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Abstract
Removal of microplastics (MPs), which pose a severe threat to humanity and ecosystems, is essential. Although exten-
sive efforts have been made to efficiently remove MPs, it still remains a difficult task. We fabricated  Fe3O4/laser-induced 
graphene, by simply irradiating a laser on the surface of a polymer prepared by homogeneously mixing iron oxide, lignin 
powder, and polydimethylsiloxane, to efficiently remove household-derived MPs. Subsequently,  Fe3O4-laser-induced gra-
phene particles  (Fe3O4-LIGPs) were prepared through scrapping and heat treatment. The  Fe3O4-LIGPs efficiently adsorbed 
three types of MPs (melamine—particle size: 2 and 10 μm, polystyrene—particle size: 10 μm, polyamide—particle size: 
50 μm) within 300 min and could be easily separated from the solution by using magnetic force. The adsorption of the MPs 
on the  Fe3O4-LIGPs followed the pseudo-first and second-order kinetics and the Freundlich isotherm model. The maximum 
adsorption capacities of the  Fe3O4-LIGPs for the different types of MPs were 1400 (polyamide, 50 μm), 1250 (polystyrene, 
10 μm), 1050 (melamine—10 μm), and 775 (melamine—2 μm) mg∙g−1. The  Fe3O4-LIGPs were reused seven times for each 
MP, after heat treatment, and their performance was evaluated.

Graphic abstract

Keywords Fe3O4/Laser-induced graphene · Microplastics · Zeta potential · Heat treatment

Online ISSN 2198-0810
Print ISSN 2288-6206

Naohiko Sugita and Bo-Sung Shin have contributed equally to this 
work.

 * Naohiko Sugita 
 sugi@mfg.t.u-tokyo.ac.jp

 * Bo-Sung Shin 
 bosung@pusan.ac.kr

 Sung-Yeob Jeong 
 s.jeong@mfg.t.u-tokyo.ac.jp

1 Department of Mechanical Engineering, The University 
of Tokyo, Tokyo 113-8656, Japan

2 Department of Optics and Mechatronics Engineering, Pusan 
National University, Pusan 46241, Korea

http://orcid.org/0000-0001-8358-5718
http://crossmark.crossref.org/dialog/?doi=10.1007/s40684-022-00464-6&domain=pdf


 International Journal of Precision Engineering and Manufacturing-Green Technology

1 3

1 Introduction

Plastic pollution has become a global crisis, threatening 
the aquatic environment and human health [1]. It is esti-
mated that 12 billion metric tons of plastic waste will be 
discharged into the natural environment by 2050, of which 
approximately 12 million tons of pollutants will be dis-
charged into the aquatic environment [2, 3]. Microplastics 
(MPs) in the ocean, rivers, and lakes, undergoing oxida-
tion reaction, photolysis, and physical decomposition of 
plastic materials that are less than 5 mm in diameter, pose 
a great threat to the marine ecosystem and human health 
[4, 5]. MPs are generally derived from various human 
activities, such as the use of plastic products in daily life, 
the manufacture and use of various cosmetic items, food 
and beverage consumption, and wastewater treatment in 
polymer production plants and have large specific surface 
area [6, 7]. Therefore, the MPs present in the aquatic envi-
ronment adsorb various organic pollutants as well as sub-
stances that are fatal to marine ecosystems and humans, 
such as pyrene, sulfamethoxazole, antibiotics, and heavy 
metals. Because of their size and external characteristics, 
these particles are ingested by plankton and fish [8, 9]. 
For humans at the top of the food chain, the accumulation 
of MPs in the body occurs inevitably. This has become a 
global issue that cannot be ignored anymore [10]. Vari-
ous efforts have been made to remove MPs from aquatic 
environments. Pizzichetti et al. [11] evaluated the perfor-
mance of three membranes for MP removal and reported 
a simple and low-cost system that could be implemented 
in a domestic set-up. Poerio et al. [12] proposed a mem-
brane technology for the removal of plastic particles with 
a size of 100 nm. Bayo et al. [13] investigated the role of 
membrane bioreactors and sand filtration in the removal 
of MPs from an urban wastewater treatment plant. How-
ever, owing to their size and shape, the MPs could either 
penetrate the membrane or degrade into finer particles. 
The major challenge in the application of membranes for 
the removal of MPs is their abrasion and contamination 
[14]. In addition to membrane bioreactors, various powder 
materials have been actively reported for the removal of 
plastic particles. Rius-Ayra et al. [15] fabricated super-
hydrophobic CuFeCo particles for the removal of MPs. 
They also reported a superhydrophobic nanostructured 
iron powder for the removal of MPs. Owing to its supe-
rhydrophobic properties, the powdered iron captures the 
MP fibers. In addition to Fe-based powders, metal organic 
frameworks (MOFs) have gained immense attention for 
MP removal because of their large specific surface area 
[16, 17]. They can be applied to various types and con-
centrations of MP suspensions [18]. However, the mass-
production of MOFs is difficult and very expensive [19]. 

In addition, membrane-type and powder-type materials 
cannot withstand high water pressure and are expensive. 
This limits their application in the sewage system, which is 
the main passage of MPs to aquatic environments [14, 19, 
20]. Therefore, studies have been carried out on suppress-
ing the transport of MPs out of sewage systems. In addi-
tion, it has become imperative to design household and 
industrial sewage treatment systems in line with the global 
MPs emission regulations [21, 22]. Influents, containing 
various types of MPs, passing through a water treatment 
plant are treated using a multi-step process [23, 24]. The 
MP removal efficiency of a filtration method is evaluated 
from the amount of the MPs remaining in the sludge run-
off, the number of effective iterations of filtration, and the 
cost of the filtration method [25]. It is important to develop 
filters that are easy to manufacture and offer efficient filtra-
tion considering all the three indicators. The sand filter, 
which can remove MPs from effluent in large quantities 
and provides rapid treatment, is directly used in wastewa-
ter treatment plants in some countries because of its high 
efficiency and low cost [26]. Sand filtration is considered 
as a promising alternative wastewater treatment method, 
in comparison to pre-sedimentation, coagulation-coagu-
lation, and sedimentation for the removal of MPs [27]. 
It has been reported that sand filtration, which is mainly 
applied in the final treatment stage of municipal waste-
water, can efficiently remove MP particles as well as MP 
fibers [26]. This is advantageous in terms of maintenance 
and energy consumption, when compared to alternative 
methods such as membrane-based filtration, wherein only 
half of the total energy generally required for the water 
treatment process is consumed. However, sand filters are 
not suitable for handling irregular MPs derived from tex-
tiles or cosmetics because of their smooth surface [28]. 
Laser induced graphene (LIG) is a graphene-like material 
with a porous structure that is prepared by simply irra-
diating various polymers with a laser and is widely used 
to remove contaminants from wastewater [29–35]. Laser 
induced graphene particles (LIGPs) have gained immense 
attention for water/wastewater treatment because of their 
porous structure, hydrophobicity, inherent zeta potential, 
and low manufacturing cost [30]. Owing to the unique 
properties of porous LIGPs, which are simply fabricated 
by laser irradiation, their applicability for the adsorption 
of dyes or other organic contaminants was investigated. 
Although various studies have been carried out on the 
adsorption of various chemicals on LIGPs, the investiga-
tions on the applicability of LIGPs for MP removal are in 
an early stage. LIG that can be prepared by simple laser 
irradiation has rarely been attempted in MP adsorption, 
and we overcome the disadvantages of conventional LIGs 
for MPs adsorption by manufacturing hybrid Fe3O4/
LIGPs. In this study, we evaluated the applicability of 
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LIGPs coated with  Fe3O4 particles for the removal of MPs 
from wastewater. The  Fe3O4 particles coated on the surface 
of the LIGPs rendered them hydrophobic. Thus, the LIGPs 
could remove a wide range of MPs. In addition, the novel 
 Fe3O4-LIGPs were magnetic, and hence, could be easily 
separated from the wastewater suspension. Filtration stud-
ies have shown that the MPs present in wastewater treat-
ment plants are generally larger than 10 μm in size [28, 
36–40]. Previous studies have reported that smaller MPs 
are more likely to penetrate wastewater treatment plants 
[16]. MP particles with a size of 0.001–1 μm are said to 
have the colloidal size, where the surface charge and polar-
ity interact. Thus, the electrical relationship between the 
MPs and filtration materials is very important [41–43]. In 
this study, we aimed at increasing the removal efficiency 
of tertiary systems in wastewater treatment plants. The 
 Fe3O4-LIGPs were prepared on the surface of polydi-
methylsiloxane (PDMS). The resulting tertiary system 
exhibited higher MP removal efficiency than sand filters 
with biochar. The removal of fine plastics from household 
laundry and cosmetics is very important, and the combi-
nation of biochar and sand filters shows limited fine plas-
tic removal efficiency. The MP removal efficiency of the 
 Fe3O4-LIGPs prepared in this study was compared with 
those of other filtration techniques, using Raman spec-
troscopy, Fourier transform infrared (FTIR) spectroscopy, 
X-ray photoelectron spectroscopy (XPS), X-ray diffraction 
(XRD), thermogravimetric analysis (TGA), and scanning 
electron microscopy (SEM).

2  Materials and Methods

2.1  Preparation of PDMS/Lignin/Fe3O4 Composites

PDMS/lignin/Fe3O4 composites were prepared using the 
mixture of the powders (Lignin, Sigma-Aldrich, St. Louis, 
MO, USA; and Iron oxide (II, III), magnetic, Sigma-Aldrich, 
St. Louis, MO, USA) and PDMS (Sylgard 184, Dow Corn-
ing, Midland, MI, USA). The weight ratio of  Fe3O4 to lignin 
was set at 10:1 for the efficient fabrication of the LIGPs. 
Subsequently, the composite was removed from the mold 
after curing the agitated mixture for 24 h at room temper-
ature (25 °C). The flexible, highly elastic substrate of the 
cured mixture of  Fe3O4-LIG-PDMS had a width of 100 mm, 
length of 100 mm, and thickness of 3 mm.

2.2  Fabrication of the  Fe3O4‑LIGPs

Fe3O4-LIG composites were directly fabricated on the as-
prepared substrate via irradiation using a 355 nm pulsed 
laser (AONano 355-5-30-V from Advanced Optowave, 
Ronkonkoma, NY, USA) under ambient conditions. The 

Direct laser writing (DLW) method using a Galvano scan-
ner (hurrySCAN III 14, SCANLAB, Pucheim, Germany) 
enabled the design of  Fe3O4-LIG patterns with a computer 
program and scanned the substrate in a single step. The 
prepared sample was cut to a size of 1 cm × 1 cm × 0.2 cm 
(width × length × height). Subsequently, the  Fe3O4-LIGPs 
were prepared by scraping the surface of the  Fe3O4-LIG 
composite, as shown in Fig. S1. Then, to remove the residual 
PDMS on the  Fe3O4-LIGPs and to increase their thermal 
stability, the sample was heated in a small furnace at 500 °C 
for 2 h.  Fe3O4-LIGPs were washed with deionized water 
and acetone and dried under vacuum to remove the surface 
impurities. In the text,  Fe3O4-LIGPs means particles after 
heat treatment, and the polymer before heat treatment is 
expressed as  Fe3O4-LIG.

2.3  Characterization

The  Fe3O4-LIG composite was characterized using SEM, 
FTIR spectroscopy, XPS, XRD, Raman spectroscopy, TGA, 
and ELS. The SEM images of the samples were recorded 
using a MIRA 3 LMH In-Beam Detector (TESCAN, Brno, 
Czech Republic) scanning electron microscope. FTIR meas-
urements were carried out on a Hyperion-3000 spectrom-
eter (Billerica, Massachusetts, United States). XPS analysis 
was performed using an AXIS-NOVA (San Diego, Califor-
nia, United States) spectrometer with a photon source of 
1486.6 eV and an energy resolution of Ag 3d5/2 < 0.48 eV. 
The binding energy was calibrated using the C1s peak 
at ~ 284.5 eV. XRD measurements were performed using 
an EMPYREAN (Malvern, United Kingdom) diffractom-
eter with Cu Kα radiation (λ = 1.54 Å). The Raman spectra 
of the samples were recorded on an NRS-5100 (Hachioji, 
Tokyo, Japan) spectroscope with a 532-nm laser. TGA meas-
urements were carried out by a Pyris 1 instrument (Perkin 
Elmer, Waltham, MA, USA). The zeta potential and particle 
sizes of the samples were measured using a Litesizer500 
system (Anton Paar, Graz, Austria).

2.4  MP Removal Experiments

Three representative MPs derived from household sewage 
were used in the MP removal experiments: polystyrene (par-
ticle size: 10 μm, Sigma-Aldrich, St. Louis, MO, USA), mela-
mine (particle size: 2 and 10 μm, Sigma-Aldrich, St. Louis, 
MO, USA), and polyamide (particle size: 50 μm, Sigma-
Aldrich, St. Louis, MO, USA). The MPs (5 g  L−1) were dis-
solved in deionized water (20 mL) in a glass dish. The particle 
size of each MP was determined using a zeta potential and 
nanoparticle size analyzer (Litesizer500, Anton Paar, Seoul, 
Republic of Korea), as shown in Fig. S2. Subsequently, 5 g  L−1 
of the scraped and heat-treated  Fe3O4-LIGPs was added to 
the glass dish for MP adsorption. The glass dish was shaken 
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at 150 rpm for 5 h at room temperature (25 °C). The scrapped 
 Fe3O4-LIGPs, which adsorbed the MPs in the glass dish, were 
separated from the aqueous solution using a magnet. The 
experimental process for MP removal is discussed in detail 
in the Supporting Information. The MP removal efficiency of 
the  Fe3O4-LIGPs was calculated using the following Eq. (1):

where C1 and Cm are the initial and equilibrium concentration 
(mg  L−1) of the MP solution, respectively [28]. The MPs 
adsorbed by the  Fe3O4-LIGPs were pyrolyzed at 500 °C for 
10 min in an oven. The oven temperature was then increased 
by 10 °C every 30 s and held for 20 min. To investigate 
the reusability of the  Fe3O4-LIGPs, the samples were tested 
seven times under the same conditions, and the MP removal 
efficiency was recorded.

2.5  Adsorption Kinetic Modeling

Pseudo first-order kinetics [44] and pseudo second-order 
kinetics [45] were employed to evaluate the adsorption kinet-
ics of the MPs on the  Fe3O4-LIGPs. The amount of the MPs 
adsorbed on the  Fe3O4-LIGPs at any time t (h) is given by the 
governing equations as follows:

(1)Removal(%) = (C1 − Cm)∕C1 × 100,

(2)ln
(

qe − qt
)

= ln qe − k1t

where qe and qt are the adsorption capacity (mg   g−1) at 
equilibrium and at time t (h), respectively, k1 and k2 are the 
pseudo-first-order and -second-order rate constants, respec-
tively, and h is the initial sorption rate.

Additionally, the Freundlich isotherm model [46] was 
adopted to investigate the adsorption process and maximum 
adsorption capacity of the  Fe3O4-LIGPs according to the 
following equation:

where qe (mg  g−1) is the sorption capacity at equilibrium, kF 
is the Freundlich isotherm constant (mg  g−1) (L  mg−1)1/n, Ce 
is the equilibrium concentration in the solution, and n is the 
Freundlich exponent, which indicates whether the adsorp-
tion is linear.

3  Results and Discussion

3.1  Characterization of the  Fe3O4‑LIGPs

The morphology of the  Fe3O4-LIG-PDMS surface was 
investigated using SEM, as shown in Fig. 1a. As can be 
observed from the figure, the surface showed LIG sheets 
with  Fe3O4 particles, indicating that the  Fe3O4-LIG 

(3)
t

qt
=

1

k2q
2
e

+
t

qe

(4)ln qe = ln kF +
1

n
lnCe

Fig. 1  Characterization of the 
 Fe3O4-LIGPs. a SEM image of 
the  Fe3O4-LIG surface. b XRD 
results of the  Fe3O4-LIGPs, 
 Fe3O4, and lignin. c FTIR 
spectra of the  Fe3O4-LIGPs and 
lignin. d XPS characteristics of 
the  Fe3O4-LIGPs and lignin
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composite consisted of a complex multilayered mixture 
of LIG and  Fe3O4. The resulting three-dimensional nano-
structure showed wrinkled flake morphology resulting 
from the liberation of oxygen and carbonaceous gases 
because of the localized high temperature during the laser 
processing. The elemental mapping of the  Fe3O4-LIGPs 
was obtained using FESEM-EDS, as shown in Fig. S3. 
The results confirmed that iron oxide and LIG combined 
well on the surface of the PDMS substrate after the laser 
irradiation. The  Fe3O4-LIGPs were characterized by XRD, 
as shown in Fig. 1b. The strong peak at 2θ =  ~ 26° cor-
responds to the (002) graphitic crystal planes [47]. Peaks 
corresponding to the (220), (311), (400), (511), and (440) 
planes of the  Fe3O4 nanoparticles were observed [48]. The 
crystallite size of the  Fe3O4-LIGPs along the c axis ( Lc ) 
and the domain size along the axis ( La ) were calculated 
using Eqs. (5) and (6), respectively [49]:

where � is the X-ray wavelength ( � = 1.54 Å) and B1∕2
(2�) 

is the full width and half maximum of the peaks. The crys-
tallite sizes along the c-axis ( Lc ) and a-axis ( La ) were ~ 12.01 
and 25.23 nm, respectively, as determined from the XRD 
results. The chemical interactions in the composite were 
investigated by comparing the FTIR spectra of the lignin 
powder and  Fe3O4-LIGPs, as shown in Fig. 1c. The func-
tional groups in lignin were decomposed significantly after 
the laser processing. The intensities of the transmittance 
peaks at 1010–1070  cm−1 and 1260–1590  cm−1 correspond-
ing to the C–O deformation and stretching, respectively, 
decreased after the laser processing. The peak at 1590  cm−1 
can be attributed to the aromatic C=C bond or the carbonyl 
groups bonded to the aromatic structure. On the other hand, 
the peaks at 1450 and 1260  cm−1 indicate that ether bridges 
were present between the aromatic structures [49]. In addi-
tion, the peaks at 2930 and 3426  cm−1 correspond to the  CH2 
and either of N–H or O–H bonds, respectively. These peaks 
changed significantly after the laser irradiation [49]. The 
XPS profiles of lignin and the  Fe3O4-LIGPs were compared 
to analyze their surface compositions. The results confirmed 
the successful preparation of the  Fe3O4-LIGPs on the PDMS 
substrate by laser irradiation. Figure 1d shows the C1s, O1s, 
and Fe2p XPS profiles of the samples. The C1s XPS peaks 
of the  Fe3O4-LIGPs were stronger than those of the lignin 
powder. This can be attributed to the very high rate of gas 
emission from the substrate during the laser irradiation. 

(5)Lc =
0.89�

B1∕2
(2�) cos �

(6)La =
1.84�

B1∕2
(2�) cos �

More detailed XPS results are shown in Fig. S4 [49]. After 
the laser irradiation, the number of C–C (~ 284.6 eV) bonds 
increased slightly, while the number of C–O–C (~ 286.5 eV) 
and O–C=O (~ 288.3 eV) bonds decreased (see Fig. S4a, b). 
In addition, the intensity of the C–O–H (~ 534.4 eV) peak 
decreased significantly, and a strong Fe2p peak was observed 
(see Fig. S4c–e). To further identify the chemical bonds in 
the  Fe3O4-LIGPs, the FTIR spectra of the lignin powder and 
 Fe3O4-LIGPs were compared (Fig. 1c). The intensities of the 
C–O (~ 1087  cm−1), C=O (~ 1720  cm−1), and N–H and O–H 
(~ 3412  cm−1) peaks of the  Fe3O4-LIGPs decreased signifi-
cantly when compared to those of the lignin powder. This is 
strong evidence for the graphitization of the lignin powder 
[49, 50]. As shown in Fig. S5, the lignin powder and LIGPs 
exhibited rapid oxygen functional group decomposition at 
temperatures above 250 °C. The decomposition was lower 
for the LIGPs, indicating that the LIGPs were relatively ther-
mally stable [49, 50]. It is well-known that graphite sub-
strates undergo degradation at temperatures above 450 °C. 
This was also confirmed by the TGA profiles of the samples. 
The additional weight loss of the LIGPs above 500 °C can 
be attributed to the combustion of the graphene sheets [50]. 
In  Fe3O4-LIGPs fabricated by laser irradiation,  Fe3O4 can 
be oxidized to  Fe2O3 in which oxygen functional groups are 
removed, so the weight loss can be relatively low [51]. The 
thermal stability of the as-prepared  Fe3O4-LIGPs was much 
higher than those of conventional LIGs, as indicated by the 
TGA results. The Brunauer–Emmett–Teller surface area of 
the  Fe3O4-LIGPs was calculated to be ~ 136.9  m2g−1, and the 
 Fe3O4-LIGPs had pores of the size 6.34, 8.24, 11.37, and 
16.27 nm, as shown in Fig. S6. This wide distribution of 
pore size in  Fe3O4-LIGPs (due to the high-temperature heat 
treatment after laser irradiation) endowed them with excel-
lent MP removal efficiency compared to previously reported 
adsorbents [40, 52, 53].

3.2  Adsorption of MPs on the  Fe3O4‑LIGPs

As shown in Fig.  2, the MP removal efficiency of the 
 Fe3O4-LIGPs increased with an increase in their concen-
tration in the MP suspension. To prepare the MP suspen-
sion, 5 g  L−1 of each MP (polystyrene, melamine, poly-
amide) was added to 200 mL of the solution every hour. 
The  Fe3O4-LIGPs, scrapped from the  Fe3O4-LIG-PDMS 
substrate, were added to the MP suspension. When 5 g  L−1 
of the  Fe3O4-LIGPs was added to the MP suspension, the 
 Fe3O4-LIGPs showed a removal efficiency above 90% for 
all three types of MPs: 99.1% for polyamide (50 μm), 96.8% 
and 92.3% for melamine (10 and 2 μm, respectively), and 
98.4% for polystyrene (10 μm). The adsorption of MPs onto 
a porous material is significantly affected by the interaction 
between the porous material and MPs [16]. As shown in 
Fig. S7a, the zeta potentials of the LIG and  Fe3O4-LIGPs 
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were calculated over the pH range of 2.5–12. The zeta 
potentials of the lignin powder, and the carbonized samples 
obtained after the laser irradiation process, namely LIG and 
 Fe3O4-LIGPs, were compared (Fig. S7b). The zeta potentials 
of the lignin powder, LIG, and  Fe3O4-LIGPs were deter-
mined to be − 38.6, − 20.1, + 6.3 mV, respectively. These 
values suggest that the  Fe3O4-LIGPs showed the best MP 
adsorption performance among all the adsorbents investi-
gated in this study (Fig. S8). The surface morphology and 
elemental composition of the  Fe3O4-LIGPs after the MP 
adsorption were analyzed using SEM and FTIR spectros-
copy, and the results are shown in Fig. 3. As can be observed 
from Fig. 3a, the  Fe3O4-LIGPs could adsorb the MPs with 
a particle size of 10 μm and efficiently removed them from 
the MP suspension. The smaller MPs (2 μm) on the other 
hand, were trapped by the structure of the  Fe3O4-LIGPs, 
as shown in Fig. 3b. Through the SEM images, the sur-
face of our sample adsorbing microplastics that aggregate 
among themselves under the influence of the zeta potential 
can be confirmed. In addition, due to iron oxide and other 
functionalized materials on the surface of Fe3O4-LIGPs, 

non-covalent intermolecular interactions such as π–π inter-
actions and hydrogen bonding as well as hydrogen bond-
ing and van der Waals attraction were effectively used for 
MPs adsorption. This confirmed that our sample was able to 
structurally isolate microplastics well within the structure, 
and electrochemically adsorb MPs to the surface. 

Fig. S8a–c shows the changes in the FTIR spectra of the 
 Fe3O4-LIGPs after the adsorption of polystyrene, melamine, 
and polyamide, respectively. As can be observed from Fig. 
S9a, after the adsorption of polystyrene, new peaks were 
observed at ~ 3060 and ~ 3025 and ~ 1600   cm−1 corre-
sponding to the aromatic C–H and C=C stretching vibra-
tions, respectively [54]. The distinct peak corresponding 
to the C–H out-of-plane bending vibration was observed 
at ~ 698  cm−1, indicating the presence of only one substituent 
in the benzene ring [54]. After the adsorption of melamine, 
the  Fe3O4-LIGPs showed peaks at ~ 3410 and ~ 1150  cm−1 
corresponding to the stretching vibrations of the second-
ary amine, as shown in Fig. S9b. In addition, a weak peak 
was observed at ~ 2965  cm−1 corresponding to the methane 
(–CH) group, indicating the adsorption of melamine par-
ticles onto the  Fe3O4-LIGPs [55]. The FTIR spectrum of 

Fig. 2  Effect of  Fe3O4-LIGP dosage on MP removal

Fig. 3  SEM images of the  Fe3O4-LIGPs after the adsorption of mela-
mine particles: a 10 and b 2 μm



International Journal of Precision Engineering and Manufacturing-Green Technology 

1 3

the sample with the adsorbed polyamide particles (Fig. S9c) 
showed peaks corresponding to the  CH2 stretching vibration 
at ~ 2946 and ~ 2867  cm−1. In addition, bands correspond-
ing to the C–C and O=C–N bonds were observed at ~ 600 
and ~ 583  cm−1, respectively, confirming the adsorption of 
polyamide [56]. When compared to other MP removal tech-
nologies (Table 1), the  Fe3O4-LIGPs fabricated in this study 
showed improved MP removal efficiency. This indicates that 
the  Fe3O4-LIGPs are efficient adsorbents for MPs. The most 
important feature affecting the MP removal efficiency of an 
adsorbent is its porous structure. The SEM image show-
ing the structure of the  Fe3O4-LIGPs is shown in Fig. 3. 
In addition to the structural factors, the following factors 
also affected the MP removal efficiency of the  Fe3O4-LIGPs. 
(a) LIG and  Fe3O4 were homogeneously distributed in the 
 Fe3O4-LIGPs and exhibited strong electrical interaction to 
adsorb all the negatively charged MPs used in this study 
[16]. (b) The  Fe3O4-LIGPs with various functional groups 
potentially interacted with the MPs through van der Waals 
forces and hydrogen bonding [44]. (c) The  Fe3O4-LIGPs 
were stably dispersed in the aqueous solution and could 
adsorb the MPs owing to their hydrophobic properties [56]. 
Non-covalent intermolecular interactions between MPs 
and carbon-based adsorbents occur because of electrostatic 
attraction, π–π interactions, hydrogen bonding, and hydro-
phobic interactions, which are non-covalent forces [57]. The 
MP adsorption kinetics of the  Fe3O4-LIGPs was evaluated 
by employing the pseudo-first-order and pseudo-second-
order kinetic models, as represented by Eqs. (2) and (3), 
respectively. The effect of the contact time (between the 
MPs and  Fe3O4-LIGPs) on the MP removal performance of 
the  Fe3O4-LIGPs was investigated by adding 5 g  L−1 of the 
MPs to 10 g  L−1 of the  Fe3O4-LIGPs. As shown in Fig. 4a, 
the maximum adsorption capacities of the  Fe3O4-LIGPs for 

the different MPs used in this study were 775 (melamine, 
2 μm), 1050 (melamine, 10 μm), 1250 (polystyrene, 10 μm), 
and 1400 (polyamide,50 μm) mg∙g−1. The kinetics of the 
adsorption process obtained from these results is shown 
in Fig. 4b, c. These values indicate that the  Fe3O4-LIGPs 
showed the lowest affinity for melamine (2 μm). This implies 
that the diameter of the MPs affected the removal efficiency 
of the  Fe3O4-LIGPs more than the non-covalent force and 
electrostatic adsorption. These results also indicate that the 
hydrogen bonding and hydrophobic interactions affected 
the MP adsorption of the  Fe3O4-LIGPs more than the elec-
trostatic forces. Therefore, the  Fe3O4-LIGPs showed poor 
melamine adsorption performance. The pseudo-first-order 
kinetic model (Eq. 2) clearly described the adsorption pro-
cess of the sample, and the correlation coefficients, r2, for 
each MP are as follows: 0.992 (melamine—2 μm), 0.982 
(melamine—10  μm), 0.996 (polystyrene—10  μm), and 
0.981(polyamide—50 μm). The adsorption rate constants 
of the  Fe3O4-LIGPs for the different MPs were determined 
to be 0.0065 (melamine, 2 μm), 0.0051 (melamine, 10 μm), 
0.0098 (polystyrene, 10 μm), and 0.0112 (polyamide, 50 μm) 
 min−1. These correlation coefficient (r2) values indicate that 
the MP adsorption process of the  Fe3O4-LIGPs followed the 
pseudo-first-order kinetic model, as shown in Fig. 4b. The 
correlation coefficients, r2, for the adsorption of the MPs on 
the  Fe3O4-LIGPs calculated using the pseudo-second order 
kinetic model were 0.989 (melamine—2 μm), 0.996 (mela-
mine—10 μm), 0.9991 (polystyrene—10 μm), and 0.973 
(polyamide—50 μm).

The corresponding adsorption rate constants were 
9.432 ×  10–4, 6.564 ×  10–4, 4.896 ×  10–4, and 5.041 × 
 10–4  min  g   mg−1. The adsorption isotherms of the 
 Fe3O4-LIGPs were plotted according to the Freundlich 
equation, as shown in Eq. (4). The as-prepared MPs were 

Table 1  Comparison of the treatment technologies for the removal of various MPs

PA, polyamide; PS, polystyrene; PAC, polyaluminium; PAM, polyacrylamide; PP, polypropylene; PET, polyethylene terephthalate; PE, polyeth-
ylene

Technologies MPs material MPs size Influent (MPs/L) Effluent (MPs/L) Removal effi-
ciency (%)

References

Fe3O4-LIGPs PA 50 μm 5 g/L ~ 0.045 g/L 99.1 This work
Melamine 10 μm ~ 0.16 g/L 96.8
PS 10 μm ~ 0.08 g/L 98.4

Grit chamber PE < 5 mm 12.43 ± 2.7 3.21 ± 0.5 74.0 [13]
Biochar sand filter PS 10 μm 1.6 ×  108 8 ×  106  > 95 [28]
Rapid sand filter PE, PP, PA < 5 mm 215 66 74.0 [37]
Granular activated carbon PAC < 5 mm 930 ± 44 906 ± 45 56.8–60.9 [40]
Coagulation PET, PE, PP 5-10 μm 1520 ± 258 136 ± 22 44.5–75.0 [37]
Membrane bioactor PE, PET < 5 mm 2.0 0.03 98.5 [38]
Dissolved air flotation PES, PE, PP < 5 mm 2.0 0.1 95 [39]
Ozone degrading PE, PP, PA < 5 mm NA NA 90 [37]
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added to 10 g  L−1 of the  Fe3O4-LIGP suspension with a 
concentration gradient of 1–5 g  L−1. The adsorption of 
MPs onto the  Fe3O4-LIPs was carried out at room tempera-
ture (25 °C) with different gradient concentrations, and 
the obtained equilibrium data were fitted with the Freun-
dlich isotherm model, as shown in Fig. 4e. The adsorption 
isotherms (Fig. 4d) showed an increasing trend with an 
increase in the equilibrium concentration. The Freundlich 
equation was a good fit for the MP adsorption process 
of the  Fe3O4-LIGPs: r2 = 0.993 (melamine—2 μm), 0.979 
(melamine—10 μm), 0.994 (polystyrene—10 μm), and 
0.989 (polyamide—50 μm). The values of n−1, the Fre-
undlich exponent, for the different MPs were determined 
to be 0.464 (melamine, 2 μm), 0.388 (melamine, 10 μm), 
0.147 (polystyrene, 10 μm), and 0.124 (polyamide, 50 μm). 
The kF values (a measure of the adsorption capacity) of the 
 Fe3O4-LIGPs for the adsorption of the different MPs were 
calculated to be 16.103 (melamine, 2 μm), 42.239 (mela-
mine, 10 μm), 372.844 (polystyrene, 10 μm), and 507.162 
(polyamide, 50 μm). The results are summarized in Tables 
S1 and S2. The results indicated that the  Fe3O4-LIGPs 
had high affinity for the melamine particles because of 
their electrostatic and complex adsorption, as shown in 
Fig. S8. The adsorbent prepared in this study was suitable 
for the hydrophobic adsorption of polyamide and poly-
styrene. As LIG shows hydrophobic properties [58, 59], 
LIG-based particles are suitable for adsorbing MPs with 

high crystallinity [31]. The behavior of fine particles in 
an aqueous solution at different pH levels and the evalua-
tion of their adsorption are important factors affecting the 
applicability of an adsorbent. Therefore, as shown in Fig. 
S10, the MP adsorption ability of the  Fe3O4- LIGPs, at 
different pH levels ranging from 3 to 11, was investigated. 
For this test, 10  gL−1 of the  Fe3O4-LIGPs was added to 5 
 gL−1 of the MP suspension, and the mixture was shaken in 
a glass dish at 150 rpm for 300 min to attain the equilib-
rium state. The highest sorption capacity was observed at 
pH = 7, for the adsorption of polystyrene and polyamide. 
In acidic solutions, the behavior of the carbon-based sam-
ples, along with the decrease in the hydrophobicity due 
to the formation of acidic oxygen-containing groups, and 
the sign change of the zeta potential of the MPs affected 
the adsorption capacity of the  Fe3O4-LIGPs [31, 57]. At 
low pH levels, additional short-range forces (several Ang-
stroms) were generated between the MP particles. This is 
in good agreement with the observation that the adsorption 
of the MPs was not effective at low pH levels. In addition, 
the change in the pH level was related to the activation 
of the MP surface functional groups. Moreover, because 
of the enhancement in the surface charge induced by the 
adsorption of  OH− ions, the MP removal efficiency of the 
 Fe3O4-LIGPs at high pH levels was inferior to that at neu-
tral pH levels [31, 44, 57].

Fig. 4  Effect of the contact time and concentration on the MP adsorp-
tion capacity of the  Fe3O4-LIGPs (pH = 7.0, 25 °C). a MP adsorption 
rates of the  Fe3O4-LIGPs. b Pseudo-first-order and c pseudo-second-
order kinetics curves of the  Fe3O4-LIGPs for the adsorption of the 

different MPs. d Adsorption isotherms of the  Fe3O4-LIGPs for the 
different MPs. e Freundlich isotherms for the adsorption of the MPs 
onto the  Fe3O4-LIGPs
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3.3  Recyclability of the  Fe3O4‑LIGPs

The recyclability of the  Fe3O4-LIGPs for MP removal was 
evaluated to investigate their durability. The  Fe3O4-LIGPs 
used for MP removal in this study were collected using a 
magnet and then thermally treated. The thermal stability of 
the  Fe3O4-LIGPs was evaluated for the efficient removal of 
the adsorbed MPs. The thermal stability of the  Fe3O4-LIGPs 
also provided a measure of their recovery performance and 
recyclability. Figure 5a, b shows the TGA curves of the 
 Fe3O4-LIGPs samples and MPs used in this study. The sam-
ples and MPs were heated from room temperature (25 °C) 
to 650 °C. The mass of the MPs decreased rapidly at tem-
peratures above 450 °C. On the other hand, the  Fe3O4-LIGPs 
samples showed a mass loss of only ~ 8% at temperatures 
above 600 °C. This indicates that the  Fe3O4-LIGPs are ther-
mally stable with only a small mass loss until the complete 
degradation of the MPs. To completely remove all the MPs 
adsorbed on the  Fe3O4-LIGPs, heat treatment was carried 
out at 600 °C. To evaluate the reusability of the  Fe3O4-LIGPs 
after the heat treatment, their magnetization curves, during 
seven reuse cycles, were obtained after the heat treatment at 
600 °C, and shown in Fig. 5b. However, as shown in Fig. 5b, 
no significant change was observed in the magnetism of the 
 Fe3O4-LIGPs after the heat treatment. This indicates that 
the  Fe3O4-LIGPs recovered magnetically during the seven 
reuse cycles. In addition, the  Fe3O4-LIGPs showed super-
paramagnetism even after the recycling test. This indicates 
that the magnetic separation of the  Fe3O4-LIGPs did not 

cause the loss of  Fe3O4 particles, and only a slight mass loss 
was caused by the heat treatment. As shown in Fig. 5c, for 
the recycling test, the concentration of the  Fe3O4-LIGPs in 
the MP suspension was 10 g  L−1. During the recycling test, 
the MP removal efficiency of the  Fe3O4-LIGPs decreased 
gradually with an increase in the number of reuse cycles. 
The  Fe3O4-LIGPs could remove 80% polystyrene and pol-
yamide in the 4th cycle, and removal efficiency for these 
MPs decreased to 70% or more in the 7th cycle. These 
results demonstrate the reusability and huge potential of 
the  Fe3O4-LIGPs for industrial and domestic MP removal 
applications. In the case of melamine, the removal effi-
ciency of the  Fe3O4-LIGPs depended on the melamine par-
ticle size. The removal efficiency of the  Fe3O4-LIGPs for 
the melamine particles with a size of 2 µm was 70% in the 
4th cycle. The  Fe3O4-LIGPs could remove more than 70% 
of the 10-µm melamine particles in the 5th cycle. This can 
be attributed to the decrease in the magnetic force of the 
 Fe3O4-LIGPs due to the breakage of the bond between  Fe3O4 
and LIG during the heat treatment process. These results 
demonstrate the recyclability of the  Fe3O4-LIGPs prepared 
in this study. The heat treatment employed in the recycling 
test somewhat reduced the magnification of the sample and 
caused oxidation. Hence, it is unreasonable to use it more 
than six times. This is because the MP removal efficiency of 
the  Fe3O4-LIGPs decreased to less than 70%. The oxidation 
of the  Fe3O4-LIGPs due to the heat treatment resulted in a 
decrease in their hydrophobicity, which in turn deteriorated 
their MP adsorption performance [60].

Fig. 5  Changes in  Fe3O4-LIGPs 
and MPs after heat treat-
ment. a Thermogravimetric 
analysis of the  Fe3O4-LIGPs 
and MPs. b The vibrating 
sample magnetometer analysis 
of  Fe3O4-LIGPs. c Effect of 
 Fe3O4-LIGPs cycles on adsorp-
tion of MPs used in this study



 International Journal of Precision Engineering and Manufacturing-Green Technology

1 3

4  Conclusion

We investigated the performance and reusability of Fe3O4-
LIGPs, which can be fabricated via a reagent-free two-step 
route, for the removal of three types of MPs from aqueous 
solutions. The adsorption of melamine, polystyrene, and 
polyamide on the  Fe3O4-LIGPs mainly depended on the pH 
of the MP suspension, and the best adsorption performance 
was achieved at neutral pH. The adsorption of the MPs on 
the  Fe3O4-LIGPs followed the pseudo-first- and pseudo-
second-order kinetics and Freundlich isotherm models. The 
 Fe3O4-LIGPs showed the maximum adsorption capacities of 
775, 1050, 1250, 1400 mg  g−1 for melamine—2 μm, mela-
mine—10 μm, polystyrene, and polyamide, respectively. 
The zeta potential and hydrophobicity of the  Fe3O4-LIGPs 
affected their MP adsorption performance, and the func-
tional groups of the  Fe3O4-LIGPs and MPs interacted 
through hydrogen bonding or van der Waals forces. The 
 Fe3O4-LIGPs were heat-treated at 600 °C, and their reus-
ability over seven cycles was evaluated. The results showed 
that the  Fe3O4-LIGPs prepared in this study can efficiently 
remove a wide range of MPs from aquatic environments and 
are reusable over six cycles. This suggests that the adsorbent 
prepared in this study possesses great potential for industrial 
applications, such as domestic sewage or slow-flow water 
treatment plants.
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