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ABSTRACT

In this study, a magnetic Fe@Ag bimetallic catalyst was synthesized via a facile one-pot method
in the presence of excessive sodium borohydride (NaBH,). The as-synthesized Fe@Ag bimetal was
characterized by X-ray diffraction (XRD), scanning electron microscope (SEM), transmission elec-
tron microscope (TEM), X-ray photoelectron spectroscopy (XPS) and vibrating sample magnetometer
(VSM). The influences of Fe/Ag molar ratio and gum arabic (GA) on the catalytic activity of Fe@Ag
bimetal were investigated. It was found that the FeAg,-0.14 wt% bimetal with Fe/Ag molar ratio of 1:3
and GA concentration of 0.14 wt% exhibited the best activity for catalytic reduction of 4-NP, giving
a pseudo-first-order rate constant of 48.8 min™ g™. The saturation magnetization (M,) of FeAg -0.14
wt% was 5.6 emu/g, which ensured the catalyst could be easily separated and recycled using a mag-
net. Moreover, the catalytic activity and phase composition of FeAg.-0.14 wt% showed no obvious
changes after five continuous runs, indicating its high stability and reusability. Ag shell coated on the
surface of Fe core played a main role in the catalytic reduction of 4-NP and also inhibited the oxida-
tion of Fe core, which can be illustrated by electrochemical potentials and heterogeneous nucleation
during the synthetic process. Furthermore, the Langmuir-Hinshelwood (L-H) model was applied to
explain the catalytic mechanism of Fe@Ag bimetal.
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1. Introduction

A great number of organic pollutants widely exist in
wastewaters discharged from pesticides, dyes, textiles,
pharmaceuticals, petroleum, and other industries [1,2],
which has posed a potential threat to top predator species
including human beings through bioaccumulating and
magnifying in the food chain [3]. As a common organic
pollutant, 4-nitrophenol (4-NP) has the properties of high
toxicity, difficulty of natural degradation, high chemical
and biological stability [4,5]. Thus, the effective removal
of 4-NP from water has become an urgent issue. Currently,
numerous measures such as adsorption [6,7], photocatalytic
degradation [8-10] and catalytic reduction [2,11] are exten-
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sively employed to deal with organic pollutants in aque-
ous systems. Among these methods, the catalytic reduction
is considered as one of the most efficient and economical
technique [12], due to its easy operation, low cost, high
effectiveness and without generating secondary pollution.
Moreover, 4-aminophenol (4-AP), the reduction product of
4-NP, is also an important organic intermediate for the man-
ufacture of analgesic and antipyretic drugs [13]. Therefore,
it is of great significance to develop a low-priced catalyst
with high activity for effective catalytic reduction of 4-NP.
Nanoscale zero-valent iron (NZVI) is an effective
reagent for the remediation of wastewater, owing to low
cost, high surface activity, magnetic recovery property and
environmental friendliness [14]. However, naked NZVI
easily tends to aggregate and be oxidized in air and water,
leading to a decrease in catalytic activity [15]. To improve
the dispersity and stability of NZVI, various organic and
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inorganic materials including chitosan [16], carboxymethyl
cellulose (CMC) [17], gum arabic (GA) [18], and sil-
ica [19] have been applied as capping agents to stabilize
NZVI. While these capping agents can occupy the surface
active sites of NZVI, and prevent reactant molecules from
approaching the catalyst surfaces, thus decreasing the cat-
alytic activity of NZVI [20]. Compared with NZVI, silver
nanoparticles (Ag NPs) have higher stability and better
activity for catalytic reduction of 4-NP [21]. However,
the difficulty of recovery and high cost of noble metal Ag
greatly limit its large-scale application.

Recently, the binary system of NZVI and Ag NPs has
been put forward to overcome the limitation of single metal
[22], in which NZVT act as a magnetic recyclable carrier, and
Ag NPs are responsible for mainly providing the catalytic
activity. Gupta et al. [23] proposed that both iron ions and
silver ions were reduced by ascorbic acid to form Fe-Ag
bimetal, which caused some silver particles to be reversely
capped by iron and decreased the catalytic activity for 4-NP
reduction. Wang et al. [24] synthesized the Fe@Ag bimetal-
lic particles by the replacement reaction between silver ions
and NZVI. However, the low silver content in the prepared
samples restricted the efficiency of removing organic pol-
lutants, and the reusability of Fe@Ag bimetal was not dis-
cussed. According to the similar procedure, Lu et al. [25]
obtained the Fe@Ag core-shell nanoparticles with Fe/Ag
molar ratio of 52:48, but the catalytic properties have not
been studied. In the replacement reaction between silver
ions and NZVI, the preparation of Fe@Ag bimetal relies on
NZVI as a reductant, usually giving a low silver content
in product, which affects the achievement of high catalytic
activity and stability [26,27].

In this work, Fe@Ag core-shell bimetallic catalyst was
synthesized via a facile one-pot method using excessive
sodium borohydride (NaBH,) as a reductant, in which large
amounts of silver particles were deposited on the surface
of Fe core. The catalytic performance of Fe@Ag bimetallic
catalyst was evaluated by the reduction model of 4-NP with
excessive NaBH,. The influences of Fe/Ag molar ratio and
GA on the catalytic activity of Fe@Ag bimetal were inves-
tigated. Also, the stability and reusability of Fe@Ag bime-
tallic catalyst were examined by successive recycling tests.

2. Experimental
2.1. Materials

Silver nitrate (AgNO,) was purchased from Henan Tong-
bai Xinhong Silver Products Co., Ltd. Iron (II) sulfate hepta-
hydrate (FeSO,-7H,O) was obtained from Chengdu Kelong
Chemical Reagent Co., Ltd. Gum arabic (GA), sodium
borohydride (NaBH,) and 4-nitrophenol (4-C . HNO,) were
purchased from Sinopharm Chemical Reagent Co., Ltd. All
chemicals were of analytical grade and used without fur-
ther purification.

2.2. Catalyst preparation

Fe@Ag bimetallic catalyst was prepared by a facile
one-pot method with excessive NaBH, as a reductant. The
whole reaction was conducted under mechanical stirring

and flushing argon. Firstly, 2.78 g FeSO,7H,0 and a cer-
tain amount of GA were dissolved in 50 mL of oxygen-free
water, and then transferred into a 250 mL three-necked
flask. 50 mL of excessive NaBH, solution was added drop-
wise into the mixture at room temperature. After the drop-
wise addition, the mixture was continuously stirred for 30
min to form Fe core. Next, the temperature of the mixture
was controlled at 0-5°C with an ice-water bath. 50 mL of
AgNO, solution with different concentration, which make
the corresponding theoretical molar ratio of Fe/Ag be 1:1,
1:2, and 1:3, was slowly dropped into the above mixture,
and the reaction was continued for another 30 min. Finally,
the resulting composites were separated from the reac-
tion system using a permanent magnet and washed three
times with oxygen-free water and ethanol, respectively. The
as-prepared catalyst was dried in a vacuum oven at 40°C.
The target products with different Fe/Ag molar ratios and
GA dosage are denoted as FeAg -y wt%, where x is the the-
oretical molar ratio of Fe/Ag, and y is GA concentration in
150 mL reaction solution.

2.3. Characterization

X-ray diffraction (XRD) patterns of as-prepared sam-
ples were obtained using the Philips X'Pert PRO diffrac-
tometer. Morphology of samples was observed on a Gemini
SEM300 scanning electron microscope (SEM) equipped
with an X-ray energy dispersive spectrometer (EDS) at 20
kV. Microstructure of samples was explored using a TF20
transmission electron microscope (TEM). X-ray photoelec-
tron spectroscopy (XPS) was performed on a Kratos/Axis
Ultra DLD-600W spectrometer. Magnetic property of sam-
ples was analyzed by a JDAW-2000C&D vibrating sample
magnetometer (VSM). UV-Vis spectrum was recorded
using a Mapada UV-670 spectrophotometer.

2.4. Catalytic reduction of 4-NP

The catalytic performance of obtained Fe@Ag bimetal-
lic catalyst was evaluated by the reduction of 4-NP using
NaBH, as a reductant at room temperature. Typically, fresh
NaBH, (5 mL, 0.2 M) was added to an aqueous solution
of 4-NP (100 mL, 0.1 mM) under mechanical stirring. The
solution color quickly changed from light yellow to bright
yellow. Then 10 mg of Fe@Ag catalyst was added into the
above solution. The yellow solution gradually faded as the
catalytic reduction started. Meanwhile, about 3 mL of mix-
ture was taken out and filtered by a 0.25 pm membrane at
suitable intervals, and the filtrate was measured by a UV-vis
spectrophotometer in the wavelength range of 250-500 nm.

3. Result and discussion
3.1. Synthesis of Fe@Ag bimetallic catalyst

Regarding the synthesis of Fe@Ag bimetallic catalyst, the
formation of Fe core and subsequent deposition of Ag shell
on the surface of Fe core can proceed according to the follow-
ing Egs. (1), (2), and (3) [28]. These reactions are thermody-
namically feasible processes relating to the standard electrode
potentials (E°) for Ag*/Ag = 0.80 V, Fe**/Fe = -0.44 V, and
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H,BO,/BH,” = -1.33 V vs. normal hydrogen electrode (NHE)
[29,30]. Given that the standard potential difference of Eq. (2)
is higher than that of Eq. (3), the added AgNO, solution is pref-
erentially reduced by surplus NaBH, rather than Fe”in theory.

2Fe> + BH, + 2H,0 — 2Fe’ + BO,” + 4H* + 2H,T

E©(Fe**/Fe) - E® (H,BO,/BH,) =0.89 V 1)
4Ag'+BH, +2H,0 — 4Ag’+ BO,” + 4H* + 2H,T
EO(Ag'/Ag) - EOG (H,BO,/BH,) =213V 2)
2Ag* + Fe — 2Ag" + Fe*

EO(Ag*/Ag) - EO (Fe**/Fe) =124V 3)

During the reaction process, Ag is coated on the surface
of Fe core by heterogeneous nucleation. Actually, silver ions
near the surface of Fe core may be also reduced by Fe°[Eq.
(3)], and the generated ferrous ions will be immediately
reduced by excessive NaBH,. As a result, the facial iron on
Fe core is partially re-dissolved and incorporated into silver
shell until outside silver shell reaches a certain thickness.

°. o NaBH, NaBH,
® °®
Fe2+ GA AgNO,
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Eventually, the coated silver effectively inhibits the continu-
ous replacement reaction of inside iron core and silver ions
to form Fe@Ag core-shell structure (Fig. 1).

3.2. Structure and morphology of Fe@Ag bimetallic catalyst

Fig. 2a shows the XRD patterns of as-prepared samples
with different Fe/Ag molar ratio and GA concentration.
Obviously, all diffraction peaks of these samples were well
indexed to the face-centered cubic Ag (JCPDS 89-0597), indi-
cating the samples did not contain impurities. The peaks
at 20 = 38.1°, 44.3°, 64.4°, 77.4° and 81.5° corresponded to
the (111), (200), (220), (311) and (222) crystalline planes of
Ag, respectively. The diffraction peaks related to metal
oxide such as Fe,O,, Fe,O,, and Ag,0O were not detected,
indicating that the metals in samples were not oxidized
in the synthetic process. It should be noted that the char-
acteristic peaks of Fe (JCPDS 85-1410) at 26 = 44.4°, 64.5°
and 81.7° were almost coincident with the (200), (220) and
(222) crystalline planes of Ag. Furthermore, considering the
X-ray shielding of silver shell [31], the characteristic peaks
of Fe were weakened in the XRD patterns. Therefore, it is

Fig. 1. Schematic illustration of one-pot approach to synthesize Fe@Ag bimetallic catalyst for 4-NP reduction.
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Fig. 2. XRD patterns (a) and magnetic hysteresis loops (b) of Fe@Ag bimetallic catalysts.
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very difficult to identify the characteristic peaks of Fe in the
XRD patterns. Notably, as the theoretical Fe/Ag molar ratio
decreased, the intensity of characteristic peaks gradually
became strong, demonstrating that an increasing content
of Ag were successfully deposited on Fe core. Additionally,
when the GA concentration decreased to 0.07 wt%, the XRD
pattern of FeAg -0.07 wt% possessed the strongest peaks as
a result of the growth of the metallic particles [20]. While
too much GA (0.28 wt%) maybe promote the formation of
small metallic particles, that could aggregate together due
to high surface energy [32], thus the characteristic peaks of
FeAg -0.28 wt% also became stronger compared to these of
FeAg,-0.14 wt%.

As a common ferromagnetic metal, Fe component in the
Fe@Ag bimetallic catalyst could be indirectly proved by the
magnetic hysteresis loops (Fig. 2b). Due to the electromag-
netic shielding effect of silver [25,33], the saturation mag-
netization of the catalyst became weaker with the decrease
of theoretical Fe/Ag molar ratio, implying that the thick-
ness of Ag shell increased. The saturation magnetization
of FeAg-0.14 wt%, FeAg,-0.14 wt%, and FeAg.-0.14 wt%
reached 51.5, 9.5, and 5.6 emu/g, respectively. Evidently,
the magnetism of the sample with Fe/Ag molar ratio of 1:3
ensures the catalyst can be recovered by a magnet. When
the molar ratio of Fe/Ag increased to 1:4, the as-prepared

sample was not responsive to a magnet, which indirectly
confirmed more Ag was coated on the surface of Fe core.

The high-magnification SEM image of FeAg,-0.14 wt%
(Fig. 3a) displays that the Ag particles on the iron surface
were approximately spherical in shape, and these particles
were about 70 nm in diameter. The EDS results in Fig. 3c
and 3d reveal that silver was uniformly distributed on the
sample surface, but the signal of iron was weak in view of
the absorption of X-rays by silver particles coated on Fe sur-
face [34].

TEM image (Fig. 4a) shows that the sizes of FeAg.-0.14
wt% nanoparticles were in the range of 55-75 nm, which
was in accordance with the above SEM result. From HRTEM
image (Fig. 4b), a silver layer with 4-6 nm thickness covered
Fe core, suggesting the characteristic of core-shell struc-
ture for FeAg.-0.14 wt%. The inset picture shows a lattice
spacing of 0.242 nm, which is assigned to (110) plane of
Fe (JCPDS 85-1410). In a STEM HAADF mode, EDS map-
pings of FeAg.-0.14 wt% show the existence of Fe and Ag
(Figs. 4c—e), similar to the SEM mappings.

3.3. Catalytic reduction of 4-NP by Fe@Ag bimetal with NaBH,

Catalytic reduction of 4-nitrophenol (4-NP) was cho-
sen as a model reaction for evaluating the catalytic per-

Fig. 3. SEM image and EDS elemental mappings of FeAg.-0.14 wt%.
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formance of as-prepared Fe@Ag bimetallic catalyst. As
shown in Fig. 5a, 4-NP was converted to 4-NP ions after
the addition of NaBH, solution, and the corresponding
absorption peak shifted from 317 nm to 400 nm. Fig. 5b
presents the time-dependent evolution of the UV-vis spec-
tra for the reduction of 4-NP by NaBH, in the presence of
FeAg.-0.14 wt%. The gradual weakness of the peak at 400
nm indicated that the concentration of 4-NP decreased,
while a new peak at 300 nm corresponding to the forma-
tion of 4-AP increased. The batch reduction experiments
were carried out to explore the effect of different Fe/Ag
molar ratio and GA dosage on the catalytic performance
of Fe@Ag bimetal. As could be observed from Fig. 5c, the
catalytic activity of Fe@Ag bimetal followed the order:
FeAg,-0.14wt% > FeAg.-0.07 wt% > FeAg-0.14 wt% >
FeAg,-0.14 wt% > FeAg,-0.28 wt%. Apparently, when
the molar ratio of Fe/Ag was 1:3 and the GA dosage was
0.14 wt%, FeAg,-0.14wt% catalyst exhibited the highest
activity. The result demonstrated that silver was a main
active ingredient for the catalytic reduction of 4-NP by
Fe@Ag bimetal. Furthermore, too much GA could capped
the active sites on the catalyst surface, which caused a
decreased catalytic activity [35]. A suitable amount of
0.14 wt% GA could both prevent particle agglomeration
and promote the catalytic activity.

In(C,/C) =k, t 4)

In order to further study the catalytic performance of Fe@
Ag bimetal, the pseudo-first-order kinetics was used to eval-
uate the reaction rate of 4-NP reduction. Because the excess
of NaBH, ensured that its concentration remained essentially
constant during the reaction period, the reaction rate could
be considered to be only related to the concentration of 4-NP.
According to the kinetics Eq. (4), where t is the reaction time,
C, is the initial 4-NP concentration, and C,is the 4-NP con-
centration at time t, the apparent rate constant (k,,) could be
obtained from the slope of zero-crossing linear f1tt1ng Fig.5d
shows the linear relationship between In(C,/C,) and the reac-
tion time, which followed the first-order reaction law. The k
of FeAg -0.14wt% was calculated to be 0.488 min™* (48.8 min’t

g™), superior to these of other catalysts (Table 1).

3.4. Stability and reusability of Fe@Ag bimetallic catalyst

Compared with homogeneous catalyst, heterogeneous
catalyst has a distinct advantage for being easily separated
and recycled [4,39,40]. To investigate the reusability of Fe@
Ag bimetallic catalyst, five consecutive cycling tests were
conducted using FeAg,-0.14 wt% catalyst. For each run,
freshly prepared 4-NP (100 mL, 0.103 mM) and NaBH, (5

Table 1
Model kinetics parameters of catalytic reduction of 4-NP by different catalysts
Catalyst NaBH, Dosage Apparent rate Inherent rate constant  R? References
(mmol/L)  (mg/mL) constant KW (min™) K (min™g™)

FeAg -0.14 wt% 10.3 0.1 0.229 229 0.993 This work
FeAg -0.14 wt% 10.3 0.1 0.217 21.7 0.998 This work
FeAg,-0.14 wt% 10.3 0.1 0.488 48.8 0.950 This work
FeAg,-0.28 wt% 10.3 0.1 0.070 7.0 0977 This work
FeAg,-0.07 wt% 10.3 0.1 0.273 27.3 0.999 This work
Ag/Fe,O, 10.1 0.04 0.185 - 0.986 [13]
Micron-SiO,@Ag 10 0.17 0.21 - - [36]
Fe,0,@PS/PDA-Ag 499 0.1 0.393 - - [37]
PS Beads@Ag 10 0.5 0.32 - - [38]
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Fig. 6. (a) Recycling tests of FeAg, -0.14 wt%; (b) XRD patterns of FeAg.-0.14 wt% before and after use.
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mL, 0.206 M) were added to the collected FeAg.-0.14 wt%
catalyst. As shown in Fig. 6a, FeAg.-0.14 wt% catalyst still
sustained high catalytic activity after five cycles, indicating
its good reusability. To study the stability of a catalyst, the
FeAg -0.14 wt% samples before and after use were exam-
ined by XRD (Fig. 6b) for comparison. It could be seen
that the diffraction peaks after 5 cycles stayed unchanged,
which showed the high stability of FeAg -0.14 wt%, owing
to silver coating on the surface of iron core.

Further, the chemical composition and valence state
of the fresh and used FeAg -0.14 wt% was investigated by
XPS technique. Compared to the fresh sample, there were
no obvious changes in characteristic peaks of Ag 3d and Fe
2p, demonstrating that the catalyst remained unchanged
after use, which ensured that the catalyst can be recycled
for multiple times. In Ag 3dXPS spectra (Fig. 7a), the two
peaks were located at 368.3 eV and 374.3 eV, correspond-
ing to Ag 3d,,, and 3d,, of Ag’[4]. In Fe 2p XPS spectra
(Fig. 7b), three broad peaks at 711.6 eV, 720.0 eV and 725.0
eV were attributed to iron oxides [41]. Additionally, only a
weak peak appeared at 707.2 eV in the used sample, which
may be due to the reduction of iron oxides by excessive
NaBH, on the surface of catalysts.

3.5. Mechanism for catalytic reduction of 4-nitrophenol

The reaction of 4-NP reduction by NaBH, is thermo-
dynamically feasible, whereas without the assistance of a
catalyst the reduction rate is so slow that the absorbance of
4-NP at 400 nm remains unchanged even for several days
[38].Ballauff et al. [42] concluded that the rate constant
decreases as the 4-NP concentration increases from 0.03
mM to 0.1 mM in the existence of excessive NaBH,. The
Langmuir-Hinshelwood (L-H) model of heterogeneous
reaction, in which both reactants are adsorbed on the cata-
lyst surface before the reaction occurs, can exactly elucidate
the above dependence of the rate constant on the 4-NP con-
centration [43]. The mechanism of the reduction of 4-NP by
the Fe@Ag bimetallic catalyst can be explained by the L-H
model [44-46]. As shown in Fig. 8, NaBH, (electron donor)
along with 4-NP (electron acceptor) are firstly adsorbed at
active sites of the Fe@Ag surface. Then, abundant hydride

4-NP
. I\:\:’;\\\H
/7 ‘
Le-

4-AP

Fig. 8. Langmuir-Hinshelwood model for the reduction of 4-NP
to 4-AP by NaBH, in the presence of Fe@Ag as a catalyst.

ions (H") are released by the hydrolysis or decomposition
of NaBH, with the aid of a catalyst. Finally, the generated
hydride ions (H") react with 4-NP to give 4-AP. Further-
more, the Fe@Ag catalyst as an electron relay can facilitate
the transfer of electrons from NaBH, to 4-NP during the
catalytic reaction.

4. Conclusions

In summary, the Fe@Ag bimetallic catalysts with dif-
ferent Fe/Ag molar ratios and GA dosage were facilely
prepared by a one-pot method. The as-obtained Fe@Ag
bimetal with good magnetic properties could be easily
recovered by a magnet and showed excellent catalytic
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activity for 4-NP reduction. Among these samples, the
FeAg.-0.14 wt% bimetal exhibited the best catalytic activ-
ity for 4-NP reduction, and the pseudo-first-order rate
constant reached 48.8 min™ g'. The formation of Fe@Ag
bimetal can be illustrated by electrochemical potentials and
heterogeneous nucleation during the synthetic process. Ag
shell coated on the surface of Fe core played a main role in
the catalytic reduction of 4-NP and also inhibited the oxida-
tion of Fe core. Furthermore, The Langmuir-Hinshelwood
(L-H) model can well depict the catalytic mechanism of the
Fe@Ag catalyst for 4-NP reduction. Easy preparation, high
catalytic activity and good magnetic performance endow
Fe@Ag bimetal to be a promising catalyst for removal of
organic pollutants.
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