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Abstract

Microplastics are a global concern due to their toxic effects on marine life and human health. 
In the list of pollutants, microplastics are prominent and play a vital role in defragmenting 
the environment, particularly their presence in water bodies. This present study examines the 
efficacy of green synthesized magnetic nanoparticles in removing microplastics from water.  
The iron particles were synthesized through the black tea extract. For the experiments, two standard 
microplastic sizes were used (150 and 450 μm). The synthesis approach was selected to reduce the utilization 
of toxic chemicals. In addition, the polyphenol components in the black tea extract were the alternative to 
chemicals in the synthesis process of the magnetic nanoparticles. Experiments were performed at different 
water pH levels alongside different doses of nanoparticles (BTMNPs) and microplastics (PE) sizes.  
During experiments, it was observed that 0.5 g/l Black tea magnetic nanoparticles (BTMNPs) and 60 
minutes of adsorption treatment were given ideal magnetization of polyethylene (PE) microplastics. By 
analyzing the removal of nanoparticles, it was revealed that 90% of the microplastics were removed. The 
removal mechanism was the adhesion of nanoparticles on the surface of polyethylene microplastics and 
employing a magnetic to attract the iron-coated microplastics. In addition, the magnetic particles were 
reutilized for the same purpose, and promising results were obtained after the reutilization of BTMNPs 
for several cycles. The magnetic nanoparticles proved highly efficient in the removal of polyethylene 
microplastics.
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Introduction

Plastic pollution is a global issue that poses a 
significant health risk to the environment, marine life, 
and humans [1]. Currently, people worldwide extensively 
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use plastics in their daily lives. However, a significant 
amount of plastic is released into the natural environment 
instead of being efficiently recycled or appropriately 
disposed of. [2, 3] particularly water bodies. Over 
time, plastic waste breaks down into smaller fragments 
due to natural elements like sunlight, precipitation, 
wind, and biodegradation [4]. These tiny micro-scale 
materials were known as microplastics. Microplastics 
(MPs) can be defined as plastic fragments smaller than 
5mm [5], encompass both primary microplastics used 
in industrial production and secondary microplastics 
created from the degradation of larger plastic items [6]. 
Microplastics can adsorb other pollutants with their 
relatively large surface area and hydrophobic nature. 
Consequently, MPs can continuously adsorb persistent 
organic pollutants, heavy metals, and pathogens from 
the surrounding environment over a prolonged period. 
This accumulation of pollutants on MPs poses a hazard 
to various organisms in ecosystems, including those 
in the food chain, ultimately impacting the entire 
ecological environment. Therefore, developing efficient 
and sustainable methods for microplastic removal from 
water has become a critical issue [7].

Currently, available technologies for removing 
microplastics from water include physical, chemical, 
and biological approaches[8, 9]. Physical removal 
technologies primarily involve coagulation, 
sedimentation, and filtration [10]. Among these methods, 
coagulation relies on the formation and precipitation 
of large aggregate structures of microplastics and 
coagulants. However, studies have demonstrated a low 
removal efficiency of polyethylene (PE) microplastics, 
even when high-dosage aluminum salt solutions [11]. 
The mean removal efficiency of polyethylene particles 
of various sizes through coagulation was found [12]. 
Sedimentation can effectively remove high-density 
microplastics, but their efficiency varies significantly 
depending on the polymer type and size [13, 14]. In 
contrast, chemical methods such as photocatalytic 
oxidation [15] and oxidation removal [16, 17] can 
eliminate microplastics from water, but they are 
expensive and energy-intensive. Biological treatment 
shows promise but is time-consuming for biodegradation 
to occur [18], and the removal rate can be unstable, 
leading to secondary pollution [19, 20]. 

Magnetic field-based attraction has recently been 
reported as a method for removing microplastics 
from water [21]. By magnetizing the hydrophobic 
surface of microplastics using binding nanoparticles, 
magnetized microplastics can be separated and removed 
in the presence of a magnetic field [22]. This method 
has successfully separated microalgae attached to 
magnetized nanoparticles, offering efficiency and time-
saving advantages [23]. In a recent study, researchers 
utilized synthesized magnetic carbon nanotubes 
(M-CNTs) to adsorb microplastics, effectively separating 
them from water using magnetic force [24]. The 
magnetic separation method shows potential for high 
efficiency and environmental friendliness in removing 

microplastics from water [25]. However, microplastics 
in the environment usually consist of multiple types 
with different polymer compositions and various sizes 
[26]. The actual removal efficiency using magnetic 
technology may vary significantly, but it has not been 
systematically investigated to date [27].

In recent years, black tea magnetic nanoparticles 
(BTMNPs) have been used in environmental engineering 
to remove environmental pollutants. An eco-friendly 
and less expensive alternative to traditional physical 
and chemical procedures is the green production of 
nanoparticles [28]. Nevertheless, no documentation has 
been found about their use in removing polyethylene 
(PE) microplastics from water by using BTMNPs. In 
this study, we utilized black tea-mediated magnetic 
nanoparticles to magnetize two different sizes of 
polyethylene microplastics. The morphological features 
were characterized using scanning electron microscopy 
(SEM). A comparison was made between the removal 
rates of microplastics of varying sizes once they were 
determined. Lastly, the magnetic removal approach was 
validated and can be implemented in environmental 
waters. This research aims to develop a technical method 
for eliminating microplastics from water that uses 
magnetic nanoparticles made from black tea extract.

Materials and Methods

Extraction of Black Tea

Lipton brand black tea was acquired from the local 
market, and 10 grams of dried powder was added to 100 
mL of deionized water in a 250 mL volume flask at 70 ͦ 
C. The mixture was allowed to steep for an hour until it 
turned dark brown. Afterward, it was cooled down and 
filtered using Whatman No. 1 paper to eliminate any 
solid materials, and the resulting extract was stored in a 
refrigerator at 4 ͦ C for future use.

Green Synthesis of BT-Nanoparticles (NPs)

The previously reported synthesis method was 
employed with some modifications to fabricate BTMNPs 
[29]. In brief, a solution was made by dissolving Ferrous 
Sulphate (FeSO4.7H2O) (Duksan Pure Chemicals, 
South Korea) and Ferric Chloride (FeCl3.6H2O) (Sigma 
Aldrich) in a 1:2 M ratio in 50 mL of deionized water 
and heated to 80°C. Black tea extract was added to 
the solution mixture and stirred for 5 min. Gradually, 
1 M freshly prepared Sodium Hydroxide (NaOH) 
(Samchun Pure Chemicals, South Korea) was added 
until the pH reached 11, followed by continuous stirring 
for 30 min. A black-colored product was obtained and 
allowed to cool at room temperature. The product was 
separated using a ring magnet and washed several times 
with deionized water to eliminate impurities. Finally, 
the BTMNPs were oven-dried at 60°C for 12 h. The 
complete synthesis procedure is schematically presented 
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in Fig. 1. In addition, Zetasizer Ultra Red label UK/
Malvern instrument 2022 was used to measure the zeta 
potential of nanoparticles. For morphology analysis, 
FE-SEM JSM-6390A JEOL 7000F scanning electron 
microscopy was used. Furthermore, Fourier transform 
infrared spectroscopy (FTIR, IFS-66/S) [30, 31] was 
employed to measure the molecular bond stretching of 
BTMNPs.

Results and Discussion

Before the utilization of as-prepared nanoparticles, 
the material was characterized in detail. The SEM 
image of synthesized BTMNPs is presented in Fig. 2 
(a). The image shows the particle size and morphology 
of the material. After analyzing the image, we found 
that the material had a uniform morphology and 
possessed nanoscale features. In addition, the FTIR of 
the synthesized material was presented in Fig. 2 (b). The 
analysis was carried out further to confirm the purity of 
the material before further experimentation. 300 to 700 
cm-1 bands were usually considered important vibrational 
bands of ions in the crystal lattice [32]. Therefore, the 
574 cm-1 band can be associated with Fe-O stretching 
vibrational bands of BTMNPs [33, 34]. 1130 cm-1 band 
is C-O stretching vibration [35]. Furthermore, peaks at 
1630 and 3410 cm-1 are also associated with O-H [36, 

37]. 2920 cm-1 is an asymmetric stretching of CH2 [38, 
39]. Furthermore, 720 cm-1 is the rocking vibration of 
the ─ (CH2)n─ (n ≥ 4) group. The peak at 1468 cm-1 is 
associated with the methylene group’s bending vibration 
[39]. The characterization of the material was further 
prolonged to zeta potential measurement, as graphically 
presented in Fig. 2 (c). The materials dispersed in 
the aqueous solution have different surface charge 
distributions at various pH levels, so the zeta potentials 
of BTMNPs and PE microplastics at various pH were 
measured. When the pH value increased from 3 to 9, the 
zeta potential of microplastics kept decreasing. The zeta 
potential of BTMNPs decreased first and then increased 
with the increase of pH value. When the pH value 
changed from 3 to 9, the zeta potential of BTMNPs 
decreased from 8.63 mV to -7.68 mV and then increased 
to -0.31 mV. The zeta potential of BTMNPs was positive 
at pH 3 and became negative when the pH value was 
higher than 3. Based on the zeta potential of BTMNPs 
and PE microplastics, the nanoparticles attached to the 
polymer material and adhesion of the material take 
place [40]. Energy Dispersive X-ray (EDX) analysis was 
performed on the surface of BTMNPs, as shown in Fig. 
2(d). The EDX results of BTMNPs reveal the elemental 
composition of prepared nanoparticles. The EDX profile 
shows an intense peak signal of iron, along with other 
signals observed, including oxygen and carbon. The 
presence of C and O peaks was related to polyphenols or 

Fig. 1. Schematical representation of the synthesis of nanomaterial.
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Fig. 2. Characterization of synthesized material. (a) EDS of as-synthesized material, (b) FTIR of MPs and BTMPS nanoparticles (before 
and after adsorption), (c) zeta potential of the nanoparticles. 

Fig. 3. Elemental mapping of nanomaterial. (a) EDS data of nanomaterial. (b) Surface of the PE MPs material where nanoparticles 
were attached. (c) Magnified image in order to observe the presence of nanoparticles. (d), (e), and (f) are the elemental mapping of the 
nanoparticles to confirm the distribution of the major elements of the material.
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any other C and O containing a compound in the natural 
materials’ extract. The existence of elemental iron 
and oxygen demonstrates that the nanoparticles were 
essentially present in oxide form. The atomic percentage 
of detected elements was carbon (C) 18%, iron (Fe) 27%, 
and oxygen (O) 52%. 

The EDX and elemental mapping data of the 
nanoparticles were obtained at PE MP's surface. As 
presented in Fig. 3(a), the sharp peaks confirm the 
presence of important constituents of the material. 
This data shows the presence of important constituent 
elements. In addition, Fig. 3(b) shows the area from 
which the spectrum was obtained. The magnified view 
of the area is also presented in Fig. 3(c) for further 
clarification. The magnified image in Fig. 3(c) depicts 
the presence of magnetic nanoparticles on the surface 
of PE particles. Discussing the surface mapping of the 
magnetic nanoparticles, the image data was presented 
in Fig. 3 (d-f). As PE particles were present during 
the characterization of materials, therefore carbon is 
presented in Fig. 3(d). The elemental mapping data 
shows that important elements such as oxygen (Fig. 3(e)) 
and iron (Fig. 3(f)) were present in the as-synthesized 
material.

Removal of Microplastics

PE of 450 µm diameter was used in the experiment 
(Fig. 4 (a)). The SEM image of PE MPs in Fig. 4(b) 
shows the morphology of the polymer materials. 

Furthermore, the magnified view of the material in 
Fig. 4(c) confirms the geometrical shape. Through the 
SEM images, it was confirmed that the material did not 
possess any kind of sophisticated geometrical structure. 
Furthermore, magnetic particles adhered to the surface 
of polymer particles due to the surface charge difference. 
As the magnetic particles attached to polymer particles, 
the color of PE particles changed to brown color (Fig. 
4(d)). In addition, this adhesion helps us to remove 
microplastics. 

An external magnet has been used to remove 
PE microplastics from water. Due to magnetic field 
attraction, these iron-coated polymer particles attract 
toward the magnet. Thus, the polymer particles were 
removed from the water. The removed material was also 
presented in Fig. 4(d). The material was also examined 
under SEM. The SEM image confirms the attachment 
of nanoparticles on the surface of the microplastics Fig. 
4(e). The magnified SEM image in Fig. 4(f) further 
confirms the adhesion of nanoparticles on PE particles. 
The reason behind the adhesion of nanoparticles was 
further discussed in zeta potential’s Fig. 2(c) explanation. 
The most important thing in the adhesion of these 
nanoparticles on the surface of the polymer material was 
the pH of the water.  

pH plays a crucial role in adsorption processes 
as it affects the surface charge of both the absorbent 
and adsorbate. Fig. 5(a) shows significant variation in 
removal percentage at different pH levels, indicating 
that the adsorption behavior is pH-dependent. It can 

Fig. 4. MPs SEM characterization before and after adsorption. (a) Real picture of MPs (b) SEM image MPs (c) magnified view of a single 
polymer particle. (d) Real image of MPs after adsorption of nanoparticles, (e) SEM image of single polymer particle, (f) magnified image 
of the single polymer particle showing the nanoparticles adsorption.
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be observed that at pH 6 and 7, the removal percentage 
increased to 72% and 90%, respectively.

Calculations of Removal Rate of MPs

The mass of MPs was used to calculate the removal 
rate in simulation studies to remove MPs from water. By 
the following equation (1), 

	 	 (1)

Whereas,
η is the removal efficiency of MP, (m) is the final 

mass of PE MPs removed from water, i.e., absorbing 
on the magnet, and (M) is the initial mass of PE MPs 
introduced to the experimental solutions and is the 
removal rate of MPs (%).

Adsorption is facilitated by near-neutral pH levels, 
which provide favorable conditions. The reduced 
presence of protons competing binding sites. This 
enables the nanoparticles to adsorb PE microplastics 
effectively. The highest removal percentage was 
observed at pH 7, 8, and 9 (95% each). Interestingly, 
at pH 11, the removal % decreased to 20%. The water 
mixture containing the PE MPs and BTMNPs was set at 
0.5 g/l. PE MPs and BTMNPs were treated or subjected 
to adsorption for different intervals: 0.5, 1, 2, 3, 6, 9, 
and 12 hours (Fig. 5(b)). The mixture was agitated at 
180 rpm using a shaker. The removal percentage of 

microplastics was observed and recorded at each time 
interval, resulting in removal percentages of 59%, 95%, 
97%, 98%, 98%, 98%, 98%, and 99% at the respective 
time intervals.

As shown in Fig. 5(c), the concentration of BTMNPs 
increases from 0.1 g/L to 1 g/L, and the removal 
efficiency of PE MPs also increases. This suggests that 
a higher concentration of BTMNPs is more effective in 
removing PE MPs. The increased adsorption capacity of 
BTMNPs at higher concentrations likely explains this 
trend. In Fig. 5(d), the graphical representation of the 
data also shows that the removal percentage is almost 
the same. The polymer material of 150 and 450 µm 
diameter -based -polymer particles were removed using 
the as-synthesized nanomaterials. The material was 
highly effective in removing different sizes of polymer 
materials.

Table 1. compares various magnetic materials used 
to separate microplastics (MPs), highlighting different 
magnetization-based capture mechanisms. The table 
also contrasts the removal efficiencies reported in 
current studies, which is 95% per hour. Notably, most 
separation mechanisms are based on surface adsorption, 
demonstrating the highest percentage of MP removal 
compared to other methods, such as coagulation-
flocculation, phoretic interactions, shoveling effects, and 
adsorptive bubble separation.

Fig. 5. (a) Removal of polymer material from water at different pH, (b) number of hrs, (c) dosage of nanoparticles. (d) Two different-sized 
polymer removal characterized at different numbers of hrs.
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Recycling of Nanoparticles and Their Reutilization 

The synthesized material was re-utilized to remove 
MPs. To save the material and reduce the wastage, this 
part was also highlighted. The scheme was graphically 
represented in Fig. 4. First, MPs were put into water as 
presented in Fig. 6 (a), and (b) is the real picture of the 
mixture. After that, nanoparticles were mixed in the 
same solution (Fig. 4(c) and Fig. 4(d). To remove MPs, a 
hard magnet was used to remove MPs from water. The 
removed material was further placed in a centrifuge 

at 5000 rpm for 10 minutes to separate nanoparticles 
from MPs (Fig. 4(e)). After taking out a sample from 
the centrifuge, MP particles float on the surface of the 
water, and nanoparticles sink in the water (Fig. 6(f)). 
Furthermore, the recovered nanoparticles were re-
used to remove the fresh MP particles. The removal 
percentage of MPs was graphically presented in Fig. 
6(g). From the removal percentage date, it can be said 
that the BTMNPs were highly efficient in removing MPs 
during several removal cycles. 

Fig. 6. (a) Schematic presentation of mixing of polymer particles in water, (b) real picture of the mixing. (c) Schematic and (d) real 
image of mixing of BMPNs. (e) and (f) are the schematic and real images of the removal of polymer material through the adsorption 
mechanism. (g) Centrifuge of the obtained material. (h) Schematic representation of separation of nanoparticles from polymer particles. 
(i) Reused particles showing the percentage of removal of polymer particles. 

Magnetic materials Size (µm) Removal
environment MP types

MP Size 
(diameter,

µm)

Highest
removal rate

Magnetized/
capture

mechanism
Reference

Fe NPs 0.025 Artificial 
seawater PE PS <20 92% surface 

adsorption [22]

Magnetite and cobalt 
ferrite nano-

ferrofluid
water PE 0.74 55% surface 

adsorption [41]

Magnetic Mg(OH)2 147 water PE <270 92.6 coagulation-
flocculation [42]

Au/mag/TiOFe2O3
-MnO2 2 micromotors 0.74

H2O2 
solution, 

water
PE 5-100 71%

phoretic 
interaction 

& shovelling 
effect

[43]

Fe2O3-MnO2
micromotors 3-5 simulated

wastewater PE 10-50 >10%
adsorptive 

bubble 
separations

 [44]

BTMNPs (Current study) 0.02-0.03 water PE 150-450 95% surface 
adsorption

Current 
Study

Table 1. Comparison of MPs separation with different magnetic materials.
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Conclusion

In this research work, BTMNPs were successfully 
synthesized by using black tea.  Using prepared 
BTMNPs as adsorbent for removing PE size 450 µm 
microplastics from the water sample revealed that the 
maximum removal percentage was 95 % per hour at 
pH 7. PE microplastic removal % was higher when the 
pH was 7-8. Compared to the Situation in acidic and 
alkaline solutions, PE adsorption capacity decreased 
in both conditions; this might be due to the surface of 
BTMNPs containing oxygen-containing groups, which 
decreased the hydrophobic interaction between PE and 
BTMNPs. BTMNPs hydrophobicity was less affected in 
a neutral solution. 

pH plays a crucial role in adsorption processes as 
it affects the surface charge of both the absorbent and 
adsorbate. Moreover, adsorption PE was favored by 
electrostatic attraction between positively charged 
adsorbent surface and negative charges anions of PE in an 
aqueous solution as the pH of the magnetite nanoparticle 
was 7.5. pH plays a vital role in enhancing or reducing 
the removal efficiency. Hence, biosynthesizing BTMNPs 
using locally available aqueous green (black tea extract) 
resources is a simple, environmentally friendly, and 
cost-effective approach. It could be a potential adsorbent 
for polyethylene microplastic removal from water.

Acknowledgments

This research was supported by the SungKyunKwan 
University and the BK21 FOUR (Graduate School 
Innovation) funded by the Ministry of Education (MOE, 
Korea) and National Research Foundation of Korea 
(NRF) (No: 2021R11F1A106012A).

Conflict of Interest

The authors declare no conflict of interest. 

References

1.	 LI P., WANG X., SU M., ZOU X., DUAN L., ZHANG H. 
Characteristics of plastic pollution in the environment: a 
review. Bulletin of Environmental Contamination and 
Toxicology, 107, 577, 2021.

2.	 PRIYA A., MURUGANANDAM M., IMRAN M., 
GILL R., REDDY M.R.V., SHKIR M., SAYED M., 
ALABDULAAL T., ALGARNI H., ARIF M. A study 
on managing plastic waste to tackle the worldwide 
plastic contamination and environmental remediation. 
Chemosphere, 341, 139979, 2023.

3.	 CHEN Y., AWASTHI A.K., WEI F., TAN Q., LI J. Single-
use plastics: Production, usage, disposal, and adverse 
impacts. Science of the Total Environment, 752, 141772, 
2021.

4.	 SIPE J.M., BOSSA N., BERGER W., VON WINDHEIM 

N., GALL K., WIESNER M.R. From bottle to 
microplastics: Can we estimate how our plastic products 
are breaking down? Science of The Total Environment, 
814, 152460, 2022.

5.	 FRIAS J.P., NASH R. Microplastics: Finding a consensus 
on the definition. Marine Pollution Bulletin, 138, 145, 
2019.

6.	 LASKAR N., KUMAR U. Plastics and microplastics: 
A threat to environment. Environmental Technology & 
Innovation, 14, 100352, 2019.

7.	 CHEN X., HONG L. Preparation of Chitin Composite 
Hydrogel for Dye-Contaminated Water Treatment. Polish 
Journal of Environmental Studies, 31 (1), 2022.

8.	 AHMED R., HAMID A.K., KREBSBACH S.A., HE J., 
WANG D. Critical review of microplastics removal from 
the environment. Chemosphere, 293, 133557, 2022.

9.	 XU X., LIU X., OH M., PARK J. Oyster shell as a low-
cost adsorbent for removing heavy metal ions from 
wastewater. Polish Journal of Environmental Studies, 28 
(4), 2949, 2019.

10.	 TORKASHVAND M., HASAN-ZADEH A. Mini 
Review on Physical Microplastic Separation Methods 
in the Marine Ecosystem. Journal of  Materials and 
Environmental Science, 13 (5), 479, 2022.

11.	 SHAO Y., LIU B., GUO K., GAO Y., YUE Q., GAO B. 
Coagulation performance and mechanism of different 
hydrolyzed aluminum species for the removal of composite 
pollutants of polyethylene and humic acid. Journal of 
Hazardous Materials, 465, 133076, 2024.

12.	ZHOU G., WANG Q., LI J., LI Q., XU H., YE Q., 
WANG Y., SHU S., ZHANG J. Removal of polystyrene 
and polyethylene microplastics using PAC and FeCl3 
coagulation: Performance and mechanism. Science of the 
Total Environment, 752, 141837, 2021.

13.	 IYARE P.U., OUKI S.K., BOND T. Microplastics 
removal in wastewater treatment plants: a critical review. 
Environmental Science: Water Research & Technology, 6 
(10), 2664, 2020.

14.	 XU L., MA R., SUN C., SUN D. Enterococcus faecalis 
Bioflocculant Enhances Recovery of Graphene Oxide 
from Water. Polish Journal of Environmental Studies, 27 
(6), 2018.

15.	 GOLMOHAMMADI M., MUSAVI S.F., HABIBI M., 
MALEKI R., GOLGOLI M., ZARGAR M., DUMÉE L.F., 
BAROUTIAN S., RAZMJOU A. Molecular mechanisms 
of microplastics degradation: A review. Separation and 
Purification Technology, 309, 122906, 2023.

16.	 SURANA M., PATTANAYAK D.S., YADAV V., SINGH 
V., PAL D. An insight decipher on photocatalytic 
degradation of microplastics: Mechanism, limitations, and 
future outlook. Environmental Research, 118268, 2024.

17.	 RICARDO I.A., ALBERTO E.A., JÚNIOR A.H.S., 
MACUVELE D.L.P., PADOIN N., SOARES C., RIELLA 
H.G., STARLING M.C.V., TROVO A.G. A critical review 
on microplastics, interaction with organic and inorganic 
pollutants, impacts and effectiveness of advanced 
oxidation processes applied for their removal from 
aqueous matrices. Chemical Engineering Journal, 424 
130282, 2021.

18.	 TOULIABAH H.E.-S., EL-SHEEKH M.M., ISMAIL 
M.M., EL-KASSAS H. A review of microalgae-and 
cyanobacteria-based biodegradation of organic pollutants. 
Molecules, 27 (3), 1141, 2022.

19.	 CHAN S.S., KHOO K.S., CHEW K.W., LING T.C., 
SHOW P.L. Recent advances biodegradation and 
biosorption of organic compounds from wastewater: 



Green Synthesis of Magnetic Nanoparticles Using Black Tea Extract... 9

Microalgae-bacteria consortium-A review. Bioresource 
Technology, 344, 126159, 2022.

20.	REN X., ZENG G., TANG L., WANG J., WAN J., WANG 
J., DENG Y., LIU Y., PENG B. The potential impact on 
the biodegradation of organic pollutants from composting 
technology for soil remediation. Waste Management, 72, 
138, 2018.

21.	 TANG Y., ZHANG S., SU Y., WU D., ZHAO Y., XIE 
B. Removal of microplastics from aqueous solutions 
by magnetic carbon nanotubes. Chemical Engineering 
Journal, 406, 126804, 2021.

22.	GRBIC J., NGUYEN B., GUO E., YOU J.B., SINTON D., 
ROCHMAN C.M. Magnetic extraction of microplastics 
from environmental samples. Environmental Science & 
Technology Letters, 6 (2), 68, 2019.

23.	WANG L., KAEPPLER A., FISCHER D., SIMMCHEN 
J. Photocatalytic TiO2 micromotors for removal of 
microplastics and suspended matter. ACS Applied 
Materials & Interfaces, 11 (36), 32937, 2019.

24.	ARAGÓN D., GARCÍA-MERINO B., BARQUÍN C., 
BRINGAS E., RIVERO M.J., ORTIZ I. Advanced green 
capture of microplastics from different water matrices by 
surface-modified magnetic nanoparticles. Separation and 
Purification Technology, 128813, 2024.

25.	SHEN M., SONG B., ZHU Y., ZENG G., ZHANG 
Y., YANG Y., WEN X., CHEN M., YI H. Removal of 
microplastics via drinking water treatment: Current 
knowledge and future directions. Chemosphere, 251, 
126612, 2020.

26.	EXPÓSITO N., ROVIRA J., SIERRA J., FOLCH 
J., SCHUHMACHER M. Microplastics levels, size, 
morphology and composition in marine water, sediments 
and sand beaches. Case study of Tarragona coast (western 
Mediterranean). Science of The Total Environment, 786, 
147453, 2021.

27.	 PASANEN F., FULLER R.O., MAYA F. Fast and 
simultaneous removal of microplastics and plastic-
derived endocrine disruptors using a magnetic ZIF-8 
nanocomposite. Chemical Engineering Journal, 455, 
140405, 2023.

28.	YING S., GUAN Z., OFOEGBU P.C., CLUBB P., RICO 
C., HE F., HONG J. Green synthesis of nanoparticles: 
Current developments and limitations. Environmental 
Technology & Innovation, 26 102336, 2022.

29.	 XIAO C., LI H., ZHAO Y., ZHANG X., WANG X. Green 
synthesis of iron nanoparticle by tea extract (polyphenols) 
and its selective removal of cationic dyes. Journal of 
Environmental Management, 275, 111262, 2020.

30.	NGUYEN D.A., NGUYEN V.B., JANG A. Integrated 
adsorption using ultrahigh-porosity magnesium oxide with 
multi-output predictive deep belief networks: A robust 
approach for fluoride treatment. Chemical Engineering 
Journal, 484, 149586, 2024.

31.	 NGUYEN D.A., NGUYEN V.B., JANG A. Ultrahigh-
porosity Ranunculus-like MgO adsorbent coupled with 
predictive deep belief networks: A transformative method 
for phosphorus treatment. Water Research, 249, 120930, 
2024.

32.	CAILES J., DUNSMORE R., LINGE K.L. Assessment of 
portable FTIR and Raman spectroscopy for the detection 

of 2,3-dimethyl-2,3-dinitrobutane (DMDNB) in plastic 
explosives. Defence Technology, 34, 11, 2024.

33.	 MANOJKUMAR U., KALIANNAN D., 
BALASUBRAMANIAN B., KAMYAB H., 
VASSEGHIAN Y., CHELLIAPAN S., SENTHILKUMAR 
P. A novel photocatalytic degradation of mixed dye through 
chemically synthesized ZnO/Fe2O3 nanocomposite. 
Environmental Geochemistry and Health, 46 (7), 221, 
2024.

34.	RAMA P., THANGAPUSHBAM V., SIVAKAMI S., 
JOTHIKA M., MARISELVI P., SUNDARAM R., 
MUTHU K. Preparation, characterization of green 
synthesis FeO nanoparticles and their photocatalytic 
activity towards Basic Fuschin dye. Journal of the Indian 
Chemical Society, 101 (4), 101142, 2024.

35.	 SAJI R., RAMANI A., GANDHI K., SETH R., SHARMA 
R. Application of FTIR spectroscopy in dairy products: a 
systematic review. Food and Humanity, 100239, 2024.

36.	HE Y., YAN S., HE Y., YU J., LI S., GONG X., RUI G. 
Graphene oxide nanofiltration membrane for efficient 
dye separation by β-FeOOH intercalation and dopamine 
surface modification. Chemical Engineering Science, 
120344, 2024.

37.	 AKHTAR M., HUSSAIN M., NAEEM F., AKHTER 
P., JAMIL F., QAMAR O.A., BAZMI A.A., TARIQ 
N., ASRAR A., PARK Y.-K. Green and sustainable 
synthesis of iron oxide nanoparticles for synergetic 
removal of melanoidin from ethanol distillery simulated 
model wastewater. Journal of Industrial and Engineering 
Chemistry, 132, 291, 2024.

38.	SMITH B. The infrared spectra of polymers II: 
polyethylene. Spectroscopy, 36 (9), 24, 2021. 

39.	 LIN B., ZHENG C., ZHU Q., XIE F. A polyolefin 
encapsulant material designed for photovoltaic modules: 
from perspectives of peel strength and transmittance. 
Journal of Thermal Analysis and Calorimetry, 140, 2259, 
2020.

40.	ZHOU G., HUANG X., XU H., WANG Q., WANG M., 
WANG Y., LI Q., ZHANG Y., YE Q., ZHANG J. Removal 
of polystyrene nanoplastics from water by CuNi carbon 
material: the role of adsorption. Science of The Total 
Environment, 820, 153190, 2022.

41.	 PRAMANIK B.K., PRAMANIK S.K., MONIRA S. 
Understanding the fragmentation of microplastics into 
nano-plastics and removal of nano/microplastics from 
wastewater using membrane, air flotation and nano-
ferrofluid processes. Chemosphere, 282, 131053, 2021.

42.	ZHANG Y., ZHAO J., LIU Z., TIAN S., LU J., MU R., 
YUAN H. Coagulation removal of microplastics from 
wastewater by magnetic magnesium hydroxide and PAM. 
Journal of Water Process Engineering, 43, 102250, 2021.

43.	 WANG L., KAEPPLER A., FISCHER D., SIMMCHEN 
J. Photocatalytic TiO2 micromotors for removal of 
microplastics and suspended matter. ACS Applied 
Materials & Interfaces, 11 (36), 32937, 2019.

44.	YE H., WANG Y., LIU X., XU D., YUAN H., SUN H., 
WANG S., MA X. Magnetically steerable iron oxides-
manganese dioxide core–shell micromotors for organic 
and microplastic removals. Journal of Colloid and 
Interface Science, 588, 510, 2021.


