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Electrochemical Investigation of Lateritic Ore Leaching Solutions for Ni and Co Ions Extraction
Reprinted from: Metals 2022, 12, 325, doi:10.3390/met12020325 . . . . . . . . . . . . . . . . . . . . 57

Vesna Marjanovic, Aleksandra Peric-Grujic, Mirjana Ristic, Aleksandar Marinkovic,

Radmila Markovic, Antonije Onjia and Marija Sljivic-Ivanovic

Selenate Adsorption from Water Using the Hydrous Iron Oxide-Impregnated Hybrid Polymer
Reprinted from: Metals 2020, 10, 1630, doi:10.3390/met10121630 . . . . . . . . . . . . . . . . . . . 69

Hugo Lucas, Srecko Stopic, Buhle Xakalashe, Sehliselo Ndlovu and Bernd Friedrich

Synergism Red Mud-Acid Mine Drainage as a Sustainable Solution for Neutralizing and
Immobilizing Hazardous Elements
Reprinted from: Metals 2021, 11, 620, doi:10.3390/met11040620 . . . . . . . . . . . . . . . . . . . . 85

Yiqian Ma, Srecko Stopic, Xuewen Wang, Kerstin Forsberg and Bernd Friedrich

Basic Sulfate Precipitation of Zirconium from Sulfuric Acid Leach Solution
Reprinted from: Metals 2020, 10, 1099, doi:10.3390/met10081099 . . . . . . . . . . . . . . . . . . . 101

Radmila Markovic, Vesna Krstic, Bernd Friedrich, Srecko Stopic, Jasmina Stevanovic, Zoran

Stevanovic and Vesna Marjanovic

Electrorefining Process of the Non-Commercial Copper Anodes
Reprinted from: Metals 2021, 11, 1187, doi:10.3390/met11081187 . . . . . . . . . . . . . . . . . . . 115

Andrey Yasinskiy, Sai Krishna Padamata, Ilya Moiseenko, Srecko Stopic, Dominic Feldhaus,

Bernd Friedrich and Peter Polyakov

Aluminium Recycling in Single- and Multiple-Capillary Laboratory Electrolysis Cells
Reprinted from: Metals 2021, 11, 1053, doi:10.3390/met11071053 . . . . . . . . . . . . . . . . . . . 133
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Editorial

Advances in Understanding of Unit Operations in Non-Ferrous
Extractive Metallurgy 2021

Srecko Stopic * and Bernd Friedrich

IME Process Metallurgy and Metal Recycling, RWTH Aachen University, 52056 Aachen, Germany;
bfriedrich@ime-aachen.de
* Correspondence: sstopic@ime-aachen.de; Tel.: +49-17-6782-61674

The high demand for critical materials, such as rare earth elements, indium, gallium,
and scandium, raises the need for an advance in understanding the unit operations in
non-ferrous extractive metallurgy. Unit metallurgical operation processes are usually
separated into three categories: (1) hydrometallurgy (leaching, mixing, neutralization,
precipitation, cementation, crystallization), (2) pyrometallurgy (roasting, smelting), and
(3) electrometallurgy (aqueous electrolysis and molten salt electrolysis). In hydrometallurgy,
the aimed metal is first transferred from ores and concentrates to a solution using a selective
dissolution (leaching; dry digestion) under an atmospheric pressure below 100 ◦C and
under a high pressure (40–50 bar) and high temperature (below 270 ◦C) in an autoclave and
tube reactor. The purification of the obtained solution was performed using neutralization
agents such as sodium hydroxide and calcium carbonate or more selective precipitation
agents such as sodium carbonate and oxalic acid. The separation of metals is possible using
a liquid/liquid process (solvent extraction in mixer-settler) and solid–liquid (filtration
in filter-press under high pressure). Crystallization is the process by which a metallic
compound is converted from a liquid into a solid crystalline state via a supersaturated
solution. The final step is metal production using electrochemical methods (aqueous
electrolysis for basic metals such as copper, zinc, silver and molten salt electrolysis for rare
earth elements and aluminum). Advanced processes, such as ultrasonic spray pyrolysis
and microwave-assisted leaching, can be combined with reduction processes in order to
produce metallic powders. Some preparation for the leaching process is performed via
a roasting process in a rotary furnace, where the sulphidic ore was first oxidized in an
oxidic form, which is suitable for the metal transfer to water solution. During the smelting
process, the target metal is further refined at high temperatures and reduced to its pure
form. The pyrometallurgical treatment of the ore was performed in an electric furnace and
combined with a refining during distillation. Unit Operations in Non-ferrous Extractive
metallurgy can be successfully used for the recovery of non-ferrous metals from secondary
materials.

The first Special Issue “Advances in Understanding of Unit Operations in Non-ferrous
Extractive Metallurgy 2021” contains 17 papers divided in six groups:

1. Pyrometallurgical treatment (Thermal Decomposition and Kinetics of Pentlandite-
Bearing Ore Oxidation in the Air Atmosphere [1])

The roasting of sulfide ores and concentrates is one of the most important steps in
pyrometallurgical metal production from primary raw materials, due to the necessity
of excess sulfur removal, present in the virgin material. Pentlandite is one of the main
sources for nickel pyrometallurgical production. Raw pentlandite-bearing ore from the
Levack mine (Ontario, Canada) was subjected to oxidative roasting in the air atmosphere.
Thermochemical calculations, a phase analysis and construction of Kellogg diagrams for
Ni-S-O and Fe-S-O systems at 298 K, 773 K, 923 K and 1073 K were used for proposing
the theoretical reaction mechanism. A thermal analysis (TG/DTA—Thermogravimetric
and Differential Thermal Analyses) was conducted in temperature range 298–1273 K,

Metals 2022, 12, 554. https://doi.org/10.3390/met12040554 https://www.mdpi.com/journal/metals1
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under a heating rate of 15 ◦C min−1. A kinetic analysis was conducted according to
the non-isothermal method of Daniels and Borchardt. Calculated activation energies of
113 kJ mol−1, 146 kJ mol−1 and 356 kJ mol−1 for three oxidation stages imply that in every
examined stage of the oxidation process, temperature is a dominant factor determining the
reaction rate.

2 Dissolution of primary and secondary materials (1) Leaching, Processing Tests, Ad-
justed Cost Models and the Economies of Reprocessing Copper Mine Tailings in Chile;
(2) NdFeB Magnets Recycling Process: An Alternative Method to Produce Mixed Rare
Earth Oxide from Scrap NdFeB Magnets; and (3) Electrochemical Investigation of
Lateritic Ore Leaching Solutions for Ni and Co Ions Extraction

To increase resource efficiency, mining residues—especially tailings—have come into
the focus of research, companies, and politics. Tailings still contain varying amounts of
unextracted elements of value and minerals that were not of economic interest during pro-
duction. As for primary mineral deposits, only a small share of tailings offers the possibility
for an economic reprocessing. To minimize exploration expenditure, a stepwise process is
followed during exploration, to estimate the likelihood of a project to become a mine or
in this case a reprocessing facility. During this process, costs are continuously estimated
at least in an order of magnitude. Reprocessing flowsheets for copper mine tailings in
Chile were developed, and costs and revenues of possible products from reprocessing
were examined for a rough economic assessment. Standard cost models with capex and
opex for flotation, leaching, and magnetic separation were adopted to the needs of tailings
reprocessing. A copper tailing (around 2 Mt) that also contains magnetite was chosen as a
case study [2]. A combination of magnetic separation and leaching gave the best economic
results for copper and magnetite. The adopted cost models showed positive results at this
early stage of investigation (semi-technical scale processing tests)

Spent NdFeB-magnets [3] and nickel lateritic ore [4] were chosen for the leaching
process. The recovery of rare earth elements has become essential to satisfy this demand in
recent years. In the present study, rare earth elements recovery from NdFeB magnets as new
promising process flowsheet is proposed as follows; firstly acid baking process is performed
to decompose the NdFeB magnet to increase in the extraction efficiency for Nd, Pr, and Dy.
Than iron was removed from the leach liquor during hydrolysis. Finally, a production of
REE-oxide from leach liquor was performed using ultrasonic spray pyrolysis method.

To examine the possible pathways of intrinsic electrochemical extraction of the crucial
elements Ni and Co, it was necessary to make model solutions of these elements and to
subject them to electrochemical examination techniques in order to obtain a benchmark.
Beside Ni and Co, the model system for Fe had to be evaluated. The leachate examination
results were compared to separate model solutions, as well as to their combinations in
concentrations and to pH values comparable to those of the leachate [4].

3 Purification of solution during adsorption, precipitation and neutralization (1). Se-
lenate Adsorption from Water Using the Hydrous Iron Oxide-Impregnated Hybrid
Polymer; (2) Synergism Red Mud-Acid Mine Drainage as a Sustainable Solution for
Neutralizing and Immobilizing Hazardous Elements; and (3) Basic Sulfate Precipita-
tion of Zirconium from Sulfuric Acid Leach Solution

Hybrid adsorbent, based on the cross-linked copolymer impregnated with hydrous
iron oxide, was applied for the first time for Se(VI) adsorption from water [5]. The influence
of the initial solution pH, selenate concentration and contact time to adsorption capacity
was investigated in detail. Adsorbent regeneration was explored using a full factorial
experimental design in order to optimize the volume, initial pH value and concentration
of the applied NaCl solution as a reagent. In addition to the experiments with synthetic
solutions, the adsorbent performances in drinking water samples were explored, showing
the purification efficiency up to 25%, depending on the initial Se(VI) concentration and
water pH. Determined sorption capacity of the cross-linked copolymer impregnated with

2



Metals 2022, 12, 554

hydrous iron oxide and its ability for regeneration, candidate this material for further
research, as a promising anionic species sorbent.

Acid mine drainage (AMD) and red mud (RM) are frequently available in the metal-
lurgical and mining industry. Treating AMD solutions require the generation of enough
alkalinity to neutralize the acidity excess. RM, recognized as a waste generating high
alkalinity solution when it is in contact with water, was chosen to treat AMD from South
Africa at room temperature. A German and a Greek RM have been evaluated as a potential
low-cost material to neutralize and immobilize harmful chemical ions from AMD. Results
showed that heavy metals and other hazardous elements such as As, Se, Cd, and Zn had
been immobilized in the mineral phase [6]. According to European environmental stan-
dards, S and Cr, mainly present in RM, were the only two elements not immobilized below
the concentration established for inert waste.

H2SO4 was ensured to be the best candidate for Zr leaching from the eudialyte. The
resulting sulfuric leach solution consisted of Zr(IV), Nb(V), Hf(IV), Al(III), and Fe(III). It was
found that ordinary metal hydroxide precipitation was not feasible for obtaining a relatively
pure product due to the co-precipitation of Al(III) and Fe(III). A basic zirconium sulfate
precipitation method was investigated to recover Zr from a sulfuric acid leach solution of
a eudialyte residue after rare earth elements extraction. Nb precipitated preferentially by
adjusting the pH of the solution to around 1.0. The precipitate contained 33.77% Zr and
0.59% Hf with low concentrations of Fe and Al. It was found that a high-quality product of
ZrO2 could be obtained from the basic sulfate precipitate [7]

4 Electrochemical methods for metal refining and winning (1) Electrorefining Process
of the Non-Commercial Copper Anodes and (2) Aluminum Recycling in Single- and
Multiple-Capillary Laboratory Electrolysis Cells

The electrorefining process of the non-commercial Cu anodes was tested on the en-
larged laboratory equipment over 72 h [8]. Cu anodes with Ni content of 5 or 10 wt.%
and total content of Pb, Sn, and Sb of about 1.5 wt.% were used for the tests. The real
waste solution of sulfuric acid character was a working electrolyte of different temperatures
(T1 = 63 ± 2 ◦C and T2 = 73 ± 2 ◦C). The current density of 250 A/m2 was the same as
in the commercial process. Tests were confirmed that those anodes can be used in the
commercial copper electrorefining process based on the fact that the elements from anodes
were dissolved, the total anode passivation did not occur, and copper is deposited onto
cathodes.

The single- and multiple-capillary cells were designed and used to study the kinetics
of aluminum reduction in LiF–AlF3 and equimolar NaCl–KCl with 10 wt.% AlF3 addition
at 720–850 ◦C [9]. The cathodic process on the vertical liquid aluminum electrode in
NaCl–KCl (+10 wt.% AlF3) in the 2.5 mm length capillary had mixed kinetics with signs
of both diffusion and chemical reaction control. The apparent mass transport coefficient
changed from 5.6 × 10−3 cm s−1 to 13.1 × 10−3 cm s−1 in the mentioned temperature
range. The dependence between the mass transport coefficient and temperature follows an
Arrhenius-type behavior with an activation energy equal to 60.5 kJ mol−1.

5 Synthesis of metallic, oxidic and composite powders using different methods (1) One
Step Production of Silver-Copper (AgCu) Nanoparticles; (2) Synthesis and Characteri-
zation of a Metal Catalyst prepared by Ultrasonic Spray Pyrolysis as Pre-Definition
Step for Titanium oxide-supported Platinum (3) Synthesis of Silica Particles Using
Ultrasonic Spray Pyrolysis Method; (4) Atomic Layer Deposition of a TiO2 Layer on
Nitinol and Its Corrosion Resistance in a Simulated Body Fluid; (5) Spray-Pyrolytic
Tunable Structures of Mn Oxides-Based Composites for Electrocatalytic Activity Im-
provement in Oxygen Reduction, and (6) Mixed Oxides NiO/ZnO/Al2O3 Synthesized
in a Single Step via Ultrasonic Spray Pyrolysis (USP) Method

Synthesis of metallic, oxidic and composite methods using different methods was
performed by ultrasonic spray pyrolysis method and atomic layer deposition. AgCu
nanoparticles were prepared through hydrogen-reduction-assisted Ultrasonic Spray Pyrol-
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ysis (USP) and the Hydrogen Reduction (HR) method [10]. The changes in the morphology
and crystal structure of nanoparticles were studied using different concentrated precursors.
The average particle size decreased from 364 nm to 224 nm by reducing the initial solution
concentration from 0.05 M to 0.4 M. These results indicate that the increase in concentration
also increases the grain size. Antibacterial properties of nanoparticles against Escherichia
coli were investigated. The obtained results indicate that the produced particles show
antibacterial activity (100%).

Polygonal Pt nanoparticles were synthesized using ultrasonic spray pyrolysis (USP)
at different precursor concentrations [11]. Physicochemical analysis of the synthesized
Pt particles involved thermogravimetric, microscopic, electron diffractive, and light ab-
sorptive/refractive characteristics. Electrochemical properties and activity in the oxygen
reduction reaction (ORR) of the prepared material were compared to commercial Pt black.
Registered electrochemical behavior is correlated to the structural properties of synthesized
powders by impedance characteristics in ORR. The reported results confirmed that Pt
nanoparticles of a characteristic and uniform size and shape, suitable for incorporation on
the surfaces of interactive hosts as catalyst supports, were synthesized. It is found that
USP-synthesized Pt involves larger particles than Pt black, with the size being slightly
dependent on precursor concentration. Among ORR-active planes, the least active (111)
structurally defined the synthesized particles. These two morphological and structural
characteristics caused the USP-Pt to be made of lower Pt-intrinsic capacitive and redox
currents, as well as of lower ORR activity. Although being of lower activity, USP-Pt is
less sensitive to the rate of ORR current perturbations at higher overpotentials. This is-
sue is assigned to less-compact catalyst layers and uniform particle size distribution, and
consequently, of activity throughout the catalyst layer with respect to Pt black.

Silica has sparked strong interest in hydrometallurgy, catalysis, the cement industry,
and paper coating. The synthesis of silica particles was performed at 900 ◦C using the
ultrasonic spray pyrolysis (USP) method [12]. Ideally, spherical particles are obtained in
one horizontal reactor from an aerosol. The controlled synthesis of submicron particles of
silica was reached by changing the concentration of precursor solution. The experimentally
obtained particles were compared with theoretically calculated values of silica particles. The
obtained silica by ultrasonic spray pyrolysis had an amorphous structure. In comparison
to other methods such as sol–gel, acidic treatment, thermal decomposition, stirred bead
milling, and high-pressure carbonation, the advantage of the ultrasonic spray method
for preparation of nanosized silica controlled morphology is the simplicity of setting
up individual process segments and changing their configuration, one-step continuous
synthesis, and the possibility of synthesizing nanoparticles from various precursors.

Nitinol is a group of nearly equiatomic alloys composed of nickel and titanium, which
was developed in the 1970s. Its properties, such as superelasticity and shape memory
effect, have enabled its use, especially for biomedical purposes. Due to the fact that Nitinol
exhibits good corrosion resistance in a chloride environment, an unusual combination
of strength and ductility, a high tendency for self-passivation, high fatigue strength, low
Young’s modulus and excellent biocompatibility, its use is still increasing [13]. In this
research, Atomic Layer Deposition (ALD) experiments were performed on a continuous
vertical cast (CVC) NiTi rod (made in-house) and on commercial Nitinol as the control
material, which was already in the rolled state. The ALD deposition of the TiO2 layer was
accomplished in a Beneq TFS 200 system at 250 ◦C. The pulsing times for TiCl4 and H2O
were 250 ms and 180 ms, followed by appropriate purge cycles with nitrogen (3 s after the
TiCl4 and 2 s after the H2O pulses).

Hybrid nanomaterials based on manganese, cobalt, and lanthanum oxides of different
morphology and phase compositions were prepared using a facile single-step ultrasonic
spray pyrolysis (USP) process and tested as electrocatalysts for oxygen reduction reaction
(ORR). Electrochemical performance was characterized by cyclic voltammetry and linear
sweep voltammetry in a rotating disk electrode assembly [14]. All synthesized materials
were found electrocatalytically active for ORR in alkaline media. Two different man-
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ganese oxide states were incorporated into a Co3O4 matrix, δ-MnO2 at 500 and 600 ◦C and
manganese (II,III) oxide-Mn3O4 at 800 ◦C. The difference in crystalline structure revealed
flower-like nanosheets for birnessite-MnO2 and well-defined spherical nanoparticles for
material based on Mn3O4. Electrochemical responses indicate that the ORR mechanism
follows a preceding step of MnO2 reduction to MnOOH. The calculated number of electrons
exchanged for the hybrid materials demonstrate a four-electron oxygen reduction pathway
and high electrocatalytic activity towards ORR.

Mixed oxides have received remarkable attention due to the many opportunities to
adjust their interesting structural, electrical, catalytic properties, leading to a better, more
useful performance compared to the basic metal oxides. Mixed oxides NiO/ZnO/Al2O3
were synthesized in a single step via USP method using nitrate salts, and the temperature
effects of the process were investigated (400, 600, 800 ◦C) [15]. The synthesized samples
were characterized by means of scanning electron microscopy, energy-dispersive spec-
troscopy, X-ray diffraction and Raman spectroscopy analyses. The results showed Al2O3,
NiO–Al2O3 and ZnO–Al2O3 systems with spinel phases. Furthermore, the Raman peaks
supported the coexistence of oxide phases, which strongly impact the overall properties of
nanocomposite.

6 Characterization and behavior of the produced materials (Microstructural and Cavita-
tion Erosion Behavior of the CuAlNi Shape Memory Alloy)

Microstructural and cavitation erosion testing was carried out on Cu-12.8Al-4.1Ni
(wt.%) shape memory alloy (SMA) samples produced by continuous casting followed
by heat treatment consisting of solution annealing at 885 ◦C for 60 min and, later, water
quenching [16]. Cavitation resistance testing was applied using a standard ultrasonic
vibratory cavitation set up with stationary specimen. Surface changes during the cavitation
were monitored by metallographic analysis using an optical microscope (OM), atomic
force microscope (AFM), and scanning electron microscope (SEM) as well as by weight
measurements. The results revealed a martensite microstructure after both casting and
quenching. Microhardness value was higher after water quenching than in the as-cast state.
After 420 min of cavitation exposure, a negligible mass loss was noticed for both samples
showing excellent cavitation resistance.

Finally, the combined process for the winning of rare earth elements and their oxides
from primary and secondary materials was presented in the review paper: Advances in
Understanding of the Application of Unit Operations in Metallurgy of Rare Earth Elements,
prepared by B. Friedrich and S. Stopic [17].
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Abstract: The roasting of sulfide ores and concentrates is one of the most important steps in pyromet-
allurgical metal production from primary raw materials, due to the necessity of excess sulfur removal,
present in the virgin material. Pentlandite is one of the main sources for nickel pyrometallurgical
production. The knowledge of its reaction mechanism, products distribution during oxidation and
reaction kinetics is important for optimizing the production process. Raw pentlandite-bearing ore
from the Levack mine (Ontario, Canada) was subjected to oxidative roasting in the air atmosphere.
A chemical analysis of the initial sample was conducted according to EDXRF (Energy-Dispersive
X-ray Fluorescence) and AAS (Atomic Adsorption Spectrometry) results. The characterization of the
initial sample and oxidation products was conducted by an XRD (X-ray Diffraction) and SEM/EDS
(Scanning Electron Microscopy with Energy Dispersive Spectrometry) analysis. Thermodynamic
calculations, a phase analysis and construction of Kellogg diagrams for Ni-S-O and Fe-S-O systems at
298 K, 773 K, 923 K and 1073 K were used for proposing the theoretical reaction mechanism. A ther-
mal analysis (TG/DTA—Thermogravimetric and Differential Thermal Analyses) was conducted in
temperature range 298–1273 K, under a heating rate of 15◦ min−1. A kinetic analysis was conducted
according to the non-isothermal method of Daniels and Borchardt, under a heating rate of 15◦ min−1.
Calculated activation energies of 113 kJ mol−1, 146 kJ mol−1 and 356 kJ mol−1 for three oxidation
stages imply that in every examined stage of the oxidation process, temperature is a dominant factor
determining the reaction rate.

Keywords: pentlandite; oxidation; reaction mechanism; phase analysis

1. Introduction

Nickel has a long history of being used for coin manufacturing. Interest in nickel
production from its ores, concentrates and secondary resources increased rapidly in recent
decades with the expansion of its commercial use in new products. Nickel resistance to high
temperatures, heat and good corrosion stability, allows its application in durable materials
without replacement for a long time. Nickel is used in materials and alloys which can resist
aggressive environments such as jet engines, offshore installations and power generation
plants. Nickel is also applied as an alloying element in cast irons, austenitic stainless
steels and non-ferrous alloys. Nickel steel is widely used for armor plating. Other nickel
alloys are used in boat propeller shafts and turbine blades. Nickel is also used in batteries,
including rechargeable nickel–cadmium batteries and nickel–metal hydride batteries used
in hybrid vehicles. It is expected to form an ever-larger proportion of future batteries [1–7];
namely, pentlandite, complex nickel sulfide, may also be used as is, in the electrochemical
reaction of hydrogen evolution [8–10].
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Nickel can be extracted from its ores by both hydrometallurgical and pyrometallur-
gical routes. Almost 70% of ore deposits are processed by hydrometallurgical extraction.
Although this route is more convenient, pyrometallurgical processing of nickel, as well
as copper [11,12], from its sulfide ores is commonly used worldwide. It is known that
nearly all of nickel in its sulfide ores occurs in the form of binary sulfide mineral pent-
landite ((Ni,Fe)9S8). Pentlandite is the most common and abundant mineral used for
nickel extraction, accounting for over 60% of worldwide nickel production, mostly from
sulfide copper–nickel ore deposits [13–15]. Pentlandite is usually associated with iron
sulfides–pyrite (FeS2) and pyrhotite (Fe7S8) and copper-iron sulfide chalcopyrite (CuFeS2).
Nickel sulfides are intergrown within the iron sulfides, with nickel dissolved in the crystal
lattice. In metallurgical practice, this can cause technical difficulties in nickel concentrate
production [16].

In the pyrometallurgical production of nickel from its sulfide ores and concentrates,
one of the most important processing steps is controlling the iron sulfide oxidation process.
Reactions which occur during the nickel sulfides oxidation have a highly exothermal
character. The amount of sulfur removed during roasting is the main parameter for
controlling the matte grade in the following smelting stage. Thus, the partial roasting of
nickel sulfide ores and concentrates, in order to decrease the sulfur amount in nickel calcine,
has been practiced for a few decades. Sulfur removal is conducted by roasting in fluidized
bed reactors, in multiple hearth roasters or by smelting in a flash smelting furnace. Strong
off-gases are generated and are suitable for SO2 capture and fixation. Certain changes were
recently introduced into the process, which indicate to the most possible method of iron
sulfide removal already in the ore milling stage [17].

The mechanism of sulfide minerals oxidation in the air atmosphere at elevated tem-
peratures is quite complex, since it depends on sulfide species present in minerals, roasting
conditions and the interactions between solid and gaseous phases in the investigated
Me-S-O systems. A thermogravimetric (TG) and differential thermal analysis (DTA) un-
der laboratory conditions, although having much milder oxidation conditions than the
industrial roasting process, provides useful information on the reaction mechanism and
kinetics of gas–solid reactions, for the possibility of a more precise control of experimental
conditions and monitoring variable experimental parameters.

A literature review on reaction mechanisms of complex sulfide oxidation processes
refers to two main possible processes: (1) forming a protective oxide layer on the particle
surface, which inhibits the diffusion of reactive gas to unreacted inner core, and (2) predom-
inant diffusion of one cation species in binary sulfides towards an oxygen rich interface,
which leads to its preferential oxidation. Older reports on the oxidation of pentlandite,
primarily involved heating it in an inert atmosphere [18–20].

Mkhonto et al. [21] in an ab initio study of oxygen adsorption on a nickel-rich pent-
landite mineral surface confirmed that iron atoms are more reactive than nickel atoms,
which implies preferential iron oxidation. Thornhill and Pidgeon [22] reported forming
dense outer oxide shells below 923 K, during pentlandite particles roasting. They also
confirmed selective oxidation when roasting chalcopyrite and pentlandite, with a prefer-
ential oxidation of iron species in both particles and the increase in the copper content
in chalcopyrite and nickel content in pentlandite. This is confirmed by the findings of
Ellingham [23], whose diagrams show that change in Gibbs free energy values for iron
oxides are lower in comparison to nickel oxide, while the trend is opposite in the case
of sulfides. Ashcroft [24] assumed that iron acts such as a catalyzer in the formation of
copper, zinc and nickel sulfates during the treatment of copper and nickel ores and concen-
trates. Tanabe et al. [25] determined that the outer and inner layers during the oxidation of
dense pentlandite in a mixed O2–N2 atmosphere consisted of duplex oxide layers of Fe2O3
and Fe3O4, with the rapid increase in the Fe3O4 layer at the initial period of oxidation.
Consequently, there can be observed the iron depletion in the unreacted sulfide core in a
pentlandite sample heated in air to 923 K. The oxidation behavior of pyrrhotite in air and
oxygen was investigated by Kennedy and Sturman [26]. Dunn and Kelly [27] reported the
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oxidation of synthetic millerite prior to the investigation of natural mineral pentlandite
oxidation at elevated temperatures in a dynamic oxygen atmosphere [28]. Results showed
that in temperature interval 733–973 K, pentlandite decomposed into Fe2O3, NiSO4, NiO,
NiS and NiFe2O4. Iron sulfate decomposed above 913 K. Above 1073 K, only oxides NiO
and Fe2O3 and spinel-phase trevorite NiFe2O4 were detected. Zhu et al. [29] reported
the existence of nickel and sulfur-rich phases as intermediate phases in unreacted cores
during the oxidation of synthetic pentlandite at 973 K in isothermal conditions. Hematite,
trevorite and nickel oxide were observed as the final oxidation products. An SEM/EDS
analysis showed the formation of gaps and holes between the oxide shell and sulfide core.
Reaction rate was rapid in the first two hours, then it slowed down. Xia et al. [14] also
investigated a sintetic pentlandite oxidation behavior at the temperature range of 530–600
◦C by microscopic and kinetic methods. The proposed reaction mechanism involved the
transformation of pentlandite to a monosulfide solid solution (mss), (Fe, Ni)S, following to
α-NiS in the second step, oxidation from Fe3O4 to Fe2O3 in the third step, and the oxidation
of α-NiS to NiO as the final step. Corresponding activation energies (140 kJ mol−1, 151
kJ mol−1 and 127 kJ mol−1) were calculated according to the Avrami/Arrhenius analysis.
A thermogravimetric analysis of oxidation of a floated nickel sulfide concentrate mixture
in an oxygen and air atmosphere, under various heating rates, was performed by Dunn
and Jayaweera [30]. Two mass gains were observed, which correspond to metal sulfates
formation. The thermoanalytical results showed a significant dependence on the heating
rate. The air atmosphere reactions occur to a lesser extent comparing to the results of
oxidation in the oxygen atmosphere. Pandher and Utigard [31] studied roasting of three
nickel concentrates, consisting of pentlandite, pyrrhotite, silica and chalcopyrite by TGA
analysis in an inert or oxidizing atmosphere in order to determine the reaction mechanism.
Two broad peaks on the TG curve were observed, instead of one gradual bell-shaped peak
while heating the nickel concentrates in inert atmospheres. According to mass changes, it
was assumed that sulfates form in a temperature range from 773 K to 973 K. Yu and Uti-
gard [32] reported TG/DTA results on the oxidation of nickel concentrate from an ambient
temperature up to 1273 K. A reaction mechanism was proposed, where the preferential
oxidation of iron sulfide occurred between 623 K and 973 K. At 1086 K, a nickel sulfide core
melted and decomposed, forming NiO and NiSO4. At 1215 K sulfate decomposed and all
remaining nickel sulfide transformed into oxide due to the absence of a protective sulfate
layer. Results of a kinetic analysis indicate that the diffusion of oxygen controls the reaction
rate. Although some of the results agreed on some level with Dunn and Kelly [28], some
discrepancies can be noticed regarding oxidation products and following the mechanism
of pentlandite oxidation.

In recent years, pentlandite has been broadly researched due to its newly discovered
usage. On the other hand, the mechanism of the pentlandite oxidation process itself has not
been fully understood, considering the complexity of natural sulfide minerals. Nearly all
of nickel in its sulfide ores occurs in the form of pentlandite. As a contribution to a better
understanding of the pentlandite-bearing ore oxidation process in the air atmosphere at
elevated temperatures, the results of characterization, thermodynamic, thermal and kinetic
analysis are presented in this paper.

2. Materials and Methods

Pentlandite-bearing ore, from the Levack mine (Ontario, Canada) was used for the
experimental investigation. Initial samples were prepared by crushing and milling a solid
piece of pentlandite-bearing ore and then used in powder form. Sampling was performed
by standard procedure of bulk mineral sampling division, first by quartering and then
by chess field method, in order to ensure a homogeneous distribution and representative
portion of all present mineral fractions in the initial sample.

Qualitative chemical analysis of the initial sample was conducted according to EDXRF
(Energy-Dispersive X-ray Fluorescence) analysis, on an analyzer (Canberra Packard, Schwadorf,
Austria) with radioisotopes for Cd-109 excitation (22.1 keV). The weight of the sample was
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0.5 g. Quantitative chemical analysis was carried out using atomic adsorption spectrometry
(AAS) (AAS PinAAcle 900 T, PerkinElmer, Überlingen, Germany). Examined samples (in
three replicates) were previously dissolved by the nitric–perchloric acid digestion method
described by Hseu [33], and the contents of selected inorganics were determined from the
solution. A part of Si that remained undissolved in the form of a precipitate was further
determined by the hydrochloric acid dehydration (gravimetric) technique [34].

Characterization of the initial sample and the oxidation products was conducted by
X-ray diffraction method on X-ray diffractometer, model PW-1710 (PHILIPS, Eindhoven,
The Netherlands), with a curved graphite monochromator and a scintillation counter. The
intensities of diffracted CuKα X-rays (λ = 1.54178Å) were measured at room temperature
at intervals of 0.02 ◦2θ and a time of 1 s in the range from 4 to 65 ◦2θ. The X-ray tube
was loaded with a voltage of 40 kV and a current of 30 mA, while the slots for directing
the primary and diffracted beam were 1◦ and 0.1 mm. The samples investigated by XRD
method were isothermally roasted for 30 min in previously preheated furnace in the air
atmosphere at 673 K, 773 K, 873 K, 973 K and 1073 K. Oxidation products were taken out of
the furnace and cooled in the air atmosphere at room temperature.

The initial sample and the oxidation products were analyzed by scanning electron
microscope with energy dispersive spectrometry (SEM/EDS) using a VEGA3 Scanning
Electron Microscope (TESCAN, Brno, Czech Republic). In order to better understand the
reaction mechanism of the oxidation process of the pentlandite-bearing ore, a thermal
analysis of the sample was also performed. TG/DTA analysis was performed with a single
heating rate of 15◦ min−1, in temperature range 298–1273 K, using a STA 409 EP (Netzsch,
Selb, Germany). Thermal analysis and X-ray diffraction experiments were performed on
100 mg initial samples.

Proposing theoretical reaction mechanism included thermodynamic calculation, phase
analysis and construction of Kellogg’s diagrams for Ni-S-O and Fe-S-O systems at various
temperatures: 298 K, 773 K, 923 K and 1073 K. Based on the constructed Kellogg’s diagrams,
with values of the oxygen partial pressures which correspond to industrial conditions,
the possible reaction paths in these two systems at 773 K, 923 K and 1073 K were proposed.
Thermodynamically possible reactions in the Ni-S-O and Fe-S-O systems were proposed
and the changes in Gibbs free energy at 298 K, 773 K, 923 K and 1073 K were calculated.

Kinetic analysis of pentlandite oxidation process in the air atmosphere was conducted
using non-isothermal method of Daniels and Borchardt [35,36], at heating rate of 15◦ min−1.

3. Results and Discussion

3.1. Results of Chemical Analysis

A qualitative chemical analysis of the examined sample was performed by EDXRF
analysis and the presence of the following elements was detected in the sample: iron,
nickel, copper, sulfur, as well as other accompanying components of tailings.

The content (quantitative analysis) of the elements that EDXRF indicated and which were
the subject of our research was determined by the AAS method and is shown in Table 1.

Table 1. Chemical composition of the initial pentlandite sample.

Element Fe S Ni Si Cu Ca Mn Pb

Mass % 41.63 25.90 5.12 4.8 0.4 2.74 0.034 0.016

3.2. X-ray Diffraction Results

The characterization of the initial pentlandite sample at 298 K and oxidation products
at 673 K, 773 K, 873 K, 973 K and 1073 K was conducted by an X-ray diffraction method on
a polycrystalline powder sample. The results of the X-ray analysis of the initial sample and
oxidation products at different temperatures are given in Figure 1. In the initial ore sample,
at room temperature, the following sulfide minerals were observed: pyrrhotite (FeS),
pentlandite ((Fe,Ni)9S8), pyrite (FeS2), magnetite (Fe3O4), chalcopyrite (CuFeS2), gangue
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minerals quartz (SiO2) and feldspar ((K,Na)Si3O8). The most abundant were pyrrhotite and
pentlandite, to a lesser extent pyrite and magnetite, while quartz, feldspar and chalcopyrite
were significantly less prevalent. According to Figure 1, the decomposition of pentlandite
began below 673 K, which was why there was NiS present at 673 K. The intensification of
the pentlandite oxidation process occurs below 873 K, that is why the characterization of
the oxidation products at 873 K showed no pentlandite. It can be observed that NiS was
present even at 1073 K. Since copper minerals were significantly less present, chalcopyrite
oxidation products were not shown on the XRD diffractograms of oxidation products at
higher temperatures.

Figure 1. The results of XRD analysis for the (a) initial sample, (b) oxidation product at 673 K, (c) 773
K, (d) 873 K, (e) 973 K and (f) 1073 K.

3.3. SEM/EDS Analysis

The SEM/EDS analysis was performed on the initial sample and on solid residues
after 30 min roasting at 673 K, 773 K, 873 K, 973 K and 1073 K, in order to compare the
obtained results with the results of the XRD analysis. The SEM microphotographs are given
in Figure 2, while marked areas were used for the EDS analysis. Based on the EDS analysis
results (atomic percentages of elements on the sample surface), phase compositions of the
initial sample and the oxidation products were calculated and given in Table 2.

The SEM/EDS analysis showed that nickel-bearing sulfides were intergrown with
quartz or gangue minerals at lower temperatures. With the temperature increase, to
above 873 K, still present NiS was found incorporated within the iron oxides hematite and
wustite. The occurrence of the spinel phase trevorite (NiFe2O4) was also observed at higher
temperatures.

3.4. The Results of Thermodynamic Analysis

The determination of thermodynamically stable phases in the Me-S-O system (Me = Ni,
Fe) required a construction of Kellogg’s (PAD = Predominance Area Diagrams) (Figures 3 and
4) diagrams, as a function:

log pSO2(g) = f(log pO2(g)) (1)

log pO2(g) = f(T) (2)
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Figure 2. Microphotographs with EDS analysis of the pentlandite-bearing ore (a) 298 K and the initial
sample roasted at (b) 773 K, (c) 873 K and (d) 1073 K.

Table 2. Phase composition of the initial sample and the oxidation products according to EDS analysis.

Temperature K Spectrum Species

298
1 quartz (SiO2)
2 pentlandite ((Fe,Ni)9S8)
3 pyrite (FeS2)

773
4 NiS + hematite (Fe2O3)

5 pentlandite ((Fe,Ni)9S8) +
quartz (SiO2)

6 pentlandite ((Fe,Ni)9S8) +
gangue minerals

873
7 NiS + hematite (Fe2O3)

8 NiS + wustite (FeO) + quartz
(SiO2)

9 trevorite (NiFe2O4)

1073
10 NiS + hematite (Fe2O3) +

gangue minerals

11 trevorite (NiFe2O4) + hematite
(Fe2O3)

12 magnetite (Fe3O4) + trevorite
(NiFe2O4)
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Figure 3. Kellogg diagrams constructed for Ni-S-O system at (a) 298 K, (b) 773 K, (c) 923 K and (d) 1073 K [37,38].

Figure 4. Kellogg diagrams constructed for Fe-S-O system at (a) 298 K, (b) 773 K, (c) 923 K and (d) 1073 K [37,38].

For the Kellogg diagrams construction solid phases such as oxides, sulfates, sulfides
and metals, they were taken in consideration and diagrams were constructed in four
characteristic temperatures (298 K, 773 K, 923 K, and 1073 K). Partial pressures in the HSC
Chemistry software (9.0, Outotec) for PAD construction were given in bar units [36].

Regarding the constructed diagrams, the theoretically proposed reaction paths for
Ni-S-O and Fe-S-O systems are presented in Table 3.

The theoretically obtained reaction paths were proposed for constant values of SO2
partial pressure (10−4 bar and 1 bar), which correspond to industrial partial pressures of
SO2 gas [38]. Observing the constructed PAD diagrams, the regarded partial pressures
marked off an area within which the theoretical mechanism of oxidative roasting was
defined. It can be observed that for every investigated temperature and corresponding
pressure based on the theoretical mechanism, in the Ni-S-O system, the final stable phase
was always NiSO4 and there could not be a direct sulfide transformation to oxide. In the
Fe-S-O system, the final theoretical stable phase was always Fe2(SO4)3.
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Table 3. Theoretically proposed reaction paths for oxidation process in the Ni-S-O and Fe-S-O systems.

System Theoretical Reaction Path

Ni-S-O

773 K
pSO2(g) = 105Pa ⇒ NiS2 → Ni3S4 → NiO → NiSO4

pSO2(g) = 10Pa ⇒ NiS2 → Ni3S4 → NiS → Ni3S2 → NiO → NiSO4
923 K

pSO2(g) = 105Pa ⇒ NiS2 → Ni3S4 → NiS → Ni3S2 → NiO → NiSO4
pSO2(g) = 10Pa ⇒ NiS2 → Ni3S4 → NiS → Ni3S2 → NiO → NiSO4

1073 K
pSO2(g) = 105Pa ⇒ NiS2 → Ni3S4 → NiS → Ni3S2 → NiO → NiSO4
pSO2(g) = 10Pa ⇒ NiS2 → Ni3S4 → NiS → Ni3S2 → NiO → NiSO4

Fe-S-O

773 K
pSO2(g) = 105Pa ⇒ FeS2 → Fe3O4 → Fe2O3 → FeSO4 → Fe2(SO4)3
pSO2(g) = 10Pa ⇒ FeS2 → Fe2S3 → Fe3O4 → Fe2O3 → Fe2(SO4)3

923 K
pSO2(g) = 105Pa ⇒ FeS2 → Fe2S3 → Fe3O4 → Fe2O3 → FeSO4 → Fe2(SO4)3

pSO2(g) = 10Pa ⇒ FeS2 → Fe2S3 → FeS → Fe3O4 → Fe2O3 → Fe2(SO4)3
1073 K

pSO2(g) = 105Pa ⇒ FeS2 → FeS → Fe3O4 → Fe2O3 → Fe2(SO4)3
pSO2(g) = 10Pa ⇒ FeS2 → FeS → Fe3O4 → Fe2O3 → Fe2(SO4)3

In addition, the Tpp Predominance Area Diagrams (temperature—partial pressure
diagrams) were calculated for both systems as a function:

pSO2(g) = f(T) (3)

with a partial pressure of oxygen 0.1 bar. Calculated diagrams (Figure 5) imply that during
an oxidation process, Ni and Fe sulfates were expected to form even at lower temperatures.

Figure 5. Tpp Predominance Area Diagrams for (a) Ni-S-O and (b) Fe-S-O system for a constant
value of oxygen partial pressure [37].

Based on the theoretical calculations, reactions in the given systems were proposed
and changes in Gibbs free energy were calculated. Thermodynamically possible reactions
for both systems are given in Table 4.
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Table 4. Values of change in Gibbs free energy calculated for theoretically proposed reactions for Ni-S-O and Fe-S-O systems
[37].

Reaction
ΔGo

T(kJ mol−1)

773 K 923 K 1073 K

3NiS2 + 2O2(g) = Ni3S4 + 2SO2(g) −543 −552 −562
Ni3S4 + 5.5O2(g) = 3NiO + 4SO2(g) −1439 −1404 −1368

Ni3S4 + O2(g) = 3NiS + SO2(g) −270 −273 −275
3NiS + O2(g) = Ni3S2 + SO2(g) −257 −261 −269

Ni3S2 + 3.5O2(g) = 3NiO + 2SO2(g) −912 −870 −824
2NiO + 2SO2(g) + O2(g) = 2NiSO4 −231 −148 −66
3FeS2 + 8O2(g) = Fe3O4 + 6SO2(g) −2254 −2232 −2210

2FeS2 + O2(g) = Fe2S3 + SO2(g) −283 −284 −283
FeS2 + O2(g) = FeS + SO2(g) −271 −281 −291

4Fe3O4 + O2(g) = 6Fe2O3 −266 −220 −175
1.5Fe2S3 + 6.5O2(g) = Fe3O4 + 4.5SO2(g) −1829 −1805 −1786

Fe2S3 + O2(g) = 2FeS + SO2(g) −259 −278 −299
3FeS + 5O2(g) = Fe3O4 + 3SO2(g) −1440 −1388 −1337

2Fe2O3 + 4SO2(g) + O2(g) = 4FeSO4 −201 −72 55
Fe2O3 + 3SO2(g) + 1.5O2(g) = Fe2(SO4)3 −230 −108 14

2FeSO4 + SO2(g) + O2(g) = Fe2(SO4)3 −129 −71 −13

3.5. The Results of Thermal Analysis

For the investigated ore sample, the thermogravimetric and differential thermal analyses
were conducted in air atmosphere, with a heating rate of 15◦ min−1. The temperature range
was 298–1273 K. The comparative results of the TG/DTA analysis are given in Figure 6.

Figure 6. Comparative results of TG/DTA analysis for the investigated pentlandite-bearing ore sample.

Obtained TG/DTA heating curves were analyzed in comparison to the results of XRD
and SEM/EDS analyses, as well as the calculated thermodynamically possible reaction
paths (Table 3) and theoretically proposed reactions (Table 4). Based on the above, the
actual oxidation mechanism was proposed.
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Heating the investigated ore sample at the temperature range of 473–573 K gave a
slight exothermic peak on the DTA curve at 521 K and a small mass decrease on the TG
curve, which correspond to the beginning of the pyrite oxidation, according to Equation (4):

FeS2 + O2 → FeS + SO2 (4)

Although it is expected that pyrite oxidation took place at higher temperatures [20],
the formation of pyrrhotite from oxidation in the air atmosphere could occur at lower
temperatures due to the easy oxidation of sulfur by oxygen to SO2 [39].

Based on the available literature [40], and the results of the XRD analysis, it was
assumed that formed, and already existing, FeS was further oxidized up to 673 K, according
to Equation (5):

3FeS + 5O2 → Fe3O4 + 3SO2 (5)

Over 773 K, there can be noticed three different exothermic peaks on the DTA curve
with appropriate changes of mass on the TG curve. Regarding the first DTA peak (774 K),
the area beneath spread from 623 K up to almost 873 K. In the beginning of the suggested
temperature range, there can be seen a mass increase on the TG curve, until the first DTA
peak, after which the mass of the investigated sample began sharply decreasing. It was
assumed that these results suggested sulfate formation by Equation (6):

2Fe2O3 + 4SO2 + O2 → 4FeSO4 (6)

even though, because of their instability, they were not spotted according to the XRD
analysis. The assumption was that prolonged roasting was a necessity in order to achieve
thermodynamic equilibrium, for sulfate detection on the XRD diffractograms. The for-
mation of sulfates would imply a mass increase, which was not the case for the whole
investigated temperature range. A mass loss, which occurred on the TG curve, could be
explained by the decomposition of pentlandite and an intense SO2 gas removal, which
in this temperature range “masked” the sulfate formation. Based on the XRD analysis
results, the presence of the high-temperature NiS phase could be detected even at 673 K,
pinpointing the decomposition of pentlandite. Based on the results of the XRD and EDS
analyses, and prior investigations [20], the existence of pentlandite could be determined
even at 773 K. This implies that pentlandite decomposition took place in a wide tempera-
ture range giving an impoverished pentlandite [25], FeS2 and NiS. Further heating brought
a second exothermic peak at 918 K on the DTA curve, with a corresponding mass loss on
the TG curve. Based on the same research [20], and the obtained results, this peak could be
explained as a sulfate decomposition, according to Equation (7):

FeSO4 → FeO + SO2 + 0.5O2 (7)

In this temperature interval, the decomposition of impoverished pentlandite led to the
formation of NiFe2O4 spinel, trevorite [41,42], which was confirmed together with Fe2O3
in the results of the XRD analysis at 873 K [25], given by Equation (8):

(Fe, Ni)8±xS6±y + O2 → NiFe2O4 + Fe2O3 + NiO + SO2 (8)

It was assumed that the reaction between the formed NiO and existing Fe2O3 took
place, leading to the subsequent formation of Ni-Fe spinel. The mass loss on the TG curve,
corresponding to this exothermic peak, was explained with SO2 emission. The higher
temperature brought to another exothermic peak on the DTA curve with a corresponding
mass loss on the TG curve. This change at 1149 K was assumed to be the oxidation of the
high-temperature NiS phase, which was present even at 1073 K, with a constant spinel
formation and SO2 emission, explaining this mass loss.

Accessible literature data [27] and the theoretically proposed reaction mechanism
suggest that NiS oxidation and sulfate formation occurred at temperature range of 733–988
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K. One of the possible reasons for the difficulty of sulfate detection in the oxidation products
was the non-equilibrium conditions (roasting time of 30 min) [20]. Another possible reason
for the absence of sulfates could be explained with the preferential oxidation of iron,
followed by the formation of protective coatings of the iron oxidation products on the
mineral particle surface. This prevented oxygen diffusion to the reaction zone while
allowing the existence of NiS in the inner core of the particle [20,25,27,31].

3.6. The Results of Kinetic Analysis

The kinetic analysis of the pentlandite-bearing ore oxidation process was performed
using the method of non-isothermal kinetics of Daniels and Borchardt under a constant
heating rate. The heating of the sample was performed in an air atmosphere, in a temper-
ature range of 298–1273 K under a heating rate of 15◦ min−1. Based on the results of the
DTA analysis (Figure 6), three characteristic stages were defined. Three exothermal peaks
(774 K, 918 K and 1149 K) were used for the kinetic parameters calculation. Based on the
given method, activation energies were calculated for the observed oxidation stages and
the results are given in Figure 7 and Table 5.

Figure 7. Arrhenius diagram of the pentlandite-bearing ore oxidation process.

Table 5. Calculated values of the activation energies.

Temperature Range (K) Stage Ea (kJ Mol−1)

667–856 I 113
901–1023 II 156
1089–1223 III 346

Calculated activation energies indicated that all three stages of the oxidation process
occurred in a kinetic field [43]. These values were implying that in every examined stage of
the oxidation process, temperature was a dominant parameter, determining the reaction
rate. With the temperature increase, the values of Ea increased too, which meant that the
oxidation process was even more “introduced” into the kinetic field. The temperature
and the reaction surface had a more emphasized influence on the speed of the oxidation
process. This also signified that a major part of the oxidation process took place on the
surface boundary between the solid and gas phases.

4. Conclusions

The oxidation process of pentlandite-bearing ore was investigated in this paper. The
characterization of the initial sample and the oxidation products was performed in a
temperature range of 298–1073 K, at different elevated temperatures. Additionally, thermo-
dynamic, thermal and kinetic analyses results of the oxidation process were obtained.
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The results obtained via the XRD and SEM/EDS analyses were in a good mutual
agreement, confirming that the initial sample consisted of pentlandite, pyrrhotite, chalcopy-
rite, pyrite, magnetite and gangue minerals (quartz and feldspar). The oxidation products
hematite, magnetite and spinel phase trevorite were detected at elevated temperatures.
NiS was observed up to 1073 K.

The thermodynamic analysis of the investigated pentlandite-bearing sample involved
the construction of Kellogg diagrams for the Ni-S-O and Fe-S-O systems. These diagrams
were constructed at several temperatures: 298 K, 773 K, 923 K and 1073 K. Based on the
constructed diagrams, the theoretical reaction paths were suggested at 773 K, 923 K and
1073 K with defined partial pressures of SO2 and O2 gas, corresponding to industrial
conditions. Thermodynamically possible reactions were proposed and values of change in
Gibbs free energies were calculated at given temperatures.

The thermal analysis of the pentlandite-bearing ore oxidation process involved heating
the initial sample in temperature range 298–1273 K, in an air atmosphere, with a heating
rate of 15◦ min−1. Obtained TG/DTA heating curves were analyzed and the results were
compared to the XRD and SEM/EDS analyses and theoretical reaction paths, leading to
proposing the actual reaction mechanism of the investigated oxidation process.

The kinetic analysis of the pentlandite-bearing ore oxidation process, was conducted
by applying a non-isothermal kinetics calculation, according to the Daniels and Borchardt
method. The kinetic analysis of the investigated oxidation process was based on the DTA
heating curve with a constant heating rate of 15◦ min−1. Three different exothermal peaks
were observed on the DTA heating curve, corresponding to three oxidation stages. Calcu-
lated activation energies were 113 kJ mol−1, 146 kJ mol−1 and 356 kJ mol−1, respectively.
These values implied that all three stages of the oxidation process occurred in a kinetic
field, i.e., temperature was a dominant parameter, determining the reaction rate. A major
part of the oxidation process took place on the surface boundary between the solid and gas
phases.

The proposed reaction mechanism and kinetic analysis results presented in this paper
could be considered for a better optimization of the oxidative roasting of nickel-bearing
ores and concentrates in industrial conditions. Obtained results were in a good agreement
with the available literature and represent a contribution to a better understanding of the
complex sulfide ores oxidation process.
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Abstract: To increase resource efficiency, mining residues–especially tailings–have come into the
focus of research, companies, and politics. Tailings still contain varying amounts of unextracted
elements of value and minerals that were not of economic interest during production. As for primary
mineral deposits, only a small share of tailings offers the possibility for an economic reprocessing. To
minimize exploration expenditure, a stepwise process is followed during exploration, to estimate the
likelihood of a project to become a mine or in this case a reprocessing facility. During this process,
costs are continuously estimated at least in an order of magnitude. Reprocessing flowsheets for
copper mine tailings in Chile were developed and costs and revenues of possible products from
reprocessing were examined for a rough economic assessment. Standard cost models with capex
and opex for flotation, leaching, and magnetic separation were adopted to the needs of tailings
reprocessing. A copper tailing (around 2 M t) that also contains magnetite was chosen as a case
study. A combination of magnetic separation and leaching gave the best economic results for copper
and magnetite. The adopted cost models showed positive results at this early stage of investigation
(semi-technical scale processing tests).

Keywords: tailings reprocessing; early stage cost estimation; magnetic separation; leaching; flotation

1. Introduction

Copper is by value one of the main mineral commodities in the world [1]. Due to the
nature of mineral deposits, not only ore minerals are extracted, but also barren minerals
that have to be deposited as tailings [2]. According to [3], more than 500 M t of tailings
were produced in Chile, in 2019 alone. Over the past 30 years, more than 7 billion tons of
tailings have been stockpiled or discarded in Chile, assuming a copper grade of 2% (most
probably lower, leading to even more tailings). In many cases, the tailings still contain
some copper and possibly other metals of value with potential for recovery [4–6]. The
ore processing technology has improved significantly over the last decades, making it
possible to mine lower grade ore bodies [7] and reducing the metal grade that enters into a
tailings storage facility (TSF) from 0.75% at the beginning of the 20th century to around
0.1% in the late 1990s [8]. This makes old tailings or tailings originating from processing
facilities with a non-homogeneous ore feed or with a non-homogeneous copper mineralogy
(both factors are harmful for a good recovery) optimal targets for a possible economic
reprocessing. Due to weathering, reprocessing is often more cost-intensive compared to
primary ore processing, as described by [9] and references therein, for Russia. As tailings
have already been floated once, re-flotation in some cases is possible [10], but can result in
low recoveries because of non-floatable minerals or very fine grain sizes. The small grain
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size can at least in part be overcome by using a tailored size distribution of the tailings
material [11]. Besides froth flotation, leaching is the second most common method to
process copper ore. Leaching can be carried out via conventional sulfuric acid leach or
with support of bacteria. An overview of the share of (bio)leaching in copper processing is
given by [12]. Bioleaching, especially, is in the focus of research, as it can be an alternative
to conventional ore processing, when the share of floatable minerals is too low [12–17]. A
review about the various possible reuses of mine tailings is given by [18] and references
therein. They conclude that: “Various methods have been suggested for recycling but
there is a lack of well-documented cost and performance data under a variety of operating
conditions.” Nevertheless, a business case is the prerequisite for reprocessing mine waste,
unless the environmental harm is so severe that a mining company is forced to intervene or
a public agency is funding the cleanup. Different recycling flowsheets need to be designed
for every single case study and economic analyses have to be undertaken, to assess the
recycling potential. This is especially the case, as the grade of valuable elements in the
tailings is not of value, but the recoverable grade–as for any orebody. In the case of tailings,
which are influenced by weathering over years or decades, the mineralogy can change
due to the climate and make the recovery more challenging [9,19]. Especially a mixture
of sulfide and oxide minerals is difficult to process, as a combination of sulfide and oxide
flotation or a combination of leaching and flotation have to be applied. Reference [8]
showed that there is a substantial amount of copper in tailings, waste rock, and slag, and
proposed that this copper would soon be recoverable using new technology. Nevertheless,
reprocessing copper tailings remains relatively sparse. Only 30,000 t of copper per year
were produced from projects that use tailings as primary source [20]. Assuming that not all
tailings reprocessing projects are known and incorporated into the mentioned database,
the amount is low compared to the more than 20 M t of copper that is produced by mines
every year. Reference [21] describes various possibilities how to reuse mine waste as
mineral resource, but also mentions that it is only rarely done due to economic reasons.
Actually, it is difficult to give hard facts for capital expenditure (capex) and operating
expenditure (opex), when applying new technologies, for which no empirical values or
rules of thumb exist. Even for established techniques like flotation or leaching, it is difficult
to give cost ranges in terms of opex and capex for tailings reprocessing, as standard cost
models have to be adjusted and real life examples are rare. In order not to spend too much
time and money on uneconomic projects, decisions whether to proceed with exploration or
to stop the efforts should be taken as early as possible [22]. As a mining (or reprocessing)
company usually has more than one project, these projects should be compared with
regard to their economic feasibility and the focus should of course lie on the project with
the best economics. To support the economic analysis, the objective of this study is to
demonstrate and optimize the technical feasibility of tailings recycling at an early stage
and to evaluate the economics of the recycling process. For the economic evaluation,
several assumptions considering investment costs, operating costs, and revenues have to
be made and are discussed in this paper. On the revenue side, the assumptions relate to
achievable product standards and current price levels for the products. On the investment
and operating cost side, a reasonable plant capacity has to be chosen and, based on the
production scale, mineral processing cost models, generated by costmine© (Infomine),
have to be adopted and modified to the specific situation of tailings. Although there is later
data from costmine©, we have taken 2017 data, as the costs are better broken down into
equipment, supplies, labor, administration, etc., which could be adopted individually to
the tailings reprocessing. Finally, these cost data were combined with the results from the
processing tests for a rough economic assessment.

The objective of this paper is to discuss different schemes for tailings reprocessing and
to apply a simple economic evaluation tool based on comparative cost models for a first
economic assessment. Reference [4] focused on historical data of porphyry copper deposits
in Chile and demonstrated the potential of economic reprocessing. This study intends to
go one step further and demonstrate the feasibility based on processing tests to calculate
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possible revenues and compare these revenues with the capex and opex in an early stage,
when not too much money has been spent [22,23]. The particular advantage of Chile is a
data repository with superficial grade and tonnage of several hundred tailings [24], which
makes it possible to find comparative examples to the investigated site.

2. Materials and Methods

2.1. Tailings Material and Sampling

There are several hundred tailings storage facilities (TSFs) in Chile. For an initial
screening to identify the most promising in terms of economic reprocessing, several criteria
were evaluated, including age, tonnage, metal grades, type of ore feed (homogeneous or
heterogeneous), possible by-products, possible pollutants, ownership, and infrastructure
(amongst others). The most challenging in the selection of a TSF is the legal aspect or
the simple question: “Do I get the permission to sample on the TSF?” As the project is a
collaboration of BGR and a state organization (SERNAGEOMIN), we had access to the
tailings of the state owned company ENAMI (Empresa Nacionál de Minería, Santiago de
Chile, Chile). As this company buys ore from different small and medium scale enterprises,
the ore feed is heterogeneous, which is an advantage for reprocessing, as the flotation
cannot be optimized for all mines. Therefore, we first sampled tailings of ENAMI in Ovalle
and of some companies close to Ovalle and afterwards tailings of ENAMI in Taltal and of
some companies close to Taltal. Due to confidentiality, we cannot name the TSFs. After
finishing the sampling, it turned out that the TSF of ENAMI in Taltal (Figure 1) was the
most promising in terms of copper grade and possible by-products, in this case magnetite.
In order to generate a pilot experiment, the project focused on this relatively small sized
TSF of 2 M t. The tailings site contained as main mineral species magnetite (around 20 wt.%
of the tailings) and could also be considered copper rich (0.56%). During the construction
phase especially of small TSFs, the tailings are size-classified by hydrocyclones, located
at the crest of the embankment. The sand-like underflow of the hydrocyclone is used to
raise the embankment and the silt-like overflow is deposited on the beach of the enclosed
area [25,26]. As a consequence, inside the tailings bodies, there is a vertical and horizontal
gradation of the material, according to the deposition velocity of the tailings particles: the
further away from the embankment of the TSF, the finer the particle sizes [5,27]. The coarse-
sized fraction was usually of black to grey colour and the fine-grained clayish material was
either black, reddish or brownish (Figure 2 top and centre). Samples with a high content
of clayish material tend to have higher copper grades, compared to black magnetite rich
sandy layers. In some samples that are taken from inside of the settling zone of the TSF,
layers (a few cm to 20 cm) of yellowish silt could be observed (Figure 2 bottom). These
samples had higher contents of arsenic, up to 250 ppm, compared to the average grade
of around 90 ppm. The yellowish silt layers are associated with episodic gold processing,
in which gold bearing arsenopyrite-ore was milled and floated or density sorted. The
average copper grade of all Taltal samples (130) is 0.56% Cu (0.25–1.1% standard deviation
0.19%) and the average iron content is 26% Fe (13–40% Fe, standard deviation 7%). The
copper grade is substantially higher compared to the average copper grade in tailings from
the 1930s of 0.33% [4] and far above the average of SERNAGEOMIN’s cadaster of mine
tailings (sampling only the first meter), which gives copper grades of 0.27% for inactive and
abandoned tailings <10 M t [24]. The investigated TSF was in operation between 1966 and
2015. As the processed sulfidic ore came from different mines, the flotation process could
not be optimized. Additionally there is oxide and sulfide ore present in the area of Taltal,
meaning that the flotation feed most probably had a certain copper oxide mineral content.
These factors lead to a high residual copper grade in the tailings. The sampling carried out
using a hand held jackhammer that drove a percussion probe into the tailings. One of the
advantages of this handy, low cost equipment is the high mobility to change the position on
a tailings and the short assembly time at new locations. A road access on the surface of the
dried TSF sites was not necessary, as the dismantled lightweight device could be carried
easily. As a hand-held device was used, sometimes a high degree of physical strength was
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needed to penetrate the tailings crusts and hardpan layers. It was especially laborious
to recover the sample cores that were enclosed in the drilling probe after every meter of
drilling (the sampling device was one meter long). Due to physical limitations, it was at
best possible to drill to a depth of 11 m, but as a compromise of working efficiency, 7 m was
taken as the target depth. The operational depth limits also lead to the conclusion that only
tailings of small size and shallow depth containing up to a few million tons of material
can be investigated using this technology. However, in deeper tailings sites, at least a first
overview about the contents of the TSF could be obtained. The magnetite and copper-rich
TSF near Taltal was investigated with 18 perforations (Figure 1) with a depth of up to 11 m
below the tailings surface. In total, 119 samples (each representing 1 vertical m) were taken
for subsequent processing tests. The material consisted of an alternating strata of a fine-
and coarse-grained material. The fine-grained tailings fraction looked similar to clay and
showed plastic behavior. The coarse-grained tailings fraction showed no plastic behaviour
and could be classified as silty sand. Sieving tests showed that the fine-grained material
had a grain size of d80 < 60 μm and the coarse-grained material showed d80 < 120 μm
(Supplementary Materials Figure S1).

Figure 1. TSF near Taltal (Google Earth) with drilling locations. The tailings have their maximum thickness (15 m) in the
northern area (TT 122 to TT 124), where samples were taken up to a depth of 11 m and is thinning to the SSW. There are no
drilling spots SE and SW of TT 115, as the tailings pond became very shallow (below 4 m).
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Figure 2. Probe with sample material from the Taltal tailings. Top: reddish copper rich clay. Center: dark magnetite rich
sandy material. Bottom: yellowish layer probably from episodic gold processing (direct information of the owner of the
tailings). Length of probe 1 m.

To give a better picture about Cu-grade and grade variation, the Cu-grade is shown by
depth and per perforation in Figure 3. There is an increase in copper grade with depth from
around 0.45% for the first two meters, up to 0.80% at 5 m depth. Three holes (TT122, TT1223,
and TT124) were drilled deeper, at the crest of the embankment. Due to the construction
of the TSF, this part is coarser-grained, as hydrocyclones classified the material, using the
coarser material to raise the TSF. As only the material from these three drilling locations
with relatively coarse material is included into the calculation of the average Cu grade from
7–11 m depth, the average grade is only 0.5% between 9 and 11 m (Figure 4). Although
there is a tendency for higher copper grades with depth, the strongest correlation for Cu
and Fe grade is given by grain size. The coarse-grained material has an Fe grade of 29%
and the fine grained material of only 19%. On the other hand, the Cu grade is 0.7% for the
fine (37 samples) material and only 0.5% for the coarse material (82 samples).

2.2. Geochemical and Mineralogical Analysis

The sampled material was first analyzed by X-ray fluorescence analysis (XRF) using
Philips PW1480 and PW2400 with Cr and Rh excitation at the Federal Institute for Geo-
sciences and Natural Resources (BGR), Hanover, Germany. The mineralogy was examined
using X-ray phase analysis. XRD pattern were recorded using a PANalytical X’Pert PRO
MPD Θ-Θ diffractometer (Co-Kα radiation generated at 40 kV and 40 mA), equipped
with a variable divergence slit (20 mm irradiated length), primary and secondary soller,
diffracted beam monochromator, point detector, and a sample changer (sample diameter
28 mm) at BGR, Hannover, Germany. The samples were investigated from 2◦ to 75◦ 2Θ
with a step size of 0.03◦ 2Θ and a measuring time of 3 s per step. For specimen preparation
the back loading technique was used. Rietveld refinement of the experimental XRD data
was conducted using the software BGMN.
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Figure 3. Copper grade for all samples (every sample represents 1 m of drilling). The target depth
was 7 m, except for the crest of the embankment, where up to 11 m depth was drilled and sampled.

Figure 4. Average Cu grade by depth for all available samples (18 from 0–4 m and only 3 samples
from 7–11 m).

2.3. Magnetic Separation

Magnetic separation of the iron fraction was investigated in two ways. Magnetic
separation using a hand magnet (0.1 T) was applied on the sample material before the
leaching tests (each 8.5 kg) were carried out. A hand magnet can separate magnetic
from non-magnetic material, but tends to carry some non-magnetic minerals into the
magnetic fraction. The second approach was to use wet magnetic separation in combination
with flotation. In this case, a magnetic separator (Sala at the RWTH Aachen, Germany)
20 cm × 11.6 cm with a magnetic field strength of 0.1 T in a metallurgical laboratory was
utilized (internal report, RWTH Aachen, 2018). In general, the magnetic material (mostly
magnetite) could be separated from the non-magnetic material, which contained among
others the majority of the copper minerals.
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2.4. Flotation

In order to produce a copper (pre)concentrate, flotation tests were carried out in the
laboratories of the AMD of the RWTH in Aachen. A Denver D-12 flotation cell with a
volume of 2.5 L was used. The feed was usually 0.5 kg per test, one time 1 kg and one time
1.4 kg. The solid content was 17% for 0.5 kg, 29% for 1 kg, and 37.5% for 1.4 kg with an
aeration of 3 L/s. For activation, a planetary ball mill (PM 400 from Retsch, at the RWTH
Aachen, Germany) was used. A list of chemicals used can be found below in Table 1.

Table 1. Reagents used for flotation tests.

Reagents Type Comments

PAX potassium amyl xanthate promoter collector for sulfide and oxide Cu-Minerals
after sulfidization

AERO 238 sodium di-sec-butyl phosphorodithioate promoter collector for sulfide and oxide Cu-Minerals
after sulfidization

AERO 404 dithiophosphate and mercaptobenzothiazole promotor collector for sulfide and oxide Cu-Minerals
after sulfidization

AERO OX-100 hydroxamic acid promoter collector for oxide Cu-minerals without
sulfidization

CuSO4 copper (II)sulfate activator activator for sulfides

CaO lime pH-regulation pH-regulation

MIBC methylisobutylcarbinol frother frother

NaHS·H2O sodium hydrosulfide hydrate modifier sulfidizer

Na2S·9H2O sodium sulfide modifier sulfidizer

Ten flotation tests were carried out for the processing scheme flotation followed by
magnetic separation (see below). The activation time in the mill was 30 s. Afterwards,
various combinations of the above-listed chemicals and pH values were tested. For every
test, usually 2–3 chemicals in different dosage were added and flotation was carried out for
3 min. Afterwards, 3–5 more flotation steps were carried out for every test and 1–2 chem-
icals were added and/or pH adjustments was done, in order to produce the optimum
pre-concentrate. For the flotation tests in the scheme magnetic separation before flotation,
only four flotation tests with the most promising results from the above-mentioned scheme
were carried out, using 0.5 kg of tailings for each test.

2.5. Conventional Sulfuric Acid Chemical Leaching

Conventional leaching tests were carried out, in order to study the recovery and
kinetics of acidic copper leaching. The leaching experiments were carried out by G.E.O.S
GmbH in Halsbrücke, Germany, on behalf of BGR. The solid to liquid ratio was 1:5 and
dilute sulfuric acid was used (concentration of 49 g H2SO4/L H2O, corresponding to 5%
sulfuric acid). For the combination of leaching and magnetic separation, for each processing
test, 8.5 kg of material were used. The material was mixed with 42.5 L of dilute (5%) sulfuric
acid for a solid-liquid ratio of 1 kg: 5 L. After 24 h, the leach residues were washed and
prepared for wet-magnetic separation. The separation was done using a NdBFe permanent
magnet at 0.1 Tesla.

Compared to conventional leaching in copper mining, the acid grade of 5% is elevated.
In heap leaching, a lixiviant with a low acid concentration (0.1–0.5%) is usually applied for
months or longer periods for economic reasons. In order to obtain a benchmark result for
the leaching process, the decision was taken to carry out the leaching test with a stronger
lixiviant applied for a time-period of 24 h within an agitated reactor. This should result in
the maximum recovery of copper that is technically and economically feasible. The metal
grades in the eluate were analyzed using ICP-OES. The recovery was calculated comparing

27



Metals 2021, 11, 103

the XRF results of the input sample with the ICP-OES data of the output eluate (leached
out copper).

2.6. Methodological Approach Used for the Economic Assessment

For the economic assessment, standard cost models for (I) flotation and (II) agitation
cyanide leach for gold from costmine© were used as a basis. For reprocessing of tailings,
mining, crushing, and milling are not necessary, reducing opex and capex. For opex and
capex, the daily tonnage is of great importance. According to the TSF tonnage, a mill
capacity of 500 t/day was chosen. This daily capacity is relatively low, compared to mining
projects of similar size, but will keep the capex and thus the project risk low. Assuming a
downtime of 20%, the yearly tonnage would be 146,000 t of material, which translates into
a project life of 13.7 years.

In the flotation cost model, the opex is subdivided into four categories and the re-
duction for reprocessing is given in percent after the category: supplies and materials
(66% reduction), labor (45% reduction), administration (33% reduction), diverse (33% re-
duction). The resulting opex for reprocessing is around 50% lower compared to the original
cost model. In order not to underestimate the costs, we chose an opex of 60% of the original
costs, which is 13.6 USD/t.

The capex in the flotation model is subdivided into 13 categories and the reduction
in capex is given in percent after the category. The categories are equipment (55% reduc-
tion), installation labor (50% reduction), concrete (70% reduction), piping (20% reduction),
structural steel (70% reduction), instrumentation (50% reduction), insulation (50% reduc-
tion), electrics (30% reduction), coatings and sealants (80% reduction), mill building (50%
reduction), tailings embankment (10% reduction), and working capital (50% reduction).
The reduced capex is 9.4 M USD, around 50% of the original capex.

For the agitation cyanide leach model (the only agitation leach model available), the
opex in the cost model is subdivided into comminution, agitation cyanide leach, solid-
liquid separation, general operation, and administration. The comminution was completely
skipped and the costs for agitation cyanide leach were reduced by 50%. The chemicals for
copper leaching are cheaper and due to the fast reaction kinetic, fewer or smaller leaching
tanks can be used. This justifies a reduction of 50% of the opex for this category. The total
opex is reduced by 60% to 16 USD/t.

The capex is subdivided into comminution, agitation cyanide leach, solid-liquid
separation, general, engineering and construction management, and working capital. The
comminution costs are omitted and the costs for cyanide leach are halved. Far less volume
will be needed for tank leaching due to the reaction kinetic, but as stainless steel is needed
in an acid environment, costs can only be reduced by 50%. The same reduction is applied
to the general costs, engineering and construction management, and working capital, as
comminution is not needed and the volume for tank leaching is far smaller for sulfuric
acid leaching, compared to cyanide leaching. The capex sums up to 9.3 M USD, 50% of the
original capex.

3. Results and Discussion

3.1. Mineralogy

Besides the geochemical data, mineralogical data was used to determine in which
minerals Cu and Fe are located. The geochemical data already showed a high Fe content of
26% on average. A first mineralogical analysis using XRD, focusing on the main mineral
phases, confirmed these data with a magnetite grade of 22% for the coarse-grained material
and 15% for the fine-grained material (Table 2). A more detailed analysis focusing on
minor and trace minerals on the homogenized sample material (coarse- and fine-grained)
confirmed the main mineral phases and additionally demonstrated the presence of 0.4%
of atacamite and 0.2% chalcopyrite (Table 3). These grades would only translate to a
copper grade of 0.31% for the TSF. This leads to the conclusion that the copper minerals
were underestimated in the mineralogical analysis, or that there are additional phases
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not detected by XRD. Microscopic analysis gave hints to the presence of chrysocolla (not
detected by XRD). Additionally it is possible that soluble copper phases migrated in the
tailings and precipitated on grain surfaces or were adsorbed by clay minerals both not
detectable by XRD).

Table 2. Main mineral phases of the coarse- and fine-grained sample material.

- Quartz Magnetite Gypsum Amphibole Calcite Hematite Muscovite Plagioclase Chlorite

coarse 13 22 3 10 3 6 8 23 12

fine 15 15 4 8 4 8 15 19 12

Table 3. Trace minerals in the homogeneous sample material (coarse- and fine-grained).

- Pyrite Apatite Atacamite Halite Ankerite Chalcopyrite

homogenized sample material 1.0 0.5 0.4 0.4 0.4 0.2

3.2. Semi Technical Processing Tests

The elements with the highest product value in the Taltal tailings are copper and iron.
Therefore, the approach for tailings reprocessing is focused on these two elements. For
the reprocessing of the tailings material, different processing tests (5–10 kg each) were
performed, including flotation, magnetic separation, and leaching, which were combined
to processing flowsheets (Figure 5). As the processed ore came from various mines and was
originally processed via flotation, starting in 1966, there should still be floatable minerals
like chalcopyrite in the TSF. Additionally, the region of Taltal is known for oxide ores that
are still processed in Taltal. Therefore, collector chemicals for oxides and sulfides were
tested (Table 1). Conventional sulfuric acid leaching was tested, in order to evaluate the
recovery and reaction kinetics. As a leaching facility is already installed in Taltal, this
could make an economic copper recovery process easier, as some processing infrastructure
is already available. Density sorting was also tested, but the recoveries for copper were
poor and are not discussed here. It would also be possible to apply bioleaching on the
tailings. This method can result in high recoveries of >90% [17] under special environments
(e.g., temperature). As we knew that a large share of the copper was present as oxides or
chloride, we chose only to apply conventional chemical leaching, as a high recovery was
achievable at predictable relatively low costs [28].

The objective of the processing tests was to investigate value concentration paths in
order to achieve saleable products or intermediate products in an economically efficient
way. In total, four concentration paths were investigated (Figure 5).

The aim was to produce a clean, saleable magnetite concentrate and to evaluate
whether it is possible to produce a copper (pre)concentrate as the base of a saleable product,
or to leach the copper minerals with dilute sulfuric acid.

3.2.1. Flotation–Magnetic Separation and Magnetic Separation–Flotation (Figure 5a,b)

As described in Section 3.1, the tailings from Taltal contain significant amounts of
copper, as oxides, chlorides, and sulfides, and iron, which is mostly contained in the
mineral magnetite. Due to these two value-containing elements, combinations of flotation
(oxides and sulfides) followed by magnetic separation and a processing route vice versa
were tested (Figure 5a,b). The tests were performed using several kg of material each.

A detailed flowsheet of flotation followed by magnetic separation is given in Figure 6.
The tests were carried out according to the description in 2.3. The average recovery was 61%
(46–73%) and the average copper grade was 1.8% (1.2–2.2%, excluding Test 10) as shown
in Table 4. Recoveries of over 60% for a low grade ore that consists of oxides and sulfides
seems quite satisfactory, but the Cu grades of maximum 2.2% for the (pre)concentrates
are far too low for a saleable product and would have to be upgraded with an additional
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method, most probably leaching in an acidic medium, increasing costs and lowering total
recovery.

Figure 5. Different processing schemes (a–d) that were tested for the tailings of Taltal. The schemes (a) and (b) use flotation
in combination with magnetic separation. Schemes (c) and (d) include leaching and magnetic separation.

Table 4. Results of the performed flotation tests for copper oxides and sulfides. For Test 1, 1 kg of
material was used and for Test 10, 1.4 kg was used. The other tests were carried out with 0.5 kg.

Test
Tailings Pre-Concentrate of Cu

Mass (g) Mass (g) Grade (%) Recovery (%)

1 936 182.3 1.2 45.9
2 490 67.5 1.9 56.6
3 490 105.4 1.5 73.1
4 487 80.8 1.3 48.0
5 486 94.5 1.6 65.1
6 485 67.7 2.2 65.1
7 483 75.0 1.9 66.2
8 501 71.9 2.2 65.7
9 487 66.6 2.0 60.2
10 1445 472.4 0.9 64.2

The following magnetic separation (Figure 6) was performed using a magnetic rougher
concentration, followed by three magnetic cleaner concentration steps. The result was a
concentrate with 60% Fe-content and Fe recovery of 64%. The sulfur content is very low
(0.005%), which is a positive fact for selling such a concentrate. Almost 90% of the sulfur is
collected in the flotation (pre)concentrate (Table 5).

The second test scheme started with magnetic separation, followed by flotation. The
magnetic separation included one rougher, two scavenger steps, and three cleaner separa-
tions steps (Figure 7). The recovery of iron into a magnetic concentrate was 74% with an
Fe-grade of 60% in the concentrate (Table 6).
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Figure 6. Detailed processing scheme from flotation followed by magnetic separation. MF: magnetic fraction, NMF:
non-magnetic fraction.

Table 5. Recoveries and grades for flotation with subsequent magnetic separation.

Product
Mass

(g)
Recovery

(%)
Cu Grade

(%)
Recovery

(%)
Fe Grade

(%)
Recovery

(%)
S Grade

(%)
Recovery

(%)

Feed 6012 100 0.45 100 26.7 100 0.04 100

Flotation (pre)concentrate 1284 21.4 1.37 65.1 20.6 16.5 0.16 88.1

Fe-concentrate 1711 28.5 0.08 4.8 60.0 64.1 0.01 3.6

tailings 3016 50.2 0.27 30.1 10.3 19.4 0.01 8.3

Four flotation tests with different flotation chemicals were carried out on the non-
magnetic material using the most promising setup and combination of chemicals from the
previous tests (tests 6–9 from Figure 5). For each test, around 0.5 kg of tailings material was
used (Table 7). The copper recovery of the test was 48–57% of the non-magnetic fraction.
The corresponding copper grade was in the range of 1.7–2.4% (average 2.0%). The average
copper recovery of this test scheme is only 44%, as there are additional copper losses prior
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to flotation into the magnetic fraction (Table 6). The copper grade in the (pre)concentrates
is similarly low, compared to the scheme of flotation with subsequent magnetic separation.
Likewise, it could be possible to subject the (pre)concentrate to an acidic leach process,
with the aim to produce saleable copper products, as for example copper cathode or copper
chemicals, but the overall recovery of copper is very low.

Figure 7. Processing scheme of magnetic separation with subsequent flotation. The magnetic concentrate corresponds to
32% of the mass of the fed tailings. MF: magnetic fraction, NMF: non-magnetic fraction.

Table 6. Recoveries and grades for magnetic separation followed by flotation. The 194 g that were lost during thickening
(Figure 7) is not shown in this table, as the geochemical composition is unknown.

Product
Mass

(g)
Recovery

(%)
Cu Grade

(%)
Recovery

(%)
Fe Grade

(%)
Recovery

(%)
S Grade

(%)
Recovery

(%)

Feed 5384 100 0.42 100 26.9 100 0.0 100

Fe-concentrate 1800 33.4 0.14 11.2 59.8 74.4 0.0 6.6

Flotation (pre)concentrate 489 9.1 2.04 44.2 12.4 4.2 0.2 67.3

tailings 3095 57.5 0.32 44.6 10.0 21.4 0.0 26.1

The advantage of this setup is the higher recovery of Fe into a concentrate, but
the copper recovery into a (pre)concentrate is even lower. The relatively high grade of
Cu in the Fe concentrate (0.14%) is still far below the restrictions given for several steel
grades, e.g., railway steel (0.4%) and some steel used in construction (0.55%) that can be
found online [29].
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Table 7. Results of the performed flotation tests for copper oxides and sulfides. The tests were carried
out with 0.5 kg sample material. As not all the non-magnetic material was used to carry out the tests,
the recovered mass (Figure 7 and Table 6) in the Cu pre-concentrates was extrapolated.

Test
Tailings Pre-Concentrate of Cu

Mass (g) Mass (g) Grade (%) Recovery (%)

1 499 62.0 2.2 50.9
2 501 72.1 2.1 52.7
3 501 56.4 2.4 47.6
4 501 95.7 1.7 57.1

total - 286.2 2.1 52.1

3.2.2. Leaching–Magnetic Separation and Magnetic Separation–Leaching (Figure 5c,d)

The combination of leaching and magnetic separation is schematically shown in
Figure 8. Relatively strong sulfuric acid of 5% was used, in order to obtain a maximum
value for leaching recovery. Leaching kinetics (Figure 9) are very fast (hours), compared to
days in bioleaching [17], at least for the high acid grades applied. From the original (Org)
sample material, 70% of Cu could immediately (after 5 min) be leached (Figure 9), as the
copper is concentrated in oxide, chloride, or carbonate minerals. After one hour, 77% of the
contained copper was already leached. The maximum leaching recovery was 84%. The
leaching kinetics and recoveries were similar for the non-ferromagnetic material (NFM)
with a recovery of around 80% for both. The gathered Cu bearing solution has a grade of
730 mg Cu/L, probably too low for direct application of solvent extraction.

Magnetic separation of the original, non-leached material resulted in a magnetic
fraction (40%) of the material and a non-magnetic fraction (60%). The Fe-grade in the FM
fraction was 47%, compared to 26% before the separation. The Fe-grade was higher after
leaching (52%), at the expense of SiO2, CaO, and most other major elements. This Fe-content
is relatively low, as a marketable iron concentrate should have 62%. The processing tests of
flotation combined with magnetic separation resulted in concentrates with Fe-grades of
60% (Tables 5 and 6). The larger portion of the Fe-concentrate (40% compared to 28–33% in
Tables 5 and 6) results in a lower Fe-grade of only 52%, as the separation worked poorer.

When applying magnetic separation after leaching (Figure 5d), the Fe grade in the
magnetic fraction was only 43%, not encouraging, as this concentrate is not marketable.
The reason for the substantially lower Fe grades might be connected to different equipment
used for the magnetic separation, including missing cleaner steps. For the leaching recovery,
it is not important if leaching or magnetic separation is applied first. In contrast, it does
play a role in the quality of the magnetic separation, whether magnetic separation is done
before leaching, or afterwards, as leaching can decrease grainsize, which has a negative
effect on magnetic separation.

3.3. Introduction of Adjusted Cost Models

In an industrial scale processing facility, usually lower acid grades of 0.1–0.5% are
applied in combination with a longer reaction time. A lower acid grade reduces the grade of
undesired elements in solution and therefore reduces the acid consumption, as less material
is dissolved (both not tested in this paper). Considering the realized semi-technical tests
for reprocessing in this paper, the most promising processing option for the production of
a magnetite concentrate and copper intermediates is as follows (Figure 10):

1. Magnetic separation into FM and NFM fraction, including magnetic cleaner steps
2. Separate leaching of the FM and NFM material in stirred tank or horizontal rotary reactor

with dilute sulfuric acid (below 5%) in continuous or batch mode (for several hours)
3. Final production of an Fe-concentrate (Cl-, S-, P- and Cu-grades could be an issue)
4. Hydrocyclone and/or settling to separate solids and liquids (Cu-rich solution)
5. Washing of solids to remove rests of copper (dilute Cu-solution)
6. Deposition of the NFM fraction (finer-grained than original tailings material)
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7. Further concentration and cleaning of Cu-solution to produce intermediate products,
or cathodes by electrowinning

In step 7 above, a further concentration and cleaning of the Cu solution is mentioned
as the copper grade of the solution is only 730 mg Cu/L. A combination of the relatively
low-grade solution with the higher grade solution of the nearby heap leaching facility in
Taltal could be possible. Another option would be to recirculate the solution or to increase
the solid-liquid ratio, to increase the copper grade. Afterwards, solvent extraction could
be applied. It would also be possible to use a different technique like ion exchange, in
order to adsorb the copper on a resin, to produce a high grade copper solution on which
electrowinning could directly be applied on.

In the following discussion of the cost models, the presented scheme in Figure 10, as
well as flotation are discussed, as flotation is a possible technique for reprocessing many
TSFs. Flotation can be applied for economic reprocessing, but also to reduce sulfide grades
and minimize acid rock drainage.

For the economic assessment, a revenue of 65 USD/t of magnetite concentrate was
assumed. The average price over the last five years was 72 USD/t for 62% Fe iron ore
concentrate (cost freight China), but there are still uncertainties about production costs
and quality of the concentrate. Therefore, a more conservative revenue is assumed. For
copper cathode, the average price in the last five years was around 5500 USD/t, which is
used for the economic evaluation. In order to process the tailings deposit of 2,000,000 t, a
500 t/d capacity processing plant is supposed to be a realistic match, in order to minimize
the preproduction expenditures. Larger processing facilities would improve the long-term
economics of the project [22,30], but also increase the economic project risks. The annual
capacity is assumed to be 146,000 t (see Section 2.5). It is generally possible to produce
marketable copper concentrates from tailings. This can be seen in the concentrates of
Minera Valle Central, although the size of the operation is several orders of magnitude
larger compared to the tailings described here. Reference [10] also demonstrates the
possibility to produce a concentrate with a copper grade of 19 % from fresh tailings or
almost fresh tailings at low cost at a large industrial scale (150,000 t/d). The processing
costs would be 5.6 USD/t, taking the data from their publication (Labor, Energy, Chemicals).
As the Taltal TSF only contains around 2 M t of material, substantially higher costs have to
be assumed.

When reprocessing tailings, a hydraulic transport of the slurried tailings to the plant
or transport via truck, an activation grinding, and a desliming classification of the tailings
has to be done. According to [10], desliming is possibly not necessary as in certain cases,
ultrafine particles can also be floated and even increase the recovery.

3.4. Comparison of Cost Models and NPV

The given capex and opex from costmine© for a flotation processing plant of 500 t/d
is 22 USD/t and an investment of around 15.7 Mio USD. As no crushing is needed and if
milling only to a very small amount, these costs can be subtracted, leading to processing
costs of around 13.2 USD/t and investment costs of 9.4 M USD (Section 2.5 and Table 8).
These costs are too high to carry out economic reprocessing in Taltal (Tables 9 and 10). To
cover the operating costs of 13.2 USD/t, at a copper price of 5500 USD/t, the recoverable
copper grade has to be 0.24%. To refinance the capex over 10 years, additional 170 t
of copper (around 940,000 USD) would have to be extracted annually and marketed
without deduction, equivalent to additional 0.12% recoverable. This results in a minimum
recoverable copper grade of 0.35%, just to cover capex and opex. The opex of the adopted
cost model for flotation is more than two times higher, compared to [10], but these authors
worked at a processing plant with a capacity of 150,000 t/d, which is the yearly processing
capacity, chosen in our cost model. Based on these data, it seems difficult to achieve an
economic reprocessing for copper in small tailings dams. In addition to the 0.35% of
recoverable copper needed to refinance opex and capex, discounted cash flow (10%) is
usually applied, leading to even higher needed recoveries. Furthermore, a net smelter
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return (NSR) for transport, treatment, and refining the concentrate (deductions of 10–20%)
has to be subtracted from the metal value. Nevertheless, the cost estimation can be a basis
for rules of thumb, when relatively small tailings have to be reprocessed for environmental
reasons, e.g., to reduce acid drainage.

 
Figure 8. Processing scheme of magnetic separation in combination with leaching. Each test was carried out with around
8.5 kg sample material. FM: ferromagnetic, NFM: non ferromagnetic.

For the required magnetic separation, only a very rough cost estimation was possible,
since this processing method is not part of the standard cost models of costmine©. The
opex is dominated by freight costs to the next harbor facility. Using the rule-of-thumb-costs
for truck transport of 10 US cent per ton and mile [22], additional freight costs of around
15.0 USD/t for the transport of the magnetite concentrate to the next harbor (150 miles to
Caldera) have to be added to the plant operation costs. The operation costs consist of the
costs for magnetic separation, cleaner separation, thickening, drying, and equipment and
were estimated at about 5 USD per processed ton of tailings. The required investment for
the plant has been estimated to about 1 M USD. The total costs for the recycling of 2 M t of
tailings, including transport to the next harbor, would be in the range of 20 M USD (around
10 USD/t), depending on the amount of concentrate that has to be transported. According
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to the model costs and the calculated revenue (Tables 9 and 10), magnetic separation would
result in revenues that are around two times higher, compared to the costs.

 
Figure 9. Recoveries (crosses) and leached copper grade (filled symbols) of the original tailings material (Org) and the two
fractions with the ferromagnetic material (FM) and the non-magnetic material (NFM). The leached copper is given as % of
the solids. The leaching seems to begin at time 0; it is actually 5 min after t 0.

Figure 10. Mass balance for the processing scheme of magnetic separation followed by separate leaching of the magnetic
(FM) and non-magnetic fractions (NMF).
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Table 8. Original (costmine©) and modified (adjusted to a tailings processing facility) opex in USD/t and capex in M USD
for a 500 t/d flotation and magnetic separation processing plant. Costs for magnetic separation are inclusive of freight costs
to the port of Caldera.

Capacity Original Opex Adjusted Opex Original Capex Adjusted Capex

flotation 500 t/d 22.3 USD/t 13.2 USD/t 15.7 M USD 9.4 M USD

magnetic
separation 500 t/d - 10 USD/t incl. fr. - 1 M USD

agitated leaching 500 t/d 40 USD/t 16 USD/t 19.4 USD/t 9.3 M USD

Table 9. Data of coarse-grained tailings material and (pre)concentrates of copper and iron, including recoveries, metal value
and investment, processing, and transport costs for the scheme of first flotation and second magnetic separation.

Flotation-
Magnetic

Separation

Mass
(M t)

Fe Grade
(%)

Fe Recovery
(%)

Cu Grade
(%)

Flotation
Recovery

(%)

Cu in
Concentrate

(t)

Metal Value in
Concentrate

(M USD)

Capex
and Opex
(M USD)

tailings mass 2.0 27 - 0.45 - - - -

Cu
(pre)concentrate 0.43 - - 1.37 65 6020 33.1 35.8

Fe concentrate 0.57 60 64 0.08 - - 37.0 20.2

Table 10. Data of coarse-grained tailings material and (pre)concentrates of copper and iron, including recoveries, metal
value and investment, processing, and transport costs for the scheme of first magnetic separation and second flotation.

Magnetic
Separation-

Flotation

Mass
(M t)

Fe Grade
(%)

Fe Recovery
(%)

Cu Grade
(%)

Flotation
Recovery

(%)

Cu in
Concentrate

(t)

Metal Value in
Concentrate

(M USD)

Capex
and Opex
(M USD)

tailings mass 2.0 27 - 0.45 - 9000 - -

Fe- concentrate 0.66 60 74 0.14 - - 42.9 21.7

Cu
(pre)concentrate 0.18 - - 2.04 44 3700 20.4 26.7

The results from the magnetic separation are very encouraging in both processing
schemes, although the copper grade and other deleterious elements have to be examined in
more detail. This is particularly valid for the chloride grade, which could not be analyzed
by XRF. The origin of the chloride is seawater, which is frequently used in the dry coastal
areas for processing. Nevertheless, if saleable, the magnetite concentrate would give a
very profitable product (Tables 9 and 10). In case of flotation, the concentrates do not pay
the costs for processing and investment. Even if it were possible to reduce the costs for
investment by purchasing used equipment, flotation does not seem to be an appropriate
processing technique, as the concentrate grades are far below any saleable product. The
only reason to do flotation would be a desulfurization of the tailings, to prevent acid
drainage, as up to 90% of the sulfur can be recovered in the flotation products.

Next to flotation, heap leaching is the second most common processing method for
copper ores [12]. Due to the fine-grained tailings material, heap leaching is difficult to apply,
as acid tolerant binders to agglomerate the material are limited [31]. Therefore, agitation
tank leaching would have to be carried out, which is relatively expensive in terms of capex
and opex. Examples for costs can be found in various feasibility studies, for example the
Raventhorpe project in Australia, which is slightly larger (two times) compared to the
investigated tailings in this paper [32]. The reaction kinetics for leaching are very fast,
as almost all of the leachable copper was in solution after 2 h (Figure 9), at least at an
admittedly high acid concentration of 5% H2SO4. Similar kinetics were also described
by [33]. The recovery of approximately 80% for the 2 M t of tailings with an average copper

37



Metals 2021, 11, 103

grade of 0.56% (Tables 9 and 10 refer to the coarse-grained material only) leads to around
8900 t of recoverable copper with a metal value of 49.1 M USD.

As a basis for a rough estimation of capex and opex, the agitated cyanide tank-leaching
model for Gold from costmine© was chosen and adjusted (Table 8). The new capex is 9.3 M
USD (for new equipment)—50% of the model capex—and the opex is 16 USD/t for tailings,
60% less, compared to the model opex. This results in total costs for the processing of about
41.3 M USD. Compared to the calculated revenue of 49.1 M USD, the reprocessing of the
tailings would result in a small profit (Table 11). The opex data of 16 USD/t is equivalent
to 0.29% of leached copper (at a price of 5500 USD/t). Additionally, 0.12% of Cu has to be
recovered to refinance the capex of 9.3 M USD over 10 years. This leads to a total grade
of 0.41% that has to be recovered just to cover the costs. The 2 M t would be processed in
13.7 years (146,000 t/a) and 652 t of Cu would be produced per year (8930/13.7), leading
to a positive cash flow of 7.8 M USD per year (5500 USD/t Cu) minus investment. A
dynamic model using discounted cash flow (10%) results in an NPV of 0.2 M USD. These
calculations are prone to changes in copper price and recovery/recoverable grade. A price
variation of 10 % for copper (500 USD/t of copper) results in changes of 2.5 M USD in
the NPV and thus a negative NPV of −2.3 M USD, or an NPV of 2.7 M USD in a positive
scenario. Taking the copper price of December 2020 (7700 USD/t), we would get an NPV of
11.1 M USD, but it must be avoided to use these extremely positive assumptions as prices
are cyclical. Similar variations of around 2.8 M USD can be seen when we introduce a
scenario with a grade variation of 10% from the original grade of 0.56%. A grade reduction
leads to a negative NPV of −2.1 M USD and a higher grade of 0.61% leads to a far more
positive result of 3 M USD. A double negative (price and grade) scenario would lead to a
devastating NPV of −4.7 M USD and a double positive scenario would lead to relatively
promising NPV of 5.7 M USD.

Table 11. Combination of magnetic separation and leaching, which has given the best economic results in the processing
tests. Leaching recoveries taken from processing tests. Data from magnetic separation is theoretical, as larger scale
processing tests are still to come.

Leaching-
Magnetic

Separation

Mass
(M t)

Fe Grade
(%)

Fe Recovery
(%)

Cu Grade
(%)

Leaching
Recovery

(%)

Cu Leached
(t)

Metal Value in
Leachate
(M USD)

Capex
and Opex
(M USD)

magnetic
separation 0.6 60 64 - - - 39.0 20.7

leaching with
dilute sulfuric

acid
2.0 - - 0.56 80 8930 49.1 41.3

The cash flow calculation for the magnetite is clearly positive. The annual cash flow
is 1.46 M USD, which sums up to an NPV of 10 M USD using a 10% discount rate, quite
high for the amount invested. There are similar changes to the economies, when applying
positive or negative scenarios for recovery and prices, but the NPV will always be positive.
The biggest risk for magnetite is the production of a marketable concentrate and to enter
into an offtake agreement for such low volume.

Mobile processing plants are also discussed in the literature, especially for tailings
of relatively small (<100,000 m3) volume [34] or placer deposits [35]. Other authors [36]
supposed such a strategy for a TSF of similar size to Taltal. Nevertheless, it has to be
considered that a project life of almost 14 years most probably leads to permanently
installed technology, but it should be considered that at least parts of the processing plant
are built in a way to use them for other TSFs in the region afterwards, especially for the
production of Fe-concentrates.
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4. Conclusions

Cost models, including an approximate estimation of the capacity of the processing
plant offer the opportunity for a rough economic assessment in an early project stage,
before cost-intensive processing tests in a pilot plant scale are conducted. Additionally, this
allows comparing projects of different grade and different tonnage. Larger scale processing
tests can be carried out on the most promising projects, to check the results of the tests, in
order to proceed closer to an industrial scale plant. Early stage cost estimations for tailings
reprocessing show that opex can be reduced by 40% and capex by 50% for a flotation plant
with a capacity of 500 t/d. The opex is reduced to 13.2 USD/t and the capex is reduced to
9.4 M USD. Used equipment would further reduce costs. To cover opex and capex, without
discounted cash flow and neglecting the NSR, a minimum copper grade of 0.35% has to be
extracted from the tailings, too much for the investigated example.

In case of a high content of copper oxides in the tailings, leaching with dilute sulfuric
acid can be a feasible alternative. The adopted cost-model of cyanide gold leaching resulted
in capex of 9.3 M USD and opex of 16 USD/t. This is a reduction of 60% of the opex and
50% of the capex of the model. The advantage of leaching in this case is the high recovery
of 80% and the option to produce copper cathode from the pregnant leach solution instead
of a (pre)concentrate that needs further treatment. To cover opex and capex, without
discounting the cash flow, a copper grade of 0.41% has to be extracted from the tailings.
When applying a discount rate of 10%, the extracted grade has to be around 0.44% Cu, to
get an NPV of 0.

The disadvantage in leaching is that acids reduce the grain size of the material. This
may cause some issues for re-deposition that would have to be investigated in more detail
in a pilot-plant study.

In the case of the Taltal tailings, the most economical processing method is the concen-
tration of magnetite. The presented semi-technical scale tests result in a recovery of 30%
of the total material (600,000 t) to a magnetic concentrate of around 60% Fe-grade (value
around 39 M USD). As opex and capex are low for magnetic separation, the magnetite in
the tailings is the most profitable commodity with an NPV (10%) of around 10 M USD.

In Chile, there are around 50 tailings with 25 M t and an Fe2O3 grade >30% that have a
high potential to produce Fe-concentrates and another around 100 Mio. t close to Copiapó,
where similar deposits to Taltal are mined with a potential to produce Fe-concentrates.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/met11010103/s1, Figure S1: Grain size distribution of the sample material that was macroscop-
ically divided into “coarse” and “fine” grained.
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Abstract: Neodymium iron boron magnets (NdFeB) play a critical role in various technological
applications due to their outstanding magnetic properties, such as high maximum energy product,
high remanence and high coercivity. Production of NdFeB is expected to rise significantly in the
coming years, for this reason, demand for the rare earth elements (REE) will not only remain high
but it also will increase even more. The recovery of rare earth elements has become essential to
satisfy this demand in recent years. In the present study rare earth elements recovery from NdFeB
magnets as new promising process flowsheet is proposed as follows; (1) acid baking process is
performed to decompose the NdFeB magnet to increase in the extraction efficiency for Nd, Pr, and Dy.
(2) Iron was removed from the leach liquor during hydrolysis. (3) The production of REE-oxide from
leach liquor using ultrasonic spray pyrolysis method. Recovery of mixed REE-oxide from NdFeB
magnets via ultrasonic spray pyrolysis method between 700 ◦C and 1000 ◦C is a new innovative
step in comparison to traditional combination of precipitation with sodium carbonate and thermal
decomposition of rare earth carbonate at 850 ◦C. The synthesized mixed REE- oxide powders were
characterized by X-ray diffraction analysis (XRD). Morphological properties and phase content of
mixed REE- oxide were revealed by scanning electron microscopy (SEM) and Energy-dispersive X-ray
(EDX) analysis. To obtain the size and particle size distribution of REE-oxide, a search algorithm
based on an image-processing technique was executed in MATLAB. The obtained particles are
spherical with sizes between 362 and 540 nm. The experimental values of the particle sizes of REE-
oxide were compared with theoretically predicted ones.

Keywords: rare earth elements; recycling; NdFeB; magnet; ultrasonic spray pyrolysis

1. Introduction

Rare earth elements (REEs) have a wide range of uses in technological products
and applications. Due to the increased demand and supply risk, most REEs have been
added to the list of critical metals. The production of REEs from primary resource causes
environmental problems [1]. The recovery of REEs from waste materials is the most suitable
strategy to find the solution of environmental problems and ensure the sustainability for
production of REE raw materials in the future, according to an increased demand in
industrial application. Most developed countries are importing REEs from China; 95%
of REEs are supplied from China and in addition to this situation, export quotas of REEs
applied by China have increased the export prices of REEs [2].

In order to produce rare earth elements oxides (REE-oxides), most researchers have
studied different hydrometallurgical and pyrometallurgical strategies such as dry diges-
tion [3], acid baking processes [4] and carbothermal reduction of ores and concentrates
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with subsequent leaching using strong acids [5] aiming at higher REE extractions. Demol
et al. [4] found that sulfation reaction of monazite with acid was virtually complete after
baking at 250 ◦C for 2 h, resulting in >90% solubilization of REEs, thorium and phosphate.
To prevent silica gel formation and to increase the extraction efficiency of REEs, before
leaching, the dry digestion process was performed with concentrated HCl [6]. In contrast
to application of an acid baking, Ma et al. reported [7] that rare earth recovery from
eudialyte concentrate is achieved by avoiding silica-gel formation using a dry digestion
process at room temperature. Generally, a direct leaching process was also applied for the
treatment of red mud to obtain a high REE extraction efficiency [8,9]. Because of the many
disadvantages of direct leaching processes such as high consumption of leaching agents
and non-selectivity [10], Borra et al. [11] reported that alkali roasting–smelting–leaching
processes allow the recovery of aluminum, iron, titanium, and REEs from bauxite residue.
Generally, recovery of REEs from secondary materials is a new possibility for production
of these critical metals.

Therefore, recycling has considerable advantages over processing natural ores and
concentrates on account of energy effectiveness and selectivity [12]. Neodymium iron boron
magnets (NdFeB) are the most valuable REE secondary resource because they contain a
high content (approximately 20%) of REEs, neodymium (Nd), dysprosium (Dy) and some
REEs in minor quantities, such as praseodymium (Pr). Between 20 and 25% of REEs
produced worldwide are used in the production of NdFeB. Increasing future production of
hard disks, automotive applications, motors, speakers, air conditioners, electronic devices,
electric bicycles and wind turbines provides a strong driving force for finding a new process
for recycling spent NdFeB magnets [13–15]. Furthermore, an alternative product that can
replace NdFeB magnets in today’s technologies in terms of performance and cost has not
been developed yet. Therefore, the recycling of spent NdFeB magnets is the most promising
effective alternative for the solution of the supply problem of Nd, Dy and Pr.

Önal et al. [16] studied recycling of NdFeB magnets using sulfation, selective roasting
and water leaching, enabling the production of a liquid with at least 98% rare earth purity.
Furthermore, 98% extraction efficiency of REEs from NdFeB magnets was obtained by the
acid-baking process with nitric acid [17]. After the acid baking process and subsequent
water leaching of the treated concentrate, the produced suspension was filtrated in order
to separate a pregnant leaching solution. To produce the REE oxides from leach liquor, all
the proposed methods in the literature are completely based on precipitation methods by
using various precipitation agents such as sodium carbonate and oxalic acid [18,19].

It is known that REE-carbonate or REE-oxalate can be produced from impurities
present in sulfuric liquors using oxalic acid and sodium carbonate by a precipitation
method [20,21]. It was reported that high purity REE-oxide (99.2%) was achieved using
oxalic acid as a precipitation agent. Relatively lower purity RE-oxide was produced using
sodium carbonate during precipitation [18]. The precipitation behavior of REEs with
precipitation agents including oxalate, sulfate, fluoride, phosphate, and carbonate was
examined using thermodynamic principles and calculations [22]. It was found that the pH
of the system, types of the precipitation agent and present anions in the leach liquor have a
noteworthy impact on the purity of the REE precipitants.

In contrast to the precipitation method, the production of nanosized REEs using an
ultrasonic spray pyrolysis method is missing in the literature. Ultrasonic spray pyrolysis
(USP) combines the ultrasound used for dispersing the precursor solution into droplets
and chemical decomposition of the dissolved material inside the droplets at elevated tem-
peratures, resulting in the formation of fine metallic, oxidic and composite powder [23–25].
This technique has been successfully used in the production of REE-oxide, the results of
which are Y2O3, La2O3 Gd2O3, and CeO2 [26–29]. The USP method enables synthesized
spherical and fine REE-oxide in one-step. Moreover, the technique is capable of metal
oxide with controllable chemical composition, particle size and morphology of particles
by manipulating process parameters, which for the precursor type and concentration,
reaction atmosphere, carrier gas flow rate, and reaction temperature [30–32]. In the present
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study, a new sustainable method was proposed for the production of mixed REE-oxide
from REE-rich leach liquor. This proposed work summarizes the following operations:
1. Grinding and sieving; 2. Acid baking; 3. Calcination; 4. Leaching with water and
5. Ultrasonic spray pyrolysis, as shown at Figure 1.

 
Figure 1. The proposed strategy for preparation of REE- oxides from spent NdFeB magnets.

In the final step of ultrasonic spray pyrolysis, the produced nitric acid shall be recycled
and sent to the acid baking process. This study aims at investigating the conditions required
to produce mixed REE-oxides in the combined hydrometallurgical process (acid baking
with water dissolution and ultrasonic spray pyrolysis process). A literature review reveals
that this information is currently not reported for the production of mixed RE-oxide using
leach liquor. The proposed route promotes the enhancement of the circular economy
of critical raw materials/REEs and could provide a high potential to increase resource
efficiency for spent NdFeB magnets.

2. Experimental

2.1. Materials, Acid Baking, and Water Leaching

Waste NdFeB magnets used during the experiments were supplied in bulk form. De-
magnetization was not necessary. Bulk and brittle NdFeB magnet pieces were crushed by
jaw crusher Retsch BB 50, (Retsch GmbH, Haan, Germany) using dry ice to prevent magnet
powders from catching fire. The crushing process was repeated three times to obtain the
magnet powders to suitable powder’s size. Nitric acid (65%) was used for acid baking
without dilution and was purchased from VWR International GmbH, Darmstadt, Germany
in analytical grade. All reagents were used without further purification. All solutions were
prepared using deionized water. 16.6-gram magnet powders were dissolved in 500 mL of
2 molar HNO3 acid solution to determine the chemical composition of the magnets. The
chemical analysis of obtained solution was performed using ICP-OES analysis (SPECTRO
ARCOS, SPECTRO Analytical Instruments GmbH, Kleve, Germany). Elemental composi-
tion of the NdFeB was determined by X-ray fluorescence (XRF) spectroscopy (Panalytical
WDXRF spectrometer (Malvern Panalytical B.V., Eindhoven, The Netherlands)).

The extraction of REEs from NdFeB magnets was performed by nitric acid baking
and a subsequent water leaching. The acid baking process was employed using highly
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concentrated HNO3 (65%) with a 1:5 solid/liquid (S/L) ratio. Water was first added to the
magnet powders to promote the ionization of the nitric acid before the acid baking process.
After waiting 1 h, the mixture was calcined at 200 ◦C for 2 h. Water leaching experiments
were performed in a 500 mL four-neck glass reactor equipped with a heating mantle and
temperature controller (IKA Werke GmbH, Staufen im Breisgau, Germany) The leaching
solution was kept under 550 revolutions/min agitation by a mechanical stirrer. Water
leaching experiments were conducted with a 1:15 solid/liquid (S/L) ratio for 90 min. The
leaching mixture was filtered using the filtering set up to separate the leaching solution
from leach residue. Chemical content in the leach liquor was analyzed by ICP-OES to
determine the purity of the leaching solution containing REE. The theoretical background
of acid baking with nitric acid and water leaching process was reported elsewhere [17].

2.2. Ultrasonic Spray Pyrolysis Method for Production of RE-Oxide and Their Characterization

Very fine aerosol droplets were obtained from a leach solution using an ultrasonic
atomizer (PRIZNano, Kragujevac, Serbia), with a frequency 1.75 MHz in an ultrasonic
field obtained by 3 ultrasonic transducers. The aerosol was carried with nitrogen flow
rate 1.0 L/min into in quartz tube (1.0 m length and 0.021 m diameter) between 700 ◦C
and 1000 ◦C, placed in a Ströhlein Furnace, Selm, Germany. The flow rate of nitrogen was
measured using special flowmeter gas unit (YOKOGAWA Deutschland GmbH, Ratingen).
One step ultrasonic spray pyrolysis lab-scale horizontal equipment was shown in Figure 2.
Experimental parameters were given in Table 1.

 
Figure 2. One step ultrasonic spray pyrolysis lab-scale horizontal equipment: (a)—gas flow regu-
lation; (b)—ultrasonic aerosol generator; (c)—furnace with the wall heated reactor; (d)—collection
bottles; e—gas inlet, f—gas outlet.

Table 1. Experimental parameters of ultrasonic spray pyrolysis method.

Samples Codes
Concentration
of Nd(NO3)3

(g/L)

Concentration
of Pr(NO3)3

(g/L)

Concentration
of Dy(NO3)3

(g/L)

Reaction Temp
(◦C)

N2 Flow Rate
(L/min)

Ultrasonic
Frequency

(MHz)

S1 0.458 0.130 0.010 700 1.0 1.75
S2 0.458 0.130 0.010 800 1.0 1.75
S3 0.458 0.130 0.010 900 1.0 1.75
S4 0.458 0.130 0.010 1000 1.0 1.75

The SEM analysis of particles obtained by ultrasonic spray pyrolysis was performed
at JSM 7000F by JEOL, (Construction year 2006, Japan) and EDX-analysis using Octane
Plus-A by Ametek-EDAX, (construction year, 2015, USA) with Software Genesis V 6.53 by
Ametek. XRD Analysis of RE-oxides powders was performed using Bruker D8 Advance
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with LynxEye detector (Bruker AXS, Karlsruhe, Germany). X-ray powder diffraction
patterns were collected on a Bruker-AXS D4 Endeavor diffractometer in Bragg–Brentano
geometry, equipped with a copper tube and a primary nickel filter providing Cu Kα1,2
radiation (λ = 1.54187 Å).

3. Results and Discussion

Mixed RE-Oxide powders were synthesized by a one-step USP method from leach
liquor. Thermodynamic investigations of a possible reaction were conducted by HSC
software package 6.12 (Outotec, Espoo, Finland). Various reaction temperatures from
700 ◦C to 1000 ◦C were tested to investigate their role on the phase formation of RE-
Oxide. The mixed REE-Oxide powders were characterized by X-ray diffraction analysis,
scanning electron microscopy. To reveal size and size distribution of mixed RE-Oxide, SEM
micrographs were examined via image-processing techniques in MATLAB (MathWorks,
Natick, MA, USA).

3.1. Characterization of Scrap NdFeB Magnet

The magnet composition was determined by X-ray fluorescence (XRF). The major
elements of the NdFeB magnet powder are Fe, Nd, Pr as major elements and the trace
amounts of Mn, Co, Pd, Al and Si, as shown in Table 2.

Table 2. Chemical composition of NdFeB magnet powders determined by XRF.

Composition Na2O Al2O3 SiO2 MnO Fe2O3 Co3O4 CuO

Concentration (%) 0.34 0.42 0.24 1.97 68.1 0.70 0.14

Composition Ga2O3 As2O3 Nb2O5 PdO Pr2O3 Nd2O3 Tb4O7

Concentration (%) 0.20 0.21 0.12 0.24 5.72 20.4 0.70

The contents of the NdFeB magnets were measured using inductively coupled plasma
optical emission spectroscopy (ICP-OES). The ICP-OES analysis results of NdFeB magnet
is given in Table 3.

Table 3. Chemical composition of NdFeB magnet powders sample.

Composition B Co Cr Cu Dy

Concentration (mg/L) 278 245 <1 32.6 210

Composition Fe Mo Nd Ni Pr

Concentration (mg/L) 210,000 <1 7580 <1 2340

ICP-OES analysis showed the presence of Fe, Nd, and Pr as the major elements and
Cu and Co as minor elements.

X-ray diffraction (XRD) analyses were conducted to identify the phases in the NdFeB
magnet powders. XRD analysis results of NdFeB magnet powders were given in Figure 3.

According to XRD patterns, the powder sample was well crystallized in the Nd2Fe14B
phase. The X-ray diffraction peaks could be indexed to the tetragonal structure with space
group P42/mnm (JCPDS card 40-1028).

Scanning Electron Microscopy (SEM) analyses were performed to observe the mor-
phology of the NdFeB magnet powders, as shown at Figure 4.
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θ)

Figure 3. XRD pattern of NdFeB magnet powders.

 
Figure 4. SEM analysis of NdFeB magnet powders.

As shown at Figure 5, Energy Dispersive Spectroscopy (EDS) results demonstrate that
NdFeB magnet powders primarily consist of Fe and Nd. EDS results are in good agreement
with the ICP analysis results but due to the small amount of the other elements, they cannot
be detected by EDS.

Figure 5. EDS-analysis of NdFeB magnet powders.
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3.2. Production of REE-Oxide and Their Characterization

The production of mixed REE-oxides powder from scrap NdFeB magnet by nitric acid
baking and water leaching followed by ultrasonic spray pyrolysis method was investigated.
The concentration of metals ions in the leached solution were determined using ICP-OES
analysis. The chemical composition of leach liquor obtained after the water leaching
process is illustrated in Table 4. Leach liquor of the same chemical composition was used
in all USP experiments.

Table 4. Chemical composition of the leach liquor.

Composition B Co Cr Cu Dy

Concentration (mg/L) 80 30 <1 <1 100

Composition Fe Mo Nd Ni Pr

Concentration (mg/L) <1 < 1 4580 <1 1300

Gibbs free energy change depending on reaction temperature was computed by HSC
software (Outotec, Espoo, Finland), as shown at Figure 6. The formation of RE-oxides after
evaporation of water in the furnace can be described as in the following equations:

2Nd(NO3)3 = Nd2O3 + 6NO2 + 1.5O2 (1)

2Dy(NO3)3 = Dy2O3 + 6NO2 + 1.5O2 (2)

2Pr(NO3)3 = Pr2O3 + 6NO2 + 1.5O2 (3)

Figure 6. Gibbs free energy change depending on reaction temperature.

The Gibbs free energy for the temperature range of 0–1000 ◦C is exhibited in Figure 6.
As can be seen, the Gibbs free energy is negative after 500 ◦C. This allows for RE-oxide to
be formed by the thermal decomposition of leach liquor, which is energetically favored
after 500 ◦C.

Figure 7 shows the XRD results for the samples synthesized at 700 ◦C, 800 ◦C, 900 ◦C
and 1000 ◦C by ultrasonic spray pyrolysis method.

XRD analysis of powders obtained between 700 ◦C and 1000 ◦C confirmed the forma-
tion of a mixture of RE-oxides. The cubic structure of Nd2O3 with 20% of Pr2O3 was found
between 700 ◦C and 800 ◦C as shown at Figure 7. Checks of the XRD Pattern for crystal
structure leads to Nd1.6Pr0.4O3 solid solution. An increase in temperature from 800 ◦C to
900 ◦C and 1000 ◦C leads to a mixture of cubic and trigonal structure of Nd2O3 with 20% of
Pr2O3, as shown at Figure 7. An increase in temperature from 700 ◦C to 1000 ◦C increases
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the crystallinity of the obtained structure. Additionally, typical EDX-Analysis of powders
was shown at Figure 8, confirming the presence of rare earth elements.

Figure 7. XRD analysis of RE-oxide powders synthesized with varying reaction temperatures
(a) 1000 ◦C, (b) 900 ◦C, (c) 800 ◦C and (d) 700 ◦C.

Figure 8. Typical EDS analyses of mixed REE-Oxide powders synthesized with varying reaction
temperatures.

The morphological investigation of mixed RE-oxide produced by USP processes at
different temperatures was conducted by SEM analysis. SEM analyses of the RE-oxide are
illustrated in Figure 9.

As indicated in Figure 9, spherical RE-oxide was obtained at various reaction temper-
atures by the USP Method. The image-processing technique is one of the computational
approaches widely getting implemented in various fields of material science. It is especially
useful for interpreting the images as the results of SEM. The morphology and size of the RE-
oxide nanoparticles were analyzed by SEM. Using SEM results, the morphological features
of the RE-oxide nanoparticles, such as their diameter, were picked up by image processing
and a particle search algorithm. The use of an image processing method algorithm is
detailed in [32].

Applied image processing methods generate the black and white images from the
original SEM images for determining the location and size of the RE-oxide nanoparticles.
Since the particles are known to have spherical shapes [33], the Hough transform method
was utilized for approximately defining the nanoparticles. The Hough transform draws
new circles at the three boundary points. Then, the center of the circle is computed, with
the junction point of new circles and diameter limits defined by the user. After the detecting
RE-oxide nanoparticles, these particles were labelled with blue rough circles and their
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cumulative distribution results related to process conditions were achieved. The results are
given in Figure 10.

Figure 9. SEM analyses of mixed RE-Oxide powders synthesized with varying reaction temperatures (a) 700 ◦C; (b) 800 ◦C;
(c) 900 ◦C; (d) 1000 ◦C.

Graph of the labelled nanoparticles were drawn, with cumulative distribution repre-
sented by the y-axis, and nanoparticle size represented by the x-axis, as seen in Figure 10a–d.
The cumulative curve of RE-oxide nanoparticles whose sizes were calculated by an image-
processing technique is represented by the blue dashed line. The mean values of RE-oxide
nanoparticle size were calculated from SEM by the image-processing technique. These
SEM results reveal that the particles of RE-oxide synthesized from a 0.6 g/L solution
concentration at various reaction temperatures lay in the range of 200–700 nm. The mean
particle size of RE-oxide synthesized at 700 ◦C, 800 ◦C, 900 ◦C and 1000 ◦C was found to
be 362 nm, 417 nm, 468 nm and 540 nm, respectively.

The theoretical particle size of RE-oxides was calculated according to related equations.
The formation of RE-oxides will be firstly defined via the diameter of aerosol droplet (dd)
as shown with Equation (4) proposed by Peskin and Raco [24]:

dd = 0.34
(

8 πσ

ρL f 2

) 1
3

(4)

where: f —ultrasound frequency; ρL—density of water solution; σ—surface tension.
Using the following values: for water solution: f - 1.75 MHz; ρL- 1.02 g/cm3; σ-

0.07 J/m2, the calculated aerosol droplet amounts 2.86 μm.
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(a) 700 °C 

  

(b) 800 °C 

  

(c) 900 °C 

  
(d) 1000 °C 

Figure 10. The detecting RE-oxide nanoparticles and theirs’ cumulative curves related to USP-experiment conditions at
(a) 700 ◦C, (b) 800◦C, (c) 900◦C and (d) 1000 ◦C.
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The particle size (dp) depends on the droplet size and the concentration of the solution
(C). This correlation between the concentration and other precursor characteristics and the
final particle size, under the assumption that no precursor is lost in the process, can be
described with the following Equation (5) derived via the Equation by Messing et al. [25]:

dp = dd

(
MREE−Nitrate
MREE−Oxide

∗ C
ρ

)0,33
(5)

where the dp is the diameter of the particle, the dd is the diameter of the aerosol droplet
calculated with Equation (4), Mp-molar mass of REE-nitrate (g/mol), the ρ is the density of
REE-Oxide (Nd-, Pr-, and Dy-oxide), C is the concentration of the precursor solution.

Using the following values for molar mass of rare earth elements – nitrate (REE-nitrate)
and rare earth elements- oxides (REE-oxides), densities of REE-oxides and concentrations
of metals in solution (as shown in Table 4), the calculated values for particles sizes of
REE-oxides using Equation (5) are presented in Table 5.

Table 5. Calculated theoretical particle size of RE-oxides using Equation (5).

REE-Nitrate Nd(NO3)3 Pr(NO3)3 Dy(NO3)3

Molar mass of REE-nitrate (g/mol) 282.2 326.0 348.5

REE-oxides Nd2O3 Pr2O3 Dy2O3

Density (g/cm3) 7.2 6.9 7.8

Molar mass (g/mol) 336.5 329.8 373.0

Concentration of metal in solution (g/L) 0.458 0.130 0.010

Theoretical minimal particle size (nm) 108 76 31

The calculated minimal particle size (nm) amounts: 108, 76, 31 for Nd2O3, Pr2O3
and Dy2O3, total 215. The obtained values of particle sizes are compared with experi-
mentally obtained values obtained by image process techniques. The differences between
calculated and experimentally obtained values may be partially due to the approximate
values used for surface tension and density of water solution, and mostly due to coales-
cence/agglomeration of aerosol droplets during transport to the furnace from an aerosol
generator. Moreover, Equation (5) was based on the assumption of one particle per one
droplet, and the influence of temperature on the mean particle size between 700 ◦C and
1000 ◦C was not taken into consideration.

4. Conclusions

Spherical particles of REE-oxides were produced from spent NdFeB magnets using
a combined process and consists of: nitric acid baking process at 200 ◦C, water leaching,
and ultrasonic spray pyrolysis between 700 ◦C and 1000 ◦C. Iron was removed from water
solution using a hydrolysis process. XRD analysis of the obtained particles found a cubic
and trigonal structure Nd2O3 with 20% Pr2O3, which is according to detected stoichiometry
in solution after dissolution of spent NdFeB magnets. An increase in temperature from
700 ◦C to 1000 ◦C increases not only the crystallinity of the structure, but also the particle
size between 362 and 540 nm. The minimal theoretical total particle size of prepared
REE-oxides amounts to 215 nm. The differences between calculated and experimentally
obtained values may be partially due to coalescence/agglomeration of aerosol droplets
during transport to the furnace from an aerosol generator. Generally, we developed one
combined environmentally friendly process for recovery of nanosized powder mixture of
Nd2O3 and Pr2O3 from spent magnets and re-use of nitric acid. The final winning of the
mixture of metallic Nd and Pr will be ensured using molten salt electrolysis [34].
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Abstract: Determination of the extractive behavior of ionic species from lateritic ore leachates is
complex, since the leachates are pregnant with tens of different ions in, as a rule, multiple oxide states.
To examine the possible pathways of intrinsic electrochemical extraction of the crucial elements
Ni and Co, it was necessary to make model solutions of these elements and to subject them to
electrochemical examination techniques in order to obtain a benchmark. Beside Ni and Co, the
model system for Fe had to be evaluated. Iron, as a dominant ore component by far, is the main
interfering factor in the extraction processes of Ni and Co in rather low amounts from leaching
solution. The leachate examination results were compared to separate model solutions, as well
as to their combinations in concentrations and to pH values comparable to those of the leachate.
The separation of the leachate components was initially performed by continuous increase in pH
upon leaching with NaOH solution, and afterwards the pH-adjusted solutions were subjected to
electrochemical investigation. With the purpose of connecting and quantifying the visual changes
in leachate upon increase in pH, conductometric measurements were performed. Reactions of
oxidation/precipitations were indicated, which led to the essential Fe removal by precipitation.
Resulting solutions were found suitable for Ni and Co electrochemical extraction.

Keywords: leachate; metal ions extraction; selectivity; Fe removal; electrodeposition; conductometry

1. Introduction

Cobalt and nickel are considered both strategic and critical raw materials [1]. Nickel
has already been used in batteries, such as nickel–cadmium or nickel–metal-hydride, but
its use in lithium-ion batteries caused rising interest in this metal, since it is able to deliver a
higher energy density and more storage capacity to these batteries. Nickel has become the
most important for the lithium-ion battery cathodes, thus enabling the reduction the use of
cobalt, which is scarce and more expensive [2]. Nevertheless, cobalt is still essential for the
manufacturing of Li-ion batteries and its compounds for supercapacitor electrodes due to
the high specific capacitance and high energy density as well as better cyclic stability of Co
oxide [3]. With an outbreak of electric vehicle production, global demand for cobalt and
nickel has been growing. Global demand for these metals in electric vehicle batteries from
2018 to 2025 is forecasted to increase by 10 times [4–6].

Along with increasing needs, there has been the growing interest to recover Ni and
Co by hydrometallurgical processes, mainly focused on the improvement of leaching pro-
cesses [7–10]. Investigation of lateritic ore leachates for Ni and Co extraction, including
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advanced electrochemical techniques, should make the processing of such ores econom-
ically and technologically feasible. The pregnant leach solution (PLS) of a lateritic ore
contains plenty of elements gained from their native oxide state. Ni and Co may be ex-
tracted by electrochemical deposition, which is especially suitable due to the low content of
cobalt in the ores [11–13]. There are, however, among all the others, high amounts of iron,
which is undesired for the extraction processes of cobalt and nickel [14].

The electrochemical behavior of a leachate, i.e., PLS, was investigated by the usage
of constant-potential electrodeposition of PLS metals (employing chronoamperometry
(CA) method) and linear sweep voltammetry (LSV), as well as by conductometry (CM). In
such a complex solution, containing dozens of different ions, many of them with multiple
oxide states, it is hard to determine the behavior of ionic species separately. Moreover,
the mutual interactions of those ions, as well as the changes in ion interference with the
solution pH, make determination of exact leaching process parameters very difficult. To
examine the extraction possibilities of these crucial elements, Ni and Co, it was necessary
to make model solutions of these elements and to subject them to cyclic voltammetry (CV)
and (CA/LSV) examination techniques in order to obtain benchmark. Beside Ni and Co,
the model system for Fe had to be evaluated, as Fe is the main interfering factor of the
Ni and Co extraction process from leaching solution. The leachate examination results
were compared to separate model solutions containing desired metals, as well as their
combination in concentration and pH values equal to those of the leachate. Oxidation,
reduction and electrodeposition were investigated at −900 mV and at different pH. The
characteristic pH values were selected according to visual changes in acidic leachate and
the results of conductometric investigation upon stepped increase in pH. Conductometry
as employed to quantify metal ions’ transitions.

2. Materials and Methods

2.1. Leaching

Leaching of the lateritic ore was performed with 1.0 M sulfuric acid. The case-study
ore (PT HUADI Nickel-Alloy Indonesia, Papanloe, Pa’jukukang, Bantaeng Regency, South
Sulawesi 92461, Indonesia) composition is presented in Table 1. The composition of the ore
was determined by X-ray fluorescence (AXIOS, PANalytical, Eindhoven, The Netherlands).

Table 1. Chemical analysis of the ore, mass %.

SiO2 MgO Fe2O3 NiO Al2O3 CaO MnO Cr2O3 CuO Co3O4 K2O TiO2

11.70 5.81 70.70 3.80 4.27 0.13 0.73 1.78 <DL 1 0.05 0.02 0.07
1 DL–detection limit.

The mineral composition of the ore was determined by X-ray diffraction (XRD) anal-
ysis, which was performed on a RigakuMiniFlex 600 instrument with D/teXUltra 250
high-speed detector and an X-ray tube with a copper anode (Rigaku, Tokyo, Japan). Shoot-
ing conditions were: angle range 3–90◦, step 0.02◦ and recording speed 10◦/min. The
voltage of the X-ray tube was 40 kV, and the current was 15 mA. The identification of miner-
als was performed in the Match! Software, and the obtained diffractograms were compared
with the data from the ICDD database. The limit of detection of XRD analysis is about 1%.
The minerals rhomboclase (HFe(SO4)2·4(H2O)) and getite (FeOOH) were identified.

The leaching was carried out at elevated temperature in a round-bottom flask un-
der reflux. The mechanical stirring unit was introduced through an upper opening. The
flask was placed inside a temperature controlled heating unit (SAF Wärmetechnik GmbH,
Weinheimer Str. 2A, 69509 Mörlenbach, Germany). The automated heating unit kept the
temperature at a constant level over the time of the experiment. To automate the heating, a
thermocouple was constantly measuring the temperature during the trial. The ore concen-
trate leaching was carried out with a solid to liquid ratio of 1 g:5 mL, at the temperature
of 70 ◦C and a stirring speed of 300 rpm for 120 min. The obtained leaching solution
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was filtered through quantitative filter paper (Grade 391-blue spot, LLG, Meckenheim,
Germany). The leachate was subjected to a pH change by addition of appropriate portions
of 10 M NaOH solution (a high concentration of NaOH is applied in order to consider the
changes in ion concentrations as negligible upon PLS neutralization). Specific changes in
the system, e.g., occurrence of precipitates, color change, etc., at different pH values were
evaluated.

The starting leachate was of pH 0.5, and characteristic pH values according to specific
visual changes are as follows: 1.5, 2.3, 3.7 and 5.3. Chemical analysis of the leachate at dif-
ferent pH was conducted using ICP-OES (Spectro Arcos, SPECTRO Analytical Instruments
GmbH, Boschstr. 10, 47533 Kleve, Germany).

2.2. Preparation of Model Solutions

The following model solutions: CoSO4, NiSO4, FeSO4, CoSO4–NiSO4 and CoSO4–
NiSO4–FeSO4 were prepared according to the metal concentrations in PLS measured by
ICP-OES. Model solutions were prepared by dissolving CoSO4, NiSO4 and FeSO4 in 1 M
sulfuric acid using p.a. chemicals and double distilled water. Concentrations of Ni, Co and
Fe ions, as found in NaOH-treated PLS and listed in Table 2, were persistent in all of the
model solutions. A base solution of pH 3.7 was prepared without metal ions using H2SO4.

Table 2. Overview of the pH and concentrations (mmol/L) of the leachate and model solutions.

pH Co Ni Fe

3.7 0.3424 13.5 4.8
5.3 0.2661 12.3 0.0464

The selected characteristic pH values were 3.7 and 5.3 according to visual changes
during the leaching process and conductometric investigation.

2.3. Electrochemical Methods

In order to connect and quantify the visual changes in leachate upon increase in
pH, and to separate the precipitations of metal ions from neutralization of unreacted
acid, conductometric measurements (CM) were performed. The leachate resistance was
measured continuously upon addition of NaOH solution portions at room temperature
(22 ± 1 ◦C) in a home-made conductometric cell consisting of the two Pt parallel plates
at fixed distance. pH was measured independently by standard digital pH-meter. The
alternating voltage of 10 mV r.m.s. amplitude around open circuit reading (few mV
differences between the plates) at 10 kHz was applied to induce directed ion motion. The
applied frequency corresponds to the minimum of imaginary cell impedance, which was
checked by recording the impedance spectra. The resistance reading was taken from the
resistance/time dependences as a stable reading for at least 1 min, while single resistance
measurement at 10 kHz took less than 1 s. The input voltage signal and the cell response
were generated and evaluated by Biologic SP-200 potentiostat (BioLogic SAS, Grenoble,
France). In addition, 1:1 Diluted (with 1.0 M H2SO4) native pregnant leach solution (PLS)
and PLS with initial addition of 5 mL of H2O2 to 50 mL of PLS (PLSox) were subjected
to CM.

Other electrochemical measurements (CA, LSV) were performed in a standard three-
electrode system using potentiostat/galvanostat, Biologic model SP-200 (Bio-Logic SAS,
Grenoble, France). The three-electrode cell consisted of a SCE reference electrode (all
potentials are given in SCE scale), platinum wire as a counter electrode and working
electrode.

The working electrodes were as follows:

1. Glassy carbon electrode (GC) was the working electrode for cyclic voltammetry (CV)
measurements in PLSs, CoSO4 and NiSO4 model solutions, as well as in base solution.
The working electrode was mechanically polished consecutively on emery papers of
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the following grades: 280, 360, 800 and 1000, and then on polishing cloths (Buehler
Ltd., Lake Bluff, IL, USA) impregnated with alumina of 1, 0.3 and 0.05 μm grades;

2. For the examination of the electrochemical potentiostatic extracts from PLSs at differ-
ent pH, working electrodes were the alloys deposited onto polished GC;

3. To model the electrochemical dissolution by LSV, working electrodes were Ni–, Co–,
Fe–, Ni–Co and Ni–Co–Fe alloys deposited on GC from the model solutions. Before
each electrodeposition, the GC surface was mechanically polished with a polishing
cloth (Buehler Ltd., Lake Bluff, IL, USA) impregnated with a water suspension of alu-
mina powder (0.05 μm grade). Characterization of alloy composition was performed
by alloy electrochemical dynamic dissolution using a linear sweep voltammetry (LSV)
technique.

CV measurements were performed in the native PLS (pH 0.5) as well as in NaOH-
treated PLSs at pH 3.7 and 5.3. Both NiSO4 and CoSO4 model solutions were also subjected
to the CV measurements. Anodic CV branches were recorded upon hold at the cathodic
potential limit for 2 min. In order to check the hydrogen evolution reaction’s (HER)
contribution to the CV currents in leachates, the base solution was also subjected to CV
measurements. All CV measurements were conducted at 25.0 ◦C at a sweep rate of 10 mV
s−1. The metal deposition was carried out potentiostatically at −0.9 V for 60 min, at
1000 rpm under N2 bubbling. Obtained deposits were electrochemically checked using
linear sweep voltammetry (LSV). LSV measurements were conducted in a phosphate buffer
solution (pH 7.2) with an anodic sweep rate of 10 mV s−1 at 25 ◦C. A schematic overview
of the experimental procedure is shown in Figure 1.

 

Figure 1. Schematic overview of the experimental procedure.

All electrochemical experiments were conducted in N2-saturated solutions.

3. Results and Discussion

Visual color changes were detected upon addition of the portions of 10 M NaOH.
Natively green PLS at pH 0.5 changed its color to orange-yellow at pH 1.3 and finally
reddish when pH 2.1 is reached. With an increasing volume of NaOH added, brownish
flakes occurred; stable solid brown precipitate was registered at pH 2.8. NaOH and H2O2
addition led to color changes at different pH values in comparison to the case without
H2O2 addition: orange-yellow color appeared at pH 1.5, red color at pH 2.7 and brown
color with solid precipitates at pH 4.9.

3.1. Conductometric Measurements

The intrinsic ionic transitions registered by conductometric measurements during
neutralization by NaOH are illustrated by Figures 1 and 2, which show the changes in
resistance and incremental resistance, respectively, with a volume of 10 M NaOH added.
Incremental resistance is gained as the first derivative of the curves from Figure 2.
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Figure 2. The changes in resistance in 1.0 M H2SO4, PLS and PLSox upon neutralization by NaOH
gained by impedance conductometric measurements. Input voltage: 10 mV r.m.s., 10 kHz; 22 ± 1 ◦C.

Figure 2 shows generally higher resistances of PLS and PLSox with respect to 1 M
H2SO4 as a leaching medium, since some portion of the acid was spent for dissolution of
lateritic ore. On the other hand, PLSox is of a bit lower resistance down the curve, which
indicates that addition of peroxide causes the oxidation of the ions to attain higher, and,
consequently, more conductive states. Up to pH 2.4, the resistance increases, whereas the
shape of the curves appears quite similar, with obvious changes in resistance increments
per volume of NaOH added. This enables the recognition of the three neutralization phases
(I–III), with mid phase II of the most pronounced incremental resistance change (Figure 3).
As presented in Figure 3, the three investigated solutions are of similar incremental resis-
tance changes in phases I–III. These phases are then to be recognized as neutralization
phases of the excess of acid as a leaching agent. The neutralization of the sulfuric acid ends
at around pH 7, indicated as a sudden change from increase to decrease in resistance. In
the cases of PLS and PLSox, this transition finally takes place above pH 10, since NaOH is
used for precipitation of ions in pH range 2.4–10 through phases IV–VI, as indicated in the
inset of Figure 2 in details.

Neutralization of the ions (phases IV–VI) appears much faster than that of the excess
of leaching agent because the incremental resistance in phases I–III is lower. In a narrow
pH range of 2.4–2.9, there is a unique and fast increase in resistance for PLS, followed
by resistance decrease (phase V), which is common for PLS and PLSox. The incremental
resistance decrease is much higher for PLSox. It could be that phase IV corresponds to
neutralization of lower oxidation states since it is hardly distinguishable in the case of
PLSox. Consequently, phase V could be related to the post-neutralization state, after
neutralizations of ions in higher oxidation states (the process is much faster for PLSox with
respect to PLS).
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respect to 
PLS). 

Figure 3. The changes in resistance per volume of 10M NaOH added calculated as first derivative of
the curves from Figure 2; specific phases of neutralization, I–VI, as well as corresponding pH ranges,
are indicated according to intersections of tangent lines. The standard deviations of linearization are
presented as error caps.

According to conductometric considerations, it follows that precipitation of the main
ions in PLS is occurring when pH reaches ca. 2.4, with precipitations of Fe species as
the most abundant component. This is in accordance with the visual appearance of the
massive brownish precipitate and corresponding Pourbaix diagram for Fe, which reports
the transitions of metal ions to oxohydroxide ions (the change in PLS color from green
to orange-yellow was observed at pH below 2) and finally hematite, roughly in the pH
range of 1–5 in a rather acidic environment. According to Figure 2 and Pourbaix diagram,
precipitation of Fe species should end in the pH range 2.9–5, whereas the precipitation
of other ionic components should take place between pH 5 and 10 upon addition of
NaOH solution in volumes between 12.5 and 13 mL (Figure 2, inset—transition from
decrease to increase in resistance, phase VI). According to Pourbaix diagrams for Ni and
Co, precipitations of corresponding hydroxides/oxides should not start at pH below 6
and 9, respectively. In addition, Ni and Co ions in the solution are stable at the electrode
potentials negative to 0.5 VSVE. These considerations introduce a possibility to separate Fe
from Ni and Co by Fe precipitation in the pH range of 3–6 and, afterwards, electrochemical
extraction of Ni/Co. The extracts can be analyzed by electrochemical dissolution up to
0.5 VSVE, and even beyond, but with generation of the Ni/Co oxides/hydroxides in the
electrode–electrolyte interphase. Bearing in mind these findings, the pH values of PLS were
set for electrochemical investigations as reported in Table 2.

3.2. Basic Electrochemical Behavior of PLS

Cyclic voltammograms in native PLS (pH 0.5) and PLSs at pH 3.7 and 5.3 are shown
in Figure 4. Reversible Fe3+/Fe2+ redox transition dominates the CV response of PLS at
pH 0.5, 3.7 and 5.3 (Figure 4a,b), indicating the excess of 3+ state by higher currents of the
reduction peak at around −0.15 V with respect to the anodic counterpart at around 0.9 V.
On the other hand, the CVs of the NaOH treated solutions (Figure 4b) are of considerably
lower currents due to the removal of iron from the solution. The onset of Fe deposition and
a side reaction of hydrogen evolution (HER) in the solution of pH 3.7 take place at around
–0.8 V. The presence of the two weak anodic shoulders can be seen at around 0.0 and 0.2 V.
These shoulders are transferred to the peak at 0.0 V upon increase in pH to 3.7. A small
peak at the potential of 0.7 V indicates that there are still some traces of iron in the solution
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(Table 2). At pH 5.3, this peak shifted catholically to 0.56 V, while new reversible peaks at
around 0.9 V arose due to transitions in the Ni/Co oxides.

Figure 4. Cyclic voltammograms of (a) native PLS at pH 0.5 and (b) NaOH-treated PLSs (pH 3.7 and
5.3), v =10 mV s−1. The anodic branches are recorded upon hold at the cathodic limit for 2 min.

Figure 5 shows cyclic voltammograms of NiSO4 and CoSO4 model solutions of dif-
ferent pH and concentrations (Table 2), compared to CV of base solution. Base solution of
pH 3.7 was prepared by setting the pH of 1.0 M H2SO4 with NaOH.

Figure 5. CV of GC in N2-saturated (a) NiSO4, compared to base and (b) CoSO4 solutions,
v = 10 mV/s. The anodic branches are recorded upon hold at the cathodic limit for 2 min.

Although there was no pronounced hydrogen evolution even at pH 3.7 down to
−1.0 V (Figure 5, blue line), the nickel electrodeposition process depended considerably
on the pH value of the solution. It should be taken into account that slightly different Ni2+

and Co2+ concentrations at pH 3.7 and 5.3 solutions (Table 2) could also have an impact
on the electrodeposition processes. However, despite lower concentration at pH 5.3, both
NiSO4 and CoSO4 at pH 5.3 exhibited more intense anodic peaks compared to those in
pH 3.7 solutions. At lower pH, HER, as a side reaction, takes place in model solutions on
metal deposits in comparison to the base solution where HER takes place on GC. HER
thus spends considerable current, and consequently a lower amount of metal is being
deposited. This can be observed as the less intensive anodic oxidation/dissolution peaks.
In addition, due to more intense HER, i.e., profound H+ consumption, there is local pH
increase near the electrode surface. If the pH value is high enough, hydrolysis of the metal
ion as an additional reaction may occur that can lead to the precipitation of the metal
hydroxides. Consequently, different phases of a metal in a deposit may occur [15]. Unlike
Ni, Co electrodeposition process is less sensitive to pH due to rather low Co concentrations.

LSV curves of the deposits obtained potentiostatically at –0.9 V from PLSs and model
solutions are shown in Figures 5–8. Multiple peaks indicate multiple phases of the deposits
and/or subsequent processes in which dissolved metal ions participate.

63



Metals 2022, 12, 325

Figure 6. LSV curves in phosphate buffer solution (pH 7.2, 25◦C) of deposits obtained after CAs at
−900 mV in PLSs.

Figure 7. LSV curves in phosphate buffer solution (pH 7.2, 25 ◦C) of deposits obtained after CAs at
−900 mV in (a) NiSO4 and (b) CoSO4..

Figure 8. LSV curves in phosphate buffer solution (pH 7.2, 25 ◦C) of deposits obtained after CAs at
−900 mV in (a) NiSO4–CoSO4 and (b) NiSO4–CoSO4–FeSO4.

Ni- curves at different pH (Figure 7a) showed typical LSV behavior in phosphate buffer
with two main anodic peaks below 0.0 V assignable to Ni=⇒Ni2+ transition. The peaks at
more positive potentials appear suppressed at pH 5.3 due to formation of NiO/Ni(OH)2
film, [16,17]. The presence of Ni=⇒Ni2+ transition-related peaks in Ni-pH3.7 and Ni-pH5.3
LSV curves suggest that Ni was deposited in a metallic form at both pH values.

The shape of the Co-pH5.3 LSV curves indicates that cobalt was deposited in a mainly
metallic form at pH 5.3 (Figure 7b), with suppression of the peaks at more negative po-
tentials at lower pH. Namely, an anodic peak around −0.410 V, related to Co=⇒Co(OH)2
transition, occurred in Co-pH5.3 LSV response. Additional anodic peaks at −0.08 and
0.260 V correspond to Co(OH)2=⇒Co3O4 and Co3O4=⇒CoOOH transitions, respectively.
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Onset of CoOOH=⇒CoO2 transition can be seen at 0.9 V. On the other hand, surface of
a deposit obtained at pH 3.7 consisted mostly of Co3O4 due to a dominant peak around
0.3 V, representing the Co3O4=⇒CoOOH transition [18].

These differences in active/passive behavior of the surfaces of Co and Ni deposits
can be explained by different surface morphology due to different model solutions con-
centrations and pH. Owing to the different electrodeposition process (Figure 5), different
Ni and Co phases can be potentiostatically formed [19–21]. At lower pH, side HER may
have a larger impact on the morphology of metal deposition. An increase in pH value
near the electrode due to HER, i.e., H+ consumption, may lead to the precipitation of the
hydroxide [15].

Comparing the starting leachate of pH 0.5 with 111.61 mmol/L of Fe and the solution
of pH 5.3, where Fe content was negligible (Table 2.), the goal of Fe removal is reached, as
commented further in Figure 4. LSV–Ni–Co consisted of the two main peaks associated
to the Ni=⇒Ni2+ and Co=⇒Co2+ transitions. Like Ni–Co curves, Figure 8, the pH-5.3
PLS curve, Figure 6, consists of the two anodic peaks around −0.4 V. Furthermore, Ni–Co
and leachate curves consisted of a broad peak around 0 V, while the peak present in the
Ni-curve (Figure 7) was at −0.17 V. This anodic shifting can be assigned to the influence of
Co on the Ni–Co LSV curve, which causes the appearance of the broad peak between −0.2
and 0.2 V present in sole Co-curve (Figure 7b). Compared to the Ni–Co curve (Figure 8a),
LSV curve related to deposit obtained from Ni–Co–Fe model solution (Figure 8b) consisted
of mainly of a peak at around −0.4 V. A peak at 0 V, seen in LSV of both Ni–Co and leachate
at pH 3.7 and pH 5.3, is not evident. It seems that the presence of a small amount of Fe can
contribute to the suppression of the abovementioned peak (Figure 8).

The shape of the leachate and Ni–Co curves (Figures 6 and 8) resembles the shape of
both Ni and Co-pH 5.3 curves (Figures 7 and 8), suggesting that Ni–Co dominates leachate
deposit composition. A peak at around −0.4 V, related to M=⇒M2+ transition, is present
in all of these curves except the PLS-pH3.7 curve. Peaks present in PLS-pH3.7 curve at 0
and 0.2 V correspond to the peaks registered in Ni-pH3.7 and both Co and Ni–Co curves
(Figure 8a).

Both Fe-pH5.3 and Fe-pH3.7 (Figure 9) curves contain the peaks related to transitions
of different hydroxide forms, indicating that deposits are in the state of the hydroxide
rather than metallic Fe [22]. LSV–Fe curves for both Fe-pH5.3 and Fe-pH3.7 (Figure 9)
exhibit peaks at 0.0 and 0.2 V which are suppressed at LSV–Ni–Co–Fe curves.

Figure 9. LSV curves in phosphate buffer solution (pH 7.2, 25◦C) of deposits obtained after CAs at
−900 mV in FeSO4.

LSV results are in accordance with Table 2, which shows that Fe was removed from the
leachate at the pH 5.3. However, although Fe was almost completely removed, its presence
slightly influenced the peaks at the Ni–Co–Fe LSV curve (Figure 7). The LSV curve related
to the deposit obtained from leachate at this pH value is in good agreement with the curve
of the corresponding Ni–Co model deposit. Fe ion removal is a precondition in the Ni
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and Co extraction process from leaching solution, since the presence of Fe is detrimental
in those ions’ extraction process from PLS. Extracted Ni and Co, i.e., electrodeposited in
metallic form, can be valorized from lateritic ore leaching solution.

4. Conclusions

There is a possibility to separate Fe from Ni and Co in leachates of lateric ores by Fe
precipitation in the pH range 3–6, and afterwards to electrochemically extract Ni/Co. The
extracts can be subjected to electrochemical dissolution up to 0.5 VSVE, and even further
with generation of the Ni/Co oxides/hydroxides in the electrode–electrolyte interphase.

Reversible Fe3+/Fe2+ redox transition dominates the CV response of native PLS at
pH 0.5, indicating the excess of the 3+ state by higher currents of a reduction CV peak. On
the other hand, the CVs of the NaOH-treated leaching solutions are of considerably lower
currents, indicating a removal of Fe from the solution. The onset of Fe deposition and a
side HER in solution with pH 3.7 takes place at around –0.8 V.

Fe was almost successfully removed from the leachate at the pH 5.3. The LSV curve
related to the deposit obtained from leachate at this pH value is in good agreement with
the curve of the corresponding Ni–Co model deposit.

The presence of Ni=⇒Ni2+ transition related peaks in Ni-pH3.7 and Ni-pH5.3 LSV
curves suggests that Ni was deposited in a metallic form at both pH values.

The shape of the Co-pH5.3 LSV curves indicates that cobalt was deposited in a mainly
metallic form only at pH 5.3 (Figure 7b). Namely, the anodic peak around −0.410 V, related
to Co=⇒Co(OH)2 transition, occurred at Co-pH5.3 LSV response.
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Abstract: Hybrid adsorbent, based on the cross-linked copolymer impregnated with hydrous
iron oxide, was applied for the first time for Se(VI) adsorption from water. The influence of the
initial solution pH, selenate concentration and contact time to adsorption capacity was investigated.
Adsorbent regeneration was explored using a full factorial experimental design in order to optimize the
volume, initial pH value and concentration of the applied NaCl solution as a reagent. Equilibrium state
was described using the Langmuir model, while kinetics fitted the pseudo-first order. The maximum
adsorption capacity was found to be 28.8 mg/g. Desorption efficiency increased up to 70%, and became
statistically significant with the reagent concentration and pH increase, while the applied solution
volume was found to be insignificant in the investigated range. Based on the results obtained,
pH influence to the adsorption capacity, desorption efficiency, Fourier transform infrared (FTIR)
and X-ray diffraction (XRD) analysis of loaded adsorbent, it was concluded that the outer- and
inner-sphere complexation are mechanisms responsible for Se(VI) separation from water. In addition to
the experiments with synthetic solutions, the adsorbent performances in drinking water samples were
explored, showing the purification efficiency up to 25%, depending on the initial Se(VI) concentration
and water pH. Determined sorption capacity of the cross-linked copolymer impregnated with hydrous
iron oxide and its ability for regeneration, candidate this material for further research, as a promising
anionic species sorbent.

Keywords: macroporous polymer; goethite; factorial design; desorption

1. Introduction

Selenium in the environment is naturally present in rocks and soils in a few oxidation states:
as selenite, selenate, selenide and elemental Se. It is a trace element in natural deposits of the ore
containing the other minerals, such as sulfides of heavy metals [1]. Besides the naturally present
Se, its concentration increase in the environment is caused by human activities, especially mining,
coal combustion, pesticides production, agriculture, etc. [2]. Nowadays, a large amount of diverse
types of wastewater containing harmful chemicals are generated by the industry, and the water crisis
is caused by untreated wastewater disposal [3]. Selenium is present in the effluents of the final phases
of ore processing, mainly as selenite (at low pH value), or selenate (at high pH value).

Several selenium chemical derivatives such as selenomethionine, selenocysteine, selenate and
selenite are the major sources of dietary selenium, out of which selenomethionine is the most widely
consumed [4]. This element is necessary as a micronutrient in the form of selenoproteins, and extremely
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important for many biological functions, like the formation of thyroid hormones, DNA synthesis,
antioxidant defense, fertility and reproduction. Many different classes of naturally and synthetic
organoselenium compounds have been explored as the antiproliferative agents, and the field is
constantly emerging, with several compounds demonstrating a pronounced cytotoxic activity against
cancer cells compared to the non-transformed ones [5]. However, selenium intake in excessive amounts
can be extremely toxic for living organisms, depending on the concentration, but also on the chemical
form and other dietary components involved. In general, contradictory opinions about its toxicity
and necessity caused differences in permitted values of this element in drinking water legislation:
due to the World Health Organization [6] and European Commission (EC) [7] the drinking water
limit for selenium is 10 μg L−1, while the US Environmental Protection Agency (EPA) standard limit
is 50 μg L−1 [8].

Many processes for selenium removal from water, including the chemical reduction, adsorption,
bioremediation, phytoremediation, and electrochemical methods, were extensively studied. It is
known that sorption plays an important role in transport and control of the target metal contaminants
in the ecosystem [9]. Bearing in mind that selenate in soils and sediments preferentially reacts with
ferric Fe(III) oxides and hydroxides [10], the synthetic and natural iron-based adsorbents were applied
for selenate separation.

Recently, the ER/DETA/FO/FD adsorbent was synthesized in a two step processes: by amination
of cross-linked macroporous polymer (ER) with diethylenetriamine (DETA) in the first step and
impregnation with hydrous iron oxide (FO), in the second step. The obtained material, after freeze
drying (FD) process, has shown a good adsorption potential towards As oxyanions [11]. In this study,
the performances of ER/DETA/FO/FD for Se(VI) removal from water were investigated.

The main aim of this work was to investigate the effect of mostly studied parameters: pH,
contact time and concentration of selenate to sorption capacity, as well as to examine the possibility of
loaded adsorbent regeneration and process optimization by varying desorption reagent pH, volumes
and concentrations. Furthermore, the possibility of proposed adsorbent utilization for Se(VI) removal
from drinking water was tested as well.

2. Materials and Methods

The adsorption experiments were undertaken using the cross-linked macroporous polymer
impregnated with hydrous iron oxide, _-FeOOH (ER/DETA/FO/FD). It was previously applied as an
efficient adsorbent for arsenate, and its synthesis and characterization were reported previously [11].
The efficiency of the chosen adsorbent for selenium removal has been investigated in the synthetic and
real water solution. Synthetic solutions of Se(VI) were prepared by dissolving the appropriate amount
of Na2SeO4 (p.a. purity grade, Sigma Aldrich), in mili-Q water. The real solutions were prepared in
the same way as the synthetic solutions, using drinking water instead of mili-Q, in order to simulate
drinking water samples with elevated Se(VI) concentration. Drinking water was collected from the
water supply network in Belgrade, Serbia.

The adsorption experiments were performed using 4 mg of adsorbent added to 25 mL of synthetic
solution in polyethylene flasks, at room temperature (22 ◦C). The flasks were shaken on the orbital
Heldoph shaker (Heidolph North America, Wood Dale, IL, USA) (at a constant speed of 170 rpm.
The sorption process was investigated as a function of contact time (15–500 min), initial pH value
(2–11) and initial selenium concentration (0.1–5 mg L−1), while the temperature and solid/liquid ratio
were kept constant.

After defined contact time, in adsorption and desorption experiments, the suspensions were
filtered through 0.45 μm filter and Se concentration in solution was measured using an inductively
coupled plasma mass spectrometry ICP-MS (Agilent 7700 Series, Agilent Technologies, Inc. Tokyo,
Japan). In drinking water samples, beside Se, the concentrations of Ca, Mg, Na, K, Pb, Fe, Cu, Zn, Ni,
Mg were measured; pH values were monitored using the pH-meter of WTW Ino Lab.
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The amount of Se adsorbed (mg g−1) at time t (qt) and in the equilibrium (qe) were calculated using
Equations (1) and (2), where c0, ct and ce are the initial selenium concentration, selenium concentration
in solution after appropriate adsorption time (t) and in equilibrium (ce), respectively; V is a solution
volume and m is an adsorbent mass.

qt = (c0 − ct)V/m (1)

qe = (c0 − ce)V/m (2)

The desorbed amount (Qdes) is calculated as the amount of selenium desorbed from one gram of
spent adsorbent (Equation (3)):

Qdes = cdes.Vdes/M (3)

where cdes is Se concentration in desorption solution, Vdes is volume of desorption solution and M is
the weight of spent adsorbent. Finally, desorption efficiency (%) is calculated as a ratio of desorbed
amount (Qdes) and initially sorbed amount qe, multiplied by 100.

X-ray diffraction (XRD) analysis and Fourier transform infrared (FTIR) analysis were used to
determine the mineralogical and surface composition of Se loaded adsorbent. XRD analysis was
undertaken using a small-angle x-ray scattering (SAXS) diffractometer (Rigaku Smartlab, Austin, TX,
USA). within 2θ range 10–90 with 0.05 step size. The FTIR analysis has been performed using a Nicolet
IS 50 FTIR Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) operating in the attenuated
total reflection (ATR) mode in the region 400–4000 cm−1 and resolution of 4 cm−1 with 32 scans.

In order to investigate the possibility of adsorbent regeneration, the series of desorption
experiments were performed. NaCl, as a non-aggressive reagent, was chosen in the experimental part.
The desorption efficiency was investigated as a function of selected process variables: leaching solution
concentration, pH value and solution volume (three levels), using a full factorial experimental design
(Table 1). A high level of volume was 25 mL as in the adsorption experiment while the lower volumes
were tested in order to investigate the desorption process that generates a lower amount of waste liquid.

Table 1. Process variables and their levels.

Variable Code Variable
Levels

Low Medium High

A Initial pH 7 - 11
B Concentration (mol L−1) 0 - 0.5
C Volume (mL) 5 15 25

The experimental design matrix was generated using the Minitab software (Released 13.0,
State College, PA, USA). The values of process variables were specified in each experiment. The aqueous
solutions, used in these experiments, were obtained using mili-Q water and NaCl and NaOH
(p.a. purity). The other experimental conditions were constant: temperature (22 ◦C), agitation rate
(170 rpm) and contact time (300 min). The experiments were undertaken in triplicate and the average
values of response function were considered in the statistical analysis. The experiments were performed
in a random order to assure that the uncontrolled factors do not affect the results and to evaluate the
experimental errors properly. The results interpretation and analysis were also undertaken using the
Minitab software.

3. Results

3.1. Effect of pH

Investigation of the effect of initial pH value (pHi) onto Se sorption efficiency has shown that it
increases the efficiency (Figure 1) at pH between 2 and 4. Further increase in pH resulted in a significant
decrease of sorption efficiency.
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Figure 1. The effect of initial pH value (pHi) onto sorption efficiency (%); experimental conditions:
c0 = 1 mg L−1, temperature 22 ◦C, stirring rate 170 rpm, contact time 300 min.

3.2. X-ray Diffraction (XRD) Analysis

The results of XRD analysis of the ER/DETA/FO/FD before adsorption and Se loaded
ER/DETA/FO/FD are shown in Figure 2. Peaks, characteristic for goethite, are observed at the 2θ value
of 21.2, 33.2, 36.6 and 53.2, referring to the ICDD PDF2 No. 81-0464. Similar peaks were observed
after adsorption, indicating that the crystallinity of material did not significantly change due to the
adsorption of selenate.

 

Figure 2. X-ray diffraction (XRD) records of the ER/DETA/FO/FD adsorbent before and after adsorption
(experimental conditions for preparation of Se loaded sample: Se initial concentration 5 mg L−1,
ambient temperature, solid/liquid ratio 0.16 g L−1, contact time 300 min). Symbol ( ) denotes
characteristic peaks of goethite.
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3.3. Process Kinetics

The dependence of sorption capacity on a contact time is shown in Figure 3. The removal was
faster at the beginning of the process what can be attributed to the higher number of free active
sites, as well as to the more intensive driving force for the mass transfer. The sorption capacity
obtained in equilibrium was around 5.8 mg g−1 which is more than 90% of the total Se(VI) amount.
The equilibration was attained after 300 min.

 

Figure 3. The effect of contact time onto Se(VI) adsorption using the ER/DETA/FO/FD;
experimental conditions: co = 1 mg L−1, temperature 22 ◦C, stirring speed 170 rpm, pH = 4, sorbent
dose 0.16 g L−1.

3.4. Effect of the Initial Se(VI) Concentration—Adsorption Isotherms

The effect of the initial adsorbate concentration on the adsorbed Se(VI) amount was studied;
the initial Se concentrations varied in the range of 0.1 to 5 mg L−1. With the increase of initial Se(VI)
concentration in solution, the sorbed amount in the solid phase increased, as well as the equilibrium
concentration (Figure 4). According to the Gils classification [12], the isotherm obtained is of the L-type.

Figure 4. Adsorption isotherm for selenate by the ER/DETA/FO/FD adsorbent at pH = 4; contact time
300 min, initial concentration range from 0.1 to 5 mg/L, sorbent dose 0.16 g L−1.
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3.5. Fourier Transform Infrared (FTIR) Spectra of Adsorbent

In order to analyze the surface of material after sorption, the FTIR spectra of Se unloaded and
loaded adsorbent were recorded (Figure 5). The broad band at ~3370 cm−1 belongs to the hydroxyl
stretching region. It is more intense on loaded adsorbent, due to the adsorption of hydroxyl ions. In the
region 1100–2000 cm−1, the position of bands after adsorption has not been significantly changed;
nevertheless, some bands became more intense. Compared to the spectrum a), two new bands at
950 and 852 cm−1 appeared, and they can be assigned to the bands of adsorbed SeO4 species. The sharp
peak at 852 cm−1 is similar to the spectra of selenate in solution [13], indicating an outer-sphere complex
present at the adsorbent–solution interface; an oxyanion retains its hydration shell and does not form a
direct chemical bond with the surface, but a complex involving electrostatic forces.

 
Figure 5. Fourier transform infrared (FTIR) spectrum of adsorbent (a) before and (b) after Se adsorption.

3.6. Regeneration Studies

Since a high sorption capacity of the investigated sorbent was achieved, the regeneration studies
were performed in order to determine the possibility of its reuse The full factorial experimental
design was used in this study, since this method has proven to be suitable for the adsorption process
investigations [14,15]. The effect of desorption solution pH, concentration and volume onto desorption
efficiency was studied. The experimental design matrix was generated on the basis of two levels of
factor (pH and concentration) and three levels of solution volume and comprised 12 runs (Table 2).

Desorption efficiency (Figure 6) was insignificant when the mili-Q water, pH = 7 was used (runs 7,
8, 9). The process was more efficient (50–70%) when solutions with a higher pH or NaCl concentration
were used.
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Table 2. Experimental design matrix.

Run A B C Initial pH C (NaCl) mol L−1 V (mL) Final pH

1 2 2 3 11 0.5 25 10.9
2 1 2 1 7 0.5 5 7.0
3 2 2 1 11 0.5 5 10.8
4 2 1 3 11 0 25 11.1
5 2 1 1 11 0 5 10.5
6 2 2 2 11 0.5 15 10.7
7 1 1 1 7 0 5 6.2
8 1 1 3 7 0 25 6.6
9 1 1 2 7 0 15 6.6
10 1 2 2 7 0.5 15 6.8
11 2 1 2 11 0 15 10.9
12 1 2 3 7 0.5 25 6.9

Figure 6. Desorption efficiency obtained for each experimental run (loaded adsorbent from adsorption
studies after equilibration with Se, co 5 mg L−1). The experimental conditions of each run are given
in Table 2.

3.7. Separation of Selenate from Spiked Drinking Water Samples

In this study, series of spiked drinking water samples were prepared with different Se
concentrations (1 mg L−1, 2 mg L−1 and 5 mg L−1) and initially adjusted pH values at 4 and 7.
Concentrations of selected cations are presented in Table 3.

Table 3. Concentrations of selected metal cations in drinking water samples (mg L−1).

Ca Mg K Fe Pb Cu Zn Ni Mn

49.1 ± 4.5 8.8 ± 0.8 4.8 ± 0.5 <0.01 <0.02 0.15 ± 0.03 <0.05 <0.01 <0.01

The concentration of analyzed cations did not change during adsorption due to a repulsion of
these ions by a positively charged sorbent surface. The adsorption experiments with drinking water at
pH 4 have shown that the removal efficiency of applied adsorbent was significantly lower compared to
the efficiency obtained using Se(VI) in synthetic (distilled) water (Table 4).
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Table 4. The removal efficiency of selenate by the ER/DETA/FO/FD adsorbent from drinking water.

Selenate Solution in pH Se initial Concentration (mg L−1)
Removal Efficiency

(%)

Synthetic water 4
1 91
2 77.5
5 71

Drinking water 4
1 25
2 17.5
5 13

Drinking water 7
1 14
2 8
5 6.5

4. Discussion

The pH value of solution is an important factor in adsorption processes since it affects the
metal species distribution, as well as the protonation of the adsorbent surface groups. Selenium(VI)
distribution as a function of pH, obtained using the MINTEQ software, showed a coexistence of HSeO4

−
and SeO4

2− at pH < 4, while at pH ≥ 4 SeO4
2− is dominantly present in solution. Even the surface of

adsorbent, studied in this research, is positively charged until pHpzc 8.8 [11], and a highest sorption
capacity was obtained at pH 4 (Figure 1). In order to explain this phenomenon, the reactions taking
place at the adsorbent surface (cross-linked copolymer modified with hydrous ferric oxide, mainly in
the form of goethite (Figure 2), are presented with the appropriate constants (Ka1 and Ka2) [16]. It is
obvious that both of them are pH dependent.

= Fe-OH is neutral, while = FeOH2
+ and = Fe-O− are in their protonated and deprotonated

forms, respectively.

= FeOH2
+ → H+ + = Fe−OH · · ·Ka1 =

[
H+
]
[= FeOH]

[
= FeOH+

2

] = 10−6.5

= FeOH2
+ → H+ + = Fe−O · · ·Ka2 =

[
H+
]
[= FeO−]

[= FeOH]
= 10−9

At pH = 4, FeOH2
+ is dominant at solid surface [16] and SeO4

2− in the liquid phase; with the
pH increase, in the pH range 5–8, FeOH2

+ concentration decreases, as well as the adsorbent sorption
capacity for selenate ions. In addition, the adsorption of Se(VI) on to a positively charged adsorbent is
diminished in a highly acidic media, at pH < 2 (Figure 1) due to the dominantly occurring HSeO4

− ion.
Based on the results obtained, it can be concluded that SeO4

2− ions are bonded to FeOH2
+ present on

the surface.
The relation between qt and time (t) was analyzed using the well-known kinetic models in the

linear forms:
Pseudo-first order [17]:

ln
(qe − qt)

qe
= −k1·t (4)

Pseudo-second order [18]:
t
qt

=
1

k2·q2
e
+

t
qe

(5)

Intraparticle diffusion model [19]:
qt = kd·t0.5 + c (6)
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where k1, k2 and kd denote constants of the pseudo-first, pseudo-second and intraparticle diffusion
model, respectively. The parameters of the model were calculated from the slope-intercept form.
Furthermore, the determination coefficient (R2), F-value and p-value were calculated in order to
evaluate the accuracy of the applied models (Table 5).

Table 5. Kinetic model parameters.

Model Parameters

Pseudo-second
order model

qe h k2 R2 F p
13.99

mg g−1
3.54 × 10−2

mg (g min)−1
2.53 × 10−3

g (mg min)−1 0.651 7.52 0.052

Pseudo-first
order model

qe k1 0.986 363 7.3 ×
10−67.24 mg g−1 9.16×10−3 min−1

Intraparticle
diffusion model

kd 0.952 100 1.7 ×
10−40.374 mg g−1 min−1/2

Higher R2 and F-value and lower p-value (p < 0.05) could point out the models which are suitable
for data description. Also, the experimentally determined qe value and that obtained from the plot of
t/qt vs. t differ significantly, indicating that the process mechanism does not follow the pseudo-second
order model, but the pseudo-first. The plot of qt versus t0.5 (Equation (6)) is linear, but does not pass
through the origin, indicating that an intra-particle diffusion is not the mechanism of sorption [19].

The maximum sorption capacity, defined from the plateau part, was 22.5 mg g−1.
Sorption isotherms were fitted using the most utilized models, Langmuir and Freundlich. One of the
mostly used linear forms of the Langmuir model [20] is:

ce

qe
=

ce

qm
+

1
qmKL

(7)

while, the linearization of the Freundlich [21] model gives:

lnqe = lnK + 1/n·lnce (8)

where qe (mg g−1) and ce (mg L−1) denote the equilibrium concentration of ions in the solid and liquid
phase, respectively, qm (mg g−1) is the maximum sorption capacity, KL (L g−1) is the Langmuir constant
related to the energy of adsorption, n and KF are the Freundlich isotherm parameters.

Linear fitting of functions ce/qe vs. ce, and lnqe vs. lnce gave the parameters of the Langmuir and
Freundlich models, respectively (Table 6).

Table 6. Parameters of the Langmuir and Freundlich isotherm model, obtained for selenate adsorption
by the ER/DETA/FO/FD.

Model Model Parameter Value

Langmuir KL 2.981 L mg−1

qm 28.8 mg g−1

F 6.69
p 0.081

R2 0.78

Freundlich n 1.246
KF 30.377 mg1−nL3ng−1

F 5.62
p 0.14

R2 0.736
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Additionally, the higher F- and R2 values, as well as a lower p-value have shown that the Langmuir
model is more suitable for the experimental data description than the Freundlich model, indicating that
a homogeneous surface of adsorbent is covered with a single layer of adsorbed molecules [22].

The effect of process variables (A—initial pH, B—NaCl concentration, C—desorption solution
volume) onto system responses (percentage of the desorbed amounts and final pH values) were
evaluated using the statistical software. Also, the interactions between variables were considered,
since they might have a significant effect on system response. The coefficients in the equation were
calculated using the second order regression model (Equation (9)), giving the information about the
effect of process variables.

Y = β1 A + β2 B + β3 C + β12 AB + β13 AC + β23 BC + ε, (9)

where: Y—system response; A, B, C—independent variables, meaning the initial pH, salt concentration
and volume of desorption solution; AB, AC, BC—interactions terms; β1 , β2 , β3 , β12 , β13 ,
β23 —regression coefficients; ε—residual.

In addition, the analysis of variance (ANOVA) was used in order to define the statistically
significant factors and/or their interactions (Table 7). The results have shown that a desorption
efficiency was significantly influenced by the factors A and B, and their interaction (AB) at p < 0.05.
On the other hand, the volume of the leaching reagent did not play any important role in the investigated
desorption process.

Table 7. Analysis of variance (ANOVA) regression analysis for Se(VI) desorption data.

Variable

System Response

Desorption (%) Final pH

F p F p

A 1574 0.001 20195 <0.001
B 634.4 0.002 48.48 0.02
C 16.89 0.056 21.20 0.045

AB 944.0 <0.001 63.84 0.015
AC 0.19 0.839 2.84 0.260
BC 6.68 0.13 43.00 0.030

-
s = 1.691

R2 = 99.94%
R2 (adj) = 99.66%

s = 0.0505
R2 = 99.99%

R2 (adj) = 99.95%

Considering the final pH values as a system response, all of the investigated variables and their
interactions were statistically significant except the AC interaction. The obtained R2 values were
>99.9%, indicating that the experimental data for both system responses could be explained with a
high accuracy.

Visualization of the results obtained was undertaken using the Main effect plots and 3D surface plots
(Figure 7). The increase of each process variable provoked the increase of system response. The effect
of initial pH of leaching solution had the highest effect on desorption efficiency and final pH.
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Figure 7. The main effect plots for (a) desorption efficiency and (b) final pH. Three-dimensional surface
plots for (c) desorption efficiency and (d) final pH.

The removal efficiency of applied adsorbent was lower in spiked drinking water solutions,
compared to the adsorption from distilled water (pH 4), Table 4. This is in line with the reported
results where a significant adsorption suppression was observed when phosphate and sulphate anions
coexisted [15,23]. In part, a non-specific sorption through electrostatic attraction between the negatively
charged anions and positive sites on the sorbent obviously takes place. Efficiencies at pH = 7 were
about 50% lower in comparison with those obtained at pH = 4.

On the basis of the summarized experimental results, the mechanism of selenate adsorption by
the cross-linked macroporous polymer impregnated with hydrous iron oxide (ER/DETA/FO/FD) is
proposed. The highest removal efficiency and maximum adsorption capacity were obtained at pH = 4,
due to the formation of a complex between FeOH2

+ at the solid surface and SeO4
2−, dominantly present

in the liquid phase at this pH. The maximum observed desorption efficiency was 72.5%, at pH = 11,
indicating that about 30% of selenate is irreversibly adsorbed, probably due to the formation of
the inner-sphere complex (Equation (10)), known as incompletely reversible. On the other hand,
the outer-sphere complexation (Equations (11) and (12)), largely electrostatic, is a reversible process
responsible for desorption. In the outer-sphere complex, the ion retains its hydration sphere and
attaches to the surface via electrostatic forces, whereas the inner-sphere complex is partially dehydrated
and directly bound to the surface [24].

>FeOH + H+ + SeO4
2− → >FeSeO4

− + H2O (10)

>FeOH + H+ + SeO4
2− → >FeOH2

+ − SeO4
2− (11)

2 > FeOH + 2H+ + SeO4
2− → (>FeOH2

+)2 − SeO4
2− (12)
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A possible schematic presentation of the adsorbed selenate species on the FEG–SEM (field-emission
gun—scanning electron microscopy) image of ER/DETA/FO/FD is given in Figure 8.

 

Figure 8. Structures of selenate surface complexes on macroporous polymer impregnated with hydrous
iron oxide (ER DETA/FO/FD).

5. Comparative Evaluation of Different Adsorbents for Se(VI) Removal

The adsorbent investigated in this study is compared with the iron oxide-modified adsorbents
applied for the removal of selenate from water (Table 8). It is obvious that the adsorption capacity of
material investigated has a higher value than those obtained using the other adsorbents.
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6. Conclusions

In this study, the adsorption properties of cross-linked macroporous polymer impregnated with
hydrous iron oxide for the removal of Se(VI) ions were tested. Based on the results concerning the
adsorption processes, the following conclusions were drawn:

• the investigated process was pH dependent, with the best performances at pH 4;
• a pseudo-first model was the most appropriate for the kinetic data description;
• experimentally determined maximum adsorption capacity of the investigated adsorbent towards

Se(VI) was found to be 22.5 mg/g, while the value calculated using the Langmuir model was
28.8 mg/g, depicting its prominent adsorption potential.

Furthermore, the desorption process of adsorbed Se(VI) ions was investigated using the full
factorial design as a function of leaching solution pH, NaCl concentration and applied volume. It was
observed that the most important factor for desorption efficiency was the interaction between solution
pH and concentration, followed by these factors solely. The effect of used leaching solution volume was
insignificant in the investigated range. The increase of solution concentration and/or pH, increased the
desorption efficiency up to 70% showing that the adsorbent is partly regenerative. The mechanism of
selenate sorption by sorbent examined in this research probably includes the outer- and inner-sphere
surface complex formation and the process rate determines the inner-sphere formation as a slower one.
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Abstract: Acid mine drainage (AMD) and red mud (RM) are frequently available in the metallurgical
and mining industry. Treating AMD solutions require the generation of enough alkalinity to neutralize
the acidity excess. RM, recognized as a waste generating high alkalinity solution when it is in contact
with water, was chosen to treat AMD from South Africa at room temperature. A German and a
Greek RM have been evaluated as a potential low-cost material to neutralize and immobilize harmful
chemical ions from AMD. Results showed that heavy metals and other hazardous elements such as
As, Se, Cd, and Zn had been immobilized in the mineral phase. According to European environmental
standards, S and Cr, mainly present in RM, were the only two elements not immobilized below the
concentration established for inert waste.

Keywords: acid mine drainage; red mud; neutralization; immobilization; precipitation

1. Introduction

Acid Mine Drainage (AMD) is a term for wastewaters from mining processes. AMD is
a sulfate-based solution concentrating several metallic ions from ores [1,2]. During mining
operations, rocks containing sulfide minerals are fragmented, increasing the surface area
exposed to water and air, favoring the generation of AMD at high rates [3]. Tabelin et al. [4]
mentioned that contaminated debris contains several hazardous elements such as arsenic
(As), selenium (Se), and boron (B), and heavy metals like cadmium (Cd), copper (Cu), lead
(Pb), and zinc (Zn). Pollution generated by these naturally contaminated rocks could pose
severe problems to living organisms, including surrounding populations living close to
mine and disposal sites.

Park et al. [5] mentioned different remediation strategies like neutralization, ad-
sorption, ion exchange, membrane technology, biological mediation, and electrochemical
for reducing AMD negative environmental impacts on human health and ecosystems.
Nonetheless, complex techniques require high labor, energy, and maintenance costs besides
a continuous supply of chemicals and long-term monitoring of AMD on ecosystems and
underground waters.

Igarashi et al. [6] treated AMD using a lab-scale continuous ferrite process flow
setup removing Cu and As in the first sludge, which is stable in standard leaching tests.
Magnetic magnesium-ferrites and magnetite were generated when dissolved Si was low.
Nevertheless, the treatment could not neutralize all toxic metallic ions.

AMD from South Africa originates from sulfide conglomerates stored on deposits
where the rain rinses the acid and metals such as uranium out of the dumps [3]. Addition-
ally, South Africa has severe limitations on freshwater, with an average rainfall of under
450 mm per year [7]. AMD from South African mines containing around 3500 mg/l [3]
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of sulfates with pH values between 2 and 3 favor the dissolution of several metals that
can infiltrate groundwater deposits and rivers pathways in areas close to the deposits.
Iron sulfides resulting from pyrite (FeS2) oxidation in contact with air enter in the solution
under Fe3+ and naturally precipitate in river pathways creating a bright orange trail [8].

AMD waters can be classified by the content of acid and dissolved metals with the
Ficklin diagram [9]. At the surface, rain or surface water dilute AMD increase pH values
driving to predominantly precipitate aluminates favoring the adsorption of other metallic
ions [10]. On the other hand, heavy metals are generally removed by Fe precipitation.
Al precipitation only becomes significant when the iron content is low, but this is rarely
the case.

Mwewa et al. [11] have studied the synthesis of poly-alumino-ferric sulfate coagulant
from acid mine drainage by precipitation reaching the recovery of Fe and Al at pH 5.0,
about 99.9 and 94.7% for Fe and Al, respectively. An increase of pH-value up to 7 leads
to the overall Al recovery of 99.1%. Although Al precipitation was 99.1% at pH 7, the
precipitate formed at pH 5 was chosen for coagulant production due to the reduced risks
to co-precipitate other impurities in substantially higher concentrations. Dissolution of
precipitate in 5.0% (w/w) sulfuric acid produced a coagulant containing 89.5% Fe and
10.0% Al, which is comparable to the PFS commercial coagulant. This process can be
easily integrated into existing AMD treatment plants, providing revenue and minimizing
treatment costs, as well as reducing the sludge volume by 95.0%.

Keller et al. [12] have studied the effectiveness of fly ash and RM as strategies for
sustainable AMD management. Because of the high alkalinity, German RM is the most
promising precipitation agent achieving the highest pH-values. Coal fly ash is less efficient
than RM for neutralization and precipitation. Temperature increases adsorption kinetics.
In this study, the authors found a maximum pH-value of 6.0 was reached by adding 100 g
German RM at 20 ◦C to AMD-water with an initial pH value of 1.9. RM removed 99% of
Al present as hydroxide for a pH 5.0. Some rare-earth elements as Y and Ce precipitate in
contact with Greek RM with an efficiency of 50 and 80%, respectively, at 60 ◦C in 5 min.

Our main aim is to perform a neutralization of AMD using RM from Greece and
Germany and to discuss the possibility of recovering valuable metals such as Al, Zn,
Mn, and rare earth elements (REE). Using RM leads to the preparation of wastewater for
returning into processing or releasing to the environment. Another aim of neutralization
with alkaline material is to formulate solid waste materials for further metal winning
processes in order to immobilize the hazardous metals.

2. Materials, Characterization and Experimental Procedure

2.1. Materials

The constituent concentration (μg/L) from the eluate obtained from these two bauxite
residues: Red Mud from Greece (RM.Gr) and Red mud from Germany (RM.De) will be
compared with the concentration of anions and cations in AMD, as shown in Table 1.

The pH of the AMD wastewater ranges around 2.0 in contrast to both red mud with
ones above 10. Table 2 compares pollutants’ concentration in mg/kg (see Equation (1)) and
EU standardized limits to define hazardous, non-hazardous, and inert waste.

For assessing the synergistic effect of AMD combined with RM, materials were mixed
using different ratios, keeping the lines of the compliance test EN 124557 but using AMD
instead of distilled water.

Kaußen and Friedrich [13] described the mineralogy of the RM.De. No sufficient
reference data (known crystallographic measurements) exist to characterize the missing
1.5% accounts unknown or amorphous from bauxite residue mineralogical composition. In
the current X-ray diffraction (XRD) full profile fitting mineral phase quantification, it was
not possible to quantify amorphous content. Amorphous content can be determined in
phase quantification when a known quantity of an internal standard such as corundum is
added to the sample. Result showed in Table 3.
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Table 1. Concentration of pollutants in μg/L of AMD, RM.Gr (Red Mud from Greece) and RM.De
(Red mud from Germany) (RM eluates obtained from the elution test based on EN 12457-2).

Element AMD RM.Gr RM.De

F [mg/L] 8.5 7.5 2.6
Cl [mg/L] 2.8 4.8 0.8

NO3 [mg/L] <0.1 0.3 0.3
SO4 [g/L] 16.6 0.1 <0.1
As [μg/L] 15.4 389.5 6.7
Ba [μg/L] 1.9 <0.1 <0.1
Cd [μg/L] 67.8 0.1 <0.1
Cr [μg/L] 34.6 18.4 555.2
Cu [μg/L] 216.2 <5 <5
Mo [μg/L] <0.1 19.1 <0.1
Ni [μg/L] 982.2 0.2 <0.1
Pb [μg/L] 8.4 <0.1 <0.1
Sb [μg/L] <0.1 <0.1 <0.1
Se [μg/L] 1.3 11.8 4.0
V [μg/L] 0.6 2,623.4 202.9

Zn [μg/L] 7,250.3 <0.1 <0.1

pH 2.0 10.3 11.3

Table 2. Leaching pollutants from RM in contact with distillate water in mg/kg based on EN 12457-2
compared with the EU standardized limits.

Element
[mg/kg]

Limits for
Inert Waste

Limits for
Non-hazardous Waste

Limits for
Hazardous Waste

RM
Greece

RM
Germany

Cl 800 15,000 25,000 48.07 7.70
F 10 150 500 74.57 25.83

SO4 1000 20,000 50,000 1100 37.27
Ni 0.4 10 40 <0.01 <0.01
Pb 0.5 10 50 <0.01 <0.01
Sb 0.06 0.7 5 <0.01 <0.01
Se 0.1 0.5 7 0.12 0.04
Zn 4 50 200 <0.10 <0.10
As 0.5 2 25 3.89 0.07
Ba 20 100 300 <0.01 <0.01
Cd 0.04 1 5 <0.01 <0.01

Cr total 0.5 10 70 0.18 5.55
Cu 2 50 100 <0.05 <0.05
Hg 0.01 0.2 2 <0.01 <0.01
Mo 0.5 10 30 0.19 <0.01

In addition to phases indicated by XRD, Alkan et al. [14] performed a Quantitative
Evaluation of Minerals by Scanning Electron Microscopy (QEMSCAN) analysis of Greek
red mud. They revealed the presence of large amounts of Fe-, Ca-, Al-, and Si-mixed oxide
in red mud, where a certain amount of TiO2 is entrapped. Due to the heterogeneous nature
of this complex oxide, chemical composition and stoichiometry vary through the volume.
Therefore, a crystalline phase could not be fully assigned. Varying compositions imply that
this complex oxide may be an aggregate or intergrowth of several oxides inherent from
Bayer Process.
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Table 3. RM mineralogy and quantification [12,13].

Mineral [wt%] RM.Gr RM.De

Cancrinite [Na6Ca1.5Al6Si6O24(CO3)1.6] 15 –
Perovskite [CaTiO3] 4.5 –

Hematite [Fe2O3] 30 44
Boehmite [AlO(OH)] 3 13
Goethite [FeO(OH)] 9 –

Anatase [TiO2] 0.5 5
Calcium aluminium iron silicate
hydroxide[Ca3AlFe(SiO4)(OH)8] 17 –

Quartz [SiO2] 2 –
Rutile [TiO2] 0.5 3

Calcite [CaCO3] 4 –
Chamosite [(Fe2+,Mg)5Al(AlSi3O10)(OH)8] 4 –

Diaspore [AlO(OH)] 9 –
Gibbsite [Al(OH)3]] 2 15

Sodalite [Na4(SiAl)3O12Cl] – 7
Nepheline [Na3KAl4Si4O16] – 7

Albite [NaAlSi3O3] – 4
Katoite [Ca3Al2(SIO4)1.5(OH)6] – 2

%OH-species 12.3 14.0

2.2. Characterization of the Studied Materials

The AMD sample was collected from Mpumalanga, South Africa. All sampling and
laboratory analysis was performed in accordance with recognized global standards such as
the International Standards Organization (ISO). After sampling and laboratory analysis in
South Africa, all samples were sent to Germany. The AMD water was characterized using
ICP-OES analysis (SPECTRO ARCOS, SPECTRO Analytical Instruments GmbH, Kleve,
Germany) and solid samples by X-ray fluorescence (Axios FAST, Malvern Panalytical
GmbH, Kassel, Germany). The AMD was first filtrated in order to remove the formed
precipitate, but AMD was not acidified. The solid samples were ground up before the X-ray
diffraction analysis (XRD) analysis. Bauxite residue, employed during AMD-treatment as
the main raw material, was provided by Aluminum of Greece plant, Metallurgy Business
Unit, Mytilineos S.A. (AoG). The sample was first homogenized by using laboratory
sampling procedures (riffling method), and then a representative sample was dried in a
static furnace at 105 ◦C for 24 h. Subsequently, the material was milled using a vibratory
disc mill, and the sample was fully characterized.

Chemical analyses of major and minor elements were executed via the fusion method
(1000 ◦C for 1 h with a mixture of Li2B4O7/KNO3 followed by direct dissolution in 10%
HNO3 solution) through a Perkin Elmer 2100 Atomic Absorption Spectrometer (AAS)
(Perkin Elmer Inc., Waltham, MA, USA), a Spector Xepos Energy Dispersive X-ray Fluo-
rescence Spectroscope (ED-XRF, SPECTRO, Kleve, Germany), a Thermo Fisher Scientific
X-series 2 Inductively Coupled Plasma Mass Spectrometer (ICP-MS) (Perkin Elmer, Inc.,
Waltham, MA, USA), and a Perkin Elmer Optima 8000 Inductively Coupled Plasma Optical
Emission Spectrometer (ICP-OES) (Perkin Elmer, Inc., Waltham, MA, USA). In contrast, the
loss of ignition (LOI) of the sample was provided by differential thermal analysis (DTA),
using a SETARAM TG Labys-DS-C (SETARAM Instrumentation, Caluire, France) system
in the temperature range of 25–1000 ◦C with a 10 ◦C/min-heating rate, in air atmosphere.

Mineralogical phases were detected by XRD using a Bruker D8 Focus powder diffrac-
tometer with nickel-filtered CuKα radiation (λ = 1.5405 Å) coupled with XDB Powder
Diffraction Phase Analytical System version 3.107, which evaluated the quantification of
mineral phases via profile fitting specifically for bauxite ore and bauxite residues.
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2.3. Methodology

As previously mentioned, two types of RM were tested in this study, one from alu-
minum plants in Greece and another from Germany. For the compliance test EN 124557-2,
90 g of dried RM was mixed with 900 ml of distilled water (L/S 10:1) using PTFE (polyte-
trafluorethylene) bottles. An end-over-end tumbler was utilized to agitate the samples for
24 h at 6–8 rpm. Leachate volumes are calculated according to Equation (1):

L =

(
10

[
lH2O

kg

]
− Mc

100

[
lH2O

kg. %

])
× MD (1)

where:

• L is the volume of used leaching agent (in L);
• MD is the dry mass of the test portion (in kg);
• Mc is the moisture content ratio (in %).

After 24 h, samples were filtered with a vacuum filtration device, and eluates obtained
were post filtered using 0.45 μm membrane filters. Solutions obtained from the elution tests
based on the standard EN 12457-2 were analyzed using a Metrohm ion chromatography IC
881 Compact IC Pro (METROHM, Riverview, FL, USA) and an inductively coupled plasma
mass spectrometer Agilent 8800 ICP-MS Triple Quad and atomic fluorescence spectrometer
for Hg (Analytic Jena GmbH, Jena, Germany). These chemical results in μg/L were used
as a reference to compare the anions and cations in solution with AMD.

In order to check the compliance of RM with EU standardized limits, constituent
leached from bauxite residues as a function of the original input material is calculated from
the following Equation (2):

A = C ×
[

L
MD

+
Mc

100

]
(2)

where:

• A is the release of a constituent at L/S = 10 (in mg/kg of dry matter);
• C is the concentration of a particular constituent in the eluate (in mg/L);
• L is the volume of leachate used (in L);
• MD is the dry mass of the test portion (in kg);
• Mc is the moisture content ratio (in %).

Mixing AMD/RM was carried out and analyzed using ratios of 90:10, 80:20, 70:30, and
60:40. Each experiment was repeated four times under the same conditions (24 h, 22 ◦C).
Eluates obtained after filtering were compared with the concentration of anions and cations
in AMD and eluates from RM under the standard EN 124557-2. Results were presented
using the following notation:

• RM10%: RM 10 wt% + AMD 90 wt%
• RM20%: RM 20 wt% + AMD 80 wt%
• RM30%: RM 30 wt% + AMD 70 wt%
• RM40%: RM 40 wt% + AMD 60 wt%
• AMD: 100% solution of acid mining rain
• RM 1:10 H2O: EN 124557-2 standard elution test with distillate water with liquid/solid

ratio 1:10.

After filtering, filter cakes were dried at 80 ◦C for 72 h and then comminuted below
90 μm employing a planetary ball mill (Fritsch PULVERISETTE 6) for chemical characteri-
zation. Chemical composition was analyzed using a PAN analytical WDXRF spectrometer
(Malvern Panalytical GmbH, Kassel, Germany) with different internal programs. “Omnian”
was used for the quantitative analysis of bulk compounds and “Pro-trace” was used for
trace element analysis (lower ppm range). Solutions were also analyzed using IC and
ICP-MS technics (Perkin Elmer, Inc., Waltham, MA, USA).
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3. Results and Discussion

3.1. pH Influence

According to the elution test EN 12457-2 carried out on these two bauxite residues,
these materials cannot be considered inert waste according to the EU landfill directive
1999/31/EC. Besides the leaching outside limits of As, Cr, F, and SO4, RM is highly alkaline
(see RM1:10H2O in Figure 1) and needs to be disposed of in special reservoirs.

Figure 1. Influence of an addition of Greek RM at pH-value of acid mine drainage (AMD) in 24 h at
room temperature.

From the mineralogical quantification carried out by Kaußen and Friedrich [13] on
RM.De and Keller et al. [12] on RM.Gr, it can be highlighted that German RM contains 1.7%
more hydroxide species than the Greek (see Table 1), explaining its higher pH-value, as
shown at Figure 2.

Figure 2. Influence of an addition of German RM at pH-Value of AMD in 24 h at room temperature.

A higher concentration of hydroxides increases RM’s ability to react with H+ cations
allowing for improved precipitation of metal ions, many of which are considered hazardous
to living organisms.

Previous experiments of Paradis et al. [15] showed that RM has a good neutralization
capacity for a short time, but the long-term neutralization potential is uncertain. Thus,
brine was added to RM to verify if it can improve long-term alkalinity retention of RM.
Therefore, our experiments take time in 24 h but under continuous agitation, which for
standard elution test such as EN 12457-2 is one of the worst-case scenarios for natural
leaching. Neutralization of both RM and AMD is evidenced by a final pH above 8 and Fe
and S precipitation in the mineral phase (see Table 4). The increase of RM over AMD is
only preceded by a slight increase of final alkalinity but maintaining pH values between
7.5 and 8.
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Table 4. Chemical analysis of compounds after elation tests.

wt% SiO2 Al2O3 CaO Na2O TiO2 Fe S

RM.Gr 6.3 16.3 8.1 2.8 5.2 32.5 0.04
RM.Gr.10 6.2 13.9 10.6 2.6 5.0 34.1 3.39
RM.Gr.20 7.4 16.3 10.2 2.2 5.7 34.6 2.12
RM.Gr.30 7.6 16.8 10.0 2.7 5.6 35.5 1.34
RM.Gr.40 7.9 16.7 10.0 2.9 5.0 34.3 0.95

RM.De 12.3 16.1 6.4 9.1 10.8 20.7 0.02
RM.De.10 13.0 17.0 6.2 8.0 9.9 25.9 1.53
RM.De.20 15.3 19.4 6.4 7.7 10.4 21.5 0.70
RM.De.30 12.7 14.8 6.7 7.5 11.5 28.5 0.50
RM.De.40 11.7 12.7 6.9 7.0 12.3 31.4 0.42

Notation: RM.Gr.XX: mineral obtained after mixing XX wt% RM.Gr and (100-XX) wt% AMD.

3.2. Influence of RM-Addition on Anions Concentration

Figure 3 depicts different anion concentration from both Greek RM (figures on the left
side) and German RM (figures on the right side). Addition of 10 wt% RM.Gr decreases the
concentration of sulfate ions from 16.8 to 5.4 g/L, as shown in Figure 3a. RM.De shows
the same behavior as the Greek, but with concentration falling around 10 g/L, so it was
less effective to precipitate sulfate ions (Figure 3e). The leachate limit in terms of sulpfate
anions becoming hazardous is 5.0 g/L (equivalent to 50,000 mg/kg according to Equation
(2)) according to the EU landfill directive 1999/31/EC. An increase in the RM ratio from 10
to 40 % does not lead to a change of anion concentration.

Fluoride anions are present in both AMD and RMs (Figure 3d,h). Results showed a
net positive synergistic effect on the AMD-RM mix, preventing these ions from being in
the solution.

In contrast to sulfate and fluoride ions, chlorides anions increase in both RMs when
the RM ratio increase from 0.1 to 0.4 (see Cl in Figure 3c,g. RM.Gr released two or three
times more Cl anions than RM.De. According to XRD results, there is 0.07% Cl in the
Greek RM against 0.2% in German RM. Even though there is less Cl available in the Greek
RM than in the German, it releases more Cl anions suggesting that it might relate to its
mineralogy. Cl in the German RM is concentrated on Sodalite (see Table 3), which is not in
the Greek case.

Nitrate anions showed particular behaviors. For one side, its concentration increases
with both RMs in contact with AMD compared to the content in AMD and its release
from RM in contact with pure water. Perhaps the increase of these anions is related to air
penetration in the eluates by the constant mechanical agitation and the reaction between
the different compound present in RM with AMD. Gas dissolution in liquids is inversely
proportional to an increase in temperature and ions in dissolution. Precipitating most of the
ions when the pH is close to neutral values may explain the increase of NO3 anions in both
RMs. It was surprising that both RMs follow different trends, with an NO3 concentration
increase in RM.Gr raising the RM ratio from 0.1 to 0.4. The NO3 concentration decreased
using RM.De instead by using the same RM ratios. Maybe this comportment can be
explained by the interaction of different microbial communities that present AMD with the
different minerals present in both RMs [16–19].

Nevertheless, after combining different RM and AMD ratios, the concentration of flu-
oride, nitrate, and chloride ions in the obtained eluates was below the concentration limits
for inert waste, 1 and 80 mg/L, respectively, according to Landfill Directive 1999/31/EC.
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(a) (e) 

(b) (f) 

(c) (g) 

(d) (h) 

Figure 3. Anion concentration in AMD. RM.Gr (left) and RM.De (right), (a,e) SO4, (b,f) NO3, (c,g) Cl, and (d,h) F.

3.3. Influence of RM-Addition on Cation Concentration

Several metallic cations are considered hazardous due to their negative impacts
on living organisms and ecosystems. Most of the national and international legislation
undergo the content and leaching of these elements: As, Ba, Cd, Cr, Cu, Hg, Mo, Ni, Pb, Sb,
Se, V, and Zn.

3.3.1. AMD:RM Negative Synergism

(a) Chromium

AMD has a Cr concentration of 34.6 μg/L; on the one hand, RM from Greece leaches
out above 18.4 μg/L, and on the other hand, the German releases a concentration 30 times
higher (555 μg/L).

The addition of Greek RM in a ratio of 0.1 to AMD favors the precipitation and
immobilization of Cr in the mineral phase. For ratios higher than 0.3, this positive effect
is only not neutralized but, on the contrary, enhanced to 271 μg/L. AMD in contact with
RM.De depicts the same negative behavior, but Cr in the solution is ten times higher than
RM.Gr, as shown at Figure 4.
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(a) (b) 

Figure 4. Effect on Cr ions in solution: (a) RM.Gr, and (b) RM.De.

(b) Barium

No leaching of Ba has been seen in both RMs under standard elution tests. Ba con-
centration in AMD stands at 1.9 μg/L, and despite low concentrations in both solutions
(AMD and RM1:10H2O), mingling both residues had a negative effect when the RM ratio
debased 0.3 for Greek and 0.2 for German RM. For a ratio RM/AMD equal to 0.4, Ba in
eluates reaches 51 and 77 times its AMD concentration regarding Greek and German RM,
respectively (Figure 5).

 

(a) (b) 

Figure 5. Effect on Ba ions in solution: (a) RM.Gr, and (b) RM.De.

(c) Antimony

As shown in Figure 6, Sb, mainly present in RM, has a concentration well below the
limit established for inert waste (0.06 mg/kg or its equivalent in the eluate 600 μg/L).
German RM (Figure 6b) tends to increase Sb, but concentrations are still low enough to be
considered harmful.

(a) (b) 

Figure 6. Effect on Sb ions in solution: (a) RM.Gr, and (b) RM.De.

(d) Selenium

Se in RM is leaching out 0.12 mg/kg (12 μg/L in solution) under standard conditions
in RM.Gr (Figure 7a) and 0.04 mg/kg (4 μg/L in solution) in RM.De (Figure 7b). In both
cases, concentrations are in agreement with the limit of inert waste (see Table 2). AMD
enhance the release of Se in harmful concentrations, reaching a maximum of 1005 μg/L in
RM.Gr and 82 μg/L in RM.De when the RM ratio is 40%.
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(a) (b) 

Figure 7. Effect on Se ions in solution: (a) RM.Gr, and (b) RM.De.

3.3.2. AMD:RM Positive Synergism: RM over AMD

Compared to standard leaching conditions, eluates obtained from the two analyzed
RM showed Cd, Cu, Pb, and Zn cations within the inert waste limits. RM depicts positive
effects on neutralizing these cations from AMD. Regardless, the utilized type of RM, a
concentration of 10%, was enough to neutralize Cd, Pb, and Zn almost completely from
AMD (see Figures 8–10). The only exception was Cd from RM.De, where a ratio of 0.2 was
needed for complete precipitation (Figure 8a).

(a) (b) 

Figure 8. Effect on Cd ions in solution: (a) RM.Gr, and (b) RM.De.

(a) (b) 

Figure 9. Effect on Pb ions in solution: (a) RM.Gr, and (b) RM.De.

Figure 10. Effect on Zn ions in solution: (a) RM.Gr, and (b) RM.De.

Fe, Cr, Zn, Ni, and Cu are the cations with the higher concentration in AMD, and
except Cr, RM is effective in precipitating them. However, perhaps due to its higher
alkalinity, German RM is twice as effective as the Greek. This effect is shown in Figure 11
by Ni behavior, where the concentration decreases with increasing RM ratio but at a slower
rate using Greek bauxite residues.
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Figure 11. Effect on Ni ions in solution: (a) RM.Gr, and (b) RM.De.

An RM ratio of 0.1 showed to be adequate to precipitate Cu, but increasing the ratio
beyond 0.1 decreases the RM efficiency to neutralize Cu cations from AMD (see Figure 12).

(a) (b)

Figure 12. Effect on Cu ions in solution: (a) RM.Gr, and (b) RM.De.

For an RM ratio of 0.4, the eluate contains 244 μg/L in RM.De against 70 μg/L when
Greek RM is utilized.

Besides its higher alkalinity, RM also contains elements outside the established limits to
be considered an inert waste. Standard elution tests showed that As leaches out 3.9 mg/kg
(389 μg/L) in RM.Gr and 0.07 mg/kg (6.7 μg/L) in RM.De (see Tables 1 and 2). According
to these results, Greek RM releases As under the limits of non-hazardous waste and the
German below the limits of inert waste (see limits in Table 2). AMD also contains As
(13 μg/L) but in a concentration that cannot be considered harmful. In both cases, RM
proved to be effective to immobilize As in the mineral phase (see Figure 13).

(a) (b) 

Figure 13. Effect on As ions in solution: (a) RM.Gr, and (b) RM.De.

Mo concentration in AMD is extremely low but is naturally leaching out from RM
in contact with distilled water. Greek RM releases around 200 times more Mo than the
German (Figure 14); nevertheless, both were underneath the limit of 0.5 mg/kg for inert
waste (see Table 2).
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Figure 14. Effect on Mo ions in solution: (a) RM.Gr, and (b) RM.De.

For RM ratios higher than 0.1, AMD fully immobilizes Mo. In German RM, Mo’s
solubility increased with the RM ratio; nevertheless, the concentration was still below
50 μg/L to be considered outside the inert waste limits (see Table 2).

Vanadium (V) as a critical metal is not officially included in the list of chemical ele-
ments present in waste that have to be monitored to decide its classification and treatment.
Nevertheless, studies have demonstrated associations between V and an increased risk
of several pathologies like hypertension, dysrhythmia, and cancer, besides other health
risks [20]. According to the standard EN 12457-2, V in RM leached out 2.6 and 0.2 mg/L
in Greek and German RM, respectively. Di Carlo et al. [21] showed that the V release in
RM is outside phytotoxic levels representing a risk to the environment. Like As behavior,
AMD favors neutralization and immobilization of V in the RM mineral phase (as shown in
Figure 15).

Figure 15. Effect on V ions in solution: (a) RM.Gr, and (b) RM.De.

3.4. Discussion of Concentration of Elements in the Mineral Phase

Fe and S were the main elements in AMD, and tend to precipitate in the mineral phase
when pH increases by adding RM (see Table 4). Before mixing both residue types, Fe-oxide
represented 46 wt% and 32 wt% in Greek and German RMs, respectively. Nevertheless,
these concentrations rise to 50 wt% for the Greek and 31.4 wt% for the German when the
RM ratio goes to 0.4. The starting S content in RM is 0.1% in Greek and 0.04% in German
RM. These concentrations reach a maximum of 3.4% in RM.Gr and 1.5% in RM.De for an
RM ratio of 0.1.

As shown in Figure 16, Ni is slightly enriched in RM when the higher ratio is utilized
to neutralize AMD. These results are also consistent with Ni’s decreasing profile in the
eluates (as shown previously in Figure 12). Figure 16b shows a constant V concentration in
the German RM and a slight decrease in the Greek for RM ratios 0.1 and 0.2. As shown
in Figure 16, there is almost no V in AMD, and this element is immobilized in RM when
AMD reacts with it. Therefore, the decrease of Ni is explained by the precipitation of other
elements such as S and Fe.
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Figure 16. Concentration of Ni, V, Zn in the mineral phase: (a) Greek RM and (b) German RM.

Cr was one of the few exceptions in the synergistic approach of mixing AMD and RM.
Cr content diminishes in both RMs (Figure 16) while increasing in the eluates (Figure 5).
Besides the negative environmental impact of releasing Cr in the eluates, the selectivity
with which this element is released while most of the other components precipitate allows
us to imagine a method to recover Cr from RM.

Figure 17 shows the impact of mixing AMD with RM for several strategic and valuable
metals such as Y, La, Ce, Nd, and Nb. For Y, La, and Nb, no significant change has been seen
in their concentration when the RM ratio increases. Nd has a smooth decline compared
with the original content in RM. On the other hand, Ce shows a marked increase in the
mineral phase of both RMs, suggesting that this element was present in AMD.

Figure 17. Concentration of Y, La, Nd, Nb, and Ce in the mineral phase: (a) Greek RM and (b) German RM.

4. Conclusions

The following conclusions are found in this work:

• AMD has benefited from RM’s alkaline character, favoring a complete immobilization
of fluoride ions and a substantial reduction of sulfates. Nevertheless, the decrease of
sulfates was not enough to reach a concentration of 5 g/L, which is the limit for not
being considered hazardous according to the EU Landfill Directive 1999/31/EC.

• NO3 concentration by using Greek or German RM to neutralize AMD showed different
trends, and these results should be deeply studied, especially the interaction of AMD
microbial communities with RM.

• There is a net positive synergism on mixing an alkaline waste such as RM with AMD
from an environmental perspective. RM over AMD was efficient to neutralize Cd, Pb,
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Ni, Cu, and Zn. On the other hand, AMD was effective to immobilize As, Mo, and V
from RM.

• Regarding Cr, Ba, Se, and Sb, the mix offers selective separation despite a negative
increment of these ions in the eluates. Nevertheless, Ba and Sb’s increments were low
compared to legally established limits to consider waste as harmful. The selective
dissolution of Cr and the immobilization of most of the metallic ions in the mineral
phase can be a strategy to explore in order to recover this element.

• Valuable elements present in RM such as La, Nd, and Nb tend to remain in the mineral
phase. Elements such as Ce and Y present in AMD precipitates under the effect of
RM enriching the mineral phase. Several authors had explored a pyrometallurgical
treatment of RM to recover pig iron and enhance the content of critical raw material
(CRM) in the final slag [22–24]. This approach can be beneficial to increase both pig
iron and CRM from the filter cakes produce after coagulating AMD ions into an RM
matrix.

• Except for an increase of Cr in solution, both RM showed a positive net effect in
decreasing and immobilizing the primary metal ions considered hazardous to human
life and ecosystems. M. Cvijovic et al. [25] proposed improved chemical treatment
of surface water and sludge application as a compost. As shown in their work, the
metals with content over the maximum limit (mg/kg), 169 Ni, 69 Cr, and 5.7 Pb, can
be reduced by zeolite, which is maybe a solution for removal of Cr from our solution.
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Abstract: H2SO4 was ensured to be the best candidate for Zr leaching from the eudialyte. The resulting
sulfuric leach solution consisted of Zr(IV), Nb(V), Hf(IV), Al(III), and Fe(III). It was found that
ordinary metal hydroxide precipitation was not feasible for obtaining a relatively pure product due to
the co-precipitation of Al(III) and Fe(III). In this reported study, a basic zirconium sulfate precipitation
method was investigated to recover Zr from a sulfuric acid leach solution of a eudialyte residue after
rare earth elements extraction. Nb precipitated preferentially by adjusting the pH of the solution to
around 1.0. After partial removal of SO4

2− by adding 120 g of CaCl2 per 1L solution, a basic zirconium
sulfate precipitate was obtained by adjusting the pH to ~1.6 and maintaining the solution at 75 ◦C for
60 min. Under the optimum conditions, the loss of Zr during the SO4

2− removal step was only 0.11%,
and the yield in the basic zirconium sulfate precipitation step was 96.18%. The precipitate contained
33.77% Zr and 0.59% Hf with low concentrations of Fe and Al. It was found that a high-quality
product of ZrO2 could be obtained from the basic sulfate precipitate.

Keywords: zirconium; eudialyte; hydrometallurgy; basic sulfate precipitation

1. Introduction

Zirconium metal is widely used in the areas of atomic energy, metallurgy, the military,
petrochemicals, aerospace, new materials science as well as in medicine [1]. Zirconium is also
an important alloying element in steel industry [2]. The major source for zirconium production is
zircon (ZrSiO4), which is highly stable, requiring high temperature sintering for decomposition [3].
Eudialyte is a complex Na-Ca-zirconosilicate mineral that can be a potential commercial source of
zirconium [4,5]. The content of Zr (5–10%) in eudialyte is much lower than in zircon, but it can be
easily decomposed using acid [6–8].

The typical empirical chemical formula for eudialyte is Na4(Ca, Ce, Fe)2ZrSi6O17(OH, Cl)2,
but it displays a wide range of chemical compositions [6]. Eudialyte is also rich in Fe, Al, Mn, Ti, K,
Nb and contains significant quantities of rare earth elements (REE) [4,6,9]. As such, the comprehensive
extraction of the valuable metals must be considered for practical eudialyte processing [6,10].
REE extraction from eudialyte sometimes takes priority, since these elements are more valuable [11].

To date, acid decomposition of eudialyte has been extensively studied [7,8,12–14]. Sulfuric acid
(H2SO4) is considered to be the best candidate for Zr leaching from the eudialyte or eudialyte residue
after REE extraction. However, the leaching process is not selective, so many impurities remain in
the sulfuric acid leach solution; such as sodium, iron, and aluminum [6,8,15,16]. Data concerning
the recovery of Zr from the sulfate media containing these impurities are scarce in the general literature.
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A complete treatment process to produce a Zr product can only be found in a few feasibility studies [17].
Lebedev et al. studied the ordinary precipitation by adding Na2CO3, but the resulting Zr carbonate was
found to be a mixture of Zr(IV), Hf(IV), Nb(V), Fe(III), and Al(III) carbonates [6]. Further separation
and purification are indispensable for the production of Nb, Hf, or Zr products. Tasman Metal Ltd. has
studied the exploitation and utilization of the eudialyte from Norra Kärr, Sweden. Solvent extraction
followed with precipitation was used to recover Zr from the sulfate media [18]. However, the details of
the solvent and process parameters were not reported. Ion exchange can also be employed to recover
Zr in eudialyte processing, but the process has a lot of operations and is very complicated [16].

On the other hand, Hf is in the same period with Zr in the periodic table, so the chemical properties
of these two elements are nearly identical due to the lanthanide contraction [19]. Hf is usually present
in trace quantities in minerals that contain Zr [20]. The Hf concentration in eudialyte is about 0.2%,
and it follows with Zr during the treatment of eudialyte [6,11,16]. Commercial-grade Zr product
containing Hf can be used in chemical process industries, but for use as a cladding material, the Zr
product must be Hf-free due to their varied neutron-absorbing properties [21].

This reported study focused on the extraction process following acid leaching. Based on the solution
chemistry, a basic zirconium sulfate precipitation was investigated to recover Zr from the sulfuric acid
leach solution of a eudialyte residue, anticipating the production of a precipitate with a low impurity
level. Furthermore, preparation of ZrO2 from the basic sulfate precipitate was also attempted.

2. Materials and Methods

2.1. Materials and Analysis

As a resource for REE in the EURARE project, which was funded by the European Commission for
the development of a sustainable exploitation scheme for Europe’s rare earth ore deposits, eudialyte
ore was mined in South Greenland, and after beneficiation, the eudialyte concentrate was the initial
material for REE extraction. After REE extraction, the eudialyte residue was known to contain attractive
quantities of Zr. H2SO4 was used to leach Zr from the eudialyte residue, and a detailed description
of leaching process has been reported [10] by our group. The composition of the resulting sulfuric
acid leach solution is listed in Table 1. Among the metal ions, iron ions existed only in the form of
Fe(III), because H2O2 was added in the leaching process. This study focused on the subsequent step of
Zr recovery from the sulfate leachate. As can be seen from the data in Table 1, the concentration of
SO4

2− in the leach solution was high and the main impurities in the leach solution were found to be
Al and Fe. The CaCl2, Na2CO3, and HCl used in this work were of analytical grade, and all aqueous
solutions were prepared using distilled water. The elemental content of the solution was determined by
inductively coupled plasma emission spectroscopy (ICP) using a PS-6 PLASMA SPECTROVAC (Baird,
Waltham, MA, USA). The composition of the precipitate was determined by X-ray fluorescence (AXIOS,
PANalytical, Eindhoven, The Netherlands), and Zr in the basic sulfate precipitate was analyzed from
solution after it was solubilized. The content of the basic sulfate precipitate was also characterized using
X-ray diffraction (XRD, PANalytical X’PERT-PRO diffractometer, Malvern PANalytical, Eindhoven,
The Netherlands) and Fourier-transform infrared spectroscopy (FT-IR, Spectrum 100, Perkin Elmer,
Inc., Waltham, MA, USA). The prepared ZrO2 was characterized by XRD and the composition of ZrO2

was evaluated using ICP analysis. The data of chemical compositions and concentrations in this paper
are the averages of 3 analysis results.

Table 1. Chemical composition of experimental solutions, g/L.

Element Zr Hf Fe Al Nb Si Ca SO4
2− pH

Acid leach solution 10.95 0.26 2.44 10.55 0.48 <0.001 0.7 117.50 0.57

Solution after
precipitation of Nb 10.83 0.26 2.44 10.55 0.10 <0.001 0.6 116.12 0.94
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2.2. Thermodynamic Analysis and Methods

Metal precipitation can be defined as a process where metal ions are reacted with other compounds
to form a low solubility product. Metal hydroxide precipitation is the most common example of
this [22]. The log [Men+]-pH diagram based on the solubility product constants of metals hydroxide at
298.15 K is shown in Figure 1, where Nb5+ in the solution is readily hydrolyzed at low pH, and the pH
ranges for the hydrolysis of Zr4+ and Hf4+ are between the pH ranges for hydrolysis of Fe3+ and Al3+.
However, some anions can act as ligands in the solution, which was ignored in this representation.
In the absence of SO4

2-, the hydrolysis of Zr4+ can be initiated even in high acidity. If complexation in
the aqueous solution is considered, the pH ranges for precipitation will increase.

Figure 1. log[Men+]-pH diagram based on the solubility product constants (Ksp) of metals hydroxide
at 298.15 K (Ksp data obtained from the literature [22]).

For the test solution in this study, a complex reaction with SO4
2− inhibits the hydrolysis of Zr4+

and Hf4+ when the pH is increased, because the use of SO4
2− produces competition between SO4

2−
and OH− ions to react with Zr4+ and Hf4+. The complex reaction of Zr4+ and Hf4+ in the acidic
sulfate solution can be represented by Equation (1), and the corresponding stability constants (βi) are
listed in Table 2 [23]. In other words, the formation of complexes with SO4

2− can expand the stable
region of the dissolved Zr and Hf. In addition, NbO(SO4)2

− is also exist in the acidic sulfate solution,
and the relevant equation is represented by Equation (3) [24]. While sulfate ions have little effect on
other metal ions in the sulfuric acid leach solution.

Me4+
(aq) + i HSO4

− =Me(SO4)i
4−2i

(aq) + i H+ (1)

βi =
[M
(
SO4)

4−2i
i

]

[
M4+

][
SO2−

4

]i (2)

Nb(OH)5 + 3H+ + 2SO4
2− = NbO(SO4)2

− + 4H2O (logK = 7.24) (3)

103



Metals 2020, 10, 1099

Table 2. Stability constants of sulphate complexes of zirconium and hafnium.

Stability Constant Zr Hf

β1 466 130
β2 3.48 × 103 2.1 × 103

β3 3.92 × 106 3.02 × 106

Figure 2 shows the fraction of ions of Nb and Zr in the sulfate aqueous solution at different
pH values. As can be seen, the pH for Nb(V) precipitation via hydrolysis was as low as the pH in
the absence of SO4

2−. However the predominant forms of Zr and Hf in the acidic sulfate solution with
pH > 0 are Zr(SO4)3

2− and Hf(SO4)3
2− and the pH range for hydrolysis increased. These conditions are

consistent with those reported in the literature. The selective recovery of Zr(IV) from sulfuric acid leach
solution via ordinary neutralization is not feasible due to the co-precipitation of Fe(III) and Al(III) [6].

(a) 

(b) 
Figure 2. Cont.
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(c) 
Figure 2. Predicted fraction diagrams of (a) Nb, (b) Zr, and (c) Hf in aqueous solutions using
MEDUSA software (Make Equilibrium Diagrams Using Sophisticated Algorithms, 32 bit version 2010,
Royal Institute of Technology, Stockholm, Sweden).

Precipitation using basic zirconium sulfate (Zr5O8(SO4)2·xH2O) in place of Zr(OH)4 is another
alternative for producing zirconate. According to the literature [25,26], basic zirconium sulfate can be
obtained when zirconium chloride solution is mixed with sulfuric acid solution at a set temperature
(60–90 ◦C) and pH (1.2–2) with a zirconium to sulfate ratio of 5:2. This reaction can be expressed by
Equation (4).

5Zr4+ + 2HSO4
− + (8 + x)H2O→ Zr5O8(SO4)2·xH2O (s) + 18H+ (4)

Since this reaction occurs at a pH < 2.0, co-precipitation of Fe(III) and Al(III) will be low.
A flow chart for the recovery of Zr using the basic sulfate precipitation method is shown in

Figure 3. As shown, first, Nb is preferentially precipitated by neutralization. After separating the Nb
from the solution, CaCl2 is added to remove some SO4

2−, and then zirconium is selectively precipitated
using basic sulfate zirconium at low pH without the co-precipitation of Fe(III) and Al(III). A small
amount of Hf in the solution would follow Zr in the precipitation process, since it has chemical
properties that are very similar to Zr. In the process, Na2CO3 and CaCl2 was added in solid form little
by little.

In order to prepare a Zr product, the next stage of the process can be connected to the conventional
technology in the Zr production from zircon [27]. The prepared basic zirconium sulfate was dissolved
with 4 mol/L HCl. Evaporative crystallization was then used to prepare ZrOCl2·8H2O. After obtaining
the ZrOCl2·8H2O, the ZrO2 can be obtained by calcination at 600 ◦C in a muffle furnace (Thermo
Scientific™M110) for 2 h.
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Figure 3. Proposed flowchart for recovery of Zr using precipitation methods.

3. Results and Discussion

3.1. Effect of pH on the Precipitation of Metal Ions by Neutralization

Figure 4 shows the effect of pH on the precipitation of the main elements in the leach solution.
Based on the aqueous solution chemistry analysis and precipitation behavior, Nb, Zr, Hf, Al, and Fe
were precipitated from the solution by hydrolysis at a suitable pH. The quantity of dissolved Ca2+

in the sulfate solution was very low, and it also partially precipitated in the form of CaSO4·2H2O
when the pH was increased. Zr and Hf precipitated until the pH was increased to 3.5, but Fe and Al
precipitated simultaneously, so that it was not feasible to selectively recover Zr and Hf via the ordinary
precipitation method from the sulfuric acid leach solution. Figure 5 shows a precipitate in a difficult
state of filtration at pH 4.0.

Figure 4. Effect of pH on the precipitation of elements from the leach solution.
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Figure 5. The precipitate in a difficult state of filtration at pH 4.0 after adding Na2CO3.

The precipitation method for the selective recovery of Zr, Hf, and Nb included precipitation of
Nb by hydrolysis and precipitation of Zr and Hf using basic zirconium sulfate. The optimum pH for
the precipitation of Nb was 1.0 based on the results shown in Figure 4. Table 3 shows the composition
of the resulting precipitate. As can be seen, the content of Nb was 40.1%, and the concentration of
other impurities was low, but a further purification was necessary to obtain the Nb product. After Nb
precipitation, Zr and Hf were recovered using basic zirconium sulfate precipitation or ion exchange.

Table 3. Composition of Nb precipitate.

Element Nb Zr Hf Al Fe

Content (wt%) 40.1 1.1 <0.1 3.7 5.7

3.2. Effect of the Quantity of CaCl2 on the Basic Sulfate Precipitation

In order to control a suitable zirconium to sulfate ratio for the Zr precipitation process, an amount
of CaCl2 was added to remove a portion of the sulfate ions from the Zr-bearing solution after the Nb
recovery. As can be seen in Figure 6, the Zr precipitate yield increased with the addition of CaCl2 from
100 to 120 g per 1 L solution, and further increases in the amount of CaCl2 resulted in a decrease in
the yield of Zr precipitation. The Hf precipitation yield exhibited the same trend, but the precipitate
yields of Fe(III) and Al(III) were always very low. Hence, 120 g/L of CaCl2 was chosen as the optimum
quantity for removing the sulfate ions. After calculation, the concentration of sulfate in the solution
was decreased from 112.0 g/L to 12.4 g/L, and the suitable molar ratio of zirconium to sulfate was
about 2.5:1.

3.3. Effect of pH on the Basic Sulfate Precipiation

During the basic zirconium sulfate precipitation process, Na2CO3 was used to adjust the solution
pH, and the effect of varying the final pH was also examined. As shown in Figure 7, the Zr precipitation
yield increased from 62.1% to 96.1% when the final pH was increased from 1.2 to 1.6, and above 1.6,
the precipitation yield of Fe(III) and Al(III) noticeably increased. Thus, the optimum final pH for
the basic zirconium precipitation process was 1.6.
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Figure 6. Effect of CaCl2 quantity on the Zr precipitation yield, Zr precipitation conditions: 75 ◦C,
final pH ~1.6, 60 min.
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Figure 7. Effect of pH on the Zr precipitation yield, Zr precipitation conditions: 75 ◦C, C(SO4
2−) = 12.4 g/L,

60 min.

3.4. Effect of Temperature on the Basic Sulfate Precipiation

The effect of temperature on the precipitation yields of metals was also determined experimentally.
It can be seen from the results in Figure 8 that the precipitation yields of Zr and Hf both increased with
the increase in temperature, and 75 ◦C was the best for the recovery of Zr and Hf. Most of Fe and Al
could be kept in the solution by controlling the pH at ~1.6.
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Figure 8. Effect of temperature on the Zr precipitation yield, Zr precipitation conditions: final pH ~1.6,
C(SO4

2−) = 12.4 g/L, 60 min.

3.5. Effect of Time on the Basic Sulfate Precipiation

The experimental results shown in Figure 9 indicate that the precipitation process was very fast.
The precipitation yields of Zr and Hf reached 96.1% and 91.5% when the precipitation time was 60 min.
No further increase in yield was noted with longer reaction time. Thus, 60 min was considered to be
the optimum reaction time for the basic zirconium precipitation here. It may be considered to shorten
the residence time when this method is applied in industry, because the solution after precipitation
with a small amount of Zr could be returned to the previous process.
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Figure 9. Effect of time on Zr precipitation yield, Zr precipitation conditions: final pH ~1.6, 75 ◦C,
C(SO4

2−) = 12.4 g/L.

3.6. Characterization of Precipitates

Table 4 shows the chemical composition of calcium sulfate precipitate as a result of the addition
of 120 g/L CaCl2. As can be seen, the loss of Zr in the SO4

2− removal step was low. After washing,
the calcium sulfate was a byproduct.
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Table 4. Chemical composition of calcium sulfate precipitate.

Element Zr Hf Nb Al Fe O S Ca

Content (wt%) 0.11 0.05 0.08 0.09 0.10 55.7 19.10 23.26

Table 5 shows the chemical composition of the basic zirconium sulfate precipitate prepared using
the optimized conditions. As can be seen, the contents of Fe and Al in the precipitate were very low.
The Zr basic sulfate prepared by this method was easily dissolved in acids, thus it could be used in
conventional techniques to produce a final product, such as ZrOCl2 and ZrO2. Figure 10 shows the XRD
pattern of the basic zirconium sulfate precipitate. Qual-X software was used to analyze the data.
It was observed that some of the peaks matched those of the calcium sulfate anhydride (bassanite,
CaSO4·0.5H2O) phase, and the basic zirconium sulfate was amorphous. The presence of bassanite can
be explained by the fact that a few Ca2+ in the sulfate media were not stable and precipitated when
the temperature or time was increased.

Table 5. Chemical composition of the basic zirconium sulfate precipitate.

Element Zr Hf Nb Al Fe Si S Ca

Content (wt%) 33.77 0.59 0.13 0.33 0.11 0.05 10.30 6.28

Figure 10. XRD pattern of the basic zirconium sulfate precipitate.

Fourier-transform infrared spectroscopy analysis (FT-IR) was used to study the structure of basic
zirconium sulfate precipitate further, and the FT-IR spectra of the resulting precipitate, Zr(SO4)2·4H2O,
and ZrOSO4·4H2O are shown in Figure 11. The FT-IR spectra of the precipitate agreed well with
those of ZrOSO4·4H2O, which confirmed that they had a same structure. It was speculated that
the adsorption bands at 1000 cm−1 and 1220 cm−1 corresponded to Zr-O-S stretching vibrations [26].

3.7. Flowchart with Metal Balance

Figure 12 shows the proposed flowchart for the recovery of Zr, Hf, and Nb from the sulfuric acid
leach solution using selective precipitation, and it also reveals the directions of the different metals.
As shown, although the basic zirconium sulfate precipitation could achieve selective recovery of Zr
and Hf, the concentration of sulfate in the solution needed to be controlled, and the resulting precipitate
still contained some impurities. Further purification of the product was needed for Zr production.
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Figure 11. IR spectra of the basic zirconium sulfate precipitate and pure zirconium sulfate salts.

 

Figure 12. Proposed flowchart for the recovery of Zr, Hf, and Nb from the sulfuric acid leach solution
using selective precipitation.
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3.8. ZrO2 Preprared from Basic Zirconium Sulfate

XRD results in Figure 13 confirmed that the powder prepared by the basic zirconium sulfate
precipitate was ZrO2.

Figure 13. XRD pattern of the ZrO2 prepared from the basic zirconium sulfate precipitate.

Table 6 shows the chemical composition of ZrO2 prepared after selective precipitation. As can be
seen, the contents of ZrO2 +HfO2 in the product were higher than 99%, which met the requirements of
industrial ZrO2.

Table 6. Chemical composition of ZrO2 prepared from the basic zirconium sulfate precipitate.

Composition ZrO2 HfO2 Al2O3 Fe2O3 SiO2 CaO Na2O MgO

Content (wt%) 97.22 1.88 0.4 0.1 0.03 0.2 0.05 <0.01

4. Conclusions

In this study, the treatment of Zr-bearing sulfuric acid leach solution to yield ZrO2 was successfully
carried out. After Nb was preferentially precipitated by adjusting pH to around 1.0, selective
precipitation via basic zirconium sulfate (Zr5O8(SO4)2·xH2O) was the novel method used to selectively
recover Zr. This method achieved removal of the main impurities, such as Fe and Al, and enrichment
of Zr from the sulfuric acid leach solution. After partial removal of SO4

2− by adding 120g CaCl2
per 1L solution, 96.18% Zr precipitation yield was obtained by adjusting the pH to ~1.6 and keeping
the temperature at 75 ◦C for 60 min. The resulting precipitate contained 33.77% Zr and 0.59% Hf with
low Fe and Al. A high-quality product of ZrO2 can be obtained from the basic sulfate precipitate.
The present study showed a promising process to recover Zr from sulfuric acid leach solution.
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Abstract: The electrorefining process of the non-commercial Cu anodes was tested on the enlarged
laboratory equipment over 72 h. Cu anodes with Ni content of 5 or 10 wt.% and total content of
Pb, Sn, and Sb of about 1.5 wt.% were used for the tests. The real waste solution of sulfuric acid
character was a working electrolyte of different temperatures (T1 = 63 ± 2 ◦C and T2 = 73 ± 2 ◦C).
The current density of 250 A/m2 was the same as in the commercial process. Tests were confirmed
that those anodes can be used in the commercial copper electrorefining process based on the fact
that the elements from anodes were dissolved, the total anode passivation did not occur, and copper
is deposited onto cathodes. The masses of cathode deposits confirmed that the Cu ions from the
electrolyte were also deposited onto cathodes. The concentration of Cu, As, and Sb ions in the
electrolyte was decreased. At the same time, the concentration of Ni ions was increased by a
maximum of up to 129.27 wt.%. The major crystalline phases in the obtained anode slime, detected
by the X-ray diffraction analyses, were PbSO4, Cu3As, SbAsO4, Cu2O, As2O3, PbO, SnO, and Sb2O3.

Keywords: electrorefining; non-commercial copper anode; waste solution; high content; Ni; Pb; Sn;
Sb; passivation; anode slime

1. Introduction

Electrorefining of the anode materials is a purification process in order to remove the
ingredients that may have a negative impact on the physical, chemical, and mechanical
properties of the base materials. Almost all metals can be purified by this process but based
on the production data of approximately 24 Mt in 2019, copper exceeds all other metals [1,2].
Electrolytes and other process parameters must be selected so that the anode dissolution
and metal deposition take place with a high degree of efficiency and a transfer degree of
ingredients from anode onto cathode is minimized. Additionally, the process parameters
should prevent the passivation of the anode and enable the precipitation of appropriate
physical and chemical characteristics. The values of characteristic technological parameters
for the electrorefining process of some metals are different for different metals (copper,
nickel, cobalt, lead, and tin) [3]. If it is necessary, the additives are added to the electrolyte
to ensure a proper operation of both electrodes. The addition of thiourea, gelatin, and
chlorine ions during the electrorefining process had a positive effect on minimizing the
nodules’, porosities’, and dendrites’ appearance [4]. Deposited copper surface roughness
was decreased with the increase in the concentration of thiourea and gelatin [5].

Anodic passivation is one of the basic problems that occur in the industrial electrore-
fining process and could be explained as a copper sulfate layer formation on an anode
surface [6]. Cu2O form was registered in the anodes with oxygen content in the range of
0.1–0.3%. This form was also registered in the slime present on the anode surface. Through
the reaction of copper (I) oxide form and sulfuric acid, a partial dissolution of copper
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oxide form occurs, whereby a salt of copper sulfate and elemental copper is formed. As
the chemical dissolution of this form is more intense than the electrochemical one, the
copper concentration in the electrolyte increases, which is a characteristic of the commercial
process of anode copper electrorefining [7].

Raw materials for smelting are becoming more and more complex so that the effect of
ingredients on the anode copper electrorefining process is constantly changing. Anodes
obtained from the secondary raw materials are generally rich in nickel, lead, antimony,
and tin, and a low content of selenium, tellurium, and silver has been reported [8]. During
solidification, Ni is enriched in the solid phase, but some elements pass into the solid solu-
tion in copper crystals (Sb, Sn, Pb, As, and Bi) and in Cu-Pb-As-Sb-Bi oxide phases [9]. The
so-called “mineralogy” of the anode directly affects the passivity of the anode, formation
of suspended slime, deposition of slime, as well as the possibility of separating the useful
and high-value components from the obtained slime [10]. The amount of inclusion phases,
primarily oxides, is a direct consequence of the content of elements in the anode. Only
Cu2O and NiO are formed during the primary crystallization, while the other forms are
formed during the secondary crystallization, causing a local accumulation.

The behavior of ingredients and phases during the electrolytic refining of anodes is in
principle the same as for anodes obtained from the primary raw materials, but the higher
content of ingredients can cause some problems during the electrorefining process such as
the increase in a cell voltage or even anode passivation [11]. The mostly inhomogeneous
distribution of phases leads to a different dissolution percentage in a contact with the
working electrolyte.

During the electrorefining process, the ingredients from anodes could be distributed
into three groups. The first group consists of ingredients with a dissolution potential that is
much more negative than a dissolution potential of copper: Ni, Fe, Zn, and Co. During the
process, those elements are accumulated in the electrolyte. In the nickel-rich copper anodes,
the following oxide phases can be formed: NiO, Cu-Sb-Ni, and Cu-Sn-Ni [12]. Anodes
obtained from the copper-based secondary materials are characterized by the nickel content
of more than 0.3% wt.%. A negative impact of Ni on the refining process is reflected in the
fact that NiO accelerates the process of passivation of the anode, reduces the solubility of
Cu from the anode, and generates a large amount of nickel in the anode slime [13]. The
second group consists of ingredients with a dissolution potential that is much more positive
than the copper dissolution potential, which prevents their dissolution in the electrolyte,
but they directly pass into the anode slime: Au, Ag, Pt, Se, and Te. This group also includes
the insoluble salts such as PbSO4 and Sn(OH)2SO4, which pass from electrolyte into anode
slime. The various Pb oxide inclusions are the major Pb carriers in anode material. Pb
dissolves from anodes along with Cu and immediately precipitates as the PbSO4 insoluble
salt. In a copper anode, rich in Ni, Sb, and Sn content, Sn could be found in different forms
of Cu-Sn-Ni oxide, such as Cu2NiSnO5 and Cu-Sb-Ni oxide, as the “kupferglimmer” form
Cu3Ni2-xSbO6-x where x is in the range from 0.1 to 0.2. During the electrolysis process,
Sn reacts with electrolyte and precipitates in anode slime [14]. The third group consists of
ingredients with a dissolution potential close to a dissolution potential of copper: As, Sb,
and Bi. They are dissolved during the anode refining, and under certain conditions can
be precipitated (high concentration of these elements, low concentration of Cu). Arsenic
(AsO−3

4) can also react with Sb and Bi to form an insoluble compound of As-Sb-Bi known
as the “floating slime” with the predicted composition of BiAsO4, SbAsO4, Sb2O3, and
Bi2O3 [15]. Based on the data of the Jafari et al. [15], the predicted composition of “floating
slime” is BiAsO4, SbAsO4, Sb2O3, and Bi2O3. Additionally, the operational As/(Sb + Bi)
molar ratios could be maintained at or above 2 aim to reduce the presence of floating slimes,
but this ratio is lower than 2 in about 26% of electrolysis plants [16].

The aim of this work was to investigate the electrorefining process of copper anodes
with increased Ni, Pb, Sn, and Sb content in comparison with the content of those elements
in the commercial copper anode electrorefining process. The two types of copper anodes
are proposed for testing regarding the Ni, Pb, Sn, and Sb content as the ingredients. Copper

116



Metals 2021, 11, 1187

content was also different for different anode types. Real waste sulfate solution was used
as a working electrolyte. Furthermore, the effect of two different working electrolyte
temperatures, where one was the same as in the commercial copper electrorefining process
(T1 = 63 ± 2 ◦C) and the second was 10 ◦C higher (T2 = 73 ± 2 ◦C), was tested. The anode
elements dissolving during each test over the duration of 72 h was defined on the basis
of values of a cell voltage. The mass of dissolved anodes and the mass of anode slime
were used for calculating the mass percentage of anode slime in accordance with the mass
of dissolved anodes. Each calculation was performed for different working conditions.
Electrolyte composition is checked on each 24 h for the main elements. The phases in anode
slime samples, obtained for different experimental conditions, are defined by the X-ray
diffraction (XRD) analysis.

2. Materials and Methods

2.1. Materials
2.1.1. Non-Commercial Copper Anodes

Two types of non-commercial copper anodes regarding the chemical content of Ni, Pb,
Sn, and Sb are prepared for the electrorefining tests. Oxygen content was under 200 ppm.
The main difference between the anodes was in Ni and Cu content. In the anodes with
sample code An-1, Ni content was approximately 5 wt.%, and in the anodes with sample
code An-2, Ni content was approximately 10 wt.%. The total content of Pb, Sn, and Sb
for both types of anodes was approximately 1.5 wt.%. The content of each element (Pb,
Sn, and Sb) was about 0.5 wt.%. Copper content is calculated on the basis of values for
the content of Ni, Pb, Sn, and Sb as a difference up to 100 wt.%. Cathode copper and
pure metals (nickel, lead, tin, and antimony) were used for the non-commercial copper
anode preparation. Preparation of a suitable mixture for melting was made in an induction
furnace. All other metals were added into the furnace after reaching the copper melt
temperature of 1300 ◦C. The content of oxygen is controlled in the melt (concentration
range was from 1 to 12,000 ppm) and in a copper sample. In the case that the oxygen
content was under 200 ppm, the melt was cast into the suitable steel molds. After the
self-cooling process, the mechanical processing was used later, as it aimed to prepare
anodes for the electrorefining process. The mass of each anode was approximately 7 kg. A
detailed procedure of anode preparation was presented previously [17].

2.1.2. Working Electrolyte

The waste sulfate solution from the commercial copper electrolysis AURUBIS AG,
Hamburg, Germany (earlier Norddeutsche Affinerie AG), of the following chemical com-
position (g/L): Cu—32.5; Ni—20.5; As—4; Sb—0.3; Sn—0.001; Pb—0.004, was used as
a working electrolyte. Based on the values of concentration of the same elements in the
commercial electrorefining process, Ni concentrations were increased and Cu concentration
was decreased [18]. The aim was to avoid a sludge precipitation during the electrolyte
self-cooling. The samples for analysis were specially prepared, explained in the previous
paper [17].

2.1.3. Surfactants

Thiourea and gelatin were used as a surfactant. Thiourea, CH4N2S, purity grade
(purchased from Sigma Aldrich, Company: Merck KGaA, Frankfurter Str. 250, D-64271
DARMSTADT), with a molecular weight of 76.12 g/mol, water solubility of 137 g/L at
20 ◦C, was used for the minimization of the nodules, porosities, and dendrites’ appearance.
The solution was prepared with the 18 MΩ cm deionized water.

Gelatin, purity grade, (purchased from Sigma Aldrich, Company: Merck KGaA,
Frankfurter Str. 250, D-64271 DARMSTADT) was also used for minimizing the nodules,
porosities, and dendrites’ appearance to decrease the copper surface roughness. The
preparation of the appropriate solution was made with 18 MΩ cm deionized water at a
temperature of about 40 ◦C.
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2.1.4. Chemicals for Preliminary Testing the Electrolyte Mixing System

Potassium iodide (purchased from Company: Merck KGaA, Frankfurter Str. 250,
D-64271 Darmstadt, Germany) was used for the preparation of 10 wt.% aqueous solution
(KI) that was used as electrolyte during preliminary testing of the system for electrolyte mixing.

Sodium thiosulfate (Na2S2O3.), purchased from Carl Roth GmbH + Co KG Schoem-
perlenstr. 3–5, D-76185 Karlsruhe, Germany), was used for the preparation of the aqueous
solution for the decolorization of the KI solution.

The preparation of the appropriate solutions was performed with 18 MΩ cm deion-
ized water.

2.2. Methods
2.2.1. Experimental Set-Up and Procedure

Electrorefining tests were conducted at the IME Process Metallurgy and Metal Re-
cycling, Aachen, Germany, on the enlarged laboratory equipment, under the constant
galvanostatic pulse conditions with the applied current density of 250 A/m2 [19–21]. An
external source with characteristics of 50 A and 10 V (model HEINZINGER TNB-10-500,
Heinzinger Electronic GmbH the Power Supply Company, Rosenheim, Germany) was
used as a direct current supplier. The starting cathode sheets were made of stainless steel.
Cathode copper (99.95 wt.% Cu) was used as a reference electrode.

A rectangular electrolytic cell made of polypropylene (PP) was used for the electrore-
fining process. The electrode arrangement in the cell was cathode–anode–cathode, and
the electrolyte working volume was 5.85 dm3. The bus bar from copper provided a direct
current supply. The cell was current connected with the system for automatic measurement
and data processing. A stainless steel water tank with recalculated hot water was used to
maintain the required electrolyte temperature in a cell inserted in this tank. The water tank
was insulated with styrofoam/aluminum material and covered with a portable cover with
openings for the cells. A plastic hose with a manual valve was used for regulation of the
water recirculation and circulation speed. The overflow was made through the overflow
box at the top of the water tank. Thermostat, HAAKE B7—PHOENIX 2 (Thermo Fisher Sci-
entific, Waltham, MA, USA) was used to maintain the heating water operating temperature.
The flow pump was used for water recirculation. Two pumps, BVP Standard (No. ISM 444
ISMATEC, Cole-Parmer GmbH, Wertheim, Germany), were used for dosing an aqueous
solution of surfactants, as well as for dosing the deionized water for evaporation in cells. A
more detailed description of the experimental setup has been presented previously [17].
The consumption of thiourea and gelatin (50 mg per 1 t of cathode copper, respectively)
was in accordance with the literature data, where the best results were obtained when the
ratio of those two components was in the range of 0.8 to 1.7 [4]. The aqueous solution of
surfactants and deionized water were dosed into a cell continually over 72 h.

The nitrogen distribution system was used for electrolyte mixing. The introduction of
nitrogen into a cell was achieved through a glass tube with a diameter of Ø 2 mm, which
was placed in the cell, and mixing of electrolytes was achieved by bubbles of solution
through a tube with a diameter of Ø 8 mm. Preliminary tests were conducted with two
types of nitrogen inlet. In a case (a), a tube with a smaller diameter of 360 mm was placed
inside the tube of larger diameter, and in case (b), the tube of smaller diameter was outside
and that of the length of 20 mm entered through a lower hole of a tube of larger diameter
to the tube itself. In both cases, nitrogen moves from the bottom up through a tube of
larger diameter, ensuring the movement of solution in the same direction. The flow of
nitrogen is regulated by the existing rotameters. The preliminary tests showed that mixing
the electrolyte by introducing nitrogen, as shown in Case (b). gave satisfactory results.
The preliminary tests were performed in an existing electrochemical cell with an anode
made of PVC material and aluminum cathodes. Synthetic aqueous KI solution was used
as an electrolyte. The decolorization course of an aqueous KI solution was tested with
the addition of 0.1 mL of Na2S2O3. At the same time, nitrogen was introduced through a
tube to mix the solution. The color of KI aqueous solution before the addition of Na2S2O3
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solution was blue. The change in color of the solution from the top to the bottom was
observed after the addition of Na2S2O3 solution and the introduction of nitrogen in order
to mix the solution. The chemical reaction was completed after complete decolorization
of the solution. The test results confirmed that the proposed method of introduction of
nitrogen into the cell enables the circulation and mixing of the solution.

2.2.2. Characterization Methods

The Electro-Nite system (model HERAEUS, Heraeus Electro-Nite International N.V.
Centrum Zuid Houthalen, Belgium) was used to control the oxygen content in the copper
mixture melt.

The oxygen content in the copper mixture samples was controlled using the Juwe On-
mat 8500 instrument (Ströhlein ON-mat 8500, JUWE Laborgeräte GmbH, Germany instrument).

Chemical analysis of copper anodes was done by the Spector Xepos Energy Dispersive
X-ray Fluorescence Spectroscope (ED-XRF, SPECTRO, Kleve, Germany). The X-ray anode
material was Au. The major and minor elements were determined via the fusion method
(1000 ◦C for 1 h with a mixture of Li2B4O7/KNO3 followed by direct dissolution in 10%
HNO3 solution). Samples of copper anodes were obtained by cutting a part of the anode
before polishing from the top, middle, and bottom.

The atomic emission spectrometry with inductively-coupled plasma technique (ICP-
AES) (model Spectro Ciros Vision, SPECTRO Analytical Instruments GmbH, Kleve, Ger-
many) was used for the determination of the chemical composition of electrolyte samples.

The inductively coupled plasma mass spectrometry (ICP-MS) (model Agilent 7700,
Agilent Technologies, Inc., Tokyo 192-8510 Japan) was used for the determination of the
element content in anode slime.

Each chemical analysis was carried out in duplicate and accompanied by a quality
control (blank and certified reference materials (CRM) analysis).

The X-ray diffraction analysis (XRD) (model Explorer, G.N.R., Via Torino, Italy) was
used for the anode slime phase analysis.

3. Results and Discussion

3.1. Anode Chemical Composition

The results of standard chemical analysis of copper anodes were carried out on
26 elements (Table 1). Samples for the analysis were taken from the bottom, middle, and
top of anodes aimed to check the uniformity of anode materials.

Table 1. Chemical composition of copper anodes with Ni, Pb, Sn, and Sb non-standard chemical content.

Element

Position of Anode Sampling

Bottom Middle Top Average Bottom Middle Top Average

Anode with Samples Code An-1 Anode with Samples Code An-2

Content, wt.%

Ni 4.66 4.68 4.67 4.67 10.04 10.11 9.96 10.04
Pb 0.417 0.426 0.419 0.421 0.392 0.363 0.400 0.385
Sn 0.443 0.445 0.444 0.444 0.412 0.395 0.419 0.41
Sb 0.443 0.450 0.449 0.447 0.382 0.369 0.394 0.382
Zn <0.0015 <0.0015 <0.0015 <0.0015 0.0055 0.0058 0.0060 0.0058
P 0.0052 0.0052 0.0051 0.0052 0.0065 0.0064 0.0064 0.0065
Fe 0.016 0.016 0.014 0.0153 0.014 0.016 0.015 0.015
Si 0.0047 0.0056 0.0024 0.0042 0.010 0.0031 0.0027 0.0012
Cr <0.0003 <0.0003 <0.0003 <0.0003 0.0005 0.0006 0.0006 0.0006
Te 0.0064 0.0075 0.0075 0.007 0.0020 0.0024 0.0022 0.0022
As 0.028 0.029 0.029 0.0287 0.021 0.020 0.020 0.020
Cd 0.0019 0.0019 0.0018 0.0019 0.0010 0.0011 0.0011 0.0011
Bi 0.0038 0.0036 0.0035 0.0036 0.0027 0.0028 0.0028 0.0028
Ag 0.068 0.066 0.067 0.067 0.053 0.055 0.053 0.054
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Table 1. Cont.

Element

Position of Anode Sampling

Bottom Middle Top Average Bottom Middle Top Average

Anode with Samples Code An-1 Anode with Samples Code An-2

Content, wt.%

S 0.0031 0.0032 0.0031 0.0031 0.0048 0.0048 0.0049 0.0049
Au <0.0005 <0.0005 <0.0005 <0.0005 0.0027 0.0018 0.0018 0.0018
C 0.020 0.011 0.020 0.0300 0.025 0.032 0.031 0.029
Ti 0.0017 0.0017 0.0017 0.0017 0.0023 0.0027 0.0025 0.0025
Se 0.0060 0.0061 0.0060 0.0060 0.0078 0.0079 0.0079 0.0079

Close values for the content of elements from different sampling positions confirmed
the efficiency of the anode preparation process. Copper content was calculated as a
difference of Ni, Pb, Sn, and Sb average values up to 100 wt.%. The calculated value of Cu
content in the anodes with sample codes An-1 and An-2 was 94.02 wt.% and 88.78 wt.%,
respectively. Additionally, Table 1 presents the average values for all elements obtained
on the basis of mathematical calculation for three values for each element. The results of
chemical analyses have shown that the content of Zn, Mn, Mg, Cr, Co, Al, Be, Zr, Au, and B
in the anode with sample code An-1 was below the sensitivity limit of the used analytical
method. For the anode with sample code An-2, the content of Zn, Cr, and Au had the
values over the sensitivity limit of the used analytical method, but the content of Mn, Mg,
Co, Al, Be, Zr, and B was below the sensitivity limit of the used analytical method for the
anode with sample code An-1. The content of P, Fe, Si, Cd, Bi, Ag, S, C, Ti, and Se in both
anode types was within the limits in industry practice [16]. The obtained results for oxygen
content in anode An-1 and An-2 had values of 120 and 98 ppm, respectively. Those values
are in accordance with the investigation realized by the authors [22] that confirmed the
aim to decrease the content of oxide and “kupferglimmer” forms in anodes with oxygen
content to be lower than 200 ppm.

3.2. Anode Dissolution and Cathode Deposit

The mass of anodes was measured at the beginning and end of the process. Dissolved
anode mass was calculated as the difference between those two values. Table 2 presents
the values for the mass of dissolved elements from anodes during 72 h of the experiments
at different electrolyte temperatures.

Table 2. Mass of dissolved copper anodes and cathode deposit mass.

Anode with Samples Code An-1 Anode with Samples Code An-2

Electrolyte working temperature

T1 = 63 ± 2 ◦C T2 = 73 ± 2 ◦C T1 = 63 ± 2 ◦C T2 = 73 ± 2 ◦C

Dissolved anode mass, g

1688 1779 1367 1442

Cathode correspond to anode An-1 Cathode correspond to anode An-2

Cathode deposit mass, g

1708 1789 1371 1526

Cathode mass as a cumulative mass of starting cathode sheet and deposited material
after 72 h was measured at the end of the process. The difference between the mass of the
starting cathode sheet and the cumulative cathode mass at the end of the process was the
mass of material deposited during the process (Table 2).

Data from Table 2 show that the mass of the cathode deposit is higher than the
dissolved mass of corresponded anode. It could be explained by the electrowinning

120



Metals 2021, 11, 1187

process of Cu ions from the working electrolyte (Table 3). By the electrowinning process,
copper is deposited directly from the working electrolyte onto a cathode sheet under the
action of the direct current. General electrochemical reactions for this process are shown by
the individual reactions on the cathode and anode as well as by the cumulative reaction in
the system [23]:

Table 3. Electrolyte chemical composition changing.

Element

Anode with Samples Code An-1

T1 = 63 ± 2 ◦C T2 = 73 ± 2 ◦C

Process Duration, h

24 48 72 24 48 72

Element Concentration, g/L

Cu 23.8 18.5 10.9 22.5 17.6 2.2
Ni 25.6 29.4 32.7 25.5 31 36.5
As 3.7 2.7 1.9 3.5 2.6 1
Sb 0.292 0.290 0.217 0.267 0.237 0.156

Element

Anode with Samples Code An-2

T1 = 63 ± 2 ◦C T2 = 73 ± 2 ◦C

Process Duration, h

24 48 72 24 48 72

Element Concentration, g/L

Cu 21 10.4 6.8 18 12.5 1.5
Ni 28.5 33.5 43.6 31 41 47
As 3.6 2.8 0.85 3.5 2.5 0.8
Sb 0.295 0.292 0.24 0.294 0.288 0.188

Cathode reaction:
Cu2+ + 2e → Cu0, E0 = +0.34 V (1)

Anode reaction:

H2O → H+ + (OH)− → 1
2

O2 + 2H+ + 2e, E0 = +1.23 V (2)

Cumulative reaction:

Cu2+ + SO2−
4 + H2O → Cu0 +

1
2

O2 + 2H+ + SO2−
4 , E0 = −0.89 V (3)

The dissolved anode mass had the lowest value for the anode with the sample code
An-2 after electrorefining at the working electrolyte temperature of T1 = 63 ± 2 ◦C (Table 2).
Masses of dissolved anodes had higher values for anodes with lower content of ingredients.
In the case when the value for the average total content of Ni, Pb, Sn, and Sb was 5.982 wt.%
(anode An-1), the mass of the dissolved anode was higher for 321 g in comparison with
the dissolved mass of anode An-2 (average value for the total content of ingredients was
11.217 wt.%) for the same process condition. When the Ni content in anodes is lower
than 3 wt.%, Ni dissolution in the electrolyte is near 100%. In a case that the Ni content
is higher than 3 wt.%, the ingredients are present in the working electrolyte as the Ni
and Cu-Ni-Sb oxide forms and NiSO4. Ni salt (NiSO4) participates in a transmission of
electricity and creates the unfavorable conditions for the discharge of copper ions, reducing
its concentration in the vicinity of the cathode. In addition, increasing the concentration
of ballast salts in the electrolyte reduces its electrical conductivity and the dissolution
of elements.
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Cell Voltage Changing

During the electrorefining process, the cell voltage was measured every 10 s. The cell
voltage changing for different anode types and different working electrolyte temperatures
is defined on the basis of about 25,000 data (Figures 1 and 2).

 

Figure 1. Cell voltage changing during the electrorefining of anode with sample code An-1, for
different working electrolyte temperatures, 72 h duration.

 

Figure 2. Cell voltage changing during the electrorefining of the anode with sample code An-2, for
different working electrolyte temperatures, 72 h duration.

The changing of the cell voltage during each test (Figures 1 and 2) was discussed
on the basis of several characteristic changes of cell voltage during the non-commercial
electrorefining process [24]. Further explanation of data from Figures 1 and 2 will be
appointed for the first appearance points of each phase.

From Figure 1 which that corresponds to the anode with sample code An-1, the time
of active dissolution was 42:19 h (T1 = 63 ± 2 ◦C). During that time period, the cell voltage
oscillation was in the range of 0.2 V. After the end of the first phase period, which is called
the “active dissolution phase”, the value for cell voltage oscillation was more than 0.2 V,
and this phase was called the “oscillation phase”. The duration of the first appearance of
the oscillation phase was approximately 2 h for the test on T1 = 63 ± 2 ◦C. The phase when
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the cell voltage suddenly was increased is called the “occurrence of full passivation”. The
first appearance of the suddenly increased cell voltage (2.22 V, Figure 1) is registered after
51:49 h (anode An-1) on T1 = 63 ± 2 ◦C. The cell voltage changing at a higher working
electrolyte temperature (T2 = 73 ± 2 ◦C) had asimilar trend but without the appearance of
the passivation peak. It is confirmed by a higher value of dissolved anode mass (Table 2).

It is characteristic that the total anode passivation time for the anode with sample
code An-1 was a few minutes, and the lower value of the dissolved anode mass at the
working electrolyte temperature (T1 = 63 ± 2 ◦C) can be explained by a layer of anode
slime on the anode surface. Therefore, for the test at higher temperature (T2 = 73 ± 2 ◦C),
the cell voltage oscillation of more than 0.2 V was not registered, but an increase of cell
voltage has appeared at the same time when the passivation peak at a lower working
electrolyte temperature (T1 = 63 ± 2 ◦C) appeared. The electrorefining process continues
on the increased value of cell voltage (0.75 V). This value of cell voltage could be explained
as a consequence of particular anode passivation (Figure 1). The “full-time passivation
phase” could be explained as a phase with a constant high cell voltage value, and this
phase does not appear in Figure 1.

The results from Figure 2 have indicated almost identical behavior of the anode with
sample code An-2 during the electrorefining process at different working electrolyte temper-
atures. Electrorefining processes are carried out on the cell voltage from approximately 0.6
to 1.26 V (Figure 2). As a consequence of particular anode passivation, the electrowinning
of Cu ions from the electrolyte at both working electrolyte temperatures occurred (Table 3).
Additionally, the dissolved anode mass was lower than for the anode with sample code
An-1. The cell voltage for the stable phase also had similar values as the anode with sample
code An-1. For the test realized at T1 = 63 ± 2 ◦C, this value was stable at about 25 h, and
for the test at T2 = 73 ± 2 ◦C, the duration of the stable phase was about 26 h (Figure 2).
Additionally, the mass of anode slime and Cu content in anode slime confirmed no evident
difference during the electrorefining process of the anode with sample code An-2 at a
different working electrolyte temperature (Table 4).

Table 4. Anode slime chemical composition, mass of anode slime, and anode slime mass percentage in relation to the
dissolved anode mass.

Anode Type Anode with Sample Code An-1 Anode with Sample Code An-2

Working Electrolyte Temperature T1 = 63 ± 2 ◦C T2 = 73 ± 2 ◦C T1 = 63 ± 2 ◦C T2 = 73 ± 2 ◦C

Element Element content, wt.%

Cu 13.1 14.7 59.0 59.8
Ni 3 3.2 1.2 1.4
Pb 29.2 31.9 17.5 16.9
Sn 2.8 3.1 1.3 1.4
Sb 19.7 17.6 6.3 6.4
As 6.2 5.8 2.5 2.1

Total Mass of Anode Slime, g

Total Mass of Slime from the Anode
Surface and Cell Bottom 59.9 63.06 88.57 72.24

Anode Slime Mass Percentage in Relation to the Dissolved Anode Mass, wt.%

Total Anode Slime Mass Percentage 3.55 3.58 6.47 5.01

In relation to the kinetics, the cell voltage and current are theoretically connected over
the Tafel approximation of the electrochemical kinetic equation (Butler–Volmer). Once
the exchange current density and Tafel slope is known for copper dissolution/deposition,
the overpotentials on the cathodic and anodic side can be readily calculated at the known
temperature of the refining process. Being of a large exchange current density and low
Tafel slope, the copper electrochemical reaction is of rather small overpotentials of several
hundreds of mV. However, the hydrodynamics also affects the overpotential, which is hard
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to calculate for a given cell geometry and can be only gained empirically by the independent
measurements, e.g., current vs. flow. In addition, the cell voltage also comprises the ohmic
drop within the electrolyte, which can change as the process goes on, and the voltage drops
at electric contacts and within the electrodes, which are to be arbitrarily set to reach the
measured cell voltage. It follows that any measured cell voltage can be easily compared to
the theoretically calculated by assigning the hardly measurable drops (electrolyte, contacts,
electrodes, etc.) to the difference between measured and calculated values, which has
nothing to do with the refining process itself or to the type of dissolving anode as the
scopes of this manuscript. Comparison is important if some specific cell geometry and
construction have to be chosen, but in this case, these parameters were fixed in order to
investigate the anode dissolution.

3.3. Working Electrolyte Chemical Composition Changing

A real sulfuric waste solution of the following chemical composition (g/L): Cu—32.5;
Ni—20.5; As—4; Sb—0.3; Sn—0.001; Pb—0.004 was used as the working electrolyte. Each
sample analyzed at 24, 48, and 72 h was taken from the middle of the cells. Sludge
precipitation has occurred in samples that were analyzed without any previous preparation.
Further, the samples were prepared by the next procedure: 10 mL of the electrolyte from
the cell medium, plus 10 mL of concentrated HCl and deionized water up to 50 mL. The
appropriated dissolution was used for a higher concentration of the analyzed elements.
Monitoring the change in the concentration of Cu, Ni, As, and Sb is presented in Table 3.

Data from Table 3 were used for calculating the changes in Cu, Ni, As, and Sb con-
centration. The concentrations of those elements in the starting electrolyte were the basic
values (100%).

The results presented in Figure 3 have confirmed that the concentration of Cu, As, and
Sb ions was decreased during the tests at different temperatures. On the other hand, Ni
concentration is increased during the tests. Cu ions’ concentration decrease had similar
values for both anodes in the same operational conditions (Figure 3a,b). The highest value
of Cu ions decreasing is registered for an anode with the sample code An-2 (with Cu
content in the anode of 88.78 wt.%). At the same time, the increase in Ni ions’ concentration
has the highest value of 129.27 wt.% at the end of electrorefining for the same anode. The
decrease in Cu ions’ concentration in the working electrolyte directly indicates the fact that
the electrowinning process of copper ions has occurred at the same time. The identical
phenomenon is characteristic for the electrorefining test with anode with the sample code
An-1, where Cu content is 94.02 wt.%. At the increased working electrolyte temperature,
the values for decreasing Cu, As, and Sb ions concentration were higher in comparison
with the values at lower temperature for both anode types.

Literature data have confirmed the negative impact of Ni on the electrorefining pro-
cess [13,25,26]. Nickel ions’ concentration in the working electrolyte up to 25 g/L is a
concentration that has no harmful effect on cathode precipitate. However, a high Ni ion
concentration in the electrolyte reduces the copper solubility at the anode/electrolyte inter-
face and leads to partial or full anode passivation and interruption of the electrorefining
process (Figure 2) [17,24].

The highest decrease in Cu ions’ concentration (95.38 wt.%) has been achieved by the
electrorefining of the anode with sample code An-2 at the working electrolyte temperature
of T2 = 73 ± 2 ◦C (Figure 3). By comparison of the values for decreasing the Cu ions;
concentration at the end of the process for different anode types, it could be seen that
the Cu ions’ concentration decrease is higher by about 30% during the electrorefining
process of the Cu anode with additional 10 wt.% Ni. It is the same for both working
electrolyte temperatures.

The same behavior is characteristic for changing the As ions’ concentration. The high-
est decrease in As ions’ concentration (80 wt.%) was also registered during the electrorefin-
ing process of anode with the sample code An-2 at the working electrolyte temperature of
T2 = 73 ± 2 ◦C (Figure 3).
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(a) (b) 

Figure 3. Cu, Ni, As, and Sb concentration changing during the electrorefining process for anodes: (a) with sample code
An-1 and (b) with sample code An-2.

The decrease in Sb ions’ concentration is also registered for a higher temperature of
the working electrolyte (T2 = 73 ± 2 ◦C), and this value had the maximum value for the
anode with sample code An-1 of 48 wt.%.

The increased concentration of Ni ions, as a consequence of Ni electrolytic dissolution
from anodes, had the highest value for the anode with sample code An-2 (129.27%). This
value is registered at the end of the electrorefining process that was carried out at a working
electrolyte temperature of T2 = 73 ± 2 ◦C. This value is about 30% higher than the value of
Ni ions, increasing during the process that was carried out at a lower working electrolyte
temperature. In the case of changing the Cu ions concentration, it could be a consequence
of the increased dissolution of copper and nickel salts at an elevated temperature. However,
a high concentration of nickel in the electrolyte reduces the solubility of copper at the
anode–electrolyte interface and leads to the passivation of the anode and interruption of
the electrolysis process [27].

3.4. Anode Slime

The slime formed during the electrorefining process of Cu anodes with non-commercial
chemical composition is a result of electrochemical and chemical processes onto the anodes
and in the working electrolytes. The slime originates from the anode surface and from the
bottom of the electrolytic cell. At the end of each test, the anode slime was stripped from the
anode surfaces, separately filtered, and after washing and drying, individually measured
in order to compare the mass of slime present in the working electrolyte. The sample
used for chemical characterization was a composite sample from the anode surface and
electrolytic cell. The anode slime sample of 0.5 g was dissolved with aqua regia, transferred
into a volumetric flask of 50 mL, and completed with deionized water. The appropriated
dissolution was used for a higher concentration of analyzed elements.

The results from Table 4 show that the anode slime makes up 3.55–6.47 wt.% of
dissolved anodes mass. Those values are higher than in the commercial electrorefining
copper anodes process, where the anode slime makes up 0.2–0.8 wt.% [28].

The Cu content has a higher value in the anode slime obtained during the electrore-
fining of the anode with sample code An-2. Decreasing the Cu ions’ concentration in
the working electrolyte has a negative impact on the morphology of the cathode deposit.
Additionally, the elementary copper fell off from a cathode sheet as a consequence of the
non-compact cathode deposit (Figure 2 and data from Table 3) [17]. Values for the cell
voltage during the electrorefining tests had a similar value in both cases (Figure 2). The
oscillation phase had similar values, and cell voltage had a higher value than the values in
the standard copper electrorefining process [29]. The maximum reduction of Cu ions’ con-
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centration in the working electrolyte is registered for the anode with the sample code An-2
during the electrorefining process at higher electrolyte temperature (Table 3). The results
from Table 3 confirmed that the electrowinning of Cu ions from the working electrolyte is
also carried out during 72 h of tests. The cathode deposit has different characteristics in
comparison with the standard Cu electrorefining process, and a part of cathode copper was
dropped into anode slime in a form of copper (I) oxide or as copper powder. The copper
content in the anode with the sample code An-1 has a lower value, and it is in accordance
with changing the Cu ions concentration in the working electrolyte during each test. The
presence of nickel in anode slime is explained as a consequence of electrolyte inclusion in
anode slime. Sn content has similar values for both anode types. The Sb/As ratio is about
3/1 for each anode slime sample.

XRD Analysis of Anode Slime

The X-ray diffraction (XRD) (model Explorer, G.N.R. srl, Via Torino, Italy) was used
for the anode slime phase analysis. The device uses CuKα X-ray radiation of wavelength
1.54 Å. The X-ray tube voltage is 40 kV, and current consumption is 30 mA. The detector is
a scintillation counter, and the geometry of the device is θ-θ. Each analysis lasted 40 min.
Match!, Version 2 and “Crystallography Open Database” COD REV44788 databases were
used for the phase identification from the powder diffraction. The Match! identifies a
phase in a sample by comparing its powder diffraction pattern to the reference patterns of
known phases. Hence, it needs a so-called “reference database” in which these reference
patterns are provided. The Match! is extremely flexible in this context, with several options
for obtaining/using a reference database. A reference database based on the COD is
installed automatically along with Match!. This reference database contains the powder
diffraction patterns calculated from the crystal structure data taken from the COD, which
itself provides the crystal structure data published by the IUCr journals, the “American
Mineralogist Cristal Structure Databases” (AMCSD), and various other sources. All entries
taken from the COD reference database contain the atomic coordinates, based on which
the corresponding powder diffraction patterns have been calculated. Besides this, the
I/Ic-values have been calculated for all entries, so that a semi-quantitative analysis can
be carried out. Each sample is recorded in the interval from 10◦ to 70◦ 2θ with a step of
0.05◦ 2θ. The anode slime samples were prepared in a powder form of a particle size of 5
to 10 microns in an agate mortar.

The quantitative results are the results of a software evaluation that is automatically
calculated as each new phase is entered into the analysis results. The Match! software
package, version 2.0 with the COD reference database was used for identifying the present
phases and determining their content in the anode slime obtained during the electrorefining
process of the anode with the sample code An-1 and An-2. The phase identification was
performed by comparing the obtained data to data from a standard database. The content
of the phases was calculated using the software and as such can be used as the relative
data to compare the number of phases.

The results of each tested anode slime sample (from anode with the sample code An-1
and An-2), the corresponding patterns (Figures 4–7), and identified phases with formulas
and names, expressed in the weight percent (wt.%) (Table 5), are presented. Peaks that
belong to one phase are denoted by the same letter symbol.

It can be seen from Figure 4a that the major crystalline phases in the homogenized
sample of anode slime were Anglesite (PbSO4), Copper(I) arsenide Domeykite low (Cu3As),
Antimony arsenate (SbAsO4), Copper(I) oxide Cuprite (Cu2O), Claudetite (As2O3), Litharge
(PbO), and Senarmontite (Sb2O3).
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(a) (b) 

Figure 4. X-ray diffraction patterns of homogenized slime after electrorefining of anode with the sample code An-1:
(a) working electrolyte temperature of T1 = 63 ± 2 ◦C and (b) working electrolyte temperature of T2 = 73 ± 2 ◦C.

 

Figure 5. Comparative presentation of anode slime phase analyzes. Red represents the patterns at a
temperature of T1 = 63 ± 2 ◦C, and blue represents the patterns at a temperature of T2 = 73 ± 2 ◦C
for the anode with sample code An-1.

  
(a) (b) 

Figure 6. X-ray diffraction patterns of homogenized slime after the electrorefining of the anode with sample code An-2:
(a) working electrolyte temperature of T1 = 63 ± 2 ◦C and (b) working electrolyte temperature of T2 = 73 ± 2 ◦C.
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Figure 7. Comparative presentation of anode slime phase analyses. Red represents the patterns at a
temperature of T1 = 63 ± 2 ◦C, and blue represents the patterns at a temperature of T2 = 73 ± 2 ◦C
for the anode with sample code An-2.

With the increase in the working electrolyte temperature, the major crystalline phases
were reduced on PbSO4, Cu3As, Cu2O, PbO, and Sb2O3. PbO peaks intensity is decreased
in the anode slime obtained by the electrorefining process at higher working electrolyte
temperature. From data presented in Table 5, the phase As2O3 is present at a value of
30.4 wt.% and SbAsO4 in value of 7.5 wt.% for anode slime obtained at a temperature of
T1 = 63 ± 2 ◦C. Those phases are not registered in slime obtained from the same anode at
temperature of T2 = 73 ± 2 ◦C. The chemical composition of anode slime confirms that the
amount of As and Sb at a higher temperature is lower compared to the values at lower
working electrolyte temperature (Table 4).

Based on the patterns from Figure 4, PbSO4 has a more crystalline form in anode
slime obtained at a lower temperature. Clusters at lower temperatures tend to reach the
crystalline form for copper. Cu (I) in the form of Cu2O and Cu3As is more present in anode
slime obtained at higher working electrolyte temperature based on the fact that the copper
clusters achieved a more difficult crystalline form at lower temperatures (Table 5) and
based on the fact that the concentration of Cu(I) ions in the electrolyte increases with the
increase in the working electrolyte temperature [30]. Because of that, the more complete
crystallization of Cu (I) ions was achieved at a temperature of T2 = 73 ± 2 ◦C. This is also
confirmed by the values of the estimated mass percentage of these compounds given in
Table 5.

Table 5. Estimated percentage composition of the registered phases in anode slime from different types of electrorefin-
ing processes.

Symbol
Pattern

Numbers Phase Name
Chemical
Formula

Anode with Samples Code An-1,
(wt.%)

Anode with Samples Code An-2,
(wt.%)

T1 = 63 ± 2 ◦C T2 = 73 ± 2 ◦C T1 = 63 ± 2 ◦C T2 = 73 ± 2 ◦C

A [96-900-0653]
[96-900-5525] Anglesite PbSO4 45.0 48.4 55.0 75.9

B [96-101-0976] Copper(I) arsenide
Domeykite low Cu3As 4.9 31.2 20.2 20.7

C [96-901-1215] * Antimony Arsenate SbAsO4 7.5 - 16.1 -

D [96-101-0927]
[96-101-0964]

Copper(I) oxide
Cuprite Cu2O 4.2 15.4 6.5 -

E [96-900-9692]
[96-900-9694] Claudetite As2O3 30.4 - 1.2 -

F [96-901-2701]
[96-901-2700] Litharge PbO 6.5 3.9 0.9 2.4

G [96-110-1036] Cassiterite SnO - - 0.2 -
H [96-900-9748] Senarmontite Sb2O3 1.2 1.2 - 1.0

* The existence of SbAsO4 form was emphasized in the papers [15,31] as presented in those papers.
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The presence of Ni phases was not observed. This indicates that the Ni content
in anode slime is very low, which is confirmed by the results of anode slime chemical
composition given in Table 4.

Figure 5 presents a comparative presentation of the phase analyses of anode slime
obtained during the electrorefining processes of the anode with sample code An-1 at
different working electrolyte temperatures.

Overlapping patterns confirmed that the phases are better crystallized at a higher
temperature. The appearance of higher concentrations of Cu3As and Cu2O gave the higher
peak intensities at a higher temperature of T2 = 73 ± 2 ◦C, and this was confirmed with the
results given in Table 5.

Figure 6 shows a phase diagram of anode slime obtained by the electrorefining
processes of the anode with sample code An-2 at temperatures (a) T1 = 63 ± 2 ◦C and
(b) T2 = 73 ± 2 ◦C. Characteristic for those patterns is a large number of peaks and over-
lapping the peaks of some phases. PbSO4, As2O3, SbAsO5, Cu3As, Cu2O, PbO, SnO,
and Sb2O3 are detected in anode slime and presented by the X-ray diffraction patterns in
Figure 6a. The next phases, PbSO4, Cu3As, PbO, and Sb2O3, are detected in the anode slime
sample obtained at T2 = 73 ± 2 ◦C (Figure 6b). SbAsO4, Cu2O, and As2O3 are presented in
the mass percentage of 16.1, 6.5, and 1.2, respectively, only in the anode slime obtained at a
temperature of T1 = 63 ± 2 ◦C (Table 5, Figure 6b).

The main characteristic for patterns in Figures 4 and 6 is that SbAsO4 and As2O3 are
not registered in the anode slime samples obtained during the electrorefining of anodes with
sample code An-1 and An-2 at higher working electrolyte temperature (T2 = 73 ± 2 ◦C).

Figure 7 gives a comparative presentation of the phase analyzes of anode slime
obtained during the electrorefining processes of the anode with sample code An-2 at
different working electrolyte temperatures.

Overlapping patterns indicated that the phases are better crystallized at a higher
temperature. The appearance of higher concentrations of PbSO4, Cu3As, and PbO gave the
higher peak intensities at a higher temperature, and it is confirmed by the results given in
Table 5. The results shown in Table 5 are semi-quantitative, and those data were not the
exact data. Those data were used in order to compare the characteristics of anode slime
obtained from the same non-standard copper anode at different temperatures.

The amorphous part of the material obtained during the electrorefining processes of
anodes could not be discussed, although a form of X-ray patterns confirmed the presence
of amorphous material, so that the percentage composition of crystallized phase is not a
precise figure, but estimates by the software automatically calculate and apply only for the
crystalline phase. The formation of the floating slimes with the amorphous characteristics
was associated with oxidation of Sb(III) to Sb(V) [32,33]. For future investigation, it is
possible to estimate the amorphous phase content, for example, by adding a known
amount of an internal standard sample (e.g., silicon). The amount of amorphous phase
can be estimated from the difference between the exact amount of silicon added and the
amount of silicon determined by the XRD.

4. Conclusions

Copper anodes of non-commercial chemical composition regarding the Ni, Pb, Sn, and
Sb content were prepared to test the electrorefining process. Ni content was 5 or 10 wt.%,
and the content of the main ingredients (Pb, Sn, and Sb) was 0.5 wt.% for each one. The real
waste solution of sulfuric acid character that was used as a working electrolyte had the Cu
ions of decreased concentration in relation to the commercial value. It was confirmed that
the electrorefining process of those anodes can be carried out for a limited number of hours.
The decrease in the Cu ions’ concentration (max. 95.38 wt.%) in the working electrolyte is a
limited parameter for electrorefining the non-commercial copper anodes. The concentration
of Ni ions increased, and the highest value of 129.27 wt.% was for the anode with a higher
Ni content in the anode. The concentration of As ions in the working electrolyte decreased
by up to 80 wt.%, and Sb ions’ concentration decreased by a maximum of 48 wt.%. It

129



Metals 2021, 11, 1187

was also observed that the full passivation did not occur. The masses of cathode deposits
confirmed that the Cu ions from the electrolyte were deposited onto cathodes. The mass of
anode slime makes up 3.55–6.47 wt.% of the dissolved anode mass. The major crystalline
phases in anode slime, detected by the X-ray diffraction analyses, were PbSO4, Cu3As,
SbAsO4, Cu2O, As2O3, PbO, SnO, and Sb2O3. A larger number of crystalline phases was
registered at a temperature of T1 = 63 ± 2 ◦C.
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Abstract: This work is a contribution to the approach for Al purification and extraction from scrap
using the thin-layer multiple-capillary molten salt electrochemical system. The single- and multiple-
capillary cells were designed and used to study the kinetics of aluminium reduction in LiF–AlF3 and
equimolar NaCl–KCl with 10 wt.% AlF3 addition at 720–850 ◦C. The cathodic process on the vertical
liquid aluminium electrode in NaCl–KCl (+10 wt.% AlF3) in the 2.5 mm length capillary had mixed
kinetics with signs of both diffusion and chemical reaction control. The apparent mass transport
coefficient changed from 5.6·10−3 cm.s−1 to 13.1·10−3 cm.s−1 in the mentioned temperature range.
The dependence between the mass transport coefficient and temperature follows an Arrhenius-type
behaviour with an activation energy equal to 60.5 kJ.mol−1. In the multiple-capillary laboratory
electrolysis cell, galvanostatic electrolysis in a 64LiF–36AlF3 melt showed that the electrochemical
refinery can be performed at a current density of 1 A.cm−2 or higher with a total voltage drop of
around 2.0 V and specific energy consumption of about 6–7 kWh.kg−1. The resistance fluctuated
between 0.9 and 1.4 Ω during the electrolysis depending on the current density. Thin-layer aluminium
recycling and refinery seems to be a promising approach capable of producing high-purity aluminium
with low specific energy consumption.

Keywords: aluminium; thin-layer electrolysis; molten salts; halides; capillary cell

1. Introduction

Aluminium is the second most utilised metal in the world, only outranked by steel,
due to its outstanding mechanical and metallurgical properties. Aluminium and its alloys
are extensively used in aerospace, electronics, household utensils, construction, etc. The
demand for this metal is only growing, and sufficient supply would require a considerable
amount of secondary aluminium production [1]. Through primary aluminium production,
residues such as salt slag, aluminium dross, and red mud are generated. The environ-
mentally hazardous residues that are generated can be drastically reduced if secondary
aluminium productivity increases. Moreover, 93% of CO2 emissions can be reduced using
secondary aluminium production [2]. Processes such as remelting [3], electrolysis [4],
and fractional solidification [5] are used for secondary aluminium production. The main
disadvantage of aluminium recycling by remelting is that the recovered metal contains a
significant number of impurities. Fractional solidification can produce highly pure metal,
but it is difficult to accomplish on a large scale. Demand for high-purity aluminium is
growing due to its wide range of applications including high-tech areas. It is used for
anode foils for aluminium electrolytic capacitors, hard-disk substrates, sputtering targets,
and wiring materials for semiconductor devices and liquid crystal display panels. In
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the near future, new demands for such applications as compact self-ballasted fluorescent
lamps, LED bulbs, solar power generation units, and wind-power generation units are
expected [6]. The reasons for extensive use of high-purity aluminium are as follows [7]:

� oxide layers having high permittivity and insulation properties can be obtained
through surface treatment;

� high-purity aluminium contains only a small number of impurity elements, precipi-
tates, and inclusions;

� it exhibits high electrical and thermal conductivities.

Ultrapure aluminium can be produced using the Hoopes process, but the process
demands a high energy consumption (18 kWh kg–1) [8]. An ideal recycling process should
be environmentally friendly, have a high metal yield with low impurities, and low energy
consumption. A comparison made in [9] shows that the average energy requirement for
the remelting process is 2.2 kWh/kg, while the theoretically minimal value is 510 kWh/kg.
For primary aluminium production, the average and the minimum values are 26 and
10.2 kWh/kg, respectively.

A recent study suggests that platinum group metals (PGMs) can be electrochemically
reduced along with aluminium from the spent catalysts [10]. The γ-Al2O3 catalyst carrier
dissolves in fluoride melts and is electrochemically decomposed to reduce aluminium [11].
These aluminium-PGM alloys can be separated through electrochemical or pyrometallurgi-
cal processes to recover PGMs as well as the liquid aluminium [12]. Molten salt electrolysis
in horizontally placed electrodes is considered one of the most promising processes for
metal recovery [11]. The NaCl–KCl–AlF3 (or Na3AlF6) melt with the addition of BaF2
in the horizontal-electrode cell is used at 690–850 ◦C with an interelectrode distance of
~10 cm in the traditional three-layer refinery; the main drawback of this process is an
extremely high energy consumption [11]. Chloride-based molten salts have also shown
some promising results in aluminium extraction from aluminium alloys [13]. Yet, it still
faces some problems [14] such as:

� extremely high hygroscopicity of AlCl3;
� significant volatility of AlCl3.

These two factors lead to the strong evaporation of electrolytes and hydrolysis of
aluminium chloride in a gaseous phase. Another problem that comes from high hygroscop-
icity is the low corrosion resistance of cell compartments in the presence of water vapour
in the molten salt.

This work is a continuation of previously attempted research [15,16], where the elec-
trochemical reduction of aluminium was performed through a thin layer refinery. In [15,16],
two different types of single-capillary cells were used to study electrode processes, and the
results were comprehensively compared to those obtained in a traditional (non-capillary)
cell. It was found that the addition of 10 wt.% of AlF3 to an equimolar NaCl–KCl melt
gives the best results among all tested compositions and allows operating the cell at a
current density of 1.4 A.cm−2. A significant problem raised from the study was that the
resistance fluctuated from 0.7 to 2.5 Ω. Using a LiF–AlF3 melt with relatively high electric
conductivity was proposed as a means to reduce the resistance in the capillary [16]. The
distance between the two liquid electrodes (aluminium alloy and pure aluminium) was
reduced in an attempt to drastically minimize the Ohmic voltage drop and to increase the
reaction rates due to overlapping diffusion layers. This can be achieved by the introduction
of corrosion- and heat-resistant porous ceramic soaked with the electrolyte, which acts as a
physical barrier between two aluminium electrodes. Cathodic processes in chloride [17,18]
and fluoride [19,20] melts were studied to understand the electroreduction of aluminium.
The results show the promising performance of these molten salts as they possess high
electrical conductivity. The NaCl–KCl–AlF3 and LiF–AlF3 melts were chosen for this study
based on their good performance in previous experiments [15,16]. The LiF–AlF3 melts have
a low liquidus temperature and high electrical conductivity. Chloride-based melts have also
been considered as low-temperature electrolytes for both aluminium reduction and refinery
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processes [21]. Alumina is generally not dissolved in chloride melts, although introducing
a small proportion of AlF3 into the melt can improve the solubility and dissolution rate
of alumina.

The recycling of aluminium with capillary molten salt electrolysis can be a good alter-
native to other recycling processes, such as simple remelting, due to several factors. While
remelting has a very low specific energy consumption, capillary thin-layer electrolysis is
performed in an electrochemical cell (Al–Me)Al|Al3+|Al with EMF equal (or close) to zero,
which has been shown in previous work [15], and which makes it possible to produce
pure aluminium with much smaller energy consumption than that required for primary
production. The EMF depends on the activity of aluminium in Al–Me alloy (where Me are
common impurity elements such as Si, Fe, Cu), which were extensively studied [22,23].
The activity coefficient γ of Al in Al–Si is given by the equation [23]:

γAl =
1

XAl
exp (−ΔG0

T
RT

)
a

13
8

Al2O3
·a

3
4
Si·

a
3
8
Al6Si12O13·

(1)

where XAl is the molar fraction of Al in the alloy, a is the activity, T is the temperature,
R is the gas constant equal to 8.314 J.(mol.K)−1, ΔG0

T is the standard Gibbs energy change,
and ΔG0

T = 138 600–23.89 T (J/mol). In the case of equilibration of Al–Si alloys with their
fluorides, the equation should be changed accordingly. Another factor is the absence of
carbon in the process and, therefore, the absence of CO2, CO, and CFx emissions, which
take place in primary aluminium production.

In this paper, the effects of temperature, molten salt composition, and the number of
capillaries (single vs. multiple) on the electrochemical behaviour of liquid Al electrodes
were discussed. Electrochemical characterization of the single- and multiple-capillary sys-
tems using equimolar NaCl–KCl with 10 wt.% of AlF3 and eutectic LiF–AlF3 at 720–850 ◦C
was performed. The results are intended to exhibit the complexity of the electrode process
in the capillary electrolysis cells and to contribute to the development of the aluminium
refinery technology in thin layers of molten halides. The previously used single-capillary
cell [15] was improved in terms of simple manufacturing, and the pilot multiple-capillary
laboratory cell was designed based on previous data.

2. Experiment

The NaCl–KCl–AlF3 and LiF–AlF3 melts were prepared from individual LiF, KCl,
NaCl, and AlF3 salts of reagent grade. Initially, anhydrous salts were dried at 400 ◦C for 4 h.
Before the state of the experiments, the electrolytes were heated to operating temperature,
then purified using the graphite electrode at 0.2V (vs. the Al3+/Al potential) for 2 h.
The undesirable residues were electrodeposited on the graphite surface. Two- and three-
electrode cells with both electrodes being liquid aluminium were used for electrochemical
measurements. The single- and multiple-capillary cells were used to perform aluminium
anodic dissolution and cathodic reduction. Copper was not added to the anode, as is done
in the Hoopes process, as there was no need to increase the density of the anode. The
single-capillary cell consisted of a boron nitride (BN) two-electrode (working electrode/WE
and reference electrode/RE) set-up placed into the graphite crucible (65 mm inner diameter,
70 mm height) filled with aluminium (counter electrode/CE) and molten NaCl–KCl–AlF3
electrolyte, as shown in Figure 1.
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Figure 1. Schematic representation of a single capillary cell: 1—PGSTAT Autolab 302n, 2—tungsten
current leads, 3—capillary (0.6 mm diameter, 2.5 mm length) drilled in BN two-electrode set-up, 4—
Al/AlF3 reference electrode, 5—Al working electrode, 6—NaCl–KCl (1:1 molar ratio) + 10 wt.%AlF3,
7—Al counter electrode, 8—graphite crucible.

The BN two-electrode setup was a block (length × width × height: 30 × 15 × 72 mm3)
with two closed-end channels (10 mm diameter, 60 mm depth) filled with aluminium and
molten salt. The tungsten rods (2 mm diameter) were immersed into aluminium in both
channels to serve as current leads. The capillary was drilled out through the wall of
the channel, which acted as a working electrode. The other channel was liquid-tight.
However, due to the porosity of the BN block, molten salt soaked the walls and made it
possible to establish an electrolytic contact between RE and WE. Due to the difference in the
surface tension and wettability of the materials by aluminium and fused salt, the capillary
contained only salt, with aluminium being kept outside. The apparent surface area of the
electrodes in the capillary was 0.003 cm2. The length of the capillary was 0.25 cm with a
diameter of 0.6 mm.

In the multiple-capillary cell, a BN crucible (30 mm inner diameter and 50 mm height)
with a perforated wall (10 × 20 mm2) was immersed into a graphite crucible (65 mm inner
diameter, 70 mm height) as shown in Figure 2. The number of capillaries was 840. Each
one had a diameter of 0.04 cm and a length of 0.25 cm. The total apparent electrode surface
area was 1.055 cm2. Both crucibles were filled with molten aluminium and electrolytes.
Two tungsten 2 mm rods were immersed into the liquid aluminium in both crucibles and
acted as current leads.

The PGSTAT302n potentiostat (MetrOhm Autolab B.V., Utrecht, the Netherlands) with
the 20 A booster and Nova 2.1.2 software (MetrOhm Autolab B.V., Utrecht, the Netherlands)
was used to implement the studies under galvanostatic conditions. The temperature of the
furnace was maintained constant by using a USB-TC01 thermocouple module (National
Instruments, Austin, TX, USA) and measured using a k-type thermocouple (not shown
in figures). Stationary polarization curves were obtained with current densities applied
in the range of 0.07 to 15.38 A.cm−2. The Ohmic voltage drop was determined via the
I-interrupt technique. The polarization duration before the current interrupt was 120 s,
and the interruption duration was 20 s. The duration between potential measurements
during interruption was about 100 μs. The value of potential was taken after a rapid drop
in the voltage. The experiments were conducted in an air atmosphere with temperature
fluctuations of no more than ±3 ◦C.
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Figure 2. Schematic representation of a multiple-capillary cell: 1—PGSTAT Autolab 302n with
BOOSTER20A, 2—tungsten current leads, 3—electric heater, 4—90Al–10Cu (wt.%) working electrode,
5—multiple-capillary wall (0.4 mm diameter, 2.5 mm length, 840 pieces), 6—outer graphite crucible,
7—inner boron nitride crucible, 8—Al counter electrode, 9—64LiF–36AlF3 (molar ratio), 10—boron
nitride cover.

3. Results and Discussion

3.1. Single-Capillary Electrolysis

From the previous experiments [12], it was found that an equimolar NaCl–KCl melt
with 10 wt.% of AlF3 had a good performance in terms of aluminium reduction kinetics.
The same melt was examined to study the effects of temperature on the limiting current
density. The results obtained during stationary polarization are shown in Figure 3.

Figure 3. Results obtained in the single-capillary cell with the NaCl–KCl (1:1 molar ratio) + 10 wt.% AlF3 melt: (a)—typical
potential vs. time dependence obtained at 800 ◦C, (b)—potential relaxation during 20 s current interrupt, (c)—stationary
galvanostatic polarization curves obtained at 720–850 ◦C.

The electrode potential was naturally shifted negative during cathodic polarization.
The reversible potential was about −0.04 V vs. the Al/AlF3 reference electrode. The
stationary polarization curves (Figure 3c) fit the Tafel-type behaviour as they have a linear
part in a wide range of current densities and potentials, which is not typical for diffusion-
controlled processes. The mixed kinetics is observed due to the co-reduction of Al and
alkali metals (Na or K). Co-reduction onset current density relates to the limiting current
density il, which appears in the equation for diffusion-controlled processes [24]:

ηconc =
RT
zF

ln (1 − i
il
) (2)
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where ηconc is the concentration overvoltage, z is the number of electrons transferred per
one atom of Al reduced, F is the Faraday’s constant equal to 96485 C.mol−1, and i is the
current density.

Since sodium is reduced along with aluminium, Na dissolves in Al and the activity
of Na in Al increases. It slightly shifts the electrode potential to more negative values
which can be seen in Figure 3a,b. To avoid this situation, the current density for the
multiple-capillary electrolysis should be chosen below 2 A.cm−2 at 850 ◦C (and less for
lower temperatures), or electrolyte choice should be revised.

Another possible explanation of the linear part of the polarization curve is the ac-
tivation overvoltage appearance. It is barely possible that charge transfer can be the
rate-determining step at high temperatures between 720 and 850 ◦C. The chemical reaction
control seems to be more realistic. If this is the case, then the overvoltage is governed by
the equation [24]:

ηact =
RT
pzF

lni0 +
RT
pzF

lni (3)

where ηact is the activation overvoltage, p is the reaction order, and i0 is the exchange
current density.

The theoretical curves were plotted in Figure 3c. The reaction order of 0.04 fitted the
experimental data for all the temperatures, and the exchange current density increased
from 10 to 11 A.m−2 with an increase in the temperature.

The kinetic parameters obtained from the stationary polarization curves are sum-
marized in Table 1 where θ is the temperature in ◦C (while T is used for the absolute
temperature in K), CAl3+ is the concentration of electroactive particles, OCP is the equi-
librium open circuit potential, il is the limiting current density found by extrapolation of
the linear part of the polarization curves to the OCP value, and Km is the apparent mass
transport coefficient calculated according to the known relation:

Km =
il

zFC
(4)

Table 1. Kinetic parameters of aluminium reduction in the single-capillary cell.

θ, ◦C CAl3+ mol.cm3 OCP, V il, A.cm−2 Km·103, cm.s−1

720 0.001791 −0.075 2.9 5.6
780 0.001753 −0.073 4.7 9.3
800 0.001740 −0.043 4.9 9.7
850 0.001709 −0.031 6.5 13.1

The change in the concentration is due to a change in the molar volume of the molten
salt with the temperature. The apparent mass transport coefficient vs. the temperature
dependence was found to follow an Arrhenius-type relation as shown in Figure 4:

(
dlnKm

dT

)
=

EA

RT2 (5)

where EA is the activation energy for diffusion.
The dependence between lnKm and T−1 is close to linear, which allows calculating

the diffusion activation energy that equals 60.5 kJ.mol−1.
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Figure 4. The change in the logarithm of the apparent mass transport coefficient vs. the
inversed temperature.

3.2. Multiple-Capillary Electrolysis

The final goal was to establish the electrolysis in a multiple-capillary system to perform
aluminium refinery or recycling with high productivity and low energy consumption.
Keeping this in mind, the multiple-capillary laboratory cell was designed to perform small-
scale short electrolysis tests. The electrolytic system was revised after the performance of
the single-capillary electrolysis. Among several tested systems, which namely are NaCl–
KCl–AlF3, KF–AlF3 [15], and LiF–AlF3 [10,16], the 64LiF-34AlF3 (mol. %) melt was chosen
because of the huge potential window between Al and Li, low liquidus temperature, high
electrical conductivity and good performance in the previous experiments [10]. The set of
various current densities in the range from 0.01 to 4.74 A.cm−2 was applied during each
180 s with current interruptions between the runs to estimate the resistance and the back
EMF, which can be found from the equation:

Back EMF = U − IR = EMF + ηa + ηc (6)

where U is the total voltage, I is the current applied, R is the resistance, EMF is electro-
motive force (or decomposition voltage), and ηa and ηc are the anodic and the cathodic
overvoltages, respectively. The results of the electrolysis runs are presented in Figure 5.

 
Figure 5. Results obtained in the multiple-capillary cell with the 64LiF–36AlF3 (molar ratio) melt at 800 ◦C: (a)—typical
potential vs. time dependence during galvanostatic polarization with current interrupts, (b)—quasi-stationary resistance,
voltage, and back EMF as a function of applied current density.
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The total voltage and the back EMF naturally increased with current density. The
resistance changed stepwise. In one series of runs, it slightly decreased probably due to
the local increase in the temperature with the current applied. There were a few leaps
up in the resistance between the series of runs, which may be caused by an unexpected
change in the capillary parameters due to local salt crystallization in separate capillaries
during the whole experiment. From Figure 5b, at a current density of 0.9–1.1 A.cm−2,
one can expect a total voltage drop of around 2 V, which may result in a specific energy
consumption of 6–7 kWh/kg at high current efficiency values above 85%. The energy
requirements of this method are three times higher than those of the remelting process,
which is 2.2 kWh/kg. However, the metal purity that can be obtained is much higher. While
primary aluminium production requires about 26 kWh/kg, and the three-layer refinery
process needs 18 kWh/kg, the capillary electrolysis process seems a promising alternative
that yields high-purity aluminium with much lower specific energy consumption, which
depends mainly on the specific electrical conductivity of the electrolyte and the length of
capillaries, while back EMF can be rather low.

The resistance at 0.9–1.1 A.cm−2 was about 1.3 Ω, which agrees with values obtained
previously in the single-capillary cell [16]; however, it is still rather high. This value can be
further reduced by optimizing the capillary parameters (the length and the diameter) and
the electrolyte composition.

4. Conclusions

Thin-layer aluminium recycling and refinery seems to be a promising approach ca-
pable of producing high-purity aluminium with low specific energy consumption. The
single-capillary, three-electrode cell was improved after previous work. The multiple-
capillary laboratory electrolysis cell was first present. The main findings from the single-
and multiple-capillary electrolysis are:

� the cathodic process on a vertical liquid-aluminium electrode in the NaCl–KCl
(+10 wt.% AlF3) in the 2.5 mm length capillary had mixed kinetics with signs of
both diffusion and chemical reaction control;

� the apparent mass transport coefficient changed from 5.6 × 10−3 cm.s−1 to
13.1 × 10−3 cm.s−1, which is at least 10 times higher than usually observed in tradi-
tional molten salt cells;

� the dependence between the mass transport coefficient and the temperature follows
an Arrhenius-type behaviour with the activation energy being 60.5 kJ.mol−1;

� the presence of sodium or potassium in the electrolyte leads to the co-reduction of
these metals with aluminium at relatively low current densities. For the refinery
process, it is reasonable to keep the current density below 1 A.cm−2 or consider
revising the electrolyte (the LiF-AlF3 was tested as a promising candidate);

� the galvanostatic electrolysis in the multiple-capillary cell with the 64LiF–36AlF3
melt showed that the electrochemical refinery can be performed at a current density
of 1 A.cm−2, or higher, with the total voltage around 2.0 V and the specific energy
consumption about 6–7 kWh.kg−1;

� the resistance fluctuated between 0.9 and 1.4 Ω during the electrolysis depending on
the current density.

Further efforts should be directed to the study of the effect of electrolysis conditions
and capillary parameters on the extraction degree, current efficiency, and aluminium purity.
The Ohmic voltage drop should also be reduced to enable refinery with a specific energy
consumption of 5 kWh.kg−1 or lower.
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Abstract: AgCu nanoparticles were prepared through hydrogen-reduction-assisted Ultrasonic Spray
Pyrolysis (USP) and the Hydrogen Reduction (HR) method. The changes in the morphology and
crystal structure of nanoparticles were studied using different concentrated precursors. The structure
and morphology of the mixed crystalline particles were characterized through X-ray diffraction
analysis (XRD), scanning electron microscopy (FEG-SEM), transmission electron microscopy (TEM)
and Energy-dispersive X-ray spectroscopy (EDS). The average particle size decreased from 364 nm to
224 nm by reducing the initial solution concentration from 0.05 M to 0.4 M. These results indicate that
the increase in concentration also increases the grain size. Antibacterial properties of nanoparticles
against Escherichia coli were investigated. The obtained results indicate that produced particles show
antibacterial activity (100%). The AgCu nanoparticles have the usage potential in different areas of
the industry.

Keywords: silver; copper; nanoparticles; ultrasonic spray pyrolysis; antibacterial

Highlights

AgCu nanoparticles have been produced in one step by ultrasonic spray pyrolysis.
AgCu particle size was controlled by changing the concentration of the solution.
AgCu nanosized particles exhibit improved antibacterial activity.

1. Introduction

In recent years, there has been increasing interest in bimetallic nanoparticles because
of their potential applications to magnetism, catalysis and optics. These nanoparticles are
often called nanoalloys [1]. Bimetallic nanoparticles, either as alloys or as core–shell struc-
tures, exhibit unique electronic, optical and catalytic properties compared to monometallic
nanoparticles [2,3]. Several bimetallic nanoparticles have been recommended for use in a
catalytic system [4–6]. A series of bimetallic catalysts, such as Cu-Au, Cu-Pd, Cu-In and
Cu-Sn, have been introduced to exhibit improved surface activities toward CO. Cu-Pt alloy
or Cu-modified Pt electrocatalysts still could show the capability of Cu to reduce CO2 into
hydrocarbon products [7].

Although a lot of work has been done on the preparation of noble metal alloys, there
are only a few reports on bimetallic particles of copper, especially with silver. Lattice con-
stants of Ag and Cu are 0.409 nm and 0.361 nm, respectively, and this large difference in the
lattice constants of Cu and Ag makes the preparation of their alloy difficult. Additionally, it
is difficult to control the simultaneous reduction of Cu and Ag because of the difference in
redox potential, and the instability of Cu in an aqueous medium is an added difficulty [2].
The fact that copper (Cu) is an important metal used in modern technologies increases its
attention [8]. Nanospheric Cu particles are more attractive than other metals because of
their advantages, such as being cheap, easy to find and their wide range of uses [8,9]. Based
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on these advantages, Cu nanoparticles, capacitor material, catalyst, conductive coating,
ink-jet printing technology, conductive paste, insulating material, oil additive and sintering
additives can be used [10,11]. In particular, Cu has gained more interest because of its
capability to reduce CO2 into hydrocarbon fuels [12]. It has long been known that silver
(Ag) is a very strong antibacterial material in both metallic form and compound forms,
and its inhibitory effect on bacteria has been studied by many researchers [13–15]. Ag
nanoparticles are a gold standard bacteriostatic agent [16]. Ag is known to be used in
antibacterial applications since ancient times, and Ag nanoparticles are often preferred in
biosensor applications [17]. Ag nanoparticles play an important role in increasing the sen-
sitivity of biosensors because of their ability to accelerate the transfer of electrons [16–19].
The seriousness of problems with energy supplies and environmental pollution is creating
greater interest in fuel cells and lithium batteries [20–22]. Fuel cells produce electricity
by electrochemically converting hydrogen and oxygen into water, and noble metals, such
as Pt, are used as a catalyst for the oxygen reduction reaction. However, the high cost
of Pt has sparked a search for a Pt substitute or new ways of reducing the quantity of Pt
required. AgCu bimetallic nanoparticles have proper adsorption strength and become a
good catalyst for the oxygen reduction reaction. Moreover, Ag and Cu are considerably
less expensive than Pt or Pd [6].

Various methods have been proposed to synthesize metallic nanoparticles, including
wet chemical reduction, electrochemical, laser ablation and solution combustion [23–27].
Among them, the ultrasonic spray pyrolysis (USP) technique has been rarely used for this
purpose. The USP technique was preferred for its low cost and especially for its simplicity
for fabricating oxides with good qualities [28]. The wet chemical synthesis is based on the
reduction of metals salts by a reducing agent. It consists of many steps to obtain products,
and controlling the process is challenging compared to the USP method. Strong reducing
agents are necessary for producing metallic nanoparticles, such as sodium borohydride [29],
hydrazine [30] and sodium hypophosphite [31]. USP is a process in which solid particles
are produced by evaporation, drying and thermal decomposition/reduction processes in
a controlled atmosphere, starting from droplets obtained from ultrasonic frequency from
metal salt precursors. Single-step and atmospheric pressure droplet to particle conversion
and particle collection processes in USP results in spherical, needle-like, plate, flower-
like, diagonal and micro- or nanosized metal, as well as oxide, ceramic, carbon-based or
nanocomposite-agglomerated materials with a narrow size distribution [32–35].

In this study, we aimed to produce nanoalloy particles, which can be used in energy
supplies (fuel cells, lithium batteries) and antibacterial products. Since there is no previous
study that has been reported on the synthesis of the AgCu nanoalloy by the USP-HR
method, the antibacterial particles were prepared with the one-step method with a con-
trolled Ag content and particle morphology, which is the original aspect presented in this
study. In comparison to the previous synthesis of single nanosized particles of copper and
silver, this USP synthesis from mixed precursors will offer the improved characteristics of
the final AgCu particles [36–40].

2. Experimental

AgCu nanosized particles were synthesized using the aqueous solution of silver
nitrate (AgNO3) and copper nitrate (CuNO3)2.3H2O) under 1 L/min H2 flow rate at an
800 ◦C reduction temperature. The nitrate salts (all from Merck, Darmstadt, Germany)
were dissolved in deionized water and stirred with a magnetic stirrer for 30 min. The metal
concentration in the precursor was between 0.05 mol/L and 0.4 mol/L. The precursor
solution was atomized using an ultrasonic atomizer with a resonant frequency of 1.3 MHz
(RBI-Instrumentation, Meylan, France). The reduction of aerosol droplets occurred at
800 ◦C in the electrically heated furnace with the heating zone of 0.25 m and the diameter
of the quartz tube of 0.02 m (Nabertherm, Germany). The details of the experimental
parameters for the synthesis of AgCu nanosized particles are given in Table 1.
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Table 1. Experimental parameters.

AgNO3

(mol/L)
Cu(NO3)2

(mol/L)
Temperature

(◦C)
H2 Flow Rate

(L/min)
N2 Flow Rate

(L/min)
Ultrasonic

Frequency (MHz)

0.05 0.05 800 1.0 0.5 1.3
0.1 0.1 800 1.0 0.5 1.3
0.2 0.2 800 1.0 0.5 1.3
0.4 0.4 800 1.0 0.5 1.3

X-ray diffraction patterns were obtained for the crystal structure determination of alloy
particles by the Philips-1700 X-ray diffractometer (Philips, Eindhoven, The Netherlands)
employing Cu-Kα radiation. The chemical compositions of particles were analyzed by
energy dispersive spectroscopy (EDS). The particle size and morphology of the samples
were investigated by field emission scanning electron microscopy (FEG-SEM, JEOL JSM
700F, Tokyo, Japan) and transmission electron microscopy (FEI Tecnai G2F20 S-TWIN-TEM,
Hillsboro, OR, USA). The temperature behavior of silver nitrate salt and copper nitrate
salts was investigated by using a differential scanning calorimeter and thermal gravimetry
(DSC-TG SDT Q600, TA Instrument, New Castle, DE, USA). Moreover, the antibacterial
activities of AgCu nanosized particles were evaluated according to the American Society
for Testing and Materials (ASTM) E 2149-01 standard test method.

3. Results and Discussion

3.1. Thermodynamic Analysis of Ag and Cu Nitrate Salts

In order to understand the reaction mechanism in the production of nanosized AgCu
alloy particles with USP and HR, the breakdown of the Ag and Cu nitrate salts was
investigated using thermochemical analysis. For this purpose, the thermal behavior of
the Ag and Cu nitrate solutions were investigated, respectively, then the free energy
changes of the nitrate salts in the nitrogen and hydrogen atmosphere under the heat
dissolution/reduction reactions were investigated using the enthalpy (H), entropy (S) and
heat capacity (C) HSC (Outotec, Espoo, Finland) program. The thermal behavior of the
nitrate salts used as starting material in experimental studies was carried out by using
Differential Scanning Calorimeter-Thermal Gravimetry (DSC-TG), (TA Instrument, New
Castle, DE, USA) between the room temperature and 1000 ◦C using a heating rate of
10 ◦C/min in a nitrogen atmosphere. Figures 1 and 2 show the thermal behavior of the
AgNO3 and Cu(NO3)2.3H2O salts, respectively.

Figure 1. DSC-TGA analysis of AgNO3 salt.
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Figure 2. DSC-TGA analysis of (CuNO3)2.3H2O) salt.

The expected reaction of the thermal decomposition ware proposed below with
Equations (1) and (2):

2AgNO3 = 2Ag + 2NO2(g) + O2(g) (1)

2Cu(NO3)2 = 2CuO + 4NO2(g)+ O2(g) (2)

The DSC curve shown in Figure 1 gives a peak indicating that there is an endothermic
reaction at a temperature of about 200 ◦C, while the TG curve indicates some loss of mass at
this temperature. The loss of this mass is due to the small amount of crystal water present
in the AgNO3 salt. The TG curve indicates a significant loss of mass (about 40%) in the
structure around 400 ◦C, and this mass loss continues to a temperature of 500 ◦C. After
500 ◦C, it is observed that there is no mass loss in the structure, and the structure maintains
its stability. Considering this and the endothermic reaction peak shown by the DSC curve
at the same temperature, it can be said that the AgNO3 salt of this mass loss is subjected
to thermal breakdown and the NO2 gas is away from the structure. The stable structure
resulting from this thermal decomposition (after 500 ◦C) is silver and indicates the melting
point of endothermic peak silver at about 950 ◦C.

The DSC curve shown in Figure 2 shows that there is a mass loss of up to about 250 ◦C.
This mass loss is caused by the removal of the crystal water in the Cu(NO3)2 salt. The
DSC curve seen in the temperature range of this mass loss gives a peak indicating the
endothermic reaction. The TG curve indicates a significant loss of mass (approximately
50%) in the structure around 250 ◦C, and this mass loss continues to a temperature of
about 310 ◦C. After 310 ◦C, it is observed that there is no mass loss in the structure, and
the structure maintains its stability. Considering this and the endothermic reaction peak
of the DSC curve at the same temperature, it can be said that this mass loss is caused by
the thermal breakdown of Cu(NO3)2 salt. The stable structure resulting from this thermal
decomposition (after 310 ◦C) is Cu and indicates the melting point of the endothermic peak
copper formed at about 880 ◦C.

In particle production by the USP-HR method, the hydrogenation temperature of the
aerosols obtained by atomizing the high purity metal salt is of great importance. For this
purpose, the HSC program was used in the investigation of nitrogen and hydrogen gases
and thermal decomposition thermodynamics of AgNO3 and Cu(NO3)2 salts, which we
used in our experiments.

Figure 3 shows the graph of the temperature-free energy change obtained by the Fact-
Sage program (FactSage, Montreal, QC, Canada and Aachen, Germany) for decomposition
of AgNO3 and Cu(NO3)2. The thermodynamic reaction for hydrogen reduction of AgNO3
and Cu(NO3)2 can be described as in Equations (3) and (4).

AgNO3 + H2 = Ag + NO2(g) + H2O(g) (3)

Cu(NO3)2 + 2H2(g) → Cu + 2NO2(g) + 2H2O (4)
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Figure 3. The change of the Gibbs Free Energy value with temperature in the reaction of the AgNO3

salt with hydrogen and nitrogen.

As seen from Figure 3, the reduction of AgNO3 salt with hydrogen is thermodynami-
cally possible at room temperature, where Gibbs free energy is negative, and a decrease
in free energy is observed with increasing temperature. In the analysis for the thermal
decomposition of AgNO3 in a nitrogen atmosphere, it is seen that the Gibbs free energy
change of the reaction remained in the positive zone at low temperatures and decreased
with increasing temperature. It is also seen that the thermal decomposition reaction in the
nitrogen atmosphere of AgNO3 will begin to occur at 420 ◦C, where the thermodynamically
Gibbs free energy change passes to the negative region. The reduction of Cu(NO3)2 salt
by hydrogen is thermodynamically possible even at 0 ◦C, where Gibbs free energy is
negative. It is also seen that the thermal decomposition reaction in the nitrogen atmosphere
of Cu(NO3)2 begins to occur at 390 ◦C, where the thermodynamically Gibbs free energy
exchange passes to the negative region Equations (1)–(4) and Figure 3 proved that silver
and copper could be formed through the hydrogen reduction of silver and copper nitrates.

3.2. Structural Characterization of AgCu Particles

X-ray diffraction patterns of the AgCu alloy nanoparticles produced at an 800 ◦C re-
duction temperature using the solutions with different concentrations are given in Figure 4.

Figure 4. XRD patterns of AgCu nanoparticles (800 ◦C, 1.0 L/min H2 flow rate and frequency of
1.3 MHz).
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In Figure 4, the peaks at 38◦, 44◦, 64◦ and 77◦ according to 2θ values are assigned
to the (111), (200), (220) and (311) reflection lines, and it confirms the formation of a face-
centered cubic structure of Ag (JCPDS Card No: 01-087-0719). The face-centered cubic
Cu phase at 2θ = 43◦, 50◦ and 74◦ coincide with (111), (200) and (220) (JCPDS Card No:
04-0836). According to the XRD results, the alloy consisted of FCC1 (α) and FCC2 (β).
The diffraction peaks for the stable Ag-rich (α) and Cu-rich (β) phase were observed in
Figure 5. In addition, Cu2O nanoparticles phases were found in the cubic structure at 36◦
in 2θ values (111) at only a 0.2 M concentration. When the initial solution concentration
decreases, the peaks’ expansion and the peak’s intensity decrease, which can be explained
by the decrease in crystalline and particle size. In addition, crystallite sizes were calculated
using the Scherrer Equation (5) from the diffraction pattern of the X-ray diffractogram in
Figure 5 (see Figure 6).

D =
K ∗ λ

B ∗ cos θ
(5)

where D is the average crystalline size, B is the broadening of the diffraction line measured
at half of the maximum intensity, λ is the wavelength (Cu-Kα = 1.541874 Å), θ is the Bragg
angle for a given diffraction, and K is a constant, which is a value ranging from 0.85 to 0.9
for powders. Figure 5 shows the average crystalline size of nanosized particles depending
on the concentration of the precursor.

Figure 5. Relationship between concentration and crystalline size (800 ◦C, 1.0 L/min H2 flow rate
and 1.3 MHz).

Figure 6. SEM analyses of AgCu nanosized particles, (a) 0.05 mol/L, (b) 0.1 mol/L, (c) 0.2 mol/L
and (d) 0.4 mol/L.
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Figure 5 shows the crystalline size calculated using the Scherrer Equation of the
nanoparticles produced from the initial solutions with different concentrations, respectively,
from 16 nm to 26 nm for silver and from 20 nm to 28 nm for copper. The nanosized particles
obtained using 0.2 M solution exhibit the lowest crystallite size.

3.3. Morphological Characterization of AgCu Nanocomposite Particles

SEM images of the particles obtained by increasing solution concentrations (0.05, 0.1,
0.2 and 0.4 mol/L) at 800 ◦C are given in Figure 6. All samples exhibit spherical shape
morphology and almost smooth surfaces. With the reduction of the solution concentration,
it is seen that particles that have a finer particle size and generally a narrower particle size
distribution are produced. It was observed that large-grained particles together with very
fine grains were present in samples produced from solutions with different concentrations.
Furthermore, these produced particles show a tendency to cluster. Growing silver-copper
nanoparticles showed a tendency to cluster more with a decrease in concentration. The
differences in the agglomeration of the particles produced in the environment where all
the conditions except the concentration are the same are explained by the surface area and
activity of the particles.

EDS analyses of the nanosized particles are given in Table 2. The presence of Ag
and Cu was affirmed by EDS analysis. Any possible impurities, such as nitrogen due to
undecomposed reactants, were not detected in the EDS spectrums. However, as a result of
EDS analysis of the solution with a concentration of 0.05 M, the presence of oxygen here
comes from the possible oxide structure in the sample preparation and is not seen as an
impurity in the produced particles.

Table 2. EDS results of AgCu nanoparticles produced at different concentrations at 800 ◦C.

Concentration
(mol/L)

Element (%)
Ag Cu O

0.05 32.2 46.4 21.4
0.1 48.1 51.9 -
0.2 52.1 47.9 -
0.4 49.1 50.9 -

In order to measure the sizes of particles obtained from the initial solutions of different
concentrations, the mean particle sizes were calculated by measuring the dimensions of the
particles seen on the SEM images with the help of the ImageJ program (NIH, Maryland,
USA) (Figure 7).

Figure 7. Variation in particle size depending on the initial concentration (800 ◦C, 1.0 L/min H2 flow
and 1.3 MHz).

When the particle size obtained from 0.05 M silver nitrate-copper nitrate was ap-
proximately 224 nm in size, the particles were grown with increasing concentrations, and
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particles the size of 364 nm were formed in the 0.4 M concentration. TEM analyses of
AgCu nanoparticles produced from silver nitrate and copper nitrate starting solutions
with 0.05 M–0.4 M concentrations by the USP-HR technique were performed using the FEI
Tecnai G2 F20 S—TWIN 200 kV STEM/TEM device. Particles stored in ethanol were kept
in the ultrasonic homogenizer, and the possible agglomerations were removed from the
structure. Then, it was covered with copper grids by the immersion method. The results of
these characterization studies are given in Figure 8.

 

Figure 8. TEM images of AgCu nanosized particles, (a,b) 0.05 mol/L (c,d) 0.1 mol/L (e,f) 0.2 mol/L
and (g,h) 0.4 mol/L.
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When Figure 8 is examined, primary particles with a particle size less than 100 nm
from the TEM images have been clearly identified (Figure 8a,c,e,g). In addition, secondary
particles (≥100 nm) formed by the incorporation of primary particles are clearly seen
(Figure 8b,d,f,h). It was determined that the hollow structure was replaced by the dense
particle due to sintering at a high temperature.

3.4. Antibacterial Properties of AgCu Nanosized Particles

The measurement of antibacterial activity was made with the AgCu alloy nanoparticles
shown in Table 1. The antibacterial activity of the nanosized particles defined in Table 1 was
assessed against E. coli (gram-negative) bacteria (American Type Culture Collection (ATCC)
35218) via planting the bacteria in the agar medium according to the American Society for
Testing and Materials (ASTM) E 2149-01 standard under dynamic contact conditions. The
measurement was made after incubation at 37 ◦C for 24 h. This test standard is suitable for
particles that do not have migrations property. The antibacterial activity of these particles
against E. coli bacteria was given in Table 3.

Table 3. The value of antibacterial activity of the nanosized particles against Escherichia coli bacteria
after 24 h.

The Sample of Specimen Bacterial Reduction (%)

Untreated reference sample +140.00
0.05 mol/L −100.00
0.1 mol/L −100.00
0.2 mol/L −100.00
0.4 mol/L −100.00

As shown in Table 3, the improved antibacterial (ASTM E 2149-01) properties of AgCu
nanoparticles were observed via a decrease in bacterial reduction (approx. 100%)

4. Conclusions

AgCu nanoparticles were successfully synthesized via the hydrogen-reduction-assisted
ultrasonic spray pyrolysis method in one step at 800 ◦C using an aqueous solution of sil-
ver/copper nitrates as a precursor. The USP-HR method was used for the production of
AgCu nanoparticles in the desired size and morphology by using nitrogen as the inert gas
and hydrogen as the carrier/reducing gas. The effects of various precursor concentrations
on the morphology and crystal structure of the AgCu nanoparticles were investigated. The
average particle size decreased from 364 nm to 224 nm by reducing the initial solution
concentration from 0.4 mol/L to 0.05 mol/L. The size range of the AgCu nanoparticles
produced in experimental studies is 20 nm–100 nm for the solution where the concentration
is 0.05 mol/L, 100–450 nm for 0.1 mol/L, 180–1100 nm for 0.2 mol/L and 50–1050 nm
for 4 mol/L. These results indicate that the increase in concentration also increases the
grain size. In XRD analysis, silver and copper particles were determined to be cubic
structures. The particle crystalline sizes calculated for the concentrations of 0.05 mol/L,
0.1 mol/L, 0.2 mol/L and 0.4 mol/L according to the Scherrer equation, respectively, for
silver, 19.92 nm, 24.3 nm, 15.91 nm and 27 nm, and for copper, 20.84 nm, 24.05 nm, 20.4 nm
and 28.7 nm for 34 nm. In the TEM images of nanosized AgCu particles, primary particles
of smaller than 100 nm and larger secondary particles were observed. Furthermore, the
elimination of 100% bacteria was achieved by all synthesized AgCu nanoparticles. Im-
proved antibacterial (ASTM E 2149-01) properties of AgCu nanoparticles demonstrated
that these nanoparticles could be used as antibacterial agents in various areas.
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Mihailović, M.; Stopic, S.; Friedrich,

B.; Stevanović, J.; Panić, V.
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Abstract: Polygonal Pt nanoparticles were synthesized using ultrasonic spray pyrolysis (USP) at
different precursor concentrations. Physicochemical analysis of the synthesized Pt particles involved
thermogravimetric, microscopic, electron diffractive, and light absorptive/refractive characteristics.
Electrochemical properties and activity in the oxygen reduction reaction (ORR) of the prepared
material were compared to commercial Pt black. Registered electrochemical behavior is correlated to
the structural properties of synthesized powders by impedance characteristics in ORR. The reported
results confirmed that Pt nanoparticles of a characteristic and uniform size and shape, suitable for
incorporation on the surfaces of interactive hosts as catalyst supports, were synthesized. It is found
that USP-synthesized Pt involves larger particles than Pt black, with the size being slightly dependent
on precursor concentration. Among ORR-active planes, the least active (111) structurally defined
the synthesized particles. These two morphological and structural characteristics caused the USP-Pt
to be made of lower Pt-intrinsic capacitive and redox currents, as well as of lower ORR activity.
Although being of lower activity, USP-Pt is less sensitive to the rate of ORR current perturbations
at higher overpotentials. This issue is assigned to less-compact catalyst layers and uniform particle
size distribution, and consequently, of activity throughout the catalyst layer with respect to Pt black.
These features are considered to positively affect catalyst stability and thus promote USP synthesis
for improved properties of host-supported Pt catalysts.

Keywords: electrocatalysis; nanocatalyst; noble metal nanoparticles

1. Introduction

There are numerous contemporary studies dealing with the catalytic improvements of
energetics-important electrochemical processes such as hydrogen evolution (HER) and the
reduction and oxidation of oxygen or small organic molecules [1]. Particularly, investiga-
tions into oxygen reduction reaction (ORR) kinetics are of the highest interest due to the
ORR rate-determining characteristics for energy conversion in fuel cells (FCs) and metal–air
batteries (M-O2) [2–5]. The meeting point of FCs and M-O2 (involving alkaline metal–air
batteries, such as Li-O2 and Na-O2) clearly exists on the cathode side – in both FC and
M–O2, the electrons for anodic oxidations are provided by ORR at the cathode [6]. Green
technology progress not just in energy storage but in the water-splitting domain urges
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for controllable catalysts for both HER and OER [7,8]. New modifications of morphology
and/or electronic structures of transition metal-based catalysts have offered multifunc-
tional solutions in energy storage and conversion as well as in demanded water electrolysis
applications [9]. Among various electrode materials and catalysts, such as nanostructured
metals, metal oxides, hydroxides, phosphides, and chalcogenides, Pt-based catalysts are
still at the forefront owing to their high activity with acceptable stability and slow chemical
degradation [10,11].

Besides material selection, surface properties, such as the structure, size, and shape of
the nanoparticles, also have a great impact, especially on rather sluggish ORR activity, due
to the intrinsic sensitivity of this complex heterogeneous reaction regarding the catalyst
surface. Therefore, the synthesis method considerably affects the catalyst ORR activity.
The examination of various synthesis methods for Pt nanoparticles (Pt NPs) themselves as
well as various Pt-based composites has also been the focus of much research. Chemical
precipitation, ion implantation, laser ablation, and chemical reduction have been the most
investigated methods so far [12]. In most of the studies, additives were used to control the
shape of the fine Pt NPs, such as etchants, adsorbates, surfactants, polymers, or foreign
metal ions [4,13,14]. However, the simple synthesis of fine spherical Pt NPs without any
additive is rare, especially in bottom-up approaches. Recently, the pulsed laser ablation
method in liquids (PLAL) has been utilized by Lau et al. [15]. The successful synthesis of
ligand-free pure Pt NPs was achieved and it was reported that possible toxic cross-effects
and additional nanoparticle purification steps such as filtration, dialysis, and centrifugation
were avoided.

Among various bottom-up approaches, ultrasonic spray pyrolysis (USP) was reported
as the one that easily enables the generation of ultrafine, uniform or complex structures
with controlled stoichiometry as well as chemical and phase content [16–19], which could
be very promising for the synthesis of Pt nanocatalyst with good ORR activity [20,21]. There
are a few studies dealing with Pt-based catalyst synthesis by USP, especially in hybrid
form with metal oxides such as SiO2, CeO2, Al2O3, and FeAl2O4 [22,23], and also with
Pt/TiO2, as carried out by Košević et al. [24], which is of great concern as an interactive Pt
support. In these studies, the catalysts synthesized through USP were reported to exhibit
superior catalytic activity with respect to wet chemical, colloidal, and dry impregnation
methods [25–28]. However, there is a lack of systematic studies dealing with the synthesis
of pure nanoparticles through controlled USP.

Therefore, we aimed to synthesize Pt NPs by a precursor solution concentration-
dependent USP process and analyze its influence on morphological, structural, and elec-
trochemical properties of Pt NPs. The ORR activity of Pt NPs synthesized exclusively
by USP was elucidated and compared to commercial Pt powder to reveal the potential
of the further use of USP in the synthesis of complex Pt-based electrocatalysts. In this
way, USP was introduced as a novel approach for the simple synthesis of Pt NPs, whose
structural and morphological characteristics can be finely tuned via easily-controllable
pyrolytic parameters such as precursor concentration and temperature.

2. Materials and Methods

2.1. Material Synthesis

H2PtCl6 H2O (Sigma Aldrich) was used as Pt precursor. In total, 2 g or 4 g of H2PtCl6
6H2O was dissolved in 1 L of de-ionized water to obtain the USP-feeding solutions. Two-
zones ultrasonic spray pyrolysis was utilized for the formation of Pt nanoparticles, whose
details can be found elsewhere [10,17]. In the first heating zone, droplets experience
evaporation, while in the second heating zone and with the addition of hydrogen, the
material reduction into Pt NPs takes place. The precursor solution was atomized by an
ultrasonic generator (1.7 MHz) with fine droplets subsequently transported into the heating
zones to experience evaporation, thermal reduction, and precipitation into Pt metallic
nanoparticles. As carrier and reaction gases, 1.5 L/min N2 in the first heating zone and
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1.5 L/min N2 + 0.5 L/min H2 in the second heating zone were utilized. The residence time
was estimated as tresidence = Vr·Troom

rF ·Tr
, which provides the value of 3.01 s.

2.2. Material Characterization
2.2.1. Composition, Morphology, and Structural Characterization

To reveal the effect of precursor solution concentration on morphology, size, and purity
of Pt nanoparticles, two different concentrations were examined. UV-Vis (Agilent, Santa
Clara, CA 95051, USA) and DLS measurements (Malvern Panalytical Ltd, Kassel, Germany),
scanning transmission electron microscopy (STEM), and thermal gravimetric analysis (TGA,
NETZSCH, Selb, Germany) analyses were performed with typical instrumentations and
conditions. The morphology and elemental compositions of the synthesized powders were
analyzed by STEM Tecnai F20 (FEI Company, Eindhoven, The Netherlands), and a system
(EDAX Inc., Mahwah, NJ, USA) equipped with energy dispersive spectroscopy (EDX)
operated at 200KV for the analysis of characteristic X-ray emissions.

2.2.2. Electrochemical Characterization

Electrochemical characterization of the prepared Pt NPs was performed by linear
sweep polarization measurements (LSV) and galvanostatic electrochemical impedance
spectroscopy (GEIS) during the oxygen reduction reaction (ORR) as well as by cyclic
voltammetry (CV). LSV and CV were conducted at sweep rates of 1 and 50 mV s−1,
respectively; LSV and GEIS measurements were performed at a working electrode (WE)
rotation speed of 1500 rpm. In total, 0.5 M H2SO4 purged with N2 (CV) or O2 (ORR and
GEIS) was used as an electrolyte.

It is known that HSO4
− and SO4

2− are interfering anions in ORR due to their compet-
ing adsorption onto Pt active sites that are required to be occupied by oxygen adatoms [29].
If one needs to step deep into an analysis of ORR kinetics, synthetic solutions of hardly
adsorbing anions, e.g., HclO4, are to be applied. However, the working environment of
FC Pt-based catalysts is prone to anion adsorption from cheap and abundant solutions.
Therefore, some studies deal with ORR in H2SO4 solution [30–32] as well. Our goal was to
examine USP-Pt in such “competing adsorption” conditions and to compare the registered
behavior to Pt black in the same environment.

All electrochemical measurements were performed in a three-electrode cell with an
SCE reference electrode (all potentials in the paper are provided on an SCE scale) and a
platinum plate as a counter electrode on potentiostat/galvanostat Bio-Logic SP200 (Bio-
Logic SAS, Grenoble, France). WE was prepared from a powdered sample as follows: 3 mg
of the synthesized USP powder was dispersed in 1 mL of distilled water and ultrasonically
homogenized for 1 h (40 kHz, 70 W). The obtained suspension was pipetted onto WE to
form a 0.31 mg cm−2 Pt layer onto a glassy carbon disk electrode (0.196 cm2) that served as a
current connector and was room-dried. Bearing in mind that the literature data [2] showed
that Pt oxide formation could influence the structure of the Pt and hence its activity, CV
measurements prior to LSV and GEIS measurements were conducted in the two different
potential regions. Particularly, the cathodic potential was fixed at −0.2 V while the anodic
limit was set to 0.55 or 1.25 V. Upon recording the stable CV curve in both applied potential
regions, i.e., −0.2–0.55 without Pt oxide formation and −0.2–1.25 V with Pt oxide formation,
LSV measurement was performed that started from 0.55 V and from open circuit potential,
Eoc, respectively. GEIS was recorded down the polarization curve with a sinusoidal current
of 30 μA amplitude, in a single sine mode, within a frequency range of 300 kHz–20 mHz,
and with 20 points per decade.

Results of the electrochemical characterization were compared to those of commercial
Pt black (Alfa Aesar, 25.0–29.8 m2/g, d: 4.68–5.58 nm).
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3. Results

3.1. DLS, STEM, and TGA Characterization of Pt Samples

In order to reveal the thermal breakdown behavior of the Pt precursor, H2PtCl6 6H2O,
for determining the USP reaction temperature, TGA analysis was performed in an inert
atmosphere. The results are presented in Figure 1.

 
Figure 1. TGA curve of H2PtCl6 6H2O precursor in N2.

It was previously reported by Rowston and Ottaway [16] and Schweizer and Kerr [18]
that the thermal decomposition of H2PtCl6 takes place through stepwise reactions, as follows:

H2PtCl6 → PtCl4 + 2HCl (1)

PtCl4 → PtCl2 + Cl2 (2)

PtCl2 → Pt + Cl2 (3)

As revealed by Figure 1, mass loss began at early temperatures due to the loss of
chemically bound water (the two peaks at around 170 and 190 ◦C). The mass loss related to
the peak at 170 ◦C was below 20 %, which corresponds to the stoichiometric loss of five
water molecules (17.4%). The two peaks at 190 and 221 ◦C can be associated with the joint
loss of the remaining 6th crystalline water molecule and two HCl molecules, according
to Reaction (1), as the corresponding sum of mass losses of 17% was quite close to the
stoichiometric 17.6%. It follows that the last water molecule was lost at the temperature of
190 ◦C by overlapping with the start of the precursor decomposition to PtCl4, which ends
up at 300 ◦C. The loss of the remaining chlorine and the generation of metallic Pt through
Reactions (2) and (3) is represented by the two well-separated peaks at 351 and 523 ◦C with
an overall mass loss of 27.5%, which is negligibly different from the stoichiometric 27.4%.
Hence, complete transformation into Pt took place at around 550 ◦C.

In order to facilitate the reduction for shorter residence times at a slightly lower
temperature of 500 ◦C with respect to TGA while simultaneously having a defined structure
and size of Pt particles, H2 was utilized in USP synthesis.

TEM micrographs along with corresponding selected area (electron) diffraction (SAED)
analysis of USP-synthesized Pt nanoparticles with different USP precursor concentrations
are represented in Figure 2.

158



Metals 2022, 12, 290

 

Figure 2. TEM micrographs of Pt nanoparticles synthesized by precursor concentrations of: (a) 2;
(b) 4 g /L; and corresponding selected area (electron) diffraction analysis (c) and (d), respectively.

Both samples consisted of fine crystals (5–15 nm) with polygonal soft-edge morphol-
ogy. Slightly larger and more agglomerated particles were obtained with a higher precursor
concentration (Figure 2a,b). A string-like 1D agglomeration of the smallest particles ap-
peared a more pronounced at a lower concentration. The additional effect of precursor
concentration can be observed when Figure 2a,b is analyzed. A lower concentration (2 g/L),
which can be considered as a lower driving force for particle growth, resulted in higher nu-
cleation rates and growth of the crystals to a smaller extent, as we previously reported [17].
Consequently, the particles from the lower concentration appeared smaller and less defined
and hence tended to form a string-like 1D agglomeration.

The SAED images in Figure 2c,d represent the characteristic diffraction of a ring pattern
with some brighter and more distinct spots in the rings, which indicates the presence of
some larger crystallites. However, the rings were still relatively continuous, which means
that the crystallites were small, in the nm range, and in a random orientation. The electron
diffraction spots could be described by a cubic crystal structure of Pt FCC, space group Fm
3 ¯ m, with indices as shown in the pattern.

The optical properties of nanoparticles were also examined in a comparative manner
by UV-Vis spectroscopy, as provided in Figure 3.

As shown in Figure 3, both observed maximum absorbance peaks appeared at 272 nm,
which is slightly higher than the absorbance values reported in the literature (~262 nm)
where Pt nanoparticles exhibited a prevailing size of 5–6 nm [20,21]. A slight red shift could
be due to an aggregation effect, as revealed in the TEM micrographs shown in Figure 2.
When the surface plasmon-induced absorbances of two samples are compared, it can be
seen that peak position did not change and the higher concentration sample resulted in
slightly higher absorbance. A slight increase in absorbance may be due to more pronounced
roundness of the particles.
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Although consisting of slightly larger and more agglomerated particles, 4 g/L was
determined as a more suitable precursor solution due to the well-defined particles, and
this sample was analyzed in terms of electrochemical properties and compared with the
commercial Pt powder.

Figure 3. Absorbance vs. wavelength spectra of the synthesized samples.

3.2. Electrochemical Properties of Obtained Pt Particles
3.2.1. Cyclic Voltammetry

Stable cyclic voltammograms of USP-synthesized Pt (USP-Pt) and Pt black are shown
in Figure 4. Both curves had a shape that was characteristic of platinum. Well-resolved Pt ox-
ide formation/reduction peaks were observed for both samples in a wider potential range,
with higher CV currents for Pt black. This also holds for hydrogen adsorption/desorption
peaks. However, in the double-layer region (around 0.15 V), the currents for USP-Pt were
smaller, which indicates the formation of slightly smaller Pt particles. Similar findings are
valid if CVs in the narrower potential region are considered. With respect to the wider
potential range, hydrogen adsorption/desorption peaks were less pronounced because
the surface had not been continuously renewed and reconstructed by reversible oxide
formation/reduction. The ratio between CV currents of USP-Pt and Pt black appeared to
not be affected by cycling limits. These basic electrochemical properties show that clean Pt
particles of typical characteristics can be synthesized by a simple USP synthesis approach.

3.2.2. Linear Sweep Voltammetry

LSV curves for the ORR of USP-Pt and Pt black obtained after CV measurements in
shorter and wider potential ranges (Figure 5) represent typical polarization curves for ORR
on Pt. The formation of Pt oxide (the case of CV in wider potential range) had a beneficial
influence on the ORR activity of both USP-Pt and Pt black samples. Namely, the samples
showed better ORR activity after CV measurements in a wider potential range as ORR
takes place at more anodic potentials, except in the region of a limiting diffusion current
(potentials negative to 0.3 V). The reversible oxide formation can cause the growth of Pt
particles and hence reduce the real surface area, which consequently decreases the apparent
limiting diffusion current. This effect is more pronounced for USP-Pt due to initially larger
Pt particles.
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Figure 4. Cyclic voltammograms of USP-Pt and Pt black in shorter (−0.2–0.55) and wider (−0.2–1.25)
potential ranges. Electrolyte: de-aerated 0.5 M H2SO4, sweep rate 50 mV s−1.

Figure 5. Quasi-steady-state polarization curves of USP-Pt and Pt black obtained after CV mea-
surements in shorter and wider potential ranges. Electrolyte: 0.5 M H2SO4 purged with O2, room
temperature, 1500 rpm, sweep rate: 1 mV/s.

ORR required the application of more negative potential for USP-Pt, i.e., apparent
currents were higher for Pt black within all the applied potential range. This indicates
that Pt black was mainly more active for ORR due to geometric issues, i.e., the Pt black
layer on the GC working electrode had a slightly larger real surface area. In addition,
the sole low-index Pt (111) plane was found by electron dispersion (Figure 2) for USP-Pt,
which is the least active plane in comparison to the Pt (100) and Pt (101) facets [32]. This
finding can additionally affect the lower ORR activity of USP-Pt, and can particularly
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cause the registered higher ORR overpotentials of USP-Pt in comparison to Pt black. The
limiting current of around 4.6 mA cm−2 that was found for USP-Pt is in accordance with
the limiting currents ranging 4–6 mA cm−2 reported for various materials [4,5,8]. Namely,
platinum-based hybrid materials Pt-Er@PC-900 and Pt-ErPCN-900, i.e., Pt/Er nanoparticles
decorated on Cd-MOF derived hierarchical carbon, showed excellent ORR activity with
a limiting current of 5.5 mA cm−2 while the limiting current of commercial Pt/C was
4.7 mA cm−2 [8]. A new class of non-platinum electrocatalysts with high stability and
activity in ORR was developed by Ibraheem et al. [4,5]. The ORR activity of these new
hybrid non-platinum materials was comparable to the activity of commercial Pt/C catalysts
and even better when in comparison to IrO2. Namely, strongly coupled Fe2NiSe4@Fe-
NC hybrid material showed excellent stability in ORR with a limiting current of around
5.5 mA cm−2 [4]. High activity and stability in ORR were preserved when this hybrid
material was comprised of P instead of Se, i.e., a limiting current of NiFeP supported on
three-dimensional, interconnected Fe,N-decorated carbon (NiFeP@3D-FeNC) was around
5.5 mA cm−2 [5]. Even unsupported NiFeP material showed good ORR activity (limiting
current of 4.2 mA cm−2), while unsupported Fe2NiSe4 exhibited a lower limiting current of
1.5 mA cm−2.

3.2.3. Galvanostatic Electrochemical Impedance Spectroscopy (GEIS)

The GEIS measurements of the samples were conducted at different steady-state
currents depending on whether they were performed after a narrower or wider range of
potential had been applied in preceding CV measurements. From Figure 5, the currents
analogue to the potential of Pt oxide formation (around 0.6 V from CV in Figure 4) were
−250 μA for Pt black and −150 μA for USP-Pt. Therefore, to avoid the formation of Pt
oxide, applied currents in GEIS performed after CV in a shorter potential range were in a
range from the diffusion-limited current to −250, i.e., −150 μA. Currents applied in GEIS
performed after CV in a wider potential range (Figure 3) included current values within
the ORR region from Figure 5. Given that GEIS results did not differ by much whether
they were obtained after CV in narrower or wider potential regions, only the GEIS results
gained after CV in the wider region are shown in this paper (Figures 6 and 7). This is in
accordance with the CV findings that reversible oxide formation does not really affect the
activity of investigated Pt samples.

(a) (b) 

Figure 6. Nyquist presentation of GEIS results (Pt black (a) and USP-Pt (b)) after CV in a wider
(−0.2–1.25 V) range. Electrolyte: O2 purged 0.5 M H2SO4, 1500 rpm.
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Figure 7. Detailed Nyquist comparison of GEIS results of Pt black and USP-Pt at specific currents.
Electrolyte: O2 purged 0.5 M H2SO4, 1500 rpm.

A similar trend in ORR activity was observed for both samples (Figure 3). A charge
transfer loop is registered as the main GEIS feature in the investigated frequency range at
all applied steady-state currents. The increase in currents in the mixed activation/diffusion
region (below −350 μA) induces the decrease in a loop diameter due to the decrease in
charge transfer resistance. For the cathodic currents higher than −350 μA, the loop diameter
increased with the current due to the intensification of the diffusion limitation of ORR. All
loops were of similar shape, except for the loop that registered at the lowest current of
−30 μA, which was clearly followed in the low-frequency region by an additional small
loop. For the USP-Pt sample, this small loop appeared better developed and at somewhat
higher frequencies with respect to the data for Pt black. This indicates that the associated
ORR kinetics issues are sensitive to the structure of the catalyst layer, which appears to be
more compact in the case of Pt black due to smaller particles and larger real surface area.
This seems to also affect the difference in loop features at the highest applied current of
−800 μA. The low-frequency loop was uniquely preserved under pronounced diffusion
control for USP-Pt. This apparently caused the loop diameter for USP-Pt at −800 μA to be
almost three times larger than that for Pt black. However, the loops for USP-Pt and Pt black
at other applied currents appeared quite similar in diameter. This difference with respect
to polarization measurements (Figure 5), which indicated the higher activity of Pt black,
deserves further analysis, according to Figure 7.

Figure 7 presents a comparison of some GEIS results at specific currents, taken from
Figure 6 (the values of the currents are shown within).

Although the LSV measurement (Figure 2) showed better ORR activity of the Pt black
within the whole current range, GEIS results indicated almost the same activity at lower
currents, i.e., up to −500 μA (the loops were of quite similar diameters). However, with
the increase in the applied current in GEIS, starting from I = −600 μA (Figure 4), better
activity of the Pt black appeared. Finally, at the highest applied current (−800 μA), the
Pt black activity was doubled in comparison to the USP-Pt activity. It then follows that
the differences in activity are strictly connected to the onset of pure diffusion limitations;
therefore, they are not connected to the chemical structure of the investigated samples but
to the morphology of the electrode layers, as already discussed.
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In order to comment on the differences between polarization and GEIS data, a compar-
ison of ORR activity registered in GEIS and LSV measurements for Pt black and USP-Pt is
presented in Figure 8. For this comparison, the square root of the potentials was collected
from GEIS data at chosen frequencies (indicated in the figure) from low- and high-frequency
regions and plotted against the steady-state GEIS current. Both USP-Pt and Pt black are
more active if the sinusoidal perturbation of the current is of higher frequency, and they
are even of higher activity, especially in a mixed reaction control, with respect to the quasi-
steady-state data. This indicates the distribution of the activity throughout the catalyst
layer, with more active sites situated in the outer regions because these sites respond to fast
current perturbations. The main difference between the two samples is that this distribution
of the active sites is more pronounced for Pt black. USP-Pt does not lack activity at low-
frequency perturbations with respect to standard polarization. This means that all active
sites would be available during the ORR operation, which is to be expected as being more
stable with respect to Pt black. Apparently, these valuable features of USP-Pt in comparison
to Pt black are due to a less-compact layer structure caused by larger Pt particles.

(a) (b) 

Figure 8. Comparison of Pt black (a) and USP-Pt (b) ORR activity collected from GEIS and
LSV measurements.

4. Conclusions

Ultrasonic spray pyrolysis (USP) was used for the synthesis of Pt particles, which
started from using H2PtCl6 × 6H2O water solution as a precursor without using any
synthesis additives to tune structural and morphological properties. The USP synthesis
temperature for low residence time was chosen according to thermogravimetric measure-
ments. Results showed that polygonal round-edge and phase-pure Pt nanoparticles with
face cubic centered structures were successfully synthesized. The particle size, defined
shape, and agglomeration were found to be sensitive to precursor concentration, and higher
concentrations were found to be beneficial due to the synthesis of more defined particles.

Electrochemical characterization revealed good electrocatalytic activity of the synthe-
sized material, which was comparable to commercial Pt black. It is found that USP-Pt is
of a lower real surface area due to the larger particle size with respect to Pt black. As a
consequence, USP-Pt appears less active in quasi-steady-state polarizations in the oxygen
reduction reaction (ORR). However, upon dynamic perturbations performed by galvanos-
tatic impedance measurements (GEIS), the difference in ORR activities between the two
investigated powdered Pt was found negligible. Only the diffusion-limited currents were
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found to be higher for Pt black due to the larger real surface area, i.e., the somewhat
smaller particles.

The beneficial features of USP-synthesized Pt were found upon the comparison of
steady-state and dynamic (GEIS) electrocatalytic data in ORR. USP-Pt is less sensitive to
the rate of current perturbations due to larger particles and, consequently, a less-compact
catalyst layer. A more defined response of USP-Pt in ORR polarization could be considered
as an indication of its higher stability with respect to Pt black.
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Abstract: Silica has sparked strong interest in hydrometallurgy, catalysis, the cement industry, and
paper coating. The synthesis of silica particles was performed at 900 ◦C using the ultrasonic spray
pyrolysis (USP) method. Ideally, spherical particles are obtained in one horizontal reactor from
an aerosol. The controlled synthesis of submicron particles of silica was reached by changing the
concentration of precursor solution. The experimentally obtained particles were compared with
theoretically calculated values of silica particles. The characterization was performed using a scan-
ning electron microscope (SEM) and energy-dispersive X-ray spectroscopy (EDS). X-ray diffraction,
frequently abbreviated as XRD, was used to analyze the structure of obtained materials. The obtained
silica by ultrasonic spray pyrolysis had an amorphous structure. In comparison to other methods
such as sol–gel, acidic treatment, thermal decomposition, stirred bead milling, and high-pressure
carbonation, the advantage of the ultrasonic spray method for preparation of nanosized silica con-
trolled morphology is the simplicity of setting up individual process segments and changing their
configuration, one-step continuous synthesis, and the possibility of synthesizing nanoparticles from
various precursors.

Keywords: silica; ultrasonic spray pyrolysis; synthesis

1. Introduction

The formation of silica from olivine in different metallurgical processes was studied
very frequently in the last 50 years. Stopic [1] presented different ways for the deposition
of silica in hydrometallurgical processes. As mentioned, the production of silica by the
olivine route is a cheaper method than the commercial methods such as neutralization of
sodium silicate solutions and flame hydrolysis because of the low cost of raw materials and
the low energy requirements [2]. The produced silica has a specific surface area between
100 and 400 m2/g, primary particles between 10 and 25 nm (agglomerated in clusters), and
an SiO2 content above 95%. Due to the high pozzolanic properties and the dispersion state,
this silica powder can be applied successfully in concrete.

Mohanray et al. [3] prepared silica from corncob ash by the precipitation method.
First, received corncob ash was calcined at 550 ◦C, 650 ◦C, and 750 ◦C for 2 h to remove
the volatiles in the sample and determine the amorphous structure of silica. The thermally
treated corncob ash was mixed with various concentrations of sodium hydroxide to extract
pure silica using 1% of polyvinyl alcohol (PVA) as the dispersing agent. In the last step,
spherical nano silica with a particle size of 25 nm was prepared from pure silica by the
precipitation method. Unfortunately, starting from corn cob ash calcination and mixing
with NaOH [3], precipitation with 1% polyvinyl alcohol (PVA) cannot ensure a controlled
silica particle size and their purity. The impurities originate from the calcination process.

In the study of Huan et al. [4], nanosilica was synthesized by the sol–gel method
from tetraethoxysilane (TEOS) with base catalysts and volumetric ratio TEOS/C2H5OH/
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H2O/NH4OH: 5/30/1/1. The results showed that the prepared nanosilica were in an
amorphous phase with an average size of about 60–100 nm and could be used for lead
removal from waste water. Generally, the sol–gel method enables a high-purity amorphous
silica powder; however, the process yields a low percentage. This method cannot ensure
the formation of nonagglomerated spherical silica particles.

Powder precursors for sol–gel synthesis are very expensive, but Oi et al. [5] studied a
new precursor for low-cost alternatives. A high surface area was used to form an anion
surfactant sodium dodecyl sulfate, which regulates the molar concentration. The particles’
size variability was changed by the precursor molar ratio of the sodium silicate solution
with hydrochloric acid. The nanostructured silica particles were obtained over a range of
particle sizes from 0.5 to 1 μm, with a high specific surface area and cubic and spherical
shapes by changing the surfactant pH values and drying methods with the sol–gel process.
An increase in pH value from 1 to 5 decreases the surface area from 858 to 630 m2/g. The
study of Nandanwar et al. [6] deals with the sol–gel synthesis of nanosilica, providing a
basic understanding of the effect of calcination temperature on the growth of SiO2 by the
hydrolysis of TEOS with ethanol, deionized water, and catalyst mixture.

High-purity nanosilica was synthesized by Kim et al. [7] using acid treatment and
surface modification from blast-furnace slag generated in the steel industry. Blast-furnace
slag was treated with nitric acid to extract high-purity insoluble silica. Silica particles
were produced using filtration and a surface modified by cation surfactant cetyltrimethyl
ammonium bromide (CTAB). The size of silica particles was smallest when the modification
temperature was 60 ◦C. The average size of silica particles modified with 3 wt.% CTAB was
107.89 nm, while the average size of unmodified silica was 240.38 nm. An acidic treatment
can lead to the formation of silica gel and blockage of the whole process. The filtration is a
required operation in this process. This treatment contains many operations in order to
obtain silica. Due to these characteristics, we need to find other simple methods for the
synthesis of very fine silica without an acidic treatment.

Synthesis of silicon dioxide nanoparticles in low-temperature atmospheric-pressure
plasma was performed by Kretushev et al. [8]. Results of studies confirm that spher-
ical nanoparticles within the range of 20–60 nm can be successfully prepared in low-
temperature atmospheric-pressure plasma created with a high-frequency discharge main-
tained in the α mode between two plane-parallel grid electrodes. The degree of tetraethoxysi-
lane decomposition is 80–95% and only slightly depends on the reaction parameters.
Nanoparticles with a predominantly spherical shape are synthesized in the region of the
high-frequency discharge.

A novel synthesis route is proposed by Stopic et al. [9] based on CO2 absorption/
sequestration in an autoclave by forsterite (Mg2SiO4), which is part of the mineral group of
olivines. Therefore, it is a feasible and safe method to bind carbon dioxide in carbonate
compounds such as magnesite forming the spherical nanosilica at the same time, between
250 and 500 nm, as shown in Figure 1.

In contrast to sol–gel, acidic treatment, and hydrothermal synthesis using some acid
and alkaline solutions, this synthesis method in an autoclave takes place in water solution
at 175 ◦C and above 100 bar. This method is an environmentally friendly process related to
the capture of carbon dioxide and the preparation of silica.

As the conventional methods for the synthesis of nanosilica from rice husk ash are
energy- and time-consuming, Phoohinkong et al. [10] studied the synthesis of nanosilica
from real available materials such as rice husk ash via sodium silicate solution. Nanosilica
particles were obtained via alkaline extraction and a fast acid precipitation method at room
temperature by adding inorganic salts and without surfactant. The flow synthesis was
investigated at ambient temperature, varying the concentration of hydrochloric acid and
sodium chloride, and the flow-rate while fixing the concentration of sodium silicate. The
results revealed that the sodium chloride is significantly inorganic salt for the prepared
nanosilica, with uniform spherical morphology (80–150 nm). In this synthesis, the silica
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nanoparticles, with a diameter around 10 nm and aggregate particles of around 50 to
200 nm, were prepared.

 

Figure 1. Nanosilica-obtained carbonation of olivine in an autoclave under high pressure.

Production of metal carbonate and nanosilica below 100 nm was enabled in stirred
bead milling, as reported by Wang and Forssberg [11]. It is shown that the stirred bead
mill with very small beads can be used as efficient equipment for the production of the
colloidal particles in the nanoscale from the feed materials of several microns in size at
high energy consumptions. Generally, it is concluded that an intense comminution of
carbonate minerals in the stirred bead mills leads to a progressive loss in crystallinity of
the basal planes of the crystal structure. An intensive mechanical treatment of silica gives
the structural changes and the amorphization.

Akhayere et al. [12] reported the synthesis of nanosilica from barley grass waste—an
environmental burden—using varying temperatures during preparation. The temperatures
used during the investigation were 400, 500, 600, and 700 ◦C, studying its effects on the
mechanical properties of the nanosilica for use in environmentally friendly applications.
Using the Brunauer–Emmett–Teller (BET) methodology, the surface area corresponds to
150 m2/g. The results of this study showed improved and stable mechanical properties
with the increase in temperature during synthesis.

A novel low-temperature vapor-phase hydrolysis method for the production of
nanosilica using silicon tetrachloride was reported by Chen et al. [13]. Silica nanopar-
ticles were obtained by the hydrolysis of silicon tetrachloride vapor with water vapor at
a low temperature range (150–250 ◦C). Silica nanoparticles with a specific surface area
of 418 m2/g and an average size of 141.7 nm were prepared at a temperature of 150 ◦C
and with a residence time of 5 s. It was an amorphous mesoporous material, with an
approximately spherical shape and a mass friction demission of 2.29.

Silica nanoparticles were prepared by ultrasonic spray pyrolysis (USP) between 300
and 600 ◦C using tetraethylorthosilicate (TEOS) as a precursor, as mentioned by Ratanatha-
vorn et al. [14]. The particle size decreased from 347 to 106 nm when the synthesis temper-
ature increased from 300 ◦C to 500 ◦C. Comparing two types of cream perfume, with and
without silica, by applying cream perfume on a glass slide at 37 ◦C for 5 h, it was found
that the odor of cream perfume with silica lasted longer than cream perfume without silica.
The particles agglomerated and had irregular forms.

Citakovic [15] mentioned that the physical properties of nanomaterials have high
significance for their application. Especially, a significant difference in the values of some
physical parameters include the melting point, change in the unit-cell parameters, change
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in the magnetic and optical characteristics, conductivity of the material, etc. The surface-
to-volume ratio is an important parameter that has an impact on new characteristics in
comparison to those of bulk materials. Silica is present in many different crystalline forms
that vary in levels of fibrogenicity according to the degree of crystallization [16].

At present, nanosilica materials are prepared using several methods, including precip-
itation, sol–gel, acidic treatment, alkaline extraction, flow synthesis, stirred bead milling,
the thermal decomposition technique, high-pressure carbonation, and low-temperature
atmospheric pressure. However, with their high cost of preparation, many operations
and morphological characteristics of particles have limited their wide application. By
contrast, ultrasonic spray pyrolysis as a very simple method offers many advantages for
the synthesis of oxidic particles as mentioned by Stopic et al. [17,18].

Generally, our aim was to reach the synthesis of nanosilica using the ultrasonic
spray pyrolysis method. In contrast to previously mentioned work under high-pressure
conditions in an autoclave [14], our aim was to obtain ideally spherical silica particles in a
short residence time in dynamic conditions. In order to reach these aims, the concentration
of precursor solution was adjusted for this purpose. Generally, an understanding of silica
formation was studied via different calculations of the residence time and particle size.
Regarding the previous literature analysis, our main aim is the testing of ultrasonic spray
pyrolysis as a simple method for the synthesis of spherical silica particles suitable for lead
treatment as mentioned by Huan [4].

2. Experimental Part

2.1. Material

The LUDOX 30 wt.% colloidal silica (SiO2), SAFA 420811, VWR International GmbH,
Darmstadt, Germany was used for preparation of precursor solution. The chosen volume
of this concentrated solution was diluted in 900 mL of distillated water in order to prepare a
suitable precursor for the synthesis of silica particles. The chemical analysis of solution was
performed using ICP-OES analysis (SPECTRO ARCOS, SPECTRO Analytical Instruments
GmbH, Kleve, Germany). The prepared precursor solution of different concentrations
and the obtained suspension after the ultrasonic spray pyrolysis method was prepared for
SEM and EDS analysis. First, the sample was shaken, a few drops were injected onto the
aluminum slide with a pipette, allowed to dry, and finally evaporated with carbon together.
A typical picture of this precursor material is shown in Figure 2:

 

Figure 2. SEM and EDS analysis of diluted colloidal solution after evaporation.

The SEM analysis was performed on the JSM 7000F by JEOL (construction year 2006,
JEOL Ltd., Tokyo, Japan) and EDX analysis using the Octane Plus-A by Ametek-EDAX
(construction year, 2015, AMETEK Inc., Berwyn, PA, USA), with software Genesis V 6.53
by Ametek-EDAX, revealing an irregular structure of silica precursor, as shown in Figure 2.
XRD analysis of silica powders was performed using a Bruker D8 Advance with a LynxEye
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detector (Bruker AXS, Karlsruhe, Germany). X-ray powder diffraction patterns were collected
on a Bruker-AXS D4 Endeavor diffractometer in Bragg–Brentano geometry, equipped with a
copper tube and a primary nickel filter providing Cu Kα1,2 radiation (λ = 1.54187 Å).

2.2. Procedure

Synthesis of silica was performed by the transformation of water solution of the
chosen precursor to an aerosol in a strong ultrasonic field with an additional thermal
decomposition of droplets at elevated temperatures in an inert atmosphere, as shown in
Figure 3. The formed droplets of aerosol were transported with carrier gas to the laboratory
tubular furnace (Ströhlein, Selm, Germany) in order to be transformed into nanosized
particles. Due to the thermal stability of a quartz tube in a furnace, the maximal reaction
temperature amounts to 1000 ◦C. The heating rate was 30 ◦C/min. Thermal decomposition
of the precursor was performed at 900 ◦C. According to our previous work [17,18], an
increase in gas temperature and aerosol velocity decreases the residence time of droplets
in the reactor. A decrease in droplet size and an increase in gas temperature lead to a
decreased particle size. The collection of powder was performed in two bottles filled with
alcohol or distillated water. The obtained suspension was sent to SEM and EDS analysis.
The scanning electron microscope was used to examine morphological characteristics of
powders such particle sizes and shape. EDS analysis was performed for elemental analysis
of the obtained silica powders.

 

Figure 3. One-step ultrasonic spray pyrolysis lab-scale horizontal equipment: (a) Gas flow regulation;
(b) ultrasonic aerosol generator; (c) furnace with the wall-heated reactor; (d) collection bottles; (e) gas
inlet, (f) gas outlet.

Very fine aerosol droplets of precursor solution based on colloidal silica were obtained
with an ultrasonic atomizer (PRIZNano, Kragujevac, Serbia), using three transducers with
a frequency of 1.75 MHz in an ultrasonic field. The aerosol was carried with a nitrogen flow
rate between 0.5 and 1.5 L/min into a quartz tube (1.0 m length and 0.021 m diameter) at
900 ◦C and placed in a previously mentioned Ströhlein furnace. The flow rate was measured
using a special flowmeter gas unit (YOKOGAWA Deutschland GmbH, Ratingen).

2.3. Prediction of Particle Size

The formation of SiO2 will be first defined via the diameter of an aerosol droplet (dd),
as shown with Equation (1) [19,20]:

dd = 0.34
(

8 πσ

ρL f 2

) 1
3
. (1)

where: dd—diameter of aerosol droplet, f —ultrasound frequency; ρL—density of water
solution; σ—surface tension of water solution.

Using the following values: f —1.75 MHz; ρL—1.02 g/cm3; σ—0.07 J/m2, the cal-
culated aerosol droplet amounts to 2.86 μm, as shown in Figure 4 [21]. As shown with
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Equation (1) and Figure 4, the aerosol droplet can be decreased by increasing the ultrasonic
frequency of an ultrasonic transducer.

Figure 4. Dependence of aerosol droplet size of the operating frequency.

Assuming that the velocities of the droplet and carrier gas are equal, the droplet
velocity was calculated from the ratio of the carrier gas flow (q) to the reaction zone area
(A), as shown via Equation (2) [21].

v =
( q

A

)
(2)

Using q—0.5 dm3/min and A—0.38 × 10−3 m2, the droplet velocity amounts to 0.021 m/s.
According to our previous work, the residence time of droplets in the reaction tube

can be calculated using Equation (3) [21].

t =
(

V ·To
q· Tr

)
(3)

where: V—volume of heating zone in tube (m3); q—flow rate (L/min); Tr—reaction tem-
perature (K); and To—room temperature. Using the following values: v—0.21 × 10−3 m3,
q—0.5–1.5 L/min; Tr—1173 K; and To—298 K, the residence times were calculated at room
temperature and 1173 K, as shown in Figure 5. This residence time depends on the reaction
temperature and flow rate of carrier gas. An increase in flow rate from 0.5 to 2.5 L/min leads
to a residence time of a few seconds in the tubular reactor. An increase in temperature from
25 ◦C to 900 ◦C decreases the residence time from 14 to 4 s using a flowrate of 0.5 L/min.

The particle size (dp) depends on the droplet size and concentration of solution (c).
This correlation between the concentration and other precursor characteristics and the
final particle size, under the assumption that no precursor is lost in the process, can be
described with the following Equation (4) derived from one basic equation reported by
Messing et al. [22]:

dp = dd

(
Mp

MSiO2

∗ C
ρ

)0.33
(4)

where dp is the diameter of the particle, dd is the diameter of the aerosol droplet, Mp is
the molar mass of the precursor (g/mol), ρ is the density of silica particles, and c is the
concentration of the precursor solution.
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Figure 5. Calculated values of the residence time at different temperatures.

Using the following values: MSiO2 = 60.09 g/mol; ρSiO2 = 2.65 × 103 kg/m3; and
concentrations of solution (g/cm3): 60, 30, 15, 7.5, 1.5, 0.15, and 0.1, the obtained values for
particles sizes are presented in Table 1:

Table 1. Calculated particle size depending on concentration of precursor solution.

Concentration
(mol/L) 1 0.5 0.25 0.125 0.025 0.0025 0.0017

Concentration
(g/cm3) 60 30 15 7.5 1.5 0.15 0.10

Particle size (nm) 810 643 508 412 283 110 96

The obtained values of particle sizes are presented in Figure 6.

 

Figure 6. Relationship between particle size and concentration of precursor solution.
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As expected by Equation (4), a decrease in the precursor concentration of solution
decreases the particle size. A comparison of the calculated data with those published in the
literature by Kim [7] confirmed that ultrasonic spray pyrolysis can also prepare particle
sizes of 100 nm using a small concentration of solution of 0.1 mg/L (0.002 mol/L). In
order to validate the prediction of particle size from Table 1, the following experimental
concentrations (0.5 and 0.125 mol/L) were tested in our experimental work.

3. Results and Discussion

SEM and EDS analysis of the obtained particles at 900 ◦C using precursor solution
concentrations of 0.50 and 0.125 mol/L found very fine spherical particles after ultrasonic
spray pyrolysis, as shown in Figures 7a and 8a. Using small concentrations of solution such
as 0.125 mol/L, the silica particle is ideally spherical, and single without agglomeration,
which is a typical case for higher concentrations. The presence of large particles of about
1 μm is confirmation of a collision of droplets during the transport of an aerosol. Some
satellite spherical particles are observed at primary large particles. The measurement of
particle size was performed using Software Image Pro Plus, Media Cybernetics, USA [23].

  
(a) (b) 

Figure 7. (a) SEM analysis of particles obtained at 900 ◦C using 0.50 mol/L precursor solution. (b) Particle size distribution.

  
(a) (b) 

Figure 8. (a) SEM analysis of particles obtained at 900 ◦C using 0.125 mol/L precursor solution. (b) Particle size distribution.

A decrease in solution concentration from 0.5 to 0.125 mol/L leads to smaller particle
size, as shown in Figures 7b and 8b, respectively. EDS analysis has confirmed the presence
of silicon and oxygen together with elements such as Al, Cu, and C, which are used for the
preparation of samples for characterization, as shown in Figure 9.

174



Metals 2021, 11, 463

 
Figure 9. Typical EDS analysis for both obtained powders.

The presence of elements such as Cu, C, and Al are not connected with our ultrasonic
spray pyrolysis synthesis. Additionally, ICP-OES analysis of Si in solution before and after
USP synthesis was included in our consideration. The concentration of Si decreased from
13,600 to 74.6 mg/L for the 0.5 M precursor solution. A similar behavior was revealed for
the 0.125 M solution, where the concentration of Si decreased from 3750 to 1 mg/L, which
confirms the full transformation of the used precursor to SiO2.

For the sample with a concentration of 0.5 mol/L, most particles are around 0.6 μm
in diameter, with an average diameter value of 0.68 μm, which suggests similar particle
diameters. The sample with a concentration of 0.125 mol/L could be characterized with
most particles around 0.50 μm and with an average diameter 0.60 μm, which suggests
the existence of larger particles but with a lower quantity, and the lower diameter was
compared with particles from the precursor solution of 0.50 mol/L. The calculated particle
sizes are situated between the maximal and minimal values of the measured diameters, as
shown in Table 2.

Table 2. The values of theoretical and measured silica particles.

Concentration
of Solution,

mol/L

Calculated
Value of

Diameter, μm

Measured
Maximal

Diameter, μm

Measured
Average

Diameter, μm

Measured
Minimal

Diameter, μm

0.50 0.64 1.20 0.69 0.16

0.125 0.41 1.35 0.61 0.24

According to our previous laser diffraction measurement of produced aerosol from an
ultrasonic generator between 0.8 and 2.5 MHz reported by Bogovic et al. [24], the obtained
values of droplet size are, in all cases, higher than theoretically predicted, as shown with
Equation (1), due to the immediate coagulation that occurs in the aerosol production
chamber. As mentioned previously by Tsi et al. [25], only 5–10% of the particle sizes
obtained in spray pyrolysis of 6–9 μm precursor droplets were of the sizes predicted by the
one-particle-per-droplet mechanism. Differences between calculated and experimentally
obtained values of particle sizes may be partially due to the approximate values used
for surface tension and the density of aqueous solution, micro-porosity of particles, and
mostly due to the coalescence/agglomeration of aerosol droplets at a high flow rate for the
carrier gas (turbulence effects). In Equation (4) [22,26], also based on the assumption of
one particle per droplet, the influence of temperature on the mean particle size was not
taken into account.
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XRD analysis of powder obtained at 900 ◦C has shown an amorphous structure of the
prepared silica powder, as shown in Figure 10. A Hill-like peak in the range of [2Ө] = 21–24
indicates the absence of any ordered crystalline structure and a highly disordered structure
of silica. The same X-ray diffraction patterns of nanosilica were reported by Huan et al. [4].
The extracted nanosilica from tetraethoxysilane (TEOS) has a high lead treatment efficiency
from waste water. We hope that spherical amorphous silica particles prepared by ultrasonic
spray pyrolysis have the same properties. Chen et al. [13] reported from a comparison with
crystalline silica that the amorphous structure has more advantages such as nontoxicity,
better interaction, and pollution adsorbent. In comparison to particles obtained by Huan [4],
we produced ideally spherical nonagglomerated particles.

Figure 10. XRD analysis of silica powder obtained by ultrasonic spray pyrolysis.

The crystalline peaks in Figure 10 belong to aluminum (sample holder). In order to
obtain a fully crystalline structure, ultrasonic spray pyrolysis shall be performed at higher
temperatures and longer residence times. According to Figures 5 and 6, we found that the
chosen residence time in the furnace is sufficient for the complete transformation of precur-
sor to the aimed SiO2. Regarding the synthesis of silica using the previously mentioned
sol–gel, high-pressure carbonation, and other methods, ultrasonic spray pyrolysis enables
a controlled particle size and morphology using different concentrations of solution.

4. Conclusions

Synthesis of silica powder was performed from a high concentrated colloidal solution
(30%) at 900 ◦C using the ultrasonic spray pyrolysis method. This method enables the
production of very fine spherical silica particles from an irregular structure in one horizontal
reactor. The controlled synthesis of particles was reached by changing the concentration
of precursor solution from 0.5 to 0.125 mol/L. A decrease in concentration from 0.5 to
0.125 mol/L leads to a decrease in measured average diameter from 690 to 610 nm. A
Hill-like peak in the range of [2Ө] = 21–24 obtained by XRD analysis indicates the absence
of any ordered crystalline structure and a highly disordered structure of silica with high
purity. A comparison of theoretically and measured diameter values of prepared silica has
shown relatively good agreement, where a deviation amounts to 17% for average diameter.
A disadvantage of this method is the collision of droplets during their transport using
carrier gas, and especially low efficiency, due to losses in the dissolved precursor on the
construction elements of the reactor.
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Abstract: Nitinol is a group of nearly equiatomic alloys composed of nickel and titanium, which was
developed in the 1970s. Its properties, such as superelasticity and Shape Memory Effect, have enabled
its use, especially for biomedical purposes. Due to the fact that Nitinol exhibits good corrosion resis-
tance in a chloride environment, an unusual combination of strength and ductility, a high tendency for
self-passivation, high fatigue strength, low Young’s modulus and excellent biocompatibility, its use
is still increasing. In this research, Atomic Layer Deposition (ALD) experiments were performed
on a continuous vertical cast (CVC) NiTi rod (made in-house) and on commercial Nitinol as the
control material, which was already in the rolled state. The ALD deposition of the TiO2 layer was
accomplished in a Beneq TFS 200 system at 250 ◦C. The pulsing times for TiCl4 and H2O were 250 ms
and 180 ms, followed by appropriate purge cycles with nitrogen (3 s after the TiCl4 and 2 s after
the H2O pulses). After 1100 repeated cycles of ALD depositing, the average thickness of the TiO2

layer for the CVC NiTi rod was 52.2 nm and for the commercial Nitinol, it was 51.7 nm, which was
confirmed by X-ray Photoelectron Spectroscopy (XPS) and Scanning Electron Microscope (SEM)
using Energy-dispersive X-ray (EDX) spectroscopy. The behaviour of the CVC NiTi and commercial
Nitinol with and without the TiO2 layer was investigated in a simulated body fluid at body tem-
perature (37 ◦C) to explain their corrosion resistance. Potentiodynamic polarisation measurements
showed that the lowest corrosion current density (0.16 μA/cm2) and the wider passive region were
achieved by the commercial NiTi with TiO2. Electrochemical Impedance Spectroscopy measurements
revealed that the CVC NiTi rod and the commercial Nitinol have, for the first 48 h of immersion,
only resistance through the oxide layer, as a consequence of the thin and compact layer. On the other
hand, the TiO2/CVC NiTi rod and TiO2/commercial Nitinol had resistances through the oxide and
porous layers the entire immersion time since the TiO2 layer was formatted on the surfaces.

Keywords: nitinol; continuous vertical cast (CVC), NiTi rod; atomic layer deposition; corrosion
properties; potentiodynamic test; electrochemical impedance spectroscopy

1. Introduction

Nitinol is a group of alloys that are in the equiatomic composition range of nickel and
titanium. It shows unique properties, such as superelasticity and a Shape-Memory Effect.
It also exhibits good corrosion resistance in a chloride environment, an unusual combina-
tion of strength and ductility, a high tendency for self-passivation, high fatigue strength,
low Young’s modulus and excellent biocompatibility. Its properties have enabled its use,
especially for biomedical purposes (orthodontic treatments, cardiovascular surgery for
stents and guide wires, orthopaedic surgery for various staples and rods, maxillofacial and
reconstructive surgery). In addition, Nitinol has been used in the Aerospace, Automotive,
Marine and Chemical industries and Civil and Structural Engineering [1–7].
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Nitinol has a tendency for self-passivation in a physiological saline solution. The pas-
sive films formed on the surface consist mainly of amorphous titanium dioxide [6]. How-
ever, the naturally formed oxides on the metal surfaces are thin and do not prevent the
corrosion process or Ni leaching. The main problem of Nitinol is its high Ni content.
Ni releasing can induce toxic, allergic and hypersensitive reactions or tissue necrosis after
long-term implantation [8–10]. Leaching of Ni can arise when a strongly acidic fluid attacks
the surface of the alloy. This corrosion is accompanied by nickel release from an implant
into the surrounding body fluid and tissue, which can enhance an allergic reaction in a
sensitive organism. Another path leading to the accumulation of Ni in the surface layers
can be the type of surface treatment itself. Low-temperature (60–160 ◦C) pre-treatment
protocols or high-temperature annealing in the air used for deposition of a thick TiO2 layer
onto a Nitinol surface results in Ni accumulation in the surface depth [11–13]. This hidden
Ni can easily be released through the defective surfaces, exceeding the Ni release from non-
treated material by two to three orders of magnitude. A high concentration of Ni close to
the metal–oxide interface will yield larger particles. The larger particles will induce severe
local strain in the lower oxide layer, leading to local rupture and cracking. Such cracks
can then extend towards the surface and act as channels, explaining the much greater
Ni release. To prevent corrosion and, consequently, Ni release, a coating of appropriate
thickness must be formed on the NiTi surface. Titanium oxide coatings are useful enough
to suppress nickel ions’ out-leaching [14–18].

Titanium dioxide is formed when titanium is subjected to oxidising conditions. TiO2 is
an electron excess conductor with oxygen deficiency. Due to the electroneutrality condition
oxygen vacancies must be compensated by a corresponding number of negative charges.
This can be achieved by O2− ions that are incorporated into the lattice, resulting in elec-
troneutrality of the complete crystal. The disorder of the oxide determines which species
are mobile in the course of oxidation. The driving force for diffusion is the concentration
gradient of the vacancies in the oxide, such as, in TiO2 oxygen ions diffuse inward since
the oxygen vacancy concentration is highest at the oxide/metal interface. The disorder in
oxides not only determines the location for scale growth, but also influences the ability of
the oxide scale to close the cracks by oxide regrowth during high-temperature exposure [19].
Oxidation of Nitinol occurs as follows:

NiTi + O2 → Ni3Ti + TiO2 → Ni4Ti + TiO2 →Ni + TiO2 (1)

Due to the four-times lower Gibbs free energy of formation of titanium oxide than that
of nickel oxide, titanium oxide growth is preferred on the Nitinol surface. Observations
are consistent with a model of oxygen absorption on the NiTi surface that reacts with
outward diffusing Ti to form TiO2. During the early stages of oxidation, the growth of the
TiO2 layer is the only contributor to thickness, and, therefore, oxide formation is relatively
rapid. However, the preferential oxidation of Ti creates a Ti-depleted (Ni-rich) zone at the
NiTi/TiO2 interface. The formation of the Ni-rich layer increases the effective diffusion
distance with an associated decrease in overall oxidation kinetics. Therefore, continued
oxide growth involves the simultaneous nucleation and growth of titanium oxides and
Ni-rich phases. Ultimately, these processes lead to the formation of a protective oxide scale,
which prevents further oxidation of the base material [20,21]. Naturally grown titanium
oxide on a Nitinol surface is approximately 5 nm thick, and thicker titanium oxide should
be formed to achieve better properties [22].

The most common methods employed for layer formation are anodisation, plasma
spraying, Atomic Layer Deposition (ALD), etc. ALD is an interesting technique for pro-
ducing TiO2 thin films due to its simplicity, reproducibility, high conformity of thin films
and excellent control of the layer thickness at the angstrom level. The thin film is formed
as a result of repeated deposition cycles. At least two subsequent self-limited surface
reactions are used to form a new layer [23–26]. In the literature, there are results for a
commercial flat-annealed NiTi foil and NiTi wires (φ = 0.2 mm) [27], and for Al2O3 and Pt,
ALD coatings on NiTi thin films [28]. None of the studies, however, dealt with the study of
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ALD deposition on the surface of a continuous vertical cast (CVC) NiTi rod (φ = 11 mm),
which was vacuum remelted before casting. Namely, the production of Nitinol is still very
complex, and, therefore, new faster processes resulting in the shape of a rod with the
smallest diameter possible are being sought.

The ALD technique for producing TiO2 on a CVC NiTi rod made in-house [29] was
tested in this study. For comparison, a commercial Nitinol was used to evaluate how
the ALD coating works. CVC NiTi rod-testing production is explained in our previous
works [30,31], while the commercial Nitinol was already in the rolled state. With the ALD
technique, the thin layer of titanium oxide was deposited on both types of specimens.
The formation of TiO2 was investigated by X-ray Photoelectron Spectroscopy (XPS) and
Scanning Electron Microscopy (SEM) using Energy-dispersive X-ray (EDX) spectroscopy.
TiO2-protected specimens were tested on corrosion behaviour in simulated body fluid to
clarify their corrosion resistance and confirm the positive effect of the formatted TiO2 layer
in order to reduce the corrosion rate.

2. Materials and Methods

2.1. Atomic Layer Deposition of a TiO2 Layer

The process of depositing the layer onto the surface with ALD is cyclic. Each cycle is
set up from 4 steps (see Figure 1). In the first step, the first precursor (TiCl4) is pulsed into
the reactor. TiCl4 is adsorbed to the specimen’s surface and reacts there with the reactive
sites (initially, these are organic impurities). In the second step, nitrogen is pulsed into the
reactor to purge the excess of the reactant and by-products. In the third step, the second
precursor (H2O) is pulsed into the reactor. H2O is adsorbed to the specimen′s surface and
reacts there with the reactive sites. In the last step, nitrogen is again pulsed into the reactor
to purge the excess of the reactant and by-products. 1100 cycles were made in this study.
The simplified equation for this reaction is:

TiCl4 + 2 H2O → TiO2 + 4 HCl (2)

 
Figure 1. Steps of Atomic Layer Deposition (ALD) deposition.

The deposition of a TiO2 layer on the surface of a continuous vertical cast (CVC)
NiTi rod and commercial Nitinol was accomplished in a Beneq TFS 200 system at 250 ◦C.
The pulsing times for TiCl4 and H2O were 250 ms and 180 ms, followed by appropriate
purge cycles with nitrogen (3 s after the TiCl4 and 2 s after the H2O pulses). The chemical
compositions of specimens were as follows: Commercial Nitinol (45 wt.% Ti, 55 wt.% Ni)
and the CVC NiTi rod made in-house (composition determined by XRF analysis in-house:
Ti 38.9 wt.%, 59.8 wt.% Ni). The detailed microstructure investigation revealed that the CVC
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NiTi rod containing over 50 at. % Ni, consisted of Ti2Ni and cubic NiTi, with corresponding
EDX spectra in the field of investigation—see Figure 2. The chemical composition of the
CVC NiTi rod varied through the cross and longitudinal sections because the drawing
process was not optimal; the manufacturing problem is described in more detail in our
previous study [29].

Figure 2. Microstructure of the continuous vertical cast (CVC) NiTi rod with corresponding Energy-
dispersive X-ray (EDX) spectrum.

The X-ray Photoelectron Spectroscopy (XPS) analyses were performed in order to
identify the oxidation states of the elements on the surface of the Ti-oxide films and
calculate their surface composition. XPS analyses were carried out on the PHI-TFA XPS
spectrometer (Physical Electronics Inc., MN, USA), equipped with a monochromatic Al
source. The analysed area was 0.4 mm in diameter, and the analysed depth was about
3–5 nm. High energy resolution XPS spectra were taken with a pass energy of 29 eV, energy
resolution of 0.6 eV and energy step of 0.1 eV. Quantification of the surface composition
was performed from the XPS peak intensities, taking into account the relative sensitivity
factors provided by the instrument manufacturer [32]. Two places on every specimen
were analysed, and the average composition was calculated. Chemical bonding of the
elements was deduced from the high-energy resolution XPS spectra using reference XPS1.
The Multipak software package (version 9.9, ULVAC-PHI Inc., Japan) was used for XPS
spectra processing. The error in the binding energy of the measured spectra is ±0.3 eV.

Additionally, a Jeol JSM-7800F Field Emission SEM, equipped with EDX spectroscopy
X-MaxN 80, Oxford Instruments (Oxford Instruments, Abingdon, UK), was used for identi-
fication of the EDX line chemical composition of the formatted TiO2 analysis on the surface
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of the CVC NiTi rod and commercial Nitinol. For this purpose, the CVC NiTi rod was cut
into a cylinder shape with φ = 11 mm and h = 1 cm, using an Accutom 50 (IMT, Ljubljana,
Slovenia) electronic saw for precision cutting. The commercial Nitinol, which was in the
rolled state in the form of sheets with width of 1.5 mm, was cut to circles with φ = 10
mm and a width of 1.5 mm using a water jet cutter (Faculty of Mechanical Engineering,
Ljubljana, Slovenia) (Omax, Kent, WA, USA). For easier polishing, the specimens were
then hot-pressed into Bakelite. Mechanical polishing was performed on Struers Abramin
apparatus (IMT, Ljubljana, Slovenia) (Struers, Copenhagen, Denmark). The grinding was
performed with 320-grit SiC abrasive paper, mechanical polishing with MD-Largo (Struers,
Cleveland, OH 44145, USA) discs with 9 μm diamond suspension and with peroxide grains
in a chemically aggressive suspension—OP-S (colloidal silica). At the end, specimens
were cleaned with detergent, washed well with water and put in an ultrasound bath in
alcohol. Surface images were recorded at 20,000× magnification, where the SEM working
parameters were 0.7 kV voltage and 2 mm working distance. Cross-section images were
recorded at 200,000× magnification and SEM working parameters of 10 kV voltage and
4 mm working distance.

2.2. Corrosion Tests

The corrosion tests were performed on the CVC NiTi rod with and without a for-
matted TiO2 layer and on commercial Nitinol with and without a formatted TiO2 layer,
respectively. All the measurements were held at body temperature (37 ◦C). Potentiody-
namic polarisation measurements and Electrochemical Impedance Spectrometry (EIS)
(Biologic, Seyssinet-Pariset, France) were used to study the electrochemical behaviour of
the specimens. All the measurements were recorded by a BioLogic Modular Research
Grade Potentiostat/Galvanostat/FRA Model SP-300 (Seyssinet-Pariset, France) with an
EC-Lab Software (V 11.27, Biologic, Seyssinet-Pariset, France) and three-electrode cell.
In this cell, the specimen, with an exposed area of 1 cm2, was a working electrode, and
a saturated calomel electrode (SCE, 0.242 V vs. SHE) was used as a reference electrode,
and the Counter Electrode (CE) was a platinum net. The experiment was held in simulated
physiological Hank’s solution, containing 8 g/L NaCl, 0.40 g/L KCl, 0.35 g/L NaHCO3,
0.25 g/L NaH2PO4 × 2H2O, 0.06 g/L Na2HPO4 × 2H2O, 0.19 g/L CaCl2 × 2H2O, 0.41 g/L
MgCl2 × 6H2O, 0.06 g/L MgSO4 × 7H2O and 1 g/L glucose, at pH = 7.8. All the chemicals
were from Merck, Darmstadt, Germany. The potentiodynamic curves were recorded after
1 h specimen stabilisation at the Open-Circuit Potential (OCP), starting the measurement at
250 mV vs. SCE more negative than the OCP. The potential was then increased, using a scan
rate of 1 mV s−1 until the transpassive region was reached. Long-term open-circuit poten-
tiostatic electrochemical impedance spectra were obtained for the investigated specimens.
The impedance was measured at the OCP, with sinus amplitude of 5 mV peak-to-peak
and a frequency range of 65 kHz to 1 mHz, in the sequence of 0 h, 1 h, 2 h, 6 h, 12 h, 24 h,
48 h, 72 h, 96 h, 120 h, 144 h, 168 h and 192 h. The impedance data are presented in terms
of Nyquist plots. Zview v3.4d Scribner Associates software (V 3.4d, Southern Pines, NC,
USA) was used for the fitting process. All the experiments were repeated 3 times.

3. Results and Discussion

3.1. ALD TiO2 Thin Layer Deposition

SEM investigation revealed that after 1100 repeated ALD cycles, the average thickness
of the TiO2 layer for the CVC NiTi rod was 52.2 nm, and for the commercial Nitinol 51.7 nm,
as visible in Figure 3.
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(a) (b) 

Figure 3. Scanning electron microscopy (SEM) image of the TiO2 layer at 200,000× magnification of the cross-section for the
(a) CVC NiTi rod and (b) Commercial Nitinol.

As seen in Figure 4, the deposited TiO2 layer is quite similar on both surfaces (CVC
NiTi rod and commercial Nitinol). The particles are quite different in size (from 50 nm
to 1 μm), while their shape is fairly tetrahedral with quite pointed edges, and the grain
boundaries are clearly visible.

  
(a) (b) 

Figure 4. SEM image at 20,000× magnification of a TiO2 layer on the surface of: (a) CVC NiTi rod
and (b) Commercial Nitinol.

Figure 5a shows an XPS survey spectrum from the TiO2/com.NiTi, and Figure 5b
shows a survey spectrum from the TiO2/CVC NiTi rod. Both spectra are similar. They con-
tain the following peaks: Ti 2p3/2 at 458.6 eV, C 1s at 284.8 eV, O 1s at 530.0 eV, Ti 3p
at 38.2 eV, Ti 3s at 62.5 eV, N 1s at 401.0 eV, O KLL Auger peak at 974 eV and Ti LMM
Auger peak at 1106 eV. No traces of a Cl 2p peak were found, which would be expected
at 198 eV. From Ti 2p, O 1s, C 1s and N 1s spectra, a surface composition for TiO2/com.
NiTi was calculated to be: 45.6 at.% of O, 17.9 at.% of Ti, 35.7 at.% of C and 0.9 at.% of
N. Surface composition for the TiO2/CVC NiTi rod was: 42.0 at.% of O, 16.5 at.% of Ti,
40.4 at.% of C and 1.1 at.% of N. The O/Ti ratio for both specimens was the same, i.e., 2.5.
The presence of carbon atoms and part of the oxygen atoms are probably related to surface
contamination and/or specimen preparation, taking into account that part of the oxygen is
related to surface contamination. The Ti/O ratio of 2.5 indicated the TiO2 composition of
the deposited films on both specimens. XPS data on the surface composition show that
the TiO2/CVC NiTi rod had a higher concentration of carbon, which may be related to the
higher degree of surface contamination.
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(a) (b) 

Figure 5. XPS survey spectra from (a) the TiO2/com.NiTi and (b) the TiO2 CVC NiTi rod.

In order to get an insight into the surface chemistry, high-energy resolution XPS spectra
of Ti 2p, O 1s and C 1s were acquired on both specimens. The high-energy resolution XPS
spectra Ti 2p, O 1s and C 1s from TiO2/com.NiTi were deconvoluted into different chemical
components and are shown in Figure 6. The high-energy resolution XPS spectra Ti 2p,
O 1s and C 1s from the TiO2/CVC NiTi rod were deconvoluted into different chemical
components and are shown in Figure 7. It is visible that the high-energy resolution XPS
spectra from both specimens are very similar. On the surface of both specimens, the Ti 2p3/2
peak is at 458.6 eV, and the Ti 2p1/2 peak is at 464.5 eV. This binding energy is related to the
Ti(4+) oxidation state, which shows the presence of the TiO2 compound (Figures 6a and 7a).
No presence of Ti was identified in the lower oxidation states, at least inside the sensitivity
of the XPS method. The Ti 2p3/2 peak was very narrow, indicating an ordered TiO2 film.
The Full Width at Half Maximum (FWHM) of the Ti 2p3/2 peak for both specimens was
1.07 eV. The oxygen spectra O 1s were composed of three peaks, the O1 peak at 530.0 eV,
the O2 peak at 531.3 eV and a small peak O3 at 532.6 eV. The O1 peak is related to the
O2− anions in the TiO2 lattice. The O2 peak at 531.3 eV may be related to the presence
of surface OH-groups or O-vacancies in the oxide. The O3 peak may be related to H2O
and/or C-O species, mainly due to surface contamination. The carbon C 1s spectra from
both specimens contained four peaks, which were related with different chemical bonds of
the carbon atoms: the peak at 284.8 eV (C-C/C-H bonds), the peak at 286.2 eV (C-O/C-OH),
the peak at 287.1 eV (O-C-O/C = O) and the peak at 289.5 eV (O = C-O/CO3). XPS results
show that the surface of the Ti layer was covered by TiO2 with some surface contamination.
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Figure 6. High-energy resolution XPS spectra from the TiO2/com.NiTi surface for: (a) Ti 2p, (b) O 1s and (c) C 1s.

In accordance with the XPS analyses, the results of the performed line EDX analysis
on the formatted TiO2 layer confirmed the increased contents of Ti and O (Figure 8) in both
specimens, exactly where the TiO2 layer formed. The TiO2 layer is seen as a bright area.
The increased concentration profiles for Ti and O are appropriate, as well as the width of
the range corresponding to the resulting thickness of the TiO2 layer, as seen with SEM
(Figure 3). Due to the extremely thin TiO2 layer, only line EDX analysis could be used
in this case, as the usual point/planar EDX analysis would capture a significantly larger
volume, and in this way, the signal from the base alloy would be obtained, and the results
would be irrelevant.
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Figure 7. High-energy resolution XPS spectra from the the TiO2 CVC NiTi rod surface for: (a) Ti 2p, (b) O 1s and (c) C 1s.
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Figure 8. EDX linescan of Ti and O in the area of the formatted TiO2 (CVC NiTi rod—the environment is on the left side).
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3.2. Corrosion Tests
3.2.1. Potentiodynamic Test

Figure 9 shows the potentiodynamic curves for different specimens: CVC NiTi rod,
commercial Nitinol (com. NiTi), CVC NiTi rod with a TiO2 layer (TiO2/CVC NiTi rod) and
commercial Nitinol with a TiO2 layer (TiO2/com NiTi). All the measurements were carried
out in Hank’s solution at body temperature (37 ◦C). The electrochemical parameters of
the potentiodynamic test are shown in Table 1. Corrosion potentials (Ecorr) and corrosion
current densities (icorr) were obtained from the Tafel region. Following that region, the spec-
imens exhibited a passive region, which was limited by the breakdown potential (Ebd),
corresponding to the transpassive oxidation of metal species. The corrosion current density
was the lowest for TiO2/com NiTi (0.16 μA/cm2), which means that the passive layer on
these specimens was the most stable and resistant to external influences. This is followed
by specimens of com. NiTi (0.30 μA/cm2), TiO2/CVC NiTi rod (0.34 μA/cm2) and CVC
NiTi rod (0.44 μA/cm2). The formation of a passive layer is characterised by the width of
the passive region. The wider the passive region, the more corrosion-resistant the material
is. The CVC NiTi rod had the smallest passive range has a (from −100 mV to 330 mV,
which is 430 mV), followed by TiO2/CVC NiTi rod (650 mV), com. NiTi (730 mV) and
TiO2/com. NiTi. The CVC NiTi rod had the lowest breakdown potential (329 mV), followed
by com. NiTi (634 mV) and TiO2/CVC NiTi rod (643 mV), while TiO2/com. NiTi did not
reach the breakdown potential in the measurement range. As the name already suggests,
this passive layer breaks down at this potential, which enables the formation of pits on the
surface. This is also accompanied by a rapid increase in anode current due to the passivity
breakdown. The corrosion rate is, thus, the smallest for TiO2/com. NiTi; the TiO2/CVC
NiTi rod and com. NiTi are far away but very close together, while the CVC NiTi rod shows
the highest corrosion rate or the lowest corrosion resistance by the potentiodynamic test.

 
(a) 

Figure 9. Cont.
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(b) 

Figure 9. Potentiodynamic curves for: (a) CVC NiTi rod and com. NiTi and (b) TiO2/CVC NiTi rod
and TiO2/com. NiTi.

Table 1. Electrochemical parameters determined from the potentiodynamic curves.

Sample
Ecorr

(mV)
icorr

(μA/cm2)
Ebd

(mV)
ibd

(μA/cm2)
Corrosion Rate

(mm/Year)
Passive

Range (mV)

CVC NiTi rod −334 ± 4 0.44 ± 0.05 329 ± 4 6.8 ± 0.2 (4.2 ± 0.3) × 10−3 430
com. NiTi −300 ± 4 0.30 ± 0.03 634 ± 7 6.2 ± 0.2 (2.6 ± 0.2) × 10−3 730

TiO2/CVC NiTi rod −235 ± 3 0.34 ± 0.03 643 ± 7 6.2 ± 0.2 (3.1 ± 0.2) × 10−3 650
TiO2/com. NiTi −186 ± 2 0.16 ± 0.02 / / (1.1 ± 0.1) × 10−4 /

3.2.2. Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) measurements were performed at
Open-Circuit Potential conditions in simulated body fluid for 8 days. Figure 10 shows
(for 4 selected examples: 12 h, 96 h, 168 h and 192 h) the Nyquist impedance diagrams
for the CVC NiTi rod, commercial Nitinol, and also for both with a deposited TiO2 layer
at different times of immersion. The system response, shown through the Nyqvist plots,
shows a typical depressed semicircle shape, and the response was increasing with the
immersion time for all specimens.

The analysed data for the Nyquist plots predicted the equivalent circuits shown
in Figure 11. For inhomogeneous layers, a similar equivalent circuit was applied by
Izquierdo J. et al. [33] and Figueira N. et al. [34]. R1 represents the resistance through
the porous external oxide layer, while R2 represents the resistance through the inner com-
pact oxide layer. RS is the resistance of the solution, while CPE1 and CPE2 are constant
phase elements corresponding to R1 and R2. The use of a Constant Phase Element (CPE)
was required to confirm the non-ideal capacitive response observed as a depressed semicir-
cle in the corresponding Nyquist diagrams. The CPE originates from the surface roughness
and inhomogeneities present in the TiO2 layers at the microscopic level. The equivalent
circuit in Figure 9a has only resistance through the oxide layer and was used only for the
specimens of CVC NiTi rod and commercial Nitinol in the first 48 h of immersion. After this
exposure time, the equivalent circuit in Figure 9b was applied, and this equivalent circuit
was also valid for all the immersion times for the TiO2/CVC NiTi rod and TiO2/commercial
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Nitinol. The difference can be explained by not having an oxide layer at the beginning on
the surface of the CVC NiTi rod and the commercial Nitinol. Therefore, for the first 48 h of
immersion, the resulting layer is still very thin and compact, which can be represented by
only 1 resistor. After this time, the oxide layer became thicker and inhomogeneous, so an-
other resistance was added, which represents the resistance through the porous oxide layer.
On the surface of the TiO2/CVC NiTi rod and the TiO2/commercial Nitinol specimens,
a nanosized TiO2 layer was deposited previously with ALD, so an equivalent circuit with
two resistances was used from the beginning of the immersion.

  
(a) (b) 

  
(c) (d) 

Figure 10. Nyquist diagrams for the CVC NiTi rod, commercial Nitinol, TiO2/CVC NiTi rod and TiO2/commercial Nitinol
after (a) 12 h, (b) 96 h, (c) 168 h and (d) 192 h of immersion.
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(a) 

 
(b) 

Figure 11. Equivalent circuits for the interpretation of the measured impedance spectra with: (a) one
resistance and (b) two resistances.

Table 2 shows the resistance values of the porous layer (R1) and the oxide layer (R2)
for all the specimens. The error obtained when fitting the EIS experimental data was below
0.02% for all the specimens. The CVC NiTi rod and the commercial Nitinol, for the first 48 h
of immersion, had only resistance through the oxide layer as a consequence of the thin and
compact layer (R2). After this time, resistance through the porous layer was also considered.
Both the TiO2/CVC NiTi rod and TiO2/commercial Nitinol had resistances through both
layers for the total immersion time (R1 + R2), since the TiO2 layer was previously deposited
on the surface of the specimens. The resistance R1 was considerably lower for all the
specimens, which was not surprising since the solution will penetrate through the porous
layer much more easily than through the compact layer. While the resistance through the
oxide layer was increasing over the immersion time for all the specimens, the layer was
getting thicker, so the resistance through the porous layer was quite constant.

Table 2. Porous corrosion resistance R1 and oxide corrosion resistance R2 of different specimens at certain times of
immersion.

t (h)
R1com

× 105 (Ω)
R2com

× 105 (Ω)
R1CVC

× 105 (Ω)
R2CVC

× 105 (Ω)
R1TiO2/CVC
× 105 (Ω)

R2TiO2/CVC
× 105 (Ω)

R1TiO2/com
× 105 (Ω)

R2TiO2/com
× 105 (Ω)

1 0.00 3.74 0.00 2.08 0.24 2.22 0.82 4.00
6 0.00 6.86 0.00 2.30 0.42 3.29 0.94 8.20
12 0.00 6.49 0.00 2.61 0.79 3.85 1.16 10.20
24 0.00 7.41 0.00 2.71 1.36 4.41 1.34 18.01
48 0.00 10.94 0.00 2.55 2.44 7.58 1.45 25.00
72 4.32 19.65 0.33 7.80 2.59 13.80 1.37 33.81
96 6.92 40.35 0.28 18.00 2.48 22.51 1.56 52.51

120 7.46 56.88 0.34 24.08 2.66 33.00 1.35 68.50
144 8.32 70.29 0.33 28.06 2.68 44.72 1.34 89.00
168 9.01 89.47 0.35 30.25 2.69 56.51 1.26 101.04
192 10.28 81.47 0.31 29.62 2.29 60.31 1.46 113.56

Figure 12 represents the polarisation or the total corrosion resistance Rp as a function
of time. Rp can be calculated according to equation:

Rp = R1 + R2, (3)
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Figure 12. Total corrosion resistance vs time of exposure for all tested specimens.

The diagram of total corrosion resistance (Figure 12) shows clearly that the corrosion
resistance increased with time for all 4 specimens. This was a consequence of the formation
of a protective oxide layer. In the case when the TiO2 layer was deposited on the specimen,
it is noticeable that the corrosion resistance was increasing in the initial time, while for the
CVC NiTi rod and commercial Nitinol, in the initial 48 h, there was no significant change in
resistance as a consequence of the thin oxide layer. The highest corrosion resistance was for
the TiO2/commercial Nitinol, followed by the commercial Nitinol and the TiO2/CVC NiTi
rod, and the poorest corrosion resistance was for the CVC NiTi rod. The cause of the poorer
corrosion properties of the CVC NiTi rod was inhomogeneity in the chemical composition
and higher nickel content than in the commercial NiTi.

4. Conclusions

The following conclusions can be drawn from the current research work:

1. The thickness of the formatted TiO2 layers on the CVC NiTi rod was 52.2 nm, and on
the commercial Nitinol it was 51.7 nm.

2. The formatted TiO2 layers were confirmed by XPS and SEM/EDX analyses.
3. The high-energy resolution XPS spectra for TiO2 from both specimens were very

similar. The Ti 2p3/2 peak at 458.6 eV and the Ti 2p1/2 peak at 464.5 eV were observed
on the surface of both specimens. This corresponds to the binding energy, which is
related with the Ti(4+) oxidation state. This shows the presence of the TiO2 compound
on the surfaces of both investigated ALD TiO2-covered specimens.

4. The potentiodynamic test showed that the passive layer on the TiO2/commercial Niti-
nol was the most stable and resistant to external corrosion influences. The corrosion
stability fell from the commercial Nitinol and the CVC NiTi rod with and without the
TiO2 layer.

5. The corrosion rate was the smallest for TiO2/commercial Nitinol; the TiO2/CVC NiTi
rod and commercial Nitinol were far away but very close together, while the CVC
NiTi rod showed the highest corrosion rate, or the lowest corrosion resistance, by the
potentiodynamic test.

6. Electrochemical Impedance Spectroscopy is interpreted using the Nyquist impedance
diagrams, where a typical depressed semicircle shape and the response increasing
with the immersion time were shown for all specimens.

7. With the help of using the resistance through the porous external oxide layer (R1)
and the resistance through the inner compact oxide layer (R2), it was determined that
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the CVC NiTi rod and the commercial Nitinol had, for the first 48 h of immersion,
only resistance through the oxide layer as a consequence of the thin and compact layer
(R2). On the other hand, the TiO2/CVC NiTi rod and TiO2/commercial Nitinol had
resistances through both layers for the total immersion time (R1 + R2). The resistance
R1 was considerably lower for all the specimens, which was not surprising since the
solution will penetrate through the porous layer much more easily than through the
compact layer.

8. It was proven that adding a TiO2 layer on the Nitinol surface was significant for
improving the corrosion resistance, but a decisive role can be still attributed to the
chemical composition and microstructure of the substrate that the ALD coating
is applied.
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Abstract: Hybrid nanomaterials based on manganese, cobalt, and lanthanum oxides of different mor-
phology and phase compositions were prepared using a facile single-step ultrasonic spray pyrolysis
(USP) process and tested as electrocatalysts for oxygen reduction reaction (ORR). The structural and
morphological characterizations were completed by XRD and SEM-EDS. Electrochemical perfor-
mance was characterized by cyclic voltammetry and linear sweep voltammetry in a rotating disk
electrode assembly. All synthesized materials were found electrocatalytically active for ORR in alka-
line media. Two different manganese oxide states were incorporated into a Co3O4 matrix, δ-MnO2 at
500 and 600 ◦C and manganese (II,III) oxide-Mn3O4 at 800 ◦C. The difference in crystalline structure
revealed flower-like nanosheets for birnessite-MnO2 and well-defined spherical nanoparticles for
material based on Mn3O4. Electrochemical responses indicate that the ORR mechanism follows a
preceding step of MnO2 reduction to MnOOH. The calculated number of electrons exchanged for the
hybrid materials demonstrate a four-electron oxygen reduction pathway and high electrocatalytic
activity towards ORR. The comparison of molar catalytic activities points out the importance of the
composition and that the synergy of Co and Mn is superior to Co3O4/La2O3 and pristine Mn oxide.
The results reveal that synthesized hybrid materials are promising electrocatalysts for ORR.

Keywords: MnO2; cobalt oxide Co3O4; perovskite materials; oxygen reduction in alkaline media;
electrocatalyst; ultrasonic spray pyrolysis; Pt catalyst

1. Introduction

Economic development and extensive use of fossil fuels has led to fast depletion
of energy resources. Hence, the development of clean energy storage and conversion
devices, such as metal–air batteries, supercapacitors, fuel cells, and other renewable energy
technologies, is in the main focus of numerous researchers and laboratories worldwide [1,2].
The efficiency of these energy devices mainly depends on the electrochemical oxygen
reduction reaction (ORR) that occurs at the cathode side, as limiting reaction [3]. High
activation barriers, poor rate capability, sluggish kinetics, and serious voltage gap of oxygen
electrode reactions limit the performance of energy devices that rely on ORR [4–6].

Until now, the most investigated ORR catalysts have been based on noble metals
such as Pt and Pt alloys, to achieve favorable reaction rates [7]. However, the high price
and scarcity of the precious metals, inferior stability and sensitivity to CO poisoning,
severely limit their widespread applications [2,3,8]. To overcome the above-mentioned
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issues, lowering the amount of noble metals and exploring new catalytic materials for ORR
have triggered extensive research interests.

Transition metals (TMOs) and organic macrocycles represent promising candidates as
alternatives to noble metals as catalytic materials for ORR [9–14]. Among them, manganese
oxides (MnyOx) are of particular interest because of their prominent advantages of low cost,
stability, environmental friendliness, abundance, and considerable catalytic activity toward
oxygen reduction reaction [15–20]. Despite insufficient stability in acidic media, Mn-oxides
can be applied as promising catalyst in air electrodes for both alkaline fuel cells and metal–
air batteries. For example, various oxides have been studied, including perovskite-type,
α-Mn2O3 (bixbyite), β-MnO2 (pyrolusite), Mn3O4 (spinel), α-MnOOH (manganite), and
simple Mn oxides [15–22], and the ORR was found to be highly dependent on the crystal
structure of the oxides. Additionally, there are many studies showing manganese-oxide as
highly promising material for the metal air batteries. For example, it has been reported the
application of MnO2 at the reduced graphene oxide as hybrid material in Mg-air battery [23],
MnO2 on graphene coated microfibers for Na–air battery [24], and Mn oxide framework
for lithium–oxygen batteries [25]. It is possible to increase the activity of manganese oxide
by tuning its crystal structure and morphology, doping, compositing, vacancy creation,
and hydrogenation. The continuous improvement of the oxygen electrochemical activity of
Mn-oxide is still ongoing work.

Cobalt oxide (Co3O4) is also one of the well-known materials that has been extensively
studied as promising candidate and corrosion resistant ORR catalysts in alkaline media
for fuel cells and metal–air batteries. Cobalt oxide belonging to the family of transition
metal oxides, is able to display significant morphology modulated catalytic activity for
ORR [26,27]. Co3O4 has spinal structure, with magnetic Co2+ and non-magnetic Co3+

at its tetrahedral and octahedral sites [27], that are significant for cobalt oxide catalytic
activity. Porous Co3O4 nanoplates have been used as ORR catalyst for Zn–air batteries
in alkaline medium [28], while flake-particles Co3O4 have been employed as catalysts
for Li-O2 batteries [29]. The structure of cobalt oxide has provided the abundant active
sites together with ion and electron transport length, which eventually have improved the
energy efficiency. Another investigation examines electrocatalyst for the oxygen reduction
reaction based on a graphene-supported g-C3N4@cobalt oxide core–shell hybrid in alkaline
solution with improved stability and activity, approaching to that of 20% Pt–C at the same
potential [30]. It has been shown that the sole CoOx electrode exhibited only the two-
electron mechanism with formation of hydrogen peroxide, rather than the four-electron
mechanism, while the FCNTs electrode exhibited the two parallel mechanisms favoring
four-electron mechanism only at higher overpotential. These results indicate the synergistic
effect of the coupling between FCNTs and CoOx nanoparticles catalyzing the ORR via the
direct four-electron mechanism. In another study, cobalt oxide nanocubes incorporated into
reduced graphene oxide exhibited better electrocatalytic activity in terms of the current
density, overpotential, and stability, compared to commercial Pt/C catalyst for the ORR
in an alkaline medium [26]. Unfortunately, their ORR activity alone is generally poor.
Thus, for further improvement, other metal atoms or carbon based materials have been
incorporated into their catalysts structure [31–35].

La based perovskite materials are considered as a new class of materials in the mixed-
oxide family and have attracted increasing attention for potential replacement of the noble
metals. They have shown promising catalytic performance for ORR in alkaline media.
The activity of these La-based oxides strongly correlated with the covalent bond strength
between B-site cation and the oxygenated species. La is located in the middle of the
octahedral structure and plays an important stabilizing role [36,37]. Additionally, La2O3
contain oxygen vacancies and interstitials with low oxygen vacancy energy, leading to low
activation energy. Furthermore, the existing interlayer defect structure of the oxides is also
helpful for the active oxygen adsorption, this all has a positive effect in catalyzing the ORR.
However, even though lanthanum oxides have outstanding electronic structure, it is not
electro-conductive, which limits its electrocatalytic capabilities and brings the necessity
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to combine it with other oxides and carbon materials [38–40]. Due to its high potential as
a stabilizing agent and high activity when mixed with other oxides, in this work it was
utilized in the synthesis with Mn- and Co-oxide.

It was shown that combination of oxides, especially TMOs, and their structures, like
spinel and perovskite-type oxides, could exhibit excellent ORR activities owing to the
combination of metal elements, compared to single-metal oxides [7,41,42]. For example,
Co-oxide nanoparticles modified with Mn-oxide nanotube have served as oxygen cathode
catalyst for rechargeable zinc–air batteries [43]. La-, Co-, Mn-oxide prepared with carbon
nanotubes (CNT) as composite has been successfully used as a bi-functional air electrode
in Zn–air batteries [37]. The improved synergy effect has been reported in comparing to
single oxide utilization. For example, various structures like honeycomb double-layer
MnO2/Cobalt doped for primary zinc–air batteries [44], 3D hollow sphere Co3O4/MnO2-
CNT [45], and core-shell Co3O4@MnO2 [46] have been evaluated as bifunctional catalysts
materials and applied for batteries and supercapacitors.

Therefore, we aimed to synthesize and investigate hybrid nanomaterials based on the
Mn/Co/La oxides of ordered structure generated by ultrasonic spray pyrolysis (USP) as
electrocatalyst for ORR. USP technique was chosen for the synthesis of these materials as it
allows a simple single step approach of synthesizing nanomaterials with precisely control-
lable morphologies and chemical compositions. Different compositions and morphologies
were synthesized depending on USP temperature and tested.

One of the issues to be considered is that the future ORR materials should not contain
rather electrochemically unstable carbonaceous materials as support. The investigated
MnOx-Co3O4 TMO hybrid electrode nanomaterials were carbon free. The influence of
manganese oxide type on the ORR as well as difference in composition of Mn and Co
was evaluated. The second important issue that we tackled is that the materials should be
synthesized using a low-cost, simple technique that can be easily applied also for the large
scales such as USP.

2. Experimental

2.1. Chemicals

Lanthanum(III)nitrate hexahydrate La(NO3)3 × 6H2O (99.9% rare earth oxide), man-
ganese(II)nitrate tetrahydrate Mn(NO3)2 × 4H2O (99%), and cobalt(II)chloride hexahydrate
CoCl2 × 6H2O (99%) were used during the synthesis process and were purchased all from
Alfa Aeser, US. For the comparison, commercial manganese (IV) oxide, MnO2, was used and
obtained from Sigma-Aldrich (Saint Louis, MO, USA). Potassium hydroxide and Nafion
117 solution (5 wt.%) were purchased from Sigma-Aldrich. All chemicals were of analytical
reagent grade and all solutions were prepared using ultrapure water from Millipore.

2.2. Material Synthesis and Electrode Preparation
2.2.1. Material Synthesis

The synthesis of Co/Mn/La oxide hybrid materials was performed by single-step
ultrasonic spray pyrolysis process. The solution for the material synthesis was pre-
pared by mixing starting precursor solutions to give desired stoichiometric mole ratios
La:Co:Mn = 3:5:10. The ratio of La:Co:Mn of 3:5:10 was chosen based on previous re-
search [47,48], since we wanted to investigate the influence of Mn in mixture for ORR
reaction. Aqueous 0.1 M solutions of La(NO3)3, Mn(NO3)2 and CoCl2 were used as precur-
sors. The USP conversion temperature was adjusted and controlled using a thermostated
furnace. All powders were synthesized by ultrasonic spray pyrolysis in the equipment
with horizontal nebula flow.

Nebula generation from the prepared solutions of precursors took place in an ultra-
sonic atomizer (Gapusol 9001, RBI/France) with an ultrasonic nebulizer (Prizma Kragu-
jevac, Serbia) to create an nebula-born aerosol [47,48]. The nebula with droplets having
a diameter of around 2.3 μm was produced with an ultrasound frequency of 2.5 MHz.
The nebulization/aerosol generation was carried out in O2/N2 atmosphere as carrier gas,
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having O2 to N2 in volume ratio of 2:1 and continuous flow rate of 3 dm3 min–1. The
synthesis temperatures were set to 500, 600, or 800 ◦C.

2.2.2. Electrode Preparation

For the electrochemical measurements, the catalyst-modified surface of electrodes
was prepared from the glassy carbon disc (Pine Research Instrumentation USA, 5 mm).
Prior to the use, glassy carbon disc was polished with alumina slurry kit (Pine Research
Instrumentation, Durham, NC, USA) of different grades, and then cleaned ultrasonically in
ethanol and water.

The electrodes were prepared in the following way. Firstly, 5 mg mL−1 of water
suspension of the USP-synthesized powder was agitated in an ultrasonic bath for 30 min
in order to form homogeneous ink. Then, 20 μL of the ink were cast by micropipette onto
the glassy carbon disc and left to air-dry for 2 h. In the next step, 10 μL of Nafion solution
(100:1 diluted commercial Nafion solution) were pipetted onto the catalyst-covered GC
disc, as binding agent, and left to dry at room temperature.

2.3. Measurements
2.3.1. Material Characterization

Structural and phase analysis of the synthesized materials was investigated by X-ray
diffraction (XRD). The measurements were undertaken on a Philips PW 1050 powder
diffractometer with Ni-filtered CuKα radiation at room temperature and scintillation
detector within the range 10–82◦ in steps of 0.05◦ with the scanning rate of 5 s/step.

Scanning electron microscopy (SEM) with an energy dispersive X-ray spectroscopy
(EDS) were employed to analyze morphology and element composition of porous Mn/Co/La
oxide hybrid materials. Scanning electron microscope (Zeiss DSM 982 Gemini; Vega TS
5139MM Tescan, Brno, Czech Republic) was employed for the examination of obtained par-
ticles on a different magnification level providing different information on the morphology
and particle shape and size. The elemental composition was determined by EDS with Si(Bi)
X-ray detector connected to SEM and a multi-channel analyzer.

2.3.2. Electrochemical Measurements

Electrochemical measurements were performed using BioLogic potentiostat (BioLogic
SAS, SP-240, Grenoble, France). The electrocatalytic properties of the hybrid materials
were checked by means of cyclic voltammetry (CV) and linear sweep voltammetry (LSV),
using the scan rate of 50 and 2 mV s−1, respectively. In order to check the material activity
for oxygen reduction reaction, 3-electrode set-up, using a rotating disk working electrode
was employed. The GC modified with synthesized materials as described in Section 2.2.2
were used as working electrode, while saturated calomel (SCE) and Pt electrode were
employed as the reference and counter electrode, respectively. All the potentials presented
are referred to the SCE. The supporting electrolyte was a 0.1 M aqueous KOH solution. All
electrochemical experiments were performed at 25 ◦C under nitrogen or oxygen atmosphere
at 600, 800, 1000, 1500, or 2500 rpm rotation of the working electrode. Prior to every
experiment, either in N2 or O2 atmosphere, the gas was bubbled through the electrolyte for
at least 20 min.

3. Results and Discussion

3.1. XRD Analysis

The hybrid nanomaterials based on rare earth/transition metal oxides were synthe-
sized with facile and cost-effective USP procedure, bearing in mind the methodology as
follows. One group of electrocatalyst is based on manganese, cobalt, and lanthanum metals
and the effects of three different USP temperatures were investigated (500, 600, and 800 ◦C).
The other group of materials was prepared by the same synthesis procedure, but without
manganese component—it was only based on cobalt and lanthanum oxide, in order to
investigate the influence of USP-synthesized Mn oxide within hybrid oxide electrocatalysts.
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For the sake of comparison, the electrocatalytical performance of commercial manganese
oxide was also included in the investigations.

The crystalline structures of the hybrid materials were revealed by XRD analysis. X-ray
diffraction patterns of synthesized materials are presented in Figure 1. As can be seen in
Figure 1a, the materials synthesized at 500 and 600 ◦C are composed mainly of manganese
(IV) oxide in the form of birnessite, also denoted as δ-MnO2, as defined by main diffraction
peaks at 2θ of 12.4, 25.3, 37, and 66◦. The specific XRD peaks correspond to a card no.:
JCPDS 00-043-1456 (MnO2). Birnessite is reported as 2D layered manganese oxide with
lamellar structure consisting of edge-sharing MnO6 octahedra, and is considered to be the
most active phase for ORR among other crystalline structures of MnO2 [49–51]. In addition,
the diffraction peaks at 18.9, 31.2, 45, and 59◦ reveal the presence of Co3O4 (JCPDS card
no. 01-080-1535). However, La oxide or other compounds which should indicate the La
presence are not evidenced. It follows that La is present as poorly crystalline or amorphous
lanthanum compound(s). These “La-hided” states of Co-La oxide hybrids corresponds to
our recent findings [48].

  
(a) (b) 

 
(c) 

Figure 1. XRD patterns of (a) Mn/Co/La oxide hybrid materials synthesized on 500 and 600 ◦C,
and commercial MnO2; (b) Mn/Co/La oxide material synthesized at 800 ◦C; (c) Co/La oxide
hybrid material.

XRD pattern of the material sample synthesized at 800 ◦C is presented in Figure 1b.
The presence of Co3O4 is clearly confirmed; however, the other type of Mn oxide-Mn3O4
is formed. It is evidenced by well-resolved peaks at the positions 14.4, 26.2, 40.1, and 44◦
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(JCPDS card no. 03-06502776). Additionally, the diffraction peaks related to the JCPDS card
no. 01-075-0440 confirms the formation of the perovskite structure-LaMnO3. It can be seen
that XRD peaks in Mn-containing compounds synthesized at 800 ◦C are sharper than those
at lower temperatures, which indicate highly crystalline nature of those compounds. The
formation of different manganese oxide types at different temperatures is expected. It has
been already reported that under these conditions Mn changes its form from Mn(IV) oxide
to Mn(II, III) oxide [52]. Synthesized hybrid materials are denoted as MnO2/Co3O4-500,
MnO2/Co3O4-600, and Mn3O4/Co3O4-800 in the further text, according to XRD findings.

The structural and phase characteristics of the Mn-free synthesized material, based on
cobalt and lanthanum compounds, is presented in Figure 1c. XRD peaks clearly confirm
formation of Co3O4. In addition, weak peaks at positions 26.2◦, 29.8◦, and 78◦ indicate
the formation of La2O3, although it can be assumed that this oxide is present mainly in an
amorphous form. Thus, this catalytic material is denoted as Co3O4/La2O3 in further text.

3.2. SEM and EDS Characterization

The morphology of as-synthesized catalytic materials was investigated by SEM. De-
pending on the preparation temperature the samples morphology appears different, as
shown in Figure 2. For the materials prepared at the temperatures 500 and 600 ◦C, the results
indicate formation of spherical grains, Figure 2a,c, with a petal-like structure discovered at
the higher-resolution images (Figure 2b,d). It can be seen that the petal-structured grains,
having the size of around 2 μm, are built from numerous nanosheets. The nanosheets
appear finer and more densely packed at higher USP temperature (Figure 2b,d). The very
similar structures were observed by Che et al. reporting the core-shell microspheres com-
posed of Co3O4@MnO2 with flower-like structured Co3O4 as the core onto which MnO2
nanosheets have been subsequently grown [46]. This typical flower-like morphology of
birnessite-MnO2 forming micro/nanospheres has been also reported to have high surface
area that might exhibit fast electrode kinetics and good stability. MnO2 nanosheets are thus
recognized as excellent candidates for electrocatalytic materials for electrochemical oxygen
reactions [50,51,53].

On the other hand, the Mn3O4/Co3O4 material synthesized at 800 ◦C has homogenous
dense structure as presented in Figure 3. The enlarged SEM image reveals well-defined sub-
micron particles of the catalytic material (Figure 3b). Similar change in morphology, leading
to the formation of defined particles instead of flower-like structure, has been reported and
assigned to the presence of Mn3O4 type of Mn oxide, in comparison to the distinguished
nanosheets typical for MnO2 [54,55]. The SEM images of Co3O4/La2O3 catalytic material
shows highly agglomerated particles with irregular shapes and various sizes ranging from
nano- to several μm (Figure 3d). The porous agglomerated particles of Co3O4 material
have also been reported, providing large micro- and mesoporous surface [56].

The elemental composition, done by energy dispersive X-ray spectroscopy (EDS),
confirms the presence of Mn, Co, La, and O with the atomic ratios presented in Table 1. It can
be seen that for MnO2/Co3O4-500, MnO2/Co3O4-600, and Mn3O4/Co3O4-800 materials,
the obtained atomic ratio of Mn:Co is close to 2:1, which is in accordance to the projected
atomic ratio used for synthesis. On the other hand, the atomic ratio between lanthanum,
cobalt, and manganese is smaller than projected ratio. This anticipates that the material is
likely structured as separated phases of the oxides of well-resolved crystalline state, MnO2
and Co3O4, covering poorly crystalized La compounds, as found by XRD, which can mask
its EDS response. Finally, it was seen in XRD patterns that Co3O4/La2O3 catalytic material
exhibits diffraction peaks similar to La2O3 card, which can cause the apparently hidden
XRD state of La2O3 by crystalline Co3O4.

3.3. Electrochemical Characterization

To study the electrocatalytic performances of synthesized Mn/Co/La-hybrid materials
for oxygen reduction reaction, three-electrode half-cell design was used. Electrodes were
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prepared with catalytic material as described above in Section 2.2.2 and used as working
electrodes in an RDE system to provide constant hydrodynamic conditions.

  
(a) (b) 

  
(c) (d) 

Figure 2. SEM images of (a,b) MnO2/Co3O4-500, (c,d) MnO2/Co3O4-600; at lower and higher magnifications.

Cyclic voltammograms were recorded in the potential window between −0.9 and 0.6 V,
at the scan rate of 20 mV s−1. Figure 4 presents CV responses of synthesized materials
and pristine MnO2 electrode in deaerated 0.1 M KOH. The cyclic voltammograms of
MnO2/Co3O4 electrodes exhibit almost featureless shape with capacitive current showing
some reversible charge transfer processes at the potentials positive to 0.1 V, with counter-
parts negative to −0.1 V. This behavior is in accordance with the literature results for other
MnO2 nanostructures electrodes reporting the similar behavior in nitrogen atmosphere
as well as for pristine MnO2 [44,51,57]. The redox processes appeared suppressed upon
increase in synthesis temperature. On the other hand, CV behavior of Co3O4/La2O3 hybrid
material shows fully reversible redox transitions of much higher currents at the potentials
positive to −0.1 V, which can be assigned to redox transitions of Co. This CV performance
has been reported as typical behavior of cobalt oxide nanoparticles [58]. The shape of CV
curves of Co3O4/La2O3 is different in comparison to that of MnO2/Co3O4 materials, with
considerably higher capacitive currents. It seems that CV fingerprints follow the registered
structural organization of the oxides in the Co3O4/La2O3 material. Cobalt oxide particles
dictate the CV behavior of Co3O4/La2O3 material in a way to resemble completely the
redox processes of pure Co3O4. On the other hand, Mn-based materials are of CV behav-
ior similar to pristine MnO2, since the particle surface composition is of twice as much

203



Metals 2022, 12, 22

as nominal loading of manganese with respect to cobalt. CV response of MnO2/Co3O4
synthesized at lower temperature (MnO2/Co3O4-500) strives for the shape more similar to
that of Co3O4. This could be related to the more spaced petals (Figure 2b) with respect to
dense appearance of petals at higher synthesis temperature (MnO2/Co3O4-600, Figure 2d).
It follows that CO3O4 contributes more to CV response through the more spaced MnO2-rich
petals (Table 1). Additionally, it seems that the absence of petal-like structure and transition
from MnO2 to Mn2O3 (Figures 1b and 3d) in the case of Mn2O3/Co3O4-800 does not affect
much the CV response of rather low-current featureless characteristics.

  
(a) (b) 

  
(c) (d) 

Figure 3. SEM images of (a,b) Mn3O4/Co3O4-800 and (c,d) Co3O4/La2O3; at lower and higher magnifications.

Table 1. Element analysis of synthesized materials for EDS analysis (at. %).

Element
Sample

MnO2/Co3O4-500 MnO2/Co3O4-600 Mn3O4/Co3O4/LaMnO3-800 Co3O4 (+La2O3) MnO2

O 68.71 62.92 61.78 69.77 60.29
La 2.04 3.78 3.11 2.26 /
Co 9.88 11.24 12.98 27.96 /
Mn 19.37 22.06 22.13 / 32.43
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(a) (b) 

Figure 4. CV performance of synthesized catalytic materials (a) comparison between Mn-based
materials and commercial MnO2, (b) Co-based electrode; 0.1 M KOH, N2 atmosphere, 20 mv s−1.

The electrocatalytic activities of the prepared nanocatalysts for ORR were evaluated by
means of LSV in O2-saturated alkaline electrolyte. Figure 5 presents ORR electrochemical
performances of Mn/Co/La oxides synthesized at three different temperatures. As can
be seen, when the electrolyte was saturated with O2, remarkable reduction currents are
observed, which introduces the synthesized materials as ORR-active. The onset poten-
tial of all electrodes was approx. −0.3 V vs. SCE, which is competitive to other TMO
based materials [56]. The electrode material at 500◦ and 600◦ show similar curve shape
and activity, which is expected for similar flower-like birnessite MnO2, having similar
electrochemical activities between 1 and 2.5 mA cm−2 (Figure 5a) [51]. The Mn3O4/Co3O4
material, obtained at 800 ◦C, exhibits higher ORR activity than MnO2/Co3O4-500 and
MnO2/Co3O4-600 materials. This can be ascribed to the presence of Mn3O4 as catalyst
with mixed oxidation state (+2, +3) in comparison to the MnO2 with +4 oxidation state
of Mn [20]. Additionally, as it is registered by SEM, two different manganese types pro-
vide different morphologies. Consequently, the ORR current increases continuously for
Mn3O4/Co3O4-800, whereas the reduction on MnO2/Co3O4-500 and -600 appears stepped,
with a transition around −0.7 V. This could be the indication of different ORR mechanisms
on MnO2/Co3O4 and Mn3O4/Co3O4.

 
(a) (b) 

Figure 5. Comparison of ORR activities of Mn-based hybrid materials: (a) at different synthesis
temperature and (b) commercial MnO2 for ORR per mass of MnO2.

For the sake of comparison to pristine MnO2, electrode activities calculated per mass
of MnO2 (mass activity) was performed, as presented in Figure 5b. It can be seen that nanos-
tructured MnO2/Co3O4 materials are of significantly improved ORR activity compared to
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the pristine manganese oxide. This proves the validity of the hybrid oxides approach of
ordered structure for the synthesis of materials for ORR.

In order to study ORR activity further, the series of polarization curves (LSV) in
saturated oxygen atmosphere were recorded at different electrode rotating rates between
600 and 2500 rpm. As can be seen in Figure 6a, ORR current is increasing with the increase of
the rotation rate at higher overpotentials, due to the improved mass transfer. However, the
first reduction step (positive to −0.7 V) for MnO2/Co3O4-500 and -600 appears negligibly
dependent on rotation rate. It follows that corresponding process(es) are not directly related
to ORR, but to partial reduction of the material induced by the presence of oxygen (please
see Equations (3)–(7)).

 
(a) (b) 

Figure 6. LSV performance of synthesized materials: MnO2/Co3O4-600 (a) at different electrode
rotation rates; (b) KL-plot of the synthesized materials; 0.1 M KOH, O2 atmosphere.

The number of the electrons that are involved in oxygen reduction reaction is an
important parameter for evaluating the catalytic performance of the synthesized mate-
rials. Therefore, the ORR was further analyzed using Koutecky–Levitch (KL) equation
(Equation (1)). The corresponding linear fit that is presented in Figure 6b at E = −1 V, was
used to calculate the number of electrons transferred during the oxygen reduction with
synthesized materials. In the equation:

1
j
=

1
jL

+
1
jk

=
1

Bω0.5 +
1
jk

(1)

B = 0.62nFC0D2/3υ−1/6 (2)

where j corresponds to the measured current density, n is the overall number of electrons
exchanged, F stands for Faraday constant (F = 96486 C mol−1), C0 is the oxygen concentra-
tion in 0.1 M KOH (typically C0 = 1.2 × 10−6 mol cm−3), D is oxygen diffusion coefficient
(typically D = 1.9 × 10−5 cm2 s−1), υ is the kinematic viscosity of the solution (υ = 0.01 cm2

s−1); surface area of the electrode used to calculate current density is A = 0.196 cm−2.
It has been reported that the ORR in alkaline media can proceed either via two-electron

pathway, which involves the formation of hydrogen peroxide as an intermediate, or via
direct four-electron reduction pathway where oxygen is directly reduced to OH− [59].
Generally, direct four-electron transfer pathways are more desirable than the partial re-
duction pathway since it provides a higher rate for ORR. Although the ORR mechanism
on Mn-oxide is still not fully understood, the possible pathway suggests the reactions
described:

MnO2(s) + H2O + e− ↔ MnOOH(s) + OH− (3)

2MnOOH(s) + O2 ↔ 2(MnOOH . . . .O) (s) (4)
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MnOOH(s) + O2 ↔ MnOOH . . . .O2, ads (s) (5)

(MnOOH . . . .O) + e− ↔ MnO2(s) + OH− (6)

MnOOH . . . .O2, ads (s) + e− ↔ MnO2(s) + HO2
− (7)

The overall reaction of Equations (3), (4), and (6) equals to the four-electron reduction
process, whereas the summary of Equations (3), (5), and (7) results in an overall two-electron
transfer mechanism oxygen reduction. In the first step, Mn4+ is reduced to Mn3+, which is
followed by adsorption and reduction of oxygen. Hence, the promotion of Mn3+ generation
could lead to more effective ORR over stronger oxygen adsorption and accelerated O2
reduction to OH−, which results in overall increase in catalytic activity [49]. Furthermore,
it has been reported that porous structure can also stabilize Mn3+ species at the particle
surface [36]. For the synthesized materials, Figure 6b reveals that the number of transferred
electrodes, calculated from the slope, for MnO2/Co3O4-500 and -600 catalytic materials are
3.6 and 3.89 which is close to 4 indicating that ORR catalyzed by those materials proceeds
via quasi-four-electron ORR mechanism. However, the overall electron transfer number
of Mn3O4/Co3O4-800 material is calculated to be 3, indicating that both of the suggested
schemes coexist in the catalyzing process [60]. Even though the higher oxidation states
of Mn (Mn4+ and Mn3+) are considered as crucial for manifestation of Mn cation defects
and oxygen vacancies that are important as catalytically active sites, the morphology of
samples at 500, 600, and 800, as well as their mutual interaction with Co-oxide, also plays
an important role in catalytic activity.

The Co3O4/La2O3 material was also checked for the ORR performance at various
rotation speeds, as presented in Figure 7. The ORR on this hybrid material starts at approx.
−0.35 V vs. SCE, which is in accordance to other Co3O4 reported nanomaterials, but
still is considerably negative if compared to the commercial 20 wt.% Pt@XC-72 catalyst
(−0.16 V) [56]. On the other hand, the current of approx. −3.3 mA cm−2 is higher in
comparison to the performance of similar nanomaterials, found as −2.5 [56], −1.5 [43],
and −1 mA cm−2 [58] at similar electrode potentials. ORR on synthesized Co3O4/La2O3
was studied also using a KL plot shown in Figure 7b. The number of electrons transferred,
calculated based on KL equation, is 3.7 suggesting predominantly the pathway of direct
four-electron reduction of oxygen. This is fairly comparable to the state-of-the-art electrode
based on Pt (20% wt. Pt@XC-72), which is reported to be between 3.8 and 4.03 [56].

 
(a) (b) 

Figure 7. Reduction of O2 at the Co-based electrode (a,b) KL plot for Co3O4/La2O3.

Finally, the comparison of all synthesized oxide combinations as catalytic materials is
presented in Figure 8. As can be seen, Co3O4/La2O3 catalyst outperforms MnO2/Co3O4
and Mn3O4/Co3O4 materials, in comparison to the onset electrode potential, as well as in
electrocatalytic activity toward ORR in the studied potential region. Similar behavior has
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been reported by Xu et al. showing that Co3O4/La2O3 supported by carbon nanotubes
(CNT) has shown better activity in comparison to the MnO2/Co3O4–CNT. Although CNT
have been used to increase catalytically active surface area, the activities of the studied
hybrid materials are in the range 1.8–4 mA cm−2 that is comparable to our hybrid materials
but without addition of a carbon support [37].

 
(a) (b) 

Figure 8. Comparison of (a) synthesized materials in mA (b) calculated per mass of Co.

As mentioned above, the mechanism on the synthesized electrode most probably
proceeds with an additional MnOOH reaction step. It has been reported that this reaction is
unfavorable due to the strength of the Mn-O bond which makes the initial reduction more
difficult. This leads to lower electrocatalytic activity of the electrodes with high percentage
of Mn oxide of birnessite type. It is also speculated that the crystal phase (channel structure)
can be another determining criterion for ORR kinetics at manganese oxides.

Additionally, the observed larger inner-spacing between nanoparticles in Co3O4/La2O3
(Figure 3) in comparison to dense structure of MnO6 octahedral sheet of birnessite MnO2,
provides more active surface area that is more accessible to the electrolyte (reactant). In
addition, it is reported that Co3O4 has high affinity toward O2 molecules, which enables
better oxygen transport within its porous structure [61].

This all contributed to the observed behavior that the Co3O4/La2O3 electrode exhibits
better catalytic activity in comparison to the MnO2/Co3O4 electrodes. Additionally, Du
et al. stated that Co3O4 nanoparticles-modified MnO2 electrodes have much lower ORR
activity in comparison to pure MnO2 nanomaterial due to partial occupation of active sites
on MnO2 by Co3O4 [43]. This likely can be another reason for the lower catalytic activity of
our MnO2/Co3O4 oxides catalysts. Although the synergic effect of MnO2 and Co3O4 oxides
has been reported in many publications to increase ORR activity [43,45], the investigation
of the parameters such as the composition, crystalline structure, and morphology are to be
investigated in order to propose the most probable synergy mechanism.

Since the synthesized hybrid materials have different compositions, and consequently
structures, the kinetic comparison would be more informative if would be presented as
activity (currents) per mol of Co3O4 and MnO2. Figure 9 presents the comparison of molar
activities with respect to Co3O4 for the samples containing Co oxide, and with respect to
MnO2 for the samples synthesized at 500 and 600 ◦C, taking into account the compositions
found by EDS (Table 1). As can be seen from Figure 9a, the Co3O4/La2O3 electrode is of
higher activity at the beginning (at lower overpotentials) due to a different ORR reaction
mechanism occurring in comparison to the Mn-based electrodes (additionally involves the
Mn oxide electrochemical transformations). However, in the region of higher overpotentials
that are more relevant for the electrochemical devices (fuel cells, batteries), the electrodes
based on synergy of Mn/Co oxides outperform the electrode without Mn (Co3O4/La2O3).
This result is somewhat contrary to the presented performance of the current calculated
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per mass (Figure 8), which indicated the electrode without Mn (Co3O4/La2O3) as the
one of best performances. In addition, Figure 9b shows that trends of molar activities of
MnO2-containing electrodes are similar to those of mass activity (Figure 5b). This clearly
emphasizes the importance of the calculations to take into consideration the mole fractions
in hybrid materials of different compositions in order to quantify the synergy effects.

 
(a) (b) 

Figure 9. Comparison of all materials (a) per mol of Co oxide and (b) per mol of Mn oxide.

4. Conclusions

In summary, highly active electrocatalysts based on Mn and rare earth oxides with
Co3O4 for ORR, have been successfully synthesized using the ultrasonic spray pyrolysis
process. For the sake of comparison, the hybrid materials with and without Mn oxides
were investigated.

It was shown that different Mn oxides were well incorporated in the Co3O4 matrix.
Different synthesis temperatures led to the formation of two different manganese oxides-
birnessite type δ-MnO2 at 500 and 600 ◦C, and manganese (II, III) oxide-Mn3O4 at 800 ◦C.
The catalysts morphology has been also affected by the state of Mn oxide. SEM images
reveal flower-like nanosheets for hybrid materials with birnessite-MnO2 and well-defined
spherical nanoparticles for material based on Mn3O4 and for the material based only on
Co as catalysts (Co3O4/La2O3). The electrochemical performance of MnOx/Co3O4 and
Co3O4/La2O3 demonstrate a comparable ORR activity to Pt/C and superior activity to the
pristine Mn oxide electrodes. It was shown that the mass activity of synthesized hybrid
materials not supported on carbon blacks outperforms the literature values of carbon-based
materials. Mass activity performance was compared to the molar activity—calculated per
mol of the Mn and Co oxides being in charge for the catalytic performance in oxygen
reduction reaction. It was revealed that the synergic coupling of Mn oxides and Co3O4
have better catalytic performance in comparison to the electrodes based on pristine MnO2
and Co3O4/La2O3. It was found that molar and mass activities give different information,
since different amounts of active components are affecting the synergistic catalysis.

The crystal structure and morphological characteristics, as well as right amounts of
investigated oxides, play the crucial role for high catalytic activity. Taking into account
that the investigated materials are very low-cost materials especially compared to the
state-of-the-art Pt/C-based electrodes, the demonstrated hybrid materials are promising
catalysts for practical application for rechargeable metal–air batteries and fuel cells.
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Abstract: Mixed oxides have received remarkable attention due to the many opportunities to adjust
their interesting structural, electrical, catalytic properties, leading to a better, more useful performance
compared to the basic metal oxides. In this study, mixed oxides NiO/ZnO/Al2O3 were synthesized in
a single step via the ultrasonic spray pyrolysis method using nitrate salts, and the temperature effects
of the process were investigated (400, 600, 800 ◦C). The synthesized samples were characterized by
means of scanning electron microscopy, energy-dispersive spectroscopy, X-ray diffraction and Raman
spectroscopy analyses. The results showed Al2O3, NiO–Al2O3 and ZnO–Al2O3 systems with spinel
phases. Furthermore, the Raman peaks supported the coexistence of oxide phases, which strongly
impact the overall properties of nanocomposite.

Keywords: nanocomposite; ultrasonic spray pyrolysis; mixed oxides; NiAl2O4; ZnAl2O4

1. Introduction

Nanocomposites are a research hotspot at present, with various applications in day-
to-day technologies. A further improvement in properties is achieved when one of the
components in the composite is reduced to the nanoscale (~1–100 nm). With an increased
surface area, and the quantum effects that arise at this scale, this nanocomposite offers better
electrical, mechanical, chemical, optical, and magnetic properties. Their melting point and
dielectric constant can change when particles reach nanometre sizes [1,2]. Mixed-oxide
nanocomposites are studied due to their potential for an enhanced functional performance
in photocatalysis, sensors and other optoelectronic device applications [3]. The combination
of two or more metals in an oxide matrix can produce materials with novel physical
and chemical properties, leading to an increased performance in various technological
applications [4]. Among the various mixed oxides, nickel oxide (NiO), zinc oxide (ZnO) and
alumina (Al2O3) have been a focus in the semiconductor and chemical and petrochemical
industry due to their distinguished electronic, magnetic and chemical properties. These
mixed metal oxides are widely used in the field of adsorption and catalysis. They are used
in many catalytic reactions in chemical and petrochemical industries, including cracking,
hydrogenation dehydrogenation, reforming, and dehydration [5,6].

NiO is an eco-friendly, stable, low-cost and wide-bandgap material [7,8]. NiO nanopar-
ticles have been a great candidate for ferroelectric p-type semiconductors with a wide band
gap (3.6–4.0 eV). Recently, NiO materials have been used in technological fields such as elec-
trochromic test equipment, supercapacitors, rechargeable lithium ion batteries as electrodes,
magnetic recorders, photocatalysts, adsorbents, etc. [9]. ZnO nanoparticles, which have a
large band gap (3.37 eV) and large exciton binding energy of 60 meV at room temperature,
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have a wide range of uses [10]. ZnO is of great interest due to its potential applications in
various fields, such as gas sensors, biosensors, catalysis, solar batteries and as electronic,
piezoelectric and optical devices, as well as in ultraviolet (UV) protection, cosmetics and
paints [9,11,12]. Al2O3 has unique properties that made it one of the most important engi-
neering materials of the late twentieth century, including chemical stability, high hardness,
and a high melting temperature, which allowed it to be used in many areas, especially in the
manufacture of ceramics, refinement, and optics. It is found in several patterns that differ
from each other in terms of their crystalline structure and physical and chemical properties,
in addition to its various applications [13]. Al2O3 is one of the most common ceramic
materials, used as a catalyst, adsorbent and abrasion-resistant coating [14]. It is a very
important adsorbent, with surface activity species (Al3+, O2−, OH− group decomposed and
proton defects), and acts as an adsorption center for different gases. In this regard, in the
gas-sensing process, Al2O3 increases the adsorption amount of oxygen and the tested gases.
Moreover, transition metal oxides deposited on the Al2O3 surface have a high dispersion
form [15]. The ZnO/Al2O3 nanocomposite is used for UV emission [16]. Composites from
Al2O3–NiO systems with spinel-phase nickel aluminate (NiAl2O4) are used as catalysts or
precatalysts for steam reformation or as electrode materials in high-temperature fuel cells
due to their unusual conductivity [17]. Zinc aluminate (ZnAl2O4), is a mixed oxide with
spinel structure that is currently used as high-temperature material, sensors, electronic and
optical materials, and catalyst support [18]. ZnAl2O4 has a much higher photocatalytic
activity than a single oxide [19]. NiO/ZnO/Al2O3 nanocomposites are used as catalysts
in industrial processes such as hydrogenation and dehydrogenation reactions, petroleum
refining, deoxygenation, CO2 reduction and fuel cells [20,21]. Other applications, such as
protective barriers, electrochromic material and sensors, are also available [22].

Two strategies are used in the synthesis of nanomaterials: top-down and bottom-up.
In the top-down approach, bulk particulate materials are broken down into smaller and
smaller particles. This approach is mostly applicable for solids and dispersed solids. In
the bottom-up approach, nanoparticles are built up one atom or molecule at a time. This
is applied mostly in the gas or liquid phases. Usually, the nanoparticles obtained by the
bottom-up approach are purer and have a better control of particle size and surface chem-
istry [23]. Different methods, such as sol-gel, hydrothermal, homogeneous precipitation [3],
solid-state reaction, sonochemical method and the ultrasonic spray pyrolysis (USP) method,
are used to produce nanocomposites [2,14]. The method selection depends on the ease of
the method, the type and properties of the nanocomposite, etc., in its preparation. The
growth of controlled-size nanoparticles is an intricate task. The reported methods have
many drawbacks, since they need complex equipment, higher processing temperature
and a longer reaction time [12]. The spray pyrolysis method consists of sequential and
continuous processes of nebulization, precipitation, pyrolysis, and sintering to construct
particles with homogeneous compositions, allowing for the precise control of solid-state re-
action output and chemical composition [24,25]. Compared with the traditional nozzle, an
ultrasonicator can nebulize the coating solution into ultra-tiny and foggy droplets between
1 μm and 5 μm with more homogeneous nano- and submicron particle sizes [25]. The USP
technique is used for its low cost and its simplicity to implement, to fabricate oxide with
good qualities [26].

Lu et al. [27] synthesized a flower-like NiO/ZnO composite by a two-step hydrother-
mal process, where the NiO nanosheets grew on the surface of the ZnO hexagonal nanorods.
Kaur et al. [28] developed a gas sensor based on branch-like NiO/ZnO heterostructures.
The synthesis process contained the growth of NiO nanowires on a substrate via the vapour–
liquid–solid mechanism, and then the formation of ZnO nanowires directly on the former
NiO nanowires using the vapour–solid technique. Zhu et al. [29] synthesized a hierarchical
flower-like NiO/ZnO composite via a one-step hydrothermal approach. The gas-sensing
properties of the NiO/ZnO composite were investigated via exposure to different ethanol
concentrations at various operating temperatures. Li et al. [30] synthesized nanostructured
ZnO/NiO microspheres with a nanorods-composed shell and a microsphere yolk via the
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controlled calcination treatment of bimetallic organic frameworks in air. Kim et al. [31]
prepared a three-dimensional (3D) sphere-like structured ZnO–NiO nanocomposites via a
simple, one-pot solution process. They investigated the effects of annealing temperatures
on the morphological properties of sphere-like structured ZnO–NiO nanocomposites. Ma-
hajan et al. [32] produced NiO/ZnO composite powder using a solid-state reaction method.
The dielectric constant of the composite powder was measured using impedance spec-
troscopy. From room-temperature dielectric measurements, it was observed that, at 1 kHz
frequency, the dielectric constant for ZnO, NiO and NiO/ZnO composite powder was 8.3,
43.9, and 14.9, respectively. Li et al. [15] combined NiO and Al2O3 into one system and
investigated the gas-sensing properties of the composite. The activity species on its surface
are centers of adsorption for different gases. Lei et al. [33] present a facile and low-cost
method to synthesize hierarchical porous ZnO–Al2O3 microspheres through a hydrother-
mal route. The hierarchical porous ZnO–Al2O3 composite has a higher adsorption ability
compared with pure ZnO and Al2O3. Ullah et al. [34] produced ZnO–Al2O3 composite
oxides with an improved structure, synthesized by the freeze-drying modified cation–anion
couple hydrolysis (CADH) technique and supported by Ni, and it was determined that
the desulfurization capacity is high. Li et al. [35] compared NiO/γ–Al2O3 nanofibers with
TiO2 nanoparticles, one of the most commonly used photocatalysts. Considering their
recyclability and structural integrity, it is understood that NiO/γ–Al2O3 may have practical
photocatalyst applications in environmental controls such as air/water pollution.

In this study, mixed oxides NiO/ZnO/Al2O3 were synthesized via the USP method
and a series of tests were conducted to characterize the nanocomposite particles. To the
best of our knowledge, it is still a great challenge to utilize a simple and facile route to
synthesize the mixed oxide nanocomposite. This study aims to introduce a single-step,
facile process route for the production of new, mixed-oxide nanocomposite particles.

2. Materials and Methods

Mixed oxides NiO/ZnO/Al2O3 were synthesized via the USP method using an
aqueous solution of nitrate salts under a 1 L min−1 air flow rate at different temper-
atures (400, 600, 800 ◦C). The chemicals used in the preparation of the mixed oxides
were high-purity from Sigma Aldrich. The salts used were nickel nitrate hexahydrate
(Ni(NO3)2·6H2O), zinc nitrate hexahydrate (Zn(NO3)2·6H2O), and aluminium nitrate non-
ahydrate (Al(NO3)3·9H2O). The nitrate salts were dissolved in distilled water with a
concentration of 0.2 M. Then, the solution was magnetically stirred at room temperature
for 15 min at 500 rpm. Experimental parameters of syntheses are summarized in Table 1.

Table 1. Experimental parameters.

Process
Temperature

(◦C)

Ni(NO3)2

6H2O
(M)

Zn(NO3)2

6H2O
(M)

Al(NO3)3

9H2O
(M)

Ultrasonic
Frequency

(MHz)

Air Flow
Rate

(L min−1)

400 0.2 0.2 0.2 1.3 1
600 0.2 0.2 0.2 1.3 1
800 0.2 0.2 0.2 1.3 1

The experimental setup is illustrated in Figure 1. The set up consists of an ultrasonic
atomizer, quartz tube, furnace, and collection chamber. The quartz tube was placed
inside the furnace (Nabertherm, R50/500/12–B) with a temperature control of ±1 ◦C.
An ultrasonic nebulizer with a frequency of 1.3 MHz (Ramine Baghai Instrumentation,
Pyrosol 7901, Meylan, France) was used for aerosol generation from the precursor solution.
The aerosols were carried into the preheated furnace by air. The removal of water occurred
in the first sections of the furnace. Continuous thermal decomposition reaction of nitrates
to oxides took place in the quartz tube at 400, 600 and 800 ◦C. The particles were collected
in collection chambers in distilled water.
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Figure 1. General view of the experimental setup.

The thermodynamics of the decomposition reaction of metal nitrates were investi-
gated by HSC Chemistry software (HSC Chemistry 10, Metso Outotec, Helsinki, Finland).
The crystal structures of the synthesized NiO/ZnO/Al2O3 were analysed with an X-ray
diffractometer (XRD: Rigaku MiniFlex, Tokyo, Japan), using Cu Kα radiation (λ = 1.5405 Å).
The samples were scanned in the 2θ range of 5–90◦. The step angle and scan speed were
kept at 0.02◦ and 2◦ min−1. Morphology investigations of the specimens were inspected
with scanning electron microscopy (SEM: FESEM; JSM 7000F, JEOL Ltd., Tokyo, Japan). The
working distance of the samples from the tip of the electron gun and the accelerating volt-
age was adjusted to 10–15 mm and 5 kV, respectively. Energy dispersive X-ray spectroscopy
(EDS: Oxford INCA, Abingdon, UK) was also used to investigate the chemical composition
of mixed oxides. Raman spectrums of mixed oxides NiO/ZnO/Al2O3 composite specimens
were measured using Raman spectrometer (Horiba HR800UV, Kyoto, Japan) equipped
with a 632 nm laser for sample excitation.

3. Results and Discussion

3.1. Thermodynamic Analysis

The possible reaction equations during the decomposition of metal nitrates to mixed
metal oxide particles were assumed as shown in Equations (1)–(3). The Gibb’s free energy
(ΔG◦), the reaction equilibrium constant and reaction equilibrium amounts were computed
by HSC Chemistry software for the temperature range of 0–1000 ◦C. In spray pyrolysis,
aerosol droplets of the dissolved salts are carried into the furnace. When the droplets meet
the hot zone, the salt precipitates due to the evaporation of solvent, which is water, and
then pyrolysis reactions take place. Thus, the reaction thermodynamic was calculated using
metal salts. Figure 2 shows the changes in the Gibbs free energies and the logarithmic
values of reaction equilibrium constant (Kp; partial pressure of reaction products divided
by partial pressure of reactants in equilibrium condition) as a function of temperature.

2Ni(NO3)2·6H2O → 2NiO + 4NO2(g) + 12H2O + O2(g) (1)

2Zn(NO3)2·6H2O → 2ZnO + 4NO2(g) + 12H2O + O2(g) (2)

2Al(NO3)3·6H2O → Al2O3 + 6NO2(g) + 12H2O + 3/2O2(g) (3)

216



Metals 2022, 12, 73

Figure 2. Thermodynamic investigation of the decomposition reactions for Ni, Zn and Al -nitrate
salts to oxide forms; changes of (a) Gibbs free energy and (b) reaction equilibrium constant as a
function of temperature.

At the chosen reaction temperatures, the Gibbs free energies for the decomposition of
Al-, Zn- and Ni- nitrate salts to their oxides obtain negative values at temperatures above
185, 220 and 314 ◦C, respectively. Considering the continuous gas flow and their effect on
removing the gas reaction products around the nucleated particles, the obtained reactions
are spontaneous at the chosen process temperatures.

The changes in reaction equilibrium amounts caused by an elevation of temperature
are given in Figure 3. According to the thermodynamic results, the formation of Al2O3
starts at a lower temperature than the others, and ZnO nucleation follows. In a tube furnace,
as used in the experiments, there is a slight temperature gradient from the entry into the
inner zone. Thus, Al2O3 should primarily nucleate, and the following decompositions of
metal salts can lead to the formation of metal (zinc and nickel) aluminates.

 

Figure 3. (a) Calculated reaction equilibrium amounts for decomposition reactions of metal nitrates.
(b) Shows the magnified region of the graphic (a) (between Equilibrium amounts, kmol 0.00–1.00).
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3.2. XRD Analysis

The XRD patterns of samples via produced at different temperatures are shown in
Figure 4. X’Pert Highscore Plus was used to assign the phases. The diffraction peaks of
mixed oxides were identified and assigned to crystalline alumina (Al2O3), a cubic NiAl2O4
(space group: Fd-3m) and a cubic ZnAl2O4 (space group: Fd-3m).

  
(a) (b) 

 
(c) 

Figure 4. XRD patterns of mixed oxides NiO/ZnO/Al2O3 obtained with different reaction tempera-
ture: (a) 400 ◦C; (b) 600 ◦C; (c) 800 ◦C.

Al2O3 peaks’ positions were identified by comparing with JCPDS file No. 00-046-1215.
The peaks of the Al2O3 were the hkl reflection of 010 and 021 at 2θ of 11.09◦ and 23.68◦,
respectively. ZnAl2O4 peaks’ positions were identified by comparison with JCPDS file
No. 00-005-0669. The characteristic peaks at 2θ of 31.2◦, 36.75◦, 44.7◦, 49.1◦, 55.6◦, 59.3◦,
and 65.3◦ are corresponding to (220), (311), (400), (331), (422), (511), and (440) diffraction
planes [18,36,37]. The peaks of the ZnAl2O4 were the hkl reflection of 311 and 440. NiAl2O4
peaks’ positions were identified by comparison with the diffraction data from the JCPDS
file No. 10-0339. The major peaks for a cubic phase NiAl2O4 (space group Fd-3m) were
the hkl reflections of 311, 400, 422 and 440 [17,38–40]. The peaks at 2θ of 36.28◦, 42.70◦,
55.9◦ and 62.4◦ represent NiAl2O4. It was noted that the peaks of ZnAl2O4 and NiAl2O4
were shifted to slightly lower 2θ values compared to those of stoichiometric ZnAl2O4 and
NiAl2O4. This indicated that spinel in obtained nanocomposites was non-stoichiometric.
When the reaction temperature was increasing, the diffraction peaks of the samples were
slightly expanded (Figure 4). For NiAl2O4 and ZnAl2O4 samples, no peak characteristics
of NiO and ZnO were seen, indicating the fine dispersion of these species on the NiAl2O4
and ZnAl2O4 supports, respectively, or a possible overlap with the supports’ diffraction
peaks [41].

3.3. SEM Analysis

SEM–EDS results of mixed oxides NiO/ZnO/Al2O3 particles, which were produced
at different temperatures (400–800 ◦C) from initial solutions at 0.2 M concentration, are
shown in Figure 5.
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Figure 5. SEM results of the NiO/ZnO/Al2O3 particles: (a) ×10,000; (b) ×20,000 magnification for
the samples of 400 ◦C; (c) ×10,000; (d) ×20,000 magnification for the samples of 600 ◦C; (e) ×10,000;
(f) ×20,000 magnification for the samples of 800 ◦C.

The SEM images show the mixed oxide particles of nearly spherical and some foliated
shapes. The size of the particles also varies: primary particles are in the nano range, and
submicron size particles are obtained by the aggregation of primary particles. The signifi-
cant reason for this difference is the temperature effects on aerosol droplets, decomposition
reaction and sintering [42,43]. Additionally, particle formation starts with the nucleation of
nano-size aerosol droplets, and then secondary particles form by aggregation due to the
sintering effect of temperature. A calculation was carried out using the SEM analysis results
with the ImageJ program to find the particle size. The results confirmed that the primary
particles were nanometer size (Max. = 26.84 nm; Min. = 4.11 nm; Average = 8.65 nm) [44].
When the images were examined, it was determined that the particles have a foliated
morphology at 400 ◦C (Figure 5a,b). Nearly spherical and hollow particles, which be-
gan to reshape through intraparticle sintering, replace the foliated morphology at 600 ◦C
(Figure 5c,d). Starting with the appearance of a very irregular shape, both a spherical and
foliated morphology were formed at 800 ◦C (Figure 5e,f). As the temperature increased,
the morphology also changed.

EDS analysis was used to investigate the chemical composition of NiO/ZnO/Al2O3
nanoparticles obtained as a result of experimental studies at different temperatures using
0.2 M solution. The existence of nickel, zinc, aluminum and oxygen as elements in EDS

219



Metals 2022, 12, 73

results were determined. In addition, no impurities were detected in the synthesized
samples. Table 2 shows the atomic ratios for these analyses.

Table 2. EDS results of NiO/ZnO/Al2O3 particles produced at different temperatures.

Molarity (M)/Temperature
(◦C)

Element (Atomic %)
O Al Ni Zn

0.2 M/400 ◦C 63.5 7.8 18.0 10.7
0.2 M/600 ◦C 59.2 10.2 18.3 12.3
0.2 M/800 ◦C 58.7 9.1 17.1 15.1

3.4. Raman Analysis

Figure 6 shows the results of Raman analyses of NiO/ZnO/Al2O3 nanoparticles
produced at 0.2 M from the initial solutions at different temperatures (400, 600, 800 ◦C).

  
(a) (b) 

(c) 

Figure 6. Raman spectra of mixed oxides NiO/ZnO/Al2O3 were obtained with different process
temperatures: (a) 400 ◦C; (b) 600 ◦C; (c) 800 ◦C.

It is well known that the infrared spectra of spinels are characterized by absorption
bands in the range 400–700 cm−1 [45]. A relatively strong absorption band corresponding
to the stretching vibration of the atom in the tetrahedral oxygen environment was located at
∼537 cm−1 and ∼600 cm−1 (Figure 6). NiO has typical emission peaks at ∼1000–1100 cm−1

showing the vibrations occur among Ni–O [39]. Then, the Raman peak of spinels strongly
increases at 600 ◦C and 800 ◦C, and NiO vibrations decrease and disappear. Increasing the
process temperature explains the order of magnitude increase in the Raman signal. The
Raman peaks support the observation of the coexistence of NiAl2O4 and ZnAl2O4 phases,
as reported in the XRD analysis.

4. Conclusions

The present work primarily focuses on the production of mixed oxides NiO/ZnO/Al2O3
nanocomposite particles via the USP method. Secondly, the influence of temperature on
both structural and morphology properties of particles was studied. NiO/ZnO/Al2O3
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nanocomposite particles were synthesized in a single step and used a non-cost carrier gas of
air in the system. The X-ray diffraction pattern indicated an Al2O3 phase, NiO–Al2O3 sys-
tems with spinel phase NiAl2O4, and ZnO–Al2O3 systems with spinel-phase ZnAl2O4 [13].
SEM and EDS analyses clearly showed the submicron sized nearly spherical and leafy
morphology particles containing Ni, Zn, Al and O elements. It has been determined
that the produced NiO/ZnO/Al2O3 nanocomposite particles are composed of primary
and secondary particles. The primary particles are nanometer-size (Max. = 26.84 nm;
Min. = 4.11 nm; Average = 8.65 nm). On the other hand, with increasing temperature, the
sintering and agglomeration mechanism had the most important effect on particle size and
morphology. The optimum operating parameters for NiO/ZnO/Al2O3 were determined
and the process temperature was 600 ◦C. According to the results of the Raman analysis at
400 ◦C, a full conversion did not occur and the presence of NiO was detected. However, no
phases other than NiAl2O4 and ZnAl2O4 were found at 600 ◦C and 800 ◦C. For this reason,
since conversion is achieved at a lower temperature of 600 ◦C, it is more advantageous in
terms of cost and provides optimum conditions. This study opens up a promising route for
high-quality NiO/ZnO/Al2O3, as well as various other mixed-oxide nanocomposites.
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Abstract: Microstructural and cavitation erosion testing was carried out on Cu-12.8Al-4.1Ni (wt. %)
shape memory alloy (SMA) samples produced by continuous casting followed by heat treatment
consisting of solution annealing at 885 ◦C for 60 min and, later, water quenching. Cavitation resistance
testing was applied using a standard ultrasonic vibratory cavitation set up with stationary specimen.
Surface changes during the cavitation were monitored by metallographic analysis using an optical
microscope (OM), atomic force microscope (AFM), and scanning electron microscope (SEM) as well
as by weight measurements. The results revealed a martensite microstructure after both casting and
quenching. Microhardness value was higher after water quenching than in the as-cast state. After
420 min of cavitation exposure, a negligible mass loss was noticed for both samples. Based on the
obtained results, both samples showed excellent cavitation resistance. Mass loss and morphological
analysis of the formed pits indicated better cavitation resistance for the as-cast state (L).

Keywords: cavitation erosion; optical microscopy; electron microscopy; atomic force microscopy

1. Introduction

Among the variety of advanced materials with exceptional properties and applications,
shape memory alloys (SMAs) have a unique ability to return to previously defined shapes or
sizes if subjected to the relevant thermal treatment. The memory effect can be reached only
in the presence of specific phase transformation, reversible austenite to the martensite phase.
The conditions necessary for such phase transformation include mechanical (loading) or
thermal (cooling and heating) methods.

Based on the literature, there are several basic types of SMAs, such as Ni-Ti (nitinol),
Cu-based, and Fe-based alloys [1,2]. All of the above types have advantages and disad-
vantages, while economical aspects such as the price can be very important for material
selection and application. Precisely, the economic effect (low price) is the main advan-
tage of Cu-based SMAs compared with other SMAs. Namely, these alloys (Cu-Al-Ni
alloys) can be applied in various industrial fields, especially when high transformation
temperatures are required (near 200 ◦C), thanks to their high thermal stability and high
transformation temperatures.

The selection for application of this group of alloys is affected by their characteristics
such as high transformation temperatures (high thermal stability at elevated temperatures,
above 200 ◦C); high corrosion resistance; high resistance to degradation of functional
properties during aging processes; and, last but not least, the reasonable cost. Some of the
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usual applications include the different types of engineering sectors, such as automotive,
aerospace, medical and biomedical, and construction [3–5].

Processing routes for the synthesis of Cu-Al-Ni shape memory alloys can be as follows:

1. Casting route (conventional casting route with and without quaternary addition);
2. Powder metallurgy route (mechanical alloying followed by sintering process, me-

chanical alloying followed by hot pressing and extrusion process, mechanical alloying
of pre-alloyed powders followed by hot isostatic pressing, mechanical alloying of
elemental and pre-alloyed powders followed by sintering and hot rolling);

3. Rapid solidification processing route;
4. Spray casting route.

In recent years, the continuous casting technique has been one of the most used
technologies for the production of SMAs. This method is commonly used thanks to the
special competitive growth mechanism of crystal and formation of cast products, which
allowed to produce a favorable texture [6–8]. Functional properties strongly depend on
microstructural changes of SMAs.

Different types of martensite plates (β′
1, γ′1) and phases can occur, depending on

the chemical composition, production technology, heat treatment, and stress conditions of
Cu-Al-Ni shape memory alloys [8–10].

Cavitation presents a complex phenomenon of formation, growth, and condensation
of bubbles in fluid flow. When those formed bubbles are transported by fluid flow in
the region of pressure higher than the evaporation pressure, they disappear very fast.
Cavitation begins even in the presence of positive pressures that is equal or close to the
pressure of saturated vapor of the fluid at a given temperature. Extremely large pulses
of stress are generated during the collapse of the bubbles, and the rapid repetition of the
stress on nearby materials causes severe erosion [11]. The shock waves and micro jets can
erode the surfaces of materials under vaporous cavitation conditions. This phenomenon
is additionally referred to as cavitation erosion, vaporous cavitation, cavitation pitting,
cavitation fatigue, and liquid impact erosion. The result of cavitation is fatigue wear,
while cavitation resistance is the ability of a material to confront the degradation caused
by cavitation.

Cavitation phenomena were studied in many papers and well described for the
materials regarding many applications [12–14]. Cavitation damage test is usually used for
metallic materials [15–18] and coatings [17–19], with great interest on material properties’
influence [20] such as cobalt alloys [21], WC-12Co coatings [22], and Monel K-500 alloy [19].
Among shape memory alloys, the cavitation erosion was tested primarily for nitinol
alloy [23–25] and Fe-based shape memory alloy [26], while for CuAlNi alloy, references
were not observed. Moreover, non-metallic materials were investigated for the cavitation
resistance behavior, such as ceramics [27–30] and polymer materials [31–33].

Based on the lack of literature data related to the cavitation behavior/degradation of
Cu-Al-Ni SMAs, this paper represents the attempt to investigate the cavitation behavior of
Cu-Al-Ni SMAs exposed to cavitation.

2. Experimental

2.1. Synthesis

The polycrystalline Cu-12.8Al-4.1Ni (wt.%) shape memory alloy was prepared from
pure raw materials of copper, aluminum, and nickel in a vacuum induction furnace. The
heating temperature was 1240 ◦C. A solid bar of 8 mm was produced directly from the melt
by means of a device for the vertical continuous casting connected with a vacuum induction
furnace. Continuous casting of the bar was carried out with a speed of 320 mm/min
(as-cast state, sample L). After the casting, the heat treatment procedure was performed by
the solution annealing at 885 ◦C for 60 min followed by water quenching (quenched state,
sample K-2).

226



Metals 2021, 11, 997

2.2. Cavitation Test

Cavitation erosion test was performed using the ultrasonic vibration method (with
stationary sample), according to ASTM G32 standard [32]. The experimental set-up is
described in detail in previous papers [18,20,30,31]. The gap between the surface of the
samples and the transformer probe was 0.5 mm. The test was carried out with distilled
water as the medium of room temperature to avoid corrosion effects. Samples’ dimensions
were diameter of 8 mm and height of 6 mm. The diameter of the sample was the same as
the diameter of the solid bar and the height of the sample was adjusted to the followed
AFM testing and performance of the holder of the sample. Three replicate specimens
were used for the measurements, while each presented result is the mean value of the
obtained results.

2.3. Methods for Monitoring the Cavitation Testing
2.3.1. Mass Loss

Mass measurements of the test specimens during the experiment were performed
on an analytical balance with an accuracy of ±0.1 mg. Before being weighted, the test
specimens were dried in a dryer at 110 ◦C for an hour.

2.3.2. Optical Microscopy

The surface of specimens was tested by trinocular metallurgical microscope (EUME,
EU Instruments, Gramma Libero, Belgrade) using different magnitudes to analyze the
effect of the surface erosion.

2.3.3. SEM

Microstructural characterization was performed on prepared metallographic samples.
Samples were abraded by different grid emery papers (400–1200); polished in an Al2O3
solution; and etched in a solution containing 2.5 g FeCl3, 10 mL HCl, and 48 mL of methanol.

2.3.4. AFM

The surface morphology was investigated by atomic force microscopy (AFM) with
NanoScope 3D (Veeco, Santa Barbara, CA, USA) operated in contact mode under ambient
conditions. Silicon Nitride probes with a spring constant of 20–60 N/m were used.

2.3.5. Microhardness

Measurement of microhardness of samples before and after heat treatment was per-
formed using the Vickers method (HV10).

3. Results and Discussion

Figure 1 shows optical micrographs of the CuAlNi alloy after both continuous casting
and quenching. Solution annealing (followed by quenching in water) as a heat treatment
procedure in Cu-based shape memory alloys must be performed in order to achieve order
in the alloy’s structure, stabilization of the phase transformation temperatures, as well
as a fully martensitic microstructure. The grain size of solidified alloys was determined
by the amount of undercooling prior to crystallization. In Figure 1, grain boundaries are
clearly visualized before and after heat treatment. The results showed that the size of
grains increases after solution annealing and quenching in water. As can be seen, the
micrographs of specimens (Figure 1) show the typical martensite microstructure. The
continuous casting at a cooling rate of 320 mm/min was satisfied with the formation of
martensite microstructure. Martensite laths have different orientations into particular
grains. It can be explained by the nucleation of groups of martensite plates in numerous
places within the grain and the creation of local strain within the grain [33,34].
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Figure 1. Optical micrographs of CuAlNi shape memory alloy in the as-cast state (a) and after
solution annealing at 885 ◦C/60 min H2O (b).

Martensite microstructure obtained by OM was confirmed by SEM micrographs
(Figure 2). This microstructure is the result of the beta-phase of CuAlNi alloys transforming
into a martensite phase by cooling below the Ms-temperature. Martensite appears primarily
as needle-like martensite. This microstructure consists of self-accommodating needle-like
shape martensite in as-cast state and after heat treatment, which is characteristic for the β′

1
martensite in the CuAlNi alloy [33].

Figure 2. SEM micrographs of CuAlNi shape memory alloy in the as-cast state (a) and after solution
annealing at 885 ◦C/60 min H2O (b).

Average values of microhardness testing showed that, after quenching in water,
microhardness is higher (480 HV10) than that in the as-cast state (344 HV10). Based on the
obtained results for the mass loss (Figure 3), the sample after quenching exhibits higher
values in comparison with the as-cast state. However, it is important to mention that both
samples exhibited excellent resistance to cavitation erosion. After 420 min of exposure
to cavitation testing, the mass loss was 0.0014 g for the specimen in a quenched state
(Figure 3), while the mass loss was 0.0004 g for the sample after casting.
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Figure 3. Mass loss during cavitation testing of specimens in the different states, as-cast (L) and
quenched (K2), at 885 ◦C/60 min H2O.

Cavitation erosion is a phenomenon that includes not only properties of liquid, but also
the properties of material, for example, hardness, microstructure, grain size of material, and
so on. It is known [20] that the material with a homogeneous and fine-grained structure has
the highest cavitation erosion resistance, good mechanical properties, and high corrosion
resistance. In the literature, there is no information about cavitation resistance testing of
CuAlNi shape memory alloys. It was found that the average grain size of samples in as-cast
condition was about 150 μm (Figures 1a and 2a), while after quenching, the average grain
size was several times higher, up to about 1 mm (Figures 1b and 2b). The finer grain size
after continuous casting of CuAlNi alloy resulted in better resistance to cavitation erosion
than the sample in heat treated state (Figure 3). Moreover, it was observed that the CuAlNi
alloy in as-cast condition is softer (344 HV10) than after quenching (480 HV10), which
suggested that resistance to cavitation erosion is better after quenching than that in the
as-casted state. This is in contrast to the behaviour of other materials, which show that
higher hardness of the materials gives better resistance to cavitation erosion [20]. This area
definitely requires further investigation.

In addition to grain size and hardness, resistance to cavitation erosion is related
to the microstructure in as-casted and heat treated condition. It is known that CuAlNi
shape memory alloys undergo a single transformation (β→β1

′ or β→γ1
′) or a mixed

transformation (β→β1
′ + γ1

′), which depends on the alloy’s chemical composition [35].
The previous works [36] confirmed that, after heat treatment in CuAlNi microstructure,
along with β1

′ martensite, γ1
′ martensite also appears, while in the casted state, only

β1
′ martensite exists. This indicates that the different types of martensite affect alloys’

cavitation erosion resistance. The difference in the obtained microstructures before and
after heat treatment can be explained by possible changes in martensite morphology. Thus,
the mixed martensite microstructure (β1

′ + γ1
′) has better resistance to cavitation erosion

than the single martensite β1
′ microstructure. Self-accommodating zig-zag β1

′ martensite
benefits to alloys in terms of lower cavitation resistance, while the presence of γ1

′ martensite
benefits to alloys in terms of better cavitation resistance. This is confirmed by cavitation
erosion tests (Figure 3) showing that mass loss of CuAlNi alloy after quenching was lower
than for as-cast state. It can be assumed that appearance of γ1

′ martensite during cooling
has an effect on deformation processes of the CuAlNi alloy. This effect makes this alloy
capable of obtaining bigger elastic deformations than for the as-casted condition, in this
way delaying the plastic deformation process and fracture, and the consequent weight loss
occurs [37]. J. Peña et al. observed that the critical stress for inducing martensite and the
capacity of energy absorption related to the different deformation modes are the important
parameters to justify the wear resistance of CuZnAl shape memory alloy.

Figure 4 shows the micrographs of microstructure in both as-cast and quenched states,
before and after 420 min of exposure to cavitation testing obtained by an optical microscope.
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According to those results, changes in microstructure are small and, for better detection,
need larger magnification.

 
Figure 4. Micrographs of samples before and after 420 min of cavitation exposure.

In Figure 4, the microstructure of the as cast sample (L) after 420 min of cavitation
resistance testing is given. The first part of figure was taken by optical microscope, and
some parts with pits are observed. Marked typical areas with pits are also given as SEM
microphotographs. This marked area is taken for better visibility of the formed pits and is
presented separately in Figure 5. The same approach was performed for the sample after
heat treatment (K2), and is presented in Figure 4.

 

Figure 5. SEM of the as-cast state sample (L) after 420 min of cavitation exposure (the scale bar: 100 μm).
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Figures 5a and 6a present SEM micrographs of the sample after 420 min of exposure
to cavitation. In Figures 5b and 6b, the damaged area is colored for further image analysis
in order to perform the analysis of morphological parameters, which describes the formed
pits. The results are given in Table 1.

 

Figure 6. SEM of the sample after quenching and 420 min of cavitation exposure (K2) (the scale bar:
100 μm).

Table 1. Analysis of morphological parameters for the samples after exposure to cavitation testing
(420 min).

Parameter
As-Cast State (L) Heat-Treated (Quenched) State (K2)

Average Values

Area, μm 1.235312 36.13774
Diameter (max), μm 1.334329 9.553893
Diameter (min), μm 0.773391 3.257734

Diameter (mean), μm 1.051157 6.288539
Radius (min), μm 0.337882 0.724588

Perimeter, μm 1.858238 34.40823
Perimeter 2, μm 2.086906 47.0361

Fractal dimension 0.009532 1.25286
Perimeter 3, μm 2.147028 38.70619

These results are consistent with the results of mass loss (Figure 3). It has to be taken
into account that the obtained results for both samples suggested very good cavitation
resistance; however, there are differences in samples’ behavior. Moreover, the formation of
the typical cavitation ring was detected on the sample after heat treatment (K2), unlike on
the sample in the as-cast state (L), which also indicates better cavitation resistance of the
sample in the as-cast state (L).

Based on the obtained results for morphological analysis and parameters listed in
Table 1, differences between the formed pits after 420 min can be observed. The results for
the sample as cast (L) suggested better resistance to the cavitation erosion testing. Average
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values for observed parameters, such as average values for area, diameter, and perimeter
of the formed pits, are smaller compared with values for the heat-treated state.

SEM micrographs of the investigated samples are given in Figure 7, while Tables 2 and 3
provide the results of EDS analysis.

 

Figure 7. SEM for EDS of the sample after (a) 420 min of cavitation exposure of as-cast state (L) and
(b) quenching and 420 min of cavitation exposure (K2).

Table 2. EDS analysis of as-cast state (L).

Result Type Weight %

Spectrum Label Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4

L 12.55 12.41 12.93 12.9
Ni 4.73 5.65 4.8 4.62
Cu 82.72 81.94 82.26 82.48

Total 100 100 100 100

Statistics Al Ni Cu

Max 12.93 5.65 82.72
Min 12.41 4.62 81.94

Average 12.7 4.95 82.35
Standard deviation 0.26 0.47 0.33

Table 3. EDS analysis after quenching (K2).

Result Type Weight % Weight %

Spectrum Label Spectrum 5 Spectrum 6

Al 12.38 12.88
Ni 5.38 4.38
Cu 82.24 82.74

Total 100 100

Statistics Al Ni Cu

Max 12.88 5.38 82.74
Min 12.38 4.38 82.24

Average 12.63 4.88 82.49
Standard deviation 0.35 0.71 0.35

According to Figures 4–6, where microstructures with different magnifications are
presented, it can be concluded that both samples exhibited very good cavitation resistance.
However, some differences between the samples were observed in OM and SEM images,
indicating that the samples in the as-cast state exhibited better resistance to cavitation.
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An additional test for the surface damage determination was conducted using an
atomic force microscope (AFM). Typical two-dimensional (2D) images of the sample in the
as-cast state and after cavitation testing are presented in Figure 8.

 

Figure 8. 2D AFM images of the sample in the as-cast state (a) before (50 × 150 × 0.5 μm3) and
(b) after (50 × 50 × 6 μm3) cavitation testing for 420 min.

The AFM images of the quenched sample before and after cavitation testing for
420 min are shown in Figure 9. Before cavitation testing, the sample after quenching
exhibited roughness of 13.11 nm, but after 420 min exposure to cavitation testing, roughness
increased to 66.84 nm.

 

Figure 9. 2D AFM images of the sample after quenching: (a) before (50 × 50 × 0.25 μm3) and (b) after
(50 × 50 × 3 μm3) cavitation testing for 420 min.
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The results for surface roughness are listed in Table 4.

Table 4. Values of surface roughness of the samples in the different state and at different times of
exposure to cavitation testing.

State of Specimens
Surface Roughness (nm) at
Time of Exposure of 0 min

Surface Roughness (nm) at
Time of Exposure of 420 min

As-cast state 9.33 84.185

Heat-treated (quenched) state 13.11 66.846

This method allows comparing these two samples, and the results for surface rough-
ness pointed out the difference in their microstructure. Although both samples exhibited
negligible mass loss difference during cavitation testing, according to the mass loss (Table 3),
better cavitation resistance was observed for the sample in the as-cast state (L). Further
analysis of morphological parameters given in Table 1 showed that all parameters that
describe formed pits have grater values for the heat-treated state using quenching (K2),
such as diameter, radius, and perimeter average area. Roughness measurements presented
at Table 4 accompanied by the results of AFM (Figure 8) and previous results (mass loss,
morphological parameters) before heat treatment showed better cavitation resistance for
the sample in the as-cast state (L). For samples after 420 min of cavitation testing, roughness
was lower for the heat-treated state. The influence of heat treatment on cavitation behavior
of the samples can be related to different grain size, as it was about 150 μm in the as-cast
sample (Figures 1a and 2a), while after quenching, the average grain size was several times
higher, up to about 1 mm (Figures 1b and 2b). It is well known that grain size has a great
influence on mechanical properties, as well as hardness, which can also be related to the
cavitation resistance. The hardness values that were higher for the as-cast state confirmed
this explanation for the behavior of the samples.

Before cavitation testing, the sample after quenching exhibited a similar value of
surface roughness to the sample after casting.

However, after 420 min exposure to cavitation testing, better behavior was observed
for the quenched sample (surface roughness of 66.846 nm) compared with the sample after
casting (surface roughness of 84.185 nm).

The results of AFM monitoring presented in Table 4 and Figures 8 and 9 confirmed
the excellent behavior of the samples during cavitation erosion testing. Differences in
roughness were observed in samples before testing, as a higher value of roughness was
observed for the heat-treated (quenched) state. After cavitation testing, roughness changed
in a way such that the heat-treated sample showed lower roughness values, indicating
better cavitation resistance.

The results of morphological analysis and surface roughness, which suggested better
cavitation resistance for the as-cast state (L), can be correlated to the smaller grain size and
better hardness of the sample.

The difference in the obtained microstructures before and after heat treatment can be
explained by possible changes in martensite morphology. It is well known that functional
properties of shape memory alloys depend on diffusionless martensite transformation be-
tween high temperature β-phase and low temperature martensite phase [35]. The previous
work confirmed that, after heat treatment in CuAlNi shape memory alloy, along with β1

′
martensite, γ1

′ martensite also appears in the microstructure. CuAlNi shape memory alloys
undergo a single transformation (β→β1

′ or β→γ1
′) or a mixed transformation (β→β1

′ +
γ1

′), which depends on alloys’ chemical composition [36]. It can be concluded that the
morphology of different types of martensite affects alloys’ cavitation erosion resistance.
Self-accommodating zig-zag β1

′ martensite provides benefits to alloys in terms of lower
cavitation resistance, while the presence of γ1

′ martensite provides benefits to alloys in
terms of better cavitation resistance.
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The obtained results for cavitation erosion can be related to other investigated mate-
rials. Compared with ceramic materials [27,29,30,38], it is usual that cavitation exposure
time does not exceed 240 min. However, for this time of exposure, the damage level was
significantly higher, with more and larger pits created. A similar situation can be observed
when metallic materials [39] or coatings were investigated [18,40]. For samples based
on carbon steel [39], the exposure time was also 240 min, as for coatings based on nickel
and Cr3Si Film [18,40], where the exposure time was 240 and 180 min. For these lower
exposure intervals, samples had a higher level of degradation, as well as with the greater
number and area of formed pits compared with the results obtained for the investigated
samples (for as-cast state (L) and heat-treated (K2)). This comparison suggests that of the
SMA materials, the polycrystalline Cu-12.8Al-4.1Ni (wt.%) shape memory alloy exhibited
excellent cavitation resistance.

4. Conclusions

Examination of the microstructure of Cu-12.8Al-4.1Ni (wt. %) shape memory alloy
reveals martensite microstructure after casting and heat treatment (quenching in water).
The grain size of samples is higher after solution annealing and quenching in water
than in the as-cast state. Martensite appears primarily as needle-like martensite. This
microstructure consists of self-accommodating needle-like shape β′1 martensite in as-
cast state and after heat treatment. Measurements of microhardness showed that, after
quenching in water, hardness was higher (480 HV10) than that in the as-cast state (344
HV10). Samples in as-cast and quenched state were investigated in order to measure the
cavitation erosion behavior. After an exposure time of 420 min to cavitation erosion testing,
very low values of mass loss were measured for both samples (as-cast and quenching state).
Based on the obtained results, both samples showed excellent cavitation erosion resistance.
Mass loss and morphological analysis of the formed pits pointed out differences between
the samples and, based on the obtained results, better cavitation resistance was observed
for the as-cast state (L).
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of composites based on Bis-GMA/TEGDMA monomers reinforced with alumina based fillers on brass substrate. Compos. Part B
Eng. 2018, 140, 164–173. [CrossRef]
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Abstract: Unit operations (UO) are mostly used in non-ferrous extractive metallurgy (NFEM) and
usually separated into three categories: (1) hydrometallurgy (leaching under atmospheric and high
pressure conditions, mixing of solution with gas and mechanical parts, neutralization of solution, pre-
cipitation and cementation of metals from solution aiming purification, and compound productions
during crystallization), (2) pyrometallurgy (roasting, smelting, refining), and (3) electrometallurgy
(aqueous electrolysis and molten salt electrolysis). The high demand for critical metals, such as rare
earth elements (REE), indium, scandium, and gallium raises the need for an advance in understand-
ing of the UO in NFEM. The aimed metal is first transferred from ores and concentrates to a solution
using a selective dissolution (leaching or dry digestion) under an atmospheric pressure below 1 bar at
100 ◦C in an agitating glass reactor and under a high pressure (40–50 bar) at high temperatures (below
270 ◦C) in an autoclave and tubular reactor. The purification of the obtained solution was performed
using neutralization agents such as sodium hydroxide and calcium carbonate or more selective pre-
cipitation agents such as sodium carbonate and oxalic acid. The separation of metals is possible using
liquid (water solution)/liquid (organic phase) extraction (solvent extraction (SX) in mixer-settler) and
solid-liquid filtration in chamber filter-press under pressure until 5 bar. Crystallization is the process
by which a metallic compound is converted from a liquid into a crystalline state via a supersaturated
solution. The final step is metal production using different methods (aqueous electrolysis for basic
metals such as copper, zinc, silver, and molten salt electrolysis for REE and aluminum). Advanced
processes, such as ultrasonic spray pyrolysis, microwave assisted leaching, and can be combined with
reduction processes in order to produce metallic powders. Some preparation for the leaching process
is performed via a roasting process in a rotary furnace, where the sulfidic ore was first oxidized in an
oxidic form which is a suitable for the metal transfer to water solution. UO in extractive metallurgy
of REE can be successfully used not only for the metal wining from primary materials, but also for its
recovery from secondary materials.

Keywords: rare earth elements; hydrometallurgy; recycling; non-ferrous metals; ultrasonic spray py-
rolysis

1. Introduction

Hydrometallurgy contains technologies derived from science of geochemistry where
metals are extracted into an aqueous solution and subsequently recovered by a variety
of methods. The hydrometallurgical unit operations are mostly used for metal recov-
ery from ores, concentrates, and secondary materials: leaching under atmospheric pres-
sure [1], treatment under high pressure in an autoclave [2], bioleaching [3], microwave
dissolution [4], dry digestion [5], acid baking [6], filtration [7], neutralization [8], solvent
extraction [9], purification of solution using anionic exchange resin [10], cementation [11],
precipitation [12–17], crystallization [18], electrocoagulation [19–21], reduction in aque-
ous phase [22], aqueous electrolysis [23], electrochemical deposition with molten salt
electrolysis [24], and ultrasonic spray pyrolysis [25–32].
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One simplified combined hydrometallurgical process is shown at Figure 1:

Figure 1. One combined hydrometallurgical and pyrometallurgical process for the production of rare
earth elements.

One combined treatment of raw material (ore, concentrate, and waste bearing rare
earth) contains a combination of pyrometallurgical operations (thermal decomposition of
the obtained precipitate) and hydrometallurgical operations such as dry digestion, leaching
under an atmospheric pressure conditions, solvent extraction, precipitation of impurities,
and final obtention of rare earth via molten salt electrolysis. As shown at Figure 1, REE are
firstly transferred from ores, concentrates and waste materials to the solution. A removal
of impurities, such as iron, from the solution was performed via neutralization. The
production of rare earth carbonate was reached through an addition of sodium carbonate.
The rare earth oxides (REOs) were produced through thermal decomposition of rare
earth carbonate above 850 ◦C. Final step is molten salt electrolysis in a special reactor for
production of mixture of REE. Especially using of hydrometallurgical operations has to be
adjusted according to strict environmental regulations in order to reach zero waste concept
enabling sustainable green metallurgy and circular economy strategy.

Advantages of using of hydrometallurgical operations include: (a) highly selective
reactions using leaching agents, (b) reduced energy consumption, (c) no off gas and flue
dusts formations, and (d) economical recycling of waste materials. Disadvantages of using
of hydrometallurgical operations represent: (a) formation of waste solutions and sludge,
(b) small-grained powders are suitable for leaching, (c) formation of wet residue, (d) low
reaction velocity, and (e) loss of basic metals.

Special attention is mentioned regarding to a hydrometallurgical treatment of raw
materials such as ore, concentrates, and bauxite residues, which contain high amount of
silica in order to prevent formation of silica gel, what blocks an extraction of rare earth
elements. Alkan et al. [33] developed novel approach for enhanced scandium and titanium
leaching efficiency from bauxite residue (BR) with suppressed silica gel formation. After
treatment of bauxite residue, new step was a scandium extraction from iron–depleted red
mud slags by dry digestion [34].
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Borra et al. [35] reported that alkali roasting-smelting-leaching processes allow the
recovery of aluminum, iron, titanium, and REEs from bauxite residue. Generally, re-
covery of critical metals such as REE from primary and secondary materials using new
hydrometallurgical operations is open field for new research [36].

Potential-controlled selective recovery and separation of metals from secondary materi-
als was considered as new metallurgical route in order to decrease number of metallurgical
operations, but not yet applied in metallurgy of REE. Tian et al. [37] reported manganese
and cobalt selective separation from zinc in a leaching solution of cobalt slag by potential-
control oxidation with ozone. The separation mechanism of metals was discussed based
on the electrochemical consideration. It is concluded that the manganese and cobalt could
be oxidized and precipitated from the solution by potential-control respectively, and the
manganese could be separated from solution prior to cobalt. Because of similar chemical
characteristics of lanthanides, it can be very interesting subject to solve the problem of
selective separations of REE without using solvent reactions.

Garg et al. [38] have investigated the chemical leaching of upgraded pyrrhotite tailings
from the Sudbury over a wide temperature spectrum (30–80 ◦C), and in the presence
and absence of oxidants such as Fe (III) and oxygen in order to obtain selectively nickel
powder. Leaching tests were performed at 30 ◦C showed that the Ni recovery can be
increased during an oxic acid leach in the presence of oxygen, wherein the oxidant Fe
(III) is regenerated in-situ as a result of oxidation of Fe (II). However, commencement of
leaching with an initial addition of Fe (III) was shown to negatively influence the kinetics
of Ni dissolution due to the formation of a protective sulfur coating around unreacted
pyrrhotite grain. New experimental setup is presented for this methodology in order to
measure and regulate of the redox potential.

Kücher et al. [39] studied the potential of controlling the ORP (oxidation reduction
potential) in order to selectively leach the binder metal (commonly cobalt) from a hard metal
(WO3/Co) substrate in a 2.0 mol/L HCl. The obtained results show how the experimental
parameters control the nature of reaction mechanism in form of an empirical kinetic model
equation. It is concluded that a very small feed rate of H2O2 enhances the leaching rate
over a longer period of time. The idea of an ORP controlled acidic leaching of cobalt from a
hard metal substrate presents a chance to enable semi-direct recycling of other metals from
different secondary materials such as spent NdFeB-magnets and active materials from
electrodes in Li-ion batteries as a feasible practical option.

Optimization of UO using artificial neural network and regression analysis is a new
challenge in order to establish optimal parameters for the maximal leaching efficiency.
Especially, due to the complex chemical composition of lateritic ores, as well as the need
for decreased production costs and increased of nickel extraction in the existing resources,
computer modeling of nickel ore leaching process has seen increased demand. Milivoje-
vic et al. [40] applied the design of experiments (DOE) theory determining the optimal
experimental design plan matrix based on the D optimality criterion. In the high-pressure
sulfuric acid leaching (HPSAL) process for nickel laterite in “Rudjinci” ore in Serbia, the
temperature (T), sulfuric acid to ore ratio (c), stirring speed (v), and leaching time (t) as the
predictor variables (Xo, X1, X2, X3, X4) and the degree of nickel extraction as the response
have been considered, as shown at Figure 2.

To model the process, the multiple linear regression (MLR) and response surface
method (RSM), together with the two-level and four-factor full factorial central composite
design (CCD) plan, were successful used to predict nickel leaching efficiency. Hernan-
des [41] developed a statistical model for the recovery of rare earth elements in a leaching
process, from Chilean ores, using the neural networks technique. The complexity for the
elaboration of predictive and mathematical models for the conventional leaching process,
besides the difficulty of obtaining REE from low-grade minerals; represent a big challenge
for the development of theoretical studies. According to results shown in his work and
previously by Milivojevic et al. [40], they proposed that this methodology of artificial
neural networks can be used to determine the degree of recovery of a species of interest,
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according to the most important variables of the process. Milivojevic et al. [42] reported
forward stepwise regression in determining dimensions of forming and sizing tools for
self-lubricated bearings using the same mathematical tools. These methods can be always
used for an optimization of different UO.

Figure 2. Signal flow in BP neural networks with four input neurons, nine hidden neurons, and one
output neuron.

REE represent series of elements with increasing atomic numbers that begins with
lanthanum or cerium and ends with lutetium together with yttrium. They have a wide
range of uses in technological products and applications. Due to the increased demand
and supply risk, most REEs have been added to the list of critical metals. The production
of REEs from primary resource causes environmental problems [43]. The recovery of REEs
from waste materials is the most suitable strategy to find the solution of environmental
problems and ensure the sustainability for production of REE raw materials in the future,
according to an increased demand in industrial application. Most developed countries
are importing REEs from China; 95% of REEs are supplied from China and in addition to
this situation, export quotas of REEs applied by China have increased the export prices of
REEs [44].

In order to produce rare earth oxides (RE-oxides), most researchers have studied
different hydrometallurgical and pyrometallurgical strategies in recycling processes of
REE aiming at its higher extractions as new sustainable metallurgical route [45,46]. Önal
et al. [47] studied recycling of NdFeB magnets using sulfation, selective roasting, and
water leaching, enabling the production of a liquid with at least 98% rare earth purity.
Furthermore, 98% extraction efficiency of REEs from NdFeB magnets was obtained by the
acid-baking process with nitric acid [48]. After the acid baking process and subsequent
water leaching of the treated concentrate, the produced suspension was filtrated in order
to separate a pregnant leaching solution. To produce the REE oxides from leach liquor, all
the proposed methods in the literature are completely based on precipitation methods by
using various precipitation agents such as sodium carbonate and oxalic acid [49,50].

It is known that RE-carbonate or RE-oxalate can be produced from impurities
present in sulfuric liquors using oxalic acid and sodium carbonate by a precipita-
tion method [51]. It was reported that high purity RE-oxide (99.2%) was achieved
using oxalic acid as a precipitation agent. Relatively lower purity RE-oxide was pro-
duced using sodium carbonate during precipitation [52]. The precipitation behavior
of REEs with precipitation agents—including oxalate, sulfate, fluoride, phosphate,
and carbonate—was examined using thermodynamic principles and calculations [53].
Construction of Eh-pH diagrams was enabled using different software such as FactSage.
It was found that the pH of the system, types of the precipitation agent, and present an-
ions in the leach liquor have a noteworthy impact on the purity of the REE precipitants.
In contrast to the precipitation method, the production of nanosized RE-oxide such as
Y2O3, La2O3 Gd2O3, and CeO2 is mostly performed from synthetic solutions via an
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ultrasonic spray pyrolysis method [54–57]. Use of a real waste solution for production
of nanosized REO is missing in literature.

Our aim in this review is to show different developed processes for the treatment
of primary and secondary raw materials using mostly hydrometallurgical operations in
order to obtain rare earth oxide, rare earth carbonate and mixture of rare earth in metallic
form. Sometimes, a combination of hydrometallurgical and pyrometallurgical processes is
required to obtain final product.

This review paper summarizes the application of the UO in metallurgy of REE starting
from ores (Lovozero, Russia), concentrates (Eudialyte, Greenland and Bastnasite, Norway)
and secondary materials (spent NdFeB-magnets, Ti-Al ceramics, acid mine drainage solu-
tion (AMD), bauxite residue (BR), phosphorgypsum, and coal flying ash (CFA)) in order to
present the novelty in using of the combined UO.

2. Application of the Unit Operations in Primary Metallurgy of REE

2.1. Treatment of an Eudialyte Concentrate with Precipitation and Solvent Extraction

Eudialyte is a Na-rich zirconosilicate with varying amounts of Ca, Fe, Mn, REE, Sr,
Nb, K, Y, and Ti (chemical formula: Na4(Ca,Ce)2(Fe2+,Mn,Y)ZrSi8O22(OH,Cl2)). It was
first described in 1819 by German chemist Stromeyer, who studied the samples from the
Ilimaussaq complex in Greenland. The term “eudialyte” introduced by Stromeyer comes
from the Greek language and refers to the good solubility of this mineral in acids.

Intensive studies of possible way of eudialyte processing have been conducted in
several universities in Russia [58–64]. Most of them used eudialyte concentrate from
the Lovozero massif of Kola Peninsula. Because of low REE-content in ore, in these
investigations REE are considered mainly as secondary important products while recovery
of zirconium was the main aim. The ore from Lovozero contains around 0.6–0.7 wt. %
REO, 1.7–2.2 wt. % ZrO2, and 51–52.5% SiO2, after beneficiation, which includes flotation
and electromagnetic separation, eudialyte concentrate is produced which contains (wt. %):
1.8–2.5 REO, 9.8–17 ZrO2, and 45.7–52 SiO2. According to literature [58–64] the mostly
hydrometallurgical treatment was performed using sulfuric acid, as shown at Figure 3.

Figure 3. Treatment of eudialyte concentrate using sulfuric acid.

According to this scheme, products of the leaching are solution, where all REE are
transferred, and solid residue of gangue material. An addition of NaF was aiming an
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avoiding of silica gel formation. By adjustment of the pH value of the solution containing
REE impurity metals such as Al, Fe, and Zr can be precipitated from the solution. According
to Litvinova [62] reaction of dissolution of eudialyte in sulfuric acid, as shown with
Equation (1):

Na16Ca6Fe2Zr3Si26O73Cl2 + 21H2SO4 = 7Na2SO4 + 6 CaSO4 + 2FeSO4 + 3Zr(SO4)2 + 26SiO2 + 21H2O + 2NaCl (1)

Experimental results confirmed ability to provide control of the silica in the solu-
tion during leaching with concentrated acid at 100 ◦C obtaining good filterable slurry.
Davris et al. [65] dissolved eudialyte structure forming soluble metal salts and a secondary
siliceous precipitate, leaving the remaining gangue minerals such as aegirine and feldspars
intact during the two-stage treatment. Upon fuming pretreatment silica precipitates in an
insoluble form generating a filterable sludge in the subsequent water leaching step. The
most efficient process parameters during the proposed two stage treatment were found to
be: 2M HCl solution addition to a heated concentrate at 100 ◦C, S/L ratio of 1/5 followed
by water leaching of the treated concentrate at 30 ◦C, solid/liquid (S/L) ratio 1/10 for 1 h,
resulting to 97% REE recovery. Using 2M H2SO4 solution addition to a heated concentrate
at 110 ◦C for fuming, S/L ratio of 1/4 followed by water leaching of the treated concentrate
at ambient temperature, S/L ratio 1/20 for 30 min, resulting in 91% REE recovery.

In contrast to previous work, Ma et al. [66] developed one environmentally friendly
hydrometallurgical treatment of eudialyte in laboratory and scale up conditions using acid
digestion with hydrochloric acid at room temperature, water leaching, and precipitation of
impurities with calcium carbonate, as shown at Figure 4.

Mixing of the eudialyte concentrate with the concentrated hydrochloric step (‘acid
digestion’) represents the first step. This strategy was firstly performed in laboratory
conditions in 1 L reactor. After that this strategy was validated in scale up conditions using
acid digestion in reactor of 40 L, as shown at Figure 5a and system of two digestion reactors,
as shown in Figure 5b.

After the acid digestion process, an additional injection of water leads to further
leaching of REE. An innovative step is very fast transport of formed suspension using
an injected tube for a transport of suspension supported by a double membrane pump
(approx. 8 L/min). The final products of the leaching process are the solution that is
enriched with REE and other impurities, and solid residue with zirconium, and small
amount of remained REE. Therefore, a washing step of the solid residue is required in order
to increase the leaching efficiency and it is adopted in this leaching strategy. The obtained
suspension was treated at the demonstration plant for the unit operations (neutralization,
filtration, precipitation, and washing of final product of the REE-carbonate) developed
by MEAB Chemie Technik GmbH Aachen and by the Institute of Process Metallurgy and
Metal Recycling of the RWTH Aachen University (IME, RWTH Aachen) through work at
the EURARE Project between 2013 and 2017, as shown at Figure 6.

Project designs for acid digestion of eudialyte concentrate contained different exper-
iments three trials at the beginning according to the experience with different reaction
parameters including the next optimal parameters: the ratio of HCl: eudialyte concentrate,
weight of water and concentrate, leaching temperature, and reaction time during acid
digestion process [66].
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Figure 4. Treatment of eudialyte concentrate with hydrochloric acid at room temperature.

Figure 5. (a) Acid digestion reactor and (b) system of two digestion reactor during operations (key
elements: anchor stirrer, glass reactor (40 L), engine, an injected tube for a transport of suspension
supported by a double membrane pump).
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Figure 6. (a) Two reactors for leaching (2 × 100 L), (b) System for leaching, neutralization, and filtration. Main components:
neutralization unit (3 reactors × 10 L and 1 × 8.5 L), stirred collecting tank (250 L) and separation unit (chamber filter press).

The hydrochloric acid for acid digestion (cHCl) to eudialyte concentrate ratio, mass
of water for leaching (cH2O) to mass of eudialyte concentrate ratio, leaching temperature
(T) and leaching time (t) as the predictor variables, and the total rare earth elements
(TREE) extraction efficiency as the response were in laboratory and scale up conditions
by Ma et al. [67] considered in detail. After experimental work in laboratory conditions,
according to design of experiment theory (DoE), the modeling process was performed
using multiple linear regression (MLR), stepwise regression (SWR), and artificial neural
network (ANN). The ANN model of REE extraction was adopted. Additional tests showed
that values predicted by the neural network model were in very good agreement with
the experimental results. Developed model shown with Equation (2) confirms the results
of correlation analysis, that the leaching temperature (T) is not significant. Its changes
throughout the range from 20 ◦C to 80 ◦C, cause a decrease of TREE extraction percentage
only in a very small range from 0.20% to 0.81%, respectively.

TREEeff. = 59.9058 + 13.0437·cHCl + 1.5291·cH2O − 0.010197·T + 0.0602969·t (2)

After an optimization of acid digestion process new step at the IME, RWTH Aachen
was a construction of new acid digestion reactor for an eudialyte concentrate for treatment
in industrial conditions [68]. The development of a 100 L modular reactor for the dry
digestion of highly silicone-rich ores and concentrates to prevent gel formation using
the example of eudialyte concentrates is jointly realized by the IME, RWTH Aachen and
Konzept GmbH, Engineering Services Düren, as shown in Figure 7.

The innovation of this reactor compared to process alternatives is the complete avoid-
ance of external and cost-intensive heating energy, as well as the previously impossible
implementation of the dry digestion process in large solution volumes [68]. In this process,
it is possible to convert the silicon components into crystals prior to silica gel formation,
which are filterable and stable. In order to separate heavy and light rare earth elements,
the combination of dry digestion, precipitation, filtration, and solvent extraction is shown
in Figure 8.

As shown at Figure 8, the solvent extraction (“SX”) is applied for the enrichment
of REE in poor solutions and the separation and refinement of metals. This is achieved
by mixing an aqueous phase with an organic phase. The driving force of the extraction
process is the different metals concentration between the aqueous and the organic solution.
In contrast to eudialyte, other REE- minerals such as monazite [69], steenstrupine [70],
xenotime [71], and bastnasite [72–75] contain radioactive elements such as thorium and
uranium. Therefore, an initial treatment is needed, as shown for bastnasite in Figure 9.
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Figure 7. New developed dry digestion reactor (main components: reaction vessel, system with
nozzles for injection of water and acid; cover; special mixing system, engine, discharging system,
and electronics).

Figure 8. Treatment of eudialyte concentrate by MEAB Chemie Technik GmbH and IME, RWTH Aachen.
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Figure 9. Treatment of bastnasite concentrate by MEAB Chemie Technik GmbH and IME, RWTH Aachen.

After grinding of ore, the smelting of bastnasite ore, Norway [74] was carried out in a
small electric arc furnace and carbon was added as reducing agent. The furnace was kept at
1600 ◦C for 45 min. After this time slag formed at the top of the furnace was poured onto a
ladle and left to cool. The leaching of slag (approx. 8.1% rare earth oxides) was performed
using hydrochloric acid. Thorium was precipitated from solution using sodium hydrogen
phosphate. The fully purification of obtained pregnant solution was performed using
solvent extraction process producing raffinate of light rare elements (LRE) with middle
rare earth (MRE). The second product is heavy rare earth (HRE) and yttrium strip liquor.

2.2. Molten Salt Electrolysis

In order to find one of most effective alternatives to the carbon reductant, molten salt
electrolysis has enormous potential for the REE production. Oxide-fluoride electrolysis at
1050 ◦C is one of the dominant technologies to produce REE or alloys. Neodymium (Nd)
and praseodymium (Pr) are two REE that have significant applications as magnets, such as
those used in wind turbines. These elements have very similar properties, making them
very difficult to separate using traditional methods, such as solvent extraction. Therefore,
alternative methodologies were investigated under the EURARE-Project. The synthesis of
Nd and Pr as a metal alloy (‘didymium’) was achieved at RWTH Aachen [76]. Electrolysis
trials revealed that alloy composition is directly influenced by electrolyte composition (i.e.,
the activity concentration is transferred to the composition). An increase in Pr content in
the electrolyte leads to an increased content in the alloy, where the obtained alloy had high
purity (approx. >99%). Vogel et al. [77] studied reducing greenhouse gas emission from the
Nd2O3. Electrolysis starting with an analysis of the anodic gas formation and calculating
the theoretical voltages of formation of the relevant anodic gas products. The concluded
the behavior of the electrochemical system at linear voltammetries of NdF3-LiF-Nd2O3
shows a first passivation, termed the partial anode effect, where the current density falls
turbulent with the increasing voltage.

In order improve an environmental impact, Vogel et al. [77] reported basics of a
process control avoiding perfluorocarbons (PFC) emission, because they are potent
greenhouse gases and are not filtered or destroyed in the off-gas. Because of the
neodymium electrolysis produces unnecessary high emission of CF4 and C2F6, a re-
quired process control was considered in analogy to the aluminum electrolysis reducing
the PFC emission to a great extend and keep the process in a green process window. The
feeding of 1% Nd2O3 has an immediate effect on the cell voltage and gas composition.
Numerical simulation was performed by Haas et al. [78] for a comparison between two
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cell designs for electrochemical neodymium reduction. The numerical model uses the
Eulerian volume of fluid approach to track phase boundaries between the continuous
phases, while the Lagrangian discrete phase model is applied to compute the rising
trajectories of emitted off-gas bubbles. Aiming an understanding of reduction process,
Cvetkovic et al. [79] considered mechanism of Nd deposition onto W- and Mo-cathodes
from molten oxide-fluoride electrolyte. The reported results indicated that the Nd(III)
ions in the melts were reduced in two steps: Nd(III) → Nd(II) and Nd(II) → Nd(0).
These consecutive processes are predominantly mass transfer controlled.

3. Application of the Unit Operations in Secondary Metallurgy

3.1. Recovery of REE from Waste of Electrical and Electronic Equipment (WEEE or e-Waste)

The production of REEs from primary resource causes environmental problems [80].
The recovery of REEs from waste materials is the most suitable strategy to find the solution
of the growing environmental problems and ensure the sustainability for production of
REE raw materials in the future, according to an increased demand in industrial application.
Most developed countries are importing REEs from China (approx. 95%) and in addition
to this situation, export quotas of REEs applied by China have increased the export prices
of REEs [81]. Our aim is to give review about recovery of REE from secondary resources
such as spent NdFeB-magnets, Ti-Al ceramic waste, acid mine drainage (AMD) solution,
bauxite residue (BR), and coal flying ash (CFA).

Waste of electrical and electronic equipment (WEEE or e-waste) is dramatically in-
creased in last time (approx. 50 million tons in 2018). Unfortunately, unsafe WEEE disposal
leads to many health implications due to their hazardous nature, being composed of sub-
stances such as chlorofluorocarbons. Ambay et al. [82] analyzed challenges in the future
perspective for the recovery of REEs from WEEE wastes which is increasing at an alarming
rate all over the world. The research progress for REE recovery was found through bi-
oleaching, biosorption, hydrometallurgy, pyrometallurgy, and reduction with carbon-based
material. Because of growing industrial application of NdFeB magnets, highly efficient
and selective recycling is mostly analyzed as WEEE. Yang et al. [83] written a critical
review for REE recovery from end-of-life (EOL) NdFeB permanent magnet scrap. Most of
the processing hydrometallurgical methods are still at various research and development
stages. It was estimated that until 2030 the recycled REEs from EOL permanent magnets
will play a significant role in the total REE supply in the magnet sector, providing that most
efficient technologies will be developed and implanted in industrial practice. The selectiv-
ity of separation REE from Fe and B was high challenge in this study. Solvent extraction
of Pr and Nd from chloride solution was performed by the mixtures of Cyanex 272 and
amine extractants [84] and with organophosphorous acids and amine reagents [85] using
MSU-0.5 mixer-settler units in four stage counter-current setup, MEAB Metallextraction
AB, Göteborg, Sweden [86]. The used experimental setup reached complete scrubbing of
Nd and Pr.

Kaya et al. [87] offered new process for treatment of spent NdFeB magnets without
solvent extraction. Spherical particles of REE-oxides were produced from spent NdFeB
magnets using a combined process containing following operations: nitric acid baking
process at 200 ◦C, calcination, water leaching and ultrasonic spray pyrolysis between
700 ◦C and 1000 ◦C, as shown at Figure 10.

Iron was removed from water solution via a hydrolysis. XRD analysis of the obtained
particles found a cubic and trigonal structure Nd2O3 with 20% Pr2O3, which is according to
detected stoichiometry in solution after dissolution of spent NdFeB magnets. An increase
in temperature from 700 ◦C to 1000 ◦C increases not only the crystallinity of the structure,
but also the particle size. The minimal theoretical total particle size of prepared REE-oxides
amounts to 215 nm. The differences between calculated and experimentally obtained values
may be partially due to coalescence/agglomeration of aerosol droplets during transport to
the furnace from an aerosol generator. This combined environmentally friendly process
for recovery of nanosized powder mixture of Nd2O3 and Pr2O3 from spent magnets and
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re-use of nitric acid shall be reduced considered in scale up conditions. The final winning
of the mixture of metallic Nd and Pr will be ensured using molten salt electrolysis [88–90].

Figure 10. Combined process for treatment of spent NdFeB-Magnets.

Kruse et al. [90] proposed a pyrometallurgical treatment of the grinding slurries aim-
ing recovering REE. The possibility of recycling the contained REE, which account for up to
30 wt. % in the alloy, through a pyrometallurgical process was investigated. In order to
reach selective separation, the necessity of a thermal conditioning prior to the pyromet-
allurgical process is highly required. They concluded that the investigated recycling
process must be compared to the pure hydrometallurgical treatment (leaching, precipita-
tion, solvent extraction) of grinding slurries. In addition, a subsequent hydrometallurgical
treatment must be considered as saleable concentrate with high purities are required. The
future research on this subject will be focused on selective oxidation of REE and production
of metallurgical slag with REO through smelting process in an induction furnace.

3.2. Recovery of Yttrium Oxide from Waste Materials

Because of similar characteristics to lanthanoides, yttrium belongs to REE. The impor-
tance of yttrium and REE is increasing in the transition to green economy because of their
essential role in permanent magnets, lamp phosphors, catalysts, rechargeable batteries,
and waste ceramics. In general, the recycling of yttrium can be distinguished in scrap
metals which appear during the production or actual value-added chain and the scrap
metals which result after the phase of utilization at the consumer and therefore at the end
of their life cycle. Michelis et al. [91] studied recovery of yttrium from fluorescent powder
starting from dismantling of spent fluorescent tubes. Yttrium and impurities are dissolved
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by using nitric, hydrochloric, and sulfuric acids and ammonia in different leaching tests.
These tests show that ammonia is not suitable to recover yttrium, whereas HNO3 produces
toxic vapors. A full factorial design is carried out with HCl and H2SO4 to evaluate the
influence of operating factors.

One of the major challenges in the processing of used phosphors for the extraction of
REE lies in a large number of different compounds and their individual chemical properties,
such as solubility in an aqueous phase. Poscher et al. [92] studied hydrochloric leaching of a
screened luminophore powder followed by the precipitation of a contaminated RE oxalate,
converting the mixture into their oxides and subsequent refining in order to dissolve most
of the alkali metal oxides leads to a rare earth concentrate which could be applied as a new
raw material for the subsequent process steps of refining.

Stopic et al. [93–95] studied a combination of hydrometallurgical and pyrometallurgi-
cal recovery of yttrium oxide from waste crucible materials, Ti-Al based wastes and ceramic
dust. A target fraction rich in yttrium with a grain size < 250 μm was obtained after the
grinding and sieving of the primary fraction between 8% and 14.25% of the target element
yttrium. This target fraction became the input material for the following tests to the very
selective leaching of yttrium involving dissolution under atmospheric pressure as well
as pressure leaching in the autoclave. For a comprehensive investigation of the influence
of various parameters on the leaching of waste materials, trials were performed under
laboratory and scale up conditions in which parameters like leaching time, temperature,
concentration of the hydrochloric acid, and the ratio of solid to leaching agent were varied.
At process temperatures of 150 ◦C leaching efficiency was 97%. Selective precipitation with
oxalic acid at fixed pH-Value after leaching and phase separation was crucial for a forma-
tion of yttrium oxalate. Yttrium oxide was finally formed after thermal decomposition of
yttrium oxalate at 850 ◦C in 1 h in a muffle furnace, as shown at Figure 11.

Figure 11. Combined hydrometallurgical and pyrometallurgical method for production of yttrium oxide.

3.3. Recovery of REE from Acid Mine Drainage (AMD) Solution and Bauxite Residue (BR)

AMD and BR are frequently available in the metallurgical and mining industry. The
AMD sample was collected from Mpumalanga, South Africa [96] containing the initial
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concentration of cerium of 5.51 mg/L and yttrium of 2.05 mg/L. Treating AMD solutions
requires the generation of enough alkalinity to neutralize the acidity excess. Recovery of
REE was performed during precipitation after iron removal [97]. A near zero waste val-
orization vision for BR through experimental results was performed including a treatment
of AMD [98]. BR were used for the recovery of iron, aluminum, and titanium and critical
elements such vanadium and REE using a combination of pyrometallurgical and hydromet-
allurgical methods. The neutralization of AMD, as shown at Figure 12a and capture of the
carbon dioxide from different processes, as shown at Figure 12b was performed using BR.

Figure 12. A zero-waste valorization vision for bauxite residue through experimental results: (a) for cement industry (left),
and (b) treatment of AMD solution and recovery of Fe, V, Ti, REE, and Sc (right).

BR, recognized as a waste generating high alkalinity solution when it is in contact
with water, was chosen to treat AMD from South Africa at room temperature. A German
and a Greek BR (“red mud”) have been evaluated as a potential low-cost material to
neutralize and immobilize harmful chemical ions from AMD [97,98]. Results showed
that heavy metals and other hazardous elements such as As, Se, Cd, and Zn had been
immobilized in the mineral phase [99]. Valuable elements presented in BR such as La,
Nd, and Nb tend to remain in the mineral phase. Elements such as Ce and Y present in
AMD precipitates under the effect of RM enriching the mineral phase. Several authors had
explored a pyrometallurgical treatment of BR to recover pig iron and enhance the content
of critical raw material (CRM) in the final slag [100–102]. This approach can be beneficial
to increase both pig iron and CRM from the filter cakes produce after coagulating AMD
ions into an BR matrix.

3.4. Recovery of REE from Phosphogypsum (PG) and Coal Flying Ash (CFA)

PG is a waste by-product from the processing of phosphate rock in plants producing
phosphoric acid and phosphate fertilizers, such as superphosphate. CFA is waste product
formed by the burning of pulverized coal in a coal-fired boiler and collected from the
flue gas by means of electrostatic precipitators and cyclones. PG and CFA became very
interesting subject for the REE recovery using unit operations in extractive metallurgy
in last decade. Rychkov et al. [103] reported recovery of REE from PG as a common
large-tonnage waste of phosphoric fertilizers industry containing 0.43–0.52% of REE. Joint
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co-crystallization of REE with gypsum provided a low degree of REE leaching in the direct
leaching process, but a combination of mechanical grinding treatment, ultrasonic impact
and resin-in-pulp process provided significantly higher degrees of REE leaching from the
PG (from 15% to 17%, to more than 70%). In addition, it was shown that the products
after PG treatment can be successfully used instead of natural gypsum as an addition for
cements in the production of building materials.

Mahandra et al. [104] studied an improvement in the developed hydrometallurgical
methods and discovery of a new strategies with safe environment and cost effectiveness
for the separation and recovery of REE from CFA. The REE recovered from CFA might find
applications in clean energy technologies such as electric vehicles, phosphors, and wind
turbines. The recycling of CFA using the unit hydrometallurgical operations can help to
reduce the environmental burden of hazardous waste and will improve the economy. Pan
et al. [105] studied recovery of REE from CFA by integrated physical separation and acid
leaching. Using combined physical separation processes, the REE of CFA was enriched from
782 μg/g to 1025 μg/g. The acid leaching process was optimized for various parameters via
the Taguchi three-level experimental design. Upon optimization, the physical separation
product was leached at the optimum condition and 79.85% leaching efficiency was obtained.
Transforming CFA to zeolites can increase the adsorption of dissolved metals [106]. Flying
ash can be used for the neutralization of AMD [96] and carbonation process [107].

Vavlekas [108] studied microbial recovery of rare earth elements from metallic wastes
and scrap. The microbial recovery of neodymium is being examined using biofilm of the
bacterium Serratia sp. N14, which has been used previously for the removal of lanthanide
elements from liquid solutions. The final aim was to establish the potential usefulness of
the biofilm with respect to its tolerance to low pH values or to high salt concentrations
(neutralized aqua regia), since the overall goal is to recover metals from solid scraps, which
may have been leached in strong acid.

4. Conclusions

Better understanding of the application of UO in metallurgy of REE is very important
and required step in order to develop a sustainable metallurgical treatment. REE belong
to critical metals and their recovery from of primary and secondary materials is of high
significance for the industrial development. The basic UO were presented in different
combinations in order to maximize the REE recovery. The main conclusions were found:

• Acid digestion of eudialyte concentrate was successfully performed without heating
and at 100 ◦C for fuming in order to prevent silica gel formation in laboratory con-
ditions. Scale up of this process was tested in two reactors, each 40 L. The extraction
efficiency reached a high level in a short time, increasing from 82.2% to 88.8% when
the digestion time increased from 20 min to 40 min. The optimization of process was
studied using regression analysis and artificial neural network determining one final
equation with four reaction parameters (temperature, time, ratio between concentrate
and hydrochloric acid, and ratio between water and used acid). The new reactor of
100 L volume was built for a digestion of an eudialyte concentrate. A REE carbonate
containing 30.0% total REE was finally produced, with an overall REE recovery yield
of 85.5%, what is an advantage in comparison to the previously existing solutions in
hydrometallurgy.

• Purification of obtained solution was performed using calcium carbonate and hydro-
gen peroxide in order to remove iron after acid digestion and water leaching. The final
product of a treatment of eudialyte concentrate is REE-carbonate. Heavy REE and
light REE are separated in subsequent step using solvent reaction and precipitation.
When adjusting the pH to ~4.0 using calcium carbonate, zirconium, aluminum, and
iron were removed at 99.1%, 90.0%, and 53.1%, respectively, with a REE loss of 2.1%

• In comparison to an eudialyte concentrate, bastnasite ore was firstly reduced at high
temperature and after that the obtained slag with 8% rare earth oxide (REO) was
treated by combination of UO.
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• REE were produced from secondary materials such as WEEE (spent NdFeB-magnets),
Ti-Al waste materials, AMD, BR, PG, and CFA. The combination of hydrometallurgical
and pyrometallurgical methods was successfully applied.

• The preparation of fine REO was performed using ultrasonic spray pyrolysis from
water solution of rare earth nitrate between 700 ◦C and 1000 ◦C after treatment of
spent NdFeB magnets.

• Thermal treatment of yttrium oxalate at 850 ◦C leads to formation of yttrium oxide
starting from Ti-Al spent materials.

• A zero-waste valorization vision for BR through experimental results combines AMD
and BR as two waste materials in order to absorb REE.

• Molten salt electrolysis was applied for the production of mixture of Nd and Pr.
• The future of an application of UO in extractive metallurgy of REE is depending on a

construction of more efficient reactors and digitalization of the whole process.
• Controlled potential leaching and separation process shall be studied as one solution

for a selective separation of the REE, which is a new research challenge.
• Optimization of metallurgical process is successfully performed using regression

analysis and artificial neural network.
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25. Košević, M.; Stopic, S.; Cvetković, V.; Schroeder, M.; Stevanović, J.; Panic, V.; Friedrich, B. Mixed RuO2/TiO2 uniform microspheres

synthesized by low-temperature ultrasonic spray pyrolysis and their advanced electrochemical performances. Appl. Surf. Sci.
2019, 464, 1–9. [CrossRef]

26. Majeric, P.; Rudolf, R. Advances in ultrasonic spray pyrolysis processing of noble metal nanoparticles—Review. Materials 2020,
13, 3485. [CrossRef]

27. Emil, E.; Alkan, G.; Gurmen, S.; Rudolf, R.; Jenko, D.; Friedrich, B. Tuning the morphology of ZnO nanostructures with the
ultrasonic spray pyrolysis process. Metals 2018, 8, 569. [CrossRef]

28. Ardekani, S.R.; Aghdam, A.S.R.; Nazari, M.; Bayat, A.; Yazdani, E.; Saievar-Iranizad, E. A comprehensive review on ultrasonic
spray pyrolysis technique: Mechanism, main parameters and applications in condensed matter. J. Anal. Appl. Pyrolysis 2019, 141,
104631. [CrossRef]

253



Metals 2021, 11, 978

29. Kaya, E.E.; Kaya, O.; Alkan, G.; Gürmen, S.; Stopic, S.; Friedrich, B. New proposal for size and size-distribution evaluation of
nanoparticles synthesized via ultrasonic spray pyrolysis using search algorithm based on image-processing technique. Materials
2020, 13, 38. [CrossRef]
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