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ABSTRACT 

A hierarchical Fe₃O₄@porous carbon/g-C₃N₄ nanocomposite was synthesized from NH₂-18 

MIL-88B(Fe) through controlled pyrolysis and heterojunction assembly for visible-light 

photocatalytic degradation of azo dyes. Structural and optical characterization confirmed the 

formation of a porous heterostructure with enhanced visible-light absorption and charge 21 

separation. Under visible-light irradiation (λ > 420 nm), the composite achieved degradation 

efficiencies of 98.6% for methyl orange and 96.8% for Congo red within 90 min. The catalyst 

exhibited a saturation magnetization of 32.4 emu g⁻¹, enabling rapid magnetic separation 24 

within approximately 20 s. Radical trapping experiments indicated that •OH and •O₂⁻ were 

the dominant reactive species, supporting a Z-scheme charge-transfer mechanism. The 

nanocomposite retained 92.3% of its initial photocatalytic efficiency after five cycles, 27 

demonstrating good stability, reusability, and potential for sustainable wastewater treatment. 
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magnetic recovery; Z-scheme heterojunction 30 
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INTRODUCTION 36 

The increasing discharge of synthetic dyes from textile, printing, leather, pharmaceutical, 

and related industries has become a significant environmental concern because of their 

persistence, intense coloration, and potential adverse effects on aquatic ecosystems. Azo 39 

dyes constitute one of the largest classes of synthetic colorants and are characterized by 

one or more azo (–N=N–) groups that contribute to their chemical stability and resistance to 

conventional biological treatment [1, 2, 3]. Representative compounds such as methyl 42 

orange (MO) and Congo red (CR) can persist in wastewater and reduce light penetration in 

receiving water bodies, thereby interfering with photosynthetic processes and aquatic 

productivity. Their complex aromatic structures also make complete mineralization difficult 45 

using conventional treatment methods. Consequently, the development of efficient and 

environmentally sustainable technologies for the removal and degradation of azo dyes 

remains an important research objective [4, 5]. 48 

Heterogeneous photocatalysis has attracted considerable attention as an advanced 

treatment technology because it can utilize light energy to generate highly reactive charge 

carriers and reactive oxygen species capable of transforming persistent organic 51 

contaminants into less harmful products. Semiconductor photocatalysts such as TiO₂ and 

ZnO have demonstrated high photocatalytic activity; however, their relatively wide band 

gaps restrict their utilization primarily to ultraviolet irradiation [6, 7]. Graphitic carbon nitride 54 

(g-C₃N₄), a metal-free semiconductor with a band gap of approximately 2.7 eV, has therefore 

emerged as a promising visible-light-responsive photocatalyst. Its chemical stability, suitable 

electronic structure, and relatively simple preparation have stimulated extensive 57 

investigation for environmental photocatalysis. Nevertheless, pristine g-C₃N₄ commonly 

suffers from rapid electron–hole recombination, limited surface area, and insufficient 

utilization of visible light, which can reduce its photocatalytic efficiency. These limitations 60 

have motivated the development of g-C₃N₄-based heterostructures and composites that 

improve charge separation, light harvesting, and surface accessibility [8, 9]. 

Metal–organic frameworks (MOFs) provide an attractive platform for constructing advanced 63 

photocatalytic materials because of their tunable structures, high porosity, and ability to 

serve as precursors for functional carbonaceous materials. In particular, NH₂-MIL-88B(Fe), 

an iron-containing amino-functionalized MOF, possesses a well-defined framework and can 66 

undergo controlled thermal transformation to produce iron oxide/carbon architectures. MOF-

derived materials can retain aspects of the precursor's porous structure while generating 

new physicochemical properties associated with carbonization and metal-oxide formation. 69 
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Such transformations provide opportunities to construct hierarchical materials with 

interconnected pores, high surface areas, and improved accessibility of active sites [10, 11]. 

Combining MOF-derived Fe₃O₄@porous carbon with g-C₃N₄ is therefore potentially 72 

advantageous because the resulting material can integrate visible-light photocatalytic 

activity with the structural and electronic benefits of a porous carbon/iron oxide component 

[12]. 75 

Recent studies have demonstrated that coupling g-C₃N₄ with other semiconductors, carbon 

materials, and MOF-derived structures can enhance photocatalytic performance by 

promoting interfacial charge transfer and suppressing electron–hole recombination. Z-78 

scheme heterojunctions are particularly attractive because they can preserve strongly 

reducing electrons and strongly oxidizing holes while improving charge separation [13, 14, 

15]. In addition, incorporation of magnetic Fe₃O₄ offers an important practical advantage for 81 

water-treatment applications. Following photocatalytic treatment, magnetic composites can 

be rapidly separated from aqueous media using an external magnetic field, potentially 

reducing catalyst loss and simplifying recycling [16, 17, 18, 19]. Despite these advances, 84 

achieving an appropriate combination of hierarchical porosity, efficient visible-light 

harvesting, effective interfacial charge separation, magnetic recoverability, and long-term 

stability within a single photocatalyst remains challenging. Existing g-C₃N₄-based and MOF-87 

derived photocatalysts frequently address only some of these requirements, while 

simultaneous integration of these characteristics has received comparatively limited 

attention. In particular, magnetically recoverable Z-scheme photocatalysts derived from 90 

NH₂-MIL-88B(Fe) remain insufficiently explored [20, 21, 22]. 

Accordingly, the present study reports the fabrication of a hierarchical Fe₃O₄@porous 

carbon/g-C₃N₄ nanocomposite derived from NH₂-MIL-88B(Fe) for visible-light photocatalytic 93 

degradation of azo dyes. The material was prepared through controlled pyrolysis of NH₂-

MIL-88B(Fe) to generate Fe₃O₄@porous carbon, followed by assembly with exfoliated g-

C₃N₄. The resulting heterostructure was systematically characterized to establish its 96 

structural, morphological, textural, optical, electronic, and magnetic properties. Its 

photocatalytic activity was evaluated using methyl orange and Congo red as representative 

azo dyes under visible-light irradiation. Particular attention was given to the relationship 99 

between hierarchical porosity, visible-light absorption, interfacial charge transfer, and 

photocatalytic performance. Radical-trapping experiments were further employed to identify 

the principal reactive species and to clarify the proposed photocatalytic mechanism. Finally, 102 
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the magnetic separation capability and photocatalytic recyclability of the nanocomposite 

were investigated to assess its practical potential for sustainable wastewater treatment. 

EXPERIMENTAL  105 

Materials 

Ferric chloride hexahydrate (FeCl₃·6H₂O, 99%, Sigma-Aldrich, USA), 2-aminoterephthalic 

acid (NH₂-BDC, 99%, Sigma-Aldrich, USA), N, N-dimethylformamide (DMF, 99.8%, Merck, 108 

Germany), methanol (99%, Merck, Germany), melamine (99%, Sigma-Aldrich, USA), methyl 

orange, and Congo red (Sigma-Aldrich) were used as received without further purification. 

Synthesis of NH₂-MIL-88B(Fe) 111 

A solution containing 10.0 mmol of FeCl₃·6H₂O and 10.0 mmol of NH₂-BDC by dissolving 

2.70 g and 1.81 g in 60 mL of DMF under stirring for 30 minutes respectively. The 

homogeneous solution was transferred into a 100 mL Teflon lined autoclave and heated at 114 

150 °C for 12 hours. The solvothermal synthesis yielded 2.35 g of NH₂-MIL-88B(Fe) from 

the three batches. After cooling to a room temperature, the resulting orange precipitate was 

collected by centrifugation at 8000 rpm for 10 minutes, washed three times with 30 mL DMF 117 

and 30 mL methanol, and dried at 80 °C for 12 hours. 

Preparation of Fe₃O₄@Porous Carbon 

2.00 g of the dried NH₂MIL88B(Fe) material was placed in a tubular furnace and heated to 120 

500 °C at a heating rate of 5 °C min⁻¹ under a nitrogen flow of 100 mL min⁻¹. The temperature 

was maintained at 500 °C for 3 hours. The obtained black powder was cooled naturally to 

room temperature and denoted as Fe₃O₄@PC. 123 

Synthesis of g-C₃N₄ 

10.0 g of melamine was placed in a covered alumina crucible and heated at 550 °C for 4 

hours with a ramp rate of 3 °C min⁻¹ in air. The resulting yellow product was ground into 126 

powder. Exfoliation was achieved by ultrasonication in 200 mL ethanol for 2 hours, followed 

by drying at 60 °C. 

Fabrication of Fe₃O₄@PC/g-C₃N₄ Nanocomposite 129 

A mixture of 0.50 g of Fe₃O₄@PC and 1.00 g of g-C₃N₄ was dispersed in 150 mL ethanol 

and ultrasonicated for 1 hour. The suspension was stirred at 500 rpm for 12 hours at room 

temperature, followed by solvent evaporation at 60 °C. The dried composite was further 132 

annealed at 300 °C for 2 hours under nitrogen. 

Diagrammatic Scheme of Synthesis 



Mongolian Journal of Chemistry  Page xx of xx 

      

 
The overall synthesis strategy for the hierarchical Fe₃O₄@porous carbon/g-C₃N₄ 135 

nanocomposite is schematically illustrated in Figure 1. First, NH₂-MIL-88B(Fe) was prepared 

through a solvothermal reaction of FeCl₃·6H₂O and 2-aminoterephthalic acid (NH₂-BDC) in 

DMF at 150 °C for 12 h. The resulting MOF precursor was subsequently subjected to 138 

controlled pyrolysis at 500 °C under a continuous nitrogen atmosphere, during which the 

organic framework was carbonized and the iron-containing nodes were transformed into 

Fe₃O₄ nanoparticles embedded within the resulting porous carbon matrix, producing 141 

Fe₃O₄@PC. Finally, the Fe₃O₄@PC material was combined with exfoliated g-C₃N₄ through 

ultrasonication-assisted self-assembly in ethanol, followed by drying and mild annealing 

under nitrogen to promote intimate interfacial contact between the two components. As 144 

summarized in Figure 1, this sequential MOF formation–pyrolysis–heterostructure assembly 

approach was designed to integrate the hierarchical porous structure and magnetic 

functionality of Fe₃O₄@PC with the visible-light-responsive photocatalytic properties of g-147 

C₃N₄, yielding the targeted Fe₃O₄@PC/g-C₃N₄ nanocomposite. 

 

Fig. 1. Schematic illustration of the synthesis route for the hierarchical Fe₃O₄@porous carbon/g-150 

C₃N₄ nanocomposite derived from NH₂-MIL-88B(Fe), showing MOF formation, pyrolysis-induced 

carbonization and Fe₃O₄ formation, exfoliation of g-C₃N₄, and subsequent heterojunction 

assembly. 153 

Photocatalytic activity evaluation and reproducibility 

All photocatalytic degradation experiments were conducted in triplicate under identical 

experimental conditions. The reported degradation efficiencies represent the average 156 

values of three independent measurements. The relative standard deviation (RSD) was 

below 5%, confirming good reproducibility and experimental reliability. 

Characterization techniques 159 
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The structural properties of the synthesized materials were investigated using X-ray 

diffraction (XRD, Bruker D8 Advance) analysis performed with Cu Kα radiation (λ = 1.5406 

Å) over a 2θ range of 5–80°, enabling phase identification and crystallinity assessment. The 162 

morphological features and surface architecture of the samples were examined using 

scanning electron microscopy (SEM, JEOL JSM-7600F), while detailed microstructural 

information and particle dispersion were further analyzed by transmission electron 165 

microscopy (TEM, JEOL JEM-2100). The chemical bonding and functional groups present 

in the materials were identified using Fourier transform infrared (FTIR) spectroscopy, 

recorded using a Thermo Scientific Nicolet iS10 spectrometer in the range of 400–4000 168 

cm⁻¹. Surface elemental composition and oxidation states were determined through X-ray 

photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha), providing insights into the 

chemical environment and interfacial interactions within the composite. Optical properties, 171 

including light absorption behavior were obtained using a Shimadzu UV-2600 

spectrophotometer equipped with an integrating sphere using BaSO₄ as a reference, where 

UV–Vis diffuse reflectance spectroscopy (DRS), and the corresponding band gap energies 174 

were estimated using the Tauc method. Photoluminescence (PL) spectra were recorded at 

room temperature with an excitation wavelength of 325 nm, this was employed to investigate 

the recombination behavior of photogenerated electron–hole pairs, thereby assessing 177 

charge separation efficiency. The magnetic properties of the Fe₃O₄ containing composite 

were analyzed using vibrating sample magnetometry (VSM, Lakeshore 7404) at room 

temperature to determine the saturation magnetization and magnetic recoverability. 180 

Additionally, the specific surface area, pore size distribution, and pore volume of the 

materials were measured using Brunauer–Emmett–Teller (BET, Micromeritics ASAP 2020 

analyzer) nitrogen adsorption–desorption analysis, providing information on the porous 183 

structure and its role in facilitating mass transfer during photocatalytic reactions. 

RESULTS AND DISCUSSION 

Structural and Morphological Analysis 186 

The crystalline structure and phase transformation of the synthesized materials were 

systematically investigated using XRD, as presented in Figure 2. The diffraction pattern of 

the pristine NH₂ MIL88B(Fe) precursor exhibits a well-defined peak consistent with its 189 

crystalline framework, confirming the successful formation of the MOF structure. After 

pyrolysis at 500 °C under a nitrogen atmosphere, these characteristic peaks disappear and 

are replaced by new diffraction peaks at 2θ values of approximately 30.2°, 35.5°, 43.3°, 192 
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53.5°, 57.1°, and 62.6°, which can be indexed to the (220), (311), (400), (422), (511), and 

(440) crystal planes of cubic Fe₃O₄ (JCPDS No. 19-0629). This clearly demonstrates the 

successful conversion of NH₂ MIL 88B(Fe) into crystalline Fe₃O₄ nanoparticles. 195 

 

Fig. 2. X-ray diffraction (XRD) patterns of NH₂-MIL-88B(Fe), Fe₃O₄@porous carbon, and 

Fe₃O₄@PC/g-C₃N₄ nanocomposite confirming phase transformation and successful composite 198 

formation. 

In addition, a broad diffraction peak centered at approximately 26.5° is observed in the 

Fe₃O₄@PC/gC₃N₄ composite, corresponding to the (002) plane of graphitic carbon and 201 

gC₃N₄. The broad nature of this peak suggests partial graphitization and structural disorder, 

which is advantageous for enhancing charge mobility and electron transport. The absence 

of any impurity peaks further confirms the high purity and successful integration of 204 

Fe₃O₄@porous carbon with g-C₃N₄. Similar phase evolution from Fe-based MOFs into 

crystalline Fe₃O₄/carbon composites has been reported previously for MOF-derived 

photocatalysts and environmental catalysts [23-27]. 207 

The morphological features of the materials were examined using SEM, as shown in Figure 

3. The NH₂MIL88B(Fe) precursor exhibits an elaborate spindle like morphology with smooth 

surfaces. After pyrolysis, this morphology is largely retained, confirming the templating effect 210 

of the MOF precursor. However, the surface becomes significantly rougher and develops 

numerous pores due to decomposition of the organic ligands and evolution of volatile 

species during carbonization. The resulting hierarchical porous structure increases the 213 

accessible surface area and provides abundant active sites for photocatalytic reactions. 

After coupling with g-C₃N₄, thin nanosheets are observed surrounding the Fe₃O₄@porous 

carbon particles, indicating successful heterojunction formation. Such hierarchical porous 216 
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architectures have been shown to enhance reactant diffusion and increase photocatalytic 

active-site accessibility [28-33]. 

 219 

Fig. 3. Scanning electron microscopy images illustrating the morphological evolution from NH₂ 

MIL88B(Fe) precursor to Fe₃O₄@porous carbon and the assembled Fe₃O₄@PC/gC₃N₄ composite. 

Further insights into the microstructure were obtained from transmission electron 222 

microscopy (TEM), as depicted in Figure 4. The images reveal that Fe₃O₄ nanoparticles with 

an average size of approximately 12.5 nm are uniformly dispersed within the porous carbon 

matrix. The nanoparticles are well confined, preventing aggregation and ensuring high 225 

catalytic activity. Moreover, the intimate contact between Fe₃O₄@PC and the layered gC₃N₄ 

nanosheets is clearly observed, forming an elaborate heterojunction interface. The high-

resolution TEM images show clear lattice fringes with an interplanar spacing of 0.253 nm, 228 

corresponding to the (311) plane of Fe₃O₄, confirming its crystalline nature. This strong 

interfacial coupling is crucial for facilitating efficient charge transfer and suppressing 

recombination. 231 
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Fig. 4. TEM and HRTEM images of the Fe₃O₄@porous carbon/g-C₃N₄ nanocomposite: (a) 

Fe₃O₄@PC showing dispersed Fe₃O₄ nanoparticles within the porous carbon matrix; (b) exfoliated 234 

g-C₃N₄ nanosheets; (c) Fe₃O₄@PC/g-C₃N₄ heterostructure showing intimate interfacial contact; 

and (d) HRTEM image of the Fe₃O₄@PC/g-C₃N₄ interface. 

Surface area and porosity 237 

The nitrogen adsorption desorption isotherms and pore size distribution of the 

Fe₃O₄@PC/gC₃N₄ composite are presented in Figure 5. The isotherm exhibits a typical type 

IV curve with a pronounced hysteresis loop, indicating the presence of mesoporous 240 

structures. The Brunauer Emmett teller (BET) surface area is calculated to be 182.6 m² g⁻¹, 

which is significantly higher than that of bulk gC₃N₄, reflecting the contribution of the MOF 

derived porous carbon. The high surface area is consistent with previous reports on MOF-243 

derived porous carbon photocatalysts where hierarchical porosity significantly improved 

adsorption and photocatalytic performance [34-37]. 

 246 

Fig. 5. Nitrogen adsorption–desorption isotherms and corresponding pore size distribution of 

Fe₃O₄@PC/g-C₃N₄ nanocomposite, demonstrating hierarchical mesoporous structure and high 

surface area. 249 

The pore size distribution curve reveals a hierarchical porous structure consisting of 

mesopores of between 2–20 nm and macropores. This hierarchical architecture plays a vital 

role in photocatalysis by facilitating efficient mass transfer of dye molecules and reaction 252 

intermediates. The large surface area enhances adsorption capacity, while the 

interconnected pore network allows rapid diffusion, minimizing mass transfer limitations. 

These characteristics collectively contribute to the improved photocatalytic performance of 255 

the composite. 

Optical properties 
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The optical absorption properties of the samples were analyzed using UV–Vis diffuse 258 

reflectance spectroscopy (DRS), as shown in figure 6 (a).  Pristine gC₃N₄ exhibits an 

absorption edge around 460 nm, corresponding to a band gap of approximately 2.7 eV. In 

contrast, the Fe₃O₄@PC/gC₃N₄ composite displays a significantly extended absorption 261 

edge of up to 650 nm, indicating enhanced visible light absorption. Similar red-shifted 

absorption behavior has been observed in g-C₃N₄-based heterojunction photocatalysts due 

to enhanced electronic coupling and improved visible-light harvesting [38-43]. 264 

 

Fig. 6. (a) UV–Vis diffuse reflectance spectra and Tauc plots of g-C₃N₄ and Fe₃O₄@PC/g-C₃N₄; (b) 

photoluminescence spectra (λₑₓ = 325 nm) illustrating the suppressed electron–hole recombination 267 

in the Fe₃O₄@PC/g-C₃N₄ nanocomposite. 

The optical band gap of the composite was estimated to be 2.35 eV using Tauc plot analysis, 

confirming improved light harvesting capability. This red shift can be attributed to the 270 

synergistic interaction between Fe₃O₄, porous carbon, and g-C₃N₄, which modifies the 

electronic structure and promotes visible light responsiveness. Photoluminescence (PL) 

spectra shown in figure 6 (b) provide insight into the recombination behavior of 273 

photogenerated electron–hole pairs. The composite exhibits a markedly lower emission 

intensity compared to pure g-C₃N₄. Reduced PL intensity is commonly associated with 

suppressed electron–hole recombination and improved charge separation efficiency in 276 

heterostructured photocatalysts [44-50]. This improvement is attributed to the formation of a 

heterojunction and the presence of conductive porous carbon, which facilitates electron 

transport and acts as a charge mediator. The reduced recombination rate directly correlates 279 

with enhanced photocatalytic activity. 

Magnetic properties 

The magnetic behavior of the Fe₃O₄@PC/g-C₃N₄ composite was evaluated using VSM, as 282 

illustrated in figure7. The VSM curve exhibits negligible coercivity (Hc ≈ 0 Oe) and remanent 
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magnetization (Mr ≈ 0 emu g⁻¹), indicating superparamagnetic behavior characteristic of 

nanoscale Fe₃O₄ particles. The saturation magnetization value of 32.4 emu g⁻¹ is lower than 285 

bulk Fe₃O₄ due to the presence of nonmagnetic porous carbon and g-C₃N₄ components.  

 

Fig. 7. Vibrating sample magnetometry (VSM) curve of Fe₃O₄@PC/g-C₃N₄ composite showing 288 

superparamagnetic behavior and high saturation magnetization for magnetic recovery. 

Nevertheless, the saturation magnetization value of 32.4 emu g⁻¹ compares favorably with 

previously reported magnetic g-C₃N₄-based photocatalysts, which typically exhibit 291 

saturation magnetization values between 18 and 30 emu g⁻¹ after incorporation of 

nonmagnetic photocatalytic phases [51-54]. The near-zero coercivity and remanence 

indicate superparamagnetic behavior characteristic of nanosized Fe₃O₄ particles. The 294 

catalyst could be completely separated from aqueous suspension within approximately 20 

s using an external magnet. 

Photocatalytic performance 297 

The photocatalytic activity of the Fe₃O₄@PC/g-C₃N₄ composite was evaluated through the 

degradation of methyl orange (MO) and Congo red (CR) under visible light irradiation, as 

shown in Figure 8 (a) and (b), respectively. Prior to irradiation, the suspensions were stirred 300 

in the dark to establish adsorption–desorption equilibrium. 

As shown in figure 8a, the composite achieves a degradation efficiency of 98.6% for methyl 

orange within 90 minutes, while figure 8b shows a degradation efficiency of 96.8% for Congo 303 

red under identical conditions. In comparison, pure g-C₃N₄, Fe₃O₄@PC, and photolysis 

exhibit significantly lower degradation efficiencies, highlighting the superior performance of 

the heterostructured composite. The degradation kinetics follow a pseudo first order model, 306 

and the apparent rate constant (k) for methyl orange degradation is calculated to be 0.041 

min⁻¹, which is approximately 3.2 times higher than that of pristine g-C₃N₄. 
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 309 

Fig. 8. Photocatalytic degradation performance under visible light irradiation: (a) methyl orange 

(MO) and (b) Congo red (CR) degradation profiles using Fe₃O₄@PC/g-C₃N₄ and control samples. 

The enhanced photocatalytic activity can be attributed to several synergistic factors, 312 

including improved visible-light absorption, efficient charge separation via the 

heterojunction, enhanced electron transport through the porous carbon matrix, and 

increased active sites due to the hierarchical structure. Similar improvements have been 315 

reported for MOF/g-C₃N₄ and metal oxide/g-C₃N₄ heterostructures, where efficient charge 

separation and broadened visible-light absorption significantly enhanced degradation 

kinetics [55-59]. 318 

To further evaluate the effectiveness of the synthesized Fe₃O₄@PC/g-C₃N₄ nanocomposite, 

its photocatalytic performance was compared with recently reported visible-light-responsive 

photocatalysts for dye degradation. As summarized in Table 1, the present catalyst exhibits 321 

competitive degradation efficiency and shorter reaction time compared with several state-

of-the-art photocatalytic systems reported in the literature. The superior performance can be 

attributed to the synergistic effects of the hierarchical porous structure, enhanced visible-324 

light absorption, efficient Z-scheme charge separation, and rapid electron transport.  

Table 1. Comparison of the photocatalytic performance of Fe₃O₄@PC/g-C₃N₄ with recently reported 

visible-light-responsive photocatalysts for dye degradation. 327 

Photocatalyst Pollutant Degradation 

(%) 

Time 

(min) 

Reference 

MOF-5/g-C₃N₄ Rhodamine B 92.4 120 Haris et al., 2024 

MoS₂/g-C₃N₄ Aniline Green 95.0 120 Ramalingam et al., 

2025 

La/Cu-BiFeO₃/g-C₃N₄ Crystal Violet 96.2 100 Bibi et al., 2025 

Ti₃C₂/g-C₃N₄ Hydrogel Organic Pollutants 94.8 120 Li et al., 2025 

Fe₃O₄@PC/g-C₃N₄  Methyl Orange 98.6 90 This work 

Fe₃O₄@PC/g-C₃N₄  Congo Red 96.8 90 This work 
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The comparison demonstrates that the Fe₃O₄@PC/g-C₃N₄ nanocomposite achieves one of 

the highest degradation efficiencies among recently reported visible-light photocatalysts 330 

while maintaining the additional advantage of magnetic recoverability. The incorporation of 

MOF-derived porous carbon not only improves charge transport and visible-light harvesting 

but also enhances structural stability and facilitates catalyst recovery, making the material 333 

attractive for practical wastewater treatment applications. 

Mechanism study 

To identify the dominant reactive species involved in the photocatalytic process, radical 336 

trapping experiments were conducted, and the results are presented in Figure 9. The 

addition of isopropanol (IPA), a hydroxyl radical scavenger, significantly reduces the 

degradation efficiency, indicating the crucial role of •OH radicals. Similarly, the presence of 339 

benzoquinone (BQ), a superoxide radical scavenger, also leads to a marked decrease in 

degradation efficiency, confirming the involvement of •O₂⁻ radicals. In contrast, the addition 

of EDTA shows a relatively smaller effect, suggesting a lesser contribution of 342 

photogenerated holes. 

 

Fig. 9. Radical scavenging experiments identifying the dominant reactive species involved in 345 

photocatalytic degradation over Fe₃O₄@PC/g-C₃N₄ nanocomposite. 

Based on these observations, a Z scheme charge transfer mechanism is proposed, as 

illustrated in figure 10. Under visible light irradiation, both g-C₃N₄ and Fe₃O₄@PC are 348 

photoexcited to generate electron–hole pairs. The photogenerated electrons in the 

conduction band of Fe₃O₄@PC recombine with holes in the valence band of g-C₃N₄ at the 

interface. This recombination pathway preserves the strong redox potentials of the 351 

remaining charge carriers. 



Mongolian Journal of Chemistry  Page xx of xx 

      

 

 

Fig. 10. Proposed Z-scheme charge transfer mechanism illustrating charge separation pathways 354 

and reactive oxygen species generation in the Fe₃O₄@PC/g-C₃N₄ heterojunction system. 

As a result, electrons in the conduction band of g-C₃N₄ reduce molecular oxygen to form 

superoxide radicals (•O₂⁻), while holes in the valence band of Fe₃O₄@PC oxidize water to 357 

generate hydroxyl radicals (•OH). These highly reactive species subsequently degrade dye 

molecules into CO₂ and H₂O. The Z-scheme mechanism effectively enhances charge 

separation while maintaining strong redox capabilities, leading to superior photocatalytic 360 

performance. Z-scheme heterojunction systems are widely recognized for preserving strong 

redox potentials while promoting efficient spatial separation of photogenerated charge 

carriers [60, 61, 62, 63]. 363 

Reusability and stability 

The practical applicability of a photocatalyst in wastewater treatment critically depends on 

its stability and recyclability during repeated operation. To evaluate the durability of the 366 

Fe₃O₄@porous carbon/g-C₃N₄ nanocomposite, cyclic photocatalytic degradation 

experiments were carried out using methyl orange (MO) under visible light irradiation. After 

each cycle, the catalyst was magnetically separated from the reaction mixture, washed 369 

thoroughly with deionized water and ethanol to remove residual intermediates, and dried at 

60 °C prior to reuse. As shown in figure 11, the Fe₃O₄@PC/g-C₃N₄ nanocomposite 

maintains a high photocatalytic activity over five successive cycles, retaining 92.3% of its 372 

initial degradation efficiency. Comparable long-term stability has been reported for 

advanced MOF-derived photocatalysts and adsorption-photocatalysis hybrid systems used 

in wastewater remediation [64, 65, 66, 67]. 375 
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Fig. 11. Reusability and stability of Fe₃O₄@PC/g-C₃N₄ nanocomposite over five consecutive 

photocatalytic cycles. 378 

The slight decline in performance of approximately 7.7% is attributed primarily to minor 

surface fouling caused by strongly adsorbed reaction intermediates and partial blockage of 

active sites, rather than any significant structural degradation of the catalyst. The excellent 381 

recyclability of the composite can be ascribed to its well-engineered structural features. The 

embedded Fe₃O₄ nanoparticles impart strong magnetic properties (Mₛ = 32.4 emu g⁻¹), 

enabling rapid and efficient recovery of the catalyst within seconds using an external 384 

magnetic field, thereby minimizing material loss. In addition, the porous carbon matrix 

derived from NH₂-MIL-88B(Fe) provides a robust structural framework that prevents 

nanoparticle aggregation and preserves the hierarchical porous architecture. Furthermore, 387 

the strong interfacial coupling between Fe₃O₄@porous carbon and g-C₃N₄ ensures the 

stability of the heterojunction, maintaining efficient charge separation and transfer during 

repeated photocatalytic cycles. The stability of the catalyst is further supported by the 390 

consistent magnetic separation behavior observed after each cycle, indicating that the 

Fe₃O₄ component remains firmly anchored within the carbon matrix without significant 

leaching. This structural robustness is essential for long-term operation and prevents 393 

secondary contamination of treated water. Overall, the results presented in figure 11 clearly 

demonstrate that the Fe₃O₄@PC/g-C₃N₄ nanocomposite possesses excellent reusability, 

structural stability, and operational convenience. These attributes highlight its strong 396 

potential for practical applications in sustainable wastewater treatment and large-scale 

photocatalytic processes. 

CONCLUSION 399 

A hierarchical Fe₃O₄@porous carbon/g-C₃N₄ nanocomposite derived from NH₂-MIL-

88B(Fe) was successfully synthesized through MOF-templated pyrolysis and heterojunction 

assembly. The composite exhibited a high BET surface area of 182.6 m² g⁻¹, an extended 402 
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visible-light absorption edge reaching 650 nm, and a reduced bandgap energy of 2.35 eV. 

The photocatalyst achieved degradation efficiencies of 98.6% for methyl orange and 96.8% 

for Congo red within 90 min under visible-light irradiation. The saturation magnetization of 405 

32.4 emu g⁻¹ enabled rapid magnetic recovery within 20 s. Radical trapping experiments 

confirmed that •OH and •O₂⁻ were the dominant reactive species and supported a Z-scheme 

charge transfer mechanism. The catalyst retained 92.3% of its initial activity after five 408 

consecutive cycles, demonstrating excellent stability and reusability. These results highlight 

the potential of MOF-derived magnetic heterojunction photocatalysts for sustainable 

wastewater treatment applications. The photocatalytic efficiency achieved in this work 411 

compares favorably with recently reported visible-light-responsive MOF/g-C₃N₄ 

heterojunction systems, while additionally providing rapid magnetic recovery and excellent 

cycling stability  414 
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