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Abstract
Electrolytic manganese residue (EMR) is a common industrial solid waste. The ammonia and manganese
components contained in it will pollute the soil environment and have potential risks to human health.
Under the premise of investigating the production of electrolytic manganese slag and conventional
processes, it is found that the traditional harmless treatment methods of electrolytic manganese slag are
still mainly lime solidi�cation, cement solidi�cation, and �y ash solidi�cation, and the resource utilization
directions such as cement, concrete, non-sintered bricks, road bases, etc. are mainly used. But, EMR
contains ammonia nitrogen, and manganese (prone to leaching) that di�cult to meeting environmental
protection requirements by using general cement cementitious material solidi�cation. Therefore, this
study focused on manufacturing new eco-friendly bricks with EMR using calcination process. Speci�cally,
the physical performance and environmental characterization of the sintered bricks were investigated.
Furthermore, the sintering behavior and crystallization of all bricks containing EMR were studied using
XRD, FT-IR, and SEM. The results showed the EMR leaching solution contained 1256 mg/L and 8120
mg/L of ammonia nitrogen and manganese, respectively, both of them exceeds Chinese standards (GB
8978-1996). Because of EMR is rich in Fe2O3 and K2O, it greatly promotes particle rearrangement and
transfer in the EMR system, reducing the sintering temperature. The compressive strength, leaching
performance and radioactivity of sintered bricks with EMR all met the state standard requirement for
"sintered common bricks" (GB/T 5101-2017) and (GB 8978). The product can be used as bricks of MU20
grade of Chinese standard. The study provides an effective method for the safe and environmentally
friendly disposal of EMR.

1 Introduction
Electrolytic manganese residue (EMR) generated from smelting wastes produced during the electrolytic
production of manganese metal from manganese ore. China has abundant manganese resources and
provides this metal worldwide, as well as manganese ore consumers. Producing one ton of manganese
metal electrolytically generates between 5–9 tons of EMR. Annually millions tons of EMR wastes
therefore generate from production via electrolysis or acid leaching. These levels reached 1.01 million
tons in 2015, of which 720,000 tons were produced from domestic manganese ores. Currently, the
accumulated stock of EMR wastes are more and more high and occupying a signi�cant land�ll volume.
This increases disposal costs for businesses and incurs potential safety hazards. Moreover, some
harmful elements in EMR enter the environment via rainfall or dust(Zhou et al., 2014.Nan.et al, 2009, Silva
et al, 2007., Wang et al, 2016). Therefore, the resource utilization of EMR has become an urgent need.

Historically, widely abundant clay reserves in China have served as an important construction material,
especially for conventional sintered brick-marking. However, some limits on clay do exist, which include
the location of reserves and political policies. For example, in order to save clay resources, the Chinese
government began to prohibit its use in the brick industry in the early twenty-�rst century. Note that the
EMR is also a type II industrial waste, rich in Fe2O3 and K2O, which promotes particle rearrangement,
transfer in the EMR system, and materials sintering.
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First of all, this article has done a literature survey on the harmless treatment methods and resource
treatment methods of electrolytic manganese slag at home and abroad, and found that the
comprehensive utilization of EMR has many directions, including concrete, non-sintered bricks, cement
and sintered products(Feng et al, 2006;Li et al, 2007;Lan, 2006;Yang et al, 2014;Li ea al, 2014a;Xu et al,
2011;Han at al,2018;Hou et al, 2012; Wang et al, 2019;Tang et al, 2019). Studies have shown that
manganese in EMR is easy to leach, and it also contains ammonia nitrogen components. The method of
using cement cementitious materials to solidify characteristic pollutants is not effective. So, a systematic
and harmless treatment method were used, and then proposed a new type of environmentally friendly
brick with electrolytic manganese slag as the main raw material, and proved the practicability and safety
of the product through experiments.

2 Production And Disposal Of Emr

2.1 Source of EMR and its production process
Manganese is an important strategic resource, can be widely used in iron and steel industry, aviation,
medicine and other industries. It is the basic raw material to support economic construction and
industry development(Wang et al, 2020;Banerjee et al, 2017;Camargo et al, 2018). China's electrolytic
manganese industry development is relatively late, but it develops rapidly and has been the largest
producer, exporter and consumer of electrolytic manganese in the world(Zhou et al, 2020;Cong et al,
2018). In recent years, China is in a crucial period of mining upgrading and transformation, and the
national environmental protection policy is becoming more and more strict. Thus, after 2015 China's
manganese ore production showed a "cliff-breaking" decline, which is far from keeping up with the
development of metallurgical industry, and the degree of external dependence continues to
climb(Cong et al, 2018). At present, almost all electrolytic manganese in the world is produced in
China and South Africa, and China's electrolytic manganese production accounts for more than 97%
of the global production(Zhang et al, 2020).The electrolytic manganese production process in China
has always been using the acid leaching electrolytic hydrometallurgy process proposed by the United
States Bureau of mines in 1935(Brantley et al, 1968), and the raw material is mainly manganese ore
(rhodochrosite or manganese oxide reduction ore)(Du et al, 2013). The following �gure 1 is the
process �ow chart of electrolytic manganese production(He et al, 2021).

Although China's Electrolytic Manganese market is developing rapidly, compared with western developed
countries, the overall technical level of the industry has the disadvantages of low product quality, low
resource application e�ciency and high production cost and so on.. In the process of electrolytic
manganese production, a large amount of electrolytic manganese slag will be produced. Coupled with the
impact of manganese ore taste and smelting process, the stock and yield of electrolytic manganese slag
in China is huge, and its disposal has been in a relatively conservative state. Presently, it is still mainly
transported to a dedicated site for damming and stacking[1].Under the leaching action of natural rainfall,
electrolytic manganese slag releases a large number of soluble manganese (Mn2+), ammonia nitrogen
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(NH4
+-N) (Qian et al, 2012;Chen et al, 2015). Therefore, this treatment has a large environmental pollution

hidden dangers and take up a quantity of land resources. It is urgent to �nd a reasonable and effective
solution of electrolytic manganese slag.

2.2 Disposal status of EMR

2.2.1 Curing/stabilization treatment
The traditional harmless treatment of EMR can be divided into sorting processingt, curing treatment and
so on(Shu et al, 2016;Lan et al, 2021). Sorting processing can sort out the quali�ed raw materials by
using the different physical and chemical properties of EMR and then can be used to produce electrolytic
manganese. Solidi�cation treatment is the most primary way of harmless treatment of EMR, including
lime curing, cement curing, �y ash curing, self-glue curing, etc(Vinter et al, 2016;Chuwi et al, 2012). By
using cement and other solidi�cation materials to �x the harmful elements such as heavy metals in EMR
into inert basic materials,the slag can be used rationally.

Mu et al(2020) used composite portland cement (PC32.5R) as curing agent to cure / stabilize EMR and
the results showed that manganese-bearing mineral in EMR, MnSO4·2H2O, (NH4) 2Mn (SO4) 2·6H2O and
soluble Mn, transformed into more stable insoluble mineral phases such as manganese calcium
pyroxene (CaMnSi2O6) and manganese silicate (MnSiO3) after curing by PC32.5R. Meanwhile, hydrated
gel can bind all the components in EMR and effectively inhibit the dissolution of Mn in EMR solidi�ed
body. Some studies say that cement has poor �xation effect on ammonia nitrogen in electrolytic
manganese slag, and the solidi�cation after treatment will produce different degrees of volume increase,
and more land resources will be wasted in the subsequent stacking process. EMR-cement gel system has
limited curing capacity for NH4

+ and the solidi�ed body releases NH3 for a long time, which is easy to
cause secondary pollution and is not conducive to the production and utilization of resource products.
Zhou et al(2013) found that CaO is safer and more convenient than NaOH by studying the effect of
additive types on Mn2+ solidi�cation and ammonia nitrogen removal e�ciency. With the analysis of
immobilization mechanism. Du et al(2020) discovered that calcium oxide and sodium bicarbonate are
bene�cial to immobilize the soluble manganese of precipitation and oxidation products. The chemical
stability experiment process is shown in Fig. 2. In practice, lime is not used solely for the cementation and
solidi�cation of EMR, and is mostly used in combination with �y ash, cement and other
materials(Malviya et al, 2006). The curing e�ciency of EMR-based cementitious materials ( EMR-P )
prepared by Lan et al(2021) for ammonia and manganese is over 95 %, and its uncon�ned compressive
strength is over 18MPa, This is a new method for �lling electrolytic manganese slag in mines. The
technical process is shown in Fig. 3 below. The solidi�cation and stabilization of Mn2 + and NH4 + - N in
electrolytic manganese slag by Shu et al(2018). using MgO and different phosphate resources showed
that Mn2 + was mainly stable in the form of Mn(H2PO4)2·2H2O Mn3(PO4)2·3H2O Mn(OH)2 MnOOH, and

NH4
+-N was stable in the form of NH4MgPO4·6H2O. The experimental principle diagram is shown in Fig. 4

below. Xue et al(2020) synthesized a new composite cementitious material with ground granulated slag,
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clinker, lime and EMR as raw materials. The analysis shows that gypsum is conducive to the rapid
stability of heavy metals (except manganese). At the same time, CSH gel can effectively immobilized all
heavy metals by HM-gel reaction, thus ensuring the environmental protection of the new material.
Similarly, Zhang et al(2020) used blast furnace slag, red mud and carbide slag as stabilization /
solidi�cation ( S / S ) agents to treat electrolytic manganese slag. The principle is shown in Fig. 5. The
charge balance effect produced Mn2SiO4 and Ca4Mn4Si8O24, and formed new chemical bonds.

Meanwhile, Mn2 + was oxidized to more stable MnO2.

2.2.2 Resource utilization
Because the composition of EMR is becoming more and more complex, its harmless treatment is
becoming more and more di�cult, and meanwhile, in order to alleviate the great pressure on the
environment caused by the slag, some scholars have carried out a large number of EMR resource
utilization work. The recycle and utilization of manganese in EMR is an important way to make full use of
the slag. Biological method(Lan et al, 2021) acid leaching method(He et al,2020) water washing
precipitation method(Baumgartner et al, 2014) are commonly used. Due to its mineral composition, EMR
is mostly recycled as cement materials, road base, brick making materials, heavy metal adsorption
materials and chemical fertilizer production in agricultural �eld.

 Manganese recovery

In recent years, because of the increasing lack of natural resources and increasing attention to
environmental protection. The recycle of manganese from waste residue, by extracting Mn with heated
sulfuric acid or hydrochloric acid solution as solvent, has attained more and more attention. Li et al(2015)
used it as raw material to produce MnO2 by two-step method. The recycling process is shown in Fig. 5.
The XRD spectrum of MnO2 ,synthesized by EMR, shows that the characteristics of γ-MnO2 XRD
spectrogram no other phase is detected, indicating that the purity of the �nal product is high. EDX
analysis proved that the purity of the �nished product is as high as 90.3%, which can be directly used as
chemical raw materials or raw materials to manufacture electrode materials. In the study of ultrasonic-
assisted extraction of manganese from EMR, Li et al(2008)[42] found that particle size parameters had the
greatest in�uence on the extraction effect of manganese. Under speci�c extraction conditions, the
e�ciency of ultrasonic extraction of manganese could reach about 90%, which proved that ultrasonic-
assisted extraction technology was more advantageous than traditional technology.

 Cement material

Wang et al(2013) added EMR as an activator to Ground granulated blastfurnace slag (GGBS) to prepare
EMR-GGBS cement. Through the research on the activity index and compressive strength, it shows that
the cement strength exceeds that of slag silicate cement (P· S) 32.5 levels, even reaching the level of P· S
42.5 and 52.5. The sulfur concrete prepared by Wang et al(2014) from EMR has high compressive
strength and good durability. EMR, aggregate and modi�ed sulfur are uniformly dispersed to form a
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compact packing structure. The detection showed that the leaching content of heavy metal ions was
lower than the speci�ed value in the national integrated wastewater discharge standard ( GB8978-1996 ),
and it was not harmful to the environment.

 Road base material

Zhang et al(2019) used EMR and other solid wastes to prepare road base materials. The preparation
process is shown in Fig. 7(Zhang et al, 2019). The experiment proved that EMR-RM-CS had high
uncon�ned compressive strength and durability, and the leaching test results were in line with China 's
groundwater standards, indicating that EMR-RM-CS system could solidify heavy metals well, providing a
new direction for the resource utilization of EMR. Chen et al(2021) veri�ed the feasibility of the
application of EMR in highway subgrade. In order to remove manganese and ammonia nitrogen in EMR,
10 % lime was used for curing treatment. Considering that the slope height in actual is generally 8m ~
12m, combined with the stability calculation results of numerical simulation, they put forward a section
scheme, manganese slag highway slope height of 10m and slope ratio of 1:1, and the calculation results
showed that heavy rainfall will also affect the stability of manganese slag slope at the same time.

 Autoclaved Brick/Permeable Brick

Du and others(2014) used EMR to produce autoclaved bricks. Under the conditions of EMR mass ratio of
30-40%, cement mass ratio of 10.5-12%, formation pressure of 15-20Mpa, W / C ratio of 0.4 and steam
pressure of 1.2-1.5Mpa, the compressive strength of autoclaved bricks is greater than 15Mpa, dry
shrinkage is less than 0.11%, compressive strength loss is less than 10% and weight loss is less than 2%.
Experiments showed that the compressive strength and leaching toxicity of the autoclaved brick meet the
requirements of relevant standards. The C-S-H gel and calcium zirton in the brick sample form the
pressure strength mechanism. Wang et al(2019) prepared non-sintered permeable brick with electrolytic
manganese slag as raw material. The study found that the compressive strength of non-sintered
permeable brick can reach 3.53Mpa after 28 days, meeting the requirements of GB / T25993-2010.
Ammonia can also be recycled during the pretreatment of EMR. The leaching experiment of permeable
brick showed that these harmful substances in EMR have been effectively solidi�ed.

 Heavy metal adsorption material

Li et al(2015) took EMR as raw material to prepare MnO2 by two-step method. The XRD spectrum of
MnO2 synthesized by EMR showed the characteristics of γ-MnO2 XRD spectra and no other phase was
detected which means that the purity of the �nal product was high. A kind of EMR-made calcium silicate
hydrate has been prepared during the preparation process, which has good adsorption properties for
diluted Mn2+ and phosphate ions in water and is a potential large-scale wastewater treatment material.
Lan et al(2021) prepared a new material ( A- EMS ) for removing heavy metals by ball milling active
electrolytic manganese slag. Adsorption and removal mechanisms of heavy metals are shown in Fig. 9.
Powder A-EMS has remarkable effect on removing heavy metals in wastewater. Block A-EMS ( porous
brick ) can be used to build barrier walls to prevent heavy metal leaching in tailings ponds. The leaching
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toxicity test results can meet the national standard ( GB / T3838-2002 ) limit. Therefore, A-EMS can be
widely used to remove heavy metals in wastewater, intercept and solidify heavy metals in mine
wastewater.

Although the harmless treatments and resource utilizations of EMR provide many directions for future
development, most of them are in the laboratory stage. The resource utilization of manganese slag is
di�cult to mass production, and the e�ciency of manganese slag treatment is di�cult to achieve
expectations. Another reason is that the cost of harmless or resource treatment is too high or the process
is too complex to produce economic bene�ts. A single technology will not meet the huge demand of
electrolytic manganese industry. Only by effectively integrating various technologies can the problem of
electrolytic manganese slag be fundamentally solved. Among them, the building materials industry has
the strongest consumption ability, and can carry out technical research in this �eld. The research on new
environmental protection bricks in this paper is helpful to the large consumption of electrolytic
manganese slag and create certain economic value.

2.3 Research on new environmental protection bricks
The reasonable disposal solution of EMR is of great signi�cance to promote the development of
electrolytic manganese industry and is more conducive to the restoration of ecological environment. As
the largest bulk solid waste consumption industry, building materials industry can effectively solve the
consumption problem of EMR. The main oxide compositions of electrolytic manganese slag are SiO2,
Al2O3, Fe2O3 and CaO. It is a good raw material for building materials. Many researchers have explored
the building materials utilization of electrolytic manganese slag, but there are few environmental
protection applications with low cost and easy popularization. This paper introduces a new
environmental protection brick manufactured by EMR using environment-friendly calcination technology.
To be speci�c, the individual pollutants, physical properties and environmental characteristics of sintered
bricks synthesized by this method were studied. At the same time, the sintering behavior and
crystallization of all products including EMR were mainly studied. The leaching study of bricks composed
of EMR was also carried out and analyzed. This study provides an effective method for the utilization of
EMR resources.

3 Materials And Methods

3.1. Raw Materials
EMR was provided by Chongqing a electronics limited liability company in Chongqing, China, the average
grain size (d50) was 100 micrometers, water content was 17.8%. Clay was provided by a shale company
in Chongqing, the average grain size (d50) was 130 micrometers. Pulverized coal was provided by a coal-
�red power plant in Chongqing, the calori�c value was 4500 kcal.

3.2 Mixing ratios and preparation methods
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3.2.1 Mixing ratios
The mixing proportion of sintered bricks containing EMR is presented in Table 1. As indicated in it,78.5%,
88.5%, 98.5% clay, and 0%, 10%, 20% EMR, and 1.5% pulverized coal alongside 0.22 water to materials
ratio were used in all samples.

 
Table 1

Mixing proportion of EMR brick /%
Manganese residue Clay Pulverized coal Water to materials ratio

0 98.5 1.5 0.22

10 88.5 1.5

20 78.5 1.5

3.2.2 Preparation of the EMR sintered brick
The clay, EMR and pulverized coal were blended homogeneously by mixing using a blender machine for
about 30 s, and then water was added and slowly mixed for about 2 minutes. The molding size of
specimens was 240mm×115mm×53mm and molding pressure is 4-6 MPa, then specimens were
demolded and sintered in a mu�e furnace at 950-1000℃for 105-115 min. After sintering, the brick
specimens were cooled by nature air.

3.3 Test methods

3.3.1 Mechanical property
The compressive strength was determined by a universal testing machine according to the Chinese
standard "sintered common bricks" (GB/T 5101-2017).

3.3.2 Shrink rate property
Shrink rate = (Volume before calcination - Volume after calcinations)/ Volume before calcination×100 %.

3.3.3 Methods of structural characterization and
composition
The hydrated and crystalline minerals of the brick samples were studied using X-ray powder diffraction
(XRD) in an X’Pert PRO diffractometer (PANalytical).

According to the ASTEREO SCAN440, Leica Cambridge Ltd, X-ray spectroscopy helped scanning electron
microscope (SEM) is used to investigate the morphology of the hydration products.

The chemical bonds of hydration product were analyzed by America Thermo brand Fourier-Infrared (FT-
IR).
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The EMR was dried at 100±5ºC to obtain the dry base sample. The chemical compositions of the EMR
and shale soil were analyzed by X-ray �uorescence spectrometer (XRF).

3.3.4 Natural radionuclides
The samples were tested for natural radionuclides using a high-resolution and low-background gamma
spectrometry, and 40K (1460 keV). 226Ra (via 352 keV of 214Pb) and 234Th (63.3 keV). Furthermore, IRa

and Ir the activity concentration indices were established to analyze the possible radiological risks

3.3.5 Leaching property
Based on the manganese ore electrolysis process of the electronics company (Chongqing, China), it is
known that the characteristic pollutants of EMR mainly are ammonia nitrogen and manganese, so it is
pretreated with general aqueous solution, and COD, ammonia nitrogen and manganese in its leaching
solution were tested by general leaching. Particular pollutants leached from brick specimens must satisfy
the Chinese standard “Soil environmental quality risk control standard for contamination of development
land”(GB36600-2018) and “Integrated water discharge standard” (GB 8978-1996). Therefore, the samples
were pre-treated according to the national standard method to investigate the environmental security.

4 Results And Discussion

4.1 Basic physical properties of EMR

4.1.1 Chemical composition analysis
 

Table 2
chemical composition analysis of raw materials /%

Material SiO2 Al2O3 SO3 Fe2O3 MnO BaO K2O+Na2O

EMR 22.79 8.26 24.31 20.48 9.77 1.45 2.09

Shale soil 55.46 24.79 0.37 11.96 — — 2.78

The chemical composition of the EMR and shale soil was analyzed by XRF. The analysis results are
shown in the Table 2. It is show that the main chemical components of EMR are silicon dioxide, alumina,
sulfur trioxide, iron oxide and manganese oxide, among which the contents of sulfur trioxide, iron oxide
and manganese oxide arerelatively high. As well as, aside from SO3, other chemical compositios are
consistent with shale soil.

4.1.2 General leaching test of manganese residue
Leaching test results reported in Table 3 show that concentrations of ammonia nitrogen and manganese
in the manganese residue leaching solution were 1256 mg/L and 8120 mg/L, respectively. Both exceeded
Chinese standards outlined in the “Integrated wastewater discharge standard” (First grade standard) (GB
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8978-1996). Therefore, a clean treatment technology for recycled EMR in sintered bricks had been carried
out to eliminate environmental risks.

 
Table 3

Test results of EMR general leaching
Items Result

(mg/L)
“Integrated wastewater discharge standard ” ( �rst grade standard)
(GB 8978-1996)

COD 46.7 60

Ammonia
nitrogen

1256 15

Mn 8120 2.0

4.2 Properties of EMR brick

4.2.1 Appearance of EMR sintered brick
As it shown in Fig. 11, the surface color of bricks containing EMR looks darker than the clay raw material,
and hematite resulted in orange-colored red brick bodies. This is because of EMR contains copious
amounts of iron oxides, brick samples appear yellowish-brown or reddish-brown after high-temperature
sintering.For this reason, with increasing levels of EMR, the color of the sintered bricks prepared with EMR
gradually deepens from brown-yellow to gray-black. Therefore, the color of sintered bricks with EMR
below 20% appears the same as brick sintered with pure clay. So, the maximum EMR content in the brick
were set to 20%.

4.2.2 Shrinkage rate of EMR sintered brick
Figure 12 shows the shrinkage rates of the sintered bricks increased as the EMR levels increased. The
shrinkage rates of bricks containing 10 and 20 % EMR were 5.7 and 7.6% respectively, higher than the
control group (0% EMR). The shrinkage rates of the samples with 20% EMR exceeds by 10% to
approximately 33%. Those increases were due to several factors. Firstly, the loss on ignition increased the
decomposition of calcium sulfate and other sul�des in the manganese residue. Secondly, the
decomposition of sul�des such as calcium sulfate in the manganese residue accelerated for clays, which
indicated clay minerals promoted the decomposition of sulfates and further increased the loss on
ignition. Thirdly, liquid phase increased during sintering, which makes the green body that produces the
shrinkage. So, as EMR content increased, the liquid phase amount increased, and assisted specimen
sintering, which increased the density and led to shrinkage increases.

4.2.3 Basic physical properties of EMR sintered brick
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Table 4
Test results of basic physical properties

Samples Compressive strength /MPa Radioactivity

Blank control group 14.8 IRa=0.3 Ir=0.5

10% manganese residue brick 17.6 IRa=0.2 Ir=0.3

20% manganese residue brick 20.5 IRa=0.3 Ir=0.4

Standard value ≥10.0 IRa 1.0 Ir 1.0

According to the test results in Table 4, the compressive strength of sintered bricks with 10% and 20%
EMR were 17.6 and 20.5 MPa, respectively, meeting the requirements of the national standard "sintered
common bricks" (GB/T 5101-2017). As well as, much higher than that of the control group (14.8 MPa).
The radioactivity limits of sintered bricks with 20% EMR were IRa=0.3 and Ir=0.4, which all meet the
relevant requirements of the national standard "Limits of radionuclides in building materials" (GB 6566-
2010) having the similar radioactive level with the control group (IRa=0.3, Ir=0.5). This is mainly due to the
fact that EMR is rich in Fe2O3 and K2O. It can greatly promote the particles re-arrangement and transfer in
EMR system and promote the materials sintering, reducing the sintering temperature and improving the
compressive strength of the bricks. So the compressive strength of brick with 20% EMR is higher than the
brick specimens with 10% EMR. However, with the increase of EMR, the radioactivity also appropriately
increases.

4.2.4 Moulding pressure of EMR sintered brick properties
 

Table 5
Moulding pressure of 20% EMR sintered brick properties

NO. Moulding
pressure

(MPa)

Dry
density

(kg/m3)

Strength(MPa) Frost resistance

(Strength loss rate
%)

Flexural
strength

Compressive
strength

1 6 1630 6.7 21.2 1.53

2 5 1543 5.4 18.5 1.66

3 4 1439 4.3 13.6 1.94

From Table 5, the dry density and compressive strength of brick specimens containing EMR increase with
the increase of moulding pressure. However the frost resistance was constantly decrease. This shows
that the moulding pressure is more effective to the sintered brick containing EMR, and the optimal
moulding pressure is 5-6 MPa. So, the properties of sintered brick containing 20% EMR were presented in
Table 6. It shows that frost-resistance, water absorption and radionuclide limits of the sintered bricks with
20% EMR were all meet the MU20 grade of Chinese standard “Fired common bricks” (GB5101).
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Table 6

Other properties of 20% EMR sintered brick
NO. Test index Measured value Standard value Judgement result

1 Strength grade 21.2 MU20 Quali�ed

2 Frost-resistance Strength loss rate:1.53% (≤25%) Quali�ed

Nnmber of freezing damage:0 ≤1

3 Water absorbtion 10.3% ≤20% Quali�ed

4 Radionuclide Limits IRa≤1

Ir≤1

Quali�ed

4.2.5 X-ray diffraction pattern of EMR sintered brick
The XRD spectrum of Fig. 13 shows that the major crystalline phases present in sintered bricks were
quartz(SiO2), hematite(Fe2O3), anhydrite(CaSO4) and albite, which formed the main mineral framework of
the EMR bricks. The crystalline phases were also responsible for the physical properties and mechanical
strength of bricks. After mixing with EMR and sintering at high temperature, the content of gypsum
dihydrate in the system is greatly reduced. This also veri�es that after dehydration at high temperature,
the gypsum decomposes to calcium oxide and sulfur trioxide. At the same time, the content of SiO2

decreases gradually. This is mainly due to the addition of EMR, resulting in the reduction of SiO2

proportion. In addition, the residual silicon forms low eutectic glass phase with sodium and calcium,
which leads to the further reduction of SiO2 content. As well as, the diffraction peak intensity of albite
increases gradually with the EMR content increases. The main reason is the content of albite increases
gradually. The spectrum analysis is also consistent with the results of basic physical properties such as
compressive strength and shrinkage.

4.2.6 SEM patterns of EMR sintered brick
The SEM patterns in Fig. 14 shows that the grain size and pore distribution of the specimens is
consistent, and uniform, and there are glass phases among the particles. In addition, a large number of
granular and short rod-shaped crystals can be clearly seen in the glass phase. The details can be seen in
the Fig. 14 (control group) that the sections of sintered bricks without EMR were mostly the small silicate
layers and crystal like minerals particles under the 950℃sintering temperature. Fig. 14(10% EMR)
showed the sections of sintered bricks with 10% EMR sintered bricks were mostly the small silicate layers
and crystal like minerals particles under the sintering temperature of 950℃. For the brick samples
containing 20% EMR, Fig. 14 also shows that the molten glass phase wrapped and cemented the �ne
crystal-like mineral particles, �lled the small pores between materials and made them close to each other.
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The main reason is that the microstructure of sintered brick becomes more compact after adding EMR,
and the compactness of sintered brick with 20% EMR is obviously higher than that with 10% EMR.The
sintering mechanism is as follows the particles combine with each other to form the skeleton of the green
body. In the sintering process, EMR can reduce the sintering temperature and produce molten liquid in
advance. The higher the temperature is, the more glass phase can be produced.Under the action of
capillary force and surface tension, glass phase can �ll the gaps between particles, seal part of surface
pores, bond particles and form a network structure, thus reducing the porosity of the sample and making
the sintered brick compact. So, the brick specimens with EMR have higher compressive strength and
lower shrinkage rate(Luo et al, 2020).

4.2.7 Fourier infrared spectrum pattern of EMR sintered
brick
According to infrared spectrum in Fig. 14, the absorption peak at 1134.2cm−1 is related to Si-O
asymmetric stretching vibration. The peak at 761.4 cm−1 is corresponding to Si-O-Si symmetric stretching
vibration.The peaks atat 1629.8 cm−1 and 3487.3 cm−1 are contribute to H-O-H symmetric stretching
vibration respectively(Gijbels et al, 2019). It can be seen that compared with the control group, the
infrared spectrum of quartz with EMR is wider and the peak intensity is lower. Therefore, its crystallinity is
general, and its quartz content is lower than that of the control group. The observation indicates that the
content of SiO2 decreases with the increase of EMR content. Meanwhile, the absorption peaks of H-O-H

decreases at 1629.8 cm−1 and 3487.3 cm−1, were indicating that the crystal water in calcium sulfate
dihydrate decomposes gradually at high temperature. The absorption peak at 2300-2400 cm−1 is S-H
symmetric stretching vibration. The peak around 2300-2400 cm−1 was not detected at bricks with 10%
EMR specimen, it may due to the fact that the right amount of Fe2O3, K2O can greatly promote the
particles re-arrangement and promote the materials sintering, so the sulphydryl compounds also
participated in this reaction. But when the bricks mixed with 20% EMR, itself sulphydryl compounds to be
introduced too much, which caused this FTIR spectrum data phenomenon.

4.3 Leaching environmental safety properties of EMR
sintered brick
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Table 7
Test results of sintered brick’s leaching properties

Items Test result(mg/L) “Integrated wastewater
discharge standard ” (�rst grade standard)
(GB 8978-1996)Control

group
10%
manganese
residue brick

20%
manganese
residue brick

COD 27.6 11.8 24.7 60

Ammonia
nitrogen

0.05L 0.05L 0.09 15

Mn 0.01L 0.01L 0.01L 2.0

Ni 0.04 0.05 0.06 1.0

Cu 0.18 0.17 0.19 0.5

As 0.02 0.02 0.03 0.5

Note: such as “0.01L” is mean under thedetection limit.

According to the test results of leaching solution of sintered bricks in Table 7, the contents of COD,
ammonia nitrogen, Mn, Ni, Cu and As in the leaching solution of sintered bricks with 10% and 20% EMR
were 11.8, 0.05L, 0.01L, 0.05, 0.17, 0,02 mg/L and 24.7, 0.09, 0.01L, 0.06, 0.19, 0.03mg/L, respectively.
The pollutants are far below the �rst-level standard requirements of the national standard "Integrated
wastewater discharge standard" (GB 8978-1996). The main reason is that the Fe2O3, K2O is rich in EMR, it
forms a liquid phase at lower temperatures. The contaminations in the sintered brick system can be
e�ciently wrap up by this

technology, so the heavy metal prepared by EMR as raw material will not cause secondary pollution to the
environment(Zhang et al, 2019;Li et al, 2020;Xu et al, 2019;Leiva et al, 2018;Arroyo et al, 2020).

In addition, according to the requirements of the “Identi�cation Standards for Solid Wastes–General
Rules”(GB 34330-2017), when there is no national pollution control standard or technical speci�cation,
the content of harmful components in the product should not be higher than that in the product produced
with substituted raw materials. Meanwhile, according to the test results of leaching solution in Table 7,
the content of COD, ammonia nitrogen, manganese, Mn, Ni, Cu and As in the sintered bricks with 10%
EMR did not exceed that in the control group, and mixed 20% also meet the �rst grade standard.
Therefore, the maximum contents of EMR is 20% for brick application.

4.4 Practical production �ow chart of EMR sintered brick
Figure 16 shows the practical production �ow chart of bricks containing EMR. Preliminary results utilized
bricks with the following compositions (by mass): 20% EMR, 78% shale, and 2% coal ash were used. EMR
and shale were initially broken with a jaw crusher, rotary screen, and �ne crusher. Then all raw materials
were mixed using a double shaft mixer, transported to a hydraulic molding machine, the green bricks were
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prepared. After molding, the brick samples were placed into a tunnel kiln for calcination that led to
successful fabrication of EMR bricks.

4 Conclusions
Based on the review of the current solidi�cation and stabilization treatment methods and resource
utilization methods of EMR, the physical properties and leaching properties of EMR were evaluated, and
the sintering behavior and crystallization process of EMR bricks were studied:

1. At present, the harmless treatment and resource utilization of EMR are diversi�ed, but most of them
are in the laboratory stage. The complex production process and high production cost limit the
resource utilization of EMR. It is necessary to integrate a variety of processes to make EMR consume
in large quantities. In this study, EMR is used as raw material to prepare sintered bricks for building
materials industry, which can be effectively disposed.

2. The particular pollutants of EMR were studied in details, and the contents of ammonia nitrogen and
manganese in the leaching solution of EMR were 1256 mg/L and 8120 mg/L, respectively. The
pollutants both exceeds the standard requirements of comprehensive sewage discharge standards
and poses environmental safety risks.

(3) The compressive strength of sintered bricks prepared with 10% and 20% EMR meets the requirements
of the national standard "sintered common bricks" (GB/T 5101). The radioactivity limit of sintered bricks
with 20% EMR also meets the relevant requirements of the national standard "Limits of radionuclides in
building materials" (GB 6566-2010). This is mainly due to the fact that EMR is rich in Fe2O3, K2O, these
substances can greatly promote the particles re-arrangement and transfer in EMR system and promote
the materials sintering, reducing the sintering temperature, accelerating sintering and improving the
product’s all performances.

(4) The particular pollutants content of COD, ammonia nitrogen, manganese, Ni, Cu and As in bricks
prepared with 20% EMR were equal to that in blank sintered brick. The concentration of these pollutants
met the requirements of the �rst-level standard requirements of the national standard "Integrated
wastewater discharge standard" (GB 8978). Therefore, the sintered bricks prepared with 20% EMR will be
no secondary pollution.
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Figure 1

Technical �ow chart of EMM(He et al, 2021)

Figure 2

Experimental methodology for chemical immobilization of soluble Mn(II)(Du et al, 2020)
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Figure 3

Schematic diagram of back�lling manganese mine pit with EMR-P.P(Lan et al, 2021)
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Figure 4

Processes of stabilizing/solidifying Mn2+and NH4+-N(Shu et al, 2018)

Figure 5

S/S mechanism diagram(Zhang et al, 2020)
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Figure 6

Schematic diagram of Mn recovery route(Li et al, 2015)

Figure 7



Page 25/32

Preparation Process of Electrolytic Manganese Slag Subgrade Material(Zhang et al, 2019)

Figure 8

Non-sintered permeable brick preparation process �ow chart(Wang et al, 2019)
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Figure 9

Mechanism diagram of heavy metals removal and stabilization(Lan et al, 2021)
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Figure 10

Specimen preparation �ow of EMR sintered brick

Figure 11

Appearance of EMR sintered brick
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Figure 12

Shrinkage rate of EMR sintered brick



Page 29/32

Figure 13

X-ray diffraction pattern of EMR sintered brick
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Figure 14

SEM patterns of EMR sintered brick
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Figure 15

Fourier infrared spectrum pattern of EMR sintered brick
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Figure 16

Practical production �ow chart of manganese residue brick


