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Abstract:



This study uses pure materials or waste batteries to produce a nanoscale Mn–Zn ferrite. Acid is used to dissolve the battery into solution and then co-precipitation is used to produce nanoscale ferrite. When the calcination temperature in an air atmosphere exceeds 600 °C, α-Fe2O3 is generated and there is a decrease in the saturated magnetization. Using waste batteries to produce [Mn0.54Zn0.46]Fe2O4 at a pH of 10, the saturated magnetization is 62.85 M (emu/g), which is optimal. At a pH of 10, the particulate diameter is largest, at about 40 nm. The stronger the crystal phase of Mn–Zn ferrite, the greater is the saturated magnetization. The ferrite crystal phase is analyzed using X-ray diffraction (XRD), scanning electron microscopy (SEM) and a vibrating sample magnetometer (VSM). The stronger the crystal phase, the larger is the average particulate diameter. The magnetic properties, the particulate diameter and the magnetic flux density of ferrite powders that are prepared under different conditions are studied. [MnxZn1−x]Fe2O4 ferrite powders can be used as an iron core and as resonance imaging materials.
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1. Introduction


Ferrite cores are a vital inductive component in motors for computer, communication and consumer Electronics (3C) products, so they are an important raw material for the industry. Traditional production methods use MnO2, ZnO and Fe2O3 as raw materials, and a solid-state reaction is initiated. When the raw materials are mixed, sintered and ground, a powder is produced. This powder is granulated, formed and placed in a nitrogen furnace for sintering, before it is made into an iron core. If waste batteries are used as the raw material, this cost is reduced and the process is environmentally friendly. Dry batteries can only be used once and are then discarded, which is a waste of a resource and material and pollutes the environment because the batteries contain Hg. In this study, waste batteries are used as the raw material and co-precipitation is used to prepare Zn–Mn series ferrite. The magnetic properties, the particulate diameter and the magnetic flux density of both types of ferrite core are studied.



The manufacture of ferrite involves forming and sintering an inorganic material (which does not contain carbon–hydrogen compounds) using a process that is the same as that for the production of ceramics. Ferrites are the earliest forms of fine ceramic [1,2]. Ferrite structures are classified into three main categories [3,4]: (1) spinel structure, such as the Zn–Mn series and the Ni–Zn series, which exhibits ferromagnetism and good permeability (ii), magnetic flux density (Bs) and loss characteristics; (2) garnet structure, such as yttrium iron oxide, which exhibits anti-ferromagnetism and is mainly used in microwave communication and laser optics applications; and (3) hexagonal structure, such as ferrites of the Ba series and Sr series, which exhibits permanent magnetism and is also called hard ferrite. The preparation methods for ferrite include: (1) the solid-state reaction method, for which metallic oxide powder is used as the raw material and the raw materials are mixed, sintered and ground to produce ferrite powder [5,6,7]; (2) the co-precipitation method, for which metallic ion salt is used as the raw material and dissolved, mixed, neutralized by adding alkali, oxidized by aeration, rinsed with water, and baked and ground to produce ferrite powder [8,9,10], and then after high-temperature sintering, ferrite powder is produced; (3) the sol–gel process, for which metallic ion salt is used as the raw material and citric acid is added, whereupon the mixture is agitated and finally undergoes vacuum rotary evaporation to produce a viscous liquid [11,12,13,14]; and (4) the hydrothermal method, which uses a pressurized solution at a temperature that is greater than the normal boiling point of water or the solvent in an autoclave. Because of the high temperature and high pressure, the solubility, the diffusion coefficient and the reactivity of the solute are significantly increased and the reaction is easier to initiate [15,16,17]. In 2017, Quin reported precise control the Fe2+ concentration, pH, temperature and aeration rate to synthesise, with size of 10–300 nm, cube-like and sphere-like crystalline Fe3O4 nanoparticles [18].



In a primary battery, the positive electrode of a Zn–Mn dry battery is MnO2, and the negative electrode is Zn. The electrolyte between the positive and negative electrodes is ZnCl2 or NH4Cl. In an alkaline Mn battery, the positive electrode is also MnO2 and the negative electrode is Zn, but the electrolyte between the positive and negative electrodes is KOH. The only difference between these two batteries is the electrolyte that is used. Therefore, waste batteries can be used as a raw material to produce of Zn–Mn ferrite. The recovery of Mn from Zn–Mn and Zn–C battery waste has been the subject of studies [19,20,21,22]. In this experiment, co-precipitation at different pH values (pH of 6–12) and different sintering temperatures (0–1200 °C) is used to synthesize [MnxZn1−x]Fe2O4 nano-ferrite powder. The effect of the pH value on the strength and integrity of the crystal phase is determined, and the effect of the sintering temperature on the saturated magnetization (Ms), the remanant magnetization (Mr), the coercive force (Hc), the magnetic flux (B) and the average particulate diameter (D) is measured. Mn–Zn ferrites are prepared under different conditions and the differences in the physical properties and electromagnetic properties of the nano-powders that are produced using pure material and waste batteries are determined.




2. Experimental


2.1. Materials and Measurement Tools


Sulfuric acid (H2SO4), hydrochloric acid (HCl), sodium hydroxide (NaOH), zinc (II) nitrate (Zn(NO3)2·6H2O), ferric (III) nitrate (Fe(NO3)3·9H2O), manganese nitrate, (Mn(NO3)2·6H2O), nickel nitrate (Ni(NO3)2·6H2O) and other reagents that were used for synthesis were all G.R.-grade chemicals. A computer-interface X-ray powder diffractometer (XRD) that uses Cu Kα radiation (Multiflex, Rigaku, Tokyo, Japan) was used to identify the nanoparticles. The morphology of particles was determined using a scanning electron microscope (SEM, Hitachi S3000N, Tokyo, Japan) with an accelerating voltage of 15 kV. A field-emission scanning electron microscope (FESEM, JEOL, JSM-6700F, Tokyo, Japan) was used to characterize the surface structure of the nanoparticles. A vibrating sample magnetometer (VSM, ADE-DMS Model 1660, MA, USA) was used to observe the electromagnetic properties of the nanoparticles. An oxygen analyzer measured the oxygen concentration (Chang-Ai, CI1000, Shanghai, China). Composite particles of ferrite were produced by sintering in a high-temperature furnace (AcuTech systems Co., Ltd. BAT-750, New Taipei, Taiwan).




2.2. The Use of Waste Dry Batteries to Produce Nano-Mn–Zn Ferrite ([MnxZn1−x]Fe2O4)


The dry battery was crushed and dissolved using steel acid cleaning waste solution and then heated to 70–80 °C to accelerate the dissolution process. Filter paper was then used to filter the dissolved solution, in order to remove the spacer material, the pulp and the plastic pad in the battery. The filtered solution and waste iron powder were then used for a displacement reaction at a temperature of about 35 °C. This reaction displaces Cu, Cd, Pb and Hg in ionic solution. Filter paper was then used to filter out the displaced metal and alkali was added to the filtered solution to neutralize it to a pH of 9. An air pump was used to pass air over the sample at a temperature of 80 °C, to allow oxidation for 24 h. Filter paper was then used to filter out the ferrite powder containing salt. Distilled water was used to remove the salt from the filter cake. This operation was repeated 5 to 6 times, to completely remove the salt. The residue was placed in a baking oven to bake dry at 120 °C and the resultant product was ground using an agate mortar. The sample was heated to 600 °C and 10% of PVA was used for granulation. The product was then placed in a mold and pressed into a tablet. Nitrogen gas was then used to sinter it at a high temperature, to produce a ferrite core. The flow chart for the process is shown in Figure 1.


Figure 1. The synthesis of [MnxZn1−x]Fe2O4 ferrite from waste battery.



[image: Applsci 08 01005 g001]







2.3. The Chemical Reaction Mechanism and an Analysis of the Use of a Dry Battery to Prepare Ferrite


Waste batteries were used as the raw material to produce Mn–Zn ferrite. The waste batteries and the waste solution form a metallic ion solution, which is neutralized and precipitated using NaOH. After passing through air to allow oxidation and to remove the salt, the product is sintered at a high temperature to produce [MnxZn1−x]Fe2O4 ferrite. MnO2 in the dry battery and ferrous sulfate and sulfuric acid in the steel acid cleaning waste solution react to form MnSO4, FeSO4 and water. Fe in dry the battery reacts with the FeSO4 that is dissolved in steel acid cleaning waste solution to form ferrous sulfate, and then forms ferric sulfate and hydrogen. Zn in the dry battery reacts with sulfuric acid in the steel acid cleaning waste solution to form ZnSO4 and hydrogen. Finally, Hg in the dry battery reacts with ferrous sulfate in the steel acid cleaning waste solution to form HgSO4 and ferric sulfate. The formulae for these reactions are:


MnO2 + 2FeSO4 + 3H2SO4 → MnSO4 + Fe2(SO4)3 + 2H2O,



(1)






Fe + Fe2(SO4)3 → 3FeSO4,



(2)






Fe + H2SO4 → FeSO4 + H2,



(3)






Zn + H2SO4 → ZnSO4 + H2.



(4)







When the dry battery is dissolved in steel acid cleaning waste solution, four metallic ion solutions that contain sulfate are obtained. Waste iron powder is added into HgSO4 to displace Hg, and three metallic ion solutions of Mn, Zn and Fe are formed. Based on the stoichiometric ratio, one mole of MnO2, Fe and Zn requires a total of five moles of acid to dissolve completely. It is generally ensured that the reaction is complete by adding excess acid. NaOH is added to neutralize the sulfate, and the product was precipitated to yield hydroxide.


(1 − x)MnSO4 + xZnSO4 + 2FeSO4 + 8NaOH → (1 − x)Mn(OH)2 + xZn(OH)2 + 2Fe(OH)2 + 4Na2SO4



(5)







Air is passed over the metal hydroxide to oxidize it and to produce Mn1−xZnxFe2O4. The reaction formula is
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(6)







An inductively coupled plasma (ICP) was used to measure the metal ion content in the battery solution. There was a large excess of Fe ions so the solution was supplemented with Mn and Zn. The solution was adjusted according to that was required for different Mn–Zn compositions. The entire reaction uses a waste battery and steel acid cleaning waste solution as raw materials, and the battery is dissolved into ionic solution. After the displacement reaction, impurities such as Cu, Hg and Cd in ionic solution are removed and NaOH solution is used to precipitate the metallic ion. Air is passed over the product and heat is introduced to oxidize the metallic solution that carries the OH root, which slowly forms into ferrite with a spinel structure. The recovery rate of useful materials for waste batteries was 83.92 wt %. This method can save the cost of MnO2, Fe, Zn and Fe raw materials, and solve the problem of waste batteries and waste acid pollution.





3. Results and Discussions


3.1. The Effect of Different Mn and Zn Contents on the Crystal Phase


Figure 2a shows the XRD diffractogram of [MnxZn1−x]Fe2O4 for different proportions of Mn and Zn. The diffraction peak shows that a change in the proportions affects the crystal phase. The crystal phase for a composition of Mn0.54Zn0.46Fe2O4 is the most integrated and the strongest. The crystal phase for Mn0.8Zn0.2Fe2O4 is the least integrated and the weakest. The nano-Mn–Zn ferrite ([MnxZn1−x]Fe2O4) is a spinel structure. The average particulate diameter is calculated using the diffraction peaks for different Mn–Zn proportions and the Scherrer equation. It is seen that the particulate diameter is different for different crystal phases. For the composition [Mn0.54Zn0.46]Fe2O4 with the strongest crystal phase, the largest average particulate diameter is 11.50 nm. For the composition [Mn0.8Zn0.2]Fe2O4 with the weakest crystal phase, the average particulate diameter is the smallest, at about 4.28 nm.


Figure 2. XRD patterns for (a) [MnxZn1−x]Fe2O4 sintered at 600 °C and (b) the effect of the pH value of the waste dry battery.
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Figure 2b shows the effect of the pH value of the waste battery on the crystal phase of [MnxZn1−x]Fe2O4. It is seen that for pH values between 6 and 7, there are many phases in the diffraction peaks. For a pH value of 8, the strength of the crystal lattice of the miscellaneous phase is greatly reduced. For a pH value of 10, the diffraction peak for the miscellaneous phase is totally absent. The miscellaneous peak is the diffraction peak for Zn2+3O4, Fe3(SO4)O3 and MnSO4, and when the pH value is between 6 and 7, there is insufficient alkaline content so the Fe ions and Mn ions are not fully precipitated, and the precipitated Zn2+3O4 forms Zn ions. The solution must be neutralized to a pH value of greater than 9.



The average particulate diameter for [MnxZn1−x]Fe2O4 at different pH values is calculated using the diffraction peak and the Scherrer equation. Normally, crystallite size decreases as the particle size decreases, but not at the same rate. Nitrogen adsorption (BET) is a good technique for measuring nano-ferrite particles [23]. A pH value of 6 produces the smallest average particulate diameter of about 31.10 nm because the alkaline content is not sufficient and the sulfate in the ionic solution is not neutralized, so the metallic ions are not precipitated and a complete spinel structure cannot grow. For higher pH values, the average particulate diameter is greater. A pH value of 10 gives the maximum average particulate diameter of about 59.61 nm. Further increases in the pH value result in a decrease in the average particulate diameter because when the pH value is too large, Zn(OH)2 reacts with NaOH to form Na2ZnO2 and the Zn atoms in the spinel structure are removed. A pH value of 12 gives an average particulate diameter of only 35.03 nm. The particulate diameter varies between 31.10 and 59.61nm for the range of pH values that is used in this study.




3.2. The Effect of Different Mn and Zn Contents on the Magnetic Properties


For a composition Mn0.54Zn0.46Fe2O4, the saturated magnetization is about 0.01 M (emu/g) more than that for Mn0.5Zn0.5Fe2O4, so the composition Mn0.54Zn0.46Fe2O4 is used to determine the effect of sintering temperature on Mn–Zn ferrite. The hysteresis curves (pH of 9, 80 °C, air oxidation for 24 h) for ferrites with different compositions of Mn–Zn, Ni–Zn and Cu–Zn at the same pH value are shown. We show that the saturated magnetization for a [MnxZn1−x]Fe2O4 system that is recycled from waste batteries is at a maximum. For ferrites of Mn–Zn, Ni–Zn and Cu–Zn, when the pH is 9, the results show that the value for the coercive force (Hc) does not exceed 200 Oersted (Oe) and the Mr value approaches zero (soft ferrite has a lower remanent magnetization), which demonstrates that the ferrites for all of the systems are soft ferrites, as shown in Figure 3.


Figure 3. The hysteresis curves for different compositions and proportions; [MxZn1−x]Fe2O4 (M = Mn, Zn, Cu).
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3.3. The Effect of the pH Value on the Magnetic Properties of [Mn0.54Zn0.46]Fe2O4


Figure 4 shows the effect of coercive force (Hc) on the saturated magnetization (Ms) and the remanent magnetization (Mr) for [Mn0.54Zn0.46]Fe2O4 at different pH values. It is seen that the Hc value does not exceed 200 Oe and that the Mr value (soft ferrite has a lower remanent magnetization) approaches zero. This demonstrates that this series is soft ferrite. In terms of the effect of the pH value of the waste battery on the magnetic properties of Mn–Zn ferrite, it is seen that the saturated magnetization has the lowest value of 2.52 M (emu/g) for a pH value of 6, because metallic ions do not precipitate completely so a complete structure is not formed. The spinel structure at a pH value of 10 has a lower saturated magnetization. The peak value for the saturated magnetization is 62.85 M (emu/g), and the crystal phase is the most complete. The saturated magnetization decreases when the pH value is 11, because an increase in the pH value inhibits the precipitation of Zn ions. For a pH value of 12, the saturated magnetization is only 44.81 M (emu/g). The coercive force (Hc), the saturated magnetization (Ms) and the remanent magnetization (Mr) for a composition of MnZnFe2O4 at different pH values are shown in Table 1. The data shows that, for the different pH values, the magnetic properties and the value of Hc do not exceed 200 Oe. The value for Mr is also quite low, which demonstrates that this series is soft ferrite. The magnetic flux (B) for [Mn0.54Zn0.46]Fe2O4 at different pH values is calculated in gauss. The magnetic flux at a pH of 6 is 102.95 gauss/g. An increase in the pH value produces a corresponding increase in magnetic flux. At a pH of 10, the peak value is 864.48 gauss/g. This value decreases to 637.78 gauss/g for a pH of 12. The magnetic flux (B) for [Mn0.54Zn0.46]Fe2O4 increases from 102.95 (gauss/g) at a pH value of 6 to a peak value of 864.48 (gauss/g) at a pH value of 10. At pH values of greater than 10, the value begins to decrease because Zn ions do not precipitate completely. The pH was changed from 6 to 12, the particle size was changed from 31 to 59 nm, Ms was changed from 2.52 to 62.85 emu/g. The Mn–Zn ferrite nanoparticles’ size and structure (cube-like NPs or sphere-like NPs) affects the NPs’ magnetic properties. Smaller NPs have more defects, and a decrease of µ and Ms properties. This is consistent with a previous study on the particle size and magnetic properties [18].


Figure 4. The effect of the pH value on the magnetic properties of [Mn0.54Zn0.46]Fe2O4 that is produced from waste dry batteries.
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Table 1. The effect of various factors on the magnetic properties of [Mn0.54Zn0.46]Fe2O4 that is produced from waste dry batteries.





	

	
Property

	
Hc(Oe)

	
Ms (emu/g)

	
Mr (emu/g)

	
B (gauss/g)




	
Condition

	






	
pH

	
6

	
71.30

	
2.52

	
0.20

	
102.95




	
7

	
65.81

	
17.90

	
1.59

	
290.63




	
8

	
61.65

	
50.56

	
4.05

	
696.68




	
9

	
69.53

	
60.89

	
5.83

	
834.31




	
10

	
75.08

	
62.85

	
6.84

	
864.48




	
11

	
76.43

	
48.45

	
5.68

	
684.96




	
12

	
74.97

	
44.81

	
5.08

	
637.78




	
Temperature (°C) by air

	
500

	
34.61

	
4.96

	
0.03

	
96.91




	
600

	
2.71

	
16.64

	
0.01

	
211.71




	
700

	
11.45

	
9.97

	
0.02

	
136.67




	
800

	
46.29

	
2.57

	
0.02

	
78.57




	
Temperature (°C) by N2 gas

	
700

	
17.36

	
16.32

	
0.29

	
222.34




	
800

	
16.84

	
42.36

	
0.81

	
548.88




	
900

	
22.54

	
36.58

	
1.06

	
481.98




	
950

	
32.97

	
33.86

	
1.51

	
458.25











3.4. The Effect of Sintering Temperature on the Crystal Phase and the Magnetic Properties


Figure 5a shows the XRD diagram (sintering in an air atmosphere, an increase in temperature of 5 °C/min, and then a constant temperature for 2 h, followed by cooling in a furnace) for [Mn0.54Zn0.46]Fe2O4 that is sintered at different temperatures. It is seen that when the sintering temperature is increased, the XRD diffraction peak increases in height, so the strength of the ferrite increases. An increase in the sintering temperature produces particle with a greater diameter. When the calcination temperature is 700 °C, the XRD diffraction peak shows slight amounts of α-Fe2O3. When the sintering temperature is increased to 800 °C, the diffraction peak for α-Fe2O3 is larger. This demonstrates that in an air atmosphere, when the sintering temperature exceeds 600 °C, α-Fe2O3 is generated immediately and there is a decrease in the saturated magnetization for Mn–Zn ferrite. The value for the average particulate diameter for [Mn0.54Zn0.46]Fe2O4 that is sintered in an air atmosphere at different temperatures is calculated using the diffraction peak. The value is 11.50 nm for unsintered material, and an increase in the sintering temperature produces an increase in the average particulate diameter. At temperatures greater than 600 °C, decomposition occurs because Mn is oxidized. However, the average particulate diameter for α-Fe2O3 increases when the sintering temperature is increased, so even if there is decomposition because Mn is oxidized, the average particulate diameter increases until the sintering temperature is 800 °C, at which temperature the average particulate diameter is 69.20 nm.


Figure 5. The effect of the sintering temperature in an air atmosphere on (a) the crystal phase and (b) the magnetic properties.
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Figure 5b shows the effect of sintering temperature on the magnetic properties, using the hysteresis curve for [Mn0.54Zn0.46]Fe2O4 at different sintering temperatures. A sintering temperature of 600 °C results in the greatest value for saturated magnetization. When the sintering temperature exceeds 600 °C, the saturated magnetization begins to decrease. A sintering temperature of 800 °C gives a saturated magnetization of 2.57 M (emu/g), which is less than the value for unsintered ferrite. When the temperature is increased, there is an increase in thermal vibration in the lattice. The binding energy for the oxygen atoms also decreases, so these escape [2]. When the sintering temperature exceeds 600 °C, the amount of α-Fe2O3 in the crystal phase is increased (α-Fe2O3 is also called hematite, which is not magnetic [24,25]). If sintering is performed in a N2 atmosphere, a reducing environment is formed within the furnace.



The results for the magnetic flux for [Mn0.54Zn0.46]Fe2O4 at different sintering temperatures show that the magnetic flux at a temperature of 500 °C is 96.91 gauss/g. An increase in the sintering temperature produces an increase in the magnetic flux. When the temperature is 600 °C, there is a maximum value of about 211.71 gauss/g and the value then begins to decrease for higher temperatures, because when sintering is performed in an air atmosphere, the Fe atoms in [MnxZn1−x]Fe2O4 are thermally disassociated into α-Fe2O3.




3.5. Surface Morphology and Compositional Analysis of [Mn0.54Zn0.46]Fe2O4


Figure 6 shows the surface morphology for [Mn0.54Zn0.46]Fe2O4 that is produced from waste batteries with different pH values. For all compositions, the Mn–Zn ferrites show similar morphology and very strong agglomeration due to magnetic particles, and particles that are of uniform grain size. It is seen that when the pH value is 6, the average particulate diameter is very small, at about 10 nm. There is a laminate structure, when the pH value is 7, but the average particulate diameter remains at about 10 nm. The laminate structure decays when the pH has a value of 8 because the particles begin to cluster into ball shapes. The laminate structure almost disappears when the pH is 9 and totally disappears at a pH of 10, when only nanoparticles that are clustered into spherical shapes remain. The average particulate diameter increases significantly to about 40 nm and there is no laminate structure when the pH value is 11. It is seen that for a pH value of 12, the average particulate diameter is smaller than that for a pH of 10, at about 20–30 nm, and there is no laminate structure. The average particulate diameter is only about 10 nm. The laminate structure is only present at pH values of between 6 and 9, so it is reasonable to assume that the laminate structure is composed of metallic oxide that undergoes an incomplete acid or alkaline neutralization reaction.


Figure 6. The surface morphology of [Mn0.54Zn0.46]Fe2O4 that is produced from waste dry batteries with different pH values: (a) pH = 6, (b) pH = 7, (c) pH = 8, (d) pH = 9, (e) pH = 10, (f) pH = 11 and (g) pH = 12.
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Table 2 shows that the mean particulate diameter for [Mn0.54Zn0.46]Fe2O4 is correlated with the size that is estimated from SEM and XRD using the pH value. The mean diameter for [Mn0.54Zn0.46]Fe2O4 exhibits the same variation for the range of sintering temperatures studied. The energy dispersive detector (EDS) composition analysis diagram for [Mn0.54Zn0.46]Fe2O4 shows that ferrite is an alloy that is formed from four elements: Mn, Zn, Fe and O. It contains no other metallic atoms. The studied proportions are correct and it is proven that the metallic ions are completely precipitated during the neutralization process.


Table 2. The effect of pH on the mean diameter.





	

	
Composition/Method

	
Mn0.54Zn0.46Fe2O4




	
pH

	

	
XRD

	
SEM






	
6

	
31.10

	
30




	
7

	
32.48

	
35




	
8

	
53.56

	
50




	
9

	
56.45

	
50




	
10

	
59.61

	
58




	
11

	
40.10

	
60




	
12

	
35.03

	
48











3.6. The Effect of the Sintering Temperature in a N2 Environment on the Crystal Phase and the Magnetic Properties


Figure 7a shows the XRD diagram for [Mn0.54Zn0.46]Fe2O4 that is sintered in a N2 environment at 700 °C to 950 °C. When the ferrite is sintered at a temperature of more than 600 °C, there is oxidation, so a N2 environment is used. Ferrite that is sintered in a N2 environment does not contain α-Fe2O3. Table 1 shows the data for [MnxZn1−x]Fe2O4 that is sintered at different temperatures in a N2 environment. The average particulate diameter is calculated using the diffraction peaks. It is seen that when the sintering temperature is 700 °C, the particulate diameter is 95.03 nm. An increase in sintering temperature results in an increase in the average particulate diameter. At 800 °C, the value is a maximum at 119.08 nm. The value then begins to decrease and at 950 °C, it is 96.02 nm. When the material is sintered for too long in a N2 environment, oxygen atoms escape from [Mn0.52Zn0.46]Fe2O4.


Figure 7. The effect of sintering temperature in a N2 environment on (a) the crystal phase and (b) the magnetic properties of Mn0.54Zn0.46Fe2O4.
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Figure 7b shows the hysteresis curve (sintering in a N2 environment flow of 5 L/min, an increase in temperature of 5 °C/min and then maintaining a constant temperature for 2 h, followed by cooling in the furnace) that demonstrates the effect of temperature on the magnetic properties of [Mn0.52Zn0.46]Fe2O4 that is sintered in N2 at temperatures from 500 °C to 950 °C. It is seen that when the sintering temperature exceeds 600 °C in an air atmosphere, the saturated magnetization (Ms) begins to decrease, so a N2 environment was used for sintering. Figure 8b shows that for a sintering temperature of 700 °C the values are 11 M (emu/g, in an air atmosphere) and 17 M (emu/g, in a N2 environment). At 800 °C, values are 2.57 and 42.36 M (emu/g). A sintering temperature of greater than 800 °C in a N2 environment produces a decrease in the magnetic properties [26]. For a sintering temperature of 800 °C, the optimal duration for sintering is five hours. Iron-ore slurry is converted into ferrite. There is a decrease in the magnetic properties because trivalent Fe in ferrite is deoxygenized to produce bivalent Fe. The results for coercive force (Hc), saturated magnetization (Ms) and remanent magnetization (Mr) for [MnxZn1−x]Fe2O4 of different compositions show that the Hc value does not exceed 200 Oe and the Mr value approaches zero (soft ferrite has a lower remanent magnetization), which demonstrates that this series is soft ferrite.


Figure 8. The effect of forming sintering on the Q-value for different systems.
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Table 1 shows the magnetic flux for [MnxZn1−x]Fe2O4 that is sintered in N2 at temperatures from 700 °C to 950 °C. Using the formula B = 4π × Ms + Hc, the unit of magnetic flux (B) is calculated in gauss. The table shows that the magnetic flux is 222.34 gauss/g at 700 °C. The magnetic flux is 548.88 gauss/g at 800 °C. This value then begins to decrease when the temperature is increased because sintering for too long in a N2 gas results in oxygen atoms in [Mn0.54Zn0.46]Fe2O4 escaping.




3.7. Measurement of the Electrical Properties for Forming Sintering for Different Systems


Figure 8 shows the effect of forming sintering on the Q-value for different systems. It is seen that the Q-value increases when the frequency increases. The most significant result is for recycled batteries with a composition of Mn0.34Zn0.12O(Fe2O3)0.54. The next most significant result is for Ni0.5Zn0.5Fe2O4. The least significant result is for a composition of Cu0.7Zn0.3Fe2O4. For this composition, the Q-value does not increase when the frequency is greater than 70 kHz. Figure 9 shows the effect of forming sintering on the μ0 value for different systems. The coil has an insufficient number of turns so there is a small and negative inductive value and μ0 is negative. It is seen that the μ0 value decreases when the frequency is increased. For recycled batteries with a composition of Mn0.34Zn0.12O(Fe2O3)0.54 and a composition of [Ni0.5Zn0.5]Fe2O4, the decrease is more significant. The least significant decrease occurs for a composition of [Cu0.7Zn0.3]Fe2O4. The diagram showing the effect of forming sintering on the R-value for different systems shows the resistance value of the coil, instead of the resistance value of ferrite itself. It is seen that the only composition for which the value of the resistance increases when frequency is increased is [Ni0.5Zn0.5]Fe2O4. For compositions [Cu0.7Zn0.3]Fe2O4 and Mn0.34Zn0.12O(Fe2O3)0.54, an increase in frequency produces an initial increase in resistance and then a decrease.


Figure 9. The effect of forming sintering on the μ0 and R values for different systems.
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4. Conclusions


This study successfully produces ferrite magnets [Mn0.54Zn0.46]Fe2O4 using waste batteries. When the sintering temperature exceeds 600 °C, Fe atoms are thermally dissociated into α-Fe2O3 and the saturated magnetization decreases. Sintering in a N2 environment increases thermal dissociation. In a N2 environment, the optimal sintering temperature is 800 °C, at which temperature the saturated magnetization is 42.36 M (emu/g). For sintering temperatures greater than 800 °C, excessively long sintering in N2 has a negative effect. The difference between the maximum and the minimum values for the saturated magnetization is 32.14 M (emu/g). These values are obtained at different sintering temperatures. The XRD diffractograms and the SEM images show that the sintering temperature affects the strength of the crystal phase. The higher the sintering temperature, the stronger is the crystal phase with a spinel structure. The average particulate diameter also increases and the higher the sintering temperature, the greater is the average particulate diameter.



The VSM images for MnxZn1−xFe2O4 with different pH values show that the optimal pH value is 9. When the pH value exceeds 9, the saturated magnetization decreases because Zn ions do not precipitate completely at higher pH values. The XRD diffractograms for different pH values for recycled batteries that are used to produce [MnxZn1−x]Fe2O4 show that when the pH value is less than 9, insufficient alkaline content in the crystal phase results in incomplete precipitation of metallic ions. The VSM images show that the optimal pH value is 10. At pH values that are greater than 10, the saturated magnetization decreases because Zn ions do not precipitate completely.



The SEM images show that there is a difference between unsintered MnxZn1−xFe2O4 and MnxZn1−xFe2O4 that is sintered at 900 °C. The average particulate diameter is affected by sintering temperature, and varies between 10 nm and 100 nm.
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