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Abstract

An efficient and mild protocol was developed for the reduction of 4-nitrophenol to the 4-aminophenol in the presence of
recyclable silver (Ag@BH,~ NPs) and magnetite nanoparticles (Fe;0,@BH,™ MNPs). The NPs were characterized by TEM,
HRTEM, UV-Vis, TGA, VSM, XRD, EDX, XPS, and DLS analyses. The reduction was conducted in the absence of any
external reducing agent like NaBH, underwent ultrasound irradiation at 60 °C for 2 h. Also, in the presence of TAIm[BH,]
ionic liquid, the reduction was performed under normal conditions (no need to ultrasound irradiation) and gave quantitative
yield for 4-aminophenol at room temperature. TAIm[BH,] ionic liquid (density =1.42 g/em™, viscosity = 1165 cP), as a new
reducing agent was applied for the efficient preparation of Ag@BH,~ NPs and Fe;0,@BH,” MNPs, with a mean diameter
and zeta potential of 26 nm, 16 nm, and — 40 mV and — 55 mV, respectively. It was suggested that TAIm[BH,] ionic liquid
plays the role of a capping agent in addition to reducing capability in order to metal NPs preparation, which improves the
dispersion stability of the NPs with a negatively charged zeta potential resulted in the decreased agglomeration of NPs. The
NPs as well as TAIm[BH,] ionic liquid showed high antioxidant activity evaluated by DPPH assay, which the total DPPH
quenching was observed at 180 pg/mL. Also, TAIm[BH,] IL showed a 70% inhibitory effect at a concentration of 200 pg/
mL. The Ag@BH,™ and Fe;O,@BH,™ NPs follows first-order kinetics for the reduction of 4-NP with the reaction rate of
(6.75 x 107 s7') and (5.6 x 107 s7!), respectively. A reasonable mechanism was suggested based on the observation and
literature review.

Graphical abstract
A new approach to synthesis of reductive Ag and Fe304 NPs with high antioxidant activity was introduced by TAIm[BH4]
reductive ionic liquid for the efficient reduction of 4-NP to 4-AP.
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1 Introduction

Nitro aromatic compounds such as 2-nitroanilline, picric
acid, and nitrophenols are among the important pollutants
that are toxic for human life, water, and environment due to
non-biodegradable and stability, highly carcinogenic, and
mutagenic nature. Nitro-aromatic compounds are widely
used in industrial applications and so released into our
natural environment [1, 2]. So, they need to post-treatment
to cleaner products and/or eliminate from the nature. Vari-
ous catalytic systems along with reducing agents have been
developed for the reduction of 4-nitrophenol (4-NP) to
4-aminophenol (4-AP) selectively.

Metal nanoparticles, especially silver (Ag NPs) [3, 4]
and magnetite (Fe;O, NPs) nanoparticles, are one the most
efficient and known catalytic systems for reducing 4-NP
to 4-AP [3]. Metal nanoparticles are usually prepared by
reducing the corresponding metal ions in the presence of a
reducing agent, and their size and morphology depend on
the concentration of the reducing agent as well as the reduc-
tion reaction conditions [5]. Various reducing agents were
utilized for the preparation of metal NPs such as sodium
borohydride (NaBH,), sodium citrate, and extracts from
different plant organs [5—7]. Aqueous extracts of different
parts of plants, which are rich in phenolic compounds, are
known as powerful reducing agents. However, the failure
to obtain a single formulation, the failure to obtain a single
percentage composition for a plant extract, and the failure
to obtain the type of extract used by researchers in different
parts of the world, severely limits the reproducibility of the
method. Therefore, the use of synthetic reducing agents not
only solves the mentioned limitations, but also, by design-
ing a unique reducing agent, the morphology and catalytic
properties of the resulting nanoparticle can be modified.

In addition to extracts of various plant organs, EtOH [6],
apiin [8], starch [9], tin acetate [10], and gallic acid [11]
have also been used as reducing agents to prepare Ag NPs.

Also, various reducing agents were also reported for the
synthesis of Fe;O, NPs such as a-d-glucose [12], citric acid
[13], sodium citrate [14], ethylene glycol [15], and NaOH
[16].

Despite these extensive advances in the preparation of
Fe;O4 and Ag NPs, most of them, in addition to a reduc-
ing agent, require surfactants and capping agents in order to
control the morphology and size distribution of the particles,
which is not only affordable and environmentally friendly,
but also changes the catalytic properties of the surface of
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the NPs. In addition, due to the low catalytic activity of
Fe;04 NPs [17], as well as Ag NPs [18], in order to use
in catalytic systems requires surface modification with dif-
ferent compounds. Therefore, according to the wide and
increasing applications of metal NPs in various fields of
science [19-21], the development of an effective, reliable,
and environmentally friendly method, in order to prepare
metal nanoparticles in solution, is a basic need in industries
and laboratory purposes. Moreover, these reductive systems
cannot be manipulated and lead to a type of nanoparticles
with fixed properties.

In last decade, ionic liquids (ILs) have been widely
received the attentions to synthesize silver nanoparticles
due to their NPs capping capability. ILs with their unique
properties are able to create green chemical environments to
perform chemical processes. The low vapor pressure of these
compounds, unlike most organic solvents, makes them non-
volatile and environmentally friendly compounds [22]. ILs
generally consist of a bulk cation and an organic or inorganic
anion that prevent the formation of a regular crystal lattice
due to the poor concentration of the positive charge on the
bulk cation. Therefore, although they are ionic in nature,
they have a low melting point due to asymmetry in their
molecular structure and are usually in liquid form at ambient
conditions. These liquids are widely used in solar cells, syn-
thesis of NPs, as electrolytes in electrochemistry [23], etc.
[24]. Depending on the nature of their cations and anions,
they can be used in special applications such as catalytic
processes, metal extraction, surface modification, chemical
sensors, and electrochemical systems. The high conductiv-
ity of ionic liquids compared to organic compounds makes
them a good candidate for electrochemical reactions [23].
These compounds are able to form biphasic systems suit-
able for separation [25]. Therefore, the preparation of ionic
liquid with a special catalytic property and or sensitive to
ultrasonic and microwave irradiations eliminates the need
for a solvent, and also for a catalytic system [26].

Metal NPs could be synthesized in ILs by chemical,
physical, and electrochemical approaches [27]. ILs have
remarkable properties as a sustainable media for stabiliza-
tion of metal NPs via their electrostatic, tunable nature, and
steric stabilization properties and in this way can improve
their catalytic activity. ILs can act as stabilizers, solvents,
reactants, and precursors for the growth of NPs [28]. So, the
metal NPs could be prepared in ILs in the absence of any
additional surfactant, stabilizer, and ligand [29]. The size
and morphology is controlled by the surface composition/
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organization of the ILs [30]. Previously, Qadir et al. syn-
thesized naked Ag NPs with 5-8 nm in size in function-
alized imidazolium-based ILs bearing cyano methoxy and
thio groups by magnetron sputtering deposition [30]. They
showed that the IL’s counter ion effects on the preparation
of Ag NPs. The same effects were observed for the prepara-
tion of Ag NPs from Ag ILs (silver(I) ionic liquids) with
alkylethylenediamine ligands and AgNO;-dissolving protic
ionic liquids [31]. In another report, Ag NPs (< 10 nm) were
prepared in 1-butyl-3-methylimidazolium-based ionic lig-
uids bearing SbF~, PF¢™ and NTf,™ as counter anions at
room temperature [32]. Imidazolium-functionalized hyper-
branched polymeric ionic liquids (HPILs) were also served
as stabilizers in order to synthesis of Ag NPs [33].

ILs can also be used as a reducing agent to synthesis
nanoparticles that was depended on the counter ion of ILs.
Darwich et al. utilized dihydroxyl-functionalized ionic lig-
uids (1-(2,3-dihydroxypropyl)-2,3-dimethylimidazolium
bis(trifluoromethanesulfonimide)) as reducing agent for the
synthesis of Ag NPs [34]. Also, citrate-based ILs were used
as reducing and capping agents for the synthesis of colloidal
Ag NPs (8 nm) [35].

Literature reports also demonstrated that ILs-assisted syn-
thesized Ag NPs promotes the biological activity of NPs
[36]. The synthesized Ag NPs in imidazolium iodide ILs
improved antibacterial activity of the NPs against gram-
positive and gram-negative bacteria [37]. Also, synthesized
Ag NPs using hydroxyl-functionalized ILs (based on 1,3-dis-
ubstituted imidazolium cations and halogens anions) dem-
onstrated high antimicrobial activity [38].

In our previous studies, 1,1',1"-(1,3,5-Tri-
azine-2,4,6-Triyl) tris(3-methyl-1H-Imidazol-3-ium) iodide
ionic liquid (TAIm[I] IL) was prepared via a simple pro-
cedure based on a triazine skeleton [39-41]. The prepared
structure makes it possible to prepare ionic liquids contain-
ing different counter ions. For example, in the presence of
Ag,0, it was transferred to a basic ionic liquid (TAIm[OH]
IL) and effectively used in the transesterification as well
as aldol condensation [40]. Also, as a strong ligand in the
presence of Pd ions, various types of coupling reactions
were catalyzed in the presence of this ionic liquid [24—41].
This paper introduces a novel reductive ionic liquid, briefly
named as TAIm[BH,] IL (1,1',1"-(1,3,5-Triazine-2,4,6-Triyl)
tris(3-methyl-1H-Imidazol-3-ium) borohydride ionic liquid),
with high antioxidant activity for the preparation of Ag and
magnetite NPs by its reducing and capping property. The
resulting Ag and magnetite NPs was found as highly efficient
catalyst toward the reduction of 4-NP to 4-AP under mild
conditions in TAIm[BH,] ionic liquid as a solvent, so their
name was changed to Ag@BH,™ and Fe;O,@BH,™ NPs.
This reduction could be taken place in the absence of
TAIm[BH,] IL under ultrasound irradiation. TAIm[BH,]
ionic liquid was also showed as a suitable solvent for this

transformation. Kinetics and mechanism of the reduction
was studied for both NPs. TAIm[BH,] IL as a reducing agent
provides the possibility of preparing nanoparticles without
the need of capping agent and surfactant. Also, by manipu-
lating this ionic liquid, it is possible to prepare nanoparticles
with desired properties.

2 Experimental
2.1 Materials and instrumentation

Cyanurchlorid (TCT, Sigma-Aldrich, 99%), Nal (Sigma-
Aldrich, >99.0%), 1-Methylimidazol, Sigma-Aldrich,
ReagentPlus® >99%, NaBH, white powder (Sigma-
Aldrich, > 98.0%), AgNO; (FUNCMATER, 99.8%),
FeCl;-6H,0 (Sigma-Aldrich, reagent grade, > 98%, chunks),
FeCl,-4H,0 (Sigma-Aldrich, puriss. p.a.,>99.0% RT),
4-nitrophenol (Tokyo Chemical Industry Co., Ltd.,>99.0%).

P30H Ultrasonic Bath with heater, drain, 0.7 Gal, Int.
dim. 9.4"%x5.4"x3.9" (LxWxH), 115 V, Thomas Sci-
entific (USA) was used for applying the reactions under
ultrasonic waves. Zeta potential and size distribution of
Ag@BH, and Fe;O,@BH, NPs were estimated using the
dynamic light scattering (DLS) method on a Malvern Zeta-
sizer nano-series HT Nano-25 apparatus, ver. 6.32, Mal-
vern Instruments Ltd., Malvern, Worcestershire, UK. Gas
chromatography analyses were performed on an YL 6100
gas chromatograph system (GC) with a CBP5 column (Shi-
madzu 30 m X 0.32 mm X 0.25 mm). The viscosity of the
ionic liquids was measured using a Thermo Scientific™
HAAKE™ Viscotester™ apparatus at room temperature.
Elemental analysis of the samples was performed on an
energy-dispersive X-ray (EDX) Oxford X-Max, Oxford, UK
instrument. Morphology of the NPs was studied by the field
emission scanning electron microscopy (FE-SEM) technique
using a Tescan MIRA3 145 apparatus. XPS analyses were
performed using a XR3E2 (VG Microtech) twin anode X-ray
source (with radiation of Al-Ka=1486.6 eV). Thermogravi-
metric analyses (TGA) of the samples were performed on
a NETZSCH STA 409 PC/PG under N, atmosphere with
a heating rate of 10 °C/min. Crystal structure of the NPs
was studied by X-ray diffraction (XRD) patterns of the NPs
on a Rigaku Smart-Lab X-ray diffractometer with Cu Ka
(A=1.5418 nm) radiation. HRTEM images were taken on a
FEI Tecnai G2 F20 Super Twin TEM with a field emission
gun at 200 kV. Transmission electron microscopy (TEM)
images of the NPs were taken using a Philips EM208 micro-
scope and were operated at 100 kV. Vibrating sample mag-
netometer (VSM) measurements of Fe;O,@BH, NPs were
taken by using a BHV-55 vibrating sample magnetometer.
X-ray photoelectron spectroscopy (XPS) measurements were
taken on a XR3E2 (VG Microtech) twin anode X-ray source
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Scheme 1 Preparation of TAIm[BH,] IL (3) as a reducing and capping agent for the preparation of Ag@BH,~ (4) and Fe;0,@BH,.” NPs (5)

with AlKa=1486.6 eV. UV-Vis analyses were performed
on a UV Spectrolab BEL photonics instrument.

2.2 Synthesis of 1,1',1”-(1,3,5-Triazine-2,4,6-Triyl)
tris(3-methyl-1H-Imidazol-3-ium) iodide
(TAIm[I]) (2) and TAIm[BH,] (3)

TAIm[I] IL was prepared in two steps according to our pre-
viously reported protocols [39—41]. TAIm[BH,] IL was pre-
pared and isolated simply by dissolution of 2.5 mL TAIm[I]
(6.5 mmol) in 2.0 mL of distilled water at ambient tempera-
ture. Then, NaBH, salt (7.0 mmol) was added to the solu-
tion, and the mixture was stirred for 4 h. The mixture was
filtered, and the resulting TAIm[BH,] IL was extracted to
n-BuOH from the residue three times (each 5.0 mL). Finally,
the solvent was removed under reduced pressure and the
product was isolated at 4 °C (Scheme 1).

2.3 TAIm[BH,]-mediated synthesis of Fe;0,@BH,”
magnetic NPs

Fe;0,@BH,” magnetic NPs was prepared using a wet
chemical reduction approach via the co-precipitation
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of ferric ions [42—45]. An aqueous solution (500 mL) of
FeCl;.6H,0 (1.3 g, 4.8 mmol) and FeCl,.4H,0 (0.9 g,
4.5 mmol) was prepared, and the solution temperature was
adjusted to 70 °C. Then, TAIm[BH,] IL 2.5 M (10.0 mL)
was added dropwise to the ferric solution during stirring at
70 °C. The addition was done during 30 min, and the solu-
tion became darker gradually, which after complete addition
of TAIm[BH,] IL, the solution turned to black. Then, the
mixture was stirred for further 4.0 h. Finally, the resulting
Fe;O,@BH,” MNPs were separated from the mixture by
applying an external magnetic field (N42-40-20 super strong
neodymium magnet, Magnet Gostar Arya, IRAN), washed
with deionized water and ethanol, then dried and stored at
room temperature (Scheme 1).

2.4 TAIm[BH,]-mediated synthesis of Ag@BH,™ NPs

Ag@BH,™ NPs was prepared by a same procedure described
for Fe;0,@BH,~ MNPs by the reduction of silver ions
(AgNO; 1.0 g in 500 mL distilled water). The resulting NPs
was separated and purified by centrifugation and several
washing with deionized water and ethanol, then dried and
stored at room temperature (Scheme 1).
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2.5 Ultrasound-mediated NaBH,-free reduction
of 4-NP to the 4-AP catalyzed by Ag@BH,~
and Fe;0,@BH,™ NPs in water

In a reaction tube, 1.0 mmol of 4-NP and 5.0 mg of Ag@
BH,™ (10.0 mg for Fe;0,@BH,™) were added to H,O
(2.0 mL). The reaction was performed in the absence of
NaBH, at 60 °C in a water bath under ultrasonic conditions.
The reduction progress was monitored by TLC technique,
and also UV—-Vis analysis. After the complete reduction of
4-NP to 4-AP, the ultrasound irradiation was stop, and the
mixture was cooled to room temperature. The catalyst was
separated by centrifugation (or using an external magnet in
the case of Fe;0,@BH,~ NPs), washed with deionized water
(3 %5 mL, centrifugation) and ethanol (3 X 5 mL, centrifuga-
tion), then dried and stored for the next run.

2.6 Mild reduction of 4-NP catalyzed by Ag@
BH,  and Fe;0,@BH,™ NPs in the presence
of TAIm[BH,] reductive ionic liquid as a solvent

By changing solvent of the reduction reaction from water to
TAIm[BH,] IL (2.0 mL), the reduction of 4-NP catalyzed by
Ag@BH,  and Fe;O,@BH,” NPs was performed at room
temperature without any external driving force like ultra-
sound irradiation. The reduction progress was monitored by
TLC technique. The NPs was recovered from the mixture by
centrifugation, washed with deionized water and EOH and
reused for the next cycle after drying. TAIm[BH,] IL could
also be recycled from the reaction mixture by addition of
5.0 mL of distilled water and 5.0 mL of EtOAc to the reac-
tion mixture after NPs recovering. The water was removed
from the aqueous layer containing TAIm[BH,] IL, and the
recycled TAIm[BH,] IL was stored at 4 °C for the next use
(Scheme 1).

2.7 Catalyst-free reduction of 4-NP to 4-AP
in the presence of TAIm[BH,] reductive ionic
liquid as a solvent

Also, in another protocol, the reduction of 4-NP was per-
formed in the absence of catalyst and in the presence of
TAIm[BH,] reductive ionic liquid as a solvent (as a control
experiment). The catalyst-free reduction of 4-NP to 4-AP

was performed at 120 °C underwent ultrasound irradiation
for 2.0 h (Scheme 1).

2.8 Antioxidant (antiradical) activity

Antioxidant activity of the synthesized NPs and ILs was
measured using 2,2-diphenyl-1-picrylhydrazyl (DPPH) radi-
cal scavenging assays according to a previously reported
standard procedure [46]. In first, various concentrations of
aqueous NPs and ILs were prepared (10, 30, 50, 70, 100,
120, 140, 160, 180, 200 pg/mL), and for each experiment,
75 pL of each sample was added to 3.9 mL of 0.00463 g/L
DPPH solution. The resulting solution was stirred for 45 min
in a dark place, then, the absorbance of the solutions was
recorded at 517 nm. The %inhibition of the samples was
calculated using following Eq. (1) [46, 47]:

A —
%Inhibition = —

Asample

x 100 (1)
Ahlank

Standard ascorbic acid was used as a positive control.
The efficiency of antioxidant activity was expressed as the
ICs, value known as half maximal effective concentration to
scavenge 50% of free radicals.

3 Results and discussion

First, the formation of TAIm[BH,] IL from TAIm[I] IL was
studied by EDX analysis (Fig. S1). TAIm[BH,] IL, after
reaction with NaBH, in aqueous medium, was extracted by
n-butanol and studied by EDX analysis. The results signifi-
cantly confirmed the presence of I element in the resulting
IL (2) at 3.9, 4.1, 4.5, 4.9 keV binding energies, respec-
tively, related to (La,, La,), LS, Lf,, Ly,, totally equal to
54.59%wt, in agreement with the theoretical calculation.
The presence of B element-related peak at 0.2 keV and also
complete elimination of I element-related peaks in the EDX
spectrum of TAIm[BH,] (Fig. S1b), indicated the formation
of TAIm[BH,] IL by replacing iodide by BH,~ (Scheme 1).

Table 1 shows the physical properties of TAIm[BH,]
and TAIm[I] IL including appearance, viscosity, and den-
sity. According to the results, TAIm[BH,] and TAIm[I] ILs
have density of 1.68 and 1.42 g.cm™, respectively. Also,

Table 1 Physical properties of

Tonic liquid
TAIm[BH,] and TAIm[I] ILs

Physical properties

Color/appearance Density (g.cm™) Viscosity (cP)

Mw (g.mol™)
TAIm[I] 705.0
TAIm[BH,] 368.9

1.84
1.42°

1182
1165

Dark yellow oil
Colorless oil

“Based on apparatus. 1.87 g.cm™ from the acid titration assay

Based on apparatus. 1.72 g.cm™> from the acid titration assay
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the viscosity of the ILs was calculated as 1194 and 1165 cp,  and it can be concluded that the TAIm[BH,] IL molecules

respectively. were located/immobilized on the surface of the NPs as a
capping agent without any change in the structure of the
3.1 Characterization of NPs NPs. The results indicated the capping agent property of

TAIm[BH,] IL as well as the reducing activity toward Ag
Figure 1 shows the EDX and XPS (overall survey) of Ag@ and Fe metal ions. As shown in Fig. 1, the EDX and XPS
BH,~ NPs and Fe;0,@BH,” MNPs. The presence of the  analyses were in good agreement with each other, reflect-
expected elements in both NPs clearly confirmed their  ing the high purity of the NPs and the high accuracy of
preparation as Ag@BH,™ and Fe;0,@BH,~ structures. B the results. The prominent point was the high purity of the
element could be found in the EDX (Fig. 1a, b) as well as  prepared nanoparticles, so that no additional element due
XPS spectra (Fig. 1c, d), which confirm the presence of B to impurities was detected in the EDX and XPS spectra.
element in the structure of the NPs. In addition, the pres-  Figures S2, S3 show the EDX-elemental mapping of Ag@
ence of C, N, and O elements in both EDX and XPS spec-  BH,” NPs and Fe;O,@BH,~ NPs. The EDX-elemental map-
tra confirms the presence of TAIm[BH,] IL species on the  ping of Ag@BH,™ NPs and Fe;0,@BH,™ NPs represents
surface of the NPs. Five characteristic peaks at 9.45, 97.93, that the distribution of the elements in the structure of the
717.22,729.18, and 788.30 eV were assigned to Fe3d, Fe3s, NPs is monotonous (Figs. S2, S3) [49]. As shown in Figs.
Fe2p;,,, Fe2p,,,, and FeELMM (Auger peak), respectively, S2, S3, B element well distributed in the NPs structures that
in the XPS spectrum of Fe;O,@BH,™ [48]. The ratio of  provides a uniform interaction of 4-NP with the NPs surface.
C/N, C/O, and N/O elements was quite similar to the ratio TEM analysis of the NPs showed that both Ag@BH, ™ and
obtained for TAIm[BH,] IL elemental analysis (Fig. 1 a,b), = Fe;0,@BH,” NPs have a homogeneous morphology with
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Fig. 1 EDX and XPS (overall survey) spectra of a, ¢ Ag@BH,~ NPs and b—d Fe;O,@BH,™ magnetic NPs, respectively. The inset tables repre-
sent the mean of 5 points of the elemental analysis of the NPs obtained by EDX instrument
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almost spherical shape and a mean diameter size equal to
26 nm and 16 nm, respectively (Fig. 2 a, b). The homogene-
ous morphology and non-agglomeration of the NPs can be
attributed to the capping effect of TAIm[BH,] IL, which
by creating a double electrical layer around the nanoparti-
cles [28, 29, 35], causes the crystals to grow and also not
agglomerate to each other. The TAIm[BH,] IL promotes the
growth of small Ag microcrystals and was responsible for
the larger size observed for the NPs. The structure of the
NPs also confirmed by HRTEM images along with SAEM
pattern (as inset images) in agreement with the literature [28,
29, 35] (Fig. 2 c, d).

DLS particle size distribution study showed that both
Ag@BH,” and Fe;O,@BH,” NPs have a narrow size
distribution and the major particles have a hydrodynamic
diameters of 30 and 22 nm for Ag@BH,™ and Fe;0,@
BH,™ NPs, respectively (Fig. 3). The difference in diameter
size observed for the NPs can be attributed to the coating/

Fig.2 a-b TEM and c-d (a)
HRTEM images of Ag@BH,~

and Fe;O,@BH,~ NPs,
respectively

immobilizing of the ionic liquid layer on the surface of the
NPs as a capping agent. Also, the presence of the IL on the
surface of NPs has caused a significant negative zeta poten-
tial for them. As shown in Fig. 3, Ag@BH,™ and Fe;0,@
BH,™ NPs have zeta potential of — 40 and — 55 mV, respec-
tively. These high negative values for the zeta potential of
NPs ensure the stability and ease of dispersion of the NPs
in the medium.

Figure 4A shows the crystal structure of Ag@BH,™ and
Fe;O,@BH,” NPs. X-ray diffraction pattern of Ag@BH,
NPs represents five characteristic peaks at 20=28.5°, 38.3°,
44.4°,64.5°, and 77.4°, respectively, corresponding to the
indices/lines of (110), (111), (121), (200), and (311), which
was completely in agreement with the X-ray diffraction
pattern of pure Ag NPs (JCPDS file No. 89-3722) with a
Fm-3 m space group [50] as well as the published articles
(Fig. 4a) [17, 18]. Also, the crystal structure of Fe;O, NPs
was confirmed by six characteristic peaks at 260=30.3°,
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Fig.3 a-b Hydrodynamic size distributions and (c),(d) zeta potential measurement of Ag@BH,™ and Fe;0,@BH,~ NPs, respectively

35.6°, 43.1°, 53.4°, 57.2°, and 62.5° related to the (220),
(311), (400), (422), (511), and (440) planes, respectively,
demonstrating the Fe;O, crystal structure in agreement
with the X-ray diffraction pattern of pure Fe;O, NPs
(PDF#88-0866, reference JCPDS card no. 19-629) with a
Fd3m space group [51] as well as published articles [25,
26] (Fig. 4A-b).

As shown in the X-ray diffraction patterns of the NPs,
compared to the X-ray diffraction patterns reported from
uncoated Ag [52] and Fe;O, [53] NPs, the Ag@BH,™ and
Fe,O0,@BH,~ X-ray diffraction patterns deviate somewhat
from the ideal crystalline state, which can be directly attrib-
uted to the immobilized TAIm[BH,] IL layer on the NPs
surfaces as a capping agent.

The nanoparticles microcrystalline diameter were also
measured by Scherer’s Eq. (2) [54, 55]:

__kr
~ pCosH

@

where D is the average diameter (in A), k is a constant
equal to 0.9 (for Cu Ka), f is the broadening of the dif-
fraction peak measured at half of its maximum intensity
(in radians), y is the wavelength of the X-rays, and 6 is the
Bragg diffraction angle [43, 56]. According to Eq. 1, the
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size of microcrystals for Ag@BH,™ and Fe;O,@BH,~ was
calculated as 19 and 10 nm, respectively. The observed size
difference for the nanoparticles compared to the higher sizes
in DLS and TEM was another confirmation of the function-
alization of the nanoparticle surface with the TAIm[BH,] IL.
Also, microstrain (g), dislocation density (pp), and lattice
parameter (a) for the NPs were calculated using the follow-
ing equations [57-61]:

By

= 3
4tan 6 )

1
PD—E )
a=dVh + K2+ o)

where D is the crystalline size calculated using Scherer’s
equation. Also, h, k, and 1 represent the Miller indices and
d is the inter planer spacing. Table 2 shows the microstrain
e, dislocation density (m~2), and lattice parameter a (nm)
for both Ag@BH, ™ and Fe;0,@BH,™ NPs. Microstrain for
Ag@BH,™ and Fe;O,@BH,~ NPs was calculated as 0.00414
and 0.00841, respectively. Also, dislocation density for them
was found to be 2.77x 10'> m~2 and 10'® m~2, respectively.
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Fig.4 A XRD pattern and B TGA analyses of a Ag@BH,™ and b Fe;O,@BH,” NPs. C VSM analysis of Fe;0,@BH,™ NPs

Table 2 Calculated values of microstrain (¢), dislocation density (p),
and lattice parameter (a) of Ag@BH,~ and Fe;O,@BH,™ NPs

NPs 260 (°) Parameters
microstrain € Dislocation Lattice
density p, parameter a
(m™?) (nm)
Ag@BH,~ 383 0.00414 2.77x 10" 0.406
Fe;0,@BH,~ 35.6 0.00841 10'6 0.286

Using Eq. (5), the lattice parameter (a) for the NPs was
determined as 0.406 and 0.286, respectively.

Almost the same thermal behavior was observed for Ag@
BH,™ and Fe;0,@BH,” NPs. As shown in Fig. 4B, two
weight losses in the temperature range of 220 °C and 420 °C
were observed in the TGA analysis of the NPs. Due to the
water solubility of TAIm[BH,] IL and also its capping capa-
bility in the stability of the NPs, the observed weight losses
equal to 7.5% and 11.1% in the temperature range of 220 °C
and 420 °C could be related to the ionic liquid scape from
the surface and the lattice structure of the Ag@BH,~ NPs,
respectively. Exactly the same temperature behavior was

observed for Fe;0,@BH,” NPs in accordance with the
weight losses of 8.5% and 14.2% in the same temperature
ranges. The thermal behavior of the NPs was completely
correlated with other results of characterization: The greater
weight loss in Fe;0,@BH,~ NPs indicates more ionic liquid
coating (as a reducing and capping agent) on the surface of
the Fe;O,@BH,™ NPs, resulting in smaller size and conse-
quently more aspect ratio than Ag@BH,".

VSM analysis of Fe;O0,@BH,™ NPs shows the superpar-
amagnetic behavior with a saturation magnetization equal
to 62 emu/g and zero coercivity (Fig. 4C), in agreement
with the magnetic behavior of Fe;O, NPs prepared by other
methods [42]. Fe;0,@BH,~ NPs have good magnetic prop-
erties, so that by applying an external magnetic field (by a
N42-40-20 super strong neodymium magnet) they can be
separated from the reaction mixture for 20-30 s.

Considering the results of EDX and XPS analyses and
proving the presence of BH,~ groups as well as TAIm[BH,]
IL on the NPs surfaces, it was shown that TAIm[BH,] IL
acts not only as a reducing agent for Ag and Fe ions, but also
plays the role of a capping agent and prevents the agglom-
eration of nanoparticles. This dual function of TAIm[BH,]
IL is shown in Scheme 2.

@ Springer



1018 Page 10 of 21

S. A. Jasim et al.

Scheme 2 Efficient preparation
of Ag@BH,™ and Fe;O,@BH,~
NPs using TAIm[BH,] IL as
reducing and capping agent

3.2 Screening of reaction parameters

The effect of three parameters of temperature, catalyst
amount, and solvent type on the reduction of 4-NP cata-
lyzed by Ag@BH,™ and Fe;O,@BH,~ NPs was studied.
TAIm[BH,] was used as solvent and hydrogen source
(reductant) in all reactions. Figure S4 shows the effect of
these three parameters. Temperature had no significant
effect on reduction efficiency, and the best efficiency was
obtained at room temperature. The highest efficiency was
observed at 50 mg and 100 mg of Ag@BH,™ and Fe;0,@
BH,™ NPs, respectively, and at higher values the efficiency
decreased slightly (Figure S4a). This decrease in efficiency
can be attributed to the agglomeration of NPs in higher
amounts due to their high surface-to-volume ratio [62]. The
study of the effect of different solvents is shown in Figure
S4b. The low to medium efficiency for solvents other than
TAIm[BH,] IL showed that the NPs alone can reduce 4-NP
in the absence of any external reducing agent. This effect
can be directly attributed to the property of the ionic liquid
as a capping agent during the preparation of the NPs, which
caused the NPs to be coated with a layer of TAIm[BH,] IL

Ag'AgiAg
AghAg

\/) %H4

Reducing agent

as well as the protonation of their surface. The results were
completely consistent with the results of the NPs charac-
terization, which confirmed the presence of H and the ionic
liquid on the surface of the NPs. However, the conversion
percentage for 4-NP in these solvents was very low, and the
efficiency was observed only in the presence of ultrasonic
waves. Ultrasonic waves seem to provide the energy needed
to absorption of 4-NP on the surface of NPs as well as cross-
ing the electrical double layer (Scheme 2). However, in the
presence of TAIm[BH,] IL and in the absence of ultrasonic
waves, 4-NP reduction was catalyzed completely by the NPs.
TAIm[BH,] IL not only acts as a reducing agent and reaction
solvent, but also stabilizes the 4-nitrophenlate anion, caus-
ing its rapid penetration and easy adsorption on the surface
of the NPs.

Table 3 shows the results of the optimization experiments
of different protocols for 4-NP reduction. In the absence of
any reducing agent and under ultrasonic conditions, Ag@
BH,™ and Fe;0,@BH,~ NPs gave 92% and 75% efficiency
for 2 h, respectively. The difference in catalytic activity of
Ag@BH,™ and Fe;O,@BH,™ NPs can be directly attrib-
uted to the nature of the NPs and their intrinsic properties

Table 3 Catalytic performance

Entry Catalyst Solvent Temp. (°C) Conditions Time (min) Conver-
of Ag@BH4 —and Fe304 @ sion
BH4.—.NPs at various (%)
conditions

1 Ag@BH,” H,0 60 Ult 120 92¢

2 H,0 60 - 120 12

3 Fe;0,@BH,~ H,0 60 Ult 120 754

4 H,0 60 - 120 7

5 Ag@BH,~ TAIm[BH,] R.T - 60 100

6 Fe;0,@BH,~ TAIm[BH,] R.T - 80 100

7 - H,0 60 Ult. or not® 120 0

8 - TAIm[BH,] 120 Ult 120 20

“Reaction conditions: 4-Nitrohenol (1.0 mmol). Catalyst amount: Ag@BH,~ (5.0 mg), Fe;0,@BH,~
(10.0 mg). Solvent: 2.0 mL. °GC yield. “44% for 60 min. ®30% for 80 min. “There was not any difference

under Ult. and normal conditions
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(Table 3, entries 1-6). However, Fe;0,@BH,~ NPs in
the presence of TAIm[BH,] IL gave complete conversion
for 4-NP for 80 min. As shown in Table 3, 4-NP converts
completely (100% conversion) to 4-AP in the presence of
Ag@BH,™ and Fe;O,@BH,” NPs in TAIm[BH,] for 60
and 80 min, respectively. The results showed the depend-
ence of the NPs on the reduction of 4-NP under ultrasonic
conditions in the absence of TAIm[BH,] IL (Table 3, entry
1-4). In the absence of ultrasonic waves, the efficiency for
Ag@BH,™ and Fe;0,@BH,™ NPs decreased to 12 and 7%,
respectively. As will be explained in the mechanical stud-
ies, the presence of an electrical double layer of the IL on
the surface of the NPs, as a result of their formation in the
presence of TAIm[BH,] IL, causes the 4-NP substrate to not
penetrate well on the surface of the NPs and also do not have
enough energy to properly interact with the surface. The
reaction in the absence of NPs in aqueous solvent had no
efficiency even under ultrasonic conditions (Table 3, entry
7), which indicates the catalytic activity of Ag@BH,™ and
Fe;0,@BH,™ NPs in the reduction of 4-NP. However, a low
efficiency was observed in the presence of TAIm[BH,] IL
under ultrasonic conditions (Table 3, entry 7), which indi-
cates the reductive ability of TAIm[BH,] IL even in the
absence of the NPs.

The reactions were carried out at the normal pH of the
reaction (equal to pH 7.3) as optimal conditions. In order
to investigate the effect of pH in the reduction of 4-NP, the
reaction was studied at different pHs of 3,5, 7,9, 11, and 13
adjusted by 0.1 N NaOH and 0.1 N HCI. Considering that,

Table 4 Effect of pH on the catalytic reduction of 4-NP to 4-AP by
Ag@BH,™ and Fe;0,@BH,™ under ultrasound irradiation in water

Conver-
sion

(%)*

Entry Catalyst pH

Ag@BH, ° 35
62

92

91

1 82
13 80

Fe,0,@BH,” ¢ 3 25
44

75

70

11 70

12 13 62

— O N W W

O 00 1 N Lt AW N~

—_
— o

2 GC yield. ® Reaction conditions: 4-Nitrohenol (1.0 mmol), Ag@
BH,” (5.0 mg), H,O (2.0 mL), 60 °C, Ultrasonic irradiation,
120 min. “Reaction conditions: 4-Nitrohenol (1.0 mmol), Fe;0,@
BH,™ (10.0 mg), TAIm[BH,] (2.0 mL), 60 °C, Ultrasonic irradiation,
120 min

in the conditions used in the presence of TAIm[BH,] IL, the
reaction took place in the absence of water, the study of the
effect of pH in the aqueous environment was studied under
ultrasonic conditions in water. Table 4 shows the results of
this study in terms of conversion obtained by GC. In agree-
ment with the previous report [63], neutral pH was the
best condition for the reduction of 4-NP, and the efficiency
decreases at higher and lower pHs. In acidic pHs, due to the
shift of the zeta potential for nanoparticles toward positive
values and their subsequent agglomeration [64], it suffers a
greater drop in productivity than at basic pHs. Also, acidic
pHs prevent the formation of phenolate species as the active
intermediates in the reduction of 4-NP. On the other hand,
as the environment becomes more alkaline at pHs 9-13, the
efficiency also decreases. This reduction was probably due
to the interference of proton transfer from the surface of
nanoparticles to 4-NP by OH groups.

In order to study the effect of TAIm[BH,] IL in more
depth, the reduction of 4-NP at different times intervals was
studied by UV-Vis analysis. The zeta potential of NPs was
also measured at similar times. Figure 5A shows the results
of these analyzes for Ag@BH,™ and Fe;0,@BH,™ NPs
in the presence of TAIm[BH,] IL. As shown in Fig. 5 the
absorption of 4-NP and 4-AP was appeared at 420 nm and
318 nm, respectively, which, compared to the previous
reports based on NaH, reduction [65], the corresponding
peaks had red shift (bathochromic) of about 20 nm. The
results show the formation of stable TAIm[4-introphenolate]
intermediate, which was more stable than OZN-Ph-O'Na+
species. As shown in the figures, from the first minute, 4-NP
reduction was performed, which corresponds to a decrease in
the peak intensity of TAIm[4-nitrophenolate] at 420 nm and
an increase in the peak intensity of TAIm[4-aminophenolate]
at 318 nm. At the first 5 min of the reaction, the peak inten-
sity of 4-NP for both NPs in the presence of TAIm[BH,] IL
was drastically reduced. Therefore, Ag@BH,™ and Fe;0,@
BH, NPs in the presence of TAIm[BH,] IL have induction
time in seconds. Figure 5B shows the electronic spectra of
4-NP reduction in the absence of TAIm[BH,] IL and also
under ultrasonic conditions. As shown in Fig. 5B, the elec-
tronic spectra of 4-NP to 4-AP reduction in the absence of
TAIm[BH,] IL were quite different from when the reduction
takes place in the presence of the IL and demonstrated the
effect of the IL in the reduction of 4-NP.

The absorption intensity of 4-NP was sharply reduced at
410 nm, but was still visible in the electronic spectrum in
the absence of ionic liquid, indicating the effect of the NPs
surface properties on the formation of 4-nitrophenolate spe-
cies. The presence of this peak was another confirmation of
the functionalization of NPs with BH, groups. Due to the
high surface-to-volume ratio of the NPs, 4-nitrorphenolate
species were well formed on the surface of the NPs, but nev-
ertheless, in the presence of TAIm[BH,] IL, the formation of
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Fig.5 (A) UV-Vis spectra resulting from the reduction of 4-NP to
4-AP in the presence of TAIm[BH,] IL catalyzed by a Ag@BH,
NPs and b Fe;0,@BH, NPs. (B) UV-Vis spectra resulting from

TAIm[Ph-O] species were more stable. However, over time,
the intensity associated with this peak decreases steadily,
which corresponds to a decrease in the zeta potential of the
nanoparticle surface (Fig. 6). Remarkably, the visible blue
shift of the absorption was related to 4-NP at 320 nm to
4-AP at 310 over time, which well illustrates the reduction
of 4-NP to 4-AP.

Measurement of zeta potential during 4-NP reduction
in the presence of TAIm[BH,] IL showed that in the first
5 min, the zeta potential for the NPs shifts to more negative
values (- 44 mV for Ag@BH,™ and — 59 mV for Fe;0,@
BH,™ NPs) (Fig. 6a). Compared to 4-NP reduction in the
absence of TAIm[BH,] IL (under ultrasonic conditions),
this reduction in zeta potential occurs 20 min after the reac-
tion. The results show that the presence of TAIm[BH,]
IL causes better penetration/diffusion of 4-nitrophenlate
anion on the surface of the NPs and a significant reduc-
tion in induction time. In the absence of TAIm[BH,] IL, as
mechanistic studies will show (also in accordance with the
results of characterization analyzes), the IL has a dual func-
tion in 4-NP reduction: (1) Due to the capping property of
TAIm[BH,] IL, the NPs were better dispersed in this solvent
and consequently the available surface area for 4-NP anion

@ Springer
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the reduction of 4-NP to 4-AP in the absence of TAIm[BH,] IL and
under ultrasound irradiation catalyzed by a Ag@BH, NPs and b
Fe;0,@BH, NPs

adsorption and reduction reaction was increased (increase of
active sites); (2) 4-Nitrophenolate anion can be stabilized by
TAIm[BH,] IL and due to the compatibility of the chemical
composition of the nanoparticle surface with TAIm[BH,]
IL, it facilitates the penetration/diffusion and transfer of
4-nitrophenlate anion on the NPs surface. In addition, the
TAIm[BH,] IL also helps to hydrogenate the surface of the
NPs during the 4-NP reduction process [66].

For these reasons, in the absence of TAIm[BH,] IL, the
induction time was about 20 min (Fig. 6b), while in the
presence of TAIm[BH,] IL, the induction time was about
2-3 min. The results showed that Ag@BH,~ NPs had better
performance for 4-NP reduction than Fe;O,@BH,™ NPs.
The results were completely correlated with the observations
obtained from the NPs characterization. The smaller size of
Fe;O,@BH,™ NPs, although it provides a larger surface area
and a more negative zeta potential for the NPs, but this large
surface area creates a larger electrical double layer (caused
by the TAIm[BH,] IL) during preparing the nanoparticles (in
agreement with the thermal behavior of the NPs with more
weight loss% for Fe;O,@BH,~ NPs) which in turn reduces
the analyte access to the catalytic active centers. Another
effective factor was the nature of the NPs, which has a direct
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Fig.6 Zeta potential measurements of Ag@BH,~ and Fe;0,@BH,~
NPs during reduction of 4-NP a in the presence of TAIm[BH,] IL
and b in the absence of TAIm[BH,] IL (under ultrasound irradiation).

relationship with the catalytic properties. Ag NPs are widely
known for reducing nitroarenes [66], while Fe;O, NPs lack
significant catalytic properties in most cases [16, 43], and
are used more as a magnetic core (for easy recovery) and
functionalized with molecules and catalytic elements. In this
paper, it was shown that the catalytic nanoparticles can be
prepared with active molecules such as TAIm[BH,] IL and
used as a catalyst.

3.3 Kinetic studies
The reduction kinetics of 4-NP were studied by Ag@

BH,™ and Fe;O,@BH,™ NPs in the presence or absence
of TAIm[BH,] IL at different time intervals, taking into

The left images represent the expand area between a 1-10 min and b
20-30 min of the 4-NP reduction

account induction times of 0 and 20 min, respectively. Due
to the fact that TAIm[BH,] IL was used as a solvent, its
concentration was considered constant. The absorption
wavelengths for Ag@BH,™ and Fe;O,@BH,~ NPs were
430 and 250 nm, respectively (Figure S5). The peak at
430 nm was assigned to the surface plasmon resonance
(SPR) band for Ag@BH,™ NPs in agreement with the
literature (Figure S5) [1, 67]. According to the obtained
results, 4-NP reduction in the presence of Ag@BH,™ and
Fe,O,@BH,~ NPs follows the first-order kinetics, which
was in full agreement with the previous reports [68—70].
The catalytic rate constant (k) for the reduction reactions
was calculated by Eq. 6:
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A

Ln(A—O) = —kt 6)

where A, is the initial absorbance of 4-NP, A is the
absorption of 4-NP at time ¢ (sec.), and k is a constant.
Figure 7 represents the kinetic curves for the reduction of
4-NP at 430 nm. As shown in Fig. 7, the reaction rate for
the reduction of 4-NP in the presence of TAIm[BH,] IL
catalyzed by Ag@BH,™ and Fe;0,@BH,~ NPs was found
to be as (6.75 x 10 s™!) and (5.6 x 103 s71), respectively,
also, in the absence of TAIm[BH,] IL they were found
as (0.7 x 1073 s™Y and (0.6 x 1073 s7), respectively. As
expected and in agreement with the previous observations,
the reaction in the presence of TAIm[BH,] IL was much
faster when the reaction was performed in the absence of
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Fig.7 Plots of In(A/A,) versus time (in min) for the reduction of
4-NP to 4-AP in the presence of TAIm[BH,] IL catalyzed by a Ag@
BH, NPs and b Fe;0,@BH, NPs (7,=0 min), and in the absence of

the IL. Also, the 4-NP reduction rate for Ag@BH,~ NPs
was faster than Fe;O,@BH,™ NPs.

3.4 Control experiments

Two control experiments were designed and accomplished
to evaluate the unique activity of Ag@BH,™ and Fe;0,@
BH,~ NPs toward the reduction of 1.0 mmol of 4-NP
(Table 5). The previous results have clearly shown that
the TAIm[BH,] IL-mediated synthesized of NPs have the
reductive properties toward 4-NP even in the absence of any
reducing agent. The results reflect the capping and stabiliz-
ing effect of TAIm[BH,] IL on the NPs synthesis, which
the TAIm[BH,] IL was deposited as a shell on the NPs sur-
face through ionic interactions. No reductive activity was
observed for the TAIm[BH,] IL under normal conditions, as

¥ =-0.3362x + 0.1055 o,
R*=0.9833

Time (min)

25 30 35 40

¥=-0.0361x+0.7374
R*=10.9931

Time (min)

TAIm[BH,] IL under ultrasound irradiation catalyzed by ¢ Ag@BH,
NPs, and d Fe;O0,@BH, NPs (#,=20 min)

Table 5 Investigation of

g N Entry Catalyst Solvent Temp. (°C) Conditions Time (min) Conver-
catalytic activity of TAIm([I] sion
IL and NaBH,, toward the (%)
reduction of 1.0 mmol of 4-NP
to 4-AP 1 - TAIm[BH,] 120 Ult. or not® 120 0
2 NaBH, H,0 120 Ult. or not® 120 0

*Reaction conditions: 4-NP (1.0 mmol). Catalyst amount: Ag@BH,~ (5.0 mg), Fe;0,@BH,~ (10.0 mg).
Solvent: 2.0 mL. ®Based on GC. °There was not any difference under Ult. and normal conditions
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)
BH,

Scheme 3 A plausible reaction mechanism for the reduction of 4-NP catalyzed by Ag@BH,~ NPs in the presence of TAIm[BH,] reductive IL.

This mechanism could be generalized for Fe;O,@BH,™ NPs

well as NaBH, (even under ultrasonic irradiation), indicating
the vital catalytic effect of the NPs on 4-NP reduction under
these conditions (Table 5, entries 3 and 4).

3.5 Mechanism studies

The results of optimization experiments as well as con-
trol tests showed that Ag@BH,~ and Fe;O,@BH,™ NPs
can also reduce 4-NP to 4-AP in the absence of a reduc-
ing agent. Considering the proof of capping capability
of TAIm[BH,] IL and also the reduction of 4-NP in the
absence of the IL, it seems that the formation of Ag@
BH, ™ and Fe;O,@BH,” NPs undergoes proton adsorp-
tion on their surfaces in the presence of TAIm[BH,] IL.
Scheme 3 shows the reduction mechanism of 4-NP in the
presence of Ag@BH,™ NPs, which can also be general-
ized to Fe;O,@BH,™ NPs. As shown in Scheme 3, the
BH, groups in TAIm[BH,] IL were converted to the
TAIm[BO,] groups [71, 72] in the presence of Ag NPs
and cause the adsorption of protons on the nanoparticles
surface (Stage I). This phenomenon can also occur during

the preparation of nanoparticles and was responsible for
the observed catalytic activity of NPs in the absence of a
reducing agent. Ultrasonic waves cause 4-NP to penetrate/
diffuse to the surface of nanoparticles and pass through
the electrical double layer (stage II) [73]. According to
the results shown in Table 3 (entries 1-4), Ag@BH,™ and
Fe;0,@BH,™ NPs have very low efficiency in the absence
of ultrasonic in water solvent. The next effective factor
was the possibility of stability of 4-nitrophenolate ion by
TAIm[BH,] IL and formation of TAIm[4-nitrophenolate]
groups, which can easily penetrate/diffuse to the surface
of NPs and reduce 4-NP to 4-AP (Scheme 3). Step I-a
shows the immobilization of 4-NP via the phenolic group
on the TAIm[BH,] IL with the formation of BH;™ groups.
The explanation given was completely consistent with the
results of the reduction of 4-NP in TAIm[BH,] IL (Table 3,
entries 5 and 6) compared to when the reaction was per-
formed in water (Table 3, entries 1-4). After several steps
of hydrogen transfer from the surface of nanoparticles to
the nitro group of 4-NP (steps II, III, IV), intermediate
IV-a is formed. Eventually, upon receiving a proton from
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the medium, 4-aminophenoxide is converted to 4-AP prod-
uct, and the ionic liquid returns to the cycle.

The structure of the ionic liquids includes the counter
anion as a reducing agent and a cation core, including the
imidazolium groups, is responsible for the observed stability
and capping role for the nanoparticles formation. Ag (or Fe)
ions are reduced by borohydride groups in the ionic liquid,
and the cationic part (imidazolium part of the ionic liquid)
forms a monolayer on the surface of the nanoparticles [28,
35, 36, 74]. This coating not only prevents the agglomera-
tion of nanoparticles by increasing the positive charges on
the surface of the nanoparticle, but also changes the value of
the zeta potential on the surface of the nanoparticle, which
is defined as the potential difference between the surface of
the nanoparticle dispersed in a conductive liquid and the
bulk of the liquid [75].

3.6 Determination of antioxidant capacities of ionic
liquids and NPs

Antiradical activity of the IL and NPs was measured by
DPPH assay. The methanolic solution of DPPH has a pur-
ple color with an absorption at A,,, =516-520 nm, that after
reduction in the presence of an antioxidant, the absorption
shifted to 400 nm [76]. Therefore, measure of the reduction
in the absorption intensity of DPPH in the presence of an
antioxidant corresponds to the antioxidant capacity of the
reagent. Figure 8 shows the antioxidant activity of the NPs
as well as the IL as a function of concentration. Standard
ascorbic acid was used as a positive control [77]. The most
antiradical activity was observed for Ag@BH,~ NPs, where
DPPH radicals were quenched at 100 pg/mL concentration

of the NPs, higher than ascorbic acid activity as a standard
antioxidant (Fig. 8). The results also showed a linear rela-
tionship between the NPs/ILs concentration and inhibition
percentage in agreement with the literature [78, 79]. Next,
Fe;0,@BH,~ NPs also showed high antiradical activity,
which the total DPPH quenching was observed at 180 pg/
mL.

Remarkably, the high antioxidant activity of Fe;0,@
BH,™ and Ag@BH,™ NPs was at very low concentrations
of 10 pg/mL, so that ICs, for the NPs occurs at lower con-
centrations. TAIm[BH,] IL showed a 70% inhibitory effect
at a concentration of 200 pg/mL, which reflects its remark-
able antioxidant capacity. Insignificant antioxidant activity
was observed for TAIm[I] IL even at higher concentrations,
which in comparison with TAIm[BH,] IL, indicated the
reducing effect of BH, counter ion in agreement with the
reduction of Fe and Ag ions.

3.7 Recyclability and stability of NPs

Nanoparticles recyclability was evaluated for 4-NP reduc-
tion. In order to study the stability of the NPs under ultra-
sonic conditions, this study was also performed in this con-
ditions. After each cycle of recovery, the NPs were separated
from the reaction mixture by centrifugation (or by applying
an external magnet in the case of Fe;O,@BH,) and injected
into the GC apparatus. Significantly, there was a significant
decrease in 4-NP reduction efficiency in the absence of
TAIm[BH,] IL (under ultrasonic waves) during successive
recovery cycles. As shown in Fig. 9, no significant decrease
was observed for the both nanoparticles in the presence of
TAIm[BH,] IL for 4-NP reduction during 10 consecutive

100 1 —+— Ascorbic acid
90 7 — Ag@BH;
50 ] —=—Fe30s@BH4
] —+— TAIm[BH4]
70 1 « TAIm[I]

% Inhibition

30
20
10 1
0 50 100

—

150

Concentation (pg/mL)

Fig. 8 DPPH radical scavenging of the NPs as well as ILs at various concentrations

@ Springer



Efficient preparation of Fe;0,@BH,™ and Ag@BH,~ NPs with antioxidant activity... Page 170f21 1018
Fig.9 Recycling studies of 100 100
Fe,0,@BH,” and Ag@BH,.” 100 o 97 97
NPs over 4-NP reduction in the ‘
presence of TAIm[BH,] IL and - 90 ‘
Ult. conditions (in the absence 2
=~ 80 5
of TAIm[BH,] IL) —
% 70
<+ 60
S
© 50
g 0
= 40 |
% 30 v
=
e 20
o
10
0
1 2 4 5 6 7 8 9 10

Recycle number

Cylinders ™ Ag@BHY TAIm[BH,] IL/ 60 min/ R.T.
) ¥ Fe:04@BH./ TAIm[BHy] IL/ 80 min/ R.T.
. W Ag@BHy/ Ult./ 120 min / 60 °C
Byramides o Fe:04@BHL/ 120 min / 60 °C

cycles, whereas, in the absence of TAIm[BH,] IL, from the
fifth cycle onward, the 4-NP %conversion for Ag@BH, ™ and
Fe;0,@BH,” NPs decreased to 90% and 72%, respectively,
and reached 40% and 32% at the end of the tenth cycle.
TEM images from the recovered NPs (under ultrasonic con-
ditions) showed that the NPs retained their morphology and

Fig. 10 TEM images of the
recycled NPs after 10th run.
aFe;0,@BH,” and ¢ Ag@
BH,™ NPs under Ult. condi-
tions. b, d Fe;0,@BH, and ¢
Ag@BH, NPs in the presence
of TAIm[BH,] IL

this decrease in efficiency was due to changes in the surface
properties of the NPs during successive reduction cycles
(Fig. 10). The TAIm[BH,] IL maintains the catalytic activ-
ity as well as the surface properties of the nanoparticles;
In other words, the TAIm[BH,] IL reactivates the NPs in
each cycle. For this purpose, EDX analysis was performed
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on the recovered NPs at different recycles. As shown in
Table 6, the percentage of oxygen in successive cycles for
the both nanoparticles increased and the percentage of B
element decreased. According to the proposed mechanism,
the results were completely consistent with the formation
of BO, groups by 4-NP reduction on the surface of NPs
during consecutive cycles. Reduction of 4-NP in the pres-
ence of TAIm[BH,] IL catalyzed by Ag@BH,™ and Fe;O,@
BH,™ NPs did not cause any significant change until the
tenth cycle in the elemental percentage composition of the
NPs (Table 6). The results also showed that the magnetic
properties of Fe;O,@BH,~ NPs remain completely intact
during consecutive cycles and the NPs do not suffer any drop
in magnetic properties even after the tenth cycle.

In addition, the results demonstrated a high short-term
and long-term stability for the NPs. For this purpose, their
electronic spectra, zeta potentials, and the mean diameters
(by DLS analysis) were studied and determined at different
time intervals, which provide a good estimate for the stabil-
ity of the NPs. Figure S6 shows the electronic spectra of the
nanoparticle after 20, 40, 60, and 80 days of preparation.
As shown in Figure S6a, no peak shift for the SPR band
of Ag@BH,™ NPs at 430 nm was observed over time and
only its absorption intensity decreases [80, 81]. Also, no
change in the electronic absorption of Fe;O,@BH,™ NPs
was observed, which indicates their stability over time (Fig-
ure S6b). The non-change of the electronic spectra of the
NPs confirms the non-change of morphology and deviation
from the spherical state, as well as their non-agglomeration,
so that they can be kept for a long time [82]. DLS and zeta
analyses for the NPs were also studied at different time inter-
vals (inset Tables in Fig. S6). According to the results, the
average size of Ag@BH,™ NPs showed an increase of only
2 nm in the period of 80 days, which reflects the insignificant
agglomeration of the NPs. The zeta potential also decreased

from -40 mV in the freshly prepared Ag@BH,™ to — 36
after 80 days. No visible change in the diameter of Fe;0,@
BH,™ NPs was observed even after 80 days (Fig. S6b, inset
table). In addition, the zeta potential of Fe;O,@BH,™ NPs
also remained constant during this period.

3.8 Comparison of the catalytic activity of the NPs
with previously reported ones

In the end, the catalytic activity of Fe;O,@BH, and Ag@
BH, NPs was compared and investigated with previously
reported catalytic systems based on Ag and Fe;0, in order
to reduce 4-NP to 4-AP. Also, Liao et al. compared the
catalytic activity of a wide range of polymer-supported Ag
NPs catalysts, carbon-supported Ag NPs catalysts, oxides-
supported Ag NPs catalysts, MOFs-supported Ag NPs and
porous organic frameworks (POFs)-supported Ag NPs cata-
lysts, anisotropic Ag NPs catalysts, bimetallic Ag NPs cata-
lysts in a review paper [65].

Table 7 shows this comparison from the point of view of
the conditions used for the reduction of 4-NP, nanoparticle
recovery capability, reducing agent, reaction rate constant,
and antioxidant activity toward DPPH. As shown in Table 7,
and also in agreement with the extensive comparisons made
by Liao et al. [65], the prepared Fe;O,@BH, and Ag@BH,
NPs have advantages such as long-term stability without
degradation or agglomeration, high antioxidant properties,
and does not require functionalization, making it superior to
many catalytic systems based on silver and magnetite nano-
particles. As shown in Table 7, most of the catalytic systems
based on Ag NPs (and especially magnetite NPs) need to
be functionalized with various compounds through tedious
reactions, which is not only cost-effective, but also changes
the surface characteristics and morphology of the NPs. Sev-
eral reports have shown that naked magnetite nanoparticles

Table 6 EDX analyses of recycled Fe;0,@BH, and Ag@BH, NPs over 4-NP reduction in two different conditions described in Table 3

NPs Conditions Run EDX analysis (%wt) Mgn. (emu/g)
B C N (0] Fe Ag
Fe;0,@BH,~ 60 °C/Ult./120 min 1 321 15.05 9.42 9.12 63.20 - 62.0
5 2.82 14.78 9.20 10.16 63.04 - 62.0
10 2.12 13.68 9.20 12.89 63.11 - 61.95
Ag@BH,” 60 °C/Ult./120 min 1 3.34 19.81 12.11 1.54 - 63.20 -
5 3.08 19.92 12.08 1.80 - 63.12 -
10 2.80 19.76 12.13 2.22 - 63.09 -
Fe;0,@BH,~ TAIm[BH,]/ R.T./80 min 1 3.11 14.55 9.46 9.16 63.72 - 62.0
5 322 14.50 9.44 9.10 63.74 - 62.0
10 3.20 14.52 9.49 9.09 63.70 - 62.0
Ag@BH,” TAIm[BH,]/R.T./60 min 1 3.34 19.80 12.12 1.54 - 63.20 -
5 3.36 19.76 12.20 1.50 - 63.18 -
10 3.38 19.79 12.08 1.56 - 63.18 -
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Table 7 Comparison of catalytic activity for various Ag-based NPs catalysts toward 4-NP reduction to 4-AP

Entry Catalyst Conditions Mol%* Reducing agent Rec/NOR® K (s71) ICs, (pg/ml)°  [Ref.]

1 Ag@CTGU-3¢ S.E/R.T - KBH, Yes/3 8.64(s'ghy NA [83]

2 Fe,0 ,@SN/HPW@CG-Ag" H,0/R.T 0.2 NaBH, Yes/10 55x107 N.A [84]

3 CNFs/AgNPs® H,0 /25 °C - NaBH, Yes/— 4.6x107 N.A [85]

4 RhAg, s/tGO H,0, 20 °C 0.2 NaBH, Yes/5 14.8x1073 N.A [86]

5 Ag@CAF" H,0/R.T 4.9 NaBH, Yes/5 29x107° N.A [87]

6 Ag@TiO, H,0/R.T 4.6 NaBH, Yes/5 1.8x107 N.A [87]

7 GSH-AgNPs! H,0/25 °C - NaBH, No 0.03x1073 N.A [88]

8 Ag/N-C H,0/R.T 485 NaBH, Yes/7 2x1073 N.A [89]

9 PS@PAMAM-Ag H,0/25 °C 125 NaBH, Yes/— 0.84x1073

10 Fe;0,@BH,~ TAIm[BH,/RT - - Yes/10 5.6x107° <10 This work
11 Ag@BH,” TAIm[BH,]/R.T 2.93 - Yes/10 6.7x107 <10 This work

aBased on Ag mmols. "Number of recycling. Against DPPH free radicals. d[Zns(u3-H20)2(L1)2]~3DMA-4H20 (Ag NPs embedded in Zn3/Zn5-
cluster-based metal-organic frameworks). © Impossibility of calculation due to insufficient information.” SN saline, HPW phosphotungstic acid,
CG chitosan. 8CNFs carbon nanofibers. "CAF cellulose acetate filter paper. 'Glutathione. 'N-doped carbon

(without functionalization) lack any significant catalytic
or antioxidant activity [17, 18], while Fe;O,@BH,™ and
Ag@BH,™ NPs showed a significant antioxidant activity
(IC5y< 10 pg/mL), which was higher than the antioxidant
activity of magnetite NPs functionalized by tedious methods.

Another advantage of the catalytic systems presented in
this work was not using a reducing agent for the reduction
reactions. This advantage causes the reaction environment
to be cleaner, and the purification of the products is done
easily (easy work-up). TAIm[BH,] IL was not only used as
a solvent to reduce 4-NP to 4-AP, but also used as an effec-
tive reducing agent for the reduction of these compounds. In
addition, Ag@BH,~ NPs were prepared by TAIm[BH,] IL in
the absence of any surfactant and capping agent, which was
not only cost-effective, but also environmentally friendly.
The results of this study also showed that magnetite NPs
can be well prepared by TAIm[BH,] IL as a reducing and
capping agent.

4 Conclusion

In conclusion, Ag@BH,~ and Fe;0,@BH,™ NPs were syn-
thesized using reductive TAIm[BH,] IL in one step and the
resulting Fe;O,@BH,~ and Ag@BH,~ catalytic NPs were
served for the selective reduction of 4-NP to 4-AP. The NPs
were characterized by TEM, HRTEM, UV-Vis, TGA, VSM,
XRD, EDX, XPS, and DLS analyses. TAIm[BH,] IL acts
not only as a reducing agent and solvent for Ag and Fe ions,
but also plays the role of a capping agent and prevents the
agglomeration of nanoparticles. The reduction also could
be performed in the absence of IL in water under ultrasound
waves catalyzed by the NPs. The NPs follows first-order
kinetics for the reduction of 4-NP. The reaction rates in the

presence of TAIm[BH,] IL catalyzed by Ag@BH,™ and
Fe,0,@BH,~ NPs were found to be 6.75 (x 10~ s7!) and
5.6 (x 107 s71), respectively. High antioxidant activity was
found for Fe;0,@BH,™ and Ag@BH,™ NPs at very low
concentrations of 10 pg/mL, so that ICs, for nanoparticles
occurs at lower concentrations. Also, TAIm[BH,] IL showed
70% inhibitory effect at a concentration of 200 pg/mL. The
NPs could be recycled for at least ten consecutive recycles
with insignificant loss of catalytic activity in the presence
of TAIm[BH,] IL that was confirmed by TEM and EDX
analyses. TAIm[BH,] IL was prepared via a simple route
from cheap and accessible reactants, which could be served
as a reducing agent and capping agent toward the preparation
of a variety of metal nanoparticles via the reduction of the
corresponding metal ions.
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