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tion of an Ag-MOF photocatalyst
for efficient malachite green degradation in
wastewater: kinetics, mechanism, and stability

Ahmed Hussain Jawhari *a and A. M. Ismael *b

This work used a one-step solvothermal approach to construct a porous silver-based organic framework

(Ag-MOF). The produced photocatalyst was thoroughly characterized using a variety of analytical

methods, including FT-IR, UV-Vis, XRD, SEM, EDX, TEM, and BET analyses, to assess its surface

morphology and crystal structure. According to DFT and UV-vis spectroscopic analyses, the bandgap

energy of the Ag-MOF is around 2.9 eV. The influence of various experimental parameters such as the

pH of the medium, dye concentration, amount of catalyst, and contact time for the degradation of the

Malachite Green (MG) dye was examined. At optimum conditions (3 g L−1 of catalyst, pH 8, and

100 mg L−1 of the Malachite Green dye). The prepared Ag-MOF shows high photocatalytic activity of

97% at 90 min of reaction. Surface acidity investigations show that the total number of acid sites is 4.16

× 1026 acid sites per g. The preservation of more than half of the photocatalytic activity, even after 6

cycles of degradation, shows the stability and reusability of the prepared MOF. Comprehensive tests,

including PL, TOC analysis, leaching studies, and pollutant degradation, were carried out to confirm the

photocatalytic performance, mechanism, stability, and safety of the catalyst. Scavenging studies

concluded that the inclusion of an O2c
− scavenger significantly reduced the degradation efficiency to

31.12%. The study was extended to the use of the synthesized Ag-MOF for the synthesis of 7-hydroxy-4-

methyl coumarin.
1. Introduction

Water contamination by synthetic dyes has emerged as an
important environmental concern with signicant conse-
quences for aquatic life and human health due to their toxicity,
persistence, and resistance to biodegradation.1–3 Effluents from
the textile, leather tanning, paper, and manufacturing sectors
release huge quantities of dye-stained wastewater into water
bodies, with malachite green (Fig. 1) being a regularly encoun-
tered cationic dye.4 Of these sectors, the textile industry is the
largest contributor to water pollution caused by dyes.

Malachite green (MG) dye is ecologically and environmen-
tally problematic due to its toxicity. MG inhibits photosynthesis
and is toxic to plant growth and development.5,6 In aqueous
media, MG is toxic to sh and other aquatic organisms, disrupts
physiological processes, and compromises overall health.7,8

Treatment of contaminated water is therefore essential for the
preservation of the health and integrity of ecosystems as well as
for the protection of public health.9–11
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Therefore, affordable, simple, and environmentally friendly
technologies for treating pollutants in water and wastewater
need to be introduced. Of these, photocatalytic methods are
a good choice, with benets such as high efficiency, ease in
operation, repeatability, and low price. This methodology offers
a sustainable and effective way to face the drawbacks of
conventional wastewater treatment processes, as it can achieve
near-complete degradation of target pollutants without
Fig. 1 Schematic diagram of Malachite Green (MG) dye. MG is
primarily a cationic dye, specifically existing as a positively charged
species due to its quaternary ammonium group, which significantly
influences its adsorption behavior on photocatalysts like Ag-MOF. The
chloride ion acts as the counter anion but does not affect the dye's
chromophore.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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producing harmful secondary by-products or catalyst residues
during the reaction process.12–15

Over the past years, metal–organic frameworks (MOFs) have
proven to be a promising group of catalytic materials for the
treatment of wastewater. Their structural properties make them
suitable for catalyzing many chemical reactions, such as the
oxidation of organic contaminants.16,17 One of the principal
advantages of MOFs in environmental use is their structural
exibility and tunability, which can enable MOFs to be func-
tionalized and tailored to have distinctive catalytic capacities for
efficient degradation of most organic pollutants.17–19

Silver (Ag) was selected as the metal node for MOF synthesis
due to its unique physicochemical properties that directly
enhance photocatalytic performance. Ag-containing MOFs have
demonstrated broad-spectrum light absorption, strong surface
plasmon resonance, and efficient charge separation capabil-
ities, resulting in superior visible-light-driven photocatalytic
activity compared to conventional MOFs. Additionally, Ag
imparts high electrical conductivity, which facilitates the rapid
transport of photoinduced charge carriers and suppresses
electron–hole recombination, further boosting photocatalytic
degradation rates for various pollutants.20–22

The combination of Ag with organic linkers within the MOF
architecture provides a highly porous and tunable platform,
enabling optimal adsorption and interaction with target
contaminants. Recent studies have shown that Ag-MOFs not
only possess high chemical stability and reusability, but also
outperform pure MOFs or metal oxides in photocatalytic
applications, particularly in the degradation of organic dyes and
industrial pollutants.23,24

In this study, a silver-based MOF was prepared by the green
solvothermal method. Various techniques such as FTIR, UV-Vis,
PXRD, SEM, EDX, TEM, and BET were used to characterize the
nanocomposite. The photoactivity of the Ag-MOF toward MG
dye degradation was assessed. The study investigated the opti-
mization of extraneous parameters. Additionally, the use of the
Ag-MOF catalyst in the synthesis of 7-hydroxy-4-methyl
coumarin was investigated.

2. Experimental
2.1. Materials

The used chemicals, such as silver acetate, organic linker niacin
(nicotinic acid or vitamin B3) and other solvents, were
purchased from Sigma Aldrich. The following methods and
techniques were used to characterize the synthesized Ag-MOF.
UV/Vis spectra were recorded using a PG UV/Vis spectrometer
T80+. Powder X-ray diffraction (PXRD) patterns were obtained
with Ni-ltered Cu Ka radiation (l = 1.540 Å) at 40 kV and 30
mA, over a scanning range of 2q = 3°–70°. PXRD indexing was
performed using preDICT soware with DICVOL14.25 Fourier-
transform infrared (FTIR) spectra were recorded from 4000–
400 cm−1 using a Thermo Scientic Nicolet iS10 FT-IR Spec-
trometer. Scanning electron microscopy (SEM) and energy-
dispersive X-ray (EDX) analyses were conducted using a JEOL
JSM-6510microscope. Transmission electronmicroscopy (TEM)
images were acquired with a JEOL JEM-2100 plus. Frontier
© 2025 The Author(s). Published by the Royal Society of Chemistry
molecular orbitals (FMOs), including HOMO and LUMO, were
calculated using the B3LYP/LANL2DZ method in Gaussian 09
(G09), with visualization performed via GaussView 6.0 and
Multiwfn.26–28

2.2. Synthesis of Ag-MOF

0.246 g Niacin was dissolved in 30 mL DI water and 10 mL
ethylene glycol solution and stirred at 90 °C for 30 minutes.
0.334 g Silver acetate was dissolved in the same solvent mixture
in another reactor and added to the solution of niacin under
stirring at 60 °C. The mixture was then placed in a 100 mL
Teon-lined autoclave and heat-treated at 90 °C for 36 hours.
The precipitate was then taken, washed in warm deionized
water (50 °C) via centrifugation at 7000 rpm, and dried at 90 °C
for 6 hours.29

2.3. Photodegradation activity

2.3.1. Ag-MOF photodegradation activity against malachite
green (MG). In a 100 mL Erlenmeyer ask, 0.05 g of Ag-MOF was
combined with 50 mL of MG solution in water (100 ppm). To
ensure the Ag-MOF was dispersed and to ensure the adsorption/
desorption equilibrium, the solution was stirred in the dark
before the UV lamp (10 W high-pressure Hg lamp with 254 nm
mean wavelength inside a cylindrical reactor with 27 cm length
and 2.5 cm diameter) was switched on. Finally, the mixture was
centrifuged, and the Ag-MOF was removed. 1 mL of dye solution
was diluted to 10 mL using distilled water. The spectropho-
tometer was set to monitor the maximum MG wavelength of
617 nm, and concentrations were recorded every 10 minutes.
The dye decolorization was calculated as follows: degradation
(%) = (Co − Ct)/Co × 100, where Ct is the concentration at time t
and C0 is the initial concentration of each solution. Control
experiments were conducted to isolate the effects of adsorption
and photolysis. For adsorption controls, 0.15 g Ag-MOF was
dispersed in 50 mL of 100 mg per L MG solution at pH 8 and
stirred in the dark for 120 minutes. Samples were withdrawn at
intervals, centrifuged, and analyzed via UV-Vis spectroscopy at
617 nm to calculate removal percentage using the formula:
removal (%) = (C0 − Ct)/C0 × 100, where C0 is the initial
concentration and Ct is the concentration at time t. For
photolysis controls, the same MG solution was irradiated under
UV light (10 W Hg lamp, 254 nm) without Ag-MOF for 120
minutes, with sampling and analysis as above.

2.3.2. Mineralization assessment via TOC analysis. To
evaluate the extent of mineralization during the photocatalytic
degradation of malachite green (MG), total organic carbon
(TOC) measurements were performed. MG aqueous solutions
were sampled before and aer photocatalytic treatment under
the optimized conditions. All samples were ltered to remove
the catalyst and analyzed for TOC content using a Shimadzu
TOC-L analyzer. The mineralization efficiency was calculated
by: % TOC removal = ((TOCi − TOCf)/TOCi) × 100.

2.3.3. Photocatalytic degradation of additional organic
pollutants. To further evaluate the versatility of the Ag-MOF
photocatalyst, its efficacy against a range of environmentally
relevant organic contaminants, including tetracycline,
RSC Adv., 2025, 15, 46164–46177 | 46165
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Scheme 1 Synthesis of 7-hydroxy-4-methyl coumarin.
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noroxacin, acetaminophen, and atrazine, was investigated.
Each pollutant aqueous solution (20 mg L−1) was subjected to
photocatalytic treatment under the optimized conditions.

2.4. Synthesis of 7-hydroxy-4-methyl coumarin

Using the Ag-MOF catalyst, resorcinol and ethyl acetoacetate
underwent Pechmann condensation to form a coumarin
derivative (Scheme 1).30 To generate 7-hydroxy-4-methyl
coumarin, 2.2 g of resorcinol and 5 mL of ethyl acetoacetate
(EAA) were mixed in a 50 mL round-bottomed ask. The solu-
tion was then supplemented with 0.1 g of Ag-MOF that had been
activated for two hours at 120 °C. The ask was reuxed at 120 °
C in an oil bath for two hours, and TLC was used to trace the
reaction until completion. Aer ltration, the resulting liquid
was transferred to a beaker lled with crushed ice. The prod-
uct's melting point (185 °C) was utilized to conrm its identity
and purity.31,32 The following formula was used to determine the
yield of the 7-hydroxy-4-methyl coumarin: yield % =

(obtained wt of product O theoretical wt of product) × 100.

3. Results and discussions
3.1. FTIR

The FT-IR spectra of the niacin linker and Ag-MOF are shown in
Fig. 2. The characteristic signals at 1743, 1640, and 1533 cm−1
Fig. 2 IR spectra of the niacin linker and the Ag-MOF.

46166 | RSC Adv., 2025, 15, 46164–46177
are due to the C]O, C]C, and C]N stretching, respectively.
The weak band at 3120 cm−1 is characteristic of C–H, which is
weakened by conjugation and the presence of the COOH group,
which reduces the dipole moment during vibration, resulting in
a weaker C–H stretch. Bands at 1462, 1342 and 1077 cm−1 are
attributed to C–H bending and C–N and C–O stretching,
respectively. The broad band at 2470 cm−1 is related to
a hydrogen-bonded O–H stretching of the –COOH group, which
appears at a lower wavenumber due to hydrogen bonding and
electronic effects from the surrounding functional groups. In
the Ag-MOF spectrum, the disappearance of the broad band at
2450 cm−1 indicates that the carboxyl group is no longer
hydrogen-bonded due to the formation of a metal-carboxylate
bond in which the carboxyl group is coordinated to Ag. The
shi of the carbonyl bands to 1723 cm−1 indicates that the
carboxylate group is now coordinated to the silver metal. The
ring stretching frequencies of pyridine (1575 and 1502 cm−1)
indicate possible interactions between Ag and the nitrogen of
pyridine. These shis reect the structural modications
occurring upon the inclusion of niacin in the Ag-niacin MOF.

3.2. XRD analysis

The crystallinity and purity of the synthesized Ag-MOF were
investigated using PXRD, as shown in Fig. 3. The diffraction
pattern exhibits a series of sharp and intense peaks over the 2q
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 PXRD pattern of the Ag-MOF with the output obtained from preDICT.
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range of 5° to 80°. The PXRD pattern matches well with the
simulated diffraction data, thereby conrming the phase purity
of the synthesized Ag-MOF material. The PXRD pattern of the
Ag-MOF was also examined by indexing using the preDICT
soware with DICVOL14. The most probable indexing solutions
are for a triclinic unit cell, with two almost identical sets of
parameters discovered. The best t (M(20) = 11.5, F(20) = 15.2)
provided lattice parameters a = 9.0579 Å, b = 7.5499 Å, c =

12.2744 Å, and angles a= 110.05°, b= 115.61°, and g= 105.94°,
with a cell volume of 616.1 Å3. The cell is consistent with the
diffraction pattern seen, conrming the single-phase material
(0% impurity).
3.3. Morphological analysis

A silver-based 3D metal–organic framework using niacin as the
organic linker was synthesized (Fig. S1). This MOF features
silver nodes coordinated to nitrogen and oxygen atoms of niacin
molecules, forming a porous network conducive to photo-
catalytic degradation. The structure resembles typical MOFs
constructed from monovalent metals and nitrogen-containing
organic ligands, classied as coordination polymers, resulting
in enhanced photocatalytic performance. The SEM images of
the sample are shown in Fig. 4. The Ag-MOF crystals exhibited
irregular polyhedral morphology with faceted crystalline struc-
tures, with particles ranging from approximately 0.5 to 3 mm
exhibiting a rough and porous surface. In Fig. 4, the EDX
© 2025 The Author(s). Published by the Royal Society of Chemistry
elemental map images of the prepared materials show uniform
elemental distributions of C, N, O, and Ag, further verifying that
the synthesized MOF material is composed of the expected
elements.

The TEM image (Fig. 4) shows the diverse sizes of the Ag-
MOF particles, from 26 to 52 nm, which exhibit moderate
agglomeration and a polycrystalline or partially amorphous
structure. Based on the SEM and TEM images, the Ag-MOF
appears to have promising features for use in the photo-
degradation of dyes.
3.4. Thermal analysis

The thermal stability of the synthesized Ag-MOF was evaluated
using thermogravimetric analysis (TGA) and its derivative
(DrTGA), as illustrated in Fig. 5. The TGA curve reveals a multi-
step decomposition process. The rst weight loss of 6.74%,
occurring below 200 °C, is attributed to the evaporation of
physically adsorbed water molecules and possibly residual
solvents conned within the MOF's structure. The subsequent
and more signicant weight loss of 21.63% is observed between
200 °C and 400 °C, corresponding mainly to the removal of
coordinated organic ligands and some partial disruption of the
framework itself.

As the temperature increases from 400 °C to 600 °C, a further
weight loss of 26.35% is recorded, which is associated with the
decomposition of the major organic components integral to the
RSC Adv., 2025, 15, 46164–46177 | 46167
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Fig. 4 (A) SEM and (B) TEM images, and (C) the EDX spectrum of Ag-MOF.

Fig. 5 TGA and DrTGA plots of Ag-MOF.
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MOF backbone, leading to substantial framework collapse. In
the range of 600 °C to 750 °C, an additional weight loss of
17.89% takes place, signifying the ultimate breakdown of
persistent organic residues and transformation toward an
46168 | RSC Adv., 2025, 15, 46164–46177
inorganic phase. By the end of the analysis at 800 °C, the Ag-
MOF retains a residue of 27.34% of its original mass, reect-
ing a high metal (inorganic) content and a total weight loss of
72.66%. The DrTGA curve further corroborates these
© 2025 The Author(s). Published by the Royal Society of Chemistry
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decomposition stages, showing distinct peaks at the tempera-
tures corresponding to the main weight-loss steps. Collectively,
these results attest to the good thermal stability of the Ag-MOF
up to approximately 200 °C and detail its characteristic multi-
stage thermal decomposition prole.
3.5. Photoelectronic properties

The optoelectronic properties of the Ag-MOF were investigated
using UV-Vis spectroscopy. As seen in Fig. 6, the MOF exhibits
intense UV absorption, particularly from 200 to 400 nm, with
the absorption edge occurring at around 420 nm. The absorp-
tion decreases gradually beyond 450 nm, suggesting little
interaction with visible light. To obtain more information on
the electronic structure, the optical band gap was estimated
using a Tauc plot,33 and by extrapolating the linear section of
the plot to the energy axis, the band gap energy was determined
to be ca. 2.95 eV. Such a moderate band gap enables the MOF to
generate electron–hole pairs under UV light, favoring its utili-
zation for photocatalytic degradation of organic dyes.34

To gain insight into the charge carrier behavior of the MOF
photocatalyst, we measured its photoluminescence (PL) spec-
trum at room temperature (Fig. 6). The resulting spectrum
exhibits a broad emission prole that rapidly decreases in
intensity beyond the initial region, followed by smaller undu-
lating peaks and an overall plateau at longer wavelengths. This
relatively weak PL response suggests that photogenerated elec-
trons and holes in the MOF are effectively separated and less
prone to recombine radiatively. This implies that more charges
are available to migrate to the surface of the photocatalyst,
where they can participate in the redox reactions that generate
the reactive species responsible for pollutant degradation.
Fig. 6 (a) UV-Vis spectrum, Tauc plot, and (b) PL spectrum of Ag-MOF.

© 2025 The Author(s). Published by the Royal Society of Chemistry
3.6. BET study

As can be seen in Fig. 7, the BET plot of the MOF can be
classied as a type-IV isotherm, characterized by a distinct
hysteresis loop between the adsorption (black) and desorption
(red) branches, indicating the presence of meso-porosity. The
BJH pore size distribution curve of the Ag-MOF (Fig. 7) reveals
a prominent peak in the range of 2 to 10 nm, indicating that
the material predominantly possesses mesoporous character-
istics. The sharp drop in intensity beyond this range shows the
smaller contribution of larger mesopores or macropores. The
occurrence of other small peaks in the range from 15 to 30 nm
points to a broader pore size distribution but with very low
intensity, further supporting the hierarchical mesoporous
nature of the material. The BET surface area of the synthesized
Ag-MOF was measured to be approximately 97.6 m2 g−1,
indicating high porosity, which supports signicant dye
adsorption during the dark phase before UV irradiation.
Therefore, the Ag-MOF is endowed with favorable surface
properties, including high surface area and mesoporous
structure, which enable easy diffusion of reactants and expo-
sure of active sites.

3.6.1. Acidity. The number of Ag-MOF surface acid sites
was measured using potentiometric titration. By adding n-
butylamine, the surface acid sites were neutralized, and the
electrode potential (mV) was monitored in response to the
increasing n-butylamine concentration (mmol per g catalyst).35

The following formula was used to compute the total number of
acid sites: total number of acid sites per g = (mL equivalent per
g) × N × 103, where N is Avogadro's number. The total number
of acid sites in Ag-MOF was found to be 4.16 × 1026 acid sites
per g (Fig. 8).
RSC Adv., 2025, 15, 46164–46177 | 46169
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Fig. 7 (a) BET plot and (b) BJH pore size distribution curve of Ag-MOF.

Fig. 8 Potentiometric titration acidity curve of Ag-MOF.
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3.7. Computational study

The electronic structure of the Ag-MOF was further studied by
DFT calculations to explore its photocatalytic behavior. The
calculated energy levels show HOMO and LUMO values of
−6.146 and−3.247 eV, respectively, leading to a theoretical Eg of
2.898 eV. This value is in good agreement with the experimen-
tally obtained optical band gap from the Tauc plot (2.95 eV). The
close match indicates the reliability of the DFT calculations
(Fig. S2). The HOMO–LUMO separation suggests good electron–
hole separation, which is good for photocatalytic processes.
Ionization potential (I; energy to remove an e−) and electron
affinity (A; energy on gaining e−) were calculated to be 6.146 and
3.247 eV, respectively, and the electronegativity was calculated
to be 4.697 eV (c = (I + A)/2). Chemical hardness (h), (I − A)/2,
and electrophilicity index (u), c2/2h, were calculated to be
1.449 and 7.611 eV, respectively.36,37 These are in line with
moderate resistance against CT and the capacity for accepting
46170 | RSC Adv., 2025, 15, 46164–46177
electrons in redox processes. Hardness combined with electro-
philicity is at the origin of control over charge recombination as
well as the enhancement of interactions between molecules of
the dye, which are both requirements for efficient
photocatalysis.
3.8. Photocatalytic degradation of malachite green dye

The synthesized Ag-MOF has a band gap of about 2.95 eV, which
means it mainly absorbs UV light. Therefore, we used a 10 W
high-pressure mercury lamp emitting UV light at 254 nm to
drive the photocatalytic degradation of Malachite Green. This
UV light provides enough energy to excite electrons in the
catalyst, creating reactive species that break down the dye.
Although the material shows some absorption in the visible
range due to silver's plasmon resonance, the main photo-
catalytic activity relies on UV excitation. The Ag-MOF we
synthesized in this study was investigated for its activity as
a photocatalyst for the photodegradation of MG dye, which is
present in industrial effluent and recovered for use in agricul-
ture. The degradation of the dye aer 90 minutes of UV irradi-
ation achieved a maximum of 97%, according to the Ag-MOF's
photocatalytic data. Various effects were investigated, including
the solution pH, time of irradiation, dosage of Ag-MOF, and
initial concentration of MG, in addition to assessing the
sustainability and reusability of the Ag-MOF. Mass transfer
limitations were minimized by continuous stirring at 300 rpm,
ensuring uniform Ag-MOF dispersion and MG diffusion, with
no constraints evident from the rapid initial rates and the
kinetic prole's lack of diffusion plateaus. Light transfer was
assessed via dosage optimization, showing peak efficiency at
0.15 g/50 mL with a decline at higher loadings due to turbidity-
induced scattering. Beer–Lambert estimates conrmed suffi-
cient ∼2–3 cm penetration in our reactor. Under the optimized
conditions, these limitations are negligible, allowing photo-
catalysis to be governed by intrinsic kinetics.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Time of irradiation effect on the degradation of MG dye and time-dependent UV-Vis spectra for degradation over 90 min.
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3.8.1. Time of irradiation. Both adsorption on the Ag-MOF
during the dark phase and photocatalytic degradation under UV
light were studied tomeasure dye uptake before irradiation. The
inuence of irradiation time on photocatalytic degradation
efficiency was systematically evaluated over a range of 10 to 120
minutes (Fig. 9). As depicted, the percentage of dye removal
increased consistently with longer irradiation periods, rising
sharply from approximately 20% at 10 minutes to over 97% at
90 minutes. The time-dependent UV-Vis spectra show a rapid
decrease in the main absorbance peak at 614 nm, evidencing
efficient photocatalytic degradation and color removal from the
solution. Beyond this point, the degradation rate plateaued,
with only marginal increases observed up to 120 minutes. This
trend indicates that prolonged exposure enhances dye break-
down up to a threshold, aer which the photocatalyst
approaches its maximum removal capacity. The rapid initial
rise is attributed to abundant active sites and high pollutant
concentration, facilitating efficient generation of reactive
Fig. 10 Effects of (a) solution pH, (b) dosage of Ag-MOF, and (c) initial M

© 2025 The Author(s). Published by the Royal Society of Chemistry
species. The subsequent plateau suggests that, as the dye
concentration diminishes, the reaction moves toward comple-
tion and becomes limited by factors such as the reduced
availability of target molecules or the saturation of active sites.

3.8.2. Solution pH. As demonstrated in Fig. 10, the pH has
a considerable inuence on the rate of MG decolorization. It
affects the stability of the adsorbate solution as well as the
intensity of its color. As a result, one of the most critical
parameters affecting the adsorption process is pH. In order to
identify the appropriate pH of the solution, the adsorption of
MG dye on the surface of Ag-MOF was examined at various pH
values ranging from 2 to 12 with a xed starting dye concen-
tration of 100 ppm and a contact period of 90 min. The gure
depicts how the dye removal efficiency grows in line with the
solution pH, peaking at approximately 8 and then decreasing to
the lowest efficiency. Due to a drop in surface charge density
and an increase in electrostatic attraction between the MOF and
G concentration.

RSC Adv., 2025, 15, 46164–46177 | 46171
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the MG dye at a pH of about 8, the percentage of adsorption
increases to 96%.

3.8.3. Dosage of Ag-MOF. The photocatalytic degradation
of MG was studied by increasing the photocatalyst dosage from
1 to 5 g L−1. The results demonstrate that the degrading effi-
ciency is enhanced by increasing the photocatalyst weight up to
0.15 g, as illustrated in Fig. 10. A possible explanation can be
that a high concentration of the photocatalyst (above 0.15 g)
makes the solution more turbid, which obstructs and lters the
irradiation light and causes it to diffuse in particular locations,
lowering the photocatalytic efficacy.

3.8.4. Initial MG concentration. Fig. 10 demonstrates the
photocatalytic activity of a range of starting concentrations of
MG dye. It was found that the photodegradation rate increased
to nearly 96% when the original dye concentration was
increased to 100 ppm. Following that, it gradually declined
when the initial concentration was elevated to 200 ppm. This
could be because the dye absorbs light photons, lowering the
number of photons needed to synthesize OHc. However, the
active sites are accessible at low concentrations, and the pho-
tocatalytic activity is improved by boosting the dye concentra-
tion to the ideal level of 100 ppm.

3.8.5. Kinetic study. To better understand how efficiently
the Ag-MOF catalyst removes MG, we tracked howmuch dye was
le in the solution at different times during the photocatalytic
reaction. With these measurements, we calculated the fraction
of dye remaining (Ct/Co) and then applied a pseudo-rst-order
kinetic model, which is commonly used for these types of
systems. The relation between ln(Co/Ct) and time was plotted to
determine how well the reaction ts this model. As shown in
Fig. 12, dye removal increased rapidly at rst and then leveled
off as the reaction approached completion.

The mean values with standard deviations are presented as
error bars in Fig. S3. Adsorption and photolysis controls
exhibited low removal efficiencies, plateauing at 13% and 6%
respectively, each with a standard deviation consistently below
1.2%. In contrast, the photocatalytic process demonstrated
rapid and efficient degradation, achieving 97% removal at 90
minutes with a maximum standard deviation of 5.4%. Kinetic
modeling of the photocatalytic data yielded a pseudo-rst-order
rate constant of k = 0.0301 min−1 and an excellent t (R2 =

0.9918). The Absolute Relative Error (ARE) for our kinetic model
tting gave an ARE value of approximately 12.0%. This, along-
side a high R2 value, demonstrates a reasonable and robust t
quality for the degradation kinetics.

The concentration-dependent uptake kinetics were evalu-
ated through q(t) proles, calculated as q(t) = [(Co − Ct) × V/m]
(where V = 0.05 L,m = 0.15 g, pH 8). For initial malachite green
concentrations of 50–200 mg L−1, q(t) shows rapid initial uptake
(0.5–0.8 mg g−1 min−1) reaching equilibrium by∼100 min, with
maximum capacities increasing to 58.5 mg g−1 at 150 mg L−1

before declining to 39.7 mg g−1 at 200 mg L−1 due to active site
saturation and photon competition, despite lower % degrada-
tion at higher Co (Fig. S4). The results conrm the optimal
absolute uptake near 150 mg L−1 and align with the pseudo-
rst-order kinetics (k = 0.0301 min−1, R2 = 0.99) and Lang-
muir isotherm saturation.
46172 | RSC Adv., 2025, 15, 46164–46177
3.8.6. Optimization of photocatalytic parameters. To
address the inuence of operational variables on photocatalytic
degradation efficiency, systematic single-factor experiments
were conducted in triplicate, evaluating the main effects of
catalyst dosage, initial malachite green (MG) concentration, and
pH while keeping other parameters constant (irradiation time:
90 min, volume: 50 mL). Catalyst dosage showed a pronounced
main effect, with mean efficiency increasing from 50% ± 0.82%
at 0.05 g to 76% ± 2.83% at 0.10 g. Efficiency reached its
maximum value of 97% ± 2.45% at 0.15 g, before slightly
declining to 86% ± 1.41% at 0.20 g, likely due to agglomeration
and light scattering that reduced active site accessibility. Initial
MG concentration exhibited an inverse main effect, peaking at
95.6% ± 1.7% for 100 mg L−1 and dropping to 75% ± 3.6% at
150 mg L−1, attributable to increased light attenuation and
competition for reactive species at higher loads; pH displayed
a bell-shaped response, achieving maximum efficiency of 96.3%
± 1.2% at pH 8 (favorable for electrostatic attraction between
cationic MG and the Ag-MOF surface), compared to 75.0% ±

1.7% at pH 6 and 56.0% ± 1.2% at pH 10. These main effects,
summarized in Table S1, conrm the optimized conditions re-
ported (0.15 g catalyst, 100 mg per L MG, pH 8) and align with
pseudo-rst-order kinetics (rate constant: 0.0301 min−1).

3.8.7. Mechanism of degradation. The photocatalytic
mechanism for malachite green decomposition is inuenced by
the Ag-MOF surface charge, with the point of zero charge (pHpzc)
determined as z5.2 via zeta potential measurements in 0.01 M
NaCl (Fig. 11). At the optimal experimental pH 8 (>pHpzc), the
surface exhibits a negative zeta potential (z z −25 mV), facili-
tating electrostatic attraction and adsorption of cationic dye (qe
up to 58.5 mg g−1), which enhances the proximity for photog-
enerated holes and OH radicals and drives oxidation, decolor-
ization, and mineralization.

3.8.8. Photocatalytic decomposition isotherms. The pho-
tocatalytic isotherms were derived from UV-Vis measurements
of MG concentrations (50–200 mg per L initial), with xed
conditions (0.15 g catalyst, pH 8, 120 min irradiation) (Table
S2). The equilibrium capacity qe was calculated to be 22.0–
63.0 mg g−1. Non-linear ts gave Langmuir parameters qm =

52.6 mg g−1, KL = 0.12 L mg−1 (R2 = 0.98), and Freundlich KF =

12.5, 1/n = 0.45 (R2 = 0.96), indicating monolayer dominance
with heterogeneity.

3.8.9. TOC and COD removal efficiency. Mineralization of
malachite green during photocatalysis was quantitatively
tracked by both total organic carbon (TOC) and chemical oxygen
demand (COD) analyses. TOC measurements showed a 60%
reduction of organic carbon aer 90 minutes, indicating effec-
tive mineralization beyond dye decolorization. Complementary
COD removal reached 68% over the same period, supporting
extensive organic contaminant oxidation. UV-Vis spectroscopy
further conrmed the progressive disappearance of aromatic
chromophores, consistent with mineralization (Fig. S5).

3.8.10. Efficacy of Ag-MOF against a range of organic
contaminants. Pollutants were systematically investigated, and
removal performance was found to be very dependent on the
structure and complexity of the pollutant. In Fig. 12,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Photocatalytic degradation mechanism for malachite green and the point of zero charge (pHpzc) of the photocatalyst.

Fig. 12 (A) Photocatalytic degradation efficiencies of different pollutants over time using Ag-MOF catalyst, and (B) the pseudo-first-order
kinetics of the photodegradation.
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degradation rates (up to 85% and 80% for tetracycline and
noroxacin, respectively) were noted for the antibiotics, while
acetaminophen and atrazine rates yielded moderate removal
efficiencies (up to 63% and 70%, respectively). The time–course
proles were also informative in that they strongly illuminate
the rapid initial reactivity of the Ag-MOF, with subsequent
degradation rates plateauing at around 60–90 minutes; thus,
the initial reactivity was fast, but the returns diminished as the
substrate concentration decreased. For drug pollutants, the
absorption peaks at characteristic wavelengths gradually
diminish over time, indicating progressive disruption of their
molecular structure and conrming the photocatalyst's ability
to degrade pharmaceuticals as well (Fig. S6). The difference in
removal efficiency for the classes of pollutants reinforces the
© 2025 The Author(s). Published by the Royal Society of Chemistry
conclusion that molecular stability and spanning functional
groups inuence the photocatalytic degradation under the
conditions tested.

3.8.11. Ag-MOF sustainability and reusability. In subse-
quent photocatalytic degradation experiments, the Ag-MOF
produced from the rst cycle of the original photocatalytic
degradation experiment was reapplied. The catalyst was
repeatedly rinsed with 25 mL of ethanol and 25 mL of distilled
water before being dried in a vacuum oven for one hour at 50 °C
to make it suitable for reuse. Using identical experimental
conditions to those used in the rst cycle, the dried catalyst was
subsequently applied in a second photocatalytic degradation
experiment. Additionally, during the six cycles, the reusability of
the particles was investigated. The fraction of MG dye that was
RSC Adv., 2025, 15, 46164–46177 | 46173
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Fig. 13 (a) Reusability and sustainability of Ag-MOF, and (b) photocatalytic activities of the degradation of MG in the presence of various
scavengers.
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photocatalytically degraded using the Ag-MOF was plotted
against the cycle number, as depicted in Fig. 13. Surprisingly,
the data demonstrated very minimal changes in the percentage
of dye decolorization during the six photocatalytic cycles. These
remarkable ndings indicate the efficacy of the proposed cata-
lyst and its sustainability for repeated use with predictable dye
degradation. Powder X-ray diffraction (PXRD) was used to
assess changes in the structure of the catalyst post-reaction
(Fig. S7), conrming that the crystallinity was unchanged
(XRD peaks identical to those of fresh material), indicating no
degradation from dye oxidation or ROS exposure.

A silver leaching test was carried out using AAS. Aer pho-
tocatalytic reactions, the mixture was centrifuged to remove Ag-
MOF particulates, and the supernatant was carefully collected.
The concentration of Ag+ ions released into the solution was
determined at the wavelength characteristic of silver (328.1
nm). Aer photocatalytic degradation of MG, the silver ion
concentration in the solution was measured as 0.035 mg L−1 by
AAS, corresponding to a total silver leaching of 0.0035 mg in
100 mL of solution; given that the initial silver content was
approximately 0.097 mg, this represents a low leaching level of
about 3.6%. This minimal silver release indicates that the Ag-
MOF photocatalyst retains most of its silver during the reac-
tion, demonstrating good structural stability and suitability for
repeated use in water treatment applications.

3.8.12. Scavenger tests. To investigate the photocatalytic
mechanism of the Ag-MOF, scavenger trapping experiments
were conducted.38,39 The MOF showed about 97% degradation
of MG without scavengers. As shown in Fig. 13, addition of
isopropanol (IPA; an cOH scavenger) or EDTA-2Na (an h+ scav-
enger) caused minimal changes, indicating a minor role for
hydroxyl radicals and h+. However, the addition of p-
benzoquinone (BQ; an O2c

− scavenger) signicantly reduced the
degradation efficiency to 31.12%. Thus, O2c

− plays a dominant
role in the degradation of MG.

Dose-dependent scavenging experiments were performed.
For p-benzoquinone (BQ) trapping O2c

−, degradation efficiency
46174 | RSC Adv., 2025, 15, 46164–46177
fell steadily from 97% at 0 mM to 31% at 1 mM, showing strong
inhibition (Table S3). In comparison, isopropanol (IPA), for
cOH, had almost no effect, backing up its minor part. Hole
(EDTA-2Na) and electron (AgNO3) scavengers followed suit, with
little effect, solidifying O2c

− as the main driver in our Ag-MOF
photocatalysis.

The semiconductor nature of Ag-MOF was inferred from its
photocatalytic performance and structural characteristics,
supporting its n-type behavior, which is consistent with Ag
nanoparticle incorporation enhancing electron mobility and
reducing recombination (PL emission). This aligns with the
observed dominance of O2c

− in scavenging tests, indicating
a conduction band (CB) that is negative enough for O2 reduction
(−0.33 V vs. NHE), while the valence band (VB ∼ +2.6 V vs. NHE
from DFT) limits strong cOH generation.40–42

3.8.13. Comparison of photocatalytic degradation effi-
ciency of malachite green dye. The Ag-MOF photocatalyst ach-
ieved 97% degradation of MG dye in 90 min under UV light at
pH 8, using 0.15 g of catalyst. This performance is comparable
to those of Ag-Mn oxide nanoparticles (99% in 60 min, sunlight)
and Fe@(Alg-CMC) (98.8% in 30 min, UV-A light), and higher
than that of Ag-ZnO nanobers (93.5% in 60 min). These results
highlight Ag-MOF as an effective material for MG dye removal
(Table 1).
3.9. Synthesis of 7-hydroxy-4-methyl coumarin

According to the Ag-MOF catalytic activity data, various effects
were investigated, including the dosage of Ag-MOF, the molar
ratio of reactants using Ag-MOF, and the reusability and
sustainability of Ag-MOF.

3.9.1. Ag-MOF dose. The yield % varied with the quantity of
Ag-MOF, as seen in Fig. 14. By increasing the quantity of Ag-
MOF catalyst from 0.05 to 0.2 g, the yield % achieved its
maximum at 0.1 g. At higher catalyst quantities, the yield
gradually dropped, which might be because the large amount of
MOF interacted with the reactant, resulting in extra interme-
diates, leading to reduced yields.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06391d


Table 1 Degradation efficiency of the Ag-MOF photocatalyst and other photocatalysts

Photocatalyst Degradation (%) Time (min) pH Light source Catalyst dose (g) Ref.

N/Na/Fe-TiO2 97.89 25.38 9.89 Visible light 0.11 43
Ag-Mn-oxide nanoparticles 99 60 10 Sunlight 0.0017 44
FVZ3 92 180 3 Visible light 1 45
Fe@(Alg-CMC) 98.8 30 4 UV-A light 0.1 46
Ag-modied ZnO-polymeric nanobers 93.5 60 10 Xenon lamp 500 W 0.2 47
Pd/Ag/N-TiO2 75 60 Visible light 0.05 48
ZIF-8/Ag/Ag2S nanocomposite 98.6 20 8 Visible light 0.02 49
ZIF-8/Bi2O3/Ag6Si2O7 composites 98.6 20 8 Visible light 0.02 8
Ag-MOF 97 90 8 UV- light 0.15 Our work

Fig. 14 (a) Effect of Ag-MOF dose and yield % of 7-hydroxy-4-methyl coumarin, and (b) the effect of the molar ratio of reactants on the yield of
7-hydroxy-4-methyl coumarin over Ag-MOF catalyst.
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3.9.2. Molar ratio of reactants using Ag-MOF. As the molar
ratio of resorcinol to ethyl acetoacetate was increased from 1 : 1
to 1 : 2, the coumarin yield increased from 37% to 94%, as
shown in Fig. 14. When the ratio was adjusted to 1 : 3, the yield
Fig. 15 Ag-MOF catalyst reusability shown by the yield of 7-hydroxy-
4-methyl coumarin.

© 2025 The Author(s). Published by the Royal Society of Chemistry
dropped to 44%. The catalyst effectiveness may have dimin-
ished as a result of ethyl acetoacetate saturation of the catalytic
surface, which obstructed the acid sites.

3.9.3. Reusability and sustainability of Ag-MOF. By ltering
and then washing with ethyl acetate, Ag-MOF may be readily
recovered from the reaction mixture aer the catalytic reaction
ends and utilized for the following cycle without activation.
When the reusability of Ag-MOF was tested, it was determined
that it could be reused at least ve times. Fig. 15 indicates that
the catalyst's activity declines from 94% to 52% aer four
applications because many of its surface-active sites are
deactivated.
4. Conclusion

A silver-based metal–organic framework (Ag-MOF) was
successfully synthesized via a green solvothermal method and
comprehensively characterized by FT-IR, UV-Vis, XRD, SEM,
EDX, TEM, and BET analyses. The Ag-MOF exhibited strong
photocatalytic activity, achieving 97% degradation of malachite
green dye under optimized conditions within 90 minutes.
Surface acidity was quantied with a high density of acid sites
RSC Adv., 2025, 15, 46164–46177 | 46175
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(4.16 × 1026 acid sites per g), contributing to the catalytic
performance. TOC analysis conrmed signicant mineraliza-
tion during photocatalysis. Scavenger experiments conrmed
superoxide radicals (O2c

−) as the primary active species
responsible for the degradation process. Stability tests showed
excellent reusability, retaining over 88% aer six cycles.
Collectively, these discoveries demonstrate the promise of Ag-
MOF as a good photocatalyst for treating wastewater from the
textile industry through photocatalytic processes.
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