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Abstract:



The need to explore more complex and low-grade silver ores and to develop novel and cost-effective processes to recover silver from waste is becoming an important challenge. This paper aims to characterize old, low-grade, silver tailings generated by the former Zgounder silver mine, located in Morocco. Understanding the mineralogical composition, particularly the silver deportment, was critical to allow the recovery of silver from these tailings. More than 88 samples of low grade tailings were sampled and characterized using chemical and mineralogical techniques. Froth flotation was used to recover silver bearing minerals using a combination of different collectors (dithiophosphate, dialkyl dithiophosphinates, Aero 7518, Aero 7640, alkyl dithiophosphates and potassium butyl-xanthate). The main goal was to optimize the flotation process at a laboratory scale through the testing of different parameters, such as collectors and frother types and dosage, activators and sulphidizing agents, and pH conditions. The characterization results showed that silver content varied between 30 and 440 ppm with an overall average content of 148 ppm. Silver occurs mainly in the form of native silver as well as in association with sulphides, such as acanthite and pyrite. Minor amounts of sphalerite, chalcopyrite, arsenopyrite, and hematite were identified. The flotation results showed the following optimum conditions: particle size of 63 µm, conditioning pH of 8.5, a combination of butyl-xanthate and dithiophosphate as collectors at a dosage of 80 g/t each, a concentration of 200 g/t of the activating agent (CuSO4), 30 g/t of methyl isobutyl carbonyl (MIBC) frother and a duration time of 8 min with slow kinetics. With these optimal conditions, it was possible to achieve a maximum silver recovery yield of 84% with 1745 ppm Ag grade to be cyanided. Moreover, the environmental behavior of the final clean tailings was demonstrated to be inert using Toxicity characteristic leaching procedure (TCLP) leaching tests.






Keywords:


Zgounder mine; silver; tailings; low-grade silver ores; flotation; mineralogical characterization












1. Introduction


Recently, the demand for silver has increased exponentially due to the growing development of green technologies and nanotechnologies where silver is greatly required. Paradoxically to this high demand, the price of silver has increased, and world reserves are becoming scarcer. Worldwide silver reserves are significantly decreasing, and their price is continuously growing [1,2]. Silver price has more than tripled in the last two decades [3], and in the near future, silver will potentially be more expensive than gold. Therefore, the processing of complex low-grade ores has become a critical issue which the mining industry is facing. Many challenges and opportunities need to be addressed. Further research should be carried out in order to develop processing methods that take into account the effects of mineralogy, pre-processing methods, surface chemistry in regard to flotation rates, the activation and passivation of gangue minerals, the liberation degree of valuable minerals, etc. These aspects have been widely studied for gold, lead, zinc, and copper minerals. However, the literature shows that only few studies have dealt with the recovery of silver bearing minerals by froth flotation.



Regarding mineralogy, silver might be associated with hundreds of different silver bearing minerals with a wide range of compositions. This natural issue makes the recovery of silver bearing minerals a more complex and challenging task. Researchers have classified silver bearing minerals into eight different groups: silver alloys [4,5], sulphides [6], selenides [7,8], antimonides [9], tellurides [8,10], sulphosalts [11,12], halides [13], and solid solution [14]. Acanthite and argentite are the main silver sulphide minerals reported in the literature [14,15,16]. Silver may be associated with halide group minerals and sulphosalts. In some sulphosalts, Ag does not appear in the chemical formula because it occurs in the lattice sites. Ag can also be associated with telluride group minerals. It is highly associated with Au and sulphides. The naumannite mineral is the main Ag bearing mineral in the group of selenides. It is generally found in association with quartz and carbonates in hydrothermal veins. Silver can also take the form of a solid solution when some sulphides, such as chalcopyrite, sphalerite, galena and pyrite, are present in the silver ore. Special attention should be given to these minerals, because silver can replace iron, zinc, palladium, nickel, and cobalt [14].



Concerning silver beneficiation, different metallurgical processing techniques have been developed in order to recover silver from complex ores. Two main parameters need to be understood before selecting the appropriate recovery process: (i) silver deportment among Ag minerals (sulfosalts) and as a trace substitution within other minerals (pyrite, galena, etc.); and (ii) silver occurrence in terms of particle size distribution. These parameters can help to better choose the appropriate treatment method to recover silver bearing minerals of interest.



The flotation technique has generally been used to selectively separate valuable minerals from gangue non-valuable materials using the hydrophobicity properties [17,18,19,20,21,22]. It has been widely used to recover silver minerals from different ore deposits [23,24,25,26]. Silver minerals can be recovered either by selective or bulk flotation depending on the amount of minerals of interest within the ore [11]. Various types of reagents could be used to recover silver, based on the surface properties and the nature of present minerals. Activators, pH modifiers, depressants, collectors, frothers, and dispersants in different commercial nomenclatures are commonly used. Dorr and Bosqui [25] were among the first researchers interested in the effects of different reagents on the efficiency of silver mineral recovery. They described the reagents used in Mochito mine collectors (Aerofloat 25/31, amyl and butyl xanthates, Aerofloat 208 and 404); pH modifiers (sodium carbonate); activators (copper sulphate); depressants (starch); dispersants (sodium silicate); and sulphidising reagents. A study performed by Thompson [27] investigated the most appropriate reagents to use for the recovery of silver from an ore containing 350 ppm of Ag. Silver was associated with sulphosalts (freibergite, pyrargyrite), sulphides (proustite, argentite), and in solid solution with pyrite. It was shown that it is possible to float 82% of silver by using a combination of collectors (thionocarbamate with ethyl xanthate) to produce a concentrate containing 17,500 ppm of Ag. In another study, xanthates and dithiophosphates as collectors with MIBC, pine oil, or polypropylene glycol as frothers were used to recover Cu–Ag, Co–Ag, or Cu–Ag–Bi bearing minerals [6]. Lime was used to achieve the neutral pH. The flotation recovery yields might also depend on the grain particle size. Indeed, it was demonstrated in the literature that low flotation rates are obtained when particles are finely ground due to the low collision efficiency between particles and bubbles [28,29,30]. Therefore, multiple flotation processes have been developed in order to enhance the bubble–particle collision efficiency, either by decreasing the bubble size or by increasing the apparent particle size [31].



However, it is important to mention that, to the best of knowledge of the current paper’s authors, no study related to the recovery of silver from old mine tailings using flotation has yet been reported. Pioneer studies should be carried out in order to understand the reactional mechanisms affecting the flotation of silver bearing minerals. The recovery of silver from old, weathered tailings may present a challenge (since mineral surfaces are oxidized), and at the same time, could be a profitable opportunity if it is economically feasible and environmentally viable.



Morocco is one of the main world producers of silver, classified 16th according to 2014 statistics [32]. In this study, complex low-grade and weathered tailings from the Zgounder mine, one of the oldest silver mines in Morocco, are tested for the recovery of residual silver bearing minerals using froth flotation as a pretreatment before cyanidation. The unexpectedly high silver values in the Zgounder old tailings storage facility (TSF) are believed to be due to insufficient residence time in the reaction tanks; the presence of coarse silver particles; and an insufficiently fine grind during previous operations. Therefore, this study aimed to recover silver from Zgounder low grade tailings using froth flotation. The effect of several parameters on the silver recovery rate, such as particle size, pH, types and amounts of collectors, frothers, activation, and sulphidization were investigated. The main objective was to optimize the parameters affecting silver recovery conditions.




2. Materials and Methods


2.1. Sampling Campaign


Zgounder mine is located in the Western part of the central Anti-Atlas Mountain Range, 150 km south of Marrakech, Morocco. Silver in Zgounder ores is enriched at narrow mineralized veins of chlorite, quartz, siderite, and disseminated ore minerals [33]. It generally occurs in the form of native silver, mercurian silver, silver bearing sulphides and sulphosalts. Silver ore was processed by crushing, milling and cyanidation. The mine had undergone two mine exploitation phases. In the first phase, silver was extracted from 1982 to 1990 by crushing and milling, followed by cyanidation. The site was closed in 1990 and the mine was reopened again in July 2014 by Zgounder Millenium Silver Mining company. The north tailings pond of the Zgounder mine was selected in this study due to its significant volume of tailings produced between 1982 and 1990 (more than 400,000 tons) and its content of Ag (an average grade of 125 g/t silver) [34]. A quantity of 88 samples (approximately 6 kg for each sample) was taken from the tailings pond at a depth of 1.6 m, as presented in Figure 1. The samples were homogenized and stored in sealed bottles to ensure minimal contact with air. All of the samples were dried at a low temperature, disaggregated, homogenized, separated, and sealed in plastic bags until testing.


Figure 1. Location of the Zgounder mine tailings storage facilities and the used sampling procedure.



[image: Minerals 08 00273 g001]







2.2. Tailing Characterization


The volumetric particle size distribution of the tailings was determined using a laser analyzer (Malvern Mastersizer; ISO-13320, Panalytical, Almelo, The Netherlands). The specific gravity (Gs) measurement was performed with a helium gas pycnometer (Micromeritics Accupyc 1330, Micromeritics, Norcross, GA, USA). The chemical composition of the tailings was determined with atomic absorption equipment (Thermo Fisher Scientific, Waltham, MA, USA) following HNO3/HCl digestion. The inorganic carbon content (Cin) was determined using a LECO furnace with a ±0.05 to 0.1 wt % precision. The crystalline minerals performed only for the composite sample were determined by X-ray diffraction (Bruker AXS Advance D8, Bruker, Billerica, MA, USA), using CuKα radiation with a fixed counting time of 4 s in the range from 5° to 70° with steps of 0.02° in 2θ. The quantitative phase analysis of the tailings was performed using the TOPAS 4.2 program (Bruker, Billerica, MA, USA), based on the Rietveld analysis and data reconciliation against chemical analysis. Scanning electron microscopy (SEM) observations using backscattered electrons (BSE) were performed on polished sections prepared with the bulk samples and an epoxy resin using a Hitachi S-3500N microscope equipped with an X-ray energy dispersive spectrometer (Silicon Drift Detector Bruker, Bruker, Billerica, MA, USA) with ESPRIT 2® software (Bruker, Billerica, MA, USA). The static tests were also performed to evaluate the environmental behavior of Zgounder mine tailing (ZMT) waste. This test was conducted using acid-base accounting, according to the Sobek method modified by Lawrence and Scheske [35].




2.3. Flotation Tests


Before flotation, the samples were tested as raw tailings or were regrinded at two levels (less 105 and 63 microns) in order to liberate silver and refresh mineral surfaces. Numerous flotation tests were performed in triplicate on Zgounder mine tailings (ZMT) using a Denver D-12 lab flotation machine (911 Metallurgist Corporation, Kamloops, BC, Canada) with a cell volume of 4 L. All of the samples were dried, mixed, homogenized, and divided into representative samples for the flotation tests. The objective was to assess the effects of the main parameters on silver recovery and grade. Many reagents were used. It is known that the reagent types and their dosages highly affect the recovery of silver bearing minerals. The effectiveness of these reagents depends mainly on their functionalities and the minerals’ particle compositions and surfaces [36,37]. The synthesized methodology and the reagents used in this study are illustrated in Figure 2.


Figure 2. The methodology scheme used in this study.
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Figure 3 presents the flotation setup used to recover silver bearing minerals. During all rougher and scavenging flotation experiments, the solid content was maintained between 30% and 32%, as commonly used in the industry. The speed of the rotor-stator was adjusted to 1500 rpm, and airflow varied between at 2 and 3 L·min−1. Combinations of different families of collectors were used, such as dithiophosphate (Aerofloat 242), dialkyl dithiophosphinates (Aero 3418A), alkyl dithiophosphates (Aero 3477) and potassium butyl-xanthate (PBX), as well as other special formulations, such as Aero 7518 and Aero 7640 [38]. Sodium sulfide (Na2S) was used as a sulphidising reagent, while CuSO4 was used as an activator. Sodium hydroxide (NaOH) and sulphuric acid (H2SO4) were used as pH modifiers. Methyl isobutyl carbonyl (MIBC), pin oil and polypropylene glycol frother (Aerofroth 65) were used as frothers. The test flotation procedure involved a series of tests with two roughing stages followed by one stage of cleaning and scavenging. Flotation optimization was based on testing different parameters classified in a priority order as well as using industrial experience. The flotation kinetics; effect of pH; effect of grinding; and the effects of several types of collectors and frothers were verified in the study (Table 1).


Figure 3. Zgounder mine tailing (ZMT) preparation and flotation test scheme.



[image: Minerals 08 00273 g003]





Table 1. Synthesis of all the studied parameters and related conditions.





	
1- Effect of pH and Type of Collector




	

	
pH

	
D90

	
Methyl Isobutyl Carbonyl

	
Butyl-Xanthate

	
Dialkyl Dithiopho-Sphinates

	
Dithiophosphate

	
Aero

7518

	
Aero

7640

	
Alkyl Dithiophosphates




	
Test-1

	
7.5

	
62 µm

	
30 g/t

	
60 g/t

	
100 g/t

	

	

	

	




	
Test-2

	

	
100 g/t

	

	

	




	
Test-3

	

	

	
100 g/t

	

	




	
Test-4

	

	

	

	
100 g/t

	




	
Test-5

	

	

	

	

	
100 g/t




	
Test-6

	
9

	
62 µm

	
30 g/t

	
60 g/t

	
100 g/t

	

	

	

	




	
Test-7

	

	
100 g/t

	

	

	




	
Test-8

	

	

	
100 g/t

	

	




	
Test-9

	

	

	

	
100 g/t

	




	
Test-10

	

	

	

	

	
100 g/t




	
Test-11

	
10.5

	
62 µm

	
30 g/t

	
60 g/t

	
100 g/t

	

	

	

	




	
Test-12

	

	
100 g/t

	

	

	




	
Test-13

	

	

	
100 g/t

	

	




	
Test-14

	

	

	

	
100 g/t

	




	
Test-15

	

	

	

	

	
100 g/t




	
2- Effect of pH and Type of Frother




	
Parameter

	
pH

	
D90

	
Methyl Isobutyl Carbonyl

	
Butyl-Xanthate

	
Polypropy-lene Glycol

	
Dithiophosphate

	
Pin Oil




	
Test-16

	
7.5

	
62 µm

	
30 g/t

	
60 g/t

	
30 g/t

	
100 g/t

	
30 g/t




	
Test-17

	
8.5

	
30 g/t

	
30 g/t

	

	
30 g/t




	
Test-18

	
9.5

	
30 g/t

	
30 g/t

	

	
30 g/t




	
Test-19

	
10.5

	
30 g/t

	
30 g/t

	

	
30 g/t




	
3- Effect of Optimized Collector Dosage




	

	
pH

	
D90

	
Methyl Isobutyl Carbonyl

	
Butyl-Xanthate

	
Dithiophosphate




	
Test-20

	
8.5

	
62 µm

	
30 g/t

	
40 g/t

	
60 g/t




	
Test-21

	
60 g/t

	
40 g/t




	
Test-22

	
60 g/t

	
60 g/t




	
Test-23

	
80 g/t

	
60 g/t




	
Test-24

	
80 g/t

	
80 g/t




	
Test-25

	
80 g/t

	
100 g/t




	
Test-26

	
100 g/t

	
100 g/t




	
4- Effect of Solution pH




	

	
pH

	
D90

	
Methyl Isobutyl Carbonyl

	
Butyl-Xanthate

	
Dithiophosphate




	
Test-27

	
5

	
62 µm

	
30 g/t

	
80 g/t

	
80 g/t




	
Test-28

	
6




	
Test29

	
7




	
Test-30

	
8




	
Test-31

	
9




	
Test-32

	
10




	
Test-33

	
11




	
5- Effect of Grinding




	

	
pH

	
D90

	
Methyl Isobutyl Carbonyl

	
Butyl-Xanthate

	
Dithiophosphate




	
Test-34

	
8.5

	
62 µm

72 µm

85 µm

96 µm

	
30 g/t

	
80 g/t

	
80 g/t




	
Test-35




	
Test-36




	
Test-37




	
6- Effect of Activation




	

	
pH

	
D90

	
Methyl Isobutyl Carbonyl

	
Butyl-xanthate

	
Dithiophosphate

	
CuSO4




	
Test-38

	
8.5

	
62 µm

	
30 g/t

	
80 g/t

	
80 g/t

	
0 g/t




	
Test-39

	
100 g/t




	
Test-40

	
200 g/t




	
Test-41

	
300 g/t




	
7- Effect of Sulphidization




	

	
pH

	
D90

	
Methyl Isobutyl Carbonyl

	
Butyl-Xanthate

	
Dithiophosphate

	
Na2S




	
Test-42

	
8.5

	
62 µm

	
30 g/t

	
80 g/t

	
80 g/t

	
0 g/t




	
Test-43

	
300 g/t




	
Test-44

	
500 g/t












3. Results and Discussion


3.1. Tailing Characterization Results


The chemical properties obtained by atomic absorption spectrometry (AAS) of all of the samples are presented in Figure 4. The results showed that the content of silver in old Zgounder mine tailings varied between 30 and 440 ppm. The general average of the samples was about 142 ppm. After a composite sample was prepared from the different samples, the chemical analysis showed that silver content in these samples was about 148 ppm.


Figure 4. Variation of silver grade in the different samples taken from Zgounder mine tailings (TSF).
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Table 2 presents the physical, chemical, mineralogical, and environmental characteristics of the prepared ZMT composite sample. The particle size distribution results show the fine-grained particle size distribution of the tailings with a D80 of 150 µm. Some traces of heavy metals (Pb, Zn, Cu) and metalloids (As and Sb) were also detected. The sulphur content was about 0.58% in the ZMT composite. The results of the static tests showed that the net neutralization potential (NNP) of ZMT was around −9.8 kg CaCO3/t, thus classifying the ZMT as having an uncertain acid generation potential (−20 kg CaCO3/t < NNP < +20 kg CaCO3/t). This result was expected due to the mineralogical composition of Zgounder tailings mainly comprising non-sulfidic gangue minerals (more than 95 wt %). The XRD results showed that the ZMT composite is mainly composed of gangue minerals, muscovite, quartz, albite, actinolite, and orthoclase. Minor amounts of pyrite, sphalerite, chalcopyrite, arsenopyrite, and hematite were identified by SEM observations. Figure 5 shows some particles of these minerals and their associations.


Figure 5. Combined BSE SEM and X-mapping images of some minerals in the ZMT composite sample.
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Table 2. Physical, chemical, and mineralogical characteristics of the ZMT composite sample.





	
Physical Properties

	
Zgounder Mine Tailings (ZMT)




	
D20 (µm)

	

	
43




	
D50 (µm)

	

	
74




	
D80 (µm)

	

	
150




	
Gs (g/cm3)

	

	
1.6




	
Chemical Composition




	
Ag

	
ppm

	
148




	
Au

	
ppm

	
<0.1




	
As

	
ppm

	
0.04




	
Sb

	
ppm

	
86




	
Pb

	
%

	
0.24




	
Zn

	
%

	
0.37




	
Fe

	
%

	
5.41




	
Cu

	
%

	
0.08




	
S

	
%

	
0.58




	
C

	
%

	
0.10




	
Static Test




	
AP (kg CaCO3/t)

	
18.1




	
NP (kg CaCO3/t)

	
8.3




	
NNP (kg CaCO3/t)

	
−9.8




	
Acid generation

	
Uncertain




	
Mineralogical Composition (%)




	
Quartz

	
SiO₂

	
14.8




	
Muscovite

	
KAl2(Si3Al)O10(OHF)2

	
16.2




	
Albite

	
NaAlSi3O8

	
31.0




	
Chlorite

	
(Fe,Mg,Al)6(SiAl)4O10(OH)8

	
13.6




	
Actinolite

	
Ca2(Mg,Fe)5Si8O22(OH)2

	
14.7




	
Orthoclase

	
KAlSi3O8

	
5.4




	
Rutile

	
TiO2

	
2.1




	
Sphalerite

	
ZnS

	
0.5




	
Pyrite

	
FeS2

	
0.5




	
Chalcopyrite

	
CuFeS2

	
0.1




	
Arsenopyrite

	
FeAsS

	
0.1




	
Galena

	
PbS

	
0.3




	
Dolomite

	
CaMg(CO3)2

	
0.1




	
Butlerite

	
Fe(SO4)(OH)2(H2O)

	
0.5








Abbreviation: AP—Acidity potential; NP—Neutralization potential; NNP—Net neutralization potential.









3.2. Size-by-Size Chemistry Analysis


The Zgounder mine tailing sample was homogenized and sieved into different grain size fractions: +300 µm, 212–300 µm, 150–212 µm, 106–150 µm, 75 + 106 µm, 45–75 µm, and 0–45 µm. The objective was to define the fraction that is richest in silver. The distributions and grades of silver in these fractions were determined and are presented in Figure 6. The measured silver content in the ZMT composite sample was 148 ppm. An Ag analysis on a size-by-size basis indicated that silver varied between 100 and 200 ppm in the finer and intermediate size fractions (0–300 µm), while the coarse fraction recorded the highest silver content: 540 ppm.


Figure 6. Distributions and grades of silver in different grain size fractions.
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3.3. Flotation Kinetics


Preliminary tests were conducted in order to determine the optimal conditions of flotation in terms of flotation residence time and grain size distribution. Two rougher kinetic flotation tests were conducted on the composite following the conditions described below. The ZMT composite sample was ground to prepare distinct samples with D90 of 62 µm and 106 µm to be floated as well as the raw ZMT sample. Butyl-xanthate (60 g/t) and dithiophosphate (100 g/t) were used as collectors, MIBC (35 g/t) as collector. This combination of reagents is widely recognized as being a strong and selective Ag bearing mineral collector in the industry. The rougher kinetics of silver (Ag) flotation at two different grinding levels are graphically shown in Figure 7.


Figure 7. Flotation kinetics of mineral silver at two grain sizes: (a) silver recovery and (b) mass recovery as a function of flotation residence time.
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The results of the rougher testing proved that the recovery of Ag is higher when the particle size distribution is finer. A rougher recovery rate of nearly 52 wt % was achieved when a D90 of 62 µm was used, while only 38 wt % and 32 wt % (106 µm and 150 µm, respectively) were achieved for coarser tailings. The maximum mass recovery was also obtained with the fine grinded material (31 wt %). The silver recovery reached a recovery plateau after a flotation duration of around 8 min. Under these conditions, to obtain a greater Ag recovery yield, particular attention should be given to the effects of reagents (type and dosage). Therefore, the following tests were all carried out with a particle size of D90 = 62 µm and a flotation time of 8 min.




3.4. Selection of Collector and Optimal pH


The next flotation experiments were carried out in order to select the optimal collector mix and conditioning pH. Combinations of butyl-xanthate and five other collectors were tested. A summary of the conducted tests is highlighted in Table 1-1. The dosage of each collector was 60 g/t for collector 1 (butyl-xanthate) and 100 g/t for collector 2 (dialkyl dithiophosphinates (Aero 3418A), dithiophosphate (Aerofloat 242), Aero7518, Aer7640 and alkyl dithiophosphates (Aero 3477)). The results presented in Figure 8 show that the best Ag recovery yields were obtained when butyl-xanthate was mixed with dithiophosphate or dialkyl dithiophosphinates. It was possible to reach a silver recovery greater than 50 wt % with these collectors, while a recovery yield of 30 wt % was achieved with the other collector combinations at each of the three pHs (7.5, 9 and 10.5). At a pH of 7.5, recovery yields and silver grades of 56 wt % and 337 ppm and 53 wt % and 295 ppm were achieved, respectively, with dithiophosphate and dialkyl dithiophosphinates. It was also observed that the best recovery yield was obtained with pH values of 7.5 and 9. Even though an increase in silver grade was recorded at a pH of 10 for the same collector combinations, recovery yields decreased significantly to less than 50 wt %. Out of these two combinations, butyl-xanthate/dithiophosphate gave the best rates. Also, from a price/efficiency ratio perspectives, dithiophosphate was chosen for the rest of experiments in this study.


Figure 8. Grade and recovery of silver for different collector combinations and under different pH conditions.
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3.5. Selection of the Frother


Several frothers were tested using the previous optimized conditions in terms of grain size, residence time, and collector combinations. More details about the tests that were carried out are given in Table 1-2. The results are graphically highlighted in Figure 9. The best silver recovery yield and grade were obtained with MIBC at the different pH conditions. The overall yield for MIBC at the four pH levels was greater than 40 wt %. Therefore, the MIBC frother was selected for the other tests due the froth quality, silver recovery, and concentrate quality.


Figure 9. Grade and recovery of silver for different types of frothers and under different pH levels.
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3.6. Effect of Collector Dosage


During this stage, the ZMT composite sample was floated at the previously determined optimal (Table 1-3). A series of flotation tests with varying doses of butyl-xanthate and dithiophosphate were carried out under a pH of 8.5. These tests were conducted in three stages: roughing, cleaning, and scavenging. The results (Figure 10) show that an increase in the collector dosage led to an increase in the silver recovery yield and a decrease in the silver grade. Based on the obtained results, it could be concluded that the best flotation can be obtained with a dosage of 80 g/t of each collector (butyl-xanthate and dithiophosphate).


Figure 10. The evolution of silver grade and recovery as a function of the dosage of collector combinations given; BX = butyl-xanthate and A = Dithiophosphate (Aerofloat-242).
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3.7. Effects of Other Parameters


Multiple flotation tests were performed under various pH levels: 5, 6, 7, 8, 9, 10 and 11. The previously optimized conditions were used in these tests (Table 1-4). The pH prior to flotation was measured, and sulphuric acid or lime was used as a regulator to set the desired pH. Figure 11a highlights the obtained results. The silver recovery reached its maximum (64 to 67 wt %) at a pH interval of 6 to 8. The best silver grade was obtained at a pH of 8 (Ag grade concentrate = 1210 ppm).


Figure 11. Evolution of silver grade and recovery as a function of: (a) pH; (b) grain size fraction (D90); (c) CuSO4 dosage (g/t) and (d) Na2S dosage (g/t).
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In order to enhance the recovery of silver, the effect of grinding on mineral liberation and Ag recovery was re-evaluated. The goal was to reduce the grinding time and consequently, reduce the treatment costs to achieve the best particle size distribution. Also, it is well known that very fine particles present a big challenge due to their difficult flotation and entrainment abilities. Therefore, four different grain size distributions were evaluated (62, 72, 85 and 96 µm), as illustrated in Table 1-5. The overall recovery yield and silver grade are highlighted in Figure 11b. These results indicate that as fineness increased, the recovery yield and silver grade increased. An increase of 38 wt % of silver grade was reached when the ZMT sample was ground from a D90 of 96 µm (1110 ppm) to 62 µm (1784 ppm). An overall silver recovery yield of 72 wt % was achieved.



Due to the possible association of silver with other sulphide minerals and their probable surface alterations, it was important to evaluate the effects of activating agents on silver recovery yield, and grade. CuSO4 was used to activate sulphides, in particular, the sphalerite mineral. A series of tests was completed in three stages: roughing, cleaning, and scavenging, and the CuSO4 dosage was from 0 to 300 g/t (Table 1-6). The results are graphically highlighted in Figure 11c. It was observed that CuSO4 significantly affected the recovery and grade of silver. The silver grade was increased from 1660 ppm to 1800 ppm when a CuSO4 dosage of 300 g/t was used. Recovery yields varied within the range of 71–73 wt %. Based on these results, the optimal dosage of CuSO4 is 200 g/t. the silver grade is around 1742 g/t and the overall recovery yield is around 72.8 wt %.



As it is possible to have some oxidized minerals in the ZMT tailings, it was important to use sulphidizing agents to recover them. Sulphidization enables the recovery of this type of mineral by flotation. In this study, sodium sulphide (Na2S) was used to recover the oxidized sulphide minerals. Before doing so, all of the sulphide minerals were first floated, and then the sulphidizing agent was added. Figure 11d presents the effects of the addition of Na2S on the recovery and grade of silver. It was observed that the addition of the sulphidizing agent did not lead to any increase or decrease in silver grade or recovery yield.




3.8. Flotation Tests with Optimized Parameters (Flotation Open Circuit Tests)


Three flotation tests (triplicates) were conducted using the optimized conditions for each parameter (Table 3). The results are graphically highlighted in Figure 12. Under these conditions and with two rounds of roughing, three rounds of scavenging and one round of concentration, it was possible to reach a recovery yield of 83 wt % with an average silver grade of 1745 ppm. Figure 13 shows some SEM images of silver bearing minerals found in the final concentrate. It was observed that silver was found mainly in three forms: free silver, Ag associated with acanthite, and Ag as a substitution within pyrite (refractory silver, 1200 ppm Ag in FeS2). It was also observed that acanthite was associated with pyrite particles.


Figure 12. Silver recovery and grade under the optimized conditions.
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Figure 13. Combined BSE SEM and X-mapping images of the main silver bearing minerals.
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Table 3. Final flotation tests under the optimized conditions.





	

	
pH

	
Butyl-Xanthate

	
Dithiophosphate

	
MIBC

	
D90

	
CuSO4






	
Test-45

	
8.5

	
80 g/t

	
80 g/t

	
30 g/t

	
62 µm

	
200 g/t




	
Test-46




	
Test-47











3.9. Environmental Behavior of Cleaned Tailings


The environmental behavior of cleaned tailings was inspected using two tests: a static test and a toxicity characteristic leaching procedure test. The results presented in Table 4 show that the flotation allowed the acid generation potential of tailings to be reduced from 18.1 to 2.6 kg CaCO3/t and the neutralization potential was increased from 8.3 to 16.7 kg CaCO3/t. The net neutralization potential therefore increased from −9.8 (ZMT) to 14.1 CaCO3/t. according to the TCLP test results. It was observed that pollutants, such as As, Ba, Cd, Cr, Mo, and Pb, were in accordance with United States Environmental Protection Agency (US-EPA) limits, while the Zn concentration was superior to the requested limit. The presence of Zn in cleaned tailings is associated with sphalerite mineral. In general, the released concentrations of Cu and Zn may present an ecological risk to the environment. It is unsafe to deposit tailings that contain these elements unless implemented techniques aim at controlling the mine drainage generation. The use of covers over these tailings should protect them from reactivity (sulfide oxidation). In addition, the reprocessed tailings may be valorized/recycled during the production of ceramic materials.


Table 4. Static and toxicity characteristic leaching procedure tests results.





	Static Test
	Zgounder Tailings
	Cleaned Tailings



	AP (kg CaCO3/t)
	18.1
	2.6



	NP (kg CaCO3/t)
	8.3
	16.7



	NNP (kg CaCO3/t)
	−9.8
	14.1



	Acid generation
	Uncertain
	Uncertain



	Toxicity Characteristic Leaching Procedure Test
	Cleaned Tailings (µg/L)
	Regulation Limit (µg/L) *



	As
	<DL
	5000



	Ba
	121
	100,000



	Cd
	<DL
	1000



	Cr
	<DL
	5000



	Cu
	416
	-



	Mo
	<DL
	-



	Pb
	20
	5000



	Zn
	6445
	2000







DL: detection limit; * United States Environmental Protection Agency (US-EPA) limit.










4. Conclusions


The aim of this paper was to optimize the recovery of silver from old, low-grade tailings based on laboratory regrinding and flotation tests. Tailings were sampled in the TSF of Zgounder mine, taking into account the need for a representative sample. Mineralogical characterization results obtained by a combination of SEM-EDS examination and XRD analysis showed that silver is mainly associated with acanthite (Ag2S) and within pyrite as a trace element. The chemical results showed that the overall grade of silver in tailings (88 samples) was about 148 ppm. Flotation tests occurred with different parameters being optimized, namely, particle size distribution (regrinding), collector type and dosage, pH, D80, activator, and sulphidizing agents, to achieve a silver concentrate grade of 1745 ppm with a silver recovery grade of 84 wt % and a mass recovery of around 40 wt %. These were obtained with two rounds of roughing, three rounds of scavenging and one round of cleaning. The particle grain size was reduced to a D90 of 63 microns, the conditioning pH was fixed at 8.5, a combination of butyl-xanthate and dithiophosphate was used at a dosage of 80 g/t each, the dosage of the activating agent (CuSO4) was fixed at 200 g/t and the frother (MIBC) dosage was maintained at 30 g/t. Our perspective (paper in progress) is that the obtained concentrate should be submitted to cyanidation for further silver concentration, requiring a full technico-economical and feasibility study to be carried out. The cleaned tailings could be valorized as secondary raw materials for ceramic manufacturing. This could lead to a potential stabilization of released elements, such as Zn and Cu.
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Acronyms and Abbreviations




	AAS
	Atomic absorption spectroscopy



	AP
	Acidity potential



	BSE
	Back Scattered Electrons



	Cin
	Inorganic carbon content



	EDS
	Energy dispersive spectroscopy



	Gs
	Specific gravity



	MIB
	Methyl isobutyl carbinol



	NNP
	Net neutralization potential



	NP
	Neutralization potential



	SEM
	Scanning electron microscopy



	TCLP
	Toxicity characteristic leaching procedure



	TSF
	Tailing storage facility



	XRD
	X-ray diffraction



	ZMT
	Zgounder Mine Tailings
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