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Abstract

In this paper, a novel ternary nanocomposite namely reduced graphene oxide/hydroxyapatite/silver (rGO/
HAP/Ag) was prepared by a simple hydrothermal method using graphene oxide nanosheets, Ca(NO,),,
(NH,),HPO,, and AgNO, as starting materials. The as-prepared nanocomposite was characterized by
using various photophysical techniques including Fourier transform infrared spectroscopy (FT-IR),
Raman spectroscopy, X-ray diffraction (XRD), ultraviolet-visible (UV-Vis) spectroscopy, transmission
electron microscopy (TEM), scanning electron microscopy (SEM), and energy dispersive X-ray analysis
(EDX). Additionally, the antibacterial and catalytic activities of the nanocomposite were evaluated. The
results showed that the rGO/HAP/Ag nanocomposite exhibited high performance in the reduction of
toxic nitro compounds (4-nitrophenol, 2-nitrophenol, 4-nitroaniline, and 2-nitroaniline) into the less
toxic corresponding amines using NaBH, within 21-42 min with a rate constant equal to 0.1646, 0.0898,
0.1071 and 0.2 min™, respectively. Moreover, the rtGO/HAP/Ag nanocomposite could be separated from the
reaction mixture due to its heterogeneous nature and reused without any change in structure. In addition,
the antibacterial activity of the rGO/HAP/Ag nanocomposite by disk diffusion method was evaluated
against Gram-positive bacteria (Bacillus cereus and Staphylococcus aureus) and Gram-negative bacteria
(Escherichia coli and Klebsiella pneumonia). The results showed that this novel ternary nanocomposite has
good antibacterial activity against Gram-positive bacteria.
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INTERODUCTION

Graphene oxide (GO), a single layer structure
of the two-dimensional carbon material, has
attracted the attention of various researchers
because it has fascinating properties as electrical,
thermal, and optical conductivity, high specific
surface area, excellent mechanical properties,
excellent charge transport mobility, high
density, high electrocatalytic activity, desirable
biocompatibility and low cost [1]. The presence of
the oxygen-containing functional groups such as
hydroxyl, epoxide, carboxyl, carbonyl functional
groups on the surface of GO makes it to be highly
* Corresponding Author Email: sfarhadi1348@yahoo.com

hydrophilic. Furthermore, these functional groups
can be used as the chemical anchoring sites for
the nanoparticles attachment to generate new
composite materials with enhanced properties [2].

Hydroxyapatite [Ca, (PO,),(OH),, HAP], having
the main mineral constituent of vertebrate bones
and teeth, is a well-known calcium phosphate
bioceramics [3-5]. Hydroxyapatite is utilized in a
wide variety of applications such as biomedical
devices as bone substitute materials because of
its favourable biological properties. Some of these
properties include excellent biocompatibility,
bioactivity, osteoconductivity, bioaffinity, slow
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biodegradability, non-toxic, osteointegration
and osteoinduction in certain conditions, with
a crystallographic and chemical composition
similar to that of the inorganic constituent of
natural bone [6]. Besides, HAP is used in middle
ear implants [7], tissue engineering systems [8],
drug delivery agent [9], dental materials [10] and
bioactive coating on metallic osseous implants
[11]. Moreover, outside the biomedical field, HAP
is applied as a catalyst for the chemical reactions
[12], ion conductors [13], gas sensors [14] proteins
and nucleic acids chromatography [15], water
treatment processes [16] and the remediation of
heavy metal contaminated soils [17]. However,
the pure HAP is suitable only for the repair of
non-load-bearing bones because of its fragility,
low mechanical strength, easy rupture and weak
fatigue resistance; it cannot withstand the normal
operating loads of bone or joints. To improve its
mechanical property for practical application, the
composites of HAP and other compounds including
ceramics, polymers, metals and inorganics have
been developed [18]. Some researchers have
shown that by combining HAP particles with
natural or synthetic nanofibers, the mechanical
strength of HAP may be increased. For instance,
polyamide 6/HAP nanocomposite was synthesized
via in situ hydrolytic ring-opening polymerization of
g-caprolactam in the presence of newly synthesized
HAP aqueous slurry [19]. HAP/poly (ethylene co
vinyl alcohol) (EVA) nanocomposite was synthesized
by a solution-based chemical methodology with
varying HAP contents from 10 to 60 % (w/w) [20]. In
addition, a synthesis of poly (vinyl alcohol-co-lactic
acid, PVA-co-LA)/HAP composite was reported [21].
Chitosan/HAP nanocomposites have been prepared
by solvent casting their hybrid suspensions [22].
Poly(e-caprolactone)/HAP/gelatin  nanocomposite
was synthesized using an in situ co-precipitation
method [23]. Moreover, HAP/starch [24], HAP/SEVA
[25], HAP/CDHA [26], HAP/sodium alginate [27],
HAP/hydrogel [28], HAP/gelatin [29], HAP/collagen
[30], CNT/HAP [31], HAP/Ag [32], and collagen/
chitosan/HAP nanocomposite [33] y-Fe,0,/
HAp-(CH,)-NHSO_H [34] have been developed.
Correspondingly, the incorporation of graphene-
based materials with HAP nanocomposites,
including GO/HAP [35], GO/HAP/CS [36], GO/HAP/
SA [37] GO/HAP/poly (vinyl alcohol) [38] have been
studied.

In the present study, a novel ternary graphene
oxide/hydroxyapatite/silver (GO/HAP/Ag) nano-
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composite was prepared, for the first time,
by a facile hydrothermal route. The obtained
nanocomposite was analyzed by Fourier transform
infrared (FT-IR) spectra, Raman spectroscopy, X-ray
diffraction (XRD), scanning electron microscopy
(SEM), transmission electron microscopy (TEM),
ultraviolet visible (UV-Vis) spectroscopy and
energy-dispersive X-ray (EDX) spectroscopy. All
results showed that this approach is suitable for
preparinggraphene-basedternarynanocomposite.
The catalytic and antibacterial activities of the as-
synthesized ternary GO/HAP/Ag nanocomposite
were also evaluated. The nanocomposite exhibited
high catalytic performance in the reduction of
nitro compounds (4-nitrophenol, 2-nitrophenol,
4-nitroaniline, and 2-nitroaniline) using NaBH, in
aqueous medium and at room temperature. To
our knowledge, there is no report on the use of
rGO/HAP/Ag ternary nanocomposite for the rapid
reduction of organic nitrocompounds, especially in
the presence of NaBH, as an environment friendly
reducing agent. Additionally, the results showed
that this novel ternary nanocomposite has high
antibacterial activity against Gram-positive bacteria.

EXPERIMENTAL
Materials

Calcium nitrate tetra hydrate (Ca(NO,),.4H.0,
98%), diammonium hydrogen phosphate
((NH,),HPO,, 98.5%), silver nitrate (AgNO,,
98%), ammonium hydroxide (NH,OH, 25%),
4-nitrophenol  (98%), 2-nitrophenol  (99%),
4-nitroaniline (98%), 2-nitroaniline (99%), sodium
borohydride (NaBH,, 98.5%), Sodium hydroxide
(NaOH), tri-sodium citrate (CH,Na,O,.5.5H.0,
98%), ammonium iron (ll) sulfate hexahydrate
((NH,),Fe(SO,),.6H,0, 98%) were obtained from
Merck chemical company. All of the chemicals
were used without further purification.

Synthesis of graphene oxide nanosheets (GO)
Graphene oxide (GO) was prepared by the
modified Hummers method through the oxidation
of graphite powder [39]. Graphite powder (2.0
g) and NaNO, (1.0 g) were mixed with 40 mL of
concentrated H,SO, in a 500 mL flask and stirred
for 1 h in an ice bath. Then KMnO, (6.0 g) was
added into the vigorously stirred suspension slowly
below 15°C. The ice bath was then removed, and
the mixture was stirred at room temperature until
it slowly became brownish slurry. It was diluted
with 100 mL of water. The reaction temperature
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was rapidly increased to 98°C with effervescence,
and the color changed to brown. After that, 200 mL
of water and 20 mL of H,0, (30 wt.%) were added.
For purification, the mixture was centrifuged and
washed with 10% HCl and then deionized water
was added several times to remove the residual
metal ions and acid. After centrifuging and drying at
room temperature, GO was obtained as a powder.

Synthesis of GO/HAP

0.04g of the as-prepared GO powder was
dispersed into 20 ml deionized water by ultrasonic
treatment for 2 h and 4.5 ml of Ca(NO,),-4H,0
(0.1 M) and 2.7 ml of (NH,),HPO, (0.1 M) were
added to the suspension, obtaining Ca/P molar
ratio of 1.67. Thereafter, NH,OH was added slowly
in the system, adjusting the pH of the suspension
to 10. The mixture was stirred for 2 h at room
temperature. The mixture was subsequently
transferred to a 50 mL Teflon-lined autoclave and
heated at 120°C for 24 h. Then, it was put away
in order to cool to room temperature naturally.
The precipitate was washed with deionized water
several times and finally, the product was prepared
after it was dried at the room temperature for 24
h. For a comparison, pure phase HAP was also
synthesized under the same conditions without
adding GO powder

Synthesis of Ag nanoparticles

In a typical experiment, Ag nanoparticles were
prepared by using Grape fruit extract as follows:
in @ 50 mL round-bottom flask equipped with a
magnet bar, 10 ml of aqueous solution of Grape
fruit extract was mixed with 25 ml of 10 mM
aqueous silver nitrate solution. The mixture was
then heated at 55°C under constant stirring for
an appropriate time (e.g. 25 min) in an oil bath.
The formation process and the optical properties
of the silver nanoparticles were identified from
both the color change and UV-Vis spectra of the
solutions. In order to remove the Ag nanoparticles
product, the solution was centrifuged at 5500 rpm
for 20 min. The precipitate was then washed with
deionized water for three times to remove any
impurities if any. Finally the washed precipitate
was dried in an oven maintained at 60°C for 2 h.

Synthesis of GO/HAP/Ag

The 0.04g GO wasdispersedinto 20 mldeionized
water by ultrasonic treatment for 2 h. Then, 4.5 ml
of Ca(NO,),-4H,0 (0.1M), 2.7ml of (NH,),HPO, (0.1
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M), and 5 mL of AgNO, (40 mM) were added to the
solution under stirring. The result suspension was
adjusted to pH 10 by NH,OH and then transferred
to a 50 mL Teflon-lined autoclave and heated at
120°C for 24 h. Other processes like washing and
drying were similar to those of GO/HAP.

Characterization techniques

The functional groups present in the samples
were recorded by a Schimadzu system FT-IR 160
spectrophotometer in transmission mode from
4000 to 400 cm™ using KBr pellets. Raman spectra
of the samples were obtained using a Raman
microscope (Model: SENTERRA (2009), Germany)
with a laser 785 nm. The XRD patterns of the
samples were analyzed on an X-ray diffractometer
(PANalytical/X’Pert Pro MPD) using Ni-filtered
Cu Ko radiation (A=1.54059 A). The UV-Visible
absorption spectra of samples were obtained
using a double beam UV-Visible spectrometer
(Cary 100, VARIAN) operated at a resolution of 2
nm with quartz cells with path length of 1 cm in
200-800 nm range. The morphology and elemental
analysis of samples were observed by a MIRA3
TESCAN scanning electron microscope (SEM)
equipped with a link energy-dispersive X-ray (EDX)
analyzer. Transmission electron microscopy (TEM)
observations were determined on a Philips CM120
microscope at the accelerating voltage of 200 kV.

Catalytic reduction tests

For the catalytic reduction of 4-nitrophenol (4-NP)
to 4-aminophenol (4-AP) in general, freshly prepared
aqueous solution of NaBH, (0.5 mL, 20 mM) was
mixed with aqueous solution of 4-NP (2 mL, 0.2
mM) in the quartz cell (1.0 cm path length and 4 mL
volume). Then, 5 mg of RGO/HAP/Ag nanocomposite
was added to the aqueous solution containing 4-NP
and NaBH,. The color of the solution gradually
changed from yellow to colorless, indicating the
reduction of 4-NP. The progress of reduction was
recorded by UV-Vis spectrophotometry in a range of
200-800 nm. For recycling experiment, the rGO/HAP/
Ag nanocomposite was collected by centrifugation,
washed with deionized water, and then reused.
The reduction of 2-nitrophenol, 4-nitroaniline and
2-nitroaniline were also investigated under the same
conditions.

Antibacterial activity tests
The bacterial strain of Bacillus cereus (PTCC
1556), Staphylococcus aureus (PTCC 1112),
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Escherichia coli (PTCC 1330) and Klebsiella
pneumonia (PTCC 1053) were used to evaluate
the antibacterial properties of as-synthesized GO,
HAP, rGO/HAP, rGO/HAP/Ag nanocomposite and
Ag NPs using modified Kirby-Bauer disk diffusion
method. The Bacteria were cultured for 18 h
at 37°C in the Nutrient agar medium and then
adjusted with sterile saline to a concentration of 2
x10° cfu/mL. Bacterial suspensions in Petri dishes
(8 cm) containing sterile Mueller-Hinton agar (MA)
were cultured using a sterile cotton swab. The
compounds were dissolved in water and the sterile
paper discs of 6 mm thickness were saturated
with 35 pl of samples and then placed onto agar
plates which had previously been inoculated with
the tested microorganisms. Amikacin (30 pg/disk)
was used as the positive control. After incubation
for 24 h at 37 °C the antibacterial activity was
measured as the zone of inhibition (mm) around
the disc.

RESULTS AND DISCUSSION

Characterization of rGO/HAP/Ag nanocomposite
The compositions of the resulting GO, HAP

and rGO/HAP/Ag composites were investigated

Transmittance (a.u.)

0-H < )

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm™)

Fig.1. FT-IR spectra of (a) GO, (b) HAP and (c) rtGO/HAP/Ag
nanocomposite.
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by FTIR spectroscopy. The FTIR spectrum of GO in
Fig.1(a) showed absorption bands at 1037, 1224,
1346, 1726, and 1616 cm?™, which are ascribed
to alkoxy C-O stretching vibration, epoxy C-O
stretching vibration, C—OH stretching vibration,
C=0 stretching vibration, and C=C benzene ring
mode, respectively. Also, the broad peak around
3334 cm™ was due to the stretching vibration of
OH [40]. In the spectrum of the prepared HAP (Fig.
1(b)), the asymmetric stretching vibration (u,) and
bending vibration (u,) modes of PO,* ion were
detected at around (1031, 1099 cm™) and (568,
605 cm™), respectively. The symmetrical stretching
vibration modes (u, and v,) of PO,* ion were also
found at around 962 and 468 cm™, respectively.
The stretching and librational modes of the OH-
ions were detected at around 3550 and 634 cm™,
respectively [41]. The FTIR spectrum of the rGO/
HAP/Ag nanocomposite (Fig.1(c)) showed that the
bands for oxygen-containing functional groups
of GO were decreased or even some of them
vanished entirely. Moreover, a new absorption
band appeared at 1564 cm™, which may be
assigned to the C=C stretch vibration of graphene
sheets [26]. The absence of the O-H band at 634
cm™, compared to HAP and the appearance of
the C—O stretch band at 1224 cm™, indicated the

(a)co *

Intensity (a.n.)

(b) rGOHAP/AgG

450 ?5.0 1050 1350 1650 1950
Raman shift (cm-1)

Fig. 2. Raman spectra of (a) GO sheets and (b) rtGO/HAP/Ag
nanocomposite.
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reduction of graphene oxide and formation of the
rGO/HAP/Ag nanocomposite.

Raman spectroscopy is a powerful tool to
characterize significant structural changes of GO
during the composite synthesis. Fig. 2 presents the
Raman spectra of GO and rGO/HAP/Ag samples.
For pure GO in Fig. 2(a), two characteristic peaks
corresponding to the G and D bands of graphene
nanosheets were observed at 1590 cm™ and 1318
cm?, respectively. The G band was assigned to
the E,. mode of C sp? atoms, while the D band
was due to the A,, symmetry and related to the
local defects and disorders [40]. As shown in Fig.
2(b), the characteristic two bands of GO in the
rGO/HAP/Ag composite appeared at 1594 cm™
and 1319 cm™, confirming the presence of GO
in the nanocomposite. The Raman peaks of the
HAP phase were also observed at 470, 572, 960
and 1035 cm™. These peaks were related to the v,
(PO,*), v, (PO,*), v, (PO,*) and v, (PO,*) vibration
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Fig. 3. XRD patterns of (a) GO, (b) rGO/HAP and (c) rGO/
HAP/Ag nanocomposite.
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modes of the phosphate groups, respectively
[35-36]. The I /I ratios of GO and rGO/HAP/Ag
were found to be 1.09 and 1.25, respectively. It is
observed that the | /I_ intensity ratio of GO/HAP/
Ag are higher than that of pure GO, suggesting
a higher level of disorder of the graphene layers
during the functionalization process. Raman
spectra further confirmed the successful synthesis
of rGO/HAP/Ag composite.

Fig. 3 shows the XRD patterns of GO, rGO/HAP,
and rGO/HAP/Ag. Fig. 3(a) shows the characteristic
speak of GO was observed at 26 =11° which
corresponded to the (001) reflection. The
diffraction pattern of rGO/HAP in Fig. 3(b) shows
characteristic peaks of the HAP hexagonal phase
(JCPDS, card number 09-0432). Peaks detected
at 20 around 25.9°, 32°, 33°, 34.1°, 39.8°%, 46.7°,
and 50° were respectively due to the (002), (211),
(300), (202), (310), (222), and (321) reflections of
HAP [42]. The XRD pattern of rGO/HAP/Ag in Fig
3(c), along with the characteristic peaks of the
HAP indicates several diffraction peaks at 38.1°,
44.3°, 64.4°, 77.5°, corresponding to (111), (200),
(220), and (311) reflections of the face-centered
cubic (fcc) crystal of the silver nanoparticles
(JCPDS, card no. 87-0717) [43]. These results
confirmed the formation of hydroxyapatite and
silver nanoparticles on rGO. According to the
Debye-Sherrer equation, the average crystallite
size of rGO/HAP/Ag nanocomposite was calculated
to be 25.9 nm. Moreover, no characteristic
diffraction peaks of GO were observed in the
patterns of binary rGO/HAP and rGO/HAP/
Ag nanocomposites, indicating that exfoliated
GO nanosheets were not restacked during the
synthesis process. Because of the fact that the
hydroxyapatite and silver nanoparticles act as the
spacers between graphene layers, they cannot be
stacked to from a detectable graphitic structure;
this consequently weakens the diffraction of single
carbon sheets [40].

The UV-Vis spectra for GO, silver nanoparticles,
and rGO/HAP/Ag are shown in Fig. 4. As it is
indicated in Fig. 4(a), GO show two peaks at 230
nm and 300 nm which is corresponding to the
T-it* transition of aromatic C=C bands and n-rt*
transition of C-O bands, respectively [44]. Pure Ag
NPs also showed an absorption peak at 400 nm (Fig.
4(b)). As shown in Fig. 4(c), after a hydrothermal
reaction, the peak at 230 nm was red shifted to
260 nm in the rGO/HAP/Ag spectrum, while the
peak at 300 nm disappeared. According to this
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result, it can be concluded that GO has been
reduced to rGO [26]. Moreover, the rGO/HAP/
Ag spectrum also showed an absorption peak at
400 nm, indicating that Ag NPs were successfully
deposited on the GO sheets.

Fig. 5 shows the SEM images of the as-prepared
GO and rGO/HAP/Ag nanocomposite at different

4
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E 24
3
5 ©
2
1
0 L] 1
200 400 1] 800

Wavelength {nm}

Fig. 4. UV-Vis absorption spectra of (a) GO, (b) Ag
nanoparticles and (¢) rtGO/HAP/Ag nanocomposite.

magnifications. The SEM micrograph of pure GO
in Fig. 5(a) shows the highly porous and layered
structure of GO having large stacks, possibly
consisting of hundreds of GO nanosheets. It
should also be noted that the surfaces of the GO
sheets are quite flat and smooth. SEM images
of rGO/HAP/Ag in Fig. 5(b-d) show a completely
different morphology. It is clearly evident that
the nanocomposite product consists of extremely
fine particles with sphere-like and rode-like
morphologies that appreciably aggregated as
clusters due to the extremely small dimensions and
high surface energy of the obtained nanoparticles.
The SEM images shows GO nanosheets were
successfully decorated with the spherical Ag and
rod-like hydroxyapatite nanoparticles. Also, these
images showed that the hydroxyapatite and silver
nanoparticles were homogeneously distributed on
the surface of graphene sheets.

The EDX was applied to further characterize the
composition of the sample (Fig. 6). The Element
analysis (EDX) showed C, O, Ca, P and Ag peaks
which, confirmed the presence of GO, HAP and Ag
and is consistent with the results obtained from

Fig.5. (a) SEM image of pure GO nanosheets and (b)-(d) SEM images of the rtGO/HAP/Ag nanocomposite.
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XRD patterns. Furthermore the Ca/P atomic ratio
of the composite was 1.66, which is very close to
the stoichiometric ratio of the pure hydroxyapatite.
Moreover, the EDX elemental mapping of the
sample in the inset of Fig. 6 displays the uniform
distribution of the C, O, Ca, P and Ag elements
confirming the homogeneity of the sample.

The TEM images of rGO/HAP/Ag nanocomposite
at different magnifications are shown in Fig. 7.
The TEM sample was prepared by dispersing the
powder in ethanol under the ultrasonic vibration.
According to Fig. 7(a-d), large and transparent
graphene oxide sheets can be clearly observed

in the TEM micrographs. As can be seen in Fig.
7(a-d), the obtained nanocomposite is mainly
formed from the rod-like particles and sphere-like
particles. In fact, hydroxyapatite nanoparticles
contained a rod-like structure while silver
nanoparticles showed a sphere-like shape. It can
be clearly seen that the hydroxyapatite and silver
nanoparticles are well separated and successfully
distributed onto the graphene oxide sheets,
indicating a strong interaction between graphene
and nanoparticles. The average particle size is
approximately 26 nm, which is in agreement with
the result obtained from the XRD pattern.
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Fig. 6. (a) EDX spectrum of the rGO/HAP/Ag nanocomposite with quantitative elemental analysis (inset) and (b) the elemental
mappings of the nanocomposite.
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_ . 100 mgt) .
Fig. 7(a)-(d) TEM images of the rtGO/HAP/Ag nanocomposite at different magnifications.
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Fig. 8. UV-Vis absorption spectra changes during the reduction of 4-nitrophenol (0.2 mM) with NaBH, (20 mM) in the presence of
(a) rGO/HAP/Ag and (b) rGO/HAP catalyst and (c) plot of In(C/C)) against the reaction time.
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Catalytic activity of rGO/HAP/Ag nanocomposite
The catalytic reduction of nitrophenols by using
NaBH, as reducing agent in aqueous media has
received considerable attention as a relatively
simple and clean method [45]. Many reports are
available on the application of metal nanocatalysts
for the reduction of nitrophenols in the presence
of NaBH,. However, the metal nanoparticles
are not very stable and easy to aggregate, and
thus decrease their activity. In addition, the
separation of them from the reaction mixture
is an important issue. In order to solve these
problems, many researchers are worked on the
preparation of nanocomposites which combine
the metal nanoparticles with some materials [46-
49]. Compared to pure metal nanoparticles, the
nanocomposites can be easily separated from
the reaction mixture, thus they prevent the loss
of catalyst and renders the catalyst cost effective.
In such approaches, although nanocomposites
showed improved recyclability, they suffered
from one or more drawbacks such as the usage
of expensive metals (Pt, Pd and Au), and the
multi-step preparation procedures. Hence, the
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development of an alternative inexpensive,
facile and easy-removal magnetic catalyst for the
reduction of nitrophenols is highly desirable in the
context of environmental and industrial concerns.

To evaluate the catalytic ability of rGO/HAP/Ag
nanocomposite, the reduction of 4-nitrophenol
(4-NP), 2- nitrophenol (2-NP), 4-nitroaniline (4-
NA), and 2-nitroaniline (2-NA), with NaBH, in
the presence of rGO/HAP/Ag nanocomposite
was examined in aqueous medium and at room
temperature. The catalytic reduction process of
4-NP by UV-Vis spectroscopy is shown in Fig. 8(a).
4-NP showed a strong absorption peak at 317
nm. When the NaBH, solution was added, the
absorption peak of 4-NP was shifted from 317
to 400 nm immediately and that was because of
the formation of 4-nitrophenolate ions in alkaline
condition [50]. The absorption peak at 400 nm
remained unaltered for a long duration, suggesting
that the reduction did not proceed in the absence
of the catalyst. When rGO/HAP/Ag catalyst was
added into the solution, the absorption intensity
of 4-NP at 400 nm decreased gradually as the
time passed by. At the same time, the appearance
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Fig. 9. UV-Vis absorption spectra changes during the reduction of (a) 2-nitrophenol (0.2 mM), (b) 4-nitroaniline (0.2 mM), and (c)
2-nitroaniline (0.2 mM) with NaBH, (20 mM) in the presence of rtGO/HAP/Ag catalyst and (d) plot of In (C /C) against the reaction time.
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of a new absorption peak at 297 nm indicated
the reduction of 4-NP and the formation of
4-aminophenol (4-AP). This reduction reaction,
indicated by a fading of the yellow-green color of
the reaction solution, completed within 24 min.
In addition, rGO/HAP nanocomposite showed
low catalytic ability in the reduction of 4-NP as
shown in Fig. 8(b). Considering much higher
concentration of NaBH, (20 mM) compared to that
of 4-NP (0.2 mM), it is reasonable to assume that
the concentration of BH,” remains constant during
the reaction. In this context, pseudo-first-order
kinetics could be used to evaluate the kinetic
reaction rate of the current catalytic reaction,
together with the UV-Vis absorption data in Fig.
8(c). The absorbance of 4-NP is proportional to
its concentration in solution; the absorbance at
time t (A) and time t = 0 (A)) are equivalent to
the concentration at time t (C) and time t = 0
(C,). The rate constants (k) were determined from
the slope of linear plots of In (C,/C) versus time
(min). The rate constants (k) were calculated to be
0.1646 and 0.0345min* for the reduction of 4-NP
by rGO/HAP/Ag, rGO/HAP, GO, HAP, and silver
nanoparticles (Ag NPs), respectively.

Fig. 9(a) shows the UV-Vis absorption spectra

of the reduction of 2-nitrophenol by NaBH, in
the presence of rGO/HAP/Ag nanocomposite.
It was seen that the two distinct absorption
peaks of 2-nitrophenol at 278 nm and 351 nm
shifted to 283 nm and 415 nm, respectively. This
change was due to the addition of NaBH,, and
consequently the formation of 2-nitrophenolate
ions in alkaline condition [51]. When rGO/HAP/Ag
catalyst was added into the reaction solution, the
absorption intensity of 2-NP at 415 nm decreased
gradually with time which proved the reduction
of 2-nitrophenolate ions to 2-aminophenol (2-
AP). This reduction reaction completed within
32 min. The UV-Vis absorption spectra of the
4-nitroaniline is shown in Fig. 9(b). According to
this figure, a strong absorption peak at 380 nm for
the 4-nitroaniline can be observed, showing that
the intensity gradually decreased as the reaction
time increased. Simultaneously, a new peak at 295
nm appeared, which belonged to the characteristic
absorption peak of 1, 4-PDA [52]. It took 42 min for
the complete reduction of 4-NA in the presence of
rGO/HAP/Ag nanocomposite. As it is shown in Fig.
9(c), two peaks of 2-nitroaniline appeared at 283
and 410 nm in UV-Visible range. It was seen that
absorption intensity of both peaks was decreased
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Fig. 10. (a) FT-IR spectrum, (b) XRD pattern, (c) and (d) TEM images of the recovered rGO/HAP/Ag catalyst after four runs of
catalytic reaction.
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continuously as time passed by, while the peak
at 283 nm shifted to 290 nm indicating the
formation of 1,2-PDA [53]. After reacting for 21
min, absorption at 410 nm became constant which
indicated the completion of the reaction. From
Fig. 9(d), the rate constants (k) for the reduction
of 2NP, 4-NA and 2-NPwere calculated. The rate
constants (k) were determined to be 0.0182, and
0.0898 min™ for the reduction of 2-NP by rGO/
HAP and rGO/HAP/Ag, respectively. The value of
rate constants (k) were determined to be 0.0096
min? and 0.1071 min?* for the reduction of 4-NA
by rGO/HAP and rGO/HAP/Ag, respectively, and,
the values of rate constants (k) were calculated to
be 0.0199 min?* and 0.2 min*for the reduction of

2-NA by rGO/HAP and rGO/HAP/Ag, respectively.
To evaluate the reusability of the rGO/HAP/Ag
nanocomposite, the recycling experiments were
performed. After the reaction was completed,
rGO/HAP/Ag catalyst was separated from the
reaction mixture by centrifugation. The catalyst
was washed with deionized water and ethanol
several times, dried and employed for the next
reaction. The activity of the four consecutive
runs (98, 97, 95 and 93%) revealed the practical
recyclability of the applied catalyst. It was found
that 93 % of catalytic activity was retained after
reuse for four times, revealing the good stability.
After each recycle, the centrifuge supernatant was
collected and detected by the Atomic absorption
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Fig. 11. The images of antibacterial activity of Disc 35 pg/mL rGO/HAP/Ag nanocomposite on (a) S. Aureus, (b) B. Cereus, (c) E.
Coli, and (d) K. Pneumonia. (e) The antibacterial activity for pure HAP, GO, rGO/HAP and AgNO, samples.
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Table 1. Average of inhibition zone (mm) of rGO/HAP/Ag nanocomposite against different bacterial species.

Inhibition zone diameter (mm)

Entry Bacteria Type Nanocomposite Disk standard
1 S. Aureus Gram-positive 30 17 +0.81
2 B. Cereus Gram-positive 28 15+£0.52
3 E. Coli Gram-negative 5 12+0.63
4 K. Pneumonia Gram-negative 7 10 +0.47

spectroscopy to determine the content of Ag metal.
Furthermore, the structural stability the recovered
rGO/HAP/Ag catalyst was confirmed by FT-IR, XRD,
and TEM after four runs (Fig. 10). As shown in Fig. 10
(a)-(d), FT-IR spectrum, XRD pattern and TEM images
of the recycled catalyst did not show significant
change after the fourth run in comparison with
the fresh catalyst. These observations confirm that
the structure of the rGO/HAP/Ag nanocomposite
is stable under the reaction conditions and is not
affected by the reactants.

Antibacterial activity of rGO/HAP/Ag nanocomposite

Among inorganic antimicrobial agents, silver
nanoparticles and its composites have gained
more attention due to their broad spectrum
antibacterial activities at very low concentrations,
suitable safety in usage, good biocompatibility,
and intrinsic stability [54]. It is known that
although silver substituted HA composites have
good antimicrobial response, but, in these
composites, a rapid release of silver, depending on
the pH, can take place [55]. Because of this fact,
Ag nanoparticles have been recently considered
as bactericidal reservoir due to their low solubility
in aqueous media. Moreover study on polymer
films containing Ag nanoparticles reveals that
the period of silver release is strongly dependent
on the total amount of Ag nanoparticles [56].
The as-synthesized rGO/HAP/Ag nanocomposite
was tested for its antibacterial effect against
the bacteria strains including Bacillus cereus,
Staphylococcus aureus, Escherichia coli and
Klebsiella pneumonia by disk diffusion method.
Fig. 11(a)-(b) shows the results of the antibacterial
activity of the rGO/HAP/Ag nanocomposite at the
concentration of 35 pug/ml. the average inhibition
zones of the bacteria strains are summarized in
Table 1. As shown in Table 1, the highest activity
of rGO/HAP/Ag nanocomposite was obtained
against Gram-positive bacteria (Staphylococcus
aureus and Bacillus cereus) but the inhibition
zones of Gram-negative strains (E. Coli or
Klebsiella pneumonia) are very less compared
to the standard antibiotic treatment. In control
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experiments, the antibacterial effects of HAP, GO,
rGO/HAP and AgNO, samples were investigated
and as shown in Fig. 11(e) no observable
bactericidal activity against bacterial strains was
found. According to these results, it can be found
that Ag nanoparticles in the ternary rGO/HAP/Ag
nanocomposite play a determinant role on the
antibacterial effect. The antimicrobial effects of Ag
have been known since ancient times. The clear
mechanism of Ag nanoparticles interaction with
bacteria is not well known. However, several main
mechanisms underlie the biocidal properties of
Ag nanoparticles against microorganisms. First, Ag
nanoparticles in the nanocomposite attach to the
negatively charged cell surface, alter the physical
and chemical properties of the membrane and wall
of cells and disturb important functions such as
permeability, osmoregulation, electron transport
and respiration [61]. Second, Ag NPs can cause
further damage to bacterial cells by permeating
the cell, where they interact with DNA, proteins
and other phosphorus- and sulfur-containing cell
constituents [62]. Third, Ag NPs release silver ions,
generating an amplified biocidal effect, which is
size- and dose-dependent [63].

It is clear from Table 1 that rGO/HAP/Ag
nanocomposite has shown greater antibacterial
activity against Gram-positive bacteria (B. Cereus
and S. aureus). The variation in the sensitivity or
resistance to both Gram-positive and -negative
bacteria populations could be due to the
differences in the cell structure, physiology,
metabolism, or degree of contact of organisms with
nanoparticles [60]. For example, greater sensitivity
of Gram-positive bacteria such as B. Cereus and S.
aureus to the rGO/HAP/Ag nanoparticles has been
attributed to the greater abundance of thiols,
amines and carboxyl groups on their cell surface
and greater affinity of Ag towards these groups.
Alternatively, Gram-negative bacteria like E. coli
and K. Pneumonia have a special cell membrane
structure which possesses an important ability to
resist antimicrobial agents. Furthermore, other
factors such as nanoparticle diffusion rates may
also affect bacterial strain differently.
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CONCLUSIONS

In summary, a novel rGO/HAP/Ag ternary
nanocomposite was prepared successfully using
a simple and effective hydrothermal method.
Graphene oxide sheets were functionalized with
hydroxyapatite and silver nanoparticles through a
reaction between Ca(NO,),-4H,0, (NH,),HPO, and
AgNO, at 120°C under hydrothermal conditions.
The rGO/HAP/Ag nanocomposite showed better
antibacterial activity against the Gram-positive
bacteria (Bacillus cereus and Staphylococcus
aureus). This nanocomposite was also used as a
heterogeneous catalyst for the reduction reaction
of 4-NP, 2-NP, 4-NA and 2-NA by NaBH, in the
aqueous solutions. In comparison with rGO/HAP,
the rGO/HAP/Ag composite displayed superior
activity in this catalytic reaction.
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