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Abstract: As the global demand for tellurium (Te) increases, it is crucial to develop efficient recovery
methods that consider existing supply streams. This research combines gravity separation and
froth flotation processes to enhance the recovery of Te minerals from tailings produced during
the beneficiation of copper porphyry ores. Prior to processing, a systematic and comprehensive
characterization study of copper tailing (CT) samples was conducted to examine the deportment
of Te minerals in different mineral phases and to understand their locking and liberation behavior.
Characterization techniques included inductively coupled plasma mass spectrometry (ICP-MS) and
TESCAN’s integrated mineral analysis (TIMA). Copper tailing characterization showed that minerals
with gold (Au), silver (Ag), bismuth (Bi), and Te were present in various forms, including native Au,
electrum, tellurides, and sulfosalts. TIMA revealed that >90% of these minerals were primarily hosted
in pyrite as less than 10 µm inclusions in the CT. TIMA also revealed that Te minerals exhibited fine-
grained liberation of less than 20 µm. Moreover, TIMA results showed that >80% of mica and other
silicate minerals were concentrated in size fractions < 38 µm, suggesting that desliming processes
would positively impact Te enrichment. The results from the processing tests showed a Te recovery
rate of ~77% and a Te enrichment ratio of 13 when using the combination of gravity separation and
froth flotation at 90 g/t xanthate collector and 50 g/t glycol frother. The findings from this study
show a significant potential for Te recovery from unconventional sources if appropriate physical
beneficiation approaches are adopted.

Keywords: critical minerals; pyrite; copper tailing; froth flotation; Cd-Te solar cells

1. Introduction

Critical minerals are of paramount concern to both governments and the private sectors
due to their strategic importance and potential impact on supply chains [1–3]. Since the
early 2010s, there has been renewed interest in these minerals, driven by geopolitical risks,
supply chain vulnerabilities, trade exposures, and economic dependencies associated with
these specialized commodities [4–6]. The global shift from fossil fuels to more sustainable
energy technologies has further underscored the importance of securing ethically sourced
and supplied critical minerals [7,8]. This shift has prompted many governments and
corporations to classify certain elements or commodities as critical minerals [3,9].

Tellurium (Te) is classified as a critical element by several governments, including
the USA, Canada, the United Kingdom, Japan, and India, due to its significance to clean
energy transition approaches [10,11]. Despite this key role, Te is one of the rarest elements
in nature, with average crustal concentrations of only 3 parts per billion (ppb), which is
similar to gold (Au) and platinum group elements (PGEs) [12–15]. This scarcity presents
significant challenges in identifying specific Te-enriched deposits. Tellurium is often found

Minerals 2024, 14, 761. https://doi.org/10.3390/min14080761 https://www.mdpi.com/journal/minerals

https://doi.org/10.3390/min14080761
https://doi.org/10.3390/min14080761
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0009-0001-2332-6201
https://doi.org/10.3390/min14080761
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min14080761?type=check_update&version=2


Minerals 2024, 14, 761 2 of 26

in magmatic nickel–copper (Ni-Cu) sulfide deposits, porphyry copper deposits, and ep-
ithermal gold deposits, where it exists in both discrete mineral forms and as inclusions
within sulfide minerals like pyrite and chalcopyrite [14,16–18]. Notable Te-rich deposits
include the Dashuigou deposit in China, where high-grade ores are up to 25 wt.% Te, and
various porphyry copper deposits in the world, such as the Bingham Canyon deposit in
the USA [16,18–20]. Common Te minerals include gold tellurides, like calaverite (AuTe2),
sylvanite ((Au,Ag)Te2), and petzite (Ag3AuTe2), as well as bismuth tellurides, such as
tetradymite (Bi2Te2S), and lead tellurides, like altaite (PbTe) [21,22].

In recent years, Te demand has risen due to its increased incorporation into various
specialized applications, including metal alloys, glass optical fibers, ceramics, pigments,
catalysts, magnetic discs, and solar panels [15,23]. The transition toward sustainable energy
sources has highlighted Te’s significance as a key element in the production of CdTe thin-
film solar photovoltaics (PVs) [24]. Forecasts indicate that 40% of global Te production
will cater to CdTe thin-film solar PVs, with the demand expected to rise significantly by
2025 and 2035 [25]. As the solar PV market continues to grow, there is a greater risk of a
shortage in Te supply. This highlights the importance of implementing sustainable and
resilient supply chain management strategies.

From an economic standpoint, Te is predominantly obtained from copper porphyry
deposits using intricate production methods that focus on downstream metallurgical
processes [13,14,18]. From 2000 to 2020, approximately 90% of global Te production has
been sourced as a by-product of reprocessing copper porphyry deposit anode slimes during
refining (Figure 1) [15,18]. However, it has been recently reported that almost 90% of
Te contained in the CP ores is deported to the tailings during the early stages of the ore
beneficiation process [2,18,26]. The deportment of Te minerals and associated mineral
phases to tailing could be due to these minerals being less floatable, locked in gangue
minerals, or depressed in early flotation stages [2,18,26].
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Figure 1. Tellurium production estimates in tons through the copper porphyry processing streams.
The Te estimates were based on the world’s total production of copper. Modified from [2].

There is limited literature on the behavior of Te minerals in various geologic environ-
ments in terms of mineral associations, liberation, and weathering in mine waste streams.
For instance, Yano (2013) studied the mode of occurrence of Te in copper porphyry deposits
and suggested that Te concentration follows the Au-Ag-Bi-Se-Pb concentrations for bornite
and chalcopyrite [16]. Hayes and Ramos (2019) researched the surface chemistry of mine
tailings in different weathering environments and highlighted that Te is associated with
iron (oxy)hydroxides that could facilitate its mobility and leachability [27]. A recent study
by Corchado et al. (2023) showed a case study for a North American copper mining op-
eration, where up to 88% of Te minerals in the flotation feed are lost to flotation tailings.
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These minerals are often locked within larger pyrite grains and associated with valuable
Au-Ag-Bi minerals [28].

Although a number of studies have explored the recovery of critical minerals from
tailing streams [29–32], there is a significant lack of comprehensive research focusing on
the recovery of Te from tailings produced during copper processing [26]. This study
explored potential beneficiation processes, including gravity separation and froth flotation,
to recover Te minerals from CT. To optimize the reagent chemistry, baseline froth flotation
experiments were conducted where different reagent chemistries were tested to enhance Te
enrichment. Detailed characterization and mineralogical studies were performed on CT
feed and products of the physical separation studies using inductively coupled plasma mass
spectrometry (ICP-MS) and TESCAN’s integrated mineral analysis (TIMA) to precisely
identify and quantify Te and the associated valuable minerals. This was crucial to gain
detailed insights into the elemental and phase-specific mineral distribution to enable the
design of appropriate recovery routes.

2. Materials
2.1. Copper Tailing Samples

The copper tailing (CT) samples were collected from rougher flotation tailings at
a major copper producer in the USA. Two sample batches were provided with a time
difference of two years; the first batch received was called Tailings 1 (CT1), and the second
batch was called Tailings 2 (CT2). As shown in the following section, the two types differed
in terms of elemental assay values; however, they had a similar mineralogy. The samples
were air-dried and subsequently divided into representative portions for mineralogical and
chemical characterizations.

2.2. Flotation Reagent

A conventional flotation collector for froth flotation, sodium isopropyl xanthate (SIPX),
was obtained from Fisher Scientific, USA. The thiocarbamate-based collector, EXP300422,
was obtained from NeoSolutions (Beaver, PA, USA). The conventional frother, methyl
isobutyl carbinol (MIBC), was purchased from Fisher Scientific (Hampton, NH, USA). The
glycol-based frother, OREPREP X-237, was obtained from Solvay LLC (East St Louis, IL,
USA), also known as Syensqo, as of December 2023. Stock solutions for the collector and
frother were prepared at 1 g/L. pH modifiers, including sodium hydroxide (NaOH) and
hydrochloric acid (HCl), were purchased from Fisher Scientific, USA and were prepared at
10 g/L and 9.12 g/L stock solutions, respectively.

3. Methodology
3.1. Analysis and Characterization Studies
3.1.1. Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

Inductively coupled plasma mass spectrometry (ICP-MS) from ActLabs (Ancaster,
Ontario, CA, USA) was used to accurately quantify Te and other elements in the CT, flotation
concentrates, flotation tailings, GS concentrates, GS middling, and GS tailing samples. The
ICP-MS “total” digestion process was employed to dry-test powdered mineral samples.
This was performed using a four-step dilution process, starting with hydrochloric acid,
then nitric acid, perchloric acid, and hydrofluoric acid. The digestion yielded a stable ionic
solution used for ICP-MS analysis. Details of procedures used for ICP-MS are reported
elsewhere [33].

3.1.2. TESCAN’S Integrated Mineral Analysis

Automated mineralogical analysis was conducted using TESCAN’s integrated mineral
analysis (TIMA) using a TESCAN MIRA 3 GMU (TESCAN, Warrendale, PA, USA) on CT
samples to identify different Te mineral phases and their locking behavior. Data analysis
was conducted using TIMA software that utilized different acquisition modes to generate
a variety of measurement analyses. This includes four X-ray analysis scanning modes,
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namely high-resolution mapping, point spectrometry, line mapping, and dot mapping.
Each mode can be further customized to suit specific tasks. To prepare for the TIMA,
the materials were sieved into size fractions of +150 µm, +75 µm, +38 µm, and −38 µm,
mounted onto an epoxy, ground, and polished to a 0.3 µm alumina powder finish. The
samples were coated with carbon to ensure electron conductivity and scanned using a
scanning electron microscope (SEM) equipped with energy-dispersive X-ray spectroscopy
(EDS) and backscatter electron (BSE) imaging detectors. A watershed transform algorithm
analysis was applied with variation in the BSE image and EDS spectra between adjacent
pixels to differentiate mineral phases. Mineral identification was carried out using spectral
identification protocols based on phase-specific X-ray profiles and elemental intensity
selection rules for qualitative mineral identification. Additionally, surface area data and
density for individual phases were used to quantify the results [34].

Additionally, bright-phase analysis was used to identify and quantify minerals con-
taining elements of interest, such as gold (Au), silver (Ag), and tellurium (Te), within a
sample. The analysis was conducted based on the mean atomic number (MAN) of the
minerals, with higher MAN minerals appearing brighter in BSE images. To exclude com-
mon sulfides like pyrite, the brightness threshold was set at 60% on a scale of 1 to 100%
using a platinum standard, ensuring that only particles containing high-MAN minerals
were analyzed. If a high-MAN mineral was part of a larger particle, the entire particle
(e.g., silicates and sulfides) was included in the analysis. The TIMA bright-phase analysis
did not provide a comprehensive overview of the sample’s overall mineralogy, but offered
valuable insights into the distribution and occurrence of specific high-MAN minerals. The
results were particularly useful for comparing samples with similar mineral compositions
and for locating specific minerals within the samples. The minerals identified during
bright-phase analysis include native gold, electrum, and Te phases such as tetradymite,
altaite, and petzite [34]. TIMA experiments were performed at Montana Technological
University’s Center for Advanced Materials Processing (CAMP).

3.2. Physical Separation Studies of Copper Tailings
3.2.1. Gravity Separation Studies

Characterization results and preliminary flotation studies indicated that the CT sample
had a significant amount of fine particles (slimes) that were mainly composed of micas and
other silicates. These slimes were entrained into the froth layer during the flotation process
and negatively impacted the concentrate grade [28,32]. Therefore, gravity separation was
selected as a method for desliming CT due to its effectiveness in separating fines and
recovering valuable, higher-density sulfide minerals. Studies have shown that gravity
separation techniques, such as using the Wilfley Table (Metso/Outotec, Helsinki, Finland)
can significantly enhance the preconcentration of minerals by creating three distinct streams:
concentrate, middlings, and tailings [35,36]. Additionally, gravity separation has been
found to be more environmentally sustainable compared to other methods, aligning with
the goals of sustainable production of Te [37,38]. In this set of experiments, the Wilfley Table
was used for gravity separation (GS) using Tailings 2. Experiments were conducted as a
function of the solid-to-liquid ratio (S:L). Three different S:L ratios were selected, 1:15, 1:10,
and 1:5, while the remaining GS parameters were consistent at an 11 cm stroke, 0◦ tilt (flat),
slurry flow of 1.2 L/minute, and wash water flow of 1 L/minute [38–41]. The concentrate,
middling, and tailing products were dried, weighed, and assayed using ICP-MS. Mass
balance (Equation (1)) and recovery (Equation (2)) formulas were used to determine the
recovery for Te, Au, Ag, Fe, Cu, and S.

Ff = Cc + Mm + Tt (1)

In Equation (1), “F” is the mass of the feed/head, “f” is the grade of valuable element
or compound in the feed/head, “C” is the mass of the concentrates, “c” is the grade of
valuable element or compound in the concentrates, “M” is the mass of the middlings, “m”
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is the grade of valuable element or compound in the middlings, = “T” is the mass of the
tailings, and “t” is the grade of valuable element or compound in the tailings.

R(% element or compound) =
Ss
Ff

×100 (2)

In Equation (2), “R” is the recovery of the element or compound, “S” is the mass of the
process stream under consideration (C, M, or T), “s” is the grade of valuable element or
compound in the process stream under consideration, “F” is the mass of the feed/head,
and “f” is the grade of valuable element or compound in the feed/head. Calculations of
recovery and enrichment were based on CT-specific grades.

Gravity separation experiments helped establish the distribution and concentration
of Te, Au, Ag, Fe, Cu, and S in different GS streams, which were then enriched through
targeted flotation strategies.

3.2.2. Froth Flotation Studies

Bench flotation experiments were performed using the Denver D12 flotation machine
(Denver Equipment Company, Denver, CO, USA) with a 1 L cell and a 2–7/8 in diameter
impeller to establish a baseline for the concentration of Te minerals and their hosts.

The first set of flotation experiments was conducted to select the optimum collector
chemistry. Two different collector types were tested using the conditions presented in
Table 1. The flotation feed (as received CT) was prepared in tap water at 30 wt.% solids.
The slurry was agitated at 900 RPM, and the pH was adjusted to pH 8 using NaOH for
2 min. Then, it was mixed for 3 min after the collector’s addition to the slurry. MIBC
was used as a frother at 50 g/t and conditioned for 1 min. The airflow rate was set at
5 L/min. The collector-type selection was informed by Yang et al.’s (2019) findings showing
that carbamate and xanthate collectors efficiently recover Te minerals from refractory gold
ores [42].

Table 1. List of reagents used as collectors in Te mineral flotation studies of CT.

Reagent Type and Dosage As-Received CT

EXP300422 (90 g/t) and MIBC (50 g/t)

Tailings 1
SIPX (90 g/t) and MIBC (50 g/t)

EXP300422 (90 g/t) and OREPREP X-237 (50 g/t)

SIPX (90 g/t) and OREPREP X-237 (50 g/t)

Concentrates were collected over 5 min of flotation time. The concentrate and tailing
products were dried, weighed, and assayed using ICP-MS. Recovery rates for Te, Au,
Ag, Fe, Cu, and S were calculated using Equation (2). These elements were selected as
representatives for the valuable Te minerals and their sulfide host minerals based on studies
by Yano (2013) and Corchado-Albelo and Alagha (2013), which showed a strong correlation
between Te and Au-Ag-Fe-Cu-S in copper porphyry processing streams [16,28].

Flotation Enrichment (unitless) =
c
f

(3)

In the second set of experiments, the effect of the frother type was examined. These
experiments followed the same flotation procedures used to test the collector type. Table 1
shows the list of frothers used in this study.

The third set of experiments was carried out using the middling and concentrate
streams of GS (i.e., higher-density products) produced at different S:L ratios as flotation
feed. These flotation experiments were conducted using the optimum collectors/frother
combination identified in the first set of flotation experiments. The concentrate and tailing
products were dried, weighed, and assayed using ICP-MS. Recovery was calculated using
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Equation (2), and flotation enrichment was calculated using Equation (3). The flotation
products with the highest Te enrichment were analyzed using TIMA to gain insights into
the deportment of Te minerals after processing and their locking and liberation behavior.
Figure 2 shows the strategy used in this work for Te enrichment.
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4. Results
4.1. Characterization of Copper Tailings
4.1.1. ICP-MS Studies

ICP-MS was used to determine the average concentration of Te, Au, Ag, Fe, and other
elements in the as-received CT (Table 2). The term “elements of interest” was assigned
to commodities of interest, such as Te, Au, Ag, and Fe, or any elements that interfere
with the beneficiation process or elements that are part of multiple critical elements lists
worldwide [25,26,43]. The average grades for Te, Au, and Fe in CT samples were 0.40 ppm,
104 ppb, and 3.33%, respectively.

Table 2. Elemental analysis of CT samples determined by ICP-MS.

Elements of Interest a Tailings 1 (CT1) b Tailings 2 (CT2) * Tailings Average Units

Te 0.7 0.3 0.5 ppm

Au 88 165 126.5 ppb

Ag 0.77 0.68 0.725 ppm

Cu 377 860 618.5 ppm

Mo 24.8 91.8 58.3 ppm

Pb 34.8 29.4 32.1 ppm

Ni <0.5 41 20.75 ppm

Zn 48.3 39.2 43.75 ppm

S 1.81 0.8 1.305 %

As 14.8 8.9 11.85 ppm
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Table 2. Cont.

Elements of Interest a Tailings 1 (CT1) b Tailings 2 (CT2) * Tailings Average Units

Bi 1.3 0.7 1 ppm

Co 22.9 12.7 17.8 ppm

Fe 5.01 2.48 3.745 %

Ga 17.9 20 18.95 ppm

Ge <0.1 <0.1 <0.1 ppm

Se 2.3 2.5 2.4 ppm
a Tailings 1 is a batch sample of June 2021 from the rougher flotation tailings of a CP mine. b Tailings 2 is a batch
sample of March 2023 from the rougher flotation tailings of a CP mine. * Values represent the average assays of
the two tailings batches received.

4.1.2. TIMA Studies

TESCAN’s integrated mineral analysis (TIMA) was performed using the as-received
Tailings 1 (CT1). The results indicate that CT1 has a particle size distribution analysis (PSD)
of P80 of 135 µm and a median size of 42 µm. However, TIMA was mainly used to identify
the major mineral phases in the samples. TIMA’s modal chemical group content analysis
showed that 91.1% of the minerals in CT are silicates, out of which 16.8% are phyllosilicates.
The samples contained 3.91% sulfides, where 0.09% are Cu-sulfides, 2.25% are carbonates,
1.83% are oxides and hydroxides, and 0.83% are phosphates.

Furthermore, the modal distribution of the major minerals in CT consisted mostly of
gangue minerals, with 36.5% quartz, 23.6% K-Feldspar, 14.2% biotite, 5.13% albite, 2.23% cal-
cite, 2.17% plagioclase, 2.0% Ca-Mg pyroxenes, 2.03% anorthoclase, 1.86% andradite, 1.55%
muscovite, and 1.53% hematite/magnetite. Pyrite was the primary sulfide, accounting for
3.82% of the sample, followed by chalcopyrite at 0.08% in CT.

The initial scan of the CT1 samples did not detect any trace abundance of Te, Au,
and Ag minerals. Therefore, a gravity concentration step was carried out using a Mozley
Laboratory Mineral Separator with particles less than 100 µm. This was performed to con-
centrate Te-Au-Ag phases in CT1 for characterization purposes. The concentrates obtained
from the gravity separation were analyzed using TIMA bright-phase analysis. The minerals
of interest were identified as native gold, electrum, petzite, hessite/argentite, goldfieldite,
and tetradymite. The major mineralogical composition of the CT1 Mozley concentrates was
found to be 84.75% pyrite, 2.06% hematite/magnetite, and 1.67% galena. Table 3 shows the
mineral distribution of Mozley concentrates of CT1 using TIMA bright-phase analysis. It
does not include gangue minerals like silicates, phosphates, and carbonates.

Based on the TIMA bright-phase analysis, the distribution of Te among mineral phases
in CT1 was as follows: 75% in tetradymite, 15% in petzite, 9.2% in hessite, and 0.5% in
other minerals, such as goldfieldite. Additionally, the analysis showed that native gold had
the highest Au abundance at 69.8%, followed by petzite with 30.2% Au abundance. Further
analysis of CT1 using TIMA revealed that both Te minerals (represented by tetradymite)
and Au-Ag minerals were very fine-grained, with all grains being less than 20 µm. The
PSD values of tetradymite and Au-Ag minerals were found to be P80 at 14 µm and 16 µm,
respectively. The liberation analysis of CT1 using TIMA indicated that tetradymite and
Au-Ag minerals were mainly present as inclusions in pyrite, and their size was less than
20 µm. According to the data presented in Table 4, at least 93% of tetradymite and Au-Ag
minerals are hosted in pyrite, while a minimum of 3% is found as free surface minerals.
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Table 3. Mineral composition of Mozley concentrates of CT1 as determined by TIMA.

Mineral Formula Mozley Conc. CT (wt.%)

Pyrite FeS2 84.75

Galena PbS 1.67

Chalcopyrite CuFeS2 0.14

Hematite/Magnetite Fe2O3/Fe3O4 2.055

Tennantite (Cu,Fe,Zn)12As4S13 0.27

Tetradymite Bi2Te2S 0.065

Hodrushite Cu4Bi6S11 0.01

Petzite Ag3AuTe2 0.03

Hessite Ag2Te 0.02

Goldfieldite Cu12(Sb,Te)4S13 0.01

Gold Au 0.009

CuNi Sulfides CuxNiySz 0.01

Tetrahedrite (Cu,Fe,Zn)12(Sb,As)4S13 0.009

Electrum Au0.8Ag0.2 ND.

Laitakarite Bi4(Se,S)3 ND.
ND = Not detected.

Table 4. Liberation analysis of Te, Ag, and Au minerals in CT1.

Mineral Tetradymite Locking (wt.%) Au-Ag Mineral Locking (wt.%)

Pyrite 94.7 93.3

Apatite 0.1 0

Hematite/Magnetite 1.5 0.9

Calcite 0.2 0

Free Surface 3.3 5.7

Findings from characterization studies indicate that Te minerals in CT1 can be en-
riched if efficient flotation procedures are applied to enrich their hosted sulfide minerals
(e.g., pyrite) [28]. Therefore, this study used froth flotation with selected combinations of
collectors and frothers to enrich Te minerals.

4.2. Flotation Experiments of Copper Tailings
4.2.1. Effects of Collector Type

The flotation behavior of Te minerals and their host minerals was examined using
two types of collectors: EXP300422 (thiocarbamates-based collector) and SIPX, both at a
90 g/t dosage using a 50 g/t MIBC frother. CT1 was used as the flotation feed. Table 5
shows the recovery, grade, and enrichment ratios (ERs). As shown, the results indicate that,
when using EXP300422, the recoveries of Te, Au, Ag, and Fe are 51.29%, 48.28%, 61.39%,
and 62.82%, respectively. The corresponding enrichment ratios are 0.86, 0.81, 1.03, and 1.05
for Te, Au, Ag, and Fe, respectively.

Similarly, the average recoveries achieved when floating CT1 using SIPX were 61.12%,
44.45%, 62.71%, and 67.46% for Te, Au, Ag, and Fe, respectively. The calculated enrichment
ratios were 1.0, 0.73, 1.03, and 1.10 for Te, Au, Ag, and Fe, respectively.

As indicated, the highest overall recovery, grade, and enrichment ratio of Te, the
critical mineral of interest, were 61.12%, 0.7 ppm, and 1, respectively, when using SIPX
at 90 g/t. The increase in Te recovery was approximately 10% when using SIPX over
EXP300422. Results for other elements show a similar trend in grade and recovery. The
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results establish a clear overall improvement in flotation performance when using SIPX
over EXP30042. Thus, this study also tested the flotation performance of Te, Au, Ag, and Fe
when changing the frother type using the optimum collector, SIPX, as established in this
set of experiments.

Table 5. Recovery, grade, and enrichment ratios (ERs) of Te, Au, Ag, and Fe with different collectors
and 50 g/t MIBC (flotation feed: CT1).

Element
EXP300422 (90 g/t) SPIX (90 g/t)

Recovery Grade ER Recovery Grade ER

Tellurium (Te) 51.29% 0.60 ppm 0.86 61.12% 0.70 ppm 1.0

Gold (Au) 48.28% 71 ppb 0.81 44.45% 64 ppb 0.73

Silver (Ag) 61.39% 0.79 ppm 1.03 62.71% 0.79 ppm 1.03

Iron (Fe) 62.82% 5.26 wt.% 1.05 67.46% 5.53 wt.% 1.10

4.2.2. Effects of Frother Type

The aim of this set of experiments was to find the optimum combination of collec-
tor/frother systems to enhance the flotation efficiency of Te minerals. As indicated in the
previous section, SIPX showed a better performance than EXP300422. Thus, the flotation
behavior of Te minerals was further examined as a function of frother type. Two different
frothers, MIBC and OREPREP X-237, were used at 50 g/t with 90 g/t SIPX, and CT1 was
used as the flotation feed. The results are shown in Table 6.

Table 6. Recovery, grade, and enrichment ratios (ERs) of Te, Au, Ag Fe, Cu, and S with different
frothers (flotation feed: CT1).

Element
SPIX (90 g/t) + MIBC (50 g/t) SPIX (90 g/t) + OREPREP X-237 (50 g/t)

Recovery Grade ER Recovery Grade ER

Tellurium (Te) 61.12% 0.70 ppm 1.0 85.30% 1.30 ppm 1.86

Gold (Au) 44.45% 64 ppb 0.73 61.06% 117 ppb 1.33

Silver (Ag) 62.71% 0.79 ppm 1.03 83.51% 1.4 ppm 1.82

Iron (Fe) 67.46% 5.53 wt.% 1.10 64.26% 7.01 wt.% 1.40

As indicated, the experiments performed with OREPREP X-237 show average recover-
ies of Te, Au, Ag, and Fe of 85.30%, 61.06%, 83.51%, and 64.26%, respectively. Under the
same experimental conditions, the corresponding enrichment ratios were 1.86, 1.33, 1.82,
1.40, 1.40, and 2.13.

The results from this set of experiments show that the highest overall recovery of Te is
85.30% when using OREPREP X-237 at 50 g/t, which is a 24.18% increase in Te recovery
compared to MIBC. The highest grade and enrichment values for the same experimental
conditions were 1.30 ppm and 1.86, respectively. The results for other elements show a
comparable increase in grade and recovery when using OREPREP, except for Fe. Iron
recovery decreased by only 3.2% with OREPREP X-237 compared to MIBC.

The results from Sections 4.2.1 and 4.2.2 establish a clear improvement in the flotation
performance of Te when using SIPX over EXP300422 and OREPREP X-237 over MIBC at
90 g/t and 50/g dosages, respectively. However, although the recovery obtained for Te was
positive, the maximum enrichment ratio obtained for Te was 1.86. The low enrichment and
high recovery results present a new problem. The hypothesized problem was attributed
to the high presence of slimes within CT, where more than 80% of <38 µm size fractions
were mainly silicates and micas (phyllosilicates) that could potentially increase the overall
mass recovery while lowering the enrichment of Te, Au, Ag, and Fe. Therefore, this
study proposed using additional physical separation steps for the preconcentration of CT
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by removing these fine materials (desliming). The authors proposed using the gravity
separation process to preconcentrate the CT prior to froth flotation, as discussed in the
following sections.

4.3. Gravity Separation of Copper Tailings

As stated in Section 3.2.2, the GS experiments were performed using Tailings 2 (CT2)
as the feed, different solid-to-liquid (S:L) ratios, and standard parameters. The results for
GS experiments 1, 2, and 3 with S:L ratios of 1:15, 1:10, and 1:5, respectively, are shown
in Tables 7–9. The findings from the GS experiments indicate that the highest combined
recoveries of Te, Au, and Ag are achieved at an S:L of 1:15. At this ratio, the combined
recoveries for Te, Au, and Ag in the concentrate and middling streams were 69.53%, 74.37%,
and 68.26%, respectively. The highest combined recovery for Fe was approximately 70%,
shared by the S:L ratios 1:10 and 1:15. These results informed the decision to use the GS
concentrate and middling (GS-C+M) combined streams as the flotation feed.

Table 7. Recovery and enrichment values of Te, Au, Ag, and Fe using the gravity separation process
(Wilfley shaking table) where S:L = 1:15 (flotation feed: CT2).

Element
Concentrate Middlings Tailings

Recovery Grade ER Recovery Grade ER Recovery Grade ER

Tellurium (Te) 42.98% 0.63 ppm 1.58 26.55% 0.28 ppm 0.70 28.36% 0.30 ppm 0.75

Gold (Au) 44.08% 168 ppb 1.62 30.29% 105 ppb 1.01 24.28% 93 ppb 0.89

Silver (Ag) 29.73% 0.99 ppm 1.46 38.53% 0.87 ppm 1.28 28.33% 0.96 ppm 1.41

Iron (Fe) 32.85% 3.44 wt.% 1.39 34.05% 2.88 wt.% 1.16 32.30% 2.95 wt.% 1.19

Table 8. Recovery and enrichment values of Te, Au, Ag, and Fe using the gravity separation process
(Wilfley shaking table) where S:L = 1:10 (flotation feed: CT2).

Element
Concentrate Middlings Tailings

Recovery Grade ER Recovery Grade ER Recovery Grade ER

Tellurium (Te) 32.89% 0.30 ppm 0.75 3.71% 0.20 ppm 0.50 44.76% 0.30 ppm 0.75

Gold (Au) 50.18% 119 ppb 1.14 6.85% 96 ppb 0.92 29.41% 66 ppb 0.63

Silver (Ag) 44.50% 0.69 ppm 1.01 5.57% 0.51 ppm 0.75 45.93% 0.85 ppm 1.25

Iron (Fe) 34.79% 2.68 wt.% 1.08 33.83% 2.45 wt.% 0.99 28.84% 2.82 wt.% 1.14

Table 9. Recovery and enrichment values of Te, Au, Ag, and Fe using the gravity separation process
(Wilfley shaking table) where S:L = 1:5 (flotation feed: CT2).

Element
Concentrate Middlings Tailings

Recovery Grade ER Recovery Grade ER Recovery Grade ER

Tellurium (Te) 18.51% 0.50 ppm 1.25 15.39% 0.20 ppm 0.50 59.75% 0.30 ppm 0.75

Gold (Au) 17.41% 159 ppb 1.53 15.61% 83 ppb 0.80 60.57% 84 ppb 0.81

Silver (Ag) 13.81% 1.38 ppm 2.03 6.34% 0.40 ppm 0.59 64.38% 0.66 ppm 0.97

Iron (Fe) 10.87% 3.96 wt.% 1.60 9.13% 2.10 wt.% 0.85 78.74% 2.57 wt.% 1.04

4.4. Froth Flotation of Gravity Separation Products

Based on the gravity separation results, the researchers opted to use the combined
middling and concentrate products from the GS experiments, also referred to as GS-C+M,
as the flotation feed in this set of experiments, as these were deslimed CT2. GS-C+M was
floated according to the optimum dosages tested for the xanthate (SIPX) collector and
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glycol (OREPREP X-237) frother. The results of the flotation experiments of GS-C+M are
shown in Figure 3.
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Figure 3. Recoveries of Te, Au, Ag, and Fe when using GS middling and concentrate (C+M), produced
at varying S:L ratios as the flotation feed.

As indicated, the average recovery achieved for the flotation of GS-C+M at an S:L
of 1:15 was 63.33%, 48.80%, 63.22%, and 39.72% for Te, Au, Ag, and Fe, respectively. The
corresponding enrichment ratios were calculated as 0.88, 1.45, 2.45, and 2.08. Table 10
summarizes the recoveries, grades, and enrichment ratios of Te, Au, Ag, and Fe after the
flotation of C+M-GS at an S:L of 1:15.

Table 10. Recoveries, grades, and enrichment ratios (ERs) of Te, Au, Ag, and Fe after the flotation of
concentrates and middlings produced from gravity separation where S:L = 1:15.

Element Recovery Grade ER

Tellurium (Te) 62.33% 0.70 ppm 0.88

Gold (Au) 48.80% 289 ppb 1.45

Silver (Ag) 63.22% 1.89 ppm 2.45

Iron (Fe) 39.72% 5.24 wt.% 2.08

The average recoveries achieved when floating the C+M obtained from the gravity
separation process at a 1:10 S:L were 77.43%, 46.72%, 48.32%, and 39.13% for Te, Au, Ag,
and Fe, respectively. Furthermore, the enrichment ratios were 13, 6.53, 4.57, and 5.67 for Te,
Au, Ag, and Fe, respectively. Table 11 shows the recoveries, grades, and enrichment ratios
of Te, Au, Ag, and Fe after the flotation of C+M-GS obtained at an S:L ratio of 1:10.

Table 11. Recoveries, grades, and enrichment ratios (ERs) of Te, Au, Ag, and Fe after the flotation of
concentrates and middlings produced from gravity separation where S:L = 1:10.

Element Recovery Grade ER

Tellurium (Te) 77.43% 3.90 ppm 13.00

Gold (Au) 46.72% 699 ppb 6.53

Silver (Ag) 48.32% 3.11 ppm 4.57

Iron (Fe) 39.13% 14.00 wt.% 5.67
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Similarly, floating C+M produced from the gravity separation process where
S:L = 1:5 resulted in 65.05%, 46.47%, 61.62%, and 34.45% recovery rates for Te, Au, Ag,
and Fe, respectively. The corresponding enrichment ratios were 9.5, 6.61, 7.36, and 4.26.
Table 12 shows the recoveries, grades, and enrichment ratios of Te, Au, Ag, and Fe after the
flotation of C+M-GS obtained at an S:L ratio of 1:5.

Table 12. Recovery and grade values of Te, Au, Ag, and Fe after the flotation of concentrates and
middlings produced from gravity separation where S: L = 1:5.

Element Recovery Grade ER

Tellurium (Te) 65.05% 1.90 ppm 9.50

Gold (Au) 46.47% 753 ppb 6.61

Silver (Ag) 61.62% 5.08 ppm 7.36

Iron (Fe) 34.45% 10.30 wt.% 4.26

The results indicate that the processing of the GS-C+M at an S:L of 1:10 using froth
flotation achieved the highest recovery, grade, and enrichment for Te. Although the
other S:L ratios tested performed better for Au, Ag, and Fe, this study mainly focuses
on understanding the possibility of enriching Te minerals and characterizing the existing
streams to highlight a path forward for process optimization. Nevertheless, ICP-MS
results alone could not provide a clear indication of the geometallurgical link between
Te-Au-Ag and Fe-Cu-S and the mineral phases represented in the GS and froth flotation
process products. Therefore, to gain deeper insights, the researchers conducted TIMA
on the streams that showed the highest recovery and grade for Te (shown in Figure 4 in
red arrows).
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by Fc1:# and Ft1:# with the 1:# subscript referring to the S:L from gravity separation experiments.
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4.5. TIMA Analysis of Physical Separation Products

In this section, the streams analyzed for TIMA included the combined concentrate and
middling (C+M) products of gravity separation (GS) produced at an S:L of 1:10, which is
referred to as the flotation feed, and the concentrate and tailing products of the flotation
experiments conducted using this feed. These streams were selected based on achieving
the highest recovery for Te in the final concentrate product, as shown in Figure 4.

4.5.1. Particle Size Distribution (PSD)

Figure 5 shows the PSD for the flotation feed, concentrates, and tailings. P80 was
156 µm for the flotation feed, 161 µm for the flotation tailings, and 49 µm for the flotation
concentrate. The corresponding median particle sizes were 65 µm, 80 µm, and 21 µm.
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Figure 5. Particle size distribution (PSD) for the flotation feed (orange), concentrate (blue), and
tailings (red). P80 is shown as a dashed line, and the mean is shown as a round dotted line. [Flotation
Feed = concentrate and middling (C+M) products of gravity separation (GS) produced at an S:L of
1:10].

Chalcopyrite’s grain size was the largest in the flotation feed, with a median size
of 104 µm and a P80 of 184 µm. In contrast, the flotation tailings exhibited the smallest
chalcopyrite grain sizes, with a median of 35 µm and a P80 of 63 µm. The flotation
concentrates had intermediate chalcopyrite grain sizes, with a median of 79 µm and a
P80 of 156 µm. In the feed, concentrates, and tailing flotation streams, pyrite grain size
distribution varied notably across different concentration steps. In the feed, pyrite grains
were relatively coarse, with a median size of 64 µm and a P80 of 142 µm. The concentrates
had the largest pyrite grain sizes, with a median of 94 µm and a P80 of 149 µm. In contrast,
tailings showed the smallest grain sizes, with a median of 34 µm and a P80 of 114 µm.
Figure 6 shows the grain size distribution for pyrite in the flotation feed, concentrates, and
tailings. This suggested that larger pyrite grains tend to be less successfully recovered in
the flotation process, possibly due to incomplete liberation or mechanical entrainment in
the waste stream, explored in detail in Section 4.5.5 and in the discussion.
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Figure 6. Pyrite’s grain size distribution for the flotation feed (orange), concentrate (blue), and tailings
(red). P80 is shown as a dashed line, and the mean is shown as a round dotted line. [Flotation Feed =
concentrate and middling (C+M) products of gravity separation (GS) produced at an S:L of 1:10].

4.5.2. Mineral Content and Phase Identification

TIMA was used to determine the total mineral content by chemical groupings, as
shown in Table 13. The total sulfides were 23.8% in the flotation concentrate, 2.18% in
the flotation feed or C+M S:L = 1:10, and 0.17% in the flotation tailings, due mainly to
pyrite. The copper sulfides comprised 1.07% of the sulfides in the flotation concentrate,
0.34% in the flotation feed, and 0.04% in the flotation tailings, due mainly to chalcopyrite.
Total silicates were 94% in the flotation, 72.7% in the flotation concentrate, and 96% in the
flotation tailings. Additionally, phyllosilicates (i.e., clays and micas) content was 13% in the
flotation feed, 12.4 in the flotation tailings, and 15% in the flotation concentrates.

Table 13. Mineral content of flotation feed, flotation concentrate, and flotation tailings presented by
chemical grouping.

Chemical Group Flotation Feed (wt.%) Flotation
Concentrate (wt.%)

Flotation Tailing
(wt.%)

Total Silicates 94 72.7 96

Silicates 81 57.7 83.6

Phyllosilicates 13 15 12.4

Total Sulfides 2.18 23.8 0.17

Carbonates 1.88 1.43 1.92

Phosphates 0.9 0.77 1.01

Oxide/Hydroxides 0.5 0.51 0.56
[Flotation Feed = concentrate and middling (C+M) products of gravity separation (GS) produced at an S:L of
1:10].

Table 14 shows the modal mineral concentrations for flotation feed, flotation concen-
trate, and flotation tailings. Chalcopyrite was the most abundant copper-bearing mineral in
all the streams observed, and this was expected as the flotation feed was composed of CT.
Chalcopyrite content in the flotation concentrates was 1.50%, with 0.33% in the flotation
feed and 0.04% remaining in the flotation tailings. Bornite was a trace copper mineral that
was found at 0.04% in the flotation concentrate and not detected in the flotation feed or
tailings. Other metal sulfides were molybdenite and sphalerite, which were found at 0.16%
and 0.04% in the flotation concentrates, respectively. Pyrite was the primary sulfide and
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was 24.6% in the flotation concentrates, as compared to 1.82% in the flotation feed and
0.04% in the flotation tailings.

Table 14. Mineral content for flotation feed, flotation concentrate, and flotation tailings classified by
mineral phase.

Mineral Formula Flotation Feed
(wt.%)

Flotation Concentrate
(wt.%)

Flotation Tailing
(wt.%)

K-Feldspar KAlSi3O8 36.10 27.40 36.50

Quartz SiO2 37.30 22.90 39.50

Biotite K(Mg,Fe)3(Al,Fe)Si3O10(OH)2 9.90 10.90 9.33

Pyrite FeS2 1.82 24.60 0.13

Plagioclase Na0.5–0.3Ca0.5–0.7Al1.5–1.7Si2.5–2.3O8 5.04 3.43 5.05

Muscovite KAl2(Si3Al)O10(OH)2 1.36 1.07 1.41

Phlogopite KMg3Si3AlO10(OH)2 1.17 1.4 1.13

Chalcopyrite CuFeS2 0.33 1.5 0.04

Garnet (Fe,Ca,Mg)3(Fe,Al)(SiO4)3 0.52 0.13 0.66

Chlorite (Fe,Mg)5Al(Si3Al)O10(OH)8 0.37 0.45 0.32

Pyroxene (Ca,Na)(Mg,Fe,Al,Ti)(Si,Al)2O6 0.35 0.21 0.42

Kaolinite Al2Si2O5(OH)2 0.16 0.25 0.16

Amphibole Ca2(Mg,Fe,Al)5(Al,Si)8O22(OH)2 0.12 0.14 0.14

Talc Mg3Si4O10(OH)2 0.04 0.12 0.04

Molybdenite MoS2 0.01 0.16 ND

Zircon ZrSiO4 0.03 0.02 0.03

Titanite CaTiSiO5 0.02 0.02 0.02

Bornite Cu5FeS4 ND 0.04 ND

[Flotation Feed = concentrate and middling (C+M) products of gravity separation (GS) produced at an S:L of
1:10].

Primary non-sulfide gangue minerals were K-Feldspar and quartz at 36%–37% and
37%–40%, respectively, in the flotation feed and tailings, while K-Feldspar was reduced
to 27% and quartz to 23% in the flotation concentrates. Biotite was a gangue mineral that
ranged between 9% and 10% in the flotation feed and tailings, respectively, and was 11% in
the concentrates. Plagioclase was approximately 5% in both the flotation feed and tailings
and 3.4% in the flotation concentrates. Calcite was 1.8% to 1.9% in the flotation feed and
tailings, respectively, and 1.3% in the flotation concentrates. Tellurium, gold, and silver
minerals were less than 0.01% in the modal mineral content and were not reported.

Furthermore, TIMA mineral content was used to calculate the recovery and deport-
ment of the major minerals in the flotation feed, concentrates, and tailings, as shown in
Section 4.5.5.

4.5.3. Major Sulfide Locking/Liberation

In all the samples, chalcopyrite was locked primarily in the major gangue minerals,
K-Feldspar, and quartz. The free surface values were high in the flotation feed (75%) and
concentrate (71.1%) samples and lowest in the tailings (24.8%), which correlates to the PSD.

Moreover, pyrite was locked primarily in K-Feldspar and quartz, as well (Table 15).
Pyrite was well-liberated in both the flotation feed and concentrate, with decreased libera-
tion in the tailings, which is reflected by the free surface. This suggests that liberated or free
surface pyrite grains were not successfully recovered in the flotation process, possibly due
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to mechanical entrainment in the waste stream and not because of incomplete liberation
from gangue minerals.

Table 15. Pyrite locking and liberation analysis of flotation feed, concentrates, and tailings.

Mineral Flotation Feed Flotation Tailings Flotation Concentrates

K-Feldspar 2.9 9.9 1.6

Quartz 3 5.8 2.3

Biotite 1 2.6 0.7

Plagioclase 0.5 1 0.3

Calcite 0.1 1 0.1

Ca Mg Aluminosilicate 0.1 0.8 0.1

Chalcopyrite 0.3 0.3 0.3

Muscovite 0.2 0.2 0.1

Phlogopite 0.1 0.1 0.1

Free Surface 90.8 77.4 93.9
[Flotation Feed = concentrate and middling (C+M) products of gravity separation (GS) produced at an S:L of
1:10].

The results show that mineral associations are complex, but consistently show that
chalcopyrite and pyrite are primarily locked with K-Feldspar and quartz across all samples
from the flotation streams. The analysis highlighted the need for TIMA bright-phase
analysis, which focuses on particles containing minerals with high MAN, like gold and
tellurium, to reveal crucial information about the distribution of these elements of interest
within our flotation streams.

4.5.4. Tellurium Mineralogy and Locking/Liberation

Tellurium mineralogy in the flotation feed and concentrates was predominantly char-
acterized by the Te minerals tetradymite, altaite, and petzite; no Te minerals were found
in the flotation tailings. Tellurium minerals were found nearly exclusively in the flotation
concentrate, as seen in Figure 7. The 11 grains of tetradymite identified were all less than
12 µm in the flotation concentrate, and the only grain found in the flotation feed sample
was less than 5 µm. Singular grains of petzite and altite were 7 µm and 92 µm, respectively,
and both were identified in the flotation concentrates. Therefore, the most substantial
presence of Te was observed in the flotation concentrates, where altaite accounted for
approximately 88.7% of tellurium distribution, making it the primary carrier of tellurium.
Tetradymite, though presented across multiple samples, was more significantly found in
the concentrates, contributing to 10.8% of the Te content; however, they were much finer
than the relatively large altaite grains. Petzite was detected to a lesser extent, representing
only 0.4% of the total Te content in concentrates.

Table 16 shows a summary of the results for Te mineral locking and liberation analysis
based on the mass (%) of all Te-bearing minerals. Locking characteristics revealed that Te
minerals were mainly locked with quartz in the flotation concentrates, constituting 23.6%
of the mineral locking mass. Interestingly, in the flotation feed samples, all tetradymite
particles were associated with pyrite, highlighting a significant interaction between these
two minerals, as shown in Table 17. In the concentrate samples, Te was also found in a free
form to a significant degree, suggesting relatively good liberation at 63.6% of Te minerals
not being locked with gangue minerals.
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Figure 7. SEM-BSE image showing a tetradymite (Tdy) grain of 15 µm locked in a pyrite (Py) grain
found in the flotation concentrates.

Table 16. Locking and liberation analysis based on mass (%) of all Te minerals (altite, petzite, and
tetradymite).

Mineral Flotation Feed Flotation Tailings Flotation Concentrates

Pyrite 100 0 9.8

Quartz 0 0 23.6

K-Feldspar 0 0 2.3

Muscovite 0 0 0.8

Free Surface 0 0 63.6
[Flotation Feed = concentrate and middling (C+M) products of gravity separation (GS) produced at an S:L of
1:10].

Table 17. Locking and liberation analysis based on mass (%) of tetradymite.

Mineral Flotation Feed Flotation Tailings Flotation Concentrates

Pyrite 100 0 82.1

Quartz 0 0 0

K-Feldspar 0 0 0

Muscovite 0 0 0

Free Surface 0 0 17.8
[Flotation Feed = concentrate and middling (C+M) products of gravity separation (GS) produced at an S:L of
1:10].

4.5.5. Mineral Recovery and Deportment Calculations

TIMA revealed important results regarding the behavior of Te mineral hosts (such as
pyrite) and the associated minerals, such as phyllosilicates, which could have a negative
impact on the flotation performance of the gravity separation C+M at a solid-to-liquid
ratio of 1:10. Total sulfide and total silicate recovery were measured as 89.5% and 4.41%,
respectively, for the flotation concentrate. Deportment to the tailings was 10.50% and
95.59% for total sulfide and total silicate, respectively. Table 18 shows the recovery and
grade for the major mineral chemical groups of flotation concentrates and tailings.
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Table 18. Recovery and grade of major minerals in flotation concentrates and tailings.

Chemical Group Concentrate
Grade (wt.%)

Recovery (%)
Concentrate

Tailing Grade
(wt.%)

Deportment (%)
Tailings

Total Silicates 72.7 4.41 96 95.59

Silicates 57.7 4.03 83.60 95.97

Phyllosilicates 15 6.86 12.40 93.14

Total Sulfides 23.8 89.50 0.17 10.50

Carbonates 1.43 4.34 1.92 95.66

Phosphates 0.77 4.43 1.01 95.57

Oxide/Hydroxides 0.51 5.25 0.56 94.75
[Flotation Feed = concentrate and middling (C+M) products of gravity separation (GS) produced at an S:L of
1:10].

Figure 8 presents a detailed composition of the total sulfide deportment and recovery
from gravity separation C+M at an S:L of 1:10. Pyrite, the major sulfide determined by
TIMA and our main host for Te minerals, accounted for 92.01% of recovery and 7.99%
of deportment. It is important to mention that 55% of the pyrite deported to the tailings
was within the less than 38 µm size fraction, while 95% of the pyrite recovered was in the
greater than 38 µm size fraction. Additionally, chalcopyrite recovery and deportment were
69.54% and 30.46%, respectively. Similar behavior was observed for size fractions’ recovery,
where 98% of chalcopyrite was recovered in the greater than 38 µm size fraction. However,
deportment was slightly different, with only 16% within the less than 38 µm size fraction.
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Figure 8. Recovery and deportment of sulfide minerals in flotation products. [Flotation Feed = concentrate
and middling (C+M) products of gravity separation (GS) produced at an S:L of 1:10].

As for the silicate content, the researchers focused on understanding the flotation of
phyllosilicates to characterize their impact after the desliming step of CT. Total phyllosilicate
recovery and deportment were 6.86% and 93.14%, respectively, while micas’, like biotite,
muscovite, phlogopite, and chlorite, recovery rates were in the range of 4–8%, with more
than 90% of micas deporting to the tailings, as observed in Figure 9. Looking at the clay
minerals present in the sample, kaolinite had a similar flotation behavior to micas, with
8.68% and 91.32% results for recovery and deportment, respectively. However, talc flotation
behavior was completely different from that of the other clay minerals. Talc recovery
was 15.44% and deportment to the tailings was 84.56%. The detailed results of the total
phyllosilicate deportment and recovery are shown in Figure 9.
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Figure 9. Recovery and deportment of total silicates in flotation products. [Flotation Feed = concen-
trate and middling (C+M) products of gravity separation (GS) produced at an S:L of 1:10].

5. Discussion
5.1. Characterization of Copper Tailing

Characterization studies of copper tailings provided key insights that directly impacted
the design of the mineral processing experiments. The mineralogical analysis by TIMA
revealed that the CT samples had PSD with a P80 of 135 µm and a median size of 42 µm,
indicating a substantial presence of fine particles. Approximately 80% of fine particles
(less than 38 µm) identified were silicates, specifically 36.2% quartz, 20.3% K-Feldspar,
18% biotite, and 4.85% albite. Several studies suggested that silicate fine particles could
negatively impact different concentration procedures during beneficiation, especially froth
flotation, where fine particles produce slime coatings, increase slurry viscosity, and increase
reagent consumption due to their large surface area [44–51]. The presence of clay minerals,
like biotite and muscovite (hydrophilic clays), increases the viscosity of the slurry, impacting
the slurry’s flowability, which requires more conditioning time and/or a higher dosage [52,53].
Other clay minerals, like talc (hydrophobic clays), impact the froth phase and may provide
stability to the froth layer, but will form slimes that reduce the hydrophobicity of valuable
minerals [52–54].

The characterization analysis showed that the CT contained an average Te grade of
0.40 ppm, with Te and associated valuable minerals being 93% locked within pyrite grains,
which predominantly measured less than 20 µm in size. These findings also underscore the
necessity of employing a preconcentration step to deslime the material and enhance the
flotation efficiency of Te minerals or Te mineral hosts by reducing fine particle interference.

Unlike previous findings, which focused on selective flotation for Au-tellurides from
pyrite in gold ores [55], our approach extends the application of flotation techniques to CT,
a novel source for Te and Au recovery. This direct utilization of CT, as opposed to ore or
concentrated pyrite, marks a significant contribution to the field of critical mineral recovery.
However, this research’s main limitation was the reliability of Te concentration across
different tailing samples, suggesting a need for the site-specific adaptation of the process.

Furthermore, the detailed mineralogical study highlighted that pyrite was the primary
host for Te, Au, and Ag, with other sulfide minerals, like chalcopyrite, being less prevalent.
This informed the decision to use froth flotation to further concentrate Te-bearing phases.
The successful concentration of the pyrite-hosted telluride approach will require further
processing that begins with the regrinding of pyrite to liberate telluride minerals or roasting
for oxidation and the fracture of the host mineral to allow for Te leaching. However, the
overall economic feasibility of the process heavily depends on the marked association
between Te and Au-Ag minerals.
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5.2. Mineral Concentration Studies
5.2.1. Impact of Collector Type

As discussed in Section 4.2, the optimum flotation efficiency of the Te mineral was
achieved using SIPX (xanthate), which performed better than EXP300422 (thiocarbamate).
In fact, the mechanism of the adsorption of xanthate and thiocarbamate collectors on
the pyrite surface is different, which could result in different stabilities of the formed
species after adsorption, which in turn impacts the bubble–particle attachment and thus the
overall flotation performance. The adsorption of xanthates on pyrite surfaces involves both
chemical and electrochemical processes, significantly influenced by the electrochemical
conditions of the pulp.

The results from Sections 4.3–4.5 show how the floatability of pyrite is influenced by
the type of collector used for flotation in alkaline media (pH 8). At this pH range, the adsorp-
tion of xanthate involves both chemisorption and electrochemical processes, which result in
the formation of stable ferric xanthate compounds and dixanthogen complexes [56–59]. These
compounds enhance the hydrophobicity of pyrite and the stability of the bubble–particle
aggregates formed, therefore improving the flotation efficiency. In contrast, thiocarbamate
complexes formed on the surface of pyrite through chemisorption are known to be stable
at slightly acidic to neutral pH conditions, but become less stable in an alkaline pH. These
differences in the stability and the nature of hydrophobic specifies formed by the two collec-
tors resulted in different flotation outcomes, with xanthate outperforming thiocarbamate.
However, more fundamental studies should be conducted to understand the adsorption
mechanism, which will be the focus of our future work.

5.2.2. Gravity Separation Studies

The gravity separation experiments aimed to preconcentrate Te from CT using the
Wilfley Table by creating three distinct streams: concentrate, middlings, and tailings. While
gravity separation was effective for desliming and handling high silicate and mica contents,
it did not achieve significant separation efficiency for Te due to its fine dissemination within
the pyrite matrix. For instance, the highest Te recovery achieved was only 42.98% at a grade
of 0.63 ppm for the concentrates when testing the S:L ratio of 1:15. The low recovery results
are consistent with the mineralogical characterization, which indicated that over 90% of Te
minerals were locked within pyrite grains, predominantly as fine inclusions less than 20 µm.
This aligns with the findings from the broader literature that indicate gravity separation
is less effective for finely disseminated minerals, which require secondary concentration
methods, such as flotation, for effective recovery [60,61].

Despite the widespread adoption of gravity separation due to its low operational
cost and simplicity, its effectiveness can vary significantly based on the mineralogical
characteristics of the tailings. A previous study [38] reviewed the gravity separation
process used to upgrade copper minerals from CT. The researchers observed that, despite
the higher efficiency and low installation cost of gravity separation, it is only feasible
when there is a significant difference in specific gravity between the valuable minerals and
the gangue.

The limited efficacy of gravity separation experiments highlights the need for more
efficient desliming techniques, such as the use of specially designed hydrocyclone classifiers
for fine particle separation. Exploring fine or ultra-fine grinding after gravity separation
might enhance Te mineral liberation, but would also increase processing costs and energy
consumption. Alternatively, optimizing froth flotation processes has shown promise in
improving recovery rates for such finely disseminated minerals. Several studies have
shown that flotation can significantly enhance recovery by selectively targeting minerals
for flotation based on surface chemistry, something that gravity separation alone cannot
achieve [35,60,62,63].
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5.2.3. Froth Flotation Studies of GS Preconcentrates

The best flotation efficiency of Te minerals was achieved when using the preconcen-
trated CT (or GS-C+M) produced at an S:L = 1:10 as the flotation feed with 90 g/t of
xanthate (SIPX) collector and 50 g/t of glycol (OREPREP X-237) frother. At these conditions,
the Te recovery, grade, and enrichment ratio were 77.43%, 3.90 ppm, and 13, respectively.
By using gravity separation as a preconcentration step, the froth flotation process was
refined to effectively recover Te-Au-Ag minerals hosted and liberated from their host min-
erals in the context of the complex gangue mineralogy of CT. One of the primary reasons
for the relatively low recovery of Te in this study can be attributed to the mineral’s fine
dissemination within the pyrite host and surface oxidation. Several authors have suggested
that fine-grained dissemination often leads to inadequate liberation during the grinding
process, resulting in lower recovery rates during flotation [64–70]. Moreover, the presence
of other sulfide minerals, such as chalcopyrite and pyrite, which are frequently associated
with telluride minerals, further complicates the separation process due to their comparable
flotation behavior when using conventional reagents schemes [64,71].

Pyrite (Te host mineral) activation is another factor influencing the flotation process.
Pyrite is a theoretically highly floatable mineral at a neutral to acidic pH. However, pyrite
in copper tailings is usually a “depressed” form of the mineral with adsorbed layers of
cyanides or other chemicals used to suppress pyrite’s flotation. Therefore, pyrite activation
may be considered for enhanced enrichment [72–77]. Pyrite can be activated by the addition
of metal ions, such as copper [78]. The addition of copper sulfate as an activator in flotation
processes can significantly improve the recovery of pyrite, which should be considered in
the context of recovering Te minerals hosted in pyrite [79–82].

Lastly, looking at the selective flotation of Te minerals, there is limited literature on
the fundamental studies of the surface adsorption of collectors on Te minerals. Several
authors have conducted crucial research on the adsorption of reagents on synthetic tel-
luride surfaces. Merkle et al. (2002) produced synthetic tellurides used in the studies
analyzing telluride surfaces and the synthetic materials after Ni-Cu-PGE mineralization
in the Merensky Reef, Bushveld Igneous Complex, South Africa [83]. Veermaak (2005) ex-
tensively analyzed electrochemical potential, contact angle, and performed microflotation
analysis on synthetic PGE tellurides [84]. In other studies, synthetic Pd-Bi-Te electrodes
showed a minimal difference in current–potential curves with and without the addition of
a potassium ethyl xanthate (PEX) collector. In the same synthetic Pd-Bi-Te system, contact
angle measurements of 63◦ suggest a high hydrophobicity potential [84,85]. The same
Pd-Bi-Te electrode system was analyzed using Raman spectroscopy in a 0.05 M sodium
tetraborate solution with 1 mM PEX. Xanthate formation was detected in less than 120 s
and formed a hydrophobic layer with the synthetic Pd-Bi-Te electrode [84–87]. Finally,
microflotation tests conducted at pH 9 using an 80 g/t PEX collector achieved a 97% recov-
ery of Pd-Bi-Te synthetic tellurides, suggesting a high selectivity of PEX toward Pd-Bi-Te
compounds [84,88,89]. Shackleton and Shackleton et al. (2007) performed fundamental
surface chemistry tests on synthetic Pd-Bi-Te compounds and compared the differences
in floatability between sulfides, arsenides, and tellurides. XPS and ToF-SIMS showed
that xanthate selectively absorbs on the surfaces of Pd-Bi-Te compounds rather than on
base metal sulfides and arsenides [90,91]. The studies presented provide valuable insights
into the surface adsorption behavior and mechanisms of synthetic Te materials. How-
ever, further efforts should be made to explore telluride surface chemistry and adsorption
behavior with different reagent systems and various Te mineral and synthetic material
compositions, with an emphasis on Au-Ag-Te compositions. This exploration is necessary
to optimize the Te mineral flotation process. In summary, flotation results indicate that the
multi-stage concentration approach, optimization of reagent dosage, an understanding of
the collector–mineral adsorption mechanism, and possible activation of Te host minerals
(e.g., pyrite) prior to collector adsorption could enhance flotation efficiency [90,91].



Minerals 2024, 14, 761 22 of 26

6. Conclusions

This study presented a comprehensive approach for enhancing the recovery and en-
richment of tellurium (Te) from copper tailings (CTs) through a combination of gravity
separation and froth flotation techniques. Detailed mineralogical characterization using
TESCAN’s integrated mineral analysis (TIMA) provided critical insights into the deport-
ment and liberation behavior of Te minerals within CT, revealing that over 90% of Te was
locked within pyrite grains and predominantly occurred as fine inclusions less than 20 µm
in size. This necessitated the implementation of a preconcentration step to deslime the
material and improve the efficiency of subsequent flotation processes.

Gravity separation experiments using the Wilfley Table demonstrated its effectiveness
in desliming CT, with notable improvements in Te recovery and enrichment. Flotation
experiments on preconcentrated CT (GS-C+M) indicated that an S:L ratio of 1:10 yielded
the highest recovery and enrichment for Te. The optimized flotation conditions involved
using 90 g/t of sodium isopropyl xanthate (SIPX) collector and 50 g/t of glycol (OREPREP
X-237) frother, achieving a maximum Te recovery of 77.43% with a corresponding grade of
3.90 ppm and an enrichment ratio of 13. TIMA studies of those same conditions revealed
that 92.01% of the pyrite was recovered, showing that Te mineral recovery was optimized
in the flotation concentrates, where Te was primarily found in altaite, tetradymite, and
petzite, with a notable association with pyrite and quartz. Additionally, Au and Ag were
predominantly recovered in the form of electrum and petzite, mainly locked with pyrite,
highlighting the need for further separation after process optimization. This multi-step
approach of gravity separation followed by flotation effectively concentrated Te-Au-Ag
minerals. This study’s findings highlight the significant potential for recovering Te from
CT, contributing to the sustainable supply of this critical mineral essential for clean energy
technologies, particularly cadmium telluride (CdTe) thin-film solar photovoltaics (PVs).

However, this study has some limitations. Firstly, the CT samples used were obtained
from rougher flotation tailings at a single major copper producer in the USA. As a result,
the applicability of the process and results may be limited to specific tailing sources,
production periods, and scale. Furthermore, the study did not utilize advanced statistical
or mathematical models to analyze the dataset, which could have improved optimization
and prediction capabilities. The focus was solely on optimizing flotation reagent type and
concentration parameters without thoroughly considering other factors, such as grind size
and pulp chemistry. Additionally, an in-depth understanding of the surface chemistry
and adsorption behavior of Te minerals during flotation could lead to the development of
more effective and selective flotation reagents for tellurides. This would greatly enhance
the recovery of Te and other valuable minerals from an increasingly complex mineralogy
found in processing streams. Moreover, the study did not include hydrometallurgical
procedures for Te extraction, which are essential for achieving complete recovery beyond a
flotation concentrate.

To address the aforementioned limitations, future research should expand the scope of
tests conducted. In addition, an optimized Te concentration should be followed by testing Te
extractions through various methods, such as high-pressure acid leaching, sodium sulfide
leaching, thiosulfate leaching, and thiourea leaching. This will allow for the evaluation
of each method’s efficiency in recovering Te from the concentrates. To achieve complete
optimization, comprehensive modeling techniques should be implemented throughout the
processes, enabling scalability and facilitating techno-economic analysis.

In summary, this study offers promising approaches for the sustainable recovery of Te
from CT, effectively addressing both environmental and economic challenges associated
with critical mineral supply. The findings highlight the importance of ongoing research and
innovation in mineral processing technologies to secure the supply of essential elements
for future energy solutions.
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