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Abstract: In this study, weak acid in the curing and leaching stages of copper ore was incorporated,
and we analyzed its effect on the dissolution of copper and final impurities. The weak acid corresponds
to a wastewater effluent from sulfuric acid plants produced in the gas treatment of copper smelting
processes. This effluent is basically water with high acidity (pH-value low at 1), which contains several
toxic elements and some valuable metals. The results indicated that there is no positive or negative
effect on the incorporation of the weak acid in the curing stage, while the case of the leaching stage
is favored. Toxicity characteristic leaching procedure (TCLP) and synthetic precipitation leaching
procedure (SPLP) toxicity tests were performed on the solid leaching residues, determining that they
accomplish the stability ranges of the impurities (Pb, Cd, Hg, Cr, Ba, Se, As, and Ag).

Keywords: weak acid; water consumption; sulfuric acid plant; arsenic

1. Introduction

The most common metallurgical procedures to produce copper of high grade from copper
sulfides are by means of froth flotation and pyrometallurgical processes. Froth flotation produces
copper concentrate with some trace elements that are considered impurities, principally arsenic and
antimony, and minor elements such as Cd, Hg, Pb, Bi, Se, and Te. The most common mineralogical
species associated with toxic impurities present in copper concentrates are enargite (Cu3AsS4),
arsenopyrite (FeAsS), rejalgar (AsS), tennantite (Cu12As4S13), tetrahedrite (Cu12Sb14S13), and famatinite
(Cu3SbS4) [1–6].

Copper matte is converted to blister copper in the second stage of the copper pyrometallurgical
process, where slag and gases are produced again. The off-gases are carried to the sulfuric acid plant,
where they are cleaned and transformed into commercial sulfuric acid [7,8]. The main problems of the
pyrometallurgical process of copper concentrate are the impact on the environment by high volumes
of off-gases with a high content of SO2 and toxic impurities [5,9–11]. In the case of arsenic, 1–2% is
distributed into the matte, 1.5–5% into the slag, 16–20% into the dust, and 77–80% into the off-gas [12].
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1.1. Weak Acid

The off-gases from copper smelters are rich in SO2, dust, water vapor, and impurities [13].
These gases are cooled and scrubbed with water during the gas-cleaning stage. Moreover, fine solid
material and impurities are removed. The process reutilizes water from wet scrubbers several times,
increasing the levels of impurities, and a small portion of the steam is purged. This purged solution is
very acidic (pH around 1). Due to this characteristic, it is known as weak acid, dirty acid, or blow-down
acid and contains copper, lead, zinc, and very toxic elements such as arsenic and mercury [14–17].

1.2. Weak Acid Treatment

Components in acid wastewater discharged from sulfuric acid plants should be appropriately
treated owing to their toxic nature. The weak acid offers a great technical challenge for removing the
impurities, especially the arsenic, since the concentrations are several grams per liter [17,18].

The most typical treatment process to remove toxic elements from weak acid is the chemical
precipitation. Traditional precipitants are lime, ferric salt, and sulfide. Sulfide precipitation produces
smaller sludge volumes in comparison with hydroxide precipitation [19–21]. Calcium carbonate
and ferric sulfate are alternatives to classical precipitants [22]. The main disadvantages of the
chemical precipitation process are the fine particles of precipitates which hamper the filtration and
the removal of the precipitates. Coagulants such as iron sulfate and aluminum sulfate are added
to improve the filtration of precipitates [12]. Other techniques proposed to control impurities are
solvent extraction and electrochemical processes such as electro-dialysis, electrochemical ion exchange,
and electrocoagulation [23,24].

A different point of view on toxic elements stabilization is the crystallization process.
The crystallization technology promotes the earth-mimetic mineral precipitation phenomena,
compounds with a high capacity of crystallizing the toxic elements with long-term stability. Scorodite
(FeAsO4·2H2O), tooeleite (Fe6(AsO3)4SO4(OH)4·4H2O), and hydroxyapatite (Ca10(PO4)6(OH)2) are
examples of minerals that contain high quantities of toxic elements [25]. Scorodite is a very attractive
compound for stabilizing arsenic due to its low solubility, high removal efficiency, low iron demand,
and low volumes of waste material produced [26–28]. Tooeleite is an attractive mineral for wastewater
treatment because of its high arsenic load (20–25% wt/wt) and natural stabilization during long
periods [17,29]. The hydroxyapatites are a series of minerals that have been studied for the
immobilization of lead, cadmium, nickel, copper, mercury, and arsenic [25].

The methods described above to control impurities from weak acid (or other wastewaters) are,
in most cases, unsuitable for the separation and recovery of valuable species contained in this liquid
residue. Another problem with classical methods is that the final product is not stable [30]. The waste
liquors generated in the mining industry are a potential secondary source of metals present in them.
The use of a copper bleed solution (waste streams generated from the electro-purification of copper
anodes) as a secondary source to recover valuable species is reported in the literature. This solution
contains copper, nickel, sulfuric acid, and traces of Fe, As, and other impurities [31,32]. It is important
to note that copper bleed solutions from the electro-purification of copper are very similar to weak
acid solutions; thus, the weak acid is a new secondary source for the recovery of valuable species.

1.3. Water Scarcity

On the other hand, nowadays, the scarcity of freshwater and the mining impact on the environment
are very significant. Strong local regulations control the extraction of freshwater and the impact of
mining operations (footprint indicators). Mineral processing operations must adapt their production
processes based on the nature of the ores, resulting in moderate water consumption and general
sustainability [33–35].

The efficient use of water is very important, since mining is regularly developed in arid and
semiarid areas and consumes high quantities of this resource [36]. For example, in 2017, Chile produced
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more than 5.5 Kt of copper, with a total water consumption of 13,264 L/s. The main uses of water in
Chile are for the irrigation of farming areas (82%) and mining (3%) [35,37–39]. This situation is similar
to other countries like South Africa, where the 2018 water consumption was 41% for irrigation and
only 4% for mining [40].

The use of alternative sources of freshwater in mining is totally necessary owing to the scarcity
and intensive use of this resource. Desalinated seawater and direct seawater have been used in mining
in several countries, including Australia, Peru, and Chile. The type of water quality depends on several
factors, such as possible interactions of the elements dissolved in water, chemical agents, and equipment
material used [41–43]. The use of seawater or saline water to leach copper ores concentrates or other
products that contain copper is common in hydrometallurgy [41,44]. The positive effect of the saline
water use on hydrometallurgical processes is the important reduction in freshwater consumption
and the improvement of the process performance (kinetic and copper recovery). The main trends of
literature research on the use of seawater and saline water are focused on chalcopyrite and copper
concentrates leaching [45–47]. In addition, several studies estimate the cost of producing desalinated
water. Wittholz et al. estimated the cost to produce desalinated water from a database and concluded
that desalination plants are capable of producing water in the range of 0.50–2.00 US$/m3, depending
on the plant size [48]. Ziolkowska considered the following variables: desalination technology, capital,
operational costs, production capacity, and water salinity, and estimated the cost of desalinated water
at 0.45–2.51 US$/m3 [49]. Considering the scarcity of water, which affects the mining processing of
ores, the main alternative is the use of desalinated water. Cisternas and Gálvez showed that the cost of
reverse osmosis is approximately 1.4 US$/m3, and this cost is similar in several countries (Australia,
Canada, Zambia, USA, Mexico, Argentina, Peru, and Chile), but the cost to use this water is strongly
influenced by the altitude of the plant and the cost of energy [41]. In this context, the country with the
lowest cost to produce desalinated water is Australia, and the country with the highest cost is Chile.
As a result of this, the use of weak acid as an alternative source of water is an extremely attractive
option due to the high cost of using desalinated water in mining. Consequently, in this study, the use of
weak acid as a potential alternative source of water from the leaching of copper minerals is proposed.
The use of weak acid reduces the cost of copper smelting by neutralizing the effluents of sulfuric acid
plants and could reduce the operating costs in hydrometallurgical processes by the contribution of
sulfuric acid and dissolved copper to the system.

2. Materials and Methods

2.1. Weak Acid Characterization

The representative sample of weak acid was supplied by Hernán Videla Lira Smelter (Copiapó,
Chile). The weak acid was filtered and analyzed by Inductively Coupled Plasma-Optical Emission
Spectroscopy (ICP-OES) using a PerkinElmer model Optima 8000 spectrometer (Waltham, MA, USA).
The elements contained in the weak acid are shown in Table 1. It indicates that Zn, As, and Cu are
the major components in the sample. It is important to highlight the high levels of toxic elements
such as As and Cd, which offer a serious challenge for the industrial management of this type of
wastewater. In addition to the analyses mentioned above, 95.95 g/L of sulfuric acid and 3.84 mg/L
of chloride concentration were determined by titration, and a density of 1.15 g/cm3 was determined
by pycnometer.
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Table 1. Elements contained in the weak acid.

Element mg/L Element mg/L Element mg/L

Zn 38,195.3 Mg 233.0 Li 2.0
As 3676.0 Bi 90.9 Hg 0.01
Cu 2424.0 Pb 87.8 Co 0.0
Fe 1570.0 Sb 80.0 Se 0.0
Cd 1172.0 Mo 54.0 Sr 0.0
Ca 664.0 Cr 28.0 Ti 0.0
Ni 188.0 Tl 7.0 V 0.0

2.2. Copper Ore Characterization

The copper oxide ore was supplied from Manuel Antonio Matta Plant (Copiapó, Chile). The ore
was crushed and milled to obtain a particle size below 150 µm. In order to identify the chemical
composition, the sample was digested with hydrofluoric acid (HF) and analyzed by ICP-OES, and the
results assay of the samples is shown in Table 2. Additionally, the ore was analyzed to determine the
typical operational parameters. The soluble copper was 1.38%, and the acid consumption was 8.9 Kg
H2SO4/Kg Cu (122.6 Kg H2SO4/t of ore).

Table 2. Elements contained in the copper oxide ore in percentages.

Element Amount (wt%)

Cu 1.59
Fe 10.65
As 0.004
Cd 0.0003
Ca 4.17
Co 0.0063
Pb 0.015
Li 0.0012

Mg 1.02
Mn 0.09
Sr 0.006
Ti 0.10
Zn 0.08
Bi 0.0625
Hg 0.0004

The morphology, elemental distribution, and mineralogical species present in the ore were
determined by scanning electron microscope with a dispersive energy analyzer (SEM-EDS, Carl Zeiss
EVO MA10, Oberkochen, Germany), optical microscope (Olympus model BX41M, Tokyo, Japan),
X-ray diffractometer (XRD, Shimadzu 6100, Kyoto, Japan), and QEMSCAN®(Carl Zeiss, Oberkochen,
Germany).

Figure 1 shows the SEM-BSE (backscattered electron), with a magnification of ×100 of a sample of
copper ore. Based on the elemental composition obtained from the SEM-EDS analysis, it is possible
to indicate that particles A, B, and C correspond to an iron oxide grain, a copper oxide grain, and a
non-liberated copper grain in the gangue, respectively. Furthermore, it is possible to indicate that most
of the particles correspond to gangue, which could belong to silicon oxide (quartz) associated with
elements such as sodium and aluminum that could form aluminosilicate.
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Figure 1. SEM image of mineral ore (×100).

The mineralogical species identified using optical microscopy were quartz, sericite, limonite,
pyrite, chlorite, chalcopyrite, calcite, malachite, atacamite, magnetite, hematite, and chrysocolla. Finally,
a quantitative mineralogical analysis of the copper ore was performed using the QEMSCAN® by
an expert team of geologists from MAINI laboratory (Catholic University of the North). The list of
mineralogical species of the ore is shown in Table 3.

Table 3. Mineralogical composition of copper ore.

Mineral Amount (wt%)

Albite 22.1
Quartz 25.6

Anorthite 16.2
Orthoclase 5.6

Calcite 5.7
Chlorite 5.7

Hornblende 4.5
Titanite 3.1
Epidote 2.7

Hematite 4.2
Cuprite 0.9

Muscovite 2.7
Tenorite 0.4

Other minerals 0.6

Total 100.0

2.3. Curing and Leaching Tests

Curing tests were conducted in 600 mL shake flasks at ambient temperature and pressure-taped
with parafilm paper. The ore was in contact with acid and water for 24 h, according to the literature
report [50]. The main parameters of the curing tests were a 150 µm particle size, 34.3% moisture
percentage, and 100 mL wash water volume. The curing tests used distilled water, sulfuric acid
(analytical grade supplied by Merck), and industrial weak acid. The experimental design is shown in
Table 4.
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Table 4. Experimental design for curing tests.

Set Dosage of H2SO4 (kg H2SO4/t ore) Weak acid in Water Replacement (%)

1

30

0
60
90

120

2 From set 1
25
50
65

Leaching tests were conducted in shake flasks, at an ambient temperature and pressure, with a
mechanical stirring set at 600 rpm. 300 mL of leaching solution was in contact with copper ore for 50 h.
The experimental design of leaching and curing conditions is shown in Table 5. Aliquots of 5 mL of the
leaching solution were collected and filtered to perform the elemental analyses. The concentration of
Cu, Fe, Mn, Zn, Cd, Pb, Sb, As, Hg, and Bi in the aqueous solution was quantified using ICP-OES.
After the leaching test, the residues were filtered, washed, dried (45 ◦C for 24 h), and analyzed using
SEM-EDS, XRD, and ICP-OES. In the case of synthetic aqueous solutions, ultrapure water (type I) was
used. All chemical reagents were analytical grade and supplied by Merck.

Table 5. Experimental design from the leaching test.

Solid Fraction
(%)

Sulfuric Acid
(g/L)

Weak acid Replacement
to Sulfuric Acid (%) Curing Conditions

20 25 0

Without curing
Curing with H2SO4 (90 g/t) and water

Curing with weak acid, H2SO4, and
water (60% weak acid, and 90 g/t of

H2SO4 contributed by weak acid and
concentrated sulfuric acid)

20 25 100

Without curing
Curing with H2SO4 (90 g/t) and water

Curing with weak acid, H2SO4, and
water (60% weak acid and 90 g/t of

H2SO4 contributed by weak acid and
concentrated sulfuric acid)

2.4. Toxicity Test

The TCLP and SPLP were employed to determine the stability of elements present in the final
solid residue.

Solid residues were subject to the TCLP in accordance with EPA SW-846, Methods 1311.
The extraction solution consisted of 5.7 mL glacial acetic acid added to 64.3 mL of 1.0 M NaOH
solution, with the final volume brought to 1 L with distilled water. The pH of this solution was
adjusted to 4.93 ± 0.05 before use. The procedure consisted of putting the leaching solution and the
solid sample in contact in a phase ratio of 20/1 in a sealed bottle. The bottles were rotated at 30 ± 2 rpm
for 18 h [25,26,51,52].

Solid residues were subject to the SPLP in accordance with EPA SW-846, Methods 1312.
The leaching fluid consisted of an acetic acid mixture and nitric and sulfuric acids, obtaining a
solution of pH 4.2. The samples were put in contact in a liquid/solid relationship of 20 in a sealed bottle
and then agitated in a rotary system at 30 ± 2 rpm and 23 ± 2 ◦C for 18 ± 2 h [51].
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3. Results and Discussion

3.1. Curing

The effect of the weak acid on the curing stage was tested in a series of batch tests. The curing test
investigated the weak acid in the freshwater replacement. 25%, 50%, and 65% of the weak acid in the
freshwater replacement were evaluated.

The effect of sulfuric acid on the curing stage without the incorporation of the weak acid is shown
in Figure 2. The curing test determined that a dosage of 90 kg of acid/t mineral was adequate (62% of
copper was dissolved). Furthermore, with the increase of sulfuric acid, the copper dissolution also
increased, but the acid dosage is excessive compared with the literature reports. For example, a sulfuric
acid dosage in the curing stage of 30 kg of acid/t ore was reported by Lu et al. [53]. The low copper
dissolution with sulfuric acid dosage (fewer than 90 g/t) is attributable to the high acid consumption of
the ore used in this research.
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The effect of the weak acid on the curing stage was investigated. The optimal acid dosage was
maintained from the previous test. The results showed in Figure 3 indicate a decrease of dissolved
copper as compared to the curing stage with only sulfuric acid. These results are very similar to
the curing stage with only sulfuric acid at 65% of water replacement by the weak acid. The authors
propose that the weak acid in the curing stage produces a low copper dissolution suppressing part of
the exothermal reaction generated by the concentrated sulfuric acid. The weak acid produces a high
pre-leaching effect at 65% of water replacement, balancing the minor exothermal effect.
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3.2. Leaching

Leaching tests to evaluate the sulfuric acid replacement by weak acid in a leaching solution were
conducted. The tests were performed with 20% of solids and leach solution with 25 g/L of total sulfuric
acid (sulfuric acid + weak acid). The leaching tests were carried out with and without the curing stage.
For the first condition, the sulfuric acid concentration was 90 g/t contributed by concentrated sulfuric
acid and/or weak acid.

The results showed practically the same copper recovery for leaching tests with and without the
weak acid, close to 62% and 80% of copper dissolution after 50 h of leaching (Figures 4 and 5).

Copper dissolutions using water and sulfuric acid as a leaching solution (Figure 4) were 64.62%,
76.26%, and 76.56% after 50 h for the three conditions, respectively. Meanwhile, copper dissolutions
using water and weak acid as a leaching solution at the same time (Figure 5) were 61.51%, 71.21%,
and 80.21% for the three curing conditions.
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Figure 5. Copper leaching test with weak acid and water as a leaching agent.

Comparing both leaching experiments (with and without weak acid), the results showed a positive
effect for weak acid incorporated into the leaching process. The best condition to obtain the greatest
copper recovery was obtained by incorporating weak acid both in the curing and in the leaching stages.

Table 6 shows the final concentrations in the pregnant leach solution (PLS) for the leaching tests.
The result shows an increase in the concentration of elements such as Cd, Zn, As, Bi, Cu, and Fe.
The increase in the levels of some elements in the PLS is due to the weak acid directly contributing to
the PLS with these elements.
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Table 6. Chemical characterization of the PLS obtained by leaching with sulfuric acid and weak acid.

Element g/L

With Sulfuric Acid With Weak Acid

Without
Curing

Curing with
H2SO4 and

Water

Curing with
Weak Acid,
H2SO4, and

Water

Without
Curing

Curing with
H2SO4 and

Water

Curing with
Weak Acid,
H2SO4, and

Water

Cd 0.00 0.00 419- 0.31 0.32 0.44
Zn 0.02 0.00 1.95 8.25 9.37 12.17
Sb 0.00 0.00 0.00 0.00 0.00 0.00
Pb 0.02 0.02 0.01 0.01 0.00 0.00
As 0.00 0.00 0.18 0.80 1.07 1.46
Cu 3.03 3.48 3.49 3.66 4.06 4.48
Fe 0.35 2.34 2.25 0.74 2.38 2.38
Mn 0.12 0.14 0.15 0.15 0.14 0.14
Hg <0.001 (*) <0.001 (*) <0.001 (*) <0.001 (*) <0.001 (*) <0.001 (*)

Bi 0.0112 0.0110 0.0128 0.0159 0.0263 0.0301

* Under the detection limit.

3.3. Residue of Leaching Tests

The waste was sampled and analyzed to determine the chemical composition (Table 7) after the
leaching cycle. Finally, the toxicity tests of the residues were performed to determine their stability.

Table 7. Chemical composition of leaching residues.

Amount
(wt%)

With Sulfuric Acid With Weak Acid

Without
Curing

Curing with
H2SO4 and

Water

Curing with
Weak Acid,
H2SO4, and

Water

Without
Curing

Curing with
H2SO4 and

Water

Curing with
Weak Acid,
H2SO4, and

Water

Cd 0.0026 0.0250 0.0031 0.0244 0.040 0.0065
Zn 0.0205 0.0288 0.0268 0.044 0.045 0.030
Sb 0.0114 0.0096 0.0100 0.0113 0.0114 0.0108
Pb 0.173 0.172 0.170 0.214 0.1808 0.163
As 0.182 0.602 0.191 1.766 1.144 0.856
Cu 0.199 0.220 0.220 0.510 0.204 0.191
Fe 7.57 8.653 8.418 8.508 8.380 8.053
Mn 0.042 0.338 0.034 0.038 0.029 0.030
Hg <0.001 (*) <0.001 (*) <0.001 (*) <0.001 (*) <0.001 (*) <0.001 (*)

Bi 0.043 0.0795 0.053 0.209 0.171 0.139

* Under the detection limit.

Toxicity tests to study the stability of the residues were performed. ICP, SEM/EDS, and XRD
analyses were performed to determine the chemical composition and mineralogical distribution.
Table 8 shows that the washed solutions obtained from the TCLP and SPLP through the leaching
residues have very low concentrations of toxic elements. The result of the toxicity tests indicates the
high stability of solid residues and a safe final disposition.
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Table 8. Chemical composition for the TCLP and SPLP tests.

Test Condition
Element Concentration (mg/L)

Pb Cd Hg Cr Ba Se As Ag

TCLP
Without weak acid 0.384 0.019 <0.001 * 0.029 14.330 <0.3 * 0.704 <0.007 *

With weak acid 0.516 0.559 <0.001 * 0.036 14.720 <0.3 * 2.141 <0.007 *

SPLP
Without weak acid 0.159 0.010 <0.001 * 0.026 12.300 <0.3 * 0.608 <0.007 *

With weak acid 0.347 0.532 <0.001 * 0.036 10.230 <0.3 * 2.071 0.008

* Under the detection limit.

To determine how arsenic is stabilized, XRD, and SEM/EDS analyses were performed. Figure 6
shows the XRD diffractograms of leaching residues where it was possible to identify quartz, gypsum,
and albite as the major species. Gypsum is the only new mineralogical species (formed by the reaction
between sulfuric acid and the basic minerals of the ore) when comparing the ore and the solid residue.
XRD did not detect the mineralogical species because this technique only detects species over 3%
in volume.
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(c) copper ore.

To estimate the mineralogical species that stabilize the arsenic in residues, a SEM/EDS analysis
was performed. Figure 7 shows the SEM micrography of the leaching residue (×1000), and a particle
(×5500). Most of the particles have associated elements such as silicon, oxygen, sulfur, and calcium;
these elements are present in gypsum, quartz, and albite. These species were detected in an XRD
analysis (Figure 6). On the other hand, the analysis of the particle marked with a circle using a
mapping SEM/EDS (Figure 7) shows high iron, arsenic, and oxygen. These elements are present in
mineralogical species such as scorodite and ferrous arsenates, which are stable species for arsenic in
residues [25,54]. Leaching working conditions (principally low temperatures) are not favorable to
scorodite formation, the presence of this compound being discarded. The formation of ferric arsenate is
more probable at ambient conditions. Ferric arsenate is a scorodite precursor, and at high temperatures,
the transformation is promoted. Notwithstanding this, ferric arsenate has a low arsenic stabilization
capability compared with scorodite, and it can overcome toxicity tests. The arsenic stabilization
mechanism was described in detail by Min et al. [28].
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4. Conclusions

The current findings support the relevance of weak acid incorporation into the copper ore curing
and leaching stages:

The curing test showed a neutral effect of the weak acid on the water replacement. The best result
was 65% of water replacement, with 62% of copper dissolution.

The leaching test showed a positive effect of weak acid on water replacement. The result was slight
in terms of copper recovery, but it was very important in terms of the water and sulfuric acid reduction.

Weak acid did not produce problems for solid residues in terms of toxic element disposal, owing
to the TCLP and SPLP tests being positive.

Finally, the weak acid was a great option for incorporation into copper hydrometallurgy due to its
reduced freshwater and sulfuric acid consumptions.
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