
www.mdpi.com/journal/minerals

Special Issue Reprint

Current Status of Low-Grade 
Minerals and Mine Wastes 
Recovery
Reaction Mechanism, Mass Transfer, 
and Process Control

Edited by 

Shenghua Yin and Leiming Wang



Current Status of Low-Grade Minerals
and Mine Wastes Recovery: Reaction
Mechanism, Mass Transfer, and
Process Control





Current Status of Low-Grade Minerals
and Mine Wastes Recovery: Reaction
Mechanism, Mass Transfer, and
Process Control

Editors

Shenghua Yin

Leiming Wang

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editors

Shenghua Yin

School of Civil and Resource

Engineering

University of Science and

Technology Beijing

Beijing

China

Leiming Wang

School of Civil and Resource

Engineering

University of Science and

Technology Beijing

Beijing

China

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal Minerals

(ISSN 2075-163X) (available at: www.mdpi.com/journal/minerals/special issues/WastesRecovery

Minerals).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-7971-9 (Hbk)

ISBN 978-3-0365-7970-2 (PDF)

© 2023 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

Preface to ”Current Status of Low-Grade Minerals and Mine Wastes Recovery: Reaction

Mechanism, Mass Transfer, and Process Control” . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Shenghua Yin and Leiming Wang

Editorial for Special Issue: “Current Status of Low-Grade Minerals and Mine Wastes Recovery:
Reaction Mechanism, Mass Transfer, and Process Control”
Reprinted from: Minerals 2023, 13, 778, doi:10.3390/min13060778 . . . . . . . . . . . . . . . . . . 1

Nimila Dushyantha, I. M. Saman K. Ilankoon, N. P. Ratnayake, H. M. R. Premasiri, P. G. R.

Dharmaratne and A. M. K. B. Abeysinghe et al.

Recovery Potential of Rare Earth Elements (REEs) from the Gem Mining Waste of Sri Lanka: A
Case Study for Mine Waste Management
Reprinted from: Minerals 2022, 12, 1411, doi:10.3390/min12111411 . . . . . . . . . . . . . . . . . . 5

Leiming Wang, Shenghua Yin, Xuelan Zhang, Zepeng Yan and Wensheng Liao

Hydrodynamic Hysteresis and Solute Transport in Agglomerated Heaps under Irrigation,
Stacking, and Bioleaching Controlling
Reprinted from: Minerals 2022, 12, 1623, doi:10.3390/min12121623 . . . . . . . . . . . . . . . . . . 19

Bayan Rakishev, Zhiger Kenzhetaev, Muhametkaly Mataev and Kuanysh Togizov

Improving the Efficiency of Downhole Uranium Production Using Oxygen as an Oxidizer
Reprinted from: Minerals 2022, 12, 1005, doi:10.3390/min12081005 . . . . . . . . . . . . . . . . . . 35

Fengbin Chen, Jiguang Liu, Xiaowei Zhang, Jinxing Wang, Huazhe Jiao and Jianxin Yu

Review on the Art of Roof Contacting in Cemented Waste Backfill Technology in a Metal Mine
Reprinted from: Minerals 2022, 12, 721, doi:10.3390/min12060721 . . . . . . . . . . . . . . . . . . 47

Rosina Nkuna, Grace N. Ijoma, Tonderayi S. Matambo and Ngonidzashe Chimwani

Accessing Metals from Low-Grade Ores and the Environmental Impact Considerations: A
Review of the Perspectives of Conventional versus Bioleaching Strategies
Reprinted from: Minerals 2022, 12, 506, doi:10.3390/min12050506 . . . . . . . . . . . . . . . . . . 63

Yong Chen, Jiankang Wen, Yongsheng Song, Wenjuan Li, Shuang Liu and Ying Liu

Mineralogical Characteristics of Pegmatite Tailings and Beneficiation Assessment of Pollucite
in Recovering Cesium
Reprinted from: Minerals 2022, 12, 541, doi:10.3390/min12050541 . . . . . . . . . . . . . . . . . . 91
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Editorial for Special Issue: “Current Status of Low-Grade
Minerals and Mine Wastes Recovery: Reaction Mechanism,
Mass Transfer, and Process Control”
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University of Science and Technology Beijing, Beijing 100083, China

2 School of Civil and Environment Engineering, University of Science and Technology Beijing,
Beijing 100083, China
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Mineral resources provide an important material foundation for industrial construction
and are important for the economy, thus being closely integrated into our daily lives and
near future [1,2]. However, mineral resources still possess limitations, such as low mineral
grades and serious secondary/concomitant deposits [3]. This undesirable situation causes
great difficulty in traditional underground/surface mining, increasing operational costs. In
this regard, solution mining (heap leaching, in situ leaching, etc.) offers an environmentally
friendly, low-cost, and efficient method for extracting these minerals, especially copper
sulfides (chalcopyrite, chalcocite, etc.), sandstone uranium, and sandstone gold deposits.
After years of development, solution mining has made great progress, but it has also
encountered some technical bottlenecks.

To better understand the current status of low-grade mineral and mine waste recovery,
we collected 13 contributions in this Special Issue, whose topics can be divided into the
following three main aspects:

• Section 1: Reaction mechanisms of chemical/bio-leaching—includes the leaching
kinetics of copper sulfides, assisted leaching (chloride acidic leaching, iodide-assisted
leaching, etc.), in situ leaching of uranium and salt deposits, etc.

• Section 2: Process detection, characterization, and visualization—includes the de-
tection of reaction products, the visualization of fluid flow and mass transfer, the
pore structure characterization of leaching systems (ore-packed beds, etc.), microbial
successions of leaching bacteria, etc.

• Section 3: Recovery, recycling, and reuse of mine wastes—includes cleaner leaching,
disposal and production methods (dump leaching, etc.), the recovery of mine waste
(waste rock, tailings, etc.), the assessment of operations problems, etc.

Section 1 includes one review paper and three research papers. Nkuma et al. re-
viewed the metals accessed from low-grade ores and the related environmental impact
considerations and then carefully examined the benefits of conventional versus bioleaching
strategies [4]. Dushyantha et al. presented a case of mine waste management related to the
recovery potential of rare earth elements (REEs) from the gem mining waste of Sri Lanka [5].
Rakishev et al. sought to improve the efficiency of downhole uranium production using
oxygen as an oxidizer [6]. Han et al. revealed the flocculation and settlement characteristics
of ultrafine tailings and microscopic characteristics of flocs [7]. Section 2 includes four
research papers. Alfonso et al. detected the process mineralogy of tailings from Llallagua
and discussed the recovery potential of tin reserves [8]; Chen et al. studied the miner-
alogical characteristics of pegmatite tailings and performed a beneficiation assessment of
pollucite in the recovery of cesium [9]; Wang L. et al. discussed hydrodynamic hysteresis
and solute transport in agglomerated heaps under irrigation, stacking, and bioleaching

1



Minerals 2023, 13, 778

control [10]. Stepwise irrigation also plays a key role in liquid retention. Thus, Wang
L. et al. deepened our understanding of the effect of stepwise irrigation on the liquid
holdup and hysteresis behaviors of unsaturated ore heaps [11]. In Section 3, there are two
review paper and three research papers. Yang et al. reviewed the comprehensive utilization
of magnesium slag and development prospects of preparing backfilling materials [12].
Similarly, Chen et al. reviewed the art of roof contacting in cemented waste backfill tech-
nology in a metal mine [13]. Wang J. et al. focused on mine waste disposal and backfilling
technology, discussing the energy dissipation, AE characteristics, and microcrack evolution
of rock–backfill composite materials (RBCM) [14], and the energy dissipation mechanism
and damage constitutive model of roof–CPB–floor (RCF) layered composite materials
were investigated [15]. Wang L. et al. evaluated the stope stability and displacement in a
subsidence area using 3Dmine–Rhino3D–FLAC3D coupling [16].

The authors who contributed to this Special Issue represent more than 10 different
institutions (including Monash University Malaysia, the University of South Africa, Uni-
versity of Moratuwa, General Research Institute of Nonferrous Metals, Henan Polytechnic
University, Central South University, University of Science and Technology Beijing, etc.) in
seven different countries (China, Kazakhstan, Malaysia, Spain, Bolivia, South Africa, Sri
Lanka). We thank them for their academic contributions to this Special Issue.

Last but not least, we thank the Minerals editorial staff for their cooperation and the
invited reviewers for their valuable input.
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Recovery Potential of Rare Earth Elements (REEs) from the
Gem Mining Waste of Sri Lanka: A Case Study for Mine
Waste Management

Nimila Dushyantha 1,2,*, I. M. Saman K. Ilankoon 3,* , N. P. Ratnayake 1, H. M. R. Premasiri 1,

P. G. R. Dharmaratne 1, A. M. K. B. Abeysinghe 1, L. P. S. Rohitha 1, Rohana Chandrajith 4 , A. S. Ratnayake 2 ,

D. M. D. O. K. Dissanayake 1 and N. M. Batapola 1

1 Department of Earth Resources Engineering, University of Moratuwa, Moratuwa 10400, Sri Lanka
2 Department of Applied Earth Sciences, Faculty of Applied Sciences, Uva Wellassa University, Passaara Road,

Badulla 90000, Sri Lanka
3 Discipline of Chemical Engineering, School of Engineering, Monash University Malaysia, Jalan Lagoon

Selatan, Bandar Sunway, Subang Jaya 47500, Malaysia
4 Department of Geology, Faculty of Science, University of Peradeniya, Peradeniya 20400, Sri Lanka
* Correspondence: nimila.dush@gmail.com (N.D.); saman.ilankoon@monash.edu (I.M.S.K.I.)

Abstract: Sri Lanka is one of the wealthiest countries in terms of gems. Therefore, gem mining is
extensively carried out in many areas of Sri Lanka, including districts such as Ratnapura, Monaragala,
Matale, and Kalutara. During the mining process, only valuable gemstones are collected, and the
remaining gravel fraction with many heavy minerals is discarded. Therefore, the gem mining industry
produces a large amount of waste that is mainly used only for backfilling. To sustainably manage
this waste stream, gem mining waste collected from a gem pit at Wagawatta in the Kalutara district
in Sri Lanka was investigated for value recovery, specifically for rare-earth elements (REEs). The
gem-bearing alluvial layer contained 0.3% rare-earth oxide (REO) that could easily be upgraded
up to 2.8% (LREEs = 94%) with wet sieving and subsequent density separation via a shaking table.
Therefore, the concentrates of gem mine tailings with REE-bearing minerals have the potential to
be a secondary source for LREEs. The organic-rich clay layer underlying the gem-bearing alluvial
layer contained 0.6% REO with 49% HREEs, including Gd, Dy, Er, Yb, and especially Y enrichments.
Detailed explorations are thus necessary to assess the REE potential in Sri Lanka’s gem mining waste,
and value recovery flowsheets should be subsequently developed to economically extract REEs. In
addition, the presence of high U concentrations (800 mg/kg) in the concentrated samples could be
alarming when considering the health and safety of the people engaged in gem mining. This aspect
also requires detailed research studies.

Keywords: gem mining waste; rare-earth elements; Sri Lankan gems; tailing management; uranium

1. Introduction

Since the mining industry produces large volumes of tailings, mine tailings of past
and present mining activities have become a potential secondary source for many critical
raw materials, including rare earth elements (REEs). Several authors presented mine waste
management and value recoveries for different mine waste materials, such as copper [1,2],
vanadium [1], gold [3], and REEs [4].

REEs are a set of 17 elements comprising 15 lanthanides, Y, and Sc. They are further
categorised into two subgroups, namely, light rare earth elements (LREEs) (from La to
Eu) and heavy rare earth elements (HREEs) (from Gd to Lu, including Y). Despite the
crustal abundance, these elements are typically not found in nature in high concentrations,
and similar chemical properties complicate the separation processes [5]. Therefore, the
mining and processing of REEs are complex and expensive [6]. These elements have
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become indispensable ingredients in the global industrial revolution due to their unique
properties such as high thermal stability, strong magnetism, and high electric conductivity.
As a result, they are used in various applications in high-tech, green energy, military, and
aerospace industries [5,7]. Therefore, the demand for REEs is continuously increasing,
especially considering the developments of electric vehicles and wind turbines. However,
the Chinese rare earth industry mainly fulfils the current global rare earth consumption,
including value-added products such as rare earth magnets [5]. These factors have attracted
significant attention to the exploration and extraction of REEs from new and secondary
sources [8] to diversify global rare earth supply chains [5].

The enrichments of REEs were reported in uranium, iron-ore, and titanium mine
tailings in Australia, Kazakhstan, and Sweden [9,10], and the authors in [11] investigated
the economic viability of extracting REEs from iron-ore mine tailings in the Kiruna mine. In
this context, the authors in [12,13] reported that gem-bearing sediments are enriched in rare
earth-bearing minerals. However, in Sri Lanka, it has not been attempted to utilise gem
mining waste to produce REE concentrates through physical separation techniques. This
article thus addresses that research gap, considering the significance of the gem mining
industry to the gross domestic product (GDP) in Sri Lanka. It is of paramount importance
to design economic mineral processing techniques for waste materials such as gem mining
waste in Sri Lanka while considering local socio-techno-economic factors.

Since 250 BCE, Sri Lanka has been famous for its wide variety of gems, gem industry,
and international gem trading. Some gemstones have adorned crowns and thrones in the
royal coronations and religious functions of ancient rulers [14]. The export value of precious
and semiprecious stones was USD 145 million and 141 million in 2017 and 2018, respectively.
This is equivalent to 1.3% and 1.2% of the total exports in 2017 and 2018, respectively [15].
This implies the requirement for the sustainable management and development of the
gem mining industry in Sri Lanka, including the generated mining waste. Mitigating the
damage to fragile ecosystems during gem mining is imperative, and artisanal gem mining
activities in Madagascar [16] and Myanmar [17] have caused adverse environmental effects.

Secondary gem deposits are primarily found in Sri Lanka as sedimentary rocks and
placers. During gem mining, gem-bearing sediments are piled up near the pit head
and mechanically washed or manually panned using rattan baskets (i.e., storage vessels
produced from rattan palm fibres) to separate the heavy fractions of sediments [14,18].
A fraction of the generated gem mining waste is only used for backfilling. Even though
mining activities are regulated by the National Gem and Jewellery Authority, gem mining
is a traditional industry in Sri Lanka [14]. Thus, a significant volume of gem mining waste
has accumulated in gem pits. In addition, current gem mining activities in gem mining
areas (Figure 1) produce additional volumes of gem mining waste. However, the waste
volumes have not been estimated. Existing volumes typically result in environmental
issues such as land degradation, river-bank and soil erosion, sedimentation, landslides,
groundwater pollution and reduced irrigation efficiency. In addition, the gem pits with
accumulated water become breeding grounds for mosquitoes; thus, this affects the health
and safety of the people living around gem mining areas. These research gaps highlight
the requirements of sustainable gem mining activities in Sri Lanka, including gem mining
waste management and repurposing strategies. However, these are not explicitly addressed
in the gem mining industry in Sri Lanka and other countries, such as Madagascar and
Myanmar. This study was thus designed to address the identified research gaps. In this
context, gem mining waste could also be a potential source for the economic extraction of
REEs. Therefore, this study assesses the REE potential of gem mining waste in Sri Lanka
by performing economic value concentration processes. Thus, the physical separation
methods of wet sieving and density separation are investigated.

6
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Figure 1. Location of the gem pit in Wagawatta on a simplified geological map of Sri Lanka (source:
reproduced from [19] with permission from Precambrian Research) with the main gem mining
areas [20].

2. Study Area

Geologically, the Precambrian basement rocks of Sri Lanka are divided into three main
lithotectonic divisions: the Highland, Vijayan, and Wanni Complexes [19]. In addition,
the island’s northern and northwestern coastal belts are underlain by Miocene limestones
(Figure 1). Among these complexes, gem deposits are abundantly found in the southern
part of the Highland Complex (Figure 1). In addition, this area consists of REE-bearing
mineral sources such as granites and pegmatites [14].

Kalu Ganga River has the second largest river basin in Sri Lanka, with a 2766 km2

drainage area originating from the central hills [21,22]. Since Sri Lanka is a tropical country,
a high yield of sediments is evident due to the extreme weathering conditions [23–25]. In
this context, after the weathering and decomposition of the gem-bearing source rocks in
the catchment area, the Kalu Ganga River transports these sediments and redeposits them
as alluvial layers, especially in old river channels and flood plains where the gemstones
are found [14]. A gem pit in Wagawatta in the Kalutara district was thus selected for this
study. The gem layer is deposited in an old river channel with an organic-rich clay layer
underneath the alluvial gem-bearing gravel layer (Figure 2).

In Sri Lankan gem mining, the alluvial layer is subjected to wet sieving or/and panning
to find gemstones. Miners typically discard the remaining fractions, including gem gravel
and fine tailing fractions containing heavy minerals, as waste. In this study, the authors
employed such a fine tailing fraction with heavy minerals as the feed of the shaking table
(Figure 3). In addition, the organic layer was mined to find the gem-bearing alluvial layers
underneath. In this process, the mined organic layer is thus stored on site. Lastly, all the
waste materials, including gem gravel, fine tailings with heavy minerals, and the organic

7
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layer, are used for backfilling the gem mining pit [26]. The authors thus focused on all these
waste materials in this work.

 

Figure 2. Sample locations with an illustration of the gem-bearing alluvial layer and organic-rich clay
layers of the gem pit.

Figure 3. Physical separation flowsheet of gem-bearing alluvial samples.

8
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3. Materials and Methods

3.1. Sample Collection

Five samples from the gem-bearing alluvial layer (AL-1 to AL-5) and five samples
from the organic-rich clay layer (OCL-1 to OCL-5) were collected at different heights of the
gem pit (Figure 2).

3.2. Physical Separation

Gem-bearing sediment samples in the alluvial layer (AL-1 to AL-5) were subjected to
primary wet sieving using a 3 mm sieve. The oversized fraction (>3 mm) was obtained as
the gem gravel samples (GG-1 to GG-5), and the undersized fraction (<3 mm) was further
subjected to secondary wet sieving using a 500 μm sieve (Figure 3). After the secondary
wet sieving, the oversized fraction (>500 μm) was obtained as the sand fraction. The
undersized fraction (<500 μm or Samples F-1 to F-5) was further subjected to a density
separation process via a shaking table (Figure 3). After the separation, the heavy fraction
was considered to be the concentrate (CC-1 to CC-5). The lighter fraction was taken as
the tailing (T-1 to T-5) (Figure 3). The density separation was conducted using a Wilfley
shaking table employed at a deck angle of 8◦, stoke amplitude of 10 mm, and wash water
flow rate of 3 L/min for 1 kg of feed (pulp density 25% w/w). Optimal deck angle and
stroke amplitude values were employed on the basis of preliminary experiments.

In addition, particle size distributions (PSDs) of the feed (F-1 to F-5), concentrate (CC-1
to CC-5), and tailings (T-1 to T-5) were ascertained using a laser particle size analyser
(AimSizer HMK CD-02). The PSDs are shown in Figure 4. The D50 values for the feed,
concentrate, and tailings were 90.2, 35.9 and 65.5 μm, respectively. In addition, D10 values
were 20.3, 10.6 and 10.3 μm for the feed, concentrate, and tailings, respectively. Furthermore,
the determined D90 values of the feed, concentrate, and tailings were 324.1, 152.1 and
327.6 μm, respectively.

Figure 4. Particle size distributions of the feed (F-1 to F-5), concentrate (CC-1 to CC-5), and tailing
(T1-T5) samples resulted from the physical separation process employed in Figure 3.

3.3. Sample Analysis
3.3.1. REE and U Analysis

All the samples were oven-dried at 105 ◦C, and the dried samples were then powdered
using a laboratory Tema mill. The powdered samples were sieved with a 63 μm sieve, and
the representative samples were selected via coning and quartering for further analysis.

Subsamples (0.2 g) were digested with an HNO3 and HCl mixture (1 mL:3 mL) and
1 mL of H2O2 using a Mars-6 microwave digester (CEM; Mathews, NC) equipped with
EasyPrep Plus high-pressure vessels. The digested samples were diluted with deionized

9
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water and then analysed with an inductively coupled plasma mass spectrometer (ICP-
MS) (ICapQ-Thermo Fisher, Bremen, Germany). The instrument was calibrated according
to multielemental ICP-MS standards (Sigma-Aldrich, Germany). Quality control in the
analysis was maintained using certified international reference samples (San Joaquin
NIST SRM 2709a from Sigma-Aldrich, Germany), replicate analysis, and blanks at every
tenth sample.

3.3.2. Mineralogical Analysis of Concentrated Samples

Mineralogical compositions of samples were determined with powder X-ray diffrac-
tion (XRD) using a BRUKER D8 advance eco X-ray diffractometer with normal operating
conditions. Phase analysis was carried out using the International Centre for Diffraction
database (ICDD). In addition, scanning electron microscopic (SEM) and energy-dispersive
spectrometric (EDS) analyses were carried out using a Carl Zeiss EVO-18 instrument with
an EDS element on the SEM.

4. Results and Discussion

4.1. REE Concentrations of Alluvial and Gem Gravel Samples

The average total rare earth element (TREE) concentrations of alluvial (AL) and gem
gravel (GG) samples were 2188 and 819 mg/kg, respectively (Table 1). These results reveal
that REEs are associated with the finer fraction of the alluvial layer (<3 mm), since the gem
gravels contained a relatively low content of REEs. Both alluvial and gem gravel samples
showed a higher fraction of LREEs (85% and 80%, respectively) over HREEs (12% and 16%,
respectively). The rare earth oxide (REO) grades of alluvial (AL) and gem gravel (GG)
samples were 0.3% and 0.1%, respectively (Table 1).

4.2. REE Concentrations of Organic-Rich Clay Samples

The average TREE concentration of the organic-rich clay layer (OCL) was 5348 mg/kg,
whereas HREEs such as Gd, Dy, Er, Yb and Y showed higher average concentrations (191,
219, 167, 135 and 1766 mg/kg, respectively) compared to other HREEs. As a result, HREEs
were 49%, almost the same as the LREE percentage of 48% (the remaining 3% was Sc)
(Table 1). In addition, the REO percentage of this clay layer was 0.6. LREEs and HREEs
were thus enriched in the organic-rich clay layer (OCL) compared to the alluvial layer
(Figure 5).

Figure 5. Distribution of LREEs and HREEs in the vertical cross-section, including alluvial (AL) and
organic-rich clay (OCL) layers.
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Economic concentrations of HREEs are abundantly found in ion-adsorption clay (IAC)
deposits in South China and Madagascar in economic extractions. The REO percentage of
IAC deposits in China varies from 0.05 to 0.2 [27], whereas the HREE concentrations of IAC
deposits in Madagascar goes up to 1570 mg/kg [28]. Gd, Dy, Er, Yb, and especially Y in both
deposits mainly contribute to the enriched HREE content. In this context, the organic-rich
clay layer (OCL) in this gem deposit showed a similar variation, with a high content of Y,
and possessed a potential source of HREEs, especially for Y. Therefore, the development of
a suitable extraction method is necessary to extract HREEs from the organic-rich clay layer
in this geochemical formation.

4.3. REE Concentrations of Concentrated Samples

The average REE concentration and REO grade of the concentrated samples (CC1-
CC5) were 24,670 mg/kg and 2.8%, respectively (Table 2). This clearly showed that the
wet sieving and subsequent density separation process via a shaking table significantly
enriched the REE content in the concentrated samples, which upgraded the REO percentage
by almost 10-fold compared to the original alluvial samples. The LREEs percentage in the
concentrated samples accounted for about 94% of the TREE contents (Table 2). Therefore,
these concentrated samples could be a secondary source for REEs, particularly for LREEs. In
addition, the wet sieving and density separation process via a shaking table is a promising
physical separation method to upgrade the REO grade of gem mining waste before further
physical beneficiations and chemical leaching.

4.4. REE Patterns of Collected Samples

Figure 6 illustrates the chondrite-normalised REE patterns of the studied samples.
Significant enrichments of LREEs in the concentrated samples (CC) and HREEs in the
organic-rich clay (OCL) samples were evident in these normalised patterns. All samples
showed positive Ce anomalies and significantly negative Eu anomalies. Comparing the
chondrite-normalised patterns of IAC deposits in China, the organic-rich clay layer shows
that HREEs such as Gd, Dy, Er and Yb were enriched in the organic-rich clay layer.

Figure 6. Chondrite-normalised REE patterns of the studied samples. Since Lu concentrations were
below the detection limit, Lu values in alluvial and gem gravel samples are not plotted in this figure.
Published REE values of IAC deposits in China and chondrite-normalised factors were adapted
from [29,30], respectively.
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4.5. REE Yield, Grade, and Recovery of Separation Experiments

During the shaking-table tests, the average yield of the concentrate was 37%, whereas
tailing accounted for 63% of the yield (Table 3). The TREO grades of feed, concentrate, and
tailings were 1.4, 2.8 and 0.6, respectively. The recovery of TREO via the shaking table
was 74%. The recoveries of LREO (light rare earth oxide) and HREO (heavy rare earth
oxide) via the shaking table with respect to the feed were 74% (La2O3 = 76, Ce2O3 = 71,
Pr2O3 = 87, Nd2O3 = 74, Sm2O3 = 73 and Eu2O3 = 75) and 90% (Gd2O3 = 91, Tb2O3 = 79,
Dy2O3 = 81, Ho2O3 = 72, Er2O3 = 87, Tm2O3 = 65, Yb2O3 = 79 and Y2O3 = 95), respectively.
The results reveal that the shaking-table separation could remove major gangue minerals
in the feed and enrich REEs in the concentrate. Due to the high recoveries, grade, and
enrichment factors of REEs, the concentrate (CC) possessed a high potential of being a
secondary source for REEs, particularly for LREEs.

Table 3. Results of physical separation through Wilfley shaking table.

Product Yield %
LERO HREO TREO

Grade % Recovery % Grade % Recovery % Grade % Recovery %

Feed 100 1.33 100 0.06 100 1.4 100
Concentrate 37 2.65 74 0.14 90 2.8 74

Tailing 63 0.54 26 0.01 10 0.6 20

4.6. REE-Bearing Minerals in the Concentrate

REE-bearing minerals such as monazite, zircon, and xenotime were identified in the
concentrate (Figure 7). In addition, the SEM/EDX spot analysis indicates the presence of
LREEs, Y and phosphorus in the surface sediment samples (Figure 8). The presence of
monazite and zircon justified the high concentrations of LREEs. In contrast, xenotime acted
as the main HREE-bearing mineral, particularly for Y.

Figure 7. Concentrate’s XRD patterns indicating REE-bearing and other heavy minerals.
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Figure 8. SEM/EDX spot analysis of the concentrate.

In addition, heavy minerals such as ilmenite and garnet were enriched in the con-
centrate. The organic-rich clay layer showed a lower abundance of REE-bearing minerals.
However, the REO was as high as 0.6% compared to the alluvial layer. Therefore, that
REE minerals may have been dissolved into the groundwater in the form of REE ions due
to the weathering and decomposition of the alluvial layer (Figure 2). Once groundwater
penetrates through the alluvial layer, dissolved components can be migrated into the clay
layer, and REE ions could be adsorbed onto the surface of the clay minerals. A similar
formation could be found in IAC rare earth deposits in China [31]. Despite the low REO
content, such geochemical formations render REE extraction easy and economically viable.

4.7. Mine Waste, Value Recovery and Presence of U

Considering recent trends in mine tailing management and critical metals [1,4], the
investigation of REE potential in gem mining waste in Sri Lanka is crucial on two fronts,
namely, value recovery from mine waste streams, and sustainable and cleaner mine waste
management. In addition, significant levels of U were found in the studied samples that
need to be addressed, considering the waste management aspects of gem mining in Sri
Lanka. U concentrations ranged from 8.8 to 800 mg/kg in alluvial and concentrated
samples, respectively (Tables 1 and 2). Since zircon, monazite and xenotime were the REEs’
primary carrier minerals, U may also be enriched by these minerals in the concentrated
samples. According to the soil quality guidelines (SQGs) recommended by the Canadian
Council of Ministers of the Environment (CCME), the permissible U concentration for
industrial land use is 300 mg/kg [32]. Therefore, the concentrated samples in this study
exceeded the permissible U level.

In some gem mines in Sri Lanka, gem-bearing sediments are subjected to a density
separation process using a shaking table to recover any available gold nuggets. The
concentrates are thus piled up in gem mining sites without proper safe disposal procedures.
Therefore, workers may be exposed to a high level of radiation, and their health could be at
increased risk [33]. Detailed studies are recommended to investigate this aspect in the gem
mining industry in Sri Lanka to ensure that the industry is cleaner and more sustainable.

5. Conclusions

Gem mining in Sri Lanka is intensively carried out and annually generates tonnes of
mine tailings. The quantification of REE content and REO grade is essential to sustainably
manage this waste stream and to assess the REE resource potential in the gem waste of
Sri Lanka. In the Wagawatta gem pit, the alluvial layer contained 0.3% REO. A simple
physical separation method consisting of wet sieving and subsequent density separation via
a shaking table was employed to upgrade the REO up to 2.8% with a 94% LREE. Therefore,
the concentrated samples are a high potential source for LREEs. The organic-rich clay layer
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formed underneath the alluvial layer contained 0.6% REO and 49% HREEs. Therefore, the
organic-rich clay layer could also be considered a potential HREE source.

Since this study was limited to a particular gem mine, a substantial amount of REEs
could be extracted from the waste tailings in the gem mining industry. Therefore, it is
necessary to assess the REE potential in gem mine waste in the entire country (this can
be performed by estimating the gem mining waste generation at each mine for a given
period). Subsequently, sustainable process flowsheets can be developed to extract REEs
economically. In addition, it is recommended to investigate the background radiation levels
in gem mining sites. Furthermore, adverse radioactive impacts must also be mitigated to
maintain the sustainability of the REE extraction from the gem mining waste in Sri Lanka,
fostering the United Nations Sustainable Development Goals (SDGs) such as responsible
production and consumption (SDG 12), and life on land (SDG 15).
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Abstract: Hydrodynamic hysteresis exists widely in agglomerated heaps with well-developed intra-
pores, and it directly affects solute transports and bioleaching reaction. In this paper, the dynamic
liquid retention behavior under different heap porosity and irrigation condition is quantified via a
novel real-time, in-situ liquid retention characterizing system (RILRCS), and the potential effects of
initial liquid retention on solute transport and leaching reaction are carefully discussed. The results
show that the immobile liquid is dominant in agglomerated heaps. The ratio of immobile and mobile
liquid (η) dynamically changes due to mineral dissolution and new flow path appearances. The η

normally increases and mobile liquid occupies a higher proportion due to acidic leaching reactions,
especially at a smaller Rg (10.32 mm) and a larger u (0.10 mm/s). The dynamic liquid retention is
more sensitive to the diameter of packed feeds (Rg) and superficial flow rate (u) instead of leaching
reactions. This might be because the damage of leaching reaction on minerals pores/voids is limited
and cannot extensively change the potential pore channels or fluid flow paths. Based on pulse tracing
and conductivity tests, we reveal that the solute resides longer under a slower u and smaller packed
Rg condition, which corresponds well with desirable copper leaching efficiency. Specifically, the
liquid hysteresis behavior is more obvious at a lower u (0.01 mm/s) and smaller Rg (10.32 mm).
This paper gives a good reference to ascertain the liquid retention and hydrodynamic hysteresis and
promote mineral leaching performance.

Keywords: agglomerated heap; liquid retention; hysteresis behavior; solute transport; fluid flow

1. Introduction

Low-grade minerals, waste ores, and even e-wastes are diffusely deposited in the
earth [1,2]. These secondary recyclable resources require low-cost, environmentally-friendly,
and efficient mining methods. Since 1980s, heap leaching, which crushes ores and then
packs them in heaps [3,4], has been successfully industrialized in the United States, Canada,
Chile, South Africa, China, and other countries. The agglomeration, as an effective pre-
treatment method of crushed ores, is widely utilized in the heap leaching of copper oxides,
copper sulfides, laterite nickels, and uranium minerals.

The experimental agglomeration refers to the procedure of using chemical binders to
adsorb and bond crushed ores and fine powders to form well-shaped agglomerations (WAs),
which could obviously ameliorate pore structure, fluid flow, and solute dispersion [5].
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Similar with crushed ore heaps, both the unsaturated and saturated condition exist in
agglomerated heaps simultaneously [6,7]. The liquid hysteresis behavior in unsaturated
beds respectively packed by solid glass beads, crushed ores, and agglomerations are
comparatively discussed. Recently, some novel detecting methods such as computer
tomography (CT), magnetic resonance image (MRI), and particle tracking velocimetry
(PIV) have been introduced to describe the liquid retention behavior. Although these
undisturbed methods are mostly short-term and high cost, studies have indicated that
developing differences of intra-aggregate and inter-aggregate porosity is an essential reason
for differences in liquid hysteresis. Due to well-developed intra-particle pores and voids [8],
the liquid retention and hysteresis appeared more easily than for the crushed ore heaps,
which is regarded as one of the essential factors leading to desirable leaching efficiency.
The fluid flow is closely related to the formation of flow paths and fluid dispersion in
unsaturated heaps [9,10]. In addition to the superficial flow rate, the fluid flow pattern
is also related to the flow pipe diameter, fluid viscosity, and density. The flow pattern in
unsaturated crushed ore/agglomerated heap is commonly shown as laminar flow where
the flow rate is higher in the central part of flow tubes.

It is impossible for the solute (including valuable metallic/non-metallic ions, soluble
oxygen, etc.) to be independent of the leaching system and its transport process must rely
on liquid medium. A consensus has been developing that the solute consistently existed
in the reactive fluid inside unsaturated heaps, and solute transport is closely related to
solution flow. The efficiency of solute transports represents the ion exchange rate at the
reaction interface and limits the mineral dissolution to some extent. Specifically, the solute
transport areas in the unsaturated heaps are closely related to mobile liquid (mainly shown
as preferential flow), while the solute transport efficiency is closely related to immobile
liquid (mainly shown as stagnant flow). The existing research shows that there are two key
star-like inter-particle pores and intra-particle pores in the ore heap, and solute transport
widely exists in the inter-particle pores with solution as the key medium[11,12]. These
solute/mass (including solute oxygen, metallic ions, etc.) transports could be affected
by channeling tortuosity [13,14], contact angle at the solid-fluid interface [15], and the
diameter of pore throat [16,17]. In the heap heterogeneous, the segregation and stratification
phenomenon appeared widely [18]. This could also be quantitively characterized by
detecting liquid holdup difference from macro-scope [19]. Caused by the complex hydraulic
conductivity and hysteresis in unsaturated heaps, it is hard to quantitively characterized
solute transport [20,21]. To describe the solute transport and liquid retention behavior of
different unsaturated porous systems, previous studies have mainly focused on numerical
simulation to characterize the solute transport process under the effect of different porosity
and irrigation condition. Except for the mathematical modeling studies mentioned above,
hydrodynamics features in fluid flow and solute transport in unsaturated porous heaps
are explored via column system. Some detection methods including calibration solute
tracing and overflow conductivity measuring are utilized to quantify the solute transport
behavior, and discuss the potential effect of liquid hysteresis on mass transfer in the minerals
interface [22]. In addition, Neethling′s team of Imperial College London innovatively
used the suspension force measurement method to monitor the liquid holding behavior
of the static ore particle pile system. Some computer tomography, nuclear magnetic
resonance, and other techniques have also been applied to the liquid holding characteristics
of unsaturated porous media stacking heap [23–25], but the above research findings are
more static and transient without considering mineral leaching. Despite this, there are
still few studies that both consider liquid hysteresis and solute transport in agglomerated
leaching condition, leading to a research gap regarding a deep understanding of how
agglomerated heaps enhance mineral leaching and solute transport intensification [26–28].

In this paper, using a novel developed in-situ, real-time liquid retention characterizing
experimental system, the fluid flow, dynamic liquid retention, and hysteresis behavior in
unsaturated agglomerated heaps are effectively discussed. To better show the potential
connection between liquid retention and mass transfer of agglomerated heap leaching sys-

20



Minerals 2022, 12, 1623

tem, the dynamic liquid retention is quantitative by the liquid holdup value θ, the residual
liquid holdup value θresidual, and the ratio of immobile and mobile liquid η; the dynamic
solute transport in agglomerated heaps is quantitatively described by fluid parameters,
such as overflow the overflow conductivity, and residual time distribution (RTD). The
research measures and findings in this paper could promote the understanding of the
dynamic liquid retention and hysteresis behavior in agglomerated heaps under different
inter-aggregate porosity (comparing diameter of WAs), intra-particle porosity (comparing
feeds with same diameters), and superficial flow rate condition.

2. Materials and Methods

2.1. Ore Samples and Its Agglomeration Condition

The ore feeds are sampled from copper sulfides mines in China. The valuable copper
minerals mainly are copper sulfides (chalcocite and chalcopyrite, etc.) and copper oxides
(malachite, etc.). The total mass fraction of Cu2+ is 0.70% (free copper oxides is 5.71%,
primary/secondary copper sulfides occupied 92.86%), the gangue minerals is mainly quartz.
The agglomerated condition is set as: rolling speed is 80 rpm, inclined angle is 30◦, curing
time is 7 days, and chemical binder is 9.3% sulfuric acid solution. The diameter of 50%
crushed ore feeds is less than 2 mm, and 35% is less than 1 mm. The diameter of 80%
WAs is larger than 10 mm. The difference of particle bonding collision in agglomeration
procedure is not considered in this paper.

2.2. Real-Time, In-Situ Liquid Retention Characterizing System (RILRCS)

To quantitively describe the dynamic liquid retention and solute transports in agglom-
erated heaps, a novel real-time, in-situ liquid retention characterizing system (RILRCS) is
well developed (Figure 1). Taking the functionality as evaluation factors, the structure of
RILRCS is divided into (Figure 1a): liquid irrigating (9, 10, 11, 13, 14, 15, 16, 17, 18), tension
measuring (5, 6), data visualizing (8), and supporting (1, 2, 3, 4, 7, 12) systems.

Figure 1. Scheme of novel Real-time, In-situ Liquid Retention Characterizing System (RILRCS).
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The RILRCS idea is to use a tension sensor (Figure 1e) to monitor and converted
dynamical liquid retention signal into electrical signal by force measurer and converter
(Figure 1d). The effective measuring range of liquid retention is 30 kg, test accuracy is
0.001 kg. The A/D conversion rate is 200 times/s and counting step is 15 s. The electrical
signals are compiled by LABVIEW and graphical language (Figure 1b), eventually obtaining
the liquid holdup (θ), residual liquid holdup (θresidual), and ratio of immobile and mobile
liquid (η). The dripping irrigation uses the uniform vertical hoses and glass porous board
(Figure 1c). The pulse conductivity of overflow in liquid collection tank (Figure 1a) is
measured regularly.

2.3. Experimental Scheme and Design

This paper utilizes column leaching experiment (CLE) and pulse tracing experiment
(PTE) to study the dynamic liquid retention behavior, solute transport, and its influencing
factors in agglomerated heaps. The detailed experimental scheme and key parameters
are shown in Table 1. The dynamic liquid retention in leaching process is detected via
RILRCS. The key parameters of overflow, namely Cu2+ concentration, pH/Eh, and bacterial
concentration, are measured. The influencing factors are described: (1) packed feed types
(solid glass beads, crushed ore, and Was), (2) geometric mean diameter of agglomerations
(10.32, 16.02, and 24.36 mm), and (3) superficial flow rate (0.01, 0.02, 0.05, and 0.10 mm/s),
respectively. Different WAs feeds and irrigation conditions were set up.

Table 1. Experimental scheme of pulse tracing and column leaching in this paper.

Experiment Factors Packed Feed Type
Geometric Mean
Diameter (mm)

Superficial Flow
Rate (mm/s)

Pulse
Tracing

Experiment
(PTE)

Packed feed types

Solid glass beads 16.02 0.10

Crushed ore 16.02 0.10

Well-shaped
agglomerations (WAs) 16.02 0.10

Geometric mean
diameter of

packed feeds

WAs 10.32 0.10

WAs 16.02 0.10

WAs 24.36 0.10

Superficial
flow rate

(Irrigation rate)

WAs 16.02 0.01

WAs 16.02 0.02

WAs 16.02 0.05

WAs 16.02 0.10

Column
Leaching

Experiment
(CLE)

Geometric mean
diameter of

packed feeds

WAs 10.32 0.10

WAs 16.02 0.10

WAs 24.36 0.10

Superficial flow
rate (Irrigation

rate)

WAs 16.02 0.01

WAs 16.02 0.02

WAs 16.02 0.05

WAs 16.02 0.10

In the CLE, the WAs are artificially dumped and packed the agglomerated heaps.
Then the acidic solution is irrigated from the top of packed agglomerated heaps, the
bacterial concentration, pH/Eh value, and cupric ions concentration (copper extraction
rate) of overflow are detected regularly. The basic liquid medium is no-ferrous 9K solution
containing 3.0 g (NH4)2SO4, 0.5 g K2HPO4, 0.1 g KCI, 0.5 g MgSO4·7H2O, and 0.01 g
Ca(NO3)2 per liter. The initial pH value is set as 2.00. The functional leaching micrograms
are injected and domesticated in leaching medium. The dominant bacteria species are
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Acidthiobacillus ferrooxidans (A.f ) and Acidophilus thiooxidans (A.t). The initial total bacterial
concentration is roughly 2.0 × 106 cell/mL, the environmental temperature is 28 ± 2◦.

In the PTE, to detect the solute transport under different initial liquid retention con-
ditions, the tracer ion is thought as solute ions of valuable minerals reserved in the ore
samples. The conductivity value of overflow contained tracer ions is continuously detected
by conductivity sensor. The 4.00 mol/dm3 NaCl solution is used as the experimental tracer,
and this NaCl tracer was injected once in a pulse (shown in Figure 2), with an injection
volume of 0.05 mL. This pulse injection adopts a single dipper head. The overflow con-
ductivity is measured by the inserted sensors, and the residual time distribution (RTD) is
calculated according to previous similar studies. The residence, spreading, and hysteresis
behavior of solute (tracer ions) in agglomerated heaps are carefully discussed.

Figure 2. Experimental scheme of conductivity pulse tracer method using NaCl solution.

2.4. Key Parameters of Liquid Retention and Solute Transports
2.4.1. Liquid Holdup (θ) and Residual Liquid Holdup (θresidual)

In irrigation and drainage process, the agglomerated heaps reach static, and residual
steady-state of liquid retention, which is corresponding with liquid holdup (θ, %) and
residual liquid holdup (θresidual, %), respectively. As described in [29], two key parameters
are calculated by Equations (1) and (2).

θ =

∫
(v in − vout) dt

V
=

vint − mout/ρ

V
(1)

θresidual =
Vsteady −

∫
(v out)dt

V
=

θV − mout/ρ

V
= 1 − mout

Vρ
(2)

where vin is flow rate in, vout is flow rate out, mout is mass of liquid flow out, and ρ is liquid
density. The immobile and mobile liquid co-existed in flow paths and stagnant areas of
agglomerated heap. To evaluate existing status of liquid (leaching solution) reserved in the
agglomerated heaps, the ratio of immobile liquid and mobile liquid (η) is utilized, which
could be calculated by Equation (3).

η =
θresidual

θ − θresidual
(3)

2.4.2. Solute Transport and Resident Parameters

The solute transport in agglomerated heap relies on liquid dispersion, which is heavily
affected by heap porosity and liquid retention. The hydrodynamic diffusion coefficient D is
the sum of effective molecular diffusion Dm and mechanical diffusion Dh (Equation (4)).
The two diffusion processes cannot exist independently.

D = Dm+Dh = Dm+λvn0= Dwτl+λvn0 (4)

wherein the Dh mechanical diffusion may be expressed as λvn0. The λ is the scattering
coefficient, n0 is an empirical constant, υ is the pore water velocity, θ is liquid holdup.
The relationship of tracer conductivity and spray time curve C(t) can be obtained by PTE.
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The conductivity distribution of the overflow water containing the tracer at the outlet is
integrated and normalized, as shown in Equation (5).

E(t) =
C(t)∫ ∞

0 C(t) dt
(5)

The residence time distribution (RTD) ranges from 0 to 1, representing the fraction of
salt tracers whose residence time is less than a specific value. To better compare the solute
transports under different liquid holdup conditions, take mean residence time (tR) as an
indicator, as shown in Equation (6).

tR =
∫ ∞

0
t E (t)dt =

∫ ∞

0
t

C(t)∫ ∞
0 C(t) dt

dt (6)

3. Results and Discussion

3.1. Key Parameters under Geometric Mean Diameter (Rg) and Superficial Flow Rate (u)

(1) Cupric ionic concentration/copper extraction rate

The liquid (leaching solution), which contains types of metallic ions, continuously and
disorderly spreads in the irrigation or drainage process of heap leaching operations. The
leaching medium and feed diameter influence leaching kinetics of minerals dissolution.
Thus, the column leaching conducted here is aimed at discussing the effect of initial liquid
retention on leaching reaction. Figure 3 shows the relationship between leaching time and
copper extraction rate under different geometric mean diameter (Rg, mm) and superficial
flow rate (u, mm/s).

Figure 3. Copper leaching rate with leaching time under different packed and irrigation condition.

Due to a larger specific surface area, a better leaching reaction interface is provided
in fine-grained (10.32 mm) agglomerated heaps where the peak copper extraction rate is
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76.2%, which is much higher than 49.2% of coarse-grained (24.36 mm) agglomerated heaps
(Figure 3a). For the copper sulfides leaching, it is known that its leaching kinetics could
be roughly divided into two stages: the first stage is Fe3+ diffusion through the product
layers controlled by solute concentration and temperature, which could correspond with
the first 5 leaching days in this paper; the second stage is mainly controlled by mineral
decomposition and Fe2+ reduction, which could corresponded with the 5–12 leaching
days. In leaching solution, the reserved ferric ion (Fe3+) is reduced to ferrous ions (Fe2+)
participated with oxygen and A.f bacteria, the S2- is oxides to sulfate ions by A.t bacteria.
To deeply understand leaching reaction under different effects of influencing factors, the
chemical leaching reaction of the majority copper sulfide mineral compositions (including
of chalcocite, covellite, and chalcopyrite) is simply shown in Equations (7)–(9), respectively.

Cu2S + 2Fe3+ → Cu2++2Fe2++CuS (7)

CuS + 2Fe3+ → Cu2++2Fe2++S0 (8)

CuFeS2+4H++O2 → Cu2++2Fe2++S0+H2O (9)

Figure 3b shows that the cupric ions are released to liquid in leaching process, and
the mineral dissolution is desirable under 0.05 mm/s irrigation condition. When the
agglomerated leaching is operated for 21 days, the peak value of copper extraction rate is
70.0% (at 0.05 mm/s), which is much higher than 54.2% (0.01 mm/s). As Figure 3c shows,
accompanied with the increase of peak copper extraction rate under different Rg condition,
the η tends to increase as well. In contrast, the peak value of copper extraction rate is
obtained at 0.05 mm/s instead of 0.10 mm/s (Figure 3d). This means that for continuously
increasing u, the solute diffusion and minerals dissolution in agglomerated heaps cannot be
linearly improved. This fact might be caused by the recognition that most liquid and solute
transport is conducted via preferential flow paths under an excessive high superficial flow
rate [30]. The detailed liquid retention will be discussed below.

(2) Bacterial concentration

The bacterial concentration in liquid medium keeps changing dynamically, and closely
corresponds with sulfide mineral dissolution and reactions. Figure 4 shows the relationship
between leaching time and bacterial concentration under the different initial liquid retention
condition. Figure 4a,b infer that the initial liquid retention, which is designed by different
packed and irrigation condition, could clearly affect the leaching efficiency. The bacterial
concentration obviously increased from 2.0 × 106 cells/mL to around 1.6 × 108 cells/mL in
the first 10 days, the peak bacterial concentration is roughly 1.75 × 108 cells/mL obtained
at 0.05 mm/s or using 10.32 mm WAs; then the bacterial apoptosis gradually appears to
be caused by leaching environment deteriorations. In the agglomerated heaps packed
by 24.36 mm WAs, the bacterial concentration decreases from 1.16 × 108 cells/mL (at
14 days) to 1.06 × 108 cells/mL (at 21 days). It could be explained that after a longer
period of bioleaching reaction, the crusts composited by amounts of passivation products
widely attached on the mineral surface, which fill pores/voids and seriously restrict the
continuation of bioleaching reactions. Further, the changes of peak bacterial concentration
with the η in Figure 4c,d correspond well with copper extraction rate (Figure 3), which also
follows the close relationship between copper extraction rate and bacterial concentration.
In other words, a desirable bacterial concentration is obtained by using small-diameter
WAs or appropriate high u, resulting in a higher copper leaching efficiency.

(3) pH/Eh value

The copper sulfide bio-/chemical leaching is a complex chemical reaction commonly
occurring in acidic aqueous medium. The oxidation reduction potential (ORP) is closely
related to soluble oxygen, and is also affected by the ratio of ferrous and ferric concentra-
tion [31]. Figure 5 shows that, regardless of Rg or u, the oxidation reduction potential (ORP,
Eh) is higher when pH value is lower.
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Figure 4. Bacterial concentration with leaching time under different packed and irrigation condition.

Figure 5. pH/Eh value with leaching time under the different packed and irrigation condition.
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In the early leaching period (0–5 days), the pH value reaches nearly 2.60, and oxidation
reduction potential (ORP) is generally lower than 650 mV (Figure 5), which corresponds
with undesirable copper extraction rate (Figure 3). In the leaching process, H+ is consumed
by the copper oxides and alkaline gangues [32], the acidic leaching of copper oxides is
shown in Equation (10). The Eh value increased to 750–850 mV after 10 days of leaching,
and the copper minerals are quickly dissolved and leached, which is clearly echoed with a
surge increase of copper extraction rate (Figure 3) and bacterial concentration (Figure 4).

Cu2(OH)2CO3+4H+ → 2Cu2++3H2O + CO2 (10)

In copper sulfides leaching, the Fe3+ is reduced to produce passivation substances
such as jarosite, polysulfide, etc. [33,34], and the S2− is oxidized to produce S0 and sulfate
ions, which promotes the formation of H2SO4 (Equation (11)).

3Fe3++2 SO2−
4 +6H2O + M+ → MFe3 (SO 4)2(OH)6+6H+ (11)

These finding also inferred that the pH/Eh heavily affects the leaching, where the higher
ORP promotes the mineral dissolutions. Combining with the existing research [35–37], this
indicates that ORP affects the intermediate products formation, so it could limit the solute
transfer and bioleaching efficiency. Referring to previous studies on liquid retention and
hysteresis behavior, it clear that the liquid holdup of unsaturated ore packed beds is higher
under a higher u or a smaller Rg condition; therefore, combining with results of Figure 5, the
ORP is higher in agglomerated heaps where the immobile liquid has a higher proportion,
especially in late leaching stage (Figure 5d).

3.2. Dynamic Liquid Retention Behavior under Different Leaching Condition

(1) Effect of geometric mean diameter (Rg) on dynamic liquid retention

To clearly reveal the dynamic liquid retention from the solute transfer, mobile and
immobile liquid condition at 0 and 21 days are comparatively discussed in this paper.
Figure 6a shows the effect of geometric mean diameter (Rg) of WAs on dynamic liquid
retention. The ratio of immobile liquid and mobile liquid (η) continuously changes, and it
represents the dynamics liquid retention during the agglomerated column leaching.

Figure 6a shows that if geometric mean diameter of packed WAs is fixed, the η
decreases accompanied with leaching reaction. For instance, in the heaps packed by 10.32
mm agglomerations, the proportion of mobile liquid increases from 24.8% of leaching 0 d
to 30.9% of 21 d leaching, with a net increase of 4.1%. It speculates that the bio/chemical
leaching reaction leads to mineral interface damage, pore throat expansion, and even
fluid flow path reconstruction, which promotes mobile fluid paths development, and
then it manifests as the proportion increases of mobile fluid after leaching. Further, after
the leaching reaction, the increase of mobile liquid proportion is more obvious in the
agglomerated heap packed by the small-grained agglomerations. This is consistent with
the experimental phenomenon that the pore structure in fine-grained agglomerated heap
is well developed. Thus, the flow path is normally well expanded and not only along
the former liquid breakthrough paths, which is easy to potentially interfer by leaching
reactions and mineral dissolution. However, there is a fact not affected by leaching reaction,
namely, the η will gradually decrease if the Rg of spherical agglomeration feeds increases.
As seen in Figure 6a, the η of day 0 decreases from 3.672 to 1.629; similarly, the η of day 21
also decreases from 2.922 to 1.521. This means that, although mineral dissolution could
accelerate the flow paths development and increase the mobile liquid flow as a result [38,39],
the leaching reaction only weakly affects η and cannot fundamentally subvert the state of
liquid retention in the agglomerated heaps. Thus, the liquid retention of agglomerated
heaps is more sensitive to geometric mean diameter than leaching reaction. This infers that
it is easier to control liquid holdup by regulating the packed feed diameter of WAs, rather
than regulating the leaching reaction especially in industrial-scale leaching operation.

27



Minerals 2022, 12, 1623

(a) 

 
(b) 

Figure 6. Ratio of immobile and mobile liquid under different geometric mean diameter and superfi-
cial flow rate. (a) Effect of different geometric mean diameter, (b) Effect of superficial flow rate.

(2) Effect of superficial flow rate (u) on dynamic liquid retention

Under the co-effects of capillary and gravity forces, the encapsulated liquid film on
the agglomeration surface forms the potential fluid paths to promote liquid (or solute)
transportation, while the incomplete liquid film causes intermittent liquid retention. The
former liquid film is closely related to mobile liquid, and the latter liquid film is closely
related to the immobile liquid in the agglomerated heaps. The corresponding relationship
between the superficial flow rate (u) and ratio of immobile and mobile liquid (η) is shown
in Figure 6b.

The leaching reaction promote the proportion of mobile liquid, eventually making the
immobile liquid and mobile liquid to be more balanced. As Figure 6b shows, the η is positively
related to u during the whole leaching process. In other words, the liquid exists as mobile
liquid in agglomerated heaps instead residents in the stagnant regions, especially under a
lower u. This does not mean that the mobile liquid is dominant, but it infers that the proportion
of mobile liquid can be significantly increased when a lower u introduced. Taking the leaching
on day 21 as an example, the mobile liquid occupied 34.9% at 0.10 mm/s; however, the mobile
liquid only occupied 47.7% at 0.01 mm/s. This is because that the preferential flow paths
quickly appear and the liquid retention easily reach the steady-state at a higher u (0.10 mm/s),
leading to extensive unsaturated areas distributed in agglomerated heaps. Moreover, no
matter how high u is, the η will certainly decrease accompanied with the mineral dissolution
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reactions. It has also been demonstrated that the leaching reaction could enlarge the flow
paths and promote the proportion of mobile liquid as a result [40,41]. This decreasing of η is
more pronounced at a higher u. Taking the 0.1 mm/s condition as an example, η significantly
decreases from 2.816 to 1.866, and the net reduction is 0.95. However, the net reduction of η is
only 0.067 at 0.01 mm/s, which is much lower than the value of the 0.10 mm/s condition.

3.3. Response of Solute Transport to Dynamic Liquid Retention of Agglomerated Heaps

(1) Effect of superficial flow rate

To better reveal the solute transport under the dynamic liquid spreading condition,
the effect of irrigation condition, packed feed types, and agglomeration geometric mean
diameter on solute transport behavior are considered in this paper, respectively. Figure 7a,b
shows the effect of superficial flow rate (u) on the overflow conductivity and residence time
distribution (RTD) with irrigation time.

 

 

 

Figure 7. Effect of superficial flow rate, inter-/intra- particle porosity, geometric mean diameter on
the overflow conductivity and RTD curve with irrigation time.
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In Figure 7a, the appearance time of the conductivity pulse peak gradually lags as u
decreases. Specifically, under 0.10 mm/s condition, the peak conductivity value of overflow
is 466 us/cm at 240 s; when the u is reduced to 0.01 mm/s, the similar peak conductivity
of overflow is obtained. In addition, based on the slope of the curve, the increasing and
decreasing process of the overflow liquid conductivity at high u (0.10 mm/s) are almost
symmetrical, but a “dragging phenomenon” is observed under low u (0.01 mm/s). This
indicates that the solute is quickly washed away from the leaching reaction system at high
u (0.10 mm/s), but slowly diffuses and stagnates in the pores/voids at low u (0.01 mm/s).
The liquid dragging is mainly caused by coupled effects of adhesion forces and cohesion
forces, which is recognized as the hysteresis behavior [42,43]. The degree of hysteresis is
heavily influenced by the interaction surface features (contact angle, surface roughness,
etc.) and wettability condition.

As seen in Equations (5) and (6), the residence time distribution (RTD) is shown in
Figure 7b. The breakthrough time of solute pulse is positively proportional to the irrigation
rate, which decreases from 120 s (0.01 mm/s) to 30 s (0.1 mm/s). Due to the consumed
time of the liquid, breakthrough is closed related to the appearance time of preferential
flow paths. This means that the shorter the breakthrough time is, the faster liquid retention
steady-state reaches. Besides, based on the RTD curve, the solute residence time is around
660 s at 0.01 mm/s, which is much lower than 1770 s at 0.10 mm/s. It inferred that the
ionic solute stagnates for a longer time at a low u (0.01 mm/s), which is caused by a more
developed capillary diffusion under a slow flow rate. These findings also give a guidance
for an industrial agglomerated heap, namely, advisably decreasing the irrigation rate (or u)
could enhance capillary diffusion and promote mass transfer. In contrast, increasing the
irrigation rate (or u) could quickly recycle the reserved valuable ionic solutes if the leaching
reaction is carried out.

(2) Effect of inter-/intra-aggregate pores

Some previous studies have considered how the developments of inter- and intra-
pores affect the retention potential of unsaturated packed beds. This paper focuses on
the agglomerated heaps and promotes the understanding of inter-/intra- pores effects
on solute transfer via pulse conductivity. Figure 7c,d indicates the effect of inter-/intra-
aggregate pores on overflow conductivity with irrigation time via different packed feeds
(glass beads, and WAs).

The results of Figure 7c show that consumed time of solute transports is 90 s in glass
beads heap, which is much lower than 240 s in heaps of WAs. The intra-porosity of solid
glass beads heap is 0%, which is far below that of agglomerated heaps. Based on Figure 7d,
the RTD curve implies that the residence time of glass beads is 330 s, which is lower than
the residence time (660 s) of agglomerated heaps. This fact confirms that the intra-pores
promote liquid hysteresis behavior, strengthen the capillary diffusion, and cause more
solutes to stagnate in the agglomerated heaps where the intra- and inter- pores are both
well developed. Similarly, it is known the intra- porosity of crushed ore heaps is not as well
developed as agglomerated heaps. Hence, this also explains why agglomerated heaps have
better liquid holdup and leaching efficiency than crushed ore heaps.

(3) Effect of geometric mean diameter

Based on previous studies, the development of intra-/inter pores is very important for
liquid hysteresis. Figure 7e,f shows the potential effect of geometric mean diameter on the
overflow conductivity and solute residence time features.

Figure 7e indicated that the peak conductivity value and residence time of solute
transport is heavily affected by the geometric mean diameter of packed feeds. The peak
conductivity value is 480 us/cm (in 10.32 mm agglomerated heaps), which is much higher
than 442 us/cm (in 24.36 mm agglomerated heaps). More potential flow paths exist in
the agglomerated heaps with well-developed pores. Thus, the liquid dispersion and
solute transport is more complicated and harder to predict. Based on the results shown
in Figure 7f in this paper, the solute residence time in the heaps packed by 10.32 mm
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WAs is highest (1050 s); in contrast, it decreases to 480 s in the heaps packed by 24.36 mm
WAs. This obvious difference in residence time suggests that the well-developed pore
structure (smaller diameter agglomerations) could have a higher liquid holdup value of
(residual) steady-state and obvious hysteresis phenomenon. Thus, in the feed dumping
procedure [44–46], appropriately reducing the feeds diameter of WAs effectively improves
the heaps’ porosity, ameliorating liquid retention, and solute transport.

4. Conclusions

This paper reveals the potential effects of leaching reaction on dynamic liquid retention
and hysteresis behavior of agglomerated heaps. The main findings are as follow:

(1) The dynamic liquid holdup is carefully quantified via RILRCS system, the copper
extraction rate is higher when the WAs diameter is smaller (10.32 mm). Increasing the
surficial flow rate could decease the ratio of immobile and mobile liquid (η);

(2) The RTD results show that increasing intra- porosity of agglomerated heaps and
superficial flow rate could extend solute residence time. However, the excessive
superficial flow rate easily results in preferential flow formation and low copper
leaching rate;

(3) Leaching reaction tends to promote the proportion of mobile liquid, and increase the
peak liquid holdup value. The leaching reaction tends to develop the flow paths,
which is mainly shown as the reduction of η.

From the results described in this paper, it can be seen that bioleaching reactions have
a significant impact on liquid holding behavior. The concentration change of solute type
caused by mineral reaction, reaction passivation, and interface liquid-solid contact angle
will be the focus of follow-up research.
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Abstract: The features occurring during borehole uranium mining in deposits with low filtration
characteristics, as well as the conditions and reasons for the reduction of geotechnological parameters
of uranium mining by the well are considered in this study. Core material samples were taken from
the productive horizon of the Chu-Sarysui province deposit and granulometric compositions were
established. The contents of uranium, aluminum, calcium, magnesium, iron and carbonate minerals
in the samples were determined by atomic emission spectroscopy. The X-ray phase analysis method
established the features and quantitative and qualitative characteristics of ore-containing minerals. A
special technique has been developed for conducting experiments in laboratory conditions using core
samples, where the intensity of uranium leaching in tubes is determined. The results of laboratory
studies are analyzed and discussed and graphs are constructed, to show the dependencies of change
in: the filtration coefficients of Kf; the uranium content in solution; the extraction coefficient; and
the specific consumption of sulfuric acid on the values of L:S (the ratio of liquid to solid) in the
experiments. The effectiveness of using a mild acidity regime, with the addition of oxygen as an
oxidizer, is determined and shown. The values of the uranium content in the productive solution,
with the addition of oxygen as an oxidizer, reached 220 mg/L, which exceeds the design parameters.
The results of uranium extraction from ore show a positive trend, reaching 68%, with L:S from 1.7 to
3.0, low acidity values and the addition of oxygen as an oxidizer. The specific consumption of sulfuric
acid reaches the minimum values when using leaching solutions with reduced acidity of 26 kg/kg.
The obtained results, on the flow rate of the solution in the tube, the extraction of uranium from
ore and the specific consumption of sulfuric acid, indicate a decrease in sedimentation in a porous
medium and increased filtration characteristics, with reduced acidity values in the leaching solution.

Keywords: downhole uranium mining; X-ray phase studies; particle size characteristics; uranium
leaching; tube

1. Introduction

Borehole mining of minerals, in particular uranium, involves the dissolution of a
useful component by a moving solvent stream at the location of the ore body, followed
by the removal and lifting of the formed compounds to the surface [1–3]. The positive
aspects of the use of sulfuric acid solutions at enterprises in Kazakhstan are its low cost,
widespread use in the national economy, and the possibility of complete dissolution of
uranium mineralization [4,5]. However, there are negative aspects, such as the high
reactivity of the interaction of sulfuric acid with carbonate-, and clay-minerals of ore-
bearing rocks. When sulfuric acid interacts with carbonate minerals, gypsum is formed,
and clay minerals swell and increase in size; these factors prevent the leaching process [6].

At mining enterprises, the number of production wells and technological blocks
increases annually; this is caused by a gradual decrease in the productivity of the blocks
being opened and a decrease in the utilization rate of wells, from 9.0 to 7.6. This is due to the
accompanying difficulties of opening and mining peripheral parts of blocks with a ragged
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ore structure and high heterogeneity of the productive horizon, and low ore filtration
coefficients, ranging from 2.0 to 4.0. At the same time, there are no economically justified,
effective tools to improve the filtration characteristics of ores and prevent sedimentation
for a long period, in difficult mining and geological conditions of well development.

The development of operational blocks in difficult mining and geological conditions
is often accompanied by serious complications and an irreversible decrease in the perme-
ability of the downhole zone of the productive reservoir, which dramatically increases the
development time and leads to additional costs.

During uranium leaching, the clay content of rocks and ores, as well as the compo-
sition of clay cement, largely determines the primary permeability of rocks and reagent
consumption. Due to clay minerals, sulfuric acid is neutralized, as a result of which the pH
values of solutions do not reach the required parameters (<2.5). This causes an increase
in the consumption of chemical reagents, energy, labor, and other operating costs [7,8].
Overcoming the solubility threshold and achieving the required uranium content in PS
(Productive Solution) requires an increase in the time period of active leaching, which leads
to a decrease in the technical and economic indicators of the process [9].

When designing the borehole development of uranium deposits and feasibility studies,
studies of the mineral composition of ores and host rocks of the productive horizon were
provided, as well as conducting experimental work on leaching uranium using sulfuric
acid solutions with different acidities. Laboratory experiments on uranium leaching were
carried out, to determine the effective parameters of the oxidizer application during the
intensification of borehole extraction of uranium from ores [10,11]. The experiments in-
cluded the establishment of mineral and granulometric characteristics of samples, and the
leaching of uranium from the core in tubes using solutions with high and standard acidity.
A solution with low acidity was prepared separately, but with oxygen feeding into the
solution, for conversion from iron (II) to iron (III), for the purpose of effecting subsequent
oxidation of uranium (IV) to uranium (VI).

2. Materials and Research Methods

2.1. X-ray Phase and Granulometric Studies

The research was carried out on the material of core samples from the uranium deposit
of the Shu-Sarysu province. Previously, using an atomic emission spectroscope, with
individual bound plasma, on the iCAP 7400 spectrometer, all private samples had been
analyzed for the content of uranium, aluminum, carbonate, calcium, iron, and magnesium
in the rock. The results of the analysis of private samples are shown in Table 1.

Table 1. Results of analysis of private samples [10].

Private Sample U CO2 Al Ca Fe Total Mg

1 0.0502 0.17 4.9640 1.2031 0.8031 0.3694
2 0.0568 0.18 4.5153 1.1953 0.8249 0.4780
3 0.0296 0.10 4.6824 0.8658 1.0250 0.3854

Average value, % 0.0455 0.15 4.7205 1.0881 0.8843 0.4109

The analysis results shown in Table 1 indicate that the CO2 content averages 0.15% of
the total sample weight, which indicates a low content of carbonate minerals in the ore and
host rocks. However, the average Al content in process samples is 4.7%, which indicates
the presence of a significant amount of feldspar and clay minerals. Table 2 shows data on
the granulometric composition of the process sample.

Data from the Table 2 shows that the process sample consists mainly of a fine-grained
fraction <0.35 mm—57.33%. This indicates an increased content of clay-silt particles, which
prevents the filtration of solutions and the process of sulfuric acid leaching.
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Table 2. Granulometric composition of the process sample.

Content, %, of Fractions with Fineness, mm
Total Indicator, %

Large Medium Small

>2> >1.6> >1.4> >1> >0.8> >0.5> >0.35> <0.35

1.05 2.24 1.38 3.15 1.93 6.35 15.46 57.33 100

The mineralogical characteristics of the samples were studied using a DRON-3 X-ray
diffractometer. The result of the sample diffractometry is shown in Figure 1, the results of
the analysis of quantitative and qualitative characteristics are shown in Table 3.

 
Figure 1. Diffractogram of the initial core material sample.

Table 3. Results of analysis of quantitative and qualitative characteristics of samples.

Mineral Formula Content, %

Quartz SiO2 58.6

Kaolinite Al2 (Si2O5) (OH)4 10.3

Glauconite (K, Ca, Na)0.8(Al, Fe, Mg)2(Si, Al)4O10(OH)2 nH2O 7.9

Calcium Sulfate Ca (SO4) (H2O)0.5 7.5

Microcline (K, Na) AlSi3O8 6.4

Albite (Na, Ca) (Al, Si)4O8 4.1

Chlorite (Mg, Fe)5Al(Si3Al)O10(OH)8 2.8

Hematite Fe2O3 2.4

According to the results of the analysis of the quantitative and qualitative characteris-
tics of the samples, given in Table 3, it can be seen that the average quartz content is (58.6%).
However, the discovered clay minerals: glauconite (7.9%), kaolinite (10.3%), microcline
(6.4%) and albite (4.1%) cause difficulties in the leaching process, due to their swelling
during reservoir water displacement and pH changes. The presence of gypsum (7.5%) also
forms an obstacle, in the form of precipitation in the places of unloading, namely in the
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filter zones of wells, when the speed of movement of solutions changes. The predomi-
nance of fine fractions and fine-grained sands in the ores of the productive horizon causes
widespread clogging of the pore space and difficulties in restoring the initial filtration
of solutions. This explains the difficulties that arise in extracting uranium under simi-
lar conditions, with the current range of technological standards: LS (Leaching Solution)
injection–PS pumping, and a decrease in the well utilization rate due to downtime for
repair and restoration work (RRW) [12]. The X-ray diffractometer is not able to determine
the content of uranium minerals, due to the small ratio (less than 1.0%).

2.2. Laboratory Studies on Leaching in Tubes from Core Samples

Tube leaching of uranium from samples in laboratory conditions enables the acquisi-
tion of more complete information about the process of dissolution of uranium minerals.
The flow of the prepared solvent was carried out through a sample of ore material, through
filled sealed tubes. The diagram of the laboratory installation is shown in Figure 2. To
determine the mass of the sample in the corresponding tube, the technological sample
was mixed and weighed on an electronic scale before loading. Filtration of solutions was
carried out, with a constant injection of solvent and a pressure drop at the inlet and outlet.
To determine the consumption of chemical reagents, a standard for the preparation of solu-
tions with different acidities was developed. In order to study the flow rate and volume
of dissolved uranium, relative to the initial sample, the filtered solution was collected in a
container, for further analysis.

Figure 2. Dynamics of the change in the filtration rate of the solution depending on the L:S.

Before applying the solvent, reservoir water was injected into the tubes with a volume
of one pore space. For Experiment 1 (tube 1), a standard was adopted with standard acidity
in a leaching solution, with a change in the concentration of sulfuric acid in the LS, with
a regime: 25–15–10–5–3 g/L when changing L:S from 0 to 2.5. For experiment 2 (tube 2),
a standard with a strict acidity regime in the leaching solution was selected, providing
for a change in the concentration of sulfuric acid with a regime: 25–20–15–10–5 g/L, with
an increase in L:S from 0 to 2.5. In experiment 3 (tube 3), a standard with a mild acidity
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regime with the addition of oxygen to the solution under pressure from an oxygen cylinder,
provided for the supply of sulfuric acid with a regime: 15–10–5–3 g/L, with a change in L:S
from 0 to 2.5. Oxygen was injected into a tank containing leaching solution, as an oxidizer
of iron (II), to effect the subsequent oxidation of uranium (IV). Table 4 shows the parameters
of the acidity of the solutions in the experiments, according to the developed standards.
The L:S indicator is the ratio of a unit volume of liquid leaching solution to a unit volume
of solid (ore), it is one of the main indicators for calculation in geotechnological processes.
The total time spent on conducting experiments depends on the rate of liquid filtration
through the sample and the rate of dissolution of uranium minerals. The time spent on
core samples from different horizons or deposits will be different. The rate of passage
of solutions through the core material sample depends on the filtration characteristics
of rocks, composition of the solution, and sedimentation capacity of the ores [13]. The
leaching solution was prepared under laboratory conditions from reservoir water (the
uranium deposit in question) and dosed with the addition of sulfuric acid, according to
the standards.

Table 4. Parameters of acidity of solutions.

Ratio L:S
Acidity in LS, g/L, According to Experiments

1 2 3

0–0.2 25 25 15 + oxygen

0.2–0.8 15 20 10 + oxygen

0.8–1.5 10 15 10 + oxygen

1.5–2 5 10 5 + oxygen

2–2.5 3 5 3 + oxygen

2.5–3 0 0 0

According to the developed method of experimental studies, solutions for experiment 1,
with standard acidity, provided for the preparation and supply of a solution with the values:
25–15–10–5–3 g/L in the L:S ranges: 0–0.2; 0.2–0.8; 0.8–1.5; 1.5–2; 2–2.5; when L:S > 2.5; with
zero acidity. Experiment 2 provided for the preparation and supply of working solutions
with a strict acidity regime, with a concentration of sulfuric acid: 25–20–15–10–5 g/L at the
appropriate L:S ranges. In experiment 3, working solutions were prepared and fed under
a mild acidity regime, with the values: 15–10–10–5–3 g/L when compressed oxygen was
added in the L:S ranges: 0–0.2; 0.2–0.8; 0.8–1.5; 1.5–2; 2–2.5; when L:S > 2.5; without the
addition of acid.

The parameters of the oxidizer’s effect on the process of uranium dissolution from
samples were determined using output solutions, which were recorded in a log, with
volume determination in measuring vessels, for further calculations and analyses. Using
the obtained data from the output solution, the volume of dissolved uranium was calculated,
in addition to the values of L:S, pH, ORP, residual acidity, Fe3+ content, Fe2+ content and
specific consumption of sulfuric acid per 1 kg of uranium. The content of uranium and iron
in the solution was clarified and checked by titration, according to the method of chemical
measurements (MVI) # 36-2019 # KZ06.01.00050-2019 from 11.07.2019.

3. Discussion or Results

The process of leaching uranium in natural permeability is a complex process involving
several stages, one of which is heterogeneous, controlling at the liquid-solid phase boundary,
containing a reagent capable of forming highly soluble compounds when interacting with
uranium-containing minerals or rocks [14]. The calculated data obtained, based on the
results of laboratory experiments, made it possible to plot: the change in the solution flow
rate, as a function of L:S (Figure 2); the values of the uranium concentration in productive
solutions, as a function of L:S (Figure 3); andthe extraction of uranium, as a function of
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L:S (Figure 4); with the flow rate of the chemical reagent depending on L:S (Figure 5).
The flow rate of the solution in the ore during the processes of interaction with uranium
minerals, with further dissolution and transfer to the unloading and lifting zone, is one of
the important parameters and is determined by the ore filtration coefficient [15,16]. The Kf
ore filtration coefficient is determined in (m/day) and is calculated using the formula:

KΦ =
ΔVL

ΔtΔHS
(1)

where: ΔV is the volume of filtered solvent; L is the length of the tube; Δt–is the sample
measurement time; ΔH is the hydrostatic pressure drop; S is the cross-sectional area of
the tube.

As can be seen from the graph, the changes in the filtration coefficient of Kf depend on
the L:S. In experiment 1, when feeding working solutions with a standard mode of acidity,
at first the Kf is 0.73 and rises to 0.78, but then it decreases to a minimum value of 0.11
at values of L:S, in the range from 0 to 0.41, with the corresponding acidity parameters
of 25–15 g/L. This decrease indicates the formation of colmatation effects, during the
interaction of sulfuric acid solutions with ore-containing rocks, that prevent the filtration of
solutions. The subsequent gradual increase in the filtration coefficient on the tube from 0.45
to 0.62 at the L:S range, in the range of 0.4–1.4, is due to a decrease in acidity in the working
solutions, from 15 to 10 g/L, and a partial reduction in the effect of colmatation. A further
decrease in acidity in the solutions did not affect the filtration volume of the solution.

The filtration parameters in experiment 2, with a strict acidity regime of working solu-
tions, approximately correspond to the values of the filtration coefficient in experiment 1,
the only dissimilarity being due to a slight difference in acidity (5 g/L). However, the
low acidity value in solutions in experiment 3 with the addition of oxygen as an oxidizer
positively affected the filtration parameters of the experiment. In experiment 3, with an
initial Kf of 0.42 and a further decrease to 0.25 with a change in L:S in the range of 0–0.5,
acidity is observed in the working solution of 15 g/L, which indicates a slight formation of
the colmatation. A subsequent increase of Kf from 0.25 to 0.9 at values of L:S from 0.5 to
1.5, with an appropriate acidity of 10 g/L, confirms a decrease in the effect of colmatation
in the filtrate. The increased values of Kf in experiment 3, compared to experiments 1
and 2, indicate a proportional effect of acidity on the filtration rate and the formation of
colmatation effects. The total time spent on conducting experiments, depending on the
filtration rate of solutions in core samples, ranged from 320 to 428 h: a total of 320 h were
spent on conducting experiment 1; 412 and 428 h were spent on experiments 2 and 3,
respectively. A comparative analysis of the results of uranium leaching from core samples
using various parameters of solutions allows us to determine the effectiveness of leaching.

These changes in the concentration of the useful component in the solution depending
on the L:S, shows the maximum and minimum concentrations of uranium in the produc-
tive solution, with the corresponding volume of the output solution. The concentration
of uranium in productive solutions of the CU

cp and the ratio of L:S are determined by
the formulas:

CU
cp =

∑n
i=1 CU

i ΔVi

∑n
i=1 ΔVi

(2)

where n is the amount of sampling for a given value; ΔV is the amount of productive
solution in the i-th sample; CU

i —the concentration of uranium in the i-th specific sample.
Counting is performed for all registered samples of productive solution n.

As can be seen from the graph (see Figure 3), in experiment 1, when leaching using
solutions with a standard acidity regime, the maximum uranium content of 520 mg/L
is achieved at L:S 0.561, after overcoming the threshold of 250 mg/L and reducing to
125 mg/L. This indicates the gradual overcoming of the solubility threshold and the achieve-
ment of active leaching with the required volume of solution and acid. However, there
is a decrease in the concentration of uranium in the productive solution, from 520 mg/L
to a low value of 30 mg/L, at a range of values of L:S from 0.7 to 1.5. This may be due to
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a decrease in the acidity of working solutions in 10 g/L. In experiment 2, in the process
of leaching under a strict acidity regime, the uranium content in the productive solutions
reaches a peak of 670 mg/L within the range of L:S 0.7, with a further sharp decrease in
the uranium content in the productive solutions from 670 to 130 mg/L, with an increase in
L:S to 1.0, which indicates a decrease in acidity from 25 to 15 g/L. In experiment 3, when
leaching uranium with a mild acidity regime of solutions and the addition of oxygen, the
uranium content gradually increases to 220 mg/L with a corresponding increase in L:S
from 0 to 2.0. This also confirms the gradual overcoming of the solubility threshold by weak
sulfuric acid solutions, followed by oxidation and conversion of tetravalent uranium into a
soluble form, while creating favorable conditions for stable active leaching and oxidation.
The uranium content in the solutions in all experiments showed similar maximum peaks,
approximately corresponding to the initial uranium content, depending on the acidity of
the leaching solutions. This indicates the neutralization of sulfuric acid during interaction
with ore-containing rocks and the influence of an oxidizer during the transfer of uranium
mineralization into solution (experiment 3).

Figure 3. Uranium concentration values in productive solutions as a function of L:S.

The effectiveness of the parameter of the proposed solution, with reduced acidity and
with the addition of an oxidizer, was determined on the basis of a comparative analysis
with the parameters of uranium extraction under standard and rigid modes of acidity of
solutions. For this purpose, experimental data were collected and processed, calculations
were made and schedules for uranium extraction were constructed. Uranium extraction
depends on the uranium content in the productive solution and the volume of the most
productive uranium; these data are the most informative and fundamental in assessing the
solubility and stability of uranium minerals. Uranium extraction is calculated as the ratio
of the mass of uranium in the output solutions to its initial calculated mass in the sample:

ε =
∑n

i=1 CU
i ΔVi

MpCU
initial core sample

(3)
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where CU
initial core sample—the concentration of uranium in the initial sample; CU

i —is the
concentration of uranium in the productive solution of the i-th sample; Mp is the mass of
ore in the initial sample; ΔVi is the volume of the productive solution in the i-th sample.

Figure 4. Uranium extraction depending on L:S.

The graph in Figure 4 shows that the maximum extraction values in Experiment 1
reached 49% of the mass of uranium contained in the sample; this indicates insufficient
solvent capacity of working solutions with standard acidity and low filtration values. A
sharp increase in extraction occurs in the range of L:S from 0.5 to 0.9 to 38.6%, followed
by a slowdown in extraction at L:S > 1; the acidity of working solutions in this range was
maximum: 25–15 g/L. The extraction data correlate with the graph of the uranium content
in the solution, where the peak of the maximum uranium content in the PS falls in the
range of L:S from 0.5 to 0.8. A further slowdown in the extraction of the useful component
is due to a decrease in the uranium content in the solution, due to a decrease in the acidity
of working solutions from 15 to 10 g/L. In experiment 2, the increase in uranium extraction
occurs at L:S parameters from 0 to 1.0 with the achievement of 56% extraction, followed by
a slowdown of 63%, which indicates intensive extraction of uranium in solutions with a
strict acidity regime. In the range of L:S from 0 to 1.0, the acidity of the solutions supplied
to tube 2 was maximum and amounted to: 25–20–15 g/L. Intensive extraction is due to
the high uranium content in the solution: 320–670 mg/L and the corresponding filtration
coefficient of the solution is 0.34–0.44 in the range of L:S from 0 to 0.9. The extraction of the
useful component in experiment 3, when feeding working solutions with a mild acidity
regime with the addition of oxygen, reached a maximum value of 68% with a change in
L:S to 3.0. However, the active extraction of uranium in Experiment 3 also occurred in the
range of L:S from 1.7 to 3.0, from 27.6 to 60.3%, respectively. The intensive extraction of
uranium in experiment 3 in the range L:S 1.7–3.0 is due to the achievement of the solubility
threshold and the creation of conditions for active leaching, with the oxidation of iron (II)
and the interaction of iron (III) for the oxidation of uranium (IV) [17,18]:

4Fe2+ + O2 + 4H+→ 4Fe3+ + H2O (4)
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UO2 + 2Fe3+ + 3SO4
2− → UO2(SO4) + 2Fe2+ + 2SO4

2− (5)

To determine the economic efficiency of using an oxidizer in the intensification of
uranium leaching, and a comparative analysis of solvent consumption, graphs were con-
structed based on the experiments performed. The consumption of sulfuric acid as a solvent
per kilogram of extracted uranium PK is calculated as the ratio of the total mass of the
reagent consumed during the experiment to the calculated mass of extracted uranium:

PK =
∑n

i=1
(
CK

o − CK
i
)
ΔVi

∑n
i=1 CU

i ΔVi
(6)

where CK
o is the initial concentration of the reagent in the leaching solution (determined

when using a mother liquor with the initial acidity); CK
i —the actual concentration of the

reagent in the i-th sample of the leaching solution (actual); CU
i the actual concentration of

uranium in the productive solution of the i-th sample; Mp the total mass of ore used in the
experiment; ΔVi the total volume of leaching solution in the i-th sample.

Reagent costs per unit of processed ore mass (calculated to determine the acid capacity
of ore) are determined by the formula:

PK =
∑n

i=1
(
CK

o − CK
i
)
ΔVi

MP
(7)

where CK
o is the initial concentration of the solvent reagent in the leaching solution (deter-

mined when using sorption curves with residual acidity); CK
i —is the concentration of the

solvent reagent in the i-th sample of the leaching solution (actual); Mp is the mass of ore
used in the experiment; ΔVi is the volume of the leaching solution in the i-th sample.

Figure 5. Consumption of sulfuric acid depending on L:S of the process.
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The graph in Figure 5 shows that the consumption of sulfuric acid in Experiment 1
reaches maximum values of 90–93 kg/kg U in the L:S range: 0.2–0.7, after which it sharply
decreases to values of 48–50 kg/kg U. A sharp increase in the consumption of the solvent
reagent is associated with the acidity in the leaching solution and low parameters of ura-
nium extraction in the range of L:S from 0 to 0.8. After increasing the extraction of uranium
from 25.8 to 47% in the L:S range from 0.647 to 1.689, there is a noticeable decrease in the
consumption of the solvent reagent. The maximum values of the reagent consumption in ex-
periment 2, when feeding working solutions with a hard acidity regime, reach 67 kg/kg U
at L:S 2.0. A gradual increase in the specific consumption in experiment 2, with a hard
acidity regime of working solutions, is due to a slowdown in the extraction of uranium in
the corresponding range L:S. The maximum values of the specific consumption of sulfuric
acid in experiment 3 are not able to reach the corresponding indicators in experiment 2 and
amount to 26.7 kg/kg U with a change in L:S from 2.0 to 3.0, after which they decrease to the
minimum values of 23 kg/kg U. Reduction of reagent consumption in the L:S range >3.0 is
due to intensive uranium extraction in this interval. In a comparative analysis of the solvent
reagent consumption, the lowest values are observed in Experiment 3, with a mild acidity
regime of working solutions and with the addition of oxygen as an oxidizer. The decrease
in reagent consumption is caused by intensive uranium extraction, due to the oxidizing
effect of iron (III) on uranium (IV) in its conversion to uranium (VI), during its further
dissolution. In the hard mode of acidity (experiment 2), the specific acid consumption is
higher than in the soft mode of acidity, with the addition of an oxidizer, but lower than in
the standard mode of acidity (experiment 1), due to the intensive extraction of uranium
from the tube.

4. Conclusions

X-ray phase studies of ore-bearing rocks indicate their diverse mineral composition,
and the presence of calcium sulfate will contribute to chemical colmatation in wells. The
predominance of a fine fraction of fine-grained sands (57% of the total mass) prevents the
filtration of solutions in the productive horizon. The data indicate a complex structure
of the productive horizon with low filtration parameters. As practice shows, in such
conditions, the leaching processes are hindered by the low uranium content in the PS and
low parameters of the turnover of solutions, which requires continuous intensification of
the process by hydrodynamic methods.

The data indicate the direct influence of the concentration of sulfuric acid on the disso-
lution of uranium minerals and the content of uranium in productive solutions. However,
the influence of filtration characteristics on the overall indicators of the process (extraction,
specific acid consumption) is no less important when solving issues of production inten-
sification. The addition of oxygen as an oxidizer to sulfuric acid solutions, with reduced
acidity, positively affects the intensification of uranium leaching. Reducing the acidity of
working solutions significantly increases the filtration characteristics of samples, due to
the oxidizing ability of iron (III) to uranium (IV); the uranium content in the solutions
reach the design values of 300 mg/L. A decrease in the consumption of the solvent reagent
(37 kg H2SO4/kg U) indicates the economic feasibility of using an oxidizer at the first stage of
well production, in areas with a predominance of ores containing uranium (IV). In addition,
the low acidity of the leaching solution will not create sedimentation, will lead to intensive
development of blocks and reduce operating costs, electricity costs and labor costs.

These studies allowed us to establish that the uranium content in the productive
solution directly depends on the concentration of acid in the leaching solution. However,
an increase in the concentration of the solvent reagent does not always lead to an increase
in its consumption. The analysis of the values of uranium extraction against time allows
us to determine the optimal concentration and consumption of reagents during borehole
production. The optimal concentration is one in which an excess leads to a sharp consump-
tion of acid and a slight increase in the intensity of uranium extraction. The value of the
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optimal acid concentration depends on the properties of the specific ore minerals in the
test samples.

The use of air at the enterprises’ uranium mining, in areas with low filtration charac-
teristics of ores, has become possible thanks to special devices, the design of which allows
for dosing of air into the LS pipeline. This technology does not need capital investments
and allows for reductions in the consumption of chemical reagents, as well as increases in
the extraction of uranium, by improving the filtration characteristics of ores and host rocks.
Scientists and specialists at Satbayev University have already developed this area and have
achieved positive results [19].

Author Contributions: Conceptualization, B.R. and Z.K.; methodology, Z.K. and M.M.; software,
M.M. and K.T.; validation, Z.K., M.M. and K.T.; formal analysis, Z.K. and M.M.; investigation, Z.K.
and K.T.; resources, Z.K. and K.T.; data curation, B.R.; writing—original draft preparation, Z.K.
and K.T.; writing—review and editing, Z.K. and K.T.; visualization, Z.K. and K.T.; supervision,
B.R.; project administration, B.R.; funding acquisition, B.R. All authors have read and agreed to the
published version of the manuscript.

Funding: This research is funded by the Science Committee of the Ministry of Education and Science
of the Republic of Kazakhstan (Grant No. AP08856422—“Development of an Innovative Technology
for the Intensification of Downhole Uranium Mining Using Hydrodynamic Decalmatation Device in
Combination with a Complex of Chemicals for Multifunctional Purposes”).

Data Availability Statement: Not applicable.

Acknowledgments: The authors express their gratitude to the Limited Liability Partnership “Institute
of High Technologies” at JSC “NAC “Kazatomprom” for providing the computer program and for
the possibility of using the laboratory facilities.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1. Khawassek, Y.M.; Taha, M.H.; Eliwa, A.A. Kinetics of leaching process using sulfuric acid for Sella uranium ore material, South
Eastern desert, Egypt. Int. J. Nucl. Energy Sci. Eng. 2016, 6, 62–73. [CrossRef]

2. Zakia, S.A.; Rashad, M.M.; Mohamed, S.A.; Mira, H.E.; Abd el Wahab, G.M. Kinetics of uranium leaching process using sulfuric
acid for Wadi Nasib ore, South western Sinai, Egypt. Aswan Univ. J. Environ. Stud. 2020, 1, 171–182. [CrossRef]

3. Atia, B.M.; Gado, M.A.; Cheira, M.F. Kinetics of uranium and iron dissolution by sulfuric acid from Abu Zeneima ferruginous
siltstone, Southwestern Sinai, Egypt. Euro-Mediterr. J. Environ. Integr. 2018, 3, 39. [CrossRef]

4. Chen, J.; Zhao, Y.; Song, Q.; Zhou, Z.; Yang, S. Exploration and mining evaluation system and price prediction of uranium
resources. Min. Miner. Depos. 2018, 12, 85–94. [CrossRef]

5. Rakishev, B.R.; Mataev, M.M.; Kenzhetaev, Z.S. Analysis of mineralogical composition of sediments in in-situ leach mining of
uranium. MIAB 2019, 7, 123–131. [CrossRef]

6. Kenzhetaev, Z.; Nurbekova, M.; Togizov, K.; Abdraimova, M.; Toktaruly, B. Methods for intensification of borehole uranium
mining at the fields with low filtration characteristics of ores. Min. Miner. Depos. 2021, 15, 95–101. [CrossRef]

7. Rakishev, B.R.; Bondarenko, V.I.; Matev, M.M.; Kenzhetaev, Z.S. Influence of chemical reagent complex on intensification of
uranium well extraction. Nauk. Visnyk Natsionalnoho Hirnychoho Univ. 2019, 6, 25–30. [CrossRef]

8. Panfilov, M.; Uralbekov, B.; Burkitbayev, M. Reactive transport in the underground leaching of uranium: Asymptotic analytical
solution for multi-reaction model. Hydrometallurgy 2016, 160, 60–72. [CrossRef]

9. Beleckij, V.I.; Bogatkov, L.K.; Volkov, N.I. Spravochnik po Geotehnologii Urana; Energoatomizdat: Moskva, Russia, 1997.
10. Rakishev, B.; Mataev, M.M.; Kenzhetayev, Z.; Altaybayev, B.; Shampikova, A. Research into leaching of uranium from core

samples in tubes using surfactants. Min. Miner. Depos. 2020, 14, 97–104. [CrossRef]
11. Kenzhetaev, Z.; Kuandykov, T.; Togizov, K.; Abdraimova, M.; Nurbekova, M. Selection of rational parameters for opening and

drilling of technological wells underground uranium leaching. News NAS RK Ser. Geol. Tech. Sci. 2022, 3, 115–127. [CrossRef]
12. Kuandykov, T.; Nauryzbayeva, D.; Yelemessov, K.; Karmanov, T.; Kakimov, U.; Kolga, A. Development and justification of a

hydro-impulse method for increasing ore permeability in conditions of uranium borehole production. News NAS RK Ser. Geol.
Tech. Sci. 2020, 6, 126–133. [CrossRef]

13. Rakishev, B.; Yazikov, E.G.; Mataev, M.M.; Kenzhetayev, Z. Studies of uranium leaching from core sample in tubes using an
oxidizer. Gorn. Zhurnal 2021, 9, 84–89. [CrossRef]

45



Minerals 2022, 12, 1005

14. Mamytbekov, G.K.; Kozhakhmetov, S.K. Borehole Filter. Innovation Patent of the Republic of Kazakhstan No. 924, 5 April 2012;
bulletin No. 3, 15 March 2013.

15. Yusupov, K.A.; Aliev, S.B.; Dzhakupov, D.A.; Elzhanov, E.A. Application of ammonium bifluoride for chemical treatment of wells
in underground uranium leaching. Gorn. Zhurnal 2017, 4, 57–60. [CrossRef]

16. Golik, V.I.; Dmitrak, Y.V.; Brigida, V.S. Impact of duration of mechanochemical activation on enhancement of zinc leaching from
polymetallic ore tailings. Nauk. Visnyk Natsionalnoho Hirnychoho Univ. 2020, 5, 47–54. [CrossRef]

17. Rakishev, B.R.; atayev, ..; Kenzhetayev, Z.S.; Shampikova, A.H.; Toktaruly, B. Innovative methods for intensifying borehole
production of uranium in ores with low filtration characteristics. News NAS RK Ser. Geol. Tech. Sci. 2020, 6, 213–219. [CrossRef]

18. Mamytbekov, G.K.; Kozhakhmetov, S.K.; Aitenov, S.M.; Raimkhanov, A.E.; Shavanda, V.V. Mobile Modular Installation of
Cavitation Action for Development and Cleaning of Wells. Patent for Invention of the Republic of Kazakhstan No. 26619,
Application No. 2012/0299, 11 March 2012. E21B 37/00 (2006.01); E21B 37/06 (2006.01) publ. 25 December 2012; byul. No. 10 of
15 October 2014.

19. Aben, E.; Toktaruly, B.; Khairullayev, N.; Yeluzakh, M. Analyzing changes in a leach solution oxygenation in the process of
uranium ore borehole mining. Min. Miner. Depos. 2021, 15, 39–44. [CrossRef]

46



Citation: Chen, F.; Liu, J.; Zhang, X.;

Wang, J.; Jiao, H.; Yu, J. Review on the

Art of Roof Contacting in Cemented

Waste Backfill Technology in a Metal

Mine. Minerals 2022, 12, 721. https://

doi.org/10.3390/min12060721

Academic Editor: Mostafa

Benzaazoua

Received: 24 April 2022

Accepted: 1 June 2022

Published: 4 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

minerals

Review

Review on the Art of Roof Contacting in Cemented Waste
Backfill Technology in a Metal Mine

Fengbin Chen 1,2, Jiguang Liu 1,2, Xiaowei Zhang 3, Jinxing Wang 1,2,*, Huazhe Jiao 1,2,* and Jianxin Yu 1,2

1 School of Civil Engineering, Henan Polytechnic University, Jiaozuo 454003, China; fbchen@hpu.edu.cn (F.C.);
liujiguang1998@126.com (J.L.); jianxinyu@hpu.edu.cn (J.Y.)

2 Collaborative Innovation Center of Coal Work Safety and Clean High Efficiency Utilization,
Jiaozuo 454000, China

3 Jiaozuo Qianye New Material Co., Ltd., Jiaozuo 454150, China; zhangxiaowei@163.com
* Correspondence: wjx@hpu.edu.cn (J.W.); jiaohuazhe@hpu.edu.cn (H.J.)

Abstract: The backfilling mining method can effectively solve the environmental and safety problems
caused by mining. It is the key technology to realize green mining. Scientific development has
accelerated the pace of research on the rational utilization of mine solid waste and improved the
research level of backfilling technology. The development history of the backfilling mining method
is introduced in the present paper, and it is determined that roof-contacting backfilling is the key
technology of mine-solid-waste backfilling mining. This paper introduces three calculation methods
of similar roof-contacted backfilling rates. In this paper, the relationship between the characteristics
of backfilling slurry made from solid waste from mines and the roof-contacted backfilling rate is
systematically analyzed, such as the flow law in stope (gravity gradient), bleeding shrinkage, and
natural sedimentation of backfilling slurry. It is pointed out that the characteristics of the stope,
such as washing-pipe water, water for the leading way, filling pipeline, and shape of the backfilling
stope, are closely related to the roof-contacted backfilling rate. The influential relationship between
objective factors, such as human factors, limited auxiliary leveling measures, and backfilling “one-
time operation” in the backfilling process, and high-efficiency top filling are considered, and a
schematic diagram of the influencing top-filling rate and structure is drawn. At the same time, this
paper summarizes the improvement measures of roof connection from three aspects. These include
the use of expansive non-shrinkable materials, forced roof-contacted technology, and strengthening
management level. It is pointed out that the roof-contacted filling technology is still facing severe
challenges, and the research on the backfilling connection technology needs to be strengthened.

Keywords: solid-waste filling; roof-contacted rate; influencing factors of roof connection; regulation
and improvement of roof-connection measures

1. Introduction

Mineral resources are the precious materials given to mankind by nature and the
basis for the survival and development of human society. They are closely and positively
proportional to the enhancement of national economic strength, civilization and progress,
social stability, and the improvement of national living standards [1–3]. Whether from the
Stone Age or the Information Age, a kind of mineral raw material with good performance
and strong functionality is produced in each historical development stage. Therefore,
without the development and utilization of mineral resources, human society will not be
able to progress [4–7]. However, the safety and environmental problems accompanying the
mining process restrict the sustainable development of mineral resources [8–10].

China’s economic take-off is inseparable from the great help of mining. Due to the
combination of extensive type and excess capacity production, the area of land destroyed by
mining in China has reached 2 million hm3. The amount of tailings formed by mining and
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beneficiation has reached 14.6 billion tons, occupying a land area of 8700 km2, equivalent to
the area of four Shenzhen cities [11]. About 5–7 billion tons of tailings are generated globally
every year [12–14]. The generation of such a large quantity of mill tailings adversely affects
the environment, including the air, water, and soil [15–18], as shown in Figure 1. At the
same time, in the process of underground mining, a large number of mined-out areas are
created, which not only threatens the safety of underground operations, but also includes
the hidden danger of inducing mine earthquakes and surface collapse [19–21]. To solve a
series of problems caused by mining, such as surface stacking, solid waste stacking, and
goaf treatment, it is necessary to break through the bottleneck constraints of resources
and the environment, adhere to energy conservation and emission reduction, and develop
a mining circular economy [22,23]. With the idea of “one filling to treat three wastes,
one waste to treat two hazards”, the filling technology creatively uses mine solid waste
efficiently, eliminates the tailings pond, and governs the goaf, forming a mining method
with a high recovery rate and low dilution rate [24–26]. It is an important technical means
to move towards the win–win situation of building “environmentally friendly” and “safe
and efficient” mines [18,27–30]. Nowadays, there are many studies on the strength of
backfilling massif, but there are relatively few studies on how to improve the roof-contacted
backfilling rate to address the overall performance of the backfilling massif, which is an
urgent problem that needs to be solved.

Figure 1. Surface disposal of tailings: (a) Wet disposal and (b) dry disposal.

2. Development of Backfilling Technology and Roof-Contacting
Backfilling Technology

The backfilling mining method has a development history of more than half a century.
At first, it aimed at the simple treatment of mine solid waste, such as waste rock. Nowadays,
backfilling mining has gradually developed into a comprehensive technology to improve
the environment, control the ground pressure, and reduce the poor-loss index to form a
complete mining process [31,32]. According to different backfilling materials, backfilling
mining has experienced dry backfilling, hydraulic sand backfilling, and cemented back-
filling [33–38]. From dry backfilling to cemented backfilling, backfilling technology has
developed rapidly and gradually developed to include paste filling, as shown in Figure 2.

Due to the different mining methods, in some upward-filling mining methods, the
roof-contacted backfilling rate is not strictly required, such as the upward-approach filling
mining method. However, in the continuous mining and continuous backfilling method
and open stoping following the backfilling mining method, the roof-contacted backfilling
rate is of great concern, which is directly related to the ability of the upper surrounding
rock to be a form of support, and thus ensure the safety of the stope [39–41]. Over the
years, the relevant experts believe that, for the conventional high-concentration cemented
filling, the influences of roof-contacting backfilling are mainly gravity gradient, bleeding
shrinkage, and natural sedimentation of backfilling slurry. [42–44]. In order to achieve an
efficient one-time roof connection, a series of processes, such as setting multiple backfilling
discharge openings and the shape of stope backfilling adjustment, are proposed, but the
practical application effect is poor.
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Figure 2. Development history of backfilling mining method.

Therefore, in order to improve the roof-contacted backfilling rate, the safety of the
mining operation, and reduce the environmental burden, this paper analyzes the factors
affecting the roof-contacted backfilling rate under the conventional high-concentration
cemented filling, and summarizes the corresponding improvement measures.

3. Factors Affecting Roof-Contacted Backfilling Rate and Improvement Measures

3.1. Similar Roof-Contacted Rate

The roof contact of the backfilling massif is an important part of backfilling work. The
effect of the roof connection of the backfilling massif can be expressed by the backfilling
roof-contacted ratio. This definition can be intuitively understood as the ratio of the area
of the filling body contacting the roof to the area of the whole roof. However, in practical
applications, this method is difficult. In order to simplify the calculation, three kinds of
similar methods are proposed in the literature to calculate the roof-contacted backfilling
rate, as shown in Table 1 [45].

Table 1. Similar roof-contacted rate.

Method Calculation Formula Explanation

Similar volume ratio ε = v
V × 100%

ε—Similar backfilling roof-contacted rate
v—Volume of filling body
V—Volume of mined ore

Average height ratio ε = h
H × 100%

H—Average height of measured area before filling
h—Average height of filling body in the measured area

Cross-sectional area ratio ε = s
S × 100% s—The area of the top of the filling body connected to the top

S—Area of goaf roof

3.2. The Influencing Factors of Roof-Contacted Backfilling Rate
3.2.1. Slurry Characteristics

(1) Gravity gradient

In the past, filling and mining experts have performed a large number of similar
simulations and field industrial tests for the roof connection of the backfilling massif,
conducted a lot of research on backfilling slurry accumulation contour and slope angle,
and summarized and proposed a significant amount of application experience [46–48].
If self-flowing transportation is adopted, the backfilling slurry shrinkage can be divided
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into two processes, namely, the unrestricted sediment diffusion process and the restricted
upward-stacking process.

The unrestricted sediment diffusion process refers to the filling slurry that does not
make contact with the boundary of the short side of the corresponding route after the
filling slurry is filled into the goaf, and it can be regarded as the free flow of slurry on an
infinite plane. It can be observed from Figure 3 that the curve law of free flow on the infinite
plane has the characteristics of normal distribution. The sediment diffusion movement of
aggregates with different particle sizes in the filling slurry can be regarded as sedimentation
diffusion events, and the successive sedimentation along the goaf presents probabilities.

Figure 3. Sediment diffusion slope curve with unrestricted slurry.

The individual aggregate molecules of the backfilling slurry are not enough to affect
the whole backfilling massif. k (k = 1, 2, . . . , n) is used to represent the aggregate with
different sizes constituting the filling slurry. According to the Lyapunov central limit
theorem, sedimentary events within Δxi are always independent of each other. No matter

what distribution the random variable k has, when n in
n
∑

k=1
xk approaches infinity, it

approximately conforms to the normal distribution N(0,1). From this, it is calculated that
the slope curve equation of slurry infinite diffusion sediment is

y = he−
x2

2σ2 (1)

where h is the maximum height of unrestricted diffusion sediment. σ2 represents the mean
squared deviation.

The mean squared deviation reflects the steepness and slowness of the slurry sed-
imentation slope, which is jointly determined by the slurry concentration, particle-size
distribution, and the content of cementitious materials. The specific value of each mine
should be estimated by the histogram of the density function through experiments. The fill-
ing slurry diffuses from the initial falling point to the surroundings to form a sedimentary
body with an approximate radius of L. The slope of the sedimentary body is approximately
normally distributed. There is a certain functional relationship between the unrestricted
diffusion radius L of the backfilling slurry in the stope and the sedimentary height h; that
is, h = (L).

The restricted upward-stacking process is a process in which the filling slurry enters
the goaf, diffuses to the relatively short-side boundary, and accumulates upward until it
is relatively close to the roof of the backfilling stope. After the backfilling is completed,
by observing the final shape of the backfilling massif, it can be found that the effect of
the backfilling slurry roof-connection in an area centered on the filling pipe’s orifice is
remarkable, while a certain sedimentary slope is formed at the edge of the area far from
the pipe orifice, which is related to the backfilling slurry concentration, and mobility and
operation times.

On the basis of the three-dimensional scanning of the basic-settlement-layer contour,
Wang Xinmin et al. [47] used the model to estimate the roof-contacted area and roof-
contacted backfilling rate, which provided a basis for the next safety production of the
mine. Lu Hongjian et al. [49] studied the flow-trajectory model of backfilling parts in the
filling stope of Shirengou Iron Mine, detected the surface contour of the backfilling massif
by using three-dimensional laser scanning technology, and analyzed the characteristics
of the backfilling-slurry-flow sediment slope curve, as shown in Figure 4. Tang Li et al.
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studied [50] the problem of filling and roof connection in the Jinchuan No. 2 mining area.
By taking the rod ground sand-based cemented filling slurry as an example, using the
theoretical model, parameters, such as the optimal size of the stope, the optimal position
of the filling pipeline, and the optimal number of pipeline movements, were studied to
ensure the roof-connection effect of the filling body.

Figure 4. Flow path and slope monitoring of filling slurry in stope.

“The infinite sedimentary diffusion body model” assumes that the backfilling massif
is the mean slurry without segregation, so it has good applicability when the stope size is
small. However, in relatively large stopes, coarse aggregate of backfilling slurry sedimentate
faster than fine aggregate, as shown in Figure 5 [51], so there are more coarse aggregates
at the filling pipeline, and fine particles move and sedimentate to the far end with the
movement of the slurry. The newly injected slurry flows and sedimentates along the slope
of the deposited slurry. During the backfilling process, the gravity water accumulates at
the far end of the underground stope and is discharged.

Figure 5. Sedimentation model of backfilling slurry with different aggregate sizes.

Hua-fu Qiu [52] modified the original model to some extent, and considered that
the backfilling slurry expanded to both sides after entering the underground stope, and
the mass fraction gradually decreased. The backfilling slurry still conforms to the normal
distribution in the processes of flow and sedimentation. The modified slope curve model
relationship is as follows:

y = a + he
(x+b)2

2δ2 (2)

where y—slope height; h—sedimentation height of filling slurry; δ2—mean square devia-
tion; and a, b—undetermined constant.

The undetermined constants a and b are related to the location of the backfilling area.
When the backfilling slurry flows and sedimentates on the wireless plane, both a and b
are 0. At this time, the slope curve model degenerates into the original infinite plane
accumulation model.

(2) Dewatering and sedimentation

Goaf filling and dewatering are an essential part of backfilling work transported by
pipeline hydraulic gravity. A filling body is a kind of loose body, so its water content is
complex, which can be divided into adsorbed water, capillary water, and gravity water [53].
Gravity water is the main object of dewatering in the backfilling process. This part of
water exists in the large pores in the solid aggregate of backfilling. It has the general

51



Minerals 2022, 12, 721

characteristics of water and can flow freely between the backfilling aggregate and flow
downward under the action of gravity [54].

Dewatering technology can be divided into two categories: external action and non-
external action. The external effects mainly include the electro-osmosis method, negative
pressure method, and pressure ventilation. The non-external effects mainly include the
chain dewatering method, setting the dewatering closed wall and dewatering well, in-
creasing the installation spacing and pipe diameter of a dewatering pipe, increasing the
backfilling water overflow pipeline, and improving aggregate gradation [55].

Zhang Aiqing et al. [55] improved the common dewatering pipe without consider-
ing the external effect, increasing the number of dewatering pipes, and shortening the
spacing of dewatering pipes, designed a new root-like dewatering pipe based on bionics,
and conducted dewatering tests of the new root-like dewatering pipe and the common
dewatering pipe, respectively. It was concluded that the new root-like dewatering pipe can
significantly improve the dewatering rate compared tot the common dewatering pipe, as
shown in Figure 6. Wang Bingwen et al. [56] explored the relevant laws of electro-osmotic
dehydration and consolidation of filling slurry, and conducted the test with a self-made
electro-osmotic dehydration test and natural dehydration test device, as shown in Figure 7.
The results show that the electroosmosis method can not only accelerate the drainage speed,
but also improve the strength of the test block for the full tailings non-cemented filling
slurry without cementitious material.

Figure 6. New type of dehydration pipe.

 

Figure 7. The test device.
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(3) Slurry shrinkage

The shrinkage of backfilling slurry is an inevitable phenomenon in the backfilling
process, which is mainly in the form of pipeline hydraulic gravity and heterogeneous flow
transportation. In order to ensure hydraulic gravity transportation, the water content of
the slurry is much greater than that required by the hydration process of the cementitious
material, and a large quantity of water needs to be removed in the filling process [57–59].
The shrinkage of backfilling slurry is mainly composed of bleeding shrinkage and seep-
age shrinkage.

Bleeding shrinkage is due to the fact that the backfilling slurry is in the state of su-
persaturated water. When the cemented filling slurry enters the goaf, the coarse and
fine aggregates of the backfilling slurry sink one after another, forcing the rich water to
separate on the surface of the backfilling massif. When the water is removed, a space is
formed between the backfilling massif surface and the roof of the goaf, thus affecting the
roof-contacted effect in filling process. Seepage shrinkage refers to the transition from a
supersaturated state to a saturated or wet state after the water in the backfilling slurry
is discharged by runoff. Following this, the gravity water in the gap between the solid
aggregates is discharged by seepage, the aggregates are rearranged, the porosity between
the solid aggregates is reduced, and the backfilling massif is subject to secondary sedimen-
tation. In order to solve the bleeding problem of low-concentration self-flowing tailings
filling slurry, Liu Juanhong et al. [60] conducted experiments with solid concentrations of
57%, 60%, 63%, and 66%, respectively. The results are shown in Figure 8., which verify that
the bleeding and shrinkage of filling slurry causes the filling body to be unable to connect
and compact.

Figure 8. Effect of the different solid concentrations on slurry bleeding rate.

3.2.2. Stope Characteristics

(1) Washing-pipe water and water for the leading way

In the hydraulic filling mode of gravity transportation, in order to prevent the residue
of filling slurry left in the pipeline from sticking and ensure the smooth outflow of slurry,
5~10 min of water for the leading way and washing-pipe water are discharged before and
after each filling. A large quantity of water cannot rapidly dewater from the stope in the
stope. After the goaf is filled and dehydrated, a space is formed, which is difficult to ensure
the roof connection of the backfilling massif.

(2) Backfilling pipe

During the backfilling process of the goaf, the backfilling pipeline must be hung in the
safety zone of the highest point of the goaf. Due to the limitation of stope conditions, it is
difficult for the backfilling pipeline to be hung in the highest position. At this time, relevant
measures, such as cutting, need to be taken to ensure that the backfilling pipe is safely set
at the highest point of the stope. During the design, the position of the filling hole must
be designed according to the mobility of the backfilling slurry. Certain measures, such as
multiple backfilling, zone filling, reasonable setting of exhaust pipe and mobile backfilling
pipe can be adopted to ensure the dense connection of the top. A mobile backfilling pipe is
used in the Sanshandao gold mine to ensure that the filling massif is roof-contacted and
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dense. Chen Qiusong et al. [61] used paste slurry as the research object, based on the actual
stope size, and applied the similarity theory to design the simulated stope size, as shown in
Figure 9. Based on the test results, they proposed reasonable suggestions for the position of
the discharge port during staged backfilling to improve the backfilling roof-contacted effect.

 
Figure 9. Simulated stope backfilling massif.

(3) Shape of filling field

There are often no strict requirements for the geometry of the roof of the goaf in the
design. Due to blasting and other reasons, local over-and under-excavations exist, resulting
in the irregular shape of the roof. In addition, the filling method is inappropriate, forming
a relatively natural slope angle at the blanking point, and after the blanking opening is
blocked at the top of the filling body, some goafs cannot achieve the predetermined goal.

To date, for high-grade ore mining, stope structure tends to be narrow and long in
order to improve mining recovery. Narrow long stope refers to the stope with the ratio
of stope length to stope width (ratio of length to width) greater than 5~10 by the layered
filling method or subsequent filling method. The southeast orebody (760ML-3MU-3 #) in
the Chambishi Copper Mine, Zambia, China is segmented and subsequently filled with a
length of 123 m, a width of 9 m, a height of 7–9 m, and a aspect ratio of about 14 [62]. It is
a great challenge for filling slurry to roof connection once and effectively in such a long
mining field with a large aspect ratio.

3.2.3. Objective Factors

(1) Human factors

In traditional engineering design and construction, they are often conducted through
experience. Due to different engineering conditions, there will be a lot of blind performances
in the construction process, resulting in simple filling facilities and unreasonable hanging
of backfilling pipelines, resulting in a poor backfilling effect and multiple backfilling
operations, making it difficult to ensure the stability of the backfilling massif, prolonging
the production cycle and increasing the backfilling cost. In addition, the experience level
of operators, the understanding of operation time, and the adaptability to backfilling
technology also affect the roof-contacted backfilling rate.

(2) Limited auxiliary leveling measures

The backfilling process of goaf is similar to the common concrete-pouring operation,
which also requires the pouring slurry to fill the predetermined space. However, in the pro-
cess of backfilling, the underground stope is closed and the auxiliary leveling measures are
limited. Under the existing technical conditions, the roof connection backfilling technology
is similar to being performed in a “black box”, which has a certain impact on the effect of
the roof-contacted backfilling. It is difficult to perform manual auxiliary leveling, such as
concrete pouring, and it can only rely on self-leveling. The operators cannot perceive the
actual situation of the backfilling slurry, so they can only wait until the solidifying reaches
the specified age, check the stope shape, adjust the position of the filling pipeline, and
perform subsequent filling operations [63,64].

(3) “One-time” operation

The filling facilities are arranged in advance, and the backfilling pipeline is hung
at the designated position of the roof of the underground stope according to the design
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requirements. After constructing the backfilling retaining wall, the operators exit the area
to be filled and conduct the backfilling operation. Therefore, once the relevant backfilling
equipment is determined, it cannot be moved and regulated at will during the backfilling
operation. Therefore, the backfilling operation is called a “one-time” operation, and the
layout parameters of backfilling equipment directly affect the roof-contacted effect of the
filling body.

In order to improve the roof-contacted backfilling rate, this section sorts out and
analyzes the influencing factors of the characteristics of filling slurry, stope characteristics,
and related objective conditions. The structural diagram of the influencing factors of the
roof-contacted backfilling rate is shown in Figure 10.

Figure 10. Structural diagram of influencing factors of roof-contacted rate.

3.3. Improvement Measures
3.3.1. Expansion and Non-Shrinkage Material

Compared with the traditional passive roof connection, the backfilling technology of
expansion and non-shrinkage material is an effective method. When the backfilling slurry
enters the goaf, the volume of the backfilling massif expands in a short time by using its
expansion performance, so as to achieve the effect of backfilling massif roof connection.
Expansion filling materials can be divided into two types according to different expansion
sources. One is the gas-phase expansion caused by an external expansion agent (foaming
agent) in a physical way and the generation of bubbles in the slurry through a chemical
reaction; the other is solid expansion. Chemical foaming refers to the chemical reaction
between a foaming agent and corresponding substances in the backfilling slurry material
to release gas. With the condensation of the backfilling slurry material, the gas forms
bubbles in the backfilling slurry material, which promotes the expansion of the backfilling
slurry volume

(1) Expansive filling material

Inspired by expansive concrete, filling workers at home and abroad introduced the
expansion technology of cement-based materials into mine backfilling [65–67]. While
selecting appropriate filling materials and the ratio, they modified the filling slurry to
cause it to have a certain expansion performance [68,69]. It is a rational idea to adopt the
expansion and non-shrinkage material filling technology in the backfilling process. Lan
Wentao et al. [70] used HPG (hemihydrate phosphogypsum) as the main raw material,
and used its gelling activity to prepare a new type of multiphase, condensable, water-
swelling material. The material is mainly composed of four materials: HPG (hemihydrate
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phosphogypsum), SAP (amorphous coagulant), GPA (gas phase introduction agent), and
HA (hydrophobic agent). The formed filling body is solid, liquid, and gas. The outstanding
three-phase features are solidification under the condition of a non-solid volume ratio of
87.6%; high early strength; and, with a certain expansion performance, it can realize the
“active roof connection” of the backfilling massif.

Bentonite is mainly composed of montmorillonite clay minerals and belongs to a
natural pozzolanic material. It can be divided into three types: nano bentonite, calcium
bentonite, and organic bentonite [71]. Among them, sodium bentonite has the characteris-
tics of high dispersion, high water absorption, and multiple large expansions (20~30 times).
Using this characteristic, adding it to the backfilling material can expand the backfilling
massif. In 1995, Professor Siriwardane et al. [72]. discussed the problem of adding fly ash
filling material into bentonite to avoid overburden, collapse, and land subsidence. Through
indoor experiments, numerical simulation, and large-scale field practice, the results show
that, after adding bentonite, the fly ash filling material has good adhesion and rheological
properties, so that the slurry can be filled into the goaf smoothly, and the backfilling slurry
has certain expansion properties. Satter Barat et al. [73] mixed bentonite with tailings to
study its strength performance. The test proved that bentonite could be used as backfilling
material. Bentonite not only has a good expansion performance, but also has significant
adsorption on heavy metal ions, which has great environmental benefits.

(2) Foaming expansion filling material

Based on the research results in the field of foamed mortar, it has been introduced into
the filling field and achieved a good backfilling and roof-connection effect [74,75]. After
the foaming agent is mixed with other filling materials, the filling slurry produces a strong
alkali-solution environment, and the foaming agent produces tiny bubbles in the strong
alkali environment, as shown in Figure 11. According to the way that filling materials
produce bubbles, they can be divided into chemical foaming and physical foaming. Physical
foaming is made by mechanical agitation or foaming agent, which has a certain tension
of foam, and then the foam is blown into the slurry. With the condensation of the slurry,
an expansion material with uniform porosity is formed. Chemical foaming refers to the
chemical reaction between the foaming agent and the corresponding substances in the
filling slurry material to release gas. With the condensation of the slurry material, the
gas solidifies in the slurry material to form bubbles, which expand the volume of the
backfilling slurry.

Figure 11. The pores in backfilling body.

Taking hemihydrate phosphogypsum as a raw material, Rong K et al. [76] studied
the performance-change law of hemihydrate phosphogypsum expansive material under
the combined action of multiple factors, and conducted random tests. The results show
that increasing the parameters of gas-phase air entraining agent can increase the expansion
rate of backfilling slurry, which is more conducive to the roof-contacted backfilling massif,
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but reduces the strength and durability of the filling body. Adnan Colak et al. [77] used
sodium lauryl sulfate and nonylphenol ethoxylated foaming agent to produce bubbles in
gypsum. In order to promote foam and bubble formation, retarder citric acid and tackifier
carboxymethyl cellulose were used. The results show that foams or bubbles are only
intermediate products of expansive mortar materials, and the ultimate goal is that the
volume of mortar after filling will result in volume expansion due to the bubbles formed
inside the mortar. When a variety of expansion agents, such as foaming agents, are added to
fill the filling slurry, the phenomenon of first shrinkage and then expansion can be achieved
in the process of solidification and condensation. Compared with the final volume without
an expansion agent, the filling slurry expands, as shown in Figure 12.

Figure 12. Effect of backfilling body with expansion agent.

In mine backfilling, due to the addition of expansive agent, the internal structure
of the backfilling massif is relatively weak, and the increase in volume is due to the
decrease in volume density, namely, the increase in porosity. In the backfilling massif
expansion technology, the expansion of the backfilling massif is often accompanied by the
deterioration of the strength of the backfilling body, and the high-dose expansive agent
causes fatal damage to the stability of the backfilling massif. In the stope with a large aspect
ratio, the slurry flow forms a certain sedimentary slope, and the later expansion leads to
partial roof connection. Therefore, only relying on expansive filling cannot completely deal
with the problem of filling body roofing.

3.3.2. Forced Roof-Contacted Measures

When the above methods are not enough to achieve the predetermined backfilling
target, it is a favorable way to apply the improvement measures in Table 2, but each of these
improvement measures is restricted by goaf condition and can only solve specific situations.

3.3.3. Strengthen-Management Level

Due to the limitation of goaf conditions, the uneven concave or convex shape of the
stope roof (local over-excavation and under-excavation), the inconsistent filling sequence,
the mixing of pipe washing water, and the randomness of manual operations affect the
roof-contacted rate of the filling body. The ratio of filling slurry can be optimized and
its roof connection performance can be increased by optimizing the filling and discharge
process, means of standardization of operation parameters, and other processes. Pay
more attention to filling quality management and hire professionals engaged in filling
management. After finding the problems, take the initiative to perform some rectification
and disposal measures. Moreover, achieve on-site supervision and tracking, and perform
reasonable disposal and accurate analysis, and the evaluation of on-site problems, as shown
in Table 3.
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Table 2. Partial improvement measures.

Forced Roof-Contacted Measures Characteristic

Manual
roof connection High labor intensity, low work efficiency, and poor working conditions.

Mechanical
roof connection

It is used in metal mines, such as the segmented filling method and route filling method. It
is mainly used in the field of cemented slurry of high-concentration coarse aggregate and
non-cemented filling of waste rock.

Forced-caving
roof connection It is a common method for slightly and gently inclined ore bodies.

Natural-caving
roof connection

The physical requirements for the high performance of ore and rock are guaranteed by a
high management level.
Applied to its own low-strength characteristics and ore bodies with joint fissure distribution.

Slurry-pressure
roof connection

It is mainly used for the up- and down-filling mining methods.
It is divided into residual pressure roof-connection of the filling system and pressure pump
injection roof-connection.

Slurry self-flowing
roof connection

Use the slurry to level under its own gravity or use the height difference to extrude the
slurry to connect the roof.

Table 3. Ways to improve management.

Operating Time Measures

Before backfilling operation
Creating good conditions for stope-filling top pick.
Select the appropriate slurry concentration and packing materials.
The use of intumescent material additives.

During backfilling operation
Eliminating the influence of water.
Noting the empty top pressure.
Reducing worker error and strictly quality-controlling projects.

After backfilling operation
Leakage of slurry is prohibited.
Prevent the influence of water on slurry.
Improving roof monitoring.

In order to improve the backfilling roof-contacted rate, this section summarizes the
improvement measures in three aspects: using expansive materials, forced roof-connection
technology, and strengthening management. The structure chart of influencing factors of
roof-connection improvement measures is shown in Figure 13.

Figure 13. Influence structure of roof-contacted improvement measures.
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4. Conclusions

(1) Backfilling technology is an important technical method for creating a win–win situa-
tion of “environmentally friendly” and “safe and efficient” mines. Roof-contacting
backfilling is the key factor of the backfill mining method, which is directly related to
the support capacity of upper surrounding rock and guarantees the safety of stope.
With the increase in mining depth and the deterioration of mining conditions, more
attention must be paid to the roof-contacted backfilling rate in the future.

(2) The roof connection of the backfilling massif is an important part of backfilling
work. In this paper, the method of calculating similar roof-contacted backfilling
rates was introduced. For conventional high-concentration cementitious backfilling,
the main influencing factors, improvement measures, and auxiliary measures of the
roof-contacted backfilling rate were summarized in detail.

(3) It is still a challenge for the backfilling massif to connect to the roof efficiently in a
mining field with a large aspect ratio. During the flow process of filling slurry in
the underground stope, the yield surface position dynamically changes, and there
is no directly test method to detect the yield surface position. In future research, in
the process of backfilling slurry flow in underground stopes, relevant research on
the position of the slurry yield surface should be strengthened to make up for the
deficiency of theoretical models in parameter corrections.

(4) The roof connection of the backfilling massif is a systematic project. In the design
of the roof-connection scheme, stope design, mining process requirements, slurry
performance, and roof auxiliary technology should be compared and selected.
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Abstract: Mining has advanced primarily through the use of two strategies: pyrometallurgy and
hydrometallurgy. Both have been used successfully to extract valuable metals from ore deposits.
These strategies, without a doubt, harm the environment. Furthermore, due to decades of excessive
mining, there has been a global decline in high-grade ores. This has resulted in a decrease in valuable
metal supply, which has prompted a reconsideration of these traditional strategies, as the industry
faces the current challenge of accessing the highly sought-after valuable metals from low-grade ores.
This review outlines these challenges in detail, provides insights into metal recovery issues, and
describes technological advances being made to address the issues associated with dealing with
low-grade metals. It also discusses the pragmatic paradigm shift that necessitates the use of biotech-
nological solutions provided by bioleaching, particularly its environmental friendliness. However,
it goes on to criticize the shortcomings of bioleaching while highlighting the potential solutions
provided by a bespoke approach that integrates research applications from omics technologies and
their applications in the adaptation of bioleaching microorganisms and their interaction with the
harsh environments associated with metal ore degradation.

Keywords: low-grade ore; metal recovery; metallurgical methods; bioleaching; environmental
pollution

1. Introduction

Initially, only precious metals were prioritized, but with the development of various
industries and their demand for unique metals for production activities, the focus shifted
to include the assorted metals demanded [1]. For many years, we have witnessed the
development and improvement of technologies to accommodate the mining and processing
of various types of metals [2,3]. Furthermore, these technological advancements have been
adapted to facilitate the extraction of minerals of interest from low-grade ores, which is an
expected consequence of the alarming depletion rates of high-grade ore reserves. This will
increase the exploitation of previously underutilized low-grade ores [4,5]. Surprisingly, in
the nineteenth and early twentieth centuries, low-grade ores were considered worthless,
and mining activities were concentrated on ore bodies containing at least 5% or more of the
metal of interest [6]. Such decisions were based not only on the venture’s efficiency and
profitability but also on the technological capability of the time [7]. However, the current
state of affairs, as well as the need to meet rising demand, have altered industrial outlooks,
with process considerations now including ore bodies containing less than 1% of the metal
of interest.
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Low-grade ores are obtained from a variety of sources, including newly discovered
reserves or mine waste containing previously overlooked metals, most likely as a result
of mining activities that focused on a different target metal during the initial mining ex-
ploration. The target metal was frequently at a higher concentration, making extraction
easier [8,9]. Regardless of the source, conventional mining of low-grade ores has been
shown to cause more environmental issues than it is worth by generating more waste, which
eventually leads to soil and water pollution [10,11], and, eventually, climate change. These
environmental problems are the effects of mining activities on the biophysical environment,
which consequently lead to environmental degradation. Furthermore, the presence of
mine tailings is regarded as a health risk as well as an environmental challenge, and the
reduction in toxic element concentrations through re-mining processes is regarded as an en-
vironmental beneficiation initiative. This initiative is a necessary strategy for mitigating the
long-term environmental damage caused by transformation reactions and the production
of acid mine drainage (AMD). In the presence of water-activating microbial solubilization
activities, these unavoidable biochemical reactions occur [12]. However, re-extraction pro-
cesses, particularly those using conventional methods, may prove unprofitable due to low
yields and may release toxic gases into the environment [13].

Conversely, when addressing the challenges of mining low-grade ores, we must con-
sider both the economic and opportunity costs. The latter is the justification that focuses on
environmental sustainability in all mining strategies, which is an important consideration
for future generations. As a consequence, in order to address the challenges of mining
low-grade ores, current technological developments must incorporate an environmentally
friendly approach as well as seek alternatives that ensure profitability. This review will
look at the progress that has been made in this regard.

In addition to investigating these advancements, there has been a noticeable shift in
focus in recent years toward biotechnological methods to address environmental pollu-
tion issues associated with traditional smelting methods and the use of toxic chemicals.
However, in industrial-scale mining, these biotechnological alternatives have yet to attain
popularity or commercial acceptance. The stalemate in the situation encountered thus
far in improving the bioleaching capabilities of the microorganisms used for this oper-
ation is likely one of the major reasons that have kept the biotechnological approach a
niche application since its discovery [6,14]. The allure of biomining, however, remains
its undeniable environmental friendliness when compared to process operations such as
smelting and electrowinning. Because of this appeal, as well as the current inclination
toward environmental considerations, bioleaching will continue to be the focus of research
efforts aimed at unlocking its potential for metal extraction from ores. Furthermore, bi-
oleaching offers more appealing advantages, such as energy efficiency and broad-spectrum
applicability to a diverse range of ore types and grades, as well as the processing of ores
or mixtures containing very low concentrations of target metals [15,16]. However, the re-
liance on microorganisms as the primary role players in bioleaching degradation processes
carries the burden of inefficiency caused by a plethora of multifactorial effects, with the
ultimate outcome being attributable to poor process kinetics [13]. Metal toxicity, which
is a direct result of their activities in the environment, is typically a major challenge for
even these robust microorganisms. The increasing concentration of bioleached metals
impedes further activities and hurts the entire biochemical process [17,18]. Despite this
significant disadvantage and the slow kinetics, the method is regarded as a promising
process for recovering valuable metals from mineral sulfides. As a result, it is still regarded
as a credible alternative method to traditional leaching methods, particularly for low-grade
ores [19–25]. As a result, attention is still firmly focused on developing strategies to address
these slow kinetics issues. Several studies have revisited this problem in recent years using
newly available techniques, some of which will be discussed in this review.
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2. Current Sources of Metals

The global demand for a wide range of metals used in various industries has risen
exponentially. As a result, the mining industry is addressing this challenge by devising
strategies to boost output. According to Johnson [1], metal demand will more than double
in the next two decades, if not sooner. This is a likely driver of the current exploitation of
low-grade ores. Consequently, focused research has been conducted to develop methods
for assessing the potential environmental impact of mining process variables, such as ore
grade and deposit type. Such assessments can provide information on the amount of ore
that can be extracted, as well as the amount of tailings that can be produced for one unit
of metal, based on the deposit’s grade [26]. However, the viewpoint that low-grade ore
mining and processing has the potential for additional waste generation and profitability
limitations is juxtaposed.

Aside from the information derived from the nature and quality of low-grade ore
bodies, their constitutions present additional challenges to mining considerations due to
their mineralogical complexity, which is frequently manifested in polymetallic states [6,11].
A polymetallic ore can contain several metals in its composition, such as Cu, Zn, Pb,
Ag, and Au, and as a result, extracting a single metal from it may not be economically
viable and may cause several environmental issues [10,11]. This implies that when dealing
with low-grade ore mining, some of the challenges can be overcome by developing and
implementing efficient technology to recover a group of metals rather than just one [10].
Despite these obstacles, profitable low-grade ore mines, such as the Aitik mine in Gällivare,
Sweden, are currently in operation. Although there are conflicting reports on the actual
copper content of the ore, with Mozaffari [27] reporting 0.4% copper content and Johnson [6]
reporting 0.24% copper content, both reports show that recovery is feasible and successful
for copper ore with a copper content less than 1%. Another example is Talvivaara, a low-
grade ore mine in Finland with a Ni-Zn-Cu-Co complex ore deposit that began operations
in 2009. The mine’s ore deposition averages 0.22 wt.% Ni, 0.50 wt.% Zn, 0.13 wt.% Cu, and
0.02 wt.% Co [28,29]. This mine’s profitability was linked, among other things, to the easy
access to the ore located on the land surface, which made it less expensive to mine [6].

Mining companies have also evolved a focus on waste from mineralogical and met-
allurgical processes as potential metal sources [30]. This waste, which was previously
generated during the processing of high-grade ores, was thought to have no economic
value and was discarded. However, mining companies no longer take this stance in re-
cent times. The characterization of these mine wastes, which have revealed significant
quantities of potentially valuable metals, is now the focus of research [31]. Furthermore,
advances in flotation technology, an efficient technique for concentrating target minerals,
have improved the re-extraction of precious metals from mine tailings, implying that their
use as a raw material in mining is economically viable. The low cost of mineral bene-
ficiation associated with mine tailings is an advantage, as the ore is already milled and
available on the surface, eliminating the capital costs of excavation required to access the
metals of interest [32,33]. This competitive advantage was demonstrated in the mining of
cobalt in the Democratic Republic of Congo’s province of Katanga, where cobalt is mined
from mine tailings containing 0.2%–1% cobalt, which is characteristically in the range of
low-grade ores [33,34]. According to Van Zyl et al. [35], there is currently approximately
75 major mine tailing re-mining projects underway around the world. The ERGO project,
located in Johannesburg, South Africa, is one successful venture that re-mines gold from
mine tailings [35]. Other examples include the Kaltails project, which was established to
reprocess tailings from mine dumps in Kalgoorlie, Western Australia, in order to obtain
gold [36,37]. The continued survival of these re-mining projects can only mean that the
savings from avoiding excavation and milling processes allow the mining projects to be
viable and profitable.
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3. Technological Improvement in Metallurgical Ores Processing Methods

The pertinent enquiry of what technology to use during extraction of metals from low-
grade ores must, without prevarication, factor in the environmental impact and product
recovery efficiency. Environmental impact can also be exacerbated by the type of mining
process. In open-pit mining, at least 1–3 times quantities of overburden materials are
produced than the ore extracted; however, in underground mining, the produced barren
rock is often less than 10% of the volumes of ore produced [26,38]. This is due to the high
cost of underground mining, which makes it necessary to only focus on the orebody. The
overall mining process and environmental impact are shown in Figure 1. In summary, the
process of ore mining and metal processing involves ore excavation, pulverization and
concentration, conversion of concentrates into oxides, reduction, and refining. Although
process optimization initially targeted high-grade ores, there is still room for improvement
in relation to processing low-grade ore/tailings. This is because of the fast-paced depletion
of high-grade ores on the one hand, and the difficulties faced by the mineral processing
industries to efficiently process low-grade ores and metal-contaminated sites on the other
hand. The problem has been worsened by the failure of the conventional processing
methods to address environmental pollution [39], which includes contaminated sediments
and soils, aquatic environment, soil nutrients, and vegetative cover, leading to severe public
health concerns.

Figure 1. The process of mining from ore exploration, mining, waste generated, and environmental impact.

In this regard, significant progress has been made in terms of research. The abundance
of literature demonstrates that researchers have made commendable efforts to improve the
processing of various types of low-grade ores. Spooren et al. [40] observed in their review
that the efficient treatment of diverse and complex low-grade ores necessitates the use of a
new metallurgical systems toolbox comprising existing and innovative mineral processing,
metal extraction, metal recovery, and matrix valorization processes. Tabelin et al. [41]
focused on ways to address challenges in ore processing, metal extraction, and E-waste
management using emerging technologies and sustainable socio-environmental strategies
in another review.

Mochizuki and Tsubouchi [42] upgraded several types of low-grade iron ores from
various countries to the desired high-grade ores by removing gangue components (Si, Al,
and P) via hydrothermal treatment with various solvents. Mokmeli [43] investigated the
economics of low-grade chalcopyrite deposits hydrometallurgical treatment as a function
of ore grade and extraction recovery. Following the drawbacks of the Bayer process for
leaching mineral acids, which include high energy consumption, waste generation with
gaseous emission, and concentrated acid/base emission [44–46], the use of microorganisms
has received considerable attention. In this regard, Shah et al. [47] investigated the recovery
of aluminum from low-grade bauxite via the bio-hydrometallurgical route, discovering that
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high yields of organic acid and other metabolites produced by a marine-based Aspergillus
niger enabled the sustainable and economical production of aluminum from bioleaching
low-grade bauxite ore. Brinci and Gok [48] also upgraded the low-grade boehmitic bauxite
by removing silica via floatation, resulting in a high-grade bauxite concentrate with an
A/S ratio of 8.54. A Bauxite A/S ratio of less than 8 results in the sintering process, which
is well known for being energy intensive and emitting gases [49–51]. Screening/washing,
gravity separation, and flotation are the other beneficiation methods used to reduce the
reactive silica content in bauxite [52]. The siliceous gangue minerals, kaolinite and illite,
are known to be closely associated with bauxite ore, and this complex association has a
negative impact on mineral particle liberation, which is linked to a low A/S ratio [48].

Heap leaching is another traditional method for extracting precious metals with the
help of microorganisms. It is typically used in acid leaching of copper oxide ores, oxidative
acid leaching of secondary copper-sulphide ores, and cyanide leaching of gold ores [53].
However, as observed by Ghorbani et al. [54], its implementation is hampered by the
difficulty of maintaining high heap permeability, particularly when leaching fine-grained
ores. As a result, researchers are focusing more on bioleaching, which is thought to be more
sustainable for extracting metals such as copper, gold, and zinc. Biological leaching is less
expensive than the energy-intensive pyrometallurgical process or other leaching methods
that use chemicals under harsh conditions. Using gold as a case study, Calvo et al. [55]
investigated how the decline in gold ore grade affects energy expenditure and the associated
environmental impact using current technology. The authors conclude from the case study
that the lower the ore grade, the greater the energy requirements for ore processing. They
also point out that technological advancements only partially reduce energy costs and that
high energy demands necessitate the use of fossil fuels, which raises GHG emissions.

The feasibility of beneficiating low-grade skarn phosphate from the Mactung Tungsten
deposit was investigated by Li et al. [56]. The anticipated benefit is two-fold: extracting
phosphorous for the production of phosphoric acid and fertilizer, as well as cleaning the
environment. Phosphate retention in mine tailings is harmful to the aquatic ecosystem
because it causes eutrophication of lakes and algae blooms. Thus, both direct and reverse
flotation were effective in producing acceptable concentrates from low-grade phosphate
rocks containing carbonate and silicate gangue minerals. Additionally, with regard to
phosphates, Arroug et al. [57] investigated acid leaching methods for the beneficiation of
rejected low-grade phosphate washing sludges. Tailings from phosphate washing sludges
have low P2O5, high carbonates, and silica content. The authors discovered that the type
and concentration of organic acid, as well as the ore’s milling conditions, had a significant
impact on the ore’s upgrade. Above 7%, concentrations of acid were found to attack
phosphate minerals, as well as dissolve carbonates.

Sudagar et al. [58] investigated the effect of low-grade metakaolin on compressive
strength and heavy metal absorption, and the authors concluded that low-grade kaolins
can be useful as construction materials and adsorbents. Magnetic separation techniques
were used to beneficiate low-grade rare earth ore [59], and it was discovered that effective
upgrading of the rare earth element ore required a combination of dry and wet high-
intensity magnetic separation techniques followed by froth flotation. Because rare earth
elements are mostly found in deposits that are not concentrated enough to be economically
exploited, upgrading is required [60]. The importance of rare earth elements cannot be
overstated because they are used to make permanent magnets used in wind turbines and
traction motors for electric vehicles. As a result, froth flotation is an important step in
concentrating metals and a mixture of chemicals that act as collectors or depressants and
are used to improve selectivity during target metal separation from gangue material, as
described by Tian et al. [61]. Concentrates from flotation can be subjected to pyrometallurgy,
hydrometallurgy, and bioleaching processes for further processing of metals of interest [62],
as detailed in Figure 1.

However, it is important to emphasize that the current pyrometallurgical and hy-
drometallurgical processes cannot efficiently recover metals from low-grade ores because
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they were designed for high-grade ores [63]. This is due to the difficulty of striking a
balance between extracting valuable metals from very low concentrations in the matrix
material while lowering the concentration of potentially hazardous metals to stringent
concentration limits and achieving extraction with minimal impact on the physicochemical
properties of the matrix materials because additional processing, such as valorization,
would be required [40].

3.1. Pyrometallurgical Process

Pyrometallurgy is a traditional method for extracting and purifying metals through
high-temperature calcination, roasting, reduction, and refining. The entire process con-
sumes a lot of energy and adds a lot to the carbon footprint. Although pyrometallur-
gical energy requirements vary depending on ore grade and mineralogy, the current
exploitation of low-grade ores may have a significant impact on mining process energy
requirements [64–66].

It is undeniable that the mining industry is under economic pressure to reduce energy
consumption and associated greenhouse gas emissions [5]. The major barrier is in the py-
rometallurgy process, where the use of higher-temperature furnaces and blast furnaces is an
essentially integrated aspect of metal recovery [65–67]. Previously, Agarwal et al. [68] esti-
mated that an electric furnace requires 1200 kWh per ton of dry deep-sea manganese nodule
ore. Concerns about pyrometallurgical process air pollution have prompted governments
to impose stringent restrictions through emission regulations and the implementation of
acceptable limits to ensure significant levels of environmental protection. Mining com-
panies are required to comply throughout their business cycle, from the beginning to the
end, where they are expected to implement land reclamation and clean-up activities. It is
also necessary to obtain legal documents pertaining to pollution mitigation and prevention
in accordance with each country’s mining legislation. The majority of these laws uphold
environmental considerations, and they even require the use of best practices and best
available technology (BAT) to ensure the protection and restoration of the sites of mining
operations [69]. So far, technological advancement in pyrometallurgical processes has
sought to reduce energy consumption and carbon emissions while maintaining process
efficiency [65]. South African company Evraz Highveld Steel and Vanadium Limited is an
example of a company with a technological modification designed with such a considera-
tion [70]. Their initial process employed submerged-arc furnaces (SAF), a technology that
has since revealed a number of technical challenges. Submerged-arc furnaces were con-
verted to open slag baths (OSB) for maximum iron and vanadium production in 2004. The
OSB furnaces, on the other hand, are limited by their high energy consumption due to their
open-arc configuration. This configuration and its implications for energy demand entail a
relatively high electricity cost, which fails to balance profitability associated with vanadium
(product) recovery. This has prompted a paradigm shift toward improved equipment and
operational processes. Several important energy-saving factors have been identified. One
such contentious factor identified was the effect of coal source, which was mitigated by
limiting suppliers to prevent plant instability caused by the varied composition of the coal,
which was linked to poor metallurgical performance, poor metallurgical control of the OSB,
and inconsistencies in kilns for the solid-state reduction process. Finally, when compared to
SAF, the system was able to achieve improved product recovery while using less energy per
ton of metal produced. Furthermore, the use of OSB allowed for lower coal consumption
and the use of less expensive coal, such as seam 2 coals with lower reactivity than seam
5 coal with higher reactivity used in SAF.

Blast furnaces are critical pieces of equipment for iron production and are commonly
used in mining countries. These massive furnaces have recently been upgraded to ac-
commodate volumes in excess of 5000 m3. In Korea, for example, a 6000 m3 blast furnace
was built. Upscaling furnaces has been shown to cause non-uniformity, which increases
energy consumption and, ultimately, disrupts secure, stable operation. The development of
oxygen blast furnaces (OBF), which are thought to be superior to conventional furnaces,
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can be viewed as a solution to energy-saving efforts. The latter has the potential for greater
energy flexibility as well as other environmental advantages. The main distinction between
these furnaces is that conventional blast furnaces use hot air with less than 5% oxygen
and a high nitrogen (N2) concentration, whereas the OBF uses 99.0% pure oxygen [71].
Nonetheless, when compared to conventional blast furnaces, the use of oxygen in blast
furnaces was found to double productivity due to the absence of N2 [72]. Surprisingly,
Takahashi et al. [72] make the rather broad but dire assumption that energy-saving efforts
related to conventional blast furnaces have likely been exhausted and that the possibility of
developing additional energy-saving methods is unlikely. Further technological advance-
ments in the OBF have resulted in the addition of a top gas remover process (TGR-OBF)
with the ability to significantly reduce carbon dioxide emissions [65]. Currently, the OBF
is the most productive technology, with the potential for significant reductions in energy
consumption and environmental impact [8]. Although technological advances are im-
portant, particularly when they can significantly reduce negative environmental impact
and energy demand, the US DOE (2007) warns that these effects are limited. Recently,
Chetty et al. [64], proposed the incorporation of mineralogical monitoring as an important
step toward understanding furnace energy needs assessments, based on the understanding
that the composition of the ore plays an important role in furnace efficiency. Their research
utilized quantitative mineralogy to differentiate ore types with similar grades and investi-
gated their energy consumption in furnaces. Their findings suggested that this would lead
to better decision making regarding the handling of ore variability, allowing furnaces to
run more efficiently and thus reducing energy consumption.

The advancement of new technology has resulted in improved methods that have
added environmental benefits, rendering some older technologies obsolete and unpopular.
A good example is manganese extraction, which is conducted in the presence of a reductant
due to its stability in acid or alkaline oxidizing conditions. Normally, coal or carbon
is used as the reductant to convert manganese dioxide to manganese oxide; however,
this reaction is energy intensive, with several authors, including, Abbruzzese et al. [73],
Jiang et al. [74], and Welham [75], indicating that the temperature requirement is between
800 and 1100 ◦C. Surprisingly, the use of other reductants, such as cornstalk, bagasse,
ammonium sulfate, pure sulfur, and so on, reduced the reaction temperatures to a range of
450–570 ◦C [76]. Despite the lower energy requirements, the process remains unpopular
due to the high amount of fine dust smoke produced by the plants, as well as the high
investment and operating costs [77,78]. Furthermore, applying this process to the extraction
of low-grade ores will present additional technological, economic, and environmental
challenges [79]. Because low-grade ores are polymetallic, the various metals in the ore
must be recovered in order for the process to be profitable. This becomes an issue in the
case of low copper-bearing minerals with high arsenic and other impurities. If copper
concentrates contain more than 0.2 percent arsenic, they are considered “dirty” and are
rejected by smelters [41,80].

3.2. Hydrometallurgical Process

Concerns about air pollution caused by pyrometallurgical processes have prompted
governments to impose stringent restrictions through emission regulations and the im-
plementation of acceptable limits to ensure significant levels of environmental protection.
Compliance is required for mining companies throughout their business cycle, from the
start of operations to the end, where they are expected to implement land reclamation and
clean-up activities. It is also necessary to obtain legal documents pertaining to pollution
mitigation and prevention in accordance with mining legislation specific to each country.
Most of these laws have an environmental theme and even require the use of best practices
and best available technology (BAT) [81].

In terms of energy consumption, hydrometallurgical techniques appear to be the
best alternative to smelting and refining routes, and they have great potential for treat-
ing various concentrates while also demonstrating increased metal recovery and reduced

69



Minerals 2022, 12, 506

air pollution [82]. Hydrometallurgy is a process that uses chemical reactions to extract
metals of interest from ores, concentrates, and recycled materials. Sulfuric acid (H2SO4),
hydrochloric acid (HCl), ferric sulfate, nitric acid (HNO3), ferric chloride, sodium chlo-
ride, and other inorganic chemicals are used in the leaching of metals from various raw
materials [78,83–86].

Metal recovery in hydrometallurgy is frequently achieved through the use of H2SO4,
but this has a negative impact on the environment occurring from accidental spillages. The
likelihood of ground water contamination occurring from H2SO4, which are transported
through pipes that burst and leaks that cause seepages into surrounding land, is very
high [86]. However, technological advancements have resulted in their replacement with
chemicals less harmful to the environment. Furthermore, hydrometallurgical processes
have evolved in recent years to meet the challenge of mining low metal concentrations in
ores. Historically, the majority of zinc metal was extracted from zinc sulfide ores. However,
due to the current depletion of zinc sulfide ores, the exploitation of zinc oxide ores has
increased [85,87]. Following gangue material separation using conventional flotation
methods, the concentrated ore was leached with a solvent to prepare the leached solution
for subsequent electrowinning [77,85]. However, low-grade zinc oxide ores, particularly
those containing high concentrations of iron, silicon, chloride, and calcium, are processed
in a different manner. This process uses a lot of acid, and the purification process is
complicated, since it is difficult to separate zinc oxide from the slurry due to the formation
of silica gel, which reduces zinc recoveries [77]. Although pyrometallurgical processes
can achieve high zinc recoveries from oxidized zinc ores, the associated high energy and
production costs have prevented widespread industrial acceptance [77]. To overcome
the hydrometallurgical process’s poor zinc leaching, Santos et al. [88] and Ju et al. [89]
propose that impurities be kept insoluble, which can be accomplished by using alkaline
agents, such as sodium hydroxide and ammonia solutions, in a selective alkaline process.
To prevent the solubility of impurities, such as Fe2O3, SiO2, MgO, and CaO, this process
requires a high pH of about 6–7. Treating ore containing high alkaline gangue, such as
zinc oxide ore, with alkaline solution reduces the consumption of leaching agents when
compared to sulfuric acid leaching, and it also reduces the complexity of the purification
process [90]. Despite research into the use of specific alkaline processes [88,89,91–93],
challenges leading to poor zinc leaching were still encountered, and Rao et al. [77] reported
further enhancement of zinc extraction from low zinc oxide ore, through the addition of
organic ligand–nitrilotriacetic acid, improves the stability of zinc complexes.

Another case in point is the extraction of alumina (Al2O3) from bauxite, a major raw
material [94]. Gibbsite, boehmite, and diaspora are all types of alumina minerals, with
diaspora being the most common in China. The Bayer process has always been the principal
method for producing Al2O3 from bauxite raw material [95], although the bauxite ores
must have a sufficient alumina (A) to silicon (S) ratio to use this process. However, due
to the abundance of bauxite ores with high silica and low alumina (low-grade ore), this
becomes a challenge [96]. Several studies have been carried out in order to improve the
Al2O3 grade of such ores and meet the Bayer process requirements [49,95,97]. There has
been significant progress, with the inclusion of an additional desalination step used to
raise the Al2O3 grade to above 60%. Desalination, also known as ore grade improvement,
is accomplished through washing or flotation. The latter is thought to be preferable and
recommended. However, because carbonate minerals have similar flotation properties to
alumina minerals, a single flotation process is not recommended for bauxite containing
carbonate minerals. Guan et al. [95] recently reported an additional step after flotation in
which hydrochloric acid leaching is used to dissolve the carbonate minerals, increasing the
A/S ratio even further. Sukla et al. [97] proposed bio-beneficiation (the use of microorgan-
isms) as a potential solution to the problems associated with conventional methods due to
the limitations that may still be encountered during conventional bauxite purification.

Hydrometallurgical leaching is reliant on the use of chemical reagents, and for a time,
sulfuric acid was the primary acid used in the industrial extraction of metals such as nickel
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from saprolitic ores. The availability and low cost of sulfuric acid were two factors that
contributed to its widespread use [98]. Because of their recyclable nature, other acids,
such as hydrochloric acid and nitric acid, have recently been considered as alternatives to
sulfuric acid for nickel leaching [99]. Furthermore, comparative studies were conducted
to compare other acids to sulfuric acid in the leaching of metals from low-grade ores.
Astuti et al. [99] investigated the efficacy of citric, sulfuric, nitric, hydrochloric, lactic, and
oxalic acids in the leaching of low-grade saprolitic ores from two different mining areas in
Indonesia. Surprisingly, citric acid and sulfuric acid were more effective in nickel than other
acid solutions, providing motivation for the potential use of citric acid in nickel leaching.
Table 1 lists various leaching acids and their functional abilities under various conditions.
This table emphasizes the high recovery of target metals in short periods, ranging from a
few minutes to a few hours.

Table 1. Application of hydrometallurgy for leaching valuable metals from low-grade ore and
mine tailing.

Ore Type Leaching Reagent
Leaching
Efficiency

Common Parameter
Leaching
Period

Reference

Low-Grade Ore

Low-grade
vanadium-bearing

titanomagnetite

Hydrochloric acid
(HCL)

99.4% vanadium
and 4.2% iron

Selective extraction using
mixed solvents 10 min [100]

Low-grade zinc
silicate ore H2SO4 94% of Zn The effect of particle size and

concentration of H2SO4
180 min [85]

Low-grade zinc
oxide ore NH4Cl–NH3 solution 90.3% Zn

Effect of particle size and
influence of NTA

concentration
60 min [77]

Low-grade
chalcopyrite
concentrate

Sulfuric acid
electrolyte 96% Cu

Effect of the particle size,
nitrite concentration, and

acid concentration
2 h [101]

Low-grade manganese
dioxide ores H2SO4

92.8% Mn
and 24.6% Fe

The effect of sulfuric acid
concentration and particle size 60 min [102]

Low-grade Ni–Mo ore
Sodium hypochlorite

sodium hydroxide and
sodium carbonate

96.3% Mo
Sodium hypochlorite

and sodium
carbonate concentrations

5 h [103]

Mine tailings

Tailings of
oxidized ores

Sodium hydrosulfide
(NaSH) and potassium
amylxanthate (KAX)

45% Cu and 83% Co Size distribution of particles 14 min [30]

Copper
sulfide tailings 98% H2SO4

98.45% Cu,
21.41% Zn,
56.13% Mn,

and 17.25% Fe

Sulfuric acid concentration
and leaching time 2 h [104]

Pyrite
flotation tailings H2SO4 and ferric iron 79.6% Cu

and 43.7% Zn Reagent concentrations 2 h [105]

Molybdenite flotation
tailings associated

with galena
Sodium hydroxide 98% Pb and 98% Mo Concentration of

sodium hydroxide 1 h [91]

3.3. Environmental Impact of Waste Generated from Conventional Processing Methods

Ample evidence of mining’s impact on surrounding ecosystems demonstrates the
process’s many devastating consequences, including changes in the interspecific interac-
tions of resident organisms [7,106]. Even with advancements in conventional methods
for mitigating these environmental impacts, waste generated during the extraction and
processing of mineral ores is unavoidable. As a result, careful planning for these wastes
and their management is essential. Most governments address this by imposing regulatory
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measures and policies governing mine waste treatment and storage. However, oversight
and adherence continue to be challenges.

Mine tailings and overburden are the two major types of solid waste associated with all
mining processes (waste). Their environmental effects vary, but mine tailings are thought to
be more problematic [26,38]. These mine tailings have been linked to several documented
cases of water pollution, with most environmental regulatory bodies agreeing that water
contamination from mining should be considered one of the world’s top three ecological
security threats [6,7,107–109].

The presence of amalgamated sulfide minerals, such as pyrite and pyrrhotite, in most
precious metals contributes to the toxicity of mine tailings. These sulfide-containing miner-
als are responsible for acid production, which promotes metal solubilization in tailings [12].
Although the sulfide minerals coexist with the carbonate minerals that are responsible for
neutralizing the produced acid [110], these carbonate minerals are usually insufficient to
completely neutralize the concentration of acids present. The most likely reason is that they
are not present in sufficient quantities to adequately counteract acidic effects. Ultimately,
the failure to completely neutralize all H+ within mine tailings that come into contact with
water results in the production of AMD. The gold and coal deposits in South Africa are an
example of this, where the neutralization effect is overwhelmed by the production of this
acid, as demonstrated by the visible common problem of AMD in South Africa [111]. Simi-
larly, even when complete neutralization is achieved in the presence of sufficient carbonates,
the product derived from it is referred to as contaminated neutral drainage (CND) [112].
CNDs are still regarded as a problem for the environment because toxic elements, such as
Se, As, Ni, Zn, and Co, are frequently present in high concentrations in these bodies of water,
posing a health risk to microorganisms, plants, and animals [12,113]. This is exacerbated
by environmental phenomena, such as bioaccumulation and biomagnification [114,115].

It is critical to recognize the contribution of comminution to chemical reaction rates
through the crushing and milling of rocks and ore. As a result of the increased surface
area, favorable reaction kinetics in the presence of oxygen and water are facilitated. The
tailings’ sulfide components undergo an oxidative reaction that uses oxygen to generate
sulfuric acid, which promotes metal leaching or solubilization [38,116]. This phenomenon
is thought to be a natural part of the weathering process. This weathering process is
accelerated, however, due to the increase in surface area (fine particles). Because of this
rapid reaction, AMD is considered one of the most serious environmental issues in the
mining industry [108,117,118]. The continuous production of acid from mine waste causes
a drop in pH, which creates favorable conditions for autochthonous microorganisms found
in these wastes. These microorganisms contribute significantly to metal solubilization
processes by accelerating acid generation and, in most cases, enhancing metal mobilization
to other parts of the environment [108,119,120].

Water polluted by AMD is not safe for drinking. Furthermore, the purification process
is considered costly and is influenced to some extent by the type and concentration of
toxic metals that must be removed from the polluted water. The rising cost of the process
frequently forces the abandonment of this polluted water source, which has a heavy toll on
residents in settlements near mining operations, which is exacerbated when other sources
of potential potable water are not nearby [121]. Contaminated water may also pose a risk
when used for irrigation because some plants have the ability to bio-accumulate metals
that will eventually affect humans or animals who consume them [122].

Mine tailing stockpiling remains the preferred method of storage and/or disposal.
Often, designated mine dumps are established in the vicinity of major mining cities
(Figure 2). Unfortunately, this method of storage (disposal) introduces pollution to ar-
eas that are not necessarily close to mines, with winds dispersing dust particles containing
toxic metals, such as Hg, Cr, Pb, Zn, Cu, Ni, Cd, As, Co, and Sn. The accumulation of mine
tailings around cities and suburbs is extremely hazardous to human health, with some of
them containing significant amounts of radionuclides [123]. Most pertinent to note is the
cyanide pollution that is frequently associated with gold extraction processes [107].
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Figure 2. Mine tailing dumps. Pictures taken in Gauteng province, South Africa.

Mine tailings have been discovered to be inadvertently storing low-grade ores. Al-
though the grade of the mineral they contain may be too low for economical extraction
at the moment, there is a possibility that these wastes will hold economic value in their
mineral content in the future [124]. This understanding is most likely why some mining
companies practice continued storage, even after tailings have been re-extracted and re-
processed. According to Blight [124], some South African gold mine tailings have been
re-mined and reprocessed at least three times in the last century. As a result, they are
stored in a location where, if the need to re-extract arises, an ease of access is guaranteed, as
opposed to when the tailings are rendered inaccessible by being buried beneath old mines.
However, reprocessing tailings generates waste, which poses environmental problems.
Consequently, not all reprocessed tailings are permanently stored for future reprocessing.
Some are investigating its use in the production of bricks as a building material in the
construction industry [125]. According to Beulah et al. [126], although the bricks are more
expensive than traditional bricks, this cost-effective method of producing brick is environ-
mentally friendly. Another example is the use of tailing as a substitute for fine aggregates
in the manufacture of cement [127].

For those tailings that are continuously stored, certain metals demand may still be met,
to some extent by re-extracting and reprocessing tailings. The key to this re-use strategy,
however, is the adoption of storage methods that reduce the environmental impact of these
old and new mine tailings. Combining technological advances and waste management
strategies should be integrated to ensure that both aspects work in synergy [128]. Most
government policies address this issue by requiring waste management licenses for the
storage of mine tailings and dump sites as part of the overall regulation of mining activities.

4. Environmental Considerations and Alternative Metal Ore Extraction Methods

So much has been done to reduce the environmental impact of traditional methods, and
progress has been made over the years [70,77,85,87,99]. Despite these efforts, pollution and
its negative effects on surrounding ecosystems are an unavoidable by-product of mining
activities. As a result, research into mitigation and amelioration strategies is ongoing. The
biomining strategy, which takes advantage of microorganisms’ bioleaching activities, is
one such intervention. Several authors agree that the potential benefits of bioleaching in
the exploitation of low-grade ores will be significant, particularly in addressing challenges
identified by the use of conventional methods [15,63,129–131]. To support this claim,
studies comparing the metal extraction efficiency of chemical and bioleaching methods
have been conducted. Nguyen and Lee [132] investigated the efficiency of chemicals
(sulfuric acid (H2SO4) and hydrogen peroxide (H2O2) and bioleaching (mixed cultures)
processes in the removal of arsenic (As) and other heavy metals from mine tailings. In
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comparison to chemical leaching, bioleaching achieved higher removal efficiency for all
metals (except zinc) after 300 h of incubation.

Previously, Bayat and Sari [133] compared the efficacy of the bioleaching process using
At. ferrooxidans for the recovery of metals from sludge to the use of H2SO4 and ferric
chloride while holding all other conditional parameters constant. Bioleaching had the
highest metal removal efficiency, followed by sulfuric acid and ferric chloride, according
to their findings. However, the bioleaching process, required a longer operational period.
This was similar to the findings of Szolucha and Chmielewski [134] when using bioleaching
to treat low-grade uranium ore, with uranium recovered at 75%–15% w/w in 55 days
compared to 64%–13% w/w in 31 days when H2SO4 and H2O2 were used. A review
of several studies revealed similar trends of longer operation time (Table 1). However,
in terms of residence times, chemical leaching has been observed to range from a few
minutes to hours, as opposed to the days required for the bioleaching process. Critically,
the bioleaching process exposes mineral sulfides to acids, and the presence of these acids
promotes further metal leaching.

Microbial communities rely on biological activity, which is frequently regulated by
various proteins, including enzymes, which are influenced by a variety of parameters,
including pH. Moreover, any significant change in environmental conditions often necessi-
tates a period of acclimation and adaptation, which slows several biochemical functions
and, as a result, has a significant impact on process outcomes. Despite the longer op-
erating time required, bioleaching is still regarded as a viable alternative to traditional
chemical reactions [132,133]. The allure of bioleaching among researchers stems from the
credible consideration of its status as a characteristic of “green technology,” involving
microorganisms, mostly autotrophs, with the ability to fix CO2, much like plants, whereas
processes such as smelting are notoriously associated with CO2 emissions (Johnson 2014).
Bioleaching also has a lower carbon footprint than traditional methods due to its ability
to occur at atmospheric pressure and lower temperatures (20–80 ◦C), as well as lower
associated energy costs [135]. Despite the fact that the bioleaching process produces an
acid by-product (which is usually recovered to prevent environmental pollution), it is still
considered relatively eco-friendly due to the moderate concentration of acids produced by
microorganisms. The low-cost advantage of bioleaching can be realized in both low-grade
ores and mine tailing leaching, with the latter achieving a higher yield. However, it is
important to note that the scaled-up bioleaching process undergoes similar pre-requisite
energy-consuming blasting and grinding treatments, as shown in Tables 1 and 2. This step
is critical for the efficiency of the process.

Dump leaching, heap leaching, in situ leaching, and tank leaching are commercial
bioleaching processes for extracting metals, such as copper, cobalt, and uranium [136].
Nonetheless, bioleaching’s demonstrated capabilities have not been sufficient to gain
widespread acceptance or consideration as a replacement for conventional methods. This
is because of the slow dissolution kinetics. Furthermore, the possibility of compromised
metal leaching yield due to high metal concentration and its associated toxicity, inhibiting
microbial activity or survival, has limited the bioleaching process’s large-scale application
by Pathak et al. [15] and Clark et al. [137] who reviewed heap leaching strategies and
described the limitations of slow kinetics in the bioleaching process. It is estimated that
300 days are required to obtain results with laboratory-scale bioleaching experiments and
that when scaled up, it will usually take at least 900 days to obtain reasonable metal
extraction. Furthermore, the immediate inclusion of freshly dug-up mineral heaps, which
is standard industrial practice, can be hampered by the long lag phase of bacterial growth,
with incubation and biological treatment lasting up to three years [138]. This lengthy
incubation period has discouraged the use of bioleaching and reduced its feasibility for
commercial scale metal sulfide mining processes [13]. To alleviate the lengthy lag phase
associated with the heap leaching strategy, perhaps a preparatory treatment should include
the introduction and mixing of small inoculating heaps from old sites to new heaps, with
an incubation period provided before their addition to older heaps. This has the potential
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to improve bioleaching efficiency by shortening the lag phase and acclimation periods
required by microorganisms. In particular, the constraints and limitations associated with
bioleaching necessitate multi-directional solution-driven research aimed at addressing
these challenges in order to improve this bioprocess.

Table 2. Application of acidophilic microorganisms in bioleaching of low-grade ores.

Ore Type Microorganisms Amount Leached Common Parameters Leaching Period Reference

Low-Grade Ore

Sulfidic tailing
of Golgohar
Iron Mine

Mixed culture of
Leptospirillum ferriphilum,

Acidithiobacillus caldus,
Sulfobacillus sp., and

Ferroplasma sp.

53% Cu, 84% of Ni,
56% of cobalt,
and 35% Fe

Bacterial inoculation,
media pH, ore particle

size, stirring rate,
and pulp density

21 days [4]

Low-grade
uranium ore Aspergillus niger 71.4% U Media pH

and pulp density 7 days [139]

Low-grade
manganese ore

Pure and mixed cultures
of Acinetobacter sp. MSB
5 and Lysinibacillus sp.

70% Mn from
Acinitobacter sp.,

67% Mn from
Lysinibacillus sp.,

and 74% Mn from
mixed culture

Bacterial inoculation,
media pH, ore particle

size, stirring rate,
and pulp density

21 days [140]

Low-grade
laterite ores

Aspergillus and
Penicillium strains

36% Ni, 54% Co,
and 0.76% Fe

Media pH, ore particle
size, stirring rate,
and pulp density

60 days [141]

Oxide
low-grade ores

(mining residue)
Aspergillus niger 68% Cu, 46% Zn,

and 34% Ni
Media pH,

ore particle size 14 days [142]

Low-grade
granitic chalcopyrite Sulfolobus 85% Cu

Media pH, ore particle
size, stirring rate, and

pulp density
30 days [143]

Mine tailings

Lead-zinc
mine tailings

Acidithiobacillus
ferrooxidans

0.82% Pb,
97.38% Zn,

and 71.37% Fe

Media pH, ore particle
size, stirring rate, and

pulp density
50 days [144]

Concentrated
arsenic

mine tailings

Acidithiobacillus
ferrooxidans >85% of As pH and pulp density 20 days [145]

Mine tailings Indigenous
sulfur-oxidizing bacteria

96.13% Cu,
97.59% Zn,

and 40.43% Pb
Effects of initial pH 13 days [146]

Mine tailings

Single and mixed
cultures of

Acidithiobacillus
thiooxidans and
Acidithiobacillus

ferrooxidans

34.4% 31.5%, and
47.1% of Cu for
A. thiooxidans,
A. ferrooxidans,

and mixed
cultures, respectively

Bacterial inoculation,
media pH, ore particle
size, and stirring rate

6 h [132]

Particle size below 74 μm, stirring rate above 120 rpm, pH below 2.5 and 6.5 for bacteria and fungi, respectively.

5. Technological Improvements in Bioleaching Processes

There are significant differences in developments related to traditional mining meth-
ods versus the use of bioleaching for the same endeavor. As previously discussed, the
primary focus of attention for development in conventional mining is on modifications to
related equipment to improve extraction efficiency, sometimes with environmental con-
sideration. Perhaps this is not the case for bioleaching strategies, because the capability
of microorganisms is limited not only by the type of ore or potential environmental dam-
age but also by the microbial enzymatic reactions (specificity) involved and the ability of
microorganisms to withstand high concentrations of metals deposited in the resident envi-
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ronment, as well as the pH [147,148]. Consequently, technological advances in bioleaching
are the culmination of research and investigation aimed at improving the diverse capabil-
ities of various bioleaching microorganisms. Progress in this area of research, however,
is frequently hampered by the investigative tools and techniques available at the time
of research. As a result, the study of bioleaching processes has evolved in tandem with
advances in molecular biology and biochemistry techniques. Furthermore, as is often the
case with scientific investigations, each new discovery presents new challenges in our
understanding of aspects of bioleaching mechanisms. Other factors critical to bioprocess
effectiveness complicate matters in some cases. This section explains some of the aspects of
microbial metal dissolution mechanisms that have opened up new research avenues.

5.1. Research Progress and Biomining Process Improvement

The evolution of bioleaching can be traced back to early studies that assumed natural
leaching processes were devoid of biological contributions and were instead influenced by
a chemical weathering process [149]. However, convincing evidence of microorganisms’
active role in the previously assumed natural chemical weathering process, demonstrated
in the mid-twentieth century, triggered a cascade of subsequent research [150]. This
includes everything from growing and identifying microorganisms to applying them in
bioleaching [151–153] and, later, understanding the molecular factors that allow them to
survive and grow in such harsh environments [154]. Nevertheless, molecular research and
evolving technology have revealed that their roles are far from being fully understood.

5.1.1. Accumulation of Metals in Solution, Toxicity and Its Effects on Microbial Activity

The dependence of microbial activity on various environmental factors (such as nu-
trients and trace elements) and its impact on process efficiency is limiting. Adeleke [155]
explains that this problem could be solved by incorporating bioaugmentation strategies
that provide nutrition and energy requirements in processes that use microbial leaching
to extract metals of interest. This is significant because, while metal ore or mine tailings
contain a variety of compounds that contribute to nutritional growth, they are frequently
deficient in some vital elements required for proliferation and biomass growth. Increased
biomass is critical for peak enzyme production, which is required to catalyze chemical
reactions. Meeting the nutrient growth requirement is thus essential for bioprocess effi-
ciency. Furthermore, synergistic co-factor effects in bioleaching environments have been
identified as important. Co-factors, for example, include some nutrients that, while only
required in trace amounts, play a critical role in improving enzyme activities. Nickel, for
example, has been shown to play an important co-factor role in a number of enzymatic
reactions [156]. Thus, it is critical to maintain a balance of these trace element requirements
for specific bioleaching microorganisms, particularly in conditions where tailing analysis
has revealed a trace element deficiency. The progressive leaching process and the resulting
low pH typically increase metal toxicity while also inhibiting enzyme (protein) activity. The
nickel requirement is the challenge posed by the metal’s increase. The ability of such an
increase to replace metals in metalloproteins, thereby affecting their ability to bind to active
sites of enzymes such as dioxygenase or sulfite oxidase, causes indirect oxidation stress in
cells [18]. When Chen et al. [17] investigated the toxicity of nickel to At. thiooxidans, they
discovered that a high nickel concentration of about 600 mM inhibited bacterial growth and
its sulfur reduction ability. Although metal toxicity does not completely inhibit acidophilic
bacteria growth, it can significantly reduce growth at high concentrations, as demonstrated
by Ramos-Zúñiga et al. [157]. The effect of cadmium at concentrations ranging from 0 to
200 mM was also tested on A. ferrooxidans strains at 75, 100, and 200 mM, and a significant
growth reduction was observed when compared to cells grown in the absence of cadmium.
It corroborates previous research and observations by Sampson and Phillips [158], who
found that increasing concentrations of nickel, cobalt, and copper inhibited the oxidation
ability of mesophilic cultures of Thiobacillus ferrooxidans and Leptospirillum ferrooxidans,
with copper having the greatest inhibition. Chen et al., [159] investigated other metals
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and their toxicity concentrations to bioleaching microorganisms, finding that 300 and
400 mg/L Cu (II) and Cd (II) inhibited the growth of Thiobacillus thiooxidans, respectively.
Pradhan et al. [160] discovered that 5 g/L and 0.03 g/L of V4+ and Mo6+inhibited the
growth of At. ferrooxidans, respectively. As a result, the efficacy in the bioleaching process
necessitates a high tolerance to metal toxicity [161].

Another study that contributed to our understanding of the bioleaching process
was the role of evolutionary adaptations and their significance in microbial survival in
the harsh environment of mine tailings and metal ores. It became clear that a thorough
understanding of these evolutionary adaptations was required to connect the dots regarding
metal toxicity and tolerance. Some studies have shown that developed mechanisms linked
to the evolution of these bioleaching microbial communities can be used to combat metal
toxicity. Early research isolated nickel-resistant microorganisms from harsh environments
and assessed their toxicity adaptation mechanisms [162]. Extracellular detoxification,
intracellular sequestration, cation transport system modification, and active transport by
efflux pumps are among the mechanisms identified [17].

To summarize, increased biomass is required for the bioleaching process to be effective.
When toxic element concentrations and pH levels reach extremes, bacterial growth is
inhibited, and the process is compromised. Although microorganisms have evolved to
meet the challenges of metal toxicity in their environments, they have not been able
to overcome the extreme increases in metal concentrations that are frequently achieved
during bioleaching activities. Our understanding of the tolerance levels for the various
environments and metals to which these organisms are exposed will allow us to develop
metal toxicity management strategies in biomining operations.

5.1.2. Improving and Adapting Bioleaching Organisms for Biomining Operations

Although bioprospecting in mines allows for the collection of microorganisms with
natural bioleaching capabilities, these desired qualities are usually enhanced in laboratory
environments to improve biomining process efficiency [147]. This is accomplished in
microorganisms by selectively pre-adapting them through repeated culturing in media
containing gradually increasing concentrations of the target metal. This procedure aims to
improve the tolerance and metal dissolution ability of microorganisms prior to their use in
bioleaching systems, as well as their efficiency under scaled-up process conditions [148,163].

Kim et al. [164] demonstrated the importance of pre-adaptation in their study by
comparing the abilities of an adapted and un-adapted bacteria strain in leaching spent
catalysts, such as Ni2+, V4+, and others. Adaptation was achieved in their study by serial
sub-culturing with increasing concentrations of metals until maximum tolerance capacities
were achieved. The comparison of the bioleaching process using these two groups of
organisms revealed that adapted bacteria leached over 90% of Ni2+ and V4+ in 40 h, whereas
un-adapted bacteria leached around 70% of Ni2+ and V4+ during the same period. In
another study comparing the bioleaching abilities of adapted and un-adapted A. ferrooxidans,
Xia et al. [165] discovered that adapted bacteria leached 47.5% of Cu2+ while un-adapted
bacteria leached 39.5%. Adaptation was achieved in this study by serially increasing
chalcopyrite pulp densities from 1% to 5%, and bioleaching experiments were carried out
under 5% chalcopyrite conditions. Ultimately, this adaptation strategy is based on reducing
the time required for the required lag phase in bacterial growth, and there is evidence that a
pseudo-continuous-type approach significantly improves biomass generation and substrate
utilization efficiency in most fermentation and biodegradation processes [165]. The main
disadvantage of this strategy, which incorporates serial sub-culturing to improve tolerance
and adaptation, is that it is time consuming and may introduce mutations that change the
physiological advantages derived from previous exposure to harsh environments [147,166].

Most studies on metal toxicity, tolerance, and adaptation found that a full complement
of these desirable traits is not typically found in a single native microorganism but rather in
a consortium, which is typical of the operating conditions found in natural environments.
Table 2 shows that the efficacy of bioleaching from a consortium is greater than that of a sin-
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gle species. Early studies and applications tended to concentrate on achieving bioleaching
with a single population of organisms [139,141]. However, recent research suggests that
this approach is unrealistic, as there is now abundant evidence of the importance of inter-
specific interactions and how they are critical to metabolite production and degradation
processes in the natural environment [4,167,168]. These communities of microorganisms
make significant contributions to the degradation of complex compounds through the use
of their individual enzymes. As a result, a practical approach to bioleaching strategies
must apply biomimicry of what is common in the natural environment to the degradation
of these ores by allowing biodegradation to occur in a similar manner. Few studies have
used techniques such as polymerase chain reaction (PCR) and quantification/real-time
polymerase chain reaction (qPCR/RT-PCR) to investigate community dynamics in rela-
tion to metal toxicity/tolerance and adaptation in bioleaching processes [169–171]. The
application of these techniques has enabled the real-time monitoring and quantification of
the dynamics of important genes or microbial communities as metal concentrations rise.
This is critical for understanding the active roles that individual organisms play within
population dynamics during bioleaching activities. A few recent studies have shown
that microbial genes coding for ferrous iron and sulfur oxidation play an important role
in bioleaching processes [17,172,173]. This knowledge is important in the selection and
application of microbial consortia, particularly in enrichment processes, to ensure the ideal
balance is achieved for the organisms that are critical to bioleaching efficiency within a
determined population.

5.1.3. Expanding our Understanding of Bioleaching Using (Meta) Genomics

Genomics is a branch of molecular biology that focuses on understanding the structure,
function, and evolution of genomes, allowing for unprecedented insights into microorgan-
ism genetic and metabolic potential [116]. It is especially useful when studying organisms
isolated from niche environments that have evolved survival traits. Genomics studies en-
able us to identify similarities and differences between the organism under study and other
microorganisms in the same genus. Such information is useful in developing strategies for
bioproducts enhancement and industrial applications. In 2001, the first draft genome of a
bioleaching microorganism was published, and it came from the well-studied bioleaching
bacteria At. ferrooxidans. This published draft genome has been used to construct or predict
important metabolic abilities. Sulfur assimilation, quorum sensing, extracellular polysac-
charides, and iron and sulfur oxidation are all examples [17,174]. The value of genetic
studies lies in the indirect improvement of the bioleaching process based on a better under-
standing of the organisms’ genetics and physiology [175]. Presently, over 55 bacterial and
36 archaeal draft genomes of bioleaching microorganisms have been published [14]. This
has allowed for more accurate predictions of the genetic and metabolic potential of bioleach-
ing microorganisms, such as models for energy metabolism in A. caldus and A. thiooxidans,
and models for overall metabolism in Sulfobacillus spp. and Ferrovum spp. [176–179]. How-
ever, one limitation of these predictions is that the majority of whole-genome sequencing
projects published have only been performed on bioleaching microorganisms that have
been kept in the laboratory for several years, if not decades [166]. Concerns have been
raised about the evolutionary ability of these isolates, as well as the possibility of ge-
netic changes, such as mutations and gene loss, which may have resulted in genome
rearrangement [166]. Furthermore, most of these organisms’ robustness has not been tested
in significant field application and/or commercial bioleaching work. Relevantly, both
metabolic and functional predictions derived from such an old stock of microorganisms,
such as metal resistance, growth parameters, and metabolite production, may influence
the outcomes of bioleaching application [180]. As a result, it is critical that research be
tailored to the specific environments in which the biomining process will take place and that
organisms derived from within should then be used for feasibility and field studies leading
to applications. Nonetheless, the importance of functional gene predictions, particularly in
bioleaching genomics, is critical for progress toward process improvement [181,182].
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5.2. Recent Developments in Bioleaching Bench Applications
5.2.1. Impact of Flotation Reagents on Bioleaching Microorganisms

Metals of interest are typically concentrated in mineral processing using flotation
reagents, such as collectors, depressants, and frothers, to increase recovery. Flotation
reagents separate metals of interest from gangue by increasing the aeration of these metals
in water and facilitating the attachment of air bubbles required for the metal of interest’s
levitation. The presence of these flotation reagents, on the other hand, presents a set of
challenges for microorganisms involved in bioleaching. Furthermore, the results differ
depending on the perspectives of the various researchers. In some cases, flotation reagents
absorbed into concentrates or tailings may have an impact on the activity of bioleaching
microorganisms, either a positive or a negative one. So far, contradictory results from
various studies indicate that residual flotation reagents in concentrates and tailings may
inhibit or reduce the oxidation ability and growth of bioleaching microorganisms or may
contribute to improving these microorganisms’ bioleaching ability [60,183–186].

Few studies have been conducted with the goal of understanding the potential ef-
fects of interactions between bacteria and flotation reagents. Dehghan and Dianati [184]
investigated the effects of lead-zinc flotation reagents on the activity of bioleaching bacteria
using three organic reagents (including xanthate collectors and gasoline) and two inorganic
salts. Their findings indicated that the presence of flotation reagents had a positive effect
on the activity of the bacteria (individually or as consortia), with zinc bioleaching being
greater in the presence of flotation reagents than in the absence of flotation reagents. This
beneficial effect was attributed to the addition of salts, which served as carbon and energy
sources for the bioleaching bacteria. Jafari et al. [187], Christel et al. [138], Zhang et al. [188],
and Zeng et al. [189] found that flotation reagents positively influenced the activity of
bioleaching bacteria. Dong and Lin [185] conducted another study in which they compared
the effects of five different flotation reagents on the bioleaching of copper from chalcopyrite.
Copper extraction was reduced by 45% by butylamine, 36% by ethyl xanthate, 20% by
isoamyl xanthate, 13% by isopropyl xanthate, and 11% by butyl xanthate when compared
to the control. Guo et al. [190], Pacholewska et al. [191], Dopson et al. [192], Okibe and
Johnson, [193], and Tuovinen [194] all found similar results. However, the authors’ differ-
ing results raise the question of how the effects of flotation reagents can differ and have
different effects on the bioleaching process. This lack of agreement highlights the likely
dissimilarities that result from environmental uniqueness, implying that organisms from
different environments may be behaving differently, supporting our assertions that studies
for different mine areas should be conducted, and organisms from that region may likely
work best for the particular ore.

To summarize, answers may be found in understanding the mechanisms of attachment
used by microorganisms to make contact with and interact directly with the metal in order
for leaching activity to occur. To attach to the metal, bioleaching microorganisms must pro-
duce EPS, which is dependent on the ions on the mineral surface. Acidithiobacillus ferrooxidans,
for example, attaches to pyrite via an electrochemical interaction with the negatively
charged pyrite surface mediated by exopolymer-complexed iron (III) ions [138,195]. The
residual flotation reagents on the concentrate and tailing can change the properties of
the mineral surface, which can either positively or negatively influence the bioleaching
process [185,187,194]. Before commercialization decisions are made, a credible strategy
for gaining this understanding will involve the execution of small-scale trial runs that
integrate optimization with a focus on the flotation type and specific consortia involvement
to determine the effect it will have on the organisms involved [60,185,193].

5.2.2. Impact of Ferrous/Ferric Ions Concentration on Bioleaching Experiments

The oxidation of Fe2+ to Fe3+ in the presence of oxygen is the primary mechanism
used by bioleaching microorganisms for metal dissolution. This Fe2+ is the main source
of energy, whereas the biologically regenerated Fe3+ initiates metal dissolution [161,196].
These reactions occur in a series of steps and are mutually dependent. The rate of metal
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dissolution is determined by the concentration of Fe3+, which is determined by microbial
oxidation of Fe2+. As a consequence, the initial concentration of Fe2+ prior to the start of
the bioleaching process is critical [197,198]. Therefore, before being used for bioleaching,
the prepared inoculum must reach a significant concentration of Fe2+. When bioleaching
experiments using an inoculum strength containing 9 g/L of Fe2+ solution were used,
Xiang et al. [198] observed a maximum of 95% copper leached in 5 days compared to
12 days without this specific concentration of Fe2+. However, as a precaution, it was
suggested that a suitable concentration of Fe2+ should be at least 6.25 g/L. Dong et al. [196]
obtained similar results by increasing copper leaching from five different copper sulfide
minerals early in the leaching process by adding adequate amounts of ferrous ions.

Ferric irons were found to have beneficial effects on At. ferrooxidans involved in
bioleaching in a study conducted by Chen et al. [17]. The bacterial tolerance to nickel in
the presence of ferric irons was the basis for this study. They discovered that 600 mM
nickel inhibited the growth and sulfur metabolism of At. ferrooxidans completely. However,
when traces of ferric iron (between 0.5 and 5 mM) were added, At. ferrooxidans were able to
tolerate a high concentration of nickel, and as the ferric iron concentration was increased,
metal resistance genes and sulfur metabolism were significantly enhanced. When trace
amounts of ferric irons were used, this effect was found to be beneficial. However, once
the concentration was increased above 5 mM, no further beneficial effects on the growth of
At. ferrooxidans were observed.

5.2.3. Catalyst Application

The reason for adding a catalyst is to try to speed up electron transfer by lowering the
activation energy and thus increasing the rate of reaction. Furthermore, metal ions, such as
Ag+, Hg2+, Bi3+, Cu2+, and Co2+, have been used and found to have superior catalytic prop-
erties to non-metallic catalysts [15,25]. Non-metallic catalysts have a low bioleaching yield
and require a lot of catalyst to achieve significant process efficiency [15,87]. Guo et al. [23]
investigated the catalytic effects of silver ions (Ag+) and copper ions (Cu2+) on the dissolu-
tion of realgar (As2S2) and discovered that the leaching efficiency was increased to more
than 86% compared to 4% for As2S2 leaching without Ag+. In this case, the catalytic effect
of Cu2+ was not as strong as that of Ag+. This study also discovered that these catalysts
can be used for either chemical or bioleaching methods to improve metal dissolution.
Zeng et al. [22] investigated the catalytic effects of copper ions on the bioleaching of cobalt
from lithium batteries by At. ferrooxidans in another study. Their findings revealed that
almost all cobalt (>99%) was solubilized in the presence of 75 g/L copper ions in 6 days,
while only 43.1% was solubilized in 10 days without the catalyst. Metal ion catalyst research
is primarily conducted in the laboratory, with industrial applications appearing to be scarce.
It is possible that elucidating the organism’s up- and down-regulatory mechanisms during
these reactions will provide information on how to improve and manipulate the efficient
dissolution rate. Furthermore, improved bioleaching kinetics will lead to increased process
efficiency and economics in commercial applications [15].

5.2.4. Metabolomics Application in Bioleaching

The petroleum-refining processes of hydroprocessing and fluid catalytic cracking (FCC)
generate massive amounts of spent catalysts containing toxic and valuable metals [199].
These spent catalysts are typically disposed of in approved dumpsites that pose a risk
to the environment [200]. These wastes are being investigated as a secondary source of
valuable metals, such as Ni, V, Mo, Co, W, Al, and others, in order to solve environmental
issues while also meeting current metal demand. Metal extraction from spent catalysts can
be accomplished via a hydrometallurgical or bio-hydrometallurgical process. Mouna and
Baral [201] used a bio-hydrometallurgical approach to leach lanthanum from spent fluid
catalytic cracking catalyst (SFCCC) using the fungus Aspergillus niger in a study published
in 2019. Lanthanum recovery efficiency of 63% was observed at 1% pulp density but
decreased as pulp density increased due to the SFCCC’s inhibition effect on A. niger activity.
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Hydrochloric acid had a high recovery efficiency of 68% to chemical leaching. In this
study, bio-hydrometallurgy (a greener process) was recommended because the leaching
efficiencies of the two were comparable. However, because these metals have low recovery
rates (less than 50%), efforts must be made to develop technologies that allow for high
recovery rates [199,202].

5.3. Metabolomics Application in Bioleaching

At the present time, readily available high-throughput genomic technologies are
hastening progress in understanding the diversity and genetic make-up of bioleaching mi-
croorganisms isolated from extreme environments, albeit they are most often decades-old
laboratory isolates [178,203]. Consequently, the expansion of metabolomics applications in
tandem with genomics aim to become routine preliminary inclusions in both bioprospecting
and inoculum development research for bioleaching. The identification and quantification
of low-molecular-weight compounds known as metabolites produced at a specific point
in time from a sample understudy (metabolome) is defined as metabolomics [204–207].
Metabolomics is distinct, in that the measurement and quantification of metabolites pro-
vides information about an organism’s functional status [208]. Simply put, the RNA or
transcriptome contains potential genes with unknown functions. Rather than just a pre-
diction, metabolomics provides an immediate answer as to what organisms are capable
of producing under specific conditions or premised by catabolite induction. Identifying a
larger array of these small molecules released during bioleaching, which may be associated
with bioleaching effectiveness, according to Brisson et al. [209], could potentially contribute
to a better understanding of the bioleaching process. This is supported by metabolomics
studies conducted by the same researchers who investigated and tested metabolites exuded
by a Paecilomyces fungus as potential contributors to the bioleaching of rare earth elements
from monazite [209]. They chose eight of the identified organic metabolites for abiotic test-
ing, and two of the identified metabolites, citric and citramalic acid, significantly increased
leaching. Thus, metabolomics is regarded as a significant advancement that will improve
the economic feasibility of industrializing bioleaching processes.

6. Research Outlooks

This review identified several gaps that researchers need to address in terms of low-
grade processing and its environmental impact. One of the gray areas identified was
the critical need for technological development of pyrometallurgical processes to address
the process’s high energy requirements, which make product recovery from low-grade
processing costly, unsustainable, and harmful to the environment.

Other gray areas were identified in biomining, which is expected to play a significant
role globally in the efficient extraction and processing of low-grade ores on an industrial
scale while causing minimal environmental damage. The incubation period, which is
determined by the lag phase of bacteria growth, is one area in need of investigation. The
lengthy period has hampered the adoption of bioleaching on an industrial scale, making
commercial metal sulfide processing impossible. There is also a need for research, ranging
from identifying suitable microorganisms to comprehending the molecular factors that are
critical to their survival in harsh environments. The need for such research demonstrates
that understanding microorganisms is a fertile field of study.

This review buttresses that little research has focused on polymerase chain reaction
(PCR) and quantification/real-time polymerase chain reaction (qPCR/RT-PCR) to under-
stand dynamics in toxicity, tolerance, and adaptation in bioleaching processes. Another
unexploited area in terms of research is the complexity and unique interspecific interac-
tions, as well as the diverse chemical profiles and ingenuity that come with the evolution
of different organisms, particularly within consortia and signal transduction. It should
also be noted that knowledge of an important step regulated by cell-to-cell communication
mechanisms known as “quorum sensing” (QS), as seen in Gram-negative bacteria’s role in
bioleaching, is lacking.
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Though much is known about the electron transfer that contributes to the survival
of At. ferrooxidans replication, studies that look at other bioleaching organisms besides
model organisms are scarce. However, the general lack of agreement among researchers on
the effects of flotation reagents on the bioleaching process may be due to dissimilarities
caused by environmental uniqueness, implying that organisms from different environ-
ments behave differently. As a result, studies concerning a specific mine area must be
conducted using organisms from that region. Finally, it was discovered that most studies
on metal ion catalysts are conducted on a laboratory scale, with little or no application on
an industrial scale.

7. Concluding Remarks

Significant progress has been made in understanding the environmental impact of
mining activities. However, the importance of mining in a variety of applications, such
as the generation of metal for domestic and industrial purposes or income, implies that
the mining process will continue as long as there is a demand that must be met. As
a result, this review highlighted the current challenges in processing low-grade ores,
technological advancement, and the subsequent environmental implications. This review’s
major conclusions are highlighted below

1. As a consequence of the global rate of decline in high-grade ores, the possibility of
low-grade ore reserves serving as major future metal sources is high. Furthermore,
mine tailings represent an easy-to-process source of metals with high profit potential.
The nature, mining, and processing of low-grade ores present challenges that would
otherwise impede profitability. The continuous technological evolution of available
processes, on the other hand, has the potential to mitigate this effect.

2. The environmental impacts of mining processes are a major challenge for the mining
industry, regardless of ore grade. This review focuses on changes implemented in
terms of the types of chemicals used or energy-saving methods aimed at meeting
the required environmental standards as outlined by various governments of mining
countries. Some of these advancements in traditional methods have resulted in a
preference for hydrometallurgy over pyrometallurgy. Although hydrometallurgy
presents greater product recovery challenges than pyrometallurgy, the latter faces
challenges due to the process’s exhaustion of innovative possibilities and its inherent
high carbon footprint. Meeting and resolving the problem of developing effective
methods for processing low-quality-grade ores remains at the heart of the modern
mining debate.

3. Although bioleaching has its own set of challenges and continues to use many of the
primary energy-intensive units found in conventional mining, such as milling and
crushing, it currently meets the majority of environmental safety requirements but
falls short in terms of process efficiency in terms of reaction time for metal recovery.
As a result, its industrial application and commercial acceptance are limited. Con-
sequently, bioleaching modification influenced by re-defined optimization methods
based on the understanding of the genetic make-up and metabolites produced by
microorganisms involved may be the key to process improvement. Such knowledge
may elucidate microbial functioning under specific conditions, such as high metal
concentration, increasing its feasibility and acceptability for industrial application.
Current advances in molecular techniques and omics technologies provide effective
tools for enhancing our understanding of these extremophiles and will be critical in
unravelling their mystery.

Finally, continuous technological advancement of traditional methods has the poten-
tial to improve metal recoveries from low-grade ores while reducing the environmental
pollution. Nonetheless, despite the challenges that bioleaching faces, it remains an appeal-
ing technology in comparison to conventional methods in this current era. It may also
be beneficial to intensify molecular studies on bioleaching microorganisms in order to
accelerate the potential for bioleaching process improvement.
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Abstract: The technological mineralogical characteristics of cesium-containing minerals in tailings
were examined by means of chemical analysis, the energy spectrum analysis method, and MLA
(mineral liberation analyzer) to determine the element content, phase analysis, associated mineral
components, degree of liberation, particle size, etc. The results showed that the samples mainly
contained spodumene, quartz, feldspar, mica, and other minerals. Pollucite was the main cesium-
containing mineral in the sample, which had a cesium oxide content that was as high as 34.58%. The
mineral content of pollucite in the sample was relatively low—only 1.23%. The pollucite monomer
content and the amount of rich intergrowth was 85.25%, and the metal distribution of cesium in the
+0.074 mm sample was as high as 87.06%. Spodumene was the main mineral associated with pollucite.
The beneficiation evaluation of this tailing sample was conducted using a combined process that
integrated desliming, magnetic separation, and froth flotation, and a pollucite concentrate containing
4.45% Cs2O was obtained with a 63.71 recovery rate. This indicates that little pollucite was removed
by means of desliming and magnetic separation before froth flotation recovery, but during the froth
flotation stage in spodumene and feldspar, a large pollucite loss was observed. Therefore, to improve
pollucite recovery, a pollucite-specific adsorption reagent should be synthesized.

Keywords: feasibility; pollucite; mineralogical characteristics; tailing; froth flotation

1. Introduction

Cesium is an important rare metal element that has great application prospects in
ion rocket engines, in the information industry, in medicine, as a catalyst, and in other
contexts [1–3]. At present, the main source of cesium extraction is pollucite, but with the
depletion of high-grade cesium resources [4], the clean and efficient utilization of low-grade
cesium resources and secondary resources has attracted attention.

World-class TANCO pegmatite, which is located in Bernic Lake, is the most significant
rare metal deposit in Manitoba. This highly fractionated lithium–cesium–tantalum(LCT)-
type pegmatite contains several distinct mineralogical zones that have historically been
mined for Li, Ta, Cs, Rb, and Be ores. Currently, the TANCO mine produces pollucite for the
manufacture of cesium formate, which is used for high-density and low-viscosity drilling as
well as in the completion fluid that is primarily used in oil and gas wells. The development
of the West TMA of the TANCO Mine was approved in 1991 through alterations made to
Environment Act License No. 973. The placement of tailings in the West TMA started in
1991 and has continued to the present, with approximately three million tons of tailings
having been deposited there to date.

The occurrence state and property state of minerals are the key factors for determining
the ore washability, and it is very important to accurately determine the occurrence state
of useful minerals and the parameters of the useful minerals in any ore [5,6]. Therefore,
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the key to the development and utilization of low-grade secondary tailings lies in the
mineralogical study of these kinds of tailings using a systematic process to determine the
mineral composition of the ore, the dissemination characteristics of the minerals, and the
occurrence state of useful minerals in the tailings. Its purpose is to reveal the key factors of
valuable mineral recovery to formulate the best recovery process suitable for ore properties.

There are two types of tailings in the TANCO mine; the east part of the mine contains
tailings from the smelting and chemical industry, and the west part of the mine contains
tailings left by ore dressing. In this paper, a systematic process mineralogy study of the
TANCO west tailings was carried out to determine the types of minerals as well as the
occurrence and dissemination characteristics of the cesium in the tailings, and an automatic
mineral analysis system (Mineral Liberation Analyzer, MLA) was used to determine and
analyze the minerals that were found to contain cesium. According to the process min-
eralogical characteristics of cesium-bearing minerals in the sample and the test pollucite
beneficiation results, an evaluation determining pollucite recovery from the sample was
carried out. The purpose of this study was to provide suggestions for the rational secondary
development and utilization of tailings to recover cesium-containing minerals.

2. Materials and Methods

2.1. Samples

The ore sample was taken from the comprehensive ore sample (1000 kg) of TANCO
west tailings. The ore sample was dried naturally, mixed, and divided to obtain the sample
(200 kg) required for the test, and the sample was reserved for preparation. The silt particles
in the sample were fine, and the overall size of the particles was less than 0.6 mm. Some of
the mica flakes had widths that were more than 1.0 mm. Mica, quartz, feldspar, and other
minerals were able to be initially identified by the naked eye.

2.2. Methods

The chemical composition of the sample was determined. The major elements were an-
alyzed by means of X-ray fluorescence (XRF) using a sequential EDX-7000 spectrophotome-
ter (Shimazu, Kyoto, Japan). Minor elements were measured by inductively coupled plasma–
mass spectroscopy (ICP–MS) (PlasmaQuant MS Q, Analytik Jena AG, Jena, Germany).

Mineralogical characterization was carried out by various methods, including mineral
liberation analysis (MLA), X-ray diffraction analysis (XRD), and optical microscopy analysis.

MLA system is an automatic mineral analyzer that is mainly used to accurately test the
mineralogical characteristics and parameters of the process, such as mineral composition
and content, particle size distribution, degree of liberation, mineral occurrence, the dissemi-
nation relationship, etc. The MLA system is composed of a scanning electron microscope
(Jeol JSM6510, Japan Electronics Co., Ltd., Tokyo, Japan), an energy dispersive spectrometer
(Genesis XM2 EDS, EDAX Inc., Berwyn, IL, USA), and MLA software (Suit2.9, JKTeck,
Brisbane, Australia). MLA measurements were performed at 20 kV with a 1.5-micron pixel
resolution using the XBSE method. The working principle of MLA is to use backscattered
images to distinguish between different phases and to combine these images with the
energy dispersive spectrometer to collect and analyze relevant information and then use
image analysis technology to calculate and process the obtained data.

XRD patterns were recorded using a Rigaku D/MaxrA rotating anode X-ray diffrac-
tometer equipped with a Cu Kα tube and an Ni filter (λ = 0.1542 nm) at a scanning rate of
0.0167◦/s.

Optical microscopy analysis was performed on a ZEISS Axioskop 40 microscope.
Samples were taken to determine the feed sample particle size distribution of the ore

using a laser particle size instrument (Bettersize 2000, Dandong Baxter Instrument Co., Ltd.,
Dandong, China).

To prepare the ore for froth flotation, the sample (1000 g) was screened by a sieve with
a mesh size of 0.15 mm. The oversize particles were ground to −150 μm and were deslimed
afterward. After desliming, magnetic separation was conducted to purify the froth flotation
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feed by removing the Fe minerals. After magnetic separation, froth flotation was adopted.
Froth flotation experiments were conducted using a 1.5 L stirred froth flotation cell. The
slurry was stirred at 660 rpm. The solid content in the cell was then adjusted to 33% via
the addition of approximately 1.2 L of tap water. In the stage of mica flotation, the pH
value of the pulp was 7. After mica flotation, the pH value of the pulp was controlled at 9
with NaOH (AR, Macklin). The collector (details was shown in Table 1) and frother (MIBC,
Macklin) were added at the selected dosages. The pH was readjusted before the addition of
the reagent to ensure that froth flotation occurred at the target pH during the conditioning
period, which was set at 3 min.

Table 1. Collector in different froth flotation states.

Froth Flotation Stage Collector Reagent Grade Reagent Company

Mica 3030C - Solvi

Spodumene and
Feldspar

Oxidized paraffin
soap 731

Odium oleate
Industrial grade

Bei Zhen City Lvfeng
Chemical plant,
Jinzhou, China

Pollucite Ether amine
T-49 Industrial grade

Yunnan Yuntong
Tiefeng ore dressing
Pharmaceutical Co.,

Ltd., Chuxiong, China

Wet screening was carried out using an XSB-88 standard vibration sieve machine.
A wet magnetic separator (XCSQ 50 × 70) manufactured by Wuhan Exploration

Machinery Co., Ltd. was used to run the tests. The magnetic field intensity was 1 Tesla,
and the magnetic concentration was 20%.

A hydrocyclone (JAX-75) was used for desliming, the pulp concentration was 12%
(solid–liquid weight ratio), and the working pressure was 0.4 Mpa.

3. Results and Discussion

3.1. Chemical Composition and Analysis

The sample was analyzed by XRF analysis and multi-element analysis, and the analysis
and test results are shown in Tables 2 and 3, respectively. The main chemical components
in the sample were SiO2, Al2O3, Na2O, and K2O. The Li2O, Rb2O, and Cs2O contents in the
sample were 1.16%, 0.34%, and 0.51%, respectively, which are close to the mining grade of
pegmatitic granite, and the mining index was able to be reached at the current metal price.
Lithium, cesium, and rubidium were the main target elements for recovery in the sample.

Table 2. Semi-quantitative analysis results of XRF.

Element Rb Cs Ta Ga Ge Cu Zn Sr

Content, % 0.158 0.286 0.01 0.008 0.001 0.005 0.007 0.003
Element Zr Ti Cr Fe Mn Si Al Ca

Content, % 0.001 0.017 0.006 0.373 0.072 33.53 7.133 0.222
Element Mg K Na P S F

Content, % 0.032 1.6 2.91 0.64 0.01 0.32

Table 3. Results of chemical multi-element analysis.

Constituent Li2O Rb2O Cs2O Ta2O5 Nb2O5 FeO MnO F

Content, % 1.16 0.34 0.51 0.037 0.006 0.43 0.069 0.21
Constituent Al2O3 CaO MgO K2O Na2O SiO2 P Ig
Content, % 13.52 0.34 0.063 1.93 3.64 74.51 0.48 2.755
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Table 4 shows that cesium mainly exists as an independent mineral of pollucite,
comprising 83.33% of the total elemental cesium. About 13% of the cesium in the sample
was distributed in mica. Therefore, cesium can be fully recovered by recovering pollucite
and mica.

Table 4. Results of chemical cesium phase analysis.

Cesium Phase Cs2O in Mica Cs2O in Pollucite Cs2O in Others Total

Content, % 0.067 0.424 0.018 0.509
Proportion of

total cesium, % 13.16 83.30 3.54 100.00

3.2. Mineral Composition and Content of Sample

The XRD results for the samples are shown in Figure 1, and the relative weight
contents of the main minerals in the sample are shown in Figure 2. Through microscopic
identification, XRD, and MLA, the main minerals in the sample were determined to be
quartz, feldspar (mainly albite, followed by orthoclase), spodumene, and mica, followed
by hornblende, pollucite, phosphoponite, and apatite, among others. The results show that
the main lithium-bearing minerals were spodumene and mica, followed by phosphoponite;
the main rubidium-bearing mineral was determined to be mica, followed by feldspar; and
the main cesium-bearing mineral was pollucite, followed by mica.

Figure 1. XRD analysis results of the sample.

3.3. Size Characteristics of Main Cesium-Bearing Minerals

The results of the size characteristics of pollucite and mica are shown in Figure 3. In
general, pollucite and mica had coarse particles that were less than 0.6 mm in size. In a
+0.075 mm sample, mica accounted for 57.74%, and pollucite accounted for more than 70%.
In +0.038 mm samples, mica accounted for 83.82%, and pollucite accounted for more than
90%. The metal distribution of cesium in the +0.074 mm sample was as high as 87.06%.
Both cesium-containing minerals had coarse particles and demonstrated reasonable froth
flotation recovery.
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Figure 2. Results determining the mineral composition and content.

Figure 3. Cumulative distribution curve of particle size of the main cesium-containing minerals.

3.4. Degree of Liberation of Cesium-Bearing Minerals

The results determining the degree of liberation in pollucite and mica are shown in
Table 5. The degrees of liberation for mica and pollucite were high. Mica had a higher
dissociation degree than pollucite. The sum of the pollucite monomer and rich intergrowth
(>3/4) was 85.25%, and that of mica was more than 90%. Judging from the dissemination
feature of the minerals, the sample can be separated without grinding.

Table 5. Liberation degrees of pollucite and mica.

Mineral Monomer, %
Intergrowth, %

>3/4 3/4~1/2 1/2~1/4 <1/4

pollucite 76.33 8.92 10.77 2.57 1.41
mica 84.38 6.45 4.86 2.45 1.86
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3.5. Cesium Content in Cesium-Bearing Minerals

The results of the energy spectrum micro-domain composition analysis determining
the main cesium-bearing minerals are shown in Tables 6 and 7 and Figure 4. The average
Cs2O content in mica was only 0.31%, while the average Cs2O content in pollucite was
34.58%. Because of the low cesium oxide content in mica, mica is not the main mineral for
cesium recovery. There was a relatively high cesium oxide content in pollucite, meaning
that a high-grade cesium concentrate can be obtained via pollucite recovery.

Table 6. Energy spectrum micro-domain composition analysis for pollucite.

Number
Content, %

Cs2O Rb2O Na2O Al2O3 SiO2

1 34.39 0.00 2.23 17.16 44.73
2 33.56 0.00 2.63 17.27 45.04
4 34.46 0.00 2.62 16.81 44.61
5 33.24 0.00 2.66 17.44 45.15
6 34.15 0.88 2.20 16.63 44.65
7 33.88 0.55 2.35 16.82 44.89
8 33.74 0.00 2.67 16.99 45.10
9 36.86 0.00 1.55 15.29 44.81

Average 34.28 0.18 2.36 16.80 44.87

Table 7. Energy spectrum micro-domain composition analysis of mica.

Number
Content, %

Cs2O Rb2O K2O FeO MnO

1 0.12 2.55 11.09 0.37 0.05
2 0.16 2.69 10.09 0.81 0.08
3 0.59 4.08 9.19 0.25 0.88
4 0.08 3.39 9.92 0.58 0.06
5 0.05 2.24 10.70 0.96 0.22
6 0.72 3.10 10.38 0.99 0.37
7 0.16 2.40 10.48 1.26 0.05
8 0.15 2.28 10.99 1.29 0.05
9 0.30 3.54 9.11 2.43 0.11

Average 0.25 2.84 10.36 0.81 0.22

 
Figure 4. X-ray energy spectrum composition diagram for pollucite.
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3.6. Occurrence of Cesium-Bearing Minerals

The embedded characteristics results showing the relationship between cesium-bearing
minerals and other minerals are shown in Figures 5–7. Pollucite was an independent min-
eral of cesium in the samples and existed in both granular and irregular fine-grained
aggregate forms. Pollucite was found in a wide range of sizes, generally between 30 μm
and 300 μm. Most pollucite was single or shows rich intergrowth, and a small amount of
pollucite was embedded in other minerals. Undissociated pollucite was closely intercalated
with spodumene, and spodumene is commonly found in intercalated minerals.

  
(a) (b) 

Figure 5. Characteristics of pollucite (Po), albite (F), spodumene (P), and mica (S): (a) pollucite occurs
as a monomer; (b) intergrowth of coarse-grained pollucite and spodumene.

 
(a) (b) 

Figure 6. Orthogonal polarization diagram of mica (S), albite (F), and quartz (Q): (a) mica exists in
the form of thin strips; (b) mica exists in the form of flakes.

Mica is mainly composed of muscovite (lepidolite) and occasionally biotite. Mica
usually has a flaky or scaly shape, and flakes are usually less than 0.03 mm thick. Mica can
have different particle sizes, with muscovite with a sheet width of more than 1.0 mm being
able to be seen with the naked eye, but fine and scaly mica can be microscopic and less
than 0.02 mm in size. Coarse-grained mica is mostly found in the monomer state, in which
fine feldspar and other minerals are sometimes disseminated; fine lepidolite is often closely
interlocked with feldspar, quartz, and other minerals.
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Figure 7. SEM–EDS spectrum of pollucite (Po) and mica (S).

3.7. Pollucite Beneficiation

In the sample, Cs2O was present at a concentration of 0.51%, and cesium oxide mainly
existed in the form of pollucite, with only a small portion existing in the form of mica.
Pollucite has a high degree of liberation. The occurrence state of cesium indicates that
most cesium can be effectively enriched by froth flotation, and cesium’s maximum possible
recovery is 80.26%.

In the sample, the cesium oxide content in pollucite was higher, and the particle
size of the pollucite in the sample was in a range that is suitable for froth flotation and
has a high liberation degree, indicating that this portion of the pollucite can be floated
without grinding. However, the coarse pollucite fraction with a low froth flotation efficiency
still needs to be ground. During the grinding and froth flotation process, minerals are
often contaminated by multivalent cations, which, in turn, affect mineral floatability. The
research shows that Ca2+, Mg2+, Al3+, and other cations can activate silicate minerals in
specific conditions.

There were some Fe minerals (hematite, limonite, etc.) in the samples, and the Fe
minerals needed to be removed by magnetic separation before the pollucite was recovered
by means of froth flotation. This is because these Fe minerals will compete with pollucite
minerals during the froth flotation process.

In general, it is easy for minerals to react with adequate reagents and under adequate
froth flotation conditions without slime, and these minerals have good floatability [7,8].
However, in nature, pegmatite ore is often weathered and easily covered by slime particles,
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which has a greater impact on froth flotation. During the froth flotation process, a large
amount of slime adheres to the surface of useful minerals and gangue minerals, reducing
the floatability of useful minerals and improving the floatability of gangue minerals, thus
reducing the differences in floatability between them.

When the pulp contains slime and metal ions, it can seriously affect the floatability
difference between pollucite and the gangue minerals [9–11]. Therefore, pretreatment
should be carried out before the pollucite floatation to remove any impurities and slime on
the mineral surface to create favorable conditions for the subsequent froth flotation process.

According to the above analysis and the mineralogical characteristics of the samples,
pollucite beneficiation tests were carried out in accordance with Figure 8. During the
process, particles larger than 0.15 mm in size were screened out first because spodumene
and pollucite intergrowth are common in the +0.15 mm size fraction. Desliming was also
essential. Although there was little slime in the sample, the slime had great interference
with the ability of silicate minerals to float, so it is suggested to remove the slime before
commencing froth flotation. At the same time, the Fe minerals in the sample had a great
interference on the froth flotation of silicate minerals, and these could be removed by
means of magnetic separation. During the froth flotation stage, the reagent is important,
specifically the selectivity of the collector. Because the pollucite, albite, spodumene, and
quartz in the samples are silicate minerals, the surfaces of these minerals are very similar.
The test results are shown in Table 8. Pollucite concentrate with a Cs2O grade of 4.45% and
a Cs2O recovery rate of 63.71% was obtained. There was a large gap (about 20 percentage
points for pollucite recovery) between the test index and maximum pollucite recovery.
Pollucite loss was the largest during the spodumene and feldspar froth flotation stage,
which may be because spodumene, feldspar, and pollucite are silicate minerals and because
these minerals have similar surface properties. Additionally, the collectors that were used
during the floatation process, sodium oleate and 731, have limited selectivity, resulting in
the spodumene and feldspar also catching some of the pollucite during the froth flotation
stage. In order to obtain a higher pollucite recovery rate, other special pollucite activators
or collectors should be explored in the future.

731   700g/t
Odium oleate  400g/t

Ether amine  70g/t
T-49 150g/t

Figure 8. Beneficiation flowsheet for pollucite.
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Table 8. Pollucite beneficiation results.

Product Yield, % Grade (Cs2O), % Recovery (Cs2O), %

Slime 8.92 0.22 3.88
Fe minerals 3.04 0.21 1.26

Mica 7.21 0.32 4.56
Spodumene and feldspar 43.06 0.22 18.73

Pollucite 7.24 4.45 63.71
Tailings 30.53 0.13 7.85

Feed 100.00 0.51 100.00

4. Conclusions

The cesium oxide content in the sample was 0.5%, which is higher than that of common
granite raw ore and allows for comprehensive utilization. The cesium in the sample mainly
existed in the form of pollucite and pollucite with a higher liberation degree (the monomer
and rich intergrowth was 85.25%), and this is within the appropriate particle size range
that is suitable for froth flotation. The maximum cesium recovery rate was determined to
be 80.26% according to the process mineralogy analysis.

The analysis of the results of the beneficiation test shows that it is feasible to recover
pollucite from tailings. During the pollucite recovery process, it is important to consider
the influence of Fe minerals, mud, and metal ions on pollucite recovery when using froth
flotation. Before recovering pollucite using froth flotation, it is necessary to eliminate
the interference of these factors to the maximum extent possible to create a good froth
flotation environment for pollucite floatation. However, pollucite, feldspar, spodumene,
and mica are silicate minerals with similar surface properties, and presently, there is no
special collector or activator for pollucite froth flotation, indicating that pollucite recovery
during the froth flotation process needs to be further improved.
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Abstract: There are significant tin reserves in the dumps and tailings from Llallagua. Currently,
this waste is being processed using gravity concentration or a combination of gravity concentration
with a final stage of froth flotation. A process mineralogy study of the tailings and their products
after processing in Llallagua was carried out to determine the failings of the processing system
in order to contribute to designing an improved new processing scheme. The mineralogy of the
feed tailings, concentrate, and final tailings was determined by X-ray diffraction, scanning electron
microscopy, and mineral liberation analysis. The tailings were composed of quartz, tourmaline,
illite, K-feldspar, plagioclase, cassiterite, rutile, zircon, and monazite. The concentrate essentially
contains cassiterite (57.4 wt.%), tourmaline, quartz, hematite, rutile and rare earth minerals, mainly
monazite and minor amounts of xenotime and florencite. The concentrate contained 52–60 wt.%
of SnO2 and 0.9–1.3 wt.% REE. The final tailings contained 0.23–0.37 wt.% SnO2 and 0.02 wt.% of
Rare Earth Elements (REE). Only 57.6 wt.% of cassiterite from the concentrate was liberated. The
non-liberated cassiterite was mainly associated with quartz, tourmaline, and rutile. The average grain
size of monazite was 45 μm and 57.5 wt.% of this was liberated. In other cases, it occurs in mixed
particles associated with tourmaline, quartz, cassiterite, and muscovite. To improve the sustainability
of this mining activity, the concentrate grade and the metal recovery must be improved. Reducing
the particle size reduction of the processed tailings would increase the beneficiation process rates. In
addition, the recovery of the REE present in the concentrate as a by-product should be investigated.

Keywords: process mineralogy; tailings; cassiterite; REE; mineral liberation; quantitative mineralogy

1. Introduction

At present, much attention is being paid to the inefficiency of mining activities, which
produces large amounts of environmental pollution. Approximately 5 to 7 billion tons
of mine tailings are generated each year [1]. Their environmental impact is considerable
since, in addition to occupying large areas, they can emit potentially toxic elements [2].
For this reason, mining should be carried out in a more sustainable way. Although there
are different concepts of what is considered to be sustainable mining [3], it is generally
described as mining that minimizes environmental impacts, operates with a social license,
produces economic gains, and focuses on safety and resource efficiency [4]. Therefore,
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sustainable mining must optimize resources in addition to preventing environmental
pollution [5,6].

The mining activities related to the Siglo XX mine, located in Llallagua (Bolivia), are a
clear example of a low sustainable mining. As a result of the mining operations, the tin
reserves from Llallagua are found both in an ore deposit and in the waste produced from
the extraction and processing of the primary ores.

The Llallagua tin deposit began to be exploited on a large scale at the beginning of the
20th century with the extraction of high-grade tin ores. This mine, also called La Salvadora,
was considered the richest tin mine in the world in the last century. There are no contempo-
rary estimates, but the Llallagua tin production reached more than 500,000 tons between
the beginning of the 20th century and 1930s [7], and low-grade resources of approximately
1,000,000 t of tin [7,8] have been reported. Initially, certain veins contained more than
25% cassiterite, but currently, veins contain less SnO2 [9]. Additionally, 20.7 million tons of
dumps and tailings were produced as a result of the Llallagua mine, with an average of
0.3% SnO2 [10]. According to Villalpando [11], 300,000 t of tin reserves remain in placers,
dumps, and tailings in Bolivia.

The residues from Llallagua are reprocessed, and even the newly generated tailings
are tin-rich, i.e., of economic interest. This makes this mining area a clear example of
an unsustainable operation. A great deal of energy is expended to mine the tin ores
with a consequent low recovery rate, generating tailings that can be reprocessed. The
environmental costs of generating and handling such large quantities of materials, which
are rich in potentially toxic elements, are great. In addition to causing economic losses,
low efficiency processes have an impact on environmental pollution, since a low recovery
rate indicates that metals remain in the final tailings and, consequently, end up in the
environment. The pollution created by the Llallagua waste is significant and, for example,
the Catavi river receives As [12].

Currently, the Llallagua mining activities represent an important contribution to the
Bolivian economy. The mine is mainly operated through mining cooperatives, the most
important being the Multiactiva Catavi Ltd. Cooperative (Llallagua, Bolivia), which has
been operating since 1986. Approximately 38% of the population in the area is exclusively
dedicated to mining activities.

The aim of this work was to provide an example of unsustainable mining activities and
show how processing mineralogy can contribute to identifying weaknesses in processing
systems and help to improve them. To this end, process mineralogy was carried out using
tailings from the Catavi plant of the Llallagua mine. The study could be used to revise and
modify the current system of operation, making it more efficient, improving the recovery
rates, and making it more environmentally friendly.

Another important motivation to conduct an exhaustive characterization of processing
materials in the Llallagua mine is that they contain abundant rare earth-rich minerals,
mainly monazite [13–16]. Rare earth elements (REE) are considered to be essential raw
materials, especially in key fields, such as the development of clean technologies [17] Zhou.
The extreme dependence on China, which is the main provider of these elements, makes
them critical for many countries [18,19]. Thus, it is necessary to extract them from different
sources, such as tailings [20], where they can be found in relative abundance and recovered
as a by-product from certain mining processes [21].

2. Materials and Methods

2.1. Materials

The investigated tailings are the result of the processing of the run-off-mine materials
from the Llallagua ore deposit, in the department of Potosí, Bolivia. This deposit belongs to
a major tin district located in the Central Andean tin belt (Figure 1a). The exploited deposit
is of the porphyry type and it occurs in association with the quartz-diritic to rhyodacitic
La Salvadora stock of Lower Miocene age, intruded in Silurian sedimentary rocks [22,23].
Most parts of this stock are composed of hydrothermal breccia [24] and the mineraliza-
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tion is cassiterite, which occurs in veins and is disseminated in the stock [22,24,25]. The
mineralization occurred in two stages: in the first stage, cassiterite pyrrhotite, tourmaline,
bismuthinite, fluorapatite, and monazite were formed; in the second, late sulfides were
superimposed to the early formed mineralization [22,26].

Figure 1. (a) Location of Llallagua in the Central Andean tin belt. Data from [27]; (b) View of
Llallagua city and the mining wastes: A, dumps; B, sand tailings; and C, fine tailings.

Monazite can be very abundant as it is associated with the mineralization of cassiterite
veins [15]. The stock is highly altered and almost all of the original feldspars have been
transformed. Alteration includes sericitization and tourmalinization [22].

The dumps and tailings produced as a consequence of the exploitation of the Llallagua
deposit cover a vast area close to the city (Figure 1b), with an estimation of about 18 Mt of
tailings and 1.2 of dumps [10].

The investigated tailings are processed in the C-4 treatment plant located in Catavi,
close to Llallagua. The supply of this plant corresponds to three types of materials: (1) those
that come directly from the La Salvadora mine. (2) large dumps formed by the removal of
waste material in order to reach the mineralized zone; and (3) tailings constituted by sands
and fine materials resulted from previous processing of the ores. The plant processes about
250 t/day, obtaining about 1 t of concentrate with 51–57% SnO2 [10].

At the plant (Figures 2 and 3), the tailing sands are initially introduced into ball mills
for size reduction. Then, they are transported to a hydraulic classifier. From here, the
+250 μm material is returned to the ball mill and the −250 m material is fed through
several shaking tables, separating the high-density minerals from the lighter minerals that
constitute the new tailings. Finally, the first concentrate follows two different routes: If it is
rich in sulfides, it is subjected to flotation, where these minerals are removed and a final
concentrate is obtained. In other cases, to increase the grade of the concentrate, it passes
from the shaking tables to a hydrocyclone; from there, it is further ground in a ball mill and
finally passed through another shaking table to obtain the final concentrate.
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Figure 2. Simplified flux diagram followed by the samples used in this study in the Catavi processing
plant.

The residual solid material is sent to waste piles located in the vicinity of the plant,
while the liquid is removed using a gutter that empties directly into the river.

The samples used in this study were as follows: the sandy tailings that constitute
the feed material of the processing plant; concentrate 1, which had been subjected to
flotation; concentrate 2, which had not been floated; an intermediate concentrate; and the
final tailings.
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Figure 3. View of the Catavi processing plant: (a) feed tailings; (b) ball mill for the comminution;
(c), view of one of the three floors with the material being processed in the shaking tables; (d), detail
of the gravity separation in a shaking table.

2.2. Methods

The chemical composition of major elements and traces was determined. Major
elements were analyzed by X-ray fluorescence (XRF) using a sequential X-Ray PW2400
spectrophotometer (Philips, Amsterdam, The Netherlands) located at the Centres Científics
i Tecnològics de la Universitat de Barcelona. Traces and Sn were determined at the ALS
Laboratories. Minor elements were measured using ICP-MS from the acid digestion of
fused glass beads. Sn was determined by XRF. Fusion was obtained using lithium or
sodium borate.

The particle size distribution of the tailings and concentrate was determined using a
LS 13 320 Particle Size Analyzer (Beckman Coulter, Brea, CA, USA). Before being measured,
the samples were treated with sodium pyrophosphate and mechanically agitated for 24 h
in order to achieve complete disaggregation.

Mineralogical characterization was carried out by X-ray powder diffraction (XRD),
optical and scanning electron microscopy. The XRD spectra were measured from powdered
samples in a Bragg–Brentano PANAnalytical X’Pert Diffractometer (graphite monochro-
mator, automatic gap, Cu Kα radiation at λ = 1.54061 Å, powered at 45 kV–40 mA, and a
scanning range of 4–100◦ with a 0.017◦2θ step scan and a measuring time of 50 s). Iden-
tification and Rietveld semiquantitative evaluation of phases were conducted with the
PANanalytical X’Pert HighScore software (PANalytical, Almelo, The Netherlands).

Scanning electron microscopy with energy-dispersive spectral analysis (SEM–EDS) was
performed with a Hitachi TM-1000 tabletop electron microscope (EDX, High-Technologies
Corporation, Tokyo, Japan).

Automated mineral liberation analysis (MLA) was used to study the particle liberation
characteristics. Samples were prepared in thick sections and, to avoid the segregation
of particles according to their densities [28], the round thick sections were cut into two
vertical slices. Analyses were carried out at the University of Tasmania using a FEI MLA650
(FEI, Hillsboro, OR, USA) environmental scanning electron microscope equipped with
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a Bruker Quantax Esprit 1.9 EDS system with two XFlash 5030 SDD detectors (Bruker,
Berlin, Germany). MLA measurements were performed at 20 kV with a 1.5-micron pixel
resolution using the XBSE method, which collects a range of BSE images at a specified
resolution, segments the images into different mineral grains based on BSE contrast and
textural features, and collects a single ED spectrum in the center of each identified mineral
grain. A Mineral Liberation Analysis (MLA) software package v3.1 was used.

3. Results

3.1. Chemical Composition

The chemical composition of major components of dumps and tailings was previously
reported [29]. A comparison of the chemistry of the feed tailings, concentrates, and final
tailings from the Catavi plant is presented in Table 1. The contents of major elements were
similar in the feed and final tailings, i.e., highly rich in SiO2 and Al2O3, with the most
abundant oxide from the concentrate being SnO2. Fe, Ti, and P2O5 also were increased in
the concentrated fraction.

Table 1. Chemical composition, in wt.%, of the tailings and processing products from the C-4
processing plant.

Material SiO2 Al2O3 Fe2O3 TiO2 MnO CaO K2O MgO Na2O P2O5 SnO2 LOI *

Feed 77.75 11.19 2.58 0.44 0.01 0.07 1.43 1.09 0.37 0.19 0.40 1.79
Concentrate 11.42 4.64 5.55 3.52 0.03 0.00 0.22 0.61 0.24 0.72 52.43 3.03
Final tailings 79.20 10.52 2.42 0.43 0.01 0.07 1.20 1.09 0.38 0.15 0.29 1.78

* LOI: loss on ignition.

The Sn content of the feed tailings varied between 0.40 and 1.7 wt.% [30]. After
the concentration process using the shaking tables, the concentrate displayed 41.3% and
59.0 wt.% SnO2. The final tailings still contained relatively high amounts of Sn, between
0.23 and 0.37 wt.% SnO2. These contents are still of economic interest. The average grade
for greisen-type tin deposits is 0.3% Sn [31].

The concentrate contained significant amounts of W, i.e., from 4990 to 6700 ppm, with
70 ppm remaining in the final tailings. The Pb content was 1560 ppm and Zn and Ag
occurred in small amounts, i.e., 90 and 38 ppm, respectively.

There were also minor amounts of radioactive elements present, i.e., U in a range from
32 to 41 ppm and Th in a range from 66 and 80 ppm. Both contents were low in the final
tailings, i.e., 3 and 6 ppm, respectively.

Indium occurs in relatively high concentrations in certain deposits of the Central
Andean tin belt [32,33]. However, in Llallagua, the contents obtained were negligible,
reaching only 0.03 ppm in the concentrate. Moreover, Nb and Ta were found in significant
amounts in certain tin deposits, since they can replace Sn in the cassiterite structure [34].
However, in the case of the materials from Llallagua, the contents were low, i.e., 17 ppm
and 12 ppm, respectively.

Other elements that are currently of great interest are germanium and gallium. In
the materials from Llallagua, both were higher in the concentrate than in the final tailings.
The concentrate had up to 9 ppm Ge and between 49 and 63 ppm Ga. The latter can be of
interest as a by-product as this represents double the average content of Ga in the crust
(10–20 ppm) and is similar to the amount found in bauxite ores, from where it is extracted
as a by-product [35].

The concentrate contained a significant REE content, ranging between 8800 and more
than 12,000 ppm of total REE (Table 2). The most abundant elements were cerium, lan-
thanum, and neodymium (Figure 4). On the other hand, the total rare earths were only
170 ppm in the final tailings. This indicates that most have been removed to the concentrate,
leaving about 2% in the light fraction. An intermediate concentrate was also analyzed and,
as expected, it contained fewer rare earths than the final concentrate, which indicates that,
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at this stage, concentration had not been totally achieved. As expected, the intermediate
concentrate had a lower rare earth content than the final concentrate.

Table 2. REE elements in the tailings and processing products from the C-4 plant, in ppm.

Element Final Tailings
Intermediate
Concentrate

Final
Concentrate 1

Final
Concentrate 2

ppm LG-2 LG-4 LG-35 LG-41

Ce 74.5 3370 5670 4140
Dy 3.51 56.3 123 83.9
Er 1.72 19.1 47.6 30.1
Eu 1.09 31.5 56 40.3
Gd 3.86 109.5 210 144.5
Ho 0.63 8.5 18.9 13.05
La 37.2 1640 2860 2160
Lu 0.34 1.4 4.16 2.93
Pr 8.86 358 667 431
Nd 40.3 1250 2210 1520
Sm 5.48 185.5 366 251
Tb 0.6 13.3 23.3 16.85
Tm 0.25 2.1 5.81 3.75
Yb 1.74 11.3 32.7 21.8

Σ RRE 170.5 7056.5 12,294.5 8859.18

Figure 4. Ratios among the REE contents in the feed tailings and in the processing plant products.

3.2. Mineralogy
3.2.1. Major Minerals: XRD

The feed tailings were mainly composed of quartz and tourmaline of the dravite and
schorl types, with minor amounts of micas. The micas were mainly sericite and illite.
Muscovite, biotite, and highly altered feldspars were observed under the microscope, but
they went undetected in the majority of XRD diffractograms. In the feed tailings, cassiterite
was the most important metal oxide, although it was not abundant. In the final tailings,
it was not present in sufficient amounts to be determined by XRD. After processing the
material with shaking tables, the minerals of the feed tailings were grouped according to
their densities, i.e., into a heavy fraction, or concentrate, and a light fraction, or final tailings
(Figure 5).
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Figure 5. XRD diffractograms of materials from the Catavi processing plant. Qz: quartz; Tur:
tourmaline; Cst: cassiterite; Zrn: zircon; Rt: rutile; Mnz: monazite.

Quartz was much more abundant in the final tailings. Tourmaline was also more
abundant in the tailings, but with a less significant difference. The average density of
tourmaline is 3.10 g/cm3, whereas that of quartz is 2.6 g/cm3. The floatability rates
indicate that it is more difficult using gravity methods to separate tourmaline into the light
fraction. Cassiterite was the predominant mineral in the concentrate. The semiquantitative
determination using the Rietveld method provided a cassiterite content of 41–46 wt.%.
A low intensity monazite peak can be observed in the concentrate diagram. The rutile
and zircon contents were higher in the concentrates, although they can vary considerably
according to the route followed during the processing, being up to 9 wt.% rutile and 9 wt.%
zircon if the feed tailings were not floated (concentrate 1).

Most of the feed material remained in the final tailings; therefore, they demonstrated
a mineralogical composition similar to that of the feed, with lower amounts of heavy
minerals, such as cassiterite, rutile, zircon, and monazite.

3.2.2. Modal Mineralogy of the Concentrate

The mineralogy of the concentrate was also determined by MLA, which provided
the modal estimation (Table 3). Cassiterite is the most abundant mineral in the con-
centrate, with 57.41 wt.%. This quantification is in accordance with the results of the
chemical analyses; however, it is a contrast with the results obtained from XRD, in
which the cassiterite contents were underestimated, probably because there is a super-
position of the most intense peak reflections of cassiterite (at dhkl = 3.353 Å) and quartz
(at dhkl = 3.345 Å). Zircon and rutile were also enriched in the concentrate. The MLA of
concentrate 2 reported 0.69 wt.% of zircon. This is in accordance with the chemical compo-
sition results, i.e., 0.41 wt.% of Zr and 99 ppm of Hf, which corresponds to approximately
0.82 wt.% of zircon. In addition to Zr and Hf, this mineral probably contained a significant
part of the U and Th determined in the chemical analysis of the concentrate. This mineral
was frequently observed in the SEM as euhedral crystals with a homogeneous appearance
or a slight zonation. The SEM observation and MLA map shows that in the concentrate,
cassiterite only represented half of the components and most cassiterite particles were not
completely liberated and contained some proportion of other minerals (Figure 6).
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Table 3. Modal mineralogy provided by the MLA of concentrate 2 from Catavi.

Mineral Formula wt %

Cassiterite SnO2 57.41
Quartz SiO2 7.13

Plagioclase (Na,Ca)(Si,Al)4O8 0.02
Tourmaline Na(Mg,Fe)3Al6(BO3)3Si6O18(OH)4 11.22
Muscovite KAl3Si3O10(OH)2 1.41

Biotite KMg2.5Fe2+
0.5AlSi3O10(OH)1.75F0.25 0.32

Chlorite (Mg,Fe)3(Si,Al)4O10(OH)2(Mg,Fe)3(OH)6 0.09
Kaolinite Al2Si2O5(OH)4 0.23

Rutile TiO2 4.60
Ilmenite Fe2+TiO3 0.04
Fe oxides Fe2O3 10.44
Pyrrhotite FeS 1.28

Pyrite FeS2 0.37
Arsenopyrite FeAsS 0.05

Stannite SnS 0.01
Galena PbS 0.01

Crandallite CaAl3(PO4)2(OH)5H2O 0.10
Florencite CeAl3(PO4)2(OH)6 0.16

Plumbogummite PbAl3(PO4)2(OH)5(H2O) 0.26
Fe-Pb Phosphate (Pb,Fe)3(PO4)2 0.33

Scorodite FeAsO4·2(H2O) 0.15
Jarosite KFe3(SO4)2(OH)6 1.30
Barite Ba(SO4) 0.14

Xenotime Y(PO4) 0.04
Monazite (La,Ce,Nd,Th)(PO4) 1.62

Zircon ZrSiO4 0.69
Wolframite (Fe,Mn)(WO4) 0.47

Total 100.00

 

Figure 6. (a) SEM images of the concentrate 2 from Catavi; the lightest color is cassiterite. (b) False
colour MLA map of the concentrate 2.

Iron oxides and hydroxides represented 10.44 wt.% and rutile 4.6 wt.%. Sulfides were
not abundant, and pyrite pyrrhotite, arsenopyrite, galena, sphalerite and stannite occurred
in minor amounts.
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The REE-bearing phosphates were monazite and florencite. Monazite normally ap-
pears in idiomorphic crystals, with sizes of less than 100 μm, liberated or associated with
tourmaline or quartz. Florencite was occasionally reported from Llallagua [15,26]. This
is a crandallite-group REE-bearing phosphate that usually forms from the alteration of
monazite [36]. Crandallite and plumbogummite were also determined by the MLA.

Sulfates, such as barite and jarosite, were also present in low amounts. Their presence
has been confirmed by SEM observations.

3.3. Particle Size Distribution

The particle size distribution (PSD) data are used to predict the liberation size of ores
and to determine the grinding parameters required to obtain an efficient recovery [37]. The
PSD of the feed, concentrate, and final tailings was determined by laser analysis and the
PSD of concentrate was additionally obtained by MLA. Both methods produced similar
distribution curves. This indicates that the sample analyzed by MLA was representative
of the different particle sizes. The MLA was expected to give a low particles size due to
the stereological error associated with this technique [38,39]. However, in the C-4 plant
concentrate, this lower size was not observed.

The particle size distribution shows that, in the feed and products of the Catavi plant,
the number of finer particles was low (Figure 7a), i.e., only 5% of the population was less
than 100 μm in the feed sands. After milling, the size reduction ratio in this finer phase was
negligible. The feed tailings were the coarsest material and they were comminuted in the
tumbling mills and the gravity separation produced a finer concentrate and coarser final
tailings. This is because quartz, which is the main component of the tailings, is harder than
cassiterite, which is the main product of the concentrate, with a Bond ball work index of
14–15 kWh/t in quartz compared to 10–12 kWh/t in cassiterite [40]. On the other hand,
this could also be because cassiterite grains are originally smaller than quartz grains. In the
concentrate, the grain size determined by MLA shows that the size of quartz was larger
than that of cassiterite, monazite, and tourmaline (Figure 7b). Quartz grains reached up to
425 μm in diameter, accounting for 80 wt.% of the total of −145 μm. The cassiterite grain
size was −343 μm, and 80 wt.% of the total was −124 μm. Monazite grains were −203 μm
in size, with 80 wt.% less than 106 μm.

Figure 7. (a) Particle size of feed, concentrate and tailings from the Catavi plant, (b) Grain size of the
minerals from the concentrate.

3.4. Mineral Liberation

The liberation characteristics of the concentrate were determined from the data pro-
vided by the MLA. The degree of liberation and the association among minerals could be
established. These characteristics were determined in the minerals that constitute or may
constitute ores, that is, cassiterite and minerals that contain rare earths, which in this case,
were monazite, xenotime, and florencite.
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The total number of particles analyzed in the MLA of the concentrate was 49,386 and
85,378 grains. Of these, there were 24,794 grains of cassiterite, 1190 of monazite, 88 of
xenotime and 779 of florencite. The liberation characteristics of cassiterite and monazite in
the concentrate of the Catavi plant are summarized in Table 4.

Table 4. Characteristics of ore-bearing particles from concentrate 2 of the C-4 plant.

Cassiterite Monazite

Total ore (wt %) 57.41 1.62
Number of particles 24,794 1190
Particles contain% 50.20 2.41

Number of liberated particles 19,708 586
Mass liberated respect the total ore % 65.74 63.83

Mass liberated respect the total concentrate % 37.74 1.03

3.4.1. Cassiterite

Cassiterite represented 57.41 wt.% of the total mass of the concentrate and 50.2% of
the concentrated particles contained cassiterite. More than half of the cassiterite in the
concentrate was liberated, i.e., 65.74 wt.% of the total cassiterite ore, which represents
37.74 wt.% of the total mass of the concentrate. Moreover, 24.28 wt.% of the non-liberated
cassiterite grains occurred in binary particles and 9.99 wt.% occurred in ternary particles.
As regards being associated with other minerals as binary and ternary particles, cassiterite
was mainly in contact with quartz, tourmaline, rutile, and muscovite. This was already
demonstrated in the SEM observations (Figures 8 and 9). In addition, the MLA allowed us
to quantify these observations and determine the minor associations (Table 3).

Figure 8. Images of the mineral association of binary particles of cassiterite in the concentrate from
Catavi: (a,b) with quartz, (c,d) with tourmaline, (e) with muscovite, and (f) with rutile. Qz: quartz;
Cst: cassiterite; Tur: tourmaline; Ms: muscovite; Rt: rutile.

3.4.2. Monazite

Monazite represented 1.62 wt.% of the total concentrate. In addition, 2.41% of the con-
centrated particles contained monazite and 63.83 wt.% of the total monazite was liberated,
which represented 1.03 wt.% of the concentrate. The non-liberated monazite was mainly
associated with cassiterite, tourmaline, and quartz, followed by rutile and zircon (Figure 9).
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Figure 9. Mineral association of the non-liberated ore: Cst-B cassiterite in binary particles, Cst-T cassi-
terite in ternary particles, Mnz-B monazite in binary particles and Mnz-T monazite in ternary particles.

4. Discussion

The grinding process moderately reduced the size of the sands that constituted the
feed tailings, which exhibited an average particle size of 540 μm. On the other hand, the
average size of the cassiterite and monazite grains was 66 μm. Therefore, after grinding,
one part of the ore remained unliberated. The analysis of cassiterite liberation by grade
ranges is shown in Figure 10. A significant amount of cassiterite was found in mixed
particles, with 65.73% of it being liberated.

Figure 10. Distribution of cassiterite in the concentrated materials: (a) according to particle size and
cassiterite grade classes; (b) according to the grade.

The distribution of the concentrate into the different particle sizes shows that the
concentrate contained a low number of particles of less than 40 μm. Moreover, it shows
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that most particles of this class can be considered liberated cassiterite. Particles larger than
+80 μm were mainly mixed. The most abundant content of cassiterite-free particles in the
concentrate was in the size classes of +60 to +180 μm. This could be indicative of a loss of
ore in the finest fractions during processing. This behavior was also reported in other cases,
with the lack of fine cassiterite particles in the concentrate being attributed to an aqua flow
phenomenon [40,41].

In the case of monazite, the distribution of the concentrate into the different particle
sizes shows that there are few particles of liberated monazite less than 40 μm in size,
with the most abundant content of liberated monazite particles occurring in the size class
between 60 and 80 μm. The lower content of high-grade liberated monazite particles in the
finer class size could be due to the fact that they are associated with cassiterite (Figure 11).

Figure 11. Distribution of monazite in the concentrated materials: (a) according to particle size and
cassiterite grade classes; (b) according to the grade. The zero grade particles are not shown.

Therefore, particle size reduction should be necessary to increase the liberation and,
consequently, the recovery of cassiterite and increase its grade in the concentrate. A high
amount of energy is consumed during the comminution process, which means that when a
significant size reduction is required, a large expense is also required [42]. An alternative
could be the use of high-pressure grinding rolls (HPGR) before milling in the ball mill.
This may represent an economical solution since HPGR produce a high number of micro-
fractures in the material, which facilitates the increase in the liberation with a moderate
size reduction [43]. Additionally, the grinding media charge and the increase in residence
times should also be considered [44].

The REE content in the concentrate from Llallagua feed tailings (between 8859 and
12,294 ppm) is sufficient to be considered a suitable by-product of Sn production. The higher
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amount corresponds to samples that were not floated. In this case, the floated concentrate
was also depleted in rutile and zircon as compared to the non-floated sample. Then, the
flotation part of REE was floated with sulfide minerals, rutile, and zircon. The flotation of
monazite-rich samples should be taken into account in the flow diagram, considering the
inclusion of the flotation process or changing the depressants used, according to existing
studies [45].

In other cases, lower REE concentrations in tailings were considered of interest, as was
the case of the Kiirunavaara iron deposit [46] and in a copper flotation plant of Australia [47].
Other tin mining activities consider REE of interest for recovery as a by-product [48,49],
such as thorium-rich monazite from Malaysia [50]. In contrast to this example, monazite
from Llallagua has the advantage of being Th-poor [14–16].

5. Conclusions

The reprocessing of the sandy tailings from the Catavi plant produced final tailings
with about 0.29 wt.% SnO2, which is rich enough to be of economic interest. To make
the mining activity of Llallagua more sustainable, Sn losses must be reduced. To this
end, recovery needs to be improved. The average liberation size of cassiterite was 66μm,
whereas that of the feed tailings was 540 μm. Finer particle size of the processed tailings
is necessary to increase the liberation and recovery of Sn, and the cassiterite grade of the
concentrate. It is evident that the efficiency of the mill is very low, and the comminution
process should be improved. To this end, the control of the grinding media charge and
the residence times should be studied. Using different combinations of equipment also
demonstrated that other techniques may increase the reduction ratios.

In addition, there was a significant amount of REE in the concentrate, i.e., between
8859 and 12,294 ppm of total REE, which is of economic interest as a by-product. REE
occurred mainly as monazite, and florencite, with minor amounts of xenotime. The density
of these phosphate minerals is moderate, making their separation from the concentrate
by gravitational separation methods difficult. Therefore, future studies should attempt to
identify an optimal method to recover this ore should be recovered during the metallurgic
process.
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Abstract: Liquid is a crucial medium to contain soluble oxygen, valuable metal ions, and bacteria
in unsaturated heap leaching. Liquid retention behavior is the first critical issue to be considered
to efficiently extract low-grade minerals or wastes. In this study, the residual liquid holdup of an
unsaturated packed bed was quantitatively discussed by liquid holdup (θ), residual liquid holdup
(θresidual), relative liquid holdup (θ′), and relative porosity (n*) using the designed measuring device.
The detailed liquid holdup and the hysteresis behavior under stepwise irrigation are indicated and
discussed herein. The results show that relative porosity of the packed bed was negatively related to
particle size, and intra-particle porosity was more developed in the −4.0 + 2.0 mm packed bed. The
higher liquid retention of the unsaturated packed bed could be obtained by using stepwise irrigation
(incrementally improved from 0.001 to 0.1 mm/s) instead of uniform irrigation (0.1 mm/s). It could
be explained in that some of the immobile liquid could not flow out of the unsaturated packed bed,
and this historical irrigation could have accelerated formation of flow paths. The θ was sensitive to
superficial flow rate (or irrigation rate) in that it obviously increased if a higher superficial flow rate
(u) was introduced, however, the θresidual was commonly affected by n* and θ′. Moreover, the liquid
hysteresis easily performed under stepwise irrigation condition, where θ and θresidual were larger at u
of the decreasing flow rate stage (DFRS) instead of u of the increasing flow rate stage (IFRS). These
findings effectively quantify the liquid retention and the hysteresis behavior of ore heap, and the
stepwise irrigation provides potential possibility to adjust liquid retention conditions.

Keywords: unsaturated packed bed; liquid holdup; hysteresis behavior; stepwise irrigation; heap
leaching; flow behavior

1. Introduction

As an environmentally friendly, lower cost, and efficient recycling method of valuable
metal resources, the solution mining method has been widely utilized in the recycling of
lower grade minerals, mine tailings, and wastes [1–3]. It is commonly recognized that
valuable metal ions continuously transfer between the reaction interface and the leaching
solution, eventually obtaining pregnant leaching solution (PLS) and metal products [4].
In this leaching procedure, the leachate is regarded as the key medium of bacteria, soluble
oxygen, and metallic ions [5–7]. The leachate could mainly include mobile and immobile
liquids, and both simultaneously exist in this unsaturated ore heap. The liquid retention
performance decisively affects solute transfer and industrial leaching operation [8–11].
Hence, to obtain a desirable leaching efficiency, the first step should be to deeply understand
the liquid holdup and the hysteresis behavior in the unsaturated ore heap.
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Relying on the current research findings, liquid retention in ore heaps is difficult to
describe or predict, because it is highly affected by irrigation conditions (such as irrigation
rate, irrigation methods, etc.) and heap conditions (such as inter-/intra-particle porosity,
initial moisture content, etc.). On the one hand, the stratification and the segregation
of raw crushed ore feeds [12–14] widely appear in the dumping procedure and heavily
affect the flow behavior. In other words, the mobile liquid (shown as preferential flow,
etc.) and the immobile liquid (shown as stagnant flow, etc.) co-exist in saturated and
unsaturated conditions of industrial heaps [15–17]. In this heap, the fluid flow could be
roughly divided into faster preferential flow (mainly driven by gravity) and slower liquid
diffusion (mainly driven by capillarity forces). On the other hand, the flow paths are mainly
dominated by developed conditions of pore structure, especially in ore heaps with lower
porosity. The dual-pore structure includes inter-particle and intra-particle pores co-existing
in unsaturated heaps [18,19]. Different from the heap packed by drain rocks or glass beads,
the intra-particle pores of ore heap are well-developed. Thus, the liquid retention condition
is an unresolved obstacle and is more complicated in ore heaps. However, heap irrigation
in some industrial operations keep consistent for a long period without any stepwise
adjustments, which easily accelerates the appearance of preferential flow, unsaturated
leachate regions, heap compaction, and undesirable leaching rate [20].

Some recent studies revealed the possibility that liquid retention of ore heaps could
be ameliorated by controlling irrigation rate (or superficial flow rate), heap porosity, initial
moisture content, and so on [21]. Advanced scanning and characterizing methods were
utilized to quantify these changes of liquid retention features in the unsaturated ore heap,
which is mainly limited to transient, short-time conditions [22–24]. For instance, Fagan
et al. (2014) evaluated the potential connections between liquid retention and dipper
parameters of a bioleaching system using magnetic resonance imaging (MRI); based on
MRI, the solute transfer and the liquid spreading with irrigation time were quantified [25].
Besides, the third-generation gamma transmission tomography system [26] and the UV
fluorescence [27] were also utilized to reveal liquid spreading in an inter-particle scale [28].
However, even though these mentioned findings broke the study-scale bottleneck, these
novel characterized methods are partially limited by their shortcomings such as high
cost, transience, etc. Some new and lower cost methods such as stepwise irrigation were
gradually applied in the valuable mass recycling, such as free phase light hydrocarbon [29],
to obtain a higher recycle rate. In the unsaturated ore packed beds, McBride et al. (2015)
explored the potential effect of heap porosity on liquid retention and preferential flow
paths, and the results reveal that flexible irrigation could disturb and affect initial flow
paths [30]. As a result, in the view of the current unsatisfactory liquid holdup behavior
of unsaturated packed beds [31,32], adjusting the irrigation operation could promote the
liquid retention and eventually obtain desirable extraction efficiency of ore heaps.

In this paper, the liquid holdup and the hysteresis behavior in an unsaturated ore heap
under stepwise irrigation conditions are discussed. The liquid retained in the unsaturated
ore packed bed was continuously and directly measured using an electronic balance, and
the effect of stepwise irrigation on liquid holdup in the unsaturated packed bed was
quantified by liquid holdup value (θ), residual liquid holdup value (θresidual), and relative
porosity (n*). The liquid hysteresis behavior especially was inferred in the drainage process
and discussed under the effects of existing liquid holdup (historical irrigation). These
results could provide theoretical support in enhanced recycling of waste or low grade
minerals in unsaturated heaps.

2. Materials and Methods

2.1. Ore Samples and Its Pretreatment

The experimental ores in this study comprised one type of secondary copper sulfides,
which were sampled from mines of Chile. Table 1 shows the detailed chemical composition
of minerals and gangues obtained by X-ray powder-diffraction analyzer. The original ores
were crushed by roller crusher and jaw crusher and further meshed into detailed intervals.
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In this study, four particle size intervals including −19.0 + 13.5 mm, −11.2 + 9.5 mm, −8.0
+ 5.6 mm, and −4.0 + 2.0 mm are respectively discussed. Their geometric mean diameters
were 16.02 mm, 10.32 mm, 6.69 mm, and 2.83 mm, correspondingly. In this paper, the
particle size distribution of crushed ore feeds is not considered to avoid the negative effect
of particle segregation and stratification.

Table 1. Mass fractions of dominant ore minerals and gangues (wt.%).

Minerals Mass Fraction (%)

Chalcopyrite (CuFeS2) 0.6
Pyrite (FeS2) 2.7

Illite (K0.65Al2.0Al0.65Si3.35O10(OH)2) 18.0
Plagioclase (NaAlSi3O8-CaAl2Si2O8) 29.2

Quartz (SiO2) 34.5
Others 15.6
Total 100

The solid density of the ore sample was 2.56 g/cm3, and the irrigating liquid density
was defined as 1.00 g/cm3. To avoid the negative clogging effects caused by undesirable
immigration of fine particles or powders on flow paths, all ore samples were processed by
the following procedures: (1) ore samples were washed with deionized water to remove
powders; (2) washed ore samples were totally dried to remove free water attached on ore
surfaces in the experimental oven for 24 h; (3) dried ore samples were cooled down in lab
conditions of 24 ± 2 ◦C for 0.5 h before formal stacking and column irrigation.

2.2. Key Parameters of Liquid Retention
2.2.1. Relative Porosity (n*)

To quantitatively describe the relationship of particle size and dual-pore structure
(co-existence of intra-particle and inter-particle) of the ore packed bed, the relative porosity
(n*) was defined in Equation (1) as the ratio of the intra-particle porosity (φintra, %) and the
inter-particle porosity (φinter,%) of the ore packed bed. It obviously indicated that the intra-
particle porosity played a dominant role when the n* was over 0.5. The total/inter-particle
porosity could be calculated by dry bulk density and wet bulk density. To better describe
the influence of the irrigation process on heap porosity, the gray image and the image
processing methods were utilized to describe the newly retained liquid. The proportion
of black areas was the sum of the proportion of original ores and the proportion of newly
retained liquid. The detailed relative porosity of the ore packed bed is shown in Table 2.

n∗ = φintra
φinter

(1)

Table 2. Experimental design under different irrigation and heap porosity conditions.

Particle Size
(Geometric Mean

Diameter), mm

−19.0 + 13.5
(16.02)

−19.0 + 13.5
(16.02)

−11.2 + 9.5
(10.32) −8.0 + 5.6 (6.69) −4.0 + 2.0

(2.83)

Relative Porosity 0.143 0.143 0.159 0.176 0.196

Irrigation Method Uniform Stepwise Stepwise Stepwise Stepwise

Superficial Flow
Rate, mm/s

0.1 0.075~0.1 0.075~0.1 0.075~0.1 0.075~0.1

Moisture Content
of Wetted Bed, %

/ 0~10 0~10 0~10 0~10
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2.2.2. Liquid Holdup (θ) and Residual Liquid Holdup (θresidual)

In the irrigation and the drainage processes, the volume of retained liquid in the
packed bed could reach the steady state. In this paper, to quantitatively define the liquid
retention features under the different packed conditions, the liquid holdup value (θ, %)
and the residual liquid holdup value (θresidual, %) were respectively calculated by Equations
(2) and (3). The θ and the θresidual were utilized to describe the continuous changes or the
residual steady state of the retained liquid in the unsaturated ore packed bed [33].

θ =

∫
(vin − vout)dt

V
=

vint − mout/ρ

V
(2)

θresidual =
Vsteady −

∫
(vout)dt

V
=

θV − mout/ρ

V
= 1 − mout

Vρ
(3)

where vin is flow rate in, vout is flow rate out, mout is mass of liquid flow out, and ρ

is liquid density.

2.2.3. Relative Unsaturated Liquid Holdup (θ′)
Owing to the historical irrigation, there were some immobile liquids still reserved in

the intra-particle and the inter-particle that could have affected formation of liquid bridge
and flow paths [34]. To further reveal historical wetting conditions caused by stepwise
irrigation, the relative unsaturated liquid holdup was defined. The net liquid holdup (θnet)
was the total liquid holdup minus the original liquid holdup of the wetted packed bed, as
Equation (4) showed. The relative unsaturated liquid holdup (θ′) was the ratio of net liquid
holdup (θnet) and total liquid holdup (θ) to quantify the contribution of inter- and intra-
porosity in liquid holdup, as Equation (5) showed, where the mwater is weight of added
liquid in the pre-wetting process.

θnet = θ − mwater

V
=

(Vint − mout/ρ)− mwater

V
(4)

θ′ = θnet

θ
= 1 − mwater

Vint − Mout/ρ
(5)

2.3. Experimental Design and Irrigation Scheme

To eliminate undesirable differences caused by column diameter, the author made
data conversion and obtained superficial flow rates (0.001, 0.005, 0.01, 0.02, 0.05, and
0.10 mm/s). As Section 2.1 mentioned, four types of crushed ore feeds with different
diameters were considered. The geometric mean diameters of crushed ore feeds were
calculated as 16.02 mm, 10.32 mm, 6.69 mm, and 2.83 mm. In the stacking procedure of
the ore heap, the crushed ore feeds with different geometric mean diameters were utilized
independently.

By controlling the superficial flow rate (u), the stepwise irrigation was proposed
to reveal the liquid holdup and the hysteresis behavior in the unsaturated packed ore.
Specifically, the stepwise irrigation clearly defined that the irrigation procedure was started
using the lowest u (0.001 mm/s) and stopped irrigation once liquid holdup (θ) reached the
steady state. Then, the residual liquid holdup (θresidual) was obtained at the liquid drainage
process; after that, we restarted the irrigation process using a higher u (0.005 mm/s) until
the u was up to peak (0.1 mm/s). Finally, the irrigation procedure was restarted using a
lower u (0.05 mm/s) until it reached the lowest value (0.001 mm/s).

During the irrigation and the drainage processes, the liquid holdup was measured
per 15 s, and the residual steady state was confirmed if the residual liquid holdup was
continuously unchanged for 15 min. The detailed experimental scheme under different
dual-pore conditions is shown in Table 2.

The dual-pore condition of the unsaturated packed bed was described by relative
porosity (n*, %). Similar to the results of Zhang et al. (2018), it was clear that ore particle
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size was negatively proportional to relative porosity of the ore packed bed [35]. Thus,
intra-particle porosity was more developed in the packed bed stacked by fine particles.
Besides, to further reveal the effect of wetting conditions caused by stepwise irrigation on
liquid retention, five types of the initial moisture content (0%, 1%, 3%, 5%, and 10%) of the
unsaturated packed bed were selected. The wetting condition was prepared by thoroughly
and uniformly mixing deionized water and dry ores in hydrophobic plastic bags before the
stacking process.

2.4. Analytical Apparatus and Device

The liquid retention and the hysteresis behavior of the unsaturated ore packed bed can
be mainly quantified by two methods [36]: (1) directly measuring the weight changes of
liquid retention (used in this study); (2) indirectly calculating the flux differences of flow in
and out. These two methods are in good agreement, and the former is easier to implement.

Figure 1 shows the structural composition of irrigation experimental device utilized
in this paper, which could be mainly divided into three parts:

Figure 1. Experimental setup of stepwise liquid irrigation tests. (A): liquid holdup rate real-time
characterization test bench; (B): 5 points dripping; (C): upper-slanted pores to eliminate pressure dif-
ferences.

(1) Irrigation and column system: This included a liquid peristaltic pump (8CH/4RL
Cole-Parmer, Montréal, QC, Canada), a hydrophobic plexiglass column (height was
150 mm, inner diameter was 90 mm) with upper-slanted holes (to eliminate the pres-
sure differences in and out of the packed bed), a 5 point dripper (diameter of each tube
was 3.5 mm to improve the irrigation uniformity and decrease the negative effects of segre-
gated/stratified stacking on flow paths formation), and upper/bottom tanks (replaceable,
maximum storage range was 2000 mL for each).

(2) Measuring system: This included electronic balance (Ohaus, Parsippany, NJ, USA);
its sensitivity was 1 g, and the measuring range was 2000 g. This balance could continuously
detect the changes of the column system due to the liquid injection and spreading in the
unsaturated heaps.

(3) Recording and timer system: This mainly consisted of data storage and test laptop.
Based on this device, the residual retained liquid of different ore packed beds could be
continuously measured. The experimental data were carefully processed by the OriginPro
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2016 64bt (OriginLab, Northampton, MA, USA), and gray image processing and porosity
were calculated via MATLAB R2019b (The MathWorks, Inc., Natick, MA, USA).

3. Results and Discussion

3.1. Liquid Spreading Performance in the Irrigation and Drainage Procedure

It well known that liquid spreading in unsaturated ore heaps is basically divided into
two existential statuses [27,37]: (1) preferential flow mainly exists in the macro-porous
flow channels, which is driven by gravity forces and rapidly appears if the liquid breaks
through the dry ore heap; (2) diffusion flow mainly exists in micro-porous flow channels,
which is driven by capillary forces and slowly appears if the solute transfer and the liquid
bridge are well developed. To better understand the effects of irrigation and drainage
processes, liquid spreading evolutions (Figure 2A), liquid holdup, and corresponding
porosity changes (Figure 2B) at a consistent u were discussed.

Figure 2. Liquid spreading process with irrigation time (A), quantification of liquid holdup and
cross-section porosity in unsaturated ore packed bed (B).

It is clearly revealed by Figure 2A that crushed ore feeds in the column were gradually
wetted accompanied by the liquid spreading process. This liquid spreading process could
be explained via the key time notes that the liquid (leachate) longitudinally transferred,
which broke through and rapidly flowed out of the ore heaps at 5 min; in other words,
the preferential flow paths or channels tended to quickly form once the irrigation started.
At 5–20 min, the increase rate of liquid holdup was significantly reduced. This indicates
that the liquid gradually diffused and spread in the micro-scope pores/voids (also regarded
as potential flow paths). In other word, the flow paths/channels gradually reached steady
state, and the total liquid holdup tended to reach the peak value. In the 30–45 min period,
the liquid holdup value roughly kept consistent, and the liquid retention of ore heaps
reached the steady state. In the drainage process (after 50 min), the liquid holdup value (θ)
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rapidly decreased once the irrigation operation stopped, and the θ gradually reached the
residual liquid holdup at 70 min.

To further quantitively characterize this liquid spreading in irrigation and drainage
processes, the liquid holdup and the proportion of newly retained liquid were calculated
(Figure 2B). This showed that liquid holdup rapidly increased in the first 10 min and grad-
ually reached the steady state liquid holdup (7.65%) at 31 min. This steady liquid holdup
indicates that flow paths and immobile liquid (stagnant liquid regions) in the unsaturated
ore heap reached the stable state [38]. At the steady state status of liquid holdup, the liquid
holdup of the unsaturated ore heap could not fundamentally be improved if the heap
porosity and the irrigation condition were consistent. In the drainage process, the liquid
holdup decreased from 7.65% (θ) to 4.72% (θresidual). In other words, the residual liquid
holdup (4.72%) could not reduce to 0%, and amounts of immobile liquid were still reserved
in the pores/voids of ore heaps. Therefore, the liquid hysteresis behavior verified in this
paper showed that the mobile liquid flowed out of the unsaturated ore heap, while the im-
mobile liquid was still retained inside [39–41]. This liquid spreading was also quantified by
the gray images showing that the proportion of newly retained liquid gradually increased
with liquid irrigation, reached the peak value (14.11%) at the peak value (θ), and slightly
decreased to 6.87% at the residual peak value (θresidual) of the drainage process. Except for
mechanical flipping and loosening operations, it is unrealistic and hard to adjust PSD or
geometric mean diameter of ore feeds in stacked ore heaps [17], thus it is more feasible
with lower cost to interrupt and adjust irrigation conditions to promote the liquid retention
of ore packed beds.

3.2. Residual Liquid Holdup Changes in the Irrigation and Drainage Procedure

It is no doubt that changing irrigation conditions (such as irrigation rate, mode, etc.)
can cause disturbances to the liquid retention condition [42]. To further quantify the liquid
holdup and better understand the potential effect of the stepwise irrigation condition on
hysteresis behavior, the liquid holdup under controlled irrigation and stacking conditions
was carefully measured (Figure 3).

To better explore the effects of stepwise irrigation on ameliorating liquid retention,
consistent stacking and irrigation (superficial flow rate) conditions (−19.0 + 13.5 mm,
0.1 mm/s) were used (Figure 3A). The liquid holdup of stepwise irrigation under different
geometric particle diameter conditions was also compared (Figure 3B). This illustrated
that stepwise irrigation could be divided into two stages distinguished by the u: (1) in
the increasing flow rate stage (IFRS, 0-523 min), the u stepwise increased from 0.001 to 0.1
mm/s; (2) in the decreasing flow rate stage (DFRS, 524-800 min), the u stepwise decreased
from 0.1 to 0.001 mm/s.

In IFRS, both liquid holdup (θ) and residual liquid holdup (θresidual) of the ore packed bed
improved if a higher u was introduced. However, in DFRS, the θ gradually decreased, while
the θresidual roughly kept consistent (4.52%) under the stimulation of a lower u. Therefore,
the θ was more sensitive to the u (irrigation rate). The θ tended to decrease, while the
θresidual could not be disturbed if a lower u was introduced in the unsaturated ore heap. By
comparing the peak θ and θresidual of uniform irrigation (Figure 2B) and stepwise irrigation
(Figure 3A), the liquid holdup of stepwise irrigation (5.89%) was much higher than uniform
irrigation (3.25%), verifying the fact that the ore packed bed could reserve more liquid under
stepwise irrigation conditions compared to uniform irrigation. Figure 3A shows that, at 0.005
mm/s, the time to reach a steady state was 50 min of IFRS, which was much longer than
41 min of DFRS. This fact was inferred considering that the historical irrigation could shorten
the appearance time of preferential flow paths due to the immobile liquid reserved in heaps.
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Figure 3. The changes of liquid holdup in a dry ore bed during stepwise irrigation. (A): typical
changes of liquid holdup in a dry ore bed (−19.0 + 13.5 mm), (B): changes of liquid holdup under
different particle size conditions.

The liquid holdup of ore heaps is seriously affected by the pore structure, which is
tightly related to the geometric mean diameter of packed ore feeds [43–45]. Figure 3B
presents the potential effect of geometric mean diameter on liquid holdup under stepwise
irrigation conditions. It indicates that the peak residual liquid holdup was negatively
related to geometric mean diameter, for instance, the θ of the −4.0 + 2.0 mm packed bed
was higher than 14.0%, which was much larger than the θ (5.89%) of the −19.0 + 13.5 mm
packed bed. In DFRS, the θresidual of a different packed bed basically kept consistent. This
conveys that the θresidual was more sensitive to geometric mean diameter, especially at a
lower u, while the θ was more sensitive to the u. The liquid hysteresis behavior was clearly
observed under stepwise irrigation conditions [41]. The θ of DFRS was slightly higher than
the θ of IFRS at the same u. The net difference of liquid holdup indicated that the immobile
liquid could not totally flow out and was still retained in intra/inter particle pores if a
lower u was introduced [46].

3.3. Effect of Packed Crushed Ore Diameter on Liquid Retention

To reveal the potential effect of stepwise irrigation on liquid retention performance,
Figure 4 shows the peak weight of liquid retention in the ore heap under different relative
porosity conditions. The results showed that the ore heap could reserve more liquid if a
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higher u was introduced. This phenomenon was more obvious when the finer particles
or powders occupied a higher percentage in the ore heap. The liquid holdup at steady
state was negatively related to geometric mean diameter, while it was positively related to
relative porosity. Thus, the well-developed intra-particle pores benefitted from absorbing
more liquid [24]. The irrigation period was much longer in the fine-grained ore heap where
there was more liquid retained and the liquid spreading was more sufficient. The time to
reach the steady state was positively related to geometric mean diameter. For example, the
peak weight of reserved liquid (135 g) was obtained at 676 min in heaps by fine-grained
crushed feeds (−4.0+2.0 mm), and the lowest weight of liquid (56 g) was obtained at
471 min in heaps packed by coarse-grained crushed feeds (−19.0 + 13.5 mm).

Figure 4. Relationship between irrigation time and weight of liquid retention.

Combined with the stepwise irrigation results, this liquid retention performance under
higher v stimulation could be clarified by Figure 5. As Figure 5A shows, large amounts of
liquid gathered and transferred along the axis direction below dippers; as a result, the flow
paths gradually reached the steady state. This liquid spreading area significantly extended
when a higher u was introduced, verifying that the originally existing flow paths rapidly
re-formed, and some new flow paths/channels developed at the same time, resulting in
desirable liquid retention and a higher steady state liquid holdup (θ).

Different from the heap packed by glass beads [36], the crushed ore heap was observed
to have more liquid due to the well-developed intra-particle pores (Figure 5B). When the u
decreased from the higher figure to the initial figure, some new paths that formed under
the former higher u condition were still reserved [40]. The liquid hysteresis was inferred
considering that the response of the liquid drainage process lagged behind the irrigation
amelioration [47]. The amount of immobile liquid could not totally flow out of the heap
and was still retained in intra-particle pores (Figure 5C). Hence, it could be conjectured
that the immobile liquid mainly played three key roles in the liquid retention and the
hysteresis behavior: (1) ameliorating the liquid retention of the unsaturated packed bed; (2)
accelerating the appearance of potential flow paths/channels via capillary diffusion; (3)
pre-wetting ore feeds and promoting new flow paths when a higher u was introduced [48].

3.4. Residual Steady State Liquid Holdup Features under Stepwise Irrigation

To further figure out the residual steady state and better explain the liquid hysteresis
behavior that appeared in the drainage process, Figure 6 shows the relationship between
the residual steady state liquid holdup value (θ, θresidual) and the superficial flow rate (u)
under stepwise irrigation.
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Figure 5. Schematic diagram of liquid holdup and hysteresis behavior in unsaturated packed bed. (A): liquid steady state
under different superficial flow rate, (B): liquid retained in inter-particle and intra-particle pores, (C): liquid steady region
under different superficial flow rate.

Figure 6. Changes of residual liquid holdup during increase/decrease flow rate arm of stepwise irrigation condition. (A):
−19.0 + 13.5 mm; (B): −11.2 + 9.5 mm; (C): −8.0 + 5.6 mm; (D): −4.0 + 2.0 mm.
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In IFVS, both the θ and the θresidual increased if a higher u was introduced. For instance,
in the −4.0 + 2.0 mm packed bed, θ increased by 6.29% and θresidual slightly increased by
1.15% when u was improved from 0.001 mm/s to 0.1 mm/s. This means that even θ and
θresidual reached liquid steady state but could still increase if a higher u was introduced. In
DFRS, the θ obviously decreased. At a certain u, the θ of DFRS was slightly higher than the
previous value of IFVR; the θresidual kept roughly consistent, especially in the fine-grained
heap (Figure 6C,D). In the −4.0 + 2.0 mm packed bed, the θ had a huge decrease of 4.51%
when the θ decreased from 0.1 to 0.001 mm/s. At 0.01 mm/s, the θ of DFRS had a smaller
net increase (0.42%) due to liquid hysteresis. The maximum net increase of θ and θresidual
was obtained at 0.001 mm/s. The liquid hysteresis easily performed in the fine-grained
heap and lower u. This also revealed that θ was positively sensitive to u, but θresidual was
mainly seriously controlled by heap relative porosity.

3.5. Effect of Historical Irrigation Condition on Liquid Retention

To better understand the effect of historical irrigation conditions on liquid retention,
the relative liquid holdup (θ′, defined as the ratio of net liquid holdup and total liquid
holdup) was determined. Figure 7 shows the relationship between the u and the θ′ of
the wetted bed.

Figure 7. The relationship between superficial flow rate and relative liquid holdup under different geometric mean
diameters and initial moisture contents. (A): −19.0 + 13.5 mm; (B): −11.2 + 9.5 mm; (C): −8.0 + 5.6 mm; (D): −4.0 + 2.0 mm.

The θ′ of the dry bed was consistently 1.0 because the retained liquid was entirely from
irrigation. At a certain u, the θ′ was lower when the ore heap was gradually pre-wetted.
Under a lower u, the differences of θ′ were larger in the bed packed by −19.0 + 13.5 mm
feeds. Under a higher u, the differences of θ′ were smaller, and the θ′ value was large in
that inter-pore liquid occupied a larger proportion of the total. This also indicates that

129



Minerals 2021, 11, 1180

inter-pore liquid in the dry bed occupied a smaller proportion. Because the intra- and the
inter- pores co-existed in industrial heaps [49], the heap with well-developed pores could
have good potential to store more liquid. The θ′ was positively related to u and negatively
related to n* and initial moisture content. The peak value was obtained in 0.1 mm/s and
−4.0 + 2.0 mm conditions. The retained liquid partially filled intra-particle pores via the
pre-wetted procedure and directly affected the liquid retention [7].

The peak value of liquid holdup increased when the ore bed was well pre-wetted.
This implies that, although the θ gradually increased with the u under stepwise irrigation,
the liquid spread along the pre-existing flow paths and created some new, small rivulets
under a higher u stimulation. In the pre-wetting process, the liquid spreading was more
developed and uniform, massively eliminating the unsaturated liquid regions. The wetted
condition potentially affected inter-pore liquid at the steady state: (1) in the poorly wetted
bed (0% to 5% initial moisture content), the θ′ was much higher than 0.5, meaning that
the liquid spreading was undesirable where the inter-pore liquid occupied a dominated
percentage of the total pores; (2) however, in the well pre-wetted bed (>10% initial moisture
content), the θ′ was higher than 0.5 when the u was higher than 0.05 mm/s, which was
tightly related to fewer unsaturated regions existing in the bed.

4. Conclusions

To better understand the effects of stepwise irrigation on liquid retention, the responses
of liquid holdup and hysteresis behavior in unsaturated heaps to stepwise irrigation were
quantitatively discussed via liquid holdup (θ), residual liquid holdup (θresidual), superficial
flow rate (u), relative porosity (n*), and relative liquid holdup (θ′) in this paper.

Based on findings of this paper, it revealed that the intra-particle porosity was more
developed in ore beds packed by fine-grained feeds. The preferential flow paths/channels
easily appeared and developed in well-wetted heaps with a larger n*, resulting in a desir-
able θ. Once the liquid retention reached steady state at a consistent u, the fluid flow paths
and channels in the ore heap kept stable and were not affected by a lower u but increased
when affected by a higher u.

The liquid retention of unsaturated ore packed beds could be ameliorated using
stepwise irrigation. These controls of irrigation rate in stepwise irrigation could lead to
desirable liquid retention and mass transfer. For instance, the unregular adjustment of
the irrigation rate of industrial heaps could disturb preferential flow paths, promote new
flow channels growth, and enhance liquid percolation. The drip irrigation with a lower
superficial flow rate was suggested to pre-wet ore packed beds and increase the immobile
liquid ratio before leaching, resulting in a better solute transport via the liquid film of the
leaching interface.
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Abstract: The backfill in the stope usually forms a composite structure with the surrounding rock
in order to bear pressure together to support the goaf and ensure the safe mining of subsequent
ores. Based on laboratory tests and theoretical analysis, the energy and damage evolution of the
rock–backfill composite materials (RBCM) are studied deeply. The results show that: (1) The σp

(peak stress), εp (peak strain), and E (elasticity modulus) decreased with the increase of the internal
backfill diameter. When the diameter of the backfill increases from 10 mm to 40 mm, σp decreases
from 50.15 MPa to 18.14 MPa, εp decreases from 1.246% to 1.017%, and E decreases from 7.51 GPa to
2.33 GPa. The UT shows an S-shaped distribution, the UE shows an inverted U-shaped distribution,
and the UD first increases slowly and then increases rapidly. The UT

p, UE
p, UD

p, UE
p/UD

p, and
UE

p/UT
p decrease by 67.38%, 97.20%, 58.56%, 32.64% and 13.64% respectively, and the UD

p/UT
P

increases by 20.93% with the increases of the backfill diameter. (2) A damage constitutive model of
the RBCM is established based on the energy consumption characteristics. The damage evolution
curve shows an S-shaped distribution, and the damage rate evolution curve shows an inverted
U-shaped distribution. (3) The AE correlation fractal dimension decreases with the increase of the
strain gradient and damage value, and the AE correlation fractal dimension presents linear and
exponential functions with them, respectively. With the increase of stress, microcracks first appear
and gather in the internal backfill of the RBCM, and then microcracks appear and gather in the
peripheral rock, which together lead to the macro penetration failure of the RBCM.

Keywords: rock–backfill composite materials (RBCM); energy dissipation mechanism; damage
constitutive model; microcrack evolution

1. Introduction

The filling mining method involves mixing the tailings solid waste produced by ore
mining with cement and other cementing agents, and transporting it to the underground
goaf through pipelines. Therefore, its safety is significantly improved, and it has green
and environmentally protective characteristics, which are widely used in metal mines at
home and abroad, and there is an increasing trend of its use [1–6]. The stope is divided
into the one-step room and the two-step pillar. The room is mined first, then the goaf is
filled with cemented paste backfill, and then the pillar is mined. In this way, the pillar is
mined under the support of the composite structure composed of cemented paste backfill
and the surrounding rock. Therefore, the stability of the composite structure of the backfill
and surrounding rock is the premise of safe pillar mining. Based on the above reasons,
the stability of the pressure-bearing mechanism composed of cemented paste backfill
and the surrounding rock must be analyzed in order to ensure safety in the whole pillar
mining process.
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Fruitful research results have been obtained regarding the stability research of intact
rock and backfill [7–13], which not only greatly promoted the development and progress of
mine rock mechanics and backfill mechanics but also laid a solid theoretical foundation
for future generations to carry out relevant scientific research. Unlike the intact rock and
backfill, the RBCM is composed of two different materials, in which the rock is a strong
structure and the backfill is a weak structure. Under the load, the two structures interact
and depend on each other to jointly resist the external load, and their mechanical properties
and damage evolution mechanism will become very complex. However, at present, the
research on the bearing mechanism of the rock–backfill composite structure is relatively
sparse, but it has gradually attracted the attention of scholars [14–16]. Wang et al. [17]
studied the influence of interface roughness and inclination on the strength and failure
mode of the rock–backfill composite model. Wu et al. [18] suggested that the failure of
the backfill–rock combination was largely caused by the shear failure of the interface.
Xiu et al. [19] reported that the dry and wet degree of the interface between the rock and
backfill had an important impact on the stability of the interface. Zhao et al. [20] introduced
the KCC model, and comprehensively analyzed the influence of backfill inclination on
damage initiation and propagation. Yu et al. [21] conducted a triaxial compression test
on rock–backfill samples, and CT scanned the samples before and after compression to
explore the role of the interface. The lack of basic theoretical research on the rock–backfill
composite structure greatly limits its effective application in engineering.

In the process of the compression failure of rock, backfill, and other materials, internal
cracks gradually sprout and expand, and release energy in the form of AE. The energy
evolution mechanism and the AE characteristic parameters can characterize the damage
process to a certain extent. Therefore, there is important significance in the study of the
energy consumption and AE characteristics of materials in order to master their damage
and instability mechanism [11,22–25]. Hou et al. [26] revealed the influence of the curing
age on the energy dissipation characteristics of CPB. Wang et al. [27,28] carried out a triaxial
compression test on CPB with different layers, and discussed the influence law of layered
numbers and confining pressure on elastic energy and dissipation energy. With the help
of numerical technology, Xin et al. [29] studied the influence of waste rock content on the
energy evolution characteristics of CPB, and considered that the compressive and tensile
energy absorbed by CPB decreased and the interface transition region increased with the
increase of waste rock content. Zhao et al. [30] obtained the AE parameter curve by carrying
out the uniaxial compression AE test, and deeply studied the change characteristics of
the AE correlation fractal dimension during the compression failure of CPB with the help
of fractal theory. Zhou et al. [31] deduced the AE energy fractal dimension based on the
AE energy counting characteristics, and analyzed the internal relationship between the
AE energy fractal dimension and the damage variable. He et al. [32] made rock–backfill
combination models and discussed the influence of the cement–tailings ratio on the AE
correlation fractal dimension of the combination model.

The failure and instability of CPB and other materials under compression is essentially
a process of continuous damage accumulation. In order to understand the damage and
instability mechanism of CPB materials, it is very important to establish a reasonable and
reliable damage evolution model. Wang et al. [33] obtained the basic mechanical parameters
of rock-encased backfill (REB), constructed the damage constitutive model of REB, and
deeply discussed the damage evolution mechanism. Ma et al. [34] conducted numerical
simulation research on the coal–rock composite structure, established the damage constitu-
tive model of a coal–rock composite structure based on energy consumption theory, and
discussed the damage evolution law. Liu et al. [35] studied the damage evolution charac-
teristics of backfill at different temperatures, and considered that the damage evolution
process of backfill can be divided into four stages: the nondestructive stage, the initial
damage stage, the accelerated damage stage, and the stable damage stage. Cui et al. [36]
developed an evolutive elasto-plastic model, and established a damage constitutive model
of cemented backfill based on this model; the important role of cemented hydrate in its
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damage evolution was studied. Sun et al. [12] introduced the disturbance element, con-
nected Burges model, nonlinear viscous damper, and strain trigger, and established the
creep disturbance constitutive model of backfill. Scholars have also established many other
damage constitutive models of backfill [37–40]. These model construction ideas provide a
great reference for the derivation and construction of the damage evolution equation in
this paper.

In this paper, a uniaxial compression AE monitoring test of rock–backfill composite
materials (RBCM) with different backfill diameters is carried out. Firstly, the stress–strain
behavior and mechanical properties of the RBCM are analyzed, and the internal functional
relationship between the peak stress, peak strain, elastic modulus and backfill diameter is
revealed. Secondly, the energy dissipation law, the AE correlation fractal dimension, the
AE events’ location characteristics, and the microcrack temporal and spatial evolution of
the RBCM are deeply studied. Finally, the damage evolution equation is introduced, and a
damage constitutive model of the RBCM is established.

2. Materials and Methods

2.1. Research Background

The room of the filling mining method was first stoped, and then the goaf was filled
with tailings cementation. At this time, the cemented paste backfill was surrounded by
the surrounding rock, and formed a composite structure (Figure 1) with the surrounding
rock to bear pressure together to support the goaf and ensure the safety of the ore mining.
Unlike the intact backfill and rock materials, the composite materials were formed by the
mutual wrapping of two different media. Their mechanical properties, energy consumption
mechanism, and damage evolution need to be further studied.

Figure 1. Field model of rock–backfill composite materials.

2.2. Materials

The tailings used for the cemented paste backfill were from a mine in Shandong
Province, China, and ordinary Portland cement (OPC) 32.5R was used as a cementing agent.
The PSD curve of the tailings was obtained using an LS-POP (9) laser particle size analyzer,
as shown in Figure 2. Figure 3 shows the chemical composition of the tailings and OPC
obtained by X-ray fluorescence.
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Figure 2. The PSD curves of the tailings.

Figure 3. The chemical composition: (a) tailings; (b) OPC.

2.3. Test Scheme

In this paper, four different types of rock–backfill composite materials (RBCM) were
designed and made. The complete rock center was hollowed out by drilling, and the
internal backfill was prepared according to the designed ratio to fill the interior of the rock,
which was preserved in a standard maintenance box to a specified age. According to the
design requirements, the diameter of the peripheral rock was dr = 50 mm and the height
was hr = 100 mm. The diameters of the internal backfill were db = 10 mm, 20 mm, 30 mm,
and 40 mm respectively, and the height of the internal backfill was hb = 100 mm. The test
scheme and sample number are shown in Table 1. Each group prepares 3 samples, a total
of 12 RBCM samples, and the RBCM samples designed and manufactured are shown in
Figure 4.

Table 1. UCS and elastic modulus of different kinds of samples.

Sample ID
Backfill Diameter

db (mm)
c/t Ratio

Peak Stress
(MPa)

Peak Strain
(%)

Elastic Modulus
(GPa)

RBCM-10 10 1:4 50.15 1.246 7.51
RBCM-20 20 42.47 1.106 5.72
RBCM-30 30 28.73 1.040 3.88
RBCM-40 40 18.14 1.017 2.33
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Figure 4. Uniaxial compressive AE test devices.

2.4. Test Devices

The Gaw-2000 system (Figure 4) was used to carry out uniaxial compression AE tests
on the RBCM samples. The displacement control mode was adopted, and the loading rate
was maintained at 0.5 mm/min. A PCI-2 AE monitoring system was adopted. A total of
6 sensors were used. The sensor frequency was 140 khz and the noise threshold was set to
45 dB. The sensors’ layout position is shown in Figure 4. During compression, the stress,
strain, and AE data were recorded and exported in Excel format.

3. Results and Analysis

3.1. Mechanical Properties

Figure 5 shows the stress–strain curves of four RBCM samples. The curves can be
divided into five different stages. Stage I: The internal pores and cracks of the RBCM are
compacted and closed, the sample becomes denser, and the stress–strain curve is concave.
Stage II: With the increase of stress, the cracks are almost all closed, the strain increases
linearly, the RBCM produces elastic deformation, there is almost no new crack damage, and
the stress–strain curve increases linearly. Stage III: The stress gradually exceeds the yield
stress of the RBCM, the sample begins to produce plastic deformation, and new cracks and
damage are generated; the stress–strain curve is concave, and the RBCM samples’ strength
begins to approach the peak. Stage IV: When the stress reaches and exceeds the bearing
limit of the RBCM, many new cracks and damages sprout on the sample’s surface, the
macro failure begins to form, and the stress–strain curve reaches the peak and begins to
decrease. Stage V: At this stage, the peripheral rocks gradually lose their bearing capacity,
but due to the certain bearing capacity of the backfill wrapped in the center, the RBCM has
residual stress. It slows down the rate of RBCM deformation and its complete failure, and
some samples have double peaks; the stress–strain curve will extend slowly forward.
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Figure 5. Stress–strain curves of the RBCM samples.

The mechanical properties of the RBCM are closely related to the size of the central
backfill. Figure 6 shows the relationship between the peak stress σp, peak strain εp, elastic
modulus E, and the backfill diameter of the RBCM. Figure 6a shows that the σp of the
RBCM decreases with the increase of the backfill diameter. When the backfill diameter is
10 mm, the σp is 50.15 MPa. When the backfill diameter increases to 40 mm, the σp of the
RBCM decreases to 18.14 MPa. Figure 6b shows that the εp of the RBCM also decreases
with the increase of the backfill diameter. When the backfill diameter increases from 10 mm
to 40 mm, the εp of the RBCM decreases from 1.246% to 1.017%. Figure 6c shows that the E
of the RBCM also decreases with the increase of the backfill diameter. When the backfill
diameter increases from 10 mm to 40 mm, the E decreases from 7.51 GPa to 2.33 GPa.

Figure 6. The relationship between the mechanical properties and backfill diameter: (a) the σp;
(b) the εp; (c) the E.

3.2. Energy Dissipation Mechanisms

The essence of the deformation and failure of the RBCM under load is the process of
the continuous input of external energy and conversion into elastic energy and dissipative
energy. According to energy conservation [41,42]:

UT = UE + UD (1)

where UT is the total energy input to the RBCM from the outside, and UE and UD are the
releasable elastic energy and dissipative energy of the RBCM, respectively.
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The total energy UT absorbed by the RBCM from the outside under uniaxial compres-
sion can be expressed by the following formula:

UT =
∫ ε

0
σdε (2)

The release elastic energy UE of the RBCM can be expressed by the following formula:

UE =
σ2

2E
(3)

where E is unload elastic modulus of the RBCM.
According to Equations (1)–(3) and the stress–strain curves of the RBCM, the energy

evolution law of the RBCM with different backfill diameters can be obtained. The results
are shown in Figure 7.

Figure 7. Energy evolution of the different samples: (a) RBCM-10; (b) RBCM-20; (c) RBCM-30;
(d) RBCM-40.

Figure 7 shows that the total energy input to the RBCM is first converted into releasable
elastic energy and stored in the sample, and the releasable elastic energy begins to increase
(the red curve begins to rise). At this time, the sample only has elastic deformation, no
damage and almost no energy dissipation. Then, the released elastic energy accumulates
continuously and gradually exceeds the energy storage limit of the RBCM, the sample
begins to produce damage and energy dissipation, and the dissipated energy begins to
increase (the blue curve begins to rise). Finally, the released elastic energy decreases, and
the dissipated energy increases rapidly until the sample is destroyed.

Figure 8 shows the energy evolution laws of the RBCM. Figure 8a shows that the total
energy evolution curve of the input of the RBCM shows an S-shaped distribution. The
black line is at the top, indicating that the RBCM-10 sample has the fastest total energy
accumulation rate and the largest total energy. The pink line is at the bottom, indicating that
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the RBCM-40 sample has the slowest total energy accumulation rate and the smallest total
energy. Overall, the larger the backfill diameter, the slower the total energy accumulation
rate and the smaller the total energy accumulation amount. Figure 8b shows that the
releasable elastic energy stored in the RBCM first increases and then decreases, and the
releasable elastic energy curve presents an inverted U-shaped distribution. The smaller
the backfill diameter, the greater the energy storage limit of the RBCM. It can be seen from
Figure 8c that the dissipated energy of the RBCM first increases slowly, and then increases
rapidly until the sample is destroyed. The smaller the backfill diameter, the greater the
energy dissipation of the RBCM.

Figure 8. Different types of energy evolution: (a) total energy; (b) elastic energy; (c) dissipation energy.

Figure 9 and Table 2 show the relationship between different types of energy, the
energy rate of the RBCM at the peak stress point, and the backfill diameter. Figure 9a shows
that the released elastic energy at the peak point is greater than the dissipated energy. In
addition, the total energy UT

p input to the RBCM, the releasable elastic energy UE
p stored

in the RBCM, and the dissipation energy UD
p all decrease with the increase of the backfill

diameter. When the backfill diameter increases from 10 to 40 mm, the UT
p, UE

p, and UD
p

decrease from 0.325 KJ/m3 to 0.106 KJ/m3, from 0.214 KJ/m3 to 0.060 KJ/m3, and from
0.111 KJ/m3 to 0.046 KJ/m3, respectively. As can be seen from Figure 9b, the UE

p/UD
p and

UE
p/UT

p decrease with the increase of the backfill diameter. When the backfill diameter
increases from 10 to 40 mm, the UE

p/UD
p and UE

p/UT
p decrease from 1.93 to 1.30, and

from 0.66 to 0.57, respectively. In addition, the UD
p/UT

P increases with the increase of the
backfill diameter. When the backfill diameter increases from 10 to 40 mm, the UD

p/UT
P

increases from 0.34 to 0.43.

Figure 9. Energy and energy ratio at the peak point: (a) energy; (b) energy ratio.
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Table 2. The UT
p, UE

p, and UD
p of the RBCM at the peak stress point.

ID RBCM-10 RBCM-20 RBCM-30 RBCM-40

UT
p (KJ/m3) 0.325 0.237 0.134 0.106

UEp (KJ/m3) 0.214 0.154 0.085 0.06
UD

p (KJ/m3) 0.111 0.084 0.049 0.046
UE

p/UD
p 1.93 1.83 1.73 1.30

UE
p/UT

p 0.66 0.65 0.63 0.57
UD

p/UT
p 0.34 0.35 0.37 0.43

3.3. Damage Constitutive Model
3.3.1. Model Constructed

According to the energy dissipation characteristics of the coal–rock combination, Ma
et al. [34] considered that all of the energy dissipation generated by materials under load
is not used to produce damage, proposed a modified damage variable, and verified the
rationality of the damage variable through experimental research:

D = (1 − σr

σp
) · UD

UD
max

· (1 + UD
p

UT
p
) (4)

where D is the damage variable of the RBCM, σr is the residual stress of the RBCM, σp is the
peak stress of the RBCM, UD is the dissipation energy, UD

max is the cumulative dissipated
energy, UD

p is the dissipation energy at the peak point, and UT
p is the total energy input to

the RBCM at the peak point.
The damage constitutive model of the RBCM at uniaxial compression is

σ = (1 − D)Eε (5)

σ =

[
1 − (1 − σr

σp
) · UD

UD
max

· (1 + UD
p

UT
p
)

]
Eε (6)

3.3.2. Model Validation

Figure 10 shows the comparison results between the test curve and the model curve.
Figure 10a shows that the coincidence degree of the two curves is poor in the compaction
closing stage, but the overall change trend is highly similar. Figure 10b–d show that the
model curves are highly consistent with the sample curves.

Figure 10. Comparison of the test, model, and simulation curves: (a) RBCM-10; (b) RBCM-20;
(c) RBCM-30; (d) RBCM-40.

3.3.3. Damage Evolution Analysis

In order to analyze the damage evolution law of the RBCM under load, the damage
evolution curves and damage rate evolution curves of the RBCM can be obtained according
to Equation (4), and the results are shown in Figure 11. Figure 11a shows that, in the
compaction and closing stage, the RBCM has almost no damage, and the damage curve
extends forward close to the X-axis. In the linear elastic stage of the RBCM, only a small
amount of damage occurs, and the damage curve rises slowly. After exceeding the yield

141



Minerals 2022, 12, 482

limit of the RBCM, the damage initiates and expands rapidly, and the damage curve rises
rapidly. In general, the damage curve first extends horizontally forward, then rises slowly,
and finally rises rapidly. Figure 11b shows that the damage rate evolution curves of the
RBCM present an inverted U-shaped distribution, which first increases and then decreases.
The results indicate that the damage accumulation rate of the RBCM first increases and
then decreases.

Figure 11. Damage and damage ratio evolution curves: (a) damage curve; (b) damage ratio curve.

3.4. AE Characteristics
3.4.1. AE Fractal Dimension

Fractal dimension is a parameter that quantitatively describes fractal characteristics
and represents the complexity of the fractal body [43,44]. The correlation fractal dimension
is used to describe the AE fractal characteristics of the RBCM in the failure process under
uniaxial compression. The common calculation method of the correlation fractal dimension
is the G-P algorithm. The G-P algorithm takes the AE parameter sequence as its research
object, and each AE parameter sequence corresponds to a sequence set Xn with a capacity
of n:

Xn = {x1, x2 · · · xn} (7)

where xi is the AE parameter, i = 1, 2, · · · n. Take the first m points in Equation (8) to form
the first m-dimensional vector space, which is recorded as

X1 = {x1, x2 · · · xm} (8)

Then move one point backward and take m points to form the second m-dimensional
vector space. By analogy, Equation (7) can form a total of N = n − m + 1 m-dimensional
vector spaces:

X =

⎡
⎢⎢⎢⎣

x1 x2 · · · xm
x2 x3 · · · xm+1
...

... · · · ...
xn−m+1 xn−m+2 · · · xn

⎤
⎥⎥⎥⎦ (9)

The correlation function C(r) is

C(r) =
1

N2

N

∑
i=1

N

∑
j=1

H(r − ∥∥Xi − Xj
∥∥) (10)

where H is the Heaviside function, Xi and Xj are the ith and jth vector spaces respectively,
and r is the given scale:

H(x) =
{

1, x > 0
0, x ≤ 0

(11)
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r = k
1

N2

N

∑
i=1

N

∑
j=1

∥∥Xi − Xj
∥∥ (12)

where k is coefficient. For a given r, there is always a corresponding correlation function
C(r). By substituting the C(r) and r into the double logarithmic coordinate system, the
coordinate points (lgC(r), lgr) can be obtained. Taking different k values, respectively,
multiple coordinate points can be obtained in the double logarithmic coordinate system.
The obtained coordinate points are subjected to univariate linear regression, and the slope
of the regression function is the AE correlation fractal dimension Df.

Figure 12 shows the relationship curve between the AE ringing count correlation
fractal dimension and the damage variable at different strain stages. With the increase
of the strain, the AE correlation fractal dimension decreases, while the damage variable
continues to increase. At the initial stage of loading, the internal microcracks of the RBCM
are gradually compacted and closed, almost no damage is generated, the AE ringing counts
evolve irregularly, and the correlation fractal dimension of the AE parameters is large.
In the middle of loading, the internal crack began to evolve and expand gradually, the
internal damage began to accumulate slowly, the AE ringing counts were released to the
outside world according to a certain law, and the AE correlation fractal dimension gradually
decreased. In the later stage of loading, the internal meso cracks evolve rapidly and become
macro through failure, the internal damage accumulates rapidly, the AE ringing counts are
released to the outside in an orderly manner, and the AE correlation fractal dimension is
further reduced. This result is similar to the research results of Zhao [30] and Guo [43].

Figure 12. AE average fractal dimension: (a) RBCM-10; (b) RBCM-20; (c) RBCM-30; (d) RBCM-40.

3.4.2. AE Event Location

AE location technology can intuitively show the internal failure process of the RBCM.
Figure 13 shows the AE event location of the RBCM-10 and RBCM-30. At the initial stage of
loading (0%–30% εf), the internal cracks of the RBCM were closed by compression, and only
a few AE events occurred in the internal backfill. With continuous loading (30%–50%εf),
the internal cracks of the RBCM began to evolve gradually, the AE events began to increase
gradually, and they mainly gathered in the internal backfill. When loading to 50%–80% εf,
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the cracks further increase, the AE events also increase, and they gradually appear in the
external rock. When loading to 80%–100% εf, AE events begin to gather in the external rock,
and macro penetration failure also occurs. At the later stage of loading (100%–120% εf), AE
events do not increase significantly. Because the RBCM has not completely lost its bearing
capacity, the macro crack will continue to expand, and a small number of AE events will
appear in the external rock.

Figure 13. Temporal and spatial evolution of the AE events: (a) RBCM-10; (b) RBCM-30.

3.5. Temporal and Spatial Evolution of Microcracks

The laboratory test is the most direct means to study the internal damage evolution of
the RBCM, but experimental research often cannot intuitively show the spatio-temporal
evolution characteristics of internal cracks in the RBCM. At present, scholars at home
and abroad often use Particle Flow Code (PFC) software to reveal the internal damage
mechanism of materials. By establishing a numerical model consistent with the test, and
then giving reasonable parameters, the results can also be very accurate. In addition, by
setting a specific program, the PFC can intuitively show when and where the sample will
be damaged, and can simulate the damage crack shape through a specific module [45,46].
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Unlike other continuous models, PFC software can accurately reveal the basic mechan-
ical behavior of rock-like materials under uniaxial compression, and can intuitively show
the fracture evolution process in the sample. When using PFC-3D software to simulate rock-
like materials, the contact model between particles usually adopts a parallel bonding model
(Figure 14a) [46]. Under axial load, if the local contact force between particles exceeds the
shear strength of the contact model, a shear crack will occur between the two particles. In
the model, the shear crack is represented by a green circle (Figure 14b). If the local contact
force between particles exceeds the tensile strength of the contact model, a tensile crack
will occur between the two particles. In the model, the tensile crack is represented by a red
circle (Figure 14b).

Figure 14. Parallel bonding model: (a) The stress pattern; (b) Failure mode.

The random function in PFC software is used to generate particles with different
diameters in the calculation range, and the balance calculation is carried out to make the
particles fill the whole columnar calculation range. After the initial equilibrium, a parallel
bond model was set for the peripheral rocks and the internal backfill, respectively, and the
loading rate of the model was determined. A monitoring system was arranged to monitor
the number of cracks, stress and strain of the model in real time. The final stress–strain
curve is shown in Figure 9 after multiple corrections of the model’s mesoscopic parameters,
and the evolution process of internal cracks in the RBCM sample is finally obtained. The
results are shown in Figure 15 (RBCM-10 and RBCM-30). At the initial stage of loading, the
local contact force between the RBCM particles is less than its bonding strength, and the
stress and strain of the RBCM increase, but there are almost no cracks. With the continued
loading of the RBCM, the local contact force between the particles is gradually greater than
the bond strength, the bond between some particles is damaged, and cracks are generated.
Because the bond strength between the backfill particles is less than that between the rock
particles, the cracks first appear between the internal backfill particles. In the middle stage
of loading, the bond between most of the backfill particles was destroyed, and the cracks
spread all over the backfill. At the same time, the local contact force between rock particles
begins to exceed its bond strength, and the cracks begin to appear in the surrounding rocks.
In the later stage of loading, the contact force between rock particles is generally greater
than its bond strength. The crack evolves on a large scale in the surrounding rock, and
gradually forms a macro failure through the crack, which eventually leads to the overall
instability and failure of the RBCM.
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Figure 15. Temporal and spatial evolution of a crack: (a) RBCM-10; (b) RBCM-30.

In order to study the spatial distribution of the internal cracks of the RBCM after
compression failure, 10 sections were selected for the numerical model after RBCM model
failure, and the results are shown in Figure 16.

Figure 16. Cont.
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Figure 16. Spatial distribution of the cracks after the samples’ failure.

For the RBCM-10, the cracks of section I are mainly distributed at the top of the sample.
The cracks of section II are mainly distributed at the upper and lower ends of the sample.
Section III contains two parts of rock and backfill; the cracks are mainly distributed in the
internal backfill, and some cracks are also distributed at the bottom of the peripheral rock.
The cracks of sections IV and V are mainly distributed at the bottom of the sample. In
addition, the cracks of sections 1 and 2 are mainly distributed in the internal backfill and
the left and right end of the peripheral rock. The cracks of section 3 are mainly distributed
in the internal backfill, and there are almost no cracks in the peripheral rock. The cracks
of sections 4 and 5 are mainly distributed in the internal backfill and at the top of the
peripheral rock. In general, the cracks of RBCM-10 are mainly distributed in the internal
backfill and the upper and lower ends of the peripheral rock.

For the RBCM-30, the cracks of sections of I and V are mainly distributed at the top of
the rock. The cracks of sections II–IV are mainly distributed in the internal backfill and the
top of the peripheral rock. The cracks of sections 1–3 are mainly distributed in the internal
backfill, and there are few cracks in the peripheral rock. The cracks of section 4 are mainly
distributed in the internal backfill and the left end of the peripheral rock. The cracks of
section 5 are mainly distributed in the internal backfill and the upper and lower ends of
the peripheral rock. In general, the cracks of the RBCM-30 are mainly distributed in the
internal backfill and the top and bottom ends of the peripheral rocks.

Considering the spatial distribution law of cracks in RBCM-10 and RBCM-30, most of
the cracks are distributed in the internal backfill, and a few cracks are distributed at the
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upper and lower ends of the peripheral rock. The evolution of meso tension cracks and
shear cracks in the model leads to macro penetration failure.

4. Discussion

In Section 3.3, the damage evolution equation of the RBCM was established, and
the damage evolution characteristics of the RBCM were studied. In Section 3.4, the AE
correlation fractal dimension of the RBCM was calculated, and the qualitative relationship
between AE correlation fractal dimension, damage evolution characteristics, and strain gra-
dient were analyzed. The analysis results show that the AE correlation fractal dimension is
inversely proportional to the strain gradient, while the damage evolution characteristics are
directly proportional to the strain gradient. The damage directly represents the evolution
process of cracks in the RBCM, and the AE correlation fractal dimension is a summary of
the AE parameters released by the RBCM during loading. Therefore, the AE correlation
fractal dimension can indirectly represent the damage evolution process of the RBCM to a
certain extent. The AE correlation fractal dimension must have some internal relationship
with the damage evolution characteristics.

In order to study the internal functional relationship between the AE correlation fractal
dimension and damage value, the relationship curve between the AE correlation fractal
dimension and damage evolution characteristics was established. The results are shown in
Figure 17. The AE correlation fractal dimension is inversely proportional to the damage
evolution. This is consistent with the research conclusion of reference [31]. Reference [31]
shows that with the increase of stress percentage, the fractal dimension of the CPB decreases
under uniaxial stress, while the damage variable of the CPB increases gradually. In addition,
the damage variable increases more rapidly. When the fractal dimension decreases to a
certain level, the fractal dimension no longer decreases significantly, and the CPB damage
variable increases rapidly.

Figure 17. The relationship between the damage variable and the average fractal dimension.

Take the RBCM-20 as an example; when the AE correlation fractal dimension is 1.72,
the damage value is 0.37. When the AE correlation fractal dimension increases to 1.85,
1.89, and 2.06, respectively, the damage values decrease to 0.34, 0.10, and 0.01, respectively.
A variety of functions are used to fit the relationship between the AE correlation fractal
dimension and damage value. The results show that the exponential function can better
characterize the relationship between them:

D = a4 + b4 · exp(c4 · Df ) (13)

where D is the damage variable of the RBCM, Df is the AE correlation fractal dimension of
the RBCM, and a4, b4, and c4 are relevant parameters.
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Under the action of a load, the internal stress of the RBCM increases continuously
and gradually exceeds the bond strength between the particles. Cracks are generated
between the particles, resulting in damage accumulation, and releasing energy to the
outside in the form of acoustic emission. Therefore, during compression, stress behavior,
damage characteristics, AE events, and microcracks must be interrelated. Figure 18 shows
the composite diagram of the stress–strain, damage value, AE event, and cracks of the
RBCM-30. When the internal stress of RBCM-30 increases to 4.57 MPa, its damage value
evolves to 0.01, the number of microcracks increases to 60, and the AE events are mainly
concentrated in the internal backfill. When the internal stress increases to 12.42 MPa, the
damage value evolves to 0.02, the number of microcracks increases to 2987, and the AE
events accumulate rapidly in the internal backfill. When the internal stress increases to
21.92 MPa, the damage value evolves to 0.06, the number of microcracks increases to 17,535,
and the AE event begins to expand from the internal backfill to the surrounding rock. When
the internal stress increases to 28.63 MPa, the damage value evolves to 0.34, the number
of microcracks increases to 75,309, and the increment of the microcracks is the largest at
this stage; the AE events accumulate rapidly in the surrounding rocks. When the internal
stress reaches the peak and decreases to 26.83 MPa, the damage value evolves to 0.65, the
number of microcracks increases slightly to 79,457, and the AE events increase slightly in
the whole sample.

Figure 18. The composite diagram of the stress, damage, AE events, and cracks of the RBCM-30.

5. Conclusions

In this paper, firstly, the macroscopic mechanical behavior of the RBCM was analyzed,
and the damage constitutive model of the RBCM was established. Secondly, the AE
ring counting correlation fractal dimension was deduced. Finally, with the help of PFC
software, the microcrack distribution was dynamically displayed. The main conclusions
are as follows:

(1) The stress–strain curve of the RBCM can be divided into five stages: the pore com-
paction closure stage, the linear elasticity stage, the yield stage, the peak strength
stage, and the residual stress stage; some stress–strain curves show double peaks. The
σp, εp, and E decreased with the increase of the internal backfill diameter.

149



Minerals 2022, 12, 482

(2) The UT shows an S-shaped distribution. The UE shows an inverted U-shaped distribu-
tion. The UD first increases slowly and then increases rapidly. The UT

p, UE
p, and UD

p
all decrease with the increase of the backfill diameter. The UE

p/UD
p and UE

p/UT
p

decrease and the UD
p/UT

P increases with the increases of the backfill diameter.
(3) A damage constitutive model of the RBCM was established. The damage evolution

curves and damage rate evolution curves of the RBCM show S-shaped and U-shaped
distributions, respectively.

(4) The AE correlation fractal dimension of the RBCM was deduced and calculated. The
AE correlation fractal dimension decreases with the increase of the strain gradient
and damage value, and the AE correlation fractal dimension presents a linear and
an exponential function with them, respectively. The AE events’ localization results
show that the damage first accumulates in the internal backfill. Then, the damage
extends into the surrounding rock. Finally, the damage accumulates rapidly in the
surrounding rock.

(5) The internal microcracks of the RBCM are caused by the local tensile stress or shear
stress between particles exceeding the bond strength between particles. With the
increase of stress, microcracks first appear and gather in the internal backfill of the
RBCM, and then microcracks also appear and gather in the peripheral rock, which
together leads to the macro penetration failure of the RBCM.
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Abstract: The stability of composite material that is composed of roof rock, cemented paste backfill
(CPB), and floor rock has an important impact on safe mining within metal mines. In order to explore
the mechanical properties, acoustic emission (AE), energy dissipation, and damage evolution of
roof–CPB–floor (RCF) layered composite materials, uniaxial compression (loading rate 0.02 mm/min)
AE tests on RCF materials with different CPB height ratios were performed. The test results show
that: (1) the uniaxial compressive strength (UCS) and elastic modulus (ER) of the RCF material were
lower than those of the roof or floor rock and higher than that of the CPB. With the increase in the
CPB’s height ratio from 0.2 to 0.7, the (UCS and the ER decreased from 18.42 MPa to 10.08 MPa and
3.15 GPa to 1.79 GPa, respectively, and the peak strain first decreased from 0.695 to 0.510 and then
increased from 0.510 to 0.595. The (UCS increased as a polynomial function with the increase in the
ER. (2) The AE ring count first increased slowly, then increased rapidly, and finally maintained a
high-speed increase. The AE cumulative ring count at the peak point decreased with the increase in
the CPB height ratio. The energy dissipation showed that the elastic energy UE accumulated slowly
at first, then the dissipated energy UD increased, and finally the UE decreased and the UD increased
almost linearly. The UT, UE, UD, UE–UT ratio and UD–UT ratio showed a decreasing trend, and
the UE–UD ratio showed an increasing trend at the peak point with the increase in the CPB height
ratio. (3) Two damage constitutive models were established based on the AE ring count and energy
principle. The damage evolution process of RCF materials can be divided into three stages: the slow
damage accumulation stage, stable damage growth stage, and rapid damage accumulation stage.

Keywords: RCF layered composite material (RCF); mechanical properties; acoustic emission (AE);
energy dissipation; damage constitutive model

1. Introduction

Affected by the causes of its formation, the spatial shape of a gold ore body is usually
complex, the dip angle of the ore body is usually small and approximately horizontal in
its distribution, the thickness of the ore body is small, the thickness distribution is very
uneven, and the surrounding rock is usually very broken [1–3]. Therefore, gold ore bodies
are usually mined by the upward horizontal drift filling method. The rooms and pillars are
arranged at intervals. First, the room is mined, then the goaf is filled with the tailings, and
then the adjacent pillars are mined. In the process of pillar mining, the adjacent sides of
the pillar are filled with cemented paste backfill (CPB), which forms a layered composite
material with the roof and floor rock in order to bear pressure together to support the goaf
and prevent the goaf from collapsing, so as to ensure the safety of the pillar mining [4–6].
In this situation, the overall stability of the layered composite material that is composed of
roof rock, CPB, and floor rock is related to the safe mining and sustainable development of
the mine. In addition, in the mining process, the thickness of the ore body will continue
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to change, so the CPB height of the layered composite material will also vary with the
different mining areas. Therefore, it is of great theoretical and practical significance to study
the influence of the CPB height on the overall stability of layered composite materials.

Recently, domestic and foreign scholars have conducted in-depth research on the
common pressure bearing mechanism of backfill and rock composite structures by means
of an indoor test, theoretical research, and numerical simulation and they have achieved
fruitful research results [7–12], which provide a lot of reference basis for the research of
this paper. Wang et al. [13] studied the effects of roughness and the inclination of a nonlin-
ear interface on the strength and failure of the backfill–rock combination under uniaxial
compression. He et al. [14] carried out a uniaxial compression test on a CPB–rock combi-
nation, discussed the influence of various CPB cement tailings ratios on the mechanical
properties of the CPB–rock combination, and analyzed the crack evolution law with the
help of fractal theory. Wu et al. [15] analyzed the influence of the interface angle on the
shear strength and deformation behavior of a backfill–rock combination under triaxial com-
pression. Fang et al. [16,17] studied the shear characteristics of the rock–backfill interface
with the help of a chemo–elastic coupling cohesive zone model. Yu et al. [18] investigated
the effects of the rock–backfill volume fraction and confining pressure on the strength
characteristics and failure modes of the rock–backfill combination model with the help of
a triaxial compression test and CT scanning. Zhao et al. [19] used the Karagozian–Case
concrete (KCC) model to analyze the uniaxial compressive mechanical behavior of the
backfill–rock composite structure. However, through the above reference analysis, almost all
of the studies on the backfill–rock combination structure focus on the two-body model. In the
actual filling mining process, the CPB usually forms a three-body composite structure with
the roof rock and floor rock in order for the three elements to bear the pressure together. There
are great differences in the mechanical properties and deformation behaviors between the
three-body composite structure, the single structure, and the two-body composite structure.
Only studying the single structure or the two-body composite structure cannot fully character-
ize the actual situation. Therefore, it is necessary to study the mechanical properties of a roof
rock–CPB–floor rock (RCF) layered composite material.

Furthermore, with the popularization and application of acoustic emission (AE) tech-
nology, more and more scholars use AE technology to study the evolution law of the AE
parameters of rock, backfill, and other materials in the compression process, so as to analyze
the evolution process of internal damage in materials [20–24]. Wang et al. [25] carried out
a uniaxial compression AE test on three-layered cemented paste backfill, discussed the
evolution law of the AE ring count, energy count, and amplitude during loading, and
analyzed the temporal and spatial evolution law of cracks during loading with the help of
AE positioning technology. Cheng et al. [26] utilized laboratory testing and PFC numerical
simulation and analyzed the temporal and spatial evolution law of AE events under the uni-
axial compression of cemented tailings backfill (CTB). Zhou et al. [27] carried out uniaxial
compression and Brazilian splitting AE tests on CPB and studied the relationships between
the AE fractal dimension, energy dissipation, and damage variables. Zhao et al. [28] in-
vestigated the correlation between the AE fractal dimension and mechanical damage of
cemented tailings backfill with different cement–sand ratios. Wang et al. [29] studied the
influence of joint inclination on the dynamic evolution law of rock cracks with the help
of AE acoustic emission positioning technology. In summary, these scholars have derived
fruitful research results regarding the AE characteristics of backfill and rock; however,
there are relatively few studies on the AE characteristics of the rock and backfill combined
structure, which has a wide research prospect.

In addition, whether it is filling material or rock material, the process of internal
crack initiation, propagation, and penetration under a load is the process of the contin-
uous conversion of internal energy. The energy absorption and storage characteristics
of the filling materials determine their strength characteristics and failure modes [30–34].
Hou et al. [35,36] revealed the relationship between the internal energy evolution and stress
development of the CPB during the whole loading process. Qiu et al. [37] elaborated the AE
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energy dissipation characteristics of the CPB under uniaxial compression with the help of
AE monitoring means. Xin et al. [38] studied the internal relationship between the internal
compression energy, tensile energy, and waste rock content.

As many studies have analyzed the AE and internal energy evolution mechanism of
filling materials by different means and from different angles, they have revealed the inter-
nal relationship between the damage, failure, and energy dissipation of filling materials.
However, the above research objects were single medium materials or dual medium mate-
rials, which are characterized by a relatively uniform internal structure. Therefore, under
the action of a load, their AE and internal energy distribution are also relatively uniform,
and the relationship between their AE and energy dissipation is relatively simple [39]. The
AE and energy consumption mechanism of rock–CPB–rock composite material are com-
pletely different from those of single-medium materials and dual-medium materials [40].
Firstly, there are more factors affecting the energy evolution of composite materials (rock
properties, CPB properties, structural plane properties, etc.) [41,42]. Secondly, the internal
structure of the composite materials is asymmetric and non-uniform and the stress distribu-
tion and deformation characteristics are more complex, resulting in very complex AE and
energy evolution [10]. Finally, the composite materials have non-uniform structural planes
and the energy transfer relationship between them is more complex and changeable [43].
Therefore, the AE and energy evolution of rock–CPB–rock composite materials need to be
deeply studied.

The process of the gradual instability and failure of rock, backfill, and other materials
under load is essentially a process of the continuous accumulation of internal damage [44].
Mastering the damage evolution process of rock and backfill is very important for its
overall stability control. Wang et al. [45] constructed the damage constitutive model of
rock-encased backfill with the help of the energy principle. Fu et al. [46] constructed the
damage constitutive model of layered cemented tailings backfill considering its layered
structure and analyzed the effects of layer numbers and the confining pressure on the
damage evolution law. Liu et al. [47] constructed the damage constitutive model of ce-
mented coal gangue–fly ash backfill and discussed the influence of curing temperature
on damage evolution. Hou et al. [48] established a triaxial creep damage constitutive
model of cemented gangue–fly ash backfill and analyzed its creep damage characteristics.
Lin et al. [49] deduced the fatigue constitutive model of yellow sandstone based on the
macro–micro coupled damage.

Consequently, the present AE detection and uniaxial compression experiments were
carried out on RCF samples with the CPB height ratio of 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7,
respectively. Firstly, the (UCS, elastic modulus, and peak strain of each of the RCF samples
were studied. The relationships between the (UCS, elastic modulus, and CPB height
ratio, and the (UCS and elastic modulus were characterized. Secondly, the AE ring count
characteristic and energy dissipation mechanism of the RCF samples with different CPB
height ratios are analyzed. Finally, two damage constitutive models of the RCF materials
have been established based on the AE and energy principle, and its damage evolution law
is deeply discussed.

2. Materials and Methods

2.1. Research Background

The background of this present research is the Xinhui gold mine in Shandong Province,
China. The length of the ore body is about 270 m, the thickness of the ore body in the gold
mine in Shandong is 1–2.5 m, the dip angle of the ore body is about 20◦, and the grade
is about 3.15 g/t. The ore body is moderately stable and the stability of the hanging wall
rock is poor. An upward horizontal drift filling mining method was adopted and the ore
rooms and ore pillars were mined step by step. In the first step, the ore room is mined and
the ore room goaf is filled with cemented paste backfill (CPB). In the second step, the ore
pillar is mined. In the process of pillar mining, the CPB, roof rock, and floor rock form a
layered composite material in order to bear the pressure together, so as to ensure the safety
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of the pillar mining. Due to the uneven thickness of the ore body, the height ratio of the
layered composite material is in dynamic change. The actual model and laboratory model
of the roof rock–CPB–floor rock (RCF) layered composite materials are shown in Figure 1.
The stability of the RCF layered composite material has an important impact on two-step
pillar mining, so it is of great theoretical and practical significance to study its mechanical
properties and damage evolution.

Figure 1. Layered composite material in mining field and laboratory of roof rock–CPB–floor
rock (RCF).

2.2. Experimental Materials and Characteristics

The roof rock (Phyllite) that was used in the test came from the roof rock mass of the
gold mine, as shown in Figure 2a. The floor rock (Hematite) that was used in the test came
from the floor rock mass of the gold mine, as shown in Figure 2b. The tailings that were
used in the test were from the full tailings of the mine. The cement that was used in the
test was ordinary Portland cement (OPC) 42.5R. The water that was used in the test was
laboratory tap water. The particle size distribution (PSD) curves of the full tailings and
OPC are shown in Figure 3. The chemical compositions of the full tailings and OPC are
shown in Table 1.

Figure 2. Test samples: (a) Roof rock sample; (b) Floor rock sample; (c) CPB sample; (d) RCF sample.
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Figure 3. The PSD curves: (a) full tailings; (b) OPC.

Table 1. Chemical composition of the raw materials.

Sample SiO2 K2O CaO P2O5 MgO Al2O3 Fe2O3 SO3

OPC (%) 20.10 0.37 61.8 / 1.57 5.11 2.91 1.98
Full tailing (%) 66.95 4.40 7.68 0.15 2.24 11.71 4.91 0.20

2.3. Sample Preparation

Four types of samples were prepared: (1) the intact roof rock sample (Figure 2a);
(2) the intact floor rock sample (Figure 2b); (3) the intact CPB sample (Figure 2c) (the
cement-to-tailings ratio of which was 1:4, the slurry concentration of which was 75%, and
the curing age of which was 28 days); (4) the RCF layered composite material sample
(Figure 2d). The overall size of the four types of samples was the same, with a diameter
of Φ = 50 mm and a height of H = 100 mm. The height of the CPB in the middle of the
RCF sample was set at 20, 30, 40, 50, 60, and 70 mm and the heights of the roof rock and
floor rock were the same, which were set at 40, 35, 30, 25, 20, and 15 mm, respectively. The
manufacturing process of the RCF sample was executed as follows: First, the prepared
intact CPB sample and rock sample were cut according to the specified height. Then, the
tailing slurry with the cement-to-tailings ratio of 1:4 and slurry concentration of 75% was
prepared. Finally, the prepared slurry was used to paste the cut roof rock, CPB, and floor
rock together to form an RCF sample with a total height of 100 mm. The sample design
scheme and mechanical parameters are shown in Tables 2 and 3.

Table 2. Mechanical parameters and number of intact samples.

Intact Sample Sample No. (UCS (MPa)
Elastic

Modulus (GPa)
Peak Strain (%)

Roof rock RR 23.91 4.13 0.71
Cemented paste

backfill CPB 7.25 1.65 0.57

Floor rock FR 41.00 5.64 0.92

2.4. Uniaxial Compression AE Test

A GAW-2000rock mechanics testing machine made by Chaoyang Test Instrument Co., Ltd
(Changchun, China) was used to carry out a uniaxial compression test. The loading mode
was set to displacement control and the loading rate was 0.5 mm/min. During the loading
process, the computer system recorded the displacement and load of the testing machine in
real-time. After the loading, the size parameters of the sample were input into the system
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and the system automatically calculated the strain and strain value of the sample through-
out the whole loading process. At the same time, the peak stress, peak strain, and other
parameters of the sample were also recorded. After the test, the data file was exported and
could then be used in the various required formats. For the whole process of uniaxial com-
pression, PCI-2 AE equipment made by Physical Acoustics Co., Ltd (Princeton, NJ, USA)
was used for the AE signal acquisition. The frequency of the AE sensor was 140 kHz and
the noise threshold was set to 45 dB.

Table 3. Mechanical parameters and number of RCF samples.

CPB Height (h/H) Ratio 0.2 0.3 0.4 0.5 0.6 0.7

Sample No. RCF2 RCF3 RCF4 RCF5 RCF6 RCF7

RCF samples models

      

(UCS (MPa) 18.42 13.54 10.69 10.35 10.28 10.18
EM (GPa) 3.15 2.74 2.44 2.16 1.96 1.79

Peak strain (%) 0.695 0.567 0.514 0.510 0.542 0.595

3. Results and Analysis

3.1. Mechanical Properties of RCF Materials

The mechanical properties of the RCF layered composite materials are related to the
safety and stability of the goaf roof. As can be seen from Table 1, the uniaxial compressive
strength ((UCS) and elastic modulus (ER) of the floor rock were the largest, followed by
those of the roof rock, and then by those of the (UCS and ER of the cemented paste backfill
(CPB), which were the smallest. As can be seen from Table 2, the (UCS and ER of the RCF
material decreased with the increase in the height (h/H) ratio of the middle CPB and the
(UCS and ER of the RCF material were less than those of the roof rock and floor rock, but
greater than those of the CPB.

3.1.1. Uniaxial Compressive Strength

Figure 4 shows the relationships between the (UCS’ (The normalized value of uniaxial
compressive strength), (UCS ratio, and CPB height (h/H) ratio. As can be seen from
Figure 4a, the (UCS’ of the RCF material decreased with the increase in the CPB height
ratio. When the CPB height ratio increased from 0.2 to 0.7, the (UCS’ of the RCF material
decreased from 1 to 0.41, 0.06, 0.02, 0.01, and 0. With the increase in the CPB height ratio
of the RCF material, the proportion of the CPB’s weak sandwich increased. Under the
action of the load, the overall bearing capacity decreased and the (UCS’ decreased. An
exponential function can be used to characterize the relationship between the (UCS’ of the
RCF material and the CPB height ratio:

(UCS′ = −0.02 + 7.29 × exp[−9.77 × (h/H)] (1)

where (UCS′ is the normalized value of uniaxial compressive strength of the RCF material
and h/H is the CPB height ratio.
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Figure 4. (UCS of RCF material: (a) (UCS and h/H ratio of RCF material; (b) (UCS ratio and h/H ratio.

The (UCS ratios of the roof rock (RR) and floor rock (FR) to the RCF material repre-
sents the (UCS deterioration degree of the RCF material on the RR and FR, respectively.
The (UCS ratio of the RCF material to CPB represents the (UCS strengthening degree of
the RCF material on the CPB. Figure 4b shows that the (UCSRoof–(UCSRCF ratio and the
(UCSFloor–(UCSRCF ratio increased with the increase in the CPB height ratio. When the
CPB height ratio increased from 0.2 to 0.7, the (UCSRoof–(UCSRCF ratio increased from 1.298
to 2.349 and the (UCSFloor–(UCSRCF ratio increased from 2.226 to 4.028. In addition, the
(UCSRCF–(UCSCPB ratio decreased with the increase in the CPB height ratio. When the CPB
height ratio increased from 0.2 to 0.7, the (UCSRCF–(UCSCPB ratio decreased from 2.541 to
1.404. When the CPB height ratio was greater than 0.4, the strength of the RCF material
approached the strength of the CPB, the change rate of the RCF material’s strength de-
creased, and the influence of the CPB height ratio on the RCF material’s strength decreased
significantly. This is because the height of the CPB layer began to be greater than that of the
roof rock or floor rock layers when the CPB height ratio was greater than 0.4. the CPB, as
the weak structure, began to be the main part of the RCF material and the failure of the CPB
layer can be seen to be the decisive factor for the failure of the RCF structure. Therefore, the
change of the RCF material’s strength decreased significantly and was close to zero when
the CPB height ratio was greater than 0.4.

3.1.2. Elastic Modulus

Figure 5 shows the relationship between the ER’(The normalized value of elastic
modulus), ER ratio of the RCF material, and the CPB height ratio. As can be seen from
Figure 5a, the ER

′ of the RCF material decreased with the increase in the CPB height ratio.
When the CPB height ratio increased from 0.2 to 0.7, the ER

′ of the RCF material decreased
from 1 to 0. With the increase in the CPB height ratio, the proportion of the CPB’s weak
sandwich increased, resulting in a decrease in the overall stiffness of the RCF samples. In
addition, a polynomial function can be used to characterize the relationship between the
ER

′ of the RCF material and the CPB height ratio:

ER
′ = 1.68 − 3.87 × (h/H) + 2.10 × (h/H)2 (2)

where ER
′ is the normalized value of elastic modulus of the RCF material.
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Figure 5. Elastic modulus of RCF material: (a) ER and h/H ratio; (b) ER ratio and h/H ratio.

Similarly, the ER ratio of the RR and FR to the RCF material represents the ER dete-
rioration degree of the RCF material on the RR and FR, respectively. The ER ratio of the
RCF material to the CPB represents the ER strengthening degree of the RCF material on the
CPB. Figure 5b shows the ER ratio. The ERRoof–ERRCF ratio and the ERFloor–ERRCF ratio
increased with the increase in the CPB height ratio and the ERRCF–ERCPB ratio decreased
with the increase in the CPB height ratio. When the CPB height ratio increased from 0.2 to
0.7, the ERRoof–ERRCF ratio and the ERFloor–ERRCF ratio increased from 1.311 to 2.307 and
1.790 to 3.151, and the ERRCF–ERCPB ratio decreased from 1.909 to 1.085.

3.1.3. Peak Strain

Figure 6 shows the relationship between the peak strain of the RCF material (the strain
at its peak stress point) and the CPB height ratio. The peak strain of the RCF material first
decreased and then increased with the increase in the CPB height ratio. When the CPB
height ratio increased from 0.2 to 0.5, the peak strain of the RCF material decreased from
0.695% to 0.510%. When the CPB height ratio increased from 0.5 to 0.7, the peak strain
of the RCF material began to increase from 0.510% to 0.577%. The peak strain of the RCF
material reached its maximum value of 0.695% when the CPB height ratio was 0.2 and its
minimum value of 0.510% when the CPB height ratio was 0.5. When the CPB height ratio
was in the range of 0.2–0.5, with the increase in the CPB height ratio, the proportion of the
rock layer (i.e., the roof rock and floor rock layers) decreased, the proportion of the CPB
layer increased, and the decrease in the strength of the RCF material was greater than that
of the elastic modulus. Therefore, the peak strain of the RCF material decreased gradually
at this stage. When the CPB height ratio was greater than 0.5, the CPB layer became the
main part of the RCF material and the influence of the rock layer on the RCF material was
much less than that of the CPB layer. At this time, the decrease in the elastic modulus
was the main change in the RCF material and the change in its strength was very small
(Section 3.1.1). Therefore, with the increase in the proportion of the CPB layer, the peak
strain of the RCF material began to increase.

160



Minerals 2022, 12, 419

Figure 6. Peak strain and CPB height ratio of RCF material.

3.2. AE Ring Count Characteristic of RCF Materials

The stress-AE ring count characteristics of RCF materials with different CPB height
ratios are shown in Figure 7. As can be seen from Figure 7, the change law of the AE ring
counts of the different RCF samples is basically similar. At the initial stage of loading, the
stress was small, the primary cracks in the RCF sample were closed, no new cracks were
generated, and the AE ring count was small. With the increase in the load, the internal
stress of the RCF sample increased, the primary crack began to expand, new cracks began
to sprout, and the AE ring count increased slowly. With the continued increase in the load,
the internal stress of the RCF sample gradually exceeded its yield limit, the sample showed
yield failure, the cracks began to expand rapidly, the AE ring count increased rapidly, and
the AE accumulation curve rose rapidly. When the load exceeded the ultimate load of the
RCF sample, macro cracks began to appear, the number of the AE ring count continued to
increase, and the AE ring count accumulation curve increased almost linearly. With the
further application of the load, the RCF sample became unstable and damaged, but there
was still a small AE ring count due to the cohesion and friction in the sample.

Furthermore, Figure 7a,b show that there were multiple peaks in the AE ring count
curves of the RCF material, indicating that there were stress concentration phenomena in
the RCF sample, resulting in a sudden increase in the cracks in the sample, and the stress
and AE ring count accumulation curves show a steep upward trend. It can be seen from
Figure 7c–f that the AE ring count curve of the RCF material continued to rise without
multiple peaks and the stress and AE ring count accumulation curves showed a smooth
upward trend.

Figure 8 shows the relationship between the AE cumulative ring count of the RCF
material at its peak stress point and the CPB height ratio. The AE cumulative ring count
decreased with the increase in the CPB height ratio. When the CPB height ratio increased
from 0.2 to 0.7, the AE cumulative ring count of the RCF material at the peak stress point
decreased from 925 to 735. When the CPB height ratio increased, the overall strength of the
RCF material decreased, the internal released energy decreased, and the AE cumulative
ring count decreased.
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Figure 7. Stress-AE ring count–AE cumulative ring count curves: (a–f): RCF2–RCF7.

Figure 8. AE cumulative ring count of RCF material at peak point.
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3.3. Energy Dissipation Mechanism of RCF Materials

The deformation and failure of the RCF samples is a process of continuous energy
exchange with the external environment. During the loading process, the RCF sample
continuously absorbs energy and converts that energy into releasable elastic energy and
dissipated energy. When the energy that is absorbed by the RCF sample exceeds its energy
storage limit, part of the releasable elastic energy will be released, resulting in the overall
failure of the RCF sample. According to energy conservation [35,50]:

UT = UE + UD (3)

where UT is the total energy that is absorbed by the sample, UE is the releasable elastic
properties that are stored in the sample, and UD is the dissipated energy of the sample.

Figure 9 shows the internal energy evolution process of the RCF sample. In the initial
stage, the RCF sample absorbs the energy and converts it into releasable elastic energy,
which is stored in the sample. In the middle stage, the releasable elastic energy that is stored
in the RCF sample exceeds its elastic limit and part of that absorbed energy is converted
into dissipated energy and released to the outside world. In the later stage, the energy that
is stored inside the RCF sample exceeds its energy storage limit, resulting in the failure of
the sample and the energy that is stored in the sample is quickly released to the outside.
The energy balance equation of the RCF sample under uniaxial compression is [50–52]:

UT =
∫ ε

0
σdε (4)

UE =
σ2

2ER
(5)

where ER is the elastic modulus of the RCF sample.

Figure 9. RCF sample energy evolution process.

According to Equations (4) and (5), the evolution curves of the UT, UE, and UD can
be calculated combined with the stress-strain curve of the RCF sample and the results of
these calculations are shown in Figure 10. In the initial stage, all of the energy that was
absorbed by the sample was converted into releasable elastic energy, all of the deformation
of the sample was elastic deformation, and there was no damage inside the sample, so the
dissipated energy at this stage was almost zero. In the middle stage, the load gradually
exceeded the yield limit of the sample, the damage began to occur in the sample, and
the dissipated energy began to increase. In the later stage, the damage to the sample
accumulated rapidly, the releasable elastic energy began to decrease and the dissipated
energy increased rapidly.
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Figure 10. Energy evolution of different RCF samples: (a–f): RCF2–RCF7.

Figure 11 shows the three energies evolution curves with strain. Figure 11a shows that
the evolution of the total energy UT that was absorbed by the different RCF samples was
basically similar, increasing slowly at first and then rapidly. In addition, the greater the CPB
height ratio, the slower the cumulative speed of the UT, and the smaller the UT. Figure 11b
shows that the storage process of the UE of the different RCF samples was also basically
similar. In the initial stage, the sample was compacted and the UE accumulated slowly. In
the middle stage, elastic deformation occurred, the UE accumulated rapidly, and the elastic
energy curve rose almost linearly. In the later stage, the load exceeded the bearing limit
of the sample, resulting in the failure of the sample, the sample’s release of energy to the
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outside, and a rapid decrease in the elastic energy. Figure 11c shows that, in the initial stage,
there was no damage inside the sample and the UD was almost zero. In the middle stage,
the damage to the sample gradually accumulated and the UD began to increase slowly.
In the later stage, the damage accumulated rapidly and the UD increased rapidly. The
dissipated energy curves of the different RCF samples are not very distinguishable.

Figure 11. Different types energy evolution of RCF samples: (a) UT; (b) UE; (c) UD.

Figure 12 shows the variation of the three energies at the peak point of the RCF samples
with their CPB height ratio. Figure 12a shows that the UT, UE, and UD at the peak point
decreased with the increase in the CPB height ratio. When the CPB height ratio was 0.2, the
UT, UE, and UD were 70.07 KJ/m3, 53.84 KJ/m3, and 16.23 KJ/m3, respectively. When the
CPB height ratio increased to 0.3, the three energies decreased to 41.80 KJ/m3, 33.47 KJ/m3,
and 8.33 KJ/m3, respectively. When the CPB height ratio increased to 0.7, the three energies
decreased to 31.57 KJ/m3, 30.09 KJ/m3, and 1.48 KJ/m3, respectively. With the increase
in the CPB height ratio, the proportion of CPB in the RCF samples increased. However,
the energy storage capacity of the CPB was smaller than that of the rock. Therefore, the
three energies gradually decreased with the increase in the CPB height ratio. Figure 12b
shows the relationship between the energy ratio and the PCB height ratio. Overall, with the
increase in the CPB height ratio, the ratio of the elastic energy to the total energy (UE–UT)
increased, the ratio of the dissipated energy to the total energy (UD–UT) decreased, and the
ratio of the elastic energy to the dissipated energy (UE–UD) increased. When the CPB height
ratio was 0.2, the UE–UT, the UD–UT, and the UE–UD were 0.77, 0.23, and 3.32, respectively.
When the CPB height ratio increased to 0.7, the UE–UT and the UE–UD increased to 0.90
and 9.43, respectively, and the UD–UT decreased to 0.10.

Figure 12. Energy dissipation and energy dissipation ratio of RCF sample at peak point: (a) energy
dissipation; (b) energy dissipation ratio.
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3.4. Damage Constitutive Model of RCF Materials
3.4.1. Model Construction

In order to study the damage evolution mechanism of RCF composite materials during
uniaxial compression, the damage model that is based on AE ring count [53,54] shows that:
assuming that the section area A is destroyed, the cumulative AE ring count of the RCF
composite material is N. Then, when the damaged area of the section reaches Ad, the AE
cumulative ring count is:

Nf =
Ad
A

N (6)

It can be considered that the damage variable DA in RCF combination materials is:

DA = (1 − σr

σp
)

Nf

N
(7)

where DA is the damage variable of the RCF material based on the AE ring count, σr is the
residual stress of the RCF material, σp is the peak stress of the RCF material, Nf is the AE
cumulative ring count, and N is the total AE ring count.

Then, the damage constitutive model of RCF composite materials, based on the AE
ring count, can be expressed as:

σ = Eε(1 − DA) = Eε[1 − (1 − σr

σp
)

Nf

N
] (8)

In addition, according to the research of Ma et al. [50,54], the damage variable of RCF
composite materials can be characterized by the energy dissipation relationship:

DE = (1 − σr

σp
)× UD

UDmax
× (1 +

UDp

UTp
) (9)

where DE is the damage variable of the RCF material based on the energy dissipation, UD
is the dissipation energy, UDmax is the cumulative dissipated energy, UDp is dissipation
energy at the peak point, and UTp is total energy that is input into the RCF material at the
peak point.

The damage constitutive model of RCF material, based on the energy dissipation
under uniaxial compressive:

σ = (1 − DE)Eε =

[
1 − (1 − σr

σp
)× UD

UDmax
× (1 +

UDp

UTp
)

]
Eε (10)

3.4.2. Model Verification

Based on the findings of other scholars [50,53–55], this paper constructs two damage
constitutive models of RCF material under uniaxial compression, based on acoustic emis-
sion and energy dissipation; however, the rationality and reliability of these models still
need to be fully verified. Figure 13 shows the comparison results between the two model
curves that were constructed in this paper and the test curve.

The damage constitutive models that are based on acoustic emission and energy
dissipation highly coincide with the test curve, indicating that the two damage constitu-
tive models that were constructed in this paper are applicable and can provide reliable
theoretical support for subsequent damage evolution analysis.
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Figure 13. Damage constitutive model curves and tests curves: (a–f): RCF2-RCF7.

3.4.3. Damage Evolution

According to the established damage evolution Equations (8) and (10), the damage
evolution curve of RCF materials can be calculated, and the results of these calculations
are shown in Figure 14. The damage evolution law that is based on acoustic emission
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and energy dissipation is basically the same. In the whole loading process, the damage
evolution process of RCF materials can be divided into three stages:

(1) Stage 1: At this stage, the original pore structure in the RCF sample had been com-
pacted and the layered structural plane had been closed. The original pores in the
sample began to expand, while new microcracks gradually formed, the sample’s
damage began to accumulate slowly, and the damage curve began to grow slowly.
The damage evolution curve of RCF material has an obvious correlation with the CPB
height ratio. It can be seen from the figure that the smaller the CPB height ratio, the
faster the damage evolution rate. In the initial compression stage, the sample with a
larger CPB height ratio could bear greater deformation, but it was not easy to damage.
On the contrary, a smaller CPB height ratio allowed the deformation to reach the
upper limit quickly and damage occurred in this case first.

(2) Stage 2: This stage is the stage of damage-stable evolution. Under the load, the internal
primary pores and new cracks developed steadily, and the damage accumulated stably.
At this time, it could be inferred that the damage accumulation of the central CPB was
close to its upper limit, the rocks at both ends were compressed, and a small number
of fractures expanded in the rocks at both ends. The CPB height ratio had little effect
on the damage evolution process and the damage evolution curves of the different
RCF samples had no obvious difference.

(3) Stage 3: This stage is the stage of rapid damage accumulation. As the load that was
on the RCF material gradually exceeded its peak load, the overall stable structure of
the RCF sample had been destroyed, the internal crack and pore structure expanded
rapidly and formed macro cracks, and the internal damage to the sample accumulated
rapidly. At this stage, there was no significant difference in the damage evolution
curves of the different RCF samples.

Figure 14. Cont.
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Figure 14. Damage evolution characteristics: (a) Damage variable DA; (b) Damage variable DE.

4. Discussion

According to the analyses in Section 3.1, the CPB height ratio in the RCF layered
composite material has an important impact on its mechanical properties. When the
proportion of the CPB height increases, the (UCS and elastic modulus of the RCF material
continues to decrease, while the peak strain of the RCF material first decreases and then
increases. These results are shown in Figure 15.

Figure 15. Composite diagram of CPB height ratio, (UCS’, ER’, and peak strain.

In analyzing the deep-seated reasons for these results, it was found that the increase in
the CPB height is equivalent to increasing the proportion of the weak medium material in
RCF composite material. Under a load, the greater the proportion of weak medium material,
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the greater the probability of damage. Furthermore, the more damage that is present in
a weak medium and the easier the damage in that weak medium evolves into a strong
medium, the greater the likelihood of the overall failure of the RCF layered composite
material. Therefore, the strength of the RCF material in question is lesser.

In addition, as discovered through the analyses in Section 3.1.2, the stiffness of the CPB
material was found to be much less than that of the rock material. When the two media are
non-uniformly combined, the stiffness of the weak medium material determines the lower
limit of the stiffness of the RCF layered composite material, while the stiffness of the strong
medium material determines the upper limit of the stiffness of the RCF material. Obviously,
when the proportion of the weak medium is larger, the lower limit of the stiffness of the
RCF material is smaller. On the contrary, when the proportion of the weak medium is
smaller, that is, the proportion of strong medium is larger, the upper limit of the stiffness of
the RCF composite material is larger.

However, there are some differences between the peak strain of an RCF material
and its (UCS and elastic modulus. As we all know, the deformation of CPB material is
greater than that of rock material. When the proportion of the CPB material increases,
the overall deformation capacity of the RCF material increases and its peak strain also
increases. When the proportion of the CPB material exceeds a certain degree, although
the overall deformation capacity of the RCF material is improved its overall strength is
also significantly reduced. Under the action of a load, the deformation of the central CPB
material is far from reaching its peak deformation and the RCF material reaches its peak
strength, resulting in a decreasing trend in the peak strain of the RCF material.

Combined with the analyses in Sections 3.1.1 and 3.1.2. The (UCS’ and ER’ of RCF
layered composite materials have a common variation law, both of which decrease with the
increase in the proportion of a weak medium, and there is a certain internal relationship
between the strength and stiffness characteristics of the material itself. In order to deeply
analyze the internal correlation mechanism between (UCS’ and ER’, the two are discussed
together. The results are shown in Figure 16.

Figure 16. Relationship between (UCS’ and ER’ of RCF materials.

It can be seen from Figure 16a that the (UCS’ and ER’ of the RCF materials have the
same change law and both decrease with the increase in the CPB height ratio (RCF2–RCF7).
It can be seen from Figure 16b that the (UCS’ of the RCF material increased with the increase
in ER’. When the ER’ of the RCF materials was 0, the (UCS’ of the RCF material was 0;

170



Minerals 2022, 12, 419

when the ER’ increased to 0.13, 0.27, 0.48, 0.70, and 1.0, the (UCS’ increased to 0.01, 0.02,
0.06, 0.41, and 1.0, respectively. Three functions were used to fit the relationship between
(UCS’ and ER’ of the RCF material. The results show that the polynomial function can
better characterize the functional relationship between them:

(UCS′ = 0.03 − 0.54 × (ER
′) + 1.51 × (ER

′)2 (11)

Under the action of a load, the material continuously absorbs energy from the outside
and stores it. When the absorbed energy exceeds the energy storage limit of the material,
the material will be damaged and release energy to the outside; the process of releasing
energy usually produces acoustic emission signals. Therefore, there is a close relationship
between the energy dissipation, damage evolution, and acoustic emission of materials.
Figure 17 shows the stress–damage–AE–energy dissipation composite diagram of the RCF4
and RCF5 samples.

Figure 17. The stress–damage–AE–energy dissipation composite diagram: (a) RCF4 sample;
(b) RCF5 sample.
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Taking the RCF4 sample (Figure 17a) as an example, in the initial loading stage (in
which the strain increases from 0 to 0.2%), the internal primary pores of the sample were
compacted and the layered structural plane was closed. Although the sample continuously
absorbed the energy (the UE increased from 0 to 4.98 KJ/m3), the sample did not produce
damage at this stage (D = 0); however, sporadic AE signals were generated during the
compaction of the internal primary pores. When the load was continuously applied, the
RCF4 sample entered the linear elastic stage (as the strain increased from 0.2% to 0.4%), the
elastic energy continued to accumulate (the UE increased from 4.98 to 19.6 KJ/m3), but the
dissipated energy did not increase, the sample was not damaged, and a small amount of
AE signals were still being monitored (the cumulative ring count was 314). Subsequently,
the energy that was accumulated in the RCF4 sample gradually reached its energy storage
limit. The RCF4 sample went through the yield stage (in which the strain increased from
0.4% to 0.5%). At this time, the RCF4 sample began to dissipate energy (the UD increased
from 0 to 6.7 KJ/m3) and the internal damage began to accumulate slowly (the damage
value D increased from 0 to 0.13). At the same time, a large number of AE signals were
monitored (the cumulative ring count reached 860). Finally, the RCF4 sample entered
the post-peak stage, the elastic energy inside the sample began to decrease gradually, the
dissipated energy increased rapidly, and the sample entered the stage of rapid damage
accumulation. At the same time, the sample began to release a large number of AE signals
to the outside world.

5. Conclusions

In this paper, the mechanical properties, AE ring count characteristics, and energy
dissipation mechanism of RCF layered composite materials were studied by uniaxial
compression AE tests. Based on the AE ring counts and energy dissipation, two damage
constitutive models of RCF materials have been established and the damage evolution of
RCF materials was deeply analyzed. The main conclusions are as follows:

(1) The (UCS and ER of the RCF samples were lower than those of the RR and FR,
but higher than those of the CPB. With the increase in the CPB height ratio, the
(UCS and ER of the RCF samples showed a decreasing trend. The CPB height ratio
had an exponential function relationship with the (UCS and a polynomial function
relationship with ER. The (UCS increased as a polynomial function with the increase
in the ER.

(2) The change law of the AE ring counts of the different RCF samples was basically
similar. The AE ring count first grew slowly, then increased rapidly, and finally
maintained a high-speed increase. The AE cumulative ring count at the peak point of
the RCF sample decrease with the increase in the CPB height ratio.

(3) At first, the elastic energy UE of the RCF sample began to accumulate slowly, then the
dissipated energy UD began to increase. Finally, the UE began to decrease and the UD
increased almost linearly. The UT, UE, and UD at the peak point showed a decreasing
trend with the increase in the CPB height ratio. With the increase in the CPB height
ratio, the UE–UT ratio and the UD–UT ratio decreased and the UE–UD ratio increased.

(4) Two damage constitutive models were established based on the AE ring counts and
energy principle. The verification results show that the model that was constructed in
this paper is reasonable and reliable. The damage evolution process of RCF materials
can be divided into three stages: the slow damage accumulation stage, stable damage
growth stage, and rapid damage accumulation stage.

(5) The AE ring counts and energy dissipation are closely related to internal damage
evolution. First, the AE ring count accumulated slowly, the UE increased slowly, and
there was almost no damage evolution. Subsequently, the AE ring count accumulated
rapidly, UD increased slowly, and damage slowly evolved. Finally, the AE ring count
maintained high-speed accumulation, UE began to decrease, UD increased rapidly,
and damage rapidly evolved.
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Abstract: China is the largest producer of the metal magnesium, which is the third largest metal
after steel and aluminum, and magnesium slag (MS) discharged from magnesium production cannot
be treated effectively at present. Large amounts of MS occupy the land, making the land salinized
and polluting the groundwater, which will threaten the sustainable development of the inland
areas of China. To realize the large-scale utilization of MS, this paper reviews the research on the
comprehensive utilization of MS and proposes using MS to prepare backfill materials. Firstly, the
source and physical and chemical properties of MS are introduced, and the hazards caused by MS
are also pointed out. Then, the several utilization methods of MS are summarized, such as cement
admixture, chemically activated cementitious materials, clinker sintering, etc. Thirdly, the effect of
MS on the properties of cementitious materials and concrete is summarized, including condensation
time, workability, mechanical properties, durability, etc. Finally, based on the cemented backfill
mining method, MS replaces Portland cement and blast furnace slag (BFS) to prepare cementitious
materials. The mechanical properties and fluidity of backfilling slurry composed of MS, gypsum,
BFS, and tailings can meet the requirements of backfilling mining.

Keywords: magnesium slag; resource utilization; physicochemical properties; backfilling mining;
magnesium slag-based cementitious materials

1. Introduction

Magnesium is the third most common metal after steel and aluminum. China is
the largest producer of magnesium in the world, producing about 823,000 tons of metal
magnesium in 2021, accounting for more than 85% of the global output. The Pidgeon
process is the main method to produce magnesium in China [1]. However, MS is produced
at a rate of 6~8 tons per ton of metallic magnesium. As a result, millions of tons of MS are
produced in China every year, which cannot be effectively treated and is mainly stored and
buried. Most of the magnesium smelting enterprises in China are positioned in the middle
and upper reaches of the Yellow River. The arid climate in this inland area has resulted in a
fragile ecological balance, and the threshold and resistance of the ecosystem are low. Large
amounts of MS occupy land, make the land salinized, and pollute the groundwater. Those
environmental issues have been threatening the sustainable development of the inland
areas. In addition, the northwest district is the most centralized area for mineral resources
in China, and large-scale mining action also destroys the local ecological balance.

This paper reviewed the research achievements on resource utilization of MS and
pointed out the existing problems. Based on the cemented backfilling mining method, this
paper outlines an approach to achieving large-scale utilization of MS. MS replaced the
Portland cement and BFS to cement the solid waste, such as waste rock and tailings, and
then the mixture stirred in the filling station on the surface was transported to the stope
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through the pipeline. The backfilling body can maintain the stability of the stope and avoid
the environmental issues caused by the mining process.

2. Sources and Physicochemical Properties of MS

2.1. Main Sources

The Pidgeon process is the main method to produce magnesium in China, as shown
in Figure 1. Dolomite, as raw material, is calcined in the rotary furnace, the product is
mixed with reducing agent silicon iron powder and catalyst fluorite, then ground and
pressed into pellets, and the pellets are put into the reduction furnace. Under the condition
of temperature 1200 ◦C and internal pressure of at least 13.3 Pa, magnesium appears in
the form of steam, passes through the condenser, forms crystals, and is finally refined by
solvent to produce magnesium [2]. The remaining material in the reduction furnace is
the MS.

Figure 1. Flow chart of magnesium smelting by Pidgeon process.

MS is derived from the preparation process of magnesium metal, and the main chemi-
cal components of dolomite are MgO, SiO2, Al2O3, Fe2O3, CaO, etc. Combined with the
above analysis, the following chemical reaction occurred in the Pidgeon process:

MgCO3 + CaCO3 → CaO + MgO + 2CO2 (1)

CaO·MgO + Si(Fe) → Ca2SiO4 + Mg + Fe (2)

The briquettes, which discharged from the retorts after the MgO reduction, contain
the following two solid products: dicalcium silicate and Fe(s). During the cooling process
of MS, Ca2SiO4, as the main product within the pellet, will undergo several phase changes.
The change from β-phase to γ-phase, which occurs mainly between 400 and 500 ◦C. This
change will occur in volume expansion, with an expansion rate of about 12% [3–7], and the
solid pellet will disintegrate after expansion, producing MS particles [6,7].

2.2. Physical Property

MS is a gray substance, similar in color to cement, odorless, with a particle size between
0 and 10 mm, and slightly sticky to the touch. After experimental analysis, it was learned
that [8], using the MS from a large magnesium smelting enterprise in Shanxi, the loose
density was measured to be 1.15 g/cm3, and the average true density was 2.89 g/cm3. The
magnesium residue is sieved, and the particle size distribution is shown in Figure 2 [9–12].
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Figure 2. Particle size distribution of MS [9–12].

2.3. Chemical Composition

A total of 20 MS samples were collected from four plants producing metallic magne-
sium in Shanxi Province [13]. The main chemical components in MS are CaO, SiO2, MgO,
Al2O3, and Fe2O3. Djokic et al. [14] investigated the chemical compositions of twenty slag
samples from the deposit of the Mg-Serbian Company. Han et al. measured the content
ratio of CaO to SiO2, i.e., the basicity, for the slag it is 1.58.

The quality evaluation parameters such as the alkalinity coefficient M0, the quality
coefficient K, and the activity index Ma of MS were calculated according to the results of
the chemical composition of MS, and the results were obtained in Table 1.

Table 1. Activity evaluation index of MS based on chemical component.

Source M0 K Ma

Li, Y. et al. [13] 2.143 2.310 0.055
Djokic et al. [14] 1.667 2.997 0.499

Han, F.L. et al. [15] 1.773 1.795 0.023
Tengxiang Magnesium Products Co.,
Ltd., Hami City, Xinjiang Province,

China
2.02 2.098 0.027

Among them, the alkalinity coefficients were all greater than 1.0, which means those
MS all belong to alkaline slag powder. It was seen that those MS were classified as medium-
quality slag powder as the quality coefficients were all greater than 1.6, and the MS has
the potential to be prepared cementitious material. Although the activity indexes were all
poor, the content of CaO, one of the main active ingredients, is high, 52.57%, 52.22%, and
42.35%, respectively, so it has potential activity and also can be used as an alkali-activator
for cementitious material development.

The XRD pattern of the MS samples is shown in Figure 3. It is seen that γ-Ca2SiO4
(γ-C2S) is the main phase that causes the decomposition of MS, in which f -MgO is the
secondary phase, and β-Ca2SiO4 (β-C2S) is a trace phase, which indicates that a small
amount of β-C2S can occur in the cooling slag particles.
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Figure 3. XRD pattern of MS.

The equilibrium phase distribution during the cooling process was obtained with
the thermodynamic calculation using FactSage 6.2 [15]. At higher temperature condi-
tions, Ca2SiO4(s2), such as α’-Ca2SiO4 polycrystalline, may only be 29% at 1000–1300 ◦C.
MgOCa3O3SiO4(s) as the main phase, such as merwinite formed by MgO, CaO, and SiO2,
has a content of 47% at 650–1300 ◦C, but it will decompose in large quantities at around
500 ◦C, becoming the second phase in amount when the temperature is close to the room
temperature phase, where the content is 17.5%. Therefore, Ca2SiO4(s), such as γ-Ca2SiO4
polycrystalline, will become the dominant phase when the temperature is close to room
temperature, with a content of 56%. Any other slag with a similar content of γ-Ca2SiO4
will disintegrate into fine powder or dust.

2.4. Activity Excitation and Hydration Properties

MS has a chemical composition similar to cement, BFS, and other cementitious materi-
als that contain γ-C2S or β-C2S and other mineral compositions with hydration properties;
that is, MS has potential activity. Studies have found that [16–18], MS has certain gelling
properties; the f -CaO and f -MgO in MS hydrate in the first. However, because the con-
tent of the early hydration mineral C3S is lower, and the reaction rate of β-C2S, the main
gelling mineral in MS, is lower than that of C3S, the weak hydration capacity of MS in the
early-stage results in the low strength of cementitious materials.

2.5. Carbonization

MS contains a large amount of CaO and MgO, and calcium-containing components
are mainly calcium silicate, lime, and silicate. Through CO2 activation, Ca2+ and Mg2+

leach from Ca- and Mg-containing minerals can react with CO3
2− and form calcium

carbonate or magnesium carbonate, respectively. This dissolution-precipitation process is
the carbonation of MS. After carbonation, part of the calcium carbonate is converted into
calcite and sphalerite [19].
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3. Hazards of MS

Magnesium production via the Pidgeon process is energy- and natural resource-
intensive. There are several studies of environmental issues relating to magnesium pro-
duction, including emissions of air pollutants and global warming impacts [20,21]. The
global warming impact of magnesium production in China has been estimated near to
42 kg CO2 eq/kg Mg ingot [21].

MS with fine particles is difficult to settle in the air and easy to cause dust pollution in
the natural environment; long-term inhalation will lead to respiratory diseases. In addition,
MS is the industrial solid waste from the smelting of metal magnesium; most of it will be
directly dumped into the wasteland or landfill storage [22]. The harmful elements and
heavy metal elements in the MS will penetrate the soil with surface precipitation, resulting
in water pollution.

3.1. Harmful Components

During the smelting of magnesium metal, some harmful elements will remain in
the MS and be enriched in the MS, such as arsenic (As), chromium (Cr), cadmium (Cd),
mercury (Hg), copper (Cu), nickel (Ni), fluorooctane (F), and chlorine (Cl) [23].

The data on pollutants in MS in some regions of China were carried out by Wang et al. [23].
All the contents of F, Cd, Hg, Ni, Cu, and Cr in MS exceeded the values of China’s soil
environmental background and exceeded 18, 7, 6, 5, 4, and 2 times, respectively.

The hazardous substances contained in the MS are a threat to the safety of the water
environment, and Wang et al. [23] determined the leachable concentrations of some heavy
metals in the MS, including Hg, Cu, and Cr, whose extraction solutions exceeded the limit
values (Class V) of the Groundwater Quality Standard (GB/T 14848-2017 2017), where
the leachable concentration of F exceeded the limit values (Class IV–V). It shows that MS
and MS-based fertilizers contain a variety of pollutant elements, which can leach into the
ground by rainwater and surface water, thus posing a potential safety threat to soil quality
and the water environment.

3.2. Dust Pollution

Studies have found that under stable weather conditions, MS dust particles will
disperse around the reservoir for 1400–2000 m, and with climate change, their impact range
will become wider [14].

MS is dust, accounting for about 60% of dust particles with a diameter of <150 μm.
Because MS has a difficulty of settling out of the air, MS easily generates dust pollution in
the natural environment and causes human respiratory diseases [23].

By adding an optimizing agent, one can effectively stabilize β-C2S in MS and stop
its transformation into γ-C2S in the cooling process. Wu et al. [24] used several chemical
stabilizers to treat the dusting MS at 1200 ◦C, including borates, phosphates, and rare earth
oxides, and obtained volume-stable slag aggregates that were beneficial for environmental
protection and recycling of the MS. After being taken out of the furnace, the sample of slag
without stabilizers disintegrated immediately. The samples with stabilizer showed no dust
at all, even after several months of removal. It was shown in X-ray diffraction patterns that
the γ-C2S is a major phase in the original MS sample, but its peaks are rather weak in the
sample with chemical stabilizers, and the β-C2S becomes a dominant phase. The research
shows that the dusting of MS could be prevented effectively by additions of boric acid,
calcium dihydrogen phosphate, and used cerium rouge [24].

4. Application of MS

As a common industrial solid waste, MS is widely used in cement admixtures, chem-
ically activated cementitious materials, fertilizers, calcined porcelain, inorganic fibers,
desulfurization, etc. in industrial production.
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4.1. Cement Admixture

The poor hydration reactivity and safety risks of MS due to high levels of MgO
inhibit its widespread use in the construction industry. However, MS has similar physical,
chemical, and mineral properties as cement, so MS has potential uses as a mineral admixture
in cement. Peng et al. prepared Portland cement by replacing clinker with two kinds of MS
and investigated the properties of the cement, such as its water requirement for normal
consistency, setting time, and strength. It was found that the addition of MS prolongs
the setting time of cement. The cement meets the requirement of the P.C 42.5R standard
when the additive content of MS ranges from 10% to 30%. While the additive content
increases to 35%–40%, the cement can only reach the P.C 32.5R standard [25]. It was found
that the activity of MS is slightly lower than that of BFS when they are mixed with clinker
and gypsum to prepare composite Portland cement [26]. The flexural and compressive
strengths of cement decrease as the content of MS increase when the content of MS and
BFS fix at 50%. The properties of cement can reach the P.C 42.5 standard when the content
of MS and BFS is 20% and 30%, respectively.

Studies have shown that MS has a greater impact on the physical and mechanical
properties of the concrete, as the MS content increases the fluidity of concrete, and the
fineness of MS also has a slight impact on fluidity and strength. Because MS is not conducive
to the progress of the hydration reaction, the early strength will be affected but beneficial
to the later strength. At the same time, the incorporation of MS optimizes the long-term
performance of concrete, reduces dry shrinkage, improves sulfate, and increases freeze
resistance [27,28]. The optimum content of MS as a mineral admixture in concrete can be
up to 30% [29].

Soil stabilization is one of the methods of soil improvement in geotechnical engineer-
ing, of which cement and lime stabilization are the most commonly used methods in recent
years and can reliably improve and increase soil strength parameters [30–34]. Through
the analysis of the physicochemical characteristics and microstructure of MS, it is known
that the addition of MS in the production process of cement can significantly reduce the
production temperature, not only reduce the use of water, reduce energy consumption in
the production process, shorten the condensation time, and, to a certain extent, make the
cement have higher strength [28,29,35]. Through experimental tests, it was learned that
as the content of MS and cement increased, the soil pH increased, there was a certain im-
provement in soil conditions, soil particles were granulated, and soil compressive strength
increased [36].

The slaked magnesium slag (SMS) can be used as a blend that is suitable for the
production of ordinary Portland cements. Because the MS is slaked, the SMS has no
problem with soundness [28].

4.2. Chemically Activated Cementitious Material

Chemically activated cementitious materials in terms of either alkali-activated or acid-
activated materials are of growing interest owing to their advantages over non-cement
clinker, utilization of industrial wastes, low carbon emission, durable properties, or other
special engineering performance [37,38].

MS containing high contents of CaO and MgO can be activated with CO2 to prepare
a calcium carbonate binder. The compressive strength of the MS paste reached up to
119.5 MPa after 14 d of CO2 curing. This is mainly attributed to the formation of calcium
carbonates, which leads to an enhanced product matrix with a dense microstructure in
terms of reduced pore diameter and total porosity. Carbonation improves the volume
stability of MS pastes [19].

It is known that alkali additions can activate pozzolanic materials to react and obtain
strength. However, the strength of the mixture of MS and little clinker could not meet
the engineering demand due to the lack of active ingredients. BFS was added to the
cementitious system, and several activators were also used to improve the hydration
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degree. The properties of MS cementitious material achieved the standards of composite
cement of 32.5 MPa, and its hydration products are Aft, C-S-H, and Ca(OH)2 [39].

4.3. Clinker Sintering

Most MS contains more than 50% (in mass) CaO, so it can be used as an alternative to
lime-based materials for cement clinker production [40]. MS favorably improves clinker
burnability with the introduction of MgO and CaF2. An appropriate amount of MS shortens
the setting times of the cement and improves the compressive strength of the cement,
allowing more C3S to be produced in the clinker [40]. Heavy metals in clinkers can be
immobilized or stabilized by hydrated matrices.

MS can be used to generate cement clinker, thus replacing part of the limestone,
sand, and gravel at 11% [35]. The use of MS reduced the standard coal consumption and
grinding time by 14% and 5%, respectively, and the results indicate that the use of MS can
significantly improve the combustion properties and grindability and thus reduce energy
consumption. The 28-d compressive strength of MS-based cement reached 58.9 MPa, and
there was a significant increase in early compressive strength, but the setting time was
relatively long, which may be related to the different crystalline states, and the physical
properties of the cement using MS clinker met the requirements of the 52.5 strength class
specified in GB 175-2007. The disposal of the MS via the production of Portland cement
with the substitution of the raw material by MS is also environmentally safe.

The SMS used for the prevention of dust pollution was reactive. As a raw material,
SMS can be used for calcining clinker of good quality [28].

4.4. Fertilizer

MS is rich in a large number of Ca, Mg, and other nutrients, which have a favorable
impact on improving soil fertility and crop quality [41], so the further use of MS as fertilizer
or improver in agriculture can not only effectively treat industrial solid waste but also
achieve the comprehensive utilization of resources.

Related studies have shown that by mixing the MS with K2CO3 and heat treating it at
1300 ◦C for one hour, a novel slow-release potassium fertilizer was synthesized (SPF) [42],
which could minimize fertilizer nutrient loss and Pidgeon magnesium slag (PMS) disposal
problems. The active silicon content of SPF was 2.09 times as much as that of MS.

The silicon–potash fertilizer prepared from MS has great potential for application to
Northern China’s calcareous and nutrient-limited soil [43]. MS contains a large number of
alkaline oxides (CaO and MgO), which would increase the soil pH and improve available K
and Si absorption. The alkaline oxide in MS would react with K2O and form semi-soluble
aggregates during the preparation of Si-K fertilizer. The mobility of K+ was decreased by
incorporating it into the Si-O structure, and the solubility of Si was improved due to the
depolymerization of Si-O tetrahedrons in the preparation of Si-K fertilizer.

MS, an alkaline byproduct during the refining of magnesium and magnesium alloys,
contains some heavy metals (HMs) with a low content. Aiming to prevent soil HMs
pollution in the application of MS-based fertilizer, the potential risk in the soil–plant system
has been evaluated [44]. The results showed that the Cr, Cu, Pb, and Zn contents of two
typical Chinese soil samples met the secondary standards of the Soil Environment Standard
(GB 15618-2009), so the application of MS-based fertilizers to the two Chinese soils does not
pose a risk of contamination to maize plants under current conditions. For more objective
results, long-term field trials are needed to be conducted to verify.

4.5. Calcined Porcelain

With MS as a sintering aid, the sintering temperature of the proppant in the past was
usually between 1300 ◦C and 1600 ◦C, which would produce huge energy consumption
and bring high production costs [45–47]. By sintering MS with solid waste coal gangue
at a sintering temperature below 1300 ◦C to prepare a low-density bauxite-based ceramic
proppant, not only greatly reduced energy consumption but reduced production costs at the
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same time. The studies showed that [48,49], at high temperatures in the sintering process,
the MS reacts with the oxides in the raw material to form a liquid phase. Combining
with the XRD patterns and SEM images, the main component of the proppant is granular
corundum (Al2O3) and rod-shaped mullite (Al6Si2O13). When the temperature increases,
the intensity of the mullite diffraction peak increases significantly, and the corundum
diffraction peak decreases significantly, which, due to the fact that the formation of the
glass phase at high temperature provides favorable conditions for the good growth of the
mullite’s shaped nucleus and crystal nuclei, the proppant prepared by MS and gangue can
form a fully glazed surface and a more compact structure at lower sintering temperatures.

4.6. Inorganic Fiber

At present, the market demand for thermal insulation materials is huge, and in order to
effectively recycle a large amount of industrial solid waste, the preparation of slag mineral
wool products has become an effective choice. However, as a short fiber, mineral wool
cannot perform all the functions of fibrous material such as continuous basalt fibers. It is
certainly the best choice that the continuous fibers are produced entirely from industrial
solid wastes, both from the perspective of cost and resource utilization. Two inorganic
continuous fibers were successfully produced by fly ash and MS with or without feldspar
added, through melting at high temperature, following spinning into continuous fibers [50].
Their compressive strengths show a trend of first rising and then falling, with better
thermal stability, and arrive up to 903 MPa and 539 MPa at room temperature, respectively.
Two fibers also have excellent thermal resistance and stability.

It is known that any inorganic solid waste can be melted at high enough temperatures,
but the preparation of the slag wool fibers needs to consider the cost and raw material source
factors. One advantage of slag continuous fibers is the ability to artificial match various
local slags and manage solid waste resources. It should be noted that the preparation of
slag fiber must be considered to avoid secondary pollution.

4.7. Desulfurization

In MS, Ca exists not only in the form of CaO, but also in the mineral form of γ-C2S
or β-C2S, and it also contains a small amount of MgO. All this means MS may be used in
the desulfurization process of coal-fired flue gas. However, the conversion rate of calcium
used to evaluate the desulfurization performance of MS is very low when it is directly used
for desulfurization.

The steam activation and quenching treatment methods are used to modify MS desul-
furization activity, but the current performance is far from enough to meet the needs of
industrial applications [51–53]. Compared with the naturally cooled MS, the particles of
quenched samples are cracked and pulverized. The relatively rough surface made hy-
dration easier by promoting reactant diffusion and dissolution. The degree of hydration
increased with the increase in quenching temperature and hydration temperature. The
calcium conversion rate of MS treated with continuous hydration is 30.3%, and the ones
treated with non-continuous hydration are 13.3%.

(1) Through four modification methods of MS hydration, MS/fly ash hydration, MS
quenching hydration, and MS/additive hydration to improve MSs desulfurization ability,
their desulfurization performance is characterized by the calcium conversion rate. At the
optimal parameters, the performance of the sample composed of quenching MS and fly
ash hydration was the best. On the other hand, the additives such as H2C2Q4 and NaOH
also enhance the MSs desulfurization performance, and the calcium conversion achieved
was 73.7% and 55.54%, respectively.

(2) Based on the modified method of quenching hydration, additives such as NaCl,
CaCl2, Na2SO4, CaSO4 Na2CO3, K2CO3, acetic acid, and adipic acid were researched for
improving quenched MS hydrate desulfurization performance. The 2% Na2SO4-modified
MS obtained the best result, and the calcium conversion rate reached 40.16%.
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To sum up, combining various modification ways and several additives, the desulfur-
ization performance of MS still cannot meet the requirements of industrial applications,
and more relevant research is needed.

5. Effect of MS on the Properties of Cementitious Materials and Concrete

5.1. Condensation Time and Workability

The slump and slump flow of concrete increased as the content of MS increased from
0 to 40%. The improvement in workability was probably due to the filling effect and the
relatively lower reactivity of MS. The MS filled in the voids between cement particles to
displace the water and increase the amount of free water in the mixture. Besides, a lower
content of water would be consumed by the cementitious materials incorporating MS
during the early stages of hydration. All this would result in an increased amount of free
water to improve the fluidity of the concrete containing MS [27].

As the additive amount of MS in the Portland cement increases, the amount of water
needed for cement to retain its normal consistency increases, and both the initial and final
setting times are prolonged. All of those are due to the high fineness of the powder and the
strong water-absorbing properties of MS [54]. The addition of MS reduces the fluidity of
cement without the water reducer, and the fluidity of cement increases with the increasing
content of MS when the content of the water reducer is 2% of the cementitious material
mass [55].

5.2. Mechanical Property

The compressive strength and the flexural strength of the concrete decreased as the
amount of MS increased to 40% at all curing times. It can be known that the MS was
not beneficial for the development of the early strength of concrete, but the MS gradually
participated in the reaction to form calcium silicate hydration gel and improved the later-
age strength [27].

The compressive strength of cement mixed with MS decreased rapidly with the
increasing amount of MS. The negative influence of MS on early-period strength is greater
than on later-period strength [54]. The 28-d and 60-d compressive strengths of cement
paste added 10% MS reached 64.0 MPa and 76.4 MPa and increased by 10.54% and 14.37%
compared with pure cement paste, respectively. It was indicated that MS granules dissolved
and hydrated in the alkaline environment formed by cement hydration, pores between
cement hydration products were filled along with the hydration of MS, which made the
structure of cement paste more compact and obtained a higher compressive strength than
pure cement paste [55].

5.3. Durability

The sulphate resistance properties of concrete can be improved by increasing MS
content. After 150 cycles of sulphate attack, the sulphate-resistant coefficient of the reference
sample (without MS) jumped down to 68%. The coefficient of concrete containing MS
increased as the MS content increased [27]. This is due to the low reactivity of MS and the
comparatively low Al2O3 content of MS. The number of hydration products that can react
with SO4

2− to form expanded products reduced after the MS replaced the cement [56]. In
this case, the internal stress caused by expansion was reduced, and the sulphate resistance
of the concrete was greatly improved.

5.4. Volume Stability

The incorporation of MS can effectively improve the resistance to drying shrinkage
of concrete. The early drying shrinkage of the concrete increased with the increasing MS
content in the early days. This is mainly ascribed that the MS reduced the amount of water
involved in the hydration processing and increased the amount of free water in the mixture.
The free water evaporation promoted the early shrinkage rate of concrete. At later ages,
MS gradually participated in the hydration reaction, and the hydration products filled the
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pores of the hardened concrete. As a result, the drying shrinkage of the concrete at later
ages was significantly reduced by incorporating MS [27].

There are some percent of free CaO and MgO [6,7] that will hydrate in MS; the produc-
tion of hydration can cause long-term volumetric instability for the slag [57,58]. The special
and negative characteristics have made it rather difficult to use MS powder as building
materials or aggregates for road construction [15]. The research shows that, by adding the
borate agent and sintering at 1200 ◦C for several hours, the MS powder will be volume
stable and can be used in building applications to replace valuable natural aggregates.

5.5. Hydration Heat and Degree

The total hydration heat of the blended cement paste decreased with increasing MS
content. The appearance of the peak in the hydration rate curves was delayed by 4 h and
9 h for the blended cement paste containing 10% and 30% MS [27]. The reason was that the
amount of C3A and C3S producing huge amounts of hydration heat at an early age was
reduced with the replacement of MS.

Sun et al. found that the dissolution exothermic peak (the first exothermic peak) was
reduced by the incorporation of MS, but the time of peak had not been affected. The
addition of MS reduced the value of the hydration exothermic peak and delayed the time
of peak, which positively correlated with the content of MS [55]. This study also showed
that the hydration degree of cement added with MS decreased with the increasing of MS
content; adding 10% MS did not inhibit the cement hydration, but the hydration rate and
degree of cement with high content (50%) MS were seriously reduced.

6. Summary and Prospect

6.1. Large-Scale Utilization of MS

The recycling and utilization of MS has achieved great progress in the past years.
However, the utilization amount of MS in practice is so limited that a large-scale utilization
approach is urgent. The most potent way is to use MS to replace the Portland cement in
backfilling mining.

Cemented backfilling mining method is the first option for mineral exploitation due to
the recent stricter environmental protection policy in China. The expensive cost of backfill
mining has put pressure on the state of enterprise operations, and the cost of cement is 70%
of the cost of backfill materials. In addition, the tailings became finer along with the lower
ore grade and the development of mineral processing technology. Portland cement has
poor performance when ultra-fine tailings are used as aggregate, and its content needs to
increase to achieve the same strength. So, it is urgent to exploit new cementitious materials
adapted to the ultrafine tailings.

The properties of backfill materials had huge disparities with civil engineering materi-
als, such as a higher water–cement rate, and lower strength request. Further, the shortage of
cementitious materials prepared with MS cannot be accepted in civil engineering, but those
can be allowed in the backfill mining and the required amounts of backfill materials are
huge as more and more mines adopt the backfilling mining method. It is obvious that using
MS to prepare backfill materials is the best way to realize large-scale utilization of MS.

Liu et al. modified magnesium slag with a chemical stabilizer and obtained a kind of
modified magnesium slag (MMS) with high stability and good activity. Further, MMS and
fly ash were mixed as cementitious materials with the aeolian sand as aggregate, and a new
paste backfill material that has good mechanical properties and fluidity was prepared [59].

This paper utilized existing MS and industrial solid wastes to prepare cementitious
materials for backfilling mining. The properties of cementitious materials composed of MS,
gypsum, and BFS (MSGB) were researched. The MS used in this experiment was taken
from Tengxiang Magnesium Products Co., Ltd., and it was ground to a certain fineness
after drying to obtain higher activity. The particle size distribution of the MS was shown in
Figure 4, the particle size characteristic parameters were listed in Table 2, and the chemical
composition of the MS was listed in Table 1 in the form of three evaluation parameters.
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Figure 4. Particle size distribution of MS used in the experiment.

Table 2. Particle size characteristic parameters of MS.

d10/mm d30/mm d60/mm d90/mm Specific Surface Area m2/kg

3.99 6.11 12.57 24.07 340

The level of MS was set at 25% and 30%; the level of gypsum was set at 4%, 6%, 8%,
10%, 12%, 14%, and 16%; the resting ingredient was BFS. Tailings taken from a mine in
Xinjiang province were used as aggregate; the cement-sand ratio was 1:4, and the solid
concentration was 72%. Portland cement was used as a reference. The strength of all
samples was shown in Table 3.

Table 3. Strength of samples prepared with MSGB.

Number
Content of Cementitious Materials Ingredient/% Strength/MPa

MS GS BFS 7 d 28 d

Y1 25 4 71 1.38 6.08
Y2 25 6 69 1.59 6.07
Y3 25 8 67 1.91 6.37
Y4 25 10 65 2.01 7.14
Y5 25 12 63 2.04 7.34
Y6 25 14 61 1.78 7.09
Y7 25 16 59 1.30 6.92
Z1 30 6 64 1.35 5.09
Z2 30 8 62 2.11 6.73
Z3 30 10 60 2.22 6.75
Z4 30 12 58 2.52 7.01
Z5 30 14 56 1.64 6.87
Z6 30 16 54 2.00 6.74
Z7 30 18 52 1.93 6.15
C1 P.O 42.5 100 1.97 5.29

It was shown in Table 3 that the 28-d strength of most samples prepared with MSGB
was higher than P.O 42.5. The 7-d strength was equivalent to P.O 42.5, as the content of GS
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is 8%, 10%, and 12%. Cement has a fast hydration rate and superior activity, and the sample
can obtain better early strength. However, the abundant early hydration production will
fill the pores of the sample and inhibit the diffusion of the hydration reaction, which is not
conducive to the growth of later strength. In contrast, MSGB has poor activity and a low
hydration rate, and the early strength of the sample is low. However, the hydration process
of MSGB is long, and the late hydration rate can maintain a relevantly high level, which
makes the sample have a higher late strength. Based on the above, it was feasible that MS
blend can replace Portland and be used as cementitious materials in backfilling mining.

XRD is used to analyze the hydration products of MSGB (MS at 30% and gypsum
at 12%) compared with cement, as shown in Figure 5. It can be seen that the hydration
products with a diffraction peak in MSGB were ettringite, gypsum, unhydrated C3S, C2S,
and MgO. The type of hydration products of MSGB is less than cement which hydration
products contain Ca(OH)2 and CaCO3. The XRD patterns of MSGB and cement show
a convex hull between 25 and 35◦, which is the amorphous C-S-H gels. It is shown in
Figure 5 that the diffraction peak of Ca(OH)2 in cement and gypsum in MSGB decreases
with the increasing curing age, which means that the Ca(OH)2 and gypsum were constantly
consumed in the hydration process and formed more hydration products. By that, the
diffraction peak of ettringite in MSGB increased at 28 d curing age.

Figure 5. XRD patterns of MSGB and cement. (a) 7 d. (b) 28 d.

Figures 6 and 7 show the microstructure of the sample prepared with MSGB and
cement under different magnifications at 7 d and 28 d curing ages. It can be seen in
Figure 6a,c that the holes in MSGB are fewer than in cement, and that means MSGB has
a more compact structure. Figure 6b shows that ettringite, which existed in the shape of
a needle and rod interspersed in C-S-H gels, formed a dense network of structures. The
structure of the sample prepared with MSGB was rather dense and hard to find holes in
the surface at 28 d curing age, and the ones with cement still have many holes. It can be
seen that the ettringite in the cement is still slim and short, and there are not enough C-S-H
gels to connect the ettringite and form a compact structure. In contrast, it can be seen in
Figure 7c that the surface of the sample with MSGB is completely covered with C-S-H gels,
and ettringite is wrapped in that. The above can be used to explain at the microlevel why
the strength of the sample with MGSB is higher than the ones with cement.
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Figure 6. SEM images of MSGB and cement at 7 d curing age. (a) MSGB-X1000. (b) MSGB-X9000.
(c) cement-X1000.

Figure 7. SEM images of MSGB and cement at 28 d curing age. (a) MSGB-X1000. (b) MSGB-X9000.
(c) cement-X1000.

Strength and fluidity were the two critical factors to evaluate the performance of
backfill materials. So, the rheological experiment of a slurry prepared with MSGB was
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conducted with an R/S + SST rheometer at different conditions to evaluate its fluidity. The
rheological experiment took the controlled shear rate test method (CSR), and the loading
method was chosen as ramp loading, with the shear rate rising from 0 s−1 to 120 s−1 and
then decreasing from 120 s−1 to 0 s−1, the loading time of 240 s.

The rheological parameters were obtained through regressing test data based on the
Bingham model and shown in Table 4. What can be clearly seen in this table is the decrease
in slurry yield stress along with the decrease in the cement–sand ratio. Table 4 also reveals
that there has been a sharp increase in the viscosity coefficient with the increasing of
solid concentration.

Table 4. Rheological parameters of the slurry prepared with MSGB.

Solid
Concentration/%

Cement-Sand
Ratio

Yield Stress/Pa
Viscosity

Coefficient/Pa·s
Correlation
Coefficient

68

1:4 18.268 0.094 0.946
1:6 15.070 0.107 0.959
1:8 14.881 0.093 0.969
1:10 13.401 0.091 0.946

70

1:4 32.430 0.177 0.966
1:6 25.764 0.150 0.963
1:8 25.681 0.149 0.964
1:10 24.099 0.154 0.964

72

1:4 44.299 0.328 0.995
1:6 43.032 0.327 0.996
1:8 41.429 0.255 0.985
1:10 41.060 0.276 0.989

In practice, pressure drop was widely used to estimate the pipeline transportation
property of backfill slurry, which can be determined through a theoretical formula, L tube
experiment, and pipe loop test. The pressure drop is related to the properties of the slurry
(yield stress, viscosity, bulk density), the flow state, and engineering conditions [60]. The
theoretical calculation is a more convenient and cost-effective method to predict the slurry
pressure drop [61]. Before choosing the appropriate model, the Reynolds number Re shown
in Equation (3) should be calculated to evaluate the flow state of the slurry.

Re =
ρvD

μ
(3)

where μ is the plastic viscosity of the slurry, Pa·s; D is the pipe diameter, m; v is the flow
velocity, m/s; ρ is the bulk density, kg/m3.

It was assumed in this paper that the pipe diameter is 100 mm, the flow velocity
is 1.0 m/s, and all those parameters can be adjusted to match the backfilling technical
conditions of specific mines in a practical application. The calculated Re ranged from
573 to 1960, as shown in Table 5, which means the slurry fell in the laminar flow regime
(Re < 2000), and the Swamee–Aggarwal correlation as shown in Equation (4) was used
to calculate the friction factor. Further, the friction head loss can be calculated by the
Darcy–Weisbach equation and converted to a pressure drop im, and the calculation process
has been introduced in reference [61]. The calculated pressure drop of the slurry is also
shown in Table 5.

f =
64
Re

+
10.67 + 0.1414

(
He
Re

)1.143

[
1 + 0.0149

(
He
Re

)1.16
]

Re

(
He
Re

)
(4)

He =
τρD2

μ2 (5)

where f is the friction factor, τ is the yield stress; He is the Hedstrom number.
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Table 5. Re and pressure drop of the slurry at a pipe diameter of 100 mm, velocity of 1.0 m/s.

Solid
Concentration/%

Cement–Sand
Ratio

Yield
Stress/Pa

Viscosity
Coefficient/Pa·s Re Pressure Drop

/(Pa·m−1)

68

1:4 18.268 0.094 1908.51 1227.62
1:6 15.070 0.107 1671.03 1117.18
1:8 14.881 0.093 1919.35 1058.91
1:10 13.401 0.091 1960.44 979.02

70

1:4 32.430 0.177 1038.98 2216.07
1:6 25.764 0.150 1220.00 1794.23
1:8 25.681 0.149 1228.19 1786.61
1:10 24.099 0.154 1187.66 1726.80

72

1:4 44.299 0.328 573.17 3330.55
1:6 43.032 0.327 573.39 3264.15
1:8 41.429 0.255 734.12 2934.19
1:10 41.060 0.276 677.54 2989.84

Rang analysis was employed to compare the influence of solid concentration and
cement-sand ratio on pressure drop, and the result is shown in Figure 8. It can be seen that
the higher the solid concentration and cement–sand ratio, the higher the pressure drop, and
the solid concentration has a greater impact on the pressure drop than the cement–sand
ratio. The calculated results of pressure drop could be a reference for the design of the
backfilling system, especially in the choice of pipeline transportation form (gravity flow
or pumping).

Figure 8. Influence of solid concentration and cement–sand ratio on pressure drop.

6.2. Conclusions and Prospect

This paper introduced the sources, physicochemical properties, and environmental
impact of MS, and especially summarized its application approach and effect on the
properties of cement and concrete. The conclusion was obtained as follows:

(1) Based on the three quality evaluation parameters of MS, it is known that the MS is
alkaline slag of medium- to high-quality and has poor activity. MS has the potential activity
to prepare cementitious materials, and can also be used as an alkaline activator.

(2) The properties of cement can reach the P.C 42.5R standard and P.C 32.5R standard
as the content of MS in cement ranges from 10%–30% to 30%–45%, respectively. However,
clinker is still the necessary substance of composite Portland cement, whose content is
45% at least, and the application method that MS uses as cement admixture is still not
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economically and environmentally friendly due to the clinker production process being
energy intensive.

(3) Those application methods of MS, such as clinker sintering, fertilizer, calcined
porcelain, inorganic fiber, and desulfurization, which all require high-temperature calcina-
tion and are also not economically and environmentally.

(4) The addition of MS will prolong the initial and final setting times of cement and
increase the slump and slump flow of concrete due to the filling effect and the relatively
lower reactivity of MS. The strength of cement and concrete decreased as the content of MS
increased, and the negative influence of MS on early-period strength is greater than that
on later-period strength. The hydration production of free CaO and MgO in MS can cause
long-term volumetric instability, which limits the utilization of MS in building materials or
aggregates for road construction.

(5) The special properties of backfilling materials, such as their higher water–cement
rate and lower strength request, make it possible to realize the large-scale utilization of MS.
The strength of the sample prepared with MSGB, composed of MS, gypsum, and BFS, was
equivalent to or higher than the ones with cement. The pressure drops of a slurry prepared
with MSGB are calculated through a theoretical formula, and the results can be used as a
reference for the design of the backfilling system. The main hydration products of MSGB
were ettringite, C-S-H, unhydrated C3S, C2S, and MgO.

In conclusion, MS blend can match the requirements of backfill materials both in
strength and fluidity and has the capacity to replace Portland cement. The cost of MS
blend, where the content of MS is 30% and that of GS ranges from 8% to 12% (the rest
is BFS), is about 115–120 RMB/m3, including raw material cost, transport charges, and
processing charges for grinding, and it is 68% cheaper than the cost of cement. Furthermore,
the MS blend, as an alternative to cement, can vastly reduce the cost of backfill mining.
Nevertheless, the following several issues should be researched in the subsequent work:

(1) The long-term mechanical property of the magnesium blend needs to be verified.
Although the higher water–cement ratio of backfill can partly mitigate the negative effect
of f -MgO in MS in the early curing time. The slow hydration rate and long hydration time
of f -MgO would be harmful to the long-term strength of backfill, which has had a fixed
internal structure. Furthermore, the gypsum as the activator and the hydration products
ettringite all have expansibility. This effect will generate interstress on the pore, and affect
the volume stability and strength of the backfill body.

(2) In addition to having activity, MS that contain f -CaO and f -MgO also can be used
as alkali-activators to improve the hydration degree of pozzolanic materials. It is critical
to find several low-cost activators that can be applied to actual industrial production to
improve the activity of MS. Further, the interaction mechanism among the activator, MS,
and pozzolanic materials needs to be researched.

(3) As previously mentioned, some harmful elements remain in MS in the process
of smelting. The leaching property of cementitious materials prepared with MS must
be researched, and guarantee the leaching rate of toxic components is lower than the
requirement of relevant norms and standards.
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Abstract: Underground stope stability has important implications for the safety and efficiency of
metal mining, especially when there are subsidence zones above. To analyze the stope stability
around the subsidence area of the Hongling ore body, this paper innovatively adopts the 3Dmine–
Rhino3D–FLAC3D coupled modeling numerical method to model and predict the excavation process
of the stope around the Hongling subsidence area; it monitors and analyzes the displacement and
stress-distribution changes in a selected stope roof, and its left-hand side and right-hand side walls.
This paper realizes the separation and extraction of the special ore body and surface topographic
features of the Hongling ore body; it discusses the stope stability characteristics around a subsidence
area based on the real topography of the mining area and the occurrence form of the ore body. The
study found that the influence of the upper collapse area on the undesired displacement of the
downhole stope is mainly reflected in the roof displacement. As the stope position moves away from
the collapse area, the roof displacement decreases significantly, the maximum displacement is at the
center of the stope roof, and the maximum principal stress occurs at the corner of the stope.

Keywords: stope stability; subsidence area; stress distribution; displacement deformation; 3Dmine–
Rhino3D–FLAC3D coupling; underground mining

1. Introduction

In a mine subsidence area, there are undesirable displacements and potential stress
concentrations in stope mining, which can easily lead to huge safety hazards and potential
losses, both economic and of personnel [1–3]. As a result, the detection, simulation and
visualization of stope stability and its displacement are very important issues in metal-
mining operations [4–7]. For this reason, domestic and foreign scholars undertook research
on stope stability in mine subsidence areas using various methods, such as laboratory
experiments, physical/mathematical models and numerical simulations, which led to
breakthroughs.

In engineering practice, due to the high experimental costs involved, it is generally
challenging to experimentally solve various difficult problems. Currently, numerical
simulation is required to predict and analyze programs using FLAC3D software (such as
Flac3D 6.0 version, Itasca Consulting Group, Inc., Minneapolis, MN, USA); this established
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the seepage–damage–fracture coupling mathematical model of fractured rock mass. When
it is in an unstable state, the overlying rock mass in an excavated stope is prone to collapse.
Existing research mainly focused on the collapse and spalling phenomena of the roof
and surrounding rock, as well as the evaluation and prediction of stope stability, which
is of great significance for guiding industrial mining safety. Due to the large range and
large span of stopes, the requirements of conventional indoor research conditions are
relatively harsh, so mining experiments on similar materials at a reduced scale are usually
used [8–10]. In addition, to compensate for the limitations of rock mechanical experiments,
researchers used FlAC3D and other numerical computations to explore the stability of
the surrounding rock and slope, the optimization of stope structure parameters and the
coupling relationship between roadway and working face in an underground mine [11,12].
Undesirable instability is destructive and can cause the fracturing of the pore structure
in porous systems, such as underground stopes and packed beds; however, it can be
well understood by simulating predictions [5–7,13,14]. The Barton engineering empirical
formula, Pakalnis critical equations and other methods are commonly used to evaluate
stope stability [15]. However, since most of the rock masses are set as ideal homogeneous
bodies, and the heterogeneity of ore body occurrence and rock mass structure are not
usually considered, there are errors in the calculation results [16,17].

In summary, the existing coupling research on FLAC3D and various modeling software
was successfully applied in the fields of geotechnical engineering, mining engineering and
other fields, and has a good application prospect in realizing numerical and transparent
simulations for the mining of underground deposits [18,19]. However, although Flac3D

itself is an excellent numerical simulation software, it is not an excellent modeling software.
It is difficult to realize the construction of complex models through its use alone. The
method of combining 3Dmine–Rhino3D with FLAC3D in this study can better achieve the
construction of a heterogeneous model for ore body occurrence and rock mass structure.
We used 3Dmine software to build complex models, then used Rhino3D software to draw
meshes for the established models; finally, we used FlAC3D software to perform grouping
simulations on the software. Previous research still assumes modeling homogenization and
idealization; moreover, simulation research considering real topography and ore deposit
occurrence forms of mining areas is not sufficiently deep.

In view of this, and based on the stability characteristics of the three stopes 8121
(Stope A), 8122 (Stope B) and 8123 (Stope C) around the Hongling subsidence area af-
ter mining, this paper comprehensively considers the differences in the topography and
ore deposit occurrence characteristics of the mining area. The 3DMine–Rhino3D–FLAC3D

coupling method is innovatively adopted to conduct research from the variation in dis-
placement stress of the side walls of the stope roof. Displacement and stress monitoring
points were set up for the corresponding stopes in the model, which effectively predicted
the displacement and stress changes in the three stopes after excavation.

2. Ore Deposit Topography Model Established by 3Dmine–Rhino3D–Flac3D Coupling

2.1. Real Topography Model of Hongling Subsidence Area via 3Dmine

The Hongling Lead–Zinc Mine is located in Balinzuo Banner, north of Chifeng City, In-
ner Mongolia Autonomous Region, and its administrative division is under the jurisdiction
of Ulandaba Sumu. Its ore body and surrounding rock have good stability and the degree
of development of joints and fissures is low, but local structural damage may lead to poor
stability. The grade of the ore body is evenly distributed, and the boundary of the ore rock
is clear. The mining method used in the past is the open-field mining method in the layout
stage along the strike.

This mining method created a subsidence area in the vicinity of the mining area. In
order to predict whether mining procedures would lead to further large-scale subsidence,
numerical simulation analysis of the mining process of the stope was performed. The
establishment of a surface model is very important for mining engineering as it can reflect
the three-dimensional coordinate position relationship of geological bodies, such as ore
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bodies, roadways, and factory areas. To establish a surface model, as Figure 1 shows, the
topographic mine map was used as the original data, and the information required for
modeling, such as terrain contours and exploration lines, and the corresponding labeling
values, were retained.

Figure 1. Geological topography and 3D reconstruction of ore bodies in Hongling subsidence area.

This paper analyzes the geological plan of the middle sections at 755 m, 805 m, 855 m,
905 m and 955 m. The ore deposits and surface contour lines were extracted and the
CAD data of the target ore deposits were obtained. The mine-site data and coordinate
delineations were imported into 3Dmine to visualize the surface data and monography of
the Hongling mine-site. These data were then elevated and meshed to obtain the 3D digital
model. Following this, optimization and hierarchical management were carried out.

2.2. Ore Deposit Grid Acquisition and Division of Ore Deposit via Rhino3D

To drape the surface, an appropriate threshold range based on the size of the ore
deposit was selected. This meshing data file was imported into Rhino, and then the drape
was used to reduce its size and make it a poly-surface. Next, a cube with an extent smaller
than the surface of the drape was formed in preparation for establishing the mesh. The
division operation was performed based on the Boolean operation, and then the drapery
surface was divided by the cube, and the redundant surfaces were deleted.

Since there is a subsidence area between the ore deposit and the surface, the range
of the subsidence area on the surface must be determined according to the range of the
subsidence area of the ore deposit. According to the imported exploration line, a surface
was established by pointing several corners to form different surfaces. The part wrapped by
this surface was the subsidence area of the ore deposit; the Boolean segmentation operation
was then performed to segment the ore deposit.

2.3. Coupling Model and Parameters of Ore Deposit via FlAC3D

To better divide the ore body and surrounding rock, the ore body and surface models
were imported into FlAC3D after the initial meshing in Rhino. As Figure 2 shows, the
ore beds and surrounding rock meshing were well processed under the Gsurf and GVol
comments of Rhino. The model is divided into two parts: external surrounding rock and
internal ore body. The former includes ordinary surrounding rock and the subsidence
area, and the latter is divided into the excavated stope and planned excavation stope; the
subsidence areas in both are connected upward and downward.
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Figure 2. Coupled model processing procedure using Hongling mine-site data, Rhino3D and FlAC3D.

It should be noted that, based on the imported exploration line, a surface was estab-
lished by pointing several corners to form different surfaces, and the part wrapped by this
surface is the subsidence area of the ore body. The Boolean segmentation operation was
then performed to segment the ore body with this surface. In this paper, the research objects
that we wanted to analyze and predict were the three stopes 8121, 8122 and 8123 that are
planned to be excavated: these were named Stope A, Stope B and Stope C, respectively.

Before excavation simulation and monitoring were performed on the model, the
constitutive model, material parameters, boundary conditions and initial conditions were
assigned to the model. In this paper, the Mohr–Coulomb model was used. The specific
material parameters of the ore and rock mass are shown in Table 1 and divided into three
parts: the ore body, the surrounding rock and the subsidence area.

Table 1. Key experimental parameters of ore deposit.

Type
Elastic Modulus

(GPa)
Poisson Ratio

Tensile
Strength (MPa)

Cohesion
(MPa)

Internal Friction
Angle (◦)

Density
(g/cm−3)

Ore body 21.26 0.19 2 1.8 50 3.56
Rock 18.81 0.21 0.9 1.5 49 2.77

subsidence area 0.4 0.3 0 0 15 2.00

3. Results and Discussion

3.1. The Stress and Ground Displacement of Excavated Stopes in Subsidence Areas

The stress and displacement color map of the three targeted stopes (A/B/C) is shown
in Figure 3, and the maximum values of displacement and stress in the stopes (A/B/C) are
recorded in Table 2, respectively. Based on Table 2 and Figure 3, the ground displacement
phenomenon after the stope excavation in the subsidence area was analyzed: the roof
displacement of Stope A in the fall area is the most significant, the maximum vertical
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displacement of the roofs of Stopes A, B and C being 6.7 cm, 2.6 cm and 1.1 cm, respectively.
This indicates that after mining in Stope A, the roof of the roadway is more prone to rupture
and deformation, and there is the certain hidden danger of instability.

 

Figure 3. The stress and displacement color map of three targeted stopes (A/B/C).

Table 2. The maximum displacement of each wall after the target stope is excavated.

Stope No. Stope A Stope B Stope C

Maximum
Stress/MPa

Roof-Vertical axis 24.4 14.5 9.5
Left-side wall–
Horizontal axis 13.5 7.9 8.3

Right-side wall–
Horizontal axis 10.3 7.4 7.1

Maximum
displacement/cm

Roof-Vertical axis 6.7 0.42 −0.31
Left-side wall–
Horizontal axis 2.6 0.86 −0.24

Right-side wall–
Horizontal axis 1.1 0.41 −0.45

Similarly, it can be seen from Figure 3 that, comparing the maximum horizontal
displacement of the left- and right-hand sides of the three stopes, the maximum horizontal
displacement of the left-hand sides are all positive; that is, they are displaced in the direction
close to the center of their respective stope. The two sides are displaced toward the center
of the stope: the maximum horizontal displacement of the left-hand side was obtained for
Stope B, and was 0.86 cm, and the maximum horizontal displacement of the right-hand
side was obtained for Stope C, and was 0.45 cm. Moreover, the horizontal displacements
in the three stopes are all less than 1 cm and are also lower than the roof failure tendency.
In other words, the roof is more prone to vertical displacement after stope excavation,
and is regarded as a roof-falling accident, commonly observed in actual metal deposit
mining operations.

3.2. 2D Slice Features of the Excavated Stopes (A/B/C) in the Subsidence Areas

To simulate the actual mining operations, we first excavated each stope separately.
After solving the balance, we then excavated all three stopes (A/B/C) simultaneously, and
set up monitoring points to monitor the displacement and stress in the roof and side walls
after excavation.

The monitor points were set up as follows: first, the initial coupled model was im-
ported and the three stopes (A/B/C) to be excavated were cut using the orthogonal
test method. Next, each stope was cut twice along the x-axis and y-axis, and a total of
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12 slices were obtained. Each slice included three groups of monitoring points. The mon-
itoring points were then set equidistantly at the edge of each slice for recording. The
slice-processing procedure is shown in Figure 4.

Figure 4. The 2D slices of excavated stopes (A/B/C) in the subsidence areas.

Slice 1, Slice 3, Slice 5, Slice 7, Slice 9 and Slice 11 were cut along the x-axis to monitor
the displacement and stress in the z-direction of the top plate, and the displacement and
stress in the x-direction of the left- and right-hand side walls, respectively. Eight monitoring
points were set.

Slice 2, Slice 4, Slice 6, Slice 8, Slice 10 and Slice 12 were cut along the y-axis to monitor
the displacement and stress in the z-direction of the top plate, respectively. Eight monitoring
points were set at an equal distance for each group of monitoring points.

After the monitoring points were established, excavation calculations were performed
on the three stopes A, B and C in the model, and the monitoring point values and
displacement-stress evolution cloud map during the calculation process were output.

Among the three stopes, the left side of Stope A changes greatly, and the stress is
concentrated in the upper left side of the stope near the collapse area, where the stress
reaches 24.4 MPa, and the collapse area is likely to continue to collapse from this point. The
stress changes in the other sides are similar. The maximum stress near the center of the side
is less than 1 MPa, and the closer to the edge, the greater the stress; the maximum does not
exceed 6 MPa, which is relatively safe and stable.

3.3. Displacement Features of Monitor Points in a Typical Excavated Stope

To better detect the displacement features of excavated stopes, we selected the 12
typical slices from the excavated stopes. The vertical displacement changes in the roof of
Stope A (Slices 1~4) are shown in Figure 5. It was found that for the roof slices in different
directions, the displacement of the monitoring point first increased and then tended to be
stable as the number of calculation steps increased. When the step size was 6000 steps, the
calculation for each slice tended to be stable overall.
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Figure 5. Displacement features of Slices 1 to 4 in excavated Stope A.

To compare and reveal the vertical displacement variation characteristics in different
parts of the roof, the vertical displacement variation in the roof of Stope A was further
analyzed, as shown in Figure 6a. It is inferred that the vertical displacement of each slice
is larger near the subsidence area. In other words, (1) the roof displacement is negatively
correlated with the distance from the center of the roof, and the peak value of the vertical
displacement is obtained at the center of the vertical displacement;(2) when a subsidence
area exists, the displacement of the slices close to the collapse area is larger. Specifically,
the maximum displacement is the fifth monitoring point on Slice 4, with a peak value of
5.4 cm; this slice is the closest to the subsidence area and its overall displacement is the
largest relative to the other three curves. Slice 2 and Slice 4 are parallel slices in the same
direction; Slice 4 is closer to the subsidence area, and its overall top-plate displacement is
significantly larger than that of Slice 2.

Based on Figure 6b, it can be seen that the horizontal displacement changes in the
left- and right-hand side walls of Stope A, showing a gradually increasing trend with the
unidirectional changes in the monitoring points. Specifically, the displacements of the
right-hand side of Slice 1 and the right-hand side of Slice 3 undergo a change from positive
to negative; that is, the monitoring points on the right-hand side shifted from top to bottom,
first in the positive direction of the x-axis, and then in the negative direction of the x-axis,
while the left side is uniformly displaced in the positive direction of the x-axis, and its
overall displacement direction is toward the inside of the stope. The peak is 0.4 cm on
the left-hand side of Slice 1. In addition, comparing Figure 6a,b, it can be seen that the
horizontal displacement in the stope is obviously smaller than the vertical displacement.
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Figure 6. Displacement curve of roof, left- and right-hand side walls of excavated Stope A. (a) Vertical
displacement of roof; (b) Horizontal displacement of side wall.

3.4. Stress Features of Monitor Points in a Typical Excavated Stope

The vertical and horizontal stress distributions of an excavated stope is an important
factor affecting mining safety, especially when the excavated stope is located in the sub-
sidence areas [20,21]. To better understand the stress distribution of the roof, left-hand
side walls and right-hand side walls, eight monitoring points in the excavated stope were
carefully selected and the stress changes at each point were recorded, as shown in Figure 7.
This stress fluctuation is very significant in the initial stage. It tends to be stable after a step
size of 6000, which is similar to the displacement of each slice. Moreover, the variations are
significantly higher in Slice 1 of the excavated Stope A.

Figure 7. Stress distribution features in Slices 1 to 4 for excavated Stope A.
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As Figure 8a shows, the vertical stress of the roof changed greatly when Stope A was
excavated. Tensile and compressive stresses co-exist in the stope side walls after excavation,
especially in Slice 1. Besides, the maximum stress near the center of the roof was within
5 MPa. The tensile stress appeared near the center of Slice 1, but the maximum stress at
the edge reached as high as 24.4 MPa. In addition, there is obvious stress concentration
in Slice 4 near the subsidence area, and the analysis shows that the stability of the roof is
already poor at this time, thus there is a danger of cracking [22]. Further, it can be inferred
that a pressure arch is formed above the roof, and the weight of the rock mass in the arch is
transferred to the surrounding rock and pillars nearby, resulting in stress concentration; the
pillars are gradually damaged by compression [23,24].

  
Figure 8. Stress curve for roof, left- and right-hand side walls of excavated Stope A. (a) Vertical stress
of roof, (b) Horizontal stress of side wall.

Different from the serious fracture deformation of the roof, for the horizontal stress
of the left- and right-hand side walls of Stope A (Figure 8b), the stress in the horizontal
direction of the side walls is mainly concentrated in the upper part of the side walls, where
it is close to the roof of the excavated stopes. There is no tensile stress for the horizonal
stress of the side walls, and the maximum stress does not exceed 12 MPa, which is much
lower than the stress value in the roof. This, therefore, indicates that the rock stability of
excavated stopes is much better in the side walls compared with that in the roof.

4. Conclusions

In view of the disadvantages of the homogenization and simplification of many models,
this paper comprehensively considers the differences in the topography and features of
a mining area and the characteristics of a deposit, and innovatively adopts the 3DMine–
Rhino3D–FLAC3D coupling method to realize the simulation of the stress and displacement
visualization of the excavated stopes in the subsidence area. The main conclusions are
summarized as follows:

1. Based on the numerical prediction and analysis of the displacement and stress after
the excavation of Stope A, it is known that the roof displacement of this stope is
significantly larger than that of the side wall, and the maximum displacement is 6.7 cm.
There is a very obvious stress concentration at the maximum point of 24.4 MPa.

2. The influence of the collapse area on the stope is mainly reflected in the roof displace-
ment. As the stope is far away from the collapse area, the roof displacement decreases
significantly, the maximum displacement is at the roof center of the stope, and the
maximum stress occurs at the corner of the stope.
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3. This method has some limitations. It does not take into account the influence of factors
such as stope temperature or rock water permeability, and does not include ventilation
pipes, mining quasi-cutting and other projects. In the future, we will include these
aspects to make the simulation more accurate and to improve the corresponding
expression between the displacement and stress in the roof.
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Abstract: Aiming to solve the problems related to the slow settling speed and the long-term con-
sumption of ultra-fine tailings in mine filling, the effect of flocculant type on the flocculation and
settling performance of ultra-fine tailings was studied through static sedimentation experiments
on tailings. The microstructure of the flocculation was observed and analyzed using an electron
microscope. On this basis, the selection of the optimum flocculant type and dosage parameters was
carried out. The results show that the best addition amount of the AZ9020 anionic flocculant was
30 g/t, a solution concentration of 0.3%, and a stirring time of more than 45 min. The floc structure
of the full-tailings flocculation solution was formed by the AZ9020 anionic flocculant. Moreover,
the size of less than 0.1 μm was still relatively large; thus, the overall size of the structure was small
and uniformly dispersed. The floc solution had the smallest porosity, the fractal dimension was the
largest, the molecular weight of the floc was the largest, and the floc was the most compact, making
it appropriate for the rapid removal of floc structures from water. Sedimentation is also the best
flocculant for flocculation and sedimentation. The size of the flocs decreased as the height of the
flocculation sediment bed increased during flocculation and sedimentation. The research results
provide a microscopic view for the selection of the best flocculant type.

Keywords: ultrafine tailing; flocculating sedimentation; floc microstructure; fractal dimension;
gray value

1. Introduction

As a cement filling, tailings can prevent surface subsidence and can reduce the occu-
pation of ground space by tailing stacking. Thus, the use of tailings as a cement filling is
an inevitable choice for the green development of current mines [1–3]. However, ultrafine
tailings encounter problems, such as a long natural settlement time and slow speed, due to
their high content of fine particles, thus failing to meet the large-scale continuous filling
requirements of mines [4–6]. Increasing the sedimentation efficiency by adding floccu-
lants is a common practice in current mines to meet the needs of large-scale continuous
filling underground. The sedimentation speed and concentration of tailings particles in
the flocculation sedimentation process are affected by many factors, such as the type of
flocculant [7,8]. Therefore, selecting a reasonable flocculation type according to the charac-
teristics and properties of tailings is crucial to ensure the flocculation and settlement effect
of mine-filling systems.

In recent years, scholars at home and abroad have conducted various studies on the
sedimentation laws of ultrafine tailings. Jiao created a tailings sedimentation velocity model
through experiments and divided the tailings sedimentation process into the following
six stages: turbulent flow affected, accelerated sedimentation, final sedimentation velocity,
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interference sedimentation, compaction sedimentation, and ultimate sedimentation [9].
Yang conducted static flocculation sedimentation and slurry rheological test experiments
by investigating three factors, including the flocculant type, the volume fraction of the
feed, and the unit consumption of the flocculant [10]. Li conducted a static flocculation and
sedimentation experiment on ultrafine tailings and obtained the optimal flocculant unit
consumption as well as other parameters [11]. Xue performed deep-cone dense dynamic
sedimentation experiments to analyze the influence of the feeding speed, rake stirring
speed, and slurry mass fraction on the settlement behavior of flocs and obtained the op-
timal feeding and rake stirring speeds [12]. Wu studied various factors influencing the
flocculation and sedimentation processes through laboratory experiments and determined
the degree of influence [13]. Gheshlaghi M. E. and Ruan Z. E. applied numerical simulation
methods to study the flocculation and sedimentation behaviors of the tailings in a deep-
cone thickener [14,15]. Hou conducted scanning electron microscopy (SEM) observations
of tailings flocculation sedimentation samples, analyzed the particle size distribution of
tailings particles in different settlement areas, and explored the sedimentation character-
istics of tailings particles of various sizes [16]. Chen used SEM technology to analyze the
floc structures, explained the characteristics of the concentration distribution and gel point
concentration of the viscous sediment from the perspective of the floc microstructure, and
discussed common morphological pore parameters [17]. Yang used SEM to observe the
microstructure of the mortar in the compaction zone and found that the flocs had three
different forms of sedimentation, compaction, and stability, which were accompanied by
changes in the size of the flocs [18]. Hu analyzed the pore structure of the tailing fillings,
quantified the fractal dimension of the pores [19], and studied the relationship between the
grading index, pore structure, and strength.

The aforementioned studies show that laboratory experiments are an effective method
through which to examine the rules of tailings flocculation and sedimentation, while nuclear
magnetic resonance and micro-electron microscopy provide the possibility of investigating
the microstructure characteristics of tailings flocs during flocculation and sedimentation. In
this paper, laboratory experiments are used to study the flocculation and sedimentation
characteristics of ultrafine tailings in the Daye Iron Mine, and the microstructure character-
istics and floc parameters at different bed heights during flocculation and sedimentation
are analyzed through nuclear magnetic resonance (NMR) and micro-electron microscope
observations, respectively, thus providing a scientific reference for selecting the best type
of flocculant. This paper takes ultrafine iron ore tailings as the research object to conduct
experiments, and the research conclusions can provide a certain degree of reference and a
basis for other similar iron ore mines with the same grain size and chemical composition.

2. Materials and Methods

2.1. Physical and Chemical Properties of Ultrafine Tailings

Ultrafine tailings from the Daye Iron Mine were selected for the experiment. The
physical parameters are shown in Table 1, and the particle size composition is presented in
Figure 1. The figure shows that the gradation of ultrafine tailings is not particularly uniform.
Several coarse and fine particles are observed, and only a few intermediate particles are
found. The average median and surface area volume and average particle sizes of the
tailings were relatively small, belonging to the category of ultrafine particle tailings. The
tailings sorting coefficient was relatively large, making it suitable as a raw material for
downhole filling.

Table 1. Physical properties of ultrafine tailings from the Daye Iron Mine.

Median Size d50/μm
Mean Diameter of

Surface Area Volume
D(3, 2)/μm

Sorting Coefficient/S0

Specific Surface
Area by Weight

ω/m2/kg

37.925 14.319 5.595 6400
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Figure 1. Ultrafine tailings from the Daye Iron Mine: screening size statistics chart.

Table 2 shows that the main mineral components of the tailings are inert oxides SiO2,
TFe and SFe and contain active oxides, such as CaO, Al2O3, and MgO. Therefore, ultrafine
tailings are inert materials. However, these tailings have corresponding cementing activity
and can be stimulated for comprehensive utilization.

Table 2. Main chemical composition of Daye Iron tailings.

Component SiO2 TFe SFe CaO FeO Al2O3 MgO

Content (%) 26.30 20.79 20.02 12.45 10.90 6.07 5.55

2.2. Flocculant Parameters

Numerous studies have shown that anionic flocculants have superior flocculation
effects on tailings [20,21]. Therefore, the flocculants used in this article, namely AZ358,
AZ625, AZ9020, and AZ505, are all anionic. The relevant parameters are shown in Table 3.

Table 3. Technical flocculant index.

Type
Experiment

Number
Exterior

Molecular
Weight/10,000

Solid
Content/%

AZ358 anionic L2 White particle 1400 ≥95.5

AZ625 anionic L3 White granules
or powder 1500–1600 ≥95

AZ9020 anionic L4 White granules
or powder 1500–1600 ≥95.5

AZ505 anionic L5 White granules
or powder 1600 ≥95

2.3. Experimental Program and Process

Regardless of the cross-effect between the ultrafine tailings concentration and the
additional amount of flocculant, the type of flocculant, unit consumption, concentration,
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and mixing time using a fixed ultrafine tailings concentration of 30% were determined
through indoor sedimentation experiments via the single-factor analysis method. The
research, experimental program, and process are shown in Table 4. The height and time
of the solid–liquid separation surface drop during the experiment were observed and
recorded, as shown in Figure 2.

Table 4. Experimental scheme and process of ultrafine tailings.

Experimental
Steps

Experiment
Code

Variable/Experiment
Number

1 2 3 4 5 Purpose

1 L Type Natural
setting AZ358 AZ625 AZ9020 AZ505 Determine the best

flocculant model

2 D Unit consumption 0 g/t 10 g/t 20 g/t 30 g/t 40 g/t
Determine the best unit

consumption of
the flocculant

3 N Concentration 0 0.05% 0.1% 0.2% 0.3% Determine the optimal
flocculant concentration

4 T Churning time 10 min 15 min 25 min 35 min 45 min Determine the best
flocculant mixing time

 

Figure 2. Change process of the liquid surface settlement height of ultrafine total tailings flocculation
solution at different times.

2.4. Nuclear Magnetic Resonance (NMR) Analysis Experiment

The experimental system used for the NMR analysis in this experiment (MESOMR23-
060H-I, Suzhou, China), which has a hydrogen spectrum, is a kind of nuclear magnetic res-
onance effect of H−1 that can be used for nuclear magnetic resonance spectroscopy and has
the following parameters: resonance frequency: 23 MHz, magnet temperature: 25–35 ◦C,
temperature control accuracy: ±0.05 ◦C. The NMR spectrum is shown in Figure 3a.

  
(a) (b) 

Figure 3. Floc extraction location and NMR analysis specimen (a) NMR analysis specimen (b) Floc
extraction location.
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The flocculants AZ358, AZ625, AZ9020, and AZ505 were used to perform the floc-
culation and sedimentation experiments with a solution concentration of 0.3%, a unit
consumption of 30 g/t, and a stirring time of 45 min. The stirrer was taken out, and the
solution was allowed to stand, and it was then timed to observe the height of the clarified
layer in the cylinder. The flocculation solution was extracted at 200 mL of the graduated
cylinder after 30 min and was placed in a sealed glass bottle (Figure 3b). The experimental
system used for NMR analysis was also used for observation.

2.5. Micro-Electron Microscope Scanning Experiment (SEM)

For the SEM observation experiment, an SEM EVO 18 tungsten filament from Carl
Zeiss (ZEISS) was adopted, along with an image size of 1000 × 750 pixels and an accelera-
tion voltage of 20 kV.

SEM experiment 1©: Figure 3 shows the extraction of the four flocculant floc solutions
at a volume of 200 mL in a cylinder. This extraction was performed using a long pipette
according to the exact scale of the extraction floccules and by gently dropping the cut-out
on good filter paper. Liquid nitrogen freezing and fixed, conductive adhesive spraying
carbon treatment procedures, the prepared samples were into the micro-electron microscope
for scanning observation of the samples, and the electron microscope was operated at a
magnification of 2000 times.

SEM experiment 2©: The flocculant with the smallest porosity and fractal dimension
was selected to conduct the flocculation settlement experiment of the ultrafine whole
tailings a second time. The flocculant solutions at different bed positions (positions 1, 2, and
3, located at 300, 200, and 100 mL, respectively, in the measuring cylinder scale), such as
those shown in Figure 4, were extracted and prepared for use as SEM observation samples
according to the aforementioned method. The sample was observed by an operation
electron microscope with magnification of 2000 times.

 
Figure 4. Floc extraction position and the scanning observation test piece under the microscope and
electron microscope.

3. Results and Discussion

3.1. Flocculation Sedimentation Characteristics of Ultrafine Tailings
3.1.1. Analysis of the Influence of the Flocculant Type on the Settlement Effect

Figure 5a shows that the addition of a flocculant accelerates the sedimentation rate of
the ultrafine tailings solution in the early stages (within 60 min), and the declining height
of the clear layer of L4 is always lower than that of the four other groups (L1, L2, L3, and
L5). The maximum difference is 80 mm. Figure 5b reveals that the curve of the average
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settling velocity experienced two peaks: the first peak appeared within the first 3 min, and
the second peak appeared between 5 and 15 min. The calculation shows that the maximum
settlement velocity of L4 is K4 = 7.80 mm/min, which is higher than that of the other
groups. The limit concentrations of experimental groups L1, L2, L3, L4, and L5 after 24 h of
sedimentation were 60%, 58.48%, 58.82%, 58.03%, and 58.59%, respectively, which met the
mine-filling requirements for underflow concentrations. Experimental group L4 (AZ9020)
generally showed the best reduction in the maximum settlement velocity and in the 1 h
height of the clarification layer.

 
(a) (b) 

Figure 5. Change curves of the height and average settling velocity of the ultrafine tailings solution
under different types of flocculants (a) Drop height of clarification layer (b) Sedimentation velocity.

3.1.2. Analysis of the Influence of the Flocculant Unit Consumption on the Settlement Effect

Figure 6a shows that the height of the clarified layer of the tailings solution at first
increased and then simultaneously decreased when the unit consumption of the flocculant
increased. The unit consumption of experiment D3 was 30 g/t, representing the best
consumption that was reached. Figure 6b indicates that the maximum settlement velocity
first increased and then decreased as the single consumption of the flocculant increased.
The single consumption in experiment D4 was 30 g/t, and the maximum settlement velocity
was 8.20 mm/min.

(a) (b) 

Figure 6. Change curves of height and sedimentation velocity of clarifier under different flocculant
consumptions (AZ9020) (a) Drop height of clarification layer (b) Sedimentation velocity.
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3.1.3. Analysis of the Influence of Flocculant Concentration on the Sedimentation Effect

Figure 7a shows that the clarification layer height increases at the initial sedimen-
tation stage (0−10 min) as the concentration of the flocculant solution rises. The height
of the clarification layer is the largest at the initial sedimentation stage, when the exper-
imental N5 concentration is 0.3%, resulting in the best flocculation sedimentation effect.
Figure 7b shows that the average sedimentation velocity at each concentration reached its
maximum between 5 and 10 min, and the maximum appeared when the experimental N5
concentration was 0.3%, showing a height of 71.00 mm/min.

 
(a) (b) 

Figure 7. Change curves of height and sedimentation velocity of the clarifier under different flocculant
solution concentrations (AZ9020) (a) Drop height of clarification layer (b) Sedimentation velocity.

3.1.4. Analysis of the Influence of Flocculant Stirring Time on the Settlement Effect of
Ultrafine Tailings

Flocculant AZ9020 was chosen under the 0.3% concentration solution and 30 g/t
unit consumption conditions (step 4). Figure 8a shows that the height of the clarified
layer increased under the same settling time conditions even though the stirring time
increased. Experiments T1, T2, and T3 revealed the presence of transparent floccules of
undissolved flocculant that were visible to the naked eye, indicating that the flocculant was
only partially dissolved in the water at this time and that the concentration did not reach
0.3%. Figure 8b shows that the clarified liquid height curve is close to the curve when the
flocculant concentration is 0.05% when the stirring time is 15 min and that the curve is close
to the curve when the concentration is 0.20% and at the stirring times of 25 and 35 min. To
achieve an improved settling effect, the stirring time should be more than 45 min.

3.2. Microscopic Characteristics of Floc Structure of Ultrafine Tailings

In order to study the flocculation effect of different flocculants from the microscopic
point of view further, nuclear magnetic resonance analysis was used to observe all of the
tailings flocculant solutions formed by the different flocculants and to analyze the porosity
and other microscopic parameters of the flocculant solutions.

3.2.1. Analysis of Pore Distribution Characteristics of Ultrafine Tailing Flocculent Solution

The pore size distribution curve of the flocculation solution under the four flocculants
is shown in Figure 9a based on the NMR detection and analysis. The spectrum is shown in
Figure 9b.

215



Minerals 2022, 12, 221

(a) (b) 

Figure 8. Height changes and transverse comparison curves of the clarifying layer at different stirring
times (AZ9020) (a) Different mixing time (b) Different mixing time and concentration.

  
(a) (b) 

Figure 9. Pore size distribution curve and NMR analysis specimen of the flocculent solution of
ultrafine tailings (a) Pore size distribution (b) NMR analysis specimen.

Figure 9 reveals that the pore size distribution of the floc solution under the AZ359,
AZ625, and AZ505 flocculants is only slightly different. The main peaks are at the same po-
sition, and the width of the pore size distribution is insignificantly different. The two main
peaks appear at 0.01−0.1 μm. The main peak at 0.1−1 μm and the width of the pore size
distribution are both large, indicating that the flocs with a pore size larger than 0.1 μm
account for a substantial proportion and that the size of the floc structure is also large.

The pore size distribution of the AZ9020 flocculant was significantly different from that
of the other flocculants. The two main peaks were located at 0.01 and 0.1 μm. The largest
main peak appeared at 0.01 μm, and the pore size distribution between 0.01 and 0.1 μm
was also large, indicating that the flocs with a pore size smaller than 0.1 μm accounted for
a substantial proportion. The results show that the flocs were small in size and that the
whole solution was homodispersed. Solutions that were formed by adding the flocculants
had a certain proportion of particles with a small pore size.

Research shows that the tightness of the material structure is negatively related to the
porosity [22]; that is, a smaller porosity leads to a tighter material structure. The porosities
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of the flocculation solution corresponding to flocculants AZ358, AZ625, AZ9020, and AZ505
are 35.96%, 38.84%, 32.65%, and 37.37%, respectively. Among these solutions, the porosity
of the flocculation solution corresponding to flocculant AZ9020 is the smallest. Flocculant
AZ9020 has the best flocculation and sedimentation effects under the tailings concentration,
the amount of additional flocculant, and the concentration.

3.2.2. Fractal Characteristics of Floc Structure of Ultrafine Tailings

The SEM images are shown in Figure 10 and were obtained through the scanning
experiment 1© using the electron microscope. The dark parts of the figure represent the
pores, and the other parts represent the floc structure.

 
Figure 10. SEM images of specimens with different floc structures of flocculant ultrafine tailings.

Ultrafine tailings flocculation is under the action of Brownian motion and turbulence,
in which the tailings particles collide with the flocculant and combine to form irregular
clusters with fractal characteristics. The fractal dimension is important to characterize the
fractal characteristics of the flocculation index, which can quantitatively describe the floc
structure [23,24]. Take N (N = 1, 2, 3, ...) squares with side length r to divide the image.
The divided areas do not overlap, and the area containing the flocs is denoted as N(r).
Formula (1) is then established as follows:

N(r) = 1/rD (1)

Formula (2) is obtained after taking the logarithm:

D =
lgN(r)
−lgr

(2)

where D represents the fractal dimension.
The quantitative analysis based on the SEM scanning images reveals that image

binarization work is the basis for obtaining fractal analysis. Binarization is also called
threshold segmentation. Binarization is the process of setting the pixels of an image to
0 or 255 and then presenting the entire image with a clear black and white effect. Thus,
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binarization is essentially the process of classifying each pixel. Assuming that the size of
the SEM picture is M × N, f (x, y) represents the gray value of the pixel in the (x−1)th row
and (y−1)th column of the image, where 0 ≤ x ≤ M, 0 ≤ y ≤ N, and x, y are integers. The
principle of the gray-scale image binarization process is then presented as follows:

f (x, y) =

{
1, f (x, y) ≥ T

0, others
(3)

where T refers to the threshold. All pixels in the overall image are either black or white
after the binarization process. The binarization of the image markedly reduces the amount
of data in the image, thus making the contour of the target prominent. Figure 11 shows
the binarized image obtained after processing the SEM image, and Figure 12 reveals the
obtained fractal characteristic curve.

 
Figure 11. Binary image of tailings flocculation with different flocculants.

The calculated fractal dimensions of the samples under the four flocculants are 1.887,
1.894, 1.903, and 1.914. The largest fractal dimension indicates the compact flocs and the
large molecular weights of the flocculants, which are conducive to rapid sedimentation from
the water. A small particle spacing inside the flocs results in substantial differences between
the densities of the flocs and the liquid, and large sedimentation speeds facilitate improved
flocculation effects [25]. The fractal theory indicates that the order of the flocculation effects
of the four flocculants is as follows: AZ9020 > AZ625 > AZ505 > AZ358. Flocculant AZ9020
has the best flocculation and sedimentation effects for ultrafine tailings.

3.3. Microscopic Characteristics of Floc Structure of Ultrafine Tailings

In this experiment, scanning electron microscopy was used to observe the different po-
sitions of the whole tailings floc solution formed by the same flocculant (AZ9020) to analyze
the spatial morphological characteristics and microscopic parameters of the floc structure.
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Figure 12. Fractal characteristic curve of floc structure: (a) AZ358, (b) AZ505, (c) AZ625, and
(d) AZ9020.

3.3.1. Analysis of the Particle and Morphological Characteristics of Tailings Floccules

SEM images of different sedimentation bed heights of flocculant AZ9020 were ob-
tained through the scanning electron microscope experiment 2©, and the tailings flocs were
acquired through binarization processing, image contour perfection, edge detection, and
boundary discrete-point sealing treatment [26–29]. The block area is shown in Figure 13.
The white part in the picture is the tailings flocs, and their outlines are clearly demonstrated.
The particles of tailings flocs of various bed settlement heights show different characteris-
tics. The upper tailings are dispersed, the size of the middle tailings is obviously larger,
and the lower tailings become denser as a whole.

 
Figure 13. Particle size and morphological characteristics of tailings flocs with different settlement
heights under ZYZ-type flocculant: (a) location 1; (b) location 2; (c) location 3.
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The equivalent diameter of the floc was obtained in accordance with the enclosed area
delineated by the selected floc profile, and the normal distribution curve of the tailings floc
size was acquired as shown in Figure 14. The figure reveals the following: the upper part of
the small-sized flocs accounted for a large proportion of the solution and were concentrated
between 5 and 18 μm; the middle part of the flocs increased in size and were distributed
between 10 and 30 μm; the lower part of the large-sized flocs accounted for substantially
concentrated distributions between 20 and 60 μm. The average equivalent diameters of
the upper, middle, and lower tailings floccules were 10.55, 16.2, and 38.79 μm, respectively.
The diameter of a tailings floc is positively correlated with the settlement height.

Figure 14. Distribution curves of equivalent diameters of tailings flocs at different heights under
AZ9020-type flocculant.

3.3.2. Analysis of Gray-Scale Characteristics of Ultrafine Tailing Floc Structure

The gray value refers to the dark range of the image, where the white value is 255,
and the black value is 0, which can intuitively represent the difference between pores and
entities [30]. The original SEM images obtained from the scanning electron microscope
2© experiment are analyzed on the basis of the following gray-scale characteristics:

Figure 15a shows that the gray value of flocs at the top of the settlement bed is
approximately 180, and the gray value of only one pore is below 50, with an average
gray value of 112. Figure 15b reveals that the gray value of the flocs in the middle is
approximately 110, with an average gray value of 78. Figure 15c shows that the gray value
of the flocs at the bottom is lower than 130, and the gray value of most pores is lower
than 50, with an average gray value of 52. Thus, the average gray value of flocs decreases
with the bed height. This finding indicates that the water content of the upper flocs is
high, and the flocs are bright white. The internal water is constantly drained during the
floc sedimentation process, the flocs gradually become dark, and the gray value slowly
decreases, thus forming a high concentration of ultrafine total tailings floc solution.
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Figure 15. Floc gray-scale characteristic curves: (a) location 1; (b) location 2; (c) location 3.

3.3.3. Analysis of the Spatial Morphology of the Ultrafine Tailings Floc Structure

The different gray values of the original SEM images obtained by SEM experiment (2)
were defined as yellow, green, cyan, and blue, and the gray values of some regions were
extracted and converted into 3D graphics [31–33], such as those shown in Figure 16. The
upper part of the bed settlement (Figure 16a) reveals that the size of flocs is large, most of
which are over 20 μm. Moreover, the distribution is concentrated, and macropores that are
10 μm in size are found. The middle of the bed settlement (Figure 16b) shows that the size
of flocs ranges from 15 μm to 20 μm, and the pore size is evenly distributed. The lower part
of the bed settlement (Figure 16c) demonstrates that the size of most flocs ranges from 3 μm
to 10 μm and that there are many small flocs and a relatively increased number of pores
distributed around the flocs. The flocs were also evenly distributed. The size of tailings
flocs decreased as the settlement height decreased. This finding indicates that large-sized
flocs gradually settle, dehydrate, and disperse into small-sized flocs during the flocculation
and sedimentation processes, forming a uniform and dense floc pore structure.

Figure 16. SEM image of tailings floccules of AZ9020 flocculant: (a) location 1; (b) location 2;
(c) location 3.

4. Conclusions

The flocculation and sedimentation characteristics of ultrafine tailings were studied in
this paper through indoor sedimentation experiments, NMR analysis, and micro-electron
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microscope scanning observations. A reasonable type of flocculant was selected, and
the microscopic characteristics of the floc structure in the flocculation and sedimentation
processes were analyzed. The main conclusions are as follows:

(1) The sedimentation characteristics of ultrafine tailings under different types of floc-
culants were studied by indoor flocculation sedimentation experiments, NMR monitoring
and analysis, and scanning electron microscope observations. The results indicate that the
optimal additional flocculant amount of ultrafine tailings from the Daye Iron Mine was
30 g/t, and the optimal concentration for the flocculant solution was 0.3%. The flocculant
was completely dissolved when the flocculant was stirred more than 45 min, and the
flocculation sedimentation effect was optimal under these conditions.

(2) The analysis of the pore distribution and fractal characteristics of the ultrafine
tailings flocculation solution revealed that the size of flocs in the ultrafine tailings floccula-
tion solution formed by the AZ9020 flocculant was less than 0.1 μm and that the overall
structure size was small and evenly dispersed. The flocculant solution had the smallest
porosity, the largest fractal dimensions, and the most compact flocs, indicating that it had
the best flocculant sedimentation effect.

(3) The analysis of the spatial morphology and gray-scale characteristics of the ultrafine
total tailings flocs showed that the average gray-scale value and size of the flocs decreased
as the height of the flocculation sedimentation bed decreased. In the flocculation and
sedimentation processes, the large-sized flocs gradually dehydrated and dispersed into
small-sized flocs, forming a more uniform and compact pore structure for the flocs.
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