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Abstract

:

Ammonium sulfate double salt crystals (ASDSCs) are a by-product formed during the electrolytic production of manganese. The long-term open-air stacking of ASDSCs leads to the manganese and ammonia nitrogen present inside leaching with rainwater, which seriously damages the ecological environment. To find a reasonable treatment method, we developed a pretreatment-membrane electrolysis method, which allowed for the recycling of ASDSCs stepwise. At the beginning, the ASDSCs were dissolved in water. The Mn2+ and Mg2+ present in the crystals were converted into MnCO3 and MgCO3 and recycled for the production of electrolytic manganese. The filtered liquid (mainly ammonium sulfate) was electrically decomposed to generate ammonia water and sulfuric acid, which were recycled for electrolytic manganese production. The results show that under the optimal conditions of a current density of 300 A/m2—an electrolysis time of 11 h and a temperature of 40 °C—the decomposition rate of ammonium sulfate reached 98.4%. This method led to the complete decomposition and utilization of the ASDSCs and truly achieved the green electrolytic production of manganese.
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1. Introduction


Ammonium sulfate double salt crystals (ASDSCs) are solid wastes produced during the production of electrolytic manganese. In recent years, China has become the largest country in electrolytic manganese production [1,2], accounting for 98% of the world’s total production capacity [3]. It is expected that the global demand for manganese will increase by 83% by 2021 [4]. According to the statistics of related electrolytic manganese enterprises, every 1 t of electrolytic manganese produced will produce 0.8–2.5 t of ASDSCs.



At present, the ore used by the electrolytic manganese production enterprise is manganese carbonate ore. Firstly, sulfuric acid is used to extract the Mn2+ ions, then a vulcanizing agent is added to remove impurities. The pH is adjusted by adding ammonia water and finally, the precipitate is removed by pressure filtration. At the same time, ammonium sulfate is formed, which can increase the conductivity of the solution and ensure that the pH of the solution is relatively stable. Since the solution is used in a closed loop, the Mg2+ present in the solution increase by ~2 g/L each cycle. In accordance with the common-ion effect, the solubility of manganese sulfate and ammonium sulfate in the electrolyte is reduced to form a mixed crystal. As the temperature decreases, the ions in the qualified liquid precipitate as crystals of ammonium sulfate manganese, and ammonium sulfate magnesium double salt crystals [5]. With the gradual increase of double salt crystals, electrolyte launders are easily blocked, which eventually affects the normal process of electrolysis. Therefore, ASDSCs need to be cleaned regularly. Most manganese plants transport the cleaned ASDSCs to a special solid waste dump for accumulation. A large number of ASDSCs piled up in the open air will be washed by rainwater and the NH4+ and Mn2+ in the crystals will dissolve out, which will seriously pollute the surrounding soil and water. In addition, the large amount of manganese contained in the crystals will also cause manganese waste if not recovered [6]. How to recycle the increasing ASDSCs has become an urgent problem for manganese-related enterprises and local governments [7]. At present, the treatment method for ASDSCs is mainly a step-by-step treatment. Ammonium persulfate and oxalic acid dihydrate are added for fractional precipitation [8]. CO2 is firstly introduced, then magnesium oxide is added to convert ASDSCs into magnesium sulfate crystals [5]. Some scholars have tried to combine the anode slag with ASDSCs for roasting and then water immersion solid-liquid separation [9]. However, the above methods have the problems of high energy consumption, high costs, complex processes, they require further treatment of the filtered products, and are without continuous utilization of the final filtrate, which cannot be applied to the actual industrial production. The common methods for removing ammonia nitrogen are air stripping [10], biological [11], ion exchange [12], chemical precipitation [13,14], and break point chlorination [15]. However, due to the complexity of the process, the difficulty of operation, the high operating cost, as well as the production of other substances that are difficult to utilize, it is not suitable for the step-by-step treatment of ASDSCs.



In order to solve the above problems, this paper proposes a new pretreatment-membrane electrolysis method to recycle ASDSCs into manganese carbonate, magnesium carbonate, sulfuric acid, and ammonia water, thus realizing the purpose of recycling ASDSCs. The method not only solves the problem that ASDSCs continuously accumulate and occupy land, and toxic and harmful substances leaching out and polluting the soil with rainwater, but it also brings economic benefits to electrolytic manganese production enterprises, saves the construction, maintenance, and management of slag fields and the production and transportation costs of sulfuric acid and ammonia water. After electrolysis, the weak liquid in the cathode chamber can be reused for the dissolution process of ASDSCs, and no new waste residue or waste liquid are generated in the treatment process, thus truly realizing green production. In this study, membrane electrolysis technology was first applied to the treatment of ASDSCs.




2. Materials and Methods


2.1. Materials and Reagents


The anode liquid in that electrolytic cell was a sulfuric acid solution, and the cathode liquid was a filtrate pretreated after the ASDSCs were dissolved in water. The chemical reagents used in the experiments were of analytical grade, and all solutions were prepared with deionized water with a resistivity greater than 18 MΩ cm. Fresh ASDSCs were provided by the Tianyuan Manganese Industry Group in Ningxia. The Inductively Coupled Plasma(ICP) analysis results of ASDSCs are shown in Table 1 and performance indexes of experimental membranes are given in Table 2.



The electrolytic cell had dimensions of 0.22 × 0.22 × 0.065 m3 and was made of epoxy resin. An anion-exchange membrane was utilized to sequentially divide the unit electrolytic cell into a cathode chamber and an anode chamber. The effective volume of each compartment was 500 mL. The effective membrane size of the ion-exchange membrane was 0.17 × 0.14 m2. The shape of the electrode plate was stable, and the anode was a 0.01147 m2 (0.14 × 0.105 m2) RuOx/IrOx-coated titanium electrode plate. The cathode plate was a stainless steel plate of the same area and was fixed at a distance of 0.04 m from the anode plate. A DC power supply (Shenzhen Mestek Electronics Co., Ltd., Shenzhen, China) was used, and the current and voltage ranges were 0–5 A and 0–32 V, respectively.




2.2. Experimental Principle


The implementation of the ion-exchange membrane electrolysis process relies primarily on the directional movement of anions through the anion-exchange membrane. Ion membrane electrolysis technology is a membrane application process with a DC electric field gradient as the main driving force. Apart from the electric field gradient, electrolysis is also affected by temperature and concentration [17,18].



The different aspects of electrolysis ion transport behavior include ion migration, water molecular electroosmosis, ion diffusion, etc. The possible ion transport process in the electrolytic cell is shown in Figure 1. Electrochemical processes include oxidation and reduction reactions. During the oxidation reaction, the oxygen evolution reaction occurred on the RuOX/IrOX-coated titanium electrode. Iridium oxides and ruthenium oxides are relatively active and stable catalysts for an oxygen release reaction under acidic conditions. Iridium oxide and ruthenium oxide are used as catalysts because iridium/ruthenium in their oxides contain a large amount of unsaturated ligands. Therefore, the possibility of forming iridium oxide and ruthenium oxide with the highest valence is reduced [19]. During the oxidation of H2O by mixed Ru-Ir oxides, the oxidation of H2O may be expressed in 3 steps:


IrOx/RuOx + H2O → IrOx/RuOx-(OH *) + H+ + e−



(1)






IrOx/RuOx-(OH *) → IrOx/RuOx-O + H+ + e−



(2)






2IrOx/RuOx-O → 2IrOx/RuOx + O2↑



(3)







NH4+ in the cathode chamber cannot migrate from the cathode chamber due to the barrier of the membrane. Sulphate concentration in the cathode chamber is several orders of magnitude higher than OH−, so the charge balance across the membrane is mainly carried by SO42−, which is attracted by the anode to migrate from the cathode chamber to the anode chamber through the anion membrane and combines with the H+ generated by anode water electrolysis to generate H2SO4. Water is reduced into H2 and OH−, and OH− is combined with NH4+ to generate ammonia water. As the reaction continues, ammonia water is decomposed into NH3 and absorbed by the ammonia absorption tower. In addition, an ammonia evolution reaction may occur in the cathode. Specific electrochemical reaction formulas are shown in Equations (4)–(7).



Cathode chamber:


2H2O + 2e− → H2↑ + 2OH−



(4)






NH4+ + OH− → NH3·H2O



(5)






NH3·H2O → NH3↑ + H2O



(6)







Anode chamber:


2H2O → 4H+ + O2↑+ 4e−



(7)








2.3. Experimental Operation


The ASDSCs were dissolved in deionized water (one part ammonium sulfate double salt crystal and two parts water), and ammonia water was added to adjust the pH to 7.5. Then, 22 g of ammonium bicarbonate was added per liter of the solution, which was stirred for 20 min. Manganese was removed by suction filtration and adjusted to a pH of 9.5. Subsequently, 90 g of ammonium bicarbonate was added per liter of the solution and stirred for an additional 20 min. Then the magnesium was removed by suction filtration. The sequence of adding electrolytes into the electrolytic cell was as follows: 0.05 mol/L sulfuric acid solution was injected into the anode chamber and finally, the filtered liquid was injected into the cathode chamber. The electrolyzer was assembled with a water bath to heat and control the reaction temperature and a DC power supply was used for electrolysis. To study the effects of various experimental conditions on the treatment process in the system, experiments were designed with different electrode materials, varying the initial concentrations of acid in the anode chamber the reaction temperature, the current density, and the reaction time. Samples were withdrawn from the two compartments at certain intervals to observe concentration changes and two samples were analyzed at each point to obtain the average. After the experiment, the electrolyzer and membrane were washed with pure water for the next group of experiments.




2.4. Analysis Method


The concentration of ammonium sulfate in the cathode compartment was determined by the formaldehyde method and the acid concentration was measured by acid-base neutralization titration. Three samples were taken at each time point to calculate the average value. The main components of the ASDSC were measured by ICP and the slag filtered at each step was analyzed by X-Ray Diffraction(XRD).


  Ammonium   sulfate   decomposition   rate =   1 −    c 2   ×    V    c 1   ×    V        








where c1 is the initial ammonium sulfate concentration, c2 refers to the ammonium sulfate concentration after electrolysis for a period of time, and V is the volume of the liquid in the cathode compartment.





3. Results and Discussion


3.1. Effect of Different Electrode Materials


Because the electrolysis environment of the anode plate is a sulfuric acid environment, the RuOx/IrOx-coated titanium electrode has a strong electrocatalytic oxygen evolution capability, a good conductivity and corrosion resistance, a long service life, no anode slag generation, and the oxygen evolution potential of the RuOx/IrOx-coated titanium electrode plate is lower than that of the lead dioxide-coated titanium electrode, so it is used as the anode. The cathode uses lead dioxide-coated titanium, RuOx/IrOx-coated titanium, stainless steel and titanium electrodes. The effect of the four electrodes materials for the cathode on the decomposition rate of ammonium sulfate is shown in Figure 2. With an increase in the electrolysis time, the concentration of ammonium sulfate decreases continuously and the downward trend of the three membranes was similar. SO42− in the cathode chamber passes through the cathode membrane and enters the anode chamber. With the progress of the cathode hydrogen evolution reaction, the OH− concentration in the cathode chamber increases continuously, and an increasing concentration of ammonia water is generated by being combined with NH4+, and the ammonia water will be decomposed into ammonia gas and water so the concentration of ammonium sulfate in the cathode chamber decreases continuously. Ammonium sulfate decomposes fastest when an RuOx/IrOx-coated titanium electrode is used as a cathode because an RuOx/IrOx-coated titanium electrode has the lowest overpotential and reaction (4) occurs at the cathode. When the titanium electrode is used as the cathode, the decomposition rate is the slowest, which is due to the poor electrocatalytic activity of the titanium electrode for water reduction. Only reaction (7) occurs at the cathode, so the ammonium sulfate concentration decreases slowly. In order to save costs, stainless steel 316 electrodes can be used in actual production.




3.2. Effect of Temperature on Electrolysis


With the increase of electrolysis time and current density, the temperature of the solution will rise, which is due to the heat generated in the electrolysis process [20]. Thus, the temperature was controlled at 30, 35, 40, 45, and 50 °C in a water bath. Since high temperatures may damage the anion-exchange membrane, the highest temperature was set as 50 °C. The effect of different temperatures on the decomposition rate of ammonium sulfate in the cathode chamber is shown in Figure 3. The decomposition of ammonium sulfate was the fastest at 40 °C. The mass transfer system of the ion-exchange membrane in solution involved three parts: the migration of ions in the host solution, in the membrane, and in the boundary layer [21]. Under the applied electric field, owing to the different extent of ion transport in the membrane and solution, a concentration polarization occurred at the membrane and solution boundary. Zhang et al. [22] summarized through an Electrochemical Impedance Analysis(EIS) analysis that the thickness of the diffusion boundary layer decreased significantly with the increase of temperature, which was due to the increase of the ion migration rate in the solution by the temperature increase, thus enhancing the shielding effect of electrostatic force between the fixed charge groups and ions in the solution. At the same time, the change of physical properties, such as the swelling degree of the membrane material itself and the decrease of the Donnan effect caused by the increase of temperature, was also the reason for the decrease of the thickness of the diffusion boundary layer. Wang [23] et al. reported that temperature affected the ion migration rate and electrode surface electrochemical reaction rate. At a higher temperature, the solution resistance became smaller and the concentration polarization phenomenon was weaker, which led to a higher ion migration rate and consequently, a faster decomposition. However, a high temperature will lead to the decomposition of the function group of the anion-exchange membrane, resulting in an increase in the ion leakage rate, so the decomposition rate decreased slightly. The recommended temperature for electrolysis was 40 °C.




3.3. Effect of Initial Acid Concentration in the Anode Chamber


The effect of a different initial acid concentration in the anode chamber on the ammonium sulfate decomposition rate is shown in Figure 4. In the range of the initial concentration (0.05–0.25 mol/L), the initial acid concentration in the anode chamber had little effect on the ammonium sulfate decomposition rate. The EIS test results made by Zhang et al. [24] on the influence of concentration on the membrane showed that at a low concentration, the electrostatic attraction between the fixed charge groups and counter ions in the membrane was very strong, which limited the ion transport in the membrane, thus causing the resistance of the membrane to increase. Increasing the concentration of electrolyte solution would have a strong shielding effect on the electrostatic force (enhancing the conductivity of the ion-exchange membrane system) and would also reduce the thickness of the diffusion boundary layer of the ion-exchange membrane, thus reducing the total resistance of the ion-exchange membrane system. In the electrolysis process, increasing the acid concentration in the anode chamber did not impact the rate of electrical decomposition but only affected the magnitude of the operating voltage.




3.4. Effect of Current Density


The effect of different current densities on the decomposition rate of ammonium sulfate in the cathode chamber was studied. Current densities of 100, 150, 200, 250, 300, and 350 A/m2 were selected for continuous electrolysis for 6 h and the changes in ammonium sulfate concentration in the cathode compartment are shown in Figure 5. It was found that with the increase of current density in the range of 100 to 300 A/m2, the driving force was enhanced, the permeation rate of NH4+ and SO42− was accelerated, and the decomposition rate of ammonium sulfate in the cathode chamber was continuously improved. However, the rate of decomposition of ammonium sulfate decreased slightly at a current density of 350 A/m2. The reason may be that the current density was too high, and consequently, the gas rate of the electrode plate was too fast, with the bubbles affecting the ion concentration around the electrode plate. This would reduce the actual working area of the electrode plate. In addition, the decomposition rate of ammonium sulfate was low because the ion-exchange membrane was not adapted for high current densities [25].




3.5. Effect of Time on Electrolysis


The membrane electrolyzer was operated at a constant current density of 300 A/m2. The effect of electrolysis time on the decomposition rate of ammonium sulfate is shown in Figure 6. The results show that with the increase in reaction time, the decomposition rate of ammonium sulfate increased linearly. When the electrolysis time reached 11 h, the decomposition rate of ammonium sulfate was 98.4%. The decomposition rate stabilized after 11 h, which can be explained by the fact that the liquid underwent concentration-dependent diffusion on both sides of the membrane. In the final stage of electrolysis, the number of ions passing through the membrane into the anode chamber under the influence of the DC electric field was similar to the number of ions diffused into the cathode chamber through concentration diffusion; consequently, the decomposition rate was flat. It was also evident that as the electrolysis time increased, the cell voltage dropped rapidly in the first two hours, then slowly decreased, and then slightly increased in the last four hours of electrolysis. The reason may be that the sulfuric acid concentration in the anode chamber was relatively dilute and the conductivity was relatively poor when electrolysis was started, the pores of the ion-exchange membrane were filled with pure water so the membrane resistance was relatively large, the resistance of the entire system was too large, and/or the cell voltage was relatively high. As the electrolysis reaction progresses, the sulfuric acid concentration increases and the system voltage gradually decreases. After 9 h, the concentration of ammonium sulfate decreased, its decomposition became slower, the resistance of the cathode chamber increased, and the cell voltage slightly increased. The sulfuric acid concentration in the anode chamber changed with time, as shown in Figure 7. The sulfuric acid concentration increased continuously at the beginning of electrolysis, and the growth rate slowed down slightly as the ammonium sulfate concentration in the cathode chamber decreased continuously. The ammonia gas generated by electrolysis in the cathode chamber and the ammonia gas generated by the volatilization of the cathode liquid absorbed by the absorption tower were used to generate ammonia water, and the maximum concentration of ammonia water in the absorption tower can reach 0.39 mol/L.




3.6. Analysis and Discussion of Substances Produced by the Removal of Impurities


The ammonium sulfate double salt crystal can be completely dissolved in water, and the impurity removal effect has a great influence on the subsequent electrolysis. In the case when Mn2+ is not completely removed, it enters the cathode chamber through the anode membrane and is discharged on the cathode plate. In this manner, Mn2+ precipitates and adheres to the cathode plate, which decreases the current efficiency of ammonium sulfate decomposition. The cathode plate can be flushed with sulfuric acid to generate manganese sulfate for reuse in electrolytic manganese production. In the case when Mg2+ is not removed completely, Mg2+ reacts with OH− generated by the cathode to generate Mg(OH)2 precipitate, which may lead to pipeline blockage. In addition, Mg(OH)2 affects the anion-exchange membrane and increases the membrane resistance. The XRD analysis of the substance obtained by filtration after adding ammonium bicarbonate to the solution, when Mn2+ is removed in the first step, is shown in Figure 8. It was revealed that MnCO3 obtained in this manner is of a high grade and can be directly sold as a commodity. The XRD analysis of the substance obtained after adding ammonium bicarbonate to the solution, except Mg2+ in the second step, is shown in Figure 9. A slight shift in the characteristic peak of MgCO3 was observed, which could be attributed to the crystallization and precipitation of a small amount of ammonium sulfate due to the decrease of solution temperature during filtration, resulting in the change of lattice parameters of MgCO3.





4. Conclusions


The pretreatment-membrane electrolysis method is a new strategy to address the issue of ASDSCs formed during the electrolytic production of manganese. The manganese carbonate produced by pretreatment can be reused in electrolytic manganese production and magnesium carbonate can be made into high temperature resistant materials. The experiments show that the decomposition rate of ammonium sulfate reached 98.4% under the following conditions: the cathode plate uses stainless steel 316 electrodes, a current density of 300 A/m2, T = 40 °C, and a decomposition time of 11 h. The generated sulfuric acid and ammonia water can be recycled for production and the weak solution in the cathode chamber can be used for continuously dissolving ASDSCs. No new waste residue and waste liquid are generated in the treatment process, thus truly realizing green production. In actual production, the electrode plate area can be increased and its spacing can be reduced, the cell voltage can be reduced, and multiple groups of electrolytic cells can be connected in parallel to make full use of the electrode area, to reduce energy consumption, and to gain further economic benefits. The residual impurity of Mg2+ in the filtrate will have a certain influence on the electrolysis process. How to further reduce Mg2+ in the filtrate has great potential for further research.
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Figure 1. Schematic diagram of ion transport. 
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Figure 2. Effect of different cathode materials (current density 200 A/m2, T = 30 °C, 0.05 mol/L H2SO4). 
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Figure 3. Influence of temperature on the rate of ammonium sulfate decomposition (current density 200 A/m2, 0.05 mol/L H2SO4). 
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Figure 4. Effect of initial acid concentration in the anode chamber on the decomposition rate of ammonium sulfate (current density 200A/m2, T = 30 °C). 
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Figure 5. Effect of current density on the decomposition rate of ammonium sulfate (T = 30 °C, 0.05 mol/L H2SO4). 
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Figure 6. Decomposition rate and cell voltage versus time (current density 300 A/m2, T = 30 °C, 0.05 mol/L H2SO4). 
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Figure 7. Variations in the acid concentration in the anode chamber over time (current density 300 A/m2, T = 30 °C, 0.05 mol/L H2SO4). 






Figure 7. Variations in the acid concentration in the anode chamber over time (current density 300 A/m2, T = 30 °C, 0.05 mol/L H2SO4).



[image: Crystals 09 00667 g007]







[image: Crystals 09 00667 g008 550] 





Figure 8. XRD analysis of the first filtered product. 
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Figure 9. XRD analysis of the second filtered product. 
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Table 1. ICP analysis of ammonium sulfate double salt crystals (ASDSCs).
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	Sampling Location
	Zn (%)
	Fe (%)
	Mg (%)
	Ca (%)
	Mn (g/L)
	(NH4)2SO4 (g/L)





	Transfer tank

High pool

Neutral liquid pool
	0.019

0.017

0.019
	0.084

0.064

0.091
	6.65

6.74

6.76
	0.061

0.047

0.071
	5.54

6.12

2.60
	36.12

36.97

38.92



	Neutral flow cell
	0.021
	0.074
	6.53
	0.056
	3.08
	36.18
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Table 2. Indicators of the experimental membranes [16].
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	Membrane Type
	Function Group
	Exchange Capacity/

(mmol·g−1)
	Resistance/

(Ω·cm2)
	Permselectivity/%
	Strength/kPa
	Thickness/μm





	AMV
	RN (CH3)3Cl
	2.0
	2.5
	>96
	200
	120











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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