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1. Introduction and Scope

With the development of society, large amounts of solid waste (slag, sludge, tailing,
electronic waste, etc.) are generated every year. Each type of waste contains specific metals,
such as As, Cr, V, Cu, Pb, and Zn, which are valuable resources and are also harmful to the
environment. Currently, problems regarding the environment have increasingly attracted
widespread attention as the global interest in these issues increases. If the metals in waste
are not recovered effectively, not only are the resources wasted, but the environment is also
seriously polluted.

The current processes for recovering metals (V, Cr, Ti, Fe, Mn, Pb, Zn, Cu, Ni, Co,
Al, As, Nb, Mg, Au, etc.) from wastes (slag, sludge, tailing, electronic waste, etc.) in-
clude gravimetric, magnetic, floatation, pyrometallurgical, hydrometallurgical, bioleaching,
chlorination, and electrolysis methods, etc. [1–3].

2. Contributions

Eleven research articles and three review articles were published in this Special Issue
of Metals. The main topics covered include:

Cu from wasted CPU sockets was efficient recovered via slurry electrolysis [4]. The
valuable metals (Ti, Fe, Mn, etc.) were extracted from vanadium slag by means of chlorina-
tion or an oxalic-acid hydrothermal leachate [5,6]. Karshyga et al. report the development
of a technology intended to process electric smelting dusts of ilmenite concentrate with
the extraction of silicon and titanium and the production of products in the form of their
dioxides [7]. Fang et al. investigate the vacuum carbon reducing iron oxide scale to prepare
porous 316 stainless steel [8]. Tin from Tin-bearing iron concentrate was removed via
roasting in an atmosphere containing SO2 and CO [9]. Mill scale and aluminum dross are
the industrial wastes from steel and aluminum industries, which have high concentrations
of Fe2O3 and Al2O3, respectively. Wongsawan reports the synthesis of ferroalloys via mill
scale-dross-graphite [10]. Hosseinipour et al. investigate the significant factors of Se and/or
Te recovery in the copper cementation process using the response surface methodology [11].
Current state-of-the-art milling methods also lead to the presence of significantly more
reactive polymers still adhered to milled target metal particles. Blumbergs et al. find a
novel and double-step disintegration–milling approach that can obtain metal-rich particle
fractions from e-waste [12]. In order to solve the problem of solid waste pollution from basic
oxygen furnace (BOF) slag, Lan et al. investigated oxidation reconstruction of BOF slag and
alcohol wet magnetic separation recovery of iron. Compared with the initial steel slag, the
iron grade increased by 8.22%, and the iron recovery increased by 46.38% compared with
direct magnetic separation without oxidation [13]. Ti from Ti-bearing electric furnaces slag
was leached by a [NH4

+]-[F−] solution, providing the foundation for industrialization [14].
Vishnyakov reviews the recent developments in the recovery of vanadium and nickel

from the heavy petroleum feedstock (HPF) as a raw source of metals [15]. Yudaev and
Chistyakov review the efficiency and selectivity of the extractants in the recovery of metals
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from industrial wastewater, soil, spent raw materials, and the separation of metal mix-
tures [16]. Liu et al. reviews the research progress of chlorination in the treatment of
vanadium-containing materials [17].

3. Conclusions and Outlook

The purpose of this Special Issue is to focus on the current state-of-the-art ideas,
methods, technologies, etc., for utilizing waste. This Special Issue provides a very good
reference for the effective utilization of solid wastes. To minimize production costs and
environmental impacts, it will be more and more necessary to use cleaner and more
economical methods to recover metals from wastes.
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the reviewers who took time out from their busy schedules to review the papers, and
the journal.

Funding: The authors are grateful for the financial support of this work from the National Natural
Science Foundation of China (No. 52274406, 51904286, 51922003), the Fundamental Research Funds
for the Central Universities (FRF-TP-19-004C1) and Interdisciplinary Research Project for Young
Teachers of USTB (Fundamental Research Funds for the Central Universities FRF-IDRY-21-015).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Liu, S.; Wang, L.; He, X.; Chou, K. Insight into the oxidation mechanisms of vanadium slag and its application in the separation of
V and Cr. J. Clean. Prod. 2023, 405, 136981. [CrossRef]

2. Liu, S.; Ye, L.; Wang, L.; Chou, K. Selective oxidation of vanadium from vanadium slag by CO2 during CaCO3 roasting treatment.
Sep. Purif. Technol. 2023, 312, 123407. [CrossRef]

3. Liu, S.; He, X.; Wang, Y.; Wang, L. Cleaner and effective extraction and separation of iron from vanadium slag by carbothermic
reduction-chlorination-molten salt electrolysis. J. Clean. Prod. 2021, 284, 124674. [CrossRef]

4. Chen, W.; Li, M.; Tang, J. Efficient Recovery of Cu from Wasted CPU Sockets by Slurry Electrolysis. Metals 2023, 13, 643. [CrossRef]
5. Du, J.; Xiao, Y.; Liu, S.; Wang, L.; Chou, K.-C. Mechanism of Selective Chlorination of Fe from Fe2SiO4 and FeV2O4 Based on

Density Functional Theory. Metals 2023, 13, 139. [CrossRef]
6. Miao, Q.; Li, M.; Gao, G.; Zhang, W.; Zhang, J.; Yan, B. Improved Process for Separating TiO2 from an Oxalic-Acid Hydrothermal

Leachate of Vanadium Slag. Metals 2023, 13, 20. [CrossRef]
7. Karshyga, Z.; Ultarakova, A.; Lokhova, N.; Yessengaziyev, A.; Kassymzhanov, K.; Myrzakulov, M. Technology for Complex

Processing of Electric Smelting Dusts of Ilmenite Concentrates to Produce Titanium Dioxide and Amorphous Silica. Metals 2022,
12, 2129. [CrossRef]

8. Zhang, F.; Peng, J.; Chang, H.; Wang, Y. Vacuum Carbon Reducing Iron Oxide Scale to Prepare Porous 316 Stainless Steel. Metals
2022, 12, 2118. [CrossRef]

9. Li, L.; Xu, Z.; Wang, S. Tin Removal from Tin-Bearing Iron Concentrate with a Roasting in an Atmosphere of SO2 and CO. Metals
2022, 12, 1974. [CrossRef]

10. Wongsawan, P.; Srichaisiriwech, W.; Kongkarat, S. Synthesis of Ferroalloys via Mill Scale-Dross-Graphite Interaction: Implication
for Industrial Wastes Upcycling. Metals 2022, 12, 1909. [CrossRef]

11. Hosseinipour, S.; Keshavarz Alamdari, E.; Sadeghi, N. Selenium and Tellurium Separation: Copper Cementation Evaluation
Using Response Surface Methodology. Metals 2022, 12, 1851. [CrossRef]

12. Blumbergs, E.; Serga, V.; Shishkin, A.; Goljandin, D.; Shishko, A.; Zemcenkovs, V.; Markus, K.; Baronins, J.; Pankratov, V. Selective
Disintegration–Milling to Obtain Metal-Rich Particle Fractions from E-Waste. Metals 2022, 12, 1468. [CrossRef]

13. Lan, M.; He, Z.; Hu, X. Optimization of Iron Recovery from BOF Slag by Oxidation and Magnetic Separation. Metals 2022, 12, 742.
[CrossRef]

14. Zheng, F.; Guo, Y.; Chen, F.; Wang, S.; Zhang, J.; Yang, L.; Qiu, G. Fluoride Leaching of Titanium from Ti-Bearing Electric Furnace
Slag in [NH4

+]-[F−] Solution. Metals 2021, 11, 1176. [CrossRef]
15. Vishnyakov, A. Vanadium and Nickel Recovery from the Products of Heavy Petroleum Feedstock Processing: A Review. Metals

2023, 13, 1031. [CrossRef]

2



Metals 2023, 13, 1411

16. Yudaev, P.; Chistyakov, E. Chelating Extractants for Metals. Metals 2022, 12, 1275. [CrossRef]
17. Liu, S.; Xue, W.; Wang, L. Extraction of the Rare Element Vanadium from Vanadium-Containing Materials by Chlorination

Method: A Critical Review. Metals 2021, 11, 1301. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

3





Citation: Vishnyakov, A. Vanadium

and Nickel Recovery from the

Products of Heavy Petroleum

Feedstock Processing: A Review.

Metals 2023, 13, 1031. https://

doi.org/10.3390/met13061031

Academic Editors: Lijun Wang

and Shiyuan Liu

Received: 25 January 2023

Revised: 12 May 2023

Accepted: 23 May 2023

Published: 27 May 2023

Copyright: © 2023 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

metals

Review

Vanadium and Nickel Recovery from the Products of Heavy
Petroleum Feedstock Processing: A Review

Aleksey Vishnyakov 1,2,†,‡

1 Skolkovo Institute of Science and Technology, Moscow 121205, Russia; avishnja@polly.phys.msu.ru
2 Department of Physics, Moscow State University, Moscow 119991, Russia
† Organization where the project was carried out.
‡ Current addresses: Institute of Solutions Chemistry RAS, Ivanovo 153038, Russia.

Abstract: The steadily growing demand for non-ferrous metals, a shift to heavier crude oil recovery
and tightened environmental standards have increased the importance of heavy petroleum feedstock
(HPF) as a raw source of metals. This paper reviews the recent developments in the recovery of
vanadium and nickel from HPF. During crude oil processing and the application of its products,
HPF is converted to various metal-enriched byproducts (“heavy oil”, petcoke, ashes and slags) from
which the metals can be recovered. This paper briefly describes the sources and recovery pathways
(both mainstream and exotic), and discusses the economic viability and possible future directions.
Particular attention is paid to (i) the electrochemical recovery of metals from petrofluids and alter-
native approaches; (ii) pre-combustion metal recovery from petcoke; and (iii) metal reclamation
from fly ash from heavy fuel oil or petroleum coke combustion: hydro- and pyro-metallurgical and
bio-based techniques. The current stage of development and prospects for the future are evaluated
for each method and summarized in the conclusion. Increasing research activity is mostly observed in
traditional areas: metal extraction from fly ash and the reduction of metals from the ash to V–Fe and
Ni–Fe alloys. Bioengineering approaches to recover vanadium from ashes are also actively developed
and have the potential to become commercially viable in the future.

Keywords: vanadium; nickel; heavy oil; reclamation

1. Introduction

Metal ions, which are abundant in heavy petroleum feedstock (HPF), are pollutants,
and research on the techniques for petroleum demetallization never stops. Metal ions irre-
versibly poison the catalysts employed in oil processing and increase equipment corrosion.
Furthermore, many metal compounds, including nickel oxides and, possibly, vanadium
oxides, are carcinogens [1]. At the same time, the non-ferrous metals contained in HPF are
a valuable resource.

The most abundant metal in HPF is vanadium. In Russia, the vanadium content
of heavy petroleum recovered every year amounts to one third of the current annual
production using traditional methods. Nickel is a distant second, and cobalt is found
in sizable concentrations. Vanadium is of special interest: although it is ubiquitous in
the Earth’s crust in the forms of oxides, sulfides and phosphates, and is associated with
other metals (iron, titanium, uranium, etc.), the vanadium grade is typically too low for
direct production. Almost 70% the vanadium produced worldwide is extracted from slag
formed in the process of steel production. The world demand for vanadium amounted to
120,067 mt in 2021, and only 8% of that originated from HPF. In the US, vanadium produced
from petroleum feedstock amounted to 20% of the total in 2007 [2]. It should be noted that
vanadium supply is key for the transition to a circular economy: vanadium redox batteries
are regarded as the best option in stationary, long duration, high power applications for
their ability to sustain nearly unlimited charge–discharge cycles, safety features and the
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ease of reuse/recycling of the components and the electrolyte. The factors limiting their
application are vanadium toxicity and high vanadium costs. The transition to a circular
economy and the steady demand from the steel and biomedical industries are expected to
drive the vanadium market up at an annual rate of 8.5% through to 2033 [3]. The demand
for nickel is expected to grow by 44% by 2030 [4].

Metal recovery from crude oil demetallization waste is by no means a new field. The
efforts to recover metals started in the 1940s and have been progressing ever since. Whilst
it cannot be said that the metal recovery from HPF processing waste is rapidly growing,
the situation is changing slowly, but surely. What was considered as waste in the 1940s has
now become treasure. The three main factors in that evolving landscape are:

(i) Low-hanging fruits have mostly been reached: the depletion of fields with light
and medium oils forces the recovery of heavy oil, which constitutes 70% of all resources
that are available now [5]; the metal concentration generally grows with the asphaltene
content in the crude, which makes metal recovery more attractive;

(ii) Improvements in oil processing technologies increase the share of the crude that is
converted to fluid products, thus increasing the metal content in the residues;

(iii) The ever-tightening environmental regulations drive the search for safer and
environmentally benign techniques of metal production.

As a result, both academic and industrial research has substantially intensified over
the last 5–8 years. Remarkably, more efforts are invested in the traditional areas, e.g., the
hydrometallurgic recovery of metals from the ashes. It is worth noting that the methods
originally developed for metal recovery from mineral oils are now extended to spent
refinery catalysts, municipal waste and other sorts of refuse.

Over the last several years, several comprehensive reviews were published on neigh-
boring topics. In particular, Magomedov et al. [6] reviewed the methods of petroleum
demetallization. Kurniawan et al. [7] considered the chemistry, origins and removal of
metalloporphyrins; Yuan et al. [8] considered vanadium extraction techniques from all
possible sources. Yet, none of them actually cover the metals recovery from HPF demet-
allization residues in reasonable detail. The recovery of metals from spent catalysts and
ashes was reviewed eight years ago by Akcil et al. [9]. Spent catalysts recovery has cer-
tainly progressed towards full-scale commercial implementation. A very recent work by
Baritto et al. [10] presented an economic evaluation of the recovery of vanadium from
a spent catalyst employed in the catalytic reforming of bitumen. Data intensive process
models developed for mass and energy balances allowed for the estimation of capital and
operating costs. It was concluded that the recovery of vanadium from a spent catalyst
obtained from bitumen upgrading the operations is potentially profitable considering the
current vanadium market price. Spent catalysts from oil processing will not be considered
here in detail, because hydrometallurgical pathways are similar to those applied for ashes
and have not drastically changed since 2015, while novel biomethods were reviewed by
Pathak et al. [11]. Wastewater deserves mentioning as well, because oil conditioning and
desalting leaches substantial amounts of metals. Some additives, e.g., phosphoric acid,
facilitate demetallization during oil pre-treatments, resulting in a high metal content in the
wastewaters [12]. The methods applied to wastewater are drastically different from those
reviewed in this paper and were recently described elsewhere [13].

This paper aims at providing a critical review of the existing methodologies of metal
extraction from HPF, describing the current trends in the academic and industrial literature,
and providing at outlook for further developments in the market, which is expected to
grow [3,4]. The focus of this review is the recovery of vanadium and nickel, as they are
most abundant in HPF, and most of the research efforts focus on them. The approaches
to recovery are divided into two main categories: pre-combustion and post-combustion
(recovery from ashes). We try to cover both major pathways and alternative ideas.

6
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2. Vanadium and Nickel in Crude Oil

Vanadium and nickel compounds in crude oil are called “molecular fossils” due to
their origin from heme and chlorophyll. Just as in living cells, in petroleum they are
found in various coordination complex compounds, with metal porphyrins being the most
known (Figure 1). The polyaromatic structures are flat and interact favorably with other
polyaromatics via dispersion and π–π forces. Polyaromatic asphaltenes form the most
hydrophilic fraction of crude (e.g., [14]), and the metal-containing complexes shown in
Figure 1a are more hydrophilic in comparison with typical asphaltene molecules. In oil–
water emulsions, they are located near the oil–water interface, which is important in some
prospective recovery processes. In general, the metal content in crude oils increases with
the density (and with the asphaltene content, correspondingly) [15]. The vanadium content
grows with density faster than the nickel content (Figure 1b). Upon de-asphalting with
heptane, most metals remain with the asphaltene fraction: vanadium content reached 1% of
the total asphaltene mass precipitated from the heaviest oil samples (Figure 1c) [15]. As the
asphaltene content in the petroleum feedstock increases, more effort has to be invested in
demetallization, and in turn the demetallization waste becomes more valuable as a source
of metals.

Figure 1. (a) Chemical structures of vanadium compounds in crude oil [16] (reproduced from ref. [16]
with a permission from Elsevier), (b) vanadium to nickel ratio as a function of total vanadium content
in the crude oil for different oil fields in Russia, (c) vanadium to nickel ratio in asphaltene fraction for
the same oil samples upon standard extraction with heptane. Vanadium content in the asphaltene
fraction reaches 1% mass, nickel mass is about twenty times as low (redrawn using data from ref. [17]).

The metal-containing molecules with strong coordination bonds between the metal and the
surrounding organics are separated from the lighter components by fluid/critical/supercritical
extraction and broken in the processes of thermal and catalytic cracking of the HPF, hy-
drogenation, coking and gasification. Each process listed above generally yields a lighter
fraction, is more or less conveniently usable (as fuel, in organic synthesis, etc.), and has
a denser “residue”, enriched with carbon and heteroatoms. Metals always tend to stay
with the residue. Each of the stages of oil processing can therefore be regarded as a demet-
allization process, which produces the desired product and “waste”, which is often the
raw material for the next stage. The heavier products, which are of interest as sources of
metals, are:

(i) Heavy fuel oil. Although attempts to recover metals from heavy oil without combus-
tion exist, there are few and these methods are not well established.

7
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(ii) Asphalt, a solid or semi-solid bituminous residue from mostly critical and supercritical
extraction. Asphalt can be coked and gasified, or can be used for metal recovery as is.

(iii) Cokes from delayed coking and flexicoking; also, coke gasification produces soot
enriched with metals, which can also be used as a source of metals.

(iv) Ashes from heavy oil and coke combustion.

Below, we describe the techniques for metal recovery at each stage. The conclusion
gives a summary comparison of the approaches.

3. Pre-Combustion Metal Recovery from Fluid Oil

3.1. Electrochemical Approaches

The electrochemical methods described here attempt to break the metal complexes
in the liquid phase, and thus do away with any thermal-based demetallization treatment.
Despite the hydrophobicity of the complexes, they can be either dissolved in a non-aqueous
medium of a reasonable conductivity or dispersed in water (say, as a fine emulsion or a
micellar solution), where they can be subjected to electrochemical oxidation or reduction. It
is important that the organometallic compounds are among the most polar in the crude.

Electrochemical approaches are versatile, eco-benign and the metals can potentially be
obtained in pure, easily usable forms. The fundamental possibility of the electrochemically
assisted demetallization of porphyrins has been explored since the 1960s [18–20]. The
efficiency depends on the composition of the electrolytic medium, the electrode material and
the applied voltage. Ovales et al. [21] systematically studied the electrochemically assisted
processing of HPF, including the reduction of polyaromatic compounds, demetallization
and desulfurization. Demetallization and desulfurization of the real crudes could not be
achieved simultaneously (high metal yields corresponded to low sulfur yields). Up to 81%
of metals were successfully removed from bitumen residues, but the currents were as low
as 0.01–0.02 A/cm2 of the electrode surface, with an approximate maximum of 0.002 eq. of
metals per m2 s.

Jorge et al. [22] investigated the electrochemical decomposition of vanadyl tetraphenyl-
porphyrins dissolved in xylene and dispersed in aqueous solutions of K2SO4. The electrol-
ysis of the two-phase system was carried out potentiostatically. A steady-state regime with
a constant current density was reached. The demetallization mechanism included vanadyl
oxidation followed by the formation of cationic and zwitterionic radicals which led to the
destruction of the porphyrin cycle. This work demonstrated a possibility for vanadium
extraction via the electrolysis of a fine liquid emulsion. Welter et al. [23] attempted the
demetallization of two synthetic compounds, vanadyl (IV) meso-tetraphenylporphyrin
and vanadyl (IV) octaethylporphyrin, as well as Ayacucho Venezuelan crude oil samples
by electrochemical techniques. They found that a protonated medium was essential for
metal removal. Metal extraction resulted in the formation of free porphyrins that were
not destroyed by the electrolysis. The cycling voltammograms were measured in a wide
range of applied voltages (−2.3 to 0 V vs. Ag/Ag+) and were quite complex (Figure 2). The
best metal extraction from commercial petroporphyrins (84%) was obtained on the glassy
carbon electrode at −2.3 V in 0.1M HClO4 solution in 4/1 vol. mixture of tetrahydrofuran
and CH3OH. For crude oil samples, the best metal yield was 66.4% of graphite, while
for direct electrolysis on crude, the yields were 7.5% of vanadium, 8.2% of nickel and
79.6% of iron in charge efficiency. The ambitious goal of precipitating different metals in
relatively pure forms with a successive step-by-step reduction at different voltages was
not achieved because of very slow reduction kinetics. To increase the current, the authors
had to increase the overpotential, which resulted in different reduction reactions running
concurrently. According to the paper, “the results of commercial interest related to direct
demetallization in crude oil still remains as an open challenge for electrochemists.” As far as
we understand, this challenge still remains open as of today. A somewhat similar attempt
was made by Kurbanova and co-authors [24]. The authors used ethanol as a solvent, and
the currents were significantly higher than in previous studies, 0.035 A/m2 (assuming
we understood the text correctly). It should be noted that as soon as the crude oil (rather
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than the extracted porphyrins) is diluted with expensive solvents [24], the process becomes
economically non-viable.

Figure 2. (a) Electrochemical cell used for electrolysis of metal–porphyrin compounds in polar non-
aqueous solvents. (b) Cyclic voltammograms of mesotetraphenyl in THF/LiClO4/MeOH/HClO4
solution on platinum, voltage change rate of 50 mV/s, ambient conditions. (c) Cyclic voltammograms
of vanadyl mesotetraphenyl at the same conditions. M1 reduction wave at −1 V is associated with
direct electron transference to the porphyrin nucleus and is reversible. M2 is related to metal oxidation
and is not fully reversible. Reproduced from ref [23] with permission from Elsevier.

Afanasieva et al. [25] applied electrolysis to a micellar solution of metal-containing
asphaltenes. The authors experimented with both synthetic porphyrins and Castilla crude
oil. The oil was mixed with either 0.2M LiClO4 solution in THF and methanol (70/20 vol)
or 0.5% H3PO4 + 0.1 M LiClO4 in the mixture of THF and acetonitrile, and then the solution
was electrolyzed. Cyclic voltammograms were measured at potentiostatic conditions
between −2 V and 0 V vs. Ag/Ag+. As a result, 80%+ of the metals (V, Ni and Fe)
precipitated on the carbon electrode. Theoretically, such a method can separate the different
metals contained in the asphaltene mixture. The kinetics, however, was also a serious
problem: the currents were so low that metal separation was not achieved even in the
laboratory experiment, and the conclusion made by the authors indicated that as of 2015,
the electrochemical route was not viable. This was not surprising since the electrolysis was
performed with a non-aqueous micellar solution. Increasing the overpotential in order to
improve the kinetics was hardly reasonable due to numerous side reactions.

Electrolysis was also applied to the products of asphaltene reduction in an effort to ex-
tract vanadium and nickel [26]. Portions of the Boscan asphaltenes were treated with Raney
nickel (a fine-grained solid composed mostly of nickel derived from a nickel–aluminum
alloy [27]) and electrolyzed in LiCl solution in ethylenediamine. According to the study, the
loss in vanadium was proportional to the loss of metalloporphyrins. While interesting, this
technique does not seem economically promising: the process is quite complex, requires
the re-solubilization of asphaltenes and does not promise much in terms of kinetics.

Electrochemical techniques can also assist metal extraction by hydrogenation. For
example, Acevedo et al. [28] deposited vanadium and nickel from tetraphenylporphyrins
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dissolved in CH3Cl. Hydrogen was generated by electrolysis and diffused through a Pd
electrode which served as a catalyst in non-aqueous hydrogenation.

In summary, electrochemical methods are attractive for several reasons, and efforts
to make them viable have not ceased. The hydrophobicity of porphyrin structures still
makes electrochemical deposition very slow for the necessity to use non-aqueous solvents
or colloidal solutions. As of today, electrochemical extraction provides moderate to high
yields, but the kinetics are always questionable. The slow kinetics problem has not been
resolved, and electrochemical methods, often called “most promising” are in fact not close
to commercial applications.

3.2. Bioengineering Approaches

This section describes interesting ideas, each of which was reported in a single or
in very few research papers and/or patents. These methods are apparently far from
any commercial implementation, but deserve attention as interesting concepts for the
future. Bioengineering approaches are inspired by the vigorous efforts invested into the
biodegradation of crude oil (e.g., [29]). Metalloporphyrins are specifically targeted in a
number of studies [7]. As a result of the biodegradation of the metalloporphyrins, metal
ions are leached from the extremely stubborn asphaltene precipitate to forms that are
more or less accessible to electrochemical and other methods. Preliminary studies were
carried out on pure substances—surrogates of petroleum organometallic compounds. For
example, in ref. [30], fungal cultures of aspergillus were used to decompose vanadyloxide
octaethylporphyrin. The protoporphyrins of nickel were decomposed [31] by a very
complex process using an enzyme obtained from P. azelaica YA-1 cultures. As means to
obtain metals, bacterial and yeast cultures are hardly promising as of today: it is not even
exactly clear as to what raw source they should be applied to. Yet, it is not impossible that
crude oil biotransformation will also lead to metals in reasonable forms and quantities.

3.3. Other Alternative Approaches

Shiraishi et al. [32] proposed a photochemical process to destroy the most stable bonds
between metal and porphyrin rings. The authors first considered a simultaneous photore-
action and extraction in a two-phase oil/water system (Figure 3). The results obtained for
vanadium (IV) and nickel (II) tetraphenyl porphyrins dissolved in tetralin were compared
with the results obtained for the residues from the atmospheric distillation of a crude oil
samples. It was found that the first process was able to demetallize the “free” metallopor-
phyrins, but experienced difficulties in demetallizing “bound” metalloporphyrins, which
are strongly associated with asphaltene molecules in the oil residue. In order to weaken
this association and thus convert bound metalloporphyrins into free ones, a protonating
solvent, 2-propanol, was added to the residual oil and subjected to photoemission. Then,
the 2-propanol was evaporated, and the resulting oil residue was processed with an aque-
ous HCl solution, into which the vanadium and nickel successfully dissolved. In total,
93% of vanadium and 98% of nickel were extracted from the atmospheric residue; 73% of
vanadium and 85% of nickel were extracted from the vacuum residue, respectively [32].
This method looks interesting, but suffers from the same problems as the electrochemical
methods: the photochemical process is rather slow and the procedure requires relatively
expensive solvents.

Lebedev et al. [33] proposed metal extraction using a microwave discharge. The
focusing lens was placed against the side wall of the oil tank, and an antenna wire was
inserted into the tank. As a result of the expansion and formation of plasma around the
antenna, a solid residue of a fractal structure was formed on the wire. The residue contained
metals in high concentrations (order of magnitude greater than in the parent bitumen); the
metals were easy to leach with an acid. The practical significance of the idea is unclear,
since: (i) metals still have to be extracted from the residue; (ii) the scalability of the process
is dubious; and (iii) the process leads to the formation of conductive carbon particles in
the liquid phase, thus preventing the process from being repeated. Garyfzyanova [34] also
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proposed the application of a plasma arch to cause the pyrolysis of heavy oil products
into lighter hydrocarbons with the deposition of a residue containing soot and metal
oxides. Trutnev et al. [35] proposed sonication to facilitate the recovery of metals (V, Ni, Cr
and W) during the thermal cracking of crude oil. Finely dispersed metal oxide particles
were introduced to the liquid-like residue obtained by thermal cracking and heated to a
temperature of 380–420 ◦C. The application of an acoustic field to the dispersion is supposed
to facilitate the precipitation of the particles and separation of the metal-containing fraction,
which is periodically removed and subjected to calcination and purification, thus recovering
both metal particles and porphyrins. We are not aware of any practical application of
this idea.

Figure 3. The proposed photodecomposition pathway for vanadyl (IV) tetraphenylporphyrin by
photoirradiation to the tetralin + vanadyl (IV) tetraphenylporphyrin/water two-phase system [32]
(reproduced with permission).

4. Pre-Combustion Metal Recovery from Petroleum Cokes

4.1. Metal Content in Petcokes

Petcoke results from the thermal cracking of heavy petroleum feedstock and is used
as a fuel and in metallurgy. As always, in coking processes the coke is a “residue” enriched
with metals, which are undesirable pollutants in metallurgy and energy production. A
DTE petcoke technical data sheet (according to ref. [36]) estimated the vanadium content
in petcokes at 0.12% and nickel content as 0.025% wt. in 2009. A recent thesis [37] cites a
vanadium content of 0.1 to 0.2% and nickel content from 0.0035% to 0.06%. The current
standard for the needle coke used in metallurgical electrode production is <0.025% vana-
dium, and the actual content is even lower [38]. ExxonMobile advertises the coke from
flexicoking units for metal reclamation [39]. This section reviews the techniques of pre-
combustion metal removal. Processing with acids, bases, sintering with salts and oxidation
are mainstream methods in the published efforts. It is worth noting that similar methods
are applied in metal extraction from stone coal, spend catalysts and other industrial waste
materials [40–43].

4.2. Pre-Combustion Metal Leaching from Petcokes

Hepworth and Slimane [44] extracted vanadium and nickel from flexicoke obtained
from Orinoco crude by leaching with acids at atmospheric pressure followed by extraction
and crystallization. They obtained 99.6% pure V2O5. Acid leaching is more effective for
a lower valence state of vanadium (V2O3) than for a higher valence (V2O5). The effect of
vanadium re-leaching following the heat treatment using H2SO4or NaOH was also studied.
Vanadium recovery increased up to 98% by repeated leaching with 2M NaOH. Ultrasound
also facilitated vanadium recovery. Alvarado et al. [45] treated coal and petroleum coke
from Venezuelan oil with HNO3 solutions (!) and subjected the result to a heat treatment
in a microwave oven. In total, 93% to 98% of vanadium was recovered from the different
samples. Sitnikova at al. [46] extracted vanadium from cokes produced by delayed coking
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and flexicoking from West Siberian HPF samples. Similarly to ref. [45], leaching was
carried out with an oxidative solution (H2SO4 + NaClO) for 4 h at 70–80 ◦C. Here, 99%
of vanadium was extracted from flexicoke, and only 40% of the available vanadium was
extracted from the cokes produced by delayed coking. Ryumin et al. [47] leached vanadium
from petroleum coke with H2SO4. The coke was pulverized to <100 μm particles, heated at
380–420 ◦C in air for 2–6 h, then processed with a H2SO4 solution for 2–3 h at 90–100 ◦C.
Depending on the acid concentration, temperature and duration, 69–92% of the available
vanadium was extracted with 40–70% (!) carbon mass loss. Rudko et al. [48,49] treated a
lab sample of coke obtained from asphaltenes of West Siberian crudes with H2SO4 and
H2SO4–HNO3 mixtures of different concentrations. Coke that was manually crushed to
100 μm particles was exposed to leaching agents for 1–2 h at 100 ◦C. The degree of extraction
reached 90%, which looks good, but no data on the carbon losses were provided.

The kinetics of alkaline leaching of vanadium from flexicoking residues was also
explored. For example, in ref [50], flexicoke pulverized to 0.09–0.106 μm-sized particles
was exposed to concentrated solutions of Na2CO3 and NaOH in the presence of a H2O2
oxidant over 5 h at 100 ◦C. The ratio of liquid and solid phases was 6 to 1. A 72.7% degree
of demetallization was achieved.

Vanadium can be extracted from petrocokes by sintering with alkali metal salts at
temperatures below salt melting, and then leaching in aqueous media with acids or bases.
Patent [51] considers flexicokes, although does not limit the application to this specific
source. The disadvantage of this method is the loss of a significant part of the carbon mass
of the coke as a result of the process. Paper [52] applies a similar method for concurrent
sulfur removal and vanadium extraction. Only 60% of vanadium was extracted.

In general, the attempts to “have your cake and eat it” (that is, to extract metals and
efficiently use the carbon as a fuel or otherwise) have a long history and have not ceased.
The problem is the high carbon loss, which increases the cost and, in many cases, low
degree of extraction. A more subtle route to do away with the oxidation step is leaching
metals from coke or asphalt gasification residue, rather than from the coke itself [53,54].
Gasification is the processing of a dried residue (coal, coke or asphalt) with steam and
oxygen at high temperatures leading to a syngas (CO, H2 or CO2) and carbon soot enriched
with metals (review [55]). By thermodynamic and kinetic modeling, the authors [53,54]
attempted to find conditions that would lead to easy-to-extract metal compounds in the
resulting soot residue. The authors found that only a small fraction of molybdenum and
nickel would be reduced to pure metals; rather they would form carbides. Vanadium
would be reduced to V2O3, especially at lower gasification temperatures. The resulting
compounds are rather difficult to dissolve (vanadium dissolves in water in vanadate forms
only), and thus the process would require an extra oxidation step. As an alternative,
the authors explored controlled soot burnout to an ash and concluded that burnout was
superior as a method for metal recovery.

4.3. Conversion of Metals Contained in Petcokes to Other Products without Prior Leaching

There are exotic ideas that target metal conversion to useful products without the
isolation and purification of vanadium and nickel compounds. Abdrabo and Husein [56]
proposed the conversion of oil demetallization waste (namely, the gasification residue) to
the dispersion of metal oxide nanoparticles in heavy oil. This interesting idea does not
however fully qualify as a technique for metal recovery. Finally, Zhan et al. [57] synthesized
a vanadium-based metal organic framework (MOF) from vanadium-containing waste:
carbon black from an oil refinery. This idea is demonstrated in Figure 4. No matter how
interesting this idea is (it is!) as a method of vanadium recovery, this work is not very
convincing, because vanadium has to be converted in a reasonably usable form before
MOF synthesis.
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Figure 4. (a) Schematic illustrations of vanadium recovery from carbon black waste into V-MOFs:
(i) synthesis of vanadium–benzene dicarboxylate, and (ii) synthesis of vanadium–naphtalenedicarboxylate
nanorods. The cycling leaching process represents the usage of the first leachate as a leaching agent in order
to increase the concentration of vanadium in the second leachate. (b) The reaction route of catalytic benzyl
alcohol oxidation over the vanadium-MOF catalyst. Color codes in molecular structures and ball–stick
models: green balls (hydrogen atoms), gray balls (carbon atoms), red balls (oxygen atoms) and pink balls
(vanadium atoms). (Reproduced from ref. [57] with permission from ACS).

5. Ashes from Heavy Fuel Oil, Petroleum Coke and Asphalt as Sources of Metals

5.1. Fly Ash from Heavy Fuel Oil and Coke Combustion

Unlike CO2 and water, metal oxides are relatively non-volatile. During the combustion
of hydrocarbon fuel, they concentrate in the solid residue, aka ashes (Figure 5). The recovery
of metals from combustion products attracts intensive efforts and is (as of today) the only
path that is industrially implemented. The implementation started back in the 1970s.
The literature review in thesis [58] already described a long research history, and as of
1988, eight units of vanadium recovery from combustion residue operated in Canada and
Venezuela (according to review [6]).

As sources of metals, heavy oil (or “heavy fuel”) fly ash (HOFA) and ashes from
petcoke combustion are of special interest. Since most metals (V, Ni, Co and Fe) are
chemically bonded to the polyaromatic fragments of the asphaltenes, they are found in
the fly ash rather than the bottom ash of the pulverized or fluidized petcoke furnaces.
Metal-containing ash is a waste and substantial efforts are being invested into its utilization
(see special issue [59] and review [60]). The most common applications for fly ash are
composites [61], waste stabilization [62] and construction materials [63]. Still, about half of
the fly ash in the US is currently landfilled [64]. Using fine heavy oil and petcoke fly ash in
concrete and asphalt concrete is safer compared to landfill depositing, as metal emissions to
the environment are much slower when the metal-containing particles remain in a stabilized
form [65]. The prospective applications of fly ashes include even soil improvement [66].
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Figure 5. Top row (a,b) particles of fly ash from semi-solid asphalt combustion. The arrows indicate
metal-rich inorganic inclusions; the carbon phase is darker gray (reproduced from ref. [67] with
permission from T&F). Bottom row (c–e) ash particles formed during the combustion of heavy
fuel oil in boilers and (f) the particle size distribution (reproduced from ref [68] with permission
from Elsevier).

5.2. Controlled Combustion and Gasification of Petcoke to Obtain Ash Enriched with Metals

Although power plants are the main sources of fly ash, sometimes it makes sense
to burn refuse polluted coke or solid asphalt resulted from demetallization via critical
or supercritical extraction. The controlled oxidation generates ash that is easy to collect
and transport.

In 1945, a patent was granted [69] in the US for a method of vanadium recovery from
oil, which involved separation of the high boiling solid or semi-solid fraction (asphalt) from
the feed oil, burning and further oxidation of the product in a controlled manner and leach-
ing the metal from the resulting ash. The patent schematically presented the construction
of the furnace for the controlled burning of the asphalt. Note that metal recovery is the
specific target of asphalt oxidation here, rather than a byproduct of power generation.

Jack and co-authors [70] studied the possibility of the extraction of iron, vanadium,
nickel and titanium by hydrometallurgical methods from petroleum coke obtained during
flexicoking from the Athabasca oil bitumen sands. When treated with strong acids, the
extraction of vanadium, iron and nickel was more than 50%, while only 20% of titanium
was extracted. By means of weak acid leaching, nickel extraction was about 30%, but no
transition to a solution of other metals was achieved. If coke obtained from the bitumen of
Athabasca oil sands by flexicoking or the usual method of delayed coking is oxidized by air
at temperatures below 500 ◦C, then the vanadium and nickel remaining in the ash are easily
leached by acid: the solid residue is treated with acids, as a result of which the metals pass
into the solution. Nickel and cobalt are extracted as cations [Co(H2O)6]2+, [Ni(H2O)6]2+,
and vanadium is extracted in the form of isopolymers; for example, (V2O7)4–, (V3O9)3–, etc.

A straightforward method of extracting vanadium from petroleum coke proposed
by Gardner [71] is based on the complete gasification of coke, the production of ash and
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combustible gas and the extraction of vanadium from the ash. For the flexicoking residue
specifically mentioned by the author, such an approach may be fully justified. For example,
two Canadian companies, MGX Minerals and Highbury Energy, announced a venture to
recover metals from excessively vast petcoke stockpiles close to the Athabasca region in
Alberta, Canada [72]. Gasification units were developed specially for the project. According
to the report [73], MGX studied thirteen coke samples from two different stockpiles. The
two stockpiles contained 0.042% and 0.046% of vanadium (wt% of dry petcoke). The ashes
contained 6.6% and 45% of V2O5, correspondingly.

5.3. Hydrometallurgical Approaches for Metal Extraction from Ash

Heavy oil fly ash (HOFA) is a by-product generated in power plants by the burning of
heavy fuel oil. The main constituent of HOFA is unburned carbon; it also contains other
elements such as As, Cd, Co, Cr, Hg, Ni, Pb Cu, Zn, Se, Ca, Mg, Na and Si. The composition
and physico-chemical characteristics of HOFA were studied quite comprehensively. HOFA
particles have a typical size of 10–100 μm [74], although the size depends heavily on the
process. The bulk density of HOFA varies from 0.50 to 1.50 g/cm3 and the porosity is
estimated as 10.31% [75]. A comparison of the BET [76] surface area and the particle
size reported in ref. [77] also suggests a substantial porosity. The metal content of HOFA
varies widely (depending on the raw material and the combustion process), but is always
significant. HOFA consists mostly of carbon [78] and contains large amounts of sulfur.
Besides vanadium and nickel, HOFA samples can contain substantial amounts of zinc
and iron, and traces of cobalt, chromium, lead and copper [68]. Carbon soot is the most
significant constituent of HOFA; the total metal content can approach 5% [68,79–82]. For
example, Jung and Mishra measured the metal content by inductively coupled plasma
atomic emission spectroscopy and X-ray fluorescence. Their samples of HOFA contained
2.2% wt vanadium, 1.9% germanium and 0.4% nickel. Carbon constituted >93% wt of the
total HOFA mass. Vanadium is mostly present in HOFA in the Mg3V2O8 form. It is worth
mentioning that the V/Ni ratio does not obey the relationships common to heavy oil [83],
possibly suggesting metal loss.

The metal content in ashes depends on the combustion process and on the ability to
collect the fly ash (by electromagnetic traps). Linak and Miller [84] burned gasified coals
and fuel oil in laboratory installations simulating power plants. Coals with various sulfur
and metal contents were used: the vanadium content ranged from 2.25 to 13 μg/g, and
the nickel content ranged from 0 to 6.4 μg/g of the raw materials. The highest content
was in a high grade fuel oil sample, 220 μg/g. Next, the metal content in the trapped
particles formed during combustion was measured. The type of combustion equipment
played an important role: during the combustion of fuel oil in narrow tubes surrounded
by water, which led to the rapid cooling of the combustion products, a large number of
very small non-trappable particles formed, and the metal content in the trapped ash was
lower. The metal content in the smaller particles was always higher than in the larger ones.
When combustion occurred in a larger volume (water was supplied in the tubes, burning
was conducted in the surrounding space), the combustion products cooled more slowly,
which led to larger particles and a vanadium content up to 13.6%. Since the processes of
burning coal and petroleum coke are similar, it is expected that in ash with a particle size
smaller than 2.5 μm, the metal content in the fine ash fraction is increased by 25–100 times
compared to the original coke. For HOFA, we might expect the ratio of 250+ times.

The main approaches to metal extraction are based on solvent extraction/leaching, roast-
ing/calcination with salts also followed by leaching and controlled oxidation to burn out the
carbon and obtain metal oxide mixture to an almost-pure form. The degree of recovery and
the selectivity are two main targets. The straightforward approach is a “hydrometallurgical”
recovery of vanadium and nickel directly from HOFA by acids [85–89], bases [90–93] or
water [94] leaching. Vanadium is oxidized to vanadate forms (by O2 [85], H2O2 [90,95],
HClO [8,96], etc. [86,87]) and precipitated with non-alkali cations or an ion exchange [97].
Then, it can be isolated and purified with recrystallization or solvent extraction [88,89]. We
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will not describe all these studies here; a comprehensive review can be found in [98] with
the focus on the removal rather than the recovery. The process can be assisted by sonica-
tion [99]. The straightforward procedure promises moderate success. Al-Degs et al. [68]
used various solvents (HNO3, NaOH, EDTA, etc.), as well as acid and base solutions on
a set of HOFA samples to extract different metals (Ni, V, Mo, Cr, Zn, Cu and Mg) and
recovered up to 95% of the total magnesium and up to 15% of the total vanadium, for
which the yields were notably low. Other published studies report a somewhat higher
recovery [100]. For example, in paper [101] leaching HOFA with 0.5 N sulfuric acid resulted
in the extraction of 65% vanadium, 60% nickel and 42% iron. During leaching in a 2M
NaOH, vanadium recovery was 80%, and nickel recovery was insignificant, which allows
for the selective recovery of metals. Selective nickel extraction was achieved with a mixture
of ammonium water and ammonium sulfate. Paper [102] followed similar pathways of
vanadium extraction from HOFA, but explored in finer details the influence of process
parameters, such as the solvent composition, time, particle size and mixing rate. Navarro
and co-authors [103] treated HOFA with alkalis to selectively separate vanadium in the
form of soluble vanadates, from which insoluble forms were precipitated with non-alkaline
metal ions. Generally, leaching at a high pH is selective to vanadium, while other metals,
including nickel and cobalt, are leached by acids. A three-step process of metal extraction
from Orimulsion fly ashes was presented by Vitolo et al. [80].

5.4. Roasting with Salts and Controlled Oxidation

Fly ash sintering (roasting, calcination) with salts in order to convert metals (vanadium
and nickel, first of all) to forms better suitable to leaching makes another group of traditional
methods that can be traced back to at least early 1980 [58]. Gomez-Bueno et al. [104] roasted
the ashes from Athabasca HPF combustion with NaCl at 875–950 ◦C prior to leaching with
an alkali at boiling temperatures. The authors recovered 85% of the available vanadium.
Holloway et al. applied a very similar approach to oil sands fly ash [105]. The same
group examined the selectivity of vanadium extraction and found that roasting with high
amounts of Na2CO3 allowed for the selective recovery of vanadium, and somewhat later,
they proposed the production technology [106]. Recent developments include roasting
oxidation for the selective recovery of vanadium that could be leached by water, and nickel
that could only be recovered with acids [107]. More than 80% of the available vanadium
was recovered as a result.

The approaches to fly ash from petcoke combustion are similar. Vasilyeva et al. [108]
studied the elemental composition of ash produced by the combustion of petcokes of
Syrian origin. The very scheme of leaching vanadium compounds dates back to a very old
patent [109]. Most attempts to isolate metals involve the roast-and-leach approach [110]. For
example, Rezai et al. [111] recently applied roasting with Na2CO3 and nitric acid leaching to
extract a wide group of metals from coal coke. Ziyadanoğullari [112] applied the roast-and-
leach approach to asphalt residue after critical solvent extraction and was able to recover
70%+ of the available vanadium. Petcokes are more often subjected to controlled oxidation
prior to calcination with salts in order to remove most of the remaining carbon [113,114].
Kadhim [115] applied a two-stage process: first, the ash was treated with air at 650 ◦C and
850 ◦C in order to reduce the carbon content. Then, the product was processed with NaOH
to extract the vanadium. Vitolo et al. [80] also conducted preliminary oxidation with air at
650 to 1150 ◦C, below the initial deformation temperature of the fly ash. The temperature
of the preliminary burning step substantially influences the outcome. Above 950 ◦C, the
volatilization of vanadium and the formation of V–Ni refractory compounds adversely
affected the recovery of vanadium. The burning temperature of 850 ◦C was found to be the
optimum as a result of the trade-off between the overall vanadium recovery yield (83%)
and the V2O5 weight percentage in the precipitate (84.8%). For coke from oil obtained
from the oil sands of Western Canada, a complex process was proposed [116], including:
(i) the burning of ash in the presence of oxygen and NaCl (5 to 35% wt of the petcoke)
at temperatures ranging from 700 ◦C to 950 ◦C; (ii) leaching of the residue with aqueous
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solutions at pH = 5–12 and temperatures ranging from room to boiling until a significant
portion of the vanadium dissolves; and (iii) precipitation of metavanadate ammonium with
a solution of ammonium chloride or sulfate acidified to a pH = 2–3.

Volkov et al. [82] published a detailed analysis of HOFA roasting with Na2CO3 followed
by aluminothermic melting. The process leads to a “slag” enriched with V, Ni and Fe in
various forms (NaMg4(VO4)3, NaVO3, CaxMgyNaz(VO4)6; (FeV2O4), V2–x–y–zFexAlyCrzO3,
Mg1–x–y–zNixFeyVzO). The metals were leached with either acid or base solutions. Leaching
from the slug was far more effective compared to the direct leaching from the HOFA source
(72.3–96.2% V and about 90% Ni was recovered with H2SO4). A somewhat similar method
was previously applied to vanadium-containing sludge, which is a byproduct of vanadium
pentoxide obtained by hydrometallurgical methods. Vanadium was mostly in the FeO·V2O3
form. The authors explored various oxidation roasting methods for a sludge treatment to
facilitate vanadium extraction. Oxidation roasting of the sludge at 1000 ◦C with 1% CaCO3
increased the acid-soluble V2O5 from 1.5% to 3.7% and lowered the content of FeO·V2O3
from 3% to 0.4% [117]. Vanadium and nickel from flexicoking waste were isolated by
Queneau et al. [118] by pressure oxidation: steam with a pH = 9.5 was supplied under
pressure in an industrial-type facility. Exothermic reactions produced enough steam to
generate enough electricity to make the process self-sustainable. Vanadium and nickel are
concentrated in some kind of ash in carbonate forms and converted to high purity salts
and then oxides with extraction and crystallization. The general scheme of vanadium and
nickel extraction from fly ash is shown in Figure 6.

Figure 6. Composite scheme of hydrometallurgical vanadium and nickel recovery from fly ash,
according to the literature. There are many modifications of this process; for example, Liu et al. [8]
describe chlorination-based methods.

5.5. Pyrometallurgical Methods

Pyrometallurgical approaches [119–122] are qualitatively different from sintering
with salts or controlled oxidation; their product are alloys of the target metals with a
less expensive metal, usually Fe. For example, Xiao et al. [120] suggested an interesting
pyrometallurgical method to recover vanadium by obtaining a ferrovanadium alloy from
two industrial waste resources: petcoke fly ash and flue dust. A ferrovanadium alloy with
about 20 wt% vanadium was obtained at 1550 ◦C. On average, about 30% of the metal
yield was obtained during smelting of the mixture of petroleum fly ash to flue dust in a
4/5 weight ratio. Sun et al. [122] proposed a pyrometallurgical process to recover nickel
in the form of an Fe–Ni alloy from coal fly ash, spent petroleum catalyst, CaO, Fe powder
and H3BO3.
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Finally, Tectonics’ DC operates a plasma arc melting furnace (PAF) to recover metals
from the ash that is used just as any ore [123]. In PAF, the content is melted under an inert
gas atmosphere at an ambient pressure with the plasma arc torch column which provides
temperatures sufficient for the production of metals. Wet materials containing substantial
amounts of water can be heated safely and effectively in a plasma arc smelting furnace.
The recovery of nickel as an Fe–Ni alloy and a vanadium-rich slag is achieved with a
carbothermic reduction process common in pyrometallurgy: nickel and iron oxides are
reduced by carbon. Then, vanadium as an Fe–V alloy from the first stage slag is obtained
via reduction with aluminum. Nickel and vanadium are thus obtained separately in this
two-stage process. Further processing of the alloys (especially the first stage Fe–Ni alloy)
may be required to meet the standard ferroalloy specifications.

5.6. Bioengineering-Based Approaches to Post-Combustion Extraction Metals

Bioengineering approaches to vanadium and nickel separation from ashes appear to
be far from production but potentially promising [124]. Li and co-authors [125] studied the
metabolism of vanadium in technologies where coke was mixed with an organic matter of
biological origin. It must be said that the bio-demetallization of coal combustion products
has been studied for quite a long time, and it is based on the consumption of carbon
residues by microorganisms. Rasulnia and Mousavi [126] applied fungal microorganisms,
including ordinary penicillin, to produce vanadium and nickel from ashes (Figure 7). The
utilization of carbon for the vital activity of fungi leads to the release of metals, because
microorganisms do not absorb metal ions, which in high concentrations are harmful to
them. Fungal cultures are introduced to fairly dense suspensions of ash in water. Metal ions
can be precipitated into insoluble forms. At a temperature of 60 ◦C, 90% of vanadium and
about half of nickel were extracted within a week. The process is long but environmentally
benign. Generally, the idea of the biological extraction of metals received wide interest,
including applications to metallurgical slag [127], the ash from municipal waste [128–130],
wastewater treatment and the extraction of metals from the wreckage of electronic devices
(review [131]).

Figure 7. The effect of bioleaching in FE-SEM images of the surface morphology of the original HOFA
particles (left) and the before and after bioleaching at ×6.00 K magnification (right). Reproduced
from ref. [126] with permission from RSC.

6. Conclusions

Table 1 lists the main approaches to metal reclamation from the products of HPF
processing, their advantages and disadvantages, the stages of development and commer-
cialization. The successful commercial projects of metal extraction from HPF have existed
for decades. Nevertheless, they remain relatively small and “local”: metal reclamation
seems to have not reached the scale comparable with traditional sources—the slag from
steel production and the direct production from vanadium-bearing ores. Post-combustion
metal extraction from power plant ashes and gasification residues is the only route of metal
recovery from the HPF commercially explored on a regular basis as of today. Metal-polluted
ash is really a waste that needs to be safely disposed of. In general, the approaches to recov-
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ery are somewhat similar to those applied to the metal extraction from slag. The important
difference is the high carbon content of the fly ashes, while the slag consists primarily of
metal oxides, silicates and phosphates, [132] with V2O5 content up to 20 wt% [133] (we did
not review the vanadium extraction from the slag since it is mostly of non-petroleum origin
and was described extensively [133,134]). The environmental challenges specific to the fly
ashes are related to the ash capture (as we showed, metals are contained in a small particle
fraction that needs to be captured), storage and transportation. Pyrometallurgy is energy-
intensive, but relies on relatively traditional smelting technologies. The hydrometallurgical
route is the most studied in the literature and can be easily adjusted to the various types of
raw materials. Most research efforts are also concentrated in these traditional and mature
areas. The progress is mostly incremental and follows the prospective industrial demand.

Table 1. Summary of the main methods of vanadium and nickel extraction from HPF demetallization
residues.

Source Method Advantages Disadvantages

Heavy oil
Electrochemical:

Emulsification/solvation in
non-aqueous solvent, electrolysis

Convenient,
environmentally benign, Very slow

Very unlikely to reach
industrial implementation

potentially selective

Coke Leaching with acids, solvents Simple Loss of reagents on
carbon oxidation

In perspective, inferior to
other methods

Coke or
solid asphalt Oxidation or gasification to ash Produces syngas

Good way to utilize low
quality or refuse material

Implementation underway

Ash from
heavy oil and

coke combustion

Hydrometallurgy: oxidation–
roasting–leaching–precipitation

Source is really a waste;
Extraction is a low

energy process

Complex, multi-stage; fly
ash collection, storage and
transportation is difficult

Most used and studied, will
remain for a while

Pyrometallurgy: reduction to
V–Fe and Ni–Fe alloys

Metals obtained in
convenient form

Energy consumption,
expensive equipment

Ready technology, will
remain for a while

Bioengineering Environmentally benign Slow, not studied enough Years of research needed,
but potentially viable

Where we may expect serious developments is metal reclamation from the residues
resulted from the on-site supercritical extraction of the lighter components from heavy oil.
The on-site extraction and hydrocracking of super heavy oils are aimed at resolving the
transportation problem: currently, very viscous heavy oil is often diluted with lighter oils
just to be transported to refineries. The on-site extraction yields liquid and solid products
that are much easier to deal with. Whether the semi-solid asphalt obtained on-site is worth
further cracking processing depends on the original crude and the extraction conditions,
which can be tailored to deeper extractions (less saturates and lower aromatics on the
residue; more organometallic compounds in the deasphaltate) or shallower extractions
(deeper demetallization; more SAR in the residue). In the case of a deeper extraction, the
asphalt might likely be treated similarly to petcoke with gasification and hydrometallurgical
extraction, but further research to optimize the extraction and metal reclamation is needed.

The other area of actively increasing research activity is bio-extraction from ashes
with fungi species known to accumulate vanadium and/or consume the carbon fraction
of the ashes. How long it may take to develop into ready technologies is hard to predict;
it is possible that the bioengineering methods will never become commercially viable.
As we may see from the review, the pre-combustion extraction of metals from petcoke,
electrochemical extraction and exotic methods are very far from commercial application
and are unlikely to develop into real technologies anytime soon.
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Abstract: In order to maximize the reuse of used electronic component resources, while reducing
environmental pollution, Cu metal was recycled from wasted CPU sockets by the reformative slurry
electrolysis method. However, the influences on the regulation of the Cu recovery rate and purity
from waste CPU slots, by slurry electrolysis, has not been systematically elucidated in previous
studies. In this work, the effects of H2SO4 concentration, slurry density, NH4Cl concentration, current
density, and reaction time, on the recovery rate and purity of Cu in slurry electrolysis, were researched
by systematic experimental methods. The results showed that the recycled metal elements were
mainly present as powders from the cathode, rather than in the electrolyte. Moreover, the metallic
elements in the cathode powder consisted of mostly Cu and small amounts of Sn and Ni. The recovery
rate and purity of Cu were up to 96.19% and 93.72%, respectively, with the optimum conditions
being: an H2SO4 concentration of 2 mol/L, slurry density of 30 g/L, NH4Cl concentration of 90 g/L,
current density of 80 mA/cm2, and reaction time of 7 h. Compared with previous studies, the Cu
recovered in this experiment was present in the cathode powder, which was more convenient for
the subsequent processing. Meanwhile, the recovery rate of Cu was effectively improved. This is
an important guideline for the subsequent application of slurry electrolysis for Cu recovery.

Keywords: wasted CPU socket; slurry electrolysis; recovery rate of Cu; purity of Cu; current density;
slurry density

1. Introduction

Today, environmental protection is an urgent topic. With the rapid development of
society, resources are rapidly being consumed and a large amount of garbage is generated,
most of which is not fully used, or could be reused [1,2]. Among all waste, the growth
rate of e-waste has accelerated with the frequency of technological updates [3–5]. In 2016,
the global output of e-waste was 44.7 million tonnes, while in 2019, the figure reached
53.6 million tons, with an average annual growth rate of 6.64 percent. Asia alone generated
24.9 million tonnes of e-waste. The global production of e-waste is expected to exceed
70 million tonnes by 2028 [6].

The composition of e-waste is complex, and up to 69 elements have been found in it,
including various precious metals (gold, copper, platinum, and palladium) [7,8]. Besides
that, there are also various pollutants (e.g. plastics) found in e-waste [9]. If not handled
properly, it can cause serious harm to the environment and human health. At the same time,
e-waste, also known as “misplaced resources”, generates a lot of economic losses [10,11].
The potential value of the e-waste generated in 2019, was estimated to be 57 billion US
dollars [6]. Research has shown, that the Cu content in the printed circuit board (PCB) of
an ordinary notebook computer is about 20 wt.%, which is much higher than the global
average copper grade [12,13].

Currently, the main recycling technologies for e-waste are mechanical-physical treat-
ment technology, biometallurgical recovery technology, and new recycling processes, such
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as supercritical fluid recycling treatment technology and slurry electrolysis recycling treat-
ment technology [14–16]. Slurry electrolysis is a technology that simultaneously performs
leaching and electrodeposition. The reaction of metals in slurry electrolysis is divided into
two parts: anode leaching and cathode reduction.

CPU sockets need to be pre-processed before slurry electrolysis. Zhao et al. [17]
separated the valuable metals from wasted mobile phone PCB particles using the liquid–
solid fluidization technique. Hanafi et al. [18] reported that a ball-milling machine was
preferable to a disc-milling machine, due to its uniform pulverization, but ball-milling
required a longer time than disc-milling. Yi et al. [19] cut CPU sockets first, and then
shredded them into pieces, with diameters less than 2 mm, using a cutting mill.

Electrolysis experiments are responsible for the recovery of Cu from e-waste. Veit et al. [20]
recovered metallic copper from wasted printed wiring boards by acid leaching, and then elec-
trolytic deposition of the acid leaching solution was carried out, which eventually obtained
metallic copper powder, with a purity of up to 98%. Subsequent researchers have further
explored methods for the efficient recovery of Cu by changing different variables. Chu et al. [21]
used electrolysis to recover copper powder from wasted PCBs and studied the effect of dif-
ferent factors on current efficiency and copper powder particles. Min et al. [22] developed
a multi-oxidation coupling with electrolysis strategy, for purifying PCB wastewater and recov-
ering copper. Guimarães et al. [23] found that electrolyte stirring and temperature increase
favor the cathodic recovery of copper from PCB powder concentrates, by direct electroleaching.
Byung et al. [24] simultaneously extracted precious metals such as gold, palladium, and plat-
inum, from scrap (PCBs) and cellular auto catalysts, by smelting. Zhao et al. [25] developed
an efficient process based on a hammer mill, pneumatic column separator, and electrostatic sepa-
rator, for recovering copper from scrap PCBs. Zhang et al. [3] used the slurry electrolysis method
to study the ultrafine copper powder obtained by adding different additives. Wang et al. [26]
performed electrolysis in a centrifuge, to recover high purity copper powder from a polymetallic
solution. The purity, current efficiency, and recovery of copper on the centrifuged electrode, were
significantly improved due to enhanced mass transfer compared to the non-rotating electrode.
Liu et al. [27] investigated the recovery and purification of Pd from waste multilayer ceramic
capacitors (MLCCs) using electrodeposition, and proposed an efficient and environmentally
friendly process for the recovery of waste MLCCs. Cocchiara et al. [28] explored the electro-
chemical recovery of Cu by cyclic voltammetry, the results showed that H2SO4–CuSO4–NaCl
could efficiently leach Cu from wasted PCBs, so that electronic components can be more easily
disassembled in their undamaged state, allowing for effective recycling and valorization of
base materials.

At present, the object of metal recycling is mostly wasted printed circuit boards (PCBs).
The composition of PCBs is affected by the manufacturer, age, and origin, but Cu is always
one of the most abundant metals in these materials [29]. CPU sockets act as important
components, utilized to connect CPUs and motherboards. To reduce resistance, the content
of Cu in CPU sockets is relatively high [30]. Although a wide range of studies have focused
on the recovery of precious metals from e-waste, researchers have mainly focused on the
extraction of metals in the electrolyte. This experiment investigates the extraction of metals
at the cathode, as well as the enhancement of the Cu recovery rate and purity.

2. Materials and Methods

2.1. Materials

The reagents used in the study included nitric acid (HNO3, 65–68%), sulfuric acid
(H2SO4, 98%), hydrochloric acid (HCl, 36%), ammonium chloride (NH4Cl), and hydrogen
peroxide (H2O2, 30 wt.%). All chemicals for the experiment used in the present study were
analytically pure and purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.,
Shanghai, China. All necessary leachate solutions used in the study were prepared from
the materials mentioned above, in deionized water.
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2.2. Waste Central Processing Unit Socket

CPU sockets were the same model (LGA1366) obtained from wasted computers, as
shown in Figure 1a. The samples of CPU sockets were manually shredded into approxi-
mately 10 × 10 mm2 pieces and stored for further preparation, as shown in Figure 1b. To
obtain the extremely tiny powder, the pieces were broken by a cutting mill (QE-300), as
displayed in Figure 1c. To separate the metallic powder from non-metallic powder, the
CPU socket powder was put in a centrifuge, which caused the layering of the metallic and
non-metallic powders, and then the non-metallic powder was removed by mechanical
vibration. After the sampling, the metallic powder was washed with ethanol and acetone,
and finally dried at 70 ◦C for 2 h.

Figure 1. (a) CPU socket, (b) CPU socket pieces, (c) CPU socket powder, (d) metallic powder.

2.3. The Detection of Metallic Powder

X-ray diffraction (XRD) was used to detect the composition of metallic elements in the
CPU sockets. To further probe the metal content in the CPU sockets, 0.1 g of collected CPU
socket powder was put into a polytetrafluoroethylene (PTFE) crucible, and then 20 mL
aqua regia (HNO3:HCl = 1:3) was added. When the aqua regia was heated to 200 °C and
then kept for 2 h, the lid of the crucible was opened to evaporate the solution to 1 mL.
Finally, the remaining solution was fixed to 50 mL by adding deionized water, and stored.
The leachate was analyzed by an inductively coupled plasma atomic emission spectrometer
(ICP-AES, Optima 8000). Furthermore, the powder samples were also characterized via
scanning electron microscopy (SEM, Quanta 200FEG), that was equipped with energy
dispersive spectrometer mapping (EDS-Mapping).

2.4. Slurry Electrolysis Experiment

Figure 2a shows the instrument used in the slurry electrolysis experiment. The
PTFE electrolysis cell was composed of a cathode part (7 × 6 × 4 cm3) and anode part
(7 × 6 × 6 cm3). A graphite rod was utilized as the anode, while the cathode was tita-
nium plate, and the electrodes were parallel to each other, with the distance kept constant.
Electricity during the experiment was provided by a DC supplier (MS305DS, Dongguan
Maihao Electronic Technology Co., Dongguan, China).
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Figure 2. Schematic diagram of (a) slurry electrolysis experimental equipment, and (b) slurry electrolysis.

The CPU socket powder sample was put into the anode part, and 100 mL electrolyte,
composed of 10 mL H2O2 (30 wt.%), 90 mL of different H2SO4 concentration solution,
and varied weight of NH4Cl (3–9 g) was added. Furthermore, the rotor of the magnetic
stirrer was set at 300 rpm in the anode section. Finally, a DC supplier was connected
to the graphite rod and titanium plate, and energized for the experiments. In the initial
electrolysis experiments, without NH4Cl, the current density was set to 80 mA/cm2. This
is the optimal current density for such electrolysis experiments, based on the study of
Zhang et al. [3]. The metal powder in the anode was dissolved by the combined effect of
the current and H2SO4.

To explore the influence of slurry density, the concentration of H2SO4 solution, NH4Cl
concentration, current density, and reaction time on the slurry electrolysis experiment, the
slurry density was varied between 30, 50, and 70 g/L, the concentration of the H2SO4
solution was varied between 1, 2, 3, and 4 mol/L, the NH4Cl concentration was varied
between 30, 60, and 90 g/L, the current density was varied between 40, 80, and 120 mA/cm2,
and the reaction time was varied between 3, 5, and 7 h.

After each experiment, ICP-AES was applied, to analyze the metal concentration of
the powders obtained from the cathode and anode, and the cathode powder was further
characterized by SEM and EDS. The relative error of the EDS analysis varies with the
elemental content; the smaller the content, the larger the relative error. The relative error is
2% when the content is >20 wt.%, 10% when the content is between 3 wt.%–20 wt.%, 30%
when the content is between 1 wt.%–3 wt.%, and 50% when the content is < 1 wt.%. The
whole experimental process is depicted in Figure 3.

28



Metals 2023, 13, 643

Figure 3. The procedure of the slurry electrolysis experiment.

2.5. Characterization

Recovery and separation of different metals from slurry electrolysis by electrodepo-
sition are based on their different reduction potentials. The reactions in the cathode are
shown by Equations (1)–(6) and the reactions in this experiment are shown in Figure 2b.

Cu2+ + 2e− → Cu E = 0.3419 V (1)

Sn2+ + 2e− → Sn E = −0.1375 V (2)

Ni2+ + 2e− → Ni E = −0.267 V (3)

2H+ + 2e− → H2 E = 0 V (4)

where E is the electrode potential, which is a value relative to the potential of the standard
hydrogen electrode (SHE).

Metal recovery rate (r) and purity (P) are calculated by following Equations (5) and (6):

rij =
mij
M

× 100% (5)

where i is Cu, Sn, or Ni; j is the electrolyte and cathode; rij is the recovery rate of i in j (%);
mij is the mass of i obtained in j (g); and M is the mass of metal contained in the waste CPU
socket (g).

Pij =
Mij
Mj

× 100% (6)

where i is Cu, Sn, or Ni; j is the anode, electrolyte, and cathode; Pij is the purity of metal of i
in j (%); Mij is the mass of i obtained in j (g); and Mj is the mass of metal obtained in j (g).

3. Results and Discussion

3.1. Characterization of the CPU Socket Powder Sample

As shown in Figure 4a, the main components of the CPU socket powder are pure
metals, including Cu, Ni, and Sn, also, the peaks of Ag and Au were discovered.
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Figure 4. (a) XRD of the CPU socket metal powder, (b) compositions of the CPU socket powder.

The metal content of the metallic powder was detected by ICP-AES, which was
consistent with the composition analysis by XRD. The amounts of different components in
the CPU socket sample are summarized in Figure 4b.

Figure 5(a-1) shows an SEM image of the CPU socket powder fracture surface. It was
detected, by EDS mapping, that the main elements of the CPU socket powder fracture
surface were Cu and Sn. The results are displayed in Figure 5(a-2,a-3). Figure 5(b-1)
shows an SEM image of the CPU socket powder surface, and Figure 5(b-2) shows the EDS
mapping of the SEM image. It was indicated that only Ni was detected. In Figure 5(c-1),
part 1 is the CPU socket powder surface and part 2 is the CPU socket powder fracture
surface, Figure 5((c-2)–(c-4)) shows that the metal matrix is Cu and Sn, and Ni is plated on
the surface as a coating.

Figure 5. ((a-1,b-1,c-1)) SEM images of different parts of the CPU socket powder, (a-2,a-3,b-2,c-2–c-4)
element mapping of Cu, Ni, and Sn for ((a-1,b-1,c-1)).

3.2. Characterization of Cathode Powder

A piece of metallic foil covering the titanium plate, and a large amount of powder
adhering to the metallic foil, are shown in Figure 6a. They were obtained under the
following experimental conditions: slurry concentration of 30 g/L, H2SO4 concentration
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2 mol/L, current density 80 mA/cm2, reaction time 7 h, and reaction temperature 15 ◦C.
Based on the color of the metal, it can be deduced that the percentage of Cu in the metal
was high. Metal foil was achieved after removing the powder from the titanium plate, and
Figure 6b shows an SEM analysis of the side of the metal foil near the titanium plate. It is
clear that a layer of dense metal, whose dominant component was detected to be 98.95%
Cu (Figure 6c), is present. This is because the current efficiency of the hydrogen evolution
reaction is not efficient enough to change the growth conditions of Cu. Figure 6d is the
magnified image of area 1 in Figure 6b, it is clear that Cu grew in a dendritic form, which
agrees with the data reported in [22].

Figure 6. (a) Cathode powder, (b) SEM image of Cu foil, (c) element mapping of Cu of Figure 6b, and
(d) the magnified image of area 1 in Figure 6b.

3.3. Effect of H2SO4 Concentration on Recovery Rate and Purity of Cu

Figure 7 demonstrates the effect of H2SO4 concentration on the purity and recovery
rate of the metals. In this experiment, the increase in sulfuric acid concentration from
1 to 4 mol/L led to an increase in the recovery rate. The other conditions were: slurry
concentration of 30 g/L, current density of 80 mA/cm2, reaction time of 7 h, and reaction
temperature of 15 °C. The recovery rates of Cu, Sn, and Ni in the cathode and electrolyte
after the slurry electrolysis experiment are presented in Figure 7a,b. As shown in Figure 7a,
the recovery rate of Cu in the cathode after the experiment increased from 65.10% to 77.77%,
with the increase in H2SO4 from 1 to 4 mol/L. The recovery rates of Sn and Ni in the
cathode increased with the H2SO4 concentration increasing from 3 mol/L to 4 mol/L,
from 26.50% to 55.25% and 11.59% to 15.51%, respectively. Figure 7b indicates that the
recovery rate of Cu in the electrolyte, after the experiment, remained at a fairly low level.
At H2SO4 concentrations higher than 2 mol/L, the recovery rate of Sn in the electrolyte,
after the experiment, rapidly increased, from 28.64% to 85.40%. The recovery rate of Ni in
the electrolyte, after slurry electrolysis, remained in a certain range.
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Figure 7. Effect of H2SO4 concentration on (a) recovery rate in the cathode, (b) recovery rate in the
electrolyte, (c) purity in the cathode, and (d) purity in the electrolyte.

Figure 7c shows the purity of Cu in the cathode after the slurry electrolysis experiment,
the purity of Cu first increased from 98.97% to 99.67% and then decreased to 93.33%, being
highest at the H2SO4 concentration of 2 mol/L. The purity of the Sn and Ni in the cathode,
after slurry electrolysis, remained at a low level as the H2SO4 concentration increased.
The purity of Cu in the electrolyte after the experiment decreased, from 6.35% to 0.36%,
when the H2SO4 concentration increased, as displayed in Figure 7d. The purity of Ni in
the electrolyte decreased from 8.51% to 4.11% when the H2SO4 concentration increased,
meanwhile, the purity of Sn in the electrolyte increased from 85.13% to 95.53%, as shown in
Figure 7d.

As the H2SO4 concentration increased, not only did the recovery rate of Cu in the
cathode remain stable, at near 70% when the H2SO4 concentrations were 2 and 4 mol/L, but
the recovery rate of Ni and Sn increased. In the electrolyte, Cu could hardly be found, and
the recovery rate of Ni remained around 10%, but the recovery rate of Sn increased. The
slurry reacted more rapidly with the electrolyte when the H2SO4 concentration was higher,
which caused a higher concentration of Cu2+, Ni2+, and Sn2+, and more deposition of metal
ions in the cathode. The increase in the concentration of H2SO4 leads to an increase in the
concentration of H+ in the electrolyte, which facilitates the leaching of metal from the anode,
thus increasing the concentration of metal ions in the electrolyte, but the concentration of
H+ can lead to severe hydrogen precipitation reactions if it exceeds a certain limit. The
recovery of Cu in the electrolyte is always smaller than that of Ni and Sn, because Cu
has a more positive potential compared to Ni and Sn and can be deposited preferentially
at the cathode. Compared to Ni and Sn, Sn has a more positive potential and can be
deposited preferentially, so as the H2SO4 concentration increases, the recovery rate of Sn at
the cathode grows faster than that of Ni, making the recovery rate of Sn greater than that
of Ni. The recovery rate of Sn in both the cathode and electrolyte continued to increase
with the increase in H2SO4 concentration, because the increase in H2SO4 concentration
increased the Sn2+ concentration, thus promoting the deposition of Sn at the cathode. The
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fact that the recovery of Cu in the electrolyte remained close to 0, indicates that the rate of
Cu deposition at the cathode was greater than the rate of Cu leaching at the anode, which
resulted in a minimal amount of Cu in the electrolyte. Although the H2SO4 concentration
had little effect on the cathodic Cu recovery, the increase in H2SO4 concentration increased
the recovery of Sn and Ni from the cathode, resulting in a decrease in the cathodic Cu
purity after the H2SO4 concentration reached 2 mol/L. In summary, the optimal H2SO4
concentration for cathodic recovery of Cu was 2 mol/L, when the cathodic recovery and
purity of Cu reached the optimum.

3.4. Effect of Slurry Density on Recovery Rate and Purity of Cu

Figure 8 demonstrates the effect of slurry density on the purity and recovery rate of
the metals. Experiments were conducted at different slurry densities, of 30, 50, and 70 g/L.
The other conditions were: H2SO4 concentration 2 mol/L, current density 80 mA/cm2,
reaction time 7 h, and reaction temperature 15 ◦C. Figure 8a shows that the recovery rate
of Cu in the cathode first increased, from 69.77% to 72.45%, and then decreased to 61.77%
when the slurry density increased from 30 g/L to 70 g/L. Figure 8b shows that the recovery
rate of Cu in the electrolyte was 0.10% at 30 g/L, 0.08% at 50 g/L, and 0.31% at 70 g/L, and
obviously, the value is approximately 0%, thus Cu cannot be found in the electrolyte. The
recovery rates of Sn and Ni in the cathode increased with the increase in slurry density. Sn
increased from 0.64% to 24.66%, and Ni increased from 0.24% to 20.35%, when the slurry
density increased from 30 to 70 g/L, as shown in Figure 8a. The recovery rate of Sn in the
electrolyte decreased, from 28.64% to 18.56%, when the slurry density increased from 30 to
70 g/L. At the same time, the recovery rate of Ni in the electrolyte increased from 10.28%
to 12.61%, as shown in Figure 8b.

Figure 8. Effect of slurry density on (a) recovery rate in the cathode, (b) recovery rate in the electrolyte,
(c) purity in the cathode, and (d) purity in the electrolyte.

Figure 8c illustrates that the purity of Cu in the cathode decreased from 99.64% to
86.35% when the slurry density increased from 30 to 70 g/L. Figure 8d shows that the
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purity of Cu in the electrolyte increased from 0.96% to 4.20%, when the slurry density
increased from 30 g/L to 70 g/L. In Figure 8c, Sn and Ni increased from 0.31% and 0.02%,
to 11.67% and 1.98%, when the slurry density increased from 30g/L to 70g/L, respectively.
The purity of Sn in the electrolyte decreased from 92.15% to 84.03%, when the slurry density
increased from 30 to 70 g/L. Meanwhile, the purity of Ni in the electrolyte increased from
6.82% to 11.76%, as shown in Figure 8d.

As the slurry density increased, the recovery rate of Cu in the cathode kept stable,
at near 70%, when the slurry density was 30 g/L and 50 g/L, and decreased at 70 g/L,
while the recovery rates of Ni and Sn kept increasing. In the electrolyte, Cu could hardly be
found, and the recovery rate of Ni increased, while that of Sn decreased. This was because
the slurry reacted more rapidly with the electrolyte when the slurry density became higher.
It caused a higher concentration of metal ions (Cu2+, Ni2+, Sn2+) and the rapid deposition
of metal ions (Cu2+, Ni2+, Sn2+) happened in the cathode, which led to a decrease in the
recovery rate of Cu.

With the increase in slurry density, the purity of Cu in the cathode decreased, and the
purity of Cu in the electrolyte remained near 0%. The purity of Sn in the cathode increased,
and the purity of Sn in the electrolyte decreased when the slurry density increased. The
purity of Ni in the cathode was kept at a low level and the purity of Ni in the electrolyte
increased, with the increase in slurry density. Because slurry with a higher density reacted
with the electrolyte, causing the densities of Cu2+, Sn2+, and Ni2+ to increase during
electrolysis, thus speeding up ion deposition at the cathode part. The increase in slurry
concentration, on the one hand, is beneficial to the leaching of scrap CPU slot metal
powder in the anode, which increases the concentration of metal ions in the electrolyte
and enhances the mass transfer, thus enhancing the deposition of metals in the cathode.
Cu is not active enough, compared to Ni and Sn, so Ni and Sn are more easily leached in
the anode. But on the other hand, the increase in slurry concentration means more metal
powder of waste CPU slots in the anode chamber, which will reduce the specific surface
area of the metal powder in contact with the electrolyte and thus affect the rate of metal
leaching. This indicates that the recovery rate of Cu at the cathode does not increase or
decrease monotonically; at the beginning of the slurry concentration increase, the metal
ion concentration in the electrolyte increases, making the recovery rate of Cu increase. As
the slurry concentration continues to increase, the specific surface area of the electrolyte in
contact with the metal powder of the waste CPU slots becomes smaller and smaller, making
the metal ion concentration within the electrolyte decrease, and no longer favorable for the
leaching of metals. Since both Ni and Sn leached with higher priority than Cu, and were
less affected by the decrease in specific surface area than Cu was, the amount of Ni and
Sn leached in the electrolyte increased, and the purity of Cu2+ in the electrolyte decreased,
ultimately leading to a decrease in the recovery of Cu. Although the recovery of Cu at the
cathode was 70.25% when the slurry concentration was 50 g/L, which was slightly higher
than the recovery of Cu at 30 g/L, of 66.96%. The purity of Cu at a slurry concentration of
50 g/L was lower than that at 30 g/L. Considering that this experiment aims at cathodic
recovery of Cu with higher purity, it is in accordance with the experimental purpose to
have the highest possible purity under the condition that the recovery rate is considerable.

3.5. Effect of NH4Cl Concentration on Recovery Rate and Purity of Cu

Figure 9 indicates the effect of NH4Cl concentration on the recovery rate and purity of
Cu, Sn, and Ni. Experiments were conducted at different NH4Cl concentrations of 30, 60,
and 90 g/L. The other conditions were: H2SO4 concentration 2 mol/L, slurry concentration
30 g/L, current density 80 mA/cm2, reaction time 7 h, and reaction temperature 15 ◦C.
Figure 9a shows that when the NH4Cl concentration was increased from 30 to 90 g/L, the
recovery rates of the metals increased: Cu increased from 62.12% to 96.19%, Sn increased
from 3.67% to 14.09%, and Ni increased from 3.78% to 17.17%. Figure 9c shows that the
purity of Cu in the cathode was 97.47%, 96.53%, and 93.72%, respectively, when the NH4Cl
concentration was increased from 30 to 90 g/L. Meanwhile, the purity of the Sn and Ni
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remained at a low level (less than 5%). In Figure 9b, when the NH4Cl concentration
increased from 30 to 90 g/L, the recovery rates of Cu and Sn in electrolysis decreased from
3.71% and 1.03%, to 0.85% and 0.22%, respectively, but the recovery rate of Ni was kept at
a high level in electrolysis. In Figure 9d, the purity of Cu and Sn in electrolysis decreased,
while that of Ni in electrolysis increased, when the NH4Cl concentration increased from
30 g/L to 90 g/L.

Figure 9. Effect of NH4Cl concentration on (a) recovery rate in the cathode, (b) recovery rate in the
electrolyte, (c) purity in the cathode, (d) purity in the electrolyte.

With the increase in NH4Cl concentration, the recovery rate of Cu in the cathode
increased to 96.19%, when the NH4Cl concentration was 90 g/L. These values were rising,
and the last one was close to 100%, so any increase after 90 g/L in the NH4Cl concentration
would not have a significant impact on the recovery rate of Cu. At the same time, the
recovery rate of Sn and Ni both showed an increasing trend. The trend of the metal recovery
rate shows that the increase in NH4Cl concentration is beneficial to Cu recovery, reaching
the highest recovery rate at 90 g/L. Because metal recovery rate increased with increasing
NH4Cl concentration, Cu recovery increased at a faster rate than Sn and Ni recovery.
Although the purity of Cu decreased with increasing NH4Cl concentration, the purity
of Cu remains at a high level (over 90%). Because Cl− can form CuCl, CuCl2, [CuCl2]−,
[CuCl3]2−, and other compounds or ions with Cu, increasing the concentration of NH4Cl
both enhances the concentration of Cl− and facilitates the leaching of Cu from the anode. At
the same time, increasing the concentration of NH4Cl increases the electrical conductivity
of the electrolyte and helps the dissolution of the metal, so that while Cu is dissolved, Sn
and Ni are also leached, as impurities. The increase in metal concentration enhances the
deposition ability of metals, so with the increase in NH4Cl concentration, the recovery of
all three metals at the cathode is increased, and the increase in Cu is the largest. Ni, as
an active metal, can leach a lot in the electrolyte with the increase in electrolyte conductivity,
but because Ni is not easily deposited in the cathode, so the electrolyte recovery of Ni
is high. If the concentration of NH4Cl exceeds 90 g/L, the room for improvement of Ni
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recovery and Sn recovery at the cathode far exceeds that of Cu recovery, thus leading to
a decrease in the purity of Cu at the cathode, so there is no need to continue to increase
the concentration of NH4Cl. Overall, a NH4Cl concentration of 90 g/L is the optimum
concentration for Cu recovery.

3.6. Effect of Current Density on Recovery Rate and Purity of Cu

Figure 10 displays the effect of current density on the recovery rate and purity of
Cu, Sn, and Ni. Experiments were conducted at different current densities, of 40, 80, and
120 mA/cm2. The other conditions were: H2SO4 concentration 2 mol/L, slurry concentra-
tion 30 g/L, reaction time 7 h, and reaction temperature 15 ◦C. Figure 10a shows that the
recovery rate of Cu increased from 61.94% to 98.73%, when the current density increased
from 40 mA/cm2 to 120 mA/cm2. The increasing current also caused the recovery rate
of Ni to increase from 2.70% to 87.92%, and the recovery rate of Sn from 1.09% to 15.28%.
However, the increase in the value of the recovery rate of Cu was not obvious, while the
increase in the recovery rate of Ni was nearly five times higher that of Cu, with the increase
in current density from 80 mA/cm2 to 120 mA/cm2. Figure 10c shows that the purity of
Cu in the cathode was 99.51%, 93.72%, and 86.36%, when the current density was increased
from 40 mA/cm2 to 120 mA/cm2. Meanwhile, the purity of Sn and Ni increased at low
current density levels. When the current density increased from 40 to 120 mA/cm2, the
recovery rate of Cu and Sn in electrolysis decreased from 27.55% and 1.18%, to 0.16%
and 0.20%, respectively, but the recovery rate of Ni increased firstly and then decreased
(Figure 10b). Additionally, the purity of Sn in electrolysis decreased when the current
density increased. The purity of Cu in electrolysis decreased first and then increased when
current density increased, while the purity of Ni in electrolysis increased first and then
decreased (Figure 10d).

Figure 10. Effect of current density on (a) recovery rate in the cathode, (b) recovery rate in the
electrolyte, (c) purity in the cathode, and (d) purity in the electrolyte.
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With the increase in current density, the recovery rate of Cu in the cathode increased
from 61.94% to 98.73%, when the current density was 120 mA/cm2. These values were
rising and the last one was close to 100%, so any increase after 120 mA/cm2 in the current
density would not have a significant impact on the recovery rate of Cu. Meanwhile, the
recovery rates of Sn and Ni both showed an increasing trend, and that of Ni increased a lot
when the current density increased from 80 mA/cm2 to 120 mA/cm2. The trend of the
metal recovery rate shows that the increase in current density is beneficial to Cu recovery,
reaching the highest recovery rate at 80 mA/cm2. The recovery rate of Cu increased faster
than that of Sn and Ni up to 80 mA/cm2, but at 120 mA/cm2, the recovery rate of Ni was
very close to that of Cu. Moreover, the purity of Cu decreased from 40 to 120 mA/cm2 of
current density, the purity of Cu decreased to less than 90% when the current density was
increased to 120 mA/cm2. The increase in current density will enhance the mass transfer
rate of metals in electrolysis, thus accelerating the cathodic deposition rate of the metals.
When the current density is 40 mA/cm2, a large number of metal ions are stored in the
electrolyte and only some of the metal is deposited at the cathode, while the metal powder
of the used CPU slot contains more Cu elements, so most of the metal ions in the electrolyte
are Cu2+. Because Cu has the advantage of depositing first at the cathode, the purity of the
Cu recovered from the cathode is higher when the total metal deposition is relatively small.
However, considering that there is still a large amount of Cu2+ present in the electrolyte,
increasing the current density will improve the recovery of Cu at the cathode, so when the
current density is increased to 80 mA/cm2, the recovery of Cu at the cathode is greatly
enhanced. The increase in current density can improve the recovery of cathodic Cu, but
too high a current density makes other metal ions gain enough energy to accelerate the
deposition at the cathode, so when the current density reaches 120 mA/cm2, the recovery
of Ni and Sn at the cathode increases significantly, which reduces the purity of the Cu
recovered at the cathode. In general, 80 mA/cm2 of current density is the best current
density for Cu recovery.

3.7. Effect of Reaction Time on Recovery Rate and Purity of Cu

Figure 11 exhibits the effect of reaction time on the recovery rate and purity of Cu, Sn,
and Ni. Experiments were conducted at different reaction times, of 3 h, 5 h, and 7 h. The
other conditions were: H2SO4 concentration 2 mol/L, slurry concentration 30 g/L, current
density 80 mA/cm2, and reaction temperature 15 ◦C. Figure 11a shows that when reaction
time increased from 3 to 7 h, the recovery rate of metals increased, for Cu this increased
from 40.88% to 96.19%, for Sn from 0.45% to 14.09%, and for Ni from 0.36% to 17.17%.
Figure 11c shows that the purity of Cu in the cathode was 99.54%, 97.46%, and 93.72%,
respectively, when the reaction time was increased from 3, to 5, to 7 h. Meanwhile, the
purity of Sn and Ni remained at a very low level (no more than 5%). In Figure 11b, when
reaction time increased from 3 to 7 h, the recovery rate of Cu and Sn during electrolysis
decreased, from 38.15% and 8.94%, to 0.85% and 0.22%, respectively, but the recovery rate
of Ni stayed at a high level during electrolysis. In Figure 11d, the purity of Sn increased first
and then decreased, the purity of Cu decreased, while the purity of Ni increased during
electrolysis when the reaction time increased from 3 h to 7 h.

With the increase in reaction time, the recovery rate of Cu at the cathode increased
to 96.19%, when the reaction time was 7 h. These values were rising and the last one was
close to 100%, so any increase after 7 h in the reaction time would not have a significant
impact on the recovery rate of Cu. Meanwhile, the recovery rates of Sn and Ni also showed
an increasing trend with reaction time. The trend of metal recovery rate shows that the
increase in reaction time was beneficial to Cu recovery, reaching the highest recovery rate at
7 h. Because the metal recovery rate went up with reaction time, the speed of Cu recovery
was faster than that of Sn and Ni. Although the purity of Cu decreased when increasing
the reaction time from 3 h to 7 h, the purity of Cu was kept at a high level close to 100%.
Increasing the reaction time had little effect on the change in Cu purity. With the increase
in reaction time, on the one hand, the metal powder of the used CPU slots fully reacted
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with the electrolyte and got more energy from the current, so that more metal was leached
into the electrolyte, which increased the concentration of metal ions, on the other hand,
the metal ions near the cathode received more electrons, which led to more deposition of
metal ions in the electrolyte and reduced the concentration of metal ions. The Cu recovery
of the cathode increased with the increase in the reaction time, and if the reaction time was
increased past 7 h, it could further increase the Cu recovery of the cathode. However, it
can be noted that the recovery of Cu in the electrolyte was close to 0 at 7 h. Based on the
results of previous experiments, it can be speculated that the Ni recovery and Sn recovery
of the cathode will increase after the Cu2+ concentration in the electrolyte is close to 0.
This is because the potential of Cu2+ is more positive than that of the other metal ions, so
Cu2+ is deposited preferentially, and when the Cu2+ concentration is low, the impurity
metals will be deposited in large quantities, thus reducing the cathode recovery deposited,
thus reducing the Cu purity of the cathode recovery. In short, a reaction time of 7 h is the
optimum reaction time for recovering Cu.

Figure 11. Effect of reaction time on (a) recovery rate in the cathode, (b) recovery rate in the electrolyte,
(c) purity in the cathode, and (d) purity in the electrolyte.

4. Conclusions

In this paper, we used slurry electrolysis to recover Cu from used CPU slots, and
studied the effects of different H2SO4 concentration, slurry concentration, current density,
reaction time, and reaction temperature on the recovery and purity of Cu recovered from
the cathode. In addition, the slurry electrolysis method was improved, to enhance the
cathode Cu recovery rate, by adding NH4Cl and changing the current mode, while ensuring
the Cu purity of the cathode recovery. In general, the recovery rate and purity of the Cu in
the cathode were up to 96.19% and 93.72%, respectively, with the optimum conditions being
when the H2SO4 concentration was 2 mol/L, the slurry density was 30 g/L, the NH4Cl
concentration was 90 g/L, the current density was 80 mA/cm2, and the reaction time was
7 h. Although some progress has been made in the research work on slurry electrolysis
in this paper, there are still many aspects that deserve further study. For example, the
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effects of various experimental parameters on the powder particle size of recovered metals,
current efficiency, etc., remain to be studied. Lastly, we hope to achieve higher recovery
efficiency of Cu using the simplest device and method.
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Abstract: Vanadium slag is an important resource containing valuable elements such as Fe, V, Ti, and
so on. A novel selective chlorination method for extracting these valuable elements from vanadium
slag has been proposed recently. The proposed methods could recover valuable elements with a high
recovery ratio and less of an environmental burden, while the study on the chlorination mechanism
at the atom level was still insufficient. Fe2SiO4 and FeV2O4 are the two main phases of vanadium
slag, and the iron element can be selectively extracted via the chlorination of NH4Cl. The NH4Cl
decomposes into NH3 gas and HCl gas, which was the true chlorination agent. As a result, the
chlorination reactions of Fe2SiO4 and FeV2O4 with HCl were firstly calculated using FactSage 8.0.
Then, this paper studied the characteristics of HCl adsorption on the Fe2SiO4(010) surface and the
FeV2O4(001) Fe-terminated surface mechanism of the selective chlorination of Fe from Fe2SiO4

and FeV2O4 via DFT calculations. The processes of chlorination of Fe2SiO4 and FeV2O4 involved
the processes of removing O atoms from them with HCl gas. The iron in Fe2SiO4 was selectively
chlorinated because HCl could adsorb on the iron site but could not adsorb on the silicon site. The
iron in FeV2O4 was selectively chlorinated because the electronegativity gap between V and O was
more significant than that between the Fe and O elements.

Keywords: DFT; vanadium slag; selective chlorination

1. Introduction

Vanadium is an important element for alloying and is indispensable for manufacturing
micro-alloyed steel [1,2]. Vanadium titanomagnetite ore is scattered in Australia, China,
Russia, and South Africa as the main resource of vanadium element [3–5]. The vanadium
slag produced after pyrometallurgical processes of vanadium titanomagnetite ore still
contained many valuable elements with the composition of approximately 30–40 mass%
total Fe, 13.52–19.03 mass% V2O3, 6.92–14.32 mass% TiO2, 7.44–10.67 mass% MnO, and
0.93–4.59 mass% Cr2O3 [6]. Additionally, it produced about 1.4 million tons each year.
The vanadium slag was mainly composed of encompassed structures, such as fayalite,
manganoan ((Fe, Mn)2SiO4), titanomagnetite (Fe2.5Ti0.5O4), and vuorelainenite ((Mn, Fe)(V,
Cr)2O4) [7]. The main difficulty of extracting valuable elements from vanadium slag was
the destruction of its encompassed structure [8].

The traditional method used to extract vanadium from the vanadium slag used the
oxidation method, direct vanadium alloying, and ferrovanadium production with the vana-
dium slag [9–11]. The direct vanadium alloying with the vanadium slag demonstrated the
shortcomings of low vanadium recovery, complex steelmaking operation, the introduction
of impurities in steel, and high energy consumption which were disadvantages to the
efficient utilization of resources [12,13]. Therefore, this made the oxidation technologies
key to vanadium extraction from vanadium slag. Oxidation technologies included salt
roasting, direct leaching, etc. [14]. The salt roasting of vanadium slag was widely used in
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the industry. The salt roasting of vanadium slag included the following steps in order: salt
roasting of vanadium slag under an oxidation atmosphere, water leaching of the produced
roasting product, separation of vanadium from the leachate and vanadium precipitation,
calcination precipitation, and, finally, the reduction of V2O5 [15,16]. During this process,
the Cr(III) was also oxidized to Cr(VI) which was one of the main carcinogen contami-
nants. The insoluble vanadium(III) in vanadium slag was converted into water-soluble
vanadate(V) which was highly toxic [17]. The disposal of leaching lixivium and roasting
tailings containing hazardous vanadium(V) and chromium(VI) became a great burden to
environmental protection.

To alleviate the shortcomings of salt roasting technology and efficient resource uti-
lization, our team proposed a new process to comprehensively extract the valuable ele-
ments with a high recovery ratio and less of an environmental burden from vanadium
slag [8,12,18–21]. The vanadium slag was selectively chlorinated using a chlorination agent
to accomplish the separation of valuable elements. For example, NH4Cl was used as the
chlorination agent to selectively extract iron and manganese from vanadium slag. The man-
ganese and iron chlorination ratio can be reached at 95% and 72%, respectively [8]. During
the chlorination process, the Cr and V were not oxidized to high valence toxic oxidation but
remained at the original valence which was inspiring for tailing disposal and environmental
protection. Our team also proposed other chlorination agents to selectively chlorinate V
and Cr elements in vanadium slag and produced valuable products via extracted resources.
In previous work, the optimal chlorination agent ratio and maximum chlorination rate
were determined. Additionally, the thermodynamic mechanism of selective chlorination
of the valuable element Fe in vanadium slag was clarified. However, the investigation of
the selective chlorination mechanism of Fe in vanadium slag from the atomic level was
necessary for a deep understanding of the mechanisms. The first principles calculation
is applied more and more frequently to investigate the mechanism of chemical reactions
and material properties due to the progress of computational algorithms and the rapid
development of computer technologies.

2. Computational Methods

2.1. Computational Theory

All the calculations were performed using the CASTEP module in Material Studio
2017 (Accelrys, San Diego, CA, USA) software with the projector augmented wave (PAW)
basis sets and periodic boundary conditions [22,23]. The electron–ion core interaction of Fe,
Si, V, and O atoms was described using the ultrasoft potential in CASTEP. The generalized
gradient approximation (GGA) defined by Perdew–Burke–Ernzerhof (PBE) was applied to
describe the exchange–correlation energy [24]. The irreducible Brillouin zone (IBZ) was
integrated using meshes generated via the Monkhorst–Pack method for self-consistent field
calculation [25]. The total energy and atomic displacement convergence criteria were set to
1.5 × 10−5 eV/atom and 1 × 10−4 nm, respectively. The stress deviation criterion was set
to be smaller than 0.05 GPa. The structure optimization was treated within the Fletcher–
Goldfarb–Shanno algorithm (BFGS), and all the energy calculations were performed in
reciprocal space [26].

2.2. Computational Details

In this paper, the geometry optimization of bulk FeV2O4, bulk Fe2SiO4, and their
surfaces was applied to obtain the corresponding minimum energy structure that was
the stable structure for further exploration of the chlorination mechanisms of FeV2O4 and
Fe2SiO4. The bulk FeV2O4 was cubic while the bulk Fe2SiO4 was a face-centered orthodox
lattice in terms of crystallography. For the geometry optimization of bulk FeV2O4 and
bulk Fe2SiO4, the Monkhorst–Pack k-point mesh of 2 × 2 × 2 and 1 × 3 × 4 was adopted.
The Kohn–Sham wave functions were expanded using an optimized kinetic energy cutoff
of 700 eV for all calculations. The optimized lattice parameters of Fe2SiO4 and FeV2O4
exhibited in Table 1 are consistent with the reference data.
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Table 1. Lattice parameters of Fe2SiO4 and FeV2O4.

Calculated Results Reference

Fe2SiO4 a = 10.647, b = 6.188, c = 5.014 a = 10.485, b = 6.093, c = 4.820 [27]
FeV2O4 a = b = c = 8.535 a = b = c = 8.439 [28]

The (001) surface of FeV2O4 was the most stable one. There were two classes of
terminated surface for FeV2O4 defined as Fe-terminated surface and VO-terminated surface,
which were similar to spinel FeCr2O4 [29]. However, the exposure of iron atoms was
necessary to unravel the mechanism of the selective chlorination of iron in FeV2O4. As a
result, in this paper, the Fe-terminated (001) surface of FeV2O4 was chosen to investigate
the iron selective mechanism of FeV2O4, despite the existence of the Fe-terminated surface
and VO-terminated surface. To eliminate the size effect, the calculated Fe-terminated (001)
surface was a 2 × 2 × 1 slab with 13 layers of atoms and 112 atoms as shown in Figure 1a. A
vacuum layer of 15 Å was inserted between adjacent slabs. For the geometry optimization
of the FeV2O4(001) Fe-terminated surface, the Monkhorst–Pack k-point mesh of 1 × 1 × 1
was adopted. The three bottom layers of atoms were fixed during the DFT calculation of the
FeV2O4(001) Fe-terminated surface. There were two classes of Fe site on the FeV2O4(001)
Fe-terminated surface which were defined as Fe5 and Fe7 in this paper. Both the Fe-O
bonds and V-O bonds on the FeV2O4(001) Fe-terminated surface were classified into two
classes according to their Mulliken bond order. The corresponding Mulliken bond order
from the DFT calculation is exhibited in Table 2. O7, O16, O17, O23, O44, O47, and O60
represent different oxygen atoms as denoted in Figure 1a.

Figure 1. (a) FeV2O4(001) Fe-terminated surface, (b) Fe2SiO4(010) surface.

Table 2. Bond order of Fe-O bond and V-O bond in FeV2O4(001) Fe-terminated surface.

Bond Bond Order

V-O44, V-O47 0.28
V-O7, V-O16 0.32

Fe5-O47, Fe5-O60 0.40
Fe7-O16, Fe7-O23 0.47

As for Fe2SiO4, the (010) index surface was chosen for its lowest surface energy accord-
ing to the calculations. Additionally, the chosen Fe2SiO4(010) surface as shown in Figure 1b.
was the lowest energy-terminated surface. A 2 × 1 × 1 slab with 84 atoms of Fe2SiO4 was
applied for further calculations to eliminate the size effect. For the geometry optimiza-
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tion of the Fe2SiO4(010) surface slab, the Monkhorst–Pack k-point mesh of 1 × 1 × 1 was
adopted. The three bottom layers of the atom were fixed during the DFT calculations on
the Fe2SiO4(010) surface. A vacuum layer of 15 Å was inserted between adjacent slabs.
Figure 1b shows the optimized structure of the clean Fe2SiO4(010) surface. There were two
crystallographically inequivalent Fe sites defined as the Fe1 site and the Fe2 site, as shown
in Figure 1b. The Fe1 site atom was surrounded by two O atoms and one Fe atom, while
the Fe2 site atom was surrounded by three O atoms and one Fe atom. The discrimination
of the ambient chemical environment led to different atom charges of the Fe1 site and Fe2
site atom. The Mulliken charge of the iron atom in the Fe1 site and Fe2 site was 1.09 and
1.22, respectively.

3. Results and Discussion

3.1. Thermodynamic Calculations

The standard Gibbs free energies of Reactions (1) and (2) at different temperatures
were calculated via the FactSage 8.0 program, using the pure substance database and the
oxide database. The results are shown in Figure 2 and demonstrate that the reactions could
occur in the temperature range of 0 to 600 ◦C and the standard Gibbs free energy of both
reactions increased with an increase in temperature. Increasing the temperature was not
conducive to Reactions (1) and (2). Meanwhile, it was found that Fe in Fe2SiO4 was easier
to be chlorinated than Fe in FeV2O4. However, since the amount at each temperature in the
chlorination process was not known, the following calculation was performed.

2HCl + FeV2O4 = FeCl2 + V2O3 + H2O (1)

4HCl + Fe2SiO4 = 2FeCl2 + SiO2 + 2H2O (2)

Figure 2. Gibbs free energy variation for Reactions (1) and (2) with different temperatures.

It can be seen in Figure 3 that as the temperature increased, Fe could be chlorinated
in the form of FeCl2. Si was present in the form of SiO2. The amounts of Fe2SiO4 and
HCl increased with increasing temperature, and the total amount of FeCl2, SiO2, and H2O
decreased with increasing temperature. This means that only iron could be selectively
chlorinated to produce FeCl2. It can be seen in Figure 4 that as the temperature increased,
vanadium in FeV2O4 could not be chlorinated and the iron could be chlorinated to form
FeCl2. The amounts of V2O3 and H2O increased with increasing temperature, and the
total amount of FeCl2 and FeV2O4 decreased with increasing temperature. In summary,
the selective chlorination of Fe2SiO4 and FeV2O4 to form ferric chloride was found to be
thermodynamically achievable using calculations with FactSage 8.0.
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Figure 3. Changes in the content of each substance in the reaction of Fe2SiO4 with HCl at different
temperatures.

Figure 4. Changes in the content of each substance in the reaction of FeV2O4 with HCl with increasing
temperature.

3.2. HCl Adsorption on Fe2SiO4

The adsorption of the HCl molecule on the Fe2SiO4 surface is no doubt an important
step for the chlorination of Fe2SiO4. As a result, it is necessary to explore the characteristics
of HCl adsorption on the Fe2SiO4 surface. As previously discussed, the (010) surface is
the most stable surface, implied by it having the lowest surface energy. As a result, the
Fe2SiO4(010) surface is believed to be the most likely exposed surface during chlorination.
When we consider the chlorination of Fe2SiO4 via HCl gas, it is natural to think that the
H atom bonds with the O atom while the Fe atom bonds with the Cl atom. However, it
is unclear whether the HCl dissociated adsorption on the surface is either mainly led by
the interaction between the adsorbed O and H atoms or between the adsorbed Fe atom
and Cl atom. Moreover, it is also unclear in what manner the HCl would adsorb on the
Fe2SiO4(010) surface. To clarify these questions, adsorption configurations were designed
as shown in Figure 5. In Figure 5a, the HCl molecule was vertically put on the surface with
a H atom near one O atom, while in Figure 5b, the HCl molecule was vertically put on
the surface with a Cl atom near one Fe atom. The results showed that when the H atom
was put near the O atom, the H atom and Cl atom in the HCl molecule were still bonded.
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Moreover, the HCl molecule was pushed away from the surface. The most significant
change was that the vertical HCl molecule rotated until it was horizontal to the surface.
This suggested that it was preferable for the HCl molecule to horizontally adsorb on the
Fe2SiO4(010) surface. When the Cl atom was put near the Fe atom, the HCl molecule was
dissociated and adsorbed on the Fe2SiO4(010) surface. The distance between the adsorbed
iron atom and the O atom was extended from 1.946 Å to 3.061 Å. This result indicates that
the dominant force to break the H-Cl bond is the interaction between the Cl atom and the
iron atom instead of the interaction between the H atom and O atom. In addition, it is
preferable for the HCl molecule to adsorb on the Fe2SiO4(010) surface horizontally.

Figure 5. HCl adsorption on Fe2SiO4: (a) Configuration of HCl vertical adsorption with H atom
near one O atom before optimization and (b) after optimization. (c) Configuration of HCl vertical
adsorption with Cl atom near one Fe atom before optimization and (d) after optimization.

Therefore, the HCl molecule was put on the Fe2SiO4 surface horizontally to the Fe-O
bond with the H atom above one O atom and the Cl atom above one Fe atom, as shown
in Figure 6a,c. The two classes of iron sites were taken into consideration by putting
the HCl molecule on the Fe1 site and Fe2 site, respectively. Therefore, two adsorption
configurations were considered for the HCl adsorption on the iron site. Additionally,
the adsorption results were interpreted for further understanding of the chlorination
mechanism of Fe2SiO4 via HCl.

Figure 6. HCl adsorption on Fe2SiO4: (a) Configuration of HCl adsorption on Fe1 site before
optimization. (b) Configuration of HCl adsorption on Fe1 site after optimization. (c) Configuration
of HCl adsorption on Fe2 site before optimization. (d) Configuration of HCl adsorption on Fe1 site
after optimization.
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When the HCl molecule was put on the Fe1 site, the HCl molecule was dissociated
and adsorbed on the Fe2SiO4(010) surface, as shown in Figure 6b. The H atom bonded
with the O atom and the Cl atom bonded with the Fe atom in the Fe1 site after geometry
optimization. The adsorption energy was −0.84 eV, as exhibited in Table 3. The adsorbed Fe
atom and O atom were dragged away from each other by the attraction of the Cl atom and
H atom, respectively. The distance of the adsorbed Fe1-O before and after adsorption was
1.922 Å and 3.174 Å, respectively. The distance of adsorbed Fe1-Cl changed from 2.289 Å to
1.985 Å. It can be concluded that the adsorbed Fe1 and O atoms were dragged away from
the Fe2SiO4(010) surface by the Cl and O atoms. When the HCl molecule was put above
the Fe2 site of the iron atom, similarly, the HCl molecule was dissociated and adsorbed on
the Fe2SiO4 surface, as shown in Figure 6d. The dissociated H atom was adsorbed on the O
atom and the Cl atom was adsorbed on the Fe2 atom, while the Cl atom was also attracted
by the neighboring Fe1 site of the iron atom. The adsorption energy was −0.51 eV which
indicates weaker adsorption than the previously discussed HCl adsorption on the Fe1 site.
However, unlike the HCl adsorption on the Fe1 site of the iron atom, the adsorbed Fe atom
and O atom were pulled closer to each other with a distance shortened from 2.047 Å to
1.985 Å. This may have resulted from the weaker attraction between the adsorbed Fe2 atom
and the Cl atom than that between the Fe1 atom and Cl atom. The distances of Fe1-Cl and
Fe2-Cl when the HCl molecule was initially put above the Fe2 site of the iron atom were
2.272 Å and 2.251 Å, respectively. In other words, the adsorbed Cl atom was in the bridge
site of the Fe1 atom and Fe2 atom, as shown in Figure 5d. This phenomenon indicates
that the attraction between the Fe1 site of the iron atom and Cl atom is stronger than that
between the Fe2 site of the iron atom and Cl atom. From the previous analysis we gain the
Mulliken charge of the Fe1 site of the iron atom and Fe2 site of the iron atom: 1.09 and 1.22,
respectively. The lower charge of the Fe1 site of the iron atoms means that it is easier to lose
electrons here than in the Fe2 site of the iron atoms. As a result, the Fe1 site is a preferable
site to the Fe2 site for HCl adsorption. The Mulliken charge of the Fe1 site and Fe2 site
atoms after adsorption was 0.35 and 0.52, respectively. It can be concluded that during
the HCl adsorption process, the Cl captures an electron from the adsorbed Fe atoms and
leads to a weakened adsorbed Fe-O bond. Additionally, the weakened Fe-O bond results
in electron capture for the adsorbed Fe atom and electron loss for the adsorbed O atom.
Therefore, both the adsorbed Fe atom and Cl atoms seize electrons while the adsorbed O
atom loses electrons in total. The Fe1 site of the atom seizes more electrons from the O atom
than the Fe2 site of the atom, indicating more serious destruction of the Fe-O bond. During
the HCl adsorption process, the Cl captures electrons from adsorbed Fe atoms leading to a
weakened adsorbed Fe-O bond.

Table 3. HCl adsorption energy on Fe2SiO4.

Adsorption Site Adsorption Energy (eV)

Fe1 −0.84
Fe2 −0.51

The Si atom is also a possible adsorption site for the HCl molecule; as a result, we con-
ducted the geometry optimization of structure where HCl is horizontally above the surface
with a Cl atom right above one Si atom, while a H atom is right above one neighboring O
atom. The structure before and after geometry optimization is shown in Figure 7a,b, re-
spectively. The result shows that the HCl molecule adsorbed on the surface in a dissociated
way after geometry adsorption. Unlike the HCl adsorption on the iron sites, the Cl atom
was not bonded with the nearest Si atom but bonded with neighboring iron atoms. As a
result, we can conclude that the Cl atom is inclined to interact with the iron atom instead of
the Si atom. This is consistent with the experiment result of Liu et al. that found that Si
element cannot be chlorinated by HCl gas which leads to the selective chlorination of Fe
element [8].
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Figure 7. HCl adsorption on Fe2SiO4: (a) HCl adsorption on Si site before optimization. (b) HCl
adsorption on Si site after optimization.

3.3. HCl Adsorption on FeV2O4

To unravel the HCl adsorption characteristics on the FeV2O4(010) surface and the
mechanism of selective chlorination of Fe in FeV2O4, we conducted a series of DFT calcula-
tions as discussed henceforth. The chlorination of FeV2O4 via HCl means that the Cl atom
bonds with the Fe atom or V atom while the H atom bonds with the O atom. As a result,
we focus on the difference between the Fe atom, V atom, and their neighboring O atoms.
We obtained the bond order of Fe-O and V-O bonds; we found that there are two classes of
V-O bond and two classes of Fe-O bond, as well. The obtained bond order is exhibited in
Table 2. As a result, we first conducted a calculation of HCl adsorption on these four sites.
The HCl adsorption energy on these sites is exhibited in Table 4.

Table 4. HCl adsorption energy on FeV2O4.

Adsorption Site Adsorption Energy (eV)

Fe7 −2.84
Fe5 −2.72

V-O47 −3.20
V-O16 −0.27

We first conducted HCl adsorption on the FeV2O4(001) Fe-terminated surface with
the H atom above the O23 atom while the Cl atom was right above the Fe7 atom. The H
atom bonds with the O23 atom while the Cl atom bonds with the Fe7 atom. The distance
between the Fe7 atom and the O23 atom changed from 1.834 Å to 2.758 Å, while the
distance between the Fe5 atom and the O60 atom changed from 1.862 Å to 2.994 Å. The
Fe5 atom was attracted by the neighboring O47 atom. This means that the adsorption of
HCl on Fe7-O23 results in a significant change in the neighboring Fe-O bond but not the
adsorbed Fe7-O23 bond. Figure 8a,b show the structures before and after the geometric
optimization of HCl adsorption at the Fe7 site, respectively. The more significant change
related to Fe5-O60 over Fe7-O23 may have resulted from the smaller bond order of Fe5-O40,
that is, the weaker bond strength of Fe5-O40. The geometry optimization of configuration
was where HCl was parallel to the Fe5-O60 bond with the H atom being right above the
O60 atom and the Cl atom being right above the Fe5 atom. It can be seen that HCl was
dissociated and adsorbed on the FeV2O4(010) surface with the H atom bonding with the
O60 atom and the Cl atom bonding with the Fe5 atom. The distance of Fe5-O60 changed
from 1.862 Å to 2.254 Å, while the distance of Fe7-O23 remain unchanged. The adsorption
energy of HCl adsorption on the Fe7-O23 and Fe5-O60 sites was −2.84 eV and −2.72 eV,

48



Metals 2023, 13, 139

respectively. The distance change for Fe-O was consistent with the adsorption energy. The
minor restructure corresponds to smaller adsorption energy in the absent value. Figure 8c,d
show the structures before and after the geometric optimization of HCl adsorption at the
Fe5 site, respectively. From the previous result, it can be concluded that it is preferable
for HCl to adsorb on the Fe7-O23 site which leads to a more significant configuration
restructure. As a result, during the chlorination process of FeV2O4, the HCl molecule
would adsorb on the Fe7-O23 site first, while the Fe5-O60 bond would break off first.

Figure 8. HCl adsorption on FeV2O4: (a) HCl adsorption on Fe7 site before optimization. (b) HCl
adsorption on Fe7 site after optimization. (c) HCl adsorption on Fe5 site before optimization. (d) HCl
adsorption on Fe5 site after optimization.

The HCl adsorption on the V-O site was conducted to explore the possibility of
chlorination of the V element by HCl gas. There were also two classes of V-O bonds on the
FeV2O4(010) surface. Therefore, the calculation of HCl adsorption on these two classes of
sites was conducted. The HCl adsorption on the V-O47 site was first conducted. The result
shows that the HCl molecule was broken off with the H atom adsorbed on the V atom and
the Cl atom adsorbed on the O47 atom. The distance of V-O47 changed from 1.963 Å to
2.176 Å, while the distance of Fe5-O47 changed from 1.863 Å to 2.576 Å. In other words,
the HCl adsorption on the V-O site leads to a more significant change in the neighboring
Fe5-O47 bond, which roots from the weaker bond strength of Fe5-O47. Figure 9a,b show
the structures before and after the geometric optimization of HCl adsorption at the V-O47
site, respectively. Similarly, the result of HCl adsorption on the V-O16 shows that the
HCl molecule was also dissociated and adsorbed on the FeV2O4(010) surface. The most
significant configuration restructure other than the dissociation of the HCl molecule is that
the distance of V-O16 extended from 2.042 Å to 2.674 Å. Figure 9c,d show the structures
before and after the geometric optimization of HCl adsorption at the V-O16 site, respectively.
The adsorption energy of HCl adsorption on V-O47 and V-O16 was −3.20 eV and −0.27 eV,
respectively. The difference in adsorption energy results from the different configuration
restructures. When HCl was adsorbed on the V-O47 site, the most significant change in
surface was the breakoff of the Fe5-O47 bond; when the HCl was adsorbed on the V-O16
site, the most significant change in surface was the elongation of the V-O16 bond. This
phenomenon implies that the V-O bond’s breakoff needs more energy than the Fe-O bond’s
breakoff, with HCl as the chlorination agent. This is consistent with the experiment result
that the Fe element is selectively chlorinated from FeV2O4 via HCl gas.
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Figure 9. HCl adsorption on FeV2O4: (a) HCl adsorption on V-O47 site before optimization. (b) HCl
adsorption on V-O47 site after optimization. (c) HCl adsorption on V-O16 site before optimization.
(d) HCl adsorption on V-O16 site after optimization.

3.4. Selective Chlorination Mechanism of Fe2SiO4 and FeV2O4

The essence of chlorination of Fe2SiO4 and FeV2O4 is, as a matter of fact, the process of
removing the O atom in the form of water while the remaining metal atom bonds with the
Cl atom to form chloride. The formation of one water molecule needs two H atoms, that is,
two HCl molecules. From the previous discussion, we can conclude that the adsorption of
one HCl molecule leads to the formation of one OH− on the surface. There are two possible
pathways for water formation during chlorination, as follows: (1) one HCl molecule is
adsorbed on the surface while the H atom bonds with one previous OH− to form a water
molecule; (2) the H atom in the formed OH− moves to its formed neighbor OH− to form a
water molecule. However, when we optimized the structure using the first pathway, it was
found that the H atom in the HCl could not bond with the formed OH− but was attracted
by the neighboring O atom to form another OH−. Therefore, the formation of a water
molecule may be a process whereby one adsorbed H atom moves into its neighboring OH−
forming one water molecule, and then the water molecule departs from the surface. The
optimized structure with H drifting to neighboring OH− formed a cluster of H2O− on
the surface, as shown in Figure 10. Figure 10a,b show the optimized structure with H2O−
on the Fe2SiO4(010) surface and the FeV2O4(001) Fe-terminated surface, respectively. The
angle of H-O-H and length of the H-O bond in the H2O− cluster are exhibited in Table 5.
The angle of the H-O-H angle and the H-O bond length on both the Fe2SiO4(010) surface
and the FeV2O4(001) Fe-terminated surface are close to those of the water molecule which
are about 104.45◦ and 0.96 Å [30]. Therefore, the oxides in vanadium can be chlorinated by
two HCl molecules with one O atom removed from the oxide. In other words, the metal
atom is the active site for Cl atom adsorption while the O atom is the active site for H atom
adsorption. Although the chlorination process can be considered a reduction process, the O
atom in the olivine or spinel FeV2O4 acts as a catalyzer, just as Xiaolu Xiong et al. proposed
that O adsorption is conducive to the chlorination of Cu2S by NH4Cl [31]. As a result, it is
reasonable to conjecture that the pre-oxidation of vanadium before chlorination is a good
way to enhance the chlorination rate.
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Figure 10. Optimized (a) Fe2SiO4(010) and (b) FeV2O4(001) Fe-terminated surface with H2O−.

Table 5. Structure parameter of formed H2O−.

Angle of H-O-H (Degree) Bond Length of H1-O, H2-O (Å)

Fe2SiO4 106.889 1.025, 0.997
FeV2O4 102.345 0.993, 0.987

We conducted a transition state search of the process of a H atom moving to combine
with neighboring OH− on the Fe2SiO4(010) surface and the FeV2O4 Fe-terminated surface.
The results show that the energy barrier of the two processes is 1.80 eV and 0.76 eV,
respectively, as shown in Figure 10a,b. Figure 11a,b show the energy path of the chlorination
process of Fe2SiO4 and FeV2O4, respectively. It can be concluded that the HCl adsorption on
the Fe2SiO4(010) surface and the FeV2O4(001) Fe-terminated surface is thermodynamically
favorable while the formation of water is an endothermic process. The energy barrier of H
moving on the Fe2SiO4(010) surface is greater than that on the FeV2O4(001) Fe-terminated
surface which results from the stronger H-O bond on the Fe2SiO4(010) surface. However, it
is preferable for the chlorination of Fe2SiO4 to happen according to the thermodynamic
calculations [8]. The HCl adsorption on the Fe site of the FeV2O4(001) Fe-terminated surface
is thermodynamically preferable according to previous calculations. During the adsorption
process, the breaking bond is the Fe-O bond; while during the water departure process,
the breaking bond is the Si-O bond or the V-O bond on the Fe2SiO4(010) and FeV2O4(001)
Fe-terminated surface, respectively. Additionally, the electronegativity difference between
Si and O was smaller than that between the V and O bond, implying a stronger Si-O bond
than the V-O bond. As a result, the conclusion can be made that the rate-determining
step in the chlorination of vanadium can be water departure from the surface instead of H
moving to neighboring OH− to form water or HCl adsorption.

It can be concluded that the Cl atom cannot adsorb on the Si atom of Fe2SiO4 according
to the previous calculation. Additionally, the adsorption of HCl on the Fe site results in the
breakoff of the Fe-O bond and the weakening of the corresponding Si-O bond. Additionally,
the H2O− formation on the surface would weaken the Si-O bond further, eventually
resulting in water departure under high-temperature conditions. The difference in the
chlorination of FeV2O4 with Fe2SiO4 is that both the Fe atom and V atom are possible
adsorption sites for HCl, while only the Fe atom is the adsorption site on the Fe2SiO4(010)
surface. Additionally, the HCl adsorption on V-O47 is preferable with a relatively large
adsorption energy of 3.20 eV. However, the neighboring Fe-O bond breaks off instead of
the adsorbed V-O bond, as described in Section 3.2. The chlorination process is the process
of the H atom in the HCl molecule fighting for the O atom with the Fe atom and V atom
on the FeV2O4(001) surface. As a result, the selective chlorination of the Fe element or
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selective chlorination of the V element depends on the difference in attraction between
V-O and Fe-O. Additionally, the electronegativity gap between V and O is more significant
than that between Fe and O atoms [32,33]. The more significant the electronegativity gap
between elements, the stronger the interaction between them. In other words, after the O
atom was removed as a water molecule, it was preferable for the Cl atom to combine with
the Fe atom instead of the V atom. Therefore, the Fe element can be selectively chlorinated
by HCl gas from FeV2O4.

 

 
Figure 11. Energy path of chlorination of (a) Fe2SiO4 and (b) FeV2O4 by HCl.

4. Conclusions

In summary, the feasibility was calculated using FactSage 8.0 and it was found to
be thermodynamically possible to achieve selective chlorination of Fe2SiO4 and FeV2O4
to form iron chloride. However, FactSage 8.0 could not further explain the microscopic
chlorination process, so a first principles calculation was performed. The adsorption and
chlorination mechanisms of Fe2SiO4 and FeV2O4 via HCl gas were studied using DFT
calculations. The HCl molecule could be dissociated and adsorbed on both the Fe2SiO4(010)
surface and the FeV2O4(001) Fe-terminated surface. However, the HCl could not adsorb on
the silicon site of the Fe2SiO4(010) surface which implies that the silicon element cannot
be chlorinated by HCl gas. As a result, the iron element in Fe2SiO4 could be selectively
chlorinated by HCl gas. It was preferable for the HCl molecule to adsorb on the Fe1 site
compared to the Fe2 site, which indicated that the Fe1 iron atom may be chlorinated first.
Moreover, the DFT calculation showed that the dissociation adsorption of HCl was mainly
caused by the attraction between the Fe atom and the Cl atom. The HCl could be adsorbed
on both the Fe site and the V site on the FeV2O4(001) Fe-terminated surface. However, the
electronegativity gap between V and O was more significant than that between Fe and O
elements, which implied a stronger attraction between V and O elements. Therefore, the
iron element in FeV2O4 could be selectively chlorinated by HCl gas. The HCl adsorption
in Fe2SiO4 and FeV2O4 led to the formation of OH− on their surface. The neighboring
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adsorbed H atom could be attracted by OH− to form a water molecule. Thus, Fe2SiO4
and FeV2O4 could be chlorinated by removing the O atom through water formation. The
chlorination mechanism of Fe2SiO4 and FeV2O4 investigated may provide possible ideas
for the chlorination of other oxides.

Author Contributions: Conceptualization, J.D. and Y.X.; methodology, J.D. and Y.X.; validation, J.D.;
formal analysis, Y.X.; investigation, Y.X., S.L. and L.W.; resources, S.L. and L.W.; writing—original
draft preparation, J.D. and Y.X.; writing—review and editing, S.L. and L.W.; visualization, S.L. and
L.W.; supervision, S.L., L.W. and K.-C.C.; funding acquisition, S.L., K.-C.C. and L.W. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Nos. 52274406,
51922003, 51904286) and Interdisciplinary Research Project for Young Teachers of USTB (Fundamental
Research Funds for the Central Universities) (FRF-IDRY-21-015).

Data Availability Statement: The data presented in this study are available from the corresponding
author, upon reasonable request.

Acknowledgments: The authors are grateful for the financial support of this work from the National
Natural Science Foundation of China (Nos. 52274406, 51922003, 51904286) and Interdisciplinary Re-
search Project for Young Teachers of USTB (Fundamental Research Funds for the Central Universities)
(FRF-IDRY-21-015).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Liu, L.; Du, T.; Tan, W.; Zhang, X.; Yang, F. A novel process for comprehensive utilization of vanadium slag. Int. J. Miner. Metall.
Mater. 2016, 23, 156–160. [CrossRef]

2. Fang, H.; Li, H.; Xie, B. Effective chromium extraction from chromium-containing vanadium slag by sodium roasting and water
leaching. ISIJ Int. 2012, 52, 1958–1965. [CrossRef]

3. Li, X.; Xie, B. Extraction of vanadium from high calcium vanadium slag using direct roasting and soda leaching. Int. J. Miner.
Metall. Mater. 2012, 19, 595–601. [CrossRef]

4. Moskalyk, R.; Alfantazi, A. Processing of vanadium: A review. Miner. Eng. 2003, 16, 793–805. [CrossRef]
5. Li, X.; Bing, X.; Wang, G.E.; Li, X.-J. Oxidation process of low-grade vanadium slag in presence of Na2CO3. Trans. Nonferrous Met.

Soc. China 2011, 21, 1860–1867. [CrossRef]
6. Zhao, Y.H. Melting Properties and Melt Structure of Vanadium Slag Containing Chromium Oxide. Master’s Thesis, Northeastern

University, Shenyang, China, 2015.
7. Liu, S. Fundametal Studies on Selective Chlorination of Valuable Elements (Fe, Mn, V, Cr and Ti) from Vanadium Slag and Utilizations

towards High Valuable Added; Beijing University of Science and Technology: Beijing, China, 2019.
8. Liu, S.; Wang, L.; Chou, K. Selective Chlorinated Extraction of Iron and Manganese from Vanadium Slag and Their Application to

Hydrothermal Synthesis of MnFe2O4. ACS Sustain. Chem. Eng. 2017, 5, 10588–10596. [CrossRef]
9. Zhang, J.; Zhang, W.; Zhang, L.; Gu, S. Mechanism of vanadium slag roasting with calcium oxide. Int. J. Miner. Process. 2015, 138,

20–29. [CrossRef]
10. Li, H.; Fang, H.; Wang, K.; Zhou, W.; Yang, Z.; Yan, X.; Ge, W.-S.; Li, Q.-W.; Xie, B. Asynchronous extraction of vanadium and

chromium from vanadium slag by stepwise sodium roasting–water leaching. Hydrometallurgy 2015, 156, 124–135. [CrossRef]
11. Chen, D.; Zhao, L.; Liu, Y.; Qi, T.; Wang, J.; Wang, L. A novel process for recovery of iron, titanium, and vanadium from

titanomagnetite concentrates: NaOH molten salt roasting and water leaching processes. J. Hazard. Mater. 2013, 244, 588–595.
[CrossRef]

12. Liu, S.; Wang, L.; Chou, K. A Novel Process for Simultaneous Extraction of Iron, Vanadium, Manganese, Chromium, and Titanium
from Vanadium Slag by Molten Salt Electrolysis. Ind. Eng. Chem. Res. 2016, 55, 12962–12969. [CrossRef]

13. Aas, H.; Nordheim, R. Process for the Production of Ferro-Vanadium Directly from Slag Obtained from Vanadium-Containing
Pig Iron. U.S. Patent 3,579,328, 18 May 1971.

14. De Aguiar, E.M.M.M.; Botelho Junior, A.B.; Duarte, H.A.; Espinosa, D.C.R.; Tenório, J.A.S.; Baltazar, M.P.G. Leaching of Ti and
V from the non-magnetic fraction of ilmenite-based ore: Kinetic and thermodynamic modelling. Can. J. Chem. Eng. 2022, 100,
3408–3418. [CrossRef]

15. Lee, J.-C.; Kurniawan; Kim, E.-Y.; Chung, K.W.; Kim, R.; Jeon, H.-S. A review on the metallurgical recycling of vanadium from
slags: Towards a sustainable vanadium production. J. Mater. Res. Technol. 2021, 12, 343–364. [CrossRef]

16. Ning, P.; Lin, X.; Wang, X.; Cao, H. High-efficient extraction of vanadium and its application in the utilization of the chromium-
bearing vanadium slag. Chem. Eng. J. 2016, 301, 132–138. [CrossRef]

53



Metals 2023, 13, 139

17. Li, M.; Wei, C.; Fan, G.; Wu, H.; Li, C.; Li, X. Acid leaching of black shale for the extraction of vanadium. Int. J. Miner. Process.
2010, 95, 62–67. [CrossRef]

18. Liu, S.; Wang, L.; Chou, K. Synthesis of metal-doped Mn-Zn ferrite from the leaching solutions of vanadium slag using
hydrothermal method. J. Magn. Magn. Mater. 2018, 449, 49–54. [CrossRef]

19. Liu, S.; He, X.; Wang, Y.; Wang, L. Cleaner and effective extraction and separation of iron from vanadium slag by carbothermic
reduction-chlorination-molten salt electrolysis. J. Clean. Prod. 2021, 284, 124674. [CrossRef]

20. Liu, S.; Wang, L.; Chou, K. Innovative method for minimization of waste containing Fe, Mn and Ti during comprehensive
utilization of vanadium slag. Waste Manag. 2021, 127, 179–188. [CrossRef]

21. Liu, S.; Xue, W.; Wang, L. Extraction of the Rare Element Vanadium from Vanadium-Containing Materials by Chlorination
Method: A Critical Review. Metals 2021, 11, 1301. [CrossRef]

22. Clark, S.J.; Segall, M.D.; Pickard, C.J.; Hasnip, P.J.; Probert, M.I.J.; Refson, K.; Payne, M.C. First principles methods using CASTEP.
Z. Kristallogr. 2005, 220, 567–570. [CrossRef]

23. Corso, A.D. Pseudopotentials periodic table: From H to Pu. Comput. Mater. Sci. 2014, 95, 337–350. [CrossRef]
24. Perdew, J.; Zunger, A. Self-interaction correction to density-functional approximations for many-electron systems. Phys. Rev. B

1981, 23, 5048. [CrossRef]
25. Monkhorst, H.; Pack, J. Special points for Brillouin-zone integrations. Phys. Rev. B 1976, 13, 5188. [CrossRef]
26. Fischer, T.; Almlof, J. General methods for geometry and wave function optimization. J. Phys. Chem. 1992, 96, 9768–9774.

[CrossRef]
27. Santoro, R.; Newnham, R.; Nomura, S. Magnetic properties of Mn2SiO4 and Fe2SiO4. J. Phys. Chem. Solids 1966, 27, 655–666.

[CrossRef]
28. Nii, Y.; Sagayama, H.; Arima, T.; Aoyagi, S.; Sakai, R.; Maki, S.; Nishibori, E.; Sawa, H.; Sugimoto, K.; Ohsumi, H. Orbital

structures in spinel vanadates A V2O4 (A = Fe, Mn). Phys. Rev. B 2012, 86, 125142. [CrossRef]
29. Sun, L. Adhesion and electric structure at Fe3O4/FeCr2O4 interface: A first principles study. J. Alloys Compd. 2021, 875, 160065.

[CrossRef]
30. Liu, W.; Jiang, P.; Xiao, Y.; Liu, J. A study of the hydrogen adsorption mechanism of W18O49 using first-principles calculations.

Comput. Mater. Sci. 2018, 154, 53–59. [CrossRef]
31. Xiong, X.; Sun, C.; Li, G.; Yu, C.; Xu, Q.; Zou, X.; Cheng, H.; Zhu, K.; Li, S.; Lu, X. A novel approach for metal extraction from

metal sulfide ores with NH4Cl: A combined DFT and experimental studies. Sep. Purif. Technol. 2021, 267, 118626. [CrossRef]
32. Sahoo, P.; Debroy, T.; McNallan, M. Surface tension of binary metal—Surface active solute systems under conditions relevant to

welding metallurgy. Metall. Trans. B 1988, 19, 483–491. [CrossRef]
33. Gao, X.; Wachs, I. Molecular engineering of supported vanadium oxide catalysts through support modification. Top. Catal. 2002,

18, 243–250. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

54



Citation: Miao, Q.; Li, M.; Gao, G.;

Zhang, W.; Zhang, J.; Yan, B.

Improved Process for Separating

TiO2 from an Oxalic-Acid

Hydrothermal Leachate of Vanadium

Slag. Metals 2023, 13, 20.

https://doi.org/10.3390/met13010020

Academic Editor: Petros E. Tsakiridis

Received: 29 November 2022

Revised: 18 December 2022

Accepted: 19 December 2022

Published: 22 December 2022

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

metals

Article

Improved Process for Separating TiO2 from an Oxalic-Acid
Hydrothermal Leachate of Vanadium Slag

Qingdong Miao 1, Ming Li 1, Guanjin Gao 1, Wenbo Zhang 2,3, Jie Zhang 2,3 and Baijun Yan 2,3,*

1 State Key Laboratory of Vanadium and Titanium Resources Comprehensive Utilization,
Panzhihua 617000, China

2 State Key Laboratory of Advanced Metallurgy, Beijing 100083, China
3 School of Metallurgical and Ecological Engineering, University of Science and Technology Beijing,

Beijing 100083, China
* Correspondence: baijunyan@ustb.edu.cn

Abstract: In the present study, a process of separating high-quality TiO2 from an oxalic-acid leachate
of vanadium slag was proposed. It consists of two steps; oxalic acid was firstly recovered from
the leachate by the cooling-crystallization method, and subsequently TiO2 was separated from the
oxalic-acid recovered leachate by the hydrothermal precipitation method. The experimental results
indicate that oxalic acid can be recovered from the leachate by cooling crystallization at 5 ◦C, and
after the recovery of oxalic acid, the purity of final TiO2 product can also be improved. For example,
when the leachate was cooled directly at 5 ◦C for 5 h, about 7% of oxalic acid was recovered, and the
purity of final TiO2 product improved from 95.7% to 96.6%. Furthermore, it was found that when
some HCl solution was added to the leachate, both the recovery percentage of oxalic acid and the
purity of TiO2 product increased. For instance, when 15 vol% of HCl solution relative to pregnant
leachate was added, about 35% oxalic acid was recovered by cooling crystallization at 5 ◦C for 3 h,
and the anatase TiO2 product with a purity of 99.2% was obtained by hydrothermal precipitation at
140 ◦C for 2.5 h.

Keywords: TiO2; hydrothermal separation; oxalic-acid leachate; cooling crystallization

1. Introduction

Vanadium titanomagnetite (VTM) ore is an important deposit, not only for its plenty
reserves of vanadium, titanium, chromium, and iron but also for its globally abundant
distribution in countries such as Russia, China, South Africa, New Zealand, Canada, and
Australia [1,2]. In the VTM deposit, the principal oxide minerals are titanomagnetite
(Fe3–xTixO4) and ilmenite (FeTiO3). In titanomagnetite, a small amount of vanadium and
chromium exist simultaneously by substituting titanium [3]. After the beneficiation process
of VTM, the obtained titanomagnetite concentrate is used as feedstock for iron-making,
and ilmenite concentrate is used for producing titanium dioxide [4,5].

The titanomagnetite concentrate is generally smelted through the traditional blast
furnace process, and liquid iron containing vanadium, titanium, and chromium is pro-
duced [4,6,7]. Then, to recover the vanadium that is reduced and dissolved in the liquid iron
during the blast furnace smelting process, the liquid iron is blown in an oxygen-converter,
which produces the vanadium, titanium, chromium, and some impurities, and some iron
was oxidized to form a by-product called vanadium slag [8–10]. Although this by-product
is generally called vanadium slag, a considerable amount of titanium and chromium is
also contained in this it beside vanadium [11]. Typically, apart from 10~19% V2O3, 7~14%
TiO2 and 0.9~5% Cr2O3 exist in vanadium slag simultaneously. However, traditionally,
vanadium slag was just adopted as a feedstock for vanadium production, and no more
attention was paid to the recovery of titanium and chromium from vanadium slag.

Metals 2023, 13, 20. https://doi.org/10.3390/met13010020 https://www.mdpi.com/journal/metals
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Sodium salt roasting-water leaching and calcification roasting-acid leaching are the
most common processes for vanadium production from vanadium slag [12–14]. In the
sodium-salt-roasting–water-leaching process, the vanadium slag is roasted in an air at-
mosphere with the addition of sodium salt (one or a combination of NaCl, Na2CO3, or
Na2SO4) to transform trivalent vanadium that occurs in vanadium slag in water-soluble
sodium vanadate, and vanadium pentoxide is prepared by the following water-leaching,
purification, precipitation, and calcination steps [12,15]. In the calcification roasting-acid
leaching process, other than sodium salt, lime or limestone is used as an additive, and the
trivalent vanadium that occurs in vanadium slag is transformed into acid-soluble calcium
vanadate through roasting step and then leached by sulfuric acid [16,17]. No matter which
of these two processes is adopted, only the vanadium that occurs in vanadium slag can be
extracted. The valuable components of titanium and chromium that occur in vanadium
slag are left in the residues, which causes not only an enormous waste of resources but also
potential risk to the environment [18–20].

To solve the problems mentioned above, a novel approach to the co-extraction of
vanadium, titanium, and chromium from vanadium slag was proposed in our previous
publications [21,22]. The processes of co-extraction are as follows: firstly, the vanadium
slag without roasting is directly hydrothermally leached by an oxalic-acid solution, by
which the trivalent vanadium ion, tetravalent titanium ion, and trivalent chromium ion that
occur in vanadium slag are simultaneously leached out; next, the separations of titanium
oxide, vanadium oxide, and chromium oxide from the pregnant leachate are achieved
through hydrothermal precipitation at temperatures higher than leaching. Based on this
novel approach, the direct leaching coefficients of vanadium, titanium, and chromium in
vanadium slag can reach 97.9%, 98.6%, and 93.3%, respectively, under the conditions of
a temperature of 125 ◦C, an oxalic acid concentration of 25%, a liquid-to-solid mass ratio
of 8:1, a reaction time of 90 min, the iron powder addition of 3.2%, and a stirring speed of
500 r/min. Additionally, a product of spherical anatase TiO2 with a purity of 95.7% can be
separated hydrothermally from the leachate after precipitation at 150 ◦C for 2.5 h [23].

This novel hydrothermal leaching and separation process is efficient and clean for
the co-extraction of vanadium, titanium, and chromium from vanadium slag and for
separating titanium oxide. However, two problems still need to be solved. One is that
the consumption of oxalic acid needs to be reduced due to the relatively high price of
oxalic acid. The other is that the quality or purity of the TiO2 product need be improved.
To these ends, in this study, a route of the cooling crystallization of oxalic acid from the
leachate followed by the hydrothermal precipitation of TiO2 was proposed and attempted.
Unexpectedly, it was found that the cooling crystallization method was not only effective
in recovering oxalic acid from the leachate but favorable for improving the purity of the
TiO2 product. So, after the effectiveness of the route was confirmed, the factors, such as
acidity, temperature, etc., on the recovery extent of oxalic acid and quality of TiO2 product
were investigated systematically. Finally, an improved process of recovering oxalic acid
and producing high-quality TiO2 was presented.

2. Experimental

2.1. Co-Extraction of Vanadium, Titanium, and Chromium from Vanadium Slag

The detailed procedure for co-extraction can be found in previous publications [21,22].
For the sake of brevity, only the primary steps are narrated here. The used vanadium slag is
analyzed by X-ray fluorescence spectroscopy (XRF-1800, Shimadzu Co., Ltd, Tokyo, Japan)
and characterized by X-ray diffraction (XRD, MAC Science Co. Ltd., Kanagawa, Japan).
The results indicated that it is composed of 10.61% V2O5, 8.65% TiO2, 4.38% Cr2O3, 43.51%
Fe2O3, 10.61% SiO2, 7.98% MnO, 3.32% CaO, 3.08% MgO, and 1.64% Al2O3, and it is mainly
constituted of spinel, olivine, and pyroxene mineral phases. About 1.25 g of vanadium slag,
0.04 g of iron powder, 10 g of distilled water, and 3.33 g of oxalic acid were placed into an
autoclave of 50 mL; then, the leaching reaction was carried out at 125 ◦C for 90 min with a
stirring rate of 500 r/min. After hydrothermal leaching reaction, the reacted mixture was
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filtered and a pregnant leachate was obtained. This obtained pregnant leachate was used as
the raw solution for recovery of oxalic acid and the separation of TiO2. Its composition was
determined by ICP optical emission spectrometer (ICP-OES, OPTIMA 7000DV, Waltham,
MA, USA), and the results are presented in Table 1.

Table 1. Chemical composition of the pregnant leachate (g/L).

Elements V Ti Cr Fe Mn Si Ca Mg Al

Concentration (g/L) 2.42 2.30 1.14 0.31 0.79 0.47 0.42 0.29 0.35

2.2. Recovery of Oxalic Acid from Leachate through Cooling Crystallization

About 20 mL of pregnant leachate was placed into a glass beaker; then, the beaker
was placed into a thermoelectric cooling cup, which can hold the temperature constant at
5 ◦C. When the leachate was cooled for 20 min, about 0.02 g of oxalic acid was added
as seed crystal. Thereafter, the leachate was stirred once every 10 min to make the
temperature homogeneous.

In order to evaluate the recovery extent of oxalic acid, a tiny amount of leachate
was taken out using a pipette during the cooling process at setting time intervals to track
the change of oxalate concentration. The concentration of oxalate was measured by ion
chromatography. Then, the percentage of recovery of oxalic acid was calculated according
to Equation (1).

β =

(
1 − Ct

C0

)
× 100% (1)

where β denotes the recovery fraction of oxalic acid, and Ct and C0 signify the concentration
of oxalate in leachate at the sampling time and the initial time, respectively.

2.3. Separation of TiO2 from Oxalic-Acid Recovered Leachate

After a cooling crystallization reaction, the crystalized solid was filtered out. The
filtered solid was identified by XRD, and its composition was measured by ICP-OES. The
obtained filtrate, which is referred to as oxalic-acid recovered leachate in the following text,
was further used for the separation of TiO2.

About 15 mL of oxalic-acid recovered leachate was placed into a 50 mL autoclave to
perform the hydrothermal precipitation reaction for 2.5 h. Additionally, the hydrothermal
temperature, as well as the property of the oxalic-acid recovered leachate, were changed to
investigate their effects on the precipitation extent and purity of TiO2.

After precipitation reaction, the precipitate was filtered out. Then, XRD measurement
was performed to identify its phase structure, ICP-OES measurements were carried out
to determine the impurity and the purity of the product, and SEM measurements were
adopted to characterize the morphology of the product.

To determine the hydrothermal precipitation fraction of titanium from the oxalic-acid
recovered leachate, the concentration of titanium in oxalic-acid recovered leachate, CTi,i,
and the concentration of titanium in the filtrate after hydrothermal precipitation reaction,
CTi, f , were measured by ICP-OES. Then, the precipitation fraction of titanium, η, was
calculated according to Equation (2).

η =

(
1 − CTi, f

CTi,i

)
× 100% (2)

3. Results and Discussion

3.1. Practicability of the Design for Recovery of Oxalic Acid and Separation of TiO2

The design of this study consists of two steps; one is to recover oxalic acid from the
pregnant leachate through the cooling crystallization method, the following is to separate
TiO2 from the oxalic-acid recovered leachate by the hydrothermal precipitation method. So,
first of all, the feasibility of the whole design was confirmed.
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To perform the confirmation, the pregnant leachate with a composition shown in
Table 1 was directly cooled to 5 ◦C and held for 5 h; then, the crystalized precipitate was
filtered out and identified by XRD measurement. The measured XRD pattern is shown
in Figure 1, from which it can be seen that the obtained precipitate is the well crystalized
oxalic acid phase.

Figure 1. XRD pattern of the precipitate by cooling crystallization.

To further estimate the purity of the obtained oxalic acid phase, it was analyzed by
ICP-OES. The contents of the main impurities are shown in Table 2. From the contents of
impurities, the purity of the crystalized oxalic acid can be estimated to be higher than 99%.

Table 2. Contents of main impurities in the crystalized oxalic acid phase.

Elements Fe Ca Si Others

Content (wt. %) 0.03 0.02 0.06 trace

In the following step, the oxalic-acid recovered leachate was directly used for sepa-
rating TiO2 by hydrothermal precipitation method. The sample was heated to 140 ◦C in
autoclave and held for 2.5 h; then, the sample was filtered. The solid phase filtered out was
identified by XRD, and its composition was determined by ICP-OES.

Figure 2 shows the measured XRD pattern. By comparison with the standard pattern
of anatase TiO2 shown together in Figure 2, it can be seen that the obtained solid product is
single-phase TiO2 with an anatase structure. The composition of the product measured by
ICP-OES is shown in Table 3, which indicates that the purity of the product is acceptable.

To evaluate the effect of recovering oxalic acid on the quality of the obtained TiO2
product, our previous reported results were adopted as a reference for comparison. In our
previous study [23], the pregnant leachate without the recovery of oxalic acid was used as a
raw material of hydrothermal precipitation. The composition of the obtained TiO2 product,
as shown in Table 4, is cited.

By comparing the composition in Table 3 with that in Table 4, it can be seen that the
purity of TiO2 is improved slightly. Especially, the contents of V2O5 and Cr2O3 impurities
can be reduced through recovering oxalic acid from the pregnant leachate.

The above results indicate that not only is the design of the present study feasible, it is
also favorable for improving quality of the TiO2 product.
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Figure 2. XRD pattern of the precipitate by hydrothermal precipitation.

Table 3. Composition of the product of hydrothermal precipitation.

Components TiO2 V2O5 Cr2O3 Fe2O3 MnO SiO2 CaO MgO Al2O3

Content (wt. %) 96.6 1.08 0.01 0.29 0.22 1.19 0.24 0.05 0.26
The content of TiO2 was obtained by subtracting the contents of impurities.

Table 4. Composition of the TiO2 product in previous study [23].

Components TiO2 V2O5 Cr2O3 Fe2O3 MnO SiO2 CaO MgO Al2O3

Content (wt. %) 95.7 2.44 0.10 0.24 0.15 1.27 0.04 0.03 <0.01
The content of TiO2 was obtained by subtracting the contents of impurities.

3.2. Optimization of the Oxalic-Acid Recovering Process

Now that oxalic acid can be recovered from the pregnant leachate by the cooling
crystallization method, the more effective conditions for recovering oxalic acid need to be
further investigated. We know that oxalic acid is a weak acid; four species (H+, H2C2O4,
HC2O4

− and C2O4
2−) exist in its aqueous solution. Inspecting the chemical reactions

among these species, it can be concluded easily that increasing the concentration of H+ will
definitely cause an increase in H2C2O4 content. The effect was calculated according to their
chemical equilibrium reactions, and the results are shown graphically in Figure 3.

From Figure 3, it can be seen clearly that the content of the H2C2O4 molecule increases
significantly when the pH value is less than 2. This increase in content for the H2C2O4
molecule will promote its crystallization and precipitation. Hence, by adding HCl solution
into pregnant leachate to change its pH value, the effect of acidity on the percentage of
recovery of oxalic acid was studied.

A HCl solution with a concentration of 36.64% was used as the additive, and three
different adding amounts 5 vol%, 10 vol%, and 15 vol% relative to the pregnant leachate
were investigated for comparison. After adding HCl solution, the pregnant leachate was
placed into a cooling cup of 5 ◦C. At various time intervals, sampling was carried out to
monitor the change of oxalate concentration in pregnant leachate, and the percentage of
recovery of oxalic acid by cooling crystallization was calculated. The obtained results at
various conditions are exhibited in Figure 4.
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Figure 3. Effect of pH value on the distribution of various species in oxalic acid solution.

Figure 4. Recovery extent of oxalic acid at various HCl adding conditions.

From the results shown in Figure 4, it can be found that, compared with the case
without adding HCl, both the extent and the rate of recovery of oxalic acid increased
sharply. When 15 vol% HCl was added, the percentage of recovery reached about 35% after
cooling crystallization for 5 h, which is about seven times higher than no adding of HCl
and about two times higher than the case of adding 5 vol% HCl. Concerning the rate of
recovery, the recovery fraction reached nearly to the maximum after 1 h when 15 vol% HCl
was added, whereas 3 h was need to reach the maximum when 10 vol% HCl was added.
Hence, from the perspective of recovering oxalic acid, adding 15 vol% is favorable for
improving the recovery efficiency.

3.3. Optimization of the TiO2 Separating Process

By adding HCl solution, the recovery fraction of oxalic acid can be improved signif-
icantly. Then, the effect of the added HCl on the following step, i.e., the hydrothermal
precipitation of TiO2, needs to be evaluated. So, the effects on hydrothermal temperature,
precipitation extent, and the quality of produced TiO2 were investigated.

About 15 mL leachate of oxalic acid recovered was placed into a 50 mL autoclave
and then heated and held at different temperatures of 120 ◦C, 130 ◦C, 140 ◦C, and 150 ◦C,
respectively, for 2.5 h. After hydrothermal precipitation, the filtered solid was identified
by XRD and analyzed by ICP-OES to determine the contents of impurities, while the
filtrate was also analyzed by ICP-OES to measure the content of Ti to determine the
precipitation extent.
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In Figure 5, the effects of the added amount of HCl solution, as well as the hydrother-
mal temperature, on the precipitation fractions of TiO2 are presented. By comparing the
results shown in Figure 5 with the case of no HCl added, it can be found that by adding HCl,
the precipitating temperature can be lowered significantly. For example, without adding
HCl, almost no TiO2 was precipitated at 120 ◦C, whereas when 5 vol% HCl solution was
added, the precipitation fraction of TiO2 was already higher than 90% at 120 ◦C, reaching
96.5% at 130 ◦C, and was close to the complete extent at 140 ◦C. However, with the further
addition of HCl, this positive effect on the precipitating temperature will deteriorate firstly
and then resume gradually. As 10 vol% HCl solution was added, the precipitation fractions
of TiO2 at all temperatures were less than the 5 vol% HCl solution added case; then, when
15 vol% HCl solution was added, the degraded precipitation fraction showed a recovering
trend. This change of precipitation extent of TiO2 implies that the adding of HCl causes the
change of occurrence state of species in solution, which needs to be elucidated deeply in
the future work.

Figure 5. Effects of added HCl on the hydrothermal precipitation extent of TiO2.

Since the hydrothermal precipitation extent at 140 ◦C for each case is relatively high
and acceptable, the precipitates obtained at this temperature were used to characterize
the quality of the product. Firstly, their phase structures were identified by XRD; the
measured patterns are shown in Figure 6. It can be seen that the adding of HCl has almost
no effect on the structure and crystallinity of the product. Although the crystallinity of the
products is not perfect, they can be easily identified as anatase TiO2 through comparison
with standard pattern.

The contents of impurities in the products measured by ICP-OES are summarized in
Table 5, where the contents for TiO2 were calculated by subtracting all impurities. As can be
seen, the purity of the product increases gradually when more HCl is added. When 15 vol%
HCl solution was added, a product with TiO2 content higher than 99% was obtained.

To provide an overview of the effect of added HCl on the contents of impurities, their
changing trend with an increasing amount of added HCl is summarized in Figure 7. It
can be seen that, apart from MgO and Cr2O3, the content of the other impurities can be
suppressed to some extent through adding HCl. Especially, the impurities V2O5, Al2O3,
and MnO can be eliminated effectively.
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Figure 6. XRD patterns of the hydrothermal product obtained at 140 ◦C.

Table 5. Compositions of hydrothermal precipitation product at 140 ◦C (wt. %).

Sample TiO2 V2O5 Cr2O3 Fe2O3 MnO SiO2 CaO MgO Al2O3

No HCl added 96.6 1.08 0.01 0.29 0.22 1.19 0.24 0.05 0.26

5 vol% HCl added 96.4 0.09 0.06 0.1 0.04 2.81 0.29 0.03 0.11

10 vol% HCl added 98.1 0.08 0.03 0.1 0.02 1.37 0.15 0.03 0.04

15 vol% HCl added 99.2 0.07 0.03 0.1 0.01 0.36 0.11 0.04 0.03
The content of TiO2 was obtained by subtracting the contents of impurities.

Figure 7. Effect of added HCl on the changing trend of impurities in TiO2 product.

To further inspect the effect of added HCl on the micromorphology of hydrothermal
product, the products of various HCl adding amounts were observed through SEM, and
the typical micrographics of the products are shown in Figure 8. It can be seen that
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both the particle size and the morphology of the product were altered significantly after
HCl was added to the pregnant leachate. The possible reason may be adding HCl can
promote the recovery of oxalic acid and subsequently cause a remarkable decrease in
oxalate concentration in solution. With the decrease in the oxalate concentration, the
decomposing temperature for the complex of Ti ions and oxalate may be lowered, which
will ultimately influence the hydrothermal precipitating extent as well as the morphology
of the product.

Figure 8. Effect of added HCl on the changing trend of impurities in TiO2 product.

4. Conclusions

As one of a series of studies about the clean and efficient utilization of vanadium
slag, this study is concerned with the processing of a Ti-bearing oxalic acid hydrothermal
leachate of vanadium slag. From an economic point of view, a process of first recovering
part of the oxalic acid from the pregnant leachate by the cooling crystallization method
and then separating TiO2 by the hydrothermal precipitation method was designed. The
experimental results confirmed that this process is not only feasible but also favorable for
improving the quality of the separated TiO2 product. Then, an optimization of the process
was carried out, and the obtained results are as follows:

(1) Adding some HCl to the pregnant leachate can further improve the recovery extent
and rate of oxalic acid. When 15 vol% HCl was added, the recovery percent of
oxalic acid reached about 35% after cooling crystallization at 5 ◦C for 3 h, which is
about seven times higher than the recovery percent when not adding HCl and about
two times higher than the recovery percent when adding 5 vol% HCl.

(2) The adding of HCl in the pregnant leachate does not result in negative effects on
the hydrothermal precipitation of TiO2 from the leachate. Additionally, it helps to
ameliorate the quality of the precipitated TiO2. When 15 vol% HCl was added, the
TiO2 product with a purity higher than 99.2% was obtained.
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Abstract: This paper presents the results of research on the development of a technology intended
to process electric smelting dusts of ilmenite concentrate with the extraction of silicon and titanium
and the production of products in the form of their dioxides. Dusts were processed for silicon
separation using the ammonium fluoride method. The optimum conditions for the fluorination and
sublimation process of silicon compounds from the electric smelting dust of the ilmenite concentrate
were determined: a temperature of 260 ◦C, a 6 h duration, and mass ratio of dust to ammonium
bifluoride of 1:0.5 ÷ 0.9. The sublimation degree of silicon compounds was ~84–91%. The sublimation
of titanium fluorides from the remaining sinter was carried out at a temperature of 600 ± 10 ◦C
for 2 h, the mass ratio titanium-containing residue: ammonium bifluoride of 1:0.5, and the degree
of sublimation of titanium fluorides was 99%. Iron, manganese, and chromium impurities in the
sublimation of titanium fluorides sublimate to a rather low degree. Pyrohydrolysis of titanium
fluoride sublimes at 600 ◦C and allows for the conversion of fluorides into titanium dioxide by 99.5%
in 4–5 h. Titanium dioxide of rutile modification with 99.8% TiO2 was obtained after hydrochloric
acid purification and calcination. A technological scheme for the complex processing of dust from
the electric smelting of ilmenite concentrates with the production of silica and titanium dioxide
is proposed.

Keywords: dust; sublimate; fluoroammonium processing; silicon dioxide; titanium dioxide

1. Introduction

Ilmenite concentrate is used in the production of titanium metal as a feedstock. Electric
melting of ilmenite concentrates to produce titanium slag and pig iron is accompanied by
high dust emissions since the charge is fed in a loose state. Silicon contained in the charge
is sublimed in the process of melting and falls into the thin sleeve filters together with gases
entrained into the gas duct system, condensing in the form of amorphous silica SiO2. High
silica content in the dust makes it impossible to return it back to the process, so it is stored
in designated storage fields for production wastes.

Considerable amounts of titanium are lost together with the dust generated in the
electric smelting process of ilmenite concentrate. Its content in the dusts reaches 50%.
Additional extraction of titanium from the dusty waste will not only reduce losses but also
allow the acquisition of additional commercial products.

Some of the most demanded products in the market of titanium raw materials are
titanium dioxide and amorphous silica. Titanium dioxide is used as a white pigment in the
paint, optical coatings, pharmaceuticals, ceramics, food, and paper industries. Titanium
dioxide has been used in the photoelectrochemical decomposition of water to produce
hydrogen [1,2], to purify water from organics [3–9], to clean the environment from toxic
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substances [10,11], in high-performance solar cells [12], as a material with antibacterial and
antiviral effect for medical applications [13,14], and to create self-cleaning surfaces [15].

Due to the lack of effective technology, most of the waste from titanium production
is not currently recycled. Processing is focused on traditional raw materials, the main of
which are ilmenite ores and concentrates.

There are two industrial methods of titanium raw material processing for the pro-
duction of titanium dioxide: sulfate or sulfuric acid and chlorine. In the sulfate method,
the titanium-containing raw material (usually ilmenite concentrate) is treated with con-
centrated sulfuric acid, and the sulfate solution containing sulfuric salt is decomposed to
produce titanium dioxide [16–20]. Sulfate technology allows the use of poorer and cheaper
raw materials; however, it has several drawbacks, the main of which is the formation of
large amounts of waste solutions. According to the chlorine technology [21], rutile or
ilmenite is firstly subjected to the action of chlorine gas in the presence of carbon (coke,
etc.) at high temperature, and titanium tetrachloride is formed, which is then oxidized by
oxygen to its dioxide at 1300–1800 ◦C. Compared with the sulfate method, the chlorine
method is more environmentally friendly. However, it is selective towards raw materials
and requires the processing of high-quality rutile.

Fluoroammonium refining is becoming one of the promising methods of rare metal
extraction. Ammonium fluoride, ammonium bifluoride, or their mixtures are used as
fluorinating agents.

Ammonium hydrofluoride, unlike fluorine, hydrogen fluoride, and hydrofluoric acid,
under normal conditions does not represent a significant environmental hazard and be-
comes a strong fluorinating agent when heated. The physicochemical basis for the process
of fluorination with ammonium bifluoride is that oxygen-containing compounds of transi-
tion and many non-transition elements in interaction with NH4HF2 form very convenient
for processing fluoro- or oxofluorometallates of ammonium, whose physicochemical prop-
erties ensure product solubility and the possibility to separate mixtures by sublimation [22].
A great advantage of these complex salts is their selective tendency to sublimation or
thermal dissociation to non-volatile fluorides which guarantees a deep separation of the
components, and the stepwise separation of NH4F vapors allows forthe collection of the
desublimate of the latter and use in a closed cycle.

In [23], during the fluorination of titanium slag with ammonium hydrofluoride, at
380 ◦C, the degree of sublimation of ammonium hexafluorosilicate was 99%, after sublima-
tion of silicon hexafluoride, titanium dioxide with impurities of other oxides remained in
the solid product. The separation of titanium dioxide from other components was carried
out using a solution of ammonium hydrofluoride. The precipitation of the titanium com-
pound from the ammonium fluoride solution was carried out by adding a 25% solution of
ammonia water. However, titanium compounds (NH4)2TiOF4 or (NH4)3TiOF5 precipitated
from the solution. A further shift of the equilibrium towards the formation of Ti(OH)4
required multiple washing of the precipitate with ammonia water. The content of TiO2
in the resulting product was more than 90%. A method using another fluorinating agent,
ammonium fluoride NH4F, is known [24]. The method consists in treating the initial flota-
tion quartz-leucoxene concentrate with ammonium fluoride at a mass ratio of 0.6–1.25:1
and 195–205 ◦C. The compounds of silicon and titanium were separated by heat treatment
of the resulting product at 295–305 ◦C and the sublimation of ammonium fumoride and
obtaining the residue of artificial rutile containing 90–95% titanium dioxide. The method for
processing titanium-containing ilmenite concentrate raw material [25] includes fluorination
of raw materials, thermal treatment of the pro-fluorinated mass, separation of fluorination
products through sublimation, and pyrohydrolysis of the residue after sublimation to
produce iron oxide. Ammonium fluoride, ammonium bifluoride, or their mixtures was
used in the fluorination process as a fluoride reagent in a stream of inert gas. Subliminal
products were collected with water to produce a solution of ammonium fluorotitanate, and
hydrated titanium dioxide was precipitated by water ammonia solution, followed by heat
treatment of the precipitate to obtain anhydrous titanium dioxide. In the method [26], the
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fluorination of an ilmenite or quartz-leucoxene concentrate was performed at a temperature
of 110–195 ◦C or without heating, and the subsequent separation of silicon from titanium
was carried out by sublimation of ammonium silicofluoride at a temperature of 305–450 ◦C
or by aqueous leaching. The content of silicon dioxide in the titanium-containing residue
was 0.3 wt%. The titanium content in silicon sublimes was less than 1 wt%. In another
method [27], the ilmenite concentrate was treated with a solution of ammonium fluoride or
hydrodifluoride with the separation of titanium from insoluble fluoroammonium salts of
iron. Titanium fluoroammonium salts precipitated from the solution were mixed with finely
dispersed silicon dioxide, then the mixture was pyrohydrolyzed at a stepwise increase in
temperature to 850–900 ◦C with exposure at each stage for 20–60 min. Titanium dioxide
with an anatase structure containing 99.5% TiO2 and 0.5% SiO2 was obtained.

As the review of fluoride methods for processing titanium-containing raw materials
shows, the separation of silicon from titanium after treatment with a fluorine-containing
agent was carried out both by sublimation of silicon fluoride and by leaching with the
transfer of silicon into solution in the form of a silicofluoride compound.

The ammonium fluoride processing method makes it possible to regenerate the used
fluoride reagents rather well. This has significant advantages over the sulfate method,
which produces a large amount of dilute waste sulfuric acid contaminated with various
impurities. This makes it difficult to return sulfuric acid back to the process. Also, the
method requires a high content of titanium (not less than 46 wt% TiO2) in the ore material.
Moreover, the decomposition of titanium-containing raw materials is carried out with
concentrated sulfuric acid, which poses a certain danger, since gas and reaction mass are
released in this case. In the chlorine method during the processing of ilmenite, difficulties
arise at the stage of separation of titanium, silicon, aluminum, and iron chlorides due to
the proximity of their physical and chemical properties, and it is also necessary to strictly
observe the technological regulations and safety measures due to the existing danger of
phosgene formation during chlorination in the presence of carbon-containing reducing
agents. Despite the fact that the use of the ammonium fluoride method requires the use of
corrosion-resistant equipment and high sealing of technological stages, this method reduces
the number of technological operations. The number of reagents, with the possibility of
their regeneration, improves the quality of the products obtained and creates the possibility
of using a safer and more environmentally friendly method.

Production waste is a complex multi-component raw material that is formed in techno-
logical processes and accumulates in its composition components similar in properties. The
processing of such raw materials is already a problem. The ammonium fluoride method
makes it possible to separate the target components with high selectivity and obtain end
products of the appropriate quality from them.

Information about the use of fluoroammonium treatment in the available patent and
scientific literature refers to natural titanium-containing raw materials. There are sporadic
studies on the application of the fluoroammonium-processing method to titanium slurries
with the production of calcium nitrate and titanium dioxide [28,29]. Silicon with alkali
forms a water-soluble sodium silicate; therefore, in our previous studies [30], to separate
silicon from titanium, electric smelting dust of ilmenite concentrate was leached with a
sodium hydroxide solution. The influence of sodium hydroxide solution concentration,
duration, leaching temperature, and S:L ratio on the leaching process was studied. The
optimum parameters of sodium hydroxide leaching of electric smelting dust of ilmenite
concentrate were determined: NaOH concentration of 110–115 g/dm3; S:L ratio of 1:5;
a temperature of 80–90 ◦C; and a duration of 90–120 min. The silicon extraction in the
alkaline solution was 77.7%. Physicochemical studies of electrical melting dust of ilmenite
concentrate showed that the silicon is in the form of a magnesium silicate phase, which, as
a result of alkaline leaching, is not completely decomposed, partially remaining in the cake.

Studies were performed using high-temperature fluoroammonium processing to en-
sure the most complete decomposition of silicon-containing phases and to separate the
silicon impurity from titanium. Taking into account the differences in the physicochemical
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properties of the dust constituents, it was of interest to determine the optimal conditions
for ammonium fluoride processing with the separation of silicon and titanium and the pro-
duction of products in the form of their oxides with a high content of the main component.

2. Materials and Methods

Materials: all of the reagents used were ammonium bifluoride, aqueous ammonia, and
hydrochloric acid were of a grade not lower than “chemically pure”.

The fine dust of electric smelting of ilmenite concentrates were provided by the “Ust-
Kamenogorsk Titanium-Magnesium Plant” JSC, the content of the main components of the
dust is shown in Table 1.

Table 1. Composition of electric smelting dust of ilmenite concentrate (wt%).

Ti Si Fe Cr Mn Zn Al Mg O Others

26.30 12.15 18.14 0.47 3.12 0.52 0.45 0.80 37.03 1.02

X-ray diffraction analysis (XRD) of the dust (Figure 1) showed that the substance of the
dust sample is in an X-ray amorphous state and the diffractogram background is high, iron
in the dust is mainly in the trivalent state, and the harmful impurity silicon is connected
with titanium, magnesium, and iron.

Figure 1. Diffraction pattern of electric smelting dust of ilmenite concentrate.

Analysis methods: X-ray diffraction analysis was performed on a D8 ADVANCE
“BRUKER AXS GmbH” diffractometer (Karsruhe, Germany), Cu-Kα emission. The database
PDF-2 International Center for Diffraction Data ICDD (Swarthmore, PA, USA) was used.

X-ray fluorescence analysis was performed using an Axios PANalytical spectrometer
with wave dispersion (Almelo, The Netherlands).

The chemical analysis of the samples was performed using an Optima 8300 DV
inductively coupled plasma optical emission spectrometer (Perkin Elmer Inc., Waltham,
MA, USA).

Experimental procedure: to carry out the processes of sublimation of silicon or titanium
fluorides, the dust or residue from the sublimation of silicon, respectively, was thoroughly
mixed with ammonium bifluoride in the required ratio. The charge sample was placed in
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an alundum boat and installed in a LOP LT-50/500–1200 tubular electric furnace. Argon
was supplied through a horizontal pipe, and the furnace was heated to a predetermined
temperature and maintained at this temperature for a certain period of time. At the end
of the experiment, sublimates of ammonium hexafluorosilicate or titanium fluorides were
captured at the end of the tube, and the gas-air mixture was captured in a flask with
ammonia water. Preliminary experiments on the fluorination of dust from electric smelting
of ilmenite concentrate determined the rate of argon supply, which makes it possible to
remove fluoride fumes from the reaction zone. The argon feed rate for the used installation
was 1.0–1.5 dm3/h. The degree of fluorination and sublimation of silicon was estimated
from the change in the content of the controlled component in the solid residue according
to the formula:

ESi =
(C0 − Ci)

C0
· 100 % (1)

where C0 is the amount of silicon in the initial dust, g; Ci is the amount of silicon in the
residue after fluorination and sublimation, g.

The fluorination and sublimation plants are shown in Figure 2.

Figure 2. Assembly for laboratory research on fluoroammonium processing of electric melting
ilmenite concentrate dust: 1—cylinder with argon, 2—flow meter, 3—pipe with alundum boat and
sample, 4—horizontal furnace, 5—water-cooled refrigerator-condenser, and 6—gas trap system (10%
NH4OH solution).

Silicon fluoride sublimates were dissolved in water and treated with water in a ratio
of solid to liquid equal to 1:10. After dissolution in water, silicon sublimes were sub-
jected to ammonia hydrolysis. The hydrolysis of a solution of ammonium and oxonium
hexafluorosilicates was conducted as follows: in a solution heated to 40 ◦C containing
hexafluorosilicate ion, 10% or 25% ammonia solution was added in portions with active
stirring to pH 7.5–8, which upon reaching it was necessary to keep the suspension for
80–90 min by stirring to form and precipitate silica flakes.

During the process of pyrohydrolysis of sublimes of titanium fluorides, a weighed
sample of titanium fluorides was placed in an alundum boat and loaded into an electric
furnace. After heating to 100 ◦C, steam was supplied to the furnace, where a boat with
a sample of sublimes of titanium fluorides was previously installed. The steam rate was
1.5–2.0 dm3/h.

Titanium dioxide was purified from impurities by hydrochloric acid solution in ther-
mostatic reactors with a volume of 0.5 dm3. Purification was made under established
conditions and constant stirring of the pulp. Pulp stirring was performed with a glass
stirrer. The stirring speed was 450 rpm.
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3. Results and Discussion

3.1. Study of Silica Separation from Electric Smelting Dust of Ilmenite Concentrates

Dusts of electric smelting of ilmenite concentrates during their formation, as noted
above, can concentrate silicon, the presence of which does not allow their return to the
smelting process. Therefore, initially, it is advisable to remove silicon from the dust for
its further processing to produce titanium dioxide. It is of interest to separate silicon and
obtaining an additional product of amorphous silica.

The authors [23] suggest that the conversion of silica and other silicon compounds
into fluorominium salts during the reaction with ammonium hydrofluoride produces
(NH4)3SiF7 and (NH4)2SiF6.

However, in [31], it is argued that the formation of (NH4)2SiF6 is thermodynami-
cally advantageous because of the large negative enthalpy of formation and free energy
compared with other silicon fluorides.

The interaction of ammonium hydrofluoride with the components of electric smelting
dust of ilmenite concentrate at elevated temperatures can proceed by the reactions:

TiO2 + 3NH4HF2 = (NH4)2TiF6 + NH3↑ + 2H2O↑ (2)

SiO2 + 3NH4HF2 = (NH4)2SiF6 + NH3↑ + 2H2O↑ (3)

4FeO + 12NH4HF2 + O2 = 4(NH4)3FeF6 + 6H2O↑ (4)

Al2O3 + 6NH4HF2 = 2(NH4)3AlF6 + 3H2O↑ (5)

2MnO + 3NH4HF2 = 2NH4MnF3 + NH3↑ + 2H2O↑ (6)

The influence of various factors on the sublimation of silicon from electric melting
dusts was studied.

3.1.1. Influence of the Temperature of the Fluorination Process

The investigations were performed in the temperature range of 200–280 ◦C. The
duration of the experiments was 6 h, and the ratio of masses of electrofusion dust of
ilmenite concentrate to ammonium hydrodifluoride was 1:0.9.

It is shown in Table 2 that with an increase in the process temperature from 200 to
280 ◦C, the yield of the residue from fluorination decreases, which is associated with an
increase in the consumption of the fluorinating agent for the reaction with dust components
and the removal of silicon fluoride from the reaction zone by the argon flow.

Table 2. Influence of fluorination temperature on the controlled elements content in the residue.

Temperature, ◦C
Residue Yield from

Fluorination,%

Content of Components in the Residue, wt%

Si Ti Fe Cr Mn O F Others

200 79.6 8.4 17.3 12.9 0.40 3.2 9.1 30.1 18.60

230 68.4 6.4 17.6 14.6 0.51 2.9 - 31.1 26.89

250 54.4 2.7 25.7 19.6 0.65 4.5 10.1 24.3 12.45

260 47.8 1.7 28.7 20.7 0.76 4.7 13.9 26.6 2.94

280 44.9 1.5 29.6 22.0 0.81 5.0 14.8 25.9 0.39

The analysis of the data presented in Table 2 and Figure 3 shows that the process
temperature of 260 ◦C results in the sublimation degree of silicon fluoride up to 84.2%
and its content in the titanium-containing intermediate product decreases by eight times
compared with the initial dust. Further temperature increase has an insignificant influence
on the sublimation degree of silicon fluoride and its content in the residue from fluorination.
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Figure 3. Influence of temperature on silicon fluoride sublimation.

It should be considered that the optimal temperature for fluorination of electric smelt-
ing of ilmenite concentrate to separate the silicon should be 260 ◦C.

3.1.2. Effect of the Fluoridation Duration

The study of the influence of fluorination process duration was performed in a series
of experiments with different time intervals of 2–8 h at 260 ◦C and mass ratio of dust to
ammonium bifluoride of 1:0.9. The results of studies are shown in Table 3 and Figure 4.

Table 3. Results of fluorination of electrosmelting dust of ilmenite concentrate. Influence of the
process duration.

Duration of
Experiment, h

Residue Yield from
Fluorination,%

Content in the Residue, wt%

Si Ti Fe Cr Mn O F Others

2 65.3 5.4 21.7 17.2 0.57 3.8 8.1 25.4 17.83

4 58.2 4.8 25.4 17.0 0.72 4.3 10.7 26.9 10.18

6 47.8 1.7 28.7 20.7 0.76 4.7 13.9 26.6 2.94

8 43.7 1.5 30.3 22.2 0.80 5.1 13.0 27.0 0.10

Figure 4. The dependence of the degree of sublimation of silicon from silicon dust of electrofluorina-
tion of ilmenite concentrate during fluorination.
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The curve in Figure 4 on the segment of 2–6 h describes a rectilinear dependence
of silicon fluoride sublimation degree on the process duration. The sublimation rate of
silicon decreases and its content in the residue insignificantly changes in 6 h of fluorination
(Table 3).

XRD analysis showed that formed ammonium hexafluoride does not sublimate com-
pletely in 2–4 h. The reaction of ilmenite fluorination is not completed (Figure 5).

Figure 5. A diffractogram of the residue from fluorination of electrosmelting dust of ilmenite
concentrate (2 h, 260 ◦C, dust:NH4HF2 = 1:0.9).

An increase in the fluorination duration up to 6 h allowed almost complete extraction
of silicon in the sublimations (Figure 6) [32].

Figure 6. A diffractogram of the residue from fluorination of electrofusion dust of ilmenite concentrate
(6 h, 260 ◦C, dust:NH4HF2 = 1:0.9).
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3.1.3. Influence of Mass Ratio of Dust from Electric Smelting of Ilmenite Concentrate to
Ammonium Bifluoride

The study of the influence of specific ammonium bifluoride consumption on fluo-
rination of electrical melting components of ilmenite concentrate dust with formation
and sublimation of silicon fluoride was performed at a temperature of 260 ◦C with a 6 h
duration.

Table 4 represents the data on the change of the content of controlled elements in the
residue from fluorination, which shows that the silicon fluoride sublimation degree was
90.6% at a mass ratio of dust to ammonium bifluoride of 1:0.5.

Table 4. Results of fluorination of electric melting dust of ilmenite concentrate. Influence of
dust:NH4HF2 mass ratio.

Dust:NH4HF2

Mass Ratio

Residue Yield from
Fluorination,%

Content in the Residue, wt%

Si Ti Fe Cr Mn O F Others

1:0.5 32.1 1.5 29.7 20.6 0.73 4.6 30.2 8.7 3.97

1:0.9 47.8 1.7 28.7 20.7 0.76 4.7 13.9 26.6 2.94

1:1.5 70.8 3.05 19.7 15.4 0.55 3.4 11.0 27.8 19.1

With an increase in the consumption of ammonium hydrodifluoride (mass ratio 1 :0.9),
the silicon fluoride sublimation degree remains satisfactory. At the same time, ilmenite,
iron oxide, and a part of titanium oxides are completely fluorinated.

Further increase of the specific flow rate of ammonium hydrofluoride decreases the
degree of silicon fluoride sublimation (Figure 7). It is connected with the formation of a big
mass of the melted dust mixture with ammonium hydrofluoride that made it difficult to
free silicon fluoride in the gas phase.

Figure 7. Dependence of silicon sublimation degree from smelting dust of ilmenite concentrate
during fluorination on specific flow rate of ammonium bifluoride.

Thus, the optimal conditions for fluorination of electric melting dust of ilmenite
concentrate were experimentally established: 260 ◦C temperature, 6 h duration, and a mass
ratio of dust to ammonium bifluoride of 1:0.5–0.9. The degree of sublimation of silicon
fluoride was ~84–91% under these conditions.
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3.2. Silicon Dioxide Production

The obtained silicon-containing sublime is represented by oxonium hexofluorosilicate
(H3O)2SiF6 (~98%) and ammonium hexofluorosilicate (NH4)2SiF6 (~2%) [32]. Ammonium
and oxonium hexafluorosilicates are well soluble in water at room temperature. Precipita-
tion of silicon oxide was performed with ammonia for 30–90 min, and the suspension was
held for the formation and precipitation of silicon oxide flakes. The obtained amorphous
product had the following composition (wt%): 81.6 SiO2; 12.9 NH4F; 0.045 Fe; 0.005 Cu;
0.025 Zn; 0.014 As; 0.003 Sr; and 0.017 Pb. The product contains insignificant amounts of
heavy metals and arsenic. The presence of ammonium fluoride is due to its absorption
by amorphous particles, and it cannot be removed by washing the sediment with water.
Ammonium fluoride is known to decompose when it is heated. The sample was heated
and incubated at 530–560 ◦C for 60–80 min to ensure the most complete decomposition of
ammonium fluoride and its removal from the sample composition [33]. The resulting silica
had the following composition (wt%): 96.3 SiO2; n/d F; 0.14 Fe2O3; 0.16 Al2O3; 0.02 ZnО;
0.03 CaO; and 0.15 TiO2. According to the content of silicon dioxide and accompanying
impurities of iron, calcium, and magnesium, the product meets the requirements of the
state standard GOST 18307-78 for the “White soot” brand BS-100 [34].

3.3. Titanium Fluoride Sublimation and Study of the Behavior of Impurity Components
during Fluorination

The residue from dust fluorination with sublimation of silicon fluorides mainly consists
of titanium compounds (Figure 6). The studies were performed to determine the optimal
conditions of the process intended to provide the most complete sublimation of titanium
fluorides from the residue. The influence of temperature (450 to 650 ◦C) and duration (0.5 to
4 h) on titanium fluorides sublimation degree were studied [35]. The optimal conditions of
the sublimation process of titanium fluorides were a temperature of 600 ± 10 ◦C, a duration
of 2 h, and a mass ratio of titanium-containing residue (ammonium bifluoride) of 1:0.5.
Sublimation degree of titanium fluorides under these conditions reached 99%. Fluoride
sublimations were composed of the following phases: (NH4)2TiF6, (NH4)3TiF7, (NH4)FeF6,
and NH4HF2.

Strict requirements for the content of chromophoric impurities are applied to the
pigment titanium dioxide which imparts a different color to a white pigment even at a very
small content.

The sublimation of iron, manganese, chromium, and residual silicon during the
sublimation of titanium fluorides was studied in this connection. Studies on the effect of
the process duration on the sublimation degree of iron, manganese, chromium, and silicon
were performed at 610 ◦C in the range of 30–240 min. The results of the experiments on the
sublimation of impurities are shown in Figure 8.

The results showed that silicon in the form of ammonium fluorosilicate is almost
completely extracted into sublimations in the first 30 min of the process.

The curves of dependence of the sublimation degree on the duration of the experi-
ment for iron, manganese, and chromium are similar and only differ in the value of the
sublimation degree (Figure 8). Sublimation of iron within 2 h of the process occurs at 15.1%,
of manganese at 9.3%, and of chromium at 13.6%. This behavior is due to the conditions
of the experiments. Heating of the furnace to 610 ◦C occurs at a rate of 20 ◦C/min which
contributes to the sublimation of impurity components.

It should be noted that in spite of a certain sublimation of iron, manganese, and
chromium, their content in the residue increases. The content of iron increased by 1.8,
manganese by 1.9, and chromium by 2.0 times during 2 h (Table 5).
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Figure 8. Influence of process duration on sublimation of impurities from fluorinated dust of electric
melting of ilmenite concentrate.

Table 5. Effect of the duration of the experiment on the content of impurity components in the cinder.

Duration, min
Content * in the Cinder, wt%

FeO SiO2 MnO Cr2O3

init. 23.0 1.28 2.35 0.39

30 40.6 0.071 4.32 0.64

60 40.4 0.058 4.36 0.69

90 41.6 0.057 4.39 0.74

120 42.1 0.051 4.44 0.76

180 43.7 0.043 4.50 0.77

240 45.4 0.036 4.58 0.79
* component content is given in terms of the oxide form.

Studies of the process of sublimation of impurity components during the fluorination
of titanium from sinter showed that, under experimental conditions, such impurities as
iron, manganese, and chromium sublimate with a fairly low degree together with titanium.

3.4. Titanium Dioxide Production and Purification

Pyrohydrolysis of titanium fluorides. Fluoride technology involving pyrohydrolysis of
titanium fluorides to produce titanium dioxide is one of the ways to produce high-quality
titanium oxide products.

Obtained fluoride sublimations of titanium have the following composition (wt%):
59.0 Ti; 0.6 Fe; 0.005 Si; 0.09 Cr; 0.14 Al; 20.4 F; and 19.8 O. Studies of titanium fluoride
pyrohydrolysis with the investigation of the influence of temperature (in the range from
300 to 700 ◦C) and duration of the process (in the range from 1 to 5 h) have shown that
optimal parameters are 600 ◦C and a duration of 4–5 h [36].

Obtained titanium dioxide was contaminated with impurities and had a grayish hue,
therefore hydrochloric acid treatment of the product was performed.

Studies of the hydrochloric acid leaching process of pyrohydrolysis products were
performed to provide the most complete purification of titanium dioxide. The influence
of hydrochloric acid concentration (in the range from 5 to 15% HCl), S:L ratio (from 1:4 to
1:8), and the process duration (in the range from 5 to 60 min) on the conversion degree of
manganese, iron, and chromium impurities into the solution was studied. As a result of this
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research, the following optimum conditions of the purification process were determined:
12.5–15% HCl; a temperature of 25–30 ◦C; ratio S:L of 1:6 ÷ 8; and a duration of 20–30 min.

Titanium dioxide after acid processing consisted of two modifications: 94% anatase
and 6% rutile. High quality of pigmental titanium dioxide is provided by the rutile phase;
therefore, titanium dioxide was calcined at a temperature of 900 ◦C for 2 h to obtain the
rutile modification. The TiO2 content was 99.8 wt%, and the content of impurities of silicon,
chromium, manganese, and iron in recalculation on their oxides was 0.0005, 0.032, 0.005,
and 0.039 wt%, respectively, in the obtained rutile product [36]. According to the content
of the main component and accompanying impurities, the product complies with the
requirements of the state standard GOST 9808-84 for pigment titanium dioxide [37].

3.5. Process Flow of Complex Processing of Electric Smelting Dust of Ilmenite Concentrates

The conducted studies formed the basis for the development of a technology for the
integrated processing of fine dusts from the electric smelting of ilmenite concentrates to
extract silicon and titanium and the production of oxide products (Figure 9).

Figure 9. Basic process flow of fine dust processing of electric smelting of ilmenite concentrates.
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The dust from the smelting of ilmenite concentrates is hydrofluorinated in a molten
ammonium bifluoride at 260 ◦C, producing silicon fluorides in the form of sublimations
and separating them from iron and titanium.

During fluorination of electric smelting dust of ilmenite concentrate, a mixture of gases
(water vapor and ammonium fluoride) is formed and sent for condensation (regeneration
of ammonium fluoride).

Aspiration containing silicon fluoride is dissolved in water, and amorphous silicon
dioxide is precipitated by a 12% ammonia solution. Under these conditions, amorphous sil-
ica contains an impurity of fluorine ions. When amorphous silica is dried at 200–300 ◦C, the
fluorine ion is removed along with water vapor, and the remainder is pure amorphous silica.

The residue from fluorination containing iron and titanium is subject to fluorination at
590–610 ◦C. The titanium component is completely separated from iron and impurities.

Sublimated titanium fluoride goes to the oxidative pyrohydrolysis operation (interac-
tion with superheated water vapor and air oxygen).

Heat-treatment conditions of the final titanium product are maintained depending on
the desired structure of the resulting titanium dioxide.

Thus, the complex processing of electric smelting dusts of ilmenite concentrate with the
production of silica and titanium dioxide products is possible according to the given regimes.

4. Conclusions

Based on the research results, a technology intended to produce amorphous silica and
titanium dioxide from fine-dispersed dust of electrical smelting of ilmenite concentrate
was proposed.

A study of the effect of different parameters on the fluorination and sublimation of
silicon from the electric smelting dust of ilmenite concentrate showed that the optimum
conditions of the process are a temperature 260 ◦C, duration of 6 h, and a mass ratio of dust
to ammonium hydrodifluoride of 1:0.5 ÷ 0.9. As a result, the sublimation degree of silicon
fluoride compounds was equal to ~84–91%. After ammonia hydrolysis of silicon fluoride
sublimates dissolved in water and further drying of the precipitate, amorphous silica was
obtained with a content of 96.3% SiO2.

The sublimation of titanium fluorides from the remaining sinter was carried out at
a temperature of 600 ± 10 ◦C for 2 h, the mass ratio of titanium-containing residue to
ammonium bifluoride was 1:0.5, and degree of sublimation of titanium fluorides was 99%.

A study of impurities behavior during the sublimation of titanium fluorides from the
sinter showed that iron, manganese, and chromium were sublimated with a sufficiently
low degree. The content of these impurities in the residue after sublimation of titanium
fluorides increases by approximately two times.

After pyrohydrolysis of titanium fluoride sublimes, hydrochloric acid purification,
and subsequent calcination of titanium dioxide, the product of rutile modification with a
content of 99.8% TiO2 was obtained.

The process flow for complex processing of electric smelting dusts of ilmenite concen-
trates with the production of titanium dioxide and silicon dioxide was proposed according
to the results of the research.
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XRD X-ray diffraction analysis
S:L ratio of solid phase weight (in grams) to liquid phase volume (in ml)

References

1. Fujishima, A.; Honda, K. Electrochemical Photolysis of Water at a Semiconductor Electrode. Nature 1972, 238, 37–38. [CrossRef]
2. Ngo, T.Q.; Posadas, A.; Seo, H.; Hoang, S.; McDaniel, M.D.; Utess, D.; Triyoso, D.H.; Mullins, C.B.; Demkov, A.A.; Ekerdt, J.G.

Atomic layer deposition of photoactive CoO/SrTiO3 and CoO/TiO2 on Si(001) for visible light driven photoelectrochemical water
oxidation. J. Appl. Phys. 2013, 114, 084901. [CrossRef]

3. Frank, S.N.; Bard, A.J. Heterogeneous photocatalytic oxidation of cyanide ion in aqueous solutions at titanium dioxide powder. J.
Am. Chem. Soc. 1977, 99, 303–304. [CrossRef]

4. Frank, S.N.; Bard, A.J. Heterogeneous photocatalytic oxidation of cyanide and sulfite in aqueous solutions at semiconductor
powders. J. Phys. Chem. 1977, 81, 1484–1488. [CrossRef]

5. Liu, H.; Cheng, S.; Wu, M.; Wu, H.; Zhang, J.; Li, W.; Cao, C. Photoelectrocatalytic Degradation of Sulfosalicylic Acid and Its
Electrochemical Impedance Spectroscopy Investigation. J. Phys. Chem. A 2000, 104, 7016–7020. [CrossRef]

6. Yu, J.; Yu, H.; Ao, C.H.; Lee, S.C.; Yu, J.C.; Ho, W. Preparation, characterization and photocatalytic activity of in situ Fe-doped
TiO2 thin films. Thin Solid Film. 2006, 496, 273–280. [CrossRef]

7. Janus, M.; Choina, J.; Morawski, A.W. Azo dyes decomposition on new nitrogen-modified anatase TiO2 with high adsorptivity. J.
Hazard. Mater. 2009, 166, 1–5. [CrossRef]

8. Korina, E.; Stoilova, O.; Manolova, N.; Rashkov, I. Polymer fibers with magnetic core decorated with titanium dioxide prospective
for photocatalytic water treatment. J. Environ. Chem. Eng. 2018, 6, 2075–2084. [CrossRef]

9. Sraw, A.; Kaur, T.; Pandey, Y.; Sobti, A.; Wanchoo, R.K.; Toor, A.P. Fixed bed recirculation type photocatalytic reactor with TiO2
immobilized clay beads for the degradation of pesticide polluted water. J. Environ. Chem. Eng. 2018, 6, 7035–7043. [CrossRef]

10. Hoffmann, M.R.; Martin, S.T.; Choi, W.; Bahnemann, D.W. Environmental Applications of Semiconductor Photocatalysis. Chem.
Rev. 1995, 95, 69–96. [CrossRef]

11. MiarAlipour, S.; Friedmann, D.; Scott, J.; Amal, R. TiO2/porous adsorbents: Recent advances and novel applications. J. Hazard.
Mater. 2018, 341, 404–423. [CrossRef]

12. O’Regan, B.; Grätzel, M. A low-cost, high-efficiency solar cell based on dye-sensitized colloidal TiO2 films. Nature 1991, 353,
737–740. [CrossRef]

13. Pan, J.; Leygraf, C.; Thierry, D.; Ektessabi, A.M. Corrosion resistance for biomaterial applications of TiO2 films deposited on
titanium and stainless steel by ion-beam-assisted sputtering. J. Biomed. Mater. Res. 1997, 35, 309–318. [CrossRef]

14. Heidenau, F.; Mittelmeier, W.; Detsch, R.; Haenle, M.; Stenzel, F.; Ziegler, G.; Gollwitzer, H. A novel antibacterial titania coating:
Metal ion toxicity and in vitro surface colonization. J. Mater. Sci. Mater. Med. 2005, 16, 883–888. [CrossRef]

15. Wang, R.; Hashimoto, K.; Fujishima, A.; Chikuni, M.; Kojima, E.; Kitamura, A.; Shimohigoshi, M.; Watanabe, T. Light-induced
amphiphilic surfaces. Nature 1997, 388, 431–432. [CrossRef]

16. Weintraub, G. Process of Obtaining Titanic Oxid. U.S. Patent 1014793A; IPC C22B34/125 (EP, US); Y10S423/02 (EP),
16 January 1912.

17. Joseph, B. Titanium Compound. U.S. Patent 1504669A; IPC C22B34/12, 12 August 1924.
18. Weizmann, C.; Blumenfeld, J. Improvements Relating to the Treatment of Solutions for the Separation of Suspended Matter. UK

Patent 228814A; IPC C01F15/00 (EP); C01G19/00 (EP); C01G23/001 (EP), 3 February 1925.
19. Mecklenburg, W. Production of Titanium Dioxide. U.S. Patent 1758528A; IPC C01G23/053 (EP), 13 May 1930.
20. Belenky, E.F.; Riskin, I.V. Chemistry and Technology of Pigments; Goskhimizdat: Leningrad, Russia, 1960; p. 756.
21. Jelks, B. Titanium: Its Occurrence, Chemistry and Technology, 2nd ed.; Ronald Press: New York, NY, USA, 1966; p. 691.
22. Rakov, E.G. Ammonium Fluorides; Results of Science and Technology; Inorganic Chemistry; All-Union Institute of Scientific and

Technical Information: Moscow, Russia, 1988; Volume 15, p. 154.
23. Dmitriev, A.N.; Smorokov, A.A.; Kantaev, A.C.; Nikitin, D.S.; Vit’kina, G.Y. Fluorammonium-processing method of titanium slag.

Izvestiya vysshee uchebnykh obrazovatel’nykh uchebov [Proceedings of Higher Educational Institutions]. Ferr. Metall. 2021, 64,
178–183.

24. Fedun, M.P.; Bakanov, V.K.; Pastikhin, V.V. Method of Processing of Titanium-Silicon-Containing Concentrates. R.F. Patent
2264478, 20 November 2005.

78



Metals 2022, 12, 2129

25. Andreev, A.A.; D’jachenko, A.N. Method of Processing of Raw Materials Containing Titanium. R.F. Patent 2365647,
27 August 2009.

26. Andreev, A.A.; D’jachenko, A.N. Method to Process Titanium-Silicon-Containing Stock. Patent RF 2377332, 27 August 2009.
27. Gordienko, P.S.; Pashnina, E.V.; Shabalin, I.A.; Dostovalov, D.V. Method of Processing Titanium-Containing Mineral Raw

Materials. Patent RF 2717418, 23 March 2020.
28. Ultarakova, A.A.; Yessengaziyev, A.M.; Kuldeyev, E.I.; Kassymzhanov, K.K.; Uldakhanov, O. Kh. Processing of titanium

production sludge with the extraction of titanium dioxide. Metalurgija 2021, 60, 411–414.
29. Yessengaziyev, A.M.; Ultarakova, A.A.; Burns, P.C. Fluoroammonium method for processing of cake from leaching of titanium-

magnesium production sludge. Complex Use Miner. Resour. 2022, 320, 67–74. [CrossRef]
30. Yessengaziyev, A.; Ultarakova, A.; Lokhova, N.; Karshigina, Z.; Kasymzhanov, K. Study of the Alkaline Treatment Effect

on Separation of Silica from the Electric Melting Dust of Ilmenite Concentrates. In Proceedings of the XXIth International
Multidisciplinary Scientific Geo Conference, Science and Technologies in Geology, Exploration and Mining—SGEM 2021, Albena,
Bulgaria, 16–22 August 2021; pp. 601–609. [CrossRef]

31. Niwano, M.; Kurita, K.; Takeda, Y. Formation of hexafluorosilicate on Si surface treated in NH4F investigated by photoemission
and surface infrared spectroscopy. Appl. Phys. Lett. 1993, 62, 1003–1005. [CrossRef]

32. Karshyga, Z.; Ultarakova, A.; Lokhova, N.; Yessengaziyev, A.; Kassymzhanov, K. Processing of Titanium-Magnesium Production
Waste. J. Ecol. Eng. 2022, 23, 215–225. [CrossRef]

33. Ultarakova, A.A.; Karshyga, Z.B.; Lokhova, N.G.; Naimanbaev, M.A.; Yessengaziyev, A.M.; Burns, P. Methods of silica removal
from pyrometallurgical processing wastes of ilmenite concentrate. Complex Use Miner. Resour. 2022, 322, 79–88. [CrossRef]

34. GOST 18307-7; White Soot. Specifications. Revised Edition; PPC Standards Publishing House: Moscow, Russia, 1998; 18p.
35. Karshyga, Z.B.; Ultarakova, A.A.; Lokhova, N.G.; Yessengaziyev, A.M.; Kuldeyev, E.I.; Kassymzhanov, K.K. Study of fluoroam-

monium processing of reduction smelting dusts from ilmenite concentrate. Metalurgija 2023, 62, 145–148.
36. Ultarakova, A.; Karshyga, Z.; Lokhova, N.; Yessengaziyev, A.; Kassymzhanov, K.; Mukangaliyeva, A. Studies on the Processing of

Fine Dusts from the Electric Smelting of Ilmenite Concentrates to Obtain Titanium Dioxide. Materials 2022, 15, 8314. [CrossRef]
37. GOST 9808-84; Pigment Titanium Dioxide. Specifications. 2nd Revised Edition; PPC Standards Publishing House: Moscow,

Russia, 2004; 18p.

79





Citation: Zhang, F.; Peng, J.; Chang,

H.; Wang, Y. Vacuum Carbon

Reducing Iron Oxide Scale to Prepare

Porous 316 Stainless Steel. Metals

2022, 12, 2118. https://doi.org/

10.3390/met12122118

Academic Editors: Denise Crocce

Romano Espinosa and Petros

E. Tsakiridis

Received: 25 August 2022

Accepted: 29 November 2022

Published: 9 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

metals

Article

Vacuum Carbon Reducing Iron Oxide Scale to Prepare Porous
316 Stainless Steel

Fang Zhang, Jun Peng *, Hongtao Chang and Yongbin Wang

School of Materials and Metallurgy, Inner Mongolia University of Science and Technology, Baotou 014010, China
* Correspondence: pengjun75@163.com; Tel.: +86-152-4932-0456

Abstract: In order to improve the added value of iron oxide scale and reduce the manufacturing cost
of porous stainless steel, steel rolling iron oxide scale as an iron-containing raw material was used to
prepare porous 316 stainless steel by high-temperature sintering under vacuum conditions, while
carbon was used as a reducing agent and pore-forming agent, and the necessary metal powders were
added. In our work, the specific reduction system was confirmed, including the sintering temperature,
sintering time, vacuum degree and carbon amount, through thermodynamic calculation combined
with experiments. Thermodynamic analysis results showed that the transformation process of the
chromium element in the raw materials at 10−4 atm and 300~1600 ◦C was FeCr2O4 + Cr3O4→Cr2O3

+ Cr3O4 + Cr23C6→Cr23C6 + Cr7C3 + FCC→FCC + Cr23C6→FCC→FCC + BCC→Cr(liq). The FCC
phase with qualified carbon content could be obtained at 10−4 atm and 1200 ◦C, while 90.88 g iron
oxide scale, 17.17 g carbon, 17.00 g metal chromium, 12.00 g metal nickel and 2.5 g metal molybdenum
were necessary to produce 100 g porous 316 stainless steel. The porous 316 stainless steel with a
carbon content of 0.025% could be obtained at 10−4 atm and 1200 ◦C for 180 min, while the chromium
element underwent the transformation of metal, Cr→FeCr2O4→Cr23C6→Austenite. The porosity of
the porous 316 stainless steel was 42.07%. The maximum size of impurity particles was 5 μm when
the holding time reached 180 min. Magnetic separation was an effective method to reduce impurities
in the porous stainless steel.

Keywords: carbon reduction; iron oxide scale; porous 316 stainless steel; vacuum reduction sintering

1. Introduction

Iron oxide scale is a by-product of continuous casting billet or steel ingot and its
rolling process, also known as iron scale, which accounts for about 1.5% of annual steel
production [1]. For example, global crude steel production in 2021 was 1.95 billion tons, and
the output of iron oxide scale was about 29.27 million tons, which is quite considerable [2].
Compared with other solid wastes, iron oxide scale has the advantages of high total iron
content (more than 70%), low impurity content and easy purification [3]. At present, the
recycling method of iron oxide scale is mainly concentrated on the production of a slagging
agent, reduced iron powder and iron red pigment, and as an auxiliary iron-containing
raw material for sintering, pelleting or powder metallurgy [4,5]. Thus, the above methods
of iron oxide scale have a low utilization level. In order to efficiently utilize the metal
components in iron oxide scale, it is necessary to carry out multi-angle research on the
reduction mechanism of iron oxide scale so as to provide theoretical basis and technical
support for improving the added value of its products.

Porous stainless steel has unique properties that are different from dense materials
due to the presence of holes, such as its small density, large surface area, good sound
absorption performance, low thermal conductivity, excellent permeability and so on [6,7].
Therefore, porous metal materials are widely used in the manufacture of filter purification
materials [8], energy conversion devices [9], catalyst supports [10], sound absorbers [11] and
biological transplantation materials [12–14]. Among them, porous 316 stainless steel has the
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advantages of high-temperature resistance, corrosion resistance and oxidation resistance,
as well as good comprehensive mechanical properties, excellent biocompatibility, easy
processing, et al. [15,16]. Therefore, it can be widely used as a structural material and
functional material for medical-drug-carrying implant devices [13,17,18], fuel cells [19],
filters [20], heat exchangers [21] and so on.

The usual preparation methods of porous stainless steel mainly include powder
sintering technologies [22–24], a physical dealloying process [18], fiber felt [25,26] and
so on. Most of them use stainless steel powder or stainless steel fiber as the main raw
material, which is mixed with pore-forming agent, then sintered, casted or deposited
in a protective gas or vacuum [27]. In addition, the stainless steel powder is produced
by atomizing a molten metal with water or inert gas in centrifugal equipment or with a
plasma rotary electrode [13,28]. Moreover, the production of the molten 316 stainless steel
undergoes EAF (electric arc furnace)→AOD (argon oxygen decarburization furnace)→LF
(ladle furnace) [29,30], which is complex, high polluting and high energy-consuming [31].

If the preparation of stainless steel powder can be combined with the molding process
of the products, the process of porous stainless steel will be efficiently shortened with
the raw material costs being reduced and the production efficiency being improved at
the same time. In this work, steel rolling iron scale was used as an iron-containing raw
material to prepare porous 316 stainless steel by high-temperature sintering under vacuum
conditions, while carbon was served as a reducing agent and pore-forming agent, and other
metal powders, such as alloy elements, including chromium, nickel and molybdenum.
The chemical composition of 316 stainless steel is shown in Table 1. The price of iron
oxide scale was 1.06~1.13 CNY per kilogram, and the average price of metal chromium
powder, metal nickel powder, metal molybdenum powder was 79.2, 148.5, 275.0 CNY per
kilogram, respectively [32]. The raw material cost was 39.1 CNY per kilogram according to
the median component of 316 stainless steel in Table 1. The price of high-purity graphite
powder was 0.6 CNY per kilogram. The commercial price of 316 stainless steel powder
was 64.3~96.6 CNY per kilogram. Furthermore, the process of vacuum carbon reduction
sintering provided in this paper is simpler because the stainless steel powder production
is merged with the process of pore forming. Therefore, it will significantly reduce the
production cost of porous 316 stainless steel. Meanwhile, the added value of the product
made from iron oxide scale will been increased.

Table 1. Chemical composition of 316 stainless steel, wt %.

Component C Cr Ni Mn Mo S P Fe

Steel specification ≤0.03 16~18 10~14 ≤2.0 2~3 ≤0.030 ≤0.035 Bal
Median ≤0.03 17 12 ≤2.0 2.5 ≤0.030 ≤0.035 Bal

However, the metal chromium powder will be oxidized during iron oxide scale is
reduced by carbon, and the reduction temperature, system pressure and carbon proportion
are very crucial [33,34]. In this paper, in order to confirm the optimal preparation process
of porous 316 stainless steel with iron oxide scale and metal powders, FactSage thermo-
dynamic database combined with experimental research was implemented. In addition,
the morphology and porosity of the porous 316 stainless steel were analyzed, and the
occurrence state of impurities from iron oxide scale was studied to improve the purity of
the product.

2. Materials and Methods

2.1. Experimental Raw Materials

The raw materials used in this paper include steel rolling iron oxide scale, metal
powders and high-purity graphite powder. The chemical composition of the treated iron
oxide scale is shown in Table 2. The total iron content (TFe) of the iron oxide scale was
73.17%, and the sum of oxide impurity content was 1.28%. Because the iron oxide scale
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comes from ordinary carbon steel, the compositions of chromium oxide, nickel oxide and
molybdenum oxide were not detected.

Table 2. Chemical composition of iron oxide scale, wt %.

TFe FeO Fe2O3 SiO2 CaO Al2O3 MgO S P LOI

73.17 58.63 39.38 0.30 0.36 0.23 0.39 0.02 0.01 0.68

The composition and morphology of the iron oxide scale before being treated were an-
alyzed with a JSM-6510 scanning electron microscope equipped with an energy-dispersive
X-ray spectrometer (SEM-EDS) (JEOL, Beijing, China), and the results are shown in Figure 1.
In Figure 1(a), the surface of the iron oxide scale is scaly, in which the content of iron and
oxygen is the highest, and that of silicon, aluminum, calcium and other impurity elements
is very low, and their distributions are uneven. Meanwhile, the elements of silicon and
aluminum or aluminum and calcium coexist in impunity particles on the surface of the
iron oxide scale.

 

Figure 1. Microscopic morphology and elemental distribution on the surface of iron oxide scales
before treatment.

The mineral composition of the iron oxide scale was analyzed by X-ray diffraction
(XRD) on MiniFlex600 X-ray Diffractometer (Rigaku, Beijing, China), and the particle
size of the treated iron oxide scale was tested with LS230 Laser Particle Size Analyzer
(BECKMANCOULTER, Suzhou, China). The analysis results are shown in Figures 2 and 3,
respectively. As can be seen from Figure 2, the main components of the iron oxide scale
are FeO and Fe3O4, in addition to a small amount of Fe2O3 and Fe. The average particle
size (mean) of the iron oxide scale was 9.25 μm, the surface particle size (S.D) was 6.04 μm,
10% of the particles were smaller than 0.308 μm, and 90% of the particles were smaller than
11.58 μm.

The raw materials for the preparation of the porous 316 stainless steel also included
metal chromium powder, metal nickel powder, metal molybdenum powder, as well as
high-purity graphite powder. Among them, the metal powders were used to adjust the
alloy compositions of the porous 316 stainless steel, and the graphite powder was used as a
reducing agent and a pore-forming agent. The basic information of the above raw materials
is shown in Table 3.
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Figure 2. X-ray pattern of iron oxide scale.
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Figure 3. Particle size distribution of iron oxide scale.

Table 3. Basic information about auxiliary materials.

Auxiliary Materials Purity Manufacturer

Chromium metal powder ≥99.9% Zhongmai Metal Materials Co., Ltd.,
Nangong, China

Nickel metal powder ≥99.9% Zhongmai Metal Materials Co., Ltd.,
Nangong, China

Molybdenum metal powder ≥99.9% Zhongmai Metal Materials Co., Ltd.,
Nangong, China

Graphite powder ≥99.9% Kermel Chemical Reagent Co., Ltd.,
Tianjin, China

2.2. Methods

During the preparation of the porous 316 stainless steel, firstly, the iron oxide scale was
crushed, sieved, cleaned for oil removal and underwent wet magnetic separation followed
by being dried at 120 ◦C for 2 h. Then, the iron oxide scale was mixed with the appropriate
amount of metal powders and high-purity graphite powder. Additionally, the mixture
was press into ф15 × 3 mm pills. Lastly, the pill samples were sintered in a controllable
atmosphere vacuum tube furnace. The preparation process of the porous 316 stainless steel
is shown in Figure 4.
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Figure 4. The preparation process of porous stainless steel.

The specification composition of the 316 stainless steel and the target composition of
porous the 316 stainless steel prepared in this paper are shown in Table 1. Additionally,
the median composition in Table 1 was the target component of the porous 316 stainless
steel. Because metal chromium powder is bound to be oxidized by iron oxides at high
temperature, it is necessary that the reduction process should be implemented under a
suitable vacuum degree and sintering temperature. The specific reduction system, including
the sintering temperature, vacuum degree and carbon amount, was determined through
thermodynamic calculation combined with experiments. In our work, thermodynamics
calculations were performed using FactSage8.1. The Equilib module was selected, and
the product databases selected were FactPS, FToxid-SPINA, FToxid-CORU, FToxid-MeO,
FSstel-FCC, FSstel-BCC, FSstel-M23C, FSstel-M7C3, FSStel-CEME and FSstel-Liqu. In the
process of thermodynamic calculation, all of the compositions in Tables 1 and 4 were
applied except sulfur and phosphorus.

Table 4. Ingredient list of raw materials for porous 316 stainless steel, g.

Iron Oxide Scale C Cr Ni Mo

90.88 16.93 17.00 12.00 2.50

In addition, in order to reveal the carbon reduction steps of the mixture of all raw
materials, the major phase components of the intermediate products at different tempera-
tures during the reduction process was analyzed by XRD with a scanning angle (2θ) from
10◦ to 90◦, step size of 0.02◦ and scanning speed of 2 (◦)/min. The morphology of the
porous 316 stainless steel was investigated with a SEM-EDS for point and area scanning.
The porosity of the porous stainless steel was measured with the water immersion method
three times, and the average value of the three measurements was taken as the final result.

3. Results and Discussion

3.1. Determination of the Reduction Sintering System

The carbon addition was the most important for the preparation of quality porous
316 stainless steel, in which the carbon composition required was less than 0.03%. In
addition, in order to guarantee the carbon addition was enough, it was assumed that iron
oxides in the iron oxide scale were completely reduced to carbon monoxide by carbon
because it was not clear that the reduction product was CO or CO2. The dosages of
iron oxide scale and alloys for the porous 316 stainless are shown in Table 4, which was
confirmed with FactSage 8.1 thermodynamic database according to Tables 1 and 3. In detail,
90.88 g iron oxide scale could be reduced by 16.93 g carbon. Meanwhile, 17.00 g metal Cr,
12.00 g metal Ni and 2.50 g metal Mo also were needed for 100 g 316 stainless steel.

The function of carbon in the raw materials was to reduce the iron oxide scale, but
chromium metal powder was likely oxidized by the ferric oxides from iron oxide scale
before the ferric oxides were reduced by carbon. Furthermore, chromium oxides could
be reduced by graphite only when the sintering temperature was raised above a certain
value; that is, the intersection temperature of the oxygen potential lines of chromium oxides
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and of carbon oxides. However, the sintering temperature of the porous material was
required to be lower than its melting point in order to effectively control its porosity. The
occurrences of chromium element at 300~1600 ◦C and 1 atm were predicted with FactSage
8.1 thermodynamic database in order to obtain the optimal sintering conditions, and the
results are shown in Figure 5. The results show that the chromium element in FeCr2O4 was
the only form at 300~800 ◦C, and FeCr2O4 was always present in the reduction products. Then,
part of FeCr2O4 converted to Cr3O4, as the temperature was higher than 800 ◦C. Most of the
FeCr2O4 significantly transformed to Cr2O3 and a small amount of FCC as the temperature
rose to 1080 ◦C. Then, Cr2O3 disappeared completely and converted to Cr7C3, and the liquid
metal started to generate in large quantities at 1126 ◦C, while Cr3O4, Cr7C3 and FeCr2O4
were not reduced completely. Therefore, it could be understood that the transition sequence
of the Cr-containing phase was FeCr2O4→FeCr2O4 + Cr3O4→Cr3O4 + Cr2O3→Cr7C3 +
Cr3O4→Cr(liq) + Cr3O4. Furthermore, it was impossible to obtain the 316 stainless steel with
a porous structure under 1 atm because the chromium element in Cr3O4, Cr7C3 and FeCr2O4
did not thoroughly transform into FCC before the liquid phase generated.

Figure 5. Occurrence of Cr element at 1 atm and different temperatures.

According to decarburization and chromium preservation theory, the chromium el-
ement in FeCr2O4, Cr3O4, Cr2O3 and Cr7C3 can gradually convert into FCC at lower
temperatures by decreasing the system pressure, and a liquid phase does not appear at
the same time [35]. Because 316 stainless steel belongs to austenitic stainless steel and the
carbon specification composition in 316 stainless steel is required to be less than 0.03%; the
carbon content in the FCC and the mass of FCC under 10−5~1atm and 300~1600 ◦C were
also calculated according to Tables 1 and 4, and the calculation results are shown in Figure 6.
Figure 6 shows that the carbon content in FCC significantly declined at the same tempera-
ture with the decrease in the system pressures. Moreover, the equilibrium temperatures
corresponding to a carbon content of 0.03% under 10−5~10−1 atm also successively rose,
and these temperatures were 793, 1080, 1226, 1385 and 1390 ◦C, respectively. Fortunately,
the carbon content in FCC could be reduced to 0.03% when the equilibrium system was
below 10−3 atm, which is possibly feasible for the preparation of porous 316 stainless steel.

In addition, Figure 7 shows the temperature ranges in which FCC accounted for more
than 98% of the total product under 10−5 atm, 10−4 atm, 10−3 atm, 10−2 atm and 10−1 atm,
which were 964~1100 ◦C, 1037~1200 ◦C, 1097~1228 ◦C, 1168~1300 ◦C and 1245~1300 ◦C,
respectively. The results in Figures 6 and 7 indicate that the carbon content in FCC met the
requirements of 316 stainless steel prepared at 10−4 atm and 1080~1200 °C. Therefore, it
was also necessary to confirm the transition sequence of the Cr-containing phase under
10−4 atm through thermodynamic calculation.
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Figure 6. Carbon content in FCC under different system pressure.
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Figure 7. Temperature range of FCC existing under 10−5~10−1 atm.

Figure 8 shows the chromium content in the Cr-containing phase at different temperatures
and under 10−4 atm. As can be seen from Figure 8, the transition sequence of the Cr-containing
phase was FeCr2O4 + Cr3O4→Cr2O3 + Cr3O4 + Cr23C6→Cr23C6 + Cr7C3 + FCC→FCC +
Cr23C6→FCC→FCC + BCC→Cr(liq) with the increase in the equilibrium temperature, and
the liquid phase generated at 1427 ◦C. Meanwhile, most of the chromium element mainly
existed in the form of FCC with a small amount of spinel at 1037~1200 ◦C. Therefore, it can
be determined that the porous 316 stainless steel could be obtained under 10−4 atm and at
1080~1200 ◦C. However, Fe2Cr2O4 always coexisted with FCC under the above conditions,
which may be due to the insufficient addition of carbon. Therefore, the amount of carbon in
Table 4 needs to be adjusted to ensure that Fe2Cr2O4 is reduced completely.

In order to reduce FeCr2O4 completely, the amount of FeCr2O4 and the carbon content
in the FCC at 10−4 atm and 1200 ◦C were calculated when the carbon addition was increased
from 16.50 g to 17.20 g, and the results are shown in Figure 9a,b, respectively. Figure 9a
shows that the amount of FeCr2O4 gradually declined with the increase in the carbon
addition. It reduced to zero when the carbon addition was 17.12 g, which means that
FeCr2O4 was completely reduced at this moment. In contrast, in Figure 9b, the carbon
content in the FCC continuously increased with the rise of the carbon addition. It increased
to 0.006% when the carbon addition was 17.12 g, which met the specified carbon content
of the 316 stainless steel. Furthermore, the appropriate carbon addition should be less
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than 17.17 g, while the carbon content in FCC was lower than 0.03%. Therefore, a carbon
addition of 17.17 g was more reasonable, while FCC was 98.95 g; the chromium content in
FCC was 17.11%, and the yield of the chromium element was 99.59%.

Figure 8. Content of Cr-containing phase at 10−4 atm and different temperature.

 

(17.12g, 0g) 

 

(a) 

(b) (17.12g, 0.006%) 

 

(17.17g, 0.03%) 

 

Figure 9. Effect of carbon addition at 10−4 atm and 1200 ◦C; (a) amount of FeCr2O4; and (b) carbon
content in FCC.
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Through the above thermodynamic analysis, it can be determined that 90.88 g iron
oxide scale could be reduced to obtain the 98.95 g 316 stainless steel with 17.17 g carbon
under 10−4 atm and 1200 ◦C. However, the optimal sintering time needed to be confirmed
by the actual sintering experiments. A vacuum reduction sintering system is shown in
Figure 10, in which the sintering samples were kept at 10−4 atm and 1200 ◦C for 120, 150,
180, 210 and 240 min, respectively.
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Figure 10. Vacuum reduction sintering system of porous 316 stainless steel.

By means of the vacuum reduction sintering experiments, the yield of the metal
powders was confirmed, as shown in Table 5. The yield of metal chromium powder and
metal molybdenum powder was 98.71% and 97.20%, respectively. The losses were caused
by the evaporation of Cr2O3 and MoO3 [36,37]. Every sintering sample was 5 g and held
at 4 MPa for 2 min to make a sample of ф15 × 3 mm, and then the sintering process was
carried out according to the reduction schedule in Figure 10. The weight of every sample
was weighed before and after the sintering process, and the weight-loss rate and the carbon
content of the sample held at 10−4 atm and 1200 °C is shown in Figure 11.
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Figure 11. Rate of weight loss and carbon content in sample reduced at 10−4 Pa and 1200 ◦C.

In Figure 11, the weight loss rate and the carbon content of the sintering sample were
stable after being held for 180 min under 10−4 atm and 1200 ◦C, which were 29.27% and
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3.71 × 10−3%, respectively. The carbon content met the requirement of the 316 stainless
steel. Therefore, the vacuum reduction sintering system was determined to be 10−4 atm
and 1200 ◦C for 180 min.

Table 5. Yield of alloy in vacuum reduction sintering process, wt %.

Raw Material Metal Chromium Metal Nickle Metal Molybdenum

Yield 98.71 100.00 97.20

The chemical composition of porous 316 stainless steel prepared at 10−4 atm and
1200 ◦C for 180 min is shown in Table 6. The content of carbon, sulfur and phosphorus was
0.025%, 0.010% and 0.020%, respectively. Meanwhile the content of the alloy element was
also within the specification range of the target steel.

Table 6. Chemical composition of porous 316 stainless steel, wt %.

Fe Ni Mn Mo Cr C O S P

66.89 12.00 1.98 2.49 16.60 0.025 0.20 0.010 0.020

In order to reveal the actual transformation of the chromium element, the samples
being sintered at 10−4 atm and 700, 900, 1100 and 1200 ◦C for 180 min were analyzed with
XRD, and the results are shown in Figure 12. The chromium element underwent the transfor-
mation of metal Cr→FeCr2O4→Cr23C6→Austenite at 700 ◦C→900 ◦C→1100 ◦C→1200 ◦C
and 10−4 atm. In detail, metal chromium was oxidized to FeCr2O4 by the iron oxide scale
at lower than 700 ◦C, FeCr2O4 changed to Cr23C6 at 1100 ◦C, while iron oxide scale was
reduced to metal iron.

Figure 12. XRD pattern of sintering sample at 10−4 atm and different temperatures for 180 min;
(a) 700 ◦C; (b) 900 ◦C; (c) 1100 ◦C; and (d) 1200 ◦C.
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Figure 13 shows the carbon and oxygen content in the sample at 10−4 atm and different
temperatures. As the temperature increased, the carbon and oxygen contents showed a
continuous downward trend; the fast stage was at 1100~1150 ◦C, while the carbon in Cr23C6
was oxidized and removed by the oxygen in the residual ferrous oxide [38]. In the stage
of 1150~1250 ◦C, the decline of the carbon and oxygen content in the sample was getting
slower, while the carbon was dissolved into austenite, and the oxygen in impurities, such
as CaO, SiO2 and Al2O3, could not be removed.
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Figure 13. Carbon and oxygen content in samples at 10−4 atm and different temperatures.

3.2. Microstructure of Porous 316 Stainless Steel

Figure 14 shows the micromorphology of the porous 316 stainless steel prepared at
10−4 atm and 1200 ◦C for 180 min. The porous stainless steel consisted of sintering necks
and pores, the size and shape of the pores were irregular, and the porosity measured by the
immersion medium method was 42.07%. Zhang W.P. et al. [27] prepared porous stainless
steel with a porosity of 28.21~60.16% by the vacuum melting method with 30, 40, 50 and
60 vol.% ammonium bicarbonate (NH4HCO3) as a pore-forming agent. In Figure 14, point
1© is the matrix in which the chemical compositions included iron, chromium, nickel,

molybdenum and manganese, and there was no impurity element in the matrix. At the
same time, the roughly spherical particles were observed on the surface of the sintering
neck, with a radius of 1~2 μm, as shown by point 2©. The components of the particles
mainly included Al2O3, SiO2 and CaO, while the content of iron, chromium and manganese
element were obviously lower than that in the matrix. It was confirmed that the particles
came from the impurities in the iron oxide scale.

Figure 15 shows the sintering neck interior microstructure of the porous 316 stainless
steel. As can be seen from Figure 15a, the size of the austenite grains in the sintering neck
was uneven, and they were all less than 10 μm. The bright white bands or particles shown
in Figure 15b were confirmed by energy spectroscopy analysis as a precipitated phase with
a relatively high content of chromium and molybdenum. This precipitated phase was TCP
phase, namely, σ phase, which is a hard and brittle intermetallic compound with a square
lattice and is mainly composed of iron, chromium, molybdenum and other elements [39,40].
The content of molybdenum in the precipitated phase was 9.35% and much higher than
that of the stainless steel at 2.49%. Meanwhile, the chromium content of the poor chromium
area between the two white bands in the precipitated phase was 7.67% and far below that
of the stainless steel at 16.60%.
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Figure 14. Micromorphology of porous 316 stainless steel at 10−4 atm and 1200 ◦C for 180 min;
(a) macro morphology; (b) microscopic morphology of the matrix and impurity particles; 1© matrix;
and 2© impurity particle.

 

Figure 15. Microstructure of porous 316 stainless steel; (a) austenite grain; and (b) σ phase; the energy
spectrum analysis is on the right side of the back-scattered electronic image.
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3.3. Growing up of Impurity Particles

In order to prove the growing up of impurity particles in the iron oxide scale during
reduction sintering, the morphology and composition of the particles sintered at 10−3 Pa
and 1200 ◦C for 60, 120 and 180 min were analyzed with SEM-EDS. The back-scattered
electronic images of the sintering neck and the particles are shown in Figure 16. The content
of iron, manganese, calcium and chromium in the roughly spherical particles in Figure 16a
is higher than that in Figure 16b,c. The content of iron and chromium decreased with the
extension of the holding time, while the size of the impurity particle gradually increased.
The maximum size of the impurity particles reached 5 μm, and their color became deepest
when the holding time reached 180 min, indicating that the content of iron, manganese,
chromium and other elements gradually decreased because the atomic number of these
elements is greater than that of calcium, silicon and aluminum.

 

Figure 16. Back-scattered electronic image and composition analysis of particles at 10−4 atm and
1200 ◦C; (a) 60 min; (b) 120 min; and (c) 180 min; the energy spectrum analysis is on the right side of
the back-scattered electronic image.
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Because the iron oxide scale reduction process was carried out step by step, ferrous
oxide was an intermediate product. In order to reveal the influence of ferrous oxide on the
melting properties of impurities, the CaO-SiO2-Al2O3 ternary phase diagram containing
MgO and FeO was calculated and analyzed with FactSage 8.1 database, as shown in
Figure 17. In Figure 17, there is liquid slag coexisting with several mineral phases, including
Ca2SiO4, monoxide, Ca3MgAl4O10, melilite, CaAl2Si2O8, peridot, spinel, clinopyroxene
and so on. In the calculation, the content of FeO was 20%, while that of iron oxide scale
declined from 58.63% to zero. In fact, FeO has the function of reducing the melting
point [41,42]. The liquid phase is a benefit to the separation of impurity oxides gradually
from the iron matrix because the shrinkage of the iron phase is greater than that of the
impurity particles [43]. As a result, the particles enriched on the austenitic grain boundary
as roughly spherical particles.

Figure 17. CaO-SiO2-Al2O3 ternary phase diagram.

In order to reduce the impurities in the porous 316 stainless steel, the magnetic field
strength was increased from 3000 Oe to 5000 Oe, and the non-magnetic substances in the
iron oxide scale were further separated and removed. The SEM back scatter image of the
surface and inside of the porous 316 stainless steel prepared with new raw materials and
the original reduction sintering system is shown in Figure 18. Figure 18a is the surface
micromorphology of the porous 316 stainless steel, and Figure 18b is that of the inside.
Therefore, the impurities in the sample were significantly reduced, and magnetic separation
was an effective method to reduce impurities in the porous stainless steel.

The main goal of this paper was to develop high-value-added metal materials and
products with an iron oxide scale as a raw material, but the impurity in the iron oxide scale
was the main factor that impacted the product quality. Therefore, it is necessary to explore
effective ways to reduce the impurity content or find the appropriate application field of
the above metal materials and products.
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Figure 18. Back-scattered electronic image of porous 316 stainless steel with stronger magnetic
separation iron oxide scale; (a) surface; (b) inside; 1© the energy spectrum analysis of point 1©; and 2©
the energy spectrum analysis of point 1©.

4. Conclusions

Porous 316 stainless steel was prepared by carbon reduction under vacuum with iron
oxide scale as the main raw material in this study. The specific reduction system was
confirmed, including the sintering temperature, sintering time, vacuum degree and carbon
amount through thermodynamic calculation combined with experiments. The characters of
the intermediate products and final product were analyzed and measured. Thermodynamic
analysis results showed that the conversion process of the chromium element in the raw ma-
terials was FeCr2O4→FeCr2O4 + Cr3O4→Cr3O4 + Cr2O3→Cr7C3 + Cr3O4→Cr(liq) + Cr3O4
at 1 atm and 300~1600 ◦C. The liquid phase began to generate at 1126 ◦C, so porous stainless
steel could not be prepared at 1 atm. The transformation process of the chromium element
in the raw materials at 10−4 atm and 300~1600 ◦C was FeCr2O4 + Cr3O4→Cr2O3 + Cr3O4 +
Cr23C6→Cr23C6 + Cr7C3 + FCC→FCC + Cr23C6→FCC→FCC + BCC→Cr(liq). The FCC
phase with qualified carbon content could be obtained below 10−4 atm and 1200 ◦C, while
90.88 g iron oxide scale, 17.17 g carbon, 17.00 g metal chromium, 12.00 g metal nickel and
2.50 g metal molybdenum were necessary to produce 100 g porous 316 stainless steel. The
sintering experiment results showed that porous 316 stainless steel with a carbon content
of 0.025% could be obtained at 10−4 atm and 1200 ◦C for 180 min, while chromium element
underwent the transformation of metal, Cr→FeCr2O4→Cr23C6→Austenite. The porosity
of the porous 316 stainless steel was 42.07%. Additionally, the size of the austenite grains in
the sintered neck was uneven, and they were all less than 10 μm. The σ phase appeared
in the porous 316 stainless steel, in which the content of molybdenum was 9.35% and
much higher than that of the stainless steel at 2.49%. Meanwhile, the chromium content
of the poor chromium area was 7.67%, which was far below that of the 316 stainless steel
at 16.60%. The maximum size of the impurity particles was 5 μm when the holding time
reached 180 min. Magnetic separation was an effective method to reduce the impurities in
the porous stainless steel.
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Abstract: The tin could be volatilized and removed effectively from the tin-bearing iron concentrate
while roasted in an atmosphere of SO2 and CO. The reduction of SO2 by CO occurred in preference
to the SnO2 and Fe3O4, and the generated S2 could sulfurize the SnO2 to an evaporable SnS, which
resulted in the tin volatilization. However, the Fe3O4 could be sulfurized simultaneously, and a phase
of iron sulfide was formed, retaining in the roasted iron concentrate. It decreased the quality of the
iron concentrate. In addition, the formation of Sn-Fe alloy was accelerated as the roasting temperature
exceeded 1100 ◦C, which decreased the Sn removal ratio. An appropriate SO2 partial pressure and
roasting temperature should be controlled. Under the condition of the roasting temperature of
1050 ◦C, SO2 partial pressure of 0.003, CO partial pressure of 0.85, and residence time of 60 min,
the tin content in the roasted iron concentrate was decreased to 0.032 wt.% and the sulfur residual
content was only 0.062 wt.%, which meets the standard of iron concentrate for BF ironmaking.

Keywords: tin removal; tin-bearing iron concentrate; roasting; volatilization; SO2 and CO

1. Introduction

The Sn-bearing iron ore is a typically complex iron ore resource, with the reserve
exceeding 0.5 billion tons in China [1–3]. After it is treated by traditional mineral processing
technology, a Sn-bearing iron concentrate could be obtained. However, this concentrate
cannot be used as a raw material for ironmaking due to the overly high tin content in it
(0.3–0.8 wt %) [4]. This content exceeds the content standard of tin in the iron concentrate
(<0.08 wt.%) [3,4]. To use it as a resource, much research has been carried out to remove tin
from the Sn-bearing iron concentrate. Because most of the Sn phases are embedded in the
iron phase at a fine-grained size, the tin could not be removed effectively through mineral
processing methods [4,5]. Considering the difference between the volatility of SnO, SnS,
and other phases in the Sn-bearing iron concentrate, a reduction or sulfurization roasting
process has been used to remove tin from this iron concentrate [4–9]. An Fe-Sn spinel or
Fe-Sn alloy was easily formed in a reduction roasting process, causing the tin removal
rate to be only 80%, as reported in previous research [9,10]. By a sulfurization roasting
process, the tin removal rate reached over 90% with FeS2 [4], high-sulfur coal [6], waste tire
rubber [5], or CaSO4 [11] used as curing agents. The sulfurization roasting process might
be suitable for treating the Sn-bearing iron concentrate.

In the phosphate rock processing, fuel and coal combustion, and non-ferrous and
ferrous metals smelting [12–14], massive SO2-containing gas was generated and would
cause a serious pollution with an emission into the air. The treatment of SO2 gas has received
increasing attention worldwide. Processes, including the wet method [15,16], semi-dry
method [17,18], dry method [19,20], and activated carbon adsorptive method [21,22], have
been used to remove SO2 from the flue gas. Among them, the CaCO3/CaO-CaSO4 wet
method was mainly used in which the CaCO3/CaO was firstly ground into powder, then
fully mixed with water and stirred to form slurry, and at last passed into the absorption
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tower together with air [16]. A high desulfurization efficiency could be obtained in this wet
method; however, the generated waste gypsum residue leads a secondary pollution [15,23].
A wide variety technology is required to recycle SO2 from flue gases, especially for the gas
containing low concentration SO2.

The SO2 could be reduced to elemental S2 by CO, which could then sulfurize SnO2 to
SnS at a proper temperature [4,6,8]. Considering this, we proposed an innovative approach
to remove Sn from the Sn-bearing iron concentrate using the SO2 as the curing agent in
a reducing atmosphere (CO) in this research. This research supplied a new thought for
treating and reusing the low concentration SO2 off-gas. Thermodynamic analysis and
laboratory tests were carried out to study the feasibility of this approach. Furthermore, the
reaction mechanism was elucidated through X-ray diffraction (XRD) and scanning electron
microscopy coupled with energy dispersive spectrometry (SEM-EDS).

2. Materials and Methods

2.1. Materials

The tin-bearing iron concentrate used in this study was collected from an ironmaking
plant in Yunnan province of China. The element analysis result shows that it contains 65.52
wt. % Fe and 0.39 wt.% Sn (Table 1). A pre-removal of Sn should be carried out before
it used as an ironmaking raw material. Figure 1a shows that the main phase in this iron
concentrate is Fe3O4, and the Sn-containing phase of cassiterite (SnO2) is embedded in
this Fe3O4 phase as demonstrated in the electron probe microanalysis techniques (EPMA)
analysis result (Figure 1b).

Table 1. Chemical composition of the Sn-bearing iron concentrate.

Element Fe SiO2 Sn Zn CaO Al2O3 Pb Others

Content 65.52 0.91 0.39 0.04 2.30 0.87 0.1 29.87

 
Figure 1. XRD pattern (a) and EPMA analysis (b) of the Sn-bearing iron concentrate.

The N2 with purity of 99.99 vol.%, CO with purity of 99.99 vol.%, and mixed gas of
2 vol.% SO2+ 98 vol.% N2 used in this research, were supplied by the local suppliers.

2.2. Methods

The experiments were carried out in a horizontal tube furnace (GSL-1500X, Hefei
Kejing Materials Technology Co. Ltd., Hefei, China), as shown in Figure 2, the temperature
of which was measured by a KSY intelligent temperature controller connected to a Pt-Rh

100



Metals 2022, 12, 1974

thermocouple. For the experimental procedure, the tin-bearing iron concentrate was firstly
grounded to minus 0.075 mm, placed in a crucible, transferred to the horizontal tube
furnace, and heated to a proper temperature under a high-purity N2 atmosphere with a
flow rate of 40 mL/min. According to previous studies, the surface area of solid particles
increased as the particle size decreased, which was beneficial to improving the gas-solid
reaction area. The tin-bearing iron concentrate with particle size of 0.075μm was selected for
experiment [8]. After that, the high-purity N2 was changed into the mixed gas of (2 vol.%
SO2 + 98 vol.% N2) and high-purity CO at a proper volume ratio with a total flow rate of
100 mL/min, and held for a certain time. After the roasting process completed and the
residue cooled down to room temperature in a high-purity N2 atmosphere at a flow rate of
40 mL/min, the roasted residue was removed and prepared for analysis.

Figure 2. Schematic illustration of the experimental apparatus. (1-Mass flow meter; 2-Gas mixer;
3-Pressure gauge; 4-Filter; 5-Resistive heater; 6-Corundum reactor; 7-Temperature controller).

2.3. Characterization

Elemental composition of the samples was obtained by chemistry analytical method,
all of the measurements were conducted three times and the average value was taken as
the final result. The phase composition and distribution in the samples were characterized
via an X-ray diffraction and EPMA techniques (JEOL, Kyoto, Japan). The XRD patterns
were obtained using Cu-Kα radiation in a 2θ range of 10◦ to 80◦ with a scan step of
8◦/min (Rigaku, Kyoto, Japan). In addition, FactSage 7.2 software (7.2, GTT-Technologies,
Herzogenrath, Germany) was used to calculate the equilibrium phase composition during
the roasting process.

Mathematical expression of the Sn volatilization ratio in this paper was defined as:

R=
M0 × W0 − Mr × Wr

M0 × W0
× 100%

where M0 and Mr stand for the mass of original tin-bearing iron concentrate and roasted
residue, respectively, and W0 and Wr for the Sn mass content in the original tin-bearing
iron concentrate and roasted residue, respectively.

3. Thermodynamic Analysis

To investigate the effect of SO2 (g) on the Sn volatilization rate from the tin-bearing
iron concentrate under CO-SO2 mixed atmosphere, 1 mol Fe3O4 and 1 mol SnO2 were
selected as the reactants to calculate the equilibrium phase composition while roasted with
2 mol CO and different amounts of SO2 at 1100 ◦C using FactSage 7.2 software. Without
the addition of SO2 (g), the results in Figure 3a show that CO2 (g), FeO, Fe2O3 and SnO
appear, which was due to the occurrence of reactions (1)–(3). Though the decomposition
of Fe3O4 is difficult to be carried out due to the positive value of the standard Gibbs free
energy of reaction (2) at 1100 ◦C (Figure 3b), the occurrence of reaction (3) promoted this
decomposition to happen, considering the chemical equilibrium. With the increase of the
SO2 amount from 0 to 0.4 mol, the amounts of CO (g), FeO, SnO, and Fe2O3 decrease, and
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the amounts of CO2 (g), S2 (g), SnS (g), SnO2 and Fe3O4 increase. In Figure 3b, the Gibbs
free energy for the reduction of SO2 (g) by CO (g) (reaction (4)) at 1100 ◦C is minimum,
causing the CO (g) amount used to reduce SnO2, Fe2O3 to be decreased in the presence
of SO2 (g) and the equilibrium amount of SnO2 and Fe3O4 increased. The CO (g) first
reduces SO2 (g) to form S2 (g) by reaction (4), and then S2 (g) reacts with SnO (s) and SnO2
(s) through reactions (5) and (6) to form SnS (g). The SnS (g) increases in this range of SO2
(g) amount. With the SO2 (g) amount exceeding 0.6 mol, an excessive SO2 (g) exists in the
equilibrium composition in Figure 3a. Consequently, the reduction of SnO2 and Fe2O3
was further restrained, as a result of which the formation of SnS (g) decreased and the
decomposition of Fe3O4 occurred little.

Figure 3. (a) Equilibrium phase composition of 2 mol CO+ 1 mol Fe3O4 + 1 mol SnO2 roasted with
different amounts of SO2 at 1100 ◦C; (b) Gibbs free energy changes for reaction (1)–(5) at 500–1100 ◦C;
(c,d) Equilibrium phase composition of 1.5 mol SO2+ 1 mol Fe3O4 + 1 mol SnO2 roasted with different
amounts of CO at 1100 ◦C.

Under the condition of the Fe3O4 amount of 1 mol, SnO2 amount of 1 mol, and SO2
amount of 1.5 mol, the effect of CO (g) amount on the Sn transformation was then calculated
at 1100 ◦C. Figure 3c,d show that with the increase of CO amount from 0 to 5 mol, the
amounts of SO2 (g) and SnO2 decrease accompanied with the increase of SnS (g) and S2 (g)
amounts, which might be due to the occurrence of reactions (4) to (6). As the amount of CO
increases over 4 mol, the amounts of Fe3O4 (s) and S2 (g) decrease while the amounts of
FeO (l) and FeS (l) increase, probably due to the occurrence of reactions (4) and (7).

In summary, under the CO-SO2 mixed atmosphere, the SnO2 can be sulfurized and
volatilized in the form of SnS (g) from the tin-bearing iron concentrate. However, some
sulfur might retain in the roasted iron concentrate in form of FeS at a high CO amount,
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which decreases the iron concentrate quality for ironmaking. A suitable SO2 and CO partial
pressures should be controlled during the roasting process.

CO(g) + SnO2(s) = SnO(s) + CO2(g) (1)

Fe3O4(s) = Fe2O3(s) + FeO(s) (2)

CO(g) + Fe2O3(s) = 2FeO(s)+ CO2(g) (3)

4CO(g) + 2SO2(g) = S2(g) + 4CO2(g) (4)

3S2(g) + 4SnO = 4SnS(g) + 2SO2(g) (5)

4CO(g) + S2(g) + 2SnO2 = 2SnS(g) + 4CO2(g) (6)

S2(g) + Fe3O4 = FeS(l) + SO2(g) + 2FeO(l) (7)

4. Results and Discussion

4.1. Effects of the SO2 Partial Pressure

Under the condition of the roasting temperature of 1000 ◦C, residence time of 40 min,
tin-bearing iron concentrate particle size below 0.075 mm, and total flow rate of mixed
gases of (2 vol.% SO2+ 98 vol.% N2) and high-purity CO of 100 mL/min, the effects of
SO2 partial pressure on the Sn volatilization ratio from the tin-bearing iron concentrate
and S content in the roasted residue were focused firstly. The SO2 partial pressure (PSO2)
was assumed as PSO2= VSO2/(VSO2+ VN2+ VCO), and the CO partial pressure (PCO) was
assumed as PCO= VCO/(VSO2+ VN2+ VCO). The VSO2, VN2, and VCO corresponds to the
volume fraction of SO2, N2, and CO in the mixed gas respectively.

Figure 4a shows the changes of CO partial pressure (PCO) with the increase of SO2
partial pressure (PSO2) in this research. Based on it, the Fe3O4 and SnO2 both could be
sulfurized during the roasting process in this process, as presented the predominance area
diagram of Fe-Sn-S-O at 1000 ◦C in Figure 4b. More S2 (g) could be produced from the
reduction of SO2 (g) at a higher SO2 partial pressure (PSO2) through Equation (4), which
in turn could sulfurize more cassiterite (SnO2) to SnS (g) by Equation (6). As a result, the
Sn volatilization ratio increased from 60.1% to 72.4% with the PSO2 from 0.001 to 0.005
as presented in Figure 4c. Furthermore, according to Figure 3c,d, the Fe3O4 could be
sulfurized accompanied with the sulfurization of SnO2 thermodynamically, causing the
sulfur content in the roasted residue to increase with the increase of PSO2 as shown in
Figure 4d. Figure 5a shows the phase compositions of the roasted residues under different
SO2 partial pressures. It indicated that after the roasting treatment, the Fe3O4 in the raw
Sn-bearing iron concentrate could be reduced into FeO at the PSO2 of 0.003 and further
reduced to metallic Fe as the PSO2 decreased to 0.001. The CO partial pressure increased
from 0.85 to 0.95 with the decrease of PSO2 from 0.003 to 0.001 (Figure 4a), which promoted
the further reduction of FeO to Fe. The phase of iron sulfide could not be detected in the
XRD patterns of the roasted residues due to its little content. Then, an SEM-EDS analysis on
the roasted residue was carried out and the result is shown in Figure 5b. In Figure 5b, the
element composition of point “1” is Fe and S, which confirmed the existence of iron sulfide
in the roasted residue. To increase the Sn volatilization ratio and decrease the S content in
the roasted iron concentrate, the SO2 partial pressure should be controlled at 0.003.
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Figure 4. (a) The changes of CO partial pressure (PCO) with the increase of SO2 partial pressure
(PSO2); (b) The predominance area diagram of Fe−Sn−S−O at 1000 ◦C ; (c) Effects of SO2 partial
pressure on the Sn volatilization ratio from the tin-bearing iron concentrate; (d) The S content in the
roasted iron concentrate under different SO2 partial pressure.

Figure 5. (a) XRD patterns of the roasted residue at the SO2 partial pressure of 0.001 and 0.003
respectively; (b) SEM-EDS result of the roasted residue at the SO2 partial pressure of 0.003.
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4.2. Effects of Roasting Temperature

Under the condition of the SO2 partial pressure of 0.003, residence time of 40 min,
particle size of the tin-bearing iron concentrate below 0.075 mm, and total flow rate of
mixed gases of (2 vol.% SO2+ 98 vol.% N2) and high-purity CO of 100 mL/min, the effects
of roasting temperature on the Sn volatilization ratio from the tin-bearing iron concentrate
and S content in the roasted residue were researched.

The sulfurization of SnO2 through Equations (4) and (6) was accelerated at higher
temperatures, and the vapor pressure of SnS (g) also increased with the increase of temper-
ature [24]. These resulted in an increased the Sn volatilization ratio from 27.0% to 80.6%
with the roasting temperature from 900 ◦C to 1050 ◦C seen in Figure 6a. However, with the
roasting temperature further increased to 1100 ◦C, the Sn volatilization ratio decreased to
74.8%. This might be due to more generation of Fe-Sn alloy at 1100 ◦C, which limited the
tin sulfurization and volatilization [9,10]. Comparing Figure 7a to Figure 7b, a metallic Fe
phase could be detected in the roasted residue as the temperature increased from 1050 ◦C
to 1100 ◦C, indicating a deeper reduction of Fe3O4 could be carried out and as a result more
metallic Fe would be produced at a higher temperature. The generated metallic Fe might
be combined with the reduced Sn to form an Fe-Sn alloy through Equation (8) [5], and more
importantly the Fe content in the generated Fe-Sn alloy increased with the increase of the
roasting temperature as presented in Figure 7c,d. Comparing Figure 7c to Figure 7d, the Sn
content in the formed Sn-Fe alloy decreased from 97.01 wt% to 1.13 wt% as the roasting
temperature increased from 900 ◦C to 1100 ◦C. The Sn activity in the Fe-Sn alloy decreased
with the decrease of Sn content in it according to Raoult’s law, causing the Sn sulfurization
from the Fe-Sn alloy by Equation (9) to be restricted. As a result, the Sn volatilization
decreased to 74.8% at 1100 ◦C, as shown in Figure 6a.

[Fe] + [Sn] = Sn-Fe alloy (8)

S2 + Sn-Fe alloy → SnS + Fe (9)

Similar to the sulfurization of SnO2 through Equations (4) and (6), the transfer of ‘S’
from SO2 to iron sulfide using Equation (7) was promoted with the increase of roasting
temperature, causing the S content in the roasted residue increased with the temperature
from 900 ◦C to 1000 ◦C (Figure 6b). However, as the temperature exceeded 1000 ◦C, the
sulfur content in the roasted residue decreased. The reason might be that less S2 (g) would
be generated at higher temperatures deduced from Figure 3b, which in turn led to less ‘S’
fixed in the roasted residue in form of iron sulfide. In Figure 3b, the Gibbs free energy for
reaction (4) increased with the temperature increase. Based on the results in Figure 6a,b,
the optimum roasting temperature should be 1050 ◦C in order to maximize the removal of
tin from the tin-bearing iron concentrate and to ensure a low sulfur content in the roasted
residue.

Figure 6. Effects of roasting temperature on the Sn volatilization ratio (a) from the tin-bearing iron
concentrate and S content in the roasted iron concentrate (b).
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Figure 7. XRD results of the roasted residues at 1050 ◦C (a) and 1100 ◦C (b), respectively, for 40 min
with the PSO2 of 0.003; SEM-EDS results of the roasted residues at 1050 ◦C (c) and 1100 ◦C (d),
respectively, for 40 min with the PSO2 of 0.003.

4.3. Effects of the Residence Time

Under the condition of roasting temperature of 1050 ◦C, SO2 partial pressure of 0.003,
tin-bearing iron concentrate particle size below 0.075 mm and total flow rate of mixed gases
of (2 vol.% SO2+ 98 vol.% N2) and high-purity CO of 100 mL/min, the effects of residence
time on the Sn volatilization ratio from the tin-bearing iron concentrate and S content in
the roasted residue are shown in Figure 8a,b respectively.

Based on Equations (4) and (6), the sulfurization reaction of Sn from the tin-bearing
iron concentrate could be summarized as Equation (10) in this research. An unreacted core
shrinking model was chosen to describe the sulfurization kinetics of SnO2. The reaction
process could be divided into three main steps: outer diffusion of the CO and SO2 through
the gas phase boundary layer to the reactant particle surface, internal diffusion of CO and
SO2 through gaps in the reactant particle to the gas-solid reaction interface, and interfacial
chemical reaction with the SnO2 at the reaction interface. Generally, the first step of the outer
diffusion is not the rate controlling step when the gas flow exceeds 60 mL/min [25,26]. The
sulfurization of SnO2 was likely controlled by the internal diffusion, interfacial chemical
reaction, or the combination of them. As reported in previous research [27–29], the kinetic
equations controlled by different reaction steps could be summarized in Table 2. In Table 2,
the t was the reduction time, min; the X was the Sn volatilized ratio, %; and the a, b, a1, and
b1 were constants. With the 1− (1 − X)1/3 used as Y-axis and t used as X-axis, the reaction
would be controlled by the interfacial chemical reaction if there is a linear relationship be-
tween X and Y. Similarly, if there is a linear relationship between the 1− 2X/3− (1 − X)2/3

(Y-axis) and t (X-axis), the reaction would be controlled by the gas internal diffusion control;
if there is a linear relationship between the

[
1 + (1 − X)1/3 − 2(1 − X)2/3

]
(Y-axis) and
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t/
[
1 − (1 − X)1/3

]
(X-axis), the reaction would be controlled by the combination of the

internal diffusion and interfacial chemical reaction.

4CO(g) + SO2(g) + SnO2 = SnS + 4CO2(g) (10)

The equations listed in Table 2 were used to treat the experimental data in Figure 8a,
and the results are shown in Figure 9. In comparison with Figure 9a–c, a better linear
dependence between the 1 − 2X/3 − (1 − X)2/3 (Y-axis) and t (X-axis) could be seen
with the residence time from 10 min to 60 min in Figure 9a. It indicated the reaction
was controlled by the gas internal diffusion control. Consequently, as the residence time
increased, the CO and SO2 gas concentration at the reaction interface gradually approached
the CO and SO2 concentration in the main gas phase, causing more of the SnO2 to be
sulfurized and volatilized. With the residence time prolonged from 20 min to 60 min, the
Sn volatilization rate increased from 19.9% to 92.1%. While the residence time increased
further; the Sn volatilization rate increased little. The trend in sulfur content in the roasted
residue is similar with that of Sn volatilization ratio as presented in Figure 8a, which raised
rapidly from 20 min to 60 min and then increased slowly as the residence time continued
to increase. Considering the results in Figure 8a,b, the residence time was chosen at 60 min.

Under the condition of the roasting temperature of 1050 ◦C, SO2 partial pressure
of 0.003, CO partial pressure of 0.85, and residence time of 60 min, the tin removal rate
from the tin-bearing iron concentrate achieved 92.1% and the Sn content in the roasted
iron concentrate was decreased to 0.032 wt.%. In addition, the sulfur content in the iron
concentrate is only 0.062 wt.%, which meets the standard of BF ironmaking.

Table 2. Kinetic equations for different controlling steps.

Controlling Step Kinetic Equation [26]

Interfacial chemical reaction t = a [1 − (1 − X)1/3]
Gas internal diffusion t = b [1 − 2X/3 − (1 − X)2/3]

Combination of interfacial chemical
reaction and gas internal diffusion t = a1 [1 − (1 − X)1/3] + b1 [1 − 2X/3 − (1 − X)2/3]

Figure 8. Effect of residence time on Sn volatilization ratio from the tin-bearing iron concentrate (a)
and S content in the roasted residue (b).
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Figure 9. (a) Relationship between [1 − 2X/3 − (1 − X) 2/3] and different residence time; (b)
Relationship between [1 − (1 − X)1/3] and different residence time; (c) Relationship between
[1 + (1 − X)1/3 2 (1 − X)2/3] and t/ [1 − (1 − X)1/3].

5. Conclusions

The tin from the tin-bearing iron concentrate could be efficiently removed using a
roasting in the mixed atmosphere of CO and SO2 at 1050 ◦C. With the partial pressure
of SO2 increased from 0.001 to 0.005, more S2 was produced from the reduction of SO2,
which in turn promoted the sulfidation and SnO2 volatilization, resulting in the increased
volatilization ratio of Sn from 60.1% to 72.4%. However, the Fe3O4 sulfidation also occurred
simultaneously at a higher SO2 partial pressure and an iron sulfide phase was formed,
retaining in the roasted iron concentrate, due to which the residual sulfur content increased.
The Sn volatilization ratio increased from 27.0% to 80.6% with the increase of roasting
temperature from 900 ◦C to 1050 ◦C, but it decreased to 74.8% as the roasting temperature
was further increased to 1100 ◦C. It was due to the more formation of a Sn-Fe alloy. The
kinetics study showed that the sulfurization of SnO2 from the concentrated tin-bearing iron
was controlled by the internal gas diffusion reaction step. Under the condition of roasting
temperature of 1050 ◦C, SO2 partial pressure of 0.003, CO partial pressure of 0.003, and
residence time of 60 min, the Sn content in the roasted iron concentration was decreased
to 0.032 wt%, and the residual sulfur content was only 0.062 wt%, which meets the BF
ironmaking.
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Abstract: Mill scale and aluminum dross are the industrial wastes from steel and aluminum industries,
which have high concentrations of Fe2O3 and Al2O3, respectively. This paper reports the conversion
of reducible metal oxides in scale and dross into an alloy via carbothermic reduction at 1550 ◦C. Scale
and dross were mixed with graphite into three different C/O molar ratios of 1, 1.5, and 2 to produce
a pellet. The pellets were heated at 1550 ◦C for up to 6 h under an argon atmosphere. By this method,
carbothermic reductions were found to proceed and formed Fe–Si–Al–C alloy that consists of Fe3Al
and Fe3Si phases. The presence of Si in the alloy came from the reduction of SiO2 in aluminum dross.
Levels of Al and Si in the alloy increase with increasing C/O molar ratios. However, the Si level in
the alloy was found to stabilize since 3 h, while the Al level increases with increasing time up to 6 h.
Unreacted oxides in the wastes had an insignificant effect on the ferroalloy formation. These results
provide evidence for carbothermic reduction of the Fe2O3-Al2O3-SiO2 system at 1550 ◦C and show
the novel method to upcycling aluminum dross and mill scale toward a circular economy.

Keywords: industrial wastes; mill scale; aluminum dross; ferroalloys

1. Introduction

The industrial sector had been developed and expanded rapidly in recent decades,
leading to the generation of waste. Steel and aluminum making are heavy industries that
produce tremendous amounts of waste and by-products, such as slag, dust, mill scale,
and dross. Mill scale is categorized as a by-product, generated from the hot rolling of
semi-finished steel products, such as slab, bloom, and billet. Mill scale contains >70 wt% of
metallic iron or >90 wt% of iron oxides, and thus it had been widely interested in many
applications [1–10]. It was found to be recycled in the smelting process by mixing with
coal or coke and used as a charge material to replace iron ore or scrap iron [1,2]. The direct
reduction of mill scale had also been investigated using several reducing agents, such as
biomass [3,4] and reducing gas [5,6]. The obtained products from the direct reduction
of mill scale were iron powder and iron-bearing compound [7–10]. Aluminum dross is
a by-product of the aluminum industry. It is generated during the aluminum melting
process. The dross is mostly re-melted to extract the metallic aluminum using a rotary
kiln. Aluminum dross generated after the re-melted process is secondary dross, which
mainly composes Al2O3 and salts [11]. It was mostly buried or landfilled causing soil
and groundwater pollution. Aluminum dross is reactive with water which can generate
various gaseous species, such as NH3, CH4, and H2S [12]. Thus, it is considered hazardous
industrial waste, and the movement or transfer of the waste needs to comply with the Basel
Convention [13]. The deposal of dross is a high cost for aluminum melting industries. There-
fore, a good management method is needed for the tremendous increase in the volume of
industrial waste. Aluminum dross had been utilized via several processes and can be classi-
fied into wet, dry, and without process [14–24]. The wet process was carried out using acid
and base leaching for Al recovery [15], absorbent/catalyst [16,17], and alumina [18,19] pro-
ductions. The dry process was conducted by heating at a temperature above 1000 ◦C for the
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production of composite [20], refractory [21], and hercynite [22]. Aluminum dross can also
utilize directly without processing for the production of geopolymers [23] and filler [24].

Synthesis of various metals using wastes and non-waste materials had been reported
previously [25–32]. Jamieson et al. [25] separated red sand into a high iron oxides frac-
tion, silica, and a mixture of iron and silica by using low and high magnetic separators.
Zhu et al. [26] reported the extracting of various metals from red mud using acid leaching,
solvent extraction, polymerization process, alkali leaching with pressure, and the aging
process. Jadhav and Hocheng [27] have reported on extracting metals from several types
of wastes using sulfuric/citrus/oxalic acids and microbiological leachants. Wei et al. [28]
utilized silicon cutting waste (SCW) from the diamond wire sawing process by mixing it
with aluminum powder and heated at temperatures of 1000–1500 ◦C. The production of
Al–Si alloys can be synthesized by a one-step smelting process [28]. Khanna et al. [29] have
reported on recovering multiple metals from various industrial wastes including fly ashes,
red mud, mill scales, water treatment residues, and biomass. Carbothermic reduction of
Al2O3-Fe2O3-C and Al2O3-Fe2O3-SiO2-C systems at the temperatures of 1450–1700 ◦C for
up to 2 h had been widely studied. The reduction of Fe2O3 and SiO2 was observed at
1450 ◦C, leading to the formation of Fe–Si–C alloys, while the reduction of Al2O3 was seen
to start at 1550 ◦C and complete at 1600–1700 ◦C [29]. Synthesis of ferrosilicon alloys from
rice husk and rubber tree bark had also been reported [30,31]. Boonyaratchinda et al. [31]
employed rice husk as a silica source and rubber tree bark as a carbon source for the
recovery of ferroalloy. By this, the Fe–Si alloy was observed from a carbothermic reduction
in the SiO2-Fe2O3-C system at 1550 ◦C after 30 min of interaction with Si content in the
ferrosilicon alloy of 45.32 wt% [31].

Khanna et al. [32] investigated interaction of Al2O3-C-Fe system at 1550 ◦C under
inert argon atmosphere using pure alumina, graphite and a piece of steel. Carbothermic
reduction reaction of Al2O3 by carbon in the presence of liquid steel was observed. The
formation of Fe–Al–C ferroalloys was reported for the system of Al2O3-22.82 %C substrate
interacted with a piece of Fe (0.6 %C). In this system, alumina fibrous was observed after
2–3 h of reaction and then the Fe–Al–C ferroalloy was formed after 5.5 h and completely
transformed after 6 h. The synthesized Fe–Al–C ferroalloy composes of a metallic Fe3Al
phase along with a carbon phase in the form of graphite flake. The presence of liquid steel in
the system acts as a metallic solvent to trap the reduced Al in the system [32]. These studies
on extracting or recovering metal from waste, non-waste, and industrial byproducts are still
to a moderate extent [25–32]. Some of these used several steps and/or high temperatures
to extract the metals, and thus have a small or moderate economic worthiness.

Aluminum dross and mill scale contain high amounts of Al2O3 and Fe2O3, respectively.
The utilization of aluminum dross as a source of alumina for extracting Al had not been
reported previously. Therefore, it is quite new to extract Al and the other metal from
aluminum dross, which could be one of the novel management methods rather than buried
or landfilled. The present study aims to evaluate the possibility of utilizing aluminum
dross and mill scale as a source of Al2O3 and Fe2O3 to synthesize ferroalloys at 1550 ◦C.
The carbothermic reduction reaction of the Fe2O3-Al2O3-C system will be investigated.
The influence of carbon content in the system and interaction times will be reported
and investigated.

2. Materials and Methods

2.1. Sample Preparation
2.1.1. Aluminum Dross

Aluminum dross used in the present study was supported by TOP Five manufacturing,
the aluminum melting industries located in the eastern province of Thailand. The dross
was sieved into a powder of <180 μm. XRF analysis of aluminum dross is presented in
Table 1, showing 69.94 wt% of Al2O3 and 5.01 wt% of SiO2 as the major components.

112



Metals 2022, 12, 1909

Table 1. Composition of aluminum dross.

Oxides (wt%)

Al2O3 SiO2 Fe2O3 CaO K2O MgO MnO Na2O SO3 CuO TiO2 ZnO Others

69.94 5.01 0.54 1.0 0.76 4.91 0.15 10.65 2.46 0.37 0.17 0.25 3.79

2.1.2. Mill Scale

Mill scale was collected from UMC Metal Co., Ltd., Chonburi, Thailand. The scale was
ground in a ring mill and sieved into a powder of <180 μm. Table 2 shows XRF analysis of
the mill scale used in this study, containing 93.66 wt% of Fe2O3 as the main components.

Table 2. Composition of the mill scale.

Oxides (wt%)

Fe2O3 SiO2 Al2O3 CaO SO3 TiO2 K2O P2O5

93.66 1.42 0.82 0.17 0.08 0.04 0.02 0.04

2.1.3. Pellet Preparation

Aluminum dross, mill scale, and graphite were blended homogeneously into three
different C/O molar ratios using rolling mill, as shown in Table 3. C is the total moles
of carbon from graphite in the blends, while O is total moles of oxygen from Al2O3 and
Fe2O3 in the dross and mill scale, respectively. Graphite used in the experiments contains
98.5 wt% of carbon (Cat. No.17046-02) obtained from Kanto Chemical Co., Inc., Tokyo,
Japan. Some water was added to the blends to make a spherical composite pellet with the
weight of approximately 5 g. The pellets were dried in the oven at 90 ◦C for 48 h and used
for high temperature experiments.

Table 3. Composition in the blend samples.

Blend Dross (wt%)
Scale
(wt%)

Graphite
(wt%)

C/O
Ratios

A 41.34 48.44 10.21 1
B 39.37 46.09 14.57 1.5
C 37.52 43.95 18.53 2

2.2. High-Temperature Interactions

The overview of experimental procedures is given in Figure 1. The high-temperature
interactions were investigated in a tube furnace. The pellet was put in a crucible and then
inserted into the cold zone of the furnace for 5 min to prevent thermal shock. The crucible
was then inserted into the hot zone where the temperature was 1550 ◦C for 1, 2, and 3 h.
High-purity argon (99.99%) was purged into the tube furnace at the rate of 1 L/min
at all times to prevent oxidation of the pellet. The quenched pellets were collected for
further analysis.
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Figure 1. Overview of samples preparation and experimental procedure.

2.3. Analysis

The pellets were mounted in the resin and cross-sectioned for SEM analysis. SEM and
EDS analysis were used to observe the formation of ferroalloy and its compositions. Some
of the quenched pellets were ground into powder for XRD analysis. XRD was employed to
investigate the phases that occurred in the synthesized ferroalloys.

3. Results and Discussion

3.1. Carbothermic Reduction Reactions

Figure 2 shows the pellets after they were heated at 1550 ◦C as a function of times.
The outer surface of the pellets was seen to crack and some of them were covered by white
materials, which is fibrous alumina [32]. The presence of fibrous alumina on the pellets
indicates the occurrence of a carbothermic reduction reaction of alumina [32]. The SEM
micrograph of the cross-sectioned pellets is shown in Figure 3. The formation of metal
droplets was observed as a white–grey phase and clearly separated from the unreacted-
oxides phase. These indicate the occurrence of carbothermic reduction reactions of Fe2O3
in mill scale, Al2O3, and SiO2 in aluminum dross at 1550 ◦C.

 
Figure 2. Pellet samples after heating at 1550 ◦C for up to 3 h.
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Figure 3. SEM micrograph of cross-sectioned pellets after heating at 1550 ◦C for up to 3 h.

Figures 4–6 show XRD spectra of the pellets with C/O ratios of 1, 1.5, and 2 after heat-
ing at 1550 ◦C, respectively. XRD spectra confirmed that the synthesized alloys produced
in the systems were iron aluminide (Fe3Al) and iron silicide (Fe3Si). The other phases were
carbon and unreacted Al2O3 and SiO2 remain in the system. Fe3Al peak occurs at 2theta of
approximately 43.4◦, while the major peak of Fe3Si occurs at 2theta of 44.8◦. For the pellets
with C/O = 1, intensity of Fe3Al peak was higher than that of Fe3Si peak, and this trend
happened for 3 h of interaction. With increasing C/O ratios, the intensity of Fe3Si peak
was observed to increase and get stronger than that of Fe3Al peak in the case of the pellet
with C/O = 2.

Figure 4. XRD patterns of the pellet (C/O = 1) after heating at 1550 ◦C for up to 3 h.
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Figure 5. XRD patterns of the pellet (C/O = 1.5) after heating at 1550 ◦C for up to 3 h.

Figure 6. XRD patterns of the pellet (C/O = 2) after heating at 1550 ◦C for up to 3 h.

The formation of Fe3Al and Fe3Si can be explained via the carbothermic reduction
reaction of Fe2O3, Al2O3, and SiO2 at 1550 ◦C under an argon atmosphere. The reduction of
Fe2O3 by solid carbon atom can occurred via Equations (1)–(3), and produce liquid Fe and
CO into the system [32,33]. The produced CO could possibly react with Fe2O3 as a reducing
agent and produce liquid Fe and CO2 into the system, as shown in Equations (4)–(6) [32,33].
At 1550 ◦C, standard Gibbs free energy (ΔG◦) for Equations (3) and (6) is −124.46 kJ and
−272.71 kJ, respectively.

3Fe2O3(l) + C(s) = 2Fe3O4(l) + CO(g) (1)

Fe3O4(l) + C(s) = 3FeO(l) + CO(g) (2)

FeO(l) + C(s) = Fe(l) + CO(g) (3)

3Fe2O3(l) + CO(g) = 2Fe3O4(l) + CO2(g) (4)

Fe3O4(l) + CO(g) = 3FeO(l) + CO2(g) (5)

FeO(l) + CO(g) = Fe(l) + CO2(g) (6)

The overall carbothermic reduction of Al2O3 as shown in Equation (7), is known to
occur at the temperature of over 2200 ◦C at 1 atm [34]. This reaction could produce Al2O
gas, Al vapor, and CO gas via the reaction pathway, Equations (8) and (9). However, the
reduction reaction of Al2O3 by solid carbon had also been reported to start at a temperature
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of 1450 ◦C with a small amount of Al vapor and gaseous species of AlO and Al2O [35].
Equations (7)–(9) had also been reported to proceed at 1550 ◦C in the presence of metallic
solvent [29,32,34]. Thus, the carbothermic reduction of Al2O3 in the present study could
occur in the presence of liquid Fe as the metallic solvent.

Al2O3(s) + 3C(s) = 2Al(l) + 3CO(g) (7)

Al2O3(s) + 2C(s) = Al2O(g) + 2CO(g) (8)

Al2O(g) + C(s) = 2Al(g) + CO(g) (9)

SiO2(s) + C(s) = SiO(g) + CO(g) (10)

SiO(g) + 2C(s) = SiC(s) + CO(g) (11)

SiO(g) + SiC(s) = 2Si + CO(g) (12)

SiO2(g) + 2SiC(s) = 3Si + 2CO(g) (13)

For SiO2, the possible reaction could proceed through the reduction of SiO2 into Si or
SiC, as shown in Equations (10)–(13). The carbothermic reaction of SiO2 has reaction rates
at temperature above 1400 ◦C, and thus could occur at the experimental temperature of
1550 ◦C [29,30]. The carbothermic reduction reactions of Fe2O3, Al2O3, and SiO2 at 1550 ◦C
produce Fe, Al and Si into the system. The produced Al could have high affinity for liquid
iron and thus transfer into liquid iron phase and form iron aluminide (Fe3Al) [36], while Si
could be removed from the reaction zone through dissolution into liquid iron phase and
form iron silicide (Fe3Si) [30]. During the presence of liquid iron, carbon dissolution into
liquid steel could proceed due to the contact between liquid iron and solid carbon from
graphite. Therefore, the final product was the Fe–Al–Si–C alloy.

3.2. Effect of Carbon

SEM and EDS analysis were employed for the metallic phase that obtained from the
pellets of C/O ratios of 1, 1.5, and 2 after heating for 3 h, as shown in Figures 7–9. The
composition of the ferroalloys was roughly determined using EDS analysis and given in
Table 4. The metallic phase was found to be Fe–Al–Si–C alloys for all cases. For C/O = 1,
the alloy composes of 0.69 at% of Al and 4.15 at% of Si with the others being iron and
carbon. With increasing carbon to C/O = 1.5, Al and Si levels have increased to 7.30 and
9.94 at%, respectively. However, there was no further increase in Si level with increasing
carbon to C/O = 2, while the Al level kept rising from 7.3 at% to 8.59 at%.

 

Figure 7. SEM micrograph and EDS spectra of the cross-sectioned pellet (C/O = 1) after heating at
1550 ◦C for 3 h.
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Figure 8. SEM micrograph and EDS spectra of the cross-sectioned pellet (C/O = 1.5) after heating at
1550 ◦C for 3 h.

 

Figure 9. SEM micrograph and EDS spectra of the cross-sectioned pellet (C/O = 2) after heating at
1550 ◦C for 3 h.

Table 4. Composition of the synthesis metals after heating for 3 h.

Blend
C/O

Ratios

Atomic (at%)

Fe Al Si C

A 1 69.32 0.69 4.15 25.84
B 1.5 56.08 7.30 9.94 26.68
C 2 48.19 8.59 8.29 34.93

Figure 10 shows the variation of Al and Si concentration in the ferroalloy as a function
of carbon content in the system (C/O ratios). It is clearly seen that the carbothermic
reduction of SiO2 precedes the reduction of Al2O3 when carbon content in the system has
reached C/O = 1.5, and vice versa when increasing carbon to C/O = 2. These indicate that
the reduction of SiO2 can reach completion at 1550 ◦C, and carbon content in the system
of C/O > 1.5 is excessive. On the other hand, the reduction of Al2O3 still carries on and
cannot achieve complete reduction at this state. The lower carbon in the system of C/O = 1
was likely to have an inadequate carbon atom for Al2O3 reduction. This is because carbon
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will be consumed for Fe2O3 reduction first and then SiO2 reduction. The remaining carbon
will be for Al2O3 reduction due to the lowest driving force of the reaction at 1550 ◦C.

Figure 10. Comparison of elemental atomic percent in the synthesized metal after heating at 1550 ◦C
for 3 h.

3.3. Effect of Time

SEM and EDS techniques were used to analyze the metallic phase that obtained from
the pellets of C/O = 2 after heating at 1550 ◦C for 1, 2, 3 and 6 h, as shown in Figure 11.
Composition of the alloy was EDS analyzed and given in Table 5. With high carbon
concentration in the system, the carbothermic reduction of Al2O3 precedes the reduction
of SiO2 since 1 h of interaction. The level of Al in the alloy was 6.53 at% at 1 h and keep
pace to reach 14.62 at% after 6 h, while Si level was 2.17 at% at 1 h and found to stabilize
between 6–8 at% since 2 h until 6 h. These indicate the faster complete reduction of SiO2
than that of Al2O3.

Table 5. Composition of the synthesis metals for the sample (C/O = 2).

Heating Time
(h)

Atomic (at%)

Fe Al Si C

1 55.49 6.53 2.17 35.81
2 42.11 8.7 6.06 43.13
3 48.19 8.59 8.29 34.93
6 48.02 14.62 7.99 29.37

Figure 12 shows the variation of Al and Si concentration in the ferroalloy as a function
of time for the pellet with C/O = 2. It looked like the carbothermic reduction of Fe2O3,
Al2O3, and SiO2 in this system had proceeded almost concurrently, but with different kinetic
rates depending on the driving force for each reaction. This is because the excess carbon
of C/O = 2 in the pellet, provide adequate carbon atom for the carbothermic reduction of
each reducible oxide. Even though SiO2 is known to proceed at a faster rate than Al2O3,
Al concentration in the alloy was higher than Si because the higher amount of Al2O3
(69.94 wt%) in the dross compared to SiO2 content (5.01 wt%).

For the synthesis of Fe–Al–Si–C alloys, carbon need to be provided adequately for
each reducible oxide, such as C/O = 2. An interaction time of 3 h was more suitable than
6 h due to an economic point of view. Figure 13 shows the SEM micrograph and EDS
elemental distribution in the bulk metal obtained from the pellets of C/O = 2 after heating
at 1550 ◦C for 3 h. It can be observed that Al, Si, and C distribute over the entire Fe matrix.
The present studies have shown that industrial wastes such as mill scale and aluminum
dross can be successfully utilized or valorized as a source of Fe2O3, Al2O3, and SiO2 for the
synthesis of Fe–Al–Si–C alloys.
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Figure 11. Comparison of SEM micrograph and EDS spectra of the cross-sectioned pellet (C/O = 2)
after heating at 1550 ◦C for 1, 2, 3, and 6 h.

Figure 12. Comparison of elemental atomic percent in the synthesized metal from the pellet (C/O = 2)
after heating at 1550 ◦C for 1, 2, 3, and 6 h.
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Figure 13. SEM micrograph and EDS elemental contour of the cross-sectioned metal droplet obtained
from pellet (C/O = 2) after heating at 1550 ◦C for 3 h.

4. Conclusions

Synthesis of ferroalloys at 1550 ◦C using a mill scale and aluminum dross as a source
of metal oxides was successfully investigated. The experimental results can be concluded
as below.

1. Carbothermic reduction reactions of Fe2O3 in mill scale, Al2O3, and SiO2 in aluminum
dross can proceed at 1550 ◦C. The formation of metal droplets was observed and
clearly separated from the unreacted-oxides phase. The synthesized alloys produced
in the systems were Fe–Al–Si–C ferroalloys consisting of iron aluminide (Fe3Al) and
iron silicide (Fe3Si) phases. Carbothermic reduction of Al2O3 in the present study can
occur in the presence of liquid Fe as the metallic solvent.

2. For low carbon content in the system (C/O = 1), carbon was inadequate for Al2O3 re-
duction because it will be consumed by Fe2O3 reduction first and then SiO2 reduction.
The remaining carbon will be for Al2O3 reduction due to its lowest driving force of
the reaction at 1550 ◦C.

3. For high carbon content in the system (C/O = 2), it looked like the carbothermic
reduction of Fe2O3, Al2O3, and SiO2 in this system had occurred almost concurrently,
but different kinetic rates depend on the driving force for each reaction. The excess
carbon in the pellet will provide adequate carbon atoms for the carbothermic reduction
of each reducible oxide.

4. Carbothermic reduction of SiO2 1550 ◦C can complete within 2–3 h, while a longer
time is needed for the carbothermic reduction of Al2O3 to reach completion. However,
the conditions of C/O = 2 and interaction time of 3 h were suitable for the synthesis
of Fe-Al-Si-C due to the economic point of view. Further investigation is essential for
the mechanical properties of the synthesized ferroalloys.

5. The innovation of this study was to extract Fe, Al, and Si from metal oxides bearing
industrial wastes at temperatures as low as 1550 ◦C in one step process. The final prod-
uct was in the form of Fe–Al–Si–C alloys. This research increases the possible methods
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for industrial waste management, decreases the negative effect on the environment,
and enhances sustainability for materials processing toward a circular economy.
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Abstract: In recent years, high demands for Se and Te in the solar panels and semiconductors industry
have encouraged its extraction from primary and secondary sources. However, the two elements’
similar chemical and physical properties make pure element production, Se or Te, arduous. This work
is aimed to investigate the significant factors of Se and/or Te recovery in the copper cementation
process using the response surface methodology. The test was carried out in two series, for Te and Se,
so that H2SO4, CuSO4, Te(or Se) concentration, and temperature are the factors of experimentation.
According to response surface methodology (RSM) results for both test series (i. e. Se and Te), 50 g/L
H2SO4, 15 g/L Cu, and 35 ◦C, 3000 mg/L Se (or 750 mg/L Te) was specified for higher Se recovery
(97%), and the lowest Te extraction (2%) as an optimum condition, so that could make a suitable
separation process. Hence, the cementation test was conducted in the simultaneous presence of Se
and Te, so the separation index became 5291. Moreover, the cementation test was carried out in the
pregnant leach solution of copper anode slime, and the separation factor was measured to be 606. On
the other hand, the thermodynamic evaluation and XRD patterns of the process’s sediments confirm
that Se is precipitated as Cu2Se and Cu1.8Se, whereas no Te components are detected in the sediments.

Keywords: separation; cementation; selenium; tellurium; response surface methodology (RSM)

1. Introduction

Selenium is a metalloid element found in the sulfide minerals and copper anode slime
alongside precious metals, tellurium, copper, silver, and nickel. Selenium as a metalloid
has broad applications in solar cell fabrication [1], semiconductor manufacturing [2], phar-
maceuticals and biomedical uses [3], pigments for ceramics, glasses, and plastics [4,5],
metallurgical applications [4], and agriculture uses [6]. Se is usually observed as a red-
colored powder in amorphous form and metallic gray in crystalline form, with intermediate
properties between tellurium and sulfur [7].

On the other hand, tellurium is another semi-metallic element that has specific char-
acteristics that make it helpful for energy conversion [7,8], chemical reaction catalysis [9],
alloying, and semiconductors [8]. The electrolytic copper refinery slimes contain gold
and precious metals alongside selenium and tellurium, periodically gathered for valuable
metals recovery [10,11]. The main purpose of copper anode slime treatment is the extraction
of precious metals and gold. However, Se and Te recovery are of secondary importance, so
various methods are raised for metals recovery [4]. The chemical and physical specifications
of selenium are akin to tellurium, which is an arduous purification process [7,10–12].

Conventionally, selenium fumes were recovered from the exhausted gas of roasting
furnaces. However, a portion of selenium and tellurium remain in the residue, sent to an
acidic or basic leaching process [13]. Moreover, selenium gas may not be entirely gathered in
the filters and causes enormous ecological problems, such as air pollution by heavy metals,
so it must be diminished in the coming years [4]. Additionally, there is a commercial process
based on roasting copper slimes with soda ash to convert both selenium and tellurium
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compounds to a +6 oxidation state [14]. This way, a part of selenium is recovered by the
natural leaching process (pH: 7), and tellurium has to be retrieved in chloric or sulfuric acid
solutions. The pregnant tellurium solution also contains a significant quantity of selenium
that should be separated [15–17].

Acid roasting technology is another practical method to recover Se from copper anode
slime based on selective volatilization of selenium compound from slimes [18]. Although
selenate, Se VI, compounds are recovered in the roasting process, tellurite and some selenite
compounds remain in the sulfated slimes that should be separated [4]. Moreover, selenium
and tellurium could also be recovered in oxidative sulfuric acid leaching [19–21]. Under
the optimal condition, the concentration of Se and Te is 3.7 and 1.1 g/L, whereas the
concentration of copper is approximately 15 g/L [19]. Thus, Se and Te were dissolved in
leaching media simultaneously, so the two elements’ separation can become a vital process
to produce pure metals.

Solvent extraction is one of the popular separation processes. Accordingly, ketone,
phosphate, and ether extractants [22,23] were used for selenium extraction; whereas, phos-
phate [24] and phosphine oxides [25] were proposed for tellurium extraction from sulfuric
acid solutions [26].

On the other hand, selenium and tellurium can be precipitated by chemical agents,
such as cuprous ions [27], chromous ions [28], hydrazine hydrate [29], sulfur dioxide [30],
sodium metabisulphite [31], and sodium sulfite [32] from sulfuric acid media. Copper is
another cost-efficient reducer, reported for tellurium [33,34] and tellurium/selenium [35]
cementation from the aqueous solution. Although some work has been conducted on Te
and Se cementation, no solid report was found for Se/Te separation from copper anode
slime liquor. Thus, an accurate study that investigates Se cementation should be done. The
tests should be discretely carried out for Se and Te to eliminate interaction between Se and
Te cementation, and the results will be compared with dual cementation of Se and Te.

The Cu cementation process is carried out based on the electrochemical reaction that
different species of tellurium or selenium can precipitate through a redox reaction. Different
parameters, such as pH, electrochemical potential, and the presence of other ionic species
in solution, can thermodynamically affect Se/Te cementation. Thus, a thermodynamic
evaluation should have been conducted for Se and Te cementation. Moreover, Se or Te
cementation was discretely studied in a synthetic solution, similar to Se or Te concentration
in pregnant leaching solution, to figure out each factor’s effect on metal cementation
exclusively. After finding each factor’s influence on the discrete Se and Te cementation
model, the test should be conducted to find the optimum position of Se/Te separation in
synthetic and pregnant leach solutions. Finally, a cost-effective method will be designed to
generate a high-purity product in this approach.

2. Materials and Methods

2.1. Precipitation Procedure

Initially, a pregnant leach solution was provided by leaching in sulfuric acid and
oxygen peroxide solution. The elemental analysis of the solution is brought in Table 1.
According to this, synthetic solutions were provided at different levels of elements and
H2SO4 concentration. After an optimal condition of cementation was achieved, Se, Te, or
H2SO4 concentration could be made up by changing the S/L ratio or H2SO4 concentration
in the copper anode slime leaching. Then, the cementation test was carried out in PLS to
calculate Se/Te separation index.

Table 1. Analysis of primitive pregnant solution from copper anode slime leaching.

Elements Cu (g/L) Se (mg/L) Te (mg/L) As (mg/L) Pb (mg/L) Ag (mg/L) Pd (mg/L)

concentration 13.85 2910 723 185 3.2 132 <1
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The experimental procedure of cementation was divided into two branches, illustrated
in Figure 1. In the first stage, the effect of parameters was investigated on the Te cementation,
and the optimum condition was specified. In the next section, Se cementation, in which Se
concentration is four times Te concentration, was investigated to find influential factors in
the process. These two sections are entitled discrete cementation for Te and Se cementation.
Afterward, the dual selenium and tellurium cementation was conducted based on the
optimum condition for Se and Te separation in the synthetic solution. This test was
replicated in the solution of copper anode slime leach too. Finally, the obtained solution
from Se cementation in pregnant leaching solution has been sent to Te precipitation process.

 

Figure 1. Flowchart for Se and Te cementation process by solid copper.

The batch extraction experiments were carried out in the Erlenmeyer flask to recover
Se or Te from synthetic solutions. Initially, a specific volume of Te and/or Se was poured
into the volumetric flask (100 mL, class A) from stock solutions, and then copper sulfate
and sulfuric acid solutions were added according to the experiment design. Finally, the
volume of the solution was brought to the required volume by distilled water. After
solution preparation, the samples were transferred into the Erlenmeyer flask and placed in
a bain-marie bath to reach the target temperature. Two grams of copper chops were cast to
the 100 mL solution, 20 g/L copper chops density, in the flask at the desired temperature,
and the mixture was agitated by a mechanical shaker at 500 rpm for 2 h. After filtration,
samples were taken for analysis. The remaining metallic ion concentration in the solution
was determined by AAS (AA240, Varian, Palo Alto, CA, USA) analytical instrument. The
extraction efficiency was expressed as extraction percentage (%E) as defined in Equation (1).

%E =
[Ci, Me − Cf , Me]

Ci
× 100 (1)

Moreover, the distribution coefficient was considered, as a criterion, to assess the
process as follows:

DMe =
Ci, Me − C f , Me

Cf
(2)

Ci,Me, Cf,Me, and DMe are the initial, final elements concentration and distribution
coefficient, respectively. Regarding this approach, another scale can be applied, which can
be a helpful tool to survey the separation capability of the proposed process. This criterion
is called separation index and is defined as Equation (3):

β =
DSe
DTe

(3)

2.2. Materials and Apparatus

All chemicals were of analytical reagent grade, and all solutions were prepared with
deionized water. Stock solutions for Te (10 g/L) and Cu (70 g/L) were separately prepared
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by dissolving a certain amount of K2TeO3 (Sigma-Aldrich, A.R., St. Louis, Mo, USA), and
CuSO4·5H2O (Neutron, Tehran, Iran) in 0.1 M H2SO4 (Ghatranshimi, Tehran Iran) solutions,
respectively. Moreover, 35 g/L Se (IV) solution was prepared in 0.25 M HNO3+0.1M H2SO4
solution by adding pure Se (Umicore, Brussels, Belgium, technical grade). Then, the
samples were made by adding a specific volume of the stock solution and sulfuric acid
solution to the volumetric flask. Afterward, the obtained solutions were allowed to stand
for more than 24 h at ambient temperature. Pure copper chop (99.99, National Iranian
Copper Industries Co. (NICICO, Tehran, Iran), with a size < 200 μm, was used as a reducing
agent that was directly added to the sulfate solution. Sodium hydroxide (Merck KGaA,
Darmstadt, Germany) solution was used for acid analysis and pH adjustment of the sulfate
solutions. In order to detect selenium and tellurium concentration, atomic absorption
spectroscopy (AAS and AA240, Varian, Palo Alto, CA, USA) was used, and pH and ORP
(oxidation-reduction potential) of solutions were measured by a pH meter (InoLab 7110,
WTW, Weilheim, Germany).

2.3. Optimization Procedure

The parametric approximation models are widely exploited through the design of
experiments to figure out optimum conditions on the pilot and industrial scale [9]. In this
way, the independent parameters’ influence on the experiments’ outcomes as dependent
variables can be achieved using the least number of tests. According to computer technology
progress, even complicated problems can be solved with a minimum cost and time through
optimization methods [36].

Response surface methodology (RSM) is a well-arranged technique to conduct sys-
tematic investigations of complicated systems via statistical and mathematical techniques
such as central composite design (CCD). The main purpose of this procedure is to dis-
cover more effective factors and the exact optimum condition with a reasonable number
of runs by extension of an empirical correlation between the controlled variables (X) and
response (Y) [37]. Thus, the experimental design was carried out by Design Expert soft-
ware (Version 12) developed by Stat-Ease company (Minneapolis, Min, USA). The CCD
model presents the second-order polynomial equation in Equation (4). This relation can be
exploited to recognize curvature in a response function.

Y = β0 +
k

∑
i=1

βiXi +
k

∑
i=1

βiiX2
i + ∑

i<j
∑ βijXiXj + ε (4)

where Xi and Xj are the independent factors, β0 and βi are constant value and linear
coefficient, βii and βij are squared, and interaction coefficients, respectively, and ε is the
random experimental error [38]. The second-order response equation discovers the effect
of one factor with their quadratic and interactions over the responses.

Some rough tests were carried out to figure out effective parameters. Temperature,
pH, Te and/or Se concentration, and copper sulfate concentration were selected as more
effective parameters. RSM is comprehensive and can specify the order of factors on the
response(s) and calculate interactions between factors. This method can establish the
relation between response(s), independent variables, and the probable interactions between
variables can be established. In a continuous operation, the numeric factors can be put on
any desired amount, presented at five levels in Table 2.

As an appropriate model for industrial functions, the quadratic polynomial model
can precisely estimate the interconnection between the independent variables and the
response [37]. After attaining the quadratic polynomial model based on five studied levels,
analysis of variance (ANOVA) was applied to validate the provided model.
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Table 2. The main factors and the corresponding levels.

Parameters Unit Factor Code
Level of Factors

−2 −1 0 1 2

Temperature ◦C X1 15 35 55 75 95
H2SO4 concentration g/L X2 25 50 75 100 125

Te concentration mg/L X3
500 750 1000 1250 1500

Se concentration 2000 3000 4000 5000 6000
CuSO4 concentration g/L X4 5 15 25 35 45

3. Results and Discussion

3.1. Thermodynamic Evaluation for Se and Te Cementation

Thermodynamic simulation can always provide reliable insight into experimental
design and implementation. Thus, some thermodynamic analyses were carried out for
the precipitation process via FactSageTM thermochemical software (version 6.0, Aachen,
Germany) [39] and other thermodynamic databases, so the evaluation results are calculated
for both Te and Se in 1 L of solution. As can be seen in Figure 2a, the solid phases of Se
are presented, Cu2Se is stable in a lower concentration of H2SO4, but the amount of Cu2Se
falls higher than 0.51 mol (50 g). In contrast, CuSe and CuSe2 species rise in the range.
Even though pure Se can become stable in the higher 0.7 mol (68.6 g) range, the previous
work [40] reports Cu2-xSe as a middle phase that can form in the deposits.

 

`
Figure 2. Se species in different (a) H2SO4; (b) Se concentration; (c) solid copper values; (d) tempera-
ture at mean quantity of other factors.
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Furthermore, Figure 2b depicts Se ions values on various Se ionic species. Cu2Se is
persistent in lower 0.065 mol (5.13 g), whereas CuSe and CuSe2 can stabilize in a higher
concentration range. Figure 2c exposes the solid copper amount at the mean number of
other parameters. As can be detected, the copper contributes to the precipitation reaction
at higher than 0.15 mol (9.53 g) and adding more copper to the system escalates the copper
contribution in the deposited phase. In conclusion, Se concentration and Cu chops can
escalate the Se cementation process; in contradiction, H2SO4 declines CuSe cementation
efficiency. Finally, Figure 2d exhibits that rising temperature does not change Cu2Se and
CuSe2 species until 363 K (90 ◦C). However, the CuSe2 phase has diminished higher than
90 ◦C, while Cu2Se species extends in the system.

On the other hand, Te solid phases have been illustrated in Figure 3. As observed,
Figure 3a presents that temperature could not influence the Cu2Te values, whereas Figure 3b
indicates that the initial amount of Te increases Te sediments in the system. Although Cu2Te
sediments accumulated at 0–0.065 mol (8.29 g) Te, TeO2 has formed more than 0.065 mol
Te, and an amount of Cu2Te is decayed in the system. Moreover, Figure 3c exposes that
solid copper value does not affect Cu2Te formation, even in a system with no copper metal
additive. Moreover, thermodynamic results show that despite H2SO4 variation in the
system, Cu2Te is the dominant species in 0–0.8 mol H2SO4.

(c) 

Figure 3. Te species in different amount of (a) H2SO4; (b) tellurium; (c) copper sulfate at mean
quantity of other factors.

3.2. Optimization through CCD model

As mentioned in Table 2, a five-level design for four different variables was provided
through the central composite design (CCD) illustrated in Table 3. These tests were sepa-
rately conducted for Se and Te, but Table 3 is presented for both elements to summarize the
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contents. Accordingly, the experiments were randomly conducted to diminish the influence
of uncontrolled variables [41]. Different conditions for each experiment set (e.g., Se or Te)
cementation were provided with sixteen cube points and eight axial points with six center
points in one cube. The quadratic polynomial model was utilized based on the responses
in Table 3, through which the regression coefficients were achieved.

Table 3. Design matrix for CCD experiments and responses.

Run

X1 X2 X3 X4 R1

T CH2SO4 CTe CSe CCuSO4 Te Recovery Se Recovery
◦C g/L mg/L g/L %

1 55 75 1000 4000 25 4.61 98.203
2 35 50 750 3000 35 11.99 98.00
3 35 50 1250 5000 35 3.98 99.91
4 55 75 500 2000 25 6.78 79.36
5 55 75 1000 4000 45 1.07 98.46
6 75 50 750 3000 15 1.51 90.00
7 15 75 1000 4000 25 8.96 88.48
8 75 100 750 3000 35 1.84 91.89
9 35 100 750 3000 35 4.00 86.96
10 55 75 1000 4000 25 7.33 93.93
11 55 25 1000 4000 25 4.72 98.55
12 95 75 1000 4000 25 7.00 96.31
13 35 100 1250 5000 35 3.97 89.93
14 35 100 750 3000 15 0.67 85.00
15 55 75 1000 4000 25 7.10 94.14
16 75 100 1250 5000 35 3.61 99.22
17 55 75 1000 4000 25 6.01 99.24
18 55 125 1000 4000 25 3.46 91.11
19 55 75 1000 4000 25 7.88 98.71
20 75 50 750 3000 35 4.83 93.00
21 75 100 750 3000 15 7.54 89.97
22 55 75 1500 6000 25 10.61 90.00
23 35 50 1250 5000 15 7.28 98.98
24 35 50 750 3000 15 6.98 98.52
25 75 50 1250 5000 35 2.01 99.89
26 35 100 1250 5000 15 8.80 87.47
27 55 75 1000 4000 5 5.33 94.22
28 75 100 1250 5000 15 15.91 91.57
29 75 50 1250 5000 15 3.25 99.02
30 55 75 1000 4000 25 7.33 98.07

Based on the responses in Table 3, a statistical model via the CCD model was achieved
for both selenium and tellurium extraction. The coefficient of determination (R2), adjusted
R-square (adj. R2), and the analysis of variance (ANOVA) tests were used to estimate the
goodness-of-fit of the suggested model. As observed in Tables 4 and 5, the determination
coefficient for Se(IV) cementation is 0.910, and the determination coefficient for Te(IV)
cementation is 0.917, demonstrating the appropriate efficiency of the suggested models.
Moreover, the predicted R2 for Te and Se is 0.7034 and 0.6418, respectively, and the differ-
ences between adjusted and predicted R2 are less than 0.2 for Te and Se. In general, the
higher level of F-Values in the model increases the unity of the model, and a proposed
model becomes significant because of the higher F-values. In contradiction, a considerable
amount of p-values, or lack of fit, can make a model insignificant [33]. As can be observed,
the p-values of models are negligible, whereas the criteria are insignificant for both Se
and Te. Moreover, the lower pure error can make a convenient model to fit experimental
outcomes. Therefore, the proposed Se and Te extraction model can be accepted as a feasible
and practical tool.

131



Metals 2022, 12, 1851

Table 4. Analysis of variance (ANOVA) and coefficient of determination for the suggested quadratic
polynomial model for Se.

Source Sum of Squares Degree of Freedom Mean Square F-Value p-Value Description

Model 706.34 13 54.33 11.11 <0.0001 Significant
Residual 78.25 16 4.89

Lack of Fit 52.41 11 4.76 1.9219 0.5795 not significant
Pure Error 25.84 5 5.17

R2 0.910
Adjusted R2 0.8192
Predicted R2 0.6418

A-Temperature 25.73 54.33 11.11 <0.0001
B-Sulfuric Acid 206.75 25.73 5.26 0.0357

C-Se Concentration 121.70 206.75 42.27 <0.0001
D-Cu Concentration 30.30 121.70 24.88 0.0001

AB 85.03 85.03 17.39 0.0007
AC 18.28 18.28 3.74 0.0711
AD 4.55 4.55 0.9298 0.0034
BC 1.10 8.10 3.2258 0.0064
BD 5.68 5.68 12.16 0.0029
CD 2.13 2.13 0.4360 0.5185
A2 11.03 11.03 2.26 0.1637
B2 0.1485 0.1485 0.0285 0.8682
C2 187.46 189.46 38.74 < 0.0001
D2 2.76 2.76 0.5633 0.4638

Table 5. Analysis of variance (ANOVA) and coefficient of determination for the suggested quadratic
polynomial model for Te.

Source Sum of Squares Degree of Freedom Mean Square F-Value p-Value Description

Residual 29.56 18 29.36 17.88 <0.0001 Significant
Lack of Fit 25.19 13 1.64
Pure Error 4.37 5 1.94 2.22 0.1945 not significant

R2 0.8734
Adjusted R2 0.917
Predicted R2 0.8649

A-Temperature 8.05 8.05 4.90 0.0400
B-Sulfuric Acid 0.8791 0.8791 0.5354 0.04738

C-Te concentration 9.00 9.00 5.48 0.0309
D-Cu cobcentration 30.00 30.00 18.27 0.0005

AB 62.81 62.81 38.25 <0.0001
AD 19.58 19.58 11.92 0.0028
BC 51.48 51.48 31.35 <0.0001
BD 29.98 29.98 18.26 0.0005
CD 52.93 52.93 32.23 <0.0001
B2 25.54 25.54 15.56 0.0010
D2 39.00 39.00 23.75 0.0001

Regarding inputs and the models provided via response surface methodology and
CCD, a semi-empirical relation for Se extraction containing interactions between the existing
parameters, is defined as Equation (5):

%ESe = 85.26090 − 0.4018101(T)− 0.38856(CH2SO4) + 0.019998(CSe)
+0.51612(CCu)− 0.005159(T)(CH2SO4)− 0.002671(T)(CCu)
+0.000011(CSe)(CH2SO4)− 0.00238(CCu)(CH2SO4)

+0.000037(CSe)(CCu)− 0.00157(T)2 − 2.6 × 10−6(CSe)
2

+0.003137 (CCu)
2

(5)
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The semi-empirical equation for Te precipitation percentage is found as Equation (6):

%ETe = −5.019280 − 0.187851(T)− 0.132960(CH2SO4) + 0.000887(CTe)
+1.96010(CCu)− 0.003962(T)(CH2SO4)− 0.005531(T)(CCu)
+0.000287(CTe)(CH2SO4)− 0.005475(CCu)(CH2SO4)

+0.000728(CTe)(CCu)− 0.001516 (CH2SO4)
2

−0.011171(CCu)
2

(6)

Positive terms express a synergistic effect, whereas negative terms designate antag-
onism. Moreover, the interactions between some factors were not significant, so these
interactions were eliminated in the suggested models.

Figure 4a,b illustrate the validity of the suggested models for precipitation percentages
of Se and Te alongside the experimental extraction percentages presented in Table 3. As can
be seen, the validity of the predicted models for both elements versus the actual outputs is
acceptable. Moreover, the determination coefficients for Se and Te cementation are 0.912 and
0.92, respectively, which confirm the significant efficiency of the achieved models. These
models (Equations (5) and (6)) can be used for the prediction of Se and Te precipitation
in sulfuric acid media. Although the models may not always present the accurate rate
of the process, but these models can undoubtedly be a helpful index to estimate Se or Te
concentration in the Cu cementation process.

Figure 4. Predicted extracted percent versus actual extraction percent for (a) Se and (b) Te.

3.3. Three-Dimensional (3D) Response Surface Graphs

Three-dimensional surface plots of the parameters influencing the cementation of
Se (IV) are illustrated in Figure 5. The three-dimensional surface graph in Figure 5a demon-
strates the Se recovery as a function of temperature and initial H2SO4 concentration, which
are both practical parameters in the separation process at a constant Se concentration
(4000 mg/L) and initial Cu concentration of 25 g/L. As observed, the minor level of temper-
ature and H2SO4 concentration led to the highest Se recovery value (99.4%). Nevertheless,
rising temperature slightly reduces Se recovery at a minimum concentration of H2SO4,
whereas the temperature escalates the criterion at a higher level of H2SO4 and reduces the
negative influence of H2SO4. Additionally, the detrimental effect of H2SO4 at 75 ◦C is more
conspicuous than at lower temperatures. According to thermodynamic analysis, Figure 5,
despite the temperature effect not changing the Se cementation, H2SO4 reduces Se solid
phase stability.
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Figure 5. Response surface graphs for interactions of parameters of Se (IV) cementation by solid
copper. (a) Effect of H2SO4 concentration and temperature; (b) Effect of Temperature and Se concen-
tration; (c) Effect of Cu concentration and temperature; (d) Effect of of H2SO4 concentration and Se
concentration; (e) Effect of H2SO4 concentration and Cu concentration; (f) Effect of Se concentration
and Cu concentration.
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Figure 5b illustrates the simultaneous effect of temperature and Se concentration on
Se recovery at a constant level of Cu, 25 g/L, and H2SO4, 75 g/L. As the thermodynamic
evaluation also confirms in Figure 5b, Se recovery has enhanced with Se concentration at a
constant temperature. In this way, the selenious acid (H2SeO3) can be reduced based on an
electrochemical reaction expressed in Equation (7) [40]:

H2SeO3 (aq) + 2Cu2+4H+8e− = Cu2Se(s) + 3H2O (7)

According to the above reaction, Mokemeli [40] expressed that Stewart et al. [42] sug-
gested a desirable effect of initial Se concentration for Se cementation by copper. Moreover,
this behavior was confirmed in other studies [40], as the Se concentration order in the
kinetic equation was specified between 1 and 1.8. In addition, Figure 5c shows the effects
of temperature and Cu concentration on Se recovery. Temperature is a reluctant parameter
in a lower Cu concentration, as shown in the thermodynamic survey, but enhancing Cu
concentration promotes Cu2Se phase formation.

Figure 5d exhibits the Se recovery as the function of sulfuric acid concentration and
Se concentration at a certain temperature, 55 ◦C, and Cu concentration, 25 g/L. Based
on Figure 5a,b, the higher concentration of H2SO4 diminishes Cu2Se, while the higher Se
concentration extends Se cementation. H2SO4 increases the copper dissolution affinity,
decreasing Cu2Se stability and recovery. Nevertheless, Se concentration can escalate the
Se cementation reaction, Equation (8), and extend the Cu2Se precipitation rate. Figure 5e
shows the interaction between H2SO4 and Cu concentration that confirms a futile effect
of Cu concentration on Se recovery because of Cu2Se amount promotion, while H2SO4
diminishes Se recovery.

Moreover, Figure 5f illustrates the effect of Se and Cu concentration on Se recovery.
As can be seen, the concentration of Se definitely increases the Se recovery percentage. In
contrast, Cu concentration has a limited effect on the Se cementation efficiency.

The prime purpose of the work is to determine the functional condition of the cemen-
tation process. As observed, adjusting the different parameters could lead to the desired Se
cementation by copper. Nevertheless, as mentioned in previous reports [12,34], tellurium
is able to be precipitated by the copper cementation method. However, our results exhibit
that tellurium slightly precipitates in this temperature range, and the extraction percentage
is low. The main reason for restricted tellurium cementation is the instability of Cu+ at a
temperature lower than 75 ◦C [27], illustrated in the thermodynamic analysis. Nevertheless,
Figure 5 was brought to explore the interaction between some parameters, e.g., initial Cu
concentration, H2SO4 concentration, and temperature, on the Te precipitation process.

As seen in Figure 6a, both temperature and sulfuric acid concentration slightly increase
Te precipitation, indicating the synergism effect of both factors. Regarding thermodynamic
analysis, rising temperature is favorable for the endothermic cementation reaction leading
to higher recovery. Moreover, Jennings et al. [12] expressed that the tellurium precipitation
reaction happens at least 75 ◦C, and the process rate at a lower temperature is too slow. In
another way, H2SO4 promotes Te cementation reaction to form Cu2Te as follows:

H2TeO3 + 3Cu + H2SO4 = CuSO4 + Cu2Te + 3H2O (8)

As can be observed, sulfuric acid leads to higher Se recovery, as Cooper [43] reported
that at least 50 g/L of sulfuric acid is needed to accelerate the precipitation of tellurium.
Figure 6b presents the effect of Cu concentration and temperature on Te extraction percent at
1000 mg/L Te and 75 g/L H2SO4. These data indicate that the influence of temperature on
Te recovery is not desirable, whereas raising the level of Cu concentration hurts Te recovery.
In the Te cementation process, the cupric species can reach an equilibrium between cuprous
and Cu2Te, which is expressed as follows [40]:

Cu2Te + Cu2+ = 2Cu+ + CuTe (9)
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However, CuTe is an unstable component that can be disassociated from Cu2Te to Te
and Cu, decreasing Te extraction efficiency. However, by adding more Te to the solution, the
detrimental effect of cupric ions is declined in the model, which may confirm the occurrence
of the Cu2Te dissociation. It should be noted that the interaction of other parameters is
quite limited, so they were not discussed in the section to summarize the content.

Figure 6. Response surface graphs for interactions of parameters of Te (IV) cementation by solid copper.
(a) Effect of H2SO4 concentration and temperature; (b) Effect of Temperature and Cu concentration.

3.4. Validation of the Proposed Models

Additional experiments should confirm the Se (Equation (5)) and Te (Equation (6))
precipitation equation. Hence, three points, which have more Se extraction and less Te
extraction, were chosen to validate the cementation equations in Table 6. The first row
corresponds to the discrete precipitation of Se and Te, and the third row belongs to the dual
extraction of both elements.

Table 6. Experiments for models’ validations of Se and Te extraction.

T ◦C
H2SO4

g/L
Se

mg/L
Te

mg/L
Cu
g/L

Predicted %E Expe. %E D β

Se Std D. Te Std D. Se Te Se Te

35 50 3000 - 15 97.88 2.21 - 97.21 - 34.8 -
1659

35 50 - 750 15 - - 2.33 1.29 - 2.12 - 0.02

35 50 3000 750 15 - - - - 98.46 1.37 63.5 0.01 5291

As shown in Table 6, the extraction efficiency difference between the predicted model
and experiment results is less than the standard deviations validating the achieved models
in this work. Thus, the predicted value is plausible with the experimental outputs, which
have less than 2% standard error. Moreover, the results of the first test, e.g., 35 ◦C, 50 g/L
H2SO4, and 15 g/L Cu have values of separation factor greater than the two other ones,
being more desirable for the separations process.

On the other hand, the selenium and tellurium extraction were carried out in co-
presence, and the result was brought at the third line of the test. The separation indexes
in the dual cementation process have been better improved than the discrete process. The
thermodynamic evaluation [44] demonstrates that tellurium can reduce selenite anions
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according to Equation (10), leading to a more Se and Te separation index which is more
desirable in separation processes.

SeO2−
3 aq + Tes = TeO2−

3 aq + SeSΔG0
298 = −66.86 (10)

3.5. Se and Te Separation in Copper Anode Slime Leaching Solution

Liquor, obtained from copper anode slime, contains different impurities, Fe, Pd, Ag,
As, Sb, and Pb, disturbing the separation process. It should be mentioned that the synthetic
solution was prepared based on industrial conditions, and the optimum level of factors
in Section 2 can be exploited for Se cementation in the copper anode slime liquor. Hence,
the precipitation process for selenium or tellurium is carried out in the liquor, which has a
chemical composition presented in Table 7.

Table 7. Analysis of pregnant solution according to optimal condition of Se/Te separation.

Elements Cu (g/L) Se (mg/L) Te (mg/L) As (mg/L) Pb (mg/L) Ag (mg/L) Pd (mg/L)

concentration 15.05 2980 783 300 3.2 163 <1

The results are in Table 8 after 0.5, 1, 2, and 4 h, and the separation indexes are reported.
The extraction efficiency at 30 min, 1, 2 and 4 h is 34.78, 76.304%, 95.480% and 97.304%,
respectively. The co-extraction of impurities, such as As, may slightly diminish the selenium
cementation by copper metal [45]. The outputs indicate that although the extraction
percentage and separation index is diminished in copper anode slime liquor compared to
the synthetic solution, the proposed process can still be efficient for Se and Te separation
in industrial operations. Moreover, extending the process time can slightly enhance Se
extraction at four hours, but the co-extraction of tellurium restricts the separation index.

Table 8. Selenium and tellurium cementation by 20 g/L Cu chop.

Time (h)
Se Te As

βSe,Te
%E D %E D %E D

0.5 34.782 0.5346 1.212 0.0125 1.88 0.019 42.768

1 76.304 3.2218 2.224 0.0258 2.8 0.028 124.876

2 95.480 21.12 3.366 0.0348 3.25 0.034 606.896

4 97.304 25.479 11.422 0.1290 5.1 0.054 197.511

Moreover, if results obtained from copper anode slime leaching are compared with
results from the statistical model, e.g., Equations (5) and (6), we will conclude that the
presented models can predict the range of Se or Te recovery percent in the cementation
process. Thus, these models can be useful for a practical process design on a pilot or
industrial scale.

3.6. Characterization of the Process Sediments

X-ray diffraction (XRD) is one of the technics that could provide useful data about
the sediments of the process. The XRD pattern for sediments was obtained according to
optimum conditions, expressed in Table 6, which are presented in Figure 7. As observed,
Cu1.8Se and Cu2Se are the dominant phases in the sediment that approves Se has been
cemented in the system, whereas tellurium phases are not detectible in the condition. Addi-
tionally, thermodynamic assessments, Figure 2, present CuSe and CuSe2 as the equilibrium
phases in the Se-Cu-H2O system, and the blend of these phases are represented as Cu1.8Se.
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Figure 7. XRD pattern of sediments for dual cementation of Se and Te at 4000 mg/L Se, 1000 g/L Te,
75 g/L H2SO4 and 15 g/L CuSO4 and 35 ◦C.

Furthermore, the XRD patterns for the discrete experiment of Se and Te cementation
were brought in Figure 8a,b, respectively. Although selenium phases are Cu1.8Se and Cu2Se,
as recognized in Figure 8a, tellurium is not found in the XRD histogram. In addition, pure
copper and Cu2O are recognized as prime components in the Te cementation sediments.
As shown in Table 6, Te recovery percent is less than 2.5%, which is too weak alongside
staple Cu phase peaks.

Figure 8. XRD pattern for discrete cementation of (a) Se at 4000 mg/L Se, 75 g/L H2SO4 and 15 g/L
CuSO4 and 35 ◦C and (b) Te at 1000 g/L Te, 75 g/L H2SO4 and 15 g/L Cu SO4 and 35 ◦C.
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4. Conclusions

The cementation of Se and Te by copper metal was surveyed using response surface
methodology (RSM) as a tool for experiment design and thermodynamic analysis. The re-
sults presented that copper sulfate concentration and temperature diminished Se extraction
percent in the 5–45 g/L Cu and 15–95 ◦C range, while temperature and sulfuric acid can
slightly increase Te extraction efficiency. The optimum condition is 35 ◦C, 50 g/L H2SO4,
3000 mg/L Se, 750 mg/L Te, and 15 g/L CuSO4 in which the separation index (β) is 5291 in
synthetic solution and 606 in liquor of copper anode slime leaching. Although there is a
significant difference between separation index (β) in synthetic and pregnant solutions, the
presented models can specify the Se or Te recovery range in the sulfuric media. Moreover,
the separation indexes demonstrate that the proposed method can efficiently separate these
elements, e.g., Se and Te. Moreover, the XRD patterns approve copper selenide formation
in the sediments. In contrast, a negligible amount of Te is extracted in the sulfate solution.
Finally, a practical process from copper anode slime has been proposed via the copper
cementation process.
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36. Fjodorova, N.; Novič, M. Searching for optimal setting conditions in technological processes using parametric estimation models
and neural network mapping approach: A tutorial. Anal. Chim. Acta 2015, 891, 90–100. [CrossRef]

37. Farzam, S.; Feyzi, F. Response surface methodology applied to extraction optimization of gold (III) by combination of imidazolium-
based ionic liquid and 1-octanol from hydrochloric acid. Sep. Sci. Technol. 2020, 55, 1133–1145. [CrossRef]

38. Khuri, A.I.; Mukhopadhyay, S. Response surface methodology. WIREs Comput. Stat. 2010, 2, 128–149. [CrossRef]
39. GTT-Technologies; Bale, C.; Chartrand, P.; Harvey, J.P.; Pelton, A.; Decterov, S.; Robelin, C.; Gheribi, A.; Jin, L.; Bélisle, E.; et al.

FactSage; CRTC & GTT: Montreal, QC, Canada, 2007.
40. Mokmeli, M. Kinetics of Selenium and Tellurium Removal with Cuprous Ion from Copper Sulfate-Sulfuric Acid Solution.

Ph.D. Thesis, University of British Columbia, Vancouver, BC, Canada, 2014.
41. Sereshti, H.; Khojeh, V.; Samadi, S. Optimization of dispersive liquid-liquid microextraction coupled with inductively coupled

plasma-optical emission spectrometry with the aid of experimental design for simultaneous determination of heavy metals in
natural waters. Talanta 2011, 83, 885–890. [CrossRef] [PubMed]

42. Stewart, D.A.; Tyroler, P.; Stupavsky, S. The Removal of selenium and tellurium from copper electrolyte at INCO’s copper
refinery electrowinning department. In Proceedings of the 15th Annual Hydrometallurgical Meeting, Vancouver, BC, Canada,
11–14 August 1985; pp. 18–22.

43. Cooper, W.C. Tellurium; Van Nostrand Reinhold Company: New York, NY, USA, 1971.

140



Metals 2022, 12, 1851

44. McPhail, D.C. Thermodynamic properties of aqueous tellurium species between 25 and 350. Geochim. Cosmochim. Acta 1995, 59,
851–866. [CrossRef]

45. Wu, L.-K.; Xia, J.; Zhang, Y.-F.; Li, Y.-Y.; Cao, H.-Z.; Zheng, G.-Q. Effective cementation and removal of arsenic with copper
powder in a hydrochloric acid system. RSC Adv. 2016, 6, 70832–70841. [CrossRef]

141





Citation: Blumbergs, E.; Serga, V.;

Shishkin, A.; Goljandin, D.; Shishko,

A.; Zemcenkovs, V.; Markus, K.;

Baronins, J.; Pankratov, V. Selective

Disintegration–Milling to Obtain

Metal-Rich Particle Fractions from

E-Waste. Metals 2022, 12, 1468.

https://doi.org/10.3390/

met12091468

Academic Editors: Lijun Wang

and Shiyuan Liu

Received: 21 July 2022

Accepted: 26 August 2022

Published: 1 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

metals

Article

Selective Disintegration–Milling to Obtain Metal-Rich Particle
Fractions from E-Waste

Ervins Blumbergs 1,2,3, Vera Serga 4, Andrei Shishkin 3,5, Dmitri Goljandin 6, Andrej Shishko 3,

Vjaceslavs Zemcenkovs 3,5, Karlis Markus 3,7, Janis Baronins 3,8,* and Vladimir Pankratov 9

1 Institute of Physics, University of Latvia, 32 Miera Street, LV-2169 Salaspils, Latvia
2 Faculty of Civil Engineering, Riga Technical University, 21/1 Azenes Street, LV-1048 Riga, Latvia
3 ZTF Aerkom SIA, 32 Miera Street, LV-2169 Salaspils, Latvia
4 Institute of Materials and Surface Engineering, Faculty of Materials Science and Applied Chemistry,

Riga Technical University, P. Valdena Street 3/7, LV-1048 Riga, Latvia
5 Rudolfs Cimdins Riga Biomaterials Innovations and Development Centre of RTU,

Institute of General Chemical Engineering, Faculty of Materials Science and Applied Chemistry,
Riga Technical University, 3 Pulka Street, LV-1007 Riga, Latvia

6 Department of Mechanical and Industrial Engineering, Tallinn University of Technology, Ehitajate Tee 5,
19086 Tallinn, Estonia

7 Life Sciences and Technologies Department, Latvia of University, Svetes Street, LV-3001 Jelgava, Latvia
8 Latvian Maritime Academy, Flotes Street 12 k-1, LV-1016 Riga, Latvia
9 Institute of Solid State Physics, University of Latvia, 8 Kengaraga Street, LV-1063 Riga, Latvia
* Correspondence: janis.baronins@gmail.com

Abstract: Various metals and semiconductors containing printed circuit boards (PCBs) are abundant
in any electronic device equipped with controlling and computing features. These devices inevitably
constitute e-waste after the end of service life. The typical construction of PCBs includes mechani-
cally and chemically resistive materials, which significantly reduce the reaction rate or even avoid
accessing chemical reagents (dissolvents) to target metals. Additionally, the presence of relatively
reactive polymers and compounds from PCBs requires high energy consumption and reactive supply
due to the formation of undesirable and sometimes environmentally hazardous reaction products.
Preliminarily milling PCBs into powder is a promising method for increasing the reaction rate and
avoiding liquid and gaseous emissions. Unfortunately, current state-of-the-art milling methods also
lead to the presence of significantly more reactive polymers still adhered to milled target metal
particles. This paper aims to find a novel and double-step disintegration–milling approach that
can provide the formation of metal-rich particle size fractions. The morphology, particle fraction
sizes, bulk density, and metal content in produced particles were measured and compared. Research
results show the highest bulk density (up to 6.8 g·cm−3) and total metal content (up to 95.2 wt.%) in
finest sieved fractions after the one-step milling of PCBs. Therefore, about half of the tested metallic
element concentrations are higher in the one-step milled specimen and with lower adhered plastics
concentrations than in double-step milled samples.

Keywords: disintegration; e-waste; e-waste mechanical pretreatment; e-waste milling; precious
metals; printed circuit boards

1. Introduction

Recyclability and reusability of the materials are highly relevant to modern trends and
manufacturing technologies [1]. All industries must reduce any waste significantly by im-
plementing a computer-controlled manufacturing approach. These technologies radically
minimize waste by reusing powders and filaments [2]. These benefits decrease manufac-
turing costs from micron-sized equipment manufacturing up to large-volume industries
such as mining [3], shipbuilding [4], and civil engineering [5,6]. However, manufacturers
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typically produce electronic products and components from ecologically unfriendly mate-
rials [7,8]. Therefore, researchers meet the high demand for a novel technique to ensure
rapid and cost-effective recycling of electronic waste (e-waste).

About 53.6 Mt of e-waste was generated in 2019, as reported by the Global E-waste
Monitor 2020. From these, waste printed circuit boards (PCBs) represent the most economi-
cally attractive portion and account for about 3% of the total e-waste [9]. Therefore, PCBs
recycling is a business opportunity with a high potential to obtain revenue from growth in
the extraction and reuse of precious and base metals, such as gold, silver, and copper [10].
In addition, PCBs contain one of the highest concentrations of rare and precious metals
(RPM). Therefore, such waste has the potential to become a sustainable source of RPM for
the manufacturing of future generation electronic equipment [11].

The traditional treatment of PCBs includes cutting processes with the help of cut-
ting/shredder mills or a combination of low-intensity impacts, shear, and abrasion with
hammermills. However, both methods have significant drawbacks [12,13]. The composi-
tion of PCB is complex, wear-resistant, and creates highly abrasive particles during cutting
processes. Cutting blades passes through all layers of the PCB composites, which consist
not only of epoxy resins and fiberglass but also of robust and malleable metals and alloys,
as well as ceramics. The presence of such components leads to high wear of the cutting
edges [14]. Worn equipment reduces the efficiency of separating PCB components and
requires costly maintenance. Reducing the size of the pieces does not change the structure
of the composite, which remains predominantly solid/unbroken [15] with a relatively small
area of uncovered precious metals.

As opposed to traditional methods, the high-intensity impact generates high stresses
in the structure of PCBs. In addition, these impacts destroy bonding between adhered
layers such as resin and fiberglass (less mechanically resistant materials). Additionally, the
rapid release and uncovering of the metallic fraction (MF) and non-metallic fraction (NMF)
phases [16] occurs. Therefore, the extractor can achieve more efficient further separation by
releasing high-quality metal concentrate or exposing a large surface area for the increased
possibility/acceleration of chemical reactions [17]. Thus, impact selectivity can achieve a
high fragmentation level and becomes the main factor for the mechanical enrichment of
target metals. Furthermore, such selective disassembly is less energy consuming and saves
the remaining components of the PCB composite from excessive grinding and conversion
into technological emissions [18].

PCBs are complex composite materials that consist directly of a multilayer PCB plate,
solder, and PCB components [19]. The PCB’s plate generally consists of three layers that
are heat laminated together into a single layer. Typically, these are silkscreen, solder mask,
copper, and substrate [20]. PCB components are a general term for various components,
such as capacitors, resistors, transistors, and other electronic devices. These components
include connectors, contacts, fasteners, and many other components attached and connected
to a PCB [21].

The typical substrate of the PCB is made of fiberglass and is also known as FR4 (letters
FR mean “fire-retardant”). FR-4 glass epoxy is a popular and versatile high-pressure
thermoset plastic laminate with an excellent strength-to-weight ratio. This substrate layer
provides a solid base for PCBs. However, the thickness may vary depending on the
expected PCB’s application and service conditions. The standard thickness of four-layer
boards is about 1.6 mm [22].

The second layer of PCB is copper, typically laminated onto the substrate by supplying
heat to the adhesive. The copper layer is relatively thin to ensure high electrical conductivity
with the lowest possible heat generation. Several boards contain the sandwich of two copper
layers on opposite sides of the substrate. Manufacturers usually produce cheaper electronic
devices of single copper layered PCBs. The standard level of copper thickness on plane
layers is about 35 μm [19].

The PCB’s solder mask provides the visually observable green color. However, some-
times solder masks are designed to give the appearance in other colors, such as brown,
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red, or blue. The solder mask is also known as a liquid photo imageable solder mask [23].
The solder mask’s purpose is to prevent molten leakage [19]. The metal that facilitates the
transfer of current between the board and any attached components is solder, which also
serves a dual purpose due to its adhesive properties [24].

The main task for the mechanical processing of PCBs is the separation of PCBs into
constituent elements by following or immediate isolation from each other. Therefore, de-
stroying the mechanical bonds between these elements is essential to increase the separation
process efficiency [25]. This separation is required to create concentrates of metals and
non-metals to facilitate the access of reagents to the exposed surfaces. The most significant
and protruding parts (metal and ceramic components) are primarily exposed to abrasion
and shear. This effect results in the waste of additional energy and material from the wear
of grinding media. This factor accompanies the unnecessary grinding of metal and ceramic
components and materials’ ineffective mixing/heating [26]. One of the most widely used
e-waste recycling methods is pyrolysis. However, high brominated antipyrine concentra-
tion causing a release of toxic gases is the method’s main disadvantage [27]. Currently,
manufacturers add the compound PCB to reduce the flammability of computer components
in case of fire [28].

PCBs in common could contain up to 30 wt.% polymers, 30 wt.% ceramics, and 40 wt.%
metals [29]. Detailed composition by fractions was investigated by Roberto et al. and is
represented in Table 1 [30].

Table 1. Typical PCB composition attributed to the general groups of materials, data from [30].

Metals
(~40 wt.% in Total)

wt.%
of Metals

Ceramics
(~30 wt.% in Total)

wt.%
of Ceramics

Plastics
(~30 wt.% in Total)

wt.%
of Plastics

Cu 6–27 SiO2 15–30 Polyethylene 10–16
Fe 1.2–8 Al2O3 6–9.4 Polypropylene 4.8
Al 2–7.2 Alkali-earth oxides 6 Polystyrene 4.8
Sn 1–5.6 Titanates-micas 3 Epoxy resin 4.8
Pb 1–4.2 Polyvinyl chloride 2.4
Ni 0.3–5.4 Polytetrafluoroethylene 2.4
Zn 0.2–2.2 Nylon 0.9
Sb 0.1–0.4

Au (ppm) 250–2050
Ag (ppm) 110–4500
Pd (ppm) 50–4000
Pt (ppm) 5–30
Co (ppm) 1–4000

However, certain PCB elements contain several precious metals at much higher con-
centrations. For example, the content of Au, Ag, and Pd in the contact group, connection
slots, interfaces, and the board surface range from 180 to 3695 mg·kg−1, from 809 to
12,321 mg·kg−1, and from 96 to 118 mg·kg−1, respectively [31]. As shown above, PCBs
contain a significant concentration of valuable and expensive metals. However, along with
them, a typical PCB contains up to 70 wt.% non-metallic components made of ceramics,
plastics, and fiberglass. These components are part of the textolite. Therefore, developing
an efficient method for the preliminary separation of these components is necessary. In
addition, material recyclers are interested in preventing the formation of large amounts of
liquid or gaseous phases during waste pyrolysis.

Industry experts frequently research and implement new methods for more efficient
PCB pretreatment for valuable metals extraction. Reviewed literature shows a general
division of PCB pretreatment by mechanical and solvent-based methods [27,32–34].

Y. Zhou and K. Qiu, in their publication, have reported a new process of “centrifu-
gal separation +vacuum pyrolysis” to recover solder and organic materials from wasted
PCBs [34]. This approach has exhibited the relatively complete separation of solder from
PCBs with the help of centrifugal equipment, heated at 240 ◦C, and the rotating drum set
at 1400 rpm for 6 min intermittently. The results of vacuum pyrolysis showed that the
PCB without solder pyrolyzed to form an average of 69.5 wt.% solid residue, 27.8 wt.%
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oil, and 2.7 wt% gaseous phase [34]. This method effectively separates microchips and
other functional elements from PCB by removing the solder. However, researchers have
admitted that multilayer PCBs avoid complete Cu extraction by further processing steps.
Additionally, the pyrolysis process generates significant volumes of toxic organic gases.

M. Tatariants et al. have described a ball milling process to produce a powder ex-
hibiting high fineness from the crushed PCBs [32]. The authors have set the ball mill’s
frequency at 20 Hz for 60 min. Such an approach resulted in micro-scaled PCBs powder. Ob-
tained powder consisted of three phases: metal particles with adhered fragments of epoxy
resin, fiberglass particles partially covered with epoxy resin, and fiberglass–metal–epoxy
composite agglomerates.

Researchers have reported the use of organic solvents, such as dimethylformamide [32],
dimethyl sulfoxide (DMSO), and N, N-dimethyl pyrrolidone [33] as efficient tools for
brominated epoxy resins removal from PCB’s structure. However, these methods also
require other subsequential treatment methods, such as milling, air-flow separation, etc.

Size reduction by disintegration–milling is one of the state-of-the-art PCBs mechanical
pretreatment approaches. Various solutions can be mentioned as effective analogues, which
still demand improvements or alternative solutions to achieve reliable pretreatment result
from e-wastes with variable compositions.

A 3.25 mm fraction particle production from PCBs with the help of a rotary cutting
shredder and a subsequent three-stage grinding process in the ceramic ball mill allows for
manufacturing particles with sizes down to 125 μm [35]. However, the two-stage PCBs
crushing into a rotary cutting shredder down to 3.35 mm, then size reduction down to
about 1 mm in a four-bladed rotary cutting shredder, and final grounding with the help
of an ultra-centrifugal mill (Retsch ZM 200, Retsch GmbH, Haan, Germany,) allowed for
the production of particles with sizes up to 250 μm prior to use for leaching tests [36].
At the same time, the PCB hammer-crushing and grounding with the help of an ultra-
centrifugal mill (Retsch ZM 200) provides the production of particles with fraction sizes of
4 mm–212 μm) [37]. Finally, the grounding of PCBs, preliminarily cut into 2 mm pieces,
with the help of an LM1-M ring mill (LabTechnics Australia, Victoria, Australia), allowed
for the production of particles sieved into <365, 365–500, and 500–750 μm with the help
of the Retsch AS200 control sieve shaker (Retsch GmbH, Haan, Germany) [38]. All these
methods characterize an inefficient multi-step milling approach with high-energy and
human workload consumption.

The present article aims to reveal the milling rate’s effect on the properties of me-
chanically disintegrated PCBs. The idea is to apply mechanical disintegration as the
pre-treatment method to increase the content of recovered valuable metals from specific
fractions of disintegrated PCBs. The studied milling process provides the formation of
a wide range of particle sizes. The work demonstrates the dependence of common and
valuable metal contents on the size of obtained disintegration–milled particles. Therefore,
entrepreneurs can use this approach in various manufacturing technologies for further
processing the extracted valuable metals. Furthermore, recycling companies can scale up
and implement the demonstrated technology in hydrometallurgical and pyrometallurgical
processes.

2. Materials and Methods

2.1. Used Materials

The article’s authors used PCB waste consisting of disassembled personal computer
motherboards (produced by the GIGA-BYTE Technology Co., Ltd., New Taipei City, Taiwan,
from 2010 to 2015) without central processors. An operator cut a total of 6 kg PCBs into
rectangular-shaped pieces with side lengths from about three up to 6 cm and subjected
them to disintegration–milling experiments, as shown in Figure 1a,b.

Disassembly was conducted manually at room temperature to avoid potentially harm-
ful emissions [39].
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Figure 1. As-received computer motherboard (a) and after being cut into pieces before milling (b).

2.2. Applied Milling Procedure and Used Testing Equipment

The high-energy semi-industrial disintegration–milling system DSL-350 (Tallinn Uni-
versity of Technology, Tallinn, Estonia), specially designed for processing mechanically
durable materials [40–42], was used to grind fragments of PCBs into finer particles. The
device is grinding materials by collisions. Supplied particles collide with surfaces of
grinding bodies. As a result, the intensive pressure wave propagates inside the target
particles. The resulting values of stresses exceed material strength. The specification of the
disintegration–milling device is demonstrated in Table 2.

Table 2. Characteristics of the high-energy disintegration–mill DSL-350.

Parameter Value

Type of device (position of rotors) horizontal
Grinding environment air

Rotor system one/two-rotor
Number of pins/blades roads 1/3

Rotation velocity of rotors, rpm 2880
Impact velocity, m/s up to 180

Specific energy of treatment ES, kJ·kg−1 up to 13.6
Possible operating system direct

Input (max particle size), mm 45
Productivity, kg·h−1 up to 950

The principal scheme of milling equipment—centrifugal-type disintegrator mill DSL-
350 is shown in Figure 2.

Collected PCBs were preliminarily cut into smaller fragments (see Figure 1b) to feed
into the disintegration–milling device. Next, the author carried out targeted mechanical
cutting (slicing) to avoid damage to the main elements on the surfaces of PCBs. Therefore,
only the largest contact groups were cut in half, as demonstrated in Figure 1b. Next, the
operator used the obtained pieces with intact elements to investigate the effect of one and
double-step disintegration–milling on target metals contents. Finally, the authors selected
the disintegration–milling procedure for producing powder from the PCBs, as presented
in Figure 3.

An operator milled sliced PCBs (see Figure 1a) once as raw materials. Obtained
particles smaller than 2.8 mm were subjected to metal analysis and designated as X1 (see
Figure 3). Subsequently, particles bigger than 2.8 mm were subjected to repeated milling
and designated as X1 (>2.8) + X2 (see Figure 3).
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Figure 2. Schematic representation of preliminary size reduction centrifugal-type mill DSL-350.
Equipment: 1—rotors; 2—electric drives; 3—material (PCBs) supply; 4—horizontally oriented grind-
ing elements; 5—output.

Figure 3. An applied disintegration–milling, sieving, and testing scheme show an approach for
selecting fractions of powders from PCBs for metal content determination after one-step (X1) and
double-step (X1 (>2.8) + X2) disintegration–milling.

Determination of particle size distribution was carried out with the help of the vibra-
tory sieve shaker Analysette 3 PRO (FRITSCH GmbH Idar-Oberstein, Germany). Materials
with particle sizes up to about 12.5 mm were fractioned using sieves with opening sizes
of 0.09, 0.18, 0.35, 0.71, 1.40, 2.80, 5.60, and 11.20 mm. An operator measured the bulk
density with the help of the bulk density tester (Scott volumeter, according to ASTM B
329-98, Copley, Nottingham, UK) for each fraction of sieved samples X1 and X1 (>2.8) +
X2. An optical microscope (KEYENCE VHX-2000, Keyence Inc, Osaka, Japan) was used to
study the morphology of the obtained fractions.
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Metal content (MC) changes (in %) from one-step (X1, designated as MCone-step) to
double-step (X1 (>2.8) + X2, designated as MCdouble-step) milling PCB by fractions calculated
by Equation (1):

MCone−step − MCdouble−step

MCdouble−step
·100 (%) (1)

2.3. Applied Method for Metal Content Determination

Quantitative determination of MC in disintegration–milled and sieved fractions of
raw material was performed with the help of inductively coupled plasma atomic emission
spectroscopy (ICP-OES, Thermo scientific iCAP 7000 series, Thermo Fisher Scientific Inc.,
Waltham, MA, USA).

First, a representative sample was prepared using the quartering method, and chemical
leaching was carried out. An aqueous solution of 6M HCl (V = 50 mL) was added to the
powder sample’s weight of 500 mg (±0.5 mg). The mixture was boiled until a wet residue
formed. Subsequently, the same treatment approach was carried out in two portions of
aqua regia (HCl:HNO3 = 3:1, V = 40 mL). An excessive amount of HNO3 was removed
by adding concentrated HCl during the boiling process. The resulting wet residue was
transferred to the filter with a 3M HCl solution and washed accurately. The resulting filtrate
was brought up to a volume of 100 mL with 3M HCl solution. Afterward, the obtained
solution was analyzed using ICP-OES (PerkinElmer Polska sp. z o.o., Kraków, Poland). To
evaluate the metal content, it is necessary to determine the non-metallic component. In the
sample under study, the filter’s undissolved residue (non-metallic element) was washed
with distilled water to pH ≈ 5–6, dried at 105 ◦C, and weighed.

3. Results and Discussion

3.1. Metal Content in Disintegration-Milled PCBs Fractions

The correlation between the determined MC and bulk densities in the milled PCB
is presented in Table 3. The bulk density of specimen X1 gradually increases from 0.3 to
6.8 g·cm−3 by decreasing the sieved fraction size from 2.8–5.6 mm down to <0.09 mm. Mea-
sured bulk density (up to 6.8 g·cm−3) correlates with an increase in MC (up to 95.2 wt.%),
which indicates the positive effect of the brittleness of metals on disintegration–milling per-
formance. The fractions from 0.09 to 0.35 mm can be attributed to high metal content with
the most of ceramic impurities due to relatively high bulk densities from 4.9 to 6.8 g·cm−3

At the same time, more elastic–plastic composites remain less intact and significantly reduce
the densities of largest sieved fractions.

Table 3. Bulk densities and MC of one-step (X1) and double-step (X1 (>2.8) + X2) milled PCB fractions.

Fraction, mm <0.09 0.09–0.18 0.18–0.35 0.35–0.711 0.711–1.4 1.4–2.8 2.8–5.6

Bulk density of X1, g·cm−3 6.8 5.3 4.9 1.6 0.44 0.61 0.30
Bulk density of X1

(>2.8) + X2, g·cm−3 2.23 0.84 0.81 0.53 0.58 0.35

MC in X1, wt.% 95.2 ± 1.8 57.7 ± 1.5 54.6 ± 1.2 14.3 ± 0.9 8.4 ± 0.5
MC in X1 (>2.8) + X2, wt.% 50.6 ± 1.3 26.2 ± 1.6 33 ± 0.9 8 ± 0.7 7.2 ± 0.6

Double milling of residual fraction from specimen X1 with particle sizes above
2.8 mm significantly decreases MC by about 120% in specimen’s X1 (>2.8) + X2 fraction of
0.09–0.18 mm, as compared to the same fraction’s MC of the specimen X1. In addition, dou-
ble milling also leads to about twice lower MC in case of each fraction from <0.09 (50.6 wt.%)
to 0.711 mm (8 wt.%), as compared to the specimen X1. This result obviously demonstrates
plastic and ceramic impurities, which also significantly lowers bulk densities more typical
for most ceramics (2.23 g·cm−3) and plastics with relatively high content of ceramic and
metal impurities (0.35 to 0.84 g·cm−3).

Therefore, higher concentrations of metals can be twice efficiently recovered from
one-step milled fractions with sizes larger than 0.35 mm after the first disintegration–
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milling procedure. In addition, it seems that the idea of combining the exact fraction
sizes from samples X1 and X1 (>2.8) + X2 should be performed by preliminarily removing
mechanically separated plastics from the double-step milled materials.

Therefore, most promising fractions of <0.09, 0.09–0.18, and 0.18–0.35 mm were chosen
for the determination of Ag, Au, Pd, Pt, Al, Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Sb, Sn, Ti, V,
and Zn contents [43], as demonstrated in Figure 4a,b.

Figure 4. Dependence of element composition of milled fraction by particle size distribution for X1
(one-step) (a) and X1 (>2.8) + X2 (double-step for >2.5 mm fractions from first milling) (b) millings.

The results show that the MC varies depending on the stages of disintegration–milling
and the fractional particle size. Plastic particles significantly decrease the fraction bulk
density and strongly correspond to reducing the metal content in corresponded fraction.

Thus, sample X1 exhibit notably higher MC in Ag, Au, Fe, and Mn cases. Of these,
recovering precious Au (from 0.01 to 0.034 mg·g−1) is the most exciting and complicated
process and requires chemicals that can be contaminated by side undesired side reactions.
Therefore, the Au recovery from large volumes of one-step milled PCBs may provide higher
economic feasibility than the recovery of the same metals from sample X1 (>2.8) + X2.

Conversely, sample X1 (>2.8) + X2 exhibits higher concentrations of Cd (from 0.0001
to 0.0006 mg·g−1), Cr (from 0.35 to about 1 mg·g−1), and Mo (from 0.0134 to 0.025 mg·g−1),
as compared to the sample X1. However, the beneficial recovery of these elements also
requires large PCB volumes.

PCBs contain more than ten-fold purer precious metals compared to ore minerals,
relatively rich with the same valuable metal atoms. Therefore, collecting PCBs to recover
valuable metals is a crucial part of urban mining [43]. Additionally, the well-developed
PCBs collection and recovery management can help avoid the leakage of environmentally
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harmful metals (e.g., Cr, Pb, Cd, etc.) into the soil, natural waters, and other places where
oxidation into harmful compounds and absorption by living organisms may occur.

A better overview of the comparison between MC (in %) in one and double-step milled
PCB samples by fractions (calculated according to Equation (1)) is demonstrated in color in
Table 4. Results show the benefits of one-step milling. The total MC after one-step milling is
higher in all fractions, from 46% (coarser fraction) up to 124% (finer fraction), as compared
to the result of double-step milling. This result indicates the lower metal concentrations
in the largest (>2.5 mm) fraction compared to tested fractions after the first milling step.
Comparison of MC within factions exhibits significant benefit of the one-step milling
approach in many cases of metals (gold, palladium, platinum, iron, manganese, nickel,
titanium, vanadium, and zinc), indicating the increase in potentially recoverable MC by
up to 1600% (precious gold) and 1770% (iron), compared to double-step milling. However,
the double-step milling is more interesting (but with more minor percentage differences)
for the recovery of aluminum, cadmium cobalt, chromium, copper, molybdenum, and
antimony without or with the combination of disintegration milled PBC fractions after the
one-step milling.

Table 4. MC changes (in %) from double (X1 (>2.8) + X2) to one-step (X1) milling PCB by fractions.

Metal Content in % after One-Step Milling in Comparison with Double-Step Milling
Total
MC *Fraction,

mm
Ag Au Pd Pt Al Cd Co Cr Cu Fe Mn Mo Ni Pb Sb Sn Ti V Zn

0.18–0.35 86 400 140 0 − 25 − 67 68 − 86 − 12 1003 798 − 55 279 − 45 144 − 3 298 100 63 46
0.09–0.18 41 1600 100 100 − 44 − 67 − 8 1 − 31 1770 1548 − 56 245 47 100 − 30 357 64 70 119

<0.09 − 12 113 0 0 − 87 0 − 58 − 76 − 77 207 45 − 98 − 26 − 40 − 57 − 77 − 31 − 5 − 45 124

Notes: * Total extracted MC by fraction. Green color (positive value) exhibits the benefit (higher metal content)
of one-step milling in comparison with double-step milling approach. Yellow color (zero value) exhibits no
effect of double-step milling in comparison to one-step milling. Red color (negative value) exhibits the benefit of
double-step milling in comparison with one-step milling.

3.2. Morphology and PCBs Disintegration–Milling Dynamics

At the preliminary crushing stage by the disintegration–mill, large pieces of composite
PCBs plates quickly disintegrated into parts due to fracture. Then, each separated compo-
nent is crushed at its achieved linear speed. The morphology of sieved milled particles is
represented in Figure 5.

Fractions larger than 2.8 mm were not analyzed in detail and were subjected to
secondary milling designated as “X1 (>2.8) + X2”. The fraction with particle sizes from
1.4 to 2.8 mm contained plastic particles (blue, grey, and black color) of equivalent sizes
and some wire-like connections, as demonstrated in Figure 5a.

Fractions 0.711–1.40 mm (Figure 5b) and 0.355–0.711 mm (Figure 5c) also contained
a significant concentration of plastic particles (blue, grey, and black color). However, the
presence of visually observable metallic elements of PCBs was observed to be relatively
peeled off from plastic pieces.

Fractions of 0.355–0.18 mm (Figure 5d) and 0.09–0.18 mm (Figure 5e) mainly exhibited
fibers from fiberglass elements of PCB components instead of plastic chunks. Remarkably,
the smaller the fraction, the lower the concentration of visually observed fibers, indicating
the highest fracture resistance to the applied crushing forces inside the disintegration–mill
compared to most of the other PCB components.

The X1 finer than 0.09 mm fraction consists primarily of non-plastic components with
observable fiberglass, as shown in Figure 5f. Notably, the relatively large fiberglass particles
can pass the narrow openings of the sieve mesh by orienting perpendicularly to the surface
of the mesh.

Fractions 0.09—0.18 and <0.09 mm of X1 and X1 (>2.8) + X2 disintegration–milled
samples visually (Figure 5e,f and Figure 6c,d, respectively) differ by the presence of higher
fiber-like plastic particle concentration after one-step milling (X1).
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Figure 5. Optical images of the fractions 1.4–2.8 mm (a), 0.711–1.4 mm (b), 0.355–0.711 mm (c),
0.355–0.18 mm (d), 0.09–0.18 mm (e) and <0.09 mm with significantly lower fiberglass concentration
(f) after one-step milling (X1).

The X1 sample had slightly higher total material amounts in sieved fractions of
2.8–5.6 (5.6 wt.%), 1.4–2.8 (0.1 wt.%), 0.711–1.4 (0.8 wt.%), 0.355–0.711 (3.9 wt.%), and
<0.09 mm (0.6 wt.%), as compared to sample X1 (>2.8) + X2 (see Figure 7).

However, slightly higher total material amount in sieved X1 (>2.8) + X2 sample
fractions of 0.18–0.35 (0.1 wt.%), 5.6–11.2 (11.1 wt.%), and >11.2 (1.7 wt.%) were measured. It
seems more beneficial to perform total metal recovery from disintegration–milled particles
with fraction sizes larger than about 1.4 mm. However, the presence of equivalent-sized
plastic particles observed in Figures 5a and 6a should be removed prior to the chemical
treatment process to reduce the consumption of chemically reactive and avoid harmful
emissions by undesirable side reactions.

Glass fibers are poorly reactive to many applied reagents for chemical metal recovery.
However, these fibers can be adhered to undesirable side reactions generating polymers.
Unfortunately, many metal particles are still attached to plastic and fibrous elements;
therefore, the accessibility of chemical reagents to free metals is also limited physically.
Therefore, the total metal recovery feasibility of using the largest from disintegration–milled
particles should be researched in detail. Particles with sizes under 1.4 mm can be chosen
from specimen X1 for economically more feasible total metal recovery compared to the
exact particle sizes of X1 (>2.8) + X2, especially in recycling large volumes of PCBs scraps.
However, from a common point of view, it is also reasonable to combine these fractions
from specimens X1 and X1 (>2.8) + X2. Additional separation based on the density or
magnetic properties of the target material could be applied as a next step to remove the
separated polymer from disintegration–milled powder and obtain a cleaner product in
further studies.
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Figure 6. Optical images of the fractions 0.711–1.4 mm (a); 0.355–0.711 mm (b); 0.09–0.18 mm (c);
and <0.09 mm (d) after double-step milling (X1 (>2.8) + X2) of fraction >2.8 mm collected from the
one-step milling.

Figure 7. Particle size distribution of the disintegration–milled PCBs after first “X1” and second
milling of the fraction with particle sizes larger than 2.8 mm from first milling designated as “X1
(>2.8) + X2”.
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The PCB is a multicomponent metal–plastic multilayer composite material with a com-
plex structure consisting of brittle and plastic components. The mechanisms for reducing
the particle size of the plastic and brittle materials are different. The collision of brittle
materials with grinding elements results in a natural fracture. However, ductile metallic
materials harden during every collision impact. Therefore, the fatigue fracture occurs [42]
after two or more have implications inside the disintegration–milling working chamber.
These impacts generate a large range of particle size PCBs fractions from <0.009 up to more
than 11.2 mm during the one-step milling at 2880 rpm, as demonstrated in Figures 5 and 7.

More advanced disintegration mills have been equipped with separation systems
based on aerodynamic force principles. Such systems employ a closed air or gas flow
system (so-called inertial classifier) [44]. Such a system can provide ecologically clean
disintegration–milling of PCBs into classified powder kinetic energy to give a material
transition to collectors without support from additional mechanical transportation and
gas blowing devices. Therefore, the required time for sieving into fractions and required
energy consumption for plastics, ceramics, and metals separation from target metals by
using liquids, gas flows, magnet and electromagnet, isostatic separators, etc., can be
significantly reduced.

The performed significant plastic separation from metals with the help of disintegration–
milling helps void the incineration stage. The incineration typically leads to highly toxic
compounds such as volatile polybrominated dibenzo dioxins and dibenzofurans. Heavy
metals can cause secondary pollution (e.g., Pb; see Table 3), and brominated flame retardants
leach into groundwater. Therefore, environmentally safe recycling is an important topic
for the researcher to satisfy community and local government requirements for greener
urban mining.

4. Conclusions

Impact type one-step (X1) disintegration–milling is an effective way to crush PCBs
into particles with high MC (from 8.4 to 95.2 wt.% by decreasing particle size fractions
from 0.711–1.4 down to <0.09 mm, respectively) before chemical treatment. However,
double-step (X1 (>2.8) + X2) treatment leads to a high content of polymers and glass fibers
in resulting particle fractions with sizes from <0.09 to 5.6 mm with bulk densities from
2.23 down to 0.30 g·cm−3, respectively. The MC also reduces to 7.2 wt.% (0.711–1.4 mm
fraction) and 50.6 wt.% (<0.09 mm fraction), as compared to MC in the same fractions of X1
samples. Many visually observable (by optical microscope) metallic particles still adhere to
plastic and fibrous elements after milling. These impurities require additional separation.
The presence of polymer particles and fibers has no significant impact on MC compared to
the result after the second milling of particles with sizes above 2.8 mm. One-step milling
leads to particle fractions with sizes from <0.09 to 2.8 mm with about to six-fold higher
bulk densities from 6.8 down to 0.44 g·cm−3, respectively; and up to two-fold higher MC
in a finer range of fractions from 0.09 to 0.35 mm, as compared to the result of double-step
milling of remaining fractions with particle sizes above 2.8 mm. The approach for the
removal of mechanically released particles from metallic elements should be researched in
future studies.

Obtained tested particles from PCBs are relatively rich with Fe (up to 867 mg·g−1

in X1, <0.09 mm fraction); Cu (up to 148 mg·g−1 in X1, 0.18–0.35 mm fraction); Sn (up
to 51.4 mg·g−1 in X1 (>2.8) + X2, 0.09–0.18 mm fraction); Al (up to 45.2 mg·g−1 in X1
(>2.8) + X2, 0.09–0.18 mm fraction); Ni (up to 14 mg·g−1 in X1, 0.09–0.18 mm fraction); and
Zn (up to 10 mg·g−1 in X1, 0.18–0.35 mm fraction). The MC of other metallic elements
ranges from about 9 mg·g−1 (Mn in X1, 0.09–0.18 mm fraction) to 0.0006 mg·g−1 (Cd in X1,
all tested fractions). The MC of precious elements (Au, Pd, and Pt) are under 0.1 mg·g−1

and require large volumes of PCBs to ensure a profitable metal recovery business. The
exception is Ag with MC up to about 1 mg·g−1 (in X1, 0.18–0.35 mm fraction).
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Abstract: In the present review, works on the classes of chelating extractants for metals, compounds
with several amide and carboxyl groups, azomethines, oximes, macrocyclic compounds (crown ethers
and calixarenes), phenanthroline derivatives, and others are systematized. This review focuses on
the efficiency and selectivity of the extractants in the recovery of metals from industrial wastewater,
soil, spent raw materials, and the separation of metal mixtures. As a result of this study, it was
found that over the past seven years, the largest number of works has been devoted to the extraction
of heavy metals with amino acids (16 articles), azomethines and oximes (12 articles), lanthanids
with amide compounds (15 articles), lanthanides and actinides with phenanthroline derivatives
(7 articles), and noble metals with calixarenes (4 articles). Analysis of the literature showed that
amino acids are especially effective for extracting heavy metals from the soil; thiodiglycolamides and
aminocalixarenes for extracting noble metals from industrial waste; amide compounds, azomethines,
oximes, and phenanthroline derivatives for extracting actinides; amide compounds for extracting
lanthanides; crown ethers for extracting radioactive strontium, rhenium and technetium. The most
studied parameters of extraction processes in the reviewed articles were the distribution ratios and
separation factors. Based on the reviewed articles, it follows that chelate polydentate compounds
are more efficient compounds for the extraction of metals from secondary resources compared to
monodentate compounds.

Keywords: extraction; diamides; amino acids; Schiff bases; oximes; crown ethers; calixarenes;
phenanthroline

1. Introduction

Metals, such as lead (Pb), chromium (Cr), zinc (Zn), cadmium (Cd), copper (Cu),
mercury (Hg), and nickel (Ni), and metalloids (arsenic As) entering various ecosystems
as a result of anthropogenic influences can accumulate in living organisms [1], with a
detrimental effect on the physiological processes of living organisms. Therefore, the
removal of heavy metals and their salts from the environment is an urgent task today.
To remove toxic metal ions from wastewater of industrial enterprises, extraction is used.
Extraction is the most economical, technologically simple and productive process compared
to other processes, e.g., electrodialysis, electrocoagulation, flotation, and ion exchange [2].
In addition, unlike membrane filtration and chemical precipitation, extraction is effective
at low concentrations of metal ions, which allows it to be used for preliminary analytical
concentrations of trace elements contained in water and soil samples [3].

Extraction is widely used in hydrometallurgical processes for selective extraction of
the target metal from ores or wastes of enterprises—for example, for treatment of zinc oxide
ores [4] and extraction of cerium (Ce) from spent catalytic converters of cars [5].

Among the most effective and selective metal extractants are chelates, i.e., compounds
containing at least two donor atoms. Chelates form stable complexes with metal cations,
which are poorly soluble in water and well soluble in low-polar organic solvents. This
feature of chelating compounds makes them suitable for liquid and supercritical fluid
extraction. Chelating extractants are, for the most part, low in toxicity, which makes them
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safe to work with. In addition, for a number of their mixtures, there is a cooperative effect,
in which the distribution ratios of metals increase many times compared to monodentate
analogues [6,7].

A number of review articles on chelate extractants are available in the literature. For
example, the 2011 review considers extraction systems based on crown ethers, quinolines,
fluorine-containing β-diketones, and ionic liquids used as diluents [8]. In [9], studies
on the solid-phase extraction of heavy metals by polymers, chitin, chitosan, and calcium
alginate are presented, and their chelating and adsorption properties are described. In [10],
the synthesis methods, chelating properties and applications in analytical chemistry of
azomethines are reviewed, and in [11], the application of 1-(2-pyridylazo)-2-naphthol in
solid-phase extraction, microextraction and cloud point extraction is addressed. In 2017, a
review on supercritical fluid extraction of heavy metals, lanthanides and actinides by some
chelating extractants was published [12]. However, the presented reviews are narrowly
focused, and the reference to the most recent article is dated 2015, while most of the cited
literature was published in the 1980s to 1990s.

This review presents current research over the past 5 years, systematized by classes of
chelating extractants that can be used to isolate and/or separate specific metals or groups
of metals. The characteristics of the extractants and an evaluation of the prospects for their
use are also given.

2. Extractants Containing Amide Groups

Amide extractants form chelate complexes due to the coordination of the metal ion
by the oxygen atoms of the amide groups, and, additionally, by oxygen, nitrogen or
sulfur atoms contained in the compound in the form of ether, amino or thioether groups,
respectively. The advantages of these extractants are high affinity to a number of metal ions
and good solubility in non-polar solvents.

2.1. Actinides

Dialkylamides are often used to separate actinides contained in nuclear fuel-reprocessing
waste—a highly active liquid waste. For example, N,N-dihexyloctanamide 1 in n-dodecane
selectively separates the pairs of neptunium Np (IV) and plutonium Pu (III), uranium U
(VI) and plutonium Pu (III) with separation factors equal to 285 and 1080, respectively [13].
However, it remains unclear why these pairs of elements were chosen for separation by the
authors, and how the extractant separates the overall mixture of elements. Additionally,
the work did not consider the effect on the extraction and separation of the above metals
of attendant impurities that are always present in nuclear fuel waste, such as Cs+ and
Sr2+ ions

 
1 

Using N,N′-dimethyl-N,N′-dioctyl-4-oxaheptanediamide 2 in the ionic liquid 1-butyl-
3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide 3, the separation of thorium ions
from uranyl ions from the HNO3 solution was studied [14].
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2 

 
3 

It was found that extractant 2 has a better affinity for thorium ions than for uranyl
ions. The maximum Th (IV)/U (VI) separation factor is 21.9 at pH 2.24. The mechanism
of extraction of Th (IV) and U (VI) ions with the indicated extractant is cation exchange,
whereby three molecules of compound 2 can be bound to one thorium ion (1) and two
molecules of the extractant (2) can be bound to the uranyl ion:

Th4+
(aq.) + 3 extractant 2 (org.) + 4 C4mim+

(org.) = Th(extractant 2)4+
3 (org.) + 4 C4mim+

(aq.) (1)

UO2
2+

(aq.) + 2 extractant 2 (org.) + 2 C4mim+
(org.) = UO2(extractant 2)2+

2 (org.) + 2 C4mim+
(aq.) (2)

where C4mim+—ionic liquid cation 3.
In the solid-phase extraction of both plutonium Pu (IV) and americium Am (III) simul-

taneously using N,N,N′,N′-tetra(2-ethylhexyl) diglycolamide 4, encapsulated in polyether-
sulfonic polymer granules, the authors of work [15] managed to selectively separate the
above actinide mixture. Since a high extraction of both metals was observed, the strategy
for their separation was to carry out two stages. First, Pu (IV) was reduced to Pu (III) and
removed using ascorbic acid, leaving up to 90% of Am (III) unchanged. Then, oxalic acid
was used to separate the americium.

4 
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It should be noted that in [14,15], experimental data on the separation of the target
metals from the accompanying impurities that are always present in the products of nuclear
fusion are also lacking.

In [16], the liquid extraction of not only Am (III), Np (IV), Pu (IV), and U (VI), but
also impurities Sr (II) and Cs (I) by tripodal diglycolamides 5, 6, 7 from nitric acid media
was studied.

 
5 

 
6 
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7 

The following ligand extraction efficiency series was established: using 6, the pattern
of Cs(I) < Sr (II) < NpO2

2+ ~ UO2
2+ < Am (III) < Np (IV) < Pu (IV) was observed, which

changes to Cs (I) < Sr (II) < NpO2
2+ < UO2

2+ < Np (IV) < Am (III) < Pu (IV) for 5 and
for 7 is as follows: Cs (I) < Sr (II) < UO2

2+ < NpO2
2+ < Np (IV) < Pu (IV) < Am (III). The

authors attribute the higher degree of extraction of plutonium compared to neptunium to
the higher complexing ability of plutonium.

The compounds are arranged in a series of extraction capacities as follows: 7 > 5 > 6.
The higher extraction ability of extractant 7 is due to its higher lipophilicity (hydrophobicity)
compared with 5. The low extraction ability of extractant 6 was explained by protonation
of the central nitrogen atom, which makes it difficult to extract metal ions.

The authors of [16] managed to achieve quantitative extraction of neptunium Np
(IV) and plutonium Pu (IV) from nitric acid, with a detailed description of the extraction
mechanism. The authors selectively separated Np (IV) and Pu (IV) from UO2

2+, Cs (I), and
Sr (II) (the values of the separation factors are given in Table 1) by extractants 5, 6, 7. In
addition, the obtained extractants had radiolytic stability.

Table 1. Separation factor values of Np (IV) and Pu (IV).

Ligand UO2
2+ Cs (I) Sr (II)

Compound 5 435 87,000 2200
Compound 6 837 50,000 3100
Compound 7 7300 70,000 10,000

In [17], the extraction of actinides Am (III), Pu (IV), Np (IV) and U (VI) in the presence
of Sr (II) using five tripodal diglycolamide ligands 8–12 with different lengths of spacers
and substituents was studied. Considering the actinide distribution ratios (aqueous phase:
nitric acid; organic phase: ionic liquid 3), the most efficient ligand is compound 8 (Table 2).

Table 2. Distribution ratios and separation factor data βAm/Me (given in brackets).

Extractant Am (III) U (VI) Np (IV) Pu (IV) Sr (II)

8 59.9 0.04 (1500) 3.11 (19.2) 3.86 (15.5) 0.06 (1000)
9 9.51 0.01 (951) 1.47 (6.47) 1.73 (5.50) 0.04 (238)

10 0.96 0.02 (48) 1.01 (0.95) 1.04 (0.92) 0.02 (48)
11 0.13 0.01 (13) 0.66 (0.20) 0.71 (0.18) 0.01 (13)
12 0.31 0.01 (31) 0.79 (0.39) 0.84 (0.37) 0.02 (16)
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8 n = 2, R1 = H, R2 = C8H17 
9 n = 1, R1 = H, R2 = C8H17 

10 n = 1, R1 = CH3, R2 = C8H17 
11 n = 1, R1 = isopropyl, R2 = C8H17 

12 n = 1, R1 = H, R2 = CH3 

The following series of actinide extraction efficiency was observed: compound 8 >>
compound 9 >>> compound 10 ≈ compound 11 ≈ compound 12. According to the authors,
this is due to factors such as spacer length, hydrophobicity and the branched alkyl groups
at the amide nitrogen atom.

To summarize, diglycolamide compounds are excellent extractants of actinides from
highly reactive wastes as well as for their separation. Therefore, the implementation of the
developed formulations in various technological processes seems rather promising.

2.2. Lanthanides

The worldwide demand for rare earth elements (REEs) in 2020 was approximately
185 thousand tons, while it reached 80 thousand tons in 2000. The rapid demand for
REEs used in electronics, instrumentation, aerospace, defense and engineering industries
makes solving the problem of extraction and concentration of lanthanides an urgent task.
Diamides containing a simple ether group are widely used for extraction of lanthanides.

A mixture of trivalent lanthanides (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,
Tm, Yb, and Lu) can be separated into individual elements contained in nitric acid so-
lution by using a solution of extractants-tri-(n-butyl) phosphate (TBP) and N,N,N′,N′-
tetraoctyldiglycolamide (compound 13) in ionic liquid 3, which is more environmentally
friendly than conventional molecular solvents [18]. It was found that Ho, Er, Tm, Yb, and
Lu are most effectively extracted using the above system.

 
13 

It is important that a synergistic effect providing excellent separation of lanthanide
ions was observed when using the mentioned extraction mixture, which is explained by the
formation of complex forms of lanthanides with both TBP and 13. However, further studies
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are needed to establish the composition of internal and external coordination spheres of
the forms formed.

It was also noted that hydrophobic anionic fragments of the ionic liquid contribute to
the extraction process through the formation of lipophilic metal–ligand complexes.

Unfortunately, the authors present separation factors only for the Lu (III)/La (III), Lu
(III)/Sm (III) and Lu (III)/Tb (III) pairs, equal to 1622, 45 and 4.8, respectively; for other
lanthanide pairs, these factors are not presented.

Liquid high-level radioactive waste can be a source of neodymium (III), a valuable
REE used in telephones and computers, and zirconium (IV), used to manufacture nuclear
reactor parts.

In [19], comparative extraction of neodymium Nd (III) and zirconium Zr (IV) using
compound 13 and N,N-dioctylhydroxyacetamide 14 from nitric acid medium was carried
out. It was found that compound 14 forms large aggregates with neodymium ions, and
13 forms large aggregates with zirconium. The authors did not find an explanation for
this fact.

 
14 

The extraction percentages using compound 14 were 98.8% for neodymium and 99.9%
for zirconium. Extractant 14, according to the authors, can be used to extract neodymium
(III) and zirconium (IV) from high-level waste generated during reprocessing of spent fuel
for fast-neutron reactors (uranium-zirconium and uranium-plutonium-zirconium metal
alloys). However, the separation factors of these metals and other uranium fission products
are not presented in this work.

The extraction properties, extraction mechanism and third phase formation were stud-
ied [20] during extraction of neodymium (III) from nitric acid medium using asymmetric
(having different substituents at the nitrogen atom) diglycolamide-N,N′-dimethyl-N,N′-
dioctyl-3-oxadiglycolamide 15 in mixture of n-octanol and paraffin. A special feature of the
work is that the influence of the acidity of the medium, diglycolamide concentration and
temperature on the Nd (III) distribution ratio was investigated.

 
15 

The authors, based on earlier work [21,22], conclude that compared to symmetrical
diglycolamides, asymmetrical diglycolamides may be more promising candidates for
neodymium extraction from high-activity liquid radioactive waste. This is due to the
absence of third phase formation during the extraction process.

When extracting [23] neodymium (III) from nitric acid using extractant 4 in n-dodecane,
the formation of aggregates 4/Nd(NO3)3 and 4/HNO3 of large size, 30–40 nm, was ob-
served in the organic phase, which is due to reverse micellar aggregation because the
extractant molecule is amphiphilic. Under the influence of 60Co (500 kGy), the formation of
the third phase was minimized due to radiolytic degradation of the extractant, with the
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average size of the aggregates decreasing to 9 nm. The authors only studied the extraction
behavior of Nd (III) under these conditions. Whether the method is applicable for other
lanthanides has not yet been investigated.

To control the formation of an undesirable third phase in the extraction of neodymium
from a solution of Nd(NO3)3 in nitric acid, the authors of [24] added 5 to 15 vol. % aliphatic
alcohols, n-decanol, n-octanol and isodecanol to the organic phase (extractant 4 in n-
dodecane). The principle is based on the fact that when alcohols with long aliphatic chains
are added, they interact with polar acid solvates and metal solvates and prevent their
aggregation in the organic phase. This reduced the size of the aggregates from 20 to 4 nm.
The best results were achieved using n-decanol.

Extraction system 0.2 mol L−1 extractant 4 + 1 mol L−1 n-decanol/n-dodecane is
proposed for the separation of trivalent lanthanides from highly reactive liquid wastes
formed during the processing of uranium-plutonium carbide fuel. At the same time, the
authors of works [23,24] did not study the behavior of the extractant in the presence of
other elements, including radioactive ones, which can radiolytically destroy it.

When extracting Eu (III) with 4-oxaheptanediamides 16, 17 and 18, the best results
were obtained using the extractant with the longest radicals (18) [25]. There is some con-
tradiction with earlier works—for example, [26], in which the study of actinide extraction
with diglycolamides with different alkyl substituents showed that the increase in the length
of alkyl chain of the substituent decreases the extraction ability of the extractant due to the
appearance of steric hindrance.

16 R = C4H9 
17 R = C6H13 

18 R = C8H17 

It is proposed to use unsymmetrical heptanediamides to further investigate the possi-
bility of extracting other lanthanides.

The authors of [27] used compound 14 as an additive to extractant 13 to prevent
stratification of organic phase due to micellar aggregation during extraction of trivalent
metals from nitric acid medium. The antagonistic effect of aggregation in the organic
phase (n-dodecane as the diluent) when adding the above extractant was found to be
advantageous in the extraction of trivalent lanthanides from high-level nuclear waste. The
authors of the work explain the reduction in aggregation by the structure of extractant 14,
which is part of molecule 13. It was found that the addition of compound 14 minimizes the
average size of aggregates and increases the limit of third phase formation. However, the
authors of the work, having studied the effect of extractant 14 on the recovery of Eu (III) and
Nd (III), did not consider their separation from other REEs using the proposed synergistic
mixture of extractants. Unfortunately, no data are presented on the effect of impurities of
other REEs. The authors have not shown information regarding the separation factors of
impurities of other REEs.

The authors of [28] extracted trivalent lanthanides (Ce, Eu and La) using 13 and
octyl(phenyl)-N,N-diisobutylcarbonylmethylphosphinoxide 19 diluted in ionic liquid-
containing imidazolium cations. A high extraction efficiency of lanthanides from dilute
hydrochloric acid is noted when these extractants are used. In addition, compound 13 is
more efficient and less toxic (due to its lack of phosphorous) than compound 19.
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19 

The authors were critical about the separation of the Eu (III)/Ce (III) pair. For the
separation of this pair, both own results as well as data from scientific literature are given.
A very high selectivity of extraction was achieved when 1-(2-pyridylazo)-2-naphthol was
used as a synergistic agent. A marked decrease in selectivity towards 4f-ions was observed
when the combination of 13 + 19 was used. The authors also point out that the choice of
diluent is very important not only for extraction or synergistic enhancement but also for
efficient metal separation.

Using diamides, an attempt was made to separate europium(III) and americium(III)
from concentrated nitric acid solutions. This was performed using N,N′-diethyl-N,N′-bis(6-
methylpyridin-2-yl)-2,2′-bipyridine-6,6′-dicarboxamide 20 dissolved in nitrobenzene [29].
However, the separation factor proved to be lower than 1. The authors attributed this result
to the electron-withdrawing properties of the pyridine rings, which decrease the activity of
amine groups. However, they neglected the positive mesomeric effect of these rings caused
by the nitrogen atoms. In addition, the paper presents no data on the extraction of these
lanthanides: the distribution ratios and effect of nitric acid and extractant concentrations
on the extraction efficiency.

20 

However, negative synergism was obtained when attempting trivalent lanthanide ex-
traction using mixed-compound systems “13/19/ionic liquid”. The challenge for successful
applications of ionic liquid in synergistic extraction is to find or develop a suitable system
for that particular application. Continued research to elucidate the driving force responsi-
ble for the successful application of ionic liquid in the field of liquid metal extraction will
contribute to optimizing the process and introducing more efficient and environmentally
friendly technologies.

Extractant 13 diluted in aviation paraffin is proposed for the extraction of 14 REEs
(lanthanum La, cerium Ce, praseodymium Pr, neodymium Nd, europium Eu, gadolinium
Gd, terbium Tb, dysprosium Dy, holmium Ho, erbium Er, thulium Tm, ytterbium Yb,
lutetium Lu and yttrium Y) from sulfuric acid solution [30]. With 13 the authors were
able to achieve a high extraction rate of 91.4–99.8%. The recovery rate of REEs increased
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with increasing sulfuric acid concentration from 1 to 6 mol L−1 and decreased with further
increase. According to the authors, this is due to a decrease in activity of water molecules
at high concentrations of sulfuric acid, due to which the extractant molecules 13 form
complexes at high concentrations of sulfuric acid. From the description, the chemistry of
the process is not very clear—the phenomenon should have been presented in more detail.

According to the authors, this extractant is more environmentally friendly than the
phosphorous-containing extractants P507 (mono-2-ethylhexyl ester of 2-ethylhexyl phos-
phonic acid) and P204 (di(2-ethylhexyl) phosphate), which are used in industry to ex-
tract REEs.

The extraction of REEs and their complexation with tetraalkyldiglycolamides (4, 13,
N,N,N′,N′-tetrabutyldiglycolamide 21 and N,N,N′,N′-tetrahexyldiglycolamide 22) was
studied [31]. Extraction ability was evaluated against light (La, Pr, Nd), middle (Eu, Gd)
and heavy (Y, Er, Yb) REEs in HNO3 solution. The extraction capacities of the ligands were
distributed in this order: 4 < 22 < 13 < 21.

21 R = C4H9 
22 R = C6H13 

During extraction of REEs from a hydrochloric acid medium by [32] unsymmetri-
cal diglycolamide-N,N′-dibutyl-N,N′-di(1-methylheptyl) diglycolamide (compound 23)
diluted with kerosene/n-octanol mixture the following order of metal extraction ability
was established: Nd (III) < Gd (III) < Er (III) < Dy (III) < Sm (III) < Yb (III), indicating
that compound 23 has a better affinity for heavier lanthanides. It was noted that the
distribution ratio increased with increasing concentration of the extractant. According
to IR study, it was found that the extractant coordinates with ions of REEs through the
oxygen of carbonyl group. The mechanism of REE extraction was established, namely,
it was shown that Nd (III) can bind with two molecules 23 and other REEs with three.
Consequently, the composition of the extracted REE (III) complex can be expressed as
NdCl3·2(23), MCl3·3(23).

23 

In a study [33] of liquid extraction of REEs using compound 21 in 1-octanol from
hydrochloric acid medium, it was found that the use of polar 1-octanol contributed to high
extraction efficiency, especially for the separation of heavy lanthanides in solutions with
high chloride concentration. Experimental results showed that the distribution ratio of
trivalent REE ions increased with increasing HCl concentration, metal atomic number and
extractant concentration. However, the light lanthanides La and Ce were poorly extracted
with 21.

Thus, the works [32,33] failed to achieve high extraction efficiency of light lanthanides.
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The polyvinylidene fluoride-based membrane containing extractant 13 enables extract-
ing the REEs lanthanum (III), cerium (III), praseodymium (III), and neodymium (III) with
purity over 95% from phosphate ore leaching solutions [34]. REE extraction was influenced
by concentration 13. The efficiency of membrane transfer increased with the increase in
concentration 13; however, when the optimum viscosity limit was reached, the transfer
rate decreased. This is probably due to the fact that due to viscosity, diffusion across the
membrane is impaired and becomes a limiting factor in the mass transfer process.

Nevertheless, this membrane technology makes it possible to separate more than 95%
of the rare earth ions from the leaching solutions using 0.10 mol L−1 compound 13. More
importantly, impurity ions do not pass through the membrane, allowing high-purity REEs
to be obtained. Additionally, the use of liquid membranes contributes to an environmentally
friendly, highly efficient and economical method for the recovery of REEs.

Despite the available experimental studies, confirming a high degree of extraction
of only La, Ce, Pr, Nd, the authors of [34] make the assumption of high selectivity of the
proposed membrane in relation to all lanthanides.

It should be noted that in the above-mentioned works [18–34], separation of REEs
from impurities of heavy and alkaline earth metals Fe (III), Pb (II), Ti (IV), Cu (II), Mg (II)
and others as well as thorium Th (IV) contained in rare earth ores was not investigated.

For the separation of trivalent REEs (Y, La, Eu, Gd, Dy, Er, Yb, and Lu) in the presence
of aluminum Al (III) and iron Fe (III), a new extraction system 24 based on N,N-di-(2-
ethylhexyl)-diglycolamide-grafted polystyrene resin Amberlite IRA-910 was proposed to
prevent formation of the third phase, especially at high acidity of water phase [35].

24 

The authors established the complex-forming mechanism of REE extraction based on
their interaction with carbonyl and ether groups of ligands, which was confirmed by X-ray
photoelectron spectroscopy.

It is interesting to note that the data on the adsorption of metal ions show the following
trend: heavy REEs (Yb, Er, and Lu) > light REEs >> Fe > Al. In addition, the adsorption
of all REEs was approximately 60%, while it was less than 1% at pH 1.8 for Al and Fe.
However, increasing the pH contributes to increasing the adsorption of iron and aluminum,
so at pH = 3.5, the adsorption of Fe was almost 18%. In addition, at pH = 3.5, an inhibitory
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effect on the adsorption of REE starts to act; therefore, a pH of 3.0 is recommended for their
effective purification from Al and Fe.

The method is effective in separating REEs from impurity aluminum and iron ions,
which can be very high in the ore. It also involves the highly efficient extraction of heavy
REEs from low-concentration leaching solutions in a single stage, providing a simpler
and more environmentally friendly alternative to extraction with organic solvents. The
advantage of the proposed method is durability of polymer resin and possibility of its reuse
within 3–4 cycles. However, there are no data on element separation factors in the work.

The influence of phosphate ions, iron (III) and copper (II) ions on extraction of trivalent
REEs (Ce, Nd, La, and Dy) from leach products of New Kankberg (Sweden) and Covas
(Portugal) deposits was studied [36]. The extraction was carried out with solvate (13) and
acidic extractant (di-(2-ethylhexyl) phosphoric acid 25) in different media in the presence
of the mentioned impurities. As a result, the advantage of the acid extractant over the
solvate extractant was shown. The selectivity with acid was significantly higher, allowing
easier extraction of individual REEs. Additionally, compound 13 showed satisfactory
results in nitric acid medium, while it was much worse in other acids. Di-(2-ethylhexyl)
phosphoric acid is able to extract REEs from all acids, which is a positive economic and
technological factor.

25 

The separation of rare earth metals from recycled raw materials is a very topical
issue. For example, some REEs, such as Nd (III), Pr (III), and Dy (III), can be extracted
from neodymium magnets that are present in various process wastes, such as hard drives,
electrical generators for wind turbines, and electric motors. Separation of REEs from
other magnet components, such as iron, which is the main part of the alloy, and further
processing of REEs was the main task of the authors of the paper [37]. The magnetic
powder was leached using harmless and cheap organic substances: maleic, glycolic and
ascorbic acids, with the most efficient extraction of REEs from the maleic filtrate. When
comparing the extraction ability of compound 13 with the organophosphorous extractants
TBP, compound 25, Cyanex 272 and Cyanex 923 compared to REEs, compound 13 showed
the best REE extraction and selectivity between elements in the maleic leachate. As a result,
Nd (distribution ratio DNd ≈ 200), Pr (DPr ≈ 90) and Dy (DDy ≈ 250) were efficiently
extracted from it. It can be concluded that compound 13 could potentially be used in the
future on a large scale for the selective separation of REEs from impurities of other metals.

In [38], the process of leaching and solvent extraction for REE extraction from magne-
tocaloric materials including Ce, Fe, La, Mn, and Si was described. Leaching was carried
out using solutions of nitric, hydrochloric and sulfuric acids with the selection of optimum
temperature, acid concentrations and solid–liquid ratios. Extraction of REEs from leach
products of nitric, hydrochloric and sulfuric acids was carried out using 13 in paraffin. High
distribution ratios of REEs, expressed in terms of concentrations of REEs in the aqueous
phase before and after extraction, and good selectivity for Fe and Mn were achieved. The
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selectivity was better in nitric acid media. Extractant 13 showed very good selectivity
between REEs compared to impurities.

Imidophosphoric acid esters, which are polydentate ligands that form strong com-
plexes with these elements and can be used for recovery of REEs from ores can be used
for recovery of REEs. In [39], 2-ethylhexyl derivatives of imidophosphoric acid (26 and 27)
were described and showed high efficiency for collective extraction of trivalent REEs Y, Pr,
La, Ce, Nd, Sm, Gd, Dy, Yb and Ho from nitric acid water solutions. A mixture of C9–C13
hydrocarbons was used as a diluent.

 
26 

27 

The results obtained by the authors were compared with the data for commercial extrac-
tant polyalkylphosphonitrile acid, whose structure is not fully established. Higher extraction
capacity of synthesized compounds but lower selectivity compared to polyalkylphosphonitrile
acid were noted.

The authors proposed a cation-exchange extraction mechanism (3):

Ln3+ + 3HA = [Ln(A)3] + 3H+ (3)

The authors explain the low selectivity of the extractants by the fact that the properties
of the resulting complex [Ln(A)3] depend to a greater extent on the -P(O)(OR)-NR’- frag-
ments in the outer sphere of the complex and depend less on the nature of the lanthanide.

It is also reported that increasing the chain length of the ester leads to a better extraction
capacity towards the lighter lanthanides. However, the authors of the present work do not
explain this fact. The obtained extractants are proposed to be used for the extraction of
REEs from ores.

It should be noted that unlike industrial phosphorous-containing extractants having
low separation factors of REEs and requiring a large number of stages to obtain one REE of
high purity, amide compounds enable separation of REEs in one stage.
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2.3. Heavy and Noble Metals

Thioglycolamides are widely used as extractants for noble metals.
For example, in a study [40] of palladium Pd (II), platinum Pt (IV), and rhodium

Rh (III) extraction from chloride solutions, N,N′-dimethyl-N,N′-dibutylthiodiglycolamide
28 dissolved in toluene was used.

28 

It was reported that this compound efficiently extracts palladium, but poorly extracts
platinum and rhodium. The palladium/platinum and palladium/rhodium separation fac-
tors (at 100 mg L−1 concentration of each metal in solution) were 356 and 2880, respectively.
It was also shown that at high concentrations of hydrochloric acid (more than 5.5 mol L−1),
palladium extraction was accompanied by the loss of extractant to the aqueous phase.
However, no interpretation for this fact was given by the authors. Thus, compound 28 is
promising for the selective extraction of palladium from low-concentration chloride solutions.

A tridentate ligand, N,N,N′,N′-tetraoctylthiodiglycolamide (compound 29), is able to
selectively extract silver Ag (I), palladium Pd (II), gold Au (III) and mercury Hg (II) from
nitric, sulfuric, hydrochloric and chloric acid solutions [41]. Table 3 gives data on extraction
of 29 different metals. They can be divided into three groups: hardly extracted metals
(D < 0.1), extractable metals (D = 0.1–10) and well-extractable metals (D >10).

 
29 

Table 3. Distribution ratio values obtained by extraction with compound 29 in n-dodecane (condition:
3 mol L−1 HNO3 and 0.2 mol L−1 compound 29).

Hardly Extracted Metals Extractable Metals Well-Extractable Metals

Metal D Metal D Metal D

W 0.080 Pu 8.260 Pd 470

Ca 0.045 Re 1.990 Ag 240

Co 0.035 Bi 1.870 Hg 110

Ni 0.027 U 1.610 Au 65

Cu 0.026 Zr 1.430

Fe 0.016 Sb 0.810

Zn 0.024 Tc 0.761

Cd 0.017 Ta 0.740

Nd 0.015 Ir 0.710

Mg 0.010 Ru 0.500

Pt 0.005 Mo 0.270

V 0.003 Pb 0.120
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As can be seen from Table 3, compound 29 extracts platinum (IV) and iron (III) poorly
and excels in extracting palladium (II), silver (I), mercury (II) and gold (III).

The authors of [41] suggested that Pd, Ag, Hg and Au are well extracted by com-
pound 29 because they have different stable oxidation degrees: Ag (I), Au (III), Pd (II) and
Hg (II); and ionic radii: Ag 67 pm [coordination number (CN) = 2], Au 85 pm [CN = 6],
Pd 64 pm [CN = 4], Hg 96 pm [CN = 6]. It can be concluded that compound 29, extracts
predominantly soft acid metals, i.e., the interaction is based on the hard and soft acids and
bases principle (HSAB). Sulfur as a donor gives preference to soft acid metals that promotes
high values of the distribution ratios of compound 29 for Pd (II), Hg (II), Au (III) and Ag (I).
However, the mechanism of extraction of these metals by compound 29 is not described
in the work, which is a significant drawback. In addition, the authors of [41] did not give
values for the separation factors of soft and hard metals.

A comparison of extraction of metals by compound 29 with extractants containing
other donor atoms (compound 13 and methylimino-bis-N,N′-dioctylacetamide 30) estab-
lished that compound 13 shows high extraction ability in relation to hard acid metals U
(VI), Pu (IV), Nd (III), and Zr (IV) due to the central oxygen donor atom [41].

 
30 

Compound 30 has a high extraction capacity for soft acid metals Pd (II), Au (III), Hg
(II), and Ag (I) and oxonium anions Tc (VII), Re (VII), Mo (VI), and W (VI) due to the central
donor nitrogen atom.

The authors of [42] successfully extracted silver (I), palladium (II) and platinum (II)
from aqueous solutions using 2,6-bis(4-methoxybenzoyl)-diaminopyridine 31 in chloroform
with a more than 99% efficiency. In addition, polymer membranes based on poly(vinyl
chloride) impregnated with compound 31 were used for extraction. The percentage of gold
and silver extraction with the membranes was more than 96% after 48 h. However, the
percentage of desorption of platinum and palladium was low (less than 70%).

 
31 

Copper (II) was extracted from nitric acid solutions using compound 31 dissolved in
chloroform [43]. This provided extraction of 99.13% of copper at a ligand concentration of
0.001 mol dm−3 and a copper (II) concentration of 0.001 mol dm−3. In the opinion of the
authors, extraction occurred owing to the copper coordination to the nitrogen atom of the
pyridinium ring and to the oxygen atom of the amide group in the ionized enol form, thus
giving complex 32.
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32 

We can conclude that during the extraction of heavy metals by diamides, the deter-
mining factor is the nature of the central donor atom in the molecule, which, according
to the HSAB principle, allows the extractant to form strong complexes with some metals
and not to form them with others. Due to this fundamental approach, diglycolamides hold
great promise for the isolation and separation of toxic, heavy and precious metals in the
presence of various impurities.

3. Amino Acids

Amino acids, such as ethylenediaminetetraacetic acid (EDTA, compound 33), di-
ethylenetriaminepentaacetic acid (compound 34), nitrilotriacetic acid (compound 35), and
(S,S)-ethylenediamine-N,N′-disuccinic acid (compound 36), are widely used for the extrac-
tion of heavy metals from soil, since they cause less destruction of the mineral base of the
soil compared to inorganic acids.

 
33 

 
34 
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35 

 
36 

Heavy Metals

It was shown in [44] that an equal volume of 0.05 mol L−1 EDTA and 0.2 mol L−1

organic acids (citric acid, oxalic acid, and tartaric acid) makes it possible to extract more
than 80% of heavy metals (copper, nickel, zinc) from the soil, which is higher compared
to pure EDTA. However, the authors do not explain this fact. In addition, the use of
mixed extractants reduces cost and secondary environmental pollution (pressure on the
environment). The above is supposed to be used for the remediation of contaminated
industrial soils. However, the presented technology is quite time consuming. The heavy
metals extraction process takes 6 h.

EDTA can be used to extract cadmium, copper, nickel, zinc, lead and calcium from
soil. The authors of [45] compared the efficiency of extraction of these metals by EDTA
and proteinogenic natural amino acids, and tried to identify the factors that determine the
efficiency of metal extraction. The research results show that hydrophobic, nucleophilic
and steric properties do not impact the process. However, the functional groups of the side
chains play an important role in the extraction of heavy metals. In particular, the effect
of hydroxy groups on the side chain was clearly manifested. The advantage of tridentate
amino acids over similar bidentate ones has also been shown.

The selection of the optimal conditions for the extraction of lead Pb (II) from the soil
was carried out by washing the surface soil of the laterite soil with EDTA [46]. A high
extraction efficiency was achieved—89.6%, which is lower than the theoretically calculated
90.8% due to the presence of iron, which also forms complexes with the extractant 33.
Nevertheless, the authors of the work [46] were unable to establish whether the extraction
of lead is selective compared to other heavy metals present in the soil—zinc, cadmium,
and copper, which are also capable of complexation with EDTA. The proposed extraction
process is laborious and involves multiple stages.

When using EDTA to separate cadmium, lead, zinc, copper and nickel contained
in soil [47], the following sequence of selectivity was established: Cd (II) > Pb (II) ≥ Zn
(II) ≥ Cu (II) ≥ Ni (II). The authors propose to isolate heavy metals from lake sediments.
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Sludge treatment is a rather long process and the average degree of heavy metals extraction
reached only 46.4–78.8% after 21 days.

It was found in [48] that EDTA is more effective in removing lead and copper from the
soil than cadmium and zinc, which the authors explain by the higher complexing ability of
the extractant compared to lead and copper (higher stability constants of complexes with
lead and copper). Using 0.07 mol L−1 EDTA, it was possible to remove 94.8% Cu (II), 99.4%
Pb (II), and 77.8% Zn (II) from the soil. At the same time, the work did not consider the
effect on the extraction compounds Ca (II), Mg (II), Al (III), and Fe (II and III), in the soil
which contains much more than heavy metals, on the removal efficiency of target metals.

EDTA can be used to extract molybdenum, nickel, and cobalt from spent hydrodesulfu-
rization catalyst of the oil refining industry [49]. Having established the optimal extraction
conditions, the authors of this work extracted 90.22% Mo (IV), 96.71% Co (II), 95.31% Ni (III),
and 19.98% Al (III). The extraction of metals was carried out in two stages: the chelation
reaction and chemical precipitation.

EDTA was used to extract copper from a spent low-temperature shift catalyst (CuO,
ZnO, and Al2O3) [50]. Under optimal process conditions (EDTA concentration 0.5 mol L−1,
temperature 100 ◦C, solid-to-liquid ratio 1:25 (g mL−1), particle size 120 μm and reaction
time 4 h), 95% of copper was extracted.

This study demonstrates the possibility to isolate copper by EDTA from a spent catalyst
for its recovery and reuse. It remains unclear whether the zinc and aluminum contained
in this catalyst can be extracted in this way. In addition, the structure of the copper EDTA
complex is presented incorrectly.

The ability of compounds 33, 34 and ethylenediamine-N,N′-bis(2-hydroxyphenylacetic
acid) 37 was studied as a solution of iron (III) and aluminum (III) contained in the soil [51].
It is known that copper (II), manganese (II), and aluminum (III) compete with iron (III). It
was found that extractants 33 and 34 form low-stability complexes with iron, and 37 forms
more stable complexes with it due to the binding of the metal through the phenolate.
Compound 37 was most efficiently extracted for iron and aluminum, and compound 33 for
copper, manganese and zinc. It was also found that pH has a stronger effect on the
extraction of compounds 33 and 34, compared with compound 37. Selectivity for iron
for 37 is higher than for 33 and 34, as evidenced by the highest value of the ratio of iron
concentration to the sum of the concentration of all metals in the soil.

 
37 

Currently, there is considerable interest in the use of magnetic nanoparticles func-
tionalized with chelating agents for the extraction of metals from solutions. Thus, the
possibility of functionalization of nanoparticles of magnetite coated with silicon dioxide
with compound 34 was investigated [52] to remove potentially hazardous (cadmium, cobalt,
and copper) and “non-toxic” (calcium Ca and manganese Mn) metals from solutions. It
was found that extractant 33 is capable of extracting metal ions with a fairly high efficiency
(more than 70%).
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Superparamagnetic nanoparticles based on a magnetite core and a silica shell with an
immobilized EDTA derivative [53] were used to quantitatively remove heavy metals Cd
(II), Cu (II), Cr (III), and Pb (II) from contaminated media for 15 min, as well as analytical
determination of metal ions in wastewater samples. The presented method is accurate and
reliable and can be recommended for use in industry.

The work [53] is also interesting because the authors take into account both organic
compounds and inorganic ions, which are present in the form of macrocomponents in
wastewater and are of decisive importance in the evaluation of adsorbents. Organic sub-
stances can form complexes with metals in solution, which reduces the adsorption capacity.
Adsorption can be influenced by humic acid containing phenolic (-OH) and carboxyl
(-COOH) groups, which can bind heavy metals by complexation or chelation. Nevertheless,
it was found that the adsorption of humic acid by nanoparticles was insignificant and did
not affect the adsorption of heavy metal ions.

The effect of Ca (II), Mg (II), Fe (III), Na (I), Co (II) and a number of anions on the
adsorption and determination of target heavy metal ions in multicomponent solutions has
been studied. The results are shown in Table 4.

Table 4. The effect of coexisting ions on recoveries of determined metal ions (pH = 5.5).

Ions Concentration (mg L−1)
Recovery (%)

Cu2+ Cd2+ Pb2+ Cr3+

Ca2+ 5000 95 92 96 99

Na+ 1000 95 98 99 98

Fe3+ 500 89 87 95 91

Mg2+ 500 84 90 94 87

Co2+ 300 82 89 93 85

NO3
− 5000 95 98 99 98

SO4
2− 5000 95 92 98 99

PO4
3− 5000 99 98 99 97

F− 1000 96 96 97 99

It follows from Table 4 that the cations Na+, Ca2+, Fe3+, and Mg2+ do not have a signif-
icant effect on the adsorption of target ions, even though iron and magnesium are capable
of forming highly stable complexes with EDTA. The authors explain this phenomenon by
the co-deposition of small amounts of Fe3+ and Mg2+ ions with ions of extracted heavy
metals. However, the explanation given is not convincing.

To isolate cadmium (II) and lead (II) from agricultural soils using extractants 33 and
34 in 30 min, at pH = 5, the ratio of soil mass/volume of extractant 1:10, 59% Cd and 63%
Pb (compound 35), 52% Cd, and 51% Pb (compound 36) were extracted [54]. The authors of
the work do not provide explanations of what caused the low efficiency of metal extraction.

In addition, compounds 33 and 34 are ineffective for the simultaneous extraction of
heavy metal cations and arsenic metalloid anions present in the soil. This was shown by
Swedish scientists [55], who extracted Pb (II), Cd (II), As (V), and Zn (II) using 33, 34 and
35 from a mixture of soil and waste glass taken from a landfilling of the wastes from the
glass daily production process. Unfortunately, the extraction efficiency of these metals
turned out to be low (no more than 41%). At the same time, the authors of this work do not
explain the mechanism of the effect of arsenic on the extraction efficiency.

The problem associated with the presence of arsenic was solved by E.J. Kim et al. [56].
They showed that the addition of reducing agents such as sodium oxalate, ascorbic acid,
and sodium dithionite significantly enhances the extraction of both heavy metals Cu (II), Pb
(II), Zn (II) and As (V) itself when using the same extractant 33. The efficiency of extraction
of As, Cu, Zn and Pb when using a combination of sodium dithionite and compound 33 was
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approximately 90% in a wide pH range, which is quite satisfactory. The authors of [56]
explain the improvement of extraction in the presence of reducing agents by the weakening
of the bond strength of metals with soil minerals due to the reduction of metals to lower
oxidation states.

Compound 33 can be used for the extraction of heavy metals from green liquor dregs
generated during the production of kraft pulp. For example, in [57], using 33, it was
possible to achieve 59 wt% Cd (II), 13 wt% Co (II), 62 wt% Cu (II), 3 wt% Mn (II), 12 wt%
Ni (II), 43 wt% Pb (II), 16 wt% Zn (II) and less than 1 wt% Ca (II) at ratios of 0.035 g EDTA
per 1 g liquor, liquid phase to solid phase 6.25 mL g−1. Unfortunately, the authors of this
work do not explain why compound 33 fails to quantitatively extract heavy metals from
green liquor dregs.

With all the advantages of compounds 33 and 34, they have a significant drawback—
low biodegradability in soil, which is due to the high stability of metal complexes. Therefore,
amino acids are often used for the extraction of heavy metals. For example, to remove
copper (II), zinc (II) and lead (II) from soil, an equimolar mixture of chelating extractants
33 and 36 can be used [58]. It was found that extractant 36 reduces the stability of metal
complexes based on 33 (for example, for complex 33 and Pb (II) logK is 17.9, and for 36 and
Pb (II) logK is 12.7) and increases its biodegradability.

In [59], the extraction of chromium (VI) from soil was accomplished using biodegrad-
able and environmentally safe amino acid, N-acetyl-L-cysteine 38, containing thiol chelat-
ing groups.

 
38 

In comparison with EDTA, a lower concentration of extractant 38 in water is required
for chromium (VI) extraction. In particular, 4128 mg kg−1 of EDTA extract and 14.3% of
chromium, while in the case of 300 mg kg−1 of compound 38, this value is 65.7% for soil
with a pH of 5.5. However, compound 38 is 4-fold more expensive than EDTA.

4. Shiff Bases (Azomethines) and Oximes

In contrast to amino acid-based extractants, Schiff bases and oximes are easily biodegrad-
able, can form stable complexes with almost all metal ions due to the π-acceptor properties
of the azomethine nitrogen atom, and have high values of the distribution ratios, which
makes this class of compounds promising for creating highly effective chelates [60].

4.1. Actinides and Lanthanides

The introduction of water-soluble Schiff bases into the aqueous phase increases the
selectivity of separation of actinides and lanthanides contained in spent nuclear fuel and
high-level radioactive waste by di-(2-ethylhexyl) phosphoric acid. During the extraction
process, the Schiff base predominantly forms a complex with actinides, and di-(2-ethylhexyl)
phosphoric acid with lanthanides. For example, the authors of [61] compared the extraction
of U (VI), Eu (III), and Np (IV) with a solution of di-(2-ethylhexyl) phosphoric acid in
toluene with and without the addition of N,N′-bis (5-sulfonatosalicylidene) ethylenedi-
amine (compound 39) in the aqueous phase.
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39 

In the absence of the Schiff base, the lowest values of separation factors Eu (III) and U
(VI) (0.2 after 30 min of extraction), Eu (III) and Np (IV) (4 after 30 min of extraction) are
observed. Upon the addition of 0.01 mol L−1 of compound 39 to the aqueous phase after
30 min of extraction, the separation factor for Eu/U and Eu/Np was increased to 30 and
230, and after 1.5 h it reaches 210 and 1800, respectively.

Uranium extraction from alkaline leachate of uranium ores is a promising area of
research, as uranium is the main raw material of the nuclear industry. The authors of [62]
investigated the process of uranium (VI) sorption from aqueous solutions of uranyl sulfate
using amidoxime-grafted chitosan magnetic microparticles 40.

 
40 

The obtained sorbent makes it possible to separate uranium and Eu (III), which is also
contained in uranium ores. The selectivity coefficient for uranium (VI) in relation to Eu (III)
was high and equal to 14 at pH = 4.9. The sorption and desorption efficiencies of europium
with 0.5 mol L−1 HCl were 76% and 100% in one cycle, and for uranium in both cases were
close to 99%.

The authors of works [61,62] consider the compounds obtained by them as extractants
for the isolation of separate metals from multimetal raw materials. However, the studies
carried out are limited to only a few elements; under real conditions, impurities of other
ions can significantly affect the extraction results.

Thorium is an indispensable element for various technologies, especially for the
peaceful uses of atomic energy. However, thorium occurs in nature in low concentrations,
so it is necessary to extract it from nuclear waste.

The authors of [63] studied the extraction of thorium (IV) from Th(NO3)4 aque-
ous solution using Amberlite XAD-4 resin loaded with a tetradentate Schiff base—bis
(2-hydroxybenzaldehyde)-1,2-ethylenediimine diaminoethane 41.
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41 

It was possible to achieve a quantitative release of thorium at an initial concentration
of 20 mg L−1, under optimal conditions, pH = 5, amount of adsorbent 0.1 g, contact
time 45 min, and temperature 25 ◦C. In addition, it was found in the work that the REEs
lanthanum (III), cerium (III), samarium (III), europium (III), dysprosium (III), holmium
(III) and erbium (III), which are contained in radioactive waste, have no significant effect
on thorium adsorption. However, the authors of the work do not give an explanation for
this fact.

4.2. Heavy Metals

As mentioned above, the recovery of heavy metals from wastewater is an urgent task.
A number of studies were devoted to its solution with the help of chelating azomethines
and oximes.

In [64], by condensation of azoaldehyde compounds with hydroxylamine in new
ethanol diazo-containing phenolic oximes 42–45, which are capable of extracting copper
(II) from sulfate medium at low pH values, were obtained.

42 R1 = C2H5, R2 = H 
43 R1 = C2H5, R2 = C(CH3)3 

44 R1 = Cl, R2 = OCH3 
45 R1 = C(CH3)3, R2 = CH3 

A higher extraction efficiency of Cu (II) compared to Ni (II) and Zn (II) was noted. It
was found that the efficiency of copper extraction with compound 42 at pH = 1 is approx-
imately 55% and only 30% for compounds 43, 45. Copper extraction efficiency reached
75% only at pH = 3 with compound 45. However, the authors of [64] did not answer the
question, whether the mentioned extractants have high selectivity of copper (II) extraction
in the presence of zinc (II), cadmium (II), nickel (II), iron (III), cobalt (II), manganese (II),
arsenic (V), mercury (II), lead (II) and chromium (III), which, along with copper, can be
contained in industrial waste, as well as in ash from municipal solid waste incineration.
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During extraction of cobalt (II) from chloride/sulfate solutions by oxime 1-(2-pyridyl)
tridecan-1-one (compound 46) in toluene-decanol-1 mixture (9:1 vol./vol.), it was found that
the amount of extracted cobalt decreases with increasing acidity of water phase, increases
with increasing concentration of extractant 46 and cobalt (II) ions, but does not depend
on concentration of chloride ions [65]. At the same time, the explanation of the obtained
dependences is not given in the work. The cobalt extraction rate was 90–92% at a chloride
ion concentration of more than 1 mol L−1. The paper describes the possibility of selective
separation of Co (II) from Ni (II), Zn (II) and Cu (II). However, there are no data on the
extraction of Co (II) in the presence of Fe (III) and Mn (II), also contained in laterite ores.

46 

The extraction of nickel (II), zinc (II) and copper (II) from nitric acid solutions with
N,N′-bis(salicylidene)ethylenediamine (salen) 47 in chloroform was studied [66].

47 

The efficiency of copper extraction was 99.79%, while the zinc and nickel extraction
efficiencies were 87.68 and 60.98%, respectively. The authors did not give an explanation
for lower extraction efficiency of zinc and nickel compared with copper.

The adsorption capacity of a membrane based on poly(vinyl chloride) containing
20 and 40 wt% compound 47 with respect to these metals was also studied. The adsorption
capacity was shown to rapidly increase during the first hour of extraction. In the authors’
opinion, this was due to the large number of accessible active sites for adsorption. It was
also noted that an increase in the content of salen by 20% leads to a 10-fold increase in the
percentage of sorption. However, the percentage of sorption by a membrane containing
47 was below 50%.

During the extraction of trace amounts of copper, chromium and mercury from the
aqueous phase (0.1 mol L−1 KCl), using compound 48 in chloroform as an extractant, it
was found that the extraction efficiency of Cr (III) is higher than Cu (II). The extraction of
chromium was achieved—more than 90% at pH = 6–7—but Hg (II) could not be isolated
under experimental conditions (extraction efficiency less than 1%) [67].

 
48 
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The use of extractant 48 is expected to extract low concentrations (1.5·10−3 mol L−1)
of toxic chromium (Cr) and copper (Cu) from industrial wastewater. However, the au-
thors of this work did not consider the effect of trace amounts of arsenic that interfere
with extraction.

In [68], 2-pyridylketoximes 46, 49 and 50 were used for cadmium (II) extraction, and
the chelate complexes of extractants 46 and 49 with cadmium salts were characterized. In
addition, a negative effect of increasing chloride concentration in the aqueous phase on
metal extraction was reported.

 
49 R = C14H29 

50 R = C6H5 

The authors established the structural formula of the complex between the cadmium
ion and the extractant, without aiming at the selection of suitable extraction and separation
conditions for the different metals. That said, the optimization of the extraction process is
the basis of applied research, so it can be concluded that the work is purely fundamental.

Synergistic extraction can be used to extract cobalt (II) from wastewater using Schiff
bases. For example, using a mixture of N-(2-hydroxybenzylidene)-aniline 51 with 1-octanol
dissolved in chloroform increases from 15% to 55% extraction efficiency of Co (II) from
sulfate medium, while the process occurs without emulsification and third phase formation,
compared to pure compound 51 [69].

The authors of this work explain the synergistic effect by the solvation of the central
Co (II) ion in the extracted complex by 1-octanol, and the low degree of extraction by the
strong interaction of 1-octanol with compound 51.

 
51 

A synergistic effect was also observed for mixtures of extractants based on oximes
and organophosphoric acids. When copper (II), zinc (II), nickel (II) and cadmium (II) were
extracted and separated from calcium (II) and magnesium (II) by a Mextral 84H extrac-
tant (2-hydroxy-5-nonylacetophenone oxime, compound 52) solution with the addition of
Cyanex 272 (di-(2,4,4-trimethylpentyl) phosphinic acid, compound 53) in the aliphatic dilu-
ent Mextral DT-100, it was found that the addition of Cyanex 272 extractant to Mextral 84H
causes synergistic effects for zinc and cadmium and an antagonistic effect for nickel [70].
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52 

 
53 

The extraction mechanism, which is a cationic exchange, is expressed by the authors
of this paper with the following Equation (4):

Maq.2+ + nHxRx org + mHyLy org = MRnxLmyH(my+nx−2) org. + 2Haq.
+ (4)

where Maq.
2+—metal cation; HxRx and HyLy—Mextral 84H and Cyanex 272, respectively;

MRnxLmyH(my+nx−2)—the molecular formula of the extractable complex. However, this
mechanism does not explain why there is an antagonistic effect for nickel.

Quantitative metal re-extraction was achieved with dilute sulfuric acid at a ratio of
organic/water phase = 1:1 and a temperature of 40 ◦C in 1 min. The extraction of copper
and nickel reached 100%, zinc 99.5% and cadmium 98.6%, while extraction of calcium
and magnesium was only 17.2% and 1.7%, respectively. This process, in which all heavy
metals were extracted simultaneously and selectively separated under optimal conditions,
is fully applicable to the separation of copper, zinc, nickel and cadmium from calcium and
magnesium in concentrated wastewater [70].

A significant synergistic effect was observed in the extraction of nickel (II) with
compound 52 mixed with di-(2-ethylhexyl) phosphoric acid [71]. The synergistic coefficient
reached 3.4, which is explained by the interaction of the phosphorous-containing extractant
with nickel and oxime to form the octahedral Ni(H2A2L2) complex 54.
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54 

The mechanism of nickel extraction with a mixture of extractants is described by the
following Equation (5):

Niaq.
2+ + y/2 H2A2 org. + z HLorg. = Ni(Hy+z−2AyLz)org. + 2Haq.

+ (5)

where H2A2—di-(2-ethylhexyl) phosphoric acid and HL—oxime 52.
The authors explain the synergistic effect by the formation of a more stable and

hydrophobic complex compared to compound 52.
Pyridine oxime-ethers can be used for the separation of heavy metals. It is known, that

to extract zinc (II) from spent pickling liquor, which is formed at a steel pickling line in steel
rolling mills, it is necessary to separate zinc and iron. For example, N-decoxy-1-(pyridin-
3-yl)ethaneimine 55 can selectively separate Zn (II) and Fe (III) in chloride media. The
authors of [72] found that the separation factor βZn/Fe for extractant 55 is 90-fold higher
than that of TBP.

To evaluate the selectivity, the authors performed Zn (II) extraction in the presence
of Fe (III). The separation factor under different conditions was between 58 and 80. Thus,
the authors describe extractant 55 as satisfactory for the separation of zinc and iron. One
can agree with this conclusion, because TBP, used in the metallurgical industry for the
separation of zinc and iron, has a much lower separation factor.

 
55 
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Oximes are also suitable for microfluidic extraction. For example, oxime LIX 984N,
a mixture of 5-nonylsalicylaldoxime 56 and compound 52, was used for the separation of
Cu2+ and Co2+ ions. It was found that at optimum operating parameters (initial pH 2.5,
volume flow rate 0.035 mL min−1 and extractant concentration 17.36%), the copper extrac-
tion rate could reach 96.73% with the low cobalt extraction rate (2.41%) [73]. The result
shows that the microfluidic method can provide a higher copper extraction rate, a shorter
equilibrium setting time, fewer extraction stages and higher copper and cobalt separa-
tion factors compared to other methods such as conventional extraction and emulsion
liquid membranes.

 
56 

Microfluidic extraction of copper from sulfate solution containing Cu (II), Fe (III)
and Zn (II) was also carried out using DZ988N extractant, which is a mixture of 56 and
5-dodecylsalicylaldoxime 57 (volume ratio of 1:1). The copper extraction efficiency was
99% in one step. The separation factors, βCu/Fe and βCu/Zn, reached maximum values of
644 and 7417 at pH 1.96, extractant concentration 15 vol.% in aliphatic diluent Mextral
DT-100, at flow rate 15 mL min−1 [74].

57 

A drawback of the works [73,74] is the lack of explanation for the high selectivity of
copper extraction.

The oxime Mextral 984H, which is a mixture of compounds 56 and 52, selectively
extracts vanadium (V) from vanadium-bearing shale leachate in the presence of iron Fe
(III), aluminum Al (III), magnesium Mg (II), potassium K (I) and calcium Ca (II) impurities.
In [75], the efficiency of vanadium (V) extraction by Mextral 984H dissolved in sulfonated
kerosene was 90%, while the extraction efficiency for impurities was less than 4% at a
temperature of 25 ◦C, extraction time of 12 min, filtrate pH of 0.53, extractant concentration
of 20 vol. % and A/O ratio of 2:1. The authors also studied the extraction mechanism
and found that vanadium is coordinated to the hydroxyl oxygen atom and oxime nitrogen
atom [75].
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4.3. Noble Metals

Compound 47 dissolved in chloroform was used to extract noble metals such as
palladium (II), silver (I), platinum (II) and gold (III) from aqueous solutions [76]. Com-
pound 47 was shown to be a promising extractant for platinum (extraction efficiency above
94%), palladium, silver (extraction efficiency above 96%) and gold (above 99%) from poly-
metallic solutions. However, when polymer membranes containing compound 46 were
used, the percentage of sorption of noble metals decreased after 24 h (down to 93% for
palladium, 84% for gold, 81% for silver and 48% for platinum). The authors gave no
explanation for this fact.

Commercial-grade extractants LIX 84 (compound 52) and LIX 860-I (compound 57),
dissolved in toluene, can extract up to 99% Pd (II) from nitric acid media in the presence
of Cu (II), which is due to the stability of PdL2 complexes in the organic phase [77].
The quantitative extraction of palladium requires a higher concentration of extractant
57 (3.4 mmol L−1) compared to 52 (1.4 mmol L−1). Additionally, the extraction constants
for oxime 52 are higher than for 57; therefore, LIX 84 (52) represents a significant prospect
for the extraction of palladium from spent automotive catalysts.

It can be concluded that Schiff bases and oximes are promising compounds for the
extraction of thorium from nuclear waste and uranium from uranium ores in the presence
of lanthanide impurities, as well as low concentrations of heavy metals and noble metals
from industrial wastewater. The separation of heavy metals can also be achieved.

The disadvantage of this class of extractants is the difficulty of quantitative extraction
of heavy metals from industrial wastewater. Mixtures of oximes with organophosphorous
compounds can be used for this purpose.

5. Crown Ethers

Macrocyclic polyethers, crown ethers, due to their defined ring size and ion–dipole
interactions, are able to efficiently extract specific metals, such as lithium, strontium,
palladium, as well as seventh group elements present in high-level waste, such as rhenium
and technetium.

5.1. Lithium

A team of researchers from South Korea has developed a simple and environmentally
friendly scheme for the liquid extraction of lithium cations (Li+) from seawater in the presence
of sodium, potassium and magnesium ions [78]. The extractant used was a dibenzo-14-crown-
4 ether with a long lipophilic C18-alkyl chain and a side carboxylic group (compound 58),
diluted with ionic liquid CYPHOSIL 109 [(C6H13)3(C14H29)P]+[(CF3SO2)2N]−. The quanti-
tative separation of lithium was found to be quite fast, within 10 min, and the extractant
could be easily regenerated with dilute hydrochloric acid. Therefore, compound 58 has
great potential for the extraction of lithium ions from brine or seawater. However, the need
to use expensive ionic liquids as diluents is likely to limit the industrial application of the
proposed method.
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58 

Benzo-15-crown-5 ether 59 in dichloromethane (concentration 0.05 mol L−1) can be
used for the selective extraction of Li+ from spent lithium-ion batteries. At pH = 6.0,
a temperature of 30 ◦C and an extraction time of 2 h, the extraction degree of Li+ was 37%,
which is significantly higher than for impurity ions Ni (II) (extraction degree 5.18%), Co (II)
and Mn (II) (extraction degree close to zero) [79]. Unfortunately, high-purity lithium could
not be obtained by this method.

59 

5.2. Heavy Metals and Strontium

The extraction of lead (II) and cadmium (II) from nitric acid solutions with benzo-
18-crown-6 ether 60 in benzene was studied [80]. The extraction properties of compound
60 were evaluated by determining the extraction constants of these metals. The logKex
values were more than 7 for various Cd/Pb ratios. When the Cd/Pb ratio increased, logKex
decreased. In particular, when Cd/Pb was 1.06, logKex was 7.143, while an increase in the
Cd/Pb ratio to 178 resulted in a logKex of 7.06.

60 

However, the authors of [80] did not present distribution ratios or separation factors,
which are the key characteristics of extraction processes.
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The isotope 90Sr is among the most dangerous radionuclides, as it can accumulate
in bone tissue on a par with calcium and lead to radiation damage of surrounding tis-
sues. Therefore, an important goal is to develop an effective method for the extraction of
strontium from high-level waste.

In [81], 4,4′(5′)-di-tret-butylcyclohexano-18-crown-6 ether (compound 61) was used
for Sr (II) extraction from nitric acid solution. The authors proposed a method consisting
in passing the nitric acid solution through a chromatographic column (compound 61 in
1-octanol on an inert polymeric carrier) is simple, economical and allows the analysis
of a large volume of samples, but slower compared to extraction with di-(2-ethylhexyl)
phosphoric acid in toluene in a liquid–liquid system. The extraction rate of strontium by
the developed method was more than 60%.

This method can be used for the extraction of the long-lived radioactive strontium
isotope 90Sr from high-level waste, as well as for the separation of parent 90Sr and its
daughter isotope 90Y (used in radiation therapy).

 
61 

The extraction of Sr (II) from nitric acid media using dicyclohexano-18-crown-6 ether
62 dissolved both in common organic solvents and in ionic liquids 3, 63, 64 was studied [82].
The dependence of Sr (II) extraction degree on concentrations of nitric acid, crown ether
and initial concentration of strontium was determined. It was found that a shorter carbon
chain in the cations of ionic liquids contributed to an increase in the efficiency of metal
extraction (the distribution ratio increased from 0.3 for ionic liquid 63 to 2.5 for ionic liquid
64 at a concentration of nitric acid 1 mol L−1). The highest distribution ratio of 3.9 was
achieved using a diluent mixture of n-octanol and acetylene tetrachloride (50:50 vol.%) at a
nitric acid concentration of 1 mol L−1. However, the authors of the present work provide
no explanation for this fact.

 
62 
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63 R = C2H5 64 R = C6H13 

The use of 62 in a mixture of acetylene tetrachloride with n-octanol has great potential
for industrial applications for the recovery of radioactive strontium from spent nuclear fuel,
in contrast to the much more expensive ionic liquids.

A new bis (crown ether) 65 was synthesized from carboxyl-containing crown ethers
and 4,4′-dihydroxy azobenzene by the authors of [83]. Its ability to extract alkali, alkaline
earth and transition metal ions was considered. Interestingly, the rate of extraction of metal
ions by compound 65 after light irradiation was slightly higher than under natural light.
The authors attribute this to the formation of a more compact complex due to the transition
from the trans-configuration to the cis-configuration.

For example, when exposed to UV light, the extractant is highly selective for Sr (II)
as a result of the formation of a sandwich complex with metal ions, which indicates its
promising potential application for the selective extraction of strontium ions.

 
65 

However, a common disadvantage of the works [80–82] is the lack of data on the
influence of other radionuclide impurities on 90Sr extraction.

5.3. Elements of 7th Group of the Periodic Table of Elements

Significant amounts of rhenium (Re) are present in waste materials from the petrochem-
ical, aerospace and nuclear fuel industries, so the extraction of rhenium from secondary
raw materials is promising for technologies to produce this rare element.

Using dicyclohexano-18-crown-6 ether 62 in chloroform in the presence of high con-
centrations of uranium (VI), rhenium (VII) was extracted from nitric acid solution in the
form of perrhenate ions ReO4

− [84].
The highest extraction efficiency of ReO4

− (58%) was observed at a nitric acid concen-
tration of 3 mol L−1 and then decreased. This is explained by the extraction mechanism,
which is an anion exchange involving the protonated form of the crown ether (6):

ReO4
−

aq. + [NO3
−(H3O+·62)]org. = [ReO4

− (H3O+·62)]org. + NO3
−

aq. (6)
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However, the extraction efficiency of the perrenate ions was practically indepen-
dent of the uranium concentration when the nitric acid concentration was approximately
3 mol L−1 [84]. The authors of the present work provide no explanation for this fact.
Separation of rhenium (VII) from impurities of other radionuclides was also not considered.

The treatment of high-level waste produces low-level waste that is treated with alkali
for storage in tanks. Extraction of TcO4

− from alkaline waste is difficult due to the presence
of competing NO3

− and OH− ions [85]. Therefore, it is necessary to develop an effective
method of extraction of long-lived radionuclide 99Tc from alkaline waste. This is due to the
fact that 99Tc has a high mobility in soil and is easily transferred from it to living organisms.

At a high-level waste recycling plant, di-tret-butyl-dibenzo-18-crown-6 ether 66 dis-
solved in a mixture of isodecyl alcohol and n-dodecane was used to selectively isolate
technetium in the form of pertechnetate ions TcO4

− from wastewater [86]. Extractant 66 is
capable of forming Na+·crown-ether·TcO4

−, which was established experimentally by the
increase in distribution ratio DTc with increasing concentration of sodium ion. Therefore,
according to the authors, there is a preferential extraction by crown ether TcO4

− in the
presence of competing anions.

 
66 

The separation factor for the mentioned extraction system was more than 22 for
technetium with respect to Cs2+ (22.5), Sr2+ (112.5), RuO4

− (450). The distribution ratio
for TcO4

− (4.5) is much higher than the distribution ratios for Cs2+ (0.2), Sr2+ (0.04) and
RuO4

− (0.01).
Thus, crown ether 66 is a suitable compound for the recovery of technetium from

alkaline low-level waste.

5.4. Noble Metals

It was found in [87] that the logarithms of silver Ag (I) extraction constants from
nitric acid, perchlorate and picrate solutions with benzo-18-crown-6 ether 60 dissolved
in 1,2-dichloroethane were 1.04, 2.99 and 5.31, respectively. Hence, it is appropriate to
extract silver with crown ether 60 from picrate media. However, the authors did not report
data on the selectivity of the extraction of silver, i.e., separation factors of silver from other
noble metals.

To extract palladium (II) and platinum (II) from spent automobile catalyst leachate
and separate these metals, dioxa-dithiacrown ether derivatives 67–69 in toluene were
tested [88].

High separation factors of palladium and platinum were observed (on the order of
104–105), with the highest separation ratio observed for compound 67. High Pd (II) purity
and 99.5% extraction efficiency were achieved using crown ether 67 in toluene.
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67 

 
68 

 
69 
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At the same time, competing metal ions (cerium (III), aluminum (III), iron (III), nickel
(II), manganese (II), and chromium (III)) did not impede palladium extraction, as predomi-
nantly palladium binds to “soft” ligands containing the S-heteroatom.

Crown ethers are therefore of interest for the extraction and separation of radionuclides
from spent nuclear fuel. Crown ethers make it possible to separate similar elements, such
as noble metals. However, crown ethers also have a number of drawbacks. These include
difficult synthesis, very high cost, difficulty in regenerating the extractant, and low solubility
in organic solvents.

6. Calixarenes

Along with crown ethers, another group of macrocyclic compounds, calixarenes,
obtained by condensation of p-alkylphenol and formaldehyde, have recently attracted con-
siderable research attention. This class of compounds is known for its excellent performance
properties, such as low toxicity, resistance to heating and various types of radiation.

6.1. Lanthanides and Actinides

The process of europium (III) and neodymium (III) extraction by carboxyl-containing
calix[6] arene 70 was studied by a group of Chinese scientists led by X. Lu [89].

70 

Carboxyl groups, due to cation exchange, increased the extraction efficiency of metal
ions from aqueous solutions. The maximum extraction of europium (III) and neodymium
(III) was 95% and 70%, respectively, at an extractant concentration of 0.1·10−3 mol L−1.
A higher extraction of europium and neodymium could not be achieved. Unfortunately,
the authors do not provide data regarding the study of the influence of Y (III), Dy (III), Tb
(III) and other REEs on europium and neodymium extraction. In addition, the authors
do not give an explanation for the lower degree of extraction of neodymium compared
to europium.

In [90], the extraction ability of functionalized calix[4] arenes 71–75 and their non-
macrocyclic analogues was compared on the example of Eu (III) and Am (III), which are
part of highly active liquid wastes. Extraction was carried out both from alkaline and nitric
acid solutions using extractants dissolved in 1-nitro-3-(trifluoromethyl)benzene. As a result,
it was concluded that calixarenes extract americium and europium more efficiently than
their non-macrocyclic counterparts. For example, distribution ratio DAm, max for extractant
74 is 2 and for extractant 76 is 0.067. Distribution ratio DEu, max for extractant 74 is 1.7 and
for extractant 76 is 0.0335.
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71 

72 R1 and R2 = OC3H7 
73 R1 and R2 = OC4H9 

74 R1 = C4H9, R2 = OC3H7 

75 

 
76 

193



Metals 2022, 12, 1275

It is also reported that the functionalization of p-tret-butylcalix[4]arene by phosphonate
groups increases the distribution ratios of the Am and Eu (extraction efficiency), but has
little effect on the separation factors βAm/Eu (extraction selectivity). The extraction efficiency
for phosphorylated calixarenes 72 and 73 was higher from nitric acid solutions, while the
selectivity was higher in alkaline solutions. Calix[4]arenes with pyridine ring 71 showed
the highest selectivity with a separation factor βAm/Eu exceeding 3 at pH = 12–13.

At the same time, it should be noted that the presented calixarenes are inferior in
efficiency and selectivity to the extraction of americium from alkaline solutions with the
known extractant–2-hydroxy-5-alkylbenzyldiethanolamine 77.

77 

The extraction behavior of lanthanides, except for promethium Pm (III), from nitric acid
medium with calix[4]arene tetraphosphonic acid 78 in chloroform has been considered [91].
It has been observed that the extraction of REEs decreases with increasing nitric acid
concentration. For example, the extraction rate of dysprosium (III) decreased from 99.9% at
0.5 mol L−1 HNO3 to 17.5% at 1.1 mol L−1 HNO3. It was also found that heavy rare earth
ions are better extracted than light rare earth ions and are arranged in the following order:
Lu3+ > Yb3+ > Tm3+ > Er3+ > Ho3+ > Dy3+ > Tb3+ > Gd3+ > Eu3+ > Sm3+ > Nd3+ > Pr3+ >
Ce3+ > La3+.

78 

The authors explain this extraction sequence by HSAB theory, namely, the stronger
bond between the extractant and heavy REEs compared to light REEs.

However, the authors of [91] did not explain why they extracted all lanthanides except
Pm (III).

6.2. Noble Metals

Calixarenes can be used for fast and selective extraction of noble and heavy metal ions
from ore leaching products and industrial wastewater by microfluidic and liquid extraction.

The extraction of silver (I) from aqueous solutions by thiacalix[4]monocrown ethers
79–87 was reported [92].
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79 n = 4 
80 n = 5 
81 n = 6 

82 n = 4 
83 n = 5 
84 n = 6 
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85 n = 4 
86 n = 5 
87 n = 6 

The best efficiency of silver extraction (61%) was found for thiacalix[4]monocrown
ether 81. For other compounds, the efficiency of metal extraction was less than 40%. Thus,
thiacalix[4]monocrown ethers 79–87 are poor extractants for silver (I).

Nevertheless, the authors of [92] studied the extraction mechanism and found that the
silver coordination to thiacalix[4]monocrown ethers 79–81 involves the sulfur atom, the
phenolic oxygen atom and two crown ether oxygen atoms.

The authors of [93] reviewed extraction of silver Ag (I) from nitric acid with the help
of a number of p-tret-octylcalix[4]arenes 88–91 diluted with chloroform. The difference
of extraction ability of keto-containing and amide-containing p-tret-octylcalix[4]arenes
was revealed to be due to the difference in interfacial activity at the chloroform–nitric
acid interface. In particular, the interfacial surface tension of amide derivatives 90 and
91 sharply decreased with increasing extractant concentration and the extraction efficiency
of Ag (I) was extremely high compared to that of other extractants. This fact is explained by
the ability of the extractant to adsorb at the liquid–liquid interface due to the high polarity
of the amide group. Unfortunately, the authors do not provide data on the separation of
silver (I), gold (III), palladium (II), and platinum (IV) contained in secondary waste from
the production of electronic devices, catalysts and jewelry.

It is not clear from the work why chloroform was used as the solvent. From a techno-
logical point of view, it is not very convenient as it is very volatile, toxic and can react with
silver salts.
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High extraction ability with respect to Pd (II) and Pt (IV) ions was found during
the extraction of metals from leaching solutions of car catalysts in dialkylaminomethyl-
calix[4]arenes 92, 93 and 94 dissolved in saturated hydrocarbons [94,95].

 
92 R = C6H13 
93 R = C7H15 
94 R = C8H17 

The extraction efficiencies for these compounds were 94.2%, 93.0%, and 97.7% in the
case of palladium and 91.7%, 94.0%, and 92.5% for platinum [94]. As a result, palladium and
platinum were extracted with 93.4% and 97.3% efficiency, respectively, in five extraction/re-
extraction cycles using p-di-n-octylaminomethylcalix[4]arene 94 in kerosene/1-decanol
diluent mixture [95].

The mechanism of metal extraction using compounds 92–94 was described in [94]. The
mechanism involves partial extraction of HCl molecules by amino fragments of calixarenes
(7) followed by exchange of Cl− ions for [PdCl4]2− (8) or [PtCl6]2− (9).

Extractant + 2 HCl = (Extractant ·2H)2+ + 2Cl− (7)

(Extractant ·2H)2+·2Cl− + [PdCl4]2− = [(Extractant ·2H)2+·PdCl42−] + 2Cl− (8)

(Extractant ·2H)2+·2Cl− + [PtCl6]2− = [(Extractant ·2H)2+·PtCl62−] + 2Cl− (9)

The impurities in the leaching solution were Rh (III), Zr (IV), Ce (III), Ba (II), Al (III),
La (III), and Y (III). The efficiency of impurity extraction was less than 0.01%. Consequently,
amino calixarenes with long hydrocarbon chains at the nitrogen atom are promising com-
pounds for the extraction of platinum group metals from secondary raw materials.

6.3. Heavy Metals

The extraction of lead (II) with 25,26,27,28-tetrakis(N,N-diethylamino- carbonylmethoxy)-
5,11,17,23-tetrakis(1,1,3,3-tetramethylbutyl)calix[4]arene (compound 95) in chloroform from
nitric acid media in a microfluidic reactor was studied [96]. The extractant showed very
high selectivity for Pb (II) in the presence of Fe (III), Zn (II), Cu (II), Ni (II) and Co (II) with
concentrations hundreds of times higher than lead. The authors suggest that this fact is due
to the formation of complex 82 in the organic phase, but do not explain why the complex
does not form with other metals. At the same time, complex 96 itself has not been isolated
and studied.

The use of a microfluidic system reduced the extraction and re-extraction times to 2 s,
which were initially 1.5 and 24 h, respectively. It is intended to use this development for
the rapid removal of lead from industrial wastewater by constructing a large-scale reactor.
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95 

96 
The use of calix[n]arenes with chitosan fragments 97–99 (R = -CS or -OH) dissolved in

chloroform allows the extraction of Hg (II) from industrial wastewater with efficiencies of
89.46% (extractant 97), 98.96% (extractant 98) и 97.85% (extractant 99) [97].

199



Metals 2022, 12, 1275

97 n = 4         98  n = 6       99  n = 8  

However, in comparison with Hg (II), the extraction efficiency of these rings for other
metals was low: 51% for Fe (III), 83% for Cd (II), 56% for Pb (II), 49% for La (III), 54% for Ce
(III), and 52% for Eu (III). However, the authors do not explain why this is the case.

6.4. Strontium

Of particular interest are calix[4]arenes containing crown ethers in their structure,
which allows for the efficient isolation of certain metals. For example, by using calix[4]arene-
crown-6 ether 100, it was possible to isolate strontium (Sr) from nitrate medium with high
efficiency (the value of the distribution ratio DSr reached 120).

When the process was carried out using ionic liquid 101 and in n-dodecane, it was
found that the “anion exchange” mechanism prevails in the ionic liquid and the “solvation”
mechanism prevails in n-dodecane [98].

 
100 
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101 

This is due to the formation of a neutral metal–extractant complex in n-dodecane (10)
and an ionic–cationic (11) or anionic (12) complex in the ionic liquid due to its ionic nature:

Sr2+
aq. + 2NO3

−
aq. + m100 n-dodecane = Sr(NO3)2·m100org. (10)

Sr2+
aq. + nNO3

−
aq. = m100IL + (2-n)Py+

IL = [Sr(NO3)n·m100]2−n
IL + (2-n)Py+

aq.
(n = 2)

(11)

Sr2+
aq. + nNO3

−
aq. = m100IL + (n-2)NTf −

2IL = [Sr(NO3)n·m100]n−2
IL + (n-2)NTf −

2aq
(n = 2)

(12)

In addition, it was found that the maximum value of the distribution ratio of Sr (II)
in the ionic liquid is 5-fold higher than in n-dodecane. This is explained by the polar
nature of the ionic liquid. It was noted that with changing the concentration of 1-ethyl-
2-methylpyridinium cation the values of the strontium distribution ratio did not change,
which evidences that the cation was not involved in the complex formation. Consequently,
the cation exchange mechanism is not predominant. A decrease in the distribution ra-
tio with increasing concentration of NTf2

− anion was observed; therefore, the anion is
transferred to the aqueous phase during the extraction process and the anion exchange
mechanism prevails. The authors propose to use the 100 + 101 extraction system for the
extraction of long-lived radionuclides, which are products of 235U, nuclear fission, from
high-level nuclear waste. However, the authors of the work studied the extraction of the
radionuclide 90Sr in the absence of impurities.

The disadvantages of calixarenes are their limited solubility in organic solvents, which
does not allow achieving a high concentration of extractant and high extraction efficiency.
Although it is possible to increase the solubility with various additives, this leads to
additional material costs.

7. Phenanthroline Derivatives

Phenanthroline is a fused heterocyclic compound capable of coordinating metals ow-
ing to the lone pairs of electrons at nitrogen atoms. However, the coordinating action of
nitrogen atoms is insufficient for metal extraction. In addition, the selectivity of phenan-
throline to various ions is moderate. Therefore, additional functional groups are introduced
into the phenanthroline molecule, thus providing for efficient extraction and separation of
lanthanides, actinides, and some precious metals.

7.1. Actinides and Lanthanides

The extraction behaviors of phenanthroline (102), bipyridine (103), and pyridine (104)
derivatives towards Am (III) and Eu (III) dissolved in highly concentrated nitric acid
solutions were compared [99]. 3-Nitrobenzotrifluoride was used as the diluent.
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102 

 

103 

 

104 

Among the tested ligands, compound 102 showed the highest selectivity to americium,
with the Am (III) and Eu (III) separation factors being 12, while for compounds 103 and
104, these factors were 1.1 and 0.5, respectively. This result was attributed to the higher
affinity of trivalent actinides for the rigid 1,10-phenanthroline core.

The other two phenanthroline derivatives, tetrabutyl (1,10-phenanthroline-2,9-diyl)
phosphonate 105 and tetraethyl (1,10-phenanthroline-2,9-diyl)phosphonate 106, selectively
extract Am (III) from a highly acidic 3 mol L−1 HNO3 solution [100,101]. The distribution
ratio of Am (III) was an order of magnitude higher than that of Eu (III): more than 100 for
extractant 104 and less than 20 for extractant 106, respectively.
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105 R = C4H9 
106 R = C2H5 

The higher distribution ratio obtained for extractant 105 was attributed to the fact that
compound 105 contains stronger electron-donating groups than 106.

Additionally, using the dependence DAm(III) = f(log[extractant]), the authors estab-
lished that for extractant 105 in the loaded organic phase, the 2:1 metal–ligand complex
predominates, while in the case of extractant 106, the predominant species is the 1:1 metal–
ligand complex. Hence, the mechanisms of americium(III) extraction with structurally
related compounds 105 and 106 are different.

In [102], a number of tetradentate ligands, 4,7-dichloro-1,10-phenanthroline-2,9-di-
carboxylic acid diamides (compounds 107–114), were prepared. It was found that these
compounds as solutions in 3-nitrobenzotrifluoride show high selectivity in the separation
of americium (III) and lanthanum (III), or americium (III) and europium (III). According to
HSAB, these ligands contain two types of coordination sites, hard carbonyl oxygen atoms
and soft phenanthroline nitrogen atoms. Being moderately strong Brønsted bases and
strong Lewis bases, compounds 107–114 can efficiently bind to metal cations in highly
acidic media and form stable metal complexes soluble in polar organic solvents.

107: R= pyrrolidine 
108: R= piperidine 

109: R= azepane 
110: R= morpholine 

111: R= N-methyl-piperazine 
112: R= indoline 

113: R= 1,2,3,4-tetra-hydroquinoline 
114: R= 9H-carbazole 
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The extraction capacity and selectivity of ligands towards americium (III) were found
to decrease on going from 107 to 114. The decrease in the extraction efficiency for compound
112 in comparison with 107 or 108 was attributed to the fact that the amide groups in the
crystals of 112 are located in the anti-periplanar position, while in the crystals of 107 and
108, they are in the periplanar position. Additionally, in the authors′ opinion, high barriers
for the rotation around the phenanthroline-CO bonds in 112 and 113 contributed to the
decrease in the extraction capacity of diamides 112 and 113 in comparison with diamides
107 and 108.

The separation of americium Am (III) and curium Cm (III) from europium Eu (III) can
be accomplished using 2,9-bis(1-(2-ethylhexyl)-1H-1,2,3-triazol-4-yl)-1,10-phenanthroline
115 diluted with n-octanol or with the [A336][NO3] ionic liquid [103].

 
115 

It was found that in n-octanol, selective extraction with 115 is possible only in the
presence of 2-bromohexanoic acid as a synergistic agent; the separation factor of Am (III)
and Eu (III) is thus more than 200. For extraction in the [A336][NO3] ionic liquid, there is
no need to use a synergistic agent, but the americium/europium and americium/curium
separation factors are markedly lower, 70 and 1.9–2.2, respectively.

Drawbacks of extractant 115 are the slow extraction rate and formation of a precipitate
upon contact between the organic phase and the highly acidic aqueous phase; therefore,
extraction can be carried out only from aqueous phases with low acidity (pH = 2–3). In the
authors′ opinion, this is due to protonation of the triazole ring nitrogen atoms followed
by formation of intermolecular hydrogen bonds. Thus, compound 115 cannot be used in
continuous extraction processes.

Three tetradentate extractants 116–118 showed high efficiency in the extraction of
uranium (VI) (as uranyl ions UO2

2+) from nitric acid solutions; the compounds were
found to be applicable for the recovery of actinides from nuclear waste [104]. The UO2

2+

distribution ratios for compounds 116, 117, and 118 were 118, 92, and 90, respectively.
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116 R = C4H9 
117 R = C6H13 
118 R = C8H17 

However, compound 119 with an ethyl group at the amide nitrogen showed a poor
extraction capacity. This result was attributed [104] to the fact that the short alkyl chain
hampers the ligand dissolution in the organic solvent (1-(trifluoromethyl)-3-nitrobenzene).
It was also noted that compound 116 is the most promising extractant for uranium (VI).
The authors attributed this result to the steric effect of long alkyl chains, which weaken the
coordination of the uranyl ion and decrease the stability constant of the uranyl ion complex.

119 

Further, the authors indicated that one ligand binds one uranyl ion via two amide
oxygen atoms and two phenanthroline nitrogen atoms. Subsequently, the authors plan to
study the radiation stability of ligands 116–118.

N,N′-Diethyl-N,N′-ditolyl-2,9-diamide-1,10-phenanthroline 120 dissolved in 1-(trifluo-
romethyl)-3-nitrobenzene was used to separate actinides and lanthanides in a nitric acid
solution [105]. It was found that compound 120 selectively extracts UO2

2+ over a broad
range of aqueous-phase acidities.

 
120 
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The distribution ratio for UO2
2+ was more than 300, and the recovery amounted to

99.4%. Meanwhile, trivalent lanthanides (La, Pr, Yb, Nd, Sm, Ce, Gd, Dy, Eu, and Tb)
were not extracted from nitric acid solutions. In the opinion of the authors, the nitrogen
atoms of the phenanthroline moiety provide for fast and thermodynamically favorable
complex formation with the uranyl ion UO2

2+, which is due to the higher effective charge
and ionic potential of the uranyl ion in comparison with the lanthanide ions. Quantitative
(100%) back extraction of UO2

2+ was performed in one stage with a 5% aqueous solution
of Na2CO3.

7.2. Palladium

Phenanthroline-based compounds form stable complexes with palladium ions and
can selectively extract palladium from aqueous solutions. The extraction of palladium from
nitric acid solutions with compound 120 dissolved in 3-nitrobenzotrifluoride was studied
in [106]. In the opinion of the authors, compound 120 would be suitable for the extraction
of Pd (II) from high-level liquid waste.

The extraction equilibrium was attained in 30 min, being indicative of the fast extrac-
tion rate. The highest distribution ratio was approximately 102.

Additionally, the extractant was found to be reusable for 10 extraction–back extraction
cycles, which is a substantial advantage over the other extractants.

Furthermore, unlike dialkylamides, extractants based on phenanthroline have a higher
affinity for actinides owing to the presence of additional coordination sites (nitrogen atoms).

However, the need to often use specific expensive solvents, laborious synthesis, and
high cost of the phenanthroline derivatives prevent their use on an industrial scale.

8. Other Chelating Extractants

8.1. Lanthanides and Actinides

Polydentate neutral and acidic phosphorus-containing compounds are promising
reagents for the extraction of neodymium (III) from nitric acid solutions and for separation
of neodymium from light and heavy lanthanides.

The authors of [107] described extraction of neodymium (III) from a nitric acid solution
using a polymeric sorbent based on styrene-divinylbenzene copolymer impregnated with
bidentate phosphine oxide 121 and ionic liquid 122.

121 
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122 

The sorbent containing 40% of a 121 + 122 mixture at a 121:122 molar ratio of 2:1
(nitric acid concentration not higher than 0.01 mol L−1) was found to be most efficient.
The extraction efficiency with this sorbent was higher than that attained with the sorbent
impregnated with only compound 121 or only ionic liquid 122. The synergistic action of
ionic liquid 122 was attributed to the replacement of nitrate anion by more hydrophobic
Tf2N− anion in the extracted neodymium complex.

It was also noted that neodymium is more easily separated from heavy than from light
lanthanides. In particular, the β(La/Nd), β(Dy/Nd) and β(Tm/Nd) separation factors
were 1.03, 1.15 and 1.30, respectively. The authors explained this fact by higher stability of
complexes with heavy lanthanides than with light ones.

In the opinion of the authors, the mechanism of lanthanide extraction with a 121 + 122
mixture can be described by the Equation (13):

Ln3+
(a) + s121(o) + [Cnmim][Tf+

2N]−(o) = Ln121s(Tf2N)3(o) + 3[Cnmim]+
(a) (13)

where s is the solvate number, Ln is lanthanide, and (a) and (o) are the aqueous and organic
phases, respectively.

Polyamines are promising extractants for lanthanides from scraps of electrical and
electronic equipment. For example, lanthanum (III) and neodymium (III) extraction with a
sorbent based on montmorillonite clay impregnated with pentaethylenehexamine 123 has
been studied [108].

123 

The authors proposed three sorption mechanisms: ion exchange, surface adsorption
and coordination to the amino groups of compound 123. It was also noted that the amount
of captured ions was higher for lanthanum than for neodymium, with the starting ion
content being 0.5–2.0 mmol g−1. When the content of ions was 0.5 mmol g−1, no statistically
significant difference between the uptakes of these metals was observed. However, no
explanation for this fact is given in the publication [108].

Spent nuclear fuel contains radioactive actinides, in particular radioactive plutonium;
therefore, it is necessary to develop efficient extractants and fluorescent sensors for Pu
extraction and detection in spent fuel.

In [109], the ability to bind Pu (IV) and PuO2 (VI) in water was investigated for six
tridentate N-donor ligands 124–129.
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124 R1 and R2 =  
125 R1 and R2 = CH2NH2 

126 R1= CH2NH2, R2 = 

 
127 

 
128 
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129 

It was ascertained that the nitrogen-PuO2 (VI) bonds are longer than the nitrogen-Pu
(IV) bonds. The authors attributed this to weaker interaction between plutonium and
nitrogen caused by the slight positive charge on the central ion of PuO2

2+.
It was noted that among ligands 124–129, the most stable complex with Pu (IV)

and PuO2 (VI) is formed with 129; this complex is characterized by the highest bond
energy, indicating that coordination to the pyridine nitrogen atom ensures high stability of
complexes. Thus, ligand 129 is a promising compound for plutonium (IV) extraction from
aqueous solutions.

Unfortunately, the authors of [109] give no explanation for the lower stability of Pu
(IV) and PuO2 (VI) complexes with ligands 127 and 128, which are structurally similar to
compound 129.

8.2. Heavy Metals

Direct extraction of heavy metals (mercury, lead, cadmium, nickel, etc.) from water
samples is a challenging task, which is due to low concentration of the metals in water;
therefore, instrumental determination of heavy metals should be preceded by extraction
and preconcentration.

Extraction of trace amounts of mercury (II) from wastewater with a hybrid organic-
inorganic material, polyaniline-modified molybdenum disulfide (MoS2) nanosheets, was
investigated [110]. The adsorbent (0.25 g) provided extraction of 100% of mercury (at a
mercury concentration of 100 mg L−1). The adsorption capacity of the adsorbent was
240 mg g−1, which is comparable with the previously studied adsorbents, for example,
Fe3O4@SiO2SH.

The mechanism of adsorption at pH = 6.0, associated with chelation of mercury with
sulfur ions on the surface of the hybrid material, was described.

Thus, the developed material can be used to monitor the content of mercury in
water samples.

The extraction of heavy metals, that is, lead (II), copper (II) and cadmium (II), was
performed using cellulose nanofibers covalently functionalized with diethylenetriamine
penta(methylene phosphonic acid) 130 [111]. The highest adsorption capacity (180.3 mg g−1

for lead, 76.2 mg g−1 for copper and 103.4 mg g−1 for cadmium) were observed at pH = 6;
this was attributed to favorable interaction between the indicated metal ions (soft acids)
and groups of phosphonic acids (soft bases). The lower adsorption capacities observed for
low pH were attributed to protonation of functional groups and positive surface charges.
This material showed low limits of detection of copper, lead and cadmium in trace amounts
(0.03–0.05 μg L−1) and can be used to determine these metals in environmental water samples.
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130 

Cadmium magnetic ion-imprinted polymer MIIP was developed for the extraction
of cadmium from water samples [112]. The polymer was synthesized by non-covalent
imprinting using two functional monomers: methacrylic acid and acrylamide. CdCl2·5/2
H2O was used as the template and a mixture of acetonitrile and water served as the solvent.
The synthesis of MIIP is shown in the scheme below, where EGDMA is ethylene glycol
dimethacrylate (cross-linking monomer), AIBN is azobisisobutyronitrile (initiator) and
TEOS is tetraethyl orthosilicate:

 
The adsorption capacity of the obtained polymer increased as the content of cadmium

in the sample increased from 30 to 80 μg mL−1. The highest adsorption capacity was
46.8 mg g−1 (pH = 6). The adsorption capacity remained invariable for six adsorption-
desorption cycles. The selectivity factors for lead, copper and nickel were greater than 1.

Thus, the proposed polymer is a promising material for selective extraction of traces
of cadmium from water samples in the presence of copper and nickel.

Thenoyltrifluoroacetone 131 was used to extract nickel Ni (II) from nitric acid solutions
and to detect traces of nickel (II) in seawater (collected from the Toyama Bay, Toyama,
Japan) [113].
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131 

Acetone was used as the solvent, because among polar solvents such as methanol,
ethanol, and 2-methoxyethanol, quantitative extraction of nickel was attained only in acetone.

The authors proposed the following equations to describe the extraction of nickel at
pH = 8 with the enol form of 131 (TTA−):

Ni2+ + 2 TTA− = Ni(TTA)2 (14)

Ni2+ + 3 TTA− = [Ni(TTA)3]− (15)

It was found that nickel can be extracted from sea water samples when the initial
nickel concentration is 0.125 and 0.25 μg L−1 with efficiency of 99 and 95%, respectively.

8.3. Platinum-Group Metals

Rhodium is widely used in the production of catalysts; therefore, low concentrations
of rhodium salts get into the environment. Hence, it is necessary to develop an efficient
method for detection of rhodium in water samples.

In [114], 2-(5-iodo-2-pyridylazo)-5-dimethylaminoaniline 132 was used as the chelating
extractant for the recovery of rhodium (III) from water samples.

132 

The authors assumed that compound 132 coordinates rhodium (III) to give complex 133.

133 
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The authors established that compound 132 extracts rhodium from tap, well, spring
and river water samples with an efficiency of more than 98%. However, no comparative
data for extraction with nitrogen-containing agents studied previously or experimental
evidence for the mechanism of formation of this complex are given in the paper.

1-Alkyltriazoles are promising compounds—soft ligands (in terms of the HSAB theory)
for the separation of soft platinum group metal cations (Pt, Pd, etc.) from hard heavy metal
cations (Co, Zn, Ni, etc.).

For example, 1-alkyltriazole 134 (alkyl = pentyl, hexyl, heptyl, octyl, nonyl, decyl, do-
decyl, tetradecyl or hexadecyl) dissolved in dichloromethane was used to extract palladium
(II) and to separate palladium (II) from zinc (II) and nickel (II) [115].

134 

The highest percentage of palladium extraction was attained for 1-hexadecyltriazole.
This fact is attributable to the increase in the stability constants of complexes with increasing
alkyl chain length. However, quantitative extraction of palladium could not be attained.

Conversely, the highest selectivity was observed for a compound with fewer carbon
atoms, 1-pentyltriazole. The authors gave no interpretation for this fact.

A similar trend was observed for polymer membranes based on cellulose triacetate
impregnated with 1-alkyltriazole 133. These membranes can be used at low pH (below 2).

9. Conclusions

Dialkylamide compounds are non-toxic, easy to synthesize and dispose after ex-
traction, cheap and practical. According to the literature, dialkylamide compounds are
promising compounds to separate actinides contained in high-level waste, to separate them
from impurities in uranium fission products and to extract REEs from natural ores and
secondary raw materials. Thereby, dialkylamide compounds are a suitable alternative to
toxic phosphorous-containing extractants.

However, the extraction capacity of this class of extractants is strictly dependent on
the oxidation state of the element to be extracted. In addition, dialkylamide extractants
have a low capacity and a tendency to form a third phase.

In turn, amino acids are cheap, form stable complexes with heavy metal ions, but
take a long time to establish extraction equilibrium. In addition, amino acids are toxic,
accumulate in the environment and are poorly biodegradable. In most of the studied works,
the authors do not give an explanation for the low (less than 70%) extraction rate of heavy
metals from soil.

Oximes and azomethines form stable chelate complexes with heavy metals and can
be used for their extraction (e.g., cobalt, copper, nickel, and chromium) from primary
(ores) and secondary (industrial waste) sources. Oximes and azomethines are promising
compounds to separate actinides from lanthanide impurities found in radioactive ores.
The main disadvantage of this class of extractants is the problem of achieving a complete
extraction of the heavy metals, especially those contained in multi-metal solutions.

Crown ethers are promising compounds for reprocessing spent nuclear fuel because
they are resistant to radiolysis and hydrolysis. They can also be used for the separation of
platinum group metals. The disadvantage of crown ethers is their high cost compared to
phosphorous-containing extractants.

Calixarenes are effective for separation of silver, palladium, platinum, lead, mercury,
heavy REEs and also products of uranium fission. However, calixarenes are mostly soluble
in halogenated or aromatic hydrocarbons, which creates potential problems for the envi-
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ronment and human health. This necessitates the use of expensive green solvents such as
ionic liquids.

Compounds containing phenanthroline moieties are promising extractants for the
selective separation of actinides and lanthanides during the reprocessing of spent nuclear
fuel, as well as for the extraction of palladium from high-level liquid waste. Phenanthro-
line derivatives have a high extraction rate, high extraction capacity, excellent selectivity
towards actinides in a wide range of acidities of the aqueous phase, and high resistance to
chemical and radiation corrosion.

According to the literature, it can be concluded that chelating compounds, for the most
part, are much more efficient and selective metal extractants compared to monodentate
ligands. They are also safer to use than common industrial organophosphorous extractants.
However, the high cost, complexity of synthesis and regeneration of most chelating extrac-
tants limits their wide practical application. Therefore, the current line of research on this
topic is to optimize a number of characteristics such as cost, efficiency, safety, processability
and the available raw material base.

For example, it is possible to reduce the cost of extraction processes in general through
automation, the use of cheaper natural raw materials, and the development of technologies
for the regeneration of components used in extraction. To increase the safety of the process,
extraction is carried out in the absence of toxic and flammable solvents, for example, using
environmentally friendly and non-flammable ionic liquids. The use of natural amino
acids such as glycine and sarcosine for the synthesis of extractants makes the extraction
process environmentally friendly. To optimize the extraction efficiency, it is necessary to
select the optimal values of pH of the medium, extractant concentration, contact time and
temperature, which can be achieved through computer simulation.
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Abstract: In order to solve the problem of solid waste pollution of basic oxygen furnace (BOF)
slag in the metallurgical process, this paper took BOF slag as the research object, and carried out
oxidation reconstruction of BOF slag and alcohol wet magnetic separation recovery of iron phase,
so as to efficiently recover and utilize BOF slag. In the early stages, the research group realized the
transformation from weak magnetic iron oxide to strong magnetic magnesia-iron spinel phase in BOF
slag through oxidation reconstruction experiments under different technological parameters. On this
basis, different conditions in the magnetic separation process were adjusted to achieve the optimal
iron recovery rate and grade in this paper. The experimental results show that, under the appropriate
reconstruction temperature, with the increase of reaction time, gas flow rate and magnetic field
intensity, the iron recovery will increase and the iron grade will decrease. The most suitable magnetic
field intensity is 75 mT, the magnetic material yield is 46.00%, the iron grade is 29.10%, and the iron
recovery is 64.12%. Compared with the initial steel slag, the iron grade increased by 8.22%, and the
iron recovery increased by 46.38% compared with the direct magnetic separation without oxidation.

Keywords: BOF slag; oxidative reconstruction; magnetic separation; iron recovery

1. Introduction

After decades of rapid development, China’s iron and steel industry has achieved
fruitful results in all aspects. However, due to the inevitable problem of solid waste in
heavy industry, iron and steel enterprises have been troubled. According to the statistics
of the National Development and Reform Commission, by the end of 2020, China’s crude
steel output has reached 1.054 billion tons, the production rate of steel-making slag is 8–15%
of crude steel, and the emissions of steel-making slag in 2020 are about 84–158 million
tons; among them, BOF slag accounts for the vast majority. Due to the large output, large
composition fluctuation, poor stability and other reasons, BOF slag cannot be used as
cement building materials such as blast furnace slag, so its comprehensive utilization rate
is low [1,2].

Stacked BOF slag not only occupies limited land resources, but also pollutes water
and soil, which is also a huge waste of resources. In order to make more rational use of
BOF slag, it is a key problem that metallurgical enterprises need to find a way to deal with
BOF slag on a large scale and recycle it. At present, there are two common methods for
recovering iron and iron oxides from BOF slag: reduction and oxidation. The reduction
method is mainly to reduce the iron-containing oxides in the BOF slag to metallic iron, and
then separate them by magnetic separation. Although metallic iron can be obtained, the
reduction process not only consumes a significant amount of energy, but also generates
greenhouse gases, which is bad for the long-term development of the environment, and it
is also contrary to the goals of carbon peaking and carbon neutrality [3–5].

In recent years, the process of oxidizing steel slag has become the focus of attention.
This method oxidizes the non-magnetic phase FeO inside the steel slag into a ferromagnetic
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phase Fe3O4 or MgFe2O4, and then recovers the iron-containing phase by magnetic separa-
tion. Semykina et al. [6,7] respectively analyzed the oxidation mechanism of Fe2+ in the
FeO-CaO-SiO2 system and the FeO-CaO-SiO2-MnO system, and found that the required
oxygen partial pressure conditions are relatively harsh and cannot be used industrially. Li
et al. [8] used steam as an oxidant to oxidize and roast steel slag. After analysis, it was found
that it can be transformed into strong magnetic MgFe2O4, but the method is complicated
and the hydrogen generated affects the safety of the experiment. Xue et al. [9] used dry
magnetic separation to separate the magnesium-iron spinel phase in the BOF slag after
modification, and analyzed the formation mechanism of MgFe2O4. The addition of SiO2
in the modification reduced the oxidizing atmosphere requirements, but also increased
costs. Based on the research group’s previous research on BOF slag oxidation [10], this
paper explores the optimal magnetic separation process for the strongly magnetic MgFe2O4
phase in oxidized BOF slag, and solves the problem of iron resource recovery in steel
slag without increasing additional cost. In addition, since the main component of the
residue after the BOF slag oxidation magnetic separation is C2S (dicalcium silicate) and
other silica-containing calcium phases, it can be used as a raw material for cement and
other cementitious materials after a little treatment, and it also contains a large amount of
free CaO, MgO and other alkaline oxides. These alkaline substances can also be used as
low-cost flue gas desulfurization and denitrification agents. Therefore, the process of steel
slag oxidation and magnetic separation can provide a new way for the utilization of BOF
slag solid waste, and finally realize a large-scale process application of BOF slag, so as to
solve the problem of its low utilization rate [11–15].

2. Materials and Methods

2.1. Experimental Materials

The experimental slag was obtained from a steel and iron group; samples with a
particle size of 140 μm were collected after jaw crushing and electromagnetic crushing, and
samples larger than 140 μm were broken several times until all samples were 140 μm and
used as BOF slag for the experiment. The composition was analyzed by X-ray fluorescence
spectrometer (XRF, PANalytical B.V., Almelo, The Netherlands); its chemical composition
is shown in Table 1.

Table 1. Chemical analysis of the tested slag.

Composition CaO SiO2 MgO Al2O3 MnO P2O5 TiO2 FeO TFe

Content (wt %) 41.40 16.80 6.53 4.87 3.76 1.91 1.43 20.60 20.88

2.2. Methods

Figure 1 is the phase equilibrium diagram of the oxidized slag calculated by FactSage
7.0 (Thermfact and GTT-Technologies, Montreal and Aachen, Canada and Germany) after
the initial steel slag composition in Table 1 is homogenized. The Equilib module was
selected in the calculation process, and the product database was selected as Ftoxid-SLAGA,
Ftoxid-SPINA, Ftoxid-MeO-A, Ftoxid-bC2S and Ftoxid-aC2S. The ambient atmospheric
pressure was set as a standard atmospheric pressure, the partial pressure of oxygen was
0.21 atm, and the reaction temperature was 800–1500 ◦C. It can be seen that the spinel phase
will appear at a temperature between 1050 and 1400 ◦C, which means that the temperature
range of spinel phase formation is wide, and the FeO phase in steel slag can be transformed
into a magnetic spinel phase at a lower temperature.
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Figure 1. Phase equilibrium diagram of slag oxidized.

In this experiment, a sample weighing 50 g was placed in a corundum crucible and
was heated by a vertical MoSi2 high-temperature tube furnace. The experimental device
was the same as that used in our previous work [10]. During the heating process, argon
gas was introduced from the top of the furnace as the protective gas. We first explored
the influence of different thermal insulation temperatures (950, 1000, 1050, and 1100 ◦C)
on the experimental results. At this time, the gas flow was controlled at 1 L/min and the
thermal insulation time was controlled at 60 min and the injection compressed air as the
oxidizing gas. Similarly, we also explored the influence of different flow rates (0.5, 0.75,
1, and 1.25 L/min) on the experimental results. At this time, the insulation temperature
was controlled at 1050 ◦C and the insulation time was controlled at 60 min, the oxidation
gas was still selected as compressed air. Finally, we explored the influence of the heat
preservation time (20, 40, 60, and 100 min) on the experimental results. At this time, the
holding temperature was controlled at 1050 ◦C, the gas flow was controlled at 1 L/min,
and other experimental conditions were the same as above. When the oxidation process
was over, the sample was taken out and quickly cooled to room temperature using nitrogen
blowing. The experimental conditions of oxidation are shown in Table 2.

Table 2. Experimental conditions of oxidation and magnetic separation.

Procedure Temp. (◦C) Time (min)
Flow Rate

(L/min)
Magnetic

Field (mT)

Temp. (◦C)

950

- 60 1
1000
1050 50, 75, 100
1100

Time (min)

20

1050 - 1
40
60 50, 75, 100
100

Flow rate (L/min)

0.5

1050 60 -0.75
1 50, 75, 100

1.25

The oxidized slag was fully ground to 74 μm by a planetary ball mill. Five grams of
the sample was used for magnetic separation, using DTCXG-ZN50 wet magnetic separator
(Dongtang Electric Co., Ltd., Tangshan, China). In order to prevent the phase change of steel
slag after contact with water, alcohol was selected as the solvent of steel slag. The magnetic
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field intensities of magnetic separation are set in Table 2, which are 50, 75 and 100 mT,
respectively. After separation, the magnetic material (magnetic separation concentrate)
and non-magnetic material (magnetic separation tailings) were collected. The total iron
content of magnetic separation concentrate was analyzed, and the recorded quality data,
the yield, iron grade and iron recovery rate of the magnetic separation concentrate were
calculated, respectively.

Among them, the iron content of the magnetic separation concentrate was determined
by the GB/T6730.65-2009 titanium trichloride reduction potassium dichromate titration
method. The method of decomposing the sample was the hydrochloric acid-sodium
fluoride decomposition method. The sample was decomposed by most of the trivalent iron
in the stannous chloride reduction test solution, and then sodium tungstate was used as
an indicator, titanium trichloride would reduce all the remaining trivalent iron to divalent
to produce “tungsten blue”, with dichromic acid potassium solution oxidizing the excess
reducing agent. In a sulfuric acid-phosphoric acid medium, using sodium diphenylamine
sulfonate as an indicator, potassium dichromate standard titration solution was used to
titrate ferrous iron. The expression of the mass fraction of total iron in the magnetic
separation concentrate is:

Iron grade (%) =
c × (V − V0)× 55.85

m × 1000
× 100. (1)

In Formula (1): c is the concentration of potassium dichromate standard titrant (mol/L),
V is the volume of potassium dichromate standard titrant consumed by the titration sample
solution (mL), V0 is the titration blank test solution consumption of potassium dichromate
Standard titrant volume (mL), and m is the mass of the sample (g).

The yield expression of magnetic separation concentrate is:

Yield (%) =
M1

M2
× 100%. (2)

The expression of iron recovery rate is:

Iron recovery rate (%) =
TFe1 × M1

TFe2 × M2
× 100%. (3)

In Formulas (2) and (3), TFe1 is the mass of total iron in the magnetic material separated
by magnetic separation, M1 is the mass of the magnetic material separated by magnetic
separation, and TFe2 is always the total mass of the magnetic material. Iron mass, M2 is
always the total material mass.

3. Results and Discussion

3.1. Phase Composition of Raw Slag, Oxide Slag and Magnetic Separation Slag

Figure 2 shows the XRD patterns of the raw slag used in the experiment and the slag
under different oxidation conditions. It can be found that the mineral phase system in
the raw steel slag is more complicated, including β-Ca2SiO4 (β-C2S) and Ca3SiO5 (C3S),
Ca3MgSi2O8 (C3MS2), FeO, Fe3O4 and a small amount of Ca2Fe2O5 (C2F). After oxidation
under certain conditions, the number of phases is reduced, mainly composed of silicon-
calcium phase and magnesium-iron spinel phase. It can also be seen from the figure that
when the oxidation time is increased and the air flow rate is increased, the diffraction peak
intensity of MgFe2O4 increases, indicating that, as the degree of gas-solid reaction deepens,
the content of the MgFe2O4 spinel phase increases. This is mainly due to the diffusion of
gas molecules from the upper sample to the lower sample during the oxidation process
until the sample is completely oxidized.
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Figure 2. X-ray pattern of raw and oxidized slag under different conditions.

In the oxidation process of raw slag, FeO in slag is oxidized into Fe3O4 and Fe2O3; the
Fe2O3 produced will form a solid solution MgFe2O4 with the MgO in the slag. Since the
diameters of the two ions of Mg2+ and Fe2+ are very close, and the radius of Mg2+ is slightly
larger than that of Fe2+, in a certain temperature range, Mg2+ will enter the Fe3O4 lattice
through solid-state diffusion to replace part of Fe2+, and then MgFe2O4 is formed and a
more stable spinel phase is precipitated. The above two methods are the main methods for
oxidizing BOF slag to form strong magnetic MgFe2O4 [16–20].

The XRD patterns of the magnetic separation concentrate and magnetic separation
tailings after magnetic separation are shown in Figure 3. It can be found that the magnetic
separation concentrate phase is mainly composed of MgFe2O4 and β-C2S. Compared with
the diffraction peaks corresponding to MgFe2O4 and β-C2S in the oxide slag XRD, the
MgFe2O4 diffraction peak intensity is higher, while the β-C2S diffraction peak intensity is
lower, which means that the MgFe2O4 phase is the main phase in the magnetic separation
concentrate. Therefore, the magnetic separation concentrate can be used for ironmaking or
sintering. The phases in the magnetic separation tailings are composed of MgFe2O4, β-C2S
and FeO. Compared with the magnetic separation concentrate, the diffraction peak of
MgFe2O4 has a much lower intensity, which also shows that the strong magnetic MgFe2O4
can be separated by magnetic separation.

Figure 3. X-ray pattern of raw and magnetic separation slag.
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3.2. The Influence of Oxidation Temperature on the Effect of Magnetic Separation

Firstly, the influence of temperature on the magnetic separation effect was investigated.
When 1 L/min of air is introduced, the raw slag is oxidized at different temperatures for
60 min, then the sample is taken out and ground to 200 mesh, and magnetic separation is
carried out at a magnetic field strength of 75 mT. The yield, iron grade and iron recovery of
the magnetic separation concentrate of the 950–1100 ◦C oxide slag are shown in Figure 4. It
can be found that when the oxidation temperature is greater than 1000 ◦C, the iron grade
fluctuates between 27.32% and 27.74%, and the iron recovery fluctuates between 75.53%
and 76.00%. The overall magnetic separation effect is not much different, which shows that,
within the appropriate reaction temperature range, the amount of MgFe2O4 produced is not
much different, and it also proves from the side that the choice of the reaction temperature
range is correct.

Figure 4. Magnetic separation effect between different oxidation temperatures at 75 mT.

3.3. The Influence of Gas Flow Rate on the Effect of Magnetic Separation

It can be seen from Figure 4 that the magnetic separation effect of BOF slag is the best
after 60 min of oxidation at 1050 ◦C. Therefore, the influence of different gas flow rates
(0.5, 0.75, 1, and 1.25 L/min) on the magnetic separation effect is investigated under this
temperature condition. The magnetic separation effect is shown in Figure 5. The figure
shows that, with the increase of the flow rate, the magnetic separation yield and iron
recovery are increasing, which is far better than the magnetic separation result of the raw
slag, indicating that the appropriate amount of air can oxidize the slag to a greater extent.
Among them, the yield of magnetic separation concentrate is the highest at 1.25 L/min.
However, due to the sharp drop in grade, the recovery is reduced. When the gas flow rate is
1 L/min, the recovery is the highest, and the iron grade is relatively high, which is a suitable
gas flow rate. When the gas flow rate increases, the oxidation reaction speed is increased,
and the conversion of FeO inside the sample to MgFe2O4 is intensified. The amount of
formation is the largest, but the magnetic separation effect decreases. This is because with
the progress of the reaction, the Fe2+ inside the sample is gradually oxidized to MgFe2O4,
and the magnetic separation concentrate selected during the magnetic separation process
increases, resulting in an increase in the yield and recovery, and MgFe2O4 is wrapped by
C2S. This can also be demonstrated by a scanning electron microscope (SEM, Carl Zeiss AG,
Oberkochen, Germany) photograph of oxidized BOF slag in Figure 6. The non-magnetic
phases are selected together by the magnetic field, resulting in a decline in grade.
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Figure 5. Magnetic separation effect between different gas inlet flow rates at 75 mT.

Figure 6. Scanning electron microscope photograph of oxidized BOF slag.

3.4. The Influence of Oxidation Time on the Effect of Magnetic Separation

It can be seen from Figures 4 and 5 that the magnetic separation effect is best when
the oxidation temperature is 1050 ◦C and the gas flow rate is 1 L/min. Therefore, the
comparison of the magnetic separation effect of oxidized BOF slag when holding for
20–100 min is shown in Figure 7. The effect of magnetic separation is similar to that of
different flow rates. The relationship between yield and iron recovery and reaction time is
positively correlated, while grade is negatively correlated. This shows that the nature of
time and flow changes are the manifestation of the reaction process, which corresponds
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exactly to the XRD pattern of the steel oxide slag. Finally, as the reaction deepens, the
magnetic separation effect first increases and then decreases.

Figure 7. Magnetic separation effect under different oxidation time at 75 mT.

3.5. The Influence of Magnetic Field Strength on the Effect of Magnetic Separation

Finally, the influence of magnetic field on magnetic separation effect was explored.
The optimal oxidation conditions were selected, that is the gas flow rate was 1 L/min, and
the steel slag was oxidized for 60 min at 1050 ◦C, the oxide slag was taken out, and wet
magnetic separation was used to perform magnetic separation under different magnetic
fields (50, 75, 100 mT). Under different magnetic fields, the yield, iron grade and iron
recovery of the magnetic separation concentrate are shown in Figure 8. It can be seen from
the figure that as the magnetic field strength increases, the yield and iron recovery increase,
while the iron grade is falling. MgFe2O4 is a strong magnetic phase, which can be selected
in a weaker magnetic field. From the microstructure of the oxide slag, it is known that
the MgFe2O4 spinel phase is embedded in the base phase β-C2S, so it will be brought out
when MgFe2O4 is selected. In the process of slag oxidation, some MgFe2O4 spinel phase
particles are smaller and are covered by more β-C2S, and cannot be selected under a smaller
magnetic field. When the magnetic field is increased, this part is selected, the iron recovery
was improved, and the increase of β-C2S also led to the decrease of iron grade. When the
magnetic field is increased to 100mT, almost all the magnetic phase is recovered, and the
iron recovery is almost 100%. In actual production, the relationship between the yield,
grade and iron recovery of the magnetic separation concentrate should be considered. That
is to say, a higher iron recovery can be obtained in the case of a lower yield, and the grade
is in a moderate range, so 75 mT is a more suitable magnetic separation intensity.
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Figure 8. Magnetic separation effect under different magnetic field conditions.

4. Conclusions

(1) Through oxidation treatment in an air atmosphere, and under suitable conditions of
reaction temperature, time and air flow rate, the magnetic iron oxides in the steel slag
can be transformed into ferromagnetic magnesium-iron spinel;

(2) When the reaction temperature is controlled between 1050 and 1100 ◦C, the oxidation
time is controlled between 40 and 60 min, the air flow rate is controlled at 0.75–1 L/min
and the magnetic field strength is 75 mT, the yield of modified BOF slag is 46–57.54%,
the iron grade can reach 27.58–29.10%, and the iron recovery can reach 64.12–76.00%,
which is the best process parameter range for the magnetic separation experiment;

(3) The magnetic field strength has a great influence on the results of magnetic separation.
The effect is best when the magnetic separation strength is 75 mT. After 75 mT, the
magnetic separation yield will rise sharply, the grade of the concentrate will decrease,
and the magnetic separation effect does not change significantly with the increase of
the magnetic field strength.
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Abstract: Vanadium as a rare element has a wide range of applications in iron and steel production,
vanadium flow batteries, catalysts, etc. In 2018, the world’s total vanadium output calculated in the
form of metal vanadium was 91,844 t. The raw materials for the production of vanadium products
mainly include vanadium-titanium magnetite, vanadium slag, stone coal, petroleum coke, fly ash,
and spent catalysts, etc. Chlorinated metallurgy has a wide range of applications in the treatment of
ore, slag, solid wastes, etc. Chlorinating agent plays an important role in chlorination metallurgy,
which is divided into solid (NaCl, KCl, CaCl2, AlCl3, FeCl2, FeCl3, MgCl2, NH4Cl, NaClO, and
NaClO3) and gas (Cl2, HCl, and CCl4). The chlorination of vanadium oxides (V2O3 and V2O5) by
different chlorinating agents was investigated from the thermodynamics. Meanwhile, this paper
summarizes the research progress of chlorination in the treatment of vanadium-containing materials.
This paper has important reference significance for further adopting the chlorination method to treat
vanadium-containing raw materials.

Keywords: vanadium; chlorination metallurgy; chlorination agents; NaCl roasting; carbochlorina-
tion; thermodynamics; molten salt chlorination

1. Introduction

Vanadium is located in the fourth period and fifth (VB) group of the periodic table
and which occupies the 23rd position in the periodic table of elements. The symbol of
the vanadium element is V. The physical characteristics of vanadium are a melting point
of 1929 ◦C, boiling point of 3350 ◦C, relative atomic mass of 50.9415, and density of 5.96
(g/cm3), and it is a silver grey metal [1,2]. The valence of vanadium in compounds can
be +2, +3, +4, and +5 [3]. At present, there are known vanadium oxides such as V2O3,
VO2, V2O5, V3O5, V3O7, V4O7, V5O9, V6O11, and V6O13, among which the pentavalent
vanadium compounds are the most stable [4]. The main chlorides are VOCl3, VOCl, VCl5,
VCl4, VCl3, VCl2, and VCl, among which VOCl3 are the most stable [5]. However, the
toxicity of vanadium compounds increases with the increase of vanadium valence, and
the pentavalent vanadium compounds are the most toxic. Thus, compounds containing
pentavalent vanadium, such as NaVO3, NH4VO3, V2O5, and VOCl3, are the most toxic [6].
Toxic vanadium compounds can exist in both cationic and anionic forms [7].

Vanadium as a rare element has a wide range of applications in iron and steel produc-
tion, vanadium flow batteries, catalysts, etc. [8,9]. The raw materials for the production of
vanadium products mainly include vanadium-titanium magnetite, vanadium slag, stone
coal, petroleum coke, fly ash, and spent catalysts, etc. [1,8,9]. Salt roasting (Na2CO3, NaCl,
NaOH, CaO, etc.) was applied to extract vanadium from vanadium-containing materi-
als [1,8,9]. However, the salt roasting method extraction of vanadium from vanadium slag
is associated with the formation of a large amount of sludge and significant losses of vana-
dium [10]. Previous review articles on vanadium extraction from vanadium-containing
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materials mainly focused on the salt roasting process [1,8,9]. In this work, extraction of
the rare element vanadium from vanadium-containing materials by chlorination method
was summarized.

Table 1 shows melting temperature, boiling temperature, and sublimation temperature
for vanadium compounds [11,12]. According to Table 1, the melting point and boiling
point of chloride are lower than those of corresponding oxides. Thus, chloride is easier
to separate and enrich than oxide [13–15]. Chlorinated metallurgy has a wide range of
applications in the treatment of ore, slag, solid wastes, etc. [16–22]. In the last century, the
extraction of Ti from titanium ore by chlorination method has been industrialized [23].
Chlorinating agent plays an important role in chlorination metallurgy, which is divided into
solid (NaCl, KCl, CaCl2, AlCl3, FeCl2, FeCl3, MgCl2, NH4Cl, NaClO, NaClO3) and gas (Cl2,
HCl, CCl4) [24–29]. Compared with gaseous chlorinating agents, the solid chlorinating
agents are easier to handle and more environmentally friendly.

Table 1. Melting temperature, boiling temperature, and sublimation temperature for vanadium compounds.

V-O-Cl Substance Transition Temperature (◦C)

VCl2
Tm = 1347
Ts = 1407
Tb = 1530

VCl3 Ts = 833
VCl4 Tb = 151

VOCl3 Tb = 127
VO2Cl Tb = 177
VOCl2 Ts = 511
VOCl Ts = 1120
VO Tm = 1790

V2O3 Tm = 1970
VO2 Tm = 1545
V2O5 Tm = 690

Tm, melting temperature; Tb, boiling temperature; Ts, sublimation temperature.

The traditional chlorination method of extracting vanadium with NaCl as an additive
will produce NaVO3 and then ammonia nitrogen wastewater will be produced in the
process of preparing V2O5. The carbochlorination method of extracting vanadium to
prepare VOCl3 will not produce ammonia nitrogen wastewater. Molten salt chlorination
of extracting vanadium will obtain VCl3, and metal V will be obtained by molten salt
electrolysis. In this work, these two new processes will be introduced.

2. Vanadium Reserves and the Major Vanadium Producers

Table 2 shows the world’s vanadium ore reserves in 2018. More than 99% of the world’s
vanadium ore reserves are concentrated in China, Russia, South Africa and Australia [30].
Meanwhile, China has the largest vanadium reserves. According to statistics, in 2018, about
16% of the world’s vanadium products directly came from vanadium-titanium magnetite,
about 68% of the vanadium products came from the vanadium-rich steel slag (and a small
amount of phosphorus-rich vanadium slag) obtained by vanadium-titanium magnetite
after iron and steel metallurgical processing, and approximately 16% of vanadium products
were produced from recovered vanadium-containing by-products (vanadium-containing
fuel ash, waste chemical catalysts) and vanadium-containing stone coal [30]. Table 3 shows
the overview of major vanadium producers in the world in 2018 [30]. In 2018, the world’s
total vanadium output calculated in the form of metal vanadium was 91,844 t [30]. The
global market share of vanadium products in 2018 was approximately 90.8% ferroalloy
products (FeV, VN, ferrovanadium nitride, etc), approximately 4.2% non-ferrous metals
such as Ti, and about 5% of vanadium compounds (vanadium oxide, ammonium vanadate,
VOSO4, etc.) for the chemical industry, energy storage and other fields [30]. Like the
consumption pattern of the global vanadium market, more than 90% of China’s vanadium
is used in the steel industry in the form of vanadium alloys [30].
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Table 2. Global vanadium ore reserve calculated by metallic vanadium in 2018 (10 kt) [30].

China Russia South Africa Australia United States Brazil

950 500 350 210 4.5 13

Table 3. Overview of major vanadium producers in the world in 2018 [30].

Company Name
Production Capacity

(V2O5)/t
Products Raw Material

Ansteel Pangang Group Co.,
Ltd. 40,000

FeV, VN,
vanadium oxide,

V-Al alloy
Vanadium slag

Russian (Evraz)
company 30,000 FeV, vanadium oxide, V-Al

alloy, catalyst
Vanadium slag, fly ash, spent

catalyst

HBIS Group Chengsteel
company 25,000

FeV, VN,
ferrovanadium nitride,

vanadium oxide
Vanadium slag

Beijing Jianlong Heavy
Industry Group Co., Ltd. 15,000 VN, vanadium oxide Vanadium slag

Austria Treibacher Industrie
AG 13,000 V2O3, V2O5, FeV Vanadium slag

Glencore (Xstrata) 12,000 FeV, vanadium oxide vanadium-titanium magnetite
Sichuan Chuanwei Group

Chengyu Vanadium Titanium
Technology Co., Ltd.

12,000 V2O5 Vanadium slag

Sichuan Desheng Group
Vanadium and

Titanium Co., Ltd.
12,000 Vanadium slag Vanadium slag

Largo Resources Ltd. Brazil
Maracás Menchen Mine 11,000 V2O5 Vanadium-titanium magnetite

Bushveld Vametco, South
Africa 6000 VN, vanadium oxide Vanadium-titanium magnetite

Australia Atlantic Vanadium
PTY Ltd. 12,000 FeV, vanadium oxide Vanadium-titanium magnetite

Vanchem Vanadium Product
(Pty) Ltd. 10,000 FeV, vanadium oxide, catalyst Vanadium-titanium magnetite,

vanadium slag
Czech Republic, Germany,

Canada, Japan, India, Taiwan,
Thailand, etc.

12,000 V2O5, V-Al alloy, FeV, etc. Slag, waste catalyst, fuel ash,
etc.

Other Chinese
manufacturers 37,000 V2O5, V-Al alloy, VN, FeV, etc. Vanadium slag, waste catalyst,

stone coal

3. Chlorination Thermodynamics of Vanadium Oxides

Vanadium in vanadium-titanium magnetite, vanadium slag, and stone coal mainly
exists in trivalent form. Meanwhile, the V5+ compounds are the very stable. Thus, V2O3
and V2O5 were selected as the reactants for thermodynamic calculation by HSC Chemistry
6.4. The possibilities of V2O3 reacting with different chlorinating agents are calculated from
the thermodynamic viewpoint as shown in Equations (1)–(10). Figure 1 shows the standard
Gibbs free energies of reactions between V2O3 and chlorination agents at 0–1300 ◦C. V2O3
can be chlorinated to VCl3 by AlCl3, CCl4 and COCl2. Gibbs free energies of reaction
between V2O3 and AlCl3 increases with increasing temperature. Thermodynamically,
increasing temperature is not conducive to AlCl3 chlorination. However, V2O3 cannot be
chlorinated to VCl3 by the NaCl, CaCl2, FeCl2, FeCl3, MgCl2, HCl or Cl2 at 0–1300 ◦C.

V2O3 + 6NaCl = 2VCl3 + 3Na2O (1)

V2O3 + 3CaCl2 = 2VCl3 + 3CaO (2)

V2O3 + 3FeCl2 = 2VCl3 + 3FeO (3)
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V2O3 + 2FeCl3 = 2VCl3 + Fe2O3 (4)

V2O3 + 2AlCl3 = 2VCl3 + Al2O3 (5)

V2O3 + 3MgCl2 = 2VCl3 + 3MgO (6)

V2O3 + 6HCl (g) = 2VCl3 + 3H2O (g) (7)

V2O3 + 3Cl2 (g) = 2VCl3 + 1.5O2 (g) (8)

V2O3 + 1.5CCl4 (g) = 2VCl3 + 1.5CO2 (g) (9)

V2O3 + 3COCl2 (g) = 2VCl3 + 3CO2 (g) (10)

Δ
θ

Figure 1. The standard Gibbs free energies of reactions between V2O3 and chlorination agents
(reactions 1–10).

The V2O5 reacting with different chlorinating agents are as follows: Equations (11)–(20).
Figure 2 shows the standard Gibbs free energies of reactions between V2O5 and chlorination
agents. V2O5 can be chlorinated to VOCl3 by FeCl3, AlCl3, CCl4 and COCl2 at 0–1300 ◦C.
However, V2O3 cannot be chlorinated to VOCl3 by the NaCl, CaCl2, FeCl2, MgCl2, HCl
and Cl2 at 0–1300 ◦C.

V2O5 + 6NaCl = 2VOCl3 (g) + 3Na2O (11)

V2O5 + 3CaCl2 = 2VOCl3 + 3CaO (12)

V2O5 + 3MgCl2 = 2VOCl3 + 3MgO (13)

V2O5 + 3FeCl2 = 2VOCl3 + 3FeO (14)

V2O5 + 2FeCl3 = 2VOCl3 + Fe2O3 (15)

V2O5 + 2AlCl3 = 2VOCl3 + Al2O3 (16)

V2O5 + 6HCl (g) = 2VOCl3 + 3H2O (g) (17)

V2O5 + 3COCl2 (g) = 2VOCl3 + 3CO2 (g) (18)

V2O5 + 1.5CCl4 (g) = 2VOCl3 + 1.5CO2 (g) (19)

V2O5 + 3Cl2 (g) = 2VOCl3 + 1.5O2 (g) (20)

The V2O5 and V2O3 reacting with C and Cl2 in the temperature range from 0 ◦C to
1300 ◦C are expressed as follows in Equations (21) and (22). Figure 3 shows standard Gibbs
free energies of reactions 21–22 at 0–1300 ◦C. Adding C realizes the chlorination of V2O5
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and V2O3 to VOCl3 by Cl2 at 0–1300 ◦C. However, the effect of increasing temperature on
the chlorination of V2O3 and V2O5 is opposite.

Δ
θ

Figure 2. The standard Gibbs free energies of reactions between V2O5 and chlorination agents
(reactions 11–20).

2V2O3 + 6Cl2 (g) + C = 4VOCl3 + CO2 (g) (21)

V2O5 + 3Cl2 (g) + 1.5C = 2VOCl3 + 1.5CO2 (g) (22)

Δ
θ

Figure 3. Variation of standard Gibbs free energy of reactions 21–22 with temperature.

Under an oxygen atmosphere, the equations for the NaCl roasting reaction of V2O3
and V2O5 are as shown in Equations (23) and (24). Figure 4 shows the variation of standard
Gibbs free energy of reactions 23–24 with temperature. Under the same conditions, V2O3 is
more easily chlorinated. Thermodynamically, increasing temperature is not conducive to
NaCl chlorination of V2O3. The reaction of V2O3 and different chlorinating agents (FeCl2
and FeCl3) are as shown in Equations (25) and (26). It can be seen from Figure 4 that V2O3
can be chlorinated by FeCl2 and FeCl3 under an oxygen atmosphere.

V2O3 + 2NaCl + 1.5O2 (g) = 2NaVO3 + Cl2 (g) (23)
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2V2O5 + 4NaCl + O2 (g) = 4NaVO3 + 2Cl2 (g) (24)

V2O3 + 2FeCl3 + O2 (g) = 2VOCl3 (g) + Fe2O3 (25)

V2O3 + 3FeCl2 + 1.75O2 (g) = 2VOCl3 (g) + 1.5Fe2O3 (26)

Δ
θ

Figure 4. Variation of standard Gibbs free energy of reactions 23–26 with temperature.

According to the above thermodynamic analysis, the valence state of vanadium,
reaction temperature, atmosphere and chlorinating agent play a very important role in
the chlorination of vanadium. Thus, the chlorination of vanadium can be achieved by
selecting appropriate conditions. The following will introduce the progress of chlorination
of vanadium-containing materials.

4. Application of Chlorination Method

4.1. Chlorination Extraction of Vanadium from Vanadium Titanomagnetite

Vanadium-titanium magnetite is mainly composed of iron (Fe), vanadium (V) and
titanium (Ti) elements, which is multi-element symbiotic iron ore containing a small
amount of cobalt (Co), nickel (Ni), chromium (Cr), scandium (Sc) and gallium (Ga) [31,32].
The reserves of vanadium-titanium magnetite in the Panzhihua-Xichang regions in China
amount to about 9.66 billion tons [33]. The content of vanadium pentoxide in vanadium-
titanium magnetite is 0.1 wt%–2 wt% [34]. Jena et al. [23] proposed that under the action of
oxygen and water, NaCl as an additive reacts with the vanadium in the vanadium bearing
titaniferrous magnetite. The roasted samples were leached with hot water. More than 90%
of V was extracted. The reaction Equations are as follows in Equations (27)–(31).

SiO2 + 2NaCl + H2O = Na2SiO3 + 2HCl (27)

Na2SiO3 + O2 + V2O3 = 2NaVO3 + SiO2 (28)

2NaCl + 3/2O2 + V2O3 = 2NaVO3 + Cl2 (29)

3Cl2 + 3V2O3 = 2VOCl3 + 2V2O5 (30)

4VOCl3 + 3O2 = 2V2O5 + 6Cl2 (31)

To some extent, the presence of SiO2 and the formation of HCl and Cl2 can promote
the extraction of vanadium [23,35,36]. Zheng et al. [37] first calculated the feasibility of
extraction vanadium from vanadium-rich resources with FeCl2 and FeCl3. Thermodynamic
calculations show that the higher the valence of vanadium in vanadium titanomagnetite,
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the easier it is to extract vanadium. Therefore, the chlorinated atmosphere was selected
as the oxygen atmosphere. The reaction Equations are as follows in Equations (32)–(36).
Under the optimal experimental conditions (827 ◦C, reactant (vanadium titanomagnetite)—
chlorination agent (FeCl3) molar ratio of 1:2, 2 h, oxygen atmosphere), the extraction ratio
of vanadium is 32%.

V2O5 + 2FeCl3 = VOCl3 + Fe2O3 (32)

2V2O4 + 4FeCl3 + O2 = 4VOCl3 + 2Fe2O3 (33)

2V2O3 + 4FeCl3 + (2x − 1)O2 = 4VOCl3 + 4FeOx (34)

V2O4 + FeCl3 + (x − 1)O2 = VOCl3 + FeOx (35)

12FeCl2 + 4V2O5 + 3O2 = 6Fe2O3 + 8VOCl3 (36)

Chloride extraction of vanadium from vanadium-titanium magnetite has long been
used. However, the content of vanadium in vanadium-titanium magnetite is low, and
the cost of directly extracting vanadium in vanadium slag using chlorination method is
high. Thus, it is not recommended to extract vanadium directly from vanadium-titanium
magnetite by chlorination method.

4.2. Chlorination Extraction of Vanadium from Vanadium Slag

Vanadium slag is produced from vanadium-titanium magnetite by blast furnace
smelting and the vanadium extraction process in a converter [38,39]. Vanadium slags
contain 30–40 wt% total Fe, 6.9–14.4 wt% TiO2, 13.5–19.0 wt% V2O3, 0.9–4.6 wt% Cr2O3,
and 7.4–10.7 wt% MnO. The main phases of vanadium slag consist of (Fe,Mn)(V,Cr)2O4,
(Fe,Mn)2SiO4 and Fe2TiO4. According to the phases of vanadium slag, vanadium is present
in the form of V3+, from which it is difficult to extract vanadium by direct leaching [40,41].

In order to extract vanadium, the traditional method is to oxidize insoluble low-valent
vanadium to soluble high-valent vanadium in aqueous solution [42,43]. Figure 5 shows
a flow chart of extracting vanadium from vanadium slag by NaCl roasting. The roasting
temperature is about 800 ◦C. After roasting, vanadium in the solid exists in the form of
NaVO3, and then dissolves to obtain NaVO3 solution. Vanadium is precipitated in the
form of ammonium vanadate by adding ammonium salt (NH4Cl, NH4HCO3, (NH4)2SO4,
(NH4)2CO3). Ammonium vanadate is calcined to obtain V2O5 at about 550 ◦C. Under the
action of oxygen, NaCl as an additive reacts with the vanadium spinel in the vanadium
slag. The reaction Equation is as follows in Equation (37). The conversion rate of vanadium
can reach 85% [44,45].

4FeV2O4 + 8NaCl + 7O2 = 8NaVO3 + 4Cl2 + 2Fe2O3 (37)

Figure 5. Flow chart of extracting vanadium from vanadium slag by NaCl roasting.
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A total of 85.8% of V in vanadium slag was extracted by acidic sodium chlorate
solution. V3+ in vanadium slag was oxidized by NaClO3 as a chlorinating agent. The
reaction Equation is as follows in Equation (38) [46].

6FeV2O4 + 5NaClO3 + 15H2SO4 = 5NaCl + 6(VO2)2SO4 + 3Fe2(SO4)3 + 15H2O (38)

Sun et al. [47] proposed chlorination of vanadium slag by FeCl3. Under the optimal
experimental conditions (827 ◦C, reactant (vanadium slag)—chlorination agent (FeCl3)
molar ratio of 1:2, 2 h, oxygen atmosphere), the extraction ratio of vanadium in vanadium
slag is 57%. Du [48] investigated carbochlorination of pre-oxidized vanadium slag. The
flow chart of extracting vanadium from vanadium slag by chlorination is shown in Figure 6.
The carbochlorination temperature is about 650 ◦C. Vanadium is volatile in the form of
VOCl3. VOCl3 was oxidized to V2O5 by O2. The equations of the main reactions involved
are (39)–(41). The effect of time, temperature, petroleum coke and chlorine pressure fraction
were studied. Under optimal process conditions (650 ◦C,120 min, P(Cl2)/P(Cl2 + N2) =
0.5, 10% of petroleum coke mass fraction), 18.8% of Fe and 87.5% of V were extracted.
Wastewater containing high Na+ and NH4

+ is scarcely produced in whole process.

(Fe, Mn) (V, Cr, Ti)2O4 (s) + O2 (g) → Fe2O3 (s) + MnO (s) + Cr2O3 (s) + V2O5 (s) + TiO2 (s) (39)

1/3V2O5 (s/l) + 1/2C (s) + Cl2 (g) → 2/3VOCl3 (g) + 1/2CO2 (g) (40)

1/3Fe2O3 (s) + 1/2C (s) + Cl2 (g) → 2/3FeCl3 (g) + 1/2CO2 (g) (41)

Figure 6. Flow chart of extracting vanadium from vanadium slag by carbochlorination.

In order to extract vanadium from vanadium slag, Liu et al. [49–55] proposed to use
selective chlorination method to extract vanadium. Because to the existence form and value
of valuable metal elements (Fe, Mn, V, Cr and Ti) in vanadium slag, NH4Cl was selected
to chlorinate Fe and Mn in vanadium slag. Thermodynamic calculations show that the
iron and manganese in vanadium slag could be chlorinated by hydrogen chloride, but the
V, Cr and Ti could not be chlorinated in the temperature range from 0 to 1000 ◦C. Under
optimal chlorination conditions, the chlorination ratio of iron and manganese were 72%
and 95%, respectively. Meanwhile, the enrichment ratio of V, Cr and Ti was obtained as
48%. In addition, AlCl3 was selected to chlorinate V, Cr and Ti in vanadium slag. Figure 7
shows a flow chart of extracting vanadium from vanadium slag by AlCl3 chlorination. The
chlorination temperature is about 900 ◦C. Vanadium after chlorination exists in the form of
VCl3. Metal V was obtained by molten salt electrolysis at 900 ◦C. The effects of reaction
temperature, reaction time, mass ratio of AlCl3/slag and mass ratio of salt/AlCl3 on the
chlorination ratio of valuable elements were investigated. Under optimal chlorination
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conditions (AlCl3—slag mass ratio of 1.5:1, (NaCl-KCl)-AlCl3 mass ratio of 1.66:1, at 900 ◦C,
8 h.), the chlorination ratio of iron, vanadium, chromium and manganese were 90.3%,
76.5%, 81.9% and 97.3%. The volatilization ratio of titanium was 79.9%. The results of
kinetic study indicate that the rate-control step of vanadium chlorination process was the
surface chemical reaction. The vanadium and chromium in vanadium slag after AlCl3
chlorination were present in the form of VCl3 and CrCl3 in molten salt. The main reaction
was as follow (42).

8AlCl3 +3FeV2O4 = 3FeCl2 + 4Al2O3 + 6VCl3 (42)

Figure 7. Flow chart of extracting vanadium from vanadium slag by AlCl3 chlorination.

4.3. Chlorination Extraction of Vanadium from BOF-Slag

The basic oxygen furnace (BOF)-slags contains 31–56% CaO, 10–27% SiO2, 1–4.5%
Al2O3, 5–35% Fe compounds, and less than 1% of vanadium [56]. Seron et al. investigated
the recovery of vanadium from BOF-slags by oxy-carbochlorination. Under specific condi-
tions (900 ◦C, chlorine partial pressure 0.2, 90 min, 50% carbon content), the recovery ratio
of vanadium in slag can reach 95% [57].

4.4. Chlorination Extraction of Vanadium from Stone Coal

Black shale is one of China’s most important vanadium resources, accounting for
more than 87% of domestic vanadium reserves [58,59]. It is estimated that the reserves
of vanadium in the form of V2O5 in stone coal are 118 million tons [60]. However, the
ordinary grade of vanadium in black shale is usually below 2 wt% [58,59]. In China,
vanadium in most of the stone coal replaces trivalent aluminum in mica minerals in a quasi-
homogeneous form. The chemical formula of vanadium-containing illite is K(Al,V)2(OH)2
[Si3Al]O10. The mica mineral structure is very stable. It is difficult to destroy the lattice
structure by general concentration of acid and alkali. Thus, in order to extract vanadium
from vanadium-containing mica, the lattice structure of vanadium containing mica first
needs to be destroyed [61].

Under the action of oxygen and water, NaCl as an additive reacts with the pre-
decarburized stone coal [62,63]. The reaction Equation is expressed as follow (43):

K (Al, V)2(OH)2[Si3Al]O10 + 2NaCl + 3(2−m)SiO2 + (m−1/2)O2 = (3−m) (K,Na)AlSi3O8 + NaVO3 + 2HCl + Cl2 (43)
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where m is the number of vanadium ions replacing aluminum ions in hydromica octahedron.
NaCl has a melting point of 801 ◦C, which tends to keep the structure stable and does

not decompose at high temperature. However, due to the presence of V, Al, Fe, and other
oxides in the stone coal, NaCl can be decomposed at lower temperature to generate Cl2
with high chemical reactivity. The reaction is described as follows in Equations (44)–(47).
Cl2 can react with low-valent vanadium to form VOCl3, and VOCl3 is an intermediate
product that can be further oxidized to V2O5. The presence of Cl2 promotes the high
temperature roasting to destroy the crystal structure of illite. The oxidation of the exposed
trivalent vanadium changes to a higher valence state. Cl2 is more active than oxygen at
high temperature and is more easily adsorbed on the surface of minerals. The promotion of
Cl2 on the oxidation of low-cost vanadium cannot be ignored. Thus, NaCl as an additives
agent was selected for extracting vanadium from stone coal [63–66].

4NaCl + O2 = 2Na2O + 2Cl2 (44)

3Cl2 + 3V2O3 = 2VOCl3 + 2V2O5 (45)

4VOCl3 + 3O2 = 2V2O5 + 6Cl2 (46)

xNa2O + yV2O5 = xNa2O·yV2O5 (47)

The possible chemical reaction between vanadium oxide (V2O3, VO2, and V2O5)
and the solid chlorinating agent (NaCl, CaCl2 and FeCl3) was calculated by FactSage 7.1
(Montreal, Canada) using the database of FactPS, FToxid and FT salt. The results show
that vanadium oxide cannot be directly chlorinated thermodynamically by NaCl and
CaCl2 as solid chlorinating agents. However, V2O4 and V2O5 can be chlorinated by FeCl3.
Meanwhile, V can be separated from black shale by controlled roasting temperature of
chlorination volatilization [67]. In the air, the structure of illite and muscovite in stone
coal is hard to be destroyed by roasting without additives. Zhang et al. [68] studied that
the vanadium-bearing stone coal was roasted in chlorine, and 90% of V in the form of
VOCl3 was extracted at 1000 ◦C for 1 h. Li et al. [69] investigated extraction of vanadium by
leaching. Under the optimal leaching conditions (liquid-to-solid ratio of 2, oxygen partial
pressure of 1200 kPa, 90 ◦C, 6 h, 1.5 g/L NaClO, 15 g/L HF, 100 g/L H2SO4), 91% of V in
vanadium slag was extracted by NaClO-H2SO4-HF system under atmospheric pressure.
V3+ in stone was oxidized by NaClO as a chlorinating agent and oxidant.

4.5. Chlorination Extraction of Vanadium from Spent Catalysts

Catalysts are extensively used in sulfuric acid production and petroleum refining [70,71].
More than 100,000 tons of spent hydrodesulphurization catalysts are produced every year,
which usually contain the valuable elements V, Mo, Ni, and Co [72]. Vanadium in spent
catalyst is present in the form of sulfide (V2S3 or V3S4) [73]. Oxidation roasting of spent
catalyst and subsequent NaCl/H2O roasting of oxide were proposed by Biswas et al. [74],
and 81.9% of V was extracted. The reactions were as follows in Equations (48) and (49):

4V3S4 + 31O2 = 6V2O5 + 16SO2 (48)

V2O5 + 2NaCl + 2H2O = 2NaVO3 + 2HCl (49)

There are two processes (direct chlorination and roasting chlorination) for recovering
vanadium from spent hydrodesulphurization catalysts by Cl2 chlorination.

In addition to metal elements such as vanadium and molybdenum, spent catalysts also
contain elemental carbon and sulfur. Direct chlorination of spent catalysts was investigated
by Gaballah et al. [75]. In order to recover Mo, V, Ni and Co, Cl2/N2, Cl2/air, and
Cl2/CO/N2, gas mixtures were used to chloride spent catalysts. Vanadium sulphide was
chlorinated to vanadium chloride as expressed in the reaction Equations (50)–(52). A total
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of 75% of V in the form of VCl4 and/or VOCl3 was recovered by Cl2/air gas mixture at
less than 600 ◦C.

1/7V2S3 + Cl2 = 2/7VCl4 (l,g) + 3/7SCl2 (50)

1/4V2S3 + 3/4O2 + Cl2 = 1/2VCl4 (l,g) + 3/4SO2 (51)

1/3V2S3 + 3/4O2 + Cl2 = 2/3VOCl3 (l,g) + SO2 (52)

Vanadium sulfide in the spent catalyst is first oxidized to oxide at 300–500 ◦C. Vana-
dium oxide was chlorinated by Cl2/N2, Cl2/O2, or Cl2/CO in the temperature range 300 ◦C
to 600 ◦C. Finally, V was volatilized in the form of VCl4 or VOCl3 to achieve separation
from other elements (Co, Ni). A total of 65% of V from oxidized V sulfide can be recovered
by Cl2/N2 = 1 at 500 ◦C for 19 h. Meanwhile, V sulfide is directly chlorinated without
roasting, and 80% of V can be recovered by Cl2/N2 = 1 at 500 ◦C for 0.5 h [76].

The affinity of metal to oxide is stronger than that of metal to sulfur. Under the
same conditions, sulfides are easier to chlorinate than oxides. Thus, direct chlorination of
vanadium sulfide is better than chlorination after oxidation of vanadium sulfide [77].

4.6. Chlorination of V2O5

Mink et al. [78] reported that CCl4 reversibly dissociate and adsorbs on the two ex-
posed vanadium atoms of the basic (001) plane of V2O5 before the chlorination reaction.
The mechanism of chlorination of V2O5 by CCl4 was analyzed by MS and XPS. Before
the formation of the volatile final product VOCl3, the surface vanadium atoms gradually
acquire two chlorine atoms [79]. The kinetics of chlorination of V2O5 by CCl4 was inves-
tigated by Jean et al. [80]. A total of 87% of V2O5 could be chlorinated by CCl4 at 480 ◦C
in 30min. Chlorination reaction conforms to topochemical reaction model. According to
analysis of kinetics results, the following mechanisms, Equations (53)–(58), at different
temperatures, were proposed.

a. 280–370 ◦C

V2O5 + CCl4
slow→ VOCl3 + VO2Cl + CO2 (53)

VO2Cl + CCl4
f ast→ VCl5 + CO2 (54)

VCl5
f ast→ VCl4 + 1/2Cl2 (55)

VOCl3 + CCl4 + 1/2Cl2
f ast→ VCl4 + COCl2 + Cl2 (56)

b. 410–515 ◦C

CCl4
f ast→ C + 4Cl (57)

V2O5 + C + 4Cl slow→ VOCl3 + VO2Cl + CO2 (58)

The whole reaction can be expressed by the following Formula (59)

V2O5 + 3CCl4 = 2VCl4 + 2CO2 + COCl2 + Cl2 (59)

Gaballah et al. [81] studied kinetics of chlorination of V2O5 with Cl2-CO-N2, Cl2-N2,
and Cl2-air gas mixtures. Thermodynamic calculation showed that chlorinated product
was mainly VOCl3 during the Cl2 chlorination of V2O5. However, VCl4 may be formed
during the carbochlorination of vanadium pentoxide. The results of kinetics indicated
that the rate-control step of V2O5 chlorination process between 500 ◦C and 570 ◦C with
Cl2-N2 was a chemical reaction. Pore diffusion and chemical reaction were the limiting
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step for the V2O5 chlorination in the temperature range of 570 ◦C to 650 ◦C. In Cl2-CO-
N2 atmosphere, the limiting step of carbochlorination of V2O5 at 400–620 ◦C was the
chemical reaction. Brocchi et al. [6] systematically studied the carbon-chlorination of V2O5
from thermodynamics between 627 ◦C and 1327 ◦C. In carbon-chlorination reaction of
V2O5, the most stable vanadium oxychloride and vanadium chloride are VOCl3 and VCl4,
respectively. E. Mccarley et al. [82] reported a process for preparing high-purity V2O5
(maximum of 100 ppm impurities) by carbon chlorination using V red cake (88 wt% of
V2O5) as raw materials. Pap et al. [83] reported that the chlorination of V2O5 by three
chlorinating agents (Cl2, COCl2 and CCl4) is compared from the aspects of thermodynamics
and kinetics. The results showed that V2O5 can be chlorinated thermodynamically by
COCl2 and CCl4 at 127 ◦C, and the chlorinated products were VOCl3 and CO2. However,
the reaction of V2O5 with Cl2 can occur obviously when the temperature exceeds 477 ◦C.
The chlorinated product was VOCl3 and O2. The chlorination kinetics showed that the
apparent activation energy of V2O5 chlorinated by Cl2, CCl4, and COCl2 were 126 kJ/mol,
77 kJ/mol, and 48 kJ/mol, respectively. High-purity V2O5 (99.95 wt%) is prepared by
chlorinating industrial grade V2O5 (96.7 wt%) with AlCl3. The reactions involved are as
follows in Equations (60)–(64). Under the protection of purity Ar, the chlorination ratio
of V2O5 at a V2O5:AlCl3 mole ratio of 1:6, 180 ◦C, and 3.5 h was 62%, and a large amount
of VOCl3 was collected. When NaCl is added to the chlorination reaction system, the
chlorination ratio of vanadium can reach 83.4% at mole ratio of AlCl3:V2O5 of 6:1 and mole
fraction of NaCl of 0.6 in the NaCl-AlCl3 system [84,85].

2AlCl3 + V2O5 = Al2O3 + 2VOCl3 (g) (60)

6VOCl3 + 20NH3·H2O = (NH4)2V6O16 + 18NH4Cl + 10H2O (61)

VOCl3 + 4NH4OH = NH4VO3 + 3NH4Cl + 2H2O (62)

(NH4)2V6O16 = 3V2O5 + 2NH3 + H2O (63)

NH4VO3 = V2O5 + 2NH3 + H2O (64)

4.7. Chlorination Extraction of Vanadium from Other Vanadium-Containing Materials

Petroleum coke, fly ash and carbonaceous gold ore also contain a certain amount of
vanadium. 0.6 Mt/year of petroleum coke was produced from Syrian petroleum refineries.
The extraction ratio of vanadium can reach 60% by NaCl-roasting [86]. The vanadium
content in fly ash is as low as 1–7%. The fly ash was treated by acid leaching, oxidation of
NaClO3, and precipitation [87]. Murase et al. [88] investigated extraction and separation
of vanadium from a fly ash of Orimulsion. Air-Cl2 or N2-Cl2 gas mixture were used to
chlorinate valuable elements (V, Ni and Mg). The separation of V and Fe were achieved by
controlled temperature of chlorination. V and Fe was selectively extracted by chlorination
at 400 ◦C and 500 ◦C, respectively. Mg and Ni in residue were extracted by chlorination
of N2-Cl2-Al2Cl6 (g) at 600 ◦C. The extraction and separation of V, Ni and Mg were
successfully achieved by the method of chlorination. The content of vanadium in refractory
carbonaceous gold ore is 1.1 wt%. Wang et al. [89] investigated extraction and separation
of vanadium from carbonaceous gold ore by NaCl roasting. After NaCl roasting, Au
volatilizes in the form of AuCl3 and V in the form of NaVO3 remains in the roasted solid.
The reactions were as follows in Equations (65)–(69).

4FeS2 + 11O2 = Fe2O3 + 8SO2 (65)

SO2 + 2NaCl + O2 = Na2SO4 + Cl2 (66)

4VxOy + (5x−2y)O2 = 2xV2O5 (1 ≤ x ≤ 2; 2 ≤ y ≤ 4) (67)

2V2O5 + 4NaCl + O2 = 4NaVO3 + 2Cl2 (68)

2Au + 3Cl2 = 2AuCl3 (69)
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The influences of experiment conditions including NaCl dosage, time and temperature
were studied. Under optimal process conditions, (air gas flow rate 1 L/min, 4 h, 800 ◦C,
NaCl 10%), the extraction ratios of V and Au are 85.3% and 92%.

4.8. Treatments of Chlor-Containing Compounds in Gas, Solid and Solution

Regarding the Cl2 and HCl off-gas generated in the chlorination process, the first
method is recycling, and the second method is the absorption of alkaline solution. The chlo-
ride in the solid can be washed to remove chloride ions. The chlor-containing wastewater
can be treated by solvent extraction, the electrochemical method, separation interception
method, the principle of precipitation, and ion exchange [90].

5. Conclusions and Outlook

The research progress on the treatment of vanadium-containing materials with various
chlorinating agents (solid and gas) is summarized in terms of thermodynamics and kinetics.

The NaCl roasting method is used to treat vanadium titanomagnetite, vanadium slag,
stone, spent catalysts, petroleum coke, and carbonaceous gold ore. The NaCl roasting
method has the characteristics of short process, less investment and less equipment, etc.
In the 1970s, in China, the price of vanadium was very high and hundreds of small-scale
vanadium extraction plants adopted the NaCl roasting method to extract vanadium from
vanadium-containing materials (stone coal) [63]. However, Cl2 and HCl generated during
the NaCl roasting process makes it highly demanding for the equipment’s anti-corrosion
performance. The environmental pollution caused by Cl2 and HCl gas and the threat of Cl2
and HCl gas to workers’ health are also fatal defects of NaCl roasting. Due to increasingly
strict environmental protection policies, the NaCl roasting method has become outdated
and has gradually been replaced by other roasting methods.

The demand for high-purity vanadium pentoxide is increasing in all-vanadium flow
batteries and high-purity metal vanadium. Therefore, efficient preparation of high-purity
vanadium pentoxide is urgently needed [91]. Due to the low melting point and boiling point
of vanadium chloride, vanadium chloride has a greater advantage than vanadium oxide in
separation and enrichment. The advantages of chlorination method in the preparation of
high-purity vanadium are very obvious, and it has very good development prospects.

Trivalent vanadium oxide is difficult to leach. Thus, the traditional vanadium extrac-
tion method is to oxidize vanadium to pentavalent vanadium for extraction. However, the
toxicity of vanadium compounds increases with the increase of vanadium valence, and
the pentavalent vanadium compounds are the most toxic. More than 90% of vanadium
produced in industry is added to steel in the form of vanadium alloys. Trivalent vana-
dium oxide can be chlorinated to VCl3 by AlCl3. Metal V can be obtained by reduction or
electrolysis of VCl3. Thus, the direct chlorination of low-valent vanadium is also a very
promising process.
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Abstract: The effects of F− concentration, leaching temperature, and time on the Ti leaching from
Ti-bearing electric furnace slag (TEFS) by [NH4

+]-[F−] solution leaching process was investigated to
reveal the leaching mechanism and kinetics of titanium. The results indicated that the Ti leaching
rate obviously increased with the increase of leaching temperature and F− concentration. The
kinetic equation of Ti leaching was obtained, and the activation energy was 52.30 kJ/mol. The
fitting results of kinetic equations and calculated values of activation energy both indicated that
the leaching rate of TEFS was controlled by surface chemical reaction. The semi-empirical kinetics
equation was consistent with the real experimental results, with a correlation coefficient (R2) of 0.996.
The Ti leaching rate reached 92.83% after leaching at 90 ◦C for 20 min with F− concentration of
14 mol/L and [NH4

+]/[F−] ratio of 0.4. The leaching rates of Si, Fe, V, Mn, and Cr were 94.03%,
7.24%, 5.36%, 4.54%, and 1.73%, respectively. The Ca, Mg, and Al elements were converted to
(NH4)3AlF6 and CaMg2Al2F12 in the residue, which can transform into stable oxides and fluorides
after pyro-hydrolyzing and calcinating.

Keywords: Ti-bearing electric furnace slag; fluorination method; leaching; kinetics; titanium dioxide

1. Introduction

Titanium dioxide is an irreplaceable high-grade functional white pigment and widely
used in coatings [1], rubber [2], papermaking [3], printing [4] and other chemical indus-
tries [5–10], due to its characteristics, stable chemical properties, good color covering
capability, high tinting strength and dispersion, nontoxicity, and electronic properties. Its
application is a key indicator for evaluating the national modernization [11]. The titanium
reserves in China account for about 38.8% of that worldwide, providing an important
material basis for the development of titanium dioxide production and the promotion of
China’s modernization process. Statistically, titanium dioxide production consumes 90%
of titanium raw materials all over the world [12–14]. Nowadays, about 62.7% of global
titanium dioxide is produced by chlorination process, and the other is produced by sulfuric
acid process [15].

The chlorination process requires high quality titanium-rich feedstock containing
TiO2 ≥ 90% and CaO + MgO < 1.5%, because the non-volatile CaCl2 and MgCl2 will
hinder the chlorination reaction and obstruct the reaction bed [16–18]. The chlorination
temperature of TiO2 reaches 900–1000 ◦C, and the oxidation temperature of TiCl4 reaches
1800–2000 ◦C. A large number of toxic and harmful, flammable, and explosive media, such
as Cl2, TiCl4, and CO, participate in the high temperature reaction, which is not conducive
to safe production [19]. The chlorination process can only produce rutile titanium dioxide,
which belongs to high-end titanium dioxide product [20]. The hazardous wastes, including
CaCl2, MgCl2, unreacted titanium-rich feedstocks, and petroleum coke, cannot be recycled
except for by deep burial.
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Ilmenite and titanium slag can be used as the feedstocks of the sulfuric acid process.
The reaction temperature of sulfuric acid and titanium-bearing feedstock is about 250 ◦C,
and the calcination temperature for TiO2 transition is 700–900 ◦C [21]. The sulfuric acid
process can produce the anatase and rutile titanium dioxide products belonging to low-end
titanium dioxide products [21,22]. The iron in ilmenite is transformed into ferrous sulfate
which causes the waste of iron resources and environmental pollution [23]. A large amount
of waste acid and acid wastewater produced by the sulfuric acid process cannot be recycled.
Environmental pollution has become an insurmountable problem in the production of
titanium dioxide. Therefore, the method for the clean production of titanium dioxide is the
focus of the titanium dioxide industry.

The fluorination method was proposed to prepare titanium dioxide, ferric oxide, or
calcium fluoride from ilmenite or perovskite [24,25]. The leaching agent of fluorination
method is NH4HF2 or NH4F. The reaction temperature of fluoride leaching process is about
100 ◦C, which is much lower than that of chlorination process and sulfuric acid process.
Fluorine and ammonia in the fluorination method can be recycled in the thermal hydrolysis
process of fluorinated ammonium salt [26]. The solution containing fluorine and ammonia
is returned to the leaching or impurity removal process for recycling, which ensures the
cleanliness of the fluorination method. The fluorination reaction of ilmenite or perovskite
should be carried out under high temperature and high pressure. The Ti leaching rate is
only about 78% at 160 ◦C for 120 min in the leaching of perovskite by NH4HF2 [25].

The titanium resources contained in the vanadium titanomagnetite concentrate in the
Panxi region account for more than 50% of China’s total titanium resources. At present,
iron and vanadium in vanadium titanomagnetite concentrate are mainly recovered by the
blast furnace process. Titanium in the blast furnace titanium slag cannot be effectively
recovered [27,28]. The direct reduction-electric furnace smelting process is an effective
method to utilize iron and enrich titanium from vanadium titanomagnetite concentrate, and
has been commercialized in South Africa and New Zealand [29]. The titanium in vanadium
titanomagnetite concentrate is enriched in Ti-bearing electric furnace slag (TEFS) containing
high SiO2, Al2O3, CaO, and MgO, which cannot be the feedstock of chlorination process
and sulfuric acid process. TEFS can be used to prepare titanium dioxide by fluorination
method due to its low requirements for impurities in feedstock. However, the main Ti-
bearing mineral phase in TEFS is a complex solid solution with a stable structure and
is more difficult to decompose by NH4HF2 or NH4F than ilmenite and perovskite. Our
team studied the pressurized fluoride leaching of TEFS, including the leaching of the main
elements and the transformation of mineral phase and particle morphology [30]. Based on
the results, we found that there are some shortcomings in pressurized fluoride leaching
in large-scale leaching equipment. During the leaching process, the F-bearing solution
and steam cause serious corrosion to the equipment. The outer layer of the heating parts
in the fluoride leaching equipment needs to be sprayed with fluorine-resistant materials
which are easy to deform and fall off under high temperature. The leaching pressure and
temperature reach the designated values too slowly. It is more harmful to fluorine-resistant
materials, which makes it difficult to enlarge the pressurized fluoride leaching reactor. The
completion of fluoride leaching reaction at a temperature under normal pressure was more
conducive to the industrial production. However, compared with pressurized leaching,
the rate of the chemical reaction was lower during normal pressure leaching. Therefore, it
is necessary to study the fluoride leaching mechanism and kinetics of titanium from TEFS
under a normal pressure system, in order to reveal the key factors affecting the Ti leaching
rate. It has important practical significance for increasing the leaching speed and realizing
the industrialization.

In this paper, the effects of F− concentration and temperature on the TEFS fluoride
leaching mechanism and kinetics were investigated. The transformation of mineral phase
and microstructure during leaching can reveal the fluoride leaching mechanism of TEFS.
The kinetics study can determine the rate-controlling step and key factors in order to
provide a basis for regulating the leaching reaction rate. The findings will provide a
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technical basis for the preparation of titanium dioxide by fluorination method with TEFS
and is of great significance for improving the utilization of titanium resources in the Panxi
region of China.

2. Experimental methods

2.1. Experimental Procedure

The leaching experiment was carried out in a 500 mL plastic three-necked flask fitted
with an agitator and a reflux condenser. The leaching reaction of fine TEFS particles
was completed in a very short time, which made it impossible to accurately study the
leaching kinetics. Too wide particle size range is not conducive to the study of leaching
kinetics. Therefore, the TEFS used in this study were crushed and screened with standard
Taylor sieves from 200 mesh to 250 mesh, and the volume average particle size was
67.35 μm. The mass transfer rate between the solution and TEFS particles was accelerated
by strengthening the stirring. The influence of stirring on the external diffusion can be
ignored, as the rotating speed was 200 r/min. During the leaching process, the flask
was heated in a thermostatically controlled water bath. The [NH4

+]/[F−] molar ratio
of [NH4

+]-[F−] solution was 0.4. First, 300 g of [NH4
+]-[F−] solution with required F−

concentration was loaded into the flask and heated to the designated temperature. After
that, 15 g TEFS sample was put into the [NH4

+]-[F−] solution. There was a large excess of
leaching solution, with the L/S ratio of 20:1, which meant the change of F− concentration
can be neglected in the whole leaching process. The F− concentration range was chosen
to be 8 mol/L to 14 mol/L in order to ensure that the concentration of leaching agent was
much larger than the theoretical consumption and lower than the maximum solubility.
When the leaching time reaches the experimental required time, the slurry was filtered and
washed with distilled water immediately. Then the washed residue was dried for 4 h at
110 ◦C for the analyses of chemical composition, mineral phase, and microstructure.

2.2. Definition of Parameters

The Ti leaching rate is defined as follows:

X =

[
1 −

(
m × wTi
m0 × w0

)]
× 100% (1)

where X demotes the Ti leaching rate (%), m demotes the mass of dry leaching residue (g),
wTi denotes the Ti content of dry leaching residue (wt%), m0 demotes the initial mass of
dry TEFS sample (g), and w0 denotes the Ti content of dry TEFS sample (wt%).

2.3. Analysis and Characterization

The chemical compositions of TEFS sample and leaching residue were quantitatively
analyzed by the fusion method of X-ray fluoroscopy (XRF, Axios mAX, Holand PANalytical
Co., Ltd., Almelo, The Netherlands).

The chemical compositions of the leaching solution were determined by inductively
coupled plasma atomic emission spectrometry (ICP-MS, Optima 5300DV, PerkinElmer,
Waltham, MA, USA).

The mineral phases of the TEFS sample and leaching residue were characterized
by X-ray diffraction (XRD, Cu Ka radiation, λ = 0.154056 nm, 40 kV, 300 mA, SCAN:
10.0/80.0/0.0085/0.15 sec, D/max2550PC, Rigaku Co., Ltd., Tokyo, Japan).

The scanning electron microscope equipped with an energy diffraction spectrum
analyzer (SEM, JEOL JSM-6490LV, Tokyo, Japan) was used to study the microstructure and
element analysis of TEFS sample and leaching residue.

The particle size distribution of TEFS sample was characterized by laser practical size
analyzer (Mastersize 2000, Malvern Panalytical, Malvern, England).
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3. Results and Discussion

3.1. Ti-Bearing Electric Furnace Slag

The TEFS used in this investigation was provided by the Chongqing Iron and Steel
(group) Co., Ltd. (Chongqing, China). The TEFS was produced from vanadium titano-
magnetite concentrate by the direct reduction-electric furnace smelting process. The main
chemical composition of TEFS was listed in Table 1. The X-ray diffraction (XRD) pattern
of TEFS was shown in Figure 1. The SEM microstructure and EDS analysis of TEFS was
shown in Figure 2, which indicates that the columnar MxTi3xO5 particles embedded in the
gangue phase of augite. The width of columnar MxTi3xO5 particles is less than 50 μm. All
reagents used in the study were of analytical grade.

Table 1. The chemical composition of Ti-bearing electric furnace slag (TEFS) (wt%).

TiO2 SiO2 Al2O3 MgO CaO
Total

Fe
MnO V2O5 Cr2O3

51.50 19.01 14.38 7.42 3.22 1.88 1.10 0.63 0.03

 
Figure 1. XRD pattern of Ti-bearing electric furnace slag.

Figure 2. SEM microstructure and EDS analysis of Ti-bearing electric furnace slag (wt%).

3.2. Thermodynamic Analysis of Fluoride Leaching Reactions

The major Ti-bearing mineral phase in TEFS is MxTi3xO5, which is the solid solution of
Ti3O5, MgTi2O5, and Al2TiO5. The reactions of Ti-bearing mineral phases in TEFS during
fluoride leaching can be simply expressed as follows.

2Ti3O5(s) + 24H+
(aq) + 36F−

(aq) + O2(g) = 6TiF6
2−

(aq) + 12H2O(aq) (2)

Al2TiO5(s) + 10H+
(aq) + 18F−

(aq) = 2AlF6
3−

(aq) + TiF6
2−

(aq) + 5H2O(aq) (3)
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MgTi2O5(s) + 10H+
(aq) + 14F−

(aq) = MgF2(s) + 2TiF6
2−

(aq) + 5H2O(aq) (4)

The major gangue in TEFS is augite, which can be simply regarded as CaSiO3, MgSiO3,
Al2SiO5, CaAl2O4, MgAl2O4, CaO·MgO·2SiO2, and CaO·Al2O3·2SiO2. The reactions of
gangue in TEFS during fluoride leaching can be expressed as follows.

CaSiO3(s) + 6H+
(aq) + 8F−

(aq) = CaF2(s) + SiF6
2−

(aq) + 3H2O(aq) (5)

MgSiO3(s) + 6H+
(aq) + 8F−

(aq) = MgF2(s) + SiF6
2−

(aq) + 3H2O(aq) (6)

Al2SiO5(s) + 10H+
(aq) + 18F−

(aq) = 2AlF6
3−

(aq) + SiF6
2−

(aq) + 5H2O(aq) (7)

CaAl2O4(s) + 8H+
(aq) + 14F−

(aq) = CaF2(s) + 2AlF6
3−

(aq) + 4H2O(aq) (8)

MgAl2O4(s) + 8H+
(aq) + 14F−

(aq) = MgF2(s) + 2AlF6
3−

(aq) + 4H2O(aq) (9)

CaO·MgO·2SiO2(s) + 12H+
(aq) + 16F−

(aq) = 2SiF6
2−

(aq) + CaF2(s) + MgF2(s) + 6H2O(aq) (10)
CaO·Al2O3·2SiO2(s) + 16H+

(aq) + 26F−
(aq) = 2SiF6

2−
(aq) + 2AlF6

3−
(aq) + CaF2(s) + 8H2O(aq) (11)

Figure 3 shows the ΔGθ-T relationship lines of the possible reactions during fluoride
leaching. According to the calculated results, the ΔGθ of Equations (2)–(11) at the tempera-
ture range of 298 K to 448 K are less than zero, and all the ΔGθ decreases with increasing
leaching temperature. The calculation results illustrate that Equations (2)–(11) can proceed
spontaneously, and the reactions occurred easier as the reaction temperature increased.
Comparing the ΔGθ of Equations (2)–(4), the ΔGθ line of Equation (2) was below the ΔGθ

lines of Equations (3) and (4), which means the Ti3O5 was easier to decompose in the
leaching process than Al2TiO5 and MgTi2O5. According to Equations (5)–(7), the MgSiO3
was easier to decompose in the leaching process than Al2SiO5 and CaSiO3. The ΔGθ lines
of Equations (8) and (9) were the fluoride leaching reactions of aluminate, which shows
that the fluoride leaching occurring process of MgAl2O4 was easier than that of CaAl2O4.
In addition, the ΔGθ lines of Equations (10) and (11) were below that of other silicates and
aluminates. The solubility of (NH4)3AlF6 was only 1.03 g/100g H2O. Thus, the AlF6

3−
may react with the NH4

+ in the leaching solution as follows.

3NH4
+

(aq) + AlF6
3−

(aq) = (NH4)3AlF6(s) (12)

ΔG
θ

⋅

Figure 3. ΔGθ–T relationship lines of the possible reactions during fluoride leaching.

According to the results of thermodynamic analysis, the Ti and Si elements were
converted to TiF6

2− and SiF6
2− in the leaching solution. The Ca, Mg, and Al elements were

converted to CaF2, MgF2, and (NH4)3AlF6 in the residue.

251



Metals 2021, 11, 1176

3.3. Effects of Experimental Parameters on Ti Leaching Rates

The leaching experiments were carried out in the F− concentration range of 8 mol/L
to 14 mol/L and temperature range of 60 ◦C to 90 ◦C at L/S ratio of 20:1 with rotating
speed of 200 r/min. The effect of temperature and F− concentration on Ti leaching rates
are shown in Figure 4.

°
°
°
°

°
°
°
°

°
°
°
°

°
°
°
°

Figure 4. Effects of temperature on the Ti leaching rate with L/S ratio of 20:1 and rotating speed of 200 r/min. (a) CF- = 8
mol/L; (b) CF- = 10 mol/L; (c) CF- = 12 mol/L; (d) CF- = 14 mol/L.

When the Ti leaching rate reaches a certain value, prolonging the leaching time has
no significant effect on the Ti leaching rate. The Ti leaching rate obviously increased with
the increase of F− concentration at the leaching temperatures of 60 ◦C and 70 ◦C. The F−
concentration had no obvious effect on Ti leaching rate when the leaching temperature
exceeded 80 ◦C. With the increase of F− concentration, the effect of leaching temperature
on Ti leaching rate decreased. Increased leaching temperature and F− concentration could
increase the effective collision of TEFS particles and reactive ions, which promote the
leaching reactions.

3.4. Transformation of Mineral Phase

The effect of leaching temperature on the mineral phase of leaching residue was shown
in Figure 5. The other leaching conditions were F− concentration of 10 mol/L, leaching
time of 30 min, L/S ratio of 20:1, and rotating speed of 200 r/min. When the leaching
temperature reached 60 ◦C, the peaks of (NH4)3AlF6 and CaMg2Al2F12 were detected in
the leaching residue and the peaks of augite disappeared, as shown in Figure 5b. The peaks
of MxTi3xO5 became very weak at the leaching temperature of 90 ◦C, as shown in Figure 5c.
The intensity of (NH4)3AlF6 peaks increased sharply as the leaching temperature rose from
60 ◦C to 90 ◦C. The reactions can be expressed as follows.

Al2TiO5(s) + 10H+
(aq) +18F−

(aq) + 6NH4
+

(aq) = 2(NH4)3AlF6(s) + TiF6
2−

(aq) + 5H2O(aq) (13)

CaSiO3(s) + 2MgSiO3(s) + Al2SiO5(s) + 28H+
(aq) +36F−

(aq) = CaMg2Al2F12(s) + 4SiF6
2−

(aq) + 14H2O(aq) (14)
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CaAl2O4(s) + 2MgAl2O4(s) + 24H+
(aq) +36F−

(aq) + 12NH4
+

(aq) = CaMg2Al2F12(s) + 4(NH4)3AlF6(s) + 12H2O(aq) (15)

CaO·MgO·2SiO2(s) + CaO·Al2O3·2SiO2(s) + 3MgTi2O5(s) + Al2TiO5(s) + 68H+
(aq) + 90F−

(aq)

= 2CaMg2Al2F12(s) + 4SiF6
2−

(aq) + 7TiF6
2−

(aq) + 34H2O(aq)
(16)

Figure 5. XRD patterns of the leaching residue at different leaching temperatures with F− concen-
tration of 10 mol/L, leaching time of 30 min, L/S ratio of 20:1, and rotating speed of 200 r/min.
(a) Ti-bearing electric furnace slag; (b) Leaching temperature: 60 ◦C; (c) Leaching temperature: 90 ◦C.

3.5. Transformation of Microstructure

The SEM images and EDS analysis of TEFS and leaching residue are shown in Figure 6.
Before the fluoride leaching, the TEFS particle was a dense irregular particle, as shown
in Figure 6a. It was observed from the EDS analysis that point 1 was MxTi3xO5 and point
2 was augite. Figure 6b illustrates that the outer layer of the particle is the product layer,
and the inside of particle is still unreacted TEFS. Many cracks appeared on the surface
of residue. The granular grain on the surface of residue was CaMg2Al2F12 (point 3). The
octahedral grain was (NH4)3AlF6, as shown in point 4. Point 5 was the surface of unreacted
TEFS. When the fluoride leaching reaction progressed, the surface of the TEFS particle
reacts with the leaching reagent and forms the F-bearing ions and F-bearing compounds.
The TiF6

2− and SiF6
2− ions dissolved in the leaching solution. The CaMg2Al2F12 and

(NH4)3AlF6 grains adsorb on the surface of unreacted TEFS.
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Figure 6. SEM images and EDS analysis of TEFS and fluoride leaching residue (wt%). (a) TEFS;
(b) fluoride leaching residue at 60 ◦C with F− concentration of 10 mol/L, leaching time of 30 min,
L/S ratio of 20:1, and rotating speed of 200 r/min.

3.6. Kinetics of Fluoride Leaching of Titanium
3.6.1. Selection of Leaching Kinetics Model

When the fluid reactant reacted with the dense and non-porous solid particles, in ad-
dition to forming a fluid product, the resulting solid product or residual inert material was
loose and porous. This reaction model is the shrinking core model. The SEM microstruc-
ture showed that the TEFS particles were essentially dense grains. The non-porous TEFS
particles gradually shrank during leaching. The product layer composed of CaMg2Al2F12
and (NH4)3AlF6 was loose and porous. Thus, the reaction model of TEFS leaching pro-
cess accords with the shrinking core model [12]. The rate-controlling steps of shrinking
core model contain surface chemical reaction and diffusion control through the ash or
production layer [31,32]. The rate equations for shrinking core model are listed in Table 2.

Table 2. The rate equations for shrinking core model.

Rate-Controlling Step Rate Equation

Surface chemical reaction 1 − (1 − X)1/3 = k · t
Diffusion control through the ash or production layer 1 − 2

3 X − (1 − X)2/3 = k′ · t

X: Ti leaching rate (%); t: time (min); k: apparent rate constant (min−1); k’: apparent rate constant (min−1).

In order to establish the control step, the Ti leaching rates obtained at different condi-
tions in this study were analyzed by the rate equations for shrinking core model. When
the Ti leaching rate reached a certain value at the determining F− concentration and tem-
perature, there was no further increase with prolonged time. In this study, the Ti leaching
rate increased significantly was used to analyze kinetics. The plots of 1 − (1 − X)1/3 versus
time and plots of 1 − (2/3)X − (1 − X)1/3 versus time for different conditions are shown
in Figures 7 and 8, respectively. The slope of the fitted straight line denoted the apparent
rate constant of rate-controlling step. The correlation coefficients (R2) of the fitted straight
line could be used to determine the rate-controlling step. Comparison of R2 between plots
of 1 − (1 − X)1/3 and 1 − (2/3)X − (1 − X)2/3 versus time is listed in Table 3. The plots
of 1 − (1 − X)1/3 obtained a higher linear relationship with time. The surface chemical
reaction step with the highest kinetics resistance is the rate-controlling step. Therefore, the
fluoride leaching rate of TEFS was controlled by surface chemical reaction.
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Figure 7. Plots of 1 − (1 − X)1/3 versus time for different leaching temperatures with L/S ratio of 20:1 and rotating speed of
200 r/min. (a) CF- = 8 mol/L; (b) CF- = 10 mol/L; (c) CF- = 12 mol/L; (d) CF- = 14 mol/L.
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Figure 8. Plots of 1 − (2/3)X − (1 − X)1/3 versus time for different leaching temperature with L/S ratio of 20:1 and rotating
speed of 200 r/min. (a) CF- = 8 mol/L; (b) CF- = 10 mol/L; (c) CF- = 12 mol/L; (d) CF- = 14 mol/L.
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Table 3. Comparison of R2 between plots of 1 − (1 − X)1/3 and 1 − (2/3)X − (1 − X)2/3 versus time
for different F− concentrations and temperatures with L/S ratio of 20:1 and rotating speed of 200 r/min.

CF−(mol/L) Temperature (◦C)
Correlation Coefficient R2

1 − (1 − X)1/3 1 − (2/3)X − (1 − X)2/3

8

60 0.999 0.924
70 0.995 0.933
80 0.964 0.926
90 0.978 0.958

10

60 0.999 0.935
70 0.994 0.945
80 0.980 0.959
90 0.964 0.955

12

60 0.999 0.962
70 0.987 0.985
80 0.963 0.980
90 0.988 0.985

14

60 0.999 0.958
70 0.994 0.978
80 0.975 0.986
90 0.992 0.982

3.6.2. Determination of Rate Constant

F− Concentration Index
The kinetic equation of the fluoride leaching rate of TEFS can be expressed as Equation (17).

1 − (1 − X)1/3 = k · t (17)

where X is Ti leaching rate (%), and k is apparent rate constant (min−1).
The apparent rate constant (k) is affected by F− concentration and leaching tempera-

ture, as indicated in Equation (18).

k = k0 · Cb
F− · e−E/RT (18)

where k0 is the preexponential factor of the kinetic equation, CF- is F− concentration
(mol/L), b is F− concentration index, E is activation energy (kJ/mol), R is molar gas
constant (8.314 J·mol−1·K−1), and T is leaching temperature (K).

The semi-empirical kinetics equation can be established from Equation (17) and
Equation (18) as:

1 − (1 − X)1/3 = k0 · Cb
F− · e−E/RT · t (19)

While k0·e−E/RT can be regarded as k1 in order to calculate the F− concentration index
(b), Equation (19) can be transformed into:

1 − (1 − X)1/3 = k1 · Cb
F− · t (20)

Equation (20) can be transformed into:

1 − (1 − X)1/3

t
= k1 · Cb

F− (21)

Equation (21) can be transformed into Equation (22) after logarithmic calculation on
both sides of the equation.

ln

[
1 − (1 − X)1/3

t

]
= ln k1 + b ln CF− (22)
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The plots of ln[[1 − (1 − X)1/3]/t] vs. lnCF- at different leaching temperatures are
presented in Figure 9. The slopes of fitted straight lines were the F− concentration indexes
at different temperatures. The four slopes were calculated to be 1.17, 1.43, 1.00, and 0.81
with R2 of 0.967, 0.972, 0.959, and 0.946, respectively. The statistical average of b was
calculated to be 1.10 according to Figure 9.

X
t

C
X

t
C

X
t

C

X
t

C

Figure 9. Plot of ln[[1 − (1 − X)1/3]/t] vs. lnC with L/S ratio of 20:1 and rotating speed of 200 r/min. (a) 60 ◦C, (b) 70 ◦C,
(c) 80 ◦C, (d) 90 ◦C.

Equation (19) can be written as:

1 − (1 − X)1/3 = k0 · C1.10
F− · e−E/RT · t (23)

Activation Energy and Preexponential Factor
In order to calculate the activation energy and preexponential factor, the Equation (18)

can be transformed into:
1 − (1 − X)1/3

C1.10
F− · t

= k0 · e−E/RT (24)

Equation (24) can be transformed into Arrhenius equation after logarithmic calculation
on both sides of the equation.

ln

[
1 − (1 − X)1/3

C1.10
F− · t

]
= − E

RT
+ ln k0 (25)

The Arrhenius plot, which describes the relationship of ln
{[

1 − (1 − X)1/3
]
/
(
C1.10

F− · t
)}

and 1/T × 1000, is shown in Figure 10. The correlation coefficient (R2) of the fitted straight
line in Figure 10 is 0.946.
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Figure 10. Plot of ln{[1 − (1 − X)1/3]/C1.10
F− ·t} versus 1/T × 1000 with L/S ratio of 20:1 and rotating

speed of 200 r/min.

The slope of the fitted straight line denoted the –E/R. The intercept of the fitted straight
line and vertical axis represented ln k0.

The slope of fitted straight line in Figure 10 was calculated to be −6.29.

− E
1000 × R

= −6.29 (26)

Thus, the activation energy, E, can be expressed as:

E = −6.29 × (−1000 × R) = 6290 × 8.314 = 52.30kJ/mol (27)

The activation energy of the fluoride leaching reaction is 52.30 kJ/mol. The activation
energy of the reaction controlled by surface chemical reaction was in excess of 40.0 kJ/mol.
The value of the activation energy confirmed that the fluoride leaching rate of TEFS was
controlled by surface chemical reaction [31,33].

The intercept of fitted straight line and vertical axis in Figure 10 was calculated to be 7.41.

ln k0 = 7.41 (28)

Thus, the preexponential factor k0 can be expressed as:

k0 = e7.41 = 1652.43 (29)

The Ti leaching kinetic equation preexponential factor of fluoride leaching reaction
was 1652.43.

3.6.3. Determination of Leaching Kinetics

In the conditions of F− concentration range from 8 mol/L to 14 mol/L, leaching
temperature range from 60 ◦C to 90 ◦C, L/S ratio of 20:1, and rotating speed of 200 r/min,
the final semi-empirical kinetics equation can be obtained by synthesizing the Equations
(19), (23), (27), and (29).

1 − (1 − X)1/3 = 1652.43 × C1.10
F− × e−52300/RT × t (30)

where X is Ti leaching rate (%), CF- is F− concentration (mol/L), R is molar gas constant
(8.314 J·mol−1·K−1), and T is leaching temperature (K).
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3.6.4. Comparison of Experimental and Calculated Results

Comparison of the calculated Ti leaching rate with Equation (30) and all the experi-
mental results in this work is shown in Figure 11. The R2 of the fitted straight line is 0.996,
which indicates that the calculated results by Equation (30) agree with the experimental ones.

Figure 11. Comparison between the calculated Ti leaching rate using Equation (30) and all the
experimental results in this work.

3.7. Leaching Solution and Leaching Residues

Figure 12 shows the leaching rates of elements in TEFS under the conditions of F−
concentration at 14 mol/L and leaching temperature of 90 ◦C for 20 min. Almost of the
Ti and Si elements dissolved in the leaching solution. Most of Fe, V, Cr, and Mn exist
in the leaching residue. The mineral phase, containing iron, vanadium, chromium, and
manganese, was not detected in the leaching residue because their contents were too low
to be detected in the X-ray diffraction analysis. All the Al, Mg, and Ca elements exist in the
leaching residue.

Figure 12. Leaching rates of elements in TEFS under the conditions of F− concentration at 14 mol/L,
leaching temperature of 90 ◦C for 20 min with L/S ratio of 20:1, and rotating speed of 200 r/min.

The composition of leaching solution is listed in Table 4. The Si is the main impurity in
the leaching solution. Although the Fe, V, Mn, and Cr contents in the leaching solution were
not high, they were all harmful elements which will seriously deteriorate the whiteness of
titanium dioxide. Non-silicon impurities can be selectively precipitated and removed by
adjusting the pH and NH4

+ concentration of the leaching solution. Then, the recovery of
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titanium can be achieved by selective precipitation of fluorinated titanate. Finally, silicon
can be precipitated from the solution to prepare Si-bearing product.

Table 4. Composition of leaching solution under the conditions of F− concentration at 14 mol/L,
leaching temperature of 90 ◦C for 20 min with L/S ratio of 20:1, rotating speed of 200 r/min (g/L).

Ti Si Fe V Mn Cr Ca Mg Al

26.64 7.81 0.13 0.02 0.016 0.001 0 0 0

The main mineral phases in leaching residue are (NH4)3AlF6 and CaMg2Al2F12, which
have poor thermal stability. The whole NH4

+ and most of the F element in residue can be
recycled in the form of NH4F by pyro-hydrolyzing at 250 ◦C for 120 min in the presence of
water vapor and ammonia gas. Then, the residue is calcined at 900 ◦C for 60 min to become
more stable. The composition and mineral phases of the calcinated residues are shown in
Table 5 and Figure 13. The main mineral phases in the calcinated residue are aluminum
oxide, sellaite, and fluorite. The calcinated residue has been identified for the leaching
toxicity of solid waste according to HJ/T 298-2007 and GB 5085.3-2007. The inorganic
fluoride content in the leaching solution was 59 mg/L, which was less than the hazard
limit of 100 mg/L (GB 5085.3-2007). Therefore, the calcinated residue was not hazardous
waste and can be used as fluxes of steelmaking.

Table 5. Composition of calcinated residue under the conditions of F− concentration at 14 mol/L, leaching
temperature of 90 ◦C for 20 min with L/S ratio of 20:1, and rotating speed of 200 r/min (wt%).

Ti Al Mg Ca Fe Mn Si V Cr F

1.81 6.22 3.64 1.88 1.42 0.68 0.43 0.27 0.02 44.54

Figure 13. XRD patterns of the calcinated residue under the conditions of F− concentration at
14 mol/L, leaching temperature of 90 ◦C for 20 min with L/S ratio of 20:1, and rotating speed of
200 r/min.

4. Conclusions

The fluoride leaching mechanism and kinetics of TEFS under a normal pressure
system was studied to achieve efficient leaching of titanium and provide the foundation
for industrialization. The TEFS is mainly composed of MxTi3xO5 (0 < x < 2, M = Mg, Al)
and augite, which can both react with [NH4

+]-[F−] solution. The TiF6
2− and SiF6

2− were
dissolved in the leachate, and the CaMg2Al2F12 and (NH4)3AlF6 grains were deposited on
the surface of the unreacted TEFS particles. The Ti leaching rate was controlled by surface
chemical reaction, with the activation energy of 52.30 kJ/mol. The semi-empirical kinetics
equation can effectively predict the result of Ti leaching rate and provide a basis for the
determination of actual leaching process parameters.
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In the fluoride leaching process of TEFS, the Ti leaching rate can be increased by
increasing the temperature and F− concentration. Within the condition scope of this study,
increasing the leaching temperature had a more significant increase in the leaching rate. In
addition, the Ti leaching rate was also improved by reducing the TEFS particle size. Higher
specific surface area of TEFS particles can increase the reaction interface and thus achieve
an increase in the Ti leaching rate.
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