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Katarzyna Leszczyńska-Sejda, Arkadiusz Palmowski, Michał Ochmański, Grzegorz Benke,
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Preface

As primary metal resources are finite, investment in successful routes to reutilization and

recycling of metals from end-of-life devices, effluents, residues, dust, etc., are of crucial environmental

and economic importance. This Reprint collects nine scientific articles reporting the use of

hydrometallurgy to recover critical metals from different sorts of waste, ranging from permanent

magnets, photovoltaic panels, electronic waste, various slag dusts, and single-use medical devices

to superalloys and batteries. The hydrometallurgical approaches that were employed encompass a

very broad range of methods, aiming to optimize their performance and, simultaneously, achieve

the necessary sustainability. Two review articles are also included, critically discussing (1) the most

relevant information relating to the potential sustainability of thiosulphate for the bioleaching of gold

from printed circuit boards and (2) the processing of vanadium-bearing waste for effective extraction

of valuable metals by eco-friendly routes. In summary, all readers who are interested in expanding

their knowledge of hydrometallurgical techniques and, at the same time, keeping up to date with the

latest developments in the field of recycling are invited to browse this Reprint.

Ana Paula Paiva

Guest Editor
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Recycling of Rhenium from Superalloys and Manganese from
Spent Batteries to Produce Manganese(II) Perrhenate Dihydrate

Katarzyna Leszczyńska-Sejda *, Arkadiusz Palmowski, Michał Ochmański, Grzegorz Benke, Alicja Grzybek,

Szymon Orda, Karolina Goc, Joanna Malarz and Dorota Kopyto

Łukasiewicz Research Network—Institute of Non-Ferrous Metals, Sowińskiego 5, 44-100 Gliwice, Poland;
arkadiusz.palmowski@imn.lukasiewicz.gov.pl (A.P.); michal.ochmanski@imn.lukasiewicz.gov.pl (M.O.);
grzegorz.benke@imn.lukasiewicz.gov.pl (G.B.); alicja.grzybek@imn.lukasiewicz.gov.pl (A.G.);
szymon.orda@imn.lukasiewicz.gov.pl (S.O.); karolina.goc@imn.lukasiewicz.gov.pl (K.G.);
joanna.malarz@imn.lukasiewicz.gov.pl (J.M.); dorota.kopyto@imn.lukasiewicz.gov.pl (D.K.)
* Correspondence: katarzyna.leszczynska-sejda@imn.lukasiewicz.gov.pl

Abstract: This work presents the research results on the development of an innovative, hydrometal-
lurgical technology for the production of manganese(II) perrhenate dihydrate from recycled waste.
These wastes are scraps of Ni-based superalloys containing Re and scraps of Li–ion batteries contain-
ing Mn—specifically, solutions from the leaching of black mass. This work presents the conditions
for the production of Mn(ReO4)2·2H2O. Thus, to obtain Mn(ReO4)2·2H2O, manganese(II) oxide
was used, precipitated from the solutions obtained after the leaching of black mass from Li–ion
batteries scrap and purified from Cu, Fe and Al (pH = 5.2). MnO2 precipitation was carried out at a
temperature < 50 ◦C for 30 min using a stoichiometric amount of KMnO4 in the presence of H2O2.
MnO2 precipitated in this way was purified using a 20% H2SO4 solution and then H2O. Purified
MnO2 was then added alternately with a 30% H2O2 solution to an aqueous HReO4 solution. The
reaction was conducted at room temperature for 30 min to obtain a pH of 6–7. Mn(ReO4)2·2H2O
precipitated by evaporating the solution to dryness was purified by recrystallization from H2O
with the addition of H2O2 at least twice. Purified Mn(ReO4)2·2H2O was dried at a temperature
of 100–110 ◦C. Using the described procedure, Mn(ReO4)2·2H2O was obtained with a purity of
>99.0%. This technology is an example of the green transformation method, taking into account the
6R principles.

Keywords: batteries; superalloys; rhenium; manganese; metal perrhenates

1. Introduction

Rhenium appears extremely rarely in nature, only in a dispersed state, mainly in
molybdenite, columbite and copper-bearing shales [1]. Manganese, on the other hand,
is the twelfth-most abundant metal in the Earth’s crust, occurring mainly in the form of
oxides, carbonates and silicates. It is the most common heavy metal after iron [2–4].

The chemical properties of rhenium determine its applications, mainly in the pro-
duction of superalloys but also in catalysis [5,6]. Rhenium is a heavy metal with a high
melting point (>3180 ◦C), significant density (21.0 g/cm3), high hardness (Mohs 7), high
strength, thermal and chemical resistance and can also be easily shaped by plastic pro-
cessing. It is characterized by the highest modulus of elasticity of all refractory metals,
−420 GPa [1,3,7].

Manganese, on the other hand, is a hard, silvery and brittle metal with a pink luster.
It is widely used as an additive in steel, lowering its melting point and improving its
mechanical properties. It is pyrophoric when crushed. Manganese is in huge demand
around the world due to its numerous and diverse applications, mainly in the production
of steel and high-capacity batteries [2,8,9].

Recycling 2024, 9, 36. https://doi.org/10.3390/recycling9030036 https://www.mdpi.com/journal/recycling1
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The world’s annual production of rhenium is up to 75 tons, the vast majority of which
is recovered from so-called primary raw materials, and only ~8 tons are produced from
recycling [1,10,11]. The main manufacturers of rhenium from recycling are countries such
as the USA, Canada, Germany, Czechia and Poland [1,12]. Rhenium recycling was much
greater in 2014–2015, generating 13 tons/year. Rhenium is manufactured as a side product
during the production of other elements both from primary or secondary resources, for
example, during the recovery of Co and Ni from superalloys scraps. Consequently, the
production of rhenium is influenced by the demand for other metals like cobalt and nickel.
Currently, on the metals market, cobalt is considered a critical material in most of the
world [13–15]. In contrast, nickel is a strategic material and therefore sought after, mainly
due to the development of the battery industry [16,17].

However, the world annual production of manganese is not comparable to rhenium,
as it constitutes ~6.2 million tons. South Africa is the world’s largest manufacturer of
manganese, accounting for 33.5% of its global production. It should also be noted that most
of the mining of manganese is concentrated in the Kalahari Desert, which is believed to
contain over 70% of the world’s resources of this metal. Manganese is recycled mainly from
iron and steel scraps; a small amount of it is recycled from aluminum beverage cans. The
recycling rate is 37%, and the efficiency is estimated at 53% [18–20].

This publication concerns the preparation of manganese(II) perrhenate dihydrate.
Manganese and rhenium share many of the chemical characteristics of transition metals,
including multiple valency, the ability to form stable complex ions, paramagnetism and
catalytic properties. However, in many aspects, rhenium is chemically more similar to
technetium than to manganese [21,22]. For this reason, Mn(ReO4)2·2H2O has potential for
use in the production of alloys, catalysts or in electrical components [23].

There are not many reports in the literature about the combination of rhenium and
manganese and, consequently, about Mn(ReO4)2·2H2O. There are several reports on the
preparation, properties and use of manganese(II) perrhenate and its hydrates.

In 1949, W. T. Smith and G. E. Maxwell described the synthesis of manganese(II)
perrhenate dihydrate, which was obtained as a result of the reaction of manganese(II)
carbonate or manganese(II) hydroxide with perrhenic acid. This publication also specified
the physicochemical properties of the above-mentioned compound, such as solubility,
density and freezing point [24].

In 1969, H. G. Mayfield, Jr. and W. E. Bull described the process of forming the
complexes of manganese(II) perrhenate with pyridine [25].

However, the synthesis of manganese(II) perrhenate from manganese(IV) oxide, metal-
lic manganese and rhenium(VI) oxide has been patented and described in patent no. US
4027004A. It also explains the properties of the obtained manganese(II) perrhenate, which
allows it to be used in electrical components [23].

In 1981, K.V. Ovchinnikov and his team investigated the thermal decomposition of
manganese(II) perrhenate in vacuum [26].

In 1997, Charles Torardi and his team presented the magnetic properties of anhydrous
manganese(II) perrhenate in a publication. This compound was found to have antiferro-
magnetic properties. It was also determined that anhydrous manganese(II) perrhenate has
trigonal symmetry [27].

A. Butz, G. Miehle, H. Paulus, P. Strauss and H. Fuess, in 1998, researched the crystal-
lographic structure of manganese(II) perrhenate in dihydrate and anhydrous forms and
published the results of the dihydrate dehydration process. This compound was obtained
as a result of the reaction of manganese(II) carbonate with perrhenic acid. The process was
carried out in a temperature range of 50–60 ◦C in the presence of carbon dioxide [28].

In Z. Für Krist. -New Cryst. Struct., in the same year, an article was published presenting
the results of research on the crystallographic structure of Mn(ReO4)2(H2O)2. The com-
pound was obtained as a result of the reaction of manganese(II) carbonate with perrhenic
acid [29].
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A work about [Mn(H2O)2](ReO4)2 was also published by J. Hetmańczyk and Ł. Het-
mańczyk These studies were conducted using spectroscopic methods. The authors pre-
sented the dynamics of H2O ligands and a perrhenate anion in the [Mn(H2O)2](ReO4)2
molecule at the moment of phase transition, as well as the crystallographic structure and
thermal properties of the above-mentioned compounds. These compounds were obtained
as a result of the reaction of manganese(II) carbonate with perrhenic acid [30].

In 2021, B.C. Gong, H.C. Yang, J.F. Zhang, K. Liu and Z.Y. Lu conducted research
in which they found that manganese(II) perrhenate, which has a wavy layered structure,
doped with electrons exhibits ferromagnetic properties. They also determined that this
compound can be a so-called van der Walls magnetic material, which means that it can be
used for research on magnetism and in spintronics [31].

In 2020, in OSTI.GOV, a detailed crystallographic analysis of manganese(II) perrhenate
was described. It showed that Mn(ReO4)2 crystallizes in a trigonal space group and its
structure is two-dimensional [32].

The objective of this study was to produce manganese(II) perrhenate dihydrate
exclusively from two waste streams that, to the knowledge of the authors, have not
been previously reported in the literature. Furthermore, the innovative method involves
handling all waste materials, solid and liquid, to eliminate any loss of components and
the need for further processing. This waste-free technology enables the production of
high-purity manganese(II) perrhenate dihydrate, a valuable material for future novel
applications in alloys, catalysts and electrical components. It is also in agreement with
the principles of sustainable development and green transformation, and importantly,
it meets the 6R principles in all six areas (rethink, refuse, reduce, reuse, repair and
recycle) [33].

2. Results and Discussion

2.1. Recovery of Manganese from Post-Leaching Solutions of Li–ion Battery Scrap and Analysis of
the Obtained MnO2

Manganese precipitation tests were carried out using the post-leaching solutions
of Li–ion battery scrap. Before the main precipitation of manganese, the solution was
purified from Cu and then from Al and Fe. Copper was precipitated using 1 mole of
iron in the form of metallic Fe powder for each mole of copper in the solution, which
takes around 45 min with filtration. After filtering the precipitate, 30% H2O2 solution
and then aqueous 20%NaOH solution were added over 30 min until the pH 5.2 was
obtained. Neutralization was carried out at a temperature not exceeding 50 ◦C, and
after obtaining the desired pH, the reaction was conducted for 30 min in the obtained
conditions. After that time, the precipitated aluminum–iron sludge was filtered to obtain
a solution that was sent for the manganese recovery tests. Table 1 lists the compositions
of all the solutions, and Figure 1 shows (a) losses of valuable metals in the purification
processes (Li, Mn, Co and Ni) and (b) efficiency of the precipitation of pollutants (Cu, Fe
and Al).

Table 1. Composition of the solutions obtained in the purification tests.

Type of Solution Volume, dm3
Concentration, g/dm3

Ni Co Al Mn Li Fe Cu

after leaching 10.0 8.20 25.60 2.50 6.54 2.56 1.80 2.50
after Cu precipitation (E) 9.65 8.42 26.32 2.59 6.78 2.65 4.14 <0.01

after Fe and Al
precipitation (F) 10.12 7.91 24.74 <0.01 6.45 2.51 <0.01 <0.01
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Figure 1. Results of the solution purification tests from Cu, Fe and Al.

As can be seen in Figure 1, the losses of valuable metals (Li, Mn, Co and Ni) did not
exceed 2% for each component, while the precipitation efficiencies of impurities, such as
Cu, Fe and Al, were 99.84%, 99.97% and 99.96%, respectively.

In the next stage, the purified solution was sent for the manganese precipitation
tests. Precipitation was carried out using a stoichiometric amount of KMnO4, and the
resulting mixture was intensively stirred for 60 min at room temperature. After this time,
the precipitate was vacuum-filtered, washed (with solutions of sulfuric acid and water)
and analyzed. The solution from the filtration was directed to the recovery of other metals
(Ni, Co and Li).

In this way, manganese(II) oxides were obtained, with the compositions depending
on the purification stage listed in Table 2. No significant losses of Ni, Li and Co were
observed during the process. Cobalt and nickel losses, associated with MnO2 precipitation,
were reduced by proposing a recycling of the solutions resulting from the purification.
For the selected manganese(II) oxide, after all purification steps, XRD analysis was per-
formed (Figure 2). During the research, a waste management method was developed
(Figure 3). SEM analysis was performed for the purified with 20% H2SO4 manganese(II)
oxide—Figure 4.

Table 2. Compositions of the obtained manganese(II) oxides.

Type of
MnO2

Composition, wt%

Mn Co Ni Fe

crude 56.10 4.14 0.90 <0.01
purified with 1% H2SO4 53.30 3.55 0.67 <0.01

purified with 20% H2SO4 55.90 0.20 0.16 <0.01

The purification of MnO2 with 20% H2SO4 solution allowed to reduce the level of
impurities below 0.20 wt% of each metal. Thus, MnO2 was obtained, in which the amount
of individual impurities such as Co, Ni, and Fe was (wt%): 0.20, 0.16 and <0.01, respectively
(Table 2).

As can be seen in Figure 2, XRD analysis confirmed the possibility of producing
MnO2 using the described conditions, as the obtained diffractogram shows only the crys-
talline form of MnO2. The form of the diffractogram indicates a large amount of the
amorphous phase.

The obtained MnO2 precipitate was contaminated with cobalt and nickel but did
not contain iron. After purification with a 20% H2SO4 solution, a product free of the
above-mentioned elements was obtained. It was the substrate for the production of
manganese(II) perrhenate.

4
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Figure 2. XRD pattern of the purified MnO2 (purified with 20% H2SO4).

Figure 3. Scheme of MnO2 precipitation from the post-leaching solutions of the black mass from
Li–ion batteries.

5
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Figure 4. SEM analysis of the purified MnO2.

2.2. Precipitation and Characterization of the Obtained Manganese(II)Perrhenate Dihydrate

The production of manganese(II) perrhenate dihydrate was carried out according to
the reaction (1)

MnO2 + H2O2 + 2HReO4 = Mn(ReO4)2 + 2H2O + O2 (1)

Purified MnO2 (weighing 10 g) was added alternately with a 30% H2O2 solution
(50 cm3 of hydrogen peroxide for each 10 g of manganese(II) oxide) to the aqueous
solutions of perrhenic acid with the concentrations of 18.0 or 295.0 g/dm3 of Re. The
tests were carried out at room temperature. In this way, a solution with the pH ranging
from 6 to 7 was obtained. After reaching the pH, the solution was stirred for 90 min and
successively filtered from the unreacted residue. The resulting solutions were directed
to the evaporation to dryness, which was carried out at a temperature < 50 ◦C with an
addition of 30% H2O2 solution using 15 cm3 of hydrogen peroxide for every 50 g of
rhenium. Evaporation tests were also carried out to obtain the first crystals. The crude
wet sludge precipitated in this way was combined and sent to the cyclic purification
stage. A 30 g portion of crude manganese(II) perrhenate dihydrate was used in the
tests. Purification was carried out using recrystallization from water with an addition
of 15 cm3 of 30% aqueous H2O2 solution for every 50 g of Re in the precipitate and
successively evaporated to obtain the first crystals. Four purification cycles were carried
out. The results of the obtained tests are presented in Tables 3 and 4. Figures 5 and 6
illustrate the influence of the used rhenium concentration on the precipitation efficiency
of the obtained manganese(II) perrhenate dihydrate and the influence of purification
cycles on the purification efficiency of the obtained compound.

With the use of perrhenic acid with the rhenium concentrations of 18 and 295 g/dm3

both, similar Mn(ReO4)2·2H2O precipitation efficiencies were obtained using both pre-
cipitation methods. The efficiencies were high, for example, over 92%, while using
the evaporation to dryness method. Therefore, the choice of acid concentration for
the technology in industry will result from the scale of the production, the amount
of waste solutions and the price of energy and will be analyzed at each stage of the
technology implementation.
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Table 3. Results of Mn(ReO4)2·2H2O precipitation.

Concentration of Re
in HReO4, g/dm3

Volume of
HReO4, dm3

Efficiency of Mn(ReO4)2·2H2O
Precipitation, %

Composition in Crude Mn(ReO4)2·2H2O, wt%

Mn Re Co Ni Fe

18.0 2.38
92.51 9.31 62.30 0.55 0.12 0.02

70.56 * 9.22 62.30 0.54 0.08 <0.01

295.0 0.15
96.52 9.54 64.30 0.51 0.13 <0.01

75.25 * 9.58 64.10 0.55 0.13 0.02

* Research conducted to the precipitation of the first crystals.

Table 4. Mn(ReO4)2·2H2O purification results.

Number of the
Cycle

Mass of
Mn(ReO4)2·2H2O, g

Precipitation
Efficiency of Mn(ReO4)2·2H2O *,

%

Composition in Crude Mn(ReO4)2·2H2O,
wt%

Mn Re Co Ni Fe

0 30.0 - 9.41 63.25 0.54 0.16 <0.01
I 24.0 80.0 9.29 62.95 0.15 0.10 <0.01
II 19.6 65.3 9.29 62.95 0.10 0.10 <0.01
III 17.5 58.3 9.29 62.95 0.10 0.10 <0.01
IV 15.2 50.7 9.29 62.95 0.10 0.10 <0.01

* Efficiency calculated in relation to the initial mass of crude Mn(ReO4)2·2H2O.
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Figure 5. Results of the influence of the Re concentration in HReO4 and the evaporation method on
the efficiency of Mn(ReO4)2·2H2O precipitation.

7



Recycling 2024, 9, 36

The use of the second stage of purification allows to obtain Mn(ReO4)2·2H2O of
satisfactory purity, i.e., 9.29% of Mn, 62.9% of Re, 0.10% of Co and Ni and <0.01% of Fe.

In this way, 15.20 g of wet manganese(II) perrhenate dihydrate was obtained, which
was dried at 100–110 ◦C until a constant weight was reached. Thus, manganese(II) per-
rhenate dihydrate weighing 14.54 g with a purity > 99% was obtained. XRD analysis was
performed for this compound—Figure 7.
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Figure 6. Results of the influence of the cyclic purification of Mn(ReO4)2·2H2O on the efficiency of
the purification of this compound.

Figure 7. XRD pattern of Mn(ReO4)2·2H2O, after four purification cycles.

As can be seen in the diffractogram (Figure 7), a crystalline form of Mn(ReO4)2·2H2O
was obtained using the described conditions. This diffraction pattern also does not show
any amorphous phases and substances.

For this Mn(ReO4)2·2H2O, its solubility was also determined. The test results are
presented in Table 5.
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Table 5. Mn(ReO4)2·2H2O solubility test results.

Temperature, ◦C
Solubility of

Mn(ReO4)2·2H2O,
%

Standard Deviation

0 31.5 0.09
10 28.2 0.10
20 22.7 0.22
30 20.5 0.16

The determined solubilities of Mn(ReO4)2·2H2O obtained at various temperature
values are consistent with the literature data [24,34]. Each test using the gravimetric
method was repeated three times, giving consistent results on the solubility of man-
ganese(II) perrhenate dihydrate. Standard deviations were calculated and are included
in Table 5.

The analysis of the conducted research on the precipitation of Mn(ReO4)2·2H2O
showed that this compound can be obtained using purified MnO2, adding it alternately
with the 30% H2O2 solution (50 cm3 of hydrogen peroxide for each 10 g of manganese(II)
oxide) to the aqueous solution of perrhenic acid. The reaction should be carried out at
room temperature for 30 min until a pH 6–7 is obtained. Mn(ReO4)2·2H2O, precipitated
by evaporating the solution to dryness, should be purified by recrystallization from water
with the addition of H2O2 at least twice. The purified Mn(ReO4)2·2H2O should be dried at
100–110 ◦C.

Based on the described research, this new, innovative, hydrometallurgical technology
was developed for obtaining manganese(II) perrhenate dihydrate that was produced
entirely from waste, i.e., superalloy scrap and Li–ion batteries. The next stage of the
research will be to find a real application of manganese(II) perrhenate dihydrate in the
catalytic, battery and defense industries. Research will be carried out on the possibility of
obtaining manganese(II) perrhenate dihydrate with dedicated physicochemical properties,
e.g., grain size below 100 nm.

3. Materials and Methods

3.1. Materials

Perrhenic acid, used in this research, was obtained by leaching the superalloy scrap
(Figure 8) with a mixture of acids with an addition of oxidants. The compositions of the
materials are shown in Table 6 [35,36]. In this way, a solution was obtained containing
1.1 g/dm3 of Re and mainly nickel but also cobalt, chromium and aluminum. This
solution was directed to the sorption of rhenium using a weakly basic ion exchange
resin A170 (Purolite, King of Prussia, PA, USA, hydroxide form). The solution obtained
after the sorption of rhenium was directed to the recovery of valuable metal components
(Ni and Co), while rhenium absorbed in the ion exchange resin was eluted with an
aqueous ammonia solution (25%, Chempur, Piekary Śląskie, Poland, p.a.). Ammonium
perrhenate was crystallized from the obtained ammonia eluate, which was then dis-
solved in water and directed to the sorption of ammonium ions using a strongly acidic
cation exchange resin C160 (Purolite, USA, hydrogen form) [37,38]. The post-sorption
solution, containing perrhenic acid, was sent to the concentration stage, or manganese(II)
perrhenate was obtained directly from it. Figure 9 shows the laboratory equipment
used in the preparation of perrhenic acid using the method described above. Perrhenic
acid used in the conducted research differed in rhenium concentration. The first type
came directly from the ion exchange process and was not concentrated. The second
type of perrhenic acid was first concentrated and then used to obtain manganese(II)
perrhenate dihydrate.
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(material A) (material B) 

Figure 8. Pictures of the crushed superalloy scrap used in the research.

Table 6. Compositions of the superalloy scrap used in the research.

Material
Composition, wt%

Re Ni Co Cr Al Fe

A 1.78 43.32 6.50 4.70 14.50 1.30
B 1.10 37.90 19.50 9.10 13.90 0.08

Figure 9. Scheme of obtaining perrhenic acid from the superalloy scrap.

10



Recycling 2024, 9, 36

In this way, two types of perrhenic acid were obtained, containing (1) 18.0 g/dm3 of
Re and <0.0001% of Ca, K, Mg, Cu, Na, Mo, Ni, Pb, Fe, NH4

+, Bi, Zn, W, As and Al each
and (2) 295.0 g/dm3 of Re; <0.0005% of K; <0.0002% of NH4

+; and <0.0001% of Ca, Mg, Cu,
Na, Mo, Ni, Pb, Fe, Bi, Zn, W, As and Al each [38].

The solutions obtained after the leaching of the black mass from Li–ion batteries were
used as the source of manganese—Table 7. Battery masses for the leaching process were
obtained as a result of using the technology developed and patented by Łukasiewicz-
IMN [39,40].

Table 7. Compositions of the black mass from Li–ion batteries used in the research.

Material
Composition, wt%

Ni Co Al Mn Li Fe Cu

C 6.50 32.00 2.00 5.45 2.50 1.90 2.03
D 12.70 17.00 2.79 10.02 2.70 2.10 1.78

After leaching, a solution with the composition of 2.50 g/dm3 of Al, 25.60 g/dm3

of Co, 2.56 g/dm3 of Li, 6.54 g/dm3 of Mn, 2.50 g/dm3 of Cu, 8.20 g/dm3 of Ni and
1.80 g/dm3 of Fe was obtained, which was directed to the MnO2 precipitation tests.

The following materials and reagents were used in this research: sulfuric acid
(95%, Chempur, Piekary Śląskie, Poland, p.a.), aqueous solution of hydrogen per-
oxide (30%, P.P.H. Stanlab, Lublin, Poland, p.a.), demineralized water (<2 μS/cm,
Łukasiewicz-IMN, Gliwice, Poland), sodium hydroxide (>98% Stanlab, Poland, p.a.),
KMnO4 (99% P.P.H. Stanlab, Lublin, Poland, p.a.) and Fe dust (>98%, Chempur, Piekary
Śląskie, Poland, p.a.).

3.2. Analyses

All analyses were performed at the Łukasiewicz Research Network—Institute of
Non-Ferrous Metals, mainly at the Centre for Analytical Chemistry (Gliwice, Poland).

The rhenium content in manganese(II) perrhenate and perrhenic acid was determined
by thin-layer X-ray fluorescence spectrometry using an X-ray fluorescence spectrometer
(ZSX Primus, Rigaku, Tokyo, Japan).

Ammonium ions in the aqueous solutions of perrhenic acid were determined by a
distillation method with titration after distillation—the Nessler method.

The following instrumental techniques were used to determine the concentrations
of Mn, Li, Cu, Mo, Pb, Bi, Zn, W, As, Al, Mg, Ca, K, Mg, Na, Fe, Co and Ni: GFAAS
(graphite furnace atomic absorption spectroscopy; Z-2000, HITACHI, Tokyo, Japan), ICP-
OES (inductively coupled plasma-optical emission spectroscopy; ULTI-MA 2, HORIBA
Jobin-Ivon, Kyoto, Japan), ICP-MS (inductively coupled plasma-mass spectroscopy; Nex-
ion, PerkinElmer, Waltham, MA, USA), FAAS, (flame atomic absorption spectrometry;
THERMO SOLAAR S4, Thermo Fisher Scientific, Waltham, MA, USA, equipped with
a flame module—deuterium background and correction) and ICP-OES (Optima 5300V,
Perkin Elmer, Waltham, MA, USA).

XRD analyses were also performed at the Łukasiewicz Research Network—Institute
of Non-Ferrous Metals, Centre of Functional Materials (Gliwice, Poland). The diffraction
patterns were prepared using a Rigaku MiniFlex 600 XRD diffractometer equipped with an
X-ray tube with a wavelength of 1.5406 Å, a D/TeX silicon strip detector and a Soller slit
with a high resolution of 2.5” on the primary and scattered beam, calibrated using NIST
SRM (Standard Reference Material) 640d Si powder.

SEM analyses were also performed at the Łukasiewicz Research Network—Institute of
Non-Ferrous Metals, Centre of Advanced Materials Technologies, using a high-resolution
Zeiss Gemini 1525 scanning electron microscope, equipped with a Quantax xFlash®6 Bruker
Nano X-ray spectrometer.
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For the precipitated and purified manganese(II) perrhenate dihydrate, its solubility
was measured using a gravimetric method. Figure 10 shows the used laboratory equip-
ment. The excess amount of salt was dissolved in water with a conductivity of 0.06 μS
in a thermostated reactor with a heating jacket with a working capacity of 0.5 × 10−3 m3.
The saturated solution was stirred for 4 h using a magnetic stirrer at a constant tem-
perature. The temperature was controlled using a Huber Ministat CC-K6 thermostat
(accuracy +/−0.02 ◦C). After stabilization, a sample of the saturated solution was taken
using a syringe equipped with a filter with a pore diameter of 0.22 μm. In order to avoid
crystallization during sample collection, the filter and syringe were heated to a temperature
5 ◦C higher than the solution temperature. The sample was dried in a laboratory dryer
at 30 ◦C. The solubility of manganese(II) perrhenate was calculated based on the mass
difference. The experiments were carried out for four temperature values, i.e., 0 ◦C, 10 ◦C,
20 ◦C and 30 ◦C. Each measurement was repeated three times.

 

Figure 10. The equipment for determining the solubility of Mn(ReO4)2·2H2O: (1) reactor with the
heating jacket; (2) heating and cooling thermostat; (3) vacuum filtration kit; (4) vacuum pump;
(5) mechanical stirrer; (6) thermocouple.

4. Conclusions

This work showed that with the use of manganese(II) oxide, precipitated from the
post-leaching solutions of the black mass from Li–ion batteries, after prior purification
from Cu, Fe, and Al (pH = 5.2)—respectively, steps 1 and 2—Mn(ReO4)2·2H2O can be
obtained. MnO2 precipitation should be carried out at a temperature not exceeding 50 ◦C
for 30 min using a stoichiometric amount of KMnO4—step 3. The precipitated MnO2
should be washed using a 20% solution of sulfuric acid and then water—steps 4 and 5.
Purified MnO2 should be added alternately with a 30% H2O2 solution (50 cm3 of hydrogen
peroxide for each 10 g of manganese(II) oxide) to an aqueous solution of perrhenic acid.
The reaction should be carried out at room temperature for 30 min to obtain a pH of
6–7—step 6. Mn(ReO4)2·2H2O precipitated by evaporating the solution to dryness—step
7—should be purified by recrystallization from water with the addition of H2O2 a minimum
of two times—step 8. The purified Mn described (ReO4)2·2H2O should be dried at a
temperature of 100–110 ◦C—step 9. Using the described procedure, Mn(ReO4)2·2H2O with
a purity > 99.0% and with a good precipitation efficiency can be obtained. A complete
diagram of the entire developed technology is shown in Figure 11.
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Figure 11. Diagram of the entire Mn(ReO4)2·2H2O production technology from waste.

Figure 11 shows the diagram of the developed method in its entirety, with all the
recirculation possibilities and indication of the so-called auxiliary operations. The blue line
shows the recycling of sludge formed after the neutralization of perrhenic acid to prevent
the loss of manganese and rhenium. The purple line represents the recirculation of the
solutions resulting from the purification of Mn(ReO4)2·2H2O to minimize the losses of
rhenium and manganese. The orange line shows the recycling of the solutions from MnO2
purification to minimize the manganese loss.

5. Patents

Part of the results of the work presented in this publication is the material submitted
for patenting in the Patent Office of the Republic of Poland on 22 March 2024 entitled
Sposób otrzymywania dwuwodnego renianu(VII) manganu(II) z roztworów pochodzą-
cych z ługowania masy czarnej baterii Li–ion (English title: Method of obtaining man-
ganese(II) perrhenate dihydrate from the post-leaching solutions of the black mass from
Li–ion batteries).
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Abstract: A new approach for the thermal reduction of tin dioxide (SnO2) in the carbon/sodium
sulfite (Na2SO3) system is demonstrated. The process of tin smelting was experimentally optimized
by adjusting the smelting temperature and amounts of the chemical components used for the thermal
reduction of SnO2. The numbers obtained are consistent with the thermodynamic characteristics
of the system and molar fractions of reactants derived from the proposed mechanism of the SnO2

thermal reduction process. They reveal that the maximum yield of tin is obtained if masses of C,
Na2SO3 and SnO2 are approximately in the ratio 1:2:3 and the temperature is set to 1050 ◦C. The
key role in the suggested mechanism is the thermal decomposition of Na2SO3. It was deduced from
the available experimental data that the produced sulfur dioxide undergoes carbothermic reduction
to carbonyl sulfide—an intermediate product involved in the bulk reduction of SnO2. Replacing
sodium sulfite with sodium sulfate, sodium sulfide and even elemental sulfur practically terminated
the production of metallic tin. The kinetic analysis was focused on the determination of the reaction
orders for the two crucial reactants involved in the smelting process.

Keywords: tin; tin dioxide; carbothermic reduction; sodium sulfite; smelting

1. Introduction

Tin is one of the most important metals commonly used in various industrial areas. It
is the main component of low-melting alloys used as solders in the electronic industry. For
the last two decades, the electronic industry has been the major consumer of this metal.

Cassiterite, a naturally occurring oxide of tin (SnO2) containing about 79% tin, is the
principal primary source of tin. It is the only natural mineral of tin from which extraction
of tin is economically justified. The production of tin from its ore involves roasting and
smelting processes [1]. In the first stage, the concentrates of cassiterite are roasted with
specific reagents (including calcium chloride, calcium oxide and pyrite) to eliminate the
sulfur at temperatures between 550 and 650 ◦C. The type of the roasting chemical depends
on the type and amount of impurities. After the preparation (roasting) step, the material
for smelting comprises tin dioxide and some impurities (mainly iron oxides). The smelting
process carried out in either reverberatory, blast or electric furnaces is based on the reduction
of tin dioxide by heating to 1300–1400 ◦C with carbon (in the form of anthracite coal or
coke) and limestone (slag-producing agent) to produce tin and carbon dioxide [2]. The
product of thermal reduction is then electrolytically refined and, as a result, up to 99.8%
pure tin is obtained.

The tin-bearing natural sources will be exhausted in several years; therefore, cur-
rently, an increased effort is directed to the recovery of tin from tin-bearing secondary
resources, including tin anode slime, tin slag, tin-bearing tailings and waste electronic
and electrotechnical devices. A rapid growth in the amount of e-waste observed recently
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makes this class of tin secondary sources of special importance. Many scientific papers deal
with the methods for the extraction of tin from these materials. In general, the procedures
proposed are based on the chemical leaching of metallic tin, followed by its hydromet-
allurgical or pyrometallurgical conversion back to its metallic form [3]. It is desired that
leaching agents selectively extract tin from its alloys (which contain either lead or silver
and bismuth and are usually deposited on copper substrates) to generate tin compounds in
either ionic or oxide forms. In a large number of examples, the cheap and effective reagents
for the preparation of a water-soluble tin compound involve solutions of either sodium
hydroxide [4–6], hydrochloric acid [6–8] or iron (III) chloride [9]. A strong base reacts with
metallic tin to produce well-soluble stannate, while acidic solutions of chlorides lead to
the formation of chloride complexes of tin. Both stannate and tin chloride hydrolize to
the oxide form of tin or can be easily transformed into tin dioxide. By applying appro-
priate conditions, the soluble tin compounds can be electrolyzed. Alternatively, they can
be quantitatively transformed into tin (IV) oxide and thermally reduced using various
reducing agents. These include carbon/carbon monoxide [10], hydrogen [11], methane [12],
carbon/molten Na2CO3/NaNO3 [13] and Ar-balanced CH4 (decomposed partially to H2
and C) [14] systems. The optimal method for tin recovery is usually a combination of both
hydrometallurgical and pyrometallurgical processes.

Recently, we have developed and implemented a method for selective recovery of tin
from e-waste materials by employing the leaching process with diluted nitric (V) acid [15].
Under the specified conditions, most metals from e-scrap are leached into the aqueous
solution in the form of cations (Pb2+, Cu2+, Ag+, etc.). Tin, in turn, is transformed into a
solid oxide phase, contaminated, to some extent, with lead oxides.

This paper presents a new approach for the final step in the tin recovery process.
It utilizes a carbothermic reduction of tin dioxide with an addition of sodium sulfite
(Na2SO3). The efficiency of the smelting process was studied as a function of temperature
and the composition of the smelting mixture. Of special interest was the dependence of
the amount of sulfites added to the system on the temperature at which tin dioxide is
quantitatively reduced to metallic tin. Discussion on a possible mechanism of the SnO2
thermal reduction is supported by the chemical, kinetic and thermodynamic analyses.
The results allowed us to establish the optimal composition of the reaction mixture that
can produce a maximum yield of tin in the smelting process. The possibility of Na2SO3
regeneration from SO2 generated during the smelting process makes the whole process
economically advantageous.

2. Results and Discussion

2.1. The Effect of Temperature and the Amount of Sodium Sulfite

The smelting process was examined under varying experimental conditions using
fixed amounts of SnO2 and charcoal. The effect of temperature and varying concentration
of Na2SO3 on the efficiency of the thermal reduction of SnO2 was investigated. It is worth
noting that under the conditions employed for the experiments, no quantifiable amounts of
metallic tin were obtained for the system, with no deliberately added sodium sulfite. The
experimental results are presented in Figure 1 (in the 3D and 2D forms) where the percent
yield of metallic tin is plotted against the temperature and the amount of Na2SO3 added to
the thermally treated system. Each set of the results (represented by empty circles, grey
squares, dark grey triangles and filled circles) corresponds to the selected temperature and
represents a collection of averaged data obtained for melting crucibles made of different
materials. The temperatures selected for the examination were set to 950, 1000, 1050 and
1140 ◦C, while the amount of sulfite ranged from 7.5 to 15.5 g. The experimental results
clearly indicate that the best performance of the reduction process is achieved at 1050 ◦C
for samples that comprise approximately 5 g of charcoal and not less than 10 g of Na2SO3
(i.e., 1/3 and 2/3 of the mass of tin dioxide in the sample, respectively). The quality of the
smelting products was inspected using the elemental mapping mode of scanning electron
microscopy. Two extreme sets of reduction conditions were selected for the comparison.
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One (Figure 2A) was related to the conditions where the best performance of the process is
achieved (i.e., at 1050 ◦C for the mixture composed of 15.0 g of SnO2, 10.1 g of Na2SO3, 5.0
g of charcoal), while the other one (Figure 2B) represented the effect of the reduction under
the unfavorable conditions (i.e., at 950 ◦C for the mixture composed of 15.0 g of SnO2,
5.2 g of Na2SO3, and 5.5 of g charcoal). In the latter case, unreacted particles of sodium
sulfite were clearly seen while the former case yielded a homogeneous metallic product
covered with a very thin film of unreacted components. The differences observed may be
due to the insufficient amount of carbon, which accelerates the Na2SO3 decomposition.
Additionally, at lower temperatures, the reduction process involving sulfur-bearing species
is not thermodynamically favorable. At this temperature, carbon is the only component
that may reduce tin dioxide to the metallic phase.

 

Figure 1. Percent yield of tin versus temperature and mass of sodium sulfite added to the system.
Amount of charcoal: ~5 g. Each set of results corresponds to the selected temperature and represents
a collection of averaged data obtained for melting crucibles made of different materials. Error bars
represent expanded uncertainties of the determined quantities (i.e., their 95% confidence intervals).
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Figure 2. SEM images and elemental mapping of surfaces of tin samples obtained for the systems
composed of 15.0 g of SnO2, 10.1 g of Na2SO3, 5.0 of g charcoal at 1050 ◦C (A) and 15.0 g of SnO2,
5.2 g of Na2SO3, 5.5 g of charcoal at 950 ◦C (B).

2.2. Kinetic Studies

To validate the observations, a more detailed kinetic analysis was performed for the
process at 1050 ◦C. The partial orders of the reaction with respect to sodium sulfite and
carbon were determined via the unweighted linear regression analysis of the dependencies
between logarithms of the normalized average reaction rates and logarithms of normalized
molarities of either sodium sulfite or carbon (Figure 3). The average reaction rate is
directly proportional to R/Δt, where Δt is the duration of the smelting process at the given
temperature. The numerical results obtained are as follows: 0.81 ± 0.32 for sodium sulfite
and −1.05 ± 0.82 for carbon. The numbers after the ± sign represent expanded uncertainties
(with a coverage factor of 2) of the determined kinetic parameters. The negative partial
order of the reaction indicates that the concentration of that species inversely controls the
overall reaction rate and suggests a complex mechanism of the reduction process. The
mechanism may involve a reaction step that proceeds at the phase boundaries limited by
the adsorption/desorption rates. It is also possible that one of the final products of the
reduction process is involved in another step of the reaction mechanism.
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Figure 3. Logarithmic dependencies of normalized reaction rates and normalized numbers of moles
of reactants examined: sodium sulfite (empty circles) and charcoal (filled circles). The rates and
numbers of moles were related to the selected points that correspond to the following compositions
of the system: 15.60 g of SnO2, 5.00 g of charcoal and 5.18 g of sodium sulfite (empty circles), and
15.06 g of SnO2, 10.90 g of charcoal and 10.00 g of sodium sulfite (filled circles). Smelting temperature:
1050 ◦C.

2.3. The Proposed Mechanism of the Smelting Process

All the information obtained from the kinetic studies and the qualitative chemical
analysis (Section 3.4) allowed us to establish a possible mechanism for the thermal reduc-
tion of SnO2 with Na2SO3. The mechanism can be summarized by three key reactions
represented by the following equations:

(A) 2 Na2SO3 → 2 Na2O + 2 SO2;
(B) 3 C + 2 SO2 → 2 COS + CO2;
(C) 3 SnO2 + 2 COS → 3 Sn + 2 CO2 + 2 SO2.
The smelting process can be thus represented by the following reaction scheme:

SnO2 + C
Na2SO3,T→ Sn + CO2

First of all, the molar fractions of the crucial reagents (SnO2: C: Na2SO3 = 1 mole:
1 mole: 2/3 mole, i.e., 150.7 g: 12 g: 84.0 g) confirm roughly the empirically determined
mass ratio of the reactants (i.e., 150 g: (0.6 × 50 g): 100 g, where the number 0.6 corresponds
to the fraction of carbon in charcoal) that generates the maximum percent yield of tin
for temperatures ranging from 950 to 1140 ◦C. Secondly, it suggests the presence of an
intermediate sulfide product—carbonyl sulfide (COS)—in the reaction pathway that may
speed up the reduction of tin dioxide. Depending on the temperature and proportions
of the reactants used, it may act as a reducing agent (more effectively than carbon) or
decompose to produce another effective reducing agent—CO. COS is a product of the
carbothermic reduction of SO2. The latter substance can be easily produced by the thermal
decomposition of sodium sulfite, which occurs above 500 ◦C [16]. This property justifies
the application of sodium sulfite and excludes other sulfur-bearing compounds. Additional
experiments performed with other sulfur-bearing additives (sodium sulfate, sodium sulfide
and even elemental sulfur) supported this conclusion. Replacing sodium sulfite with the
above-mentioned alternative additives practically terminated the production of metallic tin
(the percent yield of tin was close to 0).

At temperatures above 700 ◦C, SO2 undergoes carbothermic reduction to produce
carbonyl sulfide. The formation of the latter substance can be catalyzed by some portion of
SnO2 as shown by Han et al. [17]. This stage of the process can be affected to some extent
by another reaction path:

20



Recycling 2024, 9, 54

(B’) C + SO2 → CO2 + S
However, at the boiling point of sulfur, the reaction B’ also leads to the formation of

carbonyl sulfide [18]. At higher temperatures (above 650 ◦C), the rate of COS decomposition
increases leading to the formation of CO and elemental sulfur [19].

In step (C), involving COS, SnO2 is reduced to metallic tin by either COS or CO. At
this stage, SnO2 may also be partially transformed to SnS2 by COS [17], which will lower,
to some extent, the reaction yield. An alternative reaction path can be represented by the
following equation:

(C’) SnO2 + 2 COS → SnS2 + 2 CO2 (and parallelly Na2O + COS → Na2S + CO2)
The proposed mechanism and the experimental conditions employed for the studies

were also characterized thermodynamically. The expression for the standard free enthalpy
for the reduction process is summarized by the net chemical reaction (SnO2(s) + C(s) +
(2/3) Na2SO3(s) → Sn(s) + CO2(g) + (2/3) SO2(g) + (2/3) Na2O(s)), which is as follows:

ΔG◦ = 444 − 0.328 T [kJ] (1)

where T is the smelting temperature.
The expression for ΔG◦ was derived using the tabulated values of the standard molar

enthalpies of formation (in kJ/mol) and standard molar entropies (in J/mol/K) of the
reactants of Equation (1), i.e., −577.6 and 49, 0 and 5.7, −1100.8 and 145.9, 0 and 51.2,
−393.5 and 213.6, −296.8 and 248.2 and −414.2 and 75.1 for SnO2(s), C(s), Na2SO3(s), Sn(s),
CO2(g), SO2(g) and Na2O(s), respectively.

According to Equation (1), at temperatures higher than 1080 ◦C, the value of ΔG◦ is
negative, and the reaction may proceed in the indicated direction.

2.4. The Effect of the Presence of Lead

The interfering effect of lead or copper is related to the fact that lead and copper
(e.g., present in the oxide forms) react preferably with sulfur-bearing fluxes (carbonyl
sulfide, elemental sulfur) at higher temperatures, producing lead or copper sulfides. These
reactions would consume a significant part of the reducing agent and result in the decrease
or even termination of the tin smelting process. The results of experiments performed for
SnO2 and PbO2 mixed at various mass ratios, presented in Figure 4, led to the conclusion
that the use of the method results in an acceptable yield of tin (more than 70%) if the level
of lead impurities does not exceed 5%.

Figure 4. Percent yield of tin versus mass fraction of PbO2 in the SnO2/PbO2 mixture. Masses
of mixture of tin/lead oxides, charcoal and sodium sulfite: 15, 5 and 10 g, respectively. Smelting
temperature: 1050 ◦C. Error bars represent expanded uncertainties of the determined quantities (i.e.,
their 95% confidence intervals).
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3. Materials and Methods

3.1. Chemicals

Tin oxide (IV) (98%, SnO2), charcoal (containing approximately 60% of carbon), sodium
sulfate (IV) (99.8%, Na2SO3), lead (II) nitrate (V) (99,9%, Pb(NO3)2) and sodium hydroxide
(99%, NaOH) were purchased from Keramos (Poland) and Sigma-Aldrich (Poland).

3.2. Instrumentation

The smelting process was conducted in a laboratory electric furnace (Argenta, Poland).
An X-ray Fluorescence Spectrometer (XRF) (model S1 Titan, Bruker, Billerica, MA,

USA) was used for the determination of the chemical composition of the solid materials.
An Inductively Coupled Plasma Mass Spectrometer (ICP-MS) (NexION 300D,

PerkinElmer, Poland) was used for the validation of the results produced by the XRF method.
The inspection of the surfaces of the smelting products was performed using a scan-

ning electron microscope, model LEO 435VP.

3.3. Smelting Process

In general, the smelting process was examined on batches containing approximately
15 g of tin dioxide, 5 g of charcoal and varying content of sodium sulfite. Kinetic studies
were performed for two sets of samples containing approximately 15 g of tin dioxide and
either a fixed amount of charcoal (5 g) and varying content of sodium sulfite (ranging
from 5.2 to 15.6 g) or a fixed amount of sodium sulfite (10 g) and varying content of
charcoal (ranging from 4 to 15.5 g). All reactants were mixed thoroughly in a crucible and
ground into fine powder. The electric furnace with a maximum temperature of 1150 ◦C was
preheated to the desired temperature. Then, the content of the crucible was transferred to a
melting pot, which was then inserted into the furnace. The smelting process was carried
out for 25–30 min with access to air. After completing the reduction reaction for each run,
the pot was removed, liquid metal was poured out and the slag was collected. The obtained
metallic tin and slag were weighed and analyzed. The smelting process was examined in
graphite, stainless steel and fireclay crucibles. Each run was repeated 3–5 times.

3.4. Chemical Analysis

To determine qualitatively the products of the reduction process, the reaction solid
residue and gaseous products were chemically tested.

The XRF analysis of the solid residue revealed the presence of tin, sodium and sulfur.
This implied the presence of unreacted tin compounds, sodium oxide/carbonate, small
amounts of sulfides and elemental sulfur in the residue. The speciation process was
performed via qualitative chemical analysis using selective precipitation. The residue was
dissolved in ultrapure water and the resulting suspension was filtered. The filtrate pH was
significantly greater than 7. The basic character of the solution confirmed the presence of
sodium oxide and probably sodium carbonate. The resulting solution was then treated with
lead (II) nitrate (V). The formation of black precipitate suggested the presence of sulfide
anions. The presence of sulfides in the smelting residue implied the formation of sulfide
by-products during the smelting process.

The gaseous products of the smelting process were directed to an aqueous solution
of sodium hydroxide and the resulting solution was treated with lead (II) nitrate (V). The
formation of a white precipitate suggested the presence of sulfite and carbonate anions—the
products of the neutralization of SO2 and CO2 by the strong base.

The allotropic form of the metallic product was determined from the examination of its
density. The obtained value, 7.1 g/cm3, confirmed that SnO2 was reduced to crystalline β-Sn.

3.5. Experimental Data Analysis

The obtained metallic tin and the slag were analyzed chemically using a handheld
XRF spectrometer (S1 Titan, Bruker) using the tin alloy calibration mode. Based on the
XRF measurement results, the grade of tin metal and the composition of the slag were
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determined. The efficiency of the smelting process was quantified by the percent yield of
tin given by the following formula:

R = 100 × mSn × PSn/(0.788 × mSnO2 × PSnO2) (2)

where R is the percent yield of tin metal, mSn and PSn are the mass and purity of tin metal
produced, respectively, mSnO2 and PSnO2 are the mass and purity of tin dioxide in the
charge, respectively, and 0.788 is the fraction of tin in tin dioxide.

4. Conclusions

The thermodynamic characteristics (in the form of the temperature dependence of the
standard free enthalpy) of the reduction process validate the optimum smelting temperature
determined experimentally. It confirms that SnO2 in the C/Na2SO3 system can be converted
to metallic tin at a temperature greater than 1080 ◦C. The significant increase in temperature
above the equilibrium level leads to a drop in the percent yield of tin, probably due to the
more effective release of the gaseous intermediate products from the system.

The smelting process was tested in crucibles made of various materials: graphite,
stainless steel and fireclay. Although we have not observed any relation between the
efficiency of SnO2 reduction and the type of the crucible material, it is worth noting that
the porous structure of the graphite material was easily penetrated by gaseous products,
leading to the intensification of its corrosion.

The data on the experimental conditions and the tin recovery levels extracted from the
related works in the literature, along with the details from our work, are summarized in
Table 1.

Table 1. The experimental systems employed for the thermal reduction of SnO2.

Reducing Agent (Temperature [◦C]) Tin Recovery [%] Reference

C graphite/CO (1000) 100 10
H2 (1300) 100 11
CH4 (1473) 100 12
C charcoal/Na2CO3-NaNO3 (1000) 95 13
Ar-balanced CH4 (1000) 80 14
C charcoal/Na2SO3 (1050) 98 This work

Among the limitations of the method developed, one may list the concurrent reactions
involving possible contaminates of tin dioxide. This is especially vital for tin dioxide
obtained from the secondary sources of tin (mainly e-scrap materials) containing lead
additives. The method produces an acceptable yield of tin (more than 70%) if the level of
lead impurities does not exceed 5%.
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Abstract: As more countries emphasize the importance of the circular economy, recycling resources
from waste has become increasingly crucial. This study proposes a novel separation process for
SmCo magnets, which can separate and recover metals by precipitation, thus reducing the amount
of solvent used. The precipitation process involved the use of Na2SO4, NH4OH, and H2C2O4 to
separate Sm, Fe, Cu, and Co, resulting in high precipitation efficiencies of 96.11%, 99.97%, 93.81%,
and 98.15%, respectively. Moreover, the recovered metals can be directly used to create magnets after
calcination, making this process a step towards achieving a circular economy.

Keywords: SmCo magnet; precipitation; resource recovery; recycling

1. Introduction

Rare earth elements include light rare earth elements (LREEs) such as Lanthanum (La),
Cerium (Ce), Praseodymium (Pr), Neodymium (Nd), Promethium (Pm), Samarium (Sm),
and Europium (Eu), and heavy rare earth elements (HREEs) such as Gadolinium (Gd),
Terbium (Tb), Dysprosium (Dy), Holmium (Ho), Erbium (Er), Thulium (Tm), Ytterbium
(Yb), and Lutetium (Lu). Yttrium (Y) and Scandium (Sc) are two other elements excluded
from the LREEs and HREEs classifications [1,2]. The Sm in SmCo magnets belongs to the
light rare earth elements.

In 2022, the global rare earth reserves amounted to approximately 130 million met-
ric tons. Among them, China, Vietnam, Brazil, and Russia hold 44 million, 22 million,
21 million, and 21 million metric tons of rare earth reserves, respectively [3]. These four
countries together possess more than 80% of the world’s rare earth reserves. Rare earth
reserves are excessively concentrated in specific countries. In addition, the production
of rare earth is also concentrated in specific countries. China’s rare earth production in
2022 was 210,000 metric tons, which represented about 70% of the total global rare earth
production [3]. Furthermore, in 2010, China issued the “The Opinion on Promoting Mergers
and Acquisitions of Enterprises” [4], which listed rare earth elements as a key industry
for mergers, acquisitions, and reorganization, in an attempt to reduce the export of rare
earths. This led to a historical high in the price of rare earths [5]. The most effective method
currently to reduce the risk of rare earth supply is to recycle metals from waste [6,7].

Rare earth elements have become a significant topic of discussion among researchers,
entrepreneurs, and politicians in recent years due to their crucial role in current techno-
logical advancements. Rare earths are utilized in a broad range of applications [8–10],
including wind turbines, electric vehicles [11], mobile phones, hard disk drives, fluorescent
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and LED lamps, defense applications, catalysts, pharmaceuticals, and medicine [12]. Of
these, over a quarter of rare earths are utilized in magnet manufacturing [13], which is the
field that consumes the most rare earths. Consequently, if a large number of magnets can
be recycled, rare earth elements can be effectively recovered.

Among the rare earth elements, Nd and Sm are commonly used in magnet produc-
tion. Nd is primarily used to create NdFeB magnets, which are widely applied across
industries due to their high energy density. These industries include acoustic transducers,
wind turbines, electric vehicles, industrial motors, missiles, tanks, warplanes, submarines,
microwaves, computers, printers, and hard disk drives [14–16]. In comparison, SmCo
magnets exhibit unique properties, including higher coercivity and superior temperature
resistance, making them ideal for specialized applications like aero engines [17–19]. While
NdFeB magnets currently account for over 90% of annual rare earth magnet production,
many experts predict an increase in demand for SmCo magnets in the coming years [20].
This shift is largely due to the high cost of dysprosium (Dy), a key component in Nd-
FeB magnets. Consequently, innovative direct and indirect recycling methods for SmCo
magnets must be developed.

Currently, methods for recovering rare earth from NdFeB magnets include hydromet-
allurgical processes [21–24] and pyrometallurgical processes [25–28]. However, there have
been few studies on the recovery of rare earths from SmCo magnets. In the literature [29–31]
on the pre-treatment of SmCo magnets, waste magnets were first demagnetized in a high-
temperature furnace. Sinha et al. (2017) [29] proposed demagnetizing them at a temperature
of 850 ◦C for 6 h. Then, SmCo magnets should be crushed and ground using a hydraulic
press and grinder, which is beneficial for follow-up research. Sinha et al. (2017) [29] also
suggested mechanically crushing, grinding, and screening the SmCo magnet ring with
a 150 μm sieve. After completing the pretreatment process, most studies [29,31–33] use
hydrometallurgical methods to purify and separate valuable metals. First, the powder is
leached with either an inorganic acid (such as sulfuric acid, hydrochloric acid, or nitric
acid) [29,31,32] or an organic acid (such as citric acid) [34]. However, Zhou et al. [33]
(2017) proposed using sulfuric acid to leach waste SmCo magnets. Unfortunately, Sm
easily reacts with sulfuric acid to form samarium sulfate precipitation, which results in
poor leaching efficiency. Therefore, most studies [29,32] have used hydrochloric acid and
nitric acid for leaching. After the leaching experiment was completed, the study used
solvent extraction [17,29,32,35], ion exchange [36], and precipitation [31,33,37,38] methods
for metal separation. Finally, the recovered powder was calcined to meet the raw materials
for making magnets. Sahoo et al. proposed that the separated Sm and Co solutions be
precipitated with oxalic acid, and then the samarium oxalate and cobalt oxalate were
calcined at 800 ◦C and 450 ◦C, respectively, to form metal oxides.

One of the primary strategies for circulating magnet materials throughout the supply
chain involves proposing the most effective approach to refine valuable materials from
discarded SmCo magnets. However, the above studies [17,29,31–33,35,37,38] only focused
on the recovery of Sm and Co, and did not purify and separate all metals (Sm, Co, Fe, Cu,
and Zr) in the waste. Therefore, this study hopes to propose a complete recovery method to
deal with real waste. In addition, in the separation method, after the metal is separated by
the solvent extraction method, metal precipitation is required, and the process is relatively
complicated. The ion exchange method, on the other hand, requires diluting the aqueous
solution, resulting in increased wastewater volumes. In this study, a simpler process was
developed, using the precipitation method to directly separate the metal by precipitation,
so the metal could be reprocessed into a magnet.

2. Results and Discussion

2.1. Selective Precipitation of Sm by Na2SO4

To facilitate subsequent research, precipitation experiments were carried out using
a L9(34) orthogonal table to determine the precipitation efficiency of Sm. The results of
these experiments, showing the precipitation efficiencies of Sm under different parameters,
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are presented in Table 1. The precipitation efficiency was observed to be affected by the
temperature, addition of Na2SO4, and time [33].

Table 1. The orthogonal array experiment results of Sm precipitation.

No. Temp. Time Na2SO4 Sm Co Fe Cu

Unit ◦C min (w/v)% % % % %

1 70 20 6 17.69 0.09 0.64 0
2 70 40 9 90.88 2.05 3.51 1.13
3 70 60 12 99.19 2.31 6.06 0.88
4 80 20 9 90.22 1.78 5.74 0.84
5 80 40 12 99.31 2.85 4.31 0.84
6 80 60 6 44.63 1.25 2.71 0
7 90 20 12 99.40 3.03 4.78 1.34
8 90 40 6 48.59 0 0 0
9 90 60 9 95.60 0 3.19 0

In this study, the priority of each factor on Sm precipitation efficiency was analyzed
through factor effect analysis using results from orthogonal table experiments. The pre-
cipitation efficiency at the addition of Na2SO4 of K3 (as shown in Table 2) represents the
average precipitation efficiency with an addition of Na2SO4 of 12 (w/v)% (as shown in
Table 1). The extreme deviation is the difference between the best and worst precipita-
tion rates of Sm under K1 to K3 conditions. The order of priority for factors that affect
precipitation efficiency was determined using extreme deviation [39,40].

Table 2. Factor response table for Sm precipitation.

Sm

Effect Factor Temperature Time Na2SO4

K1 69.25% 69.10% 36.97%

K2 78.05% 79.60% 92.23%

K3 81.20% 79.81% 99.30%

Extreme Deviation 11.94% 10.70% 62.33%

Priority Order Na2SO4 > Temperature > Time

Table 2 shows the factor response table for the precipitation rate, which revealed
that the order of influence on precipitation efficiency was Na2SO4 > temperature > time.
The preliminary optimal parameters determined were 12 (w/v)% Na2SO4 addition, 80 ◦C
temperature, and 40 min time, which resulted in the highest precipitation efficiency. As the
precipitation efficiency at 40 and 60 min was found to be equivalent, 40 min was chosen as
the initial optimum parameter. Similarly, as the precipitation efficiency at 80 and 90 ◦C was
also found to be equivalent, 80 ◦C was selected as the initial optimum parameter time.

Figure 1 illustrates the results of the Sm precipitation confirmation experiment. As
shown in Figure 1a, Sm precipitation efficiency was less than 50% when 6 (w/v)% of
sodium sulfate was added. However, when the amount of sodium sulfate was increased
to 10 (w/v)%, the precipitation efficiency of Sm significantly improved, reaching 96.25%.
Therefore, the amount of sodium sulfate added was identified as the most crucial parameter,
as it had a significant impact on precipitation effectiveness.

Compared with the amount of sodium sulfate added, the temperature had a negligible
effect on Sm precipitation efficiency, as depicted in Figure 1b. When the Sm temperature
was 60 ◦C, the precipitation efficiency reached 93.44%, and increasing the temperature
did not result in a significant improvement in precipitation efficiency. However, at a
temperature of 60 ◦C, the co-precipitation efficiency of Fe was 18.56%. Thus, 60 ◦C was
not the optimal precipitation parameter. The primary reason for Fe co-precipitation was
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that Fe readily forms ferric sulfate precipitation at lower temperatures [41–43], resulting in
increased co-precipitation rates of Fe. Therefore, the optimal temperature was 70 ◦C.

 
(a) (b) 

 

 

(c)  

Figure 1. Effects of (a) addition of sodium sulfate (temperature = 80 ◦C, time = 40 min), (b) tempera-
ture ([Na2SO4] = 10 (w/v)%, time = 40 min), and (c) time ([Na2SO4] = 10 (w/v)%, temperature = 70 ◦C)
on Sm precipitation.

Figure 1c shows that the Sm precipitation reaction was relatively slow, and it took
50 min to achieve a Sm precipitation rate higher than 95%.

Combining the above results, the optimal conditions for precipitation were determined
to be the addition of 10 (w/v)% of sodium sulfate, a temperature of 70 ◦C, and a precipitation
time of 50 min. Under these conditions, the precipitation rates of Sm, Co, Fe, and Cu were
96.11%, 0.05%, 0%, and 0%, respectively. This successful separation of Sm resulted in a
co-precipitation rate of other metals that were less than 0.1%.

The findings of this study were compared to those of Zhou et al. [33] (Table 3). Zhou
et al. [33] utilized sulfuric acid for leaching, resulting in a solution with a high concen-
tration of sulfate ions, which promoted the precipitation of sodium samarium bisulfate.
Consequently, less sodium sulfate was added in their study. The precipitation of sodium
samarium bisulfate is demonstrated in Formula (1). Despite the higher molar ratio used
in this study, a greater amount of Sm was successfully precipitated at lower tempera-
ture and time conditions. Moreover, this study effectively optimized the parameters for
Sm precipitation.

Sm2(SO4)3 + Na2SO4 + 2H2O ↔ 2NaSm(SO 4)2·H2O (1)
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Table 3. Comparison of results for Sm precipitation.

No. This Study Zhou et al. [33]

Temp. 70 ◦C 80 ◦C

Time 50 min 60 min

Molar ratio 6.69:1 4:1

Leachate HNO3 H2SO4

Ions in the leachate Sm, Co, Fe, and Cu Sm and Co

The precipitation rate of Sm 96.11% 93.4%

2.2. Selective Precipitation of Fe by NaOH

This section analyzes the impact of pH and time on Fe precipitation. Figure 2a shows
the effect of pH on Fe precipitation, revealing that the efficiency of Fe precipitation was less
than 10% when the pH was below 2.5, and the co-precipitation rate of Cu exceeded 50%
when the pH was above 4. Thus, pH was a crucial factor in Fe precipitation. The optimal Fe
precipitation rate of 98.28% was achieved at a pH of 3.5, with less than 1% co-precipitation
of other metals. Therefore, a pH of 3.5 was selected as the optimal parameter.

(a) (b) 

Figure 2. Effects of (a) pH (temperature = 25 ◦C, time = 60 min) and (b) time (pH = 3.5,
temperature = 25 ◦C) on Fe precipitation.

The results regarding the effect of time on Fe precipitation are shown in Figure 2b. The
efficiency of Fe precipitation was faster compared with that of Sm precipitation. At a time
of 10 min, the precipitation rate of Fe reached 99.97%.

Combining the aforementioned results, it can be concluded that the precipitation rates
of Fe, Cu, and Co were 99.97%, 0%, and 0%, respectively, when the pH was 3.5 and the time
was 10 min. Fe was successfully separated, and the co-precipitation rate of other metals
was less than 0.1%.

The study of SmCo magnets has not yielded any other studies on Fe precipitation
separation so far. Therefore, no comparison of experimental results was made, highlighting
the novelty of this study.

2.3. Selective Precipitation of Cu by NaOH

This section discusses the impact of pH and time on the efficiency of Cu precipitation.
The effect of pH on the Cu precipitation efficiency is demonstrated in Figure 3a. The pH
level played a crucial role in Cu precipitation as it significantly influenced precipitation
efficiency. The optimal precipitation pH value was found to be 6.5, resulting in a Cu
precipitation efficiency of 94.93%.
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(a) (b) 

Figure 3. Effects of (a) pH (temperature = 25 ◦C, time = 60 min) and (b) time (pH = 6.5, tempera-
ture = 25 ◦C) on Cu precipitation.

Figure 3b shows the effect of time on Cu precipitation efficiency. The Cu precipitation
rate was slow, taking more than 70 min to achieve over 90% efficiency.

By combining the above findings, it was determined that a pH of 6.5 and a precipitation
time of 70 min resulted in Cu and Co precipitation rates of 93.81% and 0.95%, respectively,
indicating successful Cu separation with less than 1% Co co-precipitation.

The study of SmCo magnets has not yielded any other studies on Cu precipitation
separation so far. Therefore, no comparison of experimental results was made, highlighting
the novelty of this study.

2.4. Selective Precipitation of Co by Oxalic Acid

This part discusses the influence of molar ratio and time on the Co precipitation effect,
as shown in Figure 4. As the molar ratio increased from 0.5 to 1.5, the Co precipitation
efficiency increased from 76.76% to 96.84%. However, increasing the precipitation time
did not significantly increase the precipitation efficiency. Therefore, the molar ratio had a
greater influence on Co precipitation.

(a) (b) 

Figure 4. Effects of (a) molar ratio (temperature = 25 ◦C, time = 60 min) and (b) time (molar ratio = 1.5,
temperature = 25 ◦C) on Co precipitation.

In the study of the influence of time on Co precipitation, it was found that the Co
precipitation rate was very fast. The Co precipitation efficiency reached 98.15% in 1 min.

Based on the above results, the precipitation rate of Co reached 98.15% under the
condition of a molar ratio of 1.5 and a time of 1 min. These results were compared with
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those of Wang et al. [36] (Table 4). Despite the higher molar ratio used in this study, more
Co was successfully precipitated under lower temperature and time conditions. Moreover,
this study effectively optimized the parameters for Co precipitation.

Table 4. Comparison of results for Co precipitation.

No. This Study Wang et al. [36]

Temp. 25 ◦C 60 ◦C

Time 1 min 60 min

Molar ratio 1.5:1 1:1

Leachate HNO3 H2SO4

The precipitation rate of Co 98.15% 96.20%

2.5. Characterization of NaSm(SO4)2

As NaSm(SO4)2 releases sulfur oxides during TGA analysis, which can damage the
instrument, the oxidation temperature was not determined. However, Denisenko et al. [44]
proposed that heating NaSm(SO4)2 to 1187 ◦C would decompose it into liquid sodium sul-
fate and solid samarium oxide. In this study, NaSm(SO4)2 can be used to obtain samarium
oxide, which can be reused to make magnets.

The Sm precipitate obtained was analyzed by XRD, and the results are displayed in
Figure 5. The major peaks of NaSm(SO4)2 H2O at 25.699◦, 29.736◦, 42.325◦, and 49.278◦ were
observed, confirming the presence of crystalline NaSm(SO4)2 H2O as the dominant phase.

Figure 5. The XRD analysis of NaSm(SO4)2.

2.6. Preparation of Iron Oxide and Characterization

The TGA diagram and oxidation formula of Fe(OH)3 are shown in Figure 6a and
Formula (2), respectively. It can be observed that there is no significant weight loss when
the temperature reached 500 ◦C, and the weight remained at about 59.40% of the original
weight. Based on the theory of weight loss after oxidation, it can be concluded that the
final oxidation temperature of Fe(OH)3 was 500 ◦C.
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(a) (b) 

Figure 6. The (a) TGA analysis of Fe(OH)3 and the (b) XRD analysis of Fe2O3.

Fe(OH)3 was calcined at 500 ◦C for 4 h, and the XRD analysis was performed
(Figure 6b). The results showed that after calcination, the sample exhibited the main
peak of Fe2O3 at 33.152◦, confirming that Fe(OH)3 had transformed into Fe2O3.

2Fe(OH)3 → Fe2O3 + 3H2O (2)

2.7. Preparation of Copper Oxide and Characterization

Figure 7a and Formula (3) depict the TGA diagram and oxidation formula of Cu(OH)2,
respectively. Upon analysis, it was observed that there was no significant weight loss when
the temperature reached 500 ◦C. At this temperature, the weight was approximately 80.36%
of the original weight, which was consistent with the theoretical value of weight loss after
oxidation. Thus, 500 ◦C was determined to be the final oxidation temperature of Cu(OH)2.

(a) (b) 

Figure 7. The (a) TGA analysis of Cu(OH)2 and the (b) XRD analysis of CuO.

After calcining Cu(OH)2 at 500 ◦C for 4 h, the XRD analysis was performed, and the
results are shown in Figure 7b. The XRD pattern of the calcined Cu(OH)2 matches with the
main peaks of CuO at 35.495◦ and 38.730◦, confirming the transformation of Cu(OH)2 to
CuO upon calcination.

Cu(OH)2 → CuO + H2O (3)
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2.8. Preparation of Cobalt Oxide and Characterization

The TGA diagram and oxidation formula of CoC2O4 are shown in Figure 8a and
Formula (4), respectively. Upon analysis, it was observed that there was no significant
weight loss when the temperature reached 470 ◦C. At this temperature, the weight was
approximately 38.98% of the original weight, which was consistent with the theoretical
value of weight loss after oxidation. Therefore, 470 ◦C was determined to be the oxidation
temperature of CoC2O4.

(a) (b) 

Figure 8. The (a) TGA analysis of CoC2O4 and the (b) XRD analysis of Co3O4.

After calcination of CoC2O4 at 500 ◦C for 4 h, the XRD analysis was performed, and
the results are shown in Figure 8b. The XRD pattern of the calcined CoC2O4 corresponds
to the main peaks of Co3O4 at 36.935◦, 59.508◦, and 65.406◦, confirming the transformation
of CoC2O4 to Co3O4 upon calcination.

3CoC2O4 + 2O2 → Co3O4 + 6CO2 (4)

3. Materials and Methods

3.1. Materials

Tai Chuan Metal Co., Ltd. (Taipei, Taiwan) provided the SmCo magnet scraps used in
this study, which were abundant in Sm, Co, Fe, Cu, and Zr. Table 5 displays the composition
of the SmCo magnet scrap after digestive analysis and the concentrations of Sm, Co, Fe, and
Cu in the leachate, which only contains these metals since Zr, which cannot be leached [45],
was initially separated during the leaching process. The leachate was produced at a
temperature of 25 ◦C, a nitric acid concentration of 2.5 mol L−1, a solid-to-liquid ratio of
65 g L−1, and a time of 1 min, resulting in a leaching efficiency of 99.52%, 92.45%, 92.84%,
and 94.30% for Sm, Co, Fe, and Cu, respectively.

Table 5. The content of the SmCo magnet and the concentration in the leachate.

Element Sm Co Fe Cu Zr

The weight percent of
element (wt.%) 22.70 51.08 14.51 5.12 4.31

Metal concentration in
leachate (ppm) 15,756 31,088 8762 3174 -

Nitric acid (HNO3, 70%) and hydrochloric acid (HCl, 37%) for aqua regia digestion,
nitric acid (HNO3, 70%) for leaching, sodium sulfate (Na2SO4, 99.5%) for Sm precipitation,
ammonia (NH4OH, 29%) for precipitation of Fe and Cu, and oxalic acid (H2C2O4, 99%)
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for Co precipitation were purchased from Echo Chemical Co., Ltd. (Miaoli, Taiwan). All
aqueous solutions were prepared in deionized water.

3.2. Equipment

The pH of the solution was monitored by a pH meter (PL-700PVS, Dogger Science,
Taipei, Taiwan). In order to control the precipitation and leaching temperature, the precipi-
tation and leaching process was carried out in a thermostatic bath with magnetic stirring
(Shin-Kwang Precision Industry Ltd., New Taipei, Taiwan). Subsequently, the solid–liquid
separation was carried out through a filter device (Chemker 300, Rone Scientific Co., Ltd.,
New Taipei, Taiwan). An atomic absorption spectrometer (AAS, PinAAcle 900F AA Spec-
trometer, PerkinElmer Inc., Waltham, MA, USA) was used to analyze the concentration
of metals in the aqueous solution. The oxidation temperature of Fe(OH)3, Cu(OH)2, and
CoC2O4 in the precipitation were analyzed by thermogravimetry analysis (TGA, TGA-51,
Shimadzu, Japan). The crystal structure of the product (NaSm(SO4)2, Fe2O3, CuO, and
Co3O4) were analyzed via X-ray diffractometry (XRD, DX-2600, Dandong, China), with Cu
Kα radiation ranging from 2θ = 10–70◦, to identify the phases present. The precipitate was
calcined using a high-temperature furnace (Thermo Scientific Lindberg/Blue M BF51866C
Muffle Furnace, Hogentogler & Co., Inc., Howard County, Columbia, MD, USA).

3.3. Experimental Method
3.3.1. The Composition of the Magnet

To confirm the powder composition, aqua regia digestion was utilized. In detail, 1 g
of SmCo magnet powder was added to a 250 mL conical flask containing 10 mL of nitric
acid and 30 mL of hydrochloric acid. The flask was then placed in a thermostatic bath at
90 ◦C for one day to guarantee complete metal dissolution. The metal concentration in the
resulting aqueous solution was analyzed using AAS. The contents of Sm, Co, Fe, Cu, and
Zr in the magnet are displayed in Table 5.

3.3.2. Leaching of Magnets

The hydrometallurgical method was employed in this study to recover the metals
from the magnet. For leaching, SmCo magnet powder and 100 mL of an acid solution
(a mixture of deionized water and the required amount of acid) were added to a 250 mL
conical flask, and the experimental temperature was regulated using a thermostatic bath.
The resulting solution was filtered, and the metal concentration was analyzed using AAS.
The leaching efficiency (L%) was determined using Formula (5) [33].

L(%) =
V1(L)× C1(g L−1)

M1(g)× W1
× 100% (5)

where M1 is the mass of the alloy sample, W1 is the metal content of the alloy sample, V1
is the volume of the leach solution, and C1 is the mass concentration of the metal in the
leach solution.

3.3.3. Precipitation Method

For the precipitation experiment, this study added 100 mL of leachate and precipitant
to a 250 mL Erlenmeyer flask. The experimental temperature and stirring rate were
controlled using a thermostatic bath. The resulting solution was filtered, and the metal
concentration was analyzed using AAS. The precipitation efficiency (P%) was determined
using Formula (6) [33].

P% =
V2 × C2 − V3 × C3

V2 × C3
× 100% (6)

where P is the precipitation percentage of metal, V2 and V3 are the volume of the leachate
and the filtrate, respectively, and C2 and C3 are the mass concentrations of metal in the
leachate and in the filtrate, respectively.
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3.3.4. Sm Precipitation

The previous study [33] revealed that sodium sulfate exhibited selective separation
characteristics for Sm precipitation under low pH conditions. Therefore, this study first
employed sodium samarium sulfate to investigate Sm separation. In contrast to the study
by Zhou et al. [33], which focused solely on the separation of Sm and Co, this study
aims to investigate the separation of Sm, Co, Fe, and Cu with more complex components.
Furthermore, this study employed the Taguchi method to determine the priority order
of each parameter on precipitation efficiency and determine the optimal precipitation
parameters. In comparison to the one-factor-at-a-time experimental method and the full-
factor experiment method, the Taguchi method requires fewer experiments to obtain useful
statistical information. Therefore, the Taguchi method was adopted for this study.

The efficiency of Sm precipitation is influenced by various factors, such as temperature,
the addition of Na2SO4, and time [33]. To determine the priority order of these three factors
on precipitation efficiency, this study used the Taguchi method. First, the orthogonal
array experiment was implemented. This study used a L9(34) orthogonal table with
selected control factors and levels of temperature (70–90 ◦C), an addition of Na2SO4
(6–12 g 100 mL−1), and time (20–60 min), as shown in Table 6. After completing the
orthogonal array experiment, this study performed a factor effect analysis to understand
the order of priority of each factor affecting the Sm precipitation efficiency and found the
preliminary optimal experimental parameters. Finally, this study used the priority ranking
of precipitation by each factor to conduct confirmation experiments and obtained the best
precipitation parameters.

Table 6. A L9(34) orthogonal table of Sm precipitation.

No. Temp. Time Na2SO4

Unit ◦C min (w/v)%

1 70 20 6
2 80 40 9
3 90 60 12

3.3.5. Fe and Cu Precipitation

This study examines the precipitation efficiency of Fe, Cu, and Co at different pH
values. The results [38] show that Fe precipitation occurs at a pH range of 2–2.7, while
Cu precipitation occurs at pH 4.5–6.5, and Co precipitation at pH 7.5–9. Based on these
findings, it is believed that adjusting the pH value is an effective method for separating
these metals. Furthermore, the research findings [38] indicate that precipitation of each
metal can be achieved at room temperature. As a result, this study opted to investigate the
precipitation of Fe and Cu at 25 ◦C.

Given that the parameters that need to be adjusted for Fe and Cu precipitation are pH
and time, and based on previous studies [38], it is clear that pH affects metal precipitation
more than time. Therefore, the optimal precipitation parameters for Fe and Cu were deter-
mined without evaluating the relative importance of each parameter. For Fe precipitation
parameter adjustments, the pH range was from 2 to 5 and the time range was from 1 to
30 min. For Cu precipitation parameter adjustments, the pH range was from 5 to 7 and the
time range was from 10 to 90 min.

3.3.6. Co Precipitation

To produce a reusable product, this study employed oxalic acid for Co precipitation.
For Co precipitation parameter adjustments, the molar ratio ranged from 0.5 to 4, and the
time ranged from 1 to 9 min.
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3.3.7. Product Preparation and Characterization

To obtain raw materials suitable for magnet production, this study analyzed the
oxidation temperature of the precipitate using TGA to confirm the oxidation temperature
of each metal. However, sodium samarium bisulfate was not analyzed using TGA due to
the generation of sulfur oxides during the analysis process, which could cause damage to
the instrument.

After confirming the oxidation temperature of each metal, this study proceeded with
the oxidation of the precipitate. Specifically, 5 g of the precipitate was placed into a ceramic
vessel, which was put into a high-temperature furnace. The temperature was raised to the
required level in order to obtain the oxides of each metal. Finally, the XRD [46] was used to
confirm the composition of the product (NaSm(SO4)2, Fe2O3, CuO, and Co3O4).

3.3.8. Separation Process

Figure 9 shows the research process. First, this study added sodium sulfate to pre-
cipitate Sm from the leachate. The Sm formed a precipitate of NaSm(SO4)2 which was
separated from the leachate. Secondly, this study added ammonia to precipitate Fe from the
leachate by adjusting the pH, and the Fe formed a Fe(OH)3 precipitate. Thirdly, this study
added ammonia to precipitate Cu by adjusting the pH and obtained a Cu(OH)2 precipitate.
Fourth, the Co was precipitated as CoC2O4 by the addition of oxalic acid. Fifth, this study
carried out a TGA analysis and calcination experiments to obtain the metal oxides of the
precipitates. Finally, this study carried out XRD analysis to confirm the composition of
the precipitates.

Figure 9. Proposed methodology for recycling Sm, Co, Fe, and Cu.

4. Conclusions

In this study, Na2SO4, NH4OH, and H2C2O4 were used to precipitate and separate
Sm, Fe, Cu, and Co. The precipitation efficiencies for Sm, Fe, Cu, and Co were 96.11%,
99.97%, 93.81%, and 98.15%, respectively, with co-precipitation efficiency below 1%. The
XRD analysis indicated that the precipitates were NaSm(SO4)2, Fe2O3, CuO, and Co3O4,
respectively. This study proposes a new method for recycling SmCo magnets, enabling the
recovered metals to be converted back into magnets to support a circular economy.

Compared with solvent extraction and ion exchange techniques, the precipitation
method proposed in this study significantly reduces wastewater output and enables a
one-step recovery process, thereby streamlining the recovery procedure. Nevertheless, the
approach to wastewater treatment in this study warrants further investigation. Given the
advanced state of current industrial wastewater treatment technologies, it is anticipated
that effective solutions can be implemented to address this aspect with clarity.
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Abstract: Developing an efficient recycling route for spent single-use medical devices is essential
for recovering precious metals. The proposed complete hydrometallurgical route goes through the
initial pyrolysis and acid digestion steps, expanding upon our previous relevant work in the field,
followed by solvent extraction, stripping, and precipitation procedures. In this study, a complete
hydrometallurgical process was developed for the recovery of gold, platinum, iridium, and tantalum,
separating them from other metals, i.e., from iron, chromium, and nickel, also present in the examined
medical devices, i.e., (i) diagnostic electrophysiology catheters, containing gold, (ii) diagnostic
guide wires, containing platinum and iridium alloys, and (iii) self-expanding stents, containing
tantalum. This study reports the experimental results of selecting an efficient extractant, stripping,
and precipitation agent, along with the effects of key factors that influence each consecutive step of
the process, i.e., agent concentration, aqueous to organic phase ratio, contact time, and pH, using
simulated metal solutions and also applying the obtained optimal conditions to the treatment of
real sample solutions. For the selective separation of gold, Aliquat 336 was used to extract it in the
organic phase; it was then stripped using a thiourea solution and precipitated by utilizing an iron
sulfate (II) solution and proper pH adjustment. The selective separation of platinum was achieved by
using Aliquat 336 for the organic phase extraction and a perchlorate acid solution for stripping it
back into the aqueous solution and adding a sodium bromate solution to precipitate it. Due to the
similar chemical behavior, the selective recovery of iridium followed the same processes as that of
platinum, and the separation between them was achieved through selective precipitation, as heating
the solution and adjusting the pH value resulted in the selective precipitation of iridium. Lastly,
the selective recovery of tantalum consists of extraction by using Alamine 336, then stripping it
back to the aqueous phase by using sodium chloride, and precipitation by using potassium salt
solution and proper pH adjustment. A total recovery of 88% for Au, 86% for Pt, 84% for Ir, and
80% for Ta was obtained, thus achieving a high uptake of precious metals from the examined real
spent/waste samples.

Keywords: medical waste; solvent extraction; stripping; precipitation; separation; hydrometallurgy;
gold; platinum; iridium; tantalum

1. Introduction

Noble metals are crucial for manufacturing several different advanced technological
applications, including (but not limited to) the automobile, chemical, electronic, and
medical industries [1,2]. Furthermore, new technological developments require an increase

Recycling 2024, 9, 118. https://doi.org/10.3390/recycling9060118 https://www.mdpi.com/journal/recycling39



Recycling 2024, 9, 118

in the market’s needs regarding the availability of noble metals [3]. For instance, 5G
networks and electric cars (current technological trends) are among the many applications
requiring the presence of noble metals, such as tantalum [4].

Noble metals are often used during diagnostic or other medical procedures due to
their inertness and visibility through fluoroscopy [5]. Many single-use medical devices
usually contain noble metal parts, such as diagnostic electrophysiology catheters that
contain Pt/Ir alloy marker bands [6], diagnostic guide wires with Au coating media [7],
and self-expanding stents with Ta marker dots at each edge [8]. Due to health concerns, the
reuse or recycling of such products are avoided [9]. Therefore, the waste generated from
such products is conventionally sterilized and disposed of in landfills or incinerated after
their first use [10].

With the primary sources of noble metals being mining, located mainly outside Eu-
rope, as Europe provides only around 3% of the respective demand/needs, their recovery
from secondary sources can (at least partly) replace the need for imports and guarantee
their supply [11]. Consequently, the European Union’s directives call for considering sec-
ondary sources of noble metals as primary ones [12]. Hence, many studies focus on the
recovery of noble metals from industrial slimes [13], spent catalysts [13,14], and electronic
wastes [15–17]. The recovery of noble metals from spent/used medical devices has not been
thoroughly investigated and is, to the best of our knowledge, limited to the recovery of gold
from implantable devices containing printed circuit boards (e.g., from pacemakers) [18].
According to recent surveys, more than 1 million cardiac catheter ablation procedures [19]
and more than 3 million cardiac catheterization procedures are performed worldwide
annually [20]. Also, more than 2 million stents are being implanted annually [21]. Even
though stents are implanted permanently inside patients’ bodies, approximately 10% of
hospitals’ stent stock is estimated to be discarded due to product expiry [22]. Such products
are sold at approximately 50–90% below the Manufacturer’s Suggested Retail Price (MSRP)
(Medical Materials, n.d.) for training and non-clinical research purposes or, most commonly,
without further use. Considering these facts, the recovery of noble metals from medical
devices is selected to be examined in this study as it poses great potential for enhancing
their recycling potential.

Several processes have been proposed that can be used to recover noble metals from
secondary sources [16]. The most widespread methods for recovering gold, platinum,
iridium, and tantalum consist of pyrometallurgy and hydrometallurgy processes [23–25].
Hydrometallurgy presents more advantages than pyrometallurgy, including higher pu-
rification yields and lower temperatures during its implementation. This means that it
consumes less energy on average and has promising scalability and recovery yields due to
better process control [15]. The hydrometallurgical recovery of these noble metals focuses
on their selective separation from and among other metals (impurities). In general, the
hydrometallurgical route for the recovery of any metal entails the dissolution of the sec-
ondary source sample and then the application of a separation method, usually followed
by precipitation.

Especially for the recovery of gold, the gold-containing sample is dissolved by using
aqua regia [26], a solution of HCl with H2O2 as the oxidizing agent [27], or cyanide [16].
The separation of gold from the other metals that may have been co-dissolved along with it
can be achieved in various ways, such as by the use of activated carbon [28], ion exchange
resins [29], or polymeric membranes [30], or by solvent extraction and precipitation [26].
Only a few solvents have been used so far for the separation of gold, and the most effective
of them proved to be Aliquat 336, previously used for the extraction of gold from an
aqueous solution to the organic phase and, afterward, a thiourea solution utilized for the
stripping of gold from the organic phase back to the aqueous one [26]. A similar system of
Cyanex 272 and NH4Cl, respectively, has also been applied for the selective recovery of
gold [2]. The precipitation of gold can be subsequently achieved either with the addition
of metal shavings or powders, such as iron, to the resulting solution [25] or by the use of
proper salt solutions, such as Na2SO3 [17] and FeSO4 [27].
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Noble metals, such as platinum and iridium, are significantly harder to separate from
each other due to their similar chemical behavior. The dissolution of platinum-containing
samples was achieved by using aqua regia [31,32] or NaCN [16]. The dissolution of iridium
in iridium–platinum alloys was successful with aqua regia treatment under heat. [33,34].
The selective recovery of platinum was achieved mainly through solvent extraction by
using Aliquat 336 [32], LIX 63 [34], or Alamine 300 [35], and then, for the stripping of
platinum from these solutions, HClO4 [32,34] and NaSCN [35] were used. The selective
recovery of iridium was also achieved with solvent extraction by applying organic reagents,
such as Aliquat 336 [2,34], LIX 63 [34], or Cyanex 471X [33]. Subsequently, the iridium was
stripped from these solutions by using HClO4 [34] or thiourea [33]. Both platinum and
iridium cementation can also be achieved by adding NH4Cl [31,36] or NaBrO3 [37].

Tantalum-bearing samples were typically dissolved using a concentrated HF and
H2SO4 mixture [38–41]. The separation of tantalum was achieved with solvent extraction
using Cyanex 923 [40] or Alamine 336 [24,38,39] and subsequently, NH3 [40], H2O [24], or
NaCl [39] were examined to strip it from the organic solvents. Tantalum cementation is
also achieved by adding NH3 to the tantalum solution [39], or by the addition of KF or KCl
in alkaline pH [24,40].

In our previous work, a process of recovery, consisting of the application of initial
pyrolysis for the elimination of polymer content and from the selective dissolution of noble
metals existing in diagnostic electrophysiology catheters (Pt and Ir), diagnostic guide wires
(Au), and self-expanding stents (Ta), considered as a single waste stream, was proposed [1].
By using the corresponding results as our guiding points, in this study, we aim to develop
an integrated hydrometallurgical process for the recovery of gold, platinum, iridium, and
tantalum, separating them selectively from the other common co-existing metals (i.e.,
iron, chromium, and nickel) present in medical devices. The process involves three main
treatment steps, applied consecutively, i.e., solvent extraction, stripping, and precipitation
of the previously leached metals. The experimental optimization of the extractant, stripping,
and precipitation agent selection, along with the effects of the critical factors that influence
each consecutive step of the integrated process, i.e., agent concentration, aqueous to organic
phase ratio, contact time, and pH, are investigated in this research.

2. Results and Discussion

2.1. Extraction Performance
2.1.1. Selection of Extraction Reagents

The results of the preliminary experiments, using single-metal synthetic aqueous
solutions to determine the optimal reagent for each (selective) extraction, are presented
in Figure 1. Au3+, Ir3+, and Pt4+ were successfully extracted (>85%) by Aliquat 336, as
they present similar chemical behavior [33]. This extraction is mainly based on an ion
exchange mechanism, in which the negatively charged chloro-complexes of these metals
are exchanged with the Cl− anions of the ammonium functional group of Aliquat 336,
resulting in their transfer into the organic phase [42]. The extraction of Au, Pt, and Ir
follows the reactions 1–3 [26,36,43,44]:

[AuCl4]
−
(aq) +

(
R3R′N+Cl−

)
(org) �

[(
R3R′N+

)
AuCl4

−]
(org) + 2Cl− (1)

[PtCl6]
2−

(aq) + 2
(

R3R′N+Cl−
)
(org) �

[(
R3R′N+

)
2PtCl6

2−]
(org)
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3−
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3 IrCl6

3−]
(org)
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Figure 1. Effect of extractants’ solvent/type on the percentage extraction of examined precious/noble
metals. Experimental conditions: (i) aqueous phase: single-metal solutions containing 50 mg/L Au3+,
Ir3+, Pt4+, or Ta5+; (ii) organic phase: [Toluene] = 9.44 M, [Hexane] = 7.66 M, [Aliquat 336 in toluene]
or [Alamine 336 in toluene] = 0.5 × 10−3 M; O/A ratio = 1/1; O/A interaction/contact time = 30 min;
temperature 25 ± 1 ◦C; rotation 45 rpm.

On the other hand, Ta5+ was successfully extracted (90%) by Alamine 336 since its ac-
tive nitrogen atom reacts with inorganic complexes to form amine salts, which can undergo
ion exchange reactions with other anions. Reactions 4 and 5 describe the corresponding
mechanism, i.e., the protonation of amine followed by the ion exchange extraction proce-
dure [43], making it ideal for the low pH value of the solution that results from the acid
digestion of Ta-bearing samples.

(R3N)org + HF → (
R3NH+F−)

org (4)

2
(

R3NH+F−)
org +

(
TaF2−

7

)
→ [(R3NH)2TaF7]org + 2F− (5)

2.1.2. Optimal Extractant Concentrations

The effect of the optimal extractants’ concentration is presented in Figure 2. The
highest extraction rate was achieved by applying equal or greater than the respective
required stoichiometric concentrations, as determined by Reactions 3, 4, 5, and 7. In
total, 99.5% of Au3+ was extracted by using 0.27 × 10−3 M Aliquat 336, 100% of Pt4+ was
extracted by using 0.625 × 10−3 M Aliquat 336, and 95.4% of Ir3+ was extracted by using
0.65 × 10−3 M Aliquat 336, while 94.4% of Ta5+ was extracted by using 0.54 × 10−3 M
Alamine 336. The optimal extractant concentration was stoichiometrically required for most
examined metals; however, for the case of Ta, a double concentration of the stoichiometric
concentration was needed for the optimal extraction due to the ability of H2O to strip Ta
back to the aqueous phase [24].
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Figure 2. Effect of extractants’ concentration on the percentage extraction of studied precious/noble
metals. Experimental conditions: (i) aqueous phase: single-metal solutions containing 50 mg/L
of Au3+, Ir3+, Pt4+, or Ta5+; (ii) organic phase: [Aliquat 336 in toluene] = 0.13–0.65 × 10−3 M for
Au3+, Ir3+ and Pt4+, [Alamine 336 in toluene] = 0.27–0.54 × 10−3 M for Ta5+; O/A = 1/1; O/A
interaction/contact time = 30 min; temperature 25 ± 1 ◦C; rotation 45 rpm.

2.1.3. Optimal Extraction Phase Ratio

The results of the three examined organic/aqueous (O/A) phase volume ratios on
the extraction rate of the examined metals are presented in Figure 3. Au3+, Pt4+, and
Ta5+ exhibited better extraction results (>85%) at O/A = 1/1, and Ir3+ at O/A = 1/2. The
slight difference in the extraction percentages of Ir3+ (i.e., 88% with O/A = 1/1 and 93.5%
with O/A = 1/2) is based on the variation in the distribution of the chloroanions during
the ion exchanges, which follows the order [MCl6]2− > [MCl4]2− > [MCl6]3− overall
lowering the Ir3+ extraction percentage in a lower Aliquat 336 concentration [36]. Due to
the fact that Ir and Pt coexist in the Pt/Ir marker bands of the examined single-use medical
devices, we selected O/A = 1/1 ratio as the optimum to be used for the next steps of the
experimental investigation.

Figure 3. Effect of O/A ratio (volume of respective phases) on the percentage extraction of examined
precious metals. Experimental conditions: (i) aqueous phase: single-metal solutions, containing 50 mg/L
Au3+, Ir3+, Pt4+, or Ta5+; (ii) organic phase: [Aliquat 336 in toluene] = 0.135–0.54 × 10−3 M for Au3+,
[Aliquat 336 in toluene] = 0.25–1 × 10−3 M for Pt4+, [Aliquat 336 in toluene] = 0.26–1.2 × 10−3 M for Ir3+,
[Alamine 336 in toluene] = 0.2–0.8 × 10−3 M for Ta5+; total volume = 30 mL; O/A interaction/contact
time = 30 min; temperature 25 ± 1 ◦C; rotation 45 rpm.
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2.1.4. Optimal Extraction Time

The effect of the contact time variation for the O/A phase interaction is presented
in Figure 4. Au3+ and Pt4+ exhibited almost total quantitative extraction (>98%) after
30 min. Ir3+ extraction increased from 88% at 30 min to 98% at 60 min. Once again, since
Ir and Pt co-exist in the marker bands of the examined single-use medical devices, the
30 min time period was selected as the optimum extraction time for both metals. The
percentage extraction of Ta5+ dropped from 90% at 10 min to 77% at 30 min and remained
almost constant (78%) at 60 min. The longer the interaction time used, the more Ta was
stripped back into the aqueous phase [24]. As a result, 10 min was selected as the optimum
extraction/contact time for tantalum.

Figure 4. Effect of contact time variation in the O/A phase interaction on the percentage extraction of
examined precious metals. Experimental conditions: (i) aqueous phase: single-metal solutions, containing
50 mg/L Au3+, Ir3+, Pt4+, or Ta5+; (ii) organic phase: [Aliquat 336 in toluene] = 0.27–0.52 × 10−3 M for
Au3, Ir3+ or Pt4+, [Alamine 336 in toluene] = 0.27 × 10−3 M for Ta5+; O/A ratio = 1/1; temperature
25 ± 1 ◦C; rotation 45 rpm.

2.1.5. Extraction Selectivity

Aliquat 336 proved a suitable extractant due to the selective extraction of Au3+ (99.4%)
over the other typical metals of the relevant waste stream, namely, Fe, Cr, Ni, and Ti, as
presented in Figure 5a. In the acidic aqueous solution, these potential metallic interferences
exist mainly in the respective ionic forms, i.e., Fe3+, Cr3+, Ni2+, and Ti4+. On the other hand,
Au occurs in the solution as the cholo-complex form, i.e., AuCl4−. Thus, the ammonium
functional group of Aliquat 336 (R3R′N+) can bind with gold by electrostatic attraction but
not with the other metallic cations, as the repulsive forces are favored in the latter case [26].
The extraction step was then repeated, loading the solution obtained from the processing
of the raw medical samples by the acid digestion procedure, as previously presented by
Kokkinos et al., 2023 (Table S1). The extraction percentages of the samples of the actual
medical devices (Figure 6a) did not differ by more than 1% from the experimental results
performed with simulated solutions (Figure 5a).

Aliquat 336 also selectively extracted Pt (88.3%) and Ir (94.2%) without significantly
affecting the presence of Fe, Cr, Ni, and Ti in the aqueous phase, as presented in Figure 7a.
Similarly to Au, in the aqueous solution, Pt and Ir exist mainly as chloro-complexes (PtCl62−,
IrCl63−). In contrast, the other metals exist in their cationic forms and, thus, cannot be
electrostatically bound to Aliquat 336 (Table S2). The extraction was then repeated using the
acid-digested solution from the raw medical samples. Due to the low pH value, adjusting
the solution’s pH was necessary for the extraction. The extraction percentages of the
samples of actual medical devices (Figure 6b) did not differ by more than 1% compared to
the experiments with simulated synthetic solutions (Figure 5a).
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Figure 5. Selective extraction in synthetic solutions. (a) Aliquat 336 selective extraction of Au over Fe,
Cr, Ni, and Ti. Experimental conditions: (i) aqueous phase: Au3+ 42.2 mg/L, Fe3+ 220 mg/L, Cr3+

51.8 mg/L, Ni2+ 37.6 mg/L, Ti4+ 28 mg/L; (ii) organic phase: [Aliquat 336 in toluene] = 0.23 × 10−3 M;
O/A = 1/1; O/A interaction time = 30 min; temperature 25 ± 1 ◦C; rotation 45 rpm. (b) Aliquat
336 selective extraction of Pt and Ir over Fe, Cr, Ni, and Ti. Experimental conditions: (i) aqueous
phase: Pt4+ 1708.3 mg/L, Ir3+ 317 mg/L, Fe3+ 9.1 mg/L, Cr3+ 0.6 mg/L, Ni2+ 480 mg/L, Ti4+

405 mg/L; organic phase: [Aliquat 336 in toluene] = 20.8 × 10−3 M; O/A = 1/1; O/A interaction
time = 30 min; temperature 25 ± 1 ◦C; rotation 45 rpm. (c) Alamine 336 selective extraction of Ta over
Ni and Ti. Experimental conditions: (i) aqueous phase: Ta5+ 90 mg/L, Ni2+ 90 mg/L, Ti4+ 90 mg/L;
(ii) organic phase: [Alamine 336 in toluene] = 0.97 × 10−3 M; O/A ratio = 1/1; O/A interaction
time = 30 min; temperature 25 ± 1 ◦C; rotation 45 rpm.

Similarly, Alamine 336 extracted 92% of Ta selectively over the Ni and Ti present in
the original aqueous solution (as <1% of Ni and Ti co-extracted) (Figures 5c and 6c).
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Figure 6. Selective extraction of examined metals in real solutions. (a) Aliquat 336 selective extraction of Au
over Fe, Cr, Ni, and Ti. Experimental conditions: (i) aqueous phase: Au3+ 42.2 mg/L, Fe3+ 220 mg/L, Cr3+

51.8 mg/L, Ni2+ 37.6 mg/L, Ti4+ 28 mg/L; (ii) organic phase: [Aliquat 336 in toluene] = 0.23 × 10−3 M;
O/A = 1/1; O/A interaction time = 30 min; 25 ± 1 ◦C; 45 rpm. (b) Aliquat 336 selective extraction
of Pt and Ir over Fe, Cr, Ni, and Ti. Experimental conditions: (i) aqueous phase: Pt4+ 1708.3 mg/L,
Ir3+ 317 mg/L, Fe3+ 9.1 mg/L, Cr3+ 0.6 mg/L, Ni2+ 480 mg/L, Ti4+ 405 mg/L; (ii) organic phase:
[Aliquat 336 in toluene] = 20.8 × 10−3 M; O/A = 1/1; O/A interaction time = 30 min; 25 ± 1 ◦C; 45 rpm.
(c) Alamine 336 selective extraction of Ta over Ni and Ti. Experimental conditions: (i) aqueous phase:
Ta5+ 90 mg/L, Ni2+ 90 mg/L, Ti4+ 90 mg/L; organic phase: [Alamine 336 in toluene] = 0.97 × 10−3 M;
O/A = 1/1; O/A interaction time = 30 min; 25 ± 1 ◦C; 45 rpm.
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(a) (b) 

(c) (d) 

Figure 7. High-resolution XPS spectrum of examined noble metals’ precipitates, indicating their
speciation (a) Au, (b) Pt, (c) Ir, and (d) Ta (each color represents a peak that was obtained in high
resolution core-level spectra).

2.2. Stripping Performance

Various parameters were also optimized during the stripping process of noble metals
from the organic solvents’ solutions obtained during the preceding extraction procedure,
which originated from either the simulated aqueous streams or the actual samples. The
results are summarized in Table 1. The detailed data of all the conducted stripping experi-
ments are presented in Figures S1–S6 in the Supplementary Material (SM).

Thiourea presented the advantage of stripping Au stoichiometrically, according to
reaction 6 [26].

[
(R3R′N+)AuCl4

−]
(org) + (NH2)2CS(aq)

� AuCl3(NH2)2CS(aq) +
(

R3R′N+Cl−
)
(org)

(6)

The complete stripping of Au (>99%) was achieved by the aqueous mixture of thiourea
and HCl, as the acidic conditions (pH < 5) favor thiourea to form strong cationic complexes
with Au3+ [44,45]. Additionally, lower pH values (pH < 3) increase the solubility of
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thiourea, favoring a potential scale-up of this process [45,46]. Stripping Pt and Ir from the
organic phase was significantly more complicated, as they form strong ionic bonds with the
quaternary ammonium salts, such as Aliquat 336, through the respective chloro-complexes;
these bonds cannot be easily broken [47]. Higher stripping efficiencies of Pt and Ir (>99%)
were obtained by using 0.01 M and 0.05 M HClO4, respectively, regarding the synthetic
sample (Table 1). The stripping mechanism of Ir and Pt from the loaded Aliquat 336 by the
addition of HClO4 attributed to the competitive behavior of ClO4

− over XCl62− (where
X = Ir or Pt) for the active sites of Aliquat 336, alongside the lower pH values of HClO4
solutions (pH < 2) that can assist the breaking of strong ionic bonds between the metal
chloride ions and Aliquat 336 [48]. This, however, may compromise the reusability of
organic Aliquat 336 solution [32].

Table 1. Optimized parameters for stripping metals from the loaded synthetic and actual samples of
organic solutions.

Metal Solution
(Organic Phase, O)

Stripping Solution
(Aqueous Phase, A)

Stripping
Conditions

%S

Synthetic Sample Real Sample

[Au3+] = 0.27 × 10−3 M
in Aliquat 336

[thiourea] = 0.27 × 10−3 M
HCl = 1 M

O/A = 1/1; O/A
interaction time = 10 min;

25 ± 1 ◦C; 45 rpm
>99% 98%

[Pt4+] = 0.25 × 10−3 M
in Aliquat 336

[HClO4] = 0.01 M
O/A = 1/1; O/A

interaction time = 30 min;
25 ± 1 ◦C; 45 rpm

>99% 98.6%

[Ir3+] = 0.26 × 10−3 M
in Aliquat 336

[HClO4] = 0.05 M
O/A = 1/1; O/A

interaction time = 10 min;
25 ± 1 ◦C; 45 rpm

>99% 95%

[Ta5+] = 0.34 × 10−3 M
in Alamine 336

[NaCl] = 3 M
O/A = 1/1; O/A

interaction time = 10 min;
25 ± 1 ◦C; 45 rpm

92% 91%

A relatively high concentration of NaCl solution (3 M) was used to strip Ta from
the loaded Alamine 336 solution. Although Ta can be stripped using deionized water
in multiple cycles, NaCl was promoted because it is particularly efficient for stripping
tantalum from amines [43]. Notably, when the interaction time between the two phases
was extended, tantalum was not extracted back to the organic solution (Figure S6).

When the organic-to-aqueous phase ratio was examined, the highest stripping efficien-
cies were achieved for the O/A ratio 1/1 (Figure S5). The optimal phase interaction/contact
time was 10 min for all the metals except platinum, which required 30 min to be stripped
by the HClO4 solution (Figure S6).

When the same stripping conditions were applied to the actual samples, a comparably
high %S was achieved for all the examined metals, as seen in Table 1.

2.3. Precipitation Performance

The precipitation mechanisms of the examined noble metals are presented in reactions
9–11. The various parameters of this process are optimized regarding the loaded aquatic
phases of the simulated and real samples as they emerge after stripping. The corresponding
results are summarized in Table 2. The Supplementary Material presents additional data
from all the conducted precipitation experiments in Figure S7 and Tables S3–S5.

Au precipitated through reduction by using ferrous sulfate [49]. Based on reaction
7, the stoichiometric demand of FeSO4 was added to the solution, and using NaOH, the
pH was adjusted to 7.3. Au may also be precipitated without ferrous sulfate, but an even
higher alkaline environment is needed, i.e., pH 10 (Figure S7). However, this leads to
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the formation of Au(OH)3 instead of its elemental (metallic) form, resulting in the further
processing of this solid product [50].

Au3+ + 3FeSO4 → Au + Fe2(SO4)3 + Fe3+ (7)

Regarding the obtained efficiencies, 97% of the gold was precipitated from the syn-
thetic and 90% from the real sample solution; it is also worth noting that the same reaction
has been previously applied to precipitate/separate gold from solutions resulting from
other metal-containing waste materials, such as printed circuit boards [51].

Table 2. Optimized parameters for the precipitation of noble metals from the aqueous solutions
obtained after stripping organic loading (synthetic and real) samples.

Metal Concentration (×10−3 M)
Precipitation Parameters

%P
Chemical Agent Agent Conc. (M) Time (min) pH Temp. (◦C) No of Cycles

[Au3+]
Synthetic sample 0.27 FeSO4

0.77 × 10−3
30 7.3 * 25 ± 1 1

90%

Real sample 0.23 0.64 × 10−3 90%

[Pt4+]
Synthetic sample 0.25 NaBrO3

12.5 × 10−3
30 1.4 25 ± 1 3

98%

Real sample 8.75 2 98%

[Ir3+]
Synthetic sample 0.26 NaBrO3

12.5 × 10−3
30 8.5 * 70 ± 1 1

90%

Real sample 1.65 2 94%

[Ta5+]
Synthetic sample 0.34

KF
1

30 8.6 * 25 ± 1 1
96%

Real sample 0.5 2 97%

* pH adjustment by using 4 M NaOH.

NaBrO3 was added to precipitate platinum and iridium, but since they present similar
chemical behavior, pH and temperature adjustments to different values were required for
their selective precipitation (reaction 8).

NaBrO3 + [MCl6]
x− � M(OH)4y + Br−, where M = Ir, Pt, x = 3 when M

= Ir and 2 when M = Pt, y = 3 when M = Ir and 4 when M

= Pt

(8)

To precipitate the total of 98% platinum, three subsequent additions/cycles of NaBrO3
were applied. After each cycle, the solution was filtered to obtain the precipitated solid
metal Pt. To precipitate 94% Ir, the solution was heated to 70 ◦C for 30 min, and the pH
was adjusted to 8.5. This procedure is commonly used in industry to precipitate iridium,
as heat and alkaline conditions favor the respective precipitation due to the hydrolysis of
metal, which produces insoluble hydroxides [37,52].

Tantalum may be precipitated by using potassium salts or ammonia solution. Ammo-
nia precipitated a lower percentage of tantalum (82%), but it is used commercially because
it limits the fluoride concentration in the resulting solid [43]. The KF that was used in this
study precipitated 96% of tantalum, according to reaction 9. The obtained solid product of
K2TaF7 may be further reduced to metallic tantalum, a commercial material [53].

H2TaF7 + 2KF → K2TaF7 + 2HF (9)

The separation of Pt and Ir was achieved through selective precipitation, as presented
in Table 3. Platinum was precipitated by adding NaBrO3 in three consecutive steps. After
87.5% of Pt was precipitated, and NaBrO3 was added again as a fourth step, the solution
was heated to 70 ◦C, and the pH value was adjusted to 8–9.
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Table 3. Four consecutive steps of the precipitation process and its selectivity for separating Pt and Ir
from the aqueous solution (synthetic sample *).

Precipitation Sequence
Metal Concentration

(at the Beginning of Each Cycle, ×10−3 M)
%P

1st
[Pt4+] 1.15 70%
[Ir3+] 0.13 <1%

2nd
[Pt4+] 0.345 50%
[Ir3+] 0.13 <1%

3rd
[Pt4+] 0.17 15%
[Ir3+] 0.13 <1%

4th
[Pt4+] 0.144 <1%
[Ir3+] 0.013 90%

* Experimental conditions: 0.002 M NaBrO3, time 30 min per step, pH = 1.4 for the 1st–3rd steps and 8.2 for the
4th, T = 25 ± 1 ◦C for the 1st–3rd steps and 70 ± 1 ◦C for the 4th.

2.4. Solids Characterization

According to Figure 7a, the XPS peaks of Au precipitate at 83.6 eV and 87.3 eV can be
attributed to the dominant elemental form of Au, and the 84.9 eV and 89 eV peaks to the
monovalent form [54]. The existence of Fe (peak 93.9 eV) suggests that further refining of
this solid is required. Since the ratio Fe/Au was equal to 3.4, the Fe (62.5% w/w) that was
obtained in the Au-rich (18.2% w/w) precipitate was attributed to the added reagent rather
than the initial stainless-steel source, which was removed during the stripping step.

The platinum precipitate was rich in oxides and chlorides. According to Figure 7b,
the peaks at 75.1 eV and 78.2 eV can be attributed to the dominant tetravalent form Pt(IV),
while the peaks at 72.8 eV and 76.4 eV are attributed to the bivalent form Pt(II) [55]. Adding
NaOH to adjust the pH of this sample during the precipitation process reduces Pt(IV) in
the aqueous solution to Pt(II) because the alkaline solution acts as a reducing agent.

Similarly to platinum, the iridium precipitate is presented as trivalent and tetrava-
lent forms and as oxides or chlorides. According to Figure 7c, the XPS pair of peaks at
62.4 eV/65.2 eV and 63.1 eV/65.9 eV can be attributed to Ir(IV) and Ir(III), respectively [56].
The overlapping peak at 63.7 eV resulted from the Na presence in the solid phase, which
precipitated due to the alkaline conditions implemented during the Ir separation step and
is considered an impurity.

The ratio Pt/Ir was found to be almost equal to 10, as in the initial sample of the
catheter (i.e., 19.5% w/w Pt and 1.9% w/w Ir). Since both metals were in high valence forms,
the chloride content was determined at 39.7% w/w. The high chloride content was also
favored by Na precipitation (19% w/w). It is worth mentioning that none of the initial
impurities (Fe, Cr, Ni, and Ti) was detected in the solid phase.

The resulting solid phase from the Ta precipitation, following the addition of KF and
after the pH adjustment to 8.6, consisted mainly of the respective oxides and fluoride
complexes (32.9% w/w Ta). The XPS pairs of peaks at 26.1 eV/28 eV and 27.1 eV/29 eV
were attributed to the Ta(IV) and Ta(V) oxides, respectively (Figure 7a), while the peaks at
28.9 eV/30.7 eV were attributed to the Ta(V) fluoride [57]. The adjustment of pH during
the tantalum precipitation limited the fluoride content in the resulting solid (17.9% w/w),
thus reducing the requirement for further processing to be reused [43]. As before, none of
the initial impurities (Fe, Cr, Ni and Ti) was detected in the solid phase.

2.5. Suggested Process Flowsheet

Based on the aforementioned optimized processes, a conceptual flow sheet for sep-
arating precious metals from the examined single-use medical devices (i.e., guide wire
with Au coil, electrophysiology catheter with Ir/Pt markers, and self-expanding stent with
Ta markers) is presented in Figure 8. Once the metals of interest are transferred into the
aqueous phase, following the process previously described by [1], the metals can be firstly
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extracted by proper organic solvents, then stripped back to aqueous solutions and finally
precipitated in mostly elemental forms, following the optimized conditions, as described
in Figure 8.

Figure 8. Proposed conceptual flow sheet and optimized conditions for separating the examined
noble/precious metals (Au, Ir, Pt, Ta) from the spent single-use medical devices.

3. Materials and Methods

3.1. Reagents

The synthetic solutions were prepared by using 1000 mg/L AAS standard solutions
(Thermo Scientific, Waltham, MA, USA) as follows: gold standard in 20% HCl, platinum
standard in 20% HCl, iridium standard in 5% HCl, tantalum standard in 2% HF, iron
standard in 2% HNO3, nickel standard in 5% HNO3, and chromium standard in 5% HCl.
The desired concentration of metals and acidity was achieved by adjusting the solution
with deionized water and concentrated HCl (37 wt.%, Sigma-Aldrich, Burlington, MA,
USA).

The used extractants included n-hexane (95%, Thermo Scientific), toluene (99.5%,
VWR Chemicals, Radnor, PA, USA), Aliquat 336 (methyl-tri octyl-ammonium chloride,
R3R′N+Cl−, [R = octyl/decyl, R′ = CH3], 88.2–93%, Alfa Aesar, Karlsruhe, Germany), and
Alamine 336 (tri-n-octyl/decyl amine, R3N, 95%, BASF Co., Ludwigshafen, Germany).
The various concentrations of commercial extractants Aliquat 336 and Alamine 336 were
obtained using toluene as the diluting agent.

For the stripping of metals from the organic phase back into the aqueous phase,
different reagents were examined, namely, thiourea (CH4N2S 99%, Laborchemie Apolda,
Germany), HClO4 (70%, Thermo Scientific), NaCl (99.5%, Sigma-Aldrich), HCl (37 wt.%,
Sigma-Aldrich), H2SO4 (70%, Thermo Scientific), KOH (99%, Sigma-Aldrich), HNO3 (70%,
Thermo Scientific), and NH4F (99.9%, Merck, Darmstadt, Germany). Appropriate dilutions
were performed by using deionized water.

For the precipitation of respective metals, the following reagents were used: FeSO4
7H2O (99%, Sigma-Aldrich), NaBrO3 (99.5%, Merck), NH4Cl (99.5%, Merck), KF (99.9%,
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Merck), KCl (99.9%, Merck), NH3 (32 wt.%, Sigma-Aldrich), and NaOH (99%, Sigma-
Aldrich). Proper dilutions with deionized water yielded the desired concentrations.

3.2. Sample Preparation

The metals of interest were obtained by using the following commercially available
single-use medical devices: (i) a diagnostic guide wire (ev3 Inc., Minneapolis, MN, USA.
Nitrex 0.018′′ × 180 cm, N180802) consisting of Au coating, (ii) a diagnostic electrophysiol-
ogy catheter (Boston Scientific, Marlborough, MA, USA, Viking catheter, M00440000406Fr),
consisting of Pt/Ir marker bands, and (iii) a self-expanding stent (MEDTRONIC VASCU-
LAR, Minneapolis, Minnesota, U.S., ProtégéTM GPSTM stent, SERP65-14-60-80), consisting
of Ta dot markers. According to their manufacturers, the respective metal content of
these samples was 79–90% for Au and Ta, 90% for Pt, and 10% for Ir. The non-marker
metallic parts of the medical devices consisted of alloys, namely, stainless steel (Fe and
Cr) and Nitinol (Ni and Ti). The samples were initially pyrolyzed to remove the polymer
coatings. Then, a selective acid digestion process was applied to efficiently separate the
metals of interest from the (residual) solid waste. The pyrolysis and digestion processes
are the pre-treatment steps for the noble metals recovery from the aforementioned medical
devices, optimized in our previously published relevant work [1]. More specifically, three
solutions containing the metals of interest were obtained, i.e., (i) a stream rich in Au (42.2
mg/L), obtained by the acid leaching of samples with the use of a HCl/H2O2 at room
temperature (25 ± 1 ◦C), (ii) a stream rich in Pt (1708.3 mg/L) and Ir (317 mg/L), obtained
by the subsequent leaching of samples with hot (90 ◦C) aqua regia, and lastly, (iii) after the
subsequent leaching of the sample with HF/H2SO4 solution, a stream rich in Ta (90 mg/L)
was acquired. Due to residual metal alloys, the (i), (ii), and (iii) waste streams also contain
the following respective metal impurities, as given in parentheses: Fe (220, 9.1 and 0 mg/L),
Cr (51.6, 0.6 and 0 mg/L), Ni (37.6, 480 and 90 mg/L), and Ti (28, 403 and 90 mg/L).

3.3. Solvent Extraction

For cost-saving reasons (higher cost of real samples and lower availability), as well as
their high purity, which made the reproduction of synthetic metal solutions of identical
composition to real sample solutions possible, preliminary experiments using synthetic
metal solutions were carried out to optimize the solvent extraction procedure. Synthetic
single-metal solutions containing 50 mg/L of Au3+, Ir3+, Pt4+, or Ta4+ were prepared.
The concentration of metals in these solutions is based on the solutions’ concentrations,
resulting from the acid digestion of single-use medical devices, as determined in our
previous work [1].

The extraction process investigated how to obtain the optimum conditions by testing
the following parameters and extractant agents: toluene, hexane, Aliquat 336, and Alamine
336 concentrations in toluene (three different concentrations in the range of 0.1 × 10−3

to 0.65 × 10−3 M examined); organic/aqueous (O/A) phase volume ratio (O/A = 1/1,
2/1, 1/2); and the time that the O/A phases interacted, being in contact with the metal
solutions (10, 30, 60 min). The optimum condition of each parameter is determined by
keeping all the other parameters constant. The optimum value was the experimental
condition with the highest extractant percentage. The extraction process was performed in
50 mL falcon polypropylene conical centrifuge tubes, rotated vertically at 45 rpm, using
an LLG-uniLOOPMIX2 disc rotator. A fixed total volume of 50 mL was used. At the end
of the extraction step, the two phases were separated using a separating funnel. All these
extraction experiments were performed in a single run at room temperature (25 ± 1 ◦C).

The optimum conditions obtained from the experiments, utilizing the synthetic metal
solutions, were applied subsequently to the metal solutions obtained from the examined
commercially available single-use medical devices. The experimental procedure followed
was the same as the aforementioned.
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Selectivity Tests

The selectivity of the optimal extraction conditions for the case of Au investigated
the Fe, Cr, Ti, and Ni metals, which were also present in the loaded solution obtained
from the processed raw medical samples by the acid digestion procedure, as previously
presented [1]. A simulated aqueous solution of 25 mL was used, containing 42.2 mg/L
Au3+, 220 mg/L Fe3+, 51.8 mg/L Cr3+, 37.6 mg/L Ni2+, and 28 mg/L Ti4+ extracted with
Aliquat 336 (0.23 × 10−3 M, O/A = 1/1, 30 min), following the previous experimental
extraction procedure described for the actual medical samples.

Aliquat 336′s selectivity for Au over Pt and Ir was also tested. A 25 mL aqueous
solution containing 50 mg/L of all three metals was extracted with 1.04 × 10−3 M Aliquat
336, O/A = 1/1, for 30 min.

The selectivity of Alamine 336 for Ta over Ni and Ti was also tested. An aqueous
solution of 25 mL containing 90 mg/L of all three metals was extracted with 0.97 × 10−3 M
Alamine 336, O/A = 1/1, for 30 min.

The selectivity of Aliquat 336 for Pt over Ir was investigated. We used 25 mL of an
aqueous solution, containing 50 mg/L of both Pt4+ and Ir2+, extracted with 1.04 × 10−3 M
Aliquat 336, O/A = 1/1, time = 30 min (organic solution ROS1).

In addition, the selectivity of Aliquat 336 for Pt and Ir over Fe, Cr, and Ni metals was
studied by applying the following experimental conditions: 25 mL solution containing
1708.3 mg/L Pt4+, 317 mg/L Ir2+, 9.1 mg/L Fe3+, 480 mg/L Ni2+, 0.6 mg/L Cr6+, and
405 mg/L Ti4+, whose pH was adjusted to 0.5 with the addition of 4 M NaOH (as the
initial pH was below 0.5), extracted with an organic solution of Aliquat 336 20.8 × 10−3 M,
O/A = 1/1, for 30 min (organic solution ROS2).

3.4. Stripping

Stripping was employed to produce a liquor containing high concentrations of noble
metals from the above-obtained extractant organic phase. The stripping process was inves-
tigated to obtain the optimum conditions by testing the following parameters: stripping
agents thiourea, HClO4, and NaCl; stripping concentrations: 2.7 × 10−3–8.1 × 10−3 M
of thiourea, 0.001–0.5 M of HClO4, and 0.5–4 M of NaCl; organic/aqueous (O/A) phase
volume ratio: O/A = 1/1, 2/1, and 1/2; and time that the O/A phases interacted: 10, 30,
and 60 min. The optimum condition of each parameter was determined by keeping all the
other parameters constant. The condition at which the highest stripping percentage was
obtained is mentioned as the optimum. The optimum conditions were also applied to the
metal solutions obtained from the examined commercially available single-use medical
devices. All the experiments followed the same procedure, as described in Section 2.3.

Selective Stripping

As the organic solutions resulting from the solvent extraction of Pt and Ir (ROS1 and
ROS2) were the only ones containing more than one metal, separating those metals was
subsequently examined in the stripping phase.

The resulting organic solution (ROS1) was stripped with 0.002–0.1 M HClO4, O/A = 1:1,
and contact time = 10 min to examine the selective separation of Pt and Ir. Subsequently,
the ability to separate selectively iridium from platinum was examined by stripping an
organic solution of the two metals, applying the following conditions: 50 mg/L of both Pt4+

and Ir3+, volume 25 mL, O/A = 1:1, and aqueous solution of 0.002 M HClO4 in 3 cycles,
with each extraction cycle lasting for 10 min.

The organic solution (ROS2) was stripped with 25 mL of 2 M HClO4 solution, O/A = 1:1,
for 30 min.

3.5. Precipitation

The aqueous solutions obtained from the stripping experiments underwent precip-
itation experiments. The impact of the precipitation agent, pH, and temperature (only
for the case of Ir and Pt) was examined to determine the optimal precipitation conditions
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for each metal ion. The following agents were studied for the precipitation of Au: FeSO4
(6.4 × 10−3 M), NaBrO3, and NH4Cl (1.3 × 10−3 M each). The pH gradually increased at
various values in the range of 2.3–10 by adding 4 M NaOH stepwise, followed by 3 min
conditioning. We used 15 mL of Au3+ aqueous solution, and the experiments took place
in 100 mL glass beakers, whereas the pH value was monitored using a Mettler Toledo
FiveGo portable pH meter. When a significant precipitate was visually observed, the test
was terminated. The solution was subjected to settling until the pH was stable, indicating
that the precipitation process was completed. Then, the slurry was vacuum filtered using
MCE gridded membrane filters (pore size 0.45 μm, diameter 47 mm, Hawach Scientific,
Xi’an, China), and the filtrate was collected after measuring the volume. The precipitates
were washed with water and dried at 110 ◦C before weighing.

For the precipitation of Ir and Pt, 25–30 mL of the respective aqueous solution was
placed into 100 mL beakers, and NaBrO3 (12.5 × 10−3 M), and NH4Cl (25 × 10−3 M) were
examined as additional reagents; the pH value was adjusted to 8 with the addition of 4 M
NaOH solution. Furthermore, the optimum precipitation temperature and pH value were
examined by heating the Ir and Pt solution to 70 ◦C, using an RSLab-2C Heating Plate, after
adding NaBrO3. A 20 mL aqueous solution was used to study the precipitation of Ta, and
the following three precipitation agents were examined: 1 M KF, 1 M KCl, and 4 M NH3.
The optimal pH value for all three agents was determined by adjusting it to the range of
8.5–9 by using 4 M NaOH. Teflon beakers were used when using KF.

The experimental conditions where the highest precipitation rates were obtained are
considered optimum values. These optimum conditions are also applied to the resulting
metal solutions from the examined commercially available single-use medical devices.

Selective Precipitation

As an initial sample, 50 mL of an aqueous solution containing 225 mg/L Pt4+ and
25 mg/L Ir3+ was used. These concentrations aimed to simulate the actual ratio of the
respective metals in the marker bands (i.e., 90% Pt and 10% Ir). Moreover, NaBrO3
(12.5 × 10−3 M) was added to precipitate platinum over iridium selectively. After 30 min,
the solution was filtered, and the same procedure was repeated two more times until no
further precipitation occurred. Afterward, the solution was heated to 70 ◦C, and the pH
was adjusted to 7.5 with the addition of NaOH (4 M) to achieve the precipitation of iridium.
Reagent NaBrO3 was also necessary in this case, but no further addition was required due
to its excess in the platinum-free solution (unreacted quantity).

3.6. Metals Determination

The metal ion concentrations of Au3+, Ir3+, Pt4+, and Ta5+, as well as of Fe3+, Cr6+,
Ti4+, and Ni2+ in the aqueous phase before and after extraction, stripping, and precipitation
was measured by flame atomic absorption spectrophotometry, by using a Perkin–Elmer
AAnalyst 800 instrument (Perkin-Elmer, Waltham, MA, USA). Their respective concentra-
tions in the organic phase were calculated according to the respective mass balances. The
calculation of the extraction (%E), stripping (%S), and precipitation (%P) percentages are
based on the following equations:

%E or %P =
[A]iaq − [A] f

aq

[A]iaq

× 100% (10)

%S =
[A]eaq

[A]iorg

× 100% (11)

where [A] is the A ion concentration, the subscripts aq and org refer to the aqueous and
organic phases, and the superscripts i and f refer to the initial and final concentrations
after the extraction, stripping, or precipitation procedures are completed. It must be noted,
however, that the calculation of extraction (%E), stripping (%S), and precipitation (%P)
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percentages assumes that the mass balances are accurate and that all species involved are
quantified correctly.

3.7. Solids Characterization

The dry solids produced from the selective precipitation tests of the actual samples (i.e.,
the examined commercially available single-use medical devices) were subjected to X-ray
photoelectron spectroscopy (XPS) to detect the elemental composition of the produced
solid samples and metals’ valence. XPS measurements were performed using the Axis
Ultra DLD system (Kratos Analytical Ltd., Wharfside, UK), which was equipped with
monochromatic Al Ka radiation as the X-ray source. The passing energy was kept constant
at 40 eV and calibrated for charge-induced shifts, considering the C1s peak (originating
from the surface contamination of carbon) to be at 284.6 eV.

4. Conclusions

The results presented in this study encourage the application of recycling techniques
in waste streams rich in precious/noble metals and set the basis for a complete method for
separating and recovering those metals from the spent single-use medical devices, a treasure
of high economic value. The proposed complete route goes through the application of initial
pyrolysis and acid digestion, followed by solvent extraction, stripping, and precipitation.
Pyrolysis was capable of enriching the samples with the targeted metals, though a small
change in their oxidation states was observed. Acid digestion was fully able to successfully
separate Au using a 50% v/v aqua regia solution for 30 min at room temperature and the
Pt/Ir using concentrated aqua regia for 72 h under heating. Dissolution of Ta required
a different leaching solution, i.e., a 50% v/v HF/H2SO4 mixture for 10 h under heating.
Aliquat 336 in toluene (organic to aqueous ratio 1/1 for 30 min) was successful in extracting
Au, Pt, and Ir, while Alamine 336 in toluene (organic to aqueous ratio 1/1 for 10 min) was
successful in extracting Ta from the acid solutions. A thiourea and HCl solution (organic to
aqueous ratio 1/1 for 30 min) was able to strip Au, a HClO4 solution (organic to aqueous
ratio 1/1 for 30 min) was able to strip Pt and Ir, and a NaCl solution (organic to aqueous
ratio 1/1 for 10 min) was able to strip Ta from the organic liquids. Finally, the metals were
successfully precipitated: FeSO4 was used to precipitate Au and NaBrO3 to precipitate Pt
in three cycles, while the pH adjustment (8.5) of the same aqueous solution achieved the
precipitation of Ir. Ta was precipitated with KF and pH adjustment (8.6). The total recovery
of 88% for Au, 86% for Pt, 84% for Ir, and 80% for Ta can be obtained, achieving thus a high
uptake of precious metals from the examined actual samples.

The complete method offers an alternative to landfill for medical waste, fulfilling the
circular economy principles. The recovered precious metals can be recycled and reused.
Additionally, further investigation can be performed to determine the capacity of used or-
ganic solvent regeneration for several subsequent extraction/stripping cycles, which would
contribute to the sustainability of recycling and refining of the examined precious metals.
The conceptual proposed flow sheet, as presented in this research, can be easily modified
and used for other waste streams, considered valuable resources containing the examined
metals, or can be expanded further to include more metals of high technological interest.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/recycling9060118/s1, Table S1: Examination of Aliquat 336
selectivity in the extraction of Au over Fe, Cr, Ni, and Ti. Table S2: Examination of Aliquat 336 selec-
tivity in extraction of Pt and Ir over Fe, Cr, Ni, and Ti. Figure S1: Effect of stripping agents on the per-
centage stripping of precious metals. (a) stripping of Au#+. Experimental conditions: organic phase:
[Au3+] = 0.27 × 10−3 M in Aliquat 336, aqueous phases: [Thiourea] = 0.27 × 10−3 M, [HCl] = 0.5 M,
[KOH] = 1 M. (b) Stripping of Pt4+. Experimental conditions: organic phase: [Pt4+] = 0.25 × 10−3 M
in Aliquat 336, aqueous phases: [Thiourea] = 0.5 × 10−3 M, [HCl] = 0.5 M, [H2SO4] = 0.5 M,
[HClO4] = 0.01 M. (c) Stripping of Ir3+. Experimental conditions: organic phase: [Ir3+] = 0.26 × 10−3 M
in Aliquat 336, aqueous phases: [Thiourea] = 0.52 × 10−3 M, [HCl] = 0.5 M, [H2SO4] = 0.5 M,
[HClO4] = 0.05 M. (d) Stripping of Ta5+. Experimental conditions: organic phase: [Ta5+] = 0.34 × 10−3 M
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in Alamine 336; aqueous phases: [HNO3] = 1 M, [NH4F] = 1 M, [NaCl] = 3 M; O/A = 1/1; O/A
interaction/contact time = 30 min; temperature 25 ± 1 ◦C; rotation 45 rpm. Figure S2: Effect of strip-
ping agent concentrations for the stripping of Au. (a) Effect of thiourea concentration. Experimental
conditions: organic phase: [Au3+] = 0.27 × 10−3 M; aqueous phase: [thiourea] = 0.27–0.81 × 10−3 M;
O/A = 1/1; O/A interaction time = 30 min; temp. 25 ± 1 ◦C; 45 rpm. (b) Effect of HCl con-
centration. Experimental conditions: organic phase: [Au3+] = 0.27 × 10−3 M; aqueous phases:
[thiourea] = 0.27 × 10−3 M, [HCl] = 0–1 M, O/A = 1/1; O/A interaction time = 30 min; 25 ± 1 ◦C;
45 rpm. Figure S3: Effect of HClO4 concentration in the stripping of platinum and iridium.Experimental
conditions: organic phases: separate solutions [Pt4+] = 0.25 × 10−3 M, [Ir3+] = 0.26 × 10−3 M in Ali-
quat 336; aqueous phases: [HClO4] = 0.001–0.05 M; O/A = 1/1; O/A interaction time = 30 min;
25 ± 1 ◦C; 45 rpm. Figure S4. Effect of NaCl concentration for the stripping of tantalum. Ex-
perimental conditions: organic phase: [Ta5+] = 0.34 × 10−3 M in Alamine 336; aqueous phases:
[HClO4] = 0.5–4 M; O/A = 1/1; O/A interaction time = 30 min; 25 ± 1 ◦C; 45 rpm. Figure S5: Effect
of volume phase ratio O/A on the percentage stripping of examined precious metals. Experimental
conditions: organic phase: single-metal solutions, containing 50 mg/L Au3+, Ir3+, Pt4+ in Aliquat
336, and Ta5+ in Alamine 336; aqueous phase; [Thiourea] = 0.135–0.54 × 10−3 M, [HCl] = 0.5–2 M
for Au3+, [HClO4] = 0.005–0.02 M for Pt4+, [HClO4] = 0.01–0.04 M for Ir3+, [NaCl] = 3 M for Ta5+,
Total volume = 30 mL, O/A interaction time = 30 min. 25 ± 1 ◦C; 45 rpm. Figure S6: Effect of time
on the stripping procedure of examined precious metals. Experimental conditions: organic phase:
single-metal solutions containing 50 mg/L Au3+, Ir3+, Pt4+ in Aliquat 336, and Ta5+ in Alamine 336;
aqueous phase: [Thiourea] =0.27 × 10−3 M for Au3, [HClO4] = 0.01 M for Pt4+, [HClO4] = 0.05 M for
Ir3+, [NaCl] = 3 M for Ta5+; O/A = 1/1; 25 ± 1 ◦C; 45 rpm. Figure S7: Effect of pH on the percentage
precipitation of Au3+ with and without the addition of ferrous sulphate. Experimental conditions:
[Au3+] = 0.27 × 10−3 M, [FeSO4] = 0.77 × 10−3 M, time = 30 min, 25 ± 1 ◦C. Table S3: Optimization
conditions for the precipitation of platinum. Table S4: Optimization conditions for the precipitation
of iridium. Table S5: Optimization conditions for the precipitation of tantalum.
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Abstract: With the growing demand for critical metals, extraction from secondary sources
such as slag, tailings, and end-of-life materials has become inevitable. Processing from such
secondary sources is described as technospheric mining. Technospheric mining is a broad
term for extracting valuable resources from anthropogenic materials that are currently
excluded from the material flow. The study utilises technospheric mining to extract cobalt
and nickel from nickel furnace slag using organic acids such as ascorbic and citric acid. The
experiments were designed using one variable at a time (OVAT) to optimise the different
parameters: temperature, time, particle size, and reagent concentration. A maximum
recovery of 79% Co and 80% Ni were obtained by leaching the nickel furnace slag using
0.5 mol/L citric acid and 0.5 mol/L ascorbic acid for 6 h at 80 ◦C. It is proposed that citric
acid leaches the surface and ascorbic acid acts as a reducing agent, thereby reducing the slag
matrix and leaching the metals trapped in it. The results show that treating nickel furnace
slag via a mixture of organic acids is promising, as it is environmentally friendly. Retreating
this material would reduce the net waste generated and aid in building a circular economy.

Keywords: technospheric mining; nickel furnace slag; organic acid leaching; cobalt; critical
metals

1. Introduction

Clean technologies, such as the electrification of vehicles, are being developed to
create a low-carbon society, driving the demand for critical and strategic materials [1].
These vehicles employ certain critical and strategic materials like cobalt (Co) and nickel
(Ni) as cathodes in their batteries, further increasing demand for these elements. Besides
the battery industry, cobalt is used to make catalysts, dyes, pigments, and magnets and
is employed in metallurgical applications such as superalloys for gas turbine engines
and cemented carbides [2,3]. Nickel is a major alloying element for stainless steel, shape
memory alloys, nickel-plating, and coins, and it is used as a catalyst in the hydrogenation
of vegetable oils. With the increasing applications of these elements in diverse fields, there
is an expected increase in demand in the upcoming years.

In nature, cobalt exists in the form of sulphide (Linnaeite, Co+2Co+3
2S4 and Carrollite,

CuCo2S4), arsenide (Skutterudite, CoAs3), or a combination of both (Cobaltite, CoAsS)
due to its chalcophile and siderophile properties [4]. Nickel usually occurs as sulphides,
arsenides, silicates, and oxides, of which nearly 60% are found as laterites [5]. Majorly
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exploited nickel-bearing minerals include pentlandite (Fe, Ni)9S8, millerite NiS, gersdorffite
NiAsS, and nickeliferous limonite FeO(OH)·nH2O [6].

The primary cobalt supply in mining and processing is geographically concentrated
in the Democratic Republic of Congo (DRC) [2]. Mines in the DRC account for more than
70% of the global cobalt production, extracting orders of magnitude more than China [7].
Despite DRC being a major supplier of cobalt to the international market, its state is
characterised by high governance risks. About 15 to 20% of cobalt mining in the DRC
comes from artisanal mining, which appears problematic for human rights and child
labour [8]. Moreover, cobalt is usually mined as a by-product of copper. This, combined
with the socio-political instability and heavy geographical concentration [1], can lead to an
imbalance in the supply-demand chain of cobalt [9]. This has led to a significant fear of
causing a global supply shortage [2,10].

In the case of nickel, vast applications for stainless steel and other nickel-based alloys
drive the demand. Albeit laterites constitute around 60% of the land-based nickel reserve, most
nickel is extracted from sulphide ores. The global nickel reserves are unevenly concentrated,
with Indonesia, Russia and the Philippines representing the bulk of nickel produced from
natural minerals [11]. Indonesia produces over 60% of the global nickel supply [12]. The
nickel prices have thus been highly dependent on the Indonesian market [12]. Certain aspects
that cause price fluctuation include natural disasters, like earthquakes, typhoons and changes
in government regulations [12]. One example would be the export ban on nickel ore from
Indonesia, which has been an issue since 2014 [12,13]. These geopolitical risks and price
fluctuations have posed continued challenges to existing operations and in bringing new
operations online [11–13]. With nickel being classified as a critical and strategic mineral by
several countries, challenges to meet global demand are well established.

In order to maintain a continuous supply of cobalt and nickel to the global markets and
avoid any bottleneck situation, an alternate source for producing cobalt and nickel should be
identified. Processing these elements from secondary sources such as slags, tailings, spent
batteries, and discarded wastes would be an alternative [14]. Mining or processing valuable
resources from a secondary source will provide access to a larger reserve volume than the
estimated value from the primary sources [14,15]. The overarching term for extracting metals
from secondary sources is termed technospheric mining. The technosphere is proposed as a
new component of the environment along with the atmosphere, biosphere, hydrosphere, and
lithosphere [16]. The technosphere includes material stocks generated by human activity that
are currently excluded from material flow [16]. Technospheric mining describes extracting
and recovering valuable resources from the technospheric stocks [16,17].

Johansson et al. identified that recovering metals from these stocks has received
greater attention owing to environmental factors [17]. Extracting from technospheric stocks
contributes to sustainable development, increases the production base to meet growing
demand and diversifies supply chains in times of global environmental problems and
a shortage of natural resources [14,18]. Furthermore, processing a waste stream would
reduce the volume of net waste generated.

Considering the potential risks in meeting the supply chain and the technospheric
streams containing significant proportions of nickel and cobalt, assessing secondary sources
for viable production routes is attractive [14,16]. Conventional production of nickel is
achieved through beneficiation followed by either hydrometallurgical or combined pyro-
and hydrometallurgical extraction routes. Smelting is the primary technology for treating
nickel sulphide concentrates, involving an oxidative step to reduce sulphur content and
reject iron, resulting in a high-nickel content matte. This is then further processed to recover
nickel metal or other high-value components. The primary solid waste streams generated
from nickel smelting are slags composed of a solution of iron oxides and silicates along
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with a significant amount of Ni and Co that are rejected from the process. Even though
the desired metal contents in the slag are sometimes low, the volume of waste generated,
along with the growing emphasis on the circular economy, highlights the importance of
processing mine waste for metal recovery. It is to be noted that an estimated 6–16 tonnes of
slag are being discharged in the production of 1 tonne of nickel [19,20].

The main focus of this work is to return cobalt and nickel inventory lost to nickel
furnace slag by retreating that material. Moreover, extracting from slag aligns with the
principles of circular economy and contributes towards sustainability.

A few studies have been reported for extracting cobalt and nickel from slag, a techno-
spheric stock, using pyrometallurgy, hydrometallurgy, or a combination of both and are
reported below.

Yang et al. [21] utilised a matte-slag mixture from the ISAMELT furnace to recover
cobalt and copper. They achieved a cobalt recovery of 98% with 2% coke and pyrite at
1260 ◦C for 2 h [21]. Altundogan and Tumen [22] studied the roasting of copper converter
slag with Fe2(SO4)3 and then subjected it to water and sulphuric acid leaching. A compara-
tively higher recovery percentage of 69%, 98%, 57%, and 93% for cobalt, copper, nickel, and
zinc was achieved using sulphuric acid, respectively [22]. Altundogan et al. [23] investi-
gated the recovery of Cu, Co, Zn, and Fe from copper converter slag obtained by oxidative
leaching with K2Cr2O7 and H2SO4 lixiviants. The experimental results indicated that the
presence of dichromate greatly influences the extraction of metals. The process recovered
81.15% Cu, 12.0% Co, 3.15% Fe, and 10.27% Zn [23]. Anand, Das and Jena’s studies showed
that using 10% furnace oil as the reducing agent yielded 80% cobalt, 82% copper, and 95%
nickel by roasting the copper converting slag at 850 ◦C and leaching with 1.25 times the
stoichiometric amount of ferric chloride for 2 h [24]. Numerous studies reported that the
recovery of cobalt and nickel from nickel converter slag using pressure oxidative acid leach-
ing with H2SO4 is promising [25–27]. They achieved a cobalt and nickel recovery of greater
than 97%, with temperatures ranging from 200–250 ◦C in 80–120 min [25–27]. Meshram
et al. used oxalic and citric acid to recover valuable metals from copper converter slags.
They achieved a Co and Ni recovery of 94% and 89% using citric acid and a maximum
recovery of 16% cobalt using oxalic acid [5]. Lim et al. (2023) used citric acid and hydrogen
peroxide to recover Co and Ni from nickel furnace and converter slag. They achieved
a recovery of 82% Ni and 91.7% Co from nickel furnace slag and 65% Ni and 99.1% Co
from converter slag using the following experimental conditions: 1M citric acid, 0.5% (v/v)
hydrogen peroxide, a pulp density of 2.5%, a particle size f −100 +75 μm, 400 rpm at 60 ◦C
for 6 h [28].

Although relatively high recoveries are achieved using the above methods, it is seen
that most of the techniques mentioned above utilise high energy and harsh chemicals. Also,
very limited studies have been conducted to extract valuable metals using nickel slag. The
study conducted by Meshram et al. (2020) [5] and Lim et al. (2023) [16] has shown promise
in recovering these elements from slags using organic acids. Therefore, this study aims to
investigate the potential of organic acids to recover cobalt and nickel from nickel furnace
slag by studying the effect of concentration, temperature, time, and particle size.

A series of experiments were conducted by employing citric acid and ascorbic acid as
leaching reagents. A description of the experimental procedure and the results obtained
are discussed below.

2. Results and Discussion

2.1. Sample Characterisation

The particle size distribution indicated that the p80 of the slag was 34 μm, which was
used for experimentation unless otherwise specified. The elemental composition of the slag
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was determined using XRF, and is presented in Table 1. For conciseness, only the elements
of interest are presented. Major impurities include Si, Al and Mg.

Table 1. Elemental composition of the slag.

Elements Fe Ni Co Si
Composition (%) 40.7 0.6 0.2 15.9

The ground sample was analysed using XRD to identify the mineralogy of the slag.
Figure 1 shows the XRD analysis of the slag, and it is observed that it consists of fayalite
(Fe2SiO4) and magnetite (Fe3O4). It is to be noted that the cobalt, nickel, and any other
phases were not detected. It was reported by Jones et al. [29] that Co and Ni could be
present either on the surface or entrained in the silicate and oxide matrix as metals or as
sulphides [29]. SEM analysis of the sample also shows that silicon, iron, and oxygen are
distributed throughout the slag matrix, which comprises the silicate and oxide phases
(Figure 2). Previous studies on nickel slag have shown that the nickel was trapped in the
matte left behind in the slag [27,28] and that Co exists as CoFe2O4 and is associated with
fayalite [26,28]. TIMA analysis of the nickel furnace slag revealed that it primarily consists
of fayalite, with some magnetite present [28]. Additionally, it was reported that a trace
amount of godlevskite (Ni,Fe)9S8 was detected in the furnace slag [28].

Figure 1. XRD analysis of nickel furnace slag.

2.2. Citric Acid Leaching of Nickel Furnace Slag

Studies carried out by Lim et al. (2023) have shown that 0.5 mol/L CA performed well
in extracting Co and Ni from nickel slag [28]. Therefore, experiments were conducted to
evaluate the effectiveness of leaching Co and Ni from nickel furnace slag using 0.5 mol/L
CA at 50 ◦C and 80 ◦C for 6 h. The results are presented in Figure 3.

Figure 3 shows that a 60% Co, 55% Ni, and 66% Fe recovery was achieved by maintain-
ing a temperature of 50 ◦C. From the data presented above, it can be seen that temperature
has a considerable effect on leaching, as a recovery of 69% Co, 67% Ni, and 76% Fe was
obtained at 80 ◦C over 6 h. Also, citric acid tends to be a strong leaching reagent for
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the chosen sample. Further studies were carried out by adding a strong reducing agent,
ascorbic acid.

 

Figure 2. Scanning electron microscope image of nickel furnace slag (i) Secondary electron image;
(ii) Silicon mapping (iii) Iron mapping (iv) Oxygen mapping using SEM-EDS.
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Figure 3. Effect of citric acid on Co, Ni, and Fe dissolution (0.5 mol/L CA, 6 h, S/L ratio = 1:10, 34 μm
particles, 250 rpm).
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2.3. Ascorbic Acid-Assisted Citric Acid Leaching of Nickel Furnace Slag
2.3.1. Effect of Ascorbic Acid Concentration on Metal Dissolution

The effect of ascorbic acid concentration was investigated by leaching the slag at
different temperatures for 6 h using 0.5 mol/L CA with varying concentrations of AA. The
results obtained are shown in Figure 4.
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Figure 4. Effect of ascorbic acid concentration on Co, Ni, and Fe dissolution at (a) 25 ◦C (b) 50 ◦C
(c) 80 ◦C (0.5 mol/L CA, 6 h, S/L ratio = 1:10, particle size = 34 microns, stirring speed = 250 rpm).

At 25 ◦C, the recovery percentage of Co, Ni, and Fe dropped with the increase in the
concentration of AA added. However, at 50 ◦C, the recovery percentage increased slightly
at 0.5 mol/L compared to 0.3 mol/L AA. It is to be noted that the dissolution percentage
for 0.7 mol/L and 1 mol/L AA concentrations was lower than the other concentrations
at different temperatures. Therefore, at 80 ◦C, experiments were carried out only up to
0.5 mol/L AA. It was seen that the recovery percentage increased significantly when
0.5 mol/L AA was added to 0.5 mol/L CA. The drop in dissolution percentage at higher
concentrations of ascorbic acid is potentially due to the increased ascorbic/citric acid ratio,
thereby decreasing the activity and thus the efficacy of the citric acid. Therefore, it was
concluded that the optimal combination was 0.5 mol/L AA + 0.5 mol/L CA.

2.3.2. Effect of Temperature and Time on Metal Dissolution

The effect of temperature and time was investigated by leaching the slag at different
temperatures and times using 0.5 mol/L CA + 0.5 mol/L AA. The experiments were carried
out at 25 ◦C, 50 ◦C, and 80 ◦C for 24 h, and the results obtained are shown in Figure 5.

With the variation of AA concentration, the temperature played a significant role. For
0.5 mol/L AA, the Co and Ni recovery increased for 25 ◦C and 50 ◦C till 24 h. However, at
80 ◦C, Co, Ni, and Fe recovery dropped significantly at 24 h. This shows that a mixture
of 0.5 mol/L AA and 0.5 mol/L CA is suitable to operate at 80 ◦C for 6 h. As seen in
Figure 3, with higher concentrations of AA (0.7 mol/L and 1 mol/L), the leaching efficiency
of Co and Ni was relatively lesser than 0.3 mol/L and 0.5 mol/L. For 80 ◦C, the recovery
rate increased until 6 h, and the value decreased. This is possibly due to the denaturing
tendency of ascorbic acid, which worsens at 76 ◦C [30]. Also, Jutkus et al. observed that
storing ascorbic acid at higher temperatures led to chemical instability over time [31].
Therefore, it is recommended to either run the experiment at a lower temperature or to run
the experiment for a smaller duration. Based on the observations, the following operating
conditions were chosen for further experimentation: 80 ◦C, 0.5 mol/L AA + 0.5 mol/L CA,
6 h, and 250 rpm.
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Figure 5. Effect of temperature on (a) Co, (b) Ni, and (c) Fe dissolution (0.5 mol/L CA + 0.5 mol/L
AA, S/L ratio= 1:10, particle size = 34 microns, stirring speed = 250 rpm).

2.3.3. Effect of Particle Size on Metal Recovery

The effect of particle size on the leaching efficiency of Ni and Co was studied by
using milled and unmilled particles with a p80 of 75 μm and 34 μm, respectively. The
experimental conditions were: 80 ◦C, 0.5 mol/L AA + 0.5 mol/L CA, 250 rpm for 6 h. The
results obtained are shown in Figure 6.
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Figure 6. Effect of particle size on Co and Ni dissolution (80 ◦C, 0.5 mol/L CA + 0.5 mol/L AA, S/L
ratio = 1:10, stirring speed = 250 rpm).
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A recovery percentage of 53% Co, 59% Ni, and 79.8% Co, 80% Ni was attained for
unmilled (p80 = 75 microns) and milled (p80 = 34 microns), respectively. An optimal particle
size screens the unwanted minerals and ensures the liberation of the target elements [32].
Mechanical activation was employed to reduce particle size. The disintegration by high-
energy grinding increases the surface area and alters the physicochemical properties,
rendering them more reactive in the subsequent processing [33]. The higher recovery
percentage is due to the liberation of the target elements [32] and the increased number of
particles newly exposed to the leaching conditions [33].

2.4. Leaching Mechanism of the Synergistic System

To understand the effect of the combined reagents, graphs were plotted individually
for 0.5 mol/L AA, 0.5 mol/L CA, and 0.5 mol/L AA + 0.5 mol/L CA at 80 ◦C. The graphs
were plotted for Co, Ni, and Fe recoveries under the above-said conditions, shown in
Figure 7.

Figure 7 proves that the synergistic system works better than the individual systems,
i.e., only citric and ascorbic acid. It is seen from the above graphs that cobalt, nickel, and
iron follow the same trend for the three different systems. This shows that it is essential
to dissolve Fe by disintegrating the fayalite and magnetite matrix to ensure Co and Ni
dissolution [28]. On treating the slag with either citric or ascorbic acid, it is seen that the
leaching curve tends to plateau after 3 h. However, with a combination of these reagents,
the recovery percentage increases till 6 h. The proposed mechanism for the synergistic
system is as follows.

Citric acid provides H+ ions for protonation, which attacks the fayalite matrix, releas-
ing ferrous ions and silicic acid. The H+ ions also facilitate the dissolution of magnetite, a
mineral containing both Fe2+ and Fe3+ ions, thereby releasing ferric and ferrous ions into
the solution.
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Figure 7. Comparison of leaching efficiency (a) Co (b) Ni and (c) Fe dissolution (80 ◦C, particle
size = 34 microns, stirring speed = 250 rpm).

Ascorbic acid, a reducing agent, converts the Fe3+ to Fe2+ ions. This reaction plays a
vital role in the dissolution of magnetite, as two-thirds of the Fe content exists in the ferric
state. Furthermore, ascorbic acid forms complexes with silica, promoting the breakdown
of the fayalite matrix [34]. In addition, citric acid also acts as a chelating agent and forms
stable complexes with both Fe2+ and Fe3+ ions.
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It is evident from Figure 7 that the dissolution of iron is essential for the release of cobalt
(Co) and nickel (Ni). Thus, promoting the dissolution of fayalite and magnetite matrices is
necessary for efficient leaching of Co and Ni. According to Meshram et al. [5] citric acid
forms complexes with both Co and Ni ions. This supports the proposed mechanism’s
applicability for the extraction of these metals. The reaction equations for the mechanism
are summed up in Equations (1)–(6) [5].

Fe2SiO4 + 4H+ → 2Fe2+ + H4SiO4 (1)

Fe3O4 + 8H+ → 2Fe3+ + Fe2+ + 4H2O (2)

Fe3+ + C6H8O6 → Fe2+ + C6H6O6 + 2H+ (3)

Fe3+ + C6H8O7 → [Fe(C6H5O7)]n (4)

Fe2+ + C6H8O7 → [Fe(C6H5O7)]n (5)

The metals (M) reacted with citric acid to form soluble metal chelates, and the reaction
was expressed as Equation (6) [5].

(6)

Overall, it is evident that reducing the slag matrix plays a vital role in efficiently
extracting Co and Ni from slag. The combined actions of citric acid and ascorbic acid
ensure the breakdown of the mineral structure and the leaching of the target metal ions.

This might be because citric acid, a strong leaching reagent, leaches the cobalt and
nickel on the surface and converts them into their corresponding metal salts [5]. Meanwhile,
ascorbic acid, a strong reducing agent, causes a disturbance in the slag matrix and reduces
it [35]. This helps in leaching the cobalt and nickel trapped in the slag matrix. The increased
iron recovery is due to the reduction of the slag matrix. Ascorbic acid also tends to reduce
the metal citrate complexes. It is evident from the results that reducing the slag matrix is
vital for extracting Co and Ni efficiently from the slag.

However, the decreased recovery after 6 h can be attributed to a number of reasons.
The chemical instability of ascorbic acid at higher temperatures plays a major role [30,31];
this denaturing tendency of ascorbic acid causes the reprecipitation of some of the iron into
the system. This, in turn, decreases the cobalt and nickel recovery as they tend to follow the
same trend as iron (Figure 7). In addition, the system loses ascorbic acid due to its instability,
which tends to decrease the reaction rate. It is proposed that iron reprecipitation occurs
much faster than forming iron ascorbate, thereby reducing the recovery of iron, cobalt, and
nickel. Based on these observations, it is said that the optimal operating conditions for
this system are 6 h at 80 ◦C, which also helps prevent the decomposition of AA. However,
further investigations are required to evaluate the extent of AA decomposition, its impact
on reagent recyclability, and the overall feasibility of this approach for achieving more
sustainable circular processing.

The above process not only treats waste but also provides better utilisation of resources,
providing the potential to generate multiple products and thus contributing to a circular
economy. The leach liquor obtained can be further processed through solvent extraction
to separate Fe, Co, and Ni; however, this approach has not been tested with the specific
solution obtained from this study. Given the significant concentration of Fe in the leach
liquor, there is an opportunity to create a low-value iron stream that could be used for
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other applications. By extracting these valuable elements from furnace slag, this method
enhances resource efficiency which is beneficial for nickel-producing industries globally.
Additionally, it not only aids in reducing waste but also has the potential to generate an
additional revenue stream.

3. Materials and Methods

3.1. Sample Preparation and Characterisation

The nickel furnace slag used in this study was obtained from a processing plant in
Western Australia. The furnace slag was initially pulverised using a Rocklabs Limited
Model C pulveriser. The slag was then mechanically activated using a Restch PM type
100 planetary ball mill, which had a capacity of 50 cm3. A charge-to-ball ratio of 1:10 was
employed. Then, the ground sample was analysed using X-ray diffraction (XRD) (Pan
Analytical, Worcestershire, UK) to identify the mineralogy of the slag. Also, Scanning
Electron Microscopy–Energy Dispersive Spectroscopy (SEM-EDS) was carried out to un-
derstand the elemental distribution of the sample using an MIRA3 Tescan (Brno, Czech
Republic) at John de Laeter Centre in Curtin University. The elemental composition of
the ground sample was determined using X-ray fluorescence (XRF) and was conducted
by Bureau Veritas Laboratory, Perth. The particle size distribution of the slag was carried
out using laser sizing (Mastersizer 3000, Malvern, Worcestershire, UK). The concentration
of the elements in the dissolved solution was determined using an Inductively Coupled
Plasma–Optical Emission Spectroscopy (Agilent 5100 Synchronous Vertical View-SVDV,
Boulder, CO, USA).

3.2. Reagent Preparation

The leaching reagents used in this study were 100% pure L-ascorbic acid (C6H8O6)
(Daintree Quality Herbs, USA) and 100% anhydrous citric acid (C6H8O7) (Sigma Group
Companies Pty Ltd., Perth, Australia) in a solid crystalline form. Based on the solubility
of these reagents in water, the concentrations of the reagents were fixed. The individual
solutions were prepared with known concentrations of these reagents in deionised water.
A previous study using nickel slag indicated that 0.5 mol/L citric acid as a leaching reagent
was effective at elevated temperatures [28]. Therefore, in this study, further experiments
were conducted to explore the potential of the synergistic system. Thus, different ascorbic
acid concentrations ranging from 0.3–1 mol/L ascorbic acid were added to 0.5 mol/L citric
acid. In the upcoming sections, ascorbic and citric acid have been abbreviated as AA and
CA, respectively, for ease.

3.3. Leaching Experiments

Batch leaching experiments were conducted using a three-necked round-bottom flask.
The flask was fitted with a condenser on one neck and a thermometer on the other to
monitor the temperature of the slurry throughout the experiment. An overhead stirrer with
a collapsible impeller was fitted to ensure mixing and was set to rotate at a fixed speed
of 250 rpm. The effect of variables influencing the leaching process, such as temperature,
reagent concentration, particle size, and time was investigated. The reagent was taken
in the three-necked round-bottom flask and placed in a heating mantle to achieve and
maintain the desired reaction temperature during leaching. Once the desired temperature
was attained, an aliquot of slag was weighed and added to the flask. A solid-to-liquid
ratio of 1:10 was maintained. The nickel furnace slag was subjected to leaching using a
mixture of ascorbic and citric acid. Solution samples were collected at 1, 3, 6, and 24 h.
The pH of the solution samples were measured and recorded. The collected samples were
centrifuged and vacuum filtered using a Wattman filter paper of 7–11 microns. At the end
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of the experiment, solid-liquid separation was done using a vacuum filter and the leach
residue was washed with distilled water, which yielded a dark red-violet filtrate and a
black residue. The resultant dark red solution is due to the formation of ferrous ascorbate.

4. Conclusions

In this study, experiments were carried out to determine if nickel slag is a viable
source for recovering cobalt and nickel from nickel furnace slag in an environmentally
benign manner using organic acids such as ascorbic and citric acid. The parameters
varied were temperature, the concentration of the reagents used, time, and particle size.
It was observed that the recovery of Co and Ni generally increased with temperature.
Interestingly, the dissolution percentage of Co and Ni decreased at longer residence times
at 80 ◦C and while using 0.5 mol/L of ascorbic acid and citric acid. This is plausibly due to
the denaturing tendency of ascorbic acid at 76 ◦C, as reported by Jutkus et al. (2015) [31].
In addition, altering the physicochemical properties of the slag by mechanically activating
it aided in significantly increasing the leaching efficiency of Co and Ni. A combination
of the two reagents at specific concentrations attained a much higher recovery than their
individual counterparts. This is because the citric acid provides H+ ions that attack the
fayalite and magnetite matrices, releasing metal ions into the solution. Ascorbic acid
aids in reducing these ions, while citric acid complexes with the released metal ions to
enhance dissolution. Optimal recovery of 79% Co and 80% Ni was obtained by subjecting
the nickel furnace slag of p80 34 μm to 0.5 mol/L citric acid and 0.5 mol/L ascorbic acid
for 6 h at 80 ◦C. This result shows that breaking down the Fe matrix to dissolve Co and
Ni is essential, as these elements are trapped in the slag matrix. The outcomes of this
work highlight the potential of organic acids as effective leaching reagents owing to their
capability to attain high recoveries from a low-grade material under atmospheric conditions.
Moreover, extracting critical and strategic minerals from slag adds more value to the supply
chain of these elements. It also enables us to reprocess the material and reduce the net
waste generated, thereby contributing to sustainability and aiding in a circular economy.
Additionally, a comprehensive evaluation of the process considering the supply chain of
both the waste products and reagents is to be done to enhance the overall circularity of
the process.
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Abstract: Leachates from electronic waste, slag dusts generated during the process-
ing of electronic waste, sweeping jewelry, and municipal solid-waste incineration
residues contain a myriad of base metals, such as aluminum (Al: 10–2000 mg/L),
copper (Cu: 10–1000 mg/L), iron (Fe: 10–500 mg/L), nickel (Ni: 0.1–500 mg/L), lead
(Pb: 1–500 mg/L), tin (Sn: 1–100 mg/L), and zinc (Zn: 5–500 mg/L), which are present
at much higher quantities than Au (0.01–10 mg/L), which raises several drawbacks to
the efficient recycling of Au with high purity using hydrometallurgical strategies. The
aim of this work was to study the efficiency and selectivity of two strong basic anion
exchange (DOWTM XZ-91419.00 and PurogoldTM A194) resins to recover Au from a chlo-
ride multi-metal solution containing these metals. For both resins, the adsorption kinetic
and equilibrium parameters for Au(III), determined at 1.12 mol/L HCl, Eh = 1.1 V, and
25 ◦C, proceeded according to a pseudo-second order and a Langmuir isotherm (qmax was
0.94 and 1.70 mmol/g for DOWTM XZ-91419.00 and PurogoldTM A194 resins, respectively),
respectively. Continuous adsorption experiments of Au (48 μmol/L; 2.0%) from a chloride
multi-metal solution evidenced high Au retention capacity and selectivity to Au over Al,
Cu, Fe, Ni, and Zn but low selectivity to Au over Ag and Sn for both resins. Concentrated
(>3.3 mmol/L) and pure (>94%) Au eluates were obtained for both resins.

Keywords: gold recovery; gold selectivity; gold purification; multi-metal solution; quaternary
amine resin; mixed amine resin

1. Introduction

Gold (Au) is a precious metal and it is very important because of its unique physical
and chemical properties [1,2]. In the recent years, there has been a tendency for the
utilization of precious metals, specifically Au, not only in traditional jewelry materials
but also in new emerging applications [3,4], such as manufacturing of electronic parts
and devices and corrosion-resistant materials. In electrical and electronic components, Au
is used for connectors, switches, relay contacts, connecting wires, and connection strips
mainly due to its corrosion resistance and electrical conductivity [1,5].

However, Au resources in the world are scarce and are mainly associated with other
metal deposits [3]. In addition to that, the market values of Au are very high and are
constantly rising [6]. With the growing demand of Au and reducing amount of its nature
resources, it is important to recycle and reuse Au from secondary resources and industrial
waste [2,4,7]. The recovery and reuse of Au is of great importance from the economic,
environmental, and sustainability perspectives. Thus, the development of procedures to
recovery Au from secondary resources has become an attractive and imperative issue [6].
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Among the recovery methods of Au, the hydrometallurgical method is one of the most
effective to recover this metal from scraps, such as electronic waste, slag dusts generated
during the processing of electronic waste, and sweeping jewelry. These hydrometallurgical
processes result in high volumes of solution containing low concentrations of Au together
with several other metals present at high concentrations. For recovering Au from these
multi-metal solutions, various purification methods such as those based on precipitation
and/or solvent extraction (SX) procedures have been used. However, these strategies pose
several drawbacks. For example, in the case of precipitation methods, the separation of Au
is difficult and incomplete; as a consequence, several dissolution and precipitation steps
are needed to achieve the purity specifications, which increases the operating costs. In the
case of SX, the slow kinetics of Au extraction associated with the high risk of fire due to the
use of solvents, which are highly flammable, and the high volumes of effluents generated
during the SX purification process constitute serious disadvantages. These procedures
definitively do not contribute to a cleaner, more efficient, and more sustainable recovery of
Au from multi-metal solutions containing a low grade of Au. Therefore, the breakthrough
in the development of more environmentally-friendly and highly selective Au-separation
procedures is urgent.

Ion-exchange technology has been recognized as a powerful purification method and
provides the possibility of enriching final Au eluate after elution if the resin has a high affin-
ity for Au. This method has proved to be interesting from a technological and economical
point of view. The low cost, easy handling, energy efficiency of the elution/regeneration
process, and especially its suitability for application to solutions in which Au is present
at trace levels are the main advantages [2,8–10]. Since cyanide has been the most widely
used reagent for Au extraction from ores and secondary sources [11], the basic anion ex-
change resins, available on the market, have been developed for the purification of Au
from cyanide solutions [1,12,13]. These resins have potentially high loading capacities
and loading rates for Au, few are likely to be poisoned by organics, and they are easily
regenerated [12]. However, due to the number of incidents involving cyanide, recycling
industries are being pressed for substituting cyanide with other alternative strong Au com-
plexing agents. Hydrochloric acid (HCl) offers the best prospects for commercialization
and the chloride chemistry of Au is well understood. Under acidic oxidant conditions, the
predominant complex ion of Au(III) species is AuCl4− and basic anion exchange resins,
which contain amine functional groups, are positively charged. Thus, the adsorption of the
Au complexes onto the resins could be explained by an ion-exchange interaction according
to the following reaction:

� N+RnCl− + [AuCl4]
− ⇐⇒ � N+[RnAuCl4]

− + Cl− (1)

where the symbol � denotes the inert matrix (polymer structure) of the resins and n takes
values between 1 and 3 according to the resin. When n < 3, R is replaced by hydrogen
atoms (the number of hydrogen atoms is equal to 3 − n).

Presently, there is a large gap between the current scientific information available in the
literature, mainly focused on the study of the ability of anion exchange resins for purifying
Au using batch conditions [14,15] or column continuous experiments using mono and/or
bi-metallic solutions [9,16,17], and the reality. The selective separation of Au from leachates,
such as e-waste leachates, using anion exchange resins raises a much more complex issue
as these leachates are multi-metal solutions containing Au together with other potential
interfering metals, which, under acidic chloride media, form negative chlorocomplexes
species that may compete for the anion exchange resins. The simultaneous adsorption
of a considerable amount of foreign metal anions chlorocomplexes species together with
AuCl4− species may affect the effective separation and recovery of Au under dynamic
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systems (packed bed adsorption columns). This is an open and challenging research
topic that needs to be investigated in order to offer more environmentally friendly and
effective solutions for recovering Au from solid waste containing various metals and
constitutes the main novelty of this work. Based on all of these facts, in this work, the
ability performance of two strong basic anion exchange resins to recover and purify Au
from an Au chloride multi-metal solution was studied. In addition to the study of the
kinetic and thermodynamic abilities of the resins, the selectivity of each resin for Au relative
to other metals was evaluated under dynamic conditions, which is crucial information at
the moment of choosing a resin for purifying Au from low-grade Au multi-metal leachates.

2. Results and Discussion

2.1. Batch Adsorption Kinetics and Isotherms Experiments

Envisaging the future application of the resins for recovering Au from solutions using
column experiments, adsorption kinetics and isotherms were studied for both resins in
order to obtain information about the properties of the resins for Au sorption.

The evolution of Au retention by both resins was studied through the time using an
Au concentration of 30 mmol/L (Figure 1). Since both resins are strong anionic resins, they
are completely positively charged up to pH 8–9 at a particular S/L ratio. Therefore, only
one S/L ratio was used to study the adsorption ability of both resins. For the PurogoldTM

A194 resin, the experimental data show that approximately seven hours (420 min) were
needed for the Au adsorption equilibrium to be reached (Figure 1B), while for the DOWTM

XZ-91419.00 resin forty minutes were enough (Figure 1A). Pseudo-first order and type I
pseudo-second order kinetic models were adjusted to the experimental points through the
respective linear plots. The calculated parameters are presented in Table 1. Both models
had a good correlation with the experimental data, as can be seen from the R2 values.
However, even though high R2 values were achieved for the pseudo-first order kinetic
model, this model did not adjust well to the experimental data, as can be seen in Figure 1.
On the other hand, the type I pseudo-second order kinetic model adjusted perfectly to
the experimental data (Figure 1), which shows that the kinetics of Au adsorption to the
resins were better described by a pseudo-second order kinetics. For adsorption isotherms
and for both resins, the variation in qe as a function of Ce is shown in Figure 2, where
the Langmuir and Freundlich isotherms were adjusted to the experimental results. The
parameters of each model [qmax and affinity constants (KL and KF for Langmuir and
Freundlich models, respectively)] were calculated by the respective linear plots and the
values are presented in Table 2. For both resins, the fitting of both models had a good
correlation with the experimental data as it is evidenced by the correlation factors. However,
the Langmuir model adjusted better to the experimental data (R2 values ≥ 0.993) than the
Freundlich model (R2 values between 0.881 and 0.970), as evidenced in Figure 2. These
results showed that the Langmuir isotherm model was more appropriate to describe the
adsorption behavior of Au to both resins and suggests that the surface of the resins can be
regarded as a homogeneous surface for Au adsorption. According to the Langmuir model,
the maximum adsorption capacity of each resin to Au was 0.94 and 1.70 mmol/g for the
DOWTM XZ-91419.00 and PurogoldTM A194 resins, respectively. Additionally, the values of
the Langmuir constant (kL) showed a similar trend evidencing that the PurogoldTM A194
resin had the highest affinity for Au followed by the DOWTM XZ-91419.00 resin (Table 2).
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Figure 1. Effect of Au(III) on adsorption time on the DOWTM XZ-91419.00 (A) and PurogoldTM

A194 (B) resins. An Au(III) concentration of 30 mmol/L was used. Experimental conditions:
1.12 mol/L HCl at Eh = 1.1 V and 25 ◦C. Open triangles represent experimental data. Pseudo-
first order (dotted line) and type I pseudo-second order (full line) kinetic models are represented. All
points collected from two independent experiments were included in the figure.
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Figure 2. Effect of Au(III) concentration on its adsorption, during 24 h on the DOWTM XZ-91419.00 (A)
and PurogoldTM A194 (B) resins. Experimental conditions: 1.12 mol/L HCl at Eh = 1.1 V and 25 ◦C.
Open triangles correspond to experimental data. The lines represent the fittings for Langmuir (dotted
line) and Freundlich (full line) adsorption models. The results were obtained with points collected at
least in three different assays.
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Table 1. Parameters for kinetic models for Au-DOWTM XZ-91419.00, Au-PurogoldTM A194, and
Au-PurogoldTM S992 resins. Experimental conditions: 1.2 mol/L HCl at Eh = 1.1 V and 25 ◦C.

Pseudo-First Order Type I Pseudo-Second Order

DOWTM XZ-91419.00 PurogoldTM A194 DOWTM XZ-91419.00 PurogoldTM A194

Correlation factor 0.919 0.980 0.986 0.998
qmax (mmol/g) 0.57 0.85 1.03 1.62

K1 (min−1) 0.668 0.0046 - -
K2 (g/mmol.min) - - 0.330 0.012

Table 2. Parameters for Langmuir and Freundlich models for Au-DOWTM XZ-91419.00 and Au-
PurogoldTM A194 resins. Experimental conditions: 1.2 mol/L HCl at Eh = 1.1 V and 25 ◦C.

Langmuir Model Freundlich Model

DOWTM XZ-91419.00 PurogoldTM A194 DOWTM XZ-91419.00 PurogoldTM A194

Correlation factor 0.993 0.998 0.935 0.970
qmax (mmol/g) 0.94 1.70 - -
KL (L/mmol) 0.22 5.56 - -

n - - 3.29 5.71
KF (mmol/g) - - 0.28 1.16

According to these results, it was possible to conclude that the DOWTM XZ-91419.00
resin has the fastest adsorption kinetics (Table 1) whereas the PurogoldTM A194 resin
revealed the highest adsorption capacity and affinity for Au (Table 2). In order to under-
stand the differences in the kinetic behavior of both resins, the porosity of both resins was
evaluated. Porosity values of 58 and 20% were quantified for the DOWTM XZ-91419.00
and PurogoldTM A194 resins, respectively. The higher porosity observed for the DOWTM

XZ-91419.00 resin may explain the faster kinetics evidenced by this resin relative to the
PurogoldTM A194 resin. Additionally, the high percentage of crosslinking agent present in
the case of the Purolite A194 resin relative to the DOWTM XZ-91419.00 resin, which results
in an increase in the functional group density in the resin but decreases the diffusivity of
AuCl4− ions through the resin [18], may also explain the lower kinetics of the Purolite
A194 resin. Also, the higher bead-size uniformity observed for the DOWTM XZ-91419.00
resin relative to the PurogoldTM A194 resin (Figure 3) may contribute to the faster kinetics
observed for the DOWTM XZ-91419.00 resin.

The literature reports several studies where different polymer resins were used to
recover Au from solution (Table 3). Erim et al., 2013 [4] studied the adsorption capacity
of a 1,8-DAN-F blended polymer to Au; a maximum adsorption capacity of 0.60 mmol/g
(119 mg/g, as described in the original paper) was achieved. Donia et al. [19] studied the
ability of a magnetic adsorbent derived from chemically modified chitosan to recover Au.
The maximum adsorption capacity found was 2.8 mmol/g. Pang and Yung [5] proposed
the use of multiwalled carbon nanotubes and the maximum adsorption capacity was
0.47 mmol/g (93.5 mg/g, as described in the original paper). Yang et al. [20] studied the
ability of cellulose acetyl derivatives to recover Au from acidic chloride solutions and
cellulose acetate fibers and an adsorption capacity of 0.56 mmol/g (110 mg/g, as described
in the original paper) was calculated. Fan et al. [21] prepared a resin by crosslinking the
persimmon residual with formaldehyde and the maximum Au uptake was 2.6 mmol/g. A
comparative analysis between the maximum adsorption capacities determined for both
resins used in this work shows that they were in the range of values described in the
literature for other resins studied for the same application (Table 3).
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Figure 3. Particle size distribution of the DOWTM XZ-91419.00 (�) and PurogoldTM A194 (�) resins
with emphasis on the diameter in which less than 10% and up to 90% of the particles are 653 μm and
863 μm for the DOWTM XZ-91419.00 (�) and 653 μm and 1041 μm for the PurogoldTM A194 (�) resins.

Table 3. Values of adsorption capacity (qmax) and affinity constant (KL) for different polymer resins
to Au described in the literature and those used in this work.

Resin qmax (mmol/g) K (L/mmol) Reference

1,8-Diaminonaphtalene–
formaldehyde/PVC 0.60 3.48 [4]

Magnetic chitosan 2.8 1.32 [19]
Multiwalled carbon nanotubes 0.42 92.8 [5]

Cellulose acetate fibers 0.56 - [20]
PPF resin 2.57 - [21]

DOWTM XZ-91419.00 0.94 0.22
This workPurogoldTM A194 1.70 5.56

2.2. Column Experiments
2.2.1. Optimization of Adsorption and Elution Conditions

In electronic waste, slag dusts generated during the processing of electronic waste,
sweeping jewelry, and municipal solid-waste incineration residues, Au is a minor com-
ponent (usually less than 1%), when compared with the contents of the other metals [22].
Thus, all these facts together will certainly influence the selective recovery of Au from a
highly complex multi-element solution. In order to predict the metal affinity series of each
resin, column experiments, using a multi-metal synthetic solution (see the composition of
the inlet solution in Table 4), were performed with both resins.
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Table 4. Composition of the initial multi-metal synthetic solution and the final Au solutions (eluates)
after treatment with the DOWTM XZ-l91419.00 and PurogoldTM A194 resins and elution with thiourea
and separation number (SN) for each metal, relative to Au.

Inlet Solution
Eluates

DOWTM XZ-l91419.00 Resin PurogoldTM A194 Resin

Metal (%) Speciation Metal% Metal%

Au 2.0 AuCl4− 94.6 94.1

Ag 1.2 AgClx−(x−1) 0.84 2.3

Sn 14.7 SnCl5−/SnCl62− 3.9 3.1

Cu 43.0 Cu2+/CuCl+ (80.1%); CuCl2
(19.4%)

0.08 0.02

Fe 24.4 FeCl2+/FeCl+2 (91.1%) FeCl3
(8.4%)

0.40 0.008

Ni 3.5 Ni2+/NiCl+ (99.6%) 0.04 0.03

Pb 3.1 PbCl2 (53.4%); PbCl+ (10.7%);
PbCl3−/PbCl4−2 (35.6%)

0.06 0.44

Al 6.6 Al3+ <0.0008 <0.0001

Zn 1.5 Zn2+/ZnCl+ (24.5%); ZnCl2
(31.8%), ZnCl3−/ZnCl4−2 (43.7%)

0.08 0.02

Because DOWTM XZ-91419.00 evidenced faster adsorption kinetics than the PurogoldTM

A194 resin (Table 1), different adsorption kinetic profiles are expected with both resins.
After preliminary experiments, continuous adsorption experiments using the following
flow rates of 0.83 and 0.42 mL/(min.g) for the DOWTM XZ-91419.00 and PurogoldTM A194
resins, respectively, were selected (Figure 4). For both resins, the outlet concentrations of
Al, Cu, Fe, and Ni were similar to the inlet concentrations since the beginning of the assays.
These results pointed out that no appreciable amount of Al, Cu, Fe, and Ni was adsorbed
by either resin, and they were not considered in the figure. Figure 4 evidences that both
resins retained Au efficiently for a long period of time. For the DOWTM XZ-91419.00 resin,
Au was retained for 3 days (72 h); after this period of time, more than 10% of Au entered
the raffinate solution. After 8 h of assay, Zn was not retained by the resin and after 24 h Sn
and Ag were also not retained. In the case of the PurogoldTM A194 resin, Au was retained
for 10 days (223 h). After 24 h, Sn, Ag, and Zn were not retained any more. For both resins,
when Au started to leave the resin, the other metals were also not retained for a long time.

The results obtained for both resins suggest that they can be interesting to selectively
recover Au from the synthetic chloride multi-metal solution, and 72 and 223 h were
the times defined for stopping the adsorption of Au for the DOWTM XZ-91419.00 and
PurogoldTM A194 resins, respectively.

The adsorption step with the PurogoldTM A194 resin was slower than with the
DOWTM XZ-91419.00 resin. Moreover, the PurogoldTM A194 resin allowed the treatment
of 5.8 L of synthetic solution per gram of resin (Figure 4B), while 3.0 L/g was treated with
the DOWTM XZ-91419.00 resin (Figure 4A). These results correlate well with the maxi-
mum adsorption capacities of both resins: the ratio of the volume of synthetic solutions
treated by both resins (5.8/3.0 = 1.9) (Figure 4) is equal to the ratio between the qmax values
(1.70/0.94 = 1.8) achieved by isotherm studies (Table 2).
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Figure 4. Ratio between the metal concentrations in the outlet, Cout, and in the inlet solution
(1.12 mol/L HCl at Eh = 1.1 V), Cin, vs. time for the DOWTM XZ-91419.00 (A) and PurogoldTM

A194 (B) resins: Au (�), Ag (�), Sn (
) and Zn (•). Flow rates of 0.83 and 0.42 mL/(min.g) were
used for the DOWTM XZ-91419.00 and PurogoldTM A194 resins, respectively. These are examples of
experiments performed two times.

The elution of Au adsorbed from both resins (Figure 5) was promoted using thiourea
(TU). During this desorption stage, Au(III) is reduced to Au(I) and then complexed with
TU [23], which is released to the bulk solution according to Equation (2):

� N+[Rn AuCl4]
− + 2 TU ⇐⇒ � N+RnCl− + [Au(TU)2]

+Cl− + Cl2 (2)

For this purpose, a 0.1 mol/L thiourea and 0.5 mol/L H2SO4 solution was tested using
the same flow rates applied in the adsorption step. For the DOWTM XZ-91419.00 resin, the
elution process was shown to be fast; after 65 and 85 min, 85 and 95% of the Au adsorbed
was eluted, respectively. After 120 min, almost all of the Au was removed from the resin.
On the other hand, for the PurogoldTM A194 resin, the elution was slower. After 170 min,
88% of the adsorbed Au was eluted, and after 210 min, the Au elution achieved 92%. For
total Au elution, more than 420 min was needed. In order to reduce the time of elution, a
higher concentration of thiourea (0.25 mol/L) was tested but no significant improvement
was observed.

Based on these results, elution times of 65 and 200 min were defined for the DOWTM

XZ-91419.00 and PurogoldTM A194 resins, respectively, since final solutions with higher
concentrations of Au are achieved. To close the cycle, the direct recovery of Au from
thiourea, as Au metallic, can be achieved by reduction using sodium borohydride followed
by filtration (not tested in this work) and the remaining filtrate containing thiourea can be
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reused in another elution cycle [24]. By this way, thiourea can be reused in another elution
cycle contributing to reduce the operating cost of the process.
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Figure 5. Gold elution profiles for the DOWTM XZ-91419.00 (�) and PurogoldTM A194 (�) resins
with 0.5 mol/L H2SO4 and 0.1 mol/L thiourea. Flow rates of 0.83 and 0.42 mL/(min.g) were used for
the DOWTM XZ-91419.00 and PurogoldTM A194 resins, respectively.

2.2.2. Concentration and Selectivity Ability of Resins for Gold

For both resins, additional experiments to evaluate the simultaneous concentration
and selectivity (expressed by the separation number, SN) ability of both resins for recover-
ing Au from a chloride multi-metal synthetic solution (Figure 6) were performed using the
experimental (adsorption and elution) conditions previously optimized and described in
Section 2.2.1. The metal composition of the initial chloride multi-metal synthetic solution
(inlet solution), measured by AAS-FA and expressed as a percentage, as well as the chem-
ical metal species predicted by computer chemical simulations are presented in Table 4.
Additionally, the metal composition of the eluate solutions, quantified by AAS-FA and
expressed as a percentage, is presented in Table 4. Moreover, the SN values for both resins
are presented in Figure 6.

The results presented in Table 4 show the high affinity of both resins for Au and are
in agreement with the previous adsorption parameters. Final solutions containing Au
with high purity (94.6 and 94.1% for DOWTM XZ-91419.00 and PurogoldTM A194 resins,
respectively) and concentration (3.5 and 3.3 mmol/L, respectively; the amount of Au in
the final solutions increased almost 70 times when compared with the concentration in the
initial solution, 48 μmol/L) were achieved (Table 4).

For the Au purified solution using the DOWTM XZ-91419.00 resin, Sn was the major
(3.9%) contaminant followed by Ag (0.84%) and Fe (0.40%)—whereas for the Au eluate
resulting from the PurogoldTM A194 resin, Sn was the major contaminant (3.1%), followed
by Ag (2.3%) and Pb (0.44%).

Even though Cu (43.0%), Fe (24.4%), and Al (6.6%) were the major metals in the
initial chloride multi-metal synthetic solution, together with Ni also present in a significant
amount (3.5%), both resins evidenced a high selectivity, SN > 103, to Au over these metals
(Figure 6). This behavior can be explained by the fact that no anionic chloride species
of these metals are formed under the chemical conditions used (Table 4), and thus, no
adsorption occurs. As a consequence, less than 0.5% of these metals was present in all
final Au eluates (see the metal composition of the eluates in Table 4). On the other hand,
both resins evidenced poor selectivity for Ag, SN ≤ 63, (Figure 6). As a consequence, even
though Ag was a minor (1.2%) constituent in the initial chloride multi-metal solution, no
significant purification occurred for the DOWTM XZ-91419.00 XZ resin (the amount of Ag
was 0.84% in the eluate vs. 1.2% in the initial solution) and a concentration effect occurred
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when the PurogoldTM A194 resin (the amount of Ag was 2.3% in the eluate vs. 1.2% in the
initial solution) was used. Moreover, for Sn (for both resins) and Pb (for PurogoldTM A194
resin), SN values lower than 404 were recorded, which denotes the lower selectivity of these
resins for these metals relative to Au. This lower selectivity (Figure 6) can be explained by
the adsorption of several anionic chloride complexes of these metals (Table 4), which are
formed in solution, by a similar mechanism as described for Au but with less attraction to
the exchange sites on the resin due to the high charge density that enhances Au’s attraction
to the exchange sites on the resin, leading to a stronger interaction and preferential uptake.

Figure 6. Separation number for the DOWTM XZ-91419.00 and PurogoldTM A194 resins with
0.5 mol/L H2SO4 and 0.1 mol/L thiourea.

Considering that chlorination is a practicable alternative for Au leaching due to
the high dissolution rate [25] and the good selectivity for Au relative to other metals
demonstrated by both resins in the present work, it seems plausible to anticipate that the
combination of chlorination leaching and purification of Au using these two strong anionic
resins presents potentialities for recovering Au with high purity from various sources,
such as electronic waste, slag dusts generated during the processing of electronic waste,
sweeping jewelry, and municipal solid-waste incineration residues.

3. Materials and Methods

3.1. Reagents and Analytical Techniques

Two strong basic anion exchange resins were used: DOWTM XZ-91419.00 and
PurogoldTM A194. Table 5 lists some of the main physical and chemical properties of
these resins. The DOWTM XZ-91419.00 and PurogoldTM A194 resins were kindly given by
the DOW (Midland, MI, USA) and Purolite (Philadelphia, PA, USA) companies.
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Table 5. Physical and chemical properties of the resins studied in this work.

Physicochemical Properties DOWTM XZ-91419.00 PurogoldTM A194

Matrix Styrene divinyl benzene gel Polystyrene structure crosslinked
with divinylbenzene

Functional groups t-butylamine, quaternary amines Mixed tertiary and
quaternary amines

Physical appearance White spherical beads Brownish-cream spherical beads
Exchanger type Strong base Strong base

Exchange capacity (in chloride form,
mol/Kg)

Particle size (μm)
Moisture retention (%)

0.31
760–1200
<768 (5%)

45–55

3.0
800–1300
<800 (5%)

44–52

All chemicals used in the experiments were of analytical reagent grade. Synthetic
mono-metal (containing only Au for kinetics and isotherms adsorption studies) and multi-
metal solutions containing Ag, Al, Au, Cu, Fe, Ni, Pb, Sn, and Zn were prepared by
solubilizing a suitable amount of the salt of each metal [HAuCl4.3H2O, CuSO4.5H2O,
Ni(NO3)2·6H2O, Fe(NO3)3.9H2O, Pb(NO3)2, Al2(SO4)3·16H2O, ZnCl2, Ag2SO4, and
SnCl2.2H2O] in a 1.12 mol/L HCl solution. Aqueous solutions prepared from analyti-
cal grade thiourea, SC(NH2)2, and sulfuric acid (H2SO4) (95%) were used in the elution
studies. Sodium hypochlorite (NaClO) was used to raise the redox potential (Eh) of the
solutions up to 1.1 V in order to stabilize Au as [AuCl4]−.

The metal (Ag, Al, Au, Cu, Fe, Ni, Pb, Sn, and Zn) concentration was measured
by atomic absorption spectrometry with flame atomization (AAS-FA) in a Perkin Elmer
AAnalyst 400 spectrometer (Perkin Elmer, Norwalk, CT, USA) or an Analytik JenaA No-
vAA350 spectrometer (Konrad-Zuse, Germany). A nitrous oxide flame was used for the
determination of Al and Sn and an acetylene flame for the remaining metals.

For all solutions, the redox potential was measured with a Pt indicator electrode using
a Metrohm 744 millivoltmeter (Metrohm AG, Herisau, Switzerland).

3.2. Batch Experiments

Kinetic and isotherm adsorption batch experiments were performed in solutions
containing Au(III), prepared from the HAuCl4·3H2O salt, in 1.12 mol/L HCl, at an Eh of
1.1 V; under this Eh and pH conditions, all Au is present as [AuCl4]− (Figure 7). Because
the DOWTM XZ-91419.00 and PurogoldTM A194 resins are strong basic anion exchange
resins, they are completely positively charged up to at least pH 8–9 and present a maximum
ion-exchange capacity up to this pH [26]. Therefore, only one solid/liquid (S/L) ratio of
10 g/L was used to study the adsorption ability of both resins. For this purpose, 0.5 g of
wet resin was accurately weighed into a flask and 50 mL of each solution containing an
adequate amount of Au(III), prepared from the HAuCl4·3H2O salt, in 1.12 mol/L HCl,
at an Eh of 1.1 V was used. The flasks were shaken in a bath with temperature control
(OLS200, Grant, Royston, United Kingdom) at 25 ◦C and 150 rotations per minute (rpm).
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Figure 7. Pourbaix-type diagram for the Au3+/Cl−/e− system, as function of pH. Temperature of
25 ◦C; [Au3+] = 48 μmol/L; [Cl−]= 1.12 mol/L.

3.2.1. Adsorption Kinetics

For kinetic studies, a synthetic 30 mmol/L Au(III) solution was used. At different
intervals of time, an amount of 0.4 mL of the suspension (solution plus resin) was taken
from the flask under agitation. Then, the resin was separated from the suspension by
filtration and not returned back to the flask. The respective concentration of Au was
measured in the filtrate by AAS-FA.

Langergren pseudo-first order and type I pseudo-second order models were fitted
into the experimental points using linear regression (Equations (3) and (4), respectively):

Langergren pseudo-first order:

log
(
qe − qt

)
= log qe −

k1

2.303
t (3)

Type 1 pseudo-second order:

t
qt

=
1

k2qe
2 +

t
qe

(4)

3.2.2. Adsorption Isotherms

For isotherm studies, flasks containing solutions with increasing concentrations of
Au(III) were shaken during 24 h. After this period of time, each solution was separated
from the resin by filtration. The concentration of Au was analyzed by AAS-FA. The quantity
of metal adsorbed per mass of resin (qe) was calculated according to Equation (5), where C0

and Ce are the initial and equilibrium metal concentrations (mmol/L), respectively, m is
the mass of resin (g), V is the volume of solution (L), and qe is the equilibrium adsorption
capacity (mmol/g).

qe =
(C 0 − Ce)V

m
(5)

Langmuir and Freundlich isotherm models were tested. The Langmuir isotherm
assumes adsorption on a homogeneous surface (monolayer) with a negligible interaction
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between adsorbed molecules and allows the estimation of the maximum metal uptake
(qmax) and the Langmuir constant (kL) according to Equation (6).

qe =
qmaxkLCe

1 + kLCe
(6)

The Freundlich isotherm assumes adsorption on heterogeneous surfaces. The Fre-
undlich constant (kF) and n are Freundlich parameters that can be estimated from ex-
perimental data according to Equation (7). Values of n greater than 1 indicate favorable
conditions for adsorption.

qe = kFCe
1
n (7)

3.3. Column Experimental Conditions

For experiments performed in continuous mode, a chloride multi-metal synthetic
solution was prepared in 1.12 mol/L HCl, at an Eh of 1.1 V, with the following metal
compositions: 4.8 × 10−5, 5.4 × 10−5, 1.2 × 10−3, 3.2 × 10−3, 2.1 × 10−3, 2.9 × 10−4,
8.7 × 10−5, 5.9 × 10−4, and 1.1 × 10−4 mol/L of Au, Ag, Al, Cu, Fe, Ni, Pb, Sn, and
Zn, respectively.

For the DOWTM XZ-91419.00 and PurogoldTM A194 resins, a precise amount of resin,
equivalent to 0.5 bed volumes (1.5 mL), was placed in the chromatographic glass column
(di = 6.6 mm, h = 100 mm) and wetted with water in accordance with the manufacturer’s
specifications [27]. The air pockets were removed from the bed column by attaching the
water line at the bottom of the column and simultaneously the resin was washed. For both
resins, flow rates of 0.83 and 0.42 mL/(min.g), respectively, were used. The flow rates were
controlled using a peristaltic pump MS-Reglo (Ismatec, Glattbrugg, Switzerland). Between
adsorption and elution steps, the resins were washed with 30 mL of deionized water. After
elution, each resin was washed with 60 mL of deionized water and reused for the next
adsorption and elution cycle. All experiments were performed at room temperature and,
for each experiment, at least two independent experiments were conducted.

Samples were collected from the outlet solution at different intervals of time to measure
the metal concentration by AAS-FA. Elution of the retained metals was performed using
two concentrations (0.1 and 0.25 mol/L) of thiourea and a fixed concentration (0.5 mol/L)
of H2SO4.

For all solutions (inlet, raffinate, and eluates from both resins), the concentration of all
metals (Ag, Al, Au, Cu, Fe, Ni, Pb, Sn, and Zn) was measured by AAS-FA.

For gold purification (concentration and selectivity ability of resins for gold) assays,
the adsorption and elution steps had a duration of 72 h and 65 min, respectively, for the
DOWTM XZ-91419.00 resin, and a duration of 223 h and 200 min, respectively, when the
PurogoldTM A194 resin was used. For both resins, the elution of Au was performed with
0.1 mol/L thiourea and 0.5 mol/L H2SO4.

For each resin, the separation number (SN) for each metal, relative to Au, was calcu-
lated according to Equation (8).

Separation number =
[Au]eluate/[Metal]eluate
[Au] f eed/[Metal] f eed

(8)

3.4. Computer Chemical Simulations

The Eh–pH diagrams of dissolved Au-chloride species at 25 ◦C were drawn using the
SPANA software (Visual Basic, Stockholm, Sweden, version 5.5.43), whereas metal chem-
ical speciation simulations were carried out using MINEQL+ software (version 4.5) [28].
Software generates chemical equilibrium concentrations of the species considered in the
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model by the program reactions, based on component stability constants [29] and the total
molar metal concentrations measured by AAS.

3.5. Porosity Determination

Total porosity (Φ) is defined as the fraction of the total volume occupied by pores and
can be expressed as follows:

Φ =

(
1 − ρapparent

ρreal

)
× 100% (9)

where Φ is the total porosity (%), ρreal is the density of the material without pores being
considered, and ρapparent is the density including the pores [30].

The determination of ρreal was carried out using a custom-developed gas picnometry
method with helium as the working gas. The pycnometer consists of two containers: one
designed to hold the sample and another with a known internal volume, serving as a
reference. Both containers were sealed and helium was introduced into the system at
a pressure of 1 bar. The initial helium volume in the reference container was recorded.
Then, the valve of the container holding the sample was opened, allowing the helium to
flow into it. The remaining helium volume in the reference container was then measured,
and the volume of the sample container was determined by the difference. Finally, the
sample was weighed, and its density was calculated by dividing the measured mass by
the obtained volume [31]. The ρapparent was determined using the PoreMaster Mercury-
intrusion apparatus [32].

4. Conclusions

In this work, a comparative study of the ability of two strong basic anion exchange
resins to adsorb and purify Au from a chloride multi-metal solution was performed.

Firstly, Au(III) adsorption kinetic and equilibrium parameters were determined at
a temperature of 25 ◦C in 1.12 mol/L HCl at Eh 1.1 V and 25 ◦C using batch experi-
ments. The Au adsorption proceeded according to a pseudo-second order model for
both resins. The kinetics of Au adsorption was faster for the DOWTM XZ-91419.00 resin
[K2 = 0.330 g/(mmol.min)] than for the PurogoldTM A194 resin [K2 = 0.012 g/(mmol.min)].
The experimental data fitted well to a Langmuir isotherm model, and maximum adsorption
capacities of 0.94 and 1.70 were determined for the DOWTM XZ-91419.00 and PurogoldTM

A194 resins, respectively.
In a second attempt, the efficiency and selective ability of the resins to retain Au(III)

was evaluated by performing continuous column experiments with a synthetic chloride
multi-metal solution (1.2 mol/L HCl and Eh = 1.1 V). Final Au solutions with a purity
grade of at least 94% were achieved due to the high selectivity revealed by both resins
to Au over Al, Cu, Fe (except for the DOWTM XZ-91419.00 resin), Pb (except for the
PurogoldTM A194 resin), Ni, and Zn. However, even though eluates with similar amounts
of Au (about 3.5 mmol/L) were produced for both resins, there were some differences
in their composition. For the DOWTM XZ-91419.00 resin, Sn was the major contaminant,
followed by Ag and Fe whereas, for the PurogoldTM A194 resin, Ag and Sn were the
major contaminants.

The results obtained in this work evidence that both resins are interesting options for
purifying Au from chloride multi-metal solutions containing a low grade of Au, particularly
in the following conditions: (i) DOWTM XZ-91419.00 resin is suitable to purify Au from
solutions containing Al, Ag, Cu, Fe, Ni, Pb, and Zn; (ii) PurogoldTM A194 resin is suitable
to purify Au from solutions containing Al, Cu, Fe, Ni, Pb, and Zn.
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Abstract: Printed circuit boards (PCBs) are fundamental components of electronic devices,
acting as an important source of various valuable metals such as copper, gold, and silver.
Efficient recycling methods that offer high recovery rates are essential to the full reutilization
of these materials. Hydrometallurgical leaching is a prominent technique for metal recovery,
but its efficiency can be significantly enhanced through solvent pre-treatment. In this study,
an experimental analysis of the material composition of different categories of PCBs is
presented. In addition, the study evaluates the influence of particle size on the subsequent
copper leaching process and the efficiency of copper recovery. These investigations aim to
better understand the material composition of PCBs and propose an optimized material
recovery technique. The study finds that there are significant variances among the different
categories of PCBs investigated, allowing a more informed handling process of WEEE. This
research suggests that solvent pretreatment using DMSO for PCB particle sizes between
5.6 mm and 2 mm would be a good optimization technique, mitigating the drawbacks of
treating fine particles while maintaining appealing recovery efficiency.

Keywords: WEEE; waste management; PCB; solvent pretreatment; circular economy

1. Introduction

Printed circuit boards (PCBs) lie at the heart of modern electronic devices, working
as connecting paths between electronic components and as a skeletal support. Estimates
of the economic value of materials found in Waste Electrical and Electronic Equipment
(WEEE) are almost €48 billion, with PCBs containing 40% of these materials [1]. Found
in every electronic device, a PCB is a multilayer substrate with copper layers in addition
to solder masks and silkscreens. Fiberglass-reinforced epoxy resin (FR4) is typically used
for the fabrication of the substrate, offering mechanical strength and insulation. Moreover,
phenolic resin and polyimide are also used depending on the application’s requirements [2,
3]. The traces, which are the conductive pathways, are made of copper due to its high
conductivity.

A high-efficiency material recovery process is crucial from both an economic perspec-
tive and a legislative one, especially in the EU, where many of the materials found within
WEEE are on the list of critical raw materials, which recently added copper and nickel
among them [4–6].

Recycling 2025, 10, 80 https://doi.org/10.3390/recycling10030080
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The complex composition of PCBs, combining metals, resins, and other materials,
makes the recycling process complicated. To mitigate the effect of this complex com-
position, PCBs are usually size-reduced (typically by shredding or milling) to enable
higher-efficiency metal extraction [7]. The efficiency of the subsequent treatment processes
is highly dependent on the particle size after size reduction [4–7].

One of the most common treatment methods for waste PCBs is hydrometallurgical
leaching [8], a process that dissolves metals from solid matrices using aqueous solutions to
recover them. This method allows high selectivity to extract valuable metals from complex
mixtures, making it highly suitable for recycling PCBs with their complex structures. To
perform the leaching process, first, the waste PCBs are crushed and ground to reduce
their size, increasing the exposed surface area available for chemical reactions during
leaching [2]. Acids, alkalis, and complexing agents are then used for the chemical attack.
Common leaching agents used for copper recovery processes are sulfuric acid, nitric acid,
and ammonia [9–11]. The efficiency of the extraction process depends, among other factors, on
the temperature, pH, and concentration of the leaching agent, as well as the agitation [12–14].

A recent approach to improving the efficiency of hydrometallurgical treatment is
adding a chemical pretreatment phase using a solvent after the mechanical reduction of
the size of the waste PCBs [15]. The process aims to swell or decompose the resin matrix
in PCBs, depending on the organic solvent used, exposing the embedded metal layers,
which increases the surface area of metals, consequently improving the efficiency of the
leaching process [16]. Moreover, solvent pretreatment was reported as a method for the
debromination of plastics found in waste PCBs, as well as other WEEE types [17–21].

Numerous studies have investigated the use of different organic solvents for PCB
pretreatment, including but not limited to the use of N-methyl-2-pyrrolidone (NMP) [22],
Dimethylformamide (DMF) [23], dimethylacetamide (DMA) [24], and dimethyl sulfoxide
(DMSO) [20]. These studies evaluate the factors affecting the efficiency of the pretreatment
process, such as the operating temperature, duration of exposure, solvent concentration,
and treated particle size. The different pretreatment methods, as well as the optimized
conditions for each method, are summarized in Table 1.

DMSO has demonstrated the effective delamination of PCB fragments under specific
conditions, such as controlled temperatures (60–170 ◦C) and solid-to-liquid ratios, with
optimal results achieved for smaller particle sizes [22,25,26]. However, in all attempts, the
experiments were conducted on relatively large particle sizes rather than powdered PCBs.
Furthermore, DMSO presents significant health risks due to its ability to penetrate the skin
and the toxicity of its vapors [23].

DMA and DMF have shown promise in treating larger PCB fragments, avoiding the
fine crushing process that often leads to metal loss in smaller fractions [24,27]. However,
another challenge faced when handling such large pieces of PCBs is the presence of through
holes and pins on the PCB, which hinder the swelling process. DMF stands out for its low
health risks, ease of regeneration, and compatibility with brominated resins, making it a
safer alternative to some solvents [23].

NMP is a strong solvent for PCB treatment, achieving effective resin removal in com-
parative studies; however, its carcinogenic and reproductive health risks pose significant
drawbacks [22,23].
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Table 1. Summary of the solvent pretreatment methods for waste PCBs.

Method Used Type of WEEE Particle Size Temperature Duration
Solid-To-

Liquid Ratio
Reference

DMSO PC-Motherboard 16 mm2 145 ◦C 60 min 1:7 Zhu et al. [20]

DMSO PC-Motherboard 1–1.5 cm2 90 ◦C 60 min 1:2 Zhu et al. [25]

DMSO PC-Motherboard 1–1.5 cm2 135 ◦C 10 min 1:2 Zhu et al. [25]

DMSO PC-Motherboard 2–3 cm2 90 ◦C 90 min 1:2 Zhu et al. [25]

DMSO PC-Motherboard 2–3 cm2 135 ◦C 20 min 1:2 Zhu et al. [25]

DMSO PC-Motherboard 15–20 mm2 170 ◦C 30 min 1:2 Zhu et al. [26]

DMSO PC motherboard 6 mm 90 ◦C 90 min 1:2 Wath et al.
[22]

DMA PC-Motherboard 1 cm2 160 ◦C 75 min 1:10 Dean Kang
et al. [27]

DMA PC-Motherboard 1 cm2 160 ◦C 150 min 3:10 Verma et al.
[24]

DMA PC-Motherboard 16 cm2 160 ◦C 420 min 3:10 Verma et al.
[24]

DMF Mix PCBs 1 cm2 135 ◦C 240 min 300 g/L Verma et al.
[23]

NMP PC motherboard 8 mm sieve 100 ◦C 90 min 1:5 Wath et al.
[22]

Supercritical
ethanol RAM PCB 10–20 mm 300 ◦C 60 min 1:20 Preetam et al.

[28]

Other techniques also include the use of supercritical fluids, which are considered
more eco-friendly and have been effective in removing the organic materials from crushed
RAM PCBs at around 300 ◦C [28–31]. However, the stability of brominated epoxy resins
above 250 ◦C remains a concern due to potential pollutant emissions [23].

In addition to environmental and efficiency considerations, several patents have
proposed innovative approaches, such as multistage treatment processes involving combi-
nations of oxidizing agents, leaching agents, and organic solvents [32–35].

The advantages of using different pretreatment techniques are the optimization of
recovery rates and the mitigation of the challenges posed by varying PCB compositions.
In addition, solvent pretreatment reduces the energy used during the treatment process
by eliminating the need for extensive mechanical pretreatment, as well as favoring the
environmental aspect of the PCB waste handling process.

A more profound inspection of the reported studies shows the lack of information
on the effect of solvent pretreatment on the leaching process at fine particle sizes in the
micron grade. Such understanding of the impact of solvent pretreatment on small particle
sizes is important since most studies on the hydrometallurgical treatment of PCBs had
favorable results at particle sizes in micron grade [8,36–39]. However, PCB treatment using
fine particles comes with dust-generation hazards and particle loss [27].

Another gap was also highlighted by [40], which reported that studies focus mainly
on the analysis of the dissolved brominated epoxy resin and the regeneration techniques
and seldom investigate the effects of swelling on metal leaching and the change in the
properties of the treated PCB.

Moreover, an in-depth understanding of PCBs and their material composition is
essential for an informed approach to PCB treatment. One recent study investigated the
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PCB extracted from computers, laptops, and TVs and compared their material content [41].
Furthermore, they compared the different particle size groups and the prevalence of the
materials within these groups based on their liberation after grinding, allowing for targeted
material recovery with higher efficiency. As a result, they reported that general metals such
as copper, zinc, and aluminum are found in coarse fractions between 0.18 and 0.25 mm,
while precious metals and rare earth metals (REM) are present in finer sizes. The results
complement those from another study, which also studied the metal content of PCBs from
computers, laptops, mobile phones, and TVs [42]. It also investigated the best-performing
digestion methods for sample preparation and analysis, concluding that the use of strong
acids such as hydrogen fluoride (HF) specified in the USEPA 3052 method ensures the
effective dissolution of metals embedded within a silica matrix, as in the case of PCBs.
These studies, although insightful, leave a gap regarding our knowledge of the material
variation among the PCBs extracted from the same WEEE type, such as personal computers.

Based on the identified gaps in the literature, this study aims to investigate the effect of
solvent pretreatment on the efficiency of the subsequent leaching process, evaluating how
particle size influences recovery rates to optimize the process conditions. Additionally, the
study seeks to address the critical question of material variation across different categories
and models of PCBs, offering new insights into a largely underexplored area. The research
follows an experimental approach to investigate the research questions and evaluate the
optimized particle size for solvent pretreatment on a lab scale.

The novelty of this research lies in exploring the swelling of intermediate particle
sizes during the solvent pretreatment of motherboard PCBs using DMSO to optimize
the conditions, thus mitigating the risks of handling finer particles as well as increasing
the copper recovery efficiency to exceed that reached when treating larger particle sizes.
Another contribution of this research is that the information obtained from the analysis of
the material composition of the different categories of PCBs would allow a more informed
decision on whether the separation of PCBs when treating them is justifiable or whether
the material variation among the different categories and models is insignificant. The
data can also be used to promote more precise calculations in the case of being inserted
in calculation models. These areas of novelty fulfill the study objectives to develop an
in-depth understanding of PCBs of different categories and find the optimized treatment
conditions using the solvent pretreatment method.

The subsequent section reports the results obtained from the analysis of the samples
and outlines important relations and comparisons among the different samples analyzed
and treated. In Section 3, the paper discusses the materials analyzed and the preparation
of the samples for both the analytical analysis of the component material, as well as the
investigation of the effect of solvent pretreatment on the selected particle sizes. Finally,
Section 4 concludes the key outcomes of this study.

2. Results and Discussion

2.1. Characterization of the Various Categories of PCBs

The data obtained from the investigation of the three different types of PCBs bridge
the gap in our knowledge about the differences in the composition between the various
types of PCBs. To ensure the data is valuable, it is essential to compare the average content
of materials that are economically important or present in large quantities. The average
material composition of the three PCB types, based on the XRF analysis data, shows that
all three types primarily contain the same materials: copper, silicon, tin, calcium, and
aluminum, as shown in Figure 1a.

For these dominant materials, ANOVA tests were carried out. The tests reveal that
both copper and silicon are statistically representative and that there is no difference
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among the three PCB categories, i.e., F < Fcritical. As for tin, aluminum, and calcium, the
ANOVA tests have opposite results, meaning that they are not statistically representative, with
F > Fcritical. This is especially interesting since the pretreatment and leaching section of this
study is focused on copper, thus confirming the representativeness of the results obtained
hereafter.

Regarding the presence of copper, which is the most prevalent material in all three
analyzed types, CPUs and chipsets are the richest in copper with an average percentage of
20.8%, followed by RAMs at 17.8%, with motherboards showing the lowest amount at only
14.5%, as shown in Figure 1b.

Silicon is most abundant in motherboards, accounting for 13%, although it is present in
similar quantities in both RAMs and CPUs, as shown in Figure 1c. In contrast, motherboards
are a significant source of aluminum and tin. As shown in Figure 1d, the average aluminum
content in motherboards is nearly double that of CPUs and 1.5 times greater than in RAMs.
For tin, as depicted in Figure 1e, motherboards are particularly rich, followed by CPUs,
which contain approximately half the tin content of motherboards, and RAM, which has a
relatively low tin content.

A detailed analysis of the average individual material compositions reveals that CPUs
and chipsets are particularly enriched in copper, gold, and silver, while also exhibiting
elevated levels of lead. As shown in Figure 1f, the gold content in CPUs and chipsets
is approximately twice the average amount found in RAMs, and the silver content is
nearly three times higher than that in motherboards, with an even greater disparity when
compared to RAMs. The presence of titanium in RAMs and motherboards is worth noting
given the importance of titanium as a critical raw material within the EU, as shown in
Figure 1g, especially in the case of motherboards, which although contain less than that of
the RAMs in terms of quantity, are actually higher since motherboards are usually heavier
in weight than RAMs.

Finally, the average lead content in CPUs and chipsets is eightfold that in RAMs
and sixfold the average found in motherboards, as shown in Figure 1h. This underlines
the importance of correctly treating CPUs and chipsets and employing extra protective
procedures to safeguard both the workers and the environment, especially since such
elevated levels also surpass those allowed by European regulations. A detailed analysis of
each category of the PCBs studied is provided in the supplementary material [43,44].

 
(a) 

Figure 1. Cont.
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Figure 1. Cont.

96



Recycling 2025, 10, 80
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Figure 1. Comparison of the average content of some of the principal materials in different PCB types
(Motherboards, CPUs, and RAMs): (a) the overall average composition of three types of PCBs; (b) the
average content of copper in different PCB types; (c) the average content of silicon in different PCB
types; (d) the average content of aluminum in different PCB types; (e) the average content of tin in
different PCB types; (f) the average content of silver and gold in different PCB types; (g) the average
content of titanium in different PCB types; and (h) the average content of lead in different PCB types.

2.2. Effect of Solvent Pretreatment of Waste PCBs Using DMSO

Waste PCBS were first analyzed to determine their material composition and allow for
a better understanding of the effect of the subsequent pretreatment and leaching process.
The composition of the waste motherboard PCB mixture goes hand in hand with the
discussed results in the previous section. The detailed characterization is shown in Table 2.

Table 2. The detailed material composition of the waste motherboard PCB mixture used for the
pretreatment and leaching tests.

Material Al Ba Br Ca Cu Fe Mg Na Pb S Si Sn Sr Ti Zn Zr

Weight % 4.6 0.6 0.1 9.5 12.7 0.1 0.2 0.2 0.5 0.2 13.3 3.2 0.1 0.2 0.03 0.01

2.2.1. Effect of Pretreatment on the Organic Element

The inspection of the pretreated motherboard PCBs using DMSO showed that the
organic part, made of resin and glass fibers, is separated from the metals. This swelling
effect is seen in both Group 1 with particle sizes between 8 mm and 5.6 mm and Group 2
with particle sizes between 5.6 mm and 2 mm. However, for Group 3 with particle sizes of
less than 400 μm, the swelling effect is not visually detectable by eye inspection. Images
of the pretreated samples from Group 2 before and after are shown in Figure 2a and
b, respectively, and those of Group 3 before and after are shown in Figure 2c and d,
respectively.

Further analysis of the treated sample groups was carried out to assess the effect of
DMSO on the organic. The calcination process is performed under the conditions mentioned
in Section 3.3 as part of the sample preparation process for the chemical analysis.
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(a) (b) 

 
(c) (d) 

Figure 2. Images of the solvent-pretreated PCB samples: (a) Group 2 with particle size between
5.6 mm and 2 mm before solvent pretreatment; (b) Group 2 with particle size between 5.6 mm and
2 mm after solvent pretreatment; (c) Group 3 with particle size less than 400 μm before solvent
pretreatment; and (d) Group 3 with particle size less than 400 μm after solvent pretreatment.

The analysis of all three category groups showed limited to no change in the organic
content loss before and after the solvent treatment, as expected from the solvent pretreat-
ment phase using DMSO. For instance, Group 1 had a weight loss percentage representing
the organic content equal to 26.7% and 28% before and after treatment, respectively. Similar
behavior was exhibited by both Groups 2 and 3, where Group 2 had an organic content
of 26.8% and 27% before and after solvent treatment, respectively, while Group 3 had an
organic content of 21.8%, which remained constant during the solvent treatment process.
This confirmed the results seen visually in Figure 2, which shows that the resin is swollen,
liberating the metal particles; however, the resin is not removed. The swelling of the
material during the solvent pretreatment phase, along with the release of metal particles,
improves the leaching efficiency, as discussed in the following section.

Similarly, the analysis of the inorganic components in the samples, before and after
solvent pretreatment, exhibits negligible changes. This stability can be attributed to the
heterogeneous nature of the samples.

2.2.2. Effect of Pretreatment on Copper Extraction Efficiency During Leaching

During the preparation of the experiment, different agitation speeds were tested.
Agitation between 400 and 510 rpm was empirically found to be best and was subsequently
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used to carry out leaching experiments. This optimized agitation speed was based on the
speed that allowed constant and smooth spinning of the magnetic stirring anchor without
any disturbances to the flow. Regarding the copper recovery efficiency for the three sample
groups, a significant improvement was noted in the case of solvent-treated samples. For
instance, in the case of Group 1, the extraction efficiency rises from 45.5% without solvent
treatment to 72.4% after being subjected to solvent treatment. In the case of Group 2, the
copper recovery efficiency improved from 47.3% to 87.65% after the sample was treated
with DMSO before the leaching process. Finally, for Group 3, the improvement in copper
recovery efficiency during the leaching process is less staggering, yet it rises from 93.24%
to a 100% copper recovery.

The results obtained go hand in hand with the literature regarding the hypothesis that
pretreatment using DMSO as a solvent improves the copper recovery efficiency during
leaching. Moreover, they provide a deeper understanding of the relationship between
particle size and solvent treatment. In that case, the effect of solvent treatment is more
visible on larger particle sizes than on fine grains, which can be seen from the almost 30%
increase in efficiency in the case of larger particles (Group 1 and Group 2) compared to the
7% increase in case of fine grains (Group 3), in which case the additional use of resources
might not be fully justifiable.

The ICP analysis also showed an increase in the efficiency of recovery of other metals
present during the leaching process using nitric acid. The increase also followed the same
trend as copper, where the effect of solvent treatment was more evident in larger-sized
particles (Group 1 and Group 2) than in finer-sized particles (Group 3). The results are
shown in Figure 3. In Figure 3a, the recovery efficiency is almost doubled in the case of
magnesium, aluminum, calcium, and barium. For tin, the efficiency increases 40-fold. For
Group 2, the efficiency doubles for zinc and triples for magnesium, aluminum, calcium, and
barium, with tin experiencing a dramatic 40-fold increase, as shown in Figure 3b. Finally,
for Group 3, with its finer particle size, as shown in Figure 3c, the trend is less drastic, with
efficiencies improving slightly, showing the limited impact of solvent treatment on the
leaching process.

 
(a) 

Figure 3. Cont.
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(c) 

Figure 3. The effect of solvent treatment on the metal recovery efficiency for different particle sizes:
(a) Group 1 with particle size between 8 mm and 5.6 mm; (b) Group 2 with particle size between
5.6 mm and 2 mm; and (c) Group 3 with particle size less than 400 μm.

3. Materials and Methods

3.1. Materials Collection and Preparation

Waste PCBs were obtained from personal computers used at the Politecnico di Torino,
Italy. The retrieved PCBs were 9 motherboards, 10 Random Access Memories (RAMs), and
11 Central Processing Units (CPUs) and chipsets. The PCBs were mostly produced between
2001 and 2011.

The electronic components mounted on the PCBs were desoldered and removed
manually via the indirect heating of the PCBs to fuse the soldering and ease the dismounting
of the components, leaving the stripped PCB base, which is a substrate sandwich of glass
fibers, metals, and resin. The CPU and RAM were cut manually into 1 cm wide strips and
then reduced in size using a universal mill in preparation for their analysis. As for the
motherboards, a counter-rotating blade mill was first used to reduce the size of the particles
to 5.6 mm. Then, further pulverization of the motherboard PCBs was carried out following
the same procedure for the CPU and RAM. At each stage, the particle size was checked
using sieves to ensure a homogeneous particle size among the samples. The sieves used
were 8 mm, 5.6 mm, and 2 mm. In Figure 4, the samples of the different analyzed PCBs are
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shown. Each sampled PCB was categorized into one of three categories in the scope of this
study. Then, the weight of the stripped PCB was measured and the year of production was
researched in the cases where it could be identified. To evaluate the effect of pretreatment
on copper leaching, the sourced motherboards were all mixed during the shredding process
to guarantee a good blend together and were then used for pretreatment and leaching.
The material composition was characterized both before and after the treatment processes,
identifying the materials contained in each sample and at each change, which allowed us
to compare the effect of the pretreatment on leaching.

   

(a) (b) (c) 

Figure 4. Samples of the different types of PCBs analyzed: (a) Motherboard PCB; (b) CPU; (c) RAM.

3.2. Pre-Treatment and Leaching Method

The pretreatment phase was applied with the aim of swelling the resin and liberating
the metals for the subsequent leaching phase. The optimized pretreatment conditions were
those reported by [25] for a particle size of 1–1.5 cm2, which uses DMSO, 1:2 (w/v) at 90 ◦C
for 60 min under constant N2 flow. Those conditions were chosen as they do not require a
long heating time at elevated temperatures. The agitation for the process was established
at 400–460 rpm using a heating magnetic stirrer. After the pretreatment, the sample was
left to dry overnight in a vacuum furnace at 35 ◦C. Then, part of the sample was taken for
analysis following the previously elaborated process for the ICP and XRF and the rest of
the sample was used for leaching.

The leaching process, as established by [36], uses nitric acid (HNO3) with a concen-
tration of 3 M and 75 g/L pulp density at 75 ◦C for 120 min. The chemicals used for the
solvent pretreatment and the leaching process were all of lab grade.

The experimental setup for both the solvent pretreatment and the leaching process
can be seen in Figure 5a, and Figure 5b, respectively. For the solvent pretreatment process,
a double-necked round bottom flask was connected to the top of the cooling system using
running water and the N2 flow in an open system setup. The flask was immersed in a
hot oil bath with temperature control. Regarding the leaching process, a triple-necked
round bottom flask of 250 mL was connected to the top of the cooling system using running
water in an open system setup. One of the side openings was fitted with a thermometer
for temperature control and the other was used to add the sample. The flask was also
immersed in a hot oil bath, like the setup of the solvent pretreatment.
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(a) (b) 

Figure 5. Experimental setups for the (a) solvent pretreatment process and (b) leaching process.

The investigation of the effect of solvent pretreatment on the efficiency of leaching
was carried out on 3 different particle size ranges; the first group (hereafter referred to
as Group 1) had a particle size between 8 mm and 5.6 mm, the second group (hereafter
referred to as Group 2) had a particle size between 5.6 mm and 2 mm, and the final group
(hereafter referred to as Group 3) contained fine particles with sizes of less than 400 μm.
These size groups were chosen based on the gap identified in the literature where the finest
particle size of PCBs to be studied for pretreatment was 6 mm [22]. Thus, the first group
was large and covered what has been performed in the literature. Group 2 was chosen as it
is an intermediate between the fine particle size and the large size reported in the literature.
Group 3 was chosen to compare the difference between a powder state and a coarser
particle size, which does not suffer from the hazards of handling fine powders. For each
group, a sample was prepared and then a part was analyzed to obtain the material content
of the untreated sample. Next, the part was pretreated with a subsequent analysis of part
of the sample to study the effect of solvent pretreatment. Finally, the pretreated sample
underwent leaching and was then analyzed. To study the effect of solvent pretreatment,
a part of the originally prepared untreated sample for each group was taken and directly

102



Recycling 2025, 10, 80

treated by the established leaching process, allowing a comparison of the results with
those that underwent pretreatment. A visual representation of the experiments can be seen
in Figure 6.

PCB mix

<>8mm–5.6mm

Leaching HNO3 DMSO

HNO3

<>5.6mm–2mm

Leaching HNO3 DMSO

HNO3

<400 um

Leaching HNO3 DMSO

HNO3

Figure 6. A diagram of the experiments carried out to assess the impact of the solvent pretreatment
process.

3.3. Analytical Methods

The sampled PCBs were analyzed using Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES), Inductively Coupled Plasma Mass Spectrometry (ICP-MS), and
X-ray fluorescence spectroscopy (XRF- Axion, Panalytical). For the analysis, the samples
were prepared using the previously mentioned process until a fine powder was obtained.

In addition, statistical analysis of the different PCB categories was carried out using
the data analysis extension of Excel V.16.89.1, and ANOVA (Analysis-Of-Variance) tests
were performed to evaluate the linear correlations among the materials found in the
different categories of PCBs, considering only the ones with values F greater than Fcritical as
significant.

4. Conclusions

The objectives established for this study were to investigate the effect of solvent
pretreatment on the efficiency of the subsequent leaching process, optimizing the process
conditions. This study offers a better understanding of the role that particle size plays
in the efficiency of material recovery using DMSO as a solvent pretreatment, bridging
the gap in the literature. Although fine particle sizes such as in Group 3 have higher
copper recovery efficiency even without the pretreatment step, this method continues
to demonstrate favorable results, especially with larger particle sizes, which may help
eliminate the need for pulverization and lower the amount of material lost during the
pulverizing and transportation process. However, there remains a set of challenges that
require further improvements, such as solvent recovery and reuse and the scaling of the
current solvent treatment method from the lab scale to an industrial scale. Finally, although
DMSO is considered a green solvent, it is not completely eco-friendly. Ongoing research is
investigating the use of other green solvents, such as ionic liquids, as alternatives.

This study also investigates the different categories of PCBs and the extent of variation
in the material composition among the different categories and models, which helps to
better target the extraction of those materials and improve the material recovery rates.
The results obtained also show through the ANOVA tests carried out that the different
categories are statistically representative when it comes to copper and silicon; however,
this is not valid for aluminum, tin, and calcium. The study is in line with the goals of a
green circular economy, encouraging urban mining and supporting the recent EU Critical
Raw Materials act. The results show that silicon, copper, calcium, and aluminum have an

103



Recycling 2025, 10, 80

overall dominance in the composition of the different categories and models, despite being
present in various percentages.

For future work, we aim to deepen the understanding of the changes undergone by
raw materials during the pretreatment and leaching phases by studying the microstructure
of the PCBs at each phase. Further scaling up of the study from the lab scale to bench and
pilot scales is also planned so as to continue assessing the feasibility of this method on an
industrial scale.
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analyzed. The code of each PCB includes its year of production; Figure S2. The relation between
copper content in % and the present unit market price in Euros of the motherboards was analyzed.
The code of each PCB includes its year of production; Figure S3. The relation between silver content
in % and the unit price of the motherboards in Euros; Figure S4. The material composition of the 9
analyzed motherboard PCBs. The production years of motherboards are indicated between brackets
and the thickness of size of the bars represent the amount of material percentage in the sample;
Figure S5. Material composition of the 10 analyzed RAM and the average material content. The year
of production of each analyzed RAM is shown between parenthesis and the size of the bar represents
the material presence within the sample; Figure S6. Visualization of the impact of gold and silver
content on the current unit price of the RAM in Euros; Figure S7. Visualization of the relation between
the tin content in the analyzed RAMs and their current unit price in Euros; Figure S8. Visualization
of the trends in material content of the analyzed RAM showing the fluctuations and unsteady trends.
In figure (a) the material content is shown on a log scale while in (b) the graph represents the content
percentage of each material; Figure S9. Graphical representation of the material content of the four
most present materials in the analyzed RAM samples. The graph is shown in log scale of the content
percentage of each material; Figure S10. The material composition of the 11 analyzed CPUs and
chipsets; Figure S11. Graphical representation of the gold and silver content in the different analyzed
CPUs and chipsets; Table S1. The material composition of the 9 analyzed motherboard PCBs using
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Abbreviations

CPU Central Processing Unit
DMA Dimethylacetamide
DMF Dimethylformamide
DMSO Dimethyl sulfoxide
ICP-MS Inductively Coupled Plasma Mass Spectrometry
ICP-OES Inductively Coupled Plasma Optical Emission Spectrometry
NMP N-methyl-2-pyrrolidone
PBDE Polybromodiphenylethers
PC Personal computer
PCB Printed circuit Boards
RAM Random Access Memory
REM Rare-earth metals
TBBPA Tetrabromobisphenol A
WEEE Waste Electrical and Electronic Equipment
XRF X-ray fluorescence spectroscopy
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Abstract: The European Green Deal emphasizes the development of renewable energy
sources to combat climate change. However, as photovoltaic expansion accelerates, so
does the potential for increased waste, necessitating effective material recycling strategies.
Indium, a scarce and valuable element crucial to the production of photovoltaic panels,
underscores the necessity for efficient recycling practices to reduce reliance on virgin
resources. In a recent laboratory analysis, a CIGS photovoltaic panel underwent a series
of processes including crushing, grinding, and homogenization. The concentration of
indium, vital for recycling, was meticulously analyzed using ICP-MS and validated through
microscopic and composition analyses. Subsequent extraction utilizing 3 M HCl and H2O2,
followed by electrolysis, yielded a remarkable up to 52% indium recovery within a 48-h
timeframe. Importantly, the study encompassed both averaged panel samples and samples
from the absorbing layer, emphasizing the comprehensive approach required for efficient
recycling. This underscores the critical importance of optimizing recycling processes to
mitigate the environmental impact associated with the disposal of photovoltaic panels.
By maximizing indium recovery, not only are environmental impacts reduced, but the
long-term sustainability of renewable energy technologies is also ensured. This highlights
the interconnectedness of recycling practices with the broader goals of achieving a circular
economy and securing the viability of renewable energy systems in the fight against
climate change.

Keywords: indium recovery; photovoltaic panel; CIGS; electrolysis

1. Introduction

The sustainable economic development of every country is closely tied to resource
availability. Ensuring stable resource supplies is crucial for many industrial sectors that
produce essential goods to meet diverse societal needs. Population growth, dynamic
industrialization, the transition towards ecological transportation and energy systems,
constantly increasing demand, and new technological innovations are the main factors
driving increased demand for critical resources.

The development of technologies based on renewable energy sources is also associated
with a continuous demand for critical resources. Resource recovery is therefore crucial to
ensuring supply. Hence, research is necessary to develop resource recovery technologies.
As the popularity of renewable energy sources such as solar energy grows, it is important
for all associated infrastructure to be sustainable. Recycling CIGS panels aligns with efforts
towards sustainable development by addressing potential issues related to electronic waste
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accumulation and resource utilization. The production process of photovoltaic panels,
especially in terms of resource extraction and processing, generates a certain ecological
footprint. Recycling CIGS panels helps minimize this footprint because recovered resources
can be reused, reducing the amount of electronic waste going to landfills. It also contributes
to efficient energy use since reusing recovered resources eliminates the need for mining and
processing new ones, which often involves high energy consumption and provides materi-
als for the production of new photovoltaic panels. This closed-loop approach to material
circulation is crucial for the sustainable development of the photovoltaic industry [1–4].

Although crystalline silicon dominates the photovoltaic (PV) market, thin-film tech-
nologies such as CIGS (copper indium gallium selenide) panels have gained attention
due to their high absorption coefficients, flexibility, and potential for lower production
costs. As of recent market data, CIGS panels account for approximately 2–3% of global
PV production, with annual production capacities estimated at around 1 GW in the past
few years. While relatively small in market share, CIGS panels are expected to generate
increasing volumes of waste in the coming decades, particularly as earlier generations of
these panels reach their end of life [5,6].

Forecasts suggest that by 2030, thousands of tons of CIGS-based PV waste will enter
the recycling stream annually, creating a growing need for recovery strategies targeting
their critical raw materials, especially indium and gallium [7].

A typical CIGS photovoltaic module contains approximately [8–10]:

• 65–75% glass (by weight);
• 10–15% polymer layers (e.g., EVA, back contact);
• 5–10% metals such as aluminum, molybdenum, and copper;
• <2% semiconducting layer, which includes copper, indium, gallium, and selenium;
• Indium content typically ranging from 100 to 300 ppm, depending on thickness and

manufacturer specifications.

Given the limited global reserves and rising demand for indium in high-tech appli-
cations, developing efficient recovery technologies from end-of-life CIGS panels is both
environmentally and economically justified.

CIGS panels are a type of second-generation thin-film photovoltaic technology,
renowned for their high efficiency, lightweight design, and flexibility. These panels uti-
lize a thin layer of copper indium gallium selenide (CIGS) deposited onto a substrate,
enabling the production of versatile and cost-effective solar modules. With their favorable
performance in low-light conditions and potential for integration into various surfaces,
CIGS panels present a promising alternative to traditional silicon-based solar technologies,
particularly in applications where weight and adaptability are crucial factors. However,
despite these advantages, a major challenge associated with the widespread deployment of
CIGS panels lies in the limited availability of critical raw materials used in their production.
Indium, in particular, is a key component of the CIGS semiconductor and is primarily
obtained as a by-product of zinc extraction. Both indium and gallium are listed among
the European Union’s critical raw materials due to their economic importance and supply
risks. As a result, the recovery of these elements from end-of-life CIGS panels is essential
for promoting resource sustainability, reducing dependence on primary raw materials,
and supporting the long-term scalability of CIGS technology in the renewable energy
sector [11,12]. Effective waste management and recycling of CIGS solar panels are critical
due to the toxic nature of the material, which can pose serious environmental risks and
potential health hazards, including lung toxicity. While indium is a critical component in
CIGS photovoltaic cells due to its role in enabling high-efficiency energy conversion, its
presence in end-of-life modules raises significant environmental and occupational health
concerns. Although not as widely recognized as other toxic metals, indium has gained
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attention in recent years for its potential harmful effects, particularly in its oxidized forms.
Exposure to indium—especially in the form of indium oxide, a common by-product in the
processing and recycling of CIGS panels—has been linked to serious respiratory issues.
Research indicates that inhalation of indium-containing dust or fumes can lead to chronic
pulmonary conditions, including interstitial lung disease and alveolar proteinosis. Unlike
many metals that pose greater risks in their ionic or soluble forms, indium oxide presents
dangers even in its particulate state, further complicating safe recovery operations. As the
use of indium continues to expand across the electronics and renewable energy sectors,
addressing its toxicological profile becomes crucial. Future recycling strategies for CIGS
modules must incorporate not only efficient metal recovery techniques but also protec-
tive measures to minimize human exposure and environmental release, ensuring that the
transition to clean energy does not come at the cost of health and safety [13–15].

The focus of this article and the associated research on CIGS photovoltaic panels
can be attributed to several key factors that make CIGS technology particularly relevant
for current and future solar energy applications. Firstly, CIGS solar cells have gained
considerable attention in the photovoltaic industry due to their high efficiency and potential
for low-cost production. CIGS modules have demonstrated superior energy conversion
efficiency compared to many other thin-film technologies, making them a prominent
choice for sustainable energy generation. Additionally, CIGS technology is known for
its flexibility and lightweight characteristics, which opens up possibilities for a wider
range of applications compared to traditional crystalline silicon-based solar cells. These
unique features make CIGS modules increasingly popular in both industrial-scale and
emerging energy solutions. Secondly, CIGS modules contain valuable and critical materials
such as Ga, In, and Ag, which are in high demand for various high-tech applications [7].
As the global transition to renewable energy accelerates, the need for efficient recycling
technologies becomes paramount to ensure the sustainability of this growing industry.
CIGS panels, due to their material composition, are of particular interest when it comes to
recovering these scarce and high-value elements. This has sparked considerable research
into improving recycling methods and minimizing environmental impact. Lastly, CIGS
technology is widely considered to be at the forefront of thin-film solar cell development,
with significant ongoing research aimed at improving the efficiency and lifespan of these
panels. Focusing research on CIGS provides an opportunity to not only advance the
recycling methods for a widely used technology but also to address the broader challenges
of material recovery and waste management in the solar panel industry [11,16].

CIGS panels are known for their lightweight and flexible design, which provides
significant advantages over traditional crystalline silicon solar cells. These advantages
include enhanced applicability in various installation scenarios, from residential rooftops
to more unconventional surfaces. The structure of a CIGS panel is multi-layered, with each
layer serving a specific purpose to maximize the efficiency of light absorption and energy
conversion. Below, a schematic diagram is presented, illustrating the layers of a CIGS solar
panel (Figure 1).

Below is a short description of the individual layers of a CIGS panel.
The front contact layer serves a protective function. The front layer in CIGS panels is

typically made of materials that are transparent to sunlight, allowing it to penetrate freely
into the absorber layer. The most commonly used materials are thin-film layers of silicon
dioxide (SiO2) or zinc oxide (ZnO). In ITO (indium tin oxide) panels, zinc oxide can be
replaced by aluminum or gallium.

The protective layer is a crucial element ensuring the longevity of CIGS panels while
also needing to be sufficiently transparent to allow light to pass through to the absorber
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layer. The composition of this layer may vary depending on the specific panel design and
manufacturer preference.

Figure 1. A diagram depicting the layers of a CIGS panel [17–19].

The buffer layer plays a role in ensuring the efficiency and stability of panels. In the
case of CIGS panels and other thin-film photovoltaic panels, the buffer layer is often used
between the absorber layer and the current-collecting layer. The main goals of the buffer
layer are:

- Minimizing carrier loss: The buffer layer helps minimize carrier recombination, which
can occur at the interface between the absorber layer and the current-collecting
layer. Recombination is the process where charge carriers (electrons and holes) com-
bine and lose their energy, which is undesirable as it affects the efficiency of solar
energy conversion.

- Improving electrostatic balance: The buffer layer helps maintain electrostatic bal-
ance between the absorber layer and the current-collecting layer, which is crucial for
effective charge carrier transport.

- Protection of the absorber layer: The buffer layer also serves a protective role, shielding
the absorber layer from damage and the effects of atmospheric conditions.

- Improving panel structure coherence: Adding a buffer layer can improve the coher-
ence of panel structures, which is crucial for achieving uniform and efficient solar
energy conversion.

In the case of CIGS panels, a semiconductor-based buffer layer, such as CdS, is typically
used. However, it is worth noting that the development of photovoltaic technologies is
dynamic, and different panels may use different materials in the buffer layer depending on
the technology and production process.

The CIGS absorber layer plays a crucial role in converting light energy into electrical
energy. It is the layer where photons of sunlight are absorbed, leading to the generation of
electrical current. The main components of the absorber layer are copper, indium, gallium,
and selenium. The absorber layer in CIGS panels is typically very thin, on the order of a
few micrometers, which is one of the characteristic features of thin-film photovoltaic panel
technology. This structure allows for flexibility, reduced production costs, and application
on various types of surfaces.
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The back contact layer acts as the current-collecting electrode on the reverse side of the
panels. It is a crucial layer for efficiently collecting charge carriers generated in the absorber
layer as a result of sunlight absorption. Typically, the back contact layer in CIGS panels
consists of materials with conducting properties. This layer can be relatively thin, allowing
for the free flow of electrical current. Materials such as molybdenum are commonly used
in this layer [17–20].

CIGS photovoltaic panels based on copper, indium, gallium, and selenium compounds
typically have a long lifespan, often exceeding 25 years. The durability of these panels
depends on various factors, such as production quality, operating conditions, the quality of
materials used, and applied technologies. Recycling CIGS photovoltaic panels is crucial,
especially in the context of growing interest in renewable energy sources. Copper and
gallium, which are key components of CIGS panels, are critical resources. Their resources
are limited, and recycling allows for the efficient recovery of these valuable materials while
also minimizing the need for new, limited resources [21,22]. The significant recovery of
indium underscores its crucial role in the production of photovoltaic panels and highlights
the necessity for efficient recycling practices to alleviate reliance on virgin resources. Indium,
a scarce and valuable element, is a vital component in the production of high-efficiency solar
cells, making its recovery essential for the sustainability of renewable energy technologies
and the circular economy. Thus, optimizing indium recovery processes not only mitigates
environmental impact but also ensures the long-term viability of renewable energy systems.
One of the methods used for metal recovery from spent photovoltaic panels is electrolysis.
Indium can undergo electrodeposition from a variety of electrolyte solutions, such as
cyanide, sulfate, and chloride [21–23].

Gu et al. [24] recovered valuable components from spent CIGS modules by com-
bining electrochemical techniques with dehydration and distillation processes. Initially,
the leaching solution of CIGS undergoes a two-step electrodeposition process to recover
selenium and copper. Subsequently, the remaining solution is distilled to recycle hydrochlo-
ric acid (HCl) and crystallize indium and gallium chlorides. The obtained hydrates are
then dehydrated through refluxing with thionyl chloride (SOCl2). Following this step,
anhydrous InCl3 is recovered and separated from GaCl3 via a straightforward filtration
process. GaCl3 is further separated from SOCl2 through distillation. The recovery rates
for indium and gallium are high, at approximately 99.99% and 99.98%, respectively, with
corresponding purities of around 99.99%. As part of this study, an attempt was made to
simplify this process.

Liu et al. [25] proposed a recycling process for Cu, In, and Ga from CIGS-based thin-
film solar panels using a multi-step approach. Initially, the panels are separated layer
by layer based on the different thermal strains of materials. Subsequently, annealing is
conducted to remove Se, followed by leaching with nitric acid to facilitate individual
metal extraction. In the extraction step, In is extracted into the organic phase using di-
(2-ethylhexyl) phosphoric acid, leaving Cu and Ga in the aqueous phase. Ga is then
extracted using the same agent under different conditions, while nearly pure Cu remains
in the residual solution. Metal hydroxide precipitates are formed by adding ammonium
hydroxide to the solutions. Under optimized conditions, a recovery rate of over 90% for In,
Ga, and Cu can be achieved. Finally, the hydroxides are recycled and converted into metal
oxides with a purity exceeding 99% through calcination. This approach offers an effective
pathway for recycling and recovering these valuable metals from waste CIGS thin-film
solar panels.

One study [26] investigated the potential of benign leaching conditions for recovering
primarily silver and indium from production waste of flexible CIGS solar cells while also
assessing contamination levels from other industrial elements in the leachate. Selective
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leaching of contaminants was also explored to obtain purer streams of valuable metals for
reuse in new products. The results showed that increasing acid concentration and surface
to liquid ratio led to higher leaching yields of Ag and In but also increased contamination.
Complete Ag recovery and 85% In recovery were achieved with 2 M HNO3 and A:L of
1:3 cm2/mL after 24 h of leaching at room temperature. Leaching with 0.5 M HNO3

extracted 85% Ag and 30% In under the same conditions, with reduced contamination
levels. Additionally, leaching with 0.1 M HNO3 showed promise for achieving higher Ag
purity through an initial step of Zn-selective leaching for 1 h.

The method proposed by Hu et al. [27] outlines an oxidative roasting-leaching-
extraction process for recovering valuable metals from spent copper indium gallium se-
lenide materials. Initially, the spent CIGS materials undergo roasting to convert copper,
indium, and gallium from selenides to oxides while volatilizing selenium. Subsequently,
hydrochloric acid leaching is employed to dissolve the oxides under optimized conditions:
4 mol/L acid concentration, 80 ◦C temperature, 3 h leaching time, and a liquid–solid ratio
of 10 mL/g, resulting in high leaching rates of 99.98% for copper, 93.40% for indium, and
96.86% for gallium. In a subsequent step, indium and gallium are sequentially extracted
from the solution using P204 solvent extraction, achieving extraction rates exceeding 99.92%
for indium and 99.34% for gallium, while copper remains minimally extracted. Utilizing
hydrochloric acid as the stripping agent leads to stripping rates of 99.90% for indium and
99.93% for gallium. These findings demonstrate the efficacy of this method for the efficient
recovery and separation of copper, indium, and gallium from spent CIGS materials.

Various methods have been developed for recovering valuable metals from spent
CIGS panels, each with unique environmental implications. One approach involves elec-
trochemical techniques combined with dehydration and distillation to separate selenium,
copper, indium, and gallium, achieving high purity levels. Another method focuses on
layer-by-layer separation based on thermal strains, followed by annealing, acid leaching,
and selective extraction using organic solvents, resulting in efficient metal recovery. Addi-
tionally, controlled leaching conditions have been explored to recover silver and indium
while minimizing contamination. Oxidative roasting to convert metal selenides into ox-
ides, followed by hydrochloric acid leaching and solvent extraction, has also shown high
recovery rates. Recycling of CIGS panels, however, requires careful consideration of the
environmental impacts of each method. While mechanical and innovative techniques
offer potential advantages, they require further optimization to minimize their ecological
footprint. Advanced methods, such as electrodeposition and selective recovery, show con-
siderable promise in reducing the impacts of global warming and toxicity. These methods
contribute to more efficient material recovery and minimize environmental risks associated
with the disposal and recycling of end-of-life solar panels, ultimately supporting resource
sustainability and waste reduction [19,28–30].

2. Materials and Methods

2.1. Preparation of the Photovoltaic Panel for Laboratory Studies

For laboratory studies, a CIGS photovoltaic panel from NICE Solar Energy GmbH
was used, measuring 27 cm × 39.5 cm and with a thickness of 6 mm. The total weight of
the panel was 1826 g (Figure 2).

The panel was broken into smaller pieces using a hammer and then ground in a
planetary mill. The resulting mixture was mixed and homogenized, and laboratory samples
were taken for analysis (referred to as P1–P6 in the conducted research) (Figure 3).

Considering that the CIGS photovoltaic panel is constructed from various materials
including glass and the part that absorbs solar energy, the panel was also examined for
the possibility of fragmentation and separation of elements richer in extracted resources.
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Therefore, to confirm the presence of indium in the panel, a powdered average sample of
the panel was subjected to microscopic analysis as well as composition analysis using a
high-resolution scanning electron microscope. The same analysis was also performed on a
sample isolated from the dark (energy-absorbing) part of the panel, whose macroscopic
image is presented in Figure 4.

 

Figure 2. The CIGS photovoltaic panel from NICE Solar Energy GmbH, which was utilized for
laboratory studies.

 
Figure 3. The ground and homogenized CIGS photovoltaic panel prepared for laboratory studies.

 

Figure 4. The absorber layer of the CIGS panel.
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2.2. Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

To assess the efficiency of the electrolysis process, samples were collected from the
electrolyzed solutions at various predetermined time intervals, with each sample being
100 μL. Subsequently, 1900 μL of 1 M HNO3 was added to each sample, and they were
analyzed using ICP-MS. Additionally, investigations were conducted on the initial sample,
comprising ground and homogenized CIGS photovoltaic panels. To achieve this, the
sample underwent mineralization using a microwave oven (MARS6, CEM) with 0.5 g of
the sample, 6 mL of HNO3, 2 mL of HCl, and 2 mL of H2SO4. The mineralized sample was
then diluted and subsequently analyzed using ICP-MS.

Nitric acid (V) 67–69%, hydrochloric acid 36%, and sulfuric acid (VI) 93–98%, used
for leaching and mineralization, were produced by ROMIL (high-purity acid dedicated to
trace metal analysis). Hydrogen peroxide (35%) used for the experiments was sourced from
Merck KGaA. For instrument calibration, the Tuning Solution from LGC Standards contain-
ing Ce, Co, Li, Mg, Tl, and Y at a concentration of 1.00 μg/L in 2% HNO3 was employed.

In the samples, In (m/z 115) was determined using an Agilent 7900 mass spectrometer.
Certified reference materials from CPAChem for In at a concentration of 100 mg/L in 2%
HNO3 and a multi-element solution (Ag, Al, B, Ba, Bi, Ca, Cd, Co, Cr, Cu, Fe, Ga, In, K,
Li, Mg, Mn, Na, Ni, Pb, Sr, Tl, Zn) at a concentration of 1000 mg/L in 6.5% HNO3 from
Supelco were used for the determination of In contents using ICP-MS. The apparatus was
calibrated using the Tuning Solution from LGC Standards containing Ce, Co, Li, Mg, Tl,
and Y at a concentration of 1.00 μg/L in 2% HNO3.

2.3. Scanning Electron Microscopy

Microscopic examinations were conducted using a high-resolution scanning electron
microscope JEOL JSM-7500F (JEOL Ltd., Tokyo, Japan) equipped with an attachment for
chemical composition analysis in micro areas (AZtecLiveLite Xplore 30, Oxford Instruments
NanoAnalysis, High Wycombe, UK). The microscope features the following detectors:

- Secondary Electrons (SE) detector used for imaging the surface morphology of materials.
- Backscattered Electrons (BSE) detector utilized for imaging with chemical

composition contrast.
- Transmission Electron Detector (TED) employed for observing “thin” samples in

transmission mode.

2.4. Electrolysis Operating Conditions

The setup used for electrolysis is depicted in Figure 5.
A beaker containing the electrolyte solution was placed on a magnetic stirrer. Through-

out the process, the solution was stirred at 200 rpm using a magnetic stirrer. The electrolysis
was conducted using a potentiostat-galvanostat ATLAS 0931. (Atlas-Sollich Zakład Sys-
temów Elektronicznych, Banino, Poland) Three electrodes were immersed in the solution:

- A chlorosilver electrode type RL-100 was used as a reference electrode. It contains
a Ag/AgCl half-panel immersed in a non-exchangeable, potassium chloride solu-
tion saturated with silver chloride. The reference half-panel is shielded by an outer
chamber filled with an intermediate (protective) solution, which is in contact with the
sample under investigation via an external electrolytic connector. A 4.0 M potassium
chloride solution is used as the intermediate solution.

- A platinum electrode type EPt-01 served as the counter electrode. Its potential depends
on the redox equilibrium in the solution. It cannot be used independently but rather
in conjunction with a reference electrode with a potential largely independent of
the composition of the solution under study. Both electrodes, when connected to a
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pH/millivoltmeter, form a redox potential measurement panel. The indicator element
of the electrode is a platinum ring permanently attached to the end of the glass body.

- A carbon electrode, specifically the Glassy Carbon Voltammetry Electrode (BASMF2012-
1EA, Bioanalytical Systems, Inc. (BASi®), West Lafayette, IN, USA), was used as the
working electrode. Its main advantages include temperature resistance, high hardness
and durability, a wide potential window, and chemical stability.

 

Figure 5. The setup used for electrolysis.

The reagents used for preparing samples of the photovoltaic panel for electrolysis
were as follows:

- H2O2 (30% concentration, Merck);
- Concentrated HCl (high purity, 35–38%, ROMIL);
- HNO3 (high purity, 67–69%, ROMIL);
- 1 M HCl—prepared in the laboratory by dissolving concentrated HCl in deionized water;
- 3 M HCl—prepared in the laboratory by dissolving concentrated HCl in deionized water;
- 1 M HNO3—prepared in the laboratory by dissolving concentrated HNO3 in

deionized water;
- NH4Cl (analytical grade, POCH);
- Indium beads, diam. 2–5 mm, 99.999% trace metals basis, Sigma Aldrich.

The laboratory equipment used for preparing samples of the photovoltaic panel for
electrolysis is listed below:

- Ultrasonic bath with heating function up to 80 ◦C, SONOREX Bandelin;
- Muffle furnace with temperature gradient setting capability in the range of 30–1800 ◦C;
- Magnetic stirrer MS11 WIGO;
- Analytical balance Mettler Toledo XP 205.

The conditions for conducting the copper and indium electrolysis process are pre-
sented in Table 1.

Table 1. A compilation of conditions for conducting indium electrolysis from solutions after metal
extraction from CIGS panel.

Potential
[V]

Stirring
Speed

Experiment Duration

−0.902 500 rpm 12–72 h, dependent on the concentration of In in the solution
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3. Results and Discussion

3.1. Indium Content Analysis in Averaged Panel Samples Versus Samples from the
Absorbing Layer

The first stage of laboratory research involved the characterization of the CIGS photo-
voltaic panel. Preparing the photovoltaic panel for analysis was very challenging due to its
composition and diverse fractions, which could not be entirely homogenized in a planetary
mill. The aim of grinding and disaggregation of the panel was not to obtain a perfectly
homogeneous sample. The panel was prepared in the described manner to facilitate the
approximate determination of the analyzed elements using ICP-MS. Additionally, efforts
were made to simplify the panel preparation procedure and electrolysis to minimize costs,
labor, and time.

Laboratory samples were obtained from the ground and averaged CIGS panel (as
described in Section 2.1). These samples underwent mineralization, and after dilution, the
content of In was analyzed using ICP-MS.

The obtained research results were compiled in Table 2. They are also presented
graphically in Figure 6.

Table 2. Summary of indium content results in averaged panel samples (samples P1-P6). Analysis
conducted using ICP-MS on acid-mineralized samples.

The Sample Designation
Indium

[mg/g CIGS Panel]

P1 0.1233
P2 0.1525
P3 0.1339
P4 0.0877
P5 0.1461
P6 0.1480

The minimum value 0.0877
The maximum value 0.1525

The median 0.1400
The arithmetic mean 0.1319

 

Figure 6. Summary of In content results in averaged panel samples (samples P1–P6). Analysis
conducted using ICP-MS on acid-mineralized samples.
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The research results indicate that the maximum content of indium in averaged panel
samples is 0.152 mg/g. Taking into account the mass of a single panel, which is 1826 g,
this allowed us to calculate that from one panel, potentially 277 mg of In can be recovered.
The results indicate that the sample was not fully homogenized. To minimize costs and
energy consumption associated with sample preparation, the disassembly and grinding
of the CIGS panel were deliberately simplified. No thermal or aggressive chemical pre-
treatment was applied. Furthermore, in the analysis of In content, no outlier data points
were removed. Instead, the results are presented as an approximate concentration range
observed in the processed samples from the panel.

CIGS panels at the end of their life cycle are gaining increasing attention as an uncon-
ventional yet valuable source of critical raw materials. According to the literature, they
contain indium in concentrations of approximately 100–300 ppm—levels that exceed those
typically found in natural mineral deposits [8,9]. The concentration of indium obtained
in our study (approximately 150 ppm) is consistent with the values reported in the liter-
ature, confirming the potential of CIGS panels as a significant secondary source of this
element. Figures 7–9 depict the images and graphs obtained for the characterized ground
and averaged panel sample, the macroscopic images of which are shown in Figures 2 and 3.

Figure 7. The image from the electron microscope of the averaged CIGS panel sample with marked
points at Spectrum 29 and Spectrum 30, where elemental analysis was conducted.

 
Figure 8. The result of the composition analysis at Spectrum point 29 for the averaged CIGS
panel sample.
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Figure 9. The result of the composition analysis at Spectrum point 30 for the averaged CIGS
panel sample.

The results obtained from the analysis of SEM micrographs and compositional analysis
for the averaged sample of the CIGS panel (Figures 7–9) confirmed the presence of metals
such as Cu, In, and Se on the surface of the sample; however, their distribution was non-
uniform. In Figure 9, large contents of Si were also observed, which resulted from the high
content of glass comprising the casing of the investigated CIGS panel.

In addition to the characterization of averaged panel samples, investigations were also
conducted for samples prepared from the absorbing layer. The absorption layer was not
ground; instead, a small fragment of it was analyzed using electron microscopy.

Results obtained via electron microscope for the absorbing layer of the CIGS panel
(depicted in Figure 4) are shown below (electron microscope image—Figure 10, and compo-
sition analysis results at selected points of the panel marked as Spectrum 7 and Spectrum
8—Figures 11 and 12).

Figure 10. The electron microscope image of the averaged sample of the absorbing layer of the CIGS
panel with marked points at Spectrum 7, Spectrum 8, and Spectrum 9, where elemental analysis
was conducted.
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Figure 11. The result of the composition analysis at Spectrum point 7 for the sample of the absorbing
layer of the CIGS panel.

Figure 12. The result of the composition analysis at Spectrum point 8 for the sample of the absorbing
layer of the CIGS panel.

The analysis of the electron microscope images and elemental analysis results pre-
sented in Figures 11 and 12 indicates that in the examined points of the absorbing layer of
the panel, selenium, indium, copper, and gallium were present, and their distribution on
the surface at the examined points was homogeneous (in the examined points, the surface
% content of selenium, indium, gallium, and copper was marked at comparable levels,
approximately 45%, 18–19%, 16–18%, and 9–10%, respectively).

These results confirm the assumption that metals such as In, Ga, and Cu are concen-
trated in the absorbing layer of the panel. The remaining part of the panel mainly consists
of glass, which should be mechanically separated at the outset during the recycling process.

The absorbing layer sample from the panel was additionally subjected to analysis
to determine its indium content. The acid-mineralized sample underwent total indium
content determination using the ICP-MS method. The results of these analyses for the
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absorbing layer samples (designated as PA1–PA6 in this publication) of the CIGS panel are
summarized in Table 3 and visually depicted in Figure 13.

Table 3. Summary of In content results in the absorbing layer of the panel (samples PA1-PA4).
Analysis conducted using ICP-MS on acid-mineralized samples.

The Sample Designation
Indium

[mg/g of CIGS Panel]

PA1 0.039
PA2 1.757
PA3 1.145
PA4 2.293

The minimum value 0.039
The maximum value 2.293

The median 1.451
The arithmetic mean 1.309

 

Figure 13. Summary of indium content results in the absorbing layer of the panel (samples PA1–PA4).
Analysis conducted using ICP-MS on acid-mineralized samples.

The analysis of the data presented in Table 3 and depicted in Figure 13 revealed that in
the absorbing layer of the panel, the determined contents for indium ranged from 0.039 to
2.293 mg/g (with a median of 1.45 mg/g). The results indicate incomplete homogenization
of the sample. Nonetheless, the aim was to streamline the panel preparation process to
minimize costs and energy consumption. Outliers were retained, and an estimated range
of indium concentrations in samples from the absorbing layer of the panel was provided.

The indium contents in the absorbing layer of the panel were higher than those in the
samples resulting from averaging the entire panel. Confirmation for the elemental analysis
conducted using the ICP-MS method is provided by the results of the elemental analysis
obtained from electron microscope images. The point analysis using electron microscopy
also indicates that indium was concentrated in the absorbing layer of the panel.

These results allow us to conclude that a CIGS-type photovoltaic panel, where the
absorbing part is encapsulated within a glass housing/structure, should be mechanically
crushed during the recycling process to separate the glass from the absorbing part of the
panel, which predominantly contains indium, a target for recycling.
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After the mechanical separation of the panel parts concentrated with indium, an
effective extraction and recovery method should be developed, as described in Section 3.2.

3.2. Preparation of Panel Samples for Electrolysis

The metal recovery process from a photovoltaic panel using electrolysis requires
preliminary preparation. The photovoltaic panel was crushed and ground using a planetary
mill, and the entirety was averaged (as described in Section 2.1). A representative sample
was taken for analysis. A known mass of the sample was treated with a 3 M HCl solution,
and indium were leached/washed using an ultrasonic bath at 80 ◦C. The leaching/washing
process lasted for 4 h, with 30% H2O2 added to the mixture in four portions during
washing. After the washing process was completed, the eluate was filtered into a 500 mL
volumetric flask and topped up with deionized water. The indium content in the solution
was determined using ICP-MS. Additionally, the pH of the solution was checked, ranging
from 2 to 3.

To verify the efficiency of extraction conducted according to the procedure, extracts
were prepared simultaneously from the CIGS panel and from the CIGS panel without (R1)
and with the addition of a known amount of indium (R2), (Indium, beads, diam. 2–5 mm,
99.999% trace metals basis, Sigma Aldrich). A summary of key information regarding the
preparation of metal extracts according to the procedure described for described method is
provided in Table 4.

Table 4. The compilation of solutions prepared according to the described procedure is provided
along with the results.

Solution Symbol Preparation of the Solutions

R1

15 g of CIGS panel sample
460 mL of 3 M HCl
4 × 10 mL of H2O2

Mixed in an ultrasonic bath at 80 ◦C
Washing time: 4 h

The eluate was transferred to a 500 mL flask

R2

15 g of CIGS panel sample
1 g of indium

460 mL of 3 M HCl
4 × 10 mL of H2O2

Mixed in an ultrasonic bath at 80 ◦C
Washing time: 4 h

The eluate was transferred to a 500 mL flask

The obtained research results showed that the extraction process using 3 M HCl and
H2O2 was effective. The studies demonstrated that as a result of this process, it is possible
to extract up to 97% of indium from the panel into the solution.

3.3. Results for Samples Deposited on the Electrode

In Figure 14, photographs of the electrode with extracted indium from solutions pre-
pared according to method described in Section 3.2 from a metal-enriched panel (solution
R2) are presented. Additionally, electrolysis was conducted, resulting in the extraction
of indium from the solution, which was the eluate from the CIGS panel (solution R1). In
Figure 15, a photograph of the carbon electrode with extracted indium from solution R1
prepared from the CIGS panel is shown.
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Figure 14. The carbon electrode with indium recovered from the solution during the electrolysis
process. Optimization test results for the electrolysis parameters of indium from the solution with the
addition of a known amount of indium (R2).

 

Figure 15. Carbon electrode with indium recovered from the solution during the electrolysis process
without the addition of a known amount of indium (from the solution R1).

The samples deposited during the electrolysis process were examined using a scanning
electron microscope. Figures 16–19 depict the results for solution R2, while Figures 20–22
show images taken for solution R1.

Figure 16. A photo from the electron microscope for the sample containing indium recovered from
the solution with the addition of a known amount of indium during the electrolysis process (R2).
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Figure 17. Result of the composition analysis at Spectrum 11 for the sample containing indium,
recovered during the electrolysis process from the solution with the addition of a known amount
of indium (R2).

Figure 18. The image from the electron microscope at Spectrum 12 for the sample containing indium
recovered during the electrolysis process from the solution with the addition of a known amount
of indium (R2).

Figure 19. The result of the composition analysis at Spectrum 12 for the sample containing indium
recovered during the electrolysis process from the solution with the addition of a known amount
of indium (R2).
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Figure 20. A scanning electron microscope image of the sample containing indium recovered from
the solution without the addition of a known amount of indium during the electrolysis process (R1).

Figure 21. The result of the composition analysis for the sample containing indium recovered from
the solution without the addition of a known amount of indium during the electrolysis process (R1).

Figure 22. An example distribution of indium on the surface for the sample containing indium
recovered from solution R1 during the electrolysis process.
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The results presented in Figures 16–22 confirm that the electrolysis process employed
successfully yielded indium (as shown in Figures 17, 19 and 21). Point analysis of the
surface demonstrates that it constituted over 50% of the sample’s composition at the
examined point, with the remaining portion of the surface containing carbon, chlorine,
and oxygen. Additionally, confirmation of the effectiveness of indium recovery in the
electrolysis process is depicted in Figure 22, where an even distribution of indium in the
examined sample obtained in process R1 can be observed.

Based on the obtained results, it can be concluded that the electrolysis method used in
the metal recovery process is effective, allowing for selective recovery of metals (indium)
from the solutions generated during the extraction process from the CIGS panel.

The electrolysis process for indium recovery from solution R1, which constitutes
the liquid extract from CIGS panels prepared according to the procedure described in
Section 3.2, was conducted under laboratory conditions at a temperature of 20–22 ◦C, as
outlined in Table 1. The process lasted for 12–48 h, during which its effectiveness was
monitored continuously. To confirm the effectiveness of the electrolysis process, samples
were periodically taken from the solution undergoing electrolysis during the process. These
samples were then analyzed using ICP-MS to assess the metal content. The obtained results
are presented in Figure 23.

 

Figure 23. The graph depicting the relationship between indium recovery efficiency and
electrolysis time.

Analysis of the results presented in Figure 23 indicates that in the electrolysis process
applied in the study, up to 52% of the indium present in the solution was recovered within
48 h. The process was dynamic during the first 24 h, during which 50% of the indium was
recovered from the solution. In the subsequent 24 h, only an additional 2% of the metal
was recovered.

4. Conclusions

The dynamic advancement of photovoltaic technology has led to increased production,
but it also raises concerns about the potential accumulation of waste. While photovoltaic
panels are designed to operate efficiently for over 25 years, their lifespan eventually con-
cludes, contributing to waste generation. Despite the environmentally friendly nature of
photovoltaic energy production, capable of achieving zero CO2 emissions during opera-
tion, the production process and disposal of panels can still pose environmental risks [31].
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Recycling materials from used photovoltaic panels is paramount to mitigating their en-
vironmental impact. Indium, a crucial component in various photovoltaic panel types,
particularly thin-film technologies like CIGS, plays a vital role in enhancing solar cell
efficiency and performance. Moreover, indium is relatively scarce, with limited global
reserves, underscoring the importance of its conservation and recycling to maintain a
sustainable supply chain for photovoltaic production. Efficient recycling of indium from
used photovoltaic panels serves to not only preserve this valuable resource but also reduce
the environmental consequences associated with its extraction and processing. By imple-
menting recycling processes for indium, reliance on new indium mining can be minimized,
thereby mitigating environmentally disruptive practices. In essence, indium recycling is
pivotal to advancing the sustainability of the photovoltaic industry and reducing its overall
environmental footprint [32,33]. Based on the obtained results, it can be confirmed that
the use of electrolysis in the metal recovery process demonstrates high efficiency, enabling
selective recovery of these metals from the solutions obtained during the extraction from
CIGS panels. In the conducted study, electrolysis allowed for the recovery of up to 52% of
the indium present in the solution within 48 h. The dynamics of the process are particularly
noticeable in the first 24 h, during which 50% of the indium was recovered from the solution.
In the subsequent stage, i.e., the next day, an additional 2% of metal recovery was observed.
These results suggest that electrolysis is an effective method for extracting metals from so-
lutions obtained in the extraction process while enabling controlled selective recovery. This
study presents a preliminary investigation into the electrolytic recovery of indium from
CIGS photovoltaic panels using a simplified, low-energy process that does not require prior
thermal treatment or the use of aggressive chemicals. Unlike many existing studies that rely
on multi-step leaching and high-temperature pretreatment, the proposed method enables
selective indium recovery through direct electrolysis in a diluted acidic medium. This
approach minimizes chemical waste, reduces operational complexity, and demonstrates
potential for scalability. While the findings are based on a single sample, they suggest that
this method could offer a cost-effective and environmentally friendly alternative for indium
recovery, particularly suited for small-scale or decentralized recycling operations. Most
existing research on CIGS panel recycling adopts a holistic approach, aiming to recover
multiple valuable elements such as copper, gallium, selenium, and components of the glass
substrate. In contrast, this study focuses exclusively on indium due to its high economic
value, limited natural availability, and strategic importance in the manufacturing of new
thin-film photovoltaic devices. The primary objective of this work was to assess the feasi-
bility of a selective electrolytic recovery process for indium as a first step toward a broader,
modular multi-stage recovery system. Future research will aim to expand the method to
include the recovery of additional critical metals and materials, with the ultimate goal of
developing an integrated, environmentally responsible recycling pathway for the entire
CIGS module.
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Abbreviations

The following abbreviations are used in this manuscript:

CIGS Copper indium gallium selenide panel
ICP-MS Inductively Coupled Plasma Mass Spectrometry
SEM Scanning Electron Microscopy
SE Secondary Electrons detector
BSE Backscattered Electrons detector
TED Transmission Electron Detector
LCDs liquid crystal displays
LEDs light-emitting diodes
RF radio frequency
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Abstract

Formo-phenolic-like resins were synthesized by replacing phenol with phloroglucinol, a
biobased and biocompatible compound, and using different aldehydes, such as biomass-
derived furaldehyde and glyoxal. Studies on the adsorption of rare earth elements from
an aqueous organic acid solution indicate that these resins follow the Langmuir isotherm
model, with maximum adsorption capacities ranging from 0.38 to 0.75 mmol/g. Adsorption
was temperature-independent but strongly influenced by pH, with an up to fourfold
increase between pH 2 and 5. Extraction kinetics were rapid, reaching equilibrium within
two hours. Complete metal recovery was achieved within ten minutes using a 1 mol/L
HCl desorption solution. Selectivity also varied with pH; glyoxal- and furfural-based resins
showed superior separation performance at pH 2–3 and 3–4, respectively. The application
of this method to real-world samples, including permanent magnet and red mud organic
acid leachates, demonstrated effective extraction of rare earth elements and promising
selectivity over iron (Fe), cobalt (Co), and nickel (Ni).

Keywords: rare earth elements; organic acid leachate; formo-phenolic resins; sorbents

1. Introduction

Rare earth elements (REEs)—fifteen lanthanides, scandium, and yttrium—are cur-
rently classified as critical materials due to the steady growth in their consumption because
of new technologies [1,2]. The extraction process of REEs from mines is dominated by
a few countries, and their cost and environmental impact will continue to increase. The
pursuit of new sources of REEs has become increasingly critical in addressing supply
chain vulnerabilities and reinforcing strategic resource independence [3,4]. While consider-
able research has focused on recycling REE-rich materials such as urban mine waste and
end-of-life permanent magnets, other promising avenues remain underexplored. Notably,
certain types of mining byproducts—such as bauxite residue—have been shown to contain
significant concentrations of REEs, reaching up to 2700 mg/kg [5]. These underutilized
materials represent a viable secondary resource for REE recovery and warrant further
investigation as part of a diversified supply strategy [6–8].

Among hydrometallurgical processes, strong acidic leaching (HNO3, H2SO4, HCl)
followed by liquid–liquid extraction is considered the reference process for REE extraction
from mines and waste [9]. However, the use of strong acids and large volumes of organic
solvents raise health and environmental concerns.
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The leaching of REEs from ores or waste materials using organic acids has emerged
as an environmentally friendly alternative to traditional inorganic acid leaching [10,11].
Indeed, some organic acids can be produced from biomass, and solid adsorbents can be
reused to avoid the problems associated with organic solvents, such as volatility, third-
phase formation, and decomposition.

The leaching of REEs from NdFeB magnets has been demonstrated to be an efficient
process when using organic acids (acetic, citric and tartaric acids, for example), minimizing
the leaching of iron and other matrix components [12–14]. In the context of bauxite
residue (red mud), organic acids like citric or lactic acid can effectively solubilize REEs
through chelation and acid dissolution mechanisms [15,16]. Other secondary sources,
including phosphate residues [17], coal fly ash [18], and electronic waste [19–21] also show
promising REE leaching behavior with organic acids, offering selective recovery with
reduced environmental impact.

Furthermore, solid-phase extraction is easier to implement than liquid–liquid pro-
cesses. Various organic materials have been reported in the literature for the solid–liquid
extraction of REEs [22], including polymers [23–25], phenolic polymers [26–31], modified
silica [32–34], carbon particles [35–37], and impregnated resins [38–40]. The main chal-
lenges in developing organic adsorbents are combining high adsorption capacity with fast
kinetics, ensuring good selectivity towards the targeted elements, preventing aggregation
during the process, enabling the easy back-extraction of metals, and ensuring reusability.

Therefore, an interesting approach to recovering REEs involves leaching with organic
acids followed by solid–liquid extraction. This appears to be an effective and suitable
method [41,42].

With this in mind, the present study investigated the preparation of formo-phenolic-
like resins for the extraction of REEs from organic acid leachate. In this process, phenol was
substituted with phloroglucinol, a less toxic [43] and more biocompatible compound noted
for its antispasmodic properties and high reactivity in polymerization reactions. Moreover,
this triol is currently synthesized using a chemical process, but it could be produced using
a greener process [44]. To discuss the effect of the aldehyde on the extraction properties,
four aldehydes were used: formaldehyde, furfural, glyoxal, and terephthalaldehyde. The
selection of these aldehydes was made with the intention of modulating the spacing
between phloroglucinol units and the level of crosslinking [44–46]. Furthermore, furfural
and glyoxal can be produced from renewable biomass resources, such as biobased xylose or
ethylene glycol, respectively [45,46]. After a thorough study of the adsorption properties in
acetic acid, the prepared materials were employed for metal extraction from the leachate of
permanent magnets in acetic acid at a concentration of 1.6 mol/L as well as bauxite residue
in acetic, citric, or lactic acid.

2. Results and Discussion

2.1. Resin Synthesis and Characterizations

The resins were obtained using a standard polymerization process with alkaline catalysis
by means of sodium hydroxide [31]. Phenol, which is commonly used and classified as
CMR 2, was substituted with Phloroglucinol (Figure 1). This triol was pre-polymerized using
Formaldehyde (3 eq), Furfural (2 eq), Glyoxal (1 eq), or terephthalaldehyde (TPA, 1 eq) in a
water/ethanol mixture (1/1) and then cured at 130 ◦C for 48 h. The four resulting insoluble
materials, Ph-F, Ph-Fu, Ph-Gly, and Ph-TPA, were used for characterization and extraction
tests. Solid-state 13C NMR, FT-IR, and TGA analyses were performed and are presented
in the Supplementary Materials (Figures S1–S3). Examination of the crushed resins by
SEM showed that their morphology is typical of unmodified bulk formo-phenolic resins
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(Figure S4). The material appears as a densely packed structure composed of particles
with a rough surface texture. The absence of any visible pore openings or interconnected
porous network indicates that the sample likely has a low surface area and minimal
inherent porosity. An analysis of the data has indicated no significant disparities in terms
of morphology when comparing the various sorbents. This observation suggests that the
nature of the aldehyde does not appear to exert any influence on the observed outcomes.

 

Figure 1. Synthesis pathway of phenolic-like resins.

2.2. Sorption/Desorption Experiments

The properties of resins toward REE adsorption were studied in 0.1 M acetic acid by
varying the initial cation concentration, contact time, temperature, pH, and competing
metal. Desorption was studied using a hydrochloric acid solution, one of the most suitable
acid for REE refining [47], by varying the contact time and acid concentration.

2.2.1. Equilibrium Sorption Isotherm

Sorption isotherms were performed using a mixture of La and Yb in 0.1 M acetic acid
to compare the behavior of the resins toward light and heavy REEs. The concentrations
of cations varied from 2.5 to 200 mg/L. For a clearer representation, the isotherm has
been plotted as a function of the initial concentration, as shown in Figure 2. The isotherm
plotted as a function of the equilibrium concentration is shown in Figure S5. There are
no significant differences between light and heavy REEs. The resins Ph-TPA and Ph-Fu
showed lower capacities than Ph-F and Ph-Gly, with 30, 33, 50, and 65 mg/g for both
cations. A decrease in Qe was observed for the higher initial concentrations, which can
be attributed to potential factors such as surface site saturation, competitive adsorption,
or aggregation effects at higher concentrations, as have already been observed for such
materials [31]. Also, X-EDS analyses (Figure S6) confirmed the presence of cations in the
resins after the extraction experiments.
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Figure 2. The adsorption isotherms of the resins (Ph-F, Ph-Fu, Ph-TPA, and Ph-Gly) for a mixture of
La and Yb in acetic acid (0.1 M, pH = 2.8) at V/m = 0.5 for 16 h at 25 ◦C. (a) The capacity for each
metal (M = La or Yb) expressed in mg/g; (b) the capacity for both metals (Ln = La and Yb) expressed
in mmol/g.

The adsorption behavior of the lanthanides (Lns), specifically La and Yb, either in-
dividually or in combination, onto the various resins was evaluated using Langmuir
(Figures S7 and S8) and Freundlich (Figure S9) isotherm models. A comparative analysis
of the model fittings (Figures S8 and S9) indicated that the Langmuir isotherm provided
a more suitable fit. This suggests that it is the most appropriate model for describing the
adsorption of La and Yb onto the studied resins. This conclusion is supported by the high
linearity and correlation coefficients (R2) observed in the Langmuir plots, in contrast to the
non-linear behavior exhibited by the Freundlich isotherms.

As shown in Figure 2, the Ln adsorption profiles across all resins closely followed
the Langmuir model, characterized by rapid uptake at low concentrations, followed by a
plateau, with a slight decrease at higher concentrations. This behavior is consistent with
mechanisms involving monolayer adsorption on a homogeneous surface [48].

The maximum adsorption capacity of the resins (Qmax) was determined from the Lang-
muir plots (Figure S4) using the slope and intercept of the linearized isotherm equations.
The calculated Qmax values for Ln ranged from 0.38 to 0.75 mmol/g in the following order:
Ph-F (0.75) > Ph-Gly (0.66) > Ph-Fu (0.43) > Ph-TPA (0.38) (Table S1).

The adsorption performance of the synthesized sorbents (Ph-F, Ph-Fu, Ph-TPA, and
Ph-Gly) was evaluated and compared with data reported for a variety of commercial
resins (Table 1). Although the maximum adsorption capacities obtained in this study are
lower than those of high-capacity sorbents, such as D113 resin [49] and gel-type weak acid
resin [50], these results must be interpreted in light of the significantly different experimen-
tal conditions under which the adsorption studies were performed. The experiments in
this study were carried out at a strongly acidic pH of 2.8. In contrast, most comparative
studies were conducted at favorable pH levels ranging from 4.38 to 6.0. Under near-neutral
conditions, the availability of binding sites for metal ions increases due to the lower concen-
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tration of competing protons (H+). However, in highly acidic media, proton competition
for active sites becomes more intense, often leading to decreased metal ion uptake.

Table 1. Comparison of the obtained results with commercial sorbents for La(III) and Yb (III) sorption
from organic acid medium.

Sorbent Acid Medium
Max Capacity
(mg/g)

Reference

D113 resin Acetate buffer (pH = 6) 273.3 (La3+) Shu et al. [49]

Gel-type weak acid resin (110) Acetate buffer (pH = 5.50) 265.8 (Yb3+) Zheng et al. [50]

Diphonix Resin®
Citric acid (pH = 6) 60.01 (La3+) Araucz et al. [51]

Purolite S957 58.35 (La3+)

Amberlite IRC86 Acetic-acid-buffered media (pH = 4.38) 40.56 (La3+) Bezzina et al. [52]

Ph-F

Acetic acid (pH = 2.8)

56.91 (La3+)
59.35 (Yb3+)

This work
Ph-Fu 33.14 (La3+)

32.84 (Yb3+)

Ph-TPA 29.04 (La3+)
29.06 (Yb3+)

Ph-Gly 47.68 (La3+)
54.02 (Yb3+)

Despite the challenging pH conditions, the synthesized sorbents exhibited significant
adsorption capacities. For example, Ph-F and Ph-Gly displayed maximum capacities of
56.91 and 47.68 mg/g for La3+, respectively, and 59.35 and 54.02 mg/g for Yb3+, respectively.
Ph-Fu and Ph-TPA also exhibited consistent performance. Notably, these values are sim-
ilar to those reported for commonly used commercial sorbents, such as Diphonix Resin®

(60.01 mg/g for La3+), Purolite S957 (58.35 mg/g for La3+) [51], and Amberlite IRC86
(40.56 mg/g for La3+) [52]. These commercial sorbents were tested under less acidic conditions.

Thus, while the maximum capacities reported in this study are not the highest, the
effectiveness of the synthesized sorbents at pH 2.8 highlights their potential as viable
alternatives for metal ion recovery in highly acidic environments. Their robustness under
such stringent conditions makes them promising candidates for practical applications.

2.2.2. Kinetic Studies

Kinetic studies were performed for the sorption and desorption of a mixture of La and
Yb, as previously performed for the isotherms. The adsorption process was meticulously
monitored by observing the immediate effect of the acetic acid solution on the activated
resins. This observation continued for a period of one day, as depicted in Figure 3a. All
materials exhibited rapid kinetic exchange for cations (Na to Ln), yet certain observations
merit attention. It was observed that Ph-F and Ph-Gly achieved equilibrium within ten
minutes. However, Ph-Fu exhibited a slight slowdown prior to reaching the plateau, while
Ph-TPA demonstrated a modest decline in adsorption capacity. Nevertheless, equilibrium
was achieved for all materials after two hours (black dashed line), with no significant
differences observed in the La and Yb concentrations.
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Figure 3. Kinetic analysis of the following: (a) The adsorption of a mixture of La (152 ppm) and Yb
(196 ppm) in 0.1 M acetic acid (pH = 2.8); V/m = 0.5; t = 1, 10, 30, 60, 120, 240, 420, 1440 min; at 25 ◦C.
(b) The back-extraction of La and Yb in a 1 M HCl solution, V/m = 0.5.

The rapid rate of adsorption observed in this experiment does not permit the utilization
of the pseudo-first- or pseudo-second-order model. However, the rapid saturation of the
adsorbent, which results in a precise line-up, suggests a chemisorption process in which all
exchange sites are identical (pseudo-second-order).

Subsequent to the adsorption stage, identical samples were utilized to perform desorp-
tion kinetic experiments using a 1 M HCl solution (Figure 3b). A small quantity of solution
was extracted from the batch experiments in order to quantify the amount of REEs released.
As was the case with the adsorption process, the kinetics of release are extremely rapid for
all materials. Full recovery of cations was observed after ten minutes, with the exception of
Ph-Fu, which achieved 95% after two hours.

Furthermore, the efficiency of the back-extraction process was examined by varying
the HCl concentration, with the objective of investigating the feasibility of implementing a
less acidic solution (Figure S10). The absence of desorption when using H2O exclusively
indicates the feasibility of resin washing prior to REE recovery. The solution at 0.01 M
facilitated the recovery of 43 to 56% of the adsorbed cations, 10-1 M resulted in 75–88%
recovery, and 0.5 M yielded BE > 90%, while quantitative recovery was obtained with
1 M HCl. As demonstrated in Figure S11, the sorption and stripping capabilities of the
sorbent remained high. This was observed even after two sorption/stripping cycles had
been completed.

2.2.3. Influence of Temperature

In order to assess the influence of temperature on the adsorption process, extraction
experiments were conducted with a mixture of La and Yb in acetic acid at temperatures
ranging from 20 ◦C to 50 ◦C (Figure 4). After a two-hour period, no substantial alterations
were detected, except in the case of Phy-Gly, where a slight increase as temperature rises in
terms of adsorption capacity or selectivity between light and heavy REEs was observed.
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Figure 4. The adsorption capacity of the sorbents for a mixture of La and Yb in acetic acid 0.1 M
(pH = 2.8) as a function of temperature. V/m = 0.5, contact time = 2 h.

Adsorption is a multifaceted process involving two distinct mechanisms: (i) the
desorption of solvent molecules (e.g., water, acetic acid) and (ii) the adsorption of adsorbate
on the surface (in this case, an exchange with Na+) [53]. According to the Gibb free
energy (ΔG0) equation, the spontaneity of a process can be determined by its relationship
to enthalpy (ΔH0), entropy (ΔS0), and temperature (T) [54]. The experimental findings
suggest that the sorption process is spontaneous and does not require energy input, at least
at temperatures below 20 ◦C. Accordingly, in the context of Gibbs free energy, the value is
negative, indicating that the exothermicity of cation exchange exceeds the energy required
to denude the metal solvent sheath in solution. This phenomenon results in an adsorption
capacity that remains temperature-independent.

2.2.4. Selectivity Towards Competing Metals

An investigation was conducted into the selectivity of the process towards scandium
(Sc), iron (Fe), and aluminum (Al), given their prevalence as competitors in leaching
solutions [55]. The presence of all three metals was identified in red mud leachates,
with Fe emerging as the predominant competitor in permanent magnet leachate. In the
course of these experiments, the effect of pH solution on selectivity was also investigated.
Experiments were conducted at pH values of 2, 3, 4, and 5 (Figure 5). At a pH level below
2, there is a significant decrease in adsorption capacity. Conversely, at a pH level above 5,
the process of metal hydroxide precipitation may interfere with the desired outcome. The
extraction results demonstrated significant variations in the behavior of the materials, with
a notable impact of pH on both adsorption capacity and selectivity.
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Figure 5. Extraction efficiencies (%) of sorbents for La, Sc, Fe, and Al from acetic acid solution as
function of pH. Conditions: Al, Fe, Sc, La (≈50 ppm), acetic acid solution (pH adjusted with HCl or
NaOH), V/m = 0.5, contact time = 4 h at 25 ◦C.

The observed disparities in selectivity among the various sorbent materials can be pri-
marily attributed to differences in the accessibility and distribution of hydroxyl functional
groups, which arise from the specific structural arrangements formed during the polymer-
ization of phloroglucinol. These structural variations are, in turn, strongly influenced by
the nature and reactivity of the aldehyde co-monomers employed in the synthesis. The
type of aldehyde dictates not only the crosslinking density and spatial orientation of the
polymer network, but also modulates the exposure of hydroxyl sites. These sites are critical
for selective interactions with target analytes during sorption processes.

As was previously demonstrated in the sorption isotherm analysis at a pH of 2.8, the
extraction percentage exhibited the following sequence: Ph-F ≥ Ph-Gly >> Ph-TPA ≥ Ph-Fu.
Extraction at pH values of 4 and 5 resulted in a substantial enhancement of extraction,
as illustrated in Figure S12. It has been demonstrated that all of the resins exhibit the
capacity to extract metal at a rate that is twice that of Ph-Fu and up to four times that of
the other materials at pH = 5. This trend in extraction capacity can be attributed primarily
to the decline in H+ concentration, leading to a reduction in the competition between the
protonation of activated alcoholate function and metal chelation. Furthermore, acetic acid
has a pKa constant of 4.8. Consequently, a mixture of acid and acetate exists at a pH of
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4–5. This significantly impacts the selectivity between the four metals in solution (Table S2).
The observed alterations can be attributed to the thermodynamic constant of metal–acetate
complexes, which exhibit significant variation. This variation has a substantial impact on
the selectivity of the system when the pH of the solution is altered. Notably, two resins have
been identified as being particularly noteworthy within the range of pH values examined
(Table 2). The Ph-Gly adsorbent demonstrates notable efficacy in extraction operations
conducted at pH values ranging from 2 to 3, exhibiting a separation factor of approximately
3. This performance is particularly evident in the context of SFLa/Fe, which is observed to be
lower in comparison to alternative resins. The adsorbent Ph-Fu exhibits remarkable efficacy
in the separation process at pH values ranging from 4 to 5, exhibiting a substantially higher
SF compared to other adsorbents, particularly SFLa/Fe, with an SF value exceeding 16 at a
pH of 5.

Table 2. Separation factor (SF) for Ph-Gly at pH = 2, 3 and Ph-Fu at pH = 4, 5. All values available in
Table S2.

Ph-Gly Ph-Fu

pH SFSc/La SFLa/Fe SFLa/Al pH SFSc/La SFLa/Fe SFLa/Al

2 3.7 2.9 2.8 4 1.3 3.0 1.9
3 3.2 2.9 2.8 5 0.7 16.6 9.4

2.3. Extraction in Real Leachates

This section of the study evaluates the efficiency and selectivity with which the
sorbents extract metal ions in real leachates, such as those found in permanent magnets or
red mud. The study particularly focuses on their ability to discriminate between REEs (Nd,
Pr, and Dy) and common transition metals, particularly Fe.

An aqueous solution was obtained through the lixiviation of permanent magnet
powder by 1.6 mol/L acetic acid. This solution was then contacted with four sorbents (Ph-F,
Ph-Gly, Ph-Fu, and Ph-TPA) under identical extraction conditions (pH, volume-to-mass
ratio, time, and temperature).

The extraction efficiencies and selectivities obtained with the different sorbents are
summarized in Figure 6. The sorbent Ph-F demonstrated high extraction efficiencies for
REEs (approximately 70%), along with strong selectivity for lanthanides over cobalt and
nickel, with selectivity factors (SFLn/Co and SFLn/Ni) of 11.1 and 10.9, respectively. Ad-
ditionally, it exhibited an iron selectivity of SFLn/Fe =3.7. Conversely, Ph-Fu exhibited
moderate extraction of lanthanides, with efficiencies approaching 30%, and notably dimin-
ished selectivity, as evidenced by SFLn/Co and SFLn/Ni values of 2.0 and 2.1, respectively.
However, its selectivity towards iron is much more pronounced, with a value of 8.9. The
Ph-Gly sorbent exhibited balanced performance, achieving moderate REE extraction (ap-
proximately 50%) and exhibiting good selectivity over iron, with a selectivity factor SFLn/Fe

of 5.2. The extraction efficiencies of Ph-TPA were found to be marginally lower than those
of Ph-Gly. However, Ph-TPA demonstrated acceptable selectivity, particularly in the context
of cobalt (SFLn/Co = 3.9). Across all sorbents, iron consistently exhibited lower extraction,
thereby underscoring the observed sorbents’ preference for lanthanides over transition
metals. These findings highlight the potential of the sorbents in developing efficient sep-
aration process for REEs from complex metal mixtures such as an acetic acid leachate of
permanent magnets.
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Figure 6. Extraction efficiency (%) of sorbents for Fe, Nd, Pr, Dy, Co, and Ni, as well as corresponding
selectivity factors: SFLn/Fe, SFLn/Co, SFLn/Ni. Conditions: Fe3+ = 1536 mg/L, Nd3+ = 1006 mg/L,
Pr3+ = 155 mg/L, Dy3+ = 58 mg/L, Co3+ = 56 mg/L, Ni2+ = 12 mg/L in acetic acid (1.6 mol/L,
pH = 3), V/m = 0.1, contact time = 2 h at 25 ◦C.

A subsequent series of experiments was conducted to assess the extraction perfor-
mance of sorbents in the context of an organic acid red mud leachate (Table S3). Red mud
leachates were prepared using citric, lactic, and acetic acids as leaching agents to simu-
late environmentally relevant extraction conditions. These leachates were subsequently
subjected to sorption experiments employing functionalized resins: Ph-F in both hydroxyl
(-OH) and sodium (-ONa) forms, and Ph-Gly in the sodium form (-ONa). The Ph-Gly resin
was evaluated under two different volume-to-mass ratios, specifically V/m = 0.2 and 0.5,
to assess the influence of solid-to-liquid contact conditions on extraction efficiency.

The nature of the acid employed in the leaching process plays a crucial role in de-
termining the extent to which metals form complexes in solution, which directly influ-
ences their availability for subsequent sorption. Among the acids studied—citric, lac-
tic, and acetic—there are notable differences in their complexing strengths due to their
molecular structures.

Citric acid, with its tricarboxylic structure, has been shown to form strong complexes
with trivalent metal ions, including Fe3+, Al3+, and rare earth elements (REEs). This high
affinity is attributed to its multiple coordination sites (three carboxylic acid groups and
one hydroxyl group), which allow it to chelate metals efficiently and stabilize them in
solution [56]. Lactic acid, in contrast, is classified as an alpha-hydroxy acid, bearing a
carboxylic group and a hydroxyl group. It has been observed to form moderately strong
complexes with metal ions, thereby offering a certain degree of stabilization, although
not to the same extent as citric acid. Its simpler structure results in a limited number of
coordination interactions that can be established with metal ions. Acetic acid demonstrates
the weakest complexation behavior among the three acids studied. The presence of a
single carboxyl group confers limited binding capacity, leading to a greater proportion of
“free” metal ions remaining in solution. This lower complexation strength can influence the
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sorption process, as metals are more readily available for direct interaction with sorbents.
The general trend in complexation strength with REEs is citric acid > lactic acid > acetic
acid, which aligns with their molecular structures and number of coordination sites [57].
Consequently, the availability of metals for the sorption process is reversed. This observa-
tion is corroborated by the results presented in Figure S13, which demonstrate extraction
efficiency, with maximum extraction percentages of approximately 10% for citric acid, 40%
for lactic acid, and 60% for acetic acid.

It is evident across the three leaching systems that metal speciation in solution is the
primary determinant of sorption efficiency. While citric acid is an excellent leachant, it
creates metal complexes that are too stable for recovery via conventional resins. Lactic acid
occupies an intermediate position, whereas acetic acid produces leachates that are rich in
“free” or “labile” metal ions, which are optimal for sorption. These considerations must
be taken into account in the context of selectivity for REEs, as this is more pronounced
when sorption is performed from a lactic acid leachate. From a materials standpoint, the
sodium-exchanged form of the phenolic resin (Ph-F-ONa) exhibited high and consistent per-
formance, thanks to its efficient ion-exchange capacity. In contrast, the glyoxal-crosslinked
variants (Ph-Gly-ONa) only demonstrated increased extraction under favorable conditions
(acetic acid leachate). This suggests that crosslinking enhances physical properties, such as
stability and swelling, rather than directly contributing to chemical affinity for metal ions.
Over-crosslinking can reduce extraction efficiency by limiting diffusion and site availability.

The data on extraction efficiency obtained in citric, lactic, and acetic acid media
demonstrate a distinct selectivity of the synthesized sorbents towards REEs over Al3+,
despite potential concerns regarding aluminum leaching. In particular, lactic acid solutions
yielded the most pronounced differentiation, with REE extraction efficiencies reaching up
to 40%, while Al3+ uptake remained consistently below 10% across all sorbents. These
findings suggest that Al3+ does not exhibit competitive inhibition of REE sorption under the
experimental conditions, thereby validating the sorbents’ affinity for REEs in environments
that are weakly to moderately complexing.

3. Materials and Methods

3.1. Chemicals

All obtained chemicals were analytically pure from Sigma–Aldrich (Saint Quentin
Fallavier, France) or Thermo Fisher (Illkirch, France) and used without further purification:
acetic acid (99%), phloroglucinol (99%), furfural (99%), terephthalaldehyde (98%), glyoxal
(40% in water), and formaldehyde (37% in water). The ICP standards were purchased from
SCP Science (Villebon-sur-Yvette, France).

3.2. General Procedure for Resin Synthesis

Phloroglucinol and sodium hydroxide (NaOH) pellets (0.5 eq.) were dissolved in
a mixture of H2O/EtOH (v/v with 50 eq. H2O). Aldehyde (3 eq. Formaldehyde, 2 eq.
Furfural, 1 eq. Glyoxal, or 1 eq. Terephthalaldehyde TPA) was added, and the reaction
mixture was stirred overnight. Then, it was transferred to a crystallizer and cured in a
ventilated oven at 130 ◦C for 48 h. The resulting solid, tough resin was recovered and
ground using a ball mill for 15 min at 25 Hz. It was then washed with NaOH (1 M), HCl
(1 M), and H2O to obtain the protonated -OH form. The washed resins were then dried
in a ventilated oven at 80 ◦C for 24 h, quickly dispersed by ball milling, and stored for
extraction experiments. Before each experiment, the resins were activated using 0.1 M
NaOH (0.5 mL/mg), then rinsed once with H2O.
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3.3. Characterization Techniques for Resins

The 13C solid-state MAS NMR spectra were recorded at a rotation speed of 12 kHz
(using 4 mm outer-diameter rotors) with a Bruker Advance 400 MHz spectrometer (Brucker,
Wissembourg, France). The resins were mechanically ground at 25 Hz for 15 min using
a Retsch mixer mill MM 200 (Retsch, Eragny sur Oise, France) with a Zr ball. Thermo-
gravimetric analysis (TGA) was performed using a Mettler Toledo instrument (Mettler
Toledo, Viroflay, France)with an air or nitrogen flow and a heating rate of 10 ◦C/min from
25 to 950 ◦C. An isothermal treatment of 30 min at 100 ◦C was performed under air to
determine the resins’ moisture regain from storage. Fourier transform infrared (FTIR)
absorption spectroscopy was carried out on a PerkinElmer 100 spectrometer (Perkin Elmer,
Villebon S/Yvette, France) between 615 and 4000 cm−1 using an attenuated total reflectance
(ATR) crystal with a resolution of 4 cm−1. Scanning electron microscopy (SEM) was per-
formed using a Quattro ESEM instrument (ThermoScientific, Les Ulis, France) coupled
with a XFlash6 / 100 Energy Dispersive X-ray Spectrometer with Quantax 400 software
(Bruker, Wissembourg, France) (SEM/EDS) to study the morphology of the resins. Metal
ion concentrations before and after sorption were determined using inductively coupled
plasma/atomic emission spectroscopy (ThermoScientific, ICAP 7000 series; ThermoScien-
tific, Les Ulis, France). The wavelengths used for Al, Fe, Sc, La, and Yb measurements were
chosen to avoid spectral interference between the elements. The red mud leachates were
quantified before and after sorption using inductively coupled plasma mass spectrometry
(ICP-MS, PerkinElmer 300X Quadrupole; Perkin Elmer, Villebon S/Yvette, France).

3.4. Batch Extraction

A series of metal solutions were prepared for the sorption experiments, including a
solution of La, a solution of Yb, and a solution of La and Yb in 0.1 mol/L acetic acid, which
was prepared from the salts in their nitrate form, as well as a multicomponent solution
containing Al, Fe, Sc, and La (50 mg/L of each element) in 0.1 mol/L acetic acid, with pH
adjusted to 2, 3, 4, or 5 using HCl or NaOH.

A permanent magnet leaching solution was prepared from NdFeB magnet powder in
acetic acid, as previously described in the literature [12,58].

A red mud leaching solution was prepared according to the literature protocol [15,16],
employing organic acids including citric, lactic, and acetic acids. Typically, the leaching of
800 mg of a karstic bauxite residue from France [5] in 40 mL of organic acid was carried
out in a microwave at 70 ◦C for 30 min. The resulting leachate was then filtered through a
0.22 μm filter to remove any remaining bauxite residue particles.

The ability of the thermosetting resins to extract REEs and competing metals was
assessed by extraction tests, which were carried out in batch experiments using aqueous
solutions. In these experiments, a known amount of resin was activated using a 0.1 M
NaOH solution (V/m = 1), then washed with water and dried under air at 100 ◦C for
12 h. Then the resins were brought into contact with a volume of solution containing metal
cations, typically 4 to 6 mg of resin brought into contact with 2 to 3 mL of aqueous solution
(V/m = 0.5).

The mixture was stirred at 250 rpm at controlled temperature for a set number of hours,
typically at 25 ◦C for 12 h. After contact, the mixture was centrifuged. The supernatant was
filtered through a 0.22 μm cellulose acetate membrane and then diluted with 1% HNO3

to achieve a suitable concentration. The amounts of various cations in the filtrate were
analyzed using ICP-OES or ICP-MS.

The measured values led to the following:
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- The cation uptake capacity Qads (mg/g) was calculated using the following equation:

Qads =
(

Ci − Cf

)
·V
m

(1)

with Ci being the initial concentration of the metal ion in solution, Cf the residual
metal ion concentration, and V/m the ratio of solution volume by resin-mass.

- The adsorption efficiency E (%) was calculated according to the following equation:

E =
Ci − Cf

Ci
·100 (2)

- The distribution coefficient (KD), expressed in mL/g, represents the ratio of the number
of cations that the resin absorbs to the number of cations that remain in the solution
after extraction. It was determined using the following formula:

KD =
Ci − Cf

Cf
·V
m
·1000 (3)

- The separation factor (FSM1/M2) is defined as the ratio of the distribution coefficient
of metal M1 to that of metal M2, the competing metal ion. This factor quantitatively
expresses the selectivity of the resin for metal M1 in the presence of a competing
species. The separation factor was calculated using the following equation:

FSM1/M2 =
KDM1

KDM2

(4)

- The back-extraction or stripping efficiency S (%) is defined by the following equation:

S =
Qe − Q f

Qe
·100 (5)

with Qe being the concentration of the metal ion loaded into the polymer and Qf the
residual metal ion concentration in the polymer after the release.

Langmuir isotherm parameters [59,60] were estimated by the following equation:

Ce

Qe
=

1
KLQmax

+
1

Qmax
·Ce (6)

with Ce being the concentration of the metal ion in solution at equilibrium, Qe the amount
of metal ion adsorbed at equilibrium, Qmax the maximum amount of metal ion adsorbed
at equilibrium, and KL the Langmuir constant. The maximum sorption capacity could be
estimated from this isotherm when a plateau was obtained [61].

Freundlich isotherm [62] parameters were estimated by the following equation:

log Qe = log KF +
1
n
·log Ce (7)

with Ce being the concentration of the metal ion in solution at equilibrium, Qe the amount
of metal ion adsorbed at equilibrium, and KF and n Freundlich parameters.

3.5. Adsorption Kinetic

The kinetics data were fitted using pseudo-first-order and pseudo-second-order kinetic
models [63,64]. The pseudo-first-order model, which is based on solid sorption capacity
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and was suggested by Lagergren, describes the adsorption phenomenon as a diffusion-
controlled process. In the concentration range studied, this model suggests the formation
of monolayer coverage of the adsorbate on the surface of the adsorbent [65,66]. This model
was used to describe the sorption kinetics [67–69].

The pseudo-first-order rate is given as

log (Qe − Qt) = log Qe − K1

2.303
·t (8)

where Qe is the equilibrium metal ion concentration in the solid phase (mg/g), Qt is
the equilibrium metal ion concentration in the solid phase at time t (mg/g), K1 is the
pseudo-first-order equilibrium rate constant (min−1), and t is the time (min).

The pseudo-second-order model is also based on solid-phase adsorption capacity but
controlled by the sorption/desorption process and diffusion toward chelating sites [70–72].

The pseudo-second-order rate is given as

t
Qt

=
1

Qe
·t + 1

K2Q2
e

(9)

where Qe is the equilibrium metal ion concentration in the solid phase (mg/g), Qt is
the equilibrium metal ion concentration in the solid phase at time t (mg/g), K2 is the
pseudo-first-order equilibrium rate constant (min−1), and t is the time (min).

4. Conclusions

A series of four formo-phenolic-type resins were synthesized by replacing the phenol
group with a phloroglucinol group, a biosourceable and biocompatible compound. The
synthesis involved the use of four aldehydes or dialdehydes, with two of these aldehydes
being produced from biomass, specifically furaldehyde and glyoxal. The isotherms study
demonstrated that the resins comply with the Langmuir model, characterized by monolayer
chemisorption on equal sites. The maximum adsorption capacity for Ln exhibited a range
from 0.38 to 0.75 mmol/g, with Ph-F > Ph-Gly > Ph-Fu > Ph-TPA. The extraction capacity
under consideration is independent of temperature (a minimum of 20 ◦C) but exhibits
minimal dependence on the pH of the extraction medium. The extraction capacity is up
to fourfold greater when the pH range is from 2 to 5. The rate of extraction is fast, with
equilibrium largely reached after two hours. Furthermore, back-extraction is even faster,
with the total recovery of metal after ten minutes in HCl 1M.

For instance, the selectivity of adsorption capacity exhibits a substantial variation in
accordance with the pH level. It is noteworthy that the two resins demonstrating optimal
separation properties are those polymerized using biosourceable aldehydes, specifically
glyoxal at a pH of 2–3 and furfural at a pH of 3–4.

In order to assess the efficacy of resins in a real-life environment, an extraction process
was conducted on permanent magnet leachate in 1.6 M acetic acid. This extraction process
yielded highly promising results, with lanthanides being extracted from 30% to 70% and the
selective extraction of lanthanides over Fe, Co, and Ni with from 2 up to 10 depending on
the sorbent and the metal considered. This comparative study demonstrates that Ph-F and
Ph-Gly are promising candidates for selective REE recovery from complex metal mixtures
such as acetic acid leachates of permanent magnets.

A final experiment was conducted on red mud leachate, which demonstrated the effi-
cacy of resins in diluted media. The results of this study demonstrate the crucial interplay
between leachate chemistry and sorbent functionality in determining the efficiency of metal
recovery from red mud. While the use of acetic acid resulted in the significant extraction
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of REEs due to the weak coordination environment it creates, the application of stronger
complexing agents such as citric and lactic acid led to poor recovery, particularly for REEs.
This suggests that standard phenolic-based sorbents, even when crosslinked with glyoxal,
lack sufficient affinity to displace stable organic complexes in solution. To address this
limitation, future work should explore the incorporation of selective chelating ligands di-
rectly into the polymeric matrix of the sorbent. Ideally, these ligands should exhibit higher
complexation stability constants for REEs and transition metals than common organic acids,
enabling competitive displacement and capture. Finally, combining this ligand-driven
approach with smart regeneration strategies, such as pH switching, competitive stripping,
and selective elution using mild chelators, could enable closed-loop, sustainable processes
for recovering critical metals from red mud and other bauxite residues.
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Abstract: Achieving the New World Sustainability Vision 2030 leads to enacting
environmental restrictions, which aim to partially or totally reduce the negative impacts
of different forms of waste and develop alternative technologies for eco-friendly and cost-
effective utilization. Solid waste is a hazardous waste with many environmental and
economic problems resulting from its storage and disposal. However, at the same time,
these wastes contain many valuable elements. One of these solid wastes is heavy oil fly ash
“HOFA” generated in power stations using heavy oil as fuel. HOFA is produced annually
in massive amounts worldwide, the storage of which leads to the contamination of water
resources by the contained heavy metals, resulting in many cancerogenic diseases. At
the same time, these ashes contain many valuable metals in significant amounts, such as
vanadium “V” and nickel “Ni” that can be extracted effectively compared to their low
content and difficulty processing in their main ores. Hence, recycling these types of wastes
reduces the environmental adverse effects of their storage and the harmful elements in their
composition. This paper critically reviews the world resources of vanadium-bearing waste
and various approaches described in the literature for recovering V, Ni, as well as other
valuable metals from (HOFA) and other wastes, including pyro- and hydro-metallurgical
processes or a combination. Hydro-metallurgical processes include alkaline or acidic
leaching using different reagents followed by chemical precipitation, solvent extraction,
and ion exchange to extract individual elements. The pyro-metallurgical processes involve
the non-salt or salt roasting processes followed by acidic or alkaline leaching processes. The
operational parameters and their impact on the efficiency of recovery are also discussed.
The digestion mixtures of strong mineral acids used to dissolve metal ions in HOFA are
also investigated. Bioleaching is a promising eco-friendly technology for recovering V
and Ni through appropriate bacteria and fungi. Oxidation leaching is also a promising
environmentally friendly approach and more effective. Among all these processes, the
salt roasting treatment showed promising results concerning the cost, technological, and
environmental effectiveness. The possibility of complex processing of HOFA has also been
investigated, proposing innovative technology for completely utilizing this waste without
any remaining residue. Effective zeolite for wastewater treatment has been formulated as a
good alternative for conserving the available water resources.

Keywords: sustainability; solid wastes; heavy oil fly ash “HOFA”; vanadium; nickel;
hydrometallurgy; pyrometallurgy; wastewater treatment; zeolite
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1. Introduction

Vanadium is regarded as a rare metal, and its swift and consistently growing demand is
challenged by its low concentrations in natural minerals. Vanadium extraction depends on
the type of feed materials, efficiency, and technologies applied in processing raw materials.
Therefore, recovering V and other valuable metals from secondary industrial resources like
steel slag and ash containing these metal ions is highly intriguing regarding ecological and
financial aspects. The increased industrial applications of vanadium contribute to the rising
demand for vanadium, which has driven up the price of this metal. Currently, the value
of vanadium ranges between $20,000 and $40,000 per metric ton [1,2]. These industrial
uses encompass vanadium redox flow batteries, viewed as a promising solution to the
global issue of large-scale energy storage production. They also include applications in
the automotive and construction sectors, corrosion inhibitors, fertilizers, petrochemicals,
catalysts for gas processing and sulfuric acid production, ferrovanadium alloys, thermistors,
and more [3–5].

Unlike copper, nickel, or zinc, vanadium does not form concentrated deposits. Vana-
dium is found in many minerals, replacing Fe3+ or Al3+ in the octahedral positions of crystal
lattices. This is possible because the ionic radii of V3+ and Fe3+ are almost the same, which
means that vanadium can be found all over the Earth’s crust, accounting for approximately
0.014% [6]. Vanadium is found in nature in the form of oxides, sulfides, and phosphates,
and it is often associated with other metals such as iron, titanium, aluminum, zinc, lead,
and uranium. These compounds include vanadinite, titanomagnetite, descloizite, patronite,
and carnotite. The concentrations generally have a V2O5 grade between 0.2 and 1%, while
higher-grade deposits may have V2O5 levels exceeding 2% [7–9].

It is estimated that there are 26 million tons of vanadium reserves worldwide. The only
vanadium mine-operating countries with the largest reserves are China with 9.5 million
tons, Russia with 5 million tons, Australia with 6 million tons, and South Africa with
3.5 million tons. In contrast, the world’s resources total over 63 million tons [10]. Nearly
all of the world’s vanadium production in 2022 came from China (68%), Russia (17%),
South Africa (9%), and Brazil (6%). The total global production of vanadium this year
was approximately 120 kilotons/year [8,10]. Over 88% of the total vanadium is primarily
produced as co-products from slag during the smelting of titanomagnetite ores or steel
refining, representing over 69% of the starting raw material and making them an essential
source of vanadium. In contrast, approximately 19% of the vanadium was produced from
primary vanadium ores and 12% from secondary sources (Figure 1) [1,8].

The world’s vanadium consumption reached 102.1 kilotons, representing an increase
of nearly 45% over 2011. By the end of 2023, consumption is predicted to increase by up
to 120~125 kilotons at a 5% annual growth rate, with increased demand for high-strength
steel serving as the primary driver of this growth [8].

Coulsonite, a mineral of FeV2O4, is commonly found alongside magnetite and forms
a series with FeCr2O4, also known as chromite [11]. The mineral ilmenite can also host
vanadium, possessing a minor quantity [12]. Likewise, clay containing vanadium in
weathered mineral deposits is commonly found, with V3+ taking the place of Al3+ in
phyllosilicates and Fe3+ in goethite, FeOOH. A variety of vanadium oxides have been
discovered in weathered zones of vanadium titanomagnetite deposits, including chlorite,
(Fe, Mg, Al)6(Si, Al)4O10(OH)8, and goethite. It is worth noting that a lot of uranium
deposits also contain vanadium in the form of minerals like carnotite (K2(UO2)2V2O8.3H2O)
and tyuyamunite (Ca(UO2)2V2O8.5–8H2O) that have uranyl vanadate [13].

From ores rich in minerals like carnotite (K2(UO2)2V2O8·3H2O), vanadium has been
generated as a by-product of uranium mining at numerous mines in the southwestern
regions of the USA [14]. After a moderate leaching process, a significant portion of the
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uranium deposits was dissolved. The remaining vanadium in the uranium-leaching residue
was then extracted using a more aggressive leaching condition [1]. The processing of South
Korean shale-hosted uranium/vanadium ore has been suggested using a similar strat-
egy [15]. Liu [16] has also been found to have comparable deposits in Western Australia.
Coal and bituminous shale also contain trace levels of vanadium [17]. In northern Queens-
land, an abundant oil shale deposit at Julia Creek has been found to include vanadium and
trace quantities of molybdenum [18].

 

Figure 1. World mine production and global annual vanadium production and consumption [1,8]

Trace amounts of Vanadium have also been found in crude oil [19–22], among other
potentially essential sources. Vanadium levels in crude oil are very high, reaching up to
0.05% in certain regions of Venezuelan oil [23,24]. During oil combustion, its vanadium
content is transferred to the ash, which contains up to 10~18% of V2O5, making it an
attractive material for vanadium recovery [25–27].

According to a report by White and Levy [28], the main sources of vanadium released
into the environment are steel co-production, which accounts for 75% of the total, crude
oil processing, which accounts for 10%, and mining, which accounts for less than 10%. In
the Middle East and Africa, fuel oil and crude oil are easily accessible resources for power
plants and desalination plants. For instance, it has been approximated that Saudi Arabia,
with the world’s largest oil reserves, consumes more than 40 million metric tons of crude
oil and heavy fuel oil annually for thermal power plants and seawater desalination [29].
Egypt, Africa’s largest non-OPEC oil producer, produces approximately 11 million metric
tons of heavy fuel oil (HFO) annually, of which approximately 9 million metric tons are
consumed domestically [30–32]. Petroleum and other liquids contribute 36%, and natural
gas 57%; they were considered the most-consumed fuels in Egypt in 2020, according to
BP’s Statistical Review of World Energy 2021, in addition to renewable energy and coal,
which accounted for 6% and 1% of the country’s total energy consumption [33,34]. The
country implemented measures to decrease its natural gas usage in power generation,
which typically accounts for up to 90% of its total generation. As part of this effort, the
country has significantly increased its use of oil-fired generation, resulting in an average
fuel oil burn of over 100 kb/d in the first nine months of 2022, the highest level seen in
four years [29].
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To date, in many developing countries, most of the generated ashes do not have any
industrial application but are only stored in landfills. Compared to other V resources,
which are relatively limited and low-grade, these materials have no mining or operating
costs. The disposal of ash or steel slag is a major environmental problem facing thermal
power plants and iron production industries, and no monitoring is taken to prevent the
contamination of groundwater and soil [30,35]. It is recommended to continuously monitor
the metals of environmental impact, such as nickel, vanadium, and zinc, in ash samples
due to carcinogenic and health hazards. Therefore, it is recommended to consistently
monitor and recover valuable metals from industrial waste, as this is highly beneficial for
both environmental protection and economic considerations. This review aims to offer a
summary of advanced technologies used for vanadium recovery from various types of
vanadium-bearing waste, as well as the comprehensive utilization of their solid residue.

2. Chemical and Mineralogical Composition of Vanadium-Bearing Waste

Table 1 shows the chemical composition of vanadium-bearing waste produced from
different iron and steel production facilities in different locations worldwide. The chemical
structure of vanadium oxides, such as V2O3 or V2O5, varies based on the type of feed
materials introduced into the furnaces, the efficiency of the processing methods, and the
desired final products. Typically, CaO, SiO2, MgO, and Al2O3 contained in the vanadium-
bearing slag are in the ranges 2~45%, 6~25%, 1~16%, and 2~10%, respectively. During
reduction smelting, chromium and titanium oxide are also found in the vanadium-bearing
slag, so obtaining pure vanadium requires critical separation of those metals after extraction.

Table 1. Chemical composition of vanadium-bearing slag generated from various industrial plants in
different locations in the world.

Sources Technology
Chemical Composition

Ref.V2O5/V2O3 FeO/Fe2O3 Cr2O3 TiO2 MnO/MnO2

Panzhihua Iron and Steel BF-BOF 8.5–14.3 32.9–42.1 2.1–4.3 11.1–12.9 5.9–9.1 [36]
Kapok Iron and Steel BF-BOF 14.2–16.0 31.9–32.3 - 12.0 7.6–8.7 [37]
Chengde Xinxin Vanadium and
Titanium Chemical BF-BOF 8.5 51.1 3.5 10.5 5.2 [38]

Desheng Iron and Steel Group BF-BOF 15.2–20.8 35.3–64.5 7.7–10.6 6.39–8.5 5.5–7.6 [39]
Chengde Iron and Steel BF-BOF 10.2–13.4 36.7–49.1 1.7–4.2 6.8–11.1 5.2–7.2 [40]
Esfahan Steel BF-BOF 1.5–1.9 17.3–17.6 - 1.0–1.5 4.2–4.5 [41]
Sichuan Weiyuan Iron and Steel BF-BOF 14.3 24.8 4.4 7.4 8.5 [42]
Pan Steel DR-EAF 8.9 24.3–25.2 2.0–8.7 3.3–14.7 1.6–13.8 [43]
CITIC Jinzhou Ferroalloy DR-EAF 15.3 30.5 2.3 13.7 10.9 [44]
British Steel BF-BOF 0.82 32.0 0.2 0.3 4.5 [45]

BF = blast furnace; BOF = basic oxygen furnace; DR = direct reduction; EAF; electric arc furnace.

The chemical structure of HOA reveals that it primarily consists of carbon, along
with several metallic elements. Table 2 presents the chemical composition of ash samples
generated from burning heavy oil in various power and desalination plants across different
global locations. Industrial ashes primarily consist of vanadium (V) and nickel (Ni), along
with toxic elements like chromium, arsenic, cadmium, lead, cobalt, and selenium. The
maximum content of V and Ni in ash is 5 wt.% and 1.8 wt.%, respectively [35]. Heavy oil
ash chemical composition also differs based on the makeup of the heavy fuel oil, parameters
of operation, and chemicals used [35,46]. Two types of ash (boiler ash and fly ash) are
generated by the combustion of HFO in power plants, which is expected to increase as
energy consumption rises in the next few years. Around 3 kg of ash residue is produced
when 1000 L of heavy oil is burned [47]. A higher level of V and Ni was found in heavy
oil ash (HOA) produced by various power plants worldwide [48]. The ash fraction is
too heavy to be introduced into the flue gas and hence deposited outside the boiler tube,
which is known as the boiler ash. It is usually classified as high-grade ash which contains
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(4.4~19.2%) V, (2.7~8.5%) Ni, and burned C [49,50]. The other type of ash is known as
fly ash, which is fine combusted residue usually collected from the stack or electrostatic
precipitators (ESPs). It is usually classified as low-grade ash which contains (0.3~1.5%) V,
(0.2~0.5%) Ni, and unburned (30~80%) C [51]. The refining of crude oil often entails some
kind of thermal cracking to produce a light oil fraction and a heavier residual oil. Most
metals and a small amount of sulfur are still linked to the non-volatile elements and end
up in a residual oil fraction. Several factors influence the elemental composition of heavy
fuel oil, including the source of crude oil, the yield of HFO from crude oil, and the degree
of processing [52].

Table 2. Chemical composition of vanadium-bearing waste reported in different studies.

References

Element (ppm)
Ref. [53],

PP
Ref. [53],

DP
Ref. [21] Ref. [54] Ref. [55] Ref. [56] Ref. [57] Ref. [58] Ref. [35] Ref. [59] Ref. [25]

Carbon (%) 90.40 56.70 85.56 51.86 - 67.4 - 77.40 - 14.73 18.65
Sulfur (%) 7.77 27.18 - - - 8.6 - 7.10 - 5.83 11.23
Vanadium 9072 31,044 2958 34,487 50,000 38,000 7670 12,900 3540 85,000 49,100
Nickel 2382 13,633 1762 11,852 15,400 16,000 18,000 6800 1055 52,500 24,200
Cadmium 1.65 3.7 3.28 1.59 - - - - 60.4 - 920
Arsenic 2.54 1846 2.24 68.29 - - - - 128.5 - 1.61
Cobalt 2.88 12.33 3.28 247.79 2200 - - - 60.7 - 2140
Chromium 36.79 113.09 4.06 107.60 8000 - - - 70.4 - -
Selenium 1.00 6.81 11.60 13.20 - - - - 7.25 - -
Lead 17.09 13.94 11.00 116.10 - - - - 27.85 7200 1900
Zinc 21.92 118 130 592.10 - - 1110 4000 65.5 38,000 7600
Copper 10.44 50.40 170.4 120.30 - - 17,000 57.12 290 1760
Iron 7210 8771 - - 220,500 8000 59,800 1400 176.5 97,400 59,600
Magnesium 6971 94,608 - - 2000 - 3430 14,100 3615 5920 3.6
Manganese 23.9 149.26 - - - - - 12.8 900 2.4
Calcium 582.3 4121.2 - - - - - 2300 3380 2100 2354
Sodium 1395 7555 - - - 19,000 - - 1310 2045 1524
Aluminum 3541 1041.8 - - - 1040 2870 2500 642.4 7123 4252
Barium 7.42 49.68 - - - - - - 69.0 - 5214

Others (ppm) - - Hg, 0.25 - Mo, 3500 Si, 8000 - Si, 800;
O, 93 200 - Si, 39,000 Si, 36,800

PP = power plant; DP = desalination plant.

Table 3 presents the mineralogical compositions of vanadium-bearing slag pro-
duced by different iron and steel-making facilities and ashes. The spinel phases of
[(Fe, Mn)2(V, Ti) O4] and [(Fe, Mg, Mn) (V, Cr)2 O4] contain vanadium, titanium, and
chromium. The spinels are distributed throughout the olivine matrix (Fe, Mg)2SiO4, augite
(Ca(Fe, Mg)Si2O6), fayalite (Fe2SiO4), and diopside phases (Ca(Fe, Al)2SiO6) [60–62]. Pre-
viously reported data indicated that V-Ti and V-Cr spinels are arranged in a layered core
configuration. Chromium is primarily located in the central core of the grains, vanadium
is prevalent in the outer layer, and titanium is situated along the spinel grain boundary.
This distribution reflects the varying crystallization abilities of each spinel, ranked as
Cr > V > Ti [43]. Other elements, such as manganese, are evenly dispersed within the
spinel grain. Magnesium is concentrated alongside chromium, forming the minor phase
of MgCr2O4 [60]. The Ca2V2O7 phase of vanadium was also documented [41], which
resulted from the substantial amount of limestone utilized in the iron and steel production
process [63].

Additional oxides, originating from the fluxes added to the furnace charge, have also
been identified. Dondi [64] states that X-ray diffraction patterns show that two types of fly
ash (ash B from Apulia and ash F from Sardinia) produced from the combustion of orimul-
sion in Italian thermal power plants have a complex composition. These fly ashes contain
high grades of V, Ni, S, and Mg and exhibit increased reflections, several line interferences,
and overlaps. This complexity makes it difficult to make certain attributes. The inter-
pretation of these patterns indicates that magnesium sulfate monohydrate (MgSO4.H2O)
and hydrogen vanadyl sulfate [(VO)2H2(SO4)3] are predominated, along with magnesium
monoxide (MgO), anhydrous, monohydrate, and pentahydrate vanadyl sulfate (a-VOSO4,
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VOSO4.H2O, VOSO4.5H2O). These phases are associated with minor amounts of calcium
sulfate (CaSO4) and nickel monoxide (NiO), and presumably sodium aluminum silicate
(NaAlSi3O8) and traces of magnesium sulfate hexahydrate (MgSO4.6H2O). Other analy-
ses of the insoluble residues indicated that in addition to magnesium, nickel oxides, and
anhydrous vanadyl sulfate, other vanadium compounds, i.e., VO2, B-V2O5, VOOH, and
VO(OH)2, were present in small amounts of untreated ash, which cannot be detected in the
collective sample due to their low concentration. However, identifying these compounds
suggests the presence of V3+ and V5+, together with the monopolized vanadyl ion valence
of V4+. The existence of these vanadyl ions can vary depending on the oxidation conditions
during the combustion of heavy oil or the cooling techniques used [65,66].

Table 3. Characterization of the minerals in vanadium-containing waste produced from various
industrial plants in different locations in the world.

Source Mineralogical Phases Ref.

Panzhihua Iron and Steel (Fe,Mn)V2O4,(Fe,Mn)2SiO4,CaMn(SiO3)2 [36]
Kapok Iron and Steel (Fe, Mn)O, (V,Ti)2O3, 2(Fe,Mn)O, SiO2, SiO2 [37]

Chengde Xinxin Vanadium and Titanium Chemical (Mn0.84Fe0.16)(Mn0.16Fe1.34Cr0.5)O4,
Fe2.1Ti0.74Mn0.02V0.01Ca0.01Si0.01Al0.05Mg0.06O4,Fe2SiO4, SiO2

[38]

Desheng Iron and Steel Group (Mg,Fe)(V,Cr)2O4, Fe2SiO4, Ca(Fe,Mg)Si2O6,Fe2TiO4 [39]
Chengde Iron and Steel (Mn,Fe)(V,Cr)2O4, Fe2SiO4, SiO2 [40]
Esfahan Steel Ca(OH)2,Ca3SiO5, CaFeO2,Ca2V2O7 [41]
Sichuan Weiyuan Iron and Steel (Mn,Fe)(V,Cr)2O4,Fe2SiO4, (Fe,Mg)Si2O6,Mg2TiO4 [42]
Pan Steel (Mn,Fe)(V,Cr)2O4,Fe2TiO4, (Fe,Mn)2SiO4 [43]
CITIC Jinzhou Ferroalloy (Mn,Fe)(V,Cr)2O4,CaFeAlSiO6,Fe2.5Ti0.5O4 [44]
British Steel MgO, Al2O3, β-Ca2SiO4, Ca2(Al,Fe)2O5, FeO, Mg(OH)2, C [45]
Fiume Santo-Porto Torres MgSO4.H2O, (VO2)2H2(SO4)3, VOSO4.nH2O CaSO4, NiSO4.nH2O [64]
El Kriymat Electric power station (VO2)2, FeV2O4, Mg2SiO4, Ca2V2O7, (Ca(Fe,Al)2SiO6), NiSO4.H2O6 [22,25]

3. Vanadium Processing Technologies

As previously mentioned, steel slag and oil ash are important secondary sources of
valuable elements (V, Ni, Cr, and Zn). However, there are two main ways for processing
industrial solid waste to extract vanadium and other useful metals. The first method,
direct leaching, involves using acid (such as H2SO4, HCl, and HNO3) or alkaline (such
as NaOH and Na2CO3) solutions to dissolve the valuable metal from vanadium-bearing
waste. The dissolved metals are then recovered from the solution using various techniques
such as chemical precipitation, solvent extraction, or ion exchange. The second is the
roasting-assisted leaching process, including salt-free, calcium, or salt roasting, in which
the solid waste is heated to a high temperature to allow the separation of valuable vanadate
materials. Acid, alkaline, and water are frequently employed as leaching agents, as outlined
below [67–74]. A comprehensive flowchart for recovering V from solid waste is shown in
Figure 2 [35]. After extracting vanadium and nickel as their respective chemical compounds
(NH4VO3 and NiC2O4), calcination is conducted to produce V2O5 and NiO.

3.1. Direct Leaching Process

Direct acidic or alkaline leaching is used to dissolve almost all valuable metals into the
solution from various types of solid waste and then extract these metals separately using
adequate techniques [75–82].

3.1.1. Acid Leaching

H2SO4 is a cost-effective option for leaching procedures, which makes it a popular
choice due to its economic benefits. The H2SO4 acid has the ability to dissolve several
metallic cations like V, Ni, Fe, and Mg, among others, creating metal sulfates. The leaching
of significant economic and nuclear elements such as uranium, hafnium, and zirconium, as
well as vanadium and nickel, with or without oxidant agents (NaClO, MnO2, or KClO3), has
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been investigated by Abd El-Hamid [83]. It was noted that vanadium leaching efficiency
of 95% at a concentration of 200 g/L H2SO4, 6% (solid/solid) manganese dioxide, 80 ◦C,
6 h, 1/10 solid/liquid ratio of −200 mesh ore granule size. According to Deng [84],
the direct acid leaching technique could increase the vanadium leaching efficiency from
14 to 73% by adding an oxidant. Barik [85] created a technique for extracting vanadium
(V) and nickel (Ni) from solid industrial wastes abundant in these metals. The procedure
includes leaching with sulfuric acid (H2SO4), followed by solvent extraction, precipitation,
and crystallization. It was noted that using 1.35 M H2SO4 at 40 ◦C for 90 min, both V and
Ni were extracted with a 98% recovery rate. Vanadium is selectively extracted from the
pregnant solution using 40% LIX 84-I at pH 0.5, and then by adding an aqueous solution
of ammonia NH3; it precipitates as ammonium metavanadate (NH4VO3). Ammonium
oxalate (NH4)2C2O4 is used to selectively separate Ni that has been converted into Ni
oxalate in the raffinate (NiC2O4). Finally, NH4VO3 can be heated to produce vanadium
pentoxide (V2O5) [86]. On the other hand, nickel oxide is obtained by heating nickel oxalate
at 450 ◦C for 2 h.

Figure 2. Overall flowchart showing the most common methods for the recovery of vanadium and
nickel from industrial solid waste.

Nazari [87] optimized the parameters of the H2SO4 leaching process to maximize V
and Ni recovery from fly ash samples. The maximum recovery of 94% V and 81% Ni has
been achieved at the following optimal conditions: 19.5% H2SO4 concentration at 80 ◦C,
9.15% S/L ratio by weight, and for 2 h. Fly ash was subjected to a three-step procedure,
which included leaching with H2SO4, oxidative precipitation, and washing to extract V
as V2O5 from the fly ash, and about 90% of V was successfully recovered. Boiling 1 M
H2SO4 for 30 min. at 3 mL/g L/S ratio is considered to be the operational parameter for
the leaching process. During the oxidative precipitation process, sodium chlorate (NaClO3)
was added as an oxidizing agent of V4+ to V5+. The pH dropped because of this oxidation of
V, which also released H into the environment; hence, the appropriate pH was maintained
by adding Na2CO3. In order to remove Na and other impurities, the V2O5 precipitate was
then washed with an acidic solution [26]. Leaching experiments on HOA were performed
by Navarro [88] in 0.5 M H2SO4 solution at 4 mL/g as L/S ratio at 200 rpm agitation
speed for 24 h and at room temperature. After the leaching procedure, the material was
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washed for 1 h. in water at 4 mL/g L/S ratio. Ni recovery was only about 12% under these
conditions, but V reached 98%.

Aburizaiza [89] detailed a multi-step approach for leaching and extracting V, Ni,
and Fe from HOA, which involves the following steps: (i) Acidic leaching of fly ash in a
solution containing mineral acids like perchloric acid (HClO4), hydrochloric acid (HCl), and
hydrogen peroxide (H2O2); (ii) Ammonium pyrrollidine dithiocarbamate (C5H9NS2.NH3)
in chloroform (CHCl3) is combined and agitated with the leachate during the organic
extraction of the metals. Once equilibrium is reached, a layer of organic phase that contains
the metal cations is formed. The findings demonstrate that the organic phase successfully
extracts the targeted metal ions (V, Ni, and Fe); (iii) the V, Ni, and Fe metal ions are removed
from the organic phase by combining them with 1 M HNO3 that contains Hg2+ ions.
Therefore, metallic cations (V3+, Ni2+, and Fe2+) are present in the final aqueous nitric acid
solution; (iv) The addition of dimethylglyoxime (C4H8N2O2) in chloroform allows the
extraction of the total Ni from the stripped nitric acid solution while leaving the V3+ and
Fe2+ ions dissolved in the aqueous nitric acid solution phase. In order to recover nickel
in the form of NiO, the Ni-containing organic phase is separated and evaporated till it is
dried; (v) Total Fe is extracted from the aqueous nitric acid solution phase produced in
step (iv) by 4-pypyridyl treatment. The organic phase that contained Fe was separated,
evaporated, and ignited to produce Fe in the form of FeO; (vi) vanadium as V3+ and other
trace elements can be found in the aqueous solution that was left over. The study does not
present an efficient technique for extracting V from the final aqueous solution. Additionally,
this approach demands significant amounts of chemicals to handle a small quantity of
fly ash.

Tokuyama [58] studied the dissolving of HOA in two steps. In the first step, Ni, Zn,
Mg, Al, and Fe are dissolved in water, and in the second stage, V is dissolved in H2SO4,
as shown in Figure 3. Moreover, it was found that HCl and H2SO4 have similar leaching
efficacy. In the same study, leaching with concentrated NaOH might result in the selective
leaching of V.

Tsygankova [48] concluded that the HOA leaching process depends on both its phase
change and chemical composition. The outcomes of acidic leaching for three distinct types
of fly ash, each with different chemical and phase compositions, have been examined. Each
type of fly ash requires specific leaching conditions, involving 5 to 9% H2SO4 concentration,
with temperatures set between 20 and 80 ◦C, and durations spanning from 30 to 60 min.
Vanadium is precipitated as V2O5 by oxidizing the leaching solution with H2O2 at 20 ◦C
for 30 min. After further heating to 95 ◦C and at a pH range from 1.8 to 2, precipitation
is accomplished.

Khalafalla [90] examined the extraction of V, Ni, and Zn by leaching the heavy oil ash
(HOA) in H2SO4 solution, as shown in Figure 4. High-tension Magnetic Separation was
used to physically concentrate the fly ash, increasing the amounts of V2O5, ZnO, and NiO,
to 18.1%, 8.11%, and 11.18%, respectively. Following that, leaching was performed using a
180 g/L H2SO4 solution with 4% MnO2 as an oxidant for 10 h at 80 ◦C which resulted in the
recovery of 96.5% of vanadium, 94.8% of nickel, and 99.1% of zinc. Ultimately, vanadium
was extracted from the leach solution using 3% Alamine 336 in kerosene as the solvent,
while nickel and zinc remain dissolved in the raffinate. After vanadium was extracted
from the organic phase, V2O5.H2O was precipitated by adding H2SO4. In contrast, when
Na2S was added to the raffinate solution, Ni and Zn co-precipitated, forming a (Zn-Ni)
sulfide cake. This cake could be suggested for hydro-metallurgical techniques to recover
and separate Zn and Ni [91].
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Figure 3. Flowsheet of processing fly ash for recovering metal ions [58].

Figure 4. The proposed technical flowsheet for the chemical treatment of El-kuriemat boiler ash [90].
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Rahimi [92] developed a distinctive technique for extracting vanadium from HOA
utilizing lemon juice and organic acids. The citric acid (90 mg/g), malic acid (0.86 mg/g),
and ascorbic acid (1.24 mg/g) are all present in lemon juice. The idea was to obtain organic
acids by an ecologically acceptable method as an alternative to bioleaching, which pro-
duces such acids through extremely sluggish microbial development. The recommended
conditions for the maximum recovery of 88.7% V were 2 h. ultrasonic leaching of HOA in
a 27.9% lemon juice solution with 10% hydrogen peroxide at 35 ◦C and 0.01% S/L ratio.
Sodium carbonate (Na2CO3) was added to the liquid to raise the pH level to 9 or 10, and
the addition of CaCl2 precipitates Al and Fe. Next, ammonium chloride (NH4Cl) was
added, leading to the precipitation of V as pure NH4VO3, then calcined at 500 ◦C to obtain
vanadium pentoxide (V2O5). Eventually, the results revealed that assisting leaching agents,
such as H2O2 and ultrasonic, is essential in accelerating V dissolution’s kinetics.

High-pressure and high-temperature leaching demonstrates significant improvements
compared to traditional acid leaching. For instance, according to Mu [93], 97.9% vanadium
and 94.5% iron were leached out at a temperature of 140 ◦C, a concentration of 200 g/L
H2SO4, a partial pressure of 0.5 MPa of oxygen, a period of 120 min, and an L/S ratio of 20:1.
These are in completely agree with the findings published by Zhang [94–96]. Zhou [97]
studied the dissolution kinetics of vanadium trioxide in sulfuric acid-oxygen medium.
The highest dissolution rate was obtained with increased stirring speed before 800 rpm,
oxygen partial pressure in the range of 0.6~1.4 MPa, and particle size decreased. Still,
it was nearly independent of the sulphuric acid concentration from 0.4~2.0 mol/L and
stirring speed over 800 rpm. Amer [98] recovered V2(SO4)3 and NiSO4 from Egyptian boiler
ash by direct leaching using H2SO4 under oxygen pressure. The recommended leaching
conditions have been determined to be 200 ◦C, 15 min, 15 bar of oxygen pressure, 60 g/L of
H2SO4 concentration, and 1 S/L ratio. Adding an aqueous solution of ammonia NH3 and
neutralizing the acidic sulfate solution, V is precipitated as vanadium hydroxide (V(OH)3).
On the other hand, metallic Ni can be electrodeposited from the NiSO4 electrolyte. The
results of comprehensive studies employing acidic leaching methods on various vanadium
resources are shown in Table 4.

Table 4. Results of different studies on direct acidic leaching of vanadium from various
V-bearing waste.

Ref.
Acid Leaching

Leaching Efficiency
Lixiviant Conditions Temp. °C Time S/L Ratio

[98] H2SO4
−250 μm, 60 g/l H2SO4, 15
bar of O2 pressure 200 ◦C 15 min 1:1 • V = 95%

[85] H2SO4
1.35 M H2SO4,
300 rpm stirring 40 ◦C 90 min 1:5

• V = 98%
• Ni = 98%

[87] H2SO4 −75 μm, 19.5% H2SO4 Conc. 80 ◦C 120 min 1:9
• V = 94%
• Ni = 90%

[26] H2SO4
1 M H2SO4,
300 rpm stirring 100 ◦C 30 min 1:3 • V = 90%

[88] H2SO4
−500 μm, 110 ◦C drying,
0.5 M H2SO4

Room Temp. 24 h 1:4
• V = 98%
• Ni = 12%

[89] H2SO4 + HCl + HNO3
1.0 M Conc.,
300 rpm stirring RT 6 h 1:5

• V = 98%
• Ni = 95%
• Fe = 86%

[48] H2SO4 −75 μm, 5~9% H2SO4 Conc. 20~80 ◦C 30~60 min 1:4 • V = 96%

157



Recycling 2025, 10, 6

Table 4. Cont.

Ref.
Acid Leaching

Leaching Efficiency
Lixiviant Conditions Temp. oC Time S/L Ratio

[90] H2SO4
180 g/L H2SO4,
4% MnO2, 500 rpm stirring 80 ◦C 600 min 1:10

• V = 96.5%
• Ni = 94.8%

[92] Ultrasound, H2SO4
−75 μm, 27.9% lemon juice,
10% H2O2

35 ◦C 120 min 0.01% • V = 88.7%

[99] H2SO4
−100 μm, 0.5 N H2SO4,
400 rpm stirring 30 ◦C 120 min 1:5

• V = 65%
• Ni = 60%
• Fe = 42%

3.1.2. Alkaline Leaching

Several investigations on direct alkaline leaching of V-bearing waste have been carried
out, indicating that Ni is insoluble in alkali solutions, which are more suitable for selective
leaching of V to increase recovery. A two-stage leaching approach for HOA was proposed
by Tsai [99]. The fly ash is leached in ammonia water containing ammonium sulfate
(NH4)2SO4, and the Ni is extracted from the solution in the first stage. The second step
involves recovering V by leaching the ash residue in an alkaline (NaOH) solution. However,
the method was not used in more recent research because of the decreased recovery of Ni
(60%) in the ammonia/(NH4)2SO4 solution, which also dissolves 8% of V in the first step.
Furthermore, the study did not propose or conduct a method to recover V and Ni from
the leaching solution. In a power plant, alkaline leaching and sodium hydroxide “NaOH”
solution were used by Al-Zuhairi [100] to extract V with a high recovery yield (98%) from
red crude oil residues. According to their discussion, 2 M NaOH concentration at 100 ◦C
for 2 h is the ideal extraction environment for V. The effluent is then acidified to lower the
pH and treated with aqueous solution of ammonia (NH3), to precipitate V as NH4VO3.

According to Navarro [88], alkaline leaching of HOA by NaOH is favored over acidic
leaching because it is more selective for V, which is less efficient than acidic leaching
by H2SO4. Alkaline leaching with NaOH is carried out using a 2 M NaOH solution at
1/4 g/mL S/L ratio for 24 h at room temperature and stirring at 200 rpm. Leaching is fol-
lowed by three times for 1 h water rinses. At these conditions, vanadium recovery achieves
90%, but repeated leaching and washing 6 times, each for 1 h, enhances V recovery to 98%.
When the contact time approaches 12 h, it is observed that the temperature has a minimal
impact on the effectiveness and kinetics of V leaching. In order to improve selectivity for V
recovery while preventing Si leaching, sodium carbonate (Na2CO3) is used for leaching
HOA. However, by employing 0.66 M Na2CO3 solution in the leaching procedure under
the same conditions as for NaOH leaching, 80% of V is recovered. Leaching with Na2CO3

exhibits more excellent vanadium selectivity while having a lower leaching efficiency than
leaching with NaOH.

Hakimi [101] established a flowsheet for extracting V with a high percent recovery
from V-rich HOA using NaOH solution at 95 ◦C for 4 h. as shown in Figure 5. Leaching is
followed by adding 4.5 M H2SO4 solution to neutralize the alkaline leachate. Al and Si are
deposited once the pH is raised to 8, leaving V dissolved as sodium vanadate in the filtrate.
After being treated with an ammonium compound, the latter precipitates V as NH4VO3,
which is then heated at 450 ◦C for 1 h to form V2O5.

Akita [102] studied the recovery of nickel and vanadium from fly ash using a two-step
leaching process. The first stage involves leaching Ni with NH4Cl solution, while the
second step involves leaching the remaining ash with Na2CO3 to dissolve the vanadium.
Subsequently, vanadium is extracted using a solvent mixture of TOA and toluene, and then
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precipitated as NH4VO3 using NH4Cl. However, nickel can be extracted as NiS from its
leach solution by precipitating it with Na2S, as illustrated in Figure 6.

Figure 5. Flowchart of vanadium extraction from fly ash [101]. (S) Solid phase.

Figure 6. Process flow chart for recovery of vanadium and nickel from fly ash [102].

Vanadium, nickel, and molybdenum recovery from HOA was accomplished by
Stas [55], using a two-stage leaching procedure, as shown in Figure 7. The first step
is the alkaline leaching using NaOH solution to extract V and Mo. In the subsequent
second step, acid leaching using H2SO4 leaches the residual fly ash to recover Ni. The
maximum V recovery of 90% is obtained at 5 mL/g L/S ratio, at 100 ◦C, and for 3 h. The
alkaline leaching solution containing V and Mo is gently agitated and cooled to 5 ◦C for one
hour, which causes V to precipitate as sodium vanadate. This precipitate is then removed
through filtration, leaving behind a filtrate that contains sodium molybdate. The later fil-
trate is heated to 90 ◦C and acidified with HNO3 to precipitate Mo as H2MoO4. Conversely,
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sodium vanadate is dissolved again in a 5% HNO3 solution (pH = 8), and (NH4)2SO4 is
introduced to the solution to precipitate vanadium as N4HVO3. The latter is converted
to V2O5 after being calcined at 500 ◦C for 24 h. The remaining ash is leached using a 5 M
H2SO4 solution for 3 h at 100 ◦C and a 4 mL/g L/S ratio, which leads to extraction of 80%
in the second acidic leaching stage. The pH is subsequently increased by adding a NaOH
solution to the acidic leachate in two stages, which results in the precipitation of Fe and
the residual V. Finally, sodium carbonate is introduced to precipitate nickel in the form of
nickel carbonate (NiCO3).

Figure 7. Two-stage leaching procedure to extract V, Mo, and Ni from fly ashes; (I) first stage alkaline
leaching; (II) second stage acidic leaching [55]. (S) Solid phase.

Al-Ghouti [103] studied the recovery of vanadium and nickel from HOA by two
leaching processes. Using NH4Cl/NH3 solution made up of 2 M NH4CL and 2 M NH3

at 50 ◦C, at 19 mL/g 1 L/S ratio, and for 6 h, Ni is selectively extracted in the first stage.
After treating the leachate with sodium sulfide (Na2S), nickel is precipitated as NiS with
56% recovery. In the following step, vanadium is extracted from the nickel-free remaining
ash using agitation leaching in a 2 M Na2CO3 aqueous solution at 70 ◦C and a pH of
5.5 for a duration of 6 h. However, along with V, Fe, Mg, and Ca are also removed by
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Na2CO3 solution. Triethylamine/toluene solution [0.1 M of (CH3CH2)3N in toluene] is
added to the Na2CO3 solution to perform selective extraction of V. The organic layer is
removed and then blended once again for 3 h with a fresh 2 M Na2CO3 solution to extract
V from the aqueous layer. Finally, the resultant aqueous layer is mixed with 1.3 M NH4Cl
for 20 h to achieve maximum recovery of 45% by precipitating the extracted V. Alkaline
pressure leaching was carried out by Shahnazi [104] with a maximum vanadium leaching
of 90% under the concentration of 40 to 50% NaOH and a temperature range of 110 to
160 ◦C. In the same way, Qiu [105] examined how pure vanadium trioxide dissolves in an
oxygen system under alkaline conditions. The findings indicated that higher temperatures
(130 ◦C) and oxygen pressure (700 kPa) resulted in a faster rate of vanadium dissolution.
Additionally, stirring speeds above 800 rpm, and sodium hydroxide concentrations at 1.0
M were found to maximize the dissolution rate of vanadium (90%). A novel approach
utilizing NaOH-NaNO3 binary melts has been suggested for treating vanadium slag [106].
This method enables the extraction of both vanadium and chromium during the leaching
process. When the reaction conditions are optimized (1:1 NaOH-NaNO3 solid ratio, 400 ◦C,
0.5 L/min atmospheric pressure for 2 h), vanadium and chromium recovery rates can reach
93.7% and 88.2%, respectively, within 6 h. The results indicate that the reaction temperature
and KOH-to-ore mass ratio are more influential factors for the extraction of vanadium
and chromium. Table 5 summarizes the results of in-depth investigations on different
vanadium resources using the alkaline leaching technique.

Table 5. Results of different studies on the alkaline leaching of vanadium from various V-bearing
wastes.

Ref.
Alkaline Leaching

Leaching Efficiency
Lixiviant Condition Temp. ◦C Time S/L Ratio

[99] NaOH −250 μm, 2 N NaOH, pH 14, 400 rpm
agitation speed 30 ◦C 120 min 1:5 • V = 80%

[99] NH4OH −250 μm, 4 N NH4OH, pH 10 30 ◦C 120 min 1:5
• V = 50%
• Ni = 60%

NH4OH +
(NH4)2SO4 + NaOH

0.25 N NH4OH, 4 N (NH4)2SO4, pH 8.5,
2 M NaOH 30 ◦C 120 min 1:5

• V = 80%
• Ni = 60%

[100] NaOH 2 M H2SO4,
300 rpm stirring 100 ◦C 120 min 1:3 • V = 98%

[88] NaOH 2 M NaOH+ H2O, 200 rpm
agitation speed RT 24 h 1:4 • V = 98%

Na2CO3 0.66 M Na2CO3, 200 rpm stirring RT 24 h 1:4 • V = 80%

[101] NaOH −500 μm, 110 ◦C drying, 0.5 M H2SO4 100 ◦C 240 min 1:2.7 • V = 99.6%

[102]
HN4Cl +
NH4OH

2 M HN4Cl +
NH4OH 50 ◦C 300 min 1:5 • Ni = 59%

Na2CO3 2 M Na2CO3 70 ◦C 240 min 1:4 • V = 63%

[103]
NH4Cl +

NH3
2 M NH4Cl+ 2M NH3 50 ◦C 300 min 1:19 • Ni = 56%

Na2CO3 2 M Na2CO3, 200 rpm stirring 70 ◦C 300 min 1:20 • V = 45%

[55] NaOH
+ H2SO4

8 M NaOH
5 M H2SO4,

100 ◦C
100 ◦C 180 min 1:5

1:4
• V = 90%
• Ni = 80%

Even though direct acid (H2SO4, HCl, and HNO3) [107–109] and alkaline (NaOH,
NH4OH, NaCO3, and NH4Cl) [110–112] leaching methods are the cheapest operational
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and energy-efficient ways to extract valuable metal ions from heavy oil ash. They have
several drawbacks, including a lack of selectivity in leaching the target metals, requiring
large amounts of high acid concentration, using an oxidizing agent, polluting metals in
solid ash residue, and producing leachate with hazardous elements that can complicate
the precipitation and purification processes [4,113–115]. Due to the lack of an economically
feasible alternative for processing vanadium-bearing waste, roasting is utilized to enhance
the leaching process.

3.1.3. Bioleaching Process

Choosing the right bioleaching conditions is crucial for the microorganisms to grow
ideally. The process has the advantage of being low in production cost and having a
minimal environmental impact [116–120]. Bacteria like Acidithiobacillus, A. ferrooxidans,
and Acidithiobacillus thiooxidans are well suited for chemolithoautotrophic applications
in acidic conditions [121,122]. A study using A. ferrooxidans discovered that after 14 days,
the roasted slag could leach out 83% of the chromium while only 20% of the vanadium
was leached out [117]. Gomes’s [123] results align with those obtained from a modified
acidophilic culture of A. thiooxidans and A. ferrooxidans. Under alkaline conditions, high
pH-tolerant organisms are being assessed [116,117]. These include Pseudomonas putida, a
heterotrophic bacterium, and Aspergillus niger, a heterotrophic fungus. A study involving
P. putida revealed that after 15 days, 75% of vanadium was leached from a roasted slag
sample. Using the bacterium on the calcine increased dissolution to 90% [107,117].

3.1.4. Electro-Oxidation Leaching

In the leaching reactor, electrodes are inserted, and an electric field is used to convert
low-valent vanadium to a higher oxidation state. Outstanding outcomes were obtained,
with high recoveries of 95% for vanadium and 90% for chromium. The alkaline leaching
system was applied with current densities ranging from 750 to 1000 A/m2, NaOH con-
centration of 40~50 wt.%, and 90~120 ◦C temperature [124–126]. Both macro and micro
perspectives allow for an understanding of the electrooxidation system’s assistance in
leaching. The schematic of both mechanisms is explained in more detail by Lee et al. [127].
Diffusion of reaction products is the focal point of the micro-viewpoints [124]. During
leaching, metallic ions escape from the iron phase more readily in an electrical field, facil-
itating their directional movement. Macro-perspectives were correlated with direct and
indirect oxidation processes [126]. During indirect oxidation, slag particles collide with
cathodes and anodes, indirectly oxidizing vanadium and chromium as Fe3+ and H2O2

are generated.

3.2. Roasting-Leaching Processes

The roasting process of ash aims at the disintegration of the more stable and less soluble
spinel phases, like Fe2VO4, as shown in Figure 8, and transforms them into more oxidized
phases, enhancing the fact that they are more easily attacked by water/acid/alkaline
solutions during the subsequent recovering process [128]. The roasting process is conducted
with or without additives at temperatures ranging from 400 to 1000 ◦C, and advanced
technologies have been utilized on fly ash to improve vanadium recovery [129,130]. To
recover vanadium, the process involves oxidizing V3+ into acid-soluble V4+ and/or water-
soluble V5+ compounds, which can then be dissolved using an appropriate reagent.
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Figure 8. Schematic diagram of selective oxidation roasting of Fe2VO4 [131].

3.2.1. Non-Salt Roasting Assisted Leaching

This method results in the breakdown of the iron phases encasing the vanadium
and chromium spinels, as explained in Equations (1) and (2) [62,108,132], allowing the
formation of highly acidic leachable phases, including CaV2O6, Ca3V2O8, MgV2O6, and
Mg3V2O8. As a result, the procedure involves the treatment of slags that have high levels
of CaO/MgO.

4/5FeV2O4 + O2 → 2/5Fe2O3 + 4/5V2O5 ΔG(T) = −293.45 + 0.15 T (kJ/mol O2) (1)

4/5FeCr2O4 + O2 → 2/5Fe2O3 + 4/5Cr2O5 ΔG(T) = −47.01 + 0.04 T (kJ/mol O2) (2)

The olivine phase breaks down at 500 ◦C, whereas the spinels decompose at 800 ◦C,
based on the results obtained earlier [36,110]. Wang [110] developed a method for direct ex-
traction of low valence vanadium (LVV) from vanadium slag without producing poisonous
waste, as shown in Figure 9. Application of roasting and leaching technique leads to the
extraction of LVV from vanadium slag with a recovery rate of 69.37% at 800 ◦C roasting
temperature for 1 h in an atmosphere of N2/O2 equals 10. Above this temperature or with
longer roasting durations, V5+ was leached in the leaching solution. Smaller vanadium
slag particles resulted in a higher vanadium recovery rate but lowered the amount of LVV.

 
Figure 9. Novel process for extracting low valence vanadium from vanadium slag [110].

In the same context, Vitolo [56] created their three-step technique by first burning the
ash under controlled conditions to lower the amount of carbon in the ash (Figure 10). The
recovery of vanadium increased to 97% in the subsequent leaching process because of the
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reducing the carbon component in the fly ash. The best-recommended temperature for the
burning carbon phase was found to be 850 ◦C and resulted in a higher total recovery of
V (83%) as V2O5 with fewer impurities. Lower V recovery resulted from higher burning
temperatures (over 950 ◦C), which caused V to fuse and volatilize as well as produce
complex V-Ni refractory compounds.

According to Li [109,133,134], the oxidation process of vanadium spinel can be de-
scribed as follows: (i) conversion of vanadium spinel into a solid solution of Fe2O3.V2O3 at
the early stages of roasting, (ii) oxidation of this solid solution to Fe2O3.V2O4, followed by
an incomplete reaction of V4+ with MgO to produce Mg2VO4, and (iii) extended roasting
time leads to the further oxidation of vanadium, resulting in the formation of the highest-
valence vanadates. In the non-salt roasting process, the chromium spinel could not convert
to carcinogenic chromate salts to avoid the cost and disposal of chromium waste. Also, the
vanadium may be directly leached out as NH4VO3, which can be separated after cooling
and crystallization (Figure 11). The leaching efficiency of vanadium could be up to 90%.

Figure 10. The block diagram for the carbonaceous fly ash combustion followed by acid leaching and
oxidative precipitation of vanadium as V2O5 [56].

Figure 11. Flowsheet of vanadium extraction from vanadium slag using the non-salt roasting
method [109].
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To perform the thermodynamic analysis of this process, we attempted to create a
diagram, illustrating the relationship between standard Gibbs free energy change and
temperature (ΔG0-T), and the data required for each reaction were obtained from HSC
Chemistry 9.3.0/Fact-Sage software [127]. The ΔG0 values for all reactions are negative
throughout the temperature range of 400 to 1000 ◦C.

This indicates that direct oxidation of the spinels (FeV2O4/FeCr2O4) is thermody-
namically feasible. The Gibbs free energy change for reaction (1.1) is much more negative
than that of reaction (1.2), exhibiting that V-spinels can be preferentially oxidized and
hence decomposed before that of Cr-spinels. Zhang [135] compared the different effects of
microwave and conventional blank roasting on high-chromium vanadium slag’s oxidation
conduct, microstructure, and surface structure. The normal spinel was oxidized to inverse
spinel at 400 ◦C which then decomposed at 600 ◦C. Carrying out the roasting process at high
temperatures resulted in the minority of Cr3+ ions in the spinel phase being incorporated
into VO2 to form the Cr0.07V1.93O4 or CrVO4. Wang [136] found that the roasting process
depends on the original state of vanadium in the coal stone. In the case of existing vana-
dium in amorphous phase form, the non-salt-roasting technology is excellent for leaching
out vanadium. While the occurrence of vanadium in the vanadium-bearing waste is in a
crystalline phase, the addition of a fluxing agent is necessary to achieve high vanadium
leaching efficiency. Table 6 presents a summary of the extensive research conducted on
vanadium resources through non-salt roasting and leaching procedures.

Table 6. Various studies on vanadium’s non-salt roasting and leaching from various V sources.

Ref. Non-Salt Roasting Leaching
ResultsConditions Lixiviant Conditions

[56] 850 ◦C, −250 μm for 60 min. H2SO4 2.0 M of H2SO4 Conc., at 100 ◦C; for 60 min. • V = 97%

[36] 850 ◦C for 60 min. Na2CO3
160.0 (g/L) of Na2CO3 Conc., and
10 (mL/g) L/S ratio at 95 ◦C for 150 min

• V = 90%
• Cr remains in the residue

[109] 900 ◦C for 150 min. (NH4)2CO3
25% of Na2CO3 Conc., and 4 L/S ratio at
50 ◦C for 150 min.

• V = 92.8%

[110] 10 N2/O2, at 800 ◦C for 60 min. H2SO4 2 M of H2SO4 Conc., at 90 ◦C; for 150 min. • V = 69.37%

[133] 900 ◦C for 150 min. (NH4)2C2O4
13% of (NH4)2C2O4 Conc., and 4 L/S ratio at
70 ◦C for 60 min.

• V = 90%

However, non-salt technology offers several advantages, such as reducing the carbon
content of HOA, lowering its volume, and increasing the levels of V and Ni in the ash. There
are some limitations, including the release of gas emissions, treating only waste with a high
content of CaO or MgO, the chance of V compounds becoming volatile, the possibility of
fusion and the creation of V-Ni refractory compounds at temperatures exceeding 900 ◦C,
and alterations in the ash pH that might negatively impact the recovery of V and Ni during
the leaching process.

3.2.2. Calcification Roasting Assisted Leaching

As an alternative to non-salt roasting, the clean technique of calcification roasting was
used. The calcium roasting process involves combining limestone, lime, or other calcium
compounds with vanadium wastes, grinding the mixture to an acceptable size, and then
roasting the mixture in a vertical kiln [137,138], as illustrated in Figure 12. According to the
chemical reactions listed in Table 7 and the previous studies of thermodynamic assessment,
the oxidation processes involving CaO and V-spinels (Equations (3) and (4)) begin around
600 ◦C, whereas those using Cr-spinels (Equations (5) and (6)) start at 800 ◦C [139,140]. It
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is noted that the vanadium and calcium reaction during the roasting process leads to the
formation of calcium vanadates (CaV2O6 and Ca3V2O8); the compounds mentioned are not
soluble in water (Equations (7)–(13)); therefore, they must be leached out through H2SO4

acid (Figure 13) [137,141,142] or alkaline leaching with ammonium carbonate solution
(Figure 14) [139,143,144].

Figure 12. Flowchart of vanadium recovery from slag using calcification roasting-acid leaching
technique [137].

Table 7. Reactions during calcium-roasting and leaching of vanadium-bearing waste.

Calcium Oxide (CaO) ΔG (kJ/mol O2) Eqs.

4/5FeV2O4 + 4/5CaO + O2→4/5CaV2O6 + 2/5Fe2O3 ΔG(T) = −439.86 + 0.21T (kJ/mol O2) (3)
4/5FeV2O4 + 12/5CaO + O2→4/5Ca3V2O8 + 2/5Fe2O3 ΔG(T) = −655.92 + 0.44T (kJ/mol O2) (4)
4/7FeCr2O4 + 8/7CaO + O2→8/7CaCrO4 + 2/7Fe2O3 ΔG(T) = −255.77 + 0.15T (kJ/mol O2) (5)
2/3MgCr2O4 + 4/3CaO + O2→4/3CaCrO4 + 2/3MgO ΔG(T) = −468.37 + 0.32T (kJ/mol O2) (6)
Acid-leaching of calcified roasted product
CaV2O6 + 2H2SO4→(VO2)2SO4 + CaSO4 + 2H2O (7)
Ca3V2O8 + 4H2SO4→(VO2)2SO4 + 3CaSO4 + 4H2O (8)
CaCrO4 + H2SO4→H2CrO4 + CaSO4 (9)
Alkali-leaching of calcified roasted product
CaV2O6 + Na2CO3→ 2NaVO3 + CaCO3 (10)
Ca3V2O8 + 3Na2CO3→2Na3VO4 + 3CaCO3 (11)
Ca3V2O8 + 3(NH4)2CO3→2(NH4)3VO4 + 3CaCO3 (12)
CaCrO4 + (NH4)2CO3→(NH4)2CrO4 + CaCO3 (13)

Roasting and leaching behaviors of vanadium and chromium using calcification
roasting-acid leaching from high-chromium vanadium slag were investigated [145]. The
results indicated that more CaO combined with vanadium and reacted to form calcium
vanadate (Ca3V2O8), resulting in a high leaching efficiency of vanadium, approximately
91.14%, while the chromium remained in the leaching residue, and only 8.48% was leached.
Gao [130] studied the roasting process of high chromium vanadium slag using CaO and mi-
crowave heating techniques. The effect of CaO dosage on vanadium-roasted products was
investigated. At low m(CaO)/m(V2O5), CaV2O6 was formed, which was then converted
to Ca2V2O7 and CaVO3 with increasing m(CaO)/m(V2O5) ratio. Results indicated that
microwave radiation can reduce particle size and shorten roasting time, achieving 98.29%
vanadium leaching efficiency under optimal conditions. Zhang [42] investigated the use of

166



Recycling 2025, 10, 6

lime in roasting vanadium-bearing waste. Vanadium recovery was significantly influenced
by the heating rate. Hence, reducing the heating rate resulted in high vanadium recovery.
The formation of Ca2V2O7 was more favorable for leaching vanadium with sulfuric acid.
Xiang [146] applied mechanical activation treatment to enhance the extraction of vanadium
from converter slag at a 1:1 mole ratio of vanadium to calcium. Then, the roasted slag
was leached in a 15% sulfuric acid solution for 60 min at a temperature of 50 ◦C, stirring
speed of 150 rpm, and S/L ratio of 1:20. The results demonstrated that the mechanical
activation significantly decreased the optimum roasting temperature from 900 to 800 ◦C
and increased the leaching efficiency of vanadium from 86.0 to 90.9%, respectively.

 
Figure 13. Flowsheet for the recovery of vanadium from vanadium slag by calcification roasting-two
step leaching process [142].

Figure 14. Flowsheet of ammonium carbonate leaching of vanadium slag [143].

Table 8 summarizes extensive research on different vanadium resources utilizing
calcium roasting and leaching techniques. Utilizing this technology makes it possible to
obtain high-purity vanadium leach solutions with minimal interference from elements
such as silicon and phosphorus. The other advantage is that the leaching may proceed
at a lower temperature when a particular ammonia salt is used. However, the leaching
efficiency is much lower when using ammonium salts compared to the maximum 90%
filtration of vanadium with sodium salts due to the precipitation of vanadium as NH4VO3.
So, problems linked to ammonia volatilization must also be considered. Additionally, there
are several drawbacks associated with this technology, such as the production of a large
quantity of leaching residues containing sulfate compounds, equipment corrosion, and the
emission of harmful gasses, which can cause environmental contamination.
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Table 8. Results of different studies on vanadium’s calcium roasting and leaching from various
V sources.

Ref.
Roasting Leaching

ResultsSalt Conditions Lixiviant Conditions

[143] CaO 1:1.1 V/Ca molar ratio,
900 ◦C for 120 min. (NH4)2CO3

600 g/L of (NH4)2CO3 Conc.,
20 (mL/g) L/S, 80 ◦C, 70 min.

• V = 96%
• P = 9.2%

[144] CaO 900 ◦C for 180 min. NH4HCO3 15% NH4HCO3, 75 ◦C, 180 min. • V = 69.2%

[147] CaO 1:16 CaO/solid ratio, 850 ◦C
for 120 min. H2SO4

15% H2SO4 Conc., 10 (mL/g) L/S
ratio, 55 ◦C, 70 min.

• V = 93%

[42] CaO 0.42 CaO/solid ratio, 850 ◦C
for 150 min. H2SO4 pH 2.5, 4 L/S ratio, 65 ◦C, 60 min. • V = 91.5%

[148] CaO 0.5 CaO/V2O3 molar ratio,
900 ◦C for 60 min. H2SO4

20% H2SO4 Conc., 5 (mL/g) L/S
ratio, 50 ◦C, 60 min.

• V = 99.4%

[149] CaO 1 CaO/V2O5 molar ratio,
900 ◦C for 120 min. (NH4)2SO4 + H2SO4

250.0 g/L (NH4)2SO4 Conc., 3.75 M
H2SO4 conc., 10 (mL/g) L/S ratio,
20 ◦C, 60 min.

• V = 93.5%
• Cr = 0.2%

[139] CaO 0.5 CaO/V2O5 molar ratio,
900 ◦C for 60 min. Na2CO3

160 (g/L) Na2CO3 Conc., 10 L/S,
80 ◦C, 60 min.

• V = 93.2%
• Cr = 0.04%

[150] CaCO3
1 Ca/V molar ratio, 850 ◦C
for 120 min. H2SO4

15% H2SO4 Conc., 10 (mL/g) L/S,
10 (mL/g), 50 ◦C, 60 min.

• V = 83%

[151]
(1st)
CaO

(2nd) Na2CO3

1st stage:
5 CaO/V2O3 molar ratio,
780 ◦C for 60 min
2nd stage:
3.3 Na2CO3/Cr2O3 at 950 ◦C

1st stage:
H2SO4

2nd stage:
Water

1st stage:
3.75 M H2SO4 Conc., 5 L/S ratio,
70 ◦C, 60 min.
2nd stage:
3 L/S ratio, 3 (mL/g), 25 ◦C, 20 min.

1st stage:

• V = 90%
• Cr = 1%

2nd stage:

• Cr = 87%
• V = 99%

3.2.3. Sodium Salt Roasting Assisted Leaching Process

Traditional roasting technologies include sodium roasting, which can be traced
back to Bleecker’s first salt-roasting technology in 1912 [128]. Basically, a mixture of
sodium salts (Na2CO3, Na2SO4, NaCl, and NaOH) as a source for alkalis was roasted
with vanadium-bearing waste in a furnace at high temperatures, depending on the melt-
ing points of the sodium sources as follows: 1200~1250 ◦C for Na2SO4, 750~850 ◦C for
NaCl, 800~1000 ◦C for Na2CO3, and 400~800 ◦C for NaOH [43,152,153]. A maximum
amount of oxygen was used during roasting to oxidize the V3+ and convert it into soluble
sodium vanadates (NaVO3, Na4V2O7) through the chemical reactions listed in Table 9 [127].
The vanadium conversion degree in these sodium sources follows the following order:
NaOH > Na2SO4 > Na2CO3 > NaCl [154]. This order can be attributed to several reasons,
including the diffusivity of the different sodium sources into the interior layers of the
wastes, where they react with the V-spinels [155–157]. Despite all the limitations of this
technology, which include the formation of harmful gaseous products, such as SO2, Cl2,
or CO2, fusion of NaCl at high temperatures, and high energy consumption while using
sodium salts as the alkali source, it remains the best method in terms of selective vanadium
extraction with low operating cost. The above serious environmental pollution greatly
hinders the sustainable development of V extraction from V-bearing materials [158,159].
Consequently, efforts are still needed to develop an eco-friendly and effective method for
extracting V from V-bearing materials. Attention has also been paid to recycling the Na+

from the leach solution, using a membrane-assisted electrochemical cell to separate the
cation from vanadium ions [160].
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Table 9. Reactions during salt roasting and leaching of vanadium-bearing waste.

Sodium Sulfate (Na2SO4) ΔG (kJ/mol O2) Eqs.

4/3FeV2O4 + 4/3Na2SO4 + O2→8/3NaVO3 + 2/3Fe2O3 + 4/3SO2 ΔG(T) = −155.62 − 0.08T (14)
4FeV2O4 + 8Na2SO4+ O2→4Na4V2O7 + 2Fe2O3 + 8SO2 ΔG(T) = 985.43 − 1.19T (15)
FeCr2O4 + 2Na2SO4 + O2→2Na2CrO4 + 1/2Fe2O3 + 2SO2 ΔG(T) = 936.43 − 0.59T (16)
2MgCr2O4 + 4Na2SO4 + O2→4Na2CrO4 + 2MgO +4SO2 ΔG(T) = 1195.64 − 0.78T (17)
Sodium chloride (NaCl)
4/5FeV2O4 + 8/5NaCl + 4/5H2O + O2→8/5NaVO3 + 2/5Fe2O3 + 8/5HCl ΔG(T) = −245.36 + 0.04T (18)
4/9FeV2O4 + 16/9NaCl + 4/9H2O + O2→4/9Na4V2O7 + 2/9Fe2O3 + 8/9HCl ΔG(T) = −113.65 − 0.05T (19)
4/7FeCr2O4 +16/7NaCl + 8/7H2O + O2→8/7Na2CrO4 + 8/7Fe2O3 + 16/7HCl ΔG(T) = 79.07 − 0.01T (20)
2/3MgCr2O4 + 8/3NaCl + 4/3H2O + O2→4/3Na2CrO4 + 4/3MgO + 8/3HCl ΔG(T) = 148.14 − 0.12T (21)
4/7FeV2O4 + 8/7NaCl + O2→8/7NaVO3 + 2/7Fe2O3 + 4/7Cl2 ΔG(T) = −186.26 + 0.09T (22)
4/9FeV2O4 + 16/9NaCl + O2→4/9Na4V2O7 + 2/9Fe2O3 + 8/9Cl2 ΔG(T) = −80.26 + 0.06T (23)
4/7FeCr2O4 + 16/7NaCl + O2→8/7Na2CrO4 + 2/7Fe2O3 + 8/7Cl2 ΔG(T) = 55.83 + 0.02T (24)
2/5MgCr2O4 + 8/5NaCl + O2→4/5Na2CrO4 + 2/5MgO + 4/5Cl2 ΔG(T) = 36.74 + 0.005T (25)
Sodium carbonate (Na2CO3)
4/5FeV2O4 + 4/5Na2CO3 + O2→8/5NaVO3 + 2/5Fe2O3 + 4/5CO2 ΔG(T) = −345.3 + 0.04T (26)
4/5FeV2O4 + 8/5Na2CO3 + O2→4/5Na4V2O7 + 2/5Fe2O3 + 8/5CO2 ΔG(T) = −306.70 + 0.07T (27)
4/7FeCr2O4 + 8/7Na2CO3 + O2→8/7Na2CrO4 + 2/7Fe2O3 + 8/7CO2 ΔG(T) = −94.64 − 0.04T (28)
2/3MgCr2O4 + 4/3Na2CO3 + O2→4/3Na2CrO4 + 2/3MgO + 4/3CO2 ΔG(T) = −92.39 + 0.14T (29)
Sodium hydroxide (NaOH)
4/5FeV2O4 + 8/5NaOH + O2→8/5NaVO3+ 2/5Fe2O3 + 4/5H2O ΔG(T) = −458.66 + 0.11T (30)
4/5FeV2O4 + 16/5NaOH + O2→4/5Na4V2O7 + 2/5Fe2O3 + 8/5H2O ΔG(T) = −533.41 + 0.08T (31)
4FeCr2O4 + 8NaOH→4Na2CrO4 + 2Fe2O3 +4H2O ΔG(T) = −273.10 − 0.02T (32)
2/3MgCr2O4 + 8/3NaOH + O2→4/3Na2CrO4 + 2/3MgO + 4/3H2O ΔG(T) = −210.17 + 0.01T (33)
Water leaching of sodium roasted product
NaVO3 + H2O → H2VO(−4 ) + Na+ (34)
Na4V2O7 + H2O → 2HVO(2−

4 ) + Na+ (35)
Acid-leaching of sodium roasted product
2NaVO3 + 2H2SO4→(VO2)2SO4 + Na2SO4 + 2H2O (36)
Na4V2O7 + 3H2SO4→(VO2)2SO4 + 2Na2SO4 + 3H2O (37)
Na2CrO4 + H2SO4→H2CrO4 + Na2SO4 (38)
Alkaline-leaching of sodium roasted product
Na2O.V2O5 + 4NaOH→2Na3VO4 + 2H2O (39)
2NaVO3 + (NH4)2CO3→2NH4VO3 + Na2CO3 (40)
Na4V2O7 + 2(NH4)2CO3→(NH4)4V2O7 +2Na2CO3 (41)
Na2CrO4 + 2(NH4)2CO3→(NH4)4V2O7 + 2Na2CO3 (42)

Anyway, the water-leaching process mostly applies to products undergoing sodium
roasting, which takes place through Equations (34) and (35). Metal sulfates are formed by
dissolving sodium vanadate compounds by H2SO4, according to Equations (36)–(38), and
ammonium carbonate leaching is accomplished through Equations (39)–(42). However, the
leaching effectiveness depends on the degree of metal converted during roasting, where
sodium vanadate can be leached out. With regard to this case, there are certain common
features for the processes that are used in the commercial plants of vanadium production
from industrial wastes, such as the sodium salt roasting-water leaching-ammonia precipita-
tion process utilized at Highveld Steel and Vanadium Corp. (South Africa), Chengde Iron
and Steel Group (China), Nizhniy Tagil Iron and Steel Works (NTMK, Russia), etc. [127].
Li [43] reported that only 87.9% of V and 6.3% of Cr were recovered from calcined waste at
Na/V molar ratio of 3.3 at 800 ◦C using water leaching, as shown in Figure 15. When the
leaching residue was subjected to second sodium calcination at (Na/(V, Cr) molar ratio of
2.86 and 950 ◦C), about 90.7% of vanadium and 96.4% of chromium were leached, giving
an overall recovery of vanadium and chromium of 98.9% and 96.4%, respectively.
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Figure 15. Novel process based on salt-roasting to extract vanadium and chromium from the V-Cr
slag [43].

Wen [161] evaluated the leaching of the vanadium and chromium using sodium salts
roasting (Na2CO3) and then leaching them with (NH4)2SO4, showing that 94.6% vanadium
and 96.5% chromium were leached. According to Zhao [162], vanadium can be leached
from stone coal with the addition of 6 wt.% sodium chloride and 10 wt.% sodium sulfates
during the roasting process. It was noted that the vanadium-bearing muscovite with
quartz was converted to feldspar group minerals (albite, orthoclase, and anorthite). These
results could produce some potential methods for vanadium recovery from stone coal.
Puhong [129] roasted red cake obtained from multi-processing of stone coal with 22.5 g
NaOH/25 g red cake at 170 ◦C for 1 h, then used water leaching at 98 ◦C for 60 min. with a
solid/liquid ratio of 1:3.3 g/mL. It was noted that the V leaching efficiency was up to 97%
after purification and calcination as V2O5, with a purity of 99.3%.

A three-step process was performed on HOA containing 85 wt.% unburned C and
2.2 wt.% V, beginning with carbon burning, followed by salt roasting and water leaching.
It was noted that the 4 h. calcining step at 650 ◦C removes most of the carbon and thus
increases the V content to 19 wt.%. Then, the burned enriched-V ash was roasted with
sodium carbonate Na2CO3 at 650 ◦C for 4 h to convert V oxides into sodium metavanadate
(NaVO3), which is a water-soluble compound [163]. The calcined ash was leached with
water for 4 h at 60 ◦C with an S/L ratio of 1:50 g/mL. Water leaching leads to the selective
dissolving of V with about 92% recovery, leaving Fe and Ni compounds undissolved in the
residue of the ash. By adding (NH4)2SO4, V is precipitated as NH4VO3 from the leaching
solution to separate V from the solution [101].

In the same context, Ibrahim et al. [59] discussed a recent technique for converting V
compounds into water-soluble vanadates (NaVO3) through roasting with NaCl, as shown
in Figure 16. They found that over 95.5% of the vanadium leached out after the HOA was
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roasted with 20% NaCl for 2.5 h. Then, the vanadium was leached using distilled water
with an L/S ratio of 10 mL.g−1. The purity of the obtained NH4VO3 powder was estimated
to be about 92% using direct precipitation from vanadium-pregnant solution by NH4Cl
addition, and the precipitation efficiency of NH4VO3 powder was estimated to be around
91.5%, and the total recovery rate of vanadium reached up to 87.60%. Then, the ammonium
meta-vanadate was calcined at 550 ◦C for 3 h to produce V2O5 powder with an estimated
83% purity (Figure 17).

Figure 16. Schematic flow of salt-roasting and water-leaching process from boiler ash for vanadium
extraction [59].

Figure 17. The quantitative flowsheet for V recovery from Egyptian boiler ash using sodium salt-
roasting and water-leaching process [59].

The authors [59] comprehensively investigated the solid-state and phase transfor-
mation mechanisms that govern the selective extraction of vanadium from HOA. The
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SEM images are displayed in Figure 18 for the roasted sample produced at 700 ◦C, and
the corresponding EDS analysis for different points on the burnt ash is listed in Table 10.
The results (Figure 18a) showed that the roasted particles are presented in an irregular
shape with different sizes, and a few areas of spinel surface structure have been destroyed.
According to the elemental mapping analyses shown in points S1 and S4, the decomposi-
tion of the spinel started to release the vanadium molecules, which indicates that sodium
and vanadium are partially compatible (Figure 18b). The main information shown in this
figure includes the following: (1) the particles are loose and dispersed, indicating that the
interaction between particles is not significant under this temperature; (2) the distribution
of sodium is relatively extensive and uniform, indicating that NaCl has not entirely reacted
and formed a new sodium phase; and (3) the relative enrichment of vanadium appeared in
some particles with high sodium content, indicating that some phases containing sodium
and vanadium were formed.

 

Figure 18. SEM images of roasted boiler ash sample: (a) at 700 ◦C for 2 h, and (b) elemental mapping
images of burned surface.

Table 10. Spots EDS analysis of roasted boiler ash at 700 ◦C for 2 h and 20 wt.% of NaCl.

Spots
Composition (wt., %)

V Ni Fe O Na Mg Al Si

S1 18.57 2.93 5.88 28.07 25.39 15.12 3.03 1.01
S2 2.24 7.72 4.47 26.34 23.21 31.59 3.15 1.28
S3 1.2 10.39 17.58 20.56 18.05 22.88 5.61 3.73
S4 10.08 4.61 6.01 30.5 28.24 13.5 6.02 1.04
S5 3.94 3.14 25.2 24.6 19.83 11.42 9.34 2.53
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Based on the EDS analysis (Table 10) of the specific locations (S1 and S4), it was
clear that the chemical composition showed a moderate correlation between the levels of
vanadium and sodium due to the limited reaction range of O2 with vanadium spinel to
release their oxides. So, not all quadruple vanadium (V4+) was oxidized to the highest V5+

valency [64,164]. As a result, the reaction temperature at 700 ◦C was not sufficient to convert
more of the V found in the vanadium compound into water-soluble sodium vanadates
because almost all of V still exists inside the spinel, with less outer distribution than the
central region and not enough opportunity to react with NaCl, resulting in decreasing the
vanadium leachability [111]. To further explore, a line scan analysis was performed, as
shown in Figure 19. Clearly, it was noted that the V and Na lines are aligned to some extent,
suggesting an inconsiderable liberation of the vanadium element from the spinel surface.
Furthermore, a large amount of free sodium remains along the line, meaning it did not
enter into the chemical reaction.

 

Figure 19. Line scan and distribution elements of the roasted boiler ash at 700 ◦C.

Their findings indicate that a roasting temperature of 850 ◦C (Figure 20) appears
optimal for facilitating the O2 reaction with vanadium-bearing minerals. This temperature
provides an excellent opportunity for vanadium molecules to react with sodium chloride,
forming the sodium metavanadate phase (NaVO3). However, this phase can be easily ex-
tracted through a water-leaching process, resulting in the liberation of vanadium molecules,
as shown in. Elemental scan lines demonstrated that the Na and V lines align, indicating
that a considerable amount of the V element has been released from the spinel surface.

Elemental scan lines demonstrated the distribution of elements in the roasted ash at
850 ◦C is shown in Figure 21. Also, it was noted that there is an abroad alignment of the
Na and V lines, suggesting that there is a significant liberation of the V element from the
spinel surface. Also, along the line, there are no remains of free sodium, which means that
all of it was entirely consumed in the process of forming a water-soluble sodium vanadate
compound. This result confirms the hypothesis explained in the TGA data of the same
study, which has been attributable to the complete thermal decomposition of vanadium
spinel (FeV2O4) and vanadyl sulfates at 850 ◦C.
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Figure 20. SEM images of roasted boiler ash sample: (a) at 850 ◦C for 2 h, (b) elemental mapping
images of the surface, and (c) back-scattered morphology image [59].

Figure 21. Line scan and distribution elements of the roasted boiler ash at 850 ◦C.

Furthermore, there are no signs of unbound sodium present in the mixture, suggesting
that it was entirely consumed in the process of forming a water-soluble sodium vanadate
compound. The results of the point-scan analysis of three different surface products
are listed in Table 11. Meanwhile, the excessive roasting temperature of up to 1000 ◦C
(Figure 22) would allow for the formation of refractory compounds (i.e., sintered from V,
Ni, Fe). In addition, the formation of the aluminum silicate (NaAlSi2O6) phase increases
due to the melting of NaCl salt, which leads to the formation of agglomerate that could
hinder oxygen transfer during the roasting process and hence decrease the vanadium
percent recovery.

Generally, the direct leaching process is poorly selective and has varying leaching
efficiencies among different vanadium-containing phases. Consequently, subsequent sepa-
ration and purification processes for vanadium and other metals in the leaching solution
are more complex, with a wide range of reagent types and high consumption rates. On
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the other hand, the roasting-leaching process enables control over the occurrence form of
vanadium through roasting, thereby ensuring efficient vanadium leaching. Specifically, the
sodium salt roasting process can be employed to selectively separate vanadium using the
water leaching method, which offers advantages such as high leaching efficiency, excellent
selectivity, reduced consumption of leaching reagents, and suitability for treating materials
with complex forms of vanadium occurrence. Based on the characteristics of V-bearing
waste of high vanadium content and complex vanadium occurrence forms, NaCl has been
used, a low-cost and abundantly available salt compared to other salts in the roasting-water
leaching process, to study the extraction process of vanadium and focus on the transition
law and mechanism of the vanadium-containing phase during sodium salt roasting so as
to provide the theoretical basis for efficient extraction of vanadium. A summary of the
comprehensive research carried out on various vanadium resources using sodium-salt
roasting and leaching processes is presented in Table 12.

Table 11. Spots EDS analysis of roasted boiler ash at 850 ◦C and 1000 ◦C for 2 h and 20 wt.% of NaCl.

Spots
Composition (wt., %)

V Ni Fe O Na Mg Ca Al Si

85
0
◦ C

S1 17.86 1.45 5.29 38.23 20.45 7.19 1.02 3.96 4.55
S2 12.62 1.74 4.83 35.01 25.11 7.05 0.98 7.58 5.08
S3 10.06 1.41 3.27 37.54 27.04 6.89 1.08 7.26 5.45
S4 14.08 1.97 2.46 33.93 25.06 8.87 1.5 5.97 6.16
M1 0.92 22.11 38.77 27.87 1.15 5.45 1.01 1.63 1.09
M2 0.81 4.28 7.24 35.3 15.42 3.95 1.92 14.57 16.51
M3 1.07 19.95 36.81 25.76 2.08 9.03 1.02 1.45 2.83

10
00

◦ C

S1 19.35 16.76 23.21 25.61 1.03 9.5 2.02 1.51 1.01
S2 18.87 15.98 21.28 27.84 1.31 10.46 1.98 1.36 0.92
S3 19.06 19.19 20.14 26.75 1.56 9.69 1.04 1.47 1.1
M - - - 47.18 3.14 32.21 1.5 - 15.97
N1 - - - 30.65 46.04 - 3.51 9.7 10.1
N2 - - - 28.71 39.45 - 2.08 19.84 9.92

 
Figure 22. SEM images of roasted boiler ash sample: (a) at 1000 ◦C for 2 h, (b) elemental mapping
images of the polished surface, and (c) back-scattered morphology image.
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Likewise, Ibrahim [165] studied the cost-effective extraction of precious metals, such
as Ni and Zn, by hydro-metallurgical processing of the water-leaching solid residue (as
shown in Figure 23) after vanadium extraction from salt-roasting Egyptian boiler ash [59].
Under the most favorable leaching conditions of 8% (vol%) H2SO4 concentration, 85 ◦C
leaching temperature, and 1/15 S/L ratio, a maximum extraction of 95.02% Ni and 90.13%
Zn was achieved after 240 min of leaching, while the iron impurity was removed by Fe2O3

as a nucleating agent and the magnesium impurity was effectively removed by oxalic
acid precipitant. After the removal of Fe and Mg, Ni and Zn in the purified solution
were precipitated at a pH of 10 as Ni-Zn hydroxide (Ni(OH)2 and Zn(OH)2), which was
subsequently transformed into NiO-ZnO by its calcining at 450 ◦C for 2 h. The precipitation
efficiency of Ni and Zn was 95.25% and 89.51%, respectively, and the final calcined product
was composed mainly of 37% Ni and 23% Zn. Based on a kinetic analysis, it was discovered
that the process of leaching nickel is primarily controlled by diffusion through the solid
product layer and chemical reactions. The diffusion process through the solid product
layer is the main contributor, with an activation energy of 20.26 kJ/mol. The kinetic of zinc
dissolving is governed by the diffusion that occurs through a layer of a solid product, and
this diffusion has an activation energy of 11.67 kJ/mol.

Figure 23. The quantitative scheme for the recovery of Ni, Zn, and other by-products from water
leaching solid residue obtained from the salt roasting of Egyptian boiler ash.
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3.2.4. Promising Modification Methods

Continuous efforts have been made to develop alternative processes, including sub-
molten salts and supercritical fluid for recovering vanadium from various sources. Sub-
molten salt and novel leaching methods can extract vanadium from various sources
(vanadium-bearing slag, stone coal, spent catalysts, etc.) and should be discussed in this
review. The method of sub-molten salts (NaOH/KOH/NaOH-NaNO3 = 75% (w/w) at high
pressure) can decrease the cost of energy due to the lower reaction temperature [171,172].
According to a report by Liu [171], a new study has discovered a unique approach to
breaking down vanadium slag using KOH as a sub-molten salt under regular pressure.
When the reaction conditions are optimal, including a temperature of 180 ◦C, an initial
ratio of 4:1 potassium hydroxide to ore mass, a stirring speed of 700 rpm, a gas flow
rate of 1 L/min, and a reaction time of 300 min, the extraction rates of vanadium and
chromium can attain up to 95% and 90%, respectively. Still, the requirement of reactors
with high corrosion resistance, the large consumption of alkaline, and the high dissolu-
tion rate of silica phases limit its wide application. The problems of inefficient vanadium
separation and serious environmental pollution greatly hinder the application of these V
extraction processes [158,159]. Recently, novel leaching methods have been reported for
vanadium recovery using urea, specific chelating agents, or supercritical fluid, resulting in
low environmental impact [173–176].

A leaching method has also been reported by adjusting the vanadium particles’ surface
wettability to intensify the solid–liquid contact using certain surfactants [177]. Though
tested in a few cases, as shown in Table 13, such conditions have resulted in considerably
lower vanadium recovery yields (60~70%); however, they can still be considered a “green
option” to the traditional processes. Accordingly, the broadly available theoretical under-
pinnings and technological background of such approaches make them worth investigating
in the future. Once proven promising, they may eventually be considered for exploitation
and optimization.
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4. Utilizing By-Products for Industrial Applications

The world is dealing with water scarcity issues due to the discharge of partially treated
or untreated wastewater from industries and groundwater pollution. The demand for clean
water has increased to meet the needs of a sustainable society. The need for cost-effective
and efficient water treatment methods has become a growing concern as we look towards
the future. This has led to an increased focus on recycling industrial waste to produce low-
cost adsorbents and reduce environmental pollution [179]. Thus, developing an affordable,
accessible, and highly effective adsorbent for removing hazardous metal ions presented
in wastewater has become necessary. The utilization of solid industrial wastes by reusing
them in the manufacturing of useful materials used for environmental purposes has been
the subject of several recent studies, and it is one of the most crucial issues for maintaining
sustainable development [180,181].

The solid wastes containing silica (SiO2) and alumina (Al2O3), including industrial
waste forms, i.e., fly ash, steel slag, waste perlite, waste porcelain, lithium slag, waste
metallic residues, paper sludge, cupola slag, kaolin waste, windshield waste, asbestos
wastes, etc., could be converted into ecological zeolite-based adsorbents [182–191]. To date,
several physicochemical and solvothermal techniques, including the hydrothermal ap-
proach [192–194], alkali-fusion processes [195–197], sol–gel processes [198–200], microwave
processes [201–204], and alkali-leaching method [205–208] have been adopted and devel-
oped to produce synthetic adsorbents. Figure 24 shows the major preparation processes
and methods for synthesizing zeolite from industrial solid waste. So, in this review, we
focused on the synthesis of low-cost adsorbent from industrial waste.

However, many researchers have studied the synthesis of zeolites from solid wastes
to be used as an adsorbent for removing heavy metal ions from wastewater. Zeolites are
crystal formations built on stiff anionic alumino-silicate structures with distinct pores or
channels that link at cavities or cages [209]. These materials are favorable for adsorption
processes due to their high cation exchange capacity (CEC), large surface area, good thermal
stability, porosity, surface active functional groups, and nontoxicity [210–212]. New zeolite
materials have been processed from fly ash, successfully eliminating heavy metal ions
from aqueous solutions [213]. Chen [214] synthesized zeolite X by an alkaline fusion-
hydrothermal reaction using industrial lithium slag containing SiO2:Al2O3 in a weight ratio
of 71.73:25.16 (wt. %). The results highlight the performance similarity between Zeolite
NaX-1 and commercial Zeolite X.

Figure 24. Diagram of the different procedures for synthesizing zeolite from fly ash [215].
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R. Anuwattana [216] has reported successfully synthesizing Na-A type zeolite using
industrial waste materials such as the solid by-product of cupola slag, which contains
SiO2/Al2O3 in a weight ratio of 47:12 (wt.%), and aluminum sludge from an aluminum
plating plant. In their investigation, two preparation methods were carried out using
the same starting material compositions. To begin the process, alkaline fusion was uti-
lized, and then the material was subjected to hydrothermal treatment to produce sodium
aluminosilicate. This substance was subsequently crystallized in a NaOH solution at a
temperature of 90 ◦C for 1~9 h with varying H2O/SiO2 ratios. The results indicated that a
more excellent ratio of H2O/SiO2 resulted in an increased crystallization rate. The highest
level of crystallization was observed for Na-A after 3 h. The second method involved
alkaline hydrothermal treatment without fusion, using the same conditions as the first
procedure. However, this approach did not yield any Na-A zeolite. It is worth considering
blast furnace slag (BFS) as a possible source of raw materials for zeolite synthesis. This
material primarily comprises CaO, SiO2, Al2O3, and MgO, with minor Fe, Ti, and Mn
quantities. Several groups have reported that zeolite can be made from industrial waste.

However, prior attempts to use BFS as a chemical source of zeolite were unsuccessful
due to its complex composition, specifically its high Ca content [192]. Hence, further
study is needed to produce a variety of zeolites for possible uses. In the same context,
Kuwahara [217,218] discovered a new way to synthesize a hydroxyapatite-zeolite micro
composite from BFS in a recent study. The process involves using affordable chemical
reagents such as H3PO4 and NaOH and suitable preparation techniques. This innovative
approach provides practical solutions for waste management. Furthermore, using the alkali
fusion process, Takaaki Wajima [197] demonstrated how to create zeolite-A, zeolite-X, and
hydroxysodalite from the BFS. A more recent approach (Figure 25) for synthesizing a high-
crystallin and affordable zeolite from a combination of SASR-kaolin as a readily accessible
and low-cost raw material using an alkaline fusion hydrothermal process [219]. The weight
ratio of the SASR- kaolin mixture of 1:1.5 gives the best composition and properties of
the synthesized zeolite. The optimal conditions for the synthesized zeolite are a fusion
temperature of 600 ◦C, a 1:3 wt. ratio (SASR-kaolin)-NaOH, a 1:4 solid–liquid ratio, an
80 ◦C crystallization temperature, and a 24 h crystallization time.

 
Figure 25. Schematic procedures of synthesized zeolite based on Egyptian boiler ash residues [219].
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Figure 26 illustrates the mineralogical structure of the produced synthesized zeolite by
mixing pretreated SASR and kaolin mixtures at different weight ratios in the presence of
NaOH (Mixture-NaOH mass ratio of 1:1.3). As shown in Figure 26A, the Faujasite zeolite
(Na2 Al2Si3.8O11.63·8H2O) has been formed as the major mineral phase from SASR-Kaolin
weight ratios of 1:0, 1:2, 1:1.5, 1:1, and 2:1.
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Figure 26. XRD Patterns of synthesized zeolite produced from mixture of SASR-Kaolin at weight
ratios of (a) 1:0, (b) 1:2, (c) 1:1.5, (d) 1:1, (e) 2:1, and (f) 0:1. (A) XRD Patterns of synthesized products
with different mass ratio of mixture-NaOH of 1:1.3 and 1:2. (B) where •: Faujasite, and Δ: Sodalite
zeolite [219].

However, the intensity of its peaks increased with increases in the mass of kaolin,
and a high rate of crystallinity (85.21%) can be obtained when the ratio of SASR to kaolin
is 1:1.5, due to the stability of the zeolite composition. A percentage of sodalite zeolite
(Na8(AlSiO4)6(OH)2.4H2O) groups have also existed at an SASR-Kaolin weight ratio of 0:1.
Figure 26B shows that the crystallinity of the synthesized zeolite decreased from 85.21%
to 69.76% at 1:2 mixture-NaOH weight ratio. However, when the system’s alkalinity is
too high, a decline in crystalline is caused. This can be attributed to one of the following
two reasons: either the created zeolite spontaneously transforms into hydroxyl sodalite,
which has more excellent thermodynamic stability [220], or the zeolite will dissolve in the
hot alkali solution because of its metastable state and exposure to disturbances [180,221].
Table 14 illustrates how various industrial wastes can be used to create synthetic zeolites,
each with its own advantages and disadvantages.

Additionally, in the same context of research [219], synthesized zeolite was an effective
adsorbent for removing Zn2+, Pb2+, Cu2+, and Cd2+ heavy metal ions from industrial
wastewater based on readily accessible and low-cost raw materials. It was noted that the
adsorption process was exothermic, pH-dependent, and spontaneous in nature. Significant
adsorption occurs when the pH is 7.0 for Zn and Cd ions and 6.0 for Pb and Cu ions.
The adsorption process was found to follow the pseudo second-order kinetic model and
Langmuir isotherm model.
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The maximum monolayer adsorption capacities of Zn2+, Pb2+, Cu2+, and Cd2+ ions
onto zeolite at 20 ◦C were 12.025, 15.96, 12.247, and 16.17 mg.g−1, respectively, showing a
significantly greater removal efficiency, which agrees with the previously obtained results.
Ion exchange was the principal mechanism controlling the removal of Zn2+ and Cd2+ from
aqueous solution by synthesized zeolite. In contrast, the main mechanism controlling the
process of the removal of Pb2+ and Cu2+ ions is proposed to be either surface adsorption or
precipitation. The proposed adsorption mechanism in Figure 27 shows that the adsorption
of Zn2+, Pb2+, Cu2+, and Cd2+ on zeolite likely can be divided into three major phenomena:
precipitation, ion exchange, and surface adsorption [233,234]. The cations exchange is the
crucial mechanism for absorbing Zn2+ and Cd2+ from an aqueous solution. The following
equation can represent this process:

(Zeolite-SASR) Na2+ + Me2+→(Zeolite-SASR) Me2+ + Na2+ (43)

Figure 27. The proposed adsorption mechanism of heavy metal ions on synthesized zeolite.

As a result of industrially applying a synthetic zeolite derived from the SASR be-
product, it was demonstrated that the synthesized zeolite effectively removed heavy metal
ions from the wastewater sample collected from the Egyptian General Petroleum Corpora-
tion (EGPC) (Eastern Desert, Egypt). The targeted levels of heavy metal ion concentrations
before and during adsorption using synthesized zeolite are shown in Table 15. However,
in the fourth adsorption cycle, the residual heavy metal ion concentrations follow WHO
guidelines for wastewater disposal in the marine environment with high removal effi-
ciency [235]. When the number of circulations increases (5th and 6th cycles), the amount of
heavy metal ions in the effluent also goes up. As a result, when the pollutants are enriched
to a specific level, the adsorbent needs to be cleaned to achieve closed recycling. Finally, the
synthesized zeolite can be utilized to safeguard industrial wastewater drainage systems.

Table 15. Applying the synthetic zeolites based on SASR-kaolin mixture for removing heavy metal
ions from EGPC industrial wastewater sample.

Metals Cd Cr Cu Mn Pb Fe Ni Zn V

C0(mg.L−1) 6.127 7.016 10.294 8.152 11.493 8.219 0.002 17.051 0.01

MLDWHO 0.01 0.01 1 0.1 0.01 1.5 0.1 1 0.002

N
um

be
r

of
C

yc
le

s

1 U. D U. D U. D 2.1 U. D 3.1 U. D U. D U. D
2 U. D U. D U. D 0.6 U. D 1.1 U. D U. D U. D
3 U. D U. D U. D 0.05 U. D U. D U. D U. D U. D
4 U. D U. D U. D U. D U. D U. D U. D U. D U. D
5 0.08 0.05 1.3 2.12 0.51 2.5 0.054 1.66 0.027
6 0.45 2.01 1.7 7.12 1.07 4.5 0.098 3.87 0.089

U. D: Under detection limit; MLDWHO: Maximum limits for wastewater disposal according to WHO.
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It was noted that zeolites synthesized based on oil shale ash by an alkaline hydrother-
mal process were effectively used to extract Pb2+ and Cd2+ metal ions [236]. Synthesized
Na-A zeolite from class F fly ash (FA) and modified oil shale ash (MOSA) by alkaline fusion
followed by refluxing was used as an adsorbent for lead, zinc, and chrome [237]. Fly ash
hydrothermally modified with NaOH solution was utilized to synthesize zeolites for Cd2+

adsorption, which showed effective removal of Cd2+ from the wastewater source [238]. Ap-
plying a low-temperature roasting process, the novel adsorbent was prepared from fly ash
and solid alkali (NaOH). This adsorbent was manufactured under the following conditions:
the pristine fly ash and NaOH mass ratio was 5:8, the calcination temperature was from
300 to 350 ◦C, and the reaction time was 3 h. The obtained results showed a better adsorp-
tion capacity of Cd2+ on modified fly ash (MFA) [239]. A zeolitic material that was prepared
from coal fly ash (CFA) through NaOH fusion treatment, followed by hydrothermal pro-
cessing, was applied to remove heavy metal ions such as Ni2+, Cu2+, Cd2+, and Pb2+ from
the wastewater source [240]. The adsorption capacity of the synthesized Na-A zeolite based
on the fusion and hydrothermal treatment of oil shale was evaluated by measuring the
maximum removal efficiency of Cu2+, Ni2+, Pb2+, and Cd2+ from aqueous solutions [241].
A new composite material was formulated based on fly ash (FA), meta-kaolin (MK), and
TiO2 to form a micro-porous zeolitic material with enhanced photocatalytic properties for
the adsorption of methylene blue (MB) dye [242]. A modified geopolymer based on fly
ash was used to study the effectiveness of adsorbing Cd2+ ions from aqueous solutions, as
previously described by Javadian [243]. The alkaline fusion-hydrothermal process was used
to synthesize zeolites from Brazil oil shale ash. It was noted that the synthesized zeolites
are composed of likewise mixed phases (Na-A zeolite, Na-X zeolite, hydroxy sodalite, and
quartz) [244].

Yu [245] investigated the efficiency of zeolite-based fly ash to adsorb and remove Ni2+

ions from aqueous solutions. This study examined the adsorption capacities of synthetic
and commercial zeolite (4A), indicating that zeolite 4A had a lower adsorption capacity than
fly ash-based zeolite (75.6 mg/g). Chen [246] developed four different fly ash-based zeolites
to adsorb Ni2+ ions from aqueous solutions and achieved removal efficiencies ranging from
92.5% to 96.2%. A specific kind of geopolymer made from fly ash showed a significant
effect in removing Pb2+ ions from aqueous solutions. The maximum removal efficiency
of 90.66% has been achieved at 5 pH and a contact time of 2 h [247]. In order to remove
Pb2+ ions from aqueous solutions, fly ash was employed to create the hydroxysodalite
zeolite. The maximum adsorption efficiency of synthetic zeolite was 98.1%, demonstrating
the adsorbent’s excellent efficiency [181].

Multi-cation wastewater containing Pb2+, Zn2+, and Cd2+ was treated using a type
of zeolite synthesized from fly ash. Pb2+ and Zn2+ ions were efficiently and selectively
removed with 100% and 70% adsorption efficiencies, respectively, compared to Cd2+ ions
with a 60% adsorption efficiency [248]. Shyam [249] used fly ash adsorbent modified with
CaCO3 to minimize the concentration of Pb2+, Ni2+, and Cr6+ ions from aqueous solutions.
This study found that 1:10 CaCO3/FA eliminated Pb2+ up to 90%, Ni2+ 50%, and Cr6+ 30%
under ideal conditions. In the same way, the adsorption of several heavy metal ions from
aqueous solutions was also studied using FA coated with chitosan. It was noted that within
3 h, the produced adsorbent exhibited satisfactory performance. The adsorption capacities
of different metal ions have been reported as follows: 36.22, 28.65, 55.52, and 19.10 mg/g
for Cr3+, 6+, Cu2+, Zn2+, and As5+ ions, respectively [250]. The highest Cd2+ ions removal
efficiency of 84% was obtained under the best-recommended conditions. The isotherm and
kinetic studies indicated that the Langmuir and pseudo second-order models were in good
agreement with the adsorption data. Also, they employed FA to synthesize zeolite through
the fusion process and showed effective adsorbent to remove Cr6+ ions from aqueous
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solutions. More than 80% of the Cr6+ ions were eliminated, and both the Freundlich
and Langmuir isotherm models provided an excellent fit to the equilibrium data. The
thermodynamic studies revealed that the process was spontaneous and endothermic, and
the adsorption kinetics exhibited pseudo second-order behavior [251]. In conclusion, fly
ash has been converted into various ceramic products, zeolite materials, and geopolymers,
which in turn are used for wastewater treatment [252]. Table 16 summarizes the adsorbents
synthesized and their metal ion removal efficiency using various preparation methods.

Table 16. Adsorption conditions of various heavy metals by zeolite-based adsorbents [252].

Heavy Metals and Nutrients Adsorbent Removal Efficiency Ref.

Cd2+

ZFA-600
Zeolite X
TiO2/FA)

FA-Z
MG-Z and MT-Z

84%
100%
80%
60%

~98% and 75%

[243]

[253]

[254]

[248]

[255]

Co2+

MCM-41
~90%

[256]
Cr3+ ~90%

Cr6+

ZFA >80% [257]

CFA-FeOOH 84.9% [258]

MSFA/PPy [259]

ZFA-Na-A [260]

Zeolite X [261]

Chitosan/CFA [262]

Cu2+

FA-MS 98% [263]

FA-IOT-Geo 98.3% [264]

CFA-Geo 93.9% [265]

MPF [266]

TiO2/FA 90% [254]

MG-Z and MT-Z 100% [255]

Ag-Fe3O4/FA [267]

Fe3+ Zeolite NaeP1 100% [268]

Hg2+
Zeolite LTA

ZFA
HMAS zeolite

94%
91.27%
~95%

[269]

[270]

[271]

Mn2+
CFA Zeolite 100% [272]

Zeolite 100% [273]

Ni2+

Zeolite [245]

FA-Na-P/TEA
FA-Na-X

FA-Na-P/Na-Br
FA-Na-P

96.2%
95.5%
95%

92.5%

[246]

Zeolite X 95% [253]

MG-Z and MT-Z ~50% and 52% [255]

PB/FA—SA-FA 100% [274]

Pb2+

ZCFA
Geopolymer

FA-Z
1:10 FA

MG-Z and MT-Z
PB/FA—SA-FA

98.1% [181]

90.66% [247]

100% [248]

>90% [249]

100% [255]

100% [274]
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Table 16. Cont.

Heavy Metals and Nutrients Adsorbent Removal Efficiency Ref.

Zn2+

FA-Z 70% [248]

FAICS [250]

FA [275]

FA [276]

NH4
+

PB/FA—SA-FA 100% [274]

Zeolite NaeP1 ~61% [277]

Z-P1 65.2% [278]

PO4
3+

ZHLO 60% [279]

ZFA 91% [280]

Z-P1 92.3% [278]

5. Future Recommendations

The synthesizing and application of zeolite from useless by-product waste need
further investigation.

To enhance the sustainability and efficiency of salt-roasting processes, alternative
methods must be explored for recycling released gasses and barren solutions, along with
extracting valuable metals from a secondary vanadium source. Additionally, producing
chemical compounds for further use in the relevant process needs further studies.

Other synthetic pathways for producing zeolite materials with high surface area,
adjustable molecular dimensions, and adsorption capacities are needed for industrial by-
product application. Further research is needed to identify low-cost raw materials for the
synthesis of zeolites.

In addition, to reduce the production costs, it is necessary to develop accessible
synthetic routes. Kinetic studies and energy calculations are needed to investigate how
nucleation occurs during zeolite synthesis. Further studies on the regeneration of synthetic
zeolite are required to increase the cost-effectiveness of the process.

6. Conclusions

The shortage of vanadium primary resources from high-grade ores makes it necessary
to find a suitable alternative that covers this shortage. Also, the world vision concerning the
solution to climate change and environmental pollution problems is based on decreasing
or completely getting rid of the amounts of the produced waste. One of these promising
alternatives is the utilization of different wastes containing vanadium to decrease their
environmental adverse effects and, at the same time, enhance their economic value by
converting them into valuable products.

The current study aims to present and analyze the worldwide available alternative
vanadium-bearing waste resources, proprieties, reserves, and processing technologies.
The heavy oil fly ash “HOFA” and vanadium slag showed a promising alternative for
the production of vanadium metal due to their high content of vanadium and the cost-
effectiveness of their processing to extract vanadium metal compared to processing their
corresponding low-grade ores.

Vanadium can be extracted from these wastes using pyro- or hydro-metallurgical
methods or a combination. The hydro-metallurgical extraction can be carried out using
one of the vital mineral acids such as HCl, H2SO4, or HNO3, and previous studies reported
that HCl and H2SO4 have comparable leaching efficiencies. H2SO4 is preferred due to
its significantly lower cost and its wide application in the leaching of many metals. In
addition to V and Ni, H2SO4 effectively dissolves almost all metals in HOFA and other
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vanadium-bearing wastes, such as Mo, Mg, Mn, and others. In addition to acidic leach-
ing reagents, alkaline leaching reagents like NaOH, Na2CO3, and NH4OH can be used
for leaching vanadium from their containing wastes. The previous study showed that
NaOH has the highest selectivity and leaching efficiency for V compared to other alkaline
leaching reagents.

Two-stage leaching can be used for more selectivity and productivity of vanadium
from their containing wastes. The first stage includes the alkaline leaching of high-contented
and alkaline leachable vanadium using NaOH, followed by the second acidic leaching of
acidic leachable elements using H2SO4. A combination of pyro- and hydro-metallurgical
processes is carried out for more effective extraction of vanadium from their contain-
ing wastes. Firstly, pyro-metallurgical processes like roasting are carried out to convert
low-leachable vanadium to high-leachable phase. Alkaline salt roasting using NaCl and
Na2CO3 converts contained vanadium into water-leachable phase NaVO3. Previous studies
showed that the roasting temperature is the main controlling parameter on the efficiency
of vanadium extraction. The hydro-metallurgical processes include leaching the modified
(roasted) wastes using water or a very low-concentration acidic leaching process. Recent
studies confirm the cost-effectiveness of the salt roasting process followed by the water
leaching process for treating vanadium-bearing wastes, which showed high percent recov-
ery and purity of the extracted vanadium. After leaching, V can recover from the leaching
solution by chemical precipitation, solvent extraction, or ion exchange processes.

Complex processing of vanadium-bearing wastes, including firstly the extraction
of valuable metals followed by the complete utilization of the resulting residue in the
production of adsorbent, i.e., zeolite with different composition and properties to be used
in wastewater treatment, is very promising and applied alternative for complex processing
of these wastes.
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Abstract: The rapid consumption and disposal of electronic waste due to technological
innovations and changes in living commodities are causing the development of a significant
environmental challenge. Among the components of these wastes, spent printed circuit
boards are particularly considered to be among the most valuable owing to their content of
precious metals, such as gold first and potentially platinum, which may be available in a
lower proportion. Effective methods as part of gold recovery strategies by industries and
policymakers are developed and envisioned from economic and environmental perspec-
tives. Currently, cyanidation dominates global gold production from e-waste due to its
selectivity for gold. The high toxicity of cyanide, however, poses serious environmental
issues, leading thiosulphate leaching to emerge as a non-toxic and promising alternative for
gold extraction. Its industrial viability has been demonstrated by Barrick Gold Corporation
at the Goldstrike site with the pretreatment of acidic or alkaline pressure oxidation. This
review introduces bioleaching as a promising economic and environmentally friendly
process for gold extraction. This review explores thiosulphate leaching of gold as an alter-
native to conventional cyanidation, with a particular focus on biothiosulphate production
by adapted microorganisms. The factors that affect the pretreatment, chemical reaction
mechanism, and design engineering are discussed. The consumption of thiosulphate was
identified as one of the main challenges, restricting the reliability of the process. Various
solutions for the reduction of its consumption and relevant process costs were discussed,
with a particular examination from the engineering aspect of the process design and scala-
bility to industrially relevant operating conditions by using bioreactors adapted to large
pulp density loads of electrical waste.

Keywords: bioleaching; waste printed circuit boards; gold; thiosulphate; metal recycling

1. Introduction

Nowadays, the increasing reliance of the modern lifestyle on electronic devices with
relatively short replacement cycles has led to a substantial rise in the accumulation of
electrical waste (e-waste) [1]. According to statistics by [2], 40 million tons of e-waste
are produced annually, which makes up around 5% of global solid waste. In 2019, Asia
produced 46.6% of the world’s total e-waste, with America ranking the second highest with
24.4% e-waste generation followed by Europe (22.4%), Africa (5.4%), and Oceania (1.3%) [3].
Ref. [4] reported the production of 52.2 Mt global e-waste in 2021, which is expected to
exceed 74.7 Mt by 2030 and 120 Mt by 2050. Despite this rise, only a proportion of 10–15%
of generated e-waste is currently recycled, and the rest is stored or deposited in landfills,
often with reduced strategies for sustainable recovery of the metals they contain, leading
to unprecedented contamination of the environment and risks of diseases such as cancer,
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kidney and heart malfunctions, and brain swelling [5]. As a result, landfilling is considered
the worst option as an e-waste destination, and there is an urgent need to recover metals
from e-waste in order to mitigate environmental contamination, promote the economic
advantages as a secondary source of precious metals, and save the consumption of natural
ores [6].

Among e-waste, printed circuit boards (PCBs) contribute to approximately 3% of the
total e-waste weight, while we note that mobile phones and computer PCBs have been
widely studied owing to their high disposal volumes and precious metal contents [7].
They are utilised as random-access memory motherboards and network interface cards to
facilitate electrical and mechanical connections, and their compositions can vary depending
on the technology, year of fabrication, and manufacturer brand; however, they are typi-
cally composed of a metallic portion (40%) and non-metallic components such as plastics
(30%) and ceramics (30%) [8]. They consist of a lamination layer of copper-clad fiberglass
reinforced with epoxy resin material and other essential components such as capacitors,
resistors, microchips, and diodes. The hazardous components of PCBs include heavy
metals (Pb, Hg, Cd, As, and Cr), polychlorinated biphenyls, polybrominated biphenyls,
and epoxy resins, which pose environmental challenges. Generally, PCBs contain about
10–20% Cu, 7% Fe, 5% Al, 3% Sn, 1–3% Ni, 1.5% Pb, 25% organic compounds, and precious
metals such as 200–3000 ppm Ag, 20–250 ppm Au, and 10–200 ppm Pt, which are used
because of their favourable electrical conductivity, chemical stability, and resistance to
oxidation, corrosion, and acids [9]. The worth of Au and Ag in discarded PCBs in 2022 was
estimated at USD 54,514.97/kg–USD 65,714.28/kg and USD 592.22/kg–USD 866.13/kg,
respectively. Although their total weight is less than 1% of PCBs, they are still precious and
financially important [10].

Every year, around 17 million PCBs are discarded, which is equivalent to the disposal
of nearly 0.5 million tons of waste PCBs. In computer PCBs, the concentrations of Cu
and Au reach 20–40 times and 25–250 times, respectively, more than natural ores, have
the potential to be recovered from e-waste with less energy consumption, and are seen as
alternative sources to natural ores [11]. As an example, 210 kg of Cu and 1.5 kg of Au can
be recovered from one metric ton of waste PCBs, while only around 5 g and 5.25 kg of Au
and Cu can be recovered from relevant natural ores, respectively [3]. Thus, waste PCBs
have drawn interest from industries and academia as a secondary metal resource to create
efficient, sustainable, and economical metal recovery technologies [12]. Au is one of the
first metals used by human civilisation, even before 3400 BC, and has captivated attention
for its wide-ranging applications (i.e., jewellery, high-tech industries, chemical processes,
and medical applications) [13,14]. According to the U.S. Geological Survey, China leads
the world in Au production (420 tons), followed closely by Australia and Russia [15]. As
a result, the growing demand for Au in different sectors and the depletion of natural
resources make it essential to recover Au from alternative sources such as PCBs [14].

Pyrometallurgy and hydrometallurgy technologies are conventional methods that
are still employed but face growing challenges due to issues linked to economic and
environmental outlooks, including the emission of harmful gases, costs, energy require-
ments, and chemical contamination. Therefore, it is important to develop energy-efficient
technologies, such as those that rely on bioprocessing technology, operating at moderate
conditions in terms of chemical and energy consumption [16–18]. Bioleaching, as one of
the bioprocess technologies, relies on the ability of microorganisms to produce essential
leaching agents such as organic acids (i.e., oxalic acid, citric acid, malic acid, gluconic
acid, succinic acid, and formic acid); amino acids (i.e., L-valine, glycine, DL-alanine, and
L-histidine); biosurfactants such as rhamnolipids (Rhls) produced from the bacterium P.
aeruginosa CVCM to remove 11% Fe and 25% Zn at low concentration (0.4 mg/mL) and 19%
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Fe and 52% Zn at high concentration (1 mg/mL) [19]; siderophores such as hydroxamate
and catecholate mixed-type pyoverdine PyoPpC-3B produced by the bacterium P. putida
PpF1 to selectively extract Zn and Mn from primary and secondary mineral residues [20];
chelating; and complexing agents, and it is becoming a promising technology for recycling
e-waste because it is straightforward, requires less skilled labour, reduced capital and
operating costs, and can be controlled under mild conditions. This process also reduces
the costs of final disposal and residue treatment, creating an environmentally friendly
waste stream while ensuring selective metal extraction [21]. Currently, about 15–25% of
the world’s copper production, 5% of Au production, and smaller proportions of Co, Ni,
U, and Zn are produced by the bacteria-assisted leaching method [22]. For over a century,
cyanide has been used as a cost-effective and efficient agent for gold leaching. However,
due to its high toxicity, thiosulphate has been proposed as a safer alternative. Past review
papers have explored the principles of bioleaching, including the methods and mecha-
nisms, types of e-waste and microorganisms, and their role in the extraction of heavy and
precious metals [23,24]. This review presents an update on bioleaching methods for the
extraction of Au from waste PCBs by revisiting the fundamental concepts and discussions
involved in the most recent findings regarding the design methodologies and mechanisms,
as well as industrial perspectives and applications, contributing as a starting point to future
directions. Thiosulphate-based leaching and associated challenges, the importance of engi-
neering design and scale-up in the bioleaching process, and its impact on cost reductions
are discussed.

2. Preprocessing of PCBs for Bioleaching

Typically, preprocessing is the initial step before recovering metals from waste PCBs.
Dismantling various electronic components from PCBs is a crucial step in the recycling
process. During dismantling, priority is given to the removal of reusable or hazardous
components such as batteries and cathode ray tubes in order to make the recovery of metals
easier [10]. Selective removal of hazardous components from PCBs helps prevent toxic
elements from entering the recycling process. Manual dismantling, oven heating, and open
burning are some common techniques for dismantling. However, some of these techniques
are hazardous and might change the properties of waste PCBs and pose risks. For example,
in the oven-heating technique, certain toxic substances may be generated as a result of the
high melting point of lead-free solders (270–280 ◦C). The development of semi-automatic
and automatic machineries to be used instead of manual dismantling methods is increasing
the efficiency of the process and reducing the negative environmental impacts compared to
oven heating, but the associated expenses remain high owing to the intricate geometries of
PCBs of non-uniform structures, which highlights the application of manual dismantling.
Ref. [25] estimated the costs for manual, mechanical, and heating dismantling techniques,
as illustrated in Table 1. Manual dismantling proved to be the most economical option
when the quantity of waste PCBs was below 1000 tons, but as the quantity was increased,
mechanical dismantling and heating became more advantageous due to the high labour
costs of manual dismantling. When the amount of waste PCBs exceeds 5000 tons, heating
dismantling is considered the most cost-effective method [10,24]. A crushing stage is
necessary to make the further handling of PCB waste easier. Size reduction follows and is
performed by cutting PCBs into small pieces (1–2 cm2) by means of shredders or granulators.
Further reduction of PCBs (5–10 mm) is achieved using ball mills, centrifugal mills, cutting
mills, and ring mills [26]. The next step, which follows preprocessing, involves the recycling
of waste materials in an economical and environmentally sustainable manner [24]. The
production of fine dust during crushing and grinding poses a significant difficulty, and it
can be challenging to control this process [27]. After removal of the hazardous components,
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different mineral processing unit operations, such as shredding, crushing, and grinding,
can be used to liberate metals from cladding materials such as resin, fiberglass, and plastics.
Various types of hammer crushers, rotary crushers, disc crushers, shredders, and cutters
equipped with a bottom sieve are used for liberation. As PCBs are made of reinforced resin,
copper wires, and glass fibres (multilayer), conventional crushers may not achieve good
liberation. In contrast, shredding or cutting, which work on the principle of shearing, are
found to be more useful. Unlike mineral ores, PCBs do not have a particular size fraction
for liberation; instead, different types of elements are liberated at different size fractions.
Figure 1 outlines the preprocessing steps involved in preparing PCBs for bioleaching.

Table 1. Cost of dismantling methods [25].

Method Cost (USD) (Below 1 kt) Cost (USD) (5 kt) Cost (USD) (10 kt)

Manual ~500–1000 ~350,000 ~400,000
Mechanical ~50,000 ~110,000 ~350,000

Heating ~60,000 ~90,000 ~150,000

Disposal

Waste PCB collection

Dismantling and size reduction

Further size reduction

Fine powder 

Figure 1. Preprocessing of waste PCBs before bioleaching.

3. Bioleaching

3.1. Bacteria Used for Bioleaching and Mechanism

The primary difference in how autotrophic and heterotrophic microorganisms leach
metals lies in their energy sources and metabolic activities. Autotrophic bacteria, com-
monly known as sulphur-oxidising and iron-oxidising bacteria, which are capable of
growing in acidic conditions, are the most prevalent [28]. During the bioleaching process,
these microorganisms facilitate the oxidation of ferrous ions to ferric ions and elemental
sulphur to sulphuric acid (as shown in Equations (1) and (2)). Biogenic ferric iron and
sulphuric acid act as oxidising agents (lixiviants) for the solubilisation of metals from
e-wastes (Equations (3) and (4)) [29]. A. ferrooxidans and A. thiooxidans are the most used
bacteria because they are resistant to contamination by other microorganisms, tolerate high
concentrations of heavy metals, have a low nutrient requirement, and can grow under
extremely acidic pH conditions [5]. These bacteria are able to capture electrons from sub-
strates for their metabolic activities to release heat and solubilise metals without relying
on external energy sources to facilitate the process [30]. Heterotrophic microorganisms,
including fungi and bacteria, are extensively used in bioleaching due to their ability to
metabolise organic compounds as energy sources and their adaptability to high pH levels
and complex metal contents. Fungal species, such as Penicillium, Aspergillus, Trichoderma,
Saccharomyces, and Phanerochaete, produce organic acids (i.e., citric acid, gluconic acid,
oxalic acid, and formic acid) as leaching agents, which facilitate the mobilisation of metals
from e-waste (Equation (5)). Additionally, these organic acids bind with metals to form
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stable complexes that significantly enhance metal solubility in the leaching solution [31,32].
There are three main mechanisms that occur between microorganisms and e-waste during
bioleaching, namely, acidolysis (acid formation), redoxolysis (microbial-driven oxidation
and reduction reactions), and complexolysis (biogenic complexing agents). In acidolysis,
the oxygen atoms present in a metal oxide form interact with water molecules to facili-
tate the solubilisation of metals into a leaching solution. During acidolysis, a number of
sulphur-oxidising autotrophs, such as A. thiooxidans, A. caldus, and S. thermosulfidooxidans,
as well as heterotrophic bacteria species like Bacillus, Pseudomonas, and Chromobacterium
and fungi including Aspergillus and Penicillium, consume nutrients to produce a range of
acids, such as sulphuric, gluconic, acetic, malonic, oxalic, lactic, pyruvic, succinic, and
formic acids, which facilitate metal solubilisation by maintaining low pH and reducing
anion availability. Acidolysis is a fast and effective method commonly used to extract
metals like Zn, Ni, and Cu from waste [18,33]. In the redoxolysis mechanism, the metals
are dissolved via oxidation–reduction reactions. Through electron transfer, redoxolysis
facilitates the supply of energy required for microbial growth [2]. Iron plays a major role as
an electron carrier. After the microbial oxidation of Fe2+, Fe3+ acts as an oxidising agent
that is able to solubilise metals such as Cu into Cu2+ and then can be chemically reduced
to Fe2+ through redox reactions. Subsequently, Fe2+ is reoxidised to Fe3+ by the metabolic
activity of the microorganisms [34]. Fe3+ ion is recognised to be an affordable oxidising
agent in hydrometallurgical processes and has been proven to be a promising choice for
the extraction of various metals from PCBs. Commercial-scale bioleaching commonly uses
a combination of redoxolysis by biogenic Fe3+ and acidolysis by biogenic sulphuric acid
for metal recovery of e-waste. In complexolysis, the target metals interact with ligands like
cyanide, organic acids, or siderophores to form stable metal–ligand complexes. Complexol-
ysis is used to leach metals such as Au, Ag, Fe, Al, and Pt by heterotrophic bacteria and
fungi like C. violaceum, P. fluorescens, B. megaterium, P. aeruginosa, A. niger, etc. Common
examples of these metal–ligand complexes include citric acid with Mg, oxalic acid with Al
and Fe, and cyanide with Au, Ag, and Pt [35].

S0 +
3
2

O2 + H2O → H2SO4 ΔG◦ = −507 kJ/mol (1)

2Fe2+ + O2 + 2H+ → 2Fe3+ + H2O ΔG◦ = −88.8 kJ/mol (2)

2Fe3+ + M → M2+ + 2Fe2+ (3)

H2SO2 + MS → H2O + MSO4 [M = Cu, Al, Mn, . . .] (4)

M + H+ + O2 + H2O → Mn+
(5)

3.2. Bioleaching Methods

The bioleaching process is carried out through direct and indirect methods. The
direct method is classified into one-step and two-step methods, while the indirect method
involves the spent medium [36]. The one-step method requires the addition of samples
of e-waste and microorganisms directly into a sterile culture medium at the same time,
which allows the bacteria to grow in the presence of waste. The intricate composition of
e-waste and the presence of toxic metals, however, may hinder microbial activity during the
leaching process, decreasing the bioleaching efficiency. A study, for instance, showed that in
the one-step bioleaching method, the growth of Frankia spp. decreased as the concentration
of waste PCBs increased due to the lack of secondary metabolites and the decreased toxic
effects of e-waste [37]. In the two-step method, on the other hand, the microorganisms
grow first without any addition of e-waste. In fact, microorganisms are cultivated in a
culture medium under adapted environmental conditions suitable for their activity until
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they reach the logarithmic growth stage [33]. E-waste samples are then introduced into the
microbial culture medium. In contrast to the one-step method, the two-step method can
notably mitigate the inhibition of microbial growth caused by e-waste and enhance the
bioleaching efficiency. Since the microorganisms are still present in the two-step method,
the toxicity of e-waste may partially affect the microbial growth and constrain the flexibility
of the process compared to the spent-medium method [34]. In the indirect leaching method,
the microorganisms are cultivated until they reach the growth phase and produce their
metabolites. After the metabolite production, the bacteria are filtered by centrifugation and
removed from the culture medium to obtain a cell-free medium, while the e-waste samples
are added to the spent medium. This method eliminates the harmful effects of e-waste on
microorganisms and provides better control throughout operation conditions [35]. Unlike
the one-step and two-step methods, the spent-medium method enables an independent
optimisation of the biological and chemical processes, such as shortening the leaching
process and increasing the temperature and rotation speed free of the shear limitation on
bacteria, which enhances the mass transfer rate and metal recovery [36]. For example, in
a study by [32], fungal leaching of metals from a spent lithium-ion phone mobile battery
by A. niger was conducted under one-step, two-step, and spent-medium methods, and the
maximum leaching efficiency of Cu (100%), Li (95%), Mn (70%), Al (65%), Co (45%), and Ni
(38%) was obtained at a pulp density of 1% in the spent-medium method. Another study
reported that increasing the pulp density led to a decline in the bioleaching efficiency of
Au to 11.3% by the bacterium C. violaceum at 0.5% pulp density when using the two-step
method compared to 18% by the spent-medium method [38].

3.3. Effective Factors During the Bioleaching Process

Many studies have shown that factors such as pH, temperature, pulp density, microor-
ganism type, nutrient, and aeration affect bioleaching efficiency. Maintaining an optimal
pH in the culture medium is crucial for enhancing microbial activity and metal solubilisa-
tion during bioleaching. The pH influences both the effectiveness of metal leaching and
the stability of metal ions in solutions. Acidophilic bacteria perform best at a pH level
2.0–2.5. A. ferrooxidans can tolerate pH levels below 2.0, but higher pH levels (above 2.5)
reduce the bioleaching efficiency due to the precipitation of the ferric iron as jarosite and
the bacterial attachment to these compounds, which hinders their activity. Temperature
plays a key role in bioleaching, as different microorganisms thrive at specific temperature
ranges. Mesophilic acidophiles typically grow at a temperature in the range of 25–30 ◦C,
while thermophiles are grown at 40–45 ◦C. Fungi generally grow at a temperature within
a range of 25–35 ◦C, with A. niger showing optimal performance at 25 ◦C [18,35]. The
microorganisms involved in the bioleaching process are typically aerobic, meaning they
require oxygen for their metabolism and growth. In the laboratory, aeration is provided
using a shaker incubator, with an agitation speed typically maintained between 120 and
145 rpm for bacterial cultures. An excessive agitation, however, can cause physical stress
on the bacteria and negatively affect their activity [23,39]. The effectiveness of microbial
leaching is significantly influenced by the composition of the culture medium, as it directly
affects the metabolic activities of microorganisms. This medium includes both organic and
inorganic nutrients that support microbial growth. For the cultivated cyanogenic bacteria
used in leaching valuable metals from e-waste, a nutrient-rich medium containing organic
components like peptone, yeast extract, glycine, and amino acids is typically employed.
Acidophilic bacteria, however, are grown in a chemically defined medium that supplies
essential nutrients such as ammonium sulphate, dipotassium hydrogen phosphate, mag-
nesium sulphate, iron sulphate, and elemental sulphur [40]. The pulp density, which is
defined as the weight ratio of a solid material (i.e., e-waste) to a liquid in a solution (i.e.,
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leaching agent), is a key factor affecting the effectiveness of metal leaching. High pulp
densities increase toxicity, reduce oxygen transfer, and inhibit microbial growth, leading to
a reduced leaching efficiency. Although some microorganisms, like acidophilic bacteria,
tolerate heavy metals, their activity decreases at high pulp densities due to the limited
presence of oxygen and increased medium viscosity. Several studies identified 1% (w/v) as
an optimal pulp density for e-wastes. For example, ref. [41] found that the consortium of
C. violaceum, P. aeruginosa, and P. fluorescens were able to leach 69.3% Au from waste PCBs
at a pulp density of 1%, but the leaching rate decreased to 20.28% when the pulp density
was increased to 10%. Pulp density is also one of the important parameters that affects
reactor design, culture media consumption, and operating cost. When the pulp density is,
for instance, increased from 1% to 10%, the volume of the liquid phase and the size of the
reactor decrease notably by 90%, leading to a substantial decline in the operation cost [2].
According to [42], there was a significant drop in operating costs when the pulp density was
increased from 1% to 5% with pH adjustment, which led to an annual profit of AUD 2749
per ton of PCBs. In spent-medium bioleaching, the optimisation of operating parameters
such as temperature, agitation speed, and pulp density are critical. Unlike the one-step
and two-step methods, the absence of live microbial culture allows for broader flexibility
in the parameter selection. In this context, maximising metal leaching efficiency becomes
the primary focus independent of conditions required to sustain microbial viability. For
example, high temperatures or agitation speeds may be used to accelerate reaction kinetics
without concern for microbial tolerance, enabling greater adaptability and a potential for
scale-up to industrial applications.

3.4. Progress in Culture Growth

The toxic metals present in e-waste can negatively impact microbial growth, metabolism,
and survival during the leaching process. To maintain a sufficient and active microbial
population in the solution, it is often necessary to use microorganisms that are resistant or
adapted to these toxic conditions. Therefore, before starting bioleaching, the microorgan-
isms should undergo a gradual adaptation process. This involves serial sub-culturing over
time with a gradually increasing pulp density of the waste material, allowing microbes
to increase their tolerance to the levels of metal toxicity [17,43]. For instance, Ref. [30]
studied the bioleaching of base metals from PCBs using adapted A. ferrooxidans. The
adaptation process involved stepwise increases in waste concentration from 1 to 15 g/L
over 187 days in a flask, followed by further adaptation in a bubble column bioreactor
with waste concentrations raised to 40 g/L over 44 days. Under optimal conditions with
a solid content of 20 g/L, this approach resulted in 54% of Cu, 75% of Ni, and 55% of Fe
recovered after 9 days. Although microorganisms have been widely used across various
scientific and industrial fields, most research on bioleaching has focused on pure microbial
cultures, which are often lacking in terms of adaptability, efficiency, and the ability to
manage complex substrates. Mixed cultures, which consist of two or more microorganisms
in a consortium of culture media, offer a more effective approach for bioleaching compared
to pure cultures. Species like A. thiooxidans, A. ferrooxidans, A. caldus, L. ferrooxidans, and
L. ferriphilum have been combined for the extraction of metals in bioleaching processes to
form biofilms that generate microenvironments, enhancing leaching kinetics. Although
the precise mechanisms that illustrate the interaction within these communities remain
weakly known, the growing prevalence of mixed cultures in bioleaching is partly due to
the presence of diverse metal ions in ores and soils, which cannot be effectively processed
by pure cultures. The applications of mixed cultures of microorganisms in bioleaching
demonstrated that these cultures can bioleach the concentrate more rapidly and extensively

207



Recycling 2025, 10, 87

than pure cultures [44,45]. For example, in one study, Cu leaching in a mixed culture of A.
ferrooxidans and A. thiooxidans was 10% higher than in pure cultures [46].

The use of genetically modified organisms (GMOs) has emerged as a promising ap-
proach to improving the efficiency of the bioleaching process. Through genetic engineering,
microorganisms can be designed to tolerate and adapt to high metal concentrations, en-
hancing the metabolic activity under optimal conditions and significantly reducing the
time needed for metal extraction. Recent advancements in genetic engineering, along
with progress in DNA synthesis, sequencing, and integrated -omics technologies (such
as genomics, proteomics, transcriptomics, and metabolomics), are providing new oppor-
tunities to develop high-performing engineered microorganisms suitable for enhanced
leaching performance and resilience in harsh environments [40]. For example, genetic
engineering has been successfully used to enhance arsenic bioleaching by A. ferrooxidans
TFBk [47]. In another study, Tay et al. observed improved Au recovery using two genet-
ically modified strains of C. violaceum, named pBAD and pTAC, with a leaching of 30%
and 25% of Au, respectively, compared to only an 11% leaching rate by the non-modified
microorganisms [48].

4. Precious Metal Leaching

4.1. Cyanide-Based Leaching

The recovery of precious metals like Au and Ag from PCBs has been given much
attention, as they are utilised in different industries such as electronic industries owing to
their stability and conductivity [49]. Ref. [50] reported a global demand of Au in electronic
industries of 254 tons in 2015, which highlights the importance of the recovery of Au
through sustainable methods. Cyanidation was introduced by John Stewart MacArthur
in the 1880s, and since then, it has been the primary method for Au leaching due to its
efficiency for the selective recovery of Au [51]. Cyanide refers to inorganic compounds
containing a cyano group (C-N), which are highly toxic, particularly at temperatures
above 25.6 ◦C. The total reaction of precious metal dissolution by cyanide is represented
in Equation (6). Although cyanide has been the main leaching agent for Au extraction,
it has some drawbacks, such as absence of possible solutions for cyanide regeneration
as well as environmental concerns owing to cyanide leakage into groundwater and the
overall management of hazards associated with its toxic nature [52]. According to statistics
by [53], cyanide leakage from metallurgical plants caused some serious accidents. For
instance, in 1995 in Guyana, a tailings dam at the Omai mine collapsed and discharged
approximately 2.9 million m3 of cyanide-laced tailings, which contaminated the nearby
Omai River. Another accident happened in 2000 in Baia Mare, Romania, when the collapse
of the Aurul S.A. tailings dam released a swage containing up to 100 tons of cyanide,
which finally flowed into the Danube River. Gold leaching with a biocyanide solution
has emerged as a cost-effective, simple, and efficient alternative to traditional cyanidation
methods. Recent studies have shown that bacteria such as C. violaceum, Pseudomonas
species, E. coli, and B. megaterium can produce biological cyanide. But still, the high
consumption of cyanide by Cu poses challenges. To address this issue, certain autotrophic
bacteria have been employed to target base metals and remove them selectively in the first
step in order to facilitate the leaching of precious metals [35]. Several studies have reported
high Au extraction rates after Cu removal. For instance, in the study by [54], 98.4% of
Cu was extracted by A. ferrivorans and A. thiooxidans under acidic condition (pH 1–1.6)
and room temperature after 7 days. In the second step, P. putida was employed, and 44%
Au was solubilised under alkaline condition (pH 7.3–8.6) after 2 days. In another study,
PCBs were pretreated with biooxidation using A. ferrooxidans, and over 80% of Cu removal
enhanced the Au/Cu ratio in the residual PCBs. Before the pretreatment, the Au leaching
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rate was only 20.8%, which doubled to 40.1% after the treatment [55]. Table 2 summarises
some previous studies on the bioleaching of precious metals from e-waste by different
microorganisms. Cyanide-producing microorganisms are the main source for the selective
leaching of Au and Ag from waste PCBs.

4M + 8CN− + O2 + H2O → 4M(CN)−2 + 4OH− [M : Ag, Au] (6)

Table 2. Overview of the previous studies on bioleaching of precious metals under different conditions.

Bacteria Waste
Leaching

(%)
Leaching Condition

Leaching Agent
(mg/L)

Reference

P. balearica
SAE1 PCBs Au: 68.5

Ag: 33.8 Pulp density: 1.5%, 30 ◦C, 7 d Glycine: 5000 [56]

P. Chlororaphis PCBs Au: 8.2
Ag: 12.1 Pulp density: 1.6%, 25 ◦C, 3 d Cyanide: 8.71 [57]

C. violaceum PCBs Au: 11.3 Pulp density: 1.5%, 30 ◦C, 8d Cyanide: 68 [58]

C. violaceum Landfill of e-waste Au: 16 Pulp density: 0.5%,30 ◦C, 8d Cyanide: 5–15 [59]

P. biofilm PCBs Ag: 14.7 Pulp density: 2%, 25 ◦C, 7 d Cyanide: 5 [60]

F. casuarinae PCBs Au: 75 Pulp density: 0.2%, 28 ◦C, 30 d Biomass: 3620 [37]

4.2. Thiosulphate-Based Leaching

Thiosulphate (S2O3
2−), a sulphur oxyanion with a tetrahedral structure, is considered

among the most promising alternatives to cyanide, as it has numerous benefits compared
to various cyanide and non-cyanide leaching agents, including low corrosivity, stability,
rapid leaching kinetics, operability in a safe workplace, and lower risk of environmental
pollution [61]. Because of its efficiency, thiosulphate is recognised as a highly effective
reagent for extracting Au from waste PCBs [51]. The first report on the use of thiosulphate in
precious metal recovery dates back to 1905, when Au was extracted from ores by employing
ammonia–thiosulphate leaching [62]. The overall reaction for the thiosulphate leaching of
Au is represented by Equation (7). After the formation of the Au(I)–thiosulphate complex,
a slightly acidic to highly alkaline condition is needed to prevent the decomposition of
the complex and ensure its stability in solution [14]. Thiosulphate-based leaching requires
an oxidant to facilitate Au solubilisation. Cu2+ is one of the prevalent oxidants, which
accelerates Au dissolution by 17–20 times. The high redox potential of Cu2+/Cu+, however,
results in high thiosulphate consumption, which is often moderated by the presence of
ammonia to form a cupric ammonia complex (Cu (NH3)4

2+) as a stable catalyst to weaken
the interaction between Cu2+ and thiosulphate as well as to reduce copper hydroxide
precipitation [63–65]. Additionally, ammonia has a non-negligible role in reducing the
formation of a passivation layer on the Au surface and enhancing the leaching kinetics [66].

4Au + 8S2O2−
3 + O2 + 2H2O → 4Au(S2O3)

3−
2 + 4OH− ΔG◦ = −97.9 kJ/mol (7)

4.2.1. Thiosulphate Leaching Methods
Ammonia-Based Method

There are two main methods of thiosulphate leaching: non-ammonia- and ammonia-
based methods. The ammonia-based methods consist of copper ammonia, nickel ammonia,
and cobalt ammonia leaching. Ammonia accelerates the dissolution of Au, stabilises thio-
sulphate, and maintains the pH level [64]. In an ammonia-based thiosulphate system,
Cu2+ acts as a redox mediator to facilitate Au oxidation through both anodic and cathodic
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reactions [15]. In the anodic area (Equations (8)–(10)), NH3 moves toward the Au surface
and forms a complex with Au+ (Au(NH3)2

+). NH3 is then replaced by S2O3
2−, and a

more stable complex is formed (Au(S2O3)2
3−). Although Au can form different complexes

with ammonia and thiosulphate, Au(S2O3)2
3− is the most stable complex in an ammonia-

based system. In the cathodic area, Cu(NH3)4
2+ is reduced to Cu(S2O3)3

5− and rapidly
oxidised back to Cu(NH3)4

2+ by dissolved oxygen (Equations (11) and (12)). The values
of associated Gibbs free energy offer an overview of the level of spontaneous reactions
occurring with reference to the chemical equilibrium. While most values support the
forward path, the spontaneous solubilisation of the metal gold, for instance (Equation (8)),
is not favoured. In one study, around 98% of Au was solubilised from 1% (w/v) PCBs by
using ammonium thiosulphate as the leaching agent [55]. In another study, 1 M ammonium
thiosulphate was utilised to extract around 91% Au from 1% (w/v) PCBs after 24 h [67].
The authors of [68] compared thiosulphate and thiourea for Au dissolution and reported
that approximately 70% of Au was dissolved from PCBs with different concentrations
of ammonium thiosulphate (0.08 to 0.12 M) at 20 ◦C and a pH of 10.5, while only 40%
dissolved Au was achieved with thiourea. Table 3 summarises some key information
on the ammonia-based thiosulphate leaching of Au reported in previous studies, not-
ing the boundary conditions of typical operations (i.e., thiosulphate 0.1–1 M, ammonia
0.1–4 M, and Cu2+ < 0.1 M, with leaching rates ranging from 15% to 99%). Despite the
substantial number of lab-scale experiments and advances in understanding the chemical
mechanisms and fundamental principles, the development toward an ammonia-based
method has been slow, partly due to the high volatility of ammonia and the environmental
issues related to the leakage of ammonia during storage or transportation [62]. Table 4
summarises the advantages and disadvantages of employing ammonia-based systems in
thiosulphate leaching.

Au → Au+ + e− ΔG◦ = 163.2kJ/mol (8)

Au+ + 2NH3 → Au(NH3)
+
2 ΔG◦ = −74.1 kJ/mol (9)

Au(NH3)
+
2 + 2S2O2−

3 → 2NH3 + Au(S2O3)
3−
2 ΔG◦ = −74.9 kJ/mol (10)

Cu(NH3)
2+
4 + 3S2O2−

3 + e− → Cu(S2O3)
5−
3 + 4NH3 ΔG◦ = −21.9 kJ/mol (11)

2Cu(S2O3)
5−
3 + 16NH3 + O2 + 2H2O → 4Cu(NH3)

2+
4 + 4OH− + 12S2O2−

3 ΔG◦ = −67.1 kJ/mol (12)

Table 3. Ammonia-based thiosulphate leaching of Au under typical operating conditions.

Agent (M) Condition Au (%) Waste References

S2O3
2− 0.072, NH3 0.266, Cu2+

0.01
20–25 ◦C, 400 rpm, 5 min ~50% Printed circuit

boards [63]

S2O3
2− 0.2, NH3 0.2, Cu2+

0.0015
Pulp 30%, 30 ◦C, aeration

(0.2 L/min), 6 h 89%
Pressure oxidised

sulphide gold
concentrate

[69]

S2O3
2− 0.2, NH3 0.4, Cu2+

0.01–0.02
30 ◦C, 300 rpm, 20%, 24 h,

pH 11.5 30% Gold ore [70]

S2O3
2− 0.08–0.12, NH3 0.1–0.2,

Cu2+ 0.015 M
20 ◦C, pH 10.5, 2 h Up to 70% Waste PCBs [68]

S2O3
2− 0.3, Cu2+ 0.05 pH 10, pulp 10%, 15 h 94% Gold ore [71]

S2O3
2− 1, NH3 1, Cu2+ 0.01 Pulp 10%, 24 h 99% Waste PCBs [72]
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Table 3. Cont.

Agent (M) Condition Au (%) Waste References

S2O3
2− 0.2, NH3 1, Co2+ 0.03 50 ◦C, pH 10 70% Gold ore [13]

S2O3
2− 0.3, NH3 1, Cu2+ 0.03 25 ◦C, pH 10 72.7% Gold ore [13]

S2O3
2− 0.5, NH3 1, Cu2+ 0.04 70 ◦C, pH 6, 1 h 99% Silver-bearing ore [73]

S2O3
2− 0.8, NH3 4, Cu2+ 0.05 25 ◦C, pH 10.2, 48 h 90% Gold-copper

sulphide concentrate [74]

S2O3
2− 0.1, NH3 0.2, Cu2+

0.015–0.03
25 ◦C, pH 9–11 15% PCB [75]

Table 4. The advantages and disadvantages of using ammonia in thiosulphate leaching
systems [62,66].

Advantages Disadvantages

Prevents passivation film on Au surface and accelerates
dissolution rate Volatile reagent

Hinders the dissolution of undesirable minerals including
silicates, carbonates, and iron oxides

Easy escape from vessel and environmental
pollution

Forms stable complexes with Cu and reduces the reactivity of
Cu with thiosulphate Toxic to humans and aquatic animals

Difficult transport and store

Non-Ammonia Method

Many studies have employed thiosulphate leaching by eliminating ammonia. Alterna-
tive non-ammonia methods in thiosulphate leaching include copper thiosulphate, oxygen
thiosulphate, ferric ethylenediaminetetraacetic acid (EDTA) thiosulphate, copper EDTA
thiosulphate, and ferric oxalate thiosulphate to mitigate the issues associated with ammonia.
Ref. [66] employed a copper–citrate–thiosulphate method for Au leaching from a refractory
carbonaceous gold concentrate, and the findings demonstrated that substituting citrate with
ammonia had a similar extraction capability but reduced the thiosulphate consumption
from 0.045 M to 0.025 M. Ref. [76] observed that copper ion–ethanediamine–thiosulphate
leaching was more effective than copper ion–ammonia–thiosulphate leaching of Au from
gold ore. The use of cetyltrimethyl ammonium bromide (CTAB) was found to increase the
extraction rate to 94.3% and to decrease thiosulphate consumption to 1.12 kg/t in a leaching
system containing 0.1 M sodium thiosulphate, 0.06 M ethanediamine, 0.005 M Cu2+, and
1.5 kg/t of CTAB. In this process, CTAB broke down into [CTA+], attracted the negatively
charged particles of [Au(S2O3)2

3−]·nH2O and [CTA+][AuBr2−]·nH2O, and formed ion
pairs that facilitated the stabilisation of [Au(S2O3)23−]. Overall, ethylenediamine can form
a more stable complex with Cu2+ than ammonia. The cupric–ethylenediamine complex
is considered an interesting agent in reducing the catalytic oxidation ability of Cu2+ over
the cupric/cuprous redox equilibrium potential, which in turn lowers the consumption of
thiosulphate. In some of the literature, the effect of external factors on the leaching rate was
assessed. For example, in one experiment, ultrasound was applied in a cobalt ammonia
thiosulphate leaching system (0.2 M S2O3

2−, 0.03 M Co2+, 1 M NH3, 50 ◦C, and 750 W
ultrasonic power). The results showed that the leaching rate was 8 times faster and the
extraction yield with ultrasound reached 89%, which was found to be 25% higher than the
one without ultrasound. Temperature, ultrasonic power, and the reduction in activation
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energy from 22.65 kJ/mol to 13.86 kJ/mol were the main reasons for the high leaching
rate [13].

4.2.2. Challenges with the Thiosulphate-Based Leaching

The primary challenge associated with the use of thiosulphate is the high cost of
reagent consumption and its impacts on the generated sulphate, tetrathionate, and trithion-
ate [63]. Addressing this challenge requires the implementation of strategies, including
the control of key factors of operations such as temperature, flow rate and mixing speed,
oxygen level, Eh, pH, and the concentration of Cu2+ and ammonia. Depending on pH
and Eh, unstable compounds such as tetrathionate, sulphite, and trithionate may form;
therefore, controlling the Eh and pH is essential to minimise thiosulphate loss [77]. Using
inorganic additives like phosphate, sulphate, and chloride and organic additives such
as EDTA, humic acid (HA), polyamine, CDTA, ethylenediamine (EDA), triethanolamine
(TEA), ammonium alcohol polyvinyl phosphate, citric acid, carboxymethyl cellulose (CMC),
and amino acids can reduce thiosulphate consumption as they have the potential to com-
pete with thiosulphate anions and form complexes with Cu2+ that decrease the interaction
between Cu2+ and thiosulphate [78]. For example, in a copper–ammonia–thiosulphate
leaching system, 1 L of leach solution was applied to 400 g of sulphide ore, with an initial
gold concentration of 4.3 mg/kg. The addition of a low concentration of EDTA (2.0 mM) en-
hanced the efficiency of Au leaching to 100% and decreased the consumption of ammonium
thiosulphate from 9.63 kg/t to 3.85 kg/t after 24 h [79]. Ref. [65] employed TEA as an addi-
tive for Au leaching in a thiosulphate–copper–ammonia system. The results demonstrated
that the dissolution rate increased by 50% while thiosulphate consumption was reduced
by around 10%. In a study conducted by [80], ethydiaminedhephen acetic (EDDHA) was
employed as a non-toxic, environmentally friendly, and cost-effective organic additive to
form a stable complex with Cu2+ owing to the numerous coordination sites of carboxylic
acid and amine functional groups in it, which led to a stable Cu-EDDHA complex ion and
the dissolution of 82.84% Au, which was 56.02% higher than in cyanide leaching. Moreover,
EDDHA reduced the thiosulphate consumption from 103.19 kg/t to 10.54 kg/t. Ref. [81]
investigated the effect of different additives on Au oxidation and revealed that potassium
ethyl xanthate (KEX), imidazole, sulphinic acid, sodium di-ethyl dithiocarbamate, pyri-
dine, thioglycolic acid, and mercaptobenzothiazole completely passivated the Au surface,
while a small amount (5 mM) of thiourea and thioacetamide improved the oxidation of
Au. Another study found that Au dissolution in a thiosulphate–oxygen–copper medium
was only 2% over 24 h and increased to 95% in the presence of activated carbon as an
additive [77]. In some experiments, Cu2+ was substituted by Co as an oxidising agent.
According to [82], in ammoniacal thiosulphate solutions, Co(III)-NH3 complexes were
able to extract around 80% of Au, while they reduced thiosulphate consumption by 44.2%
thiosulphate. Table 5 summarises the effects of different additives on Au leaching and the
consumption of thiosulphate. As seen, adding additives increased the dissolution of Au by
approximately 20% and decreased the thiosulphate consumption by 30%.

Table 5. Effects of additives on Au dissolution and thiosulphate consumption.

Additive (mM) Au Dissolution (%) Thiosulphate Consumption (%) Reference

Humic acid (80) Before: 72.6 Before: 42.4
[83]After: 81.4 After: 13.2

EDTA (2.0) Before: ~80 Before: 9.63
[7]After: 100 After: 3.85
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Table 5. Cont.

Additive (mM) Au Dissolution (%) Thiosulphate Consumption (%) Reference

TEA (12) Increased by 50 Decreased by 10 [65]

EDDHA (450) Before: 56.02 Before: 10.31
[80]After: 82.84 After: 1.05

CTAB (60) Before: 50 Before: 1.3
[76]After: 94.3 After: 0.11

EDA (10) Before: 60.3 Before: 1.13
[84]After: 80.3 After: 0.414

4.2.3. Biothiosulphate Produced by Microorganisms

Over the past two decades, efforts have been made to minimise the breakdown of
thiosulphate during thiosulphate leaching of Au by using different types of additives and
controlling the parameters affecting the process. It was discovered that producing thiosul-
phate by means of microorganisms (biothiosulphate) offers a potential pathway toward the
development of a feasible, innovative, and sustainable metal recovery technology [51,85].
The benefits of using biogenic thiosulphate for Au leaching include, for instance, fewer
toxic substances, less energy requirements associated with intermediate chemical produc-
tions, and scalability combined with e-waste recycling operations. Currently, an industrial
thiosulphate leaching process is employed at Nevada Gold Mines that involves thermal
treatment of sulphur and calcium hydroxide at 90 ◦C followed by oxidation of substances
under pressure at 550 kPa. Therefore, developing a biogenic process in moderate conditions
(e.g., ambient temperature and atmospheric pressure) can be recognised as an innovative
alternative to reduce CAPEX and OPEX costs [86]. The two most common species that
produce thiosulphate are cyanobacteria and proteobacteria. Table 6 summarises the ability
of various microorganisms to produce thiosulphate under different environmental and
substrate conditions [87]. The bacterium Microcoleus chtonoplastes produces thiosulphate
(695 mg/L) using light, sulphide, and hydrogen and consumes carbonate as a carbon
source at 22 ◦C and a pH around 8 [88]. Methylophaga sulfidovorans consumes methanol or
dimethyl sulphide (DMS) as substrates to produce thiosulphate, as shown in Equation (13),
and grows at a pH above 7.5 and a temperature of 22–30 ◦C. In the thiosulphate production
by the bacterium Thiobacillus thioparus, sulphide, thiocyanate, elemental sulphur (S0), DMS,
and polythionates can act as electron donors. Around 18.5% of thiosulphate production
by this bacterium results from sulphide oxidation, which occurs under oxygen-limiting
conditions and pH 7 [89]. Streptomyces fradiae produced up to 485 mg/L of Na2S2O3 as a
main byproduct in a mineral medium at pH 7.5, which remained stable without degra-
dation during 20 days of incubation [90]. Ref. [91] discovered that the addition of 1 mM
sulphide to the medium containing recombinant E. coli resulted in the production of 0.45
mM sulphite, 0.2 mM thiosulphate, and 0.1 mM sulphur. Sulphurimonas sp. was observed to
consume sulphide to produce 1 mM thiosulphate after intermediate production of elemen-
tal sulphur [89]. In a mixed culture with a neutral pH and temperature range of 20–32 ◦C, T.
oxidans and T. neapolitanus produced sulphate and thiosulphate through sulphur oxidation.
Sulphate was produced as a main product under atmospheric conditions and at pH 8.0;
however, during oxygen-limited conditions, especially when the O2/S2 consumed ratio
was around 0.5, thiosulphate formation (35 mg/L) occurred as a result of the increased
sulphide–oxygen ratio [92].

(CH3)2S + 4O2 → 2CO2 + H+ + 0.5S2O2−
3 + 2.5H2O ΔG◦ = −1606.5 kJ/mol (13)
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Table 6. Illustration of thiosulphate production by microorganisms [87].

Microorganism Substrate
Thiosulphate Production

Conditions
Produced Thiosulphate

(mg/L)

Microcoleus chtonoplastes Sulphide pH 8, temperature 22 ◦C, anoxic
photooxidation 695

Methylophaga sulfidovorans Ethanethiol, hydrogen
sulphide pH 7.5, temperature 22–30 ◦C 672

Streptomyces fradiae L-cystine pH 7.5, temperature 22 ◦C,
20 days 485

Pseudomonas sp. C27 Sulphide, acetate
pH 7–8, temperature 30 ◦C,

coupled with nitrogen fixation
process

451

Calothrix sp. HI 41 Sulphide, hydrogen
sulphide

Temperature 25 ◦C, anoxic
photooxidation, 10 days 392

Oscillatoria sp. BO 32 Sulphide Temperature 25 ◦C, anoxic
photooxidation 146

Sulfurimonas sp. CVO Sulphur, sulphide Temperature 30 ◦C 112

Anabaena cylindrica Sulphide Temperature 25 ◦C 73

E. coli Sulphide Temperature 37 ◦C 45

T. neapolitanus Sulphide pH 5–9, temperature 30 ◦C,
limited oxygen 35

D. desulfuricans Sulphide pH 1–6, temperature 85 ◦C 10

Biogenic thiosulphate as an intermediate metabolite is extremely unstable under
acidic conditions but can be stabilised through the adjustment of pH and presence of
inhibitors [51]. For example, biogenic thiosulphate (500 mg/L) obtained from A. thiooxidans
was able to leach 65% Au from 0.5% w/v of PCBs in the presence of 3.25 mg/L sodium azide
(NaN3) as an inhibitor and 1 M ammonia at pH 6–7 after 36 h [93]. Ref. [94] investigated
the thiosulphate leaching of Au from ore by the bacterium Methylophaga sulfidovorans using
sodium sulphide as the substrate. The bacterium was able to produce thiosulphate in
a rotating sealed flask of high-salinity medium at pH 7–8 and a temperature of 30 ◦C.
A maximum of 61.9% of Au was leached in 24 h under conditions of 10% pulp density,
air flow rate of 0.1 L/min, and 50 ◦C. The biothiosulphate approach was found to be
a viable substitute for chemical thiosulphate, opening the door to further investigation
of other thiosulphate-producing microorganisms from inexpensive substrates. This is
considered a promising area in bioprocess engineering for metal recovery in an efficient
and environmentally friendly way.

5. Engineering Perspective and Scaling up

The phase of scaling up the operation of the laboratory scale has been an important
challenge in bioprocessing to achieve representative microbiological and technological
enhancements and bring it as close as possible to industrial applications [22]. Currently,
industrial-scale metal extraction is performed using methods such as dump bioleaching,
heap bioleaching, and tank bioleaching. Among these, dump leaching is the oldest tech-
nique used in the industry, primarily for extraction of Cu, Ni, Zn, Au, and U from ores. In
this method, a lixiviant generated by bacteria is sprayed onto ores piled in a dump, and
the leachate solution is collected in ditches at the bottom of the dump, recovered, and then
directed to an oxidation basin, where bacteria are regenerated for reuse in the process. This
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technique generally has low metal recovery efficiency and requires several days to complete
the process. Moreover, there is a risk of leachate seeping into nearby water sources, with a
potential risk of water pollution. Appropriate safety measures must therefore be under-
taken to control the potential runoff [95]. Heap bioleaching is another method suitable
for low-grade ores that are not economically viable for leaching through grinding and
smelting and is particularly effective, for instance, for treating complex sulphide ores that
have a porous structure [96,97]. Heap bioleaching involves stacking ores on an imperme-
able surface and applying leaching agents such as acidified solutions for Cu or cyanide
solutions for Au over the top of the heap. The leaching occurs through microbial activity
and mineral oxidation within the heap, and metal-rich solution is collected at the base and
directed to a pond to recover metals [98]. Despite its technical maturity and widespread
industrial application, it has drawbacks, such as yielding low leaching rates within a long
processing time. Extending the leaching time increases the demand for manpower and
material resources, which restricts further development of this technology [96]. Table 7
provides a summary of commercial-scale bioleaching operations for the recovery of Au and
Cu from refractory gold concentrates, copper ores, and sulphidic ores across various global
mining sites. The table shows details about the mine location, operator, year of operation
commencement, production amount, and type of bioleaching technology employed.

Table 7. Commercial-scale bioleaching operations for refractory gold concentrate, copper ores, or
sulphide ores [99,100].

Mine Location Operator Year Started Production Type

Obuasi Ghana Anglo Gold Ashanti 1994 Au: 200,000 ounces Stirred-tank

Laizhou (BioGold) China Sino Gold Mining 2001 Au: 75,000 ounces Stirred-tank

Olimpiada Russia Polyus Gold 2001 Au: 965,000 ounces Stirred-tank

Suzdal Kazakhstan Nordgold 2005 Au: 90,000 ounces Stirred-tank

Kokpatas Uzbekistan
Navoi Mining and
Metallurgical
Combinat

2009 Au: 432,000 ounces Stirred-tank

Fosterville Australia Kirkland Lake Gold 2005 Au: 150,000 ounces Stirred-tank

Iranian Babak
Copper Company Iran Iranian Babak Copper

Company 2020 Cu: 50,000 t/y Heap

Zaldivar Chile Barrick Gold
Corporation 1995 Cu: 150,000 t/y Heap

Whim Creek and
Mons Cupri Australia Straits Resources 2006 Cu: 17,000 t/y Heap

Jinchuan Copper China Zijin Mining Group
Ltd. 2006 Cu: 10,000 t/y Heap

To enhance ore leaching efficiency, the process is initially performed in laboratory
flasks prior to expanding to larger bioreactors. These bioreactors play a key role in process
scale-up and are commonly operated in either batch or continuous modes. The devel-
opment of an adapted bioreactor is the first step to move from an experimental scale to
industrially relevant operating conditions. Bubble column reactors (BCRs) and continuous
stirred-tank reactors (CSTRs) have been the widely used bioreactors in the bioleaching
process. One of the advantages of these bioreactors compared to others is the ability to
control the concentration of product and substrate during the process and to maintain the
environmental operating conditions [22,30]. Ref. [101] investigated the extraction of heavy
metals from a petroleum spent catalyst using A. thiooxidans in a bubble column reactor,

215



Recycling 2025, 10, 87

and results showed 87% % Mo, 37% Ni, and 15% Al extraction with a pulp density of
0.9%, particle size of 60.7 μm, and aeration rate of 209 mL/min after 7 days. In another
study, ref. [30] employed adapted A. ferrooxidans in a bubble column and leached approxi-
mately 54% Cu, 75% Ni, and 55% Fe with 2% waste PCBs in 9 days. Figure 2 illustrates
a schematic diagram of two types of reactors employed in the bioleaching process. As
seen in Figure 2a, the stirring in a BCR is conducted by air bubbling, and the aeration
happens via air injection through a sparger, operating at high airflow. A water cooling
thermostat is fitted to maintain the temperature. Figure 2b shows continuous bioleaching
in a 50 L STR. The mixture of sediment slurry and deionised water is pumped to a reactor
filled with sulphur-oxidising microorganisms and supplied with aerator [102]. Figure 2c
represents a combination of BCR and STR in the bioleaching of metals by an acidophilic
consortium. A continuous cultivation experiment of microorganisms carried out in a BCR
and bioleaching in batch and continuous modes was performed in an STR [6,103]. CSTRs
are more advantageous in comparison with BCRs because of the presence of high mass
transfer rates, homogeneous mixing, and better control over parameters such as pH, tem-
perature, and aeration [22]. A typical design of CSTRs involves a circuit of continuously
flowing aerated tanks set up in series, parallel, or a combination of both, equipped with
agitated impellers that keep the grounded minerals suspended in the solution and ensure
an effective transfer of oxygen, which is necessary for both the dissolution of the metals
and the growth of aerobic microorganisms. In CSTRs, the feed is added to the first tank
and overflows from tank to tank in co-current flow with the microorganisms. When mi-
croorganisms are injected at the start-up of an operation, a batch culture is maintained
until the microorganisms reach a certain stage close to the middle of the logarithmic phase,
at which point fresh substrate is supplied continuously from the feed tank to the reactor.
The continuous flow of the substrate through the tanks is provided to ensure the optimal
growth of microorganisms for a high metal dissolution rate at the steady-state phase [104].
Since its introduction in 1986, CSTR-related technologies have undergone significant ad-
vancement, such as high-temperature performance in bioleaching. During the first decade
of this century, the Beaconsfield plant in Australia and the Laizhou plant in China, utilising
Mintek BacTech technology, have conducted bioleaching operations at moderate to high
temperature, ranging between 45–55 ◦C. The BioCop™ process, pioneered by the BHP
Billiton biotechnology group based in Johannesburg in South Africa, employs thermophilic
bacteria thriving at a temperature between 70–80 ◦C to leach chalcopyrite [105].

In a study conducted by [95], bioleaching with thermophilic bacteria, L. ferriphilum and
A. caldus, was employed at a high pulp density of 8% PCBs using a 3 L stirred-tank reactor,
resulting in a recovery of 85.23% Zn, 76.59% Cu, and 70.16% Al in 7 days. Ref. [106] em-
ployed a 12 L aerated rotating-drum reactor operated at 50 ◦C for the bioleaching of 76% Cu
with a pulp density of 2.5% by the thermophilic bacterium S. thermosulfidooxidans and Fe2+

concentration of 5 g/l in 8 days. In another study, ref. [107] achieved a 99% leaching rate of
Cu within 72 h using a 3 L CSTR containing 5% of low-grade PCBs and mixed acidophilic
culture supplemented with 7.8 g/L of Fe2+. However, large-scale bioleaching has not
been sufficiently investigated owing to factors such as reaction conditions, the complexity
of the mechanism, and weakly efficient mass transfer rates [108]. More comprehensive
investigation is crucial, as the findings are found to be not linearly scalable when the size
of equipment is increased. While controlling conditions for a complete reaction at the
laboratory scale is straightforward and flexible, maintaining microbial populations along
with the aeration rate is challenging at the industrial scale, which affects the steady-state
operations over long times of streams [24].
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a) b)

c)

Figure 2. A schematic diagram of two types of reactors in bioleaching process (a) bubble column
reactor (BCR), (b) continuous stirred tank reactor (CSTR) and (c) a combination of bubble column
and stirred tank reactors. Copyright © 2020, Elsevier (a), copyright © 2021, Elsevier (b), copyright ©
2022, Elsevier (c) [6,30,102].

In recent years, several projects in Europe, such as BIORECOVER, RAWMINA, RU-
BICON, and BIOCriticalMetals, have employed bioleaching for the recovery of various
metals from e-wastes. Among the industrial contributors, the UK-based IT lifecycle ser-
vices provider N2S is applying bioleaching for the extraction of precious metals from
printed circuit boards and aligning with the UK’s environmental and cybersecurity regula-
tions [109]. In Estonia, BiotaTec (formerly BiotaP), which initially focused on environmental
monitoring using metagenomics, has since expanded their activities to the development
of microorganism-driven bioleaching and biomining solutions for the recovery of metals
from low-grade ores and various waste streams. Another notable company is Ekolive,
a Slovak start-up which offers an EU/ETV-certified eco-innovative bioleaching method
(InnoBioTech®) for processing minerals and waste using heterotrophic bacteria. Their
large-scale pilot project, established in Slovenia in 2019, demonstrated the market maturity
of this approach for industrial mineral recovery from mining waste [110].

6. Process Economics

6.1. Cost Estimation

Estimating both capital expenditure (CAPEX) and operational expenditure (OPEX) is
essential to assess the economic feasibility of the bioleaching process and give insight into
the opportunities to improve, optimise, and conduct further research if needed. CAPEX
includes the cost of equipment, installation, construction, piping, electrical systems, service
facilities, and land, and OPEX covers ongoing costs like electricity, water, materials, labour,
and maintenance [111]. Estimating capital costs helps identify the key factors that affect
the economic viability of the process. For instance, while lower pulp densities often yield
higher metal leaching rates, they are associated with higher capital costs. In contrast, higher
pulp densities may reduce leaching efficiency but result in lower CAPEX, making the
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process more economically viable. In one study, leaching of base metals from PCBs at 1%
pulp density led to high operating costs and an annual loss of AUD 1007 per tonne of PCBs.
However, increasing the pulp density to 5% significantly lowered the costs, resulting in an
annual profit of AUD 2749 per tonne. Although the raw material costs can change over
time, the process would be profitable. Even with a 40% increase in raw material costs, the
study showed that an annual profit of AUD 2463 per tonne of PCBs was still achievable [42].
Labour costs for the preprocessing of e-waste, such as collecting, dismantling, and sorting,
are the highest operating expenses, making it difficult to expand e-waste recycling in
regions such as Australia, New Zealand, and other parts of Oceania. A techno-economic
study assessed the use of biooxidation and cyanidation to extract gold from refractory ore.
Over a 25-year mine life, processing 1200 tonnes of ore daily, the project required an AUD
220 million investment and had operating costs of AUD 58.27 million annually. With an
expected annual revenue of AUD 78.48 million and a net present value (NPV) of AUD
34.4 million at a 7% interest rate, the process was found to be economically viable [112].
Another study compared two bioleaching technologies, including an aerated bioreactor
and an aerated and stirred bioreactor, for Cu recovery from goethite using A. ferrooxidans.
The aerated and stirred bioreactor proved to be financially viable at a pulp density of 10%,
achieving an NPV of AUD 1.275 billion and an internal rate of return (IRR) of 65% over 20
years. With a CAPEX of AUD 119.8 million and annual OPEX of AUD 5.9 million, the plant
is expected to become profitable within one year [39].

6.2. Cost Minimisation Strategies

In the bioleaching process, the initial investment required for setting up a reactor plant
may seem to be high, but the ongoing operational expenses can be reduced through the opti-
misation of process parameters and the utilisation of cost-effective substances. For example,
the use of commercial iron, sulphur, and specific additives contributes to the overall cost [28]
but can be reduced by using low-grade pyrite as an alternative source [113]. In the case
of heterotrophic bacteria, glucose is the main nutrient carbon source for bacterial growth
and accounts for approximately 44% of the total initial costs. Using alternative affordable
substrates such as molasses is an option to reduce the cost of the process [24]. Ref. [114]
reported that using potato wastewater reduced the cost by 17% compared to glucose, and
replacing corn stover with potato wastewater reduced the costs by 22% in comparison with
potato wastewater. The formation of iron hydroxides and jarosite precipitations during
bioleaching, which leads to a decrease in diffusion rates of oxidants to the surface of PCBs
and results in non-economic losses in metal yields, can be avoided by maintaining low pH
and using effective sulphur agents that oxidise sulphur to sulphuric acid. The costs of the
preprocessing of e-waste (dismantling, separation, and grinding) and operation (labour,
raw materials, and utilities) can render the bioleaching technique economically impractical
without careful management of the design and process automation. Cost reduction in the
grinding step can be achieved by maintaining a particle size that does not significantly
impact both the mass transfer rate and the bioleaching yield [28,108]. For example, a study
reported that using PCB chips instead of powdered PCBs resulted in high metal leaching
efficiency and significantly lowered operational costs, as it avoided the energy-intensive
milling process and reduced the risk of metal loss during preprocessing [115].

7. Conclusions

Metal recycling from printed circuit boards (PCBs), as the major component of e-waste,
is a beneficial option to protect the environment, conserve natural resources, and meet
the need for metals, particularly the valuable ones that are critical for current industries.
The bioleaching process as a green technology for metal extraction is typically conducted
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by direct (one-step and two-step) and indirect (spent-medium) methods, and relevant
chemical mechanisms fundamentally include acidolysis, complexolysis, and redoxolysis.
The latter is the primary mechanism associated with iron-oxidising bacteria. For over a
century, Au extraction has relied on the cyanidation process, but environmental concerns
limit its expansion, and the thiosulphate-based process is offered as a safe alternative
for Au recovery. High thiosulphate consumption remains, however, one of the main
challenges associated with this method, and various strategies such as the use of additives,
control of operation conditions, and employment of biothiosulphate are options being
considered. Upscaling bioleaching to an industrially feasible process in cost-effective
operations remains a challenge, but the selection of a suitable microorganism and adapted
design of bioreactor are contributing as closely as possible to the success of the process’s
feasibility from economic and environmental perspectives. These studies indicate that
the biological extraction of metals from PCBs presents a promising viable alternative to
physico-chemical methods and that an improvement in handling large pulp density of
PCBs within bioreactors is necessary for the practical achievement of a cost-effective and
competitively upscaled process.
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