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Application of Copper Mining Waste in Radionuclide and

Heavy Metal Immobilization

Slavko Dimovié, Ivana Jelié,* Marija Sljivié-lvanovié, Zoran Stirbanovi¢, Vojka Gardic,
Radmila Markovic, Aleksandar Savic, and Dimitrije Zakic

Copper slag flotation tailings (CSFT), as the end waste from copper mining,
are evaluated for radionuclide and heavy metal immobilization.
Characterization of CSFT based on grain size and mineral composition,
surface functional groups, pH and electrical conductivity in aqueous media,
thermogravimetric analysis (TGA), determination of characteristic
temperatures in sample melting process, leachability, and toxicity tests is
conducted. The screening sorption of Mn(ll), Co(ll), Ni(ll), Zn(ll), Cd(l1), and
Pb(ll) inactive isotopes from single-component solutions is performed. The
Cd(ll) ions show better sorption potential than other ions, with a sorption
capacity of 0.08 mmol g~! at the highest initial concentration. Sorption
decreases in the sequence Cd(ll) > Pb(ll) > Zn(Il) > Mn(ll) > Ni(ll) > Co(ll) at
all initial concentrations. Although CSFT shows lower sorption capability than
synthetic sorbents based on fayalite and magnetite, its inexpensiveness and
substantial accessible amount represent great advantages in wider utilization.

1. Introduction

Copper slag flotation tailings (CSFT) represent mining waste
generated in the process of copper slag flotation. Copper slag
is a by-product of pyrometallurgical processing of copper con-
centrates obtained from copper ores, containing large amounts
of valuable metals. In order to recover metals from slag, the
most commonly used technology is flotation.['*! The average to-
tal amount of CSFT adds up to tens of millions of tons per each
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copper processing facility.¥! According to
literature data, the copper production in
2016 only from primary sources, i.e., copper
ores, was approximately 20 million tons and
was almost doubled in the early 2000s.]
Since 2.2 tons of copper slag are produced
for one ton of pure copper,/®! vast quanti-
ties of this waste are generated every year.
The reuse of copper slag is increased world-
wide, and a considerable amount of CSFT
is disposed of. Generated and accumu-
lated CSFT represents a possible environ-
mental threat, potentially polluting water-
courses by atmospheric precipitation, wind
erosion, or accidents,’®! e.g., dam rupture
and spilling pollutants into underground
water systems.[*]

Although CSFT represents the end
waste, with a matrix composed of iron
silicates, it could be utilized as a raw
material in construction industry and metallurgy, providing en-
vironmental and economic benefits. Extracting iron is the most
common method for managing CSFT.[!! Since it possesses
pozzolanic properties, CSFT is used in cement and concrete
production.'%) Besides these applications, waste materials can be
potentially used as environmental-friendly and low-cost sorbent
materials for aqueous media purification. Thus, the various sor-
bents developed from different cost-effective waste sources were
successfully tested, e.g., industrial sludge, ash, slag, red mud, an-
imal bones, and construction and demolition waste.[''-2] How-
ever, there is scarce literature data on heavy metal and radionu-
clide sorption onto CSFT despite great interest in new, sustain-
able, and effective liquid waste purification development.

Liquid radioactive waste (LRW) is produced by industries such
as mining, nuclear power generation, and defense, as well as
in nuclear medicine and scientific research.>] Chemical com-
position varies among LRW of different origins. For example,
a real effluent contaminated with uranium during uranium
mining might contain other radionuclides and stable isotopes
(chromium, manganese, iron, cobalt, nickel, copper, zinc, cad-
mium, lead, etc.), as well as essential metals.[?*) Among radionu-
clides within nuclear power plants, the main activation products
are >*Mn,>*®Ni, %Co, and ®Zn, produced in the reactions be-
tween nuclear reaction materials (e.g., stainless steel or Ni alloys)
and radiation. As short-living isotopes, **Mn (t , = 312 days) and
%Zn (t,, = 244 days) are significant during the first year after
the nuclear reactor shut down. ?!°Pb can be produced by natural
uranium decay, while *Ni and *°Co are the most important for
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disposal due to the long half-life of **Ni (£, = 76 000 years) and
high-intensity gamma emission of “’Co (t,, = 5.3 years). Further-
more, short-living 'Cd (t,,, = 466 days) and '*Cd (t,, = 7.7 X
10" years) are fission products and could also be found in nuclear
reactors.!?’] Except for unstable isotopes, Mn, Co, Ni, Zn, Cd, and
Pb might exist in the stable form known as toxic heavy metals.
These elements are often ingredients of industrial wastewater.

The aim of this research was a brief screening of radionuclides
and heavy metals immobilization by CSFT. The investigation
basis was CSFT sorption capacities estimation. The satisfying
sorption potential of CSFT could be expected based on favorable
amounts of minerals such as magnetite and fayalite.[?*3%] For
sorption experiments, the Mn(II), Co(II), Ni(Il), Zn(II), Cd(II),
and Pb(II) ions in single-component solutions were selected. The
study also included a detailed waste characterization in order to
verify CSFT effective and safe usage.

2. Materials and Methods

2.1. CSFT Characterization

The investigated CSFT originates from the old flotation tailing
dump in Bor. The sample weighing approximately 2 kg was
spread over 1 m? area, and 50 g were sampled from five randomly
chosen points, rinsed with deionized water, and dried at 100 °C.

CSFT samples were characterized by grain size, mineral com-
position, surface functional groups, pH, and electrical conductiv-
ity (EC) in aqueous media. In addition, thermogravimetric anal-
ysis (TGA) and determination of characteristic temperatures in
the sample melting process were explored.

Grain size composition was determined by a combination
of sieving (for larger particle fractions) and hydrometer-method
(for those <63 um) according to ISO 17892-4:2016.3Y The hy-
drometer method represents a standardized procedure used
for grain size distribution determination, usually for particles
<63 um. Distilled water was used as a suspending fluid. In order
to prevent coagulation of particles, dispersing agent was added.
The results were shown by the mass and cumulative participa-
tion of the particles in the CSFT sample grain size class. The un-
certainty for grain size distribution determination by sieving and
hydrometer analyses is considered to be +5%.

The mineral composition was identified by X-ray diffraction
analysis (XRD) using Ultima IV Rigaku diffractometer, equipped
with Cu Ka1,2 radiation (generator voltage (40.0 kV) and a gen-
erator current (40.0m A)). The range of 20 4°-65° was used for
analysis in continuous scan mode with a scanning step size of
0.02°, at a rate of 5° min~!. The obtained XRD patterns were com-
pared with the International Centre for Diffraction Data (ICDD)
database.*

The major functional groups at the surface of the material were
identified by Fourier transform infrared (FT-IR) spectroscopy.
The spectra were recorded at ambient conditions in the mid-IR
region (400-4000 cm™!) using a Nicolet IS 50 FT-IR spectrome-
ter operating in the ATR mode in the resolution of 4 cm™' with
32 scans.

The pH values of CSFT were determined for different mass
ratios (solid/liquid) of the samples in deionized water: 1:1, 1:10,
1:20, 1:100, and 1:200 by a modified US EPA 9045D method for
determination of soil and waste pH.33! Suspensions were shaken
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at 120 rpm for 5 min, centrifuged (at 6000 rpm for 20 min), and
filtered. The measurements of pH values were conducted in both,
the suspensions and the filtrates by WTW InoLab pH meter. Fil-
trates EC was measured simultaneously by WITW InoLab Cond
7110. The pH and EC determination tests were done in triplicate.

TGA of the CSFT sample was conducted in a corundum dish
at atmospheric pressure in the air stream in a range from ambi-
ent temperature up to 1500 °C, at a temperature regime of 10 °C
min~! by Leco Thermogravimetric Analyzer TGA 701. The char-
acteristic temperatures in the sample melting process were deter-
mined in the Carbolite Fusibility Furnace CAFDIG CO/CO,+Air.

2.2. Leachability and Toxicity of CSFT

The impact of CSFT on the environment was carried out by the
leaching test, i.e., leaching procedure (LP) according to standard
SRPS EN 12457-20341 for waste characterization by compliance
test for leaching of granular waste materials and sludge. Stan-
dard prescribes a one-stage batch test at a liquid/solid (L/S) ratio
of 10 L kg™! (10:1) for materials with a high content of solids
and particle size of <4 mm (with or without decreasing particle
size).?* The investigated CSFT sample that initially had at least
a 95% mass ratio of particles <4 mm was brought into contact
with the leachant (deionized water) under defined conditions:
continuous stirring on an orbital shaking table at 10 rpm at
room temperature (22 + 2 °C), contact time of 24 h, without any
pH setups. The used method presumes that the equilibrium or
near-equilibrium state might be achieved between the liquid and
solid phases during the test period. The ambient temperature
was 21 °C, humidity of 52%, and an atmospheric pressure of 970
hPa. The eluate was separated from the solid by filtering, and
its pH and EC values were measured (WIW InoLab pH-meter
and WIW InoLab Cond 7110) and compared with the upper
limits prescribed in the Annex 7 of the Regulation on categories,
testing, and classification of waste.**]

The toxicity characteristic of CSFT was carried out by the tox-
icity characteristic leaching procedure (TCLP) according to stan-
dard US EPA 1311.3¢] The solid phase was extracted with an
amount of extraction fluid (glacial acetic acid, Merck, p.a.) equal
to 20 times of the solid phase weight, under defined conditions:
continuous stirring on an orbital shaking table at 30 rpm at room
temperature (22 + 2 °C), with contact time of 18 h. The extrac-
tion fluid employed represents a function of the alkalinity of the
waste’s solid phase. Following extraction, the liquid extract was
separated from the solid phase by filtration through a 0.45 ym
glass fiber filter.[*]

According to ISO 11885:2007 standard,l*”] concentrations of
Sb, Ba, Cr, Mo, Ni, Se, As, Cd, Cs, Pb, Hg, V, and Ag were de-
termined by induction coupled plasma mass spectrometry (ICP-
MS, Agilent 7700), while the concentrations of Zn and Cu were
determined by induction coupled plasma atomic emission spec-
trometry (ICP-AES, Ciros Vision Spectro). The content of chlo-
ride, fluoride, and sulfate ions was determined by the photomet-
ric method on a Hach Photometer DR3900. Leaching tests were
done in duplicate.

The results were compared with limits given in the Annex
10 of the Regulation on categories, testing, and classification of
waste.3]
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Table 1. CSFT grain size composition.

Grain size class, d [um] Mass, m [%] Cumulative, D [%]
500-250 17 100.0
250-125 6.9 98.3
125-63 27.7 914
63-20 46.5 63.7
20-10 11.9 17.0

10-5 3.6 53

5-0 1.7 1.7

2.3. Sorption Screening Method

The sorption screening of inactive isotopes of Mn(II), Co(II),
Ni(II), Zn(II), Cd(II), and PDb(II) ions onto CSFT was investi-
gated due to the user friendliness of the experiments. Within
the brief screening method, sorbed amounts (mmol g~!) of
only three initial concentrations of each ion, 2 X 107*, 5 x 107,
and 1 x 107 mol L7!, were determined. The solutions were
prepared using nitrate salts of the investigated cations (Merck,
p-a.). Initial pH values of the solutions were in the range of
5.0-5.9, and they were applied without any adjustments. The
amount of 0.1 g CSFT was shaken with 20 mL of appropriate
cation solution on a rotary shaker at 10 rpm, at ambient tem-
perature. Based on previous experiments, the contact time for
equilibration was set at 48 h, suspensions were centrifuged
(at 9000 rpm for 10 min), and filtered."'-1214! Initial and con-
centration after sorption were measured by atomic absorption
spectrometry (AAS, Perkin Elmer 3100).[111214] AAS was cali-
brated using standard solutions prepared by dilution of single
element standards (1000 mg L', Perkin Elmer). During the
measurements, the calibration was checked at regular intervals.
Sorption experiments were performed in triplicate, and results
are presented as the mean values with corresponding absolute
errors.

3. Results and Discussion

3.1. CSFT Characterization
3.1.1. Grain Size Analysis

The grain size composition of CSFT is shown in Table 1.

The grain size analysis showed that CSFT represents a fine-
grained material. Fine particles, <20 pm, account for 17%. How-
ever, the particles with a diameter <250 and 63 pm account for
approximately 98 and 63%, respectively.

These results were expected since flotation represents a pro-
cess requiring fine granulation material, especially copper slag
flotation, in which requirements regarding grain size compo-
sition are even stricter. It can be concluded that the grain size
composition of CFST can have a positive effect on the sorption
process because the finer the grain size is, the larger its spe-
cific surface area is, and thus the sorption process could be more
efficient.*®)
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Figure 1. XRD pattern of CSFT sample. Symbols: magnetite (@), fayalite
(*), and quartz (+).
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Figure 2. FT-IR spectrums of CSFT.

3.1.2. Mineral Composition (XRD analysis)

XRD analysis detected magnetite (Fe,O,) and fayalite (Fe,(SiO,))
as the most abundant minerals in CSFT (Figure 1).

Typical copper sulfide ores often contain various levels of iron
sulfides and oxides. Magnetite is common in many ore deposits
and host rocks, and its presence in CSFT was expected.*! Fay-
alite represents a ferrous iron silicate that belongs to the olivine
minerals group. In CSFT, fayalite is the artificial mineral that
arises in a high temperature process with low oxygen amount
(calcination process) with a naturally elevated amount of silicon
dioxide.l**-*1) Fayalite is the reaction product of magnetite and
quartz under a reducing environment with low water content.[*?]
It also was reported that the main constituents of copper smelter
slags are FeO and SiO,, which are components of fayalite, with
a share of 20-55 wt% worldwide.[*’] The high content of fayalite
mineral phases in the investigated CSFT was expected based on
its forming from the secondary smelting process of copper con-
taining resources. The nature of this process is similar to crystal-
lization in native silicate melts, i.e., volcanic lava or magma.[*+*]
Hence, the XRD peak position at approximately 26 angle 26°
most likely belongs to traces of pure quartz.[*67]
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Figure 3. Relationships between solid/liquid ratios of CSFT: a) suspension
pH values, b) filtrates final pH values, and c) EC of filtrates.
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3.1.3. FT-IR Analysis

The FT-IR spectrograms of CSFT (Figure 2) show the presence of
Fe-O-Si group at 944 cm™', and Fe(I1)-O at 865 and 826 cm™!, as
well as band characteristic for Si—O at 826 cm™!. At wave numbers
557 and 464 cm™! characteristic absorbance bands of Fe(III)-O
groups are seen. The obtained FT-IR analysis results adequately
match the composition detected by XRD.

3.1.4. Determination of pH and EC

Different quantities of CSFT were mixed with deionized water
to achieve solid/solution ratios from 1:1 t01:200. The pH values
were measured in the suspension (Figure 3a) and then in the fil-
trates as a final pH (Figure 3b). Furthermore, after solid/liquid
separation, the EC values of the filtrates were measured (Fig-
ure 3c). The results are shown with the corresponding standard
deviation.

Along with the increase of solid/solution ratio, a slight drop
in pH was observed. Measured electrical conductivity values in-
creased with solid content increment. The increase was slight in
solid/liquid ratio range from 1:200 to 1:10, whereas the increase
was substantial for the 1:1 ratio. The EC increment was expected
with elevated solid content due to a higher amount of dissolved
minerals.

3.1.5. TGA and Determination of Characteristic Temperatures in
Sample Melting Process

TGA results are shown as a TG curve, i.e., the mass loss (%) as a
function of temperature (Figure 4).

The results in the air stream showed that at temperatures
<100 °C there was no change in the test sample mass, i.e., there
was absence of free moisture. No changes in the sample mass
were detected in the temperature range of 100-110 °C, indicating
absence of capillary water. Likewise, no changes in mass at tem-
peratures from 550 to 1300 °C suggest that the sample does not
contain any carbonates, sulfates, and sulfides since their decom-
position occurred at temperatures <1300 °C.[***1 The expected

© 2021 Wiley-VCH GmbH
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Figure 5. Melting process sample change: a) deformation temperature, b) sphere temperature, c) hemisphere temperature, and d) flow temperature.

lowest melting point was about 1270 °C, based on XRD analy-
sis which detected fayalite and magnetite as the most abundant
minerals in CSFT.5051

During the TGA investigation, exposure to a temperature
higher than approximately 1300 °C induced a mass decrease of
the studied sample, indicating its melting. Confirmation was
given by determination of four characteristic temperatures in the
melting process: deformation temperature, sphere temperature,
hemisphere temperature, and flow temperature in the furnace
for fusibility (Figure 5). The sample melting process started
at 1384 °C, which was consistent with TGA results and XRD
analysis.

3.2. Leachability and Toxicity of CSFT

The results of LP test, implying the impact of CSFT on the envi-
ronment, are shown in Table 2.

Since the reference pH value of the waste class without al-
located danger category (H15), according to the Annex 7 of the
Regulation on categories, testing, and classification of waste,*”]
is 6-13, the measured pH value was within the allowed limits.
Likewise, the obtained results were strongly correlated with the
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Table 2. LP results of CSFT.

Parameter Measured value Expanded uncertainty [%]
Temperature of eluate [°C] 19 +2.5
pH 6.34 +05
EC[uScm™] 480 +0.15

result of a solid/liquid ratio, 1:10, achieved by the modified US
EPA 9045D method.[**] The EC value was below the maximum
allowed value for surface water quality, class I by the Serbian
legislature.l52!

Tables 3 and 4 show the classification and toxicity of CSFT by
LP and TCLP methods, respectively.

The results of the LP test of CSFT were under the legislation of
inert waste type, except the concentration of sulfates which corre-
sponds with the prescription of nonhazardous waste. The TCLP
test results indicated that the test sample does not show toxicity
characteristics. According to the obtained results, the CSFT sat-
isfies all the requirements for application as a raw material in the
industry.3]
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Parameter Unit Measured Expanded Reference value for Reference value for Reference value for
value uncertainty [%)] inert wastel3°] nonhazardous wastel** hazardous wastel?*]

Sb mg kg2 <0.11 +13.40 0.06 0.7 5

Ba mg kg~! <0.09 +9.35 20 100 300

Cr mg kg™ <0.05 +12.41 0.5 10 70

Mo mg kg™ 0.41 +13.30 0.5 10 30

Ni mg kg~! <0.07 +11.28 0.4 10 40

Se mg kg™! <0.33 +11.36 0.1 0.5 7

Zn mg kg~! <0.05 +10.49 4 50 200

Cu mg kg™ <0.05 +8.94 2 50 100

As mg kg™! <0.2 +10.19 0.5 2 25

cd mg kg~! <0.08 +10.36 0.04 1 5

Pb mg kg~! <0.2 +9.49 0.5 10 50

Hg mg kg™ <0.005 +10.28 0.01 02 2

cl- mg kg™! 16 +10.27 800 15 000 25000

F- mg kg™ <0.2 +10.2 10 150 500

NeJa mg kg~! 2200 +13.5 1000 20 000 50000

a .
Dried mass.

Table 4. Testing of toxic characteristics of CSFT by TCLP method.

Parameter Unit Measured Expanded Reference
value uncertainty [%] value 133

Sb mg L™ 0.17 +13.40 15

Cr mg L' 0.016 +12.41 5

Mo mg L' 0.010 +13.30 350

Ni mg L' 0.030 +11.28 20

Se mg L1 <0.033 +11.36 1

Zn mg L™ 0.40 +10.49 250

Cu mg L™ 12.2 +8.94 25

As mg L' 0.16 +10.19 5

Cd mg L' 0.008 +10.36 1

Pb mg L~ 0.89 +9.49 5

Hg mg L™ <0.0005 +10.28 0.2

\Y mg L~ <0.008 +10.28 24

Ag mg L' <0.005 +10.27 5

3.3. Sorption Screening Method

The amounts of cations sorbed per unit mass of sorbent (Q,)
from a single-component solution are shown in relation to ion’s
initial concentrations with an appropriate standard deviation in
Figure 6.

The sorption capacities decreased in the sequence Cd(II) >
Pb(II) > Zn(II) > Mn(II) > Ni(II) > Co(II) for all initial cation
concentrations. The sorption of Cd(II) ions at the concentration
of 1 x 1073 was the highest, with a sorption capacity of 0.08 mmol
g™, Cd(1I) showed the most efficient sorption for all initial con-
centrations, significantly higher than the other investigated ions.
In the case of lower initial concentrations, the sorption capacities
were far lower for all cations. The sorption of Pb(II), Zn(II), and
Mn(II) were approximately twice lower than Cd(II) sorption at
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Figure 6. Sorbed quantities (Q,) of investigated ions onto CSFT relative
to each initial solution concentration.

the highest initial concentration with sorption capacities of 0.038,
0.032, and 0.029 mmol g~?, respectively.

The obtained results were convenient to compare with sorp-
tion onto the main mineral constituents of CSFT, i.e., magnetite
and fayalite, due to lack of CSFT sorption data. However, the sorp-
tion onto fayalite was not sufficiently investigated as well, except
for arsenic ions sorption onto activated or calcinated minerals
from the olivine group.l?®?°! Since these processes require en-
ergy, such modified sorbents cannot be considered cost-effective
and environmentally friendly.

In the past decade, many studies indicated that magnetite
nanoparticle composites could effectively remove a range of
metal ions from water and wastewater solutions, e.g., copper,
lead, cadmium, chromium, nickel, and zinc.’®*3! Likewise,
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Waste-based sorbents

Sorption capacity [mmol g7

Mn(lT) Co(ll) Ni(ll) Zn(l) cd(n ) Reference
Fly ash 0.007-0.017 (23]
Zeolite synthesized from fly ash 1.240 1.532 1.154 2.130 (24]
Raw red mud 0.520 (13]
Rinsed red mud 0.372 6]
Treated animal bones 0.070-0.490 17
Treated sewage sludge 0.155 (18]
Blast furnace slag 0.350 (91
0.058 0.120 (20]
Seaweed biomass 0.160 (21
Coal mine goafs 0.025 0.014 0.030 122]
Concrete 0.270 0.130 m
Brick 0.050 <0.130 m
Hollow brick 0.030 0.170 (m
Ceramic tiles 0.170 0.120 2]
Roof tiles 0.065 0.100 (2]
Asphalt 0.060 <0.130 0

CSFT 0.029 0.012 0.022 0.032 0.081 0.035 This study

sorption of some radionuclides such as Cs(I), Eu(III), Co(II),
Ni(II), Pb(II), Sr(II), and U(VI) by the magnetite-based compos-
ites could be very efficient.[?>>*] However, there is no sufficient
data regarding the sorption of a wide range of radionuclides
and heavy metals onto raw magnetite-based waste. Although
magnetite-rich waste such as CSFT in this study showed inferior
sorption results compared to artificial magnetite, it represents
the low-cost and easily accessible sorbent against synthetic
magnetite.

The sorption capacities of some waste-based sorbents are pre-
sented in Table 5.

Some of these materials exhibited higher sorption potential
than CSFT, depending on the applied cation. However, sorption
capacity is strongly associated with a number of experimental pa-
rameters such as pH value, contact time, sorbent particle size,
i.e., sorbent specific surface area, solid/liquid ratio, and pretreat-
ment (mechanical, thermal, and chemical modification). Conse-
quently, the literature data cannot be directly compared.

4. Concluding Remarks

A preliminary investigation was performed concerning possible
utilization of end waste from copper mining, i.e., CSFT in liquid
radioactive waste treatment. CSFT contained fayalite and mag-
netite as the main mineral phases. According to pH, EC, TGA,
characteristic temperatures in sample melting process, leacha-
bility, and toxicity tests, the investigated waste material satis-
fies all the requirements for application as a raw material. Sorp-
tion screening method showed that sorption capacities decreased
in the sequence Cd(II) > Pb(II) > Zn(II) > Mn(II) > Ni(II) >
Co(II) for all initial cation concentrations. At the highest inves-
tigated concentration level, the sorption of Cd(II) ions indicated
a substantial immobilization potential with a sorption capacity of

Clean — Soil, Air, Water 2021, 2000419

2000419 (7 of 8)

0.08 mmol g~!. The obtained results were compared with sorp-
tion onto magnetite and fayalite-based sorbents and literature
data for other investigated waste-based sorbents. Despite better
sorption onto magnetite and fayalite synthetic sorbents, CSFT
showed satisfying potential as a low-cost and easily accessible sor-
bent. Compared to other waste-based materials, CSFT exhibited
considerable potential, although it claims further investigation
and optimization of experimental conditions to acquire higher
sorption capacities.
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