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a b s t r a c t

A novel recycling route using acid leaching, reduction, purification, co-precipitation and traditional
ceramic process was applied to process the Mn–Zn ferrite wastes and prepare the corresponding high per-
meability soft magnetic product. Above 95% of Fe, Mn, Zn in the waste materials could be recycled in the
form of Mn–Zn ferrite products through the hydrometallurgical route. The comprehensive properties of
vailable online 5 August 2011
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Mn–Zn ferrite prepared from wastes by this route have broader frequency characteristics, higher resistiv-
ity, lower loss coefficient and temperature coefficient as compared to the A102 product (Acme Electronics
Corporation, Taiwan). Moreover, the cost of this recycling technology has economical advantage over the
traditional ceramic process, which holds a promising industrial application.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Mn–Zn ferrites are ceramic materials applied extensively in
ransformers, magnetic recording heads, information storage sys-
ems, medical diagnostics and biomedicine [1,2], due to their
xcellent properties such as high magnetic permeability, high sat-
ration magnetization, high dielectric resistivity and low power

osses [3–6]. With the development of modern electronic and
elecommunications industry, more than 250,000 tons of Mn–Zn
errites have been annually produced since 2008 in China. This
as resulted large amount of waste from discarded Mn–Zn fer-
ites and grinding products from preparation and processing of
he soft ferrites. Some of the wastes are incinerated or buried
ogether with municipal domestic waste; some others are exposed
o the nature by simple disposal. Because of the high grades of
ron, zinc and manganese, effective utilization of Mn–Zn ferrite

astes has thus become an attractive study from the viewpoint
f environmental preservation, resource saving and waste volume
eduction.

Mn–Zn ferrites are usually prepared by pressing a pre-sintered
ixture of powders containing specific proportion of Fe2O3,
n3O4, ZnO to obtain the required shape and then convert-

ng it into a magnetic ceramic component by sintering [7,8].
here are some disadvantages inherently associated with this

raditional ceramic technology, for instances, the difficulty to
btain chemical homogeneities down to the molecular level and
btain sufficiently dense microstructures at very small grain sizes

∗ Corresponding author. Tel.: +86 731 88836940.
E-mail address: phc416@csu.edu.cn (C. Peng).

304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.07.060
[8]. Nevertheless, Mn–Zn ferrites of smaller size, more diver-
sity and higher performance are needed by modern science
and technology. In order to overcome the limitations arising
from the ceramic route, the preparation of Mn–Zn ferrites by
wet chemical synthesis routes has been employed. Various wet
chemical methods such as co-precipitation [9–11], hydrother-
mal synthesis [12,13], sol–gel [14,15], microemulsion [16,17]
and microwave hydrothermal reaction [18], have been studied.
Among these preparation techniques, co-precipitation is con-
sidered as a very perspective method, which can give high
product purity and homogeneity, fast reaction, regular particle
size, narrow distribution range, using simple equipment with
low energy requirement [9,19]. The co-precipitation method was
also applied to recycle spent Zn–Mn batteries [20,21]. Xi et al.
[22] prepared manganese–zinc ferrites by co-precipitation method
using spent Zn–Mn batteries and determined the suitable co-
precipitation conditions: pH value 7–7.5, temperature 50 ◦C and
calcining temperature 1100–1150 ◦C. Kim et al. [23] synthe-
sized Mn–Zn ferrite powder with saturation magnetizations of
39–91 emu/g through reductive acid leaching of spent zinc–carbon
batteries and oxidative precipitation. However, the study on co-
precipitation using Mn–Zn ferrite wastes as raw materials to
prepare soft magnetic material has not been reported previ-
ously.

In the present work, a novel recycling process of high per-
meability Mn–Zn ferrite wastes using acid leaching, reduction,
purification, co-precipitation, followed by traditional ceramic pro-

cess, is investigated. The objective of this recycling technology
is to turn the Mn–Zn ferrite wastes into the corresponding soft
magnetic product, which realizes the environmental and economic
benefits.

dx.doi.org/10.1016/j.jhazmat.2011.07.060
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:phc416@csu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2011.07.060
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Table 1
Composition of main elements and impurities in the Mn–Zn ferrite waste.

Elements Fe Mn Zn Si Ca Mg
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Composition (%) 46.30 11.37 10.64 0.0198 0.0513 0.0127

. Materials and methods

.1. Mn–Zn ferrite waste

Mn–Zn ferrite waste is mainly composed of ZnFe2O4, MnFe2O4
nd Fe3O4. Table 1 shows the composition of major components
nd impurities of high permeability Mn–Zn ferrite waste from
cme Electronics Corporation, Guangdong, China. The process flow
iagram for recycling of Mn–Zn ferrite wastes using a combination
f hydrometallurgical process and traditional ceramic process is
hown in Fig. 1. Conditions used in each unit operation are listed in
able 2.

.2. Experimental procedure

.2.1. Sulfuric acid leaching
Sulfuric acid leaching was conducted for extracting major com-

onent from the industrial Mn–Zn ferrite wastes. The leaching
rocess was carried out in glass reactor where the diameter and
eight are 18 cm and 27 cm, respectively. The dosage of sulfuric
cid was theoretically determined based on the Fe, Mn and Zn
ontents in the waste (Table 1). The experimental/theoretical (E/T)
atio of acid dosage was varied in the range 1.0–1.2 (Table 2). The
eaching temperature, duration and liquid/solid ratio were varied
n the range 80–100 ◦C, 1–5 h and 2:1–6:1, respectively (Table 2).
gitation speed was 300 rpm.

.2.2. Reduction
Iron(III) in the leach liquor was reduced by Fe, Mn and Zn

owder. The dosage of Fe, Mn and Zn powders was accurately
alculated according to the Fe(III), Mn(II) and Zn(II) concen-
rations in the leachate to assure the molar ratio to reach
e2O3:MnO:ZnO = 52.8:24.2:23.0 relevant to the formula of high
ermeability Mn–Zn ferrite. The reductive powders were consecu-

ively added into the extraction liquid at 50 ◦C, following the order
f Fe, Zn and Mn according to the reactivity of the three metals, and
he reaction time was 1.0 h, 0.5 h and 0.5 h, respectively.

Fig. 1. Process flow sheet for recycling of Mn–Zn ferrite wastes.
aterials 194 (2011) 79–84

2.2.3. Purification
Because of impurities existed in the waste, such as calcium, sil-

icon and magnesium (Table 1), which have a great effect on the
magnetization properties of Mn–Zn ferrite products [24–26], it is
necessary to remove these impurities before co-precipitation in
order to obtain high quality powder. In this process, the removal of
Si, Ca and Mg was conducted in a two stage process.

The first stage was desilication with Fe2(SO4)3 and NH3·H2O
(5%) at 45 ◦C. The controlled factors included the Fe2(SO4)3 dosage
expressed by Fe/Si ratio of 6–24, pH range 3.5–5.0 and reaction time
1.5–3.0 h (Table 2). The second stage was removal of Ca2+ and Mg2+

with NH4F and NH3·H2O (5%). Reaction time was 2.0 h with the E/T
ratio of NH4F dosage (ratio of 4–24 and reaction temperature in the
range 45–75 ◦C at pH 2.5–5.0 (Table 2).

2.2.4. Co-precipitation
Co-precipitation was carried out with NH4HCO3(s) for 2.0 h at

50 ◦C. The NH4HCO3(s) was added continuously until the pH of liq-
uid reached about 7.0. The precipitate was filtered, and washed
several times with distilled water to remove SO4

2−, and then dried
at 105 ◦C for 4.0 h.

2.2.5. Production of Mn–Zn ferrite
Steps relevant to the traditional ceramic process of Mn–Zn fer-

rite using co-precipitation powder were followed: (I) pre-sintering
in the muffle at 850 ◦C for 3.0 h, (II) doping with MoO3 (400 ppm),
Bi2O3 (350 ppm), SnO2 (150 ppm), (III) milling for 9.0 h in the dual
planetary ball mills, (IV) manual granulation with 10% PVA, (V)
forming a circle (˚30 × ˚18 × 9 mm) with compacting pressure
15 MPa using hydraulic press, and (VI) calcining in the sintering
elevator furnace at 1320 ◦C for 4.0 h with 5.4% partial pressure of
oxygen.

2.3. Analytical methods

The contents of various metallic elements in the Mn–Zn ferrite
wastes and subsequent products after each operation were deter-
mined using ICP Atomic Emission Spectrophotometer (Intrepid II
XSP, American). The pH value of the aqueous solution was mea-
sured with a pH/mV meter (Model DF-801, China). The permeability
of Mn–Zn ferrite was detected by LCR broadband digital bridge
(HG2817A, China). The other magnetic parameters were deter-
mined using the magnetic property measurement system (Model
MPMS XL-7, Quantum Design, America).

3. Results and discussion

3.1. Acid leaching

Effect of variables (Table 2) on sulfuric acid leaching efficiency is
shown in Fig. 2. With the increase of sulfuric acid dosage, the leach-
ing efficiency of Fe, Mn and Zn increased sharply and exceeded 92%
at E/T ratio of 1.15. However, leaching percentages of the three met-
als increased slightly when the E/T ratio was between 1.15 and 1.20
(Fig. 2a). The results showed that the E/T ratio of 1.15 is satisfactory
for the acid leaching requirement.

The leaching efficiency of Fe, Mn and Zn was significantly
affected by the increase in temperature as shown in Fig. 2b. The
average leaching percentage of Fe, Mn and Zn increased from 84%
at 80 ◦C to 98% at 95 ◦C. Although the leaching efficiency of 99.1% at
100 ◦C was higher than 98.5% at 95 ◦C, higher temperature causes

moisture evaporation and waste more energy, which is unsuitable
for industrial production.

The leaching efficiency increased with the extension of time
(Fig. 2c). When the leaching time was above 3.0 h, average leach-
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Table 2
Conditions used in different unit operations.

Operation Reagent and dosage Temperature (◦C) pH Reaction time (h) Liquid/solid ratio

Acid leach of ferrite wastes E/T ratio of H2SO4 acid 1.00,
1.05, 1.10, 1.15, 1.20

80, 85, 90, 95, 100 – 1, 2, 3, 4, 5 2:1, 3:1, 4:1, 5:1, 6:1

Fe(III) reduction with metals Fe, Mn, Zn powders 50 – Fe: 1.0 –
To maintain ratio Mn: 0.5
Fe2O3: 52.8 Zn: 0.5
MnO: 23.0
ZnO: 24.2

Purification step 1: desilication Fe2(SO4)3 and NH3/H2O (5%)
Fe/Si ratio 6, 12, 18, 24

45 3.5,4.0, 4.5,5.0 1.5, 2.0, 2.5, 3.0 –

, 65, 7
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Purification step 2: removal of
Ca2+ and Mg2+

NH4F and NH3/H2O (5%)
E/T ratio 4, 8, 12, 16, 20, 24

45, 55

Coprecipitation NH4HCO3(s) 50

ng efficiency of Fe, Mn and Zn reached 99.0%, with no obvious
mprovement between 3.0 h and 5.0 h.

The results in Fig. 2d show the increase of liquid/solid ratio has
nly limited effect on the leaching efficiency at high ratio. There-
ore, the optimal leaching time of 3.0 h at E/T dosage ratio of 1.15 at
eaction temperature 95 ◦C with liquid/solid ratio 4:1 was chosen
or economic and water-saving concern.

.2. Reduction

Iron(III) in the leachate is prone to generate iron hydrox-
de which is difficult to separate and wash completely due to
ts small particle size and large specific surface area. Thus, it is
ecessary to reduce Fe(III) ions to avoid the formation of iron
ydroxide colloidal precipitate. The reduction is also a key pro-
ess to ensure the composition to reach the designed molar ratio

f Fe2O3:MnO:ZnO = 52.8:24.2:23.0. The dosage and sequence of
dding Fe, Zn and Mn powders need strict control although the
eaction time presents no obvious influence on reduction efficiency
ecause of the rapid rate. In order to confirm the reproducibility

ig. 2. Effect of different experimental parameters on sulfuric acid leaching efficiency: (a
atio 1.15 after 3.0 h, liquid/solid ratio 5:1), (c) leaching time (E/T ratio 1.15 at 95 ◦C, liqui
5 2.5,3.0, 3.5,4.5, 5.0 2 –

7 2 –

of experiment, the reduction process was repeated 5 times. The
concentrations of Fe, Mn and Zn in solution and Fe2O3–MnO–ZnO
ratio are shown in Table 3. The average relative standard deviation
(RSD) of Fe2O3, MnO and ZnO was −0.139%, MnO −0.139% and ZnO
0.461%, respectively. The relative error between the designed ratio
and actual ratio was in the range of ±0.50%, which satisfied the
requirement of industrial Mn–Zn ferrite product (±2.0%). Further-
more, the Fe(III) concentration in the reduction solution was found
to be less than 0.1 g L−1, and the reduction efficiency was above
99.8%, indicating that the reduction was performed completely.

3.3. Purification

The effect of E/T dosage ratio of Fe/Si, reaction time and pH on
the Si removal is shown in Fig. 3. A low ratio of Fe/Si, long reaction
time and high pH was beneficial for the removal of Si. The removal

efficiency reached as high as 81% at Fe/Si 12–18, but decreased at
a higher of 24 (Fig. 3a). As shown in Fig. 3b, the removal efficiency
increased with increasing pH, and reached a maximum of 80% at pH
4–5. A high pH value of 5.0 has no beneficial effect and may cause

) E/T ratio (at 80 ◦C after 3.0 h, liquid/solid ratio 5:1), (b) leaching temperature (E/T
d/solid ratio 5:1), and (d) liquid/solid ratio (E/T ratio 1.15 after 3.0 h at 95 ◦C).
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Table 3
Concentration and ratio of Fe, Mn and Zn in reduction solution.

No. Major component (g L−1) Actual molar ratio RSD (%)

Fe Mn Zn Fe2O3:MnO:ZnO Fe2O3 MnO ZnO

1 47.36 10.46 12.28 52.84:23.73:23.43 0.076 −1.942 1.869
2 49.79 11.18 12.61 52.93:24.17:22.90 0.233 −0.124 −0.435
3 51.32 11.62 13.28 52.56:24.21:23.23 −0.430 0.041 1.000
4 52.12 11.92 13.35 52.58:24.43:22.99 −0.417 0.958 −0.043
5 53.82 12.20 13.74 52.72:24.29:22.98 −0.156 0.372 −0.087
Average 50.88 11.48 13.05 52.73:24.17:23.10 −0.139 −0.139 0.461

Designed formulation of Mn–Zn ferrite: Fe2O3:MnO:ZnO = 52.8:24.2:23.0.

Fig. 3. Effect of different experimental parameters on desilication: (a) Fe/Si ratio (pH 4.0 after 2.0 h), (b) pH value (Fe/Si ratio 12 after 2.0 h), and (c) reaction time (Fe/S ratio
12, pH 4.5).
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ig. 4. Effect of different experimental parameters on removal of Ca2+ and Mg2+: (a)
E/T ratio 20; pH 3.5).

he losses of major component due to the formation of Fe(OH)2,
n(OH)2 and Mn(OH)2. The removal efficiency of Si increased over
he time, indicating that the equilibrium of Si adsorption onto fer-
ihydrite is a slow process removing >90% Si after 3 h (Fig. 3c).
he optimal conditions of the hydrolysis purification process are
e2(SO4)3 dosage of Fe/Si ratio 12, pH 4.5 and a reaction time of 3 h.

The effect of variables on the removal of Ca2+/Mg2+ by the
recipitation reaction M2+ + F− = MF2(s) (M = Ca, Mg) is shown in
ig. 4.The maximum Ca, Mg removal efficiency reach 74.8%, 85.8%,
espectively, when the E/T ratio of NH4F dosage is 20 (Fig. 4a).
emoval efficiency was greatly enhanced with the increasing pH
etween 2.5 and 3.5, but pH >3.5 has no effect on the removal of Ca
nd Mg (Fig. 5b). Temperature in the range 45–65 ◦C can improve
urification efficiency, but higher temperature (75 ◦C) has lower
emoval efficiency (Fig. 5c). Therefore, the optimal conditions of
uorination process are E/T ratio of NH4F dosage 20, pH 3.5 and
eaction temperature 65 ◦C.

.4. Co-precipitation

To ensure the complete precipitation of Fe(II), Mn(II) and

n(II) in the purified leach liquor, the pH value should be strictly
ontrolled during co-precipitation process. Table 4 shows the pos-
ible reactions and equilibrium constants [27] in the system of
e(II)–Mn(II)–Zn(II)–NH4HCO3–H2O. The total concentrations of
io (at 45 ◦C; pH 4.0), (b) pH value (E/T ratio 20; T 45 ◦C), and (c) reaction temperature

Zn(II), Fe(II) and Mn(II) are expressed as [Fe] , [Zn] , [Mn] , respec-
108642
pH value

Fig. 5. Effect of pH on calculated solubility of metal ions at 298 K.
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Fig. 6. The performance of Mn–Zn ferrite production: (a) fre

Table 4
Possible reactions in co-precipitation in accordance with their equilibrium
constants.

No. Reaction Equilibrium constant [27]

1 HCO3
− � H+ + CO3

2− −10.3
2 H2CO3 � H+ + HCO3

− −6.35
3 Fe2+ + CO3

2− � FeCO3(S) 10.5
4 Mn2+ + CO3

2− � MnCO3(S) 9.30
5 Zn2+ + CO3

2− � ZnCO3(S) 10.8
6 Fe(OH)+ � Fe2+ + OH− −4.50
7 Fe(OH)2 � Fe2+ + 2OH− −7.40
8 Fe(OH)3

− � Fe2+ + 3OH− −10.0
9 Fe(OH)4

2− � Fe2+ + 4OH− −9.60
10 Fe2+ + 2OH− � Fe(OH)2(S) 15.1
11 Mn(OH)+ � Mn2+ + OH− −3.40
12 Mn(OH)4

2− � Mn2+ + 4OH− −7.70
13 Mn2(OH)3+ � 2Mn2+ + OH− −3.40
14 Mn2(OH)3

+ � 2Mn2+ + 3OH− −18.1
15 Mn2+ + 2OH− � Mn(OH)2(S) 12.8
16 Zn(OH)+ � Zn2+ + OH− −5.00
17 Zn(OH)2 � Zn2+ + 2OH− −11.1
18 Zn(OH)3

− � Zn2+ + 3OH− −13.6
19 Zn(OH)4

2− � Zn2+ + 4OH− −14.8
20 Zn2+ + 2OH− � Zn(OH)2(S) 16.2
21 NH4

+ � NH3 + H+ −9.24
22 Mn(NH3)2+ � Mn2+ + NH3 −1.00
23 Mn(NH3)2

2+ � Mn2+ + 2NH3 −1.54
24 Mn(NH3)3

2+ � Mn2+ + 3NH3 −1.70
25 Mn(NH3)4

2+ � Mn2+ + 4NH3 −1.30
26 Zn(NH3)2+ � Zn2+ + NH3 −2.21
27 Zn(NH3)2

2+ � Zn2+ + 2NH3 −4.50

[

T
C

28 Zn(NH3)3
2+ � Zn2+ + 3NH3 −6.86

29 Zn(NH3)4
2+ � Zn2+ + 4NH3 −8.89
Mn]T = [Mn2+] + [Mn(OH)+] + [Mn(OH)4
2−] + [Mn2(OH)3+]

+ [Mn2(OH)3
+] + [Mn(NH3)2+] + [Mn(NH3)2

2+]

+[Mn(NH3)3
2+] + [Mn(NH3)4

2+]

able 5
omparison of characteristics of the ferrite prepared in this study and A102 of Acme Elec

Performance Measure con

Property Symbol Unit Freq. (kHz)

Initial permeability �i 1 –
Relative loss factor tgı/�i 10−6 10
Frequency characteristic – 1 –
Resistivity � � 500
Curie temperature Tc

◦C –
Temperature factor of permeability ˛F 10−6 10
Saturation flux density Bms mT 10
Remanence Brms mT 10
Density d g/cm3 –
quency characteristic, (b) temperature characteristic.

[Zn]T = [Zn2+] + [Zn(OH)+] + [Zn(OH)2] + [Zn(OH)3
−]

+ [Zn(OH)4
2−] + [Zn(NH3)2+] + [Zn(NH3)2

2+]

+ [Zn(NH3)3
2+] + [Zn(NH3)4

2+]

The concentration of each species at different pH values was cal-
culated using the values of equilibrium constant in Table 4. Results
in Fig. 5 shows that [Zn]T, [Fe]T and [Mn]T have minimal values
in the pH range of 6–7, implying that controlling pH between 6
and 7 may ensure their complete co-precipitation. The pH of co-
precipitation was controlled at 6.8 in this process. The experiments
were repeated three times, and the average co-precipitation effi-
ciency of Fe, Mn and Zn reached 99.0%, 99.3%, 98.6%, respectively,
confirming complete precipitation.

3.5. Characteristics of Mn–Zn ferrite

High permeability Mn–Zn ferrite was obtained through tradi-
tional ceramic process in combination of pre-sintering, doping,
milling, granulating, forming and sintering (Fig. 1). Table 5 com-
pares the characteristics of the Mn–Zn ferrite produced in this study
with the A102 product made by Acme Electronics Corporation of
Taiwan. The comprehensive performances of the high permeability
Mn–Zn ferrite prepared through the wet route in the present study
have obvious advantages over A102 including broader frequency
characteristic, higher resistivity, lower loss coefficient and temper-
ature coefficient. Other performances such as initial permeability,
saturation induction density, residual magnetic flux density, are
close to A102.

Fig. 6 shows the frequency characteristic and temperature char-

acteristic of the Mn–Zn ferrite production. The initial permeability
of ferrite is 10,000 at room temperature (Fig. 6b) and the value is
unaffected by the change in frequency 0–150 kHz (Fig. 6a), sug-
gesting that the material has broad frequency characteristics. The

tronics Corporation.

ditions Production

Flux den. (mT) Temp. (◦C) A102 Prepared

– 25 10000 ± 30% 9380
<0.25 25 <10 2.41
– 25 0.88 0.97
– 25 1858 2082
– – 120 120
<0.25 0–20 −1.0 to 1.0 −0.2 to 0.5
H = 1200 A/m 25 380 394
H = 1200 A/m 25 95 70
– – 4.90 5.00
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Table 6
Cost of recycling Mn–Zn ferrite waste using a wet chemical route.

Raw material and manufacturing cost Cost (dollars/ton) Note

1 Mn–Zn ferrite waste 131

The market price of
high permeability
Mn–Zn ferrite
precursor is about 2200
dollars

2 concentrated sulfuric acid 85
3 ammonium bicarbonate 284
4 Mn powder 103
5 Zn powder 115
6 Fe powder 97
7 PVA 28
8 Others materials (Fe2(SO4)3, NH3H2O, NH4F, etc.) 53
9 Oil (gasoline, diesel) 230
10 Electricity 200
11 Water 30
12 Labour 114
13 Factory rent 61
14 Taxation expense 61
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[26] H. Shokrollahi, K. Janghorban, Influence of additives on the magnetic properties,
15 Equipment amortization
16 Others

Total

agnetic permeability remains unchanged at temperature range
0–80 ◦C indicating a low temperature coefficient and better adapt-
bility to environment.

.6. Cost estimation

Based on the pilot plant test of the hydrometallurgical route
n KeCheng Corporation, Guangdong, China, the cost of recycling

n–Zn ferrite wastes by the proposed method in this study is
hown in Table 6, indicating that the wet chemical technology has
ost advantage over traditional ceramic method.

. Conclusions

Mn–Zn ferrite waste is used as raw material to prepare the
orresponding soft magnetic product via a multi-step route consist-
ng of acid leaching, reduction, purification, co-precipitation and
onventional ceramic process. Through the wet chemical method,
ost of iron, manganese and zinc in the soft ferrite waste were

ecycled. The combination properties of high permeability Mn–Zn
errite product have obvious advantages over A102 made in Acme
lectronics Corporation of Taiwan.

The hydrometallurgical route not only makes the Mn–Zn fer-
ite waste reduced, reused and recycled, but also turns the wastes
nto Mn–Zn ferrite product which has economic value. Further-

ore, the cost of this recycling technology in the present study
as economical advantage over the traditional ceramic process.

The conventional ceramic process requires further investi-
ation, for instance, doping agent and dosage, pre-sintering
onditions, ball-milling factors and sintering characteristic. The
ovel method can make great use of Mn–Zn ferrite waste, which
as obvious environmental and economical benefits.
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