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Abstract - Cubic Fe2O3 was synthesized in a facile approach by 

annealing molecular organic framework Prussian Blue (PB) at 

350oC, 550oC, and 650oC. The final product was characterized 

by IR, Raman and XRD spectroscopic methods illustrating the 

presence of pure -Fe2O3. SEM images of this material revealed 

a homogeneous morphology of microcube Fe2O3 with a size of 

about 500 nm. The catalytic activity of cubic Fe2O3 was 

investigated on the degradation of methylene blue in a 

heterogeneous Fenton system. It was shown that the thermally 

oxidative decomposition of PB at 550oC has resulted in porous 

Fe2O3 which exhibited highest MB degradation efficiency.  

In the presence of 0.5 M H2O2 and 0.3 g/L Fe2O3 at pH = 3.59, 

50 ppm MB in studied solution has been removed at a rate 

constant of 0.0398 min-1, which is comparable with other 

analogous catalytic materials. 

Key words - Cubic -Fe2O3; porous; molecular organic 

framework; heterogenous Fenton; methylene blue 

1. Introduction 

Methylene blue (MB) (3,7-bis(Dimethylamino)-

phenothiazin-5-iumchloride) (Figure 1) is a thiazine 

cationic dye commonly found in discharge water of many 

process industries such as pharmaceutical, textile, leather, 

cosmetics and paint ones [1]. The environmental risk of 

organic dyes – containing wastewater is obvious when the 

stable dyes do not undergo instant degradation under 

normal condition. Although MB injection is also used to 

treat methemoglobinemia and urinary tract infections, a 

long-term exposure to MB, can cause adverse health 

problems such as difficulties in breathing, vomiting, eye 

burns, diarrhea and nausea [2-3]. 

 

Figure 1. Molecular structure of methylene blue 

Fenton reaction is among the most successful 

approaches to degrade stable organic dyes in wastewater to 

smaller inorganic compounds. It is well-known that 

hydroxyl radicals are the key reactive moiety that can 

oxidize almost all organic compounds in a non-selective 

way. Conventional Fenton method based on the use of Fe2+ 

solution as the homogeneous catalyst has shown some 

disadvantages such as the instability of Fe2+ solution, the 

formation of iron sludge which is difficult to separate and 

recover and also cause secondary pollution. The 

replacement of homogeneous Fe2+ catalyst by solid 

catalysts with catalytic active components in 

heterogeneous Fenton process has overcome the 

difficulties of the classical method. This method prevents 

the leaching of iron ion and significantly reduces the 

formation of iron sludge [4-5]. Also, solid Fenton catalysts 

are stable and easy to separate, therefore can be recycled 

for many treatment cycles. However, the most challenge in 

design such heterogeneous catalyst is the low efficiency 

and stability as the nano catalyst tends to agglomerate 

leading to a reduce of catalyst surface area. Therefore, a 

development of catalyst with both high efficiency and 

stability is one of the major issues today [6]. 

Recently, Fe2O3 (mainly including -Fe2O3 and  

-Fe2O3) and their composites have been extensively 

studied for wastewater treatment because of their 

advantages such as chemical abundance, low processing 

cost and large specific surface area. Especially, it is well-

known that Fe2O3 nanomaterials exhibit good separation 

efficiency and cyclic performance on account of their 

superior magnetic properties. Therefore, the use of Fe2O3 

material as a heterogeneous catalyst in Fenton process 

might offer an alternative yet efficient approach for the 

removal of organic dyes in wastewater [7]. 

It was shown that the morphology of catalyst material 

has an important impact on the effectiveness of the 

Fenton process. Carefully controlling the morphology of 

Fe2O3 during the synthesis process can be beneficial to its 

use as a heterogeneous catalyst. The molecular organic 

framework (MOF) has been recently used as a mould in 

the synthesis of catalytic material with a design 

morphology, preventing the formation of random catalyst 

structure, which in turn can improve it catalytic activity. 

Recently, cubic Fe2O3 has been investigated and 

exhibited high capability in adsorption of various organic 

pollutants and heavy metal ions [8]. This kind of 

framework was also used in the synthesis of SnO2-

encapsulated α- Fe2O3 nanocubes to be applied as a 

photo-Fenton catalyst to degrade Rhodamine B [9]. In 

this paper, the catalytic activity in a Fenton system of 

pristine cubic Fe2O3 prepared from Prussian blue 

molecular organic framework precursor is presented. This 

synthesis pathway has resulted in consistent cubic 

structure of Fe2O3 with high surface area which can boost 

the degradation of MB. The influence of operational 

parameters was also investigated showing the importance 

of catalyst dosage, H2O2 concentration, solution pH and 

initial concentration of dye in the removal of MB. 

http://jst.udn.vn/Manager/GuimailThongbao.aspx?ID=7370&key=&Loai=2
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2. Experimental 

2.1. Material 

Polyvinylpyrrolidone (PVP, K-30, MW ∼ 40,000) and 

K4Fe(CN)6·3H2O (Macklin, China); HCl, NaOH, H2O2, 

methylene blue, methanol (Xilong, China) were purchased 

and used directly without any further purification. 

All solutions were prepared using double distilled water. 

2.2. Synthesis of Fe2O3 microcubes 

Prussian Blue microcubes were prepared according to 

the previous report [8]. The typical procedures were as:  

76 g of PVP and 2.2 g of K4Fe(CN)6·3H2O added into  

1000 mL of 0.1 M HCl under vigorous stirring for  

30 minutes until a transparent pale yellow solution was 

formed. Subsequently, the mixture was placed into an 

electric oven at 80°C for 24 h. The resulting blue product 

was centrifuged and rinsed several times with deionized 

water and ethanol. Afterwards, the as-synthesized PB 

product was vacuum-dried at 60°C overnight. To obtain the 

Fe2O3 microcubes, the PB sample was transferred to a 

furnace, heated to 350, 550 and 650°C at a heating rate of 

2°C/min and maintained for 6 h. The final products were 

denoted as Fe2O3-350, Fe2O3-550, Fe2O3-650. 

2.3. Material characterization 

The obtained sample was characterized by using 

various chemical and physical techniques. The FT-IR 

spectra of P-Fe2O3 before and after dye’s degradation were 

collected using a JASCO FT/IR-6800 spectrometer 

(JASCO Analytical Instruments, USA), equipped with a 

MIRacle™ Single Reflection (ZnSe crystal plate;  

PIKE Technologies, USA) at room temperature over 

the range from 4000 to 500 cm-1. The XRD patterns were 

recorded on a Bruker D8-Advance X-ray powder 

diffractometer using Cu Kα radiation (λ = 1.5406 Å)  

with scattering angles (2θ) of 5–70°. Raman spectrum was 

obtained with Xplora Plus microscope, (Horiba, USA)  

at excitation laser of 532 nm. The morphology of the 

sample was observed with the scanning electron 

microscopy (JEOL JSM-IT200, Japan) with acceleration 

voltage of 10 kV at a magnification level of 10 K.  

The surface area of the obtained materials was determined 

at 77 K by BET analysis using an ASAP 2020 surface area 

analyzer. 

2.4. Heterogeneous Fenton degradation of MB 

In a typical test, the Fe2O3 catalyst (20–100 mg) was 

dispersed in 200 mL of a solution containing MB (30 -  

100 mg/L) with the assistance of ultrasonic irradiation. The 

After 30 min of adsorption, H2O2 (0.1 – 0.9 M) was added 

to the reaction system with continuous stirring at room 

temperature. Mixture was left in the dark to obtain an 

adsorption equilibrium between MB and the catalyst. The 

pH of the solution was adjusted by using HCl and NaOH 

0.1 M. At desired time intervals, 0.5 mL of samples were 

collected and diluted to 5.0 mL before filtering through a 

0.45 mm nylon syringe filter (FilterBio). 

UV–Vis spectroscopy was performed to measure the 

MB concentration (wavelength of 665 nm). The 

degradation efficiency of the material was calculated as: 

0

0
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Where, C0 and C represent the concentration after adsorption 

equilibrium and final concentration of MB (mg/L). 

The UV-Vis spectra of the studied solutions were 

recorded using UV-Vis spectrometer Perkin Elmer 

Lambda 365 

The kinetics of photocatalytic degradation of MB in 

aqueous solution was investigated by the pseudo-first-

order model, with the kinetics parameters described as 

followed: 

ln
𝐶0

𝐶
=  𝑘𝑡 

Where, k (min-1) is the reaction rate constant; and t is the 

reaction time. 

3. Result and discussion 

3.1. Characterization of Fe2O3 microcubes 

The formation of microcubes PB is the result of the 

decomposition and oxidation of K4Fe(CN)6 in acidic 

condition with the addition of PVP as summarized in 

Scheme 1, in which PVP was used as a surfactant to 

stabilize the PB particles during the crystallization [10]. 
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Scheme 1. Synthesis pathway of PB 

The brownish cubic Fe2O3 material has been 

successfully obtained by annealing PB precursor at high 

temperature. 

The IR spectrum of cubic PB precusor in Figure 2 

presents its characteristic vibrational bands at 2068 cm-1, 

602 cm-1 which can be assigned to the vibration of -CN, 

CN-Fe-CN bonds, respectively. 

 

Figure 2. IR spectra of cubic (a) Prussian Blue and (b) cubic Fe2O3 

The peak at 1408 cm-1 can be attributed to the vibration 

of CH group of remaining PVP [11]. After annealing at 

550oC, the organic framework was burnt out, leaving the 

cubic Fe2O3 structure. The strong IR band at 522 cm-1 is 

due to Fe-O vibration [12]. The formation of Fe2O3 was 

also confirmed by Raman spectrum (Figure 3a) in which, 

peak locates at 498 cm-1 is assigned to A1g modes and the 

five peaks at about 244, 292, 409, and 612 cm-1 are 

attributed to Eg modes [13-14]. 

XRD pattern of Fe2O3-550 is presented in Figure 3b. 

The intensive and sharp diffraction peaks at around 24.2°, 
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33.17°, 35.7°, 40.8°, 49.4°, 54°, 62.47° and 64° can be 

respectively indexed to the crystal planes of (012), (104), 

(110), (113), (024), (116), (214) and (300) of hematite  

α- Fe2O3 (JCPDS 33-0664). This implies that the obtained 

material is pure α- Fe2O3. Furthermore, the EDS spectrum 

obtained on the surface of the material confirmed the 

existence of Fe and O element with the percentage of  

35.68 and 64.32, respectively, roughly describing the 

elemental ratio of Fe2O3 (Figure 3c). 

 

 

Figure 3. a) Raman spectrum, b) Powder X-ray diffraction and 

c) EDS spectrum of Fe2O3-550 

SEM images of Fe2O3-550 sample reveal a typical 

cubic morphology of Fe2O3 generated by annealing of PB, 

with an average size of about 500 nm (Figure 4). However, 

at an annealing temperature of 650 oC, the aggregation of 

these particles can be observed. 

The tendency to form aggregation at high annealing 

temperature was also confirmed by the analysis of material 

surface area. Figure 5 shows the N2 adsorption-desorption 

isotherms of Fe2O3-550 and Fe2O3-650. Specific surface 

area of Fe2O3-550 was calculated to be 30.27 m2/g, while 

that of Fe2O3-650 was 17.45 m2/g. The drop in surface area 

with an increase of annealing temperature was also 

reported by Zhang. et al [15], in which annealing of PB at 

different temperatures leads to the transformation of PB 

into Fe2O3 by the thermally induced oxidative 

decomposition with different morphology. 

 

Figure 5. Nitrogen adsorption – desorption isothems of  

(a) Fe2O3-550 and (b) Fe2O3-650 materials 

 

Figure 4. SEM images of Fe2O3-550 at 11k (a), 23k magnification (b) and of Fe2O3-650 (c) 

3.2. Catalytic mechanism 

The mechanism of heterogeneous Fenton reaction is 

widely known with the contribution of free radicals via 2 

main stages. H2O2 in the solution is firstly activated at the 

catalyst surface to generate various radical ions which in 

turn attack the dye molecules in the next stage (Equation 

1-5) [4]. 

Fe3+ + H2O2 ⟶ Fe2+ + HO2
• + H+  (1) 

Fe2+ + H2O2 ⟶ Fe3+ + HO• + HO-  (2) 

Fe2+ + HO2
• ⟶ Fe3+ + HO2

-   (3) 

Fe3+ + HO2
• ⟶ Fe2+ + O2 + H+   (4) 

HO• + RH ⟶ R• + H2O   (5) 

To confirm the catalytic role of hydroxyl radical in the 

degradation of MB in the presence of cubic Fe2O3, the 

degradation efficiency was monitored by adding CH3OH, 

which is a OH• scavenger, to the reaction mixture at 

different CH3OH/H2O2 ratio. It is true that the presence of 

an increased amount of CH3OH significantly suppresses 

the catalytic activity of Fe2O3-550. When CH3OH/H2O2 

ratio reaches 20:1, this material lost its catalytic activity, 

which is a strong evidence for the catalytic role of hydroxyl 

radical (Figure 6). 

 

Figure 6. The influence of CH3OH scavenger on degradation 

of MB in the presence of Fe2O3-550 (CMB = 50 ppm,  
𝐶𝐻2𝑂2

 = 0.5 M, 𝐶𝐹𝑒2𝑂3
 = 0.3 g/L) a) photocatalytic degradation 

curves, b) degradation efficiency 

3.3. Catalytic activity of microcubes Fe2O3 

3.3.1. The influence of annealing temperature 

In order to investigate the Fenton catalytic behavior of 
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Hiệu suất quang phân hủy MB:  

Trong đó C0 là nồng độ MB sau khi đạt cân bằng hấp phụ 

Ct là nồng độ MB tại thời điểm 60 phút 
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this material towards MB, the material (0.3 g/L) obtained 

at various annealing temperatures of 350oC, 550oC and 

650oC was dispersed by ultrasonication in an aqueous 

solution containing MB 50 ppm. H2O2 was added to a final 

concentration of 0.5 M to this mixture after the adsorption 

equilibrium was reached. 

Figure 7a describes the UV-Vis spectra of the solution 

at different time intervals in the presence of Fe2O3-550. 

The concentration of MB gradually decreases with the 

removal efficiency of about 90% after 90 minutes of 

reaction. 

The degradation efficiency was also compared on 

materials obtained from various annealing temperature. As 

shown in Figure 7b, when adsorption equilibrium was 

reached, while Fe2O3-350 and Fe2O3-550 can adsorb about 

7% of MB, almost no MB was adsorbed on Fe2O3-650 

material. The poor adsorption capability of Fe2O3-650 is 

supported by a drop in the BET surface area as described 

earlier. The dependence of adsorption capability in 

annealing temperature was also reported by Li. et.al [8]. 

After the addition of H2O2, all three materials exhibited 

noticeable catalytic activity with the degradation efficiency 

of 74%, 88% and 41% for Fe2O3-350, Fe2O3-550, Fe2O3-

650 catalyst, respectively. The plot of lnC0/Ct vs. time in 

all three cases is a perfect linear line (R2= 0.99) implying 

that the degradation of MB followed a pseudo-first-order 

kinetics (Figure 7c). The influence of annealing 

temperature on the rate constant derived from the slope of 

lnC0/Ct vs. time plot is shown in Figure 7d. It is clear that 

the Fe2O3-550 material exhibits highest catalytic activity in 

this reaction system with the rate constant of 0.034 min-1. 

Therefore, Fe2O3-550 was chosen for further investigation. 

Figure 7. The degradation of MB in the solution containing MB 50 ppm, 0.5 M H2O2, and 0.3 g/L catalyst  

a) Time dependence UV-Vis spectra of MB in the presence of microcubes Fe2O3-550; b) Relative concentration of MB with time in 

different oxidation systems; c) The kinetic curves and d) The dependence of rate constant on annealing temperature 

3.4. Effects of operational parameters on the degradation 

of MB 

The dependence of degradation efficiency of MB on 

catalyst dosage was investigated in a mixture containing  

50 ppm MB, 0.2 M H2O2 with the presence of varied ratio 

of Fe2O3-550 catalyst from 0 g/L to 0.5 g/L. The kinetics 

of the reaction is shown in Figure 8. 

 

Figure 8. Catalytic degradation kinetics of MB in the presence 

of different mass ratio of Fe2O3-550, a) degradation curves,  

b) degradation efficiency (CMB = 50 ppm, 𝐶𝐻2𝑂2
 = 0.2 M) 

Increasing the dosage of Fe2O3 from 0 g/L to 0.4 g/L 

significantly enhances the degradation efficiency from 0 to 

96 %, as the increase of catalyst dosage provides more active 

sites which can accelerate the formation of various radical 

from H2O2. However, the use of 0.5 g/L catalyst leads to a 

drop in the degradation efficiency which can be attributed to 

an increase in rate of decomposition of H2O2 to O2 due to 

thermodynamic and mass transfer limitation [15]. 

The effect of H2O2 concentration is illustrated in Figure 

9. It is clear that increasing H2O2 concentration from 0 to 

0.5 M initially increases the degradation efficiency from 0 

to 91 %. Nevertheless, further increasing its concentration 

to 0.7 and 0.9 M does not significantly enhance the 

degradation efficiency. As aforementioned, the mechanism 

of this reaction depends mostly on the formation of 

hydroxyl and peroxide radicals. 

 

Figure 9. Effect of H2O2 concentration on the degradation of 

MB a) degradation curves, b) degradation efficiency 

(CMB = 50 ppm, 𝐶𝐹𝑒2𝑂3
 = 0.3 g/L) 

The abundant presence of H2O2 in the reaction mixture 

offers an abundant availability of these radicals leading to 

the enhancement of degradation efficiency. 

However, the excess quantity of H2O2 might scavenge 

hydroxyl radicals by the formation of HO2
• (Eq. 6), which 

has lower oxidation potential, to form H2O and O2 (Eq. 7), 

interfering with the decomposition of MB [15]. 

2 2 2 2HO H O H O HO+ → +    (6) 

2 2 2HO HO H O O+ → +     (7) 

The influence of initial MB concentration of the 

degradation efficiency was investigated by varying the 

concentration from 30 to 100 ppm in the presence of 0.5 M 
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H2O2 and 0.3 g/L Fe2O3. The degradation efficiency 

decreases from 96 % to 57% when MB initial concentration 

increases from 30 ppm to 100 ppm (Figure 10). 

 

Figure 10. Effect of MB initial concentration on the degradation 

of MB a) degradation curves, b) degradation efficiency  

(𝐶𝐻2𝑂2
 = 0.5 M, 𝐶𝐹𝑒2𝑂3

 = 0.3 g/L) 

The adsorption of MB at high concentration might 

occupy numerous active sites on the catalyst surface 

hindering the contact of H2O2 with the catalyst surface to 

produce free radical for the degradation reaction. In 

addition, the intermediates generated in dye degradation 

process might also compete for the limited adsorption sites 

with dye molecules, which blocked their interactions with 

active sites on the catalyst. 

Solution pH is known to have significant effect on the 

catalyst activity as it might alter the catalyst surface. The 

degradation of MB was also investigated by adjusting 

solution pH from 3.59 to 9.73 with the addition of the 

suitable amount of HCl 0.1 M and NaOH 0.1 M. 

Figure 11 shows that the highest degradation efficiency 

of 95 % was obtained at pH = 4.51, nearly double that at 

pH = 3.59, (H = 54 %). However, further increasing the 

solution pH leads to a gradual drop in the degradation 

efficiency. 

 

Figure 11. The influence of solution pH on the degradation of 

MB a) degradation curves, b) degradation efficiency 

(CMB = 50 ppm, 𝐶𝐻2𝑂2
 = 0.5 M, 𝐶𝐹𝑒2𝑂3

 = 0.3 g/L) 

In alkaline solution, there is a possibility to form a 

relatively inactive ferric ion FeO2+ (equation 8) or ferric 

hydroxide complex that can deactivate the catalyst. 

Furthermore, H2O2 can also be decomposed at higher pH, 

reducing the hydroxyl radical source. In contrast, at low 

pH, ferrous ions can form iron complex species 

[Fe(H2O)6]2+, which hinders the formation of hydroxyl 

radicals. n the other hand, in the presence of high 

concentration of H+, hydrogen peroxide could be solvated 

to form stable oxonium ion [H3O2]+, which also interferes 

with the production of hydroxyl radicals [15]. 

Fe2+ + H2O2 → FeO2+ + H2O   (8) 

The degradation efficiency of this material was 

compared with its analogue as shown in Table 1. In order 

to enhance the catalytic performance in heterogeneous 

Fenton system, a selection of other oxides or matrixes has 

been incorporated into Fe2O3 structure. For example, 

Fe2O3·SiO2 composite has shown excellent catalytic 

capability on MB degradation with the rate constant of 

0.113 min-1 [15]. Without any other added metal oxide, 

pristine cubic Fe2O3 in this study exhibits comparable 

removal efficiency towards MB in heterogeneous Fenton 

system in comparison with other analogue materials. 

Table 1. Comparison on degradation activity of different iron 

oxide materials 

Material 
CMB 

(ppm) 

Solid dosage 

(g/L) 
CH2O2 (M) k (min-1) 

Fe2O3·SiO2 [16] 50 0.5 12 × 10-3 0.113 

Fe2O3/TiO2 functionalized 

biochar [17] 
50 0.2 1.45 0.101 

Cubic α-Fe2O3 (this work) 50 0.3 0.5 0.0398 

rGO/Fe2O3/polypyrrole 

hydrogels [18] 
80 0.5 4.8 0.0314 

N-doped carbon/CuO-

Fe2O3 [19] 
100 0.5 7.5 × 10-3 0.0201 

α‐ Fe2O3/SiO2 [20] 120 1 1.76 × 10-3 1.83× 10-3 

Fe0–Fe3O4–rGO [21] 50 0.1 0.8 × 10-3 0.0093 

Carbon-doped CuO/ 
Fe2O3 [22] 

50 0.25 7.5× 10-3 6.08×10-3 

4. Conclusion 

The cubic Fe2O3 material has been successfully 

synthesized by annealing PB precursor. The formation of 

pure -Fe2O3 was confirmed via spectroscopic results. The 

cubic morphology of this material was observed in SEM 

images with the size of around 500 nm. The obtained 

material had been employed as a heterogeneous catalyst in 

a Fenton system to degrade MB. With a solution containing 

50 ppm MB, 0.5 M H2O2 and 0.3 g/L Fe2O3, the rate 

constant of the degradation reaction was determined as 

0.0398 min-1 which is comparable with other analogous 

materials. This result suggests an alternative strategy to 

synthesis iron oxide materials for the use in organic dyes 

removal. 
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