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Abstract 
The escalating discharge of textile effluents, burdened with persistent dyes such as methy-
lene blue (MB), has become a significant global concern. In this study, a surface-engineered 
iron sludge, denoted as IMS-MOF, was synthesized by modifying iron-rich industrial metal 
sludge (IMS) to enhance its performance in photoelectrochemical degradation of MB. The 
IMS-MOF was synthesized via a hydrothermal method, utilizing IMS as the metal ion source 
and 1,3,5-tricarboxylic acid (BTC) as ligand. Characterization results revealed that IMS-MOF 
exhibited an increase in surface area (50.34 m² g-1), and porosity (0.27 cm³ g-1) compared 
to IMS (36.56 m² g-1, 0.19 cm³ g-1). Additionally, the MOF process induced a morphological 
transition from densely agglomerated particles with rough surface features to well-defined, 
rod-shaped crystalline structures, characteristic of metal-organic frameworks, thereby sig-
nificantly enhancing the specific surface area and active site accessibility. This structural 
rearrangement led to a significant increase in the specific surface area and facilitated 
enhanced access to the active sites within the framework. The band gap reduction in IMS-
MOF enhanced its photocatalytic activity under UV light irradiation. Photoelectrochemical 
degradation studies showed that IMS-MOF achieved higher MB removal efficiency than 
IMS, with over 90 % MB degradation within a specific contact time. The adsorbent exhibits 
good adsorption performance over a broad pH range (5-11). By scavenging tests of free 
radicals generated, hydroxy radicals (·OH) and superoxide radicals (·O2-) were indicated as 
the reactive oxygen species in the photoelectrochemical degradation. Although IMS-MOF 
showed a 15.1 % decrease after 10 cycles, it still possessed reusability and stability, 
indicating that it is qualified for textile wastewater treatment in practice. 
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Introduction 

Textile dyeing effluents containing rich chromophoric compounds have a significant impact on 

the attenuation of photosynthetically active radiation (PAR) in aquatic ecosystems [1]. This 

reduction of PAR could interrupt the phototrophic metabolism of primary producers, leading to a 

trophic interruption in aquatic food webs and an increased risk of anthropogenic diseases [2,3]. 

Textile dyeing effluents have been reported to contain high concentrations of organic pollutants 

that are almost recalcitrant in nature and likely toxic [4,5]. The textile wastewater should be 

processed in accordance with environmental laws and regulations before being discharged to avoid 

pollution and minimize environmental risks. 

Textile dyeing wastewater is treated by a combination of technologies, such as physical [6,7], 

chemical [8,9], and biological processes [10], to achieve discharge quality standards [11]. 

Photoelectrochemical advanced oxidation processes (PEC-AOPs) degradation is one of the new 

approaches for the degradation of dye synthetic compounds in wastewater treatment, in which the 

coupling of photocatalyst and electrochemical reactions takes place [11]. This simultaneous reaction 

utilizes light energy to initiate the oxidative degradation of organic pollutants, which exist in high 

concentrations in effluent wastes generated from the textile industry, that are a huge environ-

mental concern because of the environmental toxicities of synthetic dyes [12]. The PEC-AOPs 

systems for the treatment of wastewater have numerous advantages. Better charge carrier 

separation with an imposed external bias leads to more powerful formation of reactive oxygen 

species (ROS) that are able to degrade the existing contaminants [13]. In recent years, there has 

been great progress towards the development of more advanced PEC-AOPs via bias-free ion-

assisted methods, which can realize a considerable enhancement of the energy efficiency [14]. PEC-

AOPs are also capable of complete mineralization of organic contaminants to non-toxic substances 

with minimal-to-no generation of toxic or hazardous intermediates [15]. As PEC-AOPs systems are 

resistant to a wide range of environmental parameters (e.g. pH, ionic strength), they can be more 

widely adopted in real-world wastewater treatment [16]. 

This paper presents a new recycling industrial waste product, the iron-rich industrial metal 

sludge (IMS), which is applied in environmental remediation and in the synthesis of composite and 

catalytic materials. However, its implementation is impeded by several key factors. Metal ion leaching 

can lead to environmental pollution and affect the stability of materials, so this is also one of the main 

problems [17]. Furthermore, the untreated IMS with relatively small specific surface area, insufficient 

active sites and poor structural stability is also restricted in use for adsorption or catalytic reac-

tions [18]. To address these shortcomings, surface and structural modifications are necessary to 

enhance the functional properties of IMS and inhibit metal release. The application as a PEC catalyst 

for dye wastewater and industrial waste treatment of dye using IMS is also a possible application. 

Although it exhibits higher catalytic reactivity and improved kinetic performance compared to IMS, 

the latter still shows limited activity and a slower degradation rate than more advanced catalytic 

materials. Although composites such as cellulose/Fe-MOF [19], MOF-IO [20], Fe-MOF@MoS2 [21] and 

Fe₃O₄@SiO₂ [22] have shown improved performance, IMS materials still experience degradation 

through corrosion and oxidation, which limits their recyclability. Therefore, to enable the effective 

application of IMS in environmental systems, comprehensive strategies to strengthen its structure and 

stability are essential. IMS waste is difficult to manage and dye selectivity in IMS might be insufficient 

for the complete treatment of complex waste streams [23,24]. However, advancements in material 

engineering and hybrid systems may enhance IMS in PEC. 
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Metal-organic frameworks (MOFs) are known as one of the most promising materials for tuning 

structural and functional properties because of their large surface area, scalable porosity, and 

chemical modifiability [25-27]. To address the intrinsic drawbacks of IMS, such as instability and Fe 

leaching during catalytic processes, an alternative MOF approach using trimesic acid (1,3,5-benzene-

tricarboxylic acid, BTC) has been adopted to assemble an IMS-MOF heterostructure. This approach 

not only contributes to the mechanical stability and catalytic performance of IMS, particularly in 

photoelectrochemical (PEC) dye degradation, but also solves a serious problem of metal ions leaching 

that impedes the practical application of the unmodified IMS [28,29]. In IMS-MOF, iron ions serve as 

central metal nodes in the crystal system of MOFs, thereby possessing not only the catalytic activity 

of iron but also being highly porous and tuneable MOFs [30]. Such a synergetic combination brings 

vast application potentials in environmental treatment and heterogeneous catalysis. 

The fundamental significance of this work is to propose an environmentally benign strategy for 

reusing IMS waste as precious catalytic materials. This not only offers a cost-effective and sustain-

able strategy for the treatment of industrial sludge but also supplies an alternative route for durable 

MOF-derived catalysts in wastewater purification. By combining waste-to-resource utilization with 

high catalytic activity, this work proposes advancements in the circular economy and the 

development of MOF-based environmental treatment technologies. 

In this study, a novel catalyst named IMS-MOF is prepared using a hydrothermal MOF method, 

with IMS as the driving agent. The cooperating of IMS nodes and BTC linkers forms a stable IMS-

MOF, which functional groups and intermolecular interaction are characterized by scanning electron 

microscopy (SEM), x-ray photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy 

(FTIR), isoelectric point (IEP), cyclic voltammetry (CV), electrochemical impedance spectroscopy 

(EIS), linear sweep voltammetry (LSV) techniques. The recyclability of the IMS-MOF catalyst is also 

examined for the long term. The main purpose of the present work is to assess the capability of IMS-

MOF as a green, efficient and clean catalyst in the PEC process for MB dye degradation, which 

provides both research novelty and engineering applications. 

Experimental  

Materials  

Iron-metal-sludge (IMS) was procured from a steel factory in Shah Alam, Selangor, Malaysia, and 

served as the precursor for synthesizing an IMS-MOF. All other chemicals employed in this 

investigation were of analytical grade and acquired from Sigma-Aldrich. Ultrapure deionized water 

with a resistivity of 18.2 MΩ⸱cm was utilized for the preparation of all aqueous solutions. Benzene-

1,3,5-tricarboxylic acid (Trimesic acid, BTC) and N, N-dimethylformamide (DMF) were utilized as the 

organic linker and solvent, respectively, in the IMS-MOF preparation. The supporting electrolyte was 

made up of a sodium chloride (NaCl) solution. 0.1 M aqueous solutions of sodium hydroxide (NaOH) 

and hydrochloric acid (HCl) were employed to alter the pH of the solutions to the desired value. A 

stock solution of methylene blue (MB) was prepared (200 ppm). 

Preparation of IMS-MOF 

The IMS was first sieved to discard debris and other contaminants. It was then washed successively, 

followed by filtration to remove impurities and fine particulates. The washed IMS was dried in an oven 

at 80 °C overnight and finally calcined at 450 °C in a furnace for 2 hours, to transform all iron-containing 

species present in the IMS into iron oxide. The preparation of IMS-MOF was modified from [28]. A 

hydrothermal method was used, whereby 1.246 g of IMS and 1.937 g of BTC were mixed with a certain 
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volume of DMF with a precursor-to-solvent molar ratio, IMS : BTC : DMF = 1 : 2 : 400. The resulting 

mixture was then transferred to a 250 mL Teflon-lined stainless-steel autoclave and subjected to 

hydrothermal treatment at 150 °C for 24 h. The resulting product was a blackish powder, obtained 

after thorough washing, filtration, and subsequently drying at 80 °C for 2 hours, as illustrated in 

Figure 1. This process yielded the desired IMS-MOF material. 

 
Figure 1. Schematic illustration of the IMS-MOF preparation 

IMS-MOF performance of oxidizing organic compounds 

This study investigates the electrocatalytic degradation of MB dye in aqueous solution using the 

IMS-MOF catalyst. Experiments were conducted in a 100 mL electrochemical cell equipped with a 

platinized titanium anode and a carbon cathode. A 50 ppm MB solution was employed, with the 

addition of 1 M NaCl to enhance conductivity. The cell was maintained at a constant stirring speed 

of 160 rpm for 180 minutes. A direct current (DC) power supply was used to apply a constant current 

density of 1 mA cm-2. Before the photoelectrochemical process, the system has equilibrated in the 

dark for 20 minutes for the adsorption-desorption equilibrium between MB dyes and IMS-MOF 

catalyst. Different factors like catalyst dosage (0.01 to 0.06 g L-1), initial pH (2-7) and initial MB 

concentration (25 to 150 ppm) were studied to observe their impact on the degradation 

performance. Catalyst recyclability and metal leaching were further investigated. UV-Vis 

spectroscopy was used to monitor the progress of the reaction, and each experiment was performed 

in triplicate. Removal, % of MB was calculated using Equation (1): 

i f

i

-
Removal= 100

C C

C
   (1) 

where Ci and Cf / mg L-1 are the initial and final concentrations of the MB dye in the liquid phase. 

Characterization of IMS-MOF 

Following the preparation of the IMS-MOF, the materials were comprehensively characterized 

using a suite of analytical techniques. These included scanning electron microscopy with energy-

dispersive X-ray spectroscopy (SEM-EDX, DSM 982 GEMINI) for morphological and elemental analysis, 

Fourier-transform infrared spectroscopy (FTIR, Perkin Elmer) for functional group identification, 

Brunauer-Emmett-Teller (BET, 3FLEX 3500) analysis for surface area and porosity determination,  

X-ray diffraction (XRD, Rigaku Model Ultima IV) for crystallographic structure elucidation, X-ray 

photoelectron spectroscopy (XPS, Axis Ultra DLD) for surface chemical composition and to investigate 

surface reactivity and oxygen desorption behaviour, and ultraviolet-visible diffuse reflectance 

spectroscopy (UV-Vis DRS, Cary 5000) for optical property and band gap analysis. 

Determination of isoelectric point 

The isoelectric point (IEP) of the IMS-MOF material was determined using a Malvern Zetasizer 

Nano-series. To establish a pH gradient, 100 mL solutions of 0.25 M NaCl, 0.25 M HCl and 0.025 M 

HCl were prepared, and their initial pH values were adjusted within the range of 2 to 7. Following 
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treatment, aliquots of the solutions were transferred to zeta potential measurement cells. The final 

pH of each solution was recorded, and a plot of zeta potential versus pH was constructed. The IEP 

of the IMS-MOF material was determined as the point of zero charge (PZC), identified as the pH 

value at which the zeta potential intersects the x-axis. 

Electrochemical studies 

A screen-printed carbon electrode (SPCE) was used to carry out electrochemical experiments. 

The supporting electrolyte, comprising 0.1 M KCl and 5 mM potassium ferrocyanide (K₄[Fe(CN)₆]), 

served as a redox probe to evaluate the electron transfer characteristics of the electrode surface. A 

portion of this electrolyte solution was mixed with IMS-MOF and cast onto the working electrode of 

SPCE. Electrochemical measurements were subsequently carried out on a Metrohm Autolab poten-

tiostat and interfaced with NOVA 1.10 software for data acquisition and analysis. The same experi-

mental strategy was applied for the collection of electrochemical impedance spectroscopy (EIS), 

cyclic voltammetry (CV), and linear sweep voltammetry (LSV) studies. 

Scavenger experiment 

The major reactive oxygen species (ROS) engaged in MB degradation were confirmed. Under UV 

irradiation, the reaction mixture contained MB and the IMS-MOF catalyst. To ascertain the main 

ROS, 1 mM of various scavengers was added to the reaction system. Ethylenediaminetetraacetic 

acid disodium salt (EDTA-2Na) was used to trap positively charged holes (h⁺), and hydrogen peroxide 

(H₂O₂) preferentially quenched hydroxyl radicals (·OH) in this study. Superoxide anion radicals (·O₂-) 

were trapped by using p-benzoquinone (PBQ), and silver nitrate (AgNO₃) was used as an electron 

scavenger. 

Results and discussion 

Characterization of the catalyst 

The X-ray diffraction (XRD) analysis of IMS-MOF (Figure 2a) revealed a highly crystalline material 

with a predominant magnetite (Fe3O4) phase, with characteristic diffraction peaks at 32.0, 35.6, 41.5, 

57.3 and 62.7° matching the standard magnetite reference (ICD: PDF 01-084-2782). The XRD pattern 

exhibited similarities to analogous frameworks such as Fe complexes [29], i-MOF [30], BC@MIL- 

-88B(Fe) [31], and HKUST-1 [32], suggesting a common structural motif. Additionally, these results 

confirm the successful incorporation of Fe3O4 nanoparticles within the MOF matrix. Comparative 

analysis with the unmodified IMS precursor revealed a partial transformation of the hematite (Fe2O3) 

phase to magnetite, likely due to the interaction between BTC (organic linker) and the iron species. 

This interplay alters the oxidation state of iron, promoting the reduction of iron and causing the 

observed phase transition, which exemplifies the strong effect of the synthesis process on the 

structural and compositional properties of the material [33,34]. FTIR spectra shown in Figure 2b were 

employed to analyse the functional groups of IMS and IMS-MOF. The band of 1600 cm⁻¹ can be 

attributed to the stretching vibrational C=C, indicating the existence of aromatic rings in IMS- 

-MOF [29]. The band appearing at 1400 cm⁻¹ corresponds to the symmetric stretching of the carbo- 

xyl(-COOH) functional group [35], which also indicates the successful incorporation of BTC into IMS-

MOF. Furthermore, the absorption band at about 1000 cm⁻¹ was found to be related to the C-H 

deformation vibrations, which are of a higher intensity in the profile of IMS-MOF, indicating a 

particular change in an organic framework [36]. The detected peaks situated at lower wavenumber 

at ≈500 cm⁻¹ can be ascribed to the Fe-O stretching vibrational modes, thus establishing the 
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presence of Fe-organic complexes within IMS-MOF [35]. The changed positions of the Fe-O band 

relative to that of IMS indicate structural modifications associated with the binding of the BTC linker 

to the Fe species. The absence of the free carboxylic C=O stretch at ≈1700 cm⁻¹ demonstrates that 

BTC is deprotonated and coordinated to Fe sites [37]. This coordination formation further supports 

that the organic linker is effectively incorporated with the iron species in the IMS-MOF framework, 

resulting in stronger Fe-O-C bonding. The above bonding type indicates that a strong coupled effect 

between BTC and Fe was formed in the composite, and the ligand not only acted as a stabilizer for 

the metal node but also facilitated electron delocalization. This stronger interaction facilitates better 

light absorption and charge transfer, which is responsible for the superior photocatalytic efficiency 

of the IMS-MOF.  

These significant changes in band intensities, along with the alterations in C=C, C-H, and Fe-O 

bonding compared to pure IMS, further confirm the successful synthesis of IMS-MOF and the 

effective incorporation of organic ligands into the Fe-based material. 

 
 2 / ° Wavenumber, cm-1 

Figure 2. (a) XRD patterns of IMS and IMS-MOF, (b) FTIR of IMS and IMS-MOF 

The surface morphology of IMS and IMS-MOF, as observed in Figure 3(a,b), reveals significant 

changes after modification with the BTC linker. IMS (Figure 3a) exhibits agglomerated, densely 

packed particles with a rough surface texture, indicative of a limited surface area and a paucity of 

accessible active sites. This compact morphology likely impedes the adsorption of organic 

pollutants, consequently affecting degradation efficiency. Conversely, IMS-MOF (Figure 3b) displays 

well-defined, rod-like crystalline structures characteristic of metal-organic frameworks. This mor-

phological transformation suggests an increase in surface area, affording a greater number of active 

sites and enhancing the material's adsorption capacity.  

Both IMS and IMS-MOF exhibit Type IV isotherms with a distinct hysteresis loop, classifying them 

as mesoporous materials according to the IUPAC classification. The presence of a hysteresis loop 

during the intermediate stages of adsorption and desorption, coupled with a saturation plateau at 

high relative pressure, further substantiates the mesoporous character of both materials. Because 

the textural properties of both IMS and IMS-MOF were analysed by nitrogen adsorption-desorption 

isotherms, there were significant differences between the two materials. The BET specific surface 

area of IMS was 36.56 m² g-1, pore volume was 0.19 cm³ g-1, and average pore size was 13.03 nm.  
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Figure 3. SEM images of (a) IMS and (b) IMS-MOF; (c) N₂ adsorption–desorption isotherms and 

corresponding pore size distributions of (i) IMS and (ii) IMS-MOF, where V denotes the volume of N₂ 
adsorbed (cm³ g⁻¹ STP⁻¹) and W represents the pore width (nm); (d) magnetic recovery of IMS-MOF, where 
(i) shows the solution before and after methylene blue (MB) degradation, and (ii) demonstrates the facile 

magnetic separation of the IMS-MOF catalyst from the reaction medium using an external magnet 

The BET specific surface area of the new material IMS-MOF significantly increased from 6.04 to 

50.34 m² g-1 after stepwise modification with the BTC linker, and the pore volume increased to 

0.27 cm³ g-1 with the average pore size of 15.5 nm. However, the textural properties of the IMS-MOF 

material represent an enhancement from those of the parent IMS, yet the obtained surface area of 

50.34 m² g-1 is significantly lower than those reported for conventional Fe-BTC MOFs (800 to 

1400 m² g-1) [38]. Several factors explain this difference. In the first place, the embedding of IMS within 

the MOF matrix might induce structural defects or compromise the long-range order of the crystalline 

structure, restricting the total porosity [39]. Secondly, potential pore blockage by residual metal 

sludge components from the IMS precursor could contribute to the diminished surface area, as these 

particles may occupy or obstruct the accessible pore network. 

The interaction between Fe sites in IMS and IMS-MOF with the BTC linker significantly influences the 

electronic structure, which in turn affects their catalytic properties. This interaction was further explored 

using XPS analysis. The survey spectra (Figure 4 (a, b)) confirm the presence of Fe, O, and C in both IMS 

and IMS-MOF. The Fe 2p high-resolution spectra provides insights into the oxidation state and electronic 

structure of Fe in both materials. In IMS (Figure 4a), Fe 2p3/2 and Fe 2p1/2 peaks are observed at 705.4 

and 718.5 eV, respectively, indicating the presence of Fe3+ species. The broad peak shape suggests the 

coexistence of multiple oxidation states, likely due to surface hydroxylation or adsorbed oxygen species. 

The observed separation of 13 eV between Fe 2p3/2 and Fe 2p1/2 is consistent with Fe-based 
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compounds, further confirming the presence of Fe species in the material. After MOF functionalization 

(Figure 4b), a blue shift is observed in Fe 2p binding energies, with Fe 2p3/2 and Fe 2p1/2 shifting to 708.9 

and 721.9 eV, respectively. This shift suggests a ligand-induced charge transfer effect, where the 

coordination of Fe with the BTC linker alters its electronic environment. Such charge transfer reduces 

the recombination rate of charge carriers and promotes charge separation, which is beneficial for 

catalytic applications. Similar trends have been reported in Fe-based catalysts, where the coordination 

of organic ligands modulates Fe oxidation state and enhances electron mobility. 

 (a) 

 
 (b) Binding energy, eV Binding energy, eV 

 
 Binding energy, eV Binding energy, eV 

Figure 3. XPS spectra of (a) IMS and (b) IMS-MOF 

Furthermore, the deconvolution of Fe 2p spectra in IMS-MOF suggests increased covalency in  

Fe-O bonding can influence adsorption properties and catalytic performance. The shift in Fe binding 

energies, along with the modified electronic structure, supports the hypothesis that BTC ligands play 

a crucial role in stabilizing Fe active sites and tuning their redox properties. These electronic 

modifications in IMS-MOF highlight the role of BTC functionalization in enhancing charge separation, 

increasing active sites, and potentially improving photocatalytic efficiency. 

The magnetic recovery of the IMS-MOF was confirmed by its facile magnetic separation using an 

external magnet, as demonstrated in Figure 3d(ii). This attribute enables efficient catalyst recovery and 

reuse, which is a critical advantage for practical applications in wastewater treatment and environmen-

tal remediation. It promotes sustainable catalyst utilization and minimizes potential secondary pollution. 

Isoelectric point studies 

The presence of BTC as an organic linker significantly influences the surface charge characteristics 

of MOF. Before modification with BTC, the IMS material exhibited isoelectric points (IEP) at pH 11.8 
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and pH 12 as shown in Figure 5, with corresponding zeta potentials of 0.1 and 0.3 mV, respectively. 

This shows that the material’s surface was nearly neutral in this pH range with very low electrostatic 

repulsion in solution. After being modified with BTC (IMS-MOF), the IEP moved to pH 5.32. The 

significant change is due to the addition of BTC, which carries pH-sensitive carboxyl groups  

(-COOH) [30]. These groups undergo deprotonation at elevated pH, forming negatively charged car-

boxylate groups (-COO-) and thus endowing the modified material with more negative charge [30,40]. 

A zeta potential of 6 mV was recorded after modification, which also promotes this behaviour due to 

increased electrostatic interactions with the surrounding medium. These significant changes in the 

surface charge properties are expected to affect the material's performance in MB dye degradation, 

as electrostatic interaction is a major factor governing adsorption and the degradation process [28]. 

 
Figure 4. IEP of IMS and IMS-MOF 

Band gap studies 

As shown in Figure 6, the resulting Tauc plot indicated a substantially lowered band gap of 2.09 eV 

for IMS-MOF, in contrast to the band gap of 3.05 eV for IMS material. The decrease in band gap is due 

to the presence of the BTC linker in the MOF structure [41]. The linker BTC, as an electron-rich organic 

ligand, contributes to improved electronic delocalization [42]. Specifically, the BTC linker contains an 

aromatic skeletal structure, which introduces new electronic energy levels, joint between the valence 

and conduction bands, greatly reducing the amount of energy required to excite electrons [43]. The 

introduction of the BTC linker into the IMS framework fundamentally alters its electronic structure 

through the formation of Fe-O-C coordination bonds. These bonds extend the conjugation between 

the Fe centres and the aromatic carboxylate ligand, enabling electron delocalization across the 

inorganic-organic interface. As a result, mid-gap states are generated within the band structure, 

effectively narrowing the optical band gap and shifting the absorption edge toward the visible-light 

region. This band gap modulation enhances the ability of IMS-MOF to harvest visible photons and 

facilitates more efficient electron excitation. The synergistic interaction between Fe active sites and 

the π-conjugated BTC ligand, therefore, transforms IMS from a UV-responsive material into a 

photoactive system capable of driving visible-light-induced photocatalysis with improved charge 

separation and reduced recombination losses. 

The IMS absorber exhibited low visible spectrum absorbance. The wide band gap and lack of π-

conjugated structure required for highly efficient light harvesting in this range result in this low 

visible light absorption [44]. In contrast, the visible absorbance of the IMS-MOF catalyst was much 

stronger and broader. The introduction of the BTC linker directly modifies the electron band, thus 

endowing it with enhanced visible light absorption capability [45]. The BTC linker endows the IMS-
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MOF with a charge transfer process, contributing to its light-harvesting capability. Apart from 

enhancing sunlight capture in the visible region, the BTC linker plays a role in stabilizing the 

electronic structure of the material [46]. This stability results in low recombination speeds of photo-

generated electron-hole pairs, which is an important factor in improving photocatalytic efficiency. 

 
 Wavelenght, nm h / eV 

Figure 5. UV-Vis diffuse reflectance spectra (UV-Vis DRS) and corresponding Tauc plots of IMS and IMS-
MOF: (a) comparative UV-Vis DRS spectra of IMS and IMS-MOF, (b) Tauc plots of IMS and IMS-MOF showing 

reduction in band gap energy 

Electrochemical characterization  

Cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and linear sweep voltam-

metry (LSV) measurements were performed in 0.1 M KCl containing 5 mM potassium ferrocyanide 

(K₄[Fe(CN)₆]) to evaluate the electrochemical behaviour of the IMS and IMS-MOF catalysts (Figure 7).  

 
Figure 6. Electrochemical characterization of IMS and IMS-MOF catalysts: (a) cyclic voltammetry (CV) curves 
recorded in 0.1 M KCl containing 5 mM K₄[Fe(CN)₆] at a scan rate of 0.5 V s⁻¹, (b) EIS Nyquist plots obtained 

in the same electrolyte, recorded over a frequency range of 0.1 to 100 kHz with an AC perturbation 
amplitude of 5 mV, (c) Linear sweep voltammetry (LSV) profiles measured under light illumination in the 

same electrolyte at a scan rate of 0.5 V s⁻¹ 
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Eg = 2.09 eV 
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The CV profile of IMS-MOF is displayed in Figure 7a, showing higher current response than that of 

IMS, indicating better redox properties and superior electron transfer capability [47]. Instead, the 

incorporation of the BTC linker in between the IMS-MOF framework generates the π-conjugated 

electron pathways, thus assisting in enhancing charge mobility and electron transfer of redox 

reaction [47]. The broader peak separation in the CV of IMS indicates a slower electron transfer 

kinetics [48]. This is probably due to the lack of orderly conductive networks introduced through the 

MOF structure in IMS-MOF. In contrast, the aromatic backbone structure of the BTC linker is beneficial 

for electron delocalization, which can efficiently decrease the electron hopping resistance and further 

promote the redox property of IMS-MOF. Especially, the CV exhibited analogous redox processes of 

IMS-MOF and Fe-Ni LDH@ZIF-67/CC composite, suggesting equivalent electrochemical activity [49]. 

Based on Figure 7b, electrochemical impedance spectroscopy (EIS) was used to examine the charge 

transfer and ion diffusion behaviour of the IMS and IMS-MOF catalysts. The Nyquist plots for both 

samples display a linear region at low frequencies, which is mainly influenced by Warburg impedance, 

indicating that ion diffusion is the dominant process in this region [50]. This linear trend reflects 

diffusion-controlled behaviour, while charge transfer resistance typically appears as a semicircular arc 

at higher frequencies. The steeper slope observed for IMS compared to IMS-MOF suggests that ions 

diffuse more easily within the IMS structure, likely due to its simpler framework [20]. However, despite 

showing faster ion diffusion, IMS suffers from long-term instability caused by metal leaching, which 

can reduce its overall performance over time. Although the Nyquist plot for IMS-MOF shows a slightly 

less steep line, indicating that ion diffusion is somewhat more restricted within the structure, the 

presence of the BTC linker plays an essential role in enhancing the material’s stability. The BTC linker 

improves electron transport and reduces metal leaching, contributing to better structural inte-

grity [51,52]. These advantages compensate for minor diffusion limitations related to IMS-MOF. This is 

due to the well-ordered porous network offered by a MOF structure of the BTC linker [25]. This network 

could impose some restrictions on the movement of ions compared with IMS; however, it greatly 

increases the overall electron transfer ability and long-term stability of the material [53]. The semicircle 

radius in the Nyquist plot of IMS-MOF was smaller than that of IMS, showing a lower charge transfer 

resistance and better interfacial conductivity. Such enhancement is attributed to the electron deloca-

lization mediated by Fe-O-C bonding, thus forming a stable path for electron transition in the frame-

work [20]. Meanwhile, the current responses for IMS-MOF in cyclic voltammetry (CV) measurement 

were higher as well, also reflecting its stronger redox activity and more stable Fe²⁺/Fe³⁺ recycling [29]. 

Interestingly, even though IMS showed a relatively higher ion diffusion rate, its fast Fe leaching led to 

unstable redox cycling and unsatisfactory long-term activity. On the other hand, the BTC linker has 

structural restrictions that secure the Fe active sites, making a more sturdy and effective electron 

transfer environment. This stabilization not only eliminates charge recombination but also reduces 

the loss of metal ions in recycling [54]. Therefore, IMS-MOF achieves sufficient ion migration with 

greatly enhanced electronic conductivity and structure stability as well as being a superior catalyst for 

long-lasting photocatalytic effects.   

In general, LSV was conducted under light illumination to examine the photoelectrochemical 

performance of IMS and IMS-MOF (Figure 7c). Both materials exhibited an increase in current density 

with increasing potential, indicating enhanced electrochemical activity [45]. However, the dominant 

processes contributing to the current response vary across the potential range. At potentials below 

1.0 V, the current response is mainly influenced by photoelectrochemical processes, as light absorp-

tion promotes charge separation and electron transfer within the catalyst [55]. The presence of the 

BTC linker in the IMS-MOF framework plays a key role in enhancing these processes by reducing the 
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band gap energy and improving light absorption, which facilitates more efficient charge transfer. In 

contrast, at potentials above 1.0 V, the response is primarily governed by electrochemical water 

oxidation, where the influence of photoirradiation becomes less significant [56].  

Furthermore, the linear sweep voltammetry (LSV) measurements exhibit much higher catalytic 

current densities for IMS-MOF than those of IMS, indicating a higher catalytic intrinsic redox 

capacity. This enhancement could be ascribed to the bimetallic nature of the system, where the Fe 

centres actively mediate the Fe³⁺/Fe²⁺ redox. The BTC linker is sectioned with nontopological 

positions covalently incorporated into its framework, remaining a rigid backbone that stabilizes 

metal sites and facilitates efficient electron delocalization [57]. The existence of such an extended 

Fe-O-C network guarantees fast electron transport and eliminates charge recombination, 

accordingly enabling IMS-MOF to achieve high current densities even at low light input, for instance, 

in water electrolysis [58]. This dual role of Fe redox activity and structural/electronic stabilization 

provided by BTC further demonstrates the enhanced versatility of IMS-MOF compared to pristine-

IMS. Collectively, the electrochemical analyses (EIS, CV and LSV) demonstrate that the inherent 

natures of IMS-MOF, such as reduced band gap energy, enhanced charge transfer ability and 

intensified redox activity, are attributed to synergistic interaction between metal coordination 

centres and organic ligands behind its excellent photocatalytic performance.   

Methylene blue removal mechanism 

Effect of catalyst loading 

This study aimed to examine the effectiveness of both IMS and IMS-MOF catalysts for the removal 

of methylene blue (MB) from aqueous solutions, emphasizing the effects of catalyst loadings and 

metal leaching, which occurred simultaneously (Figure 8a). Increasing the IMS catalyst loading leads 

to a near-quantitative MB removal efficiency.  

 
 Current density, mA cm-2 C / mg mL-1 

Figure 7. Photoelectrochemical degradation of MB at different (a) catalyst loadings, (b) pH,  
(c) current densities, (d) MB initial concentrations 
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However, this apparent performance enhancement was, at least partially, attributable to metal 

leaching, where dissolved metal ions contributed to MB degradation. This process is unsustainable 

and raises significant environmental concerns due to potential secondary contamination. The IMS-

MOF catalyst exhibited a maximum methylene blue removal efficiency of approximately 95 % at an 

optimal loading of 0.03 g L-1. The observed trend suggests that catalyst concentration plays a crucial 

role in the photoelectrochemical degradation process. At lower dosages, the limited number of active 

sites restricts the generation of reactive species, thereby reducing efficiency. Increasing the loading 

up to 0.03 g L-1 enhances light absorption and provides sufficient surface-active sites, resulting in 

superior performance. However, further increase beyond this concentration led to a decline in 

removal efficiency, which can be attributed to excessive turbidity, reduced light penetration, and mass 

transfer resistance rather than catalyst instability. Importantly, the MOF modification minimized 

metal leaching, confirming that the reduced activity at higher dosages is governed by intrinsic process 

limitations rather than material degradation. This emphasizes the efficiency of the preservative action 

of the MOF structure through the stabilization of the active catalytic sites against the leaching of 

controlled metallic ions into the solution [51]. As a result, the IMS-MOF catalyst provides a greener 

and more sustainable route for MB treatments compared to the unmodified IMS catalyst.  

Effect of pH 

All the obtained data regarding MB removal as a function of initial pH ranging from 2 to 7 for 

both IMS and IMS-MOF catalysts are exhibited in Figure 8b. The IMS catalyst showed pH-

independent behaviour with high MB removal efficiencies. Nonetheless, the observed 

independence of pH is further complicated by the contributions of metal leaching, which is 

enhanced at acidic conditions [59]. At pH 5, MB removal reached 90 %, indicating excellent 

performance of the IMS-MOF catalyst. The pH-dependent behaviour reflects the inherent stability 

of the MOF framework, effectively limiting the leaching of metals while demonstrating considerable 

catalytic activity at a near-neutral pH [40]. The high MB removal efficiency of the IMS catalyst is 

deceptive since metal leaching, especially in acidic media, is a significant source of MB degradation. 

On the other hand, the result of the IMS-MOF catalyst more closely approximates its inherent 

catalytic activity since its metallic species is embedded within a MOF structure capable of preventing 

metal leaching under the tested pH conditions [60]. The structural stability is indicative of the 

stability of the IMS-MOF catalyst, as well as the minimum loss of metal and the fact that the result 

provides a more accurate measure of the overall catalytic activity. 

Effect of current density 

The effect of applied current density on MB removal was investigated for both IMS and IMS-MOF 
catalysts, as shown in Figure 8c. The MB removals for both IMS and IMS-MOF catalysts increased 
with higher current density, nearly reaching 100 % removal at a higher current density. Importantly, 
the performance gap between the two catalysts narrowed at high current densities. The agreement 
in performance at higher current densities is likely because of the impact of the electrochemical 
environment. In this scenario, the metal leaching contribution to MB degradation is minimized, 
allowing the intrinsic catalytic activity of the IMS-MOF catalyst to be better evaluated [61,62]. The 
stable design of the IMS-MOF catalyst affords efficient activity without the tandem environmental 
risks of metal leaching, which is highly pertinent for the IMS catalyst. As such, at higher current 
densities, the intrinsic benefits of the IMS-MOF catalyst, specifically its shelf stability and diminished 
leaching, become more pronounced. 
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Effect of methylene blue concentration 

The influence of initial MB concentration on the performance of IMS and IMS-MOF catalysts was 

also investigated in Figure 8d. The IMS catalyst maintained relatively high MB removal efficiency 

even at elevated initial MB concentrations. However, this sustained performance is, at least in part, 

attributable to the continuous release of metal ions from the catalyst, which contributes to MB 

degradation. In contrast, the IMS-MOF catalyst exhibited a decrease in MB removal efficiency with 

increasing initial MB concentration. This behaviour is consistent with the absence of significant 

metal leaching, as the degradation process relies solely on the availability of active catalytic sites 

within the MOF structure [63]. While the IMS catalyst appears to demonstrate superior performance 

at high MB concentrations, this apparent advantage is a consequence of undesirable metal leaching.  

The superior photocatalytic performance of IMS-MOF is attributed to the synergistic effect bet-

ween Fe metal centres and BTC organic ligands. Fe sites are the major redox-active centres that can 

be converted between Fe²⁺ and Fe³⁺ to promote Fenton-like reactions for sustained ROS produc-

tion [63]. On the other hand, an elongated π-conjugation system in the BTC linker and electron-

donating carboxylate groups helps for electronic charge spreading, leading to lower C-H recombi-

nation [64]. This synergetic interaction decreases the band gap, enhances visible light absorption and 

promotes the interface charge transfer. Thus, the metal-ligand system exhibits better photocatalytic 

activity and stability than either component alone, as the ligand stabilizes Fe centres while the metal 

contributes to redox activity that is otherwise not possible from the ligand.  

Reusability studies 

The reusability and long-term stability of these IMS and IMS-MOF catalysts are crucial factors for 

establishing their practical application in dye degradation. As shown in Figure 9, both the catalysts 

suffered an activity drop during repeated recycling. Nevertheless, the degree of deactivation 

differed significantly in the two systems. In the case of IMS, the degradation efficiency fell drama-

tically by approximately 81 % after ten cycles, revealing a poor durability for continuous operation. 

Conversely, IMS-MOFs showed significantly improved stability and a slight 15.1 % activity drop, 

which verified the promoting effects of MOF loading on the catalysis.  

 
Figure 8. Reusability of IMS and IMS-MOF for MB removal (reaction conditions: catalyst loading 0.01 g L-1, 

CMB = 50 mg L-1, pH 5, current density 1 mA cm-2) 

Higher stability of IMS-MOF could result from stronger coordination of the Fe centre by the BTC 

linker, which stabilizes the Fe active sites to prevent metal leaching. This is further confirmed by ICP-
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OES data, which showed very low Fe ion release for IMS-MOF (0.032 ppm) when the MOF was 

recycled, compared to the substantial release of Fe ions from IMS (16.7 ppm). Thus, the inhibition of 

Fe dissolution is the dominant reason for the improved reusability of IMS-MOF. 

In addition to metal leaching, other deactivation routes also played a role in the deterioration of 

catalytic performance. Deposition of reaction intermediates and/or mineralization-resistant side 

products can also coat the surface area, block active sites and slow down interfacial charge transfer, 

hence decreasing the rate of dye removal. Not directly probed, but potential damage to the catalyst 

lattice, meaning potentially partial collapse of the MOF or loss of crystallinity during multiple irradi-

ation and redox cycling, can work against performance over long usage. Moreover, stability 

restrictions have been observed in other MOF and Fe-based photocatalysts due to degradation of the 

structure, fouling of the surface and leaching, collectively controlling their long-term applicability [65]. 

Collectively, these results underscore that while its activity significantly stabilizes towards IMS, 

strategies to prevent surface deactivation and preserve structural integrity remain necessary after 

long-term operations and should be the focus of future studies. 

Coordinated by the Fe sites, BTC forms a robust and narrowly distributed array that can prevent 

fast dissolution of Fe species and sustain catalytic cycling over several cycles. In addition to the 

strengthening effect of the structure, π-conjugated aromatic rings and electron-donating carbo-

xylate groups in BTC can induce spatial delocalization of electrons, which is beneficial for increasing 

electron transfer between adjacent domains as well as prolonging e⁻/h⁺ pair lifetimes [66]. This 

multifunction not only leads to the limited band gap of IMS-MOF, but it also benefits the ROS 

generation through inducing electron transfer to O2 and H2O2. As a result, the BTC ligand is essential 

for the synergistic effect of structural stability and enhanced photocatalytic activity that makes IMS-

MOF different from unstable pristine IMS. 

Scavenging experiment 

To shed light on the photocatalytic degradation of methylene blue (MB) using the synthesized 

IMS-MOF catalyst, a thorough analysis of its electronic properties and the reactive oxygen species 

(ROS) involved was performed. The UV-visible spectroscopy was conducted in a solid state to 

estimate the band gap energy (Eg), a crucial factor influencing the material's light absorption 

properties. The energy gap between the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO) determines the photo-response of the material [67]. 

Photoabsorption occurs when the energy of the incident photon is equal to or higher than Eg, and 

it excites the electrons from the valence band (VB) to the conduction band (CB), generating electron-

hole (e⁻/h⁺) pairs. Scavenging experiments were also performed with selective quenchers to 

investigate the key ROS produced in the MB degradation. The AgNO₃, hydrogen peroxide (H₂O₂), p-

benzoquinone (PBQ), and ethylenediaminetetraacetic acid disodium salt (EDTA-2Na) were used as the 

scavengers of electrons (e⁻), hydroxyl radicals (·OH), superoxide anion radicals (·O₂-), and photo-

generated holes (h⁺), respectively. The data showed minimal effect on the MB degradation efficiency 

after the induction of EDTA-2Na and AgNO₃, Figure 10. On the other hand, a significant (45 %) 

decrease in degradation was observed upon addition of PBQ, suggesting an essential contribution of 

·O₂⁻ as a major active species. Furthermore, the significant inhibitory effect of H₂O₂ on dye degra-

dation underscores the critical involvement of both ·OH and ·O₂⁻ radicals in the degradation process. 

Based on these results and considering the analysis of electronic properties for the iron-based 

catalyst, a plausible mechanism for photocatalytic degradation is proposed in Figure 11. X-ray 

spectroscopy (XPS) indicated coexistence of Fe²⁺ and Fe³⁺ oxidation states in the catalyst structure, 
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which is critical for redox cycles during photocatalysis. The narrow band gap of IMS-MOF allows an 

effective absorption of photons, which is beneficial for the excitation of electrons from the VB to CB 

and forming electron-hole (e-/h+) pairs [68]. The photogenerated holes (h⁺) are characterized with 

strong oxidative ability, which can directly oxidize the adsorbed H2O molecules to produce hydroxyl 

radicals (·OH), and the CB electrons ultimately reduce the dissolved O2 to generate superoxide 

radicals (·O2−) [68]. 

 
Figure 9. Different quencher effects of the IMS-MOF catalyst for MB removal 

 
Figure 10. Schematic of the MB removal by IMS-MOF through photoelectrochemical reactions  

The CB electron potential of IMS-MOF is above the redox potential of Fe³⁺/Fe²⁺ in water, allowing 

Fe³⁺ species to serve as electron traps and suppress fast e-counter-arrow recombination. In this 

oxidation, Fe3+ is reduced to Fe2+, and the reduced form of iron (Fe2+) reacts with H2O2 via a Fenton-

like reaction to generate ·OH radicals (Equations (2) to (4)). At the same time, dissolved O₂ molecules 

are reduced by CB electrons to form O₂- radicals (Equation (6)), which can further react to yield 

additional reactive oxygen species (ROS), such as ·OH and H₂O₂. These combined processes enhance 

the oxidative capability of the system [69]. 

In addition, the photosensitization effect of methylene blue (MB) contributes to the degradation 

pathway. Under light irradiation, MB molecules absorb photons and are excited into MB* (singlet or 

triplet states) (Equation (2)). The excited MB* species can then donate electrons to O₂, generating O₂- 

radicals (Equation (8)), or transfer electrons to H₂O₂ to produce ·OH radicals. This dual role of MB, as 
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both a target pollutant and a photosensitizer, significantly promotes ROS formation and accelerates 

dye degradation (Equation (9)). Similar photosensitization-assisted Fenton-like mechanisms have 

been reported for iron complexes with carboxylic acid ligands, supporting the proposed mechanism 

in this work [29]. 

These findings further confirm that both photosensitization and ROS generation play crucial roles 

in MB degradation. The formation of ·O₂- is facilitated by the reduction of molecular O₂ via CB 

electrons, while H₂O₂ is a key precursor for ROS generation under photoelectrochemical conditions, 

producing both superoxide and hydroxyl radicals. These ROS act as the main oxidizing agents 

responsible for the breakdown of organic dye molecules, following a sequence of redox reactions 

as outlined in Equations (2) to (9) [29]. 

MB + IMS catalysts + hv → IMS catalysts h+ + e- MB* (2) 

Fe3+ + H2O2 → ·O2H + Fe2+ + h+ (3) 

Fe2+ + H2O2 → Fe3+ + ·OH + OH- (4) 

Fe3+ + e- → Fe2+  (5) 

e- + O2 → ·O2
- (6) 

h+ + OH- + H2O → ·OH (7) 

MB* + H2O2 + O2 → ·OH + ·O2
- (8) 

·OH + ·O2
- + MB* → Degraded products (9) 

The enhanced photocatalytic activity of IMS-MOF arises from the strong synergy between Fe 

centres and BTC linkers, which modifies its electronic structure and narrows the band gap. This allows 

IMS-MOF to absorb visible light more effectively, exciting electrons from the valence band (VB) to the 

conduction band (CB) and leaving behind holes in the VB. The efficient separation of these charge 

carriers, supported by EIS and CV analyses, minimizes recombination and promotes the formation of 

reactive oxygen species (ROS), such as superoxide (-O₂·) and hydroxyl radicals (·OH). These ROS 

actively degrade methylene blue into intermediates and ultimately into CO₂ and H₂O. 

In comparison, unmodified IMS, with its wider band gap and poorer charge transport, shows 

almost no visible-light activity. As summarized in Figure 11, the dual coordination of BTC-Fe not only 

narrows the band gap but also enhances charge migration and ROS generation, explaining the 

significant improvement in IMS-MOF’s photocatalytic performance. 

Conclusions 

The synthesized IMS-MOF demonstrated strong potential for removing methylene blue from 

textile wastewater, achieving degradation efficiencies above 90 %. The removal mechanism followed 

a typical photocatalytic pathway characterized by effective charge separation and enhanced photo-

catalytic activity. IMS-MOF also exhibited excellent stability across a wide pH range and maintained 

its performance well in the presence of common co-existing ions. The improved degradation 

efficiency can be mainly attributed to the oxidative radicals generated through the in-situ formation 

of hydrogen peroxide (H₂O₂). Furthermore, by minimizing the release or dissolution of metal ions, 

the surface modification ensures long-term applicability through reduced metal leaching. The 

material’s stability and reusability were confirmed through successive degradation cycles. Given the 

large volumes of dye-contaminated effluents produced by the textile industry, this study presents a 

novel and eco-friendly strategy for sustainable wastewater remediation. Future work should focus 

on optimizing the adsorption capacity and mechanical stability of the material, as well as expanding 

its applicability to a broader range of organic pollutants in industrial wastewater. 
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