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Abstract: Electrolytic Manganese Residue (EMR) is a secondary material generated during the process
of manganese production, poses significant environmental challenges, including land consumption
and contamination threats to soil and water bodies due to its heavy metal content, soluble man-
ganese, ammonia nitrogen, and disposal issues. This review thoroughly examines EMR, emphasizing
its metallurgical principles, environmental impacts, and sustainable treatment methods. We crit-
ically analyze various approaches for EMR management, including resource recovery, utilization
of construction materials, and advanced treatment techniques to mitigate its environmental chal-
lenges. Through an extensive review of recent EMR-related literature and case studies, we highlight
innovative strategies for EMR valorization, such as the extraction of valuable metals, conversion
into supplementary cementitious materials, and its application in environmental remediation. Our
findings suggest that integrating metallurgical principles with environmental engineering practices
can unlock EMR'’s potential as a resource, contributing to the circular economy and reducing the
environmental hazards associated with its disposal. This study aims to deepen the understanding
of EMR'’s comprehensive utilization, offering insights into future research directions and practical
applications for achieving sustainable management of electrolytic manganese waste. Finally, we
propose some recommendations to address the issue of EMR, intending to offer guidance for the
proper disposal and effective exploitation of EMR.

Keywords: resource utilization; electrolytic manganese residue; metallurgical principles; sustainable

treatment; environmental impact

1. Introduction

The mining and metallurgical industries have long played vital roles in driving global
economic growth by supplying fundamental raw materials essential for a wide array of
industrial applications [1,2]. One such crucial metal is manganese, which is extensively
used in producing steel, alloys, batteries, and many other products critical to modern
society [3,4]. The extraction of manganese through electrolytic processes has yielded
remarkable strides in enhancing the efficiency of manganese production, thereby meeting
the escalating demand for this versatile metal [5,6]. However, alongside the benefits
of electrolytic manganese production, an equally significant challenge has emerged by
generating substantial quantities of EMR [7,8]. Electrolytic manganese residue, often
considered industrial waste, comprises various by-products and impurities from electrolytic
manganese production [9]. Its disposal poses significant environmental and economic
concerns. The disposal of EMRs into landfills consumes valuable land and raises the
specter of soil and groundwater contamination due to heavy metals, such as manganese,
cobalt, and nickel [10]. Moreover, the incineration of EMR releases harmful pollutants into
the atmosphere, further contributing to environmental degradation [11,12].
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To address these challenges and tap into the unexplored potential of EMR, researchers
and metallurgists have increasingly turned their attention to the application of metallurgical
principles in its recovery process. The recovery of valuable metals and converting waste
into valuable resources align with the broader goals of sustainable development and the
circular economy [13]. More so, to achieve a comprehensive understanding and maximize
the utilization of EMR, it is imperative to delve into the chemical reactions of the process
and conduct thermodynamic calculations. This approach is crucial for uncovering the
underlying principles and energy dynamics involved. Therefore, this literature review
explores the multifaceted dimensions of the application of metallurgical principles in the
recovery process of EMR.

This paper aims to explore and review in detail the phase transformation of the EMR
recovering process, coupled with thermodynamic analysis, to provide a comprehensive
understanding of the principles and energy dynamics involved in harnessing the potential
of EMR. By examining existing papers and case studies, this review shows the research
status of comprehensive utilization of EMR, which are summarized and compared, hoping
to deepen the understanding of other researchers and readers in the future. Subsequently,
the authors proposed their remediation to address the EMR issue, intending to facilitate
the extensive use of EMR.

1.1. The Electrolytic Manganese Metal Production

Electrolytic manganese metal (EMM) production is dominated by China, which ac-
counts for more than 98% of the entire output on an annual basis [14-16]. However,
this significant production has led to substantial environmental harm, primarily due to
EMR [17,18]. EMR contains various pollutants such as NH4*-N, Mn, Mg, soluble sulfate,
S5e0;y, and heavy metals. Improperly managed EMR stockpiles, often exposed to the open
air, result in severe ecosystem pollution, endangering nearby residents” health and well-
being. Additionally, to ensure the sustainability of the EMM industry and support societal
development, adopting more sustainable approaches for EMR treatment and disposal is
imperative. Figure 1 depicts the effects of EMR on wildlife and ecosystems.
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Figure 1. Illustration depicting the impact of EMR on ecological and animal life.

In significant countries that produce EMM, the stockpiling of EMR is carried out
informally, with the selection of ditches, mountains, and other areas at lower elevations
(Figure 1). Due to inadequate protection measures and planning, EMR can contaminate
nearby water bodies and the environment, leading to significant infection and degradation
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(Figure 1). At the same time, dam failures have occurred intermittently, affecting vast areas
of agricultural land and causing numerous fatalities [19].

Manganese and its derivatives are widely used in various industries, including metal-
lurgy, battery production, fertilizer manufacturing, chemical processing, pharmaceuticals,
and especially in the steel sector [3,20]. The use of manganese metal constitutes more than
90% of the overall demand for manganese [21,22]. Incorporating manganese into steel
significantly boosts its strength, resilience, and hardness, typically in amounts varying
from 0.3 wt.% to 0.8 wt.% [13]. Electrochemical processes, electro-silicon thermal methods,
and electrothermal methods can be used to extract manganese [13,23-25]. The electrolytic
method is widely implemented in South Africa and China [26].

EMM production relies on raw materials such as rhodochrosite and pyrolusite. In
South Africa, MMC utilizes high-quality pyrolusite in a process involving rotary kiln
reduction roasting, followed by the use of H,SO4 solution to prepare MnSOy after roasting
and SO; as an antioxidant during electrolysis [2]. This approach contrasts with China’s
EMM production, lowering pollution levels [15]. In China, rhodochrosite is the primary
raw material used in this process. According to GB 3714-2017 standards, the manganese
(Mn) content of rhodochrosite used must not be less than 18 wt.% [27]; however, recent
technological advancements have facilitated the widespread adoption of rhodochrosite with
manganese content ranging from 15% to 17% by weight in contemporary EMM [28]. The
production of EMM encompasses several pivotal stages: (a) Sulfuric acid leaching, which
initiates the dissolution of manganese-containing ores; (b) Iron removal through oxidation,
a crucial step aimed at eliminating iron impurities from the leach solution; (c) Removal of
heavy metals via vulcanized precipitation, which involves the precipitation of heavy metal
impurities for subsequent removal; (d) Sedimentation settling, facilitating the separation of
precipitates and allowing for further purification; and (e) The electrolysis process, where
purified manganese sulfate solution undergoes electrolysis to yield high-purity electrolytic
manganese metal [29]. Each of these steps plays a critical role in ensuring the efficiency
and quality of the EMM production process.

1.2. Electrolytic Manganese Residue

In the manufacturing process of EMM, the term “EMR” commonly refers to the
residual material produced during sulfuric acid leaching, oxidation for iron (Fe) removal,
and subsequent sedimentation processes [16,30]. EMR is classified as a type of acid residue,
which may be described as a black mushy powder substance with small particles, non-
magnetic and water-insoluble. The pH level of EMR typically falls within the range of
5.0-6.5, with a moisture content ranging from 25% to 35% by weight when newly generated
and particle sizes ranging from 20-500 mm [15].

Figure 2 illustrates the microstructure of EMR [31]. This structure predominantly
consists of columnar and massive mineral particles intermingled randomly. Additionally,
spherical minerals can be observed adorning the surfaces of these columnar structures
through the application of energy-dispersive X-ray spectroscopy mapping and XRD analy-
sis. Deng et al. [32] established that these columnar particles are primarily composed of
CaS0O;4-2H,0, while the spherical minerals predominantly consist of SiO,, ferromanganese
compounds, and ammonia nitrogen salts. Parallel findings have been reported in other
research studies [14,33,34], which corroborate these observations. Over time, as EMR is
stored, its microstructure featuring block, columnar, and spherical particles becomes denser.
Throughout the storage period, elements like Mn undergo oxidation or carbonization into
MnO or MnCO3, respectively, and adhere to the surfaces of other particles [35].

Moreover, the particle size of EMR can vary depending on the time it has been stock-
piled and the production procedure used [36,37]. Following the onset of precipitation, it
solidifies and grows to enormous proportions. Table 1 depicts the physical characteristics of
EMR [38]. The primary minerals present in EMR are quartz, gypsum, hematite, and ruizite,
as depicted in Figure 2 [37]. The primary chemical constituents of EMR are aluminum
oxide (Al,O3), calcium oxide (CaO), silicon dioxide (SiO;), and sulfur trioxide (SO3) [38,39].
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Figure 2. llustrates the EMR’s morphology: (a) XRD patterns and (b) SEM image referred from [31].

Table 1. The physicochemical characteristics of EMR [38].

Chemical Properties Mass Fraction (%) Physical Properties Value
SiO, 25-40 Density (g/cm®) 2-3

Al,O3 8-20 Fineness (cm?/g) ~3000

SO;3 20-30 Water content (%) 20-30
CaO 10 LOI (%) ~20

Fe, O3 5-10 average particle size (um) 15-17
MnZ+(EQV:MnO,) 2-7 pH 4-6

MgO 1-3

Note: LOI (%) is Loss on Ignition of the EMR.

2. Research Methodology

In this literature review, a comprehensive search for relevant sources was conducted
using various reputable academic databases, such as Google Scholar, Web of Science, Sco-
pus, ScienceDirect, American Chemical Society, Chinese publication site, and SpringerLink
was widely utilized. The search aimed to include studies and articles published within
the past 16 years (2008-2024) to ensure the relevance of the findings. The following are
the primary procedures for selecting and analyzing relevant literature: (a) Search Strategy:
A combination of appropriate keywords and phrases was used to retrieve articles. The

Zas

search terms included “electrolytic manganese residue,” “EMR recovery”, “metallurgical
principles”, “pyrometallurgy”, “hydrometallurgy”, “manganese recovery”, and related
variations. Boolean operators (AND, OR) were employed to refine the search results.
(b) During the screening process, the literature gathered is evaluated to exclude research
publications irrelevant to the industrial production of EMM and EMR, lack clarity in their
study findings, or possess less trustworthy recorded data. (c) Categorization: in this step,
the selected works of literature were first categorized according to the objective of recov-
ery EMR. Next, each category was then categorized according to phase transformation,
treatment techniques, and product types obtained.

The literature is then summarized and assessed in depth based on assessment criteria
such as the recovery ratio of EMR, chemical reactions and thermodynamic analyses, process
operability, and industrial utilization prospects. Ethical guidelines for academic research
and citation were followed throughout the review process. Proper citation practices were
employed to give credit to the original authors and avoid plagiarism.

Furthermore, a brief bibliometric analysis was conducted utilizing the Scopus database
to assess the present and past developments in EMR research. Bibliometric methods consist
predominantly of various statistical techniques for counting bibliographies to evaluate
and quantify the growth of literature within a specific field [40]. Bibliometric analysis is a
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highly informative approach that provides insights into research publications” quantitative
trends and historical developments about a specific topic [41]. The rationale for utilizing the
Scopus database is its considerably greater abstract and citation coverage compared to other
databases of a similar nature [42]. The database comprises more than 22,700 peer-reviewed
indexed periodicals, facilitating a more extensive analysis encompassing a comprehensive
range of aspects.

From the brief bibliometric analysis, the article [43] on Figure 3 holds the highest
citation count among all influential works. This particular contribution was instrumen-
tal in establishing the foundation for the application of EMR in developing sustainable
environments. China has emerged as the foremost contributor to scientific production in
EMR research. Following behind are India, the United States, Australia, South Africa, and
several other nations (Figure 4). The Figure 4 shows the global participation and diverse
geographical distribution of research efforts in EMR.

Most Globa Cited Documents

DUAN N, 2010, RESOUR CONSERV RECYCL &7

SHU J, 2019, WATER RES @

XUEY, 2021. CHEM ENG J @

LIC, 2015, JIND ENG CHEM @

'WANG D, 2020,RESOUR CONSERV RECYCL @

Documents

XIN B. 2011. BIORESOUR TECHNOL

YUAN C, 2016, APPL ENERGY @

LIC, 2015, COLLOIDS SURF A PHYSI.

WANG Y, 2019,  HAZARD MATER

SHU J, 2016, J HAZARD MATER Q

Global Citations

Figure 3. EMR Bibliometric data from SCOPUS: the ten most globally cited documents related to the
use of EMR analyzed using Rstudio.
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Figure 4. EMR Bibliometric data from SCOPUS: Proportional distribution of single countries production.
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Conducting a comprehensive examination and documentation of the countries en-
gaged in this research initiative can assist emerging scientists. This information serves as
a foundation for forging scientific partnerships, launching joint projects, and exchanging
inventive methods and concepts. Scholars from nations keen on advancing research in
EMR can establish collaborations with subject matter experts, thereby gaining valuable
insights and knowledge to enhance their contributions to the field of EMR.

3. Methods of Recovering Valuable Elements from EMR

As the metallurgical sector progresses and management and control technologies
advance, the diminishing availability of mineral reserves and the reduction in related
element grades have emerged as significant challenges. In light of this, increasing attention
is being paid to exploring innovative approaches for sustainable development. Among
these approaches is the exploration of deep extraction and recovery methods for valu-
able elements found within associated tailings, industrial by-products, and urban solid
wastes [44]. This strategic shift aims to optimize resource utilization while mitigating
environmental concerns, marking a pivotal step towards sustainable practices in the in-
dustry. EMR constitutes the principal solid waste produced by EMM operations. As per
findings by Tian et al. [10], EMR typically comprises approximately 4-6 wt.% manganese,
3—4 wt.% ammonium nitrogen, 2-17 wt.% iron, and 11-20 wt.% silicon. Notably, these com-
ponents exhibit significant potential for recycling, highlighting the importance of exploring
efficient recycling strategies to harness their inherent value and contribute to sustainable
resource management practices in the metallurgical industry. Therefore, various methods
for recovering valuable elements of EMR and its related chemical reactions are vital to
explore. Table 2 depicts a summary of commonly used chemical reagents in processes of
EMR recovery.

Table 2. Summary of commonly used chemical reagents in processes of EMR recovery.

References  Leaching Reagent Experimental Conditions Recovery Efficiency
Roasting at low temperature (600 °C) for 60 min, o4
[45] Pure Water water washing process at 25 °C with a S:L ratio Mn“™ recovery below
0.005g/L
of 1:4
Ball milling with S:L ratio of 1:2, rotation at
250 rpm, volume ratio of electromagnet rotor to MnZ* recovery at 98%, Fe
[46] Pure Water balls (VEMR/Vballs) of 0.8, fill factor of 0.12, below 2%, NH4*-N
duration of 30 min, and addition of oxalic acid concentration at 13.65 mg/L
dihydrate.
[47] Pure Water Legch}ng at 24 °C with a S:L ratio of 1:4 and an Mn2* recovery at 83.35%
agitation rate of 300 rpm
Sulfuric Acid SIL =14, t?mperature = 85°C, Hp50, Mn?2+ recovery at 99.9%, Fe at
[48] (H,SO,) concentration = 1.67 mol/L, H,C,Oy4 79 39
204 concentration = 0.2mol/L, time = 120 min e
[ _ o Recovery: Mn at 95.89%, Fe at
[49] Hydrochloric Acid (HCl) S;)I;lc_e:\.t?‘/a emperture /_Ll?i?neci Ig()crlnin 94.69%, Ca at 63.38%, Al at
B g - 2.21%, NHy*-N: 96.34%
S:L = 1:5, temperature = 130 °C, NaOH
[50] NaOH concentration = 2 mol/L, time = 5 h, Stirring Si recovery at 82.04%
speed = 300 r/min
[51] Nitric Acid (HNO3) SiL = 1:20, temperature =50 °C, HNO3 Mn approach 100%

concentration = 2 mol/L, time =2 h

3.1. Water-Leaching

Water-leaching techniques are vital for improving the environmental safety of EMR by
more effectively reducing the concentration of harmful substances such as NH; , Mn?* and
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other heavy metals, making the residue safer for disposal or further processing [11]. Wash-
ing is effective for removing soluble Mn?* and NH;r from EMR, however, it demonstrates
limited efficacy in removing insoluble substances [16,52]. Additionally, washing can disrupt
water balance, potentially requiring additional investment to treat the resulting washing
liquid. Zheng et al. [47] used water leaching to recover soluble manganese from EMR.
They developed a kinetics model for the leaching process. They used leaching diffusion-
controlled, with an activation energy of 11.17 & 2.02 k] /mol. Optimal leaching achieved
83.35% Mn recovery under specific conditions (S: L ratio of 1:4, 24 °C, 300 r/min agitation).

The study by Shu et al. [53] employed a strategic approach for the extraction of
Mn?* and the reduction of NH*-N from EMR through a novel selective water leaching
followed by electrooxidation. The technique facilitated the efficient recovery of manganese
with over 98% efficiency. Their method was particularly effective in converting NH4*-N
to ammonium sulfate. Mn was predominantly extracted through this process in MnO,,
Mn,0O3, MnOOH, and Mn30O,. Also, NH4*-N was oxidized to N,. As a result, the final
concentrations of Mn?* and NH,*-N meet the stringent requirements of the comprehensive
wastewater discharge standards (GB 8978-1996) [54].

More so, Lan et al. [46] developed a method for the selective recovery of manganese
and removing ammonium sulfate. By combining ball milling and adding oxalic acid, they
achieved a manganese recovery rate exceeding 98% while maintaining an iron leaching
rate below 2%. The process also reduced the leaching rates of Mn?* and NH,*-N to 1.01
and 13.65 mg/L, respectively. Equation (1) depicts the method of manganese recovery rate.

Manganese recovery (%) = CoVo —GiV1 x 100% (1)

CoVo
where Cy and C; represent the initial and final concentrations of manganese (mg/L), Vj
and V7 represent the initial and final volumes of the manganese solution (L), respectively.

From their study, the reactions that occurred were the formation of MnzOy, outlined
in the equations below [46]:

Mn** 4 2NH;3-H,0 <+ Mn(OH); | +2NH, 2)
ZMH(OH)z + 0Oy 2MI’IO(OH)2 3)

MnO; +40H ™~ < MnO}~ + 2H,0 ()
ZMH(OH)Q + H4MnOy4 < Mn304 + 4H,,0 (5)

Mn*" + 2NH;-H,0 + CO; ¢ MnCO;3 | +2NH] + H,0 (6)

He et al. [45] revolutionized the treatment of EMR by employing a low-temperature
roasting-water washing technique, achieving a manganese recovery rate of 67.12% with
roasting at 600 °C for 60 min, followed by a 25-min deionized water washing. Their method
enhanced manganese recovery and transformed unstable EMR phases into stable forms,
ensuring the post-treatment residue met the Chinese Integrated Wastewater Discharge
Standard GB 8978-1996. Their study revealed that the EMR sample’s phase transformation
features can be studied by roasting it at low temperatures in the air, which is a significant
use of EMR. Detailed reactions of the process during the slow roasting procedure at low
temperatures can be found in the study of [45]. More so, the utilization of oxalic acid in
aqueous solutions facilitates pH adjustment and promotes Mn?* leaching, contributing to
efficient recovery processes. The response may be mainly in three parts:

MnO, + 2H,Cr04 —25 MnC,0, + 2CO, + 2H,0 %

MnC,0; —23 MnO + CO + CO, ®)
MnO + 2H* — Mn?* + H,0 )
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In summary, water-leaching techniques offer significant promise for improving the
environmental safety and resource recovery potential of EMR [45]. These techniques have
shown efficacy in reducing the concentration of harmful substances such as NH*, Mn?*,
and other heavy metals, thereby making the residue safer for disposal or further processing.
While traditional washing methods have demonstrated limited effectiveness in removing
insoluble substances from EMR, water leaching has emerged as a more efficient alternative.

3.2. Chemical Leaching: Acid-Leaching

Acid-leaching is widely used in industrial fields like metal processing and the recovery
of materials from waste. This method involves using acids, including nitric acid (HNO3),
hydrochloric acid (HCI), sulfuric acid (HySOj), and various organic acids [55-57]. The
purpose is to efficiently extract valuable metals and elements from ores and solid wastes.
This technique is vital because it enables the recovery of valuable elements, which might
otherwise be lost, and helps efficiently process metal ores. One standard method for
treating EMR is acid leaching [58-60]. Chen et al. [48] used HpSO, at a concentration
of 1.67 mol/L and H,C,0O4 at 0.2 mol/L to leach EMR. The oxalic acid facilitated the
conversion of insoluble manganese compounds in EMR into soluble divalent manganese,
consequently enhancing the leaching efficiency of manganese. Following a reaction period
of 120 min at 85 °C, the recovery rates for manganese and iron were nearly complete, with
manganese reaching close to 100% recovery and iron achieving a recovery rate of 79.3%.
Also, Rao et al. [61] used H,SO4 solution with galena as the reductant, and their result
yielded a 98% leaching efficiency of Mn. Through NH4Ac leaching followed by (NH4),COs3
precipitation, Pb was efficiently recovered, resulting in an 85% yield of the PbCOj3 product.
The NH4Ac leaching solution was regenerated successfully by eliminating the residual
CO3%~ and SO4%~ ions. Ina study by Yang et al. [49], EMR was leached at 100 °C for 60 min
using HCl at a 2 mol/L concentration.

3.3. Leaching Mechanism

During the leaching process of EMR, two notable phenomena could be observed.
Firstly, manganese observed to migrate from the surface of the EMR to the surrounding lig-
uid for dissolution. Secondly, metal ions such as manganese, ammonia nitrogen, and irons
present in the EMR can dissolve when subjected to acidic conditions. This phenomenon is
illustrated by Equations (10)—(12) in the study conducted by [10].

Fe(OH); 4+ 3H" — Fe3* + 3H,0. (10)
Fe(OH), +2H' — Fe?*™ + 2H,0. (11)
Mn(OH); + 2HT — Mn*" + 2H,0. (12)

Enhancements were observed in the leaching efficiencies of manganese, ammonia
nitrogen, and heavy metals. The primary reactions contributing to these improvements are
outlined below:

Mn3* 4 Fe?t — Fe®t + Mn?* (13)

MnO, + Fe?™ +4H" — Mn?** + Fet +2H,0 (14)
Fe*t + e — Fe?t (15)

H,0; + Fe?* — Fe + (OH)~ + OH (16)

Mn2*andNH, recovery.

In a study by Tian et al. [10], NaOH was used to adjust the leaching solution pH, and
Na,;CO3 was used to recover manganese, as well as NaH;PO4-2H,0O and MgCl, were used
to recover ammonia nitrogen from the leaching solution. The reactions involved are as
follows [10]:

Mn** +CO3~ — MnCO; | Kgp = 9.0 x 10711 (17)
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Mg”>" +PO;~ +NH; + 6H,0 — Mg(NH4)PO,-6H0 | (18)
Mg?" + HoPO, + NHy " + 6H,0 — Mg(NH4)POy-6H,O | +2H" (19)

Electrochemical/Electric field extraction mechanism of EMR.

The electrochemical extraction of metals from EMR involves several vital processes,
including leaching, reduction, and electrodeposition. Initially, EMR leaching is performed
to dissolve metal species into a solution. This step is crucial for making metals accessible
for subsequent electrochemical processes. Various types of manganese ions are present in
the leaching solution of manganese residue, posing a challenge in their recovery. Addi-
tionally, the propensity of metal ions to undergo oxidation should be considered during
the electrochemical treatment of electrolytic manganese residue [32,61-63]. The electro-
chemical principle involves studying the ammonia nitrogen content in manganese residue
leaching solution by altering parameters such as the type of additives, voltage intensity,
solid-to-liquid ratio, and other relevant conditions [60].

The electrochemical electrolysis extraction of manganese from EMR involves three
main reactions, which can be classified into the following procedures:

(1) Inthe acidic system, Fe3* /Fe?* were extracted from EMR:
Fe>" + 3H,0 « Fe(OH); + 3H" (20)

Fe>™ + 2H,0 <> Fe(OH), +2H" (21)

e anode, low-valent Mn“" and Fe“" compounds undergo direct oxidation. The
2) Atth de, 1 lent Mn?* and Fe?* compounds undergo direct oxidation. Th
primary reactions at the anode are outlined as follows:

2H,0 <+ Oy +4H™T + 2e (22)
Mn?" < Mn®* 4 e (23)
Fe?t < Fet 4 e (24)
2H,0 4+ Mn** +» 4H' + MnO; + 2e (25)
(3) The reactions on the cathode;
2H,0 + 2e <> Hp T +20H" (26)
Fe®t 4+ e «» Fe? T (27)
HO+1/20; +e < H,O, (28)

The overall reactions are as follows:
Mn3* 4 Fe?t < Fe®t + Mn?*+ (29)

MnO, + 2Fe** + 4H™ «» Mn?t 4 2Fe3t 4 2H,0 (30)

In the above reactions, an electric field can enhance the extraction efficiency as Fe>*
is reduced to Fe?* at the cathode region. Consequently, the high valence of manganese in
EMR can be reduced to Mn?* by Fe?*.

Shu et al. [64] investigated an enhanced electroreduction method for leaching man-
ganese from the EMR. Manganese was leached at an optimal efficiency of 84.1% under 9.2%
H,S04, 25 mA /cm? current density, 1:5 solid-to-liquid ratio, and 1-h leaching duration.
The results revealed that the leaching rate is 37.9% greater than the value obtained without
an electric field. Meanwhile, EMR experienced a reduction in manganese content from
2.57% to 0.48%. In a study by Shu et al. [65], EMR was added to the acid-leaching solu-
tion. Then, they incorporated sodium dodecyl benzene sulfonate, citric acid, and EDTA
in specific molar ratios. Subsequently, a pulsed electric field was applied to the mixture.
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After 84 h, the highest removal rates achieved were 94.74% for manganese and 88.20% for
ammonia nitrogen.

Shu et al. [23] introduced a solution containing 9.2 wt.% HySO4 and FeSO4-7H,0 to
EMR, with a mass ratio of Mn to Fe?* of 1. The presence of Fe?* in the leaching solution
converted high-value Mn to low-value Mn and enhanced the leaching rate of manganese.
When an electric field was introduced to the mixture, the leaching rate of Mn reached 96.2%
after 1 h. Tian et al. [10] employed a leaching solution of 9.15 wt.% H;504 and H,O,. FeZ*
catalyzed H,O; to form OH in an acidic solution, greatly improving metal ion and NH;*-N
leaching. At a current density of 35 mA/cm?, Mn and NH4+-N leaching rates reached
88.07% and 91.50%, respectively, after 120 min at 40 °C. Additionally, Shu et al. [60] utilized
13 wt.% HpSO; solution for leaching and employed an electric field for reinforcement. Their
results show that, Mn leaching rate was 89.4% and NH;*-N leaching rate was 65.9% during
a 120-min reaction at 20 °C. The leaching rates of Mn and NH;*-N were raised to 97.1%
and 98.4%, respectively, when 100 mg/L of surfactant tetracylate trimethyl ammonium
chloride was added to the leaching solution.

In summary, the accelerated leaching of EMR is attributed to the enrichment and transfer
of Mn?* and NH,*-N. However, this process necessitates electric field enhancers, consum-
ing significant energy and generating excess electrolytes, as highlighted by Liu et al. [66].
Moreover, the addition of these enhancers poses potential risks of secondary pollution [66,67].

3.4. Alkaline-Leaching

The alkaline leaching method utilizes alkaline solutions, typically containing agents
such as sodium hydroxide (NaOH) or calcium hydroxide (Ca(OH)y), to selectively dissolve
and extract metals like Mn and Mg from the waste residue [51,68]. For manganese recovery,
alkaline leaching transforms manganese present in the residue into soluble manganese
salts, facilitating their subsequent recovery from the leachate [69,70]. Similarly, magnesium,
contributing to the magnesium hazard of EMR, can also be effectively managed and recov-
ered through this process [71]. Moreover, alkaline leaching can immobilize ammonia and
heavy metals, mitigating the environmental risks associated with EMR disposal [71,72].
Shu et al. [70] investigated the leaching behaviors of Mn?* and NH;*-N from EMR across
different pH conditions; the study revealed that alkaline leaching significantly reduces the
release of these substances compared to acidic conditions. The study highlights the poten-
tial of alkaline leaching as an environmentally friendly approach for EMR management,
reducing environmental impacts by minimizing heavy metal releases.

A study by Zhang et al. [73] developed a method for creating mesoporous silica from
EMR slags using amino-ended hyperbranched polyamide (AEHPA) as a novel template.
Their technique enhances mesoporous silica’s structural properties, such as increased
specific surface area, pore volume, and optimal pore diameter. Under the optimal synthesis
condition utilizing 0.3 wt.% AEHPA-2, mesoporous silica was obtained, exhibiting a specific
surface area of 451.34 m? /g, pore volume of 0.824 cm®/g, and a pore diameter of 7.09 nm.

More so, the primary reaction between EMR and NaOH solution in liquid-solid non-
catalytic in heterogeneous reactions; the main chemical reactions and phase transitions that
occur are as follows:

2NaOH|,q) + nSiOy5) <> NayO-nSiO; (o) + H20 (31)
MnZf 4+ 20H[, < Mn (OH)Z(S) ! (32)

Although the reaction of NaOH and SiO, itself does not generate solid products
because the solid-liquid separation cannot be realized entirely in the process of EMR
pressure filtration, there is a phase when part of the electrolyte stock solution remains [50].

In summary, alkaline leaching presents a promising method for extracting and man-
aging metals from EMR. Alkaline leaching offers environmental benefits by immobilizing
ammonia and heavy metals, reducing potential risks associated with EMR disposal [72-74].
However, challenges such as energy consumption, excess electrolyte generation, and the
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potential for secondary pollution limit the need for further research and optimization
of this method to enhance its efficiency and sustainability in metal recovery and waste
management practices.

3.5. Bioleaching

Bioleaching, a novel hydrometallurgical method, involves using microorganisms to ex-
tract elements from ores or waste materials. Compared to traditional physical and chemical
processes, bioleaching offers substantial advantages such as simplicity, cost-effectiveness,
and environmentally friendly operation [75,76]. The increasing attention towards this
method can be attributed to its optimal reaction conditions, minimal equipment require-
ments, minimal investment costs, and high selectivity for target elements. These advantages
are particularly evident in using industrial solid waste and residual resources. As a result,
this method emerges as a compelling option for various applications, offering efficient
extraction and sustainable solutions for resource management and waste utilization [77-79].

Various studies have explored the application of bioleaching technology in extracting
elements from EMR, a type of industrial waste rich in valuable metals and minerals [76,80-82].
Xin et al. [83] investigated the use of pyrite-leaching bacteria and sulfur-oxidizing bacteria
in bioleaching EMR, demonstrating that the combined action of these strains enhanced
the leaching efficiency of manganese. The sulfur-oxidizing bacteria achieved a maximum
extraction efficiency of 93% for Mn after nine days of bioleaching with a sulfur concentration
of 4.0 g/L. The bacteria used for leaching pyrite demonstrated their peak effectiveness in
extracting manganese, achieving a remarkable efficiency of 81%. This level of extraction
was revealed when the concentration of pyrite in the aqueous solution was maintained at
4.0g/L.

Lv et al. [84] focused on examining the impact of two bacterial species, Bacillus mu-
cilaginosus and Bacillus circulans. Their research specifically targeted these bacteria’ role in
synthesizing EMR, focusing on activating silicon and stabilizing heavy metals. Their find-
ings emphasized the importance of direct contact between bacteria and EMR for improved
efficiency, leading to significant leaching of Si and stabilization of metal ion concentrations.
Moreover, Lv et al. [85] utilized Paenibacillus mucilaginosus bacteria for Si bioleaching from
EMR. Their research highlighted the differential effects of P. mucilaginosus on Si-containing
minerals, demonstrating its potential for selective extraction. Duan et al. [86] utilized
bacteria that oxidize sulfur and iron for the bioleaching of Mn from EMR. Their study
revealed high leaching efficiency, especially when using a combination of both bacterial
strains. Similarly, Lan et al. [75] isolated bacteria from EMR and utilized waste molasses
as a carbon/nitrogen source for bioleaching EMR. They achieved impressive leaching
efficiencies for sulfur, manganese, magnesium, iron, and ammonium ions, followed by
recovering valuable compounds through pH adjustment.

Zhao et al. [77] investigated the bioleaching capabilities of a novel Penicillium oxalicum
strain Z6-5-1, focusing on manganese Mn2* recovery from EMR. Their study highlighted
the strain’s exceptional bioleaching performance, achieving a Mn?* recovery rate of 93.3%
within seven days, marking a significant improvement over previously reported fungal
efficiencies in similar durations. The primary mechanisms identified for Mn bioleaching
included the generation of bio-organic acids, with a notable emphasis on gluconic and
oxalic acids, alongside mycelial adsorption. More so, the researchers discovered a novel
transcription factor, PoxCxrE, within P. oxalicum, which plays a crucial role in regulating
the biosynthesis of these acids.

Furthermore, it is noteworthy that the manganese residues exhibited a dual com-
position, consisting predominantly of soluble Mn?* forms, such as MnSOy, while also
containing minor amounts of insoluble Mn** forms, like MnO,. The bioleaching system,
characterized by a lower pH due to the presence of sulfur, played a pivotal role in promot-
ing the dissolution of soluble Mn?* into the aqueous phase, thereby enhancing the efficiency
of the process. Lan et al. [87] conducted a study to unravel the intricate mechanism behind
the bio-leaching of Mn from EMR. Additionally, their research delved into exploring the
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MnO(OH), +

metabolic characteristics of a newly discovered microorganism, Macrobacterium trichothe-
cenolyticum Y1, within a bio-leaching framework incorporating a blend of EMR and waste
molasses, a residual product from the sugarcane industry. The chemical process can be
delineated as follows: Firstly, it initiates with the leaching of soluble manganese, predom-
inantly MnSQy, from EMR. Secondly, follows with the leaching of insoluble manganese,
mainly comprising MnO;, from EMR: (Equations (34)—(36)) [87]:

MnO; + — = CH,0, +2H" Y M2 + 2 _co,+ 2™ o ()
Z—2x—y Z—2X—y Z—2x—y
Mn?* 4 6H,0 — Mn(H,0)2" (34)
Mn?" 4+ O, + H,0O — MnO(OH), (35)
2 4 YL o2 2x 3y — 4z — 8x
y —2z — 4xCXHyOZ H2HT = M y —2z— 4XCO2 + y — 2z — 4x H0 (36)

These investigations shed light on the dynamic interplay between EMR, microbial
activity, and waste utilization, offering insights into potential applications in environmental
remediation and sustainable resource management.

In summary, bioleaching offers a promising and eco-friendly method for extracting
valuable elements from ores and waste materials. Its simplicity, cost-effectiveness, and high
selectivity make it an attractive alternative to traditional methods. Studies on bioleaching,
particularly in dealing with EMR, highlight its effectiveness in extracting manganese and
stabilizing heavy metals. Novel bacterial strains like Penicillium oxalicum show impressive
results in manganese recovery. Understanding the chemical processes involved sheds
light on how bioleaching can contribute to environmental remediation and sustainable
resource management.

3.6. Roasting

Roasting technology is pivotal in metallurgy, particularly in recovering essential
elements from EMR [88]. This advanced extraction technique involves heating EMR
at elevated temperatures with various chemical agents under controlled atmospheric
conditions [89-91]. The process effectively transforms complex raw materials into more
separable forms, facilitating the efficient extraction of target elements [91-93].

Peng et al. [94] developed a method to recover iron and manganese from EMR using a
two-step roasting process followed by magnetic separation. Initially, the EMR underwent
oxidative roasting in air and reductive roasting in a CO atmosphere. The optimal condi-
tions identified for the process included roasting at 750 °C for 30 min under air and CO
atmospheres. Magnetic separation was subsequently applied, using a weak magnetic field
of 1000 G to recover iron, resulting in a concentrate grade of 62.21% and a strong magnetic
field of 12,000 G for manganese recovery, yielding a concentrate grade of 35.21%. Their
study successfully demonstrated that 72.29% of iron and 90.75% of manganese could be
recovered from EMR, showcasing a promising method for recycling valuable metals from
industrial waste.

Sun et al. [5] developed a clean production method for electrolytic manganese involv-
ing EMR calcination with 4.0 wt.% coke to reduce sulfur content for cement use and a novel
five-stage countercurrent manganese oxide ore and anolyte (MOOA) desulfurization pro-
cess to clean high SO;-containing flue gas. Their results achieved 99.7% sulfur reutilization
from EMR, producing a manganese product with 99.93% purity. This integrated approach
significantly enhances the electrolytic manganese industry’s environmental and resource
efficiency. Here are the primary chemical reactions involved [5];

CaSO, + C — CaO + SO, + CO (37)

2C + 0, — 2CO (38)
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CaSOy + CO — CaO + SO, + CO, (39)

CaSO4 + 2C — CaS + 2CO, (40)

CaSOy + 4CO — CaS + 4CO, (41)

3CaSO0y + CaS — 4CaO + 450, (42)

The mechanisms for sulfur release during the process are outlined as follows: Initially,
the introduced coke directly interacts with CaSO,4 (Equation (39)). Secondly, the coke is
oxidized to produce CO, which reacts with CaSO,4 (Equations (40) and (41)). Although
the reaction of CaSO, with carbon or CO results in the formation of CaS (Equations (41)
and (42)), which can react with CaSO, at temperatures above 1200 °C, leading to its
consumption [5].

The reaction ended with a reduction in the amount of MnO, present, accompanied by
the production of HSO4 (Equation (46)), which reacted with Mn,Oj3 to generate new MnO,
(Equation (46)), with or without the aid of metallic ions (Mn?* and Fe3*, (Equation (45)) [95].

MnCO3 + H,SO4 — MnSO,4 4+ H,O + CO;, (43)
MnO, + SO, — MnSQOy (44)

M2+
SO; + Oy + H,O — H,S04 (45)
Mn,O3 + H,SO4 — MnSO4 + MnO, + H,O (46)

The study noted that the atomization and mixing conditions in the pilot-scale desulfu-
rization process are suboptimal due to the limitations imposed by the size of the equipment.
Therefore, in practical implementations, there is significant room for enhancing the effi-
ciency of manganese leaching (Equations (47) and (48)) [95].

Mn, O, + 3y/2H,SO4 + yFeSO4 — yMnSOy4 + y/2Fe;(SO4 )5 4 3y/2H,O0  (47)

MnyOx + (x — y)HzOz + yHySO4+ — yMnSO4 + xHyO + (x — y)02 (48)

Additionally, Huang et al. [96] introduced a low-temperature CaO roasting process for
treating EMR, focusing on ammonia removal and the immobilization of manganese and
magnesium. They optimized the process parameters, finding that a CaO: EMR ratio of 1:16.7
and roasting at 187 °C for 60 min effectively reduced NH4* and Mn to below discharge
standards while also addressing the leachate’s magnesium hazard (MH). Mechanistic
analyses revealed that the roasting process facilitated the conversion of dihydrate gypsum to
hemihydrate gypsum, with Mn?* and Mg?* primarily immobilized as MnO and Mg(OH),,
respectively. This approach offers a cost-effective and efficient solution for EMR treatment,
contributing to sustainable electrolytic manganese metal production practices [96-98].

4. Thermodynamic Analysis of EMR

The thermodynamic analysis involves studying the energy changes and transforma-
tions that occur during a chemical process [5,99]. In the case of EMR, we can analyze its
utilization’s thermodynamics to understand the process’s feasibility and energy require-
ments [100]. Additionally, in the thermodynamic analysis of the utilization of EMR, the
specific reactions and calculations may vary depending on the composition of the residue
and the desired utilization products [100-102]. The Van’t Hoff equation [103] enables the
computation of thermodynamic parameters such as the Gibbs Free Energy (AG), enthalpy
(AH), and entropy (AS) using the mathematical expressions in Equations (49) and (50) [104].

AH AS

AG = AH — TAS (50)
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where AH represents the alteration in enthalpy (KJ mol~!), AS represents the shift in
entropy (J mol~! K™1), AG represents the change in Gibbs free energy (K] mol™1), K.
represents the adsorption equilibrium constant (L mol~!), R is the gas constant (8.314 ]
mol~! K=1), and T represents the gas constant (K).

Researchers have conducted extensive thermodynamic analyses to elucidate the be-
havior of EMR under various conditions, intending to optimize its utilization pathways. A
study by He et al. [19] examines how ammonium sulfate and pyrite phases break down and
change within the EMR through a roasting process. The optimal conditions for this process
were identified as 120 min at 550 °C, 60 min at 600 °C, and 30 min at 650 °C. Their research
employed HSC Chemistry 9.0 (HSC Chemistry, 2019) to determine the reaction equilibrium
in phase transformation during the roasting process. This was achieved by minimizing
Gibbs free energy under conditions that were isobaric, isothermal, and involved unit moles
target reactants like FeS;(s), MnCOs(s), CaSO4-2H,O(s), MgCOs(s), and (NH4)2504(s).

Duan et al. [105] employed thermodynamic modeling techniques to study the kinetics
of phase transformations in EMR during calcination. Their research highlighted the impor-
tance of temperature and reaction conditions in controlling the thermodynamic behavior
of EMR-derived products, thereby guiding process optimization efforts. Wu et al. [106]
investigated the thermodynamic stability of mesoporous spinel manganese oxide synthe-
sized from EMR. Their findings reveal the importance of thermodynamic considerations in
designing materials with enhanced catalytic performance and stability.

4.1. Kinetic Model and Phase Transformation Characteristics EMR

The leaching of manganese in EMR under a sulphuric acid system is typically catego-
rized as a solid-liquid heterogeneous reaction. The primary chemical reactions involved
are as follows:

2MnO, + 2H,SO4 <> 2MnSOy4 + O, T +2H,O (51)
MnO + HzSO4 — MI’ISO4 + H2O (52)
MI‘ICO3 + HyS504 +» MnSOy4 + H,O + CO, (53)

The intricate chemical mechanism involves sulfuric acid and an EMR matrix where
manganese is leached. Importantly, it draws attention to the fact that the response mecha-
nisms at various locations exhibit differing degrees of symmetry, as depicted in Figure 5.

Figure 5. Structure symmetry ofsolid-liquid heterogeneous mechanism reactions under sulfuric acid
leaching kinematics.
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Zhang et al. [107] conducted a study to explore the feasibility of using EMAS via
SO; roasting and acid leaching, analyzing it through thermodynamic calculations. Their
thermodynamic analysis revealed that MnSO4 and PbSOy coexist during the roasting
and leaching processes, allowing their separation based on differing solubilities. The
primary stages of the roasted products consisted of Mn3O4, MnSOy, and PbSOy4. The
optimal conditions resulted in a leaching efficiency of 92.5% for Mn and just 3.21% for Pb,
demonstrating an efficient method for utilizing EMAS by effectively separating manganese
and lead.

4.2. Oxidation of Manganese Oxide in EMR

Various experimental techniques and theoretical models have been employed to
elucidate the oxidation mechanisms and kinetics of manganese oxide in EMR [47,108,109].
The main reactions are depicted in Equations (54) and (55), while the related changes in
manganese oxide and energy are presented in Table 3. The phase transformation for the
thermodynamic analyses is depicted in Table 4.

Reaction 1; MnO(s) + 1/20,(5) — MnO,(s) (54)

Reaction 2; 2MnO(s) 4+ Oy(y) — 2MnO;(s) (55)

Table 3. Reactions of different reducing agents, MnO,, and corresponding AG% equations.

Spontaneous Reaction/

Reaction Equation AGS (kJ-mol-1) Temperature Range/K
11MnO, + 2FeS; = 11MnO + Fe;O3 + 4SOZ(g) AG% =—170.92 — 1.026T Spontaneous

15MnO; + 2FeS; + 14H,S0,4 = 15MnSOy + Fe,(SO4)3+ 14H,0 AGfrJ = —2918.36 — 0.014T  Spontaneous

2MnO; + SOy(g) = Mny O3 + SO3(1) AGfrJ = —15.01 + 0.018T T <834

3MnO; + 250, (g) = MnzOy + 2505(1) AG%' = —22.22 +0.049T T <453

MnO; + SO;y(g) = MnSO4 AG%' = —24098 + 0.177T T <1361

3MnO, + 2Fe + 6H,SO4 = 3MnSOy4 + Fe;(SO4)3 + 6H,O AG%’ =1020.13 + 0.047T Spontaneous

Table 4. Phase transformation and reaction during SO, roasting and corresponding AGS
equations [107].

Reaction Equation AG% (kJ-mol-1) Spontaneous Reaction/Temperature Range/K
MnO; + SO;(g) = MnSO4 AGY = —192.7 + 0.18T T <1091
2MnO; = MnyO3 + 1/20, AGY =55.64 — 0.1T T>530.5
3MnO; + SOy(g) = MnyO3 + MnSOj4 + 1/20,( AGY = —32.76 + 0.02T T <1910
2Mn, 03 + SOy(g) = Mn3Oy4 + MnSO,4 AGY = —43.35 + 0.05T T <963.3
MnyO3 + 250yg) + 1/20y(g) = 2MnSOy AGY = —441.4 + 0.46T T <9627
Mn304 + 350yg) + Oy(g) = 3MnSO4 AGY = —700.8 + 0.73T T <964.3
2Mn30y + 6505(g) = 5MnSOy4 + MnS AGY = —156.7 + 0.26T T < 602.7
4Mn; O3 + 8505(g) = MnS + 7MnSO, AGY = —243.4 + 0.35T T <6954
Mn304 + SOy(g) = 2MnO + MnSO;4 AGY = —24.41 + 0.04T T <6424
PbO2 + SOy ) = PbSOy AGY = —291.2 + 0.17T T <1730
PbO2 = PbO + 1/20; AGS =9.10 — 0.02T T <4414
PbO + SOy(g) + 1/20,(g) = PbSO4 AGS =78.70 + 0.06T T <1256
4PbO + 450y (g) = PbS + 3PbSO4 AGS = —142.0 + 0.17T T <8433

In summary, the chemical equation of the EMR utilization process and thermody-
namic calculations offer valuable insights into the mechanisms and energy transformations
involved in effectively harnessing EMR. By studying the chemical reactions and energy
transfers associated with EMR, we gain a deeper understanding of this process’s fundamen-
tal principles. Utilizing EMR presents a significant opportunity for sustainable resource
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management and recovering valuable materials. By exploring the chemical equation of
the EMR utilization process, we can identify the essential reactions and transformations
during the recovery and utilization of manganese and other valuable components. Ther-
modynamic calculations play a crucial role in assessing the feasibility and efficiency of the
EMR utilization process. We can evaluate the process’s energy requirements, losses, and
overall efficiency by applying thermodynamic principles. These calculations enable us to
optimize the operating conditions, determine the appropriate temperatures, pressures, and
reactant concentrations, and maximize the extraction and utilization of valuable resources
from EMR.

5. Resource Utilization of EMR

The reduction and pre-treatment of EMR can mitigate pollution by minimizing land
occupation and lowering the risk of secondary pollution. However, to address EMR
pollution more effectively, reutilization strategies must be implemented. These strategies
include recycling valuable resources contained within EMR and employing them in various
applications such as construction engineering and other applications, summarized in
Tables 5 and 6. The surging demand in the construction sector for vital resources like
concrete, cement, bricks, and subgrade materials offers a ripe opportunity for adopting
EMR reuse. EMR strategies involve repurposing and recycling these materials, serving
as a sustainable solution to curb waste and environmental impact. By embracing EMR
practices, the construction industry can address concerns regarding resource scarcity while
fostering innovation and efficiency. EMR contains quartz, aluminosilicate, and gypsum,
which align with the raw material requirements for construction. Leveraging EMR in this
way enhances its comprehensive utilization and contributes to resource conservation.

5.1. EMR in Building Materials
5.1.1. EMR in Cementitious Materials

Recent studies have shown that EMR can be versatile in cementitious materials, serv-
ing as a retarder, light aggregate, activator, and mineralizer. Its incorporation into cement
production can lead to cost savings and significant consumption of EMR, addressing both
economic and environmental concerns. The primary minerals in Portland cement, such as
C,S (2Ca0-Si0,, dicalcium silicate), C3S (3Ca0O-SiO,, tricalcium silicate), C3A (3Ca0-Al,Og,
tricalcium aluminate), and C4AF (3CaO-Al,O3-Fe, O3, tetracalcium aluminoferrite), can
be synthesized by calcining a mixture of EMR, clay, and limestone. Various cement types,
including Portland, quasi-sulfoaluminate, and specialized EMR cement, have been success-
fully produced with EMR content ranging from 2% to 40% [110-113]. However, the use of
EMR in cement is limited by its high ammonia (NH,*) and sulfate (SO427) content. Incom-
plete treatment can lead to environmental issues due to ammonia release and may affect
cement stability if sulfur oxide levels exceed industry standards. Therefore, while EMR
presents a valuable resource for the cement industry, its incorporation must be carefully
managed to mitigate environmental risks and ensure product quality, maintaining EMR
content within the optimal range of 3% to 5% to prevent adverse effects. Table 5 outlines the
use of EMR in the preparation of cement or cementing materials [114]. Figure 6 illustrates
various preparation processes for cement or cement-based products incorporating EMR.
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Figure 6. Schematic for the preparation of cement or cement-related products containing EMR:
(a) TiO»-EMR cement referred from [115] (b) EGH hardened EMR cementitious material, referred
from [14] (c) EMR-GBFS cement, referred from [113].

5.1.2. Bricks and Road Base Materials

The utilization of solid waste materials as substitutes for traditional construction mate-
rials like clay has garnered significant attention in recent years. Various types of bricks and
road bases have been developed using EMR, offering promising properties such as good
splitting tensile strength, compressive strength, and permeability coefficient. Examples in-
clude autoclaved bricks, baking-free bricks, non-sintered permeable bricks, and non-burnt
permeable bricks, which can incorporate a significant percentage of waste materials.

Although these technologies demonstrate promise, their industrialization faces hur-
dles such as the substantial costs of NHj receiving facilities and the lack of demand in
local building materials markets. EMR exhibits significant pozzolanic properties, making
it suitable for utilization as a primary material in brick manufacturing. Researchers have
explored various formulations and processes to manufacture bricks with desirable proper-
ties. For instance, researchers have successfully produced sintered bricks with impressive
compressive strength (ranging from 24.34 to 30.72 MPa) by incorporating blends of EMR,
fly ash, and shale [116]. Non-burning bricks have also been prepared by solidifying EMR
with lime, water, and ordinary Portland cement, resulting in products meeting industry
standards and exhibiting reduced heavy metal leaching [111,116] (See Table 5).

Additionally, permeable bricks, known for their environmental friendliness and ease
of production, have been developed using EMR and additives mixed into mud. By incor-
porating blast furnace slag, cement, stone, and water, these bricks can be formed without
high-temperature sintering [117,118]. They demonstrate satisfactory mechanical properties
and environmental compatibility. Industrial CT has been employed to analyze these bricks’
internal void structure and water permeability, revealing promising results [119]. Table 6
outlines the use of EMR in the preparation of bricks and road-based materials.

In summary, using waste materials like EMR in construction offers opportunities to
produce environmentally friendly and cost-effective building materials, although further
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research and overcoming logistical challenges are necessary for widespread adoption in
industrial applications. Further exploration into the application of EMR for road construc-
tion holds considerable promise. This approach presents an opportunity to effectively
utilize EMR in substantial quantities and integrate it with other industrial solid wastes
like red mud and calcium carbide slag to fabricate road-based materials. These resulting
materials demonstrate favorable characteristics such as enhanced unconfined compres-
sive strength and efficient solidification of heavy metal elements. Given the potential for
widespread implementation, the future integration of EMR into road-based materials holds
significant potential.

Table 5. Brief summary of cementitious materials prepared by EMR.

References  Product Compositions (wt.%) Product Characteristics Leaching Toxicity (mg/L)
o oo Cementitious materials:
[120] feMmRenltZ g’é; ot-stewed steel slag: 28%, Compressive strength: 50.5 MPa, -
PR flexural strength: 8.0 MPa
o 1 ro Cement admixture: Cd: 0.0035, Ni: 0.1565, Zn: 0.1886,
[121] EMR: 13.5%, NaOH: 1.5% Compressive strength: 10.03 MPa Cr: 0.0877, Mn: 0.5321, Pb: 0.1346
o . o _ Sulfur concrete: Cd: N.D., Cu: 0.004, Zn: 0.043, Cr:
[122] fé\fl,jéém% o, sulfur: 45-55%, sand: - o ecsive strength: 48.89-6317  0.033, Ni: 0.030, Mn: 0.045, Pb:
° MPa, flexural strength: 7.12~9.47 MPa  0.034
o Caro Cementitious materials:
[120] EMR: 14%, hot-stewed steel slag: 36%, Compressive strength: 43.5 MPa, )
cement: 50% P &
S flexural strength: 7.0 MPa
Preparation: . s
1) EMR: 8% TIO EMR cement materials: - Mn: 0515, Cu: N.D,, Cd: N.D,, Zn:
- TiO; coating: absolute ethanol, water, p . & 0.086 Pb: 0.094, Cr: N.D
and HNOs coat on the cement meet the national standard
EMR (be pretreated with carbide Cement-based cementitious material:
[123] slag): 15%, clinker: 65%, blast furnace =~ Compressive strength: 32.9 MPa, g/[rn g (())5(3,01\’]§Id+<1\10(1)051 é A;: (? (?831 ’
slag: 20% flexural strength: 6.8 MPa T 4 N I
o Eno ko Cementitious material: Mn: N.D., NH4*N <
[14] EMR: 45%, GBES: 50%, Ca(OH),: 5% Compressive strength: 30 MPa 0.175 mmol/L
) o 1 ) o Quasi-sulphoaluminate cementitious
' o gypsum: 97 Compressive strength: 35-65 MPa
The compressive strength and
o 1o flexural strength exhibit an initial
increase (0-5%) followe a dro -
[125] lillg/IRi O50//0, fly ash: 10%, blast furnace . (0-5%) followed by a drop
& 10 7or (5-20%) when the EMR increases.
EIF90 of 5.4 kg-MPa~!-m3
Activator (EMR:Ca(OH);:clinker Preparation of electrolytic manganese
[113] = 30:3:5): 20~35%, GBFS: 30~65%, residue—ground granulated blast -
clinker > 5% furnace slag cement
N.D.; Not Detected.
Table 6. Brief summary of bricks prepared by EMR.
References  Product Compositions (wt.%) Product Characteristics Leaching Toxicity (mg/L)
EMR: 42.7%, red mud: 21%, Non-sintered bricks:
[126] zﬁggr(;%ije: 15%, cement: 5%, carbide Absorption band: 1621-1675 cm~ NHy4,-N: N.D.
Mn: N.D., Hg?*: 4.4 x 1074, Pb?*:
Steam-autoclaved bricks: 0.127, Cd%*: 0.010, Ba®* N.D., Ni%*
. 0, . 0, . 7 7 ’
[75] EMR: 30%, aggregate: 59.5%, cement: o ressive strength: 22.05MPa,  N.D., Ag* N.D., Cd2* 0.010 Cr3*

10.5%

binding strength: 5.76 MPa

N.D., Cr®* N.D., Cu?*: 0.015,
Zn%*: 0.029, Be%*: 0.015
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Table 6. Cont.

References  Product Compositions (wt.%) Product Characteristics Leaching Toxicity (mg/L)
o ) Steam-autoclaved bricks: Mn: N.D., Cd: 0.01, As:
[111] Zéf?g;tefeg\:rﬁj ?g‘sflé’;/aggregate' Compressive strength: >15 MPa, dry ~ 1.23 x 10~3, Cr: N.D., Cu: 0.015,
o T ? shrinkage: <0.11% Hg: 4.4 x 1074, Pb: 0.127
EMR: 63%, sand:. 10%, Ca(OH)Z: 12% Autoclaved brick:
[127] thermal-mechanical activated Compressive strength: 23.5 MP Mn: <0.02
K-feldspar: 15% p H: 29
geffg?ablte br?lcks't 4353 Mpa, Mn:ND, Cd: N.D, As: N.D,, Cr:
[118] EMR: 30%, additive: 8% PIIng tensyie swengti: o % ND., Hg ND., Pb: ND,
permeability coefficient: NH. .-N' N.D
32 x 1072 cm/s e
EMR: 90%, shale: 5-10%, coal ash: Sintered b.r1cks:
[116] 0-5% Compressive strength: -
24.34-30.72 MPa,
Surface material:
Cement: 15%, pigment: 3%, stone: Permeable bricks:
[119] 75%, water: 7% Splitting tensile strength: 3.85 MPa, )
Base material: permeability coefficient:
EMR: 15%, stone: 72%, cement: 3%, 32 x 1072 cm/s
additives: 7%, water: 3%
1nno Baking-free bricks: . o
[128] EMR: 100% Compressive strength > 12 MPa Mn: N.D., NH;*-N: N.D
EMR: 50%, river sand: 25%, Baking-free brick:
quicklime: 10%, cement: 15% Compressive strength: 19 MPa i
Autoclaved brick:
no Apo . . . Zn: 0.33, Cu: 0.30, Hg: 0.018,
121 a0 ositance o presion mienaty: | P19, CE: 005, Cr¥% N, Ca
T p y: 0.02, As: 0.12, F: 0.11, Ni: 0.58
23.8 MPa
Pretreated EMR: 30% (EMR: Autoclaved brick: Mn: N'D'Lg:d: 001, As:
. ano . . . 1.23 x 107°, Cu: 0.015, Hg:
[130] lime = 8:1 (g/g)), water: 30%, cement: Compressive strength: 22.05 MPa, 4 o ) )
10.5%, aggregate: 59.5% binding strength: 5.75 MPa 44 X 107, Pb: 0.127, Zn: 0.029 F:
4 0.052, Be: 0.015, Se: 5.56 x 103
Unfired EMR brick:
[117] EMR: 60%, river sand: 20%, Compressive strength: 42.6 MPa, Mn: 1.2, Pb: <0.01, Zn: 0.12 Co:

cement:20%

water absorption rate: 6.5%, bulk
density 1.9370~2.0239 g/cm3

0.01, As: 0.41 Fe: 086

N.D.; Not Detected.

5.1.3. Ceramics Materials

In addressing industrial solid waste management, the transformation of Electrolytic

EMR into aluminosilicate-based glass-ceramics and ceramics has gained significant trac-
tion [131,132]. The calcination of EMR without modification can produce CaO-MgO-Al,O3-
SiO, series glass-ceramics with a crystallization activation energy of merely 429.00 k] /mol,
as highlighted by [133]. These materials, including anorthite and enstatite multiphase ceram-
ics, demonstrate superior mechanical qualities such as bulk density, bending strength, and
compressive strength, achieved with EMR incorporation ranging from 10% to 35% [52,133].
Furthermore, the development of ceramisite from EMR, meeting the environmental safety
standards (GB/T 1743.1-2010), marks a significant stride in EMR reuse, supporting the
creation of non-hazardous, lightweight aggregates [134-136].

In parallel developments, Wu et al. [137] demonstrated using talc, bauxite, and quartz
alongside EMR to manufacture ceramics at temperatures ranging from 1100 to 1200 °C.
These products exhibited notable mechanical properties and were suitable for thermal
insulation and high-temperature applications. Similarly, studies by Zhang et al. [138] and
Hu & Yu [139] have shown the feasibility of integrating 30-40% EMR into the production of
ceramic tiles, effectively isolating heavy metal contaminants within the ceramic structure.
Cheng et al. [140] synthesized a porous material based on EMR, achieving a compressive
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strength of 6.55 MPa. This synthesis occurred at 1170 °C for 50 min, with silicon carbide
(S5iC) employed as a pore-forming agent. Increased SiC addition resulted in a decline in
the compressive strength of the porous material. Zhan et al. [141] devised a method to
produce lightweight ceramsite by blending EMR, fly ash, and MSW fly ash. They purified
the MSW fly ash through a heating process at a controlled rate of 10 °C per minute, reaching
a temperature of 1160 °C for 12 min. The resulting ceramics met the requirements for Class
800 lightweight aggregates and demonstrated effective encapsulation of heavy metals.

These scholarly contributions illuminate the versatility and environmental compati-
bility of EMR-based materials, offering substantial opportunities for waste reduction and
resource recovery in the industrial sector. The integration of EMR mitigates the envi-
ronmental footprint associated with manganese production and introduces innovative
applications in the construction and manufacturing industries, underscoring the need for
ongoing research into these materials” optimization and environmental impacts.

5.1.4. Agriculture (Organic Fertiliser)

Amidst the growing global demand for soil fertilizers to sustain agricultural produc-
tivity [142], the utilization of waste materials like EMR offers a sustainable solution. Urban
industrial waste, often rich in nutrients vital for crop growth, can be effectively repur-
posed for fertilizer production, mitigating environmental damage and reducing production
costs [143,144]. In modern agriculture, EMR stands out as a valuable resource for fertilizer
production. EMR is Rich in Mn and plays a crucial role in supporting crop vitality, directly
engaging in essential processes such as photosynthesis and enzyme activation [39]. No-
tably, its high manganese content, primarily in sulfate form, renders it ideal for agricultural
fertilizer production [145].

Researchers have explored various methods to harness the potential of EMR in fertil-
izer production. Wang et al. [146] demonstrated the synthesis of compound fertilizer gran-
ules by mixing EMR with steel slag and water, achieving favorable agricultural outcomes.
Additionally, Jiang et al. [147] revealed a process involving the EMR alkaline treatment
to convert silica (5iO,) into silicate, thereby producing silica-manganese fertilizer. These
endeavors resulted in elevated silicon content, enhancing the efficacy of the fertilizer [91].
A parallel study by Lv et al. [82] activated Si in EMR utilizing silicate microorganisms. The
experimental findings indicated that the bioleaching solution contained 163.27 mg/L of
silicon, which possesses the potential to serve as a viable silicon fertilizer resource.

Furthermore, the utility of EMR extends beyond its manganese content. Fertilizers pro-
duced from EMR offer vital nutrients, including nitrogen, potassium, phosphorus, and am-
monium nitrogen, which are indispensable for promoting vigorous crop growth [148,149].
Additionally, EMR aids in fortifying crops against environmental stressors like lodging,
insects, drought, and diseases, ultimately boosting crop yields [148]. In summary, Incor-
porating EMR into organic fertilizer formulations represents a strategic approach toward
sustainable agriculture. Nevertheless, heavy metal ions within EMR-based organic fer-
tilizers introduce environmental and human health concerns. Heavy metals, including
manganese, can exert toxic effects on plant roots, impairing their growth and overall health.
Additionally, these metals possess the potential to leach into the surrounding soil and water,
thereby causing contamination and posing significant risks to ecosystems and human pop-
ulations alike. Therefore, enhancing the safe handling of heavy metals in EMR is essential,
leading to increased usage of EMR consumption in agriculture.

5.1.5. EMR in Other Applications

The composition of EMR presents an opportunity for diverse applications. With SiO,
content ranging from 22.03—41.24% and Al,O3 ranging from 2.27-8.54%, EMR serves as
a valuable resource for the synthesis of adsorbents like zeolite [36,150-153], mesoporous
silica and other absorbents [70,154], in geopolymer [155-158]. Additionally, there has
been a growing preference for the utilization of adsorbents in wastewater treatment due
to their simplicity, efficiency, long-term viability, and renewable nature [159]. However,
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industrial, urban, and agricultural wastes possess chemical and structural compositions
that are suitable for wastewater treatment. Utilizing these wastes, offers the potential to
prepare effective treatment materials [160]. If implemented, this approach can potentially
lower the manufacturing expenses associated with wastewater treatment materials, as
Hossain et al. [161] emphasized. Moreover, it guarantees the utilization of these wastes,
thereby contributing to a reduction in environmental degradation. EMR has been investi-
gated in recent studies for its potential use in wastewater disposal or as a catalyst support
technology [162,163].

These investigations have offered insights into the potential reuse of substantial quan-
tities of EMR. However, the limited focus has been on exploring the leaching toxic effects,
longevity, micro-properties, and the solidification technique of heavy metallic ions in the
EMR. The utilization of EMR in wastewater treatment is considered a minor application
for several reasons. These include the limited quantity of EMR utilized, the complexity
of the production process involved, and the inadequate exploration of the solidification
mechanism for other heavy-metal ions. Despite its potential benefits, these factors hin-
der the use of EMR in wastewater treatment, highlighting the need for further research
and development to overcome existing challenges and fully leverage its effectiveness in
this area.

6. Conclusions and Areas of Future Study

This review systematically explores the multifaceted aspects of EMR, including its
environmental challenges, recovery methodologies, and utilization strategies. The research
revealed the significance of EMR as both a liability and a resource, highlighting advance-
ments in treatment processes such as water-leaching, chemical-leaching, alkaline-leaching,
bioleaching, and roasting. The integration of thermodynamic and kinetic models has
illuminated the mechanisms behind EMR treatment, facilitating the development of more
effective recovery methods. Furthermore, the potential application of EMR in construction
materials opens new avenues for sustainable waste management.

6.1. Prospects and Technical Aspects

The focus on EMR treatment and utilization should pivot towards innovation in pro-
cess efficiency, environmental sustainability, and economic viability. Integrating advanced
technologies, such as nanotechnology and biotechnology, could open new pathways for
the enhanced recovery of valuable metals and the development of high-value products
from EMR. Exploring novel bioleaching microbes and genetically engineered strains could
improve leaching efficiencies and selectivity for specific metals. Innovations could include
optimizing existing methodologies and exploring novel treatment technologies such as
membrane or advanced oxidation processes, offering a promising avenue for selective
metal recovery.

6.2. Policy and Market

Strengthened regulatory frameworks are essential for the promotion of EMR recycling
and utilization. Policies should encourage the development of environmentally friendly
and cost-effective EMR treatment technologies. Furthermore, regulations should facilitate
the safe use of EMR-derived products in various industries, ensuring they meet stringent
environmental and health standards.

The market for EMR-derived products, particularly in the construction and materials
sectors, needs further development. Market analyses should identify potential applications
and demand for EMR-based products, guiding research and development efforts. Public
awareness campaigns can also play a critical role in increasing market acceptance and
demand for recycled materials.
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6.3. Environmental Sustainability and Economic Evaluation

Efforts should be directed toward minimizing the environmental footprint of EMR
treatment processes and maximizing the beneficial use of recovered materials. Lifecycle
assessments can provide insights into the environmental impacts of different treatment op-
tions, guiding the selection of sustainable methodologies. Promoting the circular economy
through integrating EMR into new products can significantly reduce waste and resource
consumption. Economic evaluations are crucial for assessing the viability of EMR treatment
processes and their derived products. Cost-benefit analyses should consider the entire
lifecycle of EMR, from treatment to end-use applications. Economic incentives, such as
subsidies or tax breaks, could be implemented to encourage investment in EMR treatment
facilities and the development of EMR-based products. Adapting to the global solid waste
issue of EMR and the sustainable development of the EMM sector is of considerable scien-
tific importance, and this review paper is anticipated to offer theoretical solid support for
the clean disposal and efficient exploitation of EMR.
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