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ABSTRACT: We report a facile method to synthesize Fe3O4@polydop-
amine (PDA)-Ag core−shell microspheres. Ag nanoparticles (NPs) are
deposited on PDA surfaces via in situ reduction by mussel-inspired PDA
layers. High catalytic activity and fast adsorption of a model dye methylene
blue (MB) at different pH values are achieved mainly due to the presence
of monodisperse Ag NPs and electrostatic interactions between PDA and
MB. The as-prepared Fe3O4@PDA-Ag microspheres also show high cyclic
stability (>27 cycles), good acid stability, and fast regeneration ability,
which can be achieved efficiently within several minutes by using NaBH4
as the desorption agent, showing great potentials in a wide range of
applications.
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1. INTRODUCTION

Water pollution by organic contaminants has become a serious
environmental issue and received significant attention.1,2

Among many organic pollutants, it is of special importance to
solve the pollution challenges with organic dyes due to their
wide applications in industries such as printing, textile, paper,
paints, and plastics.3,4 The immoderate release of wastewater
containing organic dyes could impede sunlight penetration into
water, thus reducing the photosynthetic reaction of plants;
some synthetic dyes may cause severe health threats to human
beings.5,6 A variety of technologies have been exploited to
remove these contaminants, such as adsorption, photocatalytic
degradation, chemical oxidation, membrane filtration, floccu-
lation, and electrooxidation.4,7 Adsorption is one of the most
effective approaches for the treatment of organic dyes and is
commonly used due to its relatively low cost and easy
operation.8,9 Various kinds of adsorbents have been designed to
remove the dyes in water with considerable adsorption
capabilities, such as activated carbon,10 carbon nanotubes,11

graphene hydrogels,2,12 and metal oxide.6 Inspired by the
unique wet adhesion capability of marine mussels, polydop-
amine (PDA) has attracted strong interest as a biomimetic
polymer and a universal surface modification agent for various
materials with a broad range of applications.13,14 Recently,

PDA-functionalized hybrid nanomaterials were developed as
novel nanostructured adsorbents to remove organic dyes. Duan
et al. reported a free-standing PDA-modified graphene hydrogel
(PDA-GH) for water treatment.12 Priestley et al. designed a
novel core−shell adsorbent by converting Fe3O4@PDA into
Fe3O4@C under thermal treatment for the adsorption of
rhodamine B.15 These adsorbents demonstrated good
adsorption of organic dyes with the assistance of catechol
groups of PDA or a hydrophobic carbon layer. Despite their
considerable adsorption capabilities, many previously reported
PDA-modified adsorbents and catalyst supports are limited by
relatively long regeneration time or poor cyclic stability, which
makes it challenging to recycle and reuse the adsorbents
efficiently, further affecting their decontamination efficiencies in
dye removal.
Herein, we present a facile synthetic method of in situ

reduction to prepare core−shell Fe3O4@PDA-Ag microspheres,
where polydopamine acts as both the reducing agent and the
template for the formation of Ag nanoparticles (NPs) on the
dopamine surfaces in one step.16−18 It is well-known that
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dopamine can spontaneously self-polymerize into polydop-
amine under mild solution conditions and form an adhesive
coating layer on various substrates, as inspired by the unique
underwater adhesion properties of marine mussel foot
proteins.13,14,16 Additionally, dopamine can serve as a reducing
and capping agent to reduce noble metallic salts into metallic
NPs.15,16,19,20 Noble metal NPs are widely applied to the
catalytic reduction of methylene blue (MB), a kind of common
dye in the dye manufacturing industry, thanks to their high
catalytic activity.21,22 Thus, a facile route was developed in this
work to synthesize novel Fe3O4@PDA-Ag core−shell micro-
spheres with synergetic capabilities of high catalytic reduction
activity and fast adsorption ability for MB at different pH
values. The microspheres exhibit excellent cyclic performance
via magnetic separation and a fast regeneration rate, which can
be reused for more than 27 times by using NaBH4 as the
desorption agent, and each regeneration cycle requires only 6
min, revealing good potentials in practical applications.

2. EXPERIMENTAL SECTION
2.1. Materials. Anhydrous iron(III) chloride (FeCl3) was

purchased from Acros organics. Anhydrous sodium acetate
(NaOAc), ethylene glycol (EG), silver nitrate (AgNO3), and sodium
borohydride (NaBH4) were obtained from Fisher Scientific. Sodium
citrate (Na3Cit), dopamine hydrochloride, methylene blue (MB), and
rhodamine B (RhB) were purchased from Sigma-Aldrich. Ultrapure
water prepared with a Millipore Milli-Q water purification system
(MA, USA) was used for all experiments.
2.2. Preparation of Fe3O4@Polydopamine (PDA) Core−Shell

Microspheres. The Fe3O4 microspheres were prepared with a
modified solvothermal method.23 FeCl3 (2.6 g) and Na3Cit (1.0 g)
were dissolved in EG (80 mL) to form a clear solution. Afterward,
NaOAc (4.0 g) was added to the mixture under stirring. After the
mixture was fully dissolved, it was transferred and sealed into a Teflon-
lined stainless steel autoclave. The autoclave was heated at 200 °C for
10 h and then cooled to room temperature (25 °C). The obtained
black products were washed with ultrapure water and ethanol three
times and then dried in vacuum at room temperature. To coat Fe3O4
cores with the polydopamine shell, 80 mg of Fe3O4 and 80 mg of
dopamine hydrochloride were dissolved in 40 mL of Tris buffer
solution (10 mM, pH = 8.5). After shaking for 24 h at room
temperature, the products were separated and washed with ultrapure
water and ethanol several times.
2.3. Preparation of Fe3O4@PDA-Ag Microspheres. For the

preparation of Ag nanoparticles on PDA surfaces, Tollens’ reagent
(silver ammonia solution) was used as the Ag precursor solution. Silver
ammonia solution was prepared by adding ammonia aqueous solution
(2 wt %) into 10 mg mL−1 AgNO3 solution until brown precipitation
was just dissolved. An 80 mg portion of the as-prepared Fe3O4@PDA
microspheres was added to 40 mL of silver ammonia solution, and the
mixture was shaken in a rotary shaker for 12 h at room temperature.
The products were collected, washed with ultrapure water and ethanol
several times, and dried under vacuum. Then, Fe3O4@PDA-Ag-10
microspheres were obtained.
The same sample preparation procedure was carried out to obtain

the Fe3O4@PDA-Ag-1 and Fe3O4@PDA-Ag-5 microspheres by using
1 and 5 mg mL−1 silver ammonia solution, respectively.
For comparison, AgNO3 solution (10 mg mL−1) was also used as

the Ag source in place of silver ammonia solution following the same
procedure.
2.4. Characterizations. X-ray diffraction (XRD) patterns were

recorded on a Rigaku RU-200B X-ray diffractometer with a rotating
anode X-ray generator and Cu Kα radiation (40 kV, 110 mA). The
morphologies of microspheres were analyzed on a Philips (FEI)
Morgagni 268 transmission electron microscope (TEM) operated at
80 kV and a JEOL JEM-2200FS TEM operated at 200 kV. X-ray
photoelectron spectroscopy (XPS) was carried out on a Kratos Axis
spectrometer with monochromatized Al Kα. The C 1s peak at 284.6

eV was used to correct all XPS spectra. The UV absorption spectra of
the samples were obtained on a Thermo Scientific Evolution 300 UV−
vis spectrophotometer. Zeta potentials of the microspheres were
measured by using a Malvern Zetasizer Nano. Magnetic properties
were examined on a Quantum Design PPMS magnetometer with an
applied field between −10 000 and 10 000 Oe at room temperature.

2.5. Catalytic Reduction Experiments. A 5 mg portion of
Fe3O4@PDA-Ag microspheres was added to 10 mL of MB aqueous
solution (pH = 5.8, 40 mg L−1). Subsequently, 0.5 mL of fresh NaBH4
aqueous solution (0.1 mol L−1) was injected into the solution under
stirring. The blue color of MB gradually vanished by catalytic
reduction in the presence of reducing agents. The catalytic process was
monitored by measuring the changes in the absorbance at 665 nm with
a UV−vis spectrophotometer. In addition, RhB was used as another
model dye for catalytic reduction tests under the same procedure as
MB.

2.6. Adsorption Experiments. A 5 mg portion of Fe3O4@PDA-
Ag microspheres was added into 2 mL of MB aqueous solution (pH =
5.8, 4 mg L−1) under constant stirring at room temperature. UV−vis
absorption spectra of MB at different intervals were recorded to
monitor the adsorption process. At the end of adsorption, the
adsorbents were separated from the solution with an external magnet.
The recycled adsorbents were first washed with fresh NaBH4 aqueous
solution (2 mL, 1.5 mmol L−1) and then washed with ethanol and
ultrapure water three times before the next desorption−adsorption
cycle. RhB was also used as a model dye for adsorption tests under the
same condition as MB.

2.7. Stability Tests. A 5 mg portion of Fe3O4@PDA microspheres
was dispersed in 10 mL of ultrapure water and stored for half a year to
test the stability of the PDA layer in aqueous solution. A 5 mg portion
of Fe3O4@PDA-Ag-10 microspheres were dispersed in 10 mL of
hydrochloric acid solution at pH 2 and pH 3 for 24 h to test the acid
stability of the sample. After the stability tests, the acid solution was
separated from the solid samples, and atomic absorption spectroscopy
(AAS) was used to determine the concentrations of Fe3+/Fe2+ and Ag+

possibly present in the acid solution.

3. RESULTS AND DISCUSSIONS

3.1. Synthesis and Characterizations of Materials.
Typically, Fe3O4 microspheres were first synthesized through a
solvothermal method in ethylene glycol using anhydrous FeCl3
as a single iron source. Afterward, Fe3O4 microspheres were
mixed with dopamine solution (10 mM Tris, pH 8.5), resulting
in Fe3O4@PDA core−shell microspheres with uniform PDA
thin layers outside. Tollens’ reagent (silver ammonia solution)
was then added to the mixture and was in situ reduced by the
PDA shell, leading to the deposition of Ag NPs on the shell
surface (Figure 1a).
The morphology of the Fe3O4 core, Fe3O4@PDA, and

Fe3O4@PDA-Ag-10 core−shell microspheres was characterized
by TEM. The as-prepared Fe3O4 cores have a mean size of
about 500 nm (Figure 1b). The thin PDA shell layers formed
around the Fe3O4 cores show an average thickness of about 20
nm (Figure 1c), displaying a distinct core−shell structure.
Figure 1d exhibits that the small Ag NPs (∼25 nm) are densely
and uniformly distributed on the PDA surface. It should be
noted that modifying the concentrations of silver ammonia
solution did not lead to any significant change of the size of Ag
NPs (Figure S1 in the Supporting Information). The high-
resolution TEM image of the Ag NPs (Figure 1e) shows that
the interfringe distance of Ag NPs is measured to be 0.24 nm,
which could be assigned to the {111} crystal planes of fcc Ag.18

Furthermore, the nanobeam electron diffraction pattern (NBD)
confirms the crystalline nature of metallic Ag NPs (Figure S2,
Supporting Information). Figure S3a (Supporting Information)
is the XRD of the obtained product. All the diffraction peaks
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can be indexed to Fe3O4 (JCPDS 19-0629) and Ag (JCPDS 04-
0783), confirming the formation of Ag NPs on the surface of
Fe3O4@PDA particles. Figure S3b (Supporting Information)
depicts the Ag 3d X-ray photoelectron spectroscopy (XPS) of
Fe3O4@PDA-Ag. The XPS peaks at 368.1 and 374.1 eV can be
assigned to Ag 3d5/2 and Ag 3d3/2, which are close to the typical
binding energy of metallic Ag,24 confirming the formation of Ag
NPs at surfaces of Fe3O4@PDA particles. For comparison,
AgNO3 solution was also used as the Ag source for the
deposition of Ag NPs. Figure S4 (Supporting Information)
reveals the low loading amount and large size of the obtained
Ag NPs.
Figure 2 shows the magnetic hysteresis loop of Fe3O4@PDA-

Ag-10 core−shell microspheres at room temperature. The
saturation magnetization value (Ms) was measured to be 45.5
emu g−1. It should be noted that almost no hysteresis loops
were found in the magnetization curve, suggesting the
superparamagnetism of Fe3O4@PDA-Ag-10 core−shell micro-
spheres. Owing to the high magnetization values and
superparamagnetic characteristics, the Fe3O4@PDA-Ag-10
core−shell microspheres can be magnetically separated from
aqueous solution within a few seconds and redispersed well
once the magnet is removed, rendering them economic and
reusable for various applications (see the video in the
Supporting Information).
3.2. Catalytic Reduction Tests. It has been long identified

that Ag NPs show excellent catalytic activity and selectivity on
many catalytic reactions.25,26 Herein, the catalytic reduction of
MB by NaBH4 was used as a model reaction to investigate the

catalytic performance of Fe3O4@PDA-Ag-10 core−shell micro-
spheres This reaction can be monitored by the color bleaching
of MB solution after the addition of the catalysts and an excess
amount of NaBH4, as indicated by the gradual decrease in the
maximum absorbance values (λmax = 665 nm) with time in the
UV−vis spectra. As shown in Figure 3a, the adsorption peak at
λmax gradually decreases with respect to reaction time,
indicating the reduction of MB by Fe3O4@PDA-Ag. To clarify
the catalytic effect of Ag NPs, a control experiment was
conducted by using Fe3O4@PDA as the catalysts. To elucidate
the reaction mechanism, the concentration of NaBH4 could be
considered as constant throughout the reaction since it was in a
great excess (0.1 M). Therefore, pseudo-first-order kinetics with
regard to the catalytic reduction of MB, described as ln(Ct/C0)
= −kt, can be applied, where Ct is the concentration of MB at
time t, C0 is the initial concentration of MB, and k is the rate
constant.27 Figure 3b reveals the linear relationship between
ln(Ct/C0) and the reaction time t (C0 = 40 mg L−1, VMB = 10
mL). The rate constant k of MB catalytic reduction is calculated
to be 0.430 min−1 at 25 °C for the case with Fe3O4@PDA-Ag-
10 core−shell microspheres, whereas, as expected, Fe3O4@
PDA has little catalytic activity with a rate constant of 0.005
min−1 (Figure 3b). When the initial amount of MB solution
was reduced to half (i.e., 5 mL), the reaction could be quickly
completed within 20 s with the same amount of catalyst and
NaBH4 (Figure 3c). It should be noted that, despite the
comparatively higher concentration of MB solution (C0 = 40
mg L−1) used in the current work, the bleaching rate is
considerably higher than the rates reported previously under
similar experimental conditions with Ag NPs.20,21 This
outstanding catalytic performance could be ascribed to the
relatively smaller size and higher loading amount of Ag
nanoparticles in our developed Fe3O4@PDA-Ag-10 core−shell
microspheres. By delicately choosing AgNO3 as the Ag source,
the Fe3O4@PDA-Ag microspheres with larger sizes of Ag NPs
were prepared (TEM images shown in Figure S4, Supporting
Information). Compared with Fe3O4@PDA-Ag-10 using silver
ammonia as the Ag source (Figure 3c), it shows relatively lower
catalytic activity (Figure 3d) mainly due to the decrease of
active sites for catalytic reaction on larger Ag NPs. To
investigate the impact of the content of Ag NPs on the catalytic
activity of Fe3O4@PDA-Ag, two lower concentrations of silver
ammonia solution (1 and 5 mg mL−1) were used to prepare
Fe3O4@PDA-Ag-1 and Fe3O4@PDA-Ag-5, respectively. It

Figure 1. (a) Scheme of synthesis route of Fe3O4@PDA-Ag core−
shell microspheres. TEM images of (b) Fe3O4 core microspheres and
(c) Fe3O4@PDA core−shell microspheres. The inset is a higher-
magnification image of the dopamine shell layer of Fe3O4@PDA
core−shell microspheres. (d) Fe3O4@PDA-Ag-10 core−shell micro-
spheres. (e) HRTEM image of Ag NPs enclosed by the red rectangular
area in (d). The inset is the enlarged image of the white rectangular
area in (e).

Figure 2. Magnetic hysteresis loop of Fe3O4@PDA-Ag-10 micro-
spheres. The inset photographs: separation of Fe3O4@PDA-Ag-10
microspheres from aqueous dispersion using an external magnet.
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should be noted that increasing the concentrations of silver
ammonia solution did not lead to significant change in the size
of Ag NPs but could enhance the loading content of Ag NPs
(Figure S1, Supporting Information), resulting in better

catalytic performance as shown in Figure S5 (Supporting

Information).
To evaluate the pH effect of the MB solution on the catalytic

activity of Fe3O4@PDA-Ag-10 microspheres, MB solutions

Figure 3. (a) Successive UV−vis spectra for catalytic reduction of MB aqueous solution (40 mg L−1) by NaBH4 and Fe3O4@PDA-Ag-10 core−shell
microspheres. (b) First-order kinetics plot of catalytic reduction of MB in the presence of Fe3O4@PDA and Fe3O4@PDA-Ag-10 core−shell
microspheres. Successive UV−vis spectra for MB (40 mg L−1) catalytic reduction by NaBH4 and Fe3O4@PDA-Ag core−shell microspheres prepared
by using (c) 10 mg mL−1 silver ammonia solution and (d) 10 mg mL−1 AgNO3 as the Ag source, respectively.

Figure 4. Successive UV−vis spectra for catalytic reduction of MB aqueous solution (40 mg L−1) by NaBH4 and Fe3O4@PDA-Ag-10 core−shell
microspheres at (a) pH 3, (b) pH 7, and (c) pH 9. Successive UV−vis spectra for the adsorption of MB aqueous solution (4 mg L−1) by Fe3O4@
PDA-Ag-10 core−shell microspheres at (d) pH 3, (e) pH 7, and (f) pH 9.
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with three different pH values (pH 3, 7, 9) were used for the
tests. Figure 4a−c shows that there is no significant change on
the catalytic activity of Fe3O4@PDA-Ag-10 under different pH
conditions, which implies that the high catalytic activity of the
microspheres could withhold in various solution conditions of
different pHs.
Additionally, the catalytic activity of Fe3O4@PDA-Ag-10

microspheres on another model organic dye, RhB, was also
tested. Figure S6 (Supporting Information) reveals that the
maximum absorbance value at λmax = 554 nm of RhB decreases
with reaction time, which demonstrates that Fe3O4@PDA-Ag is
also able to catalyze the reduction of RhB with NaBH4. The
catalytic reaction could be completed within 9 min, as efficient
as a previous report employing Ag/SBA-15 as the catalyst26

despite the comparatively higher concentration of RhB solution
in this work. Therefore, the Fe3O4@PDA-Ag core−shell
microspheres exhibit the potential application as an effective
catalyst for the reduction of various organic dyes.
The above results reveal the high catalytic performance of

Fe3O4@PDA-Ag core−shell microspheres, which are most
likely attributed to the strong binding between the PDA layer
and the Ag NPs due to the strong metal coordination ability of
the catechol groups in the PDA layer.19,28,29

3.3. Adsorption Tests. Another interesting feature of an
Fe3O4@PDA-Ag microsphere is that it shows efficient
adsorption of organic dyes in addition to the high catalytic
activity. Again, MB was chosen as a model dye for the

adsorption test. UV−vis spectroscopy was applied to monitor
the adsorption process of MB after adding Fe3O4@PDA-Ag-10
core−shell microspheres under stirring at ambient temperature.
As shown in Figure 5a, the intensity of the adsorption peak at
λmax dropped drastically within 20 s after the adsorbents were
added, and the adsorption peak finally vanished after 500 s,
indicating their rapid adsorption of MB. Figure 5b demon-
strates that the adsorption performance of Fe3O4@PDA is
similar to that of Fe3O4@PDA-Ag-10, whereas Fe3O4 shows
much lower adsorption capability. Consequently, the remark-
able adsorption rate can be ascribed to the presence of the PDA
layer. Because of the well-known reducing ability of PDA to
many metallic ions,15,16,19,20 a control experiment was carried
out to rule out the possibility of the reduction of MB by the
PDA layer. The UV−vis spectra of the resultant solution after
adsorption by Fe3O4@PDA microspheres and the catalytic
reduction product catalyzed by Fe3O4@PDA-Ag microspheres
were examined. The results are shown in Figure S7 (Supporting
Information), from which it was found that the catalytic
reduction product (leucomethylene blue) exhibits a very strong
UV−vis absorption peak at 256 nm, indicating the characteristic
aromatic structure of the reduced MB,30−32 whereas the UV−
vis spectra of the solution after adsorption exhibit no
absorption peak at 256 nm. Additionally, the Fe3O4@PDA-
Ag-10 microspheres also exhibit some adsorption behavior on
RhB with a removal efficiency of ∼50% in less than 10 min, as
shown in Figure S8 (Supporting Information).

Figure 5. (a) Successive UV−vis absorption spectra of MB aqueous solution (4 mg L−1) in the presence of Fe3O4@PDA-Ag-10 core−shell
microspheres. (b) Adsorption rate curves of MB after the addition of different adsorbents. (c) The recyclability of Fe3O4@PDA-Ag-10 microspheres
for the adsorption of MB. (d) UV−vis adsorption spectra of MB solution in the presence of adsorbents regenerated with different desorption agents
after one cycle: NaBH4 solution first, and then water and ethanol (blue curve), only with water and ethanol (red curve), and initial MB solution
(black curve). Inset in (a) shows the color change of MB solution with time after the addition of Fe3O4@PDA-Ag-10 microspheres.
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The possible adsorption mechanism could be the synergistic
effects of electrostatic interaction, π−π interaction, and
hydrogen bonding between PDA layers and organic dyes.12

The zeta potential of Fe3O4@PDA-Ag-10 at pH 5.8 was
determined to be about −45 mV (Figure S9, Supporting
Information), suggesting strong electrostatic interactions with
positively charged MB (Figure S10, Supporting Information).
To confirm the presence of electrostatic interactions between
the PDA layer and MB, the effect of pH on the adsorption
behavior of Fe3O4@PDA-Ag-10 was investigated. Although it
was found that the catalytic activity of Fe3O4@PDA-Ag-10
microspheres does not change with pH, the adsorption
performance of the microspheres improves with increasing
solution pH (Figure 4d−f). Figure 4d−f shows that the
Fe3O4@PDA-Ag-10 microspheres adsorb MB faster at higher
pH, which is most likely attributed to the stronger electrostatic
interactions between the microspheres and MB under higher
pH, as confirmed by zeta potential measurement of Fe3O4@
PDA-Ag-10, which becomes more negatively charged at higher
pH (Figure S9). According to the previous results, the
magnetically separable Fe3O4@PDA-Ag microspheres can be
used as a kind of promising efficient adsorbent in wastewater
treatment.
The recyclability of the adsorbents was also evaluated. Figure

4c shows that the Fe3O4@PDA-Ag microspheres could be
recycled and reused for at least 27 times with a stable
adsorption of more than 90%, which is better than the recycle
performance of Fe3O4@C nanocomposites27 and graphene or
graphene oxide based hydrogels.5,12 Moreover, the recycle
process of the novel Fe3O4@PDA-Ag materials can be
completed in several minutes, faster than the regeneration of
hydrogel reported previously, which typically lasts more than
30 min.12,21

According to the UV−vis absorption spectra of Figure 5d, it
should be also noted that only 60% of the adsorbed MB can be
removed from the adsorbents under the conventional
regeneration procedure (viz. using water and ethanol), as
compared with almost 100% removal by the addition of small
amounts (2 mL) of NaBH4 solution (1.5 mM) ahead of water
and ethanol. The removal efficiency is described as X% = 1 −
Ct/C0 = 1 − It/I0, where X% is the removal efficiency on MB,
C0 and Ct are the concentrations of MB before and after
adsorption by Fe3O4@PDA-Ag, respectively, and I0 and It are
the intensities of the absorption peak at 665 nm of MB before
and after adsorption by Fe3O4@PDA-Ag, respectively. The
addition of a small amount of NaBH4 can significantly facilitate
the removal of MB on Fe3O4@PDA-Ag microspheres via a
catalytic process, in which the Fe3O4@PDA-Ag microspheres
perform as an electron relay system.33,34 Firstly, NaBH4 and
MB were adsorbed onto the surface of Ag NPs to initiate the
catalytic reaction. When the reaction was over, the reduced MB
(viz. leucomethylene blue, pKa = 5.830) could be spontaneously
desorbed or removed from the surface of Ag NPs and diffused
into the solution due to decreased electrostatic interactions
between PDA layers and reduced MB after adding NaBH4
solution (pH 9.4).27,35 Therefore, the reduced MB could be
easily washed away by the addition of ethanol and water
consequentially. The presence of reduced MB solution in the
catalytic reduction could be confirmed by the forementioned
UV−vis spectra (Figure S7, Supporting Information). The
UV−vis spectra of the catalytic reduction product exhibits a
characteristic absorption peak at 256 nm, which corresponds to
the aromatic structure of the reduced MB.30−32 The whole

regeneration process is time-efficient (∼6 min), and the
adsorbents can be easily separated from the reduced MB
solution under an external magnetic field (see the video in the
Supporting Information). The excellent recyclability and
efficient regeneration of the adsorbents might be attributed to
the stabilizations of the Ag NPs by PDA layers, which prevent
reduction in activity due to the coagulation of Ag NPs.15 Our
results suggest that the Fe3O4@PDA-Ag materials could be
more favorable for practical use in wastewater treatment over
conventional adsorbents in terms of long reusability and fast
regeneration rate.

3.4. Stability Tests. The good stability of Fe3O4@PDA-Ag
microspheres is a critical factor for their practical applications.
There are two possibilities that will influence the stability of our
developed materials: degradability of PDA layers in the aqueous
solution and acid etching of Fe3O4. In this work, the long-term
stability of PDA films in aqueous solution was first investigated.
As shown in Figure 6a, even after half a year of soaking in

aqueous solution, the distinct PDA layers were still stably
coated on the Fe3O4 cores with a thickness of ∼20 nm and the
same morphology as the fresh Fe3O4@PDA samples shown in
Figure 1c, indicating the good stability of the PDA layer in an
aqueous environment over a reasonably long period of time.
Meanwhile, due to the fact that Fe3O4 microspheres could be
easily etched under acid conditions, the acid stability of
Fe3O4@PDA-Ag-10 was also tested under a strong acid
environment (pH 2 and pH 3) for over 24 h. The TEM
images (Figure 6b,c) show that the Fe3O4@PDA-Ag-10
microspheres still maintain the core−shell structure under the
strong acid conditions. Furthermore, the AAS results (Table 1)
confirm that the Fe3O4@PDA-Ag-10 can withstand the strong
acid condition, and there were only about 1% (w/w) of the
leakage of Fe3+/Fe2+ and almost no leakage of Ag+ into the
solution over 24 h. Therefore, the robust PDA layer could
effectively protect the Fe3O4 cores and bind the Ag NPs under
strong acid conditions and show good stability in practical
applications.

4. CONCLUSION
In conclusion, a facile, in situ, and efficient approach was
demonstrated for the preparation of Fe3O4@PDA-Ag core−
shell microspheres. These Ag-immobilized microspheres show
excellent catalytic capabilities on the reduction of a model
organic dye MB with NaBH4 as well as fast adsorption/removal
rate of MB from aqueous solutions at different pH values. The
remarkable catalytic reduction and adsorption performance can
be attributed to the monodisperse Ag NPs and mussel-inspired
PDA layers coated on the magnetic microspheres. More
importantly, the as-prepared Fe3O4@PDA-Ag microspheres
exhibit excellent reusability for at least 27 cycles and fast

Figure 6. TEM images of (a) Fe3O4@PDA microspheres dispersed in
aqueous solution for half a year, (b) Fe3O4@PDA-Ag-10 microspheres
dispersed in acid solution with pH 2 for 24 h, and (c) Fe3O4@PDA-
Ag-10 microspheres dispersed in acid solution with pH 3 for 24 h.
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regeneration by using NaBH4 via a unique desorption
mechanism of the catalytic process. The superparamagnetic
properties of the Fe3O4@PDA-Ag microspheres enable them to
be easily recovered for reuse under an external magnetic field.
Additionally, the Fe3O4@PDA-Ag microspheres possess good
stability under strong acid conditions and can keep in the
aqueous solution over long periods of time. The versatile
mussel-inspired PDA polymer coatings on the Fe3O4@PDA-Ag
microspheres also allow the further surface functionalization for
the development of multifunctional adsorbent materials. Our
results suggest that the Fe3O4@PDA-Ag materials developed
have great potential applications in catalysis and wastewater
treatment.
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