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• A magnetic sponge carbon (MSC) is pre-
pared by one-step pyrolysis method.

• FeMSC is saturated in 10 min and has an
adsorption capacity of up to 369 mg/g.

• MSC has an excellent anti-interference
ability under different conditions.

• Magnetism can not only enhance MPs ad-
sorption, but also facilitate the separation.

• DFT calculation shows that Fe-doping can
form chemisorption to enhance adsorp-
tion.
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Microplastic pollution control has always been a thorny problem all over the world. Magnetic porous carbonmaterials
have shown a good development prospect in microplastic adsorption due to their excellent adsorption performance
and easy magnetic separation from water. However, the adsorption capacity and rate of magnetic porous carbon on
microplastics are still not high, and the adsorptionmechanism is not fully revealed, which hinders its further develop-
ment. In this study,magnetic sponge carbonwas prepared using glucosamine hydrochloride as the carbon source,mel-
amine as the foaming agent, iron nitrate and cobalt nitrate as themagnetizing agents. Among them, Fe-dopedmagnetic
sponge carbon (FeMSC) exhibited excellent adsorption performance for microplastics due to its sponge-like morphol-
ogy (fluffy), strong magnetic properties (42 emu/g) and high Fe-loading (8.37 Atomic%). FeMSC could adsorb to sat-
uration within 10 min, and the adsorption capacity of polystyrene (PS) reached as high as 369.07 mg/g in 200 mg/L
microplastic solution, which was almost the fastest adsorption rate and highest adsorption capacity reported so far in
the same condition. The performance of the material against external interference was also tested. FeMSC performed
well in a wide pH range and different water quality, except in the strong alkaline condition. This is because the surface
of microplastics and adsorbents will have many negative charges under strong alkalinity, significantly weakening the
adsorption. Furthermore, theoretical calculations were innovatively used to reveal the adsorption mechanism at the
molecular level. It was found that Fe-doping could form chemisorption between PS and the adsorbent, thereby
significantly increasing the adsorption energy between the adsorbent and PS. The magnetic sponge carbon prepared
in this study has excellent adsorption performance for microplastics and can be easily separated from water, which
is a promising microplastic adsorbent.
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1. Introduction

Microplastics (MPs) are new global pollutants that are ubiquitous in soil
(Nizzetto et al., 2016), water (Alimi et al., 2018), and the atmosphere
(Revell et al., 2021), which have attracted worldwide attention since this
concept was introduced in 2004 (Thompson et al., 2004). MPs have the
characteristics of complex morphology, good stability, long residence
time and good adsorption performance (Andrady, 2011). Although many
MPs are not toxic, their excellent adsorption properties determine that
they will adsorb a large number of toxic substances, which will bring
greater harm to the environment (Hirai et al., 2011). In recent years,
many studies have shown that MPs in water have a negative impact on ma-
rine ecosystems, lakes, rivers, reservoirs, and even polar glaciers (Horton
et al., 2017; Kokalj et al., 2018; Lebreton et al., 2017; Lei et al., 2018). As
one of the largest gathering places of MPs, a large number of microplastics
flow into the ocean every year. It is easy for marine organisms to ingest
MPs, which migrate and accumulate within the body, posing a significant
threat to the health of marine organisms (Kokalj et al., 2018; Lei et al.,
2018). In addition to marine ecosystems, lakes are also short-term gather-
ing places for MPs (Horton et al., 2017). As the main transport channel
for all kinds of MPs into lakes and oceans, rivers also enrich more
microplastics (Lebreton et al., 2017). Lakes and rivers, as important
drinking water sources, also bring many microplastics into drinking
water. A study has shown that MPs have been found in human blood
vessels for the first time, and the content of polystyrene (PS) accounts for
36 % of the total (Leslie et al., 2022). It is estimated that each person
will consume about 0–4700 MPs particles from drinking water every
year (Zhang et al., 2020). Although there is no research report
indicating the specific impact of MPs on the human body,many researchers
generally believe that MPs pose a potential threat to the human body
(Wright and Kelly, 2017). Therefore, the detection and control of MPs in
water are imperative. At present, the common technologies for removing
MPs from water include flocculation sedimentation, filtration, adsorption
and flotation (Andersen et al., 2021; Bannick et al., 2019; Chen et al.,
2022; Ren et al., 2021). Adsorption technology is considered one of the
most promising control measures for MPs in water due to its low cost,
good removal performance, and low implementation difficulty (Chen
et al., 2022).

Over the years, the development of MPs adsorption materials has been
remarkably rapid. MPs adsorbents mainly include porous carbon materials
(Wang et al., 2021), sponges/aerogels (Sun et al., 2020), metal hydroxides
(Peng et al., 2022), zeolites (Zhao et al., 2022) and metal organic frame-
works (MOFs) (Chen et al., 2020). Magnetic carbon materials have been
widely used in removing MPs in recent years due to their high adsorption
efficiency and the advantages of magnetic separation. The iron-modified
magnetic biochar prepared by Singh et al. (2021) showed excellent adsorp-
tion performance on three kinds of nanoplastics (NPs), with an adsorption
capacity of up to 290 mg/g. A similar Mg/Zn modified magnetic biochar
also has good adsorption performance onMPs, with amaximum adsorption
capacity of 226mg/g (Wang et al., 2021). However, it takes 60min to reach
saturation adsorption, which will hinder its further application. In addition
tomagnetic biochar, magnetic carbon nanotubes also have good adsorption
properties for MPs. The commercial carbon nanotube modified by
FeCl3·6H2O also has an adsorption capacity of up to 1650 mg/g in 5 g/L
MPs solution (Tang et al., 2021). Nevertheless, like the magnetic biochar
above, the adsorption rate of magnetic carbon nanotubes is very low, and
it takes 300 min to saturate. Therefore, it is necessary to develop further
magnetic carbon materials with better MPs adsorption performance, espe-
cially magnetic carbon materials with excellent MPs adsorption kinetic
characteristics.

A clear adsorption mechanism between adsorbent and MPs is essential
for designing and modifying subsequent adsorbents. However, the adsorp-
tion mechanism between magnetic carbon materials and MPs has yet to be
clearly proposed. Singh et al. (2021) found that the adsorption mechanism
between magnetic biochar and PS was mainly electrostatic interaction
through Zeta potential, and also, there was surface complexation through
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FTIR characterization. Wang et al. (2021) further proposed that this surface
complexation is mainly formed by forming the chemical bond of metal-O-
PS between magnetic biochar and PS. Tang et al. (2021) also pointed out
that in addition to the above interactions, adsorption mechanisms such as
π–π interaction and hydrogen bond interaction exist. Although so many
mechanisms have been proposed, most are general or just reasonable spec-
ulation based on experiments, lacking theoretical support. Therefore, it is
very meaningful to systematically and deeply reveal the adsorption mecha-
nism between MPs and adsorbents.

In this study, a kind of magnetic sponge carbon material was prepared
using glucosamine hydrochloride as a carbon source and melamine as a
foaming agent. The physicochemical properties of the materials were stud-
ied in detail by Scanning ElectronMicroscope (SEM), Fourier Transform In-
frared (FTIR) spectrum, Vibrating Sample Magnetometer (VSM), X-ray
Photoelectron Spectroscopy (XPS), Zeta potential and other characteriza-
tion methods. Then, a series of adsorption experiments were carried out
with fluorescence technology as the detection method and PS as the repre-
sentative ofMPs. In order to test the adsorption performance of thematerial
in the actual water, different pH water and different actual water were se-
lected for testing. The recycling characteristics of the materials were also
studied by multiple washing and desorption with ethanol. Furthermore,
the adsorption mechanism between magnetic sponge carbon material and
MPs was innovatively analyzed by establishing a reasonable theoretical
model at the atomic level. In short, a new preparation method of magnetic
carbon materials with fast and efficient adsorption of MPs was proposed,
and the systemic and thorough mechanism for MPs adsorption was re-
vealed. It has a certain value for the design and development of MPs
adsorbents.

2. Material and methods

2.1. Materials

Fe(NO3)3·9H2O (AR, 98.5 %), Co(NO3)2·6H2O (AR, 99.0 %), Melamine
(99 %) were purchased from Shanghai Macklin Biochemical Technology
Co., Ltd. Glucosamine hydrochloride (GAH, AR, 98.0 %) was purchased
from Shanghai Dibo Biotechnology Co., Ltd. Commercial activated carbon
(AC) was obtained from China Everbright Environment Co., Ltd. Green
fluorescence PS microspheres (1 %, 1 μm, Excitation wavelength 488 nm,
Emission wavelength 523 nm) were obtained from Feynman Nanomateri-
als Technology Co., Ltd.

2.2. Preparation of magnetic carbon materials

In this study, Fe-doped magnetic sponge carbon (FeMSC) was prepared
using melamine as the foaming agent, GAH as the carbon source, and Fe
(NO3)3·9H2O as the magnetizing agent by our previously proposed one-
step pyrolysis method (Lu et al., 2021). The specific preparation process
is as follows: First, 40 g of melamine was magnetically stirred for 10 min
until completely dispersed in 350 mL of deionized water. Then, 1 g GAH
and 0.95 g Fe(NO3)3·9H2O were added to the solution in turn and dried
in a 90 °C oil bath with stirring until the water completely evaporated.
The driedmixturematerial is ground and loaded into a crucible. In amuffle
furnace under the N2 atmosphere, the temperature was raised to 600 °C at
3 °C/min and held for 1 h. Subsequently, the temperature continued to rise
to 900 °C at 3 °C/min andmaintained for 1 h. Finally, the carbonized mate-
rial was washed with deionized water for 12 h, filtered and dried to obtain
the FeMSC. In the above preparation process, if the Fe(NO3)3·9H2O is re-
placed with Co(NO3)2·6H2O, the Co-doped MSC (CoMSC) can be obtained.
In addition, the Fe-doped magnetic commercial activated carbon (FeMAC)
was prepared as a comparison. First, 3 g AC and 3 g Fe(NO3)3·9H2O were
sequentially added to 100 mL of deionized water. The mixture was then
dried by stirring in a 90 °C oil bath. The dried mixture was heated to
900 °C at 10 °C/min under the N2 atmosphere and held for 1 h. Themagne-
tized material was washed with water, suction filtered and dried to obtain
FeMAC.
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2.3. Characterization of materials

Thematerials' surface topography and energy dispersion spectrummap-
ping were obtained using a ZEISS sigma 300 scanning electron microscope
(SEM) at 3 kV and 15 kV. Goldwas sprayed for 45 s with anOxford Quorum
SC7620 sputter coater to reduce the influence of magnetism. The N2 ad-
sorption and desorption isotherms of magnetic materials at 77 K were mea-
sured using American Micromeritics ASAP 2460, which can be used to
analyze the pore structure of the materials. All materials need to be
degassed under 120 °C vacuum for 12 h before testing. The Fourier trans-
form infrared (FTIR) spectra before and after adsorption of magnetic mate-
rials were obtained by ThermoScientificNicolet iS5. The hysteresis loops of
the material were tested with a LakeShore 7404 vibrating sample magne-
tometer (VSM). X-ray photoelectron spectroscopy (XPS) was measured by
Thermo Scientific K-Alpha at 12 kV. And narrow-spectrum scans were
also performed for C, O, N, Fe, and Co. To study the effect of different pH
on the adsorption performance, the Zeta potential of MPs and FeMSC at dif-
ferent pH was tested with Malvern Zetasizer Nano ZS90, and each sample
was tested in triplicate.

2.4. Adsorption experiment of MPs

In a typical adsorption experiment, 20mL ofMPswith an initial concen-
tration of 50mg/Lwere prepared in a 50mL centrifuge tube. 10mg ofmag-
netic carbon material was added to the above solution and adsorbed for
10 min on a flip mixing apparatus (Mixer-LM 1, LICHEN, China). The mag-
netic carbon material was then separated from the solution with a strong
magnet. The intuitive adsorption and separation processes are shown in
Fig. S1. The separated solution was used to measure the concentration
using the quantitative analysis module of the fluorescence spectrometer
(F97, Lengguang Technology, China). The calibration curve between fluo-
rescence intensity and PS concentration on the fluorescence indexer is
shown in Fig. S2, and the correlation R2 is as high as 0.9997. Therefore, it
is completely feasible to measure the concentration of PS by fluorescence
intensity. It should be noted that since AC is non-magnetic, it is difficult
to separate it from water, and the measured AC adsorption amount has a
significant error. So apart from the adsorption capacity, other adsorption
characteristics of AC have not been studied.

The adsorption experiments were carried out on different adsorbent
dosages (5 mg, 10 mg, and 15 mg), different adsorption time (0.5 min,
1 min, 3 min, 5 min, 10min, 15min, and 20min), differentMPs concentra-
tion (25mg/L, 50mg/L, 100mg/L, 150mg/L, and 200mg/L), different pH
(pH = 3, 5, 7, 9 and 11) and various water quality (deionized water, tap
water, river water, lake water and seawater). In addition, the cyclic adsorp-
tion performance of the magnetic material was also investigated. Because
the magnetic carbon material has weak adsorption to PS in ethanol (as
seen in Section 3.3), the material was washed three times with ethanol
for separation. After the material was dried, re-adsorption was done using
the method mentioned above.

The calculation equations of adsorption efficiency (ηe, %) and adsorp-
tion capacity (qc, mg/g) are as follows:

ηe ¼
C0 � C1

C0
� 100% (1)

qc ¼
C0 � C1ð Þ � V

m
(2)

where C0 (mg/L) and C1 (mg/L) are the initial and post-adsorption concen-
trations of MPs, respectively. V (mL) is the volume of the MPs solution, and
m (mg) is the mass of the magnetic carbon material.

2.5. Computational details

The adsorption mechanism was studied at the atomic and molecular
level by taking Fe-doped carbon as an example. Referring to the research
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of Han et al. (2022), the FTIR and XPS characterization of this study,
three carbon models were selected as shown in Fig. S3a–c, namely pristine
carbon, Fe\\O carbon, and Fe\\N carbon. The PS model of Fig. S3d was
used when calculating the adsorption of PS on carbon materials.

All structural optimizations, vibrational analyses, single-point calcula-
tions, etc., are performed on the quantum chemistry package ORCA
(Neese, 2012, 2018). The version used in this study was ORCA 5.0
(Neese, 2022). To simulate a more realistic environment, the Solvation
Model Based on Density (SMD) implicit solvent model was added to all cal-
culations to account for solvent effects (Marenich et al., 2009). Structural
optimization and vibration analysis of all models were performed at the
r2SCAN-3c (Grimme et al., 2021) level, which is a combinatorial method
with basis sets and DFT-D4 correction (Grimme et al., 2010). Single-point
calculations use the higher-level RI-wB97M-V/def2-TZVP (Mardirossian
and Head-Gordon, 2016; Weigend and Ahlrichs, 2005). The ORCA input
generation, wavefunction analysis, etc., are done by Multiwfn3.8 (Lu and
Chen, 2012). The interactions in adsorption, including covalent bonds,
weak interactions, and other interactions, were investigated using the Inter-
action Region Indicator (IRI) method (Lu and Chen, 2021). All molecular
structure maps, isosurface maps, and other images were rendered by
tachyon in Visual Molecular Dynamics (VMD) software (Humphrey et al.,
1996).

3. Results and discussion

3.1. Characterization results

The scanning electron microscope (SEM) images of the three magnetic
carbon materials before and after adsorption of polystyrene (PS) are
shown in Fig. 1a–f. At 10 k magnification, FeMAC (Fig. 1a) is heteroge-
neous on the whole, which is composed of different massive substances.
Considering the synthesis process of the material, it is speculated that it
may be made up of bulk activated carbon and iron oxide. Both FeMSC
(Fig. 1b) and CoMSC (Fig. 1c) were fluffy and spongy. FeMSC carried
some strip carbon fibers, and CoMSC carried many carbon nanoflowers.
These two materials did not show obvious mixing characteristics like acti-
vated carbon and iron oxides, and it was speculated that metal oxides
were bound to the MSC. Further magnify to 30 k times to observe the
adsorption morphology of PS on carbon materials (Fig. 1d–f). PS was only
accumulated and adsorbed on the surface of the FeMAC (Fig. 1d).
The adsorption interaction is weak, so PS easily falls off the surface of the
FeMAC, which explains the weak removal of PS by FeMAC. However, the
adsorption of PS on FeMSC (Fig. 1e) and CoMSC (Fig. 1f) was more stable.
This is because in addition to the van der Waals interaction on the carbon
surface, there is also the visible wrapping and entanglement effect of strip
carbon fibers and carbon nanoflowers, significantly enhancing PS adsorp-
tion interaction.

Energy dispersive X-ray spectroscopy (EDX) mapping can show the dis-
tribution and content of each element in the material. The EDX maps and
line scan results of the three magnetic materials are shown in Fig. 1g–i.
From the perspective of element distribution, iron (cyan) and oxygen
(green) elements in FeMAC (Fig. 1g) are clustered (Spherical clusters with
a diameter of about 550 nm) and distributed, and their positions are almost
the same. This confirms the assumption that FeMAC in Fig. 1a is composed
of bulk activated carbon and iron oxide. In contrast, FeMSC (Fig. 1h) and
CoMSC (Fig. 1i) have relatively uniform distribution of the three elements,
indicating that the metal oxides and carbon materials are fully integrated,
which is also consistent with the analysis in SEM. From the element content
results, FeMAC has less metal element content (3.56 %) than FeMSC
(8.37 %) and CoMSC (7.71 %).

X-ray Photoelectron Spectroscopy (XPS) analysis further obtained the
existing forms of several elements. The element total spectrum, N1s, and
O1s spectra of XPS are shown in Fig. S4. It can be found that N-doping
only exists in FeMSC and CoMSC, which is due to the amino group
contained in GAH. The existing forms of oxygen element in the three mate-
rials are basically the same, with three forms of metal oxide, C\\O and



Fig. 1. SEM images of (a) FeMAC, (b) FeMSC, (c) CoMSC, (d) FeMAC after PS adsorption (FeMAC-PS), (e) FeMSC after PS adsorption (FeMSC-PS) and (f) CoMSC after PS
adsorption (CoMSC-PS). EDX spectrum and element distribution mapping of (g) FeMAC, (h) FeMSC and (i) CoMSC.
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C_O. In addition, the metal elements have been fitted in detail in the three
materials, as shown in Fig. 2 and Table S1. The Fe2p3/2 and Fe2p1/2 peaks
of Fe3O4 in Fe2p are at 710.6 and 724.1 eV, respectively, and the Fe2p3/2
and Fe2p1/2 peaks of Fe2O3 are at 711.0 and 724.8 eV, respectively
(Yamashita and Hayes, 2008). The Co2p3/2 and Co2p1/2 peaks of Co3O4

in Co2p are at 780.3 and 794.3 eV, respectively, and the Co2p3/2 and
Co2p1/2 peaks of CoO are at 779.2 and 793.0 eV, respectively (Zhang
et al., 2015). The iron elements in FeMAC and FeMSC are dominated by
magnetic Fe3O4, followed by Fe2O3. A small amount of metal iron was
also detected in FeMAC. The cobalt element in CoMSC is dominated by
magnetic Co3O4, followed by CoO. It can be seen that the content of mag-
netic components in the three materials is the highest, which means that
all three materials will have strong magnetism.

Themagnetismof the threemagneticmaterials is testedwith a vibrating
sample magnetometer (VSM). The hysteresis loops are shown in Fig. S5.
The hysteresis loops of the three materials are all S-shaped curves, indicat-
ing that the three materials are soft magnetic. The specific saturation mag-
netization (Ms) of FeMSC is the highest at 42 emu/g, followed by CoMSC at
32 emu/g, and FeMAC at the lowest at 12 emu/g. It is shown that all three
materials can be separated entirely from water in the presence of a strong
external magnetic field. The specific remanent magnetization (Mr) of
FeMAC, FeMSC, and CoMSC was 2.89, 4.39, and 9.22 emu/g, respectively.
It means that when the external magnetic field is removed, the magnetism
of CoMSC is the strongest.

The FTIR spectroscopy characterization results of the magnetic carbon
materials before and after MPs adsorption are shown in Fig. 3. All spectra
have a prominent peak at 3400 cm−1, mainly caused by the O\\H bond
stretching of the water absorbed by the material from the air. The peaks
of C\\H bond stretching (2850 cm−1), C_O bond stretching
(1600–1800 cm−1), and C\\O bond stretching (1100 cm−1), which are
4

common in carbon materials, appear for the three magnetic adsorbents
(Ţucureanu et al., 2016). The peak formed by Fe\\O bond stretching at
592 cm−1 can be clearly seen in FeMAC and FeMSC (Baykal et al., 2013).
Because the chemical properties of the Co and Fe elements are similar, it
is reasonable to speculate that the peak formed at 592 cm−1 in CoMSC is
formed by the Co\\O bond stretching. FeMSC and CoMSC have peaks
formed by C\\N bond stretching at 1250 cm−1 (Misra et al., 2006), and
the peak in CoMSC is significantly larger than that in FeMSC. This indicates
that bothmaterials contain nitrogen elements, and the N content in CoMSC
is significantly larger than that in FeMSC, which is consistent with the re-
sults of XPS analysis. There was no significant difference in the FTIR spectra
before and after adsorption. On the one hand, the characteristic peaks in PS
overlap with some characteristic peaks in carbon materials. On the other
hand, the specific gravity of adsorbed PS is smaller than that of carbon ma-
terials. Therefore, the FTIR spectrum of PS is obtained by subtracting the
spectra before and after adsorption, as shown in Fig. 3d. There are several
peaks caused by methylene stretching (2922 cm−1), C_C bond stretching
on the benzene ring (1452–1601 cm−1) and C\\H bond bending
(720 cm−1) in the difference spectra before and after adsorption of
FeMAC, CoMSC and FeMSC,which almostwholly coincidewith the charac-
teristic peaks of PS (Zhang et al., 2018). The characteristic peaks of PS
reflected in the infrared differential spectra obtained before and after
FeMAC adsorption are significantly weaker than those calculated by
FeMSC and CoMSC, indicating that the PS adsorbed on FeMAC is less
than that on FeMSC and CoMSC, which is consistent with the results ob-
tained from adsorption experiments.

The Zeta potentials of PS, FeMSC, FeMAC, and CoMSC were tested at
different pH values, as shown in Fig. S6. At pH = 3, the Zeta potentials of
PS, FeMSC, FeMAC, and CoMSC are 10.83 mV, 10.93 mV, 22.80 mV, and
25.77 mV, respectively, indicating that there are some positive charges on



Fig. 2. Fe2p spectra of (a) FeMAC and (c) FeMSC. Co2p spectra of (b) CoMSC. (d) The proportion of different forms of metal elements.
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the surfaces of these four substances, and more positive charges are distrib-
uted on the surfaces of FeMAC and CoMSC. As the pH increases, the Zeta
potential of all four materials gradually decreases. At pH= 7, the Zeta po-
tential of PS is−16.77 mV, while the Zeta potential of FeMSC and CoMSC
reduces to−2.45 mV and 2.84 mV. In this case, due to the relatively small
surface charge distribution of FeMSC and CoMSC, there will be no signifi-
cant electrostatic repulsion effect between the adsorbents of these two ma-
terials and PS. At pH = 7, the Zeta potential of FeMAC decreases to
−8.81 mV, which results in a relatively strong electrostatic repulsion
with PS. Under strong alkaline conditionswith pH=11, the Zeta potentials
of all four substances are very negative, indicating that a large number of
negative charges are distributed on the surfaces of all four materials. This
means that under strong alkaline conditions, the electrostatic repulsion in-
teraction between the three adsorbents and PS will be strong. Therefore, it
can be inferred that different pH values will affect the adsorption perfor-
mance of magnetic sponge carbon on PS.

Finally, the pore structure characteristics of the three materials are also
tested. The adsorption isotherms and pore size distribution characteristic
curves of the material are shown in Fig. S7, and the specific results are
shown in Table S2. The highest specific surface area of FeMSC is
491.46 m2/g, and the three materials are mainly mesoporous. Due to the
average particle size of PS being 1 μm, it can be inferred that the nano-
pore structure has little effect on its adsorption performance. From the
5

experiment, it was found that the specific surface areas of FeMSC and
CoMSC are very different, but there is little difference in the adsorption ca-
pacity of PS between the two materials, while the adsorption properties of
PS on FeMAC and CoMSCwith the similar specific surface area are very dif-
ferent. It can be seen that there is no correlation between specific surface
area and adsorption performance. In addition, the total pore volume,micro-
pore specific surface area and pore volume all show this law, which further
proves that the nano-pore structure has almost no effect on the adsorption
performance of PS.

3.2. MPs adsorption properties

3.2.1. Adsorbent dosage
To choose a suitable amount of adsorbent for subsequent experiments,

5, 10, and 15 mg were taken for adsorption experiments. The MPs adsorp-
tion efficiencies of the three materials under different adsorbent dosages
are shown in Fig. 4a. The highest adsorption efficiency was 98.63 %
when 15 mg FeMSC was used. Compared with the other two materials,
FeMAC has a lower adsorption efficiency. The adsorption efficiency is
only 58.70 % at 5 mg, and the highest is only 87.68 % at 15 mg. In general,
the adsorption efficiencies of FeMSC and CoMSC were both above 90 %
under different adsorbent dosages, while FeMAC did not reach 90 %. Con-
sidering that the adsorption efficiency of FeMSC and CoMSC were both as



Fig. 3. FTIR spectrum of (a) FeMAC, (b) FeMSC and (c) CoMSC before and after MPs adsorption. (d) Difference FTIR spectra of PS before and after.
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high as 96 % at 10 mg, and the adsorption efficiency did not increase obvi-
ously when the dosage increased to 15mg, 10mgwas selected as the adsor-
bent dosage for subsequent experiments.

3.2.2. Adsorption capacity
The adsorption capacities of several adsorbents in 200 mg/L

microplastic solutions are shown in Fig. 4b. The adsorption capacity of
commercial activated carbon (AC) was also briefly tested. The average
Fig. 4. (a) Adsorption efficiency of microplastics with different adsorbent dosages. (MP
capacities of microplastics with different adsorbents (MPs concentration = 200 mg/L, A

6

adsorption amount of ACwas about 40.33mg/g,much lower than FeMAC's
(170.89 mg/g). The adsorption capacities of FeMSC and CoMSC were both
about 9 times that of AC, and the highest FeMSC reached 369.07 mg/g.
Under the same experimental conditions (the type of microplastic as PS,
the adsorption concentration of microplastic as 200mg/L, the dosage of ad-
sorbent around 10 mg, and the adsorption reached stable adsorption), the
adsorption capacities of FeMSC and CoMSC were much higher than the
highest adsorption capacities in the published studies (Peng et al., 2022;
s concentration = 50 mg/L, Adsorption time = 10 min, pH = 7). (b) Adsorption
dsorbent dosage = 10 mg, Adsorption time = 10 min, pH = 7).
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Tiwari et al., 2020;Wang et al., 2021; Zhuang et al., 2022). The specific ad-
sorption capacity comparison of several materials is shown in Table S3.

3.2.3. Adsorption kinetics
In addition to high adsorption capacity, an excellent adsorbent should

also have competitive kinetic properties. The adsorption kinetics curves
of the three adsorbents for PS are shown in Fig. 5a–c. The kinetic process
of FeMAC was relatively long, and the saturated adsorption could not be
reached within 20 min. Both FeMSC and CoMSC can reach >50 % of the
saturated adsorption capacitywithin 30 s and 90% in 5min. Bothmaterials
can reach the saturated adsorption capacity within 10 min, which shows
that the adsorption process is speedy. This adsorption rate is the fastest
compared to previous studies (Chen et al., 2020; Peng et al., 2022; Sun
et al., 2020, 2021; Tang et al., 2021; Zhuang et al., 2022), and the compar-
ison with other studies can be seen in Table S3.

Then, the pseudo-first-order kineticmodel, pseudo-second-order kinetic
model, and Avrami model (Avrami, 1939) were used to fit the adsorption
kinetic curves of the three materials, respectively. The equations of the
three kinetic models and the specific meaning of each parameter can be
found in the adsorption kinetics section of supplementary materials. The
fitting results are shown in Fig. 5a–c and Table S4. The pseudo-second-
order kinetics and Avrami kinetic models can fit the adsorption kinetics
of MPs well (R2 > 0.98), which shows that the adsorption is dominated
by chemical adsorption. The specific adsorption mechanism will be dis-
cussed in detail in the subsequent theoretical calculation. From the fitted
equilibrium adsorption capacity (qe), the results obtained by the pseudo-
first-order kinetics and pseudo-second-order kinetic models are more in
line with the experimental values. And the qe of FeMSC obtained by the
Avrami model is 106.88 mg/g, which is impossible. The Avrami model
will seriously overestimate qe because the maximum value of qe under the
current experimental conditions is 100mg/g. In addition, the laws obtained
by the three kinetic models are consistent: both the equilibrium adsorption
capacity and the kinetic rate constant are FeMAC < CoMSC < FeMSC.
Fig. 5. Experimental and fitted adsorption kinetic curves of (a) FeMAC, (b) CoMSC, and
Experimental and fitted adsorption isotherm curves of (d) FeMAC, (e) CoMSC, and (f)
dosage = 10 mg, pH= 7).
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Therefore, FeMSC is the best adsorbent among the three adsorbents in
terms of adsorption kinetics.

3.2.4. Adsorption isotherm
The adsorption isotherms of the three adsorbents in different concentra-

tions ofMPs are shown in Fig. 5d–f.When the concentration ofMPs reaches
200mg/L, the increased rate of FeMAC adsorption capacity has been signif-
icantly slowed down. However, the adsorption capacity of FeMSC and
CoMSC has maintained a significant increase, and the adsorption capacity
is almost linearly related to the concentration of microplastics. It reflects
that the two magnetic sponge materials show excellent adsorption perfor-
mance at higher concentrations. Furthermore, the Langmuir model and
the Freundlich model are used to fit the three isotherms, and the results
are shown in Fig. 5d–f and Table S5, respectively. The equations for the
two models can be found in the adsorption isotherms section in the supple-
mentary materials. It can be seen that both models can describe the adsorp-
tion behavior well, especially for FeMSC and CoMSC (R2 > 0.999). The
saturated adsorption capacities of FeMAC, FeMSC and CoMSC predicted
by the Langmuir model were 385.71, 4805.57, and 4994.32 mg/g, respec-
tively. It can be seen that the saturated adsorption capacity of the two mag-
netic sponge carbons is much higher than that of FeMAC. For FeMSC and
CoMSC with the same isotherm type, the KF and n of FeMSC obtained dur-
ing the Freundich model were both slightly larger than that of CoMSC, in-
dicating that the adsorption performance of FeMSC was slightly better
than that of CoMSC, which is also consistent with the conclusions directly
obtained in the above experiments.

3.2.5. Anti-interference performance
All the above experiments were carried out in ultrapure water. To un-

derstand the anti-interference ability of the three adsorbents and their per-
formance in practical applications, the adsorption capacities of these
adsorbents were first tested in different pH solutions (Fig. 6a) and then
under different water quality (Fig. 6b).
(c) FeMSC. (MPs concentration = 50 mg/L, Adsorbent dosage = 10 mg, pH= 7).
FeMSC (Adsorption time = 10 min, Adsorption temperature = 25 °C, Adsorbent
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The adsorption capacities of the three adsorbents at each pH were al-
ways FeMAC < CoMSC < FeMSC from low to high. Overall, the variation
law of adsorption capacity with pH of all adsorbents is basically the same:
the adsorption amount in acidic solution and weak alkaline solution is al-
most the same as that in neutral solution, but it decreases significantly in
strong alkaline solution. The main reason for its decrease is that both the
adsorbent surface and the MPs surface have a large number of negative
charges (the Zeta potential is very negative) in the strong alkaline solution,
resulting in a large electrostatic repulsion interaction,which hinders the ad-
sorption. Specifically, there are slight differences in the impact of pH on ad-
sorption capacity. All three adsorbents exhibited the highest adsorption
capacity in a neutral solution with pH=7. FeMSC and CoMSC showed sig-
nificantly higher adsorption capacity than FeMAC due to their low surface
charge distribution (low absolute Zeta potential value). The adsorption ca-
pacity of all three adsorbents will decrease with the increase or decrease of
pH. The adsorption capacity of FeMSC in a strongly acidic solution with
pH = 3 is still as high as 94.79 mg/g, which is only 2.92 % lower than
under neutral conditions. In contrast, the adsorption capacity of FeMAC
in a strongly acidic solution is relatively reduced by 5.87 %. This is mainly
because at pH = 3, the surfaces of PS, FeMSC, and FeMAC all contain a
large number of positive charges, resulting in a significant electrostatic re-
pulsion between PS and the adsorbent, leading to a decrease in adsorption
performance. The surface distribution of FeMAC has more positive charges
(Zeta potential = 22.8 mV), so the reduction in FeMAC is more significant.
Under strong alkaline conditions (pH = 11), the adsorption capacity of
FeMSC decreased by 19.81 % compared to neutral conditions, while
under the same conditions, the relative decrease in FeMAC was as high as
58.38 %. From the Zeta potential, at pH = 11, the PS surface contains a
large number of negative charges (Zeta potential = −34.9 mV), and the
FeMSC and FeMAC surfaces also contain more negative charges, and the
FeMAC surface has more negative charges (Zeta potential = −37.9 mV).
Therefore, the higher electrostatic repulsive interaction between FeMAC
and PS leads to a more significant decrease in adsorption capacity. Based
on the above analysis, it can be seen that FeMSC can consistently exhibit
good adsorption performance over a wide pH range, even in strongly alka-
line solutions, exhibiting a high adsorption capacity of 78.35 mg/g.

It can be seen from Fig. 6b that the adsorption capacities of the three ad-
sorbents under different actual water qualities are decreased compared
with deionized water. According to the investigation, Chemical oxygen de-
mand (COD), natural organicmatter (NOM) and ion concentration in differ-
ent types of water are the main factors affecting the adsorption of MPs
(Peng et al., 2022; Wang et al., 2021). The COD levels of tap, river, and
lake water used in this study were 0.9 mg/L, 10.8 mg/L, and 6.0 mg/L, re-
spectively. The high COD content in the river water reduces the adsorption
capacity of the adsorbent on MPs. In addition, there is competitive adsorp-
tion between NOM and MPs in river water, leading to a further decrease in
Fig. 6. Anti-interference performance of three adsorbents under different conditio
concentration = 50 mg/L, Adsorbent dosage = 10 mg, Adsorption time = 10 min).
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adsorption capacity (Kilduff et al., 1998). We focused on studying the ef-
fects of anions and cations on seawater with high levels of ions. The seawa-
ter used in this study mainly contains several ions, such as Na+, Mg2+, Cl−

and SO4
2−, with concentrations of 10.2 g/L, 1.2 g/L, 18.5 g/L, and 2.6 g/L,

respectively. Although the ion concentration in seawater is high, the ad-
sorption capacity of magnetic sponge carbon to MPs in seawater is still
high. This indicates that ions have little influence on the adsorption perfor-
mance of MPs, which is consistent with the research results of Wang et al.
(2021). From the perspective of the impact of different water qualities on
the adsorption capacity, the adsorption capacity of FeMAC in all three
types of water, except seawater, has significantly decreased. The adsorption
capacity of FeMAC in river water is the lowest, only 23.55 mg/g. In con-
trast, the adsorption capacity of CoMSC and FeMSC did not significantly de-
crease under differentwater quality conditions, and the adsorption capacity
of FeMSC in river water remained around 70 mg/g. Overall, CoMSC and
FeMSC can still maintain high adsorption levels in practical applications.

3.2.6. Cyclability
Cyclic adsorption performance is an important property of adsorbent. At

present, there are two types of methods for the desorption of microplastics
from adsorbents: one is thermal degradation, and the other is multiple
washing with a certain solvent. Considering that thermal degradation will
generate many polluting gases (Chen et al., 2022), anhydrous ethanol
washing was used for desorption in this study. The five-cycle adsorption-
desorption efficiencies of FeMSC are shown in Fig. S8. It can be seen from
Fig. S8 that the adsorption efficiency decreases with each cycle. By the
fifth adsorption, its adsorption efficiency had reduced to 61 %, which was
38 % lower than that of the first adsorption. Compared with some current
studies (Chen et al., 2020; Sun et al., 2020, 2021) (see Table S3 for more
comparisons), the cyclic adsorption-desorption efficiency is not high. The
main reason for the decreased adsorption efficiencywas that the desorption
method of ethanol washing could not completely desorb the MPs. There-
fore, finding a solvent that can desorb as much MP as possible is also the
future direction to explore. In this way, efficient cyclic adsorption and de-
sorption can be achieved in a green and environmentally friendly manner.

3.3. Exploration of MPs adsorption mechanism

3.3.1. Adsorption energy analysis
The adsorption of PS on the surface of carbon material was calculated

using the styrene model as PS. The adsorption configurations of PS on dif-
ferent carbon materials are shown in Fig. S9. The adsorption distance be-
tween PS and pristine carbon is 3.51 Å, a typical weak interaction
adsorption distance. It is speculated that the adsorption of PS on the pristine
carbon is physical adsorption. While the adsorption distances of PS on
Fe\\N carbon and Fe\\O carbon are only 2.08 Å and 2.11 Å, respectively,
ns. Adsorption capacities in (a) different pH, (b) different water quality (MPs



Table 1
Adsorption energies of three carbon material models for PS in water.

Model EC+PS (a.u.) EPS (a.u.) EC (a.u.) Ead (kJ/mol)

Fe\\N carbon −3174.01 −309.62 −2864.35 −108.47
Fe\\O carbon −3255.60 −309.62 −2945.95 −91.28
Pristine carbon −1920.04 −309.62 −1610.40 −61.22
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which ismuch shorter than the adsorption distance betweenPS and pristine
carbon. It means there will be both physical and chemical adsorption be-
tween Fe-doped carbon materials and PS.

To further quantify the adsorption strength of PS on the carbonmaterial
surface, the adsorption energy of PS was calculated on the carbon material
in an aqueous solution. The adsorption energy calculation formula is shown
in Eq. (S6). The adsorption energies of PS on the surface of carbonmaterials
in aqueous solution are shown in Table 1. The adsorption energy of PS on
pristine carbon was −61.22 kJ/mol, while that on Fe\\O carbon and
Fe\\N carbon was −91.28 kJ/mol and −108.47 kJ/mol, respectively. It
can be seen that the closer the adsorption distance between PS and carbon
Fig. 7. Diagrams of all interactions present in the system when PS is stably a
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material, the stronger the adsorption energy. In short, Fe-doping can signif-
icantly improve the adsorption strength of carbon materials to PS. More-
over, Fe\\N carbon has a more significant lifting effect than Fe\\O
carbon. Since the Fe-doping content in FeMSC is much higher than that in
FeMAC, and the distribution is more uniform, the adsorption performance
of FeMSC is much higher than that of FeMAC.

In addition, the adsorption energies of PS were also calculated on car-
bon materials in an ethanol solution, as shown in Table S6. The adsorption
energies of PS on pristine carbon, Fe\\O, and Fe\\N in ethanol solution
were−53.06 kJ/mol,−83.83 kJ/mol, and−100.16 kJ/mol, respectively.
It is found that the adsorption energy in ethanol solution is lower than that
in water, which is why ethanol can desorb PS from carbon materials. It is
worth mentioning that the adsorption energy in ethanol is still relatively
high (although lower than that inwater), resulting in an incomplete desorp-
tion process.

3.3.2. Visualized interactions analysis
In order to study the various interactions in the adsorption systemmore

intuitively, the IRI isosurface of the adsorption system is shown in Fig. 7.
dsorbed on (a) Fe\\N carbon, (b) Fe\\O carbon, and (c) pristine carbon.
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Covalent interactions (blue), van derWaals (vdW) interactions (green), and
steric hindrance (red) are present in the three systems. For the adsorption
process, focusing on the interaction region betweenmolecules is necessary.
The adsorption between PS and pristine carbon presents a large vdW inter-
action region, which is mainly the π–π interaction formed by the benzene
ring on PS and the benzene ring on the carbon material. In addition to the
vdW interaction, the adsorption of PS on Fe\\N carbon and Fe\\O carbon
also has Fe\\C bonds (blue) formed by C on PS and Fe on carbonmaterials.
The Mayer bond level was calculated to measure the strength of the Fe\\C
bond, as shown in Fig. 7. The Fe\\C bond Mayer bond order in Fe\\N car-
bon is 0.358 and 0.346, respectively, while in Fe\\O carbon is 0.357 and
0.279, respectively. Mayer bond-level analysis showed that Fe-doping en-
hanced adsorption by forming chemical bonds, and the chemical bond
strength was higher in Fe\\N carbon. This can also be reflected from the
highest adsorption energy of PS on Fe\\N carbon. However, the Mayer
bond level of the C\\C bond between PS and the pristine carbon is only
0.009, obviously, no chemical bond is formed, that is, there is only physical
adsorption.

In addition, the electron density difference isosurfacemapwas also plot-
ted during the adsorption system, as shown in Fig. S10. There is a small
amount of electron density reduction isosurface between PS and pristine
carbon due to the electron density reduction caused by Pauli repulsion.
However, since the adsorption at this time is physical adsorption domi-
nated by weak interactions, the electron density difference is very small
(Δρ=−0.0005 a.u.). Both Fe\\N carbon and Fe\\O carbon form chemical
adsorption with PS, and the electron density increases greatly in the region
where chemical bonds are formed. At thismoment, the electron density dif-
ference is relatively large (Δρ = 0.008 a.u.), which reveals the chemisorp-
tionmechanism between Fe-doped carbon and PS from the charge transfer.

4. Conclusions

In this study, magnetic sponge carbon for MPs adsorption was prepared
using glucosamine hydrochloride as a carbon source and melamine as a
foaming agent. Because FeMSC is fluffy and contains up to 8.37 % iron,
the adsorption capacity of PS in 200 mg/L MPs solution is up to
369.07mg/g.Moreover, the study of adsorption kinetics found that thema-
terial can reach adsorption saturation within 10 min, thus realizing rapid
adsorption and separation. The fitting results of the adsorption isotherm
show that the theoretical maximum adsorption capacity of the material
is 4994.32 mg/g, which indicates that the material has excellent
development prospects. FeMSC also has strong anti-interference capability.
Except in strong alkaline solution with pH = 11, it has good adsorption
performance in other pH solutions and different water quality. In
addition, based on the characterization and experimental results, the ad-
sorption mechanism was further analyzed by theoretical calculation on
the atomic scale. The calculation results show that the adsorption between
the pristine carbon material and PS is mainly π–π interaction, which is typ-
ical physical adsorption. The iron atoms in FeMSC can form chemical ad-
sorption with PS, significantly improving its PS adsorption capacity. In
short, this material can quickly and efficiently adsorb MPs from water
and quickly separate MPs from water, which is a promising microplastic
adsorbent.
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