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Abstract. 
The increasing amount of waste residue produced during the electrolytic preparation process of manganese has nowadays brought about serious environmental problems. The research on utilization of manganese slag has been a hot spot around the world. The utilization of manganese slag is not only environment friendly, but also economically feasible. In the current work, a summarization of the main methods to produced building materials from manganese slag materials was given. Baking-free brick, a promising building material, was produced from manganese slag with the addition of quicklime and cement. The physical properties, chemical composition, and mechanical performances of the obtained samples were measured by several analyses and characterization methods. Then the influence of adding materials and molding pressure during the preparation of baking-free brick samples on their compressive strength properties was researched. It is concluded that the baking-free brick prepared from manganese residue could have excellent compressive strength performance under certain formula.


1. Introduction





China has the largest amount of electrolytic manganese in production, consummation, and exportation. The total quantity of electrolytic manganese can be as huge as millions of tons every year, which account for up to 95% of that of the world [1–3]. It is also reported that Chinese electrolytic manganese production enterprises are mainly located in provinces like Hunan, Chongqing, Sichuan, Guizhou, and Yunnan. The production capacity and production amount of Chinese electrolytic manganese industry have a significant increase from 0.210 million tons in 2002 to 1.411 million tons in 2011, which can be seen in Table 1 [4, 5]. The production of manganese metal is finical to our life. But, with the continuous increase production amount, the grade of available manganese ore has been decreased to only 15%~20%. This means that there will be 5~7 t of acid residue prepared per 1 t of electrolytic manganese, resulting in the formation of a great deal of electrolytic manganese residue.
Table 1: Production capacity and amount of the Chinese electrolytic manganese industry (million tons).
	

	Year	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011
	

	Production capacity	0.300	0.450	0.550	0.921	1.049	1.570	1.879	2.110	2.200	2.230
	Production amount	0.210	0.325	0.494	0.566	0.733	1.024	1.139	1.317	1.376	1.411
	



Electrolytic manganese residue (EMR) can be defined as the acid residue obtained during the preparation of electrolytic manganese, which is a process of adding mineral powders containing manganese carbonate into the sulfuric acid. It is also an inert salic material, more than 80% of whose particle size is below 80 μm. On the other hand, EMR is full of sulfate, for the content of 
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 can be up to 15%~25% [6]. However, EMR has a complicated composition due to its production process. The heavy metal ions in EMR would introduce terrible environmental pollution to the around soil and water after a long time of stockpiling and weathering. These soil and water rich of heavy metal ions could be a threat to human health. So for the purpose of reuse of manganese residue and reduction of its negative influences, research on the comprehensive utilization is an extremely interesting subject.  
As a promising active material, EMR can be widely use in the production of building materials like cement, concrete, and brick [7–12]. The prepared cement and concrete could have excellent performance of corrosion resistance and mechanical properties [13, 14]. As to the according research [15, 16], industrial residues such as EMR, slag can be used to produce the sintered brick, ceramic brick, steam-pressing brick, and baking-free brick. The method is to produce brick from the mixture of these industrial residues with shale and deposited mud. It is not only economically feasible, but also environmental friendly. Recently, many attempts have been made to prepared these kinds of bricks with better mechanical properties. Both Peng et al. [17] and Gao [18] have prepared sintered bricks using EMR, shale, and fly ash as raw materials. Their compressive strength can be up to 22.64 MPa. Zhang et al. [19] have done the research on the preparation of cameral brick materials from manganese slag. The mixing amount can be up to as much as 40%. Wang et al. [20] obtained the steam-pressing brick from EMR with 10%~20% of cement and 5%~10% of quicklime. And the compressive strength can be about 20~30 MPa.
As to the preparation of baking-free brick, Jiang et al. [21] have found a new preparation method to obtain the compressive strength reaching up to 10 MPa. They mixed the EMR with fly ash, lime, and binding materials like lime cement followed by the addition of aggregate. Then the baking-free brick is obtained after the process of compression moulding. This process can dramatically enhance the strength and decrease the use of water. Generally, it is an effective way of resource utilization of EMR to obtain baking-free brick by the process of compression moulding [22]. In this paper, we have produced baking free brick from manganese slag with the addition of quicklime and cement and have measured the physical properties, chemical compositions, and mechanical performances of the obtained samples.
2. The Preparation of EMR Brick
2.1. Materials
The status of EMR is loose when it was first poured into the slag stocking site and will change into half flow conditions under the action of rainwater which is as shown in Figure 1(a). Then the manganese slag will solidify after a long time of evaporation. The surface can turn into a hardened state which is illustrated in Figure 1(b). And it is harder than the part under the surface. 
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Figure 1: (a) Half flow conditions; (b) hardened state of surface.


Figure 2(a) reveals the vertical distribution pattern of the manganese residue. The sampling site is 30 m far from the slag dam and 0.8~1.2 m below the hardened surface. EMR in this site is black dope in the state of half flow as shown in Figure 2(b). 
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Figure 2: (a) Vertical distribution pattern of the manganese residue; (b) samples taken from 1.0 m below.


The physical performances and chemical composition of the taken samples are separately illustrated in Tables 2 and 3. From Table 2, it can be known that the density is 1.72 g/
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, and the moisture content can be around 52.6%. And from Table 3 it can be seen that the main composition is 
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 which is the main composition of brick. On the other hand, the cement used in these experiments is 42.5 ordinary Portland cement. The fineness modulus of sand is separately 3.1 and 1.1. The experimental quicklime containing 76.5% of active calcium oxide is sieved at a 0.8% residue. Its fineness is referring to the standard of cement.
Table 2: The physical properties of EMR.
	

	Physical properties	Fineness (%)	Density (g/cm3)	Moisture content (%)	Dry density (g/cm3)	Cohesion (kPa)	Internal friction angle (°)
	

	EMR	31.1	1.72	52.6	1.13	11.5	22.2
	



Table 3: The chemical composition of the EMR.
	

	Composition (%)	SiO2	Al2O3	Fe2O3	CaO	MgO	MnO	SO3	Loss
	

	EMR	38.4	14.3	6.78	9.45	—	3.75	19.2	10.12
	



2.2. Preparation of the Samples
The proportion of materials in this experimental is in dry status. As shown in Table 2, the moisture content of the taken EMR is 52.6%. What is more the contents of MnSO4 and (NH4)2SO4 are separately 3.75% and 2.47%. As to the fabrication of EMR brick, the forming process is was semidry pressing process. The size of the performing tool was 
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100 mm × 100 mm. The samples after forming were maintained by watering in the air. The strength is referring to the Mortar Strength Testing Method of Cement (GB/T17671-1999), performances testing to the Chinese National Standard of Wall Bricks Testing Methods (GB/T2542-2003), and the Detection Technological Standards of Building Structure (GB/T 50344-2004).
3. Testing Properties of EMR Baking-Free Brick
3.1. Raw Materials Systems
The low strength of brick from EMR-sand-lime system cannot afford the requirement of building materials. But the properties can be enhanced through adding ~15% content of cement into the system [23]. As a building material, the fabrication process of baking-free brick is simple and becomes a hot spot of the researchers globally. In the previous studies, fly ash often acts as cementing materials [24]. However, due to the widely use of fly ash rather than cement and low production quantity of electrolytic manganese enterprise, it is critically important and low cost to produce the brick with the utilization of cement. The purpose of this paper is to investigate the influence of ratio and kinds of the raw materials on the mechanical properties of obtained bricks. According to the previous paper and the comparing experiments, it was proved that the system of EMR-sand-lime-cement is the best.
3.2. Forming Pressure
The early strength of EMR baking-free brick obtained in the process of forming pressure is due to the close contact of the raw particle materials [25]. It is beneficial to the physical and chemical reaction between these particles and simultaneously provides base for the later strength. The compressive strength of the bricks prepared under different forming pressures is shown in Table 4. From Table 4, it can be known that the 7d and 28d compressive strengths increase gradually along with the value of forming pressure. The rate of increase is low. But it is said that the larger the forming pressure is, the higher cost and the lower production the efficiency is. Comprehensively considering these factors, we conclude that the forming force of 25~30 MPa can meet the requirement of architectural design. So it is believed to be the optimum range of moulding pressure.
Table 4: Compressive strength of bricks under different forming pressures.
	

	Forming pressure (MPa)	Compressive strength (MPa)
	7d	28d
	

	20	10.6	16.3
	25	13.5	17.4
	30	14.7	21.3
	35	15.3	21.7
	40	16.2	22.3
	



3.3. Properties of EMR
Compressive strength testing was carried out on the baking-free brick fabricated by binding materials base on the previous forming pressure experiment. The binding material was obtained under different ratios of EMR-sand-lime-cement system. In the process, the ratio of water to solid is an important factor. Its value was determined in the range of 0.10~0.20, according to case if the slurry would overflow from the forming mold. What is more the result also will differ under different ratio of cement to sand. The 7d and 24d compressive strengths under different formulas are stated in Table 5. It can also be seen that the average compressive strength of the as-obtained samples is over 10 MPa, which is up to the standard of building materials. 
Table 5: Compressive strength under different ratios of cement to sand.
	

	Formula	Cement-sand ratio	Water-solid ratio	
									Compressive strength (MPa)
	7d	28d
	

	1	1 : 2.0	0.11	10.4	12.4
	2	1 : 1.5	0.12	11.9	15.3
	3	1 : 1.0	0.15	14.7	19.0
	4	1 : 0.6	0.18	14.3	18.1
	5	1 : 0	0.22	7.9	16.5
	



Table 5 illustrates that an optimum formula is 50% of EMR, 20% of river sand, 15% of quicklime, and 15% of cement, and ideal ratio of water to solid materials is 13%. On the other hand, the result of test for heavy metal extraction meets the environmental criterion. The concentration of leaching 
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 is about 1.3 mg/L, while that of the national discharged standard of sewage is 1.8 mg/L. Consequently, the preparation of baking-free brick with excellent properties can be achieved using EMR as the main raw material. 
The addition of aggregate can improve the particle size of mixture, reduce the contraction of the fabricated bricks, and enhance the mechanical behavior and durability of the samples. Due to the high proportion of aggregate and low proportion of cementing materials in Formula 1 and Formula 2, only when reducing the ratio of water to cement can it meet the conditions of compression moulding. Even though it has a large value of 28d strength, products from these two formulas have no practical applications because of the lacking of binding materials, tendency to loose, complex corporation of production process, and bad durability. While as to Formula 4 and Formula 5, the samples have more binding materials and less aggregate, leading to low strength. Shortage of framework materials and high demand of water are the main reasons. Above all, it can be concluded that the as-fabricated samples can have the largest 7d and 28d strength at a cement aggregate ratio of 1 : 1. It can be used in actual production using the formula of 50% EMR, 25% river sand, 10% quicklime, and 15% cement. 
4. Conclusion
From the experiments and discussions in this paper, we can know that, in the production of EMR baking-free brick, 25~30 MPa of molding force is economically feasible, and the pressure during forming process is beneficial to obtainment of the brick strength. Furthermore, when the cement aggregate ratio is 1 : 1 water solid ratio is 0.15, and the moulding pressure is 30 MPa, the produced EMR baking-free bricks have excellent mechanical properties like compressive strength. What is more is EMR-sand-lime-cement production system is the optimum one with 50% of EMR, 25% of river sand, 10% of quicklime, and 15% of cement.
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