyrrhotite reflects the relatively low proportion of these surface adsor-
bed components and the significantly higher surface sensitivity and
lower detection limits of the ToF-SIMS technique. Pyrrhotite grains from
the 40% RO sample had a more significant proportion of Ca, Cl, K, Na, O,
and Si on their surfaces relative to grains from the process water, 0% RO,
and 80% RO samples.

Grains from the process water and 40% RO samples had a greater
proportion of S present as sulphate and sulphite species relative to the
80% RO sample (Fig. 12). Pyrrhotite from the 0% RO and 80% RO
samples had 38% and 67% of S present as sulphide, respectively, and
show significantly fewer secondary S (SOx) species on their surfaces
relative to grains from the other three analyzed samples. All three RO
samples had similar Fe 2p results, with between 52 and 54% of the Fe
present as pyrrhotite and 46-49% present as Fe-oxide, Fe-sulphite, or Fe-
sulphate species (Fig. 12). This trend is reversed for the process water
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Table 13
Results of XPS analyses of the surface elemental composition of pyrrhotite in atomic percent (combined primary rougher concentrates 1 and 2).
Sample C Ca Cl Fe K N Na o S Si
PW - Grain 1 76.7 1 - 0.1 - 2.3 0.2 17.8 1.2 0.8
PW - Grain 2 80.5 0.4 - 0.1 - 2.4 0.3 14.5 0.7 1
0% RO — Grain 1 80.2 0.5 - 0.3 - 2.8 0.2 14.5 1.3 0.3
0% RO — Grain 2 81.8 0.6 - 0.4 - 2.5 0.4 12.5 1.1 0.6
40% RO - Grain 1 65.3 1.5 0.8 0.1 1.6 2.7 1.7 22.8 2.2 1.3
40% RO - Grain 2 68.1 1.5 0.8 0.2 1.3 3.1 1.7 20.4 1.9 1
80% RO - Grain 1 79.1 0.5 - 0.8 - 2.9 0.1 15.1 1.1 0.4
80% RO - Grain 2 81.9 0.3 - 0.7 - 3.2 0.4 12.2 0.9 0.4
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samples where the proportion of Fe as pyrrhotite is only 46% and the
proportion of Fe as oxides or sulph-oxy species is around 53%.

7.2.2. Pentlandite

Survey spectra results for pentlandite in atomic percent are pre-
sented in Table 14. Except for Na, which shows twice the surface pro-
portion on grains from the 40% RO sample, overall pentlandite grains
from the process water, 40% RO, and 80% RO samples analysed have
similar relative proportions of hydrophilic species on their surfaces.

High-resolution S 2p analysis (Fig. 13) indicates that the proportion
of elemental sulphur, S(0), on the process water and 80% RO samples is
approximately double that on the 40% RO sample. Furthermore, the
relative proportion of sulphates is higher on the grains from the 40% RO
samples. Pentlandite grains from the 40% RO and 80% RO samples show
similar percentages of Fe present as pentlandite (12%) and secondary Fe

Fig. 13. Results of high-resolution S 2p, Fe 2p, and Ni 2p XPS analyses of
pentlandite as a percentage of total sulphur, iron, and nickel, respectively. Note
the data shows the average of groups of pentlandite grains (combined primary
rougher concentrates 1 and 2).

species (87%); the process water (PW) sample has slightly higher Fe
proportions at 18%. Grains from the 40% RO and 80% RO samples show
similar percentages of Ni present as pentlandite (23% and 20%,
respectively), with Ni on the grains from the PW sample at 17%. Both the
total Fe and Ni oxide/sulphite/sulphate species are higher on the surface
of pentlandite grains from the 40% and 80% RO samples.

The high-resolution S 2p, Fe 2p, and Ni 2p results support the
contention that the formation of hydrophobic metal deficient sulphides,
polysulphides, and elemental S, through the partial oxidation of pyr-
rhotite and pentlandite surfaces may have facilitated flotation.

Table 14

Results of XPS analyses of the surface elemental composition of pentlandite in atomic percent (combined primary rougher concentrates 1 and 2).
Sample B C Ca Cu Fe K Mg N Na Ni o S Si
PW — Group 1 0.8 67.1 1 0.1 0.4 - 0.4 2.6 1 0.5 22.9 2.3 0.9
PW - Group 2 0.8 70.1 1 0.1 0.7 0.3 0.4 1.9 1 0.4 20.4 2 0.9
40%RO - Group 1 0.9 66.1 1.1 - 0.3 0.5 0.3 2 2.4 0.2 23.5 1.8 0.9
40%RO — Group 2 0.7 69.4 0.6 - 0.3 0.2 0.3 2.3 2.1 0.1 21.7 1.1 1.2
80%RO - Group 1 0.4 70.1 1.4 - 0.1 - 0.3 2.4 0.8 0.1 21.7 1.3 1.3
80%RO — Group 2 0.4 68.6 1.4 - 0.4 - 0.4 2.2 1.2 0.3 22.3 2 0.8
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SEM/EDX analysis

7.2.3. Pyrrhotite

High-resolution SEM images, EDX elemental X-ray intensity maps,
and semi-quantitative elemental analysis data of pyrrhotite grains and
precipitates on their surface are presented in Figs. 14 and 15 and
Table 15. Three types of physical features in varying amounts were
identified on the surface of the analyzed grains: 1) flocculated material
(Fig. 14a), 2) clusters of small needle-like, platelet and aggregate
physical precipitates (Fig. 14b,c), and 3) thin, discontinuous gangue
layers (Fig. 15). The flocculated material and surface gangue coatings
are primarily silicates, whereas the physical precipitates are predomi-
nantly composed of Ca, O, Na, Si, K, and Cl (Table 15). The gangue layers
were observed on pyrrhotite from all of the analyzed samples, however
physical precipitates were only observed on a minor number of grains
from the 0% RO and 40% RO samples.

7.2.4. Pentlandite

High-resolution SEM images and EDX elemental X-ray intensity maps
of gangue layers on the surface of a pentlandite grain are presented in
Fig. 16. Two types of physical features in varying amounts were iden-
tified on the surface of the analyzed pentlandite grains: 1) flocculated
material, and 2) thin, discontinuous gangue layers (Fig. 16). The floc-
culated material and surface gangue coatings are primarily silicates,
with a minor number of oxide coatings also identified on a few of the
analyzed pentlandite grains. The gangue layers were observed on
pentlandite from all of the analyzed samples.

8. Discussion

The process water (PW) had a lower concentration of dissolved
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species relative to thickener tank overflow water at the various degrees
of reverse osmosis (RO) recirculation (0%, 20%, 40%, 60%, and 80%).
The calcium, sulphate, copper, potassium, sodium, sulphite, TDS, total
organic carbon (TOC), and total carbon (TC) concentrations and except
for magnesium and total inorganic carbon (TIC), showed a linear con-
centration increase relative to the process water and thickener tank
overflow water using reverse osmosis. In particular, the 40%, 60% and
80% RO samples showed high TDS concentrations (3388-4760 mg/L).
This phenomenon is expected because when streams are recirculated,
the concentration of species in solution and the TDS will increase.
Higher concentrations of several species can cause inadvertent activa-
tion of non-sulphide and silicate gangue minerals, causing a decrease in
selectivity (Liu et al., 2013). The higher TDS will decrease the bubble
size resulting in a higher bubble surface area flux (Liu et al., 2013).

In contrast, the smaller bubbles increase the particle-bubble collision
probability (Bourniva et al., 2012; Pugh et al.,, 1997), and particle-
bubble attachment efficiencies (Hewitt et al., 1994). This phenomenon
will change the flotation rate of both valuable and non-valuable min-
erals. High ionic strength solutions can also influence mineral flotation
by surface passivation through the attachment of ions leading to
depression and reducing collector-induced particle-bubble attachment
probability (October et al., 2019).

There were no nickel and copper recoveries losses by recirculating
thickener tank overflow water (0%, 20%, 40%, 60%, and 80% RO)
relative to the process water. The nickel and copper recoveries (rougher-
scavenger test) increased at a high percentage of RO recirculation ( 60%
and 80%) relative to those obtained with process water. However, this
occurred at the cost of lower nickel + copper grades. Chemical assays
and examination of the flotation products identified pyrrhotite as one of
the gangue minerals responsible for the lower grade. The cause for
pyrrhotite recovery in all flotation tests identified by surface analysis

Fig. 14. High-resolution SEM images of surface particles and physical precipitates on pyrrhotite grains from the analyzed samples. (A) representative image of a
clean grain surface with a minor amount of flocculated material (0% RO sample; 5000x). (B) Small needle-like and platelet crystals (0% RO sample; 20,000 x). (C)
Aggregate crystals that appear to have formed around flocculated material (white arrow) (40% RO sample; 20,000 x) (combined primary rougher concentrates 1

and 2).
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Fig. 15. BSE image and EDX element maps of thin gangue layers (white arrows) on a pyrrhotite grain from the 80% RO sample. The layer is predominantly composed

of Si, O, Al, and Mg (combined primary rougher concentrates 1 and 2).

Table 15

EDX analyses of small needle-like crystals from the 0% RO sample (Fig. 12b), and aggregate crystals and clean pyrrhotite surface from the 40% RO sample (Fig. 12c).

All data in wt.% (combined primary rougher concentrates 1 and 2).

Area of analysis C o Na Mg Si K Ca Cl S Fe Ni
Small needle-like crystals 19.8 31.5 5.3 0.5 3.9 1.0 2.5 1.2 8.3 24.6 1.4
Aggregate crystals 14.7 25.5 4.7 0.7 1.6 2.3 10.4 - 23.8 16.4 -
Clean pyrrhotite surface 17.9 7.1 - - - - - - 36.9 38.1 -

w

Si

Fig. 16. BSE image and EDX element maps of thin gangue layers (white arrows) on a pentlandite grain from the 40% RO sample. The layers are predominantly

composed of Fe, O, Mg, and Ca (combined primary rougher concentrates 1 and 2).

appeared to be linked to inadvertent activation by nickel, copper, and
xanthate surface adsorption. However, the flotation tests showed that
pyrrhotite recovery remained consistent regardless of the various de-
grees of thickener tank overflow water recirculation water (RO water)
used in the test.

The ToF-SIMS and XPS surface analysis did not identify a clear link

14

between an increase in ionic strength and a corresponding increase in
the relative proportion of activating species on grain surfaces. Pyrrhotite
surface analysis showed the presence of oxidative species (FeOx, SOx),
gangue surface coatings, and physical precipitates identified in various
proportions on grains from the samples investigated. Previous studies
have shown that increasing concentrations of ions, such as calcium, can
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negatively affect pyrrhotite flotation by adsorbing onto grain surfaces
and creating a hydrophilic layer that inhibits xanthate adsorption
(Multani and Waters, 2018). Ion products, such as calcium sulphate (e.g.
gypsum), can also change the surface chemistry of minerals if they
exceed the system’s solubility level and precipitate in solution or
nucleate on mineral surfaces. SEM/EDX analysis identified crystals
composed of hydrophilic species, including calcium and oxygen, on the
surface of pyrrhotite from the 0% and 40% RO samples. While the
samples examined were from flotation concentrates, these passivating
agents, when present in significant proportions, can inhibit pyrrhotite
flotation by limiting activator and collector attachment and decreasing
the hydrophobicity of pyrrhotite surfaces. Examination of grains from
the tailings would likely reveal a higher relative proportion of these
species on the pyrrhotite surfaces leading to their depression.

Interestingly, apart from elevated FeO and Ca species, surface anal-
ysis of pyrrhotite from the 80% RO concentrate suggested that the grains
appeared to have relatively clean surfaces. The lack of surface species on
the pyrrhotite surface may have led to higher recovery relative to pro-
cess water. This lack of surface species on the pyrrhotite may be related
to the high concentration of species in the 80% RO water which are
partially fixed within the slurry and therefore no longer able to interact
with the surface of the mineral phases.

The pyrrhotite flotation performance was probably due in part to the
higher bubble surface area flux caused by the higher TDS. The higher
TDS in the water will result in smaller bubble sizes and an increase in the
overall number of bubbles, which will result in a higher bubble surface
area flux (Liu et al., 2013; Levay and Schumann, 2006). This may have
provided an opportunity for a more significant relative number of acti-
vated pyrrhotite grains to attach to bubbles and be recovered to the
rougher concentrates (primary concentrate). Liu et al. (1993) deter-
mined that the number of bubbles increased from 100 for tap water to as
high as 440 for recycled water and that the average bubble size for tap
water was 2.9 mm compared to 1.9 mm for recycled water. These
chemically induced physical changes to the bubble characteristics can
significantly affect the flotation rate of both the value and non-value
minerals. In this test work, the mineral recovery versus water recovery
curve profiles for pyrrhotite and gangue were significantly different;
similar to a typical flotation profile for pyrrhotite and linear for the
gangue (non-sulphide gangue) minerals (Figs. 8 and 9). This data sug-
gests that a greater portion of the recovered gangue (non-sulphide
gangue) may have been through entrainment, whereas the pyrrhotite
recovery may be more linked to inadvertent activation. As the TDS
increased with the different %RO waters included in the flotation tests,
there was no observed increase in the relative proportion of gangue
(non-sulphide gangue) entrainment to the concentrates. This data in-
dicates no linear link between the ionic strength of the solution and the
degree of entrainment resulting from bubble size and surface area flux. It
suggests that a reduction in bubble size reached its limit at the lower
ionic strengths in the tests. Consistent bubble sizes and surface area
fluxes allowed for a similar degree of froth drainage, resulting in
consistent gangue removal across all tests.

The consistent recovery of pyrrhotite in the various tests performed
may also be partially linked to the flotation pulp’s ionic strength. One
possible explanation is that an increase in solution ionic strength
resulted in a change in the zeta-potential of pyrrhotite decreasing the
adsorption capacity of activating species and collectors (October et al.,
2019). If the change in zeta potential occurred at relatively low ionic
strengths, the relative proportion of adsorbed species linked to flotation
would be limited, beginning at the low %RO recirculation. This would
constrain pyrrhotite’s adsorption capacity in all the various %RO tests
limiting the relative surface proportion of activators and collectors
producing very similar flotation responses.

The gangue (non-sulphide gangue) was recovered due to entrain-
ment and accidental activation by copper ions and xanthate species. The
recovery of gangue (non-sulphide gangue) did not change between all
the water types. This observation can be explained by the fact that
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copper and xanthate levels on the surface of analyzed gangue (non-
sulphide gangue) grains were not significantly different between the six
samples.

Regarding flotation kinetics, the ToF-SIMS, XPS and SEM/EDX data
indicate, similar to the pyrrhotite, that pentlandite grains from the
process water and 80% RO samples have cleaner surfaces relative to
pentlandite from the 0%, 20%, 40% and 60% RO samples. As previously
mentioned, calcium, sulph-oxy species and surface gangue layers in-
crease the hydrophilicity of sulphide minerals, which may account for
the reduced flotation kinetics of pentlandite observed for the 0%, 20%,
40% and 60% RO samples relative to the process water and 80% RO
samples. Overall, pentlandite grains from the 0%, 20%, 40% and 60%
RO samples showed a higher relative proportion of surface gangue
material coverage compared to the process water and 80% RO samples,
therefore it follows that those samples would show poorer flotation ki-
netics. The cleaner surfaces at 80% RO may be linked to the higher zeta-
potential due to the higher concentration of solute (October et al.,
2019). This will make the adsorption of ionic species and precipitates by
pentlandite more difficult. Cleaner pentlandite surfaces and a greater
relative proportion of elemental sulphur and polysulphides on pent-
landite in the process water and 80% RO samples contributed at least in
part to the faster flotation kinetics compared to those obtained with 0%,
20%, 40% and 60% observed during testing.

Another implication of thickener tank overflow water recirculation
for the concentrator is that the increasing calcium species (656 mg/L for
process water to 1754 for 80% RO) in a solution can increase pipe and
equipment scaling, particularly at higher thickener tank overflow water
recirculation. This is an existing issue for this particular concentrator,
and increasing the thickener tank overflow water would potentially
cause more frequent plant shutdowns resulting in significant financial
impacts.

A point worth noting is that due to the lower pentlandite flotation
kinetics obtained with 0%, 20%, 40%, 60% and 80% RO the pentlandite
recovery will increase in the upper part of the rougher-scavenger circuit
(lower recovery in the primary roughers and secondary roughers and
higher recovery in the pyrrhotite roughers). This means that more
pentlandite will report to the pyrrhotite rejection circuit (full flowsheet
not shown in this article), which will incur pentlandite losses in the
pyrrhtite rejection circuit since no circuit has a 100% recovery of pay-
metals. For this reason, water treatment will play a key role to clean the
thickener tank overflow water and restore the flotation kinetics closer to
that obtained with process water.

Water treatment of the thickener tank overflow prior to recirculation
to the grinding circuit is required. The testing of various technologies
(reverse osmosis, vacuum membrane distillation, etc.) and the per-
centage of the thickener tank overflow water treated will be part of a
separate investigation. After completing the water treatment technolo-
gies testing in the laboratory, water treatment pilot plant testing will be
done at the concentrator.

9. Conclusions

Pyrrhotite flotation in the water types tested (process water, 0%,
20%, 40%, 60%, and 80% RO), was due in part to inadvertent acti-
vation by nickel, copper, and xanthate species.

Pyrrhotite recovery for the RO water types was higher than that

obtained for the process water.

— This phenomenon was not caused by higher quantities of inad-
vertent species or collector on the pyrrhotite surfaces. The amount
of these species on the pyrrhotite surfaces was similar between the
samples.

— The higher pyrrhotite recovery was most likely caused by smaller
bubble size and higher bubble surface area flux generated by the
higher TDS.

Pyrrhotite recovery was similar at 0%, 20%, 40%, 60%, and 80% RO.
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— Adsorption of xanthate collector on pyrrhotite surfaces appears to
be inhibited by the formation or concentration of surface oxidative
species, fine gangue layers, calcium species, and physical pre-
cipitates. This may explain why the higher %RO samples (60% and
80% RO) did not result in higher pyrrhotite recovery relative to the
lower %RO samples (0%, 20%, and 40% RO).

- Pyrrhotite in the 80% RO sample appeared to have cleaner surfaces
than pyrrhotite from the 0% and 40% RO and process water
samples. Species may be fixed within the slurry and unavailable to
interact with grain surfaces. Perhaps higher zeta-potential at
higher solute concentrations may have resulted in lower ionic
species and precipitate adsorption.

e The recovery of gangue (non-sulphide gangue) minerals for all the
water types was caused by copper and xanthate species (inadvertent
activation) and water recovery.

— The recovery of gangue (non-sulphide gangue) remained constant
for all the water types.

e The calcium, sulphate, calcium, copper, potassium, sodium, sulphite,
TDS, total organic carbon (TOC), and total carbon (TC) concentra-
tions were the lowest for the process water stream. These concen-
trations increased when the thickener tank overflow water was
recirculated in reverse osmosis (RO).

o The following conclusions level can be made at the 95% confidence:
— For the primary rougher concentrate 1

m The nickel recoveries decreased (statistically significant)
for 20% and 40% RO compared to that of process water.

m The nickel recoveries for 0%, 60% and 80% RO was not
significantly (statistical) affected compared to that ob-
tained with process water.

m The copper and non-sulphide gangue recoveries for 0%,
20%, 40%, 60%, and 80% RO were not significantly
(statistical) affected compared to that obtained with
process water.

— For the primary rougher concentrate 2 (Kruskal-Wallis test was
used)

m The nickel and pyrrhotite recoveries were significantly
(statistical) different between the water types tested
(process water, 0%, 20%, 40%, 60%, and 80% RO).

m The copper and gangue (non-sulphide gangue) recoveries
were not significantly different between the water types
tested (process water, 0%, 20%, 40%, 60%, and 80% RO).

Appendix A
Maximum recovery for pentlandite (Pn) (R, in %)
Process water versus 0% RO

Haiterence = abs(—0.69)

Hdifterence > ab5(7069)

Process water versus 20% RO
/’ldifference = abs(—220)
/’ldifference > abs(—220)

Process water versus 40% RO
iudifference = abS(7226)
l’ldifference > ab5(7269)

Process water versus 60% RO

Hitference = abS(7328)

Hitference > abS(7328)
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— The nickel and copper recoveries (rougher-scavenger test) for
60%, and 80% RO increased (statistically significant) compared to
that of process water.

— Flotation kinetics

m The pentlandite flotation rate constants for 0%, 20%,
40%, 60%, and 80% RO were significantly (statistical)
different from that obtained with process water.

m The pyrrhotite flotation rate constants for 0%, 20%, 40%,
and 80% RO were significantly (statistical) different from
that obtained with process water. The P(z) value for 60%
RO was 0.082; this value was slightly higher than 0.05.

m The gangue flotation rate constants for 0%, 20%, 40%,
60% and 80% RO were not significantly (statistical)
different from that obtained with process water.

Cleaner pentlandite surfaces and the development of hydrophobic

metal deficient sulphides, polysulphides, and elemental S species

promoted faster flotation kinetics in the process water and 80% RO
samples compared to the other four samples.

— Pentlandite flotation may be hindered by the presence of hydro-
philic species, including oxidative species and surface gangue
layers, both of which appear to have contributed to the lower
flotation kinetics observed for the 0%, 20%, 40%, and 60% RO
samples.
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Process water versus 80% RO
Hditference = abS(—l 93)

Haitterence > abs(—1.93)

Maximum recovery for pyrrhotite (Po) (Ry, in %)

Process water versus 0% RO
Hitterence = 0-04
Hifference > 0-04

Process water versus 20% RO
Hirerence = 0-02
Hitterence > 0-02

Process water versus 40% RO
Haitterence = abs(—0.01)
Haitterence > abs(—0.01)

Process water versus 60% RO
Haitterence = abs(—0.35)
Haitterence > abs(—0.035)

Process water versus 80% RO
Haitterence = 0-12

Hifterence > 0-12

Maximum recovery for non-sulphide gangue (Ga) (R, in %)

Process water versus 0% RO
Hgiference = 0-84
Hirerence > 0-84

Process water versus 20% RO
Haitference = 0-83
Haifference > 0-83

Process water versus 40% RO
Haiterence = abs(—0.15)
Haifference > abs(—0.15)

Process water versus 60% RO
Haifference = abs(—2.85)
Haiference > abs(—2.85)

Process water versus 80% RO
Haiterence = abs(—0.11)

Hifterence = abs(foll)
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Flotation rate constant for pentlandite (Pn) (k in min—1)

Process water versus 0% RO
Hifterence = 0-15
Hdisterence > 0-15

Process water versus 20% RO
Hifference = 0-22
Hifference > 0-22

Process water versus 40% RO
Haifference = 0-19
Hdifference > 0-19

Process water versus 60% RO
Hifference = 0-19
Hifference > 0-19

Process water versus 80% RO
Haifference = 0-08

Haifference > 0-08

Flotation rate constant for pyrrhotite (Po) (k in min~ 1)

Process water versus 0% RO
iudifference = abS(7007)
Hdifterence > ab5(7007)

Process water versus 20% RO
/'{difference = abs(—005)
/'{difference > abS(f()OS)

Process water versus 40% RO
”difference = abS(—OOS)
Hdifterence > abs(foos)

Process water versus 60% RO
l'{difference = abS(7004)
l'{difference > abS(7004)

Process water versus 80% RO

Hitference = abS(—O. 12)

Hitference > abS(—O, 12)

Flotation rate constant for non-sulphide gangue (Ga) (k in min~1)

Process water versus 0% RO
Hdifference = abs(—0.02)
Hifference > abs(—0.02)

Process water versus 20% RO

Haitterence = 0-00
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Haitterence > 0-00 (55)
Process water versus 40% RO

Haitference = abs(—0.01) (56)

Haifterence > abs(—0.01) (57)
Process water versus 60% RO

Hifference = 0-00 (58)

Haifference > 0-00 (59)

Process water versus 80% RO

Haitterence = abs(—0.01) (60)
Haitference > abs(—0.01) (61)
”diﬁ‘m‘mre

MANOVA

For the notation in this section, PW stands for process water. Also, ji stands for the mean of the variable in question. For example, jinj rec Signifies the
mean of the nickel recovery.
Water Type (primary rougher concentrate 1):

Null hypothesis

Hyi Hyi Hyi Hyi Pi Hyi

Hao L pw = | Feo Jowro = | #eo |20%R0 = | #eo |40%R0 = | Hon |60%RO = | Heu | 80%RO (62)
Hpo Po Po Po Hpo Po

Héa Héa Héa Héa Héa Héa

Alternate hypothesis
The alternate hypothesis is that at least one recovery for a water type is significantly (95%) different to another recovery for another water type.
For example, the mean nickel recovery for the process water (PW) is not equal to the mean nickel recovery for the 0% RO etc.

Orthogonal Contrast tests (primary rougher concentrate 1)
Differences among treatments can be done using orthogonal contrasts. Contrasts involve linear combinations of the variables (Johnson, 2019).

process water versus 0%RO
Null hypothesis

Hyi Hyi
Hewu PW = Hey 0%RO (63)
Hpo Po
Héa Héa

Alternate hypothesis

Hui Hyi
Hew | pw £ | Hao lo%RO (64)
Hpo Hpo
Héa Héa

process water versus 20%RO

Null hypothesis
Hyi i
Heo | pw = | Feo |20%R0 (65)
Hpo Hpo
Héa Héa

Alternate hypothesis

Hyi Hyi
Hao | pw £ | Hao |20%R0 (66)
Hpo Hpo
Héa Héa

process water versus 40%RO
Null hypothesis
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Hi Hyi
Few | pw = | #oo |40%R0O
Hpo Hpo
Héa Héa

Alternate hypothesis

Hyi Hyi
Heu | pw # Heu | 20RO
Hpo Po
e Héa

process water versus 60%RO

Null hypothesis
Hi Hni
Hew | pw = | P |60%RO
Hpo Po
Héa Héa

Alternate hypothesis

Hyi Hyi
Fao V pw 2 | Heo 1 60%RO
Hpo Hpo
Héa Héa

process water versus 80%RO

Null hypothesis

Hni Hyi

Few | pw = | #eo | 80%RO
Po Hpo

Hea Hea

Alternate hypothesis

Hui Hyi

Hew | pw £ | Heo | 80%RO
Hpo Hpo

Héa Héa

ANOVA

Nickel recovery
process water versus 0%RO
Null hypothesis

(Hnirec) PW = (Mige.)0%RO
Alternate hypothesis
(Uxiree)PW 7 (Myigee)0%RO

process water versus 20%RO
Null hypothesis

(Hyigee)PW = (Uyipee)20%RO
Alternate hypothesis
(Hnirec)PW # (Hiigec)20%RO

process water versus 40%RO
Null hypothesis

(iree)PW = (Hyige. )40%RO
Alternate hypothesis
(Hnirec)PW # (Hiigec)40%RO

process water versus 60%RO
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(67)

(68)

(69

(70)

(71)

(72)

(73)

74)

(75)

(76)

77)

(78)
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Null hypothesis
(Hnigee)PW = (Hyigec)00%RO
Alternate hypothesis
(Hiree)PW # (Hyigec)60%RO

process water versus 80%RO
Null hypothesis

(Hniree) PW = (Hiie.)80%RO
Alternate hypothesis
(Hniree)PW # (Hyige)80%RO

Copper recovery
process water versus 0%RO
Null hypothesis

(HcureePW = (Hcupec)O%RO
Alternate hypothesis
(Hcurec)PW # (Hcurec)0%RO

process water versus 20%RO
Null hypothesis

(Ucuree)PW = (Hupee)20%RO
Alternate hypothesis
(:MCuRec)PW 76 (,MCMREC)ZO%RO

process water versus 40%RO
Null hypothesis

(Hcuree)PW = (Heupee)A0%RO
Alternate hypothesis
(/’lCuRe(')PW 7é (ﬂc,,ke(»)“O%RO

process water versus 60%RO
Null hypothesis

(Ucuree)PW = (Hcuree)00%RO
Alternate hypothesis
(”CuRec)PW 7é (”CuRec)60%R0

process water versus 80%RO
Null hypothesis

(Hcuree)PW = (Hcurec)80%RO
Alternate hypothesis
(Hcuree)PW # (Heupee)80%RO

Pyrrhotite recovery
process water versus 0%RO
Null hypothesis

(Hporee)PW = (Hporec) 0% RO
Alternate hypothesis
(Hporee)PW # (Hpore.) 0% RO

process water versus 20%RO
Null hypothesis
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(79)

(80)

(81)

(82)

(83)

(84)

(85)

(86)

(87)

(88)

(89)

(90)

(oD

(92)

(93)

94
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(Hporee) PW = (Hpogec)20%RO
Alternate hypothesis
(Hporec)PW # (Mpopec)20%RO

process water versus 40%RO
Null hypothesis

(Hporee) PW = (Hpopec)40%RO
Alternate hypothesis
(Hporec) PW # (Hpogec)30%RO

process water versus 60%RO
Null hypothesis

(Hporec) PW = (Hpopec)60%RO
Alternate hypothesis
(Hporec)PW # (Hpopec)00%RO

process water versus 80%RO
Null hypothesis

(poree PW = (Hporee)80%RO
Alternate hypothesis
(Hporec)PW # (Hpopec)80%RO

Gangue recovery
process water versus 0%RO
Null hypothesis

(HgareePW = (Hgarec)0%RO
Alternate hypothesis
(HgareePW # (Hgarec)O%RO

process water versus 20%RO
Null hypothesis

(HGareePW = (Hgurec)20%RO
Alternate hypothesis
(UGaree)PW # (Hgarec)20%RO

process water versus 40%RO
Null hypothesis

(HGaree PW = (Hgaree)40%RO
Alternate hypothesis
(Haree PW 7 (Hgaree)40%RO

process water versus 60%RO
Null hypothesis

(UGaree)PW = (Hgapee)60%RO
Alternate hypothesis
(HGaree PW # (Hgare.)00%RO

process water versus 80%RO
Null hypothesis

(UGaree)PW = (Hgapee)80%RO

Alternate hypothesis
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(95)

(96)

97)

(98)

(99

(100)

(101)

(102)

(103)

(104)

(105)

(106)

(107)

(108)

(109)

(110)

(111)
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(UGarecPW 7 (Hgapec)30%RO 112)

Water Type (rougher-scavenger flotation):
Null hypothesis

(”N—R) PW = (”’V—R> 0%RO = (}’j”—’*) 20%R0O = (”N—R> 40%RO = (”N—R) 60%RO = (”N—R) 80%RO (113)
Hcuree Hcurec CuRec Hcurec HKcurec Hcuree

Alternate hypothesis

The alternate hypothesis is that at least one recovery for a water type is significantly (95%) different to another recovery for another water type.
For example, the mean nickel recovery for the process water (PW) is not equal to the mean nickel recovery for the 0% RO etc.

Orthogonal Contrast tests (rougher-scavenger flotation)

Differences among treatments can be done using orthogonal contrasts. Contrasts involve linear combinations of the variables He, 2013(Johnson
and Wicher, 2019).

process water versus 0%RO

Null hypothesis

ijkec ) PW — <HN1'RE<'> 0%RO 114)
CuRec Hcuree
Alternate hypothesis

CMRM)PW # <ﬂNiRe£> 0%RO (115)

CuRec Hcurec

process water versus 20%RO
Null hypothesis

(l’tNiRgC ) PW — (”NiRe—" ) 20%RO (116)
Hcuree Hcurec
Alternate hypothesis
Hnirec Hniree
) PW £ | =< )20%RO 117)

Heuree Hcurec

process water versus 40%RO
Null hypothesis

(ﬂsz)PW _ <ﬂNiRec>4O%RO (118)
Hcurec Hcuree
Alternate hypothesis
HniRec HniRec
PW # 40%RO (119

CuRec Hcurec

process water versus 60%RO
Null hypothesis

(:lNiRec ) PW = <MNiR(’(‘> 60%R0 (120)
CuRec Hcurec
Alternate hypothesis
Hnirec Hyirec
R PW #£ | £ )60%RO (121)

Hcurec Hcurec

process water versus 80%RO
Null hypothesis

(ﬂmm> P — <ﬂmm> S0%RO (122)
Hcurec Hcurec

Alternate hypothesis
(”NiRer ) PW 7& <”NiReC> 80%RO (123)
Hcurec Hcuree

ANOVA

Nickel recovery
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process water versus 0%RO
Null hypothesis

(Hxigec)PW = (HyigecJO%RO
Alternate hypothesis

(Hxigec)PW 7 (HyigecJO%RO

process water versus 20%RO
Null hypothesis

(nirec) PW = (Hiigec)20%RO
Alternate hypothesis
(Hnirec)PW # (Hiiec)20%RO

process water versus 40%RO
Null hypothesis

(Hwirec )PV = (Hyige. )40%RO
Alternate hypothesis
(Hnirec)PW # (Hiige.)40%RO

process water versus 60%RO
Null hypothesis

(niree) PW = (Hiige.)60%RO
Alternate hypothesis
(Hniree)PW # (Hpigec)60%RO

process water versus 80%RO
Null hypothesis

(Uniree)PW = (Hiyigee)80%RO
Alternate hypothesis
(Uniree)PW # (Hiigec)80%RO

Copper recovery
process water versus 0%RO
Null hypothesis

(Hcuree PW = (Hcurec) 0%RO

Alternate hypothesis
(Hcuree)PW # (Hcupee)0O%RO

process water versus 20%RO
Null hypothesis

(Heuree)PW = (Hcuree)20%RO
Alternate hypothesis
(Hcuree PW # (Hcurec)20%RO

process water versus 40%RO
Null hypothesis

(Hcuree)PW = (HeupecJAO%RO
Alternate hypothesis
(ﬂCuRe(-)PW 7é (ﬂc,,ke(.)“()%RO

process water versus 60%RO
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(124)

(125)

(126)

127)

(128)

(129)

(130)

(131)

(132)

(133)

(134)

(135)

(136)

(137)

(138)
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Null hypothesis
(Huree)PW = (Hcuree)00%RO
Alternate hypothesis
(Heuree)PW # (Heugee)60%RO

process water versus 80%RO
Null hypothesis

(Mcuree) PW = (Ucypec)80%RO
Alternate hypothesis
(Heuree) PW 7 (Hcuree)80%RO

Kruskal-Wallis test
Null hypothesis
Hi Hni Hi Hi
Hao | pw = | Ha |o%ro = | Hou [20%R0 = | Heu |40%R0 =
Hpo Hpo Po Po
Héa Héa Héa Héa

Alternate hypothesis

Hni
Heu
H Po
HGa

Minerals Engineering 170 (2021) 107037

(140)
(141)
(142)
(143)
1%
60%RO = | #cu |80%RO (144)
Po
ﬂGa

The alternate hypothesis is that at least one recovery for a water type is significantly (95%) different to another recovery for another water type.
For example, the mean nickel recovery for the process water (PW) is not equal to the mean nickel recovery for the 0% RO etc.
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