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glutamic acid cross-linked
chitosan anchored on Fe3O4/f-MWCNT:
a sustainable catalyst for the green reduction and
one-pot two-step reductive Schotten–Baumann-
type acetylation of nitroarenes†

Hossein Mousavi, * Behzad Zeynizadeh and Morteza Hasanpour Galehban

In this research, new and eye-catching catalytic applications of the nickelII (NiII) nanoparticles (NPs)-

containing L-glutamic acid cross-linked chitosan anchored on magnetic carboxylic acid-functionalized

multi-walled carbon nanotube (Fe3O4/f-MWCNT-CS-Glu/NiII) system, which was characterized by

Fourier transform infrared (FT-IR), powder X-ray diffraction (PXRD), scanning electron microscopy (SEM),

transmission electron microscopy (TEM), SEM-based energy-dispersive X-ray (EDX) and elemental

mapping, inductively coupled plasma-optical emission spectrometry (ICP-OES), thermogravimetric

analysis (TGA), differential thermal analysis (DTA), and vibrating sample magnetometry (VSM), have been

introduced for the environmentally benign and efficient reduction and one-pot two-step reductive

Schotten–Baumann-type acetylation of nitroarenes in water at 60 °C under an air atmosphere. It is

worth noting that the NiII-containing hybrid nanocatalyst, in the mentioned organic reactions, showed

short reaction times, high yields of the desired products, acceptable turnover numbers (TONs) and

turnover frequencies (TOFs), and also satisfactory magnetic recycling and reusability performance even

after ten times of reuse. As another significant point, all the titled organic transformations have been

carried out in water as an entirely favorable and green solvent for chemical reactions.
1. Introduction

The reduction (or hydrogenation) and conversion of aromatic
nitro compounds, some of which are very hazardous1 due to
their carcinogenicity, non-biodegradability, and high toxicity,
are used in a wide range of industrial and academic applica-
tions, such as environmental and water remediation, fuels,
petroleum rening, explosives, batteries, dyes and pigments,
rubber, photographic chemicals, agrochemicals, and also
medicinal chemistry.2 It is worth noting that aryl amines and N-
aryl acetamides, which are among the most straightforward and
practical compounds resulting from the chemical trans-
formation of nitroarenes, are abundant in pharmaceutical and
biological structures (Fig. 1). For example, as shown in Fig. 1,
the mentioned structures existed in the backbone of amprena-
vir (human immunodeciency virus 1 (HIV-1) protease inhib-
itor), bromfenac (non-steroidal anti-inammatory drug
(NSAID)), sparoxacin (antibiotic), mocetinostat (histone
deacetylase 1 (HDAC-1) inhibitor), nomifensine
of Chemistry, Urmia University, Urmia,

tion (ESI) available. See DOI:

the Royal Society of Chemistry
(norepinephrine-dopamine reuptake (NDR) inhibitor), garsor-
asib (KRAS(G12C) inhibitor), acetaminophen (non-opioid anal-
gesic and antipyretic), and trametinib (mitogen-activated
protein kinase kinases 1 and 2 (MEK-1 andMEK-2) inhibitor). In
2023, a boronate-based oxidant-responsive derivative of acet-
aminophen with IUPAC name (4-((4-acetamidophenoxy)methyl)
phenyl)-boronic acid (Fig. 1, compound I) was reported as
a proinhibitor of myeloperoxidase (MPO).3 On the other hand,
4-acetamidophenyl(S)-2-(4-isobutylphenyl)propanoate (Fig. 1,
compound II) was reported as a potential anti-nociceptive
compound.4 In another research paper, which was published in
2023, a new paracetamol-containing scaffold with IUPAC name
N-(4-((5-(((1-(4-uorophenyl)-1H-1,2,3-triazol-4-yl)methyl)thio)-
1,3,4-oxadiazol-2-yl)methoxy)phenyl)acetamide (Fig. 1,
compound III) was reported as a cyclooxygenase-2 (COX-2)
inhibitor.5

In the past two or three decades, heterogeneous catalytic
approaches have been picked as the logical synthetic methods
for converting nitroarenes to benecial compounds such as aryl
amines and N-aryl acetamides. To this purpose, the fabrication
of environmentally benign and capable catalytic systems has
a remarkable impact on thementioned organic transformations
from the green chemistry point of view. It should be noted that
the green chemistry principles have greatly inuenced the
Nanoscale Adv., 2024, 6, 3961–3977 | 3961
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Fig. 1 Representative examples of drugs and drug-like compounds bearing aryl amine and N-aryl acetamide.
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design of chemical reactions in recent years.6 Based on green
chemistry protocols, the design of magnetically recoverable
nanocatalysts as brand-new heterogeneous catalytic systems is
a suitable alternative for organic synthesis. In this regard,
preparing and (or) designing an applicable and stable platform
(and or supporter) for the catalyst scaffold construction are
crucial. Chitosan (CS), as a pseudo-natural polysaccharide that is
typically obtained from the alkaline N-deacetylation of chitin, is
an outstanding biomacromolecule for developing new types of
environmentally benign catalytic platforms and systems due to
its unique, attractive, and natural properties such as biode-
gradability, biocompatibility, renewability, non-toxicity, afford-
ability, simple recyclability, stability to air and moisture,
thermal and chemical stability, high surface area, and insolu-
bility in most of the organic solvents as well as aqueous reaction
3962 | Nanoscale Adv., 2024, 6, 3961–3977
mediums (except in acidic aqueous solutions), and many
others.7 Furthermore, the presence of diverse functional groups
in the backbone of chitosan, including hydroxyl, amino, acet-
amido, and ether, along with chiral centers, makes chitosan an
exceptional framework that can play many roles in catalysis
science, especially the role of an excellent chelating and or
coordinator agent for different metals, ions, and nanoparticles.7

On the other hand, carbon nanomaterials are a prevalent choice
as the best platform for developing catalytic systems since they
can be manufactured in various physical structures and shapes
with vital properties such as mechanical strength, pore disper-
sion, and thermal and chemical stability.8 One of the well-
known nanocarbons in science, especially in catalysis, is multi-
walled carbon nanotubes (MWCNTs).9
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Catalytic applications of the as-prepared Fe3O4/f-MWCNT-CS-Glu/NiII nanocomposite.
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Solvent is another signicant factor from the green chem-
istry point of view. To this end, a list based on greenness has
been introduced for known solvents in chemical reactions, and
interestingly, ranked rst in the mentioned list is water, and
from most aspects, it is an ideal solvent for organic synthesis.10

In continuation of our research program on catalytic organic
transformations,11,12 and likewise, due to the importance of
introducing new environmentally benign protocols to the
conversion of nitroarenes to valuable organic compounds,
herein we wish to report green and efficient strategies for the
reduction and one-pot two-step reductive Schotten–Baumann-
type acetylation of nitroarenes using the Fe3O4/f-MWCNT-CS-
© 2024 The Author(s). Published by the Royal Society of Chemistry
Glu/NiII nanocomposite as a powerful magnetically recoverable
nanocatalytic system (Fig. 2).
2. Results and discussion
2.1. Preparation of the hybrid Fe3O4/f-MWCNT-CS-Glu/NiII

nanocomposite

We started our work with the preparation of the hybrid Fe3O4/f-
MWCNT-CS-Glu/NiII nanocomposite system according to our
previous published paper in RSC Advances (Fig. 3).11 Briey, in
step one, we used a sequential one-pot ve-component strategy
for the fabrication of L-glutamic acid cross-linked chitosan
Nanoscale Adv., 2024, 6, 3961–3977 | 3963
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Fig. 3 Preparation pathway of the hybrid Fe3O4/f-MWCNT-CS-Glu/NiII nanocomposite.11
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supported on magnetic carboxylic acid-functionalized multi-
walled carbon nanotube (Fe3O4/f-MWCNT-CS-Glu) (Fig. 3). Aer
that, in the second step, by using nickelII nitrate hexahydrate
(Ni(NO3)2$6H2O) in the H2O : CH3CH2OH (1 : 2) mixture under
ultrasonic conditions, we immobilized the nickelII (NiII) nano-
particles into the matrix of the prepared Fe3O4/f-MWCNT-CS-
3964 | Nanoscale Adv., 2024, 6, 3961–3977
Glu nanocomposite to achieve the desired Fe3O4/f-MWCNT-CS-
Glu/NiII nanocomposite (Fig. 3). It should be noted that the
structure of the mentioned nanocomposite was previously fully
characterized and examined by our group using Fourier trans-
form infrared (FT-IR) (Fig. 4), powder X-ray diffraction (PXRD)
(Fig. 5), scanning electron microscopy (SEM) (Fig. 6),
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FT-IR spectra of the Fe3O4, Fe3O4/f-MWCNT, Fe3O4/f-MWCNT-CS, Fe3O4/f-MWCNT-CS-Glu, and Fe3O4/f-MWCNT-CS-Glu/NiII

nanocomposites.11
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transmission electron microscopy (TEM) (Fig. 7), SEM-based
energy-dispersive X-ray spectroscopy (EDX) (Fig. 8) and
elemental mapping (Fig. 9), inductively coupled plasma-optical
emission spectrometry (ICP-OES), thermogravimetric analysis
(TGA) (Fig. 10), differential thermal analysis (DTA) (Fig. 11), and
vibrating sample magnetometry (VSM) (Fig. 12) analyses.11
© 2024 The Author(s). Published by the Royal Society of Chemistry
2.2. Reduction of nitroarenes to the corresponding aryl
amines

It is worth noting that the reduction (or hydrogenation) of
nitroarenes is presently considered a benchmark reaction to
test metal (or metal oxide)-containing nanocatalytic systems. In
this regard, and aer preparation of the hybrid Fe3O4/f-
Nanoscale Adv., 2024, 6, 3961–3977 | 3965
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Fig. 5 PXRD patterns of the Fe3O4, Fe3O4/f-MWCNT and Fe3O4/f-
MWCNT-CS-Glu/NiII nanocomposites.11

Fig. 6 SEM images of the as-prepared Fe3O4/f-MWCNT-CS-Glu/NiII

nanocomposite.11

Fig. 7 TEM images of the as-prepared Fe3O4/f-MWCNT-CS-Glu/NiII

nanocomposite.11

Fig. 8 SEM-based EDX diagram of the as-prepared Fe3O4/f-MWCNT-
CS-Glu/NiII nanocomposite.11
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MWCNT-CS-Glu/NiII nanocomposite, we started our work with
reduction of nitrobenzene (PhNO2) to aniline (PhNH2) using 2
mmol of sodium borohydride (NaBH4) as a mild reducing agent
in water at 60 °C in the presence of 5, 7, and 10 mg of the as-
prepared Fe3O4/f-MWCNT-CS-Glu/NiII nanocatalyst (Table 1,
entries 1–3), and it was found that increasing the amount of the
nanocatalyst has no superior effect on the reaction and in all
3966 | Nanoscale Adv., 2024, 6, 3961–3977
cases the reaction was completed in 4minutes. Notably, at room
temperature, the mentioned reaction has a conversion rate of
50%, even aer 60 minutes (Table 1, entry 4). Also, we screened
the effect of various organic solvents, including CH3OH, CH3-
CH2OH, CH3CN, n-hexane, and CH2Cl2, on the stated model
reduction reaction in the presence of 5 mg of the mentioned
NiII-containing nanocatalyst at 60 °C (Table 1, entries 5–9), and
the results were utterly unsatisfactory. Aer the suitable reac-
tion conditions have been established (Table 1, entry 1), the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 SEM-based elemental mapping of the as-prepared Fe3O4/f-
MWCNT-CS-Glu/NiII nanocomposite.11

Fig. 10 TGA diagram of the as-prepared Fe3O4/f-MWCNT-CS-Glu/
NiII nanocomposite.11

Fig. 11 DTA diagramof the as-prepared Fe3O4/f-MWCNT-CS-Glu/NiII

nanocomposite.11

Fig. 12 VSM curves of the Fe3O4, Fe3O4/f-MWCNT, and Fe3O4/f-
MWCNT-CS-Glu/NiII nanocomposites.11

© 2024 The Author(s). Published by the Royal Society of Chemistry
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general efficiency of this protocol is delineated for the reduction
of various nitroarenes (Table 2), and interestingly, all the reac-
tions were completed rapidly with high yields. On the other
hand, in these reactions, the turnover numbers (TONs) and
turnover frequencies (TOFs) of the as-prepared Fe3O4/f-
MWCNT-CS-Glu/NiII nanocatalyst were calculated and are listed
in Table 2. Remarkably, the results of TONs and TOFs were
acceptable and satisfactory.

2.3. One-pot two-step reductive Schotten–Baumann-type
acetylation of nitroarenes to the corresponding aryl
acetamides

As a matter of fact, the amide bond is one of the most common
and precious functional elements that is abundantly present in
Nanoscale Adv., 2024, 6, 3961–3977 | 3967
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Table 1 Optimization experiments for the reduction of PhNO2 to
PhNH2 with NaBH4 catalyzed by the hybrid Fe3O4/f-MWCNT-CS-Glu/
NiII nanocomposite

Entry
Catalyst
(mg) Solvent

Temperature
conditions

Time
(min)

Conversion
(%)

1 5 H2O 60 °C 4 100
2 7 H2O 60 °C 4 100
3 10 H2O 60 °C 4 100
4 5 H2O Room temperature 60 50
5 5 CH3OH Reux 120 35
6 5 CH3CH2OH Reux 120 35
7 5 CH3CN Reux 120 20
8 5 n-Hexane Reux 120 10
9 5 CH2Cl2 Reux 120 0

Table 2 Reduction of nitroarenes to corresponding aryl amines using Na
watera

Entry Substrate Product RMC

1 1 : 2 :

2 1 : 2 :

3 1 : 2 :

4 1 : 2 :

5 1 : 2 :

3968 | Nanoscale Adv., 2024, 6, 3961–3977
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the structure of drugs, agrochemicals, peptides, proteins,
alkaloids, and many others.13 In this context, introducing effi-
cient, straightforward, and simple synthetic strategies for the
construction of amide bonds is important. Also, acetylation of
amines, especially aryl amines, is an effortless approach to the
construction of an amide bond, and is extensively used in
chemistry labs and the chemical industry.14 It is imperative to
bear in mind that nitroarenes are much cheaper than aryl
amines in terms of price, and not only are one of the most
important substrates for the preparation of aryl amines through
a reduction process, but they are also toxic, and their trans-
formation into other useful substances is valuable. Conse-
quently, designing new protocols for the synthesis of aryl
amides via straightforward one-pot reductive amidation (espe-
cially acetylation) of nitroarenes without isolation of the aryl
amine intermediate is interesting. Furthermore, from the green
chemistry point of view, one-pot reactions are recognized as
a powerful tool in modern synthetic organic chemistry, which
leads to a clear and tangible decrease in the consumption of
reagents, auxiliaries, catalysts and or promoters, and solvents
and consequently causes minimization of waste, energy, and
time.15 In this regard, and aer obtaining the successful strategy
for the reduction of nitroarenes, we decided to introduce a new
BH4 catalyzed by the Fe3O4/f-MWCNT-CS-Glu/NiII nanocomposite in

R Time (min) Yield (%) TON TOF (min−1)

5 4 98 93.37587 23.34397

5 4 95 90.51742 22.62935

5 3 94 89.56461 29.85487

5 3 94 89.56461 29.85487

5 4 96 91.47024 22.86756

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 (Contd. )

Entry Substrate Product RMCR Time (min) Yield (%) TON TOF (min−1)

6 1 : 2 : 5 4 95 90.51742 22.62935

7 1 : 2 : 5 4 93 88.61179 22.15295

8 1 : 2 : 5 4 94 89.56461 29.85487

9 1 : 2 : 5 3 94 89.56461 29.85487

10 1 : 2 : 5 4 97 92.42305 23.10576

11 1 : 2 : 5 3 95 90.51742 30.17247

11 1 : 4 : 7 3 92 62.61355 20.87118

12 1 : 4 : 7 4 93 63.29414 15.82353

© 2024 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2024, 6, 3961–3977 | 3969
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Table 2 (Contd. )

Entry Substrate Product RMCR Time (min) Yield (%) TON TOF (min−1)

13 1 : 4 : 7 4 95 64.65530 16.16382

14 1 : 4 : 7 3 96 65.33588 21.77863

15 1 : 4 : 7 4 92 62.61355 15.65339

a RMCR (reaction main components ratio) = substrate (mmol) : NaBH4 (mmol) : catalyst (mg). Yields refer to isolated pure products. TON (turnover
number) = [(mol of the product formed)/(mol of the catalyst used)]. TOF (turnover frequency) = [(mol of the product formed)/(mol of the catalyst
used)× (time)]. The TON and TOF values were calculated based on the existing amount of nickel (Ni) in the as-prepared nanocatalyst (in 5 mg of the
hybrid nanocatalyst, 0.616 mg (or 0.010495217 mmol) of Ni exists).

Table 3 One-pot two-step reductive Schotten–Baumann-type acetylation of nitroarenes catalyzed by the Fe3O4/f-MWCNT-CS-Glu/NiII

nanocomposite in watera

Entry Substrate Product Molar ratio Time (min) Yield (%) TON TOF (min−1)

1 1 : 2 : 5 : 1 5 97 92.42305 18.48461

2 1 : 2 : 5 : 1 5 94 89.56461 17.91292

3 1 : 2 : 5 : 1 4 93 88.61179 22.15295

3970 | Nanoscale Adv., 2024, 6, 3961–3977 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 (Contd. )

Entry Substrate Product Molar ratio Time (min) Yield (%) TON TOF (min−1)

4 1 : 2 : 5 : 1 4 92 87.65898 21.91474

5 1 : 2 : 5 : 1 6 94 89.56461 14.92743

6 1 : 2 : 5 : 1 7 91 86.70616 12.38659

7 1 : 2 : 5 : 2 7 90 85.75335 12.25048

8 1 : 2 : 5 : 2 5 90 85.75335 17.15067

9 1 : 2 : 5 : 2 4 92 87.65898 21.91474

10 1 : 4 : 7 : 2 7 91 61.93297 8.84756

a RMCR (reaction main components ratio) = substrate (mmol) : NaBH4 (mmol) : catalyst (mg) : Ac2O (mmol). Yields refer to isolated pure products.
TON (turnover number)= [(mol of the product formed)/(mol of the catalyst used)]. TOF (turnover frequency)= [(mol of the product formed)/(mol of
the catalyst used)× (time)]. The TON and TOF values were calculated based on the existing amount of nickel (Ni) in the as-prepared nanocatalyst (in
5 mg of the hybrid nanocatalyst, 0.616 mg (or 0.010495217 mmol) of Ni exists).
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one-pot two-step reductive Schotten–Baumann-type acetylation
approach for the efficient and green synthesis of N-aryl acet-
amides from aromatic nitro compounds. To this purpose, in the
second step of the mentioned one-pot organic transformation
(viz. Schotten–Baumann-type acetylation), we used 1 mmol of
© 2024 The Author(s). Published by the Royal Society of Chemistry
acetic anhydride (Ac2O) as an acetylating agent under the same
temperature conditions (60 °C). As shown in Table 3, we
successfully prepared diverse N-aryl acetamide derivatives, and
it was found that the acetylation step is faster than the reduc-
tion step. Notably, according to the amount of catalyst used, our
Nanoscale Adv., 2024, 6, 3961–3977 | 3971
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Scheme 1 Plausible and concise mechanism for the one-pot two-step reductive Schotten–Baumann-type acetylation of nitroarenes catalyzed
by the Fe3O4/f-MWCNT-CS-Glu/NiII nanocomposite.
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presented one-pot protocol has acceptable reaction times,
yields, and TON and TOF values for the mentioned two-step
organic transformation (Table 3). Furthermore, a plausible and
concise mechanism for the current one-pot two-step reductive
Schotten–Baumann-type acetylation reaction in the presence of
the as-prepared NiII-containing hybrid nanocatalyst is depicted
in Scheme 1.
2.4. Recoverability, reusability, and hot ltration test
experiments of the as-prepared Fe3O4/f-MWCNT-CS-Glu/NiII

nanocomposite

In the last stage of the present work, the recyclability and
reusability of the as-prepared Fe3O4/f-MWCNT-CS-Glu/NiII

nanocomposite and its hot ltration test have been evaluated.
In this regard, it seems necessary to point out two points. First,
in some cases, chitosan-based catalytic systems suffer from
mechanical and thermal stability that modication of chitosan
(CS) through an additional process (such as a cross-linking
process) not only improves but also can lead to the decrease of
metal leaching.16 The thermal stability of the mentioned hybrid
3972 | Nanoscale Adv., 2024, 6, 3961–3977
catalytic system not only is unique for the current organic
transformations, which were carried out at 60 °C, but also is
excellent even for most chemical reactions because, as shown in
the TGA diagram, the structure of this nanocomposite is
completely stable up to 225 °C, and just a 1% weight loss was
observed below 240 °C, which may be related to the solvent and
moisture evaporations (Fig. 10). Second, the VSM analysis
demonstrated that the saturationmagnetization (Ms) amount of
the as-prepared Fe3O4/f-MWCNT-CS-Glu/NiII nanocatalyst was
19.743 emu g−1 which is suitable for a high magnetic recycling
and reusability performance (Fig. 12). The recyclability and
reusability experiments of the as-prepared superparamagnetic
NiII-containing nanocatalyst, which were carried out on the
reduction of PhNO2 (1 mmol) to PhNH2 using NaBH4 (2 mmol)
in the presence of the as-prepared Fe3O4/f-MWCNT-CS-Glu/NiII

(5 mg) nanocatalyst in water at 60 °C as a model reaction,
revealed satisfactory results even aer ten runs (Fig. 13, section
a). On the other hand, the hot ltration test was also performed
for the further investigation upon leaching of the NiII NPs in the
aforementioned model reaction, and it was found that separa-
tion of the whole of the Fe3O4/f-MWCNT-CS-Glu/NiII
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Recoverability and reusability experiments (a) and hot filtration test (b) of the as-prepared Fe3O4/f-MWCNT-CS-Glu/NiII nanocatalyst,
along with the PXRD pattern (c) and TEM image (d) of the recovered Fe3O4/f-MWCNT-CS-Glu/NiII nanocomposite.
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nanocatalytic system from thementioned reaction environment
(when the conversion rate was 50%) caused no substantial
improvement in the reaction process, which clearly conrmed
satisfactory stability of the NiII NPs in the Fe3O4/f-MWCNT-CS-
Glu matrix (Fig. 13, section b). Moreover, the PXRD pattern
(Fig. 13, section c) and a TEM image (Fig. 13, section d) of the
recovered Fe3O4/f-MWCNT-CS-Glu/NiII nanocomposite aer the
sixth recycling step have been demonstrated, which shows that
the structure of the mentioned NiII-containing nanocomposite
remained intact. Furthermore, the leaching test results ob-
tained by ICP-OES measurements revealed that the amount of
nickel (Ni) decreased from 12.3 w% to 11.2 w% aer the sixth
run.
2.5. A comparative study

To demonstrate the efficiency and capability of our new green
synthetic protocols on the reduction and one-pot two-step
reductive Schotten–Baumann-type acetylation of nitroarenes in
the presence of the as-prepared hybrid Fe3O4/f-MWCNT-CS-Glu/
NiII nanocomposite as an inuential catalytic system in water,
they have been compared with some of the previously reported
procedures. As shown in Table 4, the obtained results clearly
demonstrated that the current green synthetic strategies have
© 2024 The Author(s). Published by the Royal Society of Chemistry
a suitable place in terms of efficiency and greenness compared
to the previously published protocols.
3. Conclusions

In this paper, we successfully demonstrated that entrapping NiII

nanoparticles within a matrix of L-glutamic acid cross-linked
chitosan supported on magnetic carboxylic acid-functionalized
multi-walled carbon nanotube causes a unique hybrid earth-
abundant transition metal-containing nanocomposite (Fe3O4/f-
MWCNT-CS-Glu/NiII) as an effective and sustainable nano-
catalytic system for the environmentally benign and efficient
reduction and one-pot two-step reductive Schotten–Baumann-
type acetylation of nitroarenes in water at 60 °C under an air
atmosphere. The salient features of the presented synthetic
protocols are short reaction times, high yields of the desired
products, acceptable TONs and TOFs, and satisfactory recycla-
bility and reusability of the catalyst. Notably, research to nd
and develop new and green nanocatalytic systems containing
various earth-abundant transition metals to achieve highly
efficient protocols for the conversion of hazardous aromatic
nitro compounds to corresponding aryl amines, aryl acet-
amides, and or other valuable organic compounds is currently
underway in our research group.
Nanoscale Adv., 2024, 6, 3961–3977 | 3973
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Table 4 Comparison of the catalytic activity of the as-prepared Fe3O4/f-MWCNT-CS-Glu/NiII nanocomposite with literature samples reported
on reduction and one-pot reductive acetylation of nitrobenzene

Part A

Entry Reaction conditions Time Yield Ref.

A1 Fe3O4/f-MWCNT-CS-Glu/NiII (5 mg); NaBH4 (2 mmol); H2O; 60 °C 4 min 98% a

A2 Fe3O4@SiO2@KCC-1@MPTMS@CuII (10 mg); NaBH4 (2 mmol); H2O; 60 °C 5 min 98% 12b
A3 (7 wt%) Pd/C (30 mg); NaBH4 (2 mmol); H2O; reux 7 min 93% 12c
A4 CuFe2O4 (48 mg); NaBH4 (2 mmol); H2O; reux 50 min 95% 12h
A5 Ni2B@Cu2O (54 mg); NaBH4 (2.5 mmol); wet-solvent-free grinding; r.t. 1 min 98% 12j
A6 Ni2B@CuCl2 (52 mg); NaBH4 (2.5 mmol); wet-solvent-free grinding; r.t. 2 min 98% 12j
A7 Fe2Se2CO9 (3 mol%); NH2NH2$H2O (2 mmol); H2O; 110 °C 15 min 89% 17
A8 Ni(OH)2@PANI-1 (3.2 mol%); NaBH4 (10 mmol); H2O; reux 1.5 h 85% 18
A9 Cu-BTC@Fe3O4 (15 mg); NaBH4 (4 mmol); CH3CH2OH : H2O (3 : 1); 45 °C 3 h 99% 19
A10 IT-MHAP-Ag (60 mg); NaBH4 (5 mmol); H2O; reux 25 min 98% 20
A11 PSeCN/Ag (20 mg); NaBH4 (5 mmol); H2O; 75 °C 25 min 99% 21
A12 CoOCN (20 mg); NH2NH2$H2O (2 mmol); H2O; 100 °C 5 h 84% 22
A13 Fe3O4@SiO2@KIT-6@2-ATP@CuI (20 mg); NaBH4 (5 mmol); H2O; r.t. 60 min 89% 23
A14 [C4(DABCO)2] NiCl4 (80 mg); NaBH4 (3.5 mmol); H2O; 70 °C 1 min 98% 24
A15 Ru–N,P-CBM (0.02 mol% of Ru); NaBH4 (5 mmol); CH3CH2OH : H2O (1 : 1); r.t. 60 min 98% 25
A16 MBC-PVIm/Pd (30 mg); NaBH4 (3 mmol); H2O; 50 °C 30 min 99% 26
A17 SiO2/Fe3O4–SiO2–NH2/Cu–Ag (5 mg); NaBH4 (2 mmol); H2O; 70 °C 5 min 83% 27
A18 rGO@Fe3O4/ZrCp2Clx (x = 0, 1, 2) (20 mg); NH2NH2$H2O (2 mmol); CH3CH2OH; reux 10 min 98% 28
A19 Ag@VP/CTS (30 mg); NH2NH2$H2O (5 mmol); CH3CH2OH; 70 °C 5 min 95% 29
A20 Se0 (20 mol%); NaBH4 (4 mmol); NaOH (1 mmol); H2O; 100 °C 3 h 88% 30
A21 CuFe2O4@SiO2@PTMS@Tu@NiII (20 mg); NaBH4 (2 mmol); H2O; 65 °C 5 min 96% 31
A22 Pd@CS-CD-MGQDs (6 mol%); H2 (1 bar); deionized H2O; 50 °C 1 h 97% 32
A23 MoS2-rGO (10 mg); NH2NH2$H2O (1.5 mmol); H2O; 100 °C 2 h 82% 33
A24 Ni2P-AC (30 mg); NH2NH2$H2O (0.5 mL); heptane; 70 °C 2 h 93% 34

Part B

Entry Reaction conditions Time Yield Ref.

B1 Fe3O4/f-MWCNT-CS-Glu/NiII (5 mg); NaBH4 (2 mmol); Ac2O (1 mmol); H2O; 60 °C 5 min 98% a

B2 Fe3O4@SiO2@KCC-1@MPTMS@CuII (10 mg); NaBH4 (2 mmol); Ac2O (1 mmol); H2O; 60 °C 7 min 95% 12b
B3 (7 wt%) Pd/C (30 mg); NaBH4 (2 mmol); Ac2O (1 mmol); H2O; reux 8 min 88% 12c
B4 Cu(Hdmg)2 (10 mol%); NaBH4 (3 mmol); EtOAc; 60 °C 170 min 97% 12f
B5 CuFe2O4 (48 mg); NaBH4 (2 mmol); Ac2O (1 mmol); H2O; reux 11 min 97% 12i
B6 Ni2B@Cu2O (54 mg); NaBH4 (2.5 mmol); Ac2O (1 mmol); wet-solvent-free grinding; 40 °C 2 min 97% 12k
B7 Ni2B@CuCl2 (52 mg); NaBH4 (2.5 mmol); Ac2O (1 mmol); wet-solvent-free grinding; 40 °C 3 min 97% 12k
B8 [C4(DABCO)2] NiCl4 (80 mg); NaBH4 (3.5 mmol); H2O; Ac2O (1 mmol); 70 °C 2 min 98% 24
B9 rGO@Fe3O4/ZrCp2Clx (x = 0, 1, 2) (20 mg); NH2NH2$H2O (2 mmol); Ac2O (2 mmol); CH3CH2OH; reux 15 min 97% 28
B9 CuFe2O4@SiO2@PTMS@Tu@NiII (20 mg); NaBH4 (2 mmol); Ac2O (1 mmol); H2O; 65 °C 7 min 94% 31
B10 (2 wt%) Pd/(5 wt%) Sn–Al2O3 (50 mg); H2 atmosphere; Ac2O (1 mmol); H2O; r.t. 3 h 98% 35

a Present work.

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 8

/3
/2

02
5 

9:
57

:0
4 

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
Data availability

Data will be made available on request.
Author contributions

Hossein Mousavi: conceptualization; methodology; soware;
validation; formal analysis; investigation; resources; data
3974 | Nanoscale Adv., 2024, 6, 3961–3977
curation; writing – original dra; writing – review & editing;
visualization; supervision; project administration. Behzad Zey-
nizadeh: conceptualization; methodology; validation;
resources; data curation; supervision; project administration;
funding acquisition. Morteza Hasanpour Galehban: conceptu-
alization; methodology; validation; formal analysis; investiga-
tion; resources; data curation.
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D4NA00160E


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 8

/3
/2

02
5 

9:
57

:0
4 

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
Conflicts of interest

The authors declare that they have no known competing
nancial interests or personal relationships that could have
appeared to inuence the work reported in this paper.

Acknowledgements

The authors gratefully appreciate the nancial support of this
work by the Research Council of Urmia University.

References

1 (a) D.-S. Zhang, Y. Liu, X. Ren, F. Geng, Y.-Z. Zhang,
Y. Baikeli, M. Yang, Z. Liu, Y. Wang, X. Zhang and L. Geng,
Colloids Interface Sci. Commun., 2023, 56, 100730; (b)
M. Shahid, Z. H. Farooqi, R. Begum, M. Arif, W. Wu and
A. Irfan, Crit. Rev. Anal. Chem., 2020, 50, 513–537; (c)
P. Kovacic and R. Somanathan, J. Appl. Toxicol., 2014, 34,
810–824; (d) S. Sun, Z. Zhang, S. Li, J. Le, H. Qian, X. Yin,
Y. Liu, W. Yang and Y. Chen, J. Mater. Sci., 2023, 58, 5587–
5598; (e) W. Zhao, T. Wang, B. Wang, R. Wang, Y. Xia,
M. Liu and L. Tian, Colloids Surf. A: Physicochem. Eng. Asp.,
2023, 658, 130677; (f) L. Zhang, X. Deng, M. Hu, Y. Zhu,
Z. Zhu, J. Wang, Z. Yao and H. Zhang, Colloids Surf. A:
Physicochem. Eng. Asp., 2023, 672, 131735; (g) T. Huang,
G. Sun, L. Zhao, N. Zhang, R. Zhong and Y. Peng, Int. J.
Mol. Sci., 2021, 22, 8557; (h) S. Kazemi Movahed, P. Jafari
and S. Mallakpour, J. Environ. Eng., 2023, 11, 110426; (i)
S. Aghajani, M. Mohammadikish and M. Khalaji-Verjani,
Langmuir, 2023, 39, 8484–8493; (j) S. Nooriyan,
A. Bezaatpour, A. Nuri, M. Amiri and S. Nouhi, Catal.
Commun., 2023, 178, 106671; (k) S. Zhang, Q. Liu,
L. Zhong, J. Jiang, X. Luo, X. Hu, Q. Liu and Y. Lu, J.
Environ. Sci., 2024, 138, 458–469; (l) N. Y. Baran,
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A. Sikora, A. Marcinek and R. Michalski, Chem. Res.
Toxicol., 2023, 36, 1398–1408.
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M. M. Falinski, W. Shi, P. Coish, D. L. Plata and
P. T. Anastas, Green Chem., 2018, 20, 1929–1961; (c)
T. Keijer, V. Bakker and J. C. Slootweg, Nat. Chem., 2019,
11, 190–195; (d) P. Anastas and N. Eghbali, Chem. Soc. Rev.,
2010, 39, 301–312; (e) M. Rimaz, Z. Jalalian, H. Mousavi
and R. H. Prager, Tetrahedron Lett., 2016, 57, 105–109; (f)
M. Rimaz, H. Mousavi, P. Keshavarz and B. Khalili, Curr.
Chem. Lett., 2015, 4, 159–168; (g) M. Rimaz, H. Mousavi,
M. Behnam and B. Khalili, Curr. Chem. Lett., 2016, 5, 145–
154; (h) M. Rimaz, H. Mousavi, B. Khalili and F. Aali, J.
Chin. Chem. Soc., 2018, 65, 1389–1397; (i) M. Rimaz,
H. Mousavi, B. Khalili and L. Sarvari, J. Iran. Chem. Soc.,
2019, 16, 1687–1701; (j) N. Khaleghi, M. Esmkhani,
M. Noori, N. Dasyaeh, M. Khalili Ghomi, M. Mahdavi,
M. H. Sayahi and S. Javanshir, Nanoscale Adv., 2024, 6,
2337–2349.

7 (a) H. Mousavi, Int. J. Biol. Macromol., 2021, 186, 1003–1166;
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