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Abstract

The present study investigates the solar-assisted photo-Fenton-like degradation of a re-
active azo dye (Red SPR) using an iron-based metal–organic framework, MIL-100(Fe), as
a heterogeneous catalyst. The synthesized MIL-100(Fe) was successfully characterized
by XRD, SEM, EDX, and FTIR analyses, confirming the formation of a crystalline, porous
structure with well-dispersed Fe active sites. The catalytic performance was systematically
evaluated under various operational parameters, including hydrogen peroxide dosage,
catalyst loading, pH, circulation flow rate, initial dye concentration, and temperature.
The results demonstrated that optimal degradation efficiency was achieved at pH 3.0,
H2O2 concentration of 400 mg L−1, and catalyst dosage of 40 mg L−1, while a circulation
flow rate of 400 mL min−1 ensured optimal hydrodynamic conditions. The system exhib-
ited rapid degradation kinetics, achieving nearly complete dye removal within 60 min
under solar irradiation. Kinetic analysis revealed that the degradation process follows
pseudo-first-order behavior, with rate constants increasing from 0.1040 to 0.1589 min−1 as
temperature increased from 25 to 55 ◦C. Thermodynamic analysis indicated that the process
is endothermic (∆H‘ = 8.72 kJ mol−1) and kinetically favorable with a low activation energy
(Ea = 11.32 kJ mol−1), while negative entropy values suggested the formation of an ordered
transition state. Radical scavenger experiments confirmed that hydroxyl radicals (•OH)
are the dominant reactive species, with secondary contributions from superoxide radicals
(O2•−). The enhanced performance is attributed to the synergistic effect of solar irradia-
tion and Fe3+/Fe2+ redox cycling within the MIL-100(Fe) framework. Hence, the study
demonstrates that MIL-100(Fe) is a highly efficient and sustainable catalyst for solar-driven
wastewater treatment applications.

Keywords: MIL-100(Fe); reactive oxygen species; azo dye; heterogeneous catalysis;
oxidation; solar-assisted photo-Fenton

1. Introduction
The increasing discharge of synthetic dyes from textile and related industries poses

a serious environmental challenge due to their toxicity, persistence, and resistance to
conventional treatment methods [1,2]. Among these pollutants, reactive azo dyes are
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particularly problematic because of their complex aromatic structures and the presence of
azo (–N=N–) bonds, which impart high chemical stability and low biodegradability [3–5]. In
addition, many reactive dyes exhibit high water solubility due to the presence of sulfonate
groups, facilitating their rapid dispersion in aquatic systems and making their removal
more challenging [6,7]. The accumulation of such dyes in water bodies not only reduces
light penetration but also leads to the formation of toxic and potentially carcinogenic
by-products [3,8–11].

Conventional wastewater treatment methods, including coagulation–flocculation, ad-
sorption, membrane filtration, and biological processes, have been widely applied for
dye removal. Coagulation–flocculation is effective for removing suspended dye parti-
cles [2,6]; however, it often generates large volumes of secondary sludge that require
further treatment and disposal [12–14]. Adsorption techniques, particularly those employ-
ing activated carbon, offer high removal efficiency but are limited by high operational costs
and challenges associated with adsorbent regeneration [5,15]. Membrane-based technolo-
gies provide excellent separation performance, yet they suffer from membrane fouling,
high energy consumption, and significant maintenance requirements [16,17]. Biological
treatments, although environmentally friendly and cost-effective, are generally inefficient
for degrading reactive azo dyes due to their complex molecular structures and resistance
to microbial degradation [9,18–22]. Consequently, these conventional approaches often
result in incomplete dye removal or merely transfer pollutants from one phase to another
rather than achieving complete mineralization, highlighting the need for more advanced
and sustainable treatment technologies [23].

Advanced oxidation processes (AOPs) have emerged as promising alternatives for
the degradation of refractory organic contaminants. Among these, the Fenton and photo-
Fenton processes have attracted considerable attention due to their ability to generate
highly reactive hydroxyl radicals (•OH), which can non-selectively oxidize a wide range of
organic pollutants into harmless end products such as CO2 and H2O [24–26]. Nevertheless,
conventional homogeneous Fenton systems suffer from several limitations, including a
narrow operational pH range, the formation of iron sludge, and difficulties in catalyst
recovery, which hinder their large-scale application [27,28].

To address these challenges, heterogeneous Fenton-like systems based on solid cata-
lysts have been extensively explored. In this regard, iron-based metal–organic frameworks
(MOFs) have emerged as highly promising materials owing to their high surface area, tun-
able porosity, and well-dispersed active metal sites [6,29–31]. Among them, MIL-100(Fe),
constructed from Fe3+ clusters and benzene-1,3,5-tricarboxylate (BTC) linkers, has demon-
strated excellent catalytic activity in oxidation reactions. Its mesoporous structure enhances
mass transfer, while the accessible iron centers facilitate the efficient activation of hydrogen
peroxide for the generation of reactive oxygen species [32–36]. Furthermore, the incorpora-
tion of light irradiation in photo-Fenton-like processes, particularly under solar illumina-
tion [37], significantly enhances catalytic performance by accelerating the Fe3+/Fe2+ redox
cycle and promoting additional radical generation [38–41]. This solar-driven approach
offers a sustainable and energy-efficient pathway for wastewater treatment by utilizing
abundant renewable energy while improving degradation kinetics and mineralization
efficiency [8,42–47].

The novelty of the present study lies in the development of a solar-assisted hetero-
geneous photo-Fenton system based on MIL-100(Fe) for the efficient degradation of the
reactive azo dye Red SPR under natural solar irradiation. The synergistic interaction be-
tween solar irradiation and the Fe3+/Fe2+ redox cycle within the MIL-100(Fe) framework
significantly enhances reactive oxygen species generation and improves dye degradation
efficiency. In contrast to conventional homogeneous Fenton systems, the developed pro-
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cess minimizes iron sludge formation while facilitating catalyst recovery and improving
process sustainability. Moreover, the mesoporous structure and accessible Fe active sites
of MIL-100(Fe) promote efficient H2O2 activation and pollutant oxidation. Furthermore,
this study provides mechanistic insight into the solar photo-Fenton degradation process
through radical scavenger tests, iron leaching analysis, and kinetic and thermodynamic
investigations. In addition, the integration of MIL-100(Fe) with a recirculating parabolic
trough solar reactor demonstrates the potential of this system for efficient reactive azo dye
degradation under natural solar irradiation.

2. Results and Discussion
2.1. XRD Characterization

The crystalline structure of the synthesized material was examined by X-ray diffraction
(XRD), and the resulting pattern is presented in Figure 1. The diffractogram exhibits a
series of well-defined reflections, confirming the formation of a crystalline and structurally
ordered framework. The XRD pattern displays the characteristic diffraction peaks of MIL-
100(Fe), particularly in the low-angle region, which is typical for metal–organic frameworks
with large unit cells and highly porous architectures. The prominent reflections observed
at 2θ about 9.5◦, 11.3◦, 17.5◦, and 19.8◦ can be indexed to the (220), (311), (400), and (331)
crystallographic planes, respectively. Among these, the intense peak at 11.3◦ corresponding
to the (311) plane is considered the diagnostic reflection of MIL-100(Fe), confirming the
successful formation of the cubic framework. These major diffraction peaks are consistent
with the crystallographic data reported for MIL-100(Fe) (CCDC No. 640536) [39–41].

Figure 1. X-ray diffraction pattern of the synthesized MIL-100(Fe).

Additional weaker reflections observed at higher diffraction angles further support
the preservation of the ordered framework structure. The overall peak positions and
distribution are in good agreement with previously reported XRD patterns of MIL-100(Fe),
which consists of trinuclear Fe3O clusters interconnected by 1,3,5-benzenetricarboxylate
(BTC) linkers, forming a three-dimensional mesoporous network. Thus, no characteristic
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diffraction peaks corresponding to crystalline iron oxide phases (such as hematite or
magnetite) are detected, indicating that iron species are well incorporated within the MOF
framework rather than existing as separate phases. The slight broadening of some peaks
suggests relatively small crystallite size and partial structural disorder, which is commonly
observed in MIL-type materials synthesized under controlled conditions.

2.2. SEM Morphology Description of MIL-100(Fe)

Figure 2a illustrates the surface morphology of the synthesized MIL-100(Fe) at low
magnification, revealing the formation of irregularly shaped aggregates composed of
densely packed particles. The material exhibits a characteristic hierarchical structure, where
primary nanoparticles are assembled into larger secondary clusters. Although well-defined
polyhedral crystals typically reported for ideal MIL-100(Fe) are not distinctly observed, the
presence of aggregated domains suggests partial crystallization accompanied by structural
disorder, which is commonly influenced by synthesis conditions such as pH, temperature,
and precursor concentration. The overall morphology indicates a loosely compacted
framework with interparticle voids that can facilitate diffusion processes.

Figure 2. SEM Characterization of MIL-100(Fe) morphology at (a) low and (b) high magnification.

Figure 2b, recorded at higher magnification (scale bar: 500 nm), provides a closer view
of the surface architecture, highlighting a rough and highly porous texture. The micrograph
reveals an interconnected network of nanosized particles forming a sponge-like structure
with abundant mesoporous and macroporous features. These pores likely originate from
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the intrinsic porous cages of MIL-100(Fe) combined with intercrystalline voids created
during particle aggregation. The surface appears uneven with noticeable cavities and
channels, which are essential for enhancing reactant accessibility and promoting mass
transfer during catalytic reactions.

Additionally, contrast variations within the image, particularly the brighter regions,
may be attributed to localized densification or Fe-rich clusters within the framework.
The absence of smooth crystal facets further suggests that the material possesses a semi-
crystalline nature with a high density of structural defects, which can act as active sites
in Fenton-like catalytic processes. Hence, the SEM observations confirm that MIL-100(Fe)
exhibits a hierarchically porous and aggregated nanostructure with significant surface
roughness and interconnected pore channels. This morphology is highly advantageous for
heterogeneous photo-Fenton applications, as it enhances the dispersion of active Fe sites,
facilitates efficient interaction with H2O2, and improves the generation and diffusion of
reactive oxygen species.

2.3. EDX and Elemental Mapping Analysis

The elemental composition and spatial distribution of the synthesized MIL-100(Fe)
were investigated using energy-dispersive X-ray spectroscopy (EDX) coupled with SEM
elemental mapping, as illustrated in Figure 3a–f. The complete EDX spectrum shown in
Figure 3a exhibited the characteristic signals corresponding to Fe, O, and C, confirming
the successful formation of the Fe-based metal–organic framework. The strong Fe peaks
observed at approximately 7.06 keV and 7.84 keV are attributed to Fe Kα and Fe Kβ

emissions, respectively, indicating the successful incorporation of iron species within the
framework structure. In addition, the peaks corresponding to C and O are associated with
the aromatic carbon backbone and oxygen-containing carboxylate groups of the trimesic
acid (BTC) organic linker.

Figure 3. SEM–EDX characterization of MIL-100(Fe): (a) complete EDX spectrum with elemental
composition inset showing the characteristic peaks of Fe, O, and C, (b) SEM micrograph, (c) Fe
elemental map, (d) O elemental map, (e) C elemental map, and (f) overlay elemental distribution map.
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The SEM image presented in Figure 3b reveals the agglomerated fibrous-like morphol-
ogy of the synthesized MIL-100(Fe). Furthermore, the elemental mapping images shown in
Figure 3c–e demonstrate the homogeneous spatial distribution of Fe, O, and C throughout
the material surface without noticeable elemental segregation or localized agglomeration.
The overlay image in Figure 3f further confirms the uniform dispersion of the constituent
elements across the framework structure. Moreover, no additional elemental signals corre-
sponding to foreign impurities or residual precursor species were detected, indicating the
high purity of the synthesized MIL-100(Fe). These results provide strong evidence for the
successful synthesis and compositional homogeneity of the prepared MOF catalyst.

2.4. FTIR Analysis

The FTIR spectrum of the synthesized MIL-100(Fe) provides strong evidence for
the successful formation of the Fe-based metal–organic framework through coordination
between Fe3+ ions and the trimesate ligand, as presented in Figure 4. A broad absorption
band centered at approximately 3400 cm−1 is attributed to the O–H stretching vibration
of physically adsorbed and coordinated water molecules confined within the porous
framework structure.

Figure 4. FTIR spectrum of the synthesized MIL-100(Fe) showing characteristic vibrations of the
organic linker and Fe–O coordination bonds.

The absorption band observed near 1600 cm−1 corresponds primarily to the H–O–H
bending vibration of adsorbed/coordinated water molecules and partially overlaps with
the asymmetric stretching vibration of coordinated carboxylate groups (COO−). This
overlap indicates the interaction between the trimesate ligand and Fe centers within the
framework structure. To further clarify the carboxylate coordination behavior, the symmet-
ric stretching vibration of COO− groups is separately identified by the bands appearing
within the 1450–1380 cm−1 region. The separation between the asymmetric and symmetric
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COO− stretching vibrations confirms the formation of coordination bonds between the car-
boxylate groups of trimesic acid and Fe3+ ions, demonstrating successful MOF framework
construction.

Moreover, the peaks observed between 1100 and 1250 cm−1 are assigned to the C–O
stretching vibrations of the trimesate organic linker, indicating preservation of the ligand
structure after coordination. In the low-wavenumber region (700–500 cm−1), distinct
absorption bands corresponding to Fe–O stretching vibrations are detected, providing
additional evidence for the formation of Fe–O clusters characteristic of MIL-100(Fe). Overall,
the FTIR results confirm the successful synthesis of a well-coordinated Fe-based MOF
structure possessing coordinated metal centers and preserved organic functionality.

2.5. BET Surface Area and Porosity Analysis

The textural properties of the synthesized MIL-100(Fe) were investigated using BET
surface area analysis. The obtained results revealed a specific surface area of 736 m2 g−1

and a pore volume of 0.28 cm3 g−1, confirming the porous nature of the synthesized MIL-
100(Fe) framework. The relatively high surface area and porous structure are beneficial for
heterogeneous photo-Fenton applications, as they provide abundant accessible active sites
and facilitate the diffusion of dye molecules and reactive oxygen species within the MOF
structure. These porous characteristics contribute significantly to the enhanced catalytic
performance observed during the solar-assisted degradation of Red SPR dye.

2.6. Catalytic Degradation of Dye Wastewater
2.6.1. Comparison of Degradation Performance with and Without MIL-100(Fe)

To assess the catalytic contribution of MIL-100(Fe), a comparative study was conducted
to evaluate the degradation performance of the solar photo-Fenton system in the absence
and presence of the MOF catalyst, as illustrated in Figure 5. This Figure clearly demonstrates
the significant enhancement in Red SPR dye degradation upon incorporation of MIL-100(Fe)
into the solar photo-Fenton system. In the absence of the catalyst, the degradation process
proceeds at a considerably slower rate, achieving limited removal efficiency due to the
relatively low generation of reactive oxygen species (ROS) under homogeneous conditions.
In contrast, the presence of MIL-100(Fe) markedly accelerates the degradation kinetics,
resulting in substantially higher removal efficiency within the same reaction time. Such
enhanced performance can be attributed to the unique structural and catalytic properties
of MIL-100(Fe). The MOF provides a high surface area and abundant accessible Fe active
sites, which facilitate the efficient decomposition of hydrogen peroxide (H2O2) into highly
reactive hydroxyl radicals (•OH). Moreover, the heterogeneous Fe3+/Fe2+ redox cycling
within the MIL-100(Fe) framework is further promoted under solar irradiation, leading to
continuous ROS generation and improved catalytic turnover.

In addition, MIL-100(Fe) enhances the adsorption of dye molecules onto its porous
structure, increasing the local concentration of pollutants near the active sites and
promoting effective oxidation. The synergistic interaction between adsorption and
catalytic oxidation contributes to the superior degradation efficiency observed in the
MOF-assisted system.

Conversely, in the absence of MIL-100(Fe), the process relies primarily on homoge-
neous Fenton reactions, which are limited by slower Fe redox cycling and lower radical
production efficiency. This results in reduced degradation rates and incomplete pollutant
removal. Therefore, the results confirm that MIL-100(Fe) plays a crucial role in enhancing
the efficiency of the solar photo-Fenton process, enabling faster degradation kinetics and
higher removal efficiency compared to systems without the catalyst [45,46]. These findings
are consistent with recent studies [43,44] on Fe-based MOFs, where MIL-100(Fe) and similar
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materials have demonstrated significantly improved photo-Fenton activity compared to
conventional systems. Previous reports indicate that MOF-based catalysts enhance ROS
generation, improve light utilization, and reduce iron leaching, thereby outperforming
traditional homogeneous Fenton processes in dye degradation applications.

Figure 5. Comparative evaluation of Red SPR dye degradation in the absence and presence of
MIL-100(Fe) under solar photo-Fenton conditions (pH 3.0, H2O2 = 400 mg L−1, Fe = 40 mg L−1).

2.6.2. Effect of Hydrogen Peroxide Dose

Figure 6 illustrates the influence of H2O2 concentration (200, 400, and 600 mg L−1)
on the degradation performance of the MIL-100(Fe)-based solar photo-Fenton system.
The results clearly demonstrate that increasing the H2O2 dose enhances the degradation
efficiency up to an optimum level, beyond which no significant improvement is observed.
At 200 mg L−1, the degradation rate was relatively moderate, achieving approximately 75%
removal at 20 min and ~95% after 60 min. Increasing the H2O2 concentration to 400 mg L−1

significantly improved the degradation efficiency, reaching ~85% at 20 min and nearly
complete removal (~99%) after 60 min, indicating enhanced generation of hydroxyl radicals
(•OH). However, a further increase to 600 mg L−1 resulted in only a slight improvement
in the early stage (78% at 20 min) and ultimately achieved ~96–97% removal at 60 min,
showing no substantial benefit compared to 400 mg L−1. The observed enhancement at
moderate H2O2 dosage (400 mg L−1) is attributed to the increased production of •OH
radicals through the Fenton and photo-Fenton reactions, thereby accelerating dye oxidation.
However, at excessive H2O2 concentrations (600 mg L−1), the degradation efficiency does
not improve proportionally due to the self-scavenging effect of H2O2, where excess peroxide
reacts with •OH radicals to produce weaker oxidizing species such as HO2• (Equation (3)),
reducing the effective radical concentration available for dye degradation [27,48].
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Figure 6. Effect of hydrogen peroxide concentration (200–600 mg L−1) on the solar photo-
Fenton degradation of Red SPR dye using MIL-100(Fe) under fixed operating conditions (pH
3.0, Fe = 40 mg L−1).

Additionally, excess H2O2 may compete with dye molecules for active sites on the MIL-
100(Fe) surface and contribute to non-productive decomposition pathways, further limiting
system efficiency. This explains why the performance at 600 mg L−1 does not surpass that
at 400 mg L−1 despite the higher oxidant dosage. Importantly, while 400 mg L−1 yields
the maximum catalytic performance, increasing the H2O2 concentration to 600 mg L−1

provides no substantial enhancement due to radical scavenging by excess peroxide. Con-
sequently, 400 mg L−1 is considered the optimal dosage from both kinetic and techno-
economic perspectives. Such investigation is consistent with and in accordance with
previous studies [28,49] on Fenton and MOF-based photo-Fenton systems, where an op-
timum H2O2 concentration is commonly observed. Excess oxidant has been reported to
reduce degradation efficiency due to radical scavenging and recombination effects, while
insufficient H2O2 limits ROS generation.

2.6.3. Effect of MOF Dose

To evaluate the influence of catalyst loading on the degradation performance, the
effect of MIL-100(Fe) dosage on the solar photo-Fenton oxidation of Red SPR dye was
investigated, as shown in Figure 7. Figure 7 illustrates the effect of MIL-100(Fe) dosage
in the range of 20–80 mg L−1 on the degradation efficiency of Red SPR dye. The results
clearly indicate that increasing the MOF dose significantly enhances the degradation rate
up to an optimum level, beyond which only marginal improvement is observed. At the
lowest catalyst loading (20 mg L−1), the degradation process was relatively slow, achieving
only ~50% removal within 20 min and ~85% after 60 min. Upon increasing the dose to
40 mg L−1, the degradation efficiency improved markedly, reaching ~75% at 20 min and
~96% at 60 min. A further increase to 60 mg L−1 resulted in the highest performance,
with ~85% removal achieved within 20 min and nearly complete degradation (~99%) after
60 min. However, increasing the catalyst dose to 80 mg L−1 did not significantly enhance
the removal efficiency, with ~93–94% removal at 60 min, indicating a plateau behavior.
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Figure 7. Effect of MIL-100(Fe) dosage (20–80 mg L−1) on the solar photo-Fenton degradation of Red
SPR dye under fixed operating conditions (pH 3.0, H2O2 = 400 mg L−1).

The enhancement in degradation efficiency at higher MOF dosages can be attributed
to the increased availability of active Fe sites within the MIL-100(Fe) framework, which
promotes the decomposition of H2O2 into highly reactive hydroxyl radicals (•OH). This
leads to a higher rate of ROS generation and improved catalytic activity. Additionally,
higher catalyst loading increases the surface area and adsorption capacity for dye molecules,
facilitating better interaction between pollutants and active sites. However, the slight
decline or plateau observed at excessive catalyst loading (80 mg L−1) can be explained by
several factors. First, increased turbidity of the suspension at higher catalyst concentrations
may hinder light penetration, reducing the effective photoactivation of the catalyst. Second,
excess iron species may act as radical scavengers, leading to non-productive consumption
of hydroxyl radicals. Third, particle agglomeration at higher dosages may reduce the
effective surface area and limit active site accessibility. Notably, although 60 mg L−1 yields
the maximum catalytic performance, the limited gain over 40 mg L−1 does not justify the
increased catalyst usage, making 40 mg L−1 the preferred dosage from a techno-economic
standpoint. These observations are consistent with previous studies [29,48] on MIL-100(Fe)-
based photo-Fenton systems. For example, hybrid MIL-100(Fe) catalysts have shown
enhanced degradation efficiency with increasing catalyst dosage up to an optimum level,
beyond which no significant improvement is observed due to light scattering and radical
recombination effects. Similarly, other Fe-based MOF systems have demonstrated that
an optimal catalyst loading is essential to balance ROS generation and light utilization
efficiency, with excessive dosages leading to diminished performance.

2.6.4. Effect of Operating pH

Figure 8 demonstrates the significant influence of solution pH on the degradation effi-
ciency of Red SPR dye using the MIL-100(Fe)-based solar photo-Fenton system. The results
reveal that the degradation process is highly pH-dependent, with maximum efficiency
achieved under acidic conditions, particularly at pH 3.0. This can be explained by the fact
that at pH 3, the system exhibited the highest degradation rate and removal efficiency,
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indicating optimal conditions for hydroxyl radical (•OH) generation. This behavior is
attributed to the enhanced redox cycling between Fe2+ and Fe3+ within the MIL-100(Fe)
framework, which promotes efficient decomposition of H2O2 into reactive oxygen species
(ROS). Under these conditions, iron remains in a soluble and catalytically active form, facil-
itating continuous radical production and rapid oxidation of dye molecules [48]. However,
at higher pH values (neutral and alkaline conditions), a significant decline in degradation
efficiency is typically observed. This reduction can be attributed to several factors, includ-
ing the precipitation of iron species as ferric hydroxides (Fe(OH)3), which reduces the
availability of active Fe sites. Additionally, the decomposition of H2O2 into non-reactive
species, including O2 and H2O, is favored at higher pH, leading to lower •OH generation
efficiency. Furthermore, hydroxyl radicals may undergo recombination or scavenging
reactions under alkaline conditions, reducing their availability for pollutant degradation.

Figure 8. Effect of initial solution pH on the solar photo-Fenton degradation of Red SPR dye using
MIL-100(Fe) under fixed operating conditions (H2O2 = 400 mg L−1, MOF = 40 mg L−1).

In contrast, at very low pH values (pH < 3), the degradation efficiency may also
decrease slightly due to the stabilization of H2O2 as oxonium ions (H3O2

+), which reduces
its reactivity with Fe2+. Therefore, pH 3 represents an optimal balance between catalyst
activity, oxidant efficiency, and radical generation. These findings are consistent with
numerous studies [5,26,28,44] on Fenton and photo-Fenton systems, where pH 2.5–3.5
is widely reported as the optimal range for maximum degradation efficiency. Similar
trends have been observed in Fe-based MOF systems, including MIL-100(Fe), where acidic
conditions enhance catalytic performance while maintaining structural stability.

2.6.5. Effect of Circulation Flow Rate

To evaluate the influence of hydrodynamic conditions on reactor performance, the
effect of circulation flow rate on the solar photo-Fenton degradation of Red SPR dye was
investigated, as shown in Figure 9. Figure 9 demonstrates a pronounced influence of
circulation flow rate on the degradation efficiency of Red SPR dye. Increasing the flow rate
from 200 to 400 mL min−1 significantly enhances the degradation performance. At 200 mL
min−1, the system shows comparatively slower kinetics, with moderate removal efficiency
over time. Upon increasing the flow rate to 300 mL min−1, the degradation improves
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noticeably, indicating enhanced mass transfer and better distribution of reactants within
the reactor. The highest degradation efficiency is achieved at 400 mL min−1, where the
system reaches nearly complete removal (about 99%) within 60 min. This improvement can
be attributed to optimized hydrodynamic conditions, which promote uniform dispersion of
MIL-100(Fe) particles, efficient mixing of H2O2 and dye molecules, and enhanced exposure
of the reaction medium to solar irradiation. As a result, the generation and utilization of
reactive oxygen species (ROS), particularly hydroxyl radicals (•OH), are maximized.

Figure 9. The impact of circulation flow rate on the degradation efficiency of Red SPR dye in the
MIL-100(Fe)-based solar photo-Fenton system (H2O2 = 400 mg L−1, MOF = 40 mg L−1, pH 3.0, Dye
20 mg/L).

However, a further increase in flow rate to 500 mL min−1 leads to a slight decline
in degradation efficiency. Although higher flow rates improve turbulence and mixing,
they simultaneously reduce the residence time of the reaction mixture within the illumi-
nated zone of the reactor. This limits the effective interaction time between ROS and dye
molecules, resulting in reduced overall degradation efficiency [5]. Additionally, excessive
flow may lead to inefficient photon utilization due to rapid fluid movement [16]. Thus,
it is essential to mention that while increasing the circulation flow rate enhances mixing
and photon utilization, excessive flow reduces effective irradiation time, confirming that
400 mL min−1 is the optimal and operationally efficient flow rate for achieving maximum
degradation efficiency in this system. These findings confirm the existence of an optimal
flow rate, where a balance is achieved between mass transfer enhancement and sufficient
irradiation time. Similar trends have been reported in solar photoreactor systems, where
moderate flow rates maximize degradation efficiency, while excessively high flow rates
reduce performance due to shortened residence time and incomplete radical utilization.

2.6.6. Effect of Initial Dye Loading

To investigate the influence of pollutant loading on the degradation efficiency, the ef-
fect of the initial concentration of Red SPR dye was evaluated in the range of 20–50 mg L−1,
as presented in Figure 10. The Figure illustrates that increasing the initial dye concentration
from 20 to 50 mg L−1 results in a systematic decrease in degradation efficiency over the
reaction time. At an initial concentration of 20 mg L−1, the system achieved rapid degrada-
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tion, reaching approximately 68% removal within 20 min and up to 97% after 60 min. In
contrast, at 30 mg L−1, the removal efficiency slightly decreased to 60% at 20 min and 93%
after 60 min. A more pronounced decline was observed at higher concentrations, where
40 mg L−1 exhibited 50% removal at 20 min and 88% at 60 min, while the highest tested
concentration (50 mg L−1) showed only 40% removal at 20 min and reached 78% after
60 min. This trend clearly demonstrates that lower initial dye concentrations favor faster
degradation kinetics and higher overall removal efficiency. The observed behavior can
be primarily attributed to the light attenuation (shadowing) effect, where increasing dye
concentration intensifies solution color, thereby limiting solar radiation penetration and
reducing the activation of the MIL-100(Fe) catalyst. Consequently, the photoreduction of
Fe3+ to Fe2+ and the generation of hydroxyl radicals (•OH) are suppressed.

Figure 10. Effect of initial Red SPR dye concentration on the solar photo-Fenton degradation efficiency
using MIL-100(Fe) under fixed operating conditions (pH 3.0, H2O2 = 400 mg L−1, Fe = 40 mg L−1).

In addition, higher dye concentrations increase competition between pollutant
molecules and intermediate species for the available reactive oxygen species (ROS), re-
sulting in insufficient radical availability per molecule. For example, while 20 mg L−1

achieved ~90% removal within 40 min, the 50 mg L−1 system reached only ~65% under
the same conditions, confirming the reduced oxidation efficiency at higher loadings. Fur-
thermore, accumulation of intermediate degradation products at elevated concentrations
may contribute to radical scavenging, further inhibiting the process. Conversely, at lower
dye concentrations, the ratio of ROS to pollutant molecules is higher, enabling more effec-
tive radical attack, enhanced catalytic turnover, and improved mineralization pathways.
The active sites of the MIL-100(Fe) catalyst also remain more accessible, contributing to
improved performance. Therefore, it is noteworthy to mention that such results confirm
that initial dye concentration is a critical operational parameter, and maintaining lower
pollutant loadings significantly enhances the efficiency of the solar photo-Fenton process.
This investigation is in agreement with previous studies [28,50] which reported similar
decreases in degradation efficiency with increasing organic load due to light screening
and radical competition effects. Recent investigations on Fe-based MOFs, including MIL-
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100(Fe), further confirm that optimal photocatalytic performance is achieved at lower
contaminant concentrations, where photon utilization and ROS generation are maximized.

2.6.7. Effect of Temperature

Figure 11 shows that temperature has a pronounced effect on the degradation kinetics
of Red SPR dye. Increasing the temperature from 25 to 55 ◦C significantly accelerates
the reaction rate, particularly during the initial stages of the process. For instance, the
removal efficiency at 10 min increases from approximately 60% at 25 ◦C to 88% at 55 ◦C,
indicating enhanced reaction kinetics at elevated temperatures. This improvement can
be attributed to the increased rate of H2O2 decomposition and enhanced generation of
hydroxyl radicals (•OH), as well as improved mass transfer and molecular interactions at
higher temperatures. Additionally, elevated temperatures promote faster Fe3+/Fe2+ redox
cycling within the MIL-100(Fe) framework, further enhancing catalytic activity.

Figure 11. Effect of reaction temperature on the solar photo-Fenton degradation of Red SPR dye
using MIL-100(Fe) under fixed operating conditions (pH 3.0, H2O2 = 400 mg L−1, MOF = 40 mg L−1,
initial dye concentration = 20 mg L−1).

However, despite the significant differences in initial degradation rates, all temperature
conditions ultimately achieve near-complete removal—almost 100%—within 40–60 min,
indicating that temperature primarily influences the reaction rate rather than the final degra-
dation efficiency. This suggests that the system is not limited by thermodynamics but rather
by reaction kinetics. From a practical perspective, although higher temperatures (55 ◦C)
provide faster degradation, the marginal benefit in final removal does not justify the addi-
tional energy input required for heating. Therefore, operating at moderate temperatures
(35–45 ◦C) offers an optimal balance between reaction efficiency and energy consumption.
These results are in accordance with previous studies [50,51] on photo-Fenton systems,
where increasing temperature enhances reaction kinetics but does not significantly alter
the ultimate removal efficiency due to the high oxidative capacity of hydroxyl radicals.
Hence, although the elevated temperatures accelerate degradation kinetics, the negligible
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difference in final removal efficiency confirms that moderate temperature conditions are
sufficient and more energy-efficient for practical applications [50].

2.6.8. Radical Scavenger Test

To elucidate the dominant reactive oxygen species involved in the degradation process,
radical scavenger experiments were conducted under optimized conditions, as illustrated in
Figure 12. The data displayed in Figure 12 presents the effect of different radical scavengers
on the degradation efficiency of Red SPR dye, providing insight into the primary reactive
oxygen species (ROS) responsible for the oxidation process in the MIL-100(Fe)-based solar
photo-Fenton system. In the absence of scavengers, the system exhibits nearly complete
degradation (about 100%) within the reaction time, confirming the high efficiency of
the catalytic process. Upon the addition of tert-butanol (TBA), a well-known hydroxyl
radical (•OH) scavenger, a significant decrease in degradation efficiency is observed. This
clearly indicates that •OH radicals are the dominant oxidizing species responsible for
dye degradation. Similarly, the introduction of p-benzoquinone (BQ), a scavenger for
superoxide radicals (O2•−), results in a moderate reduction in degradation efficiency,
suggesting that superoxide radicals also contribute to the oxidation process, although to a
lesser extent than •OH. However, the addition of ammonium oxalate (AO) or EDTA, which
act as hole (h+) scavengers, leads to a slight decrease in removal efficiency, indicating a
minor contribution of photogenerated holes in the overall mechanism [28,49].

Figure 12. Effect of different radical scavengers on the degradation efficiency of Red SPR dye during
the solar photo-Fenton process over MIL-100(Fe) under optimized operating conditions (pH 3.0,
H2O2 = 400 mg L−1, MOF = 40 mg L−1, initial dye concentration = 20 mg L−1).

The pronounced inhibition observed in the presence of TBA confirms that the degrada-
tion mechanism is predominantly governed by hydroxyl radicals generated via the Fenton
and photo-Fenton reactions. The partial suppression observed with BQ further suggests a
secondary role of superoxide radicals, likely formed through the reduction of dissolved
oxygen or H2O2 photolysis pathways. These results are consistent with previous studies
on Fe-based MOF systems, including MIL-100(Fe), where •OH radicals are identified as
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the primary reactive species, with additional contributions from O2•− and other ROS
depending on reaction conditions. The radical scavenger experiments confirm that the
degradation of Red SPR dye is predominantly governed by hydroxyl radicals (•OH), with
additional but less significant contributions from superoxide radicals (O2•−), supporting
the proposed solar photo-Fenton mechanism over MIL-100(Fe) [52,53].

2.6.9. Iron Leaching, Catalyst Recovery, and Heterogeneity

To evaluate the heterogeneous nature, recovery behavior, and structural stability of the
MIL-100(Fe)-based solar photo-Fenton system, iron leaching analysis and catalyst-removal
experiments were conducted under the optimized operating conditions. The iron leaching
analysis revealed a dissolved Fe concentration of 1.2 mg L−1 after the reaction, correspond-
ing to approximately 3.0 wt% relative to the initially applied MIL-100(Fe) catalyst dosage
(40 mg L−1), indicating limited iron release during the oxidation process.

After completion of the reaction, the MIL-100(Fe) catalyst was successfully recovered
from the treated solution by filtration, followed by repeated washing with distilled wa-
ter and ethanol to remove residual intermediates and adsorbed species. The recovered
catalyst was then dried prior to reuse, demonstrating the practical recoverability of the
heterogeneous catalyst system.

Furthermore, the catalyst-removal experiment demonstrated that after separating the
MIL-100(Fe) catalyst from the reaction suspension, only negligible additional dye degrada-
tion occurred. This observation confirms that the oxidation process was predominantly
governed by heterogeneous surface-mediated catalysis rather than homogeneous dissolved
Fe species. Compared with conventional homogeneous Fenton systems based on dissolved
Fe2+ ions, the heterogeneous MIL-100(Fe)-based system offers additional advantages, in-
cluding reduced ferric sludge generation, easier catalyst separation, and minimized sec-
ondary pollution. These findings confirm the good structural stability and heterogeneous
catalytic behavior of MIL-100(Fe) under the investigated solar photo-Fenton conditions.

2.7. 100(Fe) Hydroxyl Radical Generation and Reaction Mechanism

The catalytic mechanism of the solar-assisted photo-Fenton-like process over MIL-
100(Fe) is governed by the continuous generation of highly reactive oxygen species (ROS),
primarily hydroxyl radicals (•OH), through iron redox cycling and light irradiation. The
overall mechanism is schematically illustrated in Figure 13, while the fundamental reac-
tion pathways responsible for ROS generation and dye degradation are summarized in
Equations (1)–(15).

As shown in Figure 13, MIL-100(Fe) acts as a heterogeneous catalyst in which Fe3+

active sites embedded within the porous framework undergo continuous redox cycling.
Initially, Fe2+ reacts with hydrogen peroxide (H2O2) to generate •OH radicals and Fe3+ via
the classical Fenton reaction (Equation (1)). The produced Fe3+ is subsequently reduced
back to Fe2+ through reaction with hydroperoxyl radicals (HO2•) (Equation (2)) and via
interaction with H2O2 (Equation (4)), thereby sustaining the catalytic cycle. Simultaneously,
H2O2 participates in several secondary reactions that contribute to the formation of addi-
tional ROS. In particular, •OH reacts with H2O2 to produce superoxide radicals (O2•−) and
HO2• (Equations (3) and (5)). These reactions play a crucial role in maintaining a dynamic
equilibrium among different reactive species in the system. However, some reactions may
act as radical scavenging or recombination pathways. For example, •OH can be consumed
through reaction with Fe2+ (Equation (6)), while radical recombination processes such as
•OH self-quenching (Equation (7)) and HO2• disproportionation (Equation (8)) reduce the
overall availability of active oxidants. Additional side reactions, including the interaction
of Fe2+ with HO2• (Equation (9)) and the reaction between H2O2 and HO2• (Equation (10)),
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further influence the balance of ROS in the system. Under solar irradiation, the catalytic
process is significantly enhanced through photo-Fenton reactions. As described in Equa-
tion (11), Fe2+ reacts with H2O2 under light irradiation to produce additional •OH radicals.
Furthermore, Fe(OH)2+ species undergo photoreduction to regenerate Fe2+ (Equation (12)),
while direct photolysis of H2O2 yields two •OH radicals (Equation (13)). These photo-
chemical pathways greatly accelerate ROS generation and improve the overall reaction
kinetics [26].

Figure 13. Schematic illustration of mechanistic pathway of reactive azo dye degradation via solar-
activated MIL-100(Fe)/H2O2 system.

In addition, the unique structure of MIL-100(Fe) enables ligand-to-metal charge trans-
fer (LMCT), as described in Equation (15), where Fe3+ complexes are photoreduced to Fe2+

with the simultaneous formation of ligand-centered radicals (L•). This process further
enhances Fe2+ regeneration and promotes sustained catalytic activity. Here, L represents
the organic ligand within the MIL-100(Fe) framework. The generated ROS, particularly
•OH and O2•−, are highly oxidative and non-selectively attack the azo (–N=N–) bonds
and aromatic structures of dye molecules, leading to their fragmentation into intermediate
compounds (Equation (14)). These intermediates are subsequently oxidized through succes-
sive reactions until complete mineralization into CO2, H2O, and inorganic ions is achieved.
Overall, the coupled Fenton, photo-Fenton, and LMCT processes demonstrate the syner-
gistic role of solar irradiation and the Fe3+/Fe2+ redox cycle in enhancing ROS generation
and improving the photocatalytic degradation efficiency of the MIL-100(Fe)/H2O2 system.
Additionally, as illustrated in Figure 13, the mesoporous structure of MIL-100(Fe) facilitates
mass transfer and provides abundant accessible active sites, further contributing to the
enhanced catalytic performance [54].

The proposed mechanism was further clarified to distinguish between the primary
ROS generation pathways and the secondary radical transformation/recombination re-
actions occurring within the MIL-100(Fe)/H2O2 system. Hydroxyl radicals (•OH) were
identified as the dominant oxidative species responsible for Red SPR dye degradation,
whereas O2•− and HO2• mainly participate in secondary redox reactions and Fe3+/Fe2+
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regeneration pathways. In addition, solar irradiation enhances the catalytic process through
Fe3+ photoreduction, accelerated H2O2 photolysis, and improved Fe2+ regeneration via
photo-Fenton and ligand-to-metal charge transfer (LMCT) processes. Moreover, the porous
MIL-100(Fe) framework facilitates reactant diffusion and provides abundant accessible
active sites, thereby promoting ROS generation and enhancing the overall heterogeneous
solar photo-Fenton degradation efficiency.

Fe2+ + H2O2 → Fe3+ + OH− + OH· (1)

Fe3+ + OH·
2 → Fe 2+ + O2 + H+ (2)

H2O2 + HO· → H+ + O·
2 + H2O (3)

Fe3+ + H2O2 → Fe2+ + OH·
2 + H+ (4)

H2O2 + HO· → HO·
2 + H2O (5)

Fe2+ + OH· → Fe3+ + OH− (6)

OH· + OH· → H2O2 (7)

2OH·
2 → H2O2 + O2 (8)

Fe2+ + OH·
2 +H+ → Fe 3+

+ H2O2 (9)

H2O2 + HO·
2 → H2O + O2 + HO· (10)

Fe2+ + H2O2 + hv → Fe 3+ + OH− + OH· (11)

Fe(OH)2+ + hv → Fe 2+ + H+ (λ < 580 nm) (12)

H2O2 + hv → 2OH· (λ < 310 nm) (13)

𝑂𝐻∙ +  ↔  → Reaction intermediates → 𝐹𝑢𝑟𝑡ℎ𝑒𝑟 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛𝑠 (14)

Fe3+Ln + hv → Fe2+Ln−1 + L· (15)

Overall, the synergistic interaction between solar irradiation and the Fe3+/Fe2+ re-
dox cycle significantly enhances the photocatalytic degradation efficiency of the MIL-
100(Fe)/H2O2 system.

2.8. Kinetics and Thermodynamic Analysis

To gain deeper insight into the degradation mechanism of Red SPR dye over MIL-
100(Fe), the experimental data obtained at different temperatures were analyzed using
kinetic and thermodynamic models. The kinetic parameters presented in Table 1 clearly
demonstrate the strong influence of temperature on the degradation rate of reactive Red
SPR dye in the MIL-100(Fe)-based solar photo-Fenton system. For the pseudo-first-order
model, the rate constant (k1) increased from 0.1040 min−1 at 25 ◦C to 0.1589 min−1 at 55 ◦C,
indicating a significant enhancement in reaction kinetics with increasing temperature. Cor-
respondingly, the half-life time (t1/2) decreased from 6.66 min to 4.36 min, confirming that
higher temperatures accelerate the degradation process. The high correlation coefficients
(R2 = 0.98–0.99) obtained for the pseudo-first-order model indicate an excellent fit to the
experimental data, suggesting that the degradation process is well described by this kinetic
model. This behavior is typical of photo-Fenton systems, where the reaction rate is primar-
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ily governed by the concentration of the pollutant and the availability of reactive oxygen
species (ROS), particularly hydroxyl radicals (•OH) [5,28].

Table 1. Parameters of first- and second-kinetic models for reactive Red SPR dye removals through
solar photo-Fenton system.

Linearized Kinetic Model Kinetic Variables
Temperature, ◦C

25 ◦C 35 ◦C 45 ◦C 55 ◦C

Pseudo-first-order
(C t = Co − ek1t)

k1 (min−1) 0.1040 0.1417 0.1568 0.1589
t1/2 (min) 6.66 4.89 4.42 4.36

R2 0.99 0.98 0.99 0.99

Pseudo-second-order
(
(

1
Ct

)
=

(
1

C0

)
− k2t)

k2 (L.mg−1.min−1) 0.0438 0.1176 0.2391 0.4792
t1/2 (min) 0.9162 0.8461 0.8689 0.9038

R2 0.91 0.84 0.86 0.90

In contrast, although the pseudo-second-order rate constant (k2) also increased with
temperature (from 0.0438 to 0.4792 L mg−1 min−1), the corresponding R2 values (0.84–0.91)
were consistently lower than those of the pseudo-first-order model. This indicates a poorer
fit and suggests that the second-order model is less suitable for describing the degradation
kinetics of Red SPR dye under the studied conditions. Moreover, the half-life values derived
from the pseudo-second-order model showed less consistent trends, further supporting
this conclusion. Hence, the results confirm that the degradation of Red SPR dye over MIL-
100(Fe) follows pseudo-first-order kinetics, with the reaction rate significantly enhanced
at elevated temperatures. This behavior can be attributed to the increased generation
of hydroxyl radicals, improved mass transfer, and accelerated Fe3+/Fe2+ redox cycling
within the MIL-100(Fe) framework. These findings indicate that the degradation process is
predominantly governed by radical-mediated oxidation mechanisms, with temperature
playing a key role in enhancing the reaction kinetics rather than altering the fundamental
reaction pathway.

The thermodynamic parameters, including Gibbs free energy (∆G‘), enthalpy (∆H‘),
and entropy (∆S‘) of activation, were calculated from the temperature-dependent ki-
netic data. Table 2 summarizes these parameters, providing insights into the energetic
aspects of the Red SPR dye degradation process under the MIL-100(Fe)-based solar
photo-Fenton system.

Table 2. Thermodynamic parameters for reactive Red SPR dye oxidation over the MIL-100(Fe)-based
solar photo-Fenton system.

Thermodynamic
Parameters

T/◦C

25 ◦C 40 ◦C 50 ◦C 60 ◦C

∆G‘ (kJ/mol) 78.45 80.79 83.13 85.47
∆H‘ (kJ/mol) 8.72 8.72 8.72 8.72
∆S‘ (J/mol K) −233.88 −233.88 −233.88 −233.88
Ea (kJ/mol) 11.32

The calculated thermodynamic parameters indicate that the degradation of reactive
Red SPR dye over MIL-100(Fe) is a thermally assisted process with a relatively low activa-
tion energy (Ea = 11.32 kJ mol−1), confirming that the oxidation proceeds readily under
the investigated conditions. The positive value of ∆H‘ (8.72 kJ mol−1) suggests that the ac-
tivation step is endothermic in nature. In contrast, the negative ∆S‘ value (−233.88 J mol−1

K−1) indicates the formation of a more ordered activated complex during the degradation
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process. The positive ∆G‘ values, which increase with temperature, reflect the existence
of an activation barrier for the reaction step. Nevertheless, the low Ea value and the rapid
experimental degradation confirm that the solar photo-Fenton oxidation of Red SPR dye
over MIL-100(Fe) is kinetically favorable and efficiently promoted by increasing tempera-
ture. Hence, the thermodynamic results support the kinetic findings and confirm that Red
SPR dye degradation over MIL-100(Fe) is an energetically feasible, temperature-enhanced
oxidation process.

It is noteworthy to mention that the relatively low activation energy value obtained in
the present study (Ea = 11.32 kJ mol−1) indicates that the degradation process proceeds
readily once reactive oxygen species are generated, which is characteristic of radical-
mediated photo-Fenton oxidation systems. In heterogeneous solar photo-Fenton processes,
the apparent activation energy reflects the combined contribution of several coupled
phenomena, including H2O2 decomposition, Fe3+/Fe2+ redox cycling, hydroxyl radical
generation, adsorption–desorption interactions, and mass-transfer effects, rather than
representing only the intrinsic surface reaction barrier [55,56].

Therefore, although the calculated Ea value is relatively low, increasing the reaction
temperature still significantly enhances the initial degradation kinetics by accelerating
H2O2 activation, improving Fe2+ regeneration, increasing molecular diffusion, and pro-
moting more effective interaction between dye molecules and reactive oxygen species.
Consequently, the pronounced increase in early-stage degradation efficiency observed
at elevated temperatures mainly reflects enhanced radical generation and faster reaction
kinetics rather than a contradiction with the relatively low activation energy value.

2.9. Limitations and Future Perspectives

Although the MIL-100(Fe)-based solar photo-Fenton system demonstrated high degra-
dation efficiency toward reactive azo dye (Red SPR), several limitations should be con-
sidered. The current investigation was performed using a synthetic dye solution under
controlled laboratory conditions, which may not fully represent the complexity of real tex-
tile wastewater containing competing organic compounds, inorganic ions, surfactants, and
suspended solids that could influence catalyst performance and reactive oxygen species
generation. In addition, the experiments were conducted under natural solar irradiation,
where fluctuations in solar intensity and environmental conditions may affect process
reproducibility and large-scale operational stability under practical outdoor applications.

Furthermore, while the synthesized MIL-100(Fe) exhibited efficient catalytic activity,
additional investigations concerning long-term catalyst durability, continuous-flow large-
scale operation, and extended stability under repeated solar photo-Fenton cycles are still
necessary before practical industrial implementation. Future studies should therefore
focus on real textile wastewater treatment, pilot-scale reactor evaluation, catalyst lifetime
assessment, and process optimization under variable environmental conditions to further
validate the practical applicability of the developed solar-assisted heterogeneous photo-
Fenton system.

3. Experimental Investigation
3.1. Synthesis of MIL-100(Fe)

Iron(III) nitrate nonahydrate (Fe(NO3)3·9H2O, ≥98%) and benzene-1,3,5-tricarboxylic
acid (H3BTC, ≥95%) were purchased from Sigma-Aldrich. N,N-dimethylformamide (DMF,
≥99.8%) and ethanol (≥99.9%) were obtained from Merck. Distilled water (Merck KGaA,
Darmstadt, Germany) was used throughout all washing steps. All chemicals were of
analytical grade and used without further purification. MIL-100(Fe) was synthesized via
a solvothermal method. Briefly, Fe(NO3)3·9H2O (2 mmol) and H3BTC (1 mmol) were
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dissolved in 30 mL DMF under continuous magnetic stirring at room temperature for
30 min to obtain a homogeneous solution. The mixture was then transferred into a Teflon-
lined stainless-steel autoclave and heated at 100 ◦C for 24 h. After naturally cooling to room
temperature, the resulting solid product was collected by centrifugation and washed with
distilled water and ethanol (three times each) to remove unreacted precursors and residual
solvent. The product was then dried at 75 ◦C. Finally, the dried material was thermally
activated at 150 ◦C for 24 h to remove trapped solvent molecules and obtain the activated
MIL-100(Fe).

3.2. Preparation of Synthetic Dye Solution

A commercially available reactive azo dye, Red SPR (trade name, Kisco International,
Adana, Turkey), was selected as a model organic contaminant to evaluate the catalytic
performance of the synthesized MIL-100(Fe) in Fenton and photo-Fenton processes. The
use of a model dye enables controlled investigation of degradation efficiency and reaction
mechanisms relevant to textile wastewater treatment.

A synthetic aqueous solution was prepared to simulate dye-containing effluents under
well-defined laboratory conditions. A stock solution (1000 mg·L−1) was obtained by
dissolving an accurately weighed amount of Red SPR powder in distilled water, followed
by thorough mixing to ensure complete dissolution. Working solutions of the desired
concentrations were then prepared by serial dilution of the stock solution.

This approach provides a reproducible system for systematically assessing catalytic
activity, reaction kinetics, and degradation pathways of the MIL-100(Fe) catalyst, while
minimizing matrix interferences typically present in real wastewater. Consequently, it
allows clearer interpretation of the role of active Fe sites and reactive oxygen species in the
degradation process.

3.3. Solar Photo-Fenton Experimental Setup and Procedure

The solar photo-Fenton experiments were conducted using a parabolic trough solar
collector system integrated with a tubular reactor and a circulation tank. The experimental
setup consisted of a transparent tubular reactor mounted over a flat plate collector to
maximize solar irradiation exposure. The reactor was connected to a storage tank through
a continuous circulation loop using a peristaltic pump, ensuring uniform mixing and
consistent contact between the catalyst, oxidant, and dye solution. Then, a known volume of
the reactive azo dye solution (Red SPR) with a predetermined concentration was introduced
into the tank, followed by the addition of a specific dosage of the MIL-100(Fe) catalyst and
hydrogen peroxide (H2O2). The initial pH of the solution was adjusted to the desired value
using dilute sulfuric acid (H2SO4, 0.1–1.0 M) or sodium hydroxide (NaOH, 0.1–1.0 M),
prepared from analytical-grade reagents (≥98%, Sigma-Aldrich, Darmstadt, Germany)
using distilled water. The suspension was circulated continuously between the tank and
the tubular reactor at a constant flow rate under natural solar irradiation.

Prior to irradiation, the reaction mixture was stirred in the dark for a certain period to
establish adsorption–desorption equilibrium between the dye molecules and the catalyst
surface. Upon exposure to sunlight, the photo-Fenton reaction was initiated, and the
degradation process was monitored over time. All experiments were carried out during
the summer season under natural sunlight to ensure high and stable solar irradiance. The
ambient temperature and solar intensity were recorded throughout the experimental period
to maintain consistency and reproducibility.

Samples were withdrawn from the system at regular time intervals of 10 min. Each
sample was immediately centrifuged to remove catalyst particles and analyzed using UV–
Vis spectrophotometry at λmax = 505 nm to determine the residual dye concentration. The
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degradation efficiency was calculated based on the change in concentration over time. The
experimental setup of the solar photo-Fenton system, incorporating a parabolic trough
collector coupled with a tubular quartz reactor and a recirculation loop, is illustrated in
Figure 14.

Figure 14. Schematic representation of the solar photo-Fenton experimental setup using a parabolic
trough collector.

The solar irradiance during the experimental runs was continuously monitored using
an ISO 9060 (Kipp & Zonen, Delft, The Netherlands) second-class pyranometer from Kipp
& Zonen®, Delftechpark, The Netherlands (Model CMP3) during the solar illumination
period. The measured solar intensity during the experiments ranged approximately from
650 to 920 W m−2 under clear daytime conditions. All experiments were conducted
during the summer season within a fixed daytime interval under relatively stable weather
conditions to minimize fluctuations in solar irradiation. In addition, ambient temperature
and solar intensity were continuously recorded throughout the experiments to maintain
consistency and improve the reproducibility of the solar-assisted oxidation process.

To identify the dominant reactive oxygen species involved in the solar photo-Fenton
degradation mechanism, radical scavenger experiments were conducted under the opti-
mized operating conditions (pH 3.0, H2O2 = 400 mg L−1, MIL-100(Fe) = 40 mg L−1, and
initial Red SPR dye concentration = 20 mg L−1). Prior to solar irradiation, the reaction
mixture was stirred in the dark for 20 min to establish adsorption–desorption equilibrium.
Different scavengers were individually added to the reaction system before irradiation,
including tert-butanol (TBA) as a hydroxyl radical (•OH) scavenger, p-benzoquinone (BQ)
as a superoxide radical (O2•−) scavenger, and ammonium oxalate (AO) as a photogener-
ated hole (h+) scavenger. The concentration of each scavenger was maintained throughout
the experiments. The degradation efficiency of Red SPR dye was monitored under natural
solar irradiation using UV–Vis spectrophotometry at λmax, and the obtained results were
used to evaluate the contribution of the different reactive species to the oxidation process.

https://doi.org/10.3390/catal16060495

https://doi.org/10.3390/catal16060495


Catalysts 2026, 16, 495 23 of 26

3.4. Analytical Technique

The concentration of the reactive azo dye was determined using UV–Vis spectropho-
tometry (UNICO UV-2100 spectrophotometer, North Charleston, South Carolina). Absorp-
tion spectra were recorded over the wavelength range of 200–800 nm, and the maximum
absorbance (λmax) of the dye was identified at 505 nm. This characteristic wavelength
was used to monitor the degradation process during the catalytic oxidation experiments.
At predetermined time intervals, aliquots were withdrawn from the reaction mixture and,
when necessary, centrifuged to remove suspended catalyst particles prior to analysis. The
residual dye concentration was calculated from the absorbance at 505 nm using a previously
established calibration curve based on the Beer–Lambert law.

3.5. Characterization

The physicochemical properties and structural characteristics of the synthesized MIL-
100(Fe) were systematically investigated using a set of analytical techniques consistent with
previously reported methodologies. X-ray diffraction (XRD) patterns were recorded using
a Bruker D8 (Zurich, Switzerland) Advance X-ray diffractometer equipped with Cu Kα

radiation (λ = 1.5406 Å), where data were collected over a 2θ range of 5–50◦ at a scanning
rate of 2◦ min−1 to assess the crystallinity and phase purity of the synthesized material. To
further examine the surface morphology and microstructural features, Scanning Electron
Microscopy (SEM) analysis was performed using a JEOL JSM-6510LV, with samples sputter-
coated with a thin gold layer prior to imaging to enhance conductivity and improve
resolution. In conjunction with SEM, energy-dispersive x-ray spectroscopy (EDX) was
carried out using an Oxford Instruments X-Max EDX detector to determine the elemental
composition and distribution, with measurements conducted at an accelerating voltage
of 15–20 kV to enable clear detection of Fe, O, and C elements. Additionally, Fourier
Transform Infrared Spectroscopy (FTIR) measurements were performed using a (Unico
2100 FTIR, North Charleston, South Carolina) spectrophotometer in the wavenumber range
of 4000–400 cm−1, where samples prepared via the KBr pellet method were analyzed to
identify functional groups and confirm the coordination between iron centers and the
organic ligand.

4. Conclusions
In this work, MIL-100(Fe) was successfully synthesized and applied as an effective

heterogeneous catalyst for the solar-assisted photo-Fenton degradation of reactive Red
SPR dye. The system exhibited high catalytic efficiency, achieving nearly complete dye
removal under optimized conditions (pH 3.0, H2O2 = 400 mg L−1, MOF = 40 mg L−1). The
degradation process was well described by pseudo-first-order kinetics, with reaction rates
increasing with temperature, confirming the thermally enhanced nature of the process.
Thermodynamic analysis revealed that the reaction is endothermic and kinetically favorable,
while radical scavenger experiments demonstrated that hydroxyl radicals (•OH) are the
primary reactive species responsible for dye oxidation. The enhanced performance is
attributed to the synergistic effect of solar irradiation and the Fe3+/Fe2+ redox cycle within
the MIL-100(Fe) framework. Thus, the findings highlight the strong potential of MIL-
100(Fe)-based solar photo-Fenton systems as efficient, sustainable, and economically viable
solutions for the treatment of dye-contaminated wastewater.
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