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Abstract
In the present work, copper (II) immobilized on guanidine functionalized  Fe3O4 nanoparticles  (Fe3O4@Guanidine–CuII) 
are developed as a heterogeneous catalyst.  Fe3O4@Guanidine–CuII is well-characterized by adopting FT-IR, XRD, SEM, 
TEM, EDX, SEM-elemental mapping, TG–DTA, XPS, ICP-OES, and VSM analysis.  Fe3O4@Guanidine–CuII is employed 
for the selective reduction of nitro group on electronically diversified nitroarenes involving  NaBH4 to serve as a hydrogen 
source in ethanol medium. Anilines resulted from the reduction of nitroarenes are of excellent yields with high TON and 
TOF numbers, indicating the efficiency of the prepared catalyst. Also, the catalyst has been recovered with effective yield 
over the time of the reaction, and the recovered catalyst was used up to eight cycles for the reaction without any significant 
change in the catalytic activity. This notable feature of the prepared catalytic system makes it highly promising, not only for 
an industrial but also from an environmental point of view.

Keywords Catalysis · Heterogeneous magnetic catalyst · Nitroarenes reduction · Cu(II)-based catalyst

Introduction

Nitroarenes are one of the major classes of organic pollut-
ants released by various industries into the aqueous sys-
tems, which are hazardous primarily to the environment 

and further toxic to human beings, animals and plants. 
The US Environmental Protection Agency announced that 
nitrobenzene, 4-nitrophenol, 2-nitroaniline and similar nitro 
group-bearing molecules are highly noxious pollutants as it 
easily gets dissolved into water and causes adverse condi-
tions to the aquatic organisms [1, 2]. These nitroaromatic 
compounds are being used as industrial chemicals as it con-
tributes a crucial function in the preparation of medicines, 
dyes, pigments, plastics, insecticides, bactericides, explo-
sives, along with industrial solvents [3, 4]. This is one of 
the most important areas to be addressed by the researchers 
to convert these toxic nitroarenes to non-toxic and valuable 
intermediates and products. These are known to be read-
ily available, starting materials in the process of organic 
synthesis. Nitroarenes can be converted to corresponding 
less toxic and readily biodegradable amines through the 
reduction by various methods such as wet-air oxidation [5], 
photodegradation method [6–8], electrochemical reduction 
[9], and also catalytic reduction [10] have been developed 
by the researchers around the world. The catalytic reduc-
tion method is being evolved as the most promising and one 
among the numerous existing reduction methods [11].
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Most of these catalytic reduction methods involve the 
presence of one or more metal-based catalysts, namely Ru/
SiO2[12], Pd [13], Pt [13], V [13], Pt/Ni [14], Pt/Pd [15], 
and coinage metal nanoparticles (Au/Ag) [16]. But they 
have significantly increased total costs because of high-cost 
precious metals and their limited availability. This has also 
led scientists to explore affordable and eco-friendly replace-
ments. Copper (II) acetylacetonate-based catalyst has been 
reported to be an immensely particular homogeneous cata-
lyst used to reduce nitro compounds. From the fact that Cu is 
ample and convenient compared to other metals previously 
described, the application of copper-based catalysts turns out 
to be a cost-effective approach [17]. Homogeneous reduc-
tions of nitroarenes using various copper-based catalysts are 
already reported by researchers [18]. Even though homoge-
neous copper-based catalysts are very effective and selective 
in their action, difficulty in removing and/or recovery and 
reusability of the catalysts hinders the process of homoge-
neous catalysis overcome this difficulty; researchers have 
come up with copper-based heterogeneous catalysts [19, 
20]. Solid-phase organocopper complexes with high activ-
ity and selectivity provide several practical advantages: ease 
of obtaining the catalyst by the desired product along with 
reduction of the overall cost in the processes. Along these 
lines, immobilization methods accommodating copper on 
heterogeneous solid beds have been extensively studied [21]. 
However, these studies seem not to support the fast segre-
gation with the entire uptake of catalyst. Magnetic nano-
particle substrate supported catalyst makes the separation 
of the catalyst effortless and makes the complete revival of 
catalyst possible arising out of the reaction mixture. This 
prevents aggregation of nanoparticles during regeneration 
and increases the catalyst durability [22]. This type of mag-
netic substrate-supported catalyst separation needs no use 
of filtration and centrifugation. Therefore, the magnetic 
composites can be segregated appropriately and collected 
by employing a required magnetic field within the reaction 
mixture [23, 24].

Immobilization of ligand to the substrate's surface pos-
sess a significant impact on the tuning of catalytic potential 
of materials and their stability at ambient temperature in air 
or aqueous medium [25]. The use of adequately supported 
ligands for heterogenized substrates provides a substan-
tial and renewable catalytic method in addition to minimal 
leaching and avoids accumulation problems [26]. In this 
context, nitrogenous ligands have received more attention as 
they possess intensified thermal stability, low cost, high pro-
ductivity, and easy synthesizing methods [27]. Various such 
metal complexes containing N-ligand and their derivatives 
like imidazole [28], Schiff bases [29], pyridine [30], NNN-
pincer ligands [31], N-containing dendrimers [32], DABCO 
[33] and thiols [34], have been used as active catalysts in 
synthetic organic chemistry. Among these, guanidine is an 

essential class of naturally occurring compounds, frequently 
used in natural science, and is substantially used as catalysts. 
Specifically, guanidine is a suitable N-donor ligand due to 
its ability to shift a positive charge to the guanidine moiety, 
a behavior that results in highly basic and highly nucleo-
philic compounds with improved ability to coordinate with 
metal ions. As a result, guanidine-type ligands have been 
distinctively utilized to develop highly active homogeneous/
heterogeneous catalysis with transition metals, which can 
catalyze various organic reactions [35–37].

Although most of the reported catalysts and protocols are 
helpful in the reduction of nitroarenes, they usually suffer 
from a long reaction time, low yield, selectivity, and the use 
of expensive and excess reagents. Thus, this alternative will 
be active, simple, environmentally friendly, and the use of 
reusable catalysts could be of best interest.

Within the framework of our present investigation and 
based on the above-mentioned criteria for evaluating novel 
catalysts systems and methods for various reactions and 
applications, we have synthesized novel  CuII-based guani-
dine conjugated iron oxide nanoparticles that are immensely 
competent, magnetically separable, and could be used sev-
eral times. The catalytic activity of  Fe3O4@Guanidine-CuII 
was subsequently investigated toward the selective reduction 
of nitroarenes in ethanol media at ambient conditions.

Experimental

Materials and methods

All the employed chemicals and solvents are of Merck and 
Sigma-Aldrich. They were used during synthesis without 
any further purification. The purity of the products and 
the advancement of organic reactions were screened with 
Thin-layer chromatography (TLC) on TLC Silica gel 60  F254 
Plates. The prepared catalyst materials were examined for 
their crystal structure using a Rigaku x-ray diffractometer. 
The catalyst's particle size along with surface morphology 
was analyzed by SEM (HITACHI SU15010) and HR-TEM 
(Jeol/JEM 2100). The Functional group analysis was accom-
plished using FT-IR (Perkin Elmer Spectrum Two). The uni-
form distribution of elements on the catalyst surface was 
analyzed by SEM-elemental mapping from ZEISS EVO 18. 
The differential thermal analysis (DTA), as well as thermo-
gravimetric analysis (TGA), were conducted by employing 
Perkin Elmer STA 8000. The catalyst's elemental analysis 
and oxidation states were effectuated by x-ray Photoelectron 
Spectroscopy (XPS) from ULVAC-PHI Japan. The metal 
ion concentration is performed by using inductively cou-
pled plasma optical emission spectroscopy (ICP-OES) from 
Perkin Elmer Optima 5300DV. A vibrating sample mag-
netometer (VSM) of Lakeshore VSM7410 make was used to 
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examine the magnetic properties of the catalyst maintained 
at ambient conditions.

Preparation of  Fe3O4 nanoparticles

Fe3O4 nanoparticles were obtained following the previ-
ously reported method [38]. The regular synthesis procedure 
includes dissolving ferric chloride hexahydrate (2.16 g) in 
ethylene glycol (EG) (40 ml) and stirred for 30 min to get 
the transparent solution. Then it was followed by the addi-
tion of sodium acetate (3.60 g) along with sodium dode-
cyl sulfate (0.50 g) to this mixture and continuously stirred 
for about 30 min. Then the resulting solution is placed in a 
50 ml Teflon-based stainless-steel autoclave, heated for 12 h 
at a temperature of 200 ◦C . By the end of the process,  Fe3O4 
nanoparticles were gathered by utilizing an external mag-
net and then washed several times using distilled water (DI-
H2O) (5 × 5 ml) and ethanol (EtOH) (2 × 5 ml). The obtained 
product was dried using a sealed vacuum oven maintained at 
60 ◦C for 6 h and the final product is represented as  Fe3O4.

Preparation of guanidine conjugated  Fe3O4 
nanoparticles

The synthesized  Fe3O4 nanoparticles (1.00 g) were dispersed 
in ethanol and then sonicated for 10 min. Later we mixed 
1-Bromo-3-chloropropane (4.31 mmol) in them and agitated 
them for 6 h in ambient conditions. By the end of the pro-
cess, the final product is separated using an external magnet 
in addition to washing by EtOH (5 × 5 ml) and drying. The 
dried powder (0.254 g) was later mixed in dry toluene fol-
lowed by sonication for 10 min. Then continued by addition 
of guanidine hydrochloride (0.109 g, 1.1 mmol) along with 
sodium bicarbonate (0.193 g, 2.3 mmol) to these stirring 
chemicals and refluxed for 12 h. After finishing this process, 
we segregated the solid using an external magnet and then 
rinsed utilizing dichloromethane  (CH2Cl2) (3 × 5 ml), EtOH 
(2 × 5 ml). The obtained product was dried at 60 ◦C for 6 h.

Immobilization of  CuII on guanidine 
conjugated  Fe3O4 nanoparticles

The synthesized  Fe3O4@Guanidine (0.35 g) was sonicated 
in methanol for 30 min. It was followed by the addition of 
copper (II) acetate (0.288 g, 1.4 mmol) and the mixture 
was refluxed for 6 h. This formed complex was then col-
lected with the help of an external magnet, and continued 
by washing with DI-H2O (5 × 5 ml), EtOH (3 × 5 ml), along 
with drying in 60 ◦C for 6 h in the oven to get  Fe3O4@
Guanidine-CuII.

The general method for selective reduction 
of nitroarenes

This procedure includes the addition of  Fe3O4@Guani-
dine-CuII (0.6 mol %) to nitro compound (1 mmol) and 
 NaBH4 (3 mmol) in ethanol (2 ml) within ambient con-
ditions and agitated for an appropriate period (Table 1). 
With the help of TLC, the advancement in reduction is 
regulated. Later, the catalyst particles were separated using 
an external magnet, in addition to washing the mixture 
with ethyl acetate (EtOAc) (2 × 5 ml) and  H2O (3 × 5 ml). 
Then anhydrous  Na2SO4 was used to dehydrate the organic 
layer and thus the solvent was evaporated to recover the 
crude resultants with reduced pressure. The final step was 
performed by eluting the product with n-hexane: ethyl 
acetate (4:1) solution in column chromatography packed 
with silica gel.

Results and discussion

Preparation and characterization of  Fe3O4@
guanidine‑CuII

In recent years, the progress relating to novel heterogene-
ous catalysts by organic reaction has become an impor-
tant research area in chemical sciences. Herein, we report 
a unique, environmentally safe and recyclable catalyst 
which is copper-based guanidine conjugated heterogene-
ous magnetic-based for selective reduction of nitroarenes 
at room temperature. Scheme 1 indicates the pathway; we 
have followed to prepare  Fe3O4@Guanidine-CuII. For cata-
lyst preparation, the core–shell  Fe3O4 nanoparticles were 
conjugated using 1-Bromo-3-chloropropane by the nucleo-
philic substitution reaction along with guanidine ligand. 
Later we combined  Fe3O4@Guanidine with copper acetate 
solution and refluxed for 6 h to incorporate copper ions.

We performed FT-IR spectral analysis for reaffirming 
the  Fe3O4, Conjugation of guanidine, and copper incor-
poration onto guanidine. As observed in Fig. 1a, peaks 
at 3403 and 1620  cm−1 corresponds to  Fe3O4 ascribed to 
attached O–H groups and adsorbed  H2O molecules [39]. 
The presence of  Fe3O4 nanoparticles was affirmed due 
to peaks emerging at 550  cm−1 and was ascribed for the 
Fe–O stretching oscillation of  Fe3O4 (Fig. 1) [40]. Vibra-
tion bands at 1652  cm−1 (C=N), 1427  cm−1 (C–N), and 
830  cm−1 (–NH2) in the FTIR spectra  Fe3O4@Guanidine 
confirmed conjugation of guanidine molecule onto mag-
netic nanoparticles [36]. In FTIR spectra of  Fe3O4@Guan-
idine-CuII, as a matter of curiosity upon the metalation of 
copper ions, absorption of C=N bond at 1652  cm−1in the 
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spectra of  Fe3O4@Guanidine were shifted to 1545  cm−1. 
These results confirmed the coordination of the metal with 
a ligand molecule [38, 41].

Figure 2 represents the  Fe3O4,  Fe3O4@Guanidine, and 
 Fe3O4@Guanidine-CuII patterns obtained by the x-ray dif-
fractometer. The presence of  Fe3O4 nanoparticles are rec-
ognized using diffraction peaks positioned at 2θ = 18.3°, 
30.1°, 35.4°, 43.1°, 53.4°, 56.9°, and 62.5°. It indicated 
that  Fe3O4 nanoparticles fairly comprises the face-centered 
cubic inverse spinel arrangement of magnetite (JCPDS 

No.19–0629) [42]. The XRD image of the  Fe3O4@Guan-
idine-CuII complex indicates the magnetite crystalline 
arrangement, as well as the features of the  Fe3O4 center, is 
maintained following the conjugation. Hence the obtained 
findings validate that guanidine ligands have been effectively 
conjugated on top of  Fe3O4 nanoparticles [43].

The evaluated particle size along with morphology is 
recorded by the SEM and TEM images, as shown in Fig. 3. 
As noticed in Fig. 3(a & b),  Fe3O4 particles are spherical 
with nanometer-sized particles. Aggregations of  Fe3O4 

Table 1  Optimization of the reaction parameters for reduction of nitrobenzene to ani-
line

NO2 NH2

Nitrobenzene Aniline

Catalyst
H2 Source, Solvent, rt

 

a Optimized reaction conditions: Nitrobenzene (1 mmol),  NaBH4 (3 mmol), and  Fe3O4@Guanidine-CuII (0.6 mol%) catalyst were stirred at room 
temperature for 30 min. bCuO nanoparticles, cFe3O4@SiO2@CuO nanoparticles

Entrya Catalyst (mol%) Molar ratio of NB:  H2 
source (mmol)

Hydrogen Source Solvent Time (min) Isolated Yield (%)

1 Without catalyst 1:3 NaBH4 EtOH 24 h No reaction
2 0.2 1:3 NaBH4 EtOH 50 67
3 0.4 1:3 NaBH4 EtOH 45 83
4 0.6 1:3 NaBH4 EtOH 30 99
5 0.8 1:3 NaBH4 EtOH 30 99
6 0.6 1:1 NaBH4 EtOH 60 81
7 0.6 1:2 NaBH4 EtOH 50 87
8 0.6 1:4 NaBH4 EtOH 25 90
9 0.6 1:3 H2N–NH2 EtOH 40 80
10 0.6 1:3 NaBH4 H2O 50 82
11 0.6 1:3 NaBH4 EtOH:  H2O (1:1) 60 89
12 0.6 1:3 NaBH4 Methanol 120 80
13 b 0.6 1:3 NaBH4 EtOH 110 50
14 c 0.6 1:3 NaBH4 EtOH 60 71

Scheme. 1  Schematic diagram 
showing the synthesis of 
 Fe3O4@Guanidine-CuII

Fe3O4

O Cl
NH2

N
NH2

1-bromo-3-chloropropane
Guanidine HCl Copper Acetate

NaHCO3, Toluene, 70 °C Methanol, 70 °C
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nanoparticles are also seen due to the magnetostatic inter-
action of the particles. The TEM images of  Fe3O4@Guani-
dine-CuII in Fig. 3(c, d, e & f) confirm the layer on the iron 
oxide nanoparticles' core–shell structure and immobilized 
guanidine layer on the surface. As can be seen in Fig. 3(e & 
f), Cu nanoparticles are relatively uniformly dispersed on the 

magnetic guanidine surface, and their average particle size 
is determined in the range of 30–60 nm. We have resolved 
the elemental composition of nanocatalyst by EDX instru-
mentation and Fig. 3g describes that  Fe3O4@Guanidine-CuII 
catalyst contains elements C, N, Fe, O, and Cu, which is in 
accordance with SEM-elemental mapping results (Fig. 4). 
The elemental mapping revealed no other elements other 
than C, N, Fe, O, and Cu, demonstrating that the preparation 
technique is reliable. Moreover, the mapping results showed 
the uniform grafting of the guanidine ligand on the  Fe3O4 
surface.

TGA analysis of  Fe3O4@Guanidine-CuII (Fig. 5) showed 
a weight loss of 1% below 180 °C, which is because of 
decomposition of physically chemisorbed solvents along 
with surface hydroxyl members [44]. A weight loss of about 
2.3% had occurred between 260 °C to 350 °C due to the 
metal–organic structural decomposition. The organic func-
tional group has been known to decompose over 200 °C. 
The four consecutive weight losses around 9.72% at 200 to 
650 °C, which are by the means of decomposition of organic 
ligands conjugated above the magnetic nanoparticles. Thus, 
this analysis revealed that the guanidine molecule was suc-
cessfully conjugated with magnetic nanoparticles [38, 45]. 
The DTA diagram (Blue line) showed that  Fe3O4@Guan-
idine-CuII was degraded in two steps below 100 °C and 
325 °C, followed by an endothermic process related to the 
decomposition of adsorbed water/solvent and organic ligand 
from the surface of the catalyst. The peak in the DTA curve 
showed that the fastest loss of the organic ligand occurred at 
325 °C. Therefore, the  Fe3O4@Guanidine-CuII were stable 
below about 200 °C.

XPS studies were performed to investigate the chemical 
composition and oxidation state of synthesized  Fe3O4@
Guanidine-CuII nanocatalyst (Fig. 6). Figure 6a represents 
the overall XPS patterns of  Fe3O4@Guanidine-CuII, which 
contains the peaks corresponding to O, C, N, Fe, and Cu. 
Figure 6b indicates the XPS pattern relating to C 1s that 
might get de-convoluted to two major peaks at 285.77 eV 
as well as at 288.82 eV, which correspond to  Csp

2-N and 
 Csp

3-N bonds. Figure 6c shows XPS spectra relating to 
N 1s; it reveals that the major peak at 401 eV is associated 
with C–N–C, along with two more peaks at 399.9 eV and 
399 eV which were associated with the  Csp

2-N and  Csp
3-N 

bond. Figure 6d, reveals the spectra relating to Fe 2p with 
deconvolution of Fe  (2p1/2)  (2p3/2) spectrum showing 
major peaks at 723.9 eV, 711.87 eV  (Fe3+) and 722.16 eV, 
710.3 eV  (Fe2+), which affirms that the position of the 
Fe  (2p1/2)  (2p3/2) peaks corresponds to  Fe3O4[38, 46]. In 
Fig. 6e, the Cu  2p3/2 peaks could be de-convoluted into 
two main peaks at 934.86 eV and 933.21 eV that matched 
appropriately with  Cu2+ octahedral as well  Cu2+ tetrahe-
dral types. During synthesis in ethanol medium, Cu was 
reduced to Cu (0), where ethanol media acts as a reducing 

Fig. 1  FTIR spectra of a  Fe3O4 nanoparticles showing the trans-
mittance peak at 550   cm−1 correspond to Fe–O bond, b  Fe3O4@
Guanidine showing absorption peak at 1652   cm−1, 1427   cm−1, and 
830  cm−1 correspond to (C=N), (C–N), (–NH2) bonds and c  Fe3O4@
Guanidine-CuII showing absorption peak at 1545  cm−1 (shifted peak) 
corresponding to (C=N), confirms coordination of metal with a 
ligand molecule

Fig. 2  XRD patterns of a  Fe3O4 b  Fe3O4@Guanidine, c Fe3O4@
Guanidine-CuII showing the peaks at 18.3° (111), 30.1° (220), 35.4° 
(311), 43.1° (400), 53.4° (422), 56.9° (511), and 62.5° (440) corre-
sponding to FCC inverse spinel structure of  Fe3O4
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agent[25], and then reduced Cu with 0, 1 oxidation states 
observed at 933.21 eV. This result also confirms the pres-
ence of  Cu2+ and  Cu+/Cu[47, 48].

As mentioned, the  CuII content of  Fe3O4@Guanidine-
CuII is assessed using ICP-OES. The ICP-OES determina-
tion indicated 0.834 mmoles of Cu were held tight to 1 g 
 Fe3O4@Guanidine-CuII.

The magnetic features relating to  Fe3O4 and 
 Fe3O4-Guanidine-CuII are studied using VSM in ambient 
conditions and are displayed in Fig. 7. The saturation mag-
netization (Ms) value of the  Fe3O4@Guanidine-CuII (1.144 
emu) is less than that of  Fe3O4 (1.2238 emu) nanoparticles 
due to the organic layer and copper material on top of  Fe3O4 
nanoparticles. These weak hysteresis loops are demonstrated 
by the magnetization evidence at room temperature, indicat-
ing that ferromagnetic behavior exists in all  Fe3O4 core and 
 Fe3O4@Guanidine-CuII samples. Consequently, the devel-
oped magnetic nanoparticles possess typical ferromagnetic 

performance that could be proficiently gathered to a single 
place using a small magnet [38].

Catalytic selective reduction of nitroarenes

Following the effective synthesis and characterization of 
 Fe3O4@Guanidine-CuII, exploring the activity of the het-
erogeneous catalyst was investigated initially to reduce 
nitroarenes. At the preliminary step, we enhanced the 
reaction conditions by changing solvent, hydrogen source, 
and catalyst quantity considering the prototype reaction of 
nitrobenzene (1 mmol) as shown in Table 1. We performed 
the blank trials without involving the catalyst in ethanol at 
room temperature using 1:3 molar ratios, yielding only a 
minute quantity of product despite extended duration. In 
the next step, to examine the solvents' influence, includ-
ing  C2H5OH,  CH3OH,  H2O, and  C2H5OH/H2O (1:1), are 

Fig. 3  a FE-SEM image of  Fe3O4 confirms the spherical structure of 
 Fe3O4 b SEM image of  Fe3O4@Guanidine-CuII confirms the spheri-
cal structure of  Fe3O4@Guanidine-CuII, (c, d, e & f) TEM images of 
 Fe3O4@Guanidine-CuII confirms layer on core–shell arrangement of 

the iron oxide nanoparticles and immobilized guanidine layer on the 
surface, and g EDX spectra of  Fe3O4@Guanidine-CuII confirming the 
presence of C, O, Fe, Cu, N
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examined under the existence of 0.6 mol% of the catalyst 
with identical reaction parameters. These experiments led us 
to found that  C2H5OH is superior among the used solvents 
(Table 1). A series of available hydrogen sources, such as 
 NaBH4,  NH2-NH2,  CH3COOH, and  CH2O2, were screened 
to determine the effect of hydrogen sources on reaction rate. 
Hydrogen sources such as  NaBH4 and  NH2-NH2 were found 
to be more effective compared to  CH3COOH and  CH2O2. 
This could be because of the high solubility of hydrogen 

sources in the ethanol media. Thus,  NaBH4 was considered 
for further reactions as an excellent choice in terms of finan-
cial and reaction progress viewpoints (Table 1). During the 
enhancement work, the immediate impact of employing a 
varied molar ratio of nitrobenzene/NaBH4 was explored. 
As per the observations made, a decrease in reaction rate 
was noticed by the decreasing amount of  NaBH4 to 2 mmol. 
There was no further development noticed by increasing the 
amount of  NaBH4 to 4 mmol (Table 1). With an effort to 
search for more optimal conditions, the catalyst amount's 
effect was further evaluated. Later, different amounts of 
supported copper catalysts were examined in the reduction 
reactions of nitrobenzene. By illustrating in Table 1, the use 
of 0.6 mol% of the catalyst in the nitroarene reduction reac-
tion gave the best results. When the conditions were kept 
constant, the effect of using various catalysts was further 
investigated. Finally, using a 1:3 mmol ratio of nitrobenzene/
NaBH4 in ambient conditions by the existence of 0.6 mol % 
of  Fe3O4@Guanidine-CuII in ethanol media was selected as 
the best-optimized condition to carry out further reactions 
(Table 1).

The reduction reaction scope was extended to various 
nitroarenes with such optimized conditions and high TON 
and TOF, as shown in Table 2. In all instances, the reduc-
tion reaction was finished by 60 min resulting in excellent 
yields (57–99%) (Table 2). Nitroarenes including o-Chloro, 
m-Chloro, 3-Bromo, 4-Bromo, and p-Fluoro (Table 2) are 
completely reduced to corresponding amines devoid of any 
dehalogenation. Electron-donating entities (such as –OCH3 

Fig. 4  Elemental mapping of  Fe3O4@Guanidine-CuII a overall, b Fe, c O, d C, e N, f Cu confirming the presence of C, O, Fe, Cu, N

Fig. 5  TG–DTA diagram of  Fe3O4@Guanidine-CuII showing the 
weight loss of around 9.72% at 200 to 650 °C, indicating the decom-
position of organic ligands conjugated on the surface of magnetic 
nanoparticles
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and –CH3) and electron-withdrawing entities (such as –C=OR 
along with –COOH) are preferably altered to similar amines 
resulting in satisfactory returns. Reduction of o-nitrophenol, 
m-nitrophenol, p-nitrophenol, and 2-chloro-p-nitrophenol with 
sodium borohydride results in the corresponding amino com-
pound within 20–40 min without disturbing the –OH group. 
After completing the reaction, pure products were achieved 
by simple work-up, including magnetic separation and col-
umn chromatography. The formed products were confirmed by 

recording 1H NMR spectra, checking their mp/bp, and com-
paring them with the data available in the literature.

Comparative study

Finally, the catalytic efficiency of  Fe3O4@Guanidine-CuII 
was compared with the previously mentioned catalysts 
for the reduction of nitroarenes are described in Table 3. 

Fig. 6  a Overall XPS patterns of  Fe3O4@Guanidine-CuII confirming 
the presence of O, C, N, Fe, Cu b C 1s showing peaks at 285.77 eV, 
288.82  eV corresponding to  Csp2-N,  Csp3-N bond c N 1s showing 
the peaks at 401  eV, 399.9  eV and 399  eV corresponding to C–N–

C,  Csp2-N and  Csp3-N bond d Fe 2p showing peaks at major peak 
at 723.9 eV, 711.87 eV  (Fe3+) and 722.16 eV, 710.3 eV  (Fe2+) cor-
responding to  Fe3O4 e Cu 2P showing the peaks at 934.86  eV, 
933.21 eV corresponding to  Cu2+ 

Fig. 7  Magnetization curves of  Fe3O4 and  Fe3O4-Guanidine-CuII showing the weak hysteresis loop indicating the ferromagnetic behavior of the 
prepared material
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Table 2  Reaction time, isolated yield, the melting point of the obtained products in the reduction of electronically diversified  nitroarenesa

NO2 NH2

Fe3O4@Guanidine-CuII

NaBH4, Ethanol, rt
R R

20 Examples
 

a Optimised reaction conditions: Nitrobenzene (1 mmol),  NaBH4 (3 mmol), and  Fe3O4@Guanidine-CuII (0.6 mol%) catalyst were stirred in ambi-
ent conditions for 15–60 min. bLiquid

Entrya Product Time (min) Isolated 
Yield (%)

TON TOF  (h−1) mp(˚C)/ bp(˚C) [ref]

Obtained Reported
1 Aniline 30 99 165 330 184b 184.1b [50]
2 2-aminophenol 20 92 154 462 170–173 170–175 [51]
3 3-aminophenol 20 89 149 447 119–122 120–124 [51]
4 4-aminophenol 25 90 150 360 186–189 185–189 [51]
5 4-amino-2-chlorophenol 40 90 150 226 150–152 151.5 [51]
6 3-Aminoacetophenone 30 94 157 314 96–98 97 [51]
7 4-Aminoacetophenone 25 99 165 397 105–107 106 [51]
8 Benzene-1,4-diamine 40 96 160 241 139–142 140 [51]
9 3-chloroaniline 30 96 160 320 94-96b 95-96b [51]
10 3,4-dichloroaniline 50 92 154 185 70–72 69–71 [51]
11 4-Chloro-1,2-diaminobenzene 35 97 162 278 68–70 68.5 [51]
12 4-bromoaniline 40 81 135 203 66–66.5 66 [51]
13 3-Bromo-4-methoxyaniline 60 70 117 117 61–62 62 [52]
14 2-Aminopyridine 35 90 150 258 57–59 58 [51]
15 2-Aminothiophenol 40 87 145 218 17–21 19 [51]
16 3,4-dimethylbenzene-1,2-diamine 50 72 120 144 87–89 86–90 [53]
17 4-methoxy-2,3-dimethylaniline 60 92 154 154 269b 265.4 ±  35b [54]
18 2-aminobenzoic acid 15 86 86 344 142–145 144–148 [51]
19 3-aminobenzoic acid 25 90 90 216 178–180 178–180 [51]
20 4-aminobenzoic acid 20 89 89 267 186–188 189 [51]

Table 3  Emulation of 
catalytic efficiency of  Fe3O4@
Guanidine-CuII with previously 
reported catalysts for reducing 
nitroarenes

Catalyst (mol%) Reaction Parameters Time (h) Yield (%) [Ref]

CuNPs (0.003) HCOONH4, Ethylene glycol, 120 °C 11 86 [55]
CuNPs/WS-1(2) NaBH4,  H2O, 35 °C 3 93 [56]
Pd-GO/CNT–Fe3O4 (1) H2,  H2O, 60 ˚C 3 90 [57]
Cu NPs (10) NaBH4, THF:  H2O, 50 °C 2 98 [58]
PdCu/graphene (2) NaBH4, EtOH:  H2O, 50 °C 1.5 96 [59]
Fe3O4@Cu (2) NaBH4, EtOH:  H2O, 50 °C 1.5 95 [60]
NiFe2O4@Cu (150 mg) NaBH4, EtOH:  H2O, Reflux 1 95 [61]
Fe3O4@C-Pd (40 mg) NaBH4, EtOH, 25 ˚C 1 99 [62]
CuFe2O4 (20) NaBH4,  H2O, Reflux 0.833 95 [63]
Fe3O4@Guanidine-CuII (0. 6) NaBH4, EtOH, rt 0.5 99 Present study
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Previously reported catalysts had encountered various 
disadvantages like temperature rise, hazardous organic 
solvents or reagents usages, non-renewable catalysts 
involvement, a high amount of catalysts, and combusti-
ble hydrogen gas requirements. The synthesized  Fe3O4@
Guanidine-CuII acted as an effective catalyst in ambient 
conditions by the existence of  NaBH4 in ethanol media, 
less amount of catalyst (0.6 mol %), magnetically recov-
erable in good yield, reusable without similar catalytic 
effect up to eight cycles, and without using any additives. 
Moreover,  Fe3O4@Guanidine-CuII is an effective catalyst 
for reducing nitro groups due to their convenient procedure 
and low price.

Reusability study

The essential practical benefits of using heterogeneous 
catalysts are the catalysts' effortless restoration and the 
provision for concurrent usages in a subsequent reac-
tion. To check this in the mixture, an external magnet 

was used to retrieve the  Fe3O4@Guanidine-CuII from 
the nitroarenes reduction reaction without any signifi-
cant loss of the catalyst. We have discovered that the 
aforementioned catalyst exhibited great reusability. The 
reaction mixture was rinsed using ethanol (3 × 5 ml), fol-
lowing the initial use of the catalyst, and the catalyst 
could be easily separated by the solution mixture with 
the application of an external magnet. Consecutively 
recovered catalyst is charged by fresh substrate, hydro-
gen source, and solvent, and the further reaction was car-
ried out. We were able to recover the catalyst along with 
further usage about 8 times without significant loss in 
catalyst quantity and activity, as shown in Fig. 7. Besides 
the SEM image (Fig. 8) and FT-IR spectra (Fig. 9) of the 
catalyst shown after eight cycles, the recycled catalyst 
had very high stability.

Heterogeneity test

Sheldon's test was used to confirm the heterogeneous 
character of the synthesized material, regardless of any 
Cu(II) particles were leached in the filtrate solution. The 
reduction of nitrobenzene was carried out on a nano-
catalyst for 15 min under optimal reaction conditions, 
after which the solution mixture was divided into two 
halves. The catalyst was removed from one part of the 
reaction mixture using a magnetic field source and the 
reaction of both parts was carried out for an additional 
15 min. It was found that under non-catalytic environ-
ments, no conversion was observed, while the other por-
tion lead to completion as shown in Fig. 10. This also 
suggests that virtually no leaching of Cu(II) occurred in 
the reaction mixture, (Fig. 11) which confirms its factual 
heterogeneity.Fig. 8  Reusability of  Fe3O4@Guanidine-CuII catalyst in nitroarenes 

reduction reaction concealed by maximized parameters

Fig. 9  SEM images of recov-
ered  Fe3O4@Guanidine-CuII 
for a before use for catalysis b 
nitroarenes reduction after eight 
cycles



3707Journal of the Iranian Chemical Society (2022) 19:3697–3709 

1 3

Plausible mechanism

According to previous reports [49], the plausible mecha-
nism for the reduction of nitroarenes can be proposed, as 
shown in Scheme 2. At first, the  NaBH4 ionizes in pres-
ence of liquid surroundings by the formation of borohy-
dride ions  [BH4]− that is occupied above copper catalyst 
caused the copper hydride complex (Cu–H) composition. 
Then, the nitro compounds  (C6H5–NO2) are present on the 
surface of the copper-hydride complex, and both processes 
are reversible, i.e., adsorption and desorption. If each sub-
strate is chemisorbed on the catalyst surface, hydrogen will 

be moved to corresponding amines  (C6H5–NH2) from the 
copper-hydride complex.

Conclusions

This study demonstrated the successful synthesis of  CuII 
immobilized on guanidine conjugated  Fe3O4 nanoparti-
cles  (Fe3O4@Guanidine-CuII) as an efficient, magneti-
cally recoverable, and reusable heterogeneous catalyst to 
selectively reduce nitroarenes using  NaBH4 as a hydro-
gen source in ethanol media at ambient conditions. It 
was observed that  Fe3O4@Guanidine-CuII was efficient 
and could easily reduce substituted nitroarenes to cor-
responding amines within 25–60 min. The catalyst was 
easily recovered from the reaction mixture by applying an 
external magnetic field and also reused for further reaction 
with excellent yield. The catalyst showed almost unaltered 
efficacy up to eight cycles of recovery and reuse. Further-
more, all amine derivatives were distinguished by high 
turnover numbers (TON) and turnover frequency (TOF), 
demonstrating the increased reaction process as well as 
refinement of  Fe3O4@Guanidine-CuII catalyst in reducing 
nitroarenes. Applying this kind of effective catalyst for 
reducing toxic dyes and chemicals can reduce the pollution 
and cost of producing beneficial compounds also.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13738- 022- 02564-1.

Fig. 10  FTIR spectra of  Fe3O4@Guanidine-CuII for a before use for 
catalysis b nitroarenes reduction reaction after eight cycles

Fig. 11  Hot filtration and leaching test of  Fe3O4@Guanidine-CuII in 
the reduction of nitrobenzene 

Scheme  2.  A plausible mechanism involved in the reduction of 
nitroarenes

https://doi.org/10.1007/s13738-022-02564-1
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