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nd characterization of biochar/
Fe3O4@SiO2–Ag magnetic nanocomposite as
efficient catalyst for synthesis of bioactive
benzylpyrazolyl coumarin derivatives†

Dharmendra Dharmendra, Priyanka Chundawat, Yogeshwari Vyas, Purnima Chaubisa
and Chetna Ameta *

The study aimed to develop an efficient catalyst, biochar/Fe3O4@SiO2–Ag magnetic nanocomposite, to

synthesize bioactive benzylpyrazolyl coumarin derivatives through a one-pot multicomponent reaction.

The catalyst was prepared using Ag nanoparticles synthesized with Lawsonia inermis leaf extract and

carbon-based biochar obtained through pyrolysis of Eucalyptus globulus bark. The nanocomposite

contained a silica-based interlayer, highly dispersed Ag nanoparticles, and a central magnetite core,

which responded well to external fields. The biochar/Fe3O4@SiO2–Ag nanocomposite showed excellent

catalytic activity and could be easily recovered using an external magnet and reused five times without

significant loss of performance. The resulting products were tested for antimicrobial activity and showed

significant activity against various microorganisms.
Introduction

Human activities have led to unintentional contamination of
the environment, prompting scientists to develop strategies for
reducing pollution and designing processes that are both
economically and environmentally friendly. Organic chemists
have a crucial role in developing such strategies by systemati-
cally researching and designing processes that minimize envi-
ronmental impacts. Green Chemistry is a promising approach
that utilizes synthetic techniques and avoids the use of
hazardous materials. It also involves the development of more
efficient methods for producing heterocyclic chemicals that
have potential applications in various elds.

The pharmaceutical industry and academic institutions are
interested in developing straightforward and environmentally
friendly reaction processes for synthesizing highly functional-
ized compound libraries of pharmaceutical motifs. Multi-
component reactions (MCRs) in green solvents have emerged
as effective tools for developing such libraries and meeting the
requirements of green chemistry due to their low cost, easy
availability, and pertinent nature. The use of green solvents and
efficient heterogeneous catalysts can signicantly enhance the
synthetic utility of these protocols.
ia University, Udaipur, Rajasthan, India.

tion (ESI) available. See DOI:

4613
Therefore, the primary objective of this research is to
upgrade and simplify conventional processes to minimize
environmental impacts while maintaining high efficiency and
reducing economic costs. In this regard, the use of green
solvents and efficient heterogeneous catalysts is gaining
increasing attention as they can substantially improve the
synthetic utility of MCRs. Such approaches can have a signi-
cant impact on the development of efficient and environmen-
tally friendly processes for producing heterocyclic chemicals
and other important compounds. Green solvent and efficient
heterogeneous catalysts can substantially improve the synthetic
utility of this kind of protocol.1–6

Researchers have recently become interested in biochar (BC),
a renewable carbonaceous material made by thermochemical
pyrolysing naturally occurring bio-waste in the lack of oxygen,
due to its distinctive and fascinating physicochemical proper-
ties i.e. low cost, carbon-rich, high stability, non-toxicity, high
porosity, adjustable surface function, and large specic surface
area. Additionally, it possesses a lot of surface functional groups
(C]O, COOH, and OH), which are highly customizable andmay
be used as a substrate to produce a variety of functional carbon
compounds. Based on the aforementioned features, biochar
has very excellent performances in a variety of study areas,
including soil enhancement, recycling of agricultural waste,
adsorption, reducing climate change, and conserving water.7–16

To establish low-cost and sustainable procedures for organic
syntheses, heterogeneous catalysts are important. In comparison
to conventional organic or inorganic homogeneous catalysts, the
key benets of these catalysts are the ability to recycle and reuse
© 2023 The Author(s). Published by the Royal Society of Chemistry
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catalytic materials, high surface area, easy control, low toxicity,
simple separation, thermal stability, production of the desired
products, and prevention of by-product formation. As such,
using sustainable and green chemistry principles, magnetic
catalysts are preferable for the synthesis of organic compounds.
Due to synergistic effects, heat induction through the reaction
mixture, simple and effective separation in the presence of an
external magnetic eld, easy catalyst recycling, high surface area
that results in a high catalyst loading capacity, great dispersion,
and the stabilization of active catalytic centers or organic func-
tional groups on magnetic materials such as Fe3O4, CoFe2O4,
CuFe2O4, NiFe2O4, etc. have recently widely used as alternative
catalyst supports. Fe3O4 nanoparticles (NPs) outperform other
magnetic materials in terms of magnetization properties. The
magnetic catalyst can be recovered and reused with the help of
an external magnetic eld, magnetic separation is considered as
a green technique. This can prevent the need of ltration or
centrifugation steps in the separation process. However, the
hydrophobic naked nano-ferrites have a high surface area to
volume ratio, strong magnetic dipole–dipole attraction, and
always have issues like self-aggregation and a lack of functional
groups. The aggregation of magnetic nanoparticles can be
successfully avoided by using biochar as a carrier. Functionali-
zation and surface modication with organic or inorganic
Fig. 1 Some of the commercial biologically active pyrazolone (A) and c

© 2023 The Author(s). Published by the Royal Society of Chemistry
supports are required to address these issues and boost their
effectiveness for the specic application.17–22

For Fe3O4 NPs, silica is also employed as a protective
covering shell and the silica shell can prevent the aggregation of
Fe3O4 nanoparticles. Furthermore, the high concentration of
Si–OH groups on the surface of silica allows for further modi-
cation, especially by silicon reagents bearing organic bridges
and suitable functional groups for subsequent modications.
In fact, more complex organic compounds with two or more
functional groups can replace or modify the organic functional
groups. Incorporating magnetic components into AgNPs-based
catalysts has the potential to enhance the separation and
recovery of nanosized Ag. However, magnetic particles are more
sensitive and unstable than silver, particularly in acidic envi-
ronments. To address this, silica can be used as a protective
shell to cover the Fe3O4 particles, forming a core–shell (Fe3-
O4@SiO2) structure. Previous studies have successfully devel-
oped techniques to synthesize Ag coated Fe3O4@SiO2 composite
microspheres using the Ag-mirror reaction. Despite these
advances, there is still a need for simple and effective methods
to produce small, highly dispersed AgNPs with a narrow size
distribution on the Fe3O4@SiO2 substrate.23–27

In both medical and synthetic chemistry, heterocyclic
compounds with pyrazolone or coumarin scaffolds play
oumarin (B) derivatives.

RSC Adv., 2023, 13, 14594–14613 | 14595
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signicant roles because of their biological and pharmacolog-
ical activities including antibacterial,28 anti-viral,29 anti-coagu-
lant,30 anti-HIV,31 anti-oxidant, anti-inammatory,32 and
antineoplastic activities.33,34 Commercial examples include
phenazone, propyphenazone, ampyrome, metamizole, edar-
avone, warfarin, phenprocoumon, coumatetralyl, and broma-
dialone, etc. (Fig. 1). Thus, the design of pyrazolone or coumarin
derivatives has been done by chemists in the presence of
various catalysts and green solvents. However, some of the
described research may have drawbacks such as lengthy reac-
tion periods, difficult catalyst separation, poor yields, and
complicated purication techniques. Therefore, because of
their various biological features, the simple design and
synthesis of these derivatives are still necessary (Scheme 1).35–38

In this study, we aimed to develop an eco-friendly and
effective heterogeneous catalyst for a one-pot four-component
reaction to synthesize bioactive benzylpyrazolyl coumarin
derivatives. The catalyst was designed, prepared, and charac-
terized as a biochar/Fe3O4@SiO2–Ag magnetic nano-composite.
The reaction was carried out at 70 °C in a green solvent of
EtOH : H2O (1 : 1) with high efficiency and selectivity. The cata-
lyst was synthesized using Lawsonia inermis leaf extract as
a capping and reducing agent for Ag NPs, and biochar was ob-
tained through pyrolysis of Eucalyptus globulus bark under low-
oxygen conditions. The resulting nanocomposite was composed
of a silica-based interlayer, highly dispersed Ag nanoparticles
with a narrow size distribution, and a central magnetite core
with a strong response to external elds. The catalyst could be
recycled at least six times without a signicant decrease in
catalytic activity. The structures of the coumarin derivatives
were characterized using FT-IR, 1H NMR, and 13C NMR spec-
troscopy. A plausible reaction mechanism was also proposed.
Overall, this study provides a promising approach for the
synthesis of biologically active compounds using an eco-
friendly magnetic nano-composite catalyst.

When compared to the isolated solvents, the EtOH/H2O
combination exhibits noteworthy features that promote the
Knoevenagel condensation when it has been established in the
mixed solution:

(i) A stronger solvation strength as a result of the use of
hydrogen bonds to bind molecular chains (cluster formation).

(ii) Stronger interactions with tiny polar molecules could be
promoted by the mixtures' lower dielectric constants as
compared to pure solvents.
Scheme 1 An efficient MCR for the synthesis of benzylpyrazolylcou
composite.

14596 | RSC Adv., 2023, 13, 14594–14613
(iii) The potential to increase organic molecule solubility as
compared to using water as a solvent.

(iv) The ability to form cavities.39–41

Organic solvents, which are commonly used for various
applications, are known to be hazardous to human health.42

Examples of such solvents include toluene, DMF, acetone, and
ethyl acetate. Therefore, safer alternatives such as ethanol/water
(EtOH/H2O) have been employed to reduce the risks associated
with their use.
Experimental
Materials and methods

All of the chemicals were purchased from Sigma-Aldrich, Hi-
Media, and Alfa-Aesar chemical companies. Open capillaries
with Gallen Kamp's apparatus was used to measure the melting
points of various substances and are uncorrected. Hitachi-PU 10
kV eld emission-scanning electron microscope (FE-SEM),
energy dispersive X-ray spectroscopy (EDX), and Hitachi (H-
7500) 120 kV with CCD Camera HR-TEM (high resolution
transmission electron microscope) were used to examine the
surface morphology and size of the biochar/Fe3O4@SiO2–Ag
NPs nanocatalyst. The Perkin Elmer-Spectrum RX-IFTIR
instrument was used to examine the FT-IR (Fourier transform
infrared spectroscopy) spectra (ATR/KBr mode, cm−1) of
synthesized substances and nanocatalyst in the 400–4000 cm−1

range.
The JEOL JNM-ECZ400S was used to measure the 1H and

13C-NMR (nuclear magnetic resonance) spectra of synthesized
compounds while operating at 100 to 400 MHz in DMSO-d6
(dimethyl sulfoxide-d6) as solvent and using TMS (tetrame-
thylsilane) as an internal standard. Electrospray ionization
mass spectra (ESI-MS) were recorded with waters micromass
Q-TOF at SAIF, Chandigarh. The Panalytical's X'Pert Pro
equipment (Powder XRD) was used to examine the crystal
structure of biochar/Fe3O4@SiO2–Ag magnetic nano-
composite in the range of Bragg angle 2q = 20° to 80°. A
Lake Shore 7410 VSM (vibrating sample magnetometer) was
used to assess the magnetic properties of nanoparticles.
Additionally, the thermo-gravimetric analyzer (TGA; Perki-
nElmer STA 6000) was used to examine the thermal stability of
prepared nanocatalyst while heating them at a rate of 10 °
C min−1 in a N2 atmosphere.
marin in the presence of biochar/Fe3O4@SiO2–Ag magnetic nano-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Preparation of biochar from Eucalyptus globulus bark.
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Design of biochar/Fe3O4@SiO2–Ag magnetic nano-composite

Synthesis of biochar from Eucalyptus globulus bark. Euca-
lyptus globulus bark was collected from the campus of University
College of Science, M. L. Sukhadia University, Udaipur (Rajas-
than) INDIA. 150 g of Eucalyptus globulus bark washed with
distilled water and dried in hot air oven at 100 °C for 2 h.
Aerwards, an appropriate quantity of smaller pieces of Euca-
lyptus globulus bark were placed in a porcelain crucible and
carbonized for 4 hours at 500 °C in a muffle furnace under a low
oxygen environment (N2 atmosphere inside the muffle furnace).
Producing biochar under limited oxygen supply is crucial for
several reasons. Firstly, it helps to reduce the amount of ue gas
produced, particularly CO2. Secondly, an oxygen-rich environ-
ment during the production of biochar can result in a lower
quality material with high ash content and a reduced carbon
surface area. Lastly, if carbon substrate reacts with O2molecules
at high temperatures, it will lead to the production of CO2,
which reduces both the adsorbent properties and the number of
active sites available on the biochar surface. Before being taken
out of the furnace, the product was given time to cool naturally.
The resulting Eucalyptus globulus bark biochar was powdered in
an agatemortar and kept until needed in a plastic container (see
Fig. 2).

Synthesis of biochar/Fe3O4 NPs. Modied chemical co-
precipitation method was used to prepare the dried Eucalyptus
globulus bark biochar with Fe3O4 to synthesis of biochar/Fe3O4

composite, also known as magnetic biochar (MB).18,43,44 5.0 g of
prepared dried Eucalyptus globulus bark biochar and 3.0 g
FeSO4$7H2O were mixed in 250 ml distilled water with constant
© 2023 The Author(s). Published by the Royal Society of Chemistry
stirring at 80 °C for 1 h. To obtain an iron hydroxide precipitate,
freshly prepared hot NaOH solution was added drop-by-drop
until the medium's pH was reached between 9 and 11. The
resulting mixture was stirred for 1 hour and le at room
temperature for 24 hours. Following ltration, the precipitate was
extensively cleaned with distilled water and ethanol until it
reached a pH of neutral, and then it was dried in an oven at 60 °C.

Synthesis of biochar/Fe3O4@SiO2. The silica-coatedmagnetic
Fe3O4 Eucalyptus globulus bark biochar (biochar/Fe3O4@SiO2)
was made by dissolving the suitable quantity of biochar/Fe3O4 in
100 ml ethanol, 20 ml distilled water, and 2.0 ml concentrated
ammonia solution with constant stirring for 20 min. Aer that,
3 ml of tetraethyl orthosilicate (TEOS) was gradually added while
the mixture was continuously stirred for 3 h at 35 °C. Using
a permanent magnet to remove the silica-coated magnetic bio-
char from the solution, it was then rinsed with several times with
deionized water and dried at 50 °C for 4 hours.45

Green synthesis of Ag nanoparticles from Lawsonia inermis
leaves extract. In August 2022, healthy leaves of henna plant
Lawsonia inermis (Fig. 1) were collected from Sojat city (Village
bamboliya) in the Pali district of Rajasthan, North-west India.
These Lawsonia inermis leaves were thoroughly cleansed with
running tap water and then washed with distilled water. 15 g of
fresh Lawsonia inermis leaves were added in 100 ml of double-
distilled water at 60 °C for 1 h to obtain aqueous leaf extract.
Aer cooling to ambient temperature, it was ltered through
Whatman No. 1 lter paper to produce a transparent ltrate,
which was then stored at 4 °C for use in future analyses.

Aerwards, 38 ml of a 1 mmol aqueous AgNO3 solution were
combined with 12ml of this aqueous leaf extract with vigorously
RSC Adv., 2023, 13, 14594–14613 | 14597
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Fig. 3 Preparation of Ag NPs from Lawsonia inermis leaves extract.
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stirring (700 rpm) for 3 h at 40–45 °C, a brownish-colored
solution was produced. Lawsonia inermis leaves extract was
used as a reducing and capping agent for the synthesis of
AgNPs. Centrifugal ultraltration was used to concentrate,
clean up Ag nanoparticles (Ag NPs) and then rinsed with
deionized water (see Fig. 3).

Synthesis of biochar/Fe3O4@SiO2–Ag MNPs. AgNPs were
immobilised onto biochar/Fe3O4@SiO2 using a simple in situ wet
chemical procedure, resulting in a biochar/Fe3O4@SiO2–Ag
nanocomposite.46 First, 0.5 g of biochar/Fe3O4@SiO2 was
dispersed into 100 ml of a 0.05 M ammonical silver nitrate
solution with constant stirring at room temperature. Aerwards,
for about 40 minutes, the [Ag(NH3)2]

+ ions were electrostatically
attracted to the negatively charged Si–OH groups on the surfaces
of the silica spheres. The dispersion was added to 20 ml of PVP
(0.4 g) containing ethanol, and the mixture was heated for 4
hours at 70 °C. The desired products were magnetically sepa-
rated, repeatedly rinsed in ethanol and deionized water, and
then dried for 8 hours at 60 °C (see Fig. 4a and b).

General procedure for the synthesis of 4-((4-hydroxy-2-oxo-
2H-chromen-3-yl)methyl)-5-methyl-1,2-dihydro-3H-pyrazo-3-
one (5a–l). In a clean 50 ml round bottom ask with a reux
condenser, hydrazine hydrate (1 mmol), ethyl acetoacetate (1
mmol), and biochar/Fe3O4@SiO2–Ag nanocomposite (0.4 g) as
catalyst were added to 10 ml of EtOH : water (1 : 1) solution
with constant stirring at 40 °C. Thenceforth, 4-hydrox-
ycumarin (1 mmol), and aromatic aldehyde (1 mmol) were
poured into the above mixture and reuxed for an appropriate
time at 70 °C. TLC (thin layer chromatography) was used to
monitor the progress of the reaction. The resultant reaction
mass was ltered, cooled to room temperature, and then
washed with distilled water followed by the re-crystallization
14598 | RSC Adv., 2023, 13, 14594–14613
of the obtained crude product with ethanol to produce
a pure product. For reuse in subsequent runs, the catalyst was
removed by an external magnet from the crude products
during their crystallization.

Spectral data of selected products.2,59–62

4-((4-Hydroxy-2-oxo-2H-chromen-3-yl)(phenyl)methyl)-5-methyl-
1,2-dihydro-3H-pyrazol-3-one (5a). White solid, m.p. 231–233 °C;
FT-IR (ATR) (nmax, cm

−1): 3015, 2881, 2824, 1704, 1607, 1363,
1182, 1028, 753; 1H NMR (400 MHz, DMSO-d6): d 2.22 (3H, s),
2.46 (1H, d), 5.58 (1H, s), 7.10–7.20 (4H, m), 7.21–7.35 (4H,
m),7.47–7.49 (1H, d, J = 10.0), 7.85–7.86 (1H, t, J = 7.8 Hz), 8.70
(1H, d, J = 10.0), 9.98(1H, s). 13C NMR (100 MHz, DMSO-d6):
d 10.61, 33.84, 40.16, 94.03, 105.17, 127.28, 128.54, 129.26,
131.92, 134.31, 152.72, 162.13, 165.21, 166.81, 168.14. MS (ESI)
m/z for (348.35): 348.4449 (M)+, 349.4409 (M + 1)+.

4-[(4-Hydroxy-2-oxo-2H-chromen-3-yl)-(2-hydroxy-phenyl)-
methyl]-5-methyl-1,2-dihydro-pyrazol-3-one (5b). White solid,
m.p. 220–222 °C; FT-IR (ATR) (nmax, cm

−1): 3181, 2964, 2723,
1664, 1607, 1448, 1363, 1190, 1043, 751; 1H NMR (400 MHz,
DMSO-d6): d 2.15 (3H, s),2.23 (1H, d), 5.05(1H, s), 5.64 (1H, s),
6.63–6.93 (4H, m), 7.22–7.36 (4H, m), 7.46–7.48 (1H, d, J =
10.0), 7.66–7.78 (1H, t, J = 7.8 Hz), 8.98 (1H, d, J = 10.0), 11.13
(1H, s). 13C NMR (100 MHz, DMSO-d6): d 10.86, 18.90, 29.81,
40.88, 105.10, 107.27, 116.48, 119.54, 123.50, 127.81, 129.24,
131.01, 133.60, 153.00, 155.57, 159.13, 163.48, 164.77, 165.26,
166.16. MS (ESI) m/z for (364.35): 364.2721 (M)+, 365.2701
(M + 1)+.

4-[(4-Hydroxy-2-oxo-2H-chromen-3-yl)-(4-hydroxy-phenyl)-
methyl]-5-methyl-1,2-dihydro-pyrazol-3-one (5c). White solid,
m.p. 224–226 °C; FT-IR (ATR) (nmax, cm

−1): 3029, 2880, 2710,
2310,1670, 1610, 1482, 1263, 1190, 884, 742; 1H NMR (400 MHz,
DMSO-d6): d 2.07 (3H, s), 2.14 (1H, d), 4.95 (1H, s), 5.22 (1H, s),
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Synthesis of biochar/Fe3O4@SiO2–Ag nanocomposite. (b) Synthesis of biochar/Fe3O4@SiO2–Ag nanocomposite.
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7.16–7.21 (3H, m), 7.47 (2H, m), 7.90 (2H, d), 8.34–8.36 (1H, t, J
= 7.8 Hz), 8.91 (1H, d, J = 10.0), 11.69 (1H, s). 13C NMR (100
MHz, DMSO-d6): d 10.98, 25.63, 30.89, 91.31, 105.67, 112.50,
© 2023 The Author(s). Published by the Royal Society of Chemistry
121.11, 125.27, 126.76, 127.16, 128.42, 132.65, 150.72, 153.14,
155.70, 163.15, 166.83, 168.13. MS (ESI) m/z for (364.35):
364.2808 (M)+, 365.5066 (M + 1)+.
RSC Adv., 2023, 13, 14594–14613 | 14599
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4-[(4-Hydroxy-2-oxo-2H-chromen-3-yl)-(4-methoxy-phenyl)-
methyl]-5-methyl-1,2-dihydro-pyrazol-3-one (5d). White solid,
m.p. 201–203 °C; FT-IR (ATR) (nmax, cm

−1): 3514, 2991, 2881,
2383, 1685, 1598, 1500, 1448, 1159, 1243, 1018, 825; 1H NMR
(400 MHz, DMSO-d6): d 2.22 (3H, s), 2.46 (1H, d), 5.05(1H, s),
5.46 (3H, s), 6.28 (1H, s), 7.19–7.34 (4H, m), 7.49–7.51 (2H, m),
7.81 (1H, d, J = 10.0), 7.81 (1H, t, J = 7.8 Hz), 8.91 (1H, d, J =
10.0), 11.78 (1H, s). 13C NMR (100 MHz, DMSO-d6): d 13.12,
23.64, 27.58, 58.50, 95.25, 106.00, 118.22, 118.72, 123.17,
126.10, 128.02, 129.22, 132.08, 152.73, 154.68, 161.17, 163.37,
166.28, 167.75. MS (ESI) m/z for (378.35): 377.3135 (M)+,
379.3092 (M + 1)+.

4-[(4-Hydroxy-2-oxo-2H-chromen-3-yl)-(4-nitro-phenyl)-methyl]-
5-methyl-1,2-dihydro-pyrazol-3-one (5e). Light yellow solid, m.p.
209–211 °C; FT-IR (ATR) (nmax, cm

−1): 2992, 2880, 2734, 2311,
1602, 1512, 1337, 1184, 1028, 754; 1H NMR (400 MHz, DMSO-
d6): d 2.09 (3H, s), 2.28 (1H, d), 5.60 (1H, s), 7.22–7.34 (4H, m),
7.73–7.75 (2H, m), 8.06–8.11 (2H, m), 8.83 (1H, d, J = 10.0),
10.66 (1H, s). 13C NMR (100 MHz, DMSO-d6): d 10.25, 23.26,
27.25, 95.04, 105.47, 124.45, 124.97, 126.22, 128.47, 129.61,
131.44, 144.07, 146.12, 153.44, 155.22, 163.30, 165.55, 166.36,
167.15. MS (ESI) m/z for (393.35): 393.3372 (M)+, 394.2322 (M
+1)+.

4-[(4-Hydroxy-2-oxo-2H-chromen-3-yl)-(3-nitro-phenyl)-methyl]-
5-methyl-1,2-dihydro-pyrazol-3-one (5f). Light yellow crystalline
solid, m.p. 206–208 °C; FT-IR (ATR) (nmax, cm

−1): 3064, 2880,
2756, 2310, 1610, 1521, 1345, 1188, 1098, 757; 1H NMR (400
MHz, DMSO-d6): d 2.22 (3H, s), 2.32 (1H, d), 5.69 (1H, s), 7.19–
7.25 (4H, m), 7.46–7.48 (4H, m), 7.57–7.59 (1H, d, J = 10.0), 7.78
(1H, d), 7.96 (1H, s), 8.96 (1H, d, J= 10.0), 10.80 (1H, s). 13C NMR
(100 MHz, DMSO-d6): d 10.59, 17.61, 33.84, 40.87, 92.72, 104.19,
116.28, 120.34, 121.86, 123.83, 124.65, 134.49, 144.19, 148.15,
152.10, 162.20, 164.77, 167.45, 168.73. MS (ESI) m/z for (393.35):
393.1624 (M)+, 394.1246 (M + 1)+.

4-[(2-Chloro-phenyl)-(4-hydroxy-2-oxo-2H-chromen-3-yl)-
methyl]-5-methyl-1,2-dihydro-pyrazol-3-one (5i).White solid, m.p.
221–222 °C; FT-IR (ATR) (nmax, cm

−1): 3367, 2882, 2825, 1605,
1432, 1269, 1201, 1038, 946, 743; 1H NMR (400 MHz, DMSO-d6):
d 2.03 (3H, s), 2.22 (1H, d), 5.57 (1H, s), 7.21–7.28 (4H, m), 7.45–
7.57 (3H, m), 8.10 (1H, d, J = 10.0), 8.95 (1H, d, J = 10.0), 10.30
(1H, s). 13C NMR (100 MHz, DMSO-d6): d 10.97, 25.28, 90.04,
105.63, 121.63, 125.56, 126.86, 127.46, 128.76, 130.76, 133.81,
135.23, 145.36, 147.25, 158.92, 161.25, 162.07. MS (ESI) m/z for
(382.80): 382.2787 (M)+, 384.1331 (M + 2)+.

4-[(4-Fluoro-phenyl)-(4-hydroxy-2-oxo-2H-chromen-3-yl)-
methyl]-5-methyl-1,2-dihydro-pyrazol-3-one (5j).White solid, m.p.
237–238 °C; FT-IR (ATR) (nmax, cm

−1): 3004, 2880, 2697, 1895,
1590, 1495, 1401, 1288, 1216, 1142, 951, 821; 1H NMR (400 MHz,
DMSO-d6): d 2.06 (3H, s), 2.21 (1H, d), 5.49 (1H, s), 6.99–7.09
(4H, m), 7.30–7.34 (2H, m), 7.89–7.92 (2H, m), 8.96 (1H, d, J =
10.0), 9.95 (1H, s). 13C NMR (100 MHz, DMSO-d6): d 10.01, 25.88,
30.87, 91.86, 105.58, 116.75, 126.22, 126.82, 131.20, 134.80,
151.81, 153.66, 161.09, 163.07, 165.51, 166.80. MS (ESI) m/z for
(366.34): 366.1648 (M)+, 368.1662 (M + 2)+.

4-[(3a,7a-Dihydro-1H-indol-3-yl)-(4-hydroxy-2-oxo-2H-chromen-
3-yl)-methyl]-5-methyl-1,2-dihydro-pyrazol-3-one (5k). Cream
14600 | RSC Adv., 2023, 13, 14594–14613
crystalline solid, m.p. 236–238 °C; FT-IR (ATR) (nmax, cm
−1):

3179, 3048, 2880, 2825, 2306, 1673, 1505, 1432, 1282, 1120,
1011, 737; 1H NMR (400 MHz, DMSO-d6): d 2.07 (3H, s), 2.14
(1H, d), 2.46 (1H, s), 4.96 (1H, d), 5.22 (1H, t), 5.56 (1H, s), 7.14–
7.18 (4H, m), 7.19–7.23(4H, m), 7.45 (1H, d, J = 10.0), 7.90 (1H,
t), 8.36(1H, d), 8.91 (1H, d, J= 10.0), 11.70 (1H, s). 13C NMR (100
MHz, DMSO-d6): d 10.98, 21.97, 25.92, 41.76, 53.93, 95.79,
105.88, 113.07, 116.48, 121.31, 122.60, 123.5, 125.5, 127.06,
129.24, 132.31, 155.56, 161.70, 163.10, 167.70, 166.54. MS (ESI)
m/z for (389.40): 389.3981 (M)+, 390.1929 (M + 1)+.

Result and discussion
Characterization of biochar/Fe3O4@SiO2–Ag magnetic nano-
composite

FT-IR spectra analysis of Ag NPs and biochar/Fe3O4@SiO2–

Ag MNC. FT-IR spectra were measured to conrm the compo-
sition and structure of the nano-composite. The FT-IR of the
catalyst at various stages is shown in Fig. 5: (a) biochar, (b)
biochar/Fe3O4 particles, (c) biochar/Fe3O4@SiO2 particles, and
(d) biochar/Fe3O4@SiO2–Ag MNC. The characteristic BC (bio-
char) bands for C]C stretching of the aromatic ring are shown
in Fig. 5a at 1557 cm−1. The O–H bending of the polyphenol is
conrmed by the band at 1398 cm−1, which also indicates the
presence of an aromatic group. In addition, the absorption
band at 1073 cm−1 was ascribed to the C–O–C and secondary
O–H groups. The band near the 835 cm−1 can be attributed to
C]C symmetric stretching and the peak of the O–H stretching
can also be seen at 3140 cm−1. These bands show that the
biochar (BC) sample's surface has a high concentration of
functional groups, which is benecial for further modifying
carbon-based nanomaterial.

Fe3O4 microspheres exhibit characteristic bands at 595 and
615 cm−1, which are related to the Fe–O stretches, as seen in
Fig. 5b. The new bands in the Fe3O4@SiO2 microspheres are
focused around 895 cm−1 and 1050–1090 cm−1 (Fig. 5c). The
band at 1050–1090 cm−1 was assigned to the asymmetric
stretching vibration of Si–O–Si, whereas the new absorption at
895 cm−1 can be attributed to the symmetric vibration of Si–O–
Si. These ndings show that SiO2 is immobilized on the Fe3O4

microsphere surfaces. In Fig. 5d, the peak deviations of Ag NPs
observed at 2985 cm−1 and 1632 cm−1. It clearly suggests that
the successfully formation of biochar/Fe3O4@SiO2–Ag magnetic
nanocatalyst (MNC).

In FT-IR spectra of synthesized Ag NPs (Fig. 6a), the strong
peaks were visible at 3380 cm−1 represents the N–H stretch
(primary, secondary amines, and amides) arising from the
peptide linkages present in the proteins of the extract,
1631.41 cm−1 for C–C stretch (in-ring) aromatics, 1615 cm−1 for
C–C stretch (in-ring) aromatics, 1370 cm−1 stands for C–C and
C–N stretching, and 1054 cm−1 stands for C–N stretch (aliphatic
amines), and an absorption peak exhibited at wavenumber 600–
500 cm−1 which is associated to the stretching mode of Ag
nanoparticles. So that, the proteins could most possibly form
a coat covering on the metal nanoparticles (capping of silver
nanoparticles) for prevent agglomeration of the particles and
stabilizing them in the medium.47 Recyclability of catalysts is
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 FT-IR spectra of (a) biochar (red), (b) biochar/Fe3O4 (blue), (c) biochar/Fe3O4@SiO2 (black), (d) biochar/Fe3O4@SiO2–Ag MNC (green).

Fig. 6 FT-IR spectra of (a) Ag NPs (red), (b) fresh biochar/Fe3O4@SiO2–Ag MNPs (black), and (c) reused biochar/Fe3O4@SiO2–Ag MNPs (blue).
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essential for more cost-effective operations. As a result, the
recyclability of catalysts was examined over ve reaction cycles.
The FT-IR spectra of fresh (Fig. 6b) and reused (Fig. 6c) catalyst
shown that the composite was still stable and exhibited a high
catalytic activity.45,46

UV-visible spectra of Ag NPs. The formation of Ag NPs by the
L. inermis aqueous leaf extract was observed using a UV-visible
© 2023 The Author(s). Published by the Royal Society of Chemistry
(UV-vis) spectrophotometer. Aer 24 hours of moderate stir-
ring at room temperature, the reaction mixture's UV-vis absor-
bance was measured in order to conrm the reduction of silver
ions. In the measurement, distilled water was used as a refer-
ence. Synthesized Ag NPs in an aliquot volume of 0.5 ml were
diluted in 2 ml of Milli-Q water. A double-beam Shimadzu (UV-
1780) UV-visible spectrophotometer was used to measure the Ag
RSC Adv., 2023, 13, 14594–14613 | 14601
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Fig. 7 UV-visible spectra of Ag NPs.

Fig. 8 (a) XRD patterns of the synthesized Ag NPs. (b) The XRD
measurement of the biochar/Fe3O4@SiO2–Ag MNPs.

14602 | RSC Adv., 2023, 13, 14594–14613
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NPs with continuous scanning from 300 to 750 nm with
a signicant peak at 305 nm (Fig. 7). Because this peak falls
within the region of the surface plasmon resonance (SPR) for Ag
NPs, it conrmed that Ag NPs have formed.48,49

XRD analysis of Ag and biochar/Fe3O4@SiO2–Ag MNC.
Fig. 8a displays the XRD patterns of the Ag NPs synthesized by L.
inermis aqueous leaf extract. At the diffraction angles (2q) =

38.16°, 44.38°, 64.52°, and 77.42°which correspond to theMiller
indices (111), (200), (220), and (311) respectively, it exhibits four
strong diffraction peaks. This demonstrates that the face
centered cubic (FCC) structure with a preferential orientation in
the 111 direction is present in the prepared Ag-NPs samples.50

The XRD measurement of the biochar/Fe3O4@SiO2–Ag MNPs
(magnetic nanoparticles) is shown in Fig. 8b. This pattern
showed a distinctive peak at 2q = 20.5° [crystal plane index
C(002)], which is related to the parallel and azimuthal orienta-
tion of the aromatic and carbonised structure. A high degree of
orientation is indicated by the sharp peak. Moreover, the
absence of g-bands connected to amorphous and aliphatic
structures is shown by the high symmetry of the C(002) peak.51,52

A broad peak of amorphous SiO2 could be found between 2q =

24.68° to 25.72°. The diffraction peaks of Fe3O4 at 2q = 64.42°,
52.18°, 47.72°, 34.74°, and 29.38° were assigned to the reection
planes of the (440), (511), (400), (311), and (220).53 Furthermore,
the major peaks appeared at 2q = 38.08°, 44.24°, 64.44°, and
77.17°, which could be assigned to (111), (200), (220), and (311)
planes of Ag NPs, respectively (see Fig. 8b).

HR-TEM and FE-SEM study of nanocomposite. HR-TEM was
used to examine the morphologies and structures of the catalyst.
The HR-TEM picture of biochar/Fe3O4@SiO2–Ag MNPs is shown
in Fig. 9a–d, where well-dispersed spherical and rod shape
particles with an average diameter of around 20–30 nm were
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a)–(d) HR-TEM images of biochar/Fe3O4@SiO2–Ag MNP.

Fig. 10 (a)–(d) FE-SEM images of biochar/Fe3O4@SiO2–Ag MNP.
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clearly visible. In Fig. 8a–d, which exhibits the TEM image of the
biochar/Fe3O4@SiO2–Ag particles, small nanoparticles are evenly
dispersed on the surface of the biochar/Fe3O4@SiO2 particles.
© 2023 The Author(s). Published by the Royal Society of Chemistry
The FE-SEM images of the catalyst are shown in Fig. 10a–d.
The FE-SEM image depicts the porous honeycomb like structure
with spherical and rod-like shape of biochar/Fe3O4@SiO2–Ag
MNPs. To further analyze the structure of the biochar/
RSC Adv., 2023, 13, 14594–14613 | 14603
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Fig. 11 (a)–(h) FE-SEM mapping and EDAX images of biochar/Fe3O4@SiO2–Ag MNPs.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

1/
9/

20
25

 2
:1

3:
08

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Fe3O4@SiO2–Ag nanocomposite, the distribution of the
components on its surface was revealed using the EDS mapping
technique. Fig. 11a–h shows the EDS mapping images of this
14604 | RSC Adv., 2023, 13, 14594–14613
nanocomposite. The analysis conrmed the presence of C
(7.35%), O (52.04%), Fe (13.27%), Si (10.63%), and Ag (16.71%)
components in the structure of the biochar/Fe3O4–TiO2
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Magnetization curves of (a) Fe3O4, (b) biochar/Fe3O4, and (c)
biochar/Fe3O4@SiO2–Ag nano-composite.

Fig. 13 TGA curves of biochar/Fe3O4@SiO2–Ag nanocomposite.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

1/
9/

20
25

 2
:1

3:
08

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
nanocatalyst, showing that Fe3O4, SiO2, and Ag nanoparticles
were consolidated on the carbon-based biochar substrate.

VSM study of nanocomposite. As previously noted, the effi-
ciency of a catalyst in aqueous solution greatly depends on the
separation and recovery of nanoparticles. Small catalyst particle
separation involves complex procedures that have low efficiency
and raise the cost of practical. While using magnetic particles
permits the nanoparticles to quickly separate from the solution
when using an external magnetic eld. Magnetic properties of
the synthesized catalyst were evaluated using a Lake Shore 7410
VSM vibrating sample magnetometer at room temperature
(Fig. 12). The results shown in Fig. 12–c indicated that there is
no hysteresis loop in the magnetization curve, conrming that
the synthesized biochar/Fe3O4@SiO2–Ag nano-composite is
superparamagnetic and can be easily isolated from the solution
by an external magnetite eld. The magnetization saturation
(Ms) values of pure Fe3O4 (Fig. 12a), biochar/Fe3O4 (Fig. 12b),
and the biochar/Fe3O4@SiO2–Ag nanocomposite (Fig. 12c) are
0.15, 0.43, and 0.31 emu, respectively. The Ms value of Fe3O4 is
higher than that of biochar/Fe3O4 microspheres and Fe3O4@-
SiO2–Ag nanocomposite due to the SiO2 shell's inclusion. The
coating thickness was a contributing factor in this reduction of
Ms value. The reduction in magnetic saturation properties
increased with coating thickness. Biochar/Fe3O4@SiO2–Ag
nanocomposite has a slightly lower Ms value than biochar/
Fe3O4, which is due to the slight increase in mass and size
brought on by the deposition of SiO2 and Ag NPs on the surfaces
of biochar/Fe3O4. It should be observed that the biochar/Fe3-
O4@SiO2–Ag nanocomposite exhibits signicant magnetiza-
tion, indicating its appropriateness for magnetic recovery and
separation.54–56

TGA of nano-composite. Thermo gravimetric analysis (TGA)
is a method of thermal analysis where variations in chemical
and physical properties of materials are evaluated under the
inuence of a continuous rise in temperature or, as a function
of time, having non-varying temperature and mass loss. To
assess the thermal stability of the samples, the TGA analysis was
© 2023 The Author(s). Published by the Royal Society of Chemistry
performed under air atmosphere. The TGA results for biochar/
Fe3O4@SiO2–Ag nano-composite are displayed in Fig. 13. TGA
analysis of biochar/Fe3O4@SiO2–Ag nano-composite revealed
a consistent weight decrease at temperatures above 120 °C. The
rst weight loss around 4.59% at temperature range between
120 °C to 150 °C was due to the removal of physically adsorbable
water and solvent on the surface of biochar/Fe3O4@SiO2–Ag
nano-composite. Due to the dehydration of hydroxyl groups and
decomposition of the remaining organic constituent, a second
weight loss of approximate 10% was observed between 200 °C to
500 °C. The third weight loss above 500 °C (20.75%) is due to the
thermal phase change of the material. According to the TGA
curves, the catalyst in this investigation maintained higher
residual mass (>65%) at 950 °C and proved to bemore thermally
stable.57,58

The study of catalytic activity of biochar/Fe3O4@SiO2–Ag
MNPs in the synthesis of benzylpyrazolyl coumarins derivatives.
The modal reaction was investigated using a variety of catalysts,
temperature and solvents, in an effort to recognise the optimi-
zation of the reaction conditions and to increase the product
yield in a short period of time (Tables 1 and 2).

The synthesis involving benzaldehyde (1 mmol), ethyl
acetoacetate (1 mmol), hydrazine (1 mmol), and 4-hydrox-
ycoumarin (1 mmol) was chosen as the model process for
synthesizing 4-((4-hydroxy-2-oxo-2H-chromen-3-yl)(phenyl)
methyl)-5-methyl-2,4-dihydro-3H-pyrazol-3-one (5a).
Different conditions, including various solvents, tempera-
tures, and catalyst amounts, were used to explore this reac-
tion. The modal Reaction was reuxed in the presence of
water and ethanol as the solvent without the presence of
a catalyst, however even aer 120 min., no products were
produced (Table 2, entry 1). Then the reaction was performed
under solvent free condition at room temperature in the
presence of catalyst for 150 min., no product yield obtained
(Table 1, entry 1). Aer this, the model reaction was carried
out in the presence of water and ethanol at room temperature
to 60 °C, 55–75% yield produced respectively (Table 1, entry
3–5). Then the modal reaction was also performed under
microwave, ultrasound irradiation, and at room temperature
RSC Adv., 2023, 13, 14594–14613 | 14605
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Table 1 The modal condensation reaction of ethyl acetoacetate (1 mmol), hydrazine hydrate (1 mmol), 4-hydroxycoumarin (1 mmol), and
benzaldehyde (1 mmol) under various conditions

Entry Solvent Condition Time (min) Yielda %

1 Solvent free R. T. 150 0
2 Solvent free 80 °C 95 30
3 H2O R. T. 60 55
4 H2O 60 °C 35 75
5 EtOH R. T. 60 60
5 EtOH 60 °C 30 75
6 H2O/EtOH(1 : 1) Microwave 8 84
7 H2O/EtOH(1 : 1) Ultrasonic 30 80
8 H2O/EtOH(1 : 1) R. T. 60 75
9 H2O/EtOH(1 : 1) 70 °C 12 97
10 H2O/EtOH(1 : 2) 70 °C 15 90
11 H2O/EtOH(2 : 1) 70 °C 15 88
12 H2O/EtOH(1 : 1) 80 °C 12 97
13 H2O/EtOH(1 : 1) 100 °C 12 97

a Isolated yield.

Table 2 The modal condensation reaction of ethyl acetoacetate (1 mmol), hydrazine hydrate (1 mmol), 4-hydroxycoumarin (1 mmol) and
benzaldehyde (1 mmol) in the presence of various amounts of biochar/Fe3O4@SiO2–Ag MNPsa

Entry Biochar/Fe3O4@SiO2–Ag NPs (mg) Time (min) Yieldb %

1 None 120 0
2 0.5 mg 60 55
3 1 mg 20 75
4 2 mg 15 84
5 4 mg 15 89
6 5 mg 12 97
7 6 mg 15 95
8 7 mg 20 92
9 10 mg 20 79
10 Only biochar, 5 mg 50 45
11 Biochar/Fe3O4, 5 mg 30 75
12 Biochar/Fe3O4@SiO2 30 87

a Condition; H2O : EtOH (1 : 1) at 70 °C. b Isolated yield.

14606 | RSC Adv., 2023, 13, 14594–14613 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Synthesis of benzylpyrazolyl coumarin derivatives (5a–l) using biochar/Fe3O4@SiO2–Ag MNC
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(Table 1, entry 6–8) using EtOH : H2O(1 : 1) as solvent but did
not signicantly promote the reaction. In addition, the ratio
of the water and ethanol was varies with different
© 2023 The Author(s). Published by the Royal Society of Chemistry
temperature range (Table 1, entry 9–13) then EtOH : H2O (1 :
1) was found to be the optimum solvent at 70 °C for these
reactions (Table 1, entry 9).
RSC Adv., 2023, 13, 14594–14613 | 14607
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Table 4 Comparative study with a reported method for the synthesis of benzylpyrazolyl coumarin derivatives

Entr y Catalyst and solvent Temp Time (min) Yield (%) References

1 Taurine, H2O 70 °C 20 92 59
2 FeCl3–SiO2, solvent free 110 °C 12 92 60
3 GL. AcOH, H2O Reux 35 91 61
4 Fe3O4@SiO2@PTS-DABA, EtOH :

H2O (1 : 1)
70 °C 30 91 62

5 CaO@walnut husk@ZnO, EtOH : H2O
(1 : 1)

70 °C 15 95 2

6 Biochar/Fe3O4@SiO2–Ag MNPs 70 °C 12 97 This work

Fig. 14 The recyclability study of biochar/Fe3O4@SiO2–Ag MNPs
under optimal condition for model reaction (5a).
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For further investigation, we than applied biochar, biochar/
Fe3O4, and biochar/Fe3O4@SiO2 as catalyst for the model reac-
tion in EtOH : H2O (1 : 1) for suitable time provided a 45%, 75%,
and 87% amount of the desired product respectively (Table 2,
entry 10–12). The quantity of the catalyst had a large effect on
the formation of the desired product (Table 2). The catalyst was
evaluated in various concentrations ranging from 1 to 10 mg in
the following step as Table 2. The best outcomes, as seen in
Table 2, came from utilizing 5 mg of the catalyst gives 97%
amount of the desired product. Finally, the reaction was per-
formed at temperatures between room temperature and 100 °C
to determine the impact of temperature (Table 1, entry 1–13). At
70 °C, the model reaction produced the best results (Table 1,
entry 9). The optimum result for the model reaction was ach-
ieved utilizing 5 mg of nanocatalyst at 70 °C in EtOH : H2O (1 : 1)
as a solvent to obtain the desired product in good to high yield.
The outcomes show that biochar treated with Fe3O4, SiO2, and
Ag NPs have increased catalytic activity. The yield of benzyl-
pyrazolyl coumarin analogs is lower when using biochar as
a carrier for Fe3O4 NPs, as it is primarily used to prevent the
aggregation of magnetic nanoparticles and provide a large
specic surface area with surface functional groups (C]O,
COOH, and OH), but does not exhibit signicant catalytic
activity (yield 45%). To improve catalytic activity and reusability,
Fe3O4 NPs were introduced, allowing the catalyst to be recov-
ered and reused with the aid of an external magnetic eld.
Additionally, Fe3O4 belongs to the spinel group with a standard
formula of A(B)2O4, where A and B represent certain metal ions
occupying specic locations in the crystal structure. Fe3O4's A
and B metals are Fe2+ and Fe3+, respectively, which causes the
transfer of electrons in an organized path or vector between the
different irons, generating a magnetic eld from this electric
vector. Furthermore, Fe2+ and Fe3++3 have vacant d orbitals
contributing to Fe3O4's Lewis acid characteristics (yield 75%).
To prevent the aggregation of Fe3O4 nanoparticles, silica is
employed as a protective covering shell for Fe3O4 NPs. The high
concentration of Si–OH groups on the surface of silica allows for
further modication using silicon reagents bearing organic
bridges and suitable functional groups for subsequent modi-
cations. In the presence of biochar/Fe3O4@SiO2, the yield
percentage increases as compared to biochar/Fe3O4 NPs (yield:
87%). Finally, Ag nanomaterials act as Lewis acids to activate
the carbonyl groups of the aldehyde and ethylacetoacetate,
enhancing the catalytic activity compared to other materials,
with a maximum yield of 97%.
14608 | RSC Adv., 2023, 13, 14594–14613
For Fe3O4 NPs, silica is also employed as a protective covering
shell, and the silica shell can prevent the aggregation of Fe3O4

nanoparticles. Furthermore, the high concentration of Si–OH
groups on the surface of silica allows for further modication,
especially by silicon reagents bearing organic bridges and suitable
functional groups for subsequent modications. So in the pres-
ence of biochar/Fe3O4@SiO2, the percentage of yield increases as
compared to biochar/Fe3O4 NPs (yield: 87%). Finally, Ag nano-
materials also act as Lewis acids to activate the carbonyl groups of
the aldehyde and ethylacetoacetate and improve the catalytic
activity as compared to other materials, with a maximum yield of
97% obtained (Table 2). Numerous aromatic aldehydes with either
electron-withdrawing or electron-donating properties were looked
at to obtain the desired products aer determining the best reac-
tion conditions to study the scope and limitations of this approach
(Table 3). It has been observed that all of the different substrates
could be easily converted to the corresponding benzylpyrazolyl
coumarins with good to excellent yields.

Additionally, the catalytic activity of biochar/Fe3O4@SiO2–Ag
nano-composite in the model reaction was compared with that
of published studies (Table 4). According to the data in Table 4,
the catalytic activity of biochar/Fe3O4@SiO2–Ag MNPs is supe-
rior to CaO@walnut husk@ZnO, Fe3O4@SiO2@PTS-DABA, GL.
AcOH, and Taurine catalysts (entry 1–5) in terms of short reac-
tion times, high yields, straightforward processes, and envi-
ronmentally friendly conditions for the synthesis of
benzylpyrazolyl coumarins. These advantages result from the
high surface area and inherent porosity of Biochar/Fe3O4@-
SiO2–Ag MNPs.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Recyclability and reusability of nanocatalyst

Under optimal conditions, the model reaction was used to
investigate the recyclability of the biochar/Fe3O4@SiO2–Ag
catalyst. The catalyst was collected from the reaction mixture by
using external magnet aer the reaction was completed, washed
with ethanol, dried under vacuum (60 °C), and evaluated for
activity in ve independent runs of the next reaction under the
same reaction conditions. The plotted data (Fig. 14) show that
during the period of the ve runs, the catalytic activity of the
biochar/Fe3O4@SiO2–Ag MNPs has changed slightly. The FT-IR
spectra were utilised to examine the structure of fresh and
reused catalyst and can be shown in Fig. 6(b) and (c) that there
were no changes aer 5 runs.

Suggested reaction mechanism

In Scheme 2(A) and (B), it is proposed a plausible mechanism
for the synthesis of benzylpyrazolyl coumarin derivatives with
biochar/Fe3O4@SiO2–Ag MNPs. The carbonyl groups of the
aldehyde and ethylacetoacetate are activated during the process
by catalyst, which functions as a Lewis acid. Intermediates (I)
are produced by the nucleophilic attack of 4-hydroxy-coumarin
Scheme 2 (A) and (B) The plausible mechanism for the synthesis of be
MNPs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
on the activated carbonyl group of aldehyde and the subsequent
removal of water. Moreover, the nucleophilic reaction between
hydrazine and the activated carbonyl groups of ethyl acetoace-
tate produced the pyrazolone intermediate (II). Aer that,
a Michael addition reaction between the intermediates (I) and
(II) results in (III). Finally, the required product is then
produced by an oxidation in the presence of biochar/Fe3O4@-
SiO2–Ag magnetic nanocatalyst (Scheme 2A). Another alterna-
tive chemical pathway involves the synthesis of the intermediate
(IV), which is then combined with 4-hydroxycoumarin to
produce nal product (Scheme 2B). These results revealed that
intermediates (II) and (IV) were both very reactive towards the
subsequent reaction with pyrazolone and 4-hydroxycoumarin
respectively.
Results of anti-microbial activity

The antimicrobial activities of synthesized benzylpyrazolyl
coumarins derivatives (5a–l) were tested against Gram-positive
bacteria (Staphylococcus aureus and Streptococcus pyogenes),
Gram-negative bacteria (Escherichia coli and Pseudomonas aer-
uginosa), and fungus (Candida albicans, and Aspergillus niger).
nzylpyrazolyl coumarins in the presence of biochar/Fe3O4@SiO2–Ag

RSC Adv., 2023, 13, 14594–14613 | 14609
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Table 5 Antibacterial activity of synthesized compound (5a–5l)

Antibacterial activity table

Compound
E. coli
[MTCC 443]

P. aeruginosa
[MTCC 1688]

S. aureus
[MTCC96]

S. pyogenus
[MTCC 442]

Minimal inhibition concentration [mg ml−1]
5a 62.5 100 100 50
5b 31.25 50 125 100
5c 100 62.5 125 125
5d 62.5 125 100 125
5e 125 100 250 250
5f 100 250 100 125
5g 125 100 250 125
5h 100 125 100 50
5i 100 125 125 125
5j 125 125 250 125
5k 31.25 62.5 50 50
5l 62.5 100 125 100

Standard drugs [minimal bactericidal concentration] (mg ml−1)
Ampicillin 100 100 250 100
Ciprooxacin 25 25 50 50
Noroxacin 10 10 10 10
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To measure antibacterial activity, the broth dilution method
was utilised, and DMSO was used as a diluent to achieve the
ideal concentration of drugs for testing on common bacterial
strains. Standard drugs such ampicillin, ciprooxacin, nor-
oxacin, nystatin, and griseofulvin were used for antibacterial
and antifungal studies. The lowest concentration that prevented
the organism's growth was determined as the minimal inhibi-
tory concentration (MIC) (Tables 5 and Table 6). According to
the results, compound 5k (MIC value 31.25 mg ml−1, 62.5 mg
ml−1, 50 mg ml−1 and 50 mg ml−1 respectively) exhibited excel-
lent antibacterial activity against E. coli, P. aeruginosa, S. aureus,
and S. pyogenes. All compounds excluding 5e, 5g, and 5j were
Table 6 Antifungal activity of synthesized compounds (5a–5l)

Compound
C. albicans
[MTCC 227]

A. niger
[MTCC 282]

Antifungal activity table minimal fungicidal concentration [mg ml−1]
5a 250 250
5b 500 500
5c 250 250
5d 500 500
5e 500 1000
5f 250 500
5g 500 500
5h 500 250
5i 250 500
5j 500 1000
5k 125 250
5l 250 500

Standard drugs [inimal fungicidal concentration] (mg ml−1)
Nystatin 100 100
Griseofulvin 500 100

14610 | RSC Adv., 2023, 13, 14594–14613
shown very good antibacterial activity against E. coli.
Compounds 5b, 5c, and 5k (MIC value 50 mg ml−1 and 62.5 mg
ml−1) showed very good antibacterial activity as compared to
ampicillin against P. aeruginosa. Compounds including 5f, 5h,
5k, and 5l had good antibacterial activity against S. aureus. All
compounds (5a–l) exhibited good antifungal activity against C.
albicans compared to standard drug griseofulvin.
Conclusion

We have developed a greener and more effective method of
producing pharmacologically active benzylpyrazolyl coumarins
derivatives (5a–l) with highest yields (91–98%) by a one-pot,
four-component reaction of 4-hydroxycoumarin, ethyl acetoa-
cetate, hydrazine hydrate and aromatic aldehydes in the pres-
ence of H2O : EtOH (1 : 1) solvent at 70 °C. The reaction was
catalysed by biochar/Fe3O4@SiO2–Ag MNPs. The catalyst can be
reused and recycled up to ve times with good yield and no loss
of catalytic activity. This method also makes it simple to sepa-
rate the catalyst from the reaction mixture using an external
magnet. This method's attractive qualities include excellent
atom economy, a quick reaction time, good yields, and
a greener reaction prole. Antimicrobial activity was tested on
the resulting products (5a–5l). The studies show that the syn-
thesised compounds exhibit signicant antimicrobial activity
against the fungus Candida albicans, the Gram-negative bacteria
E. coli and P. aeruginosa, and the Gram-positive bacteria S.
aureus and S. phyogens.
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