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Abstract
Ag nanoparticles incorporated β-cyclodextrin conjugated magnetic hydroxyapatite, γ-Fe2O3@HAp-CD.Ag was conveniently 
synthesized via the grafting of β-cyclodextrin moieties on the hydroxyapatite surface, followed by reacting of the nano-
composite, γ-Fe2O3, with silver nitrate and then its reduction with sodium borohydride. The cavity of β-cyclodextrin units 
as host material can stabilize the Ag nanoparticles (particles size: 12–14 nm) effectively and prevent their aggregation and 
separation from the surface. The nanocomposite obtained appears to have an organized structure, with a magnetic γ-Fe2O3 
core surrounded by a layer-structured coating shell. The structure and composition of the nanocomposite were confirmed 
by FT-IR, FE-SEM, TEM, TGA, XRD, EDS, BET, and VSM. This catalytic system selectively reduces the nitro group even 
in the presence of other sensitive functional groups in good to excellent yields (85–98%).The organometallic nanocatalyst 
was easily removed from solution using an external magnet and was successfully examined for five runs, with a slight loss 
of catalytic activity.
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Keywords  γ-Fe2O3@HAp-CD.Ag · Heterogeneous nanocatalyst · Reduction of nitroarenes · Silver nanoparticle · Green 
chemistry

1  Introduction

Today, as we know, all governments and research centers 
around the world recognize that green chemistry leads to 
a cleaner and sustainable earth, and is also very beneficial 
in terms of economic and social effects. These benefits 
encourage industries to implement environmentally friendly 
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technologies. The largest amount of “auxiliary waste” in 
most chemical processes is associated with solvent and non-
recyclable homogenous catalyst usage; accordingly, a part of 
green chemistry connects to solve this challenge. Industries 
have begun to use green chemistry and its applications such 
as new heterogeneous catalysts and waste prevention to use 
less toxic solvents and reagents [1–7].

In the last years, inorganic supports, such as hydroxyapa-
tite (HAp) have attracted many scientists [8–10]. It is the 
mesoporous solid support with high surface area, availabil-
ity, environment-friendly nature, and an ability to design 
new functionalized material which can make hydroxyapa-
tite-encapsulated magnetic nanocrystallites an excellent sup-
port for the preparation of heterogeneous catalysts in organic 
chemistry [11–15].

The unique structure and properties of cyclodextrins 
(CDs) have made them a popular choice for a wide range 
of applications over the past few decades. They play major 
roles in many disciplines such as supramolecular chemis-
try, catalysis and biomedicine [16–18]. CDs have truncated 
cone-like three-dimensional structures with hydrophilic 
exteriors and hydrophobic cavities that endow them with 
a special ability to accommodate many organic compounds 
by inclusion complexation because they can be linked both 
non-covalently and covalently [19, 20].

In recent years, cyclodextrins have increasingly been 
used in the preparation of metal nanoparticles such as pal-
ladium, platinum and silver [21–23]. In addition, supported 
transition-metal catalysis having high activity and selectivity 
are currently attracting great interest in the development of 
industrial processes, in particular in fine chemical produc-
tion. Nitroarene compounds have different hazardous effect 
to the environment and heath. these compounds have been 
introduced into the environment by human activities such as 
dyeing industries, plastics and agriculture, etc. The catalytic 
reduction of nitroarene compounds in sustainable method 
with green solvent like water is one of the most important 
methods for the decontamination of nitroarene compounds 
[24–41]. In this context, a considerable number of studies 
on the catalytic reactions of silver NPs have been conducted, 
such as alcohol dehydrogenation, Diels–Alder cycloaddi-
tions, and reduction of aromatic compounds [42–54]. How-
ever, during a reaction, the highly active surface atoms 
destabilize the NPs. To overcome this problem, Ag NPs have 
been immobilized onto mesoporous inorganic supports to 
increase its stability [55–60].

By considering all the above-mentioned points and in the 
course of our investigations into the development of novel 
porous inorganic–organic hybrid heterogeneous nanocata-
lysts in organic transformation, the aim of this presented 
work is to highlight the synergistic effects of the com-
bined properties of highly mesoporous surface of magnetic 
hydroxyapatite, and cyclodextrin cavity, in the trapping and 

stabilizing of the Ag nanoparticles in order to synthesize 
high efficient and a reusable nanocatalyst for reduction of 
nitroarenes to the corresponding aromatic amines by using 
NaBH4 as reducing agent in water.

2 � Experimental

2.1 � General

Iron (II) chloride tetrahydrate (99%), iron (III) chloride 
hexahydrate (98%), β-cyclodextrin and other chemicals 
were purchased from Fluka and Merck companies and used 
without further purification. Products were characterized by 
comparison of their physical and spectral data with those 
reported in the literatures.

The surface area and pore size distribution of the support 
was measured by the nitrogen adsorption–desorption method 
(Belsorp mini II). All the samples were degassed at 120 °C 
during 2 h before nitrogen adsorption measurements. FT-IR 
(Fourier transform infrared) spectra were recorded on a Per-
kin-Elmer (IL74XB3GV5) spectrometer. NMR spectra were 
recorded in CDCl3 on a Bruker Advance DPX 400 MHz 
instrument spectrometer using TMS as internal standard. 
X-ray diffraction (XRD) patterns of catalyst were taken 
on Philips X-ray diffraction model Research (PANalytical 
company) with a wavelength λ = 1.54056 A˚, the diffraction 
angles (2θ) were set between 10° and 80°. The field emis-
sion scanning electron micrograph (FE-SEM) was obtained 
by FE-SEM instrumentation (MIRA3TESCAN-XMU). An 
Analytik Jena (Germany) flame AAS instrument was used 
for determination of Ag, Energy-dispersive X-ray spectros-
copy (EDX) analysis was obtained by MIRA3TESCAN-
XMU instrument. Transmission electron microscope (TEM) 
images were obtained using Zeiss – EM10C −80 kV instru-
ment. The TGA curve was recorded on a PC Luxx 409 at 
heating rates of 10 °C min−1. For magnetization measure-
ment, a vibrating sample magnetometer (VSM) was used at 
room temperature (Meghnatis Daghigh Kavir Co., Kashan, 
Iran).

2.2 � Preparation of Ag Nanoparticles Incorporated 
Mesoporous Magnetite–Hydroxyapatite, 
γ‑Fe2O3@HAp‑CD.Ag

2.2.1 � Preparation of Aminopropyl Conjugated Mesoporous 
Magnetite–Hydroxyapatite, Fe2O3@HAp‑NH2

First, the mixture of FeCl2·4H2O (0.37 g, 1.85 mmol) and 
FeCl3·6H2O (1 g, 3.7 mmol) were dissolved in deionized 
water (30 mL) under Ar atmosphere at room temperature 
and the resulting solution was added to a 25 wt% NH4OH 
solution (10 mL) with vigorous mechanical stirring. A 
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black precipitate of Fe3O4 was produced instantly. In order 
to obtain small and uniform Fe3O4 particles, the drop rate 
of NH4OH was controlled precisely by a constant dropper 
and the drop rate was 1 mL min−1. After 15 min, 100 mL 
of Ca(NO3)2·4H2O (33.7 mmol, 0.5 M) and (NH4)2HPO4 
(20 mmol, 3.0 M) solutions adjusted to pH 11 were added 
drop-wise to the obtained precipitate over 30 min with 
mechanical stirring. The resulting milky solution was heated 
to 90 °C. After 2 h, the mixture was cooled to room tempera-
ture and aged overnight. The dark brown precipitate formed 
was filtered, washed repeatedly with deionized water until 

the water was neutral, and then air-dried under vacuum at 
room temperature. The synthesized sample was calcined at 
300 °C for 3 h, giving a reddish-brown powder, Fe2O3@
HAp.

Then for the linkage of aminopropyl unit to the surface of 
the obtained support, Fe2O3@HAp (1 g) were dispersed in 
anhydrous toluene (50 mL), with ultrasonication for 15 min 
and 3-aminopropyltrimethoxysilane (10 mmol) was added. 
The mixture was heated under reflux for 24 h under Argon 
protection. The suspended substance was collected by a 
magnet and rinsed 3 times with ethanol and distilled water, 

Scheme 1   Synthetic route for γ-Fe2O3@HAp-CD.Ag nanocomposite preparation

Fig. 1   The FT-IR spectra of a Fe2O3@HAp, b Fe2O3@HAp-NH2, c Fe2O3@HAp-CD and d CD
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respectively. The resulted product was denoted as Fe2O3@
HAp-NH2.

2.2.2 � Synthesis of Magnetite–Hydroxyapatite Anchored 
β‑Cyclodextrin, γ‑Fe2O3@HAp‑CD

The 1,1-carbonyldiimidazole-β-cyclodextrin (CD-CDI) was 
synthesized according to previously reported method [61]. 
Briefly, β-cyclodextrin (0.42 g, 0.37 mmol) and 1,1-car-
bonyldiimidazole (0.49 g, 3 mmol) were dissolved in DMF 
(6 mL) and stirred with argon protection at room tempera-
ture for 2 h. The solution was then precipitated with cold 
diethyl ether and filtered. The resulting CD-CDI (0.45 g) 
dissolved in DMF (5 mL) and stored at 4 °C.

Fe2O3@HAp-NH2 (1.0 g) nanocomposite was dispersed 
in DMF (50 mL) and stirred for 1.5 h. Next, CD-CDI was 
added into the dispersed solution of Fe2O3@HAp-NH2. The 
mixture solution was further stirred in a three-neck flask 
with argon protection at room temperature for 7 h. The 
resulting precipitate was washed with DMF and acetone 
to remove unreacted chemicals. The precipitate, γ-Fe2O3@
HAp-CD, was finally collected using a magnet and dried in 
a vacuum oven at 50 °C for 6 h.

2.2.3 � Preparation of Ag Nanoparticles Incorporated 
Mesoporous Magnetite–Hydroxyapatite, γ‑Fe2O3@
HAp‑CD.Ag

0.3 g of γ-Fe2O3@HAp-CD was dispersed in 100 mL freshly 
prepared an aqueous solution of NaBH4 (0.003 M) and the 
mixture was stirred for 1 h in an ice bath. To the suspen-
sion, an aqueous solution of AgNO3 (100 mL of 0.001 M) 
was added drop wise with constant stirring. After 2 h, the 
ice bath was removed and the suspension was stirred for 
3 h. Finally, the nanocomposite, γ-Fe2O3@HAp-CD.Ag, was 
magnetically separated and washed with deionized water for 
several times and dried at 45 °C.

2.3 � General Procedure for the Reduction of Nitro 
Compounds, Catalyzed by γ‑Fe2O3@HAp‑CD.Ag

To the suspension of nitro aromatic compound (1 mmol) in 
water (5 mL), NaBH4 (5 mmol) and nanocomposite (0.05 g) 
were added and completely mixed at room temperature. The 
mixture was stirred at 80 °C for the time shown in Table 3. 
After completion of the reaction as indicated by TLC [using 
Et2O/n-hexane as eluent: 1/5], the insoluble supported nano-
catalyst was isolated with the aid of an external magnetic 
field and the aniline product was extracted from liquid with 
diethyl ether.

3 � Results and Discussions

The synthetic route for the preparation of the Ag nanopar-
ticles incorporated β-cyclodextrin conjugated magnetic 
hydroxyapatite, γ-Fe2O3@HAp-CD.Ag, is outlined in 
Scheme 1. As shown in Scheme 1, the organic–inorganic 
nanocomposite as prepared with a multistep process. Firstly, 
Fe3O4 nanoparticles was easily prepared by coprecipita-
tion of ferrous and ferric ions in a basic aqueous solution 
followed by thermal treatment. Because of the sensitivity 
of the Fe3O4, its surface was coated with hydroxyapatite. 
The obtained, γ-Fe2O3@HAp powder was then conjugated 
with 3-aminopropyltrimethoxysilane to afford reactive 
amino groups. Subsequently, 1,1-carbonyldiimidazole-β-
cyclodextrin (CD-CDI) was synthesized and grafted onto the 
surface of the γ-Fe2O3@HAp-NH2. Finally, embedding of 
the silver nanoparticles into the nanocomposite, γ-Fe2O3@
HAp-CD, was easily carried out by chemical reduction of 

Fig. 2   TGA curve of γ-Fe2O3@HAp-CD.Ag

Fig. 3   EDS spectrum of γ-Fe2O3@HAp-CD.Ag
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AgNO3 by NaBH4 in water and in the presence of γ-Fe2O3@
HAp-CD.

The chemical structure of γ-Fe2O3@HAp-CD.Ag nono-
catalyst was analyzed using FT-IR, TGA, EDS mapping, 
XRD, BET, FE-SEM, TEM and VSM analysis. To char-
acterize the nanocomposite, and to confirm the immobi-
lization of the active components on the pore surface of 
hydroxyapatite, FT-IR spectroscopy was initially utilized. 
Figure 1 shows the FT-IR spectra of the, γ-Fe2O3@HAp 
(a), γ-Fe2O3@HAp-NH2 (b), γ-Fe2O3@HAp-CD (c), and 
β-CD (d) in the range of 400–4000 cm−1. As shown in 

Fig. 1, characteristic absorption bands due to the bending 
vibration mode of O–P–O surface phosphate groups in the 
Hydroxyapatite were observed at 566 and 602 cm−1 which 
overlap with Fe–O bonds stretching, the adsorption band 
at 1034 cm−1 can be attributed to the stretching of the P–O 
bond (Fig. 1a–c). The peaks at 3571 and 632 cm−1 are due 
to OH− ions. The broad bands in 3420 cm−1 and around 
1639 cm−1 arise from water, the 1415 cm−1 peak is from 
CO3

2− ions (Fig. 1a). For Fe2O3@HAp-NH2 (Fig. 1b), peaks 
at 2928 and 1635 cm−1 were assigned to stretching vibration 
of C-H bonds of the aminopropyl groups and -NH stretching 

Fig. 4   EDS elemental mapping of the γ-Fe2O3@HAp-CD.Ag nanocatalyst
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vibrations. The spectrum of β-CD (Fig. 1d) displayed char-
acteristic peaks at 1650, 2928 and 1650 cm−1 were also 
observed in spectrum of Fe2O3@HAp-CD with little shift 
(Fig. 1c). The peak at 1744 cm−1 was assigned to carbonyl 
band in Fe2O3@HAp-CD, that show CD-CDI was covalently 
grafted onto the surface of Fe2O3@HAp-NH2 (Fig. 1d). The 
result provides direct evidence that the conjugation occurs.

The stability of the nanocomposite was examined by 
Thermo-gravimetric analysis, TGA. As shown in Fig. 2, 
the first weight loss of 3.1% below 200 °C which might be 
due to the loss of the adsorbed water as well as dehydra-
tion of the surface OH groups. In the second region, the 
sharp decrease of weight in the range 300–700 °C is due to 
decomposition of CD and organic substances in Fe2O3@
HAp-CD.Ag composite. After that, there was a weight loss 
from 800 °C to 1000 °C due to the decomposition of calcium 
carbonate to calcium oxide which verified the presence of 
hydroxyapatite. Thus, the TGA curves also confirm the suc-
cessful grafting of β-cyclodextrin onto the magnetic surface 
of hydroxyapatite encapsulated -γ-Fe2O3.

Furthermore, the chemical composition of the γ-Fe2O3@
HAp-CD.Ag nanocomposite was determined by energy dis-
persive X-ray spectroscopy (EDS). It is found that the peaks 
of C, N, O, Si, P, Ca, Fe and Ag are observed. The percent-
ages of each element (of C, N, O, Si, P, Ca, Fe and Ag) 
of nanocatalyst are obtained from energy dispersive X-ray 
spectrum (Fig. 3). The presence and distribution of silver 
centers in the nanocomposite support, γ-Fe2O3@HAp-CD, 
is confirmed by elemental mapping images. The results show 
uniform distribution of silver nanoparticles over the struc-
ture of the hydroxyapatite support (Fig. 4). The incorporated 

Ag in the composite was also confirmed and determined by 
atomic absorption spectroscopy (AAS) (2 wt %).

Typical X-ray diffraction (XRD) patterns of the 
γ-Fe2O3@HAp-CD.Ag are shown in Fig. 5. The peaks at 
2θ = 35.7°, 43.6°, 53.3°, 57.1° and 63.1° are attributed 
to γ-Fe2O3(marked ▼), in agreement with the standard 
reflection peaks (JCPOS card 25-1402), Hydroxyapa-
tite also shows typical diffraction peaks, (marked O), at 
2θ = 25.7°, 31.8°, 32.9°, 34.1°, 39.8°, 46.8°, and 49.4° 
(PDF-2-no. [084-1998] (ICDD)) [62]. In addition, the 
obvious diffraction peaks at 2θ values of 38.07°, 44.18°, 
64.32° and 77.35° were corresponding to the (111), (200), 
(220) and (311) planes of silver, respectively. The size of 
the Ag nanoparticles is estimated 12 nm using the Scher-
rer’s equation. This observation confirms the presence of 
silver particles in on the surface of nanocomposite.

Figure 6 represent the low temperature nitrogen adsorp-
tion–desorption isotherms and pore size distributions of 
γ-Fe2O3@HAp and γ-Fe2O3@HAp-CD.Ag samples which 
exhibit a type IV curve with a hysteresis loop. Type IV iso-
therms correspond to a mesoporous material. According 
to the report in Table 1 about Brunauer–Emmett–Teller 
(BET) surface area, pore volume and pore size of Fe2O3@
HAp (BET: 143.97 m2 g−1, pore volume: 0.57 cm3 g−1 and 
pore size: 15.98 nm), decrease in these values is also pos-
sible proof that the organic groups and metal complex are 
successfully loaded onto the Fe2O3@HAp surface.

Figure  7 represents the results of field emission 
scanning electron micrograms (FESEM) in order to 
investigate the particle size, morphology and archi-
tecture of the γ-Fe2O3@HAp-CD.Ag nanocomposite. 
Also, FESEM images of the particles showed spherical 

Fig. 5   XRD patterns of the 
γ-Fe2O3@HAp-CD.Ag nano-
catalyst
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shaped morphology and core–shell structured magnetic 
hydroxyapatite microspheres with nano dimension ranging 
under 30 nm (Fig. 7).

Transmission electron-microscopy (TEM) studies of 
the of γ-Fe2O3@HAp-CD.Ag organic–inorganic compos-
ites (Fig. 8) revealed that the Ag nanoparticles had been 

incorporated in the γ-Fe2O3@HAp-CD nanocomposite suc-
cessfully. Some dark spots in the TEM images of γ-Fe2O3@
HAp-CD.Ag can be attributed to the presence of silver 
nanoparticles in catalyst and the particles size of Ag (0) 
are around 13 nm which is nearly the value calculated from 
XRD data.

Magnetic properties of γ-Fe2O3@HAp, γ-Fe2O3@HAp-
CD.Ag and Fe3O4 were investigated using a vibrating sample 
magnetometer (VSM) with a field of − 10,000 to 10,000 
Oe at room temperature. As shown in Fig. 9, the M (H) 
hysteresis loop for the three samples was completely revers-
ible, which indicated their superparamagnetic characteris-
tics. The catalysts γ-Fe2O3@CD and γ-Fe2O3@HAp-CD.Ag 
demonstrated saturation magnetization values of 17.17 and 
12.62 emu g−1, respectively, while the Fe3O4 nanoparticle 

Fig. 6   Nitrogen adsorption/desorption isotherms curves of γ-Fe2O3@HAp (left) and γ-Fe2O3@HAp-CD-Ag (right)

Table 1   Comparison of the textural properties of γ-Fe2O3@HAp and 
γ-Fe2O3@HAp-CD.Ag

Samples BET surface 
area (m2 g−1)

Pore 
volume 
(cm3 g−1)

Pore size (nm)

γ-Fe2O3@HAp 143.97 0.57 15.98
γ-Fe2O3@HAp-CD.Ag 58.20 0.08 5.25

Fig. 7   FE-SEM image of 
γ-Fe2O3@HAp-CD.Ag
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had the value of 54.94 emu g−1. The reason may be attrib-
uted to the grafting of β-CD and Ag, respectively, over 
γ-Fe2O3@HAp. However, the lower value of Fig. 9b, c is 
still enough to ensure the readily recovery of the catalysts 
from reaction mixture using external magnetic force.

The catalytic performance of the γ-Fe2O3@HAp-CD.Ag 
nanocomposite has been systematically studied in the aque-
ous reduction of nitroarenes by NaBH4. The nitrobenzene 
reduction is commonly used as a model reaction to test the 
catalytic activity of various systems because of its signifi-
cance. After some experiments, it was found that for facile 
reduction of 1 mmol of nitrobenzene, the use of 5 mmol of 
NaBH4 in the presence of γ-Fe2O3@HAp-CD.Ag nanocom-
posite (0.05 g) at 80 °C in the water was the best condition. 
In order to elucidate the role of catalyst, a control reaction 
was set up in the absence of γ-Fe2O3@HAp-CD.Ag only 

trace amount of the desired product was observed on the 
TLC plate even after 5 h of heating. When the reaction was 
performed in the presence of the nanocatalyst, it proceeded 
rapidly to give the aniline (Table 2).

Using the optimized reaction conditions, the activity 
and synthetic scope of the catalyst was demonstrated by 
reduction of a series of nitroarenes (Table 3). As shown in 
Table 3, activated and deactivated groups have a very small 
authority on the reaction times and yields. In all cases, cor-
responding amines were found to be the exclusive product 
of the reactions according to TLC and the azo, hydrazo and 
azoxy groups as the usual side products in the reduction of 
nitroarenes were not detected.

A plausible reaction mechanism for the reduction of 
aromatic nitro compounds to corresponding amine using 
γ-Fe2O3@HAp-CD.Ag catalyst with NaBH4 as hydrogen 
source showed in Scheme 2. The mechanism was proposed 
based on the reported literature [2]. The reduction of nitro 
compound involves electron transfer from [BH4]− ion to the 
nitro compound through the γ-Fe2O3@HAp-CD.Ag catalyst. 
Thereby larger amount of hydride can be transferred or a 

Fig. 8   TEM image of γ-Fe2O3@HAp-CD.Ag

Fig. 9   Hysteresis loops of Fe3O4 (a), γ-Fe2O3@HAp-CD (b) and γ-Fe2O3@HAp-CD.Ag (c)

Table 2   Optimization of the amount of the γ-Fe2O3@HAp-CD.Ag as 
catalyst for the reduction of nitrobenzene in water at 80 °C

Entry Catalyst (g) NaBH4 
(mmol)

Time (min) Yield (%)

1 – 5 300 Trace
2 0.03 5 45 90
3 0.05 5 30 98
4 0.05 6 30 98
5 0.08 5 25 98
6 0.1 5 25 98
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Table 3   Reduction of nitroarenes by NaBH4 in the presence of γ-Fe2O3@HAp-CD.Ag in water (NaBH4/nitro compound 5: 1, temperature 80 °C)

Entry Nitro Compound Product Time (min) Yield (%)

1 30 98

2 55 92

3 40 90

4 50 80

5 40 95

6 20 95

7 15 95

8 20 90

9 35 85

γ
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larger amount of H2 gas can be produced in the reduction of 
nitro compound.

The durability of the catalyst was also tested. For this 
aim, after completion of the reduction of nitrobenzene, 
γ-Fe2O3@HAp-CD.Ag catalyst was easily separated from 
the reaction mixture by means of an external magnetic field. 
The catalytic performances of the γ-Fe2O3@HAp-CD.Ag 

used five different cycles under one constant set of operating 
conditions (NaBH4/nitrobenzene: 5: 1, temperature: 80 °C, 
time: 30 min). The reduction rate decreased with increasing 
the run number (Fig. 10). These results confirmed that the 
reliability and practicality of this method. The reliability and 
practicality of this method were confirmed by these results.

In view of the leaching problems observed with supported 
silver on γ-Fe2O3@HAp-CD.Ag, quantitative analysis using 
AAS was employed to determine the amount of metal in the 
reaction. The heterogeneity of the γ-Fe2O3@HAp-CD.Ag 
catalyst was examined by carrying out a hot filtration test 
using nitrobenzene as model substrates. No Silver could be 
detected in the liquid phase by AAS and more significantly, 
after hot filtration, the reaction of residual mixture was com-
pletely stopped.

To demonstrate the superiority of γ-Fe2O3@HAp-CD.
Ag over the reported catalysts, the reduction of nitroben-
zene was considered as a representative example (Table 4). 
While in all of these cases, comparative yields of the desired 
product were obtained following the γ-Fe2O3@HAp-CD.Ag 
catalyzed procedure. These results clearly demonstrate that 
the nanocomposite is an equally or more efficient catalyst 
for this reaction.

Scheme 2   A plausible reaction 
mechanism for the reduction 
of nitroarene using γ-Fe2O3@
HAp-CD.Ag catalyst with 
NaBH4 as hydrogen source

Fig. 10   Recyclability of γ-Fe2O3@HAp-CD.Ag in the nitrobenzene 
reduction
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4 � Conclusion

In this study, we fabricated a novel nanocatalyst architec-
ture of silver nanoparticles (0.09 mol% Ag) loaded into the 
β-cyclodextrin/γ-Fe2O3@ hydroxyapatite (γ-Fe2O3@HAp-
CD.Ag) composite for the aqueous reduction of nitroarenes 
to the corresponding amines in good to excellent yields 
without affecting other vulnerable groups by using NaBH4 
as the source of hydrogen. Grafting of β-CD onto the mag-
netic nano-catalyst is confirmed by FT-IR, TGA, EDX map-
ping and XRD analyses The experimental results shown that 
surface of composite modified by β-CD can improve the 
catalytic performance of the silver nanoparticles Further-
more, the catalyst can be easily recovered from the reac-
tion mixture by using a magnetic field and reused for five 
consecutive runs with a slight loss of catalytic activity. This 
novel methodology was also enhanced product purity and 
promises economic as well as environmental benefits.
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