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Abstract: To save freshwater resources and comply with environmental regulations, minerals
processing operations are transitioning to partially or fully closed water circulation. However,
the accumulation of electrolytes and the addition of reagents lead to changes in water composition
and may compromise flotation performance and plant maintenance. As a consequence, costly
modifications are often required to cope with these challenges. Therefore, knowledge about water
quality variation owing to closed water circulation and its potential effect on the flotation performance
is crucial. The experimental methodology presented in this paper targeted three main objectives:
(1) predicting the tendency of the accumulation of elements and compounds into the process water
during comminution, flotation, and storage in tailings facilities; (2) establishing a relationship between
laboratory results and plant historical water quality data; and (3) predicting the potential effect of
recycling water on flotation performance. The results obtained with Boliden Kevitsa ore showed a
good correlation between the water matrix of the actual process water on-site and that obtained in
the ore dissolution tests done in the laboratory. The final water composition came close to the process
water in terms of major elements and some of the minor elements. Additionally, the work presented
in this paper demonstrated that a dissolution loop allowed us to predict the potential impact of the
recycling water on the ore flotability. This methodology could serve as an aid for predicting water
quality matrix variation and designing closed water circulation systems at existing and new plants.

Keywords: water management in mining; prediction of water variation; water recycling in mining;
effect of recycled water on flotation; flotation

1. Introduction

Due to water scarcity in many regions in the world and environmental regulations enforced by the
governments, mining operations need to lower their freshwater intake used for metallurgical processes
and the volume of wastewater discharged in the surrounding environment. For this reason, closed
water circulation solutions are progressively adopted to reduce water consumption and environmental
footprints of the mining industry. However, the impacts of recycling on water quality are obvious and
well documented in the literature [1–6]. Already since the 1980s, publications pointed out that flotation
in fresh-water and recycled water with the same ore in the same conditions often produced different
results. At the same time, modern flotation concentrators are still designed and optimized based on
several metallurgical batch flotation and pilot-scale tests using only fresh tap water in the location
where the testing is done. In other words, the effect of water recycling on flotation performance is not
included in the plant design and process selection. Consequently, this action contributes to the gap
between laboratory results and true plant performance [7].
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The literature indicates that the accumulation of dissolved species—both organic and inorganic,
suspended solids (SS), residual reagents, and bacteria—can have detrimental impacts on the froth
flotation performance, but some positive effects also exist [1,2,4,8–10]. However, as the variation of
water quality due to recycling is various and case dependent, its impacts are also case dependent.

Commonly, the first effect of recycling on water quality is the accumulation of total dissolved
solids (TDS) due to the dissolution and oxidation of the ore. Additionally, the inorganic ions derived
from the flotation reagents also slightly contribute to this increase of TDS [11]. The literature indicates
that the accumulation of species can have negative effects on the success of the froth flotation process,
but some positive effects also exist [4,6,8,9]. However, in some cases, the effects might only be seen
months after recycling started due to the time delay from the tailings storage facilities to the plant [4]
and time to reach a concentration high enough for the process to be affected [12]. It is well-known that
the presence of salts in water plays an important role in the stabilization of the froth [13]. Wellham et al.
(1992) [14] and Kurniawan et al. (2011) [15] proved that high salt concentration (NaCl) had a positive
effect on the flotation of nickel sulfide minerals as it induced particle coagulation and reduced electrical
double layer between the particles and the air bubbles. However, when the concentrations of species
become too high and, at the same time, the conditions change to favor precipitation, it can represent a
threat to the process. It was documented by Levay et al. (2001) [16] and Rao and Finch (1989) [6] that
the sudden changes in pH and Oxidation Reduction Potential ORP could precipitate colloidal particles
as crystallites and gels, which could remain dispersed in solution or attached to mineral particle
surfaces and create a hydrophilic surface layer. Additionally, it was recognized that the dissolved
species precipitating as metal hydroxide due to the pH adjustment process could coat the minerals and
then reduce the recovery of the valuable minerals [17,18].

The recycling of water could increase the amount of suspended solids (SS) in the water, particularly
in short water cycle systems [2]. The accumulation of fine gangue and clay minerals could cause the
formation of slime coatings in the surface of minerals, which can dramatically reduce the flotation of,
e.g., pentlandite due to the modification of surface charge [19].

Another factor leading to undesirable results in the selectivity is the residual reagents (mostly
xanthate in sulfides flotation) and their decomposition products, such as dixanthogen, which is
well-known to induce non-selective flotation. The accumulation of reagents and their derived
decomposition compounds is common but not always observed [2]. The recycling of reagents can be
beneficial as reducing the reagent consumption of the plant both in milling [20] and flotation circuit.
Forssberg and Hallin (1989) [4] stated that after starting the recycling of water, a reduction of 50% of
the previously used amounts of reagents was sometimes necessary. However, the recycled collectors
can have a deleterious effect on a flotation plant, where two or more concentrates are produced in a
sequential circuit [1,21] as it decreases the selectivity.

Furthermore, the recirculation of water generally increases the accumulation of heat and nutrients
that favors the development of bacteria or different organic species, which could act as surface activators,
dispersants, or flocculants and interfere with the flotation process [4,6,9,16,22].

It is evident that the recycling of water can impact the water quality and compromise the plant
performance. However, water management is usually not included in the plant design and process
selection. To date, no laboratory set-up dedicated to predicting the variation of process water quality
due to the closed water circuit is found in the literature. Few references are found on the prediction of
mining wastewater quality [22–24]. They are mostly based on thermodynamic calculation and focused
on waste rock. The main disadvantage of using a thermodynamic calculation to predict water quality
is the gap between thermodynamic and kinetic. The thermodynamic calculation might help to predict
the final stage of the water, but powerless in the case the kinetic reaction governs the system [24]. In a
recycling water system, especially in a short water cycle, the kinetic might govern since the water
quality variation can be expeditious. Therefore, there is a need to set-up a test protocol to predict
empirically the water variation due to close water recirculation in the mineral processing plant.
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This study aimed to provide a test protocol that allows the prediction of (1) the variation of the
water quality over time owing to the dissolution of the ore when the plant is operated in a closed
recycle water circuit and (2) its application on predicting the impact of recycling water on flotation
performance. This information could provide help when designing water circulation systems at both
existing plants (brownfield) and new plants (greenfield). The test protocol was set up based on the
following assumptions that are discussed in more detail in Section 5: (1) Process water is mine-specific,
dynamic, unstable, and complex, so a pure approach using synthetic plant water is not suitable to
investigate the effect of water quality on the plant flotation performance. (2) The prediction of the
water quality variation could be possible if we mimic the pathway of the ore in the plant. The easiest
way to mimic this is by using the laboratory flotation procedure used by the same plant. (3) If the
water quality could be predicted, then its effect on the flotation and plant maintenance could also be
predicted with some degree of uncertainty. (4) The prediction of water quality is not only important
for improving performance purposes but also for plant design purposes. Knowing the existence
of a potential component that might affect the process performance or maintenance (e.g., scaling of
gypsum) could help the design of the plant in the early phase. (5) Such a test protocol can complement
the traditional pure synthetic water approach for studying the effect of recycling water on flotation
performance. Indeed, if the test protocol can help to create baseline water similar to the actual process
water and, at the same time, conserving its most important characteristics (i.e., mine-specific, unstable,
dynamic, complex), the effect of specific compounds can be detected by spiking the baseline water
with different compounds that are expected to accumulate.

2. Materials and Methods

2.1. Mine Site, Mineralogy, and Water Circuit

The Boliden Kevitsa processes low-grade Cu–Ni ore. The ore is enriched in Cu and Ni with
chalcopyrite, cubanite, and pentlandite being the main valuable minerals of interest [25]. The sulfide
is mostly disseminated, and no strong variation in terms of mineralogy is observed throughout the
ore body [26].

The ore from the open pit is crushed in the comminution circuit to obtain the suitable particle
size for flotation. The flotation circuit is sequential, with copper being floated first, followed by a
nickel to produce two concentrates (Figure 1) [25]. The remaining sulfide minerals in the nickel tailings
are removed as high sulfur tails in the last flotation step and stored in the high sulfur ponds (TSFA).
While the final tails of the process are stored in the low sulfur pond (TSFB). The water of all tailing
ponds and pit is collected in the reservoir to form the process water. Besides that, the copper and nickel
concentrate thickener overflows are recycled, respectively, in the copper and nickel circuits.
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The process water is recirculated since the beginning of the mine operation in 2012. The plant
process water is defined as the water that is fed to the milling circuit and the flotation tanks. The quality
of the plant process water has been monitored since July 2013 by taking samples at the process water
tank (prior to feeding to the plant). In this paper, the results of the dissolution test were compared to
the most recent available values observed for the plant process water during a period of 4 months in
summer 2018.

The temperature of the process water in the feeding point ranges from 0.5 to 15 ◦C. However,
shortly after entering the circuit, the temperature of the process water increases significantly due to
the energy provided by the milling process and flotation process. In winter, the slurry temperature
can reach a constant temperature between 12 and 15 ◦C along the process, and in summer, the slurry
temperature is between 22 and 25 ◦C. During the peak of the heat that could occasionally happen in
the North of Finland, the temperature of the slurry can reach as high as above 30 ◦C.

2.2. Ore and Water Samples

The study was conducted with Boliden Kevitsa low-grade Cu-Ni ore. The ore sample was
provided by Boliden Kevitsa mine and sent to the Aalto University for ore preparation and preliminary
testing. The ore contained 0.2% Cu, 0.2% Ni, 9% Fe. Almost 95% of the ore is non-sulfide minerals.
The mineralogical and chemical composition of the ore is presented, respectively, in Supplementary
Tables S1 and S2.

The ore was crushed to −3 mm, split, vacuum-packed into 1 kg samples, and stored in a freezer to
avoid oxidation. The preliminary testing was performed at the Aalto University in order to design the
final protocol. Afterward, the ore was sent back to Boliden Kevitsa mine. All experiments reported
in this paper were carried out at the mine site since some tests required local raw water and process
water. The dissolution tests with distilled water (DW) and local river water (RW) were carried out to
investigate if it was possible to produce a water matrix that was close to the current composition of the
plant process water. The composition of the RW is shown in Supplementary Table S3.

Due to the mild high temperature of the slurry along the process, all experiments were carried out
at 20 ◦C. Besides, the dissolution test with DW was performed at 5 ◦C and 35 ◦C to study the effect of
the temperature on the ore dissolution. The full dissolution loop with RW at 20 ◦C was performed
twice to analyze the reproducibility of the tests.

2.3. Dissolution Loop Protocol

One round of the dissolution loop consisted of two major steps: grinding and dissolution (Figure 2).
The ore sample was subjected to 27 min of grinding in Boliden Kevitsa stainless laboratory rod mill.
The particle size distribution of the sample after grinding is shown in Supplementary Figure S1.
The mill was maintained at low temperatures with dry ice and high temperatures with heating bags.
After milling, the pulp density was adjusted, and the slurry was transferred to a two-liters flotation cell
for the dissolution test. The dissolution procedure followed the Kevitsa laboratory flotation procedure
in terms of percentage of solids, duration, rotor rotation speed, and the airflow rate but without the
addition of reagents (except pH modifier). Therefore, there was no froth removal during the test.
Lime, as a pH modifier, was added under monitoring with pH-meter. The objective was to obtain a
similar pH during dissolution and flotation. The temperature was maintained by ice, dry ice (5 ◦C),
and heating elements (35 ◦C). The slurry temperature was frequently monitored during the dissolution
by a thermometer. After dissolution, the slurry was filtered with a vacuum pump. The solids were
discarded, while the filtered water was recovered. VWR Qualitative filter paper, 415 with a particle
retention capacity of 12–15 µm was used for the filtration. Afterward, 100 mL was either sent to
analysis or discarded to maintain the water balance. Starting water was added to the remaining filtered
water to compensate for the loss and was used in the next dissolution round.
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Figure 2. Overview of the dissolution test procedure.

In this case of the Kevitsa ore, one dissolution loop test comprises of 8 rounds. The number of
dissolution loops was decided based on the preliminary testing, where 14 dissolution rounds were
performed, and only specific conductance (SPC) was monitored. It was shown that SPC started leveling
off after the 8th round. The water composition was analyzed from 100 mL water samples at the
beginning of each test (0 water) and the end of rounds 1, 3, 6, and 8.

Water samples were prepared according to the recommendations of the analytical laboratory
contracted by the project. The water samples were filtered by a vacuum filter (Duran, DWK Life
Sciences, Germany) at 1.6 µm (and at 0.45 µm in the laboratory) for anion analysis and with 0.45
by syringe filters for elemental analysis. All samples for anion analysis were fast-frozen in the dry
ice-acetone cooling bath to prevent degradation of thiosalts before sending them to the laboratory for
analysis. The analysis methods, detection limit, and margin of error are shown in Supplementary
Table S4.

The evolution of the water matrix during the dissolution test was reported as a function of the
solid to liquid (S/L) ratio. It was defined as the accumulated mass of new ore divided by the mass of
water recycled. Basically, this ratio defined the amount of time that water has been recycled in the
system. The main reason for using the S/L ratio instead of round number was to later facilitate the
scale-up from laboratory to industrial scale.

2.4. Analysis Methods

The physicochemical parameters of the waters such as temperature, pH, oxidation reduction
potential (ORP), specific conductance (SPC), dissolved oxygen (DO) were measured with the YSI
ProDSS multiparameter probe (YSI, Xylem Inc., Yellow Springs, OH, USA). The sensors were checked
before each round of tests and calibrated when needed. The elemental compositions of the water
were analyzed with inductively-coupled plasma (ICP) (Agilent 8800 ICP-MS, Agilent Technologies,
Santa Clara, CA, USA), while the anions (sulfate, chloride, and thiosulfate) concentrations were
determined with ion chromatography (ICS-1500, Dionex, Sunnyvale, CA, USA). However, due to a
technical mistake from the analysis, the laboratory, sulfate, thiosulfate, and chloride analyses were
missing for the samples from the dissolution with DW at 35 ◦C.

3. Results of the Dissolution Loop

3.1. Changes in the Physicochemical Parameters of the Water as a Result of Ore Dissolution

The monitoring of physicochemical parameters of water during the dissolution test was
indispensable as it revealed the major evolution direction of the water matrix and the state of
the reproducibility of the test. The variation in terms of physicochemical parameters, as shown in
Table 1, indicated a good reproducibility as they were generally lower than 15%. The variation for the
ORP value was slightly higher due to the presence of several redox couples in the sulfide flotation
pulp, which rendered the ORP measurement more difficult and uncertain [4].
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Table 1. The reproducibility of the dissolution test in terms of physicochemical parameters.

Round Number
Elements/Compounds

SPC (µS/cm) pH ORP
(mV/(Ag/AgCl)) DO (%)

0 34 ± 5 6.02 ± 0.68 234 ± 29 103.2 ± 0.1
1 825 ± 62 9.14 ± 0.06 157 ± 42 49.2 ± 7.0
2 1218 ± 28 9.08± 0.03 123 ± 15 55.8 ± 2.9
3 1546 ± 57 9.06 ± 0.04 105 ± 2 51.9 ± 3.3
4 1751 ± 52 9.04 ± 0.02 124 ± 11 43.6 ± 3.5
5 1865 ± 3 9.12 ± 0.01 115 ± 1 47.5 ± 3.1
6 1946 ± 6 9.03 ± 0.08 119 ± 7 52.8 ± 7.1
7 1987 ± 12 9.01 ± 0.08 110 ± 17 49.0 ± 3.3
8 2018 ± 16 9.18 ± 0.02 110 ± 4 56.2 ± 0.4

SPC: specific conductance, ORP: oxidation reduction potential, DO: dissolved oxygen.

The variations of the physicochemical parameters were recorded throughout the experiments
and were compared with the historical maximum and minimum values measured at the Boliden
Kevitsa process water between February 2017 and February 2018 (Figure 3). The high ORP value in
RW starting water was indicative of the presence of strong oxidizing couples like iron ions, which was
later confirmed by water analysis.
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round number.

Closer inspection of the results showed a tendency of increasing SPC over the dissolution
rounds in a parabolic curve. It indicated an accumulation of species from the dissolution of the ore.
The rate of dissolution decreased gradually, and the conductivity tended to level off at the end of the
experiment. This result supported the idea of an equilibrium point between the ore and the water
matrix, which prevented a non-stop accumulation of elements/compounds into the recycled water.
Additionally, at the end of round 8, the SPC of the recycled water reached the value range observed in
the mine.

The variation of DO and ORP correlated as oxygen is theoretically the most important oxidizing
agent. Both ORP and DO curves showed a quick drop after the first dissolution round and then
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stabilized over consecutive rounds. The drop of DO can be explained by the consumption of oxygen
by the minerals for oxidizing the mineral surfaces. The low value of DO in the test compared to the
plant value was most likely due to either by the closed grinding system used in the laboratory or the
lower aeration rate in the laboratory flotation cell compared to the industrial flotation tanks.

The pH variation during the dissolution depended strongly on the temperature. The dissolution at
a high temperature tended to decrease the pH. A possible explanation for this might be that temperature
enhanced the oxidation of sulfur-reduced compounds to a higher degree of oxidation, such as sulfite,
thiosalts, and sulfate, which resulted in an acidification of the pulp [27]. According to this data,
we could infer that changing the operating conditions of the plants should be considered according to
temperature variation. As the plant would consume more calcium hydroxide in summer-time when
the pulp temperature could reach as high as 30 ◦C than winter-time when the pulp temperature is
around 10–14 ◦C (in plants operating with AG milling, such as the studied case), the pulp temperatures
are lower than in operations using a ball mill.

3.2. Changes in the Chemical Composition of the Water as a Result Of Ore Dissolution

3.2.1. Dissolution of Major Elements

The coefficient of variations for major elements/compounds, such as potassium, calcium, magnesium,
sodium, total sulfur, sulfate, and chloride, were generally lower than 10% (Table 2), indicating good
reproducibility. For minor elements, like metals, silica, and phosphorus, the reproducibility was not
as good. The average coefficient of variation was 23% for phosphorus, 96% for cobalt, 27% for copper,
and 67% for nickel. The iron levels of all samples, except for the zero samples, were below the detection
limit (0.05 mg/L) and, therefore, were not reported.

Table 2. The reproducibility, expressed by the coefficient of variation (%), of the dissolution with RW in
terms of water composition.

Round Number
Elements/Compounds

K+ Ca2+ Mg2+ Na+ Total S SO42− Cl− S2O32− Si P Co Cu Ni

0 5.9 2.5 0 6.1 5.1 2.2 3.1 2.5 12.9 9.4 141.4 7.6 11.8
1 6.1 8.1 9.4 5.0 9.6 0 2.1 3.1 19.9 41.1 141.4 61.4 75.6
3 0 2.3 8.8 0 5.2 2.4 2.7 2.5 18.7 28.7 53.6 16.3 63.9
6 3.8 6.4 1.1 0 7.4 N.A N.A N.A 0.9 10.2 45.4 17.7 45.5
8 8.3 3.0 3.0 3.6 10.3 N.A N.A N.A 5.7 24.0 98.3 33.4 141.0

K+: potassium, Ca2+: calcium, Mg2+: magnesium, Na+: sodium, total S: total sulfur, SO4
2−: sulfate, Cl−: chloride,

S2O3
2−: thiosulphate, Si: silicon, P: phosphorus, Co: cobalt, Cu: copper, Ni: nickel.

The variation of concentration, in terms of major elements/compounds, as a function of the solid
to liquid ratio (S/L), as shown in Figure 4, indicated a tendency of increasing over rounds. However,
while potassium, calcium, magnesium, sodium, total sulfur behaved similarly to the SPC (i.e., leveled
off at the end of the test), sulfate, thiosulfate, and chloride were still slowly increasing. This finding
was consistent with the selective accumulation of compounds observed in the historical data of the
plant. The leveling off of some compounds supported the hypothesis that those compounds were
removed through adsorption onto mineral surfaces and deposited in the tailings storage facilities,
as observed by other authors as well [2].
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During the dissolution, 12 mL of calcium hydroxide at 10 g/L was added for each round to
maintain the pH of the slurry close to the pH of the plant concentrator circuit. Therefore, a linear rise of
45 mg/L of calcium was expected for each round on top of the own dissolution from the ore. However,
the variation of calcium concentration of the current study did not meet that expectation. The leveling
off of calcium at 100 mg/L implied a disappearance of calcium from the recycled water. Schumann
et al. (2009) documented very similar phenomena in the case of mine processing copper–gold ore
using flotation with short recycling water. During the first six years over the ten years of operation,
the total dissolved solids (TDS) raised from 400 to 800 mg/L, and then it stabilized around 800 mg/L
over the next four years. The level of calcium and sulfate also leveled off without any clear reason,
and calcium also reached a plateau faster than sulfate. The same study suggested, with the solution
speciation modeling, that the precipitation of calcite probably controlled the levels of calcium in the
process water. Calcium can also be removed by adsorption in the sulfide minerals and then be removed
by the flotation process [5]. A study performed by Ikumapayi (2015) supported this assumption by
showing a balance of disappearance of calcium in the process water around 100 mg/L during the
flotation of sulfide ore [28]. Since calcium is playing a certain role in the creation of a bond between the
reagents and the surface minerals, it might adsorb on the minerals’ surface, even without the presence
of reagents [29]. Moreover, calcium is also known to be adsorbed onto silicates minerals [30–32].
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Since 90% of the ore used in this study was silicate, it could be the main reason why calcium was
removed from the system. Additionally, the low solubility of calcium hydroxide could also contribute
to such observation. The minimum solubility of calcium hydroxide at 298.15 K is 2.749 g/L at the
pH value located at 12–14 [33] Therefore, calcium hydroxide was mostly insoluble in the solution of
calcium hydroxide at 10 g/L that was prepared for modifying pH. Since most of the calcium hydroxide
introduced in the system was in the form of a precipitate, it could happen that the calcium hydroxide
did not have enough time to get dissolved in the flotation tank during the dissolution.

3.2.2. Dissolution of Minor Elements

Figure 5 provides the changes in terms of minor elements as a function of the S/L ratio. What stands
out in the figure is the bad reproducibility of minor elements, particularly for metals, such as cobalt
and nickel. It is difficult to explain this result, but it might be related to the fact that those values were
too close to the limit of detection. The variations of minor elements over the dissolution rounds did
not follow the same tendency as the major elements. Their concentrations leveled off rapidly after the
first round. The final waters from the dissolution using RW and DW were similar, except for nickel
and silica. The amounts of nickel and silica were much higher in the test with RW. The amount of silica
reached 8 mg/L, while the dissolution using DW gave only 5 mg/L. The latest measured value of Si in
the plant waters is ~8 mg/L, a value similar to the one obtained with the dissolution with RW.
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The low concentration of metals in the systems may be related to the slightly higher pH in the
dissolution water compared to the pH observed in the process water. The pH from the dissolution
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loop, even though, was found in the range observed at the process water data but was slightly higher.
The t-test results for comparing means of the pH from dissolution and the pH observed in the process
water are provided in the Supplementary Table S5. The low value of p (<0.01) for the one side test
indicates that the null hypothesis can be rejected, and the quantities differ in a particular direction.
Indeed, the process water pH varies mostly around 7.5–8.5, while the pH of the water from the
dissolution loop varies mostly around 8–9. That is a direct consequence that our test did not simulate
the tailings pond of the plan, which is the location when the oxidation reaction of sulfide occurs
continuously and, as a consequence, reduces the pH [27,34]. At this slightly basic range of pH, a slight
increase in pH could strongly decrease the solubility of metal hydroxides [35].

3.3. Comparison between Laboratory and Plant Data

Kevitsa process water showed a strong seasonal variation characterized by increased conductivity
and concentration of dissolved species in winter. This characteristic is related to the locking of the
clean water in the ice cap, covering the tailings pond and, consequently, the concentration of the
contaminants in the water phase. The melting of snow then causes a sharp decrease in conductivity
and dissolved species concentration around March–April [21]. As the concentration of all elements
and compounds were increasing in winter-time due to the ice cap, the comparison with summer-time
values was deemed more suitable.

The difference between the final water from the dissolution with DW at 20 ◦C (DW20_8) and the
average value observed on-site during summer 2018 for chloride, potassium, magnesium, sodium,
and total sulfur was −12%, −1.9%, 1.5%, −13%, and 7.6% (Table 3). For these elements, the plant
value was reached during the dissolution loops. However, the concentrations of calcium and sulfate
in the DW20_8 water were much lower (−65.6% and −38.5%, respectively) than the value observed
on-site. Nevertheless, the historical operating condition data received from the mine site indicated
a long period when the plant was operated with an overdose of lime to depress pentlandite in the
copper circuit. This was likely the reason for the higher concentration of calcium in the process water
than in the laboratory dissolution tests. Besides that, a preliminary study on the same ore has shown
that the addition of lime affected the formation of sulfate. This observation was in agreement with
the literature [4], where it is stated that there should be a correlation between sulfate and calcium
concentration when examining the process water of Zinkgruvan concentrator. Additionally, an internal
survey of the Kevitsa plant water circuit also showed that the mine pit contributed a great import of
sulfate and metals, most probably due to the bacterial activities, which were not simulated by the
dissolution loop.

Table 3. Comparison of composition between the final water from the dissolution with DW at 20 ◦C
(DW20_8) and the average value recorded on-site. The difference is shown in percentage.

Variable SPC Cl− SO42− K+ Ca2+ Mg2+ Na+ TotS Si Fe Ni Cu Co P

Unity µS/cm mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L µg/L µg/L µg/L µg/L µg/L

DW20_8 2118 390 420 52 81 67 180 260 5 50 21 2 0.2 7
Plant 2650 440 620 53 160 66 205 241 9 700 10 3 2 140

Diff. (%) −22 −12 0.38 −2 −66 2 −13 8 −58 −173 71 −39 −170 −182

Table 3 shows that the concentrations of iron and cobalt were much higher in the process water
than in the final dissolution water. Again, this could be explained by an extra import of metals into the
process water from the pit water. According to the plant water circuit, in summer-time, the pit water
was mixed into the process water. Due to the problem of acid mine drainage, the pH of the pit water
stream was low and contained high concentrations of metals. The higher amount of phosphorus in the
plant water is originated from the decomposition a of P-containing collector, Aerophine, used as the
collector in the copper flotation circuit.
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The historical data analysis also showed a tendency of leveling for most of the major elements.
The trend was similar to the one observed in the dissolution loops (Figure 6).Minerals 2020, 10, x FOR PEER REVIEW 11 of 18 
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SPC in the recycled water as a function of the S/L ratio (right).

The SPC of the process water increased from around 1500 µS/cm to 2500 µS/cm from 2013 to 2017
and currently stabilized around 2500 µS/cm over the last two years. The same tendency has been
observed in all major elements, except for sulfate.

Since summer 2017, the cyclic behavior of sulfate concentration in the process water was not
observed anymore, and the level of sulfate kept increasing steadily. Similar behavior was observed in
metals’ concentrations, such as iron and nickel. It could be explained by the fact that in the last two
years, the temperature during summer in northern Finland was particularly high. High temperatures
favor bacteria and oxidation activities on the ore. Therefore, the amounts of sulfate and metals released
into the process water have increased dramatically.

4. Application of the Dissolution Test for Predicting the Impact of Recycling Water on the
Flotation Performance

This section aims to demonstrate a potential application of the dissolution loop for predicting the
impact of recycling water on the flotation performance. The study consisted of using the dissolution
loop to create the “potential future process water” referred to in the following text as dissolution
loop water (DLW). Then, the flotation tests were carried with both starting water (SW) and DLW.
To validate the methodology, the flotation of the actual process water (PW) of the plant was carried out
and compared with the results of the flotation with DLW.

Flotation tests were conducted according to the Boliden Kevitsa laboratory standard selective
rougher flotation flow sheet and reagents dosage. The detailed flotation test conditions are given in
Table 4. According to the flowsheet, the sequential selective rougher flotation was conducted for both
copper minerals (chalcopyrite and cubanite) and nickel mineral (pentlandite). Both rougher copper
and nickel flotation was performed at two stages. The same reagents were used in the laboratory as
were used in the concentrator plant. Aerophine (3418 A) was used as the collector in rougher copper
flotation. Sodium Isopropyl Xanthate (SIPX) was used as the collector in the nickel rougher flotation
stage. Carboxymethylcellulose (CMC) was used to depress the gangue minerals, and Nasfroth was
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used as frother throughout the circuit. An Outotec-GTK laboratory flotation machine was used for
the flotation tests. The machine worked with automated scrapers, and the scraping frequency was
adjustable. The first concentrates (i.e., Cu_C1 and Ni_C1) and second concentrates (i.e., Cu_C2 and
Ni_C2) were recovered with a scraping frequency of one every 5 s and 15 s, respectively. The froth
depth was kept constant at 2 cm during copper flotation and 1 cm during nickel flotation by the
addition of the water of interest. The flotation test products, concentrates, and tailings were dried and
weighted on-site and sent to the analytical lab.

Table 4. Flotation procedure.

Stage
Time (min)

pH pH
Modifier

CMC Aerophine Nasf. 240 SIPX Product

Cond. Flot. g/t g/t g/t g/t Name

Conditioning
2 5 30

0.5 35
3 10.5 Lime

Cu flotation
5 Cu_C1
5 Cu_C2

Conditioning
2 9.5 H2SO4
2 15 75

0.5 15

Ni flotation
7.5 Ni_C1
7.5 Ni_C2

Cond.: Conditioning, Flot.: Flotation, CMC: Carboxymethylcellulose, Nasf. 240: Nashfroth 240, SIPX: Sodium
Isopropyl Xanthate,.

The recovery-grade results for the Cu and Ni flotation circuit performed with starting water (SW),
dissolution loop water (DLW), and process water (PW) are shown in Figure 7. All the tests were
performed in duplicate to investigate the reproducibility of the approach. The process water was
freshly collected from the feeding point to the flotation tank on the morning of the day when the test
was performed. The maximum aging time between the last test and the collection time was 90 min.
Since the waiting time was short, it was reasonable to assume that the PW composition was constant
during the tests.
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dissolution loop water (DLW), and process water (PW).

The grade-recovery curve for the Cu flotation indicated that the flotation with process water
decreased the recovery of Cu but increased the grade. The drop in the recovery could be up to
12%, while the grade increased by almost 3%. The flotation with the DLW indicated the same trend.
The flotation with the DLW predicted a similar drop, around 15%. However, the increase in grade was
higher than the reality, around 8% instead of 3%. Nevertheless, the tendency was similar.
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In terms of Ni flotation, the flotation with DLW and PW gave similar results. The grade and
recovery of Ni increased significantly compared to the flotation with starting water. The grade increased
by around 1.5%, and the recovery increased by almost 20%. The p-values obtained from ANOVA single
factor analysis provided more than 99% confidence in rejecting the null hypothesis and accepting that
the DLW and PW have different effects than RW (Supplementary Table S6). These results supported
two important findings:

1. The potential effect of recycling water can be predicted by the flotation with the water from the
dissolution loop. Even though this approach could not predict the exact effect, it can point out
the main tendency.

2. The flotation with fresh water and recycled water (or process water) gave different results.
This indicates that if the plant is planned to have a recirculation circuit, the metallurgical testing
to design the plant should not be done with freshwater or any local tap water but dissolution
loop water. Otherwise, the results can lead to an inappropriate design.

5. Importance, Applicability, Limits, and Uncertainty of the Dissolution Test Protocol

As mentioned in the introduction, this section is dedicated to discussing the hypothesis used to
set up this study. Through that, the objective was to highlight the importance and the impact of the
obtained results as well as its limits and uncertainty

The first assumption is that using synthetic water recipes is not suitable to study the impact of
recycling water on the ore flotability since the recycled water observed in a processing plant is highly
dynamic. Literature indicates that most researchers choose to use synthetic water to study the effect
of water quality of the flotation performance [28,36–38]. The convenience of using synthetic water is
undeniable as it provides a flexible condition and allows to investigate the effect of specific conditions.
However, the disadvantages exist: the synthetic water matrix is mostly stable, oversimplified, and the
ore might never get into contact with such a water matrix in the true plant. The complexity, dynamicity,
and instability of mining process waters have been highlighted by many researchers [2,9,27,34,39,40].
Since process water quality is affected by many parameters, such as the dissolution of soluble mineral
phases present in the ore (soluble salt), surface oxidation, followed by dissolution during grinding and
flotation, water blending strategy, quality of water streams, operating conditions, and ore variations,
the variation of water quality could range from very fast to very slow [9]. Additionally, not all variables
have the same frequency of variation. Some operating condition-related parameters, such as pH, ORP,
turbidity, residue reagents-related elements, can vary daily or even hourly when other parameters
could have a longer frequency of variation [21]. This type of dynamicity could not be reproduced just
by using synthetic plant water. Additionally, in the case of recycling water, the water matrix could be
extremely complicated with the presence of not only salts that accumulated due to the ore oxidation
and dissolution but also suspended solids, bacteria, residues of reagents, residues of explosives,
and different organic compounds. On top of that, the complexity of the matrix is aggravated by the
instability of the process water. Both organic and inorganic compounds can react with each other and/or
degrade in the water. For example, some reduced compounds can oxidize into some higher degree of
oxidation compounds in the presence of oxygen. A very common example seen in the literature is the
formation of thiosalts when processing sulfide ores [27,34,40,41]. Thiosalts, which are also known as
polythionates, are sulfur oxyion compounds, and the general structure is SnOm

2− [34]. Among them,
researchers mostly focus on thiosulfate, tetrathionate, and trithionate [27,34,40,42]. Only thiosulfate and
tetrathionate are found in the market, and trithionate could be synthesized with 96–100% purity [40].
The synthetic procedure requires some quite strong chemical background [43] and laboratory facilities.
The oxidation of thiosalts can kinetically produce diverse products, but thermodynamically, the final
product is sulfate [34,40]. Additionally, it is difficult to know the exact composition of the process
water since there are limited analytical methods available to analyze the detailed speciation of the S
compounds in the water. Most of the time, the analysis procedure focuses on thiosulfate, but thiosulfate
is usually not the major thiosalt present in process water [39]. Since the analysis procedure has a
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large degree of uncertainty, and not all SnOm
2− species are commercially available, it is reasonable to

conclude that it is impossible to reproduce the composition of such process waters in the laboratory.
Therefore, using solely synthetic water to investigate the effect of recycled water on the flotation
performance of a true plant is not pertinent. Hence, there is the importance of producing a laboratory
water matrix that is comparable to the process water.

The second assumption is that the prediction of the water quality variation could be possible
if the pathway of the ore in the plant is simulated. The easiest way to mimic it is by using the
laboratory flotation procedure used by the same plant. Actually, literature provides many tests for
the dissolution of the ore. They are built mostly for leaching and predicting the quality of mining
wastewaters [22,44–46]. The disadvantage of those methods is that the ore is not placed in similar
plant-like conditions. Since, in theory, the processing plant is scaled-up based on the tests obtained by
the same laboratory testing procedure, laboratory flotation procedure offers the closest condition to the
plant. However, the limitation of the dissolution loop set-up could be seen from the discrepancies
between the prediction and the true plant water matrix that are shown in Section 3. The differences
originate from the fact that the dissolution loop is still a simplified process compared to the complex
interactions between ore, water, and operating conditions that can affect the quality of process
water in the true plant. The discrepancies are caused by events that the dissolution loop does not
simulate, such as ore variation, water blending, seasonal variations, residual reagents, and bacterial
activities. In the future, this basic protocol can be further extended by the deliberate inclusion of the
above parameters.

Assuming that the water quality could be predicted, its effect on the flotation on plant performance
could also be predicted with some degree of uncertainty. Generally, typical plant design and optimization
are based on several metallurgical batch flotation and pilot-scale tests using fresh tap water in the
location where the testing is done. Important factors for the flotation, such as the quality of the
recycled water, temperature variation, are generally not taken into consideration [7]. Therefore, as a
consequence, there is a gap of validation between plant design and laboratory testing and plant
performance. More importantly, the fact that these factors are not taken into consideration in the
plant design phase and process selection could lead to severe financial risks because of changing
process water quality, leading to declining plant performance or unexpected plant maintenance needs
(e.g., due to scaling/gypsum formation).

The results of the flotation test show that indeed the effect of recycled water on the plant flotation
performance could be predicted. However, one should keep in mind that testing results from one mine
site are not sufficient to generalize the observation worldwide. Since no similar studies have been
reported in the literature, the results could not be analyzed in the light of previous studies. Therefore,
the presented protocol needs to be treated as a framework for further tests with ores from other mines
to validate the dissolution protocol and its applicability for different ore types.

Besides the potential capacity of predicting the effect of recycling water on the ore flotability,
the dissolution loop could also help to predict the potential effect of water variation on plant maintenance.
That is particularly important for the plants that process sulfide ores and use lime as a pH modifier.
The oxidation of sulfide results in sulfate as the final product. With the addition of calcium hydroxide,
gypsum can precipitate when the solubility of calcium sulfate is reached. Since gypsum can block the
pipes and pumps, costly maintenances are often needed. Therefore, knowing the potentially harmful
components that might affect the plant maintenance would allow the process engineers to include,
e.g., appropriate water treatment facilities already in the design phase.

It must be emphasized that this work focused on predicting the effect of recycling on water quality
variation. However, many other applications of the dissolution loop could be considered. In this
paper, we showed a potential application in predicting the effect of recycled water on ore flotability.
Moreover, the dissolution water could also be used as a baseline for studying the effect of some specific
compounds on the flotation performance. This would be a new and more realistic approach than
using synthetic water recipes that are created based on some average value of another plant that
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processes a similar type of ore or a recipe that simply multiplies all elements by a certain ratio [36,38].
The dissolution loop, therefore, could complement the traditional pure synthetic water approach.
The dissolution loop creates baseline water that possesses the important characteristic of the process
water, such as mine specific, unstable, dynamic, complex, and the effect of some specific compounds
can be detected by spiking the baseline water with the compounds that are likely to accumulate in the
recycled water during the processing of the ores.

6. Conclusions

The dissolution loop’s laboratory protocol described in this paper is an important tool that allows
the prediction of the water quality variation over time due to the dissolution of the ore when the plant
is operated in closed water circulation. It defines the main direction into which the water matrix will
evolve. The results showed that the final water composition came close to the in-situ plant water
quality in terms of major elements and some of the minor elements in the studied system. Additionally,
good reproducibility in terms of dissolution results was observed. Therefore, it could be used as
a tool to complement the traditional processing plant design and water treatment facility selection
and dimensioning.

The findings of this study also suggested that synthetic water recipes that multiply all elements
by a certain ratio are not appropriate to study the effect of water on the flotation performance in reality.
This is a direct consequence of the fact that the rate of accumulation is different for different elements
and varies as a function of temperature, as shown in this study. In reality, the dissolution rate also
varies as a function of other parameters, such as ore type, degree of oxidation of the ore, the quality of
the recycled and make-up water, etc.

Several possibilities of application of the dissolution test to study the potential effect of the water
quality on the ore flotability has been discussed. In this study, we demonstrated that the dissolution
loop could be used to predict the effect of recycling water on flotation performance. Even though the
exact variation in grade and recovery cannot be forecasted, the direction of the changes caused by the
water quality can be predicted.

Since this is the first study that attempts to predict the water matrix variation due to the recycling
of water, to generalize the results, more validation tests are needed. However, one must keep in mind
that the dissolution from the ore during grinding and floatation is not the only factor that influences
the process water matrix in a true plant. Indeed, the major discrepancies in terms of calcium, sulfate,
and metals observed in this study were partly due to the fact that the dissolution test did not simulate
other parameters that could affect the process water quality on-site, such as ore variability, tailing ponds,
make-up water quality, water blending strategy, operating conditions, and bacterial activities. All those
parameters are not yet taken into consideration in the dissolution loop in this basic protocol. In the
future, this basic protocol can be further extended by the deliberate inclusion of the above parameters.
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Diopside), Table S2: Chemical composition of the ore. Cu and Ni were analysed in term of sulphide form (S) and
total from all form (T), Table S3: Composition of the RW, Table S4: Analysis methods, Limit of Detection (L.D.)
and margin of error provided by the contracted laboratories for water analysis, Table S5: The t-test results for
comparing means of the pH measured in dissolution loop water (DLW) and the pH observed in the process water
(PW), Table S6: ANOVA analysis for Cu recovery, Cu grade, Ni Recovery and Ni Grade results from the flotation
test with DLW, SW, and PW.
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