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Summary: Fe3O4 nanoparticles (a), novel Fe3O4/Zr-MOF (b) and Fe3O4/Cu-MOF (c) composites with 

Zr and Cu metal-organic framework Zr-MOF (d) and Cu-MOF(e) were synthesized. Fe3O4 
nanoparticles Zr-MOF (d) and Cu-MOF (e) were synthesized by hydrothermal method and Fe3O4/Zr-

MOF and Fe3O4/Cu-MOF composite was synthesized by sonication. The photocatalytic activity of the 

Fe3O4 (NPs), MOFs and the composites were investigated for degradation of methylene blue exposed 
to sunlight at pH 9.2. The composites were characterized by FTIR, UV-vis, TGA, SEM, and EDS 

spectroscopy. The composites Fe3O4/Zr-MOF and Fe3O4/Cu-MOF showed the highest efficiency of 

87% and 96% respectively, whereas nanoparticle Fe3O4 (NPs) exhibited efficiency of 77%. The of 
MOF, Zr-MOF and Cu-MOF individually showed less efficiency of 41%, and 49% respectively. The 

composite Fe3O4/Zr-MOF and Fe3O4/Cu-MOF showed 1.13 and 1.24-times higher efficiency 
respectively over Fe3O4 (NPs) and more than double of MOF. The incorporation of Fe3O4 NPs in the 

Zr-MOF and Cu- MOF tune the band gap to an optimal level for radical formation and sustain required 

time to initiate photochemical reaction. The band gap of Fe3O4 (NPs) and Fe3O4/Cu-MOF composite 
is 1.95 eV and 2.54 eV respectively, whereas the band gap for TiO2 is approximately 3.2 eV which is 

established photo-catalyst. It is observed that Fe3O4/Cu-MOF (c) composites band gap closer to TiO2 

and shows higher efficiency. These composites showed outstanding degradation efficiency than 
current established photocatalyst. So, these could be used industrial pollution mitigation for green 

environment. 
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Introduction 

 

Globally, industrialization is drastically 

increasing, fresh water reservoirs are being contaminated 

on a regular basis. Organic residues, organic dyes from 

textile industries, and other industrial wastes are the 

major contributors to contaminate water resources and 

environment [1]. The presence of organic pollutants, 

particularly synthetic dyes, stimulates microbial growth 

in river. This causes the river ecosystem's degradation 

and disturbance of required oxygen level for aquatic life. 

Hence, purifying of the wastewater that discharged from 

industries has become a crucial concern. Methylene blue 

(MB) is widely recognized for its applications as a dye 

and in clinical interventions, notably for 

methemoglobinemia but its improper administration or 

over use can lead to various negative health impacts, 

including hypertension, headaches, hemolysis, dyspnea, 

serotonin syndrome, vomiting. MB can reduce 

hemoglobin iron from the Fe³⁺ (ferric) state to the Fe²⁺ 

(ferrous) state. [2,3]. The discharge of organic dyes, 

particularly MB will have a lethal impact on the 

environment.  The investigation for novel substances 

with efficient photocatalytic nature has recently because 

of their key role in addressing environmental problems 

and sustainable development. Fe3O4 nanoparticles, 

renowned for their magnetic properties and catalytic 

potential, stand as a significant contributor in various 

scientific area, including catalysis, biomedicine, and 

environmental remediation [4,5]. Concurrently, Metal–

Organic Frameworks (MOFs) are porous materials made 

of metal ions and organic linkers, valued for their tunable 

structure, high surface area, and wide applications in gas 

storage, separation, photocatalysis, biomedicine, sensing, 

drug delivery and supercapacitor [6-12] Nanoscale 

catalysts are extensively utilized in photodegradation 

processes due to their distinctive physicochemical 

properties and exceptionally high surface-to-volume ratio 

[13]. In heterogeneous photocatalysis, light absorption by 

a semiconductor promoting electrons to the conduction 

band and generating corresponding holes in the valence 

band and forming electron–hole (e⁻/h⁺) pairs. Electron–

hole pairs serve as the fundamental initiators of the 

photocatalytic reaction. The photogenerated electrons 
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reduce molecular oxygen (O₂) to form superoxide 

radicals (•O₂⁻) and holes oxidize water, forming reactive 

hydroxyl radicals (•OH). These radicals are highly 

reactive to decompose organic compounds to simple 

environmentally friendly compounds [14]. Zr and Cu-

based MOFs have potential photocatalytic characteristics 

[15-19]. The incorporation of metal oxide nanoparticles 

with metal-organic frameworks (MOFs) results in 

increasing the band gap of the composite which improves 

photocatalytic activity by facilitating efficient charge 

separation, preventing the recombination of electron-hole 

pairs generated during light absorption. Band gap 

optimization in these composites plays a significant role 

in enhancing the efficiency of desired photocatalytic 

processes [20,21].  

 

The integration of Fe3O4 nanoparticles with Zr-

MOFs and Cu-MOFs into composite materials offers a 

synergistic approach to enhance photocatalytic activity 

[22]. The magnetic properties of Fe3O4 can facilitate easy 

separation and recovery of the catalyst, while the MOFs 

provide a high surface area and a robust framework for 

improved light absorption and charge carrier mobility 

[23]. By combining these materials, it is possible to 

develop composite which could be a potential 

photocatalysts with superior performance compared to 

their individual components. 

 

The composites hold the promise of enhanced 

photocatalytic efficiency, owing to the amalgamation of 

magnetic, catalytic, and structural properties. The 

primary focus lies in the evaluation of photocatalytic 

activity, particularly in the degradation of methylene blue 

(MB) under sunlight irradiation. By elucidating the 

efficiencies of Fe3O4 nanoparticles, Zr-MOF, Cu-MOF, 

and their respective composites, this investigation aims to 

highlight the potential of these materials in addressing 

environmental pollutants, paving the way for applications 

in industrial pollution mitigation and sustainable 

environmental practices. Here in, investigation of 

enhanced photocatalytic performance of Fe3O4/Zr-MOF 

and Fe3O4/Cu-MOF composites, attributing their 

efficiency to optimize band gap tuning and reactive 

radical formation. These findings advocate their potential 

use in promoting environmental sustainability and 

addressing challenges related to mitigation of industrial 

pollution for green environment. 

Chemicals 

 

The chemicals, FeSO4 ·7H2O, and NH4OH 

were purchased from Sigma Aldrich. Cu-MOF and Zr- 

MOF were used as precursors. Methylene Blue (MB) 

(82%) which was used as a model pollutant, was bought 

from PT. Smart Lab, Indonesia. Each of the chemicals 

used during this experiment was analytically pure, and it 

was used just as it was received, requiring no additional 

purification. Additionally, deionized water (DI H2O) was 

used in the stock solutions. 

 

Methods 

 

The FTIR spectrum was observed using KBr 

pellets ranging from 400 to 4000 cm-1 by IRPrestige-21 

instrument by Shimadzu Corporation. Thermal 

Gravimetric analysis was performed employing a heating 

rate of 10 °C/s in the temperature range from 25 to 1200 

°C using the TGA-50H instrument of Shimadzu 

Corporation. The Scanning Electron Microscopy (SEM) 

for morphology was measured by the EVO18 instrument 

manufactured by Carl Zeiss AG, UK. Elemental analysis 

and characterization of composition were carried out 

employing Energy-dispersive X-ray Spectroscopy (EDS) 

by the EDAX Team, USA. 

 

Oxide Nanoparticles (Fe3O4 NPs) Synthesis 

 

The 25 mL of water was needed to dissolve 0.5 

g of FeSO4·7H2O. The ammonium hydroxide (3.75 mL) 

was added to this solution with stirring. The resultant 

suspension was allowed for continuous stirring for 10 

min for oxidation of iron (II). The reaction mixture was 

then transferred to a sealed pressure vessel and 

autoclaved with a volume of 100 mL at 130 °C for 4 h 

then allowed for cooled down to room temperature (Fig 

1). The black precipitate was filtered off and purified with 

water as a dispersant followed by centrifugation. 

Lyophilization of the final Fe3O4 NPs suspension resulted 

in a black dry powder. The product is dried and collected.

 
 

Fig. 1: Schematic diagram of Fe3O4 nanoparticles synthesis by hydrothermal. 
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Fig. 2: Schematic diagram of synthesis of Fe3O4/Zr-CP and Fe3O4/Cu-CP composites by sonication. 

 

Fe3O4/Zr-MOF and Fe3O4/Cu-MOF composite 

synthesis 

 

A 25 mL of 85% Fe3O4 colloidal suspension 

was prepared in a 100 mL beaker. Then 25 mL of 15% 

Cu-MOF and Zr-MOF colloidal suspension was added 

to Fe3O4 suspension (Fig 2). The resultant suspension 

was sonicated for 60 minutes. The product was 

repeatedly washed and centrifuged with water and the 

brown Fe3O4/Cu-MOF and Fe3O4/Zr-MOF composite 

was recovered. Then the product was dried under 

vacuum pump and kept in desiccator. 

 

Photodegradation of methylene blue (MB) 

 

The 5-ppm methylene blue solution was 

prepared by deionized water and 100 mL methylene 

blue solution was taken into a beaker and pH 9.2 was 

maintained. The 0.1 g/L of Fe3O4 nanoparticles, 

Fe3O4/Zr-MOF and Fe3O4/Cu-MOF composite as 

photocatalysts was added with stirring to the same, 5 

ppm MB solution. The resultant mixture of MB 

solution and catalyst exposed to sun light and the 

sample was collected periodically at constant interval 

of time (0, 30, 60, 90 and 120 minutes) into the falcon 

tube. The degradation was measured by measuring 

concentration of methylene blue using a UV-Vis 

spectrometer over certain period. The absorption 

spectra were recorded to monitor the degradation of 

methylene blue over time. Finally, the percentage of 

degradation of methylene blue was calculated using 

the initial and final concentrations obtained from the 

absorption spectral data. The degradation percentage 

was resolved applying the following equation [24]. 

 

Degradation Efficiency (%) = 
𝐶𝑜−𝐶

𝐶𝑜
 ×100 

 

Result and Discussions 

 

FTIR 

 

The chemical structure of Zr-CP, Fe3O4 NPs, 

and Fe3O4/Zr-CP composite is studied by FTIR 

spectroscopy (Fig 3). The dispersion of Fe3O4 

nanoparticles in the polymer matrix has been 

confirmed through FTIR spectrum analysis. 

 

 
 

Fig. 3: FTIR spectra of Zr-CP (d), Fe3O4/Zr-CP (b) 

composite and Fe3O4 NPs (a). 

 

 
 

Fig. 4: FTIR spectra of Cu-CP (e), Fe3O4/Cu-CP (c) 

composite and Fe3O4 NPs (a). 

 

The band at 582.50 cm-1 of IR spectra of 

Fe3O4 NPs (Fig 3) is attributed for Fe–O bond 

indicates nanoparticles of Fe3O4. The peaks at 580 cm-
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1 and 1689.64 cm-1 in the spectra of Zr-CP is attributed 

for Cu–O and C=O bonds respectively, indicates the 

coordination polymer. The peaks at 590.21 cm-1 and 

1697 cm-1 in the spectra of Fe3O4 /Zr-CP composite is 

attributed for the vibrations of Cu–O and C=O bonds 

shifted than coordination polymer, which indicates the 

formation of coordination polymer. 

 

The IR spectra of Fe3O4 NPs (Fig 4) vibration 

of Fe–O is observed at 582.50 cm-1. The peak at 

567.07 cm-1 of Fe3O4 /Cu-CP composite spectra is 

assigned for the vibrations of Fe–O (Fig 4). The 

shifting of the peak of Fe–O at 582.50 cm-1 to 567.07 

cm-1 has indicates the composite formations. 

 

TGA  

 

 
 

Fig 5: TGA pattern of Fe3O4 NPs (a) and Fe3O4/Cu-

CP Composite (c). 

 

The thermo-gravimetric analysis of 

synthesized materials Fe3O4 NPs and Fe3O4/Cu-CP 

composites represent the thermal stability. The 

thermo-gravimetric graph indicates (Fig 5) the Fe2O3 

NPs is the most stable at the temperature range 0 oC to 

550 oC. The graph of Fe3O4/Cu-CP Composites was 

decreased very slowly up to 280 oC that indicate the 

weight loss for H2O removing and other weak 

bonding, from this temperature up to 300 oC sharply 

lost the weight which actually indicate the all-

coordination bond of CP is sharply broken. The weight 

loss from 300 oC to 550 oC because of breaking of 

other bonding, particularly bonding of metal with 

oxide.  

 

The weight loss is less steep in this region 

from 450 oC to 550 oC is attributed for strong bond of 

metal with oxide. Finally, it is observed that 

nanoparticles are thermally more stable than 

composite. 

 

Cyclic Voltammetry  

 

Cyclic Voltammetry (CV) is an 

electrochemical technique applied to study the 

electrochemical behavior of a material or a redox 

reaction. It is widely utilized in various fields, 

including analytical chemistry, materials science, and 

electrochemical research. The technique involves 

applying a controlled potential voltage to an 

electrochemical cell and measuring the resulting 

current while the potential is varied in a cyclical 

manner. This process provides valuable information 

about the oxidation and reduction occurring within the 

sample. The CV curves (Fig 6) depict the Cu-CP and 

Fe3O4/Cu-CP composite redox couple using a GC 

(Glassy carbon) electrode with various scan rates 

between -1.5 and 0.2 V (vs. Ag/AgCl) at room 

temperature. Cyclic voltammetry (CV) curves of Cu-

CP in 0.1 M KCl electrolyte were collected using a GC 

working electrode at various scan rates to define the 

potential region for redox reactions (Fig 6(a)), in 

which the potential window for Cu+/Cu0 and Cu2+/Cu+ 

was over -0.8 V. The significant drop in current is 

characteristic of a nucleation loop, indicating the 

deposition of Cu metal onto the GC electrode. On the 

other hand, in composite (Fig 6(b)) the well-known 

reduction peak of Fe+2 is observed, which is 

irreversibly reduced near -1.2 V. The composite's 

formation is confirmed by CV to the current peak of 

Cu and Fe present in (Fig 6(b)) 

 

UV-Vis 

 

The very significant properties of the 

materials such as electronic transition and band gap 

was found from the UV-Vis spectra. The UV–Vis 

absorption spectra of Fe3O4 NPs, Cu-CP and 

Fe3O4/Cu-CP composite are presented (Fig 7). The 

broad peak at 258 nm in the Cu-CP spectra is attributed 

for n→π* transition due to presence of lone pair in N 

and O.  
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Fig. 6: CV curves of (a) Cu- CP and (b) Fe3O4/Cu-CP composite in a 0.1 M KCl using GC electrode at various 

scan rates. 

 

 
 

Fig. 7: UV- Vis spectra of Fe3O4 NPs (a), Fe3O4/Cu-CP composite (c) and Cu-CP (e). 

 

The sharp peaks at the 221 nm and 272 nm in 

the spectra is attributed for d→d and d→p transition. 

The broad band in the region of 254 nm and 302 nm 

of the Fe3O4/Cu-CP composite spectra is attributed for 

π→π* and n→π* transition [25]. The presence and 

shifting of the peak indicate formation composite. 

 

Band gap analysis 

 

The calculation of band gap values is carried 

out using the equation α=A(hν−Eg)n /hν where α, Eg 

and A are the absorption coefficient, band gap and 

constant respectively. The band gap plays a key role 

for being an efficient photocatalyst, the band gap of a 

standard photocatalyst TiO2 is approximately 3.2 eV 

[26]. It indicates that band gap in the range of 2.0 eV 

to 4.0 eV could be a potential photocatalyst.  The band 

gap of Fe3O4 (NPs) and Fe3O4/Cu-MOF composite is 

1.95 eV and 2.54 eV respectively (Fig 8), whereas the 

band gap for TiO2 is approximately 3.2 eV which is 

established photo-catalyst.  
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Fig. 8: Tauc plot for band gap calculation of (a) Fe3O4 NPs and (b) Fe3O4/Cu-CP composite. 

 

 

 
 

Fig. 9: SEM image of (a) Fe3O4/Zr-CP composite 25.00 KX and (b) Fe3O4/Zr-CP composite 50.00 KX 

 

So, the synthesized nanoparticles and 

composite could be a potential photocatalyst. 

Integrating Fe3O4 NPs into Zr-MOF and Cu-MOF 

tunes the bandgap and optimizing radical generation, 

which boosts the degradation of MB dye. 

 

Scanning electron microscopy (SEM) 

 

A Scanning Electron Microscope (SEM) is a 

sophisticated scientific instrument that uses a focused 

beam of electrons to create detailed images and gather 

information about the surface of diverse materials. It 

provides high-resolution images and valuable insights 

into the microstructure, topography, composition, and 

other surface properties of samples. Analyzing SEM 

images is a pivotal stage within the comprehensive 

characterization process, particularly in the realm of 

topographic investigations involving samples.  

 

The SEM images in (Fig 9(a)) show the 

porous and fluffier structure of Fe3O4/Zr-CP 

composite. The captured image in (Fig 9(b)) is at the 

length of 100 nm. So, it can be said that the size of the 

Fe3O4/Zr-CP composite within the nanometer range 

(Fig 10(a-b)). The morphology of the composite 

mostly appeared to be porous and spongy. 

 

EDS 

 

To verify the successful formation of the 

Fe3O4/Zr-CP composite EDX analysis was performed. 

During the EDX measurement different areas were 

analyzed and the corresponding peaks are shown in 

(Fig 11). 
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Fig.10: SEM image of (a) Fe3O4/Cu-CP composite 1.00 KX and (b) Fe3O4/Cu-CP 10.00 KX composite. 

 

 
 

Fig. 11: EDS spectra of Fe3O4/Zr-CP composite. 

 

The EDS spectrum of the synthesized 

composite evidently shows the presence of both Fe3O4 

nanoparticles and Zr-CP components. In spectrum, the 

quantity of O, Zr, and Fe are 38.31, 15.43, and 46.26 

weight % respectively that indicates the formation of 

composite. Details of the EDS spectra of this 

composite atomic and weight % are listed in (Table 1). 

 

Photocatalytic activity 

 

The photocatalytic performance of Fe3O4 

NPs, Fe3O4/Zr-CP composite and Fe3O4/Cu-CP 

composite to degrade MB is illustrated by the peaks 

produced by a UV-vis spectrometer and shown in (Fig 

12 (a-c)).  

 

Table-1: EDS weight ratio of Fe3O4/Zr-CP composite. 

 

 

Element Weight % Atomic % 

Oxygen (O) 38.41 70.60 

Zirconium (Zr) 15.43 4.99 

Iron (Fe) 46.26 24.42 
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Fig. 12: The degradation of MB by (a) Fe3O4 NPs, (b) Fe3O4/Zr-CP composite and (c) Fe3O4/Cu-CP composite. 

 

 
 

Fig 13: (a) The decreasing manner of C/Cₒ and (b) efficiency after 120 min of MB degradation by Fe3O4 NPs 

(a), Fe3O4 /Zr-CP composite (b) and Fe3O4 /Cu-CP composite (c). 

 

The same cuvette is used for each 

measurement. The beer-Lambert equation states that 

the concentration is directly proportional to the 

absorption. There was a decrease in absorbance 

observed. The ratio of concentration at any time (C) 

with initial concentration (Co) (C/Cₒ) was decreased 

over time when Fe3O4 NPs, Fe3O4 /Zr-CP composite 

and Fe3O4 /Cu-CP composite was used as 

photocatalyst for MB degradation (Fig 13(a)).  

 

The degradation was monitored for 120 

minutes in the sun irradiation, the degradation of 

methylene blue (MB) was 77.14% in the presence of 

Fe3O4 NPs as a photocatalyst. Whereas, in the 

presence of Fe3O4 /Zr-CP and Fe3O4/Zr-CP composite 

as photocatalysts, shown the degradation efficiency of 

MB of 87.29% and 95.90%, respectively. (Fig 13(b)). 

It is clear that composite showed the significantly 

higher activity than nanoparticles. So, it was revealed 

that incorporation of Fe3O4 NPs to CP for preparing 

Fe3O4 /Zr-CP composite increase the degradation 

efficiency by tuning the band gap to optimum level. 

There is a strong correlation of band gap and photo 

degradation efficiency. It was found that the 

composite band gap is higher than nanoparticle and 

closer to TiO2. The composite can form (e/h) and 

retain required time to initiate photodegradation. So, 

this composite is potential photocatalyst to degrade the 

dye and could be used for various industrial and 

environmental purposes.  

 

Kinetic of Photodegradation  

 

Photodegradation reactions commonly 

described by first-order kinetics, where the 

degradation rate is directly proportional to the dye 

concentration. The kinetic of degradation was 

observed for Fe3O4 NPs, Fe3O4/Zr-CP composites and 

Fe3O4/Cu-CP composites. The kinetic of MB dye 

degradation in the presence of Fe3O4 NPs, Fe3O4/Zr-

CP composites and Fe3O4/Cu-CP composites (Fig 14) 

show a plot of -ln(C/C0) verses time to comprehend the 

reaction rate constant and obtained straight lines. The 

Fe3O4 NPs, Fe3O4/Zr-CP composites, Fe3O4/Cu-CP 



Reazul Hasan Riyan et al.,     doi.org/10.52568/001799/JCSP/47.05.2025   495 

composites respective regression value (R2) is found 

to be 0.98384, 0.99294 and 0.99588. 

 

 
 

Fig. 14: Pseudo-first-order kinetics plots of MB 

adsorption on with Fe3O4 NPs (a), Fe3O4/Zr-

CP (b) composites and Fe3O4/Cu-CP 

composites (c). 

 

The experimental data indicate that the 

photocatalytic degradation of methylene blue follows 

first-order reaction mechanism as the regression 

values for the fitted lines to be R2 > 0.95 [27]. The 

calculated rate constant, k (min-1) of Fe3O4 NPs, 

Fe3O4/Zr-CP composites, Fe3O4/Cu-CP composites 

are 1.303×10-2 min-1, 1.053×10-2 min-1 and 1.873×10-2 

min-1 respectively. Such kinetic behavior has been 

widely reported in similar photocatalytic studies, and 

confirms the efficiency of the photocatalyst in 

promoting dye decomposition through a first-order 

pathway [28]. 

 

Conclusion 

 

Finally, it can be said that our proposed 

nanoparticle, Fe3O4 and the composites, Fe3O4/Zr-CP 

and Fe3O4/Cu-CP have been synthesized successfully. 

The provided characterization data UV-Vis 

spectroscopy, FTIR spectroscopy, TGA, SEM and 

EDX have affirm the formation of the desired 

products. After that the photocatalytic activities of the 

synthesized products have been studied and the study 

showed that our synthesized composites are better 

photocatalysts than the Fe3O4 NPs. Hence, these 

composites can have effective implementations in 

sectors, notably in the industrial waste water treatment 

plants in our country. The composites have been 

proved as stable and efficient catalysts; thus, these 

might be further applied in photosensitizers, energy 

storage etc. in future. 
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