Heliyon 10 (2024) e38956

Contents lists available at ScienceDirect

52 CelPress Heliyon

journal homepage: www.cell.com/heliyon

Research article

Ag nanoparticles on arginine-cyanoguanidine functionalized
magnetic g-CsN4: A catalyst for nitroaromatic hydrogenation and
regioselective click reactions

Mansoureh Daraie ", Mahmood Tajbakhsh ", Ali Ayati®, Sara Rashidi®

@ Department of Chemistry, Science and Research Branch, Islamic Azad University, P.O. Box 14515/775, Tehran, Iran
Y Department of Organic Chemistry, Faculty of Chemistry, University of Mazandaran, Babolsar, Iran
¢ Department of Chemical Engineering, Faculty of Advanced Technologies, Quchan University of Technology, Quchan, Iran

ARTICLE INFO ABSTRACT
Keywords: This study describes the development of a novel hybrid nanocatalyst that was obtained by doping
Carbon nitride magnetic g-CsN4 with Ag nanoparticles and modifying it with arginine and cyanoguanidine

Ag nanoparticles

Click reaction

Catalyst

Reduction of nitroaromatic

(Ag@Fe304-g-C3Ny4-Arg-CG). Comprehensive characterization of the nanocatalyst using tech-
niques such as FTIR, XRD, SEM, and TGA confirmed its structural and morphological properties.
The catalytic efficiency of the synthesized nanostructure was evaluated in two key reactions: the
reduction of nitroaromatic compounds and a click reaction for 1,2,3-triazole synthesis. The results
demonstrate that Ag@Fe304-g8-C3Ny4-Arg-CG effectively reduced various nitroaromatic com-
pounds to substituted anilines at room temperature using NaBH, as the reducing agent. Nitro-
benzene reduction did not proceed in aprotic solvents such as acetonitrile, CHyCly, and
dimethylformamide, whereas it exhibited a high reaction yield in protic solvents such as ethanol
and water. The highest yield (100 %) was observed in water at 50 °C using H2O solvent. Addi-
tionally, the nanohybrid exhibited significant potential for “green” click chemistry by efficiently
synthesizing 1,2,3-triazoles under mild conditions, with low catalyst loading. Its magnetic
properties facilitated easy recovery, and the catalyst maintained high activity over six cycles,
making it suitable for sustainable applications in organic transformations.

1. Introduction

Heterogeneous nanocatalysts have gained significant popularity among synthetic organic chemists over recent decades due to their
precision engineering, sustainable design, and development. Compared to homogeneous catalysts, heterogeneous catalysts offer
several advantages, including milder reaction conditions, easier separation, prevention of contamination, and recyclability without
pre-activation. These benefits have led to the rapid development of this field, where highly active and selective catalysts are being
designed to address these challenges [1,2]. Recently, various natural and synthetic polymers have been employed to create desired
heterogeneous catalysts. Carbon nitrides, a class of polymers consisting of nitrogen and carbon atoms, enhance chemical, functional,
and electrical properties [3]. Among them, graphitic carbon nitride (g-C3N4), with its stacked graphene-like structure and high degree
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of condensation, has attracted considerable attention in catalysis, photocatalysis, and light-emitting devices due to its low cost,
non-toxicity, and high stability [4-6]. However, g-C3Ny4 suffers from several drawbacks, including low specific surface area, lack of
active sites, weak conjugated stacked structures, and high carrier recombination rates [7-9]. Various strategies have been explored to
improve the catalytic performance of g-C3Ny, including morphology control [10,11], copolymerization [12], metal doping [13,14],
and surface modification [10]. Metal doping is particularly effective in enhancing catalytic performance, as g-C3N4 has abundant free
amino groups in its backbone that can readily bind metal ions [3]. It has been demonstrated that doping g-C3N4 with noble metal
nanoparticles, such as Pd, Pt, Ag, and Au, increases its surface area, chemical efficiency, and reactivity [15-17]. Among these metals,
Ag nanoparticles have garnered significant attention due to their cost-effective synthesis, high surface area, high catalytic activity,
stability, conductivity, and biocompatibility [18,19].

The incorporation of Ag nanoparticles onto catalyst surfaces also enhances photocatalytic and antibacterial properties due to the
metal’s surface plasmon resonance, which reduces charge recombination rates and improves absorption in the visible region of the
electromagnetic spectrum [20-23]. One of the key challenges in the catalytic applications of g-C3N4-based materials is their separation
and reusability, which can be addressed by combining them with magnetic Fe304 nanoparticles. This combination facilitates easy
magnetic separation, enhances catalyst durability, and minimizes aggregation [24-27]. Fe3O4 nanoparticles possess numerous hy-
droxyl groups that can be incorporated into a core-shell structure during further organo-functionalization [28].

A wide range of catalytic strategies have been developed for the selective reduction of nitroaromatic compounds using alternative
hydrogen sources and cost-effective catalysts. This reaction is relatively safe and has broad synthetic and biological applications, as it
reduces nitroarenes to their corresponding amines [28-30]. Nitroaromatic compounds, which are carcinogenic water pollutants, pose
significant environmental risks, damaging living organisms [30,31]. For the catalytic reduction of nitroarenes, metal
nanoparticle-doped nanocatalysts combined with NaBH, as a hydride donor are employed under moderate conditions [30,32,33]. This
method is environmentally friendly and has shown promising results in nitroarene reduction.

Triazoles are crucial compounds in both biology and chemistry [34,35]. Sustainable protocols and heterogeneous catalysis have
been developed to synthesize these molecules efficiently [36]. 1,2,3-Triazole-bearing N-heterocyclic systems are key structural
components of various biologically active compounds, serving as amide bond surrogates [37]. 1,2,3-Triazoles have demonstrated
antitubercular [38], antiviral [39], antibacterial, antifungal [40], and anticancer activities [41]. These compounds have been utilized
to create several anti-cancer, anti-HIV, and antibacterial drugs through amide-triazole isosteric substitutions [42,43]. Various methods
for synthesizing 1,2,3-triazoles have been reported [44,45].

This study aimed to develop an efficient nanocatalyst for organic transformations such as the reduction of nitroaromatic com-
pounds and the synthesis of 1,2,3-triazoles through a click reaction. Ag nanoparticles were synthesized using Camellia sinensis leaves as
a reducing and stabilizing agent and deposited onto arginine- and cyanoguanidine-modified magnetic g-CsN4 to form a hybrid
Ag@Fe304-g-C3Ny-Arg-CG nanostructure. This hybrid was fully characterized using various techniques, and its catalytic performance
was evaluated in two reactions: the reduction of nitroaromatic compounds with NaBH, and the synthesis of 1,2,3-triazoles via a click
reaction. Additionally, the recyclability of the nanocatalyst was tested in both reactions.

2. Experimental section
2.1. Chemicals

All chemicals used for nanocatalyst synthesis and performance evaluation, including melamine (C3HgNg, 99 %), iron chlorides
(FeCly-4H,0 and FeCl3-6H20), arginine, cyanoguanidine (2-cyanoguanidine), ammonium hydroxide solution (NH40OH, 25 %), trie-
thylamine (TEA), silver nitrate (AgNOs3, 99 %), acetonitrile, 1,3,5-triamino-2,4,6-triazine, and nitro-compounds were purchased from
Sigma-Aldrich Co. and used as received. Green tea leaves (Camellia sinensis) were collected from Lahijan city, Gilan province, Iran. All
methods involving plants and their materials conformed to relevant institutional, national, and international guidelines. Tea is a
common and non-endangered plant in Iran.

2.2. Catalyst synthesis

2.2.1. Synthesis of magnetic g-C3Ny

g-C3N4 nanosheets were synthesized by thermally polycondensing 1,3,5-triamino-2,4,6-triazine in a semi-closed ceramic crucible
at 530 °Cin air at a rate of 5 °C/min for 5 h. The product was cooled, washed, and ground in an agate mortar. To synthesize magnetic g-
C3Ny, the g-C3Ny (15 g) was dispersed in water (140 mL), followed by the addition of FeCl3-6H20 (1.37 g) and FeCly-4H50 (0.5 g). After
heating to 60 °C, NH4OH solution (11 mL, 25 %) was added, and the mixture was stirred for 60 min. The magnetic Fe304-g-C3Ny4
nanostructure was magnetically separated, washed with water, and dried at room temperature.

2.2.2. Synthesis of Fes04-g-C3N4-Arg-CG

Fe304-g-C3Ny4 (1.2 g) was dispersed in water (100 mL), and arginine (0.7 g) and triethylamine (0.7 g) were added. The mixture was
stirred and refluxed overnight, then separated magnetically and washed with water-ethanol solutions (3:1). The product was dispersed
in water (50 mL), followed by the addition of dicyandiamide (0.34 g) and diluted hydrochloric acid (5 mL, 5 %), and refluxed at 100 °C
for 6 h. The precipitate was magnetically separated, washed with ethanol solution (50 %), and dried at ambient temperature.
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2.2.3. Synthesis of Ag@Fe304-g-CsN4Arg-CG

Ag nanoparticles (Ag NPs) were synthesized using Camellia sinensis leaves extract as a reducing agent [46]. Fresh leaves were
collected, dried, and extracted in distilled water using Soxhlet. The extract was stored at 5 °C. Fe304-g-C3N4-Arg-CG (300 mg) was
dispersed in an AgNOs solution (50 mL, 1.5 mM), and Camellia sinensis extract (10 mL, 2 %) was added. The mixture was stirred at
60 °C for 2 h, and the product was magnetically separated, washed with ethanol/water, and dried. Inductively coupled plasma (ICP)
analysis estimated the Ag content at ~0.4 wt%. The entire synthesis procedure is shown in Scheme 1.

2.3. Catalytic reduction of nitroaromatic compounds

The catalytic performance of Ag@Fe304-g-C3N4-Arg-CG was evaluated using the reduction of nitrobenzene, as depicted in Scheme
2. In a 50 mL borosilicate glass tube, 0.02 g of catalyst was added to a solution of 123 mg nitrobenzene (1 mmol) in 5 mL water. A
freshly prepared NaBH4 solution (0.5 mM) was then added to the mixture under vigorous stirring. The reaction was heated to 50 °C and
monitored using thin-layer chromatography (TLC) with ethyl acetate (10 %) in hexane. After the reaction, the catalyst was magnet-
ically separated, and the solvent was evaporated to isolate the hydrogenated product. The catalyst was rinsed with 30 mL ethanol
(EtOH) and dried overnight at 50 °C, after which it was collected and reused for subsequent reactions.
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Scheme 1. The schematic route of Ag@Fe304-g-C3N4-Arg-CG preparation.
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Scheme 2. The reaction of nitrobenzene reduction.
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The generality of this protocol was assessed in the reduction of nitroaromatic compounds using Ag@Fe304-g-C3N4-Arg-CG.
Different catalyst dosages were added to 5 mL of aqueous solution containing 0.001 mol nitroaromatic compounds. The mixture was
stirred vigorously at room temperature, followed by the addition of 2 mmol NaBHy4. The reaction was heated to 50 °C, and upon
completion, confirmed by TLC, the catalyst was separated, and the product was purified by recrystallization.

2.4. Synthesis of 1,4-disubstituted 1,2,3-triazoles

Ag@Fe304-g-C3Ny-Arg-CG was also employed in the catalytic synthesis of 1,4-disubstituted 1,2,3-triazoles via a click reaction. In
this reaction, 0.02 g of the nanocatalyst was added to a solution containing an alkyl halide or a-haloketone (1 mmol), a terminal alkyne
(1 mmol), and sodium azide (1.2 mmol) in 5 mL of water. The reaction mixture was stirred at room temperature until completion. The
solid residue was filtered and recrystallized from ethanol to obtain the pure product (Scheme 3).

2.5. Material characterization

The successful synthesis of the nanocatalyst was confirmed using Fourier-transform infrared (FTIR) spectroscopy with a PERKIN-
ELMER Spectrum. The phase and crystallinity of the nanocatalyst were identified using X-ray powder diffraction (XRD) with Cu Ka
radiation (wavelength 1.78897 A, 40 mA, and 40 keV). Scanning electron microscopy (SEM) images were obtained with a FESEM-
TESCAN MIRA3 microscope equipped with energy dispersive X-ray (EDX) for elemental analysis. Transmission electron microscopy
(TEM) images were captured using a Philips CM120 microscope at 100 kV. Inductively coupled plasma atomic emission spectroscopy
(ICP-AES) analysis was performed using a Vista-Pro Varian analyzer to estimate the amount of Ag nanoparticles on the catalyst surface.
The thermal stability of the catalyst was analyzed with an SDT-Q600 simultaneous TGA instrument (TA Instruments) under an Ar
atmosphere.

3. Results and discussion
3.1. Nanocatalyst characterization

To confirm the formation of the Ag@Fe304-g-C3N4-Arg-CG nanocatalyst, its FTIR spectrum was recorded and compared with those
of magnetite, g-C3Ny4, and Fe304-g-C3N4-Arg-CG, as shown in Fig. 1. In the FTIR spectrum of Fe3O4 nanoparticles, the absorption band
at 590 cm ™! is attributed to the trivalent Fe-O tetrahedral structure [47,48], while the broad band at 3445 cm ! corresponds to
hydroxyl groups on the surface of Fe3O4. The g-C3N4 spectrum displays several characteristic bands: (i) 808 cm ™ related to triazine
ring bending vibrations, (ii) 1240-1408 cm! associated with C-N stretching vibrations [49], (iii) 1648 em! corresponding to C=N
stretching vibrations, and (iv) 3422 cm ! attributed to NH bending.

The spectrum of Fe304-g-C3Ny-Arg confirms the presence of L-arginine on the surface of g-C3N4 nanoplates through C=0 (1708
em 1) and C-0 (1215-1322 em™?) stretching vibrations. These are further supported by the presence of N-H and G-H bonds in the
modified g-C3Ny4 nanosheets. All these peaks are observed in the FTIR spectrum of the Ag@Fe304-g-C3N4-Arg-CG structure, with minor
shifts compared to those of the individual components (see Fig. 1), confirming the successful fabrication of the catalyst. A weak band at
2960 cm ! is attributed to aliphatic C-H stretching vibrations, while the stretching vibrations of the alkyl and ester groups of the
arginine moiety appear at 2850-2900 cm ! and 1730 cm ™}, respectively [50]. The presence of Ag NPs did not significantly affect the
FTIR spectrum, indicating the stability of the nanocomposite despite the deposition of Ag NPs on its surface.
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Scheme 3. Detailed schematic of a 1,4-disubstituted 1,2,3-triazole synthesis reaction.
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Fig. 1. FTIR spectra of a) g-C3Ny, b) Fe304, c) Fe304-g-C3N4-Arg-CG, and Ag@Fe304-g-C3N4-Arg-CG.

Fig. 2 shows the XRD patterns of the synthesized g-C3N4, magnetic g-C3Ny4, and Ag@ Fe3O4- g-C3Ny4-Arg-CG nanostructures in the 20
range of 10-80°. The peaks at 20 = 31.1°, 36.4°, 44.1°, 54.3°, 57.6°, and 62.8° correspond to the face-centered cubic structure of Fe3O4
nanoparticles, attributed to the (220), (311), (400), (422), (511), and (440) planes, respectively [51] (JCPDS card no. 19-0629). The
peak at 44.4° is assigned to the (200) plane of Ag nanoparticles, confirming their successful incorporation into the composite. In
addition, the small peak at 20 = 27.6° is characteristic of g-C3Ny, confirming its presence in the structure. The overall XRD pattern
demonstrates the successful integration of Fe3O4, Ag NPs, g-C3Ny, and L-arginine. The absence of significant peak shifts indicates that
the structural integrity of these components is maintained. The arginine and cyanoguanidine groups do not show distinct diffraction
peaks in the XRD patterns due to their amorphous nature, but their incorporation is confirmed by complementary techniques like FTIR.

The morphology of the Ag@Fe304-g-C3Ny4-Arg-CG nanocatalyst was investigated using FE-SEM, as shown in Fig. 3a. Slight ag-
gregation of spherical nanoparticles, with an average size of 28 nm, is visible on the surface, likely due to Fe304 and Ag NPs covering
the g-C3Ny substrate. For a more detailed analysis, the nanocatalyst’s morphology was further examined via TEM. The TEM images in
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Fig. 2. XRD pattern of a) g-C3Ny4, b) Fe304-g-C3Ny4, ¢) Ag@Fe304-g-C3N4-Arg-CG.
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Fig. 3. The (a) SEM, and (b) TEM images of prepared Ag@Fe304-g-C3N4-Arg-CG nanomaterials.

Fig. 3b clearly show the presence of g-C3N4 nanosheets, along with Fe304 and Ag NPs distributed across the structure.

Elemental dot-mapping analyses were also conducted to identify the elements present and their distribution within the nano-
catalyst structure. The results of the EDX and elemental dot-mapping analysis are shown in Fig. 4. According to the EDX data, the
quantities of the elements in Ag@Fe304-g-C3N4-Arg-CG are consistent with the amounts used during synthesis. The uniform distri-
bution of Fe and Ag nanoparticles on g-C3N4 indicates that FesO4 and Ag NPs are evenly dispersed across the material’s surface.

TGA analysis of the synthesized Ag@Fe304-g-C3N4-Arg-CG nanostructure was carried out between 25 and 800 °C to assess its
thermal stability (Fig. 5). The analysis revealed three significant weight loss stages. The first, a minor weight loss of less than 2 %,
occurred around 30-120 °C and was attributed to the evaporation of adsorbed water. The second weight loss, approximately 20 %,
took place between 290 and 355 °C, likely due to the decomposition of arginine and biguanide substituents attached to the g-C3N4
substrate. The major weight loss, around 40 %, was observed between 450 and 600 °C, corresponding to the degradation of the g-C3N4
structure. This thermal profile indicates that the prepared nanostructure is suitable for various applications, including catalysis,
sensing, and adsorption.

3.2. Catalytic study

3.2.1. Nitroaromatic reduction

The catalytic activity of Ag@Fe304-g-C3N4-Arg-CG was investigated for the reduction of nitroaromatic compounds, with nitro-
benzene reduction chosen as a model reaction to optimize the reaction conditions. The effects of temperature, catalyst dosage, reaction
time, and solvent type (protic and aprotic) were thoroughly studied, and the results are summarized in Table 1. As the results (entries
1-4) show, nitrobenzene reduction did not proceed well in the absence of catalysts, demonstrating the importance of catalysts in this
reaction.

The catalyst dosage was varied from 0.01 g to 0.03 g to determine its impact on the reaction efficiency. As shown in Table 1, the
optimal catalyst amount was 0.02 g, which gave the highest yield (100 %) when used in Ho0 at 50 °C (entry 10). A lower catalyst
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Fig. 4. EDX and elemental dot-mapping analysis of Ag@Fe304-g-C3N4-Arg-CG nanostructure.

dosage of 0.01 g resulted in a slightly reduced yield of 95 % (entry 13), whereas increasing the dosage to 0.03 g (entry 14) did not
improve the yield beyond 100 %. At lower catalyst dosages, fewer active sites are available for the reduction reaction, leading to a
decrease in reaction efficiency. Temperature also played a significant role in the reaction yield. Temperature influences both the
reaction kinetics and the stability of the catalyst. Reactions performed at room temperature (Table 1, entry 9) showed only moderate
yield (45 %), indicating insufficient energy for efficient catalysis. As the temperature increased to 50 °C (entry 10), the yield reached
100 %, suggesting that this temperature is optimal for promoting the reduction reaction. Increasing the temperature to 50 °C enhances
the reaction rate by providing more thermal energy, allowing for faster reduction and improved yields. Further increases in tem-
perature, such as 70 °C (entry 11) and reflux conditions (entry 12), resulted in lower yields (70 % and 85 %, respectively). This suggests
that excessive temperatures may destabilize the catalyst or lead to undesired side reactions, highlighting 50 °C as the optimal condition
for this reaction. At these higher temperatures, the Ag nanoparticles could experience sintering (aggregation of nanoparticles), which
reduces the active surface area, thus diminishing the catalytic efficiency. Additionally, side reactions could become more prominent at
elevated temperatures, further reducing the yield.

The time required to achieve maximum yield was also evaluated. The optimal reaction time was found to be 30 min (entries 6, 9,
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Fig. 5. The TGA curve of Ag@Fe304-g-C3N4-Arg-CG.

Table 1

Optimization conditions for nitrobenzene reduction.
Entry Catalyst amount (g) Solvent Temperature (°C) Time (min) Yield (%)?
1 - EtOH 50 60 12
2 - CH3CN 50 60 10
3 - CH,Cl, under reflux 60 trace
4 - H0 50 60 15
5 0.02 EtOH 50 30 70
6 0.02 CH3CN 50 40 10
7 0.02 DMF 50 40 10
8 0.02 CH,Cl, under reflux 45 8
9 0.02 H,0 room temperature 45 45
10 0.02 H>0 50 30 100
11 0.02 H0 70 35 70
12 0.02 H,0 under reflux 30 85
13 0.01 H,0 50 30 95
14 0.03 H>0 50 30 100

a: Rection conditions, 0.02 g of Ag@Fe304-g-C3Ny4-Arg-CG, H,0 (5 mL), NaBH,4 (0.5 mM), 50 °C.
b: Yields refer to isolated products.

10), with a yield of 100 % achieved at this duration. Longer reaction times, such as 40 or 45 min (entries 2, 3, 4, 7), either did not
improve or even reduced the yield. Once the reaction reaches completion, extending the reaction time does not provide additional
benefits and may actually result in side reactions or catalyst deactivation, leading to lower yields. The decline in yield with prolonged
reaction times at higher temperatures (e.g., entries 7 and 8) can be attributed to the gradual degradation of the catalyst or the for-
mation of by-products. This emphasizes that the optimal time of 30 min is sufficient to achieve maximum conversion without
compromising the catalyst or producing side reactions.

Solvent choice had a significant effect on the yield of the reaction. As the results show, nitrobenzene reduction did not proceed in
aprotic solvents such as acetonitrile, CHyCly, and DMF (Table 1, entries 6-8), whereas it gave a high aniline yield in protic solvents such
as ethanol and water (Table 1, entries 9-14). The highest yield (100 %) was observed in water at 50 °C using H»O solvent (Table 1,
entries 10 and 14), while aprotic solvents resulted in little to no product formation (entries 6-8). It can be attributed to the role of
solvents in proton transfer, which is essential in reducing nitro groups to amines. Protic solvents like ethanol and water can donate
protons, facilitating the reduction reaction by stabilizing reaction intermediates and enhancing the proton transfer required for
nitrobenzene reduction. H,0, in particular, is highly polar, and its ability to stabilize charged species and intermediates makes it an
excellent solvent for catalytic reactions involving electron and proton transfer. In contrast, aprotic solvents lack the ability to donate
protons, which impedes the reduction process and results in low yields. Additionally, protic solvents are better at interacting with the
catalyst (Ag@Fe304-g-C3Ny-Arg-CG), enhancing the efficiency of the reaction through improved solubility of reactants and better
catalyst-solvent interactions. The results indicated that using 0.02 g of Ag@Fe304-g-C3N4-Arg-CG nanocatalyst in HyO solvent at 50 °C
for 30 min (Table 1, entry 10, optimal conditions) achieved the highest aniline yield.
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The substituents on the nitrophenol ring can significantly affect the rate and efficiency of the catalytic reduction to aminophenol.
We validated the proposed protocol by utilizing the Ag@Fe304-g-C3N4-Arg-CG nanocatalyst to reduce different nitroaromatic com-
pounds, which acted as starting materials, resulting in the production of various aromatic amines. Table 2 presents the obtained re-
sults. The nanocatalysts demonstrate excellent performance in reducing the chosen substrates, resulting in high efficiencies (~100 %)
within short reaction times. Electron-withdrawing groups (e.g., halogens, nitro groups) tend to increase the electrophilicity of the nitro
group, making the reduction process easier and faster as they facilitate the interaction of nitrophenol with the hydride ions on the Ag
NP surface. In contrast, electron-donating groups (e.g., alkyl or hydroxyl groups) reduce the electrophilicity of the nitro group, thereby
hindering the reduction reaction and lowering the conversion rate. The position of the substituents also plays a role: ortho- and para-
substituted nitrophenols tend to undergo reduction more readily due to their proximity to the nitro group, whereas meta-substituted
nitrophenols often show slower reaction rates due to steric hindrance and electronic effects. These variations underscore the
importance of understanding the electronic environment of the substrate when designing catalytic systems for nitroaromatic re-
ductions. The catalytic activity of Ag@Fe304-g-C3N4-Arg-CG nanohybrid is likely influenced by these factors, with certain substituents
enhancing or inhibiting the adsorption and electron transfer processes on the Ag nanoparticle surface.

3.2.2. Reaction mechanism

The catalytic reduction mechanism of 4-nitrophenol to 4-aminophenol using Ag@Fe304-g-C3N4-Arg-CG nanohybrid is shown in
Fig. 6 [52,53]. In this reaction, NaBH4 serves as the reducing agent, generating hydride ions (H™) that adsorb onto the nanocatalyst’s
surface. These hydride ions are subsequently transferred to the Ag nanoparticles (Ag NPs), where the reduction process takes place.
The 4-nitrophenol substrate approaches and adsorbs onto the Ag NPs surface, following the principles of the Langmuir isotherm, which
suggests that the adsorption of both hydride ions and 4-nitrophenol is reversible on the Ag surface. At the catalyst-substrate interface,
electron transfer occurs between the Ag@Fe304-g-C3N4-Arg-CG nanohybrid and 4-nitrophenol. The rate of electron transfer is directly
related to the overall conversion rate of the reaction. Several reaction intermediates, including nitrosophenol and hydrox-
ylaminophenol, are formed before the final product, 4-aminophenol, is generated, as illustrated in Fig. 6. After product formation, the

Table 2
Reduction of aromatic nitro compounds in the presence of Ag@Fe304-g-C3N4-Arg-CG."

Entry Product Time (min) Yield (%)" Melting point (Abs./Lit.) [30]

1 30 100 142-145/141-143
H,N NH,
2 @NHZ 38 98 102-103/102-104

3 35 100 Liquid
NH,
4 65 97 0il
H,NHN NH,
5 55 95 185-188/187
HO NH,
6 O 35 100 76-77/78
NH,
H

7 40 100 28-30/29-30
NH,
H

0
8 120 97 181-182/180
NH,
HOOC
9 H;C—NH, 45 98 Liquid

@ Reaction conditions, 0.02 g of Ag@Fe304-g-C3N4-Arg-CG, H,0 (5 mL), NaBH,4 (0.5 mM), 50 °C.
b Yields refer to isolated products.
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Fig. 6. The plausible mechanism for the reduction of nitrophenol on the Ag@Fe304-g-C3N4-Arg-CG nanocatalyst.

aminophenol desorbs from the catalyst surface, freeing up active sites for the next reaction cycle. The diffusion of reactants over the Ag
NPs occurs efficiently, and the system quickly establishes an adsorption/desorption equilibrium, facilitating rapid turnover. Based on
the reaction mechanism, it can be proposed that the rate-determining step is the interaction between the adsorbed hydride ions and
4-nitrophenol on the Ag NPs surfaces. This step is critical for initiating the reduction and governs the overall reaction rate.

3.2.3. Click reaction for the synthesis of 1,2,3-triazoles

The catalytic activity of the Ag@Fe304-g-C3Ny4-Arg-CG nanohybrid was evaluated in the click reaction for the synthesis of 1,2,3-
triazoles. To optimize the reaction conditions, a mixture of phenacyl bromide (1 mmol), phenylacetylene (1 mmol), and sodium
azide (1.1 mmol) was used as a model reaction. Various temperatures, solvents, and catalyst amounts were tested. The optimization
results are summarized in Table 3. As shown in Table 3, the best results were achieved in water, which is an ideal solvent for green
chemistry applications.

A variety of substrates with varying electron densities were used for the reaction and different 1,2,3-triazoles were produced
(Table 4). These results demonstrate the efficiency of Ag@Fe304-g-C3N4-Arg-CG as an effective catalyst for a wide variety of substrate
reactions, with a fast and high-yielding reaction to corresponding 1,2,3-triazoles.

3.2.4. Plausible mechanism of 1,2,3-triazoles synthesis

The reaction mechanism can be proposed similarly to that of 1,4-disubstituted 1,2,3-triazole synthesis using a copper(I)-catalyzed
azide-alkyne cyclo-addition reaction [57]. Fig. 7 illustrates the proposed mechanism of the current Ag-catalyzed azide-alkyne click
reaction. The plausible mechanism starts with the generation of silver acetylide I. Based on density functional theory calculations,
stepwise additions (p-1, B-2, p-3) are preferred to concerted cycloadditions (f-direct), leading to the five-membered Ag-contained
intermediate IV. Finally, intermediate IV results 1,2,3-triazole.’

3.2.5. Hot filtration

To investigate the nature of the heterogeneous catalyst, a hot filtration test was performed. In true heterogeneous catalysis, the
catalyst remains immobilized on the support. Alternatively, the catalytic species could leach into the reaction medium and then
redeposit on the support. Following the standard protocol, Ag@Fe304-g-CsN4-Arg-CG was removed from the reaction mixture after 15
min, and the reaction was monitored to see if it continued in the absence of the catalyst. As shown in Fig. 8, after the removal of
Ag@Fe304-g-C3Ny4-Arg-CG, no further progress was observed, and the reaction yield remained unchanged, confirming that the
catalysis was indeed heterogeneous.

Table 3

Optimization conditions for the synthesis of 1,2,3-triazoles using Ag@Fe304-g-C3N4-Arg-CG
Entry Catalyst amount (g) Solvent Temperature Time (min) Yield (%)
1 0.03 EtOH under reflux 35 94
2 0.03 CH3CN under reflux 40 89
3 0.03 CH,Cl, under reflux 40 75
4 0.03 H0 room temperature 25 94
5 0.03 H>0 50 °C 35 90
6 0.03 H,0 under reflux 10 98
7 0.02 H,0 under reflux 20 95
8 0.03 H,0 under reflux 10 98
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Table 4
Synthesis of 1,2,3-triazole derivatives using Ag@Fe304-g-C3N4-Arg-CG [54-56].
o N=N o N=N o N=N
/
Br
4a, M. P.=159-161 4b, M. P.=167-169 4c, M. P=116-117
12 min, 97 % 10 min, 98% 14 min, 96%
o N=N o) l/\l:N OH
N/ N/ NW
N=N
Cl Br
4d,M.P=111-112 4e, M. P.=153-154 4f, M. P.= 146-149
12 min, 96% 20 min, 94% 15 min, 95%
o) l/\l:N OH o) |/\1:N OH
h\l%,@ N\/)\/ N/
N=N
4g, M. P.=125-127 4h, M. P.=110-113 4i, M. P.=165-168
18 min, 94% 20 min, 95% 18 min, 93%
o N=N OH o N=N
» O O
O,N N=N
Br
4j, M. P.=183-185 4k, M. P.=189-191 41, M. P.=154-155
20 min, 91% 18 min, 94% 12 min, 95%
s N0
N:N N:N
4m, CHsI, M. P.=123-125 4n, M. P.=106-108
25 min, 90% 17 min, 92%

3.3. Catalyst recyclability

We conducted a study on the stability/reusability of the Ag@Fe304-g-C3N4-Arg-CG catalyst for six consecutive cycles, considering
its importance for large-scale applications. This was accomplished by separating the nanocatalyst after the reaction was complete,
rinsing it with ethanol and water, drying it in a vacuum, and then reusing it in a subsequent run under the same reaction conditions.
The results are shown in Fig. 9. As shown, the catalytic yields of the nitrobenzene reduction and click reaction only showed reductions
of 8 % and 11 %, respectively after six runs. The results demonstrate the high recyclability of the Ag@Fe304-g-C3N4-Arg-CG
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Fig. 7. Plausible mechanism of 1,2,3-triazoles synthesis using Ag@Fe304-g-C3N4-Arg-CG.
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Fig. 8. Hot filtration test for the reduction of nitro aromatic compound.
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Fig. 9. The recyclability of Ag@Fe304-g-C3N4-Arg-CG nanocatalyst in different reactions.
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nanocatalyst.
4. Conclusions

The Ag@Fe304-g-C3N4-Arg-CG nanocatalyst represents a significant advancement in catalytic systems for organic transformations.
This study demonstrated that the hybrid nanocatalyst exhibited remarkable efficiency in two key reactions: the reduction of nitro-
aromatic compounds to substituted anilines and the synthesis of 1,2,3-triazoles through click chemistry. Notably, the reduction process
achieved high yields in aqueous media at room temperature, with water as the optimal solvent. The catalyst’s ability to facilitate the
reduction of a diverse range of nitroaromatic substrates highlights its versatility and effectiveness. Additionally, the successful syn-
thesis of 1,2,3-triazoles under mild conditions with low catalyst loading illustrates its potential for green chemistry applications. The
magnetic properties of the nanocatalyst allowed for straightforward recovery and reuse, with minimal loss in catalytic performance
over six cycles, demonstrating excellent stability and reusability. Overall, the Ag@Fe304-g-C3N4-Arg-CG nanocatalyst not only ad-
dresses the challenges associated with traditional catalytic systems but also paves the way for sustainable and efficient processes in
both academic and industrial settings. Its multifunctional activity and adaptability make it a valuable addition to the field of het-
erogeneous catalysis.
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