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ABSTRACT

Ag/Fe bimetallic nanoparticles were synthesized by simple two-step method without
nitrogen atmosphere. In the whole reaction process, polyvinyl pyrrolidone protected Fe nano-
particles and Ag/Fe bimetallic nanoparticles from oxidation. Moreover, the nanoparticles
were characterized through high-resolution environment scanning electron microscope, trans-
mission electron microscopy, X-ray diffraction, Fourier transform infrared spectroscopy, and
energy dispersive spectrometer. The Fe nanoparticles and Ag/Fe bimetallic nanoparticles
were used to remove Co(II) ions from aqueous solution. Experiments revealed that Ag/Fe
bimetallic nanoparticles could quickly remove Co(II) ions from the aqueous solutions within
5 min, and the removal rate was up to 99%. Compared with Fe nanoparticles, as-prepared
Ag/Fe bimetallic nanoparticles exhibit a higher adsorption capacity and faster reaction rate
due to the numerous nanoscale Ag/Fe primary batteries, which indicates that the Ag/Fe
bimetallic nanoparticles are highly promising for the applications of water treatment.
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1. Introduction

Heavy metals are important sources of environ-
mental pollution, even in low concentration, since they
are nondegradable and thus persistent. In the light of
recent developments, in particular the mining industry
and nonferrous metallurgy, that is accompanied by
the growing pollution with heavy metal ions of waste-
water [1]. Among the heavy metal pollutants, cobalt is
one of the most widespread contaminants in the envi-
ronment. Vast applications of cobalt in various arrays

of products and processes such as alloys, batteries,
catalysts, pigments, and coloring make this element as
an important metal in various industries [2]. The pres-
ence of Co(II) metal ion in the environment is of
important concern due to its toxicity and health effects
on human, as well as radionuclide 60Co(II) ions is con-
sidered to be one of the most dangerous radionuclides
because of its long relatively half-life [3]. It can cause
neuron toxicological disorders and genotoxicity in
human beings, and in chronic cases may cause cancer
[4,5]. High dose of cobalt may directly or indirectly
cause detrimental health troubles such as paralysis,
diarrhea, low blood pressure, lung irritation, and bone
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defects [6]. Hence, the removal of cobalt ions is very
important from the health, economical, and environ-
mental point of view.

A number of technologies have been developed
over the years to remove toxic cobalt ions from water,
including chemical precipitation [7], membrane sepa-
ration [8], ion exchange [9], reverse osmosis [10],
adsorption [11–13], and chemical reduction [14].
Among them, zero-valent iron (Fe0) is usually used as
chemical reductive agent to treat polluted groundwa-
ter and wastewater [15]. The high specific surface area
and the high reactivity of Fe nanoparticles (NPs) make
it a promising material for in situ remediation of
groundwater contaminants, such as chromium ions,
nitrobenzene, nitrate, arsenate and other chlorinated
organic compounds, and heavy metal ions [16–20].

So far, at least two methods have been employed
to achieve high reaction rates of zero-valent iron dur-
ing its water treatment process. One is to construct a
short-circuited battery-like cell with noble and active
metal plates separated by an electrode gap. Another
method is to form a hybrid powder through mechani-
cally mixing the discrete noble metal particles and
active metal powders, in which each hybrid particle
forms a micro galvanic cell. While the micro battery-
like cell has a principle disadvantage: the resistance in
the electrical short circuit (external load) limits the
reaction rate. In order to maximize the reaction rate,
the electrode gap must approach zero. Yet, to sustain
the reaction, reaction products must be flushed away
from the reaction surfaces on time. This requires a
small initial gap between the plates. In the powdered
form, each grain of powder is a micro galvanic cell
similar to the larger battery-like cell. A strong mechan-
ical and electrical bond is necessary to provide a rapid
reaction with a bimetallic galvanic cell. Besides, over
the last decades the silver-based materials have been
widely used as medicine and antimicrobial treatment
material [21]. The addition of noble metal could make
it better to make further progress on dealing with
undrinkable water [22].

Here, Ag/Fe bimetallic nanoparticles were synthe-
sized by simple two-step method. The adsorption
property for Co(II) ions from aqueous solution of
Ag/Fe bimetallic NPs was also discussed. The Ag/Fe
bimetallic NPs consisting of Fe NPs and Ag NPs with
diameters of approximately 70–100 nm and 3–10 nm,
respectively, can be observed. Furthermore, Ag/Fe
bimetallic NPs exhibit excellent adsorption property
for Co(II) ions from aqueous solution. A comparative
study of adsorption for Co(II) ions between as-
prepared Ag/Fe bimetallic NPs and Fe NPs was
performed to depict the superior adsorption properties
of Ag/Fe bimetallic NPs.

2. Experimental

2.1. Synthesis

All chemical reagents were of analytic grade and
used as received without further purification in this
experiment. A simple two-step method was used to
prepare Ag/Fe bimetallic NPs. Firstly, Fe NPs were
synthesized with a simple approach without nitrogen
atmosphere. In a typical experimental procedure,
0.417 g of ferric chloride hexahydrate (FeCl3·6H2O)
was dissolved in 150 mL of distilled water and 50 mL
of ethanol mixed solution at room temperature. After
that, 3.0 g of polyvinylpyrrolidone (PVP) and 0.59 g of
sodium borohydride (NaBH4) were added into the
above solution under vigorous stirring. Then, the solu-
tion turned dark green and became black finally. After
30 min of stirring, the product was washed with dis-
tilled water and ethanol to clear away the redundant
PVP and other ions. Fe NPs were selected by magnetic
separation method during the washing process. The
reductive reaction is as follows:

4Fe3þ þ 3BH�
4 þ 9H2O ! 4Fe0

# þ3H2BO
�
3 þ 12Hþ þ 6H2 "

(1)

The bimetallic NPs were prepared through mixing the
AgNO3 aqueous solution with as-prepared Fe NPs
under vigorous stirring at ambient temperature.
Firstly, 0.15 g of Fe NPs was dispersed in 75 mL of
ethanol. Then, 75 mL of 2 mM AgNO3 aqueous solu-
tion was added into the above solution quickly under
vigorous stirring at ambient temperature. After 15 min
of redox reaction between the Ag+ and Fe NPs, the
products were washed with ethanol and acetone, and
then stored in acetone. Similarly, Ag/Fe bimetallic
NPs were selected by magnetic separation method
during the washing process. The redox reaction
describing the coating of Fe NPs with Ag NPs is as
follows:

Fe0 þ 2Agþ ! Fe2þ þ 2Ag (2)

2.2. Analytical characterization

The products were characterized through environ-
ment scanning electron microscope (SEM, QUANTA
200FEG), transmission electron microscope (TEM,
JEM-2100), X-ray diffraction (XRD, Shimadzu XRD-
6000, with high-intensity Cu Kα radiation, with a
wavelength of 1.54178 Å), Fourier transform infrared
spectroscopy (FTIR, IRPrestige-21), and energy disper-
sive spectrometer (EDS, ESCALAB 250).
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2.3. Adsorptive property measurements

All experiments were performed using a batch
technique in Erlenmeyer flasks (25 mL capacity) under
ambient conditions. The experiment was conducted by
adding various amount of products to 10 mL of vari-
ous concentrations of Co(II) solution. The Erlenmeyer
flasks were shaken for a given time to achieve equilib-
rium. The concentrations of Co(II) ions were analyzed
by an inductively coupled plasma mass spectrometry
(ICP-MS). The amount of Co(II) ions adsorbed on NPs
was calculated from the difference between the initial
concentration and the equilibrium one. The sorption
percentage and the distribution coefficient (Kd) are
calculated from the following equations:

Kd ¼ C0 � Ce

Ce
� V

m
(3)

Q ¼ ðC0 � CeÞ � V

m
(4)

W% ¼ C0 � Ce

C0
� 100% (5)

where C0 is the initial concentration (mg L−1), Ce is the
equilibrium concentration (mg L−1), m (g) is the mass
of the adsorbent, and V (mL) is the volume of the sus-
pension, W% is the adsorption efficient of the adsor-
bent. All experimental data were the average of
duplicate or triplicate determinations. The relative
errors of the data were under 5%.

3. Results and discussion

3.1. Morphology and microstructure

The SEM images of as-synthesized Ag/Fe
bimetallic NPs were obtained with a high-resolution

environment scanning electron microscope under high
magnification. As shown in Fig. 1, the product is com-
posed of large-scale, uniform spherical NPs with parti-
cle size of ca. 70–100 nm. The aggregation of Ag/Fe
bimetallic NPs is attributed to the magnetic interac-
tions between the adjacent metal NPs. TEM was
employed to further characterize the sizes and distri-
butions of the silver NPs and Fe NPs. Fig. 2(a) and (b)
presents the TEM images of Fe NPs and Ag/Fe bime-
tallic NPs, respectively. Fig. 2(a) shows that the Fe
NPs are covered with a PVP thin film. Here, the exis-
tence of PVP thin film protected the Fe NPs from oxi-
dation. Fig. 2(b) shows a larger amount of small NPs
(Ag) with diameters of ca. 3–10 nm emerging around
the Fe NPs, and their distribution is uniform. To fur-
ther verify the existence of PVP in the product, FTIR
spectra of PVP and Fe/Ag bimetallic NPs were inves-
tigated as shown in Fig. 3. Comparing with the
spectrum of PVP (Fig. 3(a)), the resonance peaks of
C–H stretching (at 2,925 cm−1), C=O stretching (at
1,658 cm−1) were no change, the peak of CH2 deforma-
tion (at 1,443 cm−1) was strengthened and blue shift to
1,390 cm−1. The peak of C–N stretching (at 1,287 cm−1)
was greatly weakened. The changes of the spectrum
indicated that the PVP was strongly absorbed on the
surface of Ag/Fe bimetallic NPs [23]. This result dem-
onstrates that the PVP thin film coated on Ag/Fe
bimetallic NPs has not been removed completely after
washing with distilled water and ethanol several
times, which is consistent with TEM results.

To better demonstrate the above hypothesis on Fe
NPs and Ag NPs, XRD patterns of Fe NPs and Ag/Fe
bimetallic NPs were investigated as shown in Fig. 4.
XRD analysis verifies iron and silver existence, which
supports the data extracted from TEM images.
Fig. 4(a) shows a broad characteristic peak at 44.35˚,
indicating the existence of the (110) plane of cubic
phase iron (JCPDS Card No. 85-1410). The low

Fig. 1. SEM images of the Fe/Ag bimetallic NPs under (a) low magnification and (b) high magnification.
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intensity of iron characteristic peak can be ascribed to
poor crystallinity of the Fe NPs. In the case of Ag/Fe
bimetallic NPs, the characteristic peaks at 38.26˚,
44.47˚, 64.71˚, and 77.74˚ are indexed to the (111),
(200), (220), and (311) planes of cubic phase silver
(JCPDS Card No. 87-0719), respectively. No iron oxide
phases are detected from the XRD patterns, indicating
that Fe NPs and Ag/Fe bimetallic NPs were protected
well by the PVP thin film from oxidation.

EDS study was done to further analyze the ele-
mental composition of Ag/Fe bimetallic NPs (Fig. 5).
Two clusters of characteristic peaks of iron and silver
were identified, confirming the bimetallic structure of
NPs. The main elements in the Ag/Fe bimetallic NPs
product were Fe and Ag with a molar ratio of approx-
imately 9:1. In addition, characteristic peaks of carbon,
nitrogen, and oxygen were also identified, verifying
the existence of PVP in the products.

3.2. Adsorptive property

Equilibrium adsorption is usually used to deter-
mine the capacity of the adsorbent. Several equilib-
rium adsorption models are available, and the most
common ones are the monolayer adsorption devel-
oped by Langmuir (1918) and the multilayer adsorp-
tion by Freundlich (1906). The Langmuir adsorption
model can be expressed as:

Ce

Qe
¼ Ce

QL
þ 1

QLKL
(6)

where Ce (mg L−1) is the metal ion concentration in
the solution at equilibrium, Qe (mg g−1) is the metal
ion concentration on the sorbent at equilibrium, QL

(mg g−1) is the monolayer adsorption capacity of

Fig. 2. TEM images of (a) Fe NPs and (b) Fe/Ag bimetallic NPs.

Fig. 3. FTIR spectra of (a) PVP and (b) Fe/Ag bimetallic
NPs.

Fig. 4. XRD patterns of (a) Fe NPs and (b) Fe/Ag bimetallic
NPs.
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sorbent, and KL (L mg−1) is the Langmuir sorption
constant, which represents enthalpy of sorption and
should vary with temperature.

The Freundlich model can be expressed as:

lnQe ¼ 1

n
lnCe þ lnKF (7)

where KF (mg1−n Ln g−1) and n are the Freundlich
sorption constants, describing the sorbent capacity and
the degree of nonlinearity between the solute
concentration in the solution and the amount
adsorbed at equilibrium [24]. The experimental data
are simulated with the Langmuir and Freundlich
models, respectively.

Fig. 6 shows equilibrium adsorptions of Co(II) ions
with Ag/Fe bimetallic NPs and Fe NPs, respectively,
in which different concentrations of Co(II) ions are
adsorbed by Ag/Fe bimetallic NPs and Fe NPs.
Fig. 7(a) and (b) show two kinds of equilibrium
adsorption models. Table 1 was obtained via calcula-
tion with the formulas 6 and 7. From Table 1, the val-
ues of the coefficient of determination, R2 of the
Langmuir sorption isotherms are higher than 0.99,
indicating a good fit of the monolayer Langmuir
model to the adsorption of Co2+ on the Ag/Fe bime-
tallic NPs and Fe NPs. The QL value of Ag/Fe bime-
tallic NPs for Co2+ is 81.96 mg g−1, which is much
higher than that of Fe NPs, showing that the adsorp-
tion capacity of the Fe NPs is increased by modifying
it with Ag NPs.

To obtain short-term time (0–1 h) dependences of
Co(II) ions adsorption reaction with Ag/Fe bimetallic
NPs and Fe NPs, 100 mg L−1 Co(II) ions reacted with
0.1 g L−1 Ag/Fe bimetallic NPs and 0.1 g L−1 Fe NPs,

respectively, and the concentrations of Co2+ were
analyzed via ICP-MS at 0, 1, 2, 5, 10, 15, 30, and
60 min. Fig. 8(a) and (b) indicate that the adsorption
procedure of Co(II) ions with Ag/Fe bimetallic NPs is
much faster than that of Fe NPs, completing within
5 min. The pseudo-second-order rate equation is used
to simulate the kinetic adsorption, presented as
following:

t

Qt
¼ 1

2K2Q2
e

þ t

Qe
(8)

where K2 (g mg−1 h−1) is the pseudo-second-order rate
constant of adsorption, Qt (mg g−1) is the amount of
Co(II) ions adsorbed on the surface of the NPs at time
t (min), and Qe (mg g−1) is the equilibrium adsorption
capacity. A linear plot feature of t/Qt vs. t is achieved
and inserted in Fig. 8. The K2 value is calculated from
the slope and the intercept is 0.04 g mg−1 h−1 of
Ag/Fe bimetallic NPs, and the adsorption rate
constant of Fe NPs is 0.0014 g mg−1 h−1. The correla-
tion coefficients (R2 > 0.999) for the linear plots are
very close to 1, indicating that kinetic adsorption is
very well described by a pseudo-second-order rate
equation.

To investigate the removal efficiency of Ag/Fe
bimetallic, 0.1, 0.2, and 1.0 g L−1 Ag/Fe bimetallic NPs
were used in the experiment as shown in Fig. 9. With
the increase of amount of adsorbent, the removal effi-
ciency increases accordingly. For 0.1 g L−1 Ag/Fe
bimetallic NPs, the reduction efficiency is ca. 20% after
5 min. The reduction efficiencies increase to 70 and
99%, respectively, as the amounts of Ag/Fe bimetallic
NPs increase to 0.2 and 1 g L−1. It can be inferred that

Fig. 5. EDS spectra of (a) Fe/Ag bimetallic NPs and (b) Fe
NPs.

Fig. 6. Equilibrium adsorptions of Co(II) ions with Ag/Fe
bimetallic NPs and Fe NPs (T = 25˚C).
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undrinkable water contaminated by Co(II) ions can be
quickly converted to drinkable water via adding the
appropriate amount of Ag/Fe bimetallic NPs. Batch
studies on the removal efficiency of Co(II) ions were
carried out with different initial concentrations of
Co(II) ions (5–500 mg L−1). The removal efficiency was
investigated by shaking the Co(II) ions solution with
1 g L−1 Ag/Fe bimetallic NPs. As shown in Fig. 10,
the removal efficiencies were about 100% when the
concentration of Co(II) ions was not more than
100 mg L−1. After that, the removal efficiency
decreased with the increase in the concentration of
Co(II) ions. Therefore, the Ag/Fe bimetallic NPs with

high removal efficiency and fast reaction rate are quite
ideal material to deal with polluted water.

A conceptual model, as shown in Fig. 11,
illustrates the reduction mechanism of Co(II) ions by
Ag/Fe bimetallic NPs. Silver NPs coating on the sur-
face of Fe NPs can improve the electrons transfer from
core (Fe NPs) to the contaminant. Table 2 shows the
electrode potentials. It can be seen that silver NPs and
iron NPs can construct numerous nanoscale galvanic
cells with high electrode potential. The nanoscale gal-
vanic cells can improve the electrons transfer from Fe
NPs to silver NPs and then the Co(II) ions are reduced
by the electrons. In addition, the electrode potential of

Fig. 7. Adsorption isotherms of Co(II) ions with Ag/Fe bimetallic NPs and Fe NPs: (a) Langmuir model and (b)
Freundlich adsorption model.

Table 1
Parameters for Langmuir and Freundlich models of Co(II) ions adsorption on Fe NPs and Ag/Fe bimetallic NPs

L-model F-model

QL (mg g−1) KL R2 KF n R2

Fe NPs 54.259 0.024528 0.99927 13.3645 4.5469 0.89615
Ag/Fe bimetallic NPs 81.96 0.035 0.99442 15.076 3.48 0.92555

Fig. 8. Effect of setting time on the removal efficiency: (a) Ag/Fe bimetallic NPs and (b) Fe NPs (conditions: initial
concentration, 100 mg L−1; dose, 0.2 g L−1). The insets are the linear plot features of t/Qt vs. t.
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ferrous iron is higher than that of Co(II) ions. The fer-
rous iron product in the boundary layer can diffuse
away from the surface of Ag/Fe bimetallic NPs and
enter into the solution. While in the oxidative process
of Fe NPs, iron oxide shell formed on the surface of
Fe NPs is unsolvable in natural groundwater (pH ~8),
which prevents the Fe NPs core from rapid oxidation
and decreases the reduction rate of Co(II) ions in solu-
tion. Therefore, the Ag/Fe bimetallic NPs exhibit
higher removal efficiency and faster reaction rate than
those of Fe NPs.

4. Conclusions

In summary, Ag/Fe bimetallic NPs were synthe-
sized by a facile simple two-step method without
nitrogen atmosphere. The PVP thin film covered on
the surface of Fe NPs protected them from oxidation
in the whole process. The values of the coefficient (R2)
of the Langmuir sorption isotherms are higher than
0.99, indicating a good fit of the monolayer Langmuir
model to the adsorption of Co2+ on Ag/Fe bimetallic
NPs and Fe NPs. When compared with Fe NPs,
Ag/Fe bimetallic NPs exhibit higher removal effi-
ciency, higher adsorption capacity, and faster reaction
rate. This is due to numerous nanoscale galvanic cells
constructed by Ag NPs and Fe NPs, which can
improve the electrons transfer from Fe NPs to silver
NPs, and then the Co(II) ions are reduced by the elec-
trons. Experiments revealed that the Ag/Fe bimetallic
NPs could quickly remove Co(II) ions from the aque-
ous solutions within 5 min, and the removal efficiency
was up to 99%. Therefore, Ag/Fe bimetallic NPs with
high removal efficiency and fast reaction rate are quite
ideal material to deal with undrinkable water
contaminated by Co(II) ions in the case of emergency.
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Fig. 9. Effect of dosage of Ag/Fe bimetallic NPs on the
adsorption efficiency (conditions: adsorption time, 24 h;
and initial concentration, 100 mg L−1).

Fig. 10. Effect of the initial concentration of Co(II) ions on
the adsorption efficiency (conditions: adsorption time,
24 h; and dose, 1 g L−1).

Fig. 11. The reduction mechanism of Co(II) ions by Ag/Fe
bimetallic NPs.

Table 2
The electrode potentials

1
2 FeþAgþ ¼ 1

2 Fe
2þ þAg ΔEθ = 1.023 V

Fe2+ + 2e− = Fe Eθ = −0.447 V
Co2+ + 2e− = Co Eθ = −0.28 V
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