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A B S T R A C T

The declining grades of copper ore associated with the additional processing of clay-based minerals and the use
of seawater are problems that copper mining companies are currently facing, where froth flotation and tailing
management operations become challenging for operators. In both cases, the detrimental effect is intensified by
the presence of calcium and magnesium ions in seawater and their precipitation under alkaline conditions. This
research proposes a partial seawater desalination treatment to improve the flotation and thickening performance
in clay-containing ore. The proposed seawater treatment promotes the removal of calcium and magnesium ions
using carbon dioxide gas and a sodium hydroxide solution. Flotation tests were conducted in a batch cell us-
ing synthetic minerals composed of mixtures of chalcopyrite, kaolin, and quartz. Meanwhile, tailings settling as-
says were performed in a PTFE 30 mm turbine type stirrer with an in-situ characterization of aggregates (using
a focused beam reflectance measurement (FBRM) probe). The results showed an improvement in flotation and
flocculation performance when tests were carried out with treated seawater at pH > 10.5, where the copper re-
covery increased from 82% to 95%, compared to seawater without salt removal; meanwhile, the settling rate
of flocculated tailing increased from 5.0 m/h to 11.5 m/h. As expected, the sedimentation outcomes showed a
clear relationship with the aggregate size. In this context, the partial seawater desalination treatment could be a
promising alternative to face the challenges generated by clays and seawater for copper mining companies.

1. Introduction

Copper ore processing plays an important role in the transition to
sustainable energy, transportation, and industrial systems (Elshkaki et
al., 2016). In 2016, annual world production was 20.1 million met-
ric tons (USGS, 2018); however, the copper demand is expected to in-
crease by around 70 million metric tons by 2050, approximately 300%
more than in 2010 (Elshkaki et al., 2016). Most of the large copper de-
posits are located in arid or semi-arid regions, including northern Chile,
southern Peru, and Australia (Northey et al., 2017). In particular, sea-
water has acquired an interesting position to ensure copper production
in Chile, which is the largest producer worldwide, as water scarcity is a
problem in northern regions of the country.

Currently, there are several copper mining companies using seawa-
ter, either by submitting it to a reverse osmosis plant (RO) or using it
directly without disturbing its salinity (Wang and Peng, 2014; Cis

ternas and Gálvez, 2018; Herrera-León et al., 2018). In this con-
text, the consumption of desalinated and non-desalinated seawater has
increased considerably from 2010 to 2017, representing an average an-
nual growth rate of approximately 52% (Cochilco, 2018). The use
of desalinated seawater offers the advantage of ensuring current and
future copper production, as the water quality is suitable in the cop-
per mining operations. However, an RO plant requires a high invest-
ment for its construction (Herrera-León et al., 2019), and it is an en-
ergy-intensive process that increases carbon dioxide (CO2 (g)) emissions
as, in Chile, the main source of energy is based on fossil fuels (Moli-
nos-Senante and González, 2019). Additionally, brine discharge from
an RO plant can produce negative impacts in the surrounding marine
ecosystems, as the discharge contains chemical reagents used in the
process (such as antiscalants and biocides, among others), and a higher
temperature and inorganic salts concentration compared to seawater
(Jones et al., 2018). Otherwise, the direct use of seawater offers the
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advantages of avoiding the construction of desalination plants, with
their associated operational costs and environmental impacts (Latte-
mann and Höpner, 2008). However, seawater in the copper mining
companies generates operational challenges as some processes and op-
erations would need to adapt to the new water quality (Cisternas and
Gálvez, 2018; Jeldres et al., 2016; Castro, 2012).

Chilean copper mining companies also face serious problems with
declining copper ore grades and, consequently, with the additional pro-
cessing of gangue (waste) associated with the presence of complex min-
erals like clays (Norgate and Jahanshahi, 2010; Chen and Peng,
2018; Jeldres et al., 2019). As copper ore grades decrease, more ores
with high-clay content need to be extracted and processed to produce
the same amount of concentrate. In freshwater, the processing of cop-
per sulphide ores that contain clay has become a significant problem in
the flotation process and tailing thickening operation. In the first case,
clays prevent the adsorption of the collector on valuable minerals, in-
crease pulp viscosity and generate high entrainment of gangue, increase
reagent consumption due to the high surface area, poorer selectivity,
and impede flotation (Chen et al., 2018: Liu and Peng, 2014; Ndlovu
et al., 2013). Additionally, some swelling clays can change the rhe-
ology and froth stability, leading to a reduction in flotation grade and
recovery (Farrokhpay et al., 2016). While in the second case, clays
are slow-settling particles that lead to deficient water recovery (Jel-
dres et al., 2017a). These operational concerns become more diffi-
cult when seawater is used, as it contains different dissolved ions. A re-
cent study by Uribe et al. (2017) reported that calcium and magne-
sium ions significantly affect chalcopyrite flotation if kaolin is present
in the ore. This is because calcium and magnesium ions are hydrolyzed
and hydrated in the form of CaOH+, MgOH+, and Mg(OH)2(s) species
when the flotation process operates under alkaline conditions, in or-
der to depress non-valuable minerals, such as pyrite (FeS2). In this con-
text, the researchers of the previous study mentioned that these species
would deposit onto the chalcopyrite and kaolinite surfaces, generating
heterocoagulation that reduces the copper recovery. Calcium and mag-
nesium ions also have a detrimental effect on copper-molybdenum sul-
phide ores, reducing the recovery molybdenite considerably and reduc-
ing slightly the copper recovery when the process is carried out in al-
kaline conditions (pH > 9.5) (Castro, 2018). This situation can be ex-
plained by the fact that, at high pH values, colloidal precipitates of cal-
cium and magnesium are deposited on the edges and micro-edges of
molybdenite, reducing its floatability. In the same line, Laskowski et
al. (2014) demonstrated that the Ca2+, Mg2+, and SO42− ions have an
inhibiting effect on the froth layer thickness due to the adsorption of
CaOH+ and MgOH+ species on bubbles, leading to loss the frothability
and, therefore, to the reduction of the froth stabilization.

In relation to the behavior of clay-based tailings with seawater in
the thickening operation, little information is available about the im-
pact of seawater under alkaline conditions. However, it is known that
saline water exerts different effects on particle flocculation (Goñi et
al., 2015; Quezada et al., 2017; Romero et al., 2018). For in-
stance, there are cases where the electrolytes improve the particle aggre-
gation, while in other situations seawater harms the aggregate growth
(Witham et al., 2012; Lee et al., 2012; Ji et al., 2013; Cos-
tine et al., 2018; Liu et al., 2018). Regarding the last point, Peng
and Di (1994) indicated that calcium and aluminum ions could sig-
nificantly affect the performance of polyacrylamide (PAM) flocculant
in the flocculation of kaolinite suspension. The researchers demon-
strated that Ca2+ and CaOH+ cations can be adsorbed by the PAM
carboxyl group, forming complexes, such as (COO)2Ca or COOCa(OH).
The consequence was the reduction in the available PAM functional
groups leading to low particle aggregation performance. Mpofu et al.
(2003) studied the effect of calcium ions on the zeta potential of kaoli-
nite particles. The researchers demonstrated that at pH > 9 and a cal-
cium ion concentration of 10−1 M, the zeta potential turned from nega

tive to positive. This was explained in relation to the adsorption of hy-
drolyzed calcium species (e.g., Ca(OH)+) or even the precipitation of
Ca(OH)2 onto the mineral surface. In this context, it is expected that
flocculation of the particles in clay-based tailings using seawater under
alkaline conditions will be affected by calcium and magnesium precipi-
tates, which could cause poor performance in thickening operations.

Based on the aforementioned antecedents, it is clear that calcium
and magnesium ions in seawater generate complex precipitates under
alkaline conditions, which are detrimental to the flotation process when
clays are present in the ore, and this could be harmful for the thick-
ening operations of clay-based tailings. To address this problem, a par-
tial seawater desalination treatment for reducing the concentration of
calcium and magnesium ions is considered as a potential solution in-
stead of using seawater or desalinated water in the operations of cop-
per mining companies (Jeldres et al., 2019; Cisternas and Gálvez,
2018; Arias et al. 2017; 2018). This strategy has been proposed by
Castro (2010) and Jeldres et al. (2017b) using a mixture of lime
(CaO) and sodium carbonate (NaCO3) to improve the recovery of cop-
per and molybdenum minerals in the flotation of copper-molybdenum
sulphide ores. However, this type of treated seawater or other seawa-
ter treatments to process copper sulphide ores with clay content have
not yet been evaluated. This research aims to propose a partial seawa-
ter desalination treatment by reducing the calcium and magnesium ions
to improve the flotation efficiency of chalcopyrite with clay content and
the flocculation performance of clay-based tailings under alkaline con-
ditions. The proposed treatment uses CO2 (g) as precipitator and sodium
hydroxide (NaOH) as an alkali source to promote the removal of calcium
and magnesium ions from seawater.

2. Materials and methods

2.1. Partial seawater desalination treatment: Calcium and magnesium
removal

2.1.1. Materials
Seawater samples from the San Jorge Bay in Antofagasta (Chile)

were used to perform the tests and the composition is shown in Table
1. The main reagents used to conduct the partial seawater desalination
treatment were pure CO2 (g) as a source of CO2 (g), and NaOH solution
as an alkaline reagent. Additionally, deionized water was used to wash
all the experimental equipment.

The experimental equipment used in the treatment of seawater in-
cluded: a three flask reactor with a capacity of 2 L equipped with a ther-
mometer and a magnetic stirrer; a CO2 (g) steel cylinder that was con-
nected to a decompressor and an automatic rotameter (Alicat Scientific,
1–100 ml/min) to control the flow rate of CO2 (g) in the reactor; and an
automatic potentiometric tritimeter (Shott Tritoline 700) that was con-
nected to a pH electrode to precisely control the injection of NaOH solu-
tion and to measure the pH of seawater in the reactor.

2.1.2. Method
The partial seawater desalination treatment removes Ca2+ and Mg2+

ions from the seawater using a NaOH solution in an atmosphere rich
in CO2 (g). The removal rates of these ions were evaluated using

Table 1
The seawater composition at San Jorge Bay.

Ions Value (mg/L) Ions Value (mg/L)

Magnesium 1413 Bicarbonate 137
Calcium 400 Phosphate <0.20
Sodium 11,100 Sulphate 2795
Potassium 389 Nitrate 1.90
Chloride 19,888 Fluoride 0.888
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different pH values (pH 10, pH 10.5, and pH 11) and CO2 (g) doses
(0 ml, 70 ml, and 210 ml of CO2 (g)). The tests were performed by plac-
ing 2 L of seawater in the reactor at room temperature and stirring con-
tinuously. First, the NaOH solution was introduced sequentially into the
reactor using the automatic potentiometric tritimeter until a constant
pH value was reached. CO2 (g) was then injected for a specific period
of time through the immersion tube into the reactor using the automatic
rotameter, along with NaOH solution to keep the pH of the solution
constant, which was constantly monitored throughout the experimen-
tation process. Finally, the solution into the reactor was filtered using
a vacuum filtration system (membrane filter 0.22 µm, Merck Millipore)
to separate the calcium and magnesium precipitates. Atomic Absorption
Spectrometry (AAS) analyzed the concentration of Ca2+ and Mg2+ ions
in the filtered solution. All the tests were carried out three times in order
to guarantee valid results.

2.2. Flotation tests of chalcopyrite with clay content

2.2.1. Materials
The synthetic ore samples were prepared with KGA-1b kaolin parti-

cles acquired from Acros Organics S.A, chalcopyrite provided by Ward's
Science S.A., and quartz provided by Don Capó. The synthetic ore sam-
ple contains 2.9% chalcopyrite, 24.3% kaolin, and 72.7% quartz, and
a quantitative X-ray powder diffraction (XRD) analysis indicates that
kaolin contains 84% kaolinite and 16% halloysite. In addition, kaolin
had a density of 2.6 g/cm3 and an average size of 12 μm, while the av-
erage size of the chalcopyrite and quartz was 1680 μm. The synthetic
minerals were floated using a laboratory scale Denver flotation machine
with a 2 L flotation cell, and the pH of the pulp was adjusted using
NaOH solution. The reagents used were TC-123 as a primary collector
(12 g/t) and Matfroth-355 as a frother (13 g/t).

2.2.2. Method
The recovery and copper grade of synthetic ore samples (chalcopy-

rite, kaolin, and quartz) were evaluated using different water qualities:
i) seawater at pH 8.3 (natural), ii) seawater at pH 11, and iii) treated
seawater at pH 11. It is worth mentioning that seawater at the natural
pH is the base case to contrast the other experimental tests, as it is the
current situation that several copper mines are using to address the wa-
ter scarcity problem, as mentioned above.

First, a synthetic ore sample of 950 g was ground using a stainless
steel laboratory ball with 0.5 L and a frother for 18 min. The particle
size distribution obtained was p80 < 170 μm. The pulp was then trans-
ferred to the flotation cell and water was added to made up a volume
of 2 L for each test. A collector was added to the pulp and NaOH solu-
tion to adjust the pH at 11. The flotation pulp was stirred at 800 rpm to
mix the reagents at a constant rate for 1 min. After this time period, the
air was introduced into the cell as a flotation gas, at a flow rate of 5 L
/min, and the froth was scraped every 10 s for a time period of 12 min
(flotation time). In addition, the AAS technique was used to determine
the composition of the flotation concentrates. Duplicate tests were per-
formed to ensure good reproducibility of results.

2.3. Flocculation tests of clay-based tailings

2.3.1. Materials
Pulps of 250 g and 13% wt. with a solid ratio of 92.30% quartz and

7.70% kaolin were used for settling tests and for measuring of floc chord
length distribution. Each pulp contained different liquid phases: i) sea-
water at pH 8.3 (natural), ii) seawater at pH 10.5, iii) saline water with
0.01 M CaCl2 at pH 10.5; iv) saline water with MgCl2·6H2O 0.05 M at
pH 10.5, and v) treated seawater with CO2 (g) at pH 10.5.

2.3.2. Settling tests of tailing with clay content
The settling tests were conducted using a PTFE 30 mm turbine type

stirrer, placed in the axial position, in a vessel of 1 L capacity and diam-
eter of 100 mm. All tests were performed by placing the stirrer 20 mm
above the vessel bottom. The pulp was preconditioned by mixing the
saltwater solid suspension at 450 rpm for 20 min. After this time period,
in the same vessel, the mixing rate was changed to 125 rpm and diluted
flocculant was added to the suspension. The suspension was flocculated
for 60 s.

The batch settling tests were conducted after the aforementioned
flocculation process, using a closed cylinder of 300 cm3 (35 mm internal
diameter) by gently pouring the slurry into the vessel after mixing time
(60 s), and then slowly inverting the cylinder two times by hand. The
change of the mud line was registered and defined as the vertical posi-
tion of the suspension-supernatant interface. All of the tests were carried
out three times in order to guarantee valid results.

2.3.3. Floc size measurement
The Particle Track G400 with focused beam reflectance measure-

ment (FBRM) technology was used to measure the floc size. This is a
probe-based instrument that was inserted in the beakers containing the
pulps to track the changing particle size and count in real-time at full
process concentrations. To measure the sizes of the flocs, a laser beam
was launched down the probe tube through a set of optics, which was fo-
cused to a tight beam spot at the sapphire window. The optics rotated at
a fixed speed (typically 2 m/s) resulting in the beam spot rapidly scan-
ning across particles as they flowed past the window. As the focused
beam scanned across the particle system, individual particles or parti-
cle structures will backscatter the laser light to the detector. These dis-
tinct pulses of backscattered light were detected, counted, and the dura-
tion of each pulse was multiplied by the scan speed to calculate the dis-
tance across each particle. This distance was defined as the chord length,
a fundamental measurement of the particle related to the particle size.
Typically, thousands of particles were counted and measured per sec-
ond, allowing a precise and highly sensitive chord length distribution to
be reported in real-time. The chord length distribution tracks how the
particle size and count change from the beginning until the end of a
process. Statistics from each chord length distribution, such as counts in
fine and coarse size classes, can be trended over time.

3. Results and discussion

3.1. Partial seawater desalination treatment

Partial seawater desalination treatment aims to the reduce calcium
and magnesium ions concentrations. The removal of calcium and mag-
nesium species was evaluated at different pH values (10, 10.5, and 11)
and CO2 (g) doses (0 ml, 70 ml, and 210 ml). The results are shown in
Figs. 1 and 2 for the removal rates of calcium and magnesium, respec-
tively.

In Fig. 1, it is observed that the calcium removal rate increases con-
siderably as the CO2 (g) doses and pH increase. At pH 11 and in an at-
mosphere rich in CO2 (g) (210 ml) the removal rate of calcium reached
60.5%. Meanwhile, at the same pH with 70 ml of CO2 (g) and with-
out CO2 (g), the calcium removal rate decreases from 30.8% to 23.8%.
Instead, at pH 10.5 with 210 ml of CO2 (g), the calcium removal rate
decreases by almost half (33.3%), compared to the treated seawater at
pH 11 and the same dose of CO2 (g). The behavior of calcium removal
rate is different at pH 10 with and without CO2 (g) due to the low per-
formance of precipitation that was reached. This indicates that at pH
10, without CO2 (g), the calcium removal rate was 1.5%, while with 70
and then 210 ml of CO2 (g) the calcium removal rates were 1.75% and
8.25%, respectively.
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Fig. 1. Calcium removal rate from seawater at different pH and doses of CO2 (g).

Fig. 2. Magnesium removal rate from seawater at different pH and doses of CO2 (g).

With respect to magnesium (see Fig. 2), it is clear to observe that
at pH 11 with CO2 (g) doses and without CO2 (g), the removal rate re-
mained above 90.0%. However, at the same pH value with 210 ml of
CO2 (g), it was possible to remove most of the magnesium salts in sea-
water (98.3%). Instead, at pH 10.5 whit 210 ml of CO2 (g), the magne-
sium removal rate was 72.2%, a lower value than in the previous case.
Moreover, at pH 10.5, the magnesium removal rate remained similar to
70 ml of CO2 (g) and without CO2, which are 20.4% and 18.6% respec-
tively. At pH 10, a low magnesium removal performance is observed in
an atmosphere rich in CO2 (g) and without CO2 (g), as about 13% of the
removal rate was reached.

Table 2 shows the final concentration of calcium and magnesium
ions in the treated seawater, according to the different pH values and
CO2 (g) doses that are related to the calcium and magnesium removal
rates in Fig. 1 and Fig. 2, respectively. In Table 2, the precipitation
of calcium and magnesium species occurs due to the dissolution of CO2
(g) in seawater in an alkaline environment. However, the precipitation
of calcium and magnesium species at pH 10 in an atmosphere rich in
CO2 (g) and without CO2 (g) was slightly reduced due to the solubility
of calcium, which starts to decrease at a pH higher than 9.5, while the
solubility of magnesium starts to decrease at a pH higher than 10.5 (Ay-
oub et al., 2014; El-Manharawy and Hafez, 2003).

In this context, for the treated seawater at pH 10.5 without CO2
(g), the calcium precipitation was higher than magnesium (see Fig. 1),
where its concentration was reduced from 400 mg/L to 323 mg/L, as
its solubility was affected. For the same treated seawater with 210 ml
of CO2 (g), the concentration of calcium and magnesium was strongly

Table 2
Calcium and magnesium ions concentration before and after partial seawater desalination
treatment.

pH

CO2
(g)
(ml)

Calcium
(mg/L)

Magnesium
(mg/L)

8.3 (seawater at natural pH)
– 400 1413

10 0 394 1222
70 393 1230
210 367 1225

10.5 0 323 1149
70 307 1125
210 267 393

11 0 305 121
70 277 92
210 158 24

reduced from 400 mg/L and 1413 mg/L to 267 mg/L and 393 mg/L, re-
spectively (see Table 2). This situation occurs due to the dissolution of
CO2 (g) in seawater, which is explained by the carbonate system. It is a
weak acid-base system and considers the species, such as CO2 (g), aque-
ous carbon dioxide (CO2 (ac)), carbonic acid (H2CO3), bicarbonate ion
(HCO3−), and carbonate ion (CO32−). The continuous injection of CO2
(g) into seawater leads to the oversaturation of the carbonate species,
which interact with the calcium and magnesium ions of the seawater.

This situation promotes the formation of different species, includ-
ing calcium carbonate (CaCO3) and magnesium carbonate (MgCO3)
(Al-Anezi and Hilal, 2006). In this context, for the treated seawater
at pH 11 with 210 ml of CO2 (g), the maximum removal rate of calcium
(60.5%) and magnesium (98.3%) was reached, where the concentration
of the treated seawater was reduced from 400 mg/L and 1413 mg/L to
305 mg/L and 121 mg/L, respectively (see Table 2). Another factor that
also promoted the precipitation of these species was their high pH value,
as the pH of seawater increases, the dissolution performance of CO2 (g)
also increases (Zhao et al., 2013), leading to a higher rate of calcium
and magnesium precipitates in seawater.

3.2. Flotation of chalcopyrite with clay content

The copper recovery and copper grade were evaluated by chalcopy-
rite flotation with and without clay content using different water qual-
ities (seawater at natural pH, seawater at pH 11, and treated seawa-
ter that removed 60.5% of calcium and 98.3% of magnesium). Fig. 3
shows that chalcopyrite flotation in a clay-free system using seawater at
pH 11 reached 98% copper recovery, the highest recovery obtained in
comparison with the same system at pH 8.3 (90% copper recovery) and
systems with clay content. This situation can also be appreciated in the
kinetic parameters (see Table 3), where the chalcopyrite flotation in a
clay-free system using seawater at pH 11 showed the fastest flotation
rate (1.95 min−1), reaching a copper recovery of 96%.

Regarding the copper concentrate grade of clay-free systems, the
chalcopyrite flotation at pH 8.3 had the best quality of concentrate
(10.3% grade of copper) compared to the chalcopyrite flotation at pH
11, which reached a copper concentrate grade of 5.5% being almost the
half of the previous case. It is worth mentioning that the mineralogy of
copper sulphide ores is a relevant factor in the seawater copper flota-
tion (Castro, 2012; Castro, 2018). For porphyry copper ores with a
high presence of chalcopyrite, the copper recovery is slightly reduced
using seawater, compared to freshwater (Castro, 2012). This is be
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Fig. 3. Effect of different water qualities on: a) copper recovery, and b) grade of copper concentrate.

Table 3
The kinetic parameters for rougher tests of chalcopyrite with and without clay, using dif-
ferent water qualities. SW: seawater.

Experimental conditions Kc (min −1) R∞ (%)

Clay-free in SW at pH 8.3 0.57 89
Clay-free in SW at pH 11 1.95 96
Ore with clay in SW at pH 8.3 0.37 94
Ore with clay in SW at pH 11 0.70 81
Ore with clay in treated SW at pH 11 0.55 91

cause the adhesion of hydrolyzed and hydrated calcium and magne-
sium species (CaOH+, MgOH+, and Mg(OH)2) is weak on the chalcopy-
rite surface, producing only electrostatic mechanisms in the interaction
with the mineral and not the adsorption of the species on its surface
(Castro, 2018). The situation is different when copper sulphide ores
have a predominance of chalcocite (CuS2), bornite (Cu5FeS4), or ener-
gite (Cu3AsS4) where seawater is detrimental for the recovery of copper
because these minerals are sensitive to pH as was stated by Alvarez and
Castro (1976), Smith and Heyes (2012), and Yepsen et al. (2019).

Regarding the systems with clay content, chalcopyrite flotation using
seawater at pH 11 was strongly affected compared to seawater at a nat-
ural pH, as copper recovery decreased from 93% to 82%, and the copper
grade fell down from 2.0% to 1.3% (see Fig. 3). The low flotation per-
formance at pH 11 was due to the calcium and magnesium ions generat-
ing complex precipitates under alkaline conditions, causing the hetero-
coagulation between the kaolin and chalcopyrite. The heterocoagulation
phenomenon caused a hydrophilic coating formed by the clay, which ad-
hered onto the surface of valuable minerals preventing their interaction
with bubbles and/or collector (Jeldres et al., 2019). Therefore, this
phenomenon and the mechanical entrainment that reduces the quality
of concentrate could be the primary feature responsible for kaolin be-
havior on the copper recovery and quality of concentrate in the flotation
process using seawater under alkaline conditions. It is worth mentioning
that the results presented in this study are consistent with the study re-
ported by Uribe et al. (2017). When analyzing kinetic parameters (see
Table 3), we found that kaolin has a negative impact on chalcopyrite
flotation, since, at both conditions (pH 8.3 and pH 11), the value of the
kinetic constant decreases markedly. This demonstrates that clay delays
the flotation rate of copper ore.

In Fig. 3 it is interesting to note that the partial desalination treat-
ment of seawater in the chalcopyrite flotation with clay content in-
creased the recovery by up to 95% compared to the clay system us-
ing seawater at pH 11 (82% copper recovery), but the flotation rate be

came slower because the kinetic constant was reduced from 0.70 to
0.55 min-1. The high performance of treated seawater was because the
concentration of divalent ions decreased, which led to reduced hetero-
coagulation between chalcopyrite and kaolin. However, the concentrate
grades reached using treated and untreated seawater at pH 11 were sim-
ilar, 1.4% and 1.3%, respectively. We consider that the low concentrate
grade obtained was due to the entrainment produced of fine clay par-
ticles, and that calcium and magnesium precipitates were not responsi-
ble for this situation. Therefore, it is necessary to seek alternatives com-
plementing the partial seawater desalination treatment in the flotation
process in order to improve the copper concentrate grade.

3.3. Flocculation of clay-based tailings

The flocculation performance of clay-based tailings was evaluated
using different pulps containing different liquid phases (natural seawa-
ter; seawater at pH 10.5; saline water with 0.01 M CaCl2 at pH 10.5;
saline water with MgCl2·6H2O 0.05 M at pH 10.5, and treated seawater
with CO2 (g) at pH 10.5). It is worth mentioning that the flocculation
tests were performed after flotation tests. This situation led to the pH
of seawater, saline water, and treated seawater decreasing from 11 to
10.5 due to the influence of the atmospheric CO2 (g), which acidified
the liquid phases in a short time (El-Manharawy and Hafez, 2003).
The sedimentations of clay-based tailings using seawater at natural pH
were efficient (see Fig. 4) due to the settling rate increased monotoni-
cally with the reagent dose (in the range 1–89 g/ton). However, when

Fig. 4. The effect of the flocculant dose and pH on the settling rate of kaolin suspensions
in seawater.
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the pulp was brought at pH 10.5, the sedimentations were noticeably
slower.

For instance, at a flocculant dosage of 55 g/ton, the settling rate in
seawater at a natural pH was 11.9 m/h, while at pH 10.5 it was 5.0 m/h.
This behavior is explained by the reduction of the size of the floc when
flocculation was carried out under alkaline conditions. As shown in Fig.
5, after 60 s, once flocculation began, the mean chord length at natural
pH was 160 , while at pH 10.5 it was 120 .

In analyzing the effect of the main divalent ions present in seawater,
magnesium was the principal aspect responsible for the low sedimenta-
tion performance when working at pH 10.5 (see Fig. 6). At a flocculant
dosage of 55 g/ton, the settling rate obtained in the presence of magne-
sium chloride was 3.2 m/h, while for calcium chloride, it was 6.5 m/h.
This phenomenon also coincides with the floc size response (see Fig. 7).
After 60 s, a mean chord length of 120 was reached in the presence
of calcium chloride, while 100 was found in the presence of magne-
sium chloride.

Based on the antecedents, treated seawater was used since as it has
a low concentration of calcium and magnesium ions. As shown in Fig.
6, seawater treated at pH 10.5 notably increased the settling rate com

Fig. 5. The effect of the pH on the mean chord length of flocculated kaolin suspensions in
seawater.

Fig. 6. The effect of the flocculant dose and type of water on settling rate of kaolin sus-
pensions at pH 10.5.

Fig. 7. The effect of the type of water on the mean chord length of flocculated kaolin sus-
pensions at pH 10.5 and 55 g/ton.

pared to untreated seawater with the same pH value. For instance, at a
flocculant dosage of 55 g/ton, the settling rate was 5.0 m/h in untreated
seawater. While using treated seawater, the settling rate increased up
to 11.5 m/h. Again, it can be seen that the sedimentation results were
directly related to the flocculation kinetics, where the size of the floc
after 60 s was 120 μm in seawater, while it reached 160 μm in treated
seawater (see Fig. 7). Therefore, treated seawater improves the floccu-
lation performance of clay-based tailings compared to seawater at pH
10.5, which is the current situation in some copper mining operations.
In this context, treated seawater could significantly increase water re-
circulation, so that it can be used in upstream operations, resulting in
considerable water savings for copper mining companies.

4. Conclusions

A partial seawater desalination treatment, reducing calcium and
magnesium ions was proposed to improve the flotation of chalcopyrite
with clay content and the flocculation performance of clay-based tail-
ings in the thickening operations. Under an alkaline conditions, treated
seawater significantly improved the copper recovery from 82% to 95%,
compared to untreated seawater. A similar situation occurred with the
flocculation of clay-based tailings, where the settling rate increased
markedly, from 5.0 m/h to 11.5 m/h. This is because the treated seawa-
ter prevents the formation of complex precipitates of calcium and mag-
nesium, which are detrimental to the flotation process and thickening
operation. In this context, the partial seawater desalination treatment
could be a promising alternative to face the challenges generated by
clays and seawater in copper mining companies.

CRediT authorship contribution statement

Constanza Cruz: Conceptualization, Methodology, Investigation, Vi-
sualization, Writing - original draft. Jahir Ramos: Investigation. Pedro
Robles: Investigation. Williams H. Leiva: Writing - original draft, In-
vestigation. Ricardo I. Jeldres: Conceptualization, Methodology, Writ-
ing - original draft. Luis A. Cisternas: Conceptualization, Resources,
Writing - review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial in-
terests or personal relationships that could have appeared to influence
the work reported in this paper.

6



UN
CO

RR
EC

TE
D

PR
OO

F

C. Cruz et al. Minerals Engineering xxx (xxxx) xxx-xxx

Acknowledgments

The authors thanks CONICYT PIA ACM 170005. Constanza Cruz
was supported by the Finnish Cultural Foundation (South Karelia Regional Fund
and grant number 05181907). Ricardo. I. Jeldres was supported by
MINEDUC-UA project, code ANT 1755; CONICYT Fondecyt 11171036; and
CRHIAM through Project Conicyt/Fondap/15130015. Pedro Robles was
supported by Pontificia Universidad Católica de Valparaíso.

References

Al-Anezi, K, Hilal, N, 2006. Effect of carbon dioxide in seawater on desalination: a com-
prehensive review. Sep. Purif. Rev. 35, 223–247. doi:10.1080/15422110600867365.

Alvarez, J, Castro, S, 1976. Chalcocite and chalcopyrite flotation in seawater and highly
saline media. In: Proceedings of the IV Encontro Nacional de Tratamento de Minerios.
Presented at the IV Encontro Nacional de Tratamento de Minerios, San José Dos Cam-
pos, Brazil. pp. 39–44.

Arias, D, Rivas, M, Guinez, R, Cisternas, L A, 2018. Modeling the calcium and magnesium
removal from seawater by immobilized biomass of ureolytic bacteria Bacillus subtilis
through response surface methodology and artificial neural networks. Desalin. Water
Treat. 118, 294–303. doi:10.5004/dwt.2018.22665.

Arias, D, Cisternas, L A, Rivas, M, 2017. Biomineralization of calcium and magnesium crys-
tals from seawater by halotolerant bacteria isolated from Atacama Salar (Chile). De-
salination 405, 1–9. doi:10.1016/j.desal.2016.11.027.

Ayoub, G M, Zayyat, R M, Al-Hindi, M, 2014. Precipitation softening: a pretreatment
process for seawater desalination. Environ. Sci. Pollut. Res. 21, 2876–2887.
doi:10.1007/s11356-013-2237-1.

Castro, S, 2010. Use of seawater and other saline water (salinity between 1–7%)
pre-treated with lime or other alkalinizing reagents, on mineral flotation process,
where the pre-treatment removes the ions of seawater hardness without significantly
altering its salinity. Chilean Patent 52248, 2010.

Castro, S, 2012. Challenges in flotation of Cu-Mo sulfide ores in sea water. In: Drelich, J
(Ed.), First International Symposium on Water in Mineral Processing. Society for Min-
ing, Metallurgy, and Exploration, Seattle, USA.

Castro, S, 2018. Physico-chemical factors in flotation of Cu-Mo-Fe ores with seawater:
a critical review. Physicochem. Probl. Miner. Process. 54, 1223–1236. doi:10.5277/
ppmp18162.

Chen, X, Peng, Y, 2018. Managing clay minerals in froth flotation—A critical review.
Miner. Process. Extr. Metall. Rev. 39, 289–307. doi:10.1080/
08827508.2018.1433175.

Cisternas, L A, Gálvez, E D, 2018. The use of seawater in mining. Miner. Process. Extr.
Metall. Rev. 39, 18–33. doi:10.1080/08827508.2017.1389729.

Cochilco, Chilean Copper Commission, 2018. Consumo de agua en la minería del cobre al
2017 (Water consumption in copper mining by 2017), Santiago, Chile.

Costine, A, Cox, J, Travaglini, S, Lubansky, A, Fawell, P, Misslitz, H, 2018. Variations in
the molecular weight response of anionic polyacrylamides under different flocculation
conditions. Chem. Eng. Sci. 176, 127–138. doi:10.1016/j.ces.2017.10.031.

El-Manharawy, S, Hafez, A, 2003. Study of seawater alkalization as a promising RO pre-
treatment method. Desalination 153, 109–120. doi:10.1016/S0011-9164(02)01110-4.

Elshkaki, A, Graedel, T E, Ciacci, L, Reck, B K, 2016. Copper demand, supply, and as-
sociated energy use to 2050. Global Environ. Change 39, 305–315. doi:10.1016/
j.gloenvcha.2016.06.006.

Farrokhpay, S, Ndlovu, B, Bradshaw, D, 2016. Behaviour of swelling clays versus
non-swelling clays in flotation. Miner. Eng. 96, 59–66. doi:10.1016/
j.mineng.2016.04.011.

Goñi, C, Jeldres, R I, Toledo, P G, Stickland, A D, Scales, P J, 2015. A non-linear viscoelas-
tic model for sediments flocculated in the presence of seawater salts. Colloids Surf A
Physicochem Eng Asp. 482, 500–506. doi:10.1016/j.colsurfa.2015.06.036.

Herrera-León, S, Lucay, F A, Cisternas, L A, Kraslawski, A, 2019. Applying a multi-objec-
tive optimization approach in designing water supply systems for mining industries.
The case of Chile. J. Cleaner Prod. 210, 994–1004. doi:10.1016/j.jclepro.2018.11.081.

Herrera-León, S, Lucay, F, Kraslawski, A, Cisternas, L A, Gálvez, E D, 2018. Optimization
approach to designing water supply systems in non-coastal areas suffering from water
scarcity. Water. Resour. Manag. 32, 2457–2473. doi:10.1007/s11269-018-1939-z.

Jeldres, R I, Forbes, L, Cisternas, L A, 2016. Effect of seawater on sulfide ore flota-
tion: A review. Miner. Process. Extr. Metall. Rev. 37, 369–384. doi:10.1080/
08827508.2016.1218871.

Jeldres, R I, Piceros, E C, Leiva, W H, Toledo, P G, Herrera, N, 2017. Viscoelasticity and
yielding properties of flocculated kaolinite sediments in saline water. Colloids Surf A
Physicochem Eng Asp. 529, 1009–1015. doi:10.1016/j.colsurfa.2017.07.006.

Jeldres, R I, Arancibia-Bravo, M P, Reyes, A, Aguirre, C E, Cortes, L, Cisternas, L A,
2017. The impact of seawater with calcium and magnesium removal for the flota-
tion of copper-molybdenum sulphide ores. Miner. Eng. 109, 10–13. doi:10.1016/
j.mineng.2017.02.003.

Jeldres, R I, Uribe, L, Cisternas, L A, Gutierrez, L, Leiva, W H, Valenzuela, J, 2019. The ef-
fect of clay minerals on the process of flotation of copper ores-A critical review. Appl.
Clay Sci. 170, 57–69. doi:10.1016/j.clay.2019.01.013.

Ji, Y, Lu, Q, Liu, Q, Zeng, H, 2013. Effect of solution salinity on settling of mineral tail-
ings by polymer flocculants. Colloids Surfaces A Physicochem Eng Asp. 430, 29–38.
doi:10.1016/j.colsurfa.2013.04.006.

Jones, E, Qadir, M, van Vliet, M T, Smakhtin, V, Kang, S M, 2018. The state of desali-
nation and brine production: A global outlook. Sci. Total Environ. 657, 1343–1356.
doi:10.1016/j.scitotenv.2018.12.076.

Lattemann, S, Höpner, T, 2008. Environmental impact and impact assessment of seawater
desalination. Desalination 220, 1–15. doi:10.1016/j.desal.2007.03.009.

Laskowski, J S, Castro, S, Ramos, O, 2014. Effect of seawater main components on frotha-
bility in the flotation of Cu-Mo sulfide ore. Physicochem. Probl. Miner. Process. 50,
17–29. doi:10.5277/ppmp140102.

Lee, B J, Schlautman, M A, Toorman, E, Fettweis, M, 2012. Competition between kaolinite
flocculation and stabilization in divalent cation solutions dosed with anionic polyacry-
lamides. Water Res. 46, 5696–5706. doi:10.1016/j.watres.2012.07.056.

Liu, D, Edraki, M, Berry, L, 2018. Investigating the settling behaviour of saline tailing
suspensions using kaolinite, bentonite, and illite clay minerals. Powder Technol. 326,
228–236. doi:10.1016/j.powtec.2017.11.070.

Liu, D, Peng, Y, 2014. Reducing the entrainment of clay minerals in flotation using tap and
saline water. Powder Technol. 253, 216–222. doi:10.1016/j.powtec.2013.11.019.

Molinos-Senante, M, González, D, 2019. Evaluation of the economics of desalination by
integrating greenhouse gas emission costs: An empirical application for Chile. Renew-
able Energy 133, 1327–1337. doi:10.1016/j.renene.2018.09.019.

Mpofu, P, Addai-Mensah, J, Ralston, J, 2003. Influence of hydrolyzable metal ions on
the interfacial chemistry, particle interactions, and dewatering behavior of kaoli-
nite dispersions. J. Colloid Interface Sci. 261, 349–359. doi:10.1016/
S0021-9797(03)00113-9.

Northey, S A, Mudd, G M, Werner, T T, Jowitt, S M, Haque, N, Yellishetty, M, Weng,
Z, 2017. The exposure of global base metal resources to water criticality, scarcity
and climate change. Global Environ. Change 44, 109–124. doi:10.1016/
j.gloenvcha.2017.04.004.

Norgate, T, Jahanshahi, S, 2010. Low grade ores – Smelt, leach or concentrate? Mine. Eng.
23, 65–73. doi:10.1016/j.mineng.2009.10.002.

Ndlovu, B, Farrokhpay, S, Bradshaw, D, 2013. The effect of phyllosilicate minerals on
mineral processing industry. Int. J. Miner. Process. 125, 149–156. doi:10.1016/
j.minpro.2013.09.011.

Peng, F F, Di, P, 1994. Effect of multivalent salts—calcium and aluminum on the floccu-
lation of kaolin suspension with anionic polyacrylamide. J. Colloid Interface Sci. 164,
229–237. doi:10.1006/jcis.1994.1161.

Quezada, G, Jeldres, R I, Goñi, C, Toledo, P G, Stickland, A D, Scales, P J, 2017. Viscoelas-
tic behaviour of flocculated silica sediments in concentrated monovalent chloride salt
solutions. Mine. Eng. 110, 131–138. doi:10.1016/j.mineng.2017.04.017.

Romero, C P, Jeldres, R I, Quezada, G R, Concha, F, Toledo, P G, 2018. Zeta potential and
viscosity of colloidal silica suspensions: Effect of seawater salts, pH, flocculant, and
shear rate. Colloids Surfaces A Physicochem. Eng. Asp. 538, 210–218. doi:10.1016/
j.colsurfa.2017.10.080.

Smith, L.K., Heyes, G.W., 2012. The effect of water quality on the collectorless flotation
of chalcopyrite and bornite. In: Water in Mining. Presented at the 3rd International
Congress on Water Management in the Mining Industry, 3rd International Congress on
Water Management in the Mining Industry, Santiago, Chile.

Uribe, L, Gutierrez, L, Laskowski, J S, Castro, S, 2017. Role of calcium and magnesium
cations in the interactions between kaolinite and chalcopyrite in seawater. Physic-
ochem. Probl. Miner. Process. 53, 737–749. doi:10.5277/ppmp170205.

US Geological Survey (USGS)., 2018. Minerals Commodity Summary - Copper 2018. Avail-
able from: https://minerals.usgs.gov/minerals/pubs/commodity/copper/ (accessed
February 2019).

Wang, B, Peng, Y, 2014. The effect of saline water on mineral flotation–A critical review.
Miner. Eng. 66, 13–24. doi:10.1016/j.mineng.2014.04.017.

Witham, M I, Grabsch, A F, Owen, A T, Fawell, P D, 2012. The effect of cations on the
activity of anionic polyacrylamide flocculant solutions. Int. J. Miner. Process. 114,
51–62. doi:10.1016/j.minpro.2012.10.007.

Yepsen, R, Gutierrez, L, Laskowski, J, 2019. Flotation behavior of enargite in the process
of flotation using seawater. Miner. Eng. 142, 105897. doi:10.1016/
j.mineng.2019.105897.

Zhao, Y, Yuan, J, Zhang, J, Xie, L, Ji, Z, Su, M, Chen, J, 2013. A different approach for sea-
water decalcification pretreatment using carbon dioxide as precipitator. Desalination
322, 151–158. doi:10.1016/j.desal.2013.04.032.

7

https://minerals.usgs.gov/minerals/pubs/commodity/copper/

	kansi_cruz_partial
	pagination_MINE_106307(1)
	Partial seawater desalination treatment for improving chalcopyrite floatability and tailing flocculation with clay content
	Keywords
	Abstract
	Introduction
	Materials and methods
	Partial seawater desalination treatment: Calcium and magnesium removal
	Materials
	Method

	Flotation tests of chalcopyrite with clay content
	Materials
	Method

	Flocculation tests of clay-based tailings
	Materials
	Settling tests of tailing with clay content
	Floc size measurement


	Results and discussion
	Partial seawater desalination treatment
	Flotation of chalcopyrite with clay content
	Flocculation of clay-based tailings

	Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	References



