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The present research attempted to characterise the structural and magnetic characteristics of NiFe,O4@ABS@Ag nanoparticles (NPs) made of
nickel ferrite (NiFe,O,), acrylonitrile butadiene styrene (ABS) and silver NPs (Ag NPs), this was done by employing techniques such as X-ray
diffraction (XRD), Fourier transform infrared spectroscopy, scanning electron microscopy and transmission electron microscopy, as well as a
vibrating sample magnetometer. The XRD patterns obtained indicated that following ABS and Ag NPs coating, the crystallite size (from
Scherrer formula) was increased from 32 to 40 nm. It was confirmed by the magnetic measurements that the maximum magnetisation of
the NiFe,O,4 core was dropped when the surface was coated with ABS and Ag NPs. The antimicrobial activity of this three-component
nanocomposite was tested, showing that the nanocomposite NiFe,O4@ABS@Ag could be isolated from a water solution by using a magnet.

1. Introduction: In recent years, confronting the water con-
tamination problems, including bacteria, has been attracted much
attention. Metallic nanoparticles (NPs) have been proved to be
excellent antimicrobial agents. Among the numerous NPs used as
microbial agents, the Ag NPs are the famous antibacterial agent
due to their higher antimicrobial activities against bacteria. The
most important issue in microbial contamination is bringing the
antibacterial agent to the bacteria containing medium while prevent-
ing its effects on the environment. Magnetic NPs of iron oxides are
known as one member of the most accessible nomination used for
the provision of magnetic NPs, this is due to their suitable magnetic
properties as well as their low price [1]. However, because of their
large ratio of surface area/volume, the magnetic NPs of iron oxide
cores are likely to gather, thereby losing the individual properties
which are associated with their initial nanometre dimensions.
Consequently, suitable surface repair and particle stabilisation are
important challenges encountered when the goal is to extend the
utility of magnetic NPs to bioapplications [2].

It has been revealed by recent studies that polymers can be
effective in the synthesis and long permanent adjunction of
metal NPs. It has been revealed that the polymer network around
the magnetic core can fixate NPs through the electrostatic inter-
action of their functional groups [3]. Accordingly, numerous
polymers have been developed as antibacterial Ag NPs supports.
In this regard, polymers such as polyaniline and polyacrylonitrile
co-maleic anhydride and polymethyl methacrylate have been the
focus of some studies [4-7]. The acrylonitrile butadiene styrene
(ABS) is known as a strong and durable production grade thermo-
plastic employed in many different industries. The ABS polymers
are noteworthy as they are widely used in many house hold
items; they are also cheaper than other polymers. The ABS plastics
have been observed to exhibit good durability and resilience;
they have also been reported to have good mechanical strength.
In addition, it has been revealed that these thermoplastic polymers
ensure the favourable combination of thermal, electrical and mech-
anical properties [8].

Recently, combining magnetic NPs with a silver nanoshell
has been of much interest owing to its stability, durability, strong
antimicrobial activity, thereby warding many different bacteria
and the relatively low toxicity to humans [9].
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In the present research, in order to omit Ag NPs of environment
that is limited in the use of them and increase the antibacterial Ag
NPs, a novel kind of three-component magnetic nanocompound
with a core/shell/shell structure called NiFe,O4@ABS@Ag was
developed. NiFe,O4 was synthesised by employing the citrate-gel
method [10, 11]; then it was coated with the ABS polymer to
obtain the NiFe,O4@ABS compound. As the final step, Ag NPs
provided by the reduction of Ag' ions were convened in the
surface of the NiFe,O4@ABS composite in order to obtain the
final NiFe,O4@ABS@Ag nanocompound. The characterisation
of this nanocompound was done by employing a varied method,
then its antibacterial activity was subjected to testing for different
bacteria. NiFe,0,@ABS@Ag nanocompound was found to have
stronger antibacterial properties in comparison with bare Ag NPs.

2. Laboratory processes

2.1. Required materials: The chemicals used in the study are Ni
(NO3),, Fe(NO3);, Ag(NO3), K;S,0g, Na,SO3, NaOH and ABS;
all the chemicals were of analytical grade provided by Merck and
used as-received without further purification.

2.2. Synthesis

2.2.1. Synthesis of NiFe,04: For the preparation of NiFe,04 NPs,
at first, 5 g of Fe(NO3);-9H,0 was solvate in 20 ml of deionised
water; then 1.7 g Ni(NO3),-6H,0 and 1.2% citric acid were dis-
solved in 20 ml of deionised water and the two solutions were
mixed. Then, ammonium hydroxide was allowed to be added to
the reaction, with the pH value reaching 9. After that, the mixture
was stirred at 30°C for 2 h and then dried in an oven at 100°C
for 24 h. Finally, it was calcined in an argon atmosphere at
600°C for 2 h.

2.2.2. Synthesis of NiFe,O4@Ag: To prepare NiFe,O4,@Ag NPs,
as the first step, 1.0 g of NiFe,O4 was dispersed in 0.189 g of
AgNOj; solution; then the mixture was allowed to be stirred
for 2 h and sonicated for 15 min. Following that, while stirring
the solution slowly, 50 ml of 10.0 mmol 17! of sodium borohydrate,
was added drop-wise into the solution. The provided NiFe,O,@Ag
NPs were washed with distilled water twice, then they were placed
in an oven at 60°C for 6 h.
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2.2.3. Synthesis of NiFe,O4@ABS nanocomposite: For the prepar-
ation of the NiFe,O4@ABS composite, ABS was precipitated on
the surface of pre-synthesised NiFe,O, NPs. Initially, 0.205 g
ABS polymer was dissolved in a minimum amount of
Dimethylformamide (DMF) (1.0 g ABS was added into 2.0 ml of
DMF at 40°C). The solution was allowed to be stirred for 6 h in
order to dissolve the ABS polymers completely); then, the reaction
mixture was added to 1.0 g of nickel ferrite at room temperature, soli-
cited for 1 h; subsequently, it was dried in the oven at 60°C for 6 h.

2.2.4. Synthesis of NiFe,Os@ABS@Ag nanocomposite: The syn-
thesis of NiFe,O4@ABS composite was done in 20 ml AgNO;
aqueous solution. After stirring for 2 h, it was sonicated for
15 min and the whole mixture was stirred; following that, a solution
of sodium borohydride was added drop-wise into the solution.
Later, the provided NiFe,O4@ABS@Ag nanocompound was
separated and allowed to be washed various times with water
in order to eliminate any over plus protecting agent. Finally, this
nanocompound was obtained by drying in an oven at 60°C for 6 h.

2.3. Characterisation: The elemental ratio of each of the pro-
vided non-magnetic composites was investigated using a Hitachi
Japan S4160 scanning electron microscopy with an energy disper-
sive X-ray spectroscopy. X-ray diffraction (XRD) pattern was
carried out on the Philips X-ray diffract meter (Cu K radiation
(A=0.154 nm)), in the steps of size 0.02. A continuous scan
mode was then employed to collect 26 range from 10° to 80°.

In order to study and address the magnetic properties of the
as-provided compounds, the vibrating sample magnetometer
(VSM) from Magnates Dogfight Kavir Company was utilised.
The surface area of all samples was characterised by using the
single-point Brunauer—Emmett-Teller (BET; Nano Sord, Iran)
technique. An ultrasonic homogeniser device (20 Hz 150 W, Iran)
with a 25 mm probe from Tosee Mafoge Soot Company was
used for opening the agglomerated nanocomposite.

2.4. Antibacterial tests: Disk diffusion tests were employed to
investigate the bacterial sensitivities of Escherichia coli (ATCC
35218), Salmonella typhimurium (ATCC 14028), Staphylococcus
aureus (ATCC 29213) and Bacillus cereus (ATCC 14579) to
all the provided magnetic composites. The solution (0.05g
of substance in 0.5ml sterile water) was ultrasonicated for
20 min; then by adding 30 ml of each of the prepared magnetic
NPs suspension to disks with 6 mm in diameter, they were placed
on a Mueller—Hinton agar culture medium (Merck, Germany)
which was smeared by the standard bacterial species. Diameters
of the disks were measured using a ruler with the accuracy of
1 mm. Based on six replicates, the mean inhibition zones’ diameters
and standard deviations of each microbial strain were determined
[12, 13].

3. Results and discussion

3.1. Analysis of Fourier transform infrared (FTIR) result: The IR
spectra were recorded in the range of 2700-400 cm™' and at the
ambient temperature as shown in Fig. 1. In all of the spectrum,
two major absorbency peaks at 579 and 453 cm ™! that corresponded
to the intrinsic stretching vibrations of Fe ions in tetrahedral
and octahedral sites of the spinel structure, respectively, could be
displayed. However, as shown in Fig. 1, the FTIR spectrum
of NiFe,O4,@ABS and NiFe,O4@ABS@Ag nanocompounds
exhibited all specifications peaks of ABS, as well as the Fe-O
stretching vibrations [14, 15]. The peak at 996 cm ™' corresponded
to the O—H stretching vibration and the C= 0O, respectively. Also,
it must be noted that the peak at 2238 cm™" referred to C=N stretch-
ing vibrations [16]. However, the height peak at 1640 cm™'
was related to the carbonyl groups of carboxylic acid in
NiFe,O4@ABS. This indicated that this peak was reduced in the
spectra of NiFe,O4,@ABS@Ag; this was because of the interplay

446
© The Institution of Engineering and Technology 2019

(d)
"
M—_‘Q‘:_—M
] Y
H . M a
9 W
(e)
°
§ g s
s :
| i
(b)
w s
() : 8
B
"
-
w
~
]
L L
2700 2000 1000 400
Fig. 1 FTIR spectra of
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Fig. 2 XRD patterns of
a NiFe,Oy4

b NiFe,04@ABS

¢ NiFe,0O4@Ag and

d NiFe,04@ABS@Ag
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Fig. 3 FESEM images of
a NiF6204

b NIF6204@Ag

¢ NiFe,O,@ABS and

d NiFe,04,@ABS@Ag
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Fig. 5 VSM curves of
75 n m a NiFCzO4

b N1F6204@ABS

Cc NIF6204@Ag

d NiFe,0,@ABS@Ag

Table 1 Magnetic parameters of NiFe,0,4, NiFe,0,@Ag, NiFe,04,@ABS
and NiFe,0,@ABS@Ag nanocomposites measured by using a VSM

Compounds H,, O, M,, emu/g Ms, emu/g
NiF€204 79 9 65
NiFe,04@Ag 78 6 58
NiFe,04@ABS 75 6 56
NiFe,04@ABS@Ag 74 7 56
Fig. 4 TEM image of the three-component NiFe,0 ,@ABS@Ag composite
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Table 2 Zone of inhibition (mm) of NiFe,04, NiFe,04@ABS, NiFe,0,@Ag, and NiFe,0,@ABS@Ag against tested bacteria

Compounds Zone of inhibition (mm) average + standard deviation

S. aureus B. cereus E. coli S. typhimurium
distilled water 6.4 6.4 6.4 6.4
NiFe,04 6.4 6.4 6.4 6.4
NiFe,O4@Ag 13 10 11 12
NiFe,0,@ABS 6.4 6.4 6.4 6.4
NiFe,0,@ABS@Ag 19 21 16 19

among the carbonyl groups of the carboxylic acid of the polymer
and Ag atoms.

3.2. Analysis of XRD results: The crystal structure of NPs
was confirmed, as revealed by XRD patterns that were
recorded for NiFe,04, NiFe,O4@Ag, NiFe,O4@ABS, and
NiFe,0,@ABS@Ag NPs. In the pattern of NiFe,0,4, as can be
seen in Fig. 2. Nine diffraction peaks were observed at a 26 value
of 18.42°, 30.3°, 35.65°, 37.29°, 43.26°, 53.61°, 57.16°, 62.74°
and 74.24°, corresponding to diffraction from the (111), (220),
(311), (222) (400), (422), (511), (440), and (533), respectively.
The scriptable peaks showed the main diffraction patterns that
could be characterised for spinel NiFe,O,4 in JCPDS Card No.
44-1485. The crystallite size NiFe,O,4 particles were estimated to
be around 32 nm, by using Debye—Scherrer formula, according to
the XRD data [17, 18]. The XRD patterns of the NiFe,O,@ABS
nanocompound illustrated diffraction peaks which were similar
to those of the free NiFe,O4 core. This indicated that the spinel
structure of NiFe,O,4 stayed unchanged after covering of ABS.
Four peaks for Ag' were also seen at 20 of 37.34°, 44.52°,
63.08° and 76.32° for the NiFe,O4,@ABS@Ag nanocomposite,
corresponding to (hkl) planes of (111), (200), (220), and (311),
which were in agreement with the data in the JCPDS file (JCPDS
Card No. 4-783) [19, 20].

3.3. Analysis of field emission scanning electron microscopy
(FESEM) result: The surface morphologies of all compounds
can be observed in Fig. 3. FESEM images of NiFe,O, and
NiFe,O4@Ag NPs showed that NPs appeared as a porous foam-like
structure, owing to citrate—gel synthesis [21]; on the other hand, the
FESEM micrographs of NiFe,O4@ABS and NiFe,0,@ABS@Ag
compounds demonstrated different images with sphere-like struc-
tures having fewer aggregating that attributed to the interaction of
NiFe,04 NPs due to the coating of ABS [18, 22].

3.4. Analysis of transmission electron microscopy (TEM) result:
For further exploration of the morphology of the
NiFe,0,@ABS@Ag nanocompound, TEM was conducted. The
TEM image demonstrated that Ag NPs are visible as black spherical
points on the grey shell of the ABS coverage, this image clearly
indicated the core—shell state as shown in Fig. 4.

3.5. Analysis of BET result: It is commonly reported that
surface areas of all nanocompounds were measured by using
the BET theory. It was revealed from the BET data that the
surface area of NiFe,O4 NPs, NiFe,O,@Ag, NiFe,O,@ABS, and
NiFe,04@ABS@Ag nanocompounds was 74.2, 41.4, 42.2 and
37.4 m*/g, respectively. The results have shown that by covering
the magnetic core with ABS and ABS@Ag and filling hole and
enlarging, the surface area of NiFe,O4@ABS@Ag was reduced
due to the embedding of ABS and ABS@Ag into the core [23].

3.6. Analysis of VSM result: In order to characterise the
magnetic properties of all nanocompounds, the VSM was employed
at room temperature. The magnetisation curves of NiFe,O4Nps,
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NiFe,0,@Ag, NiFe,0,@ABS, and NiFe,0,@ABS@Ag NPs
can be seen in Fig. 5. The maximum magnetisation value (M),
coercivity (H.) and remanence magnetisation (M) of samples
could be defined based on the hysteresis loops measurements and
can be seen in Table 1. The M,, M, and H, values obtained after
Ag and ABS coating were less than the NiFe,O,4 core, decreasing
in Mg and M, values was owing to non-magnetic ABS and Ag
NPs coverage on the NiFe,O4 magnetic core, this led to decreasing
the magnetic strength of the NPs, while Ag and ABS increased the
crystallite size of the NiFe,O,@ABS@Ag nanocomposite, results
showed that the coercivity (H.) value has also been decreased, it
may be due to the surface anisotropy [24-26]. It was found,
however, that the value M, of the NiFe,0, core was significantly
reduced, the NiFe,O4@ABS@Ag compound could still be easily
separated from media with the application of an external magnetic
field.

3.7. Antibacterial test: Despite the strong antibacterial property
of silver, cytotoxic activity against mammalian cells could lead
to some limitations in the use of them as the remedial agent
[27, 28]. Therefore, the omission Ag NPs of environment that
is limited their usages. By employing the nanocompound
NiFe,04@Ag and NiFe,0,@ABS@Ag as the antiseptic agent, in
lieu of Ag NPs, this compound could be separated from the
media by the magnet. Therefore, investigation of the bactericidal
properties of NiFe,O4@Ag and NiFe,O,@ABS@Ag nano-
compounds could be useful. As shown in Table 2 and Fig. 6, the

Staphvylc

Fig. 6 Zone of inhibition of 1: blank disks; 2: NiFe;Oy; 3: NiFe,0,@ABS;
4: NiFe,0,@Ag; 5: NiFe;0,@ABS@Ag against tested bacteria
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antimicrobial activity of the NiFe,O,@ABS@Ag nanocompound
was higher than that of NiFe,O4 and NiFe,O4,@ABS, as well as
that of NiFe,O4@Ag nanomaterials.

4. Conclusion: The NiFe,04 NPs were fixed as a magnetic
core and decorated the ABS layer on the surface of this core
in the inner shell, then decorated Ag NPs on the surface of
NiFe,O4@ABS in the outer shell to yield a novel kind of three
components NiFe,O4@ABS@Ag NPs with a core/shell/shell
structure. This nanocompound was studied using XRD, TEM,
BET, FTIR, and FESEM techniques. It was found that supporting
Ag NPs on ABS-coated NiFe,0, led to preventing aggregation.
The magnetic properties were investigated by employing VSM, in-
dicating that the M and M, values of NiFe,O,4 core were decreased
upon coating with ABS and Ag NPs. The antimicrobial inves-
tigation of NiFe,O,@ABS@Ag nanocompound indicated that
it was higher than NiFe,04, NiFe,04,@ABS and NiFe,O4@Ag.
Their comparison with antibacterial properties of nanocomposites
made in this project and similar nanocomposite made by others
showed an increase in the antibacterial properties of this material
relative to the nanocomposites made before, which shows
the innovation and acceptability of nanocomposites in this study
[4, 24, 29]. Interestingly, this nanocompound could be, therefore,
conveniently separated from the solution by applying a magnetic
field.
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