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overable Fe3O4@chitosan@Ni2B:
a bio-based catalyst for one-pot green and efficient
synthesis of tetrahydrobenzo[b]pyrans†

Bashir Mashhourzad and Behzad Zeynizadeh *

This study investigates the development of a novel and environmentally friendly catalyst,

Fe3O4@chitosan@Ni2B nanocomposite, for multicomponent reactions (MCRs). Chitosan (CS),

a biopolymer, is used because it is biocompatible, abundant, and has functional groups that can be

complexed with metals. Nickel boride (Ni2B) is used in hydrogenation reactions due to its catalytic

properties. The magnetic properties of Fe3O4 nanoparticles enable easy separation. Herein, we describe

the successful synthesis of the Fe3O4@CS@Ni2B nanocomposite and its use in MCRs for the green

synthesis of tetrahydrobenzo[b]pyran derivatives. These heterocyclic compounds impress with their

diverse biological activities. The research has several advantages, including the implementation of

environmentally friendly catalyst protocols, the simplification and cost-effectiveness of the synthesis

process, the use of an easily accessible biopolymer, the successful performance of efficient one-pot

reactions without additional waste generation, and the easy recycling of the catalyst. This research

demonstrates the potential of Fe3O4@CS@Ni2B as a promising catalyst for sustainable and selective MCRs.
1 Introduction

Nowadays, green chemistry has gained signicant importance
in chemical reactions. Therefore, synthesizing safe chemical
compounds and using low-risk materials are becoming essen-
tial topics in chemical investigation and industry. The use of
catalysis to perform eco-friendly chemical reactions has
received much attention in recent years.1,2 Catalysis is
undoubtedly one of the most important components of modern
synthetic chemistry, its importance cannot be ignored, and it is
also one of the most fundamental foundations of green chem-
istry.3 To this end, a good catalyst should have distinctive
features, including low manufacturing cost, non-toxicity, high
activity, high stability, easy and efficient recovery, high recy-
clability, biocompatibility, and an environmentally friendly
synthesis route.4 Therefore, the synthesis of safe chemical
products based on biopolymers is a crucial topic in the eld of
catalysts. Chitosan (CS) is a compound that exhibits many of the
features mentioned above. CS is a linear amino copolymer
composed of b-(1–4)-linked glucosamine units derived from the
deacetylation of chitin and is one of the most abundant
biopolymers on Earth.5 This unique biopolymer is composed of
various functional groups, such as primary amines, hydroxyl, as
well as ethers and acetamides, making CS an exceptional
y, Urmia 5756151818, Iran. E-mail:
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compound to be used in applications such as for dye removal,6,7

as an adsorbent for metals,8–12 as a corrosion inhibitor,13 in
wound healing,14 in drug and gene delivery,15 as a biological
agent,16,17 and as a catalyst.18,19 It has also been identied as
a versatile biopolymer, an antibacterial, and a harmless, envi-
ronmentally friendly, and biodegradable material used in
a range of agricultural, food, and biopharmaceutical catalyst
applications.20 CS contains a variety of amino groups and
hydroxyl groups that can coordinate with metal ions. On the
other hand, the complexation reaction is the main reaction of
polysaccharides in which the metal can be chelated by complex
formation with amino and hydroxyl groups. Hence, it is an
excellent material for developing novel green catalytic
systems.21 There are typically three types of catalysts: heteroge-
neous, homogeneous, and enzyme, each with its advantages
and disadvantages, and heterogeneous catalysts are of crucial
importance in industry and research. These catalysts have more
stable storage conditions and can be separated from the reac-
tion mixture very easily, which causes less waste and pollution
and is therefore environmentally friendly.22,23 The combination
of CS and magnetite (Fe3O4) is widely used as the catalyst.
Magnetic nanoparticles can treat large amounts of wastewater
in a short time and can be conveniently separated from the
wastewater. In addition to enhancing the separation process,
the combination of CS with magnetic nanoparticles can expand
the ability of CS by increasing its surface area.24 Many studies
have been conducted on CS and various metals as a catalyst. For
example, CS and Pd NPs have been used for the Mizoroki–Heck
reaction18 and magnetic CS Cu(II) for the synthesis of various
Nanoscale Adv., 2025, 7, 3701–3721 | 3701

http://crossmark.crossref.org/dialog/?doi=10.1039/d4na01020e&domain=pdf&date_stamp=2025-06-06
http://orcid.org/0000-0002-3220-5719
http://orcid.org/0000-0003-0485-5455
https://doi.org/10.1039/d4na01020e
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na01020e
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA007012


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

1/
07

/2
5 

11
:4

0:
53

. 
 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
tetrazoles25 and magnetic CS nickel(II) for the synthesis of one-
pot multicomponent reactions.26 But, to date, no combination
of CS and metal borides has been reported. Metal borides,
especially nickel borides, are interesting compounds with
unique properties such as superconductivity,27 high hardness,28

high melting temperature,29 high thermal conductivity,30 and
chemical inertness.31,32 In the early 1950s, Schlesinger and co-
workers reported that the reduction of nickel salts with
sodium borohydride in aqueous solution produces a black
granular material called nickel boride (Ni2B).33 Also, Brown et al.
reported two types of nickel boride. When the borohydride
reduction is carried out in an aqueous solution, the product is
referred to as a P-1 nickel boride,34 which is at least as active as
RANEY® nickel for double-bond hydrogenation. When the
reduction is performed in 95% ethanol, the product is referred
to as P-2 nickel boride,35 which is more sensitive to the double
bond structure. Also, the P-1.5 Ni catalyst is prepared in an
identical manner using a 50% ethanol–water solution as the
solvent.36 Nickel borides have been widely used as electrodes for
oxygen evolution reactions (OERs),37,38 supercapacitors,39

adsorbents,40 desulfurization reactions,41 and coupling reac-
tions42,43 and have been shown to be very active catalysts in the
hydrogenation of many functional groups.36,44–46
Fig. 1 Bioactivity of synthetic 2-amino-3-cyano-substituted tetrahydrob

3702 | Nanoscale Adv., 2025, 7, 3701–3721
Multicomponent reactions (MCRs) have recently been
considered the most effective technique in the synthesis of
organic compounds and drugs because they generate carbon–
carbon and carbon–heteroatom bonds in one pot. Because of
their performance and efficacy, MCRs offer a dominant plat-
form to access a sustainable, complication-free, and diversity-
oriented synthesis of heterocyclic compounds from simple
and cheap starting materials. In addition, MCRs offer some
advantages in terms of simplicity and the production of the end
product without by-products.47–50 Many studies have been con-
ducted based on the catalytic properties of CS in one-pot
reactions,51–56 such as the green synthesis of 2-amino-4H-chro-
mene derivatives with magnetic CS (Fe3O4@CS),54 the synthesis
of spirolactone derivatives using magnetic CS anchored Schiff
base nickel(II) complex (Fe3O4@CS-SB-NiII)55 and the synthesis
of xanthene derivatives with Fe3O4/CS-Ag NPs.56 In the last few
years, tetrahydrobenzo[b]pyrans have been the best category of
heterocyclic compounds that have attracted great attention as
they are components of various heterocyclic natural products
and drugs with anti-HIV,57 antitumor, anticancer58,59 antibacte-
rial,60 antitubercular,61 and antimicrobial62 properties. Fig. 1
shows a series of synthesized 2-amino-3-cyano-substituted tet-
rahydrobenzo[b]pyrans with intriguing biological efficacies.
enzo[b]pyran.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of the Fe3O4@CS@Ni2B nanocomposite with some reported catalysts for the synthesis of tetrahydrobenzo[b]pyrans

Entry Catalyst composition
Preparation
complexity

Eco-friendly
(catalyst preparation)

Eco-friendly
(reaction)

Cost
material

Reaction
time (min) Yield Ref.

1 AuNPs@RGO-SH Moderate–
complex

No Yes High 60 85 63
H2O, reux

2 H5PW6Mo4V2O40 Moderate No Yes Moderate 15 95 64
H2O, reux

3 SO4
2−/MCM-41 Moderate–

complex
No Yes Moderate 60 80 65

EtOH, reux
4 Fe3O4@SiO2@KCC-

MPTMS@CuII
Complex No Yes High 60 96 66

Solvent-free, 110 °C
5 GO-ANSA Moderate No Yes Moderate 30 89 67

EtOH, reux
6 GO–Si–NH2–PMo Moderate–

complex
No Yes Moderate 5 94 68

Solvent-free, 90 °C
7 Hal-Py-IL Simple No Yes Cheap 120 100 69

EtOH, 50 °C
8 FNASiPPEA Moderate No Yes Cheap 25 92 70

EtOH, 50 °C
9 [SiO2

−Caff.]HSO4 Simple No Yes Cheap 20 90 71
Solvent-free, 100 °C

10 rGO@Fe3O4@ZrCp2Cl2 Moderate–
complex

No Yes Moderate 60 95 72
PEG-400, 100 °C

11 Fe3O4@chitosan@Ni2B Simple Yes Yes Cheap 25 95 This
workH2O/EtOH, reux
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In recent years, the development of multicomponent reac-
tions (MCRs) has increasingly been geared towards green
reactions. Our work introduces a novel bio-based Fe3O4@-
chitosan@Ni2B nanocomposite, prepared via a simple, low-
cost, and environmentally benign route using water/ethanol
under reux. This catalyst not only operates under green reac-
tion conditions but also achieves remarkable performance,
delivering yields of up to 95% within approximately 25 min. A
thorough comparison with ten reported catalysts highlights
several key advantages of our system in terms of synthesis
simplicity, reaction efficiency, and overall cost-effectiveness
(Table 1).

For instance, gold nanoparticles supported on thio-
l-functionalised reduced graphene oxide (AuNPs@RGO-SH),
while effective and green during the catalytic reaction, require
the use of expensive gold and involve complex surface modi-
cations that complicate their synthesis.63 In contrast, our cata-
lyst utilises chitosan, a naturally abundant and biodegradable
polymer, thereby reducing costs and streamlining the synthetic
process. Similarly, the quaternary vana-
do-molybdotungstophosphoric acid (H5PW6Mo4V2O40) catalyst
anchored on natural montmorillonite operates in an eco--
friendly medium; however, its multistep preparation, which
employs harsh reagents and conditions, detracts from its
economic and environmental viability.64

Likewise, catalysts such as sulfated MCM-41 nanoparticles
(SO4

2−/MCM-41) have demonstrated efficiency under green
conditions but necessitate the use of hazardous chemicals and
prolonged synthesis times.65 The Fe3O4@SiO2@-
KCC-1@MPTMS@CuII catalyst, although highly active in
© 2025 The Author(s). Published by the Royal Society of Chemistry
a solvent-free, green environment, suffers from a labour-
intensive and costly multi-stage preparation.66 Furthermore,
catalysts based on functionalised graphene oxide modied with
either 4-amino-3-hydroxy-1-naphthalenesulfonic acid (GO-
ANSA)67 or through the graphene oxide functionalized organic–
inorganic hybrid (GO–Si–NH2–PMo)68 demand elaborate
synthetic procedures and oen non-green solvents during their
preparation despite operating under environmentally benign
reaction conditions.

Other systems, such as halloysite nanoclay combined with
a sulfonic acid-based ionic liquid (Hal-Py-IL), are derived from
natural materials and utilised in greenmedia; yet, their reaction
kinetics are slower than those of our nanocomposite.69 Simi-
larly, the Fe3O4@nano-almond-shell catalyst modied with
Si(CH2)3/2-(1-piperazinyl)ethylamine (FNASiPPEA),70 although
based on renewable supports, requires additional modication
steps that extend the overall reaction time. The caffeine-
supported silica catalyst ([SiO2

−Caff.]HSO4),71 while offering
a bio-based approach, shows lower catalytic efficiency and
slower reaction rates in comparison. Lastly, the immobilised
zirconocene chloride on a magnetite-reduced graphene oxide
catalyst (rGO@Fe3O4@ZrCp2Cl2),72 though innovative and
green during the reaction, is hampered by a complicated
synthesis route and higher reagent costs.

Notably, all of these catalytic systems operate under envi-
ronmentally friendly reaction conditions. However, our catalyst
is particularly noteworthy because, beyond its green reaction
conditions, it is also straightforward and eco-friendly to
synthesize, offers faster reaction kinetics, allows for easy
magnetic separation, and provides a high yield. Given these
Nanoscale Adv., 2025, 7, 3701–3721 | 3703
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Scheme 1 Fe3O4@CS@Ni2B nanocomposite-catalyzed one-pot three-component synthesis of 2-amino-4-aryl-7,7-dimethyl-5-oxo-5,6,7,8-
tetrahydro-4H-chromamen-3-carbonitrile.
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advantages, we have designed a novel, efficient, and sustainable
catalytic system, Fe3O4@CS@Ni2B (and CS@Ni2B), to improve
the green synthesis of 2-amino-7,7-dimethyl-5-oxo-4-aryl-
Scheme 2 Schematic illustration of the preparation of the Fe3O4@CS@N

3704 | Nanoscale Adv., 2025, 7, 3701–3721
5,6,7,8-tetrahydro-4H-chromene-3-carbonitrile. Considering the
remarkable benets of multicomponent reactions (MCRs), this
study presents the synthesis of chromene derivatives (3a–o)
i2B nanocomposite.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FT-IR spectra of Fe3O4, CS, CS@Ni2B, and Fe3O4@CS@Ni2B nanocomposites.
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through a three-component reaction involving dimedone,
malononitrile, and aromatic aldehydes via a one-pot conden-
sation process (Scheme 1).
2 Results and discussion
2.1 Catalyst synthesis and characterization

Our research on the benets of green, recyclable, and innovative
heterogeneous catalysts in organic transformations led us to
Fig. 3 XRD patterns of chitosan (CS), and CS@Ni2B and Fe3O4@CS@Ni2

© 2025 The Author(s). Published by the Royal Society of Chemistry
developing a novel heterogeneous catalyst (Fe3O4@CS@Ni2B)
for the environmentally friendly synthesis of tetrahydrobenzo[b]
pyran. The nanocatalyst was synthesized as outlined in Scheme
2. Initially, the chitosan gel (CS) was prepared, and then nick-
el(II) ions were incorporated.

Following that, magnetite nanoparticles (Fe3O4), which had
already been synthesized using the chemical co-precipitation
method, were added to this composite, and nally nickel boride
was produced from sodium borohydride by the reduction process.
B nanocomposites.

Nanoscale Adv., 2025, 7, 3701–3721 | 3705
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Fig. 4 TGA diagrams of chitosan (CS), Fe3O4, CS@Ni2B, and
Fe3O4@CS@Ni2B.
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2.2 Characterization of the Fe3O4@CS@Ni2B
nanocomposite

The thus-synthesized nanocomposite was fully characterized
using various analytical techniques, such as FT-IR, FESEM,
EDX, ICP, VSM, XRD, TGA, and BET analyses.
Fig. 5 N2 adsorption–desorption isotherms of Fe3O4, chitosan (CS), CS

3706 | Nanoscale Adv., 2025, 7, 3701–3721
2.2.1 FT-IR analysis. The FT-IR spectra of Fe3O4 nano-
particles, CS, CS@Ni2B, and Fe3O4@CS@Ni2B are shown in
Fig. 2. The FT-IR spectra of the Fe3O4 NPs were veried by the
characteristic absorption peak of the Fe–O bond at around
582 cm−1, conrming the accurate synthesis of iron oxide
nanoparticles. The absorption peaks at approximately
3433 cm−1 and 1636 cm−1 correspond to the stretching and
bending vibrations, respectively, of the O–H bond on the
surface of the Fe3O4 magnetic nanoparticles.73

The IR spectrum of CS shows main absorption bands at
3448 cm−1 (O–H and N–H stretch), 1654 cm−1 (stretching of the
C]O amide group) 1602 cm−1 (angular deformation of the N–H
bonds of the amino groups), 1380 cm−1 (symmetric angular
deformation of CH3), 1155 cm

−1 (asymmetric bridge–O–stretch)
and 1078 cm−1 (skeletal vibration involving the C–O stretch).74

2.2.2 XRD analysis. Fig. 3 shows the XRD patterns of CS,
CS@Ni2B, and Fe3O4@CS@Ni2B. The diagram clearly shows
that the broad peaks at 2q = 20° and 2q = 45° correspond to the
(110) crystallographic planes of CS and the (211) tetragonal
planes of Ni2B (JCPDS 00-048-1222), respectively. However, only
broad peaks at 20° corresponding to CS and other peaks at 35°,
45°, and 60° corresponding to amorphous Ni2B are identied in
the XRD patterns of the CS@Ni2B catalyst (JCPDS 00-025-
0576).39,75,76
/Ni2B and Fe3O4/CS/Ni2B.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Results of BET analysis for chitosan (CS), Fe3O4, and CS@Ni2B and Fe3O4@CS@Ni2B nanocomposite systemsa

Sample BET surface area (SBET) (m
2 g−1) Vm (cm3(STP) g−1) Pore volume (Vp) (cm

3 g−1) Pore size (nm)

Chitosan (CS) 1.9872 0.4566 0.009 18.55
Fe3O4 86.55 19.8874 0.26 12.048
CS@Ni2B 2.13 0.4903 0.005 9.49
Fe3O4@CS@Ni2B 101.02 23.21 0.3016 11.94

a SBET: Brunauer–Emmett–Teller surface area. Vm: Brunauer–Emmett–Teller volume of monolayer coverage. Vp: BJH desorption cumulative volume
of pores.
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For Fe3O4@chitosan@Ni2B, one peak at 2q around 20° cor-
responding to CS, three peaks at 35°, 45°, and 60° corre-
sponding to amorphous Ni2B and six diffraction peaks at 2q
around 30.3°, 35.5°, 43.1°, 53.5°, 57.1°, and 62.8° correspond to
the (220), (311), (400), (422), (511), and (440) planes, respectively
(JCPDS 00-001-1111). These are standard patterns of the inverse
cubic spinel magnetite (Fe3O4) crystal structure, indicating the
formation of magnetite in the desired composition.

2.2.3 Thermal gravimetric analysis (TGA). In this study,
thermogravimetric analysis (TGA) was conducted in an N2

atmosphere over a temperature range of 0–700 °C to evaluate
the thermal stability and decomposition behavior of the
synthesized nanocomposite system. To ensure a comprehensive
Fig. 6 FESEM images of chitosan (A and B) and Fe3O4 (C and D).

© 2025 The Author(s). Published by the Royal Society of Chemistry
understanding of the thermal properties at each fabrication
step, TGA was performed separately for Fe3O4 nanoparticles,
chitosan (CS), CS@Ni2B, and Fe3O4@CS@Ni2B composite
(Fig. 4).

A typical TGA curve of Fe3O4 shows a minor weight loss (1–
3%) below 200 °C, attributed to physisorbed water and volatile
impurities. Between 200 and 600 °C, the curve remains stable,
reecting Fe3O4's high thermal stability in an inert atmosphere.
Above 600 °C, a gradual or stepwise weight loss (5–10% up to
900 °C) may occur, inuenced by factors like purity, particle
size, and the synthesis method.

The TGA curve of chitosan reveals distinct degradation
stages. An initial 5–10% weight loss at 25–100 °C is due to
Nanoscale Adv., 2025, 7, 3701–3721 | 3707
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moisture and residual solvent evaporation. Between 100 and
300 °C, a major 50–60% loss occurs from glycosidic bond
cleavage and deacetylation, releasing volatile byproducts (CO2,
NH3, and hydrocarbons). A slower 10–15% loss from 300 to
400 °C indicates continued degradation and partial carboniza-
tion, leading to char formation. Beyond 400 °C, the curve
stabilizes, leaving a 20–30% residue of thermally stable
carbonized products.

The TGA curve for the CS@Ni2B composite reveals distinct
thermal behavior compared to pure chitosan. Below 150 °C, the
TGA curve showsminor weight loss due to moisture evaporation
and residual solvents. While nickel boride remains thermally
stable, its dispersion in chitosan affects moisture retention.
Between 200 °C and 400 °C, signicant mass loss occurs as
glycosidic bonds break, deacetylation takes place, and volatile
fragments are released. Nickel boride may alter this process by
interacting with –OH and –NH2 groups, shiing the decompo-
sition onset, and acting as a barrier to slow degradation, thereby
enhancing thermal stability. Beyond 400 °C, gradual weight loss
leads to carbon-rich char formation, with nickel boride
remaining intact, signicantly contributing to the nal residual
mass plateau near 700 °C.

The TGA thermogram clearly shows three stages of mass loss
in the Fe3O4@CS@Ni2B nanocomposite at temperatures of 25–
Fig. 7 FESEM image of the CS@Ni2B nanocomposite.

3708 | Nanoscale Adv., 2025, 7, 3701–3721
200 °C, 200–400 °C, and 400–500 °C. The rst stage involves
weight loss due to the removal of physisorbed water and the
degradation of organic components, such as surface hydroxyl
groups, within the range of 25–200 °C. The second stage occurs
between 200 °C and 400 °C, where the chitosan polymer struc-
ture undergoes degradation. In the nal stage, within the
temperature range of 400–500 °C, the breakdown of saccharide
rings, Ni2B decomposition, and the thermal decomposition of
Fe3O4 take place.

2.2.4 BET analysis. The BET analysis and surface area
measurements provide valuable insights into how layering
affects the catalytic properties of Fe3O4, chitosan (CS),
CS@Ni2B, and Fe3O4@CS@Ni2B. Each material exhibits
distinct adsorption–desorption isotherms (Fig. 5) and surface
characteristics (Table 2), reecting structural and textural
transformations.

Chitosan (CS) has a relatively low BET surface area of 1.9872
m2 g−1, with no H3 hysteresis in its isotherm, indicating a lack
of slit-shaped pores typically associated with layered structures.
This suggests that chitosan alone has limited porosity, making
it less effective for applications requiring high adsorption
capacity. In contrast, Fe3O4 shows a signicantly higher BET
surface area of 86.55 m2 g−1. Its isotherm reveals H3 hysteresis,
characteristic of slit-shaped pores formed by aggregated plate-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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like particles. This increased porosity enhances Fe3O4's
adsorption capacity, making it well-suited for catalytic and
adsorption applications. When Ni2B is incorporated into chi-
tosan to form CS@Ni2B, the BET surface area experiences only
a slight increase to 2.13 m2 g−1. While this indicates that Ni2B
does not drastically change the overall porosity, the presence of
H3 hysteresis suggests that it contributes to the formation of
slit-shaped pores, likely enhancing adsorption in a limited
capacity. The most notable improvement is observed in Fe3-
O4@CS@Ni2B, which exhibits the highest BET surface area of
101.02 m2 g−1. The synergistic combination of Fe3O4's porous
structure with Ni2B's pore-forming effects signicantly
enhances the overall surface area and adsorption capacity. The
strong H3 hysteresis further conrms the presence of slit-
shaped pores, optimizing the material's potential for catalytic
and adsorption-based applications.

In summary, the addition of layers plays a critical role in
modifying the surface area and porosity. While chitosan alone
has minimal adsorption capability, Fe3O4 introduces substan-
tial porosity. The CS@Ni2B composite shows some structural
improvements, primarily through the introduction of slit-
shaped pores. However, the most signicant enhancement
occurs with Fe3O4@CS@Ni2B, which achieves the highest
surface area and an optimized pore structure. These ndings
Fig. 8 FESEM image of the Fe3O4@CS@Ni2B nanocomposite.

© 2025 The Author(s). Published by the Royal Society of Chemistry
underscore the exceptional catalytic potential of Fe3O4@-
CS@Ni2B, making it a strong candidate for applications
requiring efficient adsorption and catalytic performance.

2.2.5 Field emission scanning electron microscopy
(FESEM) analysis. FESEM images of chitosan (Fig. 6A and B)
show an interconnected brous network with smooth and
irregular regions, indicating differences in chain entanglement
and hydrogen bonds. The observed microporosity enhances the
surface area, supporting adsorption and catalytic applications.
The roughness of chitosan facilitates nanoparticle dispersion,
ensuring structural stability.

Fe3O4 nanoparticles (Fig. 6C and D) exhibit aggregation due
to magnetic interactions, forming a porous and granular
structure. The presence of voids and channels between clusters
enhances mass transport properties, optimizing its role in
catalysis and environmental remediation.

The CS@Ni2B nanocomposite (Fig. 7) presents a layered
morphology with Ni2B nanoparticles distributed within chito-
san layers. Hydrogen bonding and electrostatic interactions
stabilize the composite, preventing Ni2B agglomeration and
ensuring homogeneous dispersion. Compared to Fe3O4@-
CS@Ni2B, its smoother surface indicates improved nano-
particle uniformity.
Nanoscale Adv., 2025, 7, 3701–3721 | 3709
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The Fe3O4@CS@Ni2B composite (Fig. 8) displays a rougher
and more porous structure due to Fe3O4 incorporation,
increasing the distance between chitosan layers. BET analysis
conrms signicant surface area enhancement (101.02 m2 g−1

for Fe3O4@CS@Ni2B vs. 2.13 m2 g−1 for CS@Ni2B), which
facilitates catalytic reactions by improving mass transport and
reactant accessibility.

Fe3O4@CS@Ni2B nanoparticles exhibit a size range of 11–
31 nm. Compared to CS@Ni2B, their surface is more irregular
and porous due to Fe3O4 aggregation. Ni2B is better dispersed in
CS@Ni2B, whereas Fe3O4 alters uniformity in the composite.
The incorporation of Fe3O4 signicantly increases the porosity
and surface area, boosting the catalytic performance. Chitosan
stabilizes the composite, preventing nanoparticle agglomera-
tion and enhancing dispersion. Fe3O4 contributes magnetic
properties and additional porosity, while Ni2B acts as the active
catalytic site with high reactivity.

The FESEM study reveals the morphological evolution of the
Fe3O4@CS@Ni2B nanocomposite, showing its superior
porosity, surface area, and catalytic potential. These ndings
provide critical insights for optimizing the synthesis and
enhancing functional applications in catalysis and environ-
mental remediation.

EDX maps of CS@Ni2B (Fig. 9) show the structure and
composition of the CS@Ni2B composite.

EDX maps show that boron is distributed in localized clus-
ters, indicating the nucleation sites for Ni2B.
Fig. 9 SEM-based elemental mapping of the as-synthesized CS@Ni2B n

3710 | Nanoscale Adv., 2025, 7, 3701–3721
Nitrogen is uniformly spread, conrming the consistent
presence of the chitosan matrix throughout the composite.
Nickel appears in high-intensity regions overlapping with
boron, verifying the formation of the Ni2B phase.

The uniform nitrogen distribution, along with the localized
boron and nickel clusters, suggests a successful in situ synthesis
that integrates the inorganic phase within the organic matrix.
This structure not only stabilizes Ni2B but may also enhance
interfacial interactions, improving catalytic or adsorptive
properties. The Fe3O4@CS@Ni2B nanocomposite, analyzed
through EDX elemental mapping (Fig. 10), reveals a well-
integrated hybrid material with distinct structural and func-
tional characteristics. The SEM image shows a heterogeneous
and porous morphology, where the inorganic phases (Fe3O4 and
Ni2B) are embedded within the organic chitosan matrix. This
rough texture increases the surface area and catalytic efficiency.

The EDX maps provide deeper insights into elemental
distribution. Boron appears in localized high-intensity regions,
conrming selective nucleation of Ni2B, which is essential for
catalytic activity. Iron is observed in distinct clusters, repre-
senting Fe3O4 nanoparticles, which impart magnetic properties,
crucial for separation and reusability. Nickel strongly co-
localizes with boron, verifying the formation of Ni2B, while
nitrogen is uniformly distributed, demonstrating the continuity
of the chitosan matrix, which stabilizes the inorganic phase and
provides structural integrity.
anocomposite.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 VSM magnetization diagram of the Fe3O4@CS@Ni2B
nanocomposite.
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This composite exhibits a synergistic interplay between its
components. The Fe3O4 phase introduces magnetic respon-
siveness, allowing for easy separation, while Ni2B contributes to
catalytic functionality. Chitosan serves as a stabilizing scaffold,
preventing agglomeration and enhancing interfacial interac-
tions. These characteristics make the material highly promising
for applications in heterogeneous catalysis, magnetically assis-
ted separation, and potentially biomedical elds.

The well-dened elemental domains suggest a controlled in
situ synthesis, optimizing interfacial contact and functional
integration.

2.2.6 VSM analysis. Using a vibrating sample magnetometer
(VSM), the magnetic properties of Fe3O4@CS@Ni2B were inves-
tigated by applying amagnetic eld back and forth in the range of
10 000 to −10 000 Oe. Fig. 11 shows the room-temperature
hysteresis loop of Fe3O4@CS@Ni2B. The curve exhibits no coer-
civity, indicating superparamagnetism, and the magnetization
behavior disappears when the applied magnetic eld is removed.
The Fe3O4@CS@Ni2B nanocomposite demonstrates a magnetic
saturation intensity of 20.7 emu g−1, enabling it to be magneti-
cally separated from the reaction mixture.

2.3 Evaluation of the catalytic performance of the
Fe3O4@CS@Ni2B and CS@Ni2B nanocatalysts for the
synthesis of tetrahydrobenzo[b]pyrans

In this research, aer characterizing the catalyst for the
synthesis of the target products, the efficiency and catalytic
Fig. 10 SEM-based elemental mapping of the as-synthesized Fe3O4@C

© 2025 The Author(s). Published by the Royal Society of Chemistry
activity of the as-prepared Fe3O4@CS@Ni2B and CS@Ni2B
nanocomposites were investigated for the one-pot synthesis of
tetrahydrobenzo[b]pyran via the three-component condensa-
tion reaction of dimedone, malononitrile, and aromatic alde-
hydes. A study was conducted to optimize the reaction
conditions for the synthesis of 2-amino-7,7-dimethyl-5-oxo-4-
phenyl-5,6,7,8-tetrahydro-4H-chromene-3-carbonitrile. This was
S@Ni2B nanocomposite.

Nanoscale Adv., 2025, 7, 3701–3721 | 3711
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Table 3 Optimization of the reaction conditions for the one-pot three-component synthesis of 2-amino-7,7-dimethyl-5-oxo-4-phenyl-
5,6,7,8-tetrahydro-4H-chromene-3-carbonitrilea

Entry Catalyst Catalyst loading (mg) Solvent Condition Time (min) Yield% Conversion (%)

1 Fe3O4@CS@Ni2B 30 CH2Cl2 Reux 180 — —
2 Fe3O4@CS@Ni2B 30 MeOH Reux 60 40 50
3 Fe3O4@CS@Ni2B 20 EtOH Reux 60 70 75
4 Fe3O4@CS@Ni2B 30 THF Reux 90 20 25
5 Fe3O4@CS@Ni2B 30 CH3CN Reux 90 30 40
6 Fe3O4@CS@Ni2B 40 n-Hexane Reux 120 — —
7 Fe3O4@CS@Ni2B 30 EtOAc Reux 120 — —
8 Fe3O4@CS@Ni2B 20 H2O Reux 50 82 85
9 Fe3O4@CS@Ni2B 20 H2O r.t. 180 25 30
10 Fe3O4@CS@Ni2B 20 H2O/EtOH (1 : 1) 70 °C 60 65 70
11 Fe3O4@CS@Ni2B 20 H2O/EtOH (1 : 1) Reux 25 95 96
12 Fe3O4@CS@Ni2B 30 H2O/EtOH (1 : 1) Reux 25 95 96
13 Fe3O4@CS@Ni2B 20 H2O/EtOH (1 : 1) r.t. 180 35 40
14 Fe3O4@CS@Ni2B 15 H2O/EtOH (1 : 1) Reux 60 85 88
15 Fe3O4@CS@Ni2B 30 Solvent-free 110 °C 60 45 55
16 CS@Ni2B 20 H2O Reux 60 80 85
17 CS@Ni2B 15 H2O/EtOH (1 : 1) Reux 60 70 75
18 CS@Ni2B 30 H2O/EtOH (1 : 1) Reux 40 91 92
19 CS@Ni2B 20 H2O/EtOH (1 : 1) Reux 40 91 92

a All reactions were carried out with benzaldehyde (1 mmol), dimedone (1 mmol), and malononitrile (1 mmol) in a 4 mL solvent.
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achieved through a one-pot, three-component reaction
involving dimedone, malononitrile, and benzaldehyde (Table
3). The reaction was carried out using the Fe3O4@CS@Ni2B and
CS@Ni2B nanocomposite systems.

To achieve optimized reaction conditions, experiments were
conducted to assess the impact of various solvents, catalyst
quantities, and temperatures. To determine the best solvent,
a test reaction was performed with 20 to 40 mg of the Fe3-
O4@CS@Ni2B nanocatalyst in various solvents, including
CH2Cl2, MeOH, EtOH, THF, CH3CN, n-hexane, EtOAc, H2O,
H2O/EtOH (1 : 1), and solvent-free conditions. Better perfor-
mance was achieved when H2O : EtOH was used as the optimal
solvent in a 1 : 1 ratio compared to other solvents studied for
this reaction. The model reactions also demonstrated the
inuence of temperature. The observations showed that reux
conditions yielded the best results. According to the data in
Table 3, when the catalyst quantity was increased from 20 to
30 mg, both the product yield and reaction duration remained
unchanged. However, reducing the catalyst amount from 20 to
15 mg resulted in a decrease in the product yield and an
increase in the reaction duration. Therefore, it was determined
that 20 mg is the optimal nanocatalyst loading (Table 3, entry
11). The same conditions were applied to the CS@Ni2B catalyst,
3712 | Nanoscale Adv., 2025, 7, 3701–3721
and the results are shown in Table 3. According to the data, the
solvent, temperature, and catalyst amount were the same as for
Fe3O4@CS@Ni2B. Notably, the Fe3O4@CS@Ni2B catalysts
exhibited superior efficiency and faster reaction times. Aer
optimizing the reaction conditions, a protocol for the one-pot
synthesis of tetrahydrobenzo[b]pyran scaffolds was developed
to demonstrate the application efficiency of the new magnetic
nanocomposite in organic synthesis. As shown in Table 4,
under the optimized reaction conditions, various electron-
donating and electron-withdrawing benzaldehydes were exam-
ined while keeping malononitrile and dimedone constant for
the synthesis of a range of corresponding tetrahydrobenzo[b]
pyrans. All substituted aromatic aldehydes successfully
produced the desired products in good to excellent yields (81–
95%).

Furthermore, the basic amino sites precisely determined the
reaction process for tetrahydrobenzo[b]pyran derivatives in the
presence of the Fe3O4@CS@Ni2B catalyst using a three-
component coupling strategy. It is believed that the reaction
begins with the Knoevenagel condensation of malononitrile (2)
and aromatic aldehyde (3a–o) to produce arylidene malononi-
trile (A). In the second step, dimedone undergoes Michael
addition to arylidene malononitrile to generate an intermediate
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 One-pot synthesis of tetrahydrobenzo[b]pyrans in the presence of Fe3O4@CS@Ni2B nanocompositea

4a 4b 4c 4d 4e
T = 25 min, Y = 95%, C =
96%

T = 20 min, Y = 93%, C =
94%

T = 30 min, Y = 92%, C =
96%

T = 40 min, Y = 90%, C =
91%

T = 30 min, Y = 90%, C =
94%

4f 4g 4h 4i 4j
T = 35 min, Y = 90%, C =

91%
T = 30 min, Y = 90%, C =

94%
T = 40 min, Y = 83%, C =

92%
T = 45 min, Y = 85%, C =

88%
T = 30 min, Y = 90%, C =

93%

4k 4l 4m 4n 4o
T = 30 min, Y = 93%, C =
95%

T = 25 min, Y = 90%, C =
92%

T = 30 min, Y = 90%, C =
97%

T = 50 min, Y = 81%, C =
88%

T = 60 min, Y = 85%, C =
93%

a All reactions were carried out in 5 mL of solvent H2O/EtOH (1 : 1); Y = yield; T = time; C = conversion.
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(B). Finally, intramolecular cyclization occurs (C), followed by
protonation of the intermediate, leading to the desired product
(4a–o) and the regeneration of the catalyst (Fe3O4@CS@Ni2B) in
the reaction mixture. Scheme 3 illustrates the mechanism for
synthesizing the desired product, tetrahydrobenzo[b]pyran.
2.4 Experiments on the recovery and reusability of the
nanocomposite

The recycling and reuse of catalysts are important aspects of
industrial processes. If a catalyst can be reused easily and cost-
© 2025 The Author(s). Published by the Royal Society of Chemistry
effectively in chemical reactions, it offers signicant advantages
for industrial applications. This study investigated the recycla-
bility and reusability of Fe3O4@CS@Ni2B in the one-pot
synthesis of 2-amino-7,7-dimethyl-5-oxo-4-phenyl-5,6,7,8-tetra-
hydro-4H-chromene-3-carbonitrile, using the reaction of benz-
aldehyde, dimedone, and malononitrile as a model under
optimal conditions. To reuse the catalyst aer the reaction,
3 mL of hot ethyl acetate was added to the reaction mixture and
heated to dissolve the product. The nanocatalyst was then
separated from the reaction mixture using an external magnet
and washed with ethanol. Aer washing, the catalyst was dried
Nanoscale Adv., 2025, 7, 3701–3721 | 3713
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Scheme 3 Plausible mechanism for synthesis of tetrahydrobenzo[b]pyran catalyzed by the Fe3O4@CS@Ni2B nanocomposite.

Fig. 12 Reusability diagram of the Fe3O4@CS@Ni2B nanocatalyst.

3714 | Nanoscale Adv., 2025, 7, 3701–3721
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in an oven and used for the next run. This process was repeated
for ve runs (Fig. 12). A comparative BET analysis of the Fe3-
O4@CS@Ni2B catalyst reveals a signicant reduction in the
surface area from 101.02 m2 g−1 in the fresh catalyst to 53.125
m2 g−1 aer ve catalytic cycles. Despite this decrease, both
isotherms exhibit an H3 hysteresis loop, indicating that the
fundamental slit-like mesoporous structure remains largely
intact (Table 5). In its pristine state, the high surface area of
101.02 m2 g−1 suggests a well-developed porous network,
allowing optimal mass transport and maximal exposure of
active sites.

The chitosan matrix, supporting the Fe3O4 core and Ni2B
active phase, contributes to this structural integrity. Such
characteristics are essential for catalytic efficiency, as they
ensure effective reactant adsorption and interaction with active
centers. Aer ve reusability cycles, the surface area decreases
by approximately 47.5%, likely due to pore blockage from
adsorbed byproducts, structural rearrangement, or nano-
particle sintering and aggregation. However, the retention of
the H3 hysteresis loop suggests that while overall pore acces-
sibility is reduced, the mesoporous architecture remains func-
tional. This structural persistence implies that active sites,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Results of BET analysis for reusability (5 runs) of the nanocompositea

Sample BET surface area (SBET) (m
2 g−1) Vm (cm3(STP) g−1) Pore volume (Vp) (cm

3 g−1) Pore size (nm)

Primary Fe3O4@CS@Ni2B 101.02 23.21 0.3016 11.94
5 runs – Fe3O4@CS@Ni2B 53.125 12.206 0.2101 15.817

a SBET: Brunauer–Emmett–Teller surface area. Vm: Brunauer–Emmett–Teller volume of monolayer coverage. Vp: BJH desorption cumulative volume
of pores.
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although fewer, are still accessible to reactants, allowing
continued catalytic performance. From an industrial perspec-
tive, this catalyst's ability to retain its mesoporous morphology
despite multiple uses underscores its reusability and opera-
tional stability. While some reduction in catalytic efficiency may
be expected, the material's structural robustness minimizes the
need for frequent replacement, contributing to cost-effective
and sustainable catalytic processes. Ultimately, while BET
analysis indicates a decline in the accessible surface area, the
preserved mesoporosity and continued accessibility of active
sites highlight the practical viability of Fe3O4@chitosan@Ni2B
as a reusable catalyst (Fig. 13). The Fe3O4@CS@Ni2B catalyst
was analyzed through FESEM imaging in two stages (Fig. 14 and
15): aer 3 reaction runs and aer 5 runs. The comparative
evaluation highlights its structural integrity and sustained
catalytic performance over multiple reuses.

Initially, the fresh catalyst exhibits well-dispersed, nearly
spherical Ni2B nanoparticles anchored onto a chitosan-coated
Fe3O4 support. The chitosan matrix is intact, preventing
agglomeration and ensuring a high density of active sites,
contributing to optimal catalytic efficiency.

Aer 3 runs, minor morphological modications emerge.
Slight nanoparticle clustering and localized chitosan disruptions
are observed, yet the matrix remains largely intact, preserving its
structural role. The catalyst retains most of its active surface area,
indicating minimal performance loss. By the 5th run, enhanced
but controlled sintering occurs, leading to moderate nanoparticle
Fig. 13 N2 adsorption–desorption isotherms of Fe3O4@CS@Ni2B (pristin

© 2025 The Author(s). Published by the Royal Society of Chemistry
agglomeration. The chitosan framework shows increased irregu-
larities but still stabilizes the active phase. Despite a rougher
surface, the essential morphology remains preserved, maintain-
ing a signicant portion of reactive sites.

Overall, the FESEM analysis conrms that while the catalyst
undergoes gradual morphological evolution, it retains sufficient
structural integrity for sustained catalytic activity over multiple
runs. The ndings underscore its reusability, with only minimal
degradation affecting performance.

2.5 A comparative study

The current protocol was thoroughly compared with other re-
ported protocols for the synthesis of 2-amino-4-aryl-7,7-
dimethyl-5-oxo-5,6,7,8-tetrahydro-4H-chromene-3-carbonitrile
using the prepared Fe3O4@CS@Ni2B nanocomposite. The
comparison highlights the high efficiency and value of the
proposed method, validating its effectiveness under different
conditions such as catalyst loading, reaction time, optimal
yield, and eco-friendliness compared to previously available
procedures (Table 6).

3 Experimental
3.1 Materials and instruments

All reagents and solvents used in the synthesis were obtained
from commercial sources and utilized without further puri-
cation. The progress of the reaction was monitored using thin-
e and after 5 runs).

Nanoscale Adv., 2025, 7, 3701–3721 | 3715
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Fig. 14 Reusability FESEM image of the Fe3O4@CS@Ni2B nanocatalyst after 3 runs.
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layer chromatography (TLC) with silica gel as the adsorbent.
Infrared (IR) spectra were recorded on a Thermo Nicolet Nexus
670 spectrometer in the range of 400–4000 cm−1 using the KBr
disk method. The crystallographic characteristics of the
samples were analyzed by X-ray diffraction (XRD) using a PAN-
alytical X'Pert PRO (PHILIPS PW1730, with Cu Ka radiation: l =
1.54056 Å; 40 kV, 30 mA). Particle morphology and size distri-
bution were determined via scanning electron microscopy
(SEM) using a FESEM-TESCAN MIRA3 microscope equipped
with an EDX attachment (Czech Republic). The BET (Brunauer–
Emmett–Teller) surface area, pore volume, and pore diameter of
the samples were measured with a BELSORPMINI II instrument
(Japan). The magnetic properties of the sample were analyzed
using a vibrating sample magnetometer (VSM, Meghnatis
Daghigh Kavir Co., Iran). Thermogravimetric (TG) analysis was
carried out using a TA Q-600 instrument.
3.2 Preparation of magnetite Fe3O4 nanoparticles (MNPs)

The Fe3O4 NPs were synthesized based on themethod described
in the literature86 with modications. For this purpose, FeCl3-
$6H2O (2.77 g, 10 mmol) was added to 50 mL of deionized water
and stirred. Then, a few drops of concentrated HCl were added,
and aer complete dissolution, FeCl2$4H2O (1 g, 5 mmol) was
3716 | Nanoscale Adv., 2025, 7, 3701–3721
added to the solution and stirred under a nitrogen atmosphere
at 80 °C for 10 minutes. Aerward, 8 mL of concentrated
ammonia (25%) was added rapidly to the solution under
vigorous mechanical stirring. The black mixture was stirred for
another 1 hour and then cooled to room temperature. The black
nanoparticles of Fe3O4 were separated using a magnet. The
resulting magnetic particles were washed several times with
deionized water, followed by a NaCl solution (0.02 M), and dried
at 60 °C.
3.3 Preparation of the CS gel

To prepare the CS gel, powdered CS (0.3 g) was rst completely
dissolved in 100 mL of 2% v/v acetic acid solution and then
precipitated with 2.5 M NaOH solution. Next, the resulting gel
was ltered and washed with deionized water until the pH of the
runoff was around 7.
3.4 Preparation of Fe3O4@CS@Ni2B

In a three-necked round-bottom ask (100 mL), the succulent
CS gel from the previous step was added to 50 mL of deionized
water and stirred for 30 min, then sonicated for 30 min. Aer
the addition and dissolution of Ni(OAc)2$4H2O (0.6 g, 2.41
mmol), 0.3 g of Fe3O4 nanoparticles was added and sonicated
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 FESEM image of the Fe3O4@CS@Ni2B nanocomposite after 5 runs.
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again for 30min. The reactionmixture was then degassed under
N2 at 60 °C for 2 hours. Thereaer, the reaction was cooled to
room temperature andmaintained at 0–5 °C for 30min in an ice
bath with magnetic stirring under a nitrogen atmosphere. A
5 mL portion of a 1.0 M solution of sodium borohydride in
0.1 M sodium hydroxide (NaOH) solution was separately purged
with nitrogen and then added to the mixture using a syringe
Table 6 Comparison of the catalytic activity of the Fe3O4@CS@Ni2B na
hydrobenzo[b]pyran

No. Catalyst and reaction conditions

1 p-Dodecylbenzene sulfonic acid (DBSA)
2 AuNPs@RGO-SH
3 ZnO-b zeolite
4 4-(Dimethylamino)pyridine (DMAP)
5 Zn2SnO4–SnO2 (25 mg); CH3CH2OH; ultrasonic irradiation
6 Bis-Su (10 mg); H2O : CH3CH2OH (1 : 1); 80 °C
7 Fe3O4@GOQD-O-(propane-1-sulfonic acid) (50 mg); H2O; rt
8 [bmim][BF4]
9 EtOH/reux/SO4

2−/MCM-41
10 ([TEAH]+[OAc]−), 90 °C, solvent free
11 (NiFe2O4@Cu)(H+ Mont) (20 mg)
12 Fe3O4@SiO2@KCC-1@MPTMS@CuII (30 mg); solvent-free;
13 Fe3O4@CS@Ni2B (20 mg) H2O : EtOH (1 : 1); reux

© 2025 The Author(s). Published by the Royal Society of Chemistry
over 30–45 seconds. Immediate formation of a dark precipitate
was observed. When gas evolution from the mixture ceased, an
additional 2.5 mL of sodium borohydride solution was added
dropwise. Next, the ice bath was removed. The precipitates were
stirred again at room temperature for 1 hour. The resulting
Fe3O4@CS@Ni2B was magnetically separated from the mixture,
nocomposite with some reported catalysts for the synthesis of tetra-

Time (min) Yield (%) Ref.

4 h 90 77
60 85 63
30 87 78
3 h 76 79

80 °C 120 80 80
35 84 81
25 93 82
4 h 80 83
60 80 65
10 88 84
50 90 85

110 °C 60 96 66
25 95 This work
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washed with deionized water and ethanol several times, and
dried at 60 °C.

3.5 Preparation of CS/Ni2B

In a 100 mL three-necked round-bottom ask, the succulent CS
gel was added to 50 mL of deoxygenated water and sonicated for
30 min. Aer the dispersion of CS, the mixture was stirred at
60 °C for 1 hour under a nitrogen atmosphere. Ni(OAc)2$4H2O
(0.6 g, 2.41 mmol) was added and stirred again for 1 hour. Aer
cooling to room temperature, the round-bottom ask was stir-
red in an ice bath (0–5 °C) under an N2 atmosphere for 30
minutes. A sodium borohydride solution (5 mL of 1.0 M
concentration) in 0.1 M NaOH solution was separately purged
with nitrogen and then added quickly to the reaction using
a syringe over 30–45 seconds. The color of the solution dark-
ened, and precipitates of CS@Ni2B formed. When gas evolution
from the mixture ceased, 2.5 mL of 1.0 M borohydride solution
(in 0.1 M NaOH) was again added dropwise. Aer this, the ice
bath was removed, and the mixture was stirred again at room
temperature for 1 hour. Finally, the CS@Ni2B precipitates were
collected by ltration, washed with large amounts of deionized
water and ethanol, and then dried at 60 °C.

3.6 General procedure for multicomponent reactions
(MCRs) of dimedone with aromatic aldehydes and
malononitrile catalyzed by Fe3O4@CS@Ni2B

A mixture of dimedone (1.0 mmol), malononitrile (1.0 mmol),
aromatic aldehydes (1.0 mmol), and Fe3O4@CS@Ni2B (20 mg)
as a catalyst in 5 mL H2O : EtOH (1 : 1) as a solvent was stirred at
100 °C for appropriate time. The progress of the reaction was
monitored by TLC (eluent: n-hexane/EtOAc/MeOH = 8 : 2 : 1).
Aer completion of the reaction, the resulting solid mixture was
dissolved in EtOAc followed by magnetic separation of the
nanocatalyst. The ltrate was evaporated under reduced pres-
sure, then it was puried by recrystallization from ethanol.

3.7 General procedure for multicomponent reactions
(MCRs) of dimedone with aromatic aldehydes and
malononitrile catalyzed by CS@Ni2B

A mixture of dimedone (1.0 mmol), malononitrile (1.0 mmol),
aromatic aldehydes (1.0 mmol), and CS@Ni2B (20 mg) as
a catalyst in 5 mL of H2O : EtOH (1 : 1) as a solvent was stirred at
100 °C for appropriate time. The progress of the reaction was
monitored by TLC (eluent: n-hexane/EtOAc/MeOH = 8 : 2 : 1).
Aer completion of the reaction, the resulting solid mixture was
dissolved in EtOAc, followed by the separation of CS@Ni2B
using ltration. The ltrate was evaporated under reduced
pressure, and it was puried by recrystallization from ethanol.

3.8 General procedure for reuse experiments

To reuse the catalyst, 3 mL of hot ethyl acetate was added to the
reaction mixture aer each run and heated to dissolve the
product. The nanocatalyst was then separated from the reaction
mixture using an external magnet and washed with ethanol ve
times to be reused in the next reaction.
3718 | Nanoscale Adv., 2025, 7, 3701–3721
4 Conclusion

In conclusion, we present a one-pot three-component conden-
sation process using a novel magnetic nanocatalyst, which was
effectively prepared and characterized by FT-IR, XRD, TGA/DTA,
BET, FESEM, and VSM studies. The as-prepared Fe3O4@-
CS@Ni2B magnetic nanocomposite was used as an efficient
catalytic system in the synthesis of tetrahydrobenzo[b]pyran,
a chemical and potentially biologically important derivative, via
a reaction combining various aldehydes, malononitrile, and
dimedone. One of the method's most notable advantages was
using water as a solvent and fully green and eco-friendly
components throughout the catalyst production process.
Furthermore, because all components are inexpensive and
readily accessible, the catalyst was produced easily and
economically. Another benet of this procedure was that all
target products were prepared in a green manner. Furthermore,
the as-prepared nanocomposite demonstrated excellent recy-
clability as it could be easily recovered from the reaction
mixture using an external magnet and reused for ve consecu-
tive runs, which is an important benet in the chemical
industry.
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