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A B S T R A C T   

In this study, bismuth ferrite nanoparticles and metal-organic framework, Cu(BDC), were pre-
pared by microwave-assisted combustion in solid state and ultrasound-assisted method, respec-
tively. To enhance the properties of bismuth ferrite nanoparticles and Cu(BDC), we form them as 
their composite through microwave and ultrasonic probe strategies. Various analyses, including 
FT-IR, XRD, SEM, DRS, VSM, and so on, were applied to verify the synthesis accuracy. Then, the 
catalytic performances of the nanoparticles and the as-prepared nanocomposites were evaluated 
through photocatalytic degradation of methyl orange. Furthermore, the adsorption capacity of 
the as-synthesized materials was assessed toward the Congo red removal from wastewater. All the 
results prove that the proposed nanocomposite can be an acceptable candidate for eliminating 
contaminants from wastewater. The electrochemical properties of bismuth ferrite, BiFeO3/Cu 
(BDC) nanocomposite 1, and BiFeO3/Cu(BDC) nanocomposite 2 have been studied by cyclic 
voltammetry.   

1. Introduction 

Recently, industrial discharge of organic dye molecules has emerged as a prominent contributor to environmental contamination 
among the myriad of wastewater pollutants. Sectors such as textile, paper, and rubber manufacturing generate substantial volumes of 
these pollutants, characterized by their toxicity, non-biodegradability, and detrimental effects on human health and environmental 
sustainability. Additionally, these pollutants have been identified as carcinogenic agents, exacerbating their hazardous nature [1–3]. 
Addressing the escalating environmental concerns, research groups have increasingly focused on investigating methods to dissolve and 
mitigate the presence of visually vivid dyes in wastewater. This pursuit stems from the imperative to meet growing environmental 
standards and necessitates the development of effective treatments for such wastewater [4–8]. A range of heterogeneous physical and 
chemical mechanisms have been employed to eradicate dyes from wastewater. These strategies encompass diverse approaches, 
including precipitation, air stripping, adsorption, reverse osmosis, flocculation, and ultrafiltration. Each method has been harnessed to 
target the efficient and comprehensive removal of dyes from their corresponding wastewater matrices [9–17]. 

Advancements in science and technology have paved the way for the utilization of photocatalytic degradation as a viable mech-
anism for removing dye molecules from polluted water sources. Notably, the utilization of solar energy as a clean and renewable 
energy source has garnered significant attention for its potential application in addressing environmental concerns. Consequently, the 
exploration and investigation of solar energy exploitation for environmental purposes have become subjects of widespread research on 
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a global scale [18–22]. Photocatalysis, entails the simultaneous occurrence of oxidation and reduction reactions on the surface of a 
solid photocatalyst. These reactions are facilitated by generating of photogenerated charge carriers, such as holes and electrons, which 
emerge as a consequence of light absorption by the photocatalyst material [23–28]. Due to the paramount importance of quantum 
yield and solar energy conversion efficiency in achieving enhanced photocatalytic activity, extensive research efforts have been 
dedicated to exploring and optimizing the properties of bismuth-based compounds [29–31]. 

The utilization of bimetallic nanoparticles, resulting from the synergistic interaction between two distinct metals, has emerged as a 
promising avenue for enhancing and tailoring their inherent characteristics. This combination engenders novel and versatile prop-
erties, augmenting their efficacy in diverse fields, including electrochemistry, catalysis, and optics. In particular, bimetallic nano-
particles have garnered considerable attention as catalysts for various chemical reactions, exemplified by the oxidation, reduction, and 
degradation of various compounds, including dyes. Such applications have yielded substantial advancements in these domains, further 
underscoring the significance and potential of bimetallic nanoparticles in scientific research and technological innovation [32–34]. 
Multiferroic materials exhibit the intriguing property of simultaneously manifesting ferroelectricity, ferromagnetism, or ferroelasticity 
within a single material. This distinctive characteristic arises from the robust coupling of electric, magnetic, and structural order 
parameters. Consequently, multiferroic materials offer diverse opportunities for various applications, including information storage, 
spintronic devices, magnetic recording media, and sensors. The unique combination of multipleferroic properties within a single 
material holds tremendous potential for enabling novel functionalities and advancing technological advancements in various fields 
[35–38]. Bismuth Ferrite (BiFeO3) has gained significant prominence as a widely studied multiferroic material due to its remarkable 
coexistence of magnetic and electric ordering, exhibiting ferroelectric and anti-ferromagnetic (AFM) characteristics. Moreover, BiFeO3 
possesses a relatively narrow band gap and shows the bulk photovoltaic effect, rendering it particularly intriguing for solar 
energy-related applications. Consequently, the unique properties of BiFeO3 make it a compelling candidate as a photocatalyst for 
organic pollutant degradation. The distinctive combination of multiferroic behavior, favorable band gap, and photovoltaic effect 
endows BiFeO3 with remarkable potential for advanced photocatalytic systems. Extensive research efforts dedicated to exploring and 
harnessing the diverse functionalities of BiFeO3-based materials for efficient and sustainable photocatalysis [39–44]. In 2018, a suite of 
cobalt ferrite nanostructures doped with bismuth (CoBixFe2-xO4, x = 0.02, 0.04, 0.06, 0.08, 0.1) were synthesized via the sol-gel 
approach to investigate their catalytic efficiency in the degradation of harmful dyes under both visible light irradiation and 
non-irradiated conditions [45,46]. The authors postulated that the success of materials in catalytic processes can be attributed to 
factors such as crystallite size, saturation magnetization, and band gap. Additionally, the efficient removal of hazardous dyes by the 
synthesized samples highlighted their potential as catalysts. Recently, Ruby et al. conducted a study on Bismuth ferrite hetero-
structures composed of interconnected nanosheets (BHNs) to evaluate their photocatalytic capabilities in the degradation of methyl 
orange under sunlight irradiation. The photocatalytic experiments demonstrated a significant ~86 % degradation of methyl orange for 
150 min. Consequently, they asserted that the photocatalytic activity of BHNs makes them exceptional candidates for the degradation 
of various organic pollutants under sunlight irradiation [47]. 

In contaminant elimination, adsorption is widely acknowledged as a highly viable approach due to its exceptional efficacy, minimal 
generation of by-products, relatively economical nature, and straightforward operational procedures. Diverse porous materials, 
encompassing activated carbons, clay and modified clay, cellulosic derivatives, zeolites, and polymer-based substances, have effec-
tively been employed to treat various types of pollutants. Porous materials are solid matrices characterized by empty interstitial spaces 
capable of accommodating other entities [48–51]. Metal-organic frameworks (MOFs) represent a category of crystalline porous ma-
terials that exhibit three-dimensional structures constructed from metal clusters or ions and organic linkers. MOFs demonstrate 
exceptional attributes, including specific surface areas reaching up to 3000 m2 g-1 and specific pore volumes of up to 1 g cm− 3. These 
values are among the most exceptional ever documented for other compounds [52–55]. Metal-organic frameworks (MOFs) represent a 
subset of nanocomposite materials that exhibit remarkable potential in diverse applications such as gas storage, chemical sensing, 
separation processes, drug delivery systems, and heterogeneous catalysis. The inherent porous structure of MOFs facilitates efficient 
transportation of reactants and products, enabling their transformation into highly effective heterogeneous catalysts. It is noteworthy 
that each metal-oxo cluster present within MOFs can be regarded as an individual quantum dot, possessing properties akin to a 
semiconductor, functioning as a light absorber, charge generator, and catalytic site [56–62]. The utilization of nanomaterials in water 
treatment represents a pivotal and significant application. These nanoscale structures have exhibited outstanding efficacy in removing 
of contaminants, particularly in the adsorption of various pollutants, notably azo dyes [63–70]. 

In this research, BiFeO3 was synthesized utilizing a solid-state microwave-assisted combustion approach. Concurrently, a metal- 
organic framework (MOF) known as Cu(BDC) was synthesized and subsequently incorporated into BiFeO3, resulting in the creation 
of innovative composites with synergistic capabilities in terms of adsorption and photocatalytic performance. The photocatalytic 
degradation efficiency of the prepared materials was assessed by examining their response toward the organic dye methyl orange. 
Furthermore, the adsorption capacity of the materials toward Congo red was investigated. The comprehensive findings of various 
characterization analyses will be presented in this study. 

2. Experimental section 

2.1. Material and methods 

All reagents employed in this study were procured from reputable sources, namely Merck and Sigma-Aldrich companies, and were 
utilized without additional purification steps. Infrared spectra were obtained using a Nicolet Fourier Transform FT-IR, Nicolet 100 
spectrometer, within the range of 500–4000 cm-1, employing a KBr tablet. Powder X-ray diffraction (XRD) measurements were 
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conducted using a Philips X’pert diffractometer equipped with monochromated Cu-kα radiation (λ = 1.54056 Å). The morphology of 
the materials was examined using a scanning electron microscope (SEM), specifically the TESCAN VEGA II (Czech). Magnetic char-
acterization was performed using a vibrating sample magnetometer (VSM, 7400, Lakeshore). The UV–vis diffuse reflectance spectra 
(DRS) were recorded using a UV–Vis spectrometer (UV-2550). Inductively coupled plasma atomic emission spectrometry (ICP-AES) 
was carried out on a Varian Vista-PRO instrument, equipped with a charge-coupled detector, to determine the residual concentration 
of Bismuth ions in the composites. 

The experimental conditions in the synthesis process significantly impact the properties of the nanoparticles. Parameters, including 
microwave oven time, power, fuel type, and fuel/oxidant ratio, were systematically investigated to identify the optimum conditions 
that would yield a substantial nanoparticle yield. A detailed summary of the different pathways explored, along with their corre-
sponding outcomes, is provided in Table 1. 

2.2. Preparation of BiFeO3 nanoparticles 

For the synthesis of BiFeO3 nanoparticles, a mixture was prepared by combining, 1 mmol (0.485 g) of Bi(NO3)3
. 5H2O, 1 mmol 

(0.404 g) Fe(NO3)3
. 9H2O, 3 mmol glycine (NH2CH2COOH) and 6 mmol of ammonium nitrate in a small crucible. Subsequently, the 

resulting mixture was carefully transferred into another crucible containing CuO powder. 
Including copper oxide powder in the crucible serves a crucial purpose in facilitating the reaction process. Copper oxide acts as an 

efficient absorber of microwave radiation, which is essential for promoting the reaction kinetics. Without copper oxide, the reaction 
would encounter significant challenges and proceed at a notably slow rate due to the scattering of microwave radiation within the 
microwave cavity. By incorporating copper oxide powder in the crucible, the concentration of microwave radiation is enhanced, 
leading to improved reaction efficiency and kinetics. The prepared mixture was introduced into a conventional domestic microwave 
oven operating at a power level of 360 W for 20 min. Subsequently, the resulting residue was thoroughly washed with distilled water, 
followed by ethanol, and later dried in an oven set at a temperature of 70 ◦C. A schematic representation illustrating the synthetic path 
is presented (Scheme ESI 1). According to the proposed mechanistic pathway, the reaction initiates by forming a coordination in-
termediate between metal ions and glycine. The subsequent decomposition of the organic moiety within this intermediate generates 
bismuth and iron oxides, ultimately resulting in the formation of BiFeO3.  

1) Bi)NO3(3⋅ 5H2O + Fe)NO3(3⋅ 9H2O + NH2CH2COOH + 2NH4NO3 → Bi[Fe(NH2CH2COO)](NO3)3 ⋅H2O + 7 NO2 +14H2O+7/2H2  
2) 2 Bi [Fe(NH2CH2COO)] (NO3)3⋅H2O +6O2→ Bi2O3+ Fe2O3+8 NO2 +6H2O + 4CO2 

Table 1 
Effective parameters on synthesis procedure of BiFeO3 nanoparticles.  

a) Time 

Fuel Ratio (Gly/NO3) Power (W) Time (min) 

NH2CH2COOH 6/3 360 5 
NH2CH2COOH 6/3 360 10 
NH2CH2COOH 6/3 360 20 
NH2CH2COOH 6/3 360 30  

b) Power 

Fuel Ratio (Gly/NO3) Power (W) Time (min) 

NH2CH2COOH 6/3 180 20 
NH2CH2COOH 6/3 360 20 
NH2CH2COOH 6/3 540 20 
NH2CH2COOH 6/3 720 20 
NH2CH2COOH 6/3 900 20  

c) Type of fuel 

Fuel Ratio (Gly/NO3) Power (W) Time (min) 

NH2CH2COOH 6/3 360 20 
CO(NH2)2 6/3 360 20 
C2H5NO 6/3 360 20 
NH2CH2COOH 6/3 900 20 
CO(NH2)2 6/3 900 20 
C2H5NO 6/3 900 20  

d) Ratio (Gly/NO3) 

Fuel Ratio (Gly/NO3) Power (W) Time (min) 

NH2CH2COOH 1/1 360 20 
NH2CH2COOH 6/6 360 20 
NH2CH2COOH 12/12 360 20 
NH2CH2COOH 6/3 360 20 
NH2CH2COOH 3/6 360 20  
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3) Bi2O3 + Fe2O3→ 2BiFeO3 

2.2.1. Preparation of Cu(BDC) using the sonication method 
Initially, a total of 2 mmol (0.483 g) of Cu(NO3)2.5H2O and 2 mmol (0.332 g) of terephthalic acid were separately dissolved in 30 

mL of N,N-dimethylformamide (DMF). Subsequently, the solution containing the metal salt was added to the ligand solution, and the 
resulting mixture was subjected to stirring for 15 min. The resulting solution was then subjected to ultrasonic irradiation for 1 h at a 
power level of 300 W, inducing a phenomenon known as cavitation. During ultrasonic cavitation, transient micro hot spots are 
generated, exhibiting temperatures of approximately 5000 ◦C at pressures of 1000 atm, with heating and cooling rates exceeding 1010 
K/s. The remarkable consequence of coupling this high temperature with the localized temperature is the disruption of nanoparticle 
clusters, leading to the production of smaller particles ranging from nanoscale to microscale. The final residue obtained from the 
reaction was later washed with DMF and subsequently dried in an oven at 220 ◦C for 20 min. The synthetic pathway is depicted in 
Scheme ESI 2 for visual reference. 

2.3. Preparation of Cu(BDC) using the microwave method 

In the initial step, 2 mmol (0.483 g) of Cu (NO3)2
. 5H2O, 2 mmol (0.332 g) of terephthalic acid were individually dissolved in 30 mL 

of N,N-dimethylformamide (DMF). Subsequently, the solution of the metal salt was combined with the ligand solution, and the 
resulting mixture underwent stirring for 15 min. The resulting solution was then transferred to a microwave oven and subjected to 
microwave irradiation at a power of 300 W for 1 h. The final precipitate obtained was thoroughly washed with DMF multiple times and 
subsequently dried in an oven at 220 ◦C for 20 min. The synthetic pathway is depicted in Scheme ESI 3 for illustrative purposes. 

2.4. Preparation of BiFeO3/Cu(BDC) nanocomposite using ex-situ microwave method (1) 

To prepare the Cu(BDC) solution, 2 mmol (0.483 g) of Cu (NO3)2
. 5H2O, 2 mmol (0.332 g) of terephthalic acid were separately 

dissolved in 20 mL DMF. The solutions were then combined under stirring at a temperature of 110 ◦C. After 30 min, the resulting 
precipitate was filtered. The obtained solution served as the starting material for synthesizing the composite. For the composite 
synthesis, 0.1 g of as-prepared BiFeO3 nanoparticles were dispersed in 20 mL of DMF using sonication for 1 h. Subsequently, the BiFeO3 
nanoparticle suspension was added to the Cu(BDC) MOF solution and stirred for 1 h. The mixture was then subjected to microwave 
irradiation at 300 W for 1 h. The final product was thoroughly washed with DMF multiple times and dried in an oven at 220 ◦C for 20 h. 
The same synthesis route was repeated using 0.05 g of as-prepared BiFeO3 nanoparticles. Since the resulting products were indis-
tinguishable in both pathways, the composite containing 0.05 g of BiFeO3 nanoparticles was selected for further experimental in-
vestigations. The synthesis route is demonstrated in Scheme ESI 4. 

2.5. Preparation of BiFeO3/Cu(BDC) nanocomposite using ex-situ sonication method (2) 

The preparation of BiFeO3 and Cu(BDC) solutions followed the previously described ex-situ microwave method. Both solutions 
were individually prepared using the same procedure. Subsequently, the two solutions were combined and subjected to ultrasonic 
waves at a power of 300 W for 1 h. The resulting precipitate was thoroughly washed with DMF multiple times and then dried in an oven 
at 220 ◦C for 20 h. Procedure above, was also repeated using 0.05 g of BiFeO3 nanoparticles. As the final products obtained from both 
pathways were identical, the composite containing 0.05 g of BiFeO3 nanoparticles content was selected for further experimental in-
vestigations. Scheme ESI 5 exhibits the synthetic route, portraying a concise and replicable sequence of chemical reactions and 
transformations for the desired compound. 

Scheme 1. The graphical illustration for photocatalysis mechanism methylene orange.  
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2.6. Photocatalysis performance 

To evaluate the photocatalytic efficiency of the synthesized materials in the degradation of water contaminants, a catalyst mass of 
0.05 g was dispersed in 50 mL of wastewater containing the pollutant as mentioned above, at a concentration of 10 ppm. This mixture 
was allowed to equilibrate in the absence of light for 1 h. Subsequently, the solution was subjected to visible light irradiation emitted 
by a mercury lamp. Throughout the process, periodic sampling was performed at predetermined time intervals. The progression of 
adsorption was monitored using UV–Vis absorption spectroscopy, capturing the changes in absorbance over time (Scheme 1). 

3. Results and discussion 

3.1. Characterization of BiFeO3 

BiFeO3 exhibits a rhombohedral distorted perovskite structure, characterized by its space group R3c. The lattice parameters for the 
rhombohedral unit cell are determined as ar = 5.63 Å, αr = 59.350 Å and ahex = 5.58 Å, Chex = 13.87 Å, respectively. This substance 
illustrates max polarization in the range of 90–100 μ/cm2 along the [111] planes at room temperature. The magnetic properties of 
BiFeO3 are influenced by oxygen defects, resulting in the formation of Fe2O3 impurities. The oxygen molecules adopt an octahedral 
geometry close to the transition metal cations, exhibiting rotational motion either in a clockwise or counterclockwise direction around 
this axis [47]. 

IR: Fig. 1 displays the Fourier Transform Infrared (FT-IR) spectrum of the synthesized BiFeO3. The intense peaks at 440 and 560 
cm− 1 are related to forming FeO6 groups in the perovskite compounds. Through heat treatment, the hydroxyl groups and residual 
water molecules present in the samples are eliminated, which can be identified in the spectral region of 3400–3500 cm− 1 and 1610 
cm− 1. Elevated solution temperature promotes the deprotonation and hydroxylation of metal ions. The FT-IR spectrum depicted in 
Fig. 1 exhibits significant intensity peaks at 1699 and 1400 cm− 1, attributed to the νs(C–O) and νs(C–O) vibrations of carboxylate 
groups. The carboxylate ion, COO− , acts as bridging linkers coordinated to Cu nodes, adopting a syn-syn configuration. Additionally, 
vibration bands observed at 1512 and 746 cm− 1 correspond to phenyl groups. The FT-IR spectra confirm the presence of characteristic 
peaks from both components of the as-prepared composites, affirming the successful formation of the composites through ex-situ 
microwave and ex-situ sonication methods. 

XRD: Fig. 2 illustrates the X-ray Diffraction (XRD) pattern of BiFeO3. The crystallographic data of the resultant compound had high 
adaptation to (ASTM card No.01-086-1518). The diffraction peaks at 2Ө value of 22.41◦, 31.75◦, 32.06◦, 38.95◦, 39.48◦, 45.45◦, 
50.37◦, 51.31◦, 51.73◦, 56.36◦, 56.96◦, 66.34◦, and 67.06◦ related to planes (012), (104), (110), (006), (202), (024), (211), (116), 
(122), (018), (214), (208) and (220), respectively. It should be noted that the presence of a diffraction peak at 2θ = 27.82◦ indicates the 
existence of Bi2O3 impurities in the synthesized product. The XRD pattern of Cu(BDC) was also included to examine its phase purity, 
revealing no impurities within the framework phase. The peaks at 2θ = 9.1◦ and 8.3◦ correspond to the crystallographic planes (001) 
and (020), respectively. To confirm the formation of composites 1 and 2, XRD patterns of both composites were recorded. The newly 
obtained patterns exhibit characteristic peaks of the Metal-Organic Framework (MOF) and bismuth ferrite nanoparticles, confirming 
the successful preparation of the proposed composites. 

SEM: Fig. 3 showcases the scanning electron microscope (SEM) images, revealing the porous structure of the as-prepared bismuth 
ferrite. This distinctive structure emerges from the agglomeration of bismuth ferrite nanoparticles during gas emissions. The particle 
size distribution is presented in Fig. 3(d), indicating the presence of nanoparticles with sizes ranging from 40 to 45 nm. SEM images of 
the Cu(BDC) framework synthesized using microwave synthesis and sonication methods are displayed in Fig. 3e and f, respectively. 
Both images demonstrate the presence of uniformly shaped cubic particles. Furthermore, SEM images of composites 1 and 2 were 
captured and depicted in Fig. 3g and h. It can be observed that the incorporation of bismuth ferrite nanoparticles alters the cubic form 
of the Cu(BDC) structure. Notably, composite 2, synthesized through the sonication method, exhibits a slightly smaller particle size 
compared to composite 1. 

Fig. 1. FTIR spectra of as-prepared materials.  
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DRS: UV-DRS spectroscopy was employed to investigate the optical properties and band gap characteristics of the synthesized 
BiFeO3 NPs, Cu(BDC), and the resulting composites. The recorded spectra covering a wavelength range of 200–800 nm are depicted in 
Fig. 4. The band gap, representing the energy difference between the valence band and conduction band in semiconductors or in-
sulators, was determined from the DRS curve of BiFeO3 NPs, yielding a calculated value of 1.75 eV. This result confirms the semi-
conducting nature of BiFeO3 NPs. It is noteworthy that the measured band gap is smaller compared to BiFeO3 films (2.5 eV), potentially 
attributed to the thin film sample’s reduced thickness, which enhances the absorption of visible light and holds promise for efficient 
photocatalysis. Furthermore, the UV-DRS spectrum of the Cu(BDC) MOF was obtained, allowing the determination of its color based on 
the emission’s λmax. The recorded spectrum reveals a λmax of approximately 490 nm, indicating that Cu(BDC) exhibits a blue color. The 
UV-DRS curves of the prepared composites show noticeable changes compared to the individual components. As the MOF acts as the 
primary matrix of the composites, the DRS spectra of the composites closely resemble that of the MOF. However, slight variations in the 
spectra of the composites can be attributed to differences in particle size and the synthesis methods employed for their preparation. 

VSM: The magnetic properties of the synthesized BiFeO3 NPs and the resulting composites were characterized using a vibrating 
sample magnetometer (VSM), and the corresponding magnetization data as a function of the applied magnetic field are plotted in 
Fig. 5. The rhombohedral distorted perovskite structure of BiFeO3 gives rise to weak ferromagnetic ordering due to spin canting. This 
weak ferromagnetic behavior can be attributed to the noncollinear (canted) spin arrangements within the two sublattices. The small 
magnetic moment direction results in a spiral spin arrangement with an average crystallite size of 62 nm, leading to a helimagnetic 
order and negligible bulk magnetization. Furthermore, for crystallite sizes smaller than 62 nm, BiFeO3 displays weak ferromagnetic 
behavior from incomplete spin rotation along the antiferromagnetic axis. At room temperature, BiFeO3 exhibits antiferromagnetic 
properties. As the particle size decreases, paramagnetic properties become more prominent in these nanoparticles. The hysteresis loop 
of BiFeO3, as shown in Fig. 5, appears narrow and sharp, indicating its characteristics as a soft magnetic material. In Fig. 5c and d, the 
hysteresis loops of composites 1 and 2 are provided, revealing slight magnetic properties. This confirms the presence of BiFeO3 NPs and 
Cu(BDC), as well as the magnetization of the MOF component in the composites. 

ICP: The quantification of bismuth (Bi) content in the BiFeO3 nanoparticles was carried out using ICP analysis with standard 
samples of Bi(NO3)3⋅5H2O. The resulting data, indicating the concentration of Bi, are compiled in Table 2. 

3.2. Photocatalysis investigations 

To evaluate the photocatalytic performance of BiFeO3 nanoparticles and the resulting composites, 0.05 g of BiFeO3, nanocomposite 
1, and nanocomposite 2 were individually exposed to a 50 mL solution of methyl orange with a concentration of 10 ppm. Fig. 6 
presents the UV–Vis spectra depicting the degradation of methyl orange by the substances under various light radiation conditions. It 
can be observed that both nanocomposite 1 and 2 exhibit enhanced photocatalytic properties compared to BiFeO3 alone. Furthermore, 
Fig. 6 also displays the kinetic plots of the degradation process for nanocomposite 1 and nanocomposite 2. These plots provide valuable 
insights into the reaction kinetics and demonstrate the improved photocatalytic efficiency of the composites. Kinetic plots of their 
reaction rate per time in a certain concentration are calculated according to equation (1):  

Ct = [A1 × C0]/A0                                                                                                                                                                     (1) 

Where Ct is the pollutant concentration at the moment, A1 is the amount of adsorption at the moment, and C0 points to the initial 
concentration of the pollutant. The percentages of pollutant degradation at different times have been collected in Table 3. The initial 

Fig. 2. The powder XRD patterns of as-prepared materials.  
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concentration for Rf calculation, the concentration after passing 1 h in the dark, was considered. 
Fig. 7 displays the kinetic trends of the degradation process within a 60-min timeframe. The plot provides a visual representation of 

the degradation rates of the studied substances over time, allowing for a comprehensive analysis of their photocatalytic performance. 
The proposed mechanism elucidating the degradation process of methyl orange utilizing nanocomposites consisting of bismuth 

ferrite and the metal-organic framework Cu(BDC) is presented as follows:  

1) Nanocomposite BiFeO3/Cu(BDC) + hν→BiFeO3/Cu(BDC)(e−CB +h+
VB) trapping sites  

2) BiFeO3/Cu(BDC)(e−CB) trapping sites+ O2→O.−
2 . 

Fig. 3. SEM images of as-prepared materials. a-d) BiFeO3 nanoparticles, e) Cu(BDC) framework synthesized by microwave method, f) Cu(BDC) 
framework synthesized by sonication method, g) nanocomposite synthesized ex-situ microwave method, h) nanocomposite synthesized ex-situ 
sonication method. 

Fig. 4. DRS spectra of as-prepared materials.  

Fig. 5. VSM plots of a and b) hysteresis loop BiFeO3 nanoparticles, c) nanocomposite 2 and d) nanocomposite 1.  
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3) O.−
2 + H2O→OH.

2+OH..  

4) OH.
2 + H2O→OH.+H2O2.  

5) H2O2→2OH.. 
6) BiFeO3/Cu(BDC)(h+

VB)+ H2O→OH..  
7) BiFeO3/Cu(BDC)(h+

VB)+ Methyl orange(MO)→CO2 + H2O. 

8) O.−
2 or OH.or OH. + Methyl orange(MO)→CO2 + H2O. 

Furthermore, the structural conversion of methyl orange into carbon dioxide and water is facilitated by the generated radicals, as 
depicted in Fig. 8. 

A comparison between the work done in this research with the other bismuth ferrite nanocomposites was given in Table 4. The 
photocatalytic performance of the nanocomposite catalyst consisting of Graphitic carbon nitride/bismuth ferrite (g-C3N4/BiFeO3) was 
evaluated for the degradation of methyl orange (MO) under UV and visible light. Destruction under UV light necessitated a 300 W high- 
pressure Hg lamp, while visible light was achieved using a 500 W xenon lamp with a 420 nm cutoff filter. The nanocomposite achieved 
an approximate 63 % degradation of MO [71]. 

Bajpai and colleagues have also contributed to research in this field. This research group synthesized bismuth ferrite nanoparticles 
grafted on graphene nanosheets (BiFeO3-g-GNS) and examined the photocatalytic performance of BiFeO3-g-GNS for degrading methyl 
orange. Visible light irradiation was conducted using a 300 W halogen lamp with a wavelength of 420 nm. The BiFeO3-g-GNS pho-
tocatalyst achieved a degradation efficiency of approximately 35.9 % for methyl orange dye [72]. 

In a study undertaken in 2020, the catalyst used was a nanocomposite material consisting of bismuth ferrite nanoparticles grafted 
on graphene oxide (BFO-GO9%). Photocatalytic degradation of methyl orange (MO) dye and methylene blue (MB) dye was performed 
under ambient sunlight. The percentage of destruction of methyl orange using the BFO-GO9% photocatalyst was approximately 57 % 
[73]. 

The experimental findings of this research project clearly demonstrated that the utilization of bismuth ferrite nanocomposites 
within an organic metal framework outperforms the efficacy of reported graphitic structures in the photocatalytic degradation of 
methyl orange. This enhanced performance extends beyond the graphitic structures bismuth ferrite nanocomposite investigated in this 
study and encompasses other nanocomposites incorporating bismuth ferrite with various metal oxides. For instance, Skiker conducted 
research on the photocatalytic degradation of methyl orange (MO) dye using the Bi12TiO20/BiFeO3 nanocomposite, achieving a 
degradation rate of approximately 68 % [74]. Similarly, in another study by Samran, the 0.6BiFeO3-0.4Bi2WO6 nanocomposite 
exhibited a lower rate of destruction, with only 54 % degradation of MO dye within 2 h under sunlight [75]. These findings further 
emphasize the enhanced efficacy of bismuth ferrite nanocomposites within an organic metal framework for efficient degradation of 
organic pollutants. Recently, Moradi and his colleagues have investigated the photocatalytic degradation of methyl orange on various 
bismuth ferrite nanocomposites. In their studies, it has been observed that BiFeO3 combined with polyethylene glycol-PEG-6000 
(BiFeO3-PEG) exhibits approximately 67 % degradation, while the nanocomposite demonstrates around 72 % degradation over a 
longer period of 4 h [76]. 

3.3. Adsorption investigations 

As-synthesized BiFeO3 nanoparticles were dispersed in a freshly prepared aqueous solution containing 10 parts per million (ppm) of 
Congo red. Subsequently, 0.05 g of BiFeO3 were added to 50 mL of the Congo red solution under gentle magnetic stirring in a dark 
environment. For 3 h, a significant color change was observed, wherein the Congo red solution exhibited a dramatic transition from a 
red hue to a colorless state. This transformation was meticulously monitored using UV–Vis absorption spectroscopy, and the collected 
data is presented in Fig. 9 a. The effectiveness of this method was evaluated on various other wastewater pollutants, including Brilliant 
Blue, Malachite Green, and Methylene Blue. However, among the tested pollutants, Congo red demonstrated the most favorable 
response, thereby justifying its selection for further experimental investigations. To establish comparability, the initial concentration 
of Congo red was adjusted to 300 ppm by increasing its concentration and allowing the process to proceed for 1 h without light. 
Importantly, the addition of BiFeO3 nanoparticles, coupled with gentle magnetic stirring, resulted in the efficient adsorption of Congo 
red, as depicted in Fig. 9 b. Considering that Beer-Lambert’s law exhibits linear behavior within a certain concentration range, dilution 
ratios were employed to accommodate higher concentrations. To gain insight into the adsorption process facilitated by the prepared 
adsorbents, it is essential to elucidate the underlying adsorption mechanisms. Notably, Langmuir and Freundlich adsorption isotherms 
are commonly employed to provide valuable information regarding the adsorption mechanism, the affinity of the adsorbent, and the 
surface properties. After 1 h of dark incubation, the equilibrium solution concentration was determined. Fig. 9 c and 9.d illustrate the 
Langmuir and Freundlich isotherms, respectively. Based on the coefficient of determination (R2) values, the Langmuir isotherm was 

Table 2 
Collects the amount of Bi in BiFeO3 nanoparticles.  

Materials Theoretical Concentration Bi (ppm) Experimental Concentration Bi (ppm) Error (%) 

BiFeO3 20 19.60 2 
Nanocomposite-MW-0.05 20 17.02 14 
Nanocomposite -Probe-0.05 20 16.23 18  
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more suitable than the Freundlich isotherm for describing the adsorption process of Congo red onto the as-synthesized BiFeO3 
adsorbents. 

In the subsequent phase, the adsorption process was replicated using Cu(BDC) to assess its adsorption efficiency. To facilitate a 
more accurate comparison, the sampling was conducted for 1 h. The obtained results are presented in Fig. 10. Unlike the BiFeO3 
compound, the Freundlich isotherm was appropriate than the Langmuir isotherm in describing the adsorption process of Congo red on 
as-synthesized Cu(BDC) adsorbents. Fig. 11a and b presents the adsorption performance of the as-prepared composites towards Congo 
red under the aforementioned conditions. 

The parameters for the Freundlich and Langmuir adsorption models, on the adsorption of Congo red, are provided in Table 5. 
To investigate the placement of Congo red on a magnetic adsorbent, a comprehensive mass analysis was conducted on the structure 

of Congo red, as well as its bismuth ferrite nanocomposite synthesized through both microwave and ultrasonic methods. The obtained 
results, depicted in Fig. 12, demonstrate observable interactions between Congo red and the synthesized nanoabsorbents. The spectra 
of pure Congo red and after use have come out to be identical and show the presence of dye on the surface of catalyst, thus confirming 
the process of adsorption of dye. The molecular mass of Congo red, determined to be 652. A peak at 651 m/z was observed due to 

Fig. 6. UV–Vis spectra of methyl orang degradation using a) BiFeO3, b) MOF, Cu(BDC), c) nanocomposit 1 and d) nanocomposite 2 during 3 h of 
light radiation. 

Table 3 
The degradation percentage in the various times with 0.05 g of the catalyst.  

Catalyst Degradation (%) 
15min 

Degradation (%) 
30min 

Degradation (%) 
60min 

Degradation (%) 
120min 

Degradation (%) 
180min 

BiFeO3 19.97 29.60 38.02 44.22 46.81 
Nanocomposite-MW - 0.05 28.02 38.77 58.43 73.17 81.27 
Nanocomposite-Probe - 0.05 33.20 43.21 52.58 60.69 70.78  

Fig. 7. Kinetic trend of methyl orang degradation.  
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remove a proton (H+) from Congo red molecule. The presence of a peak at 571 m/z, indicating the detachment of an SO3 group from its 
structure. Another peak at 491 m/z suggested the detachment of two SO3 groups. Notably, characteristic peaks in the range of 621 to 
593 m/z were attributed to the loss of one or both N2 and NH2 moieties from the structure. Moreover, the removal of one SO3 group in 
conjunction with one N2 or NH2 led to a discernible peak at 543 m/z, and the detachment of one SO3 group and one SO2 group resulted 
in a peak at 507 m/z. Additionally, the removal of two SO3 groups and one N2 produced a characteristic peak at 463 m/z, and the 
removal of two SO3 groups combined with both N2 groups generated a peak at 432 m/z. Apart from these observations, Congo red 

Fig. 8. Degradation of methyl orange a)dimethylaniline, b) sodium benzenesulfonate, c) aniline, d) benzenesulfonic acid, e) hydroxy aniline, f) 4- 
hydroxybenzenesulfonic acid, g) hydroquinone, h) p-hydroquinone. 

Table 4 
Comparison with the other bismuth ferrite nanocomposites.  

Photocatalyst Degradation (%) Method Time (min) Pollutant Refs. 

g-C3 N4 -BiFeO3 63 visible light)500 W xenon lamp( 120 Methyl Orange [71] 
BiFeO3-g-GNS 36 visible light (l Z 420 nm, 300 W halogen lamps) 60 Methyl Orange [72] 
BiFeO3-GO9% 57 visible light (under direct sunlight irradiation) 120 Methyl Orange [73] 
0.55 Bi12TiO20 0.45 BiFeO3 68 UV irradiation source (mercury lamp 125 W) 120 Methyl Orange [74] 
0.6BiFeO3-0.4Bi2WO6 54 visible light (50 W halogen lamp) 120 Methyl Orange [75] 
BiFeO3-PVA 72 UV irradiation (10 W LED lamp) 240 Methyl Orange [76] 
BiFeO3-PEG 67 
Nanocomposite-MW - 0.05 74 visible light (50 W halogen lamp) 120 Methyl Orange This work 
Nanocomposite-Probe - 0.05 61   

Fig. 9. Congo red adsorption using BiFeO3 a) various time for 10 ppm initial concentration b) various initial concentration after 1 h in dark, c) 
Langmuir isotherm and d) Freundlich isotherm. 
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exhibited the other fragmentation, leading to the formation of radical structures with molecular masses of 416,234, 233, and 235 m/z 
[77]. The other peaks that can be seen in the spectrum refer to the complexity and broadening of the obtained spectrum were attributed 
to various probable reactions forming these radical structures and their resulting products, as well as reactions involving compound 
detachment and rearrangements. It was also noted that impurity peaks might be present in the spectrum [78]. The catalytic effect of 
the copper atom in the framework of the organic metal Cu(BDC) can also be effective in the surface absorption process and cause peaks 
in the region of 271, 169, 173 and 150 m/z. Possible fragmentations of CR were shown in Table 6. 

Assessing the reusability of adsorbents is a crucial factor in determining their commercial viability. Leveraging the magnetic 
properties of the prepared adsorbent, an external magnetic field was applied to facilitate the collection of adsorbents post-adsorption 
process. However, due to BiFeO3 exhibiting a weak adsorption capacity, the evaluation of its reusability behavior was not conducted. 

Fig. 10. Congo red adsorption using a) Cu(BDC)-MW and b) Cu(BDC)-probe, c) Langmuir isotherms and d) Freundlich isotherms.  

Fig. 11. Adsorption performance of a) nanocomposite 1 and b) nanocomposite 2, c) Langmuir isotherm and d) Freundlich isotherm.  

F. Shahrab and A. Tadjarodi                                                                                                                                                                                        



Heliyon 9 (2023) e20689

13

After the adsorption process, the adsorbents underwent a thorough washing procedure involving water, ethanol, acetone, and DMF, 
followed by drying at 220 ◦C. The adsorbents were subjected to consecutive exposure to the contaminant without further purification. 
This cyclic process was repeated three times for all three adsorbents, and the results are graphically represented in Fig. 13a–d. Apart 
from physical adsorption, the adsorption of Congo red may involve chemical interactions with the metal-organic framework (MOF). 
The presence of π electrons in the BDC linker of the MOF facilitates adsorption through π-π interactions, contributing to the overall 
adsorption process. As depicted in Fig. 13, the reusability of the adsorbents exhibits a decreasing trend, which can be attributed to the 
inherent instability of the organic metal framework Cu(BDC). This instability arises from the susceptibility of Cu(BDC) to hydrolysis 
reactions, particularly in the presence of moisture or aqueous environments. The copper-carboxylate bonds within the MOF structure 
are vulnerable to hydrolytic cleavage when exposed to water molecules. This degradation process occurs due to a nucleophilic attack 
by water molecules on the copper ions, leading to the dissociation of metal-carboxylate coordination bonds. Consequently, the MOF 
structure experiences a loss of structural integrity, thereby compromising the stability and functionality of Cu(BDC) [79,80]. 

3.4. Electrochemical measurement 

The electrochemical behavior was assessed through cyclic voltammetry (CV) analysis employing a 3-electrode setup consisting of 
platinum (Pt) and silver/silver chloride (Ag/AgCl) electrodes as the counter and reference electrodes, respectively. The tests were 
conducted in 0.1 M electrolyte solutions comprising various species such as potassium hydroxide (KOH), sulfuric acid (H2SO4), and 
lithium perchlorate (LiClO4), with scan rates of 0.05, 0.1, and 0.2 mV s− 1. The potential window for the measurements ranged from 
− 0.4 to 0.8 V. Two different synthesis methods, sonication and microwave, were employed to obtain the bismuth ferrite nanoparticles 
and the as-synthesized nanocomposites. The selected electrolytes were potassium hydroxide, sodium sulfate, and lithium perchlorate. 
Fig. 14 illustrates that lithium perchlorate exhibited the highest current density compared to the other electrolytes, owing to its strong 

Table 5 
The parameters of mechanism Freundlich and Langmuir for Adsorption Congo red.  

Adsorbent Freundlich Langmuir 

n KF R2 qm(mg g− 1) aL KL (L m g− 1) R2 

BiFeO3 3.29 6.095 0.9689 31.95 0.056 1.808 0.9916 
MOF-Cu(BDC)-Probe 1.38 4.866 0.9280 270.27 0.001 2.577 0.8739 
MOF-Cu(BDC)-MW 1.93 18.879 0.9603 294.11 0.021 6.784 0.8404 
Nanocomposite-Probe-0.05 2.06 19.080 0.9971 238.01 0.029 6.944 0.9639 
Nanocomposite -MW-0.05 2.12 15.503 0.9328 192.30 0.025 4.921 0.8435  

Fig. 12. Mass spectrum of a) Congo red b) nanocomposite MW c) nanocomposite prob.  
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Table 6 
Fragmentation Congo red. 
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Fig. 13. Reusability tests of a) Cu(BDC)-MW, b) Cu(BDC)-probe, c) nanocomposite 1 and d) nanocomposite 2.  

Fig. 14. CV curves of bismuth ferrite nanoparticles, nanocomposite synthesized by microwave method and nanocomposite synthesized by soni-
cation method in the different electrolytes: (a,d,g) KOH, (b,e,h) H2SO4, (c,f,i) LiClO4. 
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oxidizing properties that resulted in an enhanced potential gradient near the electrode surface. At low scan rates (Fig. 14(b) and (c)), 
the effect of diffusion coefficient differences was found to be statistically insignificant. The optimal scan rate determined in this study 
was 0.1 mV s− 1. A decrease in current density was observed at higher or lower scan rates due to forming a thinner depletion layer and a 
thicker diffusion layer near the electrode, respectively. However, as depicted in Fig. 14(e) and (f), this effect was also negligible when 
using the nanocomposite, as the resulting curves closely overlapped. The nanocomposite synthesized via the microwave method 
exhibited a higher current density, likely attributed to its particle size, facilitating ion transfer. The anodic peaks observed at − 0.2 V 
and 0.1 V, and the cathodic peak at − 0.1 V, can be attributed to the oxidation and reduction processes of Bi◦(metal) ⇌ Bi3+ and Bi3+ ⇌ 
Bi◦(metal), respectively. Furthermore, using the nanocomposite induced a positive shift in the potential. 

4. Conclusions 

In this study, we introduced two novel nanocomposites comprised of BiFeO3 and Cu(BDC) to emphasize the synergistic effect of 
their combination on photocatalytic activity and adsorption performance. We assessed the effectiveness of these composites in the 
removal of dye pollutants from wastewater. Notably, the nanocomposites possess magnetic properties, allowing for rapid separation 
from the solution using an external magnetic field, which is advantageous for potential commercial adsorbents. Based on the results 
obtained, we assert that these nanocomposites exhibit considerable potential as practical materials for the remediation of dye pol-
lutants in aqueous solutions. In the electrochemical investigations, we determined the optimized scan rate to be 0.1 mV s− 1, and the 
nanocomposite synthesized via the microwave method demonstrated superior current density. 
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