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Nanoparticles α-Fe2O3 were prepared using the waste liquid after recycling rare earths in 

Nd-Fe-B waste magnets. The most α-Fe2O3 particles have around 60-120nm diameters 

with the surface area of 144.51 m
2
 g

-1
 and pore size of around 5.0 nm. Methylene blue was 

used as a model pollutant to study the adsorption properties of the obtained α-Fe2O3 

nanoparticles. The effects of contact time, pH value, loading mass of α-Fe2O3, and 

temperatures on the adsorption behavior were investigated. Results indicated that 

ultra-refined α-Fe2O3 particles can achieve an adsorption rate of 98% for the removal of 

methylene blue from waste liquids. Also, the removal of methylene blue by α-Fe2O3 

particles presented an adsorption isotherm process which strongly fitted the 

pseudo-second-order kinetics model and Langmuir equation. The present work 

demonstrates a sustainable and efficient methodology for the re-use of Fe from magnet 

wastes and removal of MB, opening a promising and cost-effective avenue for the 

sewage-cleaning. 
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1. Introduction 

 

Water is essential to the existence of life, economic development and societal progress [1].
 

The water damage caused by synthetic dyestuffs and heavy metal ions has nowadays become a 

global challenge because of the increasing awareness of environmental protection [2-4]. According 

to the data, more than 10
^4

 tons of dyes are released into the environment each year [5]. Methylene 

blue (MB) is the hazardous organic dyes that exists in wastewater and becomes a threat to the 

water environmental safety and human health [6]. Therefore, it has attracted great interest to 

reduce the concentration of MB in wastewater. 
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In recent study, nanostructured Fe2O3 with high specific surface area and accessible 

surface adsorption sites is used in the adsorption field, such as Fe2O3 nanorods [7], α-Fe2O3 

nanoellipsoids [8], γ-Fe2O3/SiO2 composite [9],
 
α-Fe2O3/Cu2O composite [10]

 
and magnetic 

α-Fe2O3/mesoporous silica nanocomposite [11]. Although the current researches have made some 

breakthroughs, most of production of adsorbents comes from pure iron sources. Considering the 

resources, environment and economy, it is more meaningful to find a low-cost way to produce 

Fe2O3.  

Neodymium-iron-boron (Nd-Fe-B) magnets as important parts in electroacoustic motors 

computers, mobile phones and smart electric devices, contain about 30wt. % of rare metals and 

60wt. % Fe [12-15]. The growing demands from the rapid development of clean energy 

technology requires to increase the production of Nd-Fe-B by an anticipated 10% annual growth 

between 2020 and 2030 [16]. Nevertheless, the manufacturing and machining processes produce 

tremendous Nd-Fe-B magnet waste, which is 15% ~ 30% of the total production. If these Nd-Fe-B 

waste were not reasonably reused, it should cause a large money-loss, resource-waste, and 

environmental pollution [17].
 
Various strategies have been developed to recycle the rare earth 

elements through effective hydrometallurgy methods, such as selective precipitation [18] and 

co-precipitation [19], solvent extraction process [20] and ionic liquids extraction [21]. The reuse of 

Fe from the Nd-Fe-B waste, in contrast, has been overlooked for a long time and rarely reported 

due to its lower price and abound resource. However, nonstandard disposal of Fe waste causes a 

permanent damage to the water environment and health problems, like cancer and genetic 

mutation, to living organisms [22-24]. Thereby, the re-use of the large amount of Fe via rational 

and cost-effective strategies is very important.  

We herein put forward to a beneficial and flexible strategy to convert the remaining liquid 

after the recovery of rare earths from Nd-Fe-B wastes into α-Fe2O3 nanoparticles for sewage 

treatment. MB was used as a model pollutant to study the adsorption properties of the obtained 

α-Fe2O3nanoparticles. The results show that it is an economic and environmental friendly method 

to convert the iron element in Nd-Fe-B waste into α-Fe2O3 adsorbent. 

 

 

2. Experimental Section 

 

2.1. Synthesis of α-Fe2O3 particles 

At room temperature, the Nd-Fe-B waste was dissolved in HCl solution and oxalic acid 

was subsequently added into the leaching solution to separate the rare earth and Fe elements. The 

remaining iron ion liquid was used to raw material to prepare α-Fe2O3 after depositing rare earth 

ions. 0.37g/L iron ion waste solution and 1.0g starch were dispersed in 10ml deionized water under 

stirring. The turbid sol mixture was aged for 15mins at 90°C by magnetic heated stirrer until the 

pasty gel particles obstruct rotor motion. After that, the rotor was separated with an external 

magnetic field and the pasty gel was heated for another 2-3mins to remove the remaining water. 

The obtained gel was dried by freeze drying method at -20℃ for 48h. Finally, α-Fe2O3 

nanoparticles was obtained by calcining gel powder at 380℃ for 6h in a quartz tube furnace.  
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2.2. Adsorption experiment 

The adsorption of α-Fe2O3 on MB dyes was studied by batch experiments. An amount of 

α-Fe2O3 powder (0.040g-0.065g) was added to 100 mL MB with different initial concentrations 

(20mg/L-120mg/L). The initial pH (3.0-13.0) of solution was adjusted by using 

CH3COOH/NaHCO3 buffer and then the solution was subjected to stirring at 100r/min. Meanwhile, 

the experimental temperature (293-318K) and absorbed time (2-60mins) on adsorption reaction 

was discussed. At given time intervals, the 5ml solution containing MB was extracted for 

analyzing by a UV-vis spectrophotometer (Gem UV-100) at 665 nm, which is the maximum 

absorbance of MB. The adsorption capacity of MB was calculated according to the following 

equation: 

 𝑞 =
(𝐶0−𝐶)∗𝑉0

𝑚
   (1) 

 𝜂 =
(𝐶0−𝐶)∗100%

𝐶0
   (2) 

 

where 𝑞 (mg/g) is the amount of adsorption, 𝜂 is the adsorption capacity of MB, 𝐶0 (mg/L) and 

𝐶 (mg/L) are the initial MB concentration and the equilibrium MB concentration, respectively. 𝑉0 

(mL) is the volume solution, and 𝑚 (g) is the mass of the adsorbents.  

 

2.3. Characterization of α-Fe2O3 

The crystal structure was confirmed by X-ray Diffraction (XRD) on D8 Advance X-ray 

diffraction spectrometer (Bruker, German) with Cu Kα radiation at 40 kV and 40 mA. Samples 

surface morphologies were observed by the scanning electron microscope (SEM, QUANTA 

FEG450, FEI, USA), transmission electron microscope (TEM, JEM-2011, JEOL, Japan) and 

high-resolution transmission electron microscopy (HRTEM). Fourier-transform infrared (FTIR) 

spectra were measured on a Tensor II series FT-IR spectrometer (Bruker, German). The specific 

surface area was calculated by the Brunauer-Emmett-Teller (BET) method on a specific surface 

area analyzer Micromeritics ASAP2020 (Micromeritics, USA).   

 

 

3. Results and discussion 

 

3.1. Characterization of α-Fe2O3 

Fig. 1(a) shows the XRD diffraction pattern of the obtained α-Fe2O3 powder. These peaks 

at 2θ = 33.12°, 35.61°, 40.85°, 49.56°, 54.11°, 62.45° and 63.96° correspond to (104), (110), (113), 

(024), (116), (214) and (300) lattice planes of body-centered cubic α-Fe2O3, respectively, which 

are consistent with the data of PDF no. 33-664 (α-Fe2O3). In addition, no impurity phase including 

rare earth is found in the XRD patterns, which indicates that iron ions are separated well from rare 

earth ions by oxalic acid deposition.  

SEM image (Fig. 1(b)) indicates that the generated powder is made up of numerous 

nanoscal spheres. In process, the starch can build a gel system with a three-dimensional network 

carbon skeleton evenly filled with Fe(OH)3 gel particles due to the interfacial energy and good 

synergies between iron and carbon atoms. Fe(OH)3 particles were bound into of carbon skeleton 

with the sublimation of water at a low temperature and negative pressure during freeze drying. 

javascript:;
javascript:;
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When being calcined, carbon skeleton was oxidized into CO2 and Fe(OH)3 was decomposed into 

Fe2O3 nanoparticles with good dispersity. 

The specific surface area plays a vital role for the area of the adsorbed contact interfacial 

in the adsorption process. Generally, the adsorption capacity tends to increase with growth of 

specific surface area. The specific surface area and pore size distribution of the α-Fe2O3 was 

confirmed by nitrogen adsorption-desorption experiments. As shown in Fig. 1(c), the nitrogen 

adsorption isotherm of α-Fe2O3 exhibits a type IV curves with a hysteresis loop, which is one of 

the main characteristics of mesoporous materials. According to the international union of pure and 

applied chemistry classification, the hysteresis loop is ascribed to type H4 loops which is 

attributable to adsorption-desorption with narrow slit-like pores. The calculated the α-Fe2O3 is 

144.51 m
2
 g

-1
 and most of the pore size distribution is around 5.0 nm.  

 

     

 

 

Fig. 1. (a) XRD pattern, (b) SEM image, (c) N2 adsorption-desorption isotherms of α-Fe2O3 nanospheres. 

 

 

TEM image of the α-Fe2O3 particles are shown in Fig. 2(a). The sample displays a uniform 

and homogenous spherical shape. The particles diameters are around 60-120nm and most of them 

are below 90nm. From the image Fig. 2(b) and Fig. 2(c), the distance between densely packed 

spheres is about 2-3nm which provides advantageous condition for the adsorption of dyes. The 

HRTEM (Fig. 2(c)) micrograph indicates that the intrinsic structure with lattice fringes of 0.37 and 

0.25 nm, corresponds to the (012) and the (110) plane of α-Fe2O3 crystal. The data obtained from 

the TEM and HRTEM are in excellent agreement with the SEM and XRD results. These results 

further indicate that the obtained α-Fe2O3 can be expected as a promising adsorbent for the 

wastewater treatment due to its dimensional characteristics of nanoparticles. 
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Fig. 2. (a) TEM, (b,c) HRTEM images of α-Fe2O3. 

 

3.2. Effect of various parameters on the MB adsorption  

MB served as a model pollutant to evaluate the adsorption capacity of prepared α-Fe2O3. 

As shown in Fig. 3(a), the adsorption process can be divided into three stages (i) the adsorption 

rate rapidly increases to 80.15% within first 5 min due to the large number of sites available for 

sorption; (ii) in 5-30min, the adsorption rate increases slowly and gradually stabilizes because the 

molecular mass transfer rate becomes slow and the number of accessible sites has dropped 

dramatically with the most MB molecular being absorbed; (iii) the last stages achieves the 

absorption equilibrium in 30-60min. The results perform that α-Fe2O3 particles have excellent 

adsorption characteristics to remove MB, with high adsorption speed and a removal efficiency of 

over 85%. 

The pH values of a solution affect the dissociation of acidic or basic dyes [25]. The 

adsorption capacities at different pH values of initial solution are given in Fig. 3(b). The maximum 

of the adsorption capacity happens at pH 9.0. A part of active sites on the α-Fe2O3 surface are 

occupied by H
+
 ions as pH values is lower, which leads to the reduction of active sites to absorb 

MB cationic. At the same time, co-action of electrostatic repulsion and steric hindrance of H
+
 ions 

will also prevent MB cationic from being absorbed. So, the adsorption capacity decreases from 87% 

to 64% with the decrease of pH value from 9.0 to 3.0. However, parts of MB cationic easily 

combine with OH
-
 anions due to electrostatic attraction when pH values are higher. Therefore, the 

adsorption percent of MB decreases with increasing pH values from 9.0 to 13.0 because the MB 

failed to effectively compound with α-Fe2O3. Finally, the maximum of the adsorption capacity 

happens at a proper pH value of 9.0 in our study. 

In order to study MB mass adsorbed by α-Fe2O3 unit mass, different amounts of α-Fe2O3 

(from 0.0400g to 0.0650g) were mixed with 100ml simulated sewage with MB initial 

concentration 40mg L
-1

. Both the adsorption capacity and adsorbed MB mass increase with 

increasing adsorbent dosage from 0.0400g to 0.0550g (Fig. 3(c)). However, as further increment of 

adsorbent dosage above 0.0600 g, the adsorption capacity fails to bring a significant change, which 

means that α-Fe2O3 won’t adsorb MB cationic when the MB concentration is lower than a certain 

value. The lowest MB concentration that α-Fe2O3 can adsorb MB cation is about 0.8 ppm in this 

study, which is basically harmless to water quality. So, although the adsorbent dosage keeps 

increasing, the adsorbed MB mass decreased evidently above the biggest adsorption capacity. It is 

found that there is a saturated MB mass adsorbed by α-Fe2O3 unit mass, indicating that adsorption 

and desorption are in equilibrium at the 0.0550 g adsorbent dosage. 
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There are two main effects of temperature on the adsorption process: (i) increasing the 

temperature is considered to increase the diffusion rate of adsorbate molecules in the adsorbent 

particles; (ii) the equilibrium capacity of a specific adsorbent varies with temperature. As shown in 

Fig. 3(d), a series of experiments were conducted at temperature range of 293-318K. The results 

present the adsorption process is an endothermic reaction in which both the adsorbed MB mass 

and equilibrium adsorption capacity display almost linear rise with temperature increasing. MB 

cations have a larger diffusion coefficient at higher temperature, which are easy to be adsorbed due 

to sufficient energy to interact with α-Fe2O3 surface active sites. 

 

     

      

Fig. 3. Effect of (a) contact time, (b) pH values, (c) adsorption dosage and (d) temperature on MB 

adsorption by α-Fe2O3. 

 

 

FTIR technique was used to judge the adsorption stability of α-Fe2O3 by testing the 

surface groups responsible for MB adsorption. Fig. 4(a) shows the FTIR spectra of α-Fe2O3 before 

and after adsorption. The characteristic adsorption peaks in wavenumber 456 cm
-1

 and 553cm
-1

 of 

Fe-O bond reflect the existence of ferric oxide. Except for some slight differences in the 

1000-1500 cm
-1

 wavelength range, the position, number and intensity of absorption peaks before 

and after absorption are almost the same, which indicates that the α-Fe2O3 particles have good 

adsorption stability. The infrared spectrum in a 1000-1700 cm
-1

 range is amplified and that of MB 

was also added to carefully compare the differences between before and after absorption. The 

peaks of MB can be detected in the spectra of α-Fe2O3 after adsorption, which confirms that MB 

has been successfully adsorbed on the surface of α-Fe2O3 while the α-Fe2O3 maintains the 

consistency of the electronic structure before and after adsorption. 
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Fig. 4. FTIR spectra of α-Fe2O3 and MB. 

 

 

3.3. Adsorption mechanism of the α-Fe2O3  

The adsorption kinetics was mainly used to describe the adsorption efficiency and explore 

the mechanism of the adsorbent to optimize the adsorption performance [26]. In this study, to 

investigate the adsorption rate ofα-Fe2O3onMB, the pseudo-first-order Eq. (3) and 

pseudo-second-order models Eq. (4) [27,28]
 
were evaluated according to the experimental data. 

 

 𝑞𝑡 = 𝑞𝑒(1 − 𝑒𝐾1𝑡) (3) 

 𝑞𝑡 =
𝐾2𝑞𝑒

2t

1+𝐾2𝑞𝑒𝑡
 (4) 

where 𝑞𝑡 (mg g
-1

) and 𝑞𝑒 (mg g
-1

) are the concentrations of MB adsorbed at a given time 𝑡 (min) 

and at equilibrium, respectively; 𝐾1 (min
-1

) is the rate constant of Eq. (3) for the adsorption, and 

𝐾2 (g mg
-1 

min
-1

) is the rate constant of pseudo-second-order kinetic mode.  

 

Table 1. Kinetics parameters of pseudo-first-order and pseudo-first-order model forα-Fe2O3  

adsorption on MB 

 

𝑪𝟎 (mg L
-1

) 𝒒𝒆,𝒆𝒙𝒑 (mg g
-1

) Pseudo-first-order models  Pseudo-second-order models 

𝒒𝒆,𝒄𝒂𝒍 (mg g
-1

) 𝑲𝟏 (min
-1

) 𝑹𝟐  𝒒𝒆,𝒄𝒂𝒍 (mg g
-1

) 𝑲𝟐 (g mg
-1 

min
-1

) 𝑹𝟐 

20 35.13 32.59 -1.064 0.9774  32.57 0.0788 0.9964 

40 68.32 64.56 -1.029 0.9763  64.24 0.0226 0.9972 

60 94.23 92.80 -0.9241 0.9619  91.38 0.0178 0.9940 

80 126.10 123.99 -0.8851 0.9562  127.91 0.0165 0.9931 

100 148.98 145.59 -0.6189 0.9541  146.53 0.0094 0.9861 

120 174.86 170.88 -0.3718 0.9439  176.33 0.0079 0.9818 

 

 

The corresponding adsorption rate constants were summarized in Table Ⅰ. The evaluated 

equilibrium adsorption capacity 𝑞𝑒,𝑐𝑎𝑙 values were close to those 𝑞𝑒,𝑒𝑥𝑝 values from Eq. (4) but 

not from Eq. (3). What is more, the correlation coefficient (𝑅2) of pseudo-second-order model is 

much closer 1. Therefore, the adsorption kinetics data of α-Fe2O3 is accordance with the 

pseudo-second-order kinetics model. Applying simulation calculations to actual sewage treatment 

will quickly understand the rate of α-Fe2O3 adsorption of MB and the change trend of adsorption 

parameters, which can minimize the amount of α-Fe2O3 added to estimate the result and reduce the 

purification cost.  

Adsorption isotherm refers to the nonlinear equation curve between the equilibrium 

adsorption capacity of solid adsorbate and the concentration of remaining liquid adsorbate. In 
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order to further realize and clarify and the adsorption mechanism, Langmuir Eq. (5) and 

Freundlich Eq. (6) isotherm models were used to fit experimental data. Langmuir isotherm can 

describe monolayer adsorption and the Freundlich isotherm model can be applied to non-ideal 

adsorption on heterogeneous surfaces as well as multilayer adsorption [29-31].
 
The Langmuir 

equation is  

 𝑞𝑒 =
𝑞𝑚𝑏𝐶𝑒

1+𝑏𝐶𝑒
  (5) 

 𝑞𝑒 = 𝐾𝑓𝐶𝑒
1/𝑛  (6) 

 

where 𝑞𝑒  (mg g
−1

) is the adsorbed amount at equilibrium, 𝑞𝑚  is the maximum adsorption 

capacity (mg g
-1

) 𝐶𝑒  is the equilibrium concentration (mg L
-1

), 𝑏 is adsorption constant of 

Langmuir (L mg
−1

), 𝐾𝑓  and  𝑛  are the constants of Freundlich which refer to the relative 

adsorption capacity and process intensity, respectively.  

Table 2 displays that the simulation results at 298, 308 and 318K with the same 

experimental details as above. Both the Freundlich equation and the Langmuir equation can match 

the adsorption process of α-Fe2O3 within a certain range, but the Langmuir equation is more 

suitable for describing the adsorption behavior of MB on α-Fe2O3. 

 

Table 2. The parameters of Langmuir and Freundlich isotherms at different temperatures. 

 

𝑻(𝑲) Langmuir  Freundlich 

𝒒𝒎,𝒆𝒙𝒑  (mg 

g
-1

) 

𝒒𝒎,𝒄𝒂𝒍 (mg 

g
-1

) 

𝒃  (L 

mg
-1

) 
𝑹𝟐  𝑲𝒇 n 𝑹𝟐 

298 167.9 160.5 0.3068 0.9450  66.36 2.1938 0.8103 

308 194.1 200.19 0.3833 0.9459  73.02 2.0561 0.8148 

318 216.7 221.66 0.4909 0.9695  77.42 2.1756 0.8885 

 

 

After fitting the Langmuir equation, the separation factor 𝑅𝐿 Eq. (7) obtained under 

different indicates the adsorption process which is favorable (0 <𝑅𝐿< 1) or unfavorable (𝑅𝐿> 1) 

[32-33]. 

 𝑅𝐿 =
1

1+𝑏𝐶0
      (7) 

Table 3. Langmuir separation factor RL of α-Fe2O3 at a single temperature and different initial 

concentrations. 

𝑪𝟎  (mg 

L
-1

) 

𝑹𝑳 

298K 308K 318K 

40 0.0753 0.0612 0.0484 

80 0.0342 0.0314 0.0287 

120 0.0157 0.0145 0.0132 

 

 

Table 3 shows 𝑅𝐿 of α-Fe2O3 are all between 0 and 1 which demonstrates the adsorption 

process of this type of adsorbent is preferential adsorption and has good adsorption capacity. 

The thermodynamic parameters of α-Fe2O3 adsorption process were obtained by 
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combining the Langmuir adsorption isotherm equation, Van’t Hoof equation and thermodynamic 

equation [34-35]. The relationship is shown as the following Eq. (8) and Eq. (9). 

 

 ∆G = −𝑅𝑇𝑙𝑛𝐾𝑐  (8) 

 𝑙𝑛𝐾𝑐 =
∆𝑆

𝑅
−

∆𝐻

𝑅𝑇
 (9) 

 

where ∆G is Gibbs free energy (kJ mol
-1

), 𝐾𝑐 is the distribution coefficient of solute between 

adsorbent and solution in equilibrium (𝑞𝑒/ 𝑐𝑒 , L g
-1

). 𝑅 is the gas constant (8.314 J mol
-1 

K
-1
), T 

is the absolute temperature (K), ∆H and ∆S are enthalpy change (kJ mol
-1

) and entropy change 

(kJ mol
−1 

K
−1

), respectively.  

 

Table 4. The parameter of thermodynamics at different temperature. 

 

𝑻(𝑲) 𝑲𝐂(L g
-1

) ∆𝑮 (kJ 
mol-1) 

∆𝑯 (kJ 
mol-1) 

∆𝑺 (J mol-1 
K-1) 

298 6.102 -4.481 26 102.39 

308 8.741 -5.551 26 102.39 

318 12.463 -6.669 26 102.39 

 

 

Table 4 described that all the values of ∆G were negative, which indicated that the 

adsorption process of MB on α-Fe2O3 was spontaneous. Moreover, the ∆G of α-Fe2O3 were 

between -20~0 kJ mol
-1

, which proved that the process of this adsorption was physical adsorption. 

The ∆H  values were positive, suggesting that the adsorption of MB on samples is an 

endothermic reaction process, which further verifies the inference above. The positive ∆S values 

indicated the reaction is an irreversible process. 

 

 

4. Conclusion 

 

Adsorptive nanoscale α-Fe2O3 particles were prepared by sol-gel process using Fe 

recovered from Nd-Fe-B waste. The α-Fe2O3 exhibits a uniform and homogenous spherical shape 

with specific surface area of the particles 144.51 m
2
 g

-1
 and the pore size distribution 5.01nm under 

the optimal preparation conditions of 1.0g starch added and freeze drying. The absorption 

equilibrium achieved after 20 mins. The initial pH, adsorbent amount and reaction temperature on 

MB adsorption had significantly effects on the absorption reaction. These adsorption experiments 

have indicated that α-Fe2O3 has excellent adsorption performance with high efficiency and good 

stability which are expected to become a promising adsorbent for the removal of MB from 

wastewater. The kinetic data of MB adsorption on α-Fe2O3 fitted the pseudo-second-order kinetics 

model and Langmuir equation more closely matched the adsorption isotherm of the adsorption 

process. The calculated thermodynamic parameters indicated that adsorption was endothermic and 

spontaneous. Moreover, since the raw material comes from Nd-Fe-B waste which can reduce 

production costs and improve resource utilization, it proves the feasible idea of recovering iron 

from Nd-Fe-B waste. 
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