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RESUMEN 

La Rodamina B (RhB), es un colorante orgánico de uso intensivo en la industria textil. 

Este representa un amenaza considerable al medio ambiente ya que muchas veces es desechado 

directamente en cuerpos de agua sin una gestión o tratamiento adecuado. La Agencia de 

Protección del Medio Ambiente de los Estados Unidos (EPA por sus siglas en inglés), lo 

clasifica y describe dentro de registros como la base de datos de sustancias peligrosas, la base 

de datos de ecotoxicología y el inventario de manejo de sustancias tóxicas. (EPA,2019). Debido 

a su alta estabilidad, poca biodegradabilidad y toxicidad se recurre a procesos de oxidación 

avanzada para la degradación y remoción de este contaminante de un sistema acuoso. Los 

compuestos Co3O4, y BiFeO3 son conocidos y estudiados por su capacidad de actuar como 

fotocatalizadores en los procesos de fotocatálisis para la degradación de colorantes orgánicos. 

En el presente estudio se sintetizaron nanopartículas porosas de  Co3O4, y BiFeO3, 
posteriormente se caracterizaron  dichas nanoparticulas de Co3O4 y BiFeO3 por medio de 

análisis de difracción de rayos X (XRD) y microscopía de transmisión de electrones (TEM). 

Los compuestos obtenidos fueron sometidos a procesos fotocatalíticos para evaluar su 

capacidad de degradación del colorante RhB. Los resultados indicaron una mejor capacidad de 

adsorción del compuesto Co3O4 debido a su naturaleza porosa, lo que dio en general un mejor 

rango de remoción de RhB de una muestra de agua. Esta capacidad fue mejorada 

significativamente con la adición de un agente quelante llamado ácido nitriloacético (NTAA). 

El mismo que fue utilizado para la formación de un material compuesto de Co3O4/BiFeO3 el 

cual produjo prometedores resultados en la adsorción/degradación de la Rodamina B de una 

muestra de agua.  

  

Palabras clave: Co3O4, nanoporoso, BiFeO3, nanocompuesto, adsorción, fotocatálisis, 

rodamina B, agente quelante, colorantes, contaminación industrial.    
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ABSTRACT 

 

Rhodamine B (RhB) is an example of a highly used organic dye in the textile industry. 

This contaminant represent a hazardous waste that could highly damage the environment. 

Evidence have shown that these type of wastes have been  realized directly to water bodies 

without a proper management or treatment of any kind. The U.S. Environmental Protection 

Agency (EPA), describes and includes this contaminant in the EPA hazardous substances data 

bank, EPA ecotoxicology knowledgebase, and the EPA toxics release inventory, just to 

mention a few examples (EPA, 2019). Thanks to its high stability, poor biodegradability, and 

toxicity, advanced oxidation process (AOPs) have to be used for the removal and degradation 

of this contaminant from an aqueous system. Catalysts Co3O4, and BiFeO3 are known and 

studied for their capacity to act as a photocatalyst in a photocatalysis process. In the present 

study porous nanoparticles of Co3O4, and BiFeO3 were synthesized. Subsequently 

characterization analysis were carried out by using X ray diffraction (XRD), and transmission 

electron microscopy (TEM). The obtained compounds were used in a photocatalytic process in 

order to evaluate their RhB degradation capability. Results shown a better adsorption capacity 

from Co3O4 thanks to its porous composition, which produced a better remotion capacity of 

RhB. This capacity was enhanced by the addition of a chelating agent called nitrilo acetic acid 

(NTAA). This chelating agent which has the ability to produce coordination complexes, was 

used in the formation of a Co3O4,/BiFeO3 nanocomposite material that produced promising 

results in the adsorption/degradation of RhB from a water sample.       

 

 Key Words: Co3O4, nanoporous, BiFeO3, nanocomposite, adsorption, photocatalysis, 

rhodamine B, chelating agent, dye, industrial contamination.   
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1. Introduction 

‘Water quantity challenges receive a great deal of attention from the development    

community, but water quality impacts may be equally, or more, important’ (Damania, R. et al, 

2019). The world experimented many transformations thanks to the great industrial revolution. 

A rapid economic expansion, the appearance of new technologies, and the development of 

many industries, among the most important transformations (Damania, R. et al, 2019). 

Furthermore, there's been a close relationship between water quality and the industrial 

development. Economists Gene Grossman and Alan Krueger concluded that water  pollution 

would describe a inverted-U pattern with respect to economic and industrial development; In 

other words, as economies grow and develop, pollution will increase (Grossman, G. Krueger, 

a. 1995). 

The world bank mentions that, in developing countries more than 90 percent of waste 

water is still discharged into water bodies without any treatment (Damania, R. et al, 2019). The 

fact that water quality remains a big issue, despite the long research and knowledge about the 

impacts of industrial discharges in water quality, it’s proof of the high complexity of industrial 

water pollution around the world (Damania, R. et al, 2019). 

In particular, there must be special attention to the textile industry. According to the 

National Council of Textile Organizations in the U.S.A. (NCTO), this sector represented over 

$75 billion in shipments in 2017 (NCTO, 2017). Moreover, textile industry also represents an 

important source of contaminated effluents due to the large quantities of water used in the 

dyeing process (Pereira, L. Alves, M. 2014). In addition, the textile sector consumes close to 

⅔ rds of the entire synthetic dye production, which makes this industry the largest consumer 

of synthetic dyes in the world (Pereira, L. Alves, M. 2014).   

Dye contaminated water presents an important challenge due to the toxic compounds 

such as xanthene, benzene, aromatic amines, and many other hazardous components that 
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organic heterocyclic dyes possess (Sharifzade, G. et al, 2017). Rhodamine B is a cationic 

xanthene dye, that has proven to be an efficient fluorescent dye, and that has many industrial 

applications. It's frequently used in the textile industry, and can be found in the wastewater 

produced after some dyeing processes. Furthermore, Rhodamine B presence in wastewater 

represent a serious environmental issue due to its toxicity and stability in the environmental 

matrix (Sharifzade, G. et al, 2017).  

Advanced oxidation processes (AOPs) present a cost effective and efficient alternative 

to mineralize and degrade stable, and toxic dyes such as Rhodamine B (Hodges, B. et al, 2017). 

Photocatalysis is a light driven AOP in which  nano semiconductor particles get excited in the 

presence of light photons, which triggers valence band (VB) spaces, and conduction band (CB) 

electrons (e-), unleashing a group a redox reactions at the catalyst surface (Hodges, B. et al, 

2017). This process that according to the literature is been developed for many years, have been 

focussing mostly in the applications of TiO2 as a catalyst for AOPs. However, there are also 

important contributions to the development, and research of newer and more efficient 

photocatalysts, with the ability to get excited in the presence of visible light (>420 nm) 

(Hodges, B. et al, 2017). Two materials that are receiving a great deal of attention for their 

good photocatalytic characteristics are cobalt oxide Co3O4 and single-phase bismuth ferrite 

BiFeO3 (Cadenbach, T. et al, 2019). On the one side, Co3O4 is the most stable cobalt oxide, and 

because of that is been used for several technological applications such as water splitting, 

contaminant removal and battery cathodes (Saeed, M. et al, 2018). Co3O4 can be synthesized 

using different synthetic methods, but the most important thing is that achieving a well defined 

morphology (Edla, R. et al, 2014), high porosity, and narrow band gap is crucial in order to 

benefit from this compound's adsorbent and catalytic characteristics (Hassanpour, M. et al, 

2017).    
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On the other side, even though the achievement of a pure single-phase BiFeO3 is very 

complex (Cadenbach, T. et al, 2019), these nanoparticles have demonstrate to have a great 

photocatalytic capacity due to their relative narrow band gap (∼2.1–2.8 eV) (Cadenbach, T. et 

al, 2019). Moreover, literature have shown that BFO nanoparticles are responsible for the water 

splitting, and degradation of organic dyes such as Rhodamine B (Lam, S. et al, 2017). 

Additionally the creation of nanocomposites enforces the photocatalytic capabilities that a 

single semiconductor could have. (Chen, G. et al, 2015)  

In this study we first report a facile synthesis method for Co3O4 and BiFeO3 

respectivetely, using nanocasting and sol-gel methods to create an advanced Co3O4 / BiFeO3 

nanocomposite material that could enhance photocatalytic degradation of RhB. Resulting 

product was characterized using X ray diffraction (XRD), and transmission electron 

microscopy (TEM). Posteriorly, the nanocomposite material was used in the photocatalytic 

degradation of a solution of Rhodamine B (50 mg/L) in a visible light LED reactor  (λ>420 nm 

), which produced promising results of dye adsorption/degradation.  

 

2. Experimental details 

2.1 Materials and methods  

 All the reagents used in this study were purchased from Sigma Aldrich analytical level 

without further purification. Synthetic conditions were maintained at room temperature for all 

synthesis which are favorable conditions reported in the literature (Binitha, P. et al, 2010). X 

Ray diffraction patterns were recorded by a Bruker Phaser D2 in a  2θ  configuration. 

Transmission electron microscopy (TEM) images were produced by a FEI Tecnai G2 spirit 

twin, with accelerating voltage of 20-120 kV / LaB6.  
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2.2 Synthesis of Co3O4 nanoparticles  

Co3O4 nanoparticles were synthesized by follow the 2 step impregnation method 

reported in (Deng, X. et al, 2018) . In a typical experiment, with a 24% impregnation rate, a 8 

molar solution of Co(NO3)2 . 6 H2O and ethanol was produced under vigorous stirring after 1 

hour approximately. Around 50 % of that solution was separated for later use, and the 

remaining solution was mixed with SBA-15 or KIT-6, depending on desired morpho structure 

(Deng, X. et al, 2018). After two hour of stirring at room temperature, solution was dried 

overnight at 80 °C. A bright pink powder was obtained, and calcined afterwards at 450  °C for 

6 hours.  

After the calcination process the first separated solution was added back for the second 

impregnation and was left at vigorous stirring for 2 hours. Finally the sample was dried 

overnight at 80 °C. Final product was a black powder.  

 

2.3 Synthesis of BiFeO3 precursor nanoparticles  

 For the synthesis of BFO nanoparticles a one-step wet impregnation process was 

performed (Gao, T. et al, 2015). Calculated stoichiometric amount of Bi(NO3)3 . 5 H2O, 

Fe(NO3)3 . 9H2O, and C4H6O6  (Tartaric acid), were mixed together in a 2-Methoxyethanol 

solution. Drops of a solution 2 M of HNO3 were added to favor the mixture. This BFO complex 

was dried and concentrated in a rotavapor equipment, in which solvent was recovered. Finally 

the sample was dried in the oven overnight at 60 °C. The resulting product was a dark yellow 

powder.  

 

2.4 Preparation of Co3O4 - BiFeO3 nanocomposite 

For the comparison and evaluation of the photocatalytic capability, three experiments 

were performed. First, a sol-gel method was used to synthesize the composite material. BiFeO3 
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and Co3O4 were added to a 2-Methoxyethanol solution and left under vigorous stirring for 2 

hours, drops of a 2M HNO3 solution were added to favor the mixture of the components. After 

the 2 hours of stirring the solution was concentrated and dried in a rotavapor equipment. 

Resulting powder after the drying process was added directly to a 50 mg/L solution of 

Rhodamine B in order to evaluate its photocatalytic activity.  

Second, BiFeO3 and Co3O4 were added directly to the Rhodamine b solution, with the 

extra addition of a Nitriloacetic acid (NTAA), which is a chelating agent. Finally, same method 

was applied for the addition of  ethylenediaminetetraacetic acid (EDTA), another chelating 

agent. Followed to this processes, photocatalytic degradation of Rhodamine B, was evaluated.     

 

2.5 Photo-catalytic evaluation  

The photocatalytic degradation efficiency, and adsorption removal was evaluated for 

organic dye Rhodamine B, and was recorded by a GENESYS 30 Visible spectrophotometer. 

For a typical experiment, a 50 mg/L solution of Rhodamine B was prepared using distilled 

water. Individual photocatalyst and composite photocatalysts were evaluated using this 

solution, and a high power LED reactor with an emission wavelength > 420 nm. Synthetic 

conditions such as room, and reactor temperature was controlled, and the experiment was 

performed under vigorous stirring. For every experiment, solution with photocatalyst was 

stirred in the absence of light for a 1 hour period. Literature mentions that this time is necessary 

in order to reach an adsorption / desorption equilibrium (Cadenbach, T. et al, 2019). After 1 

hour in the darkness, absorbance was measured every 30 min, for a period of 4 hours in total. 

Maximum peaks of UV-vis absorbance spectra were measured taking into account that 

concentration can be determine by the Beer-Lambert equation, which makes a correlation 

between intensity of absorbance and molecules concentration. Absorbance was converted to 

concentration by using a Rhodamine B calibration curve previously prepared.   
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3. Results and Discussion  

 

3.1 Characterization  

In the previous section a synthesis method was described as the method that was used 

to obtain Co3O4 and BiFeO3 in a pure phase. X Ray diffraction analysis (XRD), were carried 

out to evaluate the presence of the crystalline phase of the compounds used in the synthesis of 

a  composite material. Fig. 1 shows an X ray diffractogram of prepared catalyst Co3O4. The 

different peaks present in this graphic indicate that crystallinity nature  of the compound. 

Therefore, Peaks at 2θ = 19.043°, 31.341°, 36.878°, 44.675°, and 59.180° are assigned to (1 1 

1), (2 2 0), (3 1 1), (2 2 2), (4 0 0) and (5 1 1) lattices of Co3O4 respectively, as reported by 

(Saeed, M. et al, 2017) . Moreover, similar results were also reported by other researchers such 

as (Mashayekhi, M. et al, 2015) , (Prabaharan, D. et al, 2016)  who also matched data with 

JCPDS database.  

In the other hand, Fig. 2. shows a diffractogram that corresponds to the prepared catalyst 

BiFeO3. Crystal form is represented by the presence of peaks at  2θ = 22.209°, 31.584°, 

38.911°, 45.258°, 50.922°, 56.209°,and 65.872°. At the same time, these positions are assigned 

to  (0 1 2), (1 1 0), (2 0 2), (0 2 4), (1 1 6), (3 0 0),  and (2 2 0) lattices of BiFeO3, as reported 

by (Cadenbach, T. et al, 2019) . Similar results were also reported by other researchers like 

(Wu, S. et al, 2019) , (Kumar, A. et al, 2016) , and (Sifat, A. et al, 2016), that confirm the 

presence of the desired compound, size and morphology in the evaluated powder .  
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Fig. 1. X-Rays diffractograms of Co3O4 

 
Fig. 2. X-Rays diffractograms of BiFeO3  

  

Fig. 3. shows Transmission electron microscopy images, which indicate well defined nano 

porous wires of Co3O4, that were prepared as described in the previous section by using SBA 

15 as  hard template. TEM analysis reveals a wire diameter of 9 nm approximately. In addition 
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Fig. 4. shows TEM images of Co3O4 that was synthesize using KIT 6 as hard template. TEM 

images analysis show particle diameter between 12 nm - 14 nm.  These two samples were used 

as catalyst in a photodegradation process in order to evaluate catalyst activity with different 

morphologies. Results show that both samples have very similar adsorption capabilities thanks 

to C3O4 great ability to adsorb organic dyes. Therefore, both samples show to perform pretty 

much in the same range with an small enhanced adsorption capability for Co3O4 synthesized 

with KIT 6 as hard template. In the other hand, Fig. 5. shows TEM images of synthesized 

BiFeO3 nanowires after leaching degradation of SBA 15 hard template. TEM analysis for this 

sample reveal a wire diameter of 14 nm.

  

   
Fig. 3. TEM images of Co4O4 samples using SBA 15 as hard template  

a) TEM image of Co3O4 nanowires at 200 nm 

b) TEM image of Co3O4 nanowires at 50 nm 
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Fig. 4. TEM images of Co4O4 samples using KIT 6 as hard template 

c) TEM image of Co3O4 nanoparticles at 100 nm 

d) TEM image of Co3O4 nanoparticles at 50 nm 

  

 

  

 
Fig. 5. TEM images of BiFeO3 nanowires  using SBA 15 as hard template 
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3.2 Photocatalytic properties of Co3O4 and BiFeO3  

Photocatalytic properties of Co3O4 and BiFeO3 were evaluated independently, by using 

a photoreactor with a high LED emission of > 350 nm. Data was recorded from 350 nm to 760 

nm wavelength values. In a typical experiment a 50 mg/L solution of Rhodamine B was used 

to evaluate the photocatalytic capabilities of both compounds. Also 1 hour of darkness under 

vigorous stirring was allowed in order to reach an adsorption / desorption equilibrium 

(Cadenbach, T. et al, 2019). After one hour without light, the photoreactor was turned on for  

photodegradation experiments. Fig. 6. shows a UV-vis spectra of an adsorption experiment 

using Co3O4 as adsorbent. Peak absorbance occurs at 554 nm which it's characteristic of 

fluorescent dyes (Ahsaine, A. et al, 2014). This experiment was carried out in the absence of 

light, in order to evaluated this compound's adsorption capability after 5.5 hours. Subsequently 

processed  data produced  Fig. 7, which shows plot of C/C0 as function of time of contact with 

the catalyst. In this relationship C represents the residual concentration after a "t" time and C0 

represent the initial concentration of RhB (Devi, L. Aruna, L. 2014). Fig. 6 displays how 50 % 

of RhB was adsorbed during the first hour of the adsorption process

 
Fig. 6. UV-vis spectra of adsorption experiment with Co3O4 in total darkness   
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Fig. 7. Adsorption of RhB in the absence of light activation of Co3O4  

 

 

After having satisfactory adsorption results for Co3O4, photocatalytic capability was 

evaluated for the same compound. These results have been displayed in Fig. 8 which compares 

adsorption in the absence of light  with photodegradation of RhB after similar time spams. In 

this case Fig. 8 plot C and C0 also represent concentration as function of visible light irradiation 

time.  Results show a considerably improvement in the depletion of RhB from a water sample, 

approximately 80 % of RhB was removed from water after a 4 hour photodegradation period.  

Adsorption capability was not measured for BiFeO3, because based on the literature, this 

compound has a better photodegradation capacity (Zhang, N. et al, 2016). Fig. 9, shows a Uv-

vis spectra of photodegradation experiments that were carried out under same synthetic 

conditions as Co3O4. A similar solution of 50 mg/L RhB was used. Catalyst was added to 50 

mL of RhB sample under vigorous stirring. Absorbance displayed in Fig. 10 show the 

photodegradation of RhB with BiFeO3 which was measured for 4 hours since the photoreactor 

was turned on. 
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Fig. 8. Co3O4 removal of RhB with and without light incidence  

 

 

 

 

 
Fig. 9. UV-vis spectra of RhB photodegradation with BiFeO3   
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Fig. 10. Photodegradation graphic of RhB using BiFeO3 as a photocatalyst.   

 

 
Fig. 11. Photodegradation  comparison graphic of RhB using Co3O4, and BiFeO3 as a 

photocatalysts.   

  

 

Fig. 11, shows a comparison of RhB photodegradation using both catalysts separately. 

These results reveal a better capability of Co3O4 to remove RhB from water. Additionally Fig. 
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11 shows that blank samples didn't show a significant photodegradation, which show a great 

photo stability as stated in the literature (Raha, S. et al, 2018). . 

Subsequently, same experiments were carried out a second time, however two extra 

chelating agents were added for this group of experiments.  

Nitriloacetic Acid (NTAA), and Ethylenediaminetetraacetic acid (EDTA) were chosen 

for their capability to sequestrate metal ions and form coordination complexes (Pardo, M. 

2000), which allowed the formation of a composite material between both catalyst, and 

improved their degradation capability. Fig. 12 show a comparison between 

degradation/adsorption capabilities of the catalyst after the addition of chelating agents NTAA, 

and EDTA. 

 

 

       

 
Fig. 12. a) Improved catalyst capacity of  Co3O4 with the addition of NTAA /EDTA  
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Fig. 12. b) Improved catalyst capacity of  BiFeO3 with the addition of NTAA /EDTA    

 

 

 A composite material was produced by adding the two catalyst straight to the RhB solution, 

and adding NTAA, and EDTA separately to evaluate RhB removal. Fig. 13 compares 

degradation of three composite materials that were synthetized in this study, and shows that 

composite with NTAA has a better degradation / adsorption capacity compared with 

composited with EDTA, and a composite prepared with nanocasting technique described 

previously. 
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Fig. 13. Degradation / adsorption of RhB with composite materials  

 

To ensure the composite degradation capability, desorption experiments were carried out. Fig. 

14 shows a desorption approximately of 90% of RhB from Co3O4 plus NTAA, with the addition 

of a solution containing ethylene glycol, propanol, ethanol, and distilled water. This experiment 

proves the adsorption capability of Co3O4, and the fact that this component by themself does 

not degraded RhB. In the other hand Fig. 15 shows a desorption experiments of  composite 

materials prepared with chelating agents. Results indicate that after the composite reach almost 

a 90 % RhB removal in the photodegradation portion, as shown in Fig. 13, when a desorption 

took place with the recovered catalyst, it only desorbed approximately 6% of RhB, which 

proves in fact that composite Co3O4 / BiFe3 + NTAA removes and degrade RhB in an very 

efficient way.  
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Fig. 14. Desorption experiment of Co3O4 + NTAA  

 

 
Fig. 15. Desorption experiment of composite materials   
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4. Conclusions  

Summarizing, a successful synthesis process of mesoporous materials such as SBA 15, 

KIT 6, and Co3O4 was performed, using nanocasting technique. This first two materials serve 

as hard templates to prepared a highly active BiFeO3 photocatalyst. Characterization shown 

that the catalyst were in fact Co3O4 and BiFeO3 which were added together with the help of 

two chelating agents NTAA, and EDTA.  

A composite material consisting of two semiconductors that have highly enhanced 

adsorption / degradation properties was synthesized, and its capability to remove RhB as 

organic dye pollutant was confirmed with desorption experiments that confirm a high rate of 

degradation of the pollutant from a water sample 
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7. Annexes  

 

 

 
Fig. 16. Rhodamine B-5 mg/L (left), After adding 50 mg 

adsorbent (right) 

 

 

 
Fig. 17. Photoreactor used in the photodegradation reactions  
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Fig. 18. Rhodamine B before and after photodegradation with composite material   


