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Editorial

Recovery of Non-Ferrous Metal from Metallurgical Residues
Guo Chen

Kunming Key Laboratory of Energy Materials Chemistry, Yunnan Minzu University, Kunming 650500, China;
guochen@kust.edu.cn; Tel.: +86-871-6591-0017

Non-ferrous metals and alloys are essential resources for the development of modern
industries. With the depletion of natural minerals, the recovery of non-ferrous metals
from metallurgical residues attracts researchers from multidisciplinary areas. Ideas for
new recovery routes reduce the pressure on natural resources and the environment, thus
enabling better manufacturing sustainability. This Special Issue primarily considers papers
focused on the theoretical and engineering aspects of processing metal recovery from
metallurgical residues. The purpose of the current editorial is to briefly summarize the
publications included in this Special Issue.

Dzinomwa et al. examined the historic slag produced from a smelter in Namibia,
which accumulated over decades of its operating life [1]. Based on the results, approxi-
mate conditions under which the different slag phases were formed were estimated, and
the recovery routes for the various metals were proposed. Zheng et al. summarize the
physicochemical characteristics and general processing methods of coal gangue and fly ash
and review the progress in the application of porous materials prepared from these two
solid wastes in the fields of energy and environmental protection, including the follow-
ing: the adsorption treatment of heavy metal ions, ionic dyes, and organic pollutants in
wastewater [2]. Tian et al. studied the application of microwave technology in recovering
valuable metals from the leaching residue produced from zinc production [3]. Zheng et al.
studied the process conditions of recycling Zn from metallurgical slag and dust material
leaching using ammonium acetate (NH3-CH3COONH4-H2O) [4]. The influences of the
liquid/solid ratio, stirring speed, leaching time, and total ammonia concentration as well
as the interactions between these variables on the Zn effective extraction rate during the
ammonium acetate leaching process were investigated. They also proposed an experi-
mental study on ultrasound-enhanced sulfuric acid leaching for zinc extraction from zinc
oxide dust [5]. Ultarakova et al. present studies on the ammonium fluoride processing of
dust from the reduction smelting of ilmenite concentrate with silicon separation to obtain
titanium dioxide [6]. Optimal conditions for pyrohydrolysis of titanium fluorides were
determined. The effects of temperature and duration on the process were studied.

Regarding the preparation of advanced materials, the following articles are included
in this Special Issue. Wang et al. prepared micron-sized silver particles using the chemical
reduction method by employing a Y-type microjet reactor, silver nitrate as the precursor,
ascorbic acid as the reducing agent, and gelatin as the dispersion at room temperature [7].
Using a microjet reactor, the two reaction solutions collide and combine outside the reactor,
thereby avoiding microchannel obstruction issues and facilitating a quicker and more
convenient synthesis process. The resistivity of conductive silver paste prepared with
the as-synthesized spherical silver particles was also discussed in detail [8]. Orda et al.
contribute to the technique development of purification commercial rhenium salts [9]. The
adsorption behavior of Sc on the surface of kaolinite (001) was investigated using the density
functional theory via the generalized gradient approximation plane-wave pseudopotential
method by Zhao et al. [10]. Zhang et al. researched the thermal deformation behavior
of titanium ingots prepared using EB furnaces, which can reduce the cost of titanium
production [11].
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Some of the attempts at optimizing the traditional metallurgical process are also pre-
sented in this Special Issue, the research method of which can be referenced for the slag
treatment. Research on limonite pellet technology is crucial for iron making as high-grade
iron ore resources decline. However, pellets undergo rigorous mechanical actions during
production and use. Yan et al. prepared a series of limonite pellet samples with varying
ratios and measured their compressive strength. Artificial neural networks (ANN) pre-
dicted the compressive strength of humic acid and bentonite-based pellets, establishing
the relationship between input variables (binder content, pellet diameter, and weight) and
the output response (compressive strength). Integrating pellet technology and machine
learning drives limonite pellet advancement, contributing to emission reduction and en-
vironmental preservation [12]. Zhang et al. used a pelletizing method to enhance the
subsequent iron-making process by applying Guisha limonite, with advantages including
large reserves and low price [13]. The purpose is to provide an alternative for the sinter,
thus reducing the greenhouse gas emissions during the iron-making process. A multivari-
ate regression model for estimating the compressive strength of pellets was developed
using the Box–Behnken experimental methodology, where the relevant factors were the
roasting temperature, pellet diameter, and bentonite content.

For steel making, electromagnetic stirring (M-EMS) has been extensively applied in
continuous casting production to reduce the quality defects of casting billets. To investigate
the effect of continuously casting electromagnetic stirring on billet segregation, a 3D multi-
physics coupling model was established to simulate the internal heat, momentum, and
solute transfer behavior in order to identify the effect of M-EMS on the carbon segregation
of a continuous casting square billet [14]. The quality of the bloom will be impacted by the
non-metallic impurities in the molten steel in the tundish, which will reduce the plasticity
and fatigue life of the steel. Yi et al. established a six-flow double-channel T-shaped
induction heating tundish mathematical model. The effects of induction heating conditions
on the removal of inclusions in the tundish were investigated, and the impact of various
inclusion particle sizes on the removal effect of inclusions under induction heating was
explored [15]. The effect of Cu on the formation of reversed austenite in super martensitic
stainless steel was investigated by Jiang et al. using X-ray diffraction (XRD), a transmission
electron microscope (TEM), and an energy-dispersive spectrometer (EDS) [16].
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Mineralogical Characterization of Historic Copper Slag to
Guide the Recovery of Valuable Metals: A Namibian
Case Study
Godfrey Dzinomwa 1,*, Benjamin Mapani 1, Titus Nghipulile 2 , Kasonde Maweja 1,
Jaquiline Tatenda Kurasha 1 , Martha Amwaama 1 and Kayini Chigayo 1

1 Department of Civil, Mining, and Process Engineering, Faculty of Engineering and the Built Environment,
Namibia University of Science and Technology, Private Bag, Windhoek 13388, Namibia;
bmapani@nust.na (B.M.); mkasonde@nust.na (K.M.); jkurasha@nust.na (J.T.K.); mamwaama@nust.na (M.A.);
kchigayo@nust.na (K.C.)

2 Minerals Processing Division, Mintek, Private Bag X3015, Randburg 2125, South Africa; titusn@mintek.co.za
* Correspondence: gdzinomwa@nust.na

Abstract: The depletion of the ore reserves in the world necessitates the search for secondary sources
such as waste products (tailings and slag). The treatment and cleaning up of such secondary sources
also has a positive impact on the environment. A smelter in Namibia we examined had historic
slag which accumulated over decades of its operating life, thus posing the challenge of how best
to collect representative samples to evaluate and propose viable methods of recovering contained
metals. In this study, analytical and mineralogical characterization of the slag was performed using
X-ray fluorescence (XRF) analysis, atomic absorption spectrometer (AAS), ICP-OES, scanning electron
microscopy energy dispersive spectroscopy (SEM-EDS) analysis, and optical microscopy analysis.
The chemical analyses showed that the metal values contained in the slag were mainly copper, lead,
and zinc whose average contents were approximately 0.35% Cu, 3% Pb, and 5.5% Zn. About 10.5%
Fe was also contained in the slag. Germanium was detected by scanning electron microscopy, but
was however below detection limits of the chemical analysis equipment used. Based on the results,
approximate conditions under which the different slag phases were formed were estimated and
the recovery routes for the various metals were proposed. Analysis by both optical and scanning
electron microscopy revealed that Zn and Fe occurred mainly in association with O as oxides, while
Cu and Pb were mainly associated with S as sulphides. The slag consisted of three different phases,
namely the silicate phase (slag), metallic phase and the sulphide phases. The phases in the slag were
mainly silicate phases as well as metallic and sulphide phases. It was observed that the metallic
and sulphide phases were dominant in the finer size fractions (−75 µm) whereas the sulphide phase
was also present in the coarser size fractions (+300 µm). An important finding from the microscopy
examination was that the sulphide phases were interstitial and could be liberated from the slag. This
finding meant that liberation and subsequent concentration of the sulphide phases was feasible using
conventional processing techniques.

Keywords: copper slag; mineralogy; slag re-processing; pyrometallurgy; hydrometallurgy

1. Introduction

Ore reserves around the world are currently being depleted, with very few new
discoveries occurring. This necessitates the search for the secondary sources of metals such
as tailings [1–4], slag [5–9], and electronic waste printed circuit boards [10–16]. Copper
is one of the metals whose ore reserves have been depleted in many areas, with slag re-
processing being common as a way of supplementing the fresh concentrates in smelters [17].
Approximately 2 tons of slag per tonne of copper produced is generated in a typical
pyrometallurgical process [6,7,18]. Environmental and socio-economic impacts of such slags
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are some compelling considerations in favour of further recovery of valuable metals [19,20].
The composition of the slag is dependent on the mineralogy of the ore, but it typically
contains oxides of gangue elements such as iron, silicon, magnesium, calcium, phosphorus,
and copper [21–23]. The slag also contains some proportions of copper matte that is
mechanically dragged when tapping from the settling zone of the smelter crucible [24].

Valuable metals such as gold, silver, germanium, and copper contained in sulphide
concentrates are mainly dissolved in the copper matte phase. However, the operation of
the smelters leads to incomplete settling of the molten metals and sulphides from the liquid
slag. Maweja et al. [22] have shown that more than 80% of copper in the matte smelting
slags was in sulphide form, which is inherent to mechanical drawing of the matte during
slag tapping. Converter slags have high copper contents and are not disposed to waste,
therefore they are not considered in this study. Table 1 gives the compositions of some
copper slags obtained in plants using different processes and equipment. Typical copper
slag composition ranges are Fe (as FeO and Fe3O4) 20–40%; SiO2 25–40%; Al2O3 up to 10%
and CaO up to 10%.

Table 1. Compositions of copper smelter slags in wt%, Refs. [7,22,25,26].

Copper Smelting
Method FeO + Fe3O4 SiO2 CaO MgO Al2O3 Cu S Co ZnO Au + Ge + Ag

Water jacket
furnace (DR Congo) 29 31 10 5 7 1.4 0.6 2 10 10 g/ton

DC electric furnace
(DR Congo) 21 38 12 11 6 0.3 0.1 0.5 4 -

Mitsubishi 54 32 7 - 4 2 0.6 - - -

ISASMELT method 49 33 2.3 2 0.2 1 2.8 - - -

Converter slag 76 22 2 1 8 2 4 - - -

Inco flash smelter <60 <33 1.7 1.6 4.7 0.9 1.1 - - -

Vanukov smelting <58 <24 2 1.5 3 2.5 0.6 - - -

Airtight
blast furnace <43 <35 <12 4 8 1.4 0.3 - - -

Flash smelting <59 <33 <10 2 7 0.25 0.6 - - -

The variety of slag compositions of Table 1, is inherent to both the concentrate composi-
tion and the extraction method applied. Each slag composition requires an appropriate treat-
ment method for further metal recovery or for utilization as construction material [27,28].
Thermal reduction of copper smelter slags with solid carbon is commonly applied in in-
dustry to recover valuable metals [21,29–31]. This method requires temperatures above
the melting temperature of slags, which is 1300–1500 ◦C. For example, the ST plant in the
Democratic Republic of Congo processes 22,000 tons/month of matte smelter slag by direct
reduction with coal in a DC current furnace to recover copper, cobalt, zinc, and germanium
from a white alloy. The furnace operates at about 1400 ◦C. Above this temperature, silica
reduction becomes significant and this can result in low grade white alloy product. In
Turkey, high-pressure oxidative leaching is rather considered for the simultaneous recovery
of 90% of copper, cobalt and zinc from Küre-Kastamonu historical slag containing 0.84%
Cu, 0.34% Co, 0.23% Zn, 1.3% S, and about 56% (FeO + Fe3O4) as shown in the work
by [32,33] have demonstrated the effects of heat removal (cooling rate) during slag casting
and post casting heat treatment on the leaching of copper, cobalt, and zinc from the slag
in acidic media. The formation of silica gels in acidic leaching of amorphous slags will
hinder separation processes such as solvent extraction of metal ions from the leaching solu-
tions. Bioleaching treatment of smelter slags has been investigated, but the yields of this
method remains moderate for copper, zinc and nickel, with 62%, 35%, and 44% dissolution,
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respectively, after 29 days [34]. The authors have proceeded by further precipitation of the
metals under controlled pH conditions. Flotation is extensively used to recover copper
and other metals from smelter slags [35,36]. Flotation with xanthate collectors enhanced
by chemical and mechanical activation is applied to recover copper from slags with high
efficiency above 90% [37]. A comprehensive review of the methods of copper recovery
from slags is presented by Kundu et al. [38], where the authors compare the efficiency and
environmental impact of methods of flotation, hydrometallurgy and pyrometallurgy to
recover copper from the slags. The variety of methods used in industry and the extensive
investigation in new processes show the importance of slag characterization as it enables
the selection of a technically and economically viable combination of unit operations for
the recovery of metals from slags.

Namibia Custom Smelters in the Republic of Namibia is a standalone operation with
no mining activities on site (i.e., they buy the concentrates from producers). There is
always a continuous need to supplement the primary source with secondary materials
such as the smelter slag. Their smelter can treat complex copper concentrates such as those
containing arsenic (As). The smelter consists of an Ausmelt top submerged lance furnace,
two Peirce Smith converters, a sulphuric acid plant, a slag milling and flotation plant, and
an arsenic trioxide production plant. That process allows the smelter to produce blister
copper, sulphuric acid and arsenic trioxide. The blister copper (98.5% Cu) is delivered
to refineries in Asia and Europe where it is further refined to copper metal. The Arsenic
trioxide is sold worldwide, and the sulphuric acid is sold to Namibian mining companies
in the uranium and copper industry for leaching purposes. Since the 1900s when the
smelter commenced with a blast furnace operation, historic slag has been stockpiled.
Acknowledging the improvement in the technology over the decades, the historic slag can
possibly be reprocessed to recover copper and other metal values. Previous studies on
the slag samples collected on the dumps in the smelter area showed that there were some
recoverable metal values including the high-tech elements such as germanium [39,40]. The
objective of this study was to characterize that historic slag chemically and mineralogically,
explain the conditions under which the phases were formed, and propose the processing
routes for various commercially extractable metals.

2. Materials and Methods

The slag heaps at the smelter were in two categories; the pre-1964 slag that accumulated
from 1901 to 1964 from the Pb-blast furnace; and the slag that was produced with a relatively
new smelter that was installed in 1964. It was deemed that the historic pre-1964 slag heap
was more likely to contain higher amounts of valuable metals due to the less developed
extractive technology used at the time. The slag heap typically measured 3–5 m in height
and about 5 hectares in surface area. A total of 84 holes were drilled on the historic slag
heap. Each drill hole was sampled at 1 m intervals with a 2 kg sample being collected. Each
sample was logged and described. Similar samples were then composited in groups of
7–10 samples from 12–20 drillholes. These samples were homogenized in groups of four
(4), where each sample represented between 12 and 20 drillholes, depending on the log
sheet similarity. The four samples weighed about 20–24 kg. The four samples were each
conned and quartered, from which a representative sample of 20 kg was obtained. The
representative sample ensured that the materials from all depth sections of the slag profile
were represented and sampled. The composited sample was then crushed to −5 mm size
so as to reduce the grain size variation for analytical purposes.

The representative 20 kg sample was further blended using the coning and quartering
method prior to splitting. The rotary splitter was used to split the blended sample into
1 kg aliquots that were used for particle size analysis, chemical analyses, and mineralogical
characterization as shown in Figure 1.
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Figure 1. Process diagram for the methodology employed to characterize the copper slag.

Particle size analysis was performed on two of the 1 kg sub-samples using different
techniques (i.e., one sample was subjected to dry screening using the vibrating sieve shaker
for 15 min while the other sample was manually wet screened). Sieves with the aperture
sizes ranging between 38 and 3350 µm were used. Wet screening products were dried
overnight in the oven set at a temperature of 80 ◦C. The size-by-size products were reserved
for chemical analysis and mineralogical characterization.

Chemical analysis was determined using three different techniques and thus providing
validation of the assays. AAS analysis of Fe, Pb, Ca, Zn, and Cu were performed on a
Thermo Scientific ICE 3000 series Atomic Absorption Spectrometer (Basel, Switzerland).
The ICP-OES analyses were conducted using the Perkin Elmer Optima 8000 (Johannesburg,
South Africa). XRF analyses were performed using the benchtop X-ray fluorescence (XRF)
spectrometer model NEX CG supplied by Applied Rigaku Technologies from Austin, TX,
USA. This benchtop XRF machine uses an in-built calibration procedure referred to as the
multi-channel analyser (MCA) Analysis was carried out on a composite head sample as
well as samples in the five particle size ranges +3350 µm, +850, +300, +75, and −75 µm.
The analysis of the classified slag materials was aimed at identifying the possibility of
a preferential partition or concentration of valuable metals in slag particles in certain
granulometric sizes. The AAS and ICP-OES samples were digested using aqua-regia
(hydrochloric acid: nitric acid [1:3]) solution. For each sample, 1.0 g was added to 25 mL of
aqua regia solution in a 100 mL beaker and heated for 2 h. Following digestion, the sample
was filtered and transferred with the help of 2% nitric acid in a 100 mL volumetric flask.
Appropriate dilution factors were applied to allow for measurements of the concentration
of the analytes.

The microstructures and phase distributions of the granulometric ranges were ana-
lyzed in backscattered and in secondary electron modes in a scanning electron microscope
(SEM) machine. The samples for microscopy consisted of two types:

1. Loose powders for observation of the particle morphologies and phases in the outer
layers of as received condition.

2. Slag material mounted on resin, ground on grit papers then polished to metallographic
surface condition using diamond slurries up to the 3 µm for observation inside the
cross sections of the particles.

The samples of the materials obtained after granulometric separation in six particle
size ranges of +3350, −3350 + 850, −850 + 300, −300 + 75, −75 + 38, and −38 µm were hot
mounted on resin and polished for observation using the JEOL JSM-IT300 scanning electron
microscope coupled with the Thermo Scientific NORAN System 7 (NS7) energy dispersive
spectroscopy (EDS) software (Advancedlab, Basel, Switzerland). The samples were lightly
carbon coated using the Quorum Q150T sputter coater (Advancedlab, Switzerland). SEM
analysis was carried out in a high vacuum in the backscattered mode (BSE) at an acceleration
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voltage of 10–15 kV, a probe current of 50 nA, and a working distance of 15 mm. Other
samples taken from these classified granulometric size ranges were attached on carbon
tapes, lightly carbon coated and observed in the SEM secondary electron (SE) mode without
polishing. These samples were also mounted on a polished thin section to allow for
observation in a BX51 Olympus optical microscope in both reflection and transmission
modes for phase identification.

3. Results and Discussion
3.1. Particle Size Analysis of the Received Slag Material

Figure 2 presents the particle size distributions of the received smelter slag after wet
and dry screening. Since the size distributions of wet and dry sieving matched, it can be
concluded that the slag material was not contaminated with soluble materials or the fine
airborne materials from the surrounding fields of the dump. It can be observed that the ‘as
received’ slag sample was 95% passing 3.35 mm while the particles that are coarser than
300 µm and those finer than 75 µm constitute 92% (w/w) and 1.2% (w/w), respectively, of
the slag sample. The 80% passing size of the as-received smelter slag material is 2.5 mm.
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Figure 2. Particle size distribution of unwashed (dry sieved) and water washed (wet sieved) historic
smelter slag materials.

3.2. Chemical Analysis

The chemical compositions of the composite smelter slag samples are listed in Table 2.
The copper assays range between 0.3 and 0.4% in the composite sample while that of iron
ranges between 9 and 12%. The assay-by-size (ABS) results are also listed in Table 2 to show
the metal distributions in different particle size fraction. It is acknowledged that in Table 2,
only the results of the coarsest size fraction (+3.35 mm) and finest size fraction (−75 µm)
are presented, with the rest of the ABS results included in Appendix A. In general, it can be
observed that the contents of metal values (with the exception of Fe, Zn, and Mn) are higher
in the −75 µm (liberated particles) and lowest in the +3.35 mm (unliberated size fraction).
Since −75 µm constitutes 1.2% (w/w) as shown in Figure 2, the assay of 1.2% Cu suggests
that about 5% of the total copper in the slag is contained in the −75 µm size fraction while
the 95% of the total copper content is still locked in the slag particles coarser than +75 µm.
The slag contents in copper and zinc are comparable to those of the DC electric furnace
smelter in the Democratic Republic of Congo. Maweja et al. [33] reported the effects of
annealing and leaching conditions on the recovery of copper and zinc from the DC electric
furnace slag.
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Table 2. Elemental compositions of the composite historic smelter slag samples and assay-by size
(+3.35 mm and −75 µm).

Sample Type
Element (% w/w)

Fe Si Ca Mg Al Mn Cu Zn Pb As Mo Precious
Metals

Composite samples 9–11 13–19 11 4 2 0.1 0.3–0.4 4–7 2–4 0.2 0.25

Sieved at +3350 µm 10 11 0.13 0.3 3.2 3.2 0.2 0.2

Sieved at −75 µm 11 8 0.12 1.2 3.1 3.5 0.8 0.2

3.3. Morphology and Phase Distribution Characterisation of the Slag Materials
3.3.1. Scanning Electron Microscopy

The compositional contrast observed in backscattered (BSE) mode images
(Figures 3a–c, 4a,b and 5a) indicate that higher proportions of particles of material phases
containing the heavy elements were found in the fine particles (−38 µm and −75 + 38 µm).
The proportion of the phases of heavy elements is lower in the particles coarser than
300 µm. SEM BSE also revealed that the particles of the heavy metal phases present in the
fine granulometric size ranges were separated from the slag matrix particles (i.e., higher
degree of liberation between particles of metallic and slag phases). The separation of these
particles from the slag matrix is attributed to the non-miscibility between the molten slag
and the metal compounds contained in the matte that were mechanically dragged when
tapping the slag from the hearth zone of the smelting furnace.

The morphologies and sizes of the particles of the matte or metal phases and the slag
matrix particles were investigated under secondary electrons (SE) mode observation in
the SEM machine. The images of Figures 3–5 illustrate the actual shapes. The SEM SE
images indicate higher proportion of the high aspect ratio (Length/Diameter) needle-like
particles present in the finer materials of −38 µm (Figure 3c). These needle-like particles
are relatively coarser within the fine size material fraction, but their relative volumetric
proportion in the slag material decreases as the granulometric size ranges increase in the
−75 + 38 µm (Figure 3d) and then in the −300 + 75 µm (Figure 3f). Finally, no needle-like
particles are observed in the coarse size ranges of slag material fractions above 300 µm
(Figures 4c,d and 5b). The nature and formation mechanism of the needle-like particles is
discussed in the next section.

The scanning electron microscopy images show that the small particles of matte or
metal phases (high reflectance) found in the coarse granulometric ranges, above 300 µm
(Figures 4 and 5), were rather trapped by occlusion inside the smelting liquid slag and so-
lidified upon quenching in the high pressure water jet. Large slag particles have cracks that
formed during the fast quenching in the water jet. The formation of the cracks is attributed
to the low thermal conductivity of the slag [41–44] and the difference in coefficients of
thermal expansion, thus shrinkage, between the slag and the matte (metal) phases, which
result in thermal stresses inside the solidified material. The particle size distribution in
Figure 2 suggested that the materials of granulometric size larger than 300 µm represent
about 90% (w/w) of the sample of the received historic slag material. It, therefore, implies
that the major quantities of matte and metal phases, that were mechanically dragged with
the slag, are trapped inside the slag particles larger than 300 µm but their concentration
values in these large particles are lower than in the finer materials (<300 µm). The fine
particle size ranges (<300 µm) represent only about 8% (w/w) of the historic smelter slag
but with higher contents of matte and metal phases.

3.3.2. Morphology and Composition of Fine Particle Materials

The SEM SE observation of particles of the received slag sample material collected in
granulometric ranges smaller than 300 µm revealed four types of particle shapes as shown
in Figures 6 and 7 (i.e., the flakes, the spheres with smooth surfaces, the needle-like particles,
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and the ovoid particles with rough surfaces). The SEM SE images of Figures 6 and 7, infer
that the flaky particles represent the main constituent of the slag materials in all particle
size ranges obtained after sieving the historic slag material. The ovoid particles with rough
surfaces are present in a wide size range from 30 to 200 µm. The SEM SE images suggest
the ovoid particles are the second important phase present in the material passing the
300 µm sieves. The needle-like particles have aspect ratios (Length/Diameter) higher than
10. Such particles of length bigger than 500 µm have passed through the 38 µm sieve square
apertures since their diameter is as small as 25–30 µm. The spherical particles compose the
least proportion of phase found in the slag material that passed through the 300 µm sieves.
They have a diameter range of 30–70 µm and are distinguishable from the ovoid particles
by their smooth surface appearance under SEM SE mode.
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Energy dispersive X-ray spectroscopy (EDS) analysis of these four types of particles
in the slag sample indicates that they are different phases in compositions. Their corre-
sponding composition ranges are given in Table 3. The EDX method is considered as
semi-quantitative, but has the advantage of evaluating the composition of selected grains
or regions within the sample of materials under consideration. The method is not recom-
mended for the quantification of light elements, and thus the oxygen contents only serve as
qualitative indicators of the oxide phases present in the slag material. Similarly, the sulphur
contents reveal the presence of the sulphide phases.

Table 3. EDS semi-quantitative area analysis composition ranges in % (w/w) of particles in received
slag material passing the 300 µm sieves. (The oxygen and sulphur contents are only indicative of the
oxide and sulfide phases present).

Element Flakes Needles Ovoid Spheres

Si 13–19 14–37 <0.4 0.3–9.0

Ca 12–20 <9.0 - <1.8

Fe 4–21 12–20 1.0–39 <9.0

Zn 11–15 8.7–17 0.3–1.4 1.7–3.0

Pb 0.7–2.6 3.4–7.0 15–39 48–79

Cu 0.0–1.2 0.0–0.93 12–44 3.7–4.4

As - - 2.5–30 2.5–15

Ge - - <0.16 <0.63

Mg 3.8–5.3 <5.0 - <0.07

Al 1.1–2.8 1.9–2.8 - -

S <0.6 <0.4 1.3–55 <4.0

O 29–37 27–34 <7.0 9.0–20

The results of the EDS area analysis of the particles of the slag materials infer the
following:

The flaky particles (i.e., the main component of the solid slag) consist of metal oxide
compounds or [(Fe, Ca, Mg, Zn, Al, Si) O]. The flake type of particles contain the highest
zinc content of 11–15% (w/w) of all the particles present in the slag. The elemental mapping
in Figure 8 shows the preferential location of zinc inside the regions of the flake and
needle-like shape particles. The flake type of particles have the lowest contents of sulphide
formers Pb and Cu. The EDS analysis showed no peaks for arsenic and germanium in
these particles.

The needle-like particles are also composed of the [(Fe, Ca, Mg, Zn, Al, Si) O] com-
pounds, however with higher silicon and lead contents, and lower calcium content than
those found the flakes. An acidity index (1) of the slag is introduced to compare the chem-
istry of the flake shape and the needle-like particles components of the historic slag material
as follows:

i =
Si%
28

Ca%
40 + Fe%

56 +
Mg%

24 + Zn%
65 + Pb%

207

(1)

The calculation yields values of the acidity index equal to 0.5 for the flakes and 1.2
for the needle-like particles of the slag material (i.e., the acidity index of the needles is
more than double that of the flakes). This difference suggests that the molten slag in the
smelting furnace contained at least two different liquid phases; one main liquid phase of the
composition of the flakes and a second liquid phase, in smaller quantity, of the composition
as the needle-like particles. The needles phases therefore are much higher in silica-rich
phases than other shapes. This second liquid might have consisted of droplets or veins that
formed the elongated needles (L > 500 µm) with fine cross section diameters (D < 75 µm)
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upon tapping and quenching of the slag in the high-pressure water jet. The higher acid
index of the needle-like shape particles indicates the tendency of formation of polymeric
silicates with tridimensional structures, which results in high viscosity of the molten slag
phase. The coexistence of significant numbers of the needle-like particles with the flakes
in the fine granulometric size ranges may be ascribed to the separation, due to lack of
miscibility, of the two phases in liquid slag inside the hearth of the furnace. Some micron
and sub-micron size particles, of similar appearance to the ovoid and spherical shape phase
are trapped onto the surface of the needle-like particles, not onto the flake-shaped particles.
It is inferred, therefore, that the high viscosity of the liquid phase of high acidity index
(needle-like) hindered the decantation of the droplets of liquid sulphide (metal) phases
through the hearth zone into the matte or metal phase.
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On the other hand, the ovoid particles are distinguishable by their rough surfaces and
have very low contents in oxide formers Si, Ca, Fe Mg, Al, and Zn. They rather have the
highest concentrations of Cu, Fe, As, and S along with the second highest content of Pb
of all the four types of particles encountered in the historic slag material. It is concluded
from the results of EDS analysis in Table 3 that the ovoid particles consist of the sulphide
compounds such as Cu2S, FeS, PbS, and As2S3 that constituted the matte product in the
smelter. The wide range of variation of the four elements Cu, Fe, Pb and As is ascribed to
the heterogeneity within the ovoid shape particles due to the separation of non-miscible
sulphides phases upon cooling. The calculated equilibrium phase diagrams in Figure 9,
show the lack of miscibility between PbS and the other sulphides such as FeS, Cu2S or ZnS
below 600 ◦C. The lack of miscibility with other sulphides and metals is also exploited as a
means of producing high grade mattes and Pb metal in smelting furnace.
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other metal sulphides below 600 ◦C.

Finally, the spherical particles with smooth surfaces have the highest Pb content of
all the four types of particles, which reaches 79% (w/w) in some areas, with relatively low
sulphur. The strong oxygen peak infers that these particles consist of a mixture of PbO
and Pb metal formed in the melt upon the conversion reactions (2) and (3). The spherical
particles have dissolved some amounts of Si, Fe, As, and Zn. The appearance of these free
particles in the slag material shows that their material is not miscible either with the liquid
slag (flakes and needle-like particles materials) or with the sulphide material of the ovoid
shape particles.

2PbS + 3O2 → 2PbO + 2SO2 (2)

PbS + 2PbO→ 3Pb + SO2 (3)

The EDS analysis suggested the presence of arsenic and germanium was in the sul-
phide constituents of the ovoid shape particles and in the high Pb content spherical particles.
The Lα X-ray energies of germanium and arsenic are close to each other at 1.188 keV and
1.282 keV, respectively. The EDS method showed little selectivity between these two ele-
ments especially in the presence of low germanium concentration and low Ge%

As% as expected
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in this case. This method of analysis suggests that arsenic and germanium are collected in
the ovoid shape particles of the sulphide phases and more in the spherical particles of the
(Pb, PbO, PbS) phase. The sulphide ovoid shape particles and the lead spherical particles
would contain up to 1600 ppm and 6300 ppm germanium respectively. It should however
be recalled here that according to the results of particle size classification, these particles
and all the slag material passing the sieve at 300 µm represent about 8% (w/w) of the total
mass of slag sample received. A conservative approach based on the estimation that those
particles only represent 2% (w/w) of the slag material yield a germanium content within
the range 32–126 ppm in the historic smelter slag received.

3.3.3. Morphology and Composition of Coarse Size (>300 µm) Slag Particles

The morphologies of the slag particles within the size ranges +300–600 µm, +600–850 µm,
and +850–3350 µm are illustrated in Figures 4 and 5. Unlike the fine particle size ranges
(<300 µm) where flakes, needles, ovoid and spherical shape particles were found, the
coarser particles are bulky and irregular multifaceted with multiple cracks. These coarse
particles contain some amount of small particles of entrapped matte or metals as seen in
the micrographs of the polished particles of sizes larger than 850 µm and 3350 µm which
are shown in Figure 10. The EDS chemical analysis of the phases present in these coarse
slag particles (in Table 4) indicates the presence of two slag phases and the small particles
of matte or metal phases. Table 4 shows that the matrix and the secondary phases of the
bulky slag particles (>300 µm) have chemical composition ranges similar to that of the flaky
particles found in the fine materials (<300 µm). It therefore infers that the formation of
the small flakes resulted from grinding of the molten slag by the high-velocity flow water
jet, whereas the coarse bulky slag particles were formed in the low-velocity flow regions
of the water jet. Pressure and flow rate distribution inside the water jet determined the
granulometric distribution of the solidified slag.

Materials 2023, 16, x FOR PEER REVIEW 15 of 24 
 

 

The morphologies of the slag particles within the size ranges +300–600 µm, +600–850 
µm, and +850–3350 µm are illustrated in Figures 4 and 5. Unlike the fine particle size 
ranges (<300 µm) where flakes, needles, ovoid and spherical shape particles were found, 
the coarser particles are bulky and irregular multifaceted with multiple cracks. These 
coarse particles contain some amount of small particles of entrapped matte or metals as 
seen in the micrographs of the polished particles of sizes larger than 850 µm and 3350 µm 
which are shown in Figure 10. The EDS chemical analysis of the phases present in these 
coarse slag particles (in Table 4) indicates the presence of two slag phases and the small 
particles of matte or metal phases. Table 4 shows that the matrix and the secondary phases 
of the bulky slag particles (>300 µm) have chemical composition ranges similar to that of 
the flaky particles found in the fine materials (<300 µm). It therefore infers that the 
formation of the small flakes resulted from grinding of the molten slag by the high-
velocity flow water jet, whereas the coarse bulky slag particles were formed in the low-
velocity flow regions of the water jet. Pressure and flow rate distribution inside the water 
jet determined the granulometric distribution of the solidified slag. 

 
(A) (B) 

Figure 10. SEM BSE image showing the matrix, a secondary phase and matte fine particles areas in 
slag particles larger than 850 µm, (A) +850 − 3350 μm and (B) +3350 μm, the numbers 1, 2, 3 in the 
SEM micrographs represent the selected grains for SEM EDS analysis, not relevant. 

Table 4. EDS semi-quantitative area analysis composition ranges in % (w/w) of the phases observed 
in coarse slag particles (+300 – 3350 µm). The oxygen and sulphur contents are only indicative of the 
oxide or sulphide compounds present. 

Element Slag Matrix Secondary Phase 
of the Slag 

Trapped Matte/Metal 
Particles 

Si 12–13 19 1.2–8.7 
Ca 12–16 21 0.5–1.8 
Fe 19–23 3 4.3–8.6 
Zn 13–17 13 2.3–3.0 
Pb <6.9 <0.7 48–59 
Cu - - 15–16 
As - - 2.7–3.2 
Ge - - 0–0.63 
Mg 3.2–4.1 4.7 - 
Al 2.0–2.1 1.2 0.2–0.4 
S <0.3 - 0.4–0.9 
O 25–29 38 9.7–12 

Figure 10. SEM BSE image showing the matrix, a secondary phase and matte fine particles areas in
slag particles larger than 850 µm, (A) +850–3350 µm and (B) +3350 µm, the numbers 1, 2, 3 in the
SEM micrographs represent the selected grains for SEM EDS analysis, not relevant.

The secondary phase found in the coarse slag particles has slightly higher silicon and
calcium contents, but lower Pb content than the main phase of the slag matrix. The matrix
and the secondary phases of the coarse particles have acidity index 0.4 and 0.7 respectively,
which are close to the acidity index i = 0.5 of the flake shape particles found in the fine
material of the received sample of historic smelter slag. It was noticed earlier that the
needle-like shape particles only formed at high acidity index 1.2, under high silicon content
(37 wt%), which leads to the polymerisation of silicate structures. These silicates have
higher viscosity at the slag melting temperature.
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Table 4. EDS semi-quantitative area analysis composition ranges in % (w/w) of the phases observed
in coarse slag particles (+300–3350 µm). The oxygen and sulphur contents are only indicative of the
oxide or sulphide compounds present.

Element Slag Matrix Secondary Phase of the Slag Trapped Matte/Metal Particles

Si 12–13 19 1.2–8.7

Ca 12–16 21 0.5–1.8

Fe 19–23 3 4.3–8.6

Zn 13–17 13 2.3–3.0

Pb <6.9 <0.7 48–59

Cu - - 15–16

As - - 2.7–3.2

Ge - - 0–0.63

Mg 3.2–4.1 4.7 -

Al 2.0–2.1 1.2 0.2–0.4

S <0.3 - 0.4–0.9

O 25–29 38 9.7–12

3.3.4. Optical Microscopy Analysis of the Slag Constituents

As a way of simplifying the process of identification, all phases identified are given
names of natural equivalents. The process of slag formation leads also to the formation of
glass and several silicate phases with specific shapes that have been identified both under
the SEM and in optical microscopy. Glass is mainly silicate material that is formed when
silicate melt is cooled rapidly. The petrography is better understood by realizing that in the
slag development, free metal particles become droplets in the slag, and then cool down
and tend to form spherical and ovoid shapes. The following sulphide phases have been
identified: galena (PbS); wurtzite (ZnS); sphalerite (ZnS); chalcopyrite (CuFeS2); pyrrhotite
(Fe1−xS); pyrite (FeS2); minor cubanite (CuFe2S3) and covellite (CuS). The silicates present
include fayalite (Fe2SiO4), monticellite (CaMgSiO4), mellilite (Ca(Mg,Fe,Zn)Si2O7), anor-
thite (CaAl2Si2O8) and Pb-Plagioclase (PbAl2Si2O8). Zn, Mg, Fe, and Ca spinels and
wuestite (FeO) are also present.

Six size fractions (−38, −75 + 38, −300 + 75, −600 + 300, −3350 + 850, and +3350 µm)
of polished mounted samples were analyzed with the optical microscope, with results
shown in Figures 11 and 12. In comparing photographs from the SEM and from the optical
microscopy, it is worth noting that brightness in SEM is a function of atomic number
whereas in microscopy it is a function of the bonding structure. The spinels (Zn, Mg, Fe,
and Ca spinels) appear to be the first ones to form in the scorification process. The metallic
phases are dominant in the −38, −75 + 38, −300 + 75 µm fractions. The coarse-grained
samples contain fewer grains of metallic phases. Three main phases were observed, namely
the silicate phase (slag), metallic phase and the sulphide phases as shown in Figure 11.

The analysis of Figure 12 also reveals that the metallic and sulphide phases are pre-
dominantly contained in the slag finer size fractions (−38, −75 + 38 and −300 + 75 µm)
whereas the sulphide phases are also present in the coarser size fractions (300, 850 and
3350 µm).

The SEM EDS was used to determine the elemental composition of the phases. The
metallic phase consists of elements such as copper (Cu), lead (Pb), germanium (Ge), and
some zinc (Zn). Metallic phases in finer size fraction occur as interstitial grains within the
slag matrix and this shows that the metals can easily be separated from the slag (Figure 13).
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Figure 11. A classical occurrence of the slag material showing the different phases present. Three 
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= 2 mm. The metallic phases are in the order of 0.15–0.25 mm in size. 

Figure 11. A classical occurrence of the slag material showing the different phases present. Three
phases in a −75 µm size fraction. 1a (pyrite), b (chalcopyrite), and c (pyrrhotite) = metallic sul-
phide phases; 2 = sulphide phase (ZnS); 3 = silicate phase (spinel in slag). Length of bottom of
photograph = 2 mm. The metallic phases are in the order of 0.15–0.25 mm in size.
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Figure 13. Metallic phases occurring as individual grains within the slag in the finer size fractions. 
In (A) the morphology of the slag material is observed as being of various sizes and shapes. In (B) 
(center the sulphide phases occur as spherical phases, indicating a high temperature of formation 
as droplets in the slag. In (C) (far right) is an example showing the very bright ovoid phase 
(sulphide); intermediate brightness, spinels and very low brightness, silicates. 

Figure 12. Phases (metallic, oxide and sulphide phases) within various size fractions indicated at the
bottom of each photograph: (A) Mostly slag with minor pyrrhotite; (B) Grains of chalcopyrite (bright
yellow) with pyrrhotite, dull yellow; (C) Large galena phases (PbS) with enclosed sphalerite (ZnS);
(D,E) mainly galena phases enclosing low reflectance probable ZnS; (F) A metalloid of probably
spinel with wurtzite (ZnS). Length of bottom photograph = 0.4 mm.

The silicate phases consist mostly of olivine and pyroxenes rich in zinc whereas the
sulphide phases are predominantly made up of lead sulphide (PbS) grains which are being
rimmed by copper and zinc sulphides; occasionally chalcopyrite occurs as a single phase.
This proposes that PbS crystallized first as droplets in the slag, followed by ZnS attaching
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itself, together with CuS, on the nucleated PbS phases (see Figure 14). The sulphide phase
occurs within the slag matrix.
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Figure 13. Metallic phases occurring as individual grains within the slag in the finer size fractions.
In (A) the morphology of the slag material is observed as being of various sizes and shapes. In
(B) (center the sulphide phases occur as spherical phases, indicating a high temperature of formation
as droplets in the slag. In (C) (far right) is an example showing the very bright ovoid phase (sulphide);
intermediate brightness, spinels and very low brightness, silicates.
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Figure 14. In (A), a nearly perfect sphere of PbS. A PbS phase occurring in (B) within the slag with
bright edges being rimmed by CuS and ZnS. The grey phase in (B,C) has a high amount of ZnS.

The composition of glass was verified by the SEM EDS, and it is variable and enriched
in Ca and Fe. There are several angular grains of feldspars (Figures 12 and 13). These
attest to the fact that the duration of melting of the historic slag in the furnace was not
high enough to allow for good formation of euhedral crystals or the temperature of slag
formation was not sufficiently high [45] to completely melt the furnace charge. Spinels
in the slag represent the formation of oxide phases. Some of these spinels will form if
oxidation conditions are not high enough in the slag, verging towards reducing conditions
where sulphide droplets are stable and form minerals. The most commonly observed
sulphides are galena (PbS), wurtzite and sphalerite (ZnS), pyrrhotite (Fe1−x S); and various
sulphides of Cu and Fe such as pyrite (FeS2), cubanite, covellite, and chalcocite. Wurtzite
is a high temperature phase that forms at about 1020 ◦C [46] and contains some Fe as
observed in the SEM. This suggests that temperatures of that order were at least reached in
the furnace.

The important finding here is that the sulphide phases are interstitial and can be
liberated from the slag. The scanning microscopy analysis of the slag material shows the
presence of the free particles of matte phase and metal (ovoid and spherical) phases in
material of size ranges below 300 µm. Slag particles coarser than 300 µm have trapped the
matte and metal particles inside. The coarse particles of slag material have large cracks,
which indicate that they are brittle and friable. The interfaces between the matte or metal
particles and the slag material are incoherent with very little or no bonding strength, this
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results in the complete separation between them at particle sizes below 300 µm. It may
therefore be necessary to mill the slag material to 300 µm to achieve the liberation of all the
matte and metal particles trapped inside the coarse slag particles.

4. Recommended Processing Routes for the Recovery of Valuable Metals in the Slag

A combination of mineralogical and chemical methods indicated that the historic slag
from Tsumeb smelter contains extractable metals such as copper, zinc, lead and arsenic
whose average compositions are 0.35% Cu, 5.5% Zn, 3% Pb, and 0.2% As, respectively. Ge is
a trace element, with its presence only observed using the SEM. Germanium as a strategic
metal is widely used in advanced technology applications such as thermal solar panels and
optic fibres. Germanium is currently extracted from zinc and lead sulphide ores [47,48]
or coal deposits as well as metallurgical residues from the processing of the sulphide
ores and coals (e.g., smelting flue dust and coal fly ashes) by volatization concentration
from lignite coal [49]. Typical concentrations of Ge in these resources range from 30 to
200 ppm [50–52]. The estimated content range of 32–126 ppm germanium in the historic
Tsumeb slag is well comparable to that in resources from which it is obtained as a by-
product of metal sulphide treatment worldwide by hydrometallurgy and pyrometallurgy
processes [40,49,51]. The world’s germanium production was only 300 metric tons coming
from China (about 60%), Canada, Finland, Russia, and the United States [53]. The demand
forecast of germanium estimates an annual growth rate of 3.5% during the period time
2023–2030. Germanium ingots trade price in London was about U$1,300,000/ton in July
2023, which is about 500 times the prices of zinc and lead, which were priced at about
U$2300 and U$2100/ton respectively, and copper traded at U$8300/ton during the same
period. The higher price justifies the extraction of germanium from low-grade resources.
The simultaneous extraction of zinc, lead, copper, and germanium from the Tsumeb historic
slag can hence be justified economically. The suggested processing routes for the metals in
the Tsumeb slag are discussed below.

a. Copper, lead and arsenic

Energy dispersive of X-ray spectroscopy analysis shows that copper, arsenic and most
of lead are contained in round shaped sulphide particles which can easily be detached from
the slag matrix. These particles can be liberated by low-energy milling of the slag to below
106 µm. Flotation, with xanthate collector, can be applied to concentrate these sulphide
minerals into a feed recycle to the smelter [8]. Alternatively, the sulphide concentrate can
be roasted to produce the calcine which can be advanced to the leaching tank to recover
copper [38].

b. Zinc and lead

The SEM EDS analysis shows that most of zinc and fraction of lead are found in
dissolved form in the slag matrix material. Recovery of zinc and lead from the complex
silicate compound requires chemical reactions such as reduction with solid coal and fuming
at temperature above the melting temperature of the slag [54]. Alternatively lead and zinc
can be leached from the slag matrix in alkaline medium. This is possible since Pb and Zn
can both form complexes with hydroxyl ions (OH−) [55]. Alkaline leaching presents the
advantage of lower dissolution of iron and contamination of the leaching solution [56]. It
also avoids the risk of formation of gel due to the collapse of silicate structures in acidic
medium [57]. Purification methods such as cementation can then be applied to recover Pb
and Zn metals from the pregnant leach solution.

c. Germanium

SEM EDS analysis have revealed the presence of germanium in the sulphide particles
with lead content. Germanium can be recovered simultaneously with lead, copper and
zinc sulphides. Germanium can also be recovered by acid leaching of the white alloy
produced by direct reduction of the slag with solid coal, followed by solvent extraction and
precipitation. Such process is implemented in the Democratic Republic of Congo for the
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simultaneous recovery of copper, cobalt, zinc, and germanium from copper matte smelting
slag [22,33].

5. Conclusions

The depletion of the ore reserves in the world necessitates the search for secondary
sources such as slags for the continued production of metals. Environmental and socio-
economic impacts of treating such slags and further recovering valuable metals from them
cannot be overlooked. The smelter in Namibia accumulated a significant amount of blast
furnace slag during its operating life which can be traced back to 1900’s. A representa-
tive slag sample was prepared for mineralogical characterization using a combination
of analytical and mineralogical techniques (AAS, XRF, ICP OES, SEM EDS and optical
microscopy). The chemical analyses showed that the metal values contained in the slag
were mainly copper, lead, and zinc whose average contents were approximately up to
0.4% Cu, 4% Pb and 7% Zn. About 11% Fe was also contained in the slag. Germanium is
a trace element, with its concentration estimated from the SEM EDS analysis to be in the
range of 32–126 ppm. Optical and scanning electron microscopy have shown the mineral
phases for both metals and slag. This information is useful in developing the extraction
methods for various metals in the slag.

The granulometric classification shows high volume fractions of sulphide particles
present in the slag material of the size ranges smaller than 300 µm, and are readily separable
from the slag material. The presence of liberated sulphide particles shows that there is
no interface bonding between the sulphide phases and the slag matrix, thus mechanical
separation between these phases is feasible.

Most sulphide and metal particles are trapped inside the slag particles larger than
300 µm, which represent about 90% of the slag material. The large cracks observed in the
SEM and optical images suggest that these coarse slag particles are brittle and friable. Low
energy milling will therefore suffice to fracture the large slag particles as a means to liberate
the trapped sulphide particles.

Based on the elemental analysis and mineralogical characterisation work undertaken,
it is recommended that metallurgical test work be carried out to determine an economically
viable and safe process route for recovery of valuable metals contained in the slag. The
target metals would include Zn, Pb, Cu, Ge, Mo, and Ga. The metallurgical test work
proposed includes pre-concentration of valuable minerals using gravity separation of the
sulphide particles from the slag matrix material. Zinc can be extracted by coal reduction and
fuming or by leaching. Germanium can be extracted by leaching the white alloy obtained
by direct reduction of the slag with coal or from the concentrate of sulphide minerals.
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Appendix A. Assay-by Size

Table A1. Assay by size from AAS.

Elements
Elemental Composition (% w/w)

+3350 µm −3350 + 850 µm −850 + 300 µm −300 + 75 µm −75 µm

Si

Ca 11.07 11.81 10.81 8.34

Mn

Fe 9.01 11.97 10.7 11.05

Cd

Ni

Cu 0.33 0.33 0.51 1.51

Zn 0.8 0.86 0.86 1.05

As

Mg

Co

Pb 3.33 3.97 4.37 5.53

Ag

Ge

Mo

Other (%) 75.46 71.06 72.75 72.52

Table A2. Assay by size from ICP.

Elements
Elemental Composition (% w/w)

+3350 µm −3350 + 850 µm −850 + 300 µm −300 + 75 µm −75 µm

Si

Ca

Mn 0.12 0.14 0.15 0.13 0.09

Fe 10.45 14.29 17.81 14.53 9.75

Cd 0.01 0.01 0.01 0.02 0.05

Ni 0.001 0.001 0.002 0.001 0.001

Cu 0.28 0.33 0.35 0.45 1.08

Zn 3.08 3.12 3.16 2.98 2.1

As 0.23 0.3 0.32 0.38 0.71

Mg 2.45 2.66 2.9 2.67 0

Co 0.01 0.012 0.012 0.011 0.008

Pb 2.03 2.23 2.28 2.23 2.04

Ag 0.0013 nd 0.004 nd nd

Ge nd nd nd nd nd

Mo

Other (%) 81.3377 76.907 73.002 76.598 84.171
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Table A3. Assay by size from XRF.

Elements
Elemental Composition (% w/w)

+3350 µm −3350 + 850 µm −850 + 300 µm −300 + 75 µm −75 µm

Si

Ca

Mn 0.13 0.13 0.08 0.15 0.14

Fe 10.02 8.96 5.35 8.22 11.91

Cd

Ni

Cu 0.26 0.21 0.11 0.2 1.06

Zn 7.13 5.7 2.93 4.72 7.37

As 0.18 0.14 0.08 0.2 0.88

Mg

Co

Pb 2 1.55 0.74 1.07 2.92

Ag

Ge

Mo 0.19 0.12 0.06 0.11 0.19

Other (%) 80.09 83.19 90.65 85.33 75.53
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Pola Branecka 2, Kacper Gall 2, Mateusz Słaboń 2 and Marcin Lemanowicz 2
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Abstract: Rhenium is largely used as an additive to nickel- and cobalt-based superalloys. Their resis-
tance to temperature and corrosion makes them suitable for the production of turbines in civil and
military aviation, safety valves in drilling platforms, and tools working at temperatures exceeding
1000 ◦C. The purity of commercial rhenium salts is highly important. Potassium, which is a partic-
ularly undesirable element, can be removed by recrystallization. Therefore, it is crucial to possess
detailed knowledge concerning process parameters including the dissolved solid concentration and
the resulting saturation temperature. This can be achieved using simple densimetric methods. Due
to the fact that data concerning the physicochemical properties of ammonium perrhenate (APR)
NH4ReO4 and potassium perrhenate (PPR) KReO4 are imprecise or unavailable in the scientific
literature, the goal of this study is to present experimental data including the solubility and density
of water solutions of both salts. In the experiments, a densimeter with a vibrating cell was used to
precisely determine the densities. Although the investigated solutions did not fit into the earlier
proposed mathematical model, some crucial conclusions could still be made based on the results.

Keywords: rhenium; ammonium perrhenate; potassium perrhenate; densimetric method; solubility curve

1. Introduction

Metallic rhenium is a valuable metal characterized by parameters such as a density
of 21.02 g/cm−3, a melting point of 3181 ◦C, a heat capacity of 0.137 J·g−1·K−1, a Young’s
modulus of 463 GPa, and a hardness (Mohs scale) of 7.0 [1–3]. The application of rhenium
includes different branches of industry: aviation, defense, petrochemicals, medicine and
electricity. An average of 83% of rhenium is used for the production of superalloys [2,4,5].
The addition of metallic Re to nickel-based alloys increases thermal and corrosion resistance
and thus the durability of materials used for jet engines [6]. The second area of application
is the petrochemical industry. About 12% of rhenium is used in reforming high-octane
gasoline [2,5]. Bi-metallic catalysts (Re-Pt) are characterized by significantly higher oper-
ation stability at high temperatures and under low pressure [7,8]. The lifetime of Re-Pt
catalysts during the deposition of coal on surfaces is longer compared to traditional ones [7].
In medical applications, rhenium is used for the production of stents and X-ray lamps.
Metal is also used in therapeutic medicine [5]. Radioactive isotope rhenium 187Re decays,
emitting radiation, which is not dangerous to the human body [3,9]. Other applications of
this metal include the production of thermocouples, heating elements, electrodes, electric
contact points, flashbulbs, and electromagnets [4,10,11]. The development of the aerospace
industry has had an influence on rhenium demand and thus metal prices.
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Molybdenite concentrates from copper mines are the most important primary sources
of rhenium [1,6,10,12,13]. Rhenium occurs there as ReS2. During the roasting of molyb-
denite concentrates, fumes and dust containing the volatile form of rhenium, Re2O7, are
generated [14]. Fumes containing rhenium heptoxide in contact with water create scrubber
liquor containing ReO4

−. Then, after concentration, the ammonium perrhenate, the main
commercial rhenium compound, is produced. Limited access to primary sources leads to
the recycling of rhenium from spent catalysts and superalloy waste [15–17]. Nowadays,
there exist numerous technologies including recovery for the rhenium from deactivated
catalysts [7,8,18].

Ammonium perrhenate is the main commercial rhenium compound. The most im-
portant step in the production of its crystalline form is the separation of rhenium from
solutions created during technological processes. The reported methods of rhenium separa-
tion involve ion exchange, adsorption, solvent extraction, and precipitation. In the first case,
different types of resins have been investigated [4,6,10,12,19–29]. Rhenium from scrubber
liquor may be adsorbed using active carbon or nano particles of iron(III) oxide coated
with active carbon [30,31]. In the case of solutions enriched with rhenium a suitable ap-
proach is solvent extraction for which many different extractants have been studied [32–35].
Finally, apart from the above-mentioned methods, another form of rhenium recovery is
precipitation [36,37].

Crude ammonium perrhenate (CAP) usually requires additional treatment, i.e., pu-
rification. One of the most undesirable pollutants is potassium. Potassium ions form
a sparingly soluble compound—potassium perrhenate (PPR). Researchers have tested
electrodialysis membranes and ion exchange to remove potassium from CAP [15,38–40].
However, CAP recrystallization easily removes impurities such as potassium. One can
find just a few papers dedicated to the investigations of APR crystallization. There is one
publication about the multistage recrystallization of CAP to remove potassium [41]. Apart
from that, the influence of stirring on the recrystallization of ammonium perrhenate has
been examined [42]. Other properties, the thermal expansion coefficient, the standard
enthalpies formation, and the heat capacity single crystals APR and PPR, have also been
determined [43–46]. It was found that the thermal expansion coefficient of ammonium
perrhenate indicates an anomaly compared to potassium perrhenate [47]. The mutual
solubility of sodium perrhenate in a water–ethanol system was also tested [48].

In order to properly carry out the crystallization process, it is obligatory to know the
mechanism and kinetics of the APR and PPR crystallization process [49]. Due to limited or
obsolete data concerning the physicochemical properties of APR and PPR water solutions,
we decided to deeply investigate the solubilities and densities of these salts. Potassium
perrhenate is the main impurity of ammonium perrhenate—the main commercial rhenium
compound used for the production of metallic rhenium. This salt crystalizes from a ternary
solution and since its solubility is significantly lower than the solubility of the main product,
a recrystallization process has to be employed. Moreover, the performed research allowed
us to make an attempt to fit the experimental data to the mathematical models available in
the literature. In the future, this work will be a solid foundation for investigations into APR
and PPR crystallization, like the process design and control or its numerical simulations.

2. Materials and Methods

Two rhenium salts were used for density measurements: ammonium perrhenate
(analytical grade, INNOVATOR sp. z.o.o., Gliwice, Poland) and potassium perrhenate.
The potassium salt was prepared via the neutralization of perrhenic acid by potassium
hydroxide (analytical grade, Chempur, Piekary Slaskie, Poland). Perrhenic acid was ob-
tained from the APR by the ion exchange method [50]. The saturated solutions of each salt
were prepared using reverse osmosis (RO) water (0.06 µS cm−1 conductivity, Hydrolab,
Straszyn, Poland). For both reagents’ phase compositions, determination was performed
by X-ray diffraction. XRD analysis was performed using a Rigaku MiniFlex600 (Rigaku Co.,

27



Materials 2023, 16, 5481

Tokyo, Japan) diffractometer. The obtained diffractograms are included as Supplementary
Materials (Figures S1 and S2).

Excess amounts of salt were dissolved in RO water in a thermostated vessel reactor of
0.5 × 10−3 m3. The saturated solution was stirred for 2 h using a magnetic stirrer at a con-
stant temperature. The temperature was controlled by a thermostat Huber Ministats CC-K6
(temperature accuracy +/−0.02 K). After stabilization, a sample of saturated solution was
collected by a syringe equipped with a microporous filter (0.22 µm pore size). To prevent
crystallization during sampling, the syringe, filter, and needle were heated to 10 K above
the saturation temperature each time before use. A small portion of solution (approximately
3 mL) was taken from the vessel and transferred to digital densimeter DMA 4500M (Anton
Paar, Singapore), which determined the density with an accuracy of +/−5 × 10−5 g·cm−3

at atmospheric pressure. The temperature was controlled automatically by the densimeter
within ±0.02 K accuracy. The densities of the samples were determined based on the
oscillating U-tube principle. The glass cell was excited and oscillated at a given frequency
depending on the mass of the investigated fluid. The density was calculated based on the
corresponding frequency. In contrast with classical methods, the precise measurements
may be completed using small volumes of fluids. After 30 min, another measurement was
made. If the two subsequently measured densities were similar, then it was assumed that
the equilibrium state was achieved. The saturated solutions of APR and PPR salts were
prepared in the same way.

The samples for the solubility and density measurements were collected from saturated
solutions. The density was measured in the range between the saturation temperature and
a 10 K higher temperature with 1 K steps. This process was performed automatically by the
densimeter. Moreover, an additional sample was taken in order to determine the solubility
of the salts using the gravimetric method. Multiple beakers were filled with samples and
placed in a laboratory dryer at 105 ◦C. They were dried until a constant mass was achieved.
The solubility was calculated on the basis of the mass difference. Experiments were carried
out at six saturation temperatures: 283.15 K; 293.15 K; 303.15 K; 313.15 K; 323.15 K; and
333.15 K. All measurements were repeated three times.

3. Results and Discussion
3.1. Solubility Curve

The solubility data are presented in Tables S1 and S2, attached as Supplementary Ma-
terials. The experimental data can be described by the following mathematical model [51]:

log10 S = A +
B
T
+ C·log10 T (1)

Based on the experimental data coefficients, A, B, and C in Equation (1) were obtained
using the least squares method (LSM). The values are presented in Table 1.

Table 1. Regression and correlation coefficients of Equation (1).

Coefficient Ammonium Perrhenate Potassium Perrhenate

A 13.77561 13.99451
B −1590.72975 −2009.10125
C −3.07759 −2.90039
R2 0.99959 0.99951
A 13.77561 13.99451

Figure 1 presents the experimental data, the calculated values, and the data taken from
the literature for ammonium and potassium perrhenate. The solubilities of the two salts
were compared.
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perfectly illustrates the challenge concerning the removal of potassium perrhenate. As one 
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The standard deviation bars are not presented in the figure due to their small values.
The highest standard deviation was equal to 0.33 % w/w. As one may notice, the points
obtained on the basis of our experiments are in better agreement with the mathematical
model than the data available in the literature. The solubility of ammonium perrhenate
changes noticeably with temperature, which would seem to make the isohydric crystalliza-
tion by cooling a suitable process for its production. However, Figure 1 perfectly illustrates
the challenge concerning the removal of potassium perrhenate. As one may notice, the
solubility of this salt is very low compared with ammonium perrhenate. Only at 60 ◦C does
the solubility of KReO4 match the solubility of NH4ReO4 at 10 ◦C.

3.2. Density Mesurements
3.2.1. Ammonium Perrhenate

Experimental data on the density measurements for the undersaturated region are
presented in Table S3 in the Supplementary Materials. For the average values of density,
standard deviations were calculated, and they are presented in the Supplementary Ma-
terials. Based on the collected data, Figure 2 was plotted. In the limited range, close to
the saturation line, the density of the solution can be described by the linear function of
temperature [53,54]:

ρ = a·T + b (2)

The linear equation coefficients (a and b) and the coefficient of determination (R2) for
the undersaturated region are given in Table 2 for all investigated saturation temperatures.
The same type of linear correlation was obtained by Frej et al. [53], Marciniak [54,55], and
Bogacz et al. [55,56].

Table 2. Coefficients and the determination coefficients for undersaturated NH4ReO4 solutions
(automatic measurement). The second column represents the density of the saturated solution.

T ρ a b R2

[K] [g·cm−3] [g·cm−3·K−1] [g·cm−3] [-]

283.15 1.03009 −0.00019 1.08392 0.99320
293.15 1.04246 −0.00031 1.13205 0.99845
303.15 1.05765 −0.00041 1.18075 0.99933
313.15 1.07816 −0.00056 1.25512 0.99677
323.15 1.10233 −0.00139 1.55029 0.99369
333.15 1.12943 −0.00205 1.81105 0.99234
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).

The density curve at the saturation temperature (Figure 2) is described by the following
second-order polynomial equation:

ρ = a·T2 + b·T + c (3)

In Equation (3), the correlations coefficients (a, b, and c) could be obtained by using
the LSM and the experimental density data. In Table 3, the coefficients and determination
coefficients are presented.

Table 3. Coefficients and determination coefficient of polynomial Equation (3) for NH4ReO4.

a × 105 b c R2

1.85031 −0.00916 2.10943 0.98980

It can be observed that the correlation slope decreases with the increase in the sat-
uration temperature. Using the slope coefficients of Equation (2) from Table 2 for the
extrapolated temperature range, an attempt was made to determine a construction point
(Figure 2). It can be seen that for temperatures 323.15 and 333.15 K, the a coefficient is sig-
nificantly lower than for lower temperatures. Thus, the extrapolated density lines did not
intersect at the same point, and determination of construction points for the investigated
temperature range was not possible.

Additional density measurements for ammonium perrhenate solutions at 323.15 K
and 333.15 K in the unsaturated region were performed by measuring a fresh sample of sat-
urated solution. The density data are presented in the Supplementary Materials in Table S3.
For each measurement, a fresh sample of saturated solution was injected into the device,
its temperature was adjusted to the target value, and the density was measured. Figure 3
presents the comparison of the density data for the solution saturation temperatures of
323.15 K and 333.15 K for automatic measurement (temperature scan of density—a whole
data series was made based on one sample) and manual measurements (each point in the
series was determined based on the fresh sample). It may be noticed that in the first case
the slope coefficient is visibly higher compared to the second case. This is consistent with
the data presented in Figure 3 where the trend of these two data series deviated from the
rest of the samples. Also, the correlation coefficients for Equation (2) and the determination
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coefficients for the undersaturated regions were calculated, and they are presented in
Table 4. In our opinion, this behavior may be explained by the formation of gas (ammonia)
microbubbles during the measurements [53]. This observation is also supported by the ther-
modynamic calculations performed using HSC Chemistry 9.6.1 software (Outotec, module
Gem—Equilibrium Composition), according to which ammonia evolution is possible for
temperatures exceeding 320 K (Figure S3 in the Supplementary Materials). It is worth
noting that the first points for both measurement methods are identical. This simply means
that the properties of the sample changed during the measurement. The temperature scan
took about 1 h. For such a long period of time and at elevated temperatures microbubbles
of ammonia could be created within the sample. Since the density measurements are based
on cell vibration analysis, the inertia of bubbles resulted in a decrease in the measured
value. The longer the sample was measured, the higher the deviation that was achieved
due to the higher accumulation of bubbles.
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Figure 3. Density measurements of NH4ReO4 solutions: • automatic; N manual.

Table 4. Coefficients and the determination coefficients for undersaturated NH4ReO4 solutions
(manual measurements).

T ρ a b R2

[K] [g·cm−3] [g·cm−3·K−1] [g·cm−3] [-]

323.15 1.02334 -0.00069 1.32514 0.98140
333.15 1.12943 -0.00073 1.37276 0.99253

Due to the relatively low solubility of the salt, its impact on the solution density was
limited. Yet, the polynomial nature of the saturation line was preserved. These data are an
interesting starting point for future investigations on crystallization and solubility kinetics.
Moreover, the phenomenon of ammonium formation and its impact on multicomponent
crystallization should be investigated more deeply in the future.

3.2.2. Potassium Perrhenate

The density data on potassium perrhenate and the standard deviations are presented
in the Supplementary Materials in Table S5. Based on the density values and the same
procedure as for ammonium perrhenate, Figure 4 was plotted. The coefficients (a, b, and R2)
describing the slope of the density lines are presented in Table 5. Moreover, the coefficients
in Equation (3) for the potassium perrhenate solution are presented in Table 6.
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Table 5. Coefficients and the square of the Pearson correlation coefficients for undersaturated
KReO4 solutions.

T P a b R2

[K] [g·cm−3] [g·cm−3·K−1] [g·cm−3] [-]

283.15 1.00479 −0.00016 1.04893 0.98903
293.15 1.00601 −0.00026 1.08350 0.99751
303.15 1.00759 −0.00035 1.11526 0.99908
313.15 1.00978 −0.00043 1.14579 0.99949
323.15 1.01332 −0.00051 1.17722 0.99971
333.15 1.01865 −0.00063 1.22731 0.99939

Table 6. Coefficients and determination coefficient of polynomial Equation (3) for KReO4.

a × 106 b c R2

3.93827 −0.00221 1.29264 0.96180

Additional PPR density measurements using fresh solutions were not made. At low
saturation temperatures, i.e., 283.15, 293.15, and 303.15 K, it was not possible to determine
the construction point as the extrapolated lines did not intersect at a single point. It is shown
in Figure 4. This may be related to the low solubility of PPR compared with APR (Figure 1).
When the saturation temperatures decrease the change in density with temperature is
lower. This can be observed in Figure 4. On the other hand, by using data for saturation
temperatures of 313.15, 323.15, and 333.15 K, the construction point was obtained and
plotted in Figure 5. All extrapolated lines intersect at one pole point, whose coordinates are
(424.50 K, 0.96168 g·cm−3) (Figure 5). Thus, the methodology for the determination of the
construction point for potassium perrhenate solutions is appropriate at temperatures higher
than 303.15K. It is important to emphasize that the obtained pole point has no physical
meaning and it is used only for calculations [56].

In most cases, the application of the densimetric method to aqueous solutions of salts
allows one to construct the pole point. Then, based on the density measurements, the
pole point may be used for the determination of the saturation temperature [55,56]. In
our opinion, the reason why the experimental data did not fit to the mathematical model
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proposed by Bogacz et al. [56] is associated with the solubility of the salts. Bogacz et al.
investigated potassium chloride and potassium sulphate, whose solubilities significantly
surpasses the solubilities of APR and PPR. It is also likely that the ions’ interaction plays a
crucial role in the analysis of the behavior of such saturated systems.

Materials 2023, 16, x FOR PEER REVIEW 8 of 11 
 

 

shown in Figure 4. This may be related to the low solubility of PPR compared with APR 
(Figure 1). When the saturation temperatures decrease the change in density with 
temperature is lower. This can be observed in Figure 4. On the other hand, by using data 
for saturation temperatures of 313.15, 323.15, and 333.15 K, the construction point was 
obtained and plotted in Figure 5. All extrapolated lines intersect at one pole point, whose 
coordinates are (424.50 K, 0.96168 g∙cm−3) (Figure 5). Thus, the methodology for the 
determination of the construction point for potassium perrhenate solutions is appropriate 
at temperatures higher than 303.15K. It is important to emphasize that the obtained pole 
point has no physical meaning and it is used only for calculations [55]. 

 
Figure 5. Construction point of the concentrated KReO4 solution. 

In most cases, the application of the densimetric method to aqueous solutions of salts 
allows one to construct the pole point. Then, based on the density measurements, the pole 
point may be used for the determination of the saturation temperature [55,56]. In our 
opinion, the reason why the experimental data did not fit to the mathematical model 
proposed by Bogacz et al. [55] is associated with the solubility of the salts. Bogacz et al. 
investigated potassium chloride and potassium sulphate, whose solubilities significantly 
surpasses the solubilities of APR and PPR. It is also likely that the ions’ interaction plays 
a crucial role in the analysis of the behavior of such saturated systems. 

As in the case of ammonium perrhenate, the presence of salt had a small impact on 
the densities of the solutions, which were slightly higher than for the base liquid, i.e., 
water. Due to the significant difference between the solubilities of both salts the densities 
of the ammonium perrhenate solutions were always higher than the solutions of 
potassium perrhenate. Once again, the second-order polynomial of the saturation curve 
was preserved.  

4. Conclusions 
The densities and solubilities of aqueous solutions of APR and PPR were examined. 

In the case of solubility, the experimental data were correlated as a function of 
temperature using empirical equations, and good agreement was found (even better than 
when compared to the data already available in the literature). Based on the density data, 
an attempt was made to fit a mathematical model proposed in the literature. 
Unfortunately, it was impossible to find the pole points for both salts for the whole 
investigated temperature range. Surprisingly, it was noticed that for the ammonia salt, 
microbubbles were created during the density measurements for higher temperatures, 

Figure 5. Construction point of the concentrated KReO4 solution.

As in the case of ammonium perrhenate, the presence of salt had a small impact on
the densities of the solutions, which were slightly higher than for the base liquid, i.e.,
water. Due to the significant difference between the solubilities of both salts the densities of
the ammonium perrhenate solutions were always higher than the solutions of potassium
perrhenate. Once again, the second-order polynomial of the saturation curve was preserved.

4. Conclusions

The densities and solubilities of aqueous solutions of APR and PPR were examined.
In the case of solubility, the experimental data were correlated as a function of temperature
using empirical equations, and good agreement was found (even better than when com-
pared to the data already available in the literature). Based on the density data, an attempt
was made to fit a mathematical model proposed in the literature. Unfortunately, it was
impossible to find the pole points for both salts for the whole investigated temperature
range. Surprisingly, it was noticed that for the ammonia salt, microbubbles were created
during the density measurements for higher temperatures, which had a significant impact
on the readings. For these cases, manual measurements had to be performed. The reason
why the experimental data did not fit the mathematical model is, in our opinion, the low
solubility of the investigated salts in relation to the systems for which the model was
developed. Still, this work will be a solid foundation for investigations on APR and PPR
crystallization, like the process design and control or its numerical simulation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma16155481/s1. Figure S1: XRD analysis of NH4ReO4; Figure S2:
XRD analysis of KReO4; Figure S3: Equilibrium amount of ammonia evolved from saturated
NH4ReO4 aqueous solution vs. temperature (HSC Chemistry 9.6.1, Gem module); Table S1: Solubility
of ammonium perrhenate; Table S2: Solubility of potassium perrhenate; Table S3: APR density
versus temperature (automatic measurements); Table S4: APR density versus temperature (manual
measurements); Table S5: PPR density versus temperature.
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Almagul Ultarakova , Zaure Karshyga * , Nina Lokhova, Azamat Yessengaziyev , Kaisar Kassymzhanov
and Arailym Mukangaliyeva

The Institute of Metallurgy and Ore Beneficiation, Satbayev University, Almaty 050013, Kazakhstan
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Abstract: This article presents studies on the ammonium fluoride processing of dusts from the
reduction smelting of ilmenite concentrate with separation of silicon to obtain titanium dioxide.
Optimal conditions for pyrohydrolysis of titanium fluorides were determined. The effects of tem-
perature and duration on the process were studied. The optimal conditions for pyrohydrolysis
of titanium fluorides were a temperature of 600 ◦C and duration of 240–300 min. The degree of
titanium fluoride conversion to titanium oxide was 99.5% at these conditions. Titanium dioxide
obtained by pyrohydrolysis of titanium fluorides was purified from iron, chromium, and manganese
impurities. The effect of hydrochloric acid solution concentration, S:L ratio, and the process duration
on the purification degree of titanium fluoride pyrohydrolysis was studied. The following optimum
purification conditions were determined: hydrochloric acid solution concentration 12.5–15 wt%,
temperature 25–30 ◦C, S:L = 1:6÷8, duration 20–30 min. The purified titanium dioxide consisted
mainly of anatase. The pigmented titanium dioxide of rutile modification with 99.8 wt% TiO2 was
obtained after calcination at 900 ◦C for 120 min.

Keywords: ilmenite concentrate; dusts; waste; purification; sublimate; pyrohydrolysis; silicon;
titanium dioxide

1. Introduction

Titanium and its compounds are important components of modern production. The
properties of titanium, including high strength, good corrosion resistance, and s light
weight, make it indispensable in such areas of application as aerospace, shipbuilding,
chemical manufacture, military, medical care, etc. China, Japan, Russia, Kazakhstan, USA,
and Ukraine are the largest producers of titanium sponge [1–4]. Ilmenite concentrate is
used as raw material for titanium production during reduction electric smelting resulting
in production of titanium slag and substandard pig iron. The charge for smelting is fed in
a loose state, accompanied by a large dust entrainment. The dust cannot be returned to
the smelting process or fed into the chlorinators due to its high silica content so it is stored
together with other solid waste in specially designated landfill areas.

The silica content in the ore-thermal smelting dusts of ilmenite concentrates can be in
the range of 5–20 wt%. They also contain iron oxides up to 30 wt%. Considerable amounts
of titanium dioxide are lost together with the dust generated in the electric smelting process
of ilmenite concentrate. Its content therein reaches 50 wt%, and its additional extraction
from the dust waste will enable not only loss reduction, but also the ability to obtain
additional commercial products.

There is no effective integrated processing of titanium production waste in the world.
Available technologies for the production of titanium products are aimed at processing
traditional mineral raw materials, the majority of which are ilmenite ores and concentrates.

Of all the mined titanium ore, 5% goes to the production of metallic titanium, and
about 90–95% of the mined titanium raw materials are processed into pigment titanium
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dioxide TiO2, which is in special demand and has a high degree of purity. The superiority of
TiO2 as a white pigment is mainly due to its high refractive index and consequently its light-
scattering ability which provide excellent concealment and brightness. Titanium dioxide
is non-toxic and harmless; it is used in solar cells [5], fuel cells, chemical current sources,
protective and optical coatings, as a photocatalyst for water purification [6], in medicine as
a material with antibacterial and antiviral effects [7], for air purification and disinfection in
public places [8], for creation of self-cleaning surfaces [9], in photoelectrochemical water
decomposition reactions to produce hydrogen [10,11], and in photocatalysts for destruction
of toxic organic compounds [12–14]. Titanium dioxide nanomaterials doped with nitrogen
and fluorine have a higher photocatalytic activity [15,16].

The existing industrial technologies for producing titanium dioxide are sulfuric acid
and chlorine methods, which were introduced in the middle of the twentieth century in a
number of countries. The titanium-containing raw material is treated with concentrated
sulfuric acid in the sulfuric acid process, and a sulfate solution is obtained. Titanium
dioxide is precipitated during its hydrolytic decomposition [17–21]. Under the chlorine
technology, first, rutile is subjected to the action of chlorine gas, with the formation of
titanium tetrachloride, which is then converted into a pigment at high temperature in a
mixture of air and oxygen [22]. The main disadvantage of sulfuric acid technology is the
formation of a large amount of waste solutions, the disposal of which is difficult. It is
necessary to use only high-quality rutile in the chlorine technology, and its production
requires additional preliminary preparation of titanium raw materials.

Recently, ammonium fluorine processing has become one of the promising methods
for processing titanium-containing raw materials. The fundamentals of the ammonium
fluoride method for processing titanium-containing raw materials were laid by Svendsen
and described in his patents [23,24]. The methods consist of heating and fluorination
of rutile or ilmenite in a mixture with ammonium fluoride or bifluoride, followed by
sublimation of titanium fluoride compounds, their decomposition, and the production of
titanium dioxide.

The reagent for fluorination, ammonium bifluoride, under normal conditions does
not pose a significant environmental hazard, has high chemical activity, and a number
of technologically favorable physical and chemical properties, such as a melting point of
126.2 ◦C and a boiling point of 238 ◦C, which are accompanied by decomposition into NH3
and HF, and good solubility in water at 434 g/dm3 [25].

The physicochemical basis of the fluorination process with ammonium bifluoride is
that oxygen-containing compounds of transitional and many non-transitional elements,
when interacting with NH4HF2, form ammonium fluoro- or oxofluorometallates, which
are very convenient for processing [26], the physicochemical properties of which ensure
the solubility of products and the possibility of separating mixtures by sublimation. The
great advantage of these complex salts is that the selective tendency to sublimation or to
thermal dissociation to non-volatile fluorides, which guarantees a deep separation of the
components, and the stepwise elimination of NH4F vapors makes it possible to collect the
desublimate of the latter and use it in a closed cycle.

As noted above, silicon may concentrate in the dusts of electric smelting of ilmenite
concentrates during their formation, and its presence does not allow them to return to the
smelting process. Previous studies on ammonium fluoride treatment of cakes obtained from
nitric acid leaching of titanium production sludge with ammonium bifluoride have shown
the potential for separating silicon and beneficiating the residue with titanium [27,28].

In [29], the fluorination of titanium slag with ammonium hydrofluoride resulted in
titanium dioxide with admixtures of other oxides left in the solid product after sublimation
of silicon hexafluoride. Further separation of titanium from other components is carried
out using leaching with a solution of ammonium hydrofluoride. Titanium is precipitated
from the solution with ammonia water. The content of TiO2 in the resulting product is
more than 90 wt%. The disadvantage of this method is the need for repeated washing of
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the precipitate, consisting of (NH4)2TiOF5 or (NH4)3TiOF5, to shift the equilibrium to the
formation of Ti(OH)4.

In studies by [30,31], the processing of ilmenite concentrate includes fluorination
of raw materials by sintering with a fluoride reagent, heat treatment of the fluorinated
mass to separate fluorination products by sublimation, and pyrohydrolysis of the residue
after sublimation to obtain iron oxide. In fluorination, ammonium fluoride, ammonium
bifluoride, or a mixture thereof in an inert gas flow is used as a fluoride reagent, and
the sublimation products are trapped with water to obtain an ammonium fluorotitanate
solution. Titanium is also precipitated with aqueous ammonia. A coarse-grained precipitate
of (NH4)2TiO(OH)3F is obtained, but TiO2 is in an amorphous form after calcination up
to 900 ◦C, and anatase (95 wt%) is obtained only after maintaining it at 900 ◦C for 5 h.
Precipitation at a concentration of (NH4)2TiF6, 300 g/dm3 with ammonia water (25% NH3)
to pH = 9 results in the production of (NH4)2TiO(OH)4; after filtering and calcining at
500 ◦C for 2 h, the content fluorine ion in TiO2 is 0.3 wt%. This TiO2, which is anatase stable
at temperatures up to 950–1000 ◦C, is used as a catalyst in organic synthesis processes. To
obtain the rutile form of TiO2, it is necessary to subject the precipitate after the first filtration
to repulpation and washing in ammonia water to pH = 11–12, which makes it possible
to reduce the content of fluorine ion to 0.007 wt%. The process of rutilization of titanium
dioxide is 99 wt% at 700 ◦C for 4 h, or at 800 ◦C for 2 h.

The proposed method for producing pigment titanium dioxide is multi-stage, energy
intensive, and requires a significant consumption of ammonia.

There is a known method [32], according to which, metallic aluminum is added to
a solution of fluorotitanic acid with a concentration of 250–500 g/dm3 TiO2 with stirring
of the solution at the rate of 0.15–1.5% of aluminum relative to TiO2 in solution. In this
case, aluminum acts as a pigment-rutilizing additive. Then, high-temperature pyrolysis
(burning) of the solution is performed at 500–700 ◦C in the tower nozzle pyrolysis furnace,
running on natural gas. Gaseous products containing HF are captured and disposed, with
production of concentrated hydrofluoric acid. The dry product of pyrolysis—titanium
dioxide containing fluorine, is pulped in water at a solid to liquid ratio of 1:3 and stirred
for 1.5–2.0 h at 40–50 ◦C to accelerate the removal of fluorine from titanium dioxide. Milk
of lime is added until 6.5–7.07 pH is reached. As a result, fluorine is bound in the form of a
water-insoluble CaF2 that does not adversely affect paint coatings. The disadvantage of
this method is the high total content of fluorine in the product.

The method of pyrolysis in two furnaces installed in series has been described in [33].
The process can be divided into two stages.

Stage I: the precipitate containing titanium salts is subject to the first hot hydrolysis at
340–400 ◦C for 1–3 h after removal of water by drying; typically, this stage is performed in
a furnace under superheated steam and with continuous stirring. All bonds of fluorine and
ammonia are broken under these conditions, with production of an intermediate product
in the form of a powder consisting of TiO2 (95–97 wt%) and TiOF2.

Stage II: The first stage results in TiO2 containing traces of TiOF2 that is a grey and blue
powder and, therefore, contaminates the final TiO2 product that should be characterized
with a high degree of whiteness, in contrast. This pollutant is removed by subsequent
pyrohydrolysis at 700–900 ◦C. The second pyrohydrolysis is usually performed in a contin-
uously stirred oven for 60–180 min. It is advisable to introduce air and superheated steam
into the furnace to complete the reaction. The end product of the second oven consists of a
powder with particles of variable sizes from about 0.1 µm to about 4 µm.

Providing for the specific fineness of the TiO2 powder produced in this way, it can be
placed on the market without further grinding.

There is a method [34] intended to obtain titanium dioxide with pyrohydrolysis of
fluorammonium salts of titanium in the gas phase in the presence of water vapor. This
method differs from others due to pyrohydrolysis performed by heating the reactor up
to 450–500 ◦C at a water vapor temperature from 700 to 1200 ◦C, preferably 900–1000 ◦C,
with the use of ammonium hexafluorotitanate; water vapors are obtained by burning
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hydrogen in oxygen in the burner, and an additional amount of water vapor, obtained
by evaporation at boiling temperature, is added to their amount. However, mixtures
of hydrogen and oxygen are explosive, so the method requires very strict adherence to
technological regulations and safety precautions.

As the review of scientific, technical, and patent literature has shown, the use of the
ammonium fluoride processing method makes it possible to successfully regenerate the
used fluoride reagents. This indicates significant advantages over the sulphate method,
where a large amount of dilute hydrolytic sulfuric acid is formed, contaminated with
various impurities, which makes it difficult to return it back to the process. In addition,
there is a danger of working with concentrated sulfuric acid during the decomposition
of titanium-containing raw materials, which is accompanied by gas and reaction mass
emissions. In the chlorine method, during the processing of ilmenite, at the stage of
separation of titanium, silicon, aluminum, and iron chlorides, difficulties arise due to the
proximity of their physicochemical properties. Additionally, from an environmental point
of view, the use of chlorine in technology and the danger of phosgene formation during
chlorination in the presence of carbon-containing reducing agents require strict adherence
to technological regulations and safety measures. Use of the ammonium fluorine method
will simplify the method for obtaining titanium dioxide from dusts of ore-thermal smelting
by reducing the number of technological operations and the number of reagents with the
possibility of their regeneration, improve the quality of the resulting titanium dioxide, and
create the possibility of using a safer and more environmentally friendly method.

Production wastes have a complex polycomponent composition; their processing is
a difficult task. The ammonium fluoride method makes it possible to separate the target
components with high selectivity and obtain end products from them. Therefore, it is
of interest to conduct research on ammonium fluoride processing of waste dust from
the electric smelting of ilmenite concentrate, for which the process of obtaining titanium
dioxide and its purification is an important stage. This work is aimed at studying titanium
fluoride sublimes, the processes of their pyrohydrolysis, and purification of the resulting
titanium dioxide.

2. Materials and Methods

Fine dust of electric smelting of ilmenite concentrate was provided by “Ust-Kamenogorsk
Titanium and Magnesium Plant” JSC, with the following composition wt%: 20.57 Ti, 14.15 Fe,
12.85 Si, 0.47 Cr, and 3.42 Mn.

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

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

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

Experimental procedure: the initial components were thoroughly mixed in the re-
quired ratio to perform the sublimation processes for silicon fluoride and titanium. The
charge sample was placed in an alundum boat and loaded into an electric furnace. Fluori-
nation was performed in a LOP LT-50/500–1200 tubular furnace. The argon feed rate was
1.0–1.5 dm3/h.

A sample of titanium fluorides was placed in an alundum boat and loaded into an electric
furnace during the pyrohydrolysis process. The steam feed rate was 1.5 to 2.0 dm3/h.

Experiments on pyrohydrolysis of the titanium fluorides were performed in the labo-
ratory set shown in Figure 1.
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Figure 1. Laboratory setup for pyrohydrolysis. 1: flask with water; 2: electric stove; 3: oven LOIP
LF/500–1200; 4: alundum boat; 5: refrigerator; 6: flasks with 10 wt% ammonia solution.

Titanium dioxide was purified with a hydrochloric acid solution in a thermostated
reactor with a volume of 0.5 dm3. The pulp was stirred with a glass stirrer. Stirrer rotation
speed was 450 rpm.

The kinetic parameters of titanium fluoride pyrohydrolysis processes (activation ener-
gies (Ea) and reaction rate constants (Ke)) were calculated based on the chemical analysis
data for elements in the reaction products. The degree of reaction product formation
required for further calculations was determined with the following formula:

α = m/mcalc, (1)

where m is the mass of the resulting product, and mcalc is its theoretically possible amount.
Two methods were used for calculations: the generalized Erofeev topochemical equation
and the Emanuel–Knorre method.

3. Results and Discussion
3.1. Sublimates of Titanium Fluorides

Silicon fluorides were separated in the form of sublimates at the first stage of processing
of fine dust obtained from the electric smelting of ilmenite concentrates; a sample of dust
was mixed with ammonium bifluoride in a 1:1 ratio. The process was performed at 260 ◦C
for 6 h [35–37].

Titanium fluorides were produced by processing the residue after silicon sublimation
from dust at 610 ◦C for 2 h. The composition of titanium fluorides is shown in Table 1.

Table 1. Content of controlled components in titanium fluorides, wt%.

Ti Fe Si Cr Al F O

58.99 0.56 0.005 0.095 0.140 20.377 19.76

The studied sample consists of two phases, according to XRD analysis (Figure 2). The
main share is (NH4)0.8TiOF2.8—73.3 rel. % and (NH4)2TiF6—26.7 rel. %.

41



Materials 2022, 15, 8314
Materials 2022, 15, x FOR PEER REVIEW 6 of 16 
 

 

 

Figure 2. XRD pattern of the original sample of titanium fluorides. 

 
In [38], the process of fluorination of natural ilmenite with ammonium bifluoride 

was studied. According to a thermal study of the process, the compound 
(NH4)3Ti(OH)0.4F6.6 was initially formed, which, with increasing temperature, further de-
composed stepwise, with the elimination of NH3 and HF molecules: 

(NHସ)ଷTi(OH).ସF. → (NHସ)ଶTi(OH).ସFହ. + NHଷ + HF (2)

(NHସ)ଶTi(OH).ସFହ. → NHସTiO.ସFସ.ଶ ↑ +NHଷ + 1.4HF (3)

NHସTiO.ସFସ.ଶ → NHସTiO.ସFସ.ଶ ↑ (4)

According to [38], volatile compounds of titanium TiF4 and ammonium oxofluo-
rotitanate (reaction 4) with the general formula NHସTiO୶Fହିଶ୶, were formed, which in-
congruently sublimated, as the authors assumed, with the formation of an adduct of ti-
tanium with ammonia. 

In the sublimates obtained in this work (Figure 2), according to XRD, the main 
component is ammonium oxyfluorotitanate, with the composition (NH4)0,8TiOF2,8, and 
(NH4)2TiF6 comprises a little more than a quarter. The composition of sublimates some-
what differs from the results of thermal analysis in [38]. The dusts of the electric smelt-
ing of the ilmenite concentrate differ from those of the ilmenite concentrate itself; more-
over, the residues of fluorination and sublimation of silicon fluorides are used to subli-
mate titanium fluoride compounds. Dust contains titanium-containing phases: iron tita-
nium oxides (Fe2TiO5 and Fe1.5Ti0.5O3), magnesium titanium oxide (MgTi2O5), and titani-
um oxide (TiO2) [35]. The desiliconized residues are mostly represented by such titani-
um-containing phases as (NH4)2TiF6, Ti6O11; there is also a (NH4)0.8TiOF2.8 phase [37]. 
Taking into account the results of XRD analysis of dusts and desiliconized residues of 
their fluorination, the process of titanium fluoride formation can be represented for the 
main phases of iron titanium oxides (Fe2TiO5 and Fe1.5Ti0.5O3), and magnesium titanium 
oxide (MgTi2O5), in dusts, by the following reactions: 

FeଶTiOହ + 9NHସHFଶ → (NHସ)ଶTiF + 2(NHସ)ଷFeF + NHଷ + 5HଶO (5)

Feଵ.ହTi.ହOଷ + 5NHସHFଶ → 0.5(NHସ)ଶTiF + (NHସ)ଷFeF + 0.5FeFଶ + NHଷ + 3HଶO (6)

MgTiଶOହ + 7NHସHFଶ → 2(NHସ)ଶTiF + MgFଶ + 3NHଷ + 5HଶO (7)

Figure 2. XRD pattern of the original sample of titanium fluorides.

In [38], the process of fluorination of natural ilmenite with ammonium bifluoride was
studied. According to a thermal study of the process, the compound (NH4)3Ti(OH)0.4F6.6
was initially formed, which, with increasing temperature, further decomposed stepwise,
with the elimination of NH3 and HF molecules:

(NH4)3Ti(OH)0.4F6.6 → (NH4)2Ti(OH)0.4F5.6 + NH3 + HF (2)

(NH4)2Ti(OH)0.4F5.6 → NH4TiO0.4F4.2 ↑ +NH3 + 1.4HF (3)

NH4TiO0.4F4.2 → NH4TiO0.4F4.2 ↑ (4)

According to [38], volatile compounds of titanium TiF4 and ammonium oxofluoroti-
tanate (reaction 4) with the general formula NH4TiOxF5−2x, were formed, which incongru-
ently sublimated, as the authors assumed, with the formation of an adduct of titanium
with ammonia.

In the sublimates obtained in this work (Figure 2), according to XRD, the main
component is ammonium oxyfluorotitanate, with the composition (NH4)0,8TiOF2,8, and
(NH4)2TiF6 comprises a little more than a quarter. The composition of sublimates some-
what differs from the results of thermal analysis in [38]. The dusts of the electric smelting
of the ilmenite concentrate differ from those of the ilmenite concentrate itself; moreover,
the residues of fluorination and sublimation of silicon fluorides are used to sublimate
titanium fluoride compounds. Dust contains titanium-containing phases: iron titanium ox-
ides (Fe2TiO5 and Fe1.5Ti0.5O3), magnesium titanium oxide (MgTi2O5), and titanium oxide
(TiO2) [35]. The desiliconized residues are mostly represented by such titanium-containing
phases as (NH4)2TiF6, Ti6O11; there is also a (NH4)0.8TiOF2.8 phase [37]. Taking into account
the results of XRD analysis of dusts and desiliconized residues of their fluorination, the
process of titanium fluoride formation can be represented for the main phases of iron
titanium oxides (Fe2TiO5 and Fe1.5Ti0.5O3), and magnesium titanium oxide (MgTi2O5), in
dusts, by the following reactions:

Fe2TiO5 + 9NH4HF2 → (NH4)2TiF6 + 2(NH4)3FeF6 + NH3 + 5H2O (5)

Fe1.5Ti0.5O3 + 5NH4HF2 → 0.5(NH4)2TiF6 + (NH4)3FeF6 + 0.5FeF2 + NH3 + 3H2O (6)

MgTi2O5 + 7NH4HF2 → 2(NH4)2TiF6 + MgF2 + 3NH3 + 5H2O (7)

Fe2TiO5 + 7.4NH4HF2 → (NH4)0.8TiOF2.8 + 2(NH4)3FeF6 + 0.6NH3 + 4H2O (8)
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Fe1.5Ti0.5O3 + 4.2NH4HF2 → 0.5(NH4)0.8TiOF2.8 + (NH4)3FeF6 + 0.5FeF2+
+0.8NH3 + 2.5H2O

(9)

MgTi2O5 + 3.8 NH4HF2 → 2(NH4)0.8TiOF2.8 + MgF2 + 2.2 NH3 + 3H2O (10)

Trivalent iron predominates in the dust, and ferrous iron is also present in the
Fe1.5Ti0.5O3 phase. According to the data of [38], trivalent iron present in natural ilmenite
was completely reduced to divalent iron, with the release of gaseous nitrogen. However, in
accordance with the results of the studies [39], the samples contained an iron-containing
phase (NH4)FeF6 with ferric iron; at the same time, the studies were carried out in an argon
atmosphere. Based on the foregoing, in reactions (6) and (8) iron is present in the form of
two phases: (NH4)FeF6 and FeF2.

3.2. Determination of the Optimal Conditions for the Pyrohydrolysis of Titanium Fluorides

In order to obtain titanium dioxide, the sublimates obtained after fluorination and
sublimation of the desiliconized residue from the ammonium fluoride treatment of dusts
were subjected to pyrohydrolysis.

The pyrohydrolysis of the titanium fluorides is described by the reactions [40,41]:

NH4TiOF3 + H2O = TiO2 + NH3 + 3HF (11)

(NH4)2TiF6 + 2H2O = TiO2 + 2NH3 + 6HF (12)

According to [38], the pyrohydrolysis of ammonium fluorotitanates with the formation
of titanium dioxide can proceed sequentially, forming intermediate compounds, according
to the scheme:

(NH4)2Ti(OH)xF6−x → NH4TiOF3 → (NH4)0.8TiOF2.8 → (NH4)0.3TiOF2.3 → TiO2 (13)

The effect of various parameters on the process of pyrohydrolysis has been studied.
At the first stage, the influence of the temperature of the pyrohydrolysis process was studied. The
study of the temperature effect on the degree of pyrohydrolysis of the titanium fluorides
was performed in the range of 300–700 ◦C; the duration of the experiments was 300 min.
The research results are presented in Figures 3 and 4.
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The data shown in Figure 3 indicate that the conversion degree of titanium fluorides
into oxide during the process at 600 ◦C reached 99.5%, and a further increase in temperature
to 700 ◦C did not have a significant effect since the pyrohydrolysis process was almost
completely finished at 600 ◦C.

However, the structural modification of the resulting titanium dioxide was of interest.
A series of experiments was conducted in the range of 400–700 ◦C in order to study the
effect of the titanium fluoride pyrolysis temperature on titanium dioxide modification. The
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XRD analysis results show (Figure 4) that the pyrolysis of the initial product at 500–600 ◦C
for 300 min resulted in the formation of an anatase monophase.

An increase of up to 700 ◦C in the process temperature resulted in the onset of
the anatase → rutile transition. The proportions of anatase and rutile were 94.8 and
5.2 rel. %, respectively.

The use of pyrohydrolysis of fluoroammonium compounds for the production of
titanium dioxide predetermines the presence of fluorine ions in the product, which, during
the condensation of titanium oxide compounds in the temperature range of 400–700 ◦C and
higher, apparently contributes to the formation of an anatase structure [31,42]. Depending
on the final consumer destination, it is possible to subject the product of pyrohydrolysis to
further processing and obtain titanium dioxide of the required modification with the other
corresponding characteristics.

Thus, studies have shown that titanium fluorides are almost completely converted
into titanium dioxide at 600 ◦C.

At the next stage, the influence of the duration of the titanium fluoride pyrohydrolysis
process was studied.

A series of experiments was conducted with duration of 60–300 min at 600 ◦C, with a
steam supply rate of 1.5 dm3/g. The results of the experiments are shown in Figure 5.
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process duration.

The interval 60–240 min in Figure 5 reflects a linear dependence of the degree of
conversion of titanium fluorides into oxides on the duration of pyrohydrolysis. When the
process was held for 240–300 min, the pyrohydrolysis was almost totally completed, and
the degree of conversion of titanium fluorides into oxides reached their maximum values.
The fluoride conversion rate decreased after 240 min of the process. The composition of
the pyrohydrolysis product obtained at 240 min of the process is presented in Table 2; the
fluorine content in the resulting product was 0.447 wt%.

Table 2. The content of the main components in the pyrohydrolysis product of titanium fluorides
(600 ◦C, 5 g), wt%.

TiO2 Fe2O3 Cr2O3 Al2O3 SiO2 F

98.5 0.807 0.183 0.266 0.012 0.447

Table 2 shows that, in terms of the mass content of the main component, the resulting
titanium dioxide could meet the requirements for obtaining pigment grades [43]; however,
the content of impurities in the product was high and required additional processing.

The rate constants and activation energies were calculated for the pyrohydrolysis
process, in accordance with reactions (11) and (12), which are presented in Table 3.
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Table 3. The values of the rate constants and activation energies of the processes described by
reactions (11) and (12).

Reaction (11) Reaction (12)

Ke, s−1 Ea, kJ/mol Ke, s−1 Ea, kJ/mol

16.1 × 10−5 14.7 12.9 × 10−5 15.3

The pyrohydrolysis of titanium fluorides proceeded in the outer diffusion region, i.e.,
the rate of the process was limited by the insufficiently acceptable access of water vapor to
titanium fluoride compounds, which must be taken into account in the further carrying out
of the process to ensure sufficient mixing of the reactants.

Thus, the optimal conditions for the pyrohydrolysis of titanium fluorides are a process
temperature of 600 ◦C and a duration of 240–300 min.

3.3. Purification of Titanium Dioxide from Impurities and Obtaining Rutile

Pigmented titanium dioxide is used mainly in the rutile form. Titanium dioxide
produced as a result of pyrohydrolysis of titanium fluorides had a grayish tint and needed
to be purified from such impurities as iron, chromium, and manganese. The oxides of
these metals dissolve well in hydrochloric acid solutions; therefore, studies were carried
out to purify titanium dioxide obtained as a result of pyrohydrolysis from accompanying
impurities. To ensure the most complete removal of impurities from the composition of
the product, the influence of the conditions for carrying out hydrochloric acid treatment
was studied.

At the first stage, the effect of hydrochloric acid concentration was studied. Studies were
carried out with hydrochloric acid solutions with concentrations of 5, 7.5, 10, and 15 wt%
while maintaining the following constant conditions: temperature 30 ◦C, ratio S:L = 1:8, and
duration 30 min. The results of studies of this series of experiments are presented in Figure 6.
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Figure 6 shows that an increase in the concentration of hydrochloric acid in the solution
from 5 to 10 wt% resulted in a sharp increase in the degree of leaching of controlled impurity
components into the solution of manganese from 18.0% to 80.1%, iron from 15.2% to 73.6%,
chromium from 10.5% to 62.7%. A further increase in the concentration of hydrochloric
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acid to 15% made it possible to completely purify titanium dioxide from manganese
and significantly reduce the content of iron and chromium. The optimal concentration
of hydrochloric acid for the purification of titanium dioxide from impurities should be
considered the range of 12.5–15 wt%.

At the next stage, the influence of the S:L ratio on the process of impurities leaching was
studied. The effect of the ratio of the pyrohydrolysis product to the solution of 12.5 wt%
hydrochloric acid at 30 ◦C, duration 30 min was studied. Figure 7 shows that with an
increase in the ratio of S:L, there was a slight increase in the recovery of the studied impurity
components into the solution, and at ratios S:L = 1:6÷8, the degree of purification of iron,
manganese, and chromium reached acceptable values and amounted to ~80, ~87, and ~70%,
respectively. The optimal ratios of S:L should be considered to be from 1:6 to 1:8.
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Figure 7. Dependence of the degree of extraction of manganese, iron, and chromium into the solution
on the solid to liquid ratio.

The next stage in studying of the effect of the duration of leaching of manganese,
iron, and chromium from the pyrohydrolysis product of titanium fluorides was performed
within 5–60 min at 30 ◦C, S:L ratio = 1:8. The results are shown in Figure 8.

Figure 8 shows that the leaching of manganese, iron, and chromium had already
reached 96.1, 91.0, and 81.2%, respectively, at the initial stages of the process, and the degree
of leaching reached 98.0, 93.1, and 83.1% after 30 min. The increase in the acid leaching
duration did not have a significant effect. The optimal duration of the titanium dioxide
purification process was determined to be 20–30 min.

Titanium dioxide, purified after hydrochloric acid treatment under selected optimal condi-
tions, was studied using physical and chemical methods of analysis. According to XRD results,
titanium dioxide consisted of two modifications—anatase 94.0 and rutile 6.0% (Figure 9).

Titanium dioxide with an anatase structure has a wide range of applications. However,
in order to obtain a rutile modification, purified titanium dioxide must be subjected to
an appropriate treatment. Titanium dioxide that consists of two modifications has low
pigment qualities, according to [2]. High quality is provided by rutile. In this regard, a
sample of titanium dioxide with anatase base was calcined at a temperature of 900 ◦C
during 120 min. The calcined product was studied using XRD analysis, the results of which
showed that titanium dioxide was obtained with rutile modification (Figure 10).

The composition of titanium dioxide produced under optimal conditions and calcined
at 900 ◦C is shown in Table 4.
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Table 4. The content of the main components in pigmentary titanium dioxide, wt%.

TiO2 SiO2 Cr2O3 MnO2 Fe2O3 F

99.8 0.0005 0.032 0.005 0.039 n/d

Thus, the optimal conditions for purification of the pyrohydrolysis product of titanium
fluoride and production of titanium dioxide pigment include a concentration of hydrochloric
acid solution of 12.5–15 wt%, a temperature range of 25–30 ◦C, a solid to liquid ratio = 1:6÷8,
and a duration of 20–30 min. Calcination should be performed at 900 ◦C for 120 min.
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4. Conclusions

Fine dusts of ore-thermal smelting of ilmenite concentrate, containing up to 50 wt%
TiO2 in their composition, cannot be returned back to the electric smelting process due to
their high silica content (up to 20 wt%) and are a waste of titanium production.

The ammonium fluoride processing method allows for the selective separation of a
valuable component from others present in the raw material.

The possibility to produce titanium dioxide from electrosmelting dusts of ilmenite
concentrate was studied; while silicon was previously removed from the dusts by the am-
monium fluoride method, sublimates of titanium fluorides (NH4)0,8TiOF2,8 and (NH4)2TiF6
were obtained. Titanium dioxide with the anatase structure was obtained by pyrohydrolysis
of sublimates.

After purification of the product of pyrohydrolysis of titanium fluorides from impu-
rities of iron, chromium, and manganese using hydrochloric acid solutions, pigmentary
titanium dioxide of rutile modification with a content of 99.8 wt% TiO2 was obtained.
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Abbreviations

IMOB JSC Institute of Metallurgy and Ore Beneficiation Joint Stock Company
UKTMP JSC Ust-Kamenogorsk Titanium and Magnesium Plant Joint-Stock Company
XRD X-ray phase analysis
Solid to liquid
ratio (S:L)

the ratio of the weight of the solid phase (in grams) to the volume of the liquid
phase (in mL)
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Abstract: The Gleeble-3800 thermal simulator was used for hot compression simulation to understand
the hot deformation performance of TA1 prepared by the single-pass electron beam cold hearth (EB)
process. The deformation degree is 50% on a thermal simulator when the temperature range is
700–900 ◦C, with a strain rate of 0.01–10−1 s. According to the thermal deformation data, the true
stress-strain curve of TA1 was studied. Meanwhile, the constitutive model and processing map were
established through the experimental data. These results indicate that the deformation temperature
negatively affects strain rate and flow stress. The heat deformation activation energy of EB produced
TA1 sample was lower than that of VAR produced TA1 sample in the studied range. The best
processing areas of EB-produced TA1 were strain rates of 0.05–0.01 s−1, within 700–770 ◦C; or strain
rates of 0.01–0.15 s−1; 840–900 ◦C. The results of this paper enrich the fundamental knowledge of the
thermal deformation behavior of TA1 prepared by EB furnaces.

Keywords: electron beam cold hearth melting; hot deformation; TA1; constitutive model; processing
maps

1. Introduction

Titanium is an important metal applied in modern industry and has characteristics
including high strength, lightweight, strong corrosion resistance, and good temperature
endurance [1,2]. The TA1 plate is generally obtained by rolling titanium slab as the most
used commercial titanium material. However, the shape and surface quality control of the
TA1 titanium slab is problematic, resulting in the high cost of the TA1 plate [3]. To reduce
the production cost, the electron beams cold hearth melting technique (EB) was introduced
to produce TA1 slab, with which high-quality TA1 products can be formed with single
pass melting and casting. Compared with the traditional vacuum consumable electrode
arc (VAR) furnace melting technology which requires several passes, the titanium slab
melted by a single pass EB furnace is more energy saving. The prepared EB product can
be used for direct rolling without forging and perforation molding [4,5]. Meanwhile, the
EB technique was known to have a strong purification ability, especially for high-density
inclusion (HDI), which can hardly be removed by the VAR technique [6,7]. Thus, the EB
technique can reduce titanium waste, reducing the production cost of titanium plates [8].

However, in the actual production process, TA1 titanium slabs using EB furnaces
usually adopt the same hot rolling process scheme as the TA1 titanium slab melted by the
VAR furnace. Since the thermal deformation behaviors of TA1 slabs produced using EB
and VAR are different, surface defects, including peeling and scratching, appear during the
hot rolling process of TA1 slabs melted by EB furnace, which increases the edge cutting
process of titanium coil and production cost.

52



Materials 2023, 16, 369

Many scholars have studied the thermal deformation behavior of TA1 slabs melted
by a VAR furnace. Ma et al. [9] established a processing map for the TA1 plate melted by
VAR. The results showed that TA1 slab was suitable for rolling under the conditions of a
strain rate at 5 s−1, a temperature at 700–750 ◦C, and the deformation of each pass is greater
than or equal to 25%. Li et al. [10] conducted thermal compression simulation experiments
on the intermediate billet of hot-rolled TA1 titanium melted by VAR, and the processing
map was formed. The best conditions for smelting TA1 in the VAR furnace included
a strain rate and temperature range of 1–20 s−1 and 750–850 ◦C. However, few studies
are devoted to the thermal deformation behavior of TA1 slabs melted by the EB furnace.
Huang et al. [11] researched the thermal deformation performance of TA1 slabs prepared
by residual titanium in an EB furnace. The influences of thermal deformation on the
microstructure were discussed, whilst the impacts of thermal deformation on rheological
stress were not considered. Thus, it is necessary to study the influence of rheological stress
during the hot deformation of TA1 to find out the hot deformation characteristics of EB
furnace casting billet and effectively predict and formulate the thermoplastic processing
technology of TA1.

Therefore, this manuscript researches the thermal deformation behavior of TA1 pre-
pared by EB furnaces, focusing on the impacts of strain rate and deformation temperature
on the flow stress. Meanwhile, the constitutive model and processing map are founded
according to the stress-strain data, which provides a reference for the improvement of the
EB furnace melting technique and the subsequent TA1 hot rolling process.

2. Materials and Methods

The test material was an industrial TA1 slab produced by an EB furnace in a factory in
Kunming, China. The chemical composition is indicated in the quality assurance certificate
of the enterprise, and has been verified according to the GB/T4698 standard method [12].
The chemical composition is displayed in Table 1 [13]. The Gleeble sample, sized of
Φ 8 × 12 mm, is cut from a single pass EB melted slab using wire cutting. To ensure the
uniformity of the samples, 10cm of the slab was removed from the end before cutting the
sample. After sampling, Gleeble-3800 was used for the thermal simulation compression
test samples. The initial microstructure of the material before the Gleeble test is shown
in Figure 1. It can be seen from the figure that the original structure of the single pass EB
furnace direct melting billet is equiaxed α phase. Still, the grain structure is coarse, and the
average grain size is about 3–5 cm, reaching the centimeter level.

Table 1. Chemical composition of the sample (Wt%).

Fe O N C H Ti

≤0.20 ≤0.18 ≤0.03 ≤0.08 ≤0.015 Bal
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Figure 1. Original structure of slab directly melted and cast in EB furnace.

The heat treatment temperatures of the sample were selected at 700 ◦C, 750 ◦C, 800 ◦C,
850 ◦C, and 900 ◦C, according to the thermal simulation compression deformation tem-
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perature, combined with TA1 phase transformation temperature and empirical rolling
temperature range. The technical details about mechanical testing are: The temperature
is measured by a thermocouple fixed in the middle of the sample. The temperature was
recorded by the data acquisition system of the thermal simulator. The heating rate is
20 ◦C/s. Since the technology of hot compression deformation test using Gleeble testing
machine is relatively mature, using one sample for each specific temperature and strain
rate can meet the research requirements. But it also depends on the ability of the tester to
control the machine. When the sample deformation is not uniform, that is, the obtained
sample has irregular “drum shape” or even non- “drum shape”, the collected data will
also appear obvious anomalies. At this point, another sample will be made to correct the
corresponding process.

The corresponding strain rates were 0.01 s−1, 0.1 s−1, 1.0 s−1, 5.0 s−1, and 10 s−1,
separately. 50% was the set value of compression deformation. The settled temperature
is maintained for 5 min, and water-cooling was carried out immediately after compres-
sion treatment.

3. Results
3.1. True Stress-Strain Curve of TA1 Sample Produced by Single Pass EB

The friction effect in the process of thermal deformation is reduced by placing graphite
sheets at both ends of the sample, the most important variables are the friction force and
the geometry of the sample [14,15]. To reduce the influence of friction, a piece of 0.5 mm
tantalum foil was placed at the ends of the cylindrical sample during the compression test.
The flow stress is the stress that must be applied to cause a material to deform at a constant
strain rate in its plastic range. Individual data with obvious deviation were removed when
processing the flow stress curve. Figure 2 displays the true stress-strain curve of the TA1
sample at various deformation temperatures and strain rates. With the rise of strain rate,
the flow stress increases at a certain deformation temperature from Figure 2. For example,
at 0.01 s−1 strain rate and 700 ◦C, the maximum flow stress is about 58 MPa. While the
maximum flow stress is about 160 MPa at a 10 s−1 strain rate. At high strain rates, the strain
hardening trend is obvious, and the degree of dynamic softening is low, so the flow stress
is enormous. Figure 3 shows the typical metallographic structure at 750–900 ◦C and 1 s−1

strain rate. When deformed below 850 ◦C, α-phase equiaxed polyhedral grain structure is
obtained, which is mainly different in grain size and uniformity. The non-uniformity of
grains obtained after deformation at 750 ◦C is obvious. It can be seen that some grains have
not grown up after recrystallization. Then, with the increase of temperature, the grains
grow up gradually and distribute uniformly in the region. However, when the temperature
reaches 900 ◦C for deformation, as the deformation temperature is already in the β-phase
zone, the sample structure has a flaky nature, the grains are irregular, and the sawtooth
structure of the β-phase grain boundary appears. So, when the strain rate is low, the flow
stress is low, which is because the sample is affected by dynamic recovery and dynamic
recrystallization softening [16]. Under the condition of constant strain rate, the flow stress
declines with the rise of deformation temperature. For example, when the temperature
is 700 ◦C, the maximum flow stress is about 160 MPa at the strain rate of 10 s−1, while
30 MPa is the maximum flow stress at 900 ◦C. Therefore, when the deformation temperature
grows gradually, the softening impact of TA1 is more obvious, and the trend of flow stress
reduction is more significant.

At high-temperature compression deformation, the relationship between peak stress
and strain rate as a function of temperature is presented in Figure 4a,b. With a constant
temperature, the peak stress grows with the rise of the strain rate as shown in Figure 4a;
With a constant strain rate, the peak stress reduces with the increase of temperature, as
shown in Figure 4b. When the temperature is 700–850 ◦C, the sensitivity of peak stress
to strain rate tends to be consistent. However, when the temperature reaches 900 ◦C, the
sensitivity of peak stress decreases obviously, and the strain rate changes tend to be gentle.
This can be attributed to the fact that with the increase in temperature, the average atomic
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kinetic energy of the material increases, and the thermal activation increases, which reduces
the critical shear stress of grain boundary slip and weakens the resistance to slip and
dislocation [17].
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During the hot deformation of TA1, the hardening impact of strain hardening, dynamic
recovery, and dynamic recrystallization softening mechanism will cause the variation of
flow stress. The stress-strain curve has two stages: unsteady deformation and steady
deformation. At the initial stage of deformation, namely unsteady deformation, the flow
stress growths quickly within a very small range of strain increases; The strain endures to
growth while the flow stress grows gradually in the steady-state deformation process. The
flow stress rises slowly when the deformation temperature is at a low level, and the strain
rate is high. The flow stress grows slowly to the peak value, then declines slowly, and finally
tends to be stable under the condition of a low strain rate and high deformation temperature.
Plastic deformation occurs in the stage of unsteady deformation. The interaction of epistatic
faults in the slip system causes the dislocation density to increase speedily, resulting in
dislocation entanglement and stacking, and finally forms cellular dislocation structure,
resulting in higher stress for material deformation [18]. Hardening is dominant, and the
flow stress grows rapidly in the stage of unsteady deformation.

As the strain increases, the material accumulates more energy in the steady-state
deformation stage. Cellular dislocations form substructures, and dislocations of opposite
signs are canceled out. The softening influence of dynamic recovery rises continuously,
and the growing trend of flow stress becomes gentle. The material will have enough
time to accumulate more energy at a large deformation temperature and a small strain
rate [19]. Dynamic recrystallization will arise during the deformation after the material
accumulates enough energy. At this time, the softening effect is more pronounced. The
flow stress declines slowly after getting the peak value. Finally, the hardening effect
affected by the rise of strain is balanced with the softening effect of dynamic recovery and
dynamic recrystallization, and the flow stress stays unwavering [20]. However, with a
low deformation temperature and a significant strain rate, there exists not enough time
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to accumulate energy for the material. Simultaneously, the temperature cannot reach the
critical temperature required for dynamic recrystallization. Therefore, the softening effect
of the material is almost not noticeable, which shows that the flow stress continues to
increase slowly.
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Figure 3. Typical metallographic structure at 750–900 ◦C and 1 s−1 strain rate.
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3.2. Constitutive Model of TA1 Sample Produced by Single Pass EB

When studying the mechanical properties of metal materials during plastic defor-
mation, the constitutive model can frequently describe the relationship between strain,
stress, temperature, and strain rate. As stated by stress-strain data of TA1 melted and
cast in the EB furnace obtained in the experiment, the constitutive model was derived by
using the constitutive equation. Arrhenius constitutive equation was exploited to derive,
which was summarized and improved from various models, and can accurately express the
relationship between flow stress, strain rate, and temperature [21]. The three expressions of
the Arrhenius equation are present in Equations (1)–(3). Equation (1) applies to low stress
where the strain rate and stress are power functions; Equation (2) applies to the high-stress
situation where there is an exponential connection between strain rate and stress; When
the connection of strain rate and stress remains a hyperbolic sine function, Equation (3)
is applicable.

.
ε = A1σn1 exp

(
− Q

RT

)
(1)

.
ε = A2 exp(βσ) exp

(
− Q

RT

)
(2)

.
ε = A

[
sinh(ασ)n]exp

(
− Q

RT

)
(3)

where,
.
ε represents the strain rate, (s−1); σ represents the stress, (MPa); T stands for

deformation temperature, (K); Q means the activation energy of thermal deformation,
(J/mol); R means the gas constant, (J/mol·K), the value indicates 8.314 [22]; A, A1, A2, n, n1,
β, α represent the material constant, and α = β

n1
.

The natural logarithms were taken on both sides of Equations (1)–(3), and the equations
were transformed into Equations (4)–(6). The ln σ was settled as abscissa, ln

.
εwas settled

as the ordinate, the graph was drawn in Figure 5a, where the true strain was 0.69; With σ
was settled as abscissa, and ln

.
ε was settled as the ordinate, the graph with the true strain

of 0.69 was drawn in Figure 5b. In Figure 5a, n1 represented the average slope of the five
straight lines (σ-ln

.
ε), and the average slope of the five straight lines in Figure 5b is β. n1

was reckoned to be 4.89534, β was 0.106564, and the α was 0.021768.

ln
.
ε = n1lnσ + lnA1 −

Q
RT

(4)

ln
.
ε = βσ+lnA2 −

Q
RT

(5)

ln
.
ε = nln[sinh(ασ)] + ln A− Q

RT
(6)
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The relationship of ln[sin h(ασ)]− ln
.
ε is drawn into a curve in Figure 6a. The average

n of the straight-line slope of ln[sin h(ασ)] was calculated, which was 2.982678. In a certain
range, the activation energy of thermal deformation is determined when the strain rate
.
ε is certain. The partial derivative of 1/T on both sides of Equation (6) was calculated,
expressed as [23]:

Q = Rn
∂ln[sinh(ασ)]

∂
(

1
T

) (7)
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Figure 6b shows the relation curve of ln[sin h(ασ)]−1000/T when the true strain was
0.69. Under different strain rates, the average straight-line slope value was 16.55988, which
was substituted into Equation (7) to reckon the thermal deformation activation energy (Q),
which was 410.655 kJ/mol.

In general, when characterizing the impact of temperature and strain rate on the defor-
mation behavior of materials, the Zener-Holloman parameter of temperature-compensated
strain rate factor is often used in Equation (8) [24].

ln Z = ln A + n ln[sinh(ασ)] (8)

According to Equation (3):

.
εexp(

Q
RT

) = A[sinh(ασ)]n (9)

Figure 7 is the relation curve of ln Z− ln[sin h(ασ)] when the true strain is 0.69.
When ln[sin h(ασ)] was 0, lnA was equal to ln Z, and the value was 43.42325.
The constitutive model can be obtained by replacing the above parameters with the

hyperbolic sinusoidal constitutive equation:

σ =
1

α(ε)
·ln{( Z

eln A(ε)
)

1
n(ε)

+ [(
Z

eln A(ε)
)

2
n(ε)

+ 1]

1
2

} (10)

where Z =
.
ε exp( Q(ε)

T·8.314 J/(mol·K) ).
Arrhenius’s constitutive model only thinks about the peak stress but ignores the

influence of true strain [25]. To obtain the material constants under different strain variables
in the constitutive model, the strain variables are taken from 0.05 to 0.70 with an interval of
0.05. The calculation results of α, n, Q, and lnA are shown in Table 2.
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Table 2. Calculation results of α, n, Q, and lnA, when the true strain is in the range of 0.05–0.70.

True Strain α n Q (kJ/mol) lnA

0.05 0.0367310 4.537762 628.09658 67.68917
0.1 0.0311358 4.123178 517.24992 55.28302

0.15 0.0287303 4.188236 517.89557 55.30470
0.2 0.0356319 3.242180 483.62878 50.14605

0.25 0.0260507 3.625776 474.42582 50.45797
0.3 0.0260062 3.431418 459.28553 48.67368

0.35 0.0242674 3.438538 448.01972 47.60311
0.4 0.0244092 3.174006 432.84269 45.82066

0.45 0.0237639 3.135992 437.09739 44.38648
0.5 0.0247517 2.947084 422.53110 44.47413

0.55 0.0233285 2.910886 409.14240 43.21425
0.6 0.0216964 3.020520 419.02809 44.54717

0.65 0.0213428 2.996986 418.49972 44.51738
0.7 0.0221200 2.429494 358.97080 38.67918

A polynomial fitting curve of the seventh degree between the strain and the material
constants in the constitutive model is shown in Figure 8. Using strain and material constants
in the constitutive model α, n, Q, and lnA in the process of fitting attempt, at least 70% of
the calculated points fall on the fitting curve, and the points are evenly distributed on both
sides of the curve, guarantee the accuracy of the fitting. Through fitting, it is found that
the result of seven times fitting is more accurate. Table 3 displays the parameters in the
equation. A polynomial of degree seven can express the relationship between α, n, Q, lnA,
and true strain ε, as shown below:

α(ε) = α0 + α1ε + α2ε2 + α3ε3 + α4ε4 + α5ε5 + α6ε6 + α7ε7 (11)

n(ε) = n0 + n1ε + n2ε2 + n3ε3 + n4ε4 + n5ε5 + n6ε6 + n7ε7 (12)

Q(ε) = Q0 + Q1ε + Q2ε2 + Q3ε3 + Q4ε4 + Q5ε5 + Q6ε6 + Q7ε7 (13)

ln A(ε) = A0 + A1ε + A2ε2 + A3ε3 + A4ε4 + A5ε5 + A6ε6 + A7ε7 (14)
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Table 3. Data of material constants (α, n, Q, and lnA).

α n Q (kJ/mol) lnA

α0 = 0.08047 n0 = 3.9809 Q0 = 1050.80096 A0 = 104.97502
α1 = −1.57336 n1 = 25.52243 Q1 = −14,406.71512 A1 = −1213.97161
α2 = 18.63559 n2 = −388.12653 Q2 = 156,765.29615 A2 = 12,090.3470
α3 = −107.21173 n3 = 2069.28187 Q3 = −890,952.59121 A3 = −64,932.77841
α4 = 328.63345 n4 = −5187.62503 Q4 = 2,814,010.0 A4 = 198,218.43158
α5 = −550.47869 n5 = 6070.79641 Q5 = 4,982,800.0 A5 = −345,319.45288
α6 = 475.65222 n6 = −2494.63078 Q6 = 4,624,390.0 A6 = 319,534.03285
α7 = −165.87799 n7 = −246.27687 Q7 = −1,749,330.0 A7 = −121,622.70438

The above parameters are substituted into the hyperbolic sinusoidal constitutive
equation. The constitutive model of TA1 considering strain shadow is:

σ =
1

α(ε)
·ln{( Z

eln A(ε)
)

1
n(ε)

+ [(
Z

eln A(ε)
)

2
n(ε)

+ 1]

1
2

} (15)

where Z =
.
εexp( Q(ε)·1000 J/mol

T·8.314 J/(mol·K)
).

3.3. Processing Map of EB Furnace Produced TA1

To reflect the influence of deformation parameters on processing properties, the pro-
cessing map is drawn to lead the hot deformation process of materials in actual production,
where the dynamic materials model (DMM) is generally adopted [26,27]. When the defor-
mation temperature and strain rate remain unchanged, the dynamic relationship between
the stress σ and the strain rate of the hot-worked workpiece is as follows:

σ = K(
.
ε)

m (16)
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The dynamic material model treats the thermal deformation process as an energy
dissipation element. During the plastic deformation of the workpiece, P represents the
total energy absorbed [28,29]. During plastic deformation, the total energy absorbed can be
expressed as [30]:

P = σ· .ε =
∫ .

ε

0
σd

.
ε +

∫ σ

0

.
εdσ (17)

The energy absorbed by materials is mainly scattered in two methods: (1) The energy
dissipation affected by plastic deformation is expressed as power consumption (G), mostly
converted to heat; (2) The power dissipation covariance (J) is the energy consumed by
microstructure evolution [31,32]. The strain rate sensitivity index(m) refers to the proportion
of power dissipation co-quantity and power dissipation quantity [33]. m is calculated
as follows:

m =
dJ
dG

=
d(lnσ)

d
(
ln

.
ε
) =

∆lg σ

∆lg
.
ε

(18)

During the material forming process, the proportional relationship between the energy
(J) consumed by the evolutionary process of the microstructure and the linear dissipation
energy is usually expressed by the power dissipation exponent η [34,35]. η is defined as:

η =
J

Jmax
=

2m
m + 1

(19)

The processing instability was established according to the Prasad instability crite-
rion in the dynamic material model, [36], based on Ziegler’s extreme value principle of
irreversible thermodynamics in equation (20) [37]:

ξ =
∂ ln( m

m+1 )

∂ ln
.
ε

+ m ≤ 0 (20)

Along with the established constitutive model, the instability zone and power dissipa-
tion index are calculated through Equations (19) and (20). The thermal processing diagram
of the dynamic material model is obtained by drawing the principle of superposition of the
power dissipation diagram and instability diagram, as shown in Figure 9.
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In Figure 9, the gray part of “ 1© and 2©” is the plastic instability area. The power dissi-
pation index in this area is less than 0.35, which is not suitable for machining deformation.
The dotted line area of “ 3© and 4©” is a suitable processing area. In this area, most of the
energy is used for the transformation of the microstructure. The processing map shows
that the appropriate hot working areas for industrial pure titanium TA1 are: The range of
deformation temperature and strain rates are 700–770 ◦C and 0.01–0.05 s−1, separately; The
range of strain rate and deformation temperature is 0.01–0.15 s−1 and 840–900 ◦C, individ-
ually. Plastic flow instability region: the range of strain rate and deformation temperature
are 3–10 s−1 and 860–880 ◦C, respectively; The range of strain rate and deformation tem-
perature range are 1–10 s−1 and 700–840 ◦C, individually. To effectively reduce the rolling
mill load, in combination with the actual industrial production, the processing area 4© is
selected for the hot working deformation test of TA1 titanium billet. The preferred 860 ◦C
open rolling annealing organization is shown in the following Figure 10. The structure of
finished titanium material is equiaxed α Titanium, the grain size is uniform, and the grain
size is about grade 5. The tensile strength of the transverse tension test is 375 MPa, RP0.2 is
275 MPa, elongation after fracture is 44%, and the strength and toughness are good.
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4. Discussion

The VAR process is difficult to eliminate high-density and low-density inclusions
during the titanium melting process [6]. In the EB furnace smelting process, the cold
hearth can be used to separate the three processes of melting, refining, and crystallization
(i.e., melting, refining and solidification). The liquid metal first enters the smelting area
for melting and preliminary refining. Then it flows into the refining area for complete
refining to eliminate the high-density and low-density inclusions that may be mixed in
the raw materials. Finally, the purified melt flows into the crystallizer and condenses
into slabs. Therefore, the obtained flat slab phase has a more uniform composition and
fewer impurity elements than vacuum consumable smelting [7]. In addition, since the
EB furnace works under a vacuum with a pressure less than 0.1 Pa, oxygen and nitrogen
impurities formation in the smelting process was suppressed. The single-pass EB process
has a good dehydrogenation capacity, and the deformation activation energy and the degree
of structural segregation of the EB slab are lower than that of the VAR slab. Li Jun et al. [10]
studied that the thermal deformation activation energy of the TA1 sample prepared by
VAR is 643.3116 kJ/mol. The thermal deformation activation energy of the TA1 sample
prepared by the EB furnace was reduced by about 36.2% compared with the thermal
deformation activation energy of the TA1 sample prepared by VAR. By comparing the
thermal deformation activation energy, we found that the thermal deformation activation
energy of the TA1 sample prepared by EB is lower than that of the sample prepared by VAR.
The thermal deformation activation energy of TA1 cast in the EB furnace is 410.655 kJ/mol.
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Therefore, the TA1 sample prepared by the EB furnace is easier to deform than the TA1
slabs produced by the VAR furnace.

Table 4 compares the processing maps of TA1 slabs produced by the EB furnace and
VAR furnace. We found that the machinable range of TA1 slabs produced by VAR is more
significant than that produced by EB, whist for the unstable region, the trend is the opposite.
The instability area of the processing chart for the slabs produced by EB furnace is relatively
large in the region with a large strain rate. Thus, the machinable range of TA1 slab produced
by EB is mainly concentrated on a low strain rate, while that of the VAR-produced TA1 slab
is relatively concentrated on a high strain rate.

Table 4. Hot deformation of TA1 produced by EB and VAR.

Smelting Method Suitable Hot Deformation Region

EB 700~760 ◦C, 0.05~0.01 s−1; 840~900 ◦C,
0.1~0.01 s−1;

VAR [10] 750~850 ◦C, 1~20 s−1;
VAR [38] strain rate < 10 s−1, T > 725 ◦C;
VAR [9] 650~750 ◦C, 5~10 s−1;

5. Conclusions

(1) TA1 prepared by electron beam cold hearth melting in just one pass was very sensitive
to strain rate and temperature. The strain rate and temperature of TA1 cast in the EB
furnace were very significant. Rising the temperature and lessening the strain rate will
reduce the flow stress. In the unsteady deformation stage, the flow stress increased
rapidly; The flow stress raised slowly or even fell in the steady-state deformation stage.

(2) The constitutive model of TA1 for EB furnace casting considering the effect of strain
was Equation (15).

(3) Based on the processing map of the TA1 sample produced by the EB furnace, the suit-
able processing areas were obtained: The range of strain rate was 0.01–0.05 s−1 at the
deformation temperature range was 700–770 ◦C; When the deformation temperature
range was 840–900 ◦C, the strain rate range was 0.01–0.15 s−1.

(4) Compared with VAR produced TA1 sample, EB produced TA1 sample had lower
activation energy of thermal deformation and a smaller suitable range for ther-
mal processing.
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Abstract: Electromagnetic stirring (M-EMS) has been extensively applied in continuous casting pro-
duction to reduce the quality defects of casting billets. To investigate the effect of continuous casting
electromagnetic stirring on billet segregation, a 3D multi-physics coupling model was established to
simulate the internal heat, momentum, and solute transfer behavior, to identify the effect of M-EMS
on the carbon segregation of a continuous casting square billet of 200 mm × 200 mm. The results
show that M-EMS can move the high-temperature zone upward, which is favorable for the rapid
solidification of the billet, and can promote the rotational flow of the molten steel in the horizontal
direction. When the electromagnetic stirring current is varied in the range of 0–500 A, the degree
of carbon segregation first decreases and then increases, with the best control of segregation at
300 A. In the frequency range of 3–5 Hz, the degree of carbon segregation degree increases with
frequency. Meanwhile, the simulation and experimental results show that 3 Hz + 300 A is the best
electromagnetic stirring parameter for improving the carbon segregation of casting billets with a size
of 200 mm × 200 mm. So, a reasonable choice of the M-EMS parameters is crucial for the quality of
the billet.

Keywords: M-EMS; continuous casting billet; multi-physical field model; carbon segregation

1. Introduction

Continuous casting is an essential link in the production of high-quality steel and
special steel. The segregation behavior of continuous casting billets has an essential impact
on the internal quality and performance uniformity of subsequent steel products [1,2]. The
continuous casting process of the billet is dominated by highly complex and interrelated
phenomena, including molten steel flow, heat transfer, solute transport, solidification
nucleation, and crystal growth and transport [3,4]. For the typical segregation behavior
in the continuous casting process, the reported causes include the flow, solute transfer,
and relative motion of the solid and liquid phases. Electromagnetic stirring (EMS) is a
process that uses electromagnetic force to stir processed molten metal. It generates an
alternating magnetic field through a copper coil and an electromagnetic force through
the interaction of an induced current and magnetic field in a liquid metal [5]. It can be
used to control the flow, heat transfer, and solidification of molten steel by electromagnetic
forces, thus enabling optimization of the casting process [6]. Electromagnetic stirring
in mold (M-EMS) technology is a vital application form of EMS, which is an effective
means to optimize the flow of molten steel in the continuous casting process. It is widely
used in the continuous casting production of high-quality and unique steel. The slab’s
solidification structure, center segregation, and inclusion distribution can be improved by
controlling the flow and heat transfer of molten steel. However, M-EMS also has some
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adverse consequences, such as negative segregation [7]. This segregation, also known as
a white band, will affect the hardenability, surface hardness, and mechanical properties
of steel, and it is often challenging to eliminate in the subsequent process of continuous
casting [8,9]. There is no unified explanation for the formation mechanism of negative
segregation bands [10], and the widely accepted theory is mainly the solute washing
mechanism. It is believed that the electromagnetic force makes the molten steel flow,
flushing the solidification front and removing the solute-enriched molten steel [11,12].
In this case, a negative segregation band is formed. Kor et al. [13] reported that when
the billet enters and leaves the electromagnetic stirring zone, the billet’s sudden slow
and fast solidification rate is the main reason for negative segregation bands. Ayata
et al. [14] found that the subcutaneous negative segregation of the continuous casting
billet gradually deteriorated with the increase in M-EMS intensity. It is considered that
the electromagnetic stirring drives the flow of molten steel and the impact on the nozzle.
These phenomena bring the high-concentration solute discharged from the solidification
front to the central liquid phase area, causing the formation of subcutaneous negative
segregation. Wu et al. [15] reported that the carbon segregation index reduced from 1.412
to 1.201 with electromagnetic torque of M-EMS from 230 to 400 cN·cm. Tao et al. [10] found
that a suitable current of EMS could reduce the carbon segregation in industrial tests, and
the segregation became severe with the progressive increase in current. The segregation
behavior in the continuous casting process involves multiple processes, such as molten steel
flow, solute migration, heat transfer, and solidification [16]. For molten steel’s opacity and
high-temperature characteristics, the liquid phase flow state and solute transport behavior
of molten steel would not be directly understood by traditional casting industrial tests.
Therefore, numerical simulation methods have been adopted by many researchers to carry
out relevant studies [17]. Jiang et al. [9] reported that M-EMS with a higher stirring current
would not continue to increase the equiaxed crystal ratio of the continuous casting billet,
but more serious negative segregation appears. The effects of equiaxed grain settlement
and liquid hot melt flow lead to negative segregation bands and positive segregation near
the center of the billet. Okazawa et al. [18] adopted a numerical simulation method to
quantitatively describe the effect of EMS on the molten steel flow structure by using the
homogeneity index and found that the different installation positions and logarithms of
agitators would significantly impact the flow structure in the mold.

Sun et al. [19] established a segmented three-dimensional electromagnetic–thermal
coupling solute transport model to better understand the macroscopic segregation forma-
tion in the billet during continuous casting. The effect of M-EMS operating parameters on
the segregation was studied by conducting industrial tests. It was found that the simulated
W-shaped segregation distribution along the casting thickness was in good agreement with
the measured distribution. Zhang et al. [20] used a multi-physical field numerical model
to study the macroscopic transfer behavior in the billet. Then, it was found that with the
increase in M-EMS current density, the high-temperature region would move upward,
and the negative segregation under the skin would finally become more severe due to
the intense flushing of the initial solidified shell caused by the flow. Yu et al. [21] numeri-
cally simulated the magnetic field, temperature field, and inclusion trajectory of M-EMS
under different parameters for round billet continuous casting. Based on the numerical
simulation results, industrial experiments were carried out to investigate the solidification
structure obtained under different M-EMS parameters and the macro-segregation behavior
of high-carbon steel during continuous casting. Fang et al. [22] established a multi-physical
field numerical model to investigate the flow, temperature field, and solute concentration
field in bloom (380 mm × 280 mm) casting under the action of M-EMS. It was found that
M-EMS made the distribution of temperature, solute, and solidified shell more uniform.
However, M-EMS has not been found to improve the central segregation of this bloom.

In order to explore the causes and improvement measures of segregation in continuous
casting, many researchers have developed multi-physical field models to reveal the macro-
scopic transport phenomena of the continuous casting electromagnetic stirring process.
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However, due to the differences in steel grades and equipment in the continuous casting
production processes, a unified conclusion has not yet been formed to fully understand
the heat transfer, flow structure, and solute distribution of molten steel under the action
of M-EMS. Therefore, in this paper, the electromagnetic–thermal-flow multi-physical field
coupling model is established to simulate the temperature field, flow field, and distribution
characteristics of carbon in the molten steel of a 200 mm× 200 mm billet, and to explore the
influence of M-EMS on the segregation behavior of the billet under different parameters, to
provide a technical reference for continuous casting production.

2. Model Description
2.1. Assumptions

The flow and heat transfer in the numerical model of EMS correlates with the magnetic
field. Thus, the Navier–Stokes, Maxwell, heat transfer, and solute transport equations
should be coupled solutions to the quantitative analysis of the transport phenomena in the
mold. To simplify the complexity and enhance computational efficiency, the assumptions
are as follows:

1. The steel in the calculation domain is considered as incompressible Newtonian
viscous fluid;

2. The computing domain is considered vertical and the influence of mold oscillation
and taper is ignored;

3. The electromagnetic field in the effective zone of M-EMS does not affect the molten
steel flow;

4. While solving the solute diffusion, the interaction of solute elements can be ignored;
5. The heat transfer phenomenon between the molten steel and the top slag of the

meniscus is ignored.

2.2. Governing Equations

(1) Fluid Flow Model

The continuity and momentum equations for the melt flow pattern under turbulent
conditions can be described as follows:

∇·U = 0 (1)

∂

∂t
(ρU) +∇ · (ρUU) = ∇ · ((µl + µt)∇ ·U)−∇P + Sp + Fm (2)

where U denotes flow velocity (m/s), µl denotes laminar viscosity (kg/m−1·s−1), µt denotes
turbulent viscosity (kg/m−1·s−1), ρ denotes density (kg/m3), P denotes static pressure (Pa),
Sp denotes momentum sink, and Fm denotes electromagnetic force (N/m3). The standard
κ − ε model was used to describe the turbulent flow of molten steel as follows:

∂

∂t
(ρκ) +∇·(ρUκ) = ∇·

[(
µl +

Ut

σk

)
∇κ

]
+ Gk + Gb − ρε + Sk (3)

∂(ρε)

∂t
+∇·(ρUε) = ∇·

[(
µl +

Ut

σε

)
∇ε

]
+ C1ε

ε

κ
(Gκ + C3εGb)− C2ερ

ε2

κ
+ Sε (4)

Gk denotes the turbulence kinetic energy referring to mean velocity gradients, Gb
denotes the turbulence kinetic energy referring to buoyancy, and µt is the turbulent viscosity.
C1ε, C2ε, C3ε, and Cµ are constant and σk and σε are the turbulent Prandtl numbers for κ and
ε, respectively. C1ε, C2ε, Cµ, σk, and σε are recommended to be 1.44, 1.92, 0.09, 1.0, and 1.3,
respectively [23]. When considering the effects of the porous material, Sk and Sε denote the
source terms.
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(2) Heat Transfer Model

The following equation can describe the energy conservation during the continuous
casting process:

∂

∂t
(ρH) +∇ · (ρUH) = ∇ ·

(
ke f f∇T

)
(5)

where keff denotes the effective thermal conductivity (W·m−1·K−1), and T and H denote
the temperature (K) and the total enthalpy, respectively.

(3) Solute Transport Model

The solute distribution is affected by Fickian diffusion, convection, and phase transport.
The solute conservation equation is used to describe the solute transport phenomenon
as follows:

∂(ρCi)
∂t +∇ · (ρUCi) = ∇ · (ρ fsDs,i∇Cs,i) +∇ ·

(
fl

(
ρDl,i +

µt
Sct

)
∇Cl,i

)

−∇ · (ρ fs(U −Us)(Cl,i − Cs,i))
(6)

where Cl,C and Ds,C (m2/s) denote the solute diffusion coefficients of solute elements in
liquid and solid phases [24].

(4) Electromagnetic Field Model

Maxwell’s equations can describe the electromagnetic field during continuous casting
with M-EMS:

∇× H = J +
∂D
∂t

= Js + Je +
∂D
∂t

(7)

∇× E = −∂B
∂t

(8)

∇·B = 0 (9)

∇·D = ρ (10)

where H (A·m−1) denotes magnetic field strength, D (C·m−2) denotes electric flux density,
J (A·m−2) denotes electric current density, E (V·m−1) denotes electric field strength, B (T)
denotes magnetic flux density, and ρ (C·m−3) denotes electric charge density.

Then, the time-averaged electromagnetic force can be calculated by:

Fm = 0.5Re(J × B) (11)

where Fm is the time-averaged electromagnetic force and Re represents the genuine part of
a complex number.

2.3. Model Parameters and Boundary Conditions

The parameters of the continuous casting and the physical properties of molten steel
are given in Table 1. The finite element model consists of an electromagnetic agitator, a
toroidal core, and 12 coil packages with a 30 degree symmetry distribution. In order to
ensure the accuracy of the calculations, the area near the mold walls and the outlet of the
submerged water is encrypted with grids. The total number of meshes in the model is
about 500,000, and the model mesh partition and device photos are shown in Figure 1.
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Table 1. Continuous casting parameters and physical properties of molten steel [22,25,26].

Parameter Value Parameter Value

Nozzle inner diameter/mm 40 Equilibrium partition
coefficient 0.34

Nozzle outer diameter/mm 60 Magnetic permeability/H·s−1 1.257 × 10−6

Depth/mm 120 Electric conductivity/S·m−1 7.14 × 105

Length of mold/mm 900 Latent heat of fusion/J·kg−1 271,000
Casting speed/m·min−1 1.3 Solidus temperature/K 1762

Frequency/Hz 3, 4, 5 Liquidus temperature/K 1783

Current/A 100, 300, 500 Diffusion coefficient of carbon
in liquid phase/cm2·s−1 0.0052exp(−11700

8.314·T )

Inlet temperature/K 1858 Surface emissivity 0.8

Density of molten
steel/kg/m3 −0.823 × T + 7100

Constant pressure heat
capacity of molten
steel/J·(kg·K)−1

0.0071 × T2 − 15.255 × T + 8959

Dynamic viscosity of molten
steel/Pa·s 0.0065 Thermal conductivity of

molten steel/W·(m·K)−1 10−5 × T2 − 0.033 × T + 50.265

Materials 2023, 16, x FOR PEER REVIEW 5 of 14 
 

 

Table 1. Continuous casting parameters and physical properties of molten steel [22,25,26]. 

Parameter Value Parameter Value 
Nozzle inner diameter/mm 40 Equilibrium partition coefficient  0.34 
Nozzle outer diameter/mm 60 Magnetic permeability/H·s−1 1.257 × 10−6 

Depth/mm 120 Electric conductivity/S·m−1 7.14 × 105 
Length of mold/mm 900 Latent heat of fusion/J·kg−1 271,000 

Casting speed/m·min−1 1.3 Solidus temperature/K 1762 
Frequency/Hz 3, 4, 5 Liquidus temperature/K 1783 

Current/A 100, 300, 500 Diffusion coefficient of carbon in liquid 
phase/cm2·s−1 

0.0052exp(ିଵଵ
଼.ଷଵସ∙

) 

Inlet temperature/K 1858 Surface emissivity 0.8 

Density of molten steel/kg/m3 −0.823 × T + 7100 Constant pressure heat capacity of molten 
steel/J·(kg·K)−1 0.0071 × T2 − 15.255 × T + 8959 

Dynamic viscosity of molten 
steel/Pa·s 0.0065 

Thermal conductivity of molten 
steel/W·(m·K)−1 10−5 × T2 − 0.033 × T + 50.265 

 
Figure 1. (a) Schematic diagram of model mesh division; (b) equipment photos. 

3. Experimental Implementation 
A schematic of the billet continuous casting and picture of the M-EMS are shown in 

Figure 1. The M-EMS with a Klem winding was installed at 0.5 m below the meniscus 
when the 200 mm × 200 mm carbon steel was produced. A φ10 mm drill bit was used to 
sample the cross−section of the continuous casting billet, and 9 points were taken on each 
continuous casting section (the length of the billet is L = 200 mm; the width is W = 200 mm; 
the thickness is H = 10 mm). Point 5 is the central point, point 2 is W/4, point 3 is W/2, 
point 4 is W3/4, point 6 is L/4, point 7 is L/2, point 8 is L3/4, and point 1 and point 9 are 10 
mm under the skin of the edge of the casting billet, respectively. The sampling diagram is 
shown in Figure 2, in which the billet sample for analysis was drilled with a tungsten steel 
drill bit. Carbon content analysis of the billet section in the transverse and longitudinal 
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Figure 1. (a) Schematic diagram of model mesh division; (b) equipment photos.

3. Experimental Implementation

A schematic of the billet continuous casting and picture of the M-EMS are shown in
Figure 1. The M-EMS with a Klem winding was installed at 0.5 m below the meniscus
when the 200 mm × 200 mm carbon steel was produced. A ϕ10 mm drill bit was used to
sample the cross−section of the continuous casting billet, and 9 points were taken on each
continuous casting section (the length of the billet is L = 200 mm; the width is W = 200 mm;
the thickness is H = 10 mm). Point 5 is the central point, point 2 is W/4, point 3 is W/2, point
4 is W3/4, point 6 is L/4, point 7 is L/2, point 8 is L3/4, and point 1 and point 9 are 10 mm
under the skin of the edge of the casting billet, respectively. The sampling diagram is shown
in Figure 2, in which the billet sample for analysis was drilled with a tungsten steel drill bit.
Carbon content analysis of the billet section in the transverse and longitudinal directions
was conducted to evaluate the carbon segregation of the billet. Carbon concentration at
the billet subsurface of each point was analyzed with a carbon–sulfur analyzer (EMIA Pro,
Horiba Inc., Kyoto, Japan). For this research, 30Cr13 steel was used, and the main chemical
components are listed in Table 2.
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Table 2. The main chemical components of 30Cr13 steel (wt.%).

C Mn P S Si Cr Ni

0.725 0.3~0.5 ≤0.035 ≤0.008 0.25–0.50 12.10–12.60 ≤0.3

In order to investigate the variation of segregation of the carbon steel, the segregation
index was used to characterize the macroscopic segregation of the billet. The carbon
segregation index of the billet is calculated according to Equation (12) [27]:

a =
Ci
Cx

(12)

where a is the element segregation index; Ci is the element concentration at the test po-
sition i; and Cx is the average element concentration at all detection locations on the
specimen section.

4. Results and Discussion
4.1. Model Validation

To verify the reliability of the multi−physical field model describing continuous cast-
ing with M−EMS, the internal magnetic distribution results of the billet at the parameters
of 240 A current and 4 Hz frequency are presented in Figure 3b. In addition, they are
compared with the results reported in the literature under the same conditions [28], as
presented in Figure 3a. Then, it can be identified that the minimum flux density predicted
by the numerical model in this research occurs in the center of the billet, the magnetic
flux density is evenly distributed on the cross−section of the billet, the electromagnetic
force rotates along the cross−section, the maximum magnetic flux density is located at the
billet corner, and the minimum magnetic flux density is located at the center of the billet.
The magnetic field profiles calculated with the model in this paper are consistent with
the structure and trends of the magnetic field distribution in the comparative literature.
The maximum induced magnetic field intensity calculated by the simulation in this paper
is 0.002973 T, while the maximum induced magnetic field intensity in the comparison
literature is 0.003021 T. The relative error between the two values for maximum induced
magnetic field intensity is only 1.59%, which indicates that the model established in this
study can be used for magnetic field prediction. It can be used to assess the influence of
EMS on the billet continuous casting process.
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4.2. Melt Heat Transfer

The temperature field distribution of the vertical center section of the mold under
different M−EMS currents is shown in Figure 4. In the beginning, without the action of
M−EMS, the molten steel is directed diagonally into the inner cavity of the mold from the
ingoing nozzle, and the molten steel diverges around the lower part. Then, the upward
reflux of molten steel is reduced and the temperature is lower, leading to a significant
temperature drop in the lower part of the meniscus and around the inlet, where the
temperature is lower than in other areas. At the same time, the temperature range of the
molten steel below the inlet does not favor the solidification of the casting billet. As the
action of M−EMS at the current increases from 100 A to 500 A, the temperature of the
molten steel around the inlet increases appreciably. At a current of 100 A, the region of
influence of the induced magnetic field is limited, and the stirring effect acts only on the
molten steel below the ingoing nozzle. When superimposed with inertia, the upward flow
of molten steel in this region is weakened, resulting in heat loss of the molten steel below
the meniscus, so the temperature of molten steel below the meniscus is lower than that
without M−EMS. As shown in Figure 4, the temperature of the molten steel at a current of
300 A is most uniform in the same horizontal plane near the outlet of the mold, and the
superheating of the molten steel can be effectively reduced or even eliminated.
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Figure 5 shows the temperature field distribution of the vertical central section of
the mold at different frequencies, where the current is set to 300 A. As the frequency
increases from 3 Hz to 5 Hz, the temperature of the molten steel around the inlet of
the mold first decreases and then increases, with values of 1837 K, 1829 K, and 1846 K,
respectively. Then, a significant upward shift of the high−temperature zone can be seen,

72



Materials 2023, 16, 5531

which favors a shortening of the solidification time of the casting billet. At the same time,
the high−temperature zone of the molten steel is gradually confined to the upper part of
the mold, and more of the heat of the molten steel is likely to be carried away by cooling
water in the continuous casting mold. By comparing Figure 5a–c, the isothermal region
edge of 1854 K is closer to the submerged entry nozzle with increasing frequency from
3 Hz to 5 Hz. Around the meniscus, the temperature of the molten steel increases with
the increase in M−EMS frequency, with values of 1795 K, 1804 K, and 1813 K, respectively.
At this moment, the maximum temperature difference is 18 K, and the temperature of the
molten steel rises significantly with increasing frequency. When the frequency exceeds
3 Hz, the temperature in the center of the casting billet near the mold outlet is the lowest in
the same horizontal plane, which may not be favorable for the solidification of the casting
billet. Then, the excessive temperature gradient impairs the formation of an equiaxed
crystal structure, which is unfavorable for uniform solute distribution [29].
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4.3. Melt Flow Field

Figure 6 shows the distribution of the flow field in the mold under different current
and frequency parameters. When the molten steel enters the inner cavity of the mold from
the inlet, the molten steel diffuses without M−EMS, and the velocity gradually decreases,
forming a narrow vortex at the lower left and right sides of the mold inlet. The flow field at
the horizontal section of the center of the electromagnetic stirring device shows that the
velocity distribution of the steel flow in the billet center is divided into three parts: the
velocity is highest in the center of the billet, followed by the area near the surface of the
billet, and the area with the lowest velocity is located between the center and the surface
of the billet. When the M−EMS current is 100 A, the vortices on the left and right sides
below the inlet are shifted upward, and a minor vortex is gradually formed below the
bending moon surface, which is conducive to complete mixing and an improvement in
the quality of the casting billet. At the same time, the horizontal profile of the flow field at
the center of the electromagnetic stirring 0.5 m below the Mencius scale indicates that the
induced magnetic field has a stirring effect on the molten steel. Due to the limited stirring
effect of the electromagnetic force generated by the slight current on the molten steel, the
molten steel forms a clockwise vortex on the horizontal surface, and the area with a higher
flow speed is still located in the billet. As the current gradually increases to 300–500 A, the
vortices in the lower part of the inlet gradually move upward and fuse with the vortices
in the lower part of the meniscus, eventually forming giant vortices. According to the
distribution characteristics of the magnetic field, the electromagnetic force acting on the
molten steel near the mold walls is more significant. At the same time, the flow rate of the
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molten steel near the walls of the mold also increases and is higher than that of the molten
steel at the center of the billet and at the four corners of the mold.
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Compared with Figure 6a, Figure 6c,e,f show that a large vortex flow is generated near
both sides of the mold inlet with a frequency of 3–5 Hz, and the influence area of the vortex
flow can reach near the meniscus. Then, the vortex flow can accelerate the entire flow of
molten steel. At the same time, the flow field in the horizontal section of the center of the
stirrer 0.5 m below the curved moon indicates that the magnetic field generated by M−EMS
has a horizontal rotational stirring effect on the steel. The electromagnetic forces acting on
the steel near the mold walls are more significant than at the center of the billet, and the
steel flow rate near the mold walls is higher than at the center of the billet and at the corners
of the mold. This distribution of electromagnetic force contributes to a higher stirring
speed in the area near the billet walls, which is consistent with the results reported in the
literature [22], with the different maximum velocities for the different stirring currents.
Then, it will facilitate the full mixing flow of the molten steel and promote the formation
of equiaxed grain, which is beneficial to the homogenization of temperature and solute
components in the molten steel [30].

Figure 7 shows the curve of the tangential velocity of the molten steel in the central
cross−section of the electromagnetic agitator at 0.5 m below the meniscus for different
current intensities and frequencies. The tangential velocity of molten steel in the flowing
area increases with the increase in the distance from the center of the billet, which is
beneficial to promoting the rotational flow of the steel in the horizontal plane [31,32]. This
is because the electromagnetic force generated by the electromagnetic agitator on molten
steel increases with the increase in the distance from the center of the billet. Moreover, the
velocity gradually decreases before approaching the casting walls due to the wall effect.
Then, the tangential velocity of the molten steel near the walls gradually decreases until it
reaches zero. Meanwhile, with the increase in current intensity, the maximum tangential
velocity of molten steel is 0.19, 0.31, and 0.38 m/s at 100 A, 300 A, and 500 A, respectively.
Because the electromagnetic force near the mold walls area is large and the electromagnetic
force away from the mold walls area is small, the flow trend of the molten steel cannot
be changed by the simple adjustment of the M−EMS current or frequency parameters;
this can affect only the flow speed of the liquid steel. Thus, as the M−EMS frequency is
increased from 3 Hz to 5 Hz, the maximum tangential velocities of the molten steel are 0.31,
0.39, and 0.44 m/s, respectively.
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4.4. Distribution of Solute Carbon

Figure 8 shows the solute distribution cloud of the mold outlet section under different
M−EMS parameters, where blue represents low solute concentration, and red represents
high solute concentration. As the M−EMS current is continuously increased from 100 A
to 300 A, the subcutaneous negative segregation of carbon is improved, and the solute
mass percentage increases from 0.6918% to 0.6928%. With the continuous increase in
M−EMS current from 300 A to 500 A, the negative segregation degree of the billet increases
accordingly, and the solute mass percentage decreases from 0.6928% to 0.6903%. This
is because the molten steel’s temperature drops rapidly near the mold walls, and the
solute transfer decreases. Meanwhile, the rotational velocity continues to increase with
the continuous accumulation of electromagnetic force on the molten steel. As a result, the
solute at the interface between the high− and the low−temperature regions is unable to
transfer to the low−concentration region, forming a negative segregation zone under the
skin of the billet.
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Compared with Figure 8b,d,e, the solute carbon concentration in the subcutaneous
area of the casting billet decreases from 0.6928% to 0.6905% with the increase in frequency
from 3 Hz to 5 Hz. This may be caused by the electromagnetic stirrer’s force on the molten
steel being limited by the depth of penetration of the electromagnetic field. In the case
of a fixed electromagnetic stirring current, the depth of electromagnetic force on molten
steel decreases with increasing frequency. Therefore, the effect of electromagnetic forces
on the molten steel is minor at a higher stirring frequencies. At a frequency of 3 Hz,
the electromagnetic force significantly affects the horizontal rotating flow driven by the
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electromagnetic force. Then, M−EMS can effectively stir the molten steel and thoroughly
mix the flow to reduce the negative segregation.

Figure 9 shows solute carbon distribution in the horizontal center of the mold outlet
under different M−EMS parameters. As the steel enters the inner cavity of the mold
from the entrance, the solute diffuses from the center to the surrounding walls, and the
center of the mold always maintains a high carbon concentration due to the continuous
inflow of molten steel. As the distance from the center of the slab decreases, the solute
carbon concentration initially decreases significantly and then increases rapidly. Negative
segregation degree is largest for a current of 500 A, followed by a current of 100 A. The
negative segregation degree is the lowest with a current of 300 A. When the electromagnetic
stirring frequency is specific, the stirring power is small at a current of 100 A, and the molten
steel can not be thoroughly stirred. When the current is 500 A, the power is overly large,
and the electromagnetic force causes an over−stirring of the molten steel. The same trend
variation was also reported in Tao et al.’s experimental study [10]. Since the horizontal
rotation of the molten steel driven by M−EMS is significant, the scouring effect on the solid–
liquid phase interface of the casting billet is increased. As a result, the solute is carried away
from the solid–liquid interface, leading to negative segregation below the casting billet. The
effect of the electromagnetic force driving the horizontal rotation of the molten steel is too
significant, which will increase the scouring effect on the solid–liquid phase interface of the
casting billet [33,34]. Therefore, the solute between the solid–liquid interface is taken away,
resulting in negative segregation under the casting billet. In addition, the washed carbon
accumulates inside the billet as the solidification process progresses, resulting in the high
carbon level in the center of the billet shown in Figure 9. Based on the numerical simulations
of the carbon distribution shown in Figures 8 and 9, the appropriate M−EMS parameters
are a current of 300 A and a frequency of 3 Hz, which can improve the subcutaneous carbon
negative segregation of the casting billet.
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4.5. Results for Solute Carbon inside Billet

The conclusions of the previous numerical simulation studies are an essential basis for
optimizing casting practice, and it is necessary to optimize continuous casting production
using numerically optimal parameters and to verify the effect of reducing carbon seques-
tration. Due to the focus of the present study on the carbon segregation variation with the
action of electromagnetic stirring in the mold, four furnace casting billet samples with or
without M−EMS were used for comparative study under a casting speed of 1.3 m/min
and superheat degree of 30 ◦C. According to the optimal parameters of the numerical
simulation, the billet cross−sections with 10 mm thickness were collected under steady
casting conditions with or without M−EMS. The low−magnification photographs of the
collected billets are shown in Figure 10a. A slight negative segregation (bright white)
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band can be seen in the billet without M−EMS, as shown in Figure 10a (1#). Then, the
negative segregation band disappears in a section of the billet obtained under the M−EMS
parameter of 3 Hz + 300 A, as shown in Figure 10a (2#,3#,4#). As seen in Figure 10a of
the carbon segregation index analysis, the billet shows negative segregation at the edges,
positive segregation at 1/2 radius, negative segregation from 1/2 radius to the center, and
positive segregation at the center. In order to evaluate the effect of the M−EMS parameters
recommended by the numerical model, the carbon segregation index was calculated using
Equation (12), with the sampling scheme as shown in Figure 2. According to the carbon
concentration of different positions of the billet section shown in Figure 10b, the segrega-
tion index of the billet section is calculated to be 0.92~1.10 at the M−EMS parameter of
3 Hz + 300 A. Since the formation of carbon segregation in continuous casting is a highly
complex process, and this study focuses only on the effects of M−EMS, there are still some
deviations between the results of numerical simulations and the production practice. The
extreme difference between the maximum value of the segregation index minus the mini-
mum value is 0.030%, which implies that the segregation of the billet is better optimized
under the combination of the mixing parameters. This indicates that 300 A + 3 Hz is an
appropriate M−EMS parameter to ameliorate carbon segregation in a billet with a size of
200 mm × 200 mm.
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5. Conclusions

(1) With the increase in M−EMS frequency from 3 Hz to 5 Hz, the high−temperature
zone is shifted upward, which is conducive to the rapid solidification of the cast billet.
At the same time, as the M−EMS current increases from 100 A to 500 A, the maximum
horizontal tangential velocity of the molten steel increases from 0.19 m/s to 0.38 m/s,
which promotes the rotational flow of the steel in the horizontal plane.

(2) When M−EMS is applied, the temperature of the molten steel near the mold walls
decreases and the flow velocity near the mold walls increases. Hence, the wash−out
effect on the initial solid created by the fluid flow and the variation of the solute trans-
port rate produces a trend in the concentration of solute carbon first of a significant
decrease and then of a rapid increase, with decreases in distance from the billet center.

(3) When the M−EMS current is 300 A at a frequency of 3 Hz, producing a suitable mixing
intensity and suitable current penetration depth effect, the negative segregation
control of the carbon solute is controlled optimally. The carbon segregation index of
the billet section is controlled at 0.92~1.1.
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Abstract: In the hydrometallurgical process of zinc production, the residue from the leaching stage
is an important intermediate product and is treated in a Waelz kiln to recover valuable metals. To
ensure optimal results during the Waelz kiln process, it is necessary to pre-treat the residues by
drying them first due to their higher water content. This work studies the residue’s drying process
using microwave technology. The study results indicate that microwave technology better removes
the residue’s oxygen functional groups and moisture. The dehydration process’s effective diffusion
coefficient increases as the microwave’s heating power, the initial moisture content, and the initial
mass increase. The Page model is appropriate for imitating the drying process, and the activation
energy of the drying process for the residues is −13.11217 g/W. These results indicate that microwave
technology efficiently dries the residues from the leaching stage. Furthermore, this study provides a
theoretical basis and experimental data for the industrial application of microwave drying.

Keywords: zinc hydrometallurgy; residues from leaching stage; microwave drying; drying rate;
kinetics model

1. Introduction

Zinc is highly utilized in various steel, machinery, and chemical industries. It is the
third most produced and consumed non-ferrous metal [1,2]. For now, the conventional zinc
recovery process is the “roasting—leaching—electrowinning” process, and approximately
80% of total world production comes from this process [3]. The residue from the leaching
stage is an essential intermediate product and contains about 30% Zn and 30% Fe. In the
zinc recovery process, the residue is primarily subjected to pyrometallurgical treatment
and treated in a Waelz kiln to recover valuable metals like zinc, lead, indium, and ger-
manium [4,5]. Therefore, the high moisture content of the residue will lead to difficulties
in raising the kiln temperature and the formation of agglomerates in the pre-heat zone,
resulting in a lower metal recovery rate. In addition, The dust removal efficiency of the
following section and the service life of the dust collection bags will be adversely affected
by the high moisture level in the residue [6]. So, the residue needs to be pre-treated by
drying before the Waelz kiln process.

Solar irradiation and hot air are usually used to dry materials [7]. Earth receives over
10,000 times more solar energy than the world needs [8,9]. This makes solar drying a
sustainable and cost-effective solution for drying various materials and products. However,
it is subject to several limitations, such as deterioration of material quality caused by
external natural factors and uncontrollable external parameters of the drying process, such
as temperature, water content, drying air flow rate, and low drying efficiency [10,11]. Hot
air-drying is commonly used in food processing, agriculture, and manufacturing industries
to preserve and dry products [12–14]. It involves the circulation of hot air around the
material, which causes the moisture to evaporate and be carried away. Yang et al. [15]
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studied drying shiitake mushrooms using hot air. The results indicated that the hot air-
drying process enhances the lignification of shiitake mushrooms by increasing lignin,
affecting the nutritional and edible properties. Hot air drying can effectively reduce the
moisture in the material. However, it is an energy-intensive and time-consuming process.

Microwave is an electromagnetic wave with a frequency between 300 MHz and
300 GHz, a wavelength between 1 mm and 1 m, and a penetrating nature [16]. The
materials harvest electromagnetic energy and convert it into thermal energy to remove
moisture in the microwave field [17]. Microwave drying is a new method with quick heat
and higher thermal efficiency. The principle feature of microwave drying is completely
different from other traditional heating methods [18]. The materials are uneven heating via
thermal radiation in conventional drying methods. The surface of materials first absorbs
the thermal energy, and the internal temperature of the materials increases slowly [19].
However, moisture evaporation mainly occurs on the material’s surface, and the direction
of the moisture gradient is from inside to outside. The direction of diffusion of moisture in
the materials is directly opposite to the temperature gradient, resulting in blocked diffusion,
extended drying time, and reduced drying efficiency. In the microwave drying process,
the material is heated evenly. The temperature gradient has the same direction as the
moisture gradient, resulting in the same direction of heat and mass transfer, forming an
internal pressure gradient, prompting the rapid evaporation of internal moisture, thus
allowing the moisture to diffuse to the surface and evaporate quickly, significantly reducing
drying time and improving drying effectiveness [20]. Carvalho et al. [21] showed that
conventional convection drying (50–70 ◦C) of malt takes 540–840 min, and the microwave
reduces the processing time by about 95%. De Faria et al. [22] investigated the impact
of microwave-assisted drying on maize seeds with a wet basis moisture content of 20%,
using temperatures of 40, 50, and 60 ◦C, and power ratings of 0, 0.6, and 1.2 W/g. The
results showed that at a temperature of 40 ◦C and a power rating of 0.6 W/g, the drying
time was reduced by approximately 5 h. Demiray Seker et al. [23] also found a significant
difference in the drying time of microwave-dried onion flakes compared to convection
drying. Convection drying was carried out at different temperatures (50, 60 and 70 ◦C),
570 min at 50 ◦C, 360 min at 60 ◦C and 210 min at 70 ◦C. Microwave drying was performed
at three different microwave power levels, 328, 447 and 557 W. Drying was performed for
66 min at 328 W, 45 min at 451 W and 40 min at 557 W. Compared to traditional drying
methods, microwave drying offers advantages such as high energy efficiency, low energy
consumption, selective heating, fast heating speed, and absence of by-products [24].

In recent years, a great deal of research has been carried out on microwave drying
processes for materials in the food industry, metallurgical industry, etc. Kipcak et al. [25]
studied the effect on drying kinetics of microwave power level, rehydration properties,
and energy consumption of mussels. The experimental results showed that the trial data
were fitted with the Weibull model of relations, and the drying effect was ideal when
the microwave power was 360 W. Liu et al. [26] studied the effect of microwaves on
the depth drying of Zhaotong lignite. The experimental results showed that the Page
model could characterize the microwave depth drying behavior of Zhaotong lignite in
diverse settings, and the effective diffusion coefficient enhanced with the power level of
the microwave output increases with increasing microwave output power level. Huang
et al. [27] have studied the desiccation of ammonium polyvanadate using microwaves
and discussed the effects of inert mass, microwave output, and initial moisture content on
the drying performance of ammonium polyvanadate. The experimental results showed
that the average speed of the drying process was favorably correlated with the output
power of the microwaves and that the Modified Page model may accurately designate the
process of drying with microwaves of ammonium polyvanadate. Ling et al. [28] studied
the microwave drying experiments of zirconium oxide. The experimental results showed
that the surface diffusion coefficient increased as the microwave output increased. The
sample weight decreased, and the Henderson and Pabis model fit the dehydration process
well. Zheng et al. [29] studied natural titanium dioxide’s microwave heating properties and

81



Materials 2023, 16, 5546

kinetics. They found that the particle size of the material had a considerable impact on the
drying effect, leading to the observation that microwaves can fragment mineral particles.

Based on the previous research, this study proposed a solution to the problem of using
the microwave to dry zinc-leaching residue for the traditional zinc recovery process with
high energy consumption and low efficiency, which realised the solution to the problem
of high energy consumption and low efficiency, and effectively removed the water in the
leaching residue. The study examines the influence of various microwave heating powers,
initial zinc-leaching residue moisture contents, and initial masses on the microwave drying
characteristics of zinc-leaching residue. Four classical drying kinetic models, namely Page,
Lewis, Wang and Singh, Quadratic, were utilized to fit the experimental information, and
the best-fitting model was selected. The effective diffusion coefficient and activation energy
were also calculated. The results of this study provide valuable research evidence and
reference for the discipline of acid-leaching residue drying.

2. Experimental Section
2.1. Experimental Substances

The zinc leaching residue selected for this experiment was collected from a zinc smelter
in Yunnan Province, China; the dry basis moisture of the slag is in the region of 9.2%, and
heated in a tumble dryer at 60 ◦C for 24 h to maintain a constant composition. Sulphuric
acid is used to recover valuable metals in hydrometallurgical zinc production. In this paper,
the leaching residue from an acid leaching stage. The acid residue underwent analysis
using the method recommended by the national standard of the People’s Republic of China
(GB/T 10561-2019) [30], and the main element contents are shown in Table 1.

Table 1. Chemical elements of raw materials for acid leach residue (wt%).

Element Fe2O3 ZnO SiO2 PbO CuO MnO K2O

Contain (wt%) 36.448 29.243 14.617 11.262 1.720 0.637 0.479

Element CdO Tr2O3 TiO2 C1 SrO V2O5 Ag2O ZrO2

Contain (wt%) 0.414 0.358 0.289 0.240 0.238 0.084 0.055 0.048

X-ray diffraction (XRD) was performed to analyze the material composition of the
residue. The outcomes, as shown in Figure 1, indicate that the primary components of the
original material are lead sulfate and zinc ferrite. The copper element is below 5%, and no
associated phase is found in the XRD analysis.

The size and distribution of the particles of the acid-leaching residue were analyzed
using a laser particle sizer. Figure 2 presents the histogram of the size distribution and the
accumulated volume distribution curve of the acid-leaching resin. As can be seen from
Table 2, the nominal particle size of the acid wash in the region of 0.938 to 15 µm with a
volume mean diameter (Mz) of 4.19 µm and a median particle size (D50) of 3.23 µm.

Table 2. Particle size distribution of acid leaching residue.

Particle Size Distribution Ratio D10 D20 D30 D40 D50 D60 D70 D80 D90 D95 Mz

Particle size/µm 0.938 1.438 1.943 2.541 3.23 4.18 5.44 7.14 10.3 15 4.19
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2.2. Experimental Equipment

A diagram of the microwave drying plant is shown in Figure 3. The plant com-
prises three primary components: the Gas delivery unit, the heating installation, and the
information-gathering tool. The gas supply system regulates the gas atmosphere in the
reaction chamber during drying. The heating system is a microwave drying oven that
heats the sample to dry it, while the data acquisition system comprises a mass sensor and a
computer steering gear. The mass sensor detects changes in the material’s quality during
the microwave heating and drying process, and the computer control system records the
data to track changes in quality.
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2.3. Experimental Procedures

The zinc-leaching residue from a factory was used as the sample for the experiment.
To guarantee the validity of the scores, a specific amount of the residue was mixed with
water and placed in a rectangular corundum crucible measuring 9 cm × 6 cm × 1.6 cm.
This was done to eliminate any influence that the starting condition of the specimen may
have on the microwave drying process during the experiment. The crucible was then
placed in a microwave-drying oven for the experiment. This study aimed to investigate
the impact of microwave heating power, initial moisture content, and initial mass on the
microwave drying of the residue. The experiment involved varying the microwave heating
power (160 W, 320 W, 480 W, 640 W, 800 W), initial moisture content (3.25%, 6.55%, 8.15%,
9.75%, 11.35%), and initial mass (10 g, 15 g, 20 g, 25 g, 30 g) of the residue.

Zinc leachates with 8.60% initial moisture and 20 g mass were selected by the controlled
variable method and dried at variables in microwave heating power (160 W, 320 W, 480 W,
640 W, 800 W); test samples were made up using the concept of dry basis moisture percent.
Zinc leachate Samples with various initial moisture contents (3.25%, 6.55%, 8.15%, 9.75%,
11.35%) were prepared, weighed 20 g, and dried at 480 W microwave heating power; zinc
leachate with an initial moisture content of 8.60% and initial masses of 10 g, 15 g, 20 g, 25 g,
and 30 g were selected using the controlled variable method. The three single-variable
trials were carried out at a heating power of 480 W. The sample masses were recorded at
30 s intervals for all three univariate experiments until the sample masses did not change
on three occasions.

3. Methods
3.1. Calculation of the Relevant Parameters

(1) Moisture content

The calculation of the moisture content (Mt) of acid-leaching residue at a given time (t)
during the experiment is based on the principle of mass conservation. This is done using
the Equation (1) provided.

Mt =

[
1 − m0 × (1 − M0)

mt

]
× 100% (1)

where: Mt—the water content of the acid leaching residue at time t, %; M0—initial moisture
content of the zinc leaching residue, %; m0—the initial mass of the acid leaching residue
(with water), g; mt—the mass of the acid leaching residue at time t, g.
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(2) Hydration ratios

MR =
Mt − Me

M0 − Me
× 100% (2)

where, Mt—the water holding capacity of acid leach residue at time t, %; Me—equilibrium
wet basis moisture content, %; M0—the initial water content of acid leaching residue, %.

(3) Instantaneous drying rate

The effect of water removal from the acid-leaching residue at time t can be expressed
in terms of the instantaneous drying rate, which is calculated according to Equation (3):

R = −
M(t+∆t) − Mt

∆t
(3)

where R—instantaneous drying rate, g/s; Mt—mass of acid leaching residue from drying
to t, g; M(t+∆t)—mass of acid leaching residue from drying to (t + ∆t), g.

(4) Average drying rate

Ra = −m − m0

t
(4)

where, Ra—average drying rate, g/s; m—mass of acid leaching residue at the end of drying,
g; m0—initial mass of acid leaching residue (with moisture), g; t—time used at the end of
drying, s.

3.2. Numerical and Kinetic Models for Thin Layer Drying

The thin-layer drying method involves transferring heat from hot air to a wet material
by means of convection. The heated air is then forced to escape through the thin layer of the
substance, carrying out the evaporated water vapor [31]. Currently, The primary focus of
drying kinetics research is the use of mathematical simulations of thin-layer drying curves to
derive thin-layer drying models. Several thin-layer drying models are available, generally
categorized as theoretical, semi-theoretical, empirical, and semi-empirical. Empirical
models share similarities, given that they rely heavily on laboratory testing conditions and
provide limited insight into the drying behavior of the material [32]. Empirical models are
developed using experimental data and measurement analysis and can be used to simulate
drying processes [33]. Theoretical models consider external conditions and the influence of
moisture transport within the material [34]. Semi-theoretical and empirical models which
consider only the resistivity of the external resistance to moisture exchange with air can give
more accurate results., improve predictions of drying behavior, and reduce assumptions
by relying on experimental data [35]. In this work, Four common drying kinetic models,
Page, Lewis, Wang and Singh, Quadratic, as shown in Table 3, were selected to fit the
experimental data during the microwave drying of zinc leaching residue. To choose the
most appropriate drying model, a series of statistical indicators were used, including the
fit coefficient (R2), residual sum of squares (RSS), and F-value values. The expressions for
these statistical indicators are shown in Table 4.

Table 3. The trial information on drying kinetics models by fitting.

No. Model Model Expression

1 Page MR = exp(−ktn)
2 Lewis MR = exp(−kt)
3 Wang and Singh MR = 1 + at + bt2

4 Quadratic MR = a + bt + ct2
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Table 4. Mathematical model statistical indicators.

Statistical Indicators Equations

slimming coefficient R2 =
∑(MRexp−MRexp)(MRpre−MRpre)√
(MRexp−MRexp)

2
(MRpre−MRpre)

2

residual sum of squares RSS =
N
∑

i=1

(
MRexp − MRpre

)2

F-Value F-Value = MStreatment
MSerror

4. Results and Discussion
4.1. Effect of Microwave Heating Power on the Drying of Acid-Leaching Residues
Using Microwaves

Figure 4 illustrates the moisture content variation curves of the acid-leaching residue
with microwave heating time and the variation curves of the average drying rate with the
microwave heating power at different levels. The graph shows that below the 160 W, 320 W,
480 W, 640 W, and 800 W microwave heating power, the drying completion time is 960 s,
570 s, 420 s, 390 s, and 390 s, respectively. Drying time gradually decreases as microwave
power increases. The acid-leaching residue microwave drying process can be broken down
into three stages. The first stage consists of preheating, which involves using microwave
heating to evaporate the internal free water in the sample. During this stage, there is a small
amount of evaporation, resulting in a minimal change in the moisture content. The second
stage is steaming, when the internal bound water evaporates from the sample’s surface.
The rate of decline in moisture content is gradually accelerated during this stage. The end
of evaporation is the third stage, during which only a small amount of bound water is
left in the sample. The moisture content shows a slow decline, eventually reaching zero.
The study reveals that the removal rate depends on the initial moisture content, mass, and
microwave heating power. The higher the microwave heating power, the more microwaves
are absorbed by the acid-leaching residue, resulting in an accelerated drying rate [36].
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Figure 4b plots the average drying rate for the acid leach residue at different microwave
heating powers. At 160 W, 320 W, 480 W, 640 W, and 800 W, the average drying rates were
0.00166 g/s, 0.00295 g/s, 0.00295 g/s, 0.00472 g/s, and 0.005 g/s. Interestingly, the average
drying rate was the same at 320 W and 480 W, and it accelerated above 480 W. Insufficient
penetration of the microwaves into the acid-leaching residue could be the reason for the
lower average drying rate at low microwave heating power [37]. If the microwave heating
power exceeds 480 W, the average drying rate of acid-leaching residue increases slowly.
This could be attributed to the saturation of microwave absorption by the residue. Further,
an increase in microwave heating power causes the acid leach residue to no longer absorb
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microwaves, resulting in a wastage of microwave energy as the microwaves pass through
the residue [38].

4.2. Effect of Initial Moisture Content on the Drying of Acid-Leaching Residues Using Microwaves

Figure 5 displays the moisture content variation curves of the acid leaching residue
concerning the change of microwave exposure time and average drying rate variation
curves with modification of initial moisture content at different initial moisture contents.
The acid-leaching residue’s drying completion time was 360 s, 300 s, and 270 s, 300 s, 270 s,
as the initial moisture content increased, as shown in Figure 5a. The results in Figure 5b
demonstrate that as the initial moisture content of the acid-leaching residue increased from
3.25% to 11.35%, the average drying rate also increased. This can be interpreted as being
due to more water molecules in the residue at a higher initial moisture content, which
absorbs more microwave energy and reaches boiling point more quickly. According to the
study, the higher moisture content in acid-leaching residue leads to more absorption of
microwaves and subsequent boiling of water molecules which escape into the environment.
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4.3. Effect of Initial Mass on the Drying of Acid-Leaching Residues Using Microwaves

This study examined the drying behavior of acid-leaching residues with varying initial
masses. The residues were dehydrated using a microwave heating power of 480 W, and the
corresponding changes in the moisture content and the rate of drying were recorded. The
results are shown in Figure 6a, where the average drying rates and completion times varied
depending on the initial mass of the residues. The drying rates ranged from 0.00218 g/s to
0.00907 g/s, and the completion times ranged from 300 s to 420 s.
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The study found that the proportion of drying was the highest, and the completion
time was the shortest when the initial mass of the acid-leaching residue was 25 g. Addi-
tionally, it can be seen from Figure 6b that the average rate of drying tended to increase in
proportion to the increase in the initial mass of the acid leach residue.

4.4. Results and Analysis of the X-ray Diffractometer

The phase composition of the Zn leach residue was essentially the same before and
after microwave drying according to XRD tests on the Zn leach residue and after drying,
indicating that microwave drying does not affect the phase composition of the material.
The XRD pattern of zinc leaching slag before and after drying is shown in Figure 7.
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4.5. Results and Analysis of the Fourier Transform Infrared Spectroscopy

To examine the impact of microwave heating applied to the microscopic functional
groups on the surface of samples of zinc leaching residue, FT-IR spectroscopy (NICOLET-
IS10, Nicolet, USA) was conducted on both dried and undried samples within the spectral
range of 4000~450 cm−1 was covered.

Water’s absorption peaks and molecular bending-stretching vibrational frequencies
appear around 1640 cm−1 and 3400 cm−1, respectively [39]. As depicted in Figure 8,
the FT-IR spectra of the pre-dried acid leaching residue showed a distinctive absorbance
peak at 3414.976 cm−1, which is indicative of stretching vibrations of the O-H bond and
at 1645.534 cm−1 due to bending vibrations within the H-O-H plane. The FT-IR spectra
taken from the dried acid leaching residue showed a characteristic absorcent peak at
3405.816 cm−1 arising from the extension vibration of the O-H bond and a characteristic
absorcent peak at 1618.052 cm−1 arising from the inflexion vibration in the H-O-H plane. In
contrast, it was found that the characteristic absorption peak due to the extension vibration
of the O-H bond was weaker in the dried acid-leaching residue than in the acid-leaching
residue before drying, indicating that the microwave was effective in removing the oxygen-
containing functional groups from within the acid leaching residue. This experimental
result is also in accordance with the work by Lin et al. [40].

88



Materials 2023, 16, 5546

Materials 2023, 16, x FOR PEER REVIEW 10 of 19 
 

 

IS10, Nicolet, USA) was conducted on both dried and undried samples within the spectral 
range of 4000~450 cm−1 was covered. 

Water’s absorption peaks and molecular bending-stretching vibrational frequencies 
appear around 1640 cm−1 and 3400 cm−1, respectively [39]. As depicted in Figure 8, the FT-
IR spectra of the pre-dried acid leaching residue showed a distinctive absorbance peak at 
3414.976 cm−1, which is indicative of stretching vibrations of the O-H bond and at 1645.534 
cm−1 due to bending vibrations within the H-O-H plane. The FT-IR spectra taken from the 
dried acid leaching residue showed a characteristic absorcent peak at 3405.816 cm−1 arising 
from the extension vibration of the O-H bond and a characteristic absorcent peak at 
1618.052 cm−1 arising from the inflexion vibration in the H-O-H plane. In contrast, it was 
found that the characteristic absorption peak due to the extension vibration of the O-H 
bond was weaker in the dried acid-leaching residue than in the acid-leaching residue 
before drying, indicating that the microwave was effective in removing the oxygen-
containing functional groups from within the acid leaching residue. This experimental 
result is also in accordance with the work by Lin et al. [40]. 

 
Figure 8. FT-IR spectra of acid-leaching residue before and after drying. 

4.6. Drying Kinetics Model FiĴing Process 
The experimental results of microwave drying of leaching residue obtained for 

different experimental conditions were fiĴed using Page, Lewis, Wang and Singh 
Quadratic models. Tables 5–7 and Figure 9 display the fiĴed data for the models. Page, 
Lweis, Wang and Singh’s quadratic model was used for microwave heating power of 480 
W, an initial moisture content of 3.25%, and an initial mass of 10 g. In addition, the models 
were used to fit hydration ratio curves and experimental data with varying microwave 
heating powers, initial moisture content, and initial mass. A normal distribution plot was 
utilized as a reference for comparison [41]. Von the four models, the Page model was 
deemed to be the one which best fiĴed the experimental data. 

Table 5. Data on the heating power of 480 W microwave fiĴed to various models. 

Model Params R2 RSS F-Value 

Page 
k = 1.34012 × 10−4 

n = 1.87167 
0.99117 0.01233 1139.59521 

Lewis k = 0.61636 −0.44709 2.02034 1.38423 × 10−7 

Wang and Singh 
a = −0.00592 

b = 8.34054 × 10−6 
0.93963 0.08428 160.80051 

Quadratic  a = 1.06336 0.94357 0.07878 108.6863 

Figure 8. FT-IR spectra of acid-leaching residue before and after drying.

4.6. Drying Kinetics Model Fitting Process

The experimental results of microwave drying of leaching residue obtained for dif-
ferent experimental conditions were fitted using Page, Lewis, Wang and Singh Quadratic
models. Tables 5–7 and Figure 9 display the fitted data for the models. Page, Lweis, Wang
and Singh’s quadratic model was used for microwave heating power of 480 W, an initial
moisture content of 3.25%, and an initial mass of 10 g. In addition, the models were used to
fit hydration ratio curves and experimental data with varying microwave heating powers,
initial moisture content, and initial mass. A normal distribution plot was utilized as a
reference for comparison [41]. Von the four models, the Page model was deemed to be the
one which best fitted the experimental data.

Table 5. Data on the heating power of 480 W microwave fitted to various models.

Model Params R2 RSS F-Value

Page k = 1.34012 × 10−4

n = 1.87167
0.99117 0.01233 1139.59521

Lewis k = 0.61636 −0.44709 2.02034 1.38423 × 10−7

Wang and Singh a = −0.00592
b = 8.34054 × 10−6 0.93963 0.08428 160.80051

Quadratic
a = 1.06336

b = −0.00643
c = 9.20115 × 10−6

0.94357 0.07878 108.6863

Table 6. Data for different models fitted to acid-leaching residue with a moisture content of 3.25%.

Model Params R2 RSS F-Value

Page k = 8.09485 × 10−5

n = 1.91271
0.9944 0.00822 1786.59595

Lewis k= 0.61636 −0.67299 2.45557 9.87034 × 10−8

Wang and Singh a = −0.00551
b = 7.48395 × 10−6 0.95554 0.06526 219.75131

Quadratic
a = 1.19557
b = −0.0073

c = 1.09222 × 10−5
0.98555 0.02121 375.17481
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Table 7. Data for different models fitted to an initial mass of 10 g of acid-leaching residue.

Model Params R2 RSS F-Value

Page k = 7.85963 × 10−5

n = 1.92866
0.9965 0.00529 2907.07712

Lewis k = 0.61636 −0.56991 2.373341 1.09979 × 10−7

Wang and Singh a = −0.00559
b = 7.63484 × 10−6 0.95834 0.06299 238.41688

Quadratic
a = 1.16422
b = −0.007

c = 1.01621 × 10−5
0.98082 0.029 306.8248

The Page model was used to fit the zinc leachate moisture content data at different
microwave heating powers (160 W, 320 W, 480 W, 640 W, 800 W), initial moisture contents
(3.25%, 6.55%, 8.15%, 9.75%, 11.35%) and initial masses (10 g, 15 g, 20 g, 25 g, 30 g). As
shown in Table 8, the results showed that the Page model had higher R2 values, smaller RSS
values, larger F-values, lower Chi-sqr values and better normal distribution than the other
three drying fit models. These results indicate that the Page model is the most suitable
model to describe the drying kinetics of zinc leachate compared to the other three models.
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Figure 9. (a,c,e) Fitted different mathematical models to empirical data derived from the microwave
drying process of zinc leach residues; (a) microwave heating power of 480 W, controlled water
content of 8.60%, and mass of zinc leaching residue of 20 g; (c) moisture content of 3.25%, controlled
microwave heating power of 480 W and mass of zinc leaching residue of 20 g; (e) microwave
heating power of 480 W, controlled water content of 8.60% and mass of zinc leaching residue of
10 g. (b,d,f) shows the residual histograms for Page, Lewis, Wang and Singh, Quadratic models
fitted to the hydration ratio data model: (b) residual histograms for Page, Lewis, Wang and Singh,
Quadratic models fitted to a microwave heating power of 480 W, a control moisture content of 8.60%
and a zinc leaching residue mass of 20 g; (d) residual histograms for Page, Lewis, Wang and Singh,
Quadratic models fitted to a zinc leaching residue moisture content of 3.25%, a controlled microwave
heating power of 480 W and a mass of 20 g. (f) residual histograms for Page, Lewis, Wang and Singh,
Quadratic models fitted to a zinc leaching residue mass of 10 g, a controlled microwave heating
power of 480 W and a moisture content of 8.60%.

Table 8. Experimental factors and coding.

Condition Params R2 RSS F-Value

Microwave
heating power

160 W k = 2.28837 × 10−5

n = 1.75036
0.99763 0.00891 15,116.38519

320 W k = 5.76718 × 10−5

n = 1.82929
0.9971 0.00644 5620.87119

480 W k = 1.34012 × 10−4

n = 1.87167
0.99117 0.01233 1139.59521

640 W k = 1.07697 × 10−4

n = 1.98482
0.98746 0.0154 715.01768

800 W k = 1.56908 × 10−4

n = 1.91609
0.98269 0.02051 513.26985

Moisture content

3.25% k = 8.09485 × 10−5

n = 1.91271
0.9944 0.00822 1786.59595

6.55% k = 3.40842 × 10−5

n = 2.15056
0.99572 0.00574 1874.06956

8.15% k = 3.72183 × 10−5

n = 2.15197
0.99637 0.00452 2025.6383

9.75% k = 5.95382 × 10−5

n = 2.04029
0.99566 0.00558 1855.28185

11.35% k = 5.37631 × 10−5

n = 2.10929
0.99196 0.00957 870.83348
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Table 8. Cont.

Condition Params R2 RSS F-Value

Mass

10 g k = 7.85963 × 10−5

n = 1.92866
0.9965 0.00529 2907.07712

15 g k = 6.82384 × 10−5

n = 1.98976
0.99511 0.00694 1895.00272

20 g k = 1.34012 × 10−4

n = 1.87167
0.99117 0.01233 1139.59521

25 g k = 6.04899 × 10−5

n = 2.07446
0.99423 0.00714 1318.63153

30 g k = 5.17039 × 10−5

n = 2.19605
0.98961 001151 665.16048

Based on the observations in Figure 10a,c,e, the hydration rate data at different mi-
crowave heating powers, moisture contents, and masses can be fitted well with the Page
model. Also, as shown in Figure 10b,d,f, the hydration rate data under the same conditions
follow a normal distribution. These results also suggest that the Page model can effectively
explain the behavior of microwave-dried zinc leachates under different conditions [42].
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From Equation (7), De represents the effective diffusion coefficient (m2/s), d refers to 
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Figure 10. (a,c,e) Adaptation by Page hydration ratio data for variable microwave heating power,
initial moisture content and initial mass, with small plots representing normal probability plots:
(a) Fitted of Page hydration ratio data for different microwave heating power (160 W, 320 W, 480 W,
640 W, 800 W); (c) Fitted of Page hydration ratio data for different initial moisture content (3.25%,
6.55%, 8.15%, 9.75%, 11.35%); (e) Fitted graphs of Page hydration ratio data for different initial masses
(10 g, 15 g, 20 g, 25 g, 30 g). (b,d,f) Histograms of residuals under the Page hydration ratio data model
with different microwave heating power, initial moisture content and initial mass: (b) Histograms
of residuals under the Page hydration ratio data model with different microwave heating power
(160 W, 320 W, 480 W, 640 W, 800 W); (d) Histograms of residuals under the Page hydration ratio data
model with different initial moisture content (3.25%, 6.55%, 8.15%, 9.75%, 11.35%); (f) histograms of
residuals under the Page hydration ratio data model for different initial masses of 10 g, 15 g, 20 g,
25 g, 30 g).

4.7. Calculating the Diffusion Coefficient and Activation Energy

Fick’s second law of diffusion is frequently used to describe the drying process in-
volved in various materials [43]. A longitudinal fit of ln MR versus t was performed using
the obtained microwave drying data, as shown in Figure 11. This experiment assesses
the surface diffusion coefficient, obtaining the steepness and intercept from the linear plot
formed between ln MR and t. The diffusion out of water in the zinc leach residue over the
drying process is described by Fick’s second law of diffusion [44].

MR =
6

π2 ∑n=∞
n=1

1
n2 exp

[
−4n2π2De

d2 t
]

(5)

During a long drying time, n = 1, Equation (5) above can be simplified as

MR =
6

π2 exp
[
−4π2De

d2 t
]

(6)

Taking the reciprocals to the logarithm of both sides of Equation (6) simultaneously
gives Equation (7):

lnMR = ln
6

π2 − 4π2De

d2 t (7)

From Equation (7), De represents the effective diffusion coefficient (m2/s), d refers to
the particle size of the material (m), and t denotes the drying time (s).

Suitably, by fitting Equation (7) to relevant empirical data, a slant a of the fitted line
can be derived, and the average effective diffusion coefficient may be estimated from
Equation (7) using this slant:

De = −a
d2

π2 (8)
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Table 9 shows the effective diffusion coefficients of acid leaching residue for different
microwave heating powers, initial moisture content, and initial mass. Figure 12 shows the
trend of the effect of different microwave heating power, initial moisture content and initial
mass on the effective diffusion coefficient of acid leaching residue. Specifically, adjusting
the microwave power to 800 W, the initial moisture content is 11.35%, and the initial mass
is 30 g, the diffusion coefficient is the highest. If the microwave heating power is increased,
a corresponding increase in the diffusion coefficient of the zinc leach residue is observed.
This is because the faster heating rate leads to a more significant diffusion coefficient of the
residue [45].

Table 9. Effective diffusion coefficients of acid leaching residue for different microwave heating
powers, initial moisture content, and initial mass.

Microwave Heating
Powder (W) De (10−12 m2/s) Moisture Content (%) De (10−12 m2/s) Mass (g) De (10−12 m2/s)

160 1.89056 3.25 5.18777 10 5.84803
320 3.87545 6.55 8.04206 15 6.1679
480 5.87673 8.15 8.1815 20 5.87673
640 5.81932 9.75 7.06192 25 8.07487
800 6.18021 11.35 8.94838 30 8.63671
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different initial mass on the effective diffusion coefficient of acid-leaching residue.

Based on the relationship between hydration ratio and heating time, it was found that
the equilibrium time of the hydration ratio is higher for a microwave heating power of
640 W than that of 480 W. The reduction in the diffusion coefficient of zinc leaching residue
could be attributed to fitting errors. The diffusion coefficient in zinc leaching residue
increases gradually as the moisture content increases, but only up to a certain point. When
the moisture content reaches 8.15%, the diffusion coefficient begins to weaken due to the
increase in water. This weakening is caused by the water molecules inside the residue
becoming weaker. However, when the moisture content is 11.35%, there may be a fitting
error that causes an increase in the diffusion coefficient. The efficiency of zinc leaching
residue to absorb microwaves and its diffusion coefficient increases gradually as its initial
mass increases. This is because a small mass of less than 20 g cannot absorb enough energy,
resulting in a low diffusion coefficient [46].

Dadali et al. proposed an alternative method to estimate the activation energy for
microwave drying [47]. Activation energy is the energy needed to convert a molecule from
its resting state to an active state where chemical reactions can occur. De depends on the
material mass and the microwave heating power intensity for the Arrhenius-type equation:

De = Do exp
(

Eam
Pm

)

where De is a function of material quality and microwave power level; D0 is the finger front
factor of the Arrhenius equation in m2/s, Ea which is the activation energy (W/g), m which
is the mass of the product 20 g and Pm which gives the microwave heating power (W).

The calculation equation can be described as,

lnDe = lnD0 +
20Ea

Pm
(9)

As can be seen in Figure 13, the diffusion coefficient increases linearly over the
microwave power range extending from 160 to 480 W. As a result, three different mi-
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crowave heating powers were selected, namely 160 W, 320 W, and 480 W. Using the
equivalence formula combining ln De and 20/Pm, the activation energy was determined to
be −13.11217 g/W.
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5. Conclusions

This study examines the importance of microwave heating power, initial moisture
content, and initial mass concerning wet zinc leaching residue drying.

The microwave drying of zinc-leaching residue is affected by various factors, including
microwave heating power, initial moisture content, and initial mass. As these factors
increase, the average drying speed also increases. This can be attributed to the fact that a
larger mass of zinc-leaching residue absorbs more microwave energy when other conditions
remain constant, resulting in a faster temperature rise and, subsequently, a quicker drying
performance. The higher the microwave heating power, the faster the heating rate and
the greater the microwave radiation on the leakage residue surface. This results in a step
improvement in the microwave drying frequency.

Additionally, a relatively high initial moisture content signifies more water present,
resulting in more water molecules absorbing microwaves. This causes additional water
molecules to be at the boiling point and released through the exposed surface of the leach
residue. The phase of leaching residue did not change before and after drying. Microwave
technology effectively removes oxygen-containing functional groups in the leaching residue
and reduces its moisture content.

This study used the quadratic model of Page, Lewis, Wang and Singh to fit the zinc
leach slag hydration ratio data. The experiments were conducted at a heating power of
480 W, an initial water content of 8.60%, and an initial mass of 20 g, respectively. The results
showed that the Page model was the best-fitting model. The Page model was further used
to match the data for different masses, microwave heating power, and moisture content
to produce R2, RSS, F-values, and reduced Chi-Sqr values under the Page model. As the
microwave heating power, initial moisture content, and initial mass increased, the effective
diffusion coefficient tended to grow, and the average drying rate gradually increased.

Fick’s second law of diffusion was used to estimate the diffusion coefficient, which
showed an overall increase in microwave heating power, initial moisture content, and
initial mass. A more significant effective diffusion coefficient indicates a faster reaction rate,
indicating that microwave heating can be highly selective in accelerating the reaction rate.
The activation energy calculated for microwave-dried leach residues was −13.11217 g/W,
based on the relationship between microwave power and activation energy.
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Abstract: The discharge and accumulation of coal-based solid waste have caused great harm to the
ecological environment recently. Coal-based solid wastes, such as coal gangue and fly ash, are rich
in valuable components, such as rare earth elements (REY), silicon dioxide, alkali metal oxides, and
transition metal oxides, which can be used to synthesize various functional Si-based porous materials.
This article systematically summarizes the physicochemical characteristics and general processing
methods of coal gangue and fly ash and reviews the progress in the application of porous materials
prepared from these two solid wastes in the fields of energy and environmental protection, including
the following: the adsorption treatment of heavy metal ions, ionic dyes, and organic pollutants in
wastewater; the adsorption treatment of CO2, SO2, NOx, and volatile organic compounds in waste
gas; the energy regeneration of existing resources, such as waste plastics, biomass, H2, and CO; and
the preparation of Li–Si batteries. Combining the composition, structure, and action mechanism of
various solid-waste-based porous materials, this article points out their strengths and weaknesses
in the above applications. Furthermore, ideas for improvements in the applications, performance
improvement methods, and energy consumption reduction processes of typical solid-waste-based
porous materials are presented in this article. These works will deepen our understanding of the
application of solid-waste-based porous materials in wastewater treatment, waste gas treatment,
energy regeneration, and other aspects, as well as providing assistance for the integration of new
technologies into solid-waste-based porous material preparation industries, and providing new ideas
for reducing and reusing typical Chinese solid waste resources.

Keywords: coal gangue; fly ash; energy and environmental protection; Si-based porous material;
resource utilization

1. Introduction

China is the world’s largest producer of coal and electricity. As of 2021, China’s power
energy structure was still dominated by thermal power generation, with coal-fired power
generation as its main component (Figure 1). The large output of coal and the large-scale
application of coal-fired power result in a large amount of coal-based solid waste generation
in China every year. According to the statistics, the annual output of coal gangue and fly
ash in China currently exceeds 700 million tons. The discharge and accumulation of a large
amount of coal-based solid waste have caused great harm to the ecological environment [1].

Over the past few decades, multiple countries have dedicated their efforts toward the
utilization of coal-based solid waste, applying it in various fields, such as power generation,
agriculture, construction materials, and others [2–4]. Recently, to achieve applications of
coal-based solid waste with greater added value, numerous researchers have conducted
new explorations in the field of functional materials. Several studies indicate that coal-
based solid waste contains abundant silicon oxide and aluminum oxide, as well as valuable
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components, including rare earth elements, alkali metal oxides, and transition metal oxides,
which can be used to synthesize a variety of functional porous materials [5–7].
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Porous materials are materials that contain rich pore structures. They exhibit good
photoelectric, propagation, mechanical, adsorption, permeability, and chemical properties.
They can be made from various raw materials, such as metals, carbides, borides, nitrides,
and silicides. Porous materials based on Si are among the most widely used types of porous
materials. Common Si-based porous materials include zeolites, aerogels, and ceramics;
these materials are often produced by Si-bearing chemicals or minerals (kaolinite, bentonite,
etc.) [8–10].

In recent years, the demand for new materials in the field of energy and environmental
protection has increased due to national industrial upgrading and ecological protection
needs. Si-based porous materials have a large specific surface area, adjustable structure,
strong photoelectric performance, and excellent adsorption and catalytic properties [11–14].
They are essential in the field of energy and environmental protection. As environmental
pollution is increasingly severe, many adsorbents are in demand. Si-based porous mate-
rials such as functional ceramics, aerogels, zeolites, and geological polymers are widely
used to prevent and treat sewage and waste gas pollution due to their strong adsorption
capacity [15,16]. As resources such as oil and natural gas are continuously depleted in the
energy field, the necessity and urgency of using existing resources such as waste plastics
and biomass for energy regeneration are constantly increasing. This indicates the huge
application prospects of various Si-based catalysts [17]. In addition, porous silicon anode
materials have many advantages in various new energy Li-ion battery electrode materi-
als and have the potential to be used as raw materials for the next generation of Li-ion
batteries [18].

However, limited raw material sources restrict Si-based porous materials’ production
and application. Fortunately, recent studies have found ways to prepare functional Si-based
porous materials from Si-rich coal-based solid waste such as coal gangue and fly ash [19,20].
Techniques such as foaming, autoclaving, high-temperature sintering, and hydrothermal
synthesis are applied to convert coal-based solid waste into porous materials. The resulting
products, including various solid-waste-based zeolites, ceramics, geopolymer, etc., have
abundant pore structures, stable properties, and are made from inexpensive and readily
available raw materials, which can be applied in practical production [21–24].
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This article reviews the advanced processes for converting coal gangue and fly ash
into various energy and environmental protection porous materials. It summarizes the
strengths and weaknesses of these materials in wastewater treatment, waste gas treatment,
energy catalysis regeneration, and battery manufacturing. The application prospects of
coal-gangue-based and fly-ash-based porous materials are also discussed at the end of this
article. The conclusions will reference the resource utilization of typical coal-based solid
waste and contribute positively to achieving the country’s ‘carbon peaking and carbon
neutrality goals’.

2. Physicochemical Characteristics and the Recycling of Coal Gangue and Fly Ash
2.1. Physicochemical Characteristics of Coal Gangue

Coal gangue is a waste material from coal mining and washing in the coal industry.
Its main sources include shale, dirt band, and washery rejects. It is a black-gray rock with a
lower carbon content and greater hardness than coal. The chemical composition of coal
gangue mainly includes SiO2, Al2O3, Fe2O3, CaO, etc., as well as some organic components
(mainly C) and trace rare metal elements. Table 1 shows the chemical composition of typical
coal gangue (LOI is ‘loss on ignition’) [25]. The main mineral composition of coal gangue
varies in different parts of the world. Chinese coal gangue mainly comprises kaolinite,
quartz, illite, and a small amount of calcite and iron ore [25,26].

Table 1. Chemical composition of coal gangue. (Unit: %).

Chemical Composition SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 P2O5 LOI

Content 30~65 15~40 2~10 1~4 1~3 1~2 1~2 0.5~4.0 0.05~0.3 20~30

2.2. Physicochemical Characteristics of Fly Ash

Fly ash is a fine ash captured from the flue gas produced by coal combustion. It is
the primary solid waste from coal-fired power plants. Depending on the method of boiler
combustion, fly ash can be classified as either circulating fluidized bed (CFB) fly ash or
pulverized coal (PC) fly ash [27].

A CFB boiler typically uses low-quality coal as fuel and needs to maintain a furnace
temperature of 850–950 ◦C. The resulting fly ash primarily consists of irregularly structured
slag-like particles. Due to the low furnace temperature, the interior still contains highly
organic components such as sulfur and carbon. In terms of its phase composition, CFB fly
ash mainly contains quartz, hematite, magnetite, and small amounts of calcite, periclase,
and anorthite [28,29].

PC fly ash is formed by combustion and cooling of high heating value coal pow-
der (particle size less than 100 µm) in a pulverized coal furnace at temperatures above
1400 ◦C. It is the main type of fly ash in China currently. Because of the high-temperature
combustion and rapid cooling process, PC fly ash usually appears as spherical particles
of various sizes. In terms of the chemical composition, most of the organic components
in coal ash are completely decomposed by combustion at high temperatures. However,
there are still traces of residual polycyclic aromatic hydrocarbons (PAHs) remaining after
combustion, which have toxic, mutagenic, and carcinogenic properties [30]. Table 2 shows
the chemical composition of typical fly ash in China [31]. In terms of phase composition,
PC fly ash is mainly composed of spherical amorphous bodies (accounting for 50% to 80%
of the total amount), including high-iron amorphous bodies, low-iron amorphous bodies,
amorphous SiO2, and amorphous Al2O3. In addition to amorphous bodies, the mineral
crystal composition is similar to CFB fly ash but includes some mullite phases formed at
high temperatures [32].
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Table 2. Chemical composition of fly ash. (Unit: %).

Chemical Composition SiO2 Al2O3 Fe2O3 CaO K2O Na2O MgO SO3 LOI

Content 40~60 17~35 2~15 1~10 0.5~4 0.5~4 0.5~2 0.1~2 1~26

2.3. General Processing Methods of Coal Gangue and Fly Ash

There are three main methods for the recycling and utilizing of coal gangue and fly
ash by preparing Si-based porous materials [33]: (1) extracting valuable elements from coal
gangue and fly ash through various physicochemical methods to achieve the reproduction
of porous materials; (2) mixing coal gangue and fly ash with other active substances to
produce porous materials; (3) directly modifying the solid waste based on its inherent
characteristics to produce porous materials. The specific processes are shown in Figure 2.
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2.3.1. Extraction of Si and Reproduction

To effectively extract the abundant Si contained in various crystal phases of coal gangue
and fly ash, it needs to be activated through multiple steps such as crushing, grinding,
alkali fusion, and other processes. The silicon source liberated from coal gangue and fly
ash can be synthesized into zeolites, aerogels, and other Si-based porous materials through
processes such as the hydrothermal method, the sol–gel method, the co-precipitation
method, microwave-assisted thermal crystallization, etc. [34]. For example, Zhu et al. [35]
designed a three-step scheme of calcination-alkali fusion-acid dissolution to achieve efficient
separation of Si from coal gangue and synthesized a low-density nanostructured aerogel.
Ozdemir et al. [36] used the method of alkali fusion to extract the silicon source from fly
ash and synthesized X-type zeolite through ultrasound-assisted hydrothermal synthesis.
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Currently, the most effective process for synthesizing Si-based porous materials is to
treat coal-based solid waste with acid leaching to remove impurities, followed by alkali
melting and hydrothermal synthesis. This method can produce high-quality products with
good performance, and it is one of the most commonly used methods in the field of solid
waste resource utilization [23,34,37].

2.3.2. Mixing with Active Substances

Coal gangue and fly ash powder can be mixed with binders, pore-forming agents,
foaming agents, and other active substances to form various functional ceramics, foam mate-
rials, composites, and other porous materials through techniques such as high-temperature
sintering, autoclaving, and foaming. For instance, Wang et al. [38] prepared porous
cordierite ceramic through slurry preparation, sponge selection, sponge immersion, drying,
and sintering, using the raw materials mixed with 66.2 wt% coal gangue, 22.7 wt% basic
magnesium carbonate, and 11.1 wt% bauxite. Using coal gangue powder and Al(OH)3
as the main raw materials, with MoO3 as an additive, a high-porosity mullite ceramic
membrane could be prepared by sintering at 1400 ◦C [39]. Mixing fly ash with active
substances into a slurry and then sintering the slurry in the furnace or autoclaving them in
the reactor is also a method to produce porous materials [40,41].

2.3.3. Direct Modification

Commonly, there are a large number of bead-like particles in the fly ash. Due to the
gasification of volatile components during the combustion of coal powder, the formed fly
ash contains pore structures [42]. Therefore, fly ash itself is a kind of usable porous material.
By modification, fly ash can form a pore structure and rougher surface, greatly increasing
its specific surface area and effectively enhancing its performance in adsorption, catalysis,
and other aspects. The common modification methods include acid modification, alkali
modification, and plasma modification [43–45].

Among the various bead-like particles in fly ash, a thin-walled hollow bead can be
obtained through fly ash flotation. This is a hollow spherical amorphous body with uniform
particle size, corrosion resistance, high temperature resistance, and a large specific surface
area. The fly ash floating beads can be used as excellent carriers to process into various
porous materials [46].

3. Application of Solid-Waste-Based Porous Materials in the Field of Energy and
Environmental Protection
3.1. Application of Solid-Waste-Based Porous Materials in the Field of Wastewater Treatment

The discharge of industrial wastewater has long been a concern for the state. Industries
such as electroplating, printing and dyeing, smelting, and pharmaceuticals produce large
amounts of wastewater annually. The various types of waste water can severely harm
the ecology. To solve the increasingly severe water pollution problem, functional porous
materials such as solid-waste-based zeolites, solid-waste-based ceramic particles, solid-
waste-based Fenton-like catalysts, solid-waste-based composite photocatalysts, etc., have
been developed and applied to treat heavy metal ions, ionic dyes, and organic pollutants
in wastewater [47–50]. These materials have physical adsorption capabilities and can
efficiently treat specific pollutants through their active components.

3.1.1. Adsorbing Heavy Metal Ions and NH4
+ through Ion Exchange of Zeolites

Ion exchange is the process of exchanging between ions on an ion exchanger and
ions with the same charge in a solution. Zeolite, a traditional porous ion exchanger, has
been used for adsorbing various cationic pollutants in wastewater for a long time. Zeolite
material consists of SiO4 and AlO4 frameworks. Since Al is trivalent, an excess negative
charge is needed around it to form an AlO4 structure, making the entire material negatively
charged. The compensating cations outside the silicon–aluminum framework, which are
used to maintain electrical neutrality, can exchange with heavy metal ions in wastewater
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to remove them [51]. Low-cost zeolite materials made from fly ash and coal gangue can
effectively adsorb heavy metal ions in wastewater.

Li et al. [47] created an analcite-activated carbon composite from coal gangue and
investigated its adsorption mechanism of Pb2+ (Figure 3). The research showed that the
specific surface area of analcite-activated carbon composite was 20.8202 m2/g. It could
rely on ion exchange to adsorb Pb2+ with a maximum adsorption capacity of 125.57 mg/g.
Ankrah et al. [52] used fly ash to synthesize mesoporous NaP1 zeolite and achieved the
adsorption of multiple metal ions such as Zn2+, Cu2+, and Pb2+. Besides metal ions, NH4+

in wastewater can also be adsorbed similarly. By mixing fly ash, red mud, and coffee
grounds with water, a slurry was shaped and sintered into ceramsite. Then, making the
NaP zeolite crystallized on the surface of the ceramsite by hydrothermal treatment with
NaOH and NaAlO2 at 373 K for 24 h, a hierarchically porous NaP zeolite composite was
obtained with an NH4+ adsorption capacity of 13.1 mg/g at 318 K [53]. Chen et al. [54]
used a hydrothermal method to convert fly ash into highly porous converted CFA, with
X-zeolite as the main active phase. Through adsorption experiments, it was found that this
material’s maximum adsorption capacity for NH4+ was 138.89 mg/g.
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Treating heavy metal ions and NH4+ based on the ion exchange of solid-waste-based
zeolite has advantages such as low cost, large adsorption capacity, simple operation, and
good regeneration performance. However, there are also some limitations. Ion exchange
must be carried out at an appropriate pH value. A lower pH value will cause H+ in
the wastewater to participate in ion exchange, and a higher pH value will cause metal
ions (such as Pb2+, Cu2+, etc.) or NH4+ to react with OH−. Additionally, the difficulty
of adsorption depends on the ion exchange affinity of different ions in the wastewater.
Generally, the smaller the ion radius and the more positive charge carried by the ion, the
greater the ion exchange affinity and the easier the adsorption.

3.1.2. Adsorption of Metal Ions and Ionic Dyes Based on the Interaction of Hydroxyl
Groups on the Material Surface

The surface of Si-based porous materials is rich in hydroxyl groups (≡Si-OH). In an
acidic medium, these hydroxyl groups decompose into ≡Si+, making the material surface
easier to adsorb anions. In an alkaline medium, they decompose into ≡Si-O−, making
the material surface easier to adsorb cations. Due to this electrostatic attraction, various
Si-based porous materials produced from coal gangue and fly ash can effectively adsorb
metal ions and ionic dyes.
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Sahoo et al. [55] modified fly ash (MFA) with simple alkali soaking and used it to
adsorb heavy metal ions in acidic mine wastewater. The surface area of MFA increased
nearly two times through modification. The results showed that the rich functional oxygen-
containing groups (≡Si-OH and ≡Al-OH) on the surface of the MFA played a positive role
in metal ion adsorption, and the removal rate of heavy metal ions in the treated wastewater
can reach over 90%. Compared to metal ions, ionic dyes have larger volumes and complex
compositions of various functional groups, which can easily interact with the hydroxyl
groups on the material surface. Sareen et al. [56] created a coral-reef-shaped mesoporous
silica material (MS-CFA) with a specific surface area of 350 m2/g from calcined fly ash
by acid leaching, alkali melting, precipitation, and calcination and studied its adsorption
mechanism of methylene blue (a cationic dye) (Figure 4). Through adsorption experiments,
it was observed that the adsorption rate increased with the pH due to electrostatic attraction
and decreased due to the weakening of hydrogen bonds because of the combination of
excessive OH− and amino groups on methylene blue when the pH value reached 9, further
demonstrating the mechanism. The results showed that MS-CFA could adsorb up to
20.49 mg/g of methylene blue under optimal conditions. The same conclusion was obtained
by Yan et al. in their analysis of the adsorption mechanism of methylene blue and magenta
dyes on coal-gangue-based porous ceramic microspheres; that is, the adsorption behavior
of ionic dyes based on the surface hydroxyl interaction of Si-based porous materials is
caused by electrostatic attraction, hydrogen bonding, and other forces. The maximum
adsorption capacity of this ceramic microsphere for methylene blue reached 30.01 mg/g,
while for magenta, it reached 24.16 mg/g [48].
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Loading substances rich in hydroxyl groups onto porous materials can further enhance
their dye adsorption performance. Mohammed et al. [57] dissolved chitosan (CHT) in acetic
acid and adjusted the pH value to form CHT microspheres. The CHT microsphere solution
and coal fly ash (CFA) were added to the epichlorohydrin (ECH) solution to produce
a biocomposite adsorbent of covalently crosslinked chitosan–epichlorohydrin/coal fly
ash (CHT-ECH/CFA50). The specific surface area of CHT-ECH increased significantly by
loading with CFA, and CHT contained a large number of hydroxyl groups, amino groups,
and N atoms with lone pair electrons; hence, it had a variety of strong adsorption effects
on the Reactive Red 120 dye (RR120) (Figure 5). The maximum adsorption capacity of
CHT-ECH/CFA50 for RR120 dye can reach 237.7 mg/g.
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Under conditions of suitable pH, Si-based porous materials made from Si-rich solid
wastes such as coal gangue or fly ash can effectively adsorb metal ions and ionic dyes
through various adsorption effects generated by surface hydroxyl groups. These materials
can be regenerated through chemical elution and other methods. Currently, Si-based
materials represented by zeolites can basically achieve the adsorption treatment of heavy
metal ion pollutants through the electrostatic attraction and ion exchange effects of surface
hydroxyl groups. However, it is difficult to achieve a large amount of adsorption of large
molecular ionic dyes just by the limited functional hydroxyl groups on the surface of
Si-based porous materials and their small and narrow pore structure. Preparing modified
materials by loading substances that are rich in functional active groups, such as chitosan,
onto porous materials has become the main development direction of ionic dye adsorbents.

3.1.3. Precipitation and Adsorption of the Pollutants Based on the Alkali Supply Capacity
of Materials

Mixing fly ash and coal gangue with other active substances through high-temperature
sintering or autoclaving can be made into porous materials that can continuously and stably
release OH− into water, allowing pollutants such as Mn and P, which easily form insoluble
substances in an alkaline environment, to be precipitated and adsorbed onto the surface of
the material.

Ou et al. [58] mixed fly ash and lime cement to prepare CFA-based ceramsite with an
apparent porosity of 49.49%. By studying and analyzing the XRD patterns of the ceramsite
before and after the adsorption of Mn2+, the alkali supply mechanism of this type of
material was proposed. After the ceramsite adsorbed Mn2+, diffuse peaks appeared in its
XRD patterns in the range of 2θ = 10~15◦, indicating the formation of a small amount of
amorphous phase. The reason is that the anorthite and gehlenite with lattice imperfections
underwent a hydration reaction, as shown in Reactions (1) and (2):

CaAl2Si2O8 + 3H2O = Ca2+ + 2OH− + Al2[Si2O5][OH]4 (1)

2Ca2Al2SiO7 + 9H2O = 4Ca2+ + 6OH− + 2Al[OH]4
− + Al2[Si2O5][OH]4 (2)
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The progress of the reaction promotes the formation of an alkaline environment,
causing Mn2+ to react with OH− to form Mn(OH)2 precipitate, which adheres to the surface
of the ceramsite. The ability of CFA-based ceramsite to release OH− is stable and persistent.

Phosphorus removal also has a good effect based on a similar method, and the Ca2+

released by the hydration reaction could also be consumed simultaneously during the
formation of calcium phosphate salt precipitation. Using cement, clay, calcium oxide, and
fly ash as the main raw materials and aluminum powder as the pore-forming agent, after
mixing and forming, the TBX porous ceramsite could be obtained by autoclaving in a high-
pressure reaction kettle. The experimental results show that under the influence of TBX
ceramsite’s high alkali supply and calcium release ability, the removal rate of phosphorus
can reach more than 98% [41].

Using solid-waste-based porous materials with alkali supply capacity for precipitation
adsorption treatment of wastewater has advantages such as low cost, simple operation,
and convenient treatment. Furthermore, a large amount of pollutants are concentrated and
adsorbed on the surface of the porous material, which is conducive to their recycling and
utilization. However, during water treatment, long-term deposition can cause the material
surface to be covered by pollutant precipitation, greatly affecting the material’s adsorption
and alkali supply performance and limiting the application of such materials.

3.1.4. Loading Photocatalytic Materials for the Degradation of Organic Pollutants

Common photocatalytic materials such as ZnO, Fe2O3, and TiO2 can produce a large
number of electron holes (h+) and electrons (e−) in a short amount of time to assist in
the degradation of organic matter under the irradiation of a specific wavelength light.
Due to the low quantum activity of the photocatalytic process, these materials are often
made into nanoparticles to improve their photocatalytic activity. These particles are also
prone to agglomeration during the photocatalytic degradation of organic matter, causing
deactivation [59]. To improve the photocatalytic activity and service life, it is a good
method to load these nanoparticles onto porous materials to make composite photocatalysts.
Various Si-based porous materials made from fly ash and coal gangue are good carriers for
photocatalytic materials.

Wang et al. [49] obtained a modified SiO2-Al2O3 aerogel from aluminosilica-sol (pro-
duced by alkali melting and acid leaching of fly ash) through gel, aging, solvent exchange,
surface modification, washing, and drying. Ti-oxide nanoparticles were loaded onto the
aerogel using the sol–gel method to create TiO2/SiO2-Al2O3 aerogel composites used for
the photocatalytic degradation of 4,6-dinitro-2-sec-butylphenol (DNBP). The test results
showed that the loading of TiO2 nanoparticles increased the reaction contact area of TiO2,
improved photocatalytic efficiency, and prolonged the service life of the photocatalyst. Stir-
ring modified coal gangue with rich micropores in ZnSO4 solution for 1 h, after adjusting
the pH value of the solution to 9 and boiling refluxing for 3 h, a ZnO/coal gangue com-
posite was prepared for the photocatalytic degradation of methyl orange and methylene
blue organic dyes. The degradation of organic dyes was basically achieved within 120 min,
and the degradation rate of this catalyst remained above 65% after repeated use for five
times [60]. Bai et al. [61] mixed fly ash floating beads with butyl titanate and stirred for a
while. After drying and calcining, a TiO2/fly ash floating bead composite photocatalyst
was obtained. Under the conditions of UV light irradiation for 2 h, pH 10.0, and TiO2
loading amount of 28.57%, the degradation rate of Rhodamine B organic dye was over 80%
and had good recycling regeneration.

Several studies have shown that fly ash and coal-gangue-based composite photocat-
alysts have advantages such as easy availability of raw materials, green and sustainable
driving energy, long service life, good regeneration performance, and a wide application
range. However, it is difficult to achieve complete degradation of pollutants in wastewater
with high COD (chemical oxygen demand) values only by the photocatalytic process. In
addition, many photocatalytic materials only exhibit high catalytic degradation perfor-
mance under specific wavelength light irradiation, further increasing the cost of use. The
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pH value can also affect the energy level structure of photocatalytic materials and impact
the photocatalytic process.

3.1.5. Preparing Heterogeneous Fenton-Like Catalysts for the Degradation of
Organic Pollutants

The Fenton reaction is an oxidation process of organic compounds to inorganic states
in a mixed solution of Fe2+ and hydrogen peroxide. The specific process can be represented
by the following reaction [62]:

Fe2+ + H2O2 → Fe3+ + OH− + OH· (3)

H2O2 + 2Fe3+ → 2Fe2+ + HO2· + H+ (4)

O2 + Fe2+→ Fe3+ + O2
− (5)

The strong oxidation of Fenton reagents comes from the hydroxyl radicals (OH·) and
peroxide radicals (HO2·) generated in the reaction. Based on the principle of this process,
using iron-containing minerals, Fe3+, or transition metals such as Cu, Co, Cd, Ni, etc., to
generate strong oxide from H2O2 is called a Fenton-like reaction [63]. The conventional
Fenton reaction is a homogeneous reaction with strict requirements for conditions such
as pH value and H2O2 addition amount, and it is difficult to recover the catalyst after the
reaction [64]. Connecting active substances such as Fe to the porous materials to prepare
heterogeneous Fenton-like catalysts can significantly reduce the loss of active ingredients
and make the reaction conditions milder [65]. Fly ash contains rich iron oxides and has a
porous structure that is conducive to the adsorption of organic pollutants, making it an
excellent resource for preparing heterogeneous Fenton-like catalysts.

Wang et al. [50] studied the catalytic mechanism of H2SO4-modified coal fly ash Fenton-
like catalysts (MCFA) in degrading Acid Orange 7 (AO7) (Figure 6). It was discovered
that in addition to the homogeneous catalysis process, a small amount of Fe3+ dissolved
in water also carried out a homogeneous catalysis process simultaneously. Experimental
results demonstrated that under optimal conditions, the removal rate of AO7 exceeded 95%,
and after being reused six times, its removal rate remained around 90%. Coal fly ash was
crushed, sieved, and dried by Chen and Du to produce a Fenton-like catalyst for degrading
n-butyl xanthate. Under the conditions of reaction temperature of 30 ◦C, reaction time of
120 min, pH 3.0, H2O2 concentration of 1.176 mmol/L, catalyst concentration of 1.0 g/L,
and Fe (III) content of 4.14%, the removal rate of n-butyl xanthate exceeded 96.90% [66].
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Photo-Fenton technology is a technique that employs photocatalysis to assist the
Fenton reaction. Compared to traditional Fenton processes, photo-Fenton technology
possesses the advantages of both, and it is more effective in treating organic pollutants.
Nadeem et al. [67] added hydrothermally treated coal fly ash (CFA) into a ZnFe2O4 pre-
cursor solution and synthesized ZnFe2O4-CFA composite Fenton-like catalysts through
hydrothermal synthesis. SEM-EDS analysis shows that the surface of composites is very
rough and the zinc ferrite is uniformly loaded, making it a photo-Fenton catalyst with good
adsorption performance. Figure 7 illustrates the mechanism flowchart of ZnFe2O4-CFA
composite degrading methylene blue dye under UV light. ZnFe2O4 generates h+ and e−

under UV light, where h+ reacts with H2O to form H+ and OH· while e− forms Fe2+ with
Fe3+. The resulting Fe2+ undergoes a Fenton reaction with H2O2 to form OH−and OH·. The
formed OH· will oxidize and degrade methylene blue due to its strong oxidizing property.
In addition, the O2 produced during the reaction generates superoxide anions (·O2

−) with
e−, which further oxidize into H2O2, achieving the recycling of H2O2 (Equations (6)–(10)):

HO2· + OH· → H2O + O2 (6)

H2O2 + 2h+ → O2 + 2H+ (7)

O2 + e− → ·O2
− (8)

H2O + O2·−→ ·OOH + OH− (9)

2·OOH→ O2 + H2O2 (10)
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The results showed that the ZnFe2O4-CFA composite (mCFA:mZnFe2O4 = 1:1) had
a degradation rate of up to 97% for methylene blue. After being used five times, the
degradation rate remained above 85%. ZnFe2O4-CFA composite is a superior photo-Fenton
catalyst with the characteristics of Fe not easily leaching out and renewable reactants.

As a green and efficient water treatment method, Fenton oxidation technology can
achieve deep oxidation of wastewater by generating a large amount of OH· and greatly
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reducing the COD value in the water. The development and appliance of various solid-
waste-based heterogeneous Fenton-like catalysts can effectively reduce costs and greatly
improve the disadvantages of traditional homogeneous Fenton catalysts, such as limited
reaction conditions and poor regeneration. Advanced methods such as light- and electricity-
assisted Fenton reactions have further enhanced the degradation efficiency of pollutants.
It should be considered that pH value and H2O2 concentration are still the main factors
affecting the catalytic performance of Fenton-like catalysts due to the limitations of their
catalytic mechanism.

The development and appliance of coal-gangue-based and fly-ash-based water treat-
ment materials can effectively reduce raw material costs while properly disposing of a
large amount of accumulated coal-based solid waste. Different types of solid-waste-based
materials can efficiently adsorb specific pollutants in wastewater based on their unique
physicochemical properties and mechanisms of action, and they have unique advantages,
such as the green sustainability of composite solid-waste-based photocatalysts and the
high-efficiency versatility of solid-waste-based Fenton-like catalysts. Besides this, limited
by the action mechanism of different solid-waste-based water treatment materials, external
conditions such as pH value, pollutant type, illumination, etc., greatly impact the water
treatment performance of the materials. In practical applications, it is necessary to choose
suitable materials for treatment according to the specific situation. In addition, solid-
waste-based water treatment materials are in contact with water for a long time during the
treatment of wastewater. Harmful components such as heavy metal ions in solid waste will
slowly escape, causing secondary pollution (especially for structurally unstable materials).

3.2. The Application of Solid-Waste-Based Porous Materials in the Field of Waste Gas Treatment

Common exhaust gases include CO2, SO2, NOx, and volatile organic compounds
(VOCs). These gases can directly harm animals and plants, indirectly damage the ecological
environment by polluting the atmosphere, or contribute to the greenhouse effect, causing
global warming and rising sea levels. The adsorption method is a mature exhaust gas
treatment technology with advantages such as low energy consumption, high efficiency,
and a simple process. Various coal-gangue-based and fly-ash-based gas adsorbents have
been developed for the adsorption treatment of exhaust gases [68–70]. The diameter of gas
molecules is generally on the order of 0.1 nm. Strong physical adsorption can be achieved
by controlling the formation of a rich and evenly distributed mesoporous structure in solid-
waste-based adsorbents [71]. Additionally, by active components contained in solid waste
or obtained through loading modification, solid-waste-based materials can further produce
various forces on exhaust gases, greatly enhancing the performance of these materials.

3.2.1. The Adsorption of CO2 Based on Hydroxyl Hydrogen Bonding

Hydroxyl groups on the surface of solid materials can adsorb CO2. Some researchers
have investigated the adsorption mechanism of CO2 by hydroxyl groups on solid surfaces.
The O atom of CO2 can form hydrogen bonds with hydroxyl groups (as shown in Figure 8,
taking kaolinite as an example) [72]. The surface of Si-based gas adsorbents made from
coal gangue or fly ash is rich in hydroxyl groups, making these adsorbents ideal materials
for CO2 adsorption treatment.

Yan et al. [68] prepared an alkaline silicate material with a mesoporous structure from
fly ash and found that the material’s surface was rich in hydroxyl groups through FT-IR
analysis. They established an isotherm modeling of CO2 using adsorption–desorption
experiments. They found that it conformed to the Langmuir isotherm model, indicating
strong adsorption forces on its surface, and the partial desorption of CO2 after heating
confirmed the existence of hydrogen bonding. Wu et al. [73] hydrothermally synthesized
Mg-doped CuSiO3 material by adding a Mg2+ solution to a SO3

2− solution made from
coal gangue. Although the doping of Mg leads to a decrease in the pore size and specific
surface area of the mesoporous CuSiO3 material, it could effectively increase the number
of hydroxyl groups on the surface of the CuSiO3 material. The experimental results
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showed that within a certain range, the higher the doping amount of Mg, the higher the
CO2 adsorption capacity of Mg-doped copper silicate material, and that the maximum
adsorption capacity could reach up to 8.38 mg/g.
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Due to the instability of H-bonds at high temperatures, the adsorbed CO2 can be
desorbed simply by heating. Therefore, porous materials with adsorption capacity based on
H-bonding have good regenerability. However, the adsorption efficiency of such materials
is extremely low in high-temperature environments, and since H2O molecules can also
form H-bonds with -OH groups, temperature and humidity are both important factors that
affect the CO2 adsorption process.

3.2.2. Introducing Amino Groups by Chemical Modification for CO2 Adsorption

Amine groups can interact with CO2 molecules through the production of ion inter-
mediates. The specific process is as follows [74]:

CO2 + 2RNH2 → RNHCOO− + RNH3+ (11)

Introducing amine groups into solid-waste-based gas adsorbents through chemical
modification methods can effectively improve their CO2 adsorption performance.

Chandrasekar et al. [69] extracted silicon and aluminum sources from fly ash through
alkali fusion. Pluronic P123 (EO20PO70EO20) was added as a template agent to synthesize
the SBA-15 zeolite with an average pore size of 7.2 nm. Polyethyleneimine (PEI) was
introduced into the zeolite through wet impregnation to produce a PEI-loaded SBA-15
zeolite with rich amino groups on its surface. The experiments showed that this material
can adsorb up to 110 mg/g of CO2 at 75 ◦C. Using SiO3

2− leachate produced from coal
gangue as a silicon source and CTAB as a template agent, a M-SiO2 mesoporous silica
material with MCM-41 structure was synthesized. An EDA-M-SiO2 porous material was
obtained by impregnating in ethylenediamine (EDA) solution and drying, and the material
exhibited strong CO2 adsorption performance, with an adsorption capacity of 83.5 mg/g
under optimal conditions [75].

The introduction of amino groups greatly improves the CO2 adsorption capacity of
solid-waste-based gas adsorbents. Since CO2 interacts with the adsorbent through chemical
reactions, these materials have higher stability. However, excessive loading of amine
substances can block pore channels and greatly reduce the adsorption performance of the
porous material. In addition, H2O molecules can easily form hydrogen bonds with amino
groups, so humidity can affect adsorption.
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3.2.3. The Absorption of CO2 and SO2 Based on Alkaline Substances of Solid Waste

Alkaline substances such as CaSiO3, K2SiO3, CaO, and MgO can effectively absorb
acidic gases such as CO2 and SO2 through chemical reactions. Coal-based solid wastes such
as fly ash and coal gangue contain some of these substances or the raw materials needed to
produce them [25,31].

Sanna et al. [76] mixed fly ash (FA) with a certain amount of K2CO3 (K) and calcined
it to obtain a K-FA porous material with K2SiO3 as the main active substance for CO2
adsorption; 10 wt% Li2CO3 was added to form the K-Li eutectic phase, improving the
internal diffusion performance of the K-FA material and accelerating the CO2 adsorption–
desorption process. This material mainly absorbs CO2 through the following reaction:

K2SiO3 + CO2 → K2CO3 + SiO2 (12)

It was measured that at 700 ◦C, the CO2 adsorption capacity of the K-FA material (nFA:
nK = 1:1, 10 wt% Li2CO3) was 104.72 mg/g.

By adding a certain amount of Ca(OH)2 solution to the alkaline-leached silicon solution
from fly ash, filtering, and drying the mixture after reacting, an active calcium silicate
material (ACS) would be prepared for SO2 absorption. BET analysis showed that this
material contained abundant mesoporous structures. In an adsorption experiment at 50 ◦C,
it was found that the adsorption capacity of this material would be greatly increased when
O2 and water vapor were present in the flue gas. The reason for this is that the ACS will
react with SO2 to promote chemical adsorption when O2 and H2O are present. The process
is as follows (12)–(17):

Where (g) and (ad) denote the gaseous and adsorbed states.

SO2(g)→ SO2(ad) (13)

SO2(g) + H2O→ H2SO3 (14)

SO2(ad) + H2O→ H2SO3 (15)

H2SO3 + CaSiO3 → CaSO3 (16)

CaSO3 + 1/2H2O + 1/2O2 → CaSO4·1/2H2O (17)

CaSO3 + 1/2O2 → CaSO4 (18)

The maximum adsorption capacity of ACS for SO2 can reach 38.2 mg/g. After ad-
sorption, the ACS can be reused by regenerating with water vapor at 300 ◦C for 3 h. After
20 regeneration cycles, its adsorption performance only decreased by 28.8% [77].

In summary, the solid-waste-based porous materials based on alkaline substances
to absorb acid waste gas have good adsorption performance and can function in high-
temperature and high-humidity environments. Nevertheless, this type of material requires
long-term high-temperature regeneration when recycling, consuming more energy.

3.2.4. Denitration Based on NH3-SCR Technology

NH3 selective catalytic reduction (NH3-SCR) technology is a process that selectively
reduces NOx to N2 within a certain temperature range assisted by catalyst, using NH3 as a
reducing agent. It is one of the main research directions of denitrification technology at
present. The main reaction is as follows:

4NO + 4NH3 + O2 → 4N2 + 6H2O (19)
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Common NH3-SCR catalysts include transition metal catalysts such as Cu-based and
Fe-based catalysts [78]. Some studies have found that metal-loaded zeolite catalysts have
higher reaction activity and a broader active temperature range for the NH3-SCR process
than metal/metal oxide catalysts [79]. These catalysts also exhibit good hydrothermal
stability [80]. Therefore, preparing zeolite carriers from coal-based solid waste and load-
ing metals onto them to synthesize denitration catalysts is an effective method for solid
waste’s reuse.

Ma et al. [70] extracted silicon and aluminum sources from fly ash and produced SAPO-
34 zeolite with a specific surface area of 579 m2/g and an average pore size of 0.56 nm by
template method, and then loaded Cu onto SAPO-34 using the ion exchange method to
obtain the Cu-SAPO-34 catalyst. Figure 9 shows the denitration activity of Cu-SAPO-34
with different Cu loading amounts between 100 and 500 ◦C. The results indicate that the
synthesized Cu-SAPO-34 exhibit high NOx conversion rates, good high-temperature ac-
tivity, and anti-sintering properties. Similarly, the SSZ-13 zeolite was obtained through
one-step hydrothermal synthesis using coal gangue as a raw material, and a certain amount
of Cu was loaded to obtain the micropore Cu-SSZ-13 catalyst, which exhibits high denitra-
tion activity between 180 and 400 ◦C, with NOx conversion rates exceeding 90%, and high
hydrothermal stability [81].
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Solid-waste-based NH3-SCR zeolite catalysts have numerous acidic sites on their
surface that adsorb NH3 and promote the formation of reaction intermediates, making
them possess excellent denitration performance. However, substances (such as H2O) that
cause competitive absorption with NH3 can influence the catalytic performance of these
catalysts. Additionally, SO2 can react with NH3 and O2 to form ammonium salts deposited
on the catalyst surface or react with the metal loaded onto the catalyst to form sulfates,
causing catalyst deactivation [82].

3.2.5. Absorption of VOCs

Volatile organic compounds (VOCs) are diverse and complex in composition and can
directly involve in atmospheric photochemical reactions with NOx and other pollutants to
produce ozone and secondary organic aerosols [83]. Due to significant differences in the
physical and chemical properties of different VOCs, VOC adsorbents can only adsorb a few
specific volatile organic compounds.

Yuan et al. [84] used high-alumina fly ash as raw material to produce a highly stable
silicate material with a specific surface area of 98.47 m2/g and an average pore size of
31.42 nm. Dynamic adsorption experiments demonstrated that this material had a high
toluene adsorption capacity and a low formaldehyde adsorption capacity. Toluene is
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adsorbed through van der Waals forces, while formaldehyde is adsorbed through hydrogen
bonding with hydroxyl groups on the surface of the silicate material.

Using fly ash and coal gangue as raw materials to produce solid-waste-based gas
adsorbents has significant economic and environmental benefits. Various solid-waste-based
adsorbents have recently been developed to effectively adsorb common waste gases such
as CO2, SO2, and NOx [73,77,81]. Some solid-waste-based materials can strongly interact
with specific waste gases through their active substances and functional groups, such as
the reaction between alkaline substances in solid waste materials and acidic gases and the
hydrogen bonding interaction between hydroxyl groups on the surface of solid waste mate-
rials and CO2. Introducing high-activity sites onto solid-waste-based adsorbents through
impregnation, ion exchange, and other processes can further increase their adsorption
capacity and broaden their range of applications. For instance, they are introducing amino
groups onto solid waste adsorbents to increase their CO2 adsorption capacity, introducing
transition metals to obtain denitration capability. However, the adsorption performance
of solid-waste-based gas adsorbents is greatly influenced by external factors such as tem-
perature, humidity, gas type, etc., due to the limitations of their adsorption mechanisms,
resulting in a significant reduction in the adsorption rate. Additionally, some materials that
absorb waste gas through chemical reactions face challenges in regeneration.

3.3. The Application of Solid-Waste-Based Porous Materials in Energy Regeneration

Over the last decade, the consumption of various non-renewable energy sources has
been constantly increasing. In addition to finding renewable energy sources as alternatives,
existing resources such as waste plastics, waste oil, and biomass can also be regenerated
through catalytic cracking, hydrocracking, steam reforming, and other methods [85–87]. To
achieve high-quality and efficient regeneration of energy, the use of catalysts is necessary.
Materials such as zeolite and silica–alumina gels made from coal-based solid waste are
typical solid acid catalysts. Solid alkali components such as CaO and MgO and transition
metals such as Fe in solid waste can serve as catalytic active centers. Solid waste with
porous structures, such as fly ash, also has the potential to serve as catalytic carriers.
Solid-waste-based catalysts have considerable application prospects in the field of energy
recovery. Table 3 summarizes the research status of preparing energy regeneration catalyst
materials that are prepared from coal gangue and fly ash solid waste in recent years.

Table 3. Research status of coal gangue and fly ash in the field of energy regeneration.

Regenerate
Objects Regeneration Effect Catalytic

Material Preparation Method Action Mechanism

Waste
polyethylene

(PE)

Reaction temperature:
700 ◦C, ratio of feed to

catalyst: 20:1, maximum
liquid product yield: 78.2%,
with total aromatics yield

reaching nearly 22%.

Modified fly
ash

The coal fly ash was crushed,
sieved, and heat-treated at

800 ◦C to modify [88].

The fly ash catalyst with high
specific surface area and high
Si/Al ratio provides a large
number of highly selective
acidic sites, promoting the

cracking of plastics and
improving the yield of

aromatics [89,90].

Waste linear
low-density

polyethylene
(LLDPE)

Catalyst dosage: 15 wt%,
LLDPE’s cracking activation

energy significantly
decreased, and reaction rate

and the yield of alicyclic
hydrocarbons increased.

Modified fly
ash

The coal fly ash was ground
to a particle size of less than

150 µm to modify [91].

Solid alkali components such
as CaO in fly ash facilitate the

formation of carbon anion
intermediates, promoting the

generation of alicyclic
hydrocarbons and accelerating

the reaction rate [92].
Transition metal oxide

components such as Fe2O3 in
fly ash also assist the plastic

cracking process.
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Table 3. Cont.

Regenerate
Objects Regeneration Effect Catalytic

Material Preparation Method Action Mechanism

Plastic film
residue (PFR)

Reaction temperature: 723 K.
Use of catalyst inhibits tar

and wax formation, reduces
cracking temperature, and
achieves a 44% product oil

yield, with 70% composed of
gasoline hydrocarbons.

HX/CFA
zeolite

Coal fly ash (CFA)
underwent alkali fusion and
hydrothermal synthesis to
produce NaX zeolite. After

acidification, HX/CFA
zeolite was obtained [93].

Acidic sites on synthesized
X-type zeolites (solid acid)
promote the formation of

carbocation intermediates in
polymer chains, enabling
high-quality and efficient

cracking of waste
plastics [89,90].

Waste wood
pellets

A 10 wt% Ni-loaded catalyst
and waste wood pellets were
steam reformed to obtain a
54.9% gas yield, with an H2
production of 7.29 mmol/g.

Ni-ash
catalysts

Coal fly ash was
impregnated in a

Ni(NO3)2 · 6H2O aqueous
solution after drying,

calcining, reducing it in H2
atmosphere to prepare the

Ni-ash catalyst [94].

The hydrogenation and
dehydrogenation functions of

metal Ni, as well as the
isomerization, cyclization, and

hydrogenation cracking
functions of acid components

(Al2O3) in fly ash carrier occur
through olefin intermediates

during steam reforming.
Metals such as Mg and Cu in

fly ash also act as catalyst
auxiliaries.

Pine sawdust
biomass tar

Reaction temperature:
800 ◦C. The catalyst

effectively promoted the
decomposition of tar

molecules, achieving a
conversion rate of 93.5%, and
significantly increasing the

gas yield.

GC catalysts

The coal gangue (GC) was
crushed and sieved, and then

calcined at 800 ◦C for 1 h
under N2 atmosphere to

obtain the GC catalyst [95].

The repeated oxidation and
reduction of Fe2O3 in coal

gangue effectively promotes
the breaks of C-H bonds and
dehydrogenation reactions in
catalytic reactions, increasing
the yield of H2 and CO. Alkali
metals in coal gangue further
facilitate tar decomposition.
The formation of Fe0 during

the process enhances the
activity and lifespan of the

catalyst [96,97].

Soybean oil

Reaction temperature: 65 ◦C,
catalyst concentration: 4%,
molar ratio of methanol to
oil: 12:1, reaction time: 2 h.

The conversion rate of
soybean oil methyl ester

reached 95.5%.

Zeolite-type
sodalite

Coal fly ash was added to an
alkali solution and

supplemented with an
aluminate solution to form a
gel. The zeolite-type sodalite

was formed through
hydrothermal crystallization
at 100 ◦C for 24 h using the

gel [98].

Solid alkali components
(Si-O-Na groups) in zeolite

serve as active sites, promoting
transesterification to produce

biodiesel.

Jatropha curcas
oil

Catalyst (40 wt% CaO
loaded) dosage: 0.15 wt%,
molar ratio of methanol to

oil: 12:1, reaction
temperature: 60 ◦C, and
reaction time: 1 h. The

maximum biodiesel yield
was 94.72%.

CaO/CFA
catalysts

Coal fly ash was activated by
calcination at 400 ◦C for 5 h,
impregnated with a calcium
acetate solution and dried,
then calcined at 750 ◦C for

4 h to obtain CaO/CFA
catalyst [99].

The appropriate amount of
CaO loading improves the

catalyst’s pore structure and
increases the reaction rate. The
introduced CaO (solid alkali)

serves as an active site for
transesterification, promoting
the formation of biodiesel. Si

and Al in fly ash act as catalyst
carriers to improve

catalyst stability.
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Table 3. Cont.

Regenerate
Objects Regeneration Effect Catalytic

Material Preparation Method Action Mechanism

CO and H2

Reaction temperature: 523 K,
air pressure: 20 bar, and

H2/CO = 2. Zeolites
carrying more Co particles

have higher catalytic activity,
resulting in a CO conversion

rate of 53.2% and higher
selectivity for producing

liquid hydrocarbons (C5+).

Co/LTA
and

Co/FAU
catalysts

LTA and FAU zeolites
synthesized from

high-silicon coal fly ash were
used as carriers. The

Co/LTA and Co/FAU
catalysts were obtained by

impregnating with Co(NO3)2
solutions and calcination in

H2 atmosphere [100].

CO and H2 are adsorbed on
the surface of metal Co,

activated through electron
effects and interactions with
transition metals, and then

dissociated, leading to chain
growth and termination to

produce various
hydrocarbons [101].

Fly-ash-based zeolite carriers
plays a role in improving pore
structure, enhancing catalyst
stability, and increasing the

activity of active components
during the process.

CO and H2

Reaction temperature:
220 ◦C and air pressure:

30 bar for FT synthesis. After
130 h of intake, the

conversion rates of CO and
H2 were 67% and 73%,

respectively. The selectivity
for liquid hydrocarbons (C5+)

was 66.53%. Among C5+
hydrocarbons, the contents
of gasoline (C5–C11), diesel
(C12–C18), and high-carbon
hydrocarbons (C19+) were
33.19%, 27.64%, and 5.7%,

respectively.

Co-Fe/SBA-
15 catalysts

Coal fly ash was activated by
alkali fusion. A small

amount of surfactant was
added to hydrothermally
synthesize mesoporous

SBA-15 zeolite. The
Co-Fe/SBA-15 catalyst was
prepared by impregnating

with Co(NO3)2 and
Fe(NO3)3 solutions and

calcining in H2
atmosphere [102].

The loading of additional Fe in
addition to Co makes the

catalyst more advantageous
for synthesizing low-carbon

hydrocarbons, promoting the
generation of gasoline-range

products. This catalyst also has
a wider CO/H2 range and
higher poison resistance

during F-T synthesis.

Overall, coal-gangue- and fly-ash-based catalysts have wide applications in the field
of energy regeneration. They can effectively reduce the activation energy required for the
regeneration of various resources such as waste plastics, biomass, and gas and improve
product yield and quality. The alkali metal oxide and transition metal oxide components
in solid waste have high catalytic activity for reactions such as cracking, steam reforming,
and dry reforming. The SiO2 and Al2O3 components can not only serve as catalyst carriers
to enhance the stability of the catalyst and improve the reaction activity, but they can
also synthesize zeolite materials through alkaline fusion and hydrothermal processes to
further promote the cracking reaction (solid acid mechanism). Moreover, synthesizing
zeolite products is more conducive to the structural adjustment and active metal loading of
the catalyst, making solid-waste-based catalysts have higher regeneration efficiency and
wider applications. However, the energy regeneration process is often accompanied by a
high-temperature and high-carbon environment, which can easily cause coking and carbon
deposition on the catalyst, leading to its deactivation. In addition, solid waste raw materials
are complex in composition, and it is difficult to explore the specific mechanisms of each
component in the catalytic process, making it difficult to control the regeneration process
and achieve its large-scale application.

3.4. The Application of Solid-Waste-Based Porous Materials in Battery Manufacturing

As a new energy system, Li-ion batteries have advantages over traditional batteries,
such as high energy density, good stability and cyclicality, low self-discharge rate, and
voltage hysteresis [103]. Currently, graphite with good conductivity and a low cost is
widely used as the anode material for Li-ion batteries. It can combine with Li to form LiC6
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with a theoretical capacity of 372 mAh·g−1. Si-based anode materials are preferred for
the next generation of high-capacity Li-ion battery anodes. At room temperature, every
4 Si atoms can react with 15 Li ions to form an alloy phase with a theoretical capacity of
3579 mAh·g−1, and Si-based materials have advantages such as environmental friendliness,
abundant sources, and low cost [104,105]. However, the alloying reaction between Si and
Li during repeated charging and discharging processes can cause severe volume expansion,
resulting in severe battery loss [106]. Studies have shown that the nanostructure design
can effectively alleviate the stress changes during the charging and discharging process of
Li–Si alloys to maintain the maximum capacity of the battery [107]. At present, there have
been several reports on the preparation of porous nano-silicon particles from silicon-rich
coal-based solid waste as anode materials for Li-ion batteries.

Liu et al. [108] used Si-rich fly ash as a raw material to produce SiO2 through a process
of alkali fusion, deionized water dissolution, acidification precipitation, washing and dry-
ing, and calcination. Finally, low-cost Si particles were obtained through a magnesiothermic
reaction for use as anode materials. The resulting Si particles were nanoscale in size and
interconnected to form a porous structure (Figure 10). The Li-ion battery made using
these silicon nanoparticles as anode material provided a capacitance of approximately
3173.1 mAh·g−1 and remained stable after 500 cycles at 1 ◦C. A similar method was used
by Xing et al. to synthesize nano-silicon anode materials from fly ash. The prepared Li-ion
battery had a capacitance of 1450.3 mAh·g−1 at the current density of 4000 mA·g−1, and its
reversible capacity remained at 1017.5 mAh·g−1 after 100 cycles [109].
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Using coal-based solid waste as a low-cost silicon source to prepare porous nano-
silicon particles has opened up a new way for the large-scale preparation of Li-ion battery
Si-based anode materials and promoted the development of the new energy industry.
Additionally, it can effectively reduce the quantity of Si-rich coal-based solid waste and
decrease its environmental hazards. However, the volume expansion in Si-based anode
materials for Li-ion batteries has not yet been completely solved, resulting in limited
cycling performance.

4. Conclusions

In summary, coal-gangue-based and fly-ash-based porous functional materials have
broad applications in energy and environmental protection, but there are also certain
shortcomings. To further achieve large-scale resource utilization of typical coal-based solid
waste, the following improvements can be made:

(1) In the field of wastewater treatment, adopt more efficient pretreatment methods (such
as pressurized acid leaching, microwave acid leaching, complex acid leaching, etc.)
before preparing water treatment materials to reduce heavy metal content in solid
waste and focus research on materials with a more stable structure simultaneously,
reducing the possibility of secondary pollution.

(2) In the field of waste gas treatment, pre-treat waste gas with means of temperature
control and dehumidification before using solid-waste-based gas adsorption materials,
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minimizing the adverse effects of external factors on the gas adsorption performance
of the materials. Some gas adsorption materials that are difficult to regenerate can
improve their gas diffusion performance by adding modified substances to form
eutectic phases, thereby accelerating the regeneration rate.

(3) In the field of energy regeneration, fully explore the mechanism of various effective
components in solid-waste-based catalysts in the catalytic process to achieve efficient
and controllable energy regeneration. By loading active metals, regulating the silicon–
aluminum ratio, and improving the pore structure, this will improve catalyst energy
regeneration efficiency and coking resistance.

(4) In the field of battery manufacturing, the volume expansion problem of Si-based
anode materials still requires further exploration of new nanostructures and composite
systems to be solved, improving the cycling performance of electrode materials.

(5) In the regeneration process of solid waste, apply technical methods (such as microwave-
assisted, ultrasonic-assisted, solvent-free methods, etc.) that can effectively reduce
energy consumption and increase productivity in the conversion preparation process
of solid waste into functional porous materials, reducing the cost of reusing coal-
based solid waste and promoting large-scale resource utilization of typical coal-based
solid wastes.

Based on current practical applications, porous materials derived from solid waste still
exhibit some deficiencies in the fields of energy regeneration and battery manufacturing. As
a result, researching and producing various materials for treating waste gas and wastewater
is currently the primary method for reusing typical coal-based solid waste. However, their
application in energy will be more promising in the future.

China is a typical country with abundant coal reserves but limited oil and natural gas
resources. The development of its industries relies heavily on the extensive mining and
combustion of coal. However, the production and accumulation of large amounts of coal-
based solid waste over the years have severely harmed the ecological environment. In recent
years, with industrial upgrading and the need for ecological protection, the significant
shortage of Si-based materials in the fields of energy and environmental protection has
provided new approaches for reducing and reusing coal-based solid waste. The large-
scale application of various types of coal-gangue-based and fly-ash-based energy and
environmental protection porous materials will transform coal-based solid waste from
valueless waste into the main force in maintaining ecological stability, promoting the
upgrading of energy structures, and achieving national green sustainable development.
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Abstract: We investigated the effect of Cu on the formation of reversed austenite in super martensitic
stainless steel by using X-ray diffraction (XRD), a transmission electron microscope (TEM) and
an energy-dispersive spectrometer (EDS). Our results showed that the microstructure of the steels
comprised tempered martensite and diffused reversed austenite after the steels were quenched at
1050 ◦C and tempered at 550–750 ◦C. The volume fraction of reversed austenite in the steel with
3 wt.% of Cu (3Cu) was more than that with 1.5 wt.% of Cu (1.5Cu). The transmission electron
microscope results revealed that the reversed austenite in 1.5Cu steel mainly had the shape of a thin
strip, while that in 3Cu steel had a block shape. The nucleation points and degree of Ni enrichment
of reversed austenite in 3Cu steel were higher than those in 1.5Cu steel. The reversed austenite
was more likely to grow in ε-Cu enriched regions. Therefore, Cu can promote reversed austenite
nucleation and growth. The mechanical properties of 3 Cu steel are obviously better than those of
1.5Cu steel when tempered at 550–650 ◦C.

Keywords: Cu; Ni; reversed austenite; super martensitic stainless steel

1. Introduction

Reversed austenite as an important tempered microstructure in iron and steel has
been studied by researchers; the effects of alloying elements on the formation of reversed
austenite have received considerable scholarly attention. Ni is the key element that pro-
motes α-γ phase transition, while Ni gathers and provides the conditions for the reversed
austenite nucleation [1–6]. In addition, N, Si, and other elements impact the phase transition
process [7–11]. As an austenitizing element, the effect of Cu on the formation of reversed
austenite is negligible.

Over the years, Cu has been used as an alloying element added to steels, and the
main functions of Cu in steels are as follows. (1) Solid solution strengthening: After
quenching the steel, Cu is dissolved in the steel matrix, which plays the role of solid solution
strengthening. The solution-strengthening effect increases in proportion to the increase in
carbon content. Cu in an austenitic matrix can be precipitated as finely dispersed Cu-rich
phase particles during the aging process, which has an excellent dispersion-strengthening
effect. Cu atoms segregated to stacking faults can also pin dislocations and induce a
matrix-strengthening effect [12–15]. (2) Improvement of formability and processability
of steels: Cu can improve the anisotropy of steel and reduce the work hardening index.
(3) Improvement of corrosion resistance of steels: The enhanced corrosion resistance of steel
is attributable to the formation of a dense copper layer on the surface of the steel during the
corrosion process. However, some researchers believe it is related to anodic polarization.
Studies have shown that only 0.1 wt.% of Cu can significantly improve the atmospheric
corrosion resistance of steel [16–19]. To date, few studies have reported the effect of Cu on
the formation of reversed austenite in super martensitic stainless steel. Thus, this study
compared the solid solution and precipitation behavior and investigated their effect on
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microstructures and mechanical properties of Cu-free and Cu-containing super martensitic
stainless steel [20–22]. By comparing super martensitic stainless steels with different Cu
content, the effects of Cu on the formation of reversed austenite and mechanical properties
were investigated.

2. Materials and Methods

Tested steel with extra low impurity contents was designed and melted in a vacuum-
induction melting furnace (rated capacity: 25 kg, rated power: 100 kw, limited vacuum
degree: 6 × 10−3 Pa, boosting rate: 0.05 Pa/min, maximum temperature: 1700 ◦C, cooling
water pressure: 0.35 MPa). The ingots were hot forged into round bars with a 15 mm
diameter. To obtain the complete lath martensite, the samples were quenched in oil at
a temperature of 1050 ◦C for 0.5 h using a vertical-type furnace. Additionally, samples
were tempered at temperatures of 550, 600, 650, 700, and 750 ◦C for 2 h. The chemical
compositions of the test steels are shown in Table 1. An etching solution consisting of
1 g of FeCl3, 10 mL of hydrochloric acid and 120 mL of distilled water was used to etch
the specimens for 10 s. The volume fraction of retained/reversed austenite at different
temperatures was determined using PHILIPS APD-10 full-automatic X-ray diffraction
instrument (XRD, Amsterdam, Netherlands) with Co radiation from 40 to 120◦ at a step
interval of 0.02◦. According to the integral intensity of diffraction peaks, the volume fraction
of retained/reversed austenite was calculated by 6-line method and Formula (1), where
K = I0A111/I0F110, I0A111 and I0F110 are the integral strengths of pure austenite and pure
ferrite, respectively.

φA = 1/(1 + K
IF110

IA111
) (1)

Table 1. Chemical composition (wt%) of the test steel.

Steel Grade C Mn Si Cr Ni Mo W Cu

1.5Cu 0.021 0.4 0.27 14.78 6.5 2.04 0.8 1.44
3Cu 0.02 0.38 0.26 14.78 6.6 2.05 0.88 2.74

The morphology and distribution of austenite in the martensitic matrix and the ele-
ment concentration distributions of the microstructure were investigated using FEI high
resolution transmission electron microscope (HRTEM, Hillsboro, OR, USA) after jet polish-
ing with thin foil in a solution of 6% perchloric acid and 94% anhydrous ethanol.

3. Results
3.1. Effect of Cu on the Quenched Microstructure

At 1050 ◦C, the austenite grains of 1.5Cu and 3Cu test steels have reached uniformity
and there is no excessive grain phenomenon. The microstructures of the two steels are
both lath martensite at a quenching temperature of 1050 ◦C (Figure 1). There are several
martensite lath bundles with different orientations in an original austenite grain. The
volume fraction of austenite was measured with XRD to confirm the presence of austenite
in the quenched microstructure of the two test steels. Figure 2 shows that the retained
austenite is found in two steels. All the austenite diffraction peaks in the XRD patterns
of 3Cu were stronger than those of 1.5Cu. After the volume fraction of austenite was
measured, the volume fraction of retained austenite in 3Cu steel after quenching was
13.32%, while that in 1.5Cu steel was 7.24%. This result is because Cu will be completely
dissolved in austenite when the steels are quenched at a higher temperature of 1050 ◦C.
With the increase in Cu content, the dissolved Cu content in the austenite increased. Cu
stabilized austenite as an austenite-forming element. Thus, the martensite transformation
was delayed, and the volume fraction of retained austenite increased. In addition, Mn- or
Si-alloying elements in the steel enhanced retained austenite. Thus, more austenites were
retained in 3Cu steel than in 1.5Cu steel.
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Figure 2. XRD patterns of retained austenite after quenching treatment of 1.5Cu and 3Cu steels. (M is
martenite, and A is austenite).

3.2. Effect of Cu on the Tempered Microstructure

Figure 3 shows the microstructure of 1.5Cu and 3Cu tempered at 650 ◦C for 2 h after
quenching at 1050 ◦C. The microstructure of the two test steels changed from thick lath
martensite to fine-tempered martensite. After the test steels were tempered, the saturation
of the supersaturated α-Fe decreased continuously due to the decomposition of the thick
lath martensite and the precipitation of the carbides and intermetallic compound. At the
same time, a few retained austenites were decomposed to form supersaturated ferrite and
carbides, which were the tempered martensites.
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Figure 3. Microstructures of (a) 1.5Cu and (b) 3Cu tempered at 650 ◦C for 2 h after quenching at 1050 ◦C.

In addition, another type of austenite microstructure, namely, reserved austenite, was
discovered in the two test steels. Reserved austenite was produced during the reversion
of α to γ phase in the martensitic matrix. The variation of volume fractions of reversed
austenite at different temperatures between 550 and 750 ◦C after quenching at 1050 ◦C are
shown in Table 2 and Figure 4. A similar trend was observed in the amount of reserved
austenite after the two steels were tempered. The volume fraction of reserved austenite of
the two steels first increased and then decreased with the increasing tempering temperature
and then reached a maximum value at 650–700 ◦C. The maximum values of the reserved
austenite content of the two steels were 31.19% and 55.9%, respectively. Ni and Cu as the
forming elements of austenite, can, in addition, increase the formation rate and decrease
the formation temperature of reversed austenite. This is probably the main reason for
the maximum amount of reversed austenite in 3Cu at 650 ◦C. Subsequently, the volume
fraction of reserved austenite decreased due to the transformation from γ to α during
the cooling process [23]. At all tempering temperatures, the volume fraction in 3Cu steel
was greater than that in 1.5Cu steel. The 3Cu had a larger volume fraction of reversed
austenite steel because Cu is an austenite-forming element. As a result, the greater the
content of Cu, the easier the formation of austenite. In addition, the segregation of Cu
reduces the faulting energy of the grain boundary, which is conducive to the diffusion
of Ni. Earlier studies [24,25] have shown that Ni diffusion contributes to the formation
of reversed austenite and increases its volume fraction. According to the above analysis,
the increase in Cu content can promote the diffusion of Ni and the formation of reversed
austenite. Thus, Cu and Ni can facilitate the formation of reversed austenite.

Table 2. The volume fraction of austenite at different heat treatment.

Steel Grade 1050 ◦C
Quenching

550 ◦C
Tempering

600 ◦C
Tempering

650 ◦C
Tempering

700 ◦C
Tempering

750 ◦C
Tempering

1.5Cu 7.24 12.48 18.63 30.93 31.19 24.33
3Cu 13.32 34.46 39.55 55.90 37.87 33.18
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3.3. Enrichment of Cu and Ni in Reversed Austenite

According to the above analysis, the volume fraction of reversed austenite was greater
in 1.5Cu and 3Cu test steels at a tempering temperature of 650–700 ◦C. To study the
enrichment degree of Cu and Ni in the reversed austenite, TEM-EDS was used to analyze
elements in the several forming regions of the reversed austenite at a tempering temperature
of 650 ◦C. The average concentrations of Ni and Cu in the reversed austenite and in
the matrix of two steels are shown in Table 3. As shown in Table 3, the Ni elemental
concentration in reversed austenite in the two test steels was about three times higher than
that in the matrix, indicating that Ni was enriched in the reversed austenite in the two
steels. Furthermore, the content of Cu in the reserved austenite was more than that in the
matrix, meaning Cu was also enriched in reversed austenite.

Table 3. EDS analysis result of austenite and matrix at a tempering temperature of 650 ◦C.

Element (wt.%) 1.5Cu 3Cu

Austenite Matrix ∆ Austenite Matrix ∆

Ni 9.93 3.10 6.83 11.96 4.76 7.20
Cu 1.89 1.33 0.56 3.79 2.29 1.50

The data of Ni and Cu presented in Table 3 were represented in a bar chart (Figure 5).
The concentration of Ni in 3Cu was higher than that in 1.5Cu. The average Ni concentration
in 3Cu was approximately 11.96%, and the Ni concentration in 1.5Cu was approximately
9.93%. These results showed that increased Cu content could increase the enrichment
concentration of Ni in reversed austenite, thus making the formation of reversed austenite
easier in the Ni-enrichment area. In addition, from the bar chart of Cu element distribution
shown in Figure 5, the difference in Cu concentration between reversed austenite and the
matrix in 1.5Cu steel was 0.56%. However, the difference in Cu concentration between
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reversed austenite and the matrix in 3Cu steel was 1.5%. In other words, the difference in
Cu concentration between reversed austenite and the matrix in 3Cu was two times greater
than that in 1.5Cu steel, indicating that the enrichments of Ni and Cu in 3Cu steel were
both higher than those in 1.5Cu steel. The enrichment of Cu was easier in the region with
higher Ni concentration. As a result, the enrichment degree of Cu increased. Therefore,
from the above analysis of the concentration of two elements, Cu and Ni contributed to the
enrichment of each other in reversed austenite.
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To determine the effect of Cu on the reversed austenite formation, TEM was used
to examine the microstructure of 1.5Cu and 3Cu test steels after they were quenched at
1050 ◦C for 30 min and tempered at 650 ◦C for 2 h. Figure 6 shows TEM bright field image.
Figure 6a,b show dark long strips or block reversed austenite distributes in the boundary
and interior of lath martensite. The reversed austenite in 1.5Cu steel was mainly thin and
long along the boundary of martensite lath. However, the reversed austenite in 3Cu steel
was blocked and was shorter and wider than that in 1.5Cu steel. The number of nucleation
points of the reversed austenite of 3Cu steel was significantly more than that of 1.5Cu steel
in the same photographic area. This phenomenon indicates that the addition of Cu in 3Cu
steel can promote the diffusion of Ni and increase its enrichment degree and the number
of Ni enrichment areas, thereby increasing the number of reversed austenite nucleation
points. Therefore, the addition of Cu facilitated the formation of reversed austenite.

The different number of nucleation points was mainly attributed to the different
shapes of reversed austenite in the two test steels. More nucleation points enhance the
growth of reversed austenite grain to meet another growing austenite grain in the growth
process. When the two grains meet, then the two grains will stop growing in the original
direction and grow in other directions; thus, the shape of reversed austenite becomes a block.
The nucleation number and shape of reversed austenite were relatively smaller and finer,
respectively, with the increasing Cu content, which improved the mechanical properties
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of the test steel. As shown in Figure 6a,b, many fine precipitates were observed around
the reversed austenite in the two test steels. These precipitates appeared in symmetrical
or elliptical shapes, and the grain sizes of 20–50 nm were ε-Cu [12,26]. Compared with
1.5Cu steel, ε-Cu was distributed more densely around the reversed austenite of 3Cu
steel (dashed region), indicating that the region with higher Ni enrichment increased the
enrichment of Cu and promoted the precipitation of ε-Cu in this region. This phenomenon
confirmed that the enrichment of Ni promotes the enrichment and precipitation of Cu in
reversed austenite.
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Figure 6. TEM bright field of (a) 1.5Cu and (b) 3Cu at tempering temperature of 650 ◦C.

Given the above analysis of the two test steels with the same content of Ni, the volume
fraction and nucleation points number of the reversed austenite in 3Cu steel are more than
those in 1.5Cu steel, and the enrichment degree of Ni of the reversed austenite in 3Cu steel
is greater than that in 1.5Cu, indicating that the addition of Cu promotes the enrichment of
Ni. Moreover, Cu was also enriched around the reversed austenite or in the Ni enrichment
area. The concentration of Cu and density of ε-Cu were also high in the area with a high
concentration of Ni, indicating that Ni also contributed to the enrichment of Cu. Therefore,
Cu and Ni synergically promote the formation of reversed austenite formation.

3.4. Effect of Cu on Mechanical Properties

Figure 7 shows the variation of Rockwell hardness (HRC) of 1.5Cu and 3Cu steels at
different tempering temperatures. The HRC of the two test steels gradually decreased as the
tempering temperature increased, until the latter reached the minimum at 650 ◦C, and then
it slightly increased. During the tempering process, martensite desolated and transformed
into reversed austenite with carbide precipitation. With increased tempering temperature,
the volume fraction of reversed austenite gradually increased due to the increased driving
force of α to γ transformation. Reversed austenite can reduce the hardness of steel as
a softening phase [27]. Thus, HRC decreased at a temperature below 650 ◦C. With the
increase in tempering temperature, the concentration of austenitic elements in the reversed
austenite decreased gradually due to composition homogenization. The thermal stability
of the reversed austenite decreased; as a result, the reversed austenite retransformed into
martensite in the process of tempering and cooling, thereby decreasing the volume fraction
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of the reversed austenite. At the same time, the HRC of the test steels increased. Thus, the
optimal tempering temperature for the reversed austenite and HRC of the two steels was
650 ◦C. The lowest HRC was obtained at 650 ◦C, consistent with the reversed austenite
content test results.
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The HRC of 3Cu is slightly smaller than that of 1.5Cu after quenching at 1050 ◦C,
which is due to more retained austenite in the 3Cu steel. When the tempering temperature
was between 550 ◦C and 650 ◦C, the HRC of 1.5Cu steel was significantly greater than
that of 3Cu. However, no significant differences were observed in the HRC of the two test
steels when the tempering temperature was above 650 ◦C. This phenomenon is because
the 3Cu steel precipitated more fine grains and diffused a copper-rich phase during the
tempering process to refine the grain at 550–650 ◦C. At the same time, there was the role of
precipitation hardening [28,29]. Thus, the hardness can be improved to a certain extent. In
addition, the increased volume fraction of reversed austenite in 3Cu significantly reduced
the hardness [30,31], and the combined effect of the two factors reduced the HRC of 3Cu
steel compared with that of 1.5Cu steel. At tempering temperatures above 650 ◦C, the
refinement of ε-Cu relative to the grain weakened, along with the reduction in the reversed
austenite, balancing each other and making the HRC of the two test steels remain basically
the same. Figure 8 shows the strength-strain curves of the two tested steels tempered at
650 ◦C for 2 h. It can be seen that 3Cu steel has the highest tensile strength and the best
plasticity. Although the yield strength of 3Cu steel is less than that of 1.5Cu steel, 3Cu has
the largest strain hardening rate and the longest uniform deformation stage.
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Figure 8. Strength-strain curves of the three tested steels tempered at 650 ◦C for 2 h.

Table 4 shows the strength and elongation of 1.5Cu steel and 3Cu steel at tempering
temperatures of 550–750 ◦C. As presented in Table 5, the tensile strength of 1.5Cu steel
was 903.5–1008.8 MPa, the elongation was 16.66–19.62%, and the sectional shrinkage was
66.04–72.58%. The tensile strength, elongation, and sectional shrinkage of 3Cu steel were
902.5–985.2 MPa, 16.29–26.72%, and 61.51–73.17%, respectively. Overall, the elongation of
3Cu steel was larger than that of 1.5Cu, while the tensile strength of 3Cu steel was lower
than that of 1.5Cu. It can be seen from the above data that the mechanical properties of 3Cu
steel are obviously better than 1.5Cu steel when tempered at 550–650 ◦C. This phenomenon
is because 3Cu steel has more reversed austenite after tempering.

Table 4. The data of mechanical properties in 1.5Cu and 3Cu steels.

Cu Content (wt.%) Tempering
Temperature

Tensile Strength
(MPa)

Elongation to Failure,
εu (%)

Product of Strength
and Elongation (MPa%)

1.5Cu

550 1008.82 19.38 19,550.93
600 905.84 19.62 17,772.58
650 894.35 21.12 18,888.67
700 924.19 19.15 17,698.24
750 939.81 16.66 15,657.23

3Cu

550 903.53 26.72 24,142.32
600 902.48 28.00 25,269.44
650 912.40 22.58 20,601.99
700 985.25 17.67 17,409.37
750 973.70 16.29 15,861.57

131



Materials 2023, 16, 1302

Table 5. The diffusion coefficients at different tempering temperatures.

T DCu-α DCu-γ DCu-self

550 2.85 × 10−16 1.04 × 10−18 3.18 × 10−14

600 3.07 × 10−15 1.01 × 10−17 1.86 × 10−13

650 2.55 × 10−14 7.72 × 10−17 8.97 × 10−13

700 1.71 × 10−13 4.77 × 10−16 3.68 × 10−12

750 9.50 × 10−13 2.47 × 10−15 1.32 × 10−11

Figure 9 shows the curves of strength and elongation with tempering temperature.
In general, the elongation of 3Cu steel is higher than that of 1.5Cu, while the tensile
strength of 3Cu steel is lower than that of 1.5Cu. This is related to more austenite in the
3Cu steel after tempering. As the tempering temperature increased, the tensile strength
of the two test steels at first decreased and then increased, whereas the elongation first
increased and then decreased. When the tensile strength was minimum, the elongation
became maximum. From the previous analysis, the test steel after tempering with the
precipitation of reversed austenite. The volume fraction of reversed austenite with the
increased tempering temperature first increased, gradually decreased, and peaked at
650 ◦C. The soft and tough phases and the reversed austenite were diffusely distributed in
the martensitic laths and austenite grain boundaries after tempering, which could absorb
the deformation work during plastic deformation of the material at room temperature. The
plasticity induced by the martensitic phase transformation can significantly improve the
plastic toughness of the material [32–34]. Therefore, the strength and elongation of the two
test steels changed with the change in austenite content, indicating that the mechanical
properties of the test steels were related to the reversed austenite. Reversed austenite has a
dual effect on super martensitic properties. On the one hand, an appropriate amount of
fine block reversed austenite has a certain strengthening effect and toughening effect, but
too much reversed austenite will reduce the strength of steel.
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Because the strength and elongation of the two test steels varied, the strong plastic
product (PSE) of the two test steels was calculated (Table 4) to illustrate their compre-
hensive mechanical properties. The curve graph of the PSE of the two steels is shown in
Figure 10. The PSE of 3Cu steel was greater than that of 1.5Cu steel. This result showed
that the strength and plasticity could be improved by adding Cu to some extent. The super
martensitic stainless steel containing Cu had a high PSE value (15,657–25,270 MPa%). This
result further indicated that the synergistic effect of Cu and Ni contributed to the formation
of reversed austenite and improved the strength and toughness of the steels.
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4. Discussion

Given the above analysis, Cu was enriched in the reversed austenite to a certain extent
in 1.5Cu and 3Cu steels. The process of Cu enrichment can be explained using diffusion
theory. The diffusion of Cu can be expressed as follows [35]:

D = D0 exp (−Q/RT) (2)

where D is diffusion coefficient (cm2/s), D0 is frequency factor (cm2/s), Q is activation
energy (kJ/mol), R is the Boltzmann constant, and T is diffusion temperature (K). The
diffusion coefficient of Cu in martensite (DCu-α), Cu in austenite (DCu-γ), and self-diffusing
(DCu-self) are calculated using the following formulas:

DCu-α = 300exp (−284,000/RT)
DCu-γ = 0.19exp (−272,000/RT)
DCu-self = 0.78exp (−211,000/RT)

(3)

Based on Formula (3), the data and curves of DCu-α, DCu-γ, and DCu-self at different
tempering temperatures are shown in Table 5 and Figure 10, respectively. As presented
in Table 5, values of DCu-self were larger than those of DCu-α and DCu-γ at all the tempering
temperatures, and the largest value was about two to four orders of magnitude. DCu-α
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was 1–2 orders of magnitude larger than DCu-γ. The variations in values of the three
diffusion coefficients were more significant with increasing tempering temperature. The
relationship between the diffusion coefficients and tempering temperature is represented
in Figure 11. In the tempering temperature range of 550–750 ◦C, the three diffusion co-
efficients exponentially increased in the following order: DCu-self > DCu-α > DCu-γ. When
the tempering temperature was in the range of 550–600 ◦C, DCu-self was small and sta-
ble, while the self-diffusion rate of Cu was slow. When the tempering temperature was
600–750 ◦C, the self-diffusion rate of Cu became faster with the increasing temperature,
and ε-Cu was gradually formed. Figure 11b is a larger version of Figure 11a, and it shows
an increase in DCu-α starts. Because DCu-γ was relatively small, the Cu atoms in austenite
could be seen as stationary compared with the rapid diffusion of Cu atoms in martensite.
Then, when the Cu atoms in martensite entered the austenite, its diffusion rate rapidly
decreased and became stationary. As the tempering temperature increased, more Cu atoms
entered the austenite and enriched the reserved austenite. Therefore, the volume fraction of
reversed austenite rapidly increased within the tempering temperature range. In addition,
both Ni and Cu played a pivotal role in the enrichment of reversed austenite.
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5. Conclusions

1. The matrices of 1.5Cu and 3Cu super martensitic stainless steels were quenched at
1050 ◦C. A small amount of retained austenite in two test steels and the addition of
Cu increased the volume fraction of retained austenite after quenching.

2. The two test steels were quenched at 1050 ◦C and tempered at 550–750 ◦C. The
tempered microstructures included tempered martensite, reversed austenite, and ε-Cu.
The reversed austenite content in both test steels initially increased, then decreased,
and finally reached a maximum at 650–700 ◦C as the tempering temperature increased.
The reversed austenite content in 3Cu steel was more than that in 1.5Cu steel, and the
distribution in the matrix was also denser.

3. The degree of Ni enrichment and the number of enrichment areas within the reversed
austenite in 3Cu steel was higher than that in 1.5Cu steel. The enrichment of Cu
elements was also more pronounced in the area of high Ni concentration in the
reversed austenite, and more ε-Cu precipitated near this area, indicating that Cu
contributed to the nucleation and growth of reversed austenite.

4. The addition of Cu to the test steels facilitated the reversed austenite formation, and
the mechanical properties of 3Cu steel are obviously better than those of 1.5Cu steel
when tempered at 550–650 ◦C.
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Abstract: The adsorption behavior of Sc on the surface of kaolinite (001) was investigated using the
density functional theory via the generalized gradient approximation plane-wave pseudopotential
method. The highest coordination numbers of hydrated Sc3+, Sc(OH)2+, and Sc(OH)+2 species
are eight, six, and five, respectively. The adsorption model was based on Sc(OH)2(H2O)+5 , which
has the most stable ionic configuration in the liquid phase. According to the adsorption energy and
bonding mechanism, the adsorption of Sc ionic species can be categorized into outer layer and inner
layer adsorptions. We found that the hydrated Sc ions were mainly adsorbed on the outer layer
of the kaolinite (001)Al-OH and (00−1)Si-O surfaces through hydrogen bonding while also being
adsorbed on the inner layer of the deprotonated kaolinite (001)Al-OH surface through coordination
bonding. The inner layer adsorption has three adsorption configurations, with the lying hydroxyl
group (Ol) position having the lowest adsorption energy (−653.32 KJ/mol). The adsorption energy
for the inner layer is lower compared to the outer layer, while the extent of deprotonation is limited.
This is because the deprotonation of the inner adsorption layer is energetically unfavorable. We
speculate that Sc ions species predominantly adsorb onto the surface of kaolinite (001) in an outer
layer configuration.

Keywords: rare earth; scandium; kaolinite; density functional theory; adsorption

1. Introduction

In recent years, rare earth elements have been highly regarded due to their distinctive
physical and chemical properties [1,2]. Among the most crucial strategic metals, they
find extensive applications across numerous high-tech sectors [3–6]. According to their
formation process, rare earth ores are primarily categorized into mineral and weathered
types. Mineral-type rare earth ores serve as the primary source of light rare earth elements,
typically represented by bastnasite and monazite [7]. On the other hand, weathered rare
earth ores are medium in medium and heavy rare earth elements, with a notable example
being weathered crust elution-deposited rare earth ore, also referred to as ion-adsorption-
type rare earth ore [8]. Despite its low grade (0.05–0.2 wt.% rare earth oxides), weathered
rare earth ore holds an 80% share in the global supply of medium and heavy rare earth
elements [9].

Scandium (Sc) is a rare and expensive metal widely used in various industries such as
electronics, optics, automotive, aerospace, transportation, and the production of advanced
materials [10,11]. It falls into the heavy rare earths group due to its similar physical and
chemical properties to the rare earth elements and its frequent occurrence in symbiosis with
yttrium and lanthanides [12]. Rare earth elements primarily adsorb onto clay minerals in
hydrated or hydroxy-hydrated forms [8]. Many scholars have investigated the coordination
states of hydrated or hydroxy-hydrated rare earth ions in solution. Qiu et al. [13] employed
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a density functional theory to study the coordination states and bonding mechanisms of
La3+ in aqueous environments and found that La3+ tends to coordinate with more water
molecules. La(H2O)3+

10 was found to be the most stable structure for La ions in low pH
solutions, whereas La(OH)(H2O)2+

8 was deemed more plausible in high pH solutions.
Rudolph et al. [14] investigated the hydration of lanthanide(III) aqua ions in aqueous
solutions and observed that light rare earth ions formed nona-hydrates while heavy rare
earth ions formed octa-hydrates.

Typical ion-adsorption type rare earth ores include kaolinite, montmorillonite and
illite, and mineralogical analyses have indicated that kaolinite is the main mineral of
this type [15]. Kaolinite (Al2O3·2SiO2·2H2O) is a 1:1 layered silicate characterized by the
alternation of silicon–oxygen tetrahedra and aluminum–oxygen octahedra stacked along
the c-axis [16]. Kaolinite layers are held together by interlayer hydrogen bonding, which
restricts the diffusion of water molecules into the interlayer space. Therefore, kaolinite
has a low coefficient of expansion and is prone to crack along the (001) plane [17–19].
As rare earth species in ion-adsorption-type rare earth ores are mainly adsorbed as ions
on the surface of clay minerals, their separation can be enabled through ion exchange
in electrolyte solutions (e.g., NaCl, NH4Cl, or (NH4)2SO4 [20,21]), without the need for
conventional mineral processing methods such as flotation or magnetic separation [22,23].
The current leaching process for ion-adsorbed-type rare earth ores mainly uses (NH4)2SO4
as the leaching agent and NH4HCO3 as the precipitant in the in situ leaching process. The
in situ leaching process is less expensive and causes limited environmental damage than
pool and heap leaching processes but suffers from various disadvantages such as poor
leaching efficiency, ammonia and nitrogen pollutant emission, and difficulty in effectively
recovering rare earth ions [24]. These issues result in a large amount of rare earths remaining
in the waste residue, requiring secondary or tertiary leaching to recover the rare earth
resources. Various factors contribute to the presence of residual rare earths in the waste
residue, including blind spots in the leaching process, capillary phenomena, incomplete
weathering, and desorption phenomena [25]. To address these problems, it is necessary
to study the adsorption mechanism of rare earths at the molecular level in order to gain
a deeper understanding of the adsorption mechanism and surface interactions. This will
provide guidance for improving the efficiency and selectivity of metallurgical residue
recovery and contribute to the development of new environmentally friendly and efficient
leaching agents.

With the development of quantum chemical calculations, density functional theory
(DFT) has found extensive applications in the field of mineral processing [26–28]. In recent
years, this method has also been widely employed to investigate the adsorption of metal
ions on the surfaces of various clay minerals, including kaolinite. Chen et al. [29] conducted
density functional theory (DFT) calculations to investigate the adsorption of Hg2+ on the
surface of kaolinite (001). The findings revealed that Hg2+ exhibits a maximum hydration
coordination number of six in the liquid phase; they also determined its optimal adsorption
site and bonding mechanism on the surface of kaolinite. Qiu et al. [30] conducted a study on
the adsorption mechanism of Lu(OH)+2 on the surface of kaolinite. Their findings indicated
that hydrated Lu(OH)+2 was more stable than hydrated Lu3+. Moreover, they reported that
the adsorption energy of hydrated Lu(OH)+2 was higher for inner layer adsorption than for
outer layer adsorption and that Lu(OH)+2 was preferentially adsorbed on the deprotonated
Al-OH surface. These results suggest that the primary adsorption mechanism of rare
earth ions on kaolinite involves outer layer adsorption, whereas the inner layer adsorption
mechanism may dominate in high pH environments. Peng et al. [31] investigated the
adsorption behavior of Y(OH)n+

3−n (n = 1–3) on kaolinite surfaces at different degrees of
deprotonation using DFT calculations. They found that the deprotonation reaction of the
Al-OH surface was energetically unfavorable, with an energy of 145.5 KJ/mol. Furthermore,
they observed that the surface activity and adsorption energy of rare earth ions increased as
the degree of deprotonation of the adsorbed species on the kaolinite (001) surface increased.
Consequently, the adsorption energies of Y(OH)n+

3−n on kaolinite (001) and (00−1) surfaces
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gradually decreased with increasing degree of hydrolysis of Y3+ ions. Yan et al. [32]
conducted DFT calculations to investigate the adsorption of Lu(OH)2+ and Al(OH)2+ on
kaolinite (001) and (00−1) surfaces. Their findings revealed that the coordination numbers
of these two hydrated rare earth ions are seven and five, respectively. Additionally, they
observed that both hydrated ions could be adsorbed on kaolinite Al-OH and Si-O surfaces
through hydrogen bonding and on the deprotonated Al-OH surface through coordination
bonding. They further noted that hydrated Al(OH)2+ ions exhibit easier adsorption on
kaolinite surfaces compared to hydrated Lu(OH)2+, primarily due to their smaller radius
and lower coordination numbers.

In this study, we investigated the hydration structures of Sc3+, Sc(OH)2+, and Sc(OH)+2
in a liquid-phase environment via DFT calculations. In addition, the optimal hydrated
configuration of Sc(OH)2(H2O)+5 in a liquid-phase environment was investigated for outer
layer adsorption on the (001)Al-OH and (00−1)Si-O surfaces of kaolinite, as well as its mono-
dentate inner layer adsorption on the deprotonated (001)Al-OH surface. Furthermore, the
partial density of states (PDOS) and Mulliken charge population were also analyzed.

2. Theoretical Methods and Models
2.1. Calculation Methods and Parameters

DFT calculations were carried out based on the plane wave pseudopotential imple-
mented using the Cambridge Sequential Total Energy Package (CASTEP) 19.1 software
package [33–36]. The Perdew–Burke–Ernzerhof (PBE) functional in the generalized gra-
dient approximation allows a more accurate description of the hydrogen bonding system
consisting of water and has been used to analyze the exchange-correlation potential [37].
The ultrasoft pseudopotential (USP) was utilized to model the interaction between the
ionic core and valence electron [38], and the Grimme method in DFT-D dispersion correc-
tion was employed to describe systemic weak interactions [39]. The plane-wave cut-off
energy was set at 480 eV, and the model was geometrically optimized using the Broyden–
Fletcher–Goldfarb–Shanno (BFGS) algorithm [40]. The convergence tolerance values were
set as follows: maximum atomic force, 0.03 eV/Å; maximum atomic displacement, 0.001 Å;
energy, 1.0 × 10−5 eV/atom; and maximum stress, 0.05 GPa. The K-point grids of Bril-
louin zone integrations used for the kaolinite bulk phase and surface are (3 × 2 × 2) and
(3 × 2 × 1), respectively. The SCF converged to an accuracy of 2.0 × 10−6. The dipole
moment correction was taken into account in the optimization and property evaluation of
the surface.

2.2. Construction of Computational Models

The chemical formula of kaolinite is Al4Si4(OH)8, and we used the initial input
cell structure of kaolinite with the space group C1, which was determined through low-
temperature (1.5 K) neutron powder diffraction by Bish [41] in the USA [42,43]. The
geometry of bulk kaolinite was optimized using the following lattice constants: a = 5.19 Å,
b = 8.98 Å, c = 7.35 Å, α = 91.48◦, β = 105.01◦, and γ = 89.91◦, within 2% error of experi-
mentally measured cell parameters. We chose the (001) cleavage plane of kaolinite as the
adsorption surface and set the vacuum layer thickness as 15 Å. The kaolinite surface was
subjected to a 2 × 2 × 1 supercell. To optimize the two surfaces, the bottom three layers of
atoms are fixed, and only the top three layers are relaxed. The optimized kaolinite surface is
shown in Figure 1. The kaolinite (001) surface exposes the Al-OH layer, while the kaolinite
(00−1) surface exposes the Si-O layer. After optimization, the Al-OH surface exhibits three
distinct types of hydroxyl groups: tilted hydroxyl groups (OtH), lying hydroxyl groups
(OlH), and upright hydroxyl groups (OuH) [44].
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Figure 1. Structure of the kaolinite (001) surface.

Due to the uncertain number of coordinated water molecules, models of all possible
hydration and hydroxyl hydration configurations of Sc3+, viz., [Sc(OH)m(H2O)n]

(3−m)+

(0 ≤ m ≤ 2, 1 ≤ n ≤ 10) were constructed and optimized to determine the most stable
ionic configuration for adsorption analysis. The binding energy between Sc3+ and the H2O
molecule is calculated as (1):

Sc3+ + m(OH)− + nH2O→ Sc(OH)m(H2O)(3−m)+
n

Ebinding = ESc/H − ESc −mEOH − nEH2O
(1)

where Ebinding represents the binding energy of the Sc ion hydrate, ESc/H denotes the total
energy of the Sc ion hydrate, ESc refers to the energy of the Sc ion, m and n indicate the
number of H2O and -OH species in the hydrate, and EOH and EH2O represent the energies
of the -OH species and H2O molecules, respectively.

According to the different adsorption mechanisms of rare earth ions on kaolinite sur-
faces, rare earth adsorption can be categorized into outer layer and inner layer adsorption
types [45]. The outer layer adsorption is due to physical adsorption, and the rare earth
hydrates are bound to the kaolinite surface via hydrogen bonds, and the bonding force
is weak. The inner layer adsorption is due to chemisorption, involving the formation of
coordination bonds between rare earth hydrates and oxygen atoms on the deprotonated
kaolinite surface, resulting in a strong bonding force [46]. In this study, rare earth hydrates
were placed directly over the central Al atom on the surface of (001)Al-OH and over the
central silicon ring on the surface of (00−1)Si-O as initial outer adsorption structures.
The inner layer adsorption occurs exclusively on the (001) Al-OH surface, where a water
molecule of the Sc3+ hydrate with a saturated coordination structure is removed and placed
directly above deprotonated oxygen atoms with three different configurations (OtH, OlH,
and OuH) around the Al atom at the center of the (001) Al-OH surface as the initial inner
layer adsorption structure. The adsorption energy of the Sc3+ hydrate adsorbed on the
outer and inner layers of the kaolinite surface are calculated as (2) and (3), respectively:

S ≡ Al(OH)3 + [Sc(OH)2(H2O)n]
+ →

[S ≡ Al(OH)3Sc(OH)2(H2O)m]+ + (n−m)H2O
Eads = ESc/S − ESc − ES

(2)

S ≡ Al(OH)3 + [Sc(OH)2(H2O)n]
+ + OH− →

[S ≡ Al(OH)2(O)Sc(OH)2(H2O)m] + (n−m + 1)H2O
Eads = ESc/S − Es − ESc + (n−m + 1)EH2O − EOH−

(3)

where S ≡ Al(OH)3 denotes the surface of kaolinite (001), n and m are the numbers of
aqueous ligands of Sc ion hydrate before and after adsorption. Eads represents the adsorp-
tion energy of the system, ESc/S denotes the total energy of the system after adsorption,
Es is the total energy of the kaolinite (001) surface, ESc is the energy of the Sc ion hydrate
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and, EH2O is the energy of the water molecule. A negative value of the adsorption en-
ergy (Eads) indicates an exothermic reaction and a larger negative value signifies greater
adsorption stability.

3. Results and Discussion

3.1. Geometric Configuration of [Sc(OH)m(H2O)n]
(3−m)+

The equilibrium geometry of the DFT-optimized Sc(H2O)3+
1−9 structures are shown in

Figure 2. Sc3+ forms a coordination bond with the O atom of the H2O molecule. When the
number of coordinated H2O was greater than eight, one of the H2O ligands in Sc(H2O)3+

9
broke away from the first hydration layer of Sc3+ and became conformationally unstable;
this observation suggests that Sc3+ can have a maximum coordination number of eight.
The equilibrium geometrical parameters and binding energies of Sc(H2O)3+

1−9 are presented
in Table 1. As the number of aqueous ligands increases, the steric hindrance around Sc3+

increases, and the average bond length, R(Sc-Ow)avg between Sc3+ and Ow in aqueous
ligands increases. Sc3+ gains electrons from the coordinated water molecules, and its charge
tends to decrease as a result, as with the hydrate of the La ion [13]. As more water molecules
are included, the binding energy of the rare earth hydrates decreases. A lower binding
energy indicates a higher stability of the system. The adsorption of hydrated Sc3+ exhibits
the most stable configuration with Sc(H2O)3+

8 , with a binding energy of −2629.44 KJ/mol.
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a Number of coordinated water molecules. b Distance of Sc from the oxygen atom of the coordinated 
water. 

The water molecule in Sc(HଶO)ଵିଽଷା  was replaced with a hydroxyl group to obtain the 
geometric configurations of mono- and di-hydroxy hydrates. Upon DFT optimization, it 
was observed that as the number of coordinated water ligands exceeded six, one of the 

Figure 2. Equilibrium geometries of Sc(H2O)3+
1−9 (blue ball represents Sc).

Table 1. Geometric structural parameters and binding energies of the equilibrium structure
of Sc(H2O)3+

1−9.

n a R(Sc−Ow)min
b

/Å
R(Sc−Ow)max

/Å
R(Sc−Ow)avg

/Å
Ebinding

/KJ·mol−1
Sc Charge

/e

1 1.94309 1.94309 1.94309 −709.44 2.52
2 2.20016 2.20044 2.2003 −1208.64 2.3
3 2.03104 2.03233 2.03155 −1607.04 2.19
4 2.06466 2.07317 2.06876 −1935.36 2.13
5 2.08986 2.1409 2.11343 −2184 2.08
6 2.13676 2.14966 2.14483 −2404.8 2.07
7 2.17566 2.24127 2.20447 −2528.64 2.04
8 2.18095 2.35703 2.26569 −2629.44 2.03

a Number of coordinated water molecules. b Distance of Sc from the oxygen atom of the coordinated water.

The water molecule in Sc(H2O)3+
1−9 was replaced with a hydroxyl group to obtain the

geometric configurations of mono- and di-hydroxy hydrates. Upon DFT optimization, it
was observed that as the number of coordinated water ligands exceeded six, one of the
H2O molecules in the initial Sc(OH)(H2O)2+

7 structure detached; similarly, one of the H2O
molecules in Sc(OH)2(H2O)+6 detached when the number of coordinated water molecules
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exceeded five. The most stable coordinated structures of the mono- and di-hydroxy hy-
drates are Sc(OH)(H2O)2+

6 and Sc(OH)2(H2O)+5 , respectively, as shown in Figure 3. As
shown in Table 2, as the hydroxyl group replaces the coordinated water molecule, there is a
slight increase in the length of the Sc-Ow bond, which increases slightly, and the binding en-
ergy decreases further. Thus, the binding energy of Sc(OH)2(H2O)+5 (−3661.44 KJ/mol) is
lower than that of Sc(OH)(H2O)2+

6 (−3180.48 KJ/mol) and Sc(H2O)3+
8 (−2629.44 KJ/mol).

Therefore, it is inferred that Sc(OH)2(H2O)+5 is the most stable structure of the Sc hydrate,
and this structure is used for further calculations and analyses of its adsorption on the
surface of kaolinite (001).
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Table 2. Equilibrium geometrical parameters and binding energies of Sc(OH)(H2O)2+
6 and

Sc(OH)2(H2O)+5 .

Sample R(Sc-Ow)min
/Å

R(Sc-Ow)max
/Å

R(Sc-Ow)avg

/Å
Ebinding

/KJ·mol−1
Charge on

Sc/e

Sc(OH)(H2O)2+
6 1.85728 2.31498 2.21025 −3180.48 1.77

Sc(OH)2(H2O)+5 2.34878 2.34878 2.22228 −3661.44 1.71

3.2. Outer Layer Adsorption of Sc(OH)2(H2O)+5 on the (001)Al-OH Surface

The equilibrium adsorption geometry of Sc(OH)2(H2O)+5 on the outer layer of the
kaolinite (001)Al-OH surface is depicted in Figure 4. As shown, the Al-OH surface contains
a large number of hydroxyl groups with a high steric hindrance, and one of the coordinated
water molecules in the Sc hydrate was squeezed out upon its approach to the surface.
Hydrogen bonds are established between the water molecules in Sc(OH)2(H2O)+5 and the
hydroxyl groups on the surface of kaolinite. DFT optimizations resulted in a total of five
hydrogen bonds between the adsorbate and adsorbent with bond lengths of 1.299, 1.598,
1.842, 2.035, and 2.431 Å. The equilibrium geometrical parameters and adsorption energies
of Sc(OH)2(H2O)+5 bound to the Al-OH surface are provided in Table 3. Following the
adsorption of Sc(OH)2(H2O)+5 , the average Sc-Ow bond length decreased from 2.22 to
2.14 Å. This reduction can be attributed to the compression of water ligands near the
surface and the detachment of one of the coordinated water molecules, resulting in a
tighter bond between Sc3+ and the surrounding water ligands. The adsorption energy of
Sc(OH)2(H2O)+5 is −522.24 KJ/mol.

Table 3. Equilibrium geometrical parameters and adsorption energies for the adsorption structures
of Sc(OH)2(H2O)+5 on the outer layer of the (001)Al-OH surface.

Name State N R(Sc-Ow)
/Å

R(Sc-Ow)avg

/Å
Eads

/KJ·mol−1

Sc(OH)2(H2O)+5
Before 7

1.90, 1.98, 2.30,
2.31,2.34, 2.35,

2.38
2.22 −522.24

After 6 1.90, 2.02, 2.12,
2.22,2.26, 2.32 2.14
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Figure 4. Equilibrium geometry of Sc(OH)2(H2O)+5 adsorbed on the outer layer of the (001)Al-OH
surface (a) before adsorption; (b) after adsorption.

Figure 5 shows the PDOS of the Sc ion and kaolinite surface before and after the ad-
sorption of Sc(OH)2(H2O)+5 on the outer layer of the (001)Al-OH surface. The PDOS of the
Sc ion is overall shifted towards lower energy after adsorption. The non-localization of 3d
orbitals above the Fermi energy level is enhanced, and the density of states peak shifts from
4.6–6.9 eV to 2.6–7.5 eV. The 3p orbitals change from −(26.7–25.3) eV to −(29.2–27.8) eV.
The Al-OH surface has a slight shift in the density of states towards lower energies after
adsorption, and the 2p orbital near the Fermi energy level changes from −9.6–0.74 eV to
−9.9–0.75 eV. The system becomes more stable, and there is a significant enhancement in
the localization of the 2s and 2p orbitals in the conduction band.

The Mulliken atomic population analysis of the Sc hydrate before and after its ad-
sorption is presented in Table 4. The data indicate that, upon adsorption, the 3s and 3p
orbitals of Sc gain 0.02e and 0.04e, whereas the 3d orbital loses 0.11e. Due to the presence
of hydrogen bonding interactions rather than coordination bonds, the total charge change
is minimal (−0.05e), which is also consistent with the subtle changes observed in the PDOS
plot. This indicates that the charge transfer from Sc(OH)2(H2O)+5 to the Al-OH surface
is small.
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Sc hydrate.

Table 4. Mulliken atomic population of Sc adsorbed on the outer layer of the (001) Al-OH surface.

State 3s 3p 3d Total Charge/e

Before adsorption 2.14 5.94 1.21 9.29 1.71
After adsorption 2.16 5.98 1.1 9.24 1.76

∆charge a 0.02 0.04 −0.11 −0.05 0.05
a Amount of change in charge before and after adsorption.

3.3. Adsorption of Sc(OH)2(H2O)+5 on the Outer Layer of the (00−1)Si-O Surface

Figure 6 illustrates the adsorption configuration of Sc(OH)2(H2O)+5 on the outer layer
of the kaolinite (00−1)Si-O surface. Near the (00−1)Si-O surface, one of the coordinated
water molecules in Sc(OH)2(H2O)+5 detaches from the hydrate. This is in contrast to the
(001)Al-OH surface, which does not have hydroxyl groups but is abundant in saturated
oxygen atoms. The optimized surface oxygen atoms (Os) on the outer layer form four
hydrogen bonds with the hydrogen atoms (Hw) in the H2O ligands of the Sc hydrate
and the H-bond lengths are 1.841, 1.848, 1.885, and 1.967 Å. The corresponding structural
parameters and adsorption energies are presented in Table 5.

After adsorption occurs, the average Sc-Ow bond length experiences a slight reduction
from 2.22 to 2.17 Å. This decrease can be attributed to the detachment of one coordinated
water ligand and the steric hindrance present at the surface. The adsorption energy of
Sc(OH)2(H2O)+5 on the Si-O surface is significantly lower (−648.96 KJ/mol) compared
to the Al-OH surface (−522.24 KJ/mol). This is possibly due to the steric hindrance
created by the hydroxyl groups on the Al-OH surface, which prevent Sc(OH)2(H2O)+5
from approaching the surface. Based on the analysis, it can be concluded that the outer
layer adsorption of Sc(OH)2(H2O)+5 is more likely to occur on the Si-O surface of kaolinite.
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Figure 6. Equilibrium geometry for the adsorption of Sc(OH)2(H2O)+5 on the outer layer of the
(00−1)Si-O surface (a) before adsorption; (b) after adsorption.

Table 5. Equilibrium geometries and adsorption energies for the adsorption of Sc(OH)2(H2O)+5 on
the outer layer of the (00−1)Si-O surface.

Name State N R(Sc-Ow)
/Å

R(Sc-Ow)avg

/Å
Eads

/KJ·mol−1

Sc(OH)2(H2O)+5

Before 7 1.90, 1.98, 2.30,
2.31, 2.34, 2.35, 2.38 2.22

−648.96
After 6 1.95, 1.99, 2.19,

2.23, 2.29, 2.34 2.17

Figure 7 displays the PDOS of the Sc ion and the surface before and after adsorption.
The change in Sc at the Fermi energy level was not significant; the energies of the 3d and 2p
orbitals in the conduction band changed from 4.7–6.8 eV before adsorption to 4.4–11.6 eV
after adsorption. Thus, the non-localization of the electrons was enhanced, and the overall
shift toward lower energies was small. The Si-O surface has enhanced electron localization
in the 2s and 2p orbitals in the conduction band. The energy of the 2p orbital at the Fermi
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level shifts from −8.6–0.5 eV to −9.6–0.25 eV, indicating a slight reduction in the reactivity
of the Si-O surface. The Mulliken atomic population of Sc (Table 6) indicates that the 3s and
3p orbitals of Sc gain 0.02e each, the 3d orbitals lose 0.15e, and the total charge increases
from 1.71e to 1.82e. The adsorption charge transfer of Sc(OH)2(H2O)+5 on the (00−1) Si-O
surface is more significant compared to the data in Table 4. Therefore, it can be inferred
that outer layer adsorption is more likely to occur on this surface.
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Sc hydrate.

Table 6. Mulliken atomic population of Sc adsorbed on the outer layer of the (00−1) Si-O surface.

State 3s 3p 3d Total Charge/e

Before adsorption 2.14 5.94 1.21 9.29 1.71
After adsorption 2.16 5.96 1.06 9.18 1.82

∆charge 0.02 0.02 −0.15 −0.11 0.11

3.4. Inner Layer Adsorption on the (001)Al-OH Surface

The adsorption behavior of rare earth ions on the surface of kaolinite in a liquid phase
is pH-dependent. If the pH is higher than the point of zero charge of kaolinite, the surface
hydroxyl groups lose their protons and become negatively charged. In such scenarios,
the rare earth hydrate is bound to the deprotonated Al-OH surface through inner layer
adsorption, specifically by forming coordination bonds with the oxygen atoms. Three
forms of hydroxyl groups are present on the optimized Al-OH surface: tilted (OtH), lying
(OlH), and upright (OuH) hydroxyl groups. The geometrical configurations of the inner
layer adsorption forms of the Sc ions on these three deprotonated oxygen atoms are shown
in Figure 8. When adsorbed in the inner layer, the Sc ion in Sc(OH)2(H2O)+5 forms a
monodentate adsorption structure by coordinating with the deprotonated oxygen atom
(Os) on the Al-OH surface. Due to the steric hindrance imposed by the kaolinite surface,
two water ligands are displaced from the coordination sphere of Sc and released as free
water molecules after adsorption in all three configurations, and the coordination number
of Sc decreases.
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Figure 8. Equilibrium geometries of Sc(OH)2(H2O)+5 adsorbed on the inner layer Ou (a), Ol (b), and
Ot (c) sites of the (001) Al-OH surface.

The equilibrium geometrical parameters and adsorption energies of the three ad-
sorption configurations of the Sc hydrate are presented in Table 7. Unlike the outer layer
adsorption case, inner layer adsorption involves both hydrogen bonding and coordination
bonding mechanisms. The coordination bond between the Sc ion and the surface oxygen
atom (Os) has a shorter bond length compared to the average Sc-Ow bond length.
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Table 7. Equilibrium geometries and adsorption energies of three configurations of Sc adsorbed on
the inner layer of the (001)Al-OH surface.

Location N
R(Sc-Ow)avg

/Å
R(Sc-Os) a

/Å
Eads

/KJ·mol−1

Ou 4 2.13 1.95 −643.68
Ol 4 2.13 1.94 −653.32
Ot 4 2.17 2.00 −595.68

a Distance between Sc and the surface deprotonated oxygen.

Sc(OH)2(H2O)+5 has the lowest adsorption energy on Ol, indicating that Ol is the best
adsorption site. Upon adsorption at the Ol site, one hydroxyl group and two coordinated
water molecules in the rare earth hydrate near the kaolinite surface form four hydrogen
bonds with the oxygen atom near the kaolinite surface. The bond lengths of these hydrogen
bonds are 1.515, 1.604, 1.823, and 1.835 Å. The inner layer adsorption mode exhibits signifi-
cantly lower adsorption energy compared to the outer layer adsorption mode, indicating
that the formation of coordination bonds in the inner layer adsorption enhances the stability
of Sc adsorption.

Further, we analyzed the adsorption mechanism by calculating the PDOS and Mulliken
atomic population of Sc(OH)2(H2O)+5 adsorbed at the Ol site. The results of this analysis
are shown in Figure 9 and Table 8. The overall shift in the density of states peaks of Sc
and surface oxygen Ol toward lower energies following the adsorption of the Sc hydrate
indicates that the formation of coordination bonds between the adsorbed Sc and Ol results
in a lower energy and more stable system. The 2p orbital of Ol moves away from the Fermi
level after adsorption, resulting in a new peak at 4.6 eV. The overlapping of the 2p orbital
of Ol and the 3d orbital of Sc in the energy range of −8 to −0.3 eV suggests the presence of
bonding states in this region.
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Table 8. Mulliken atomic populations of Sc and Ol before and after adsorption, along with the
Mulliken bond population of the Sc-Ol bond.

State
Sc Ol

Sc-Ol
a

s p d Total Charge s p Total Charge

Before 2.14 6.01 1.25 9.40 1.60 1.91 4.96 6.87 −0.87
0.48After 2.16 5.94 1.12 9.22 1.78 1.86 5.12 6.98 −0.98

∆charge 0.02 −0.07 −0.13 −0.18 0.18 −0.05 0.16 0.11 −0.11
a Bond population value for coordination bond formed by Sc and surface oxygen.

Analyses of the Mulliken charge of Sc and Ol before and after adsorption reveal that
the Mulliken bond population value of the Sc-O bond is 0.48 and that the coordinative
bonds formed on the surface are more covalent. After adsorption, the 4s orbital of Sc gains
a charge of 0.02e, while the 3p and 3d orbitals lose charges of 0.13e and 0.18e, respectively,
and the charge changes from 1.60 to 1.78 (i.e., 0.18 electrons are lost). Further, the 2s
orbital of Ol loses 0.05e, the 2p orbital gains 0.16e, and the charge changes from −0.87 to
−0.98 (0.11 electrons are gained). After the formation of the coordination bond, Sc transfers
electrons to Ol.

The outer layer adsorption of Sc(OH)2(H2O)+5 on the (001)Al-OH and (00−1)Si-O
surfaces of kaolinite results in hydrogen bonding interactions. The adsorption energy of Sc
on the outer layer of the (001)Al-OH surface is −522.24 KJ/mol, while on the Si-O surface,
it is −648.96 KJ/mol. The steric hindrance of the hydroxyl groups on the (001)Al-OH
surface prevents the rare earth ion from approaching. On the other hand, the oxygen atoms
on the surface of (00−1)Si-O are strongly electronegative. Thus, Sc(OH)2(H2O)+5 is more
stable when adsorbed on the outer layer of the (00−1)Si-O surface. At high pH values,
the deprotonation of the hydroxyl group on the (001)Al-OH surface enables the formation
of coordination bonds between the oxygen atom on the deprotonated surface (Os) and
Sc ions, referred to as inner layer adsorption. The adsorption of Sc(OH)2(H2O)+5 on the
deprotonated (001) surface results in three configurations, with the lowest adsorption
energy (−653.32 KJ/mol) at the lying oxygen site (Ol), which is significantly lower than the
outer layer adsorption energy. Although the energy of the inner layer adsorption mode is
lower, the energetic disadvantage of the surface deprotonation process and the fact that
most of the rare earth species can be desorbed by NH+

4 ion exchange. Hence, the outer
layer adsorption mode is the dominant mechanism for rare earth elements to bind with the
kaolinite surface.

4. Conclusions

This study investigates the structures and bonding mechanisms of hydrated Sc3+,
Sc(OH)2+, and Sc(OH)+2 species adsorbed onto the surfaces of kaolinite (001)Al-OH and
(00−1)Si-O using the plane-wave pseudopotential DFT method. Hydrated Sc(OH)2+ was
found to have a more stable structure and lower adsorption energy than hydrated Sc3+ and
hydrated Sc(OH)+2 species. The best adsorption configuration for Sc(OH)2+ in the liquid
phase is Sc(OH)2(H2O)+5 .

The adsorption energies of hydrated Sc(OH)2+ on the outer layers of (001) and (00−1)
surfaces of kaolinite are −522.24 and −648.96 KJ/mol, respectively. The adsorption process
is primarily driven by hydrogen bonding interactions between the water ligands in the Sc
hydrate and the surface of kaolinite.

Inner layer adsorption of hydrated Sc(OH)2+ on the deprotonated hydroxyl group
of the kaolinite (001) surface occurred in three adsorption configurations (Ou, Ol, and Ot),
with the lowest adsorption energy at the Ol site (−653.32 KJ/mol). In addition to hydrogen
bonds, coordination bonding (Sc-OS) was also observed between Sc and oxygen atoms of
the deprotonated hydroxyl groups on the surface, resulting in higher adsorption energy
than that on the outer layer. According to the PDOS and Mulliken population analysis, the
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coupling between the 3d orbital of Sc and the 2p orbital of Os to form a bonding state is the
main contributor to the Sc-OS coordination bond.

Although the inner layer adsorption exhibits lower adsorption energy compared to
the outer layer adsorption, the presence of hydrated Sc ions primarily occurs in the outer
layer adsorption mode on the kaolinite (001)Al-OH surface. The results indicate that inner
layer adsorption exhibits greater stability compared to outer layer adsorption. However,
the extent of deprotonation of the (001) surface in high-pH solutions is constrained by
the energy required to deprotonate the inner layer hydroxyl groups. Most rare earth ions
can be desorbed through ion exchange with NH+

4 . It can therefore be concluded that the
main adsorption mode for rare earth ions is on the outer layer of the kaolinite surface.
To prevent the deprotonation of the hydroxyl groups on the (001) surface of kaolinite, a
leaching process at a lower pH can be employed to facilitate the exchange of rare earth ions.
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Abstract: The quality of the bloom will be impacted by the non-metallic impurities in the molten steel
in the tundish, which will reduce the plasticity and fatigue life of the steel. In this research, a mathe-
matical model of a six-flow double-channel T-shaped induction heating tundish was established, the
effects of induction heating conditions on the removal of inclusions in the tundish were investigated,
and the impact of various inclusion particle sizes on the removal effect of inclusions under induction
heating was explored. The results show that the Residence Time Distribution (RTD) curve produced
through numerical simulation and physical simulation is in good agreement. The reduction of
inclusion particles in the channel is made affordable by the dual-channel induction heating technique.
As the diameter of inclusion particles increases from 10 µm to 50 µm, the probability of inclusion
particles being removed from the channel gradually decreases from 70.9% to 56.1%.

Keywords: tundish metallurgy; dual-channel induction heating; inclusion removal; numerical simulation

1. Introduction

The quality of the bloom is significantly impacted by the non-metallic impurities in
the molten steel in the tundish, and the control of inclusions has always been an important
direction of iron and steel metallurgy [1,2]. The number, size, chemical content, shape, and
homogeneity of inclusions in the tundish can all be controlled. The behaviors of inclusions
mainly include floating, collision condensation, and adsorption [3,4]. Moreover, after
turbulence controllers, baffles and dams are added in the tundish, the extended residence
time of the molten steel in the tundish is conducive to the full flow of the molten steel
in the tundish, so the removal effect of the inclusions in the tundish will be significantly
improved [5,6]. However, the temperature of molten steel will gradually decrease with the
flow of molten steel, and the viscosity will increase, which is not conducive to the flow and
removal of inclusions in the tundish. Wang et al. [7] and Xing et al. [8] reported that the
electromagnetic induction heating technology could effectively solve the above problem
and can realize the pouring of molten steel at a low degree of superheat, which helps to
avoid center segregation and center keyhole and improves the quality of the continuous
casting bloom. However, adding a large number of flow control devices, such as dams,
will increase the contact area between the molten steel and the refractory material, thereby
polluting the molten steel and ultimately affecting the quality of the billet [9].

Based on the principle of electromagnetic mutual induction followed in the metallur-
gical process, the researchers have developed a dual-channel induction heating tundish,
which can compensate for the temperature loss during the flow of molten steel and facilitate
the removal of inclusions in molten steel [10]. Mabuchi et al. [11] have found that molten
steel will flow obliquely upwards under the influence of buoyancy and electromagnetic
force after passing through the induction heating channel, which will promote the full
flow of molten steel in the tundish and facilitate the removal of inclusions. Wang et al. [12]
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studied the effect of induction heating power on the movement of inclusion particles by
combining experiments and simulations, and found that the electromagnetic force acting on
molten steel is helpful for the removal of inclusion particles, and the larger the particle size
of the inclusions, the more obvious the removal effect. Although the thermophoretic force
is not conducive to the removal of inclusion particles, when the induction heating power is
1200 kW, the thermophoretic force suffered by inclusion particles is less than 3%, which can
be ignored. Lei et al. [13] studied the physical field of inclusions through the population
conservation model or inclusion mass conservation model. The study found that under the
action of an electromagnetic field, both the electromagnetic force and induction heating
are helpful to the removal of inclusion particles, and the former plays a dominant role.
The removal rate of inclusion particles in the tundish increased from 21.4% to 31.05% after
using channel induction heating, and the removal rate of inclusion particles in the channel
was 1/3 of the removal rate of inclusion particles in the entire tundish. Miki et al. [14]
conducted a simulation study on the trajectory of non-metallic inclusions and found that
the inclusions’ particle size significantly impacted the removal rate. Moreover, when the
inclusions collide and grow up from small-grained to large-sized inclusions, it is possible
for the small-grained inclusions to float up and then be separated. Additionally, the size of
the inclusions in the induction heating tundish has an important influence on its removal
effect, which has become a hot spot for metallurgy experts [15,16].

According to the research of the above-mentioned scholars and further literature
research, the current research mainly includes the distribution of flow field, temperature
field, and electromagnetic force, and the movement of inclusion particles in the two-flow
induction heating tundish of the curved channel [17–19]; the influence of the application of
double-channel and four-channel bag types on the temperature field of molten steel in the
six-flow induction heating tundish, and the influence of different power on the removal of
inclusion particles in the channel [20,21], etc. However, few scholars have reported on the
influence of inclusions with different particle sizes in different regions of the tundish in
the six-fluid induction heating tundish. At the same time, the distribution of inclusions
in different regions has a certain influence on optimizing the flow field, improving the
crystallinity of molten steel, and improving the quality of the bloom. Therefore, this article
investigates the removal effect and trajectory of inclusions in the channel zone and the
discharging chamber in the tundish with and without induction heating so as to provide a
theoretical reference for tundish induction heating to remove inclusions.

2. Model Building
2.1. Physical Model
2.1.1. Geometry

Figure 1 is a schematic diagram of the three-dimensional geometry of the dual-channel
induction heating tundish and the arrangement of the induction coils. The tundish is
suitable for pouring 380 × 280 mm2 billets, the casting speed is 0.68 m/min, and the
working fluid level is 900 mm. The distance between the four sides of the iron core and
the channel is equal. Relevant dimensions include: the length of the top of the receiving
chamber is 3086 mm, the length of the bottom is 2863 mm, the length of the channel is
1630 mm, the diameter of the main channel and the diameter of the sub-channel are both
160 mm, the top length and bottom length of the discharging chamber are 8141 mm and
7824 mm, and the distance between adjacent water outlets is 1500 mm. Moreover, the
diameters of the water inlet and outlet are 90 mm and 40 mm, respectively.

The molten steel enters the receiving chamber through the long nozzle and impacts
the turbulence controller. Then, the molten steel flows fully into the receiving chamber
to form a good flow field. At the same time, most of the inclusions in the molten steel
are removed in the receiving chamber. The main removal method is that the inclusion
particles float to the surface of the molten steel and are adsorbed by steel slag and adhered
to the wall of the receiving chamber. The molten steel enters the channel area after fully
flowing in the receiving chamber. At this time, due to induction heating and the Lorentz
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force, swirling flow is formed within the channel, and the temperature rises rapidly. Due
to the effect of the Lorentz force, some inclusion particles will be adsorbed on the inner
wall of the channel. The high-temperature molten steel flowing out of the channel forms
a density difference with the molten steel in the discharging chamber, so the molten steel
flows obliquely upward after flowing out of the channel, which helps the molten steel flow
fully in the discharging chamber and promotes the removal of inclusion particles. Finally,
the molten steel flows out through the outlet.
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2.1.2. Experimental Method

It is the most common method to quantitatively study tundish flow by obtaining the
residence time distribution (RTD) curve through the stimulus-response method to calculate
the ratio of the dead zone, piston zone, and fully mixed zone of tundish. The theoretical
basis of the tundish hydraulic test is the similarity principle, and its basic condition is to
ensure that the model is geometrically and dynamically similar to the prototype. The ratio
of the geometric size of the model tundish used to that of the prototype tundish is 1:2. In
terms of dynamic similarity, the content of the experiment is mainly related to the inertial
force, gravity, and viscous force of the fluid in the tundish. According to the knowledge of
fluid mechanics, when the molten steel flow in the tundish and the fluid flow in the water
model are in the same self-modeling area, as long as the Fr numbers of the model and the
prototype are equal, the dynamic conditions required for the experiment can be met. The
experimental setup of the water model is shown in Figure 2.

During the water simulation experiment, the temperature of the water is about 20 ◦C,
and its volume expansion coefficient is 2.07 × 10−4 K−1. For the simulated molten steel,
its temperature is about 1500 ◦C, and its volume expansion coefficient is 38.3 × 10−6 K−1.
In the tundish water model experiment, the water in the channel is heated to simulate the
channel induction heating of the tundish, which makes up for the temperature difference
between the inside and outside of the channel, which is about 10 ◦C. A single channel in
the water model uses a 3 kW heating rod. Generally, the temperature difference at both
ends of the heating channel in the tundish water model is about 2–3 ◦C so as to simulate
the temperature difference at the channel position in the molten steel.

155



Materials 2023, 16, 5254Materials 2023, 16, x FOR PEER REVIEW 4 of 13 
 

 

 
Figure 2. Six-flow tundish water model experimental device. 

During the water simulation experiment, the temperature of the water is about 20 °C, 
and its volume expansion coefficient is 2.07 × 10−4 K−1. For the simulated molten steel, its 
temperature is about 1500 °C, and its volume expansion coefficient is 38.3 × 10−6 K−1. In the 
tundish water model experiment, the water in the channel is heated to simulate the chan-
nel induction heating of the tundish, which makes up for the temperature difference be-
tween the inside and outside of the channel, which is about 10 °C. A single channel in the 
water model uses a 3 kW heating rod. Generally, the temperature difference at both ends 
of the heating channel in the tundish water model is about 2–3 °C so as to simulate the 
temperature difference at the channel position in the molten steel. 

2.2. Mathematical Models 
2.2.1. Model Assumptions and Control Equations 

Based on the COMSOL Multiphysics 6.0 software, this study analyzed in detail the 
impact of inclusion particles of various diameters being removed from the channel, the 
wall, and the top surface of the discharging chamber. To reflect the impact of induction 
heating’s presence or absence on the removal of impurities from the molten steel in the 
tundish, the following assumptions were made for the simulation. 
1. Surface slag’s impact on flow is not taken into account; 
2. Molten steel is an incompressible fluid; 
3. The flow field is regarded as a stable flow field, and the inclusions are only affected 

by gravity, buoyancy, viscous resistance, and electromagnetic force; 
4. The collision growth of inclusions is ignored; 
5. If the inclusions contact the top slag, it means that they will be separated from the 

metal melt. 
The Navie–Stokes equation, continuity equation, k-ε double equation, mass transfer 

equation, energy equation, and Maxwell’s equations [15,22] are used to establish a 3D nu-
merical model of the tundish. When the inclusions move in the induction heating tundish, 
they will be affected by gravity, buoyancy, and Saffman lift. The equations used in the 
model are shown below. 

In the calculation of tundish induction heating, gravity, buoyancy, drag force, and 
other forces are related to the flow rate of the molten steel so as to calculate the flow rate 
in different regions more accurately. The expression of the momentum equation is shown 
in Equation (1). 𝜕(𝑢𝑢)𝜕𝑥 = − 𝜕𝑃𝜕𝑥 + 𝜕𝜕𝑥 ቆ𝜇 𝜕𝑢𝜕𝑥ቇ + 𝜕𝜕𝑥 ቆ𝜇 𝜕𝑢𝜕𝑥 ቇ + 𝜌𝑔 + 𝐹 (1) 

where 𝑥  and 𝑥  are the space coordinate, m; 𝑃  is the pressure, Pa; 𝑔  and 𝜌  are the 
acceleration of gravity and molten steel’s density, respectively, m·s−1 and kg·m−3; 𝜇 is 

Figure 2. Six-flow tundish water model experimental device.

2.2. Mathematical Models
2.2.1. Model Assumptions and Control Equations

Based on the COMSOL Multiphysics 6.0 software, this study analyzed in detail the
impact of inclusion particles of various diameters being removed from the channel, the
wall, and the top surface of the discharging chamber. To reflect the impact of induction
heating’s presence or absence on the removal of impurities from the molten steel in the
tundish, the following assumptions were made for the simulation.

1. Surface slag’s impact on flow is not taken into account;
2. Molten steel is an incompressible fluid;
3. The flow field is regarded as a stable flow field, and the inclusions are only affected

by gravity, buoyancy, viscous resistance, and electromagnetic force;
4. The collision growth of inclusions is ignored;
5. If the inclusions contact the top slag, it means that they will be separated from the

metal melt.

The Navie–Stokes equation, continuity equation, k-ε double equation, mass transfer
equation, energy equation, and Maxwell’s equations [15,22] are used to establish a 3D
numerical model of the tundish. When the inclusions move in the induction heating
tundish, they will be affected by gravity, buoyancy, and Saffman lift. The equations used in
the model are shown below.

In the calculation of tundish induction heating, gravity, buoyancy, drag force, and other
forces are related to the flow rate of the molten steel so as to calculate the flow rate in different
regions more accurately. The expression of the momentum equation is shown in Equation (1).

∂
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where xi and xj are the space coordinate, m; P is the pressure, Pa; g and ρ are the acceleration
of gravity and molten steel’s density, respectively, m·s−1 and kg·m−3; µe f f is the effective
viscosity coefficient, which is the sum of laminar flow viscosity and turbulent flow viscosity,
kg·m−1·s−1; FB is thermal buoyancy, N.

The flow process in the continuous casting process is calculated using the low Reynolds
number k-ε turbulence model, and the expression of the turbulent kinetic energy equation
is shown in Equation (2).
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where k means turbulent kinetic energy, m2·s−2; ui and uj are the velocity component in
the xi and xj direction, m/s; ε represents kinetic energy dissipation rate, m2·s−3; µt means
turbulent viscosity, kg·m−1·s−1; G means the turbulent kinetic energy source term.

The equations of turbulent kinetic energy dissipation rate are shown in Equations (3)–(5).
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µe f f +
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+ c1 f1Gρ
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where f1 = 1, C1 = 1.45, C2 = 2.0, and f2 can be calculated by Equation (4).

f2 = 1 − 0.3exp
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(4)
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+
∂uj
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The values of the corresponding coefficients in the formula include cµ = 0.09, σk = 1.00,
and σε = 1.00, which are recommended by Launder and Spalding [23].

The expression of the energy equation is Equation (6).
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)
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where ke f f is the effective thermal conductivity, W·m−1·K−1; T is temperature, K; Cp is the
specific heat capacity, J·kg−1·K−1.

The differential equation of force balance of inclusions in the tundish is shown in
Equation (7). Due to the electromagnetic force, induction heating, and thermophoretic force
in the tundish, the inclusion particles are affected by gravity, buoyancy, drag, and Staffman
force in the tundish [24,25]. The motion equation of inclusion particles is as follows.

ρP
π

6
d3

P
dvP
dt

= Fg + Fb + Fd + Fs + Fp + Ft (7)

where ρP is inclusions’ density, kg·m−3; vP represents the flow rate of inclusion particles,
m/s; dP is the diameter of inclusion particles, µm; Fg means the gravity of inclusion particles,
N; Fb represents the buoyancy force on the inclusion particles, N; Fd is the drag force on the
inclusion particles, N; Fs means the Staffman force on the inclusion particles, N; Fp is the
electromagnetic pressure force on the inclusion particles, N; Ft is the thermophoretic force
on the inclusion particles, N.

2.2.2. Boundary Conditions

Based on the actual situation, the outlet of the inclusion particles is set to the section of
the outlet and the top surface in the pouring area, and the wall condition at the outlet is
set to freeze. The conditions of the tundish wall and channel wall are set to rebound, and
the condition of the primary particle condition is probability 0.5; otherwise, the inclusion
particles freeze on the wall. The induction coil used in this study is a pair of single-phase
alternating-current windings with a frequency of 50 Hz and a power of 800 kW. The
theoretical residence time of the tundish is 1080 s, and double the theoretical residence
time, 2160 s, is input into the mathematical model of the motion trajectory of the inclusion
particles, providing sufficient time for the removal of the inclusion particles and solving
the state of inclusion particles at different times through a transient solver.

Table 1 indicates the properties of molten steel together with parameters in mathemat-
ical modeling.
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Table 1. Steel physical parameters and simulation parameters.

Parameter Value Parameter Value

Inlet velocity, m·s−1 0.9 Thermal conductivity, W·m−1·K−1 23.5
Inlet temperature, K 1833 Heat capacity at constant pressure, J·kg−1·K−1 4500

The diameter of the particle, µm 10, 30, 50 Dynamic viscosity, Pa·s 0.0065
Particle density, kg·m−3 3900 Surface heat loss, W·m−2 15,000

Particle count released at a time 1000 Bottom heat loss, W·m−2 1800
Particle precision order 5 Side heat loss, W·m−2 4600

Molten steel density, kg·m−3 7580 Channel heat loss, W·m−2 2000

2.3. Mesh Independent Study

Since the research focus of this paper is the molten steel in the tundish, only grid-
independent research is done on the tundish. The mesh division of the induction heating
tundish is exhibited in Figure 3.
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The grid division of the tundish is all free tetrahedral grids, and the positions of
the channel connection, inlet, and outlet have been refined, and five layers of boundary
layer grids have been set to improve the accuracy of settlement results. The results of
grid-independent research on induction heating tundish are shown in Table 2, with a total
number of 1.3 million grids.

Table 2. Grid-independent calculation results of induction heating tundish.

Number of Grids 400,000 600,000 1,000,000 1,300,000 1,800,000 2,000,000

Average velocity, m·s−1 0.0194 0.0198 0.0203 0.0209 0.0209 0.0209

The tundish’s average flow rate of molten steel is 0.0209 m/s, and the average flow
velocity is kept with the number of grids increasing. Therefore, the optimal solution mesh
number of the tundish three-dimensional (3D) model should be 1.3 million. Based on this,
the number of tundish grids established in this study is 1,328,585.

2.4. Model Validation

Since the research mechanism of Vives et al. [26] is similar to the induction heating
mechanism involved in this paper, the experimental results of Vives et al. are selected for
verification. The comparison results are shown in Figure 4.

The magnetic field strength of the simulation results of this study and the results of
Vives et al. [26] are both 0.04 T on the Z = −20 cm section of the left and middle channels.
The intensity and direction distribution of the magnetic field are similar, and they all have
the characteristics of a symmetrical magnetic field in the middle channel section. The
magnetic field of the center channel is distributed symmetrically, and the magnetic field of
the left channel is distributed eccentrically due to the proximity effect. It can be seen that
the predicted results are in good agreement with the experimental data, which show the
reliability of the simulation results of this model.
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3. Results and Discussion
3.1. Physical Simulation Results

Due to the symmetry of the T-shaped tundish, only the RTD curves and flow field
change trends of outlet 1, outlet 2, and outlet 3 are analyzed. The RTD curves for the three
outlets are shown in Figure 5.
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Figure 5. Comparison of simulated and physical-simulated RTD curves: (a) numerical simulation
results; (b) physical simulation results.

It can be seen from Figure 5 that the RTD curve obtained by numerical simulation is
in good agreement with the RTD curve obtained by physical simulation, which shows the
reliability of the model in this paper. Outlet 1 and outlet 3 have faster response times than
outlet 2. The consistency of stream 1 and stream 3 is high, and the concentration of none in
outlet 2 is relatively low. The reason is that the molten steel passes through outlet 1 and outlet
3 after flowing out from the branch, then hits the inner wall of the tundish, the relatively
flowing molten steel forms a vortex, and then part of the molten steel flows to the outlet
2. Due to various changing factors in the experimental process during actual detection, the
measured curve is tortuous, but its trend is still consistent with the simulation results.
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3.2. Mathematical Simulation Results
3.2.1. Simulation of the Temperature and Flow Fields

Compared with the traditional tundish, the induction heating tundish adopts an ex-
ternal heating source to keep molten steel’s temperature constant during pouring. This
technology has a great influence on the flow field, temperature field, and behavior charac-
teristics of inclusions in the tundish.

The flow field and temperature field distribution in the molten steel are described
through the horizontal section of the tundish at the height of the channel center. Figure 6
shows the schematic diagram of the horizontal section of the tundish at the height of the
channel center.
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Figure 6. Schematic diagram of channel center height section: (a) upper view; (b) front view.

The flow and temperature field of molten steel on the center height section of the
channel are shown in Figures 7 and 8.
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As depicted in Figure 7, the molten steel travels from the two sub-channels of the
channel to the pouring region after passing through the channel. According to the principle
of the continuity equation, the flow velocity gradually decreases after flowing out of the
sub-channels. Additionally, the molten steel forms a large vortex in the variable flow area
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of the pouring area (outlet 1 and outlet 6) and forms a small vortex at the middle nozzle
position (outlet 2 to outlet 5). This phenomenon contributes to the extension of the molten
steel’s residence duration in the tundish, the decrease of the dead zone’s volume percentage,
and the complete mixing of the molten steel’s constituent parts. The molten steel in the
channel in Figure 8 is heated due to induction heating. After the molten steel flows through
the left and right channels, the temperature rises from 1853.0 K and 1853.1 K to 1863.0 K
and 1863.3 K, and the temperature increases by 10.0 K and 10.2 K, respectively. The average
temperature of every outlet is shown in Table 3.

Table 3. The average temperature of each outlet.

Outlet’s Number 1 2 3 4 5 6

Average temperature, K 1860.3 1857.1 1862.3 1862.5 1857.0 1860.5

Each outlet has a maximum temperature variation of 5.5 K. Because outlet 2 and outlet
5 are located between two sub-channels, the molten steel flowing from the sub-channels
needs to go through a long path to reach these two water outlets. Therefore, the average
temperature of the sections of outlet 2 and outlet 5 is relatively low. The analysis shown
above reveals that the temperature distribution in the channel could be raised greatly using
induction heating technology. In addition, the application of induction heating helps to
improve the cooling of molten steel at the initial stage of pouring so that the molten steel
can be poured with low superheat.

3.2.2. Simulation of Inclusion Removal from Tundish with and without Induction Heating

On the effectiveness of removing inclusions from the tundish with and without using
induction heating technology, a simulated investigation was carried out, and Table 4
displays the outcomes. Inclusions particles have a diameter of 50 µm.

Table 4. Removal rate of inclusions with and without induction heating.

Local Area in the Tundish Removal Rate without
Induction Heating, %

Removal Rate with
Induction Heating, %

The receiving chamber 97.500 96.400
Channel 2.100 3.000

The wall of discharging chamber 0.030 0.040
Liquid level in discharging chamber 0.000 0.000

Outlet 0.000 0.010

In the receiving chamber, where inclusion removal mostly occurs, the removal rate
is 97.5% without induction heating and 96.4% with it. Compared with the condition
without induction heating, the adsorption rate of inclusion particles in the channel increases
under the condition of induction heating, which indicates that the induction heating
technology is helpful to the removal of inclusion in the channel. The simulation calculation
results of the movement trajectories of inclusion particles in the channel and discharging
chamber illustrate that the inclusion particles are completely removed within 346 s without
induction heating; the inclusion particles were completely removed within 302 s when
induction heating was used; the time was shortened by 44 s and decreased by 12.72%. This
phenomenon further shows that induction heating technology is helpful in promoting the
movement and removal efficiency of inclusions.

3.2.3. Simulation of Inclusion Removal with Various Sizes Using Induction Heating

Only the motion distribution of inclusion particles in the channel region and pouring
area is simulated so as to analyze the removal of inclusion particles there thoroughly.
Based on the original model, the entrance of the channel is set as the entrance of inclusion
particles. The inclusion particles with diameters of 10 µm, 30 µm, and 50 µm in the channel
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and discharging chamber were simulated, and the trajectory of inclusion particles under
different times was intercepted, as shown in Figures 9–11.
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Among them, the blue particles represent the inclusion particles, and the curve repre-
sents the trajectory of the inclusion particles. Figures 9–11 show that the flow characteristics
of inclusion particles with different diameters are similar, they are all adsorbed in a large
amount in the channel, and only a small amount of inclusion particles flow to the discharg-
ing chamber.

The inclusion particles are released from 0 s, and the flow time of the inclusion particles
in the channel is about 7 s. At 9 s, the inclusion particles first flow out from the sub-channel
opening near the center, and some of the inclusion particles are adsorbed on the wall of the
pouring area, as shown in the blue circle. The remaining particles continue to move, such as
the particles in the circle at 112 s. Among them, most inclusion particles with a diameter of
10 µm were adsorbed at the channel, and the removal rate was 70.9%. A small part flowed
to the discharging chamber and adhered to the wall of the discharging chamber. With a
removal rate of 20.7%, the removal rate at the top surface of the discharging chamber was
4.2%, and no inclusion particles were detected at the outlet. Most inclusion particles with a
diameter of 30 µm adhered to the channel, and the removal rate was 60.9%. Followed by
the pouring area wall, the removal rate was 26.1%, 7.6% of the inclusion particles floated
to the pouring area liquid surface, and no inclusion particles were detected at the nozzle.
The inclusion particles with a diameter of 50 µm are mostly removed in the channel area,
with a removal rate of 56.1%, followed by the wall of the pouring area, with a removal
rate of 31.8%. A total of 7.9% of the inclusion particles floated to the top surface of the
discharging chamber, and no inclusion particles were detected at the nozzle. According to
the movement trajectories of inclusion particles, it can be seen that inclusion particles of
10 µm, 30 µm, and 50 µm were removed in 226 s, 344 s, and 368 s, respectively.

The removal effect and removal time of three kinds of inclusion particles with different
diameters in each region are displayed in Figure 12. From Figure 12a, when the diameter
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of inclusion particles increases from 10 µm to 50 µm, the clearance rate of particles in the
channel steadily declines from 70.9% to 56.1%. The clearance rate of particles on the wall
of the discharging chamber increased from 20.7% to 31.8%, the clearance rate of particles
at the top surface of the discharging chamber increased by 3.7%, and the removal rates of
particles with three diameters at the nozzle were all 0%. The above analysis shows that the
inclusion particles with smaller diameters are more likely to be adsorbed on the wall of the
channel, and the inclusion particles with larger diameters are more likely to adhere to the
wall of the pouring area or float up to the top surface of the discharging chamber.
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Figure 12b shows that when the particle diameter continues to increase, the removal
time of inclusion particles shows an overall upward trend. When the particle diameter is
10 µm, the particles are removed within 226 s, and when the particle diameter of inclusions
is 50 µm, the removal time is extended to 368 s. The clearance time of particles in the
pouring area is connected to their floating speed and particle concentration in molten steel.
The expression of the floating velocity of inclusion particles is shown in Equation (8).

Up =

(
ρl − ρp

)
·g·D2

18µ
(8)

where Up is the floating speed of inclusion particles, m/s; ρl and ρp represent the density of
steel and inclusions, respectively, kg/m3; µ is the viscosity of molten steel, Pa·s; D means
the diameter of inclusions, µm.

According to Equation (8), for the same kind of inclusions, the floating speed of the
inclusion particles increases as the inclusions’ diameter steadily rises, which is advanta-
geous for the inclusion particles’ removal. The simulation results under induction heating
conditions show that the clearance rate of particles with small sizes in the channel area is
obviously higher than that of particles with large sizes. When the total number of particles
released at the entrance remains unchanged, the concentration gradient of particles with
large diameters in the pouring area is higher than that with small diameters among the
particles flowing into the pouring area. As a result, inclusion particles with larger diameters
take longer to remove from the discharging chamber than particles with smaller diameters.

The distribution and removal of inclusion particles in tundish have always been a hot
issue in tundish metallurgy. However, due to the sealing and danger of field operation, it is
difficult to detect the distribution of inclusion particles in tundish with field data, which
is why this paper does not verify the distribution of inclusion particles in various areas
of tundish with factory data. Subsequently, the influence of different parameters on the
removal of inclusion particles in tundish will be further studied, and comparative analysis
will be carried out through the field data of inclusion particles as far as possible.

4. Conclusions

• The mathematical simulation results of the removal of inclusions with and without
induction heating show that the induction heating technology contributes to promoting
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the movement and removal of inclusions in the channel. Meanwhile, induction heating
technology shortens inclusion particle removal time;

• Smaller inclusion particles are easier to be adsorbed in the channel, and larger inclusion
particles are easier to be removed in the discharging chamber. The clearance rate of
inclusion in the channel gradually decreases from 70.9% to 56.1%, with the diameter
of inclusion particles increasing from 10 µm to 50 µm;

• The inclusion particles with large particle sizes are easier to be removed on the wall
and liquid surface of the discharging chamber. Moreover, compared with small-size
inclusions, the removal time of large-size inclusions is longer.
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Abstract: Due to the detrimental impact of steel industry emissions on the environment, countries
worldwide prioritize green development. Replacing sintered iron ore with pellets holds promise for
emission reduction and environmental protection. As high-grade iron ore resources decline, research
on limonite pellet technology becomes crucial. However, pellets undergo rigorous mechanical actions
during production and use. This study prepared a series of limonite pellet samples with varying
ratios and measured their compressive strength. The influence of humic acid on the compressive
strength of green and indurated pellets was explored. The results indicate that humic acid enhances
the strength of green pellets but reduces that of indurated limonite pellets, which exhibit lower
compressive strength compared to bentonite-based pellets. Furthermore, artificial neural networks
(ANN) predicted the compressive strength of humic acid and bentonite-based pellets, establishing
the relationship between input variables (binder content, pellet diameter, and weight) and output
response (compressive strength). Integrating pellet technology and machine learning drives limonite
pellet advancement, contributing to emission reduction and environmental preservation.

Keywords: neural network; limonite; pelletizing; compressive strength; organic binder

1. Introduction

Many countries worldwide are implementing green development initiatives to reduce
carbon emissions [1,2]. The steel industry, as a heavy industry, generates a significant
amount of exhaust gases, wastewater, and solid waste during the production process,
leading to severe environmental pollution [3,4]. In comparison to sintered ore, pelletized
ore has higher iron content, fewer harmful elements, and good reducibility, which results in
increased production, reduced coke consumption, cost savings, optimized burden structure,
and improved economic benefits in blast furnace smelting. Therefore, it is necessary to
continuously increase the proportion of pelletized ore in the ironmaking process [5,6].

To date, extensive research has been conducted on the preparation of high-grade ore
pellets [7]. However, with the rapid development of the steel industry, the output of rich
ores has decreased, while the extraction of low-grade ores has increased [8–12]. The tech-
nology related to pellet production using low-grade ores is still not mature, necessitating
further research on low-grade ore pellets. Limonite, characterized by low levels of harmful
elements, is an example of low-grade iron ore. However, low-grade ores often contain
numerous impurities, resulting in lower pellet strength when using limonite. Moreover,
pelletized ores undergo multiple handling, transportation, stacking, and movement pro-
cesses before and after entering the blast furnace, experiencing various harsh mechanical
forces such as collisions, impacts, compression, and friction [13]. These mechanical forces
can cause the breakage of some pellets, leading to the generation of fines and affecting
furnace operation and production indicators. To address these challenges, the addition
of binders to the pellets can fill the gaps and cracks between ore particles, bonding them
together to increase the density and mechanical strength of the pellets [14].

166



Materials 2023, 16, 5184

Bentonite, as the main binder for pellets, cannot undergo thermal decomposition
during the smelting process and mostly remains in the pellets, leading to a decrease
in the iron grade of the pelletized ore [15]. Qiu et al. [16] utilized organic binders to
prepare pelletized ore and found that, compared to pellets prepared using bentonite,
the resulting pellets had a higher iron grade and lower impurity content [17]. Humic
acid, as an organic binder and a biomass-derived substance, exhibits strong adsorption
capacity on the surface of iron ore, thereby enhancing the strength of green pellets [18,19].
Currently, there is limited research on the preparation of limonite pellets using humic
acid as a binder, necessitating further investigation into humic acid-based limonite pellets.
However, most studies on pellet compressive strength have relied on single-factor analysis
or orthogonal experiments to qualitatively describe the influencing factors of various
parameters, without considering the interactions among them [20]. Due to the limited
number of experiments, the predictability is relatively poor [21]. Artificial neural networks
(ANNs) offer a promising solution for predicting material properties and have been widely
used in this context [22]. ANNs are often referred to as “black-box” models because they
can make accurate predictions based on training data without providing any physical
explanation behind the phenomena [23,24].

Numerous studies have harnessed the power of Artificial Neural Networks (ANN) in
diverse applications within the field of materials science and metallurgy. Chagas et al. [25]
applied ANN to assess the sensitivity of variables in pellet bed formation, aiding in the
generation of green pellets with reduced fuel and energy consumption and improved final
quality. Dwarapudi et al. [26] developed an ANN model to predict the cold compressive
strength (CCS) of pellets in a straight grate furnace. By considering variations in bentonite,
alkalinity, FeO, and green pellet moisture, the model successfully predicted CCS with an
error margin of less than 3%. Klippel et al. [27] introduced an early detection system for
slope instability risks based on iron ore images, utilizing edge artificial intelligence. The
field test results demonstrated an accuracy rate of 91% and a recall rate of 96%, highlighting
the feasibility of employing deep learning for detecting iron ore types and preventing
slope instability risks. Fan et al. [28] investigated the main factors affecting sintering qual-
ity, such as humidity, fuel ratio, sintering speed, and sintering drum strength. Utilizing
backpropagation ANN, prediction models were constructed and applied in sintering pot
experiments to optimize humidity and fuel ratio, ultimately improving sintering drum
strength. Golmohammadi et al. [29] developed a Quantitative Structure–Property Rela-
tionship (QSPR) using Partial Least Squares (PLS) and ANN to predict the precipitation
of trivalent iron during bioleaching. The neural network model exhibited reliable and
accurate predictive capabilities during the bioleaching process. Li Guo et al. [30] proposed
a novel method to estimate ore feed load directly from images of ore pellets using deep
learning models. The introduction of a weakly supervised learning method and a two-
stage model training algorithm allowed competitive model performance and real-time
estimation of ore feed load in the grinding process optimization. Li et al. [31] developed
an intelligent system named the Group Method of Data Handling (GMDH) for predicting
iron ore prices. Compared to other techniques, the GMDH technique exhibited superior
accuracy with a variance accounted for (VAF) value of 97.89%. Wang et al. [32] successfully
implemented a hybrid ensemble model combining Extreme Learning Machine (ELM) with
an improved AdaBoost. The RT algorithm is used to solve regression problems in sintering
processes. This approach led to significant improvements in energy efficiency and sintering
quality through the analysis of high-priority factors. Yachun Mao et al. [33] introduced
a detection method for the magnetic properties of limonite using the improved Particle
Swarm Optimization–Enhanced Extreme Learning Machine (IPSO–ELM) algorithm and
spectroscopy. The IPSO–ELM predictive model exhibited excellent performance and gen-
eralization capability compared to ELM and PSO–ELM predictive models. Yanwei Yang
et al. [34] successfully integrated laser-induced breakdown spectroscopy (LIBS) and ma-
chine learning for rapid and precise classification of iron ore, providing a novel method for
iron ore selection in the metallurgical industry. Tunckaya et al. [35] utilized ANN, Multiple
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Linear Regression (MLR), and auto-regressive integrated moving average (ARIMA) models
to predict and track the flame temperature of a blast furnace. The computational results
demonstrated satisfactory performance in the selected performance indicators, including
regression coefficients and root mean square errors.

Previous studies on pellet compressive strength mostly relied on single-factor analysis
or orthogonal experiments to qualitatively describe the influencing factors, resulting in
limited predictability. Therefore, this study introduces an innovative approach by applying
an Artificial Neural Network (ANN) for data analysis and optimization, offering a novel
solution for the preparation and sintering process of limonite pellets. This contributes
to enhanced process efficiency, reduced production costs, and mitigated environmental
impact, providing significant practical application value.

2. Experiment
2.1. Experimental Material

The limonite used in this study was obtained from a factory in Yunnan Province,
China. The limonite exhibits a rough surface, porous texture, and low levels of harmful
elements. Its chemical composition is presented in Table 1, showing a high content of total
iron (TFe) at 54.67 wt.%, along with 4.04 wt.% of SiO2 and 3.47 wt.% of MnO. Notably, this
limonite possesses strong adhesive properties and high water absorption capacity.

Table 1. Chemical composition of precious sand limonite (wt.%).

TFe FeO SiO2 S MnO TiO2 Pb Zn K2O Na2O Cu V2O5 LOI

54.67 0.29 4.04 0.048 3.47 0.27 0.009 0.018 0.095 0.001 0.009 0.04 14.84

2.2. Experimental Procedure

The experimental procedure is illustrated in Figure 1:
(1) Pellet Manufacturing: 200 g of experimental material, limonite powder, is weighed.

Binders in different proportions (0.4 wt.%, 0.8 wt.%, 1.2 wt.%, 1.6 wt.%, and 2.0 wt.%) are
added, and the materials are thoroughly mixed using the multiple folding and stirring
method. The balling machine is started, and approximately 2/3 of the mixed material is
added to the machine. Water is slowly dripped onto the surface of the mixture to form
pellets with a diameter of approximately 3 mm over a period of 3 min. Every 3 min, a mist
of water is sprayed onto the surface of the mother pellets, and material is added to the
wetted surface to allow the pellets to continuously roll and grow. The process is generally
controlled within 12 min to achieve pellets of the desired size (9–16 mm). After stopping the
addition of water and material, the pellets are allowed to continue rotating in the balling
machine for approximately 2 min to achieve compaction. The pellets are removed using
a small scoop. The pellets are separated using a vernier caliper, and the pellets with a
diameter of 9–16 mm are considered qualified products, while the remaining pellets are
deemed unqualified.

(2) Pellet Roasting: The manufactured pellets are transferred in batches into crucibles.
The crucibles containing the pellets are placed into a muffle furnace for roasting. The
roasting temperature is set as follows, as shown in Figure 2: Ramp up to 200 ◦C in 20 min
and hold at 200 ◦C for 20 min; Ramp up to 700 ◦C in 20 min and hold at 700 ◦C for 20 min;
ramp up to 1250 ◦C in 40 min and hold at 1250 ◦C for 25 min. Subsequently, the pellets are
gradually cooled to room temperature and removed from the furnace.
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(3) Measurement and Testing: The weight of both the raw pellets and the roasted
pellets is measured using an electronic balance. The compressive strength of the raw pellets
and the roasted pellets is measured using a YAW-100C testing machine. Pellets with a
diameter of 9–16 mm are selected using a vernier caliper. Following the guidelines of YB/T
4848-2020, “Physical Test Methods for Roasted Pellets,” the average compressive strength
of the limonite raw pellets and the roasted pellets is recorded.

3. Results and Discussion
3.1. Effect of Humic Acid on Compressive Strength of Limonite Green Pellets

As shown in Figure 3A, the influence of humic acid content, pellet weight, and
diameter on the compressive strength of limonite pellets is illustrated. The diameter of the
pellets is represented by the size of the purple spheres, and the data for the four parameters
have been normalized. The compressive strength of the pellets increases with the weight,
and larger pellets are predominantly located at the top, while smaller pellets are mainly
located at the bottom. The variation in compressive strength with increasing humic acid
content is not significant and is primarily related to the diameter and weight. Figure 3B,C
present the scatter plot and normal distribution plot illustrating the effect of different
proportions of humic acid on the compressive strength of the pellets. The humic acid
content has a positive correlation with the compressive strength of the pellets. The impact
of different proportions of humic acid on the compressive strength of the pellets is depicted
in Figure 3D; as the proportion of humic acid in the pellet increases from 0.4% to 2.0%, the
average compressive strength of the pellets rises and reaches its maximum value of 18.7 N
when the humic acid content reaches 2.0%.
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When the mineral powder is wetted by water during the rolling process, it forms
pellets of a certain size and imparts them with a certain strength through the combined
action of capillary force, molecular attraction, and frictional force. The pellet size, moisture
content, mechanical strength, and thermal stability of the pellets influence the subsequent
roasting operation and are related to the yield and quality of the pelletized ore.

Dry mineral powders generally exhibit hydrophilic properties. As shown in Figure 4,
under the molecular forces on the particle surface, water molecules are adsorbed onto the
surface of the particles. Due to the action of molecular attraction, a thin film of water is
formed outside the adsorbed water layer. The inner layer of the thin film water, which
is closer to the particles, experiences stronger cohesive forces and is called bound water.
It, together with the adsorbed water, is referred to as maximum dividable water, which
enables the powder to be shaped but still lacks plasticity. The outer layer of the thin film
water is closer to free water and can undergo plastic deformation under external forces.
When the mineral powder is wetted by water, and the amount of water exceeds that of
the thin film water, capillary water appears between the particles, initially in a contact
state, connecting the particles. Further wetting leads to a honeycomb state, where the
particles come closer together under the influence of water surface tension and external
forces. Continued wetting results in the saturation state of capillary water, generating the
strongest capillary forces between the particles.
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As an organic binder, humic acid not only improves the grade of metallic pellets but
also accelerates reduction where possible. It exhibits high particle size at room temperature
and high bonding strength after drying. The addition of a small amount of organic binder
significantly enhances the compressive strength of the pellets. This is because humic acid
contains a considerable amount of carboxylate ions, hydroxyl groups, and other oxygen-
containing functional groups, indicating its strong hydrophilicity. Moreover, carboxyl
groups can form complex or chelation reactions with metal ions and metal hydroxides,
facilitating chemical adsorption between humic acid and the surface of iron ore particles,
resulting in strong binding forces and improved pellet strength.

3.2. Effect of Humic Acid on Compressive Strength of Limonite Roasted Pellets

As shown in Figure 5A, the influence of humic acid content, roasted pellet weight, and
diameter on the compressive strength of roasted limonite pellets is depicted. The size of the
pellets is represented by the size of purple spheres, and the data for the four parameters
have been normalized. The compressive strength of the pellets increases with increasing
weight, with larger pellets mainly distributed towards the upper end and smaller pellets
towards the lower end. With the increase in humic acid content, the compressive strength
of the roasted pellets decreases. Figure 5B,C presents scatter plots and normal distribution
plots illustrating the effect of different proportions of humic acid on the compressive
strength of the roasted pellets. The humic acid content has a significant impact on the
compressive strength of the roasted pellets, showing a negative correlation. The effect of
different proportions of humic acid on the compressive strength of the roasted pellets is
illustrated in Figure 5D; when the proportion of humic acid in the pellet ore increases from
0.4% to 2.0%, the average compressive strength of the roasted pellets decreases, reaching a
minimum value of 417 N at a humic acid content of 2.0%.

Materials 2023, 16, x FOR PEER REVIEW 8 of 16 
 

 

3.2. Effect of Humic Acid on Compressive Strength of Limonite Roasted Pellets 
As shown in Figure 5A, the influence of humic acid content, roasted pellet weight, 

and diameter on the compressive strength of roasted limonite pellets is depicted. The size 
of the pellets is represented by the size of purple spheres, and the data for the four param-
eters have been normalized. The compressive strength of the pellets increases with in-
creasing weight, with larger pellets mainly distributed towards the upper end and smaller 
pellets towards the lower end. With the increase in humic acid content, the compressive 
strength of the roasted pellets decreases. Figure 5B,C presents scatter plots and normal 
distribution plots illustrating the effect of different proportions of humic acid on the com-
pressive strength of the roasted pellets. The humic acid content has a significant impact 
on the compressive strength of the roasted pellets, showing a negative correlation. The 
effect of different proportions of humic acid on the compressive strength of the roasted 
pellets is illustrated in Figure 5D; when the proportion of humic acid in the pellet ore 
increases from 0.4% to 2.0%, the average compressive strength of the roasted pellets de-
creases, reaching a minimum value of 417 N at a humic acid content of 2.0%. 

 
Figure 5. Effect of humic acid on compressive strength of limonite roasted pellets. (A) Stereo scat-
ter data. (B) Planar scatter data. (C) Normal distribution of data. (D) The average of the scatter 
data. 

The consolidation of pellet ore primarily relies on solid-state reactions. This includes 
the solid-state diffusion consolidation of individual-phase particles at high temperatures 
and the formation of compounds or solid solutions through solid diffusion in 

Figure 5. Effect of humic acid on compressive strength of limonite roasted pellets. (A) Stereo scatter
data. (B) Planar scatter data. (C) Normal distribution of data. (D) The average of the scatter data.

172



Materials 2023, 16, 5184

The consolidation of pellet ore primarily relies on solid-state reactions. This includes
the solid-state diffusion consolidation of individual-phase particles at high temperatures
and the formation of compounds or solid solutions through solid diffusion in multicompo-
nent systems. These processes generally occur below their melting temperatures without
the generation of a liquid phase, enabling the consolidation of pellet ore with sufficient
strength. It is important to note that the complete exclusion of a liquid phase is not neces-
sary for pellet ore consolidation, although the presence of a liquid phase is minimal. From
a consolidation principal perspective, pellet ore consolidation can occur without a liquid
phase. Under microscopic observation, the liquid phase in pellet ore typically does not
exceed 5%, although self-melting pellet ore may contain a higher amount of liquid phase.

As the roasting temperature increases, various physical and chemical reactions within
the pellet ore are accelerated, leading to increased particle diffusion and contact area. The
interparticle pores gradually become rounded and reduced. At high temperatures, two pro-
cesses occur within the pellet: recrystallization and grain growth. These processes influence
the microstructure of the pellet, including grain size and pore distribution, resulting in the
formation of a dense sphere and improved strength of the final product. The compressive
strength of the roasted pellet is significantly higher than that of the raw pellet.

When the content of humic acid in the pellet increases, the compressive strength of the
roasted pellet decreases. For humic acid, excessively high solution viscosity has a negative
impact on the compressive strength of the roasted pellet. A high concentration of humic
acid leads to increased solution viscosity, inhibiting particle diffusion within the pellet and
reducing the contact area. This hampers various reactions and also suppresses the recrystal-
lization process within the pellet, thus impeding pellet ore consolidation. Additionally, as
an organic binder, humic acid is prone to volatilization during the pellet roasting process,
leaving behind voids within the pellet, further reducing its compressive strength.

3.3. Effect of Bentonite on Compressive Strength of Limonite Roasted Pellets

As shown in Figure 6A, the influence of bentonite content, roasting pellet weight, and
diameter on the compressive strength of roasted limonite pellets is depicted. The size of the
pellets is represented by the diameter of purple spheres, and the data for these four parameters
have been normalized. The compressive strength of the roasted pellets increases with an
increase in weight, with larger pellets predominantly distributed in the upper range and
smaller pellets in the lower range. On the other hand, as the bentonite content increases, there
is a downward trend observed in the compressive strength of the roasted pellets. Figure 6B,C
illustrates the scatter plot and normal distribution plot, respectively, demonstrating the impact
of different proportions of bentonite on the compressive strength of roasted pellets. The
bentonite content indeed has an effect on the compressive strength of the roasted pellets,
showing an overall negative correlation. Figure 6D presents the effects of different proportions
of bentonite on the compressive strength of roasted pellets. It can be observed that as the
bentonite content in the pellet ore increases from 0.4% to 2.0%, there is an overall decreasing
trend in the average compressive strength of the roasted pellets. The minimum value of
compressive strength is reached at a bentonite content of 1.6%, measuring 1085 N.

As shown in Figure 7, a comparative illustration of the influence of humic acid and ben-
tonite on the compressive strength of roasted limonite pellets is presented. The compressive
strength data is arranged in descending order on both sides, with a total of 360 data points.
It can be observed that the compressive strength of the pellets with bentonite is generally
higher than that of the pellets with humic acid, indicating that the compressive strength of
the pellets produced using humic acid as a binder is inferior to those containing bentonite
after roasting. In comparison to the bentonite pellets, the particles in the humic acid pellets
are more dispersed and smaller in size. To form a connected crystalline structure, it is essen-
tial for the particles to come into contact with each other, which suggests that the particle
contact in the humic acid pellets is not as close as in the bentonite pellets. Additionally, the
generation of a liquid phase by low-melting substances facilitates solid-state diffusion and
promotes crystal growth.
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The difference in particle contact between these two types of pellets is primarily
attributed to the small particle size and good dispersibility of bentonite, which fills the
interstices between mineral particles in a colloidal state, thereby improving the particle size
distribution of the pellet raw materials and reducing the pellet porosity. On the other hand,
during the preheating process, humic acid undergoes combustion and decomposition,
resulting in the formation of micro-pores in the pellets. Furthermore, the mechanisms of
bentonite and humic acid differ. In the pellet formation process, the main binding forces
between particles are interfacial forces and capillary forces. When the voids are completely
filled with liquid, capillary forces play a major role in particle bonding. Bentonite fills the
interstices between particles, reducing the capillary diameter within the green pellets and
increasing capillary forces. It also enhances the molecular bonding forces between particles,
resulting in closer particle arrangement. On the other hand, humic acid dissolves in water,
exhibiting high viscosity and forming a network structure within the pellets to bind the
particles together. However, due to the high viscosity, the liquid is difficult to be expelled
from the capillaries, resulting in high moisture content within the green pellets and less
compact particle arrangement compared to the bentonite pellets.

3.4. Predicting the Compressive Strength of Indurated Pellets Using an Artificial Neural Network
Model

The Artificial Neural Network (ANN) is a computational model inspired by the
biological neural system. It consists of a large number of interconnected artificial neurons
(neuron models), resembling the connections between neurons in the human brain. Each
artificial neuron receives multiple inputs, undergoes weighted processing, and generates
output through an activation function. The training process of ANN resembles human
learning. By iteratively adjusting connection weights, ANN can learn and extract features
from input data, enabling tasks such as pattern recognition, data classification, and function
approximation. It exhibits high parallel processing capability and adaptability, capable of
handling complex nonlinear relationships and large-scale datasets.

In this study, the experimental investigation focused on the impact of binder content,
pellet diameter, and pellet weight on compressive strength. The ANN model (Figure 8)
design utilized binder content, pellet diameter, and pellet weight as input layers and
compressive strength as the output layer. The experimental dataset was normalized and
randomized using Excel’s random function. Subsequently, the dataset was divided into
two parts: a training dataset (top 80%) and a testing dataset (bottom 20%). The model’s
performance was evaluated using the correlation coefficient (R2). The number of epochs is
set to 1000.
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regression analysis was performed on the data, yielding the linear regression equations
and R-squared values, which were found to be 0.59095 and 0.30088 for humic acid-based
and bentonite-based pellets, respectively.
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Figure 9. Data regression graph using artificial neural network. (A) Humic acid. (B) Bentonite.

Figure 10 depicts the scatter plot of target values (experimental results) versus pre-
dicted values for the compressive strength of the indurated pellets. Each target value
corresponds to an output value, and all target values are arranged in ascending order.
Smaller distances between target values and output values indicate higher predictive accu-
racy and smaller errors. The plot reveals a consistent trend among the 360 target values
and their corresponding output values.
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Furthermore, Figure 11 displays the absolute errors (target value − output value)
between the target values (experimental results) and predicted values for the compressive
strength of the indurated pellets. The errors follow a normal distribution pattern centered
around zero. These findings demonstrate that the artificial neural network model designed
in this study provides highly accurate predictions for the compressive strength of humic
acid-based indurated limonite pellets. Importantly, the model successfully establishes the
relationship between input variables (binder content, pellet diameter, and pellet weight)
and the output variable (compressive strength).
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4. Conclusions

Contributing to the reduction of industrial exhaust emissions and environmental
protection, this study investigates the impact of humic acid on the compressive strength of
limonite pellets, aiming to elucidate the physical properties of these pellets. The results
demonstrate that as the content of humic acid increases, the compressive strength of
raw limonite pellets shows an upward trend, with an increase from 15.7 N/pellet to
18.7 N/pellet. Conversely, the compressive strength of roasted limonite pellets exhibits
a downward trend, decreasing from 1410 N/pellet to 417 N/pellet. Similarly, with an
increase in bentonite content, the compressive strength of roasted limonite pellets shows a
declining trend, decreasing from 1410 N/pellet to 1096 N/pellet. The lower strength of
humic acid-roasted pellets compared to bentonite-roasted pellets can be attributed to the
fewer contact points between particles within the pellets, higher porosity, lower probability
of particle reactions, and fewer low-melting-point substances acting as binders within the
pellets. The R2 values for humic acid-roasted pellets and bentonite-roasted pellets are
0.59095 and 0.30088, respectively. The 360 experimental values align with the predicted
values, and their absolute errors (target values–output values) exhibit a normal distribution
centered around zero. These results indicate that the artificial neural network model
designed in this study achieves high accuracy in predicting the compressive strength of
humic acid-roasted limonite pellets.
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Abstract: Metallurgical slag and dust (MSD) are abundant Zn-containing secondary resources that
can partially alleviate the shortage of zinc minerals, with hazardous characteristics and a high
recycling value. In this work, the process conditions of recycling Zn from MSD materials leaching by
ammonium acetate (NH3-CH3COONH4-H2O) were optimised using response surface methodology
(RSM). The influences of liquid/solid ratio, stirring speed, leaching time, total ammonia concentration,
and the interactions between these variables on the Zn effective extraction rate during the ammonium
acetate leaching process were investigated. Additionally, the predicted regression equation between
the Zn effective extraction rate and the four affecting factors was established, and the optimal process
parameters were determined with a stirring speed of 345 r/min, leaching temperature of 25 ◦C,
[NH3]/[NH4]+ of 1:1, total ammonia concentration of 4.8 mol/L, liquid/solid ratio of 4.3:1, and
leaching time of 46 min. The Zn effective extraction rates predicted by the proposed model and
the measured values were 85.25% and 84.67%, respectively, with a relative error of 0.58% between
the two values, indicating the accuracy and reliability of the proposed model. XRD and SEM-EDS
analysis results showed that Zn2SiO4, ZnS, and ZnFe2O4 were among the main factors affecting the
low extraction rate of zinc from metallurgical slag dust. This work established a new technology
prototype for the effective and clean extraction of zinc resources, which can provide new routes to
effectively utilise Zn-containing MSD materials and lay a foundation for developing other novel
techniques for recycling Zn from Zn-containing secondary resources.

Keywords: metallurgical slag and dust; zinc recovery; ammonium acetate; response surface methodology

1. Introduction

Zinc (Zn) is an essential metal in modern life, and its main mineral source is sphalerite
(ZnS). Zinc has a low melting point, good melt fluidity, and is easy to die-cast; hence, it is
frequently utilised to produce precision castings [1]. Zinc is a negatively charged metal,
and its electrode potential is more negative than iron (Fe), with the result that zinc can be
corroded instead of iron through electrochemical action [2,3]. Therefore, zinc is also widely
applied as battery anode materials and plated steel materials. With the increasing demand
for galvanised materials in the battery industry, automobile industry, and construction
industry, the mining volume of sphalerite has increased, and the ore grade has declined
year by year [4]. The ever-increasing demand for galvanised materials and the scarcity
of zinc resources have forced the development and utilisation of other zinc-containing
hazardous waste resources, such as metallurgical slag and dust (MSD).

MSD materials source from the smelting process of steel, zinc (Zn), lead (Pb), and
copper (Cu), etc., and their production, is rising sharply [5–7]. As hazardous materials, MSD
materials are rich in heavy metals like Zn, Cu, and Fe, as well as toxic components such as
As, Hg, Pb, Cr, and Cd [8,9]. Hence, simple burial and stockpile disposal for MSD materials
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are inadvisable. In addition, once the content of zinc and other elements in metallurgical
slag exceeds the specified value, it will damage the refractory materials of the furnace
cavity, further shortening the service life of smelting furnace, and cause the productivity of
smelting furnace to decrease, as well as leading to operation difficulties [10,11]. Therefore,
the research and development on the clean, efficient, and economical approaches for
recycling MSD materials have good environmental and practical significance; moreover,
the relevant metallurgical industry will gain considerable added value and economic
benefits based on the developed approaches.

Metallurgical slag and dust have a high recycling value andcontain diverse conven-
tional smelting metals like Zn, Fe, and Pb, and precious metals like Ag, Au, and in [12,13].
However, MSD materials have diverse compositions, wherein Zn mainly presents as ZnO,
frantzite, and zinc silicate; Fe mainly presents as Fe3O4 and frankite; and Ca mainly presents
as CaCO3. Further, Fe, Zn, and Ca also exist in the form of silicate [14–16]. Furthermore,
the structures of MSD materials are complicated, with different metal oxides, chlorides,
carbon-containing compounds, and gangues doped and wrapped together. The diverse
compositions and complicated structures of MSD materials make the recycling process
difficult [17,18]. At present, the widely applied method for zinc extraction is a hydromet-
allurgy leaching approach with sulfuric acid as the leaching agent, which consumes less
energy than pyrometallurgy methods [19]. However, Zn-containing MSD contains zinc
by-products with various impurities, including Fe (up to 14%), Ca (up to 19%), Cl (up to
12%), and F (up to 2%) [20,21]. Moreover, the high-content components like Fe, Cl, Ca, and
gangues in the zinc-containing MSD materials, consume excessive acid and complicate the
purification process become [22]. The application of zinc extraction by conventional acid
methods is limited by the disadvantages of long purification time, large acid consumption,
high energy consumption, low-quality electrolytic zinc, and low recovery rate [23–25].
Therefore, alkaline leaching is gradually proposed for zinc extraction. In the literature,
applications of ammonium salts such as ammonium chloride, ammonium sulphate, and
ammonium bicarbonate have been reported on the Zn extraction from single-phase zinc-
containing minerals (e.g., ZnO, smithsonite, and hydrozincite), and the effects of zinc
extraction are sound [26–28]. The essence of the alkaline leaching method is that ammonia
compounds can form tetraammine zinc ion ([Zn(NH3)4]2+) coordination compounds with
zinc metal (Zn2+) ions to prevent impurities containing Fe, Al, and Si from entering the
leaching solution, thereby achieving the effective separation of Zn and impurities [29,30].
Additionally, Rao et al. [31] highlighted that the zinc effective extraction rate leaching using
a mixed solution of NH4Cl-NH3-NTA was higher than that using single NH4Cl-NH3 solu-
tion leaching. The addition of nitrosotriacetic acid (N(CH2COOH)3, i.e., NTA) promotes
the transformation of [Zn(NH3)4]2+ and [Zn(NTA)2]4− coordination compounds into more
stable [Zn(NTA)(NH3)2]− coordination compounds, thereby effectively improving the
zinc effective leaching rate [31]. Therefore, ammonium ion (NH4+) and carboxylate anion
(RCOO−) play crucial and complementary roles in the zinc leaching process. Compared
with a single ammonia leaching method, the leaching solution mixed with NH4+ ion and
RCOO− anion contributes to extracting zinc from MSD materials more efficiently. There-
fore, the leaching solution mixed with NH4+ ions and RCOO− anions can be considered
for introduction into the leaching process of zinc-containing metallurgical slag and dust
with complex structures and diverse components.

In this work, response surface methodology (RSM) [32–34] was introduced into the
process optimisation of recovering Zn from Zn-containing MSD materials by coordination
leaching using NH3-CH3COONH4-H2O solution. The influences of liquid/solid ratio,
stirring speed, leaching time, total ammonia concentration, and the interactions between
them on the Zn effective extraction rate were explored using the central composite design
(CCD) of RSM, and a mathematic model of the factors affecting the Zn effective extraction
rate was established. Additionally, the fitting analysis, confidence analysis, and variance
analysis of the regression equation of the proposed model; the linear correlation between
the experimental and predicted values of the Zn effective extraction rate; and the normal
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probability characteristics of residuals for the Zn effective extraction rate were systemati-
cally investigated to confirm the credibility and accuracy of the proposed model. Moreover,
the accuracy of the optimisation parameters obtained by RSM was verified through com-
paring the predicted value and the average value of the Zn effective extraction rate, as
determined by three parallel experiments.

2. Materials and Methods
2.1. Chemical Composition of MSD Materials

The metallurgical slag and dust (MSD) materials studied in this work were drawn from
a local enterprise located in Yunnan province (Qujing, China), which is mainly engaged in
the recovery and utilization of zinc secondary resources. The MSD sample is a mixture of
various MSD materials. After completely drying at 85 ◦C until no further mass loss was
observed, the composition analysis of the MSD sample was determined by the ICP method
using Agilent 5110 (OES, Agilent Technologies, Santa Clara, CA, USA), and the analytical
results are displayed in Table 1. As determined in Table 1, the MSD sample has a complex
composition: the contents of Zn, Fe, Ca, and Cl were high, gangue, and scattered In were
observed. Therefore, the MSD sample exhibits a high recycling value.

Table 1. Chemical compositions of the MSD sample.

Compositions Zn Fe C Si Cl S
Mass (w%) 24.74 21.66 9.14 2.66 2.94 1.39

Compositions Mg Bi Pb In (g/t)
Mass (w%) 1.14 0.97 1.13 354

2.2. Particle Size Distribution of MSD Materials

Figure 1 shows the particle size distribution of the MSD samples. Table 2 presents
the particle size values at the particle size level of D10, D50, D90, and D98 of the MSD
samples, together with the volume average particle size, area average particle size, and
corresponding surface area to volume ratio for the MSD sample. Table 2 shows that 90% of
MSD samples have a particle size of 24.85 µm.
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Table 2. Particle size distribution parameters of the MSD sample.

D10
(µm)

D50
(µm)

D90
(µm)

D98
(µm)

Volume Average
Particle Size (µm)

Area Average
Particle Size (µm)

Surface Area to Volume
Ratio (m2/cm3)

2.47 7.89 24.85 47.91 10.78 5.59 6.42

2.3. Experimental Design of Response Surfaces and Leaching Experimental Methods
2.3.1. Experimental Design of Response Surfaces

In this study, the stirring speed (X1, r/min), leaching time (X2, min), total ammonia
concentration (X3, mol/L), and liquid/solid ratio (X4, mL/g) were selected as the variables
in the leaching experiments. The Zn effective extraction rate by the coordination leaching
process using NH3-CH3COONH4-H2O solution was defined as the response value (Y, %).
The leaching experimental conditions were provided with the molar ratio of [NH3]/[NH4]+

as 1:1, and the leaching temperature as 25 ◦C.
Table 3 summarises the codes of the centre combination design (CCD) optimisation

based on RSM, with four factors and three levels. In the centre combination design (CCD),
each factor has 24 sufficient factorials, including eight factorial points, eight axial points,
and six repeated centre points. The full-factor centre was optimised over 30 experiments
to identify the optimised values of the dependent variable and the independent variables.
The number (i.e., 30) of experiments was calculated using the following formula:

N = 2n + 2n + nc = 24 + 2 × 4 + 6 = 30 (1)

where N denotes the number of the needed experiments, n presents the number of factors,
and nc indicates the number of repeated centre points.

Table 3. Response surface method factors’ level coding.

Factors
Levels

−1 0 1

Stirring speed (X1, r/min) 250 300 350
Leaching time (X2, min) 20 35 50

Total ammonia concentration (X3, mol/L) 3 4 5
Liquid/solid ratio (X4, mL/g) 3 4 5

During response surface optimisation, the model accuracy was verified before data
analysis. The accuracy of the proposed model was investigated using Design Expert
(STAT-EASE, Stat Ease Inc., Minneapolis, MN, USA). The Zn effective extraction rate (Y, %)
was the dependent variable, and the stirring speed (X1, r/min), leaching time (X2, min),
total ammonia concentration (X3, mol/L), and liquid/solid ratio (X4, mL/g) were selected
as the variables.

2.3.2. Leaching Experimental Methods

Before the XRD and SEM analysis, the MSD samples were dried at 85 ◦C until no
further mass loss was observed. Then, 20.00 g of the dried MSD material was sampled and
mixed with the freshly prepared ammonium acetate (NH3-CH3COONH4-H2O) leaching
agent in a 300 mL conical flask with stirring. The detailed experimental parameters for
leaching zinc from the MSD sample were as follows: the leaching time was set from 5 min
to 65 min; the stirring speed was controlled between 200 r/min and 400 r/min; the total
ammonia concentration was set between 2 mol/L and 6 mol/L; the liquid/solid ratio was
adjustable from 2 mL/g to 6 mL/g, and the leaching temperature was 25 ◦C. This leaching
process was performed in a thermostatic water bath. After leaching, solids and liquids
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were separated, and the Zn concentration in the leaching solution was measured by EDTA
titration. The Zn effective extraction rate (ηZn, %) was determined by Equation (2):

ηZn =
CZn ×V
m×ωZn

× 100% (2)

In Equation (1), CZn indicates the Zn concentration in the leaching solution, g/L;
V denotes the volume of the leaching solution, L; m presents the MSD sample mass, g; and
wZn denotes the mass percent of zinc in the MSD sample, 24.74%.

After obtaining the Zn effective extraction rates under different leaching conditions
using the above calculation, response surface methodology (RSM) was introduced into the
process optimisation of recycling Zn from Zn-containing MSD materials by coordination
leaching using NH3-CH3COONH4-H2O solution.

2.4. Leaching Reaction of Zinc Extraction Process

For the leaching system of ZnO-NH3-CH3COONH4-H2O, the dissolved zinc oxide (ZnO)
can combine with ammonium ions (NH4

+) and ammonia (NH3) to form soluble [Zn(NH3)i]2+

complexes, as shown in Equations (3) and (4). In addition, zinc ions can combine with
carboxylate anion (RCOO−) to form stability complexes, as shown in Equation (5).

ZnO + iNH4
+ = [Zn(NH3)i]2+ + H2O+ (i − 2)H+ (3)

ZnO + iNH3 + H2O = Zn(NH3)i
2+ + 2OH− (4)

2RCOO−+ZnO
(H3O+)↔ (RCOO)2Zn+H2O (5)

3. Results and Discussion
3.1. Results of the Optimization of Response Surfaces

To reduce the system errors during the NH3-CH3COONH4-H2O leaching process, the
sequence of experiments was determined randomly by Design Expert (STAT-EASE, USA),
and the central composite experimental design and corresponding zinc effective leaching
rates are illustrated in Table 4.

Table 4. Centre composite design plan and Zn effective leaching rate results.

Number X1 (r/min) X2 (min) X3 (mol/L) X4 (L/S) Y (%)

1 300 35 4 6 81.88
2 300 35 6 4 82.75
3 300 35 4 4 79.19
4 350 20 5 3 78.08
5 300 35 4 4 79.19
6 300 35 4 4 79.19
7 350 20 5 5 83.33
8 250 20 5 5 81.03
9 350 50 3 5 76.30
10 300 35 4 4 79.19
11 350 50 5 3 78.51
12 350 20 3 5 73.82
13 250 50 5 5 82.98
14 250 20 3 5 72.69
15 250 20 5 3 77.83
16 200 35 4 4 77.62
17 250 50 3 5 75.27
18 250 50 5 3 78.01
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Table 4. Cont.

Number X1 (r/min) X2 (min) X3 (mol/L) X4 (L/S) Y (%)

19 350 50 5 5 84.50
20 350 50 3 3 53.21
21 300 65 4 4 78.28
22 300 35 4 2 48.67
23 350 20 3 3 52.09
24 250 50 3 3 52.59
25 300 35 4 4 79.19
26 300 5 4 4 73.50
27 400 35 4 4 78.36
28 250 20 3 3 51.91
29 300 35 4 4 79.19
30 300 35 2 4 48.39

3.2. Model Verification and Statistical Analysis

The secondary polynomial regression equation of the Zn effective extraction rate by
coordination leaching from the MSD sample using NH3-CH3COONH4-H2O solution was
obtained using the least-squares method, as follows:

Y = 79.19 + 0.38X1 + 0.84X2 + 8.55X3 + 7.25X4 − 0.012X1X2 + 0.10X1X3 + 0.28X1X4 − 0.20X2X3 + 0.36X2X4 − 4.30X3X4 − 0.16X1
2 − 0.69X2

2 − 3.27X3
2 − 3.34X4

2 (6)

The model accuracy can be further demonstrated using a variance analysis to identify
the significances of all factors in the polynomial equation, as well as to judge the effective-
ness of the model. Tables 5–7 indicate the fitting analysis, confidence analysis, and variance
analysis for the regression equation of the proposed model, respectively.

Table 5. Model fitting parameters for the designed experiments.

The Sequential Model Sum of Squares

Source Sum of Squares df Mean Square F Value p-Value
Probd > F

Mean vs. total 160,900 1 1.609 × 105

Linear vs. mean 3036.32 4 759.08 22.16 <0.0001
2FI vs. linear 300.53 6 50.09 1.71 0.1726

Quadratic vs. 2FI 536.69 4 134.17 104.59 <0.0001 Suggested
Cubic vs. quadratic 15.57 8 1.95 3.71 0.0505 Aliased

Residual 3.67 7 0.52
Total 1.647 × 105 30 5491.61

Lack of fit tests

Source Sum of squares df Mean square

Linear 856.46 20 42.82
2FI 555.93 14 39.71

Quadratic 19.24 10 1.92 Suggested
Cubic 3.67 2 1.84 Aliased

Pure error 0.00 5 0.00

Model summary statistics

Source
Std. Adjusted

R-squared
Predicted
R-squared

PRESS
Dev. R-squared

Linear 5.85 0.7800 0.7448 0.6832 1233.10
2FI 5.41 0.8572 0.7820 0.7741 879.23

Quadratic 1.13 0.9951 0.9904 0.9715 110.84 Suggested
Cubic 0.72 0.9991 0.9961 0.8641 528.85 Aliased
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Table 6. Credibility analysis for Zn effective leaching rate.

Std. Dev. 1.13 R-Squared 0.9951
Mean 73.22 Adj R-Squared 0.9904
C.V.% 1.55 Pred R-Squared 0.9715
PRESS 110.84 Adeq Precision 44.8820

Table 7. Variance analysis for response surface quadratic model.

Source Sum of
Squares df Mean Square F Value p-Value

(Probd > F) Significance

Model 3873.53 14 276.68 215.67 <0.0001 significant
X1 3.38 1 3.38 2.64 0.1252
X2 16.92 1 16.92 13.19 0.0025 significant
X3 1752.92 1 1752.92 1366.39 <0.0001 significant
X4 1263.10 1 1263.10 984.57 <0.0001 significant

X1X2 2.26 × 10−3 1 2.26 × 10−3 1.76 × 10−3 0.9671
X1X3 0.16 1 0.16 0.13 0.7273
X1X4 1.23 1 1.23 0.96 0.3437
X2X3 0.61 1 0.61 0.48 0.5002
X2X4 2.08 1 2.08 1.62 0.2222
X3X4 296.44 1 296.44 231.07 <0.0001 significant
X1

2 0.72 1 0.72 0.56 0.4655
X2

2 12.94 1 12.94 10.09 0.0063 significant
X3

2 292.75 1 292.75 228.20 <0.0001 significant
X4

2 306.12 1 306.12 238.61 <0.0001 significant
Residual 19.24 15 1.28

Lack of Fit 19.24 10 1.92
Pure Error 0 5 0
Cor Total 3892.78 29

Table 5 displays the numerical analysis of the experimental response surface. During
the CCD of the response surface, the value of (Prob > F) of the high-accuracy regression
model should be lower than 0.05, in order to guarantee an effective simulation. Moreover,
the value of (Prob > F) is required to exceed 0.05, which denotes a high fitting degree of the
regression equation. As depicted in Table 4, the quadratic model had a Prob > F value of
below 0.0001 and an anomalistic term of 0.0674, demonstrating that the designed model
had a significant fitting effect. Hence, the quadratic model was used as the fitting model
for the centre combination design (CCD).

The applicability and accuracy of the designed model are indicated by its correlation
coefficient (R2). Table 6 presents the credibility analysis results of the zinc effective leaching
rate. As presented in Table 6, the R2 value of the quadratic model was 0.9951, demonstrating
that the model presented a good fit effect with the experimental data. Generally, the
difference between the predicted R2 and calibrated R2 values should be below 0.2. In this
case, the R2

Pred value was 0.9715 and the R2
adj value 0.9902, suggesting that the proposed

model can accurately predict the experimental data. In addition, Adeq precision can reflect
the signal-to-noise ratio, and Adeq precision > 4 indicates a reasonable signal-to-noise ratio.
In this case, Adeq precision was determined at 44.882 (Table 6), indicating a high signal-
to-noise ratio. Furthermore, according to the MYERS theory, the correlation coefficient
of a model should be higher than 0.8, where the specific value indicates good fitting
performance. In this study, R2 = 0.9951, R2

adj = 0.9902, and R2
Pred = 0.9715 demonstrated a

good fitting performance of the proposed model. Therefore, it can be surmised from the
above analysis that the proposed model is applicable to the examined case.

Table 7 depicts the variance analysis results of the response surface quadratic model.
As illustrated in Table 7, the F value of the proposed model was 215.67. The probability
that the signal-to-noise ratio is exposed to error was 0.01% (Prob > F < 0.0001), indicating
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a high accuracy and good fitting performance of the proposed regression model. The
Prob > F value of a variable less than 0.05 indicates that the variable significantly affects the
response value. Among all the listed affecting factors, X2, X3, X4, X3X4, X2

2, X3
2, and X4

2

had significant effects on the Zn effective extraction rate using NH3-CH3COONH4-H2O
leaching. The variance analysis demonstrated that the proposed model showed a good fit
to the experimental data, and the model can accurately predict the Zn effective extraction
rate achieved by coordination leaching from MSD using NH3-CH3COONH4-H2O.

Figure 2 displays the linear correlation between the predicted and experimental values
of the Zn effective extraction rate. It can be concluded from Figure 2 that the experimental
values were highly consistent with the predicted values. The experimental values were
uniformly scattered on both sides of the predicted values, demonstrating that the quadratic
model was suitable to describe the correlation of experimental factors and the Zn effective
extraction rate. In other words, the proposed model accurately reflected correlations
between different parameters.
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Figure 3 shows the normal probability plot of the residuals for the Zn effective ex-
traction rate. Herein, the division of normal probability on the Y-axis reflects a normal
distribution of residuals. As displayed in Figure 3, the residuals of the Zn effective ex-
traction rate are distributed along a straight line, demonstrating a normal distribution of
the experimental residuals. The residuals on the X-axis reflect the differences between
the experimental responses and the predicted values by the model. The residuals are
concentrated in the middle region in an S-shaped curve, suggesting a good accuracy of the
proposed model.
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3.3. Analysis of the Response Surface Model

Based on the above regression analysis and variance analysis, the effects of different
factors on the Zn effective extraction rate were investigated, by establishing 3D response
surfaces of the regression model based on statistical calculations of the regression coeffi-
cients. Based on the optimised model, the response surfaces of the influences of stirring
speed, leaching time, total ammonia concentration, and liquid/solid ratio, as well inter-
actions between these factors on the Zn effective extraction rate, were obtained, and the
results are plotted in Figure 4.
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As illustrated in Figure 4a–c, leaching time, total ammonia concentration, and liq-
uid/solid ratio presented greater effects on the Zn effective extraction rate than stirring
speed. It can be observed in Figure 4d,e that the influences of total ammonia concen-
tration and liquid/solid ratio showed greater effects than leaching time. Moreover, it is
depicted in Figure 4f that the interactions between the total ammonia concentration and
liquid/solid ratio exerted the most significant effects on the Zn effective extraction rate,
and this conclusion is consistent with the above variance analysis. Furthermore, as shown
in Figure 4f, simultaneously increasing total ammonia concentration and liquid/solid ratio
can significantly improve the Zn effective extraction rate, before reaching a plateau value.
The influences of total ammonia concentration and liquid/solid ratio are different, wherein
increasing the total ammonia concentration increases the concentration of coordination
agents, while the increase in L/S ratio can enhance the rapid dissolution of zinc oxide, and
the solubility of [Zn(NH3)]2+ and (RCOO)2Zn in solution can be increased accordingly,
further promoting the dissolution of zinc in MSD samples. As a result, the ion diffusion
resistance decreases, and the leaching behaviour of Zn ion is strengthened, further en-
hancing the Zn effective extraction rate. However, once the values of the total ammonia
concentration and liquid/solid ratio exceeded critical levels, the further increase in the
two factors values had negligible effects on the Zn effective extraction rate. Since the
materials in the container remain constant, the interfacial areas of Zn-containing minerals
and NH3-CH3COONH4-H2O leaching agents are constant. Therefore, under the conditions
of the sufficiently large quantity of the leaching agent and maintaining the effective mass
transfer and maximal reactions between Zn-containing minerals, the Zn effective extraction
rate can be maximised by leaching from the MSD sample using NH3-CH3COONH4-H2O
leaching agent.

3.4. Condition Optimisation and Verification

Based on the predictions of the response surface methodology (RSM), the leaching time,
total ammonia concentration, liquid/solid ratio, ammonia/ammonium ratio, stirring speed,
and leaching temperature were optimised, and the results were experimentally verified.
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Table 8 lists the predicted values and experimental values of the Zn effective extraction rate
achieved by coordination leaching from the MSD materials by NH3-CH3COONH4-H2O
solution, as well as the optimised conditions and model verification results. Three leaching
experiments based on the optimised process parameters were conducted to confirm the
accuracy of the optimization parameters obtained by RSM. The average value of the Zn
effective extraction rate in three parallel experiments was 84.67%; in contrast, the predicted
value was 85.25%, demonstrating that RSM provides a reliable method to optimise the
recovery process of Zn from Zn-containing MSD materials by coordination leaching using
NH3-CH3COONH4-H2O solution.

Table 8. The optimised process parameters determined by the regression model.

Total Ammonia
Concentration (mol/L)

[NH3]/[NH4]+

Mole Ratio Temperature (◦C) Time (min)

4.78 1:01 25 46.20

Liquid/solid ratio (mL/g)
Stirring speed

(r/min)

Zn effective leaching rate (%)

Predicted value Experimental
value

4.29 344.78 85.25 84.67

3.5. Characterization Analysis
3.5.1. XRD Analysis

To determine the metal ions and impurities existing in the MSD sample and the
leaching residues, the MSD samples and the leaching residues were characterized by
a rotating target multi-functional X-ray diffractometer (TTRA III, Rigaku, Japan). The
operation power of the X-ray generator was 18 kW, CuKα irradiation (λ = 1.54056 Å) was
applied, and the voltage and the current were 40 kV and 200 mA, respectively. Under
filtering using a graphite monochromator with a high reflection efficiency, scanning was
conducted with a scanning rate of 4◦/min from 10◦–90◦. The XRD pattern of the MSD
sample is illustrated in Figure 5a. The XRD pattern revealed that Zn presented as ZnO,
Zn5(OH)8Cl2·H2O, ZnS, ZnFe2O4, and Zn2SiO4, while Fe mainly presented as Fe3O4 and
Fe2O3. The diversity of the zinc phase and the presence of iron suggest that the process of
extracting zinc from the MSD sample is very difficult. Figure 5b shows an XRD comparison
of leaching residues under optimized conditions. As shown in Figure 5, the diffraction
peaks of ZnO and Zn5(OH)8Cl2H2O disappear, and the main residual zinc phases in the
leaching slag are zinc ferrite (ZnFe2O4), zinc silicate (ZnSiO4), and zinc sulfide (ZnS).
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3.5.2. SEM-EDS Analysis

To further investigate the particle distribution, morphology, and composition of the
MSD sample and the leaching residue, the microstructures of the MSD sample and zinc
leaching residue were determined using the SEM apparatus (XL30ESEM-TMP, Philips, The
Netherlands), allocated with an EDS detector (EDS-Genesis, EDAX, Mahwah, NJ, USA),
and the SEM-ESD spectra are displayed as shown in Figures 6 and 7, respectively. Figure 6
shows that the grey flocculent amorphous structures in area A contained Zn, metals (Fe, Pb,
and Al), and gangue components (Si, Ca, and Mg); the phase of area B was mainly quartz
(SiO2). Moreover, metal inclusions and gangue components were observed. Figure 7 shows
that the structural topography and particle element distribution of the residue, and the
presence of C, O, Mg, Al, Si, S, Pb, Cl, Ca, Fe, P, and Zn, are relevant to the investigated
system. There are three main morphologies in this sample: Point (A), dispersed flocculent
structure particles; Point (B), bright grey massive structural particles; and Point (C), dark
grey massive structural particles. The three structural particles are inlaid and tightly bound
to each other.
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Figure 7. SEM-ESD pattern of MSD leaching residue.

The X-ray EDS maps of Cl, Al, Mg, Ca, O, Fe, Si, and Zn are analysed as shown
in Figure 8. The EDS analysis of Point (A) shows that the dispersed flocculent structure
particles are mainly composed of C, O, Mg, Al, Si, S, Pb, Cl, Ca, Fe, P, and Zn. The EDS
analysis of Point (B) shows that the bright grey massive structural particles are mainly iron
oxides. The EDS analysis of Point (C) shows that dark grey massive structural particles are
mainly gangue minerals.
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The SEM-EDS surface-scanning pattern shows that the residue comprises a metal-
lic minerals phase in addition to a gangue minerals phase. Furthermore, the surface-
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scanning pattern makes it clear that Zn2SiO4, ZnS, and ZnFe2O4 do not leach in the
NH3-CH3COONH4-H2O system.

4. Conclusions

In this study, Zn-containing metallurgical slag and dust (MSD) materials were utilised
as the research object, and response surface methodology (RSM) was introduced into the
process optimisation of recovering Zn from Zn-containing MSD materials by coordination
leaching using NH3-CH3COONH4-H2O solution. The main findings were as follows:

(1) At a constant leaching temperature and ammonia/ammonium ratio, the influences of
liquid/solid ratio, stirring speed, leaching time, total ammonia concentration, and
interactions between them on the Zn effective extraction rate were investigated using
the central composite design. The mathematic model of the factors affecting the Zn
effective extraction rate was established as:

Y = 79.19 + 0.38X1 + 0.84X2 + 8.55X3 + 7.25X4 − 0.012X1X2 + 0.10X1X3 + 0.28X1X4 −0.20X2X3 + 0.36X2X4 − 4.30X3X4 − 0.16X1
2 − 0.69X2

2 − 3.27X3
2 − 3.34X4

2

(2) The optimised parameters for the leaching experiments were obtained: the leaching
temperature was 25 ◦C, the total ammonia concentration was 4.8 mol/L, the leaching
time was 46 min, the liquid/solid ratio was 4.3:1, [NH3]/[NH4]+ was 1:1, the stirring
speed was 345 r/min, the measured Zn effective extraction rate was 84.67%, and the
Zn predicted effective extraction rate was 85.25%. The experimental and predicted
values of the Zn effective extraction rate were similar, indicating the reliability of the
proposed model and the suitability of the optimised process parameters.

(3) The XRD and SEM-EDS analysis results showed that Zn2SiO4, ZnS, and ZnFe2O4 were
among the main factors affecting the low extraction rate of zinc from metallurgical
slag dust under the CH3COONH4 system.
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Abstract: Herein, micron-sized silver particles were prepared using the chemical reduction method
by employing a Y-type microjet reactor, silver nitrate as the precursor, ascorbic acid as the reducing
agent, and gelatin as the dispersion at room temperature (23 ◦C ± 2◦C). Using a microjet reactor,
the two reaction solutions collide and combine outside the reactor, thereby avoiding microchannel
obstruction issues and facilitating a quicker and more convenient synthesis process. This study
examined the effect of the jet flow rate and dispersion addition on the morphology and size of
silver powder particles. Based on the results of this study, spherical and dendritic silver particles
with a rough surface can be prepared by adjusting the flow rate of the reaction solution and gelatin
concentration. The microjet flow rate of 75 mL/min and the injected gelatin amount of 1% of the
silver nitrate mass produced spherical ultrafine silver particles with a size of 4.84 µm and a tap
density of 5.22 g/cm3.

Keywords: Y-type microjet reactor; spherical ultrafine silver particles; wet chemical reduction;
dendritic particle

1. Introduction

Silver is widely used in various industrial fields due to its good electrical conductivity,
thermal conductivity, and ductility. As a functional material, silver at the micronano level
shows a structure between crystalline and amorphous states, exhibits a modified surface
molecular arrangement and crystal structure, and features enhanced surface activity [1].
The ultrafine silver powder shows spherical (or quasispherical), flake-like, dendritic, and
microcrystalline morphologies [2–4]. Additionally, the micronano silver powder exhibits
excellent performance in the fields of sound, light, electricity, magnetism, heat, and catalysis
due to its small particle size, large specific surface area, high surface activity, and good
catalytic activity. Furthermore, silver powder has antibacterial and sterilization capabilities
because of its adsorption capacities and excellent optical properties due to its surface
plasmon resonance. These characteristics have expanded the application of silver powder
to fields such as electronics, the chemical industry, medicine, aerospace, the military
industry, and metallurgy [5,6].

Various methods can be used to prepare silver powders, including physical, chem-
ical, and biological methods [7]. Common physical preparation methods include the
high-energy ball-milling method [8], spray thermal decomposition method [9], plasma
evaporation condensation method [10], liquid phase reduction method [11,12], microemul-
sion method [13,14], liquid–solid phase reduction method [15], and microbial reduction [16].
The chemical method is widely used in large-scale industrial production because of its low
equipment requirements and energy consumption.
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Microchemical reactors mainly provide controllable and high-throughput chemical
synthesis methods with good stability, low energy consumption, small reaction volume,
and uniform reaction conditions [17–19]. Therefore, they provide a new process strategy
for materials science, chemical synthesis, biomedical diagnosis, and drug screening [20–22].
Fouling (i.e., unnecessary deposition on the surface) often occurs and causes local constric-
tion in microstructure equipment, which changes the flow rate and increases the pressure
drop or even completely blocks the microchannel. Hence, this is the biggest obstacle to
the effective operation of microstructure equipment [23]. Rathi [24] optimized the contin-
uous synthesis of crosslinked chitosan sodium tripolyphosphate (CS-TPP) nanoparticles
using a microreactor and compared it with a batch-stirred reactor. Lim [25] described
a straightforward and adaptable coaxial turbulent jet mixer that not only synthesized
various nanoparticles (NPs) at high throughput but also maintained the benefits of homo-
geneity, reproducibility, and tunability that could typically be attained only in specialized
microscale mixing equipment. Using various conditions, Sebastian [26] obtained complex
metal nanomaterials, such as Pt–Pd heterostructures, Ag–Pdcore–shell NPs, and Au–Pd
dumbbell structures and achieved fine control of material size and morphology using the
homogeneous microfluidic reactor. Baber [27] investigated AgNO3 reduction by NaBH4 in
an impinging jet reactor (IJR) to prepare silver NPs. Under certain conditions, the size of
the silver NPs could be controlled at 4.3 ± 1 nm and 4.7 ± 1.3 nm. Sahoo [28] reported that
the small size and uniformity (5.2 ± 0.9 nm) of silver NPs can be controlled using a free
impinging stream reactor at room temperature. The unique IJR characteristics are effective
mixing and the lack of channel walls to avoid fouling.

The Y-type microjet reactor makes the reaction solution converge outside the reactor;
therefore, the solutions are uniformly mixed and reacted. The process is safe, efficient,
and controllable, as required by modern chemical technologies, while effectively avoiding
precipitation blockage problems in the microchannel. In this study, the Y-type microjet
reactor was used to make two reactant solutions that are uniformly mixed and reacted at
room temperature (23 ◦C ± 2 ◦C). Additionally, the microjet method’s effects on micron
silver powder’s morphology, particle size, and dispersion performance were investigated
by controlling the gelatin amount in the system and the jet flow rate. It is hoped that silver
powder’s morphology and particle size can be controlled within a certain range.

2. Materials and Methods
2.1. Materials

Gelatin (industrial gelatin) was purchased from Shanghai Maclean Biochemical Tech-
nology Co., Ltd. (Shanghai, China) Silver nitrate (AgNO3) was purchased from Tongbai
Hongxin New Material Co., Ltd. (Henan, China) Ascorbic acid (C6H8O6) was purchased
from Zhengzhou Tuoyang Industrial Co., Ltd. (Zhengzhou, China) Sodium chloride (NaCl),
nitric acid (HNO3), and absolute ethanol (C2H6O) were purchased from Chengdu Kelong
Chemical Co., Ltd. (Chengdu, China) Water used in this study was deionized. All the
reagents were of analytical purity and were used without additional purification.

2.2. Experimental Methods

The experimental device for preparing silver powder particles, the Y-type microjet
reactor, is shown in Figure 1. The Y-type microjet reactor is made of 3D-printed photosensi-
tive resin. The channel’s inner diameter is 1.0 mm, the distance between the two outlets is
d = 10 mm, and the jet’s intersection angle is 45◦.

Ascorbic acid and silver nitrate undergo the following chemical reduction reaction:

2AgNO3 +C6H8O6 = 2Ag↓+C6H6O6 +2HNO3 (1)
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The synthesis procedure and other experimental conditions for the silver particles’
preparation in this study are shown in Figure 2. Solutions (A and B) were prepared as
follows: A certain amount of AgNO3 and C6H8O6 were dissolved in deionized water,
and an appropriate amount of HNO3 was added to adjust the pH value of the C6H8O6
solution. Further, gelatin (1.0–3.0% of the AgNO3 mass) was added to the C6H8O6 solution
as a dispersant.
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The prepared solutions A and B were delivered to the two inlets of the microjet mixing
reactor by advection pumps, thereby providing appropriate flow rates and producing the
desired jets at the two outlets. When the two jets collide, the solvents mix and subsequently
react. The mixed solutions were poured vertically into a lower beaker filled with 100 mL of
deionized water and rotated at 200 rpm. The spraying of the two solutions was arranged to
ensure that the total volume of the final solution was 200 mL and the solution in the beaker
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was stirred for 30 s. Following the reaction, the solution stratified and precipitated after
standing. The supernatant was removed and mixed with a 10% NaCl solution without white
flocculent precipitation, which revealed that the silver nitrate had been totally reduced.
The reaction was conducted at room temperature (23 ◦C ± 2 ◦C); all concentrations stated
are those of the inflow before reagent mixing. The layered solution was filtered, washed,
and dried before yielding the silver powders.

2.3. Characterization Testing

The morphology of silver powders was investigated using Nova Nano SEM450 field
emission scanning electron microscopy (SEM, American FEI Company, Hillsboro, OR, USA).
The physical phases of the silver powders were characterized by X-ray diffraction (XRD,
Xpert powder, PANalytical, Amsterdam, The Netherlands). The particle size distribution of
the silver powder was determined using a laser particle size meter (Rise-2002, Jinan Runzhi
Technology Co., Ltd., Jinan, China). The specific surface area of silver powders was tested
with BET-specific surface area measurement (DX 400, Beijing Jingwei Gaobo Science and
Technology Co., Ltd., Beijing, China).

3. Results and Discussion
3.1. Effect of Preparation Method on the Morphology of Silver Powders

The silver powder prepared by the conventional method, and the microjet reactor was
characterized by XRD, and the results are shown in Figure 3.
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Figure 3. XRD patterns of silver powders were obtained using different preparation methods.
(a) Conventional method; (b) microinjection method by adding 1% gelatin; (c) microinjection method
by adding 1.5% gelatin; and (d) microinjection method by adding 2% gelatin.

As seen in Figure 3, the spectral lines have characteristic peaks at 38.1◦, 44.23◦, 64.37◦,
77.36◦, and 81.46◦, which correspond to the (111), (200), (220), (311), and (222) crystal planes
of cubic crystalline silver, respectively. Furthermore, these spectral lines are consistent with
the monolithic silver standard pattern (JCPDS 04-0783). There were no other diffraction
peaks in the spectrum, and the diffraction peaks of the curve were quite sharp. This
indicates that the silver powder products obtained by the two experimental methods were
highly crystalline and comprised monolithic silver.

The gelatin addition of 1% was chosen in the conventional approach to configure the
AgNO3 solution and the C6H8O6 solution under the same other conditions. The AgNO3
solution was added into a beaker containing C6H8O6 mixed solution. The reaction solution
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was rinsed three times with deionized water and anhydrous ethanol before being dried at
60 ◦C for 4–6 h to obtain the silver powder product.

The SEM images of the silver powder prepared using the conventional and microjet
methods are shown in Figure 4.
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Figure 4a demonstrates that the silver powder particles prepared using the conven-
tional method were not agglomerated and were monodispersed and polyhedral in shape.
The silver powder particle size was about 2–5 µm, and the surface was smoother than the
silver particles prepared using the Y-type microjet reactor. Figure 4b shows that the silver
particles prepared using the Y-type microjet reactor aggregated from smaller particles into
large spherical particles. Moreover, the silver powder morphology was mostly spherical
with a rough surface.

3.2. Effect of Dispersant Dosage on the Morphology under Microjet Conditions

The microjet flow rate effect on the silver powder morphology was investigated at
different contents of gelatin addition.

The flow rates of the microjet reactor were set at 50, 75, and 100 mL/min. A sufficient
amount of gelatin was adsorbed on the silver particles’ surface, successfully preventing the
particles from adhering together. The silver powder was produced by mixing the reactant
solutions (A and B) at a certain gelatin dispersion amount (1%, 1.5%, and 2%). Other
conditions were consistent with the description of the experimental procedure presented
in Section 2.2. Prior research has demonstrated that the amount of mixing between the
two reactant solutions as well as the morphology and size of the micron and nanoparticles
formed as a result of chemical reduction were all considerably influenced by the flow rate
of the microjet reactor [27].

The high-magnification SEM images of the silver powder prepared under different jet
flow rates by adding 1% gelatin are shown in Figure 5. Furthermore, Figure 5a demonstrates
that when the solution flow rate was 50 mL/min, the formed silver powder particles
contained both a sizable number of symmetrical dendritic particles as well as near-spherical
particles with rough surfaces. When the flow rate was 75 mL/min, the formed silver powder
particles were spherical particles with a rough surface. When the solution flow rate was
100 mL/min, the prepared silver powder particles were spherical particles with a rough
surface, similar to that observed in the case of the particles in Figure 5b.

The high-magnification SEM images of the silver powder prepared using the Y-type
microjet reactor by adding 1.5% gelatin while keeping other experimental conditions
constant is shown in Figure 6.
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Figure 6 shows that the morphology of the silver powder changed considerably with
an increase in the solution flow rate. It can be seen from Figure 6a that when the solution
flow rate was 50 mL/min, the prepared silver powder particles were mostly spherical
with a few dendritic particles. However, when the solution flow rate was 75 mL/min, the
formed silver powder particles were mostly dendritic with a certain thickness and fewer
sphere-like particles (Figure 6b). It can be observed from Figure 6c that when the solution
flow rate was 100 mL/min, the formed silver powder particles were almost dendritic with
very few spherical particles. However, compared with Figure 5a (the 1.5% gelatin addition),
the branches of dendritic particles formed in Figure 6b were wider and thicker.

Figure 7 shows the high-magnification SEM images of the silver powder fabricated
with the microjet method under the same experimental circumstances except that here, 2%
gelatin is added.
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Under this condition, the change in silver powder morphology was not obvious with
an increase in the solution flow rate. When the solution flow rate was varied between 50,
75, and 100 mL/min, the morphological changes in the synthesized silver powder particles
were not obvious; moreover, all of them were irregular dendrites with irregular particle
surfaces. The dendritic particles formed by adding 2% gelatin had wider branches and
rougher surfaces than those prepared with less gelatin addition (Figures 5 and 6).

3.3. Effect of Dispersant Dosage on the Particle Size of Silver Powder under Microjet Conditions

The effect of the microjet flow on the particle size of silver powder was investigated by
adding different amounts of gelatin. The microjet reactor’s flow rates were set at 50, 75, and
100 mL/min. Similarly, the silver powder was prepared by mixing the reactant solutions
(A and B) with three different gelatin amounts (1, 1.5, and 2%) using the Y-type microjet
reactor, and other conditions were consistent with the description of the experimental
procedure in Section 2.2.

Figure 8d displays the low magnification SEM pictures, distribution map, and diameter
D50 distribution map of the silver powder created at different jet flow rates with a 1% gelatin
addition. When the gelatin addition was 1%, it can be seen that the particle size distribution
of the silver powder did not change much with the modification of the jet flow rate. As
shown in Figure 8d, the jet flow rates of 50, 75, and 100 mL/min correspond to the diameters
D50 of the silver powder of 4.88, 4.84, and 5.35 µm. This demonstrates that when the amount
of gelatin added is 1%, jet flow has little effect on the particle size of silver powder.
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The low-magnification SEM images, particle size distributions, and D50 diameter
distributions of the silver powder prepared under different jet flow rates by adding.5%
gelatin are shown in Figure 9. From Figure 9d, it can be seen that the particle size of silver
powder particles gradually increases with an increase in the microjet flow rate. Figure 9a
shows that when the jet flow rate was low (50 mL/min), the silver powder particles were
dispersed and had smaller particle sizes compared to Figure 8b,c.
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Therefore, when the gelatin addition was 1.5%, the sphericity of the synthesized silver
powder particles decreased. The particle size increased considerably when the microjet
flow rate was higher. When the jet flow rate was too high, irregular and flaky silver powder
particles with large particle sizes and low dispersion were formed.

The low-magnification SEM images, particle size distributions, and D50 diameter
distributions of the silver powder prepared under different jet flow rates by adding 2%
gelatin are shown in Figure 10. It is obvious from the figure that when too much gelatin
was added (2%), the silver powder particles had poor dispersion and large particle sizes,
and the maximum D50 diameter size of particles reached 17.75 µm.
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However, excessive gelatin will make the reaction liquid viscous, thereby decreasing
the contact area of ascorbic acid and silver nitrate and slowing down the reaction rate.
Simultaneously, the elemental silver formation also slows down because of the thicker
gelatin film diffusion. This results in particle nucleation and growth from the two phases
that cannot be effectively separated, and the resulting silver powder would have larger
particle sizes [29]. Moreover, the amount of gelatin used is too large and inconvenient
for washing and filtration later. The microreactor has a high jet flow rate when using a
Y-type microjet reactor to prepare silver powder particles. When impinging and mixing,
faster formation of silver crystal nuclei occurs but not fast enough to consume all silver
ions. Hence, there will still be regular crystal growth, forming a large number of dendritic
silver crystals. Therefore, the added dispersant gelatin amount should not exceed 1% of the
AgNO3 mass, and the jet flow rate should not be too high when preparing silver powder
particles by impinging the jet method.

3.4. Effect of Dispersant Addition on Silver Powder Parameters

A potential synthesis mechanism of silver particles by conventional and microjet
methods is shown in Figure 11. The morphology of the silver powder produced by various
preparation techniques was quite diverse, as can be seen from the image. Ag+ in the
solution was gradually converted to silver atoms by adding the reducing agent ascorbic
acid. The silver atoms developed into polyhedral, spherical, and dendritic particles due to
the addition of gelatin and the mixing method of reaction solutions.
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A larger D90/D10 ratio indicates a wide particle size distribution and low dispersion [30].
The D90/D10 ratio of the six samples was low, and the greatest value achieved was 4.24,
as shown in Figure 12a. The D90/D10 ratio essentially exhibited a decreasing trend when
the amount of gelatin was added. When the gelatin amount injected was fixed, a slightly
higher jet flow rate could result in a smaller D90/D10 ratio.

As can be observed from Figure 12b, the maximum tap density (5.46 g/cm3) was
obtained when 1% gelatin was added. When the tap density of silver powders was high,
the crystallinity was enhanced, the buildup between the silver powder particles in the
natural state showed enhanced density, and the void ratio was small. When it is used
for silver paste and other applications, the conductive film obtained after sintering the
slurry has fewer and smaller voids, the resistance of series in the circuit is small, and the
electrode conductivity is excellent [31]. The tap density of the silver powder particles fell as
the gelatin amount increased. When 1% gelatin was introduced, the tap density increased
as the jet flow rate increased. When 2% and 3% of gelatin were applied, the tap density
decreased as the jet flow rate rose.

The morphology of the silver particles changed from spherical to dendritic as more
gelatin was added, and the specific surface area gradually expanded, as illustrated in
Figure 8c. As the particular surface area increased, the surface activity of silver powder in-
creased. The maximum specific surface area of the produced silver particles was 1.43 m2/g
when the gelatin content was 2%. When 1% gelatin was added, the specific surface area
of the silver powder particles gradually reduced with an increasing flow rate, although
the difference was not considerable. Alternatively, the specific surface area of the silver
powder particles gradually increased at 2% and 3% of added gelatin.

4. Conclusions

(1) The outcomes of this study demonstrate that under specific circumstances and within
a specific range, the Y-type microjet reactor may be utilized to regulate silver particles’
morphology and particle size.

(2) By changing the experimental conditions, spherical and dendritic silver particles
can be obtained using a Y-type microjet reactor. When the microjet flow rate was
75 mL/min, and the gelatin content was 1% of the AgNO3 mass, the ultrafine spherical
silver powder with a particle size of 4.84 µm and a tap density of 5.22 g/cm3 could be
synthesized using the microreactor at room temperature.

(3) Compared to conventional stirred reactors, the Y-type microjet reactor can quickly
and efficiently mix reactant solutions, and the process is controllable. This reactor,
unlike other microchemical reactors, does not have synthetic product deposition or
channel blockage problems. The controlled synthesis of silver nanoparticles offers a
potential future application for the microjet reactor.
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Abstract: In this paper, micro-size spherical silver particles were prepared by using a wet-chemical
reduction method. The silver particles were characterized by scanning electron microscopy (SEM),
X-ray diffraction (XRD) and a laser particle-size analyzer. The results indicate that different types
and the content of surfactants can be used to prevent the accumulation, and control the morphology
and particle size distribution, of silver particles. Moreover, the morphology of silver particles was
changed from polyhedral to spherical when the pH was raised from 1 to 3. Under the optimal
synthesis conditions (0.1 mol/L silver nitrate, 0.06 mol/L ascorbic acid, gelatin (5% by weight of
silver nitrate), pH = 1), the micro-size spherical silver particles with diameter of 5–8 µm were obtained.
In addition, the resistivity of conductive silver paste that prepared with the as-synthesized spherical
silver particles was discussed in detail and the average resistivity of the conductive silver paste was
3.57 × 10−5 Ω·cm after sintering at 140 ◦C for 30 min.

Keywords: spherical silver particle; micro-size; monodispersed; resistivity

1. Introduction

With the rapid development of the electronic components industry, conductive silver
paste is widely used in liquid crystal display (LCD), SMD light-emitting diodes (LED),
integrated circuit (IC) chips, printed circuit board assemblies (PCBA), ceramic capacitors,
membrane switches, smart cards, RF identification and other electronic components because
of its excellent electrical conductivity, adhesion, solderability, bending resistance and simple
process, precise wiring and easy cost control [1–5]. Metallic silver powder is the main
component of conductive silver paste. Its conductive properties mainly rely on silver
powder. The content of silver powder in the paste directly affects the conductive properties.
Generally, micron-size silver powder has a lower surface resistance, and when applied to
silver paste, it has higher vibrancy density and lower cost than nano silver powder [6].

Many methods have been developed for the preparation of silver particles, such as the
direct current arc plasma method, spray thermal decomposition method, thermal decompo-
sition method, electrolysis method, ultrasonic chemical method, precipitation conversion
method, microemulsion method, mechanical ball grinding method and so on [7–10]. The
wet-chemical reduction method has become the primary method for preparing silver parti-
cles because of its advantages such as ease of operation, low cost and energy-saving [11]. By
optimizing the synthesis conditions, such as controlling the strength of solution, chemical
properties of stabilizer, stirring method, stirring speed, reaction temperature, solution
pH value and other process parameters, the morphological characteristics and related
properties of particles can be adjusted [12–17].

212



Materials 2023, 16, 1733

Qin et al. [18] synthesized quasi-spherical silver nanoparticles with ascorbic acid as
reductant and citrate as stabilizer in 30 ◦C water bath. Spherical silver particles with sizes
of 30–72 nm were successfully obtained by changing the pH value of the reaction system.
An et al. [19] has proposed a new wet chemistry method for the large-scale preparation
of ultra-fine homogeneous spherical silver powder with ascorbic acid as reductant and
citrate as stabilizer. It was found that the reaction temperature has an important effect on
the particle size. The mean diameter of the particles decreased from 3.5 µm to 1.6 µm as
the reaction temperature increased from 8 to 15 ◦C. Xie et al. [20] used PVP as dispersant,
ascorbic acid as reductant and AgNO3 as silver source to prepare highly dispersed silver
micro/nanoparticles. It was found that PVP/AgNO3 mass ratio could significantly alter
the particle shape and size, while pH and temperature were the main factors influencing
the particle size. A possible mechanism for the preparation of highly dispersed silver
nanoparticles for shape-controlled synthesis is that PVP is applied to the surface of the
particles to make them grow evenly on each surface. At 40 ◦C, PVP/AgNO3 mass ratio of
0.6 and pH of 7, the mean particle size of silver powder is 0.2 µm. Tan et al. [21] studied
the effect of silver ion concentration on the particle size and morphology of ultrafine silver
powder and found that the particle size of silver powder increased with the increasing of
silver ion concentration. Still, there was no significant change in the morphology of silver
powder as the concentration of silver ions increased. This is because the increase of silver
ion concentration accelerates the reduction reaction rate, and there is enough silver ion in
the system to grow crystal nuclei. Hence, the silver powder particle size is large.

Generally speaking, the electrical conductivity of silver particles can be adjusted by
controlling the size, shape, particle size distribution and crystallinity [22]. The regular
particle shape and uniform particle size distribution are conducive to the closer filling of
silver powder particles in conductive silver paste, so as to form more conductive pathways
and improve electrical conductivity. Therefore, studying the preparation and application
of micron silver particles is of great significance. In this paper, we present a method for
preparing micro-size spherical silver particles. Silver nitrate was used as the silver source
and ascorbic acid was used as reducing agent. The influence of different dispersants, the
solution pH and the stirring speed on the shape and size of the spherical silver particles were
investigated. The effects of sintering temperature and sintering time on the conductivity of
the silver paste are discussed.

2. Materials and Methods
2.1. Materials

All materials used in this study are shown in Table 1, and ultrapure water was used in
all of the experimental processes.

Table 1. Materials used in this study.

Materials Chemical Formula Specification

Silver nitrate AgNO3 ≥99.8%
Ascorbic acid C6H8O6 ≥99.7%

Nitric acid HNO3 98%
Absolute ethanol C2H6O 95%

Gelatin — Industrial-grade
Stearic acid C18H36O2 Analytical Reagent

succinic acid C4H6O4 Analytical Reagent
glutaric acid C5H8O4 Analytical Reagent

2.2. Preparation of Silver Particles

Figure 1 shows the experimental device for the synthesis of spherical silver particles.
The two reactant solutions were prepared as follows: 0.1 mol/L silver nitrate solution
was prepared by dissolving 1.7 g silver nitrate in 100 mL ultrapure water, and the pH was
adjusted by nitric acid, then stirred to obtain solution 1. The 0.06 mol/L ascorbic acid
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solution was prepared by dissolved 1.056 g ascorbic acid in 100 mL ultrapure water, then
0.085 g of surfactant (5% by weight of silver nitrate) was added to the solution and stirred
evenly to obtain reduction solution 2.
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Figure 1. Experimental device for silver particle synthesis.

Figure 2 shows the synthetic process and conditions for preparation of monodispersed
silver particles. Solution 2 was quickly added to solution 1 and the mixed solution was
stirred at 25 ◦C (±3 ◦C) for 30 min. After the stirring was stopped, the solution was
precipitated layer by layer. The reacted solution was filtered, the precipitate was washed
with ultrapure water and then the precipitate was dried to obtain silver powder.
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2.3. Characterization

The surface morphologies of the silver particles were detected using a scanning
electron microscope (SEM, JSM-6610A, Tokyo, Japan) operating at an acceleration voltage
of 20 kV. The crystal structure of the silver particles was described by X-ray diffraction
(XRD, XPert Powder, the Netherlands) with a scanning speed of 8◦ min−1 from 10 to 90◦.
The particle size distribution of silver powders was detected by a laser particle sizer (Rise-
2002, Jinan). The amount of organic residue on the silver particle surface was measured by
thermogravimetric analysis (TG, Mettler TGA2, Bern, Switzerland) and temperature rate of
30 to 800 ◦C using a flow rate of gas is 20 ◦C/min.

The conductive silver paste was prepared by mixing 0.8 g synthesized silver sam-
ple and 0.2 g organic carrier evenly in the agate. Subsequently, the prepared paste was
uniformly printed on a polyethylene terephthalate (PET) substrate with screen-printing
mesh, to form different shapes of conductive films (100 mm × 10 mm, 1500 mm × 0.3 mm
and 1500 mm × 0.4 mm). Then the conductive film was sintered at different temperatures
(100–180 ◦C) and times (5–45 min), and the resistivity of the sintered film was measured by
a four-probe instrument.

The calculation formula of the resistivity is:

ρ = RS/L (1)

where ρ (Ω·cm), R (Ω), S (cm2) and L (cm) represent the resistivity, surface resistance,
cross-sectional area and length of the cured silver paste.

3. Results and Discussion
3.1. Characterization of the Synthetic Silver Particles

The XRD spectrum of the particles prepared with different dispersants is exhibited in
Figure 3. The diffraction peaks have five characteristics, corresponding to the crystal faces
of (111), (200), (220), (311) and (222) of face-centered cubic silver, which are consistent with
the pattern of standard crystal silver card (JCPDS#04-0783). It means that the prepared
sample is metallic silver. It shows that the use of different dispersants does not affect the
composition of silver powder. The intensity of the peaks reflects the high crystallinity of the
silver nanoparticles, and it can be seen from Figure 3 that the silver powder prepared with
gelatin as dispersant has the highest crystallinity, so gelatin was used as the dispersant in
this experiment.
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To study the thermal stability, thermogravimetric analysis was carried out. The thermal
analysis of the silver powder (TGA curve) is shown in Figure 4. It shows that the curve
drops sharply between 130 ◦C and 250 ◦C, which may be due to the volatilization of solvent
in the silver powder. The weight loss of the whole sample was only 0.73%, indicating that
there was little organic material in the silver nanoparticles.
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3.2. Effects of Experimental Condition on Morphology and Particle Size of Silver Particles
3.2.1. Effect of Dispersant

Using the reaction solution (1) and (2), when 4 g of nitric acid were added, the silver
nitrate was stirred at 100 rpm in the beaker and amounts of different dispersants were
5% by weight of silver nitrate (other conditions correspond to the description of the test
procedure in Section 2.2). The reaction was performed by adding the solution 2-dropwise
to the solution 1 in 2 min. Silver powders made by different dispersants were characterized
by SEM, as shown in Figure 5.
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Figure 5. SEM images of silver particles prepared with different dispersants: (a) gelatin; (b) stearic
acid; (c) succinic acid; (d) glutaric acid. Size distribution of silver particles prepared with different
dispersants: (a-1) gelatin; (b-1) stearic acid; (c-1) succinic acid.

As can be seen from Figure 5, different dispersants have a great influence on the
shape of silver powder, and the particle size distribution of silver powder formed by
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four dispersants is relatively concentrated. As illustrated in Figure 5a–d, when gelatin is
used as dispersing agent, silver powder is a high-crystal spheroid with smooth crystal
surface and good dispersion. The mean particle size is 5 to 8 µm, but when stearic acid,
succinic acid and glutaric acid are used as dispersants, the results show that they are
spherical in shape and appear to be highly agglomerating. It is obvious that the silver
powder prepared with gelatin as a dispersant has better monodispersity than other silver
powders, and the particle surface smoothness is higher. Sannohe et al. [23] also found
that the polymer compound structure has an important role for silver with monodisperse
particles due to the adsorption of polymer compounds on the surface of the growing
silver particles.

The relationship between the D50 of the silver powder and the dispersant is given
in Figure 6. From the results of Figures 5 and 6, it can be seen that the trend of particle
size distribution of silver powder is consistent with the SEM results. Therefore, the dis-
persant is a key factor affecting the appearance and particle size of silver powder, and the
selection of suitable dispersant is very important for the synthesis of micron-size spherical
silver powder.
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3.2.2. Effect of pH Values

According to the results in Section 3.2.1, the influence of different pH values on the
shapes and particle size distribution of the spherical silver powders were studied. The pH
of the silver nitrate solution was adjusted to 1.0, 2.0 and 3.0 by adding different amounts
of nitric acid to solution 1. The reaction was performed in a dropwise manner with the
addition of solution 2 in solution 1 for 2 min, and the other conditions correspond to
the description of the test procedure in Section 2.2. The SEM image and particle size
distribution of the spherical silver powder are shown in Figure 7.
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From Figure 7, with the increase of pH from 1.0 to 3.0, the shape of silver particles is
changed from polyhedral to partially spherical, and the mean diameter of silver particles is
reduced. A possible reason is that the growth of silver powder is affected by the solution’s
pH value, which directly affects the ionization degree of ascorbic acid in it. This results in
different driving forces for the reduction of silver powder.

The half-reaction of ascorbic acid is C6H6O6 + 2H + +2e = C6H8O6. The reduction
electrode potential of C6H8O6 can be calculated by the following equation: E = E0 − 0.059
pH [24]. Therefore, the reducing ability of ascorbic acid can be adjusted by changing the
pH value, and the reducing ability of ascorbic acid increases with the increase of pH value.
When the pH value is low, the reduced ability of C6H8O6 is relatively low, and only a tiny
amount of silver nuclei is generated in the solution. The silver nuclei formed grow in a
specific crystal direction, leading to the formation of polyhedron structure [25–27]. With
the increase of solution pH value, the reduced ability of C6H8O6 solution increases, and
more silver nuclei will be formed. The increase in the number of silver nuclei will limit the
growth of crystal nuclei, leading to the reduction of silver particle size.

3.2.3. Effect of Stirring Speed

The effect of stirring speed on particle shapes and particle size distribution of spherical
silver powders was investigated. The pH of solution 1 was adjusted to 1 and solution 2
was protected with 5% gelatin by weight of silver nitrate. Solution 2 was added dropwise
to solution 1 for reaction, and the speed of the reaction solution was adjusted to 50 rpm,
100 rpm, and 200 rpm, the other conditions correspond to the description of the test
procedure in Section 2.2.

The SEM images and the particle size distribution of the spherical silver powder
at different stirring speeds were presented in Figure 8. From the SEM images a to c, it
can be seen that the stirring speed significantly influences the shape of the silver powder.
As illustrated in Figure 8, when the stirring speed was 50 rpm, the silver powder was
polyhedral and spherical, and its surface was smooth. When the speed of stirring was
increased to 100 rpm, there were obvious large and small particles, and the distribution
of silver particles was uneven. This may be caused by the agglomerative growth of small
particles. In addition, when the stirring speed was increased to 200 rpm, the smaller
particles gradually disappeared, and the particle size distribution of the silver particles
became more uniform. In this case, the particle size distribution of the silver particles
became wider, and the dispersibility became lower. This is probably due to the partial
destruction of the interaction between the dispersing agent and the silver particles, which
results in the formation of new aggregates at high stirring speed.
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3.3. Possible Formation Mechanism of Spherical Silver Particles

This study used nitric acid as a pH regulator and gelatin as a stabilizer and dispersant.
The results show that the type of dispersant, solution pH and stirring speed play an essen-
tial role in the formation and growth of silver particles, which may affect the morphology
or distribution of silver particles. Figure 9 shows the mechanism of the growth process of
spherical silver particles. Firstly, some Ag+ nucleates on the surface of polyhedral spherical
silver particles grow and penetrate polyhedral, spherical silver particles under the action of
diffusion. However, the rest of the Ag+ nucleates uniformly and contacts the first nucleated
silver particles to form aggregates. By aggregate growth, the primary particles will further
grow into secondary particles [28]. Due to the adsorption of gelatin on the surface of
silver particles, the long chain structure of the gelatin can provide a good space constraint,
thereby preventing the aggregation of silver particles and the formation of secondary parti-
cles [29]. Consequently, the silver particles are well dispersed, and it is possible to control
particle size.
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Figure 9. A schematic illustration of the proposed growth process of spherical micrometer
silver particles.

3.4. Resistivity of Silver Paste

The silver particles used in the preparation of conductive silver paste were carried
out under the following conditions: silver nitrate 0.1 mol/L, ascorbic acid 0.06 mol/L,
the content of gelatin was 5% by weight of silver nitrate, and pH = 1.0, and the speed of
the reaction solution was adjusted to 50 rpm. The conductive silver paste was prepared
according to the description of the test process in 2.3 and printed on polyethylene tereph-
thalate (PET) substrate to form different shapes of conductive films (100 mm × 10 mm,
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1500 mm × 0.3 mm and 1500 mm × 0.4 mm). The screen-printing mesh was shown in
Figure 10a, and the printed conductive films were shown in Figure 10b.
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Measure the thickness of the conductive film using a micrometer (thickness of the
conductive film printed on the PET substrate minus the thickness of the PET substrate).
Using the resistance value measured by the four probes and the thickness information
measured by the micrometer, the resistivity of the conductive film can be calculated. The
thickness of five different points is measured on a conductive film pattern, the average of
which is used to calculate resistivity. The average resistivity of three different conductive
film patterns is shown in Table 2. The average resistivity of the three conductive films was
calculated according to Equation (1) in Section 2.3, and the results are shown in Figure 11.
The error bar in Figure 11 was based on the standard.

Table 2. The average resistivity of three different conductive film patterns.

Notations Length (mm) Width (mm) Thickness
(µm)

Resistance
(Ω)

Resistivity
(Ω·cm)

Line 1 100 10 6.7 5.42 3.63 × 10−5

Line 2 1500 0.3 6.3 2777.78 3.58 × 10−5

Line 3 1500 0.4 5.6 2 343.75 3.50 × 10−5

Materials 2023, 16, x FOR PEER REVIEW 10 of 12 
 

 

sintering at 140 °C for 5 min. When the sintering time increased to 30 min, the resistivity 

dropped a little to 3.57 × 10−5 Ω·cm, and when the sintering time was increased to 35–45 

min, the average resistivity dropped slowly from 3.47 × 10−5 Ω·cm to 3.44 × 10−5 Ω·cm. The 

possible reason is due to the silver film being almost sintered completely when sintered 

at 140 °C for 5 min and could not be further reduced substantially by prolonging the sin-

tering time. 

It had been reported that a silver paste consisting of 80 wt.% Ag nanoparticles, 1.0 

wt.% lead-free glass material and 19 wt.% organic carrier have a volume resistivity of 4.11 

× 10−6 Ω·cm after sintering at temperatures ranging from 250 °C to 450 °C [32]. However, 

the conductive silver paste we studied has a lower sintering temperature (140 °C). 

 

Figure 11. The average resistivity of conductive films: (a) Resistivity versus sintering temperature 

(b) Resistivity versus sintering time. 

4. Conclusions 

A simple, efficient and fast method for the preparation of micron-size spherical silver 

powder was presented in this paper. Silver nitrate as precursor, gelatin as dispersant and 

ascorbic acid as reducing agent were used to produce silver powder with an average par-

ticle size of 5~8 μm. The results indicate that the type of dispersant, the pH value of the 

solution and the stirring speed have significant effects on the powder’s morphology and 

particle size distribution of silver powder. The conductive silver paste produced by the 

prepared micron-size spherical silver powder has an excellent electrical conductivity of 

3.57 × 10−5 Ω·cm after sintering at 140 °C for 30 min, which indicates that the prepared 

micron-size spherical silver powders can be used as a conductive silver paste. 

Author Contributions: N.L.: writing—original draft preparation, conceptualization, methodology, 

and investigation; X.W.: visualization, Supervision; Y.N.: resources, Validation; Y.G.: supervision 

and writing—review and editing; J.L.: formal analysis, supervision and writing—review and edit-

ing; G.C.: visualization and funding acquisition; S.J.: investigation, validation, and funding acquisi-

tion. All authors have read and agreed to the published version of the manuscript. 

Funding: This work was financially supported by the National Natural Science Foundation of China 

(No. 51964032).  

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data presented in this study are available in the article. 

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

Figure 11. The average resistivity of conductive films: (a) Resistivity versus sintering temperature
(b) Resistivity versus sintering time.

220



Materials 2023, 16, 1733

The sintering process of the conductive silver paste has an extremely important impact
on its conductivity. The proper sintering temperature and sintering time are conducive
to the formation of a low resistivity conductive silver film [30,31]. Figure 11a shows the
average resistivity of the three conductive films versus different temperatures (100–180 ◦C)
for 10 min. It can be clearly seen that the resistivity decreased slowly with the increas-
ing of sintering temperature. When the temperature is 100 ◦C, the average resistivity is
7.40 × 10−5 Ω·cm. Increased the sintering temperature to 140 ◦C, the average resistivity
drops to 3.57 × 10−5 Ω·cm. However, with the sintering temperature increased to 140–
180 ◦C, the average resistivity changes slowly from 3.57 × 10−5 Ω·cm to 3.11 × 10−5 Ω·cm.
This is mainly because most of the solvent in the silver film has evaporated and the silver
particles were effectively connected with the shrinkage of the film. Only a small por-
tion of the solvent is volatilized by subsequent reheating, which has little effect on the
electrical properties.

Figure 11b shows the average resistivity of the three conductive films versus different
sintering times (5–45 min) at 140 ◦C. It shows that the average resistivity changed little
with the increased sintering time, and the average resistivity is 3.88 × 10−5 Ω·cm after
sintering at 140 ◦C for 5 min. When the sintering time increased to 30 min, the resistivity
dropped a little to 3.57 × 10−5 Ω·cm, and when the sintering time was increased to 35–45
min, the average resistivity dropped slowly from 3.47 × 10−5 Ω·cm to 3.44 × 10−5 Ω·cm.
The possible reason is due to the silver film being almost sintered completely when sintered
at 140 ◦C for 5 min and could not be further reduced substantially by prolonging the
sintering time.

It had been reported that a silver paste consisting of 80 wt.% Ag nanoparticles,
1.0 wt.% lead-free glass material and 19 wt.% organic carrier have a volume resistivity
of 4.11 × 10−6 Ω·cm after sintering at temperatures ranging from 250 ◦C to 450 ◦C [32].
However, the conductive silver paste we studied has a lower sintering temperature (140 ◦C).

4. Conclusions

A simple, efficient and fast method for the preparation of micron-size spherical silver
powder was presented in this paper. Silver nitrate as precursor, gelatin as dispersant
and ascorbic acid as reducing agent were used to produce silver powder with an average
particle size of 5~8 µm. The results indicate that the type of dispersant, the pH value of
the solution and the stirring speed have significant effects on the powder’s morphology
and particle size distribution of silver powder. The conductive silver paste produced by
the prepared micron-size spherical silver powder has an excellent electrical conductivity of
3.57 × 10−5 Ω·cm after sintering at 140 ◦C for 30 min, which indicates that the prepared
micron-size spherical silver powders can be used as a conductive silver paste.
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Abstract: In this paper, a pelletizing method has been researched to enhance the subsequent iron-
making process applying Guisha limonite, with advantages including large reserves and low price.
The purpose is to provide an alternative for the sinter, thus reducing the greenhouse gas emission
during the iron-making process. The response surface method is used to optimize the experimental
design of the pelleting process. A multivariate regression model for estimating the compressive
strength of pellets was developed using Box–Behnken experimental methodology, where the relevant
factors were the roasting temperature, pellet diameter, and bentonite content. The maximum influenc-
ing factors of each experimental design response are determined using analysis of variance (ANOVA).
Under optimum conditions, the compressive strength of pure limonite pellets is 2705 N, similar to the
response goal value of 2570.3 N, with a relative error of 5.20%. Since the high-grade iron ore resources
are depleted, the comprehensive utilization of ore resources is becoming increasingly important. The
aim of this paper was to provide a valuable technical foundation for lignite pellet-roasting processes
in the iron and steel industries, since steel companies is increasing its imports of Guisha limonite.

Keywords: bentonite; pellet ore; pure limonite; response surface; DOE

1. Introduction

The iron and steel industry is one of the significant contributors to CO2 emissions and
faces the challenge of a deficiency in high-grade ores. Sintering is an important preprocess
before iron making in the blast furnace. However, the sintering process has a long flow,
with enormous greenhouse gas emissions and high energy consumption [1–3]. Pellets
can improve the breathability in the blast furnace, which increases the reduction process’s
efficiency and reduces greenhouse gas emissions. Additionally, the application of pellets
can increase the tolerance of low-grade ores and thus is noticed as a cost-saving technique
compared to the application of sinter [4–6].

Guisha limonite is mainly produced in Laojie Province as a typical lean ore, with abun-
dant reserves and affordable pricing. Guisha limonite (2Fe2O3·H2O) is a kind of hydrous
iron oxide ore after weathering and has low iron content. Although significant progress
was made in applying Guisha limonite in sinter production, research on the production of
Guisha limonite pellets is still quite limited [7]. Because of the low sintering strength and
high reduction pulverization rate of Guisha limonite, it is not easy to further improve the
sintering process with Guisha limonite as raw material. To solve this problem, industries in
various countries have increased the development and utilization of limonite pellets. With
increased Guisha limonite imports in iron and steel companies, research on Guisha limonite
pellets has become a hot topic recently. The consolidation mechanism of Guisha limonite
can be generally divided into three steps: (1) Fe2O3 grain development, (2) expansion of
the grain, and (3) interconnection of the grains into a complete consolidation, which is
commonly referred to as solid-phase consolidation. Many experiments have revealed that
Fe2O3 crystallization is a process that progresses from primary crystals to developed crys-
tals and finally to interconnected crystals, with primary crystals typically forming at about
1150–1200 ◦C. At 1220–1250 ◦C, developed crystals form; above 1280 ◦C, interconnected
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crystals form [8–10]. The crystallization process is critical to the compressive strength of
pellets [11]. As limonite is a highly crystalline water ore, the desorption of crystalline water
occurs at 200–500 ◦C, which increases the internal stress of the pellets and causes pellet
blast [12,13]. At the same time, during the hardening process of the pellets, the crystal
water converts into steam under high temperature, escaping from the pellets, resulting
in the generation of cracks and pores. As a result, the process reduces the compressive
strength of the pellets. The motivation behind this study was to optimize the roasting
conditions of low-grade limonite to produce pellets with high-quality characteristics. The
results may provide suggestions for the utilization of limonite.

In the past, research on the compressive strength of pellets mostly used single-factor
analysis or orthogonal testing to qualitatively describe the impact factor of each parameter.
However, the influences of the interaction of various aspects have not been considered [14].
The predictability is poor because the number of trials is small [15,16]. The response
surface methodology is utilized in this paper to optimize the experimental design of the
preparation of limonite pellets [17–19]. The experimental factors affecting the strength of
limonite pellets were studied systematically. The optimal roasting process was obtained,
including the bentonite content, roasting temperature, and pellet diameter, which improved
pellet thermal burst temperature, compressive strength, and so on [20,21]. The attainment
of complete resource utilization and pollutant emission reduction is projected to provide a
valuable technical foundation for the roasting process of limonite pellets in the iron and
steel industries.

2. Materials and Methods

A ball mill was used to grind Guisha limonite for 72 h prior to this experiment, and
an automatic screening machine was used to complete the screening. We used 200-mesh
Guisha limonite powder (200 g) and combined it with bentonite in a specific proportion
(0.8wt%, 1.0wt%, 1.2wt%, 1.4wt%, 1.6wt% of the mineral powder’s mass). Distilled water
(3.0wt%) was added equally to the mineral powder for wetting. Distilled water (7.0wt%)
was sprayed to produce pellets with a diameter of 11–15 mm. The pellets were dried for 1 h
in a drying oven at 110 ◦C to eliminate moisture and volatiles for subsequent use. Figure 1
depicts the experimental procedure, where the experiment was carried out in 75 groups.
The details of the experimental design are shown in Table 1. During the experiments,
20 pellets from each group were placed in corundum crucibles and subsequently placed
in a resistance furnace for calcination in an air atmosphere. After natural cooling of the
samples in air, we tested the compressive strength of the pellets according to GB/T14201-93,
namely “Determination of Compressive Strength of Iron Ore Pellets” [14]. The change in
appearance of the pellet samples during the roasting process is shown in Figure 2.
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Table 1. Experimental design.

Factor Variable
Level

1 2 3 4 5

Roasting temperature/°C A 1100 1150 1200 1250 1300
Pellet diameter/mm B 9 10 11 12 13
Bentonite content/% C 0.8 1.0 1.2 1.4 1.6

Materials 2022, 15, 8845  3  of  20 
 

 

 

Figure 1. Limonite pellet‐roasting process. 

 

Figure 2. Different sizes of green pellets and roasted pellets. 

3. Results and Discussion 

3.1. Experimental Materials 

The Guisha limonite utilized in this experiment has a rough surface, a loose and po‐

rous structure, and small crystals. It is a typical highly crystalline ferrihydrite with a mor‐

phology resembling seafloor coral and a typical limonite crystalline condition. This largely 

determines that it has the characteristics of high porosity, strong water absorption, high 

wetting  capacity,  and  easy melting. An  SEM  image of  limonite  is  shown  in Figure  3. 

Guisha limonite has 54.67% total iron concentration, making it a relatively low‐grade min‐

eral. The mass  fraction of SiO2 sourced  from gangue  is 4.04%.  It has a  large variety of 

impurities, but the amount is minimal, and 14.82% of it is total moisture content. The dif‐

ferent wettability of the raw materials mainly causes the difference in the growth of green 

pellets. When the raw material has good wettability, the water will form a film that ad‐

heres tightly to the pellet’s surface. After colliding with another pellet, a liquid bridge is 

formed, and the two pellets start to bond under the action of surface tension, which pro‐

motes growth. It can be found from the SEM image that the limonite particles of Guisha 

limonite  sample  are  granular, with  a  rough  surface  and  loose  and  porous  structure. 

Guisha limonite has strong water absorption, and the wetting capacity of mineral powder 

is  large. This means  that  limonite  has  strong  surface  hydrophilicity  in  the  process  of 

pelletizing, forming a more liquid film, which tends to bond more iron ore particles, which 

is beneficial to the growth of pellets. The Guisha limonite samples used in this study were 

from A certain Iron and Steel company in Yunnan Province, the chemical composition of 

which is shown in Table 2. X‐ray diffraction was used to describe the material, and the 

limonite XRD pattern is displayed in Figure 4. The pattern revealed that FeOOH, which 

contains a significant amount of crystal water, is the primary mineral form of limonite. 

The bentonite selected in the experiment contains 85.97% montmorillonite, the montmo‐

rillonite content is high, and the physical and chemical properties of the bentonite are also 

good. The data are shown in Table 3. 

Figure 2. Different sizes of green pellets and roasted pellets.

3. Results and Discussion
3.1. Experimental Materials

The Guisha limonite utilized in this experiment has a rough surface, a loose and
porous structure, and small crystals. It is a typical highly crystalline ferrihydrite with a
morphology resembling seafloor coral and a typical limonite crystalline condition. This
largely determines that it has the characteristics of high porosity, strong water absorption,
high wetting capacity, and easy melting. An SEM image of limonite is shown in Figure 3.
Guisha limonite has 54.67% total iron concentration, making it a relatively low-grade
mineral. The mass fraction of SiO2 sourced from gangue is 4.04%. It has a large variety
of impurities, but the amount is minimal, and 14.82% of it is total moisture content. The
different wettability of the raw materials mainly causes the difference in the growth of
green pellets. When the raw material has good wettability, the water will form a film that
adheres tightly to the pellet’s surface. After colliding with another pellet, a liquid bridge
is formed, and the two pellets start to bond under the action of surface tension, which
promotes growth. It can be found from the SEM image that the limonite particles of Guisha
limonite sample are granular, with a rough surface and loose and porous structure. Guisha
limonite has strong water absorption, and the wetting capacity of mineral powder is large.
This means that limonite has strong surface hydrophilicity in the process of pelletizing,
forming a more liquid film, which tends to bond more iron ore particles, which is beneficial
to the growth of pellets. The Guisha limonite samples used in this study were from A
certain Iron and Steel company in Yunnan Province, the chemical composition of which
is shown in Table 2. X-ray diffraction was used to describe the material, and the limonite
XRD pattern is displayed in Figure 4. The pattern revealed that FeOOH, which contains a
significant amount of crystal water, is the primary mineral form of limonite. The bentonite
selected in the experiment contains 85.97% montmorillonite, the montmorillonite content is
high, and the physical and chemical properties of the bentonite are also good. The data are
shown in Table 3.
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Table 2. Iron ore chemical composition.

w(TFe) w(FeO) w(SiO2) w(S) w(MnO) w(TiO2) w(Pb) w(Zn) w(K2O) w(Na2O) w(Cu) w(V2O5) Burning Loss

54.67 0.29 4.04 0.048 3.47 0.27 0.009 0.018 0.095 0.001 0.009 0.040 14.82
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Figure 4. XRD pattern of Guisha limonite.

Table 3. The chemical composition of bentonite used in the experiment.

Moisture/% Colloid Index/(%· (3g)−1) Swelling
Capacity/(mL·g−1) Water Absorption/% Methylene Blue

Index/(g·(100g)−1)
Montmorillonite
Mass Fraction/%

9.38 20.0 34.5 408 38.0 85.97

Crystal water desorption is a critical step in the limonite roasting process, primarily
affected by oxidized pellets’ quality. The adsorbed water and crystal water of Guisha
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limonite will be lost during the roasting process as the material temperature rises. Figure 5
depicts the thermal–thermogravimetric (TG-DTA) curve of Guisha limonite samples, show-
ing that the limonite has a noticeable weight loss before 220 ◦C and the initial weight loss is
3.33%. The weight loss of the sample is primarily caused by the loss of primarily surface
moisture when the temperature is less than 220 ◦C, based on thermodynamics. When the
temperature rises above 220 ◦C, the crystal water in the minerals begins to evaporate. When
the temperature was raised to 220 ◦C, the limonite decomposed violently, resulting in an
endothermic peak in the DTA curve, as shown in Equation (1).

nFe2O3·mH2O→ nγ-Fe2O3 + mH2O (1)
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At this stage, only the conversion of nFe2O3·mH2O to γ-Fe2O3 takes place; no lattice
transformation occurs. However, γ-Fe2O3 is not stable. When the temperature exceeds
330 ◦C, the breakdown of limonite ceases. Since the γ-Fe2O3-phase is unstable, as shown in
Equation (2), the crystals will rearrange at high temperatures [22].

γ-Fe2O3 → α-Fe2O3 (2)

γ-Fe2O3 is converted into α-Fe2O3, and when the temperature is too high, part of
the cations directly diffuse into the second stage, i.e., nFe2O3·mH2O is transformed into
α-Fe2O3.The sample’s quality gradually deteriorated as the temperature rose, and the
crystal water left in the minerals was lost. When the temperature is elevated to 1300 ◦C,
the sample’s weight loss can exceed 13%. Figure 6 depicts the microstructure evolution of
limonite pellets at various temperatures. It is clear that as the temperature rises, the pores
on the surface of the pellets gradually expand due to the removal of crystal water.
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Figure 6. SEM of the evolution of limonite pellets at different temperatures: (a) 0 ◦C, (b) 200 ◦C,
(c) 800 ◦C, (d) 1250 ◦C.

3.2. Single-Factor Test
3.2.1. Influence of Roasting Temperature on Compressive Strength of Pellets

The diameter of pellets was controlled to be 9–13 ± 0.5mm, and the addition of
bentonite was 0.8wt%, 1.0wt%, 1.2wt%, 1.4wt%, and 1.6wt%. The experiments were carried
out in 25 groups to study the effect of roasting temperature on the compressive strength
of pellets, with 20 pellets for each group. Figure 7 depicts the experimental outcomes.
The normality test and linear analysis were carried out for 25 groups of experimental
data. The analysis results are shown in Figure 8. The effect of roasting temperature on
pellet compressive strength is substantial. When the temperature is between 1100 ◦C and
1250 ◦C, the compressive strength of pellets increases in a positive relationship with the
roasting temperature, and the strength is virtually the same between 1250 ◦C and 1300 ◦C.
As a result, the ideal roasting temperature for pure limonite pellets is around 1250 ◦C
1300 ◦C. This finding is because the strength of the pellets is mainly determined by the iron
ore’s oxidative recrystallization process. The volume of the pellets will alter during the
crystallization process. The higher the degree of crystallization, the faster the pellets expand
as the temperature rises. It generates fissures in the pellets, diminishing their strength, and
the effect on strength becomes more evident as the temperature rises.
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Figure 7. Effect of roasting temperature on the compressive strength of pellets.
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3.2.2. Influence of Roasting Temperature on Compressive Strength of Pellets

To investigate the influences of pellet diameter on compressive strength, the bentonite
addition amount was regulated at 0.8wt%, 1.0wt%, 1.2wt%, 1.4wt%, and 1.6wt%, and the
calcination temperature was 1250 ◦C. The experiments were carried out in 25 groups, with
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20 pellets for each group. Pellets with diameters ranging from 9 mm to 13 mm were used
for the compressive strength test. Figure 9 depicts the experimental findings. For 25 groups
of experimental data, the normality test and linear analysis were performed. Figure 10
illustrates the analysis results. The compressive strength of the pellets does not vary much
within a diameter range of 9–10 mm. It shows a growing tendency with the rise of the
pellet diameter within the diameter of 10–13 mm, and the range exceeds 1000 N. This
demonstrates that pellet diameter has a significant influence on pellet compressive strength.
However, if the pellet diameter is too large, the unit heat consumption will be excessive,
the oxidation will be insufficient, and the roasting and chilling time will be extended. As a
result, the ideal pellet diameter is around 13 mm.
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Figure 9. Effect of pellet diameter on the compressive strength of pellets.

3.2.3. Influence of Bentonite Addition on Compressive Strength of Pellets

The diameter of the pellets was controlled to be 9 mm, 10 mm, 11 mm, 12 mm, and
13 mm, and the calcination temperature was 1250 ◦C. The experiments were carried out
in 25 groups to study the effect of the additional amount of bentonite on the compressive
strength of the pellets, with 20 pellets for each group. The experimental results are shown
in Figure 11. Twenty-five groups of experimental data were examined using the normality
test and the linear analysis. Figure 12 displays the analysis findings. With the increased
bentonite content, the pellet strength increases and decreases. When the bentonite content
is below 1.2wt%, there is a positive correlation, and the effect is very significant; when the
bentonite content is between 1.2wt% and 1.6wt%, the strength gradually decreases with the
increase in bentonite content. It can be seen that the optimum addition amount of bentonite
is about 1.2wt%.
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Figure 11. Effect of bentonite content on pellet compressive strength.

The desorption of crystal water from limonite is the main reason for the decrease in
pellet strength [23–25]. To investigate the effect of bentonite on the desorption of crystal
water, limonite powders with bentonite contents of 0.5wt%, 1wt%, and 2wt% were taken
for differential thermal-thermogravimetric (TG-DTA) analysis. In an air atmosphere, the
thermogravimetric (TG) and differential thermal (DTA) curves are shown in Figures 13 and 14,
respectively. Based on the thermogravimetric curve (Figure 13), it was discovered that the
starting and ending temperatures of limonite crystal water desorption are basically the
same when different contents of bentonite are added. It shows that the addition of bentonite
has no significant effect on the desorption process of limonite crystal water. Analysis of the
differential heat (DTA) curve (Figure 14) shows that the endothermic peak intensities of
limonite at 200–400 ◦C are the same when the addition of bentonite is 0–2wt%. It shows that
the addition of bentonite has no significant effect on the endothermic or exothermic effect
of the desorption process of crystal water. Studies have demonstrated that the desorption
performance of crystal water depends only on the degree of its binding to the ore [26].
The function of bentonite is mainly reflected in increasing the nucleation rate, green ball
strength, and reducing the growth rate of green balls in ball making. It can be further
inferred that the effect of bentonite on the compressive strength of pellets is mainly achieved
by changing the pore structure.

3.3. Multifactorial Test
3.3.1. Response Surface Design

The experiment was designed with three factors and three levels. The effects of three
experimental parameters, including bentonite content, roasting temperature, and pellet
diameter, on the compressive strength (Y) of pure limonite pellets were investigated. The
strength of pure limonite was optimized to determine the best roasting process parameters
using the response surface design by the design method of the statistical software. The
factors and codes used in the experiment are shown in Table 4.
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Table 4. Experimental factors and coding.

Factor Variable
Level

−1 0 1

Roasting temperature/◦C A 1250 1300 1350
Pellet diameter/mm B 11 13 15
Bentonite content/% C 0.5 1.0 1.5

3.3.2. Response Surface Method Design Results

The Box–Behnken experimental design was carried out using Statistical methods, and
the experimental results are shown in Table 5. The quadratic model was used to perform
regression fitting on the experimental results in Table 5. The mathematical prediction model
of each influencing factor of the compressive strength of pure limonite pellets is established,
as shown in Equation (3).

Y = −242092 + 386.2A − 140B − 11256C − 0.1610A2 − 56.6B2 − 415C2 + 1.490AB + 11.31AC − 176.7BC (3)

Table 5. Experimental results.

Run

Factor

Predicted Value/N Actual Value/NRoasting Temperature/◦C
A

Pellet Diameter/mm
B

Bentonite Content/%
C

1 −1 0 −1 2111.05 2059.00
2 0 1 −1 2392.50 2560.00
3 −1 −1 0 1717.20 1881.00
4 0 −1 −1 1444.30 1476.00
5 0 1 1 2359.00 2424.00
6 0 0 0 2408.50 2452.00
7 0 −1 1 2117.60 2047.00
8 0 0 0 2408.50 2366.00
9 1 −1 0 1247.20 1319.00
10 1 0 −1 1373.55 1421.00
11 −1 1 0 2014.00 2039.00
12 0 0 0 2408.50 2553.00
13 1 1 0 2140.00 2073.00
14 −1 0 1 1865.45 1915.00
15 1 0 1 2258.95 2408.00

The statistical methods was used to perform variance analysis on the model, and the
results are shown in Table 6. The F value in an ANOVA analysis is the ratio of the mean
square between groups to the mean square within each group. The probability value under
the corresponding F value is denoted by the p value. The presence of a p value less than
0.05 implies that the model item significantly impacts compressive strength. When the
p value is less than 0.01, the factors substantially influence the compressive strength. It
can be seen from Table 4 that the p-value of this model is less than 0.01, indicating that the
selected experimental model fits well and has statistical significance. For the compressive
strength of pure limonite pellets, The p value of A is greater than 0.05, indicating that A has
no significant impact on compressive strength; the p value of B is less than 0.01, indicating
that B has a very significant effect on compressive strength; and the p value of C is less
than 0.05, indicating that C has a significant effect on compressive strength. Similarly, A2

has a tremendous impact on compressive strength in the square term, B2 has a significant
impact on compressive strength, and C2 has no major effect on compressive strength. In
the interaction term, the influence of AB and BC on compressive strength is negligible;
however, the influence of AC on compressive strength is substantial. Among them, for the
primary term of a single factor, the order of the influence of the three factors on compressive
strength is: pellet diameter > bentonite ratio > calcination temperature.
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Table 6. Variance analysis of the model.

Variable
Statistical Analysis

Sum of Squares df Mean Square F-Value p-Value

Model 2,251,335.15 9 250,148.35 13.26 0.0055
A 56,616.13 1 56,616.13 3.00 0.1438
B 703,891.12 1 703,891.12 37.31 0.0017
C 204,160.51 1 204,160.51 10.82 0.0217

AB 88,804.00 1 88,804.00 4.71 0.0822
AC 319,790.25 1 319,790.25 16.95 0.0092
BC 124,962.25 1 124,962.25 6.62 0.0498
A2 598,176.92 1 598,176.92 31.70 0.0024
B2 189,423.69 1 189,423.69 10.04 0.0249
C2 39,744.23 1 39,744.23 2.11 0.2064

Residual 94,341.25 5 18,868.25
Lack of Fit 76,819.25 3 25,606.42 2.92 0.2652
Pure Error 17,522.00 2 8761.00
Cor total 12,345,676.40 14

Figure 15 shows the normal distribution of residuals of the strength of pure limonite
pellets. Random scattering patterns that do not follow a specific shape near a straight line
indicate the high accuracy of regression modeling. The experimental points are approximately
a straight line, indicating that the experimental selection model can be used to predict the
experimental process within the normal range of the experimental residual distribution.
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Figure 15. Residual normal probability map.

The comparison between the expected and experimental values of the compressive
strength of pure limonite pellets is shown in Figure 16. The diagonal line in the figure
means that the expected and experimental values are equal. The dots distributed around
the slashes represent the predicted values relative to those experimentally obtained. It can
be seen from Figure 16 that the experimental and predicted values are basically on both
sides of this straight line, indicating that the experimental and predicted values have a high
degree of fit.
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3.3.3. Response Surface Method Optimization

A 3D response surface plot shows the effect of model parameters on compressive
strength. When the calcination temperature is 1300 ◦C, the response surface between the
pellet diameter, the bentonite content, and the pellet compressive strength is shown in
Figure 17a. It can be seen from the response surface in the figure that the experimental
range is that the diameter of the pellet is 11–15 mm, and the ratio of bentonite is 0.5–1.5wt%.
In the pellet diameter range of 11–13 mm, the compressive strength increases with the
increase in pellet diameter; when the pellet diameter increases to 15 mm, the compressive
strength decreases. In the bentonite ratio range of 0.5–1.3wt%, the compressive strength
increases with the increase of the bentonite ratio, and the effect is significant on compressive
strength. When the bentonite ratio is between 1.3wt% and 1.5wt%, the compressive strength
declines as the bentonite ratio increases, essentially consistent with the results of the single-
component experiment.

The response surface between the calcination temperature, the content of bentonite,
and the compressive strength of the pellet when the diameter of the pellet is 13 mm is shown
in Figure 18a. It can be seen from the curved surface in the figure that the experimental
range is the calcination temperature of 1250 ◦C–1350 ◦C, and the ratio of bentonite is
0.5–1.5wt%. In the calcination temperature of 1250 ◦C–1300 ◦C, the compressive strength
increases with the increase in calcination temperature. When the calcination temperature
is between 1300 ◦C and 1350 ◦C, the compressive strength decreases with the increase
in calcination temperature. In the bentonite ratio range of 0.5–1.3wt%, the compressive
strength increases with the increase in bentonite ratio. In the bentonite ratio range of
1.3–1.5wt%, the compressive strength decreases with the rise in bentonite ratio, consistent
with the univariate results.

The response surface between pellet diameter, calcination temperature, and compres-
sive strength of pellets when the bentonite content is 1wt% is shown in Figure 19a. It can
be seen from the figure that the investigation conditions are 11–15 mm in diameter and
1250–1350 ◦C in calcination temperature. When the diameter of the pellet is 11–13 mm,
with the increase in diameter, the compressive strength of the pellets is continuously im-
proved. When the diameter reaches 15 mm, the compressive strength of the pellets shows
a decreasing trend. When the investigated temperature is less than 1300 ◦C, the effect of
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temperature on activation energy is insignificant, and the impact on the improvement of
compressive strength is weakened. When the temperature is more than 1300 ◦C, the effect
of temperature on the compressive strength of the pellets is also insignificant, which is
consistent with the single-factor experimental results.
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sive strength: (a) 3D response surface plot, (b) optimal parameter contour plot.
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Figure 18. Response surface diagram between roasting temperature, bentonite content, and pellet
compressive strength: (a) 3D response surface plot, (b) optimal parameter contour plot.

Considering the interaction of three factors, the smallest ellipse is the highest point of
the response surface in the two-dimensional contour plots. This oval-shaped 2D contour
line indicates a significant interaction. Conversely, circular contour plots show weaker
interactions. In addition, the higher the strength level of a contour line, the more interaction
between the two factors. The contour lines of the optimum compressive strength process
parameters are shown in Figures 17b, 18b and 19b. The interaction effect between the two
independent variables can be easily understood from the figure. At the same time, the
optimal level can be precisely located.
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3.3.4. Response Surface Method Optimization

The experimental parameters were investigated (calcination temperature 1250–1350 ◦C,
pellet diameter 11–15 mm, bentonite content 0.5–1.5wt%), Comprehensive roasting temper-
ature, roasting time, bentonite content, and other conditions are selected from the optimal
experimental conditions optimized by the response surface software: The calcination tem-
perature is 1310.61 ◦C, the pellet diameter is 13.9495 mm, and the bentonite content is
1.32828%, Its predicted compressive strength is 2570.3 N/piece. According to this optimal
parameter condition, the pellet experiment is carried out again, and the experimental value
of compressive strength is 2705 N/piece, its value is within the 95% confidence interval,
and the relative error between the experimental value and the predicted value is only 5.2%,
indicating that the model strength is relatively reliable.

4. Conclusions

1. The compressive strength of pure limonite pellets can reach 2700 N, which can be
used in small blast furnaces and rotary hearth furnace processes.

2. Within the set factor range (calcination temperature 1250–1350 ◦C, bentonite content
0.5–1.5%, pellet diameter 11–15 mm), pellet diameter has the most significant influence
on the compressive strength of pure limonite pellets, followed by the bentonite content,
and the calcination temperature has no significant impact on the compressive strength
of the pellets.

3. The roasting process of pure limonite pellets was optimized by statistical methods.
Within the set factor range (calcination temperature 1250–1350 ◦C, bentonite content
0.5–1.5%, pellet diameter 11–15 mm), the optimized experimental conditions obtained
are: bentonite content 1.32828%, calcination temperature 1310.61 ◦C, pellet diameter
13.9495 mm. The predicted value of pellet compressive strength is 2570.3 N/piece,
and the experimentally verified value of pellet compressive strength is 2705 N/piece.

4. The content of bentonite does not affect the desorption process of limonite crystal water.
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Abstract: As an important secondary zinc resource, large-scale reserves of zinc oxide dust (ZOD)
from a wide range of sources is of high comprehensive recycling value. Therefore, an experimental
study on ultrasound-enhanced sulfuric acid leaching for zinc extraction from zinc oxide dust was
carried out to investigate the effects of various factors such as ultrasonic power, reaction time, sulfuric
acid concentration, and liquid–solid ratio on zinc leaching rate. The results show that the zinc
leaching rate under ultrasound reached 91.16% at a temperature of 25 ◦C, ultrasonic power 500 W,
sulfuric acid concentration 140 g/L, liquid–solid ratio 5:1, rotating speed 100 r/min, and leaching time
30 min. Compared with the conventional leaching method (leaching rate: 85.36%), the method under
ultrasound increased the zinc leaching rate by 5.8%. In a kinetic analysis of the ultrasound-enhanced
sulfuric acid leaching of zinc oxide dust, the initial apparent activation energy of the reaction was
6.90 kJ/mol, indicating that the ultrasound-enhanced leaching process was controlled by the mixed
solid product layers. Furthermore, the leached residue was characterized by XRD and SEM-EDS, and
the results show that, with ultrasonic waves, the encapsulated mineral particles were dissociated,
and the dissolution of ZnO was enhanced. Mostly, the zinc in leached residue existed in the forms of
ZnFe2O4, Zn2SiO4, and ZnS.

Keywords: zinc oxide dust (ZOD); ultrasound-enhanced leaching; zinc extraction

1. Introduction

As an extensive metallic element in the world, zinc is broadly used in various fields
such as the automobile, construction, shipbuilding, and aerospace industries as plated
zinc, zinc-based alloy, and zinc oxide, etc. Mostly, zinc ores are composed of zinc sulfide,
zinc oxide, or a mixture thereof. In recent years, zinc resources in China have generally
been characterized by less rich ores and more low-grade ores, fewer large mines, and
more small or medium mines which are difficult to exploit. At present, 70% of zinc in the
world comes from zinc ore resources, while the remaining 30% comes from secondary zinc
resources [1–4].

There are various sources of secondary zinc resources, e.g., hot galvanizing slag [5]
and zinc ash [6], smelting slag (mud) and zinc-containing dust produced by the copper,
lead, and zinc smelting industry [7–9], electric arc furnace (EAF) dust (mud) from the
iron and steel industry [10,11], zinc-loaded waste catalysts [12–14], waste zinc manganese
batteries [15], and circuit boards [16]. To date, more than 2 million tons of zinc have been
recovered from secondary zinc resources, and at the same time, the growth rate for the
recycling of zinc metals, alloys, and zinc compounds has been three times higher than that
for the production of original zinc, indicating that the recovery of secondary zinc resources
plays an important role in the recycling economy at present.
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Secondary zinc resources are from a wide range of sources [17–21]. For zinc oxide
dust from lead and zinc smelting, which is an important secondary zinc resource, the com-
position is complicated with many coexisting valuable metals and elementary impurities
due to the complex zinc hydrometallurgy process for leached residue. In addition to the
dissolution and leaching of ZnO in roasted ore as well as the hydrolysis and purification of
Fe3+ in leach solution for iron removal, with the addition of neutralizing agents such as zinc
calcine and lime milk, the changes in pH value and concentrations of some metal ions (e.g.,
Cu2+ > 800 mg/L) may be accompanied by the hydrolysis of copper, cadmium, cobalt, and
silicon. The complexity in the composition of slag from the zinc hydrometallurgy process
is related to the content of valuable metals and impurities in raw materials (e.g., Zn, Pb, Fe,
Cu, Cd, In, Co, Si, As, F, and Cl) and the technical control for the process, and thus, there
are often a lot of valuable metals and precious metals in neutral leached residue [22–26].

Mostly, zinc in the leached residue occurs in the forms of ZnO, ZnS, ZnFe2O4, and
ZnSiO4, and for the treatment of zinc-bearing leached residue, usually, a high-temperature
reduction volatilization method is used to recover the valuable metals in neutral leached
residue in the conventional zinc hydrometallurgy process (e.g., blast furnace smelting
and smoke furnace smelting, sulfation roasting, chlorination, sulfation roasting, and ro-
tary kiln roasting). The zinc content in zinc oxide dust produced by high-temperature
reduction volatilization may reach 60%, with ZnO as the main zinc phase. However, the
high-temperature volatilization process is accompanied by many reactions, in which the
polymers tend partially to encase the zinc oxide phase, and thus, the zinc leaching rate for
zinc oxide dust leaching by conventional acid method [27–29], alkali method [30,31], or
ammonia method [32–35] is low. According to Oustadakis et al. [27], the recovery of Zn
from EAFD can reach 80% with diluted sulfuric acid leaching. In this case, iron is partially
transferred into the solution, and iron leaching reaches 45%. Sethurajan et al. [28] have
examined the sulfuric acid leaching of the three different zinc plant leach residues (ZLR).
The results showed that a higher temperature and acid concentration are required to leach
the maximum Zn from the ZLRs for sulfates, oxides, and ferrite minerals. Fattahi et al. [29]
examined the reductive leaching of zinc, cobalt, and manganese from zinc plant residue
with dilute sulfuric acid and citric acid. The maximum Co, Mn, and Zn recoveries were
96.43%, 90.26%, and 64.12%, respectively. According to Ashtari et al. [30], 82.4% of the zinc
was recovered from the zinc plant residue by the conventional alkaline leaching under
NaOH concentration of 9 M, the temperature of 25 ◦C, time of 45 min, speed of 400 rpm,
and S/L ratio of 1/10. They also found that the unreacted core of ZnO particles can be
significantly improved by mechanochemical alkali leaching. Zhang et al. [31] proposed a
process of primary normal pressure leaching and secondary alkaline pressure leaching zinc
from EAF dust, 66.4%, and 88.7% Zn can be leached, respectively. The optimum conditions
were a temperature of 70 ◦C, NaOH concentration of 6 mol/L, L/S ratio of 20 mL/g, and a
reaction time of 2 h. Ma et al. [32] recovered zinc from blast furnace dust in the ammonia
leaching system containing different leaching agents: ammonium sulphate, ammonium
carbonate, ammonium citrate, and ammonia, from which 75.32%, 72.52%, 65.99%, and
31.92% Zn was recovered, respectively. The study found that Zn2SiO4, ZnS, and ZnFe2O4
did not leach into the ammonia system, which was one of the main causes of the lower zinc
extraction rate [33,34]. In addition, the leaching rate of zinc can be effectively improved by
microwave calcification pretreatment [9,35].

However, as a new unconventional metallurgical technology [36], ultrasonic metal-
lurgy has been widely used in the comprehensive recycling of valuable metals by many
researchers. The ultrasound-enhanced leaching process is mainly reflected in the cavitation
effect, mechanical effect, and thermal effect. Under the action of ultrasonic cavitation,
cavitation bubbles grow and rupture at a certain sound pressure, forming a local high
temperature and high pressure forward flow zone in a tiny space, which promotes the
leaching reaction. Under the mechanical action, through agitation and flow in the leaching
solution, the ultrasound stirs the liquid intensively, reduces the diffusion resistance, and
accelerates the mass and heat transfer to accelerate the diffusion and dissolution process of
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the medium, Through the thermal effect, the ultrasonic energy is continuously absorbed
by the medium and converted into heat energy, which further promotes the reaction.
Ultrasound-enhanced leaching provides a very special new physical environment for the
difficult or impossible reactions to realize under conventional conditions, and thus, to a
certain extent, the leaching conditions are improved, the reaction time is shortened, the
recovery rate of valuable metals is increased, and an efficient metallurgical process of
energy saving and environmental protection is realized [37–45]. Wang et al. [37] reported
enhanced zinc leaching kinetics from zinc residues augmented with ultrasound. Similarly,
Brunelli [38] reported an ultrasound-assisted leaching process for the recovery of zinc from
electric arc furnace (EAF) dust. The research results show that ultrasonic-assisted leaching
is a suitable technique to improve the dissolution of ZnFe2O4, which represents the main
obstacle during conventional leaching. In addition, based on the advantages of using
ultrasound in strengthening the leaching process, ultrasonic technology has been widely
used in the treatment of metals such as copper (Cu) [39], uranium (U) [40], gold (Au) [41],
silver (Ag) [42,43], and germanium (Ge) [44,45], and has achieved relatively significant
leaching effects.

With zinc oxide dust volatilized from a rotary kiln for lead and zinc smelting as the
object, this study introduced an ultrasound-enhanced method with sulfuric acid as the
leaching agent to investigate the effects of ultrasonic power (UP), sulfuric acid concentration
(C), leaching time (t), liquid–solid ratio (L/S), rotating speed (r), and temperature (T) on
the zinc leaching rate of zinc oxide dust, and explore the kinetics of ultrasound-enhanced
leaching of zinc oxide dust. At the same time, the leaching mechanism of zinc oxide dust
was analyzed by XRD and SEM-EDS.

2. Experimental Materials and Characterization
2.1. Analysis on the Composition of Raw Materials

The raw materials used in the experiment were from a zinc hydrometallurgy enterprise
in Yunnan, China. The chemical composition of the ZOD sample, as shown in Table 1, is
complicated, with a zinc content up to 41.37%, coexisting with valuable metal elements,
e.g., Pb, Mn, and Cd, a scattered associated metal content as high as 820.8 g/t, as well as
large amounts of S, Cl, Si, and Ca. The zinc oxide dust had a high recycling value.

Table 1. The chemical composition of the ZOD sample (mass fraction, %).

Element Zn Pb Cd Fe Mn S

Content/% 41.37 19.77 1.01 2.05 0.20 3.95

Element Cl Si Ca In F

Content/% 0.28 0.19 0.12 820.8 g/t <0.01

2.2. Analysis on Mineral Phase

To determine the forms of various metal elements and impurity components existing
in zinc oxide dust, the samples were characterized by XRD (TTRIII Multifunctional X-
ray Diffractometer, Rigaku, Japan) and SEM-EDS (XL30ESEM-TMP scanning electron
microscope, Philips, The Netherlands). The results are shown in Figures 1–3, respectively.

The XRD patterns show that most zinc exists as ZnO, Zn2SiO4, ZnS, and ZnFe2O4, and
that most lead exists as PbS and PbSO4. In addition, there are large amounts of gangues in
zinc oxide dust, especially SiO2 and CaSiO3.

The SEM pattern indicates that ore particles in zinc oxide dust are compact with lots
of amorphous flocculent inclusions embedded among the particles. The point and surface
analysis results of SEM-EDS (see Figures 2 and 3) show that in zinc oxide dust, most of the
zinc is distributed in tiny floccule particles as floccules coexisting with O, Fe, Si, and Zn
and lumps coexisting with O, S, Pb, and Ca. The zinc oxide dust was different from the
original ore in mineral morphology, material existence form, and mineral surface property.
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The granular minerals were fused at a high temperature with zinc easy to be enveloped by
other valuable metals and gangue components.

Figure 1. XRD pattern of the raw ZOD sample.

Figure 2. Cont.
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Figure 2. Cont.
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Figure 2. SEM image and EDS point analysis of the raw ZOD sample.

Figure 3. SEM image and EDS mapping analysis of the raw ZOD sample.

2.3. Experimental Methods

A certain amount of zinc oxide dust and a certain concentration of prepared sulfuric
acid leaching solvent were added to a 300 mL conical flask in a certain ratio, and then, the
conical flask was placed on a thermostatic magnetic agitator with a digital display, and
an ultrasonic probe was inserted in the thermostatic water bath at a position equivalent
to the level of solution in the conical flask. The experimental apparatus for ultrasonic
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leaching is presented in Figure 4. The flow diagram of the zinc leaching process is shown
in Figure 5. During the ultrasonic leaching process, with the increase in ultrasonic power
or the prolongation of the ultrasonic leaching time, the temperature of the water bath will
increase to a certain extent. To ensure that the leaching temperature remains constant,
the temperature of the water bath was adjusted to 2 ◦C during the experiment. For the
ultrasound system, an ultrasonic probe continuously adjustable within power 0~2000 W
and resistant to a certain concentration of acid was adopted to provide an ultrasonic field.
The ultrasonic power and stirring speed could be controlled and adjusted as required.
Filtered after a certain leaching time, the zinc concentration in the leaching solution was
determined by EDTA titration method. In the determination process, there may have been
interference from Cu2+, Al3+, and Fe2+ on Zn2+. To eliminate the interference, saturated
thiourea, ascorbic acid, and potassium fluoride solutions were added before adding the
xylenol orange indicator. The zinc extraction rate (ηZn, %) may be calculated by the
following formula:

ηZn =
CZn × V
m × w∗

Zn
(1)

where CZn—Zn concentration in the leaching solution, g/L; V—the volume of leaching
solution, L; m—mass of the sample, g; and w∗

Zn—percentage of Zn in the sample.

Figure 4. Experimental apparatus for ultrasound leaching: (a) schematic diagram; and (b) device
diagram. In (a), 1—heat collection type thermostatic bath; 2—water bath; 3—thermometer, 4—conical
flask; 5—ultrasonic generator; 6—ultrasonic probe.

Figure 5. Flow diagram of the leaching process for ZOD.
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3. Experimental Results and Relevant Analysis
3.1. Experimental Study on Ultrasound-Enhanced Leaching Conditions
3.1.1. Effect of Ultrasonic Power on Zinc Leaching Rate

The effect of ultrasonic power on the zinc leaching rate over time was investigated
under a sulfuric acid concentration of 100 g/L, a liquid–solid ratio of 4:1, a rotating speed
of 100 rpm, and a temperature of 65 ◦C, and the results are as shown in Figure 6. It can
be seen that the zinc leaching rate gradually increases with time in direct proportion. At
0–20 min, the zinc leaching rate rapidly increased with time, and after 20 min, the zinc
leaching efficiency was obviously lowered. In addition, the zinc leaching rate increased with
increasing ultrasonic power, and when the ultrasonic power was 100 W, the zinc leaching
rate was only 51.62%; when it was more than 300 W, the zinc leaching rate significantly
increased, to 62.31%, 64.6%, 67.25%, and 68.94%, respectively, with the ultrasonic power
of 300–900 W, within a time of 30 min. These results indicate that the ultrasonic power
had a significant effect on the leaching rate of zinc. Considering that, when the ultrasonic
power exceeded 500 W, the zinc leaching rate was obviously not further advanced, and in
combination with the relevant energy consumption, the ultrasonic power of leaching was
controlled at 500 W.

Figure 6. Effect of ultrasonic power on zinc leaching rate.

3.1.2. Effect of Sulfuric Acid Concentration on Zinc Leaching Rate

The effect of the sulfuric acid concentration on the leaching rate of zinc was inves-
tigated under an ultrasonic power of 500 W, a liquid–solid ratio of 4:1, a rotating speed
of 100 rpm, and a temperature of 65 °C. According to Figure 7, the zinc leaching rate also
increased with sulfuric acid concentration. With time, the zinc leaching rate was increasing
because the hydrogen ion concentration in the reaction increased with the sulfuric acid
concentration. Promoting the contact of sulfuric acid with a granular zinc phase in zinc
oxide dust was conducive to the leaching of zinc from the dust, but with time, hydrogen
ions in the solution were consumed, and thus, the leaching rate was gradually lowered.
Considering the high concentration of sulfuric acid, the dissolved Fe3+ ions increased ac-
cordingly, making it difficult to perform the subsequent treatment of the leaching solution.
Therefore, the optimal concentration of sulfuric acid was determined to be 140 g/L.
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Figure 7. Effect of the sulfuric acid concentration on the zinc leaching rate.

3.1.3. Effect of Liquid–Solid Ratio on Zinc Leaching Rate

The effect of the liquid–solid ratio on the leaching rate of zinc from the zinc oxide
dust was investigated under an ultrasonic power of 500 W, a sulfuric acid concentration of
140 g/L, a rotating speed of 100 rpm, and a temperature of 65 ◦C. The results shown in
Figure 8 demonstrate that with the increase in the liquid–solid ratio, the zinc leaching rate
first gradually increases, and then reaches a plateau. The main reason for this was that with
the increase in the liquid–solid ratio, the fluidity of ions in and out of the system increased,
and thus, the movement and collision of fine particles in the zinc oxide dust, as well as
relevant reactions, were further intensified. When the liquid–solid ratio was increased from
2:1 to 4:1, the zinc leaching rate was promoted significantly, but when the liquid–solid ratio
was further increased, the zinc leaching effect was obviously compromised, although the
zinc leaching rate was still increased to some extent. When the liquid–solid ratio was 5:1, the
30 min leaching rate of zinc from the zinc oxide dust was 91.16%. Considering the increased
liquid–solid ratio would compromise the subsequent purification and bring difficulties to
the follow-up recovery process, and the optimal liquid–solid ratio was determined as 5:1.

Figure 8. Effect of liquid–solid ratio on zinc leaching rate.
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3.1.4. Effect of Rotating Speed on Zinc Leaching Rate

The effect of the rotating speed on the leaching rate of zinc from the zinc oxide dust
was investigated under an ultrasonic power of 500 W, a sulfuric acid concentration of
140 g/L, liquid–solid ratio of 5:1, and a temperature of 65 ◦C. The results were as shown
in Figure 9. It can be seen that, as the rotating speed increases, the leaching rate of zinc
from the zinc oxide dust gradually increases with time, and ultimately reaches a plateau. If
the stirring speed was low, the zinc oxide dust particles dissolved in sulfuric acid solution
were easy to settle, which was not conducive to the leaching reaction, while an excessively
high stirring speed would increase the energy consumption and the cost of the leaching
process. Therefore, it is advisable to control the stirring speed at 100 rpm.

Figure 9. Effect of rotating speed on zinc leaching rate.

3.1.5. Effect of Temperature on Zinc Leaching Rate

The effect of temperature on the leaching rate of zinc from the zinc oxide dust was
investigated under an ultrasonic power of 500 W, a sulfuric acid concentration of 140 g/L,
a liquid–solid ratio of 5:1, and a rotating speed of 100 rpm. The results are as shown
in Figure 10. Figure 10a shows that the change in temperature has a significant effect
on the zinc leaching rate when the time was 0 to 20 min, and the zinc leaching rate
increases with the increase in temperature. At different temperatures, the zinc leaching
rate increased rapidly with time at first, and after 20–30 min, gradually reached a plateau.
This is because, with the increase in leaching temperature, the leaching reaction rate was
advanced accordingly, and at the same time, the viscosity of the solution decreased, which
was conducive to the diffusion of a leaching solvent and product, and thus, the zinc
leaching rate was significant at the beginning, while at a later stage, with the continuous
consumption of a leaching agent, the leaching efficiency was gradually lowered, and
a further increase in leaching temperature did not affect the dissolution of zinc oxide
dust. Figure 10b shows that the zinc leaching rate of zinc oxide dust was less affected
by temperature after the leaching time reaches 30 min, and the zinc leaching rates were
91.16% and 92.44% at 25 ◦C and 75 ◦C, respectively. Considering that high temperatures
may increase the volatilization of acid, resulting in a high acid consumption and increased
economic cost, the leaching temperature was controlled at 25 ◦C, and the 30 min zinc
leaching rate reached 91.16%.
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Figure 10. Effect of temperature on zinc leaching rate: (a)—different times; and (b)—30 min.

3.2. Kinetics of Ultrasound-Enhanced Leaching

The leaching of zinc from zinc oxide dust is a process of liquid–solid reaction, and the
leaching reaction process may be controlled by the following steps: (i) the diffusion of a
reactant or product for the leaching agent through the liquid boundary layer; (ii) the diffusion
of a reactant or product for a leaching agent through the solid product layer; (iii) the chemical
reaction of the reactant for a leaching agent with the surface of unreacted nuclear material;
and (iv) the mixture of the solid film diffusion and interfacial chemical reaction.

An analysis of the raw material showed that the Zn-bearing dust particles was irregular
in morphology, with a relatively complex composition, which included a granular zinc
oxide phase and gangue particles, and most of the particles wrapped the Zn-bearing phase.
Mostly, the zinc was embedded in the gangue mineral, and in the leaching process, the
leaching agent was diffused to the gap or crack of gangue, and reacted with a zinc mineral
contained in the zinc oxide dust. With the reaction, the interface for reaction continuously
shrank into the center of zinc mineral particles, and the by-products or residual solid layer
was thickening to enlarge the path for the diffusion of a reactant or product for leaching
agent. In addition, the inert solid residue of the gangue tended to wrap the unreacted
shrunk nuclei as a factor controlling the zinc leaching rate of zinc-bearing mineral particles.
Therefore, a model of shrinking core was used to explore the kinetic behavior for the
leaching of zinc from the zinc-baring metallurgical dust.

Based on the model of a shrinking core, when the solid–liquid phase reaction is
controlled by diffusion reaction, the leaching kinetics equation of zinc oxide dust particles
may be expressed as follows:

kd·t = 1 − 2/3x − (1 − x) 2/3 (2)

when the solid–liquid phase reaction is controlled by interfacial chemical reaction, the
leaching kinetics equation of zinc oxide dust particles may be expressed as follows:

kr·t = 1 − (1 − x)1/3 (3)

Furthermore, when the solid–liquid reaction is controlled by both the diffusion reaction
and interfacial chemical reaction, the leaching kinetics equation of zinc oxide dust particles
may be expressed as follows:

k0·t = 1/3ln(1 − x) − [1 − (1 − x)−1/3] (4)
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where kd is the diffusion rate constant of the solid–liquid phase reaction, kr, the con-
stant of solid–liquid interfacial chemical reaction; k0, the reaction rate constant under
mixed solid–liquid control, x, the leaching rate of zinc from zinc oxide dust, and t, the
leaching time.

To define the procedure for controlling an ultrasound-enhanced leaching process, a ki-
netic study was conducted for the ultrasound-enhanced leaching of zinc oxide dust. Relevant
data from the experiment concerning the effect of a leaching time on the leaching rate of
zinc from zinc-bearing metallurgical dust were put into Equations (2)–(4), respectively, for
plotting the curves of 1 − 2/3x − (1 − x)2/3, 1 − (1 − x)1/3 and 1/3ln(1 − x) − 1+ (1 − x)−1/3

vs. time t (0–20 min), and the results are as shown in Figure 11a–c, representing the curves
of zinc leaching processes under the control of solid product layer diffusion, control of the
interfacial chemical reaction and mixed control, respectively.

Figure 11. Plot of 1 − 2/3x − (1 − x) 2/3, 1 − (1 − x)1/3, and 1/3ln(1 − x)-[1 − (1 − x)−1/3] vs. time
for various temperatures: (a) 1 − 2/3x − (1 − x) 2/3; (b) 1 − (1 − x)1/3; and (c) 1/3ln(1 − x) − [1 −
(1 − x)−1/3].

It should be mentioned that the experimental data for the initial stage of the process
(0–2 min) are ignored in Figure 11a–c. The purpose was to reduce the data disturbance
caused by the uncontrolled transfer process in the initial stage. Bringing relevant data
into the model will make it difficult for the fitting results to correctly reflect the kinetic
conditions of the main reaction process. Therefore, the 2–15 min stage is selected for
fitting the experimental data. Similar research methods were applied in the study of
Wang et al. [39] and Gui et al. [41].

The apparent reaction rate constants at different leaching temperatures obtained by
the fitting (kd, kr, and k0) and the fitting coefficients related to the kinetic equations of
reaction rates are as shown in Table 2.
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Table 2. Correlation coefficients of fitting results for various models at various temperatures.

T (◦C)
1 − 2/3x − (1 − x) 2/3 1 − (1 − x)1/3 1/3ln(1 − x) – 1 + (1 − x)−1/3

kd R2 kr R2 k0 R2

25 0.00778 0.9738 0.01658 0.9689 0.01827 0.9870
35 0.00782 0.9416 0.01651 0.9300 0.01961 0.9868
45 0.00802 0.9495 0.01675 0.9399 0.02156 0.9917
55 0.00788 0.9603 0.01632 0.9542 0.02249 0.9926
65 0.00788 0.9452 0.01618 0.9387 0.02452 0.9924
75 0.00798 0.9436 0.01629 0.9374 0.02780 0.9989

In addition, the reaction rate constant k before the zinc leaching process approaching
equilibrium (i.e., a fitting equation) at different temperatures was obtained according to
Figure 11a–c and substituted into the Arrhemus empirical equation, respectively, as follows:

K = A·exp(−Ea/RT) (5)

where Ea represents the activation energy of reaction, kJ/mol, A represents the frequency
factor as a constant, T represents the temperature (K), and R represents the gas constant,
8.314 × 10−3 kJ/(mol·K).

Take the logarithm for both sides of Equation (4) to obtain the relation between lnk
and 1/T:

Lnk = lnA − Ea/RT (6)

A curve of lnk vs. 1/T is plotted as shown in Figure 12. The degree of fitting for the
lnk vs. 1/T curve under mixed control (R2 = 0.9684) was significantly higher than that
under diffusion control (R2 = 0.2315) and interfacial chemical reaction control (R2 = 0.3929),
further indicating that the ultrasound-enhanced leaching of zinc oxide dust was primarily
controlled by the mixed control of solid product layers, with an initial apparent activation
energy of reaction 6.90 kJ/mol.

Figure 12. Arrhenius curve obtained for the dissolution of ZOD.

3.3. Comparative Experiment of Conventional-Ultrasonic Leaching

The optimal zinc leaching conditions for zinc oxide dust under an ultrasonic field
determined under time conditions are as follows: leaching temperature 25 ◦C; ultrasonic
power 500 W; sulfuric acid concentration 140 g/L; liquid–solid ratio 5:1; rotating speed
100 rpm; and leaching time 30 min, for which the zinc leaching rate can reach 91.16%.
Under the optimal process conditions, a comparison between conventional stirring and
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ultrasound enhancement for an effect on the leaching rate of the zinc from oxide dust was
conducted. The results are as shown in Figure 13: the zinc leaching rate under conventional
stirring was 85.36%, and was increased by 5.8% under ultrasound enhancement at 500 W.

Figure 13. Comparison of zinc leaching rate between conventional and ultrasonic treatment of zinc
oxide dust.

3.4. Analysis of Leaching Mechanism
3.4.1. Characterization by XRD

The XRD patterns of the zinc oxide dust and leached residue are as shown in Figure 14.
Obviously, the ZnO phase was mostly dissolved after sulfuric acid leaching, and for the
conventional leached residue, there was still a ZnO peak. The reason for this might be that
there were wraps in the zinc oxide dust, and the ZnO in the wrapped particles was not
leached. For both ultrasonic leached residue and conventional leached residue, the ZnO
peak intensity was weakened or the peak disappeared as compared with the raw material.
Zinc in the residues existed in forms of ZnFe2O4, Zn2SiO4, and ZnS accompanied by large
amounts of PbSO4, PbS, and SiO2.

Figure 14. XRD patterns of raw materials (a), conventional leaching residue (b), and ultrasonic-
leaching residue (c).
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3.4.2. Comparative Analysis of SEM-EDS

For the raw material, the conventional leached residue and ultrasonic leached residue
underwent SEM morphology characterization, for which the results are shown in Figure 15.
Figure 15 shows that the zinc oxide dust particles were under a state of aggregation,
and under the conventional leaching conditions, the wrapped particles had no change
in morphology with a corrosion phenomenon on their surfaces. However, under the
ultrasound enhancement, the leached residue had particles dispersed evenly, and the
wrapped particles and the wraps were opened. This is also an important reason why
the zinc leaching rate under ultrasound is higher than that under conventional leaching
conditions. An analysis of leached residue by EDS spot scanning was carried out, and
the results were as shown in Figures 15 and 16. The leached residue was complicated in
composition, with the coexistence of Zn, Pb, Fe, O, S, and Si.

Figure 15. Cont.
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Figure 15. SEM patterns of raw materials (a), conventional leaching residue (b), and the ultrasonic
leaching residue (c).

Figure 16. Cont.
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Figure 16. EDS point analysis of the conventional leaching residue (a), and the ultrasonic leaching
residue (b).

3.4.3. Particle Size Analysis and Mechanism of Leaching ZOD

Table 3 lists the detailed particle size parameters of the ZOD sample (A), the con-
ventional leaching residue (B), and the ultrasonic leaching residue (C). As presented in
Table 3, compared with the raw ZOD sample, the parameter values of D10, D50, D90, and
Dav are increased and the values of the surface area-to-volume ratio are decreased for the
conventional leaching residue. The change of parameters may be due to the disappearance
of the ZnO phase mainly distributed in the fine particles after leaching, while a large
number of encapsulated particles remain in the conventional leaching residue. However,
the parameter values of D10, D50, D90, and Dav are decreased and the values of surface
area-to-volume ratio are increased for the ultrasonic leaching residue compared with the
raw ZOD sample. The change in parameters may be due to the generation of a large
number of bubbles under the action of ultrasonic cavitation. With the growth and burst
of the bubbles, huge energy is released, which promotes the inclusion of the ZnO phase
surface to fall off, and realizes the dissociation of the encapsulated particles to generate
a large number of tiny particles. The schematic diagram of the leaching mechanism of
ultrasonic-enhanced ZOD particles is shown in Figure 17.

Table 3. Particle size parameters of the ZOD sample (A), the conventional leaching residue (B), and
the ultrasonic leaching residue (C).

Samples D10
(µm)

D50
(µm)

D90
(µm)

Dav
(µm)

Surface Area-to-Volume Ratio
(m2/cm3)

A 0.821 1.047 1.230 1.031 5.9886
B 1.038 1.355 1.608 1.336 4.6482
C 0.725 0.871 1.007 0.861 7.0916
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Figure 17. The schematic diagram of the leaching mechanism of ultrasonic-enhanced ZOD particle.

In summary, combined with the above analysis results of zinc leaching efficiency, XRD
characterization, SEM-EDS characterization, and particle size analysis, it can be inferred
that the leaching efficiency of zinc from zinc oxide dust (ZOD) was improved by ultrasonic
strengthening treatment.

4. Conclusions

(1) Through an ultrasound-enhanced sulfuric acid leaching experiment, the optimal
zinc leaching conditions for zinc oxide dust were determined as follows: leaching
temperature of 25 ◦C; ultrasonic power of 500 W; sulfuric acid concentration of
140 g/L; liquid–solid ratio of 5:1; rotating speed of 100 rpm; and a leaching time of
30 min—for which the zinc leaching rate could reach up to 91.16%.

(2) In a kinetic analysis of the ultrasound-enhanced sulfuric acid leaching of zinc oxide
dust, the initial apparent activation energy of the reaction was 6.90 kJ/mol. indicating
that the ultrasound-enhanced leaching of zinc oxide dust was primarily controlled by
the mixed control of the solid product layers.

(3) The leached residue was characterized by XRD and SEM-EDS, and the results showed
that with ultrasonic waves, the encapsulated mineral particles were dissociated, and
the dissolution of ZnO was enhanced. Mostly, the zinc in the leached residue existed
in the forms of ZnFe2O4, Zn2SiO4, and ZnS accompanied by large amounts of PbSO4,
PbS, and SiO2.
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