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Abstract

:

An alternative process of pre-roasting, phosphoric acid leaching followed by solvent extraction of a limonitic laterite ore was described in this work, with emphasis on the solvent extraction of Ni and Co from the phosphoric acid leaching solution by P204 and P507. First, the pH value of the leaching solution was adjusted using ammonia to reduce the content of Al3+ and Fe3+ by precipitation, then the content of Al3+, Fe3+ and Mn2+ were further decreased by extraction using P204. At last, Ni2+ and Co2+ were separated by three-stage extraction using P507. After extraction, the extraction ratio of Co2+ was 96.61%, while that of Ni2+ was 12.32%, and the selective extraction of Ni2+ and Co2+ could be realized.
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1. Introduction


Nickel is widely used in the steel industry, military industry, aerospace, battery and other fields [1,2]. The nickeliferous resources on the earth are rich. Among them, nickel sulfide accounts for 30% of the total nickel resources, which mainly exists in cupreous nickel sulfide deposits. Nickel laterite ore accounts for about 70%, mostly in the form of oxidized ore deposits near the equator [1,3,4,5,6]. However, due to the increasing depletion of nickel sulphide resources, since 2010, the world’s nickel production from laterite ore has exceeded that of nickel sulphide ore, and the tendency is still rising [4,7,8]. After more than ten years of development, the pyrometallurgical process of laterite ore is relatively mature [9,10]. Generally speaking, the saprolitic laterite ore is treated by pyrometallurgical processes [11], while the laterite ore of limonitic type is more suitable for wet processes because of its low magnesia content [12].



The wet process of laterite nickel ore can be divided into two types: high pressure acid leaching and atmospheric pressure acid leaching. Most of the nickel in limonitic type laterite ores occurs in goethite (α-FeOOH) in the form of lattice substitution [5,12,13]. To leach out nickel, the lattice in goethite must be destroyed. Under normal pressure, goethite in laterite nickel ore is difficult to dissolve, which also leads to the two problems that need to be solved in the atmospheric acid leaching process of laterite ore: (1) the leaching ratio of nickel is low and (2) the leaching selectivity of nickel and iron is poor [12,13]. In the process of high pressure acid leaching, the structure of goethite can be destroyed, and iron ions will precipitate in the form of hematite [14], which could solve these two problems above. However, harsh operating conditions, including high temperature and high pressure (250–270 °C, 4–5 MPa), are required during the process of high pressure acid leaching [14,15]. If the goethite structure in the ore can be destroyed before leaching, the treatment effect of the wet process will be strengthened and can be leached under atmospheric pressure. After the laterite is roasted in the air at low temperature (200–500 °C), the goethite phase in the ore removes the original free water and crystal water, thus changing the original ore phase structure and forming nano voids, resulting in the increase of the specific surface area of laterite nickel ore, which is conducive to the increase of the contact between ore and acid solution in the subsequent leaching process [16,17,18,19,20]. Li et al. [21] of Central South University studied the hydrochloric acid leaching process of laterite nickel ore by activation roasting. After roasting for 1 h at 300 °C, under the condition that the concentration of hydrochloric acid solution is 4mol/L, the leaching time is 1h and the temperature is 50 °C, the leaching rate of nickel increased from 67.1% to 93%, and the leaching rate of iron reduced from 78% to 32.5%, compared with direct leaching.



In addition, other impurity elements will inevitably be mixed in the leaching solution after acid leaching. Usually, solvent extraction is an effective method to separate valuable elements and impurities. Solvent extraction has a series of advantages, such as high productivity, high recovery ratio, low cost and simple operation. P204, P507 and Cyanex272 are commonly used in the extraction of Ni and Co [22]. Sun et al. [23] used a novel synergic extractant consisting of P204 and N235 with sulfonated kerosene (SK) as a diluent to remove ferric ions from aluminum solutions. The results showed that under optimal conditions, the Fe removal was greater than 97% in only one contact. Sun et al. [24] studied the synergistic solvent extraction of nickel by the Mextral 84H/Versatic 10 system and Mextral 84H/P204 system. The results showed that for the extraction ability of nickel, the three extractants for nickel arranged in the ascending order of P204 > Mextral 84H > Versatic 10. With the addition of P204 into the Mextral 84H system, “a significant synergistic effect on nickel was observed”, while this change hardly occurred after Versatic 10 was added into. Presumably, P204 participated in the reaction between nickel and Mextral 84H, thus forming an octahedral complex with a formation of Ni(H2A2L2), which is more stable and hydrophobic than that in the single Mextral 84H. Zhang and Cai [25] used P204 to extract and recover Ni and Co in the electrochemical solution of high-temperature metallurgical waste. The process flow was using P204 to remove impurity first and then using P204 again to separate Ni and Co. The total recovery rate of Co reached 95%. Zhang and Qian [26] used the nickel sulfate solution with low impurity content as the raw material and P507 to remove impurities by extraction. Under the optimal conditions, the ratio of nickel sulfate solution to cobalt, copper, manganese and zinc could reach 20000:1 after purification, which met the production requirements of nickel sulfate.



Crundwell et al. [27] reported the solvent extraction of nickel and cobalt in three different solution environments: chloride, sulfate and ammonia solution. In general, cobalt is selectively extracted from the solution in chloride and sulfate solution system, leaving nickel in the solution. However, in ammonia solution, nickel is selectively extracted, while cobalt remains in the solution. The research object of this paper is phosphoric acid solution system, which is the same as that in the chloride and sulfate solution system. Ye et al. [28] studied the extraction behavior and mechanism of P204 for metal ions SC3+, Fe3+, Al3+ and Ca2+ in the phosphoric acid medium. The results showed that under the optimal conditions, the extraction ratio of scandium is more than 95% with the limited co-extraction of Fe3+, Al3+ and Ca2+, it is proved that different metal ions and phosphate anion form different coordination ions. The difference of hydrophilicity and hydrophobicity of these coordination ions is the main reason leading to the selective extraction in phosphoric acid system. Mohammad I El-Khaiary [29] studied the distribution of aluminum in Al3+–H3PO4–HDDNSA system and the reaction between Al3+ and HDDNSA. The results showed that with the increase of initial HDDNSA concentration, the extraction ratio of aluminum increased, while with the increase of phosphoric acid concentration, the extraction ratio of aluminum decreased. The nonlinear regression showed that Al3+ was extracted in the form of the Al (DDNSA)3 complex.



In this study, a new process, based on the previous research [12], which consists of pre-roasting, phosphoric acid leaching and the separation of Ni2+ and Co2+ in the leaching solution using solvent extraction was explored.




2. Materials and Methods


2.1. Materials


2.1.1. Laterite Ore


The limonitic laterite ore from Indonesia was used, which was characterized by low content of Mg and high content of Fe [12]. The chemical composition of laterite ore is shown in Table 1 and the XRD pattern of the raw ore is shown in Figure 1.



It can be seen from Table 1 and Figure 1 that the laterite ore sample is composed of goethite (α-FeOOH), and to a lesser extent of gibbsite (Al2O3·3H2O) and magnetite (γ-Fe2O3), with Fe, Ni and Co contents of 43.9%, 1.01% and 0.13%, respectively.




2.1.2. Chemical Reagents


The operation in the experimental process was mainly divided into two parts: leaching and solvent extraction. The phosphoric acid and extractants used in the test were of analytical purity, and the phosphoric acid was diluted to a certain molar concentration for backup use. Kerosene was used to dilute P204 and P507. Since ammonia was volatile, the operation relating to ammonia was carried out in the fume hood. The chemical reagents used in the experiments are shown in Table 2.





2.2. Methods


2.2.1. Experimental Procedures


The experimental flowsheet is shown in Figure 2. Figure 2a shows the whole procedure of the experiment, which mainly includes leaching and solvent extraction. The leaching experiment is divided into two parts: pre-roasting and leaching. After pre-roasting, the goethite structure of laterite ore was destroyed, which improved the leaching efficiency. Therefore, the leaching of calcine could be carried out under atmospheric pressure. Then, solvent extraction was further carried out with the object of leaching solution. Figure 2b shows the extraction process. Firstly, ammonia is added to the leaching solution to adjust the pH, and iron and aluminum were precipitated at the same time. Then, the iron, aluminum and manganese were removed by P204. Finally, cobalt in the raffinate was extracted by P507 with three-stage extraction to separate nickel and cobalt.




2.2.2. Pre-Roasting


The purpose of pre-roasting is to alter the crystal structure of goethite within the ore and result in lattice defect during the transformation from goethite to hematite, which is favorable for the subsequent leaching of Ni and Co. An expanded-scale experiment was carried out this time to provide leaching solution for subsequent extraction experiments. First, 500 g dried laterite ore was put it into the porcelain boat, and the porcelain boat was put into the muffle furnace to roast in the air at 400 °C for 60 min, then the porcelain boat was taken out for cooling at room temperature naturally.




2.2.3. Phosphoric Acid Leaching


The leaching of roasted ore was carried out in a beaker. First, 250 g of raw material was weighed, and a certain concentration of phosphoric acid was added into the 3000 mL beaker. In order to prevent the aqueous in the leaching agent from evaporating, the beaker mouth was sealed with a plastic film, and the reaction time was recorded after the speed of the electric mixer was adjusted. The leaching condition was that the leaching temperature was 90 °C, the leaching time was 3 h, the initial concentration of phosphoric acid solution was 3 mol/L and the liquid-solid ratio was 10:1 (mL/g). After the leaching was completed, the solid-liquid mixture in the beaker was filtered by vacuum suction filter, and the content of Ni2+, Co2+, Al3+, Mg2+, Mn2+, Cr3+ and other metal ions in the obtained clarified filtration was determined by ICP after titrating to a certain volume. The filter residue was baked in the oven at 105 °C for 120 min and then stored in a sample bag for further detection. The filtrates were then used for extraction. The determination of leaching ratios of Fe, Co, Ni and other elements is shown in Equation (1).


   γ =     C 1  ×  V 1     m 0   × α     × 100   



(1)




where γ represents the leaching ratio of elements, %; C1 represents the ion concentration in the leaching solution, g/L; V1 represents the volume of the leaching solution, L; α represents the total content of elements of the dried or calcined laterite sample, wt.%; m0 represents the quality of the sample, g.




2.2.4. Solvent Extraction


P204 and P507 were used as extractants. The extraction process was as follows: firstly, P204 and P507 were diluted to a certain concentration with sulfonated kerosene. Then, a certain volume of leaching solution was measured, and the pH value of the leaching solution was adjusted with aqua ammonia. If there was precipitation, the leaching solution was filtered and the filtrate was taken and then clarified. Finally, the leaching solution and a certain concentration of extractant were mixed and added to the pear shaped separating funnel. After tightening the piston, it was placed in the constant temperature shaker and shaken for 20 min, then it was taken out and left standing. When the liquid in the separating funnel was obviously stratified, the aqueous phase in the lower part of the funnel and the organic phase in the upper part were collected respectively, and then the chemical analysis was carried out. The main evaluation index of extraction process is the extraction rate of elements. The calculation of extraction rate of different elements is shown in Equation (2).


   ε =     C 2  ×  V 2     C 1  ×  V 1     × 100   



(2)




where ε represents the extraction ratio of different metal ions, %; C1 represents the ion concentration in the leaching solution, g/L; V1 represents the volume of the leaching solution, L; C2 represents the ion concentration in the organic phase, g/L; V2 represents the volume of the organic phase, L.



The basic parameters of extraction experiment in this study are as follows: the saponification ratio was 50%, the ratio of aqueous phase to organic phase was 1:1, the extraction time was 20 min, and the extraction temperature was 25 °C. On this basis, the effects of other parameters such as pH value and extractant concentration on the results were studied in different experimental parts.




2.2.5. Characterization


The content of some metal elements in the raw material was determined by chemical titration. Mineral compositions were determined by an X-ray diffraction (XRD, RIGAKU, D/Max 2500, Japan with Cu Ka radiation), under the conditions of tube current and voltage: 250 mA, 40 kV, scanning range: 10–80 °(2θ), step size: 0.02 °(2θ) and scanning speed: 8°/min. The ion concentration of the leaching solution was analyzed by an inductively coupled plasma mass spectrometer (ICP-OES, Icap7400 Radial, Thermo Fisher Scientific, Waltham, MA, USA). The concentration range of the ions to be measured in the solution was between 0–200 ppm after the leaching solution was diluted in advance. The particle size distribution of laterite ore was performed by a Malvern Mastersize2000 laser particle size analyzer (Malvern, England), and the range of particle size was from 20 nm to 2 mm. LabRAM Aramis type Raman (Paris, France) was used to characterize the leaching solution. The condition of Raman spectrometric determination was that the excitation wavelength was 532 nm, the resolution was 1 cm−1, and the scanning range was 100–1500 cm−1.






3. Results and Discussion


3.1. Pre-Roasting and Phosphoric Acid Leaching


After pre-roasting, the phase and structure of calcine were changed. Figure 3 shows the X-ray diffraction analysis of laterite nickel ore roasted at 400 °C for 1 h, from which we can see that the main phase of calcine is hematite.



On the basis of pre-roasting, the leaching ratios of Ni and Co reached 99.28% and 90.88% respectively, while that of Fe was only 3.29%, which was slightly different from the previous experimental results. The leaching results in this study and the previous leaching results are shown in Table 3. Finally, the Fe3+ in the leaching solution combined with the phosphate to form the iron phosphate (Figure 4) and entered the leaching residue, realizing the selective leaching of Ni and Fe under atmospheric pressure, and the ideal leaching ratio was achieved.




3.2. Effect of pH Change on the Composition of Leaching Solution


The leaching solution from the leaching process was collected. The initial pH value of the leaching solution was 0.70, and the ion concentrations are shown in Table 4.



The results of Raman spectrum show that there are unionized H3PO4 and ionized H2PO4− in the leaching solution (Figure 5). By studying the ionization process of phosphoric acid, we can tell that in addition to H3PO4 and H2PO4−, there is a small amount of HPO42− and PO43− in the solution. It can be seen from Figure 6 that under the same concention of H3PO4, the pH of phosphate precipitation of each metal ion is different, which results in the precipitation sequence of different metal ions being different. By adjusting the pH value of the solution, the metal ions in the solution can generate phosphate precipitation to achieve the purpose of preliminary removal of impurity ions. At the same time, in the solvent extraction process, the pH value of the solution also needs to be adjusted to a suitable range, to have a better extraction effect. Because ammonia does not contain other impurity metal ions, it will not add impurity ions to the subsequent extraction process, and the pH adjustment process is easy to control, because of its weak alkalinity, and ammonia is selected to adjust the pH value of the solution to observe the precipitation effect of metal ions at different pH values and the effect of pH value on the extraction of metal ions in the solution.



3.2.1. Preliminary Separation of Impurity Metal Ions by Adjusting Solution pH to Precipitate


Ammonia was used to adjust the pH value of the solution. Figure 7 shows the influence of the pH on the precipitation of various ions. It can be seen from the figure that with the increase of pH value, the content of Fe3+ and Al3+ decreased rapidly, and the concentration of Ni2+ and Co2+ also decreased. However, the ratio of reduction of Ni2+ and Co2+ is far less than that of Fe3+ and Al3+. When the pH value of the solution increased to 4.5, the concentration of Al3+ in the solution decreased to 0.073 g/L, the concentration of Fe3+ decreased to 0.0055 g/L, and the precipitation ratios of Al3+ and Fe3+ reached 97.02% and 99.67%, respectively. Although the content of Fe3+ and Al3+ in the solution was very low at pH 4.5, the loss of Ni2+ and Co2+ was relatively large at this point, and the concentration were only 76.2% and 61.43% of the original leaching solution, respectively. Therefore, pH = 3 was preferred as the best pH value for precipitation of the metal ions in the leaching solution. Under this condition, the precipitation ratios of Al3+ and Fe3+ were 57.67% and 91.17%, respectively, while the loss of Ni2+ and Co2+ were only 3.95% and 7.62%.




3.2.2. Influence of pH on the Extraction


When P204 and P507 were used as extractants, the optimal extraction pH range of Al3+ was 3–4 [30]. At the same time, Fe3+ could also be extracted well in this pH range. The leaching effects of P204 and P507 were studied under different pH values. The results are shown in Figure 8 and Figure 9 in the following part.



Using P204 as Extractant


It can be seen from Figure 8 that when P204 was used as an extractant, silicon and chromium were not easily extracted, while the extraction ratios of other metal ions increased with the increase of pH value. In the extraction process, Al3+, Fe3+ and Mn2+ would be preferentially extracted by P204. When the pH value reached 3.0, the extraction ratios of Al3+, Fe3+ and Mn2+ were 98.47%, 99.59% and 97.56%, respectively, and the extraction ratios of Ni2+, Co2+ and Mg2+ were 75.72%, 81.14% and 81.96%, respectively.




Using P507 as Extractant


It can be seen from Figure 9 that in the same way as P204, the extraction ratios of chromium and silicon in the leaching solution were low, and the change of pH value had a limited effect on extraction. The extraction ratios of other metal ions increased with the increase of pH value of the solution. It can be also seen from the figure that P507 will preferentially extract Al3+, Fe3+ and Mn2+ in the acid solution. When the pH value of the solution reached 3.0, the extraction ratios of Al3+, Fe3+ and Mn2+ reached 98.53%, 87.71% and 97.87%, respectively, and the extraction ratios of Ni2+, Co2+ and Mg2+ were 57.71%, 92% and 77.75%, respectively.



As P204 and P507 preferentially extracted Fe3+, Al3+ and Mn2+ from the solution, impurities such as Fe3+, Al3+ and Mn2+ in the solution could be removed by extraction. Compared with P507, P204 has a better extraction effect on Fe3+ and Mn2+, and the price of P204 is cheaper than P507. Therefore, impurities such as Al3+, Fe3+ and Mn2+ in the solution can be selectively removed by adjusting P204 concentration. Because P507 has a stronger ability to extract cobalt, it was used to extract Co2+ from the solution after the impurities were removed.






3.3. Using P204 to Remove Al3+, Fe3+ and Mn2+


Due to the high content of Al3+ and Fe3+ in the leaching solution, in order to reduce the extraction pressure of P204, a part of Al3+ and Fe3+ were precipitated in the form of phosphate by adjusting the pH of the solution through ammonia. Considering the effect of pH on the precipitation and P204 extraction, the pH value of the solution was adjusted to 3.0. At this point, the precipitation ratios of Al3+, Fe3+ and Mn2+ were 57.67%, 91.17% and 60.0%, respectively, while the loss of Ni2+ and Co3+ were only 3.95% and 7.62%. After filtration, the precipitated filtrate was used as raw material and P204 was used as the extractant in the filtrate. The influence of different P204 concentrations on the extraction effect of various metal ions in the leaching solution was explored. The extraction result is shown in Figure 10.



It can be seen from Figure 10 that the extraction ratios of all metal ions increased with the increase of P204 concentration, and especially the extraction effect of Fe3+ and Al3+ was better. When the concentration of P204 was 5%, the extraction ratios of Al3+ and Fe3+ reached 67.44% and 82%. With the increase of extractant concentration, their extraction ratios gradually increased. However, if the concentration of the extractant was too high, the extraction ratios of Ni2+ and Co2+ would rise synchronously. When the concentration of P204 was 20%, Al3+ and Fe3+ were completely extracted, but the extraction ratios of Ni2+ and Co2+ also reached 27% and 36%. In order to achieve the selective separation of Ni2+ and Co2+, 10% P204 was selected as the best extractant concentration. At this point, the extraction ratios of Al3+ and Fe3+ were 99.36% and 96.3%, respectively, while the extraction ratios of Ni2+ and Co2+ were only 4% and 5%, respectively. The residual concentrations of Al3+ and Fe3+ in the raffinate were 5.5 mg/L and 3.7 mg/L. Due to the low content of Mn2+ in the solution, although the extraction ratio of Mn2+ was 65.39%, the concentration of Mn2+ had dropped to 9.7 mg/L. The concentrations of Ni2+ and Co2+ in the raffinate were 0.96 g/L and 0.095 g/L. Chromium and silicon were basically not extracted.




3.4. Using P507 to Extract Co2+ from Raffinate


P507 has a much stronger extraction capacity for cobalt than for nickel [26]. In order to achieve the selective separation of Ni2+ and Co2+ in the extraction solution, P507 was selected as the extractant to extract Co2+ from the solution after removing impurity. The effect of P507 concentration on the extraction effect of various metal ions in the leaching solution was investigated. The extraction result is shown in Figure 11.



It can be seen from the figure that in the process of increasing the concentration of P507 from 2% to 30%, the extraction ratios of Co2+ and Mg2+ increased rapidly, while the change of the extraction ratio of Ni2+ was different. When the concentration of P507 was lower than 10%, the extraction ratio of Ni2+ increased slowly. However, when the concentration of P507 was higher than 10%, the extraction ratio of Ni2+ increased rapidly, and the separation coefficient of Ni2+ and Co2+ decreased. According to the results in the figure, when the concentration of P507 was 8%, the separation coefficient of Ni2+ and Co2+ were the largest, but the extraction ratio of Co2+ was also low, only 54.2%, and the extraction ratio of Ni2+ was 2.51%. Therefore, in order to improve the comprehensive extraction ratio of Co2+ and reduce the extraction ratio of Ni2+, it was decided to adopt the multi-stage extraction method to extract Co2+. The specific result is shown in Table 5, after three-stage extraction, the extraction ratio of Co2+ reached 96.61%, while that of Ni2+ was 12.32%. For the raffinate, the content of cobaltl has reached the requirement of the electrolytic nickel industry (Table 6). For organic phase containing 0.0918g/L cobalt and 0.1182g/L nickel, Ni and Co are not completely separated, which cannot meet the production purity requirements (Co ≥ 99.8%) of the electrolytic cobalt process. In a future study, further research is needed to improve this part of the process.





4. Conclusions


In this study, a new process for the high value-added utilization of limonitic laterite ore was established: pre-roasting-phosphoric acid leaching-solvent extraction. After pre-roasting and phosphoric acid leaching, the separation of Ni and Co from the leaching solution was primarily investigated in this work. The main conclusions are as follows:



(1) A change of pH value in the solution will not only lead to the precipitation of impurity metal ions, but also affect the extraction ratio. Although the precipitation separation of impurity metal ions can be realized by adjusting the pH value of the solution, some valuable metal ions, such as Ni2+ and Co2+, will be absorbed by the impurity metal ions during the precipitation process. When the optimal pH value of the solution is 3.0, the precipitation ratios of Al3+ and Fe3+ are 57.67% and 91.17%, respectively, while the loss of Ni2+ and Co2+ are only 3.95% and 7.62%.



(2) Two different extractants P204 and P507 were selected to investigate the effect of pH value on the extraction of various metal ions in the solution. Under the condition of pH = 3, the extraction system of P204 was established to remove Fe3+, Al3+, and Mn2+ in advance. After extraction, the extraction ratios of Fe3+ and Al3+ reached 96.3% and 99.36%, respectively, and that of Mn2+ was 65.39%. The concentration of Mn2+ in the solution decreased to 9.7 mg/L, and those of Ni2+ and Co2+ were only 4% and 5%, respectively.



(3) Ni2+ and Co2+ were extracted and separated from the raffinate by P507 under the condition of 8% concentration of P507. After three-stage extraction, the extraction ratio of Co2+ reached 96.61%, while that of Ni2+ was 12.32%. The preliminary selective extraction of Ni2+ and Co2+ was realized.
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Figure 1. XRD pattern of the raw ore. 
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Figure 2. Experimental flowsheet: (a) Whole process and (b) Solvent extraction procedure. 
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Figure 3. XRD pattern of calcined laterite (400 °C, 60 min). 
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Figure 4. The XRD patterns of the ore after leaching. 
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Figure 5. Raman spectroscopy pattern of the leaching solution. 
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Figure 6. Initial precipitation pH of metals phosphate as the function of H3PO4 concentration. 
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Figure 7. Effect of pH on precipitation of metals. 
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Figure 8. Effect of pH on the extraction of metals with P204. 
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Figure 9. Effect of pH on the extraction of metals with P507. 
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Figure 10. Effect of P204 concentration on the extraction of metals. 
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Figure 11. Effect of P507 concentration on extraction of metal ions. 
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Table 1. Chemical composition of nickel laterite wt.%.
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	Ni
	Co
	TFe
	MgO
	Al2O3
	Cr2O3
	MnO2
	SiO2
	LOI





	1.01
	0.13
	43.9
	0.99
	10.44
	3.25
	1.25
	3.90
	15.2







LOI: Loss on ignition.
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Table 2. Reagents and specification used in the experiments.
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	Reagents Name
	Chemical Formula
	Purity





	85% Phosphoric acid solution
	H3PO4
	Analytical grade



	Ammonia
	NH3·H2O
	Analytical grade



	P204
	C16H35O4P
	Analytical grade



	P507
	(C8H17)2HPO3
	Analytical grade



	Sulfonated kerosene
	
	Analytical grade
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Table 3. The leaching results of pre-roasted laterite in phosphoric acid (%).
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	Composition
	Al
	Co
	Cr
	Fe
	Mg
	Mn
	Ni
	Si





	Leaching ratio
	55.42
	90.88
	87.15
	3.29
	99.78
	40.69
	99.28
	46.66



	Previous results
	
	89.8
	
	1.3
	
	
	98.7
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Table 4. Main chemical composition of leaching solution (g/L).
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	Composition
	Al
	Co
	Cr
	Fe
	Mg
	Mn
	Ni
	Si





	Content
	2.47
	0.10
	0.687
	1.66
	0.74
	0.65
	1.05
	0.51
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Table 5. Extraction ratios of different ions %.
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Extraction Stage

	
Extraction Ratios




	
Co

	
Cr

	
Mg

	
Ni

	
Si






	
1

	
54.17

	
1.81

	
24.21

	
2.51

	
1.51




	
2

	
84.97

	
5.31

	
54.14

	
8.91

	
4.11




	
3

	
96.61

	
9.67

	
80.60

	
12.32

	
5.81
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Table 6. Standard for cobalt content of electrolytic nickel %.
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	Co No More Than
	Ni9996 Standard
	Ni9990 Standard
	Average Composition of JinChuan Nickel in 2003
	Thompson Electrolytic Nickel Composition
	MCLE(Standard) Electrolytic Nickel Composition





	
	0.02
	0.08
	0.0112
	0.06
	0.002











© 2020 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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