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Synopsis

Seawater has become a viable alternative for different uses in copper hydrometallurgy. In this paper
we review the main physical and chemical characteristics of seawater and how these influence
copper production. Reliable data on the use of continental water are reported, and the current
use and consumption of seawater in the Chilean mining industry is analysed, indicating the main
areas of use and the main problems encountered. Additionally, the influence of the elements
in seawaterthat have the most influence on the extractive metallurgy of copper are considered.
The Chilean copper mining industry currently consumes approximately 4.1 m*/s of seawater,
which corresponds to 25% of the total water used. The use of seawater for the leaching of copper
sulphide minerals, such as chalcopyrite, is beneficial because it provides 20 g/L of chloride, thereby
improving copper dissolution kinetics.
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Introduction

Owing to the scarcity of water resources required by the mining industry (Kinnunen et al., 2021), it is
becoming increasingly difficult to develop new projects. Water is used for a variety of applications, from
dust control on roads to metal recovery processes such as leaching and flotation (Gunson et al., 2012). Most
of these processes require large volumes of water, which compels the industry to recycle as much as possible
and to explore new sources of water (Herrera-Leon et al., 2019).

In Chile, the most important mining area is in the extreme north, which is characterized by arid and
semi-arid conditions (Atacama Desert). Even in the coastal areas, the meteorological stations record annual
precipitation levels of less than 3 mm (Garcia and Osses, 2017; Romero, Mendonca, and Catarina, 2012;
Sarricolea, Ruiz, and Aravena, 2017). Water scarcity a growing problem for mining companies. Searching
for an alternative to replace the use of inland waters is becoming increasingly important, with seawater
being one such alternative.

Seawater contains various elements, many of which are provided by erosion of the Earth's crust.
Seawater has high salinity (around 3.5%), comprising mainly Na* and Cl ions, with lesser quantities
of Ca*, Mg*, SO4*~, and HCO3™, among others (Qiu ef al., 2016). In addition, the pH of seawater is
moderately alkaline, reaching values ranging from 7.2 to 8.2, depending on the amounts of dissolved
salts (San Martin et al., 2020). The presence of ions contained in seawater varies depending on the local
environmental characteristics. Another component of seawater is organic material, which is contributed by
the ecosystem of organisms that proliferate throughout maritime environments (Morales, 2017).

To manage the challenge of water scarcities, there has been a considerable increase in the uses of
non-conventional water sources and renewable energies in the mining industry. In Chile, since 2019,

14 companies have used seawater in their processes, including Minera Escondida, Centinela, Antucoya,
and Sierra Gorda. Furthermore, in 2019, the use of seawater in copper mining reached 4.06 m*/s, which
represents 25% of the water used in mining. Of the water utilized, 1.84 m*/s corresponds to seawater
directly used in processes, while 2.22 m*/s is desalinated water (COCHILCO, 2020a). The rise in water
consumption in Chilean mining is due to an increase in the production of sulphide copper minerals, which
are treated by flotation. It is estimated that the production of concentrates to be processed will reach 890 Mt
by 2027 (COCHILCO, 2016), an increase of 89.9% since 2017 (COCHILCO, 2017).
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Seawater

Humans have in the past regarded the ocean as an unlimited
resource. It is used as a food source and a means of transport.
Approximately 70% of the Earth is covered by water, of which
97.5% is salt water and 2.5% is fresh water, which corresponds

to about 35 million km®. Only 0.007% of that amount is suitable
for human consumption (Carrién, 2020). According to the Food
and Agriculture Organization (FAO), in 2006 Chile recorded
withdrawals comprising 92% surface water, 7.8% groundwater, and
only 0.2% saline water (FAO, 2015).

Seawater possesses unique characteristics with respect to the
distributions of temperature, pressure, and density. Seawater is an
effective solvent that dissolves many sediments that come from
land. In addition, it has many conservative and non-conservative
properties, such as viscosity, density, thermal expansion, and
turbidity (Balasubramanian, 2011). Temperature and salinity, which
determine the variability of other properties such as density and
surface tension, are among the most important. According to Chang
et al., (2012), if it assumed that the temperature of seawater is a
constant 10°C with salinity of 30 g/kg, the other properties will be as
given in Table I.

Seawater contains dissolved ions that represent approximately
3.5% of the composition, while the remaining 96.5% is water (Qiu
et al., 2016). The most abundant elements in seawater, in cationic
forms, are sodium, magnesium, potassium, and calcium. The most
abundant anions are chlorine, sulphate, and bicarbonate. The
chemical composition of seawater remains almost constant in the
ocean due to thermodynamics. Some salts precipitate when an
excess of these ions is created and are incorporated as sediments.
Circulation of the oceanic masses allows for constant agitation and
mixing of water. Marine biota fix certain salts, such as carbonates

Table I
Properties of seawater
Parameter Value
Temperature (°C) 10
Salinity (g/kg) 30
Viscosity (kg/m/s) 0.001382
Density (kg/m?) 1023
Specific heat (J/kg/°C) 4022
Surface tension (N/m) 0.03
Table II
Major elements composition of seawater
Element Concentration
Chloride (CI') 18 980
Sodium (Na™) 10 556
Magnesium (Mg?*) 1262
Calcium (Ca?*) 400
Potassium (K*) 380
Bromide (Br’) 65
Fluoride (F") 1
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and silicates. These transform into insoluble materials, such as
shells, which are added to the sediments in the sea when the animals
die (Cisternas and Moreno,2014). The chemical composition of
seawater is shown in Table IT (Balasubramanian, 2011).

The mass fraction of material dissolved in seawater corresponds
to absolute salinity: precisely determining this parameter is
practically impossible. Millero et al. (2008) developed a new
measure of salinity termed reference salinity. This parameter is used
to better represent absolute salinity, based on Knudsen salinity,
chlorinity, and practical salinity.

Temperature usually varies according to latitude and depth;
for example, at the poles, the temperature in summer is about 3 °C
in the deeper areas of the oceans. In the Baltic Sea and North Sea,
temperatures vary between 14 and 18°C; and in the Mediterranean
between 22 and 27°C. In Cuba, the water temperature is 25°C on
average (Florez and Bernabé Calle, 2015). According to the navy's
hydrographic and oceanographic service (SHOA), temperatures
in the north of Chile vary between 15 and 20°C, and the annual
average from the centre of the country to the city of Arica in the
most northern region is 17°C (SHOA, 2022).

Density depends on temperature only if a material is in its

pure state; that of seawater also depends on salinity (Cisternas
and Moreno, 2014). Fresh water reaches its maximum density at
a temperature of 4°C, whereas the maximum density of seawater
occurs at its freezing point, which is —1.9°C (Anil et al., 2016). The
density of seawater varies between 1020 and 1050 kg/m?, depending
on the depth and pressure, because it has a higher density as depth
increases (Tenzer, Novéak, and Gladkikh, 2011).

Current use of seawater in Chilean copper mining

In the Chilean copper mining industry, the current total water
consumption rate is approximately 18.4 m*/s, of which 12.8 m*/s
corresponds to continental waters and 5.6 m*/s is seawater. The
use of seawater is projected to increase to 11.0 m*/s by 2030,
representing approximately 47% of the water required by copper
mining (COCHILCO, 2019). The use of seawater in Chilean copper
mining has been driven by over-exploitation of water resources in
arid or semi-arid regions, because 76% of the country's surface is
affected by desertification, droughts, and degraded soils (Santoro
et al., 2021). Average annual availability of fresh water in the north
of Chile (Antofagasta region) reaches 53 m3 per capita per year,
and values as high as 2 993 535 m® per capita in the southern zone
(Aysén) (Alvez et al., 2020).

Areas of seawater use

The Chilean Copper Commission identifies two types of seawater
used in mining: water produced by desalination plants and by
seawater impulsion systems. Desalination is carried out to eliminate
the elements contained in seawater, thereby obtaining salt-free
water. Seawater impulsion systems apply only minor pretreatments
to reduce the amounts of impurities that may interfere with the
metallurgical processes.

The use of untreated seawater is an unconventional method
in the metallurgical extraction of copper. The contained ions
can favour or harm processes. For example, the chloride ions in
unprocessed seawater can benefit the leaching of certain copper
sulphides (Lu and Dreisinger, 2013; Ruiz, Montes, and Padilla,
2011). This positive effect is due to an increase in the porosity of
the passivating layer of elemental sulphur that is generated when
copper sulphides are leached, allowing for better leaching kinetics
(Hashemzadehm Dixon, and Liu, 2019).
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Problems with untreated seawater

Desalination of seawater in Chile has been carried out since

the 19th century (Hirschmann, 1975), with the installation of

the first solar distillation plant by Charles Wilson in 1872. This
plant, called Las Salinas, was located near the city of Antofagasta
and produced about 20 kL/d of water for human and animal
consumption (Arellano-Escudero, 2015). By 2017 there were 11
operating desalination plants and 10 under evaluation in Chile. In
2020 there were 23 desalination plants, of which 14 were associated
with industrial mining and 9 were for urban use (MOP, 2020). It is
estimated that 15 new desalination plants for mining will be added
by 2028, almost equalizing the consumption of seawater and fresh
water in mining processes (COCHILCO, 2020b).

Different methods can be used to desalinate seawater, such
as electrodialysis (Jiang et al., 2015), solar evaporation (Olive,
2018), distillation (Arellano-Escudero, 2015), and reverse osmosis,
the latter being most used due to continuous improvements in
membrane technology and energy consumption, which increase
performance and efficiency (Ncube and Inambao, 2019). One of
the problems of this process is that the discarded brines, which
have a high concentration of salts, are usually returned to the sea.
Desalination removes approximately 99% of the salts, resulting in
a a highly concentrated waste brine with about Tw.ce the salinity
of raw seawater. This poses a disposal problem, since it can harm
the marine environment if returned to the sea (Ordofiez, 2015).
There are also certain problems with using seawater, either raw or
desalinated, that affect not only the processes but also cover more
general issues, such as transportation to the mine sites, the energy
required, and equipment corrosion.

These problems have been studied by researchers and mining
companies over the years in efforts to make the use of seawater
more economically feasible. The following paragraphs set out the
most critical problems in more detail.

Corrosion

Corrosion is damage to metals and alloys through chemical or
electrochemical interaction with their environment (Maaf3, 2011).
Raw seawater is oarticularly corrosive, owing to its high salt content,
but corrosion can also occur with desalinated seawater due to its

pH values (Schorr et al., 2010). Corrosion reactions can be classified
as wet or dry. Depending on the nature of the structural damage,
corrosion can be classified as general corrosion, pitting corrosion,
crevice corrosion, intergranular corrosion, environmentally induced
fracture, de-alloying, galvanic corrosion, and erosion (Kadhim et al.,
2021). Pitting and galvanic corrosion are the most common types
when using seawater. The corrosion rate of metals depends on their
composition and the environment. The concentration of chloride in
seawater is the most influential parameter because it accelerates the
rate of corrosion (Cisternas and Moreno, 2014).

Pitting is a type of localized corrosion, characterized by
formation of irregular cavities on the surface of a metal. This occurs
when a metal is in permanent or intermittent contact with liquid, be
it ordinary water, seawater, rain, or even humidity (Garita, Rivolta,
and Vega, 2013). However, when working with seawater, resistance
to pitting corrosion decreases notably, due to the breakdown of the
passive protective layer on the surface of the metal (Antony et al.,
2010). In the case of copper, pitting corrosion is known as nodular
pitting, because pitting piles up in very localized places, forming
nodules or small mounds (Garcia, Uruchurtu, and Genescd, 1995).
In contrast, galvanic corrosion occurs when two metals immersed
in an electrolyte are in electrical contact, and are characterized by
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different practical nobilities, that is, by different potentials for free
corrosion. When the electrolyte is seawater, a galvanic cell is formed
(Palmer, 2012). Seawater facilitates the formation of galvanic cells
because it makes the migration of ions possible (Cisternas and
Moreno, 2014).

Energy consumption and costs

Desalination plants and seawater transport systems entail significant
investment and operating costs because the vast majority of mining
operations in Chile are located at great distances from the coast
and at high altitudes above sea level (EDITEC, 2015). In most
cases, the most important costs associated with the use of seawater
are transportation of the water to the mine, which often exceed
the costs of desalination itself (Herrera, Cisternas, and Gélvez,
2015). Therefore, the energy consumption of seawater impulsion
systems is high, requiring the use of fuels that have an impact on the
environment.

According to Galvez and Cisternas (2017), electricity generated
for desalination in the north of Chile is based on fossil fuels,
with associated environmental effects. To counteract this, solar
plants have been implemented as a clean energy source, but not in
sufficient numbers. The reverse osmosis process typically uses 3.7-
8 kWh/m”. In addition, the higher the sodium chloride content in
seawater, the more energy is required for desalination (Ncube and
Inambao, 2019). According to Garcia (2017), the average cost for
desalinated seawater in Chilean mining is approximately US$5.1
per m®, compared with US$1.6 per m® for fresh water. This high
cost is mainly due to the costs associated with transportation and
the desalination process. The great difference in prices between
countries is mainly due to fifferences in the cost of electrical energy,
height above sea level at which the mine is located, and the distance
from the mine to the coast. Approximately 80% of Chilean mining
operations are located at an altitude above 3000 m (Carrasco and
Vega, 2011).

Use of seawater in copper hydrometallurgical processes

With the steady depletion of oxidized copper ores and increasing
production from sulphide ores, the need arises to find more
economical alternatives to process these types of ores. In general,
sulphide copper ores are treated by flotation, which requires

large amounts of water. Thus, alternatives for hydrometallurgical
processes, such as leaching using seawater, are being studied

for both oxidized and sulphide copper ores. The latter are most
studied, due to their complex behaviour during leaching. The
chloride ion, present in seawater, is beneficial for the leaching of
copper sulphides because it promotes faster dissolution kinetics
(Lu and Dreisinger, 2013). The influence of chloride ions contained
in seawater on the solvent extraction (SX) process has also been
studied, with the results being similar to use of fresh water, and
sometimes even better (Shakibania et al., 2020). Additionally, in
the copper electrowinning (EW) process, the presence of chloride
ions at a concentration of 0.02 g/L can improve the compaction and
smoothness of cathodes (Nkuna and Popoola, 2019).

Leaching of oxidized copper ores using seawater

In Chile, leaching of oxidized copper ores with raw seawater

has been carried out for more than 60 years. In 1960, the Diana
plant, owned by Compania Minera de Tocopilla, obtained copper
precipitates from agitation leaching. Michilla also used seawater

for its leaching processes in 1970. In both plants, copper was
precipitated with iron scrap to obtain copper cement (Cisternas and
Moreno, 2014).
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Copper oxide minerals generally have a high acid solubility,
therefore the most widely used extraction method is leaching.

These minerals are usually leached in an acidic medium, mainly
using sulphuric acid (Deng et al., 2017). The effect of using different
acids, such as HNO3 and HCI, has also been studied. Habbache et
al., (2009) evaluated different acidic media (H,SO4, HNO3, and
HCI) were and compared to determine which gave better copper
extraction: HCl achieved the highest dissolution kinetics and copper
extraction (99.95%). Senanayake (2007) asserted that high-stability
chloro-complexes are formed during dissolution, which increase the
adsorption kinetics and, therefore, the dissolution rate.

The effect of chloride ion concentration has also been studied.
Nicol (2018) leached malachite in an acidic medium with H2SO4
and chloride ions. The author observed that faster leaching kinetics
were achieved by increasing the concentration of chloride ions. A
low (10 g/L) chloride concentration was sufficient to improve the
leaching kinetics.

In a study by Veldsquez and Quezada-Reyes (2018), various
leaching tests were carried out on an oxidized copper mineral in
solutions of seawater, discarded brine, and distilled water, which had
chloride concentrations of 20, 32 and 20 g/L, respectively. In the first
experiments, stirred-flask leaching was performed. The seawater test
gave a copper recovery of 96% after 90 minutes of leaching. Kinetics
of the process were high and extraction exceeded 90% in all the tests
within 30 minutes. The second leaching method was carried out in
stirred reactors under ambient conditions and 40 g/L H,SO4 was
added to each chloride solution. The results indicated that seawater
leaching gave a copper extraction greater than 90% after 20 minutes’
leaching. However, the authors indicated that chloride ions did not
have a strong effect on copper extraction from copper oxides.

Leaching of sulfide copper ores using seawater

The leaching of sulphide copper ores has been extensively studied.
The dominant process for recovery of copper from chalcopyrite is
by froth flotation to produce a copper-rich concentrate followed
by pyrometallurgical treatment. This is associated with significant
disadvantages, including the release of harmful emissions, being
capital- and energy-intensive, and uneconomical for low-grade
finely disseminated complex sulphide ores (Li ef al., 2013).
Hydrometallurgical methods for copper sulphide ores arise as a
necessity to lower production costs, especially because chalcopyrite
(CuFeS,) accounts for 70% of the world’s copper reserves and is
the main future feed (Aguirre et al., 2016; Gonzalez et al., 2020;
Rodriguez et al., 2020; Toro et al., 2020).

One of the main problems when leaching copper sulphides is
their slow dissolution rate (Bogdanovi¢ et al., 2020) owing to overly
slow dissolution kinetics. The slow dissolution kinetics is attributed
to passivation, which involves formation of a layer of elemental
sulpsur on the mineral surface (Beiza et al., 2019; Hernandez et al.,
2020; Quezada et al., 2020). However, the nature of this passivating
layer has not yet been established with certainty. The layer inhibits
contact between the mineral and the oxidizing agents, which
reduces the dissolution rate (Cdérdoba et al., 2008).

Figure 1 represents an example of passivation of chalcopyrite,
mainly associated with the presence of elemental sulphur.

According to Velasquez-Yévenes-, Malverde, and Quezada
(2022), sulphide mineral dissolution, particularly the passivation of
chalcopyrite, is governed by redox potential-dependent reactions.
Many studies have been devoted to determining the redox potentials
at which dissolution is possible and passivation occurs (Beiza et al.,
2019). Methods to reverse passivation to increase the effectiveness
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Figure 1—SEM mapping analysis of the residue performed from a leach
performance at 70°C in 0.2 M H>S04 and 50 g/L of CI” ions. (a) Chalcopyrite
particles (1). Elements of interest are shown in red: (b) Cu, (c) Fe, and (d) S
(Quezada et al., 2021)

of copper sulphide (mainly chalcopyrite) dissolution are being
studied. Although encouraging results have been obtained in the
laboratory/pilot scale, these are still very expensive treatments to use
on an industrial scale. However, some studies indicate that better
results can be obtained in chloride media with the addition of cupric
ions, because chloride solutions are more aggressive and cuprous
ions are stabilized by the formation of chlorine complex ions (Torres
et al., 2019). The influence of seawater on this process has been
studied since the chloride ions that it contains can contribute to
leaching, as discussed below.

Effect of chloride in copper ore leaching

Chloride media generate faster dissolution kinetics in the leaching
Chloride media promote faster dissolution kinetics in the leaching
of copper sulphide ores. Hernandez et al., (2015) studied the effect
of CI” and Cu?* ions on the leaching of chalcopyrite in seawater and
pure water containing 0.32 and 1 M H,SO4. The results indicated
that the presence of seawater has a positive effect on the extraction
of copper. This can be attributed to the formation of chloride-copper
complexes that increase leaching kinetics. However, if extra sodium
chloride is added to the seawater to ingrease the concentration
above 37 g/L, the high ionic strength decreases the mobility of
individual ions from solution to solid and impairs extraction rates.
Torres et al. (2015) compared the effect of using seawater
with a concentration of 18 g/L CI” and synthetic seawater with
30 g/L of CI". The results indicated that the extraction of copper
increased for both cases, reaching 70% and 75%, respectively.
Similar results were shown in a study by Toro et al. (2020), where
chalcopyrite was leached with HSO4 in wastewater and seawater
with CI” concentrations of 39.19 g/L and 19.35 g/L, respectively,
as well as only HSO4. Manganese nodules were used as oxidizing
agents for all solutions. The authors indicated that wastewater gave
slightly higher copper extraction than seawater, reaching almost
80%. However, it should be noted that the seawater solution had
a chloride ion concentration of approximately half that of the
wastewater.
Hernandez et al. (2020a), using seawater and distilled water
at Cl” concentrations of 20 and 40 g/L, and brine containing
approximately 36 g/L CI’, obtained the best copper extraction,
approximately 95%, with seawater and distilled water at 20 g/L CI".
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In the case of distilled water with 40 g/L CI’, a lower extraction

(< 80%) was obtained. These results are in contrast to that of Toro
et al. (2020), who obtained better extractions at higher chloride
concentrations. However, Lu, Jeffrey, and Lawson (2000) indicated
that a chloride ion concentration greater than 17 g/L does not
increase the kinetics of leaching. Nevertheless, it is important to
have enough chloride ions in solution, because these ions promote
the oxidation of copper (I) and iron (II) by dissolved oxygen.
However, leaching depends on the operating conditions, because
high chloride concentrations can extend the potential window to
higher values (Velasquez-Yévenes, Miki, and Nicol, 2010).

Effect of temperature on leaching of copper sulfide ores using
seawater

Aguirre et al. (2016) and Ruiz, Montes, and Padilla (2011) showed
that copper extraction from sukphides increases with increasing
temperature.

The leaching of copper sulphide minerals, especially
chalcopyrite, requires approximately 75 to 85 kJ/mol activation
energy (Mufioz, Miller, and Wadsworth, 1979). By increasing the
temperature the required activation energy is generated to increase
the reaction kinetics (Rodriguez et al., 2020).

Hernandez et al. (2020b) obtained a copper extraction of
90% from chalcopyrite at a maximum temperature of 65°C using
seawater, and 40% extraction at 25°C (Hernandez et al. 2020a).
These authors also showed that a lower temperature was required to
achieve copper extraction close to 90%, a result that differed from
that of Rodriguez et al. (2020). This is explained by Bogdanovi¢ et
al. (2020), who indicated that chalcopyrite leaching in a chloride
medium requires a lower activation energy, approximately 42 kJ/
mol. Therefore, a lower temperature is required when leaching in
chloride media to achieve high copper extractions.

Effect of pretreatment

It has been shown that agglomeration followed by curing improves
the extraction of copper from sulphide ores (Hernandez et al.,
2020a; 2019). The agglomeration process aids permeability of

the heap, causing the fine and coarse particles to bind together.
Agglomeration improves contact between the mineral and solution,
thus achieving a better copper extraction (Quezada et al., 2020). A
curing or resting step can make minerals easier to dissolve in the
leaching stage, which increases leaching efficiency and decreases
processing times. The curing period results in a homogeneous
distribution of the acid, and also promotes the inhibition of
aluminum silicate minerals (acid consumwes) (Dhawan et al., 2013;
Quezada et al., 2018). Velasquez-Yévenes, Torres, and Toro (2018)
leached agglomerated chalcopyrite ore with different concentrations
of chloride. The resukte suggested that at least 20 kg/t of Cl” ions
delivers higher extractions (approximately 20%) compared with no
CI” (approximately 10%). All the tests were performed in column
leaching mode. In a more recent study by Quezada et al. (2021),
agglomeration and curing were carried out with the addition

of NaCl. They obtained 94% copper extraction at 90°C with a
concentration of 50 g/l CI". The effect of pretreatment of copper
sulphides with the addition of seawater has also been studied by
Cerda et al. (2018), who used seawater to pretreat a chalcopyrite
and bornite ore. The results showed 93% dissolution of copper
using a concentration of 90 kg Cl'/t of mineral with 40 days curing
at 50°C. In a study by Quezada et al. (2018), agglomeration and
curing were carried out using seawater and discarded brine, with
CI” concentrations of 20 and 32 g/L respectively. A curing time of 50
days resulted in a copper extraction of 72% for the discarded brine,
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and 68% for the seawater. Hernandez et al. (2020b) evaluated the
effect of seawater as a source of chloride ions on acid curing. The
procedure consisted of creating a mineral paste with NaCl (solid),
NaNOs, HSO4, and seawater, with a moisture content of 15%. The
paste was allowed to stand for 3 days before leaching. A copper
extraction of 60% was obtained, compared with 25% without the
pretreatment step.

Seawater in the solvent extraction process

Acid leaching in solutions with seawater show better copper
extraction kinetics; however, the presence of ions such as Cl-,

Nat, Mg?*, K*, and Ca?* could affect the efficiency of subsequent
processes such as SX. Mahmoudi et al. (2020) conducted SX
testwork with seawater, using LIX 984N and Acorga M5774 as
extractants. Between pH values of 0.5 and 1.5, LIX 984N achieved
a greater extraction of copper from solutions that contained at least
20 g/L chloride ion. However, at pH values exceeded 1.5, a higher
extraction was obtained from chloride-free solutions. This effect
was also observed with Acorga M5774, with the difference being
that better extractions from chloride-free solutions ere obtained
above pH 1.7. This difference in behaviour can be attributed to

the interaction between chloride ions and copper ions, which

form CuCl* and CuCl? complexes (Puigdomenech and Taxén,
2000). However, for both extractants, when maximum copper
extraction was reached, at pH 2.5, the effect of chloride ions was not
significant.

To better understand the effect of pH in SX in chloride-
containing solutions, Shakibania ef al. (2020) used LIX 984 at
different chloride concentrations. The authors reported that copper
extraction at pH < 2 was higher at concentrations of at least 20
g/L of chloride ions. Furthermore, in the range from 0-40 g/L
chloride, the predominant species were Cu?*, CuCl* and CuCls.
When the pH was increased to above 2, there did not appear to be a
significant difference in copper extraction capacity between systems
with and without chloride. Two probable reactions governing
copper extraction in chloride systems were proposed where HRorg
represents the organic solvent molecules:

HRorg + CuCliy = CuRClag + Hiy, (1]

CuRClyg + HRypg = CuRyorg + Hiy + Cla,. 2]

It has also been suggested that chloride ions can have an adverse
influence on copper SX when low extractant concentrations are
used, because a lower concentration gradient is generated between
the aqueous and organic phases. In addition, the use of salt water in
SX systems requires in changes in the circuit configuration, because
an additional washing stage may be required to avoid excessive
transfer of chloride and iron to the electrolyte (Shakibania et al.,
2020).

Effect of chloride on copper electrowinning

EW of copper using seawater has not been studied in depth, but the
effect of chloride on the process is known. The electrolyte used in
electrowinning typically contains 0.01-0.06 g/L chloride ions.
Chloride adversely affects the EW process. When using
stainless-steel cathodes, the chloride concentration must be kept
below 0.030 g/L to avoid pitting corrosion, therefore a washing
stage is incorporated in the upstream SX process (Schlesinger et al.,
2021). Coalescers are used in the presence of high concentrations of
chloride in the advance electrolyte, which reduce aqueous carry-
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over in the organic phase to the SX strip circuit. However, Aragon
and Camus (2011) found that better quality copper cathode was
obtained in the presence of chloride ions, because chloride reduces
the grain size and improves the mechanical properties of the
cathode. This is corroborated by a more recent study (Nkuna and
Popoola, 2019), which indicates that a chloride ion concentration
0f 0.02 g/L gave a smoother and more compact cathode. However,
nodules and irregularities formed on the cathode at a concentration
above 0.025 g/L.

Conclusions

Today, seawater contributes approximately 25% of the main water
requirements in the Chilean mining industry. The shortage of
fresh water has motivated the mining sector to face the important
challenge of looking for new ways and tools to supply its processes.
The use of seawater is presented as a viable way to address water
scarcity and reduce the use of continental waters.

For hydrometallurgical processes used for oxidized copper
ores, seawater can be either beneficial or detrimental. Leaching
kinetics are better with chloride, but in general, these ions do
not significantly affect the process, as indicated by the successfuk
leaching of chrysocolla and atacamite. The use of seawater for
leaching copper sulphide minerals, such as chalcopyrite, is
beneficial because it provides 20 g/L of chloride. However, the
leaching of copper sulphides is, as yet, not economically viable on
an industrial scale.

In the SX process, chloride can increase copper extraction at
pH values below 2 using LIX 984N and Acorga M5774 at 15% v/v.
However, this effect does not occur at pH > 2.5. It should also be
borne in mind that with a greater amount of salts in the system
an increased number of washing stages may be required to avoid
excessive transfer of chloride to the electrolyte.

The chloride concentration in the advance electrolyte must
be carefully controlled in copper electrowinning, because
pitting corrosion of the stainless-steel cathode ocures at chloride
concentrations above 0.03 g/L.
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