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ABSTRACT

Tellurium (Te), a critical mineral for solar energy technolo-
gies, faces supply risk challenges that drive the development
of diversified and robust production routes. This research
focused on improving Te enrichment from copper tailings
(CT) produced from copper porphyry (CP) ores process-
ing, addressing the loss of ~90% of Te minerals to tailings
in the flotation process of CP ores. Gravity separation and
froth flotation processes were used as possible enrichment
routes of Te-bearing minerals (i.e., pyrite) in CT. In the
froth flotation process, synergistic combinations of reagents
were tested to achieve an acceptable enrichment ratio of Te
minerals. Comprehensive characterization analyses showed
significant Te enrichment in the flotation concentrates.
Tellurium was recovered at 90%, while the grade of Te in
the concentrates was 1.4 ppm using a xanthate collector and
glycol frother compared to <0.5 ppm in the flotation feed.
Findings showed that Te-minerals’ enrichment was also fea-
sible in CT using the proposed combined concentrations
routes (i.e., gravity separation followed by froth flotation)
by looking at Fe, Cu, and S enrichment. This study also
highlighted the importance of understanding the deport-
ment of Te minerals in different process streams to develop
and optimize efhicient enrichment practices.
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INTRODUCTION

Tellurium (Te) is a critical mineral in many governmental
strategic mineral lists, such as the U.S.A., Canada, United
Kingdom, Japan, and India [1-6]. Critical minerals are
specific commodities categorized by a government or the
private sector because of instability and risks to the sup-
ply chain due to trade exposure, supply disruption poten-
tial, and economic vulnerability [7-13]. Since the early
2010s, critical minerals have resurged as an issue of interest
for research and development because of unstable supply
chains, trade exposure, and economic vulnerability of spe-
cialized commodities [7,11,13]. The change in the com-
modity supply chains associated with the transition from
fossil fuels to more sustainable energy sources is of increased
concern when looking at secure and ethical sourcing/sup-
ply of specialized commodities. Consequently, many world
governments and private sectors name these elements or
commodities as critical minerals [11,14-20]. Tellurium
has gained increasing attention in the last decade due to its
importance to clean solar energy production, most notably
as an essential raw material in cadmium telluride (CdTe)
photovoltaic applications. In recent years, the demand for
Te has increased as it continues to be incorporated into
manifold specialized applications. For example, Te is an
additive to metal alloys in glass optical fibers, ceramics as a




pigment and catalyst, magnetic discs, and solar panel appli-
cations [21,22].

Furthermore, Te is only economically recoverable
from copper porphyry deposits using complex production
processes [14,23-25]. Statistical data from 2000 to 2020
shows that 90% of Te production occurs as a by-product of
copper porphyry deposit anode slimes reprocessed by refin-
ing [22,23].

Literature suggests other production routes for Te, such
as the copper porphyry flotation streams, where 60 — 90%
of tellurium in the system is deported to the tailings or
non-copper-producing streams [9]. A study of the flota-
tion streams of a large copper porphyry concentrator in the
U.S.A. suggested that 88% of Te available in the flotation
streams was deported to the tailings. This study also indi-
cated that Te deported to the tailings was locked in larger
pyrite grains and associated with Au-Ag minerals [26].

Therefore, this study investigated the potential of dif-
ferent enrichment practices to recover Te minerals lost/
deported to copper tailings from operating copper mines.
Additionally, the study examined the mineralogy and
deportment of telluride minerals in CT and post-pro-
cessing streams for enrichment and enhanced recovery of
Te. The methodologies used for the characterization of
CT for tellurides and composition were inductively cou-
pled plasma-mass spectrometry (ICP-MS), X-ray fluores-
cence (XRF), and TESCAN’s Integrated Mineral Analysis
(TIMA). The strategies proposed for the enrichment and
enhanced recovery of tellurides were baseline pyrite/sulfide
flotation experiments using carbamate (EXP300422) and
xanthate (SIPX) collectors, and glycol (OREPREP X-237),
methyl isobutyl carbinol (MIBC) and terpineol frothers.
Lastly, gravity separation and froth flotation experiments
were used as a combined approach that would produce a
higher-grade pyrite/sulfide concentrate.

MATERIALS
Tailing Samples and Reagents

The copper tailings (CT) samples consisted of rougher
tailings grab samples from a large copper producer in the
U.S.A. The samples were air-dried and further split into
representative portions for flotation and gravity separation
experiments.

Flotation Reagents

Reagents such as carbamate (EXP300422) and xanthate
(SIPX) collectors, and glycol (OREPREP X-237) frother
were obtained from Cytec Industries (Solvay), and stock
solutions were prepared at 1g/L. Frothers such as methyl
isobutyl carbinol (MIBC) and terpinoel were purchased

from Fisher Scientific, and a stock solution was prepared at
1 g/L. Sodium hydroxide (NaOH) and hydrochloric acid
(HCI) were purchased from Fisher Scientific and used for
pH modification from prepared stock solutions of 10 g/L
and 9.12 g/L solutions, respectively.

RESEARCH METHODS
Characterization of Copper Tailings
TESCAN'’S Integrated Mineral Analysis Studies

TESCAN’s Integrated Mineral Analysis (TIMA) was
performed on CT to identify the mineral associations
and locking behavior for different REEbearing mineral
phases. TIMA was conducted at Montana Technological
University’s Center for Advanced Materials Processing
(CAMDP) using a polished epoxy mount of the copper tail-
ings sample. The sample was prepared for automated phase

analysis by scanning electron microscopy-energy dispersive
Xray (SEM-EDS) using TIMA software [27].

Characterization of Flotation and Gravity
Separation Experiments

X-Ray Fluorescence Studies

The samples were prepared -38 pm by abrasion. Tests were
performed in an energy dispersive x-ray fluorescence (XRF)
device with a 5sample carrousel. XRF characterization
identified and quantified the elemental content based on
the resulting X-ray fluorescence. The XRF was performed
to identify iron, copper, and sulfur in the CT, flotation con-
centrates, flotation tailings, gravity separation (GS) tailings,
GS concentrates, and GS middling samples [28].

Inductively Coupled Plasma—~Mass
Spectrometry Studies

The inductively coupled plasma mass spectrometry
(ICP-MS) was performed to identify tellurium and other
valuables in the CT (experimental feed), flotation con-
centrates, and flotation tailings samples. ICP-MS “total”
digestion process was used to test digested powdered min-
eral samples in a fourstep dilution process beginning with
hydrochloric acid, second nitric acid, third perchloric acid,
and lastly, hydrofluoric acid. The digestion produced a sta-
ble ionic solution used for ICP-MS analysis [29].

BASELINE FLOTATION EXPERIMENTS

Bulk sulfide flotation experiments were conducted to estab-
lish a baseline and feasibility of concentrating tellurium-
bearing minerals from the CT samples. The selected sulfide
collectors were EXP300422 and SIPX. Flotation experi-
ments were carried out in a Denver D12 flotation machine




Collector Dosage (g/ton)

Description
EXP300422 + MIBC 30, 60, 90, 120,
150 & 180
EXP300422 + OREPREP X-237 90 & 150
EXP 300422 + terpineol 90 & 150
SPIX + MIBC 30, 60, 90, 120,
150 & 180
SPIX + OREPREP X-237 90 & 150
SPIX + terpineol 90 & 150

with the 1L cell and the 2-7/8 in. diameter impeller attach-
ment. These experiments were performed using procedures
published in the literature for similar systems[30,31]. The
flotation feed (Pgy = 135pm, Psq =42 pm) was prepared in
tap water at 30 wt.% solids. The prepared slurry was agi-
tated at 900 RPM for 3 mins. The slurry’s pH was modified
to pH 9 using NaOH. The frother’s dosage was fixed at 50
g/t for all experiments. Table 1 shows the parameters and
conditions used in this set of feasibility experiments. The
experiments were performed with pH conditioning, fol-
lowed by collector addition, and lastly, the frother at the
specified dosages.

Concentrates were collected over 5 min. of flotation
time. The concentrate and tailing products were dried,
weighed, and assayed using ICP-MS. Recovery was calcu-
lated using Equation 1.

R(% element or compound) = ( Ce *100 (1)

C*c+ Tt)
In Equation 1, Cis the mass of the concentrates, ¢ is the
grade of valuable element or compound in the concentrates,
T is the mass of the tailings, and 7 is the grade of valuable
element or compound in the tailings. Flotation enrichment
was calculated using concentrate grade over feed grade.

Preconcentration and Flotation Experiments

Based on the results from the baseline experiments, pre-
concentration experiments were conducted using a Wilfley
Table by Outotec (Equation 1). Preconcentration experi-
ments used the Wilfley Table for gravity separation (GS)
and production of three streams: concentrate, middlings,
and tailings. The preconcentration experiments aimed to
deslime the CT (as-received material). The process con-
sisted of performing 3 GS experiments by increasing the
solid-liquid ratio from 1:15, 1:10, and 1:5. The remaining
GS parameters were consistent at 11 c¢m stroke, 0° tilt (flat),
slurry flow of 1.2 L/min. and wash water flow 1 L/min. The
middlings and the concentrate streams were combined to
generate a preconcentration product used in the flotation
experiments using the most efficient collector and frother
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Figure 1. Copper tailings preconcentration strategies
followed by flotation of concentrate and middling mix to
produce an Au-Ag-Te rich concentrate

Te-Au-Ag

Mineral
Concentrates

combination from the baseline experiments. Figure 1 shows
the proposed telluride concentration strategies.

All the grades for these streams were quantified using
XRE The recoveries for the flotation and preconcentration
experiments were calculated using Equation 1. Flotation
enrichment was calculated using concentrate grade over

feed grade.
RESULTS

Characterization of Copper Tailings
Chemical Composition of Copper Tailings

The average concentration of tellurium, gold, and silver
in CT was determined using ICP-MS. Tellurium, gold,
and silver grades were 0.4 ppm, 61.7 ppb, and 0.66 ppm,
respectively. The name “valuable elements” was given to
commodities that would positively impact the process
if these elements were concentrated with Te by flotation.
Furthermore, other elements were placed in the valuable
elements list because they are part of the U.S.A. critical
mineral list. The remaining grades for valuables considered
are shown in Table 2.

Additionally, XRF analysis was performed on CT sam-
ples and averaged to obtain a general distribution of major
elements that contribute to the composition of CT. Major
elements have >1 wt.%, minor elements have a 0.1 wt.% to
1 wt.%, and trace elements have <0.1 wt.% composition.




Table 2. ICP-MS of valuable elements in CT samples, where

Table 3. XRF elemental composition of CT samples, where

Valuable Elements Assays Element Grade (wt. %)
Te 0.40 ppm Al 17.80
Au 61.70 ppb Si 47.34
Ag 0.66 ppm P 0.32
Cu 494.50 ppm S 1.11
Mo 40.43 ppm Ti 2.72
Pb 33.32 ppm \% 0.12
Ni 39.18 ppm Mn 0.15
Zn 40.77 ppm Fe 22.12
S 1.50 % Co 0.04
As 12.85 ppm Ni 0.03
Bi 1.08 ppm Cu 0.29
Co 17.03 ppm As 0.01
Fe 412 % Zr 0.33
Ga 18.23 ppm Mo 0.02
Ge 0.10 ppm Sn 1.98
Se 2.13 ppm Sb 5.60

Pb 0.03

The major elements composing CT were Si, Fe, Al, Sb, Ti
Sn, and S with a grade of 47.34 wt.%, 22.12 wt.%, 17.80
wt.%, 5.60 wt.%, 2.72 wt.%, 1.98 wt.%, and 1.11 wt.%.
The XRF composition of the CT samples is shown in
Table 3.

Automated Mineralogy of Copper Tailings

TESCAN’s Integrated Mineral Analysis (TIMA) showed a
particle size distribution analysis (PSD) of Pg; of 135 pm
and a median size of 42 pm CT samples. TIMA was used to
identify the major mineral classes as 91.1% silicates (16.8%
are phyllosilicates), 3.91% sulfides (0.09% are Cusulfides),
2.25% carbonates, 1.83% oxides and hydroxides, and
0.83% phosphates. Furthermore, the modal distribution
of the major minerals in CT were gangue minerals with
36.5% quartz, 23.6% K-

Feldspar, 14.2% biotite, 5.13% albite, 2.23% calcite,
2.17% plagioclase, 2.0% Ca-Mg pyroxenes, 2.03% anor-
thoclase, 1.86% andradite, 1.55% muscovite and 1.53%
hematite/magnetite. Pyrite was the primary sulfide at
3.82%, followed by chalcopyrite at 0.08% in CT.

However, the scan of the as-received samples did not
detect any of the Te, Au, and Ag minerals; therefore, a
gravity concentration step was performed using a Mozley
Laboratory Mineral Separator using approximately 50
grams of material with particles less than 100 pm to con-
centrate Te-Au-Ag phases. The concentrates from the grav-
ity-separated CT were analyzed using TIMA bright phase
analysis, and minerals of interest were identified as native
gold, electrum, petzite, hessite/argentite, goldfieldite, and
tetradymite. The major mineralogical composition of the

Table 4. Bright-phase analysis of the Mozley concentrates

using TIMA. ND = not detected

Mozley Conc. CT
Mineral Formula (wt.%)
Pyrite FeS, 84.75
Galena PbS 1.67
Chalcopyrite ~ CuFeS, 0.14
Hematite / Fe,03/Fe;04 2.055
Magnetite
Tennantite (Cu,Fe,Zn) ,As4S 5 0.27
Tetradymite  Bi,Te,S 0.065
Hodrushite Cu4Bi6S11 0.01
Petzite AgzAuTe, 0.03
Hessite AgyTe 0.02
Goldfieldite ~ Cuy,(Sb,Te)4S:3 0.01
Gold Au 0.009
CuNi Sulfides  Cu,Ni,S, 0.01
Tetrahedrite  (Cu,Fe,Zn);,(Sb,As)4S3 0.009
Electrum Aug gAg) » ND
Laitakarite Bi(Se,S); ND

CT Mozley concentrates was 84.75% pyrite, 2.06% hema-
tite/magnetite, and 1.67% galena. Table 4 presents the
mineralogical distribution of the Mozley concentrates of
CT using TIMA bright-phase analysis, excluding silicates,
phosphates, and carbonates.

As determined by TIMA, elemental distribution for Te
by mineral phase in CT showed that tetradymite contained
the largest Te abundance of 75.3% Te. Tellurium was dis-
tributed into the other mineral phases: 15% petzite, 9.2%
hessite, and 0.5% hessite. Gold elemental distribution, as
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Figure 2. Particle size distribution of tetradymite and Au-Ag
minerals showing Py, with a straight black line and Ps; or
median as a dashed black line.

determined by TIMA, showed that the largest Au abun-
dance of 69.8% corresponded to native gold, followed by

30.2% Au abundance in petzite.

Mineral liberation analysis of CT using TIMA indi-
cated that Te minerals (using tetradymite as a Te representa-
tive) and Au-Ag minerals were very fine-grained sized, with
100% of the grains less than 20 pm. The PSD of tetrady-
mite and Au-Ag grains showed that Pg, was 14 pm and
16 pm, respectively. The PSD for tetradymite and Au-Ag
minerals as a function of increasing size (log;,-scale) and
cumulative passing in Figure 2.

Furthermore, liberation analysis of CT using TIMA
indicated that tetradymite and Au-Ag minerals were pri-
marily locked in pyrite, as less than 20 pm inclusions.
Tables 5 and Figure 3 show that pyrite hosted both tetrady-
mite and Au-Ag minerals at least 93%, with at least 3% of
both reporting as free surface minerals.

TIMA of CT suggested that Te, Au, and Ag minerals
were primarily hosted in pyrite as less than 20 pm inclu-
sions. Therefore, this research investigated whether repro-
cessing of CT using a bulk pyrite flotation process could be
a feasible strategy to increase Te recovery from the existing
copper porphyry supply chain [26,31,32].

Table 5. Liberation analysis of Te, Ag, and Au minerals in
CT

Tetradymite Au-Ag mineral
Mineral Locking (wt.%) Locking (wt.%)
Pyrite 94.7 93.3
Apatite 0.1 0
Hematite/agnetite 1.5 0.9
Calcite 0.2 0
Free surface 3.3 5.7

Tetradymite N
S - "N
s
™ N
N

0 pm

B0 m
Q.' 33 ,. i
Figure 3. False-color SEM-EDS of a 120 um pyrite (Py) grain
in CT Mozley concentrates. The pyrite grain locked at least 7
inclusions less than 30 um, of which 5 were galena (Gn), and
the remaining were tetradymite and hessite/argentite
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Bench-Scale Flotation Experiments

The flotation efficiency of Te, Au, and Ag minerals (pre-
sented as Te, Au, and Ag concentrations in concentrate
products) was investigated using EXP300422 and SIPX col-
lectors and OREPREP X237, MIBC, and terpineol froth-
ers. The results from the baseline experiments showed that
the most efficient reagent combination for recovering Te
was 150 g/t SIPX with 50 g/t OREPREP X-237, achieving
a 92.18% recovery at 1.4 ppm. The most efficient reagent
combination for recovering Au was 30 g/t SIPX with 50 g/t
MIBC, achieving a 79.37% recovery at 121 ppb. Lastly, the
most efficient reagent combination for recovering Ag was
150 g/t SIPX with 50 g/t terpineol, achieving a 91.15 %
recovery at 0.99 ppm.

Notably, from the reagent combinations mentioned
before, the reagent combination that achieved the highest
overall efficiency was 150 g/t SIPX with 50 g/t OREPREP
X-237. For this reagent combination, Te, Au, and Ag
recovery were 92.18%, 74.55 and 76.97%, respectively.
Tellurium, Au, and Ag grades were also 1.4 ppm, 160 ppb,
and 1.23 ppm, respectively. Figure 4 summarizes the base-
line test results, highlighting the most efficient collector
and frother combinations for Te, Au, and Ag,.

Results showed in Table 6 that the collector and frother
combinations positively impacted the flotation recovery
of Te in the following order: SIPX > EXP300422 and
OREPREP > terpineol > MIBC. Collector and frother
combination positively impacted Au recovery in the follow-
ing order: SIPX > EXP 300422 and MIBC > OREPREP
X-237 > terpineol. Lastly, Ag recovery was positively affected
by the collector frother combination in the following order:




ombinations

C C . D ACIo isti D C 0 dllC OLNC
Au Grade Au Recovery Ag Grade AgRecovery Te Grade Te Recovery

Description of Collector and Frother Dosage (ppb) (%) (ppm) (ppm) (%) (ppm)
EXP300422 (30 g/t) + MIBC (50 g/t) 76 49.6 0.8 53.8 0.6 51.8
EXP300422 (60 g/t) + MIBC (5 0g/t) 60 53.7 0.8 58.9 0.7 67.7
EXP300422 (90 g/t) + MIBC (50 g/t) 71 61.2 0.8 62.0 0.6 59.8
EXP300422 (120 g/t) + MIBC (50 g/t) 97 66.5 0.9 61.0 0.9 63.4
EXP300422 (150 g/t) + MIBC (50 g/t) 87 67.2 0.8 62.9 0.8 71.0
EXP300422 (180 g/t) + MIBC (50 g/t) 62 57.5 0.8 57.6 1.1 71.6
EXP300422 (90 g/t) + terpineol (50 g/t) 135 64.2 1.3 66.3 1.2 86.1
EXP300422 (150 g/t) + terpineol (50 g/t) 79 66.6 1.1 67.1 1.2 90.9
EXP300422 (90 g/t) + OREPREP X-237 (50 g/t) 125 64.5 1.1 68.1 1.4 80.3
EXP300422 (150 g/t) + OREPREP X-237 (50 g/t) 152 77.5 1.1 66.2 1.3 79.3
SPIX (30 g/t) + MIBC (50g/1) 121 79.4 0.8 60.9 0.8 67.0
SIPX (60 g/t) + MIBC (50g/t) 85 42.7 0.8 43.9 0.9 54.6
SIPX (90 g/t) + MIBC (50g/1) 64 53.9 0.8 67.1 0.7 73.3
SIPX (120 g/t) + MIBC (50g/t) 86 60.2 0.8 59.4 0.8 67.5
SIPX (150 g/t) + MIBC (50g/t) 49 63.2 0.9 63.3 0.8 72.2
SIPX (180 g/t) + MIBC (50g/t) 75 53.8 0.8 60.6 0.7 66.8
SIPX (90 g/t) + OREPREP X-237 (50 g/0) 117 67.0 1.4 78.8 1.3 91.7
SIPX (150 g/t) + OREPREP X-237 (50 g/t) 160 74.6 1.2 92.0 1.4 92.2
SIPX (90 g/t) + terpineol (50 g/t) 92 68.6 1.2 75.6 1.3 91.3

SIPX > EXP 300422 and OREPREP X-237 > terpineol >
MIBC.

Therefore, the relationships between the collector dos-
age and frother combination provided a successful recov-
ery of >90% tellurium; however, these high recoveries were
achieved at very low grade (<1.4 ppm) and a high mass pull
incorporating a large volume of gangue minerals.

This research proposed using a combination of GS
and flotation using xanthate collectors and glycol frother
to obtain a cleaner pyrite-sulfide concentrate, which will
concentrate Te, Au, Ag, and other values from CT.

PRECONCENTRATION AND FLOTATION
EXPERIMENTS FOR COPPER TAILINGS

Preconcentration Using Gravity Separation

The preconcentration experiments first tested the recovery
of Fe, Cu, and S by examining the GS solid-liquid ratio
parameter.

Results from the GS experiment 1 with a 1:15 solid-
liquid ratio (GS 1) showed that the highest recoveries were
achieved in the middlings, with similar distribution in
the concentrate and tailings. Iron recovery was 24.50%,
39.43%, and 30.69% in the concentrates, middlings,
and tailings, respectively. Copper recovery was 30.56%,
40.45%, and 22.98% in the concentrates, middlings, and

tailings, respectively. Sulfur recovery was 31.22%, 34.56%,
and 27.30% in the concentrates, middlings, and tailings,
respectively. The combined middlings and concentrate
mass recovery was 65.22 wt.%.

GS experiment 2 with a 1:10 solid-liquid ratio (GS 2)
showed that the highest recoveries were achieved in the con-
centrates. Iron recovery was 29.01%, 35.58%, and 31.86%
in the concentrates, middlings, and tailings, respectively.
Copper recovery was 35.37%, 30.34%, and 30.45% in the
concentrates, middlings, and tailings, respectively. Sulfur
recovery was 35.75%, 30.67%, and 30.78% in the concen-
trates, middlings, and tailings, respectively. The combined
middlings and concentrate mass recovery was 66.44 wt.%.

GS experiment 3 with a 1:5 solid-liquid ratio (GS 3)
showed that the highest recoveries were achieved in the tail-
ings, with similar distribution in the concentrate and mid-
dlings. Iron recovery was 9.88%, 11.38, and 70.36% in the
concentrates, middlings, and tailings, respectively. Copper
recovery was 18.35%, 11.71%, and 60.67% in the concen-
trates, middlings, and tailings, respectively. Sulfur recovery
was 16.47%, 12.76%, and 60.08% in the concentrates,
middlings, and tailings, respectively. The combined mid-
dlings and concentrate mass recovery was 51.08 wt.%.

The results from the GS experiments informed the deci-
sion to use the GS concentrate and middling (GS-C+M)
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Figure 4. Efficiency of collector type, dosage, and frother type combinations as a function of recovery and grade. Recovery (%)
is represented by green (Te), light gold (Au), and light gray (Ag) columns, while the grade for Te is a square, Au is an X, and Ag

is a triangle

combined as the flotation feed after preconcentration. The
high mass recovery in the GS-C+M and the desliming (that
produced higher pyrite flotatbility) suggested an enhanced
recovery of Te, Au, and Ag because of the positive locking
relationship that tellurides exhibited in pyrite.

Flotation of Preconcentrated Copper Tailings

Pyrite bulk flotation was performed at the bench-scale level
using the GS-C+M, and the recovery and grade from these
experiments are shown in Figures 5-7. For this set of exper-
iments and based on the results obtained from the baseline
flotation, the researchers opted to float GS-C+M as a func-
tion of the lowest dosages tested for xanthate (SIPX) col-
lector and glycol (OREPREP X-237) frothers. The dosage
selected for the collector was 90 g/t, and the frother was
50 g/t.

Results showed that flotation of GS 1-C+M had the
highest overall recovery of Fe and S. Sulfur recovery was
52.99% at a grade of 1.84 wt.%. Iron recovery was 29.60%
ata grade of 24.24 wt.%. GS 3- C+M had the highest over-
all recovery of Cu, with 59.83% recovery at 4.68 wt.%.
The results highlighted a cleaner concentrate product with
higher Cu and S grades.
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Figure 5. Flotation recovery and grade of the concentrate
and middlings of gravity separation with a 1:15 S/L ratio

DISCUSSION

The research findings presented a comprehensive pic-
ture of the recovery, grades, and enrichment percentages
of tellurium (Te), gold (Au), silver (Ag), and copper (Cu)
from copper tailings (CT). Initially, the characterization
of the tailings provided a baseline understanding of the
starting grades, with Te at 0.40 ppm, Au at 61.7 ppb, Ag
at 0.66 ppm, and Cu at 494.50 ppm. This research and
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Figure 6. Flotation recovery and grade of the concentrate
and middlings of gravity separation with a 1:10 S/L ratio.

Figure 7. Flotation recovery and grade of the concentrate
and middlings of gravity separation with a 1:5 S/L ratio

Baseline Flotation Conditions Te Au Ag
EXP300422 (120g/t) + MIBC (50g/) 225 1.57 1.42
EXP300422 (150g/t) + MIBC (50g/t) 2.00 1.41 1.27
EXP300422 (150 g/t) + terpineol (50g/t) 3.00 1.28 1.74
EXP300422 (150 g/t) + OREPREP X-237 (50g/t) 3.25 2.46 1.82
SPIX (30g/t) + MIBC (50g/t) 2.05 1.96 1.32
SPIX (90 g/t) + OREPREP X-237 (50g/t) 3.50 1.90 2.26
SPIX (150 g/t) + OREPREP X-237 (50g/t) 3.08 2.59 t

SPIX (90 g/t) + terpineol (50g/t) 2.88 1.49 1.85

previous research by Yano, 2012, Steadman et al., 2021,
and Corchado & Alagha, 2023 suggested that Te, Au, Ag,
Cu, and other valuables are 90% locked within larger pyrite
grains as less than 20 pm in CT [26,33,34]. Therefore, this
research investigated the froth flotation process for pyrite
and other sulfides in CT using conventional reagents [31].

Subsequent baseline flotation experiments for pyrite
concentration improved recovery rates and established a
foundation for optimization research into other flotation
parameters. The most efficient reagent combinations were
identified, with 150 g/t SIPX and 50 g/t OREPREP X-237
yielding a 92.18% recovery for Te at a grade of 1.4 ppm,
demonstrating substantial improvement. Tellurium, gold,
and silver enrichments for the 150 g/t SIPX and 50 g/t
OREPREP X-237 were 3.08, 2.59, and 1.98, respectively.
Table 7 shows Te, Au, and Ag enrichment for the efficient
collector and frother combinations from the pyrite baseline
flotation experiments.

The introduction of a combination of gravity separa-
tion (GS) and froth flotation led to significant improve-
ments in the pyrite concentration process. GS effectively
removed gangue materials and enhanced the floatability
of pyrite, suggesting that valuable elements locked within
were enriched. Results indicated that the GS-C+M stream

Table 8. Enrichment for Fe, Cu, and S for preconcentration

riments
Gravity Separation and
Flotation Experiments Fe Cu S
Flotation - GS 1 - C+M 1.55 3.01 2.19
Flotation - GS 2 - C+M 2.18 6.77 4.94
Flotation - GS 3 - C+M 1.98 5.80 3.14

should be used as the flotation feed for the subsequent flo-
tation experiments.

In the flotation experiments, remarkable improve-
ments were observed in Fe, Cu, and S recovery rates and
grades, taken as an indicator of major sulfide concentration
(pyrite and chalcopyrite). For instance, the GS 2-C+M had
the highest enrichment of 2.18, 6.77, and 4.94 for Fe, Cu,
and S, respectively. Therefore, these results suggested that
GS 2-C+M would have a higher enrichment in pyrite, chal-
copyrite, and associated Te-Au-Ag-bearing minerals. Table
8 shows the Fe, Cu, and S enrichment for preconcentration
and flotation experiments.

These results highlighted the success of the geometal-
lurgical research approach in enhancing the recovery and
the enrichment of Te, Au, and Ag from copper tailings,
potentially transforming previously discarded material into
a valuable resource.




CONCLUSIONS

The research into the enrichment feasibility of gold- and
silver-tellurides from copper tailings has yielded promising
results. The study addressed the growing demand for tel-
lurium (Te), a critical element for solar energy technolo-
gies, by enhancing its recovery from existing supply chains
by reprocessing copper tailings (CT). Baseline flotation
experiments identified specific reagent combinations that
achieved significant recoveries for Te, Au, and Ag, showing
the potential to recover these valuable elements from cop-
per tailings efficiently. Combining gravity separation (GS)
and froth flotation experiments significantly improved the
enrichment of Fe, Cu, and S (representative of pyrite and
chalcopyrite in CT), transforming previously discarded
materials into valuable resources. However, further opti-
mization is suggested by the authors to increase valuables
overall recovery in the combined GS and froth flotation
process.

These findings offer a promising outlook for addressing
the increasing demand for critical minerals in sustainable
energy production and various industries. Future research
should optimize the process and scale it up for pilot-scale
testing. This could be a turning point in the standard prac-
tices of efficiently recovering Te and other critical minerals.
The feasibility of scaling up the process should be studied
via a techno-economic analysis to understand the impact
that recovering Au and Ag with Te has on the financial scal-
ing-up costs for the process.
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Estimating Air Blast Velocity Using Optical Flow Algorithm
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ABSTRACT

Large-opening underground stone mines pose significant
ground control challenges, including the risk of massive
pillar collapses. These collapses can result in dangerous air
blasts characterized by tremendous force and high velocity.
Estimating the velocity of these air blasts proves challenging
due to the absence of accurate air velocity instruments near
the mine portals. To address this issue, this paper proposes a
novel approach that leverages closed-circuit television cam-
era footage from the mine. Specifically, it employs the opti-
cal flow algorithm implemented in Python to estimate the
velocity of the air blasts, providing a valuable tool for assess-
ing and mitigating risks in such mining environments.

INTRODUCTION

Underground limestone mines are generally mined using
the room-and-pillar method. As the name suggests, the
method involves forming a grid-like pattern of entries and
crosscuts underground, and the stone deposit is divided
into a series of pillars, which are left standing to support
the roof of the mine. The method is specially challenging
in stone mines as the entry sizes are very large ranging from
40-50 ft wide and 3040 ft high entries. In addition to the
entries, the underground stone mines also use benching.
Benching involves further excavating the floor of the entries
which increases the development height to 90-100 ft
(Figure 1). Therefore, benching creates tall slender pillars in
the underground stone mines which are high, but less wide
(Figure 2). These pillars often form an hourglass shape and
can collapse if the pillar cannot take the weight of the roof
(Mark and Rumbaugh, 2022).

A pillar collapse happens when an array of pillars fails
suddenly. Pillar collapses can occur with very little warning
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Figure 1. Typical large-opening stone mine with benching

and can affect miners far away from the collapse (MSHA,
2023). Several factors can contribute to a pillar collapse,
including excessive mining of adjacent rooms leading to
increased stress on the pillars, geological faults or weak-
nesses in the surrounding rock, changes in the stress dis-
tribution within the mine due to excavation activities or
subsurface factors, and inadequate pillar design or insuf-
ficient pillar size for the load they are supporting.

Pillar collapse in underground stone mines presents
a grave safety concern, as it endangers the lives of miners
working not just in the affected area but everywhere near
the mine. The sudden failure of support pillars can lead
to catastrophic events, including roof collapses and falling
debris, placing miners at immediate risk from the ground
control event. The pillar collapse also leads to the formation
of an air blast.




