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The Pechini synthesis method, presents chemical homogeneity as its main advantage, enabling the desired 
phase to be obtained. This synthesis usually occurs at pH 7. In this study, Bi2Fe4O9 was synthesized using the 
Pechini method at different pHs (pH= 3, 5, 7, 8, 10 and 12) to verify if the pH conditions can influence in its 
photocatalytic activity. The materials obtained at different conditions were characterized by using X rays 
diffraction (XRD), UV/Vis diffuse reflectance and scanning electron microscopy by field emission (MEV/FEG).It 
was possible to synthesize the material under conditions already mentioned, but it was not observed significant 
differences in the chemical structure of the obtained materials from the characterization techniques. However, 
they presented a small variation in the band gap values, morphological aspects and photocatalytic activities. All 
the materials proved to be a good semiconductor, maintaining high degradation rates. The photocatalyst 
synthesized at pH 3 (BFO - 1) presented a degradation rate of approximately 95% for the group chromophore 
and 93% for the aromatic group of the structure of the tartrazine yellow dye, proving to be a promising 
photocatalyst for industrial applications. This result is particularly important because BFO – 1 showed higher 
catalyst activity since the chromophore of the aromatic group was degraded. The highlights of this study is the 
synthesis of Bi2Fe4O9 performed at pH=3, since it reduces the quantity of reagents comparing to the 
conventional Pechini method and presented high photocatalytic activity. 
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1. Introduction 

The TiO2 is the most used photocatalyst in 
heterogeneous photocatalysis processes to degradation of a 

wide variety of pollutants due to its high photoactivity, 
stability and low cost when compared to others available 
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semiconductors [1]. However, the band gap of TiO2 is 3.02 eV 
and is necessary radiation near-UV wavelength UV-A (λ ≤ 400 
nm) for activation. In this context, in the last few years, 
researchers have developed studies with others materials 
such as BiFeO3 and Bi2Fe4O9. The utilization of 
heterogeneous catalysts is very attractive because the 
catalysts can be reused and reduce the process costs of 
process of treatment [2]. Currently, Bi2Fe4O9 material has 
been studied as a photocatalyst in the degradation of dye 
compounds because of its band gap between 1.1 eV and 2.0 
eV, and it can activated by ultraviolet light and visible light [3]. 
This characteristic allows use of solar energy that is 
renewable energy and is promising for application for 
effluents from food industry.  

Multiferroic materials, such as Bi2Fe4O9, have attracted 
considerable attention due to their intriguing physical and 
chemical properties, having technological potential such as 
multi-state memory applications, sensor development, filter 
construction, etc. In recent years, some reports suggest the 
use of this material as a photocatalyst in advanced oxidative 
processes [4-5]. The Bi2Fe4O9 is known to have an 
orthorhombic structure and is paramagnetic at room 
temperature. And iron ions are evenly distributed between 
tetrahedral and octahedral positions with bismuth ions 
surrounded by eight oxygen atoms, being synthesized by a 
traditional solid state reaction at a temperature above 850 ° 
C [3]. The main synthesis of Bi2Fe4O9 is using the Pechini 
Method, also known as the polymeric precursor method, was 
patented by Magio Pechini in July 1967, having as main 
advantage the high chemical homogeneity of the obtained 
materials, enabling the desired phase to be obtained. This 
type of synthesis has been widely used to obtain various 
types of thin films and superconducting ceramics [4]. 

Ruan and Zhang [6] observed in their studies a 
hydrothermal process for the synthesis of Bi2Fe4O9 crystals 
and found that it can act as a photocatalyst in the 
degradation of methyl orange, under visible light. Tong et. al. 
[7] synthesized Bi2Fe4O9 by the hydrothermal method and 
degraded 93% of the methylene orange dye in their study, 
however the authors used H2O2 in the reaction. 

Some studies showed the influence of synthesis factors 
on the structural properties such as particle size, morphology 
and semiconductor behavior of the samples, even without 
the addition of dopants [6]. Besides, there are studies 
synthesizing Bi2Fe4O9 by several synthetic routes, however 
few of these studies focus on Pechini synthesis performed at 
different pHs, where it traditionally has pH 7. Considering the 
lack of studies in the literature, the main objective was to 
verify the influence of Pechini synthesis pH on the material 
characteristics and evaluate photocatalytic activity of 
Bi2Fe4O9. 

 

2. Results and Discussion  

The Pechini method is a simple process, which starts 
from materials with high purity, and leads to obtaining 
powders with high chemical homogeneity and high surface 
area. It is based on the formation of chelates between metal 
cations, in aqueous solution with a hydrocarboxylic acid. 
After the synthesis of the citrate, a polyalcohol is added to 
promote polymerization between the metal ion citrate and 
ethylene glycol, where it is subsequently heated and then 
occurs to the esterification reaction. During heating, 
polyesterification occurs resulting in a highly viscous 

polymeric resin. The polymer formed has great homogeneity 
in the dispersion of metal cations and an appropriate heat 
treatment is carried out to eliminate the organic part and 
obtain the desired phase [8]. Chelating agents such as citric 
acid and EDTA play an important role in the synthesis of 
ceramics powder. The combined citrate-EDTA method is 
particularly useful for synthesizing powders of complex oxide 
compositions. During this process, besides citrates as 
primary coordinate agent, a suitable amount of EDTA was 
used as a secondary coordinate agent, which has a 
comparatively stronger complexing ability. The cooperation 
of EDTA and citric acid may result in more stable chelate 
complex [9].  A possible reaction equation for this process 
can be written: 

 
4Fe(𝑁𝑁𝑁𝑁3)3. 9𝐻𝐻20 + 2Bi(𝑁𝑁𝑁𝑁3)3. 5𝐻𝐻20 + C6𝐻𝐻8𝑂𝑂7. 2𝐻𝐻20

+ 𝐶𝐶10H16N2O8 + NH4OH + C2H6O2  
→ Bi2Fe4O9 +  18CO2 + 63𝐻𝐻20 + 10N2
+ 5,5O2 + NH3  

 
In Figure 1 it was observed that the pH variation in the 

materials of pH 3 (BFO - 1), 5 (BFO - 2), 7 (BFO - 4), 8 (BFO - 
4), 10 (BFO - 5) and 12 (BFO - 6) did not influence the 
formation of the phase. The materials were successfully 
obtained and its structure was identified according to the 
JCPDS file number 25-0090, with an orthorhombic structure. 
The observed pattern presented all the peaks related to the 
Bi2Fe4O9 structure, identified in 2 at 15°, 28° and 29° 
(angulations referring to the crystallinity of the material), high 
purity and which are in good agreement with literature 
results. This result is satisfactory, since the synthesis has 
several steps to obtain it that could harm the formation of 
the desired phase as reported by Ruan et. al. and Tong et.al. 
[6-7]. 

 

 
Fig. 1. X rays Diffractograms of the Bi2Fe4O9 obtained at 
different pH values.              

 
 Figure 2 shows the difference in morphology between 

samples obtained in different pH. It can be observed that 
Bi2Fe4O9 exhibits a well-defined morphology confirming that 
there is formation of agglomerates in the materials, in 
agreement with the literature [5-7, 9]. The syntheses were 
performed in triplicate until you get stoichiometry and 
formation the desired phases and, in all synthesis performed, 
the results of morphology were similar. The following images 
are magnified. 
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Fig. 2. Scanning Electron Microscopy images for Bi2Fe4O9 obtained in different pHs. 

 
Finally, through EDS analysis (Figure 3), it is observed that 

the sample is chemically homogeneous, since the elements 
found in the material (Iron, Bismuth and Oxygen) are 
uniformly distributed, demonstrating once again that the 
oxide synthesis occurred accordingly. All samples tested 
showed the same behavior. The pores have irregular shapes 
and are created due to the rapid release of gas combustion. 
This result is important from the technological point of view, 

since many properties depend on the purity of the powders 
which can result in porous ceramic due to CO2 elimination. In 
the literature, we can find that, during the combustion a 
reaction between ethylene glycol, EDTA and metal nitrates 
occurs and as the temperature increased, consequently, 
several gases are released abruptly (NO, NO2, CO, CO2 and 
H2O) and the products with microporous structures are 
formed, as described in the literature [10-17]. 

 

 
Fig. 3.  Chemical mapping of the sample obtained by EDS (Bi2Fe4O9 synthesized at pH 7). 

 
The optical band gap energy (𝐸𝐸𝑔𝑔) that was calculated 

using the Tauc plot method. The optical absorption 
coefficient near the band edge follows the equation: 

 

𝛼𝛼ℎ𝑣𝑣 = 𝐴𝐴�ℎ𝑣𝑣 − 𝐸𝐸𝑔𝑔�
1/2

 
 
where 𝛼𝛼 is the optical absorption coefficient, ℎ𝑣𝑣 is the 

energy (in eV units), A is the constant (independent of photon 
energy) and 𝐸𝐸𝑔𝑔 is the optical band gap and  1/2, direct 

allowed transition is a constant associated with the different 
types of electronic transitions [18]. 

The values obtained from band gap are estimated to be 
between 1.2 (pH 3), 1.3 (pH 5), 1.0 (pH 7), 1.2 (pH 8), 1.6 (pH 
10) and 1.7 eV (pH 12) showed in Figure 4. The Bi2Fe4O9 
bandgap is determined by the position of the conduction and 
valence bands, which are strongly linked to crystal structure, 
phase composition, grain size and morphology [18-24]. 
Structural distortions provoke important changes not only in 
the properties of the material, surfaces, and their morphology 
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but also in the in bandgap values, as found in this study, 
where morphological changes corroborate with different 

bandgap values [25]. These results are similar by Tong et.al. 
[9] and allow efficient absorption of visible light. 

 

 
Fig. 4. The Tauc plot referring to the Bi2Fe4O9 obtained at different pHs (pH=3, 5, 7, 8, 10 and 12). 

 
As mentioned before, the characterization methods did 

not demonstrate significant differences in the synthesized 
materials at different pHs, only a small variation in the band 
gap values and morphological aspects. However, when the 
photocatalytic activity was evaluated using a dye widely used 
in the food and pharmaceutical industry (tartrazine dye) 
significant differences were observed on the dye 
degradation. The degradation results, monitored by UV-Vis 
spectra, are described in Figure 5. 

Azo dyes are characterized by the presence of one or 
more chromophores (-N=N-) conjugated with double bonds 
of aromatic rings and sulfonate groups (-SO3-) responsible 
for increase their solubility in water [25]. In addition, they are 
synthesized to be highly resistant to light and oxidizing 
agents, giving intense color to foods and drugs. In Figure 5, 
the UV-Vis spectra of tartrazine are showed which presented 
two main bands which correspond to aromatic group (λmax= 
260nm) and chromophore (λmax= 430nm) responsible for 
the yellow color. 

In general, it was observed (Figure 5) that all catalysts 

synthesized (BFO–1, BFO–2, BFO–4, BFO–4, BFO–5 and 
BFO–6) demonstrated high photocatalytic efficiency, 
presenting significant tartrazine discoloration rates (>90%) at 
120 minutes. This degradation corresponds to decrease 
absorbance wavelength at 430 nm related to cleavage of azo 
group. However, considering the chromophoric and aromatic 
group separately (Figure 6) the efficiency of dye degradation 
was not the same.  BFO-1 and BFO-6 catalysts showed 
higher efficiency on the degradation of aromatic group 
(>90%) than BFO-2, BFO-3, BFO-4, BFO-5 (almost 60%). These 
results are important since both groups (chromophore and 
aromatic) were simultaneously degraded using BFO-1 and 
BFO-6 indicating tartrazine mineralization.  According to the 
literature, azo dyes from cleavage at the azo bond produces 
aromatic amines which have been identified as responsible 
cause carcinogenic effects in both humans and other 
organism. For this reason, the mineralization is also 
necessary as it does not produce by products with higher 
toxicity than parent compound [26].  
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Fig. 5.  UV-Vis spectra for each material during the photocatalysis heterogenous (a) BFO-1;  (b) BFO-2; (c)BFO-3; (d)BFO-4; (e)BFO-4; 
(d)BFO-5; (f)BFO-6 (Tartrazine solution: 80 mg L-1, pH 3.0 and 0.5 g Bi2Fe4O9).  
 

 
Fig. 6. Removal percentages of degradation of the tartrazine 
dye molecule at (a) λ=430 nm and (b) λ=260 nm.  

 
Furthermore, the bang gap of BFO-1 and BFO-6 were 1.2 

eV and 1.0 eV, respectively showing that solar light can be 
used and it makes the process more attractive for real 
applications. On the other hand, BFO-1 is more promise 
because the synthesis was carried at pH 3, therefore 
reducing cost of reagents, since pH of the synthesis is 
usually 7 and it is necessary to add high amount of base to 
achieve pH 7 (traditional Pechini synthesis).  

It is well established that photocatalytic process begins 
with the absorption of photons of energy greater than or 
equal to the bandgap energy of the semiconductor material, 

thus promoting an electron (e-) for the conduction band (BC) 
and the generation of a hole (h+) in the valence band (BV). 
(equation 1).Thus, the electron-hole pair formed can 
participate in redox reactions with the species present in the 
reaction medium [28-29]. In the photocatalysis process, there 
is the generation of the hydroxyl radical (HO●) (equation 2), 
which is highly reactive, non-selective, and capable of 
oxidizing and decompose several toxic and/or recalcitrant 
species, which represents an important point in the waste 
treatment. It oxidizes the organic species by hydrogen 
abstraction by adding oxygen, forming the organic peroxide 
radical. In this way, chain reactions are initiated by these 
intermediates, generating secondary radicals, more oxidized 
intermediates. After successive steps, in the presence of 
oxygen (O2) (equation 3), water, organic salts and carbon 
dioxide (CO2) are produced [30] (equation 4), according to the 
following mechanism: 

 
𝐵𝐵𝐵𝐵2𝐹𝐹𝐹𝐹4𝑂𝑂9  → ℎ+ + 𝑒𝑒−                                              (1) 
    ℎ+ + 𝐻𝐻2𝑂𝑂 →• 𝑂𝑂𝑂𝑂 +  𝐻𝐻+                                       (2) 
𝑒𝑒− + 𝑂𝑂2 → 𝑂𝑂2•−                                                          (3) 
• 𝑂𝑂𝑂𝑂 + 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑑𝑑𝑑𝑑𝑑𝑑 → 𝐶𝐶𝐶𝐶2 + 𝐻𝐻+ +  𝐻𝐻2𝑂𝑂         (4) 

 
Although, the main mechanism of organic compounds 

degradation by heterogeneous photocatalysis is attributed to 
the reaction of dye with hydroxyl radical, others factors could 
have contributed for tartrazine degradation such as 
photolysis and adsorption. The photolysis of tartrazine was 
evaluated and the results (Figure 7) shows small decrease in 
the band at maximum absorption (λmax=430 nm) as well of 
the aromatic (λmax=260nm), 8% and 6%, respectively in 2 
hours of reaction. 

Thus, photolysis under UV irradiation has little 
contribution on the degradation, indicating that 
heterogeneous photocatalysis was the main mechanism of 
tartrazine degradation. At acidic pH the surface of the 
catalyst Bi2Fe4O9 tends to be positively charged and as 
tartrazine is highly soluble anionic dye with negatively 
charged groups (sulfonic groups) in its structure, therefore 
the electrostatic attraction is favored [2, 25]. As a result, 
tartrazine is easily adsorbed on the catalyst surface at pH 3 
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and probably this fact also had some contribution on the 
tartrazine degradation. 

 
Fig. 7. (a) Tartrazine photolysis (λmax=430 nm) and (b) 
Photocatalysis percentages (λmax=260nm).  Solution of dye: 
80 mg L-1 and pH 3.0. 

 
Photocatalysis heterogeneous process has been 

identified as a promising method for being efficient in 
removing persistent organic contaminants due low cost and 
easy operability [21- 22]. For example, significant 
photodegradation (93%) using Bi2Fe4O9 have been reported 
in the literature [13], where the authors performed tests with 
methyl orange dye in powder form an using oxidant auxiliary 
(H2O2) [22,35]. The high performance of catalystic Bi2Fe4O9 in 
pellet form without use auxiliary oxidant for tatrazine 
degradation has not been reported in the literature. For this 
reason, the catalyst (BFO-1) in pellet form might be promise 
because it can have high capacity of mineralization. 
Particularly, due to the decrease synthesis costs with 
economy of reagents comparing to Pechini original 
synthesis, use of solar light, economy with oxidants auxiliary 
and reuse. 

3. Material and Methods  

Nitrates [Bi(NO3)3.5H2O] and [Fe(NO3)3⋅9H2O] nitrates in 
stoichiometric ratios (1:1 molar ratio) were dissolved in 
distilled water along with citric acid(C6H8O7.2H2O) in 3:1 ratio 
molar to metal nitrates and kept under stirring for 30 min at 
90 °C. Then ethylene glycol and EDTA (C10H16N2O8) was 
added, maintaining the same tempera ethylene 
glycol(C2H6O2) was added, maintaining the same 
temperature for another hour (pH solution ~1). After that, 
EDTA (C10H16N2O8) previously dissolved in a NH4OH solution 
was added, until reaching pH 3 (BFO - 1), 5 (BFO - 2), 7 (BFO - 
4), 8 (BFO - 4), 10 (BFO - 5) and 12 (BFO - 6). 

The mixture was kept under constant stirring until all 
water was completely evaporated. The obtained materials 
were macerated for 1 h and calcined at 800 °C for 10 h. After 
calcination, the material was again macerated and pressed 
(1 ton) forming a 10 mm diameter pellet (Figure 5) which was 
sintered at 850 °C for 10 h. 

The crystal structure was confirmed using X-ray 
diffractometer XRD (Rigaku Model Ultime IV) CuKα radiation 
and 0.02° step size. The pellet was analyzed using a 
Scanning Electron Microscope by field emission (FEG) 
(Tescan model MIRA 3). The powder of each sample was 
placed on a sample holder and metalized with gold in a 
QUORUM sputter (Model SC7620). Ultraviolet-visible (UV-Vis) 
diffuse reflectance spectra (DRS) of the samples were 
obtained (Varian 3000) in the wavelength range of 200~800 
nm equipped with an integrating sphere, and BaSO4 was 
used as a reflectance standard.   

The photolysis test took place under visible light radiation 
and aqueous solution of tartrazine dye (80 mg L-1 and pH 
3.0). The lamp used was 125 W mercury vapor (without the 
original quartz bulb), inserted into the solution through a 
glass bulb. For the photocatalytic study, we used 0.5 g 
pellets with 8 mm diameter, used and the reaction 
temperature was maintained at 25 °C by circulation of water. 
The reaction occurred in 120 minutes, tests followed 
conditions similar to those of Monteiro et al. [22].  

The photolysis and photocatalytic activity of the 
materials in the degradation of the dye were calculated by 
the height of the absorption band at a maximum wavelength 
of approximately 430 nm, using equation: 

 

 % 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑜𝑜𝑜𝑜 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

=  
(𝐴𝐴0 − 𝐴𝐴)

𝐴𝐴0
𝑥𝑥 100  

 
Where, 𝐴𝐴0 is the initial absorbance at time zero and 𝐴𝐴 is 

the absorbance of the dye at the established times, at the 
maximum wavelengths of each absorption band 

4. Conclusions  

In this study, Bi2Fe4O9 was synthesized using the Pechini 
method at different pH and it was characterized by XRD, 
diffuse reflectance and scanning electron microscopy by 
field emission. From the characterization techniques 
performed, it was not possible to observe significant 
differences in the synthesized materials, only a small 
variation in the band gap values and morphological aspects. 
However, in the photocatalytic studies, the materials BFO-1 
(synthesized at pH 3) and BFO-6 (synthesized at pH 12) were 
the ones that presented the best photocatalytic results in 
relation to the tartrazine yellow dye, since  they showed 
higher efficiency on the degradation of aromatic groups 
(>90%)  when compared to the other synthesized materials 
(almost 60%).  On the other hand, BFO-1 is more promise 
because the synthesis was carried at pH 3, therefore 
reducing the cost of reagents since initial pH of the synthesis 
is acid and less quantities of base is necessary to achieve pH 
7 (traditional Pechini synthesis). BFO-1 material presented a 
degradation rate of approximately 99% for the group 
chromophore and 93% for the aromatic group of the 
structure of the tartrazine yellow dye. 
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