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Design of a MgO@EDTA@Ag nanocatalyst
for sustainable synthesis of xanthene
and rhodamine B degradation
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The development of efficient and sustainable catalysts is crucial for advancing green chemical processes
and environmental remediation. In this study, a MgO@EDTA@Ag nanocomposite was synthesized and
utilized as a multifunctional, heterogeneous catalyst for the environmentally sustainable synthesis of
xanthene derivatives and the catalytic degradation of rhodamine B dye, both of which hold significant
pharmaceutical and environmental relevance. EDTA immobilization enhanced surface coordination
for Ag anchoring and promoted electron transfer and reactive species generation. The catalyst was
characterised using techniques like XRD, XPS, FESEM, TEM, FTIR, EDAX, TGA, N, adsorption—desorption
and BET analysis, confirming its structural integrity, morphology, thermal stability, and high surface area.
The nanocomposite exhibited excellent catalytic efficiency, supported by favourable green chemistry
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metrics including an E-factor of 0.23, process mass intensity (PMI) of 1.23, reaction mass efficiency
(RME) of 90.06%, and carbon efficiency (CE) of 90%. Its reusability and environmental compatibility
further emphasize its potential for sustainable applications in chemical synthesis and wastewater
treatment. In the photocatalytic degradation of rhodamine B dye, the catalyst achieved an excellent 96%
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Introduction

Heterogeneous catalysts have attracted growing interest over
the years due to their distinct advantages over homogeneous
catalysts, including superior selectivity, ease of recovery, and
excellent reusability in long-term processes." Reactions invol-
ving heterogeneous catalysts are governed by variations in the
free energy of chemical intermediates influenced by their
interaction with the catalyst’s solid surface.> The fundamental
goal of catalysis research is to unravel these surfaces at the
molecular and electronic levels, enabling precise prediction
and control of catalytic activity.® Metal oxide nanoparticles
have gained significant attention in the field of catalysis due
to their unique physicochemical properties, including high
surface area, tunable morphology, and active surface sites that
enhance catalytic efficiency.”” These advantages have posi-
tioned metal oxide nanoparticles as powerful tools in designing
next-generation catalytic systems that align with the principles
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degradation within one hour by using 0.02 mg nanocatalyst in 2 mL dye solution.

of green chemistry.® Their ability to promote reactions under
milder conditions, minimize byproduct formation, and enable
cleaner reaction profiles makes them valuable in industrial and
pharmaceutical applications.”®

Xanthenes and their derivatives represent a significant class
of compounds with wide-ranging applications in both pharma-
ceutical and materials science, and can be synthesized efficiently
using heterogeneous catalysts.” These oxygen-containing hetero-
cyclic compounds possess a pyran ring, which is responsible for
their diverse biological potential and chemical reactivity.'’ They
show a wide range of biological activities, including antifungal,"*
anti-inflammatory,"> antiphlogistic, anticonvulsant, anti-anal-
gesic, antiplatelet, and antigenotoxic properties,"*> making
them highly valuable for therapeutic application."* In addition
to medicinal benefits, xanthene derivatives are utilized in the
development of pH-sensitive fluorescent materials for bio-
molecular visualization, as well as in laser visualization and dye
manufacturing.” Their structural versatility enables easy func-
tionalization, allowing chemists to develop a wide variety
of derivatives suited for specific biological and industrial
purposes. This diverse utility underscores the continued inter-
est in the synthesis of xanthene derivatives, especially through
green and sustainable methods that align with modern envir-
onmental and economic goals.'® Fig. 1 shows biologically active
compounds containing the xanthene core structure, such as

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Some important xanthene derivatives.

propantheline bromide, phloxine B, and methantheline bromide.
Propantheline bromide is a quaternary ammonium anticholiner-
gic agent that blocks muscarinic receptors, reducing gastrointest-
inal motility and gastric acid secretion. It is commonly used to
manage peptic ulcers and irritable bowel syndrome."” Phloxine
B is a halogenated xanthene dye with antimicrobial properties,
effective against Gram-positive bacteria, and it is utilised in
microbial viability assays and photodynamic studies.'* Meth-
antheline bromide is an anticholinergic agent that inhibits mus-
carinic receptors, leading to decreased gastric acid secretion and
smooth muscle spasms. It is employed in the treatment of peptic
ulcers and functional gastrointestinal disorders."

Dyes such as rhodamine B, crystal violet, methylene blue,
etc. pose serious environmental threats when discharged into
water, causing carcinogenic effects and disrupting the reproduc-
tive systems of humans and aquatic life.*® Dye-contaminated
water is treated using various methods such as adsorption and
photocatalytic degradation, which help to remove or break
down the harmful dye molecules.* Metal oxide nanoparticles
act as an effective photocatalyst by generating reactive species
under light irradiation that breaks down harmful organic dyes
into non-toxic compounds.* Similarly, Ag nanoparticles signifi-
cantly increase dye degradation by promoting efficient charge
separation through their surface plasmon resonance effect (SPR),
which increases light absorption and reduces the recombination
of photogenerated electron-hole pairs.*

In this study, we have reported the successful synthesis of
the MgO@EDTA@Ag nanocomposite and its application as an
efficient heterogeneous catalyst for the synthesis of xanthene
derivatives as well as its application in the degradation of

Phloxine B
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rhodamine B dye. The incorporation of EDTA enhances the
surface coordination capability, while Ag nanoparticles facilitate
superior electron transfer and the generation of reactive species,
thereby contributing to the nanocomposite’s remarkable catalytic
and photocatalytic activity.>* A comprehensive characterization
was conducted utilizing techniques such as XRD, XPS, FESEM,
TEM, FTIR, EDAX, TGA, and N, adsorption-desorption to analyse
the structural, morphological, and surface properties of the
catalyst. Furthermore, the inductively coupled plasma (ICP) ana-
lysis technique was used to calculate the leached metal ion
concentration in the reaction. The MgO@EDTA@Ag nanocompo-
site demonstrated excellent performance in promoting xanthene
formation and achieving rapid and high-efficiency dye degra-
dation, showcasing its potential as a sustainable and multi-
functional material in green chemistry and environmental
remediation.

Synthesis and characterization of the MgO@EDTA@Ag
nanocomposite

The synthesis of MgO nanoparticles involved a two-step process,
starting with the precipitation of Mg(OH), from MgSO, and NaOH,
followed by calcination at 450 °C.>> The MgO@EDTA@Ag nano-
composite was then prepared by dispersing MgO and EDTA in
water using sonication, and then AgNO; was added to the solution
and stirred for 2 h.”® The schematic procedure for the synthesis of
the MgO@EDTA@Ag nanocomposite is shown in Fig. 2.

PXRD

PXRD analysis was conducted to investigate the crystal structure
and phases of the materials. Fig. 3 presents the diffraction pattern

MgSO0,
+
NaOH
1 ©
Lk Q - o
Calcination .
- 450°C EDTA e AgNO; Q
Sonication 3 -y Y
30 min rt, 2h s ]

Fig. 2 Synthesis of MgO@EDTA@AgQ nanocomposites.
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Fig. 3 XRD data of the synthesized MgO@EDTA@Ag nanocomposites.

of the synthesized MgO@EDTA®@AgZ nanocomposite. The diffrac-
tion peaks observed at 38°, 43.2°, 64°, 77.4°, and 80.1° in the MgO
nanoparticles correspond to the crystal lattice planes (111), (200),
(220), (311), and (222) (ICDD Card no: 00-004-0829).”” The diffrac-
tion peaks align with the cubic phase of MgO, with slightly
increased peak intensity and a shift towards higher 20 values.
The XRD profile of the pure MgO nanoparticles (Fig. S1) shows
weak diffraction peaks at 38° (111) and 77.4° (311). After Ag
deposition, these reflections become more intense because of
the overlap with the characteristic peaks of Ag. The peaks
observed at 38° (111), 43.2° (200), 64° (220), and 77.4° (311)
correspond to the crystal lattice planes of the Ag nanoparticles
(ICDD Card no: 00-001-1167).>%

FT-IR

FT-IR spectroscopy was performed to confirm the successful
immobilization of various groups over the synthesized nano-
particle (Fig. 4). The twin peak at 802 cm " is attributed to
Mg-O vibration of the bulk MgO. Absorption peaks appearing
at 1421 cm™ " and 1482 cm™ " indicate the vibrations of surface
hydroxyl groups of Mg0.?* The immobilization of the EDTA
over the MgO surface was confirmed by the characteristic
bands observed at 2974 cm™!, 1642 cm™ ', and 1107 cm™ ',
corresponding to C-H stretching, C=0O stretching, and alipha-
tic C-N stretching, respectively.’® Additionally, the peaks
observed at 3435 cm ™' and 3693 cm ' are attributed to the
-OH stretching vibration of the EDTA molecule.*'

TGA

Thermogravimetric analysis shows that the initial weight loss of
approximately 11% occurs below 300 °C, ascribed to the loss
of water molecules (Fig. 5). There’s a significant weight loss of
21% observed between 300 °C and 440 °C, corresponding to the
decomposition of EDTA. Based on this weight loss, the experi-
mental EDTA loading is estimated to be ~21%, which is in
close agreement with the theoretical value of ~23% calculated

2754 | Mater. Adv., 2026, 7, 2752-2765
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Fig. 4 FT-IR data of the synthesized MgO@EDTA@Ag nanocomposites.

from the synthesis stoichiometry, indicating efficient immobi-
lisation of EDTA onto the MgO nanoparticles.

In the DTA curve, both exothermic and endothermic peaks
were observed as shown in Fig. 5b. The exothermic peaks
observed at 90 °C and 140 °C are gradual and correspond to the
desorption of water molecules. The very strong endothermic peak
observed at 370 °C is attributed to the decomposition of EDTA
present in the synthesized nanocomposite.

BET

Fig. 6 depicts the adsorption-desorption isotherms of N,
adsorption at 70.35 K on the MgO@EDTA®@Ag nanoparticles.
According to IUPAC, the adsorption isotherm is classified as
type IV. The gap between adsorption (red curve) and desorption
(black curve) signifies the presence of mesopores and pore
connectivity. Brunauer-Emmett-Teller (BET) analysis is employed
to determine the pore size distribution, which indicates that
MgO@EDTA@Ag nanoparticles exhibit a bimodal pore distribu-
tion, indicating the coexistence of smaller and larger mesopores.
While smaller pores provide a high density of active sites, larger
pores facilitate efficient mass transfer, collectively contributing to
improved catalytic efficiency. This behaviour can be attributed to
the incorporation of Ag nanoparticles over Mg0O,** which contain
mesopores with an average surface area of 30.958 m”> g~ ', a pore
volume of 0.037 cc g, and a diameter of 38.29 A.

TEM

The histogram data, as shown in Fig. 7a, present the particle size
distribution, signifying an average size of 20 nm. Transmission
electron microscopy (TEM) images in Fig. 7b-e indicate the
regular distribution with consistent size and morphology. The
selected area electron diffraction (SAED) pattern, as depicted
in Fig. 7f, provides structural insights through distinct diffrac-
tion rings with d-spacing values of 2.5 A,2.154,1.54,1.34, and
1.2 A corresponding to the planes (111), (200), (220), (311),
and (222).%

© 2026 The Author(s). Published by the Royal Society of Chemistry
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EDAX

Fig. 8 reveals the energy dispersive X-ray analysis (EDAX)
spectra of the synthesized nanocomposite that clearly show
the immobilization of Ag over MgO@EDTA, and the percentage
compositions of silver, magnesium, carbon, nitrogen, and
oxygen are 44.68, 22.95, 2.28, 0.34, and 29.71 weight%, respec-
tively along with the Pt peak at 2.1, which is present due to Pt
used in the FESEM sample preparation as a conducting
material.

XPS

X-Ray photoelectron spectroscopy (XPS) data, as shown in
Fig. 9, discloses the chemical and elemental composition of a
material’s surface. The binding energy peak located at 1303 eV
is attributed to magnesium in the +2 oxidation state, while the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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peak at 531 eV corresponds to oxygen species; in addition, the
signals observed at 248 eV and 290 eV are assigned to carbon,**
and the peaks appearing at 399.5 eV and 400 eV are charac-
teristic of nitrogen-containing species. Silver shows the binding
energy peak at 367.6 eV and 373.6 eV corresponding to 3ds,
and 3d;/,, respectively, confirming the presence of silver in the
+1 oxidation state.>**®

FESEM

The FESEM images of the MgO@EDTA@Ag nanocomposites
reveal a flaky morphology characteristic of MgO nanoparticles
with uniformly distributed spherical Ag nanoparticles observed
on their surface (Fig. 10). This distinct contrast in morphology
confirms the successful deposition of Ag nanoparticles onto
the MgO@EDTA framework. Moreover, the dispersion of Ag

Mater. Adv,, 2026, 7, 2752-2765 | 2755
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Fig. 8 EDAX data of the synthesized MgO@EDTA@Ag nanocomposites.

correlates well with the BET results, which indicate meso-
porosity and a bimodal pore distribution arising from partial
pore blockage and surface modification.

Fig. 11 presents the Tauc plot (ah)"*(eV em™ )" versus
photon energy (hv) for MgO@EDTA@Ag, derived from UV-Vis-
NIR diffuse reflectance data using the Kubelka-Munk function
in the Tauc relation. The linear fitting of the absorption edges
indicates an indirect optical transition. Extrapolation of the
linear regions to the energy axis yields two optical band gap
values of approximately 2.14 eV and 3.15 eV, suggesting the
presence of multiple optical transitions in the material. Such
behavior is commonly observed in composite or modified oxide

2756 | Mater. Adv, 2026, 7, 2752-2765

systems, where structural modification or secondary phases
influence the absorption characteristics.

Viability of the MgO@EDTA®@Ag nanocomposite as a catalyst

The catalytic properties of the MgO@EDTA@AgZ nanoparticles
have been studied by synthesizing the xanthene moiety using
1,3-diketone and benzaldehyde under neat conditions at 80 °C.
The optimization of the reaction was carried out using dimedone
and benzaldehyde as the model substrates for synthesizing the
desired xanthene derivative (3a). The catalytic performance of
MgO@EDTA@Ag was compared by carrying out the reaction in
the presence of MgO and AgNO;, which shows a decrease in the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 XPS data of the synthesized MgO@EDTA@Ag hanocomposites.

Fig. 10 FESEM images of the synthesized MgO@EDTA@Ag nanocomposites.
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Fig. 11 Tauc's plots with the vertical axis scale starting from the origin for
the synthesized MgO@EDTA@Ag nanocomposites.
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% yield of the product (Table 1, entries 1 and 2). We studied the
effects of different parameters on the reaction, like solvent effect,
thermodynamic effect, and kinetic effect. It was observed that in
the presence of green solvents like EtOH, H,O, etc. (Table 1,
entries 3 and 4), the reaction time was longer while the product
yield was decreased. The reaction was conducted both without a
catalyst at 80 °C and in the presence of a catalyst at room
temperature, resulting in a reduced yield while taking a longer
time to complete the reaction (Table 1, entries 5 and 6). In the
presence of organic solvents like toluene, DMF, DMSO, and
acetonitrile, an increase in reaction time and a decrease in the
yield of product were observed (Table 1, entries 7-9). The thermo-
dynamic effect on the reaction was studied by varying the reaction
temperature. It was observed that a decrease in the reaction
temperature increases the reaction time, while increasing the
temperature above 80 °C shows no such effects on the time or
yield of the reaction (Table 1, entry 10). A decrease in catalyst
loading decreases the %yield of the reaction (Table 1, entry 11),

Mater. Adv., 2026, 7, 2752-2765 | 2757
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Table 1 Optimized synthesis of 3a using the MgO@EDTA@Ag nano-
composite as a catalyst

_O
(o) (0]
. Reaction Condition
1 2
Temp. Time Yield”
S.no.  Catalyst (mg) Solvent”  (°C) (min) (%)
1 AgNO; (10) — 80 45 72
2 MgO (10) — 80 120  70.6
3 MgO@EDTA®@Ag (10) EtOH 80 105 46
4 MgO@EDTA@Ag (10) H,O 80 90 57
5 Without catalyst — 80 180 55
6 MgO@EDTA@Ag (10) — RT 180 71
7 MgO@EDTA®@Ag (10) DMF 80 120 44
8 MgO@EDTA@Ag (10) DMSO 80 120 39
9 MgO@EDTA@Ag (10) Toluene 80 120 35
10 MgO@EDTA@Ag (10) — 110 15 89
11 MgO@EDTA®@Ag (5) — 80 30 78
12 MgO@EDTA@Ag (20) — 80 15 90
13 MgO®@EDTA (10) — 80 105 63
14 MgO@EDTA@Ag (10) — 80 15 90

Reaction conditions: a mixture of benzaldehyde (0.5 mmol), dimedone
(1 mmol), and MgO@EDTA@Ag (10 mg), in a solvent (2 mL) or under
neat conditions was stirred at the required temperature. “ Solvent
(2 mL) or under neat conditions. ? Isolated yields.

while an increase in catalyst loading shows no effect on the %yield
of the product (Table 1, entry 12). Finally, the optimized condi-
tions were found to be 10 mg of catalyst under neat conditions at
80 °C for 15 min (Table 1, entry 14). After achieving the optimized
conditions, a wide substrate scope for MgO@EDTA@Ag nano-
composite-synthesized xanthene was demonstrated (Table 2).
The generality of the MgO@EDTA®@Ag-catalyzed protocol
was investigated using a wide range of aromatic aldehydes
under solvent-free conditions at 80 °C. Aldehydes containing
electron-donating groups (-CHsz, -OCHj3, -OH) as well as elec-
tron-withdrawing groups (-NO,, -Cl, -Br) at various positions
on the aromatic ring underwent smooth transformation
to afford the corresponding xanthene derivatives (3a-3j) in
moderate to excellent yields. Notably, halogenated substrates
were well tolerated without any noticeable deactivation of the
catalyst, indicating good functional group compatibility.
Furthermore, phenolic substrates such as resorcinol efficiently
participated in the reaction, furnishing the corresponding bis-aryl
xanthene derivatives (3k-31) in good yields. The successful incor-
poration of resorcinol demonstrates the applicability of this
methodology to polyhydroxy aromatic systems. Overall, the
reaction scope highlights the robustness, versatility, and elec-
tronic insensitivity of the MgO@EDTA@Ag nanocatalyst for the
synthesis of structurally diverse xanthene frameworks.

Gram scale reaction

After optimising the reaction at the laboratory scale, the synthesis
of 3,3,6,6-tetramethyl-9-phenyl-3,4,5,6,7,9-hexahydro-1H-xanthene-
1,8(2H)-dione (3a) was further performed on a gram scale to evaluate

2758 | Mater. Adv, 2026, 7, 2752-2765

View Article Online

Paper

the practical applicability of the protocol (Scheme 1). The scale-up
afforded 1.53 g of the compound (3a) with a yield of 87%, which is
comparable to the 90% yield obtained on a small scale, demonstrat-
ing the robustness and scalability of the developed method.

Proposed mechanism for the synthesis of xanthene using the
MgO@EDTA@AgZ nanocomposite as a catalyst

A plausible mechanism for MgO@EDTA@Ag nanocatalyzed
synthesis of xanthene is shown in Fig. 12. In the initial step, the
aromatic aldehyde is activated through coordination of its carbo-
nyl oxygen to the Lewis acidic Ag" sites, which enhances the
electrophilicity of the carbonyl carbon and facilitates nucleophilic
attack by the enolized B-diketone.>” Concurrently, the basic sites
of MgO promote enolization and proton transfer, enabling the
formation of intermediate F via a Knoevenagel condensation.*®

A second molecule of B-diketone is then similarly activated
and adds to the intermediate F leading to the formation of new
adduct G. Subsequent intramolecular cyclization and dehydra-
tion steps, facilitated by Lewis acid and basic sites present in
the MgO@EDTA®@Ag nanocomposite, yield the final xanthene
product I. The catalyst plays a crucial dual role where Ag" activates
the carbonyl groups® while MgO provides basic sites to promote
enolization and proton transfer efficiently.”” Throughout the
reaction, Ag" retains its oxidation state (+1) and does not undergo
reduction or leaching, indicating that the reaction proceeds via a
heterogeneously catalyzed, non-redox pathway.

Experimental section
Synthesis of MgO

MgO nanoparticles were synthesized using a two-step method.
In the first step, Mg(OH), was prepared by adding 4.8 g of
MgS0,-6H,O to 30 mL water and stirring the solution for
30 minutes. Then, a solution of NaOH was prepared by adding
0.4 g of NaOH to 10 mL water, and added dropwise to the mixture
until the pH reached 10. The solution was stirred for an additional
hour, followed by drying in an oven at 60 °C overnight. After
drying, the synthesized Mg(OH), was calcined at 450 °C for 4 h.*!

Step I: MgSO, + 2NaOH — Mg(OH), + Na,S0,

Step II: Mg(OH), Calcination MgO
450°C

Facile fabrication of the MgO@EDTA@AgZ nanocomposite

MgO nanoparticles (1 g, 1 eq.), and disodium ethylenediamine
tetraacetic acid (EDTA) (1 g, 1 eq.), were dispersed in 100 mL of
water using a sonicator for 30 minutes."> Then, to the solution,
AgNO; (1 g, 1 eq.), was added and stirred for an additional 2 h.
The resulting MgO@EDTA@Ag was washed multiple times with
deionized water and then dried overnight at 60 °C.*

Synthesis of 3,3,6,6-tetramethyl-9-phenyl-3,4,5,6,7,9-hexahydro-
1H-xanthene-1,8(2H)-dione (3a)

Dimedone (0.280 g, 2 eq.), benzaldehyde (0.1 mL, 1 eq.), and MgO®@
EDTA@Ag (10 mg) were added to a dry round-bottom flask.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Then the mixture was stirred neat at 80 °C for 15 minutes, and were fully consumed, ethanol was added to the mixture, and
the progress was monitored by using TLC. Once the reactants the catalyst was isolated by centrifugation. The catalyst was

Table 2 Efficient preparation of xanthene derivatives using the MgO@EDTA@Ag nanocomposite as a catalyst

o) 0
MgO@EDTA@Ag
neat, 80 °C
H__O 3a-j
R!= Ph, 3,4-OCH;, 3-OCHj, 3-CH,
3-Cl, 4-NO,, 4-Cl, 4-Br, 4-Br, 3-NO,
i R!
R I\ S
Z
OH OH
B HO\@/()H MgO@EDTA@Ag
neat, 80 °C O O
(o)
3k-o

R!= Ph, 3-CH; 4-Cl, 4-NO,, 4-Br

3a, 90% 3b, 66%

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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(cc)

3e, 91.04% 3f,76.9% 3h, 85%
OCH; O CH;
OH OH
i 0 l
3k, 65% 31, 61%

3i, 80%

Cl NO, Br

OH E OH OH I OH OH ‘ OH
94 U0 O e
3m, 62% 3n, 70% 30, 67%

Reaction conditions: benzaldehydes (0.5 mmol), diketones (1 mmol) or resorcinol (1 mmol), MgO@EDTA@AgZ (10 mg) were stirred under neat
conditions at 80 °C.
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/O
[ 0 MgO@EDTA@Ag
+ —_—
neat, 80 °C
1 2

Scheme 1 Gram-scale synthesis of 3a. Reaction conditions: a mixture
of benzaldehyde (5 mmol), dimedone (10 mmol), and MgO@EDTA@AgQ
(100 mg), under neat conditions was stirred at 80 °C.

rinsed multiple times using ethanol and dried in an oven. The
reaction mixture was dried and then quenched by adding ethyl
acetate and sodium bisulphate solution to repeatedly extract

H,0 +

MgO@EDTA@Ag

View Article Online
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and remove benzaldehyde. The organic layer was collected and
dried.*

Evaluation of recyclability and green metrics for
MgO@EDTA@AE
The recyclability of MgO@EDTA@Ag was evaluated over six
consecutive cycles under optimized conditions (5 mmol). The
results demonstrated that the catalyst retained its catalytic
efficiency throughout the cycles (Fig. 13). Furthermore, the
PXRD and SEM analysis of the recycled catalyst confirmed its
structural stability and integrity (Fig. S2 and S3).

To evaluate the role of the catalyst in xanthene synthesis, a
hot filtration test was carried out. The reaction was initiated

H,0

Fig. 12 Plausible mechanism of the synthesis of xanthene using the MgO@EDTA@Ag nhanocomposite as a catalyst.

2760 | Mater. Adv,, 2026, 7, 2752-2765
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Fig. 13 Recyclability of the MgO@EDTA@Ag nanocomposite for the
synthesis of 3a.
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Fig. 14
the catalyst was separated from the reaction.

(a) Synthesis of 3a using the MgO@EDTA@Ag catalyst and (b) after
45,46

under standard conditions, and after about five minutes, the
TLC was monitored, which indicated roughly 50% product
formation. The mixture was quickly filtered out while still hot
to remove the catalyst. The clear filtrate was allowed to con-
tinue reacting under the same conditions for 15 min. Through-
out the process, the reaction was monitored by TLC. The final
yield of the product was found to be less than the expected
yield, showing the importance of the catalyst throughout the
reaction (Fig. 14).

The ICP analysis confirms minimal leaching of metals, with
only trace amounts of Ag and Mg metals (Fig. S4) with the
values 0.0011 ppm and 10.969 ppm, respectively, which are
considered non-toxic and environmentally benign.*”

Green chemistry metrics

To further demonstrate the environmental friendliness and
sustainability of the xanthene synthesis catalysed by MgO@ED-
TA@Ag nanoparticles, green chemistry metrics were evaluated.
These metrics, including atom economy (AE), reaction mass

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

0
O, (0]
MgO@EDTA@A:
+ eberh AwAs
neat, 80 °C
1 2
FW  140.17 g/mol  106.12 g/mol 350.45 g/mol
mmol 1 mmol 0.5 mmol 0.45 mmol
Amount 140 mg 0.05 mL 157 mg

Scheme 2 Green matrices for xanthene.

efficiency (RME), and E-factor, provide quantitative measures of
how efficiently reactants are converted into the desired product
and the extent of waste generated. The calculated values
indicate that the reaction proceeds with minimal waste for-
mation and excellent incorporation of reactant atoms into the
product, closely approaching the ideal values. This highlights
not only the efficiency of the MgO@EDTA®@Ag nanocatalyst but
also its alignment with the principles of green and sustainable
chemistry (Scheme 2).

E-factor:

The ideal value of the E-factor is zero.

E-factor = [total mass of raw materials - the total mass of
product]/mass of the product.

E-factor of 3a = [246 — 157]/157 = 0.23

Process mass intensity (PMI):

PMI = ) (mass of stoichiometric reactants)/(mass of
product)

= (140 + 53)/157 = 1.23

Reaction mass efficiency (RME):

RME = [mass of the desired product/Y_(molecular mass of
reactants)] x 100

=[175/(140 + 53)] x 100 = 90.06%

Carbon efficiency (CE):

CE denotes the percentage of carbon in the reactants that
remain in the product.

CE = [amount of carbon in product/total carbon present in
reactants] x 100

= [no. of moles of product x no. of carbons in product/
(moles of 1 x carbons in 1 + moles of 2 x carbons in 2)] x 100

=[(0.45 x 23)/(1 x 8 + 0.5 x 7)] x 100

=0.90 x 100

=90%

Table 3 shows the green metrics of our catalyst system,
highlighting the efficiency and environmental compatibility of
our method.

The photocatalytic assay

The photocatalytic activity of the synthesized MgO@EDTA@Ag
nanocomposite was evaluated for the degradation of rhoda-
mine B (RhB) under UV light irradiation. Rhodamine B is a
prominent pollutant found in wastewater from the textile and
food processing industries.*® In this study, a time-dependent
decline in the absorption spectra of RhB (Anax = 554 nm) was

Mater. Adv., 2026, 7, 2752-2765 | 2761
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Table 3 Green metrics for the synthesis of 3a using MgO@EDTA@Ag

Reaction mass Carbon

Process mass  efficiency efficiency
Catalyst E-factor intensity (PMI) (RME) (%) (CE) (%)
MgO@EDTA@AgZ 0.23 1.23 90.06 90

recorded to monitor photocatalytic degradation in the presence
of the synthesized catalyst under UV light. The characteristic
absorption peak at 554 nm assessed the degradation process.
As shown in Fig. 15c, a significant decrease in the absorption
intensity was observed with increasing UV exposure time from
0 to 60 minutes in the presence of the nanocomposite, indicat-
ing effective degradation of RhB. In contrast, no significant
change in absorbance was observed in the absence of the
catalyst, confirming the crucial role of the MgO@EDTA@Ag
nanocomposite in the photocatalytic process. For the time-
dependent experiment, 0.8 pM RhB solution was used. To this,
100 pL of the nanoparticle suspension (having a concentration
of 0.2 mg mL ') was added to 2 mL of dye solution. This
corresponds to the addition of 0.02 mg of nanocatalyst

a) b)

10 1.0

View Article Online
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(100 pL x 0.2 mg mL~" = 0.02 mg). The degradation efficiency
of the catalyst reached 96% within 60 minutes, as evidenced by
the fading of the pink colouration of the RhB solution and the
near disappearance of the absorption peak. In comparison,
AgNO; (Fig. 15a) and MgO (Fig. 15b) used individually under
identical conditions showed significantly lower degradation
efficiencies of 14.3% and 9.5%, respectively. The degradation
efficiencies were calculated using the equation below,

Ay — A
%Degradation = (%) x 100
0

where A, and A, are the absorbance values before and after
degradation,® respectively.

These results demonstrate that the MgO@EDTA@Ag nano-
composite effectively promotes the degradation of rhodamine B
under UV radiation, with a notable decrease in dye concen-
tration observed within a short exposure time.

Fig. 16a shows the time-dependent variation of normalized RhB
concentration (C/C,) under UV irradiation. The MgO@EDTA@Ag
nanocomposite exhibits a rapid and continuous decrease in C/Cy,
achieving near-complete degradation within 60 min, whereas

)

ps 0
Rhodamine B + MgO Rhodamine B + AgNO,

0.84 =0 min
15 min

-+ 30 min
45 min
60 min |

; 554 nm 0.84— 00 min|
15min
-+ -+ 30 min|
45 min;
06 60 min,

Absorbance
Absorbance

0.0

1.0

Rhodamine B + MgO@EDTA@Ag

—— 0 min

15 min
-+ -+ 30 min
=+ 45 min
60 min

i 0.8 D= 554 nm
554 nm

0.6 4

Absorbance

0.0

0.0
500 510 520 530 540 550 560 570 580 500 510 520 530

Wavelength (nm)

Wavelength (nm)

T T T T T T T
540 550 560 570 580 500 510 520 530 540 550 560 570 580
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Fig. 15 Time-dependent degradation of RhB dye in the presence of a photocatalyst under UV light irradiation in the presence of (a) AgNOs, (b) MgO, and

(c) MgO@EDTA@Ag.

a) b)
1.2
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Fig. 16 The plot of (a) C/Cq vs. time and (b) —ln C/Cq vs. time using different photocatalysts (MgO@EDTA@Ag, AgNO=, MgO) for the degradation of

rhodamine B dye.
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AgNO; and MgO show negligible changes, indicating poor photo-
catalytic activity. The error bars represent standard deviations from
repeated experiments, confirming good reproducibility. Fig. 16b
presents the pseudo-first-order kinetic plot of —In(C/C,) versus time,
where a linear trend is observed for MgO@EDTA®@Ag, confirming
pseudo-first-order behavior with a significantly higher apparent
rate constant compared to MgO and AgNO;. The intercept of the
In(Cy/C) versus time plot is approximately zero, confirming negli-
gible initial adsorption and validating the pseudo-first-order kinetic
assumption.

Conclusion

In this work, a MgO@EDTA®@Ag nanocomposite was success-
fully synthesised and its effectiveness as a versatile catalyst for
both organic transformations and environmental applications
was demonstrated. It showed excellent catalytic activity in the
solvent-free synthesis of xanthene derivatives, delivering high
yields under neat conditions and maintaining its performance
over multiple cycles. The material also exhibited strong photo-
catalytic efficiency, achieving up to 96% degradation of rhoda-
mine B dye under UV light within 1 hour. A gradual increase in
catalyst loading further improves the degradation rate, high-
lighting the role of catalyst concentration. Additionally, green
chemistry metrics such as E-factor (0.23), process mass inten-
sity (1.23), reaction mass efficiency (90.06%), and carbon effi-
ciency (90%) demonstrated the environmental sustainability of
the process, with values closely aligned with the ideal bench-
mark. Overall, the MgO@EDTA@Ag nanocomposite presents
a promising, eco-friendly solution for both green chemical
synthesis and wastewater treatment.

Although the present methodology is environmentally
benign due to its solvent-free conditions, high atom economy,
and catalyst reusability, the potential environmental impact
associated with silver-based catalysts warrants further investi-
gation. Future studies will focus on quantitative Ag leaching
analysis under real wastewater conditions and ecotoxicity
assessments to comprehensively evaluate the long-term sus-
tainability and environmental safety of the MgO@EDTA@Ag
nanocatalyst.
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