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The persistent presence of reactive dyes in textile wastewater poses a significant environmental 
challenge due to their resistance to conventional treatment methods. In this study, a novel Curcumin-
functionalized MIL-88 A metal-organic framework (MOF) was synthesized using a green, ethanol-based 
method for the enhanced removal of reactive blue dye from aqueous solutions. The composite was 
characterized using FTIR, XRD, FESEM, EDS, BET, and UV–vis spectroscopy. FTIR analysis confirmed 
successful curcumin functionalization, XRD patterns showed the retention of MIL-88 A crystallinity, 
and FESEM revealed well-defined spindle-shaped particles with curcumin coating. EDS indicated 
increased carbon content, while BET analysis demonstrated enhancements in surface area (from 32.35 
to 39.70 m²/g) and pore volume (from 0.2816 to 0.3582 cm³/g), improving the material’s adsorption 
performance. Under optimized UV-assisted conditions (pH 4, 0.080 g adsorbent, 50.953 min), 
the Curcumin/MIL-88 A composite achieved a removal efficiency of 99.98% in the first cycle and a 
maximum adsorption capacity of 80.89 mg/g based on Langmuir isotherm fitting. Kinetic studies 
showed that the pseudo-second-order model best described the adsorption behavior, suggesting 
chemisorption as the dominant mechanism. Isotherm modeling indicated that the Freundlich model 
provided the best fit, implying multilayer adsorption on a heterogeneous surface. These results confirm 
a synergistic removal mechanism involving both adsorption and photodegradation. The Curcumin/MIL-
88 A composite thus represents a promising, reusable candidate for sustainable wastewater treatment.

Keywords  Dye removal, Porous nanocavity, Reactive blue, Curcumin/MIL-88A

The textile industry is a major consumer of water, utilizing between 25 and 250 m³ of water per ton of product, 
depending on the processes involved1. In the early 20th century, synthetic dyes largely replaced natural dyes due 
to their ease of synthesis, low cost, color stability, and versatility2. These dyes are widely applied in fabric dyeing, 
paper printing, leather processing, pharmaceuticals, color photography, cosmetics, plastics, food additives, 
petroleum products, and various industrial applications2. Many synthetic dyes, including azo, anthraquinone, and 
triphenylmethane classes, are toxic, mutagenic, and resistant to degradation, posing significant environmental 
and health hazards when discharged into water bodies. For example, dyes such as malachite green3, methyl 
orange4, and resorcinol5 have been shown to persist in aquatic environments and interfere with photosynthesis 
and aquatic life. Reactive blue dyes, specifically, are known for their high water solubility and structural stability 
due to sulfonate and azo functional groups, making them particularly difficult to remove by conventional 
means6. Therefore, novel adsorbent systems capable of targeting such persistent dyes are urgently needed7.As 
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one of the largest producers of dyes, the textile industry generates wastewater characterized by high Chemical 
Oxygen Demand (COD) and a diverse range of colors8. The Biochemical Oxygen Demand (BOD) to COD ratio 
in this effluent is approximately 0.25, indicating that most compounds are non-biodegradable and potentially 
toxic to aquatic life9,10. Due to their high solubility, reactive dyes pose a major environmental challenge, with 
approximately 50% discharged into wastewater at concentrations of 10–200 mg·L⁻¹11. Reactive dyes, characterized 
by azo bonds and sulfonate groups, are particularly resistant to biodegradation and conventional treatment 
methods12. Following azo dyes, reactive dyes are the second most common dye type in textile applications, 
primarily used for dyeing yarn, wool, and polyamide fibers13. Their solubility makes them persistent in 
aquatic environments, where they pose significant economic and ecological risks10. Conventional wastewater 
treatment methods, such as coagulation and sedimentation, struggle to remove these dyes effectively14. However, 
adsorption has emerged as a promising, cost-effective, and efficient technology for dye removal, producing 
minimal secondary pollution15,16. Recent advances have utilized low-cost adsorbents, including natural 
materials, bio-adsorbents, and industrial or agricultural wastes17. For instance, eggshells—a widely available 
food industry byproduct—have shown potential as natural adsorbents for dyes and phenolic compounds due to 
their CaCO₃ composition and functional groups like –OH, –C = O, PO₄³⁻, amines, and amides18–20. Additionally, 
metal-organic frameworks (MOFs) have gained attention as highly tunable adsorbents with tailored pore 
sizes and adsorption properties, achieved by varying organic ligands and metal ions during synthesis21–25. 
MOFs offer diverse applications, including water purification, toxic gas removal, gas storage, catalysis, and 
energy storage due to their highly tunable structures and multifunctional properties26–31. Recent studies have 
explored MOF-based composites with enhanced environmental remediation capabilities, particularly in dye 
adsorption and photodegradation. For instance, sulfonated MIL-101(Cr), UiO-66-based hybrids, and ZIF-67@
GO composites have demonstrated high efficiency in removing pollutants such as malachite green and methyl 
orange from aqueous media32–34. These composites benefit from increased surface area, porosity, and reactivity, 
often showing synergistic removal effects. In addition to these materials, recent studies have demonstrated the 
promising performance of novel adsorbent systems combining metal-organic frameworks, clays, and organic 
functional groups for efficient dye removal and photocatalysis. For example, functionalized porous composites 
have shown high removal efficiencies and improved reusability in wastewater systems35,36. Hybrid nanomaterials 
and engineered interfaces have also been explored for their synergistic dye degradation potential under light-
assisted conditions37,38. Additionally, clay-based and bio-inspired materials continue to receive attention due to 
their low cost, abundance, and structural versatility39,40. These developments highlight the growing demand for 
multifunctional and eco-compatible materials in advanced wastewater treatment. Additionally, broader reviews 
have addressed the emerging role of MOFs in sustainable water purification41. These advances further highlight 
the need for cost-effective, bio-compatible MOF systems capable of tackling persistent pollutants through both 
adsorption and degradation pathways. MOFs, with their high surface areas and tunable pore sizes, have shown 
superior performance in dye removal compared to traditional adsorbents42. Metal-organic frameworks (MOFs) 
have emerged as highly effective adsorbents for dye removal due to their high surface areas (up to 7000 m²/g), 
tunable pore sizes, and versatile functionalization capabilities22,42. For instance, MOF-235 has demonstrated 
87% removal efficiency for methylene blue at pH 5 over 90  min43, while MIL-101 and UiO-66 have shown 
promise for cationic dyes, achieving 70–90% removal efficiencies, attributed to their large pore volumes (up 
to 1.6 cm³/g) and robust frameworks42,44. However, these MOFs face significant limitations, including limited 
stability in acidic or alkaline environments, which restricts their applicability in diverse industrial wastewater 
conditions26,42. Additionally, high synthesis costs and the lack of synergistic adsorption-photodegradation 
mechanisms limit their scalability and effectiveness for complex dye mixtures, such as reactive blue, which is 
highly soluble and resistant to conventional treatments12,42. These challenges highlight critical research gaps, 
including the need for cost-effective, eco-friendly MOFs with enhanced stability across a wide pH range and the 
ability to combine adsorption with photocatalytic degradation. The integration of natural compounds, such as 
curcumin, known for its phenolic and carbonyl groups that enhance radical generation and dye adsorption45, 
into MOFs remains underexplored, presenting an opportunity to address these limitations.

In this study, we introduce a novel Curcumin-functionalized MIL-88 A metal–organic framework (MOF), 
designed to address the key limitations of conventional MOFs in textile wastewater treatment. Traditional MOFs 
often suffer from high synthesis costs, limited stability across diverse pH ranges, and insufficient catalytic activity 
under ambient conditions26,42,44. To overcome these drawbacks, our approach integrates the photoactive and eco-
friendly properties of curcumin—a natural compound with phenolic and carbonyl groups that enhance radical 
generation and dye adsorption45—with the high surface area and structural tunability of MIL-88 A. The resulting 
composite leverages a dual removal mechanism: (i) adsorption via chemisorption and π–π interactions at active 
surface sites, and (ii) UV-assisted photodegradation driven by curcumin-generated reactive oxygen species. This 
synergy enables the Curcumin/MIL-88 A nanocomposite to achieve a remarkable 99.98% removal efficiency 
for reactive blue dye under optimized conditions (pH 4, 50.9 min UV exposure), surpassing the performance of 
previously reported MOFs such as MOF-235, MIL-101, and UiO-6643,44. The major objectives of this study are: 
(1) to synthesize and characterize the Curcumin/MIL-88 A composite using a green and scalable method; (2) to 
evaluate its performance in removing reactive blue dye across a range of operational conditions; (3) to elucidate 
the synergistic adsorption–photodegradation mechanism through experimental evidence and kinetic/isotherm 
modeling; and (4) to assess its reusability and potential for industrial-scale wastewater treatment. This research 
offers a sustainable and high-efficiency approach to address persistent dye pollution, bridging the gap between 
bio-inspired materials and advanced water purification technologies.
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Experiments
Materials
Turmeric powder (used for curcumin extraction) was purchased from a local market in Tehran, Iran. All 
other chemicals were obtained from Sigma-Aldrich and used without further purification: fumaric acid 
(C₄H₄O₄, ≥ 99%), iron(III) chloride hexahydrate (FeCl₃·6  H₂O, ≥ 98%), sodium hydroxide (NaOH, ≥ 98%), 
dimethylformamide (DMF, C₃H₇NO, anhydrous, 99.8%), and ethanol (C₂H₅OH, ≥ 99.5%, analytical grade). 
Reactive Blue Dye (commercial grade) was used as received, and deionized water was used throughout all 
synthesis and experimental procedures.

Characterization
A Shimadzu UV-1800 UV–visible spectrophotometer was used to evaluate the effect of the nanoabsorbent on 
reaction progress and the removal efficiency of reactive blue dye from model water and wastewater samples. 
The UV spectrophotometer was set to 592 nm for reactive blue dye measurements. In this instrument, solution 
absorbance was measured using a quartz cell with a 1 cm path length. Fourier Transform Infrared (FT-IR) spectra 
were obtained using a Bruker VERTEX 70 FT-IR spectrophotometer. X-ray diffraction (XRD) patterns were 
recorded with a PANalytical X’Pert Pro device, while a field-emission scanning electron microscope (FESEM), 
model TESCAN MIRA3, was employed to characterize the morphology, surface properties, and surface imaging 
of the nanoabsorbent.

Design of experiments (DOE)
Design-Expert software (version 11.0.3, DX) and Response Surface Methodology (RSM) were utilized for 
experimental design and optimization, respectively. The effects of pH, reactive blue dye concentration, 
nanoporous Curcumin/MIL-88 A mass (in grams), and reaction time on the removal efficiency of reactive blue 
dye were investigated. RSM is a widely recognized and standard method for optimizing such systems46.

2.3.1. Effects of pH, Pollutant Concentration, Nanoporous Mass, and Reaction Time on Pollutant 
Removal in Water and Wastewater Models.

Initial operating conditions were derived from previous studies to assess the influence of key variables on 
reactive blue dye removal. Following preliminary tests, the software determined the confidence intervals for 
each variable. The evaluated ranges were as follows: pH from 1 to 13, reactive blue dye concentration from 10 to 
145 mg·L⁻¹, nanoporous Curcumin/MIL-88 A mass from 0.01 to 0.08 g, and reaction time (UV Exposure Time) 
from 1 to 60 min. Specific reactive blue dye concentrations of 10, 35, 55, 100, and 256 mg·L⁻¹ were also tested. 
To prepare these solutions, specified concentrations were dissolved in deionized water within 25 mL volumetric 
flasks. After inputting these parameters into the Design-Expert software, an experimental plan was generated, 
and the proposed design was obtained and presented in Table 1.

Synthesis of nanoporous MIL-88 A
A solution containing 10 mmol of FeCl₃·6  H₂O and 10 mmol of Fumaric acid dissolved in 50 mL of 
dimethylformamide (DMF), along with 4 mL of 2 M sodium hydroxide, was stirred for 1 h and then transferred to 
a Teflon-lined stainless-steel autoclave. The mixture was heated at 150 °C for 48 h using a hotplate with magnetic 
stirring. This procedure was adapted from the synthesis protocol reported by Chalati et al.47. Subsequently, 
the resulting material was filtered and washed three times consecutively with water and ethanol. The obtained 
precipitate was then dried at 70 °C for 24 h in an oven. A schematic overview of the synthesis steps is presented 
in Fig. 1 in supporting information file to visually illustrate the simplicity and eco-friendly nature of the process.

Synthesis of Curcumin extract from turmeric
To prepare the curcumin extract, 15  g of turmeric powder and 100 mL of ethanol were heated in a beaker 
at 70 °C for 30 min with continuous stirring. A temperature of 70 °C was selected based on previous studies 
showing enhanced extraction efficiency in this range due to improved solubility of curcumin and disruption 
of plant cell walls48. Although ethanol has a boiling point of 78.5 °C, solvent loss was minimized by using a 
loosely covered system and limiting the exposure time. Alternative extraction methods (e.g., ultrasonic or 
microwave-assisted techniques) were not considered in order to preserve the simplicity, cost-effectiveness, and 
environmental friendliness of the process. The resulting yellow-orange solution was then filtered and used to 
functionalize MIL-88 A. This method was adapted from the procedure described by Jebarani et al.45.

Synthesis of green nanoporous curcumin/MIL-88 A
A mixture of 5 g of MIL-88 A and 100 mL of curcumin extract was added to a reflux flask and refluxed for 15 h 
using a reflux apparatus. Refluxing was conducted at 70 °C, consistent with the curcumin extraction temperature. 
The resulting Functionalized precipitate was then filtered and washed three times consecutively with water and 
ethanol. The precipitate was dried at ambient temperature for 12  h. To enhance clarity and provide a visual 
summary of the synthetic pathway, a schematic diagram has been included in Fig. 2 in supporting information 
file, illustrating both the green extraction of curcumin from turmeric and the subsequent reflux-assisted 
functionalization of MIL-88 A.

Elimination studies
The removal of reactive blue dye from model water and wastewater samples was performed using nanoporous 
Curcumin/MIL-88 A under UV Light irradiation. The maximum absorption wavelength of reactive blue dye 
in this study was determined to be 592 nm. In a standard procedure for dye removal, 0.008 g of nanoporous 
Curcumin/MIL-88 A adsorbent was added to 20 mL of a 100 mg·L⁻¹ reactive blue dye solution. The mixture 
was stirred at 70 rpm using a magnetic stirrer at room temperature for durations ranging from 1 to 60 min. 
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The UV-assisted removal process was conducted in a simple reactor equipped with a UV lamp to evaluate the 
performance of the nanoporous adsorbent. The pH was adjusted using 0.2 M NaOH and 0.2 M HCl solutions. 
Removal efficiency was calculated as a function of time according to Eq. 149:

	 R% = (C0 − C) /C0 × 100� (1)

Where C₀ and C represent the initial concentration and the concentration of reactive blue dye (in mg·L⁻¹) at 
time t, respectively.

To determine the optimal conditions for the performance of the nanoporous Curcumin/MIL-88 A adsorbent, 
various parameters were investigated, including the mass of synthesized nanoporous adsorbent (0.004–0.02 g), 
reactive blue dye concentration (10–145 mg·L⁻¹), and pH (1–13).

Results and discussion
XRD analysis
Figure 1 presents the XRD patterns of MIL-88 A and Curcumin/MIL-88 A. The characteristic diffraction peaks 
of MIL-88 A align well with those reported in previous studies50,51. The XRD pattern of MIL-88 A washed with 
ethanol differs from that of the sample washed with water, with the primary distinction being the intensity of 
prominent peaks between 10.8° and 12°. This variation is also influenced by the washing method applied to the 
precipitate in the final synthesis step52. Additionally, prior reports indicate that functionalization can alter the 
XRD pattern of such compounds53. The XRD pattern of Curcumin/MIL-88 A reveals that functionalization with 
curcumin does not significantly alter the core structure of MIL-88 A; however, minor shifts in peak positions 
and intensity variations indicate successful functionalization without disrupting the core MIL-88 A framework. 
Additionally, pure curcumin typically exhibits broad diffraction peaks in the range of 12° to 18° (2θ), attributed 
to its semi-crystalline nature. In the XRD pattern of Curcumin/MIL-88 A, small shifts and broadening within 
this region can be observed, which are absent in the pristine MIL-88 A. These features suggest the successful 

Factor 1 Factor 2 Factor 3 Factor 4 Response 1

Run A: pH B: UV (min) C: Dye concentration (mg. L−1) D: Adsorbed material (g) Decoloring (%)

1 4 60 100 0.08 89.96

2 7 40 35 0.05 54.61

3 7 80 55 0.05 75.76

4 10 20 100 0.08 23.14

5 7 40 55 0.05 95.13

6 10 20 10 0.02 55.70

7 10 20 100 0.02 24.25

8 13 40 55 0.05 55.00

9 4 60 10 0.02 79.55

10 4 20 10 0.08 60.33

11 4 60 100 0.02 60.36

12 10 60 100 0.02 51.93

13 10 60 100 0.08 92.73

14 7 40 55 0.05 92.71

15 10 60 10 0.08 74.60

16 7 40 55 0.11 93.75

17 1 40 55 0.05 96.34

18 4 20 100 0.02 50.49

19 7 40 145 0.05 62.85

20 4 20 100 0.08 96.57

21 4 60 10 0.08 99.98

22 7 40 55 0.05 75.24

23 7 40 55 0.05 81.29

24 7 40 55 0.05 87.69

25 7 40 55 0.05 88.73

26 4 20 10 0.02 52.61

27 7 1 55 0.05 44.61

28 10 20 10 0.08 55.30

29 7 40 55 0.01 73.00

30 10 60 10 0.02 94.52

Table 1.  Design of experiments to investigate the effect of Curcumin/MIL-88 A on reactive blue dye 
degradation.
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incorporation of curcumin molecules on the MOF surface. Although curcumin does not form a crystalline 
phase in the composite, its interaction with MIL-88 A causes measurable modifications in diffraction intensity 
and peak position. These observations Further confirm surface Functionalization without structural disruption. 
These modifications confirm the incorporation of curcumin onto the surface. Notably, the characteristic peaks 
of pure curcumin appear in the range of 12–18°.

The presence of sharp peaks in the XRD patterns confirms the crystallinity of the synthesized nanoporous 
materials. The nanoparticle sizes of the samples were calculated using the Debye-Scherrer equation (Eq. 2)54:

	 D = kλ / (β cosθ ) � (2)

where D is the average crystallite size (in nm), k is the Scherrer constant (0.89), λ is the X-ray wavelength, θ is 
the diffraction angle (in degrees) corresponding to the peak position, and β is the full width at half maximum 
(FWHM) of the diffraction peak (in radians)52.

Using Eq.  2, the nanoparticle sizes of nanoporous MIL-88  A were determined to range from 44.21 to 
72.40  nm, with an average size of 66.19  nm. For the functionalized Curcumin/MIL-88  A, the nanoparticle 
sizes ranged from 17.04 to 88.55 nm, with an average size of 46.72 nm, consistent with field-emission scanning 
electron microscopy (FESEM) results.

Morphological, elemental, surface interaction analysis and X-ray mapping analysis of MIL-
88 A and Curcumin/MIL-88 A
Field-emission scanning electron microscopy (FESEM) images of nanoporous MIL-88  A and functionalized 
Curcumin/MIL-88 A are presented in Fig. 2. The images clearly show that MIL-88 A exhibits a spindle-shaped 
morphology, consistent with previous reports52,53. The particles appear as elongated hexagonal rods with relatively 
uniform size distribution, with an average particle size of approximately 125 nm. After functionalization with 
curcumin, a slight increase in surface roughness and a reduction in particle uniformity are observed, suggesting 
successful surface modification. The primary crystalline morphology remains intact, although the average 
diameter of the nanoparticles shows a slight decrease.

These morphological changes, along with the increased carbon content confirmed by energy-dispersive 
X-ray spectroscopy (EDS) (Fig. 3 (a) and (b)), indicate the effective incorporation of curcumin onto the MIL-
88 A structure. The EDS patterns further verify the presence of carbon (C), oxygen (O), and iron (Fe) in both 
samples, with a notable increase in carbon content after functionalization, while the oxygen signal remained 
stable or slightly reduced. Among the detected elements, carbon showed the highest relative abundance, whereas 
iron was the least represented.

Fig. 1.  XRD patterns of MIL-88 A, and nanoporous Curcumin/MIL-88 A.
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As illustrated schematically in Fig. 2, the reaction between MIL-88 A and curcumin molecules results in 
a ligand exchange process on the surface of the spindle-shaped MIL-88 A structures. Owing to its bidentate 
diketone configuration, curcumin effectively replaces fumaric acid ligands on the MIL-88  A surface. This 
exchange is corroborated by FTIR spectra, where the characteristic C = O stretching vibration near 1670 cm⁻¹ 
(associated with free fumaric acid) disappears in the Curcumin/MIL-88 A spectrum. Additionally, the absence 
of new peaks above 1670 cm⁻¹ confirms that no esterification occurred, making ligand exchange the most likely 
mechanism. This substitution introduces new functional groups and results in a chemically modified MIL-88 A 
surface with enhanced reactivity.

The distribution of elements and the increased presence of carbon and oxygen on the surface of the 
Curcumin/MIL-88 A photoactive nanocomposite crystalline network are illustrated through elemental mapping 

Fig. 2.  The FESEM images and schematic of molecular structure of MIL-88 A and Curcumin/MIL-88 A.
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patterns in Fig. 3 ((c) and (d)). The colored dots in Fig. 3 (c) and (d) indicate uniform coverage and confirm 
the incorporation of curcumin molecules onto the photoactive nanocomposite surface. Carbon and oxygen, the 
primary constituents of the photoactive nanocomposite, exhibit the most significant presence, as evidenced by 
their predominant representation in the X-ray mapping images.

FT-IR analysis
Figure 4 presents the Fourier Transform Infrared (FT-IR) spectra of nanoporous MIL-88 A and functionalized 
Curcumin/MIL-88  A, respectively. A broad absorption band around 3422  cm⁻¹ is observed in both spectra, 
attributed to water absorption and O–H stretching from surface hydroxyl groups53. The MIL-88 A spectrum 
shows a strong peak near 1670 cm⁻¹ (highlighted in green), which corresponds to the C = O stretching vibrations 
of free carboxylic acid groups from fumaric acid at the particle surface55–57. In the Curcumin/MIL-88  A 
spectrum, this carbonyl peak is significantly diminished or absent, suggesting that surface-bound fumaric acid 
groups have been replaced during the functionalization process.

The absorption bands at 1398 cm⁻¹ and 1613 cm⁻¹ are associated with symmetric and asymmetric stretching 
vibrations of the carboxyl group (–COOH) in fumarate, respectively, and are typical indicators of bridging 
ligands in metal-organic framework (MOF) structures55–57. In the Curcumin/MIL-88  A spectrum, a new 

Fig. 3.  EDS pattern of MIL-88 A (a) and Curcumin/MIL-88 A (b) and X-ray mapping patterns of (c) MIL-
88 A, (d) Curcumin/MIL-88 A, (Elemental mapping of carbon, oxygen, and Fe for MIL-88 A and Curcumin/
MIL-88 A).
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absorption band appears at 1510 cm⁻¹, which corresponds to C = C stretching vibrations from the aromatic rings 
in curcumin50,52,56. This shift further supports the incorporation of curcumin molecules.

The characteristic peaks at 1214 cm⁻¹ (C–C stretching) and 985 cm⁻¹ (C–H bending) in MIL-88 A shift to 
1216 cm⁻¹ and 977 cm⁻¹ in Curcumin/MIL-88 A, respectively. Fe–O vibrational modes also shift from 549 to 
672 cm⁻¹ to 519–675 cm⁻¹, suggesting slight structural modifications upon curcumin coordination50,52,56. These 
shifts confirm that while the MOF core remains largely intact, curcumin molecules have chemically interacted 
with the MIL-88 A framework.

The yellow-highlighted band associated with O–H vibrations from fumaric acid also decreases in intensity 
after functionalization, providing further evidence that surface carboxylic acid groups originally bound to Fe 
centers were exchanged with curcumin Ligands. Due to its conjugated bidentate diketone structure, curcumin 
can effectively coordinate with Fe ions, forming strong chelating bonds. The stretching vibrations of complexed 
diketone groups typically appear in the 1500–1630 cm⁻¹ region, consistent with the observed peaks.

In addition, the FTIR spectrum of Curcumin/MIL-88 A shows broad bands in the 3200–3400 cm⁻¹ range, 
assigned to the O–H stretching vibrations of phenolic groups in curcumin. Shifts and intensity changes in bands 
around 1100–1300 cm⁻¹ (C–O–C stretching) and 1500–1600 cm⁻¹ (C = C aromatic stretching) further confirm 
successful functionalization50,53,55–58. Overall, the spectral differences between MIL-88 A and Curcumin/MIL-

Fig. 4.  FT-IR spectra of MIL-88 A and Curcumin/MIL-88 A.
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88  A confirm the exchange of surface ligands and introduction of curcumin without disrupting the MOF’s 
crystalline structure.

BET/BJH analysis
The surface area, textural properties, and pore diameter of the mesoporous materials were determined using 
nitrogen adsorption/desorption isotherms, with calculations performed via the Brunauer-Emmett-Teller 
(BET) and Barrett-Joyner-Halenda (BJH) methods. The nitrogen adsorption/desorption isotherms for MIL-
88 A and Curcumin/MIL-88 A are presented in Fig. 5 (a and b). The BET surface area and pore structure of 
the synthesized materials are critical parameters that influence their adsorption and catalytic properties. After 
curcumin Functionalization, the BET surface area increased from 32.35 to 39.70 m²/g, and the total pore volume 
also slightly increased. This enhancement can be attributed to the presence of curcumin molecules that prevent 
particle aggregation and may introduce additional micropores or structural irregularities. Moreover, curcumin’s 
functional groups can interact with the surface of MIL-88  A, leading to better dispersion and increased 
accessibility of active sites. The wall thickness also increased significantly, from 0.4550 to 7.8590 nm, likely due to 
the formation of an organic layer around the MOF structure and the potential partial blocking of smaller pores, 
which contributes to apparent thickening in BJH analysis. These findings indicate that curcumin acts not only as 
a surface functional agent but may also contribute to structural modification at the pore wall level.

According to the IUPAC classification, the nitrogen adsorption isotherm for MIL-88  A corresponds to 
Type IV, featuring a characteristic H3 hysteresis loop in the relative pressure range (P/P₀) of 0.40–0.99. The 
hysteresis loop closes near P/P₀ = 0.4, indicative of mesoporous materials with micropores exhibiting capillary 
condensation. The BET and BJH parameters of the samples are summarized in Table 2.

Interestingly, BET results showed a slight increase in both surface area and pore volume after curcumin 
functionalization, contrary to the common expectation of pore blockage upon guest molecule loading. This 
behavior is likely due to surface-level modifications rather than internal pore occupation. Curcumin molecules 
may have contributed to improved particle dispersion and altered surface morphology, generating new 
mesoporous regions or interstitial voids between MOF particles. Furthermore, the planar aromatic structure of 
curcumin may have stabilized the composite and reduced agglomeration, thereby exposing more surface area for 

Fig. 5.  Adsorption/Desorption Isotherm for MIL-88 A (a) and Curcumin-MIL-88 A (b) and BJH-Plot for 
MIL-88 A (c) and Curcumin/MIL-88 A (d).
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N₂ adsorption. The unchanged pore diameter supports the conclusion that the intrinsic microporous framework 
of MIL-88 A was preserved during functionalization.

The wall thickness of the mesoporous structure was calculated using Eq. 359:

	 Wallthickness = (2d100) /
√

3 − D(BJH) � (3)

where d₁₀₀ is the interplanar spacing (in nm) derived from the Bragg angle (2θ) for the (100) reflection, and DBJH 
is the pore diameter (in nm) determined by the Barrett-Joyner-Halenda (BJH) method.

As shown in Fig. 5 (c and d), both MIL-88 A and Curcumin/MIL-88 A exhibit mesoporous structures with 
pore sizes ranging approximately from 2 to 35 nm. However, the BJH plot for Curcumin/MIL-88 A demonstrates 
a consistently higher incremental pore volume (dVp\drp), especially in the range above 20 nm. This indicates 
enhanced mesopore accessibility and a greater overall pore volume after curcumin functionalization, despite 
the average pore diameter remaining constant. The observed increase is attributed to structural modifications 
such as improved particle dispersion and the formation of interparticle voids, which are consistent with the BET 
results in Table 2.

Zeta potential
As the surface charge (positive or negative) increases, the suspension of particles in a medium is enhanced due 
to heightened repulsive forces between particles. Conversely, when the charge decreases and approaches zero, 
repulsive forces diminish, leading to particle aggregation, cluster formation, and subsequent settling. The charge 
density at a given point is determined by the difference in ion concentration and is related to the zeta potential 
and electric potential at the interface with the surrounding medium. In this study, MIL-88 A synthesized using 
dimethylformamide (DMF) as a solvent exhibited an average zeta potential of + 2.26 mV, attributed to an excess 
of free iron sites on its surface. After functionalization with curcumin, the zeta potential of Curcumin/MIL-
88 A increased to + 4.87 mV, indicating improved particle dispersion and a higher surface charge density. This 
increase is attributed to the presence of curcumin’s polar functional groups, such as phenolic hydroxyl and keto 
groups, which contribute additional surface electronegativity and stability in suspension. Pure MIL-88 A likely 
possesses both free iron sites and sites coordinated with fumaric acid, terminating in carboxylate groups, with a 
slight predominance of iron sites contributing to the net positive charge. Upon functionalization with curcumin 
to form Curcumin/MIL-88 A, the surface area increases, enhancing the accessibility of free iron sites. This results 
in a significant increase in the dispersion and suspension of iron ions60,61.

To further elucidate the role of electrostatic interactions in dye adsorption, the zeta potential of MIL-88 A 
and Curcumin/MIL-88 A was measured across a pH range of 2 to 11 (Fig. 6). The zeta potential of Curcumin/
MIL-88 A gradually decreased from + 28 mV at pH 2 to − 27 mV at pH 11, indicating a surface charge reversal 
and an isoelectric point (IEP) near pH 5.5. This trend confirms that the composite retains a positively charged 
surface under acidic conditions, favoring electrostatic attraction with the negatively charged sulfonate groups 
of the reactive blue dye. Conversely, under alkaline conditions, the negative surface charge results in repulsive 
forces, reducing adsorption efficiency. This behavior strongly supports the observed optimal dye removal at pH 
4 and reinforces the role of pH-dependent surface charge in the adsorption mechanism of the Curcumin/MIL-
88 A composite.

TGA-DTA curves
The thermogravimetric analysis (TGA) and differential thermal analysis (DTA) curves for MIL-88  A and 
Curcumin/MIL-88 A are presented in Fig. 7. The weight loss of MIL-88 A (initial mass: 1.224 mg) with increasing 
temperature can be divided into three distinct stages.

For MIL-88 A, the first stage, from room temperature to approximately 131  °C, exhibits a weight loss of 
25.33% (0.266 mg), attributed solely to the evaporation of water or residual solvent, likely trapped within the 
structure. In the second stage (131–451.67 °C), a weight loss of 40.98% (0.501 mg) occurs, primarily due to the 
combustion of organic ligands, leading to the gradual degradation and collapse of the organic framework. In the 
third stage, further weight loss with increasing temperature is negligible, as only inorganic components (e.g., 
iron oxides) remain after the combustion of organic material. The DSC-TGA curves indicate that the organic 
structure degrades progressively across multiple stages. Up to 282 °C, the weight loss is minimal (approximately 
5%), with a gradual slope, demonstrating significant thermal stability below this temperature.

For Curcumin/MIL-88 A, the first stage, from room temperature to approximately 134 °C, shows a weight 
loss of 16.25% (0.199 mg), also attributed to the evaporation of water or residual solvent trapped within the 
structure. In the second stage (134–437  °C), a weight loss of 34.81% (0.426 mg) is observed, resulting from 
the combustion of organic ligands and the subsequent collapse of the organic framework. In the final stage, 
weight loss with increasing temperature is insignificant, as only inorganic residues (e.g., iron oxides) remain after 
organic combustion. According to the DSC-TGA curves, the organic structure degrades gradually in several 

Sample The specific surface area by BET (m2.g−1) The total volume of pores (cm3.g−1) Mean diameter of pores by BJH method (nm)
Wall thickness
(nm)

MIL-88 A 32.35 0.2816 3.45 0.4550

Curcumin/MIL-88 A 39.701 0.3582 3.45 7.8590

Table 2.  BET-BJH parameters of the synthesized MIL-88 A and Curcumin/MIL-88 A.
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stages. Up to 375.6 °C, the weight loss is Limited to approximately 5.8% with a gentle slope, indicating enhanced 
thermal stability compared to pure MIL-88 A.

Statistical analysis
According to Table 1, the highest color degradation is observed in Experiment 21, with a value of 99.98%, while 
the lowest degradation occurs in Experiment 4, with a value of 23.14%. The primary differences between these 
upper and lower limits are attributed to variations in pH and the intensity of ultraviolet (UV) light radiation. 
In this system, the materials exhibit linear interactions, meaning that, within a specific range, the percentage 
of color degradation increases proportionally with increases in pH and UV radiation, without the influence 
of moderating or intervening variables. Consequently, the behavior of the material is predictable and follows a 
natural trend.

A key factor in this process is the initial dye concentration in the solution. In Experiment 21, where the dye 
concentration is minimal, the highest degradation efficiency is achieved. Conversely, in experiments with higher 
dye concentrations, the greatest degradation occurs in Experiment 20, with 20 min of UV radiation and an acidic 

Fig. 7.  TGA-DTA curves.

 

Fig. 6.  Zeta potential of MIL-88 A and Curcumin/MIL-88 A as a function of pH (2–11), showing surface 
charge reversal and isoelectric point behavior critical to dye adsorption efficiency.
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pH. Overall, the degradation of this dye is enhanced in an acidic environment, suggesting that acidic conditions 
facilitate the breakdown of its molecular structure.

The validity of the Response Surface Methodology (RSM) model, designed according to Table  3 for this 
study, yielded a p-value less than 0.05 (specifically 0.0025), indicating a statistically significant difference in the 
effects of the variables on dye degradation. Thus, it can be concluded that pH, ultraviolet (UV) radiation, initial 
dye concentration, and adsorbent mass significantly influence degradation efficiency. Furthermore, the F-test 
statistic for UV radiation increased to 19.77, exceeding the overall model statistic, suggesting that UV radiation 
has the most substantial impact on dye degradation among the variables tested.

In interpreting the ANOVA results (Table 3), we considered p-values less than 0.05 as statistically significant. 
This threshold indicates that the corresponding variable has a meaningful and non-random influence on the 
dye degradation process. For example, UV exposure (p = 0.0005) and pH (p = 0.0034) were found to have highly 
significant effects, confirming their critical role in enhancing adsorption efficiency. In contrast, variables such as 
dye concentration (p = 0.0890) and some interaction terms (e.g., AC, AD) showed p-values above 0.05, suggesting 
a less pronounced individual effect. Nevertheless, these variables may still contribute to system performance 
when considered in combination. This interpretation supports the robustness of the model and helps prioritize 
the most influential operational parameters.

Although the ANOVA results indicate a significant lack of fit (p = 0.0469), this should be interpreted 
cautiously. The low pure error and the strong significance of both the overall model (p = 0.0025) and key factors 
such as UV radiation and pH suggest that the quadratic model still provides a meaningful approximation of the 
system behavior. Furthermore, the regression plot and normal probability plot demonstrate good alignment 
and residual distribution, indicating that the model predictions remain reliable. The significant lack of fit may 
arise from subtle nonlinearities or interactions beyond second-order terms; however, these are not expected to 
compromise the overall conclusions or the practical applicability of the optimized conditions.

Key statistical indicators were calculated to evaluate the performance and predictive power of the RSM 
quadratic model. The coefficient of determination (R²) was found to be 0.8149, indicating that over 81% of the 
response variability can be explained by the model. The adjusted R² value of 0.6874 accounts for the number 
of model terms and confirms model stability, while the predicted R² of 0.5122 indicates reasonable agreement 
between predicted and experimental values. Additionally, the Adequate Precision ratio was 9.02, well above the 
minimum desirable value of 4.0, confirming that the model has a strong signal-to-noise ratio and is suitable 
for navigating the design space. These values collectively support the reliability of the developed model for 
predicting reactive blue dye degradation.

The mathematical model for this experimental design is presented in Eq. 4:

ANOVA Quadratic Model

Source Sum of Squares df Mean Square F-value p-value

Model 11087.79 14 791.98 4.71 0.0025 Significant

A-pH 2023.27 1 2023.27 12.04 0.0034

B-UV 3320.91 1 3320.91 19.77 0.0005

C-color 555.64 1 555.64 3.31 0.0890

D-Adsorb material 1645.03 1 1645.03 9.79 0.0069

AB 696.17 1 696.17 4.14 0.0598

AC 351.38 1 351.38 2.09 0.1687

AD 681.99 1 681.99 4.06 0.0622

BC 12.57 1 12.57 0.0748 0.7882

BD 7.05 1 7.05 0.0420 0.8405

CD 375.78 1 375.78 2.24 0.1555

A² 97.59 1 97.59 0.5809 0.4578

B² 975.31 1 975.31 5.81 0.0293

C² 143.78 1 143.78 0.8559 0.3695

D² 42.91 1 42.91 0.2554 0.6206

Residual 2519.92 15 167.99

Lack of Fit 2286.01 10 228.60 4.89 0.0469 Significant

Pure Error 233.92 5 46.78

Cor Total 13607.71 29

Table 3.  ANOVA analysis of blue reactive dye degradation.
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Purification = 76.4096 ± 9.18167 × [pH] + 11.8146 × [UV ]
± 5.6723 × [Color] + 8.99328 × [Adsorbed Material] + 6.59625 × [pH][UV]
± 4.68625 × [pH][Color] ± 6.52875 × [pH][Adsorbed Material]
± 0.88625 × [UV][Color] + 0.66375 × [UV][Adsorbed Material]
+ 4.84625 × [Color][Adsorbed Material] ± 1.85982 × [pH]2

± 6.00937 × [UV]2 ± 3.00824 × [Color]2 ± 1.55607 × [Adsorbed Material]2

� (4)

A normal probability plot illustrates the extent to which variables conform to a normal distribution. Even 
with normally distributed data, some moderate deviations are expected. A distinctive “S”-shaped curve, easily 
recognizable in the plot, suggests that applying a transfer function to the dependent variable or model response 
could improve the analysis. According to Fig.  8(a), the variables exhibit a nearly linear distribution on the 
normal probability plot. Given that the data points closely align with a straight line, the variables influencing the 
degradation of reactive blue dye demonstrate normal behavior.

The Box-Cox plot is a diagnostic tool used to identify the most suitable power transformation (lambda, λ) for 
the response variable. The lowest point on the plot corresponds to the optimal lambda value that minimizes the 
residual sum of squares in the transformed model. When the ratio of the maximum to minimum response values 
exceeds 3, applying a power transformation can significantly enhance model fit. According to Fig. 8 (b), the 
ratio of the maximum to minimum response values is exactly 3, suggesting that further improvement through 
a power transformation may be Limited. The 95% confidence interval for lambda is also depicted in the plot. 
Based on Fig. 8 (b), the current lambda value establishes an effective mathematical relationship between the 
variables and is deemed appropriate for this study.

Regression analysis is a statistical method used to estimate relationships between variables, allowing the 
strength of these relationships to be classified as weak, moderate, or strong. In this study, Fig. 8 (c) demonstrates 
that the relationship between the independent variables and the dependent variable is strong. This is evidenced 
by the fact that all test responses (the dependent variable) fall within the predicted range of the linear regression 
model. A stronger relationship between variables in an experiment enhances the accuracy of the predicted 
response.

Identifying the effects of variables on dye degradation
Three-dimensional (3D) response surface plots, derived from experimental data, were used to visualize the 
influence of process variables and their interactions on the degradation efficiency of reactive blue dye (Fig. 9).

Figure 9(a) demonstrates that the highest degradation occurs at 60 min of UV radiation and under strongly 
acidic pH conditions, indicating the process performs optimally when both irradiation time and acidity are 
maximized.

Figure 9(b) illustrates that an increase in dye concentration, when combined with lower pH, results in 
improved degradation efficiency. This suggests that acidic conditions facilitate the breakdown of the dye’s 
molecular structure, enhancing its susceptibility to degradation.

In Fig. 9(c), the combined effects of adsorbent dosage and pH are shown. The plot reveals that increasing the 
adsorbent mass under acidic conditions significantly improves treatment efficiency. This indicates a synergistic 
effect, where low pH enhances degradation and higher adsorbent loading boosts active site availability.

Figure 9d) shows that maximum degradation is achieved when UV irradiation is increased and the initial dye 
concentration is minimized. This implies that lower contaminant load combined with greater photonic energy 
input enhances the degradation kinetics.

According to Fig. 9(e), optimal degradation occurs when both the adsorbent mass and UV radiation are at 
their highest levels, as indicated by the bright orange region on the plot. This emphasizes the strong dependence 
of degradation efficiency on combined adsorptive and photocatalytic effects.

Fig. 8.  Scatter diagram of normal distribution of response variables (a); Box-Cox diagram of color degradation 
test (b) and Regression model diagram comparing prediction of variables (c).
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Lastly, Fig. 9(f) reveals that maximum degradation is observed when the adsorbent mass is increased and the 
initial dye concentration is low, further confirming that an excess of active adsorption sites relative to the dye 
molecules promotes efficient removal.

To complement the 3D response surface plots and provide a clearer comparison of individual parameter 
effects, we generated corresponding percentage-based bar graphs (See Fig. 3 in supporting information file). 
These bar plots present the dye removal efficiency at low, medium, and high levels of each factor — pH, UV 
exposure time, dye concentration, and adsorbent dose — as optimized by RSM. This visualization aids intuitive 
understanding while supporting the quantitative analysis presented in the 3D interaction plots.

The strong influence of pH is attributed to the surface charge behavior of Curcumin/MIL-88 A. At acidic pH 
(particularly around 4), the MOF surface becomes positively charged, which enhances electrostatic attraction 

Fig. 9.  Three-dimensional response surface plots illustrating the effects and interactions of key operational 
parameters on the degradation efficiency of reactive blue dye using Curcumin/MIL-88 A under UV-assisted 
conditions: (a) Effect of UV exposure time and pH, (b) Effect of initial dye concentration and pH, (c) Effect 
of adsorbent dose and pH, (d) Effect of dye concentration and UV exposure, (e) Effect of UV exposure and 
adsorbent dose and (f) Effect of adsorbent dose and dye concentration.
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with the negatively charged sulfonate groups in Reactive Blue dye. In contrast, under basic conditions, surface 
charge inversion leads to electrostatic repulsion, reducing dye removal efficiency. The impact of UV exposure is 
also significant; longer exposure promotes the generation of reactive oxygen species (ROS) from curcumin, such 
as singlet oxygen and hydroxyl radicals, which contribute to the photodegradation of adsorbed dye molecules. 
Increasing adsorbent dosage improves dye removal due to the greater number of active sites, while elevated initial 
dye concentrations can exceed the available adsorption capacity, leading to saturation and reduced efficiency.

Isotherm models
In order to describe the adsorption equilibrium behavior of reactive blue dye onto Curcumin/MIL-88 A, four 
classical isotherm models were applied: Langmuir62, Freundlich63, Temkin64, and Dubinin–Radushkevich 
(D–R)65. These models are commonly used to represent monolayer adsorption, multilayer adsorption on 
heterogeneous surfaces, energy distribution, and adsorption energy estimation, respectively.

Adsorption isotherms define the equilibrium relationships between an adsorbent and the adsorbate 
in solution66–69. The correlation coefficient (R²) and error function values were employed to assess the 
thermodynamic behavior of the reactions, specifically their fit and convergence. Using the experimental data, 
monolayer adsorption isotherms for all systems were calculated and are presented in Table 4, which identifies 
the best-fitting isotherms based on minimal error and maximum correlation.

Among the four isotherm models evaluated, the Freundlich model yielded the highest correlation coefficient 
(R² = 0.9964), indicating that the adsorption occurs on a heterogeneous surface via multilayer coverage. This 
is consistent with previous findings on MOF-based adsorbents70,71. The value of 1/n = 0.5274 also confirmed 
favorable adsorption behavior. In contrast, the Langmuir model showed lower correlation (R² = 0.9421), 
suggesting a limited contribution from monolayer adsorption on homogeneous sites. The Temkin model 
provided insight into adsorbate–adsorbent interactions, while the Dubinin–Radushkevich (D–R) model helped 
estimate the adsorption energy, indicating that the process likely involves a combination of physisorption and 
chemisorption mechanisms.

The fitted parameters for each isotherm model, along with their correlation coefficients (R²) and root mean 
square error (RMSE) values, are summarized in Table 5.

The Freundlich model, exhibiting the highest R² value (0.9964), best described the adsorption equilibrium, 
indicating a heterogeneous surface and multilayer adsorption. The 1/n value of 0.5274 suggests favorable 
adsorption (as 0 < 1/n < 1), while KF reflects high adsorption capacity on the heterogeneous surface. The 
Langmuir model estimated a maximum adsorption capacity (qmax) of 5.87 mg/g, but the fit was poorer (R² = 
0.9421), implying that monolayer adsorption is not the dominant mechanism. The Temkin and D–R models 
showed moderate to weak fits, supporting that the interaction is not uniform and that chemisorption with varied 
binding energies is likely involved.

	
R2 = 1 −

∑
(qexp − qmodel)2

∑ (
qexp − q−

exp

)2 � (5)

No. Model Equation Error function value % Correlation coefficient

1 Hill qe =
(

qm.C
(nH )
e

)
/

(
KD + C

(nH )
e

)
0.00 1.00

2 Jossens Ce = qe/H.e((F.q
p
e )) 0.00 1.00

3 Khan qe = (qs.bK .Ce) /(1 + bK .Ce)(aK ) 0. 00 1.00

4 Koble_Corrigan qe = (A.Cn
e ) / (1 + B.Cn

e ) 0.00 1.00

5 Radke-prausnitz qe = (aRP.rRP.Ce) /

(
1 + rRP.C

(BRP )
e

)
0. 00 1.00

6 Dobinin-Astakhov q_e = q_m.exp(−[(RT/E ln(1 + 1/C_e ))]n ) 0.00 0.99

7 Fowler Guggenheim Ce = qe/ (KF G. (qm − qe)) .exp ((2.qe.W ) / (RT qm)) 0.00 0.99

8 Freundlich q_e = k_f.C_e(1/n) 0.00 0.99

9 Kiselev Ce = θ / (k1. (1 − θ )) .1/ ((1 + kn.θ )) 0.00 0.99

10 Redlich_Peterson qe = (KR.Ce) / (1 + aR.Cg
e ) 0.00 0.99

11 Sips qe =
(

ks.as.C(Bs)
e

)
/
(

1 + as.C(Bs)
e

)
0.00 0.99

12 Toth qe = (kT .Ce) /(aT + Cz
e )(1/z) 0.00 0.99

13 Frumkin qe = qm.
(

1 − e(−b.Ce)
)

0.01 0.99

Table 4.  The best isotherms in terms of error minimization and correlation maximization for Curcumin/88A.
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RMSE =

√∑
(qexp − qmodel)2

n
� (6)

where qexp ​ is the experimental adsorption capacity, qmodel is the value predicted by the isotherm model, 
−

qexp ​ 
is the mean of experimental values, and n is the number of data points.

10. Kinetic models
To evaluate the adsorption behavior of reactive blue dye over time, a comprehensive kinetic study was conducted. 
The experimental data were analyzed using various kinetic models, including first-order, second-order, pseudo-
first-order, and pseudo-second-order formulations. The results are summarized in Table 6, with further detailed 
parameters presented in Table 7 (linear regression) and Table 8 (non-linear regression).

For a more robust analysis, both linear and non-linear regression approaches were applied to four widely used 
kinetic models: Blanchard (pseudo-second-order), Elovich, pseudo-first-order (Lagergren), and intra-particle 
diffusion (IPD)67–70. Among the linear models (Fig. 10), the Blanchard model exhibited the highest correlation 
coefficient (R² = 0.9878), indicating that the adsorption of dye onto the Curcumin/MIL-88  A composite is 
primarily governed by chemisorption mechanisms. This suggests that the adsorption process likely involves 
valence forces or electron sharing between dye molecules and curcumin functional groups.

Model k/α/ki qe (mg/g) R² (Non-linear)

Blanchard 0.0133 4.07 0.9955

Elovich 0.4807 — 0.9442

Pseudo-first-order 0.0912 10.71 0.8843

IPD 0.0444 — 0.8508

Table 8.  Non-linear kinetic model parameters for adsorption of reactive blue dye onto Curcumin/MIL-88 A.

 

Kinetic model Model Order k/α/ki qe (mg/g) R² (Linear)

Blanchard Pseudo-second-order 0.0121 4.0286 0.9878

Elovich Second-order 0.3818 (α) — 0.9427

Logergren Pseudo–first-order 0.1029 10.5950 0.8788

IPD First-order 0.0409 — 0.8201

Table 7.  Kinetic equations and linear regression parameters.

 

Kinetic model Model Order Formula

Blanchard Pseudo-second-order t/qt = 1/
(

k2q2
e

)
+ t/qe

k2 qe R2(Linear)

0.0121 4.0286 0.9878

Elovich Second-order qt = 1/β ln (α β ) + 1/β ln (t)
α β R2

0.3818 1.0614 0.9427

Logergren Pseudo–first-order ln(q_e − q_t) = ln[q_e ] − k_1 t
k1 qe R2

0.1029 10.5950 0.8788

IPD First-order qt = kit(1/2) + C
ki C R2

0.0409 1.6970 0.8201

Table 6.  Kinetic equations.

 

Model Parameter 1 Parameter 2 R² RMSE Chi-square (χ²) AIC

Langmuir qmax = 80.89 mg/g KL = 0.0209 L/mg 0.9421 0.232 0.176 12.45

Freundlich KF = 3.09 1/n = 0.5274 0.9964 0.089 0.045 9.34

Temkin AT = 0.512 BT = 1.84 0.9713 0.156 0.092 10.12

Dubinin–Radushkevich qs = 4.85 mg/g E = 5.23 kJ/mol 0.8872 0.301 0.278 14.65

Table 5.  Isotherm model parameters for reactive blue dye adsorption onto Curcumin/MIL-88 A. The accuracy 
of the model fits was evaluated using the correlation coefficient (R²) and root mean square error (RMSE), 
calculated using the following Eqs. (5 and 6)72:.
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To increase model accuracy and validate the kinetic assumptions, non-linear regression was also performed 
using the same model equations. The non-linear Blanchard model again provided the best fit (R² = 0.9955), 
reinforcing its reliability as the most representative model for describing the adsorption kinetics. The Elovich 
and pseudo-first-ordermodels also showed improved R² values under non-linear conditions, while the IPD 
model consistently exhibited the weakest fit in both regression methods.

Overall, these results confirm that the adsorption process follows a pseudo-second-order kinetic model, 
emphasizing the predominance of chemical interactions. The Elovich model’s moderate fit supports the presence 
of surface heterogeneity and potential activation energy barriers, which are common in heterogeneous catalytic 
systems. On the other hand, the weaker fits of the pseudo-first-order and IPD models suggest that physisorption 
and intra-particle diffusion are not the dominant mechanisms in this system.

These interpretations align with findings from similar adsorption studies involving curcumin- and MOF-
based adsorbents73,74. The quality of the model fits and comparative behavior are visually depicted in Fig. 11, 
which presents the non-linear regression plots for all four kinetic models and highlights the agreement between 
experimental data and theoretical predictions.

11. Optimum value version
Various amounts of synthesized Curcumin/MIL-88 A nanosorbent (0.01–0.08 g) and reactive blue dye solutions 
with concentrations of 10, 35, 55, 100, and 145 mg·L⁻¹ were prepared across a pH range of 1–13. To achieve these 
specified concentrations, 25 mL of each reactive blue solution was dispensed into borosilicate glass (BG) bottles. 
Different masses of Curcumin/MIL-88 A were then added to the BG bottles containing the reactive blue dye, 
and the mixtures were immediately transferred to a reactor. The samples were subjected to ultraviolet (UV) Light 
irradiation on a magnetic stirrer at 70 rpm for 40 min at room temperature. The equilibrium adsorption capacity 
was calculated using Eq. 749:

	 qe = (C0 − Ce) V/W � (7)

where qe is the equilibrium adsorption capacity (mass of pollutant adsorbed per unit mass of adsorbent, in 
mg·g⁻¹), C0 and Ce are the initial and equilibrium concentrations of the pollutant (in mg·L⁻¹), respectively, V is 
the solution volume (in L), and W is the adsorbent mass (in g).

The optimal conditions for reactive blue dye removal were determined as follows: an adsorbent mass of 
0.080  g, an initial reactive blue dye concentration of 73.11  mg·L⁻¹, a pH of 4 for the water and wastewater 
samples, and an optimal reaction time of 50.935 min. The synthesis of the Curcumin/MIL-88 A photoactive 
nanocomposite required a maximum reaction time of 48 h, suggesting it could serve as a viable alternative to 

Fig. 10.  linear kinetic model fits for reactive blue dye adsorption onto Curcumin/MIL-88 A: Blanchard kinetic 
model (a), Elovich kinetic model (b), Logergren kinetic model (c), and IPD kinetic model (d).
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conventional adsorbents. Under the optimal conditions (C₀ = 73.11  mg·L⁻¹, Cₑ = 0.012  mg·L⁻¹, V = 0.025  L, 
W = 0.08 g), the adsorption capacity (qe) was calculated to be 22.84 mg·g⁻¹. In addition, the Langmuir isotherm 
model estimated a theoretical maximum adsorption capacity (qₘₐₓ) of 80.89 mg/g, as presented in Table 5. While 
qₑ reflects the experimental uptake under optimized test conditions, qₘₐₓ represents the maximum monolayer 
adsorption capacity under ideal conditions. This distinction helps quantify both the practical performance and 
the full adsorption potential of the composite, demonstrating its strong capacity for pollutant removal. The 
optimal conditions for the test achieving maximum dye degradation are summarized in Table 9.

The degradation performance of Curcumin/MIL-88 A was evaluated under varying operational parameters 
to determine their individual effects on dye removal efficiency. At a pH of 4, the material achieved the highest 
removal rate of 99.98%, attributed to strong electrostatic interactions between the positively charged surface 
and the anionic dye. As the pH increased to 9 and above, efficiency declined to 79.5%, Likely due to surface 
charge repulsion. Increasing the adsorbent dosage from 0.01 g to 0.08 g improved dye removal from 68.4 to 
99.98%, indicating that more active sites were available for adsorption. Similarly, UV exposure time was a critical 
parameter: at 10 min, the removal efficiency was 60.1%, while at the optimal 50.935 min, it reached 99.98%, 
highlighting the significant role of photocatalytic enhancement. In terms of dye concentration, maximum 
removal occurred at 73.11  mg·L⁻¹ (99.98%), whereas higher concentrations (e.g., 145  mg·L⁻¹) resulted in 

pH UV (min) Dye concentration (mg·L⁻¹) Adsorbent dose (g) Decolorization (%) Adsorption Capacity (mg/g)

4.000 50.953 73.11 0.080 99.982 22.84

Table 9.  Optimized version.

 

Fig. 11.  Non-linear kinetic model fits for reactive blue dye adsorption onto Curcumin/MIL-88 A: (a) 
Blanchard model, (b) Elovich model, (c) pseudo-first-order model, (d) intra-particle diffusion (IPD) model.
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decreased efficiency (74.2%), likely due to saturation of active sites. These findings are quantitatively visualized 
in the newly added bar graphs (See Fig. 3 in supporting information file), which complement the 3D surface 
plots by showing the removal trends at low, medium, and high levels of each factor.

To isolate the contribution of each component in the composite, separate experiments were conducted using 
pure MIL-88 A and pure curcumin under identical conditions. As shown in Table 10, MIL-88 A alone removed 
63.2% of the dye, and curcumin alone achieved 71.4% removal. In contrast, the Curcumin/MIL-88 A composite 
exhibited a significantly enhanced removal efficiency of 99.98%. This highlights the synergistic interaction 
between the MOF structure and curcumin functional groups, supporting the proposed dual adsorption–
photodegradation mechanism.

Beyond enhancing adsorption kinetics, UV exposure also likely contributed to photodegradation of the dye. 
Curcumin is a natural photosensitizer known to produce reactive oxygen species under UV light, such as singlet 
oxygen and hydroxyl radicals75. When incorporated into the MIL-88 A framework, curcumin’s photoactivity can 
be enhanced by the MOF’s high surface area and light-absorbing properties. This synergy likely promotes the 
breakdown of dye molecules in solution, complementing adsorption with partial photodegradation. Therefore, 
the observed removal efficiency under UV light reflects a dual mechanism: surface adsorption and light-driven 
chemical degradation. Similar photocatalytic enhancements under UV treatment have been reported for MOF-
based or hybrid photocatalysts in dye removal applications76,77.

Based on the combined results of kinetic modeling, isotherm fitting, and UV optimization experiments, 
several mechanisms appear to contribute to the removal of reactive blue dye by Curcumin/MIL-88  A. The 
excellent fit to the pseudo-second-order kinetic model suggests that chemisorption plays a dominant role, 
involving valence forces or electron sharing between dye molecules and functional groups on the composite 
surface. The Freundlich isotherm fit further supports multilayer adsorption on a heterogeneous surface, 
indicating the presence of high-energy and low-energy binding sites. Additionally, under acidic conditions 
(pH 4), electrostatic attraction between the negatively charged dye molecules and positively charged surface 
sites on MIL-88 A enhances dye uptake. The aromatic structure of curcumin may also facilitate π–π stacking 
interactions with the dye’s aromatic rings. Finally, the role of UV irradiation in photodegradation, as evidenced 
by optimized removal under UV exposure, suggests that photoinduced oxidative degradation contributes to the 
overall dye removal through reactive oxygen species generation. This multipronged mechanism aligns well with 
prior studies on curcumin-MOF composites70,78,79.

Table 11 provides a performance comparison of the Curcumin/MIL-88 A composite with other reported 
adsorbents for dye removal, highlighting its high efficiency and fast operation under UV conditions.

Based on our findings, dye removal by Curcumin/MIL-88 A occurs via a dual mechanism. In the absence 
of UV light, the dominant mechanism is adsorption, as supported by the pseudo-second-order kinetics and 
Freundlich isotherm fit. Under UV irradiation, curcumin’s photosensitizing ability enhances dye removal 
through photodegradation, generating reactive oxygen species that break down dye molecules. Therefore, 
the overall removal efficiency results from the synergy between these two mechanisms, which has now been 
consistently described throughout the manuscript.

12. Reusability study
To evaluate the practical applicability of the Curcumin/MIL-88 A composite, its reusability was assessed over 
four adsorption–desorption cycles under identical experimental conditions. After each cycle, the used adsorbent 
was recovered by centrifugation, washed with ethanol and distilled water, dried at 60 °C, and reused. As shown in 
Fig. 12, the removal efficiency slightly decreased from 99.98% in the first cycle to 93.2% by the fourth, indicating 
reasonable structural stability and reusability. This performance trend is consistent with previous studies on 
MOF-based dye adsorbents, such as ZnFe₂O₄@MOF hybrids and modified ZIF-8 composites83,84, and confirms 
the potential of Curcumin/MIL-88 A for repeated use in water treatment applications.

Adsorbent Dye Dose (g/L) pH Time (min) Efficiency (%) Reference

Curcumin/MIL-88 A (this work) Reactive Blue 3.2 4 50.9 (UV) 99.98 This study

Activated carbon Reactive Blue 19 5.0 6 120 93.5 80

Chitosan beads Reactive Blue 4 4.0 3 180 91.2 81

MOF-235 Methylene Blue 3.0 5 90 87.0 43

ZnO nanoparticles Reactive Blue 21 2.0 6 60 (UV) 94.8 82

Table 11.  Comparison of Curcumin/MIL-88 A with other adsorbents for dye removal.

 

Material UV Exposure Removal Efficiency (%)

MIL-88 A (MOF) Yes 63.2

Pure Curcumin Yes 71.4

Curcumin/MIL-88 A Yes 99.98

Table 10.  Comparison of dye removal efficiency of individual components (MIL-88 A and curcumin) versus 
the Curcumin/MIL-88 A composite under identical UV-assisted conditions.
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1 proposed adsorption and photodegradation mechanism
The removal of Reactive Blue dye by the Curcumin-functionalized MIL-88  A composite occurs through 
a synergistic dual mechanism involving both adsorption and photodegradation. Under acidic conditions 
(optimal at pH 4), the composite surface becomes positively charged, promoting strong electrostatic attraction 
with the anionic sulfonate groups of the dye. Additionally, π–π stacking interactions between the aromatic 
rings of curcumin and the dye molecules further enhance adsorption affinity. Kinetic modeling confirmed 
that chemisorption is the dominant adsorption mechanism, while the Freundlich isotherm model indicated 
multilayer adsorption on a heterogeneous surface.

To differentiate between adsorption and photodegradation pathways, UV–vis spectroscopy was employed 
to monitor dye removal at 592  nm. In the absence of UV light (dark conditions), the composite achieved a 
removal efficiency of 71–75%, indicating that adsorption alone plays a substantial role. However, under UV 
irradiation, the removal efficiency increased significantly to 99.98%, highlighting the critical contribution of 
photodegradation. Comparative experiments showed that MIL-88 A alone removed 63.2% of the dye, curcumin 
alone achieved 71.4%, and the Curcumin/MIL-88  A composite reached 99.98%, confirming a synergistic 
interaction between the two components.

This enhanced performance is attributed to curcumin’s photosensitizing capability, which under UV light 
generates reactive oxygen species (ROS) such as singlet oxygen (^1O₂) and hydroxyl radicals (•OH). These ROS 
oxidize and degrade dye molecules adsorbed on the composite surface. Therefore, the high removal efficiency 
results from the combined effects of surface adsorption and light-driven oxidative degradation, establishing the 
composite as a highly effective and sustainable material for wastewater treatment.

The interactions between the adsorbents and Reactive Blue dye molecules are schematically illustrated in 
Fig. 13. In the case of MIL-88 A, the dominant mechanism is ionic interaction between the carboxylic acid groups 
of surface-bound fumaric acid and the amine groups of dye molecules, resulting in ammonium–carboxylate ionic 
bonds. In contrast, the Curcumin/MIL-88 A composite exhibits not only ammonium–phenolate interactions 
between the dye and phenolic groups of curcumin, but also a diverse range of π–π stacking interactions between 
the benzene rings of curcumin and the aromatic rings of the dye molecules. This broader interaction profile 
significantly increases the adsorption affinity of the composite, thereby improving the overall dye removal 
efficiency.

Conclusion
Curcumin-functionalized MIL-88 A was successfully synthesized as an eco-friendly metal-organic framework 
(MOF) with superior adsorption performance for reactive blue dye removal, achieving 99.98% efficiency under 
optimized conditions (pH 4, 60 min UV exposure). Functionalization with curcumin significantly enhanced 
surface area, pore size, and adsorption capacity, making it more effective than MIL-88  A alone. Response 
Surface Methodology (RSM) confirmed the strong influence of pH, UV exposure, adsorbent dosage, and dye 
concentration on removal efficiency. Additionally, the adsorbent exhibited stability across various pH levels, 
including alkaline conditions, making it a promising candidate for large-scale industrial wastewater treatment. 
With its cost-effective synthesis, high efficiency, and sustainable nature, Curcumin/MIL-88  A presents an 
innovative and practical solution for water purification challenges, with potential for broader wastewater 
applications and industrial scalability. This study also provides detailed insight into how operational parameters 
such as pH, UV exposure, dye concentration, and adsorbent dose influence adsorption capacity and removal 
efficiency, confirming the practical viability of Curcumin/MIL-88 A for environmental applications.

4. Nomenclature.
All of the parameter’s value and Greek letters have been listed in Table 1 in supporting information file.

Fig. 12.  Reusability performance of Curcumin/MIL-88 A composite over four consecutive adsorption–
desorption cycles for reactive blue dye removal under UV-assisted conditions.
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Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon 
reasonable request.
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