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Abstract:



The extraction of manganese from a semi-oxidized manganese ore was investigated with sucrose as the reducing agent in dilute sulfuric acid medium. The kinetics of leaching manganese from the complex ore containing MnCO3 and MnO2 was also investigated. The effects of sucrose and sulfuric acid concentrations, leaching temperature and reaction time on the total Mn (TMn), MnO2 and MnCO3 leaching were investigated. Results showed that MnCO3 could more easily react with hydrogen ions than MnO2 in ores, and MnO2 decomposition could be advantageous for MnCO3 leaching. The leaching efficiencies of 91.8% for total Mn, 91.4% for MnO2 and 96.9% for MnCO3 were obtained under the following optimized conditions: 0.035 mol/L sucrose concentration, 5 mol/L sulfuric acid concentration, 60 min of reaction time and 363.2 K of leaching temperature. In addition, it was found that the leaching process of semi-oxidized manganese ore follows the shrinking core model and the leaching rate was controlled by chemical reaction and diffusion. The apparent activation energy of the total manganese, MnO2, and MnCO3 leaching were 40.83, 40.59, and 53.33 kJ·mol−1, respectively.
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1. Introduction


Manganese and its products are widely used in steel, ferromanganese, non-ferrous alloys, dietary additives, fertilizers, paints, electronic components and other chemicals [1]. China is the largest producer and consumer of manganese products in the world, annually consuming more than 14 million tons of manganese ores [2]. However, only 6.4% of manganese ores were rich-grade, which had been depleted [3], and the import of rich-grade manganese ores has rapidly increased from 7.57 million tons in 2008 to 13 million tons in 2015. Therefore, the efficient and economic extraction of manganese from low-grade manganese ores in China is of practical significance.



As a low-grade manganese ore, semi-oxidized manganese ore is a rhodochrosite (MnCO3) that has been partly oxidized to manganese dioxide (MnO2). The mineral compositions found in ore are rhodochrosite (MnCO3), manganese oxide ore (MnO2) or mischcrystal structure of MnCO3 and MnO2. Previous studies mainly focus on the leaching of a single component of manganese ore. When the ores mainly contain MnCO3, manganese can be obtained directly through acid leaching. When the ores contain MnO2, the ores can be treated through reduction roasting followed by acid leaching [4,5,6,7] or directly through reductive leaching in dilute acid medium with different reducing agents, which includes waste tea [8], corncob [9], cornstalk [10], molasses [11], sawdust [12], glucose [13], oxalic acid [14], H2O2 [15,16], SO2 [17] and sphalerite [18]. Bioleaching technology has also been used to liberate manganese from ores [19]. However, there is no report on the simultaneous leaching of the two forms of manganese from semi-oxidized manganese ore. The relationship between the mineralogical structure and the leaching rate of the remaining semi-oxidized manganese ore is also poorly understood. The kinetics of simultaneously extracting various valence states of manganese from the ore also has not been studied.



Sucrose is a high-efficiency, environmentally friendly and renewable reductant in the leaching of manganese oxide ores [13]. Meanwhile, sucrose is the hydrolyzed product of biomass reductant in acid medium. As the structure and chemical components of sucrose are simpler than other biomass reductants, the use of sucrose can provide fundamental information which is pertinent to other biomass reductants. It has been used as a reducing agent to leach manganese dioxide in sulfuric acid solution [20]. Fractional factorial experiments have been used to study the significant effects and interactions among these factors. The chemical reaction that occurs during manganese leaching from manganese dioxide with sucrose as reductant can be described by the following reaction [20,21]. In addition, a shrinking core model and related statistical analysis of acid leaching manganiferous ores by sucrose were also reported [21].
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The present study aimed to extract manganese from semi-oxidized manganese ores with sucrose as the reducing agent in sulfuric acid medium. The influences of different relevant factors, such as temperature and sucrose, and sulfuric acid concentrations, on the leaching rate of manganese (including total manganese, MnO2 and MnCO3) were investigated. Moreover, the kinetic model of the leaching process was investigated.




2. Materials and Methods


2.1. Materials


The sample of semi-oxidized manganese ore was obtained from the Daxin manganese mine (ore reserve, 131 million tons), Guangxi, China. The chemical composition of the manganese ore was characterized with X-ray fluorescence spectroscopy (Philips PW2404, Almeto, Holland) and an inductively coupled plasma spectrophotometer (Optima 5300 DV, PerkinElmer, Waltham, MA, USA). The results are presented in Table 1. The mineralogical structure was characterized through X-ray diffractometer (XRD, Rigaku model D/max-2500, Osaka, Japan). The XRD pattern is shown in Figure 1a. The chemical composition and XRD pattern indicated that the manganese (25.61%) in minerals was mainly composed of manganese dioxide (MnO2, 23.44%), manganous carbonate (MnCO3, 20.95%) and a few other valence phases. A large amount of gangue (SiO2) was also observed. Before use, all samples were crushed, ground, sieved and dried to provide desiccative raw material with a particle size of under 0.147 mm.


Figure 1. X-ray diffractometer (XRD) pattern of semi-oxidized manganese ore (a) and its leaching residue (b).
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Table 1. Bulk chemical composition of semi-oxidized manganese ore sample (mass fraction, %).







	
Component

	
Total Mn

	
Mn (MnCO3)

	
Mn (MnO2)

	
Mn (MnSiO3)

	
Al2O3

	
CaO




	
Content (%, ω)

	
25.61

	
10.02

	
14.82

	
0.36

	
3.49

	
1.72




	
Component

	
S

	
MgO

	
P

	
SiO2

	
Fe

	




	
Content (%, ω)

	
0.049

	
1.74

	
0.084

	
37.70

	
5.46

	











2.2. Experiment Procedure


The leaching experiments were conducted in a 250 mL three-neck flask in a precision constant temperature water bath with an infinitely variable agitator. The reactor had three entrances, consisting of temperature measurement, stirrer and condenser. In a typical experiment, 10 g of samples were leached in 1–5 mol/L sulfuric acid solution and 0.015–0.045 mol/L sucrose with a stirring speed of 500 r/min at 333.2–363.2 K for 30–120 min, thereby keeping the solid-to-liquid ratio at 250 g/L. The samples of the leach solution were withdrawn at different times during the leach period for the total Mn (TMn). The leaching residues were washed with distilled water and dried for chemical analysis. All of the experiments were repeated in triplicate. The parameter errors were estimated by 95% confidence limits (Cls) (±1.96δ) [13]. The data points in Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6 represent the average values of the triplicate experiments and the error bars represent the 95% Cls.


Figure 2. Leaching rate of semi-oxidized manganese ore at different stirring speeds. The data points represent the average values from the triplicate experiments and the error bars represent the 95% confidence limits (Cls).
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Figure 3. Effect of sucrose concentration on the leaching efficiencies of total Mn (TMn) (a); MnO2 (b); and MnCO3 (c) in semi-oxidized manganese ore. The data points represent the average values from the triplicate experiments and the error bars represent the 95% Cls.
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Figure 4. Effect of H2SO4 concentration on the leaching efficiencies of TMn (a); MnO2 (b); and MnCO3 (c) in semi-oxidized manganese ore. The data points represent the average values from the triplicate experiments and the error bars represent the 95% Cls.
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Figure 5. Effect of the reaction temperature on the leaching efficiencies of TMn (a); MnO2 (b); and MnCO3 (c) in semi-oxidized manganese ore. The data points represent the average values from the triplicate experiments and the error bars represent the 95% Cls.
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Figure 6. Scanning electron microscope (SEM) images and energy dispersive X-ray spectrometry (EDS) element mapping of (a) semi-oxidized manganese ore; and (b) leaching residue.
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2.3. Analytical Methods


The Mn contents of ores, leaching solution or leaching residues were detected via ammonium ferrous sulfate titration method [4]. Then, 0.2 g of the sample was diluted in 40 mL (1 wt %) perchloric acid at boiling water for 30 min and then filtrated and heated to measure the content of MnCO3 in mineral and residue. After the white smoke emerged from the filtrate, 2 mL (37 wt %) hydrochloric acid was added and diluted with water to 50 mL, and the Mn content was detected via titration method.



The content of MnO2 in mineral and residue was measured via iodometry. Approximately 0.2 g of the sample was weighed and placed into a 250 mL iodine flask. Then, 50 mL distilled water and 4 g of KI were added. After the solid of potassium iodide dissolved completely, 5 mL of diluted HCl solution (17 wt %) was added. Then, the bottle was sealed with a cork and stored in darkness for 30 min. In this period, the bottle was shaken violently at times to dissolve the sample completely. Finally, normality sodium thiosulfate standard solution was applied to titrate the obtained solution with 3 mL of starch solution (5 wt %) as an indicator. Then, the MnO2 content of the sample was calculated with the following formula:
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where V is the volume of sodium thiosulfate solution consumed during the titration, mL; C is the normality sodium thiosulfate standard solution, 0.1 mol/L; 0.04347 is the amount of substance of MnO2, g/millimol of thiosulfate; and m is the weight of sample.



The leaching efficiencies of TMn, MnCO3 and MnO2 were determined with the following equation:
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where w is the percentage of leaching efficiency; (TMn/MnCO3/MnO2)0 (g) is the total manganese or MnCO3 or MnO2 content before leaching; and (TMn/MnCO3/MnO2)i (g) is the total manganese or MnCO3 or MnO2 value after leaching.



The content of MnSiO3 in mineral and residue was measured as follows. Approximately 0.2 g of the sample was incinerated at 500 °C for 2 h. Then, the incinerated sample was placed into a 100 mL conical flask, followed by the addition of 25 mL HCl (37 wt %) and SnCl2 solution (10 wt %). After filtration, the residue was dissolved with 15 mL HCl (37 wt %), 5 mL HNO3 (69 wt %) and 2 mL HClO4 (70 wt %) in a PTFE (polytetrafluoroethylene) beaker. Then, it was filtrated and diluted with water to 50 mL, and the Mn content was detected through titration method. The relative error of the measured Mn contents, MnCO3 contents, MnO2 contents, and MnSiO3 contents had high accuracy, and the precision was less than ±0.1%. The recoveries were in the range of 97.9% to 102.1%.




2.4. Ore Characterization


The surface morphologies were examined with field emission scanning electron microscope (SEM Hitachi Limited model, S-3400N, Tokyo, Japan) equipped with energy dispersive X-ray spectrometry (EDS; IXRF Systems, Inc., Model550i, Austin, TX, USA).





3. Results and Discussion


3.1. Effect of Agitation Speed


The effect of agitation speed on the leaching rate of total manganese was investigated in the range of 100–700 r·min−1 under the conditions of the initial sulfuric acid concentration of 5 mol/L, 0.035 mol/L sucrose and temperature of 363.2 K. As shown in Figure 2, the extraction of total manganese increased when the agitation speed increased from 100 to 500 r·min−1 because of the enhanced diffusion of liquid reactants [22]. However, a slight decrease was observed when the agitation speed increased from 500 to 700 r·min−1, and this decrease was ascribed to the violent agitation that caused the particles to adhere onto the inner wall of the three-neck flask. This phenomenon reduced the leaching efficiency. The experimental research verified that the effect of external diffusion could be easily ignored when the agitation speed was over 500 r·min−1 [23]. Therefore, the agitation speed was kept constant at 500 r·min−1 in the following tests.




3.2. Effect of Sucrose Concentration on the Leaching Efficiencies of TMn, MnCO3 and MnO2


The manganese dioxide in semi-oxidized manganese ore could not be directly leached with sulfuric acid without reductant. The effects of sucrose concentration on the leaching efficiencies of TMn, MnCO3 and MnO2 were investigated in the range of 0.015 to 0.045 mol/L at the initial sulfuric acid concentration of 5 mol/L and temperature of 363.2 K to improve the leaching efficiency of manganese. The results are presented in Figure 3. Without adding sucrose, the leaching efficiency of TMn had a sharp increase in the first 45 min of the reaction (Figure 3b). Then, the leaching efficiency of TMn increased slightly from 36.5% to 38.2%. The efficiency of MnCO3 was reciprocated by a similar sharp increase in TMn (Figure 3a), thereby suggesting that MnCO3 could be easily extracted by sulfuric acid without reductants [24]. Although approximately 5% MnO2 was decomposed, the possibility was that the Mn2+ released from MnO2 would be apparently based on the small quantities of ferrous or biomass in ores that could be used as reductants [25]. The leaching efficiency of TMn increased dramatically with the increase of sucrose concentration from 0.015 mol/L to 0.035 mol/L. However, this increase was not remarkable in the later concentration of 0.035–0.045 mol/L with a slight augmentation in the leaching rate from 92.4% to 92.9%. Nearly 8% of TMn also remained in the leaching residues that included 7.3% MnO2 and 2.2% MnCO3. These observations demonstrated that the two manganese phases could not be recovered completely. Table 1 shows that 37.7% of silica existed in the semi-oxidized manganese ore. This finding implied that gangue encapsulation might be the main reason that restricts manganese from being leached. The leaching efficiency of MnCO3 rose slightly within a narrow range from 93.1% to 97.4% when the sucrose concentration reached 0.025 mol/L. This slight increase was the result of the exposure of MnCO3, which was encapsulated in MnO2, in the leaching process and then by its reaction with sulfuric acid. Then, the increase in the sucrose concentration had no significant effect on MnCO3 leaching efficiency. However, even if the phases of MnO2 and MnCO3 could be recovered completely under the aforementioned conditions, the approximately 2% TMn that remained in the ores could not be leached. This observation confirmed that some other manganese phases could not be dissolved easily in an acid solution with a reductant. Therefore, the optimal sucrose concentration should be 0.035 mol/L to leach manganese from the semi-oxidized manganese ore as completely as possible, and to decrease the sucrose concentration. This optimal sucrose concentration corresponded to the TMn leaching efficiency of 91.8%, including 91.4% for MnO2 and 96.9% for MnCO3 dissolved in 60 min. This sucrose concentration was used in all subsequent experiments.




3.3. Effect of Sulphuric Acid Concentration on the Leaching Efficiencies of TMn, MnCO3 and MnO2


The influence of sulfuric acid concentration on the dissolution of semi-oxidized manganese ore was examined with temperature of 363.2 K, 0.035 mol/L sucrose. The result is shown in Figure 4. When the H2SO4 concentration was 1 mol/L, the leaching efficiencies of TMn and MnO2 were stabilized at 56.3% and 37.8%, respectively, while 81.4% MnCO3 was dissolved rapidly within 30 min. This phenomenon revealed that MnCO3 and MnO2 generated a competition relation to hydrogen ions, and a certain increase in sulfuric acid concentration was an accelerator to leach semi-oxidized manganese ore in which the MnCO3 phase could obtain hydrogen ions more easily than the MnO2 phase. Therefore, the decomposition rate of MnCO3 was faster than that of the latter at low acid concentrations. As the acid concentration increased to 3 mol/L, the leaching efficiency of TMn increased evidently and reached 79.6% within 30 min. However, this increase was not remarkable in the later period from 30 to 120 min with a slight growth in the leaching efficiency from 79.6% to 84.6%. This observation indicated that the leaching activity of semi-oxidized manganese ore in hydrometallurgy process was relatively low compared to manganese dioxide, which was reported by Veglio [20]. The further leaching of MnCO3 also verified that a part of MnCO3 was truly encapsulated in MnO2. Meanwhile, the leaching efficiency of MnO2 could reach 82.5% in 120 min. This finding indicated that increasing the acid concentration could relieve the competitive relations between MnCO3 and MnO2 for hydrogen ions. The leaching efficiencies of TMn and MnO2 also increased obviously with the increase of sulfuric acid concentration from 1 to 5 mol/L. However, they did not apparently move up after 5 mol/L with a spot of augmentation from 92.4% to 92.9% and 92.5% to 92.6%. The leaching efficiency of MnCO3 also changed from 97.8% to 97.9%. Consequently, the extra consumption of sulfuric acid should be avoided, and the sulfuric acid concentration of 5 mol/L was adequate for the next leaching process.




3.4. Effect of Temperature on the Leaching Efficiencies of TMn, MnCO3 and MnO2


The influence of the reaction temperature on the leaching efficiency of Mn was examined in the range of 323.2 to 363.2 K. As shown in Figure 5, the temperature had a significant effect on the leaching efficiencies of TMn, MnO2 and MnCO3. The leaching efficiencies of TMn, MnO2 and MnCO3 increased from 85.3%, 83.4% and 87.1% to 92.4%, 92.6% and 97.7%, respectively, by increasing the temperature from 323.2 to 363.2 K. In consideration of the equipment and leaching cost, the most favorable temperature was chosen as 363.2 K.




3.5. Characterization of Semi-Oxidized Manganese Ore and Leaching Residue


The mineralogical forms of semi-oxidized manganese ore samples before and after leaching treatment were characterized with XRD and SEM with EDS element mapping, which are depicted in Figure 1, Figure 6 and Figure 7, respectively.


Figure 7. EDS of raw manganese ore or residues under different conditions: (a) semi-oxidized manganese ore; and (b) leaching residue.
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Figure 6 (a1,a2) shows that the particle of ore had smooth surface morphology, whereas those etched with H2SO4/sucrose had rough surface and many micropores in the surface after leaching (Figure 6 (b1,b2)). The EDS element mapping (seen in Figure 7) also demonstrated that Mn, Al and Fe elements had obviously different distributions in original ore and leaching residue. Figure 6b shows that the distribution of Mn, Al and Fe was lower than that of the element in ore, particularly Mn. This observation indicated that these elements dissolved after leaching in acid medium with reductant [12]. The dissolution of partial Fe agreed with the result of Section 3.1, that approximately 5% MnO2 was decomposed without a reducing agent. Nevertheless, the leaching experiments also showed that approximately 8% of TMn could not be leached with high acid consumption and excessive reductant. The comparison of Figure 6a,b indicated that the particles of ore had not appeared to fracture after leaching, which might have resulted in incomplete leaching.



The XRD patterns showed that the gangue was overwhelmingly the most common mineral component in the ore sample and leaching residue. This finding was in accordance with EDS element mapping in Figure 7. Compared with Figure 1a, Figure 1b also represents observable minor peaks of 3Mn2O3·MnSiO3 and an absence of phases of MnO2 and MnCO3. However, their mineral contents were excessively low, such that the fraction of 3Mn2O3·MnSiO3, MnO2 and MnCO3 in the leaching residue could not be reliably determined from the XRD pattern. Hence, the chemical characteristics of the residue sample are analyzed in Table 2. The content of insoluble manganese in residue (leached from 10 g of ore) was approximately 0.20 g, which accounted for approximately 7.8% of TMn. The contents of MnO2, MnCO3 and MnSiO3 were 0.11, 0.03 and 0.04 g, which accounted for 56.78%, 13.07% and 18.09%, respectively, which were still contained in the leaching residue as the amount of gangue. The schematic of various manganese leaching from semi-oxidized manganese ore was shown in Figure 8.


Figure 8. Schematic of the manganese leaching from semi-oxidized manganese ore by sucrose in H2SO4 medium.
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Table 2. Content of insoluble manganese phase in residues.







	
Component

	
TMn

	
Mn (MnO2)

	
Mn (MnCO3)

	
Mn (MnSiO3)

	
Mn (Other)






	
Content (g)

	
0.199

	
0.113

	
0.026

	
0.036

	
0.025




	
Residual content/original content (%)

	
7.77

	
7.62

	
2.59

	
100

	
59.52











3.6. Kinetic Analysis


As mentioned above, the gangue was the main mineral component in the leaching residue and the initial ore surface appeared smooth but became evidently rough after leaching, with numerous pits. The morphology of reacted particles supported the appropriateness of using the shrinking core model (SCM) to describe the kinetics of leaching in semi-oxidized manganese ore. Generally speaking, the classical models could be concluded to three equations as follows [23,26,27]: surface chemical reaction controlled kinetic model (Equation (4)), internal diffusion controlled kinetic model (Equation (5)) and mixed-controlled kinetic model (Equation (6)).
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(5)
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(6)




where x is the fraction reacted of Mn and t is the leaching time (min); kd, k is the apparent reaction rate constant (min−1), respectively.



In the range of 5–30 min, the leaching efficiency values yield sensible rate measurements, so it was convenient for studying the leaching mechanism through kinetic data and may be exploited for industrial application. This article mainly studied the dynamic behavior when the leaching tests started in 5 min. The experimental data (Figure 5) were correlated with various kinetic models (Equations (4)–(6)) for solid–liquid reactions to obtain the kinetic equation and apparent activation energy. The following diffusion-controlled kinetic equation (Equation (6)) was found to fit the data best with a correlation coefficient greater than 0.97. The results are shown in Figure 9.


Figure 9. Plots of (1 − x)1/3 − 1 + (1/3)ln(1 − x) versus time at different temperatures of leaching TMn (a); MnO2 (b); and MnCO3 (c) in semi-oxidized manganese ore.
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As shown in Figure 9, the kinetic data of TMn, MnCO3 and MnO2 under different reaction temperatures were calculated using Equation (6). The leaching process followed the shrinking core model, and the leaching rate was controlled by chemical reaction and diffusion.



The apparent activation energy (Ea) was determined based on the following Arrhenius equation:
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(7)




where k is a reaction rate constant, and k0 is the frequency factor. According to the diffusion constants at different temperatures of leaching process, the plots of lnk versus temperature were investigated. The results are indicated in Figure 10.


Figure 10. Plots of lnk versus reciprocal temperature of leaching TMn (a); MnO2 (b); and MnCO3 (c) in semi-oxidized manganese ore.
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As can be seen in Figure 10, the data of lnk versus 1/T were plotted for different temperatures, and the leaching equation of TMn was obtained: lnk = −4910.8/T + 9.1093. The regression equation was found to have an R2 of 0.991. Thus, the apparent activation energy was determined to be 40.83 kJ·mol−1. Likewise, the leaching equations for MnO2 and MnCO3 were lnk = −4882.4/T + 8.9721 and lnk = −6414/T + 13.94 with R2 of 0.9710 and 0.9679, and the apparent activation energies were 40.59 and 53.33 kJ·mol−1, respectively. The apparent activation energy of TMn, MnO2 and MnCO3 indicated that the leaching processes of semi-oxidized manganese ore were controlled by diffusion through the insoluble layer of the associated minerals [23,27]. The value clearly confirms that this process was controlled by chemical reaction and diffusion, simultaneously.





4. Conclusions


The reductive leaching process for semi-oxidized manganese ore with sucrose as the reducing agent in sulfuric acid medium was reported in this paper. The leaching rules of different valence states of manganese leaching were discussed. The research could be summarized as per below.



The total manganese leaching efficiency could reach 91.8% when the sucrose concentration and sulfuric acid hugely exceeded the stoichiometric concentration (based on the actual Mn(II) and Mn(IV) content of the ore) for 60 min at 363.2 K. The leaching efficiencies of MnO2 and MnCO3 in the ore were 91.4% and 96.9%, respectively.



The leaching process showed that the leaching rate of MnCO3 was faster than that of MnO2 in the ore, given that MnCO3 could easily access H+. Approximately 5% MnO2 was decomposed without a reducing agent due to the dissolution of partial Fe in ores. The decomposition of MnO2 could also expose the MnCO3 that was encapsulated in it, and MnCO3 could be aided to participate in the reaction.



The shrinking core model can be used to describe the leaching process, and the leaching rate was controlled by chemical reaction and diffusion. The apparent activation energy of total manganese, MnO2, and MnCO3 leaching were 40.83, 53.33, 40.59 kJ·mol−1, respectively.
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