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reduction of nitro and nitrile
compounds using an Fe3O4-MWCNTs@PEI-Ag
nanocomposite as a reusable catalyst

Sara Ansari,a Alireza Khorshidi *a and Shahab Shariatib

Multi-walled carbon nanotubes (MWNTs) were modified with carboxylic acid functional groups (MWCNTs-

(COOH)n) prior to decoration with Fe3O4 nanoparticles. A further modification step by polyethyleneimine

(PEI) resulted in Fe3O4-MWCNTs@PEI which provided a suitable platform for coordination and in situ

reduction of silver ions to obtain an Fe3O4-MWCNTs@PEI-Ag nanocomposite with highly dispersed Ag

nanoparticles. The Fe3O4-MWCNTs@PEI-Ag hybrid material was characterized by various techniques

such as Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD), transmission electron

microscopy (TEM), vibrating sample magnetometry (VSM), X-ray photoelectron spectroscopy (XPS) and

thermogravimetric analysis (TGA), and was used as an efficient catalyst for chemoselective reduction of

nitroaromatic and nitrile compounds to their corresponding amines in aqueous solution at ambient

temperature. Nitrofurazone, a cytotoxic antibiotic, as a non-aromatic example was also reduced

selectively at the nitro group without reduction of the other functionalities in the presence of Fe3O4-

MWCNTs@PEI-Ag. The catalyst was magnetically recoverable and maintained its activity for at least six

cycles without considerable loss of efficiency.
Introduction

Silver nanoparticles (Ag NPs) have been of special interest for
many decades due to their diverse applications in a variety of
elds such as biology,1,2 electronics3,4 and catalysis.5,6 Among
the noble metal nanoparticles, silver nanoparticles have
attracted specic attention due to their potential as catalysts
in various transformations.7,8 As catalysts, the performance of
Ag NPs is associated with some limitations. These include, but
are not limited to, problematic separation of the catalyst from
products by traditional methods, aggregation of nanoparticles
and stability issues.9 In order to overcome these limitations,
various supports have been devised to immobilize Ag NPs. A
few examples include carbon materials,10,11 silica,12 alumina,13

silica nanotubes, carbon nanobers, polymers and metal
oxides.14,15 Immobilization of Ag NPs on the surface of such
supports plays an important role in higher stability and cata-
lytic activity and paves the way for their easy separation from
different reaction media.16 Nitroaromatic compounds, on the
other hand, are widely used in various industries such as
plastics, dyeing, agriculture, etc.17 It has been proved that even
trace amounts of these compounds can pose an adverse effect
on the environment and human health. Hence, several inves-
tigations have been carried out to eliminate or convert
ences, University of Guilan, P. O. Box:

n.ac.ir; Tel: +989113397159

lamic Azad University, Rasht, Iran
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nitroaromatic compounds to less harmful products.18,19

Aromatic and aliphatic amines are among the most important
intermediates in the synthesis of pharmaceuticals, dyes,
surfactants, anti-foam agents, corrosion inhibitors, and poly-
mers,20–23 and can be obtained from direct reduction of nitro
compounds. Also, many important compounds such as
amides, imines, azo compounds, isocyanates and diazonium
salts can be prepared from amines.24,25 Although, various
methods have been designed for the synthesis of aromatic and
aliphatic amines from nitro precursors, most of them have
serious drawbacks such as production of large quantities of
waste, which in turn can lead to very serious environmental
and health hazards.26 Metal complexes have been used as
catalyst for reduction of nitroaromatic compounds to aromatic
amines.27,28 However, they have their own disadvantages such
as production of noxious waste and recyclability issues. On the
other hand, reduction of nitrile compounds by NaBH4 or
LiAlH4 usually leads to the production of amides instead of
amines and therefore they cannot provide chemoselectivity.29

Hence, study on effective and green methodologies for che-
moselective transformation of nitrile and nitro compounds to
amines is still of a great interest. In recent years, the abun-
dance of published reports on the application of multi-walled
carbon nanotubes (MWCNTs) is testimony to the considerable
attention to functionalization of these carbon scaffolds for
various applications such as oxidative dehydrogenation,30–32

sensors for determination of DNA,33 and MRI contrast
agents.34 Due to high surface area, unique chemical and
This journal is © The Royal Society of Chemistry 2020

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra09561f&domain=pdf&date_stamp=2020-01-21
http://orcid.org/0000-0002-8990-8052
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra09561f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010006


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ja

nu
ar

y 
20

20
. D

ow
nl

oa
de

d 
on

 3
/5

/2
02

6 
3:

53
:0

3 
PM

. 
 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
physical properties, high resistance and accessibility, CNTs
have been used as outstanding supports for deposition of
nanoparticles or metal complexes, to prepare stable and
recoverable heterogeneous catalysts for various reactions.35–37

However, CNTs cannot be easily separated from the reaction
mixture because they can stay suspended for a long time.38 To
overcome this problem, the researchers found that attachment
of magnetic nanoparticles to them may prevent their disper-
sion in solution. These new magnetic hybrids have attracted
considerable attention due to their recyclability from the
solution by using an external magnet and purication of the
target products by an easy workup.39,40 In addition, while there
are interesting achievements with noble metal functionalized
magnetic carbon nano/microtubes, for example, in catalysis
and sensors,41–43 other low dimensional nanocarbon scaffolds
are actively pursued by the researchers,44–50 and are going to
nd application in energy materials.51–60

Herein, we introduce Fe3O4-MWCNTs@PEI as a novel
support for uniform dispersion of Ag NPs over its surface, and
application of the Fe3O4-MWCNTs@PEI-Ag hybrid material as
an efficient catalyst for chemoselective reduction of nitro and
nitrile compounds to amines in aqueous solution under very
mild and green conditions.
Scheme 1 Stepwise synthesis of Fe3O4-MWCNTs@PEI-Ag.

This journal is © The Royal Society of Chemistry 2020
Experimental
Materials and methods

MWCNTs were purchased from Cheap-Tube Inc., USA. Ferric
chloride hexahydrate (FeCl3$6H2O) and ferrous sulfate hepta-
hydrate (FeSO4$7H2O) were purchased from Fluka. All of the
other chemicals were purchased from Sigma-Aldrich and were
used as received.
Synthesis of acid functionalized multi-walled carbon
nanotubes, MWCNTs-(COOH)n

MWCNTs-(COOH)n was synthesized as follows: 1.0 g of the
MWCNTs was added to 20 mL of a mixture of HNO3 and H2SO4

(v/v 1 : 3). The mixture was then reuxed under stirring at
100 �C for 24 h and aer cooling down to room temperature, it
was diluted with distilled water in an ice bath. Successive
rinsing with distilled water by means of a centrifuge until
neutral pH resulted in a black precipitate which was dried at
85 �C for 24 h under vacuum.
Synthesis of Fe3O4-MWCNTs-(COOH)n

First, a dispersion of the MWCNTs-(COOH)n in distilled water
(0.125 g in 80mL) was prepared. Then a solution of FeSO4$7H2O
RSC Adv., 2020, 10, 3554–3565 | 3555
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Fig. 1 From top to bottom: FTIR spectra of MWCNTs-(COOH)n, Fe3O4-MWCNTs-(COOH)n, Fe3O4-MWCNTs@PEI, and Fe3O4-MWCNTs@PEI-
Ag.
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and FeCl3$6H2O in water (2.11 mmol, 4.47 mmol, 150 mL) was
prepared and added to the above dispersion. The mixture was
then placed in an ultrasonic bath for 15 min in order to achieve
3556 | RSC Adv., 2020, 10, 3554–3565
a uniform distribution of metal ions over the surface of
MWCNTs-(COOH)n. The resulting mixture was then stirred
under N2 atmosphere at 90 �C for 40 min. In the next step,
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 XRD pattern of the Fe3O4-MWCNTs@PEI-Ag nanocomposite.
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15 mL of a 1.5 M ammonia solution was added dropwise. Stir-
ring was continued for 3 h at 90 �C under N2 atmosphere.
Finally, the product was separated by an external magnet and
washed with water until neutral pH was achieved. The product
was dried in an oven at 80 �C overnight.
Fig. 3 TEM image of the Fe3O4-MWCNTs@PEI-Ag nanocomposite
(top), and the corresponding EDX analysis (bottom).

This journal is © The Royal Society of Chemistry 2020
Synthesis of Fe3O4-MWCNTs@PEI

0.15 g of Fe3O4-MWCNTs-(COOH)n was dispersed in 10 mL of
DMF by sonication in an ultrasonic bath for 15 min. Then,
a solution of PEI (0.1 g in 5 mL of DMF) was prepared by
sonication for 15 min and added at once to the above
mentioned suspension. Aerward, 0.2 g of 4-(dimethylamino)
pyridine (DMAP) and 0.25 g of N,N-dicyclohexylcarbodiimide
(DCC) were added to the above mixture. The mixture was then
reuxed for 60 h at 150 �C. Finally, the Fe3O4-MWCNTs@PEI
was separated by an external magnet and washed with DMF (2
� 3 mL), then dried in vacuum at 90 �C.
Synthesis of Fe3O4-MWCNTs@PEI-Ag

Deposition of silver nanoparticles over the surface of Fe3O4-
MWCNTs@PEI was achieved by coordination of Ag+ ions by
–NH2 functional groups of PEI and reduction with NaBH4.
Fig. 4 TGA curve for the Fe3O4-MWCNTs@PEI-Ag composite.

RSC Adv., 2020, 10, 3554–3565 | 3557
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Fig. 5 XPS survey scan for the Fe3O4-MWCNTs@PEI-Ag composite (a), and high-resolution Ag 3d (inset) and Fe 2p (b) signals.
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Briey, 50 mg of Fe3O4-MWCNTs@PEI was dispersed in 200 mL
of deionized water by ultrasound irradiation for 4 min. Then,
8.0 mg of AgNO3 was added to the mixture under vigorous
Fig. 6 Mapping analysis of the Fe3O4-MWCNTs@PEI-Ag composite.

3558 | RSC Adv., 2020, 10, 3554–3565
stirring by a mechanical stirrer at 1800 rpm. Aerward, 3 mL of
100 mMNaBH4 solution was injected at once to the mixture and
the reaction continued for 3 h at room temperature. The
resulted product was separated and washed with deionized
water and acetone and dried in vacuum at 60 �C.

General procedure for reduction of aromatic nitro and nitrile
compounds by Fe3O4-MWCNTs@PEI-Ag as catalyst

To 100 mL of a 1.0 mM aqueous solution of the corresponding
nitroaromatic compound, 3 mL of freshly prepared NaBH4

solution (0.1 M) and 1.0 mg of Fe3O4-MWCNTs@PEI-Ag were
added and the mixture was stirred by means of a mechanical
stirrer at room temperature. Trend of reduction of nitro groups
was monitored by using a UV-Vis spectrophotometer according
Fig. 7 Hysteresis curve for Fe3O4-MWCNTs@PEI-Ag composite
measured at 300 K.

This journal is © The Royal Society of Chemistry 2020
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Table 1 Effect of the catalyst amount on the reduction efficiency for 4-nitroaniline

Entrya
Catalyst amount
(mg)

Yield of benzene-1,4-diamine
(%)

Apparent rate constant,
k (min�1)

1 0 mg Negligible —
2 1.3 mg 94.43% 0.188 min�1

3 1.0 mg 90.72% 0.152 min�1

4 0.7 mg 69.17% 0.073 min�1

a All of the reactions were carried out according to the general experimental procedure at room temperature.

Table 2 Effect of pH on the reduction of 4-nitroaniline

Entrya pH
Reduction efficiency
(%)

Apparent rate constant,
k (min�1)

1 5.0 31.0% 0.031 min�1

2 7.0 90.7% 0.152 min�1

3 10.0 67.9% 0.077 min�1

a All of the reactions were carried out according to the general
experimental procedure at room temperature.
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to the following procedure. Aer removal of the catalyst by an
external magnet, a small portion of the solution was sampled in
a quartz cuvette and the absorption of the solution was
measured at the appropriate lmax. In the case of aromatic
nitriles, 0.1 mmol of the corresponding aromatic nitrile
compound was added to 10 mL of distilled water. Then, 1 mg of
Fe3O4-MWCNTs@PEI-Ag was added and the mixture was soni-
cated for 5 min. Then, 3 mL of freshly prepared NaBH4 solution
(0.2 M) was added and the mixture was reuxed at 110 �C in an
oil bath. The progress of the reaction was monitored by gas
chromatography.
Fig. 8 Trend of reduction for 4-nitroaniline at pH 7.0.

This journal is © The Royal Society of Chemistry 2020
Characterization techniques

FT-IR spectra were recorded on a Bruker ALPHA spectrometer
from 500 to 4000 cm�1 using KBr pellets. UV-Vis spectra were
recorded on a PerkinElmer LAMBDA 25 spectrophotometer.
XRD patterns were recorded on a Philips X'pert diffractometer
with mono chromatized Cu Ka radiation at 40 kV and 20 mA (Ni
lter, 2q 10 to 70� with a step size of 0.05� and a count time of 1
s). TEM images were obtained on a transmission electron
microscope (TEM, Philips MC 10) with an acceleration voltage
of 80 kV. Thermogravimetric analysis (TGA) was performed on
a STA 1500 instrument at a heating rate of 10 �C min�1 in air
atmosphere. GC analyses were performed on a GC Chrom from
Teif Gostar Faraz Co., Iran (split/splitless injector, capillary SAB-
5 column, FID detector, N2 as carrier gas with ow rate of 0.8
mL min�1, column temp: 260 �C).
Results and discussion
Characterization of the nanocatalyst

Stepwise modication of MWCNTs with (i) –COOH functional
groups, (ii) Fe3O4 nanoparticles, (iii) covalent bonding of PEI,
and (iv) decoration with Ag nanoparticles is illustrated in
Scheme 1.

MWCNTs were functionalized with –COOH groups prior to
the synthesis of Fe3O4, because magnetite nanoparticles cannot
tolerate the strong acidic conditions required for acid modi-
cation. In the next step, covalent graing of PEI was performed
to prepare an appropriate medium for coordination of Ag+ ions
before they were reduced with NaBH4. This strategy resulted in
a more uniform dispersion of Ag nanoparticles over the surface
of the catalyst. Fig. 1 compares FTIR spectra of Fe3O4-
MWCNTs@PEI-Ag with its individual components. The
absorption band at 558 cm�1 is attributed to the Fe–O
Table 3 Effect of NaBH4 concentration on the reduction of 4-
nitroaniline

Entrya
NaBH4 concentration
(M) Reduction efficiency%

1 0.3 M 93.11%
2 0.2 M 90.72%
3 0.1 M 72.88%

a All of the reactions were carried out according to the general
experimental procedure at room temperature.

RSC Adv., 2020, 10, 3554–3565 | 3559

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra09561f


Table 4 Variety of nitroaromatic compounds reduced by Fe3O4-MWCNTs@PEI-Ag as the catalyst

Entrya Nitroaromatic compound Product kapp (min�1) Time (min)

1 0.151 10

2 0.22 8

3 0.152 15

4 0.288 12

5 0.085 15

6 0.115 14

7 0.099 12

8 0.151 10

9 0.206 8

10 0.122 12

a All of the reactions were carried out according to the general experimental procedure.

3560 | RSC Adv., 2020, 10, 3554–3565 This journal is © The Royal Society of Chemistry 2020
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Table 5 Optimization of the reaction conditions for reduction of benzonitrile by Fe3O4-MWCNTs@PEI-Ag as catalyst in aqueous solution

Entrya Catalyst amount (mg) Time (min) Temperature (�C) Yieldb c (%)

1 — 40 110 —
2 1.3 40 110 97%
3 1.0 40 110 95%
4 0.7 40 110 90%
5 1.0 30 110 87%
6 1.0 50 110 95%
7 1.0 40 90 83%
8 1.0 40 70 66%

a Reaction conditions: 0.1 mmol of benzonitrile and 0.6 mmol of NaBH4.
b Isolated yield. c The product was characterized from its 1HNMR

spectroscopic data in comparison with authentic samples.

Table 6 Chemoselective reduction reaction of nitriles to amines by
Fe3O4-MWCNTs@PEI-Ag as catalyst

Entrya Nitrile compound Product Yieldb (%)

1 96%

2 94%

3 92%

4 88%

5 98%

a All of the reactions were carried out according to the general
experimental procedure. b GC yield in comparison with authentic
samples.
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stretching vibrations in all of the Fe3O4 containing intermedi-
ates and the nal product.61 Broad peaks at about 3400 cm�1

may be attributed to either O–H stretching vibrations of –COOH
in MWCNTs-(COOH)n and Fe3O4-MWCNTs-(COOH)n, or N–H
stretching vibrations in Fe3O4-MWCNTs@PEI and Fe3O4-
MWCNTs@PEI-Ag. A more convincing evidence on presence of
–COOH, however, is the characteristic vibration of C]O at
1720 cm�1. In the case of Fe3O4-MWCNTs@PEI and Fe3O4-
MWCNTs@PEI-Ag, on the other hand, characteristic vibrations
that conrm covalent graing of PEI are as follows: 1642 cm�1

(amide carbonyl vibration), 1456 cm�1 (N–H bending),
2959 cm�1 and 2927 cm�1 (aliphatic C–H stretching).62,63

Fig. 2 shows the XRD pattern of Fe3O4-MWCNTs@PEI-Ag.
The low intensity reection at 2q 26.2 correspond to (002)
plane of the multi-walled carbon nanotubes with graphite-like
frame.64 Six peaks at 2q 30.2�, 35.7�, 43.7�, 53.87�, 57.5� and
62.9� correspond to (220), (311), (400), (422), (511) and (440)
planes of crystalline Fe3O4 magnetic nanoparticles, respectively
(JCPDS le no. 65-3107).37 Also, peaks at 2q 38.3�, 44.3�, 64.8�,
and 77.5� can be well attributed to (111), (311), (220) and (200)
planes of face-centered-cubic (FCC) silver on the basis of stan-
dard values in the card (JCPDS le no. 04-783).

TEM imaging clearly revealed the presence of Fe3O4 and Ag
as nano-sized particles over the walls of nanotubes. In Fig. 3
(top), a fully decorated nanotube and a partially decorated one
is captured. As it is shown, Fe3O4 nanoparticles can be easily
identied from their larger size (25–50 nm vs. 5–10 nm) and
higher opacity in comparison with Ag nanoparticles. Due to the
inherent limitations of co-precipitation methods, the
morphology of Fe3O4-MWCNTs@PEI-Ag nanocomposite was
somehow poor in comparison with high-temperature decom-
position methods.43,65 Corresponding EDX analysis was also
performed (bottom) and revealed the presence of all of the
anticipated elements.

Thermogravimetric analysis was used to further characterize
the catalyst and to determine its thermal stability. TGA curve for
the Fe3O4-MWCNTs@PEI-Ag composite is presented in Fig. 4.
This journal is © The Royal Society of Chemistry 2020
The curve consists of two distinct weight loss stages, one from
250 to 440 �C which can be attributed to decomposition of PEI,66

and the other from 440 to 700 �C due to decomposition of
MWCNTs,67 with a total weight loss of 57%. It could be deduced
that Fe3O4-MWCNTs@PEI-Ag has enough stability to endure
harsh conditions up to 250 �C.

In order to further characterize the Fe3O4-MWCNTs@PEI-Ag
composite, XPS survey spectrum was recorded. In Fig. 5a, one
RSC Adv., 2020, 10, 3554–3565 | 3561
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Fig. 9 Left: reusability of the Fe3O4-MWCNTs@PEI-Ag catalyst in reduction of 4-nitroaniline and benzonitrile. Right: photographs of the 4-
nitroaniline solution before (a) and after (b) addition of the catalyst, and after magnetic separation of the catalyst (c). The magnet was enveloped
with a piece of white paper for clarity.
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can note the presence of signals attributed to the Fe, O, N, and
C. In addition, inset of Fig. 5a shows a high-resolution core level
signal of metallic Ag, in which Ag 3d3/2 and Ag 3d5/2 are clearly
visible and the splitting of the 3d doublet is 6.0 eV. In the high
resolution spectrum of Fe, on the other hand, the characteristic
spin–orbit doublets of Fe2+ and Fe3+ and shakeup satellites are
clearly visible, which are in agreement with the reported values
(Fig. 5b).43,65

To further differentiate between Ag and Fe3O4, mapping
analysis was performed and the results are presented in Fig. 6.
Based on the obtained layered images, it is crystal clear that
a uniform dispersion of Ag nanoparticles over the surface of the
support was obtained.

The magnetic hysteresis curve for Fe3O4-MWCNTs@PEI-Ag
composite was also obtained. As can be seen in Fig. 7, typical
magnetization curve for Fe3O4-MWCNTs@PEI-Ag composite as
a function of applied magnetic eld at 300 K is shown. The
Fe3O4-MWCNTs@PEI-Ag composite sample exhibited typical
super paramagnetic behavior with a large saturation magneti-
zation of 63.6 emu g�1.
Fig. 10 SEM (left) and TEM (right) images of the recovered catalyst.

3562 | RSC Adv., 2020, 10, 3554–3565
Catalytic reduction of nitroaromatic and nitrile compounds

In order to study the effectiveness of Fe3O4-MWCNTs@PEI-Ag
nanocatalyst in the reduction of aromatic nitro and nitrile
compounds, 4-nitroaniline was used as a model substrate to
determine the optimum reaction conditions including catalyst
amount, pH, and amount of the reducing agent. Trend of
reduction was monitored by UV-Vis spectroscopy. Table 1
represents the effect of the catalyst amount on the reduction of
4-nitroaniline in water at 25 �C.

It is clear that presence of the catalyst is necessary for
successful reduction of 4-nitroaniline. Increasing in the catalyst
amount from 0.7 to 1.3 mg resulted in a non-linear increase in
the yield. Therefore, 1.0 mg of the Fe3O4-MWCNTs@PEI-Ag
nanocatalyst was selected as the optimum amount. Reduction
of 4-nitroaniline at different pH was also investigated. It was
found that maximum performance was affordable under
neutral pH in the reduction of 4-nitroaniline (Table 2, entry 2).
Fig. 8 shows the recorded UV-Vis spectra of the aqueous solu-
tion of 4-nitroaniline at pH 7.0 aer 0, 2, 4, 8, 12 and 15 min.
Clearly, intensity of the peak at 380 nm was decreased with
This journal is © The Royal Society of Chemistry 2020
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Table 7 A brief comparison of the results of the reduction of 4-nitroaniline (A) and benzonitrile (B) using different catalysts

Entry Catalyst Substrate
Catalyst amount
per mmol of substrate (mg) NaBH4 (mmol) Temp (�C) Time (min) Ref.

1 Fe3O4-MWCNTs@PEI-Ag A 10 3 25 15 This work
B 10 6 110 40

2 Fe3O4@SiO2@KIT-6-Ag A 100 111 25 17 74
B Not tested — — —

3 Au NPs (octahedral) A 172.5 240 28 70 75
B Not tested —

4 Ag–RANEY® nickel A 250 2 35 20 76
B Not tested —

5 Bi2S3 microspheres A 6000 1000 25 9 77
B Not tested —

6 Ag–PRGO A 1000 132 25 4 78
B Not tested —

7 MNPs@PIL@AuNPs A 5 10 25 70 79
B Not tested —
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simultaneous outburst of a new peak at 240 nm which can be
attributed to the formation of benzene-1,4-diamine.68

Effect of the amount of reducing agent was also studied, and
the results are presented in (Table 3). Based on these results,
0.2 M of freshly prepared aqueous solution of sodium borohy-
dride was selected as the optimum concentration.

In order to generalize the effectiveness of our catalyst under
the optimum conditions, a variety of nitroaromatic compounds
were reduced by NaBH4 in presence of the Fe3O4-
MWCNTs@PEI-Ag (Table 4). Since NaBH4 concentration is
much higher than the corresponding nitroaromatic compound,
it can be assumed that the apparent rate constant follows
a pseudo rst-order kinetic because the concentration of NaBH4

can be considered to be constant during the course of reduc-
tion. Therefore, the apparent rate constants for this method was
determined as ln Ct/C0 ¼�kt, (where Ct is the residual and C0 is
the initial concentration of the nitro compound).

These results clearly indicate that this methodology is pretty
compatible with different functional groups. Even non-aromatic
nitro compounds, such as nitrofurazone which is an antibiotic,
undergo selective reduction to the corresponding aminofuran
(Table 4, entry 4).

Nitrile hydrogenation, on the other hand, is another method
to prepare amines. Strong hydride donors such as lithium
aluminum hydride, or catalytic hydrogenation are the most
commonly used approaches for this purpose.

Chemoselectivity however, is a major issue and in most
studies, reduction of nitrile compounds to amides, secondary or
tertiary amines has been reported.69–73 Generally, less attention
has been paid to the production of amines from nitrile
compounds. In order to extend the application of Fe3O4-
MWCNTs@PEI-Ag to the reduction of nitriles, we selected
benzonitrile as a model substrate to determine the optimum
reaction conditions with respect to the catalyst amount, reac-
tion time, and temperature. Based on the data listed in Table 5,
10 mg of the catalyst per mmol of benzonitrile in water at 110 �C
was selected as the optimum conditions. Under these circum-
stances, the reaction selectively afforded the expected product
with excellent yield of 95% aer 40 minutes.
This journal is © The Royal Society of Chemistry 2020
To study the generality and scope, optimized reaction
conditions were applied to various nitriles and satisfying results
were obtained in each case with regard to chemoselectivity
toward amines, and yield (Table 6).

Finally, we studied recyclability and reuse of the Fe3O4-
MWCNTs@PEI-Ag catalyst. Aer completion of the reduction of
4-nitroaniline or benzonitrile, the catalyst was recovered and
reused for six successive cycles without any signicant decrease
in its activity. Conversion percent values from run 1 to 6 were
90.7, 88.3, 85.5, 82.4, 80.5, and 78.7 for 4-nitroaniline, and 90.3,
87.5, 83.6, 81.4 79.7, and 77.5 for benzonitrile (Fig. 9). To visu-
alize the magnetic separation process, photographs of the 4-
nitroaniline solution before and aer addition of the catalyst,
and aer magnetic separation of the catalyst are also shown in
Fig. 9.

In is noteworthy that the recovered catalyst from the 6th run
of the 4-nitroaniline reduction reaction, to a large extent
maintained its morphology. This can be understood from the
following SEM and TEM images of the recovered catalyst Fig. 10.

To show the catalytic efficiency of Fe3O4-MWCNTs@PEI-Ag
catalyst, we have compared our results for the reduction of
nitro and nitrile aromatic compounds with other reported
results for the same transformations (Table 7). shows that
Fe3O4-MWCNTs@PEI-Ag combines some of the merits associ-
ated with other methods.

Conclusions

In this study we have introduced Fe3O4-MWCNTs@PEI-Ag
hybrid material as a heterogeneous catalyst for efficient reduc-
tion of a broad spectrum of nitro and nitrile compounds under
mild conditions. It can be concluded that functionalization of
the MWCNTs with PEI provided a suitable platform for coor-
dination and in situ reduction of silver ions. Silver nanoparticles
obtained from in situ reduction of Ag+ ions, are responsible for
the observed excellent chemoselectivity and yields. Although
the mechanistic details of such transformations awaits further
studies, preferential adsorption of the reactant on the catalyst
through nitro group, may justify the obtained results, as was
RSC Adv., 2020, 10, 3554–3565 | 3563
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investigated by Boronat et al.80 In combination with magnetic
properties of Fe3O4, Fe3O4-MWCNTs@PEI-Ag catalyst integrates
various advantages such as chemoselectivity, thermal stability,
ease of work-up, and above all, reusability, which are of interest
from both environmental and economic point of view.
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