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Abstract

Magnetically recoverable Au nanoparticles immobilized/stabilized on core-shell
nanocomposites are synthesized by the combination of suspension polymerization
as well as surface initiator atom transfer radical polymerization (SI-ATRP)
methods. The magnetic core-shell supported Au nanocatalysts are namely Fe;Oy4-
PAC-AuNPs, Fe;04-PVBC-g-PAC-AuNPs, Fe;O4,-HEA-AuNPs, and Fe3;04-
PVBC-g-HEA-AuNPs. Among all the catalysts, Fe;O04-PVBC-g-PAC-Au NPs
exhibited an excellent activity in the reduction of Rhodamine B with an apparent
rate constant of 10.77 x 1072 s~! and TOF value of 47.62 x 107> s~ ' under
pseudo-first order reaction condition. Further, Fe;04-PVBC-g-PAC-Au NPs has
an outstanding activity and recyclability without applying any external magnetic
field. This new approach provides an exciting potential way in the preparation of

recyclable metal nano-catalysts with high catalytic activity.
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1. Introduction

In past decades, the development of magnetic recoverable metal based nanocompo-
sites have attracted much interest, because of their critical applications in the field of
nanoscience and nanotechnology. It has a broad range of application in electronics,
information technology, catalysis, sensor development and biomedical sciences [1,
2]. Apart from that, the metal nanoparticles have large surface area to volume ratio
[3, 4]. Interestingly, the wet chemical synthesis routes for magnetic nanoparticles are
simple and yields specific shape & size. There are few reports are available regarding
the core-shell models. The nanocomposites depends upon the nature of metal oxides
used as a core such as SiO,, Au, TiO,, Al,03 and the shell may be both organic and
inorganic materials [5, 6, 7, 8]. Yu et al., reported dumbbell-like Au-Fe;0,4 nanopar-
ticles with some drawbacks such as metal leaching, oxidation, and aggregation [9].
To overcome these limitations, magnetic core nanoparticles are often coated with
some inert shells such as linear or branched polymer. The polymeric shell coated
metal nanoparticles (MNPs) have wide range of applications which includes mag-
netic targeted drug delivery, contrast enhancement in magnetic resonance imaging
(MRD), purification (or) separation of biomolecular agents, catalytic applications,
and shape-memory applications [10, 11, 12, 13, 14]. Earlier literature reviews
expose the copious amount of work has been done on the generation of shell on
the core. Therefore, the desired functional group was introduced onto the magnetic
core-shell through surface-initiator atom transfer radical polymerization (SI-ATRP)
method. The SI-ATRP is a versatile method which offers several advantages over
other polymerization techniques. Furthermore, some ATRP method has been re-
ported to make core-shell system like SiO,, Au, MnFe,0,4, Au@SiO,, and Fe,0;
[15, 16, 17, 18, 19]. Among different methods, SI-ATRP techniques involve the
use of polymer network grafted onto the core was reported [20]. This organic/poly-
mer can offer, inert, reusable, non-toxic, and flexible core-shell catalysts [21, 22, 23].
The surface group consists of both organic and inorganic shells with enhanced phys-
ical properties. However, the core-shell nanocomposites have improved catalytic ac-

tivity in both organic and aqueous medium [24].

Fan et al. [25] reported the polymer shell acts as a good stabilizing agent via ATRP
method. Lei et al. [26] also reported the grafting of polymer over the core and also
the surface modified Fe;04/SiONPs with high specific surface area. Further, the
functionalization and the size of metal particles can be achieved easily. The stabili-
zation of Ag nanoparticles using polyelectrolyte and poly ethylene glycol by layer
assembly prevents aggregation and increases the monodispersity [27]. However,
these types of homogeneous polyelectrolyte stabilized metal nanoparticles catalysts
suffer with some recoverability problem in aqueous/organic phase reaction [24].

Therefore, these types of polymer stabilized metal nanoparticles are coated with
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insoluble heterogeneous support materials such as a polymer, Fe;0,4, SiO,, and
Al,O5 [20, 23]. Especially, the magnetic core-shell supported materials are effective,
eco-friendly and easy to handle. Bulk Au has been found to be inactive whereas,
gold nanoparticles (Au NPs) proved to be a highly efficient catalyst [28, 29, 30,
31]. In the photocatalytic degradation of dyes using Au NPs have shown significant
selectivity and high activity due to high surface area to volume ratio. Even though
unsupported Au NPs have high catalytic activity they tends to aggregate which re-
sults in reduced catalytic activity [20]. Au NPs have difficulty in recycling from
various catalytic environments. To overcome these problems, the heterogeneous
metal nanoparticles in nanometer (nm) range have been immobilized on suitable

supports such as carbon, metal oxides, and zeolites [32, 33, 34, 35, 36].

The industrial discharged materials from the food, coloring, cosmetic, paper, textiles
and carpet industries are the main sources for aromatic dyes [37]. These aromatic
dyes are more stable and difficult to degrade [38]. Moreover; some of the
benzidine-based dyes are toxic, carcinogenic and also causes rapid decrease in the
amount of dissolved oxygen affecting aquatic life species [39, 40]. Therefore,
removal of these dyes from the wastewater before discharge is of greater concern.
The removal of color from wastewater can be done via several methods namely
chemical, biological and physical methods [41]. Despite the development of various
methods for dye degradation each suffers from major drawbacks such as the physical
methods have a limited lifetime, the biological method produced toxicity and the
chemical method is highly active, but expensive. Therefore to circumvent this prob-
lem, there is a need to develop environment friendly, less time consuming and low-

cost materials.

The present work, mainly focus on the synthesis of highly stable Au NPs. The syn-
thesis involves suspension polymerization (SP) method which is not able to com-
plete polymerization because of less number of polymers and supported Au NPs
(active sites) on the surface of the core. However, this method was combined with
SI-ATRP method to develop materials with high stability and reusability. High sta-
ble Au NPs catalysts on the surface of Fe;0, were synthesized by the combined syn-
thesis methods. Further, these catalysts are expected to be a potential candidate for
the degradation of dyes present in industrial effluents.

2. Materials and methods
2.1. Materials

Ferric chloride hexahydrate (Loba Chemie), ferrous sulphate heptahydrate (SRL),
aqueous ammonia (SRL), oleic acid (Merck), divinyl benzene (Sigma-Aldrich), styrene
(Sigma-Aldrich), benzoyl peroxide (Alfa Aeser), 2-acryloxyethyltrimethylammonium
chloride (Sigma-Aldrich), 2-hydroxyethylacrylate (Sigma-Aldrich), liquid ammonia
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(SRL), chloroauric acid (Sigma-Aldrich), copper bromide (Sigma-Aldrich), polyeth-
ylene glycol (PEG (M.wt-4000)) (SRL), 1,10 phenanthroline (Sd-fine), EDTA
(SRL), chloroauric acid (Sigma Aldrich), thodamine-B (Sigma-Alrich) and sodium
borohydride (SRL) were used as such. All the chemicals were of analytical grade
with >90% purity. Solvents like methanol (SRL), acetone (SRL), ethanol (SRL), dieth-
ylether (SRL), dichloromethane (SRL) and DD water were also used.

2.2. Syntheses of magnetic core-shell based nanocomposite
catalysts

2.2.1. Synthesis of core-shell nanocomposites

Fe;O4 magnetic particles were prepared via co-precipitation method according to
the previous report [42] (Fig. 1). Synthesis of Fe;O04-PAC and Fe;04-HEA core-
shell nanocomposites were carried out by suspension polymerization technique.
Initially, 1 gram (g) of Fe;04,-OANPs was dispersed in 40 ml of ethanol. About
2 g of PEG-4000 was dissolved in 100 mL of hot water followed by the addition
of 1 mL of styrene (St) (8.7 x 1072 mol) and 1 ml of divinyl benzene
(DVB) (7.2 x 1072 mol). Then, two different functional monomers such as 2-
acryloyloxyethyltrimethylammonium chloride (PAC) (2.33 x 1072 mol) 4 mL
and 2-hydroxyethyl acrylate (HEA) (3.7 x 1072 mol) of 4 mL were added. The
whole reaction mixture was added to the above Fe;0,4-OA NPs with continuous stir-
ring. Finally, 0.2 g of benzoyl peroxide (BPO) (8.0 x 10~ mol) dissolved in ethanol
was also added dropwise under continuous stirring and heated at 80 degree
Celsius (°C) for 4. Finally, Fe;04-PAC NPs and Fe;04,-HEA NPs matrix was syn-
thesized Fe;04- poly (vinyl benzyl chloride) (PVBC) magnetic core-shell based ma-

terials were synthesized by suspension polymerization techniques (Fig. 1). 1 g of

e C'cn
Cl PAC & HEA HAuCl, 4
a v NaBHy
al ATRP Cu (DBr S 7
ca’l \ C1'1,10 phenanthrene ;,S RT, 120
& ac 65°C, 18 h ~
@p o<
$“
Oleic Acid A Fe;04-PVBC NPs
O O B Fe;0,-PVBC-PAC Fe304-PVBC-PAC
0 °c Y & HEANPs & HEA-Au NPs
Fe304 NPs OA-Fe;0, NPs O”e Y
'Qw 2
HAuC,
_NaBH,
RT, 12h
O - gold Nanoparticles Fe;0,-PAC & HEA NPs Fe;0,-PAC & HEA-Au NPs

Fig. 1. Synthesis of Fe;0,-PAC & HEA-Au NPs and Fe;04-PVBC-g-PAC & HEA-AuNPs magnetic

core-shell based nanocomposite catalysts.
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Fe;04-OANPs was dispersed in ethanol (40 mL) and 2 g of PEG-4000 was dissolved
in 100 mL water followed by the addition of 1 mL of styrene (St) (1.1 x 1072 mol), 1
mL of divinyl benzene (DVB) (7.2 x 102 mol) and 4 mL of (2.84 x 102 mol)
vinyl benzyl chloride (VBC). After, the whole reaction mixture was added to the
above Fe3;04-OA magnetic fluid solution. Finally, 0.2 g of (8.0 x 1073 mol) of
benzyl peroxide (BPO) was dissolved in 20 mL ethanol and added dropwise, and
then the mixture was dried under vacuum at 60 °C for 24 h (Fig. 1).

2.2.2. Grafting of PAC and HEA onto the Fe;0,PVBC matrix
by the SI-ATRP

The PAC & HEA were grafted individually onto the Fe;04-PVBC matrix by SI-
ATRP technique. 1 g of Fe;04,-PVBC matrix in two different RB flasks were
dispersed in 50 mL of ethanol, after which 4 mL of PAC (2.33 x 1072 mol) and
HEA (3.7 x 1072 mol) monomers were added to the respective reaction mixture.
After, the calculated amount of Cu (I)Br and 1, 10-phenanthrene were added to
the respective reaction mixture and maintained inert atmosphere at 90 °C for 18 h.
Then the resulting reaction mixture was filtered followed by the addition of
EDTA (10% (w/v)) solution. The reaction mixture was stirred well at RT for 24 h.
The resulting Fe;04-PVBC-g-PAC & HEA was filtered and washed followed by
dried at 60 °C for 24 h. The obtained product was named as Fe;04-PVBC-g-PAC
and Fe;04-PVBC-g-HEA.

2.2.3. Synthesizes of core-shell Au NPs catalysts

Magnetic core-shell supported Au nanoparticles catalysts were prepared by four
types of matrix viz., Fe3;04-PAC, Fe;04-HEA, Fe;04-PVBC-g-PAC, and Fe;04-
PVBC-g-HEA. Initially, 0.5 g of Fe;04-PVBC-g-PAC, Fe;04-PVBC-g-HEA,
Fe;04-PAC, and Fe;O4-HEA were taken individually and dispersed in ethanol
(50 mL) under sonication. Then, 10 mL of aqueous solution of HAuCl, (7.6 %
10~ mM, 30 mg) was added to the above reaction mixture and stirred for 2 hat
RT. The colour change from brown to yellowish brown was observed during the re-
action. Then, 10 mL of NaBH, (1 mL/10 mM) was added slowly to the above reac-
tion mixture for reduction. The colour of the matrix was changed from yellowish
brown to dark brownish purple. This colour change indicated the transformation
of Au*" to Au® and the produced core-shell magnetic nanoparticles catalysts viz.,
Fe;04-PAC-AuNPs, Fe;04-HEA-AuNPs, Fe;04-PVBC-g-PAC-AuNPs, and
Fe;04-PVBC-g-HEA-AuNPs.

The catalytic activity of four types of catalyst viz., Fe304-PVBC-g-PAC-AuNPs,
Fe;04-PAC-AuNPs, Fe;04-HEA-AuNPs, and Fe;04,-PVBC-g-HEA-AuNPs was
examined individually from the reduction of rhodamine-B (RhB) under pseudo-

first order reaction condition (Fig. 13). The reaction was performed in RB flask,
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under constant stirring and RT. Initially, 25 mL of (1 mM) liquid NaBH, solution, 25
mL (0.01 mM) of RhB were taken in RB in which DD water was also added. 8 mg of
synthesized catalyst was added into the reaction mixture. The progress of reaction
was monitored by Ultra-Violet Visible spectroscopy (UV-Vis spectrum) from the
absorbance peak at 554 nm. Moreover, the rate constants were calculated using
the following formula (1). The reduction of RhB followed pseudo-first-order kinetics
[43]. Therefore, the apparent rate constant (k,,,) can be defined by the following

equation,

degng

dt

= KappC — RhB (1)

Where,

Kapp is the apparent rate constant (K,p,;,), which is related to the concentration of Au
NPs with Fe;04-PVBC-g-PAC stabilized nanocomposites catalysts and concentra-
tion of RhB. The k,, can be found from the slope of the linear plots of In(C,/Cp)
versus time. The reaction is linearly proportional to Au NPs with Fe;04-PVBC-g-
PAC stabilized nanocomposites catalysts.

The % degradation efficiency determined by the following formula
X =Cyp — C/Cy x 100 % 2)

Where, Cy and C are the solution concentration or absorbance before and after the
degradation respectively. The concentrations of RhB were estimated from UV-Vis
spectra peak wavelength.

2.3. Instrumentation

Fourier transform Infra-red spectroscopy (FT-IR) analysis was carried out using
BRUKER, TENSOR 27 model instrument. The UV-vis spectra measured using Per-
kin Elmer (A = 35) instrument. Cole-Parmer sonication bath was used for ultrasoni-
cation of Fe;0, and various functionalized Fe;O, at 40 kilo electron volts KeV. The
surface morphology was performed using VEGA3 TESCAN model scanning elec-
tron microscope (SEM). The crystallinity of synthesized catalysts was confirmed by
X-ray diffractometer using a Cu kA monochromatic radiation source (A = 1.54045
A). The magnetic susceptibility values were recorded for the prepared magnetic
core-shell based nano-composites using Lakeshore model 7404 with high & low-
temperature attachments, at the maximum magnetic field of —2.17 T (0.6 air gap).
The high-resolution transmission electron microscopy (HR- TEM) measurement
was carried out using an FEI TECNAI G2 model T-30. Thermogravimetric analysis
(TGA) was performed using Perkin Elmer under nitrogen atmosphere in the temper-

ature range 30—750 °C at heating a rate of 8 °C min~".
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2.4. Photo catalytic reactor setup

The catalytic activity of Fe;04-PVBC-g-PAC-AuNPs, Fe;04-PAC-AuNPs, Fe;0,4-
HEA-AuNPs, and Fe;04-PVBC-g-HEA-AuNPs was examined individually by con-
ducting the degradation of RhB as a model reaction kept under identical pseudo-first
order reaction condition. The photo catalytic reactor contains borosilicate glass tube
with 20 mm diameter, 40 cm height and 50 milliliter (mL) reaction vessel. The reac-
tion mixture was magnetically stirred for 30 min to maintain adsorption—desorption
equilibrium between the dyes and catalysts under constant stirring and ambient tem-
perature by the use of water circulating pump. Exactly, 25 mL of (1 mM) NaBH,
solution, 25 mL (0.01 mM) of aqueous RhB were taken with DD water. 8 milligram
(mg) of catalyst was added into the reaction mixture. The sample was first analyzed
in the dark (without using light). A 500 W tungsten lamp was used as a visible-light
source distanced 6 cm from the reactor vessel. The radiation from the light source
was found to be in the visible region at a wavelength of 410 nm. In presence of light,
3 mL of aliquot was withdrawn at regular time interval of 3 min and separated the
catalyst using an external magnetic field. The extent of degradation was monitored
using Ultraviolet-visible (UV-Vis) spectrophotometer.

3. Results and discussion
3.1. Crystallite analysis

The synthesized catalysts were analyzed by X-Ray diffraction (XRD) to find the crys-
tallinity of Fe;O4NPs, Fe;04-OA NPs, Fe;04-PVBC NPs, Fe;04-PVBC-g-
PACNPs, and Fe;0,4-PVBC-g-PAC-AuNPs (Fig. 2a—e). According to Joint commit-
tee powder diffraction standard (JCPDS) database (JCPDS No: 19-0629), the XRD
pattern of Fe;O,4 NPs (Fig. 2a) was confirmed from five strong diffraction peaks at
a 20 values of 30.33°, 35.60°, 43.39°, 57.2° and 62.9° corresponding to (220),
(311), (400), (422), and (511) planes respectively. Using the Debye-Scherer equa-
tion, the particle size of Fe;04 NPs was calculated to be 12.2 nm from (311) reflec-
tion. The XRD patterns of bare Fe;04NPs and Fe;04-OA NPs, Fe;04-PVBC NPs
and Fe;04-PVBC-g-PAC NPs are shown in Fig. 2a—e respectively. This suggests
that irrespective of magnetic core, the peak intensity of five strong characteristic
peaks noticed in bare-Fe;O4NPs at 2O values of 30.33°, 35.60°, 43.39°, 57.2° and
62.9° were found to decreased in the intensity. This is due to the grafting of —OA,
PVBC & PAC. From the Debye-Scherer equation, it has been observed that the
size of magnetic Fe;04-OANPs was found to be 14.3 nm. For Fe;04-PVBC NPs
and Fe;04-PVBC-g-PAC NPs, the particle size was found to be 17.87 nm 20.17
nm respectively. Increased size of magnetic core-shell is due to the intense grafting
of polymers supports, which has been observed from —OA < PVBC < PAC order.

Besides these peaks, after the stabilisation/immobilization of Au onto the respective
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Fig. 2. High angle XRD pattern of (a) Fe304 NPs, (b) Fe30,.0ANPs, (c) Fe;04-PVBC NPs, (d) Fe;04
—PVBC-g-PACNPs and (e) Fe;0,—PVBC-g-PAC-AuNPs catalysts.

magnetic matrix, appearance of new peaks at 26 values of 38.28° and 44.45° are
observed. Other diffraction planes are completely diminished which confirms the ex-
istence of AuNPs immobilised on the respective magnetic core-shell. From the XRD
plane, the average nanoparticles size of AuNPs was calculated to be 26.65 nm.

3.2. FT-IR analysis

Oleic acid (OA) was coated onto the Fe;0, NPs to prevent the aggregation of the
particles. The obtained products viz., Fe;O4 & Fe;O04-OA NPs was characterised
by FT-IR and the respective spectra are shown in Fig. 3a and b respectively. The
characteristic peak at 585 cm ™' due to Fe-O bond suggests the formation of mag-
netic Fe;04 NPs. Fe;04-OA NPs (Fig. 3b) shows the characteristic peaks at 1413,
1675, 2844 and 3411 cm ™! corresponding to C=C, C=0, —CH3, —CH, and OH
group respectively. These results may be due to the presence of OA on the surface
of magnetic Fe;0, NPs.

The obtained Fe;04,-OANPs was used as a core moiety on which two different types
of poly(styrene) was grafted through suspension polymerization techniques using
styrene (supporting monomer), DVB (cross-linking agent), followed by the addition
of PAC (functional monomer). The core-shell matrices Fe;O4-PACNPs and the
respective FTIR spectrum is shown in Fig. 2c. Fig. 3c shows the characteristic peaks
at 1624 and 1113 cm™' due to the functionalization of PAC onto the surface of

https://doi.org/10.1016/j.heliyon.2018.e01005
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Fig. 3. FT-IR spectrum of (a) Fe;04 (b) Fe;0,,0ANPs, (c) Fe;04-PAC-NPs, (d) Fe;0,—PAC AuNPs,
(e) Fe;04-PVBC NPs, (f) Fe;0,—PVBC-g-PACNPs and (g) Fe;0,—PVBC-g-PAC-AuNPs.

Fe;04-OANPs. However, in the corresponding Fe;O,—PAC-AuNPs catalysts, the
C-N stretching peak noticed at 1113 cm ™" in Fe;0,—PAC-AuNPs catalysts were
shifted to 1123 cm™!, which confirmed the immobilisation of AuNPs on
Fe;O4—PACNPs as shown in Fig. 3d.

Further, poly (vinyl benzyl chloride) was functionalized on Fe;04-OANPs core via
suspension polymerization and named as Fe;04-PVBC NPs. This product was char-
acterised by FTIR and is shown in Fig. 3e. The peaks noticed at 705 and 1485 cm ™'
region due to C-Cl and -CH, stretching vibration respectively. This confirms the
functionalization of poly (vinyl benzyl chloride) on to the Fe;04,-OANPs. Then us-
ing this Fe;04-PVBC NPs as a common matrix, the PAC was grafted (g) through the
SI-ATRP method and named as Fe;04-PVBC-g-PACNPs. The corresponding FTIR
spectra for these matrices are shown in Fig. 3f. The Fe;04-PVBC-g-PAC NPs char-
acteristic peaks were observed for aromatic C-H vibration at 3027 cm ™', aliphatic C-

H stretching vibration at 2920 cm_l, CH, bending vibration at 1438 cm™!

and
appearance of these peaks evidences the successful grafting of PAC onto the
Fe;04-PVBC matrix. The Fig. 3f shows the FTIR spectrum of Fe;O4-PVBC-g-
PAC NPs and the characteristic peaks at 1701 & 1148 cm ™' are due to C=0 &
C-N stretching vibrations respectively. This confirms that PAC was grafted on the

Fe;04-PVBC NPs. Moreover, The FTIR spectra of Fe;O4,—PVBC-g-PAC-Au

https://doi.org/10.1016/j.heliyon.2018.e01005
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NPs catalysts were shown in Fig. 3g. The C-N stretching peak noticed at 1148 cm ™

in Fe;O,—PAC-AuNPs catalysts shifted to 1154 cm !, which confirms the presence
of Fe304-PVBC-PAC-AuNPs.

3.3. UV-visible spectrum

From, Fig. 4, the UV-vis-spectra of (a) Fe;04-PAC-AuNPs and (b) Fe;04-PVBC-g-
PAC-AuNPs is observed. The catalysts were dispersed individually in ethanol, and
the metal nanoparticles were extracted irrespective of the catalyst to establish the sta-
bilisation/immobilisation of AuNPs onto Fe;O04-PACNPs and Fe;O4-PVBC-g-
PACNPs. All these extracted catalytic solutions contain AuNPs and analysed with
UV- Vis spectroscopy regardless of the catalysts solution. The surface plasmon reso-
nance (SPR) peaks present at 531 nm confirms the formation of AuNPs catalysts
onto the surface of Fe;04-PACNPs and Fe;04-PVBC-g-PAC NPs.

3.4. Vibrating sample magnetometer (VSM) analysis

The VSM spectra analysis was performed to observe the magnetic properties of
Fe;O4 NPs, (b) Fe;04-OA NPs, (c) Fe;04-PAC-AuNPs, and (d) Fe;O4-PVBC-g-
PAC-AuNPs at RT and the corresponding VSM spectra are shown in Fig. 5. The
M-H sigmoidal curve for the core-shell Fe;O4-polymer nano-composite catalysts
are shown in Fig. 5a—d. The saturation magnetisation values (Ms) for Fe;O4NPs,
Fe;04-OANPs, Fe;04-PAC-AuNPs, and Fe;04-PVBC-g-PAC-AuNPs was found

1.5

1.2 4

0.9

/ 531 nm

[}
e oed b
@
2
o
@ 034
o
<
a
0.0 -
-0.3 -
I 1 1
300 400 500 600 700

Wavelength (nm)

Fig. 4. UV-Vis Spectrum of a) Fe;04-PAC-AuNPs and b) Fe;04-PVBC-g-PAC-AuNPs.
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Fig. 5. VSM spectra of (a) Fe304 NPs (b) Fe30,-OA NPs, (c), Fe304,-PAC-AuNPs (d) Fe;0,—PVBC-g-
PAC-AuNPs catalysts.

to be 63.89, 57.58, 47.98 and 16.50 emu/g respectively. This observation undoubt-
edly indicates that all these composites exhibited superparamagnetic behavior. When
PAC was grafted onto the PVBC and coated on Fe;O4NPs via SI-ATRP technique,
the Ms values have been decreased. The corresponding VSM spectra were shown in
Fig. 5a—d. The decreased Ms value of matrix derived from SI-ATRP method Fe;04-
PVBC-g-PAC-AuNPs has shown lower Ms value around 16.50 emu/g due to more
number of functional group grafted onto the surface. However, the suspension
method has higher Ms value (47.98 emu/g) due to less number of functional group
onto the surface of Fe;O4 NPs.

3.5. TGA analysis

Thermogravimetric analysis (TGA) was measured to observe any changes in phys-
ical and chemical properties as a function of temperature. Fig. 6a—c shows TGA
curves of (a) Fe;O4 NPS, (b) Fe;04,-PAC-AuNPs and (c) Fe;04-PVBC-g-PAC-
AuNPs, which confirms the weight change during polymerization. Fe;O4NPs ex-
hibited the loss of about only 3% up to 750°C was recorded. This might be due to
the evaporation of physisorbed water molecules on the surface, and no other weight
losses have been observed during the reaction. From Fig. 6b and c it has been
observed a weight loss upto 490 °C was recorded for core-shell Fe;04-PAC-AuNPs
and Fe;04-PVBC-g-PAC-AuNPs.

The major weight loss of Fe;04-PAC AuNPs and Fe;04-PVBC-g-PAC-AuNPs
observed at 210 °C—410 °C, respectively. The core-shell Fe;04-PAC-AuNPs has
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Fig. 6. TGA analysis of a) Fe;O4NPs, b) Fe;0,-PAC-AuNPs and c)Fe;0,—PVBC-g-PAC-AuNPs.

42 % weight loss that is due to the small amount of polymer shell was coated onto the
surface of Fe;04 NPs. Fe;04-PVBC-g-PAC-AuNPs has 60 % weight loss due to SI-
ATRP grafting methods. From Fig. 6¢ the magnetic core-shell nanocomposite cata-
lyst has two weight loss, the first weight loss of 26 % at 200 °C which is attributed to
the loss of surface moieties and the second weight loss of 34% at 405 °C indicating
the growth of the polymers on the surface of Fe;O0, NPs were observed. Hence, the
TGA results reveal that the SI-ATRP method is superior than the suspension
method.

3.6. TEM and SEM analysis

TEM and SEM analysis were carried out for Fe;04-PAC-AuNPs, Fe;04-HEA-
AuNPs, Fe;0,4-PVBC-g-PAC-AuNPs and Fe;04-PVBC-g-HEA-AuNPs. Based on
the results, the catalysts obtained from PAC and PVBC-g-PAC has been proved
to be the best catalyst than the rest of the catalysts. Fig. 7a and b shows the TEM
images of Fe;04,—PVBC-g-PAC-AuNPs and Fig. 7c and d shows the SEM images
of Fe;0,—PVBC-g-PAC-AuNPs.

The TEM image of Fe;O,—PVBC-g-PAC-AuNPs confirms the spherical
morphology. However, the spherical core-shell with intense black dots suggests
that AuNPs are well dispersed over the core-shell nanocomposites with an average
size of 26.65 nm. Two set of NPs were measured with an average patrticle size of 6.6
nm Au NPs and 26.65 nm. Furthermore, the SEM images also exhibit the same re-
sults of spherical morphology. Besides, based on the XRD results, Fe;04,—PVBC-g-
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Fig. 7. TEM images of (a) & (b) Fe;04,—PVBC-g-PAC-Au NPs and SEM images (c) & (d)
Fe;04,—PVBC-g-PAC-AuNPs catalyst.

PAC-AuNPs exhibited the sharp intensity peak which confirms the formation of
nanomaterials. Moreover, the SEM images show the intense white dots and patches
in Fe;04-PVBC-g-PAC-AuNPs catalysts, which conforms more amount of loading
(or) stabilisation of Au NPs. This results confirms SI-ATRP modified Fe;04-PVBC-
g-PAC- AuNPs matrix contains more N-C functional group than the rest of the

matrix.

4. Analysis
4.1. Comparative catalytic activity

The catalytic activities of Fe;04-PAC-Au NPs, Fe;04-HEA-Au NPs, Fe;04-PVBC-
g-PAC-Au NPs, and Fe;04-PVBC-g-HEA-AuNPs catalysts were examined in the
reduction of RhB dye. The reaction was monitored by UV-Vis spectroscopy
(Fig. 8). The intensity of the characteristic peak viz., C=N at 554 nm was quantita-
tively determined at regular time interval of (3 min) and K,,, was calculated from Eq.
(1). The K,pp, degradation efficiency and TOF were calculated for the reductions of
RhB are given in Table 1 (including the correlation co-efficient (R?) and degradation
efficiency %) and Fig. 8a—d. The k,j,,, degradation efficiency was calculated from
Eq. (2) and TOF is calculated from Eq. (1) for Fe;04-PAC-AuNPs, Fe;04-HEA-
AuNPs, Fe;04-PVBC-g-HEA-AuNPs and Fe;04-PVBC-g-PAC-AuNPs catalysts

13

https://doi.org/10.1016/j.heliyon.2018.e01005
2405-8440/© 2018 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.heliyon.2018.e01005
http://creativecommons.org/licenses/by-nc-nd/4.0/

| Heliyon
Article No~e01005

1.4

5511 min

Absorbance (a.u)

1 ) I I ) ) I I 1
460 480 500 520 540 560 580 600 620
Wavelength (nm)

Fig. 8. UV-Vis Spectrum Degradation of RhB using Fe;0,-PVBC-g-PAC-AuNPs catalyst.

Table 1. The comparative catalytic activity of four types of MNPs catalysts for apparent rate constant,
TOF and the efficiency towards reduction of RhB.

S. No

E- SN I )

14

Name of the catalyst K

app X 1072571 TOF x 1073 s~} Degradation Correlation
efficiency (%) co-efficient (R?)
Fe;04-PAC-AuNPs 2.90 1.18 44.23 0.9921
Fe;04-HEA-AuNPs 2.44 1.0 29.15 0.9925
Fe;04-PVBC-g-HEA-AuNPs 7.74 333 85.35 0.9944
Fe;04-PVBC-g-PAC-AuNPs 10.77 47.62 99.30 0.9989

are almost same amount. The K, values are 2.90 x 1072 s7! 244 x 1072 s7h
774 x 1072 s7" and 10.77 x 107> s™' and corresponding TOF values are 1.18
x 103 sand 1.0 x 102 s7',33.3 x 10 s ' and 47.62 x 10> s~ ' respectively.
Among the different catalysts, Fe;04-PVBC-g-PAC-AuNPs was found to be highly
active due to the size of the MNPs and more numbers activity sites (functional
group) stabilized as compared to the rest of the catalysts (Table 1) and
(Fig. 9a—d). The Kapp, TOF and degradation efficiency values of Fe;04-PVBC-
g-PAC-Au NPs catalyst synthesized by SI-ATRP method are 10.77 x 107> (s ),
47.62 x 107> (s~ ') and 99.9%. In general, high loading is possible due to the avail-
ability of more C-N © (-N*-(-CH3)3) groups and thus proportionally stabilised the
metal nanoparticles, which in turn reflected an increased catalytic activity in the
degradation of RhB reaction. Therefore, this preferred catalyst was chosen for the
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Fig. 9. (a) Normalized absorbance at Amax of RhB vs AuNPs catalysts, C, is the conc. of RhB at real
time ‘#” and C is the conc. of MB. (b) In(C/C) at 554 nm vs. reaction time for the reduction of MB. (c)
Figure of apparent rate constant (k,p,) as function of different catalysts (d) Figure of TOF as function of
different catalysts.

kinetic study under the same reaction condition by varying the substrate and the

catalyst.

4.2. Effect of catalysts

On increasing the concentration of catalyst viz., Fe;04-PVBC-g-PAC-AuNPs, the
Kpp Was found to increase linearly. In the present study, the amount of catalyst
has been varied from 2 mg to 10 mg keeping the other parameters as constant.
The K,p, values are 7.70 x 107257, 9.0 x 1072 57", 10.77 x 107> 57, 11.89
x 1072 s and 12.85 x 10> s~ and corresponding TOF values are 37 x 107>
(s, 41 x 1077 (s71), 47 x 107> (s7"), 62 x 107 (s7), and 83 x 107 (s7)
respectively. Normally, when the substrate concentration is fixed, the catalyst con-
centration increases the k,p, and TOF values as shown in Fig. 10a—d and corre-
sponding values are tabulated in Table 2 (including the efficiency %, correlation
co-efficient (Rz)).

4.3. Effect of [RhB]

To determine the substrate concentration of RhB in the presence of Fe;04-PVBC-g-

PAC-AuNPs catalyst under identical reaction condition, the concentration of
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Fig. 10. (a) Normalized absorbance at A, of RhB VsFe;04-PVBC-g-PACAuNPs catalysts, C, is the
conc. of RhB at real time t and Cy is the conc. of RhB. (b) In(C/Cy) at 554 nm vs. reaction time for
the reduction of RhB. (c) Figure of apparent rate constant (k,p,) as function of different catalysts (d)

Figure of TOF as function of different catalysts.

substrate was varied from 6 x 107> mM to 14 x 10™> mM. The k,p, was calculated

and plotted against the substrate amount (Fig. 11). Moreover, the corresponding per-

centages of degradation efficiency values are shown in Table 1.

While increasing the RhB concentration, the concentration of the catalyst remains

constant. The active sites on the catalysts are found to be less as the concentration

of dye molecules is high. Hence, the catalytic activity was gradually decreased
due to less number of active sites. Therefore, Fe;04-PVBC-g-PAC-AuNPs materials

act as a suitable catalyst towards the degradation of RhB [38].

Table 2. Effect of catalysts for apparent rate constant, TOF and the efficiency towards reduction of RhB.

S. No Fe;04-PVBC-g-PAC-AuNPs Kapp X 107271 TOF x 1073 s7! Degradation Correlation

efficiency (%) co-efficient (R?)
1 2.0 mg 7.7 37 90 0.9957
2 4.0 mg 9.0 41 93 0.9961
3 6.0 mg 10.77 47 99 0.9989
4 8.0 mg 11.89 62 99.9 0.9986
5 10.0 mg 12.85 83 99.9 0.9987
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Fig. 11. Effect of [RhB] plots a) concentration of RhB plots C,/C, vs Time (min) and b) concentration of
RhB plots In(C/Cy)vs Time (min) by using Fe304-PVBC-g-PACAuNPs catalysts.

4.4. Recycle efficiency

Stability and the recyclability of the catalyst are more important for any catalytic re-
actions. The Fe;04-PVBC-g-PAC-AuNPs catalysts were filtered, dried and reused
for the same reaction for which K, value of 8.96 x 10~* min~' was maintained
in the right catalyst. The recycling efficiency of magnetic core-shell based metal
nanoparticles catalyst viz., Fe;04,-PVBC-g-PAC-AuNPs was examined up to sixth
cycle. The obtained rate constant was found to be almost similar, irrespective of
the cycle which indicates the sound stability of the catalyst (Fig. 12).
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Fig. 12. Re-cycle for superior catalyst viz., Fe304,-PVBC-g-PAC-AuNPs.
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4.5. Mechanism of RhB degradation

The catalytic activity of catalysts viz., Fe;04-PAC-AuNPs, Fe;04,-HEA-AuNPs,
Fe;04-PVBC-g-PAC-AuNPs, and Fe;04-PVBC-g-HEA-AuNPs were measured
separately by conducting the degradation of Rhodamine B (RhB). The experiment
was performed with excess NaBH, keeping under identical pseudo-first order reac-
tion conditions. It was monitored that the decrease in peak intensity of RhB was
noticed at 554 nm which can be clearly shows the reduction take place. The reduc-
tion of RhB by these Au NPs catalysts occurred only via the destruction of conju-
gated structure [34].

A possible catalytic mechanism for the degradation of RhB using magnetic core-
shell based nanocomposites catalyst follows an intermediate mechanism. The mono-
mer exhibited a high absorption band at 554 nm in an aqueous medium matches with
n—7* transitions. Since BH, ™ can act as an electron donor (nucleophile) while RhB
serves as an electrophile concerning Fe;O4-PVBC-g-PAC-Au NPs catalyst, the
nucleophile BH, can offer electrons to Fe;O4-PVBC-g-PAC-Au NPs catalyst;
Next, the electrophile RhB can receive electrons from the catalyst. Thus, the
Fe;04-PVBC-g-PAC-Au NPs catalyst behaves as an electron relay for RhB degra-
dation in a NaBH, solution. The availability of more number of quaternary ammo-
nium chloride and is possible due to increased complex of Au on Fe;O4-PVBC-g-
PAC-AuNPs. The increased complex concentration was higher because of greater
availability of —N*(CHs); group on the periphery of Fe;04-PVBC-g-PAC-AuNPs
than HEA functional group.

The effective degradation/reduction of RhB was carried out and the reaction condi-
tion was optimized. However, this preferred catalyst via, Fe;04-PVBC-g-PAC-
AuNPs was employed to determine thorough kinetics, and these catalysts can be
used as industrial catalysts with high stability and reusability.

4.6. GC-MS analysis

The catalytic activity of photo degradation of RhB was analysis by GC-MS and as
given Fig. 13. The initial concentration of RhB was analyses the retention time of
peak position are noted. The photocatalytic reaction was carried out in the presence
of Fe;04-PVBC-PAC Au NPs catalysts under the assayed reaction condition. The
initial concentration of dye molecule has been various peaks determine with high
retention time peaks intensity as shown in Fig. 13a. From Fig. 14b, after reaction
take place the peaks positions were shifted the low retention time with less inten-
sity as shown in Fig. 13b. However, the GC-MS results reveal that the low reten-
tion time (low concentration of RhB) this may be complete reduction/degradation
of RhB.
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5. Conclusion

In conclusion, the obtained K,,, and TOF values for the degradation of RhBby
Fe;04-PVBC-g-PAC-AuNPs synthesized by SI-ATRP method showed an excellent
catalytic activity as compared with suspension polymeric techniques methods.
Among the different types Fe;04-PVBC-g-PAC-AuNPs was found to be the best
catalyst. TGA results of nano-composite catalyst showed 42 % of weight loss
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compared with coated magnetic core-shell nanocomposites (60 % of weight loss).
The TGA result reveals that the grafted polymerization is largely based on the
core-shell polymerization. On the other hand, the saturation magnetisation of grafted
core-shell is 16.50 emu/g. Besides, the recycling efficiency of magnetic core-shell
catalyst viz, Fe;04-PVBC-g-PAC-AuNPs were examined up to sixth cycle & no
loss of catalytic activity were observed. The grafted magnetic core-shell Fe;04-
PVBC-g-PAC-AuNPs nanocomposites catalyst exhibited higher catalytic activity
and reproducibility towards the degradation of RhB. Hence, the magnetic core-
shell nanocomposite offers an excellent and environment friendly method for the

removal of environmental pollutant RhB.
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