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Adsorption is a promising method for the treatment of wastewater from the dyestuff industry due to its

simplicity, high efficiency, low energy consumption and no secondary pollution. The capacity to separate

adsorbents in a timely and efficient manner is a crucial factor in industrial applications. One-dimensional

magnetic chains modified with polydopamine and in situ generated Ag nanoparticles (MC@PDA–Ag)

were fabricated as highly regenerable adsorbents for methylene blue (MB). The magnetic chains were

characterized by scanning electron microscopy, thermogravimetric analysis, Fourier transform infrared

spectroscopy, nitrogen adsorption/desorption, X-ray photoelectron spectrometry, X-ray diffraction and

magnetometry. The adsorption and catalytic degradation of MB by the materials were investigated. The

regeneration capacity of MC@PDA–Ag was also evaluated. The specific saturation magnetization of

MC@PDA–Ag is 38.2 emu g−1. The adsorption capacity of MC@PDA–Ag remained 76% of the initial value

after 12 cycles of adsorption and elution. The novel adsorbents, which integrate adsorption and catalytic

degradation, are anticipated to facilitate the development of magnetic adsorption materials for the

remediation of dye pollution.
1. Introduction

Synthetic dyes are employed in amultitude of industrial sectors,
including textiles, paper, leather manufacturing, food process-
ing, plastics, cosmetics and printing. Unfortunately, a substan-
tial amount of wastewater containing dyes is produced during
the manufacturing and utilization of dye products, which
represent the primary source of environmental pollution.1

Although the cytotoxicity, genotoxicity and carcinogenicity risks
associated with various synthetic dyes vary considerably, such
exposure has been demonstrated to have adverse effects on
human health.2 It is therefore highly important for public
health to adopt an efficient, environmentally friendly and cost-
effective treatment method for dye-containing wastewater.

A multitude of chemical, biological and physical approaches
have been proposed for the removal of dyes from wastewater.2

Adsorption is a promising approach for the removal of dyes
from wastewater and has advantages in terms of its ease of
operation, high efficiency and low energy consumption.3,4 In
recent years, polydopamine (PDA) has emerged as a biomimetic
material inspired by the mussel adhesion protein. It can be
readily deposited on a diverse range of materials.5 A signicant
number of catechol and heterocyclic nitrogen atoms in PDA can
combine with other substances through electrostatic interac-
tions, coordination or chelation, hydrogen bonding, p–p

stacking, and other functions. These interactions facilitate the
un, 336000, People's Republic of China.
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efficient adsorption of contaminants.6 Furthermore, the
reductive properties of the catechol groups enable the reduction
of Ag ions to Ag nanoparticles. Ag nanoparticles can act as
catalysts for the reduction of organic substances in the presence
of sodium borohydride (NaBH4) as an electron donor.7

In addition to adsorption capacity of the adsorbent, its
recovery performance is of critical importance for its industrial
application. The capacity of magnetic materials to migrate in
a specic direction in response to an external magnetic eld can
be harnessed to create magnetic adsorbents, which can be
employed for the magnetic separation of adsorbents. However,
the separation ofmagnetic nanoparticles from aqueous solutions
requires a robust magnetic eld. Assembling magnetic nano-
particles into magnetic microspheres has the potential to reduce
the magnetic eld strength needed, thereby improving the
separation efficiency. We employed a polymerization-induced
colloidal aggregation method to prepare magnetic urea–formal-
dehyde microspheres.8 Following silica modication, the urea–
formaldehyde resin was removed at high temperature, resulting
in the preparation of magnetic microspheres with high specic
saturation magnetization (61.38 emu g−1). The microspheres can
be rapidly separated under a magnetic eld.

Assembling magnetic particles into larger structures can
further improve the magnetic separation efficiency and reduce
separation time. In the presence of magnetic eld, magnetic
particles spontaneously arrange into one-dimensional chain
structure due to magnetic dipole–dipole interactions.9 The one-
dimensional chain structure can be stabilized by coating the
surface of the chain structure with an organic or inorganic
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra04142a&domain=pdf&date_stamp=2024-08-08
http://orcid.org/0000-0003-2193-3670
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04142a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014034


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 2
/1

1/
20

26
 7

:2
7:

11
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
shell.10,11 Nevertheless, magnetic microsphere chains with high
specic saturation magnetization for the remediation of
wastewater containing dyes have rarely been studied.

Herein, we applied a magnetic eld during the preparation
of magnetic urea–formaldehyde microspheres. This resulted in
the spontaneous assembly of the microspheres into a one-
dimensional magnetic chain with urea–formaldehyde resin
(MCUF). Following silica modication, the urea–formaldehyde
resin will be removed at high temperature to obtain magnetic
chains (MC) with high specic saturation magnetization. Then,
the synthesis of PDA-modied MC (PDA@MC) was achieved
through the oxidative self-polymerization of dopamine hydro-
chloride in an alkaline environment. The reductive properties of
the PDA shell facilitated the formation of Ag nanoparticles on
the surface of the magnetic carrier, thereby yielding MC@PDA–
Ag composites. Adsorption and degradation of MB and recy-
cling of the MC@PDA–Ag composites were achieved utilizing
the high adsorption performance of the PDA shell and the
catalytic performance of the Ag nanoparticles (Fig. 1). The
specic saturation magnetization of MC@PDA–Ag is 38.2 emu
g−1, which is a high value among micron-sized magnetic
adsorbents. The chain structure, comprising multiple magnetic
microspheres, enables rapid separation under a magnetic eld
due to the collective magnetic eld force exerted by the micro-
spheres. MC@PDA–Ag was found to exhibit dye adsorption,
separation and catalytic degradation properties. Furthermore,
the adsorption capacity of MC@PDA–Ag remained 76% of the
initial value aer 12 cycles of adsorption and elution. This study
has developed a novel adsorbent with high adsorption capacity,
rapid separation and recycling capabilities, which will promote
the industrial applications of magnetic materials in the eld of
organic pollutant treatment.
2. Experimental
2.1 Materials

Tris and urea were purchased from Sangon Biotech (Shanghai,
China). Dopamine hydrochloride, tetraethyl orthosilicate
(TEOS), silver nitrate, MB, rhodamine B (Rh B), malachite green
(MG), methyl orange (MG), sodium borohydride and Fe3O4
Fig. 1 Schematic diagram of the preparation of one-dimensional
magnetic chains modified with dopamine and in situ generated Ag
nanoparticles, which are employed as highly renewable adsorbents for
the removal of MB.

© 2024 The Author(s). Published by the Royal Society of Chemistry
nanoparticles (20 nm) were obtained from Aladdin Chemistry
(Shanghai, China). Ethanol, formaldehyde (37–40%), ammonia
(25–28%), hydrochloric acid (36–38%), nitric acid (65–68%) and
sodium hydroxide were purchased from Sinopharm Chemical
Reagent Co. (Shanghai, China). All reagents were of analytical
grade and used without further purication. Deionized water
was used in all experiments.
2.2 Preparation of magnetic chains with urea–formaldehyde
resin (MCUF)

A suspension containing 12 g of Fe3O4 nanoparticles, 1.28mL of
concentrated nitric acid and 400 mL of deionized water was
sonicated for 3 h at 70 °C with stirring. A homogeneous
colloidal solution (water-based ferrouids) was obtained aer
centrifugation at a speed of 3000 rpm for 10 min. 0.32 mL of
concentrated nitric acid, 8 mL of urea solution (0.25 g mL−1)
and 4 mL of formaldehyde solution (37%) was added to 100 mL
of water-based ferrouids. The mixture was mixed evenly by
stirring and placed in a magnetic eld at room temperature.
Magnetic microspheres with aggregated Fe3O4 nanoparticles
and urea–formaldehyde resin were subsequently formed and
lined according to the magnetic eld, which led to the forma-
tion of magnetic chains. The magnetic chains with urea–form-
aldehyde resin (MCUF) were separated with a magnet and
washed with deionized water.
2.3 Preparation of magnetic chains (MC)

0.1 g of MCUF was dispersed in 10 mL of deionized water.
Subsequently, 40 mL of anhydrous ethanol, 1 mL of ammonia,
and 0.05 mL of tetraethyl orthosilicate were added. The reaction
proceeded for 5 h under stirring. The silica-modied magnetic
chains were separated and placed in a constant-temperature
blast drying oven at 60 °C for drying. The urea–formaldehyde
resin was removed by programmed temperature-raising calci-
nation (50–500 °C, 2 °C min−1). MC with high specic satura-
tion magnetization was obtained.
2.4 Preparation of polydopamine-modied MC (MC@PDA)

0.4 g of MC was dispersed in a mixed solution of 45 mL of Tris
buffer (20 mM) and 45 mL of anhydrous ethanol. Subsequently,
0.2 g of dopamine hydrochloride in 10 mL of 50% ethanol was
added to above reaction mixture. The reaction proceeded for
a specied period of time (5, 10, 24 h) under stirring to encap-
sulate MC with a PDA shell (MC@PDA).
2.5 Preparation of MC@PDA–Ag composites

0.1 g of MC@PDA was added to 40mL of Tollens' reagent (10mg
mL−1) and stirred for 12 h. This process allowed the generation
of Ag nanoparticles in situ via the reductive capacity of the PDA
shell, thus forming MC@PDA–Ag composites. Subsequently,
the composites were washed with water and ethanol before
being subjected to drying in a constant-temperature blast dryer.
RSC Adv., 2024, 14, 24838–24844 | 24839
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2.6 Characterization

The morphologies of MC@PDA and MC@PDA–Ag composites
were observed by scanning electron microscopy (SEM) with
Phenom G2 Pro desktop scanning electron microscope (New
York, USA). The chemical compositions of the composites were
characterized by energy dispersive spectrometer. Fourier
transform infrared spectra (FTIR) of the samples were recorded
with Bruker Optics Tensor 27 spectrometer (Ettlingen, Ger-
many). Thermogravimetric analysis (TGA) was performed using
Mettler Toledo TGA/DSC 1 thermogravimetric analyzer (Zurich,
Switzerland) in air from 50 °C to 800 °C with a temperature
ramp of 10 °C min−1. The crystallinity of the MC@PDA–Ag
composites was characterized by powder X-ray diffraction (XRD)
on Shimadzu XRD-7000 X-ray diffractometer (Tokyo, Japan).
The magnetic properties were tested on Lake Shore 7410
vibrating-sample magnetometer (Maryland, USA) at room
temperature. The textural parameters of MC and MC–PDA were
determined via nitrogen adsorption/desorption using Micro-
meritics ASAP2460 adsorption analyzer (Atlanta, USA). The
specic surface area of the samples was determined using the
Brunauer–Emmett–Teller (BET) method. The surface elemental
composition and chemical binding information was charac-
terized by Thermo Fisher Scientic K-Alpha X-ray photoelectron
spectrometer (XPS) (Boston, USA). The C 1s peak at 284.8 eV was
used as a binding energy reference for handling the surface
charging effects.
2.7 Adsorption experiments

The effects of adsorption time, pH and concentrations of MB on
adsorption capacity were invested. For adsorption time, 50 mg
of MC@PDA was added to 16 mL of MB solution (pH 10,
100 mg L−1) and stirred for 20, 40, 60, 80, 100 and 120 min. For
pH, 50 mg of MC@PDA was added to 16 mL of MB solution
(100 mg L−1) with different pH and stirred for 2 h. For
concentrations of MB, 50 mg of MC@PDA was added to 16 mL
of MB solution (pH 10) with different concentrations (10, 25, 50,
75, 100, 150, 200 mg L−1) and stirred for 2 h. Aer the magnetic
composites were separated by a magnet, the changes in MB
concentration were investigated by UV absorption spectroscopy.

To evaluate the adsorption performance for different dyes,
MC@PDA–Ag was added separately to MB, Rh B, MG and MO
solutions (pH 10, 100 mg L−1) and stirred for 2 h. Aer the
magnetic composites were separated by a magnet, the changes
in dye concentration were investigated by UV absorption
spectroscopy.
Fig. 2 (a) SEM image of MC (scale: 10 mm). (b) Digital images of MC and
MC@PDA dispersion. (c) FTIR spectra of MCUF, MC and MC@PDA. (d)
Thermogravimetric analysis of MC–PDA with different dopamine self-
polymerization time. (e) Nitrogen adsorption/desorption isotherms of
MC and MC@PDA.
2.8 Catalytic degradation experiments

To clarify the catalytic degradation of MB by MC@PDA–Ag,
20 mg of MC@PDA or MC@PDA–Ag was added to 10 mL of MB
solution (10 mgmL−1). Subsequently, 0.5 mL of NaBH4 solution
(0.1 mol L−1) was added. Aer the magnetic composites were
separated by a magnet, the changes in MB concentration in the
solution were recorded.

The stability of MC@PDA–Ag in aqueous solutions with
different pH (2, 3, 7, 10, 11) was investigated. Aer dispersed in
24840 | RSC Adv., 2024, 14, 24838–24844
solutions with different pH for 24 h, 20 mg of MC@PDA–Ag was
added to 10 mL of MB solution (40 mg mL−1). Subsequently,
0.5 mL of NaBH4 solution (0.1 mol L−1) was added. The
magnetic composites were separated aer 3 min by a magnet.
The changes of MB concentration in the solution were recorded.
2.9 Recycling of the MC@PDA–Ag composites

MC@PDA or MC@PDA–Ag composites with adsorbed MB were
rstly washed with 2 mL of NaBH4 solution (1.5 mmol L−1).
Subsequently, the composites were further washed with ethanol
for 2 times. The composites were reused for MB adsorption to
assess their regeneration and recycling capacities.
3. Results and discussion
3.1 Adsorbent characteristics

The newly generated magnetic urea–formaldehyde resin
microspheres were oriented and arranged into a one-
dimensional chain structure during the synthesis in
a magnetic eld. Subsequently, the urea–formaldehyde resin
and Fe3O4 nanoparticles proceeded to aggregate on the surface
of the chain structure, resulting in the formation of MCUF.
Following silica modication, the internal urea–formaldehyde
resin of MCUF is eliminated by calcination under atmospheric
conditions, resulting in the formation of MC (Fig. 2a).

Furthermore, MC was encapsulated with a PDA shell to
obtain MC@PDA by dispersing MC in an alkaline solution of
dopamine for a period of time. In comparison to the yellowish-
brown color of the MC dispersion, the MC@PDA dispersion
appears black-brown (Fig. 2b). As shown in the FTIR spectra
(Fig. 2c), the characteristic Fe–O peak (635 cm−1) appears in all
three microspheres.12 The characteristic absorption peaks of
urea–formaldehyde resin (e.g., the C]O and C–N stretching
© 2024 The Author(s). Published by the Royal Society of Chemistry
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vibration peaks at 1640 cm−1 and 1560 cm−1, respectively) were
less intense in MC than in MCUF, indicating that high
temperature effectively removed the urea–formaldehyde resin.8

The presence of Si–O stretching (1120 cm−1) and Si–O bending
(945 cm−1)13 indicated that silica modication had occurred in
MC and MC@PDA. Following the modication of PDA onto the
silica surface,14–16 the absorption peaks of MC@PDA at
3440 cm−1, 1640 cm−1, and 1110 cm−1 exhibited a notable
increase.

As the self-polymerization time of dopamine prolongs, the
deposition of PDA on the surface of MC will increase. Ther-
mogravimetric analysis revealed that the weight loss during
heating process gradually increased with prolonged self-
polymerization time (Fig. 2d), reecting increasing specic
gravity of PDA in MC@PDA.

Fig. 2e shows the nitrogen adsorption–desorption isotherms
for MC and MC@PDA, revealing signicant variations in their
textural parameters. The MC@PDA exhibits a BET surface area
of 12.5 m2 g−1 and a total pore volume of 0.0502 cm3 g−1, which
are both smaller than those of MC (104.1 m2 g−1 and 0.3244 cm3

g−1). The pore size of MC was 147.85 Å, while the pore size of
MC@PDA decreased to 54.65 Å. The pore structure of MC is
lled with PDA during modication, resulting in decreases in
specic surface area, pore volume and pore size. Although the
specic surface area of MC@PDA decreased aer PDA modi-
cation, it is still high enough to endow MC@PDA with large
amounts of binding sites for dye adsorption.

The reducing property of PDA enabled the reduction of Ag
ions and the generation of Ag nanoparticles on the surface of
MC@PDA, thus producing MC@PDA–Ag.17 Aer high temper-
ature calcination, the urea–formaldehyde resin was removed.
The presence of Ag nanoparticles and PDA coating on the
surface of the MC@PDA–Ag particles were conrmed through
XPS analysis. The XPS survey spectrum of MC@PDA–Ag (Fig. 3a)
reveals the presence of Ag, C, N and O. Fe and Si, distributed
inside the material and coated by PDA shell, was hard to detect
Fig. 3 Survey scan XPS spectrum (a), high-resolution XPS spectra of
Ag 3d (b), C 1s (c), and N 1s (d) regions of MC@PDA–Ag.

© 2024 The Author(s). Published by the Royal Society of Chemistry
due to limited penetration depth. In the high-resolution XPS
spectrum of Ag 3d (Fig. 3b), two peaks at ∼368.02 and
∼374.02 eV could be ascribed to Ag 3d5/2 and Ag 3d3/2 respec-
tively, demonstrating the existence of Ag nanoparticles. The C
1s spectrum (Fig. 3c) can be assigned to C–C (284.79 eV), C–N
(285.58 eV), C–H (284.08 eV), C–O–C (286.38 eV) and O–C]C
(288.54 eV), respectively. The N 1s spectrum (Fig. 3d) can be
assigned to –NH2 (401.03 eV), –N–H (399.61 eV) and –N]
(398.28 eV), respectively. The XPS analysis demonstrated the
successful deposition of PDA coating and formation of Ag
nanoparticle.

XRD analysis was conducted to characterize the crystal
structure of MC@PDA–Ag. In addition to the g-Fe2O3 crystalline
phase (transformed by oxidation of Fe3O4 nanoparticles at
elevated temperatures), distinct Ag diffraction peaks were
observed in XRD pattern of MC@PDA–Ag (Fig. 4a). The particle
size of the Ag nanoparticles was 20.9 nm calculated using
Scherrer's formula. To provide a more visual characterization of
the presence of Ag nanoparticles on the surface of MC@PDA–
Ag, we analyzed the particles using SEM and EDS. The results
indicated that only minimal background signals were observed
for the elemental analysis of Ag on MC@PDA, whereas
pronounced Ag signals were evident for MC@PDA–Ag, con-
rming the presence of Ag (Fig. 4b). The magnetic properties of
the samples were quantied by means of a vibrating sample
magnetometer. MC, MC@PDA, and MC@PDA–Ag exhibited
specic saturation magnetization values of 56.9 emu g−1, 43.4
emu g−1, and 38.2 emu g−1, respectively (Fig. 4c). The chain-like
structures, comprising multiple magnetic microspheres, are
subjected to considerably stronger magnetic eld forces than
a single magnetic microsphere. This property enables these
structures to separate rapidly in a magnetic eld.
3.2 Adsorption potential for MB

MB is a synthetic dye with signicant health hazards and has
been used in a variety of industrial sectors including textiles and
paper. The discharge of wastewater containing MB without
Fig. 4 (a) XRD pattern of MC@PDA–Ag. (b) SEM/EDS analysis of
MC@PDA and MC@PDA–Ag. (c) Magnetization curve of MC, MC@PDA
and MC@PDA–Ag.

RSC Adv., 2024, 14, 24838–24844 | 24841
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effective treatment can result in signicant water pollution and
contribute to a reduction in the availability of clean water
resources.18 The potential of MC@PDA for water purication
was evaluated through the removal of MB. PDA can bind with
MB through electrostatic interactions and p–p interactions,
resulting in rapid adsorption of MB by PDA.19 As shown in
Fig. 5a, following 10 h of oxidative polymerization of dopamine
on the MC surface, the MB adsorption capacity of MC@PDA
reached 75% within 1 min and nearly 90% within 20 min. It is
evident that the adsorption capacity of MC@PDA for MB
exhibits a pronounced increase during the initial phase, fol-
lowed by a gradual acceleration until the equilibrium state is
reached aer 40 min. Despite the PDA shell of MC@PDA
became thicker as the PDA modication time increased, the
adsorption capacity of MC@PDA did not exhibit a similar trend:
themaximum adsorption capacity for MB was 38.2 mg g−1 when
the PDA modication time was 10 h. Upon prolonging the
modication time to 24 h, a pronounced reduction in the
adsorption capacity was observed. These ndings suggest that
the adsorption of MB mainly occurs on the surface of the PDA
shell. Consequently, the modication time of the PDA was set at
10 h, while the adsorption time was xed at 2 h in all subse-
quent experiments.

MB is a positively charged molecule, whereas the PDA shell
exhibits different charge states as pH changes, with an
isoelectric point of approximately 4. Consequently, the
Fig. 5 Dye removal capacity of MC@PDA and MC@PDA–Ag. (a) The
impact of dopamine self-polymerization time on adsorption capacity
of MC@PDA. (b) Structure of PDA at pH 3 and 10. The impact of pH (c)
and initial concentration of MB (d) on the adsorption capacity of
MC@PDA. (e) The adsorption capacities of MC@PDA–Ag for different
dyes. (f) The ultraviolet-visible spectra of mixtures of MB (5mg L−1) and
MO (5 mg L−1) before and after adsorption by MC@PDA–Ag.

24842 | RSC Adv., 2024, 14, 24838–24844
difference in pH inuences the electrostatic adsorption
between the two materials. Specically, the PDA surface
becomes deprotonated as the pH of the solution increases
(Fig. 5b), promoting electrostatic attraction between the posi-
tively charged MB molecules and the negatively charged PDA.
The adsorption capacity of MC@PDA for MB gradually
increased as the pH increasing within the range of 2–10
(Fig. 5c). This nding is consistent with previous studies of PDA
microspheres.19 The MB adsorption capacity of MC@PDA
increased with increasing initial MB concentration. At an initial
concentration of 200 mg L−1, the adsorption capacity reached
48.7 mg g−1 (Fig. 5d).

The dye adsorption capacity of MC@PDA–Ag towards MB,
MG, Rh B, and MO was also investigated. As shown in Fig. 5e,
the adsorption capacities are 36.64, 38.06, 7.12, and 2.92 mg
g−1, respectively. Due to the negative charge of PDA at pH 10,
MC@PDA–Ag shows higher adsorption capacity for cationic
dyes (MB, MG and Rh B) and lower adsorption capacity for
anionic dye (MO). MC@PDA–Ag could effectively adsorb MB
from mixtures of MB and MO (Fig. 5f).

3.3 Catalytic degradation of MC@PDA–Ag

Ag nanoparticles exhibit excellent catalytic properties,20

enabling the reduction of MB by NaBH4 into colorless leuco-
methylene blue (LMB) (Fig. 6a) The efficiency of MC@PDA–Ag
in catalysing the reduction of MB by NaBH4 was evaluated in
comparison to that of MC@PDA (Fig. 6b). As the duration of the
experiment increased, MB was gradually adsorbed by
MC@PDA, resulting in a concomitant decrease in the absor-
bance curve of the solution. The adsorption rate decreased as
the adsorption time increased. Aer 10min, approximately 40%
of the MB remained in solution (Fig. 6b, le). This was due to
the supercial active sites on the PDA shell of MC@PDA grad-
ually became saturated, making the subsequent adsorption
increasingly difficult. The combination of the adsorption
Fig. 6 (a) The catalytic degradation of MB by MC@PDA–Ag. (b) The
ultraviolet-visible spectra of MB following its removal by MC@PDA
(left) and MC@PDA–Ag (right). (c) Reusability of MC@PDA and
MC@PDA–Ag.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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capacity of PDA and the catalytic reduction capability of Ag
nanoparticles results in the rapid scavenging of MB by
MC@PDA–Ag. This is evidenced by the complete disappearance
of the characteristic peaks of MB within 20 s (Fig. 6b, right).
Once the MB was catalytically reduced to LMB, it will leave the
active sites of the PDA shell for decreased electrostatic adsorp-
tion. The PDA shell can continue to adsorb MB in solution. This
process was repeated until the MB in solution was completely
removed.
3.4 Reusability of MC@PDA–Ag

To circumvent the potential for secondary pollution resulting
from the direct addition of NaBH4 to wastewater, a two-step
process was employed to remove MB. Initially, MB was adsor-
bed onto MC@PDA–Ag. Aer magnetically separated and
concentrated, NaBH4 was added allowing MB catalytically
degraded by Ag nanoparticles. The elution and regeneration of
the adsorbent are achieved at the same time. The adsorption
capacity of MC@PDA–Ag remained 76% of its initial value even
aer 12 adsorption–elution cycles (Fig. 6c). Nevertheless, the
adsorption capacity of MC@PDA reduced to approximately 50%
of its original value aer 5 adsorption–elution cycles. This
suggests that the catalytic degradation capacity of Ag nano-
particles facilitates a more efficient elution of MB. Therefore,
the utilization of MC@PDA–Ag for the remediation of water
pollution not only results in the catalytic degradation of MB, but
also offers the advantage of multiple recycling capacities.
3.5 Stability of MC@PDA–Ag

PDA has high chemical stability under acidic conditions21 and
can effectively protect the internal Fe3O4 cores from etching.22

The stability of MC@PDA–Ag in solutions with different pH (2,
3, 7, 10, and 11) was tested. Aer 24 h of storage, the catalytic
degradation performance of MC@PDA–Ag towards MB (40 mg
mL−1) was evaluated. The remaining MB concentrations aer
3 min were almost the same for pH 3, 7, 10 and 11 (Table 1),
proving the stability of MC@PDA–Ag. Interestingly, when
dispersed in solution of pH 2, MC@PDA–Ag quickly aggregated.
However, aer storage for 24 h, the catalytic performance of
MC@PDA–Ag become stronger. The reason is currently unclear.
It is probably due to the faster absorption of MB and the
enhanced catalytic performance of Ag nanoparticles aer
aggregation.
Table 1 Catalytic activities of MC@PDA–Ag dispersed in solutions of
different pH

pH
MB concentration
aer degradation (mg L−1)

2 0.22
3 1.65
7 1.84
10 1.30
11 1.54

© 2024 The Author(s). Published by the Royal Society of Chemistry
4. Conclusions

One-dimensional magnetic chains were fabricated and modi-
ed with PDA, followed by in situ generation of Ag nano-
particles. MC@PDA–Ag exhibited high specic saturation
magnetization, which enabled rapid magnetic separation of
materials. The MC@PDA–Ag could be used for adsorption and
catalytic degradation of dyes, and can be reused multiple times,
rendering it an optimal candidate for use in the eld of dye
pollution treatment.
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