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Abstract:



Pyrolusite leaching slag is a Fe-containing slag generated from pyrolusite leaching process with SO2. Recovery of iron from the slag not only has economic benefit, but also prevents the secondary pollution to the environment. A novel lab-scale cyclic process for recovering iron from pyrolusite leaching slag was introduced. The process contains two steps: (1) iron was leached with oxalic acid and [Fe(C2O4)n](3−2n)+ solution was generated; (2) the [Fe(C2O4)n](3−2n)+ solution was irradiated by ultraviolet and ferrous oxalate precipitation were obtained. The effect of operation parameter on leaching and irradiation process were studied separately. In the leaching process, the optimal solid/liquid ratio, oxalic acid concentration, leaching temperature, stirring rate, and leaching time are 1:50, 0.40 mol/L, 95 °C, 300 r/min, and 3 h, respectively. In the irradiation process, the best irradiation wavelength, Fe/oxalic acid molar ratio and irradiation time are 254 nm, 1:4, and 30 min. Besides, a test of 9 continuous cycles was carried out and the performance and material balance of the combined process were investigated. The results showed that the cyclic process is entirely feasible and prove to be stable producing, and ferrous oxalate of 99.32% purity. Material balance indicated that 95.17% of iron was recovered in the form of FeC2O4·2H2O, and the recovery efficiency of oxalic acid was 58.52%.
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1. Introduction


Iron is widely used in every aspect of society. Research investigate that a large amount of iron exists in manganese ore because of the similar chemical properties of iron and manganese, for example, pyrolusite [1]. As we known, pyrolusite is an important type of manganese ore, in which iron and manganese mainly exist forms are manganese dioxide, ferric oxide, and goethite, respectively. The manganese could be leached from pyrolusite by sulfur dioxide selectively [2,3,4]. When manganese extraction efficiency is above 90%, iron extraction efficiency is less than 5% [5], which lead to iron enrichment in slag, and its grade could generally reach 10–30% [6,7,8]. These slags are precious secondary resource, which are valuable for metal recovery and reuse in view of sustainable development and environment protection. Research on the recovery and utilization of iron in this slags is rarely. However, direct discharge of the slags without treatment not only causes environment pollution problems, but also leads to a great waste of a useful material resource. At present, there have some researches which focus on recovery or removal of iron from the Fe-containing slags or minerals by leaching or direct reduction [9,10,11], and sulfuric acid [12], nitric acid [13], and oxalic acid [14,15,16,17] were used as reductant, or by oxidation [18] and, roasting [10,19]. By way of contrast, oxalic acid has a strong acidity, good chelating ability to iron, and higher environmental benignity [20,21].



Ferrous oxalate has wide applications as important chemical material, such as, production of dye and colorant, raw material of novel battery electrode, and photosensitive material. With the rapid development of lithium ion battery, ferrous oxalate has gained attention as the ideal raw material for preparing LiFePO4 cathode material in recent years [22,23]. Research suggests that the stable complex of [Fe(C2O4)n](3−2n)+ can be obtained by using oxalic acid to leach slags. For preparing ferrous oxalate from stable complex solution of [Fe(C2O4)n](3−2n)+, some reductants must be added, such as iron powder. This may be decrease the purity of ferrous oxalate products. In contrast, it has very high photochemical activity [24] and could be reduced directly to ferrous oxalate by ultraviolet light without any catalyst at room temperature. The reaction is quickly and conversion ratio of iron is very high.



Yu Zhang-long et al. [25] carried out an oxalic acid leaching and ultraviolet irradiation process for removing iron from red-mud successfully. However, the feasibility of this method for recovering iron from the pyrolusite leaching slag is indistinct, the feasibility, stability, and material balance of the circulation process for ferrous oxalate production from pyrolusite leaching slag using oxalic acid leaching and ultraviolet irradiation remain poorly understood.



Therefore, for recovering iron and decreasing the pollution of the slag, in this paper, a lab-scale cyclic process for recovering iron and producing ferrous oxalate from pyrolusite leaching slag by oxalic acid leaching and ultraviolet irradiation was developed. Firstly, iron was leached into solution by oxalic acid. The effects of leaching conditions on extraction efficiency, including solid/liquid ratio (L/S ratio), oxalic acid concentration, leaching temperature, and stirring rate were investigated. Secondly, the stable complex solution of [Fe(C2O4)3]3− was irradiated by ultraviolet. The optimal irradiation time and wavelength were investigated. The effects of different molar ratios of iron to oxalic acid were altered to study impact of iron and oxalic acid in irradiation experiment. Precipitate crystal morphology and phase were characterized by scanning electron microscope (SEM) and X-ray diffraction (XRD), respectively. For exploring the feasibility and stability of the lab-scale cyclic process, and obtaining enough experiment data to investigate the cycle characteristics, operation stability and material balance of the cyclic process, a test of 9 continuous cycles was adopted.




2. Materials and Methods


2.1. Experimental Flow


A schematic diagram of the technological process is shown in Figure 1. The experiment is divided into two parts, i.e., leaching of iron with oxalic acid and irradiation of leaching solution by ultraviolet light.


Figure 1. Schematic diagram of a cyclic process of ferrous oxalate production.
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2.1.1. Leaching of Slag with Oxalic Acid


The leaching process of the slag with oxalic acid was conducted in a 1000 mL, 3-neck, round bottom flask, which was placed in a constant temperature oil bath (HH-ZK4, Gong Yi Yuhua Instrument Co., Ltd., Gongyi, China). Continuous stirring of the leaching solution was provided by a mechanical agitator (JJ-1, Jingtan Medical Instrument Co., Ltd., Jingtan, China).




2.1.2. Irradiation Experiments


The solution containing ferric oxalate complex was irradiated by XPA-system photochemical reactor (XPA-3, XuJiang Electromechanical Plant, Nanjing, China), and yellow crystal was separated. The yellow crystal was filtered by a suction machine (SHB-III, Beijing Kewei Yongxing Instrument Co., Ltd., Beijing, China) at the end of irradiation experiment. Then, it was dried using an electric heating air-blowing drier (101-1AB, Beijing Zhongxing Weiye Instrument Co., Ltd., Beijing, China) at 80 °C. The crystal morphology and phase of the yellow crystal were characterized by scanning electron microscope (SEM, JSM-7500F, JEOL Ltd., Tokyo, Japan) and X-ray diffractometer (XRD, EMPYREAN, Panalytical Co., Ltd., Almelo, The Netherlands), respectively. For SEM test, the yellow crystals were fixed in silk film over 4 h by 2.5% glutaraldehyde, and then, it was observed at an accelerating voltage of 15 kV in vacuum condition. For XRD test, the voltage used was 40 kV, current was 40 mA, scanning speed was 14.79 s/step, sampling interval was 0.026°, and two-theta range from 10 to 80° with copper (Cu) anode at λ(Cu Kα) = 1.540598 Å.





2.2. Materials


The pyrolusite leaching slag is produced from pyrolusite leaching process with SO2 according to our previous work [26]. The XRD pattern of slag was test, the voltage used was 35 kV, current was 30 mA, scanning speed was 0.2 s/step, sampling interval was 0.03° and two-theta range from 5 to 95° with copper (Cu) anode at λ(Cu Kα) = 1.54056 Å. The slag particle size is 80~95 μm. All the reagents used in this study were of analytical grade, including oxalic acid (dehydrate, H2C2O4 ≥ 99.5%, Chengdu Kelong Chemical Reagent Co., Ltd., Chengdu, China), potassium permanganate (KMnO4 ≥ 99.5%, Chengdu Kelong Chemical Reagent Co., Ltd., Chengdu, China), 1, 10-phenanthroline, acetic acid, sodium acetate, and so on.




2.3. Operation Parameters


In leaching experiment, the solution volume was maintained around 1 L. The concentration of Fe in the leaching solution was measured every 30 min until 3 h.



In irradiation experiment, the concentration of Fe and oxalic acid were determined every 15 min. The irradiation lasted 1.5 h for exploring optimal irradiation time and wavelength and lasted 1 h for studying the effect of Fe and oxalic acid concentration on the irradiation process. The ultraviolet light power was remained at 500 W. The wavelengths of and “>420 nm” are the scope of “420–1000 nm”, which was achieved by a using suitable filter.




2.4. Sample Analysis


Fe concentration was measured by 1,10-phenanthroline spectrophotometric method (HJ/T 345-2007) using UV-vis. spectrophotometer (V-1100D, Shanghai Meipuda Instrument Co., Ltd., Shanghai, China). Concentration of oxalic acid and grade of ferrous oxalate crystal were determined by potassium permanganate titration method. Component of the slag was characterized by X-ray fluorescence. (XRF, XRF-1800, Shimadzu Co., Ltd., Tokyo, Japan).





3. Results


3.1. Analysis of Slag


The Figure 2 shows that main components of slag are SiO2 (JCPDS 46-1045), BaSO4 (JCPDS 76-0213) and FeO(OH) (JCPDS 81-0462). The composition of the slag was showed in Table 1 and the atomic percentage of Fe was 26.62%, which was necessary for recovery.


Figure 2. XRD pattern of slag.
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Table 1. Compositions of slag (wt %).







	
Fe

	
Mn

	
Al

	
Ba

	
K

	
Ti

	
Mg

	
Ca






	
26.62

	
2.6

	
1.75

	
0.49

	
0.26

	
0.09

	
0.09

	
0.08




	
Zn

	
V

	
Ni

	
Cr

	
Cu

	
Pb

	
Sr

	
Others




	
0.044

	
0.035

	
0.03

	
0.028

	
0.02

	
0.016

	
0.014

	
67.833











3.2. Leaching of Slag with Oxalic Acid


In leaching process, iron was leached from slag with oxalic acid (Reaction (1)), and the stable complex solution of [Fe(C2O4)n](3−2n)+ can be generated by Reactions (2)–(4). The reactions involved in leaching process are listed, as follows [14,16,27,28]:
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(1)
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(2)
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(3)
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(4)







3.2.1. Effect of Solid/Liquid(S/L) Ratio


The effect of S/L ratio on the extraction efficiency of iron were studied. The results are showed in Figure 3. As can be seen, Fe extraction ratio increased gradually with leaching time and reached equilibrium within 3 h. Meanwhile, when the S/L ratio changed from 1:20 to 1:60, final Fe extraction ratio increased from 90.12% to 96.13%. The reason is that certain oxalic acid concentration is much more than that of theoretical requirement with the decrease of solid content, resulting in the promotion of Reaction (1) [14]. This indicate that the smaller of S/L ratio, the higher the Fe extraction ratio is. When more lixiviant used at a S/L ratio higher than 1:50 and there was no significant change in Fe extraction ratio [29]. Therefore, the optimal S/L ratio of 1:50 was chosen for further study.


Figure 3. Fe leaching ratio with different S/L ratio. (Temperature, 95 °C; oxalic acid concentration, 0.40 mol/L; stirring rate, 300 r/min).
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3.2.2. Effect of Oxalic Acid Concentration


Figure 4 shows the effect of oxalic acid addition on the Fe extraction ratio. From Figure 4, final Fe extraction ratio gradually increased with the increase of oxalic acid concentration. The increasing Fe extraction ratio of 20.32% is acquired when oxalic acid addition increased from 0.24 mol/L to 0.40 mol/L. This is due to that higher oxalic acid concentration would benefit to the reaction process of Reaction (1). However, excessive oxalic acid concentration has little extra promotion on the leaching process of iron and the leaching cost would be increased. Hence, the addition of 0.40 mol/L was selected as the optimal oxalic acid addition.


Figure 4. Fe leaching ratio with different oxalic acid addition. (Temperature, 95 °C; S/L ratio, 1:50; stirring rate, 300 r/min).
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3.2.3. Effect of Leaching Temperature


The temperature of leaching solution was varied from 55 °C to 95 °C with intervals of 10 °C to study the effect of leaching temperature on the leaching of iron from slag, and the results are showed in Figure 5. It is found that the Fe extraction ratio increase greatly with leaching solution temperature. Accordingly, the first-rank leaching temperature of 95 °C was chosen.


Figure 5. Fe leaching ratio with different leaching temperature. (S/L ratio, 1:50; oxalic acid concentration, 0.40 mol/L; stirring rate, 300 r/min).
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3.2.4. Effect of Stirring Rate


Figure 6 shows the experimental results of stirring rate impact on the leaching of iron. It indicates that the Fe extraction ratio of the groups of both 100 r/min and 500 r/min are lower than that of 300 r/min. Under the condition of low stirring rate, most of slags deposit at the bottom of reaction container due to lack of stirring intensity, causing insufficiently contacting with oxalic acid and decreased the Fe extraction ratio. The inner wall of 3-neck, round bottom flask is smooth without any baffles. When increasing agitation rate, a swirl phenomenon could be appeared in 3-neck, round bottom flask, which the liquid makes circumference movement along the inner wall of the flask. For the solid-liquid suspension system, the swirl phenomenon could promote stratification and separation between solid and liquid, and then the solid will be thrown to the bottom of flask [30]. This will reduce the contact time between slag and oxalic acid, resulting in decrease of Fe extraction ratio. So, the stirring rate of 300 r/min was selected as the optimal condition.


Figure 6. Fe leaching ratio with the increase of leaching time at different stirring rate. (Temperature, 95 °C; S/L ratio, 1:50; oxalic acid concentration, 0.40 mol/L).
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3.3. Irradiation of [Fe(C2O4)n](3−2n)+ Solution with Ultraviolet Light


Rapid photochemical reaction will happen when the stable complex of [Fe(C2O4)n](3−2n)+ is irradiated by ultraviolet light and visible light (Reaction (5)), and precipitation of ferrous oxalate crystals could be obtained (Reaction (6)). The reactions are presented below [28]:
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(5)
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(6)







3.3.1. Effect of Irradiation Wavelengths


At a molar ratio of iron to oxalic acid of 1:4, the optimal conditions of wavelength and irradiation time were determined. It is seen from Figure 7, the final Fe precipitate recovery ratio was highest at 98.1% when the wavelength of ultraviolet light was 254 nm or 365 nm. Compared to the wavelength at 365 nm, high iron recovery efficiency could be obtained in a shorter time at 254 nm. The photon energy order of 254 nm and 365 nm is 254 nm > 365 nm, the reaction speed at 254 nm is faster in a short period of time. This is the reason why the Fe precipitate recovery ratio of 254 nm and 365 nm has huge difference at 15 min. As the reaction continues, the Fe precipitate recovery ratio of 254 nm and 365 nm is alike Therefore, the wavelength of 254 nm was chosen for irradiation and the optimum irradiation time is 30 min in this study.


Figure 7. Fe precipitate recovery with the increase of irradiation time at different wavelengths.
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3.3.2. Effect of Iron and Oxalic Acid


Under the condition that the ultraviolet light wavelength was 254 nm, the effect of ratio of Fe and oxalic acid were studied. At present in Figure 8 that the Fe precipitate recovery ratio increase greatly with the decrease of the ratio of iron and oxalic acid after 30 min of irradiation, and reached steady state at 97.75% at the iron to oxalic acid molar ratio of 1:4; it is only 0.46% lower than the molar ratio of 1:6. The complex of Fe(C2O4)+, Fe(C2O4)2,-and Fe(C2O4)33− could be detected in leaching solution, but molar absorbance is highest for Fe(C2O4)33− [31], a large amount of Fe(C2O4)33− is propitious to precipitating and recovering of iron. At the same time, some researchers presented that the larger of molar ratio, the more unfavorable to the formation of Fe(C2O4)33− [24]. However, a smaller molar ratio will result in an increase in oxalic acid waste. So, the molar ratio of 1:4 for iron to oxalic acid was chosen to obtain a higher efficiency of Fe deposition and oxalic acid utilization.


Figure 8. Fe deposition efficiency with the increase of irradiation time at different molar ratios of Fe to oxalic acid.
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3.4. Performance of the Combined Process


A 9 times’ continuous cycle running test was carried out to investigate the stability of the feasibility and stability of the combined process. Table 2 was the experiment conditions for the combined process on the basis of results obtained from Section 3.2 and Section 3.3.



Table 2. Experiment conditions.







	
Process

	
Condition

	
Value






	
Leaching

	
Stirring rate

	
300 r/min




	
Leaching time

	
3 h




	
S/L ratio

	
1:50




	
Temperature

	
95 °C




	
Oxalic acid concentration

	
0.40 mol/L




	
Irradiation

	
Wavelengths

	
254 nm




	
Irradiation time

	
1 h










3.4.1. Stability of Cycle Running Test


Figure 9 shows that the extraction and precipitation efficiency of iron in the test of 9 continuous loops, the extraction and precipitation efficiency are fluctuant in a small range. Average of efficiency for the two processes were 96.21% and 98.71%, respectively. This demonstrate that almost all the iron in slag and leaching solution are leached and precipitated; the stable performance could provide a reference for industrial application.


Figure 9. Stabilities of leaching and irradiation process in cycle running.
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3.4.2. Analysis of Precipitation


The peaks of XRD pattern of the crystals are consistent with the standard pattern of FeC2O4·2H2O in Figure 10. This indicated that the precipitation crystals were (JCPDS72-1305), and some components content were listed at Table 3, ferrous oxalate content in crystals was up to 99.32%. As can be seen from Figure 11, the strip crystal morphology is obtained by SEM. The ferrous oxalate crystal particles are well-distributed and the morphology is regular, the crystal particles are cuboid rod-shaped-particles, with 8~18 μm length, 3~8 μm wide, and smooth surface. The aspect ratio is 2.3~5.3. This is similar to former literature [32].


Figure 10. XRD pattern of crystals in irradiation experiment.
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Figure 11. Crystal morphology of irradiation experiment (×2000).



[image: Metals 08 00008 g011]






Table 3. The content of precipitation crystal (w/%).







	
FeC2O4·2H2O

	
Water

	
Cu

	
Cr

	
Ni

	
Zn

	
Al






	
99.32

	
0.06

	
5.47 × 10−4

	
2.15 × 10−4

	
1.29 × 10−4

	
7.47 × 10−4

	
7.73 × 10−4











3.4.3. Material Balance


Material balance of oxalic acid and iron in leaching process and irradiation process were analyzed to discuss feasibility of the combined process. The material flow was showed in Figure 12, and the recovery efficiencies of iron and oxalic acid were listed in Table 4.


Figure 12. Material balance of oxalic acid and Fe in combined process.
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Table 4. Recovery efficiencies of Fe and oxalic acid (%).







	
Project

	
Leaching Process

	
Irradiation Process

	
Total






	
Fe

	
96.11

	
99.02

	
95.17




	
Oxalic Acid

	
96.52

	
58.52

	
56.48










For iron, leaching efficiency, precipitation efficiency, and total recovery efficiency were 96.11%, 99.02%, and 95.17%, respectively. For oxalic acid, in leaching process, the loss ratio is 3.48%; in irradiation process, the recovery efficiency is 58.52%, and the decomposition ratio is 17.61%. The decomposition of oxalic acid consisted of two parts: theoretical and additional. The Reaction (5) indicated that theoretical oxalic acid decomposition was 11.94%, but the actual was over than it. The additional decomposition of oxalic acid may be caused by ultraviolet irradiation and more oxalic acid is needed to provide electrons to convert iron (III) into iron (II).






4. Conclusions


	(1)

	
In the leaching experiment, the Fe extraction ratio of 95.89% is reached in the optimal condition of S/L ratio at 1:50, oxalic acid concentration at 0.40 mol/L, leaching temperature at 95 °C, and stirring rate at 300 r/min within 3 h.




	(2)

	
In the irradiation experiment, 97.75% of iron in leaching solution was precipitated by 30 min irradiation at 254 nm ultraviolet light and Fe/oxalic acid molar ratio at 1:4.




	(3)

	
In the test of 9 continuous cycles, average leaching and precipitation ratio of iron are 96.21% and 98.71%, respectively. The ferrous oxalate with grade of 99.32% was produced from pyrolusite leaching slag by the combined process of oxalic acid leaching and ultraviolet irradiation.




	(4)

	
Material balance indicated that 95.17% of iron is recovered in the form of FeC2O4·2H2O and 58.52% of oxalic acid is recycled. 17.61% of oxalic acid was lost in irradiation process, used as reductant to reduce Fe3+ to Fe2+, and decomposed into CO2.




	(5)

	
The technology realized the recovery of iron from pyrolusite leaching slag by a lab-scale circulation process of oxalic acid leaching and ultraviolet irradiation, which has extensive applied foreground contributing to its advantages of stable performance, high iron recovery efficiency, and sustainable development.
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