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INTRODUCTION

In organic chemistry, reduction of nitroaromatics to their
respective amino aromatics is one of the fundamental reactions.
These amino derivatives have commercial importance in the
production of dyes, agrochemicals, pharmaceuticals and fine
chemicals [1,2]. With recent surge in nanochemistry, there has
been interesting advancements in this important reaction of
reduction of nitroaromatics [3]. Different catalysts have been
reported for catalytic reduction of nitro compound such as
Fe3O4 NPs [4], Fe3O4@SN/GLA@chitosan-Ag [5], Au/TiO2

or Au/Fe2O3, Au/MgO, Au/mesoporous TiO2, Au-Pd/Al2O3, Pd/
C, biomass-based Ag, porous silica encapsulated Rh NPs, Ru/
rGO, nitrogen and oxygen doped carbon, Fe3O4@Al2O3, Pd NPs
supported on carbon nitride, Pt NPs/clusters, ultra-dispersed
nickel phosphide on phosphorus doped carbon and oxygen-
deficient tungsten oxides, etc. [6-18]. Among them magnetic
nanoparticles based on Fe NPs have emerged as a conventional
catalyst material [19,20]. They can be easily separated from
the reaction system by manipulating the external magnetic
field. Combination of the Fe magnetic nanoparticles along with
other metals like Ni, Cu, Ag, Ti, Au, etc. enhances the catalytic
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This study reports the synthesis of Ag/Cu-Fe3O4 nanocomposite, using a naturally occurring amino acid L-arginine as a linker and its
catalytic application to reduce nitroaromatic compounds to aminoaromatic compounds. Decoration of Cu and Ag nanoparticles on Fe3O4

NPs created the Ag/Cu-Fe3O4 nanocomposite. Advanced characterization techniques confirmed the composition and morphology of the
synthesized nanocomposite. The catalytic performance of Ag/Cu-Fe3O4 nanocomposite was evaluated using UV-visible spectrophotometry
for NaBH4 assisted reduction of 4-nitrophenol to 4-aminophenol and 5-nitroisophthalic acid to 5-aminoisophthalic acid. After multiple
cycles, results demonstrated that nanocomposite facilitates rapid and efficient chemical transformations with high selectivity and over
80% efficiency. Additionally, the nanocomposite’s capability for easy magnetic recovery and recyclability underscores its potential as a
cost-effective and environmentally friendly solution for industrial applications in sensing, catalysis and green chemistry. This work
presents a novel strategy for converting nitroarenes to aminoarenes, leveraging unique synergetic properties of Ag/Cu-Fe3O4 nanocomposite.
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activity [21,22]. Silver and Cu NPs along with NaBH4 as a redu-
cing agent can independently catalyze reduction of nitro comp-
ounds to amines and shows good catalytic activity [22,23].
But there is problem of easy recovery of these catalysts for
recyclability since both the materials cannot be recovered by
magnetic field. Fe3O4 magnetic nanoparticles in combination
either with Ag or Cu exhibited excellent catalytic activity for
reduction of 4-nitrophenol to 4-aminophenol [24,25].

4-Nitrophenol is a precursor of 4-amino phenol, which is
used in manufacturing of pharmaceutical drugs and pesticides.
Due to its toxic, carcinogenic and corrosive properties, it must
be degraded or eliminated in some applications [26], and it
can be converted to 4-aminophenol, a crucial intermedite in
the synthesis of analgesic and antipyretic drugs. Similarly, 5-
aminoisophthalic acid (5-AIPA) is used as the raw material or
intermediate in organic synthesis, used as X-ray contrast agent,
environmental remediation [27], catalysis, etc. As per literature
survey it was observed that only few methods are available
for synthesis of 5-AIPA [28,29].

Based on the recent research works, as earth abundant and
magnetically separable Fe3O4 based catalysts [29,30], devel-
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opment of template for morphological tuning of nanomaterials
[31,32] and functionalization of molecules for specific appli-
cations [33,34] and considering need of use of bio-based mate-
rials, a catalyst for reduction of nitroarenes is developed. In
present work, emphasis is given on the chemoselective reduc-
tion of 4-nitrophenol and 5-nitroisophthalic acid (5-NIPA) to
4-aminophenol and 5-aminoisophthalic acid (5-AIPA), respec-
tively in the presence of AgCu-Fe3O4 nanocomposite and NaBH4

by using UV spectrophotometric method. The composite mat-
erial is prepared by using L-arginine, an amino acid and choice
of L-arginine is based on the  previous findings [29]. Moreover,
L-arginine has electron rich amino sites that has affinity for
metal ions such as Ag+ and Cu2+ [35].

EXPERIMENTAL

Anhydrous ferric chloride (98%), potassium iodide, ammonia
solution (NH4OH, 30% v/v) were obtained from Thomas Baker
Pvt. Ltd., Mumbai, India. L-Arginine, silver nitrate, copper(II)
nitrate, 4-nitrophenol, sodium borohydride and 5-nitroiso-
phthalic acid (5-NIPA, 98%) were purchased from Sigma-
Aldrich, USA. All the chemicals were of reagent grade and
used without any purification. For all the experiments, deionized
water was used.

Instrumentation: The crystalline structures present in the
samples were analyzed with X-ray diffraction (XRD). The anal-
ysis was carried out using a high-precision Bruker D2 Phaser
X-ray diffractometer. The instrument utilized CuKα radiation,
having a wavelength of 1.542 Å, which is particularly effective
for penetrating and diffracting through the crystalline material
to provide detailed diffraction patterns. Field emission electron
microscope (FESEM) (JEOL) was used to examine the surface
morphology. This microscope is capable of operating at a wide
range of accelerating voltages from 0.1 kV to 30 kV and allows
for high-resolution imaging of the surfaces of samples. The
UV-Vis spectrophotometer (Agilent Technologies, Cary 60
model), was used to monitor the conversion process.

Synthesis of Fe3O4 NPs: The Fe3O4 NPs were synthesized
following a reported method. Initially, 4.86 g (0.0299 M) of
anhydrous FeCl3 dissolved in 40 mL of distilled water was added
to KI (1.64 g, 0.0098 M) solution while stirring the solution at
room temperature for 1 h. Following this, the mixture under-
went sonication for 30 min to enhance the reaction kinetics.
Following the sonication, the solution was filter to eliminate
the iodine precipitate. Then, the filtrate was treated with 30%
v/v NH4OH, added dropwise and stirring vigorously until the
pH reached between 10 and 13, which led to the complete preci-
pitation of black magnetite NPs. The precipitate was washed
with distilled water until the pH stabilized at 7 and subsequently
dried at 70 ºC for 10 h to obtain the Fe3O4 NPs. These NPs
were then utilized in the subsequent synthesis of Ag/Cu-Fe3O4

nanocomposite.
Synthesis of Ag/Cu-Fe3O4 nanocomposite: To synthesize

Ag/Cu-Fe3O4 nanocomposite, 25 mg Fe3O4 NPs were dispersed
in 25 mL of distilled water followed by the addition of 0.25 g
of L-arginine solution. To ensure through mixing, the mixture
was sonicated for 30 min. To remove any unbound L-arginine,

the mixture was washed three times with distilled water. The
functionalized nanoparticles were then redispersed in distilled
water. To this dispersion, 1.6 mM of AgNO3 and 1.6 mM of
Cu(NO3)2 were added followed by rapid introduction of 0.6 g
of NaBH4 in order to start the reduction process. To ensure the
reaction was complete, the reaction mixture was continuously
stirred for 30 min. The reaction mixture was centrifuged at 6000
rpm for 10 min to separate the nanoparticles. The collected
particles were washed with ethanol to eliminate any remaining
reactants and byproducts. Finally, the nanoparticles were vacuum
dried at 80 ºC to obtain Ag/Cu-Fe3O4 nanocomposite.

Reduction of 4-nitrophenol and 5-nitroisophthalic acid
(5-NIPA) assay: In a typical experiment, 1.5 mL of nitroarene
was mixed with 500 µL of 5 × 10–2 M NaBH4 solution in the
cuvette. Following this, 100 µL of Ag/Cu-Fe3O4 nanocom-
posite suspension (0.2 mg/mL) was added to the above solu-
tion. The yellow colour of solution gradually disappeared,
confirmed the reduction of 4-nitrophenol. The concentration
of 4-nitrophenol was determined with UV-visible spectroscopy
at the wavelength of 400 nm.

RESULTS AND DISCUSSION

XRD studies: Using an X-ray diffractometer with a 1.54 Å
wavelength, distinct diffraction peaks were captured and analyzed.
The peaks (Fig. 1) correspond to the specific planes character-
istic of Fe3O4, Cu and Ag NPs, confirmed their coexistence in
the nanocomposite. Specifically, the diffraction peaks at 2θ of
32.47º, 35.50º, 43.33º, 53.82º and 62.86º aligned with the (220),
(311), (400), (422) and (440) planes, respectively, confirmed the
presence of Fe3O4 NPs as indexed in the ICSD (250,540). Further-
more, additional peaks at 2θ = 43.33º, 50.22º and 74.41º were
observed, which match the (111) and (311) planes associated
with Cu NPs, as per the JCPDS (71-4610). Similarly, Ag NPs
exhibited peaks at 2θ = 38.12º, 43.33º, 64.42º and 77.30º, which
correspond to the (111), (200), (220) and (311) planes (JCPDS:
04-0783). Notably, the peak at 43.33º is a shared feature among
Fe3O4, Cu and Ag, illustrating the overlapping nature of these
crystal-line structures within the nanocomposite. This over-
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Fig. 1. XRD spectra of Ag/Cu-Fe3O4 nanocomposite
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lapping  indicates a potential interaction between the different
metal and oxide components at the nanoscale, which may influ-
ence the physical and chemical properties of the nanoparticles.
The Debye-Scherrer’s formula revealed an average size of 5.5
nm for the nanoparticles, which confirms the high degree of
uniformity in the particle size distribution.

Morphological studies: Fig. 2 presents FESEM images
of the Ag/Cu-Fe3O4 nanocomposites, illustrating their morpho-
logy and size distribution. These images distinctly illustrate the
formation of nanocomposites, which are relatively spherical
in shape. These nanocomposites tend to agglomerate, forming
clusters, which appear as grouped or clustered spheres. This
characteristic agglomeration suggests interactions between the
particles that lead to their collective assembly [36]. The uniform
spherical shape is useful in applications such as catalysis, where
the surface area and symmetry of the nanoparticles can have a
significant impact on the catalytic activity. Moreover, the spher-
ical structure may enhance the physical stability and dispersion
of nanoparticles in solutions [37].

Catalytic performances of Ag/Cu-Fe3O4 nanocomposite:
The UV-visible absorption spectra (Fig. 3a) initially identify
the absorption peak of 4-nitrophenol at 315 nm, a characteristic
peak indicating the presence of 4-nitrophenol in solution (pale
yellow). The addition of NaBH4 causes this peak to shift to
400 nm, signifying the formation of 4-nitrophenolate ions in
a basic medium (solution turns yellow). It is known that the

solution turns yellow due to formation of p-nitrophenolate ions
[25]. In control experiment, when this solution was held for 2 h
without adding catalyst, the peak at 400 nm remained as such
indicating that NaBH4 alone cannot drive the reduction reaction
of 4-nitrophenol. After introducing the Ag/Cu-Fe3O4 nanocom-
posite as catalyst, there is a notable decrease in the intensity
of peak at 400 nm, followed by the appearance of a new peak
at 300 nm (solution become colourless). The process reaches
completion in 13 min, which is significantly rapid, highlighting
the efficiency of the nanocomposite catalyst. The rate constant
k of 0.1707 min-1, calculated from the reaction kinetics depicted
in Fig. 3b, further highlights the high activity and effectiveness
of catalyst.

The catalyst was found to be active and effective when
compared with previously reported catalysts. The comparison
of selected catalysts with present catalyst based on its appli-
cation in the reduction of 4-nitrophenol to 4-aminophenol using
NaBH4 is summarized in Table-1.

Similarly, the reduction of 5-nitroisophthalic acid (5-NIPA)
was analyzed through UV-visible spectroscopy (Fig. 3c). The
initial absorption peak at 260 nm shifts to 300 nm upon adding
NaBH4, denoting the formation of 5-nitroisophthalate ions.
Consistent with the 4-nitrophenol experiment, the 300 nm peak
remains unchanged without the catalyst, illustrating that NaBH4

alone does not facilitate the reduction of 5-NIPA. The addition
of Ag/Cu-Fe3O4 nanocomposite causes a gradual decline in the

Fig. 2. FESEM images of Ag/Cu-Fe3O4 nanocomposite

TABLE-1 
COMPARATIVE ACCOUNT OF REPORTED CATALYSTS FOR REDUCTION OF 4-NITROPHENOL TO 4-AMINOPHENOL 

Catalyst Conversion (%) Time (min) Reaction conditions Ref. 
Catalyst 100 13 RT, air Present study 

Au-Fe3O4 100 10 RT, air [38] 
Fe3O4@SN/GLA@chitosan-Ag 100 3 RT, under N2 [5] 

NAP-Mg–Au(0) 100 7 RT, air [6] 
Wood-nanomaterial supported Pt NPs > 90 10 RT, air [17] 

Cu/Fe3O4 NPs 100 4 RT, under N2 [19] 
Ag/Cu@Fe3O4 100 – RT, air [25] 

 

[38]
[5]
[6]

[17]
[19]
[25]
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Fig. 3. (a) UV-visible absorption spectra for the reduction of 4-nitrophenol (4-NP), (b) reaction kinetics for the catalytic reduction of 4-nitrophenol
in the presence of Ag/Cu-Fe3O4 nanocomposite, (c) UV-visible absorption spectra for the reduction of 5-NIPA and (d) reaction
kinetics for the catalytic reduction of 5-NIPA in the presence of Ag/Cu-Fe3O4 nanocomposite

300 nm peak, with complete conversion to 5-aminoisophthalic
acid (5-AIPA) observed within 8 min. This rapid and efficient
reduction, completed in 8 min with a rate constant k of 0.1244
min-1, as shown in Fig. 3d, demonstrates the selectivity and
efficiency of catalyst. This rapid conversion can be attributed
to the synergistic effect of Cu and Ag. Interesting to observe
that in control experiment when reduction was attempted using
only NaBH4 or in presence of Fe3O4 NPs, no conversion was
observed in case of both the substrates.

The chemo-selectivity of the catalyst, particularly its ability
to target and reduce specific nitro compounds to their corres-
ponding amines without over-reduction or side reactions, is of
significant interest. The unique surface properties and electron
transfer capabilities of Ag/Cu-Fe3O4 nanocomposite, which
merit further studies to fully elucidate the underlying mechan-
isms, could be responsible for this specificity. Furthermore,
the simple and potentially scalable method used to synthesize
the Ag/Cu-Fe3O4 nanocomposite suggests its practical applica-
bility in industrial processes, offering a sustainable and cost-

effective solution for the treatment of pollutants and the synth-
esis of valuable compounds [32,33].

Reaction mechanism of catalytic reduction of nitroarenes

Reduction of 4-nitrophenol: The Langmuir-Hinshelwood
mechanism facilitates the reduction of 4-nitrophenol to 4-amino-
phenol, involving the adsorption of 4-nitrophenol molecules
onto the surface of Ag/Cu-Fe3O4 nanocomposite (Scheme-I).
In this catalyzed reaction, NaBH4 serves as the hydrogen donor.
The interaction starts with a colour change from pale-yellow
to bright yellow upon the formation of nitrophenolate anions
under alkaline conditions. A notable redshift in the absorption
peak to 400 nm occurs upon adding NaBH4, indicating the
progression of the reduction. As the reaction continues in the
presence of catalyst, the peak at 400 nm decreases and a new
peak at 300 nm appears, signaling the formation of colourless
4-aminophenol. The complete transformation is evidenced by
the appearance of two isosbestic points at 311 and 280 nm.
The process involves electron transfer from BH4

– to 4-nitro-
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NH2

OH

Ag/Cu-Fe3O4

NaBH4

4-Nitrophenol 4-Aminophenol

Scheme-I: Reduction of 4-nitrophenol to 4-aminophenol in presence of
Ag/Cu-Fe3O4 nanocomposite

phenol facilitated by the metal nanoparticles, leading to the
reduction of the nitro group to an amino group through inter-
mediate stages, including the formation of a dihydroxy-like
structure and subsequent dehydration to form 4-aminophenol
[29,30,32].

Reduction of 5-NIPA to 5-AIPA: It is inferred that a similar
Langmuir-Hinshelwood mechanism applies to the reduction
mechanism for 5-NIPA (Scheme-II). 5-NIPA adsorbed onto
the Ag/Cu-Fe3O4 nanocomposite surface and NaBH4 would
act as reducing agent, donating electrons and hydrogen atoms
necessary for the conversion of the nitro group to an amino
group. The reaction follows a pathway involving the formation
of an intermediate species, reduction of the nitro group and
stabilization of the final product, 5-AIPA, all facilitated by the
catalytic action of the nanocomposite. This process was monit-
ored by changes in the UV-visible spectra, which indicate whe-
ther the reaction is progressed or finished.

HO OH

O O

NO2

5-NIPA

Ag/Cu-Fe3O4

NaBH4

HO OH

O O

NH2

5-AIPA

Scheme-II: Reduction of 5-NIPA to 5-AIPA in presence of Ag/Cu-Fe3O4

nanocomposite

Recyclability study: An efficient nanocatalyst should have
a larger adsorption capacity and better desorption efficiency,
resulting in lower costs for the nanocatalyst. Using a magnet,
the Ag/Cu-Fe3O4 nanocomposite was recovered. After the cata-
lytic reactions, one can separate the particles for the next cycle.
Fig. 4 shows that even after four cycles, the Ag/Cu-Fe3O4 nano-
composite reduced nitroarenes with an efficiency of more than
90%. Compared to the first run, during the first cycle, it demon-
strated more than 90% catalytic activity. Therefore, its magnetic
nature enables easy recovery and reuse, maintaining the same
catalytic activity for at least four cycles.

Conclusion

In this study, Ag/Cu-Fe3O4 nanocomposite was successfully
synthesized by chemical reduction method by using naturally
occurring amino acid L-arginine as linker. The morphological
studies of synthesized Ag/Cu-Fe3O4 nanocomposite shows the
relatively spherical shape with the agglomerated particles. The
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Ag/Cu-Fe3O4 nanocomposite is found to be a highly efficient
and selective catalyst in the reduction of nitroaromatic comp-
ounds, as demonstrated in the catalytic performance studies.
The reduction of 4-nitrophenol to 4-aminophenol was comp-
leted in 13 min with a rate constant of 0.1707 min-1, indicating
the rapid and effective catalytic activity of nanocomposite.
Similarly, the reduction of 5-nitroisophthalic acid (5-NIPA)
to 5-aminoisophthalic acid (5-AIPA) occurred within 8 min,
achieving a rate constant of 0.1244 min-1. These findings emph-
asize the nanocomposite’s capability to facilitate swift and
efficient chemical transformations, making it suitable for appli-
cations in environmental remediation and chemical synthesis.
Moreover, the nanocomposite’s structure enables effective
recyclability and reuse, maintaining over 85% of its catalytic
activity after four cycles, which enhances its sustainability and
cost-effectiveness for continuous industrial processes.
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